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Abstract
Compai'ison of the Rate Constants for Energy Transfer in the Light-Harvesting
Protein, C-Phycocyanin, Calculated from Forster's Theory and Experimentally
Measured by Time-Resolved Fluorescence Spectroscopy
by
Martin Paul Debreczeny
Doctor of Philosophy in Chemistry
UniQersity of California at Berkelgy

Professor Kenneth Sauer, Chair

We have measured and assigned rate constants for energy transfer between

~chromophores in the light-harvesting protein C-phycocyanin (PC), in the monomeric and

trimeric aggregation states, isolated from Synechococcus sp. PCC 7002. In order to
compare the measured rate constants with those predicted by Forster's theory of inductive
resonance in the weak coupling limit, we have experimentally fesolved sévcral properties:
of the three chromophore types (B1ss, 04, Pg4) found in PC monomers_, including |
absorption and fluorescence spéctra, extinction coefﬁcients, fluorescence quantum yields,
and fluorescence lifetimes. The cpcB/C155S mutant, whose PC.is missing the Biss
chromophoré, was useful in effecting the resolution of the chromophore properties and in
assignihg the experimentally o'bserved,r_ate constants for .energ'y transfer to specific
pathways.

The single broad péak in the visible region of the absorption spectrum éf
monomeric PC, aPCBPC, was resolved into its three component spectra by comparing the
steady-state absorption spectra of the isolated wild-type o subunit of PC, oPC (contéu'ning
oniy the otg4 chromophoré), with those of the monomeric PCs isolated from the mutant
strain, oPCB*, and the wild-typé strain, oPCPPC. The individual fluorescence spectra of

the chromophores and the rate constants for energy transfer between them in oPCBPC



were resolved by modeling the time-resolved isotropic fluorescence spectra of BPC
(containing the B;ss5 and Pg4 chromophores), and aPCB*. We assign thé observed 52 ps
and i49 ps fluorescence decay constants to the inverse of the summed rate constants for
forward and back energy transfer between the PB1s5-Bg4 and otgs-Bsg4 chromophore pairs,
respectively. These results are in excellent agreement with the Forster calculations which
predict 49 ps and 158 ps decay constants for energy transfer between the same two
respective chromophore pairs.

Comparisons of the absorption spectra of PC in the monomeric and trimeric
aggregation states isolated from the wild-type and cpcB/C155S mutant strains, lead us to
conclude that the spectrum of the B;s5 chromophore is similar when PC is in the
monomeric and trimeric states. This result indicates that the red-shifting of the -
absorption spectrum that occurs when PC aggregates from monomers to trimers is due to
changes in the spectra of the ogy and/or Bgg chromophores. Our results rule out exciton
coupling between chromophores as the predominant cause of the red shift.

Time-resolved fluorescence anisotropy measurements on PC trimers isolated from
the wild-type and cpcB/C155S mutant strains lead to assignments of the dominant rate
constants for energy transfer in PC trimers. The observed fluorescence decay times of 1.0
ps, 50 ps, and 40 ps are respectively assigned to energy transfer within the o, — By,
pairs on adjacent monomers, within the B, — B3, pairs on the same monomer, and
between the oL, B2, o2,B3,, and o B, pairs around the trimer ring. These results are
again in excellent agreement with the Forster calculations which predict decay times of
1.4 ps, 49 ps, and 46 ps for the same three respective energy transfer processes. We
c‘onclude that the energy transfer processes in monomeric and trimeric PC are well
described by Forster's theory. This is the first detailed test of Forster's theory in a

pigment-protein that we know of, to date.
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‘Chapter 1. _Introduction

In observing fluorescence from a mixture of molecules, it is frequently the case that
the molecule that absorbs tﬁe light is not the same as the molecule that emits the light. In
this sense, the absorbing molecule acts as a sensitizer of the emitting molecule. Even under
circumstances where one molecular species is at much lower concentration than the other

molecular species, the fluorescence spectrum of the dilute species can sometimes dominate

the emission spectrum.” This phenomenon has been observed in doped organic crystals,! in

solutions of dye moliecules,z’3 as well as in mixtures of gases.* The mechanism by which
this fluorescence sensitizatibn occurs has been a topic of intense investigation. One
mechanism that can be considered is fluorescence of the medium {or "sensitizer" or
"donor") being reabsorbed by the dopant (or "ﬂuoreécer" or "acceptor"). Fluorescence is a
non-directed process so that, for exémple, an emission dipole will spontaneously emit with
equal probability over a 360 degree arc described by a vector normal to the dipole moment.
For this reason, the probability of reabsorption by the dopant by this mechanism is low and
could only account for low levels of fluorescence sensitization. Instead, an inductive
resonance mechanism, in which. the transition dipole on one molecule induces a transition
dipole on a nearby molecule, is needed to more fﬁ]ly account for the fluorescence
sensitization effect observed in many systems. |

F6rst_er5 was the first to propose a mechanism of singlet-singlet énergy transfer that

- quantitatively explains the fluorescence sensitization effect for solutions of dye molecules at

weak to medium concentrations (30-100 A average separation of typical dye molecules
oriented isotropically). This theory, in the weak coupling limit, treats the excitation as
localized on only one chromophore at any given moment. Excitation is predicted to move
from chromophofe to chromophpre with a rate that is inversely proportional to the sixth
power of the distance between the chromophores. Other factors affecting the energy

transfer rate are the relative orientations of the chromophores and their relative energies as

-
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expressed by their absorption and fluorescence spectra. The intrinsic lifetime of the donor

chromophore also affects the efficiency with which energy is transferred.

‘'The above mechanism of energy transfer which we shall refer to as the Forster
mechanism, has been verified in many respects by model systems. Stryer and Haugland$
used poly-L-proline as a variable length spacer at the ends of which were placed an a-
naphthyl group (the donor) and a dansyl group (the acceptor). Their work showed a close
agreement with the expected R-6 dependence .of the energy transfer rate constant. Haugland
et al.” verified the dependence of the rate constant on the spectral overlap of the donor and
acceptor chromophores. Using a steroid as a rigid spacer, an N-methylindole donor was
separated by 10.2 A from a ketone acceptor. The spectral overlap between donor and
acceptor was varied more than 40-fold by varying the solvent. The energy-transfer rate
constant was observed to vary linearly with extent of spectral overlap. Fluorescence
resonance energy transfer has become a widely used method of measuring distances within
biomolecules in the 10 to 75 A range.®

At higher concentrations of dye molecules in solution (where the average separation
between chromophores is < 20 A for a typical dye) or for doped organic crystals, treating
the excitation as localized on only one chromophore at a time is no longer always
reasonable. As the distance between chromophores decreases and the interaction energy
between chromophores increases to a point where the interaction energy is larger than the
vibronic band widths of the chromophores, it be.comes necessary to treat the excitation as
delocalized over more than one chromophore.® Exciton delocalization over a dimer of
identical chromophores can often be observed experimentally as a splitting of the
absorption band (exciton splitting), and as characteristic positive and negative features in

the circular dichroism (CD) spectrum (thg Cotton effect).’
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Light-Harvesting Complexes

The mechanisms used to explain the fluorescence sensitization effect have been

adopted to model the process of energy transfer in photosynthetic light-harvesting systems.

Some important differences between the above-described systems and light-harvesting

~ systems must be kept in mind. Rather than inducing fluorescence in a dopant molecule, the

goal of energy transfer in light-harvesting systems is to induce charge separation at a
react_ion center. In this context, fluorescence is a competing and undesirable result. Unlike

1sotropic solutions of dye molecules, light-harvesting systems contain chromophores in an

ordered and fixed array - at least in systems whose structures have been determined to date.

The inherent order present in light-harvesting complexes can be observed by exciting them
with polarized light and observing the polarized emission. Whereas an isotropic solution of
chromophores undergoing energy transfer shows a randomization of the polarization as a
function of time, isolated light-harvesting complexes typically show apersistent non-
random level of polarization.!®

The ordering of the chromophores in light-harvesting complexes is clearly related to
optimization of their function. It has been experimentally shown that in sevefal light-
harvesting systénis energy transfer to the reaction center occurs with greater than 90% |
overall efficiency!!"13 and in less than.a few hundred picoseconds.!*'® Typically, several
huhdred,light—hatvesting chromophores are associated with each reaction center in
photosynthétic orgariisms so that the individual enérgy-transfer steps taken en route to the
reaction center must vbe extremely efficient.

The organization of the chromophores in light-harvesting complexes is
accomplished by an intimate association with proteins. It is generally found that the in vivo
properties of a light-harvesting complex cannot be replicated in vitro unless the protein

components have been co-isolated with the chromophores (chlorosomes may be an

exception to this rule as described below). Table 1.1 shoWs the number of amino acid
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Table 1.1 Amino acid to chrofnophorc ratios for several light-harvesting
- proteins/complexes isolated from different photosynthetic organisms.

light-harvesting protein| organisms in which no. of amino acids /
v - protein is found no. of chromophores
phycobiliproteins cyanobacteria, 1102
red algae :
FMO BChl a-protein green photosynthetic 50b
_bacteria
LHI, LHII purple bacteria 10-20¢
LHCII higher plants 15d
chlorosomes green photosynthetic 3-6¢°
bacteria

abased on the x-ray crystal structure of C-phycocyanin.?’
bbased on the x-ray crystal structure of the FMO protein isolated from Prosthecochloris -
aestuarii.’

¢based on chromophore content and peptide content determined by spectroscopic and
biochemical techniques for several different species and antenna types. The calculation
assumes the presence of 3-5 chromophores (carotenoids and BChl a) per 2 polypeptides,

each 50-60 residues long.!3

dbased on the number of chromophores resolved in the electron crystal structure at 3.4 A
resolution?%2! and the number of amino acids determined by biochemical methods.>>

eFeick and Fuller’® found that 10-16 BChl c molecules are associated with a dimer of 3.7
kDa peptides in chlorosomes. We used 130 Da as a typical amino acid weight to estimate
the number of amino acids in the protein.
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residues divided by the number of chromophores found in light-harvesting proteins isolated

from several different photosynthetic organisms. The wide range of the protein to
chromophore ratios is indicative of the widely different organizational principles involved

in arranging the chromophores as described below.

(i) Phycobiliproteins. The phycobiliproteins have a relatively high protein to

chromophore ratio. They are membrane extrinsic and water soluble. Most of the
secondary étructure of phycobiliproteins of known structure consists of o-helices. The
chromophores of the phycobiliproteins, linear tetrapyrroles, are covﬂently bound to
cysteine residues. In addition to their covalent binding, they are involved in many non-
covalent interactions with the protein, which holds the chromophore tightly in a pocket.
The closest separation between chromophores in phycobiliproteins of known structure is
~ 20 A.- The properties of the isolated bilin chromophores are dramatically different from
those of the native protein-bound foﬁn. The properties of the phycobiliprotein, C-
phycocyanin, will be described in more detail in the latter pait of this chapter.

(ii) EMO protein. The bacteriochlorophyll a (Bchl a)-protein isolated from the
green photosynthetic bacterium Prosthecochloris aestuarii was the first light-harvesting
protein to have its crystal Stmcture determined.!” This protein, often referred to as the
Fenna-Matthews-Olson (FMO) protein, contains a somewhat lower protein to chromophore
ratio than the phycobiliprotein C-phycocyanin and is also membrane extrinsic and water
soluble. Each monomer contains seven Bchl a-molecules at nearest neighbor separations of
12 to 15 A (center-to-center) held inside a B-sheet structure which completely surrounds
and protects the chromophores from the surroundings. The chrorhophoreé are non-
co?alently associated with the protein, as with all chlofophyvll proteins of known structure.
Nearest-neighbor contacts, especially between the long hydrophobic phytyl tails of the Bchl

are probably also important in determining the orientation of the chromophores.!”
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(iii) LHI. LHII. Containing a much lower protein to chromophore ratio than the -

phycobiliproteins and the FMO protein, the light harvesting antennas found in purple
bacteria are membrane intrinsic proteins. The antenna composition in purple bacteria is
species dependent, but most species have been found to contain at least two component
types: LHI absorbing at long wavelengths (typically 875-890 nm) is in close contact with
~ the reaction center, and LHII absorbing at shorter wavelengths (typically 800-850 nm) is
peripheral to the reaction centers.!® The LHI and LHII (and sub-classes of these)
components of some organisms'have been separated from each other by detergent
fractionation and shown to retain the main features of the absorption spectrum of the native
complex.!® The minimal unit of these proteins, like the phycobiliproteiris, is thought to be -
an o and a B subunit in 1:1 association, based on the primary structure of the light-
harvesting polypeptides determined in several species.!® Spectroscopic and biochemical
analyses indicate that 2-3 BChl a and 1-2 carotenoids are associated with the minimal o~
protein unit. Zuber has used the polarity of the amino acids found in the o and B
polypeptides of Rhodospirillum rubrum to propose a structural model in which membrane
spanning, cytoplasmic and periplasmic portions of the protein vare assigned.!® In addition,
he suggests that conserved histidines on both subunits probably serve as Bchl a-binding
sites. An interesting featﬁre of the purple bacterial light-harvesting systems is that the
longest wavelength absorbing component in some organisms is lower in energy than the
direct absorbance of the reaction center. This has lead some researchers to propose that the
long wavelength pool acts as a sink for the reaction center.!> Although a great deal of time-
resolved spectroscopic work has been done on these systems, more detailed structural
information is not yet available for the light-harvesting complexes of purple bacteria.

(iv) LHCII. The light-harvesting complex associated with photosystem II in higher
plants (LHCII) is, like LHI and LHII, a membrane intrinsic protein which can be
solubilized in the presence of détergents. The amino acid to chromophore ratio found in

LHCII is also similar to what is found in LHI and LHII of purple bacteria. The electron



crystal structure of LHCII has been recently elucidated to 3.4 A resolution.2%-2! This
resolution is not high enough to allow distinction between chlorophyll a and chlorophyll
molecules or to establish the relative orientations of chromophores. Howévér, the authors
have identified 12 regions in the electron density map as likely locations of chlorophyll
molecules. The chromophores are aggregated into two semi-planar clusters with nearest
neighbor center-to-center distances within each cluster being 9 to 14 A. The distances
between chromophores in different clusters are somewhat longer than the intracluster
distances, leading the authofs of the crystai structure to speculate that chromophores-within
the clusters are excitonically coupled, whereas Forster-type energy transfer may be more
important in describing the inter-cluster chromophore interactions.?! Three membrane-
spanning o-helical regions have been identiﬁed and these seem to act more as a scaffolding
from which the éhromophofes are hung than as a binding pocket. It may be that the
chromophores, already imbedded in the lipid biiayer, need less protectiori from the
surrounding environment than do chromophores in membrane extrinsic proteins.

(v) Chlorosomes. At the low end of the spectrum of protein to chromdphore ratios
1s the chlorosome complex isolated from green photosyrithetic bacteria. In chlorosomes the
protein to chromophore ratio is so low that an entirely different method of organization is to
be expected. No atomic-level structure of these complexes is yet availa‘ble, but evidence
points to high levels of aggregation between.chromophores as an important strucfural
feature in these complexes. Beyond the fact that the low levels of protein associated with
these complexes would make it unlikely that the chromophores are not in Van der Waals
contact with each other, it has been found that chromophores isolated and purified from
chlorosomes will aggregate in non-polar solvent?? and that protein-free chlorosomes can

closely replicate the spectral properties of native protein-containing chlorosomes.?>

From this brief look at a few light-harvesting systems, it is obvious that

generalizations about their organization are difficult to make. In phycobiliproteins each



chromophore is held in its own tight-binding pocket. In the FMO protein the
chromophores are clustered together in one bag of B sheeting. In LHCII the chromophores
are more loosely associated with the membrane-bound protein and are separated into two
clusters. In the chlorosome chromophére-protein interactions appear to play only a

~ secondary structural role compared to strong chromophore-chromophore interactions.
What may be more susceptible to generalization among light-harvesting complexes
 is the mechanism by which energy is transferred from chromophore to chromophore for a
given geometry and‘interaction energy. We have already briefly discussed mechanisms that
have been adopted from efforts to explain the fluorescence sensitization effect. Quantitative
tests of these mechanisms in light-harvesting systems have been frustrated for two main
reasons: (i) a lack of structural information at the molecular le\;el, and (ii) the difficulty in
separating the spectral properties of the individual chromophores in a given light-harvesting
system. As a result, muchvwork in the area of photosynthetic energy transfer has relied on
such techniques as fitting a single broad absorption band to multiple gaussians in an attempt
to extract component spectra, and using lattice models of chromophores in random
orientations to describe antenna arrays. It is possible that such models can provide
information about the overall patterns of energy migration within the whole antenna, but
certainly to understand energy transfer at the molecular level, more detailed structural and
spectral information must be used.

The x-ray crystal structure of the FMO protein has been available for ~15 years, but
the detailed absorption spectrum and circular dichroism spectrum still cannot be
satisfactorily explained using the properties of isolated Bchl a in conjunction with the FMO
structure. Evidence that the FMO chromophores are excitonically coupled appeared even
before the crystal structure was elucidated. Philipson and Sauer found that the weak CD
spectrum of isolated Bchl a is replaced by a strong CD spectrum in the intact protein
complex.?* Further, the 77 K absorption spectrum of the intact complex shows several

resolved peaks of widely varying relative magnitude not seen in spectrum of the isolated



BChl a molecule. These results provide strong evidence for the presence of exciton
interactions between chromophores in the FMO protein. However, it has since been

shown that placing 7 identical Bchl a-chromophores at the sites indicated by the crystal

- . structure and calculating the excitonic splitting, does not lead to a close representation of the

absorption or CD spectra of the intact complex.!” This is undoubtedly due at least in part
‘to the fact that the 7 chromophores are not in identical environments and would not show
identical spectral properties even in the absence of exciton coupling. Lu and Pearlstein®
have recently improved the fits to the 77 K absorptioh and CD spectra by treating the site
energies and absorption bandwidths of all seven chromophores in the FMO monome\r
~ protein as variable parametérs. However, the detailed spectral resolution of the seven
chromophores has yet to. be experimentally accomplished. A method that has recently
shown some promise is spectral hole burning at low temperatures.?

As was already mentioned, the electron crystal structure of LHCII is an exciting
de:velopment for the study of energy transfer in light-harvesting .proteins. However, at
34 A reSolution, the structure does not allow one to distinguish between chlorophyll a and
b or to fix the relative orientations of the chromophores with much ccrtainty. In addition,

- the presence of 12 chlorophylls within each monomer will make the detailed modeling of

energy transfer in this protein an extremely challenging problem because the precise

spectral properties of the chrombphores will be difficult to resolve.

C-Phycocyanin (PC) |

The phycobiliproteins are amenable to the study of energy transfer for just those
reasons mentioned above that have frustrated energy-transfer mbdeling in other light-
harveéting proteins: (i) the detailed x-ray crystallographic structures of 'phycobiliproteins
from several organisms have now been determined,?’-2 and (ii) the phycobiliproteins

| contain few chrofnophores per protein subunit (see Table 1.3), making resolution of the
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individual chromophore properties more feasible than in many other light-harvesting

proteins.

The sequence homologies among the phycobiliproteins isolated from Mastigocladus
laminbsus are shown in Table 1.2.30 The érystal structure of C-phycocyanin (PC)?’ was
determined several years beforé the structure of phycoerythrocyaniri (PEC).? Based on
the high sequence homology between the subunits of PC and PEC, high structural
similarity could be predicted and was confirmed once the structure became available. PC
has also béen used as a model of allophycocyanin (APC).313%2 This analogy is somewhat
weaker due to the iower sequence homology between the subunits of PC and APC. The
sequence homology of the same phycobiliproteins isolated from different organisms is very
high (60-90%)3? indicating high structural similarity, as has been observed in the crystal
structures of PC isolated from three different organisms.?”?

The phycobiliproteins found in cyanobacteria assemble to form a large multi-protein
complex called the phycobilisorﬁe (PBS). The composition of the PBS depends on the
species from which it is isolated3 as well as the growth conditions3* (light conditions,
nutrient availability). A typical phycobilisome has a molecular weight of 1 x 107 and
contains SCO chromophores.3> Phycobilisomes are attached to the outer (cytoplasmic)
surface of the thylakoid membranes and transfér most of the energy that they capture to
Photosystem II (PSII). The intact complex, like the individual phycobiliproteins, is water
soluble and readily detached from the membrane.3¢

From electroﬁ microscopy the PBS can be seen to consist of two regions: a core of
cylindrical elements from which radiate several cylindrical rod elements (see Figure 1-1 for
a model of a typical PBS). The core of the PBS is in contact with the thylakoid membrane.
The chromophore composition and structure of the rods, and to a lesser extent the core, are
well characterized.3337 The phycobiliproteins found in the rods of the PBS differ
depending on species, but C-phycocyanin (PC) is the major rod phycobiliprotein found in

many species of cyanobacteria. Additional phycobiliproteins that are commonly found in



Table 1.2 Amino acid homology (in %) among the phycobiliproteins C-phycocyanin

(PC)*’, phycoerythrocyanin (PEC)3C, and allophycocyanin (APC)*® isolated from the
cyanobacterium Mastigocladus laminosus, as calculated by Fiiglistaller et al. 3 '

11

oPC BPC oPEC BPEC 0APC | pBAPC
oPC 27 62 26 30 24
prc 26 67 37 39
oPEC 21 26 24
BPEC 36 34
aAPC | 38

BAPC
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core - rod

Figure 1-1. Model of the phycobilisome found in Synechococcus sp. PCC 7002 based
on electron micrographs (see for example reference 63).
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Table 1.3 Selected properties of sorrie of the phycobiliproteins commonly found in
cyanobacteria, adapted from reference 39.

Phycobili- Chfomophore content?: Abs. Fluor.  Position in
protein _ Max.b Max.b the PBS
a ' B (nm) (nm)
allophyco- 1 PCB 1 PCB 650 660 . core
~ cyamin ' .
C- 1 PCB 2 PCB 625 650  rod-
phycocyanin proximal to
: core .
phycoerythro-| 1 PXB 2 PCB 575 625 rod - distal to
cyanin ‘core
C- | 2 PEB - 3PEB 565 57T rod - distal to
phycoerythrin » ‘ core

aChromophore abbreviations: PCB = phycocyanobilin, PEB = phycoerythrobilin, PXB =
phycobiliviolin. The structure of protein-bound PCB is shown in Figure 1-3. The
chemical structure of PEB is the same as PCB except that the bridge between rings C and D
is saturated in PEB.%®-61 The chemical structure of PXB is the same as PCB except that
ring A contains a double bond and the bridge between rings A and B is saturated in

PXB.29:62

bAbsorption and fluorescence maxima are for purified phycobiliproteins at pH values
near 7. '
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the rods include phycoerythrocyanin and C-phycoerythrin. The major component of the

core of the PBS is allophycocyanin. As shown in Table 1.3, theée phycobiliproteins
contain differing numbers and typés of chromophores (bilins). All known bilins in
phycobiliproteins are open-chain tetrapyrrole molecules.

The phycobiliproteins are arranged in the PBS in order of decreasing energy (as
estimated from their absorption and fluorescence maxima, see Table 1.3) in going from the.
core-distal ends of the rods to the core. This energetic arrangement has been described as
funnel-like because the rod components are more abundant than the lower energy core
components. In particular, it is thought that only a few very long-wavelength emitting
chromophores in the core act as the energy transmitters between the PBS and PSIL3C In
PBS that have been detached frém the membrane but are otherwise intact, these
chrombphores act as "terminal emitters”, from which most of the fluorescence is observed.
This picture of the phycobilisome has been clarified by time-resolved fluorescence studies
of whole cyanobacterial cells. For example, Mimuro et al.®® used a 540 nm pulse of light
to excite phycoerythrin selectively in whole cells of Fremyella diplosiphon and Tolypothrix
tenuis. They were able to observe the progressive movement of tﬁe excitation energy as a
function of time from phycoerythrin to phycocyanin to allophycocyanin, finally resulting in
Chl a emission from Within the thylakoid membranes.

In addition to phycobiliproteins, several "linker" proteins are found in the PBS. A
large linker in the core of the PBS is thought to be responsible for structural organization of
the core and also possibly for binding of the core to the thylakoid membrane. This linker
also holds a bilin chromophore which appears to act as one of the terminal emitters of the
phycobilisome. Linkers in the rods of the PBS contain no chromophores, but have been
observed to modify the spectroscopic properties of the rod phycobiliproteins in addition to
serving structural roles. Different linkers have been suggested to be involved in
determining the len.gth of the rods (capping linkers), linking the phycobiliprotein disks

together, and binding the rods to the core.?”
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The studies described in this thesis were performed on PC isolated from

Syhechococcus sp. PCC 7002. Figure 1-1 shows a model of the phycobilisome isolated
from this organism. PC is the only phyr:obiliprotein found in the rods of the PBS in this
organism. PC from Synechococéus sp. PCC 7002 has been crystallized in the hexameric
aggregation state.?’ The x-ray diffraction crystal étructure shows that PC morromers
aggregate into trimers around a 3-fold axis of symmetry. A single trimer of PC is
represented in Figure 1-1 by a6 nm x 12 nm rectanglé (the axis of symrnetry is in the piarle
of the paper innting towards the core). An enlarged view of the PC trimer is shown in
Figure 1-2 with the axis of symmetry pointing out of the paper. Here the protein backbone
is representéd by a ribbon (a subunit in light shading, B subunit in dark shading) while the
chromophores are rc;presented by their carbon stick structures.: The three chromophore
types on a single monomer in Figure 1-2 are shown labeled according to the prr)tein subunit
(ot or B) and cysteine residue to which they are attached by a thioether linkage. The Bgs
chromophore on a neighboring monomer is indicated with a prime. The amino acid |
numbering scheme is based on a convention established by Fiiglistaller et al.3° (Thc actual
sites of chromophore attachment in PC isolated from Synechococcus sp. PCC 7002 are
ag4, Bs2, and Bis3). The disk-shaped trimers stack face-to-face along the axis of
symmetry to form the hexamers seen in»the crysral structﬁre. It has been suggested that
these hexamers stack along the same axis to form the rods of the PBS.4° |

PC has been extensively studied for its light absorbing and energy transferring
abilities. In spite of the detailed structural information available, the spectral properties of
the three different chromophore types found in this prdtein are still uncertain. The three
chromophores are chemically identical (see Figuré 1-3 for thé protein-bound chromophore
structure). As the high resolution crystal structures of this protein show,?” however, each
chromophore is held in a unique protein binding pocket, which makes each chromophore
spectrally unique. Figure 1-4, taker1 from the crystal structure of PC, shows the 0ig4

chromophore surrounded by some of the amino acids that form its binding pocket.
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Phycocyanin Trimer

Figure 1-2. Crystal structure of C-phycocyanin in the trimeric state.?’ The protein
backbone is represented as a ribbon structure. The carbon backbone of the chromophores
are shown as stick structures.
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Cys

Figure 1-3. The chemical structure of the protein-bound phycocyanobilin
chromophore.40



Figure 1-4. Stereo view of the binding pocket of the g4 chromophore based on the
crystal structure of C-phycocyanin isolated from Mastigocladus laminosus.?’
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- Schirmer e al.2” have described the chromophore-protein interactions in PC, and v
we summarize their ‘conclusionsl in this paragraph. All three chromophore types are
covalently bound to cysteine at the A ring of the tetrapyrrole. The nitrogen atoms on the B
~ and C tetrapyrrole rings of all three chromophore types are within hydrogen bonding
distance of an aspartate residue (ASP 87 in Figure 1-4). The propionic side chains of the
chromophores form salt bridges with nearby arginine and lysine residues (ARG 79 and

| ARG 86 in Figure 1-4). Except for ring D of §; 55 which is twisted out of the plane of the
-other chromophores by 107°, th¢ pyrrole rings of the three chromophore types show an
almost perfect superposition when overlaid. The propionic side chains of the three

* chromophores do not overlay When the pyrrole rings are overlaid.

