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Abstract 

Spectroscopic Study of the Light-Harvesting Protein C-Phycocyanin 

Associated with Colorless Linker Peptides 

by 

Shelly Ann Pizarro 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Kenneth Sauer, Chair 

The phycobilisome (PBS) light-harvesting antenna is composed of chromophore- 

containing biliproteins and ‘colorless’ linker peptides and is structurally designed to 

support unidirectional transfer of excitation energy from the periphery of the PBS to its 

core. The linker peptides have a unique role in this transfer process by modulating the 

spectral properties of the associated biliprotein. There is only one three-dimensional 

structure of a biliproteidlinker complex available to date (APC/L2.8) and the mechanism 

of interaction between these two proteins remains unknown. This study brings together a 

detailed spectroscopic characterization of C-Phycocyanin (PC)-linker complexes 

(isolated from Synechococcus sp. PCC 7002) with proteomic analysis of the linker amino 

acid sequences to produce a model for biliproteidlinker interaction. 

The amino acid sequences of the rod linkers [h8.9, L,32.3 and h$8.5] were 

examined to identify evolutionarily conserved regions important to either the structure or 

function of this protein family. Although there is not one common homologous site 

among all the linkers, there are strong trends across each separate subset (Lc, and 



2 

hc) and the N-terminal segments of both h32.3 and hp.5 display multiple regions of 

similarity with other linkers. Predictions of the secondary structure of h32.3 and h?.’, 
and comparison to the crystal structure of L2.8, further narrowed the candidates for 

interaction sites with the PC chromophores. 

Measurements of the absorption, fluorescence, CD and excitation anisotropy of 

PC trimer, PC&32-3, and PC&:8.5; document the spectroscopic effect of each linker 

peptide on the PC chromophores at a series of temperatures (298 to 77 K). Because 

h32.3 and h$8.5 modulate the PC trimer spectral properties in distinct manners, it 

suggests different chromophore-interaction mechanisms for each linker. The low 

temperature absorbance spectrum of the PC trimer is consistent with an excitonic 

coupling interaction between neighboring a84 and p84 chromophores. Association with 

h32.3 does not greatly alter this band shape but the absorbance of the PC&,28,5 complex 

is dramatically different. This indicates that h28.5 is disrupting the a84 - p84 relation 

established in the PC trimer. From these, and other polarized spectroscopy 

measurements, we conclude that both L,32.3 and b$8-5 affect the spectral properties of 

the terminally emitting PC trimer chromophore (p84), and that h28.5 is additionally 

perturbing the relationship between the a84 and p84 chromophores to either disrupt or 

enhance their coupling interaction. The linker can perturb the PC chromophores through 

either specific aromatic residues or a concentration of electrostatically charged residues. 

Structurally, the linker disrupts the C, symmetry of the associated biliprotein and this 

asymmetric interaction can serve to guide the transfer of excitation energy in one 

direction. 
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Everyone has a without whoin not, 

mine is surely Tom. 
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Chapter 1. Introduction 

Photosynthetic organisms use a system of macromolecular protein-pigment 

complexes to convert solar energy into chemical energy necessary for carbohydrate 

synthesis. The initial step in this process is the absorption of light and subsequent 

excitation transfer to the photosynthetic reaction center. Light-harvesting systems need 

to have a large cross-section of absorption wavelengths, adaptability to different light 

conditions, stability for prolonged illumination and the ability to rapidly transfer the 

collected energy with minimum dissipation. The cyanobacterial light-harvesting 

complexes, or phycobilisomes (PBS), meet these requirements admirably with a quantum 

efficiency >95% and energy transfer rates on a nanosecond to femtosecond timescale. 

The PBS is a large (5-15 x lo6 Da) assembly of phycobiliproteins and colorless 

peptides attached to the stromal side of the thylakoid membrane. The phycobiliproteins 

possess covalently bound chromophores and are particularly amenable to spectroscopic 

studies for a number of reasons. First, they contain a lower pigmenuprotein ratio than the 

light-harvesting systems of higher plants (1 bilidl10 amino acid residues versus 1/15 in 

higher plants)' which facilitates resolution of the spectral characteristics of individual 

chromophores. Secondly, they are highly water-soluble and can be readily isolated 

without disruption of their structural and functional properties.* Finally, a number of 

phycobiliprotein structures have been determined by x-ray crystallography3 and this 

information permits structure-function relationships to be formed. 

Extensive experimental work during the last two decades concerning spectral, 

biochemical and structural properties has resulted in a detailed picture of PBS 

architecture and energy transfer dynamics. Steady-state and time-resolved spectroscopic 
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techniques have been used to study the energy transfer characteristics of PBS and their 

individual phycobiliproteins. Except for some ultrafast (fs) components, the 

experimental results support a general model based on Forster's t h e ~ r y ~ . ~  of inductive- 

resonance energy transfer. The observed ultrafast elements are suspected to arise from 

excitonically coupled 

This study focuses on the steady-state spectroscopy of the phycobiliprotein C- 

phycocyanin (PC) and associated linker peptides, isolated from the marine 

cyanobacterium Synechococcus sp. PCC 7002 also known as Agmenellum 

quadruplicatum. This chapter includes a review of PBS morphology and PBS energetics, 

then concludes with details of the project. 

PBS morphology 

A number of excellent  review^'*'^^'^ on phycobilisomes and phycobiliproteins 

available in the literature were used to assemble the following descriptive summary. PBS 

are large (5 - 15 x lo6 Da) multiprotein organelles located on the stromal side of the 

thylakoid membrane. Although they primarily transfer excitation to the photosystem 2 

complexes8 imbedded in the thylakoid membrane, it has been shown that transfer to 

photosystem 1 is also p~ss ib l e .~~ , '~  The size and shape of PBS differs among species16 

and are dependent on environmental growth conditions such as light inten~ity, '~"~ 

~avelength, '~- '~ and nutrient a~ailability.'~-~~ Each PBS is built from two main functional 

groups of polypeptides: (1) pigmented phycobiliproteins (henceforth known as 

'biliproteins') and (2) 'colorless' linker  polypeptide^.**^'^ The biliproteins found in blue- 

green algae (cyanobacteria) are divided into four classes according to their maximal 
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absorption wavelength: allophycocyanins (APC, LA mx = 650-655 nm), phycocyanin (PC, 

hAmx = 615-640 nm), phycoerythrin (PE, hAmx = 565-575 nm) and phycoerythrocyanin 

(PEC, hAmX = 575 nm). 

The most commonly found PBS shape is described as ‘hemidiscoidal’ with 

typical dimensions of 70 nm across the base, 30-50 nm in height and 14-17 nm 

width~Z8.30.3~ The PBS possesses two morphologically different domains: a “core” 

structure attached to the thylakoid membrane, and extending cylindrically shaped “rods” 

(Figure 1-1). The core contains different forms of the biliprotein APC while the rods 

contain PC, PE and, in some cases of filamentous ~yanobacteria,~~ PEC at the most distal 

end. The core is composed of either two or three stacked cylindrical APC assemblies, 

and the number of rods attached to this core varies from six to ten depending on the 

organism. Despite these subtle morphological differences in the general phycobilisome 

structure, each of the cylindrical biliprotein ‘disks’ has the same dimensions. The core 

cylinders are composed of four connected disks of 11 nm diameter and 3.5 nm thickness 

while the rod cylindrical disks have a thickness of 6 nm.31 The length of each rod varies 

from 12 to 36 nm according to organism and growth 

and x-ray crystallography of the rod disks have shown that each 6 nm-thick disk is 

actually an assembly of two face-to-face 3 nm disks which are the fundamental building 

blocks of the peripheral 

Electron microscopy 

Each 3 nm disk is composed of three monomers 

containing two different subunits (a and p) arranged in a C3-symmetrical array around a 

central cavity -3.5 nm in diameter. In most biliproteins, this central cavity is assumed to 
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structure contains, in addition to APC and a small colorless linker peptide, two copies of 

a large (70 - 128 kDa) chromophore-containing linker labeled LCM also known as the 

‘anchor protein’:* 

The crystal structure of the first biliprotein was resolved in 1985.35,36 Atomic 

resolution and refinement of the structure of PC43sa was quickly followed by other 

biliprotein structures: PECp5”6 PE,37,41947 APC4* and most recently APC associated with its 

L z . 8  linker p~lypeptide.~’ The structures of these biliproteins reveal that they possess 

nearly isomorphous backbone structures despite the fact that different biliproteins have to 

accommodate different numbers of structurally distinct chromophores at various protein 

sites. The basic relationship between all biliproteins is also reflected in the amino acid 

sequences. Sequence identity is high across species for APC ( S O %  homology):’ PC 

(>70%)’l and between PEC and PC (-60%).52*53 The spatial arrangement of the multiple 

a-helices in biliprotein structures along with their homologous chromophore binding 

sites has suggested a phylogenetic relationship between biliproteins and rny~globin.”~~~ 

C-Phycocyanin (PC) 

Like all other biliproteins, the PC trimer aggregate is water soluble and has a 

toroidal shape (Figure 1-2). Each 34 kDa monomer has 18 a-helices connected by short 

loop ~egrnents,4~.~ and a number of amino acid residues at the chromophore and subunit 

binding sites are highly conserved across  specie^.^.^ The brilliant colors of the biliproteins 

originate from covalently bound, linear tetrapyrrole chromophores. These chromophores 

can assume several conformations in solution due to variable configurations at the methine 

and methylene bridges between the pyrroles. In Synechococcus sp. PCC 7002, each PC 

monomer contains three phycocyanobilin chromophores attached to the protein via a single 
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thioether linkage to a cysteine residue. The chromophores are named according to 

monomer subunit and attached residue position as follows: a84, p84 and pl55. The a84 

and p84 chromophores are attached to cysteine residues located in a-helices close to the 

central cavity while the pl55 chromophore is attached to a cysteine located in one of the 

loop segments between helices on the periphery of the protein (Figure 1-2). The p84 

chromophore is located closest to the central cavity of the PC trimer, where it remains 

partially exposed to the solvent. The shortest interchromophore distance in the PC trimer is 

found between a84 and the p84 from a neighboring monomer (20.8 A). All of the 

chromophores are maintained in an extended conformation through interactions with the 

protein44v54 and their spectral properties differ according to conformation as well as the 

surrounding environment. Both a84 and p84 binding pockets are well-conserved across 

species and bil ipr~teins,~~ especially aspartate residues that provide anchoring stability for 

rings B and C in all phy~obilins.~~ In addition, the structure of the p84 chromophore itself 

also appears to be highly conserved.12 Figure 1-3 presents the native conformations of each 

PC chromophore type and it shows that, although the geometric conformation of the 

pyrrole rings is very similar among all three, there is great variability in the position of the 

propionate side chains. The interaction of these propionate groups with nearby charged 

amino acids in the binding pocket has been speculated to play a major role in determining 

the spectroscopic properties of the c h r o m o p h ~ r e . ~ ~ * ~ ~  

Linker peptides 

Each PBS requires five to nine different unpigmented or ‘colorless’ peptides for 

complete assembly, and these peptides account for 10-20% of the total PBS mass. It is 
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assumed that these peptides are localized in the central cavity of the biliprotein hexamers 

and that they connect one hexamer with its neighbor. Because of this function in joining 

together biliproteins, they were denoted as 'linker 

systematic nomenclature'o to differentiate them according to molecular weight and PBS 

location. For example, L:.* refers to a linker of 7.8 kDa mass located in the core (C) 

domain. Linker polypeptides can be divided into four groups according to PBS location: 

(1) LR polypeptides (8-35 kDa) are involved in the rod assembly, (2 )  L, linkers (8-1 1 

kDa) are found in the core structure, (3) LRC linkers (25-35 kDa) mediate the rod-core 

attachment, and (4) LCM polypeptides (75- 120 m a ) ,  which contain one chromophore, are 

involved in core assembly and attaihrnent to the thylakoid membrane. There is a 

significant amount of sequence homology among these linker peptides not only with each 

other (discussed in Chapter 3) but also with the biliproteins (30-40%).50 

and Glazer proposed a 

The protein surface of linker polypeptides does not exhibit a hydration envelope 

typical of globular  protein^,'^ and the high tendency of linkers to aggregate demonstrates 

hydrophobic behavior. Linker peptides are expected to be positively charged at 

physiological pH since their calculated isoelectric points are typically greater than pH 9. 

In contrast, the biliproteins are extremely water-soluble and carry significant negative 

charge at physiological pH. These observations suggest that the association between 

linker polypeptides and biliproteins is driven by a combination of hydrophobic and 

charge-charge  interaction^.'^ The only available crystal structure for a biliproteidlinker 

complex, APC/Lc7.* from M. laminosus, shows that the Lc708 linker interacts with two 

monomers of the trimeric APC complex and binds via multiple charged, polar, and 

hydrophobic contacts to the biliprotein ~hains.4~ L:.' interacts with two of the three p84 



PBS energetics 

Each PBS contains 300-800 covalently bound chromophoresSo which absorb light 

in the range of 450-665 nm and extend photosynthetic light-harvesting to spectral regions 

that are minimally active for chlorophylls . The PBS assembly has a quantum efficiency 

> 95% for transferred excitation energy emerging as APC fluore~cence.~’~~ After PBS 

excitation, fluorescence arises from photosystem 2 in 150 ps if the rods contain PE and in 

120 ps if the rods contain only PC.63 Kinetic and spectroscopic studies on the energy 

transfer of individual PBS biliproteins showed that simple emission-reabsorption 

mechanisms are not able to explain such efficiency. 1264-66 
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chromophores located in the APC central cavity by different methods. In one case, it 

induces a change in the chromophore’s physical conformation while in the second case, it 

alters the surrounding protein environment with a wealth of positively charged arginine 

I residues. 

Besides providing structural support, the linkers also modulate energy transfer 

interactions within and across each domain. Linker association typically produces long- 

wavelength shifts of varying magnitudes in the absorption and fluorescence maximum 

positions of the associated biliprotein.2*12*60-62 The location of linkers within the central 

cavity of the torus-shaped biliprotein hexamers or trimers can produce strong 

chromophore/linker interactions with the central biliprotein chromophores. The resulting 

arrangement of short- and long-wavelength absorbing biliproteidlinker complexes 

support a model of unidirectional transfer of excitation energy from the periphery of the 

PBS to the core. 
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Energy transfer within the PBS was first demonstrated in 1973.67 Since then this 

phenomenon has been studied in both PBS and various individual biliprotein aggregates 

using a number of steady-state and time-resolved spectroscopic techniques. From these 

studies, a general picture of the energy transfer process has emerged. The arrangement of 

biliproteins absorbing at different wavelengths indicates directional energy transfer and 

early investigations (summarized in reference 68) resulted in a scheme of stepwise 

'downhill' energy transfer from the outer parts of the rod (PE - PC ), to the core (APC), 

and then to photosystem 2. The unidirectional nature of this energy transfer between 

heterogeneous components of the PBS is a consequence of the energy difference of 

absorption between PE (PEC), PC, APC and the modulation of the spectroscopic 

properties of these biliproteins by the different linker peptides.I2 

Within a single trimer disk, the principle of sensitizing (s) and fluorescing (0 

chromophores was developed. Time-resolved fluorescence measurements show that the 

excitation energy absorbed by the chromophores at the periphery of the disc is rapidly 

localized on the centrally located b i l i n ~ . ~ ~ - ~ '  In PC, the pl55 and a84 chromophores are 

considered to be s-chromophores while p84 is the f -chrom~phore. '~ .~~*~~ To maintain an 

efficient system of energy transfer, the transfer time must be faster than the fluorescence 

lifetime of the chromophores. Typical florescence lifetimes for these chromophores are 

3-10 ns, while transfer times have been determined to be 8-20 ps inside hexamers and 

trimers, 24- 120 ps between rod 

BLC, terminal emitters.74 Detailed calculations became possible after elucidation of 

various biliprotein crystal structures. The strongest interaction and fastest energy transfer 

is expected to occur between chromophores at the shortest distances to each other. As the 

and - 150 ps for transfer from APC to the APC- 
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biliproteins are assembled into higher aggregates, the interchromophore distances with 

new neighbors are shorter and this provides new pathways for energy transfer. In 

monomeric PC, the shortest distance is between the two p-chromophores (34 A), while in 

the trimer it occurs between the a84 and p84 chromophores of adjacent subunits 

(20.8 

transfer exhibited in PBS biliproteins can be adequately explained using Forster's 

inductive resonance theory:* but the interpretation of some ultrafast kinetic components 

as excitonic interactions is under debate. 

Various research groups'~70~7'*73~75 have proposed that the fast and directed 

Based on the crystal structure of PC and on the resolved individual absorption 

spectra of the a84, p84 and pl55 c h r o m ~ p h o r e s ~ ~ * ~ ~  the individual transfer rates within 

PC monomers, trimers and hexamers were ~alculated.~ A model was derived which 

consisted of a combination of exciton interaction between a84 and 084 chromophores of 

neighboring subunits and Forster transfer steps. One of the predictions of this model was 

an ultrafast (330-370 fs) excited state decay in trimers and hexamers which should be 

absent in monomers. Such a fast interaction has been detected in PC trimers (-500 fs) 

and is correspondingly absent in PC monomers.66 The results have been interpreted as 

rapid Forster energy transfer between neighboring a84 and p84 chromophores which are 

close to each other only in trimer and hexamer PC aggregates. A similar ultrafast kinetic 

component has been observed in trimeric APC (-400 fs) but, unlike the PC component, it 

was not associated with a polarization decay component.76 Recent femtosecond pump- 

probe anisotropy measurements on APC and PC trimers89 exhibit multiexponential 

decays that provide significantly shorter time constants (APC = 10-30 fs and 280 fs; PC = 
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0.58-0.7; PC = 0.47) that are higher than the theoretical maximum (0.4) for a system of 

uncoupled chromophores, the authors propose the existence of an exciton state for the 

a84/P84 chromophore pair. The shorter rate constant is then interpreted as exciton state 

relaxation, while the longer fs component can be due to either localization of the 

excitation on one of the chromophores or Forster energy transfer between the two 

chromophores. A clear-cut decision between relaxation of exciton states and Forster 

energy transfer for these ultrafast processes is impossible to make at this point. 

The effect of associated linker peptides on the biliprotein kinetics is relatively 

unexplored. S teady-state absorbance and fluorescence measurements show that linker 

peptides affect the spectral properties of the associated biliprotein by inducing long- 

wavelength shifts of differing magnitude. 2~12*60-62 The absorptiodfluorescence maximum 

position of APC is red-shifted -3 nm when associated with Lc7.8.77.78 The recently 

resolved crystal structure of APC/L2.8 shows that the linker is interacting with only two 

of the three available APC monomers and that one of the p8 1 chromophores is 

significantly altered in conformation as a consequence of the associated linker.49 Time- 

resolved fluorescence decay measurements of the APC/L;.* aggregate show that there is 

no appreciable difference between the resolved kinetic rates of the APC and APC/L:.8 

complex on a picosecond t i m e ~ c a l e . ~ ~ ' ~ ~  Femtosecond measurements are needed to 

determine whether the presence of the linker is disruptive to the speculated a84/P84 

excitonic coupling. Although the APC/L:.' aggregate is the only structural example 

available, it may not be prototypical of biliproteidlinker complexes found in the PBS 

rods. This linker is expected to be less essential to PBS function than the L, or L,, 
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linkers because a mutant Synechococcus sp. PCC 7002 lacking L:.* was able to grow 

(albeit more slowly than wild type) with no appreciable difference in PBS structure or 

function. 

The Project 

This study focuses on the linker polypeptides LR8.9, LR32.3, and L R ~ ~ ~ - ~  found in 

the rod structure of cyanobacterium Synechococcus sp PCC 7002. Because these linker 

peptides modulate the channels of energy transfer within the PBS, biliproteidlinker 

complexes are interesting systems to study spectroscopically. The goal of this project is 

to elucidate the critical components of the linker peptide responsible for modulation of 

the spectral shifts observed in the PCAinker complexes. Measurements of the absorption, 

fluorescence and anisotropy of PCAinker complexes document the spectroscopic effect of 

the linker peptides on the PC chromophores at different temperatures (Chapter 4). These 

spectroscopic measurements, combined with a detailed analysis of the amino acid 

sequences of each linker peptide (Chapter 3), are used to produce a model of 

biliproteidlinker interaction presented in Chapter 5. 
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F'igure 1-2. Schematic representation of PC trimer (adapted from reference 44) 

Legend 
n a-subunit 

f3-subunit - a84 chromophore 
I 884 chromophore - 8155 chromophore 

Chromophore distances 
a84 - p84* -2OA 
p84-8155 34A 
a84-pl55 5OA 



F- 1-3. Chemical structure representations of phycocyanobilin chromophores 
by thioether link to PC cysteine residue at tetrapyrrole ring A 
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a84 chromophore (planar view) (side view) 

884 chromophore (planar view) (side view) 

PI55 chromophore (planar view) (side view) 
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Chapter 2. Materials & Methods 

Biological Preparations 

Synechococcus sp. PCC 7002 cultures 

The cyanobacterium Synechococcus sp. PCC 7002 was grown at room 

temperature in 1 L aliquots of Medium A' (Table 2-1) supplemented with vitamin B-12. 

The cultures were constantly stirred and maintained in an atmosphere of [95% N,/5% 

CO,] under white fluorescent light.' A typical batch of wild type strain took 7-10 days to 

reach confluency. It was then harvested by centrifugation in a Sorvall GS-3 rotor 

(Dupont Instqments) at 3500 x g for 10 min, resuspended in a minimal amount of 5 mM 

Na phosphate pH 7 buffer and stored frozen. 

Isolation and purification of PC complexes 

All buffers contained 1 mM sodium azide as a preservative, and all procedures 

were conducted at 4 "C unless noted otherwise. Isolation of PC complexes from 

Synechococcus sp. PCC 7002 was performed using either previously harvested cells that 

had been stored in the freezer or freshly harvested batches. The procedure described 

below was adapted from that developed by Yu et al. A French press was used (-22 

GPa) to break apart the cell membranes. 

separated from membrane fragments and other precipitating pigments using a series of 

successive centrifugation spins on the resulting supernatant: 35,000 x g (Sorvall SS-34 

rotor) for 30 min, 300,000 x g (Beckman Ti-60 rotor) for 1 hour. 

The water soluble phycobilisomes were 

To separate the PC and APC, the blue supernatant was dialyzed in 1 L of 1 mM K 

phosphateA00 mM NaCl pH 7 buffer solution for 4 hours then applied to a Biogel HTP 
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(Biorad) column (2.5 x 10 cm) previously equilibrated with the same buffer. PC was 

eluted with 50 mL of 35 mM K phosphate/100 mM NaCl pH 7 buffer solution. The 

majority of the APC remained bound to the column until "cleaned" with 50 mL of 100 

mM K phosphate/100 mM NaCl pH 7 buffer solution and subsequently discarded. The 

absorbance of the elution fractions was tested, and the fractions containing PC were 

pooled and dialyzed versus 5 mh4 K phosphate pH 7 buffer solution overnight with one 

buffer change after 2-4 hours. 

The PC solution was applied to a DEAE cellulose (DE-52) (Whatman) column (5  

x 5 cm) previously equilibrated with the same buffer as the dialyzed PC, and separation 

of the PC aggregates was achieved using a linear gradient of 5 mM to 125 mM K 

phosphate pH 7 buffer solutions (total volume = 400 mL). PCAinker complexes were 

found in the earlier eluting fractions (- 40 mM K phosphate pH 7) as determined by 

SDS-PAGE and absorbance measurements and were pooled separately from the other PC 

fractions. The two PC pools were separately concentrated using an Amicon ultrafiltration 

system with PM30 membranes, dialyzed with 50 mM K phosphate pH 7 buffer solution 

for at least 4 hours, then stored at 4 "C. 

Linear sucrose gradients (5%- 15% in 50 mM K phosphate pH 7, total volume = 5 

mL) prepared with high purity sucrose (Aldrich) were used to separate the PCAinker 

complexes, PC/ L R ~ ~ . ~  and PC/ L,13(328'5. About 100 pL of the concentrated PCAinker 

solution was loaded onto each gradient, then spun at 200,000 x g (Beckman SW 50.1 

swinging bucket rotor) for 14 hours at 20 "C. The two resulting blue layers were 

carefully extracted with a syringe and used in spectral measurements without further 

purification. SDS-PAGE and absorbance measurements revealed that the bottom layer I 
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contains predominantly the Pc/LRc28.5 complex, and the top layer, the Pc/LR32.3 

complex. 

