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CHAPTER 3

Molecular Insight in the Optical Response of
Tubular Chlorosomal Assemblies

Optical
Spectra

Diffraction Tube Frenkel
LPrediction &:onstructionL AAMD LExciton

SSNMR CcryoEM

This chapter is based on: Xinmeng Li, Francesco Buda, Huub J.M. de Groot, and G. J.
Agur Sevink, J. Phys. Chem. C, 2019, 123, 16462-16478 (https://pubs.acs.org/doi/abs/
10.1021/acs. jpcc.9b03913). Further permissions related to the material excerpted should be
directed to the ACS.

59


https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b03913
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b03913

60 Chapter 3. Static Excitonic Properties

systematic procedure is developed for determining unique stackings of
A. BChl molecules in different types of chlorosomes directly from charac-
terization data, using information about: i) the dimeric unit cell from Nuclear
Magnetic Resonance (NMR), ii) local stacking distances from cryo-electron
microscopy (cryo-EM), and iii) large-scale chirality from absorption, linear- and
circular-dichroism spectra. To enable a comparison with optical data, we have
employed a Frenkel Hamiltonian formalism to calculate optical properties of
pre-assembled tubes of realistic 120 nm length. Our analysis for the first time
explains the variability of optical signals measured for chlorosomes and points
at chiral angles 6 = 105" for BChl ¢ and § = 19.8° for BChl d that satisfy all in-
formation contained in i)-iii) within experimental and computational accuracy,
where the asterisk denotes that the large-scale tube curvature is reversed. We
also find that the dynamic disorder is not sensitive to particular chirality. To
investigate the effect of disorder on excitonic features, we have represented
correlated deviations from a crystalline order due to thermal energy, as ex-
tracted from all-atom molecular dynamics (AAMD) calculations, directly in the
coupling terms of the Frenkel Hamiltonian, assuming that variations of site
energies can be neglected. The use of AAMD snapshot for sampling relevant
molecular conformations allows us to study molecular origins of important
emergent phenomena in chlorosomes. We find that our model reproduces
two mechanisms — exciton localization and level crossing — that have been
proposed to play a key role in the transfer of excitonic energy. This highlights
the importance of the usually disregarded rotation-related electronic coupling
variations in the exciton properties.

3.1. Introduction

Chlorosomes are assemblies of bacteriochlorophylls (BChls) that enable light
harvesting at very low light intensities as well as highly efficient transfer of
excitonic energy in green sulfur bacteria.'® They are intriguing examples of
how nature manages to secure efficiency and robustness without protein-based
encoding and structural frameworks, rendering an improved understanding of
their design principles a primary research target for the development of smart
nano-devices for light-harvesting. Nuclear magnetic resonance (NMR) and
cryo-electron microscopy (cryo-EM) have contributed to a better understanding
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of short-range structural properties in chlorosomes of different organisms that
each feature a specific composition.®” Limited information on the secondary
structural organization for any of the studied chlorosomes or their reconstituted
analogues, and incomplete insight how to resolve their secondary structural
based on the available experimental information, pose a challenge to a better
understanding of chlorosomal function encoding.

The evasiveness of the higher order structural regularity is usually attributed
to gross heterogeneity, which encompasses heterogeneity in size, overall shape,
and in composition, as well as static and dynamic disorder in the internal
organization of molecules on an overall regular lattice.'® Nevertheless, the
widths of spectroscopic signals for individual wild type (WT) chlorosomes
provide strong indications that there is considerable regularity in the BChl
positioning even at larger scales, and suggest a cylindrical symmetry.2® The
accepted structural model for chlorosomes is that of a concentric tubular
superstructure generated by wrapping curved sheets of stacks of syn-anti
parallel dimers.?” Within sheets, dimers are thought to be loosely positioned
on a 2D Bravais lattice, and held together by an interaction network of 7-r
overlap, coordination, and hydrogen bonding (Chapter 2).

Combining all-atom molecular dynamics (AAMD) simulations and geometrical
analysis, we recently reconsidered the lattice dimensions and we determined a
small set of chiral angles ¢ that agree with the cryo-EM derived power spectra
upon 2D lattice-to-cylinder projection (Chapter 2). Moreover, we identified
dynamic heterogeneity in terms of a rotational degree of freedom of BChl
molecules, which is closely linked to the formation and breakage of hydrogen-
bonded domains. This degree of freedom is the hallmark of a plastic crystal, in
which weakly interacting molecules possess orientational or conformational
degrees of freedom within a regular, crystalline framework. Such intrinsic
structural heterogeneity can only be represented at atomic resolution.

The current study has a dual focus. On one hand, we further refine our
matching procedure by also including optical data in the matching criteria. The
starting point for the comparison of calculated optical spectra are the usual
Frenkel Hamiltonian®® and pre-assembled 120 nm long tubes with chirality &
determined by our geometrical analysis. Moreover, in contrast to studies that
only compare a single spectrum,* we uniquely account for the absorption,
linear and circular dichroism spectra simultaneously in our matching procedure.
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Our analysis shows that three sources of data — NMR, cryo-EM and optical
spectra — suffice to single out chiral angles ¢ for both wild-type or mutant
chlorosomes. Previously, Giinther et al.* also concluded that combined data
is required for unambiguous determination of chirality, but they analyzed the
angle-dependent absorption spectrum upon excitation in terms of an idealized
lattice model.*®

Next, we have analyzed the excitonic properties of tubular assembles along
the AAMD trajectory in order to investigate how disorder at a molecular level
relates to the unique excitonic properties of chlorosomes.''” We concentrate
on both single and three-layered tubes of BChl c. In our Frenkel Hamiltonian
treatment, we account for explicit disorder only in the coupling between
different molecules, i.e. the off-diagonal terms of the Hamiltonian, based on
our previous finding that molecular rotation is an important dynamical feature.
Since exciton delocalization relates to only very weak energetic disorder when
compared to coupling,'” we choose to neglect fluctuations in the diagonal
terms. We show that our current treatment is indeed capable of capturing two
proposed mechanisms for exciton transfer — localization and level crossing
— and thus allows us to rationalize their molecular origins. Our treatment
goes well beyond existing computational studies that are based on regular
lattices®®7%-80.195 or investigate disorder in terms of random perturbations
of Hamiltonian elements, which ignore correlations in both the small- and
large-scale tube dynamics.

The main achievements of this study are (i) the development of a procedure
that maps heterogeneous data to unique BChl packings at multiple scales; (ii)
the first molecular insight into the effect of disorder on the properties of super-
radiant excitonic domains in tubular chlorosomes, extending insight obtained
from 2D spectroscopy measurements;'?? (iii) insight into the sensitivity of the
excited state to the dynamic disorder, indicating the key role of correlated
molecular motion in the EET of chlorosomes.?!
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3.2. Computational Methods

3.2.1. Building and Simulating Molecular Assemblies

For details about our computational approach and unit cell parameters for
syn-anti dimers of BChl ¢ and BChl d, we refer to Chapter 2. All AAMD
simulations in vacuo were performed in a canonical ensemble (NVT), using
a velocity-rescaling thermostat®® and periodic boundary conditions. To avoid
interference with periodic mirrors, the tube structures are centered in a large
simulation volume of 30 x 30 x 140 nm?, with at least 7.5 nm distance to any
boundary. Tubular superstructures with pre-defined chiral angles are grown
through one-by-one addition of dimeric unit cells. The approximate sizes of
the resulting optimized tubes are 120 nm (length) and 15 nm (diameter),
which are close to the actual dimensions in nature.'® To alleviate possible
molecular frustration and partial overlap of tail parts resulting from the growth
algorithm, and to ensure stable AAMD, we first perform standard structure
optimization by steepest descent for the complete structure. Structural disorder
in the head part after energy minimization is found to be negligible, thus this
structure, labeled T = 0 K, can be seen as ordered. Subsequently, a short (100
ps) MD simulation at 50 K is carried out with the position of atoms in the
head part fixed, in order to further relax the configuration of the (farnesyl)
tail part of the molecules. After this step, all constraints are relieved and a 1
ns MD simulation is performed at 50 K to introduce mild structural disorder.
Finally, the temperature is increased to 300 K and the system is evolved for 1
ns at ambient temperature, which is expected to result in stronger structural
disorder.

