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Photo Processes on Self-Associated Cationic Porphyrins and Plastocyanin Complexes 1.
Ligation of Plastocyanin Tyrosine 83 onto Metalloporphyrins and Electron-Transfer
Fluorescence Quenching

Hewa M. Anula,’ Eugene Myshkin} Anton Guliaev,' Charles Luman, Evgeny O. Danilov/
Felix N. Castellano! George S. Bullerjahn,** and Michael A. J. Rodgers*'

The Center for Photochemical Sciences and Departments of Chemistry and Biological Sciences,
Bowling Green State Upersity, Bowling Green, Ohio 43403, and Life Sciencesidion,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Receied: August 21, 2005; In Final Form: December 3, 2005

The spectroscopic properties of the self-associated complexes formed between the anionic surface docking
site of spinach plastocyanin and the cationic metalloporphyrins, in which the tyrosine 83 (Y83) moiety is
placed just below the docking site, tetraklafiethyl-4-pyridyl)porphyrin (Pd(IDTMPy® and Zn(I) TMPyE"),

have been studied and reported herein. The fluorescence quenching phenomenon of the self-assembled complex
of Zn(Il)TMPyP*/plastocyanin has also been discovered. The observed red-shifting of the Soret and Q-bands
of the UV—visible spectra, ca. 9 nm for Pd(Il)TMP§Rplastocyanin and ca. 6 nm for the Zn(Il)TMPYP
plastocyanin complexes, was explained in terms of exciton theory coupled with the Gouterman model. Thus,
the hydroxyphenyl terminus of the Y83 residue of the self-associated plastocyanin/cationic porphyrin complexes
was implicated in the charge-transfer ligation with the central metal atoms of these metalloporphyrins. Moreover,
ground-state spectrometric-binding studies between Pd(II) TMPafd the Y83 mutant plastocyanin (Y83F-

PC) system proved that Y83 moiety of plastocyanin played a critical role in the formation of such ion-pair
complexes. Difference absorption spectra and the Job’s plots showed that the electrostatic attractions between
the cationic porphyrins and the anionic patch of plastocyanin, bearing the nearby Y83 residue, led to the
predominant formation of a self-associated 1:1 comjtethe ground-state with significantly high binding
constants = (8.0 + 1.1) x 10® M™% and (2.7+ 0.8) x 1(° M~ for Pd(I)TMPyP*" and zinc variant,
respectively) in low ionic strength buffer, 1 mM KCl and 1 mM phosphate buffer (pH 7.4). Molecular modeling
calculations supported the formation of a 1:1 self-associated complex between the porphyrin and plastocyanin
with an average distance of.c@ A between the centers of mass of the porphyrin and Y83 positioned just
behind the anionic surface docking site on the protein surface. The photoexcited singlet state of Zn(ll)-
TMPyP*" was quenched by the Y83 residue of the self-associated plastocyanin in a static mechanism as
evidenced by steady-state and time-resolved fluorescence experiments. Even when all the porphyrin was
complexed (more than 97%), significant residual fluorescence from the complex was observed such that the
amplitude of quenching of the singlet state of uncomplexed species was enormously obscured.

Introduction has been to use ion-pair coulombic interactions between
oppositely charged componend#sThe formation and photoin-

Phot.osyn'the5|s Is critical to life on earth. Photochemlsts and duced electron transfer (ET) in electrostatically stabilized self-
photobiologists have focused research on this area for over a . .
associated complexes between oppositely charged molecules

century, and emission of light from chlorophyll was first studied with biomolecules have been reporfédi® The stoichiometry

1534 ense mestgaton of e holcpiperes of bt fomatn and binang consirs of some such compire
Y P Y have also been document&et®

has been inspired by the nature and properties of the “special M f ‘1 which . iational d
air” in these systems. In such biomimetic model systems, the oreover, for a system in which static (associational) an
Fnolecules were covaléntl linked through oligomeric ch%t?n’s dynamic quenching are present (fluorescence from the complex