" The phycocyanobilin (PCB) chromophore in PC has an extinction coefficient in the

“visible region which is about five times greater than that of the isolated chromophore.
Furthermore, PCB in PC has a fluorescence quantum yield roughly three orders of
magnitude greater than isolated PCB and a correspondingly longer fluorescence lifetime.*!
All of these properties fnake the PCB chrornophore in PC a much more efficient ehergy
collector than the isolated chromophore. The dramatic differences between the isolated and
PC-bound properties of the PCB chromophore can be related at least in part to
conformational differences. It is now well established that alone in solution the tetrapyrrole

| chromophore adopts a ring-shaped conforma_tion, whereas in PC the chromophore is held

~ in a more linear conformation 3?4243 It is likély that the .rigidity with which the

chromophore is held by the protein helps to reduce paths of non-radiative decay.

~ Scharnagl et al.#43 have investigated the non-covalent interactions between the
chromophores and protein by including nearby amino acid residues in quantum mechanical
calculations of the abéorption and CD spectra of the chromophores in PC. They conclude
fhat several tautomeric forms of the amino acids are in equilibrium at room temperature.

The specific charge distribution around the chromophores is responsible for the wavelength

tuning and inhomogeneous broadening of the chromophore absorption and CD spectra.



: 20
The visible regions of the absorption and fluorescence spectra of monomeric

(otPCBPC) and trimeric (oPCPFC); PC at room temperaturé (RT) consist of a single broad
feature, indicating that the spectra of the three chromophore types are strongly overlapping.
Further complicating the spectral resolution of the chromophores are the changes in
absorption and fluorescence as a function of the protein aggregation state. PC has been
isolated in the monomeric, triméric, and hexameric forms, and it has generally been
observed that the fluorescence and absorption maxima shift to the red with increasing
aggregation state. Aggregated PC has also been isolated in association with the different
linker types found in' the rods of the PBS.4647 Although these rod linkers lack any
chromophores of their own, they have been found to modify the spectroscopic properties
of PC, most dramatically affecting the fluorescence quantum yield.*® Additionally the oPC
and BPC subunits of the protein, holding one and two chromophores, respectively, have
been separated and studied spectroscopically.4%-52

The work described in this thesis is focused on making a careful comparison of
experimentally resolved and theoretically predicted rate constants for energy transfer among
the chromophores in C-phycocyanin. As mention;ed earlier in this chapter, theoretical
predictions of the energy-transfer rate constants require knowledge of the relative energies
of the chromophores. In the Forster induced-dipole model of energy transfer, this energy
factor is calculated from the overlap of the fluorescence spectrum of the donor with the
absorption spectrum of the acceptor. We use several methods to achieve the resolution of
the absorption and fluorescence spectra of the chromophores in PC.

We take advantage of the fact that PC can be isolated in several different states of
aggregation starting with isolated o and  subunits, and monomers (o), up to trimers
(af)s. Of course, any spectroscopic shifts accompanying aggregation will need to be
considered as well. The crystal structures available are of PC in the trimeric and hexameric

state in the absence of any linkers.2’-28 For this reason, we have focused our experimental

measurements of energy transfer on linker-free preparations of PC.
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We use PC isolated from a site-directed mutant strain of Synechococcus sp. PCC

7002 that has been engineered by Dr. Jianhui Zhou in Professor Donald Bryant's
laboratory at Pennsylvania State University to be missing the B;55 chromophore.3723 This
was accomplished by site-directed alterationsb in the cpcB gene. The mutant strain PR6235
(cpcB/C1555) was constructed by deleting the chromosomal copies of the ¢pcB and cpcA
genes by interposon mutagenesis with aph2 genes of Pn5 and transComp]ementatioﬁ with
the biphasic shuttle vector pAQE19 which carries the wild-type cpcA gene and the mutaht
cpcB gene.53 In the mutant cpcB gene the cysteine at the P55 position has been
substituted with a serine. The result of the mutation is that the ;55 chromophore cannot
bind covaléntly and appears not' to be assc;ciated noncovalently with the B subunit. The
BPC subunit isolated from this mutant strain will be referred to in the rest of this thesis as
B*, while the mutant monomer and trimer will be referred to as ((xB*) and (af*)s,
respectivély.» The ability to remove one chromophore was a very useful tool both for
resolving the chromophore spectra and for resolving the energy-transfér kinetics.

We performed many of our spectroscopic studies at 77 K as well as at room
temperature (RT). In lowering the temperature from RT to 77 K the absorption specﬁa of
the B subunit, «f§ monomer, and trimer PC isolated from the wild-type organism all show
a peak splitting which provides a useful confirmation of our spectral assignments at RT.

The resolution of the ﬂﬁorescence spectra of the chromophores and the rate
constants for energy transfer between them were accomplished using»timé-resolved
fluorescence. The time-correlated single photon counting (TCSPC) technique was used to
measure the isotropic fluorescence decay of the PC subunits (oPC and BFC) and off
monomers iéolated from the wild-type and mutant strains. The energy-transfer Kinetics in
PC trimers are too rapid to be completely resolved by the TCSPC technique. Therefore, an
instrument was developed that allows for much better time-resolution by employing the-
fluorescence upcon.ve,rsion technique. The anisotropic fluorescence decay of PC

monomers and trimers isolated from both the mutant and wild-type strains were measured
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~ by the fluorescence upconversion technique. We use the Forster model of energy transfer

to compare the results _of these kinetic studies with theoretical predictions.

Before the work described in this thesis was begun, Sauer and Scheer’* had
alrea{dy published calculafions of Forster rate constants for energy transfer in PC based on
the x-ray crystal structure and rough estimates of the properties of the resolved
chromophores. These calculations matched our experimental results poorly and this was

one of the initial motivations for our more careful resolution of the individual chromophore

properties.
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Chapter 2. Materials and Methods

I. Biochemical Methods

Growth conditions and PC isolation

The wild-type and mutant strains were grown as desc}ribed by Gindt.12 The
mutant strain PR6235 (cpcB/C155S) was grown in medium that contained kanamycin (100
mg 1) and ampicillin (2 mg I'1). |

PC for the monomer studies (Chapters 4 and 5) was isolated usiﬁg a preparation
procedure slightly modified from that used for crystallography,? as described below. All.
buffer solutions contained 1 mM (Na) azide as a preservative. Cells, harvested by
centrifug_ation at 3500 x g, were suspended in an equal volume of 5 mM (Na) phosphate at
| pH 7.0, 25 °C. The cells were homogenized, and egg-white lysozyme and EDTAV
disodium salt were added to final concentrations of 1 mg ml-! and 10 mM, respectively.
This mixtﬁre was stirred for 1 h at 25 °C. Cells were then ruptured by passing them
several times through a French Pressure Cell at 22 GPa. The broken cell suspension was
centrifuged at 3'5,000 x g for 30 min at 4 °C. The blue supernatant was ultracentrifuged at
300,000 x g for 60 min at 4 °C. The supernatant was dialyzed overnight into 5 mM (Na)
phosphate buffer, pH 7 at 4 °C and then loaded onto a DEAE-cellulose (WhatmanvDESJZ)v
- anion exchange column that had been pre-equilibrated in the same buffer. The column was
washed extensively with 5 mM (Na) phosphate, pH 7, and the proteins were eluted with a
- linear gradient of 5 to 250 mM (Na) phosphate, pH 7.0. Wild-type PC eluted from the
column at around 100 mM (Na) phosphate. Allophycocyanin, the other main
phycobiliprotein component isolated from this organism, eluted primarily between 150 and
200 mM (Na) phosphate.

The above procedﬁre was also used to isolate PC from the cpcB/C155S mutant

strain. The PC of the mutant strain came off the column at a lower phosphate concentration
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than did the PC of the wild-type strain: about 50 mM phosphate for the mutant compared

to 100 mM for the wild-type. This meant that it was much easier to separate the PC from
allophycocyanin (APC) when using the mutant strain. We found that the ratio of PC to
APC isolated from the mutant strain was 1/5 that of the wild type strain. This estimate is
based on the integrated absorbance (at 624 and 650 nm for PC and APC, respectively) of
the isolated proteins, after correcting for the fact that the PC of mutant strain contains one
fewer chromophore per (o) monomer than does the PC of the wild-type strain.

PC for the trimer studies (Chapter 6) was isolated according to a procedure adapted
from that developed by Yu et al* All buffer solutions contained 1 mM (Na) azide as a
preservative. Cells, harvested by centrifugation at 3500 x g, were resuspended in 1 mM
(K) phosphate, 0.1 M NaCl, pH 7.0, and pelleted again by centrifugation. This washing
step was repeated three times, and the final pellet was resuspended in a roughly equal
volume of the same buffer. Cells were homogenized and then ruptured by passing them
several times throﬁgh a French Pressure Cell at 22 GPa. The broken cell suspension was
centrifuged at 35,000 x g for 30 min at 4 °C. The blue supernatant was ultracentrifuged at
300,000 x g for 60 min at 4 °C. The supernatant was then dialyzed (or gel filtered on
Sephadex G-25) into 1 mM (K) phosphate, 0.1 M NaCl, pH 7.0. The protein was applied
to a hydroxylapatite column equilibrated in the same buffer and washed with several
column volumes of the same buffer. PC was eluted with 35 mM (K) phosphate, 0.1 M
NaCl, pH 7.0. Allophycocyanin remained on the column during this step. The pooled PC
was then dialyzed (or gel filtered on Sephadex G-25) into 5 mM (K) phosphate, pH 7.0
and applied to a column (2.8 x 8.5 cm) of DEAE cellulose equilibrated with the same buffer
at 4 °C. Several column volumes of the same buffer were passed thrdugh the column, and
then the PC was eluted with a linear gradient of 5 mM td 125 mM (K) phosphate, pH 7.0
(400 ml total volume). A typical elution profile monitored at 624 nm is shown in Figure 2-

1a. SDS-PAGE of fractions ¢ollected during the first péak in the elution profile (at 30 mM
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chromatography of PC isolated from (a,top) the wild-type and (b,bottom) cpcB/C155S
mutant strains of Synechococcus sp. PCC 7002.
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(K) phosphate) showed the characteristic o and § PC bands and, in addition, bands at 33,

28,27, and 22 kDa. These bands are probably due to linker proteins and their degradation
products.>® SDS-PAGE of fractions collected after the large second peak in the elution
profile (at 60 mM (K) phosphate) showed ohly the characteristic 16 and 19 kDa bands
assignable to the o and B subunits of PC. These linker-free fractions were pooled and after
appropriate concentration by ultrafiltration (Amicon div., W. R. Grace and Co., type PM3_O
filters) and dialysis into 50 mM (Na) phosphate, pH 7.0, were used in the PC trimer
experiments described in Chapter 6. |

The above isolation procedure was also applied to the cpcB/C155S mutant strain of
Synechococcus sp. PCC 7002. A typical elution profile of the PC isolated from the mutant
strain is shown in Figure 2-1b. The elution profile contains only one peak and this peak
occurs at a slightly lower phosphate concentration (at 50 mM (K) phosphate) than the major
peak in the elution profile of PC isolated from the wild-type strain. SDS-PAGE of the
eluted fractions showed little evidence of protein other than the ¢ and B subunits of PC. Of
the four non-PC bands observed in the SDS-PAGE of the chrbmatographic fractions of PC
isolated from the wild-type strain, only two very faint bands at 27 and 22 kDa could be
observed in any of the chromatographic fractions of PC isolated from the mutant strain.
Fractions showing no evidence by SDS-PAGE of proteins other than the o and B subunits,
were booled and concentrated to make PC trimers for the experiments described in Chépter
6. When PCs isolated from the wild-type and cpcB/C155S strains were run along side
each other on SDS-PAGE gels, the a subunits ran at indistinguishable positions whereas
the  subunit of PC from the mutant strain consistently ran at a slightly lower molecular
weight position (by 1-2 kDa) than that of the wild-type strain. A reduction in the molecular
weight of the 8 subunit by 0.6 kDa would be predicted from the substitution of a cysteine

with a serine and the resulting absence of a phycocyanobilin chromophore.
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. Separation of the o and B subunits

High Performance Liquid Chromatography (HPLC) was used to separate the o .and ’
B subunits of PC as described by Swanson and Glazer’ with slight modifications. A
preparative scale column (17 mm x 30 cm, Waters, Delta Pack C18-300 A) was used with
a ﬂdw rate of 8 ml min-!- The elution profile was as follows: 0-2 min, 55% bﬁffer A-45%
buffer B; 2-37 min, linear gradient to 30% buffer A-70% buffer B. Buffer A coﬁtained
water with 0.1% TFA. Buffer B contained 2:1 acetonitrile:isopropanol with 0.1% .TFA.
For preparative scale runs, typically 10 mg of protein in 0.5 ml of 50 mM (Na) phosphate,
| pH 7, was mixed with an equal volurhe of 9 M urea, pH 3/HCI. 'Forv aﬁalytical runs (from
which elution times and relative absorption areas were célculated), typically 0.5 mg of
protein in 0.2 ml 50 mM (Na) phosphate, pHV7, was miked with 1.0 ml of 9 M urea, pH
3/HCl. This lower concentration of protein and higher concentration of urea were used in
the analytical runs to avoid the partial precipitation of the B subunit that was observed in the
preparative scale runs. Renaturation of the subunits following the HPLC separation was
performed as described by Fairchild et al.®

The o and B subunits of PC from mutant strain cpcB/C1 555 and from the wild-
type strain were separated by HPLC. The wild-type PC subunits, monitored at 660 nm,
separated 4.6 + 0.2 min apart (39.6 and 44.2 min for oC and BPC, respectively, from the
time of protein loading), whereas the mutant ¢PC and * subunits separated 3.4 + 0.2 min
apart. As expected, the oFC subunits from the mutant cpcB/C155S strain and wild-type
strain eluted at the same time. The B* subunit of strain cpcB/C155S eluted 1.2 minutes
earlier than that of the wild-type strain, and the ratio 6f the area (absorbance at 660 nm)

under the B peak to the area under the o peak was 44 + 3% lower for mutant strain

. cpcB/C155S than for the wild-type. This is consistent with the idea that the Bjss

chromophore is missing from B*. Renaturation of the subunits following separation was
attempted for the PCs of the mutant and wild-type strains. The oPC and BPC subunits from

the wild-type strain were separately renatured, and their summed spectra closely resembled
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that of (aPCBPC), as has been previously reported elsewhere.>!0 The renatured aPC

| subunit isolated from the mutant strain cpcB/C155S matched that isolated from the wild-
type in its absorbance spectrum. However, the B* subunit could not be renatured
completely as evidenced by a high UV to visible absorbance ratio! 12 (nearly 1:1 for B*
compared to 1:6 for BFC), and the oPC and B* absorption spectra did not sum to give the
(oPCB™) spectrum. For this reason, the spectral properties of isolated B* were not further
investigated. |
Separation of the subunits of PC was also performed by cation exchange
chromatography as described by Glazer and Fang.!?> The BPC samples used in the
experiments described in Chapter 4 were separated using the cation exchange procedure.
The oPC samples described in Chapters 4 and 5 were separated using the HPLC procedure.
The absorption spectra of the samples isolated by these two different techniques were
indistinguishable in the visible region. While the PC subunits from the wild-type were
cleanly separated (as evidenced by SDS-PAGE), using the same step gradient as that used
for the separation of the wild-type PC subunits, no clear separation of the (0PCB*) subunits
was observed. Analysis of the elution fractions by HPLC showed that cation exchange

chromatography resultéd in only a partial separation of the oPC and B* subunits.

Site-selected mutant strains

We performed spectroscopic studies on wild—typé PC and on PC isolated from a
mutant (cpcB/C1555) in which the cysteine at the P55 position has been substituted with a
serine.!* This mutant strain PR6235 (cpcB/C155S) was constructed by Dr. Jianhui Zhou
in Prof. Donald Bryant's laboratory at Pennsylvania State University by site-directed
alterations in the cpcB gene. The chromosomal copies of the cpcB and cpcA genes were
- deleted by interposon mutagenesis with aph2 genes of Pn5 14 and trans—complemcntatioh
with the biphasic shuttle vector pAQE19 which carries the wild-type cpcA gene and the

mutant cpcB gene. PC monomers and trimers isolated from this mutant strain cpcB/C155S
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are referred to in the rest of the thesis as (aPCB*) and (PCB*)3, respectively. PC

monomers and trimers isolated from the wild-type strain are referred in the rest of the thesis

as (0PCBFC) and (oPCPPC)3, respectively.

Determination of protein aggregation state: o and f subunits and (of)
monomers

Gel filtration (column dimensions: 50 cm x 1.5 cm) through a size exclusion
medium (Sephadex G-100, Pharmacia) was used to determine the aggregation state of
(0PCBRFC) and (oPCP*) and the isolated ocl’.C and BPC subunits. The filtration medium was
pre-equilibrated in the same. buffers used for the protein solutions: 5 mM (Na) phosphate,
pH 7, in the case of the oFC and BFC, and 1 M KSCN, 50 mM (Na) phosphate, pH 7, in
the case of (PCBPC) and (0PCB*). The solution to bé filtered was approximately 1.5 ml in
volume and contained vitamin B-12 (1.35 kDa, 01 mg) and the following proteins: equine
myoglobin (17 kDa, 0.5 mg), chicken ovalbumin (44 kDa, 1 mg), bovine gamma globulin
(158 kDa, 1 mg) thyroglobulin (670 kDa, 1 mg) (Gel Filtration Standards, Bio-Rad), in
addition to 0.5 mg of the protein sample whose aggregation state was to be determined.
The eluant fractions were characterized by absorption spectroscopy and SDS-PAGE.

Size exclusion chromatography in 1 M KSCN, 50 mM (Na) phosphate, pH 7,
indicated that at protein concentrations of approximately 0.5 mg ml-! the PCs of the wild-
type and mutant strains were ménomeric. The PC samples réferred to as (aPCRFC) or
(oPCB*) are in this buffer. By the same method, oPC and BPC were found to be dimeric in
5 mM (Na) phosphate, pH 7, at concentrations of approximately 0.5 mg ml!. All PC
subunit samples referred to are in this buffer unless otherwise indicated. Addition of 1 M
KSCN to the oF€ and BFC subunit solutions had no observable effect on their absorption or
fluorescence spectra. ,

The addition of 75% glycerol had little effect on the RT absorption speétra of the

PC samples other than a 1-2 nm red shift of the absorption and fluorescence maxima. The



: 34
RT excitation polarization spectra of all samples were unaffected by the addition of 75%

glycerol. Lowering the temperature to 77 K had no effect on the oFC and (oPCB*)
excitation polarization spectra. The limiting polarization value at long wavelengths4 in the
excitation polarization spectra of the BPC and (oPCPPC) samples was not decreased in going
from RT to 77 K. These results show no.indication that the aggregatioh state of the
samples is affected by the addition of 75% glycerol or the lowering of the temperature to
77 K (for example, the aggregation of (dFCBFC) to («FCRPC); has been shown to result in

a dramatic decrease in fluorescence polarization!©).

Determination of protein aggregation state: (af) trimers

Ultracentrifugation was used to determine conditions for which PC is stable in the
trimeric aggregation state. Samples (50-100 pl) were layered onto the top of a 5 to 20%
linear sucrose gradient containing the same buffer as that used for the sample under
investigation. The gradients were run at 20 °C, in a Beckman SW50.1 swinging bucket
rotor, at 45,000 rpm (250,000 x g) for 14 h. Sedimentation coefficients were extracted
from standard curves measured under the same conditions (Beckman Instruments, Inc.,"
publication DS-528A). The sedimentation coefficients of PC in the monomer, trimeric, and
hexameric states have been previously reported elsewhere!” to be 2.3, 5.4, and 11 S,
respectively. -

Using linker-free preparations of PC, we find that in 50 mM (Na) phosphate, pH

7.0, PC is stable in the trimeric state at protein concentrations of 0.1-0.4 mg ml-! (Ap.x =

1-4 cmy!) and 1.5-6 mg ml-! (Apax 10-40 cmr!) when isolated from the wild-type and
cpcB/C155S mutant strains, respectively. The high concentration of PC from the mutant
strain is necessary in order to prevent partial dissociation of trimers into monomefs. On the
other hand, the observed sedimentation coefficients indicated that PC from the wild-type
strain undergoes partial conversion to hexamers when the protein concentration is > 1 mg

ml-!. Samples described as PC trimers in Chapter 6 were at concentrations of 0.2 mg ml-!



' 35
(Amax = 2.0 cm!) and 3 mg ml-! (Apax = 20 cm-!) for the PCs isolated from the wild-type

and mutant strains, respectively:

1. Spectroscopic Methods

Steady-state measurements } ‘

Absorption spectroscopy was performed on an Aviv 14DS UV-VIS-NIR
spcctr'ophotometer (Aviv, Inc., Lakewood, NJ). Most absorption spectra were recorded
using a 1 cm-quartz cuvette. For the comparative absorption studies of PC trimers from the
wild-type and cpcB/C155S mutant strains (Chapter 6), it was necessary to use a shorter
path-length cuvette because of the hi gh protein concentration requiréd to keep the PC from
the mutant sfrain sté.ble in the trimeric aggregation state. Absorption spectra of PC. trimers
from the mutant and wild-type strains were measurcd using quartz sample cells with path
lengths of 0.10 and 1.00 mm, respectively. |

Steady-stéte fluorescence spectra were measured on a SpeX Fluorolog fluorimeter
(Spex Industries,(Edison, NJ). Samples used for fluorescence measurements were diluted
to have a peak absorbance of less than 0.1 in a 1 cm cuvette. Samples were excited with
an approximately 4 nm bandwidth of light and the emission bandwidth was limited to
<2nm. Spectra were corrected for the wavelength dependence of the efficiencies of the
monochromators and detector. Absolute fluorescence quantum yields, ®g, were measured
by comparison with reference dyes according to the following formula dcveloped for
optically dilute solutions!®: |

o A0 Y1) n2\ D, )
= q’“[AM»](I(M)(nE )( D,J -1

Subscripts r and x refer to the reference and unknown solutions, respectively. A(A) is the

absorbance of the sample at the excitation wavelength. I(4) is the relative intensity of the
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exciting beam. n is the refractive index of the bulk solution. D is the integrated area under

the emission spectrum.

Low temperature measureménts

Glycerol was added (75% (v/y)) to samples that were to be exposed to-low
temperatures. For 77 K isotropic fluorescence measurements the sample, in a pol?sfyrene
| 1 cm cuvette (Baxter Scientific Products), was quickl}-/ immersed in liquid nitrogeﬁ ina
flat-faced optical dewar. After reaching 77 K, the samples had the appearance of a cracked
glass. For low temperature absorbance measurements and polarized fluorescence
measurements, a variable temperature liquid nitrogen cryostat was used (Model DN1704,
Oxford Instruments). The sample was again held in a 1 cm polystyrene cuvette. At 77 K,
samples in the cryostat had a clear, un—cr&;cked glassy appearance. Steady-state excitation
polarization spectra (emission: 680 nm, excitation: 500-660 nm) were collected for all
samples types which were to be exposed to low temperatures (oPC, fFC, (aPCBPC),

(oPCB*)). Spectra were recorded at RT with and without 75% glycerol added and at 77 K

with 75% glycerol added.

Time-correlated single photon counting instrument

The time-correlated single photon counting (TCSPC) instrument for measuring
time-resolved fluorescence has been described in detail elsewhere.!”18 The instrument
response function (IRF) was measured at room temperature using a scattering solution in
place of the sample. For the 77 K experiments, the sample itself was used as the scatterer
for the IRF measurement so that repositioning of the frozen sample between measurements
wés avoided. With the monochromator set at the exciting wavelength, less than 1% of the
detected photons was due to sample fluorescence. IRFs, measured either before or after
each fluorescence decay measurement, were 50-80 ps (FWHM). The time resolution-was

enhanced by deconvolution of the raw data with the IRF. At each emission wavelength, an
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approximately 10 ns fluorescence decay window containing 1024 channels was acquired

until 10,000 counts had been accumulated in the peak channel. Time-resolved emission
spectra (TRES) were constructed from these individual decays. Spectra were corrected for
changes in laser intensity, the wavelength dependence of the efﬁcieﬁcy of the detection
scheme, and duration of data acquisition. A polarizer set at 54.7° (magic angle dete‘ction)
relative to the polarization of the laser, was placed between the sample and the

monochromator so that isotropic fluorescence decay was recorded.

Fluorescence upconversidn instrument

The fluorescence upconversion instrument for measuring time-resolved
fluorescence with 1 ps time resélution is described in the following chapter. Samples were
flowed through the excitation beam in order to avoid detection of photodestruction effects.
The'sample reservoir was chilled on ice. A total sample volume of ~ 5 ml was used for
each expcrime;nt. The path length of the flow cell was 1.0 mm in most experimenfs. For
the expériments described in Chapter 6, the path length of the ﬂdw cell was 0.1 mm and
1.0 mm for PC trimers isolated from the mutant and wild-type strains, respectively. The
optical density of the samples was typically 0.2 or less in order to limit Self-absorbtion
effects. Laser pulse widths were tuned while diverting a portion of the beam into a
rotating-mirror autocorrelator. Instrument response functions were measured in the same
way that the fluorescence upconversion signals were measured except that the

monochromator was set to half the wavelength of the excitation source.
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lll. Modeling and Computational Methods

Modeling chromophore excited-state populations

Following excitation by a laser pulse, a system of chromophores connected by
energy transfer will undergo equilibration among the excited-state populations of the
chromophores. If the rate constants for energy transfer between the chromophores are
large compared with the rate constant for net excited-state decay, a pseudo-equilibrium
state, in which the relative excited-state populations of the chromophores are characterized
by a Boltzmann distribution, will be reached and maintained during the decay of the net
excited-state population. Such a pseudo-equilibrium state is probably commonly achieved
in isolated photosynthetic light-harvesting proteins whose chromophores typically have net
fluorescence lifetimes of > 1 ns but are coupled by energy transfer processes with decay
times of < 100 ps. C-phycocyanin, the subject of our studies, has a fluorescence lifetime
in the 1 to 2 ns range, and as we shall see (in Chapters 4-6), much faster relaxation times
due to energy transfer between chromophores.

We start by considering the time-dependence of the excited-state populations in a
system of two non-identical chromophores coupled by forward and back energy transfer.
We assume that the chromophores are spatially fixed so that the rate constants will not vary
as a function of time.

Two chromophore model

kap

Ka
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If net decay of the excited-state populations is for the moment neglected, the rate of change

of the excited-state populations of a and b can be described by:

da(t)

=k, b(t) — k ,a(t) | @29

ilz-i'(fl = k,a(t) - k,,b(1) | (2-2b)

Solving for the excited-state populations of a and b as a function of time we find:

a(t)=a,, +(a —a,)e T (2-32)
b(t)y=b_+(b,— b, )e tatha) ' ' (2-3b)
eq 0 eq
‘ k k
where: =a(0), b, = b(0), =l p —_ Lab 23
' % =a(0) ° ©). a, kpp+hy 7 kytky, (2:3¢)

kap is the rate constant for energy transfér from chromophore a to chromophore b. At
t=0, the pbpulation of each chromophore (a or by) is determined only by vitsbrelative
absorption at the exciting wavelength. This starting population decays to the €quilibrated
population ratio determined by the forward and back energy-transfer rate constants. Net
excited’—state decay can be included in our mod¢1 by relying on the‘assum_ptivon discussed
above that the rate constant fo_r net excited-state decay is much smaller than the sumn of the
rate constants for energy transfer between the two chromophores. In this case, the excited-
state populations are mulfipliéd by an exponential term whose rate constant, kg, describes

excited-state decay by processes other than energy transfer:

a(t) ={a,, +(a, —a,,)e " )™ (2-4a)
b(t) — {beq + (bo _ beq )e—l(knb +k@ )}e—lkd . (2-4b)

The time-resolved fluorescence observed from such a twb-chromophore system .
will depend on the relative excited-state populations of the two chromophores and their

relative emission intensities f,(A) and f,(A) at the observation wavelength:
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S(A,5)=a)f,(A)+b(1)f,(A) : (2-5)

The relative emission spectra of chromophores a and b can be resolved by comparing the

fluorescence intensities at two delay times, 7 and , relative to the excitation pulse:
fa(A.t)= S(4,1)b(r) - S(A,0)b(%,) -

(2-6a)
a(t,)b(t) —a()b(t,)

S(A,t,)a(t) - S(A,Da(t,)
Ab) = 0 & 2-6b
HAD = e —batty) (2-60)

The above treatment of a two chromophore system can be extended to systems of
three or more chromophores. A general method of solving for the excited-state populations
in a multi-chromophore system is:

(1) Laplace transform the set of coupled differential equations describing the
rate of change of the chromophore excited-state populations.