Spectroscopic Methods 

Steady state measurements 

All measurements were conducted in 4 rnL, disposable clear polypropylene 

cuvettes with 1 cm path length. Absorption traces were gathered on an AVIV 14DS UV- 

VIS-NIR Spectrophotometer (AVIV, Lakewood, NJ) and were corrected with the 

corresponding buffer "blank" subtracted as baseline. Samples were diluted to a 

maximum absorbance of 0.1 in the visible region, and then used for fluorescence 

measurements. Excitation and emission spectra were gathered using a Spex Fluorolog 

spectrophotometer (Spex ISA, Edison, NJ) with detection at 90" from excitation and 

using a reference photodiode in the excitation monochromator compartment to correct for 

variations in lamp intensity. Other corrections were made to compensate for the 

photomultiplier tube detector wavelength dependent sensitivity and, in the case of 

polarization data, for monochromator bias towards light of parallel orientation. 

Wavelength calibration of the emission monochromator was performed using a standard 

sodium lamp in the sample compartment. A systematic mechanical error in the 

monochromator motor leads to increasingly bigger discrepancies in wavelength position 

traveling in either direction from the calibrated sodium line. Corrections due to this 

mechanical error are very important for the Kennard-Stepanov analysis and they were 

performed using an interpolation program written by M. Talbot. It accepts the 

experimental data, which contains fluorescence intensity values spaced at regular 
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wavelength intervals (1.0 nm), and compresses it to the true wavelength values 

determined from the scan of a sodium standard lamp. In performing this compression, 

the program interpolates the measured intensities resulting in minor smoothing of the 

data. Over the region of interest in these experiments (450-800 nm), the worst deviation 

from the correct wavelength is 5 0.3 nm. 

Samples were excited with approximately 4 nm bandwidth of light, and the 

emission bandwidth was typically < 2 nm. Scanning step size was 1 nm and dwell time 

was set at 1-5 seconds per step depending on protein concentration and experimental 

procedure. For example, the polarized excitation traces benefited greatly from longer 

averaging time at each step. 

Samples were prepared in the appropriate buffer solutions (shown below) with 

maximal absorbance 0.1. Emission scans of each PC complex were first taken with the 

excitation wavelengths set at the maximum absorbance for each complex as follows: 

PC monomer 1 M KSCN/S mM K phosphate pH 7 

PC trimer 50 mM K phosphate pH 7 h,,=622 nm 

Pc/LRC28’5 50 mM K phosphate pH 7 hE,=637 nm 

P C / L R ~ ~ . ~  50 mM K phosphate pH 7 hE,=624 nm. 

h,,=616 nm 

Each of these emission scans was then repeated with the excitation set at 585 nm to 

eliminate the scattering from the excitation lamp in presenting the spectra. The emission 

bands for each complex were identical at these two excitation wavelengths. Excitation 

spectra were taken with the emission wavelength set at 650-660 nm. 
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Measurements using polarized light 

Circular dichroism (CD) measurements for each PC complex (prepared in the 

appropriate buffer as described above) were made using a Model J600 

Spectropolarimeter (Japan Spectroscopic Co.). This instrument is equipped with a 450 W 

Xenon arc lamp as a light source, double monochromators for precise wavelength 

selection, two crystal prisms to produce linearly polarized light, a CD modulator to 

convert the output from the prisms into circularly polarized light, and finally a 

photomultiplier tube to detect the output signal. Data were gathered with the following 

parameters: 1 nm bandwidth, 20 mdeg sensitivity, time constant of 2 seconds at each 0.2 

nm step. A total of 8- 10 scans were averaged for each sample. CD scans of the 

respective solution buffers were separately acquired and subtracted from each sample’s 

CD spectrum. In addition, the spectra were corrected against an average baseline profile 

of the empty cuvette taken before and after each scan. The instrument software 

automatically calculates the molecular ellipticity [e] or CD magnitude, experimentally 

determined as: 

= -log( 1 t) 
LC 

where L is the cell length, C is the sample concentration expressed in molesfliter of 

protein residues, E is the extinction coefficient and IR and I,  correspond to the right- and 

left-circularly polarized light intensities detected by the photomultiplier tube. 

Polarized excitation fluorescence measurements of each PC complex were made 

on the Spex Fluorolog described above equipped with polarizing prisms installed in the 
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excitation and emission ports of the sample compartment as shown in Figure 2-1. Iparalk, 

denotes the emission intensity when the two prisms are oriented along the same vertical 

axis and Iperpendicular represents intensity measured with a 90" difference in the axial 

orientation of the prisms. Experimentally, this translates to four possible axial 

combinations of the excitation and emission port polarizing prisms: VV, HH, VH, and 

HV where V represents a vertical orientation and H is a horizontal orientation (Figure 2- 

1). A homogenized scattering solution made with non-dairy creamer at a very dilute 

concentration was used to calibrate the prism positions at maximal (VV) and minimal 

intensity (HV). As an excitation scan was taken, the positions of the polarizers were 

moved automatically through the four different possible configurations at each 

wavelength position (Figure 2-1). The end result is four separate excitation scans for a 

single sample, each one taken at a different polarizer configuration (VV, HH, HV, VH). 

To improve signal-to-noise at each polarizer configuration, five to eight scans were 

averaged before calculating the anisotropy. For PC monomers, PC trimers, and 

P c L ~ 3 2 . 3  the emission wavelength used in these polarized excitation scans was 3LEM = 

647 nm while for P C L R C ~ ~ . ~ ,  kEM = 654 nm. The anisotropy is typically calculated as: 

r =  'parallel - 'perpendicular - 
'parallel -k 2'perpendicular 

however, a correction must be applied to the Iparallel and IWndicular terms due to the 

polarization bias of the monochromator gratings favoring light in a parallel ~rientation.~. 

This instrument bias is characterized by the ratio N = (HWHV) which is dependent on 

~avelength .~  Consequently N is used to lower the measured VV intensity to its true 

Ipmlle, value and the fluorescence anisotropy is experimentally determined as: 
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N(VV) - (VH) r =  
N(VV) + 2(VH) 

Low temperature measurements 

Low temperature measurements of the absorbance and fluorescence were taken 

using an Oxford liquid nitrogen cryostat (Model Optistat DN, Oxford Instruments, 

Bedford, MA) pumped to at least Torr with a turbopump (Model V-70, Varian 

vacuum products, Lexington, MA). The typical vacuum obtained at room temperature 

was Torr. A schematic diagram of the cryostat is shown in Figure 2-2. Disposable 

polystyrene cuvettes (1 cm square) were placed in a specialized sample holder whose 

temperature was controlled by heat exchange with the cryostat heater assembly or 

gaseous flow of liquid nitrogen stored in a reservoir. The heater was driven by a 

controller unit that could be set manually or through a computer interface. To obtain a 

more accurate measure of temperature at the sample, a T-type thermocouple connected to 

an Autotune Temperature Controller unit (Model CN 132, Omega Engineering Inc., 

Stamford, CT) was inserted directly into the sample cuvette -3 mm from the sample (but 

not in it, Figure 2-2). The cryostat was equipped with quartz port windows sealed with 

indium wire that was replaced after -10 days of operation or when a leak was detected. 

Samples were prepared at low concentrations (-25 pg/mL, absorbance maximum 

0.1) in the following buffers and were placed under house vacuum for 20-30 min before 

inserting into the cryostat to eliminate bubbles that would affect the clear glass formed at 

low temperature. PC monomers were prepared in a 75% glycerolR mM K phosphate pH 

7 buffer while all the other PC complexes were prepared in 3 M sucrose (Sigma, > 99.5% 
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purity). Room temperature absorption spectra were routinely taken before and after 

freezing to verify that the freezing process had not damaged the proteins. 

Once the desired temperature was reached by the cryostat heater controller, the 

thermocouple located at the sample cuvette showed that 10- 30 min was needed for the 

sample to equilibrate to the same temperature with the larger delays occurring at the 

lower temperatures. The lowest measured temperature at the sample cuvette was 84 K 

even after 3 hours of equilibration time was allowed. The built-in temperature detector in 

the Oxford cryostat is actually located 2-3 cm above the sample cuvette (Figure 2-2) and 

it registered 77 K; the poor conduction of this temperature to the sample compartment is 

a flaw of the instrument design. Fluctuations in the sample temperature were in the order 

o f f  0.3 K during the scan. Absorbance traces of each buffer were taken separately at 

each temperature and then were subtracted from those of the protein samples for baseIine 

correction. There was no cuvette in the reference compartment of the absorbance 

spectrometer. 

Before initiating the cooling process, the position of the cryostat and thus the 

sample holder was adjusted to the maximum transmittance observed at 700 nm. 

Typically, the cryostat alone allowed -60% transmittance at 700 nm, and once a blank 

buffer sample was introduced this decreased to -50% transmittance. When ambient 

humidity was present in the sample space, water droplets deposited on the inside 

windows as the sample was cooled. This produced a fair amount of scattering. To 

minimize this humidity, pump/purge cycles of dry nitrogen using a small mechanical 

vacuum pump were performed after each sample insertion and at times (during the rainy 

season) the entire cryostat would be enveloped in a disposable glove bag filled with 
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house nitrogen. The use of this glove bag was particularly advantageous during sample 

exchanges at low temperatures to prevent moist air from condensing inside the cool 

sample space, The AVIV sample compartment and that of the fluorimeter were also 

continuously purged with dry nitrogen. 

For low temperature fluorescence measurements, the Spex fI uorimeter sample 

cavity was removed to accommodate the Oxford cryostat and homemade holder (made by 

H. Visser). The apparatus was covered with a black cloth and the mirrors were set for 

right angle detection. The emission bandwidth was < 2.0 mm and a red filter (Kodak 

wratten filter #26) was used in the emission pathway to minimize detection of first 

harmonic wavelengths. For excitation scans (450-700 nm) the emission monochromator 

was set at 655 nm, and for emission scans (590-800 nm) the excitation monochromator 

was set at LEX = 585 nm. Red-edge excitation scans were taken at LEX = 660 nm instead of 

585 nm. The emission signal when LEX= 660 nm was very weak and thus showed a 

higher amount of background noise; the monochromator excitation slits were opened to 

2.0 mm to compensate. 

Analytical methods 

All of the data analysis presented in this work was performed using commonly 

available software programs. The Kennard-Stepanov calculations and spectra presented 

in Chapter 4 were performed using either Excel 98 (Microsoft Corp., Redmond, WA) or 

Igor 2.6 (Wavemetrics, Lake Oswego, OR). The programs presented in Chapter 3 for the 

linker homology studies were accessed via the internet and are described below. 
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Primary Structure Analysis - Amino Acid Sequences 

The analytical software tools used for evaluating the primary and secondary 

structures of the linker peptides were available at no cost through the Expert Protein 

Analysis System (ExPASy) of the Swiss Institute of Bioinformatics: 

[http://expasy. hcuge.ch/www/tools. html] . 

Interactive access was made using Netscape Navigator and the results (presented in 

Chapter 3) were received via electronic mail. The programs can be collectively accessed 

through the ExPASy site or directly at their own individual internet locations as noted 

throughout this description. The published amino acid sequences of the linker peptides 

(LR8”, L R ~ ~ . ~ ,  LRC28’5) found in the phycobilisome rods of Synechococcus sp. PCC 

7002 were subjected to all of the programs described below. The primary structure of the 

core linker Lc7.8 from Mastigocladus laminosus was also included where appropriate to 

test method accuracy. 

SWISS-PROT Seauence Database [ http://expasy. hcuge. ch/cgi- bidsprot-search-de] 

The amino acid sequences used were obtained from the SWISS-PROT sequence 

database maintained by the European Bioinformatics Institute (EBI). The database 

contains information from many sources, such as the European Molecular Biology 

Laboratory (EMBL), the Nucleotide sequence database, the Brookhaven Protein Data 

Bank (PDB), the NIH Protein Information Resource Center (PIR) and is cross-referenced 

to other gene, protein and nucleotide information data banks. For simplicity in repeatedly 

accessing data, the accession (AC) identification numbers for all Synechococcus sp. PCC 

7002 proteins analyzed are as follows: 

http://expasy
http://expasy


Protein 

PC a subunit 

PC f3 subunit 

LRC28-5 

~ ~ 3 2 . 3  

LR8*’ 

- Gene AC Number 

cpcA PO3943 

cpcB PO3944 

cpcG 405238 

cpcc 405237 

cpcD P3 1966 
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Search for primary structure homology with other proteins 

Two different programs were used to perform homology searches for each of the 

linker protein sequences against a non-redundant combination of independent databases: 

PDB (Brookhaven National Laboratory), PIR (Georgetown University), PRF, EMBL and 

SWISS -PROT. 

The Fast-A3 program [http://www.ebi.ac. uk/htbidfasta.py ?request] is based at the 

EMBL and uses an algorithm developed by Pearson and Lipman at the University of 

to search for similarities between one sequence (the query) and any group of 

sequences. This method first identifies the ten best regions of similarity between the 

query sequence and each sequence from the search set and sets up a matrix. These “best” 

regions are then rescored using a scoring matrix that allows conservative replacements of 

amino acids, ambiguity symbols, and runs of shorter identities (less than ten regions). In 

the third step, the program checks to see if some of these initiaI highest-scoring diagonaIs 

can be joined together. Finally, the set of sequences with the highest scores is aligned to 

the query sequence for graphical display. The output has three forms, all organized by 

score from highest to lowest: (1) a histogram, along with standard deviations, showing 

http://www.ebi.ac
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the overlapping regions of homology between the query sequence and the search results 

without specific identity of each amino acid, (2) a list of the matching result sequences 

identified by AC numbers and organisdprotein information and (3) individual 

alignments of each matching result sequence with the query sequence. 

For each amino acid sequence, the top 100 matches in the database were routinely 

requested to include homology matches to proteins that were not related to the family of 

cyanobacterial proteins. However such matches frequently occurred over small regions 

of very large proteins and were thus statistically insignificant. To avoid lengthy result 

outputs, Fast-A3 automatically displayed only the region of overlap between two aligned 

sequences and not the entire sequences. 

The second program used for homology searches was the “Basic Local Alignment 

Search Tool” (BLAST) [http://expasy. hcuge.cWcgi-bin/BLASTEPFL.pl?] maintained by 

the Ecole Polytechnique de Lausanne in Switzerland. BLAST has the advantage of 

searching not only for direct sequence matches but also for local sequence similarities as 

well as multiple regions of h~mology.~ It also provides a threshold parameter for 

background “noise”, the number of random hits that can be expected from using a 

database of a particular size. The disadvantage is that, rather than entering AC numbers 

for your query sequence, the interface requires that the entire protein sequence, formatted 

in single letter amino acid codes, be entered. One can choose to define a set of 

parameters to restrict the search, but for the most part I used the default set of parameters 

and selected the main peptide database as SWISS-PROT to compare the results with 

those of the Fast-A3 program. BLAST displays results as a group of result sequences 

http://expasy
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versus the original query sequence with graphical simulated lines aligned below the query 

for regions of homology or by specifically listing the amino acid residues. 

MultAlin propram -Multiple Sequence Alignment of Linker Peptides 

The amino acid sequences of each linker were compared against each other using 

the MultAlin program at Institut National de la Recherche Agronomique (INRA) 

[http://www.touZouse. inru.fr/muEtulin.htZ]. MultAlin creates a multiple sequence 

alignment from a group of related sequences using progressive pairwise alignments.' The 

protein sequences are aligned with postulated gaps so that similar residues are 

juxtaposed. A positive score is attached to the alignment of identical amino acids, 

conservative substitutions for similar amino acids, and a penalty is given for gaps or non- 

conservative substitutions. Multiple iterations optimize the total score, evaluate all 

possible alignments and allow for any length gap at any position. The output of the two 

aligned sequences can be viewed either in the form of a text file or a GIF file which one 

can manipulate for color, size, consensus level and comments. In addition, the output is 

used as a starting point for secondary structure prediction. 

Protein Secondary Structure Predictions 

A variety of programs are available for secondary structure prediction from the 

amino acid sequence of a protein and their accuracy is typically -70%. The recently 

available JPred consensus method [http://circinus. ebi. ac. uk:808l/submit. html] 

automatically runs and evaluates the results from six representative algorithms, and 

reports the individuaI as well as the consensus predictions.' The individual programs are 

http://www.touZouse
http://circinus
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described below. The consensus prediction is based on a simple majority combination of 

the four currently most accurate methods (NNSSP, DSC, PREDATOR and PHD) and 

boasts an accuracy of 72.9% in the prediction of three conformational states (a-helix, 

extended P-strand and random loop). Two other methods (MULPRED and ZPRED) are 

also automatically activated by JPred which are not included in the consensus evaluation 

but are supplied for comparison. 

MULPRED 

MULPRED is a consensus algorithm based on the combination of different single 

sequence prediction  method^.'^.'^ Although descriptive literature is unavailable, the 

authors of JPred demonstrate that this approach is not so accurate as current multiple 

sequence methods.I5 MULPRED is incorporated into JPred and cannot be individually 

accessed; its prediction results are provided for comparative purposes only. 

ZPRED [ http://kestrel. Eudwig. ucl. ac. ukkpred. html] 

ZPRED predicts secondary structure and active sites based on the conservation of 

amino acids between the query sequence and a family of homologous proteins.16 It 

recognizes a sequence relationship between a segment of the polypeptide chain of the 

unknown structure with a sequence and conformation database from the known 

structures. In other words, the ZPRED algorithm is built on the observation that when 

sequences are aligned; the regions of insertions and low conservation of amino acids tend 

to occur in the random loop regions and not in the a-helix or P-sheet  structure^.'^ The 

accuracy for a three-state prediction (a-helix, P-sheet, loop) ranges between 59% and 

http://kestrel
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63%. It begins with an alignment of the multiple homologous sequences and produces a 

standard Robson prediction" for each amino acid residue using an evaluation interval of 

17 residues along the sequence. The prediction for each residue is averaged over the 

entire family of aligned homologous structures. A conservation number is assigned to 

each residue of the query sequence based on the strength of its homology with the other 

aligned homologous proteins; an identical match produces the highest score while a 

penalty is incurred for chemically different amino acids. The conservation number is 

averaged over three residues and the resulting values are used to weight the previously 

obtained averaged secondary structure prediction. More accurate conservation number 

scores would be possible through improvements to the alignment procedure as well as 

from a better evaluation method of the similarity in chemical properties of the amino 

acids. A second feature of the ZPRED algorithm is the identification of active sites using 

the assumption that residues conserved in loop regions are more significant for protein 

function than those conserved in P-sheets or a-helices. Loop regions are more mobile 

and make poor scaffolding for the overall protein structure so from an architectural point 

of view there is no reason to evolutionarily conserve particular sequences unless these are 

also involved in function. JPred provides both the calculated ZPRED conservation 

number score and its resulting secondary structure prediction. 

Discrimination of Secondary Structure Class (DSC) 

[h ttp://bonsai. 1 if. icne t. ulddsc/dsc-read-al ign. h tml] 

The aim of DSC was to decompose secondary structure prediction into its basic 

concepts and then use simple linear statistical methods to combine these concepts to 
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produce an understanding of the folding process." To date, DSC achieves the highest 

three-state accuracy (a-helix, P-strand, coil) observed (70.1 %) for a non neural-network 

approach. It begins with a simple single sequence prediction (over a window segment of 

17 amino acid residues) based on the propensity of particular residues for particular 

secondary s t ruc t~res . '~ '~  It then applies a linear discrimination function based on the 

following factors: residue position, hydrophobic regions, insertion and deletion areas in 

multiple aligned homologous sequences (typically occur in loop regions), and 

conservation of a-helix and P-strand in homologous sequences. The resulting prediction 

for each residue is "smoothed" over 2 to 5 residues and then refined by calculating the 

expected ratio of a-helix and P-strand structures as well as the frequency of certain 

residues (weighting factors). A second linear discrimination function is applied and then 

a filter for physically unlikely sequences of conformations is performed before delivering 

the final prediction. DSC accuracy differs according to sequence chain-length and its 

most accurate results are found for short (< 90 residues) or medium-length chains (90- 

170 residues). For longer chains, PHD, a neural-network approach described further 

below, is found to be significantly more accurate than DSC. 

Nearest Neighbor Secondary Structure Prediction (NNSSP) [http://genomic.sanger.ac. uk] 

NNSSP uses nearest-neighbor algorithms along with multiple sequence alignment 

to predict a three-state system of secondary structures (a-helix, @-strand and coil) with an 

accuracy maximum of 72.2%.19 The basic idea of the nearest-neighbor approach is the 

prediction of the secondary structure state of the central residue of a test segment, based 

on the secondary structure of homologous segments from proteins with known three- 

http://genomic.sanger.ac
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dimensional structure. Restricting the number of homologous sequences to those most 

closely associated with the test sequence improves the accuracy of the method. NNSSP 

uses a scoring system for each residue that combines a sequence similarity matrix with a 

local structural environment scoring method2’ developed from a database of proteins with 

known three-dimensional structure. The database information allows the assignment of 

“environment classes” to each residue separately and as a group according to its local 

structure features, i.e., secondary structure state, solvent accessibility, polarity, and 

residue position. The most crucial element of the algorithm is what combination of 

environmental classes and similarity matrix to use when setting up the scoring table. For 

example, the method accuracy was improved by creating a separate environmental class 

for the N- and C- terminal ends of a-helices and 0-strands, which are usually difficult 

prediction areas. 

Once each residue of the test sequence has been assigned a structural state, the 

prediction is refined by considering the structural state of its nearest-neighbors in the 

sequence segment (window size tested with 17 to 23 residues) as well as the predictions 

for the same aligned segment in the homologous sequences. Decisions are made on a 

simple majority vote and some filtering rules are applied to avoid unrealistic cases of 

very short helices and strands. A weighting parameter based on database statistics of 

secondary structure content in globular proteins was used to improve the accuracy of p- 

strand prediction from 42% to 65%, but even so the NNSSP algorithm is more accurate in 

predicting a-helices (72.8%) than P-strands (66.6%). 



PREDATOR-secondary structure prediction from single or multiple seauences 

[http://w ww. em bl- heidelberg.de/cgi/predator_sen?pll 

PREDATOR is a three state (a-helix, P-strand, coil) secondary structure 

prediction routine with a 68% accuracy for a single sequence.*’*” The program can 

accept either a single sequence or a set of multiple sequences generated by a multiple 

alignment routine such as MultAlin described above. A single sequence input will 

prompt a search of large protein sequence databases for related members followed by a 

multiple alignment of the homologous sequences to produce a secondary structure 

prediction for the query sequence. The prediction technique takes into account the 

position and structural type of each amino acid residue individually and in relation to its 

nearest neighbors. A window average of predicted structure states over the length of 13 

residues is applied for each individual residue. Filteringkleaning rounds are completed 

to eliminate assignment conflicts between window segments before the final prediction is 

made. The resulting output shows the predicted secondary structure state for each residue 

as well as its calculated reliability index. 

Predictprotein method using a profile network mediction Heidelberg (PHD) 

[http://www. em bl-heidelberg.de/predictproteidpredictprotein. html] 

PHD is composed of a series of programs that were developed at the EMBL with 

the purpose of improving secondary structure predictions using evolutionary information 

gathered from multiple sequence alignments or a multi-level system of neural networks. 

PHDsecZ3-= was used for secondary structure prediction, PHDaccz6 was designed to 

determine solvent accessibility while PHDhtmz7 searches for helical transmembrane 

http://w
http://www
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regions. At 72.2% three-state (a-helix, P-strand, coil) accuracy, PHD is considered the 

most accurate secondary structure method currently available. Evaluated on the same 

data set of proteins, PHD has been rated at 10% higher three-state accuracy than methods 

using only single sequence information such as the previously discussed MULPRED, and 

at more than 6% higher than a method using alignment information based only on 

database statistics.** 

The first step in the PHD analysis is to generate a multiple sequence alignment 

with proteins homologous to the test sequence. The second step involves feeding the 

alignment into a neural network system. Correctness of the multiple sequence alignment 

is as crucial for prediction accuracy as that the alignment contains a broad spectrum of 

homologous sequences. The PHD methods then process the input information on 

multiple levels. The first level is a feed-forward neural network (sequence-to-structure) 

consisting of two contributions: one from the original sequence (local) taken from a 

window of 13 adjacent residues and one from the family of homologous sequences 

(global). The output from this first level network is the structural state of the residue at 

the center of the input window. A second level structure-to-structure network is then 

applied to introduce a correlation between adjacent residues so that predicted lengths of 

a-helices and &strands are similar to those observed in three-dimensional protein 

structures. The next procedure involves weighting the prediction results to compensate 

for low accuracy P-strand prediction and a comparison is made per residue between the 

pre-weighted result and the weighted output and the prediction with the higher 

probability score is propagated to the next step. The final step is a simple filter to 

eliminate physically unrealistic predictions. 



The final PHD output includes the secondary structure predictions for each 

residue as well as its calculated reliability. These reliability values for each structural 

class were plotted on a per residue basis to compare each region against all of the 

predicted structural possibilities. For example, if there is a strong probability for a region 

of 10 amino acids as an a-helix, then all other structure types should be minimal in this 

same region; whereas if the region can be classified as either a P-strand or random coil, 

the two structural classes will have comparable probability values. 