. y! Y gomt ; is assumed to be zero), the emission intensity is givef By
or spacers,linked by chelating a common metal ién’ have
been self-assembled via axial ligands by formation of cofacial . 2
multistacks® or covalently bound to a donor/acceptor residue (/) = 1=K+ ﬂKeO)[Q] + ﬂKSVKeCIQ] @
wheref = 1 if the solutions are optically dilute and if the
solutions are totally absorbindg, and| are the fluorescence

at specific sites on the surface of the prot&it? Another way
of making a cofacial complex between two reaction partners
* Corresponding authors: (G.S.B.) E-mail: bullerj@bgnet.bgsu.edu. intensity in the absence and in the presence Qf quen&gﬂs
Phone:419-372-8527.Fax: 419-372-2024.(M.A.J.R.)E-mail: rodgers@bgnetbgsu.edithe Sterr-Volmer constantKeq is the association constant
Ph?ne: 41£?-?>72r-17607H Fax 4|19-372-9300.OI cen (binding constant), an@ is the concentration of the quencher.
Center for Photochemical Sciences and Department of Chemistry. it ; ; ; i _
* Center for Photochemical Sciences and Department of Biological If only associational ('statlc).quenchlng is present (i,
Sciences. 0), apparentlynormal-intensity SteraVolmer data result. If
I'Lawrence Berkeley Laboratory. neither Keq or Kgy is zero, nonlinear, upward-curved Stern

10.1021/jp054712t CCC: $33.50 © 2006 American Chemical Society
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shown in earlier work in this laboratory with anionic oligopep-
tides containing tyrosine and cationic porphyrfsThe car-
boxylate residues of the glutamic acid (B = 4.3) and
aspartic acid (D, Ka = 3.9) patch of PC are expected to act as
an ion-pairing site for the positively charged porphyrins (Figure
1). This paper is concerned largely with spectrophotometric and
fluorescence quenching studies (steady-state and time-resolved)
of self-assembled cationic porphyrins and PC. In this report we
present the novel fluorescence quenching phenomenon for the
Zn(ITMPyP*/PC complex and the exciting interaction of Y83
ligation onto the metal centers of Pd(ll) and Zn(ll) of the self-
associated cationic porphyrins/PC complexes in which cases the
observed red-shifting of the Soret and Q-bands is explained in
terms of the Gouterman model coupled with exciton theory.

Glu-60

| Asp-42 _ )
Experimental Section
Glu-A% Materials. Mesotetrakig{-methyl-4-pyridyl)porphyrin tet-
&'E%-an rachloride salts of palladium(ll) and zinc(ll) were used as
£ “Glu-45 Asp-44 received from Porphyrin Products. Sucrose, antifoam A, Sepharose

4B, Bio-Rad AG1 X8 resin, and Trizma base were obtained
from Sigma in the highest available purity grade. Potassium
chloride (99%, Sigma), ammonium sulfate (99%, Sigma),
potassium ferricyanide (99%, Sigma), acetone (spectroscopic
grade, Sigma), and monobasic and dibasic potassium phosphate
(99%, Sigma) were used as received. Tube-O-Dialysers (MW
cutoff 8000, 3.0 mL) were obtained from Genotechnology Inc.,
Amicon ultrafiltration units (YM10 membrane) were purchased
from Millipore Corporation (centriprep centrifugal filter de-
vices).

Figure 1. A wire frame model of spinach plastocyanin with the amino
acids relevant to this work shown as tube drawings.

Volmer plots will be obtained! Besides, the deviations from
linearity Of. Sf[erPrVoImer_ plots at higher concentrations of Protein Purification in Spinach Chloroplasts. The prepara-
guencher indicate the existence of two populations of fluoro-

hores. The formation of nonfluorescent ground-state com Iexestion of PC was based on the methods of Ellefson ¢ ahd
P ’ 9 P Ashton and Andersoff.In the present investigation the extrac-

results in upward curvatures, and the formation of weakly tion and purification of PC were carried out as described

fluorescent complexes results in downward curvatétés this . . .
. previously by Krogmann and co-workeéfsyhich combines the
paper we report the formation of a strongly fluorescent self- .
two procedures mentioned above.