(2) Solve the resulting set of linear equations for the Laplace tfansforined
excited-state population. '

(3) Inverse Laplace transform the excited-state populations using the

Heavyside Expansion Theorem!® which states that if all roots of Q(s) are simple,

and if the degree 6f P(s) is less than the degree of Q(s):

L-l{-@}=i@e~' | | @7
o)) Q)

where L-/ represents the inverse Laplace transform, Q'(x) ié the first derivaﬁve with

respect to x, and r; are the roots of Q.

We have applied the above method to the case of three non-identical chromophores,

| all coupled by energy transfer, and use the results to model PC monomers as described in
Chapter 5. The excited-state populations of the three chromophore types can be described
by a sum of three exponentials. The three exponential rate constants are the sarhe for each
of the chromophore popﬁlations, but the amplitudes are different. This means that the

observed isotropic fluorescence emission decay can also be described by a sum of the -
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exponentials. In fact this is a general result: the isotropic fluorescence decay observed

from a system containing n non-identical chromophores can be described by a sum of n

exponential terms. -

Modeling time-resolved fluorescence anisotropy
We next describe a general method for calculating the time-resolved ﬂuoréscence
* anisotropy expected from a multi-chrombphore system. The experimentally measured
- fluorescence anisotropy, r, is calculated from the fluorescence signals collected with
parallel (/,4,4) and pgrpendicular (Iperp) polarizations relative to the excitation beém,
according to: _
' I (t,A)=I_ (1, A)

AU Wy R '. 2-8)

para perp

We model the parallel and perpendicular fluorescence intensities by considering the fate of
- the excitation energy when it is initially placed on each different chromophore in the
- system. The relative probability of a particular chromophore being excited depends on its
relative absorption at the exciﬁtion wavelength. The contribution of a particular
chromophore to the observed ﬂﬁorescence depénds on its excited-state population as a
function of time as well as its relative emission intensity at the observation wavelength.
The relative contribution of a particular chromophore to the parallel and perpendicular
fluorescence intensities also depends on which chromophore in the system was initially
excited. Transfer of excitation energy from an initialiy excited chromophore to a spectrally
identical but spatiallyv different chromophore leads to a decrease in the observed parallel
polarized emission intensity by a factor of (2y2+1)/3 and an increase in the perpendicular
polarized emission intensity by a factor of (2-72), where v is the cosine of the angle
between the transition dipole mbments of the two chromophbres.

Combining these dependencies to describe the fluorescence anisotropy of a model

containing two non-identical chromophores we have:
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Ipara (t’ /lex ’ A’em) = ga (Aex ){3dl,0(t)fa (A'em ) + (2 },2 + 1)bl,O (t)fb()’em )} +
(2-9a)

8;,(/1“ (¢ }’2 + 1)“0,1 (t)fa (A'em) + 3bo_1 (t)fb(/lm )}

Il’erp (t’ A’ex 4 A‘em ) = ea (A'ex ){al.O (t)fa (A'em) + (2 - 72 )bl.O (t.)fb (A’em )} + (2 9b)
£,(A N2 ¥))ao, () f (A,,) + by (D) fo(A,,)}
where 4., and A,,, are the wavelength of the excitation laser and the wavelength at which
emission is observed, respectively. &, is the relative absorbance of chromophore x, while
fx is the relative emission intensity of chromophore x. The subscripts on the excited-state
population terms denote which chromophore the excitation started on, with (1,0) indicating
that the excitation started on chfomophore a and (0,1) indicating that the excitation started

on chromophore b. Substituting the chromophore population equations (2-4) into the

above equations (2-9) we find that:

={34, + 27’ +1)A, +[3A3—(2y2+1)A2]e""‘ab'+"~’}e""d ’ (2-102)

1 para

Lo ={A +(2- s A, +[A, - (2 - 7 )Azle_t(k"”kb“)}e_tkd (2-10b)

Al - Safakha + 8bfbkab , A2 — éafbkah + 8bfakba

A, = Eafakab + Sbfbkba (2-10C)
kab + kba ’ kab + kba

>3 k, +k,

where:

Substituting these equations into equation 2-8 we can see that the residual anisotropy of a

model system containing two non-identical chromophores is:

() = 244 ; 14(13125;:)‘42 2-11)

If the two chromophores have identical properties, the above equations (2-10) simplify to:
L =2{(Y" +2) + (1 y*)e )™ (2-12a)
L, ={B= 1)+ DA )™ (2-12b)

and the anisotropy can be simply expressed as:
r()=H{BY +D+3(1-y*)e ™) (2-13)

as has previously been shown elsewhere.20-22
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Next we consider a model consisting of 3 identical chromophores with C3 '

symmetry.

Extending equation 2-9 to include a third chromophore, ¢, and using the fact that the angles

between all of the transition dipole moments of the chromophores are the same (due to the

C; symmetry):
Lpre = 3{a00(8) + by () + Cooy ()} + (27 +1){Byg (£) + €10 (8) + @-143)
Go10 (1) + Co1g (1) + Gooy (1) + ooy ()}
1, = (@100 (1) + By () + oy (D} + (2 = Y Wby (2) + €100 (1) + ©-145)
Qg0 (1) + Co10 () + Agoy (2) + by, (1)}
The excited-state populations of the chfomophores as a function of time are:
1+2e7%
100 () = by (1) = oo (1) = -——3—"’—— : (2-152)
’ . . 1_ e—3kt
410 (2) = A1 (1) = by (1) = by (1) = €100 (1) = €0 (1) = 3 (2-15b)
Substituting these results into equation 2-8,'vvve find:
r)=${1-7r)e”" + 7%} | (2-14)

as previously found by Lyle and Struve.?? The cosine of the ahgle between the transition
~ dipole moments of the chromophores, 1y, can be related to the cosine of the aingle between

the Cj3 axis of symmetry and the transition dipole moments of the chromophores, 7, , by:
Y=%3v¢ -1 | (2-17)
Now consider three identical pairs of chromophores arranged with C3 symmetry

where the chromophores within each pair are not identical.



Treating the energy transfer within each pair as instantaneous on the time scale of the
measurement, the excited-state populations of the chromophores as a function of time, if

chromophore a; is initially excited, are:

k, 1+2¢*

= . 2-18
GO = T 3 (2-182)
-3kt :
by(t) = ay —a__1¥2¢ (2-18b)
k, +k, 3
k 1-e2%
D=a,(t)= ba ‘ 2-18c
(0= (1) =ty == (2-180)
k 1-e2*
b.()=b.(1t)= ab 2-18d) -
, (2) = by(2) aokab+kba 3 ( )

The fluorescence anisotropy decay can again be described by a single exponential with a

rate constant that is three times the rate constant for energy transfer between pairs:

r®)={ry-r.}e* +r, (2-19)

But now the expressions for rp and r_ are considerably more complex:
= UGG+ B~ (G + )
5(C+C +C+C))
L o1 GER-D+G3Y - +3C+CIG - Ve~ 1, +37.7))
10 C+C,+C+C,

" (2-20)

(2-21)
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where: C=¢,fk,. C=¢fk, C=¢/[fky C,=¢€1f.k, (2-22)

Y. and 7, are the cosines of the angles between the C; axis of symmetry and the transition
dipole moments of chromophores a and b, respectively. 7, is the cosine of the angle
between the transition dipole moments of the @ and b chromophores within a single ab pair

(such as al-bl in the figure above). -



46

References for Chapter 2

(1

)’

(3)

4

()
)

(M
®)

®
(10)

(11)
(12)

(13)
(14)
(15)
(16)
17

(18)

(19)
(20)

Gindt, Y. M Zhou, J.; Bryant D. A.; Sauer, K. J. Photochem. Photobiol. B
1992, 15, 75-89.

Gindt, Y. M. Ph.D. Thesis, Umversny of California, Berkeley, Lawrence Berkeley
Laboratory Report LBL-33932, 1993.

Gardner, E. E.; Stevens, S. E., Jr.; Fox, J. L. Biochim. Biophys. Acta 1980,
624, 187-195.

. Yu, M.-H.; Glazer, A. N.; Williams, R. C. J. Biol. Chem. 1981, 256, 13130-

13136.
Yu, M.-H.; Glazer, A. N. J. Biol. Chem. 1982, 257, 3429-3433.

Gottschalk, L.; Fischer, R.; Lottspeich, F.; Scheer, H. Photochem. Photobiol.
1991, 54, 283-288.

Swanson, R. V.; Glazer, A. N. Anal. Biochem. 1990, 188, 295-299.

Fairchild, C. D.; Zhao, J.; Zhou, J.; Colson, S. E.; Bryant, D. A.; Glazer, A. N.
Proc. Natl. Acad. Sci. USA 1992, 89, 7017-7021.

Glazer, A. N.; Fang, S.; Brown, D. M. J. Biol. Chem. 1973, 248, 5679-5685.

Mimuro, M.; Fiiglistaller, P.; Riimbeli, R.; Zuber, H. Biochim. Biophys. Acta
1986, 848, 155-166.

Scheer, H.; Kufer, W. Z. Naturforsch. 1977, 32c, 513-519.

MacColl, R.; Guard-Friar, D. Phycobiliproteins; CRC Press, Inc.: Boca Raton,
1987, pp 58-61.

Glazer, A. N.; Fang, S. J. Biol. Chem. 1973, 248, 663-671.

Zhou, J. Ph. D. Thesis, Pennsylvania State University, 1992.

Holzwarth, A. R.; Wendler, J.; Suter, G. W. Biophys. J. 1987, 51, 1-12.
Demas, J. N.; Crosby, G. A. J. Phys. Chem. 1971, 75, 991-1024.

Maxson, P.; Sauer, K.; Zhou, J.; Bryant, D. A.; Glazer, A. N. Biochim. Biophys.
Acta 1989, 977, 40-51.

Mukerji, I. Ph. D. Thesis, University of California, Berkeley, Lawrence Berkeley
Laboratory Report LBL- 30136 1990.

Butkov, E. Mathematical Physzcs, Addison-Wesley: Reading, MA 1968.
Lyle, P. A.; Struve, W. S. Photochem. Photobiol. 1991, 53, 359-365.



~

47
(21) Kim, Y. R.; Share, P.; Pereira, M.; Sansky, M.; Hochstrasser, R. M. J. Chem.
Phys. 1989 91, 7557 7562. '

(22) Moog, R. S;; Kuki, A.; Fayer, M. D.; Boxer, S. G. Biochemistry 1984, 23,
‘ 1564-1571. _



48

Chapter 3. Fluorescence Upconversion

l. Introduction

Fluorescence upconversion is a technique used to resolve fluorescence decay on an
ultrafast time scale. In brief, a train of laser pulses is split into two beams, one of which is
used to excite the sample. The subsequent fluorescence from the sample is collected and
focused onto a non-linear crystal. The other laser beam is used as a variable delay gating
pulse and is focused ohto the same area of the crystal (see Figure 3-1a). If the angle of the
incoming light relative to the optical axis of the crystal is such that the phase matching
requirement is satisfied, some of the light exiting from the crystal will be at a frequency
equal to the sum of the laser and fluorescence frequencies. Since fluorescence
upconversionl will occur only when both sample fluorescence and the laser gating pulse are
present in the crystal, the time resolution of the experiment is pulse-width limited (see |
Figure 3-1b). And since only a narrow band of fluorescence is upconverted at a particular
crystal orientation, a time-resolved fluorescence spectrum can be recordéd by tuning the
angle of the crystal.

This technique of time-resolving fluorescence has the inherent advantage over the
more common time-correlated single photon counting (TCSPC) technique! that the time
resolution is determined by the laser pulse width rather than the detector speed. And
although fluorescence upéonversion is a two-photon technique; it has the advantage over
pump-probe experiments that the two photon process occurs in a non-linear crystal, not in
the sample. ;

In the following chapter, we describe a fluorescence upconversion instrument with
1-2 ps resolution (<1 ps after decdnvolution) with low power per pulse (~ 1 nJ) at the
sample. The instrument can be operated in one of two modes: with the crystal at a fixed
angle, the gating delay can be varied and a fluorescence decay recorded (example,

Figure 3-4); or with the delay at a fixed position, the crystal angle can be varied and a time-
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resolved emission spectrum can be recorded (example, Figure 3-6). The polarization of the

pump beam relative to the gatihg beamn can be varied in either mode allowing us to record
polarized spectra or polarization decays. A method for nearly simultaneous acquisition of
parallel and perpendicular ﬂuorescenée (relative to the pumping polarization), using an
acousto-optic modulator driven at the same frequency as a photoelastic modulator is
described. This instrument should be well-suited for our purpose of time-resolving the

individual energy transfer steps in light-harvesting proteins of photosynthetic organisms.

ll. Motivation: Comparison with other Time-Resolved

Spectroscopies

Transient Absorption (Pump-Probe)

Pump-probe spectroscopy involves the ekcitation of a sample with a high intensity
laser pulse and then, after some time delay, a second lower intensity laser pulse is used to
probe the extent of ground-state recovery. By varying the time delay between pump and
probe, a time-resolved bleaching decay is obtained. Several factors can complicate this
simple picture. If the excited state induced by the pump is not transparent at the probe
‘frequency, then its absorption spectrum and relaxation kinetics would need to be included
in an analysis of .the decay. Unfortunately, it is difficult if not impossible to determine the
extent of excited state absorption by this experiment alone.

The probe pulse can also stimulate enﬁssion from the pump-induced excited state.
This stimulated emission will be coherent with the probe pulse and thus experimentally
inseparable from simpIe ground-state bleéching. The sign of the signal change is in the
same direction as that of the photobleaching signal. The magnitude of the stimulated
emission signal can easily be as large as or larger than that of the bleéching signal and will

vary as a function of probe delay and pump and probe wavelength.
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If the probe follows the pump after times long enough for the sample to completely

. vibrationally relax, the waifelength dependence of the stimulated emission should closely
follow that of the steady-state emission of the sample. If the probe delay is on a time scale
faster than that of intravibrational relaxation (IVR), then the stimulated emission would be
expected to fnore closely follow the wavelength dependence of the ground state absorption.
~ In intermediate time regimes the stimulated emission decay should contain information
about the kinetics of IVR.

While the detailed analysis required to extract relevant kinetic parameters in such a
situation might be possible in small molecules (e.g. formaldehyde) vs{here potential energy
surfaces have been well characterized in advance, in large molecules (e.g. C-phycocyanin)
where the gfound state fecovery alone is likely to be complex and energy levels are denser
and less well known, the occurrence of Stifnulated emission is a serious complicatiqﬁ. One
approach to this dilemma has been to assume that at waQelengths where the steady-state
absorption of the molecule is strong and the fluorescence weak, that stimulated emission
will have a negligible effect.>* Then at longer wavelengths where fluorescence is more
dominant, only stimulated emission is considered. These simplifying assumptions are
probably unavoidable in large moleéule systems but are clearly inadequate in wavelength
regimes where both ground-state recovery and stimulated emission are likely to occur.
Further, as discussed above, such analysi‘s assumes that the time scale of IVR is much
shorter than that of the delay between pump and probe. For large molecule systems where
IVR remains uncharacterized and with the rapid decrease in available laser pulse widths,
such assumptions are not well founded. |

If transient absorption spectra are to be recorded, it is necessary to be able to vary
the ‘probe frequency independently of the pumping frequency. At least two methods have
been employed. By synchronously pumping two dye lasers with the same source, time-

- resolutions of ~5 ps have been achieved.? Since the two dye lasers will be independéntly

wavelength tunable, in theory transient absorption spectra could be obtained. In practice,
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however, this can be difficult because as the frequency of the dye laser is changed (with,

for example, a birefringent element internal to the laser cavity) the output pulse width
changes. If optimal time-resolution is to be achieved this requires retunirig the cavity length
of the dye laser. But changing the cavity length of one of the dye lasers will shift the
timing of the purﬁp pulse relative to the probe, requiring compensation of the probe delay
stage. The time-resolution of this method is limited by the temporal jitter between the two
dye lasers. We have observed 1-2 ps pulses from each individual dye' laser produce a
cross-correlation trace of 5-10 ps. It is likely that this time-smearing effect Would be even
more dramatic if sub-picosecond pulses were employed. .
These difficulties are avoided in a second method of achieving independently
tunable pump and probe frequencies. This method uses high energy pulses, typically by
amplifying the output of a dye laser, to generate a white light continuum (in, for example,
water). A monochromator can be used to select the desired wavelengths. In this way,
independently tunable probe pulses can be obtained without adjusting the dye laser. The
drawback to this technique is the high power per pulse that is required to generate enough
white light for use in a pump-probe experiment. Although the pulses at the output of the
dye laser may be produced at MHz frequencies, after amplification the repetition rate is
typically in the Hz to kHz range. The result may be a drastic reduction in the achievable
signal to noise levels, especially if the molecule under study requires the power per pulse at

the sample to be limited to low energies. This is often the case for biological molecules

(see later section in this chapter "Cavity dumping and exciton annihilation").

Time-Correlated Single Photon Counting

The TCSPC method of time-resolving fluorescence is sifnple in principle. A laser
pulse is used to excite the sample, after which the fluorescence. is collected on a
photomultiplier. The response time of the detector then determines the time resolution with

which different fluorescent photons can be distinguished. The observed signal is a
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convolution of the molecular fluorescence with the instrument response function (IRF).

The best systems developed to date are capable of ~20 i)s time resolution - much longer
than currently achievable minimum pulse widths (~5 fs). Most practitioners of this
technique use deconvolution to extend this time resolution.!-7 The IRF is collected at the
laser excitation frequency by using a scattering solution in place of the sample. It has been
found experimentally thaf in order to achieve the best fits to data, a wavelength dependent
time shift between the IRF and thé decay must be introduced.! This effect has been
attributed to a wavelength dependence of the time response of the detector since the decay
and IRF are necéssarily collected at different waveléngths. The result is some uncertainty
in the designation of time zero. Data frorh individual decays at different fluorescence
wavelengths can be‘combihed to produce time-resolved emission spectra, but at short times
after the excitation pulse; the time uncertainty leads to large spectral uncertainties especially

 if the sample fluorescence changes rapidly at early times.

~ Fluorescence Upconversion
By measuring ﬂuofesce’hce folldwing a one-photon absorption event, the

upconversion technique avoids the complications associated with two-photon (i.e. pump-

probe) techniques: stimulated emission and excited state absorption. Fluorescence
emission spectra can be recorded by changing the non-linear crystal angle; no laser
wavelength tuhing ‘or continuum genération is required. However, the fluorescence
upconversion technique does have the desirable pump-probe characteristic of pulse-width
limited time resolution, giving it an advantage over TCSPC, the more common techhique of
resolving fluorescence. Furthermore, it has the inherent experimental advantage over
TCSPC that the time delay of the upconverted fluorescence relative to the IRF can be
measured very precisely. The chief disadvantage of the upconversion technique is the low

efficiency with which currently employed crystals upconvert fluorescence.
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Ill. Theory of Fluorescence Upconversion

The phase-matching conditions for fluorescence upconversion in a non-linear

crystal are: _ (
kgaxe + kﬂ = kUV | | (3'1)
Vgate + Vﬂ = VUV (3'2)

where v and k are the frequency and wave vectors of the gating pulse (gate), fluorescence
(fl), and upconverted fluorescence (UV) light. Fluorescence upconversion will occur at all
incoming angles of light relative to the optic axis of the crystal. However, the index of |
refraction inside the crystal is frequency dependent, so that the upconverted light does not
necessarily travel at the same speed as the ﬂuoréscence or the gating light. In this case, the
upconverted light will interfere with itself as it is generated inside the crystal. The output
will be low in intensity and strongly dependent on the length of the crystal.

For this reason, anisotropic crystals are used for frecjuency upconversion. The
index of refraction in an anisotropic crystal depends on the direction of propagation; here
we consider only uniaxial crystals for which, if the optic axis is in the z direction, the index
of refraction in the x or y direction will equal the ordinary index, while .the index in the z
direction will equal the extraordinary index. By varying the angle of incoming light with
respect to the optic axis of the crystal it is possible to match the index of refraction of the
incoming light with the index of the upconverted light. In order for this to occur, one or
more of the rays must travel as an extraordinary wave.8 In our current setup, we are using
a Type I LilOs crystal for which the incoming rays travel as ordinary rays and the outgoing
(upconverted) ray travels as an extraordinary ray. The experimental result is that if the
incoming rays have parallel polarization, the upconverted ray will be pcrpendiculaﬂy |
polarized. -

The power of the upconverted signal is linearly proportional to the fluorescence

power collected from the sample:
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P, =PP,TCI2 (3-3)
| vy

 where P is the power, T is the thickness of the crystal, and C is a collection of constaﬁts»
particular to the crystal used.” The sqﬁa:ed dependence of the.signal on cryStal length is
deceptive because the angular acceptance of the crystal is inversely prdportional to crystal
. length. Kahlow et al. rebort that fhe upconverted intensity should theréfore remain
relatively constant as a function of cryétal length.10 Pulsé broadening is also a problem in
non-linear crystals, and especially if sub-picosecond pulses are used, crystal length must be
minimjzed.lov The frequency dependence of the upconversion efficiency is undesirable but
easily corrected for.

The experimentally observed signai, S, is a convolution of the laser gating pulse, L,
and the fluorescence induced by the pump, F:

- S()= | _Fa)L(-r)ds (3-4)
And the purﬁp—induced fluorescence is a convolution of the pump pulse with the molecular
ﬂuérescence of the sample, I:

Fit)y=] Lle—r)dt ' (3-5)
If the pump and gating pulses are produced by the same laser then (3-4) and (3-5) can be
rearranged as: | | ,
sa=] G I(t —t')dt | (3-6)
where: - G(t) = j: L) L(t—t')dt - (3-7)

We see that the fluorescence upconversion signal is a convolution of the molecular

- fluorescence of the sample with mejaser autocorrelation function, G.
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IV. Experimental Considerations

Description of the Current. Set-up

Figure 3-2 diagrams our experimental set-up for fluorescence upconversion. An
Nd:YAG (Coherent Antares Model 76S) laser is frequency doubled in a heated KTP crystal
to produce up to 3 W of 90 ps pulses of 532 nm light at 78 MHz. The amplitude and
position of the laser at 532 nm are stabilized in a feedback loop using a power meter,
position sensitive detector, acousto-optic modulator and piezoelectric positioners on the
high reflective end mirror of the laser (Coherent Model 7670 AAS). The dye laser
(Coherent Model 702) employs dual jets, typically with pump dye rhodamine 590 and
saturable absorber dye DODCI. The output of the dye laser is cavity dumped, typically at
3.8 MHz, to increase the power per pulse and to allow adequate time for sample relaxation
befween laser pulses. With the above combination of dyes, the output is typically 70 mW
of 1-2 ps pulses tunable between 575 and 625 nm. '

Approximately 70% of the laser is split into the gating path. A beam expander is
used in front of the delay line to reduce the beam divergence from 0.9 mrad to 0.4 mrad.
This reduction in divergence of the gating beam is important for the accurate measurement
of decays on long time scales (the delay stage in double pass configuration allows delays
up to 10 ns). The horizontal deviation of the gating beam as a function of delay is
minimized using two 45 degree prisms as shown in Figure 3-3a. One prism is mounfed
horizontally on the delay stage while the second prism is mounted vertically at a fixed
position on the optical table. The front faces of the two prisms are aligned paralle] to each
other such that on the optical path returning from the vertically mounted prism, the bea...
will be vertically offset and compensated for any horizontai deviaiions of the lutuay siage

from linearity. Vertical deviations are not compensated for by this optical arrangement but
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were found to be less of a problem. An optical encoder (RSF Elektronik) was attached to

the delay stage to impro've.position reporting accuracy to 50 fs: without it the delay stage

~ was found fo have systematic inaccuracies for steps smaller than a few picoseconds. After
passing through the computer-controlled variable delay line, the gating beam is focused
onto the non-linear crystal using a 200 mm focal length achromatic lens. A fraction of the
gating pﬁlse is split off; dptically chopped, photodiode detected, and lock-in ampliﬁed for
use as a monitor of the laser power. The upconverted signal is divided by the square of
this reference signal (see equation 3-3) to account for fluctuations in laser intensity.

The other 30% of the laser (the pump beam) is sent through a fixed path during
which it is amplitude and polarizatiqn modulated (see later section in this chabter "time-
resolved polarization measurerﬁents"), and focused to approximately 10 um ih diameter by
a microscope vobjective (10X, 0.25 NA). The sample is flowed through a short (0.1 - 1.0
mm) path length cuvette and recirculated so that approximately 3 ml of total sample are
réquired. The fluorescence is collected and collimated using another microscope objective
(10X, 0.25 NA) and then focused onto the crystal using a 150 mm achromatic lens. Since
the fluorescence is collected at 180 degrees from the pump, the transmitted pump light is
also collected and focused onto the crystal. This arrangement is advantageous because, by
tuning the angle of the ci'ystal and setting the monochromator to the sum frequency of the
two las.'er pulses, we can record an autocorrelation trace by scanning the delay stage. With
this geometric airangcmént a very accurate measurement of the zero delay point is possible.
This all;iws for accurate deconvqlutign (see equations 3-6 and 3-7) of the measured
fluorescence decay.

The non-linear element is 2 1 mm thick single crystal of LilOs, cut and mounted so
that the angle between the incoming laser light and the optic axis of the crystal is 60 degrees
when the front face of the crystal is at 90 degrees. The crystal is mounted on a computer-
controlled rotation stage. The photons exiting from the crystal, in approximate order of

decreasing intensity include: the laser fundamental, the laser second harmonic,
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fluorescence, the laser sum frequency (Vpump + Vgate), and the upconverted signal (Vgate +

Vg): Since the upconverted light is orders of magnitude lower in intesity than most of these
other sources, measures must be taken to select for it. First, by using a noﬁ-édllinear
geometry where the gating and fluorescence light cross inside the crystal at an angle of
approximately 8 degrees, i‘t is possible to geometrically select out the laser fundamental,
laser second harmonic, and fluorescence using an aperture. This is possible because, as
‘the phase-matching condition (Equation 3-1) shows, if two sources of light converge at
some angle with respect to each other onto a non-linear crystal, the sum frequency of tl;ese
two sources will emerge at an angle central to the two exiting fundamental beams. Due to
scattering in the sample, optical imperfections, and room lights, it is helpful to use a UV
passing filter to further suppress visible light. With this arrangement, only the sum
%requency of the pﬁmp and probe (used as an IRF) and the upconverted fluorescence (the
signal of interest) should be able to reach the detector With significant intensity. Phase-
matching will be found at different crystal angles for the IRF and the upconverted
fluorescence; however, since the IRF signal is much more intense, it can dominate the
signal if fluorescence near the excitation frequency is being upconverted. A 0.22 m double
monochromator is helpful in further resolving the signal from the IRF. In addition, if the
bandwidth of ui)conyerted fluorescence is wider than the desired spectral resolution, the
monochromator can be used to control the measured bandwidth.
Time-Resolved Polarization Measurements

For the type I LilOj crystal used in this experiment, the input beams must be
polarized parallel to each other in order to produce sum frequency generation.® With the
polarization of the gating beam fixed, the r;on-linear crystal will act analogously to a
polarizer, in that it will upconvert only parallel fluorescence. By rotating the pump
polarization between parallel and perpendicular before it reaches the sample, the
polarization of the fluorescence which is upconverted is selected between parallel and

perpendicular (relative to the pump polarization). Because the monochromator and detector
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will see only upconverted light of a fixed polarization and because the excitation power is

the same for parallel and perpendicular polarizdtions, no “G factor’!! corrections need be
applied.

