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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 deéigned 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 biliprotein/linker complex available to date (APC/LC7'8) 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 b—ilipro;einllinker interaction.

The amino acid sequences of the rod linkers L, LR3'2'3 and LRC28‘5 ] were
examined to identify evolutionarily conserved regions important to either the structure or
function of this protein family. Although there is hot one common homologous site

among all the linkers, there are strong trends across each separate subset (L, Ly and
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Lz and the N-terminal segments of both LR?’Z'3 and Ly "’ display multiple regions of
similarity with other linkers. Predictions of the secondary structure of LRZ'Z‘3 and LRCZS'S,
and comparison to the crystal structure of LC7'8, further narrowed the candidates for
interaction sites with the PC chromophores.

Measurements of the absorption, fluorescence, CD and ‘excitation anisotropy of
_ PC trimer, PC/LR32'3, and PC/LRCZS'S, document the spectroscopic effect of each linker
peptide on the PC chromophores at a series of temperatures (298 to 77 K). Because
L*? and Ly c*®° modulate the PC trimer spéctral 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 o84 aﬁd B84 chromophores. Association with

28.5

LR32'3 does not greatly alter this band shape but the absorbance of the PC/Ly"~ complex

is dramatically different. This indicates that Lyc>>

is disrupting the o84 - 384 relation
established in the PC trimer. From these, and other polarized spectroscopy
measurements, we conclude that both Ly**? and L2 affect the spectral préperties of
the terminally emitting PC trimer chromobh_ore (B84), and that LRCZB'5 is additionally -
perturbing the relationship between the o84 and B84 chromophofes 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 aﬁd this

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

direction.
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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 cyainobacterial light—harvesti.ng
complexes, or phycobilisomeé (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 10° 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 pigment/protein ratio than the
light-harvesting systems of higher plants (1 bilin/110 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 crystallography® and this
information permits structure-function relationships to be formed.

Extensive experiméntal work during the last two decades concéming spectral,
bi(v)c.hemical and structural properties has resulted in a detailed picture of PBS

architecture and energy transfer dynamics. Steady-state and time-resolved spectroscopic



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 theory*’ of inductive-
resonance energy transfer. The observed ultrafast elements are suspected to arise from
_ excitonically coupled chromophores.**

This study focuses on the steady-state spectroscopy of the phycobiliprotein C-
phycocyanin (PC) and asséciated 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 reviews>'*"?

on phycobilisomes and phycobiliproteins

: availz;ble in the literature were used to assemble the following descriptive summary. PBS
are large (5 - 15 x 10° Da) multiprotein organelles located on the stromal side of the
thylakoid membrane. Although they primarily transfer excitation to the photosystem 2
complexes® imbedded in the thylakoid membrane, it has been shown that transfer to
photosystem 1 is also possible.'*"* The sizé and shape of PBS differs among species'

~ and are dependent on énvironmental growth conditions such as light intensity,"”'®
wavelength,'? and nutrient availability.”? Each PBS is built from two main functional
groups of polypeptides: (1) pigmented phycobiliproteins (henceforth known as

‘biliproteins’) and (2) ‘colorless’ linker polypeptides.®®* 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, A, ., = 650-655 nm), phycocyanin (PC,

M max = 615-640 nm), phycoerythrin (PE, A,y = 565-575 nm) and phycoerythrocyanin
(PEC, Ay max = 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.®***" 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 cyanobacteria,** 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.*’ The length of each rod varies'
from 12 to 36 nm according to organism and growth conditions.** Electroﬁ microscopy
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 rods.***” Each 3 nm disk is composed of three monomers
containing two different subunits (ot and B) arranged in a C3-symmetrical array around a
central cavity ~3.5 nm in diameter. In most biliproteins, this central cavity is assurr;ed to
be occupied by 1inkervpeptides‘,'but some cyanobacteria and red algae possess a PE

hexamer with a third type of biliprotein subunit (y) in the central cavity.®**' The core
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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 Ly a]so known as the
‘anchor protein’.*?

The crystal structure of the first biliprotein was resolved in 1985.%* Atomic
resolution and refinement of the structure of PC** was quickly followed by other

biliprotein structures: PEC,*“S PE,*#'4” APC* and most recently APC associated with its
LC7‘8 linker polypeptide.* 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 (>80% homology),® PC
(>70%)*" and between PEC and PC (~60%).”*> The spatial arrangement of the multiple
o-helices in biliprotein structures along with their homologous chromophore binding

sites has suggested a phylogenetic relationship between biliproteins and myoglobin.**°

-C-Phycocyanin (PC)
Like all dther 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 segments,***

and a number of amino acid residues at the chromophore and subunit
binding sites are highly conserved across species.** The brilliant colors of the biliproteins
6riginate from covalently bound, linear tetrapyrrole chroméphores. 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



thioether linkage to a cysteine residue. The chromophores are named according to
monomer subunit and attached residue position as follows: 084, B84 and B155. The 084
and 84 chromophores are attached to cysteine residues located in o-helices close to the
central cavity while the $155 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 [384.
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 084 and the P84 from a neighboring monomer (20.8 A). All of the
chromoph.oresnare maintained in an extended conformation through interactions with the
protein*>* and their spectral properties differ according to conformation as well as the‘
surrounding environment. Both o84 and 384 binding pockets are well-conserved across
species and biliproteins,” especially aspartate residues that provide anchoring stability for
rings B and C in all phycobilins.”® In addition, the structure of the p84 chromophore itself
also appears to be highly conserved.'? 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 chromophore. >’

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

258,59

together biliproteins, they were denoted as ‘linker peptides and Glazer proposed a

systematic nomenclature'® to differentiate them according to molecular weight and PBS
location. For example, LC7‘8 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) Ly polypeptides (8-35 kDa) are involved in the rod assembly, (2) L linkers (8-11
kDa) are found in the core structure, (3) Ly linkers (25-35 kDa) mediate the rod-core

attachment, and (4) L, polypeptides (75-120 kDa), which contain one chromophore, are
involved in core assembly and attachment to the thylakoid membrane. There is a
significant amount of sequence homology among these linker peptides not only with each
othér (discussed in Chapter 3) but also with the .biliproteins (30-40%).50

The protein surface of linker polypeptides does not exhibit a hydration envelope
typical of globular proteins," and the high tendency of linkers to aggregate demonstrates
hydrophobic behavior. Linker peptides are expected to be positively charged at
physiological pH sipce 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 interactions.”” The only available crystal structure for a biliprotein/linker
complex, APC/Lc7-8 from M. laminosus, shows that the Lc7-8 linker interacts with two

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

hydrophobic contacts to the biliprotein chains.” L."® interacts with two of the three f84



chromophores located in the APC central cavity by »différent 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
residues.

Besides providing structural support, the iinkers also modulate energy transfer
interacfions 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.*'***¢* The location of linkers within the central
cavity of the torus-shaped bilipr_otein. hexamers or trimgrs can produce strong
chromophore/lihker interactions with the central biliprotein chromophores. The resulting
arrangement of short- and long-wavelength absorbing biliprotein/linker complexes
support a model of unidirectional transfer of excitation energy from the periphery of the

PBS to the core.

PBS energetics

Each PBS contains 300-800 covalently bouﬁd chromophores® which absorb light
in the range of 450-665 nm and extend photosynthetic light-harvesting to spectral regions
that are minimally acti;/e for chlorophylls . The PBS assembly has-a quantum efficiency
> 95% for transferred excitation energy emerging as APC fluorescence.>* 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.® Kinetic and spectroscopic sfudies on the energy
. transfer of individual PBS biliproteins showed that simple emission-reabsorption

mechanisms are not able to explain such efficiency.'>5*
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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 traﬁsfer 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
heterogéneous components of the PBS is a conse;]uence of the energy difference of
absorption between PE (PEC), PC, APC and the modulation éf the spectroscopic |
properties of these biliproteins by the different linker peptides.'

Within a single trimer disk, the principle of sensitizing (s) and fluorescing (f)
‘chromophores was developed. Time-resolved fluorescence measufements show that the
excitation eﬁergy absorbed by the chromophores at the periphery of the disc is rapidly
localized on the centrally located bilins.*”" In PC, the $155 and 084 chromophores are
considered to be s-chromophores while 84 is the f-chromophore.'2>” To maintain an
- efficient system éf 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 héxamers and
trimers, 24-120 ps between rod disks,” " and ~150 ps for transfer from APC to the APC-
B/Ly terminal emitters.” Detailed calculations became possible after elucidation of
various biliprotein crystal structures. The sfrongest interaction and fastest energy transfer

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



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 B-chromophores (34 A), while in
the trimer it occurs between the 084 and 84 chromophores of adjacent subunits

(20.8 A).® Various research groups'’®”"™ have proposed that the fast and directed
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 interactjons 1s under debate.

Based on the crystal structure of PC and on the resolved individual absorption
spectra of the 084, B84 and B155 chromophores,’>”® the individual transfer rates within
PC monomers, trimers and hexamers were calculated.” A model was derived which
consisted of a combination of exciton interaction between 084 and 384 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.® The results have been interpreted as
rapid Forster energy transfer between neighboring 084 and 84 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.” Recent femtosecond pump-
probe anisotropy measurements on APC and PC trimers®® exhibit multiexponential
decays that provide significantly shorter time constants (APC = 10-30 fs and 280 fs; PC =

20-60 fs and ~700 fs). Because both Systems display initial anisotropy values (APC =
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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
0.84/B84 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 impoésible to make at this point.

The effect of associated linker peptides on the biliprotein kinetics is relatively
unexplored. Steady-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.>'***%? The absorption/fluorescence maximum

position of APC is red-shifted ~3 nm when associated with L.”®.”"® The recently

resolved crystal structure of APC/L"® shows that the linker is interacting with only two
of the three available APC monomers and that one of the 81 chromophores is
significantly altered in conformation as a consequence of the associated linker.* Time-
resolved ﬂuqreséence decay measurements of the APC/LC7'8 aggregate show that there is
no appfeciable difference between the resolved kinetic rates of the APC and_APC/LC7'8

complex on a picosecond timescale.”™ Femtosecond measurements are needed to

determine whether the presence of the linker is disruptive to the speculated a84/384
excitonic coupling. Although the APC/LC7'8 aggregate is the only structural example
available, it may not be prototypical of biliprotein/linker complexes found in the PBS

rods. This linker is expected to be less essential to PBS function than the L or Ly
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linkers because a mutant Synechococcus sp. PCC 7002 lacking LC7'8 was able to grow
(albeit more slowly than wild type) with no appreciable difference in PBS structure or

function.

The Pl;oject

This study focuses on the linker polypeptides Lg89, Lg323, and Lrc28:5 found in
the rod structure of cyanobacterium Synechococcus sp PCC 7002. Because these linker
peptides moduiate the channels of energy transfer within the PBS, biliprétein/linker
complexes are interesting systems to study spectroscopicaliy. The goal of this project is
to elucidate the criiical components of the linker peptide responsible for modulation of |
the spectral shifts observed in the PC/linker complexes. Measurements of the absorption,
fluorescence and anisotropy of PC/linker complexes document the spectroscopic effect of
the linker peptides on the PC éhromophores 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

biliprotein/linker interaction presented in Chapter 5.
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Figure 1-1. Schematic representation of a hemidiscodial pﬁycobilisome light-harvesting antenna
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Figure 1-2. Schematic representation of PC trimer (adapted from reference 44)
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Figure 1-3. Chemical structure representations of phycocyanobilin chromophores bound

by thioether link to PC cysteine residue at tetrapyrrole ring A
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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.1 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 Instruments) 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 cbnducted 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 membraﬁes. The water soluble phycobilisomes were
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.

To separate‘the PC and APC, the blue sﬁpematant was dialyzedin 1 Lof I mM K

phosphate/100 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 mM 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

x5 cm) previlously equilibrated with the same buffe‘r as the dialyzed PC, and separation

of the PC aggregates was achievedrusing a linear gradient of 5 mM to 125 mM K |

phosphate pH 7 buffer solutions (total volume =400 mL). PC/linker complexes were

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

SDS-PAGE and absorbanée measurements and were pboled separately from the other PC

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

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

for at least 4 hours, then sfored 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 PC/linker
" complexes, PC/ Lg323 and PC/ Lrc?85. About 100 uL of the concentrated PC/linker
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
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contains predominantly the PC/Lrc28-5 complex, and the top layer, the PC/Lg32-3

complex.

Spectroscopic Methods
Steady state measurements

All measurements were conducted in 4 mL 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 detéction 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 < 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 beneﬁtéd 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/5 mM K phosphate pH 7 XEX=616 nm
PC trimer 50 mM K phosphate pH 7 A, =622 nm
PC/Lrc285 50 mM K phosphate pH 7 A, =637 nm
PC/LR323 50 mM K phosphate pH 7 A, =624 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 (preparéd 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 fo
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 tot‘al of 8-10 scans were averaged for each sample. CD scans of the
respective solutioh 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 [0] or CD magnitude, experimentally

determined as:

[6]=3300A¢e

Ae=(g, — &)

1 I
=—1log| &
e

where L is the cell length, C is the sample concentration expressed in moles/liter of

protein residues, € is the extinction coefficient and I, 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 madé

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. T,
denotes the emission intensity when the two prisms are oriented along the same vertical
axis and L pengicusr TEPresents intensity measured with a 90° difference in the axial
orientation of the priéms. 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 caiibrate the prisni 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

PC/Lg323 the emission wavelength used in these polarized excitation scans was XEM =

647 nm while for PC/Lg28-5, A, = 654 nm. The anisotropy is typically calculated as:

!
1

parallel Iperpendicular

+21

parallel perpendicular

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

rpendicular
polarization bias of the monochromator gratings favoring light in a parallel orientation.* *
This instrument bias is characterized by the ratio N = (HH/HV) which is dependent on

wavelength.® Consequently N is used to lower the measured VV intensity to its true

I.cane Value and the fluorescence anisotropy is experimentally determined as:
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- NOVW)-(VH)
" 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 10" Torr with a turbopump (Model V-70, Varian
vacuum products, Lexington, MA). The typical vacuum obtained at room temperature
was 10° Torr. A schematic diagram of the cryostat is shown in Figure 2-2. Disposable
polystyrene cuvettes (1 cfn 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 areservoir. The heater was driven by a
confroller 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 CN132, 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 w.hen_'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% glycerol/5 mM K phosphate pH

7 buffer while all the other PC complexes were prepared in 3 M sucrose (Sigma, > 99.5%



28

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 th¢
lower temperatures. The lowest measured temperature at the sample cuvette was 84 K
even after 3 hours of equilibration time waé 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
of £ 0.3 K during the scan. Absorbance traces of each buffer weré taken separately at
each temperature and then were subtracted. from those of the protein samples for baseline
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 codled. 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 V\;as 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 fluorimeter sample
cavity was removed to accommodate the Oxford cryostat and homemade holder (made by
H. Visser). The 'apparatus was rcovered 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 Ay = 58‘5‘nm. Red-edge excitation scans were taken at Agy = 660 nm instead of
585 nm. The emission signal when Ay, = 660 nm was very weak and thus showed a
higher amount of background hoise; 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 petformed using either Excel 98 (Microsoft Corp., Redmond, WA) or
Igor 2.6 (Wavemetrics, Lake Oswego, OR). The programs pr;:sented in Chapter 3 for the

linker homology studies were accessed via the internet and are described below.
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Primary..»S‘tructure Analysis - Amino Acid Sec}uénces

The ana.lytical software tools used for evaluating the primary and secondary
structures of the lihker 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.hnnl].

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 ExPASYy site or directly at their own individual internet locations as noted
throughout this description. The published amino acid sequences of the linker peptides
(Lr89, Lr323, Lrc?8-5) found in the phycobilisome rods of Synechococcus sp. PCC
7002 were subjected to all of the prbgrams described below. The primary étructure of the

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

test method accuracy.

SWISS-PROT Sequence Database [http://expasy.hcuge.ch/cgi-bin/sprot-search-de]

The amino acid sequences used were obtained from the SWISS-PROT sequence
database maintained by the European Bioinforma;tics Institute (EBI). The database
contains information from many sources, such as the European Molecular Biology
Laboratory (EMBL), the Nucleotide sequence dataﬁase, 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 Synechocqccus sp. PCC

7002 proteins analyzed are as follows:
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Protein Gene AC Number
PC o subunit CpcA P03943
PCBsubunit  cpcB P03944
Lrc28-3 cpcG Q05238
Lg323 cpcC Q05237
LR39 cpcD P31966

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/htbin/fasta.py ’request] is based at the
EMBL and uses an algorithm developed by Pearson and Lipman at the University of
Virginia*® 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 initial highest-scor_ing diagonals
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
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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 organism/protein 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 région 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.ch/cgi-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 homology.” 1t 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
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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 program -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:/fwww.toulouse.inra.fr/multalin.html). MultAlin creates a multiple sequence
alignment from a group of related sequences using progressiv¢ 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,
conse‘rvative 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

13

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:8081/submit.html]
automatically runs and evaluates the results from six representative algorithms, and

reports the individual as well as the consensus predictions.” The individual programs are
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described below. The consensus prediction is based on a simple majqrity combination of
the four cuﬁently most accurate methods (NNSSP, DSC, PREDATOR and PHD) and
boasts an accuracy of 72.9% in the prediction of three conformational states (o-helix,
extended B-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 methods.'™'* Although descriptive Iitefature is unavailable, the
authors of JPred demonstraté that this approach is not so accurate as current multiple
sequence methods.”” MULPRED is incorporated into JPred and cannot be individually

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

ZPRED [http://kestrel.ludwig.ucl.ac.uk/zpred. himl)

ZPRED predicts secondary strucfuré, and active sites based on the conservation of

-amino acids between the query sequence and.a family of homologous proteins.'® It

recognizes a sequence relationship betwéen' 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 aré aligned, the regions of insertions and low consérvation of amino aci.ds tend
to occur in the random loop regions and not in the a-helix or B-sheet structures.”” The

accuracy for a three-state prediction (0-helix, B-sheet, loop) ranges between 59% and
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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 numbor 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 B-sheets or a-helices. Loop regions afe 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 Seoondg_ry Structure Class (DSC)

(http://bonsai.lif.icnet.uk/dsc/dsc_read_align.html)
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 fo}ding process.'® To date, DSC achieves the highest
three-state accuracy (0-helix, B-strand, coil) observed (70.1%) for a non neufal-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 structures.'*"* It then applies a linear discrimination function based on the
following factors: residue position, hydfophobic regions, insertion and deletion areas in
multiple aligned homologous sequences (typically occur in loop regions), and
conservation of o-helix and -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 o-helix and {3-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—leﬁgth 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 (o-helix, B-strand and coil) with an
accuracy maximum of 72.2%."° 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-
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dimensional structure. Restricting the number of homologous sequences to those most
closely associated with the test sequence improves the accuracy éf the method. NNSSP
uses a scoring system for each residue that combines a sequence similarity matrix with a
local structural environment scoring method” 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
reéidue position. The most crucial element of the algorithm is what combination of
environmental classes and similarity matrix to use wheh setting up the scoring table. For
example, the rnéthod accuracy was improved by creating a separate environmental class
for the N- and C- terminal ends of o-helices and B-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 uséd to improve the accuracy of -
strand pfediction from 42% to 65%, but even so the NNSSP algorithm ié more accurate in

predicting a-helices (72.8%) than B-strands (66.6%).
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PREDATOR-secondary structure prediction from single or multiple sequences

Lhttp:/f/www.embl-heidelberg.de/cgi/predator_serv.pl]
PREDATOR is a three state (o-helix, B-strand, coil) secondary structure

