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ABSTRACT Photosynthetic organisms rely on a network of light-harvesting protein-pigment complexes to efficiently absorb
sunlight and transfer excitation energy to reaction center proteins where charge separation occurs. In photosynthetic purple bac-
teria, these complexes are embedded within the cell membrane, with lipid composition affecting complex clustering, thereby im-
pacting inter-complex energy transfer. However, the impact of the lipid bilayer on intra-complex excitation dynamics is less
understood. Recent experiments have addressed this question by comparing photo-excitation dynamics in detergent-isolated
light-harvesting complex 2 (LH2) to LH2 complexes embedded in membrane discs mimicking the biological environment,
revealing differences in spectra and energy-transfer rates. In this paper, we use available quantum chemical and spectroscopy
data to develop a complementary theoretical study on the excitonic structure and intra-complex energy-transfer kinetics of the
LH2 of photosynthetic purple bacteria Rhodoblastus (Rbl.) acidophilus (formerly Rhodopseudomonas acidophila) in two different
conditions: the LH2 in a membrane environment and detergent-isolated LH2. We find that dark excitonic states, crucial for B800-
B850 energy transfer within LH2, are more delocalized in the membrane model. Using nonperturbative and generalized Forster
calculations, we show that such increased quantum delocalization results in a 30% faster B800 to B850 transfer rate in the mem-
brane model, in agreement with experimental results. We identify the dominant energy-transfer pathways in each environment
and demonstrate how differences in the B800 to B850 transfer rate arise from changes in LH2’s electronic properties when
embedded in the membrane. Furthermore, by accounting for the quasi-static variations of electronic excitation energies in
the LH2, we show that the broadening of the distribution of the B800-B850 transfer rates is affected by the lipid composition.
We argue that such variation in broadening could be a signature of a speed-accuracy trade-off, commonly seen in biological
process.

SIGNIFICANCE Understanding the kinetics of energy transfer within photosynthetic light-harvesting complexes under
conditions as close as possible to their biological environments will provide deeper insight into the biological mechanisms
affecting their function. Experiments have shown that, for the LH2 complex of photosynthetic purple bacteria, a
physiological membrane environment can enhance the efficiency of the key energy-transfer step within each complex
compared to when the photosynthetic protein is isolated through chemical methods. We develop a comprehensive
theoretical analysis that rationalizes these experimental observations and provides insight into quantum features and
microscopic energy-transfer pathways that may be enhanced in the membrane environment, underpinning the increased
energy-transfer rates.

INTRODUCTION The network is built up of two types of complexes: the light-
harvesting complex 2 (LH2) and LH1, which are respon-
sible for the absorption and transfer of incident solar energy,
and the reaction center (RC), which accepts excitation en-
ergy from the LH1 to facilitate transmembrane charge sep-
aration. Since the LH1 surrounds the RC, together they form
the core light-harvesting complex (LH1-RC). Each LH1-RC
is surrounded by several LH2 complexes, forming clusters
on the cell membrane (2-4).

In purple nonsulfur bacteria, the initial steps of photosyn-
thesis are carried out by a network of protein-pigment com-
plexes that are embedded in the bacterial cell membrane (1).
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Here, we focus on the LH2 from the purple bacteria Rho-
doblastus (Rbl.) acidophilus, which is composed of nine
subunits that are arranged in a cyclic C9 symmetry (5,6).
Each subunit consists of one af heterodimer formed from
two peptides (a and (), which bind three bacteriochloro-
phyll a chromophores (BChl a) and one carotenoid. BChl
a absorbs light in the infrared region and is named according
to the wavelength of light it approximately absorb at. Each
subunit contains one B800 BChl and two B850 BChl a,
labeled « and @ according to the peptide it is ligated to.
Due to the cyclic arrangement of the subunits in the LH2,
two concentric rings of chromophores are formed: the
B800 ring, which lies close to the inner cytoplasmic surface
of the membrane, and the B850 ring, which lies close to the
periplasmic surface. The transfer of excitation energy from
chromophores in the B80O ring to the B850 ring is a key en-
ergy-transfer pathway within the LH2 (7-9).

Experimental studies focused on understanding the
fundamental steps in photosynthetic light harvesting have
contributed a vast amount of information on the structure
and function of LH2 (1,10-14). Many of these studies
isolate LH2 by solubilizing it in detergent, removing it
from its native environment in the photosynthetic mem-
brane. The impact of the membrane on the energy-transfer
dynamics within LH2 remains an open question. Recently,
experimental work has found differences in the spectra
and energy transfer of detergent-isolated LH2 and mem-
brane-embedded LH2 (15-18). With the existing compre-
hensive knowledge on the energy-transfer mechanism
within detergent-isolated LH2, we have a benchmark to
perform a systematic study of how energy transfer may be
altered when LH2 is embedded in its native membrane
environment.

The bacterial photosynthetic membrane is composed
primarily of phospholipids, with different species of purple
nonsulfur bacteria having varying lipid compositions
(19,20). Lipids in the membrane mediate clustering of
the LH2 complexes, with different lipid compositions re-
sulting in different clustering tendencies (21,22). It has
been suggested that the difference in organization of LH
complexes can alter the efficiency of energy transfer
from initial absorption by an LH2 complex to its arrival
at the RC.

Live cells or sections of the native membrane have been
studied but present difficulties due to the complex biological
environment (23). Since whole cells are highly scattering,
spectral signals are disturbed when using spectroscopic
methods. To circumvent this issue, after isolating the
LH2 with detergents, researchers then reconstitute LH2
into an artificial membrane and perform experiments on
these samples (16,18,21,22,24,25). Initial studies comparing
the spectroscopic properties of detergent-solubilized and
membrane-reconstituted LH2 found little difference be-
tween the two, concluding that a single model should be suf-
ficient to describe both scenarios (18).

Membrane effect on LH2 energy transfer

In contrast, experiments comparing LH2 from Rhodo-
bacter (R.) sphaeroides solubilized into detergent micelles
to LH2 self-assembled into membrane vesicles found differ-
ences in the absorption spectra at room temperature (16,17).
In the membrane vesicles, the B850 band of LH2 was
broader and red shifted by 1.1 nm, and the Stokes shift be-
tween the absorption and fluorescence was greater in the
membrane. Membrane vesicles typically contain multiple
LH2 complexes, which, through their inter-complex interac-
tions, can add another environmental contribution to the dy-
namics of a single LH2, leading to broadening in its spectra.
Therefore, to isolate the membrane’s effect on the complex,
a single LH2 embedded in a membrane is ideal.

Ogren et al. embedded LH2 in a membrane nanodisc
where each disc holds a single LH2, allowing a single com-
plex to be separated and probed (15). The absorption spectra
of a single LH2 complex in the membrane nanodisc also ex-
hibited a slightly redshifted B850 absorption peak compared
to detergent solubilized LH2.

In this work, we conduct a theoretical study of the impact
of the membrane environment on energy transfer within the
LH2 of Rbl. acidophilus to determine if the differences in
spectra and energy-transfer times observed experimentally
in R. sphaeroides hold across alternate species of purple bac-
teria and how these differences can be mapped down to
microscopic changes in the energy-transfer pathways.
Atomic-level calculations for electronic and environmental
parameters are currently only available for membrane-
embedded LH2 from Rbl. acidophilus (26). However, like
R. sphaeroides, it contains nine subunits with cyclic C9 sym-
metry and produces similar linear absorption spectra (14,27)
such that its structure is commonly used to model
R. sphaeroides (28). Due to these structural and spectral sim-
ilarities, we aim to see if the changes seen in the spectra and
energy-transfer times of R. sphaeroides can be expected in
RbL. acidophilus. We compare two models of LH2, one based
on experimental spectra of detergent solubilized LH2 (29)
and the other describing LH2 embedded in a 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC) membrane (26).
We use two different spectral densities to describe the deter-
gent and membrane environment and calculate energy-trans-
fer rates within the LH2 using two different levels of theory:
generalized Forster theory (GFT) (30), a perturbative method,
and hierarchical equations of motion (HEOM), a numerically
exact method. Due to the disordered nature of biological sys-
tems, each complex is perturbed differently by its local envi-
ronment, creating slight variations in the electronic properties
of each complex. Thus, we use many realizations of the elec-
tronic parameters to calculate inter-complex energy-transfer
rates and exciton properties and analyze the specific form
of their statistical distribution to see if they reveal anything
about the membrane’s influence on energy-transfer dynamics
within the LH2. We compare the exciton delocalization for
detergent-isolated LH2 and membrane-embedded LH2 using
the inverse participation ratio as a measure. Using GFT and
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HEOM, we calculate the B80O to B850 energy-transfer rate
distribution for both models and consider the B800 and
B850 exciton levels that form the dominating energy-transfer
pathways in each environment.

METHODS
Hamiltonian

To model the LH2 complex, we divide the total system Hamiltonian into the
system, the environment, and the interaction between the two:

H = Hg+ Hg + Hgp. (1)

Here, Hg represents the electronic degrees of freedom of the N chromo-
phores within the LH2 and is given by a Frenkel exciton Hamiltonian
(31), where each chromophore site is treated as a two-level system (we
have h = 1 throughout),

N N
Hs = Y EG+ D V(G + 1D, @
i ij<i
where [i) is an excited state localized on site i. E; = &; + 4 is the transition
energy from ground to excited state of site i termed the site energy and is the
sum of &;, the bare electronic energy in the absence of phonons, and 4; the
reorganization energy. A; = 7! fow dw Ji(w)/w is the energy the bath
must dissipate to relax to the new equilibrium in the excited state i), which
can be obtained by integrating over the spectral density J;(w). The micro-
scopic origin of 4; is due to the excited state potential energy surface being
displaced relative to the ground state (32). V; is the electronic coupling be-
tween the Qy transition dipole moments at sites i and j. We denote |e), the
eigenstates of ITIS with energy E,, i.e., H s = Em|a), which are collective
electronic states, or excitons, delocalized across all chromophores, i.e.,

|y = ZCf‘ i).

