Light Harvesting in Photosynthesis

_____

First step: Need to establish the
structure of the underlying system



Phase Problem and Conventional Solutions




Structure of LH-II of Rs. molischianum Obtained
Through a Computationally Derived Search Model

molecular
replacemen
through
modeling

Periplasm

Summary of Crystallographic Data Gl / ;4

* space group P4212 B850 band
e resolution range 8-2.4 A
* unique reflection 30309

» completeness 87.2 B800 band
» R-factor (%) 21.1
» free R-factor (%) 23.2 spectrum

Koepke et al., Structure, 4, 581 (1996)



B800 BChl-a Binding Site
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B850 BChls of LH-II of Rs. molischianum

Spectrum tuned through local and excitonic interactions
as well as disorder




The light harvesting system displays a hierarchy of integral,
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Cytoplasm

We need to know
also the structure of
the LH-I ring! We
use again modeling,

replacing subunit of
LH-II by that of LH-I

Molecular modeling of integral, functional units with more than 10° atoms necessary



Modeling the Structure of LH-I of
Rb. sphaeroides (1)

subunit of LH-II subunit of LH-I

ot-polypeptide
LE=-II(Re. molischisnum) ENPFDDTEINLVENDSTHLDVING VAT VAT RVEARVLALCGI W TALOALE ERAE —— ——
LA-I (Rb. spbasroldss) --MSEFrEINIFOPERYTVAQS VFLELLAVE ILILLS TRFETHWLE TS AL THRVAVAE

B-polypeptide
LE-IT{Rs. molisobhisngm) ===AERILSGLTINNA IAVEDQ FETTTEAF TILAKY AR VL VEVHEDWE
LE=T (Eb. sphasroldes) ADEEDLIY TOL TDEQAQELE BV rM eSS WD r SAVA TVANLAVY TWRPWT

Haﬁm]ngy modeling




LH-I — RC Complex
of Rb. Sphaeroides

Xiche Hu View from top



Pigment Organization in the Bacterial
Photosynthetic Membrane

Periplasm

Cytoplasm




Structure of Light Harvesting System

ADP ATP
Cytoplasm

Photosynthetic apparatus of
purple bacteria. Xiche Hu, Thorsten
Ritz, Ana Damjanovic, Felix
Autenrieth, and Klaus Schulten.
Quarterly Reviews of Biophysics: 35
(2002)




Hierarchical aggregate of chromophores




The Hard Earned Model

Here is a lesson to impatient physical scientists to learn: There is no royal road
to the model! In the present case and many others, the model is arrived at not
through superior inteligence of the physical scientist, but through long (2 years)
collaboration with life scientists, in the present case crystallographers (Michel,
Cogdell, Glasgow) and electron microscopists (Ghosh, Stuttgart).



Tutorial

Structural unit of Light Harvesting
Complex II (LH-II) from Rh. molischianum

alpha-apoprotg

carotenoid

B300 -@

beta-apoprotein



Tutorial

LH-II ring of 8 structural units

70 A

-8 heterodimers ( 8 alpha-apoproteins, 8 beta-apoproteins)
24 BChis (8 B850a, 8 B850b and 8 B300)
8 carotenoids

60 A




Tutorial

24 Bacteriochlorophyls and their transition
dipole moments in LH-1I

Ring of 16 B850a and B850b
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Ring of 8 B800



Tutorial

Rate of Excitation Transfer
from BChl i to BChl j
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Induced dipole-induced dipole interaction coupling
between excited state of BChl i and ground state of BChl

J

2 2 _ v[di-d;—3(di-7i5)(dj-7i5)]
kij = 5-1Us[" iy Uiy = C=——— 5=
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'