212 The program can

prediction routine with a 68% accuracy for a single sequence.
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 sequehces 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. Filtering/cleaning rouﬁ_ds 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 prediction Heidelberg (PHD)
(http://www.embl-heidelberg.de/predictprotein/predictprotein. 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.
PHDsec?? was used for secondary structure prediction, PHDacc™ was designed to

determine solvent accessibility while PHDhtm? searches for helical transmembrane
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regions. At 72.2% three-state (0--helix, B-strand, coil) accuracy, PHD is considered the
most accurate secondary structure method currently a\;ailabie. Evaluated on the same
data set of proteins, PHD has been rated at 10% higher three-state accuracy than methods
using only singl¢ 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)
consistiﬁg 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
o-helices and B-strands are similar to those observed in three-dimensional protein
structures. The next procedure involves weighting the prediction results to compensate
for low accuracy B-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.
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The final PHD output includes the secondary structure predictions for each
residue as well as its calculéted réliability. 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 o-helix, then all other structure types should be minimal in this

same region; whereas if the region can be classified as either a -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 mo,lecuiar
structure viewer compatible with MacIntosh software. ® Tt 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 programmihg
code to add user-friendly interaction features and to produce versions that are more
scientifically accurate (resf.rict bond lengths, angles etc.). RASMOL is now widely
available along with instruction r‘nanuals‘in different computing platforms. The version
. used in this thesis was obtajned through the UC-Berkeley Modular Chemistry
Consortium website (http://mc2.cchem.berkeley.edu] and is called RasMac-uqbv1.3. We
have used it to display various views of the crystal structures of the Synechoéo_ccus sp.
PCC 7002 PC trimer and monomer units as well as the Mastigocladus laminosus APC

trimer and LC7‘8 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



41

colors that can be chosen through either a command window or the drag/click 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 Concentration | Volume(mL) of Stock | Final concentration
of Stock (g/L)* per 1L of Medium (g/L)*
NaNO, 500 2 - 1.0
NH,C1 150 1 0.15
K,HPO,*3H,0 50 1 0.05
CaCl,*2H,0 230 1 0.23
Salt Solution 100
MgSO, 244 244
NaCl 180 18
KCl 6 0.6
Na,EDTA 30 1 0.03
IM Tris, pH 8 M 8.5 8.5 mM
FeCl;»6H20 4 1 4 mg/L
Trace Metals 1
H,BO, 34.2 34.2 mg/L
MnCl,*4H,0 4.3 4.3 mg/L
ZnSO,7H,0 0.63 0.63 mg/L
Na,MoO,*2H,0 39 3.9 mg/L
CuSO,*5H,0 0.03 30 pg/L
CoCl*6H,0 0.0122 12.2 pg/L
Vitamin B-12 50 mg/L 0.1 5 ug/L

* 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 Optistat™ 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 Ipeptides of Synechococcus sp. PCC '7002 are an integral part
of the phy;:obilisome (PBS) assembly. Besides providing structural support, the rod linkers
modify the spectral properties éf 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 lac_:k of overall symmetry for the PC/linker complex that hindered
resolution of crystallographic data. The first resolved crystal structure of a -
biliprotein/linker complex has now been published; it is the core biliprotein
allophycocyanin (APC) with its small linker peptide Lc7-8 isolated from Mastigocladus
laminosus.' This structure has made it possible to pinpoint the specific physical interaction
sites between the linker peptide and the APC-bound chromophores.

The structure of APC is very similar to that of PC, and all chromophores found in
these two biliproteins are chemically identical phycocyanobivlins named according to
subunit and residue position. The goal of the analysis presented in this chaptér is to
examine the available primary structure of the three rod linkers found in Synechococcus sp.
PCC 7002 (Lgr39, Lr323, Lrc?8-3) and produce a model of interaction for PC/linker
aggregates. The APC/L¢7-8 structure will be used as a guide in drawing analogous

conclusions for PC/linker 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 _t§ the known
Lc78 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, LRr39 has the lowest calculated
isoelectric point (pI = 5.42), with a value comparable to that of the PC o (pI=5.31) and ,
B (pI = 5.58) subunits. In contrast, thevcore linker Lc78 has an extremely high pI. Table
3;2 also shows that the content of electrostatically charged amino acids in'each linker is
different Eetween the rod linkers and the L¢7-8 linker. While all the rod linkers have an
almost equal balance of positively and negatively charged amino acids, L¢’-® 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 Lr8-9, where glutamate is more

abundant, resulting in a slightly more negatively charged content. The other two rod
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linkers, Lr323 and Lrc?8-5, 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 comparabie 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 sinﬁlarity with the specified linker. A code key of gene names and organisms
is provided to identify each homologoﬁs protein. The homology score next to each
sequence represents the similarity bétween the query sequence and a homologous protein
over the entire length of the sequenc;e; 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 pfoperties. 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 (i.e., 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 trendé across the sequence length.

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

same type in different cyanobacterial species, i.e., L¢7-8 has the highest homology score
with other Lc linkers while Lr¢28-3 is most similar to other Lrc linkers. No significant
region is common among all three rod linkers, although Lrc?8-5 and LR89 each share
some sequence homology with separate regions of Lg32-3 (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 Lg89 near its C-temﬁnus 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 Lg8-9
sequenée are shown in Tal;le 3-3A. There is good homology with other rod-capping
linkers (code = PYSI1, averagé 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 Lr89 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 Lg89 homology with two sets of proteins of a different type.\ The
first set includes homology matches to core linker peptides (PYC1). Although not
included in Table 3-3A because their homology scores were < 25%, these Lc linkers
showed an average homology match of ~45% with short sections (~30 amino acids) of
Lg89. In particular, the homology between L8 and the recently structurally resolved
Lc7-8 was 50% over a region of 28 amino acids and was the highest value found in

comparing L¢7-8 with the three rod linkers in this study (Figure 3-2). The second set of

non-rod-linker type homologues for Lr8-? 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 B-strands and loop

segments and thus cannot be used in isolation as an accurate structural template for Lg89.
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Table 3-3B summarizes the Fast-A3 homology search results for the Lg32-3
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;ternlinus end; residues 1-180 have an
éverage conservatioh value of 79%, while the residues in the remainder of the sequence
have an average conservation value of 55%. In addition fo the matching region with the
Lg89 linker already noted, the Lr323 sequence also has a homologous area near its N-
terminus with the Lrc28-3 linker, although it is not as strong (35%) as the Lg89
comparison (49%). A surprising number of homology matches were found between
LR323 and the core anchor linker peptide Ly (APCE, 28% average homology score).
The Ly region that is homologous with LRr323 is classified as REP for “repéat”; aregion
found in multiple copies that is responsible for joining together APC trrimers.2

The Fast-A3 homology search results for the Lrc28- linker are presented in

Table 3-3C. The highest homology is once again found among the same type linkers
across species (PYG1/PYG, 50% average homology score), while lower homology
values are found with other types: 26% average homology with rod linkers (PYR1,
PYRS, PYR6) and 27% for matches to L anchor peptides (APCE). The latter similarity

matches are to the same Ly, REP region that was also homologous with Lg323. It is the

N-terminal region of Lrc28- that is homologous with both the rod linkers and the L,

polypeptides. Like in Lg323, 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 L¢78 sequence (Table 3-3D).
The Lc7-8 linker is very well-conserved across spécies with other core linkers (PYC1,
average homology score 86%). It has some homology with rod linkers (PYS1, PYRI,
PYR2, PYR3, average homology score 25%) and with FNR proteins (24%). Although

the same Lc7-8 segment (near its C-terminus) displayed some similarity to C-terminal
regions of Lg32-3 and Lrc28-3, the closest association to the entire sequence is found with

~ Lg39; each rod linker sequence is separately aligned with L¢7-8 in Figure 3-3.

Secondary structure predictions. .

The JPred consensus method of protein secondary structure prediction for three
sfructural states (o-helix, 3-strand, loop) was applied tZ) 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 Lco78 (oc—»helix = H, B-strand = E, random loop =-).
Comparing the kﬁown secondary étructure of L¢ 78 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 pr;diction reliability per amino acid residue for the PHi) prediction of each structural
class is also plotted in Figﬁre 3-4A. \

- Figures 3-4B to 3-4D present‘therabridged prediction results (JPred consensus and

PHD predictions) for the rod linker peptides. The consensus prediction for g8 (Figure
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' 3-4B) contains three B-strands (spanning residues R14-Q21, V42-V46, 165-K69) and one

o-helix (M51-L61). PHD predicts two additional B-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 Lg89 and L¢7-8, the secondary structure consensus predictions for Lg32-3 and
Lrc28-5 have a wealth of o-helical regions. Lg323 is prédicted to have 11 o-helices and
5 small B-strands (Figure 3-4C), while Lrc28-3 is expected to contain 7 -helices and 4
B-strands (Figure 3-4D).v The regions of shared homology between the rod linker
peptides are indicated in the figures. Instead of using a graph for the LR32-3 and LRc28-5

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
uniqué 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
(pD). Across cyanobacterial species, linker peptides typically have high calculated pl
values and are thus expected to be positively charged peptides at fhe 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 pl values.
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Of the three rod linkers in this study, Lr89 has a number of characteristics that
subtly set it apart from the other two. Comparing the total céntent of amino acid ty;)es in
each linker, L8 has the highest percentage of polar and charged residues, the lowest
percentage of aromatic and hydrophobic residues, and the lowest calculated.pl (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 Lg89 and the other two linkers. The
aromatic aﬁd negatively charged residues of Lr89, 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 épecies. Commonly known as a
“capping” linker, Lr8 is believed to occupy the position at the end of the phycobiliéome
rod. Because only one coding gene has been found for this liﬁker type in M. laminosus,**
it‘is assumed that Lg89 caps the rod regardless of the terminal biliprotein present: PC at
high light intensity and phycoerythrocyanin (PEC) at low light intensity.” Unfortunately,
during the protein isolation procedure from cyanobacferial cells, a PC/Lr89 complex is
'ndt recovered; LR89 is thought to dissociate from the PBS rod in the low buffef solutions
and is lost in the purification p'rocedure.6 This be.havior suggests an ability for Lr89, 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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LRr39 also shares some similarity with the sequence of tﬁe FNR enzyme.
Although FNR is found to bind to the PBS rods’, it differs in function from Lg89 in that
it.is not necessary for PBS stability or function. The homology match with Lr39 is good
* (52%) but it corresponds to a smali region near the N-terminus of the FNR protein (69
out of 402 residues). The FNR binding affinity to PBS rods suggests that it rélay share the
characteristics‘necessar}.l to bind to PC af the same point as Lgr89; however, the structure
of FNR cannot be used as a template for three-dimensional structure'predictions of LR89.
The FNR section homologous to Lr8-9 represents only 17% of the total FNR protein
sequence, and it lies in a region of nested B-strands and loop segments; the probability of
maintaining the same structure in the absence of the other neighboring residues is low.
The sécondary structure predictions for Lr8-9 discussed in the next section follow more
closely the Lc7 8 structure profile than that of FNR, even though the Lr89 sequence
homology with Lc7-8 over this region is slightly lowér. Despite the differences in
structure, both FNR and Lc7-8 do possess loop regions within the segments homologous
with Lg89 which could be the key binding sites to tﬁe PBS. Published studies on the
similarity relationship bétween Lr39 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 L8 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 Lg39 could represent a shared binding affinity for this region.



56

The Lrc28-5 linker possesses the highest pl value of all three rod linkers as well as
the highest number of hydrophobic residues (Table 3-2). Theée general properties
approach those of LC peptides rather than those of a rod linker. As a rod-core peptide,
Lrc28 is expected to contain at least two distinct functional domains. In other words,
one area to interact with the rod biliprotein PC is necessary while another area.ir'lteracts
with the core biliprotein APC. With this in mind, the Lrc28-5 sequence was divided in
half and the pI value was calculated for each half, Dramatic‘;ﬂly different results were
obtained; the N-terminal region had a calculated pl 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
isa property typically found in core peptides. The N-terminal regionvis then‘expectved to
‘bind to the PBS rods. This assignment is supportcd by the fact that thé strongest
homology shared between Lrc28-> and the rod linker Lg323 lies in its N-terminal region
(Lrc28-S residues 35-160, Figure 3-2). Interestingly, the first 180 amino acid residues of
Lrc285 are befter 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 amin‘o acid residues of Lrc28-3 (i.e., the N;terrrlinal side) are sufficient to
produce the charécteristic PC/LRc28-5 absorbance band.” Similar behavior has been
published for a rod-core linker (Lrc3!) from M. laminosus, where a 22 kDa proteolytic
fragment of Lrc3! with the N-terminal sequence intact associated with the PC trimer and -

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

Compérison of the amino acid sequences of the rod linkers in this study with each
other revealed that there is ﬁo 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 bil'iprotein but also that the
linker/biliprotein interaction must be different with each of the three rhonomers. Among
the three rod linkers in this study, Lg323 is the only one with the function of connecting
two PC hexamer stacks. Despite the féct that the PC hexamer is identical on both top and
bottom surfaces, the primary structure of Lr32-3 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 singlé linker thatl can have two different binding interactions
with a PC hexamer. This mechanistic duality particular to Lr32-3type linkers was
remarked early on by Yu and Glazer who proposed that the N-terminal end (~28 kDa)
was necessary to‘ stabilize thé trimeric and hexameric complexes, while the remainder 4.5
kDa was necessary for the interaction between the hexameric complexes.!! Comparing

the Lg32-3 sequence with the other two rod linkers, we find two distinct areas of
homology.; one in the N-terminal region homologous with LRC28-5 as already discussed,
and a second one in the C-terminal region that“is homologous with the Lg89 linker
(Lr32-3 residues 253-288, Figure 3-2). These two regions are very different from Ieach

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 Lg linkers associated with
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PC or PEC and found six weli—conservéd 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 Lg32-3 regions is very different; of all
the charged residues in the region homologous with Lg89, 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 appfeciable 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 Lrc?8-5. It is interesting to note that all of the conserved
aromatic and negatively charged residues in both Lrc28-5 and Lg32-3 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 Lg323 linker binds with a
different mechanism: one which is similar to Lrc28-5 and the other similar to Lg89. The
Lgr3? 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 Lg32-3 (homologous with Lrc28-5) interacts
with the biliprotein chromophores to produce the observed spectral changes, then the

remaining one-third of the Lg32-3 amino acid sequence is not involved in the PC

spectroscopy but bound to a neighboring hexamer. Assuming that the Lg32-3 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 residﬁes:
insertion in the next PC hexamer central cavity to make a stabilizing backbone for the rod
structure. It is possible that the Lg32-3 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 sequencé in this study shared the highest primary structure homology with
other linkers of the same respective type. These homologous regions have been
evolutionarily consérved 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 (c-helix, B-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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secoﬁda.ry structure types (32% o-helix, 21% B-strand, 47% coil)," the o-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 Cﬁapter 2.

The L¢7-8 linker sequence was submitted to the J Pred. algorithm to measure its
prediction accuracy against a.known structure, and the results afe presented in Figure 3-_
4A. Although Lc7-8 was co-crystallized with APC, the prediction program is able to -
simulate its structure with ah overall accuracy of 85%. This vélue is much highef than
the reported average 72.9% accuracy'* 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 résults are found (i.e., |
the algorithm is poor in defining where an a-helix or B-sheet begins and ends).
Otherwise, every expected structural element (three -strands and two ot-helices) is
predicted at more or less the correct position. |

The Lc7-8 area (V31-V52) of shared homology with Lg89 includes a long o
helix segment and the beginning of flanking B-strands; a similar pattern is found in the
Lr39 prediction (Figure 3-4B). Although the consensus prediction is incorrect for L¢7-8
residues 31-34 (replacing the a-helix and B-strand assignments with random loop
predictions) this area is nearly 100% conserved between Lc7-8 and Lg8-9 and therefore

both should possess an identical structure despite the prediction for shorter ot-helix and B-
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strand segments in both linkers. In addition to the area of shared homology with L¢7-8,
the L8 secondary structure prediction also includes a B-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 Lg32-3 (Figure 3-4C) and Lg¢28-5
(Figure 3-4D) display a large number of o-helices and few B-strands. An issue that arises
from the primary structure analysis for Lr323 is the possibility of two distinct interaction
~ binding sifes since it has two areas of homology: one with each of the other two rod
linkers. Its amino acid sequence dbes 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 (Fiéure 3-4C) suggesting a different method of interaction fér each region. The
Lg323 C-terminal region (residues 253—2885 that shares homology with LR8;9, produces
. the same pattern of alreédy obsérved structural elements for this region: a long o-helix
flanked by short B-strands. The N-terminal area (residues 27-152), homologous with
Lrc?8-3, has a consensus prediction of 7 o-helices and one very small B-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 B-strands. The first small B-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 B-strands predicted throughéut 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 Lrc?8-3 in Figure 3-4D, one finds two separate
o-helices instead of the three predicted in Lg32-3. Interesﬁngly, a B-strand located at
Lrc?8 residues W124-T130 has a PHD predictién reliability maximum score of 70%
but is predicted to be an o-helix (maximum reliability = 40%) in the homologous Lg32-3
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
Lrc?8 and Lr32-3 (Figure 3-2). This difference in structure may identify an area where
one of the key distinctions between the linker/PC interaction mechénisms of these two
linkers exists. The rest of the Lrc28-5 homologous région contains two o-helices at
similar locations to the Lg323 prediction.

General changes in the electrostatic environment of the central PC cavity due to
linker associ.ation, as well as specific interactions between the linker and the .PC |
chromophores, contribute to the observed spéctral differences between PC trimers and -~
PC/linker complexes. The distribution of electrostétically charged amino acids in the
entire homologous region shared by Lr323 and Lrc285 is subtly different. While both

possess a nearly équal number of charged amino acids, Lg32-3 has a significantly larger
content of negatively charged residues (21 versus 16 in Lrc?8-5). Of particular interest is
the string of consecutive positively charged arginines (R159-R161) found in Lrc28-3

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.'*'® This carboxylate-arginine interaction is expected
to shift the spectral maximum of the covalently bound PC chromophore to a lower

~ energy. Lrc28-5 is the only one of the three rod linkers in this study to possess a
consecutive string of érginines in its amino acid sequence, and the absorbance band

maximum of the PC/Lrc?®-5 complex is found at a lower energy than that of the

- PC/LR323 (discussed in Chapter 4).

Tertiary structure analysis

The availability of the three-dimensional crystal structure of the APC/L¢7-8
complex provides insight into the biliprotein/linker interaction. Th¢ crystal Structure
clearly shows that the Lc7-8 linker is physically interacting with only two of the three
available APC monomers ahd 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 AP‘C/L(;7-8
structure and to propose a model of biliproteir;/linker interaction. The following
discussion is divided into three parts: (1) examination of the contact regions between
APC and Lc78, (2) compé.risdn of the APC and PC tertiary structures, and (3)
comparison of the amino acid sequences of Lc7-8 and the rod linkers (Lr3?-3 and

LRrc?8-) associated with PC trimers.
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Examination of the of APC/Lc”-8 interface region

The ch7-8 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 ié no clear clustering of charged or polar residues at the linker/biliprotein interface,
and thefe are two structurally distinct binding sites. The first APC monomer interacts
with the long o-helix region of Lc7-8 (residues 33-46), while the second APC monomér is
approached by a smaller loop segment from L¢7-8 (residues 13-19) (Figure 3-5). For
clarity in the following discussion,vthese two types of APC/linker interactions are labeled
as ;APC/IJC7-8 (at-helix)’ and ‘APC/L.c7-8 (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 mohomer 1s noted.
Although this relocation does bring the central $81 chromophores closer togethér, it does
not significantly alter the center-to-center distance between neighboring ¢80 and p81.
This effect of linker association enhances the electronic interaction of the central 381
chromophores without disrupting the a80/B81 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 080/B81 pairs, showed a difference of
~3° Wider for the at80/B81 pairs located at a linker binding site. According to Forster
theory"’, faster energy transfer occurs over shor;er'distanceé and between collinear
transition dipoles; therefore, the slight changes in f81 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 L¢7-8 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 andvt.he APCring
becomes flattened. Lc7-8 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 APé trimer is more pronounced when Lc7-8 is inserted deeper within
the trimer structure. This action may provide better contact for the trimer-to-trimer
interactions that form a.h.examcr stack.