associated ground-state complex of ZnTMPyplastocyanin The purity of the protein was determined by a single band

Uisplays nonlinear upwarc-ourved behavior upon subtracion of (10 KD3) in the sodium dodecy! sulfatpolyacrylamice gel
pay P P electrophoresis (SDSPAGE) analysis. The protein concentra-

residual fluorescence of the complex. : : ; S -
There has been a arowing interest in this laboratory in tion was determined by using the extinction coefficient of
9 9 y tyrosine (1.4x 10° M~1 cm™1)26 since no tryptophan residues

studying the excned-gtate dynamics (including photomduc_:t_ad are present in spinach PC, and a value of G8O(sample 1)
electron-transfer studies) of self-assembled molecular entities - . \
was obtained for the concentration of protein. A second

i 11— Tl 1 7,17,18 i 8
via coulombic-electrostatic interactiorfs! Earlier work preparation of the same protein yielded a concentration of 690

from this laboratory established evidence for the dynamics in le 2). Th S ; ion by thi hod
small molecule-protein interactions. Aoudia et # studied the #M (sample 2). T eestl_manono _concentranon y this m_et 0
) was the most appropriate technique for all the experiments

hoto processes in self-assembled complexes of oligopeptides . o .
\?vith mgtalloporphyrins (PA(INTMPyP Zn(ﬁ)TMPyP“*) gc(?n.p described in this paper, even though this method does not take
sequently. self-assembled ion pairs between cationic metal-imo account the environmental influence on the extinction
Iopqorphy)r/i,ns (MP) and anionic peatapeptides containing a string coefficients of tyrosine.
of glutamic acid attached to a target reductant, tyrosine or Expression of Spinach PC |rEscher|ch|a_coI! Sp!nach _Pc

. . and the Y83F mutant PC were expresse#.ircoli as inclusion
tryptophan terminus (GITyr, GlusTrp), have been photoexcited bodies and reconstituted with copper to yield a preparation
in order to study intracomplex ET among the reaction partners having identical isibl PP d y | dp hp'
with a variable driving force. In the present study we extend aving identica U.\#V'S' © (.UV*V'S) and circutar dichoism -
this to cofacial porphyrin/PC complexes. Here we used the same(CD.). spectroscopic properties as those of the native protein
coulomb-based electrostatic self-assembly employing positively purified from leaves. Our expression system is essentially the

charged porphyrin units, tetismethyl-4-pyridyl)porphyrin same as that described earlier for productio®aichlorothrix
y -a- . 27,28 .ge . .
chloride salts of palladium(ll) and zinc(ll) porphyrins (Pd(ll)- hollandicaPC-"**Specifically, the spinach PC coding sequence

. for mature PC was obtained by polymerase chain reaction (PCR)
TMPyP* and Zn(l)TMPyPY), and the negatively charged : .
solvent-exposed D and E patch of spinach PC bearing theof spinach genomic DNA. PCR was performed over 30 cycles

. . .~ with a temperature regime of 1 min at 98 — 2 min at 45°C
adjacent solvent-exposed Y83 (see Flgurg 1). Our .h.ypothe5|s_) 3 min at 72°C with the following primers (restriction sites
was that these MPs would form electrostatically stabilized self- . . ) )

. ; . . ., are underlined and the start and termination codons are in bold):
associated complexes in aqueous solution with the ,PC which
would bring the MP and the hydroxyphenolic ring of the Y83
residue into sufficient proximity that upon photoexcitation of
the MP an electron-transfer process would result as had beer3’ primer: 5’-GGCGGCGGATCCITAGTTGACAGTTACTTTTCCCACC-3

5" primer: 5’-GGCGGCGCTAGCATGGTTGAGGTGTTGCTCGGAGGGGG-3’
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Such primers yielded a 326 bp product havind\bel and 3 TABLE 1: InterChromophore Parameters and Total