To investigate the sensitivity of the excited states to the dynamic disorder,
we generated MD trajectories for single-tube and concentric-tube with two
different time resolutions: one dilute sampling with one configuration every
20 ps, in total 500 ps and one dense sampling with one configuration every
20 fs, in total 1 ps. Since calculating the optical response is computationally
intensive, the tube length for both trajectories is 60 nm instead of the usual 120
nm. We have confirmed computationally that the spectra features show very
little length dependence in the range from 60 nm to 120 nm (see Appendix B).
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3.2.2. Calculating Optical Spectra

We adopt the Frenkel Exciton Hamiltonian”*-8°

A=) vi® il + > TR i)l i, je[1,N] 3.1

i#]

to calculate the optical response of chlorosome tube aggregates composed of
N molecules. Here, atomistic detail contained in the coordinates R is explicit
in the v;(R) on the diagonal, representing the monomer excitation energy of
the molecule at site i, and in the off-diagonal terms, J;;j(R), which represent
the electronic coupling between molecules i and j. In the next subsection, we
discuss the different options for representing this molecular detail. For ordered
helical lattice tube models,>%479:80:105 i ¢ in the homogeneous limit, v;(R)
and J;;j(R) are independent of molecular details and v;(R) = v is a constant
value, while J;;(R) is given by a simple geometrical relation depending on the
distance vector R. However, when one includes microscopic molecular detail
to account for the disorder that is eminent in most photosynthetic structures,'®
one has to consider the R-dependence explicitly. For the electronic coupling
Jij(R), we consider the standard point dipole approximation (PDA),

i M 3(Hi ‘Rij)(u; - Rij)

Jii(R) =
! i R

(3.2)
R,

with u; = w;(R) the effective transition dipole moment vector for molecule i
and R;; the distance vector between the two transition dipoles labeled by i
and j.'*> We note that the PDA stems from the leading term in a multipole
expansion of the Coulomb coupling, and is known to overestimate the coupling
strengths at distances that are small compared to the spatial dimension of
the molecules.”® Nevertheless, the PDA is commonly employed for densely-
packed BChls in chlorosomes instead of the more elaborate methods that derive
couplings from quantum-chemical calculations or efficient transition charges
from electrostatic potentials (TrEsp) estimates,’® because calculated red shifts
based on PDA-coupling and empirical parameters were found to consistently
match measured values.?>36:40:41:45.79.80 1 our case, all off-diagonal coupling
terms in the Hamiltonian are calculated using dipoles that are extracted from
coordinates R of our AAMD trajectory. For reasons explained in the next
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subsection, we consider a constant site energy in the diagonal terms of A. The
general form of the density matrix describing the excited state manifold for the
system at time ¢ after photoexcitation is

p() =

1

N N
> i1l (3.3)

=1 j=1

where p;;(f) describes the populations (i = j) and coherences (i # j) in the site

basis.'? In the present study, we do not consider exciton dynamics explicitly.

We select a site energy v = 15390 cm™! that was derived from the Qy-transition
of isolated BChl ¢ in methanol for the monomer excitation energy.’ For sim-
plicity, we assign the same monomer excitation energy v to BChl d, as slightly
shifted values will only lead to an overall translation of spectra without chang-
ing the spectral shapes. The transition dipole moment vector y; is taken
oriented along the vector connecting two nitrogen atoms (N; and Nyp)“*° in
agreement with the transition dipole moment determined in a recent theo-
retical TDDFT study.'?® The length |u]| of this vector is 5.48 Debye, which is
estimated from experimental data'?* and used in several studies.>>%4%-80 We
note that an additional factor 5.04 enters J;; due to a conversion of Debye to
units of cm™1.12°

Diagonalization of the Hamiltonian matrix A provides N eigenvectors |i/,,) and
eigenvalues ¢, that correspond to the stationary exciton state and excitonic
transition energy, i.e. H |y,) = & [¥m). As H is both real and symmetric, &, are
real and the wave functions |¢,,), providing a state basis for the description of
the excited system, can also be chosen to be real.*®#" Eigenvectors are usually
sorted with respect to the excitonic transition energy, from lowest to highest. A
spatial analysis of these state vectors is of vital importance for understanding
the excitonic behavior of chlorosomes. For this purpose, a state vector |i,,) can
be represented on the site basis |i)

N

W) = > mili) 3.4

i=1

with [i) a state where only the molecule at site i is excited, while all other
molecules are in the ground state. In the site basis view, the contribution of a
specific site i involved in the state |i,,) is given by p!" = [ilWm)? = lemil?, which



66 Chapter 3. Static Excitonic Properties

is often called the exciton density of the molecule at site i and can be visualized
by color coding. The spatial extent of an excitonic state |i},,) is quantified by
the inverse participation ratio:>6126-127

1

IPR,, =
é\il |Cmi|4

(3.5)

with IPR = 1 for a fully localized state, i.e. confined to a single site, and IPR = N
for a state that is fully delocalized over all sites in the tube. In the remainder,
we concentrate on the exciton state with the largest oscillator strength, which
is often called the absorption state or ¥,y for brevity.>°

Each exciton state |i%,,) corresponds to a wavelength equals to the corresponding
eigenvalue ¢,, (horizontal position) and a signal strength (vertical axis) d,,, for
absorption (OD), LD,, for Linear Dichroism (LD) and R,, for Circular Dichroism

(CD), which have been calculated according to the known expressions, see Eq.
1.3.78:80

In order to relate our results to earlier publications, stick spectra calculated
using Eq. 1.3 have been convoluted with a normalized Gaussian profile in a
post-processing step in a form similar with Linnanto’s work.3® This operation
mimics the experimental variability that leads to signal broadening, which
stems from both the static and dynamic disorder that is present in the studied
chlorosomes. Since several estimates have been previously used,®’ we show
spectra plots for range of FWHM values from 10 to 350 cm™!.

3.2.3. Parameters in the Frenkel Hamiltonian

A key limitation in using the Frenkel formalism for large-scale assemblies
like chlorosomes is the difficulty to determine all terms in the Hamiltonian
H microscopically using ab initio calculations. Thus, in order to come to a
computable A, several types of approximations have to be made. A common
approximation is to account for R-dependent contributions only in diagonal
elements of A, i.e. in structure-dependent variation of the site energy. While
this approximation may be warranted for pigment-protein complexes, it ignores
the effect of varying electronic coupling J;;(R), i.e. the off-diagonal terms, due
to the substantial rotational twisting motions of the BChl head groups that
has been observed along the AAMD trajectory. Electronic coupling is seen as
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a key factor for the fast EET process in photosynthesis complexes.?’ We note
that, for our simulated structures, the influence of different BChl homologues
in the structure, structural defects and variations, and vibrational modes that
are slow compared to the exciton life times, is absent or fairly limited. For this
reason, the contribution of static disorder to v;(R) is not discussed here.

Several groups have attempted to quantify v;(R). The contribution of changing
molecular configurations and/or their environment to a dynamic modulation
Avi(R) = v{(R) —? can in principle be evaluated using combined quantum
chemical/electrostatic methods for a fairly limited number of residues.”?7°
However, even in such cases, calculating electronic excited states with proper
accuracy remains a challenge.”® For example, the accuracy of TDDFT calcula-
tions is limited to 0.5-0.4 eV,”® and using the ground state potential surface
sampled by MD for TDDFT calculations is known to over-estimate fluctuations
of the excitation energy.”* For chlorosomes, the task of calculating v;(R) for
varying nuclear coordinates R is computationally intractable even for modern
supercomputers, and thus it is always replaced by a more tractable task. The
simplest choice is to assume a constant ¥, which is estimated from experiments,
following the argument that the environments of BChls are very similar on
average,'?® and the observation that the HOMO-LUMO gaps in chlorophylls
can be quite insensitive to external perturbations, that affect the energy levels,
because of correlated instead of anti-correlated variation upon interaction with
the environment.'?” The most notable example of this effect is found in plant
photosynthesis, where the chlorophylls in photosystem I and II have the same
color despite widely different redox potentials.'*° On a more fundamental level,
delocalized eigenstates like the ones that have been observed in chlorosomes
can only exist when transitions are near resonant, meaning that the difference
in monomer excitation energies between two molecules must be much smaller
than the difference in their electronic coupling.'® We thus set the monomer
excitation energies for all molecules to the same constant value, i.e. v;(R) = v,
meaning that we assume that any fluctuation with respect to this reference
energy v on the diagonal are negligible compared to the fluctuations of the
energy in the off-diagonal terms.'®!