Site energies and nearest-neighbor electronic couplings for the mem-
brane and detergent Hamiltonians are given in Table 1. For the detergent

TABLE 1 Site energies, nearest-neighbor electronic
couplings, and environmental parameters of the chromophore
sites in the LH2 from Rbl

Membrane Membrane
POPC DOPC Detergent
Site energy B800 13,021 13,783 12,540
B850« 12,799 13,527 12,390
B8508 12,806 13,556 12,390
B800 couplings VBsoo -33 —34 —-19
B850 couplings Va1t 339 298 315
Vgt 317 266 245
B800 to B850 VB800.02 42 38 32
couplings
Reorganization AB800 40 40 35
energy AB850 140 140 160
Cutoff frequency Qgs00 100 100 35
Qpsgso 100 100 53
Static disorder OB800 40 40 50
JB850 270 270 220

Interchromophore electronic couplings are illustrated in Fig. | b. Acidoph-
ilus for the membrane and detergent models given in units of cm ~!. Mem-
brane POPC parameters were taken from (26), DOPC membrane electronic
parameters were taken from (36), and detergent parameters for the B850
ring were taken from (29).
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Hamiltonian, interchromophore electronic couplings are calculated using
the dipole-dipole approximation,

d;-d; — 3(v;-dy) (¥;-d))

r,«j

tipole - C

)

; 3)

where C is a constant accounting for the dipole strength, ai is the transition
dipole unit vector at site i, T;; is the unit vector pointing from the position of
site i to site j, and ry; is the distance between sites i and j. The site coordi-
nates and transition dipole moments are taken from the crystal structure of
LH2 from Rbl. acidophilus (5) and C is taken to be 230,000 Acm™! for the
BB80O0 sites and 348,000 Acm ™! for the B850 sites, chosen to reproduce en-
ergies of the excitonic states. Additionally, these values of C produce cou-
plings that agree with more sophisticated transition density cube methods
used to determine electronic couplings in the LH2 (33,34). For nearest-
neighbor electronic couplings in the B850 ring, the dipole-dipole approxi-
mation no longer holds due to the proximity of the chromophores; hence,
couplings were taken from literature where they are fitted to reproduce
experimental spectra (29). The electronic parameters for the membrane
Hamiltonian were calculated using quantum chemical methods that account
for the mutual polarization between the lipid-protein environment and the
chromophores (26,35). Site energies and couplings are averaged over a tra-
jectory of the LH2 in a lipid environment using molecular-dynamics simu-
lations. The site energies and nearest-neighbor couplings of the B800 and
B850 chromophores are taken from (26) and are given in Table 1.

To select the Hamiltonian parameters used to represent LH2 in each envi-
ronment, we conducted a thorough review of the different parameter sets
reported in the literature for both the LH2 in detergent and LH2 in mem-
brane, as detailed in the supporting material. For the membrane-embedded
LH2, to the best of our knowledge, the only reliable parameters available

a b Vesoo02
A
L
. S % -
B-peptide —F — a-peptide
‘ .
"
B800 BChl [ )
¢ 13 ¢ ~~Carotenoid
¢
B850 BChia" () * ()
"‘,d) /

c
GFT  HEOM + Pauli fit
B800 Membrane 746 fs 961 fs
Detergent 925 fs 1.2 ps
B850
FIGURE 1 LH2 molecular structure, electronic interactions and energy

transfer rates. (@) Subunit of the LH2 of Rbl. acidophilus (PDB: 1NKZ)
(5) consisting of an a3-heterodimer, one B800, and two B850 bacteriochlo-
rophyll a chromophores and one carotenoid. (b) Top view of the chromo-
phores in the LH2, B850« chromophores in red and B8508 chromophores
in orange. Nearest-neighbor chromophores couplings are labeled. (¢) Side
view of the LH2 showing the arrangement of the B80O ring (blue) and
B850 ring (red) of chromophores. Following the absorption of solar energy
by chromophores in the B80O ring, energy is transferred to the B850 ring.
Timescales given for inter-ring transfer are computed using GFT and HEOM.



are those reported by some of us (26,36). For the LH2 in detergent, several
parameter sets are reported (10,29,33,37). We computed linear spectra for
the various parameter sets (Fig. S4) and compared predictions of the key
spectral changes from detergent to membrane to what is observed in exper-
iment, namely the redshift of the B850 absorption peak, which has been
argued to be associated with changes in the electronic structure of the
LH2. For all parameter sets, we find that the qualitative spectral differences
between detergent and membrane hold in each case. However, the size of
the redshift predicted by each parameter set varies, resulting in different
B800 to B850 energy-transfer rate predictions (Table S1). We have selected
the detergent parameters that predict a redshift that best compares quantita-
tively with the spectral changes observed in experiments that have moti-
vated our study (15). The selected parameters lead to B80O to B850
transfer-rate predictions that compare well with the experimental observa-
tions (15) as shown in the supporting material.

The environment, Hg, corresponds to the intermolecular vibrations of the
chromophores along with the motion of the proteins and is modeled as a
bath of quantized harmonic oscillators (vibrational modes),

~ ~ o~ 1
Hp = wa,k (b;kbi,k + E) ) “)

where b ik and b;; are bosonic creation and annihilation operators of fre-
quency modes w;y satisfying commutation relations [b;x, b ) k,} = 0;0k kv
(38). Each site is linearly coupled to an environment displacement mode
such that the system-environment interaction is of the form

Asn = 3 e (buu-+ Bl = BCBING, - ©)

where g; is the interaction strength.
Influence of the environment on the system dynamics may be described
fully by the system-bath correlation function

Ci(t) = (Bi(t)B;(0))s 6)

= 7—1r/0cc dw/;(w) (coth ('87@) cos(wt) — isin(wt)>, @)

where 8 = kBLT
Within each band of LH2, we assume that local electronic-vibrational in-
teractions are identical such that all sites are characterized by the same

spectral density which takes the Drude-Lorentz form,
2Aiy i 2 ®)

Ji(w) =
2
+7;
where v; is the cutoff frequency corresponding to the bath relaxation rate.

For a Drude-Lorentz spectral density, the bath correlation function may be
expressed as an exponential series (32)

0= cie ™, ©)
k

where the coefficients and rates that enter the expangion are obtained using

w

the Matsubara expansion method, ¢p; = A;v;( cot ﬁ —1),v,; = v
o
T 5 and v = v, where v = 25 are the Matsubara fre-
k i

quencies with & = 1,2, 3.... The environmental parameters introduced
here, A; and v;, are given for membrane-embedded and detergent-isolated
LH2 in Table 1.

Static disorder

In the previous section, fixed electronic parameters were given for the chro-
mophore sites in the LH2. However, owing to the dynamic nature of the bio-

Membrane effect on LH2 energy transfer

logical environment, slow conformational motions of the proteins lead to
random shifts in the electronic parameters of the chromophores (1). Sto-
chastic fluctuations in the local environment of the chromophores create
shifts in their site energies, whereas changes in the orientation and position
of the chromophore transition dipole moments alter interchromophore cou-
plings (39). Since these changes are slow compared to energy-transfer time-
scales, they can be accounted for by taking an ensemble average over many
realizations of the electronic parameters.

Various models of static disorder have been suggested for the LH2,
including Gaussian site energy disorder and elliptical disorder (40-42).
Although elliptical disorder has been shown to describe low-temperature
single-molecule spectra (42), Gaussian site energy disorder describes
ensemble spectra at both low (40) and room temperature (41,43,44) well.
Additionally, for the lowest B850 exciton, & = 0, which contributes to
the B850 absorption band, Gaussian site energy disorder produces a dipole
strength that is comparable with experimental superradiance values (44,45),
whereas elliptical disorder underestimates it (43). As we are interested in
modeling the LH2 at physiological temperatures, Gaussian site energy dis-
order is an appropriate model of disorder to use. Therefore, we account for
static disorder by adding an offset 6] € {¢;}, to the site energies of the sys-
tem Hamiltonian in the chromophore site basis,

N

Hy = > (E+6)i) |+ZV,, (1G] + 4l), — (10)

i ij<i

where r labels a particular realization. Each 6/ is randomly sampled from a
Gaussian distribution centered at zero, whose standard deviation, ¢, corre-
sponds to the level of static disorder. Hence, excitonic energies and exciton
delocalization are different for each realization. To account for the effects of
static disorder on the system, calculations of observables are averaged over
several thousands of realizations of static disorder until we achieve conver-
gence. Static disorder standard deviations for the B80O sites and B850 sites
in detergent and membrane are given in Table 1.

11 norm of coherence

Due to strong interchromophore electronic couplings in the B850 ring, an
excitation in the ring manifests as a delocalized exciton state spread across
multiple chromophore sites. To quantify the delocalization of an exciton
state |a>, we use two measures: the 11 norm of coherence (46) and the
more common inverse participation ratio. This allows us to analyze whether
different quantifiers of exciton delocalization lead to the same conclusions.