RASMOL molecular viewer program 

The RASMOL program was originally developed as an interactive molecular 

structure viewer compatible with MacIntosh software. 29 It was one of the first successful 

graphic tools available for use on a small processor unit or personal computer. Various 

research computing groups around the world have modified the original programming 

code to add user-friendly interaction features and to produce versions that are more 

scientifically accurate (restrict bond lengths, angles etc.). RASMOL is now widely 

available along with instruction manuals in different computing platforms. The version 

used in this thesis was obtained through the UC-Berkeley Modular Chemistry 

Consortium website [http://mcZ.cchem.berkeley.edu] and is called RasMac-ucbvl.3. We 

have used it to display various views of the crystal structures of the Synechococcus sp. 

PCC 7002 PC trimer and monomer units as well as the Mastigocladus laminosus APC 

trimer and L$* linker. 

The crystal structures in the SWISS-PROT database could be downloaded directly 

into RASMOL. There is a number of structural display options available and a palette of 

http://mcZ.cchem.berkeley.edu
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colors that can be chosen through either a command window or the dradclick menus. 

Typically, the bulk of the protein is displayed in helical grey ribbons and regions of 

interest are accented by using the "select" and "color" commands in the RASMOL 

control window. 
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Table 2-1. Medium A+ Recipe 

Chemical 

NaNO, 

NH4C1 

K2HP0,*3H,0 

CaC12*2H20 

Salt Solution 

MgSO4 
NaCl 

KC1 

Na2EDTA 

1M Tris, pH 8 

FeC13*6H20 

Trace Metals 

H3BO3 
MnCl,*4H20 

ZnS04*7H20 

Na2Mo04*2H20 

CuSO,*SH,O 

CoC1,*6H20 

Vitamin B-12 

Concentration 
of Stock (g/L)* 

500 

150 

50 

230 

24.4 

180 

6 

30 

1 M  

4 

34.2 

4.3 

0.63 

3.9 

0.03 

0.0122 

50 mg/L 

Volume(mL) of Stock 
per 1L of Medium 

2 

1 

1 

1 

100 

1 

8.5 

1 

1 

0.1 

Final concentration 
( g k > *  

1 .o 
0.15 

0.05 

0.23 

2.44 

18 

0.6 

0.03 

8.5 mM . 

4 mg/L 

34.2 mg/L 

4.3 mg/L 

0.63 mg/L 

3.9 mg/L 

30 PLgL 
12.2 pg/L 

5 PgK 

* units are g / L  unless specified otherwise 
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Figure 2-1. Optical schematic of Spex Fluorolog used in fluorescence measurements 
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Figure 2-2. Schematic diagram of Oxford OptistatDN liquid nitrogen cryostat 
(adapted from Oxford instruction manual) 
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Chapter 3. Analysis of linker homology and structural predictions 

Introduction 

The colorless linker peptides of Synechococcus sp. PCC 7002 are an integral part 

of the phycobilisome (PBS) assembly. Besides providing structural support, the rod linkers 

modify the spectral properties of the resident biliprotein chromophores thereby affecting 

the flow of energy transfer. Until recently, there was very little structural information 

available for the linker peptides. In the PBS rods, the linkers are assumed to occupy the 

-35 A-wide "cavity" at the center of the biliprotein hexamer unit, The C3 symmetry of the 

C-phycocyanin (PC) trimer provides the 'single' linker peptide with three identical binding 

sites, and it is this lack of overall symmetry for the PC/linker complex that hindered 

resolution of crystallographic data. The first resolved crystal structure of a 

biliproteidlinker complex has now been published; it is the core biliprotein 

allophycocyanin (APC) with its small linker peptide k7.8 isolated from Mastigocladus 

laminosus. This structure has made it possibIe to pinpoint the specific physical interaction 

sites between the linker peptide and the APC-bound chromophores. 

I 

The structure of APC is very similar to that of PC, and all chromophores found in 

these two biliproteins are chemically identical phycocyanobilins named according to 

subunit and residue position, The goal of the analysis presented in this chapter is to 

examine the available primary structure of the three rod linkers found in Synechococcus sp. 

PCC 7002 (LR~-9, L R ~ ~ . ~ ,  LRc28*5) and produce a model of interaction for PCAinker 

aggregates. The APC/Lc7e8 structure will be used as a guide in drawing analogous 

conclusions for PCAinker interactions. The chapter is divided into three parts. First, an 

analysis of the inherent primary structure properties of each linker peptide sequence is 
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presented. This includes examination of electrostatic charge content, hydrophobic regions 

and sequence segments homologous with other proteins. Secondly, predictions of the 

secondary structure of each linker sequence are calculated and compared to the known 

Lc7-8 structure. The results of this primary and secondary structure analysis of the linkers 

is discussed and summarized, followed by a comparative analysis of the APC and PC 

tertiary structures for possible linker binding sites. 

Results 

Primary Structure Analysis 

All amino acid sequences used were obtained from the SWISS-PROT database, 

and those of the rod linker peptides are shown in Table 3-1 at the end of this chapter. 

Statistical properties calculated from each linker's amino acid sequence are reported in 

Table 3-2. Of the three rod linkers in this study, L R ~ . ~  has the lowest calculated 

isoelectric point (PI = 5.42), with a value comparable to that of the PC a (PI = 5.3 1) and 

p (PI = 5.58) subunits. In contrast, the core linker k7.8 has an extremely high PI. Table 

3-2 also shows that the content of electrostatically charged amino acids in each linker is 

different between the rod linkers and the Lc7-8 linker. While all the rod linkers have an 

almost equal balance of positively and negatively charged amino acids, L C ~ . ~  has a 3: 1 

majority of positively charged residues to negatively charged ones. On average, the 

content of charged residues in the rod linkers comprised -22% of the total amino acid 

content. The most abundant charged amino acid in the rod linker peptides is the 

positively-charged arginine. It ranks second only in LR~-9, where glutamate is more 

abundant, resulting in a slightly more negatively charged content. The other two rod 
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linkers, L R ~ ~ . ~  and LRC28*5, have overall electrostatic charges that are either neutral or 

slightly positive. 

Two algorithms, Fast-A3 and BLAST (described in Chapter 2), were used to 

perform each homology search and both yielded comparable results; only the Fast-A3 

results are presented here. Tables 3-3A to 3-3D summarize the homology search results 

for each linker sequence; these are organized according to gene name, in order of 

decreasing similarity with the specified linker. A code key of gene names and organisms 

is provided to identify each homologous protein. The homology score next to each 

sequence represents the similarity between the query sequence and a homologous protein 

over the entire length of the sequence; the algorithm evaluates each set of residues and 

determines the score from the number of identical matches as well as matches between 

amino acids with similar properties. On a separate graph below each table, we have 

noted the “conservation” across species for the protein family of the query sequence by 

plotting the number of times a residue is repeated (Le., if a histidine appears at the same 

position in 5 out of 8 sequences, then it is 63% conserved) versus the residue position. 

This helps in identifying evolutionary trends across the sequence length. 

Generally, each linker attains the highest homology score with proteins of the 

same type in different cyanobacterial species, Le., Lc7.8 has the highest homology score 

with other Lc linkers while LRC28‘5 is most similar to other LRC linkers. No significant 

region is common among all three rod linkers, although LRC28*5 and L R ~ - ~  each share 

some sequence homology with separate regions of L~32.3  (for quick reference see 

schematic in Figure 3- 1, details are shown in Figure 3-2). The sequence for Lc7.8 shares 
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a significant region of similarity with LR809 near its C-terminus that is also homologous 

to LR32.3 and LRc28.5 albeit to a lesser extent (Figure 3-3). 

The results from the Fast-A3 search for homologous proteins with the LR8.9 

sequence are shown in Table 3-3A. There is good homology with other rod-capping 

linkers (code = PYS1, average homology score 43%) over the entire sequence length. 

The conservation graph at the bottom of the table shows that these similarities are 

concentrated in the central sequence region where the average conservation across 

species is 71% (residues 12-70 only). There is also some homology between LRSe9 and 

other rod linkers (PYR1, PYR2, PYR3,31% average homology) that can be as high as 

41% for segments of -67 residues and 48% for segments of -33 residues. In addition, 

there are small areas of L R ~ . ~  homology with two sets of proteins of a different type. The 

first set includes homology matches to core linker peptides (PYCI). Although not 

included in Table 3-3A because their homology scores were e 25%, these 

showed an average homology match of -45% with short sections (-30 amino acids) of 

L R ~ . ~ .  In particular, the homology between LR8.9 and the recently structurally resolved 

Lc7a8 was 50% over a region of 28 amino acids and was the highest value found in 

comparing Lc7.8 with the three rod linkers in this study (Figure 3-2). The second set of 

non-rod-linker type homologues for L R ~ . ~  is comprised of the ferredoxin:NADP+ 

oxidoreductase (FNR) enzyme. The average homology match is good (52%), but it 

corresponds to a small region near the N-terminus of the FNR protein (69 out of 402 

residues, i.e., 17% of the total sequence), which is part of a network of P-strands and loop 

segments and thus cannot be used in isolation as an accurate structural template for 143.9. 

linkers 
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Table 3-3B summarizes the Fast-A3 homology search results for the LR32*3 

linker. It has good homology across species with linkers of the same type (PYR1,57% 

average homology score). The distribution of conserved amino acids is skewed, with a 

higher degree of conservation towards the N-terminus end; residues 1-180 have an 

average conservation value of 79%, while the residues in the remainder of the sequence 

have an average conservation value of 55%. In addition to the matching region with the 

LR8.’ linker already noted, the L R ~ ~ . ~  sequence also has a homologous area near its N- 

terminus with the LRC28.5 linker, although it is not as strong (35%) as the L R ~ . ~  

comparison (49%). A surprising number of homology matches were found between 

L ~ ~ 2 . 3  and the core anchor linker peptide L C M  (APCE, 28% average homology score). 

The L C M  region that is homologous with LR32.3 is classified as REP for “repeat”; a region 

found in multiple copies that is responsible for joining together APC trimers.2 

The Fast-A3 homology search results for the L R ~ ~ ~ - ~  linker are presented in 

Table 3-3C. The highest homology is once again found among the same type linkers 

across species (PYG WYG, 50% average homology score), while lower homology 

values are found with other types: 26% average homology with rod linkers (PYR1, 

PYR5, PYR6) and 27% for matches to LCM anchor peptides (APCE). The latter similarity 

matches are to the same L,, REP region that was also homologous with 

N-terminal region of LRC28’5 that is homologous with both the rod linkers and the L C M  

It is the 

polypeptides. Like in LR32*3, the N-terminal region of LRC28.5 also has a higher degree 

of conserved residues with an average conservation value of 68% for the first 180 amino 

acids and 40% for the rest of the sequence. 
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Lastly, a homology search was performed for the k 7 . 8  sequence (Table 3-3D). 

The Lc7e8 linker is very well-conserved across species with other core linkers (PYC1, 

average homology score 86%). It has some homology with rod linkers (PYS1, PYR1, 

PYR2, PYR3, average homology score 25%) and with FNR proteins (24%). Although 

the same & 7 e 8  segment (near its C-terminus) displayed some similarity to C-terminal 

regions of LR32.3 and LRC28.5, the closest association to the entire sequence is found with 

L~8.9; each rod linker sequence is separately aligned with Lc7.8 in Figure 3-3. 

Secondary structure predictions 

The JPred consensus method of protein secondary structure prediction for three 

structural states (a-helix, P-strand, loop) was applied to each linker sequence. This 

method is comprised of six discrete prediction algorithms (DSC, MULPRED, ZPRED, 

NNSSP, PREDATOR and PHD), and the results from each one are reported along with 

the consensus prediction reached through a simple majority vote. Figure 3-4A presents 

the secondary structure predictions for Lc7-8 (a-helix = H, P-strand = E, random loop =-). 

Comparing the known secondary structure of Lc7.8 with the JPred consensus result shows 

that the structure assignments of 85% of the residues are correctly predicted. This is 

higher than the published average accuracy of JPred (72.9%). Individually, the most 

accurate method for this protein was PHD (83.6%) while the worst was ZPRED (61.1%). 

The prediction reliability per amino acid residue for the PHD prediction of each structural 

class is also plotted in Figure 3-4A. 

Figures 3-4B to 3-4D present the abridged prediction results (JPred consensus and 

PHD predictions) for the rod linker peptides. Thk consensus prediction for L ~ 8 - 9  (Figure 
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3-4B) contains three P-strands (spanning residues R14-Q2 1, V42-V46,165-K69) and one 

a-helix (M5 1-L6 1). PHD predicts two additional P-strand regions (Q4-N7, A33-R37) 

that were not included by the consensus method. The first one has a very low reliability 

value (< 20%), but the second one is quite strong (maximum reliability = 80%). In 

contrast to L~8.9 and Lc7-8, the secondary structure consensus predictions for L$2-3 and 

LRc28.5 have a wealth of a-helical regions. L R ~ ~ - ~  is predicted to have 11 a-helices and 

5 small P-strands (Figure 3-4C), while LRC28*5 is expected to contain 7 a-helices and 4 

P-strands (Figure 3-4D). The regions of shared homology between the rod linker 

peptides are indicated in the figures. Instead of using a graph for the L~32.3 and L~c28.5 

linker predictions, the PHD reliability scores are noted below each residue as a single 

number (0 to 9, 9=highest reliability). 

Discussion 

Primary structure analysis 

There are many factors that contribute to a protein’s structure and function. The 

unique combination of amino acids in the primary structure of a protein suggests specific 

interactions as well as general properties characteristic to that protein. Our first step in 

analyzing the primary structure of each linker was a calculation of its isoelectric point 

(PI). Across cyanobacterial species, linker peptides typically have high calculated PI 

values and are thus expected to be positively charged peptides at the neutral pH 7.0. This 

leads to hydrophobic behavior such as aggregation and precipitation when dissociated 

from their biliprotein binding site. In contrast, the biliproteins are highly water soluble 

and have more neutral PI values. 
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Of the three rod linkers in this study, L R ~ - ~  has a number of characteristics that 

subtly set it apart from the other two. Comparing the total content of amino acid types in 

each linker, L ~ 8 - 9  has the highest percentage of polar and charged residues, the lowest 

percentage of aromatic and hydrophobic residues, and the lowest calculated PI (Table 3- 

2). It is the only linker peptide in this set of rod linkers that contains a concentrated 

sequential area of polar and charged residues near its N-terminus (residues 24-33), and it 

could be preferentially exposed to the solvent. The other two linkers have smaller (-5 

residues long) segments of polar and charged residues scattered throughout their 

sequences. These general properties of the amino acid sequence may indicate a 

difference in the biliprotein binding mechanism of LR8’9 and the other two linkers. The 

aromatic and negatively charged residues of L R ~ . ~ ,  necessary for strong electrostatic 

interactions, are not well conserved and, although it has a high content of polar amino 

acids, only 18% of these are directly conserved across species. Commonly known as a 

“capping” linker, LR8” is believed to occupy the position at the end of the phycobilisome 

rod. Because only one coding gene has been found for this linker type in M. Zumin0sus,3~4 

it is assumed that LR8.9 caps the rod regardless of the terminal biliprotein present: PC at 

high light intensity and phycoerythrocyanin (PEC) at low light inten~ity.~ Unfortunately, 

during the protein isolation procedure from cyanobacterial cells, a Pc/LR8*9 complex is 

not recovered; L R ~ - ~  is thought to dissociate from the PBS rod in the low buffer solutions 

and is lost in the purification procedure.6 This behavior suggests an ability for LR8‘9, in 

removing itself from the biliprotein binding site as well as a recognition of multiple 

biliproteins, that is not shared with the other linkers. 
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LR8.9 also shares some similarity with the sequence of the FNR enzyme. 

Although FNR is found to bind to the PBS rods7, it differs in function from L R ~ . ~  in that 

it is not necessary for PBS stability or function. The homology match with L R ~ . ~  is good 

(52%) but it corresponds to a small region near the N-terminus of the FNR protein (69 

out of 402 residues). The FNR binding affinity to PBS rods suggests that it may share the 

characteristics necessary to bind to PC at the same point as however, the structure 

of FNR cannot be used as a template for three-dimensional structure predictions of LR8". 

The FNR section homologous to LR8*' represents only 17% of the total FNR protein 

sequence, and it lies in a region of nested P-strands and loop segments; the probability of 

maintaining the same structure in the absence of the other neighboring residues is low. 

The secondary structure predictions for L R ~ . ~  discussed in the next section follow more 

closely the Lc7-8 structure profile than that of FNR, even though the LRSe9 sequence 

homology with Lc7.8 over this region is slightly lower. Despite the differences in 

structure, both FNR and h 7 . 8  do possess loop regions within the segments homologous 

with LR*.~ which could be the key binding sites to the PBS. Published studies on the 

similarity relationship between LR8.g and FNR have concluded that this region of shared 

homology is not necessary for the catalytic activity of FNR from a structural point of 

view. ' The presence of this FNR fragment that is homologous to LR8.9 seems to be a 

feature found only in cyanobacterial FNR, and its speculated purpose is to act as an 

alternative anchor for the FNR to modulate the photosynthetic electron transport cycle?,' 

Once anchored to the PBS, the structure of this FNR segment may be modified, and its 

sequence homology to L R ~ . ~  could represent a shared binding affinity for this region. 
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The L~c28-5 linker possesses the highest p1 value of all three rod linkers as well as 

the highest number of hydrophobic residues (Table 3-2). These general properties 

approach those of Lc peptides rather than those of a rod linker. As a rod-core peptide, 

LRC28*5 is expected to contain at least two distinct functional domains. In other words, 

one area to interact with the biliprotein PC is necessary while another area interacts 

with the core biliprotein APC. With this in mind, the L R ~ ~ ~ - ~  sequence was divided in 

half and the PI value was calculated for each half. Dramatically different results were 

obtained; the N-terminal region had a calculated PI of 5.23 while that of the remainder of 

the peptide sequence was 10.48. The C-terminal region of LRC28.5 is therefore positively 

charged at physiological pH, so it is more likely to be interacting with APC because this 

is a property typically found in core peptides. The N-terminal region is then expected to 

bind to the PBS rods. This assignment is supported by the fact that the strongest 

homology shared between LRc28’5 and the rod linker L R ~ ~ . ~  lies in its N-terminal region 

(LRC28’5 residues 35-160, Figure 3-2). Interestingly, the first 180 amino acid residues of 

L R ~ ~ ~ . ~  are better conserved (68% average conservation across species) than those in the 

rest of the protein (40% average conservation value). In Synechococcus sp. PCC 7002, 

the first 180 amino acid residues of LRC28.5 (Le., the N-terminal side) are sufficient to 

produce the characteristic PCL~c28.5 absorbance band.’ Similar behavior has been 

published for a rod-core linker (L~c31) from M. laminosus, where a 22 kDa proteolytic 

fragment of 

produced a characteristic red shift of 15 nm in its absorbance maximum.” The well- 

with the N-terminal sequence intact associated with the PC trimer and 
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conserved N-terminal regions of these two rod-core linkers are thus classified as the areas 

critically responsible in modulating the spectra of the PC chromophores. 

Comparison of the amino acid sequences of the rod linkers in this study with each 

other revealed that there is no common homologous region among the three. In addition, 

there are no duplicate areas within each linker sequence. This implied not only that each 

linker type may have different modes of binding to the biliprotein but also that the 

linkerhiliprotein interaction must be different with each of the three monomers. Among 

the three rod linkers in this study, LR32*3 is the only one with the function of connecting 

two PC hexamer stacks. Despite the fact that the PC hexamer is identical on both top and 

bottom surfaces, the primary structure of L R ~ ~ . ~  does not possess any obvious axis of 

symmetry, nor regions of homology between the N- and C-terminal segments. This 

presents the possibility of a single linker that can have two different binding interactions 

with a PC hexamer. This mechanistic duality particular to L ~ 3 ~ a ~ t y p e  linkers was 

remarked early on by Yu and Glazer who proposed that the N-terminal end (-28 kDa) 

was necessary to stabilize the trimeric and hexameric complexes, while the remainder 4.5 

kDa was necessary for the interaction between the hexameric complexes." Comparing 

the LR32.3 sequence with the other two rod linkers, we find two distinct areas of 

homology; one in the N-terminal region homologous with L~c28.5 as already discussed, 

and a second one in the C-terminal region that is homologous with the LRSe9 linker 

( L R ~ ~ . ~  residues 253-288, Figure 3-2). These two regions are very different from each 

other. First, the amino acids in the N-terminal end (residues 1-180) are better conserved 

(79% average conservation value) across species than the C-terminal end (55%). Glauser 

et al. compare the N-terminal sequences (1-190) of LRC and LR linkers associated with 
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PC or PEC and found six well-conserved regions of residues across species and linker 

type;'* there was very little similarity found in the C-terminal ends. The distribution of 

electrostatically charged residues in each of the two L R ~ ~ . ~  regions is very different; of all 

the charged residues in the region homologous with LR~-9, 89% are positively charged, 

while in the area homologous with LRC28'5 there is a distribution of 38% positively 

charged residues and 62% negatively charged. There is no appreciable difference in the 

total percent content of hydrophobic, polar, or nonpolar residues in each of the segments, 

but there are three times the number of aromatic groups (16% versus 5.6%) in the 

segment homologous to LRC28.5. It is interesting to note that all of the conserved 

aromatic and negatively charged residues in both L,RC28'5 and L R ~ ~ . ~  are located in the 

N-terminal region. This suggests a strong likelihood that this region evolutionarily 

possesses a more specific role than the C-terminal region, namely to modulate the 

spectral properties of the PC chromophores. 

In joining two separate PC hexamers, each end of the L1332.3 linker binds with a 

different mechanism: one which is similar to LRC28.5 and the other similar to LRSe9. The 

L R ~ - ~  linker has not been recovered during protein isolation intact nor in association with 

PC. Its impact on the PC spectroscopy is unknown but is expected to be minimal, 

because it can associate indiscriminately with both PC and PEC in its role as a rod 

capping linker.' If the N-terminal region of L R ~ ~ - ~  (homologous with LRC28.5) interacts 

with the biliprotein chromophores to produce the observed spectral changes, then the 

remaining one-third of the L R ~ ~ . ~  amino acid sequence is not involved in the PC 

spectroscopy but bound to a neighboring hexamer. Assuming that the L~32.3 peptide has 
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two different modes of binding interactions, one which affects the PC chromophores and 

a second which does not, then a possible role arises for these remaining residues: 

insertion in the next PC hexamer central cavity to make a stabilizing backbone for the rod 

structure. It is possible that the L~32-3 linker binds at a specific site to orient the two PC 

hexamers with each other for optimal transfer of energy, however, the lower number of 

strongly conserved amino acids in the C-terminal region suggests that this is a less 

precise interaction than that of the N-terminal region. 

Discussion of secondary structure predictions 

Unfortunately, none of the homologous proteins identified for the rod linkers has 

an available crystal structure to provide a starting point for three-dimensional modeling. 

Each linker sequence in this study shared the highest primary structure homology with 

other linkers of the same respective type. These homologous regions have been 

evolutionarily conserved across species and are therefore considered important to the 

function of the protein. As a result, special interest is given to the predicted structure 

within the homologous regions identified in the primary structure analysis. The focus of 

this section is to evaluate the secondary structure predictions for each linker peptide and 

search for similarity in the distribution of specific structural elements (a-helix, P-strand). 

The general idea behind these predictive algorithms is to evaluate the location and 

properties of each amino acid residue within a sequence and identify the most 

energetically favorable and stable structural conformation for that combination of amino 

acids. The evaluations are based on folding pattern statistics gathered from the SWISS- 

PROT protein database and, since most globular proteins have an uneven distribution of 
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secondary structure types (32% a-helix, 21% P-strand, 47% coil),'3 the a-helix remains 

by far the most well defined structural motif. All of the linkers in this study were 

submitted to the JPred consensus method for secondary structure prediction described in 

detail in Chapter 2. 

The Lc7.8 linker sequence was submitted to the JPred algorithm to measure its 

prediction accuracy against a known structure, and the results are presented in Figure 3- 

4A. Although Lc7-8 was co-crystallized with APC, the prediction program is able to 

simulate its structure with an overall accuracy of 85%. This value is much higher than 

the reported average 72.9% ac~uracy'~ and implies that this family of proteins should be 

reasonably well-described by this prediction method. Of the six individual predictive 

algorithms comprising Jpred, the PHD method was the most accurate (83.6%), so its 

prediction reliability per amino acid residue is included as a graph in Figure 3-4A. It is in 

the "edge" regions of each structural prediction motif that the greatest differences 

between the secondary structure prediction and the crystallographic results are found (i.e., 

the algorithm is poor in defining where an a-helix or P-sheet begins and ends). 

Otherwise, every expected structural element (three P-strands and two a-helices) is 

predicted at more or less the correct position. 