There are specific structural changes in the side chain orientations of APC
residues located at the iﬁterface region with the L¢c7-8 linker. The schematic
representations of Figures 3-6A to 3—6C.compare the structure of each APC monomer z;t
the iﬁterface surface with thé linker peptide (APC and L7-8 are artificially separated in
the schematig drawing by ~5A). The APC a-helix (residues 105- 120.) enclosing the
B81 chrofnophore binding pocket is in direct coﬁtact with the L¢c7-8 linker (Figure 3-5)
and is nearly 100% conserved in APC from different speéies, although there is no
obvious concentration of é specific residue type (electrostatically charged, aromatic,
polar, nonpolar). Comparing this o-helix segment from APC against other
phycobiliproteins there are few amino acid replacements: the exact identity of D105 and
E106 seems to be interchangeable in PC, PE and PEC thereby conserving the negative |
chargé though not necessérily the specific residue; aliphatic V108 is frequeptly replaced
by a cysteine in other biliproteins while K113 is repléced by an arginine in PC and somé

types of PEC; N117 is replaced by a variety of aliphatic or polar residues and lastly S118

is replaced by an alanine in other biliproteins. Of the five charged residues in the APC o-

" helix segment, three are unpé_rturbed 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, E114) which are ~100%
conserved across speéies and phycobiliproteins, directly facé the central cavity and
exhibit obvious changes in side-chain orientatiqn (Figures 3-6A tov 3-6C). Compared to
the linker-free APC monomer, the positively charged side chain of R107 is twisted
slightly counterclockwise in APC/L(;"-8 (a-helix), and it is distinctly bent towards APC
(insfead of towards the central cavity) in APC/ch"'8 (toop). This effect may be induced by
the same mechanism: the side chain of a posifively charged residue from the L¢7-8 linker
(K45 in o-helix and R20 in loop) places itself near the oxygen g-roup at the base of the
'APC R107, and the increased positively charged environment forces the R107 side chains
to repel from this arealand towards neighboring APC negatively charged residues. In
contrast, E114 appears to be affected by the linker iﬁ different ways. In APC/L¢7 -8 (a-
helix), the E114 negatively-éharged side chain is moved ~2 A closer to the B81
chromophore and is twisted (~ 20°) clockwise (using the carboxylate carbon as the centér
for the rétating oxygens); this El, 14 re-orientation could be a result of attraction to the
nearby positively charged Lc7-8 K52 residue (~3.0 A away). In APC/Lc7-8 (loop), the
E114 side chain is bent back towards the APC and, because there is nd obvious positively
charged opéonent in the nearby Lc7-8 loop segment, we propose that this E114
conformational change is due to steric interference from the nearby Lc78 Y26 fcsiduc.
The position of this charged side chain may impadt the spectrai chara;teriétics of the 81

chromophore siﬁce E114 (along with K113) is located close to the propionate groups of

B81.



67

The APC surface interfacing with Lc7-8 has only one aromatic residue (Y116)
and, like the charged D105 and E106 residues extending towards the cavity, it is ~100%
conserved in phycobiliproteins. Y116 is located in the 81 chromophore binding pocket
and is perturbed by the presence of the linker. Compared to the linker-free APC
monomer, Y116 in both APC/L¢7-8 monomers is moved ~1 A closer to B81 pyrrole ring
C and in APC/L7-8 (o-helix) adopts a spatial orientation that is.more planar to this
pyrrole. Theré is no obvious reason for this structural change, because there is no
immediate polar or steric influence introduced by the linker; however Lc7-8 directly
perturbs the orientation of a second aromatic residue within the $81 binding pocket
(Y87), and this may have an indirect _effect'on Y116. L¢78 residue F37, extending from
the o-helix segment disrupts the coplanar arrangement of the Y87 aromatic side chain
and the BSI pyrrole ring D by inserting itself betweeﬂ 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 Y116 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 L7-8 linker segments (L¢7-8 (o-helix): N35, Q40, Q4 1-., Q44; (loop): Q13,
T14, T18, Q19). In both APC/linker interactions, the orientation of the N110 side chains
is affected, while in APC/L¢-8 (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 confofmation of the individual 81 chromophores in each APC
monomer is also altered by the presénce of the Lc7-8 linker peptide. Figure 3-7A
presents a schematic_; of the in situ structureé of the three APC 381 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 $81 chromophore is
noticeably variable, and the rélative orientation of the pyrrole rings is also altered by
linker association (Figﬁre 3-7A). A face view of the pyrrole rings (top Figure 3-7A)
shows that tﬁe 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/L¢’-8 crystal structure
shows that the displacement of this 81 pyrrole ring is due to an aromatic residue
extending fr‘omvthe Lc7-8 linker (F37) that disfupts the coplanar arrangemeht of ring D

with a nearby APC (Y87) residue.

Comparison of APC and PC tertiary structures

The tertiary structure of PC isolated from Fremyella diplosipholn was resolved at
1.66 A and shows nine a-helices connected by short loop segments in each subunit. '*
Although the PC structure from Synechococcus sp. PCC 7002 was the first to be
resolve_d‘g, it is no longer available thréugh the Brookhaven protein structure ‘datvabank,
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 compafing the PC sequences from F. diplosiphon
and M. laminosus (structure also not available). Unlike APC, PC possesses three
phycocyanobilin chromophores per monomer unit. The 084 and B84 chromophores are
attached to cysteine residues located in a-helices close to the central cavity while the
B155 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 381 chromophore, 384 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 3-subunit of PC where 10 additional amino acids are placed in the loop
segment enclosing the B155 chromophore (Figure 3-8). The structure of the internal
cavity region is exfraordinarily well-conserved among these two biliproteiﬁs despite
being produced by different species. The linker-interface region identified in the
APC/Lc7 8 crystal structure is compared with the analogous area in PC (residues 108-
123). The sequence homology between APC and PC in this o-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 E117 (labeled in Figure 3-8); as shown in the APC/L¢7-8 structure, the
position of these side chains is modulated by the presence of the linker peptide? therefore
the sli ght orientation differences observed bétween PC and APC are probably not
indicative of inherently different linker-association behavior. Potentially more significaht

structural differences are the loss of the polar residues near the bottom end of the PC -
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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 exten&ing aromatic residue from
Lc7-8). Overall, seven of the total thirteen aromatic residues found in the APC $-subunit
are directly conserved in PC; however, the area around the APC B81 D-ring is endoWed
with a wealth of tyrosines that is not duplicated in PC 84 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
iﬁtere_sting to see if genetic deletion or alteration of either these arorﬁatic residues,
especially APC Y87, or of the polar groups N117 and S118, would produce an APC -
mutant that has an absorbance band shape that is more symmetric (or “PC-like”) than the
native peak/shoulder profile.

A number of charged amino acids located in the PC chromophore binding pockets
have been identified as important modulators of the chromophore spectral pfoperties.
Arginine (R86) and as.partate (D87) residues form salt bridges with the propionaté side
chains of the 084 and 384 chromophores.'*®? The residue R80, near the tail end of 84
(~3 A away) is also suspected of tuning the spectra of this chromophore.'” In addition,
aspartate residues providing structural stability to the chromoghore have been identified
as a common feature of biiin attachment: a single aspartate anchors a phycocyan_obilin
| through a hydrogen bond between its carboxylate group and both nitrogen atoms of
pyrrole‘ rings B and C.** All of these key amino acid residues are also conserved in the
APC chromophqré binding pockets and, despite these strong in_ﬂuential 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 chromopho‘re.'5"6'23'24
Figure 3-7B compares the chromophore conformation of linker-free APC 81 and PC
84 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 orthbgonal 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). :I‘here are slight variations thrpughout the entire coﬁformation of these two
chromophores and these variations are most séverc at ring D. The APC/L(;’I-8 (at-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 lfnker characteristics

The structure of the L¢7-8 linker contains three B-strands (residues 13-1.9, 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 381 chromophores in two distinct
mannérs. In APC/L7-8 (a-helix), the linker induces a noticeable change in the 81
chromophore conformation, while in APC/Lc7-8 (loop) it conceals the chromophore
pocket from the external solvent with a loop segment that contains a number of positively

charged residues. Within this L7 loop segment, the closest arginine/chromophore
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distance is fourid between the R20 side chain nitrogens and the $81 oxygen at the end of

pyrrole ring D (~4.2 A and ~4.7 A). Although slightlg'z outside van der Waals contact
distance, the combined effect of R20 along with R17 (located ~5.3 A and ~6.6 A from
B81 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 o-helix segment of Lc7~8 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 Lr89 (Figure 3-1), the only

aromatic residue that is conserved is Y33 (Y48 in Lg89) lécated at the beginning of the
o-helix oriented opposite the APC biliprotein and thus physically unlikely to interfere
with the chromophore. This type of intefactibn would then be expected to be absent in
Lr89. The second type of linker/chromophore interaction is a gobd candidate in Lg89,
because this linker possesses three well-conserved arginine residues (R24, R37 and R38) 7.
in a predicted loop region that could interact .in a cbmbined manner similar to the active
Lc7-8 loop.

Both Lg323 and Lrc28-5 contain a number of aromatic residues found in regions
structurally predicted as o-helix (Figures 3-4C and 3-4D). Thesé residues could very
well orient themselves to form a network of extended “aromaticity” that reinforces the
binding interactioﬁ, as found in the PC hexamer structure. However, we focus our
attention on choosing specific intéractions between the linker and the PC chromophores

that could produce the observed spectral changes. Lg32-3 has four phenylalanines (F61,
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F71, F99, F168) and five tryptophans (Y39, Y81, Y120, Y132, Y138), while Lgc28:5 has

nine bhenylalanines (F41, F53, F54, F57, F79, F89, F93, F102, F136), two tryptophans
(Y49, Y146) and one histidine (HS5) in structurally helical regions. Of these aromatic
residues, the ones homologous to both Lg32-3 and Lr¢28-5 (Lg32-3 F71, Y39, Y81, Y138
and Lrc?8-3 F79, Y49, F89, Y146) can be discounted as interaction sites, because each
linker has véry 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 (Lg323 Y132, F61 and Lgrc28-5 F93, F102,
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 o-helix segment. This leaves three viable
candidates for aromatic interaction between the Lg32-3 linker and a PC chr[)mophore
(F99, Y138, F168; Figure 3-4C bold-face type) of which Y138 and F168 are ~100%
conserved across species (Table 3-3B}. Lrc28- retains five viable aromatic residues
(F41, F53, F54, F57, H55) which are clustered together in tﬁe first a-helix segment
(Figure 3-4D bold-face type). Only one of these, F53, is 100% coﬁserved 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 Lc7-8 linker. In Lg323 the
loop sequence (A245-R259) borders on the homologous region with Lr89 and contains
five arginine residues (R250, R253, R255-256, R259) that are clustered togéther and are
~ highlighted in bold type in Figure 3-4C. Although all of these are outside of the area

homologous with Lc78 (Figure 3-3), the sequential pair R255-256 are so well-conserved
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acrdsg species (Table 3-3B) that they are likely to be involved in some function. In
LRrc28-3 there is a long loop éegment after the last o-helix that contains a number of
arginines (R159-161, R166, 179, R185, R200-201, R203, R207 and R222) with two short
cluster areas (159-166 émd 200-207) that are likely to interact with a chromophore. The
argihines 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 Lrc285
cluster (200-207) is included in the re.gion homologous to L¢7-8 (Figure 3-3) and there is
direct conservation of R203 and R207. In the primary structure discussion above, it was
floted that experiments with short Ly sequenées produced the same characteristic shifts
in the biliprotein spectra as the whole linkers.”® Because this observation excludes about
half of the .argininé residues in the Lrc?8:5 loop segment, it indicates that this type of
interaction between the linker and the biliprotein chromophores is not likely to be the

major mechanism for Lrc28-3.

Concldding'remarks v
The APC/Lc7-8 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 81 chromophore pocket, and thus effectively modulate its spectra, the
linker must penetrate at least ~12 A within the APC trimer. Lc7-8 association induces a
counter-clockwise rotation of each APC monomer that results in bringing the central 381

chromophores closer together and could be beneficial to energy transfer. The orientation
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of specific APC amino acid side chains at the surface interfacing with the L¢7® linker, as
well as the conformation of the B81 chromophore, are also affected by linker association.
Each rod linker sequence in this study was examined for sequence homology with
othér proteins, ahd evolutionarily conserved regions were identified. Coupled with
secondary structure predictions, these cohserved regions pfovided a wealth of candidates
for functional sites. The analysis showed that both Lrc28-> and Lr32-3 possess separate
regions of homology with other linker types as well as an N-terminal region of shared
homology with each other. This N-terrrﬁnal region (~2/3 of the whole sequence) is

responsible for modulating the spectral properties of the PC trimer'®"!

, yet the entire
Lr323 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
Lgr323 sequence, these observations support the idea of two distinct biiiprotein—binding
mechanisms for a sihgle linker: one that prodﬁces the observed spectral changes upon
linker-biliprotein association and a secqnd 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 biliprotein/linker binding interactions analogous
to those found in the APC/L(:.7-8 structure. Table 3-4 .identiﬁes'the critical residues thét
may impact the biliprotein’s spectral charaéteristics.

One general issue of biliprotein/linker ‘association has not yet been considered: the

physical bulk of the associated linkers in the biliprétein central cavity. The rod linkers

| Lg323 and Lrc285 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

, B84 chromophores, the non-modulating linker segment should not penetrate further than
~12 A. A study of crystallized B-phycoerythrin hexafners of Porphyridium sordidum in
the presence and absence of a 'y-subu_nit-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 detected 2% 'Although the y-subunit
was not resolved, it is apprbximately the same size as the LR32-3 iinker 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 84 chromophore binding pocket seefns tobe
strategically designed to foster speéiﬁc interactions that can only be made through deeper
pénetration 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 ar.e scattered throughdut the protein, but there are
concentrations near each ﬁhromophore site and at 384, 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 ¢ffectively
modulate the chromophore spectfa. To accomplish this specific interaction, it would

have to penetrate the PC cavity more fully.
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Summary observétions

e There is no universal binding sité among all three Synechococcus sp. PCC 7002 rod
linkers.

e Except for Lg89, the rod linker peptides have high calculated pl values and aré
expected to exhibit hydrophobic behavior at pH 7.0.

e Lg323 has a region homologous with Lrc28-5 near its N-términus and a region
homologous with Lg89 near its C-terminus.

e Lg323 and Lrc?8-5 share a homologous sequence region near their N-terminus which
is also s}lared with a small REP domain of the core anchor peptide L,

e BothLg323 and LRrc?8:5 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 L¢7-8.

\
¢ Comparative analysis of PC and the rod linkers to the APC/L"-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 biliprotein/linker

interaction.
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Table 3-1. Amino acid sequences of Synechococcus sp. PCC 7002 rod linker peptides

Linker

thber

SWISS-PROT Sequence
database AC of
number Residues
Lg89 P31966 80 |MLSQFANGTE AASRVFTYEV  QGLRQTEETD NQEYAFRRSG  SVFINVPYAR
. ' MNOEMQORILR LGGKIVSIKP YTGATASDEE 7
Reference: De Lorimier R., Bryant D.A., Stevens S.E. Jr. (1990) Biochim. Biophys. Acta 1019:29-41.
Lg323 Q05237 290 |MPVTVAASRL GTAAFDQSPV  ELRANYSRDD AQTVIRAVYR  QVLGNDYVMS
: : SERLTAAESL FTNGFISVRD FVRAVAQSEL YKEKFLYNNF QTRVIELNFK
HLLGRAPYDE AEVIEHLDRY ONEGFEADIN SYIDSAEYTE NFGDNIVPYI
RSYVVQTGHR TVGFTRMFSL ORGYANSDRA QIAGNASRLA QELARNTTSA
VVGPSGVNEG WAFRSAADDY HPGQSLGGST GLSADDQVVR VEVAALSTPR
YPRIRRSSRV FFVPVSRLSQ KLQEIQRMGG RVASISPAGQ
Reference: De Lorimier R., Guglielmi G, Bryant D.A., Stevens S.E. Jr. (1990) Arch. Microbiol. 153:541-549.
Lre285 | Q05238 247 TIPLLQYAPS  SQNTRVAGYT VGGDEQPFVF  TTDNVISDSD FDVLINAAYR
QIFFHAFKCD ROQOLLESQLR NGQITVRDFI RGLLLSETFI DSFYNKNSNY
RFVEQCIQRV LGRDPFSEQE KIAWSIVICT KGLAAFVDQL LNTDEYMENF
GYDTVPYQRR RSLASREQGE‘ IPFNIKSPRY DAYYRSQLGF PQVVWONAVR
RFRTPDRVPQ AGDPALFLNM A ARSAQIPKVN VRVSAADISL

AAVPYRN

Reference: Bryant D.A., De Lorimier R., Guglielmi G., Stevens S.E. Jr. (1990) Arch. Microbiol. 153:550-560.