The 11 norm of coherence, denoted as Cj; (46), is a measure of coherence
based on distance measures and represents the distance of the density ma-
trix associated to {«|, i.e., p* = |a)e| to the set of incoherent quantum
states in the reference basis {|i)}. C;(p®) is then given by

Cu (5" \pu =Yles(es) |, an
ijEi

where C¢ = (i|a is the amplitude of the excited state of chromophore i in
the exciton eigenstate |o). Under incoherent processes, C;; does not in-
crease and therefore it provides an appropriate quantifier of coherence (47).

A more common measure of exciton delocalization is the inverse partic-
ipation ratio (IPR), which is given by,

1
IPR, = e (12)

where C{ is as defined above. The IPR represents how many chromophores
an exciton state |a) is extended over. For example, for a localized exciton,
IPR = 1, whereas, for a completely delocalized exciton, IPR = N, where N
is the number of chromophores in the ring.
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HEOM

To quantify energy-transfer rates within the LH2, we apply the HEOM
(48,49) to compute the quantum dynamics for the full 27-site model of
LH2 that includes both the B800 and B850 and interactions among them
to predict linear spectra and estimate transfer rates. The HEOM can yield
exact quantitative results for the electronic dynamics provided that sys-
tem-environment correlation functions are represented by an exponential
series expansion as in Eq. 7.

The HEOM is of the form

Pp = |L—E— E NiiVki | Pu
ki

B IZ(E l;iﬁn;i +£Zi/ﬁ"lj.i)’ (13)
ki

where n is a multi-index consisting of discrete integers n; ;. An auxiliary
density operator (ADO) p,, is said to belong the n-th tier of the hierarchy
if 3, ;i = n. The reduced density matrix of the system is identified as
po- The hierarchy in Eq. 13 is formalized in terms of super-operators
such that, for an arbitrary system operator A ,we may write A% and A°,
which denote super-operators whose action onto a system space operator
Bisgivenby A"B = [A,B]and A°B = {A,B}. We have

L= —iHg, (14)
ﬁ,:j = RC(Ckﬂi)/ﬁix +l.Im(C]<>l‘);l\;, (15)
Ly o= ar (16)

We truncate the hierarchy by setting all ADOs beyond a pre-set hierarchy
tier to zero. The truncation tier L is simultaneously set to be large enough
such that numerical results have converged and small enough so that the
simulation will run in a reasonable amount of time. The Matsubara series
is truncated as well by approximating e~ "* zié(l) for all k > M, where
M is another pre-set threshold chosen similarly to L. These approximated
terms for the series expansion are then described by the terminator term

E = 5, (3 (1= 2reot (%)) = XTI, %)y, (50). We further-
more improve convergence of the HEOM results by applying the scaling
procedure developed by Shi and co-workers (51).

Exact ring population dynamics and its fit to a
Pauli master equation

To estimate B800 to B850 energy-transfer rates based on the HEOM dy-
namics, we take our initial state to be the Boltzmann distribution for the

o~ BHB800
Tr(e B30 )’

time as per the HEOM in Eq. 13. We define the total B800 population dy-
namics as Ppsoo(f) = > (a|p(¢)|a) with |a) the exciton eigenstates of
wae B800

ITIBmo, and similarly for the total B850 population dynamics, Ppgso(?). To
estimate the transfer rates from B800 to B850, once a steady state is
reached, we fit Pggop and Ppgso to a Pauli master equation of the form

Ppsoo —kiown  ku Ppsoo
9 - p , 17
! |:PB850 } [ kp  — Kdown } |:PB850 ] {17

B800 eigenstates, i.e., p(0) = which is then propagated in

where kyp and kgown are uphill and downhill decay rates corresponding to
the B850 — B800 and B800 — B850 transfer process, respectively. We
can solve for Ppgoo by using the fact that Ppgoo(t) + Ppsso(f) = 1 such
that the B800 population dynamics is of the form
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kup + kdowne_ (kuP+kd0W“)r

kup + kdown

Prgoo (1) = ) (18)

where the kgown and kyp are numerically determined from a fit to HEOM-
simulated population dynamics. This procedure allows estimation of rates
that are qualitatively comparable to GFT rates but we do not expect a full
quantitative agreement as we are effectively mapping the kinetics of
transfer to a two-state system, whereas GFT rates consider multiple par-
allel processes of exciton to exciton transfer. We will indeed show the
qualitative agreement between HEOM and GFT rates and therefore find
that the results from the exact treatment support the insight gained from
GFT.

Linear spectra

Linear absorption spectra are computed using

ar(w) = Re| 3 /0 wdﬂﬁ,,(r)ﬁ,,(())),,oe"w . (19)

=X,z

where the initial state of the system is the ground state p, = |0){0| and
1, (2) is the Heisenberg picture dipole operator corresponding to the p direc-
tion. The dipole operators are of the form

fy = D _dipli)0] +he., (20)

where d;, is the p component of the dipole at site .
Linear fluorescence spectra are computed using

Io(@) = Re| 37 /0 " @, (a0, |, @

=X,z

where the initial state of the system is the thermal steady state of the system.
We determine py, iteratively via the biconjugate gradient stabilized method
(52) with an initial guess given by the Boltzmann distribution p(0) =

—B . . . . . .
—Tril,,zzzz?m)eﬁﬂgsso, where Igso is the identity for the single excitation sub-

space of the B850 ring.

GFT

In addition to HEOM, we use GFT to calculate the B80O to B850 energy-
transfer rate. By doing so, we can confirm that our results hold qualitatively
at different levels of theory and are not dependent on the approximations
made in GFT. Additionally, GFT is a less computationally expensive
method that allows the computation of more realizations of static disorder
within a reasonable time frame.

GFT describes exciton energy transfer from a donor aggregate to an
acceptor aggregate that are weakly coupled to one another (53-55). It is
assumed that, within each aggregate, electronic couplings are strong
such that an excitation forms a delocalized exciton state. In the LH2,
the donor and acceptor aggregates correspond to the B800 and B850 rings.
Strong interchromophore couplings in each ring allow for an excitation to
be delocalized across the ring instead of being confined to a single chro-
mophore site.

To model B800 to B850 energy transfer, it is assumed that, after an elec-
tronic transition in the B800 ring, thermal relaxation occurs on a shorter
timescale than energy transfer, such that transfer to B850 occurs from a
thermally populated B80O state. Thus, the B80O to B850 energy-transfer
rate is given by (53)



Kaer = > Pukag, 22)
a,B

where « labels a donor exciton, (§ labels an acceptor exciton, P, is the ther-
mal population of the donor state, and k is the exciton transfer rate from « to
6, which is given by the product of the square magnitude of the exciton
coupling and the exciton spectral overlap,

2
kag = |Vg| Oup. (23)
V o is given by (55)
Vg =y, CrCTVy, (24)
ieDjeA .

where C¢ = (i|a is the amplitude coefficient of site i in the donor exciton
eigenstate.

O is the spectral overlap between the donor fluorescence lineshape
D, (w) and acceptor absorption lineshape Dg(w) given by

1 oo
Ouw) = 5 [

The form of the lineshape functions may be obtained using perturbative
theories as given in the following section.

dwD,,(w)Dg(w). (25)

Lineshape theory

To determine the lineshapes, we follow the method outlined by Renger (56)
where the second-order cumulant expansion is used to derive an equation of
motion of the reduced system density matrix. This yields lineshape func-
tions of the form

Da(&)) _ 2Re/ dr eitute*i(wa*Aamm)f*g;aﬂa@*[/Ta"
0

(20)

Dﬁ((f)) — 2Re/ dt ei&)te* I’((ug*lgﬁﬂg)[*ggﬁﬁg(t)*1/75’ (27)
0

for which O.s may be written as

Ous(w) = 2Re / dteiote aneetlasss)t (28
0

X e (gm.m(l)Jrgﬁﬁ.ﬁﬁ(’))e* (1/"0‘“/"‘3)'7

where w, is the energy of exciton a, Aegys = Zi(C?)*Cf(C:’)*Cf/\,- is the
exciton reorganization energy, gasys(1) = 3,(C*)*C(CY) Clgi(1) is the
exciton line broadening function, and 7, is the lifetime of exciton o.
The exciton lifetimes are approximated using modified Redfield theory
(57) as outlined in the supporting material. g;(¢) is the site line-broadening
function, which, for the bath correlation function we consider (Eq. 9), may
be written as

Co.i e C\i — v,
gilt) = eyt — 1)+ > S (et — 1),
i kzlyk
(29)

The Matsubara summation terms labeled by k are low-temperature cor-
rections to the exponential expansion of the bath correlation function. Since

Membrane effect on LH2 energy transfer

we are interested in the function of LH2 in a physiological environment, our
calculations are at 300K, where the Matsubara terms are less important. We
truncate the summation at k = 1, as the correlation function C; does not
change when including higher-order terms.

Aside from computing energy-transfer rates, the lineshapes in Eqs. 27
and 26 are also used to compute linear spectra. The linear absorption and
fluorescence spectra of the respective B800 and B850 rings can be obtained
using their relationship to Dg(w) and D, () (55),

ax(w) e | "Dy (w), (30)
5

Ip(w) %> Pulita| Da(w), 31)

where |ﬁa} is the transition dipole strength of exciton « given by

|,Tim }2 = |Zin‘ ﬁ[{Z and [, is the transition dipole moment at chromophore

site i.