It is nevertheless common to represent the unknown variations of the internal
and external conditions for each pigment molecule in a chlorosome by adding
an effective fluctuating contribution to v?, usually drawn from a distribution
with Gaussian statistics and adjustable width ¢.8° Although o could be cho-
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sen to match calculated fluctuations of the monomer excitation energy for
significantly reduced systems,*’ it is usually tweaked to match experimental
FWHMs, which are known to reflect both static and dynamic disorder. Further-
more, adding a weak to intermediate correction to the site energy will only
results in weak mixing of excitonic wavefunctions and a mild spreading of the
peak spectra.®’ Besides our original arguments, see previous paragraph, we
note that adding a Gaussian broadening correction to the monomer excitation
energy*>° has the clear disadvantage of blurring or even destroying the effect
of cooperativity as included into J;;(R) via the MD simulation.

3.3. Results and Discussion

The first aim of this study is to develop a systematic and rigorous procedure
for translating the characterization data, which has been extracted at various
levels of resolutions, into a molecular model for chlorosomes. A key challenge
in this process is that we can not represent all experimental factors in our
computational model. In particular, the structure of natural chlorosomes en-
compasses heterogeneity in size, overall shape, and in composition; a cryo-EM
image of a chlorosome may experience small tilts out of plane of imaging.®® All
such factors modulate the signal intensity along layer lines in the diffraction
pattern of a cryo-EM image , as can be seen from the single, weak layer lines
in the noisy spectra for both WT and bchQRU chlorosomes.>” For this reason,
we must thus take care in identifying the characteristics that Fourier responses
calculated for our pre-assembled tubes should capture beyond the layer line
position 1/d, which is an indicator of a correlation length, in the experimental
power spectra. In particular, the geometrical analysis presented here enables
further fine tuning if needed, for instance when additional experimental infor-
mation becomes available in the future. Since the characteristics of dynamic
disorder were found conserved under varying tube chirality, the second aim,
i.e. evaluating the interplay of quantum and classical degrees of freedom, can
be considered via a particular case.

An important aspect of this procedure is to generate tubes that are represen-
tative for the dynamic disorder that plays a role in actual chlorosomes. We
previously (in Chapter 2) found that hydrogen bonding heterogeneity and
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head-head rotations are characteristic for the tubular chiral assemblies that are
spontaneously formed after a relatively short 1 ns MD simulation at 7 = 300 K.
Following our geometrical analysis, tube structures corresponding to matching
¢ are thus used as input for MD simulations in order to introduce the disorder
that is needed for a realistic comparison to experimental diffraction and optical
spectra.

chiral vector syn
H(1,1) b

H(0,1)

anti

120 nm

Figure 3.1: Different representations of the pre-assembled tube structure for § =
49.6° after 1 ns MD simulation at 300 K . Top, left: Schematic illustration, showing
the 2D Bravais lattice and the H(1,0) (red), H(0, 1) (green), H(1, 1) (yellow) and
H(-1, 1) (black) helical families as well as the chiral vector. Top, right: Schematic
illustration showing the arrangement of alternating syn and anti molecules along
the H(1,0) helical family, which connects the Mg-moieties. Middle: The main
helical families in the 3D tube, obtained from connecting Mg-moieties. Two helices
for each family are shown, with the same coloring as in the schematic image at
top, left. Bottom: Molecular view of the tube. For WT chlorosomes, the lattice
parameters are determined as (1.48 nm, 0.98 nm, 124.3°) from MD simulation of
BChl ¢ pigment aggregates; for bchQRU chlorosomes, the lattice parameters are
determined as (1.46 nm, 0.93 nm, 122.5°) from MD simulation of BChl d pigment
aggregates.

3.3.1. Extended Geometrical Analysis

We have extended the geometrical analysis developed in earlier work (Chapter
2) to consider a complete set of candidate helical families and the whole
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range of the chiral angle ¢ € [0°, 180°], see Figure B.1-B.2 and details in the
Appendix B. As before, we may employ this geometrical framework to link
layer line positions 1/d in the diffraction pattern, i.e. 1/d = 1/1.25 nm™! for
WT and 1/d = 1/0.83 nm~' for bchQRU chlorosomes, to a chirality of the
tube. To ensure internal consistency, we selected dimensions of the dimeric
unit cell (a, b,y) that were previously extracted from MD results for assemblies
composed of pure BChl ¢ and d (Chapter 2). It should be noted that, since
these unit cell parameters were determined as averages and feature standard
deviations in the 0.03-0.05 nm (a or b) and 2-4° (y) range, see Appendix A,
each reported § is in fact part of a tiny window of appropriate angles associated
with that §. Table 3.1 summarizes the chiral angles ¢ that exactly match 1/d
for the considered unit cells of WT or bchQRU chlorosomes. In the standard
classification, which relates to the orientation of syn-anti stacks to the tube
long axis,®” i.e. perpendicular for § = 0° and parallel for § = 90°, assemblies
for 6 € {2.2°,19.8°,160.2°} can be seen as primarily perpendicular, while they
are primarily parallel for § € {80.0°,94.3°,108.9°, 112.3°}. Intermediate values,
i.e. for 6 € {27.6°,42.3°,49.6°,130.4°,136.3°}, relate to neither parallel nor
perpendicular stacks.

Next, we constructed tube structures for the matching 6 in Table 3.1, see
Method section for details, and found that they are all stable upon 1 ns MD
simulation at 7 = 300 K. The pre-assembled structure for one matching chiral
angle, i.e. 6 = 49.6° is shown in Figure 4.1. Visual inspection shows that
it is hard to identify atomic detail, making this representation illustrative
for the robustness of such pre-assembled structures to thermal dispersion, in
particular when concentrating on the large scale characteristics such as the
overall chirality. Later, in section 3.3.3, we will analyze structural properties
more quantitatively via the positions of the Mg lattice sites and orientations of
the BChl head groups. Consequently, we performed Fourier transforms on these
pre-assembled structures, both before and after MD, to determine the power
spectra for their EM mimics, see Figure B.3 and Figure B.4 in the Appendix
B. Examining these diffraction spectra allows us to validate our geometrical
analysis and to qualitatively compare the characteristics of the target layer
line signals to experimental data.>” We find that important characteristics of
the experimental layer line, i.e. signal intensity close to the meridian,®” are
reproduced by the target layer line for § € {112.3°,130.4°, 136.3°} for WT and
6 € {19.8°,160.2°} for bchQRU type chlorosomes, see Figure B.3 for all the
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diffraction patterns for tube structures after MD simulations.

In the final step of the procedure, optical spectra for all tube structures, after
MD simulation (7 = 300 K), are compared with the optical spectra measured
in experiments. We note that the tube size is important for spectral calcula-
tions, as optical spectra for tubular assemblies have been reported to be size
sensitive;>>7?80 especially the shape of the CD spectra, which may change
when the tube length crosses a so-called critical value. Tang et al.>> particularly
focused on the relation of the critical value to the tube diameter and tube
length, for an assembly with chiral angle 6 = 90°, and determined a critical
length of about 90 nm for a tube diameter of 15 nm. Here, we selected a
diameter of 15 nm and considered optical signals for tubes up to 120 nm length
and all matching ¢ to evaluate this length dependence. Based on the finding
that spectral features show no notable variation in the range from 60 to 120
nm, see Figure B.5-B.6, we further concentrate our analysis on tubes of 120
nm, which is comparable in length to a natural chlorosome. A single tube of
this dimension is composed of over one million atoms.