The Lc7.8 area (V3 1-V52) of shared homology with LR8*9 includes a long a- 

helix segment and the beginning of flanking P-strands; a similar pattern is found in the 

L R ~ . ~  prediction (Figure 3-4B). Although the consensus prediction is incorrect for k 7 . 8  

residues 3 1-34 (replacing the a-helix and P-strand assignments with random loop 

predictions) this area is nearly 100% conserved between Lc7.8 and L~8.9 and therefore 

both should possess an identical structure despite the prediction for shorter a-helix and p- 
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strand segments in both linkers. In addition to the area of shared homology with L c ~ . ~ ,  

the LR* .~  secondary structure prediction also includes a P-strand segment (R14-Q21) near 

its N-terminus. There is no threefold symmetry found in the pattern of structural element 

positions as expected from the lack of repeating regions in the amino acid sequence. 

The secondary structure predictions for both L R ~ ~ . ~  (Figure 3-4C) and L R ~ ~ ~ . ~  

(Figure 3-4D) display a large number of a-helices and few P-strands. An issue that arises 

from the primary structure analysis for LR32.3 is the possibility of two distinct interaction 

binding sites since it has two areas of homology: one with each of the other two rod 

linkers. Its amino acid sequence does not contain repeating sequence segments, and 

therefore it is not surprising that there is no axis of symmetry in the pattern of predicted 

secondary structure elements. In fact the two regions are very different in predicted 

structure (Figure 3-4C) suggesting a different method of interaction for each region. The 

LR32'3 C-terminal region (residues 253-288) that shares homology with L R ~ . ~ ,  produces 

the same pattern of already observed structural elements for this region: a long a-helix 

flanked by short P-strands, The N-terminal area (residues 27-152), homologous with 

has a consensus prediction of 7 a-helices and one very small P-strand starting at 

residue 85. The PHD prediction differs from the consensus prediction in this N-terminal 

region and indicates the presence of two additional P-strands. The first small 0-strand 

(residues 82-88) roughly agrees in position with the consensus prediction and has the 

highest reliability prediction score (-40%) of all three. The consensus prediction shows 

only four other short P-strands predicted throughout the remainder of the protein. 

Despite the similarities in the primary structures of LR32*3 and LRc28-5, the 

homologous regions are not identical in predicted secondary structure. Starting at the 
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beginning of the homologous section in LRC28’5 in Figure 34D, one finds two separate 

a-helices instead of the three predicted in L,1332.3. Interestingly, a P-strand located at 

L R ~ ~ ~ . ~  residues W124-T130 has a PHD prediction reliability maximum score of 70% 

but is predicted to be an a-helix (maximum reliability = 40%) in the homologous L R ~ ~ . ~  

segment (Figure 3-4C). It is a region that is well-conserved in each linker peptide across 

different species (Tables 3-3B and 3-3C) but which has very low homology between 

LRC28.5 and L~~2-3 (Figure 3-2). This difference in structure may identify an area where 

one of the key distinctions between the linkerPC interaction mechanisms of these two 

linkers exists. The rest of the L~c28.5 homologous region contains two a-helices at 

similar locations to the LR32.3 prediction. 

General changes in the electrostatic environment of the central PC cavity due to 

linker association, as well as specific interactions between the linker and the PC 

chromophores, contribute to the observed spectral differences between PC trimers and 

PCllinker complexes. The distribution of electrostatically charged amino acids in the 

entire homologous region shared by L ~ 3 2 - 3  and L ~ c ~ 8 - 5  is subtly different. While both 

possess a nearly equal number of charged amino acids, L R ~ ~ . ~  has a significantly larger 

content of negatively charged residues (21 versus 16 in L R C ~ ~ . ~ ) .  Of particular interest is 

the string of consecutive positively charged arginines (R159-R161) found in L~c28.5 

which is conserved -100% across rod-core linkers of different species (Table 3-3C) and 

is structurally predicted as a random loop thus likely to be more important to the protein 

function rather than its structure. Both glutamate and arginine can serve to make strong 

binding charge-charge interactions with the PC near the chromophores, but arginine has 
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been calculated to have a strong effect on the chromophore spectra by interacting with the 

propionate side chains of the bilin.*5*’6 This carboxylate-arginine interaction is expected 

to shift the spectral maximum of the covalently bound PC chromophore to a lower 

energy. L~c28.5 is the only one of the three rod linkers in this study to possess a 

consecutive string of arginines in its amino acid sequence, and the absorbance band 

maximum of the PCL~c28.5 complex is found at a lower energy than that of the 

PcL~32.3 (discussed in Chapter 4). 

Tertiary structure analysis 

The availability of the three-dimensional crystal structure of the APC/L.,C~.~ 

complex provides insight into the biliproteidlinker interaction. The crystal structure 

clearly shows that the Lc7.8 linker is physically interacting with only two of the three 

available APC monomers and thereby disrupting the C3 symmetry of the APC trimer 

(Figure 3-5, adapted from reference 1). This means that the protein environment of each 

APC chromophore is altered to a different extent by the linker peptide. The surface area 

of the linker is 45.3% buried within the APC trimer, and it does not fully occupy the 

entire central cavity of the biliprotein. The goal of this section is to identify sites in PC 

and the rod linker peptides that may be analogous to interaction sites in the APC/Lc7.* 

structure and to propose a model of biliproteidinker interaction. The following 

discussion is divided into three parts: (1) examination of the contact regions between 

APC and Lc7.8, (2) comparison of the APC and PC tertiary structures, and (3) 

comparison of the amino acid sequences of Lc7.8 and the rod linkers ( L R ~ * - ~  and 

L ~ c ~ 8 . 5 )  associated with PC trimers. 
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Examination of the of APC/Lc7a8 interface region 

The Lc7-8 linker is located between two monomers of the trimeric APC complex 

and binds “via multiple charged, polar, and hydrophobic contacts to the protein chains”.’ 

There is no clear clustering of charged or polar residues at the linkerhiliprotein interface, 

and there are two structurally distinct binding sites. The first APC monomer interacts 

with the long a-helix region of Lc7.8 (residues 33-46), while the second APC monomer is 

approached by a smaller loop segment from Lc7.* (residues 13-19) (Figure 3-5). For 

clarity in the following discussion, these two types of APCAinker interactions are labeled 

as ‘APCLc7.8 (a-helix)’ and ‘APC/Lc7.8 (loop)’. Association with Lc7.8 has two 

consequences on the overall structure of the APC trimer. First, looking at the APC trimer 

disk toroidal surface, a slight counter-clockwise rotation of each monomer is noted. 

Although this relocation does bring the central P8l chromophores closer together, it does 

not significantly alter the center-to-center distance between neighboring a80 and PS 1. 

This effect of linker association enhances the electronic interaction of the central P8 1 

chromophores without disrupting the a80/P8 1 relationship. A rough calculation made by 

drawing a straight line across each chromophore to represent its transition dipole 

moment, and then calculating the angle between a80/P8 1 pairs, showed a difference of 

-3” wider for the a8OlP8 1 pairs located at a linker binding site. According to Forster 

theory”, faster energy transfer occurs over shorter distances and between collinear 

transition dipoles; therefore, the slight changes in PS 1 orientation induced by the linker 

should be beneficial to the flow of energy in the APC trimer. The second overall 

structural effect of this counter-clockwise rotation of APC induced by Lc7.8 association 
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is best observed along the side of the cylindrical APC trimer disk. On binding of the 

linker, the entire complex collapses slightly towards the pseudo-C3 axis and the APC ring 

becomes flattened, Lc7e8 does not penetrate the APC to emerge at the opposite side but 

Reuter et al. describe a variability of -3 A in its central insertion position', and the 

flattening of the APC trimer is more pronounced when k 7 . 8  is inserted deeper within 

the trimer structure. This action may provide better contact for the trimer-to-trimer 

interactions that form a hexamer stack. 

There are specific structural changes in the side chain orientations of APC 

residues located at the interface region with the Lc7.8 linker. The schematic 

representations of Figures 3-6A to 3-6C compare the structure of each APC monomer at 

the interface surface with the linker peptide (APC and Lc7-g are artificially separated in 

the schematic drawing by -5A). The APC a-helix (residues 105-120) enclosing the 

PS 1 chromophore binding pocket is in direct contact with the Lc7.8 linker (Figure 3-5) 

and is nearly 100% conserved in APC from different species, although there is no 

obvious concentration of a specific residue type (electrostatically charged, aromatic, 

polar, nonpolar). Comparing this a-helix segment from APC against other 

phycobiliproteins there are few amino acid replacements: the exact identity of D 105 and 

E106 seems to be interchangeable in PC, PE and PEC thereby conserving the negative 

charge though not necessarily the specific residue; aliphatic V108 is frequently replaced 

by a cysteine in other biliproteins while K113 is replaced by an arginine in PC and some 

types of PEC; N117 is replaced by a variety of aliphatic or polar residues and lastly S 1 18 

is replaced by an alanine in other biliproteins. Of the five charged residues in the APC a- 

helix segment, three are unperturbed by linker association (D105, E106, K113); their side 
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chains remain in the same positions in both the linker free monomer and the linker- 

coupled monomers. The other two charged residues (R107, El 14) which are -100% 

conserved across species and phycobiliproteins, directly face the central cavity and 

exhibit obvious changes in side-chain orientation (Figures 3-6A to 3-6C). Compared to 

the linker-free APC monomer, the positively charged side chain of R107 is twisted 

slightly counterclockwise in APCLc7.8 (a-helix), and it is distinctly bent towards APC 

(instead of towards the central cavity) in APC/Lc7os (loop). This effect may be induced by 

the same mechanism: the side chain of a positively charged residue from the Lc7.8 linker 

(K45 in a-helix and R20 in loop) places itself near the oxygen group at the base of the 

APC R107, and the increased positively charged environment forces the R107 side chains 

to repel from this area and towards neighboring APC negatively charged residues. In 

contrast, El 14 appears to be affected by the linker in different ways. In APCLc7.8 (a- 

helix), the El 14 negatively-charged side chain is moved -2 

chromophore and is twisted (- 20") clockwise (using the carboxylate carbon as the center 

for the rotating oxygens); this El  14 re-orientation could be a result of attraction to the 

nearby positively charged Lc7e8 K52 residue (-3.0 A away). In APCLc7.8 (loop), the 

El  14 side chain is bent back towards the APC and, because there is no obvious positively 

charged opponent in the nearby Lc7.8 loop segment, we propose that this El 14 

conformational change is due to steric interference from the nearby Lc7.8 Y26 residue. 

The position of this charged side chain may impact the spectral characteristics of the p8 1 

chromophore since E l  14 (along with K113) is located close to the propionate groups of 

PSI.  

closer to the PS 1 
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The APC surface interfacing with L c ~ . ~  has only one aromatic residue (Y 1 16) 

and, like the charged D105 and E106 residues extending towards the cavity, it is -100% 

conserved in phycobiliproteins. Y 1 16 is located in the p8 1 chromophore binding pocket 

and is perturbed by the presence of the linker. Compared to the linker-free APC 

monomer, Y 1 16 in both APCLLc7-8 monomers is moved - 1 

C and in APCLc7.8 (a-helix) adopts a spatial orientation that is more planar to this 

pyrrole. There is no obvious reason for this structural change, because there is no 

closer to J.38 1 pyrrole ring 

immediate polar or steric influence introduced by the linker; however Lc7.8 directly 

perturbs the orientation of a second aromatic residue within the J.38 1 binding pocket 

(Y87), and this may have an indirect effect on Y116. L c ~ . ~  residue F37, extending from 

the a-helix segment disrupts the coplanar arrangement of the Y87 aromatic side chain 

and the p8 1 pyrrole ring D by inserting itself between them and causing these two rings 

to move in opposite directions from each other. The change in the chromophore 

conformation may induce a concomitant change in the Y 1 16 residue located 5 to 6 A 

away from ring D. 

There is a number of polar residues scattered throughout the APC linker-interface 

region (APC: N110, T115, N117, S118) which roughly correlate in position with those 

found in the Lc7.8 linker segments (k7 .8  (a-helix): N35,Q4OY 441, Q44; (loop): 4 1 3 ,  

T14, T18, Q19). In both APCAinker interactions, the orientation of the N110 side chains 

is affected, whiIe in APC/Lc7a8 (loop) the S118 side chain is also perturbed. There are no 

linker residues within H-bonding distance (< 4 A) of these two side chains; therefore the 

observed structural changes must be produced indirectly through modifications in the 

spatial orientation of other nearby residues. 
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In addition to structural changes in the APC surface closest to the linker binding 

site, the structural conformation of the individual p8 1 chromophores in each APC 

monomer is also altered by the presence of the Lc7.8 linker peptide. Figure 3-7A 

presents a schematic of the in situ structures of the three APC p8 1 chromophores; these 

have been drawn on top of each other, and the overlap has been optimized at the central 

methine bridge. The position of the propionate side chains of the p8 1 chromophore is 

noticeably variable, and the relative orientation of the pyrrole rings is also altered by 

linker association (Figure 3-7A). A face view of the pyrrole rings (top Figure 3-7A) 

shows that the B and C rings are nearly identical, while rings A and D differ in position. 

Looking along an axis perpendicular to the pyrrole plane we see that ring D is the most 

perturbed by the linker presence (bottom Figure 3-7A). The APC/LC~.~  crystal structure 

shows that the displacement of this pi31 pyrrole ring is due to an aromatic residue 

extending from the Lc7.8 linker (F37) that disrupts the coplanar arrangement of ring D 

with a nearby APC (Y87) residue. 

Comparison of APC and PC tertiary structures 

The tertiary structure of PC isolated from Fremyellu diplosiphon was resolved at 

and shows nine a-helices connected by short loop segments in each subunit. 1.66 

Although the PC structure from Synechococcus sp. PCC 7002 was the first to be 

resolved'', it is no longer available through the Brookhaven protein structure databank, 

and the F. diplosiphon structure is considered to be representative of the PC family. Note 

that while the overall homology score between the Synechococcus sp. PCC 7002 and F. 

diplosiphon PC monomer sequences is - 72%, it is nearly 100% conserved near the 
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chromophore binding pockets and in the a-helices comprising the central cavity. These 

homology results are the same when comparing the PC sequences from F. diplosiphon 

and M. laminosus (structure also not available). Unlike APC, PC possesses three 

phycocyanobilin chromophores per monomer unit. The a84 and p84 chromophores are 

attached to cysteine residues located in a-helices close to the central cavity while the 

pl55 chromophore is attached to a cysteine located in one of the loop segments between 

helices on the periphery of the protein. Analogous to the APC 081 chromophore, p84 is 

physically located closest to the central cavity of the PC trimer aggregate. 

The backbone structure of APC and PC is very similar; the largest variation 

occurs in the p-subunit of PC where 10 additional amino acids are placed in the loop 

segment enclosing the pl55 chromophore (Figure 3-8). The structure of the internal 

cavity region is extraordinarily well-conserved among these two biliproteins despite 

being produced by different species. The linker-interface region identified in the 

APC/Lc7.s crystal structure is compared with the analogous area in PC (residues 108- 

123). The sequence homology between APC and PC in this a-helix segment is 78% 

(Figure 3-8); all of the charged and aromatic residues are conserved, but two polar 

residues in APC (N117, S118) are replaced by aliphatic ones (L120, A121) in PC. Like 

in APC, the critical side chains that extend towards the PC central cavity belong to D109, 

R110, N113 and El  17 (labeled in Figure 3-8); as shown in the APC/Lc7.* structure, the 

position of these side chains is modulated by the presence of the linker peptide; therefore 

the slight orientation differences observed between PC and APC are probably not 

indicative of inherently different linker-association behavior. Potentially more significant 

structural differences are the loss of the polar residues near the bottom end of the PC a- 
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helix (noted above), and the lack of an aromatic residue in a position analogous to APC’s 

Y87 (whose orientation was dramatically altered by an extending aromatic residue from 

Lc7-8). Overall, seven of the total thirteen aromatic residues found in the APC P-subunit 

are directly conserved in PC; however, the area around the APC PS 1 D-ring is endowed 

with a wealth of tyrosines that is not duplicated in PC p84 environment. This could be 

one of the key structural differences leading to the different spectral properties displayed 

by PC and APC despite containing chemically identical chromophores. It would be 

interesting to see if genetic deletion or alteration of either these aromatic residues, 

especially APC Y87, or of the polar groups N117 and S 118, would produce an APC 

mutant that has an absorbance band shape that is more symmetric (or “PC-like”) than the 

native peak/shouIder profile. 

A number of charged amino acids located in the PC chromophore binding pockets 

have been identified as important modulators of the chromophore spectral properties. 

Arginine (R86) and aspartate (D87) residues form salt bridges with the propionate side 

chains of the a84 and p84 chromophores.’6*20321 The residue R80, near the tail end of p84 

(-3 A away) is also suspected of tuning the spectra of this chromophore.’* In addition, 

aspartate residues providing structural stability to the chromophore have been identified 

as a common feature of bilin attachment: a single aspartate anchors a phycocyanobilin 

through a hydrogen bond between its carboxylate group and both nitrogen atoms of 

pyrrole rings B and C.22 All of these key amino acid residues are also conserved in the 

APC chromophore binding pockets and, despite these strong influential structural 

similarities among chromophore binding environments, PC and APC display very 

different spectral characteristics. 
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It is the subtle differences in either chromophore conformation or environment 

that contribute to the distinct spectroscopic properties of each PC chr~mophore. '~**"'~~~~ 

Figure 3-7B compares the chromophore conformation of linker-free APC PS 1 and PC 

p84 superimposed and centered at the central methine bridge; the top part shows a view 

of the tetrapyrrole plane while the bottom part of the figure shows an orthogonal 

perspective. From the top view of Figure 3-7B, one can see that there is good agreement 

between central rings B and C and that larger variations occur at the terminal rings A and 

D. The orthogonal view of the tetrapyrrole plane shows that there is slight twist of the 

central methine bridge in the APC chromophore that lifts ring C from the plane (bottom 

Figure 3-7B). There are slight variations throughout the entire conformation of these two 

chromophores and these variations are most severe at ring D. The APCLc7.8 (a-helix) 

complex shows that this ring can be influenced by linker association. This suggests that, 

along with the labile propionate side chains, ring D is the most likely interaction site for 

protein modulation of the chromophore spectral properties. 

Comparison of linker characteristics 

The structure of the Lc7.8 linker contains three P-strands (residues L3-L9, Y26- 

P32 and K49-L55) and two a-helices (L22-T25 and Y33-M46). As discussed in the 

previous section, the linker interacts with the APC p8l chromophores in two distinct 

manners. In APC/Lc7.8 (a-helix), the linker induces a noticeable change in the P8 1 

chromophore conformation, while in APC/Lc7a8 (loop) it conceals the chromophore 

pocket from the external solvent with a loop segment that contains a number of positively 

charged residues. Within this Lc7-8 loop segment, the closest arginine/chromophore 



72 

distance is found between the R20 side chain nitrogens and the p8 1 oxygen at the end of 

pyrrole ring D (-4.2 A and -4.7 A). Although slightly outside van der Waals contact 

distance, the combined effect of R20 along with R17 (located -5.3 A and -6.6 A from 

p8 1 ring C propionate groups) may attract the chromophore further towards the central 

cavity without altering its conformation. 

Examination of the primary and predicted secondary structures of the rod linker 

peptides reveals possible sites for chromophore interactions analogous to those of the 

Lc7.8 linker. In the a-helix segment o f L ~ 7 . ~  there are three aromatic residues (Y33, 

W36 and F37), and it is F37 which extends to interfere with the chromophore planar 

arrangement. Although this area is-homologous with L R ~ . ~  (Figure 3-l), the only 

aromatic residue that is conserved is Y33 (Y48 in L R ~ . ~ )  located at the beginning of the 

a-helix oriented opposite the APC biliprotein and thus physically unlikely to interfere 

with the chromophore. This type of interaction wouId then be expected to be absent in 

LR8.9. The second type of linkerkhromophore interaction is a good candidate in LR8*9, 

because this linker possesses three well-conserved arginine residues (R24, R37 and R38) 

in a predicted loop region that could interact in a combined manner similar to the active 

Lc7.8 loop. 

Both L R ~ ~ . ~  and L , R ( ~ ~ ~ - ~  contain a number of aromatic residues found in regions 

structurally predicted as a-helix (Figures 3-4C and 3-4D). These residues could very 

well orient themselves to form a network of extended “aromaticity” that reinforces the 

binding interaction, as found in the PC hexamer structure. However, we focus our 

attention on choosing specific interactions between the linker and the PC chromophores 

that could produce the observed spectral changes. L R ~ ~ - ~  has four phenylalanines (F61 , 
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F71, F99, F168) and five tryptophans (Y39, Y81, Y120, Y132, Y138), while LRC28.5 has 

nine phenylalanines (F41, F53, F54, F57, F79, F89, F93, F102, F136), two tryptophans 

(Y49, Y 146) and one histidine (H55) in structurally helical regions. Of these aromatic 

residues, the ones homologous to both L R ~ ~ - ~  and L R ~ ~ ~ . ~  ( L R ~ ~ . ~  n 1 ,  Y39, Y81, Y138 

and LRC28.5 F79, Y49, F89, Y 146) can be discounted as interaction sites, because each 

linker has very different effects on the spectroscopy of the PC chromophores and 

therefore cannot be interacting through the exact same residue. Secondly, residues that 

are located at the edges of the a-helix regions ( L R ~ ~ . ~  Y 132, F6 1 and L R ~ ~ ~ . ~  F93, Ff 02, 

F136) can be discounted since these areas are not reliably predicted; also the Lc7.8 F37 

residue is located in the middle of its long a-helix segment. This leaves three viable 

candidates for aromatic interaction between the LR32*3 linker and a PC chromophore 

(F99, Y138, F168; Figure 3-4C bold-face type) of which Y138 and F168 are -100% 

conserved across species (Table 3-3B). LRC28.5 retains five viable aromatic residues 

(F41, F53, F54, F57, H55) which are clustered together in the first a-helix segment 

(Figure 3-4D bold-face type). Only one of these, F53, is 100% conserved across species 

(Table 3-3C). 

Both large rod linkers also contain loop regions with multiple arginine residues 

that could resemble the structural arrangement found in the k7.8 linker. In LR32.3 the 

loop sequence (A245R259) borders on the homologous region with L&9 and contains 

five arginine residues (R250, R253, R255-256, R259) that are clustered together and are 

highlighted in bold type in Figure 3-4C. Although all of these are outside of the area 

homologous with Lc7.* (Figure 3-3), the sequential pair R255-256 are so well-conserved 
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across species (Table 3-3B) that they are likely to be involved in some function. In 

LRC28’5 there is a long loop segment after the last a-helix that contains a number of 

arginines (R1.59-161, R166, 179, R185, WOO-201, W03, R207 and R222) with two short 

cluster areas (159-166 and 200-207) that are likely to interact with a chromophore. The 

arginines in these two areas are highlighted in Figure 3-4D and except for R201, R207 

and R222 they are all well-conserved (Table 3-3C). Additionally, the second L ~ c * ~ . 5  

cluster (200-207) is included in the region homologous to L C ~ . ~  (Figure 3-3) and there is 

direct conservation of R203 and R207. In the primary structure discussion above, it was 

noted that experiments with short LRC sequences produced the same characteristic shifts 

in the biliprotein spectra as the whole 

half of the arginine residues in the LRc28’5 loop segment, it indicates that this type of 

Because this observation excludes about 

interaction between the linker and the biliprotein chromophores is not likely to be the 

major mechanism for LRC28.5. 

Concluding remarks 

The APCLc7-8 crystal structure has shown that the linker penetrates the central 

APC cavity to interact with each of the three monomers in distinct manners. To bind at a 

position near the p8 1 chromophore pocket, and thus effectively modulate its spectra, the 

linker must penetrate at least -12 8, within the APC trimer. Lc7.* association induces a 

counter-clockwise rotation of each APC monomer that results in bringing the central p8 1 

chromophores closer together and could be beneficial to energy transfer. The orientation 
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of specific APC &no acid side chains at the surface interfacing with the Lc7.8  linker, as 

well as the conformation of the PS 1 chromophore, are also affected by linker association. 

Each rod linker sequence in this study was examined for sequence homology with 

other proteins, and evolutionarily conserved regions were identified. Coupled with 

secondary structure predictions, these conserved regions provided a wealth of candidates 

for functional sites. The analysis showed that both L ~ c ~ ~ . 5  and L R ~ ~ - ~  possess separate 

regions of homology with other linker types as well as an N-terminal region of shared 

homology with each other. This N-terminal region (-2/3 of the whole sequence) is 

responsible for modulating the spectral properties of the PC trimer“.”, yet the entire 

L R ~ ~ - ~  linker sequence is protected from trypsin digestion when the linker joins two PC 

hexamers”. Because there is also no symmetry or repeating segments of residues in the 

L R ~ ~ - ~  sequence, these observations support the idea of two distinct biliprotein-binding 

mechanisms for a single linker: one that produces the observed spectral changes upon 

linker-biliprotein association and a second that could provide structural support without 

influencing the chromophore spectra. On a more microscopic level, specific residues in 

PC and the rod linkers were selected for biliproteiflinker binding interactions analogous 

to those found in the APC/Lc7.8 structure. Table 3-4 identifies the criticaI residues that 

may impact the biliprotein’s spectral characteristics. 