RESULTS

We begin by examining properties of the excitons that
have been well documented by previous theoretical and
experimental work on the LH2 and see how they are
altered for LH2 embedded in a lipid membrane environ-
ment. Motivated by experiment, we focus on comparing
POPC membrane LH2 to detergent LH2, but similar
conclusions apply to 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) membrane. We finally compare B800 to
B850 transfer rates computed using GFT and HEOM in
each environment and determine the main energy-transfer
pathways that contribute to the transfer rate to see how
they change from membrane to detergent.

Exciton energy vs. static disorder

The B800 and B850 Hamiltonians were diagonalized to
obtain B80O exciton energies and B850 exciton energies,
respectively. In the absence of static disorder, the B80O
exciton manifold consists of one low-lying energy level,
followed by four pairs of doubly degenerate levels. In
the B850 manifold, the lower-energy exciton levels have
a similar structure, consisting of one low-energy level fol-
lowed by four doubly degenerate levels. The higher en-
ergy levels, B850* (7,8), consist of four doubly
degenerate levels followed by a single highest-energy
level.

Fig. 2 a and b give the exciton energy levels of the B850
ring as a function of static disorder averaged over 10,000 re-
alizations for membrane and detergent LH2, respectively.
As static disorder increases, the degeneracy of the exciton
levels is lifted and the average energy levels begin to
diverge. Following the inclusion of static disorder, the k
quantum number for each eigenstate is no longer well
defined. Here, we use k simply for ease of labeling, with
negative k values referring to the lower energy level.
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Exciton transition dipole strength vs. static
disorder

Through the interaction of f, with an electromagnetic field,
an optical transition from the ground state to the excited

. . . o2 .
state, or vice versa, is possible. Thus, } ,ua| can tell us if a

transition to a given exciton state is optically allowed, as
it defines the strength of the interaction between {, and
the electromagnetic field.

Fig. 2 ¢ and d gives [, for the five lowest-lying levels in
the B850 ring for increasing static disorder averaged over
10,000 realizations for membrane and detergent LH2,
respectively. Without accounting for static disorder, the
k = =1 states of the B850 ring are the only bright states;
i.e., almost all the transition dipole strength in the system
is associated with them. As static disorder increases, the
transition dipole strength is redistributed to neighboring
exciton states that are close in energy to k = = 1,
namely k = 0, £2. The k = =*1 states still retain a ma-
jority of the transition dipole strength when accounting
for static disorder, making them most important for en-
ergy transfer to the B850 ring via optical transitions.

Exciton energy levels and dipole strengths at
defined static disorder

Fig. 3 shows the average positions of the B80O and B850
exciton energy levels calculated using 10,000 realizations
of static disorder for membrane-embedded LH2 and deter-
gent-isolated LH2. The average energy levels plotted in

Fig. 3 are plotted with error bars representing the standard
deviation in Fig. S5, with the standard deviations provided
in Tables S2 and S3.

Due to the differences in the average excitonic structure
in membrane and detergent LH2, the B800 excitons over-
lap spectrally with different B850 excitons in each envi-
ronment, which impacts the key B800 to B850 energy-
transfer pathways. For the membrane, there is a greater
overlap on average between the B800 states and the
dark B850* states, whereas, for detergent, the overlap is
with lower-energy B850 states. The energy-transfer
pathway that dominates the B800O to B850 transfer in
each environment as determined by GFT is shown by
the red arrows in Fig. 3. Differences in energy-transfer
pathways can result in differences in the overall B80O to
B850 transfer rate.

Exciton delocalization

We can examine differences in the delocalization of exci-
tons in membrane and detergent LH2 by calculating the
C, for excitons localized on each respective ring, where ex-
citations are understood to be superpositions of excited
states localized on single sites. We additionally calculate
the IPR of the excitons and compare the two measures of
delocalization.

At zero static disorder, excitons have the same IPR in all en-
vironments, apart from a small 6% increase in POPC mem-
brane and DOPC membrane for four B850 levels, k = *+4,
and k = = 5 relative to the same excitons in detergent. Notice-
able differences start to emerge when the IPR is calculated at
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the level of static disorder expected in each ring. Tables 2 and 3
gives C;; and the IPR averaged over 10,000 realizations of
static disorder for B850 and B800 excitons, respectively. An
overall decrease in the delocalization is seen across all exci-
tons. This is because static disorder creates random shifts in
the electronic parameters of the chromophores such that their
site energies are no longer identical, reducing the symmetry of
the system, which tends to localize the excitons. However, in
each environment, the localizing effect of static disorder per-
turbs each exciton differently.

Cy1 is a proper measure of coherence based on distance
measures, and hence it provides a more reliable value to
compare the delocalization of different states. For
example, take the B850 states k = —3 and k = +2; the
IPR is equal for these states, yet C; reveals that they
have different delocalization. For other states, the IPR pre-
dicts different delocalization when C;; shows that those
states have identical delocalization. Thus, the IPR can be
misleading when a comparison of state delocalization is
desired.

TABLE 2 The /1 norm of coherence and IPR of the B850 excitons in POPC membrane-embedded LH2, DOPC membrane-embedded
LH2, and detergent-isolated LH2 averaged over 10,000 realizations of disorder listed from highest to lowest energy

Ch IPR
Exciton POPC Membrane DOPC Membrane Detergent POPC Membrane DOPC Membrane Detergent
k=9 4 3 3 3 2 2
k=+8 5 4 3 3 3 3
k=-8 6 5 4 4 3 3
k=+7 7 6 5 5 4 3
k=-7 9 8 6 5 4 4
k=46 9 8 7 6 5 4
k=-6 11 9 8 7 6 5
k=+5 11 10 9 7 6 5
k=-5 12 11 10 8 7 6
Average 8 7 6 5 4 4
k=+4 12 11 11 8 7 7
k=-4 12 11 11 9 8 9
k=43 12 12 12 9 8 9
k=-3 12 11 12 9 8 9
k=42 13 12 13 9 8 10
k=-2 12 11 12 8 8 9
k=+1 12 12 13 8 8 10
k=-1 10 10 11 7 6 8
k=0 10 9 13 6 5 9
Average 12 11 12 8 7 9
Average 10 9 9 7 6 6

A line dividing the states in half separates what we describe as the high-energy manifold from the low-energy manifold.
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TABLE 3 The /1 norm of coherence and IPR of the B800 excitons in POPC membrane-embedded LH2, DOPC membrane-embedded
LH2, and detergent-isolated LH2 averaged over 10,000 realizations of disorder listed from highest to lowest energy

Cn IPR
Exciton POPC Membrane DOPC Membrane Detergent POPC Membrane DOPC Membrane Detergent
D=8 3 4 2 3 3 2
D=7 5 5 2 4 4 2
D=6 5 5 3 4 4 2
D=5 6 6 3 5 5 3
D=4 6 6 4 5 5 3
D=3 5 5 4 4 5 3
D=2 6 6 4 4 4 3
D=1 4 4 3 3 3 2
D= 4 4 3 3 3 2
Average 5 5 3 4 4 2

Comparing the average C; of the B800 excitons,

(Cn(py) = %ZZZE psso Ci(p%)), excitons more delocal-
ized in the membrane environments compared to detergent,
as expected due to the higher level of static disorder and
weaker electronic couplings in the B80O ring in detergent.
A similar comparison for the B850 states shows a larger
average delocalization of states in POPC membrane
than in DOPC membrane and detergent. This seems to
arise primarily from increased delocalization of the
high-energy dark states of the B850 ring relative to the
other environments.

Fig. 4 compares C;; with increasing static disorder for
three low-energy and three high-energy exciton states of
the B850 ring in POPC membrane and detergent. We find
that the order of the exciton delocalization changes depend-
ing on the level of static disorder. Among the high energy
levels in POPC membrane, the k = —6 level is more delocal-
ized than the k = +5 level at static disorder below 200 cm ~!
(Fig. 4 b). Above 200 cm ~ !, this is reversed and the k = +5
level is more delocalized. In POPC membrane, there is a
reduction in delocalization of some states in the low-energy
manifold (k = 0 to k = +4) relative to the detergent states,
as expected due to static disorder being greater in the B§50
ring of the membrane. Some states in the high-energy mani-
fold (k = —5 to k = 9) display increased delocalization in
POPC membrane, a result of stronger electronic couplings
in the B850 ring, which results in the high- and low-energy
manifolds having a more comparable delocalization than in
detergent. To quantify this, The difference between the
average Cj; of the high-energy manifold and low-energy
manifold is 4 for both membrane models and 6 for the deter-
gent model. Thus, in detergent LH2, there is a clear distinc-
tion in the delocalization between the lower-energy exciton
manifold and the high-energy manifold, which is less pro-
nounced in membrane environments.

These calculations suggest that the membrane tends to
preserve the symmetry of the excitonic structure of the
B850 ring by tuning the delocalization of the high- and
low-energy exciton manifolds, thereby enhancing a quan-
tum feature of the system. Since an excitonic description
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is required to accurately predict energy-transfer rates in
LH2, changes in exciton delocalization could manifest as
changes in the energy-transfer pathways of an excitation
(58), altering coherence dynamics in LH2 when embedded
in the membrane. As the system evolves in time, exciton
delocalization can change due to environmental interactions
(59). More sophisticated measures can help verify whether
these differences in delocalization from detergent to mem-
brane persist over the inter-ring energy-transfer timescales.

Theoretical linear spectra

One of the key differences seen in experiments comparing
detergent-isolated and membrane-embedded LH2 is the
redshift of the B850 band in the linear absorption spectra
of the LH2 (15-17). Fig. 5 a shows the B850 absorption
and B800 fluorescence for membrane and detergent LH2
calculated using the same lineshape theory that is used to
compute energy-transfer rates in GFT, and Fig. 5 b shows
the same spectra calculated using HEOM.