08



81

Table 3-2. Statistics of amino acid composition of the linker peptides

Linker peptide Lc?8 | Lg89 | Lg323 [ Lre?8s
Calculated molecular | 7741 9,055 32,273 | 28,380
weight (Da)
Calculated isolelectric | 10.44 5.42 6.93 8.39
point <pI>
Amino acid composition (%)
Aliphatic side chains
Ala A 45 8.8 10.3 7.7
Ile I 7.5 5.0 4.1 6.1
Leu L 7.5 5.0 6.6 7.3
Val \ 6.0 6.3 9.3 7.7
Aromatic side chains
His H 0 0 14 0.4
Phe F 4.5 5.0 4.8 6.9
Trp W 1.5 0 0.3 0.8
Tyr Y 3.0 5.0 48 49
Nonpolar side chains '
Cys C 1.5 0 0 1.2
Gly G 9.0 1.5 6.9 4.5
Met. M 1.5 38 14 0.8
Pro P 3.0 25 35 5.3
Polar side chains .
Asn N 45 5.0 4.8 5.7
Gln Q 10.5 7.5 5.5 7.1
Ser S 1.5 7.5 9.3 6.9
Thr T | 105 7.5 4.8 4.5
Electrostatically charged side chain
Asp D 0 25 52 6.5
Glu E 6.0 10.0 59 4.1
Arg R 9.0 8.8 9.7 8.9
Lys K 9.0 2.5 1.4 2.4
Total % Nonpolar* 49.5 48.9 52.0 53.2
Polar 27.0 27.5 24.4 24.8
(-) Charged 6.0 12.5 11.1 10.6
(+) Charged 18.0 11.3 11.1 11.3
Aromatic 9.0 10.0 11.3 13.0
Hydrophobic** | 27.0 25.1 26.2 - 28.8

* includes nonpolar,
aliphatic and aromatic
groups (except for His)

** includes I, L, M, V,F



Table 3-3A. Fast-A3 results of SWISS-PROT database search for sequen

ce homology (>25%) with Lg89

Bold-face type residues represent direct homology matches to the query sequence

represents residues involved in chromophore interactions discussed in the text

~ Code

APCE

FENR
PHEG
PYC1
PYG
PYGI
PYG2
PYG3
PYG4
PYRI1
PYR2
-PYR3
PYR4
PYRS5
PYR6
PYSI
PYS2

Code key to abbreviations used in Tables 3A-3D

Gene name Protein expressed Code

APCE core-membrane linker L¢y (APC) AGLNE
PETH Ferredoxin-NADP" reductase enzyme ANASO
MPEC Phycoerytrhin-associated rod linker ANASP
APCC Allophycocyanin-associated core linker ~ ANAVA
CPCG Rod-core linker (CPC and APC) CYACA
CPCG1 “ “ “ ' FREDI
CPCG2 « “ “ ' MASLA
CPCG3 “ “ “ PORPU
CPCG4 “ “ “ PSAE9
CPCC C-Phycocyanin-associated rod linker SPIPL
PECC Phycoerythrin-associated rod linker SYNEL
CPCI2 C-Phycocyanin-associated rod linker SYNP2
CPCI3 , “ “ *
CPCH2 o “ ' *SYNP6
CPCH3 “ oo ' SYNPY
CPCD “ “ “ ' SYNY3
CPCD3 “ “ “ SYNY4
- SY9314

Organism

Aglaothamnium neglectum

Anabaena sp PCC 7119

Anabaena sp. PCC 7120

Anabaena variabilis

Cyanidium caldarium; Galdieria sulphuraria
Fremyella diplosiphon; Calothrix sp. PCC 7601
Mastigocladus laminosus; Fischerella sp.
Porphyra purpurea

Pseudanabaena sp. PCC 7409

Spirulina platensis

Synechococcus elongatus

Synechococcus sp. PCC 7002;

Agmenellum quadruplicatum
Synechococcus sp. PCC 6301; Anacystis nidulans
Synechococcus sp.WH8020
Synechocystis sp. PCC 6803
Synechocystis sp. PCC 6714

Synechocystis sp. PCC 9314

E.g. PYS1_SYNP2 is a C-Phycocyanin-associated rod linker from Synechococcus sp. PCC 7002

Z8
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Comparison of PYS1 sequences (LR9 linkers only) for evolutionarily conserved residues
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For PYS1 sequences only:
Sequence length = 80 residues
Average overall sequence homology score = 50.5%
Number of residues in the consensus sequence with greater than 80% conservation across species = 34 (or 42.5% of 80)
Average % conservation across species for central amino acids (residues 12-70) = 70.8%
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"Table 3-3B. Fast-A3 results of SWISS-PROT database search for sequence homology (>25%) with Lg32-3

Matching Score | Query sequence (rod linker Lg32-3 from Synechococcus sp. PCC 7002 residues 1-80):

sequence (%) | MPVTVAASRLGTAAFDQSPVELRANY SRDDAQTVIRAVYRQVLGNDYVMSSERLTAAESLFTNGFISVRDFVRAVAQSEL
PYRI_SYNP2 | 100 | MPVTVAASRLGTAAFDQSPVELRANYSRDDAQTVIRAVYRQVLGNDYVMSSERLTAAESLFTNGF ISVRDFVRAVAQSEL
PYR1 SYNY3 |63.0 |-AITTAASRLGVAPYNESPVELRPDFSLDDAKMVIRAVYRQVLGNDY IMDSERLKGAESLLTNGSISVREFVRTVAKSEL
PYRI_SYNEL |627 | -AITAAASRLGTSAFDAPPVELRANYSEEDLETVIRAVYRQVLGNDYVMASERLYSAESLLRNGKITVREFVRAVAKSEL
PYR1_SY9413 |583 | MAITSAASRLGTSAFDASPVELRPNFSONDAKAVISAVYRQLLGNDY IMASERLTSAESLLCNGTITVKDFVSLVAKSEL
PYRI_MASLA |578 | -AITAAASRLGTZPFSNAaiELRSDASREEVEAVINAVYREVLGNDYIMASERLVSAESLLRDGNLTVREFVRSVAKSEL
PYRI_ANASP |56.8 | -AITTAASRLGTEPFSDAPVELRPKASREEVESVIRAVYREVLGNDYTLASERLYSAESLLRDGNLTVREFVRSVAKSEL
PYRI_FREDI |42.5 |-MPFGPASRLGVSLFDETPVE#VPGRSQEEAETIIRAIYRQVLGNAYVMESERLAYVFESQFKRGELSVREFVRAVAKSEL
PYR2 SYNY3 | 49.7 | MTSLVSAQRLGIVAVDE2pLELRSRSTEEEVDAVILAVYRQVLGNDILMSOERLTSAESLLRGREISVRDFVRAVALSEV
PYR2_ANASP | 41.6 | ~-SSSVAERLATRDAIGNRVELRONWSEDDLQXVFRAAYEQTFGROGTYASOKFTSAEALLRNGKISVRQFVET LAKSEF
PYR2_MASLA | 415 | --STSVARRLAIKDEVDKKIELRPNWSEDELQIVFKTAYEQVFGROGLYASORFATAEALLRNGKISVKOFIELLAKSEF
PYR2 FREDI | 384 |--coo-oco——_ MASQTILELWPSSSLEEVQTTIRAVYKQVLGNPHVMESERLVTAESQLCDRSITVREFVRSVAKSDF
PYR3 FREDI [ 61.8 | ~PTTSAASRLGTTAYCTNP IELRPNWTAEDAKIVICAVYRQVLGNDYLMOSERLTSLESLL TNGKLSVRDFVRAVAKSEL
PYR4_FREDI | 52.1 | MPITTAASRLGTSAfnAAPIELRSNTNKAEIAOVIAAIYROVLGNDYVLOSERLKGLESLLTNGNITVOEFVROLAKSNL
PYRS5_PSEA9 | 57.7 | MTSSAAAIRLGFEDEnASPVELRINWSDSDVQAVISATYRQVFGNEHLMLSERLTSAESLLASGNISVREF -~ - - v w - -
PYRS FREDI | 48.3 | MTSSTAAROLGFEP£sTAPTELRA- - SSDVIHAAYROVF - QVFGNDHVMOSERLTSAESLLOGGNISVRDFVRLLAQSEL
PYR6_FREDI | 469 | MAPLTEASRLGVRP£ASDKVELREVKTAEEVRSVINSAYROVLGNEHLFESERLS SAESLLOOAQT SVRDFVRA IAQSEL
PYSi_SYNP6 [56.9 | MAITVASSRLGTADFSNaPVELREDGDRDOVQAVIRAVYRQVLGNDY I MKSERLTAAESLLVNGS I SVRDFVRAVAK SEL
PYS1_SYNEL 380 | mm e o e e e e
PYS1_FREDI 30,0 | m e e e e e e e o —— —————————_—————
PYS1_ANASP 206 | mm o e
PYSI_MASLA | 284 | == — == i mo oo - i e
PYSI_SYNP2 | 25.8 | m === m o oo mo oo oo oo ___
PYS2 FREDI [ 077 | oo e e T I I T T TII
FENR SYNY3 [ 36,1 | 0o oo oo oo oo Do D T D T T T T T T T I T T I T T I T I T I
FENR_ANAVA | 257 | == emmmm o - S
FENR.SYNP2 | 25.4 | == == oo oo o oo o oo o oo o oo
PHEG SYNPY |33.1 | -MGIGIGPRLLSECPFAVIFDRYSPDSSAALERVIVAAYRQVLGNL P PTDNORETSLEVRLYNGEL TVRDFVNGLAKSDF
APCE_SYNP6 | 320 | ~FKLTOACAGSSS IRSKSVONDS I RGTESTTOAVIRAAYRQVFGRD - LY EGORLTY PE LKL, ENGET TVREFVRQ I AK SET
APCE_ANASP |30.5 | RGOSVEVGVGTTRRKPARIYRLTNGIGOAEKQLVINAIYRQOVLASGGVPDYYRRTELDSKLENGEISVREFVREIASSET
APCE_CYACA |279 |NITLKLNQGVSKRREQTVIFARHINNSQSSLEQIIKAAYRQVFERAYTIGRE-FYSIETLFYAGSLSVKEFIEHLGQSEL
APCE_SYNY4 |25.8 | EIAYRSNQGVYROROOTKVFKLTSNYDKVAVKNATIRAAHRQVFERAYT INSE- FTALESKLSNGEINVKEFIEGLGTSEL
APCE_SYNP2 | 23.1 | OPGSLGAKVFRLNNELPSGKTTNVSFSESATQKVIEAAYRQVFGR - MVY AGOROKVAEIKLENGEITLREF IRALAKSDV
PYGIL SYNP2 | 225 | SONTRVAGYTVGGDEQPFVFTTDNVISDSDFDVLINAAYRQ T FFHAFKCDRQOLL- - ESOLRNGOITVRDF 1 RGLLLSET
PYGZ2 SYNEL | 26.0 | SONORVAGYEVPNEETPWRY SLEDAVDOSDIDELIWAAYRQVE SERVVLKSTROPELESOLANRAISVRDF IRGLAKSET
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Matching Query sequence (rod linker Lg32-3 from Synechococcus sp. PCC 7002 residues 81-160)
Sequence YKEKFLYNNFQTRVIELNFKHLLGRAPYDEAEVI EHLDRYQNEGFEADINSY IDSA
PYR1_SYNP2 YKEKFLYNNFQTRVIELNFKHLLGRAPYDEAEVIEHLDRYQNEGFEADINSYIDS AR
PYR1_SYNY3 YKKKFLYNNFQTRVIELNYKHLLGRAPF SEDEVIFHLDLYENOGFDADIDSYIDSY EYC
PYRI_SYNEL

PYR1_SY9%413

PYR1_MASLA YRKKFFYNSFQTRFIELNYKHLLGRAPYDESEIVFHLDLYQNKGYDAEIDSYIDS?
PYR1_ANASP

PYR1 _FREDI YRECFEYKNSQVRLIELNYKHLLGRAPYDOSETADHVDIYAARGYDADIDAYIYSS
PYR2_SYNY3

PYR2_ANASP YKECFFYNNSQVRFIELNYKHLLGRAPYDOSEIAFHVDL.YAA!

PYR2_MASLA YRNRYFQSCAPYRFVELNFLHLLGRAPODOREVSEHIVRTVAEGY DAEIDSYIDSS
PYR2 FREDI YRKDNFFHAVGAQRGIELLNFHLLGRAPL.NOOEVONHIKLOAEEGFDALIDTL TDSAE]
PYR3 FREDI

PYR4 _FREDI YREKFFHNNAHNRF IELLN'FHLLGRAPYDQAEV AAHAATYH HGYDADINSYIDS
PYR5_PSEA9

PYRS5 FREDI YROKFEYSTPQY RF JELNYKHLLGRAPYDESELS )YH~ NLYTEKGYEAE INSYIDS
PYR6_FREDI }
PYSI1_SYNP6 YKSKFFSNNFHSRVTELLNFHLLGRAPYDESEIIYHLDLYQTKGYEADIDSYIDSAEY,
PYS1_FREDI

PYS1_ANASP

PYS1_MASLA

PYS1 SYNP2

PYS2_FREDI

FENR_SYNY3

FENR_ANAVA

FENR_SYNP2

PHEG_SYNPY YSRHFIERVSQIRSVELRFMHLLGRPLKDESELINNINF IREKGFESHIDSLMNSI,
APCE_SYNP6 YAQQOFYEPFINSRALELAFRHFLGRGPGSREEVOEYFALISKGGLPLLVDALVDSK
APCE_ANASP

APCE_CYACA FKTLVIKSNSNYRLVELALKRLLGRAPYNKDEEIAWST

APCE_SYNY4

APCE SYNP2

PYG1l SYNP2

PYG2_SYNEL FYRLYVVSVNNNYRLVDITLKRLLGRSSYNKDEQIAWSIVIGTKGFSGFVDALIDSEEY

KNFGENIVPYORKRMEGRPHN
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Matching Query sequence (rod linker Lg323 from Synechococcus sp. PCC 7002 residues 161-240)

Se(mence TVGFTR SLQRGYAN SDRAQIAGNASRLAQELAR.NTTSAVVGPSGVNEGWAFRSAADDYHPGQSLGGSTGLSADDQVVR
PYR1_SYNP2 R LORGYANSDRAQIAGNASRLAQELARNTTSAVVGPSGVNEGWAFRSAADDYHPGQSLGGSTGLSADDQVVR
PYR1_SYNY3 LYRGYANSDRSQLERSSSRLATELGONTVSAIVGPSGSNAGWAYRPSRAGNTPAKALGGTVPFGQASKLFR
PYR1_SYNEL LYRGYANSDRAQAEGSHMSRLARDLATNRANTVVPPSNSDTAFAYYTPSADVPPRACLGGSFGESG -~ PVVR
PYR1_SY9413 O LYRGYASSDTSCMSGRKKTRLAAZELGRNSVSSVVAPCGTGAGY L~ - PESGRGYTPKTGFGGSAMFGPGHRL
PYR1_MASLA ¥RLYRGYAN SDRAQIEGMKPRLA:&ELA"NKAS SIVGPSGENPAWGYRYP c3'\/'1)— ITPRKTLGNAVG- - ENDRV‘-’ R
PYR1_ANASP LYRGYATSDRT S LGGNIY, SRLAANLAZ-\KOVAPWAPSGTN_" ~--~-VASTRGEARCGPWVARRPFGOTASRIFR
PYR1 FREDI 'I."VG]?l\IRIC'ELYRG'vRGNS]:)NI\QMUR'TT.\'SRJI'J'Q TKVSLNLPNGILPPTSA-GTNFVSAAPTLI- - -~ —-——— SSATKGDNRMEFV
PYR2_SYNY3 TAGFPRFEQOLYRGYANTDRAQNKSKG~-OLTWDLAKNLYSP IV~ ~ - v e - — PAD- - -AGSLTGYVSTG-NRGGNTYR
PYR2_ANASP TVGFINR LYRGRANSDNAQFGGKS2 RSKISMNLANTIVPPTSPIA-ASTSSARTLYTSPVMG--———-~~-— DARMEFI
PYR2_MASLA QVGFNR A\LDRGPAQIDSAY - - ~KSAQLVYAVATNSANAIKASSSTVIGSGTERKRFKILVQGSKFDSPRRISTTEYIVR
PYR2_FREDI TRC'FNLMRDLngVAI SDNAQ-—GROSKTVNALASASRESTKPOPFSYVSVTQIPVKLPCOOYTGHNVPAMSDYVPFRPF
PYR3 FREDI TVGFTRSERLYRGYANSDRSQIAGSSSRLASDLATNSATAITAPSGGTOGWSYLPSKOGTAPSRTFGRSSOGSTP-RLYR
PYR4 FREDI TVGFNR LYRGYATSDRSATS-ORSRLOQEVARNAASPVLIGS~——=——=w o —— e = — TGSALVGTCGGSRDQLIVY
PYRS5_PSEA9 TAGFNR LYRGYANSDRAQVEGTXSR1aGNLASNKASTIVGPSGTNDSWGFRASAD-VAPKKNLGNAVG-EGDRVYR
PYRS FREDI TVGFNR IYRGYANSDRSQGKNKSAWLTQDLALNLASNIQOTP -~ -NFG- ~~ - =~ == - — = — — — KGLTGVVAGJgLYR
PYR6 FREDI MVQFTH VRGASSSskGDLSGKAPKLNALVIGSTPTAVISPASA-—GATFSTPPTGARTRLGVDASAG- ~~-GKVYR
PYS1_SYNP6 TVGFTRIEOLYRGYATSDRSQIPGASARLANELARNSASTVIAPAGSNNGFAYRASVKGRTPSTAFQGSQAFGSG-RLYR
PYSI_SYNEL | --o-mmmmm e m e e e e e e e e e e e e MFPGQTASGSAALSsGARVEFR
PYSI_ FREDI | -----rmem e mm e e e e e e RRSSSGSDNRVFVYEVEG
PYSI_ANASP |~ m o e e e e MFGOTTLGAGSVSSSASRVFR
PYS I_MASLA wow vere bor seen eas e s bee avwm es bwes bere bem Suea sews et et i sems e meme cast bws Sern ave sams freb em Ammb oo e teab en cet e bers aeas nbe sesk oo sems sese ruts Sest sa mens sote sed sue rawn mee cise bom beke 30 e et ave s000 swn vevs some sbn I_)Svs gs;"‘ S‘RVFRFE‘WG
PYS1 SYNP2 | - m—mm e m e e e e e e e e NGTEAASRVFTYEVOG
PYS2 FREDI [ ------mmm e e e e MVYQSRSFOVEVSGL
FENR_SYNY3 oo sove ovw oame ase v beve sse sesn ve beat eve P mee e bew ee sews SeiE hew sk sube seb bern 910 hmmm rere S Sebe wwn faer bee S mees o4 4O bean sams mevr wee vr b See meve ss eus 1eve tee mees obe e s sem beep 1\fL)PG‘ ZXrI SSROSLAGI\]RLP“\/
FENR_ANAVA | - oo m e e e e e e e e e e EGAANVESGSRVFVYEVVGM
FENR SYNP2 | - m o m o oo e e e e e e e e e e e e e e e e e e e e e e m e m e e e e = =] NSTGNQ SYAI\. RLFIYEY
PHEG_SYNPY TSSFIKTALFRKGFASSDNV I YK = m m o o et o o s i s s o i i ot o o i o o o o o o ot i i e e
APCE_SYNP6 RNWGAQIKLLNYSARFQKTPQF ITLFAGYKNPLPDOHPYGQGNDPLEIQFGAIFPRKETLOTKAAFFGKD- -~ - -~~~ =~ -
APCE_ANASP PNTDILYKNLTKORFFILMP S VKN TR L L GV ~ = o o o o o o e e o e e e e e e e e e e e e e
APCE_CYACA LVTPRYGNYWRDKLESERY IEGDIKNFLELAKSTEIKTVIFTPVSTANI K I PDTTRNTTPTGIPISVNPSANFPVR -~ -~
APCE SYNP2 PFSFTPRYGADYRDRAGIVRPGRMSNWANNSANONYDGCVAILGVLLAISAGMTFLFVLNWLGISSSF — -~ — -~~~ =~~~ —
PYG1 _SYNP2 CGEIPFNIKSPRYDAYYRSOLGEFPOVVHWONAVRRFRTPDRYVPOAGDPALFLNMARSAQIPKVNVRVSAADISLAAYVD -~~~
PYG2 SYNEL LVTPRYGEDFQEKAGTVOTDWREFTLDKFYSREKSQEKXOLREGDPREKFADLAASVGNOGNYAQRISAFDIDYLNAVPN - — ~ -~
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Matching Query sequence (rod linker Lg32-3 from Synechococcus sp. PCC 7002 residues 241-290)
Sequence VEVAALSTPRYPRIRRSSRVFFVPVSRLSQKLQEIQRMGGRVASISPAGQ
PYR1_SYNP2 VEVAALSTPRYPRIRRSSRVFFVPVSRLSQKLQEIQRMGGRVASISPAGQ
PYRI_SYNY3 VEITAISAPGYPK! NKAVIVPFEQLNQTLQOINRLGGKVASITPASL
PYRI_SYNEL IEVAGIRQPGYPGVRRSSTAFLVPYEQLSAKMQGLORTGARI ISVNPA- -
PYR1_SY9413 IEIAGPNLPRYPRVRRVNCDVIVPYERLSEEMQORINRDGGRISSITPY -~
PYRI_MASLA | IEVIGVRTPGYPSVRRSSYAIIVPYERLSEKIQQINKLGGKIVSITSA- -
PYRI_ANASP | VEIAAISKPGFPSVRRSNRSLLVPYEQLNNTLQOVNRSGGRVVSVAPASL
PYR1_FREDI TEATAGGLNTNVAVRRSROVYTVSYERLSATYQEIHKRGGKIVEISQV -~
PYR2_SYNY3 IRTTOAASPNSPRIROSISRVVVPFDOLSNLLQOLNROGRKVISIALS -~
PYR2_ANASP | VEAIAGTLNTNVAV f‘??‘{‘ ROVY TVPYDRLSAT 1’QEIHI\FGGK IVKITPAS-
PYR2_MASLA | ~~~ASKMTPQLORINRTSGRKIVSITEIV ~ mw omcm woe S
PYR2Z FREDI | =r = e e e oo e e o o oo e
PYR3_FREDI TEVIGISLPRYPKVRRSNKEF IVPYEOLSSTLQCINKLGGKVASITFAQ -
PYR4_FREDI VOOCGVTARTSNRIRRSNATYFVSYEKLNATLORVHACGGRIVSITPA -~
PYR5_PSEA9 LEVTGIRSPGYPSVRASSTVFIVPYERLSDKIQOVHKQGGKIVSVTSA- -
PYRS5_FREDI VRVIQADRGRITOIRRS IOEYLVSYDOLSPTLORLNORGSRVVNISPA - -
PYR6_FREDI IEVIGYRAKTEFNNIRRSNQVFLVPYEKLSQEYQRIHOOGGVIASITRY - -
PYS1_SYNP6 VEVAAISOPAT -QVRRINKRSTERRTIQLFPTSSTSOWQIASVTPL -~ -~
PYS1_SYNEL YEVVGLeTDrfP-IRRSCSTFiVPYNRMNEEMQRITRMGGK IVSITPVVA
PYS1_FREDI LRONEQTDNNRYQIRNSSTi iQVPYSRMNEEDRRITRLGGRIVNIRPAGE
PYS1_ANASP YEVYG1 tDRNKYNIRNSGSVFiVPYSRMNEEYQRITRLGGK IVKIEQLYS
PYSI_MASLA | MRONEENDKNKYNIRRSGSVY iVPYNRMSEEMQRIHRLGGKIVKIEPL TR
PYS1_SYNP2 LROTEETDNQEYAFRRSGSVFiVPYARMNQEMORILRLGGKIVSIKPYTG
PYS2_FREDI HONEVTNONNYP-IRSSGSVFiiPFSRFNEELQRINRLGGK IVNIOPLNL
FENR_SYNY3 YEVIGLSQStYP-IRNSGSTFiVPLKRMNQEMRRITRMGGKIVSIKPLEG
FENR_ANAVA | ROQNEETDCTNYP-IRKSGSVFiVPYNRMNQEMORITRLGGKIVSIQTVSA
FENR SYNP2 | VGLGGDGRNENSLVR (SG’Z"I"FiVPYARIVH\IQ:,_D_{;QRITKLGGYI‘V'SIPPAh D
PHEG_SYNPY