One general issue of biliproteidlinker association has not yet been considered: the 

physical bulk of the associated linkers in the biliprotein central cavity. The rod linkers 

L~32.3 and L~c28.5 are significantly larger than the Lc7.8 linker. It is unknown whether 

the linkers interact with each other through the PC hexamer’s central cavity. Such an 

arrangement would provide optimal structural support to the rod assembly and could thus 
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enhance the transfer of energy; however, to minimize direct influence upon the central 

p84 chromophores, the non-modulating linker segment should not penetrate further than 

-12 A. A study of crystallized B-phycoerythrin hexamers of Porphyridiurn sordidurn in 

the presence and absence of a y-subunit occupying the central space of the hexamer 

showed nearly identical physical positions for the amino acids directed towards the 

central area; only a decrease in their mobility was 

was not resolved, it is approximately the same size as the L R ~ ~ . ~  linker peptide so one can 

expect that the physical bulk of the peptide will not greatly stress the structure of the 

central cavity. In addition, the PC p84 chromophore binding pocket seems to be 

strategically designed to foster specific interactions that can only be made through deeper 

penetration within the protein. Although p84 is exposed to the central cavity, its 

propionate side chains are pointed “downwards” towards the next PC trimer. 

Electrostatically charged residues are scattered throughout the protein, but there are 

concentrations near each chromophore site and at p84, they occupy the side furthest from 

the solvent exposed surface. If a linker were to approach with either similar or oppositely 

charged residues, it would interfere with these neighboring interactions and effectively 

modulate the chromophore spectra. To accomplish this specific interaction, it would 

have to penetrate the PC cavity more fully. 

Although the y-subunit 
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Summary observations 

0 There is no universal binding site among all three Synechococcus sp. PCC 7002 rod 

linkers. 

Except for LR8*9, the rod linker peptides have high calculated PI values and are 

expected to exhibit hydrophobic behavior at pH 7.0. 

LR32'3 has a region homologous with LRC2'.' near its N-terminus and a region 

homologous with LR8.9 near its C-terminus. 

LR32.3 and LRC28*5 share a homologous sequence region near their N-terminus which 

is also shared with a small REP domain of the core anchor peptide LCM. 

Both LR32'3 and LRc28'5 possess two domains; one modulates the spectral 

characteristics of the PC chromophores and the other may help to form a skeletal 

backbone for the phycobilisome rod. 

In each rod linker sequence, conserved aromatic residues in predicted a-helical 

segments as well as clusters of positively charged residues within loops segments 

were identified for possible linker active sites analogous to those found in Lc7.8. 

Comparative analysis of PC and the rod linkers to the APC/Lc7-8 structure identified 

a number of analogous and conserved residues that could impact the spectral 

properties of the biliprotein complexes; these are summarized in Table 3-4. Genetic 

alteration of these sites could provide a great deal of insight for the biliproteidlinker 

interaction. 

0 

0 
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Calculated molecular 
weight (Da) 

Calculated isolelectric 
point <PI> 

Table 3-2. Statistics of amino acid composition of the linker peptides 

7,741 9,055 32,273 28,380 

10.44 5.42 6.93 8.39 

Ala A 4.5 8.8 10.3 
Ile I 7.5 5 .O 4.1 
Leu L 7.5 5.0 6.6 
Val V 6.0 6.3 9.3 

7.7 
6.1 
7.3 
7.7 

Phe 
Trp 
Tyr 

F 4.5 5.0 4.8 6.9 
W 1.5 0 0.3 0.8 
Y 3.0 5.0 4.8 4.9 

* includes nonpolar, 
aliphatic and aromatic 
groups (except for His) 

Aromatic 9.0 10.0 11.3 13.0 
Hydrophobic** 27.0 25.1 26.2 28.8 ** includes I,  L, M, V,F 

CYS C 1.5 0 
GlY G 9.0 7.5 
Met M 1.5 3.8 
Pro P 3.0 2.5 

0 1.2 
6.9 4.5 
1.4 0.8 
3.5 5.3 

Asn N 4.5 5.0 4.8 
Gln Q 10.5 7.5 5.5 
Ser S 1.5 7.5 9.3 
Thr T 10.5 7.5 4.8 

5.7 
7.7 
6.9 
4.5 
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Figure 3-5. Schematic representation of APCLc7-8 isolated Erom M laminosus 
(adapted fiom reference 1) 

a80 ' 

Electrostatically charged 
residues in Lc'.* near APC 

(a-helix region near PSl") 
Arg38* Glu34 
Arg42 Glu39 

(loop region near PSl') 
Argl5 
Argl7 

* = residues < 4 Afiom APC 

Lys45" 

Arg20 

~ 

Legend 
APC a-subunit 
APC @-subunit - APC chromophores 

LI Lc7.8 linker 
L,7.8 (Phe37) 
I APC (Tyr87) 
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Figure 3-6[A-C]. Close-up view of the APC g-81 chromophore at the 

linker binding region. (Adapted fiom reference 1) 

The APC a-helix that extends into the central cavity (residues 116-120) 
as well as the PSl chromophore are portrayed in stick format and specific 
amino acids are identified and coded according to the legend key below. 
The surrounding protein is shown in black wireframe format. 

[A] linker-free f.381 

,. ........................... ......................................................................................... I i -- 

Tyrlli 

Legend for Figures 3-6 and 3-8 

- APC /3_subunit - APC gSl chromophore 
L? linker - (+) charged residues - (-) charged residues - aromatic residues 

r-. polar residues - nonpolar residues 
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3-6[B]. APC f3Sl at the Lc’’~ loop segment binding site 

The APC a-helix that extends into the central cavity (residues 116-120), the f3Sl 
chromophore, and the L C 8  loop segment (residues 13-21) are portrayed in stick 
format. The surrounding protein is shown in wirefiame format. APC and Lc7’8 are 
artificially separated by -5 A. Specific amino acids are identified and coded 
according to the legend key in figure [A]. 

ApC pubunit < .................... L2”linker 
................................ .. .......................................................................................... ”..... ................................................................................... .. ............. .... 

\ Argl7 

Argl5 

,I ....................................................................................................................................................................................................................... ............... 
Tyrll6 



1 08 
3-6[C]. APC g8l at the Lc''~ a-helix binding site 

The APC a-helix that extends into the central cavity (residues 116-120), the fl8l 
chromophore, and the Lc7.' a-helix segment (residues 33-45) are portrayed in stick 
format. The surrounding protein is shown in wirefiame format. APC and L:*' are 
artificially separated by -5 A. Specific amino acids are identified and coded 
according to the legend key in figure [A]. 1 

Tyr87 

B-subunit< .................... LC7**linker 
................................................................................... ........................................................................................................................ 

Tyrll6 
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Figure 3-7A. Phycocyanobilin (PSl) chromophores from M laminosus AF’C/LC~’~ crystal 

structure (reference 1) 

Legend 
PSl (linker-free) 

PSl’ (near L 2 8  loop region) 

PSl” (near L 2 8  a-helix region) 

- - 
II_ 
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Figure 3-7B. Comparison of phycocyanobilin chromophores from M laminosus 

APC/'Lz8 (linker free 881) and F. diplosiphon PC (p84) 

Legend - APC(881) - PC (884) 
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Chapter 4. Steady State Spectroscopy 

Introduction 

The phycobilisome (PBS) is a macromolecular structure composed of 

chromophore-containing proteins and ‘colorless’ linker peptides, that acts as a light- 

harvesting antenna for the cyanobacterial photosynthetic system.’ A link between light 

absorbed by the PBS proteins and photosynthetic activity was first observed in the 

1 9 4 0 ’ ~ . ~ - ~  Since then, various spectroscopic techniques have been used to explore the 

spectral characteristics and energy transfer dynamics of this efficient system. This 

chapter focuses on the spectroscopy of C-phycocyanin (PC) complexes isolated from the 

PBS rods of the cyanobacterium Synechococcus sp. PCC 7002. There are four isolated 

PC complexes examined: PC monomer, PC trimer, P C / L R ~ ~ . ~  and PC/L&*5, where the 

PCAinker complexes are composed of one PC trimer and one linker polypeptide. 

Although it is the spectral properties of the PC chromophores that are actually 

being measured, the surrounding protein matrix is of paramount importance. It not only 

functions as a structural support for the chromophores but also modulates their spectral 

properties to guide the absorbed energy through a well-ordered scaffold. This study 

explores the effect of associated linker peptides on the spectral characteristics of the 

biliprotein chromophores using a variety of techniques. Absorption and fluorescence 

measurements of each PC complex show that the PC chromophores are sensitive to the 

presence of the linker. To attempt to pinpoint the direct interaction of each chromophore 

with the linker peptides, spectroscopic measurements were carried out on each isolated 

PC complex over a range of temperature. Additionally, fluorescence excitation 

anisotropy and circular dichroism (CD) measurements performed at room temperature 
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examine the strength of coupling interactions among the chromophores in each PC 

complex. Lastly, the Kennard-S tepanov relation between absorbance and fluorescence 

bands is introduced and explored as a method to compare the inhomogenity present in 

each PC complex. 

Results 

Experimental note concerning low temperature measurements 

The temperatures reported throughout this report were gathered from a 

thermocouple inserted directly above the sample cuvette (refer to Figure 

2-2). The liquid nitrogen cryostat used possessed its own thermocouple 

detector within the heating control unit located -3 cm above the sample 

compartment. At each selected temperature, -20 minutes was allowed 

for equilibration of these two thermocouples to the same value. 

However, at the lowest temperature there is an irreconcilable difference, 

the instrument showed that liquid nitrogen temperature was achieved (77 

K) while the measured temperature above the sample was 88 K. Despite 

allowing 3” hours for equilibration, the values from these two 

thermocouples did not come to a consensus and this remains a limitation 

of the instrument design. We therefore regard the spectra reported here 

at 88 K to be equivalent to published “77 K” results where similar 

equipment was used. 

Absorbance 

Figures 4-1A to 4-ID show the absorbance of each PC complex studied in a range 

of temperatures from 298 K to 88 K taken at approximately 20-degree intervals. To 

compare the absorption bands of the four PC complexes with each other at 298 K and 88 

IS, they are plotted together in Figures 4-2A to 4-2D. The maximal absorption 
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wavelengths at these two temperatures are noted in Table 4-1. As the PC aggregates 

become larger, there is a shift in the maximal absorbance position towards lower energy, 

but the magnitude of this energy shift differs. Aggregation of PC monomers into trimers 

results in a red-shift of -6 nm while association of PC trimer with L3[332.3 brings very 

little change to the PC trimer absorbance maximum position. The largest shift from the 

PC trimer maximum (AMAX (absorbance) = 7.6 nm) occurs in the PC/LRC*~.~ absorbance, 

and it is accompanied by a change in the band shape that mimics the absorbance of the 

core biliprotein allophycocyanin (APC). 

The first observed effect upon cooling from room temperature is a narrower 

absorption band. Secondly, a gradual shift in the maximal absorbance wavelength 

position towards lower energy is detected with decreasing temperature. These maximal 

absorbance positions are plotted versus temperature on the inset graphs in each of the 

Figures (4-1A to 4-1D). Except for Pc/LRC28*5, the trend of these positions as the 

temperature drops is linear and has a steep rising slope until -180 K, where the curve 

rises at a gentler slope as the temperature is decreased. The trend of maximal absorbance 

positions for Pc/LRC28.5 rises slowly to a maximum at - 180 K and then decreases, 

within a total range of 1.6 nm over the entire temperature region (inset Figure 4-1D). 

Unlike the other PC aggregates, which show a difference in their maximal absorption 

position of -10 nm when compared at 298 K and 88 K, the Pc/LRC28'5 complex has a 

very small shift (1 nm, Table 4- 1). 

At the lowest temperatures, distinct features in the absorption spectra are 

resolved. In the PC monomer, two distinct peaks are resolved from the single 298 K 

band with absorption maxima at 630 nm and 604 nm, and at 88K there is an additional 
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shoulder feature at -577 nm (Figure 4-1A). The PC trimer absorbance has several 

features that emerge at lower temperatures (Figure 4-1B). Once again, two predominant 

band maxima (636 nm and 608 nm) become resolved as the temperature drops, and at 88 

K these peaks are accompanied by two pronounced shoulders (-579 nm and -629 nm). 

The Pc/LR32'3 88 K absorbance is very similar to that of the PC trimer, with very slight 

increases in intensity at the peak near 607 nm and the shoulder feature at -629 nm 

(Figure 4-2D). In contrast, the 88 K absorbance spectrum of the Pc/LRC28*5 complex is 

very different from that of the PC trimer. There are two band maxima (605 nm and 638 

nm) whose positions are slightly different from those found in the PC trimer, but the 

long-wavelength region (620-660 nm) has a very different profile (Figure 4-2D). The 

shoulder feature previously observed at -629 nm in both the PC trimer and Pc/LR32'3 88 

K absorbance is absent while a novel one appears at -646 nm. These changes are even 

more apparent in the first derivative of the absorption spectra (Figure 4-3). In 

comparison to the PC trimer, the first derivative of the 88 K absorbance of the P C / L R ~ ~ - ~  

aggregate shows slight changes in the intensity of the maximdminima and a new small 

minimum at -653 nm. The PC/LRC~~.~ aggregate has an entirely different first derivative 

shape and the minimum at -653 nm is the most intense feature. 

Circular dichroism (CD) measurements 

To test the influence of the protein environment on the optical activity of the PC 

chromophores, we measured the CD of each PC complex at room temperature. An 

excitonically coupled pair of chromophores is easier to detect by CD than from an 

absorbance spectrum, because the CD is dominated by the strength of the coupled 
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oscillator. In other words, slight changes in the distance and geometric orientation of the 

two chromophores can greatly impact the magnitude of the CD bands. Figure 4-4 shows 

the CD traces of all of the PC complexes. The PC monomer possesses a broad single 

band similar to its absorbance profile, while all of the other PC complexes display a two- 

component band (i.e., a peak feature with a less intense shoulder on its high energy side) 

in the visible wavelength region. The approximate maximal positions of these CD bands 

are recorded in Table 4-2. Comparing the CD traces of the two PCAinker complexes to 

that of the PC trimer, one can see that the magnitude of the shoulder feature is decreased 

in both PC/linker complexes and that, additionally, the peak band of PCL~c28.5 is 

shifted to lower energy where a negative band is also observed (Figure 4-4). 

Excitation anisotropy measurements 

Polarized fluorescence excitation measurements were gathered for each PC 

complex to examine the effect of the different protein environments on the emission 

characteristics of the PC chromophores. The trimeric complexes show low overall 

anisotropy values in comparison to the PC monomer (Figure 4-5). Across all excitation 

wavelengths, the PC monomer has markedly higher anisotropy values which increase at 

long wavelengths (> 600 nm) to reach near maximal anisotropy (0.4) at -655 nm. This 

rise in anisotropy at the red wavelength region is also observed in the traces of the other 

PC complexes, although at much lower magnitudes. The anisotropy trace for the PC 

monomer reveals a smaller rise in the central wavelength region (-580 nm). This feature 

is much smaller in the other complexes but can be seen when the y-scale is amplified. 

Attempts were made to quantify the magnitude of the long wavelength rise in the 
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anisotropy trace of each PC complex by drawing a horizontal line through the 450-550 

nm region and then subtracting it from the anisotropy values at 630 nm (&30 values 

summarized in Figure 4-5). As confirmed from visual inspection, the largest anisotropy 

amplitude &30 is observed in the PC monomer. The PC trimer and PCflinker complexes 

show significant differences in A630 where the pc/LR32-3 complex rises twice as much as 

the other two: Aanisotropy6,, ( P C / L R ~ ~ . ~ )  = 0.07 versus 0.03 for the PC trimer. 

Generally, the two linkers appear to have opposite polarization effects on the PC trimer, 

showing anisotropy traces that are either higher ( P C L R ~ ~ . ~ )  or lower (PCL~c28.5)  than 

that of the PC trimer at all wavelengths. 

Fluorescence 

Each PC complex was excited at 585 nm and the fluorescence spectrum was 

measured at a series of temperatures. Other excitation wavelengths were used (kEx = 630 

nm and 660 nm) to test the heterogeneity of the absorption band, however, all of the 

information included in the data tables was obtained at h, = 585 nm. Figures 4-6A to 4- 

6D present the fluorescence spectrum of each PC complex taken over a series of 

temperatures (298 K to 88 K at 20-degree intervals). As the temperature drops, the 

emission bands become narrower, increase in intensity and the maximum position shifts 

towards shorter wavelengths. Table 4-3 contains the fluorescence maximum positions for 

each PC complex at 298 K and 88 K. While there are small variations in the maximal 

fluorescence position of the PC monomer, PC trimer and Pc/LR32.3 complexes, 

P C / L R C ~ ~ . ~  has an emission maximum that is red-shifted -6 nm from the others (Table 4- 

3). The full-width at 50% of the maximum intensity (FWHM) of the fluorescence band 
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of each PC complex is shown in Table 4-4. At both 298 K and 88 K, the PC monomer 

possesses the widest band while the Pc/LRC28-5 has the narrowest one. At 88 K, all of 

the bands become narrower by -15 nm. The absorbance and fluorescence maximal 

positions are combined to calculate the Stokes shift of each PC complex, and these are 

presented in Table 4-5. At 298 K, the PC monomer has the largest Stokes shift (28 nm), 

and Pc/LRC28.5 has the smallest one (15 nm). At 88 K, the Stokes shift is reduced 

similarly for all of the PC complexes except for P C / L R C ~ ~ . ~  where it appears to retain the 

value observed at 298 K. However, Pc/LRC28*5 is the only complex to possess a 

shoulder feature on the long wavelength side of its absorption maximum, which may be 

the emission source. 

The fluorescence maximal positions do not change so much as those of the 

absorption bands, and their behavior as a function of temperature is different for every 

aggregate. Like in the absorbance measurements, the fluorescence maximum position at 

each temperature is plotted in inset figures for each complex. The trend of maximal 

fluorescence position as a function of decreasing temperature can be described with a 

single line in all complexes except the PC monomer, which has two trendlines. From 298 

K to 178 K, the maximum fluorescence position of the PC monomer decreases more 

rapidly than in the lower temperature region (178 K to 88 K) (inset Figure 4-6A). Once 

again there is differing behavior for the two PCAinker complexes; Pc/LR32.3 (inset 

Figure 4-6C) behaves similarly to the trimer (inset Figure 4-6B), while Pc/LRc28.5 

maintains the same fluorescence maximum position throughout the entire temperature 

range (inset Figure 4-6D). 
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Besides the shift in fluorescence maximum as a function of temperature, a second 

effect is observed in all of the PC complexes at low temperatures: new features emerge in 

the long-wavelength region of each spectrum. At 88 K there is a number of small 

features that appear in the long-wavelength tail of the fluorescence band and the 

approximate peak positions of these are also included in Table 4-3. A single feature at 

-710 nm in the PC monomer 88 K fluorescence spectrum is replaced by two features in 

the trimeric complexes (Figures 4-7C and 4-7D). Compared to the PC trimer 88 K 

emission, the emission band of the pCL~32.3 complex shows a slightly higher intensity 

at -682 nm as well as a shoulder feature at -649 nm (Figure 4-7D). The fluorescence of 

the Pc/LRc28*5 complex displays the least amount of variation as the temperature drops; 

the FWHM does become narrower (Table 4-4), but the band maximum position remains 

constant (Figure 4-6D). When normalized to its maximum value, the long-wavelength 

tail appears at a lower intensity than for the other trimeric complexes at 88 K. If the 

spectra in Figure 4-7D are normalized at 740 nm instead of their respective maximum 

positions then the long-wavelength tail of Pc/LRc28'5 approaches the intensity level of 

the PC trimer, and the intensity at its maximum position is increased by 16% relative to 

the trimer. 

Fluorescence measurements at di$%rent excitation wavelengths 

The fluorescence emission of each PC complex was tested at 298 K with three 

different excitations: h, = 585 nm, 630 nm, and 660 nm. The PC monomer emission is 

sensitive to long-wavelength excitation (LEX = 660 nm), which produces a -6 nm shift of 

the entire emission band (Figure 4-8A). In contrast, the fluorescence emission of the PC 
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trimer, and that of the PC trimerhker complexes (not shown), does not vary with 

excitation wavelength (Figure 4-8B). 

Excitation measurements at differentfluorescence emission wavelengths 

The excitation spectrum of each PC complex was gathered at various emission 

wavelengths (AEM ) chosen according to the features observed in the 88 K fluorescence 

spectra. At 298 K, all of the PC complexes produce excitation traces that are independent 

of emission wavelength (Figures 4-9A to 4-9D at 298 K). It is at 88 K that differences 

are observed. The PC monomer has an excitation band that is slightly narrower on the 

long-wavelength side when measured at h E M  = 710 nm rather than the maximum emission 

wavelength, hEM = 648 nm (Figure 4-9A at 88 K). Although to different extents, this is 

also observed in the PCAinker complexes: the excitation band gathered at XEM = 714 nm 

is narrower on the long-wavelength side. The excitation spectra of the PCAinker 

complexes displayed more variation than the PC monomer when measured at different 

emission wavelengths. In addition to the slightly narrower excitation band produced at 

h,, = 7 14 nm discussed above, the PCk~32-3 complex possesses a small long- 

wavelength (-660 nm) component that is clearly visible at LM = 682 nm (Figure 4-9C at 

88K). This small band may also be present in the PC/LRC*~-~ excitation scan taken at 

LE, = 682 nm, but it is much smaller (Figure 4-9D at 88K). The variations in the 

excitation band of P C / L R C ~ ~ . ~  taken at different emission wavelengths are interesting. 

The excitation scans taken at xEM = 682 nm and %EM = 714 nm emission wavelengths are 

identical while that taken at LE, = 729 nm is significantly broader on the long-wavelength 

edge (Figure 4-9D at 88 K). It is difficult to determine whether the excitation scan 



12 I 

measured at the emission maximum (h, = 655 nm) agrees with that from h,, = 729 nm 

because the lamp excitation profile interferes in this region. However, in PCk~32 .3  the 

excitation scan at hEM =729 nm (not shown) follows the same profile as that taken at the 

maximum emission (k, = 652 nm). 

Discussion 

PC Monomer 

The PC monomer contains three phycocyanobilin chromophores covalently bound 

to cysteine residues a84, p84, and J3 155. The shortest center-to-center interchromophore 

distance is found between the J3 chromophores (34 A apart); and the third chromophore, 

a84, is located closest to pl55 (50 A). The 77 K absorbance of the PC monomer isolated 

from Synechococcus sp. PCC 7002 has been previously measured by Debreczeny and 

our results concur: two distinct peaks are resolved from the single 298 K band with 

absorption maxima at 630 nm and 604 nm (Figure 4-1A). Although the three PC 

chromophores are chemically identical, their spectroscopic properties are sensitive to 

changes in their structural conformation and surrounding protein environment. The 

absorbance and fluorescence spectra of the PC monomer have been deconvoluted into 

three individual component bands (representing each of the chromophores) by different 

research g r o ~ p s . ~ , ~ , ~  A survey of the published literature 6-11 provides a range of maximal 

positions and relative amplitudes for these spectral bands, and these parameters are 

summarized in Table 4-6. In each case, the resolved spectral bands were assigned to the 

three resident PC chromophores assuming that the subunits in the PC monomer do not 

interact with each other spectroscopically (Le., they are independent of each other). The 
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Appendix 4- 1 section at the end of this chapter, simulates the absorbance spectra of the 

PC monomer using the spectra from either the isolated subunits, or that of the individual 

chromophores (deconvoluted by M. P. Debreczeny)6. It concludes that the PC monomer 

absorbance can be adequately described as a linear combination of the individual 

components at both 298 K and 88 K. If a substantial coupling interaction existed 

between the subunits, then this would not be possible. CD measurements and polarized 

excitation anisotropy traces support this assumption. The CD spectrum for the PC 

monomer (Figure 4-4) shows a broad single band (450-650 nm region) similar to the 

isotropic absorbance measurement at 298 K (Figure 4-1A). Although this CD band is 

somewhat wider than the absorbance band, it does not possess individual components of 

opposite signs or an observed band splitting that wouId be indicative of strong excitonic 

coupling among the chromophores. Mimuro et a/.* found that in excitation anisotropy 

measurements of PC complexes isolated from M .  laminosus, the highest polarization 

occurred in the isolated a-subunit with its single chromophore, followed by the monomer 

and then the P-subunit at lower anisotropy. The authors concluded that although some 

depolarization occurred in the P-subunit due to energy transfer between pl55 and 

p84 (hence lower anisotropy than the a-subunit), there was minimal interaction between 

the subunits themselves since addition of the two subunit anisotropy traces adequately 

reproduced that of the PC monomer. 