The polarization of the pump is modulated between parallel and perpendicular linear
polarizations (relative to the polarization of upconverted fluorescence) at 80 kHz by a
photoelastic modulator (Hinds PEM-80). An acousto-optic modulator (AOM) (Isomet,
model 1205C-1) is also pla;:ed on tile pump line to amplitude inodulate the intensity | _
between 0 anki 100%. The AOM is driven at the same frequency as the PEM-80 but with a
variable phase shift. The phase shifting is performed under computer control by routing
the output of the PEM driver through a delay generator (Stanford Research Systems, model
DG535). 'By varying the relative phase of the PEM and the AQM by 90 degrees, the
polarization of the pump beam can be rapidly switched between paralle] and perpendicular
(see Figure 3-3b). The result is nearly simultaneous acqtiisition of paralle] and
perpendiculé: signals. This allows for much more accurate detection of the anisotropy
decay than if the complete parallel and perpendicular decays are acquired separately. The
anisotropic fluorescence upconvefsion decay of cresyl vii)let in ethanol excited at 594 nm

and upconverted at 626 nm is shown in Figure 3-4.

Optimizing the Fluorescence Collection

The magnification of the fluorescence spot onto the non-linear crystal has a large
effect on the efﬁciency with which the fluorescence is'upconverted.8 If the solid angle for
collection of ﬂuorescencé by the lens is greater than the solid arigle éf acceptance by the
crystal it is necessary to increase the area of the fluorescence spot on the crystal in order to
obtain the highest upconversion efﬁciencvy.8 But the area of the fluorescence spot on the
crystal should also ideally be the same as the area of the probe spot. In addition, it must be

remembered that the upconverted intensity at each point in the crystal will depend on the
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63
- product of the probe intensity and fluorescence intensity (equation 3-3), so that the more

highly focused the overlap of the two incoming beams, the higher will be the efficiency of
upconversion. | |

We have used a microscope objective to collect the sample fluorescence because of
its high collection efficiency and good quality of focused image. However, if sub-
picosecond pulses are sent through dispersive media, they tend to be temporally
broadened.!® This effect is negiigible for the 1-2 ps pulses in our current set-up, but for
shorter pulses reflective fluorescence collection can be used. Shah® has described
 fluorescence collection with a Cassegranian telescope and Xie et al.!? have described
fluorescence collection using an off-axis parabolic mirror. One has to be sure that the paths
traveled by different rays of collected fluorescence are not different enough to lead to a
spre_éding of the time-resolution. If a spherically curved mirror is used to collect the sample
ﬂudrescence, then all ﬂuoreséence paths trave] the same distance from sample to crystal. If
a lens is used, then rays collected at the edge of the lens will travel a longer path than tho_sé
rays traveling through the center of the lens. This potential source of temporal spreading is
at least partially compensated for by the fact that the ray traveling the longer path, has a
shorter path inside the lens (where light will travel more slowly). Since the IRF is
measured using the laser light which is transmittéd through the sample, and the laser has a
| narrow beam waist and travels throﬁgh only the central part of the collection lens, the time-
 resolution measuréd by the IRF may be inaccurate. This waé checked for the current
instrumentation by using a specular beam diffuser in place of the sample. Light from the
diffuser was radiated approxirﬁately spherically so that now the paths traveled by the laser
“light should more accurately follow the paths by which fluorescence is collected. No
.chan'ge in the w'idth.of a me'zxsu;ed autocorrelation trace was observed from the usual

method.



Acquisition and Correction of Spectra

By rotating the monochromator and non-linear crystal angle in tandem, time-
resolved fluorescence spectra with 1-2 ps resolution can be recorded with our current
instrumeﬁt. The experimentally determined phase-matching angle of LiIO3 as a function of
upconverted wavelength, with the laser wavelength at 594 nm, is shown in Figure 3-5.
The relation between the phase matching angle and upconversion waveleﬁgth is non-linear.
One approach to synchronizing the movement of the monochromator with the crystal
rotation would be to use either an experimentally determined calibration curve or the
theoretically predicted relationship. In practice, we have found that a more reliable method
1s to make a series of measurements while stepping through the position of the expected
crystal maximum at each monochromator setting, recording only the maximum signal
observed at each wavelength. An isotropic spectrum of cresyl violet in ethanol at a delay of
100 ps following excitation is shown in Figure 3-6a.

In order to make the isotropic time-resolved spectra independent of the
instrumentation used to acquire them, correction factors need to be applied. The correction
for the wavelength dependence of the efficiencies of the mon_ochtomator, detector, and UV
ﬁlte; can measured using a standard lamp. The wavelength dependence of the focus of the
fluorescent spots is minimized using achromatic lenses. Equation (3-3) shows that the
efficiency of fluorescence upconversion also depends on the pump and fluorescence
frequencies, and should be corrected for. The spectral bandwidth of ﬂuorescence that is
upconverted by the non-linear crystal is also wavelength dependent. Further, it should be
remembered that a constant bandwidth at the upconverted wavelength does not correspond |
to a constant bandwidth of upcoriverted fluorescence since the upconverted and
fluorescence wavelengths are not linearly related (equation 3-2). In the work presented in
this thesis, we have not attempted to correct for all of these factors. Fortunately, when

calculating the anisotropic fluorescence spectrum (equation 2-8) these corrections are
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- unnecessary because they are the same for the parallel and perpendicular cases and thus

cancel out. The anisotropic time-resolved emission spectrum of cresyl violet in ethanol,
excited at 594 nm, at 100 ps deiay time, is shown in Figure 3_—6b.- The anisotropic -
spectrum is flat across the wavelength range shown, as would be expected for a dilute
solution of a single dye molecule whose polarization decays by rotational diffusion. In a
molecular system containing coupled chromophores of more than one_spectral type, the

anisotropic spectrum will be more informative, as will be shown in Chapter 6.

Sampie Concentration

At high sample concentrations, reabsorption of fluorescence light before it has a
chance to escape the sample (self-absorption), can lead to distortion of the measured kinetic
and spectfal properties of the sample. A photon which is emitted, reabsorbed, and re-
emitted will make the fluorescence decay appear to be longer. Shorter wavelength emitted
photons will typically be reabsorbed with a higher probability than longer wavelength
photons, leéding to red shifting of the obsefved fluorescence spectrum. To maximize the
ﬂﬁorescence upconversion signal while avoiding significant Sle-ébsorption in the sample,
the absorbance should be kept at ~0.1. If it is desired to run samples at widely different
concentrations it will be necessary to vary the path length of the flow cell to maintain this
fixed absorption. Due to the short distance over which the excitatién beam waist is at a
- minimum, we find that reducing the path length while increasing the sample concentration

to maintain a fixed absorbance can result in a dramatic increase in the signal to noise ratio.

Cavity Dumping and Exciton Annihilation

Because the upconversion signal is dependent on the square of the energy of the
laser pulses, the upcbnverted fluorescence power will be larger for high energy laser pulses
at a low repetition rate thanAf.or low energy pulses at a high repetition rate, for a fixed level

of total laser power. For this reason, cavity dumping the dye laser so that the repetition rate
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was reduced from 76 MHz to 3.8 MHz was performed in order to increase the upconverted

signal. In addition, the longer delay between pulses ensures more complete relaxation of
the sample between pulses. High pulse energies at low repetition rates have been used to
study stabie single dye molecules (for example? 50 p)/pulse at 10 Hz). However, in multi-
chrofnophore systems like light-harvesting proteins, high energy pulses can lead to exciton
annihilation. Exciton annihilation can occur when two chromophores that are coupled by
energy transfer both absorb a photon. The experimental result will be that the fluorescence
decay will show a kinetic component ‘which decays at a rate related to rate of exciton
annihilation. Our experimental set-up is a compromise between the high pulse energies
needed to maximize the signal and the low pulse energies needed to minimize the effect of
exciton annihilation.

A simple estimate of the extent of exciton annihilation can be obtained by dividing
the number of photons absorbed in the beam spot per laser pulse by the number of ‘

molecules in the beam spot:

photons absorbed per laser pulse = (fraction of light absorbed)(photons per pulse)

photons per pulse = (CW laser power) - (3-8)
(laser rep. rate) hv

where h (J s) is Planck's constant and v (s-!) is the frequency Qf the laser. For a dilute
solution, the fraction of light absorbed by sample = 2.303* Absorbance.

Number of molecules in beam spot = (Concentration of sample)*(Volume of beam spot)
2 .
_ (Absorbance)nr°N, (3-9)
£

~where r is the radius of the laser beam waist, Ny is Avogadro's number, and € is the molar
decadic extinction coefficient of the sample.

photons absorbed per pulse = 2.303(CW laser power)e (3-10)
" number of molecules in beam spot  (laser rep. rate)hvar’N,
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[CW laser power (mW)][e (M"'cm™)][A (nm)]

=6.15x10~ —— , =
[laser rep. rate (Hz)][laser beam waist (u#m)]

~where A is the wavelength of the laser.

~ The average number of photoris absorbed per molecule should be well less than
unity if exciton annihilation effecfs are to be ignored. Using the above equation, the extent
of exciton annihilation inA the TCSPC technique vs. the upconversion technicjue were‘_
~ compared, choosing the trimeric aggregate of phycocyanin excited at 624 nm
(e~1x108 M-lcm-1) with a repetition rate of 4 MHz as an example. In a typical TCSPC
experiment the laser power at the sample is 0.5 mW, and the beam waist is roughly 600 um
(unfocused). The average photons absorbed per pulse per fnolccule in such an experiment
~are ~1x107. In 6ur fluorescence upconversion ekpefiment a typical power seen by the
sample is 4 mW and the laser is focuée;d down onto the sample to have a ~10 um beam
~ waist. The photons absorbed per pulse per molecule under these conditions are ~4x10-3.
From the'se"calculation_s we conclude that exciton annihilation effects can be ignored when
using either the TCSPC or ﬂuorescencevupconversion techniques to study PC trimers.
However, if much larger complexes (for example, whole phycobilisomes which contain
vhundreds of interconnected chromophores) are studied, exciton annihilation will need to be
considered more carefully if the fluorescence upconversion technique is to be employed.
The amount of light pumping the sample can be reduced by diverting more power into the
gating pulse. But since the upc,onverted. power is a product of the gating and fluorescence
powers, the reduction in pump power relative to gate power will ultimately lead to

reduction in the signal level.

V. Conclusion
In summary, fluorescence upconversion has several advantages over other methods of
time-resolved spectroscopy. The time-resolution is limited only by the temporal length of

the laser pulse. An autocorrelation trace of the laser can be acquired with the same
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instrument configuration with which the fluorescence upconversion signal is acquired,

giving a very accurate measurement of the time of zero delay. Further, this autocorrelation
trace can be used to deconvolute the observed decay thereby improving the timé—resolution
of our current instrument to better than one picosecond.- The sémple is exposed.to only the
pump pulse, and the energy of this pulse can be minimized by sending the majority of the
laser light into the gating pulse at the crystal. Low pumping intensities are especially
important for biological samples of multi-chromophore systems. The wavelength\of
upconverted fluorescence can be selected by rotating the non-linear crystal and changing the
monochromator wavelength, allowing time-resolved emission spectra to be measured
direCtly. Polarization decays can be sensitively measured by the described method of |

-simultaneous acquisition of parallel and perpendicular fluorescence.
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Chapter 4. Monomeric C-Phycocyanin at Room Temperature and

77 K: Resolution of the Absoprtion and Fluorescence Spectra of

the Individual Chromophores and the Energy-Transfer Rate

Constants'

l. Introduction

The monomer of PC (PCBPC) and the isolated subunits of PC (otPC and BFC) are
obvious starting points in an inve_stigation of the spectral properties of the chromophores in
PC and the energy-transfer rate constants among them. The isolated and renatured ofPC
subunit has been used to study the spectroséopic properties of the og4 chromophore.2*
The fact that the oPC and BPC absorption spectra add to give nearly the same spectrum as
the monomer (0PCRPC) encourages such analysis.>> The twovchromophores on BPC are
not so easily resolved. Mimuro et al. have modeled' the fluorescence polarization spectrum
of BPC to try to resolve the Bgs and Bi55 chromophore absorption spectra.? Siebzehnriibl
et al. used a mercurial compound that binds specifically to the ;g9 cysteine residue near
the Bg4 chromophoré to modify its properties and confirm Mimuro's assignment.’
Polarized absorption measurements of partially oriented PC® and of single crystals of PC’
have also led to the assignment of the B;ss chromophore as the short-wavelength absorber
and the Bg4 chromophore as the long wavelength absorber based on the x-ray crystal
structure.® These methods were adequate to establish the energetic ordering of the Bjss
and Bg4 chromophores, however, the detailed absorption spectral shapes for the two
chromophores are less certain.

Attempts at resolving the fluorescence emission spectra of the fFC chromophores
have been made by Sauer et al.? for the purpose of calculating Forster rate constants among
the chromophores, and by Holzwarth et al.10 for the purpose of modeling the time-resolved

fluorescence of PC. In both cases it was assumed that the two BPC chromophores have the
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same fluorescence line shape and Stokes shift as the otg4 chromophore. Sauer et al® used

the relative absorption‘ strengths (estimated by a deconvolution procedure which assumed
the B 55'and Bs4 line shapes to be the same as that of the otg4 chromophore) to approximate
the relative fluorescence quantum yie_lds‘ of the chromophores.

In this chapter we focus on resolving the absorption and._fluorescence spéctra of the
three chromdphore types in (0PCBPC) and the rate constants for energy transfer between
them. Included among the techniques we use to achieve this resolution are site-directed
mutagenesis, time-resolved fluorescence spectroscopy, and low temperature (77 K)
absorption and fluorescence spectroscopy. We performed spectrdscopic studies on
(oPCBPC) and on PC isolated from a mutant (cpcB/C155S) in which the cysteine at thé Biss
position has been substituted with a serine.!! The‘ result of the mutation is that the Biss
Chromophore cannot bind covalently and appears not to be associated non-covalently with
the B subunit. The absence of the B155. chromophore in («FCB*) allows us to use
absorption difference methods to resolve the individual chromophorq spectra. Due to the
fapid and efficient energy transfer among the chromophores bf (oPCBPC), steady-state
emission experiments were not sufficient to resolve the fluorescence spectra of the three
chromophore types. Time-resolved emission spectra were recorded with up to 10 ps time
resolution (after deconvolution) to observe emission of the chromophores prior to
equilibration by energy transfer. Because the spectra of the phycobiliproteins are narrowed
by lowering the temperature, we performed some additional experime_nts at 77 K. The |
absorption spectrum of BFC splits into two bands at 77 K. The time-resolved emission of
BPC at 77 K also shows two distinct peaks. These measurements help to confirm the

spectral assignments based on room temperature studies.
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Il. Results

RT Chromophore Absorption Spectra

If the absence of the P55 chromophore has no effect on the absorption spectra of
the remaining two chromophores, it should be possible to subtract the absorp?ion spectrnm
of (aPCB*) from that of (PCBFC) to obtain the absorption spectrum of the Bss
chromophore. The results are shown in Figure 4-1. To perform such a subtraction, a
method is needed to normalize the (oPCB*) and (0FCPFC) spectra to equal protein
concentration. By denaturing PC with 10 M urea at pH 2/HC] (1 part sample in 4 parts 10
M urea solution), the effects of local protein environment on the chromophore absorption
spectra can be essentially removed. Under these conditions the visible regions of the
absorption spectra of the oPC and BPC subunits are virtually identical, with the intensity of
the BPC subunit, being twice that of the oPC subunit (within 5%, measured at 662.5 nm).2
Thus, if the number of chromophores per PC is known, one can normalize the absorption
spectra of non-denatured PC samples to have equal protein concentration by using the
absorbances at 662.5 nm under denaturing conditions. In Figure 4-1a we have recorded
the absorption spectra of (0FCB*) and (oFCBPC) under non-denaturing conditions (1 M
KSCN, 50 mM (Na) phosphate; pH 7) and then divided the spectra by their absorption at
662.5 nm under denaturing conditions (8 M urea, pH 2), and multiplied the (oPCB*) and
(oPCBPC) spectra by 2 and 3, respectively, to account for the number of chromophores per
protein.

The most straightforward method of determining the Bg4 absorption spectrum
would be to isolate B*. Unfortunately, as discussed in Chapter 2, we were unsuccessful in
renatnring B* after separatic;n by HPLC. Instead, by analogy with the ;55 absorption
spectrum determination, the Bg4 spectrum was determined by subtracting the absorption

spectrnm of oFC from the absorption spectrum of (0FCB*) (Figs. 4-1a and b). The



Absorbance

500 550 600 650 700
Wavelength (nm)
600-602 nm

0.20 -
D
2 0.15-
1]
3 v
@]
[72]
Q
<€ .
o 0.10-
=
=
(]
o

0.05 —

0.00 — ,

. . 1
500 550 600 650 700

Wavelength (nm)
Figure 4-1. (a, top) Absorption spectra of (aPCB*), (PCBPC), and aPC. See text for
details of the normalization procedure. (b, bottom) The resolved absorption spectra of the

chromophores in monomeric PC. The [;s5 spectrum was obtained by subtracting that of
(aPCR*) from the (PCPFC) spectrum in (a). The Bg4 spectrum was obtained by
subtracting the oFC spectrum from the («PCB*) spectrum in (a). The 0ig4 spectrum is the
same as the oFC spectrum in (a). The chromophore spectra are normalized to represent the
relative contribution of each chromophore to the («PCBPC) absorption spectrum.



76
normalization of the spectra was performed as discussed above, assuming two

chromophores per (0PCB*) and one chromophore per FC subunit. The three resolved
absorption spectra of the chromophores in PC are shown together in Figure 4-1b. The
spectra are normalized to be representétive of the relative contribution that each
chromophore makes to the total (0PCBPC) spectrum.

To check the reliability of these spectral assignments, an additional comparison
between absorption sbectra was made. Swanson et al. have isolated PC from a cpcE or
cpcF mutant of Synechococcus sp. PCC 7002 that is lacking the chromophore at the 0ig4
position but contains a normal B subunit.!? They provided us with the absorption
spectrum of the PC monomer from the cpcF mutant, and in Figure 4-2 we show it overlaid
with the sum of our proposed g4 and 355 chromophore absorption spectra. The spectra
were normalized to have equal absorbance at their maxima. The good agreemerit between
the spectra provides support for our premise that the absence of a chromophore due to
mutation has little effect on the absorption of the remaining chromophores in the PC

{
monomer.

77 K Absorbance

| We find that the chromophore spectra in (&PCBFC) are narrowed and partially
resolved upon lowering the sample temperature to 77 K. This provides a useful
confirmation of the room temperature (RT) spectral assignments. Figure 4-3a shows the
RT and 77 K absorption spectra of («PCBPC). Comparison with the (aPCB”) spectrum at
77 K (Figure 4-3b) is suggestive that the partially resolved short wavelength peak at
604 nm in the 77 K absorption spectrum of (dPCBFC) is due to the B;s5 chromophore.
The wavelength at maximum absorbance of this peak is consistent with the assignment of

the B1s5 chromophore at RT.
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The 77 K absorption spectra of the isolated subunits of wild-type PC lend fulther80
support to our RT assignments. Figure 4-4a shows the RT and 77 K absorption spectra
of BPC. As with (oPCBPC), a band splitting is observed in the spectrum of BPC at 77 K.
The absorbance at the 632 nm peak relative to the 602 nm peak is decreased as compared
to (0PCPFC), as would be expected from our spectral assignment of the missing olg4
chromophore. Figure 4-4b shows that no band splitting is observed in oFC in going from
" RTto77 K. Thisis as expected for the absorbance of a single chromophore type. It is
also clear, however, that additional structure is becoming visible on the high energy
shoulder ét low temperatu're. ‘Temperatures lower than 77 K might be useful in resolving
the vibrational structure of the tig4 chromophore.

We applied the same absorption difference methods, as described above for RT |
spectra, to fully resolve the chrqmophore spectra at 77 K. The relative absorbances of the
chromophores at 581 nm at both RT and 77 K are used later in the chapter in modeling the

time-resolved fluorescence of PC.

Steady-state fluorescence

The steady-state emission spectra of (0PCBPC) and (0PCB*) normalized to equal
absorption at 580 nm, the wavelength of excitation, are shown in Figure 4-5. Ihtegration
of the spectra over the wavelength range 590-800 nm shows that (¢PCB*) and (0PCPC)
have similar fluorescence quantum yields (within 10%). At first glance, the gap between
the emission spectra seen when comparing the (0PCR™) to (0PCPPC) at short wavelengths
(Figure 4-5), might be attributed to the missing ;55 chromophore. This qualitative
observation may have some merit, but because energy transfer is occurring among the three
different types of chromophores during the measurement, a simple subtraction of the

spectra does not lead to a resolution of the fluorescence spectrum of the B;ss chromophore.
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Time-Resolved Fluorescence at 77 K

To resolve the fluorescence spectra and quantum yields of the chromophores, time-
correlated single photon counting (TCSPC) measurements at RT aﬁd 77K weré made on
BPC, (aPCBPC), and (0PCP*). Time-resolved emission spectra (TRES) of BPC at 77 K,
excited at 581 nm, are shown in Figure 4-6a. The times associated with each spectrum
refer to the delay time at which the fluorescence was collected relative to the peak of the
IRF. We conclude that energy transfer is taking place from a chromophore whose
fluorescence emission is maximal near 620 nm to a chromophore with maximal
emission hear 650 nm. The steady-state emission spectrum of BFC at 77 K shows only
the 650 nm feature of the spectrum, but by time-resolving the fluorescence we have
observed a second component. We will present evidence to support the conclusion that the
component fluorescing at 620 nm is the ;55 chromophore and that the 650 nm
component is the Bg4 chromophore.

It is evident from Figure 4-6a that energy transfer is occurring on a time scale
similar to the width of the IRF (FWHM of the IRF was ~80 ps in this experiment).
Deconvolution of the decay curves is thus necessary if the correct spectral shapes and
relative quantum yields of the two chromophores in BFC are to be extracted from the TRES.
This was accomplished by globally ﬁtting the fluorescence decays and IRFs with an
iterative deconvolution program.!3-!# The function chosen to describe the experimental
decays was a sum of exponentials (between 3 and 5 terms), the lifetir.nes of which were
assumed to be the same at all wavelengths, but the amplitudes of which were varied at each
wavelength. The actual form of the decaylfunction is not important for (;ur purposes as
long as it accurately describes the behavior of the data as a function of wavelength and
time. This was determined to be the case with a weighted chi-squared error estimate. The
fitted functions describing the deconvoluted data were then used to build the TRES which

ideally would be observed if the IRF were negligibly short. In practice, deconvolution
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581 nm. Times refer to the delay at which the fluorescence was collected relative to the
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~ emission spectra of the Biss and Pg4 chromophores at 77 K, resolved by modeling the
DTRES in (b).
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_ has been found to enhance the time resolution!® of TCSPC by a factor of ~10.

Subsequent TRES shown in this paper, referred to as DTRES, have been treated by this
deconvolution procedure. The DTRES of BPC at 77 K are shown in Figure 4-6b.
Comparison with the raw data in Figure 4-6a shows the same essential features of the
spectra; at early times the prominence of the B;ss peak is increased relative to the Bg4 peak.

Next we describe modeling the DTRES of BPC at 77 K to extract the 155 and Bg4
emission spectra. Our model consists of two non-identical chromophores (a and b)
exhibiting forward (k) and back (ky,) energy transfer, not nece'ssarily at the same rate.
The chromophore excited-state dccay rate (kq) by all processes other than energy transfer,
is assumed to be small compared with the rate of energy transfer and equal for the two
chromophores. This leads to a rapid energetic equilibration between the two
chromophores, followed by slower excited-state decay. This can be seen in the equations
describing the chromophore excited-state populations as a function of time (see section in
Chapter 2, "Two chromophore model"). At t= 0, the population of each chromophore (ap
or bg) is determined only by its relative absorption at the exciting wavelength. This starting
population decays to the equilibrated population rafcio determined by the forward and back
energy-transfer rate constants. ’i‘he slow excited-state decay of the chromophores by
processes other than energy transfer is included as .an exponential term that is multiplied by
the term describing rapid eciuilibration by energy transfer.

In the framework of the above model, it is possible to determine the Pg4 and Biss——
chromophore fluorescence spectra from the DTRES of BFC at 77 K, if the relative
absorption strengths and the rate constants for energy transfer and excited-state decay of the
chromophores are known. Already, a partial resolution of the chromophore spectra is
evident in the TRES (Figure 4-6b), so that even without kﬁowledge of the rate constants
we can estimate the chromophore spectra. The 620 nm peak in the 0 ps DTRES has been
reduced by 90% at 200 ps, with concurrent growth of the 650 nm peak. It is reasonable

-~ to conclude that the DTRES at times later than 200 ps consist primarily of the fluorescence



85
spectrum of the lower energy chromophore (Bg4). Taking the 200 ps DTRES as the g4 '

emission spectrum and given the relative populations at excitation of the Bgq and P55
chromophores (known from the steady-state absorption studies deécﬁbed earlier in this
“paper) the Biss crriiésion spectrum can be estimated from the O ps DTRES.
This simple approach using only the DTRES at 0 ps and 200 ps is sufficient to gét

an estinﬁte of the chromophore emission spectra, but instead we applied a more rigorous
. appfoach involving simultaneous analysis of the DTRES ait multiple delay_ times, in order to
test the applicability of the two-chromophore model to the experimental data and to provide
a method with which less well separated chromophore spectra can be resolved from each
other. The simultaneous ﬁtting of multiple DTRES also aliows us to extract the rate
-constants for energy transfer and excited-state decay. The B, 55 and Bg4 fluorescence
spectra were calculated (see section in Chapter 2, "Two Chromophore.Model"') using BPC
DTRES at t = 0 ps and another \time,' t, where t = 10, 20, 30, 50, 100, 200; 300, 500, and
- 1000 ps. The square of the difference between the resolved chrombphoré emission spectfa
at the different delay times was minimized (ﬁsing the Levenberg-Marquardt method!?)
while varying the rate constants for energy transfer and excited—statg décay. The results,
where ¢ = P55 and b = Bgy, are: 1/(kpetkep) = 64 ps (61-68 ps), kpckey < 0.1, 1/kg=
1830 ps (1730 - 1950 ps), error = 2.2%. The numbers given in parentheses after the rate
constants are the limits based on the error estimate of the fit. The percent error given is _the
average of the absolute values of the differences between the resolved chromophore spectra
derived when different values of t were chosen. The limiting value for the ratio of the back
to forward enefgy—transfer rate consfants Wés obtained by constrainihg the chromophore
emission intensities to be non-negative at all wavéléngths. This limiting valﬁe i1sin |
~ agreement with our qualitative observation that the fluorescence at long times (> 200 ps) is
primarily from the lower energy chromophore (Bg4). The actual value of this ratio is
probably considerably smaller than 0.1; if the peak positions of the resolved erhission

spectra are used to calculate the Boltzmann distribution at 77 K, the result is kpe/kep =
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3x10-6. If the same calculation is performed using the absorption peak positions rather

than the emission peak positions, the result is 9x10-7. For the purposes of resolving the |
chromophore spectra, the rate of .back transfer was thus taken to be zero. The resolved
emission spectra of the ;55 and Bg4 chromophores at 77 K as found in BPC are shown in
Figure 4-6¢. The error bars on the Bg4 spectrum were calculated using the error limits of
the fitted rate constant values (allowing 1/(kpc+kcp) to vary between 61 and 68 ps, and
kpc/Kep to vary be,tween‘O and 0.1), and from the uncertainty in the relative absorptions of
the chromophores at the wavelength of excitation.