The HEOM spectrum predicts the redshift of the B850 ab-
sorption peak for both POPC and DOPC membrane relative
to detergent. Lineshape theory predicts the redshift for the
POPC membrane; however, it predicts a blueshift for
DOPC membrane relative to detergent. Comparing this
with the exact results of the HEOM suggests that lineshape
theory is not accurate enough to account for the subtle dif-
ferences between the three environments. Conversely,
HEOM is able to resolve the sensitive spectral differences
between the environments.

Isolated BChl a absorbs at 800 nm, but when they come
together to form the B850 ring, interchromophore electronic
interactions shift the 800 nm absorption peak to 850 nm (1).
Therefore, the observed shift in the B850 absorption spectrum
between POPC membrane and detergent likely arises due to
stronger interchromophore couplings and consequently
increased delocalization of excitons in the membrane. In
DOPC, the reduced redshift compared to POPC is possibly
related to the intra-dimer B850 couplings being weaker than
in detergent, whereas inter-dimer couplings are stronger.
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FIGURE 4 Exciton delocalisation vs static disorder. The average /1 norm
of coherence of three levels selected from the (a) lower-energy exciton
manifold and (b) high-energy exciton manifold of the B850 ring as a func-
tion of static disorder. Solid lines are for membrane-embedded LLH2, and
dotted lines are for the detergent-isolated LH2. The low-energy excitons
show a reduced delocalization in the membrane, and the high-energy exci-
tons have increased delocalized in the membrane. An average of over
10,000 realizations of static disorder was used to compute Cy;.

The redshift of the B850 band reduces the spectral over-
lap of the B800 fluorescence and B850 absorption bands,
which would imply slower B800 to B850 energy-transfer
times in the membrane. Since measured energy-transfer
rates are faster in the membrane, this indicates that the
increased delocalization of the B850 excitons compensates
for the slightly reduced overlap. Of all the B850 excitons,
the dark states show the greatest increase in delocalization
in the membrane, hence playing an important role in the en-
ergy transfer.

B800 to B850 transfer rate distribution

The B800 to B850 energy-transfer rate was calculated for
membrane-embedded LH2 and detergent-isolated LH2 us-
ing GFT (Eq. 22). 10,000 realizations of static disorder
were used for each environment, and the distribution of
the transfer rate over these realizations are shown in Fig. 6
a. In qualitative agreement with experimental work (15),
the B80O to B850 transfer rate in POPC membrane LH2
has a faster average of 1.34 ps™' (746 fs) compared to the
rate in detergent where the average is 1.08 ps~' (925 fs).
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FIGURE 5 Theoretical absorption and fluorescence spectra. Theoretical
linear spectra of the individual B80O and B850 rings computed using (a)
lineshape theory as outlined in the GFT section, averaged over 2000 reali-
zations of disorder, and (b) using HEOM as outlined in the Hierarchical
equations of motion section, averaged over 1000 realizations of disorder.
Convergence of the HEOM spectra is obtained when the hierarchy is trun-
cated at tier 3 for B850 absorption and tier 4 for B800 fluorescence.

To corroborate rates obtained using GFT, estimates of the
B800 to B850 energy-transfer rates for 2000 realizations
of disorder have been computed using HEOM per the pro-
cedure outlined in the Hierarchical equations of motion sec-
tion and are shown as a histogram in Fig. 6 b. In agreement
with GFT rates, average energy transfer is found to be faster
in POPC membrane at 1.04 ps™~' (962 fs) compared to deter-
gent at 0.83 ps~' (1.2 ps). Average rates obtained using
HEOM are faster than those determined by GFT, which is
likely a result of mapping the BS80O to B850 transfer process
to a one-step process for the HEOM-derived rates. Mean-
while GFT considers multiple, simultaneous B800 to
B850 exciton transfer processes. Despite this discrepancy,
there is still qualitative agreement between both the exact
and perturbative rates, indicating that GFT is able to capture
differences between detergent and membrane LH2.
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FIGURE 6 B800 to B850 energy transfer rate distribution. (a) Distribu-
tion of 10,000 realizations of the B800 to B850 energy-transfer rate calcu-
lated using GFT for detergent-isolated LH2 and two different lipid
compositions of membrane-embedded LH2, DOPC, and POPC. Average
transfer rates are 1.08 ps ~!, 1.04 ps ~!, and 1.34 ps ~ !, respectively. Stan-
dard deviations are 0.14 ps ~!,0.28 ps ~!, and 0.34 ps ~!, respectively. (b)
Distribution of 2000 realizations of the B800 to B850 energy-transfer rate
calculated using the fitting population equation Eq. 18 with rates obtained

through HEOM. Average transfer rates are 0.83 ps ~', 0.89 ps ~!, and

1.04 ps ~!, respectively. Standard deviations are 0.06 ps ~!, 0.12 ps ~!,

and 0.12 ps ~ !, respectively.

To understand the microscopic origin of the increased en-
ergy-transfer rate in membrane LH2, we computed the B800
to B850 energy-transfer rate for LH2 embedded in a mem-
brane composed of a different lipid species, DOPC (36).In a
DOPC membrane, the average B800 to B850 transfer rate is
slower than in POPC membrane. This suggests that lipid
species can influence energy-transfer rates within the LH2.
There is evidence that changes in the lipid composition of
the bilayer impact lateral pressure and electric field profiles,
which leads to changes in the conformational equilibrium of
membrane proteins (60,61). Phospholipids in the bacterial
membrane that hosts the LH2 could present lateral pressure
and electric field profiles that differ from the detergent envi-
ronment, which may alter the electronic structure, and there-
fore function, of the LH2 (15).

GFT effectively distinguishes differences in the B800 to
B850 energy transfer within the LH2 in different lipid compo-
sitions, making it a valuable tool for gaining qualitative in-
sights into how the energy-transfer mechanisms vary in
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different environments. However, GFT has limitations when
a drastic change in environment, such as from lipid to deter-
gent, is considered. GFT predicts faster transfer rates in deter-
gent than in DOPC membrane, contradicting experimental
results that find faster transfer in a membrane environment.
Meanwhile, HEOM-derived rates predict slower transfer in
detergent, as expected from experimental observations. The
discrepancy between the GFT and HEOM rates likely stems
from two key approximations made in GFT that neglect con-
tributions from nonequilibrium and coherent effects. Firstly,
GFT assumes the initial state is limited to being localized on
the B80O ring and that the excitation then “hops” to a state
localized on the B850 ring. HEOM instead allows for the
initial state to evolve coherently from the B8O0O ring to the
B850 ring, thus allowing for a state to be delocalized over
both rings during transfer. Secondly, GFT assumes the initial
B800 state begins and remains in thermal equilibrium. In
contrast, HEOM-derived rates account for nonequilibrium ef-
fects during transfer, as the interaction with the environment
results in the initial state evolving and shifting out of equilib-
rium. HEOM-derived rates emphasize that nonequilibrium
and coherent contributions to the B800 to B850 energy-trans-
fer rate are key to accurately predicting differences in the
LH2’s function from detergent to membrane environments.
However, GFT is able to consider multiple simultaneous exci-
tation transfer processes from B800 to B850, whereas the pro-
cedure to obtain HEOM-derived rates maps B800 to B850
transfer onto the kinetics of a two-state system. Therefore,
GFT remains a powerful theoretical framework for providing
insights into the energy-transfer mechanisms within the LH2.

The broader distribution of the B80O to B850 energy-
transfer rates for membrane LH2 indicates that, across an
ensemble of LH2’s, the transfer rate varies more in mem-
brane than in detergent. The negative relationship between
the energy-transfer rate and the standard deviation of the en-
ergy-transfer rate for LH2 in different environments sug-
gests the possibility of a speed-accuracy trade-off within
the LH2 (62). Trade-offs exist on a molecular level, with
processes like protein synthesis prioritizing speed over fidel-
ity (63). Such a trade-off is the result of the biological sys-
tem possessing a trait that cannot increase without the
decrease of another trait. For energy transfer in the LH2,
the traits involved may be related to lipid properties deter-
mined by the lipid composition of the bacterial membrane.
However, although a negative relationship is a prerequisite
for a trade-off, it is not sufficient, and laboratory evolution
experiments are required to identify whether a trade-off
exists.

Dominating exciton transfer pathways

To understand the microscopic differences underlying the
change in the B80O to B850 energy-transfer rate from deter-
gent to membrane, the dominating exciton energy-transfer
pathways were determined in each environment. We



identify the important transfer pathways as being between
excitons with the fastest average exciton transfer rate, as
they have the greatest influence on the average B800 to
B850 transfer rate. The exciton transfer rate (Eq. 23) was
determined between all combinations of donor B800 and
acceptor B850 excitons and averaged over 10,000 realiza-
tions of disorder. For each realization, the exciton transfer
rate is weighted by the thermal occupation of the donor state
to correctly weight its contribution to the average B80O to
B850 transfer rate (Eq. 22).