Table 3.1: 6 € [0°, 180°] for BChl ¢ (WT) and BChl d (bchQRU) assemblies that
reproduce layer line positions 1/d = 1.25 nm~' and 1/d = 0.83 nm™! for WT or
bchQRU chlorosomes. The italicized ¢ value in the table indicates that the tube for
that ¢ displays the experimentally observed meridian signal on the target layer
line.

6(in degrees) wild type 6(in degrees) bchQRU

2.2 423 49.6 80.0 943 1123 1304 136.3 19.8 27.6 108.9 160.2

3.3.2. Calculated Optical Spectra

Optical spectroscopy data have been collect from both WT and mutant chloro-
somes, including absorption,>>-86:88,104,107,120,132-136 [inear dichroism®®104.107,132,135
and circular dichroism.3>8813%.134-136 Absorption is most frequently measured
and found rather insensitive to the chirality of the assembly, whereas the LD
and especially CD spectra are more distinctive of particular chirality and there-
fore useful for further selection of specific 6.''® The observed spectral features
are summarized in Figure 3.2, which shows that two types of CD spectra have
been found for C. aurantiacus and C. tepidum WT or mutant chlorosomes: type
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II (-,+) in the notation of Gribenow al,®® and a mixed-type (-/+/-) that can be
interpreted as a linear combination of type I (+/-) and type II. Although type
I spectra have also been reported for chlorosomes on two occasions,®®'3” we
restrict our matching procedure to the two dominant spectra. Since reversed
curving may switch the sign of CD spectra, it has been suggested that mixed-
type CD spectra can be assigned to a mixture of tubular complexes with similar
BChl packings but opposite curving directions.®’ In this section, however, we
concentrate on calculating optical properties for single tubes, thereby adopting
earlier notions that multiple cylinders can be treated as uncoupled systems
for the purpose of modeling optical spectra.’®*® Our results will particularly
show that a single tube is sufficient to generate a mixed-type CD spectrum. An
overview of all simulated spectra is provided in the Appendix B, see Figure
B.7 and a comparison of calculated and experimental properties is provided in
Figure 3.3.

Absorption spectra are characterized by a shift 4,, — o, with 4, the absorption
peak position of the aggregate and A of the monomer, which can be either
positive (red shift, J-aggregate) or negative (blue shift, H-aggregate).'*® As
mentioned previously, 1 is set to 15390 cm™' or 650 nm.%° Chlorosomes are
J-aggregates associated with a large red-shift, i.e. A,, — 1o = 60-80 nm,'® and
indeed an equivalent red shift is observed in all calculated absorption spectra
for our tube structures, see Figure 3.3. The insensitivity of the shape of the
absorption band to tube chirality shows that the Q, absorption band of chloro-
somes is mainly determined by the short-range order of syn-anti dimers, and
only weakly reflects longer-ranged structural properties like suprarmolecular
chirality. We note that a significantly smaller red shift is produced when switch-
ing to the TrEsp treatment for the electronic coupling, although this method
was tested more accurate than the PDA.”® In particular, calculations with TrEsp
for our tubular assemblies (6 = 49.6° and 112.3°) resulted in a red shift < 10
nm, a finding that is consistent with previous work.*!

Linear dichroism reveals the order of alignment more directly, as strong LD
signals are expected only for ordered systems.''® Indeed, strong signals are
observed from the calculated LD spectra for all tube structures, see Figure B.7.
The sign of the LD signal is determined by the absorbance of light polarized
parallel and perpendicular to the tube axis, LD = A - A;, meaning that
a negative/positive signal appears when absorption along the tube axis is
weaker/stronger than that orthogonal to the tube axis. We introduce the
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(a) optical spectra observed in experiments

C e |

spectra large redshift o psi type
features (60-80 nm) strong positive band + and o/+/-
A — Af -5 ‘ ‘
illustration 4 +
Am=240>0 (S+—S)/(S++S.) =1 —/+ —/+/—
35, 86, 88, 104,
references S B 88, 104, 107,132,135 35, 88, 134-136 35, 88, 132, 134
(b) additional types of optical spectra
LD CcD
i (i appearance of psi type (reversed)
negative band +/- and +/-/+
A~ 4-A
S ‘ - + 0+
illustration \ +
(S:=S)/(8:4S) <1 A +-I+

Figure 3.2: (a) Schematic summary of key features of the experimental absorp-
tion, linear and circular dichroism spectra measured for chlorosomes. Main
features, key properties and the corresponding literature reference are provided.
(b) Sketches of additional optical spectra resulting from our calculations, for
which no or only few experimental counterparts have been identified.
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relative difference fig = S+-5-/s,+s_ to better characterize these LD spectra,
with S, and S _ the integrated area of the positive and negative parts of the LD
signals, respectively. Three types of LD-spectra are observed, see Figure 3.3:
i) strictly positive, with fi3 = 1, as in the experimental LD spectra, ii) signal
displaying a small negative peak in the short-wavelength range and fjq < 1,
and iii) strictly negative signals, with fiq = -1. Matching these features to the
experimental LD spectra limits the chiral angles to 6 = 42.3°,49.6°,80.0° and
94.3° for WT chlorosomes and ¢ = 19.8° and 27.6° for bchQRU, respectively. We
exclude § = 112.3° and 108.9° since fig < 1, even though S, > S _.

wild type i bchQRU

Score

0
22 423 | 49.6 | 80.0 | 943 | 112.3 [112.3*| 130.4 | 136.3 | 19.8 | 27.6 | 108.9 | 160.2

-+~ -+ -+ +/- +/-/+ +/-/+ -+ +/-I+ +/-/+ /- [+ +-/+ -+~
LD: (5:-5)/(S++S.) [IE 1 1 1 1 032 | 030 | -087 | -0.97 1 1 0.67 | -1
Absorption: A4 (nm) ¥4 66 66 66 66 64 63 59 59 68 68 61 61

Figure 3.3: Overview of the spectral characteristics for all tube structures with
matching chiral angles ¢. Stick spectra were calculated for all tubes after 1 ns MD
simulation at 300 K, and characteristics determined for the spectra that resulted
from convolution of the stick spectra with a Gaussian with FWHM equal to 200
cm™!. Colored scoring bars on top of the table show which characteristics of the
simulated spectra agree with the experimentally observed spectral properties.

The circular dichroism (CD) spectrum is most sensitive to the aggregate struc-
ture; in particular, a special, psi-type CD spectrum is expected for chiral
aggregates.''® In total four types of psi-type CD spectra are calculated for our
pre-assembled tubes: type I ( +/—, 6 = 80.0°), type II (—/+, & € {42.3°,49.6°}),
and two mixed-types, namely (—/ + /-) for 6 € {2.2°,19.8°,27.6°,160.2°} and
(+/ = /+) for 6 € {94.3°,108.9°,112.3°,130.4°, 136.3°}. The results confirm that
mixed-type CD spectra are found even for single tubes with well-defined chiral-
ities, and shows that this type can originate from mixing various contributions
of the helical families that are present in a tube, see Figure 4.1. Since only
types (—/+) and (—/ + /-) are consistently measured for chlorosomes,>>%® this
further reduces the number of matching §. Moreover, this is the first time
that type II (—/+) is calculated for tubular assemblies that approach realistic
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chlorosomes dimensions. Extending the tube length for § = 49.6° even further,
to 300 nm, shows that the type II CD signal is persistent. The novelty of this
finding can be explained by the fact that previous computational studies of
spectral properties only considered & € {0°, 90°}.