The resolved absorption and fluorescence spectra of the P55 and Bgs
chromophores and the resolved rate constants were used to simulate the DTRES of BFC at
77 K. The difference between the simulated and experimental TRES, avéraged over
wavelength and time (between 0 and 1 ns), is 2.4%. The simulated TRES at these times
are indistinguishable by eye from the experimental DTRES shown in Figure 4-6b. We
conclude that a two-chromophore model is sufficient to describe, out to a 1 ns time delay,
the 77 K DTRES of $PC.

In modeling the 77 K DTRES of BPC, we have so far not established the basis for
assigning the short wairelength fluorescing component to the Biss chromophoré and the
long wavelength fluorescing component to the Bg4 chromophore. Comparison of the 77 K
(oPCB*) and (0PCPPC) DTRES (excited at 581 nm) (Figé. 4-7a and b) provides the basis
for assignment because the (aPCB*), missing the ;55 chromophore, is missing the
620 nm shoulder seen in the spectrum of (aPCPFC) at early delay times. -

The DTRES of the (oPCB*) at 77 K consist of a single peak that red shifts only
slightly with increasing time (Figure 4-7a), indicating that the two contributing
chromophores, otg4 and Bga, haye similar emission spectra. As with BPC, the (oPCB*)

DTRES at 77 K were fitted as a function of time (between 0 and 1 ns) to extract the rate
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Figure 4-7. 77 K DTRES of (a, top) (0PCB*) and (b, bottom) (aPCRPC), excited at
581 nm.
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constants of energy transfer between the chromophores. The results of the fit are

(a = 0gq, b= Pga): 1/(kap+kpa) = 98 ps (97-99 ps), kpa/kap < 0.5, 1/kq= 1560 ps
(1550-1570 ps), error 0.4%. The aig4 and Pg4 emission spectra were calculated using
values of ky./k,, between O and'O.S . The shape of the resolved spectra depend to some
extent on the kpa/kap ratio, but in all cases the oig4 chromophore peaked at 640+1 nm and
the Bg4 chromophore peaked at 646+1 nm, and the relative quantum yields were the same
within 2%. A Boltzmann calculation using these peak positions predicts that kya/kap =
0.10£0.07 at 77 K. This value of kpa/kap Was used m calculating the resolved oig4 and Bgg
emission spectra, but the error bars for the chromophore emission spectra (the ag4 error
bars are included in Figure 4-8c) were calculated allowing kya/kab to vary between 0 and
0.5 as well as including the uncertainty in the relative absorption strengths of the
chromophores at the wavelength of excitation. By comparison with the Bg4 chromophore
spectrum resolved in the above studies of BPC at 77 K, we assign the longer wavelength
fluorescing éhromophore as Bg4 and the shorter wavelength fluorescing chromophore as
og4. This assignment is further supported by the close agreement between the resolved
ag4’spectrum and the steady-state spectrum of the oPC (Figure 4-8¢c). Simulated TRES
using the resolved absorption and emission spectra and the rate constants were compared
with the observed DTRES at several delay times between O and 1 ns. The error averaged
over time and wavelength is 0.3%; the simulations are indistinguishable by eye from the
experifnental spectra shown in Figure 4-7a.

The resolved emission spectra of the PC chromophores at 77 K, scaled to have
equal absorption at excitation wavelength 581 nm, are shown together in Figure 4-8a. The
0g4 and Pgy4 spectra are derived from the DTRES of (aPCB*), and the B;s5 spectrum is
derived from the DTRES of BFC. The factor that minimized the difference between the Bgg
emission spectra derived from the DTRES of the two different samples (BPC and (oPCB™))
was used to scale the ;55 emission spectrum. These two independent attempts to resolve

the Pss emission spectrum are shown together in Figure 4-8b. The P4
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Figure 4-8. (a, top) The resolved 77 K emission spectra of the chromophores in
(0PCBPC), normalized to have equal absorption at excitation (581 nm). (b, middle)
Comparison of the Bga spectra derived from the 77 K DTRES of (0PCB*) and BFC.

(¢, bottom) Comparison of the 77 K steady-state emission spectrum of the oFC with the
0,g4 emission spectrum derived from the (0FCB”) DTRES at 77 K.
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spectrum derived from BFC is red shifted at its emission maximum (by 3-5 nm) and broader

(by 3-5 nm FWHM) than the spectrum derived from («PCB*). This difference is outside
the estimated error of each specfrum and so may reflect a real difference between the gy
chromophore spectra as expressed in the two different environments. In contrast, the 0igq
chromophore emission spectrum derived from the DTRES of («FCB*) at 77 K matches

within experimental error with the steady-state emission spectrum of ofC at 77 K

(Figure 4-8c).

Time-Resolved Fluorescence at RT

At room temperature the DTRES of BFC, excited at 581 nm, consist of a single broad peak
which red shifts and decreases in amplitude with increasing time (Figure 4-9a). Using the
same modeling methods as at 77 K, the evolution of the spectrum out to 1. ns can be well
described by a two-chromophore model; the B;ss chromophore emitting maximally at 629
nm, and the Bg4 chromophore emitting maximally at 648 nm and having a lower quantum
yield. The rate constants extracted from the fits to the DTRES are (c = B1s5 and b = Bs4,):
1/(kpct+kep) = 52 ps (44-63 ps), kpc/kep < 0.2, 1/kg = 750 ps (660 - 860 ps), error =
5.1%.

As at 77 K, the shape of the RT DTRES of (o«PCB*), excited at 581 nm, changed
only slightly with time (Figure 4-9b) indicating that the o4 and g4 chromophores have
very similar spectra. The results of the fit to the two-chromophore model are (a = 0(g4,

b = Pgs): 1/(kai,+kba) = 149 ps (148-151 ps), kpa'kap < 0.5, 1/kg= 1160 ps (1150-1170
ps), error 0.2%. | |

The RT results are summarized in Figure 4-9c, which shows the resolved emission
spectra of the three chromophore types in PC normalized to have equal absorption at the
excitation wavelength, 581 nm. The 0g4 and g4 spectra are derived from the DTRES of

(oPCB™), and the B;s5 spectrum is derived from the DTRES of FC.
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Figure 4-9. Room temperature DTRES. excited at 581 nm. of (a, top) BFC, and
(b, middle) (aPCB*). (c, bottom) The resolved RT emission spectra of the
chromophores in («PCBPC) normalized to have equal absorption at the excitation
wavelength.
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As at 77 K, the Bg4 emission spectra resolved by modeling the BPC DTRES versus the

result of modeling (FCB*) DTRES were different: the maxima match well (648 +/- 2 nm),
but the spectrum based on the BPC DTRES is broader by 10-15 nm FWHM. As at 77 K,
the resolved oig4 emission spectrum at RT matches the RT steady-state emission spectrum

of the oPC, within the uncertainty of the spectral assignment.

Ill. Discussion

Our efforts to resolve the absorption and fluorescence spectra of the three |
chromophore types in (0PCBFC) have addressed the question of whether the chromophore
spectra remain the same when expressed in the following different protein environments:
oFC, BPC, (aPCB*), and (aPCRPC). In the case of absorption we find that: (1) As
previously reported,>* the absorption spectra of the isolated oPC and BPC subunits sum to
give the (ePCBPC) spectrum at room temperature, and (2) The spectrum of the PC |
monomer from the cpcF mutant (lacking the olg4 chromophore) is very similar to the sum
of the B1ss and Pg4 absorption spectra, resolved by comparing the spectra of oFC,
~ (0PCB™), and (aPCRPC) (Figure 4-2). The consistency of the RT assignments of the
chromophore absorption specfra is further supported by absorption measurements at 77 K.
The visible region of the absorption spectrum of BPC at 77 K consists of two bands in the
same positions as our RT assignments of the B;55 and Bg4 chromophore spectra (Figure 4-
4a). The apé absorption spectrum at 77 K (Figure 4-4b) consists of a single band
peaking near the long wavelength band of the BPC spectrum, as would be expected from the
close overlap of the oig4 and g4 spectra resolved at RT. The absorption spectrum of |
(oPCBPC) at 77 K (Figure 4-3a) contains the same two bands seen in the BPC spectrum,
‘but with intensity 6f the long wavelength peak increased relative to that of the short
wavelength peak, as is consistent with the assignment of the 0g4 chromophore absorption

spectrum based on the RT and 77 K oFC absorption spectra. The 77 K spectrum of
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(0PCB*) (Figure 4-3b) is missing the short wavelength band seen in the (oPCBPC)

‘spectrum, as would be expected from the RT assignment of this feature to the Bys;
chromophore. These absorption studies of oFC, BPC, («PCB*), and («FCPPC) indicate that
the three chromophore types act additively; in these low states of protein aggregation, the
differences in protein environment do not appear td affect the chromophore absorption
spectra significantly, and the chromophores are not so closely 'couf)led that excitonic effects
are observed (nor would detectable excitonic effects be predicted in PC monomers based on

the crystal structure of the hexamer?).

The fact that at both RT and 77 K the steady-state fluorescence spectrum of oPC

overlays within error with the o4 spectfum derived from the DTRES of (oPCB*)
(Figure 4-8c), indicates that the shape of the 0lg4 emissioh spectrum is very similar in these
two environments. In contrast, at both RT and 77K, the differences between the Bgs
emission spectra deduced from the DTRES of BPC versus the spectra deduced from the
DTRES of (0FCB*) are outside the estimated error limits (Figure 4-8b). The results at both
RT and 77 K indicate that the emission spectrum of the Bg4 chromophore is broader in $PC
| than in (ocPC'B*). This spectral broadening is probably due to a difference in chromophore
environment, caused either by the absence of the oPC subunit, or resulting from the
denaturation and renaturation steps necessary té isolate the BPC subunit from the monomer.
Sincé the absorption spéctra do not show evidence of such heterogeneity, a possible
explanation is that the equilibrium geometry of the Bg4 chrombphore is the same in the two
environments, but the excited st,ate_cbnfiguration of the Bg4 chromophore is less rigid in
PPC than in (aFCR*) (we thank thank reviewer no. 1 of reference 1 for this suggcstion). _

In resolving the fluorescence spectra of the chromophores in (0PCBFC), we have
assumed that enefgy transfer is occurring between three chromophore types which are not
evolving spectrally with time and each of whose populations is kinetically homogeneous.
Again, the close match between the steady-state emission spectrum of oPC and the 0ig4 |

chromophore emission spectrum resolved from (oPCB*) DTRES, provides confirmation of
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our model in showing that the shape of the aig4 spectrum does not evolve with time. That

energy transfer is occurring between two distinct pools of chromophores is apparent from
the 77 K DTRES of BPC (Figure 4-6b) where two well-resolved peaks are evident, one
growing, one shrinking, with time. The two isosbestic points in the 77 K DTRES of BPC,
which persist out to ~500 ps if the spectra are corrected for overall depletion of the excited-
state populations (spectra in Figure 4-6b are uncorrected), provide a more rigorous
~ confirmation of the two-pool pdstulate. A single isosbestic point is observed at 645 nm in
the RT DTRES of BPC persisting out to ~200 ps if the spectra are corrected for overall
depletion of the excited-state populations (spectra in Figure 4-9a are uncorrected).

Previous studies on the isolated oPC and BPC subunits have shown that fits to their
fluorescence decéys require multiple exponentials, despite the fact that oFC holds only one
chromophore.!6-18 Fits to the excited-state decay of (0PCBPC), performed by several
groups, have shown that four exponential components are needed to adequately fit the data:
two fast components (~50 ps and ~150 ps, see Table 4.5) attributed to energy transfer, one
slow component (~1.3 ns) attributed to ground state recovery, and a fourth component with |
an intermediate lifetime (~600 ps) attributed to chromophore heterogeneity.!%1920 The
disappearance of the isosbestic point at long times in the DTRES of BFC, corrected for
excited-state decay, also points to heterogeneity in the decay of the excited-state
populations. However, this heterogeneity is only visible on a time scale which is long
compared with energy transfer processes. We find that the essential features of the
evolving fluorescence spectra at early times (< 1 ns), at both RT and 77 K, of BPC and
(oPCB*) can each be well described by a model consisting of only two distinct and
homogeneous pools of chromophores.

Our size exclusionlchromatography results, indicating that the separated oFC and
BPC subunits from Synechococéus sp. PCC 7002 are aggregated as dimers, are in
agreement with the previous results of Glazer ef al.2 and Fischer ez al.!® for PC subunits

isolated from Anacystis nidulans and Mastigocladus laminosus, respectively. The crystal



_ : 95
structure of hexameric PC shows that the overlap between the oPC and BPC subunits in PC

monomers (0PCBPC) occurs in a highly hydrophobic region of each subunit.? Due to the
strong homology between the oPC and BPC seduences and structures, it is likely that the
subunit monomers overlap to form homodimers (0, and B5) in the same hydrophobic
region. If this is the case, no chromophores should be in close enough contact to be
excitonically coupled. 'Oulr comparisqn of the absorption of aFC, BPC, (aPCBPC), and
(oPCB*) shows no evidenc¢ of exciton effects. Dimerization of the subunits might open
pathways of Forster energy transfer between the subunit monomers. As long as this
energy transfer takes place between like chromophores (as between 0g4 chromophores on
adjacent oFC subunits), the isotropic fluorescence decay we méésure should be unchanged.
However, dimerization of the BPC subunit might also open an additional channel for energy
transfer between the Bg4 and P55 chromophores which if present would be visible in the
isotropic décay. If the B, complex is aggregated in the same manner as the PC monomer
(oPCBPC), we estimate that the summed intersubunit rates of forward and back energy
transfer would be lesg than 10% of the surhmed intrasubunit rates (estimated from Forster
calculations®, by analogy with the 0ig4-B155 interaction in (0PCBPC)). The good agreement
between the value for the summed rate constants for energy transfer at RT between the ;55
and Bg4 chromophores in the isolatedB.z subunit when éompared with the fast decay
constant observed by other researchers!%1920 in (aPCBPC) (see Table 4-5) makes it
unlikely that there are significant interactions between the B1s5 and Pg4 chromophores on
different B subunit monomers within the B, complex. Fischer et al.18 found a detergent
mixture in which the o and B, subunits are monomerized. They found that the isotrbpic
fluorescence decay kinetics of the subunit monomers are not significantly different frorh the

dimers.!8



96 |
IV. Summary and Conclusions
The wavelengths of maximum absorption and relative absorbances of the three resolved
chromophore types in monomeric PC at RT are summarized and compared with previous
results in Table 4-1. . The error estimates are based on repetition of the experiment using 3
separate sample preparations. The relative absorbances are normalized to that of the Olg4
chromophore. Our assignment of the 8,55 chromophore as the shortest wavelength
absorbing and the Bg4 chromophore as the longest wavelength absorbing agrees with
previous results.3=? However, there are significant differences in both the positions of
the absorption maxima and the relative absorbances. Aside from the techniques used to
determine the absorption spectra, differences between our results and previous results may
be due at least in part to the different species from which PC was isolated (Mastigocladus
laminosus in references 3-9; Synechococcus sp. PCC 7002 in ours). This is supported by
the observed 6-7 nm difference in the positions of the absorption maxima for the oPC
subunits and the 5 nm difference in positions of the absorption maxima for (0PCBPC)
isolated from the two different organisms (see Table 4-1). The peak positions and relative
absorbances of the resolved chromophores in (0PCBFC) at 77 K are summarized in
Table 4-2.

The resolved fluorescence quantum yields and wavelengths of maximum
fluorescence of the three chromophore types in (0FCBPC) at RT are shown and compared
with previous estimates in Table 4-3. The error estimates are based on the uncertainties of
the rate constants and relative absorbances used to calculate the emission spectra. The |
fluorescence quantum yields are normalized to that of the g4 chremophore. The estimates
we make of the relative fluorescence quantum yields of the chromophores are the most
uncertain of the properties we have attempted to resolve. Although we have evidence that

the chromophore absorption properties are conserved in the various protein environments
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Table 4-1. Wavelengths of maximum absorbance (Apax in nm) and relative absorbances

(Are; relative to the otg4 chromophore) of the three chromophore types in (0PCBFC) at RT,
-compared with previously published results.

_ RvT Absorbance

Amax(nm) Al Ame’ A’ | Amu!  Adgf
Biss 600 + 1 0.98+0.05 [ 594 095 | 598 089
age 624+0.5 1 618 1 | 617 1
Bsa 628 + 1 061005 | 624 069 | 622  0.60
monomer | 616 +0.5 239005 | 611 2.43

* From reference 3, PC isolated from M. laminosus

T From reference 9, PC isolated from M. laminosus

Table 4-2. Wavelengths of maximum absorbance (Anax in nm) and relative absorbances
(Are relative to the g4 chromophore) of the three chromophore types in (0PCBFC) at

77 K. :

Biss
g4

Bsa

monomer

77 K Absorbance.

Amax(nm) Arel
602+1 0.91+0.05
6290405 1
630 + 1 0.74 + 0.05
604 +0.5,  1.82+005
629+0.5  2.07+0.05
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Table 4-3. Wavelengths of maximum fluorescence intensity (Fpax in nm), fluorescence
quantum yields (P (rel) relative to the oig4 chromophore), and Stokes shifts (in nm) of the
three chromophore types in (0PCBPC) at RT, compared with previously estimated values.

RT Fluorescence

e O im | o D it om
Biss | 629+1  1.10+0.09 28 623 1.0 25
Ogs | 6441 1 20 641 1 24
Bsa | 648+1 0.83+0.14 23 644  0.67 22

1 From reference 9, PC isolated from M. laminosus

Table 4-4. Wavelengths of maximum fluorescence intensity (Fpax in nm), fluorescence
quantum yields (®g (rel) relative to the og4 chromophore), and Stokes shifts (in nm) of the
three chromophore types in (&FCBFC) at 77 K.

77 K _Fluorescence

anr‘;’; P (rel) shsi?t)l((r?rsn)
Biss 622+1 1.1340.05 20
Olg4 6411 1 12
Bsa 647+1 0.9640.05 17
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described in this chapter, fluorescence quantum yield is often a more sensitive probe of

environment. We see differences in chromatographic behavior between the wild-type and
‘mutant PCs, and we see differences in the resolved width of the Bg4 enﬁssion spé(_:trum in
the BPC and oPCB* vprotein-en'vironments. Both of these observations indicate differences
in protein environment-v which might also have an efféct on the chrorhophore quantum
yields. _

Previously the fluorescence emission spectra of the Bg4 and By55 chromophores
were estimated by assuming that the shapes and Stokes shifts of their spéctra were the same
‘ ~as that of the oig4 chromophore.® We find some differences in shapes (Figure 4-9c) and
Stokes shifts among the resolved emission spectra of the chrorhophores at RT, and the
positions of maximum fluorescence intehsity that we resolve are different from the previous
results derived for PC isolated from Mastigocladus laminosus.? The peak positions and
relative fluorescence quantum yields of the chromophoré‘s in (aPCPPC) at 77K are.
summarized in Tablé 4-4. | |

The rate constants for energy transfer between the chromophores in (oPCBFPC),
determined by fitting the time-lresolved fluorescence spectra of BPC and (FCB*) at RT, are
summarized and compared with previously published values for (PCRPC) decay, in |
Table 4-5. The rate constants for energy transfer between the 155-0g4 chromophore pair
were not determined in this set of experiments. However, based on the crystal structure of
PC, Sauer and Scheer* have predicted that the coupling between the 55 and otgq
chromophores is weak. If the forward and back Forster rate coﬁs;ants are summed for the
chrdmophore pairs, one would expect an approkimately 15-fold greater coupling strength
between the PB155-Pga chromophore pair than for the B;s5-0igs chromophore pair.# There |
is good égreemenf betweén our measured rate constant values and Ipreviously reported
~ values, in spite of the fact that the PC was isolated from different organisms (see Table 4-5)
and different techniques were .'used to measure the kinetics (transiént absorption of

(0PCBPC) in references 19,20; time-resolved fluorescence of (0PCBPC) in reference 10 , and
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Table 4-5. Rate constants for energy transfer between the chromophores in (aPCBFC) at
RT, compared with previously published values. Chromophore b’ refers to g4 while 'a’

refers to either 155 (row 1) or 0gg (row 2). The estimates of ky,/Kap are based on a
Boltzmann calculation using the peak positions of the resolved chromophore emission
spectra, and the uncertainties are based on the constraint that the resolved emission spectra
be non-negative at all wavelengths. The values and uncertainties of 1/(kab+kba) are based
on the fits to the DTRES.

RT Energy Transfer Rate Constants

1/(Kab+kpa) Kpa/Kab " 1/(Kab+kba)®  1/(Kab+kpa)t  1/(Kap+kpa)?

B1ss-Bsa 52 ps 0.1 50 ps 57 ps 56 ps
(44-63) | (<02 “ (+3) (+4) (+ 8)

og4-Pga 149 ps 200 ps 180 ps 151 ps

(148-151) (<O.5) (£ 20) (£ 60) (£ 20)
*From reference 10, PC isolated from Synechococcus 6301.
tFrom reference 19, PC isolated from M. laminosus.
#From reference 20, PC isolated from Westiellopsis prolifica.

Table 4-6. Rate constants for energy transfer between the chromophores in (PCBFC) at
77 K. See caption for Table 4-5 for further details.

77 Energv_Transfer Rate Constants

1/(Kap+kpa) Kpa/Kab :
B1ss-Bsa 64 ps 0.0
(61-68) (<0.1)
0lg4-Psa 98 ps 0.1
(97-99) (<0.5)
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time-resolved fluorescence of (0PCB™) and BPC in ours). The previously tentative

assignment of the ~50 ps rate constant to energy transfer between the P55 and B§4
chromophores based only on (aPCBPC) kinetics can now be made definite, due to its
absence in the (0PCB") kinetics and its presence in the BPC kinetics. The 77 K rate
constahts for energy transfer between the chromophores in (aFCBFC), determined by fitting -
the 77 K time-resolved fluorescence spectra of BPC and (PCB*), are summarized in
Table 4-6. " |

Because the rods of the phycobilisome contain PC in the form of stacked hexamers,
an important question remains abbut the applicability of the resolved spectral and kinetic
properties ofv monomeric PC to highef aggregates of PC. That the RT absorption spectrum |
of the trimeric form peaks to the red of the monomeric form of PC (by 9 nm in PC isolated
from Synechococcus sp. 'PCC 7002) already indicates that éigniﬁcant changes in the
chromophore eﬁvironments oécur during aggregation. Also, the overall fluorescence
quantum yield increases with aggregation of PC from monomeric to trimeric form, and the
wavelength of maximum fluorescence shifts to the red (by ~6 nm in PC isolated from
Synechococcus sp. PCC 7002). The rate of isotropic and anisotropic excited-state decay
also increases with aggregation staté as new paths for energy fransfer become
available.19-20-21 In the absence of a better alternative, past studies have applied the
chromophore spectra as isolated from the subunits of PC to the analysis of higher
aggregates.»10:21.22 In Chapter 6 we describe our efforts to resolve the chromophores in
trimeric PC using techniques similar to those used to resolve the chromophores in

monomeric PC.
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Chapter 5. Comparison of Calculated and Experimentally Resolvéd

Rate Constants for Excitation Energy Transfer in Monomeric C-

Phycocyanin

I. Introduction

In the last chapter we described our efforts to resolve the absorption and
fluorescence spectra of the chromophores in monomeric PC. In this chapter we describe
how these spectra can be used in conjunction with other properties of the chromophores
and the crystal structure of PC to calculate rate constants for energy tfansfer using the
Forster model: These calculations are compared with our experimentally resolved rate
constants; and this constitutes the most detailed test of Forster theory in a light-harvesting
protein that we know of to date.

| Forster rate constants for energy transfer in PC had been previously calculat;ad by
Sauer and Scheer.]2 However, as mentioned in the previous chapter, the chromophore
spectfa used in these calculations were estimated by deconvolution procedures that involved
prior assumptions about their spectral band shapes. The chromophore excited-state
lifetimes, also required for the Forster calculations, were assumed to be the same (1.5 ns)
for all three chromophore fypes. The chromophore fluorescence quantum yields were
estimated from the absorptioﬁ strengths of the deconvoluted spectra.

In addition to measuring the chromophore absorption and fluorescence line shapes
more reliably we have made new measurements of the fluorescence quantum yield,
extinction coefficients, and excited-state lifetimes of the individual chromophores. These
improvements in the detérmination of the chromophore properties result in a much more

accurate calculation of the Forster rate constants.
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Il. Results

Calculation of Forster rate constants
We break up the calcul.ation of the Forster rate constants, kpa, into four factors:
kp,=CeGePe] ' (5-1)
where IC is a collection of constants, G is a geometric term dependent on the distance |
between and orientation of the donor and acceptor chromophores, P is a collection of
spectroscopic properties of the individual chromophores, and [ is an integral dependent on
the overlap of the fluorescence spectrum‘ of the donor with the absorbance spectrum of the

acceptor.

1. The first term, C, is the most certain of the four parts of the calculation:

= 582%0—4 =2.72x10%mole™ (5-2)
Al ‘

In equation 5-2, N4 is Avagodro's number and 7 is the index of refraction. In deriving
equation 5-1, Forster assumed that the donor and acceptor are surrounded by a
homogeneous medium. This is obviously not the case in PC, where the chromophores are
surrounded by charged amino acids at fixed distances and orientations (for example, see
Figure 1-4). Grabowski and Gantt> estimated Forster critical distences (the donor-acceptor
separation at which energy transfer is 50% efficient) in phycobiliproteins using 1.576 as an
average intraprotein index of refraction, as measured in wet PBS. Later Sauer et al.! used
1.54 as the index of refraction in their calculations of Forster rate constents for energy
transfer between chromophores in PC. Both of these calculations were based en the
assumption that » in equation 5-2 refers to the index of refraction of the medium separating
the donor and acceptor chromophores. However, Moog et al.* have shown that the effect
of an inhomogeneous chromophore environrnent is inherently accounted for in Forster's

theory if the donor and acceptor extinction coefficients and lifetimes are measured for a
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dilute solution of chromophores in the same protein environment as that for which the

energy transfer rates are to be predicted. The appropriate index of refraction to be used in
equation 5-2 is that of the bulk solution. Later calculations by Sauer et al.? used the index
of refraction of water at room temperature, 1.34, and this is the value we use in equation

5-2.

2. The geometry factor, G, is calculated according to:

K
G=-2 5-3
. | (5-32)
Kps = /10 . ﬁA - 3(/20 o ;DA)(ﬁA ®7p4) (5-3b)

where Rp, is the distance between the centers of the transition dipole moments of the
chromophores. xp4 depends on the relative orientation of the unit vectors describing the
direction of the chromophore transition dipole moments (i, and fi, for donor and
acceptor, respectively) and their orientation relative to the unit vector separating their
centers ( 7y, ), as shown in equation 5_—3b. The values of Rpy, 6, k, and G within PC
monomers are shown in Table 5-1 as calculated from the crystal structures of PC isolated
from Synechococcus sp. PCC 7002 (formerly Agmenellum quadruplicatum) at 2.5 A
resolution,> Mastigocladus laminosus at 2.1 A resolution,’ and Fremyella diplosiphon at
1.66 A resolution.® 6 refers to the angle between the donor and acceptor transition dipole
moments. The transition dipole moments were estimated by fitting a line through the
conjugated portions of the chro'rnoph‘ores.s’6

A more refined calculation of the transition dipole moments was performed by
Scharnagl et al.”-8 based on the crystal structure of PC isolated from Mastigocladus
laminosus. The effects of nearby amino acids were included in semi-empirical calculations
of the chromophore wave functions. The positions of carbon, nitrogen, and oxygen were
fixed at the positions given by the crystal structure, but protonation states were estimated

by energy minimization calculations. Several different arrangements of
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Table 5-1. Distances, Rpy, relative orientations, 6, orientation factors, k; and geometry
terms, G, between the transition dipole moments of chromophores in monomeric PC as
determined by x-ray crystallography of PC isolated from three different species of

cyanobacteria.>® Transition dipole directions and centers were estimated by fitting a line to

the conjugated portions of the chromophores.>¢ The values in parentheses are the results
of a semi-empirical quantum mechanical calculation of the chromophore transition dipoles

by the monopole method.”

