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Abstract. Two-dimensional electronic spectroscopy of Light Harvesting Complex 4 from 
photosynthetic bacteria reveals excited state dynamics on two timescales and resolves exciton 
states with little to no oscillator strength.  The results suggest a molecular structure in which 
the pigment dipole organization within the circular complex has more tangential than radial 
character. 

Introduction 
In purple photosynthetic bacteria, excitonically coupled bacteriochlorophyll (BChl) 
pigments are arranged in cyclic pigment-protein light-harvesting complexes.  The so-
called peripheral complexes, most commonly LH2, absorb sunlight and funnel energy 
to photosynthetic reaction centers, where charge separation occurs.  Several purple 
bacteria have been shown to express different types of peripheral light-harvesting 
complexes when grown under low light intensities.  Rhodopseudomonas palustris 
produces a low-light complex known as LH4, which exhibits only a single absorption 
band in the near-IR region.  The origins of LH4’s unique spectrum are not decisively 
known, however biochemical analysis and electron microscopy point to a novel 
pigment architecture in the complex, with four BChls per repeating subunit rather 
than three [1]. 

In this work, we employ two-dimensional (2D) Fourier transform electronic 
spectroscopy to investigate the energy level structure and energy transfer dynamics of 
LH4.  2D spectroscopy yields frequency maps of electronic states, molecular 
coupling, and dynamical processes with femtosecond time resolution.  This 
information, in combination with knowledge of protein structures, is crucial to 
understanding the design principles governing natural light-harvesting. 

Experimental Methods 
LH4 from Rp. palustris was isolated as described previously [1].  The sample was 
dissolved in a pH 8 buffer solution of 20mM Tris-HCl and mixed with glycerol 
(30:65 by volume) to form a glass in a 200 μm-thick quartz cell for 2D measurements 
at 77 K.  The sample OD was 0.4 at 800 nm.   

Two-dimensional spectra were collected in a passively phase-stabilized manner as 
described in Brixner, et al [2].  Three 43 fs laser pulses centered at 806 nm with 
FWHM 29 nm were focused on the sample in a box geometry to generate the third 
order signal.  A fourth pulse (passing through the sample) acted as the local oscillator 
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for heterodyne detection.  The spectrally resolved signal in amplitude and phase was 
measured while scanning the coherence time, τ (between pulses 1 and 2), for 17 
population time points, T (between pulses 2 and 3), from 0 to 50 ps.  The coherence 
time was scanned from 0 to +/-600 fs (where the minus sign denotes arrival of pulse 2 
before pulse 1).  The pulse ordering used selected for rephasing (+τ) or nonrephasing 
(-τ) signals.   

Results and Discussion 
Experimental correlation (sum of rephasing and nonrephasing) 2D spectra of LH4 
from Rp. palustris at 77K are presented in Figure 1 for three representative 
population times.  The peak-shapes show rapid coherent evolution within the first 100 
fs marked by initial decay of the negative excited state absorption (ESA) feature, 
followed by picosecond-scale intra-band energy transfer evidenced by widening of 
the positive band below the diagonal and resurgence of the ESA.  

 

Fig. 1. Experimental 2D electronic correlation spectra (real part) of LH4 at 77 K for T=0, 100, 
and 5000 fs.  Solid and dashed contours denote positive and negative signals, respectively.   

Separating correlation spectra into rephasing and nonrephasing components has 
been shown to improve resolution of individual exciton states in inhomogeneously 
broadened systems [3].  The nonrephasing experimental 2D spectrum of LH4 at T=0 
(Figure 2, right panel) reveals low-amplitude diagonal peaks on the red edge of the 
band, signaling weakly absorbing states in this region, as were previously predicted 
[1,4].  In addition, the pronounced ESA exhibited at higher energy, on the diagonal in 
the nonrephasing spectrum and above the diagonal in the rephasing spectrum, arises 
from strong coupling through dark states on the blue edge of the exciton manifold.  
Theoretical simulations performed based on Zigmantas, et al. [5], show that the 
positioning of ESA in 2D spectra is strongly sensitive to pigment organization.  
Reproducing the high-energy ESA requires a pigment organization in the complex 
with pigment dipoles aligned more “in-line” (head-to-tail or head-to-head) than 
“sandwiched” (side-by-side), reminiscent of the tangential orientation of dipoles 
around the protein ring in LH2.    
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Fig. 2. Experimental (top) and theoretical (bottom) 2D electronic spectra of LH4 at 77 K and 
T=0 fs.  Shown are correlation, rephasing, and nonrephasing signals, from left to right.  
Theoretical spectra are calculated for a 4-BChl subunit, based on the structure of LH2.   

Conclusions 
The 2D electronic spectra of LH4 from Rp. palustris show unique sensitivity to the 
exciton level structure and exhibit both rapid coherent dynamics and ps-timescale 
population transfer.  The observed weakly-absorbing red-edge states and dark blue-
edge states may play a role in light-harvesting by accepting and transferring energy 
initially absorbed by bright states, as was observed previously [5].  The level structure 
suggests a pigment dipole organization with mixed in-line and sandwich character, 
but with the in-line coupling dominating. The results demonstrate that 2D electronic 
spectroscopy can be used to help characterize supramolecular structures of 
chromophore aggregates, when high-resolution crystallographic information is not 
available.  
Acknowledgements. US Department of Energy grant No. DE-AC03-76SF000098, National 
Science Foundation. 

 1 N. Hartigan, H. A. Tharia, F. Sweeney, A. M. Lawless, and M. Z. Papiz, Biophys. J. 82, 
963 (2002). 

2 T. Brixner, I. V. Stiopkin, G. R. Fleming, J. Chem. Phys. 121, 4221 (2004). 
3 E. L. Read, G. S. Schlau-Cohen, G. S. Engel, J. Wen, R. E. Blankenship, and G. R. 

Fleming, Biophys. J. in press (2008). 
4 W. P. F. de Ruijter, S. Oellerich, J.-M. Segura, A. M. Lawless, M. Z. Papiz, and T. J. 

Aartsma, Biophys. J. 87, 3413 (2004). 
5 D. Zigmantas, E. L. Read, T. Mancal, T. Brixner, A. T. Gardiner, R. J. Cogdell, G. R. 

Fleming, Proc. Natl. Acad. Sci. 103, 12672 (2006). 

561


	Two-Dimensional Electronic Spectroscopy of theLow-Light Adapted Light Harvesting Complex 4
	Introduction
	Experimental Methods
	Results and Discussion
	Conclusions