APCE_SYNP6

APCE_ANASP

APCE_CYACA

APCE_SYNY4

APCE_SYNP2

PYG1 SYNP2

PYG2_SYNEL
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Comparison of PYR1 sequences (L;* linkers only) for evolutionarily conserved residues
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For PYR1 sequences only:
Sequence length = 290 residues
Average overall sequence homology score = 56.9% _
Number of residues in the consensus sequence with greater than 80% conservation across species = 164 (or 56.6% of 290)
Average % conservation across species for first 180 amino acids (N-terminus) = 78.5%
Average % conservation across species for remainder (C-terminus) = 54.7%
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Table 3-3C. Fast-A3 results of SWISS-PROT database search for sequence homology (>25%) with Lr¢28-5

Matching Score | Query sequence (rod-core linker LRc28 from Synechococcus sp. PCC 7002 residues 1-80)
sequence (%) TIPLLQYAPSSONTRVAGYTVGGDEQPFVFTTDNVISDSDFDVLINAAYRQ IgF HAFKCDRQQLLESQLRNGQITVRDFI
PYG1_SYNP2 100 TIPLLQYAP SSQNTRVAGYTVGGDEQPFVFTTDNVISDSDFDV'LINAAYRQI FFHAFKCDRQQOLLESQLRNGQITVRDFI
PYGI_ANASP 433 SIPLLQYAPSSQONCORVEGYEVPNEDTPTIYRLAAAIDDADVDAIIWAGYRQIFS=1 IKSNRQSFLESQLRNRAINVRDFI
PYG1_SYNEL 40.1 SLPLLAVKPRTLDORVVSYEVPAEDDPVIY RI STDATDAAAVDALIWAAYRQTH FshIL.ILASrQPFLESQLRNRAISVRDFI
PYGI_MASLA 39.3 PIPLLS"’PL"’TQNQRV"GYEVP’\TEDTPTIY LTDTSSDTEIDA I IWAAYRQI¥SEHLILerQPYLESQLRNRAINVRDFI
PYG_SYNY3 67.0 o s s e ~-MRVEGYEIGSEEXPVVFTTENILSSSDMDNLIEAAYRQ HAFKWDREKVLESQLRNGQITVRDFY
PYG_CYACA 53.5 AIPLL‘L YPVSSQNI*RVE"‘F EigNDEQPRIFSTDSLPTSSEMDEIIWAAYRQIEhQILKFNRDTYLESQLRFNQITVREFI
PYG_PORPU 529 SIPLLNYSLSTONORVDGYEVSGEEQPRAYNTDNL PSAVEMDEVIWAAYRQIFhQILSSTSAPYLESQLRFNQIKVKDFI
PYG_CYACA 52.1 SIPLLYYPLSTONORVESFELsNEEQSKIYTTDTLPSASEMDELIWAAYRQ FHOILKFTRQRFLESQLRFNQIKVREFI
PYG_AGLNE 50.9 SIPILNYSLSTQNORVIGFel PGDELPKIYTTDNLETSIEMDE ITWAAYRQIEhOML S SCMDRFLESQLRFNQIKVKDFI
PYG_SYNY3 48.5 TLPLIAYAPVSONORVTINYEVSGDEHARIFTTEGTLSPSAMDNLIAAAYRQVENEGiQS NRQIALESQFKNOQITVRDFI
PYG2_SYNEL 46.2 TIPLLSYAPSSQNORVAGYEVPNEETPWRY SLEDAVLOSDIDELIWAAYRQVESevLKSTRQPHLESQLANRAISVRDFI
PYG2_MASLA 44.1 AIPLLQYKPSSQNCRVPGYEVPNEDTPRIYRLEDAPSYSEIQELIWAAYRQ EILKFHRQINLESQLKNRTITVRDFI
PYG2 ANASP 39.1 | SIPLLEYKPSSQNORVPGYEVPNEDTPRIYRIEDAAYDSELKELIWATYRQVESei LKFFRQGNLESQLKNRAISVRDFY
PYG3_MASLA 41.3 ALPLLEYKLSSQNERVKSFGVanEDTPY IYRLEDVSSFTDIONTIWAAYRQ: EILRFNRQKELESQLKSGLITVRDFI
PYG3 ANASP 39.0 ALPLLEYKPTTONORVOSFGTanEDTPYIYRLENANSPSEIEELIWAAYRQVENEG 1 KFNRQIGCLETQLKNRSITVKDFI
PYG4_SYNEL 42.1 DLPLLAYKPTTQNHRVASFGTanEDTPYIYRLEDAASYSEIREVIWACYRQY ' shal AFNRQITLESQLVNRVITVRDFI
PYG4_ANASP 40.9 ALPLLOYKPSSONHRVTSFGAanEDTPYIYRIEDVSSYTDIONIIWASYRQVENETLRFNRQKTLESQVKNGSISVRDFI
APCE_SYNP6 292 | --—--—- TPTKIFKLTQACAGSSSTIRSKSVGNPSIRGTESTTQAVIRAAYROY r1YEGQRLTVPEIKLENGEITVREFV
APCE_PORPU 27.1 DRLRRKRESTDLQGLRLPQTYSQAGVSTPRFVMKSSLSADEKNTVVFKACYRQIFEraKTYDLssNLESQVRNGQISIKEFT
APCE_CYAPA 26.7 DLVRKRTSTSLOGLKLPQIYANAVVQKPRFOMKSTLSTTEXETVIKAVYRQIFERDVRRakINY DLESKVKNGQLSIKEFV
APCE_FREDI 26.2 GTV TDT‘RTE“T‘IQF RIN (;,:(_,’\’ I\gf REQTI"VFK Q'] ANI SdahVQTLISAAYRQ ry IAKNEFSALESKLSNGEITVREFI
APCE_SYNP2 | 233 3 :
PYRI SYNP2 322 G
PYRS PSEA9 271 | —-=mmm e MTS SAAAIFLGF:PF VNZ* QPVELF TN'uI SDSDV QAVIE ATYRQ:@OHLKL:SERLTSAESLLASGN ISVREF-
PYR6 FREDI 217 | ==—mmmmm e TEASRLGVRPFADSDKVELRFVKTAEEVRSVIWSAYRQV1 eHLFESERLSSAESLLOOAQTI SVRDFV
PYS1_SYNP6 26.4 e e e = YA QSR GTAPF SNAAPVELRPDGDRDOVOAVIRAVYROVI.GNDYKSERLTAZESLLVNGSISVRDFV
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Matching Query sequence (rod-core linker LR85 from Synechococcus sp. PCC 7002 residues 81-165)

Sequence RGLLLSETFIDSFYNKNSNYRFVEQCIQRVLGRDPFSEQEKIAWSIVICTKGLAAFVDQLLNTDEYMENFGYDTVPYQ SLAS
PYG1_SYNP2 RGLLLSETFIDSFYNRKNSNYRFVEQCIQRVLGRDPFSEQEKIAWSIVICTRGLAAFVDQLLNTDEYMENFGYDTVPYQRRRSLAS
PYGI1_ANASP RGLGKSEVYRTOVADLNSNYRLVDITLKRFLGRAAYNQDEEIAWSIVIGSQGLEGFIDALLDSDEYRENFGDDIVPYQREK - - - —
PYGI1_SYNEL RGLGKSEVYREQVAAVNSNYRLVDISFKRFLGRPTYCGCQQEQDIAWSIILATRGLEGFIDALVDSDEYQONFGADIVPYQ RIMAR
PYG1_MASLA RGLGKSEVYRQEVAQTNSNYRLVD I SFKRFLGRATYGKSEQIAWSIVIATOGLEGF IDALVDSEEYRONFGDDIVP R Qome o
PYG_SYNY3 RGLLLSNTFRNSFYEKNSNYRFVEHCVQKILGRDVY SEREKIAWSIVYVATKGY(OGLIDDLLNSDEYLNNFGYDTVPYQRRERNLEG
PYG_CYACA RGLLLSERFRILNYDVNNNYRFSEMCVQRVLGRD I YNDKERIAWSIVL.CTRGIKAFVDSLYNSKEYEENFGDNTVPYQKRRVIF(Q
PYG_PORPU XGLILSESFRKLNYDVNNNYRFVEICVQRILGRDVYNEREKLAWSIVIASKGLESFINMLIESDEYEENFGDSIVPYQRRRITAD
PYG_CYACA RGLAISDSFRELNYDVNNNYRFVELCVQRILGRDVYNEKEKIAWSIVICNKGVIGFIDCLINSQEYLENFGDNIVPYQRRRITIFQ
PYG_AGLNE KGLVLSSAFRNLNYDCNNNYRFVENMCIQRVLGRDIYNERERLAFAIIIASQGIETFVDF LLNSDEY IENFGDNTVPYQ, i L IAQ
PYG_SYNY3 RGLALSDSFRRRNFEVNAINYRFVOMCIQRL.LGRDVY SEEEKIAWSIVIATRKGLPGF INELLNSQEYLENFGYDTVPYQORRRILPD
PYG2_SYNEL RGLAKSETFRRLVVETNSNYRLVEIALKRLLGR2PYNKQEELAWSIRIATDGHCKFVDTLVDSDEYTONFGDNTVPYQRRE - — - -
PYG2_MASLA RGLAKSEAFQRLVVETNSNYRIVEISLKRILGRAPYNREEEIAWSIKIATGFGGFVDALYDSEEYQINFGDNTVPYQRRRFK - —
PYG2_ANASP RGLAKSEALFKTLVIKSNSNYRLVELALKRLLGRAPYNKDEEIAWSIKIATNGWDGFVDALLDSEEYQSNFGENIVPYQ, o e e
PYG3_MASLA RGLAKSEAFYRLVVSYVNNNYRLVDYVVLKRLLGRSAYNKEEEIAWSIVIGTRGFDGFVDALYVDSDEYTQAFGDNTVPYQ LVD
PYG3 ANASP RGLAKSERFYQOLVVTPNANYRLVEMSLKRLLGRSPYNEEEKIAWSIDIASKGWGGFVDALIDSTEYSQOAFGDNTVRPY LTTD
PYG4_SYNEL RGLAKSERFYNTVVAYNDNYRLVDVCLRRFLGRSAYNEEERIAWSIKICTLGF YGFVDALLDSEEYTNAFGDFTVPYQ -
PYG4_ANASP RGLAKSEAFYRLVVSVNNNYRLVDITLKRLLGRSSYNKDEQIAWSIVIGTKGE SGFVDALIDSEEYTKNFGENIVPYQ —
APCE_SYNP6 ROIAKSETFRKLYWNNLYVVXKAVEY ITHRRLLGRP I TCRAEINAYFDISAKRGFYALVDATILDSPEYIAAFGEDTVPYERYITPKG
APCE_PORPU RSLGTSNIYRKQFYEPFUVNSRALELAFREFLGRGPSSLEEFQKYFAILSATGLSGLVNAILNSAEYADYFGEETVPYFRKLGEED
APCE_CYAPA RALGKSKLYAQQFYEPFINSRALELAFREFLGRGPGSREEVOEYFALISKGGLPLLVDALVDSKEYEEYFGEEIVPYLRTLGEEA
APCE_FREDI EGLGYSNLYIXEFYTPYPNTKVIELGTKEFLGRAPLDQVEIRKYNQILATQGIRAFIGALVSSAEYAEVFGEDTVPYRRYPTLPA
APCE _SYNP2 RALAKSDVFRNTYWSSLYVTKAVEY THRRLLGRPYYGROE INSYFDTCAKKGFYALVDAL IDSKEYEEAFGEDTVPYERYL TPGG
PYR1 _SYNP2 RAVAQSELYKEKFLYNNFOTRVIELNFKELLGRAPYDEAEVIEELDRYDNEGFEADINSYIDSAEYTENFGDNIVRPYI [VVOT
PYR5 PSEAQ | —-—-—=-—--—-------- - - -
PYR6_FREDI RATIAQCSELYROKFFYSNSQVRFIELNYKELLGRAPY DESE-IAYHVDIYTGGYEAEINSY IDSVEYQONFGDS IVPYYRGYQTTV
PYS1_SYNP6 RAVAKSELYKTKFFYNNFQTRVIELHCKELLGRAPY SEAEVIEHLDRYETQGY DADVDSYIDSSEYLETFGESIVPYYRDIEYHEV
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Matching Query sequence (rod-core linker Lrc?85 from § ynechococcus sp. PCC 7002 residues 166-247)

Sequence R R

PYG1_SYNP2

PYG1_ANASP )

PYG1_SYNEL eISLSGR SYYQARYYASkao IV ’RGA I PANFL;:MARS I \IPTLDTqvARATS SLVKVPNTA
PYGI_MASLA JRLLEQFLGGQSFYR JgAG@IGVAbP IPSTFLSMAASTIAPSGISYQRTADSARTFISTVKL
PYG_SYNY3 IHRQLGFPQIVWONEVRRF I POEKKL TAGNPMNFLGMARS TN-PAANTKVSAQNINiaSVPRR-
PYG_CYACA YGSDFKERLGMPQY AWQGCAIRTFRPOEIKPRPGDPVLYLDMSRELLF SRFR~ =~ = - == e m e = —
PYG_PORPU GADFKEKFGMPQF IWQGPVRQ QEQ RPKAGDPALFLGMVNDLATV--— =~ mm— e m e e e m o
PYG_CYACA GIEF g"KL‘ JKPQF IWQGAT POEQRPRAGDPVLFLNMVYDLNipKFNRYPGLVNR-~~—— ==~ =
PYG_AGLNE DYNFLYKKNMPQLLWSGPVROFR QFQKPI‘AGDPALFLNM‘ LDVSPSYLIGSS~-——mm e e
PYG _SYNY3 ® E GADE] EKLEAILYFRNQAPLT‘ (RUEWORKOPYPACGYYLAGKVVLYVGCGALYSLGTIIAV ~ -~ == -~ = — ~
PYG2_SYNEL ~-~YKDRPFNLVTPRY SCYWRDKLENSRYKW-—— =~ —— == -~ ==~~~ GDIRNFLEMARSVKVTPVQFkVvSTANVQIPDTTRRD
PYG2_MASLA - == DRPFNLVTP, GRYWRDRLENERY L~ = e v i oo oo e - AGDIRNFLDLAKRKSIEIRTVSYVSTANISI PDTTRNT
PYG2_ANASP LY GNYWROKLESERY IEGDIRKNFLELAKSIEIXTVTFTPVSTANIKI PDTTRNTTPTGIP~~~——~— -
PYG3_MASLA [YGEDFQETAGTVKTDWREF TLONF:! »{1* ghROL}\hGDPRKY TDMA~AATAPKGENYyNIRAADLAINLVPSRT
PYG3 _ANASP I'YGADYRDRAGIVRPGRMSNWNNSANONYDGVAILGVLLAISAGMTFLEVLNWLGISS— -~ === —— == =
PYG4_SYNEL GCFEYRDKVGTTKTDWRET LEKF:{F OERRLPEGDPRXYRDLA-AATAPKTRYygqLRAADIJ1AKVPRRR
PYG4_ANASP - EGR PHNLVTP RYGEDFQEKAGTVQTDWRFTLDRFkSQEKOLREGDPRXKFADLAASVAQGNYAQRISAFDIAINAVPNRS
APCE_SYNP6 | LALRSVRGLESL - -~ = = — == mm m— = —— —m—— - - - - - - - LTI DI
APCE_PORPU QECRNWGPQIDLLNYSAPFRX - - -VPQFITLFESDYXKQSLPDOHPYgNDP -~ ~LSIQFGAIFPRENKDPRKROATIFGKDTRRI
APCE_CYAPA QECRNWGAQIKLLNYSARFQXT - --PQFITLFAGYXNPLPDOHPGGNDP -~ -LEIQFGAIFPRETLOQTKAAFFGKDTRRILT
APCE_FREDI Z\_NFPN FERLYNQLITRONDDLVVPSFRIVOPRLTLAGTS C‘SG@NGFTDL(JRS STSAQCOLGET AN« w o i et e
APCE_SYNP2 SLROTRPGALREDVGVE: JY—V':FTAR IELGTSSTENLPVTDVDARLKOGVNIOROTKAFKLTD TP -~ m e e e m— e —
PYR1 SYNP2 GHR'I"JGL*'TRM}: SLO YANS-_}gA IACGNASRLAOEL! '@]MTS AVVGPSGVNEGWAFRSAADDYHPGOSLGGSTGLSADD ==~
PYRS PSEAG | —-----o-o-o oo o T T T T T T T T T
PYR6_FREDI GQKTAGFPRFFQL%EYANT? AQN-=———wom—m——me o — oo oo T ——
PYSI SYNP6 | GOQSVGLBRLFSLYHMGYATSDRTSLG - - ~m--me oo o L e I D T I T I T T
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Comparison of PYG1/PYG sequences (Lg: linkers only) for conserved residues [1-124]
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Table 3-3D. Fast-A3 results of SWISS-PROT database search for sequence homology (>20%) with Lc78