Structural ‘

G

. Resolution | Chromophor (x10-38,
Organism (A) e Pair Rpa 6 Ixl cm-5)
' (A)

Syn. 7002 2.5 B1ss-Oiga 48.0 | 118° | 0.43 0.15
B1ss-Bsa 342 | 47 | 077 3.70

asa-Bss | 505 | 164 | 172 | 178

M. laminosus 2.1 Biss-0lga 47.7 114° | 0.58 0.29
47.0) | (118°) | (0.64) (0.38)

B1s5-Bsa | 342 4° | 0.84 4.40

337 | @469 | 0.89)] (5.46)

oga-Paa 502 | 162° | 1.73 1.87

49.3) | (161% | (1.66)| (1.90)

F. diplosiphon| 1.6 Biss-ase | 480 | 1110 0242 o0.048
| | B1s5-Bsa 34.6 | 559° | 0.684 2.74

age-Bgs | 500 | 165 |1.706| 1.86

Abbreviations:

Syn. 7002: Synechococcus sp. PCC 7002 -

M. laminosus: Mastigocladus laminosus

F. diplosiphon: Fremyella diplosiphon
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the protons (tautomers) were found to be within kT of the lowest energetic configuration.

Transition dipoles were calculated by the monopole method. Values of Rpy, 6, k, and G,

shown in Table 5-1 in parentheses, were calculated from the transition dipoles kindly

provided to us by C. Scharnagl.? The variations of Rpy, 6, k, and G between the
calculations of Schirmer et al.® and our calculations using the dipoles from Schamagl,9

both based on the crystal structure of PC isolated from Mastigocladus laminosus, are about

the same as the variations of Rp,, 6, k, and G among the PCs isolated from different

organisms as calculated by Schirmer et al.> and Duerring et al.

3. The third term in equation 5-1 is

LT (5-4)
I, Tp

where £ 1is the e*tinction coefficient (in cm2 mole-1), and 70 is the intrinsic fluorescence
lifetime (in s) of the chromophores. The intrinsic fluorescence lifetime can be related to the
observed fluorescence lifetime, 7, usiﬂg the fluorescence quantum yield, &, as shown in
equation 5-4. T represents. the observed fluorescence lifetime of the chromophore in the
absence of energy transfer partners. The quantities used in the calculation of P are shown
in Table 5-2. The extinction coefficient of the 0g4 chromophore was determined by
comparing the absorbance of al;c under denaturing (8 M Urea, pH 2) and non-denaturing
(5 mM (Na) phosphate, pH 7) conditions. The extinction coefficient of aPC under
denaturing conditions, as determined by Glazer and Fang,!0 is 0.332 x 105 M-! cm! at
662.5 nm. The maximum absorbances of the Bg4 and B;55 chromophores relative to the
o4 chromophore (given in Table 4-1) were scaled by the extinction coefficient of the 0tg4
chromophore to get the values in Table 5-2.

The fluorescence quantum yield of the og4 chromophore was measured by
comparing the integrated emission spectrum of ofC in 5 mM (Na) phosphate, pH 7, excited

at 560 nm, to that of cresyl violet in methanol. Magde ef al.!! report a



109

Table 5-2. Properties of the chromophores in monomeric PC. @ is the fluorescence
quantum yield, € is the extinction coefficient, 7 is the observed fluorescence lifetime, and 70
is the intrinsic fluorescence lifetime. The values of @, &, and 7 for the og4 chromophore
were measured directly using isolated oPC. The uncertainties are based on repetitions of

the measurements on different samples. The values of @ and ¢ for the Bgs and Piss
chromophores were calculated by multiplying the relative values given in Tables 4-1 and 4-

3 by the absolute values shown in this table for the 0ig4 chromophore. The values of Tfor
the Bg4 and B1ss chromophores were calculated from the experimentally measured lifetimes

of oC, (aPCPPC), and (aPCR*), see main text for more details. 77 is T divided by @.

expt
70, values for the three chromophore types were calculated directly from the resolved

absorption and fluorescence spectra (equation 5-6, see Chapter 4 for spectra).

Chromophore| @ , cigxnﬁl(?l:-’l) T (ns) Tope (NS) Ty (1)
Biss 025 1.12 093 | 3.7 3.65 .
| +0.02 +0.05 +0.17 +0.7
ass 023 1.15 1.50 6.6 4.43
+0.02 +0.05 +0.01 +0.6
Bsa 0.19 0.701 1.45 7.3 5.86
+0.02 © £0.03 +0.01 +0.8
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fluorescence quantum yield of 0.545 for cresyl violet perchlorate (Exciton Chemical Co.) in

methanol at 22 °C in equilibrium with air. The quantum yield of oPC was corrected for the
difference in index of refraction between water and methanol (see Chapter 2), but this
correction was smaller than the uncertainty of our reported quantum yield. The emission
spectra of oPC in neutral phosphate buffer and of cresyl violet in methanol a_re—simi]ar in
shape and maximum peak positions (cresyl violet peaks ~20 nm shorter in wavelength).
The fluorescence quantum yields of the Bg4 and B;55 chromophores relative to the ag4
chromophore (given in Table 4-3) were scaled by the absolute quantum yield of the oigq
chromophore to get the values in Table 5-2. |

The isotropic fluorescence lifetimes of aFC, (aPCBFC), and (aPCPR*) were measured
by the TCSPC technique for the purpose of resolving the individual 7 values of the three
chromophore types in PC monomers. Immediately following the excitation pulse, the
fluorescence decays of (0PCBFC) and (aPCB*) are complicated by energetic equilibration
among the excited-state populations of the chromophores. However, equilibration by
energy transfer is much fasfer than the net deéay of fluorescence in PC monomers, so that
the fluorescence at late times wiil occur }from a Boltzmann-weighted distribﬁtion of the
excited-state populations of the chromophores. The fluorescence lifetime of oPC is used
directly as the 7 value of the ogs chromophore. In order to extract the 7 value of the Pg4
chrbmophore, by comparison of the decay times of o&PC and (aPCB*), we use the following
equations which contain the implicit assumption that the parameters are measured under

conditions of Boltzmann equilibrium:

c, C,
oy S 1 (5-52)
Tau Tﬁy T( o) '
Cas * G =1 (5-35)
Cﬁu — kau =B _ CeGe Pas.z =By * Iasa =B _ q)a“ Tﬁ“ eﬂu Ia“ 2Py (S-SC)

T CeGeP o]

Baa g, By —ay

C

(2.7} Brs g,

Dy Ton o],

8 Ogs  Pa gy
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where C; is the Boltzmann weighting factor for the excited-state population of

chromophore x, 7, is the observed fluorescence lifetime of chromophore x in the absence

of energy transfer, and T, is the observed fluorescence lifetime of (0PCB*) after a

ap’)
pseudb—equilibrium of the excited-state populations of 0g4 and g4 has been réached.
Equation 5-5a expresses the idea that the fluorescence lifetime observed from a two

' chromophoré system will be a Boltzmann-weighted average of the lifetimes of the two
chromophores. We normalize the Boltzmann coefficients to sum to one (eqhation 5,-5b).
Equation 5-5c relates the Boltzmann coefficients to the forward and back fate constants of
energy transfer between the chromophores, which can be related to the properties of the |
individual chromophores by the Forster equation. By combining equations S;Sa through ¢

we can extract the observable fluorescence lifetime of the Bg4 chromophore:

1 L

g, 1
— 3 . Ogy “Pys " agy =B (S_Sd)
Tﬂs«s Qg T(apcﬁ' )eﬁu Iau By q)ﬂsa Tas« .80534 Iﬂu oy + q)ﬂsa T(apcﬁ. )8“34 Iﬂs.s —ag

The fluorescence lifetime of the P55 chromophore is extracted from the lifetime of
(0PCBPC) in a similar manner to the extraction of the By, lifetime from (oPCB*) except that

now all three chromophore types present in (0PCBPC) must be considered:

C C C
O By + Biss _ 1 (5-62)
Ta 8% Tﬁsa Tﬁxss T( apre)
Cpp, +Cy +C5 =1 | (5-6b)
Cﬁlss — kau —Biss + kﬁsa —Byss
C, +C ky o thks
84 Bea Biss >0ty Brss—Baa ( 5. 6C)

Tﬁu Tﬁlss (D"‘sd 813155 Iazu —bByss + Tatu Tﬁlss cpﬁsa 8/3155 Iﬁsa —Biss

Tau Tﬁu q)ﬁlss 8“84 Iﬁlss g + T“sa Tﬁu (Dﬁlss eﬁu Iﬁlss =By

These three equations plus equation 5-5¢ can be analytically solved for 7,  (solution not

shown). We instead arrived at a numerical solution by guessing an initial value of Tp.s, »

using it to calculate the Boltzmann coefficients, then using the Boltzmann coefficients to
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recalculate 7, . The last two steps were repeated until the results converged. The

solution was independent of the initially guessed value.

We fit the fluorescence decays of oPC, (aPCBFC), and (aPCB*) over a 1-8 ns
window, relative to the arrival of the excitation pulse, to a single exponential. The
chromophores are judged to be in excited-state population equilibrium during this time
window, based on the fact that the decay of fluorescence anisotropy is essentially compiete
in less than 1 ns for both the (0PCBFC) and (aPCP*) samples (see for example Figure 5-1).
The samples were éxcited at 590 nm and emission was observed at 640 nm, near the
wavelength of maximum emission intensity for all three samples. The lifetimes we
measured for oFC, («PCRPC), and («PCP*) are 1.497+0.009, 1.42510.015, and
1.47110.005 ns, respectively. The error estimates are based on repetition of the
experiment 3 times on separately cultured and purified samples. The chromophore
fluorescence lifetimes (7) estimated using equations 5-5 and 5-6 are shown in Table 5-2.
The lifetime of the ;55 chromophore has a large uncertainty because it makes only a small
contribution to the Boltzmann-equilibrated fluorescence of (oPCBPC). The intrinsic
fluorescence lifetimes of the chromophores, 'rfxpt, shown in Table 5}2, are the
experimentally measured fluorescence lifetimes divided by the quantum yields of
fluorescence.

The intrinsic fluorescence lifetimes of the chromophores were also calculated _
directly from the resolved absorption and fluorescence spectra of the chromophores using |
the following relation!?:

1 _ sms0se| JFdv (j e(v)dv)=5119x10‘21 i U 8u)d/1)(5-7)
N J'F(;/) av Vv ' | JRFar 4
. |

where c is the speed of light, n is the index of refraction of the bulk medium, v is the
frequency of light in Hz, A is the wavelength of light in nm, and € is the extinction

coefficient in M-1 cm-l. The derivation of this formula involves the assumption that the
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ground and excited electronic states of the chromophores have the same equilibrium

geometry (the same vibrational structure).!? This requirement is best satisfied in rigid

molecules. The results of the calculations are shown in Table 5-2 under the heading 7°, .

4. The final term in equation 5-1 is /, the integrated overlap of the fluorescence

spectrum of the donor (Fp) with the absorption spectrum of the acceptor (A4).
Y Fo(A)A, (M)A AL

_w ~ N -4 ~_m 4 ~ A _
I—E[FD(V)AA(V)V dv_‘([FD(/l)AA(/l)l dA S FL AR (5-8)
A

The equation is shown for calculation in cithclar. energy (v, cml) or wavelength (A, cm) °
space. Note that in transforming a fluorescence spectrum taken With'constant bandwidth in
wavelength space into a constant bandwidth spectrum ‘in energy spaée, a factor of A2
should be multiplied by the data.!* Absorption spectra used in equation 5-7 should be
normalized to peak at 1. In the first two expressions of I in equation 5-7 it is assumed that
the fluorescence spectrum is normalized to integrate to 1. In the final expression in
equation 5-7, the integral is approximated by a sum over wavelength points and the
normalization of the fluorescence spectrum is explicitly included in the calculation. The
absorption spectra of the chromophores, resolved by steady-state absorption spectroscopy
as described in Chapter 4, were measured at 1 nm intervals. The chromophore
fluorescence spectra, extracted from time-resolved fluorescence experiments on PC and
(OPCB™) as described in Chapter 4, were measﬁred at 5 nm intervals and linearly
interpolated to a 1 nm interval. The overlap integrals in monomeric PC at both RT and

77 K are shown in Table 5-3.
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Table 5-3. Overlap integrals (x 1018, cm4, see equation 5-7) for the chromophores in
monomeric PC based on the absorption and fluorescence spectra resolved in Chapter 4.

Room Temperature

Acceptors
Biss 034 Bsa
Biss 5.60 7.81 9.97
Donors Y 216 4.50 7.49
Psa 1.25 3.47 - 6.96

77 K

Acceptors
B1ss olg4 Bsa
Biss 2.70 6.66 7.06
Donors g4 0.482 4.09 5.02
Bsa 0239 2.63 3.55
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The results of combining the four terms in the Forster calculation are shown in

Table 5-4. The calculations were performed using geometry factors derived from the V
crystal structures of PCs isolated from three different species of cyanobacteria.
Calculations using the refined transition dipole moﬁents of Scharnagl et al.”® for PC
isolated from Mastigocladus laminosus are given in Table 5-4. in parentheses. All

- chromophore properties used in the calculations, other than the geometry factors, are as
determined for PC isolated fromA Synechococcus sp. PCC 7002. Both calculated and -
experimentally determined intrinsic fluorescence lifetimes were used to calculate the rate .
constants in PC isolated from Synechococcus sp. PCC 7002. Only the experimentally
determined intrinsic fluorescence lifetimes were used in calculating the rate constants in
PCs isolated from other organisms. Ratios of back to forward fate constants are given only
in the first two rows of Table 5-4 since in the lower rows the values are all the same as in
the first row (because the ratio of the rate consfants is independent of the specific geometry

of the chromophore interaction).

Experimentally determined rate constants

Experimentally determined rate constants for energy transfer in monomeric PC are
shown below the theoretical predictions in Talz;le 5-4. The first row of experimental rate
constants was determined using the TCSPC technique by modeling the decay of isotropic
fluorescence in BPC and (oPCB*), as described in Chapter 4. To check our results by a
secqnd method, we used fluorescence upconversion to monitor the anisotropic fluorescence
. decay of (aFCBPC) and (aPCR*). Typical decays are shown in Figure 5-1, for which the
samples were excited at 592 nm, and emission was observed at 659 nm. Note that the
anisotropy of (0PCB*) decays more slowly and to a lesser extent than (oPCBFC).
Qualitatively it is clear from Figure 5-1 that removing the 355 chromophore from the

monomer has decreased the routes by which the initial excitation can be depolarized.
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Table 5-4. Energy-transfer rate constants in C-phycocyanin monomers from Forster
calculations and from time-resolved experiments. k,, refers to the rate constant for energy
transfer from chromophore a to chromophore b.

1 k,
P, (ps) _ba
_____—_I (kab + kba) ___ kab

Donor-Acceptor Pairs (a-b)

Organism | Notes || Biss- | Biss- | asa- |Bi1ss-0sa|B1ss5-Bsa| aga-Psa
0g 4 Bsa Bsa
Forster Calculations
Syn. 7002 890+150| 49+38 158+12] 0.15+ 0.10+ (0.65%0.1
| 0.03 0.02 |
Syn. 7002 | o || 815 46 111 0.22 0.12 0.57
M. lamin. § 460 41 150 * * E
xx (350) (33) (148)
F. diplos. " 2,800 66 151 * * *
Experimental Results
Syn. 7002 | TCSPC -1 1 52+10 149+2 -1 < 0.2 < 0.5
Syn. 7002 | upconv| >500 | 45+15 20070 -1 -t ---1
abbreviations: |

Syn. 7002: Synechococcus sp. PCC 7002 (formerly Agmenellum quadruplzcatum)
M. lamin.: Mastigocladus laminosus
F. dlplOS Fremyella diplosiphon
These Forster calculations were performed using intrinsic fluorescence
lifetimes that were calculated directly from the resolved absorption and
fluorescence spectra (equation 5-6). All other Forster calculations -
summarized in this table used the experimentally determined intrinsic
fluorescence lifetimes (see text and Table 5-2).
§: Transition dipoles calculated by Schirmer et al.’
**: Transition dipoles calculated by Scharnagl et al.”?
TCSPC: measured by the time-correlated single photon counting technique
upconv: measured by the fluorescence upconversion technique
*These values are the same as for Syn. 7002, since the ratio of back to forward energy
transfer is independent of the distance and orientation of the chromophore pair.
tThese values were not resolved experimentally.

calc
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Figure 5-1. Fluorescence anisotropy decay of (0PCBPC) and (0PCR*) measured by the
fluorescence upconversion technique. Excitation is at 592 nm and emission is observed at
659 nm. The instrument response function (JRF) is also shown for comparison.
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The anisotropy decays were quantitatively fitted using the model described in

Chapter 2 (equation 2-9). The time-dependent anisotropy is dependent on the relative
absorption and fluorescence of the chromophores, the relative spatial orientations of the
chromophores, aﬁd the rate constants for enérgy transfer between the chromophores. In
our fits, we set the relative absorption and fluorescence of the chromophores at the values
determined in Chapter 4 (Figurés 4-1 and 4-9). We do not have enough information to
simultaneously extract the forward and back rate constants betwéen chromophore pairs, so
we fix the ratios of the forward to back rate constants at the values determined by the
Forster calculations and allovs} the sums of the forward and back rate constants to .vary
during the fits. The relative spatial orientations of the chromophores were initially set to the
values predicted by the crystal structure (as determined by Schirmer ez al.’ in
Synechococcus sp. PCC 7002). However, we found that the fits to the anisotropy decays
were poor unless this orientation was varied in addition to the summed forward and back
rate constants.

In modeling («FCB*), a .two chromophore (0ig4 and Bg4) model was used. Four
decays excited at 592 nm and emitting at 641, 650, 659 and 673 nm were measured. The
decays were both individually and simultaneously (globally) fit with similar results. The
inverse Qf the summed fqrward and back rate constants was fit to 200 £ 70 ps, in good
agreement with the TCSPC result of 149 + 2 ps. The angle between the transition dipole
moments of the oig4 and Bg4 chromophores was fit to 27° £ 1.5°. This is somewﬁat
different from the 16° angle predicted by Schirmer et al> Thus, although the experimental
anisotropy of (0FCB*) decays only to a small extent (residual anisotropy of 0.33 in Figure
5-1) compared to that of (PCBPC), the crystal structure would predict even less of a decay
(residual anisotropy of 0.376). The difference in the predicted and observed chromophore
orientations might reflect a differeﬁce between the structure of crystalline PC in the
hexameric state and solvated PC in the monomeric state. However, since the level of the

residual anisotropy also depends on the relative absorption and fluorescence intensity of the
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chromophores involved, we cannot rule out the possibility that the discrepancy in the

predicted and observed chromophore orientations simply reflects inaccuracy in the
assignment of the chromophore spectra.

Modeling the (oPCBFC) fluorescence anisotropy decay requires a 3 chromophore
model. We use the rate constants and orientations determined in (0PCB*) as fixed
parameters in this model. Coupling between the B;ss ‘and 0(g4 chromophores is initially
neglected. With these simplifications, we again have only two variable parameters: the
summed forward and back rate constants for energyv transfer between the P55 and Bgy
chromophores, and the angle between their transition dipole moments. The sum of the
forward and back rate constants from the fit was 45 £ 15 ps, again in good agreement with
the TCSPC results of 52 + 8 ps. The angle between the 155 and g4 transition dipole
moments extracted from the fit was 34° £ 5°. This is again different from the angle of 47°

observed in the crystal structure.

Alternatively, when fitting the (aPCBPC) fluorescence anisotropy decays, we tried .
fixing the summed forward and back réte constants for energy transfer between the oig4-
Bss and Bis5-Psa pairs at the values determined in the TCSPC experiments, and allowing
the summed rate constants for energy transfer between the B;55-0g4 pair to vary. The
ratios of back to forward energy transfer were fixed as determined by the Forster
calculations and the relative orientations of the chromophores were fixed as determined by
the crysfal structure.  The sum of the rate constants for energy transfer between the ss-

Olg4 pair fit to zero within the estimated uncertainty, with a maximum value of 2 ns! at the

limit of the uncertainty.

Ill. Discussion
The first row in Table 5-4 shows the results of our calculations of the Forster rate
constants for energy transfer in monomeric PC isolated from Synechococcus sp. PCC

7002. These calculated rate constants show excellent agreement with the our .
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experimentally determined rate constants listed in the last two rows of Table 5-4 and those

measured by previous workers (Table 4-5). The estimated uncertainties in the calculated
Forster rate constants are based on the uncertajﬁties in the measurements of the quantum
yields of fluorescence, the extinction coefficients, and the observed fluorescence lifetimes
of the individual chromophores in monomeric PC. Alternatively, we tried calculating the
intrinsic fluoréscence lifetimes of the chromophores directly from their absorption and |
fluorescence spectra. The rate constants predicted using these calculated intrinsic
ﬂuoreécence lifetimes (second row in Table 5-4) show somewhat worse agreement with the
experimental rate constants than do the rate constants predicted from the experimentally
measured intrinsic fluorescence lifetimes. Both methods have inherent difficulties. The
experimental measurement of the observed fluorescence lifetimes of the chromophores
suffers from the fact that oPC, containing a single chromophore, shows a multi-exponential
fluorescence decay from its excited state.!416 The decay is dominated by a single
component that accounts for about 90% of the observed intensity, nevertheless, assigning
the lifetimes of the chromophores to single values is an approximaﬁon. On the other hand,
direct calculation of the intrinsic fluorescence lifetimes from equation 5-6, relies on the
assumption that the ground and excited electronic states of the chromophores have the same
vibrational structure. This too is an approximation, although for the rigidly held
chromophores of PC it seems reasonable.

Another source of error in our calculations, which is not accounted for in the
reported uncertainties, is in the assignment of the transition dipoles of the chromophores
_used to calculate the geometry factor, G (equation 5-3). There is a potential for error both
due to the finite resolution of the crystal structure and in calculating the transition dipole
moments from this stfuctUre. The relative chromophore transition dipole orientations
reported for PCs isolated from different organisms are shown in Table 5-1. The rate
constants predicted using these different transition dipoles are shown in Table 5-4 (all

chromophore properties used in the calculation, other than the transition dipoles, are as
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observed in Synechococcus sp. PCC 7002). Of course, it is quite likely that there are real

differences between the orientations of the chromophores in PCs isolated from different
organisms, but we can take the differences between the calculated rates in PCs from the
three different organisms as an indication of the upper limit ‘of the uncertainty in the rate
constant calculations due to structural uncertainty.

‘The transition dipole moments were estimated from the crystal structure by fitting a
line through the conjugated portions of the_chromophores,s’6 Quantum mechanical
calculations of the transition dipoles were also performed on the chromophores found in -
PC isolated frdm Mastigocladus laminosus.”® The geometry of the transition dipoles and
the Forster rate constants resulting from these two different methods of calculating the
dipoles, are compared ih Tables 5-1 and 5-4, respectively. The differences between the
Forster rate constants in PC from Mastigocladus iaminosus resulting from these two
different methods of calculating the transition dipoles, are smaller than our estimates of the

uncertainties in the rate constant calculations in PC from Synechococcus sp. PCC 7002.

IV. Conclusions
Previous calculations of the rate constants for energy transfer in PC monomers are

shown in Table 5-5. The calculations of Duerring et alﬁ are based the formula:

6 .
_ _’%_AZ(M) | (5:9)

k
o TD RDA
kpa and Rp, were taken from the crystal structure of PC isolated from F. remyella
“diplosiphon. Tp and Ry ps were taken as 2.2 ns and 50 A, respectively, based on the work

of Grabowski and Gantt.> Forward and back rate constants for energy transfer were not

- differentiated. The large discrepancy between these calculated rate constants and our
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Table 5-5. Rate constants for energy transfer in PC monomers calculated by previous
researchers using the Forster model.

1

(k,, +k,)

|| Donor-Accept

(ps)

Ky

ks

or Pairs (a-b)

Organism Ref. || B1ss- | Biss- | osa- | Biss- | Biss- | osa-
%84 | Bss Bsa | os4 Bsa | Bsa
Synechococcus sp. 2 370 24 41 0.24 0.22 0.76
PCC 7002
Mastigocladus 2 200 20 39 * * *
laminosus
Fremyella 6 25,000 530 7170 t i t
diplosiphon.

*The ratio of forward to back energy-transfer rate constants are the same in row two as in
row one because the properties of PC in Synechococcus sp. PCC 7002 and Mastigocladus
laminosus were not differentiated by the authors (PC from M. laminosus was used to
estimate the chromophore properties).

TForward and back energy-tranéfer rate constants were not differentiated in these

calculations.
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experimentally measured rate constants bring the parameters used in these calculations into

doubt, even as a rough estimates.
| Sauer and Scheer? performed detailed calculations of the rate constants in
monomeric PC based on the crystal structures of PC from Synechococcus sp. PCC 7002
and Mastigocladus laminosus. Their predictions, while closer than those of Duerring et al.,
| still differ considerably from the enérgy transfer rate constants that we resolved
experimentally. The summed forward ahd back rate constants they predict for the B, 55—
‘[334 and o(g4-Pg4 pairs are about 2 and 3 1/2 times as large, respectively, as what we
observed experimentally. Also the ratios of back to forward energy' transfer predicted by
their calculations for the B;55-Bgs and 0ig4-Bs4 pairs are both outside of the limits we
determined ekperimentally.
The improved agreement between our calculated rate constants and the experimental
rafe constants for energy transfer in monomeric PC is due to an improvement in the
‘resolution of the properties of the individual chromophores. This includes a more careful
resolution of the absorption and fluorescence spectra which are used to calculate the overlap
integrals (equation 5-7) as well as new measurements of the chromophore fluorescence
quantum yields, extinction coefficients, and fluorescence lifetimes. Based on our results,
we conclude that the energy transfer processes occurring in monorﬁéric PC are well
described by Forster's theory. Although experimental tests of Forster's theory have been
carried out in model systems,!”"!3 this is the first detailed confirmation of Forster's theory
- in a photosynthetic protein. |
Finally, We address the c'1ue‘sti-on of the relevance of the energy transfer processes in
monomeric PC to the functioning of PC in the whole PBS. Since vexcitation introduced into
“the rods of the PBS hés_been obsérved to reach the core of the PBS within a couple of
hundred picoseconds,!? it is unlikely that energy transfer between the B1ss and olg4
chromophores or even the 0ig4 and Bgs chromophorés within a single monomér of PC are

important pathways for energy within the whole PBS. It is more likely that transfer from
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Biss to Bg4 chromophores within a single monomer of PC plays a role in PBS kinetics,

especially as the probability of back transfer is relatively small. We will see in the next
chapter that the coupling between the 155 and Pg4 chromophores within a single monomer
remains as an important kinetic process in PC trimers, while energy transfer between o4
-and Pgy bhromophores on the same monomer becomes insignificant compared to coupling
of these chromophores across adjacent monomers. In any case, our confirmation of
Forster theory in PC monomers has provided the groundwork for similar studies in higher

aggregates of PC and in the whole PBS.
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Chapter 6. Comparative Spectroscopic Studies of Trimeric C-
. Phycocyanin Isolated from the Wild-Type and cpcB/C155S Mutant
Strains of Synechococcus sp. PCC 7002

I. Introduction

We now move a step closer to the native state of PC in cyanobacteria by
considering it in the trimeric state. As mentioned in Chapter 1, PC trimers stack along their
3-fold axis of symmetry to form the rods of the phycobilisome. The crystals from which
the x-ray structures of PC were determined contain linker-free PC in the trimeric or
hexameric states, depending on the organism from which they are isolated.!? The crystal
structures (see Figure 1.2, for example) suggest that aggregation of PC monomers into
trimers should introduce new routes for energy transfer. In particular, in trimeric PC the
og4 and Pg4 chromophores on adjacent monomers are separated by a center-to-center
distance of only 21 A, whereas the most closely coupled chromophbres in the monomer,
the B1ss-Bg4 pdir, are separated by 34 A. '

The effect of aggregation on the fluorescence anisotropy decay of PC is dramatic,
as we shall see in this chapter; The residual anisotropy value decreases to nearly zero and
the rate of anisotropy decay increases as PC is aggregated from monomers to trimers.
Some of the decay constants for energy transfer in trimeric PC are too fast to be resolved
by the TCSPC technique. Instead, we use the fluorescence upconversion technique,
described in Chapter 3, to measure the decay of fluorescence anisotropy of PC trimers with
1 ps time resolution. Our attempts to resolve the energy-transfer rate constants in the PC
trimers are a continuation of ouf studies begun on PC monomers. In particular, we are
interested in pursuing the question of whether the Forster theory, so effective at describing
the kinetic processes in PC monomers, will also be applicable in the trimers.