" B850 BChl
& ' aggregate
from LH-II

16 BChls G
of the
are arranged 1n a ring of 8
heterodnners Within each dimer, the purple
distance between BChls is 8.9 A, bacterium
.. between heterodimers, the distance Rs.
between BChls 1s 9.2 A. The transition molischianum
dipole moments of the BChls, indicated
{ as arrows, are approximately tangential
@ to the ring and show an antiparallel
arrangement for a pair of nelghbourmg \
BChls.
trans1t10n

dlpole moments




Eigenvalue Problem for a Circular Dimerized Aggregate

Ring of 2N chlorophylls described by the basis states
in) = |BChly, BChl,, . . ., BChl;;, ..., BChlay) ,n = 1, cees 2N
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\ Vo . . . . . 11- IN.2N_2 (o8] £ 0
. A
N fold axis

14000 E,n

N
‘?’L,ﬁ) — I ZBXP(Q’L]{’I’MT/N) Vﬁﬁ) 13500 Eni
k=1

VN o — B I
13000 H"I’L> — En‘n>
Dimerization: 2-D vectors —_— By
12500
Be = e+ 199205 — J05T6052 + (01 + 1 — 0.63505)° By = e~ 15130+ /0.0890,2 + (11 — vy + 0.038,)2
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Quantum Chemical Determination of Aggregate

no adjustable parameters

q=

Uy

o

4

W,

9

(o]
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J

i

h Due to circular symmetry and co-
Wis planar arrangement of transition
dipole moments, degenerate
' \ electronic state E, ; carries
_;,i ¢ | almost all oscillator strength.

Effective Hamiltonian for Q, This est abliSheS

excitations of the B850 ring

effective Hamiltonian calculations effeCtive Hamiltonian!

ZINDO/S calculations
14500 |- 14500 - / long range coupling narrows band
14000 [~ 14000 |-
analytlcal dimerization J. PhyS Chem, B]OZ, 7640 (1998)
13500 solution 13500 - 2ap J. Phys. Chem., B101, 3854 (1997)
12000 B atched o 13000 J. Lumin, 76-78, 310 (1998)
quantum
12500 [~ hemistry 12500
C
12000 - results 12000 allowed states
— = = - - - -
11500 -CT char. 11500 [~ ‘ Wy = C (dj : (jk _ 3(Fk - dj) grjk -~ dy) )‘
Tjk Tik
Zerner et al. Effective Hamiltonian




The Effect of Dynamic Disorder

Molecular Dynamics (MD) Simulation Gaussian 98, HF/CIS, STO-3G basis
|ff1 (t) )
from QC ——» @
. Wiilt)
H{t)= =
from MD >
\ €16(t) /
W — ¢ B 30 dy) (T di)

! ri’ T’
LH2 in membrane: 85,000 atoms; 22
equilibrated for 2ns with NAMD?2; energy gap
NpT ensemble; periodic boundary 81 (eV)
condition; full electrostatics (PME)

1.2 >

Followed by 0.8ps simulation, 0.045
trajectory output every 2fs with
quantum chemistry calc. of exc. W, (eV)
energy, interpolated to “sample” 12
every 0.5 fs 0.0425 >

0 t(fs) 100

Ana Damjanovic, loan Kosztin, Ulrich Kleinekathoefer, and Klaus Schulten, Phys. Rev.E, 65:031919 (2002)



Polaron Coherence Length (one mode)

Polaron spectrum in leading order perturbation theory
1

€k — €k4q — Wo

g«&o 1
k;:0) = |k;0) +
k:0) = | 0) \/qusz_ek+q_w0

Exciton coherence size (inverse

2, .2

g-wy
E. — e, + E
k= Ck M .

|’IC T q; 1q>

Participation ratio) oA
2 -1 6.2
L,= (Z |Pz’j|) [MZ|P@|2} 6.0/
<58l
pij = > Ci())Cr(j) exp(—LBEy) N
- 5.6
>4 | | | | | |
Dynamic disorder slightly reduces 0 o1 02 03 04 05 06

the coherence size of the exciton J

Ana Damjanovic, loan Kosztin, Ulrich Kleinekathoefer, and Klaus Schulten, Phys. Rev.E, 65:031919 (2002)