The dominant exciton energy-transfer pathways for BS00
to B850 transfer in each environment are given in Table 4. In
all environments, the dominant energy-transfer pathway is
via dark B850 states, although the specific excitons are
slightly different. This is due to differences in the spectral
overlap of the excitons in each environment, which can be
seen by the different relative positions of the B800 and
B850 average energy levels in Fig. 3. In the POPC mem-
brane, the B80O0 levels overlap with higher-energy B850
states than in detergent. As a result, the dominant energy-
transfer pathways for B800 to B850 transfer are altered
compared to detergent LH2. Despite the B800 to B850
transfer rate being slowest in DOPC membrane, the domi-
nant pathway in DOPC membrane is faster than the pathway
in detergent. We find that, in detergent, multiple pathways
with moderate transfer rates ( 0.03 ps~") exist from low-en-
ergy B800 levels, whereas in DOPC membrane transfer
from those levels is much slower (>0.01 psfl). Thus,
GFT predicts the overall B800 to B850 rate to be faster in
detergent than DOPC due to the increased number of avail-
able pathways for an excitation to take.

Previously, we showed that, on average, the delocaliza-
tion of B850 excitons is greater in membrane LH2. The
delocalization of the B850 excitons that are key energy ac-
ceptors in B80O to B850 energy transfer is of greater impor-
tance, as it allows us to assess whether the change in
delocalization is relevant to the change in energy transfer
that we see in membrane LH2. We find that, in the mem-
brane, the important B850 excitons are on average more de-
localized (C;; = 12) than the equivalent in detergent (C;; =
11). This suggests that coherent dynamics in LH2 may be
altered when embedded in the membrane. Further investiga-
tion would require the use of HEOM, as GFT does not pro-
vide information on coherent dynamics.

The exciton transfer rate entering GFT depends on the
exciton coupling strength squared and the spectral overlap

Membrane effect on LH2 energy transfer

between the exciton lineshapes. Looking at how these prop-
erties change from detergent to membrane can help identify
which specific differences in membrane contribute to an
increased average transfer rate and broader distribution.
The distribution of 10,000 realizations of the exciton trans-
fer rate, the exciton coupling, and the exciton spectral over-
lap was determined for the dominating pathway in each
environment and is given in Fig. 7 a—c with average values
listed in Table 4. For comparison, the same exciton proper-
ties are given in Fig. 7 d—ffor states D = 1 to k = —2, a pair
of states that have a slow exciton transfer rate and are there-
fore considered nondominating. Average values for the non-
dominating excitons are given in Table 5.

For the dominating excitons, although the average spectral
overlap is comparable in all three environments, the average
exciton coupling is strongest in POPC membrane. The exciton
transfer rate scales with the exciton coupling, such that the
fastest transfer rate is between the POPC membrane donor
and acceptor pair, indicating that the dominant energy-transfer
pathway is mostly dependent on the exciton coupling strength.
The exciton coupling strength scales with the electronic
coupling between nearest-neighbor B§00 and B850 chromo-
phore sites (Table 1), suggesting that stronger interchromo-
phore electronic coupling is the main factor contributing to
the faster energy-transfer rate in membrane. Stronger elec-
tronic coupling between B800 and B850 chromophore transi-
tion dipole moments could arise from a change in the direction
of the dipoles or a reduced distance between them. By
comparing the position coordinates of the B850 chromophores
in each model, neighboring B850 chromophores are slightly
closer in the membrane LH2 model, such that stronger inter-
chromophore electronic couplings would be expected.

The exciton coupling is additionally dependent on the
exciton delocalization scaled by the electronic coupling
(Eq. 24). Increased delocalization of the excitons can
contribute to the stronger interaction between excitons by
spreading an excitation over a greater number of electroni-
cally interacting sites; however, the strength of the interac-
tion between those sites is also important. Although the
acceptor B850 exciton is delocalized similarly in DOPC
membrane and in detergent, the donor B80O exciton is
more delocalized in DOPC. This suggests that the B800
exciton delocalization is still relevant for energy transfer
despite being smaller than the B850 exciton delocalization.

Although the form of the distribution of the exciton
coupling is similar in each environment, the distribution

TABLE 4 The B800-B850 exciton pair that provides the fastest energy-transfer pathway from B800 to B850 in each environment,
their exciton transfer rate, exciton coupling, spectral overlap, and the /1 norm of coherence of the donor and acceptor states

averaged over 10,000 realizations of disorder

LH2 Environment B800 State B850 State Pukas (ps™h) ko (ps™h) |vaﬁ|2 (em™h Ou CB80 cBsoo
Membrane POPC D=7 k=45 0.11 1.39 66 0.016 11 5
Membrane DOPC D=7 k=+5 0.06 0.77 63 0.013 10 5
Detergent D=7 k=-5 0.04 0.43 56 0.013 10 2
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FIGURE 7 Distribution of key exciton properties. Exciton properties for (a—c) exciton pairs that dominate the B80O to B850 energy transfer and (d—f)
exciton pairs that have a small contribution to the B80O to B850 energy-transfer rate (nondominating). Distribution of 10,000 realizations of the exciton
energy-transfer rate, the exciton coupling, and the exciton spectral overlap between a B80O exciton to a B850 exciton. Transfer rates are calculated using
Eq. 23 and weighted by the thermal occupation of the donor B80O state. The dominating excitons are D = 7 to k = +5 for POPC and DOPC membrane
LH2 and D = 7 to k = —5 for detergent LH2. The nondominating excitons are D = 1 to k = —2.

of the spectral overlap (Fig. 7 ¢ is where differences emerge.
The spectral overlap distribution peaks sharply for the deter-
gent but is broad and flat for POPC membrane and DOPC
membrane, which contributes to a greater variation in the
exciton transfer rate in the membrane. At first, it may
seem that this is a consequence of higher static disorder in
the membrane, which, through random shifts in the relative
positions of the donor and acceptor energy levels, would
result in a greater variation of the energy gap between donor
and acceptor. However, the distribution of the donor-
acceptor energy gap wqg is similar in all three environments
(Fig. S1). Additionally, the B80O to B850 transfer rate
computed using the same level of static disorder in each
ring for detergent and membrane environments still pro-
duces a broader distribution and faster average rate for the
POPC membrane, suggesting that higher levels of static dis-
order in the membrane are unlikely to be the cause of the
broadened distribution (Fig. S2). The exciton spectral over-
lap also depends on the exciton environmental parameters
Awoeaa a0d guaan(t), which are determined by exciton delo-

calization scaled by the site environmental parameters A;
and g; via Agaaq * A;/IPR. We have computed the B80O to
B850 energy-transfer rate using the same environmental pa-
rameters for both membrane and detergent models and
found that a broader distribution and faster rate in mem-
brane LH2 still holds (Fig. S3). This points to the change
in electronic properties being of high importance to the
changes in energy transfer in membrane LH2.

For the dominant exciton transfer pathways, we see that
the excitonic coupling is the key factor determining the
exciton energy-transfer rate. The excitonic coupling is
dependent on both the electronic coupling between sites in
the B8O0O ring to sites in the B850 ring and the delocalization
of the B800 and B850 exciton in question. A figure of merit
that captures both these electronic properties is given by the
inter-ring electronic coupling scaled by the geometric
average delocalization of the important B800O and B850

B800 ~B850
Cll Cll

exciton pair, VB800,4,- Although Vggno o, pro-

vides information on the interactions between the rings,

TABLE 5 A B800-B850 exciton pair that has slow exciton energy transfer from B800 to B850, their exciton transfer rate, exciton
coupling, spectral overlap and the /1 norm of coherence of the donor and acceptor states averaged over 10,000 realizations of

disorder

LH2 Environment B800 State B850 State Pokeg (ps ~H) kag (ps ™1 Vag|” (cm — 1) O CB850 CB300
Membrane POPC D=1 k=-2 0.00035 0.0024 38 1.4 12 4
Membrane DOPC D=1 k=-2 0.00043 0.0031 28 1.9 11 4
Detergent D=1 =-2 0.0006 0.0043 57 3.1 12 3
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is a result of the site energies and electronic

couplings within each ring. Table 6 lists this figure of merit
for the dominating pathways in each environment, using
both the IPR and C;; as a measure of delocalization.

The increase in the figure of merit correlates with the in-
crease in exciton transfer rate of the dominant exciton pairs
from detergent to POPC membrane. It allows us to relate the
change in transfer rate directly to the BS80O to B850 inter-
chromophore electronic couplings and delocalization. For
POPC membrane, although Vg «, is largest, the geometric
average IPR of the B800 and B850 exciton pairs suggests
that an increased delocalization of the B850 and B800 exci-
tons in POPC membrane also contributes to an increased
exciton transfer rate.

In the case of the nondominant excitons, although the
exciton coupling is stronger in POPC than DOPC membrane,
the transfer rate is faster in DOPC. There is instead a correla-
tion between the exciton transfer rate and the spectral overlap
between the exciton lineshape functions. The spectral overlap
is dependent on the energy gap between the excitons and the
width of the lineshape, which is determined by the real part
of g,(f). ga(t) is given by g;(¢) scaled by 1/IPR. In detergent,
the B800 exciton is highly localized with an IPR of 3 resulting
in a broader lineshape. Additionally, the energy gap between
the donor and acceptor exciton is smallest in detergent, result-
ing in a greater spectral overlap. Thus, we see that, for the
nondominant pathways, the spectral overlap is the dominating
factor in determining the exciton transfer rate.

These results suggest that, although there is an interplay
between the exciton coupling strength and spectral overlap
when determining the exciton transfer rate, the dominating
transfer pathways in B80O to B850 transfer depend strongly
on exciton coupling strength alone. Thus, the real interplay
is between the B80O to B850 inter-ring coupling and the
delocalization of excitons in each ring, two properties that
can be traced back to the electronic properties of the LH2.
Thus, changes in the electronic properties from detergent
to membrane environments alter exciton energy-transfer
pathways, impacting the overall B80O to B850 transfer rate.