The protein binding pockets of both a84 and j384 are located in the central cavity 

area of the PC trimer, and in the PC hexamer arrangement, a pair of p84 chromophores 

have the closest center-to-center distance (26 A).'' Spectroscopically, the a84 and p84 

chromophores possess nearly overlapping absorption and fluorescence spectra 
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(determined for the PC monomer and subunits)69 but the 084 chromophore has been 

assigned to the lowest energy band based on studies that chemically alter the spectral 

properties of the a84 chromophore$’2 as such, the p84 chromophore is the final emitter 

in a chain of ‘downhill’ energy transfer. The fluorescence excitation anisotropy traces 

presented in Figure 4-5 show that there is a rise in the anisotropy of each PC complex as 

excitation approaches the long-wavelength region (> 600 nm) indicating a conservation 

of polarization in the fluorescence emission. The chromophore fluoresces rather than 

transfer its energy ‘uphill’ and so the polarized emission in this region is enhanced. This 

rise is particularly pronounced in the PC monomer where both subunits are fluorescing at 

these wavelengths. 

The fact that the PC monomer fluorescence is not independent of excitation 

wavelength (Figure 4-8A), showing a bigger Stokes shift for excitation on the red-edge of 

absorption (LEX = 660 nm), demonstrates that this is a poor system of energy transfer. If 

the chromophores were efficiently transferring their energy to one final emitter, then the 

emission band would be independent of excitation wavelength. In other words, if the two 

subunits were energetically linked, then the absorbed energy would always be directed to 

the lowest lying chromophore (or excitonic state) and the same fluorescence band would 

be observed regardless of excitation wavelength. Instead the PC monomer absorbance, as 

a combination of individual components, possesses site heterogeneity so that 

fluorescence from both PC subunits is observed according to excitation wavelength. 

There is some energy transfer between the P-subunit chromophores (otherwise the 

anisotropy would be highly polarized throughout the entire wavelength region) but the 

PC monomer is an inefficient system overall. Along with the steep rise in excitation 



124 

anisotropy at long-wavelengths (A > 600 nm) already discussed, the excitation-dependent 

fluorescence band of the PC monomer indicates a strong absorption sensitivity in the 

long-wavelength region. Although both a84 and p84 have similar spectral bands in this 

Iong-wavelength region and therefore are both contributing to the observed sensitivity, 

those of the p84 chromophore are lowest in en erg^.^'^ This means that although the PC 

monomer is overall an inefficient system of energy transfer, its P-subunit is channeling its 

energy towards the p84 chromophore since there is no LEX sensitivity in the emission at 

short wavelengths (< 620 nm) where pl55 absorbs maximally, and the excitation 

anisotropy in this region is low compared to the long-wavelength components. 

PC trimer 

Formation of the PC trimer from the individual PC monomer units, induces 

changes in the immediate protein environment surrounding a84 and p84. The a84 

chromophore binding pocket is now completely covered by the adjacent PC monomer 

protein, while p84 remains partially exposed to the central cavity." Because the PC 

monomer structure is unknown, we cannot directly compare the a84 and 

p84 chromophore conformations in PC monomers and trimers; however, formation of the 

PC trimer will have the greatest impact on the chromophores that are close to the junction 

site between the monomers. PC trimer formation furnishes new interactions between the 

chromophores and amino acid residues from neighboring monomers that can impact the 

spectral characteristics of the chromophores. For example, the propionate side chain of 

the a84 chromophore forms a salt bridge to residue R57 of the neighboring monomer. 
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Perhaps the most important change introduced by PC trimer formation is an 

interchromophore distance between neighboring a84 and p84 chromophores (2 1 A) that 

is in the range of weak coupling. The distance between the outermost pyrrole rings of 

these two chromophores is - 13 A, and the relative orientation factor is favorable for 

energy transfer on a picosecond timescale. These favorable electronic interaction 

conditions as well as changes in the immediate protein environment of or84 and p84 

contribute to the differences observed in the PC monomer and PC trimer spectra. At 

room temperature, the absorbance band maximum of the PC trimer is red-shifted - 7 nm 

relative to that of the PC monomer (Figure 4-2A) and, although the fluorescence 

maximum remains at about the same position when both are excited at h, = 585 nm 

(Figure 4-7A), the PC monomer fluorescence band red-shifts -6 nm when h,, = 660 nm 

(Figure 4-8A) due to site heterogeneity. Efficient energy transfer pathways between 

adjacent monomers are formed in the PC trimer aggregate, and these affect the spectral 

properties of the chromophores to enhance the flow of energy towards a terminal emitter. 

The fluorescence band of the PC trimer (Figure 4-7A) is narrower than that of the 

monomer by -5 nm (Table 4-5) and polarized excitation measurements show low 

anisotropy values for the PC trimer (Figure 4-9, indicating efficient energy transfer to 

the final emitter rather than direct fluorescence from the individual subunits as seen in the 

PC monomer. 

The short interchromophore distance (21 A) between neighboring a84 and p84 

chromophores and favorable geometry provide an opportunity for excitonic coupling. 

Numerous studies have used CD measurements to identify coupling interactions in 

phyc~biliproteins.~~~~-*~ If a pair of chromophores were strongly coupled then their CD 
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spectrum would possess positive and negative bands. However, phycobiliproteins are 

more complex than a simple chromophore dimer system; although PC has chemically 

identical chromophores, these are placed in different environments at slightly different 

conformations and resulting positive and negative bands from the individual 

chromophores in the trimer aggregate would be difficult to resolve. However, both the 

absorbance (Figure 4-2A) and CD spectra (Figure 4-4) of the PC trimer is significantly 

different from that of the PC monomer. Compared to a typical absorption measurement, 

CD is much more sensitive to coupling interactions between chromophores and even 

small exciton band splittings can be detected. The CD of the PC trimer is different from 

that of the PC monomer in that it contains two components, a peak at 635 nm and a 

shoulder at -593 nm, instead of a single broad band with maximum at 605 nm (Table 4-2, 

Figure 4-4). Clearly, PC trimer formation provides new electronic interactions between 

the chromophores or changes in their structural conformations that are affecting the 

optical activity of the PC chromophores. 

The possibility of excitonic coupling between neighboring a84 and p84 

chromophores in PC and APC trimers has been the topic of much speculation. 

Experimentally, both PC and APC trimers have been shown to have much faster 

fluorescence anisotropy decay times than their monomer counterparts and in some cases 

the experimental resolution has revealed femtosecond ~ornponents~*-~~ theoretically 

expected from coherent energy t r a n ~ f e r . ~ ~ - ~ ~  In the case of APC trimers, the initial 

polarization anisotropy at t = 0 has been observed in a range (0.58 to 0.7)25,26 that is 

impossibly high for uncoupled relaxation processes where the theoretical limit is 

expected to be 0.4.36137 Although the a84 and p84 chromophores in APC and PC are very 
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similar in geometry and distance, the highest initial anisotropy observed in PC trimers has 

not been as high (r(0) PC = 0.4)."*29 In steady-state measurements, the absorbance and 

CD spectra of APC and PC trimers are very different. In particular, the CD spectra of 

~ ~ ~ 1 6 . 1 7 . 3 8  is more promising (it has positive and negative components)16 for predicting 

strong excitonic interactions between the two chromophores in comparison to that 

measured for PC8. However, the PC trimer CD spectrum does show two positive 

components (Figure 4-4) in contrast to the single peak found in the absorbance (Figure 4- 

2A) indicating that there is either weak coupling among the  chromophore^^^*^ or a change 

in the chromophore conformation induced by the trimer f~rmation.~' To evaluate 

excitonic coupling in the PC trimer, Sauer and Scheer4' used the PC trimer crystal 

structure to calculate the expected band splitting of the chromophores. The largest 

excitonic band splitting is expected from the most strongly coupled pair, i.e., the pair with 

the shortest center-to-center distance, a84 ~ p 8 4 .  This splitting is calculated to be 112 

cm-' and may not be easily resolved in the absorbance or CD spectra. 

The low temperature absorbance measurements in this study provide some insight 

to the possible a84-P84 coupling interaction. The PC trimer absorbance and 

fluorescence spectra contain a number of features that are absent in those of the PC 

monomer. The PC trimer absorbance band has two predominant band maxima, similar to 

the PC monomer, that arise as the temperature is lowered and at 88 K these peaks are 

accompanied by two pronounced shoulders (Figure 4- 1B). The biggest differences 

between the PC monomer and trimer absorbance spectra occur at long wavelengths where 

the a84 and p84 bands are strongest. The PC monomer absorbance peak at 630 nm is 

replaced in the PC trimer spectrum by a sharp shoulder at -629 nm and a well-resolved 
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peak at 636 nm (Figure 4-2C) . The separation of this peak and shoulder (175 cm-') is 

larger than the calculated value of 1 12 cm-l, but is reasonable considering that (1) the 

appropriate maximal value of the shoulder feature is difficult to estimate by inspection 

and, (2) the calculation is based on the PC trimer crystal structure at 298 K which 

probably changes slightly at low temperatures and could produce a larger splitting. 

I The individual absorption bands, resolved from the PC monomer, which are 

assigned to a84 and p84 are very similar in shape and maximal wavelength position. 

Appendix 4- 1 uses these individual bands in linear combinations to satisfactorily describe 

the PC monomer. Aggregation of PC monomers into the PC trimer unit could unequally 

perturb each of the chromophore absorption bands and this would be accentuated at low 

temperatures. The long-wavelength peakkhoulder feature observed in the PC trimer 88 

K absorbance could be due to either changes in the individual chromophore absorption 

bands (from changes in conformation or in the immediate protein environment) or to 

newly formed electronic coupling interactions between the chromophores. 

Unfortunately, the magnitude of the influence of environmental changes versus excitonic 

coupling upon the chromophore spectra is difficult to separate. If the observed 

peaklshoulder absorbance feature is interpreted as a separation of the a84 and p84 bands 

due to changes in their individual protein environments then there would be minimal 

coupling between the chromophores and one should be able to reproduce the spectrum 

combining separate components as for the PC monomer. The simulation exercise 

detailed in Appendix 4-1 shows that a linear combination of the individual chromophore 

spectra is sufficient to reproduce the 298 K PC trimer absorbance, but at 88 K it is 

impossible to attain an adequate fit of the spectra using the low temperature absorbance 
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bands of the individual subunits. From Appendix Figure A6 it is clear that to reproduce 

the long-wavelength component of the 88 K PC trimer spectra, the amplitude of the 

second P-subunit peak (Le., P84) must increase (leaving the first peak, pl55, roughly 

unchanged) while that of the a-subunit decreases. However, even if we were to alter the 

P-subunit spectra as suggested, a suitable spectral fit is stili not possibIe because the 

linewidth of the individual subunit absorbance spectra is too wide to reproduce the 

sharpness of the observed PC trimer peaidshoulder profile. Clearly, the chromophore- 

protein environment of the PC monomer and trimer are very different and one cannot be 

used to model the other. There are theoretical reasons for expecting excitonic 

components to be narrower than the non-interacting species from which they a r r i ~ e , ~ ~ * ~ ~ * ~ *  

so we used Gaussian functions with narrower linewidths to simulate the long-wavelength 

peakhhoulder shape in the 88 K PC trimer spectra. The separation of the Gaussian band 

maxima is even larger (275 ern-') than the calculated 112 cm-' splitting, however, the rest 

of the spectrum is not included in the simulation; if trailing features were added to the 

short-wavelength side of these Gaussian waves (to appear more like the PC 

chromophores) their maximal positions would shift closer together. It is a complex 

situation and an accurate description of the absorbance bands of the PC trimer 

chromophores obviously lies somewhere between these narrow Gaussian waves and the 

broader bands of the individual subunits. The simulations showed that slight changes in 

amplitude, maximum wavelength position or width of the individual components can 

have a significant impact on the resulting spectral band. However, drastic changes in the 

individual chromophore absorbance spectra would be necessary to reproduce the 

experimentally observed 88 K PC trimer spectra. This means that linear combinations of 
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individual absorption bands were unable to satisfactorily explain the complex 88 K PC 

trimer absorbance; therefore, excitonic coupling interactions between the chromophores 

must be considered to impart narrower linewidths. 

Like in the absorbance measurements, the low temperature fluorescence spectrum 

of the PC trimer is also red-shifted in comparison to that of the PC monomer (Figure 4- 

7C). The fluorescence band of the PC trimer has a narrower FWHM (Table 4-5) at all 

temperatures, and the long-wavelength tail resolves three small peak features suggested 

in the PC monomer 88 K fluorescence (Table 4-4, Figure 4-7C). Unlike the PC 

monomer, the fluorescence emission scans of the PC trimer taken at different excitation 

wavelengths are nearly identical (Figure 4-8B), reflecting an efficient system of energy 

transfer to the final emitter. In agreement, excitation scans of the PC trimer taken at 

different emission wavelengths at both 298 K and 88 K are identical, which is consistent 

with a single source of emission (Figure 4-9B). Because the PC trimer emission is 

independent of excitation and its excitation anisotropy is much lower than that of the PC 

monomer at all wavelengths, we conclude that a significant amount of energy transfer 

between the chromophores exists in the PC trimer. The complexity of the 88 K PC trimer 

absorbance, along with the multi-component CD trace and the fast relaxation components 

reported in the literature, suggests that neighboring a84-P84 pairs are weakly coupled. 

PCninker complexes 

The two PC/linker complexes in this study show distinct variations from the 

spectral properties of the PC trimer. The Pc/LR32.3 complex typically shows minor 

deviations from the behavior of the PC trimer, while the P C / L R C ~ ~ - ~  aggregate is 
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characteristically different in absorbance, fluorescence, and polarization properties. This 

difference in behavior is suggestive of specific differences in the chromophore-linker 

interaction mechanism of each aggregate. There is only one available structure of a 

biliprotein/linker complex (APC/Lc7.8), and it reveals that the linker disrupts the C3- 

symmetry of the APC trimer by binding to only two of the three available monomers.43 

Linker association induces subtle changes in the APC trimer conformation which serve to 

bring the p84 chromophores slightly closer together without affecting the a84-P84 

distance. The Lc7.8 linker interacts with each APC monomer differently; in one case 

there is a specific change of the p84 conformation due to a phenylalanine residue 

extending from the linker towards the chromophore; in the second case, a loop segment 

containing multiple electrostatically charged residues enclose the p84 binding area but 

are not directly perturbing its structure. The spectroscopic effect of k 7 . 8  on the APC 

trimer absorbance is a small red-shift in the maximal position (2-3 nm) and a significant 

suppression of the short-wavelength s h o ~ l d e r . ~ ' , ~  The excitation anisotropy traces of 

both APC trimer and APCLc7.8 are identical4 showing that the linker does not impede 

the flow of excitation in the trimer. 

The distinctive behavior of the two biliproteidinker complexes in this study is 

best observed in the absorbance spectrum. Figure 4-2B compares the absorbance spectra 

of P C / L R ~ ~ - ~  and PC/L&*.5 to that of the PC trimer and it is clear that each linker is 

perturbing the PC trimer chromophores in a different manner. The spectra are 

normalized to their respective maximum absorbance to demonstrate relative changes in 

wavelength position, but protein characterization studies done by Yu et ~ 2 1 . ~ ~  showed that 

PCAinker complexes, at the same protein concentration as the PC trimer, had an 
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increased molar extinction coefficient (-30% higher). Besides this increase, the 

absorbance profile of the PcL~32.3  aggregate does not deviate greatly from that of the 

PC trimer, while the PCL~c28-5 absorbance displays a different band shape as well as a 

large red-shift in the maximal absorbance position. 

The spectral modulating effect of the LRC linker peptide at room temperature has 

been previously observed in other cyanobacterial biliproteidlinker c o m p l e x e ~ . ~ ~ - ~ ~  This 

change in the PC absorption band shape is expected to facilitate the transfer of energy 

across the junction of rod and core biliproteins and to guide the flow of energy in one 

direction: towards the APC core.5o The PC/L,RC~~-~ absorbance mimics the shape of the 

APC trimer spectrum which is speculated to be caused by either exciton interactions 

between the neighboring a84 and p84  chromophore^^^ or changes in the chromophore 

structural conformation upon trimer aggregation5* (the APC monomer absorbance has a 

more symmetrical shape). Although the backbone structures of PC and APC are very 

similar there are some key differences in the chromophore binding pockets that may lead 

to different spectral properties for these two biliproteins. In the APC a-subunit 

chromophore binding region there are two deleted amino acid residues that lead to 

significant structural changes in the immediate chromophore en~ironrnent.~~ The 

structure of the p-chromophore binding pocket is well-conserved between PC and APC 

except for two critical residues which are isoleucines in PC and are replaced by tyrosines 

in APC. One of the tyrosines (Y90) was suspected of electronically and sterically 

interacting with the p84 chromophore, and this was confirmed by the APC/Lc7-* crystal 

structure. An aromatic residue (F37) extends from the k 7 . 8  linker and inserts itself 

between the APC (Y90) residue and the coplanar p84 pyrrole ring D and forces them to 
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repel in opposite directions. Since the PC P-subunit does not possess an aromatic residue 

directly analogous to APC(Y90), the LRC28’5 linker may have to interact with the 

p84 chromophore in a different manner to induce the observed “APC-like” absorbance 

spectrum. Genetic alterations of this APC (Y90) residue (or of L c ~ . ~  (F37)) would 

provide an essential insight in determining the impact of this chromophore conformation 

change on the APC spectral properties and point towards a mechanism for L R ~ ~ ~ . ~  

interaction with the PC chromophores. It is interesting to note that although the Lc708 

linker perturbs the conformation of only one APC 084 chromophore, this action may 

disrupt the interaction between a84 and 084, thus indirectly affecting the a84 spectral 

properties also. It could enhance the coupling of a84-@4 by inducing a more favorable 

geometric factor, and the asymmetric absorbance band shape could be a reflection of this 

excitonic interaction. The CD spectra of both PCAinker complexes show a prominent 

decrease in the low energy shoulder band feature (Figure 4-4) that indicates a difference 

in the relative geometry or distance of the chromophores with each other due to the 

associated linker peptide. These slight changes in structure would impact coupling 

interactions between chromophores that contribute to the strength of the CD band. Since 

the magnitude of the decrease is roughly the same for both Pc/LR32.3 and Pc/LRC28.5, 

we speculate that it is a general effect from the linker peptide occupying the PC trimer 

central cavity. Specific interactions between the linker residues and the chromophores 

are then needed to produce distinct perturbations in the PC trimer spectral properties. 

At 88 K, the absorbance spectra of PcLL~32-3 and PCL~c28.5 are very different 

from each other (Figure 4-2D). Since there is a lack of new features in the Pc/LR32.3 

spectra, we assume that this linker does not seriously interfere with the established 
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a84P84 relationship in the PC trimer. The presence of the linker in the central cavity 

should interrupt the symmetrical interaction of the three p84 chromophores and provide 

them with distinct environments. The observed slight red-shift in the 298 K PC/L,R~~ .~  

absorbance could be due to a linker-induced differentiation among the three 

p84 chromophores to place one of them at a slightly lower energy than the others and 

thus guide the flow of energy. The fluorescence spectrum of P C / L R ~ ~ - ~  shows noticeable 

differences from that of the PC trimer (Figures 4-7B and 4-7D), indicating that Pc/LR32.3 

is influencing the spectral properties of the terminal emitter (p84). Additionally, the 

polarized excitation anisotropy measurements show that P C / L R ~ ~ - ~  has a slightly higher 

anisotropy than the PC trimer at all wavelengths (Figure 4-5). The long-wavelength 

region (> 600 nm), where the anisotropy of all PC complexes rises, is interesting. As in 

the PC trimer, both PCAinker complexes exhibit a slight rise in anisotropy in this region, 

but it appears that the influence of LR32*3 is more pronounced than that of LRC28.5. 

In contrast to PC/L,R~~.~, the 88 K absorbance spectrum of the PC/LRc2'.' 

complex is very different from that of the PC trimer. There are changes in the maximum 

positions of individually resolved peaks: the shoulder clearly resolved in the PC trimer at 

-629 nm is suppressed, and a new band appears at long wavelength. These changes are 

even more apparent in the first derivative of the absorption spectra (Figure 4-3), which 

accentuates the small inflections flanking the absorbance maximum peak (near -628 nm 

and -648 nm). The -628 nm inflection is probably the remains of the sharp shoulder 

observed in the PC trimer 88 K absorbance spectra; but the second band at -648 nm is a 

new band created by the linker-chromophore interaction, because it does not coincide 

with any features in the PC trimer absorbance. Clearly, PC trimer association with the 
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LRC28-5 linker alters the immediate environment of p84 (exposed to the central cavity in 

the PC trimer) and disturbs the established interchromophore relationships. Since the 

LRC28.5 and L~32.3 amino acid sequences are generally similar (discussed in Chapter 3), 

we must assume that the effects of LRc28.5 association are not arising from a general 

perturbation of the PC trimer structure but rather a specific interaction with the 

chromophores that is distinct from the L R ~ ~ - ~  interaction. Because the P C / L R C ~ ~ - ~  88 K 

absorbance is so different from that of the PC trimer, we propose that this linker 

interaction disrupts the coupling between the neighboring a84 and p84 chromophores to 

create a unidirectional path of energy transfer to the APC core. The polarized excitation 

anisotropy of Pc/LRc28*5 is lower than that of the PC trimer at all wavelengths (Figure 4- 

5) implying a larger amount of disorder in the emission. If the LRC28*5 linker interrupts 

the PC trimer C3-symmetry to preferentially interact with one of the p84 chromophores 

as the single final emitter to APC, then it would increase the number of energy transfer 

pathways resulting in lower anisotropy. It is unclear whether the LRc28.5 linker is 

beneficial or detrimental to the a84-P84 coupling interaction but it is definitely affecting 

their established relationship in the PC trimer. The maximal absorbance and fluorescence 

positions for each PC complex were recorded as the temperature was lowered. The trend 

for Pc/LRc28*5 is different from all the others and shows the least variation as the 

temperature is lowered (inset Figures 4-1D and 4-6D). This suggests that the PC 

c h r o m o p h o r e / l ~ ~ ~ ~ - ~  interaction is not only specific but also strong enough to resist the 

influence of the surrounding solvent environment. 



136 

Like the absorbance and excitation anisotropy measurements, the fluorescence 

measurements of the PCAinker complexes also display distinct behavior. Neither linker 

introduces dramatic changes in the PC trimer fluorescence band shape at 298 K (Figure 

4-7B), but the band maximum is red-shifted by different amounts (Table 4-3). The 

PCAinker complexes have even narrower bands than the PC trimer (Table 4-4) indicating 

further quenching of the fluorescence through linker-chromophore interactions that 

enhance energy transfer pathways. At low temperatures, new features emerge in each 

PCAinker complex that were absent in the 88 K PC trimer fluorescence (Figure 4-7D) 

indicating that both linkers impact the emission properties of the terminal emitter to 

different extents. The PCjL~32.3 complex enhances the intensity of the observed trimer 

peak at -680 nm and produces a new feature at -649 nm, while PC/LR~**.~ has a 

suppressed long-wavelength tail and a small novel shoulder at -641 nm. Excitation scans 

taken at different emission wavelengths show that, except for hM = 682 nm, there are no 

appreciable differences that could be attributed to different sources of emission for each 

feature observed in the 88 K fluorescence. At bM = 682 nm both PCAinker complexes 

have a small excitation shoulder at -660 nm that is not present at the other emission 

wavelengths (Figures 4-9C and 4-9D). Although this could be a general effect of linker 

association, it is more likely due to a purification artifact, because its intensity differed 

among preparations. Although the protein isolation procedure includes multiple 

chromatography columns to separate APC and PC complexes, the PCAinker complexes 

elute in a region close to APC and would suffer from the largest amount of APC 

impurity. A small APC impurity that is not detectable at room temperature can be 

exposed when the excitation band becomes narrower at low temperatures. 
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In summary, the significant differences in the spectral properties of the two 

PCAinker complexes suggest that chromophore-linker interactions in each case are 

proceeding by different mechanisms. Because the fluorescence spectra of both PCAinker 

complexes is different than that of the PC trimer, we expect that the linkers are 

influencing the terminal emitter (p84). Since the absorbance and fluorescence spectra of 

the P C / L R ~ ~ * . ~  complex are so remarkably different from that of the PC trimer, we 

propose that its interaction mechanism is also affecting the a84-p84 relationship. The 

CD measurements of the PCAinker complexes support this proposal, because they display 

a decrease in the magnitude of the low energy band component relative to the PC trimer 

CD spectrum. 