Absorption Spectrum — Polaron Model

Step 1: BChl energy gap fluctuations Se(t) = e(t) — e (all modes)
from MD/QC simulations ’

Ana Damjanovic, loan Kosztin, Ulrich Kleinekathoefer, and Klaus Schulten, Phys. Rev.E, 65:031919 (2002)



Absorption Spectrum — Polaron Model

Step 1: BChl energy gap fluctL_Jations Se(t) = e(t) — ¢
from MD/QC simulations
Step 2: Autocorrelation function C(t) = (0e(t)de(0))

,,,,, — - -

energy gap correlation fct.

Ana Damjanovic, Ioan Kosztin, Ulrich Kleinekathoefer, and Klaus Schulten, Phys. Rev.E, 65:031919 (2002)



Absorption Spectrum — B850 Excitons

ocZ|dk.| / dt exp[— ' (1)] cos|(w — ex)t + "5 (1)]

> phonon contribution

(1) /d'rt—'r )lﬂk( )
L— > exciton contribution

I From MD/QC simulation
- B85() Zhang et al, JPC-B 104, 3683 (20001 _

| experlment _ ! .
1.0 i f / —I BSO‘] simulation | 7 energy gap correlation fct.
| polaron model |
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[ ] Ana Damjanovic, loan Kosztin, Ulrich Kleinekathoefer,
http //xxx.lanl. gov/abs/phy31cs/0107064 and Klaus Schulten, Phys. Rev. E, 65:031919 (2002)



Spectral Properties of Light-Harvesting
Complexes and the Role of Static Disorder

Recall effective Hamiltonian description for a BChl ring:
IR

—

€ V) W W, L Vs

a

v € V, W, Wov | E. and E» are the site
RO > 12 Wiy energlgs.
= vl and v2 are nearest
Wy, W, Vi €, Wiy

neighbor interactions.

M M M M
v, Wy Wy Wy,

M

€

r o

dod Bl e
iy — Q=B i)t
ij

The non-nearest neighbor interactions
are given by a dipole-dipole term:

Thermal (static) disorder as a random matrix ensemble:
... where R 1s a matrix randomly
H=H,+R .
70 &

choosen from a certain distribution.

deterministic + random

Melih Sener and K. Schulten. Physical Review E, 65:031916 (2002)



We are interested in spectral properties:

1. Spectral density:
(1.e. the distribution of energy eigenvalues)

plo)-( 00~ 5)

(=)
.
oo

=)
.

(=]
.
I

spc:lral density (a.u.}

Energy (1/cm)

13000 / 11500 120 F..erk}-ﬁ-ﬂcﬂll s Lﬂm
2. Absorption spectrum:

(i.e. the spectrum weighed by )
12000
: alw)=Kw 291.«5 (w-E)

unperturbed spectrum EM ] -
B |
E‘r ) \ Note. Everything is averaged over the
) ‘disorder’ described by R.
11500 12000 E"Erp_;_zﬂ*:ﬂg.] 13ooo  13s00 H — H + R

= fd[R]D(R)L

Melih Sener and K. Schulten. Physical Review E, 65:031916 (2002)



Independence of spectral density and absorption spectrum
from type of random distribution (universality)

1. Spectral density:

*Spectral fluctuations are model
independent. (reminiscent of
Central Limit Theorem.)

.
.
__ﬂ,J

Energy (1/cm)

spectral density (a.u.)
(=] =)

__:_::

>

>

>

i, U X : of R is la'rgel.y
J \/ irrelevant. (i.e. a Gaussian is as
sooazenn azeps o wseco Ssoe good as any other distribution.)

13000

» Symmetry class of R becomes
irrelevant at large N (i.e. R can be

\ 2. Absorption spectrym: real symmetric or complex

12500

hermitian.)