DISCUSSION

So far, knowledge of the structure and function of the LH2
complex has been gained mostly through investigating com-

Membrane effect on LH2 energy transfer

plexes isolated from their native environment in the photo-
synthetic membrane. Recent experimental studies have
found that energy transfer within the complex is faster in
a membrane environment that mimics the bacterial mem-
brane (15). Using two levels of theory, GFT and HEOM,
to estimate B800 to B850 energy-transfer rates, we have
demonstrated how faster energy transfer in membrane-
embedded LH2 can be linked to changes in the electronic
properties of the complex. In agreement with previous theo-
retical studies, we have identified that the dominating
pathway an excitation takes from the B800 to the B850
ring is via the dark B850* states, and we find this to be
the case in both membrane and detergent environments
(7). We have shown how faster energy transfer in the mem-
brane is the result of the increased delocalization and stron-
ger coupling between the excitons involved in the
dominating pathways. Signatures of stronger electronic
coupling in the B850 ring are additionally present in both
experimental and theoretical linear spectra, which show a
red shift in the B850 absorption, a change characteristic of
stronger interchromophore electronic couplings (15-17).
Finally, we find a broader distribution of the B800 to
B850 energy-transfer rates for an ensemble of 10,000
LH2s and suggest that a biological trade-off may be present
that allows the LH2 to achieve faster average energy transfer
in membrane through a broad spread of energy-transfer
rates.

We use both GFT and HEOM to determine the average
B800 to B850 energy-transfer rate in detergent and POPC
membrane environments and find a qualitative agreement
between the two approaches indicating a faster transfer
rate in membrane LH2, in agreement with experimental
pump-probe measurements (15). The authors suggest that
lipid bilayer properties such as the lateral pressure profile
of the membrane or a hydrophobic (mis)match may be the
microscopic origin of the increased energy-transfer rate in
the membrane. The membrane lipid bilayer provides stabil-
ity to the LH2 complex through lateral pressure, which is
altered when in detergent or in varying membrane lipid
compositions (61,64). To assess the importance of lipid-pro-
tein interactions on the energy transfer within the LH2, we
computed the average B80O to B850 transfer rate for LH2
embedded in two different lipids, POPC and DOPC. Both
GFT and HEOM rates predict slower transfer in DOPC
compared to POPC, indicating that changes in the lipid

TABLE 6 Figure of merit that captures the electronic properties of the LH2 through the electronic coupling between the B800 and

B850 ring and the delocalization of excitons within each ring

LH2 Environment \/ CB300 B30V 00 /IPRB30 [PRBSSO0Vpen |/ CHE0 CBSs0 +/IPRB800 [PRBSS0
Membrane POPC 285 215 6.8 6
Membrane DOPC 264 191 6.9 5
Detergent 152 135 4.8 4

The figure of merit for the dominating exciton transfer pathways in each environment. The increase in the transfer rate from detergent to membrane correlates
with the increase in the figure of merit, as expected, since changes in transfer rate between each environment are strongly dependent on changes in the elec-

tronic properties of the LH2.
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composition can result in changes in energy transfer. Under-
standing how the energy transfer within the LH2 changes as
a function of the lipid properties could reveal how the com-
plex achieves faster rates of energy transfer in a lipid envi-
ronment. Although energy transfer is expected to be slowest
in detergent as predicted by the HEOM-derived rate, GFT
predicts transfer to be slowest in DOPC. This discrepancy
highlights the importance of nonperturbative frameworks
to resolve and understand the differences of energy-transfer
kinetics and to rationalize experimental observations. We
note that the estimated transfer times with HEOM are in
general longer than with GFT. These quantitative differ-
ences result in part from the fact that, in the HEOM
approach, we map the B800 to B850 transfer process onto
the kinetics of a two-state system. Rigorous approaches to
extracting more accurate transfer rates from a nonperturba-
tive framework such as HEOM is an open problem (65) that
goes beyond the scope of the current manuscript and will be
presented elsewhere.

An advantage of GFT is that the underlying excitonic
properties can be studied to pinpoint changes that could result
in faster B80O to B850 energy transfer. The dominating trans-
fer pathways in the LH2 indicate that faster exciton transfer
in the membrane can be linked to stronger excitonic cou-
plings, a direct result of both stronger interchromophore elec-
tronic couplings and increased delocalization of excitations.
The membrane lipid bilayer provides stability to the LH2
complex through lateral pressure, which is altered when in
detergent. Differences in lipid-protein and detergent-protein
interactions could alter electronic couplings via perturbations
in the geometry of the chromophores, as the protein scaffold
has control over the position and orientation of the chromo-
phores. Methods more sophisticated than the dipole-dipole
approximation are used to determine all the electronic cou-
plings in the membrane LH2 models that account for
screening due to the lipid environment, such that a closer
packing of B850 chromophores may not be the sole reason
for stronger electronic couplings (26,36). Accompanying
stronger interchromophore electronic couplings is the
increased delocalization of the excitons dominating B80O
to B850 energy transfer in membrane. Two-dimensional
spectroscopy measurements have found quantum beating in
the fluorescence signals of the LH2 from R. acidophilus, a
signature of quantum coherent dynamics (66). Quantum-
beating signals arise as a result of constructive and destruc-
tive interference between different donor to single acceptor
pathways over time. Such interference becomes possible
when excitons are highly delocalized such that many relaxa-
tion pathways are available. Theoretical studies of model
exciton systems suggest that interference is important to
achieve high energy-trapping efficiency (67). Interference
becomes possible when excitons are highly delocalized
such that many relaxation pathways are available. Thus, the
increased delocalization of excitons in membrane LH2 could
impact the coherent dynamics within the complex.
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The dark B850* states seem to be an important energy
acceptor for B800 to B850 energy transfer within the LH2
in both detergent and membrane environments. Previous
theoretical studies have found that B80O to B850* energy
transfer occurs faster (600-800 fs) than transfer to lower-en-
ergy bright B850 exciton states (1 ps) (7). Energy-transfer
pathways in the LH2 have been probed experimentally us-
ing two-dimensional spectroscopy, but it is difficult to detect
a B800 to B850* signal since the third-order nonlinear
response measured is proportional to the fourth power of
the transition dipole moment, which, in the case of
B850%, is negligible (8). Fidler et al. suggests that the exci-
tons involved in this energy-transfer pathway may have par-
allel transition dipole moments, which would also prevent
their detection. Despite its elusiveness, the presence of a
fast B80O to B850* energy-transfer pathway could explain
the additional fast-decay channel found when exciting
LH2 at the blue end of the B800 band in hole-burning exper-
iments (68—70). A similar pathway has been proposed in the
LH3 complex from R. acidophilus strain 7050, a low-light
variant of R. acidophilus (28). The LH3 has a similar nona-
meric structure to the LH2 but with the B850 band blue
shifted to 820 nm, indicating that this mechanism may be
shared across different variants of the complex. Studies on
artificial light-harvesting systems have shown that transfer
of excitation energy from bright to dark states may be
used to prevent re-emission since the dark state cannot opti-
cally decay, thus increasing the efficiency of energy transfer
in the system (71-73). The dark B850* states may play a
similar role in trapping absorbed solar energy by quickly
moving excitation energy out of the B80O ring, where it
would otherwise relax to low-energy B800 states that have
a greater transition dipole strength.

By calculating the B800 to B850 energy-transfer rate for
several thousands of realizations of static disorder, we also
resolve the heterogeneity across an ensemble of LH2 com-
plexes and can study the form of their distribution. We
find a broader distribution of energy-transfer rates in mem-
brane-embedded LH2, suggesting that the energy-transfer
mechanism has a lower level of precision in the native envi-
ronment due to the greater standard deviation of the transfer
rates compared to detergent. A concept used to understand
the relationship between different traits in a biological sys-
tem is a trade-off, which can be identified by a negative rela-
tionship between two traits (62). The distribution of the
transfer rate in membrane and detergent LH2 implies that
the complex sacrifices precision in the transfer rate for
speed. The traits underlying such a trade-off would likely
be related to properties of the LH2 that change from deter-
gent to membrane. However, identifying a trade-off would
require more thorough investigation and laboratory evolu-
tion experiments.

In summary, we have shown that increased energy-transfer
efficiency within membrane-embedded LH2 can be traced
back to altered energy-transfer pathways and enhanced



quantum delocalization of excitations within the complex.
Further work toward understanding the biological interac-
tions underlying such enhancements will not only provide a
deeper understanding of the function of the LH2 but will
also lead to improved theoretical tools to study similar photo-
synthetic complexes. Our choice of parameters has been
justified on the basis of experiment-theory consistency.
Currently, there is a lack of electronic parameters for LH2
in detergent and in membrane, which are derived on the
same quantum chemical framework; this is because there is
a notable gap in the field when it comes to force fields specif-
ically designed for LH2 in detergent, and their development
is a complex and nontrivial task beyond the scope of paper.
Our study motivates further research in this direction. Addi-
tionally, to study the LH2 in its biological environment, hav-
ing a nonperturbative framework that can yield excitation
transfer rates is essential. We believe the work presented
here is a first step toward addressing these challenges and un-
covering the role that the biological environment plays in the
efficiency of these light-harvesting complexes.
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Modified Redfield theory

The energy transfer rates computed with generalised Forster theory (GFT) use lineshape func-
tions that are derived perturbatively as introduced in the generalised Forster theory section.