In addition to the dramatic increase in the kinetic rates, a more subtle effect of the

aggregation of PC from monomers to trimers is the modification of the spectroscopic
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properties of the individual chromophores in PC. That the chromophores are affected by

aggregation state is clear from the observed red shift of the absorpiion spectrum in trimers
compared to monomers. The cause of the spectroscopic changes is less clear. One
possibility is that coupling between chromophore pairs introduced upon trimer formation is
strong_enough to influence the absorption spectra of the chromophores. If the geometry of
the interaction is such that excitation preferentially induces transitions to the lower energy
band of a pair of excitonically split states, this could explain the observed red-shifting of
the absorption spectrum. An alternate explanation of the red-shift effect is that the
chromophore-protein ‘inter.actions introduced upon vtrimer formation lead to an alteration of
the chromophore vibronic energy levels.

As with monomeric PC, it would be vinformative to resolve the individual
chromophore spectra in trimeric PC. Such a resolution could shed light on the question of
cxciton_ coupling in PC trimers as well as allow us to model the rate constants for enérgy
transfer. We again find the use of PC engineered to be missing a specific chromophore to
bea valuable tool for effecting this spectrosé:opic resolution. Work described in th.is
chapte; involves a comparison of the spectroscopic properties of PC trimers, in the absence
of linker proteins, isolated from the wild-fype strain and from the mutant strain PR6235

| (¢cpcB/CI 55S) in which the B1ss chromophore is absent. PC trimers isolated from the
wild-type and mutant strains are referred to as (olPCRPC); and (oFCR™)s, fespectively.
Isolation of _the PC from cyanobacteria and determination of conditions under which the PC |
- from the wild-type and mutant Istrains. are stable in the trimeric state, are described in
Chapter 2. | | |

In this éhapter we describe resolution of the absorption Spectrum of the B;ss
chromophore in PC trimers by comparison of the steady-state absorption spectra of
(0PCBPC)3 and (0PCR*)s. Comparison of the anisotropy decays of («PCBPC); and
(0PCB*)3 also greatly aids our assignment of the dominant kinetic processes in PC trimers.

We present a comparison of calculated Férster rate constants for energy transfer with those -
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rate constants that we resolve experimentally in the PC trimers. Because we have not yet

resolved the absorption and fluorescence spectra of the g4 and g4 chromophores in PC
trimers, at the present time our Forster calculations in PC trimers rely on the chromophore

spectra resolved in PC monomers (Chapters 4 and 5).

Il. Results

Steady-State Absorption

The steady-state absorption spectra of (aPCBPC) and («PCBFC);3 are shown in
Figure 6-1a. The aggregation of the wild-type PC from the monomeric to the trimeric state
results in a 10 nm red shift of the peak in the visible region of the absorption spectrum and
a net increase in the oscillator strength of this peak. The steady-state spectra of (0PC*)
and (0PCB*)3 are shown in Figure 6-1b. The effect of aggregation on the absorption
spectrum of PC isolated from the mutant strain is a slight red-shifting (4 nm) and a large
increase in the net oscillator strength of the band in the visible region. As was shown for
PC monomers in Chapter 4, the (0PCB*); spectrum can be subtracted from the (0PCBPC);
spectrum to resolve the B} 55 absorption spectrum (Figure 6-2). The ;55 absorption |
spectrum resolved in PC trimers peaks at 598 + 0.5 nm with an extinction coefﬁ;:ient of
1.01 £0.05 x 105 M- cm-l. This agrees closely with the B;55 absorption spectrum
resolved in PC monomers for which the absorption maximum is at 600 + 1 nm and the
extinction coefficient is 1.12 £ 0.05 x 105 M-1 cm-l. These P55 absorption spectra, as

resolved in PC monomers and trimers, are shown overlaid in Figure 6-2.
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Time-Resolved Fluorescence Anisotropy

The fluorescence anisotropy decéy of (0PCB*)3, and that of (oPCB*) for reference,
both measured by the fluorescence upconversion }technique, are displayed in Figures 6-3a
and b. The excitation wavelength is 590 nm and emission is observed at 650 nm. The
measured point interval for the trimer decay in this figure is 0.2 ps from -5 td 20 ps, 1.0 ps
from 20 to 100 ps, and 10 ps for thé remainder of the decay (measured to 1 ns). The data
in Figure 6-3a and b are the same, but 6-3b is displayed over a narrower time window.
The fluorescence anisotropy decay of (0PCB); starts at 0.26 + 0.02 and decays with an
exponential time constant of 0.87 £ 0.05 ps to an anisotropy of 0.20 + 0.01, followed by
exponential decay with a 40 £ 2 ps time constant to a final anisotropy of 0.07 + 0.02. This
is dramatically different from the (0PCB*) decay, which starts at 0.40 and decays to 0.33
with a time constant of 200 £ 70 ps. 0.4 is the fluorescence anisotropy value that would be
exhibited by an isotropic solution of a single chromophore type in the absence of energy
transfer and prior to rotational diffusion, whose absorption and emission transition dipoles
are parallel. That the anisotropy decay vo»f (oPCR*) begins at 0.4 in Figure 6-3a is indicative
of the fact that on this time scale we are resolving all energy transfer steps between
chromophores with non-parallel transition dipole moments. The ahisotropy decay of the
trimers, however, begins well below the 0.4 level and this is an indication that some kinetic
processes are not being completely resolved in our measurement. The widths of the
instrument response functions, recorded shortly before or after the decays, were between
1.0 and 1.5 ps, FWHM, for all PC trimer decay measurements described in this chapter.
Thus the 0.87 ps decay constant we measure is near the limit of our instrument resolution
without deconvolution.

Time-resolved anisotropy spectra of (0PCB*)3, excited at 590 nm, are shown at
several tim¢ delay points, relative to the excitation pulse, in Figure 6-4. The anisotropy
spectrum measured at the peak of the IRF (labeled O ps) is flat as a function of wavelength

within the uncertainty of the measurement. The anisotropy remains flat
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across the emission spectrum as a function of time, so that at all emission wavelengths, the

anisotropy decays from 0.24 £ 0.02 to 0.20 £ 0.01 with an 0.9 ps exponential time
constant, followed by further decay to 0.07\i 0.02 with a 40 ps time constant, as was seen
already at the particular emissieh wavelength of 650 nm in Figure 6-3.

In contrast to the time-resolved fluorescence anisotropy spectra of (0FCB*)s, the
anisotropy spectfa of (oPCPFC);, seen in Figure 6-5, display a strong wavelength
dependence. At the earliest time delay relative to the excitation pulse (O ps) at the shortest
wavelengths (<625 nm), the observed énisotropy is at the 0.4 level within the uncertainty
of the measurement. This is an indication that in the short wavelength region, the energy
transfer processes between chromophores with non-parallel transition dipoles in (0PCBPC),
are completely time-resolved, whereas in the long wavelength region, as was the case for
(aPCB*);, the kinetics are only partially resolved with our 1.0-1.5 ps IRF. Since the only
difference between the (aPCBPC)3 and (PCB*); samples is in the respective presence and
absence of the P55 chromophore, we attribute the high anisotropy values at short
wavelengths and early times to emissioh from the B;ss chromophore. That the anisotropy
is at a high value in the region of the ;55 emission and low elsewhere, is an indication that
the P55 chromophore is more weakly coupled to the other chromophores, than the otg4 and
[384 chromophores are coupled to each other.

| In Figures 6-6a ahd b we display the parallel and perpendicular fluorescence
decays, and the anisotropy calculated from these decays, for (0FCBPC); excited at 590 nm
and emitting at 650 nm. The point interval of the measurement is as described for the
anisotropy decay of (aPCp*)3. The anisotropy decays from an initial value of 0.27 + 0.02
to a residual anisotropy of 0.01 +0.01 with two well-separated exponential decay
constants of 1.3 + 0.4 ps and 54 * 10 ps. The perpendicular fluorescence trace in Figure
6-6a clearly shows a rising component with a lifetime of fhe same magnitude as the 54 ps

decay component observed in the anisotropy decay.
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(b, bottom) Fluorescence anisotropy decay calculated from the parallel and perpendicular

traces in (a).
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Contrasting the behavior of the anisotropic fluorescence decay of (aPCBFC);

| observed at 650 nm, is the decay at the emission wavelength of 624 nm shown in Figure 6-
7. This emission wavelength is in the wavelength region of the anisotropy spectrum
(Figure 6-5) that shows high anisotropy at early times. The anisotropy at 624 nm decays
from an initial value of 0.37 £ 0.01 to a final value of 0.03 + 0.01 with a single decay

_ consiant of 70 £ 20 ps. No faster decay component was detected within the uncenainfy of
the measurement.  Notice that whereas the perpendicular fluorescence trac; at the emission
wavelengthvof 650 nm showed a rising component (Figure 6-6), af the emission - |

wavelength of 624 nm (Figure 6-7) the perpendicular trace shows monotonic decay.

Forster Calculations in PC Trimers

“In Table 6-1 we show the results of our calculations of the Forster rate constants for
energy transfer between the chromophores in PC trimers isolated from Syn;:chococcus sp.
PCC 7002. These calculations are based on the chromophore absorption spectra,
fluorescence spectra, fluorescence quantum yields, fluorescence lifetimes, and extinction
coefficients resolved in PC monomers as described in Chapters 4 and 5. The numbering
scheme for the chromophores follows that established by Schirmer ez al.! as depicted in
Figuré 6-8. Notice in Table 6-1 that our calculations predict that only a few chromophores
aré coupled by energy transfer to a significant extent (> 1ns-1). The most strongly coupled
pair by far is the oy, — B2, pair on neighboring monomers, followed by. the B/ — B, and

the @, — s, pairs on the same monomer, and the g, — B, pair on neighboring

monomers.

P
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Figure 6-7. Fluorescence decay of PC trimers isolated from the wild-type strain. The
laser excitation wavelength was at 590 nm and emission was observed at 624 nm.

(a, top) Decay of fluorescence polarized parallel and perpendicular to the excitation.

(b, bottom) Fluorescence anisotropy decay calculated from the parallel and perpendicular

traces in (a).
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Table 6-1. Calculated Forster rate constants (ns-!) for energy transfer between
- chromophores in trimeri

_ ¢ C-phycocyanin. See Figure 6-8 for the chromophore numbering
convention. ) ’
Acceptors
Otg, Bes Biss Oty Be: Byss
Ot 385 | 015 | 026 423 0.16
+04 | 001 | £003 | +42 | +o0.02
B | 250 182 | 038 | 338 | 003
+0.3 £02 | +£0.04 04 | +0.003
Donors  Biss 0.99 | 188 004 | 045 | 0.8
] 02 | 23 +0.01 | £008 | +0.03
o, 0.59 | 0.006
+0.06 | + 0.0006
Bz 275 0.04
+31 + 0.005
Biss 1.08 0.32
+02 | +0.06
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Figure 6-8. Arrangement of the chromophores in PC trimers based on the crystal
structure coordinates. Chromophores in the same monomer have the same superscript
number. The numbering convention is as established by Schirmer e al.! Our assignments
of the observed fluorescence decay constants are also shown (see Table 6-2 and text for
details).
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lll. Discussion

| Steady-state Absorption

The absorption spectrum Qf the Biss chrom'ophore. was resolved by comparing the
: absorptlon spectra of PC trimers isolated from the wild-type and cpcB/CI 558 strains. A
comparison of the B;s5 absorption spcctra resolved in PC monomers vs. in PC trimers
(Figure 6-2) indicates that the differences between these two spectra are too small to
account for the differences in the absorption spectra of (aPCBPC) and (aPCBFC); (Figure 6-
1a). This narrows the cause of the spectral sh1ft in (0PCRPC) upon aggregation, to the olgq
and/or Bg4 chromophores or to a change in couphng between them.

Further, on the basis of the absorption spectra of (aPCB*) and (aPCP*); (Figure 6-
1b) we can rule out first-order exciton coupling as the dominant cause of the change in the
absorption spectrum of wild-type PC upon aggregation. First-order exciton theory can
explain a splitting or shifting of the peak position of an absorption band, but the overall
oscillator strength of the transition is conserved. The absorption spectrum of (oPCB*)
show§ only a small shift in peak position upon aggregation to trimers, but a large increase
in the oscillator strength of the band in the visible region. Since this behavior cannot be
explained by first-order exciton theory, a change in the protein-chromophore interaction or
chromophore conformation upon aggregation is a more likely explanation.

Aliematively, if higher electronic levels are considered (first-order exciton theory
considers only the first excited electronic state), the oscillator strength of any one transition
can change as long as the sum of the oscillator strengths of all transitions is conserved (the
sum rule of oscillator strengfhss). Such a theory has been successfully used to explain the
hypochromic effect observed when random-coil DNA assembles into helical form.*
Whereas, the interactions between the helically stacked bases in DNA induces

hypochromism, the otg4 and Bg4 chromophores on adjacent monomers of PC trimers
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interact head-to-head, an orientation which is conducive to hyperchromism. The increase

in the absorption of DNA upon melting is about 40%,’ so hyperchromism of the order of
that seen in (0FCB*)3 is not outside the range of possibility. Nétice in Figure 6-1b that the
S transition in the UV region of the spectrum loses oscillator strength as the S transition
gains oscillator strength upon aggregation of (oFC*) from monomers to trimers. This
behavior is consistent with a hyperchromism effeét, but does not constitute definitive proof
because changes in conformation of the phycocyanobilin chromophore have been shown to
produce similar effects.5” Investigations of the transition dipole moments involved in the
excited states higher than the first excited electronic level in PC trimers are needed if the

hypochromism effect is to be modeled quantitatively.

Time-Resolved Fluorescence Anisotropy

We observe two time constants, 0.87 + 0.05 ps and 40 + 2 ps, in the anisotropic
fluorescence decay of (0FCB*)3 that are not present in the monomer decay. These new
modes of decay must be due to energetic exchange between either like or unlike
chromophores on adjacent monomers. Since only two chromophore types are present in
(oP€B*); and the monomers are arranged into trimers with C; symmetry, the possibilities
for energy transfer between adjacent monomers are limited to o, — Be,, @2, — Bis»

Bes — B, or @y, — o}, pairs, where the numbering convention is as established by

Schirmer et al.! as shown in Figure 6-8. This figure, based on the crystal structure of PC
from Mastigocladus laminosus, shows how the 0ig4, Bga, and P1ss chromophores are
arranged in (0PCBPC);. It is clear from the crystal structure that the ¢, — B3, chromophore
pair, separated by 21 A center-to-center, should be the most strongly coupled pair in the
trimer. We assign the 0.87 ps decay of the anisotropy of (aFCf*); to the partially resolved
energy transfer processes occurring within the @y, — B2 chromophore pair. ’fhe 1.3+04
ps decay component observed in the time-resolved fluorescence anisotropy of (PCRPC);

agrees within the uncertainty with the 0.87 + 0.05 ps decay constant resolved in (0FCB*)3. .
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That this rapid decay component is seen in the anisotropy decays of both (0PC*); and

(oPCBPC); confirms the notion that the [3155'chromophore is not involved.

. In chapter 2 we developed a model for the anisotropic fluorescence decay expected
from a pair of non-identical chromophores. We apply this model to the g, — B2, pair with
the assumption that energy transfer within this pair is rapid enough to be treated separately
from energy transfer between aﬁy of the other chromophores in («FCB*);. This
a'ssumptioh is supported both by the wide_ separation of the tWo measured exponential
decay constants in the anisotropy of (0PCB*); and by the calculated Forster rate constants
(Table 6-1). We fit the paraliel and perpendicular fluorescence decays simultaneously,
minimizing the square of the difference between the experimemal data and a model function
convoluted with the instrurﬁent response function. We fit the paralle] and perpendicular
functions ra_ther than only relying on the exponential fits to the anisotropy function
(described in the results section) because the decay of anisotropic fluorescence from a pair
of non-identical chromophores, unlike the identical chromophore case, cannot strictly be
described by a single exponent_i;cll (see Chapter 2, equations 2-8 and 2-10). The parallél and

' perpendiculai decays, however, can be described as sums of exponentials:
L. ()= z&"”"é"”‘ | R (6-1a)
Lup() = D A7 (6-1b)

The decay times, 7; are the same in the Iy, and I, functions but the amplitude factors

are different except for the constraint that at t = 0 the ratio of I,44 t0 Iperp is 3 (giving an
initial anisotrdpy of 0.4). As shown in Chapter 2 (equation 2-10), only two exponential
.-terms are required to describe the paralle] and pérpendicular decays of a two chromophore
system. The two decay constants (inverse of the decay timesj are (i) the overall rate
constant for excited-state depopulation and (ii) the sum of the rate constants for forward
and back energy transfer plus the overal.l rate of excited-state depopulation. In the present

case we fit the data to a sum of three exponentials to take into the account the ~40 ps decay



4 144
component (whose origin we discuss below) which also contributes to the anisotropy

decay. The lifetimes determined by the fits are 1.0+ 0.2 pS, 39+ 1 ps, and 940 £ 10 ps.
Within the framework of our model, the 1.0 ps lifetime corresponds to the inverse of the
sum of the forward plus back rate constants for energy transfer within the oy, — 2,
chromophore pair. The rate constant for overall excited-state depopulation will make a
negligible contribution to this 1.0 ps lifetime since the excited-state lifetimes of the
chromophores in PC are 1-2 ns. The 940 ps lifetime we measure corresponds to this
excited-state lifetime, but as the ﬂuiorescence decay was measured only to 1 ns, the lifetime
is fit to an artificially low value. |
| The residual value of the time-resolved anisotropic fluorescence decay of a two
chromophore system contains information about the relative orientation of the transition
dipole moments of the two chromophores. To extract the residual anisotropy of the 1.0 ps
decay within the o, — 82, chromophore pair we sum the amplitudes of the two longer
lifetime components (39 ps and 940 ps). The result is a residual anisotropy value of 0.205
+0.01. If the relative absorbances and emission intensities of the two chromophores at the
excitation and fluorescence emission wavelengths are known, and the ratio of forward to
back energy transfer between the chromophores is also known, the angle between the

transition dipoles of the chromophores can be directly calculated (equation 2-11). From the

chromophore properties we determined in PC monomers we know that: €,, (590 nm) =
0.601, g5 (590 nm)=0.399, f, (650 nm)=0.475, f; (650 nm)=0.525, and
k

Boa gy

/ kau By = 0.65. &, and f, are the relative_\absorbance and fluorescence of

chromophore x at the excitation and emission wavelengths, respectively. Using these
values, we calculate the angle between the transition dipoles of the ¢, and B,
chromophores to be 52°. By fitting a straight line through the conjugated portion of the
chromophores in the crystal structure of PC, Schirmer et al.! predict a value of 67°.
Next we discuss our assignment of the 40 ps decéy component observed in the

fluorescence anisotropy decay of (OLPCB*)_;. From the crystal structure, we predict the



145
second most strongly coupled pair of chromophores-between adjacent monomers in the

trimer to be the f}, — B2, pair (see Figure 6-8 and Table 6-1). The f., — B2 pair, separated
by a center-to-center distance of 36 A in the center of the ring-shaped PC trimer, is much
closer together than the oy, — 03, pair, separated by 69 A. The only other possibility for
energy transfer in (&dFCB*)3, not present in the monomer, is between the a§4 = ﬁé‘, pair (see
- Figure 6-8). These chromophores are separated by 56 A and from our Forster calcﬁlations |
(Table 6-1) we would predict the sum of the rate constants for forward and back energy
transfer to be < 1 ns-!, making this pair an unlikely contributor to the observed aﬁisotropy
decay. Since the ay, - ﬁ; chromophore pair undérgoes very rapid equilibration by energy
transfer, on the time scale of the 40 ps decay, we assume that the o, — B, pair is excited-
state population équilibrated. We assign the observed 40 ps decay time of (PC*)3 to
energy transfer between the energetically degenerate otg,Bs,, 0tgBs;, and oy, f, pairs
around the trimer ring (see Figure 6-8).

| Evidence that the 40 ps time constant is due to energy transfer among like
chromophores (or like pairs of chromophores) is provided by the time-resolved
fluorescerice anisotropy spectra of (0FCB*)3; shown in Figure 6-4 Within the signal to
noise, the anisotropy spectrum is flat at time zero, and remains flat as the anisotropy decays
tb a final value of 0.07. If energy transfer was ocCurﬁng on this time scale between
chromophores with different emission spectra, the fluorescence anisotropy at long

wavelengths would be lower than the anisotropy at short wavelengths. Since, in addition

to resolving the 40 ps decay constant for energy transfer between the oy, — B, pairs, we
are partially resolving the anisotropy decay due to energy trahsfer within each oy, — 82, -
pair, the flat anisotropy at all early decay times also indicates that the emission spectra of
the otg4 and Pg4 chromophores are very similar.

Lyle and Struve® have shown that the time-resolved anisotropy of a trimer of
identical chromophores arranged with C3 symmetry will decay as a single exponential with

a decay constant that is three times the rate constant for energy transfer between



146
chromophores. Lyle and Struve also show that the residual anisotropy exhibited by a

trimer of identical chromophores with C3 symmetry will be given by: v
r.=7(3cos’ 6 - 1)2 (6-2)
| wherev @ is the angle between the transition dipole of the chromophore and the C3 axis.

To extend Lyle and Struve's model to (0PCP*)3 we assume that the energetic
equilibration within each a, — B2, pair is instantaneous on the time scale of energy transfer
between these pairs. In this casé our model consists of three identical pairs of
chromophores arranged with C3 symmetry. As shown in Chapter 2 (equation 2-19), the

- fluorescence anisotropy decay can still be described as a single exponential with a decay
constant that is three times the rate constant for energy transfer between chromophore pairs.
Thus, based on the 40 ps decay constant we observed experimentally, we predict the
inverse of the rate constant for energy transfer between 4,82, ¢2,f3:,, and ay,B;, pairs in
the trimer to be 120 + 6 ps. Unlike Lyle and Struve's model, however, the residual
anisotropy is no longer a simple function of the angle between the C3 axis and the transition
dipole of a singlé chromophore. Rathér, as shown in equation 2-21, the residual
anisotropy of (0FCB*)z is a function of the relative absorbances and emission intensities of

the og4 and g4 chromophores, and the ratio of forward to back energy transfer, as well as

the cosines of the angles between the C3 axis of symmetry and the transition dipoles of the

otg4 and Pg4 chromophores ( Ya, and 7, ,respectively). Notice that while the initial

anisotropy will depend on the cosine of the angle between the transition dipoles of the
0tg, — P, chromophore pair (7, _; ) (equation 2-20), the residual anisotropy is
independent of this angle.

If we use the relative absorbances and emission intensities and the ratio of forward

to back energy transfer determined in monomeric PC (as listed above) we have enough

information to extract y, or ybu , but not both simultaneously. However, the cosine of

the angle between the otg4 and g4 chromophores on the same monomer ( Yai sl ) and that
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of the 0ig4 and Bg4 chromophores on adjacent monomers (7, _ 5 ) can be related to v,

and 7, according to:

Varost == 2=V P =3, =Ty _pa. = Y Vo) ¥ 3BV Vo, = Vg s (63)

- We determined ¥, _ 5, tobe 0.891 from the residual fluorescence anisotropy of (PCB*)
(see Chapter 5), and we determined Yoy s t© be 0.618 in our above analysis of the

residual anisotropy of the decay within the ¢, — 8% chromophore pair. Solving equation
6-3 and equation 2-21 simultaneouély for 7,, and ¥5,,» While keepihg in mind that
transition dipoles are bi-directional, we arriife at four real solutions:
| (1) ¥,, =cos(29.7°) and 7,_ = cos (47.1),
2) yas‘v = cos (47.1°) and Yse, v= cos (30.8°),
3) Y, = COS (69.3°) and Yp,, = COS (85.2°5,
(4) ¥, =cos(84.2°)and 7, = cos (70.1°).
From the crystal structure Schirmer é; al.! predict that Y, =08 (75°) and Y, = éos
(61°). The fourth solution above shows the best égreement with the predictions of
Schirmér é't al., but‘i'f cbrrect, this solution indicates that the ﬁansition dipoles of the otg4
and Pgq4 chromophofes are tilted 9° further from the C; axis than estimated from the crystal
stfut:ture. _ |
In the above model, we assumed that excitation is localized on one chromophore at
any given instant in time. Alternatively, if the interaction enérgy within the o, — Bz, pair is
strong enough to treat the pair as excitonically coupled, the emission might be observed
from an exciton stafe. Beck and Saﬁer9 treat the absorptioﬁ anisotropy decay due to energy
transfer arouhd the trimer ring in allophycocyanin (thought to be étructurally arialogous to
(0PCB*)3) with such a model. However, it is unlikely that the coherence of the exciton
state within the oy, — Bz, pair would still exist on the time scale for which energy transfer

around the trimer ring of (OLPCBf")g is observed (40 ps). Measured and predicted coherence
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dephasing times for condensed phase systems are in the subpicosecond range.!%!! Thus,

even if the aj, — B2, chromophore paji is coherently coupled during the absorption .
process, after a few ps the state from which emission is observed will be incoherent and the
above treatment of the o, — B pair should remain valid.

We next turn to the time-resolved anisotropic fluorescence of (PCBPC);, for which
we will have to take into acéount the presence of the B1ss chromophore in addition to the
034 and Bgs chromophores present in (aPCB*)3. A comparisoh of the anisotropic
fluorescence spectra of (0PCP*); and (aPCRPC); shows that the presence of the Biss
chromophore has a strong effect on the anisotropy of the emission at wavelengths less than
640 nm. We showed previously (Chapter 4, Table 4-3) that in PC monomers the
wavelength of maximum emission from the B1ss chromophore is about 20 nm shorter than_
those of the oig4 or Bg4 chromophores. The high anisotropy observed at short wavelengths
in the spectrum of (tPCBPC); compared with the spectrum of (0PCB*); indicates that in PC
trimers, as in monomers, the ;55 chromophore emits at higher energies than the other
chromophores.