Matching Score Query sequence (core linker LC7 8 from Mastzgocladus laminosus):

sequence (%) | GruFRITACVPSOTRIBTORELONTYFTKLVPYE EQORIQKMGGKIVKVELATGKQGINTGLA
PYC1_MASLA | 100 | GRLFKITACVPSQTRIRTORELONTYFTKLVP QORIQKMGGKIVKVELATGKQGINTGLA
PYCI_SYNEL [925 MmfrxITACWSQT@IETQ&LQMTKLWENW&EQQRIQmGGKIVKVELrTerGVNTGLA
PYCI1_FREDI 91.0 | ARLFKVTACVPSQTRIRTORELONTYFTRLVPFENWEREQORIMKMGGKIVKVELATGKQGTNTGLL
PYC1_SPIPL 88.6 MRVFKVTACVPSQ TORELONTYFTRLVPY DN = - = = = o o oo on s s o ot e o e e o
PYC1_SYNY4 86.6 | MR¥MFRITACVPSQTR &Q&LQMFTRLVPYDNW@LREQQRIr»maGGxxvmm'rcpprmAGLA
PYC1_SYNP2 86.6 | MRMFRITACVPSQSRISTORELONTYFTKLVPYDNWEREQORIMKMGGKIVKVOLATGKPGTNTGLT
PYC1_SYNY3 85.1 | MRMFRITACVPSQTRINTORELONTYFTKLVPYDNSFREQQRIMKMGGKIVKVELATGRPGTNAGLA
PYCI_ANASP 85.1 SRLFKITALVPSLSRTRTQRELONTYFTKLVPYENWEREQQORIQKAGGKI IKVELATGKQGTNAGL)
PYC1_SYNP6 74.6 | MRMFRITACLPSPSKIf LONTFFTKLVPYDAWEREQQORIQKLGGKI I KVELATGR PNTNTGLL
PYR1_SY9413 304 | HRLYRIEIAGPNLPRYPRVERVNQDV -~ - IVPYERLSEEMORINRGGGRISS I TPV~ ~ = wrm oo e o
PYRI_MASLA | 268 | GENDRVYRIEVTGVRSPGYPSVRRSSYAIIVPYERLS KIQQIHKLGGKIVSITSA ———————————
PYR1_ANASP |268 | GEGDRVYRLEVTGIRSPGYPSVRRSSTVFIVPYERLSDKIQQVHKQGGRIVSVTSA-——=~~==—=~-
PYR1_FREDI 250 | GXKVYRIEVTGYRAKTFNNISKFRRSNQUFLVPYEKLSQEYQRIHQG GGVIA—.SITI‘V ———————————
PYR1_SYNEL 23.2 GESGRVYRIEVAGIROPGYPGVRRSSTAFLVPYEQLSAKMQQOLORTGARLIISVNPA- ~~~ == —=——=
PYR2_MASLA |246 | MGDARMFIVEAIAGTLNTNVAVRRSROVYTVPYDRLSATYQETHKRGGRKIVRITPAS == ~= = -~
PYR2_ANASP [232 | KGDNRMFVIEAIAGGLNTNVAVRRSRQVYTVSYERLSATYQEIHRKRGGKIVRKISQU--—-—-—v-=-
PYR3_FREDI 21.1 | GSTPRLYRIEVTGISLPRY PRVRRSNKEF IVPYEQLSSTLQOINKLGGKVAS ITEFAQ - - - =~ = = =
PYS1 MASLA | 279 | FRFEVVGMRONEENDKNKYNIRRSGSVY ITVPYNRMSEEMORIHRLGGKIVKIEPLTRAAG -~~~ ~
PYSI_ANASP . | 279 | FRYEVVGLR(CSSETDKNKYNIRNSGSVFITVPYSRMNEEYQRITRLGGRKIVKIEQLYVSAEA-—----
PYS1_SYNEL 27.1 | YEVVGLRQNEETDRMEFPIRRSGSTFIT- -VPYNRMNEEMORITRMGGKIVSITPYVAS =~ -~
PYS1_SYNP2 23.1 | FTYEVQGLRGTEETDNQEYAFRRSGSVF INVPYARMNOEMQRILRLGGKIVSIKPYTGATASDEE- -
PYS1_SYNP6 21.0 | FVYEVEGLHQSDOTDLNRY PVRQSGTVOFKVPYARMNEELRRINRLGARIVS IKPLTAEAED -~ - - -
FENR_SYNP2 26.9 FIYEVVGLGGDGRNENSLVRKSGTTFIT- -VPYARMNQEMQRITRKL.GGKIVSIRPAEDAAQIVSEGQ
FENR_ANAVA | 224 | FUYEVVGMRONEETDOTNYPIRKSGSVF IRVPYNRMNQEMORI TRLGGKIVS TQTVSALQOLNGKTT
FENR_ANASO | 224 | FUYEVVGMRONEETDQTNYPIRKSGSVEIRVPYNRMNOEMORITRLGGKIVIIQTVSALQOLNGRTT
FENR_SYNY3 |224 | YEVIGLSQSTMTDGLDYPIRRSGSTFIT—-VPLKRMNQEMRRITRMGGKIVSIKPLEGDSPLPHTEG
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Comparison of PYC1 sequences (L linkers only) for evolutionarily conserved residues
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For PYC1 sequences only:
Sequence length = 67 residues
Average overall sequence homology score = 86.3%
Number of residues in the consensus sequence with greater than 80% conservation across species = 54 (or 80.6% of 67)
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Table 3-4. Summary of amino acid residues that could be affected as a result of the linker-biliprotein interaction

Residue

Reasoning Analogous sites

Lc78 Lg839 Lg323 Lrc285
F37 Aromatic residue disturbs coplanar arrangement of APC Y48 Y138 F53

B81 chromophore with APC Y87 and changes its conformation ' F168
R15 Located in loop close to the APC 81 side chains R24 R255 R159-161
R17 R37 R256 R200
R20 R38 R203
APC PC
Y87 Coplanar arrangement with B81 ring D may extend the Missing

“aromaticity” of the chromophore and result in lower energy band
El14 Located near 81 side chains and side chain orientation is affected

by linker association

E115

96



Figure 3-1. Schematic diagram of homologous regions in the amino acid sequences of Synechococcus sp. PCC 7002

rod linker peptides and LC7‘8 (M. laminosus). Sequence details shown in Figures 3-2 and 3-3.
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Figure 3-2. Schematic of amino acid sequence homology between the Synechococcus sp. PCC 7002 rod linker peptides

Only regions of homology are shown; for complete sequences refer to Table 3-1.
(1) represents a direct match
(z) represents a related amino acid
() means that there is no match

'34.4% identity in 125 amino acid overlap
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Figure 3-3. Comparison of amino acid sequences from Synechococcus sp. PCC 7002 rod linkers and LC7‘8 (M. laminosus) prepared
using BLAST database search and Multalin sequence alignment programs.
(I) represents a direct match
() represents a related amino acid
() means that there is no match
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Figure 3-4A. Secondary structure predictions for the amino acid sequence of M. laminosus core linker LC
esidues indicate areas of linker/chromophore interaction

: Accuracy
Amino acid sequence: ~ GRLFKI TACVPSQTgIg‘TQéELQNTYFTKLVPYENW@REJQQR I QKMGGKLVKVELATGKQIQGINTGLA
Crystallography results: --EEEEEEE---~=—=—===—= HHHHEEEEEEEHHHHHHHHHHHHHH - ~-EEEEEEE~ === === ce==- 100%
Consensus prediction : --EEEEEEE--~----- HHHHHHHHHEEEEE- - - -HHHHHHHHHHHH- - -EEEEEEE---=-——==—- (85%)
DSC prediction : -~-EEEEE-~~---—-- EEEHHHH---EEEE--—--- -HHHHHHHHHHHH - --EEEEEEE~-—-— =~ - ————— 74.6%
MULPRED prediction; ~--EEEE-~------ EHHHHH------ EE------- HHHHHHHHH----EEEE--~-~—=—=——-—= -~~~ 61.2%
NNSSP prediction : -EEEEEEEE------ HHHHHHHHHHHH----- HHHHHHHHHHHHHH---EEEEEEE~---—-~-—-—-—— EE| 73.1%
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Figure 3-4C. Secondary structure predictions for the amino acid sequence of Synechococcus sp. PCC 7002 rod linker LR"'Z'3
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Figui‘e 3-4D. Secondary structure predictions for the amino acid sequence of Synechococcus sp. PCC 7002 rod-core linker LRczs.s
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Figure 3-5. Schematic representation of APC/L¢78 isolated from M. laminosus
(adapted from reference 1)
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Figure 3-6]A-C]. Close-up view of the APC f-81 chromophore at the
linker binding region. (Adapted from reference 1)

The APC a-helix that extends into the central cavity (residues 116-120)
as well as the 81 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.
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3-6[B]. APC P81 at the L' loop segment binding site

The APC a-helix that extends into the central cavity (residues 116-120), the p81
chromophore, and the L(;7'8 loop segment (residues 13-21) are portrayed in stick

format. The surrounding protein is shown in wireframe 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 B-subunit < > LC7'8 linker

Argl07
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3-6[C]. APC P81 at the Lc'® a-helix binding site

The APC a-helix that extends into the central cavity (residues 116-120), the p81
chromophore, and the Lc7'8 a-helix segment (residues 33-45) are portrayed in stick

format. The surrounding protein is shown in wireframe 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 B-Subunit < ................ > LC7.8 linkel'
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Figure 3-7A. Phycocyanobilin (81) chromophores from M. laminosus APC/LC7'8 crystal
structure (reference 1)

Legend
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Figure 3-7B. Comparison of phycocyanobilin chromophores from M. laminosus
APC/LC7'8 (linker free p81) and F. diplosiphon PC ($84)
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Figure 3-8. Comparison of the B-subunits from APC/LC7'8 (M. laminosus-linker free monomer) and PC (F. diplosiphon)
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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
1940’s.** 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, PC/Lg32-3 and PC/Lrc28-5, where the
PC/linker 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-Stepanov 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,
fhe 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 equivalentv'to published “77 K” results where similar

equipment was used. ' : 2

Absorbance
Figures 4-1A to 4-1D show the absorbance of each PC complex studied in a range

of temperatures ffom 298 K to 88 K taken at approximately 20-degree intervals. To

compafe the absorption bands of _the four PC complexes with each other at 298 K and 88

K, they are plotted togethér 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 moﬁomers into trimers
results in a red-shift of ~6 nm while association of PC trimer with Lr32-3 brings véry
little change to the PC trimer absorbance maximum position. The largest shift from the
PC trimer maximum (Ay,x (absorbance) = 7.6 nm) occurs in the PC/LRrc28-5 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 toward§ lower energy is detected with decreasing temperature. These maximal
absorbance positions are plotted versus témperature on the inset graphs in eéch of the
Figures (4-1A to 4-1D). Exceptifor PC)I;R028-5, the trend of these positions as the
temperature drops is linear and has a steep rising slope until ~180 K, where the cﬁrve
rises at a gentler slope as the temperature is decreaséd. The trend of maximal absorbance _
positions for PC/LRC28_~5 rises slowly to a maximum at ‘~18O 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, whiéh show a difference in their maximal absorption
position of ~10 nm when compared at 298 K and 88 K, the PC/Lr¢28-5 complex has a
very small shift (1 nm, Table 4-1).

At the lowest temperatures, distiﬁct 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 trimqr absorbance has several
features that emerge at lower temperatures (Figure 4-1B). Once again, two pfedominant
band maxima (636 nm and 608 nm) becéme resolved as the temperature drops, and at 88
K these peaks are accompanied by two pronounced shoulders (~579 nm and ~629 nm).
The PC/Lg32-3 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 spectrurri of the PC/Lr¢?8-5 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 featuré previously observed at ~629 nm in both the PC trimer and PC/LR323 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 PC/Lg323
aggregate shows slight changes in the intensity of the maxima/minima and a new small
minimum at ~653 nm. The PC/LRC28-5‘aggrcgate 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. Anv
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 sﬁows
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. Cofnparing the CD traces of the two PC/linker complexes to
that of the PC trimer, one can see that the mégnitude of the shoulder feature is decreased
in both PC/linker complexes and that, additionally, the peak band of PC/Lrc28-3 is

shifted to lower energy where a negative band is also observed (Figure 4-4).

Excitatioﬁ anisotropy measurements

Polarized fluorescence excitation measurements were gafhered for each PC
complex to examine the effect of the different protein environments on the emission
characteristics of the PC chromophores. The trimeric complexeé show low 6verall
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 ar_ﬁsotropy 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 (Aq;, values
summarized in Figure 4-5). As confirmed from visual inspection, the largest anisotropy
amplitude Ag,, is obseﬁed in the PC monomer. The PC trimer and PC/linkervcomplexes
show significant differences in Ag;, where the PC/L32-3 complex rises twice as much as -
the other two: Aanisotropye, (PC/Lr323)=0.07 versus 0.03 for the PC trimer.
Generally, the two linkers appear to have opposite policlrization effects on the PC trimer,
‘showing anisotropy traces that are either higher (PC/Lg323) or lower (PC/Lrc28-5) 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 (Agy = 630 |
nm and 660 nm) to test the heterogeneity of the absorption band, however, all of the
' infofrnation included in the data tables was obtained at A, =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 ihe temperature drops, the
emission bands become narrower, increase in intensity and the ma#imum 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/Lg32-3 complexes,

PC/LRc285 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/Lrc23-5 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 laréest Stokes shift (28 nm),
and PC/LRrc28-5 has the smallest one (15 nm). At 88 K, the Stokes shift is reduced
similarly for all of fhé PC compl.exes except for PC/Lrc28-> where it appears to retain the
value obsérved at 298 K. However, PC/Lrc28-3 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 d‘o not change so much as those of the
absorption bands, and their behavior as a function of temperature is differeht 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 frendlines. From 298
| K to 178 K, the maximum ﬂuorescénce position of the PC monomer decreases more °
rapidly than in the lower temperature region (1-78 K to 88 K) (inset Figure 4-6A). Once |

again there is differing behavior for the two PC/linker complexes; PC/Lg32-3 (inset
Figure 4-6C) behaves similarly to the trimer (inset Figure 4-6B), while PC/Lg28-5

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
featurés 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 PC/Lg32-3 complex shows a slightly higher intensity
at ~682 nm as well as a shoulder featuré 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 thaﬁ 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-wavélength tail of PC/LRrc28-5 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 different excitation wavelengths

The fluorescence emission of each PC complex was tested at 298 K with three
different excitations: Agx = 585 nm, 630 nm, and 660 nm. The PC monomer emission is
sensitive to lon‘g-wavelength excitation (Agy = 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 trimer/linker complexes (not shown), does not vary with

excitation wavelength (Figure 4-8B).

Excitation measufements at diﬁ‘erent fluorescence emission quelengths

The excitation spectrum of each PC complex was gathered at various emission
wavelengths (A, ) chosen according to the features observed in the 88 K ﬂuorescence
spectra. At 298 K, all of the PC complexes prodhce 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 obse;ved. The PC monomer has an excitation band that is slightly narrower on the
‘long-wavelength side when measured at Ay, = 710 nm rather thaﬁ the maximum emission
wavelength, A, = 648 nm (Figure 4-9A at 88 K). Although to different extents, this is
also observed in the PC/linker complexes: the excitation band gathered at Ay, = 714 nm
is narrower on the long—waveléngth side. The excitation spectra of the PC/linker
complexes displayed more variation than the PC monomer when measured at different
emission wavelengths. In addition to the slightly narrower excitation band produced at
?»,;M =714 nm discussed above, the PC/Lr32-3 complex possesses a small long-
wavelength (~660 nm) component that is clearly visible at Ay = 682 nm (Figure 4-9C at
88K). This small band may also be present in the PC/Lrc28-5 excitation scan taken at
Agm = 682 nm, but it is much smaller (Figure 4-9D at 88K). The variations in the
excitation band of PC/Lrc28-5 taken at different emission wavelengths are interesting.
The e);citation scans taken at Ay, = 682 nm and Agy = 714 nm emission wavelengths are |
identical while that taken at Agy = 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
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- measured at the emission maximum (Agy, = 655 nm) agrees with that from Agy = 729 nm
because the lamp excitation profile interferes in this region. However, in PC/Lg323 the -
excitation scan at Agy =729 nm (not shown) follows the same profile as that taken at the

maximum emission (Agy = 652 nm).

Discussion
PC Monomer

The PC monomer contains three phycocyanobilin chromophores covalently bound
to cysteine residues o84, B84, and B155. The shortest center-to-center interchromophore
distance is found between the § chromophores (34 A apart); and the third chromophorn,
‘084, is located closest to 155 (50 A). The 77 K absorbance of the PC monomer isolated |
from Synechocbccus 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 afe chemically identical, their spectroscnpic properties are sénsitive td
changes in their structural conformation and surrounding protein environment. The
absorbance and fluorescence spectra of the PC rnonomer have been deconvoluted into
three individual component bands (representing each of the chrnmophores) by different
rgsearnh groups.®™. A survey of the published literature '' 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 assnming that the subunits in the PC monomer do not .

interact with each other spectroscopically (i.e., 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)®. 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 ;loes not possess individual components of
opposite signs or an observed band splitting that would be indicative of strong exciténic
coupling among the chromophores. Mimuro et al® found that in excitation anisotropy
measurements of PC complexes isolated from M. laminosus, the highest polarization
occurred in the isolated o-subunit with its single chromophore, followed by the monomer
and then the -subunit at lower anisotropy. The authors»concluded'that although some
| depolarization occurred in the B-subunit due to energy transfer between B155 and
B84 (hence lower anisotropy than the a;subunit), there was minimal‘interéction between
the subunits themselves since addition of the two subunit anisotropy traces adéquately
reproduced that of the PC monomer.

The protein binding pockets of both 0:84 and 384 are located in the central éavity
area of the PC trimer, and in the PC hexamer arrangement, a pair of $84 chromophores
have the closest center-to-center distance (26 A)."" Spectroscopically, the 084 and P84

chromophores possess nearly overlapping absorption and fluorescence spectra
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(determined fo? the PC monomer and subunits)*® but the $84 chromophore has been
aSsigned to the lowest enérgy band based on studies that 'chemically alter the spectral
properties of the :84 chromophore;™" as such, the $84 chromophore is the final emitter
in a chain of ‘downhill’ energy transfer. The fluorescence excitation aniso&opy 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 fhe PC monomer where both subqnits are fluorescing at
these wavelenéths.