8 N *The width of R needs to be carefully
/ I| taken into account.

11500

Universality means model independence! <L > = f d [R]D( R)L
Melih Sener and K. Schulten. Physical Review E, 65:031916 (2002)



Independence of spectral density and absorption spectrum
from type of random distribution (universality)
1. Spectral density: 2. Absorption spectrum:

Fo.e p | - / 1| Spectral fluctuations are model
;J N f \ /’\ \ | \ | E | independent. (reminiscent of
“J oV L : J \/\' Central Limit Theorem.)
11500 12000 1300 13000 13500 11500 12000 E"Er;%_:{ﬁ:_-_m"_‘mu o Of R 1S largely
, (not observable on full scale above) irrelevant. (i.e. a Ga.uss.lan .IS as
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1 - - .
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mergy (1/crm)
Even across symmetry classes spectra remain robust. hermitian.)

(real symmetic: solid / complex hermitian: dashed / diagonal disorder: dotted ) *The width of R needs to be carefully
taken into account.
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Melih Sener and K. Schulten. Physical Review E, 65:031916 (2002)



Spectral density can be computed analvytically

H=H,+R

L)=[dlrRPRL

in case of Gaussian unitary disorder —

plo)-(Sol0-5)

p(w)=%1m<Tr 1 >

w—-ie—(H,+R)
l H,=U;TU,
1 a is the diagonal part of Ho.
p(a))=——_ ImZ(j) — Is the diagonal part of /7
2w 0| _
Jj=0 / J

Partition function

ST 20y = falRP®R) detfo —ie ~(C+ R+ ]

detlw —ie —(T+R) - J |

Partition function . .
(1+1)x(1+1) Hubbard-Stratonovitch transformation

X

v e 0
Z(j)=fd[a]\’a CXP(—zizStroz)HSDet'l[(u laoy’ / i —idy +j)—o’l

Z(j)= fd[SF(S)NGHSDer'I[S +7, K 1,(9)

1 , (w-ie—] 0
1,(S) =fa’u(u)exp _WSTF uSu® + 0

w—-IiE+ ]

]4—

P(R)=N, exp(—zl—2Tr(R+R))
v

Road Map:

*Express spectral density as an integral
over matrices

*Reduce the (large) matrix integral to a
(small) super-matrix integral (Hubbard-
Stratonovitch transformation)

*Evaluate the super-matrix integral using
harmonic analysis on super-groups
(Harish-Chandra-Itzykson-Zuber integrals)
*The final expression is given in terms of
the unperturbed spectrum, .

This is an integral over a super-unitary group. It is known
as a Harish-Chandra-Itzykson-Zuber integral.

Melih Sener and K. Schulten. Physical Review E, 65:031916 (2002)



Spectral density can be computed analvytically
in case of Gaussian unitary disorder

Final expression for the spectral density
in terms of the unperturbed spectrum:

1
w)=—/|(daB,B
p(w) n_z{ 0D

al 1
2 s 74{(.0__"‘
BO — d&e g Im 1_[ < Justintegrating by-parts
' delta functions...
- ’=”g‘—zs—h(a)+va yl)
e 2v -

N
Bl = fdy’ e H (”7 _E ((U +v Ol Y, )) « just a polynomial times

ag aussian.

1=

.. final symbolics 1s evaluated using Mathematica.

Melih Sener and K. Schulten. When combined with universality this

Physical Review E, 65:031916 approach grants us analytical insight into
(2002) the spectra of light-harvesting complexes.



Effective Hamiltonian for Entire Photosynthetic Unit

m ?
kDA:?|UDA| J D4

(~ ps)
1ps |

( 3 31 ps) LH- II 7.
A Vg o, AL LH Jpa= f Sp(E)SA(E)AE  exp.