The exciton lifetime 7, that enters the lineshape functions is given by

-1

1
Ta=|3 > kgl (1)
a#p

where kyﬁR is the energy transfer rate from a donor exciton « to all possible acceptor excitons [,
given that they are localised on the same ring as the donor exciton. Since the interchromophore
electronic couplings within each ring are strong, modified Redfield theory is used to obtain the
intra-ring exciton transfer rates. By assuming that the electronic states of each ring are weakly
coupled to their environment, Hsp is treated as a perturbation on the dynamics within each
ring.

The modified Redfield energy transfer rate between two excitons in the same ring is given

by [1]
o
kg/IBR = 2Re/ dt e~ wapte=i(Aaa,aatAsp,p8)t o =9a(t)=95(t) 12958,00T2iAs8,0a
0 (2)
% [Gpa,5a(t) = (98a,88(t) = paaa(t) + 2iXga,88)°] |
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where the terms have been defined in the main text (generalised Forster theory section).

Propagation of the dipole operator

Numerical computation of the absorption and fluorescence expressions given in the Linear spec-

tra section using HEOM theory is achieved by rewriting the auto-correlation as

(fip (1) fip (1)), = Tr(fipe™ (1)), (3)

where £ is the HEOM generator of dynamics and p is the reduced system density matrix. The

half-sided Fourier transform is then formally calculated to give

)

[t e = iyl (4)
We numerically determine Z,,,, = ﬁ[ﬂp,ﬁ] by solving the linear system (£ + iw)[Zpo] = fipp
using the BiICGSTAB Krylov subspace method [2]. This method of numerically computing
spectra is more efficient than numerically Fourier transforming the dynamics as a result of the

sparsity of the matrix representation for L.

Finding the thermal state

The fluorescence spectra in the Linear spectra section is computed by performing a trace with
respect to the thermal state py,, which satisfies the property Lp;, = 0. In order to determine
the thermal state we solve this linear system using the BICGSTAB method [2] which is supplied
with an initial guess given by the Boltzmann state e—BH / Tr(e_fBH ). Doing so guarantees that
the solver will not yield the trivial zero matrix solution, which of course does not represent a

physical state.
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Donor acceptor exciton energy gap
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Figure S1: Distribution of 10,000 realisations of the energy gap between the B800 and B850
exciton forming the dominant exciton energy transfer pathway in detergent isolated LH2, LH2
embedded in a DOPC membrane and in a POPC membrane. Despite different levels of static
disorder in membrane and detergent environments, the distribution of the energy gap of the

dominant pathway in B800 to B850 transfer remains similar in each environment.
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B800 to B850 transfer rate distributions
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Figure S2: Distribution of 10,000 realisations of the B800 to B850 energy transfer rate calcu-
lated using GFT for detergent isolated LH2, and two different lipid compositions of membrane
embedded LH2, DOPC and POPC. The same static disorder parameters were used to calculate
rates in all three environments. Average transfer rates are 1.08 ps~!, 1.07 ps~! and 1.40 ps~!

respectively.
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Figure S3: (a) Distribution of 10,000 realisations of the B800 to B850 energy transfer rate calcu-
lated using GF'T for detergent isolated LH2, and two different lipid compositions of membrane

embedded LH2, DOPC and POPC. The same spectral density was used for all three environ-

1

ments. Average transfer rates are 1.08 ps—!, 1.05 ps—! and 1.37 ps~! respectively.

S4



Linear spectra for alternative Hamiltonian parameters

To select Hamiltonian parameters that describe LH2 in detergent, we conducted an extensive
review of the different parameter sets reported in the literature. For membrane LH2, to our
knowledge, no reliable parameter sets other than the ones reported by some of us [3 4] are
available. Parameters for detergent-isolated LH2 computed using the same quantum chemical
methods as those used for membrane-embedded LH2 are currently not available, and their com-
putation requires additional developments outside the scope of this study. Existing parameter
sets are either derived from first principles or from experimental spectroscopic measurements
[0]. To assess which parameter set is suitable to describe detergent-solubilised LH2, we com-
pare the linear spectra predicted by each set to what is measured in experimental. Specifically,
we compare the predicted redshift of the B850 absorption peak in membrane relative to the
peak position in detergent, as this is the key observation in experimental work comparing LH2
solubilised in detergent to LH2 in a lipid environment [0} [7), §].

We have selected parameter sets for LH2 from the literature that have each been derived
using different standard methodologies and compute linear absorption and fluorescence spectra
using the hierarchical equations of motion (HEOM). We compare parameters derived using
point dipole approximation (PDA) [9], point monopole approximation (PMA) [10] and transition
density cubes method (TDCM)[1I] to the parameters used in our study which have been derived
from experimental spectra of the LH2 [I2] The PDA and TDCM derived parameters do not
have site energy values hence we use the site energies from the detergent model used in the
paper. The most important aspect are the electronic couplings which we have shown underlie
the observed changes in energy transfer rates and spectra from detergent to membrane.

Figure a) shows the experimental spectra extracted from Figure 1(b) in the study by
Ogren et al. [6] and Figures [S4|(b-d) show the spectra computed using each of the detergent
parameter sets (shown in green) along with the spectra computed with the detergent and mem-
brane parameters used in our study (shown in blue and red, respectively).

All three parameter sets predict the redshift of the B850 absorption peak in membrane
compared to detergent despite each being derived using different methodologies. However, the
predicted size of the redshift varies from one model to another which may result in changes
in the B800 to B850 transfer rates that each model predict. We find that the size of the
redshift predicted by the detergent model that we use in our study best compares with the

experimentally observed shift.
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Figure S4: (a) Experimental absorption spectra of the LH2 from Rhodobacter sphaeroides in
detergent and in membrane extracted from Figure 1(b) in Ogren et al. [6]. (b-d) Absorption
spectra of the B850 ring and fluorescence spectra of the B800 ring for the Detergent and POPC
membrane models used in the paper calculated using HEOM with truncation 3 for absorption
and truncation 4 for fluorescence. The spectra are averaged over 1000 realisations of static
disorder. For comparison a second detergent model is given in each plot where the electronic
parameters have been computed using (b) point dipole approximation [9], (c¢) point monopole

approximation [I0] (d) and transition density cubes method [I1].
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B800 to B850 energy transfer rate for alternative Hamiltonian

parameters

In the previous section, we showed how different Hamiltonian parameters predict varying degrees
of redshift of the B850 peak from detergent to membrane, the redshift being the key observation
in experimental spectroscopic measurements. The varying position of the B850 band predicted
by each detergent parameter set, mean changes in the overlap of the B800 fluorescence and
B850 absorption, which may result in differences in the B800 to B850 transfer rate predicted
by each model.

Experimental pump-probe measurements find a 30% increase in B800 to B850 transfer rate
from LH2 in detergent to LH2 in a lipid environment [6]. Using GFT to compute the B800
to B850 transfer rate averaged over 10,000 realisations, we compare the change in rate from
detergent to membrane predicted by each of the detergent parameter sets, to what is measured
in experiment.

Table lists the B800 to B850 transfer rate predicted by each of the detergent parame-
ter sets and the percentage change in transfer rate from detergent to membrane POPC. The
alternative parameter sets show significant qualitative differences compared to experimental
findings. The PMA and PDA parameters predict that the average transfer rate nearly doubles
from detergent to membrane, while the TDCM parameters predict that energy transfer is ac-
tually slower in membrane. In contrast, the detergent parameters chosen for our study predict
a 24% increase in the transfer rate, in qualitative agreement with experimental observations.
Thus, the chosen set of parameters for detergent qualitatively capture the fundamental spectral
and dynamical changes in the LH2 from detergent to lipid membrane environments observed
in experiment, making the selected model an ideal basis to advance our understanding of the

microscopic changes occurring within the complex in it’s native physiological environment.
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Parameter set Membrane POPC Detergent PMA PDA TDCM

Transfer rate (ps™!) 1.34 1.08 0.69  0.67 1.52
% increase in rate in membrane n/a 24% 94%  100%  -11%

Table S1: Average B800 to B850 transfer rates computed using GFT with 10,000 realisations
of disorder for various Hamiltonian parameters. The parameter sets are, as listed from left to
right, the membrane POPC and detergent parameters used in our study, alternative detergent
parameters computed using point monopole approximation, point dipole approximation and
transition density cubes method. The last row gives the percentage change in transfer rate from

each of the alternative detergent models to membrane POPC.

Standard deviation of exciton energies

Exciton | Membrane Detergent
k=9 111 93
k=48 87 73
k =-8 80 67
k=47 76 64
k=-7 75 62
k = +6 74 62
k =-6 73 61
k= +5 73 62
k=-5 72 64
k=+4 71 60
k=-4 72 59
k=43 71 59
k=-3 74 60
k= +2 72 58
k=-2 75 60
k=+1 74 59
k=-1 79 63
k=0 91 65

Table S2: Standard deviations of the B850 exciton energy levels in cm ™! computed using 10,000

realisations of disorder listed from highest to lowest energy.
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Exciton | Membrane Detergent
D=38 19 28
D=7 16 22
D=6 15 20
D=5 15 19
D=4 15 19
D=3 15 19
D=2 15 20
D=1 16 21
D=0 19 26

Table S3: Standard deviations of the B80O exciton energy levels in cm ™! computed using 10,000

realisations of disorder listed from highest to lowest energy.
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Figure S5: Average positions of the exciton energy levels of the B800 and B850 rings of (a)
membrane embedded LH2 and (b) detergent isolated LH2 averaged over 10,000 realisations of
static disorder. The disorder expected in each ring for each environment is given in Table

Standard deviations for each level are given as error bars.
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