The fact that the PC monomer fluorescence is not independent of excitation
wavelength (Figure 4-8A), showiﬁg a bigger Stokes shift for excitation on the red-edge of
absorption (Agx = 660 nm), démonstrates that this is a poor system of energy trénsfer. If
the chrbmophoreé were efficiently transferr_ing their energy to one final emitter, then the
emission band would be iﬁdependent of excitation wavelength. In other wqrds, if the two
subunifs 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 régardless of excitation wavelength. Instead the PC monomer absorbance, as
a combination of individual compénents, possesses site heterogeneity so that
fluorescence from both PC subunits is observed according to excitation wavelength.
There is some energy transfer between the B-subunit chromophores (otherwise the
anisotropy would be highly poiarized throughout the entire wavelength fegion) but the

PC monomer is an inefficient system overall. Along with the steep rise in excitation
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anisotropy at long-wavelengths (A > 600 nm) already discussed, the excitétion-dependent
fluorescence band of the PC Imonomer indicates a strong absorption sensitivity in the
long-wavelength region. Although both 084 and 84 have similar spectral bands in this
long-wavelength region and therefore are both contributing to the observed sensitivity,
those of the $84 chromophore are lowest in energy.’ This means that although the PC
monomer is overall an inefficient system of energy transfer, its B-subunit is channeling its
energy towards the B84 chromophore since there is no Agy sensiti\;ity in the emission at
short wavelengths (< 620 nm) where f155 absorbé maxifnally, 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 sufrounding o84 and [(384. Thé 084
chromophore binding pocket is now completély covered by the adjaceﬁt PC monomer
protein, while B84 remains partially exposed to the central cavity.'" Because the PC
monomer structure is unknown, we cannot directly compare the 084 and
84 chrpmophore conformatiéns in PC monomers and trimers; however, formation of the
PC trinfer will have the greatest impact on the chromophores that are close to the junction
site between the monomers. PC trimer formation furniéhes new interactions between the
chromophqres and amino acid residues from neighboring monomers that can impact the
. épectral chaxacteristics of the chromophores. For example, the propiohate side chain of

the 084 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 forrnation is an
interchromophore distance between neighboring 0:84 and 84 chromophores (21 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 transfef on a picosecond timescale. These favorable electronic interaction
conditions as well as changes iﬁ the immediate protein environment of 084 and 384
contribute to the differences observed in the PC monomer and PC trimer spectra. At
room temperatﬁre, the absorbance band maximum of the i’C 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 Az, = 585 nm
(Figure 4-7A), the PC monomer fluorescence band red-shifts ~6 nm when Agy = 660 nm
(Figure 4-8A) due to site heterogéneity. 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 4-5), 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 84 and 84
chromophores and favorable geometry provide an opportunity for excitonic coupling.
Numerous studies have used CD measurements to identify coupling interactions in

8,13-24

phycobiliproteins. If a pair of chfomophores were strongly coupled then their CD



126

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 é.t slightly different
conformations and resulting positive and negative bands from the individual
chrémophores 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 6f the PC monomer in that it contains two compo.nents, 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 chrorhophores or changes in their structural conformations that are affecting the
optical activity of the PC chromophores.

The possibility of excitonic coupling between neighboring 0(84‘and B84
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 components?™'

theoretically
expected from vcolg::rent energy transfer.”>® In the case of APC trimers, the initial
polarization anisotropy at t = 0 has been observed in a range (0.58 to 0.7)25'2.6 that is.

impossibly high for uncoupled relaxation processes where the theoretical limit is

expected to be 0.4.°%*" Although the 084 and B84 chromophores in APC and PC are very
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similar in georﬁetry and distance, the highest initial anisotropy observed in PC trimers has
not been as high (r(0) PC = 0.4).””% In steady-state measurements, the alv)sorbance and
CD spectra of APC and PC trimers are very different. In particular, the CD spectra of
APC'%'"* is more promising (it has positive and negative components)'® for predicting
strong excitonic interactions between the two chromophores in comparison to that
measured for PC®. 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 chromophores** or a change
in the chromophore conformation induced by the trimer formation.”® To evaluate
excitonic coupling in the PC trimer, Sauer and Scheer"! used the PC trimer crystal
structure to calculate the expected band splitting of the chromophores. The largest
excitonic band splitting is expeéted from the most strongly coupled pair, i.e., the pair with
the shortest center-to-center distance, 084 «<>384. 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 084—f84 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, thét 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 o84 and 84 bandsvare 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 112 cm™, 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 trimér crystal structure at 298 K which
probably changes sli.ghtly at low temperatures and could produce a larger splitting.

The individual absorption bands, resolved from the PC monomer, which are
assigned to 084 and 84 are very similar in shape and maximal wavelength position.
Appendix 4-1 uses these individual bands in linear combinations to satisfactorily describe
the PC mdnomer: 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 V
temperatures. The long-wavelength peak/shoulder feature observed in the PC trimer 88
K absorbance could be due to either changes in the individual chromophore absorption
bands (frbm changes in conformation or in the immediate protein environmenf) orto
ﬂewly formed electronic coupling interactions between the chromophores.
Unfortunétely, the magnitude of the influence of environmental changes versus excitonic
coupling upon the chromophore spectra is difficult to separate. If the 0bsérved
peak/shoulder absorbance feature is binterpreted as a separation of the 084 andlB84 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
specfra is sufficient to reproduce the 298 K PC trimer absorbance, but at 88 Kitis

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 B-subunit peak (i.e., B84) must increase (leaving the first peak, 155, roughly
unchanged) while that of the oi-subunit decreases. However, even if we were to alter the
B-subunit spectra as suggested, a suitable spectral fit is still not possibie because the
linewidth of the individual subunit absorbance spectra is too wide.to reproduce the
sharpness of the observed PC trimer peak/shoulder 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 arrive,****
so we used Gaussian functions with nafrower linewidths to simulate the long-wavelength
peak/shoulder shape in the 88 K PC trimer spectra. The separation of the Gaussian band
maxima is even larger (275 cm™) 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 élight 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 chromophore$
must be considered to impart narrower linewidths.

Like in the absorbance measur‘ements, the low temperature fluorescence spectrum
of the PC trimer is also red-shifted in compérison 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 ﬂﬁorescence 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. Ih agreement, excitation scans of the PC trimer taken at
different gmission 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 literafure, suggests that neighboring 0:84—384 pairs are weakly coupled.

PC/linker 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 PC/Lrc28-5 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/L¢7-8), and it reveals thaf the linker disrupts the C3-
symmetry of the APC trimer by binding to only two of the three available monomers.*
Linker associatioh induces subtle changes in the APC trimer conformation which serve to
bring the 84 chromophores slightly'closer together without affécting the 08484
distance. The Lc7-® linker interacts with each APC monomer differently; in one case

“ there is a specific change of the 84 conformation due to a phenylalanine residue
extending from the linker towards the chfomophore; in the second case, a loop segment
containing multiple electrostatically charged residues enclose the 384 binding area but
are not directly perturbing its structure. The spectroscopic effect of L¢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 shoulder.*'* The excitation anisotropy traces of
both APC trimer and APC/L¢7-8 are identical* showing that the linker does not impede
the flow of excitation in the trimer.

The distinctive behavior of the two biliprotein/linker complexes in this study is
best observed in the absorbance spectrum. Figure 4-2B compares the absorbance spectra |
of PC/Lg323 and PC/LR28-3 to that of the PC trimer and it is clear that each linker is
perturbing the PC trimer chromophores in a different m;nner. The spectra are
normalized to their respective maxi@um ébsorbance to demonstrate relative changes in
wavelength position, but protein characterization studies done by Yu et al.*’ shvowed that

PC/linker 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 PC/Lg32-3 aggregate does not deviate greatly from that of the
PC trimer, while the PC/Lgc28-5 absorbance displays a different band shape as well as a

‘large red-shift in the maximal absorbance position.

The spectral modulating effect of the Lgc linker peptide at room temperature has
been previously observed in other cyanobacterial biliprotein/linker complexes.** 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.* The PC/Lgrc28-3 absorbance mimics the shape of the
APC trimer spectrum which ie speculated to be caused by either exciton interactions
between the neighboring ¢:84 and $84 chromophores®' or changes in the chromophore
structural conformation upon trimer aggregationSl2 (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 (x-sui)unit
chromophore binding region there are two deleted amino acid residues that lead to
significant structural changes in the immediate chromophore environment.”® The
structure of the B-chromophore binding pocket is well-eonserved between PC and APC
except for two critical residues which are isolel;cines in PC and are replaced by tyrosines

in APC. One of the tyrosines (Y90) was suspected of electronically and sterically

interacting with the $84 chromophore, and this was confirmed by the APC/L¢7-8 crystal

structure. An aromatic residue (F37) extends from the L¢7-8 linker and inserts itself

+ between the APC (Y90) residue and the coplanar 384 pyrrole ring D and forces them to
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repel in opposite directions. Since the PC B-subunit does not possess an aromatic residue
directly analogous to APC(Y90), the Lr28-3 linker may have to interact with the

84 chromophore in a different manner to induce the observed “APC-like” absorbance
spectrum. Genetic alterations of this APC (Y90) residue (or of Lc7-8 (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 Lrc28-5

interaction with the PC_ chromophores. It is interesting to note that although the Lc78
linker perturbs the conformation of only one APC 384 chromophore, this action may
disrupt the interaction between 084 and 84, thus indirectly affecting the 084 spectral
properties also. It could enhance the coupling of a84—84 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 PC/linker 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/Lg32-3 and PC/Lgc28-5,
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 PC/Lg32-3 and PC/LR¢28-5 are very different
from each other (Figure 4-2D). Since there is a lack of new features in the PC/Lg323

spectra, we assume that this linker does not seriously interfere with the established
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0.84—[84 relationship in the PC trimer. The presence of the linker in the central cavity
should interrupt the symmetrical interaction of the three B84 chromophorés and provide
them with distinct environments. The observed slight red-shift in the 298 K PC/Lg32-3
absorbance could be due to a linker-induced differentiation among the three

84 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 PC/Lg32-3 shows noticeable

differences from that of the PC trimer (Figures 4-7B and 4-7D), indicating that PC/Lg323
is influencing the spectral properties of the terminal emitter (384). Additionally, the
polarized excitation anisotropy measurements show .that PC/LR323 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. Asin
the PC trimer, both PC/linker complexes exhibit a slight rise in anisotropy in this region,
but it appears that the influence of Lg32-3 is more pronounced than that of Lrc28-5. |

In contrast t§ PC/LR323, the 88 K absorbance spectrum of the PC/Lr¢28-5

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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LRrc28-3 linker alters the immediate environment of 84 (exposed to the central cavity in
the PC trimer) and disturbs the established interchromophore relationships. Since the

Lrc28S and Lg32-3 amino acid sequences are generally similar (discussed in Chapter 3),

we inust assume that the effects of LRC28"5 associétion are not arising from a general
perturbation of thé PC trimer structure but rather a specific interaction with the
chromophores that is distinct from the Lg32-3 interaction. Because the PC/Lr¢28-5 88 K
absorbance is so different from that of the PC trimer, we propose that this linker
‘interaction disrupts the coupling between the neighboring o84 and $84 chromophores to
create a unidirectional path of energy transfer to the APC core. The polarized excitation
anisotropy of PC/Lrc?8-5 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 Lrc235 linker interrupts
the PC trimer C3-symmetry to preferentially interact with one of the 384 chromophores
as the single final emitter to APC, then it would increase the nqmber of energy transfer
pathways .resulting in lower anisotropy. It is unclear whether the Lrc28-5 linker is
benéﬁcial or detrimental to the «84—[384 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
chromophore/Lrc?8-3 interaction is not only specific but also strong enough to resist the

influence of the surrounding solvent environment.
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Like the abéorbance and excitation anisotropy measurements, the fluorescence
measurements of the PC/linker complexes also display distinct behavior. Neither linker
introduces dramatic changes in the PC trimef fluorescence .band shape at 298 K (Figure
4-7B), but the band maximum is red-shifted by different amounts (T able 4-3). The
PC/linker 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
PC/linker 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 PC/Lg323 complex enhances the intensity of the observed trimer

peak at ~680 nm and produces a new feature at ~649 nm, while PC/LRrc?85 has a
suppressed long-wavelength tail and a small novel shoulder at ~641 nrh. Excitation scans
taken at different emission wavelengths show that, except for Ay = 652 nm, there are no
appfeciable differences that could be attributed to different sources of emission for each
feature observed in the 88 K fluorescence. At Agy = 682 nm both PC/linker 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 intcnsi.ty differed
among preparations. Although the protein isolation procedure includes multiple-
chromatography columns to separate APC and PC complexes, the PC/linker complexes
elute in a region close to APC and would suffer fr_om 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
PC/linker complexes suggest that chromophore-linker interactions in each case are
proceeding by different mechanisms. Beéause the fluorescence spectra of both PC/linker
complexes is different than that of the PC trimer, we expect that the linkers are

influencing the terminal emitter (384). Since the absorbance and fluorescence spectra of
the PC/Lgrc28-3 complex are so remarkably. different from that of the PC trimer, we
propose that its interaction méchanism is also affecting the 084—p84 relationship. The
CD measurements of the PC/linker 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 sectiop 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
physicfsts 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 bands.**** 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 bafnds, 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.® 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:

IV }= hY .\ peny

Fv= ln|i871'hv30'(v) "k, T
where I(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, k;, 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
“non-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 mol_ecules,”‘“’
semiconductors® and chromophore-protein assemblies like rhodopsin,®
phycob.iliproteins63 and other photosynthetic systems.*** Typically, F(v) is plotted
versus frequency, v; then a straight line is drawn through the function so that the slope of
the line (-h/k,T) and subsequently, the temperature 7, are calculated. If the vibrational
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 Knox® discuss the reasons that

have been proposed for this elevated KS temperature: (1) inhomogeneous broadening
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6768 and (2) a “warm fluorescence” situation

caused by a mixture of fluorescing species
where the calculated T is actually the temperature of the excited state during the
fluorescence lifetime.*’ 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 T is obtained, then it excludes the “warm fluorescence”
possibi]ity; which assumes that higher excitation energies lead to higher effective
temperatures.”

Recently, Knox and coworkers”"" have investigated F(v) in more detail by
analyzing its first derivative:

_ ~hlkg
dF(v)/dv

T*(v)
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 impurities.” 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 state.’>”"™ It is in this capacity
that it is being used here. A light-hatvesting 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*(Vv) calculations using simulated Gaussian functions.”’ They conclude that both energy

transfer and oscillator strength contribute to T*(Vv) features in distinct manners: the

oscillator strength controls the position of the feature (the peak follows the weaker band)
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whilé 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 >10%. 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 >10% 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 j udged.by R? 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-
11A to 4-11D. In each case, the T*(V) \}alues steeply increasé 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 PC/Lrc28-5 where
a broad feature appears with a maximum T*(v) = 335 K at 15700 cm™ (637 nm).

Calculations 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. Atlow
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
PC/Lrc28-5 T*(v) has a broad band with maximum at 15576 cm™ (642 nm), while
PC/Lr323 has a peak at 15480 cm™ (646 nm) and, unlike the other PC complexes, is

suppressed in the 15420 cm™ région.

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 temperature.’*** 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 contémination from
impurities or stray light, and excluded them when fitting the central linéar area to gain the
KS temperature. However, even such F(v) fits, constrained to the central (i.e., most
linear) region, produced KS temperatures which were higher than the ambient
temperature. Initially, these elevated KS temperafures were ascribed to slow. vib‘rationai
relaxation of the excited molecule, but this idea was quickly discarded in liéu of more

| thermodynanﬁcally 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,® yet all of the PC complexes in this Study produced KS temperatures that are
higher than ambient (Table 4-8A). The highest KS tempefature was found in the PC
monomer (Figure 4-10A) 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
vibratioﬁal relaxation. Excitation at 660 nm shifts the fluorescence band to longer
wavelength (smaller wavenumber) and, because this emission is highly polarized itis
presumed to be direct emission from the long-wavelength absorbing chromophores. The
resulting effect of Ag, = 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 4-8A). Considering the possibility of warm fluorescence
discusséd by Van Metter and Knox® as explanation for the elevated temperatures,
additional calculations of the PC trimer F(v) were made using ﬂuorescgnce spectra
gathered at different excita;ion wavelengths. If the KS temperature represented a
Boltzmann-like populatioh of vibrational states established at a higher temperature, then
excitation at a different energy should systematically affect the KS temperature. Our
calculations prodﬁced similar KS temperatures (+ 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 chroniophore 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 impaired.” F(v) calculations made at 88 K show that the discrepancy
between the ambient and KS temperatures in each PC compléx is larger at 88 K (Table 4-

8B) than at 298 K. The effect is least 'pronounced in the PC trimer, suggesfing that
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introduction of an associated linker peptide contributes to the inhomogeneous broadening
of the chromophore spectra. A previous study by Bjém and Bjorm® 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. luridum) in the study are higher than ambient.
Our PC trimer KS temperature (315 K) is well within the Bjérn and Bjorn average value
for pooled PC-1 and PC-2 fractions (318 1 19 K) and is glosest to the KS value for PC-2
dissolved in water (314 K). Bjorn and Bjorn point out that although the calculated KS
temperatures for the isc_)l;ited bhycobiliproteins are higher than ambient, they are not
unusually high compared to those obtained from organic moleculés in solution and
dismiss their significance. However, their results do show variation in phycocyanin KS
temperatures of + 19 K for the different buffer environments used (water, 0.75 M
phosphate buffer) suggesting that protein aggregation state is va significant factor. In our

PC/linker complexes, the PC/Lg32-3 complex gives a KS temperature that is similar to
that of the PC trimer alone, while the KS temperature for PC/Lrc285 is noticeably

higher, suggesting a rise in the system inhomogeneity or incomplete dissipation of the
excitation energy through energy transfer.

717276 i3 sensitive to non-

The T*(Vv) analysis introduced by Knox and co-workers
linear behavior in F( v), and reveals a number of interesting propertiés 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 occurs 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. Knox et al. 7 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 thé 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 spectrg, the absorbahce of coupled
chromophores should be independent of enefgy 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/Lg32-3 complex possesses
a T*(v) plot that at low frequencies rises to a higher vélue than that of the PC trimer
(Figures 4-11B,C)--as if the presence of this linker decreases the thermal équilibration of
the long-wavelength absorbing chromophores in the PC trimer. Since the T*(v) plot of
the PC/Lrc?8-5 complex also rises at short frequencies (although not as high as for
PC/LR323), 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*(Vv) plots is the appearance of
peaks within a fegion of significant spectral overlap in the PC/linker complexes (Figures
4-11C,D), and that are particularly pronounced at low temperatures (Figure 4-13).
Béllacchio and Sauer”’ observe similar features in bacteriochlorophyll « in different
organic solvents and propose that these are indicators of spectral heterogeneity (i.e.,
components that are not “spectroscopically identical””) and/or incomplete exqited-state
relaxation of a fluorescing system. To extend this idea to a photosynthetic antenna
systém, Sawicki and Knox’" attempt to feproduce such T*(v) features simulating a
system of couplezd 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 traﬁsfer, 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 orilAy one to display a peak feature instead of a flat curve in
the central overlap region (Figure 4-11D). 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/LR323 or (2) a higher degree of spectral inhomogeneity. In the absence of
kinetic rate information for the PC/linker complexes it is difficult to conclusively choose
between these two alternatives, however the low temperature spectroscopy described in
this study indicates that the Lrc28- 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 0.84—384 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 protein/linker in this manner is a mystery. The pfesence of
Lrc28:3 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 PC/Lrc28-5 and thus the ratio of I(v)/G(V)
increases, which ultimately gives a rise in T*(Vv), 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 pfoduced is easily distributed within the surrounding protein.