In combination, our procedure suggests that only a tiny range of the chiral
angles in Table 3.1 provide relevant optical spectra: for WT chlorosomes,
0 =42.3° or 49.6°, and 6 = 19.8° or 27.6° for bchQRU chlorosomes, see the score
bars in Figure 3.3 for details. We find that the meridian nature of the layer line
signal calculated for the tube for § = 19.8° agrees well with the experimental
layer line characteristics, which provides converging evidence that § = 19.8°
is a unique solution for bchQRU chlorosomes that are rich of BChl d. We note
that this angle is consistent with the previously extracted § = 19.1° for pure
BChl d aggregates that are formed by spontaneous curvature after 1 ns of
MD (Chapter 2), and with the perpendicular-type structural model proposed
previously.>” For WT chlorosomes, although the matching § appear consistent
with the angles extracted from MD (Chapter 2), the experimentally observed
layer line characteristics, i.e. a meridian signal in the diffraction spectrum, is
not reproduced. Moreover, for the candidate § = 112.3° that does qualitatively
agree with these characteristics, both the LD and CD signals are inconsistent.
Since our curvature direction and average unit cell dimensions were both
adopted from MD simulations in Chapter 2, it makes sense to consider how
these factors affect the optical spectra.

If one envisions tubes to be generated by rolling up planar structures, it is easy
to understand how reversing the direction of rolling will lead to a reversal
of chirality. Current computational studies of spectral behavior3>36:41,45.79,80
consider simple dipolar lattices that lack any molecular detail, which clarifies
why this subtle issue has never been addressed. So far, our curving direction
is selected such that syn-tails always direct towards the concave, inner side of
the tube (Chapter 2). To investigate the role of the overall curving direction
in optical spectra, we have assembled a tubular structure for § = 112.3° and a
reversed curving direction, i.e. with anti-tails towards the inside of the tube.
This situation is labeled with an asterisk, 6 = 112.3*, to distinguish it from the
standard case.

From a 1 ns MD simulation at 7 = 300 K, we find that reversing the curving
direction does not notably affect the stability of the molecular and supramolecu-
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lar packing. As expected, the CD spectrum can be seen to reverse, from (+/—/+)
for 6§ = 112.3° to (—/ + /-) for 6 = 112.3%, see Figure 3.3, i.e. consistent with
the experimental CD spectra, confirming the sensitivity of the CD-spectra to
chirality. However, since the OD and LD spectra do not change upon reversing
the curving direction, the negative peak that is present in the short-wavelength
side of the calculated spectrum for § = 112.3°, and thus also for 6 = 112.3%,
does not agree with the experimental LD spectra. It should be noted, however,
that the characteristics of the LD spectrum vary in a range around ¢ = 112.3°,
with fiqg changing from fig = 1 for 94.3° to fiq = —1 for 136.3°, see Figure B.7.
Further testing identified matching OD, LD and CD spectra for § = 105*, which
is only slightly smaller than § = 112.3* and just within the window of chiral
angles around § = 112.3* that are consistent with the earlier identified 0.05 nm
margin of the unit cell parameter a. This is converging evidence that § = 105*
is the proper chiral angle for WT chlorosomes.

As a final remark, it has always been difficult to explain the uncontrolled
variation of measured CD spectra for WT chlorosomes in terms of the underlying
structure, with both type II and mixed-types encountered for the same WT
chlorosomes in different measurements. The benefit of considering all § in
Table 3.1 is that it allows us to investigate the sensitivity of the LD and CD
spectra to the tube chirality. For instance, a transition from a mixed-type to a
type II CD spectrum transition is found somewhere between § = 27.6° and 42.3°.
Such a small variation of the base tube chirality may well be a consequence of
BChl compositional heterogeneity or particular growth conditions. Moreover,
the highly efficient function of both WT and bchQRU chlorosomes is a clear
sign that performance is conserved for tubular assemblies that feature different
chirality but share important properties on a structural level, something that
is confirmed by a detailed comparison of static and dynamic disorder for a
number of different § in the following section 3.3.3. For this reason, in sections
3.3.4-3.3.6 where we investigate the interplay between dynamic disorder and
electronic properties, we illustrate a single chiral angle, i.e. 6 = 49.6°, for which
the optical spectra match the experimental data.
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3.3.3. The Origin of Disorder

Next, we focus on the disorder in the tube structures after MD simulation.
We do this by considering various structural properties of the pre-assembled
tubular assemblies as well as how these properties are affected by the thermal
motion. Table B.1 summarizes the structure-average lattice parameters (a, b, y)
and two large-scale structural properties, i.e. the chiral angle § and the tube
radius R derived from the best tube fit. When building assemblies following
the procedure described in the Method section, lattice parameters are set to
(a,b,y) = (1.48 nm,0.98 nm, 124.3°). All structural properties are calculated
from the Mg positions in the assembly at various steps of the simulation
procedure: after preparation and energy minimization at 7 = 0 K, after 1 ns
MD at7T = 50K and T = 300 K.

We find that lattice parameters are generally conserved within tiny margins,
and the same conclusion can be drawn for the input chiral angle ¢, even for
T = 300 K. Although the root mean square deviations from the fitted tube,
RMSDy;, increase with temperature, the assembly remains cylindrical with
RMSDyg; < 0.3 nm for all 6 of BChl c. Apparently the structure does not need
to resolve possible frustrations resulting from manual assembly by adapting
its unit cell or assuming a non-cylindrical shape. Visual inspection, however,
shows that tube assemblies of BChl ¢ are slightly more regular than for BChl
d, which is in agreement with the findings for spontaneously self-assembled
structures in Chapter 2 and explains the small increase in RMSDyg;, for the latter.
On basis of this analysis, which mainly considers the central (Mg) position
of the BChl molecules, we conclude that the static disorder in all considered
assemblies is fairly limited.

As in our previous study for spontaneous assembly (Chapter 2), we identify
dynamic disorder in the form of a rotational degree of freedom for BChl head
groups, so the tubular assemblies can indeed be seen as a rotor phase.'®’
Whereas the static crystal-like order is quite well conserved, see Table B.1, the
distribution of relative intra- and inter-molecular head-head rotation angles,
Qinwa and @ineer, is broad, see Figure 3.4 and Figure B.8, and their sampling
distributions are comparable to the ones previously observed for spontaneously
curving structure. Likewise, the hydrogen bonding heterogeneity that was
found to accompany this rotational motion in Chapter 2 is present in all
tube considered structures after MD simulation. The previously determined
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hydrogen-bonding saturation ratio, i.e. the fraction of hydrogen bonds present
in the structure that are actually formed, is appropriately reproduced for pre-
assembled tubes simulated at 7 = 300 K, namely 0.74 for BChl ¢ (6 = 49.6°)
and 0.87 for BChl d (6§ = 19.8°). Since the rotational dynamics is clearly not
affected by assembling BChl in a tube structure, it is convincing evidence that
they are stable structures. Moreover, it shows that dynamic disorder is much
more pronounced in such assemblies than static disorder, in agreement with
our choices in the Frenkel Exciton Hamiltonian. The limitation of static disorder
is also justified by NMR and optical spectra experiments.>”>4>
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Figure 3.4: Sampling distribution for the relative head-head rotation angle
between syn and anti molecules BChl, @y, for the tube obtained after 1 ns MD
simulation at 300 K. The distribution is calculated for different chiral angles § on
the horizontal axis, and the dashed line separates the matching chiral angles for
BChl ¢ and d. We refer to the Appendix B, figure B.8, for the distribution of aiyee;-

3.3.4. Localization of Excitonic States by Disorder

In our treatment, disorder that is present in the tubular assemblies, in the
form of molecular deformations, vibrating molecular lattices and rotating head
parts of BChl, is reflected in the off-diagonal terms J;; of the Frenkel Exciton
Hamiltonian matrix. Next, we concentrate on how such disorder affects the
spatial distribution of relevant exciton states. Since MD simulations account for
correlations within the assembly, it represents a substantial advance compared
to previous studies that lack such cooperativity.*° We will compare the spatial
aspects of exciton states for three degrees of disorder, i.e. order at 0 K, mild
disorder at 50 K and moderate disorder at 300 K, and for § = 49.6° that was
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selected for as an illustrative case BChl c.