The effective Hamiltonian
derived for an LH-II ring
1s extended to the entire system
of light harvesting complexes.
1.e., LH-I and LH-IIs,
v=804 v =381 large, opt. dens.? assuming LLH-II nearest
neighbour couplings and
19,310 (3 fk - Sl Fuedy) dipolar coupling for non-

: J nearest neighbour interactions,
for a geometry of closest
§ ) packed LH-I and LH-II
proteins.

anh
|
[y §

«d

-1 2
cm A




Excitation Transfer in Photosynthetic Unit

230 fsy(150 fs)

g

(0.7 ps)

2 P:}\

J. Phys. Chem., B101, 3854 (1997)

J. Lumin., B 76-77, 310 (1998)

Phys. Rev. E, 59, 3292 (1999)

Intl. J. Quantum Chem., 77, 139 (2000)



yield q(j)

0.002

loss I(j)

Yield, Loss, and Overall Decay Rates in Light Harvesting System
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The Role of the Carotenoids
in Light Absorption and Excitation Flow




Two Channels for Car-Chl Transfer

momnmEmnEm— 7 12 nm
IIRNINENIEN]

QV E!-Igi]- ------ — 871 nm

G

BChl-Ring

Electronic excitations in carotenoids
i

Correspondence: S, => 1B," optically allowed

20000 SZ
M

harge transfer st.?

Car «— polyene S,.=> 1B~ optically forbidden
S, states

Energy [cm™]
=
B

16000 -

S, => 2A - optically forbidden
.. triplet-triplet states ¢

S

14000

Phys. Rev. B, 36, 4337 (1987) theor.

Chem. Phys. Lett., 299, 187 (1999) exp.

Chem. Phys. Lett., 290, 36 (1998) exp.

Chem. Phys. Lett. 14, 299, 305 (1972) exp., theor.

10
Length (double bonds)



Hamiltonian

\

- Coulomb Term

Coulov&lb Interactlon

=2 (00,10:0) ¢ o ¢ )

(abled) = ffa*(l)b(l):ic*(z)d(z) dv,dv,

Separation into donor,
acceptor, and
interaction
contributions:

\H=H,+H,+V,,

| (only m atomic orbtals included,

no polarizability effects!)

Describe the effect of 1/, ,
in perturbation theory,
1.e., evaluate matrix
elements accounting

for transition of excitation
from donor to acceptor

We relied considerably on N. Nagae,. Kakitani, T. Kato, M. Mimuro, J. Chem. Phys, 98, 10 (1993)



Coulomb Couplmg

“ijRS

: e - | r_lon Qrthogonal op_er_ators _
-Smglet EXCItatIGIlS . o ;

5 (©916.6) (‘P‘P|Zc e )|

ZSWQS; .

PRS

-IZ 000 ) YOIV,

Transition
Matrix Elements

Express coupling in terms
of 2" quantization for
non-orthogonal orbitals

Factor coupling into
donor and acceptor
contributions:

Coulomb coupling 1s
rank zero tensor (singlet
transitions only)
Exchange coupling 1s
rank one tensor (singlet
and triplet transitions)

No triplet results will be shown!



Conversion times and efficiencies for photons absorbed into
the carotenoid (LYC) S, state in LH2 of Rs. molischianum

57

130 fs 54%



Photosynthetic Apparatus of Purple Bacteria

Function Achieved Through Large Structures
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BIOPHYSICS SPECIAL

The Quantum Physics of Photosynthesis

Thorsten Ritz,® Ana Damjanovi¢,'? and Klaus Schulten*®

Biological cells contain nanoscale machineries that exhibit a
unique combination of high efficiency, high adaptability to
changing environmental conditions, and high reliability. Recent
progress in obtaining atomically resolved structures provide an
opportunity for an atomic-level explanation of the biological
function of cellular machineries and the underlying physical
mechanisms. A prime example in this regard is the apparatus
with which purple bacteria harvest the light of the sun. Its highly

symmetrical architecture and clase interplay of biological func-
tionality with quantum physical processes allow an illuminating
demanstration of the fact that properties of living beings ultimately
rely on and are determined by the laws of physics.
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