F(v) and T*(v) calcalations were repeated for spectra taken at a series of low
temperatures which impede the mobility of the surrounding environment for each
chromophore.v Asa resalt of low tempefature, the absorbance and fluorescence spectra
move tawards 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,Bj. The low temperature spectral shifts also cause the
T*(v) rise found at low frequencies to begin at more intermediate frequencias 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 paﬁ of the rising T*(v) of the PC trimer and is'perturbed to a higher value by

LRr323 association. The second population, located at ~15576 cm™ (642 nm), is relaxed
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in the PC trimer and PC/Lg32-3 complexes (low T*(v) value) but is perturbed to a higher
T*(v) level in PC/Lgc28-3. 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

o The PC monomer fluorescence is composed of multiple components because (1) the
fluorescence emission is not independent of excitation wavelength, (2) the anisotropy
trace showé two distinct rising features demonstrating individual polarized sources of
emission.

e Association of PC trimer with Lrc28-3 produces more dramatic changes in the PC
trimer spectral properties than association with Lg32-3,

e Fluorescence e*citation anisotropy traces of each PC complex show an increase in
intensity in the long-wavelength region (~630-650 nm). PC/Lrc?8- and PC/Lg323
have opposing effectS on the anisotropy of the PC trimer, and in the long-wavelength
region (A > 600 nm) the PC/Lg32-3 anisotropy is enhanced more than that of the PC
trimer or PC/LR28-3.

e PC/LRrc?85 has the narrowest fluorescence emission band and the smallest Stokes

shift (at 298 K) of all the complexes. Unlike the other complexes in thisvstudy, the
maximal position of its emission band does not vary with temperature.

e The Kennard-Stepanov relation between absorbance and emission F(Vv) 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 Absorbance maxima (nm)

| 298K 88K
PC monomer 619 630 604 577sh
PC trimer 626 636 608 579sh 629sh
PC/LR32-3 627 636 607 579sh 628sh
PC/LRCZ&S 637 638 605 -- 627sh  646sh

_“sh” denotes distinct shoulder feature (not an isolated peak maximum)

Experimental Notes: (1) Maximal absorbance 0.1. (2) PC monomer in
75% glycerol/S 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
PC complex | CD maximum
' (nm)
PC monomer 605
PC trimer 593sh 635"
PC/Ly>>? 595sh 635
pC/LRC23~5 596sh 644

“sh” denotes distinct shoulder feature (not an isolated peak maximum)

Experimental Notes: (1) PC monomer in 1 M KSCN/5 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 = 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 Fluorescence maxima (nm)

| 208K 88K
PC monomer 647 642 - (710)
PC trimer 646 643 ~ (680) (700) (716)
PC/LR32-3 - 649 643 (649) (682) (700) (716)
PC/LRC28-5 652 652 (714)  (729)

“()” denotes approximate maximum position of broad band

Experimental Notes: (1) Maximal absorbance 0.1. (2) PC monomer in 75%
glycerol/5 mM phosphate pH 7. All other aggregates in 3 M sucrose.
(3) Observed fluctuation in fluorescence maximal position is + 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 Complex | FWHM (nm)
298K 88K
PCmonomer | 39.5 | 23
PC trimer 34.5 19.5
PC/L*%3 330 | 195
PC/Lp 2 29.5 13

Table 4-5. Stokes shift of PC complexes at 298 K and 88 K

PC Complex St(;kes shift (nm)

298K | 88K
PC monomer 28 12
PC trimer 21 7.5
PC/L %3 21 15
PC /LRC28.5 i 15 14.5
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Table 4-6. Range of absorbance and fluorescence parameters available for the PC
monomer chromophores at 298 K (gathered from references 6-11)

PC "~ Absorbance Fluorescence
chromophore | maximum Relative maximum Relative
(nm) _intensity (nm) quantum yield
084 617-624 1 639-644 1
p84 | 622-628 0.60-0.69 644-648 0.58-0.83'
B155 594-600 0.89-1.13 623-629 1.1-1.33

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 4-10A to D)

Case 1: F(v) fit is restricted to | Case 2: F(v) fit is restricted to
PC Complex region of >10% normalized most linear section
spectral intensity

Temperature (K) | R?value Temperature (K) | R?value
PC monomer 363.21 0.9909 329.53 0.9987
PC trimer 32339 0.9984 315.17 0.9993
PC/LR32'3 328.70 0.9968 313.66 0.9993
PC/LRC28~5 322.88 0.9999 322.23 0.9998

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)

PC Complex F(v) fit at 88K
Temperature (K) | R® value
PC monomer 174.83 0.9921
PC trimer 106.62 0.9985
PC/LR32-3 110.64 0.9988
PC/LRC28'5 166.54 0.9932




Figure 4-1A. Absorbance of PC monomer at different temperatures
Maximum Absorbance 0.1 in 75% glycerol/5 mM phosphate pH 7.0 buffer
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‘Figure 4-1B. Absorbance of PC trimer at different temperatures
Maximum Absorbance 0.1 in 3 M sucrose
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Figure 4-1C. Absorbance of PC/LRZ'Z'3 at different temperatures
Maximum Absorbance 0.1 in 3 M sucrose
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Figure 4-1D. Absorbance of PC/Lg>> at different temperatures'
Maximum Absorbance 0.1 in 3 M sucrose
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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.
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Figure 4-2[C,D]. Absorbance of PC complexes at 88K.
PC monomer is in 75% glycerol/5 mM phosphate pH 7 while all other PC
complexes are in 3M sucrose. Maximum Absorbance 0.1.
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d(Absorbance)/dE

Figure 4-3. First derivative of absorbance of trimeric PC complexes at 88K
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circular dichroism (mdeg)

Figure 4-4. CD spectra of PC complexes at 298 K
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excitation anisotropy

Figure 4-5. Fluorescence excitation anisotropy of PC complexes (Ag,= 660 nm) at 298 K _
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Fluorescence emission (cps)

Figure 4-6A. Fluorescence emission of PC monomer at different temperatures

in 75% glycerol/SmM phosphate buffer (Excitation = 585nm)
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Fluorescence emission (cps)

Figure 4-6B. Fluorescence emission of PC trimer at different temperatures in 3 M sucrose (Excitation =585nm)
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Fluorescence emission (cps)

Figure 4-6C. Fluorescence emission of PC/L,

323 at different temperatures in 3 M sucrose (Excitation =585nm)
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Fluorescence emission (cps)

Figure 4-6D. Fluorescence emission of PC/LRCZ&5 at different temperatures in 3 M sucrose (Excitation = 585nm)
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Figure 4-7[A,B]. Fluorescence emission of PC complexes at 298K
(Excitation = 585nm)
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Figure 4-7[C,D]. Fluorescence emission of PC complexes at 88K
(Excitation =585nm)
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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/5mM 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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_ 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 PC/Lg>>" at 298K and
: 88K at different emission wavelengths
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Normalized fluorescence intensity

Normalized fluorescence intensity

Figure 4-9D. Excitation scan of PC/Lgc™" at 298K and
88K at different emission wavelengths
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Figure 4-10A. Kennard-Stepanov F(v) calculation for PC monomer at 298K
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Figure 4-10B. Kennard-Stepanov F(v) calculation for PC trimer at 298K
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Figure 4-10C. Kennard-Stepanov F(v) calculation for PC/LRSZ“" at 298K
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Figure 4-10D. Kennard-Stepanov F(v) for PC/Lgc>" at 298K
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Figure 4-11[A-D]. Calculated T*(v) of PC complexes at 298K plotted agamst
the absorbance and fluorescence spectra.
Shown only in region of >10% normalized spectral intensity
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T*(v) (K)

Figure 4-12A. Calculated T*(v) for PC monomer at different experimental temperatures
(shown only in region of >10% normalized spectral intensity)
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T*(v) (K)

Figure 4-12B. Calculated T*(v) for PC trimer at different experimental temperatures

(shown only in region

of >10% normalized spectral intensity)
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T*(v) (K)

Figure 4-12C. Calculated T*(v) for PC/LR323 at different experimental temperatures
(shown only in areas of >10% normalized spectral intensity)
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T*(v) (K)

Figure 4-12D. Calculated T*(v) for PC/LRCZB'5 at different experimental temperatures
(shown only in region of >10% normalized spectral intensity)
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Figure 4-13. Calculated T*(v) for PC complexes at 88K

(shown only in region >10% 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
mon>omer ‘and trimer at 298 K and 88 K using the absorbance bands of the a— and
B-subunits or those éf the individually resolved chromophores. The spectra of the
subunits at 88 K and the resolved PC monomer chromophore bands were extracted frdm
. 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 ﬁlinimizing the residual
between the data and the fit.

The underlying céncept being tested by these simulations is the magnitude of
interaction between the chromophores. For a mixture of non-interacting dyes in solutiori,
the absorbance spectrum is accurately represented as a sum of the individual absorbance
bands. Can the absorbance ;vpectra 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
B—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 (21 A).

PC monomef simulétions

The PC monomer is composed of two subunits (o and 3) and contains three
chromophores (84, 384, and $155) whigh 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 a-
and B-subunits. as fitting curves. If both subunits are normalized to an .equal amplitude
[Ayax for a:f = 1:1] thén the combination results in a poor fit for the short wavelength
side of the PC mbnomer absorbance curve—éhanging their relative amplitudes to [Ayax
for o: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 o84, and relative to it, the 155 is at
~98% and B84 at ~ 61% (calculated from maximal absorbance measured at equal
concentration). These values were used as initial parameters for Ayay in simulating the
PC monomer absorbance using the individually resolved chromophore spectra. Figure -
A2 shows that although a decent fit is obtained _wifh these initial values, a better one can
be gained if both the Ay ,x amplitudes and the maximal wavelength positions for each
curve are slightly adjusted (parameters summarized in Table A1). The fit was optimized
by shifting the maximal positions of the B-chromophores 2 nm to longer wavelengths and
then adjusting their Ay,x amplitudes to minimize the residual error between data and
simulation. This optimized fit (Figure A2) slightly raises the 384 amplitude from the
initial value by 2% while lowering the B155 amplitude by 13% (Table A1). Although the
optimized B155 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 sat_isfactory 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 B-subunit absorbance band (measured by Debreczeny ) is also resolved into
two peak features while the a—subﬁnit, 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
[Apax 0::B(1):B(2) = 1:0.84:0.66*] (* only the amplitudes for o and B(1) are adjustable,
the Ayax for B(2) is linked to B(1) at a 0.79:1 ratio). Also, the 77 K B-subunit absorbance
spectrum is simulated using two of the 77 K o-subunit absorbance bands at different
maximal wavelength positions to test whether 2;11 three chromopho.res have similar band
shapes at 77 K. The result, shown in Figure A4, raises two interesting points. First, the

“overall B-subunit fit is poor; although the ot-subunit shape is a more realistic
apprd);imation than artificial Gaussian functions, the three chromophdres do not possess
identical band shapes. Secondly, the curve placed at the long-wavelength peak position,
representing 84, has a much higher amplitude than expected. The individually resolved
chromophore bands at 298 K show that 384 has fhe lowest relative intensity, about 63%
of B155. The unexpectedly high B84 A,,.x amplitude found in the 77 K B-subunit fit

" could be decreased if the individual fitting curve peaks were slightly wider resulting in an

overall fit with lower amplitude for 384. However if the band “tails” extending into the
short wavelength region, are maintained at roughly the same intensity, then the value of

the [384 amplitude cannot be lower than that of the short-wavelength component (i.e.,

B155) because they are additive—it would result ina very poor fit of the shért

wavelength region. This implies that at low temperature there is either a large difference

in the absorption band shape of the two B-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 chromophores.® PC trimer formation induces changes in the
immediate protein environment of chromophores nea? the neighboring junctiqn of the
monomers (084 and f84). 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 amplitudés and maximal wavelength
positions were adjusted from the initial values, and these are summarized in Table Al.
The maximal wavelength positions of B84 and o84 were increased equally (3 nm) while
B155 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 rélative amplitude of B84 was increased from the initial
value and is consistent with published values (Table 4-6), but the 3155 amplitude is once
again lower than expected although coﬁsistent 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 t§ 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 structure® shows that ;\ll three chromophore fypes 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 084 and $84. The
individual chromophore spectra at 77 K were not available for this exercise, but using the
subunit épectra we can see that this PC trimer feature will not be fit by simply adding the
subunif bands (Figure A6). Clearly, the intensity of the longest-wavelength absorbing
chromophore (B84).needs to increase, while 0184 decreases and 155 remains unchanged,
to produce the peak/shoulder feature. This Scenario is a possible consequence of
excitonic coupling between neighboring 084 and $84 chromophores. A number of linear
combinations of vthe subunits at different amplitudes anld wavelength ‘positions were
tested and did not produce a bétter 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 correspénding
o—subunit width is 17 nm. If all three chromdphore bands possess the same shape as the
o-subunit, then their combined absorption would be too wid¢ to fit the long-wavelength
trimer feature. We uséd Gaussian waves of varying widths, amplitudes, and maximal
waveleﬂgth 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 Scheer’ 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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Table Al. Parameters for individual chromophore spectra used to fit the PC monomer

and PC trimer absorbance spectra (298 K)

PC Monomer 298K

[Figure A2]
chromophore Relative Amplitude Wavelength position of
absorbance maximum (nm)
initial* optimized initial* optimized
o84 1 1 624 624
B84 0.61 0.63 627 629
B155 0.98 0.85 601 603
PC Trimer 298K [Figure AS]
chromophore Relative Amplitude Wavelength position of
absorbance maximum (nm)
initial* optimized initial* optimized
o84 1 1 624 627
B84 0.61 0.68 627 630
B155 0.98 0.85 601 601

*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

Maximal

Relative Width at 75%
amplitude position amplitude
wave 1 1 637 7
wave 2 0.85 626 7




Relative absorbance

Figure Al. Absorbance of PC monomer at 298 K compared with the sum
of isolated - and B-subunits at different amplitudes
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Relative absorbance

Figure A2. Absorbance of PC monomer at 298 K compared with the sum
of individual (084, B84, B155) chromophore spectra
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Relative absorbance

Figure A3. Absorbance of PC monomer at 88 K compared with
the sum of the oi— and B— subunits at different amplitudes
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Relative absorbance

Figure A4. Absorbance of B-subunit at 77 K simulated using two "o-subunit" waveforms
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Relative absorbance

Figure AS. Absorbance of PC trimer at 298 K compared with the sum of the individual

chromophore spectra resolved from the PC monomer
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Relative absorbance

Figure A6. Absorbance of PC trimer at 88 K simulated using the
isolated o~ and B— subunits (77 K) and Gaussian functions
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Chaptér 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 inferaction 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 Synechococcus sp. PCC 7002 linker peptides used in this study were

resolved” but their three-dimensional structures remain unknown. This year, we have
enjoyed the publication of the first biliprotein/linker crystal structure; APC/LC7'8 has

provided a guiding light for examination of the amino acid sequences of the linker
pep-tides 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 aminq acid sequences (Chapter

3) to produce a model for biliprotein/linker interaction.

Proposed model of biliprotein/linker interaction

Figure 5-1 presents a schematic diagram of the proposed model 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 ~60A. 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 fhe biliprotein
central cavity. Studies of rod assembly in Anabaena variabili;v 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 i’C 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
Lg323 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 L§c28-5 and a smaller area near its C-terminus is homolbgous with the
C-terminal area of Lg8-9 (Figures 3-1 and 3-2). Because these two cohserved 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 cénﬁguration.

It is unknown whether the linkers>interact with each other through the PC
hexamer’s central cavity. Such an arrangemént 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 intéraction would produce a strong backbone for the
phycobilisome (PBS) rods with minimal additional disturbance of the PC chromophores
by the linkel;s. However, the relatively easy isolation of PC trimer/linker 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 pérturbations 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 384 chromophores exposéd to the
cavity would be equally perturbed by placing the linker between them. The 384
chromophores are located ~ 12 A from the PC disk surface exposed to solvent so the
linker ‘muét penetrate this deeply within the central cavity to interfere with the interaction
of these central chromophores. The APC/Lc7-8 crystal structure showed that there is a
variability of ~3 A in the insertion depth of this linker within different APC trimer units.
Lc78 induced a physical stress on the planar configuration of the APC trimer that served
to bring the central 384 .chromophores slightly closer together without disrupting their
distam.:e'or relative orientation to neighboring 084 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 pl of Lrc28-5 as well as its relatively high content éf hydrophobic residues (Table
3-2) suggest that this linker may penetrate further within the PC internal cavity than
Lg323.

~ 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 spectrél properties of the PC/Lg32-3 and
PC/LRrc?8-5 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 |
LRrc283 linker dramatically alters the spectral properties of the PC trimer, while Lg32-3
provides only slight changes. The remarkable differences in the absorbance spect.ra of
these two complexes suggest that PC trimer association with Lrc28- linker not only
alters the C3-symmetry of the structure but also seriously perturbs the individual
chromophores. Because the 88 K absorbance and fluorescence bands of PC/Lrc28-> are
so markedly different from those of the PC trimer (Figures 4-2D and 4-7D), we propose
that Lrc28-5 is affecting the relation between the B84 and o84 chromophores to establish
one single terminal emitter to the PBS core. A calculated difference spectrum between
the PC trimer and PC/LRc28-5 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 Lg32-3 linker on the

PC trimer is slight. The 88 K PC/Lg323 absorbance is very similar to that of the PC
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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 Lg323 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/L¢7-8 structure revealed that the Lc7-8 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 84 chromophore is altered
by an aromatic residue extending from an o-helix segment of the L¢c7-8 linker, while in a
second APC monomer the partially expésed 84 chromophore binding pocket is covered

by an Lc7-8 loop segment that contains a concentration of positively charged residues.

The amino acid sequences of both Lg32-3 and Lrc?8-5 were examined for analogous sites

- of interaction. Both possess predicted loop segments containing multiple arginine B
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
Lrc285. 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 o-helix
segment that shields the $81/384 chromophore from the central cavity appears io 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 L¢7-8 linker and are identified in Figure 3-6.

To summarizé, Figure 5-1 shows the proposed mod¢1 of biliprotein-linker
assembly. The linker is expected to be fully inserted in the central cavities of two
biliprotein hexamer stacks. Each linkef has two functional segments; one that affects the
biliprotein spectroscopy and therefore penetratés at least 12 A (distance from surface to
84), and a second that proyides structural support to the rods and involves ~1/4 of the
total vpeptide sequence (stipulated from the trypsin digestion studies®). The linkers may
bind to each other via thé biliprotein central cavity, but this is unlikely.to be a strong
interaction because it is relatively easy to isolate PC trimer/linker 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 APC/LC7'8 structure.

Future Directions

There are rhany 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 biliprotein/linker structure is known, it provides a

wealth of potential targets for genetic manipulation. Alteration or deletion of specific

residues in the LC7'8 sequence should help to differentiate the spectroscopic effects of the
two types of linker-chromophore interaction found in the APC/LC7'8 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 LC7'8. Genetic mutations of conserved aromatic amino

28.5

acids in Ly~ should be particularly easy to differentiate spectroscopicélly if the PC

modulafion is produced from a specific aromatic interaction between the linker and the
384 chromophore D ring.

Although the steady-state spectroscopy of these PC/linker 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
PC/linker complexes would elucidate the effects of linker association on the a84—384
relationship established in the PC trimer structure. If the Lrc28-5 linker is selectively
disrupting 6ne of the 0L84—B84 pairs to guide the energy through one single emitter, then
it should change the observed rates of energy transfer in the PC trimer. Debreczeny etal.
' used fluorescence upconversion to measure the rate constants for energy trénsfer in the
Synechococcus sp. PCC 7002 PC trimér aggregate; transfer between neighboring
084+ 384 chromophores occurred in ~1 ps, while energy transfer between the three

‘centrally located 384 chromophores took place in 40 ps. The LC7'8 linker brings the

central B84 chromophores closer together in the APC trimer; according to Forster theory,

this shorter distance will accelerate the (40 ps) B84-»_[_384 rate of energy transfer. The

LC7'8 linker also specifically affects the conformational geometry of one of the 384
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chromophores, and this caﬁ 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 thfee different

types of a84+ 384 interactions observed in APC/LC7'8. If the linker is inducing a strong

excitonic coupling interaction in one of the PC 084 —[384 pairs, then this should result in
a significantly faster observed rate constant than from induced resonance (Forster) energy
transfer. In additilon, 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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Figure 5-1. Proposed model for biliprotein-linker assembly in Synechococcus sp.

PCC 7002 (vertical cross section of one phycobilisome rod)
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