-500 f

0 %0 200
Temperature (K)
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Figure 3.5: Distribution of coupling strengths J;; for § = 49.6° and a 120 nm
tubular structure at 0 K, i.e. pre-packed after energy minimization, 50 K and 300

K after 1 ns MD simulation. The strengths are calculated using a cutoff distance
of 1.5 nm.
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First, we analyze the distribution of electronic coupling strengths J;;, see Figure
3.5. Since J is a quickly decaying function, we have used a cutoff of 1.5
nm. Five distinct peaks can be observed for all considered T, reflecting the
earlier finding that chirality is conserved under thermalization. Distinct bands
stem from molecular packing along main helical families in the tube, e.g. the
strong coupling peak around —500 cm~! corresponds to syn-anti packing along
H(1,0), and has a major contribution to the large red-shift of the Q, band. Due
to thermal fluctuations, broadening and smoothing of the coupling strength
distributions is observed in the disordered states (50 K and 300 K).

The conservation of the bands in the coupling distribution under thermaliza-
tion is in line with comparable spectral features for ordered and disordered
situations, see spectral plots in Figure B.9, and consistent with the observation
of Prokhorenko et al.®® that the effect of adding off-diagonal noise is equivalent
to Gaussian broadening of calculated stick spectra. The insensitivity of the
main spectral features to molecular motion justifies the focus on perfect lattice
models in previous studies of spectral signals.>®4>79:80:105 However, when one
is also interested in details like the spatial distribution of exciton states that
correspond to stick-signals in optical spectra, it is advantageous to consider
structure with realistic disorder from a physical point of view.®%!1?

Furthermore, profound knowledge of the spatial distribution of an exciton is
essential for a fundamental understanding of the energy transfer in chloro-
somes. An important feature of Frenkel excitons is that, due to the strong
electronic coupling between monomers, exciton states are usually distributed
over more than one monomer, which is described as the delocalization of
an exciton.!'!4? Such delocalization is a static property, and should not be
confused with exciton transport. In recent years, 2D spectroscopy has identified
several cases of intricate dynamic modulation of exciton transport by so-called
coherent beatings, and a basic description for the corresponding line shape
dynamics for chlorosomes has recently been proposed.®*12%-14! This model
assumes that tubes feature a patchwork of coherent domains in which excitons
adopt wave-like behavior, while excitons efficiently hop between coherent
domains of very similar energy in an incoherent manner.84'?° Yet, existing
theoretical and computational studies have not been able to further rationalize
this mechanism. In particular, disregarding structural disorder on a molec-
ular level, by considering (semi-)crystalline structures,>-36-40,41,43,45,79,80,105

overestimates the delocalization of excitonic states,>®”%¢0 and is therefore
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fundamentally unsuited for studying such effects.
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Figure 3.6: Spatial distribution of the exciton states with the highest oscillator
strength ¥ ,.x in @ 120 nm long tube for § = 49.6°. (a) From top to bottom: .« for
different disorder within the tube: ordered state, labeled as 0 K, and disordered
states after 1 ns MD simulation, labeled as 50 K and 300 K. The localization of
Ymax 1s quantified by the IPR, see (b). Tube structures have been unrolled to planes
for the purpose of visualization; see Figure B.10 for corresponding 3D tubes.
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Our current treatment enables us to conclude that disorder indeed suppresses
the delocalization of excitons. In Figure 3.6, the spatial distribution of the
exciton state ., corresponding to the largest oscillator strength in the ab-
sorption spectrum, is visualized for different disorder (0 K, 50 K and 300 K)
of the tube structure. In the ordered case, see Figure 3.6a, ¢m.x can be seen
highly delocalized, a finding that is consistent with previous studies for regular
structures.>®’?8% Introducing disorder due to thermal motion has a localizing
effect on the exciton domain size, with the domain of significant exciton density
shrinking to O(10) monomers for 7 = 300 K, see Figure 3.6a, as estimated in
an experimental investigation.'?* Most importantly, the spatial distribution of
the exciton state can be seen to change from extended striped domains, see
Figure 3.6a top for T = 0 K, to clusters of tiny domains of high exciton density,
see Figure 3.6a bottom for 7" = 300 K.
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Figure 3.7: The inverse participation ratio (IPR, see Eq. 3.5) for all exciton states
with energy lower than the monomer excitation energy 15390 cm™'. In this range,
states belong to the red-shift absorption band and satisfy 1 — 14y > 0. The setup
is the same as in Figure 3.6, i.e. a 120 nm long tube for § = 49.6° and different
temperatures.

The (de)localization of states can be quantified by their inverse participation
ratio (IPR), see the Methods section for details. Denoting the IPR for the state
with the largest oscillator strength as IPR., >/ we find an abrupt decrease
from a high value in the ordered state (IPR,.x = 6289) to low values for disor-
dered states (IPR;,.,x = 1652 and 1961 in 50 K and 300 K cases, respectively),
see Figure 3.6b. Considering all excitonic states, we find that the effect on
IPRs belonging to the red-shift Q, absorption band is very similar around the
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peak position (1 — 4y > 60), see Figure 3.7, while it is almost absent for exciton
states with higher energy, i.e. for 1 — 1y ~ 0.

In addition to the IPR, we may quantify (de)localization by considering the
exciton density distribution of ¢, i.e. the exciton state with the highest
oscillatory strength, for different molecular conformations. By considering
conformations that are taken from a MD trajectory, our tubular states reflect
correlations that are responsible for the dynamics of BChl molecules within
this assembly. In this way, we indirectly investigate the effect of conformational
dynamics on the excitonic behavior. We determine, for each MD configuration,
the number of molecules N(f) with an exciton density p; > f - pmax, Where
Pmax, defined as the maximum of the exciton density for ¢.x, sets the range of
the exciton density for each configuration and f € [0, 1] is the corresponding
fraction. In particular, N(f) can be seen as a measure for the total area of the
exciton domains in Yy, that correspond to exciton densities that are equal or
higher than a fraction f. We may now evaluate whether the molecular tube
state is significant for N(f) by considering (N(f)), where (-) denotes the average
taken over all considered molecular conformations. Figure 3.8 shows (N(f))
versus f for the ordered assembly at T = 0 K (one tube state) and for the
disordered case, where the averaging is carried out over all snapshots along a
1 ns MD trajectory at 300 K. Since the standard deviation for the latter case
is tiny, we may conclude that the localizing effect of the dynamic disorder
as illustrated in Figure 3.6 is a general feature shared by all tube states. We
may exploit these data further to extract an explicit expression for (N(f)), i.e.
the effective area of the exciton domains'*? in terms of the threshold fraction
f. We extracted a linear relation for the ordered case and an exponentially
decreasing relation for the disordered case, see Figure 3.8.

3.3.5. Molecular Origins of Exciton Localization

Next, it is important to identify common structural features that correlate
with the localization of exciton density. We thus consider how the dynamic
disorder that is present in all tube states along the MD trajectory correlates
with high exciton density in y.x; disorder that was previously evaluated in
terms of Mg-Mg distances, the rotational angle between neighboring BChl
molecules, which is associated with the dipolar interactions, and hydrogen
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Figure 3.8: Average number of molecules (N(f)) versus fraction f for the state
with the largest oscillator strength in a 60 nm long tube for § = 49.6°. Green
symbols represent the data for an ordered structure after energy minimization, and
red shows averages over 1 ps MD at 300 K. We find that disorder changes linear
scaling to exponential scaling: (N(f))°" = —4703.4f + 4663.7 and (N(f))disorder =
4494 .3 exp(—18.1f) + 48.5.

bonding. Following a procedure that is very similar to the one used in the
previous section, we determined the distributions of Mg-Mg distances dyig-mg
and the relative dipolar angles agipole-dipole fOr all molecules in the tubular
assembly that satisfy p; > f - pmax. Combining distributions for all tube states
along the trajectory and normalizing, we obtain the two overall distributions
shown in Figure 3.9. From this Figure, it is clear that the highest exciton density
is associated with the closest Mg-Mg separation. The distribution of the rotation
angles agipole—dipole iS clearly bimodal when considered over all molecules in all
tubes, i.e. for f = 0, with peaks around 10° and 40°. Concentrating only on
very high exciton density, f = 0.9, the overall distribution is almost unimodal,
and the broad peak around 40° has disappeared in favor of a peak at smaller
angles. It suggests that molecules that are associated with very high exciton
density do not favor large rotations relative to each other. Relative distances
and orientations play a role in PDA coupling, so we conclude that both features
can be explained in terms of the coupling strength.