To compare the shape of the fluorescence spectrﬁm of the B;s5 chromophore as
emitted from PC in the monomeric and trimeric states, we use the emission spectrum of the
B1;5 chromophore resolved from TCSPC studies of PC to model the anisotropy spectrum
of (0PCRPC)3 at our earliest measured delay time (t = O ps). Our modeling relies on the fact
that the observed fluorescence anisotropy from a multi-chromophore system is the
population and emission intensity weighted sum of the anisotropies of each of the different
emitting species.!? The time-resolved fluorescence aﬁisotropy spectrum, 7(t,A), of

(aPCBPC); can thus be described as:

fplss (A"" )P 155 (t)rﬁlss (t) * f(arcp-)3 (l‘"‘ )P(apcﬁ')g (t)r(apcﬁ')g (t)

(6-4)
fﬂxss (Ae’" )P (t) * f(aPCB. )3 (A’e’" )P(apcﬁ')s (t)

r(t,A,,)=

155
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where A, is the wavelength of the observed emission, f, is the fluorescence emission

spectrum of chromophore x weighted by the fluorescence quantum yield of chromophore
x, and P, is the excited-state population of chromophore x as a function of time. Notice
that we have grouped the og4 and Bg4 chromophores into a single term, (0PCB*);. We
assume that the emission due to the 0g4 and Pgyg chromophoreé can be approximated by the
steady-state emission spectrum of (0PCB*); éince the aig4 and Bg4 chromophores undergo
very rapid energetic equilibration by energy transfer and the anisotropy spectrum of
(oPCB*)3 does not change its shape (Figure 6-4) on the time scale that we are able to |
resolve. At time zero in Figure 6-5, we assume that the anisotropy of the Biss
chromophore is 0.4, as would be the case if this chromophore had not yet undergone
energy transfer, and as evidenced by the fact that the anisotropy is 0.4 at the shortest
wavelengths (also supported by the Forster calculations shown in Table 6-1). This being
the case, the relative excited-state populations of the B;55 chromophore and the otgs-Bg4
pair wili be determined by the their relative absorbances at the exciting wavelength (590
nm). Earliér in this chapter we showed how the ;55 absorption spectrum could be
resolved from the absorption spectrum of the 0tg4-Bg4 pair by comparing the steady-state
spectra of (0PCB*)3 and (aPCPPC)3. Our results showed that the relative absorbance at 590
nm of the B1ss chromophore and the ogs-Bs4 pair are 0.407 + 0.005 and 0.593 + 0.005,
respectively. We minimize the square of the difference betweén the experimental and
simulated time zero (0PCBPC); anisotropy spectra by varying the relative fluorescence
quantum yields of the Bss chromophore and the 0ig4-Bg4 pair and also varying the t =0
anisotropy of (PCB*); (assumed to be the same at all 4,,,). The resulting simulation
agrees with the experimental data within the error, as shown in Figure 6-9a. Thet=0
anisotropy} of (aPCB*)3 that we derive from the fit is 0.27 £ 0.1, in good agreement with

the value of 0.26 + 0.2 that we observe directly in the anisbtropy decay of (0PCP*);
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Figure 6-9. (a,top) Experimentally observed and simulated time-resolved anisotropy
spectra, at the earliest resolved time, of PC trimers isolated from the wild-type strain.

(b, bottom) The fluorescence emission spectra used in the simulation in (a). The Biss
emission spectrum was resolved in TCSPC experiments on the B subunit of PC (see
Chapter 4). The (aPCB*)3 emission spectrum was measured directly by steady-state
spectroscopy (excitation at 590 nm).
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(Figure 6-3b). The emission spectra of the 155 chromophore and of (0PCB*); used in the

fit, are shown in Figure 6-9b. The good agreement befween the experimental points and
the simulation in Figure 6-9a indicates that, within the experimental error of our anisotropy
measurement, the emission spectrum of the B;ss Chromophdre is the same in PC trimers as
that which we resolved by TCSPC measurements of PC.

Finally we discuss the assignment of the rate constant for energy transfer between
the B1s5 and the other chromophores in (oPCBPC)3.. It is clear from the fact that the
perpendicular polarized fluorescence of (0FCBPC)3 at the emission wavelength of 624 nm
(Figure 6-7) is monotonically decaying whereas at 650 nm (Figure 6-6) the perpendicular
trace contains a rising component, that energy transfer is occurring from the short
wavelength emitting B1s5 chromophore to a longer wavelength chromophore with a
differently oriented transition dipolé. At the emission wavelength of 650 nm, the -
perpendicular fluorescence of (PCB*)3 shows novrising component, and at 624 nm the
isotropic fluorescence of (PCB*); has a very low net intensity compafed to that of
(aPCRPC); at early delay times.

As with the (0PC*); decays, the parallel and perpendicular fluorescence decays of
(oPCBPC); were simultaneously fit to sums of exponential terms (equation 6-1). At the
emission wavelength of 650 nm, the data were fit to a sum of 3 exponentials with decay
times of 1.4 + 0.6, 52+ 5 ps, and 970 % 10 ps, with the amplitude of the perpendicular
component with the 52 ps lifetime being negative. At the emission wavelength of 624 nm,
the data were fit to a sum of two exponentials with decay times of 48 = 1 ps and 880 % 10
ps, both with positive amplitudes. The 1.4 ps decay component observed at 650 nm but
not at 624 nm, we again assign to the inverse of the sum of the forward and back rate
constants for energy transfer within the a§4 - ﬂ824 pair._ Presumably the approximately 50
ps decay time we observe at both wavelengths is due at least in part to energy transfer
between the 155 chromophore and the other chromophores in (aPCRPC);. However, from

our analysis of the fluorescence anisotropy decay of (0PCB*); we also expect to observe a
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40 ps decay time due to energy transfer between o, fs,, 005,84, and o, s, pairs around

the trimer ring. Fitting the (aPC[iPC)3 decays to an additional exponential component did
not resolve this lifetime from that due to energy transfer from the B;ss chromophore.

Isotropic fluorescence decay is not sensitive to energy transfer between identical
chromophores. Therefore fitting the isotropic fluorescence decay of (0PCBPC); should
allow us to observe the energy transfer between the B1ss chromophore and any other
chromophore with a different emission spectrum, while being insensitive to the transfer of
energy between idenfical pairs of chromophores around the trimer ring. The isotropic
fluorescence decay can be calculated from the parallel and perpendicular decays using:

| Lo ()= Ly () +21,,, () (6-5)

We show the isotropic ﬂuorescénce decay of (oPCBPC); excited at 590 nm and observed at
an emission wavelength of 624 nm in Figure 6-10, as calculated from the pérallel and
perpendicular traces displayed in Figure 6-7. The isotropic fluorescence decay of
| (oPCBPC); at 624 nm was fit to a sum of two exponentials with lifetimes of 50 + 1 and 900
* 10, and relative amplitudes of 0.61 and 0.39, and the fit is shown overlaid with the
expeﬁmental points in Figure 6-10. The 50 ps lifetime is the inverse of the summed rate

constants for forward and back energy transfer between the Biss chromophore and the

other two chromophore types (0tg4 and Bgs) in (tPCEFC)3.
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Figure 6-10. The isotropic decay of fluorescence from PC isolated from the wild-type
strain. The decay was calculated from the parallel and perpendicular decays shownin
Figure 6-7a using equation 6-5. The laser excitation wavelength was 590 nm and emussion
was observed at 624 nm. A two exponential fit (parameters given in text) is shown

overlaid with the experimental points.
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IV. Conclusions

The absorption spectrum of the Byss éhromophore resolved in PC trimers is similar
in peak position and oscillator strength to that resolved in PC monomers (Figure 6-2).
Therefore, the red-shifting of the visible absorption peak in wild-type PC upon aggregation
frorh monomers to trimers (Figure 6-1a) is due to an increase in oscillator strength within
the oig4-Ps4 pair of chromophores. Our résults argue against first-order exciton coupling
being the dominant cause of this red shift. Instead we speculate that this effect is due to
either hyperchromism between o4, and 82, chromophores on neighboring monomers or
new protein-chromophore interactions introduced upon trimer formation.

We simulate the time-resolved anisotropy spectrum of (0PCBPC); at the earliest
measured time (t = 0) (Figure 6-9a) using the emission spectrum of the P55 chromophore
resolved in BPC (Figure 6-9b). The good agreement between the simulated and
experimental data indicates that the shape of the emission spectrum of the Bss

chromophore is similar in PC monomers and trimers. We partially resolve the rapid energy

transfer process occurring within the o, — B pair. Fluorescence anisotropy spectra of
(oPCR*); (Figﬁre 6-4) measured at the earliest times following excitation are flat and do
not change iﬁ shape with time, indicating that the emission spectra of the 0ig4
and Bg4 chromophores in PC trimers are similar in shape and energy. We previously
observed that in PC monomers the oig4 and Bg4 chromophores have similar emission
spectra (Chapter 4, Figure 4-9c). The steady-state emission spectrum of (0PCB*)3 is
similar in peak position (648 nm) and shape (Figure 6-9b) to the spectra of the og4 and Bgg
chromophores (peaking at 644 and 648 nm, respectively) resolved in monomeric PC. |
Our experimental assignments of the energy transfer rate constants between
chromophores in trimeric PC are summarized in the first row of Table 6-2 and in Figure 6-
8. The three decay times derived from fits to the anisotropic and isotropic fluorescence

decays of (0PCB*)3 and (aPCBFC); are assigned to the following energy transfer processes.
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'Table 6-2. Rate constants for energy transfer between chromophores in trimeric C-

phycocyanin _ |
e | s
ko + kb-—m 3ka‘ —a?
Organism |Ref| Time 0, & B, Biss <> Ba a%ﬁ%, <
Res. b
OaBss
Our Experimental Results
Syn. 7002 1 ps 1.0+ 0.2 ps 50+ 1ps 40 £ 2 ps
| Our Forster Calculations
Syn. 7002 " 1.4 0.1 ps 49 * 8 ps 46 + 5 ps
| " Previous Experimental Results
M. laminosus | 14 | 0.1 ps “ 05+0.1ps | 30-100 ps
A. halophytica 13 0.1 ps " 0.55 ps
W. prolifica |1819] 3-10ps | 31+5ps
M. laminosus | 22 | 5-10 ps, 27+ 4 ps 200+ 60 ps
| 0.4 ps
Syn. 6301 17 | 40-60ps | 120+ 10 ps 35+ 3 ps
Previous Forster Calculations
Syn. 7002 20 " 0.37 ps 22 ps 14 ps
M. laminosus | 20 | “ 0.33 ps 17 ps 12 ps
F. diplosiphon | 2 | 6.2 ps .530 ps 330 ps
P. luridum 21 || 0.5 ps 1.8 ps 0.24 ps

abbreviations: Syn. 7002 = Synechococcus sp. PCC 7002,

M. laminosus = Mastigocladus laminosus,

A. halophytica = Aphanotheca halophytica, -

W. prolifica = Westiellopsis prolifica,

Syn. 6301 = Synechococcus 6301,

F. diplosiphon = Fremeyella diplosiphon,

P. luridum = Phormidium luridum
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The rapid 1.0 + 0.2 ps decay, observed in the anisotropic decays of both the («PCB*); and

(oPCRFC)3 samples, is assigned to the inverse of the sum of forward and back rate
constants for energy transfer within the ag, — B, pair. This assignment agrees well with
the Forster calculation shown on row 2 of Table 6-2. The 50 + 1 ps decay observed in the
anisotropic and isotropic decays of (0PCBPC); but not in the (0PCB*); data is assigned to
the inverse of the sum of forward and back rate constants for energy transfer between the
B155 chromophore and the other two chromophore types in PC trimers. The close match of
this decay time with that assigned to energy transfer between the B1ss and Bgq
chromophores in PC monomers (52 ps, Chapter 4) suggests that the Bg4 chromophore on
the same monomer is still the primaiy energy transfer paﬁner for the Byss chromophore in
PC trimers. This is confirmed by the Forster calculations, which predict that the inverse of
the summed rate constants for forward and back energy transfer between the P55 and Bgy4
chromophore is 49 ps. The invefse of the summed rate constants for forward and back
energy transfer between the B;ss and all other chromophores (besides the Bg4 chromophore
on the same monomer) is > 800 ps. The 40 £ 1 ps anisotropy decay observed in (0PC*);
is assigned to energy transfer between the identical chromophore pairs 0, fe,, (i34 and
a;,Bs,- The Forster calculations indicate that two main processes are responsible for this
.mode of depolan’zation: energy transfer between g chrombphores on adjacent
monomers, and coupling between otg4 and Bg4 chromophores on the same monomer. The
observed and predicted rate constants for this process are again in close agreement.

Some previoﬁs experimental assignments of the rate constants in trimeric PC are
also summarized in Table 6-2. Until recently!3-14 the time resolution of most experiments
was insufficient to allow observation of the fastest decay constant in (0PCBFC); resulting
from energy transfer within the o, — B2, pair. The assumption in some of these earlier

studies that all rate constants were being resolved!?, led to some confusion over the .

assignments of the rate constant for the o, — Sz, and B, — B3, pairs. In some of the

studies only isotropic fluorescence decay!6-17 or absorption recovery!® was observed, in
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which case the 40 ps decay constant we assign to energy transfer between identical -

chromophore paiirs should be invisible. This, combined with the fact that the predicted and

observed lifetime for energy transfer between the [_31155 and B, chromophorés is so similar
to the 40 ps decay time due to energy transfer between the 0,5, 0By, and 0, B;, pairs
probably explains why the latter has not previously been resolved. Using the (FCB*)3
sample, genetically engineered to be 'missing the 3155 chromophore, we did not ha\é to
~ contend with this difficulty. = |
| Our assignment of the 1.0 ps anisotropy decay time in PC trimers to energy transfer

between the ¢/, and fZ, chromophores would still hold in the event that these
B chrorhophores were excitonically coupled. In this case the 1.0 decay time would be
attributed to inter-exciton relaxation processes rather than inter-chromophore processes.
Howéver, to date, there has been no convinéin_g evidence of exciton coupling in PC
trimers. Xia et al.!9 have recently invoked exciton coupling within the o, — B2, pair to
explain their time-resolved polaﬁzed absorpfion experiments on PC trimers. They attribute
a 33 ps decay time to direct ground state relaxation from the upper exciton state. They
- Suggést that inter-exciton re]axation processes are also occurring but are not resolved by
their measurements (10 ps autocorrelatibn pulse widths). In the same ﬁaper, they studied
PC monomers, which decay with a characteris‘tic 52 * 2 ps decay constant in all of their
measurements (in. good agreement with our r¢su1ts). They have not explained why the
same decay constant is not observed in the trimers, and provide no experimenta1 basis for
assigning the 33 ps decay éonstant in trimers to an exciton proceés. Our intrepretation
would be that the 33 ps decay process they observed in the polarized absorption of PC
trimers is due to a combination of energy transfer between ;55 and Bg4 chromophores on
the same monomer and energy transfer between the o\,B2, 2B, and o,Bl, pairs on
adjacent monomers. | | | |

Two recent studies, one using transient absorption spectroscopy !4 and the other

using the fluorescence upconversion technique13, both with ~100 fs time-resolution, have
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focused on resolving the anisotropic decay due to energy transfer within the of, — Bz, pair.

The inverse of the summed rate constants for energy transfer within the oy, — B, pair is ~
0.5 ps, as measured in both these studies; about half the value that we measure. Since the
decay constant we resolve is at the limit of our time resolution, we cannot exclude the
possibility that the true value is shorter. Our measured value is in better agreement with the
Forster calculations, but it must be kept in mind that our calculations are based on the
chromophore properties of PC monomers. Previous calculations?20-2! of the Férster rate

constants for energy transfer in PC trimers are also shown for comparison in Table 6-2.
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Chapter 7. Conclusions and Future Directions

We have studied energy transfer in C-phycocyanin (PC), a major light-harvesting
protein found in cyanobacteria. PC was isbléted in the monomeric and trimeric aggregation
étates from wild-type and cpcB/C155S mutant strains of Synechococcus sp. PCC 7002.
Our kinetic studies combined with our theoretical calculations lead us to conclude that the
Forster mechanism of energy transfer in the weak coupling limit! successfully describes the
dominant energy transfer processes occﬁrring in PC in both the monomeric and trimeric
states. This is the most detailed test of the Forster theory in a light-harvesting protein that
we know of to date.

In order calculate the rate constants for energy transfer between chromophores pairs
in PC using Forster's theory, several properties of the individual chromophores needed to
be resolved. These properties include the absorption and ﬂuorescenée spectra, extinction
coefficients, fluorescence quantum yields, and excited-state lifetimes in the absence of
energy transfer. We have taken adyantage of the fact that the o and B subunits of PC,
containing only one and two chromophores, can be separated, renatured, and studied
spect'roscopically. In addition, the cpcB/C] 555 mutant, genetically engineered to produce
PC missing the 6155 chromophore, was a valuable tool in assigning the spectroscopic
properties. of the individual chrdmophores in PC. Combining these measured chromophore
properties with the érystal structure of PC in the hexameric state,? isolated from the same
organism, we calculated the rate constants for enétgy transfer in PC monomers and trimers.

We have resolved the major paths for energy transfer in C-phycocyanin monomers
and trimers using time-resolved fluorescence spectroscopy. Using the time-correlated -
single-photon counting technique to measure the isotropic fluorescence decaybf the B
subunit of PC isolated from the wild-type strain and the (aB} monomers isolated from the
wild-type and cpcB/C155S mutant strains; we observed the dominant energy transfer steps

in PC monomers to be between the Bgg4 and B;ss chromophores (52 ps) and the otg4 and
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Bs4 chromophores (149 ps). These results are in excellent agreement with our Forster

calculations, which predict decay times of 49 ps and 158 ps, respectively, for the same two
.chromophore pairs. Time-resolved fluorescence anisotropy measurements of PC
“monomers isolated from the wild-type and cpcB/C155S mutant strains confirmed these
assignments and the prediction that the 3,55 and 0ig4 chromophores on a single monomer
| are slow to transfer excitation (> 500 ps).
Fluorescence anisotropy decays and time-resolved spectra with 1 ps resolution were
measured on PC trimers isolated from the wild-type and cpcB/C155S mutant strains by the

fluorescence upconversion technique. The dominant energy transfer processes in the PC

trimers were found to be between the o, and 32, chromophores on adjacent monomers
(1.0 ps), between Bg4 and B,55 chromophores on the same monomer (50 ps), and between
the energetically identical o, B;,, 03,0z, and a;,B;, pairs around the trimer ring (40 ps).
These results are again in excellent agreement with the Forster calculations which predict
decay times of 1.4 ps, 49 ps, and 46 ps, respectively, for these energy transfer partners.
In addition to resolving the rate constants for energy transfer in PC, our
fluorescence anisotropy experiments allowed us to extract some structural information.
The residual anisotropies of the fluorescence decays contain information about the relative
orientation of the transition dipoles of the chromophores between which energy is being
transferred. The anisotropy decays of the PC monomers isolated from the wild-type and
cpcB/C155S mutant strains, allowed us determine that the angle between the transition
dipoles of the og4-Pgs and Piss-Pgs chromophore pairs, are 27° and 34°, respectively.
Schirmer et al.2 predict these respective angles to be 16° and 47° based on the crystal
structure coordinates. The anisotropy decays of the PC trimers isolated from the
cpcB/C155S mutént strain lead us to conclude that the angle between the transition dipoles
of the g, and /334 chromophores on adjacent monomers is 52°. Schirmer et al.? predict an
angle of 67°. -The angles of the transition dipoles of the aig4 and g4 chromophores with

respect to the Cs axis of symmetry in the trimer were found to have four possible values
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that are consistent with our observed anisotropy decays, but choosing the result in closest

agreement with the crystal structure gives 84° and 70°, respectively, for the two angles.
The transition dipole angles prcdicted by Schirmer et al. from the crystal structure
coordinates and those we determine by time-resolved fluorescence anisotropy |
measurements are different by between 9° and 15° for all angles measured. These
differences are not unreasonable considering the 2.5 A uncertainty in the crystal structure
and that Schirmer e al. estimated the directions of the transition dipoles from the ¢rysta1
structure by fitting a straight iine through the conjugated portions of the chromophores.?
Comparison of the steady-state absorption spectra of the PCs isolated from the
| wild-type and ¢pcB/C155S mutant strains allowed us to resolve the absorption spectré of
the otg4, Pg4, and P55 chromophores in monomers and the P55 chromophore in trimers
of PC. These steady-state absorption studies also lead us to conclude that exciton coupling
is not the predominant cause of the red-shifting of wild-type PC upon aggregation from
- monomers to trimers. Alternative explanations of the red-shift effect are hyperchromism
between chromophores on adjacent monomers and new protein-chrombphore interactions
introduced upon trimer formation. The absorption spectra of the 0g4 and Bg4
chromophores resolved in PC monomers are very similar in shape and energy. But the low
extinction coefficient of the g4 chromophore compared to that of the og4 in PC monomers
makes the Bg4 chromophore seem a likely candidate for the increased oscillator strength
observed in PC upon aggregation. Schirmer et al.? conclude from the crystal structure that
both the og4 and Bgq chromophores are partly exposed to solvent in monomeric PC,
whereas in trimeric PC the o4 chromophore is completely shielded from the solvent by
interactions with thé neighboring B subunit. This makes the g4 chromophore alsq appear
to be a strong candidate for orientational changes due to protein interactions. In PC
frimers, the B1s5 chromophore is located farther from the protein boundary between
adjacent monomers than either the 0igq or the Pg4 chromophofes. Our finding that the Byss5

chromophore absorption spectra are very similar in PC monomers and trimers is an
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indication that the protein rearrangements due to trimer formation are limited to the

monomer-monomer boundary. The observation by Schirmer et al.2 that all four pyrrole
rings of the oig4 and Pg4 chromophore tybes overlay nearly perfectly, whereas the D ring of
the B1s5 chromophore does not overlay, is consistent with our finding that the spectra of
the oig4 and Bg4 chromophores are very similar, while the absorption spectrum of the P55
chromophore is at a significantly higher energy.

From our time-resolved isotropic fluorescence measurements we conclude that the
B1ss emission spectrum in PC monomers is higher in energy than the oig4 and Bgg
chromophores. We also find that the oig4 and Bg4 emission spectra in PC monomers are
very similar to each other in shape and energy. From our time-resolved anisotropic
fluorescence measurements we find that the ;55 emission spectra in PC monomers and
trimers have similar shapes and energies. However, the absorption and fluorescence
spectra of the 0ig4 and Bg4 chromophores in PC trimers were not completely resolved in
our measurements. The calculation of the angles between the transition dipole moments of
the chromophores in PC trimers, and the calculations of the Forster rate constants for
energy transfer in PC trimers, were performed using the chromophore properties measured
in PC monomers. An obvio_us extension of our work, then, would be studies on PC
trimers in which either the oigq or Bg4 chromophore have been removed.

PCs missirig the oig4 or Pg4 chromophores could be generated by site-specific
mutatibn in the same manner that the cpcB/C155S mutant PC was created: substitution of
the cysteine to which the chromophore binds with a different amino acid. Construction of
such a 3g4-lacking mutant is planned by Prof. Donald Bryant's group at Pennsylvania State
University. PC missing only the oig4 chromophore might be generated, without recourse
to genetic engineering techniques, by combining a chromophore-less o subunit of PC, with
a chromophore-containing 3 subunit. Reconstitution of separated chrornophore-containing
o and B subunits into (o) and (aB)s aggregates has already been demonstrated.?

Chromophore-free PC can be expressed in high yield in Escherichia coli, as demonstrated
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by Arciero et al.* It remains to be seen whether chromophore-less oPC will reconstitute

with chromophore-containing BFC, but it is an exciting possibility and efforts in this
_direction are already under way in our laboratory.

The fluorescence upconversion instrument we have developed is capable of 1 ps
time resolution, measures parallel and perpendicular ﬂuoréscence decays nearly
simultaneously, and allows anisotropy spectra to be recorded by tuning the angle of the
LIO; crystal and monochromator under computer control. The time-resolution of the
fluorescence upconversion technique is theoretically limited by the temporal width of the
exciting and gating laser pulses. dur studies on PC trimers clearly showed that increased
time resolution would be beneficial to our energy transfer studies. In particular, we were
able only to partially resolve the énergy transfer between ogy and g4 chromophores 6n
neighboring monomers in the PC trimer. Improved time resolutiOﬁ would allow us to
assign the rate constant for energy transfer between these chromophores with better
accuracy and could also allow us to resolve the emission spectra of the oig4 and Pgq
chromophores in PC trimers.

The ability to time-resolve anisotropic fluorescence could be further exploited by
using oriented samples. With isotropicaily oriented samples, the excitation pulse
photoselects chromophorés whose transition dipoles are by chance oriented parallel to the
polarization of the light wave. By observing the resulting fluorescence at parallel and
perpendicular polarizations relative to the excitation polarization, one can learn the relative
angles of the transition dipoles between which energy is transferred. But by using oriented
samples, father than photoselecting a random distribution of chromophores, the excitation
beam can photoselect a paxticufar class of chromophores that is oriented parallel to the
excitation polarization.

For example, if single crystals of PC were used, by appropriate orientation of the
crystal, the relative photoselection efficiency of the B1ss, 084, and Bg4 chromophores could

be changed. By combining energy selection with orientational selection, nearly complete
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photoselection of a particular chromophore type might be achieved. This would greatly

simplify kinetic analysis, and in addition allow absolute rather than relative assignment of
the orientations of the chromophore transition dipole moments. Van Amerongen and
Struve’ have recently published a theoretical treatment of time-resolved anisotropy in
oriented PC. The experimental complications of measuring time-resolved anisotropic
fluorescence from oriented PC are more daunting than the theoretical ones, however. If
single crystals of PC are to be qsed, they must be sufficiently thin that self-absorption of
fluorescence does not occur. For éxample, in measuring the steady-state emission of single
crystals of PC, Schirmer et al.% found that the emission spectrum was highly dependent on
the crystal thickness. Time-resolved linear dichroism measurements would be less
sensitive to such self-absorption effects. Alternatively, squeezed gel or stretched film
techniques could be used to parti;ally orient PC in a thin layer.” Sufficiently low
concentrations of PC could be used to avoid self-absorption effects. Photodestruction of
PC8 over time would still have to be considered, however. In our experiments using
isotropic solutions of PC, the sample was flowed through the measuring cell in order to
avoid bleaching by photodestruction. The photodestruction problem might be overcome in
an oriented sample by translation in the direction perpendicular to beam propagation.

Spectroscopic studies of PC in higher aggregation states than the trimer and/or in
association with linker proteins are another obvious extension of the present work. It is not
known how the linker associates with PC, but the hole observed in the center of the PC
trimer ring in the crystal structure suggests a likely binding site for the linker proteins. The
Bgs chromophores are located near the center of the ring in PC trimers and would likely be
the most affected, of the three chromophore types, by the linker interaction. Yu et al.® have.
observed that PC trimers in association with linkers can show a dramatically increased
fluorescence quantum yield. This result also suggests that the Bg4 chromophore is affected
by the linker since it has the lowest energy of the three chromophore types in PC and

therefore the largest effect on the steady-state fluorescence quantum yield.
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"It is very likely that the binding of a linker protein to PC would destroy the C3

symmetry of the trimer. For example, the linker interaction might Jower the energy of one
particular Bg4 chromophore in the trimer ring. A break in the C3 symmetry of the PC trimer
ought to be readily observable in fhe ‘anisotropy decay of the trimer. Our model of energy
transfer in PC trimers would lead ﬁs to predict that the 40 ps decay constant due to energy
transfer between the o, B2, aZBa,, and o, B;, pairs would increase if the symmetry of
the trimer was reduced. But this effect might be partially offset by an increase in the rate of
energy trgnsfer to the symmetry—bréaking B34 chromophore due to the lowering of its
energy. A more certain indication of symmetry breaking would be an increase in the
residual anisotropy of the PC trimer and this should be easily observed.

" From electron micrographs of whole and partially dissociated phycobilisomes, it
appeafs that PC trimers stack along théir Csy axes of symmetry to form rods. The crystal
structures of PC in the hexameric aggregation state show that the two trimers are stacked in
a head-to-head configuration.2 Time-resolved ﬂudresccnce anisotropy studies of PBS rods
combined with Forster calcul_afions of rate constants for energy transfer in PC hexar_ﬁers
could provide an accurate test of whether trimers are really oriented head-to-head in PBS.
And if so, such studies, particularly if performed on oriented rods, might be able to provide
details of the interaction betwéen hexamers; paﬂicularly fhe angle of rotation between the
disk faces of adjacent hexamers in the rod. Armed with this information, one would be in a

- good position to model the enefgy transfer processes in whole rods.
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