Kennard-Stepanov relation between absorption and fluorescence 

This section exploits the measured spectroscopic properties of the PC complexes 

to gain an understanding of the relaxation behavior of the system. In the early 1900’s 

physicists sought to establish a link between the molecular properties of absorption and 

luminescence of light. Kirchoff‘s law postulated that good absorbers are good emitters, 

but it was not until the dual nature of matter and light was established that ideas began to 

solidify. E. H. Kennard was probably the first to predict a general relation between the 

shapes of absorption and emission  band^.^"^^ In 1957, B. I. Stepanov revived interest in 

the relation, and capitalizing on recently published spectral measurements that suggested 

a mirror image symmetry between absorption and emission bands, he proposed to use his 

‘universal’ relation as a means to produce the absorption spectrum of a molecule from the 

emission spectrum and vice versa.56 Based on thermodynamic considerations of 
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blackbody radiation, and Einstein’s coefficients for transitions between two quantum 

states, the Kennard-Stepanov relation can be expressed as follows: 

.(.)=In[ C2Z(V) ]=--+D(T) hV 

81thv30(v) k5T 

where Z(v) and o(v) are the experimentally observed emission and absorption spectra in a 

frequency scale (v). The other factors are: h, Planck’s constant, k5, Boltzmann’s constant 

and D(T), a quantity that is independent of frequency. Stepanov stipulated two 

conditions to uphold the universal relation for the molecule under study: (1) complete 

vibrational thermal equilibrium of the excited state before emission, and (2) negligible 

%on-exciting” absorption (i.e., minimal transitions between two vibrational state levels). 

If a fluorescent system is homogeneous, then the vibrational distribution of the ground 

state is reflected in the excited electronic state resulting in a mirror symmetry between 

absorption and fluorescence spectra. 

Different groups have formulated the Kennard-Stepanov (KS) F(v) relation to 

obtain radiative lifetime and thermodynamic information from organic m01ecules,5~-~~ 

semiconductors6’ and chromophore-protein assemblies like 

phyc~biliproteins~~ and other photosynthetic 

versus frequency, v; then a straight line is drawn through the function so that the slope of 

the line (-wk,T) and subsequently, the temperature T, are calculated. If the vibrational 

Typically, F(v) is plotted 

levels of the excited state relax by rapidly exchanging energy with their environment 

(before emission occurs) then the calculated KS temperature should reflect the ambient 

temperature of the experiment. In practice, the KS value is frequently higher than the 

experimentally ambient temperature. Van Metter and discuss the reasons that 

have been proposed for this elevated KS temperature: (1) inhomogeneous broadening 
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caused by a mixture of fluorescing  specie^^^.^^ and (2) a “warm fluorescence” situation 

where the calculated Tis actually the temperature of the excited state during the 

fluorescence lifetime.69.70 Differentiation between these two possibilities can be achieved 

by calculating F(v) and T using fluorescence spectra obtained at different excitation 

wavelengths. If the same Tis obtained, then it excludes the “warm fluorescence” 

possibility, which assumes that higher excitation energies lead to higher effective 

 temperature^.^' 

Recently, Knox and  coworker^^'.^* have investigated F(v) in more detail by 

analyzing its first derivative: 

-h ik ,  T * ( v ) =  
dF( v) i dv 

where curvature or non-linearity in F(v) will be more pronounced. Analysis of T*(v) for 

a simple dye solution can reveal unusual properties of the excited state or the relaxation 

behavior of that chromophore, and can sensitively measure imp~rities.~’ Of further 

interest is the application of T*(v) analysis to large molecular assemblies such as 

photosynthetic antenna systems, where it can be used to detect a pair of poorly coupled 

states or incomplete thermal relaxation of the excited ~ t a t e . ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~  It is in this capacity 

that it is being used here. A light-harvesting antenna system with efficient energy 

transfer among the pigments should have a well-equilibrated excited-state manifold. 

Sawicki and Knox examine the effect of oscillator strength and energy transfer rates on 

T*(v) calculations using simulated Gaussian functions. 71 They conclude that both energy 

transfer and oscillator strength contribute to T*(v) features in distinct manners: the 

oscillator strength controls the position of the feature (the peak follows the weaker band) 
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while the kinetic transfer rate determines its intensity (more pronounced as the transfer 

rate is slower). 

The isolated PC complexes in this study present a relatively small but organized 

system of chromophores that is ideal for this kind of analysis. If the transfer of energy 

among the chromophores is not fast enough to allow complete vibrational relaxation of 

the excited state before emission, then this will be detected in the T*(v) plot as a broad 

band. In essence, T*(v) becomes a probe of thermal relaxation and efficient energy 

transfer, as a function of protein aggregation in these complexes. 

Results 

Because F(v) is obtained from the overlap of the absorbance and fluorescence 

bands, artifacts can be produced in the areas where one amplitude becomes small. For 

this reason, we arbitrarily restrain our observations to a spectral region where there is a 

normalized spectral intensity that is >lo%. The calculated F(v) for each PC complex at 

298 K is presented in Figures 4-10A to 4-10D. F(v) is initially plotted over the entire 

spectral overlap area with the absorbance and fluorescence bands in the background, and 

then it is constrained to the >lo% normalized spectral intensity region. A linear fit of 

F(v) in this region is made and the KS temperature is resolved from the slope of this fit. 

Because there is obvious curvature in F(v) at low energy, this region was then excluded 

to obtain a better linear fit (as judged by R2 error parameter); the KS temperature 

obtained in each fit is reported in each figure as well as in Table 4-8A. None of the 

calculated KS temperatures match the experimentally ambient temperature (298 K), and 

the largest discrepancy is found in the PC monomer (330 K). 
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Although the F(v) trace of each PC complex shows some curvature, it is in the 

T*(v) plots that inflections are well-resolved. T*(v) is calculated at each energy position 

using a slope width of 7 points (3 nm span), and the results are presented in Figures 4- 

I 1A to 4-1 ID. In each case, the T*(v) values steeply increase towards low frequency. 

Because the largest degree of curvature was observed in the PC monomer F(v) low- 

frequency region, it is not surprising that PC monomer also has the highest T*(v) value 

(- 1050 K). Towards higher frequency, T*(v) approaches ambient temperature 

(represented by the straight black line at 298 K), except in the case of P c / L ~ c ~ * . 5  where 

a broad feature appears with a maximum T*(v) = 335 K at 15700 cm-' (637 nm). 

Cdculations of F(v) and T*(v) are carried out for each PC complex at a series of 

temperatures, and the resulting T*(v) plots are shown in Figures 4-12A to 4-12D. At low 

temperature the T*(v) rise at low energy is more pronounced and band features are better 

resolved; for comparison, the 88 K T*(v) trace for each PC complex is plotted in Figure 

4- 13. Both the PC monomer and trimer appear to have a peak feature at - 15420 cm-' 

(-649 nm) which is not readily apparent from the 298 K T*(v) plot. Notably, the 

P C / L R C ~ ~ . ~  T*(v) has a broad band with maximum at 15576 cm-' (642 nm), while 

P C / L R ~ ~ . ~  has a peak at 15480 cm-' (646 nm) and, unlike the other PC complexes, is 

suppressed in the 15420 cm" region. 

Discussion 

Although Kennard provided the underlying formulation for the relation between 

absorbance and luminescence in 1918, it was not until the 1960's that it was rigidly tested 

for various pigments in solution at room t e m p e r a t ~ r e . ~ ~ . ~ ~ . ~  The predicted linear 
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dependence of F(v) on v was readily observed in the central spectral overlap region, but 

at the extreme regions on each side of the overlap, where one of the spectral bands was at 

its minimum, the linearity broke down. Scientists reasoned that these extreme regions 

could not be measured reliably, because they were subject to contamination from 

impurities or stray light, and excluded them when fitting the central linear area to gain the 

KS temperature. However, even such F(v) fits, constrained to the central (Le., most 

linear) region, produced KS temperatures which were higher than the ambient 

temperature. Initially, these elevated KS temperatures were ascribed to slow vibrational 

relaxation of the excited molecule, but this idea was quickly discarded in lieu of more 

thermodynamically feasible suggestions such as solute-solvent interactions, 

inhomogeneous broadening or warm fluorescence (discussed in reference 66). 

The transfer of excitation energy among the chromophores of the PC monomer 

and PC trimer occurs in picoseconds while the excited state lifetime is in the nanosecond 

range,6 yet all of the PC complexes in this study produced KS temperatures that are 

higher than ambient (Table 4-8A). The highest KS temperature was found in the PC 

monomer (Figure 4-1OA) which is not surprising since its emission band is dependent on 

excitation wavelength (Figure 4-8A) and therefore in direct violation of Stepanov’ s 

stipulation for complete thermal equilibrium. The fact that the fluorescence of the PC 

monomer changes at long wavelength excitation, and that its emission is significantly 

polarized (Figure 4-5), indicates multiple sources of emission; therefore the equilibration 

manifold of excited states expected for an antenna system is not present in the PC 

monomer. KS calculations performed with fluorescence bands obtained at different 

excitation wavelengths confirm that the high KS temperature obtained from the PC 
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monomer is due to inefficient energy transfer and not from incomplete or slow 

vibrational relaxation. Excitation at 660 nm shifts the fluorescence band to longer 

wavelength (smaller wavenumber) and, because this emission is highly polarized it is 

presumed to be direct emission from the long-wavelength absorbing chromophores. The 

resulting effect of hwr = 660 nm on F(v) is to tilt the slope slightly more clockwise to 

produce a KS temperature closer to ambient. 

The trimeric PC complexes possess KS temperatures that are closer to 298 K, 

although still elevated (Table 4-SA). Considering the possibility of warm fluorescence 

discussed by Van Metter and K ~ o x ~ ~  as explanation for the elevated temperatures, 

additional calculations of the PC trimer F(v) were made using fluorescence spectra 

gathered at different excitation wavelengths. If the KS temperature represented a 

Boltzmann-like population of vibrational states established at a higher temperature, then 

excitation at a different energy should systematically affect the KS temperature. Our 

calculations produced similar KS temperatures (k 3 K) with no correlation to excitation 

wavelength. A second and more likely explanation for the observed elevated temperature 

is inhomogeneous broadening. Slight differences in chromophore conformation and 

protein environment have produced distinct spectral properties for each PC chromophore. 

It is not unreasonable to expect different levels of broadening for each chromophore 

arising from different solvent or protein interactions. The effect should be more intense 

at low experimental temperatures where the solvent re-orientation around the excited 

molecule is im~aired.’~ F(v) calculations made at 88 K show that the discrepancy 

between the ambient and KS temperatures in each PC complex is larger at 88 K (Table 4- 

8B) than at 298 K. The effect is least pronounced in the PC trimer, suggesting that 
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introduction of an associated linker peptide contributes to the inhomogeneous broadening 

of the chromophore spectra. A previous study by Bjorn and applies the KS F(v) 

relation to individual phycobiliproteins and phycobilisomes with the focus of comparing 

the protein environment to that of frozen or viscous solutions. Although there is no effort 

to characterize the protein aggregation state, the KS temperatures for all of the 

phycocyanins (PC-1 and PC-2 from P. luridurn) in the study are higher than ambient. 

Our PC trimer KS temperature (3 15 K) is well within the Bjorn and Bjorn average value 

for pooled PC-1 and PC-2 fractions (318 & 19 K) and is closest to the KS value for PC-2 

dissolved in water (3 14 K). Bjorn and Bjorn point out that although the calculated KS 

temperatures for the isolated phycobiliproteins are higher than ambient, they are not 

unusually high compared to those obtained from organic molecules in solution and 

dismiss their significance. However, their results do show variation in phycocyanin KS 

temperatures of k 19 K for the different buffer environments used (water, 0.75 M 

phosphate buffer) suggesting that protein aggregation state is a significant factor. In our 

PCAinker complexes, the PcL~32.3  complex gives a KS temperature that is similar to 

that of the PC trimer alone, while the KS temperature for P C L R C ~ ~ . ~  is noticeably 

higher, suggesting a rise in the system inhomogeneity or incomplete dissipation of the 

excitation energy through energy transfer. 

The T*(v) analysis introduced by Knox and c o - w ~ r k e r s ~ ' * ~ ~ ~ ~ ~  is sensitive to non- 

linear behavior in F( v), and reveals a number of interesting properties of the PC 

complexes. In the low energy region, where the absorbance overlap with the 

fluorescence is diminishing, T*(v) rises to high values which are reproducible. Although 

it varies among the PC complexes, the maximum T*(v) value reached in this rise can be 
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as high as 1500 K. The beginning of the rise OCCUTS within an area of significant spectral 

overlap so it cannot be attributed entirely to the low values at the extremes as an artifact 

and, because it has been observed in multiple preparations, it is unlikely to be an 

impurity. b o x  et al. 76 have reported similar behavior in chlorophyll a and conclude that 

it can be due to a mixture of spectroscopic components. Since this rising T*(v) feature is 

highest in the PC monomer, it is perhaps indicative of a spectral species that is not 

thermally equilibrated until its energy is transferred. As a test, the PC monomer T*(v) 

was calculated using the excitation spectrum instead of the absorbance, and the same 

elevated KS temperature was obtained; however, the steep rise at low energy was 

conspicuously absent. Unlike the excitation spectra, the absorbance of coupled 

chromophores should be independent of energy transfer among them, and this rise in 

T*(v) may represent a spectral species that is absorbing but not achieving thermal 

equilibration through energy transfer. 

Considering the acknowledged function of the linker peptides to facilitate energy 

transfer among biliproteins, it is interesting to note that the Pc/LR32.3 complex possesses 

a T*(v) plot that at low frequencies rises to a higher value than that of the PC trimer 

(Figures 4-1 lB,C)--as if the presence of this linker decreases the thermal equilibration of 

the long-wavelength absorbing chromophores in the PC trimer. Since the T*(v) plot of 

the PC/LRC~*.~ complex also rises at short frequencies (although not as high as for 

P C / L R ~ ~ - ~ ) ,  we propose that insertion of a linker peptide in the central biliprotein cavity 

creates a general structural stress on the PC trimer assembly that adds to the system 

inhomogeneity. 
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A second interesting phenomena observed in the T*(v) plots is the appearance of 

peaks within a region of significant spectral overlap in the PCAinker complexes (Figures 

4-1 lC,D), and that are particularly pronounced at low temperatures (Figure 4-13). 

Bellacchio and S a ~ e r ~ ~  observe similar features in bacteriochlorophyll a in different 

organic solvents and propose that these are indicators of spectral heterogeneity (i.e., 

components that are not "spectroscopically identical") and/or incomplete excited-state 

relaxation of a fluorescing system. To extend this idea to a photosynthetic antenna 

system, Sawicki and &ox7' attempt to reproduce such T*(v) features simulating a 

system of coupled chromophores with various kinetic transfer rates and oscillator 

strengths. The simulations show that peaks in the central T*(v) region are more 

pronounced at slow kinetic rates between two chromophores, but since they are still 

visible at fast rates of transfer, Sawicki and Knox propose that these are an indication of 

an inhomogeneity in the system despite fast energy transfer. At 298 K, the T*(v) plot for 

the Pc/LRC28'5 complex is the only one to display a peak feature instead of a flat curve in 

the central overlap region (Figure 4- 1 1D). According to the simulations discussed above, 

such a band could indicate either (1) a slower rate of energy transfer compared to the PC 

trimer or Pc/LR32.3 or (2) a higher degree of spectral inhomogeneity. In the absence of 

kinetic rate information for the PCAinker complexes it is difficult to conclusively choose 

between these two alternatives, however the low temperature spectroscopy described in 

this study indicates that the L R ~ ~ ~ - ~  linker is producing an uneven perturbation among the 

PC chromophores. In particular, it appears to affect the coupling relationship of at least 

one neighboring pair of a84-P84 chromophores, and this asymmetrical interaction may 

prevent complete vibrational relaxation of one or more fluorophores leading to a high KS 
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temperature calculated from F(v). The thermodynamic advantage to the phycobilisome 

antenna in arranging the proteidinker in this manner is a mystery. The presence of 

L~c28-5 shifts both the PC trimer absorbance and fluorescence maxima towards red 

wavelengths. The obvious advantage in energy transfer for this action is to produce a 

better spectral overlap with the core biliprotein. However, it also causes a greater overlap 

of the absorbance and fluorescence of P C / L R C ~ ~ . ~  and thus the ratio of I(v)/o(v) 

increases, which ultimately gives a rise in T*(v), an indication that the excited state is not 

reaching full thermal equilibrium. Perhaps the advantages of enhanced energy transfer in 

one direction outweigh the disadvantage of an incomplete equilibration over the entire 

system, and the heat produced is easily distributed within the surrounding protein. 

F(v) and T*(v) calculations were repeated for spectra taken at a series of low 

temperatures which impede the mobility of the surrounding environment for each 

chromophore. As a result of low temperature, the absorbance and fluorescence spectra 

move towards each other increasing the spectral overlap. The calculated KS temperature 

values are again higher than the experimental temperatures and the discrepancy grows at 

lower temperatures (Tables 4-7A,B). The low temperature spectral shifts also cause the 

T*(v) rise found at low frequencies to begin at more intermediate frequencies as the 

experimental temperature decreases (Figures 4- 12A to 4-12D) and to reveal features 

which were not readily apparent at 298 K. The dramatic variations in the 88 K T*(v) 

plots of the PC/linker complexes (Figure 4-13) could represent at least two separate 

populations of excitation in the PC trimer. The first population, located at -15480 cm-' 

(646 nm), is part of the rising T*(v) of the PC trimer and is perturbed to a higher value by 

L R ~ ~ - ~  association. The second population, located at -15576 cm" (642 nm), is relaxed 
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in the PC trimer and PC5~32.3 complexes (low T*(v) value) but is perturbed to a higher 

T*(v) level in PC/L&*-5. Linker association inherently introduces a break in the 

symmetry of the PC trimer which can easily produce a mixture of nonidentical spectral 

components that are manifested as separate bands in the 88 K T*(v) plot. 
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Summary of observations 

The PC monomer fluorescence is composed of multiple components because (1) the 

fluorescence emission is not independent of excitation wavelength, (2) the anisotropy 

trace shows two distinct rising features demonstrating individual polarized sources of 

emission. 

Association of PC trimer with LRC28'5 produces more dramatic changes in the PC 

trimer spectral properties than association with L R ~ ~ - ~ .  

Fluorescence excitation anisotropy traces of each PC complex show an increase in 

intensity in the long-wavelength region (-630-650 nm). PC/LRC~*.~ and PC/LR~*.~  

have opposing effects on the anisotropy of the PC trimer, and in the long-wavelength 

region (h > 600 nm) the Pc/LR32*3 anisotropy is enhanced more than that of the PC 

trimer or PC/LR$*~. 

PC/LRC~*.~ has the narrowest fluorescence emission band and the smallest Stokes 

shift (at 298 K) of all the complexes. Unlike the other complexes in this study, the 

maximal position of its emission band does not vary with temperature. 

The Kennard-Stepanov relation between absorbance and emission F(v) is used to 

probe the relaxation state of each PC complex. All calculated KS temperatures are 

higher than ambient conditions, but agree with published results. The T*(v) function 

is explored at a range of temperatures (298 K to 88 K). 
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Table 4-1. Summary of maximal absorbance positions for Synechococcus sp. PCC 7002 
PC complexes at 298 K and 88 K 

PC complex 

PC monomer 

-~ ~~ ~ ~ 

Absorbance maxima (nm) 
298K 88K 

619 630 604 577sh 
PC trimer 

Pc/L,32.3 
28.5 

pc/LRC 

“sh” denotes distinct shoulder feature (not an isolated peak maximum) 

626 636 608 579sh 629sh 

627 636 607 579sh 628sh 

637 638 605 -- 627sh 646sh 

Experimental Notes: (1) Maximal absorbance 0.1. (2) PC monomer in 
75% glyceroY5 mM phosphate pH 7. All other aggregates in 3 M 
sucrose (3) Baseline scans of the appropriate buffer were 
subtracted from each sample scan. (4) Observed fluctuation in 
absorbance maximal position is _+ 0.2 nm. 

Table 4-2. Summary of maximal CD band positions for Synechococcus sp. PCC 7002 
PC complexes at 298 K 

I PC complex 

PC monomer 
PC trimer 

PC/LP3  
28.5 

“/L,C 

CD maximum 
(nm) 

605 
593sh 635 

595sh 635 

596sh 644 

“sh” denotes distinct shoulder feature (not an isolated peak maximum) 

Experimental Notes: (1) PC monomer in 1 M KSCN/S mM phosphate 
pH 7. All other aggregates in 50 mM K phosphate pH 7. (2) 
CD scans of the appropriate buffer were subtracted from each 
sample scan. (3) Error in maximum position is zt 2 nm. 
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Table 4-3. Summary of maximal fluorescence emission positions for Synechococcus sp. 
PCC 7002 PC complexes at 298 K and 88 K 

PC complex 

PC monomer 
PC trimer 
Pc/LR32-3 

Pc/LR:8'5 

Fluorescence maxima (nm) 

298K 

647 
646 
649 

652 

88K 

642 (7 10) 
643 (680) (700) (716) 
643 (649) (682) (700) (716) 

652 (714) (729) 

"()" denotes approximate maximum position of broad band 

Experimental Notes: (1) Maximal absorbance 0.1. (2) PC monomer in 75% 
glyceroU5 mM phosphate pH 7. A11 other aggregates in 3 M sucrose. 
(3) Observed fluctuation in fluorescence maximal position is k 0.5 nm. 
(4) Fluorescence excitation at 585 nm. 

Table 4-4. Full width at half maximum (FWHM) of the fluorescence emission band for 
PC complexes at 298 K and 88 K 

PC monomer 39.5 23 
PC trimer 34.5 19.5 
Pc/L,32.3 33.0 19.5 

Pc/14R,28'5 29.5 13 

Table 4-5. Stokes shift of PC complexes at 298 K and 88 K 

PC Complex Stokes shift (nm) 
~ 

298K 88K 

PC monomer 28 12 
PC trimer 21 7.5 
Pc/L,32.3 21 7.5 

PCn,2*.5 15 14.5 
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PC 
chromophore 

a84 

P84 

Pl55 

Table 4-6. Range of absorbance and fluorescence parameters available for the PC 
monomer chromophores at 298 K (gathered from references 6-1 1) 

Absorbance Fluorescence 
maximum Relative maximum Relative 

6 17-624 1 639-644 1 

622-628 0.60-0.69 644-648 0.58-0.83 

594-600 0.89- 1.13 623-629 1.1-1.33 

(nm) intensity (nm) quantum yield 

PC Complex 

PC monomer 
PC trimer 

Pc/L,32.3 
28.5 

pc/LRC 

Table 4-7A. Kennard-Stepanov temperature values extracted from F(v). The slope of the 
best linear fit (least-squares method) was taken over two frequency regions 
in each PC complex at 298 K (presented in Figures 4- 1OA to D) 

Case 1: F(v) fit is restricted to 
region of >lo% normalized 

spectral intensity 

Case 2: F(v) fit is restricted to 
most linear section 

Temperature (K) R2 value Temperature (K) R2 value 

363.21 0.9909 329.53 0.9987 
323.39 0.9984 3 15.17 0.9993 
328.70 0.9968 313.66 0.9993 

322.88 0.9999 322.23 0.9998 

PC Complex 

PC monomer 
PC trimer 
P c / L 2 2 * 3  

28.5 
pc/LRC 

Table 4-7B. Kennard-Stepanov temperature values extracted from F(v) calculated at 88K 
(fit restricted to most linear section, i.e., Case 2 above) 

F(v) fit at 88K 
Temperature (K) R2 value 

174.83 0.992 1 
106.62 0.9985 
110.64 0.9988 

166.54 0.9932 
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Figure 4-1A. Absorbance of PC monomer at different temperatures 
Maximum Absorbance 0.1 in 75% glyceroV5 mM phosphate pH 7.0 buffer 

Absorbance Maximum 
632 
8 
5 628 
s 

624 

9 620 

8n 

a - 

616 
278 178 78 

temperature (K) 

n630nm 

298K 

450 500 550 600 650 700 
wavelength (nm) 
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Figure 4-1B. Absorbance of PC trimer at different temperatures 
Maximum Absorbance 0.1 in 3 M sucrose 

Absorbance Maximum 

638 I 

278 178 78 
temperature (K) 

298K 
5 I 

450 500 550 600 650 700 

wavelength (nm) 
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Figure 4-1C. Absorbance of PC/L,p3 at different temperatures 
Maximum Absorbance 0.1 in 3 M sucrose 
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28.5 Figure 4-1D. Absorbance of PC/LRc at different temperatures 
Maximum Absorbance 0.1 in 3 M sucrose 

Absorbance Maximum 

630 
278 178 78 

temperature (K) 

450 500 550 600 650 700 

wavelength (nm) 
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Figure 4-2[A,B]. Absorbance of PC complexes at 298K 
PC monomer is in 1 M KSCN/5 mM phosphate pH 7 while all other PC 

complexes are in 50 mM phosphate pH 7 buffer. Maximum Absorbance 0.1. 