Hydrogen bonding was previously identified as an important source of struc-
tural heterogeneity (Chapter 2). While a special role of hydrogen bonding
in exciton transfer in chlorosomes has been speculated upon,'** our current
treatment limits itself only to static properties and correlations. Figure 3.10
shows the ratio of the number of molecules forming 0, 1, and 2 hydrogen
bonds versus the fraction f of the exciton density, calculated as an average
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Figure 3.9: Structure analysis of molecules at different exciton density levels
satisfying p; > f - Pmax I ¥max for a 60 nm long tube with § = 49.6°, averaged over
a 1 ps MD trajectory at 300 K. (a) distribution of neighboring Mg-Mg distances
along the a packing direction, and (b) distribution of neighboring dipole-dipole
rotation angles along the a packing direction .

over all snapshots along a 1 ns MD trajectory at T = 300 K; we refer to Figure
3.8 for information about the number of molecules over which this average
is taken. Colored regions show that the standard deviations increase with
increasing f, which could either be due to variations of these ratios between
MD snapshots or the rapidly decreasing number of molecules considered in
the averaging procedure. Overall, these data suggest only weak correlation
between hydrogen bonding and a high exciton density. Nevertheless, hydrogen
bond formation remains a factor in the PDA, albeit only indirectly, through the
relation between hydrogen bonding and the relative orientations of induced
point dipoles in the molecules.

3.3.6. Interplay between Dynamic Disorder and Exciton States

Finally, we analyze the exciton states in tube assemblies that are extracted from
different frames along MD trajectories to evaluate their response to dynamic
disorder that is induced by thermal motion. Exciton states are analyzed both
in real space and in Hilbert space, and we extended our calculations to three
concentric tubes to evaluate inter-tube correlation and delocalization. As
mentioned, our current investigations provide no direct information on the role
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Figure 3.10: Number of molecules (N(f))'® relative to (N(f)) with 0/1/2 hydro-
gen bonds for varying f (horizontal axis), calculated for ¢ ,,x and a 60 nm tube
for 6§ = 49.6° averaged over a 1 ps MD trajectory simulated at 300 K. Colored
bands show the standard derivation.

of temperature'?! or vibrational coherence®*'?" in exciton migration, since
we do not include a propagator at the quantum level. Representing nuclear
responses to excitation in a MD force field is currently an open issue'** and
remains challenging,'#° albeit that electronic ground state nuclear dynamics is
considered a justified choice for these systems.3!

Exciton migration in chlorosomes is a fast process,'®!?414¢ with an initial
energy flow identified to occur in the first 200 fs after excitation.8%120,121,141
The two distinct low frequency modes recently identified by ultra-fast 2D
spectroscopy for chlorosomes at 80 K relate to coherent beatings with a period
of 230/366 fs on a characteristic time scale of ps.8* We have thus performed a
1 ps MD simulation and analyzed the resulting trajectory with a time resolution
of 20 fs. As the time interval (20 fs) is small, the lattice site (based on Mg atom
position) variation between neighboring frames is small, with

N
RMSDigie = 1| 12 D (50) = %0~ A2 3.6)

being less than 0.01 nm when calculated over all N positions of the Mg atoms
x;, for both the single tube and concentric tube trajectories.
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Single tube

We analyze single tube aggregates by projecting the exciton distribution for
the largest oscillator strength y,,x onto the structure using color coding, see
Figure 3.11 and movie S1'. We have also plotted the separation distance dsep
between molecules that feature the largest occupation probability pmax Of Ymax
in consecutive frames. The comparable RMSDygice = 0.148 +0.018 nm and diep
behavior for the longer 500 ps trajectory, see Figure B.11 and movie S2', show
that the short trajectory is representative. While the fluctuating character of
dgep suggests equivalent changes to the corresponding exciton distributions,
these distributions can be quite similar, see Figure 3.11. Conversely, changes
in the exciton distribution in shape, (dis)appearance and shifts along the tube
are taking place during the whole 1 ps trajectory, even when the local measure
dsp ~ 0. Analyzing the variation of the absorption state Y. for different
molecular conformations along the MD trajectory using a global measure, i.e.
the overlap coefficient |(z//max,t|(//max,t_m)|2 of Ymax in consecutive frames, see
Figure 3.11 (bottom), shows that this absorption state indeed significantly
varies with the underlying molecular conformations.

The fluctuating character of the local measure for the response of the exciton
distribution to the nuclear dynamics, d,,, suggests that the selection of y/max
is quite sensitive to small changes in the underlying molecular structure. This
agrees well with the earlier suggestion that very fast energy transfer is facili-
tated by energy crossing within the manifold of exciton states with very similar
energies.'?? Additional analysis of the 30 lowest eigenvalues of our Frenkel
Hamiltonians, see Figure 3.12, enables us to study this suggestion. We find that
energies fluctuate as a result of dynamic disorder in the underlying molecular
assembly that is reflected in the Frenkel Hamiltonian, but the amplitudes of
these fluctuations are small in an absolute sense. Note that the time scale in
Figure 3.12 is added to provide insight in the evolution of the tube structure
along the MD trajectory, whereas our analysis of exciton states remains essen-
tially static. We will nevertheless label eigenstates according to MD time for
ease of discussion. Following the eigenstate with the largest contribution to
absorption, Y.y, we find that its position shifts within a tiny band of 20 cm™!.
Moreover, the energies of all 30 eigenstates lie within a narrow 60 cm~! band

'Movie (MPG) file in chapter_3 folder at https://github.com/xinmeng2015/chlorosome_
phd_thesis or https://doi.org/10.5281/zenodo.3674742
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Figure 3.11: Exciton states ¥, for different molecular conformations along the
1 ps MD trajectory for the 6 = 49.6° tube structure. Top: snapshots of the spatial
distribution of ¥, at different time frames: 0.2, 0.22, 0.24, 0.4, 0.6, 0.8, 1.0
ps. Molecules are colored according to the exciton density p;. To also visualize
the other side of the tube, we made all molecules i with p; < 0.1py.y, transparent,
where pna = 0.0066 is the maximum of the exciton density in all frames. Middle:
the distance d., between molecules with the largest exciton density in ¢y, in

. .. 2
consecutive frames. Bottom: the overlap coefficient, <l//max,t|¢’max,t7At> , between
Ymax iN consecutive frames.
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for all considered molecular conformations. This proximity of energy levels
is an indication that non-adiabatic energy transfer is an option, provided that
states also have a spatial overlap.

Our choice to rank eigenstates according to their eigenvalues obscures potential
crossings, but we note that also the eigenstates change with the considered tube
state. The crossing of energy levels can however be anticipated from several
anti-correlated kinks that are present in Figure 3.12. Introducing additional

overlap coefficients, (lﬁk,z|l//20,o> 2, between y, for different k and the initial
absorption state Y, further quantifies this phenomenon. Focusing on the
overlap coefficients for k = 17, 19, and 20, see Figure 3.13, we find that the
initial eigenstate for k = 20 becomes orthogonal to ¥, within 200 fs. As time
proceeds, the initial state 0o shows significant overlap with other eigenstates
with a different energy rank, 9, and later 7,. These results indicate that
energy crossing can indeed be facilitated by dynamic disorder.

Concentrating on the projected .« itself, domains can be seen always aligned
at an angle with the long cylinder axis, somewhere between the a packing
direction and the hydrogen-bonding direction, as these two directions accom-
modate the strongest coupled pairs. In particular, see Figure 3.11 (top), this
preferential angle is determined by contributions of all helical families and mod-
ulated by factors such as dynamic disorder and the electronic coupling model
considered. Our findings reveal the difficulty of relating optical responses
directly to properties of the underlying molecular lattices.

Three-layered tubular assembly

In chlorosomes, energy produced by a photon exciting the inner tube needs
to migrate within 10 ps (the average annihilation time)®! to the outer tube to
reach the baseplate and subsequently the reaction center. Thus, we performed
an analysis for a dense 1 ps MD trajectory (20 fs per frame, 300 K) of a
concentric three-tube complex (Figure 3.14a) to explore the relation between
dynamic disorder and excitonic properties, and to propose a mechanism that
leads to accumulation of excitonic energy in the outer layers. The concentric
structure is composed of three pre-packed tubes with radii R = 5.2, 7.3 and
9.5 nm, separated by 2.1 nm, as observed in experiments.®” Before collecting
the trajectory, the structure was well equilibrated by the standard procedure,
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Figure 3.12: Analysis of stick spectra for the absorption calculated for molecular
conformations along a 1 ps MD trajectory for § = 49.6°. Left: Stick absorption
spectrum calculated for the assembly at + = 0 ps. Right: The values of the
30 lowest energies associated with 30 eigenstates of the Frenkel Hamiltonian.
Eigenstates and their energies are calculated for snapshots along the 1 ps MD
trajectory. Energies for individual snapshots are ranked from low to high, starting
from k = m — 1 = 0, see Method section, and colored according to their rank. The
energy associated with the largest oscillator strength i ,,.x for each snapshot is
denoted by a grey sphere.
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Figure 3.13: The overlap coefficient, 2, between selected states |z,bk,t)
and the absorption state leo,o) atr = 0 ps, along a 1 ps MD trajectory for § = 49.6°.
In line with this definition, the initial overlap coefficient = 1.0. States k = 17, 18,
19 and 20 are labeled by different colors.

see Methods section, and found stable.

Since concentric tubes in a multi-tube structure can be assembled in two
distinct relative orientations, either parallel or anti-parallel to each other, we
also considered a two-layered assembly and calculated spectral properties for
these two different options. Although the stick spectra display tiny differences,
the calculated absorption, LD and CD spectra are equivalent after broadening.
This finding shows that the current experimental resolution is insufficient to
distinguish relative tube orientations. For this reason, we further concentrate
on a situation where all tubes are parallel to each other.

Key features identified for a single tube are also found for the concentric
tubes: extremely low structure variation (RMSDjyyice = 0.009 +0.00003 nm) and
substantial variation of the separation distance d.,( Figure 3.14b). Again, dp
is three orders of magnitude larger than the average RMSD),;ce for the assembly,
and the average value of 24.7 nm is about ten times the gap distance between
adjacent layers, suggesting that the position of maximum exciton density in
Wmax Mmay well migrate from tube to tube. From the data shown in Figure 3.14b,
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Figure 3.14: Analysis of the exciton states ¥, in concentric 3-tube structures.
(a) Schematic illustration of concentric tube geometry, with radii satisfying tube
3 > tube 2 > tube 1. Colors are used to distinguish between different tubes.
(b) Top: the exciton density population in different tubes, denoted by tube color,
along a 1 ps trajectory. Bottom: dy, the distance between molecules associated
with the largest exciton density in ¢, in consecutive frames. Color specify in
which tube the molecule with the highest exciton density is situated. (c) The
distribution of exciton density population of i, over all frames in the trajectory.
The average (white point) agrees well with the trend of the normalized number
of molecules (site number ratio, dashed line) in each tube.
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we see that this is indeed the case. Since visualization of the exciton distribution
for ymax in the tubular complex is less straightforward than for a single tube,
we determined the fractional population of this state in each of the three tubes,
see Figure 3.14b. It shows that ¥, is indeed delocalized over all three tubes,
and that the exciton fraction in each of the tubes fluctuates around the average
value with a considerable amplitude. In particular, the fraction present in
the outer tube (tube 3) is seen to be the largest for most of the molecular
conformations along the MD trajectory. Plotting the distribution of the exciton
fractional population in each tube separately, see Figure 3.14c, shows a clear
radial dependence, with the population averages (0.26 : 0.31 : 0.43) closely
following the molecular ratio (0.24 : 0.33 : 0.43) for each of the three tubes. We
thus conclude that the distribution of excitonic energy over each of the tubes
does not reflect variations in disorder but directly relates to the number of
molecules that is needed to constitute the tube. Since this number increases
with increased tube radius R, exciton energy will automatically concentrate in
the outer part of the tubular complex. The conclusions obtained from the short
and dense trajectory (1 ps) also apply to the long and dilute trajectory (500
ps), see the structure and exciton state analysis shown in the Figure B.12. To
further investigate the nature of this coupling, we considered a special case,
i.e. the electronic couplings J;; = 0 when i and j sites belong to tube 1 or tube
3, and J;; # 0 when one of the sites is located in tube 2. For this J, we find
that most of exciton density of ¥« is confined to tube 2, as expected. In tubes
1 and 3, however, a tiny signal can be observed, indicating that inter-tube
coupling is weak but present, even in the case that internal electronic coupling
is suppressed.

3.4. Conclusions

Understanding how structural properties of protein-free BChl aggregates like
chlorosomes translate into uniquely efficient and robust transfer of excitation
energy is a significant but unresolved scientific challenge. In the present work,
we have developed a protocol that combines experimental information from
NMR, cryo-EM and optical spectroscopy to constitute a unique model of these
biological assemblies. Our model is unique in allowing for realistic disorder and
for reproducing all available characterization data simultaneously, including
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typical features of the absorption, linear (LD) and circular dichroism (CD)
spectra.

The developed protocol is general, and can be applied for other helical tube
forming molecules. First, our extended geometrical analysis relates the axial
repeat distance d of experimentally obtained layer lines®” to chiral angles 6 €
[0°, 180°]. Consequently, we employ this set of ¢, which is a key structural
parameter together with the previously determined syn-anti dimer unit cell*”
and Bravais lattice parameters (a,b,y) (Chapter 2), to build tubes for MD
simulation of a realistic size, i.e. [ = 120 nm length and R = 7.5 nm radius.
After confirming stability at 7 = 300 K, a Frenkel exciton Hamiltonian is
used to calculate optical spectra of ordered and disordered tubes for a direct
comparison to measured spectral types. In this study, we have adopted the
point-dipole approximation for the electronic coupling calculation but other
descriptions are optional. Our calculations show that CD spectra types change
several times along the §-range, for instance from a type II for § = 42.3 ° to
a mixed-type for § = 27.6°. This finding explains the previously mentioned
“uncontrolled” variation of CD signal type,*>®® e.g. between type II and mixed-
type, which is likely due to small modulations of the overall tube chirality due
to compositional heterogeneity rather than insufficient tube length or different
curving directions in a mixture of tubes.3>37-8

Next, we clarified the intricate effect of disorder on exciton states, with a
focus on the state with the largest oscillator strength. We find disorder to
induce localization of exciton states, i.e. concentration of exciton density in
a spatially confined region, to a degree that is consistent with experimental
observations.'?* We quantify this effect by considering distribution profiles
of exciton states, their inverse participation ratios and corresponding exciton
distributions mapped onto the tubular structure. These mapped distributions
for the first time visualize the insight derived from 2D spectroscopy, which
described chlorosomes as composed of weakly coupled coherent domains.?°
The observation that relatively small variations of the underlying molecular
structure translate into significant changes in the exciton structure, giving rise
to crossings between eigenstates with energies that are part of a tiny band, is
in good agreement with earlier suggestion that the presence of many states
of comparable energy enhances intra-tube migration of excitons.'?? Focusing
on a concentric tube case, we find the ratio between exciton population in
different tubes, when averaged over the MD trajectory, agrees well with their
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molar ratio, suggesting the driving force for the migration of exciton energy
from inside to outside that is simply the fact that larger tubes contain more
molecules, since N o« R>. We plan to investigate the detailed effect of static and
dynamic disorder on actual exciton migration in following chapters.
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