450 500 550 600 650 700 
wavelength (nm) 

450 500 550 600 

wavelength (nm) 
650 700 
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Figure 4-2[C,D]. Absorbance of PC complexes at 88K. 
PC monomer is in 75% glyceroV5 mM phosphate pH 7 while all other PC 

complexes are in 3M sucrose. Maximum Absorbance 0.1. 
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Figure 4-7[A,B]. Fluorescence emission of PC complexes at 298K 

(Excitation = 585nm) 

1 7 ~ 1  I - PC Monomer 

590 640 690 740 790 
wavelength (nm) 
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Figure 4-7[C,D]. Fluorescence emission of PC complexes at 88K 

(Excitation =585nm) 

1 7 ~ 1  I - PC Monomer 1 

590 640 690 740 790 
wavelength (nm) 

590 640 690 
wavelength (nm) 

740 790 
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Figure 4-8[A,B]. Fluorescence emission scans of PC monomer and PC trimer at 

different excitation wavelengths at 298K 
(Note: PC monomer is in 1M KSCN/SmM K phosphate pH 7 buffer while PC 
trimer in in 50 mM K phosphate pH 7 buffer. Maximum absorbance 0.1) 
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I F  
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E 
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Figure 4-9A. Excitation scan of PC monomer at 298K 

and 88K at different emission wavelengths 
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Figure 4-9B. Excitation scan of PC trimer at 298K and 

88K at different emission wavelengths 
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Figure 4-9C. Excitation scan of P C L P  at 298K and 

88K at different emission wavelengths 
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Figure 4-9D. Excitation scan of PC/LRCB5 at 298K and 

88K at different emission wavelengths 
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Figure 4-1OA. Kennard-Stepanov F(v) calculation for PC monomer at 298K 
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Figure 4-1OB. Kennard-Stepanov F(v) calculation for PC trimer at 298K 
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Figure 4-10C. Kennard-Stepanov F(v) calculation for P C k 3 =  at 298K 
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Figure 4-1OD. Kennard-Stepanov F(v) for P C b ?  at 298K 
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Figure 4-11[A-D]. Calculated T*(v) of PC complexes at 298K plotted against 

the absorbance and fluorescence spectra. 
Shown only in region of >lo% normalized spectral intensity 
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Appendix 4-1. Simulations of PC absorbance spectra 

The purpose of this appendix is to simulate the absorbance spectra of the PC 

monomer and trimer at 298 K and 88 K using the absorbance bands of the a- and 

0-subunits or those of the individually resolved chromophores. The spectra of the 

subunits at 88 K and the resolved PC monomer chromophore bands were extracted from 

the work done by M.P. Debreczeny’. The analytical tool “Solver” from the Microsoft 

Excel@ program was used to obtain the best fit for each case by minimizing the residual 

between the data and the fit. 

The underlying concept being tested by these simulations is the magnitude of 

interaction between the chromophores. For a mixture of non-interacting dyes in solution, 

the absorbance spectrum is accurately represented as a sum of the individual absorbance 

bands. Can the absorbance spectra of the PC monomer and trimer be treated as a linear 

combination of the individual components despite possible coupling between pairs of 

chromophores? In the PC monomer the closest distance is found between the two 

P-chromophores (35 A). This is beyond the accepted limit for coupling that significantly 

perturbs the absorption spectrum; however, in the PC trimer, chromophores from 

neighboring monomers achieve a more favorable interchromophore distance (2 1 A). 

PC monomer simulations 

The PC monomer is composed of two subunits (a and p) and contains three 

chromophores (a84, 084, and 0155) which are chemically identical yet have different 

spectral properties. The spectroscopy of each chromophore is modulated by changes in 

its physical conformation or electrostatic interactions with charged amino acids placed in 
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or near the binding site. Figure A1 compares the PC monomer absorbance band 

measured at 298 K with a simulation that uses the absorbance bands of the individual 01- 

and P-subunits. as fitting curves. If both subunits are normalized to an equal amplitude 

[A,, for a:p = 1:1] then the combination results in a poor fit for the short wavelength 

side of the PC monomer absorbance curve-changing their relative amplitudes to [A,,, 

for a:p = 1:0.68] results in a much better fit. Debreczeny’, as well as other groups’.’ have 

found that the oscillator strengths of the chromophores in the PC monomer are not equal. 

The strongest absorbance intensity is found for a84, and relative to it, the p 155 is at 

-98% and 084 at - 61% (calculated from maximal absorbance measured at equal 

concentration). These values were used as initial parameters for AMAX in simulating the 

PC monomer absorbance using the individually resolved chromophore spectra. Figure 

A2 shows that although a decent fit is obtained with these initial values, a better one can 

be gained if both the AM, amplitudes and the maximal wavelength positions for each 

curve are slightly adjusted (parameters summarized in Table Al).  The fit was optimized 

by shifting the maximal positions of the P-chromophores 2 nm to longer wavelengths and 

then adjusting their A,,, amplitudes to minimize the residual error between data and 

simulation. This optimized fit (Figure A2) slightly raises the p84 amplitude from the 

initial value by 2% while lowering the pl55 amplitude by 13% (Table Al). Although the 

optimized pl55 amplitude is lower than the lowest experimentally resolved relative 

intensity (Chapter 4, Table 4-7), all of the other parameters are well within the expected 

limits. This simulation results in a satisfactory representation of the PC monomer 298 K 

absorbance spectra. 
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At 88 K, the absorbance of the PC monomer shows two well-resolved peaks; the 

individual P-subunit absorbance band (measured by Debreczeny ) is also resolved into 

two peak features while the a-subunit, possessing a single chromophore, has only one 

band maximum. Using these isolated subunit bands to model the 88 K PC monomer 

absorbance band we obtain an excellent fit with the following amplitude parameters 

[AM, a::P(l):P(2) = 1:0.84:0.66*] (* only the amplitudes for a and p( 1) are adjustable, 

the AMAX for P(2) is linked to P( 1) at a 0.79: 1 ratio). Also, the 77 K P-subunit absorbance 

spectrum is simulated using two of the 77 K a-subunit absorbance bands at different 

maximal wavelength positions to test whether all three chromophores have similar band 

shapes at 77 K. The result, shown in Figure A4, raises two interesting points. First, the 

overall P-subunit fit is poor; although the a-subunit shape is a more realistic 

approximation than artificial Gaussian functions, the three chromophores do not possess 

identical band shapes. Secondly, the curve placed at the long-wavelength peak position, 

representing p84, has a much higher amplitude than expected. The individually resolved 

chromophore bands at 298 K show that P84 has the lowest relative intensity, about 63% 

of Pl55. The unexpectedly high p84 AMAX amplitude found in the 77 K P-subunit fit 

could be decreased if the individual fitting curve peaks were slightly wider resulting in an 

overall fit with lower amplitude for P84. However if the band “tails” extending into the 

short wavelength region, are maintained at roughly the same intensity, then the value of 

the p84 amplitude cannot be lower than that of the short-wavelength component (i.e., 

Pl55) because they are additive-it would result in a very poor fit of the short 

wavelength region. This implies that at low temperature there is either a large difference 

in the absorption band shape of the two P-chromophores (particularly in the extending 
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short-wavelength tails) or there is some coupling between the two chromophores which 

alters their relative amplitudes. 

PC trimer 

The assumption of non-interacting chromophores to make linear combinations has 

thus far been adequate in describing the PC monomer, where few interactions are 

expected between the  chromophore^.^ PC trimer formation induces changes in the 

immediate protein environment of chromophores near the neighboring junction of the 

monomers (a84 and p84). It also provides opportunities for excitonic coupling between 

these two chromophores because their interchromophore distance is now -20 A. Figure 

A5 presents the simulation of the 298 K PC trimer absorbance using the individual 

chromophore spectra from the PC monomer. The amplitudes and maximal wavelength 

positions were adjusted from the initial values, and these are summarized in Table A l .  

The maximal wavelength positions of p84 and a84 were increased equally (3 nm) while 

pl55 remained at the same initial position. This is consistent with the expected structural 

changes due to trimer formation, the chromophores closest to the monomer junction 

should be the most affected. The relative amplitude of p84 was increased from the initial 

value and is consistent with published values (Table 4-6), but the pl55 amplitude is once 

again lower than expected although consistent with the 298 K PC monomer fit (Table 

Al) .  The overall shape of the fit simulates the PC trimer absorbance well except for a tail 

on the red-wavelength side (>650 nm) that is not present in the trimer. Even so, a linear 

combination of the individual chromophore spectra appears to suitably reproduce the 298 

K PC trimer absorbance with minor manipulation. 
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The 88K PC trimer spectrum is more complex than that of the monomer and 

contains both well-resolved peaks and sharp shoulder features. Examination of the PC 

trimer crystal structure5 shows that all three chromophore types have different 

conformations, and therefore one expects distinct spectral properties. Figure A6 presents 

the simulation of the 88 K PC trimer absorbance using the spectra of the individual 

monomer subunits at 77 K. The shoulder/peak feature at -635 nm is suspected to be a 

band splitting from an excitonically coupled energy level produced by a84 and J384. The 

individual chromophore spectra at 77 K were not available for this exercise, but using the 

subunit spectra we can see that this PC trimer feature will not be fit by simply adding the 

subunit bands (Figure A6). Clearly, the intensity of the longest-wavelength absorbing 

chromophore (p84) needs to increase, while a84 decreases and PI55 remains unchanged, 

to produce the peak/shoulder feature. This scenario is a possible consequence of 

excitonic coupling between neighboring a84 and p84 chromophores. A number of linear 

combinations of the subunits at different amplitudes and wavelength positions were 

tested and did not produce a better fit of the PC trimer spectra. The biggest limitation in 

reproducing the PC trimer sharp shoulder/peak is the width of the fitting curve peaks. 

The PC trimer feature width at 75% absorbance is -18 nm while the corresponding 

a-subunit width is 17 nm. If all three chromophore bands possess the same shape as the 

a-subunit, then their combined absorption would be too wide to fit the long-wavelength 

trimer feature. We used Gaussian waves of varying widths, amplitudes, and maxima1 

wavelength positions to simulate the trimer shape. The result of this effort is included in 

Figure A6 and the parameters for the Gaussian waves are presented in Table A2. The 

optimal width of the Gaussian waves at 75% amplitude is 7 nm, significantly narrower 
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than the a-subunit peak. The separation between these artificial Gaussian waves is 276 

cm-', much larger than the 112 cm-' splitting calculated by Sauer and Schee? using the 

refined PC trimer crystal structure. 

The PC trimer absorbance spectrum represents the influence of various factors. 

The PC trimer is a stable, native form of the protein, and molar quantities of a chaotropic 

salt (KSCN) are necessary to reduce it to monomers. Such strong bonding interaction in 

the trimer complex imposes a rigid structure that is optimal in aligning chromophores in a 

specific way to facilitate energy transfer. The combination of an imposed guiding 

structure and the availability of nearby chromophores for excitonic interaction contribute 

to the observed absorbance spectrum of the PC trimer. It is not a simple result of additive 

non-interacting spectral bands and, while the simulation succeeds in imitating the general 

profile of the overall 298 K absorbance band, it fails severely in capturing the details of 

the interaction between the spectral bands at 88 K. 
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chromophore Relative Amplitude 

initial* optimized 

a84 1 1 

P84 0.61 0.63 
pl55 0.98 0.85 

Table Al .  Parameters for individual chromophore spectra used to fit the PC monomer 
and PC trimer absorbance spectra (298 K) 

Wavelength position of 
absorbance maximum (nm) 

initial* optimized 
624 624 
627 629 
60 1 603 

PC Monomer 298K [Figure A21 

chromophore 

a84 

I384 
Pl55 

Relative Amplitude Wavelength position of 

initial" optimized initial* optimized 
1 1 624 627 

0.6 1 0.68 627 630 
0.98 0.85 60 1 60 1 

absorbance maximum (nm) 

PC Trimer 298K [Figure AS] 

wave 1 
wave 2 

Relative Maximal Width at 75% 
amplitude position amplitude 

1 637 7 
0.85 626 7 

"initial values and chromophore spectra obtained by M.P. Debreczeny (1994) 
Ph. D. Thesis, University of California, Berkeley, CA. 

Table A2. Parameters for individual Gaussian waves used to fit the PC trimer absorbance 
spectra (88 K) in Figure A6 
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Chapter 5. Concluding Remarks and Future Directions 

This thesis examines the effect of linker association on the spectral properties of 

PC trimer aggregates with the goal of pinpointing the mechanism of interaction between 

the linker and the PC chromophores. The modulating effect of linker association upon 

the spectral properties of the biliproteins has been known since the 1980's, even before 

the first biliprotein crystal structure' appeared in 1987. In 1990, the amino acid 

sequences of the Syizechococcus sp. PCC 7002 linker peptides used in this study were 

res01ved~-~ but their three-dimensional structures remain unknown. This year, we have 

enjoyed the publication of the first biliproteidlinker crystal structure5; APC/L;.' has 

provided a guiding light for examination of the amino acid sequences of the linker 

peptides to find possible interaction sites with the biliprotein chromophores. This study 

brings together a detailed spectroscopic characterization of each isolated PC/linker 

complex (Chapter 4) with proteomic analysis of the linker amino acid sequences (Chapter 

3) to produce a model for biliproteidlinker interaction. 

Proposed model of biliproteidlinker interaction 

Figure 5-1 presents a schematic diagram of the proposed mode1 of biliprotein- 

linker assembly. The PC trimers assemble face-to-face with each other; therefore, the 

two exposed surfaces of a hexameric rod disk are symmetrical, and the depth of one disk 

is -6OA. The hydrophobic properties of the linker sequences indicate that they would be 

more stable in an environment that protects them from the solvent, such as the biliprotein 

central cavity. Studies of rod assembly in Anabaena variabilis showed that a significant 

part of the linker remains outside the biliprotein when associated with only one hexamer, 
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and this portion is susceptible to digestion by trypsin: The resulting digested product 

was spectroscopically identical to the untreated complex, but it could no longer connect 

with other PC hexamer disks. A 32.5 kDa linker was completely protected from 

proteolysis when assembled with two hexamer stacks but would degrade to 28 kDa if 

associated with only one hexamer. This suggests that, although only the N-terminal 

portion of the linker is necessary to affect the biliprotein spectroscopic properties, the rest 

of the linker is well-protected from the solvent and thus likely inserted in another 

hexamer. Examination of the amino acid sequence of the Synechococcus sp. PCC 7002 

L R ~ ~ . ~  linker showed that it has two separate regions of shared homology with the other 

rod linker peptides investigated in this study; its N-terminal region is similar to the N- 

terminal region of LRc28’5 and a smaller area near its C-terminus is homologous with the 

C-terminal area Of LR8.9 (Figures 3-1 and 3-2). Because these two conserved regions are 

not similar to each other, it supports the idea of two distinct biliprotein-binding 

mechanisms for a single linker: one that produces the observed spectral changes upon 

linker-biliprotein association and a second that may provide structural support without 

influencing the chromophore spectra. If the chromophores from only one side of the 

hexamer disk are “tuned” by linker association towards lower energy, then the energy 

transfer process is guided in one direction. The linker must then penetrate only as far as 

the first PC trimer to produce this favorable configuration. 

It is unknown whether the linkers interact with each other through the PC 

hexamer’s central cavity. Such an arrangement would provide optimal structural support 

to the rod assembly and could thus enhance the transfer of energy. A 28 kDa protein 

could sufficiently occupy the PC hexamer central cavity space further than the distance 
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necessary to interact with one PC trimer and attach to another linker through the central 

cavity. This linker-to-linker binding interaction would produce a strong backbone for the 

phycobilisome (PBS) rods with minimal additional disturbance of the PC chromophores 

by the linkers. However, the relatively easy isolation of PC trimerhker aggregates’ 

indicates that, if such a linker-to-linker connection does exist, it is weaker than the linker- 

to-biliprotein association. 

The linker-chromophore interaction can be examined from two perspectives: (1) 

general effects of linker association that affect the structure of the PC trimer without 

targeting individual chromophores and (2)  specific perturbations of the chromophore 

conformation or its electrostatic environment by the linker. The C3-symmetry of the PC 

trimer internal cavity is disrupted by the presence of the single linker peptide. From a 

general perspective, the interaction among the three p84 chromophores exposed to the 

cavity would be equally perturbed by placing the linker between them. The p84 

chromophores are located - 12 A from the PC disk surface exposed to solvent so the 

linker must penetrate this deeply within the central cavity to interfere with the interaction 

of these central chromophores. The APC/Lc7-* crystal structure showed that there is a 

variability of -3 8, in the insertion depth of this linker within different APC trimer units. 

Lc7.* induced a physical stress on the planar configuration of the APC trimer that served 

to bring the central p84 chromophores slightly closer together without disrupting their 

distance or relative orientation to neighboring a84 chromophores. The variability of the 

linker insertion depth and its consequence on (1) the biliprotein planarity, or ( 2 )  

disruption of the C3-symmetry of the internal cavity, could be a general effect of linker 

association that uniformly affects the spectral characteristics of the chromophores. The 
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basic PI of L,13(328.5 as well as its relatively high content of hydrophobic residues (Table 

3-2) suggest that this linker may penetrate further within the PC internal cavity than 

LR32.3. 

It may be that both linkers bind at the same biliprotein site, because each induces 

a similar decrease in one of the PC trimer CD bands (Figure 4-4), indicating a structural 

change among coupled chromophores. However, each linker has an opposite effect on 

the PC trimer excitation anisotropy (Figure 4-5), and the absorbance and fluorescence 

modulation are characteristically distinct. The spectral properties of the P C / L R ~ ~ - ~  and 

Pc/LRC28*5 complexes are so different from each other that they must be produced by 

specific linker-chromophore interactions once the linker is bound to the biliprotein. The 

L R ~ ~ ~ . ~  linker dramatically alters the spectral properties of the PC trimer, while LR32.3 

provides only slight changes. The remarkable differences in the absorbance spectra of 

these two complexes suggest that PC trimer association with LRC28*5 linker not only 

aIters the C3-symmetry of the structure but also seriously perturbs the individual 

chromophores. Because the 88 K absorbance and fluorescence bands of Pc/LRC28’5 are 

so markedly different from those of the PC trimer (Figures 4-2D and 4-7D), we propose 

that L R ~ ~ ~ . ~  is affecting the relation between the 084 and a84 chromophores to establish 

one single terminal emitter to the PBS core. A calculated difference spectrum between 

the PC trimer and P C / L R C ~ ~ . ~  absorbance bands at 88K shows that the linker greatly 

enhances absorption at wavelengths > 636 nm while suppressing the shorter wavelength 

absorbing components. In contrast, the spectral modulation of the LR32‘3 linker on the 

PC trimer is slight. The 88 K Pc/LR32‘3 absorbance is very similar to that of the PC 



206 

trimer (Figure 4-2D) but the 88 K fluorescence (Figure 4-7D) reveals a shoulder on the 

long-wavelength side of the band maximum (at -649 nm) that is absent in the PC trimer. 

This suggests that, although the L R ~ ~ - ~  linker does not appear to interrupt established PC 

trimer interchromophore interactions and overall produces minor changes in the PC 

trimer spectra, it does specifically influence the properties of the terminal emitter. 

The APC/Lc7.s structure revealed that the Lc7e8 linker binds to only two of the 

three available APC monomers and that each linker chromophore interaction is different 

(Figure 3-4). In one APC monomer, the conformation of the p84 chromophore is altered 

by an aromatic residue extending from an a-helix segment of the Lc7.* linker, while in a 

second APC monomer the partially exposed p84 chromophore binding pocket is covered 

by an Lc7e8 loop segment that contains a concentration of positively charged residues. 

The amino acid sequences of both LR32.3 and L R ~ ~ ~ . ~  were examined for analogous sites 

of interaction. Both possess predicted loop segments containing multiple arginine 

residues near their C-terminal regions that are well conserved across species, as well as 

especially promising aromatic candidates identified in a predicted a-helix segment of 

LRc28.5. The majority of evolutionarily conserved residues reside in the N-terminal 

sequences of each of these two linkers, especially the aromatic and charged residues, 

indicating a more specific function for this segment than for the remainder of the protein. 

The crystal structures of the APC and PC trimers were also compared and the a-helix 

segment that shields the PS UP84 chromophore from the central cavity appears to be well 

conserved across species and biliproteins, so that it is nearly identical in amino acid 

composition for APC and PC (Figure 3-8). The conformation of a number amino acid 
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side chains in this segment extend towards the central cavity; some of these are visibly 

altered by the Lc7.8 linker and are identified in Figure 3-6. 

To summarize, Figure 5- 1 shows the proposed model of biliprotein-linker 

assembly. The linker is expected to be fully inserted in the central cavities of two 

biliprotein hexamer stacks. Each linker has two functional segments; one that affects the 

biliprotein spectroscopy and therefore penetrates at least 12 (distance from surface to 

p84), and a second that provides structural support to the rods and involves - 1/4 of the 

total peptide sequence (stipulated from the trypsin digestion studies6). The linkers may 

bind to each other via the biliprotein central cavity, but this is unlikely to be a strong 

interaction because it is relatively easy to isolate PC trimedlinker complexes. The linkers 

are expected to influence the planarity of the PC trimer structure as well as specifically 

interact with the PC chromophore conformation or electrostatic environment in a manner 

analogous to the A P C / L ~ - ~  structure. 

Future Directions 

There are many unresolved issues about the linker influence on the chromophore 

spectra, and a number of future experiments are immediately suggested by the results 

presented in this study. Now that a biliproteidinker structure is known, it provides a 

wealth of potential targets for genetic manipulation. Alteration or deletion of specific 

residues in the Lc.8 sequence should help to differentiate the spectroscopic effects of the 

two types of linker-chromophore interaction found in the APC/L2.8 structure 

(summarized in Table 3-4). The absorbance spectra of PC chromophores can be 

influenced by both chromophore conformation* and electrostatic environment of the 
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chromophore propionate side chains: and this kind of genetic alteration aids in 

determining the magnitude of these two effects. Similar manipulations of the 

Synechococcus sp. PCC 7002 linker peptides based on the aromatic and electrostatically 

charged amino acid residues identified in Chapter 3 will reveal whether these linker 

peptides are acting analogously to L2-8. Genetic mutations of conserved aromatic amino 

acids in LR$8.5 should be particularly easy to differentiate spectroscopically if the PC 

modulation is produced from a specific aromatic interaction between the linker and the 

p84 chromophore D ring. 

Although the steady-state spectroscopy of these PCAinker genetic mutants would 

be helpful in identifying the type of .linker-chromophore interaction that modulates the 

PC trimer spectral properties, time-resolved measurements would be more valuable in 

determining the mechanism of interaction. Time-resolved fluorescence measurements of 

PCAinker complexes would elucidate the effects of linker association on the a84-p84 

relationship established in the PC trimer structure. If the L ~ c 2 8 . ~  linker is selectively 

disrupting one of the a84-P84 pairs to guide the energy through one single emitter, then 

it should change the observed rates of energy transfer in the PC trimer. Debreczeny et al. 

lo  used fluorescence upconversion to measure the rate constants for energy transfer in the 

Synechococcus sp. PCC 7002 PC trimer aggregate; transfer between neighboring 

a84* p84 chromophores occurred in - 1 ps, while energy transfer between the three 

centrally located p84 chromophores took place in 40 ps. The L2.8 linker brings the 

central p84 chromophores closer together in the APC trimer; according to Forster theory, 

this shorter distance will accelerate the (40 ps) g84* p84 rate of energy transfer. The 

L:.' linker also specifically affects the conformational geometry of one of the p84 
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chromophores, and this can also have an effect on the transfer rate constant; if the 

resulting conformation has a more favorable geometry for energy transfer with another 

chromophore, then it will result in a faster rate between them. An instrument with 

femtosecond resolution would be necessary to differentiate between the three different 

types of a84o p84 interactions observed in APC/L:.*. If the linker is inducing a strong 

excitonic coupling interaction in one of the PC a84 -p84 pairs, then this should result in 

a significantly faster observed rate constant than from induced resonance (Forster) energy 

transfer. In addition, time-resolved fluorescence measurements of the genetic mutants 

suggested above could identify which type of linker-chromophore interaction 

(perturbation from aromatic or electrostatically charged residues) has a greater influence 

on the transfer rate constants. 
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. N-terminal part of linker peptide responsible 
for observed spectroscopic changes 

__-_---_--_----___--____________________.--------------------------- c C-terminal end 

Figure 5-1. Proposed model for biliprotein-linker assembly in Syizeclzococcus sp. 
PCC 7002 (vertical cross section of one phycobilisome rod) 

PC hexamer 

APC core 
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