Bam HI restriction sites that were cloned in-frame infdhe Energies of 12 Runs
I/BamHI)-cleaved pVAPC10, a T7 RNA polymerase-dependent IC distance IC angle energy
expression plasmid constructed exclusively for PC expres- run# A) (deg) (cal/mol)
sion27:28 Induction of the PC gene, purification of inclusion 1 7.02+ 0.26 65.0%- 5.02 —1155.3
bodies, and reconstitution of PC holoprotein were as described 2 10.53+0.21 57.214+575  —1108.7
previously’:28 except that the pVAPCLE. coli host was 3 10.44£0.29 5421+ 6.27  —1094.0
Novagen Rosetta, a modified BL21 (DES3) strain better capable 4 g'igi ggg Zé'éi g'gi :ﬂgg‘g
of accommodating the spinach PC gene codon bases specifyingg 1053+ 0.21 5721+ 575 —1108.7
arginine, glycine, proline, and alanine. 7 10.29+ 0.90 56.89+ 8.08  —1087.2
Construction of PC Mutant Y83F. A mutagenic DNA 8 12.33+£0.28  47.85:11.64 —1086.5
oligonucleotide primer (SGGAACTTACAAGTTCTTTTGCT- 5 1218058 oS, Tloeal
CACCCCACCAGG-3) covering codons 7889 of the mature 11 878+ 0.462 54.38-7.56 —11022
protein was synthesized; this sequence replaces a TAC codon 12 5.444+0.13 35.81+0.13  —1122.7

with TTT specifying phenylalanine (F) at position 83 (underlined Average 8.93+ 2.56 58.10+ 18.74 —1112.0+ 30.47
above). The primer was used for PCR of pVAPC10 plasmid

DNA containing the wild-type spinach PC gene. The resulting each measurement, the sample was referenced to the solvent (1
mutagenized gene was verified by DNA sequencing and MM phosphate buffer at pH 7.4) in a matched cuvette.

transformed into th&. coli BL21(DE3) Rosetta strain. Expres- All spectrophotometric titrations were performeda 1 cm
sion and reconstitution of the Y83F mutant PC followed standard quartz cuvette. In all cases the concentration of the porphyrins
procedured’ 28 was 54M in 1 mM phosphate buffer (pH 7.4) and 1 mM KCI.

All solutions were prepared with distilled water purified by In the case of Pd(I)TMPy# the PC sample of concentration
a Barnsted E NANOpure Il water purification system. The 620 uM (sample 1) was used in the titration at first. To
original potassium phosphate buffer (pH 7.4, 100 mM ionic rgprqducg this set of titrations for Pd.(II)TMPVPand for the
strength) was prepared with monobasic and dibasic potassiumtitration with Zn(ITMPyP**, the protein sample of the second

phosphate (99%, Sigma). lonic strengths were adjusted bypreparation (sample_2) of cqncentration 690 was used. The
adding KCl. pH was measured with a calibrated Corning ion analyzer (model

250).

Steady-State Fluorescence Measurementg&luorescence
spectra were obtained using a single photon counting spectro-
fluorimeter from Edinburgh Analytical Instruments (FL/FS 900).
The temperature of the sample was maintained at=2b°C
for all measurements by means of a Neslab RTE-111 circulating
bath. Excitation at 550 nm was achieved with a 450 W Xe lamp
optically coupled to a monochromatat2 nm), and emission
was collected at 90and passed through a second monochro-
mator &2 nm). A Peltier-cooled €30 °C) red-sensitive
photomultiplier tube (PMT), R955, was used to register the
emission. The excitation wavelength at 550 nm was chosen so
that the absorbance of each sample was 0.05/cm at the excitation

Molecular-Dynamics (MD) Calculation. The three-dimen-
sional coordinates of spinach PC were obtained from the
Brookhaven Protein Data Bank (ID: 1AG6). All molecular
modeling was performed using the Amber 7.0 software package.
To model interactions between the protein and porphyrin MD
simulations made with a Cornel force field were utilized to
obtain final conformations for the PC/porphyrin complex. The
set of force field parameters and geometry optimized coordinates
for the porphyrin molecule was previously developed with ab
initio quantum mechanical calculations using a Spartan 5.0 suite
(Wavefunction, Inc., Irvine, CA). The PC molecule was initially
subjected to a series of the free energy minimization runs.

Twelve starting conformations were generated by placing the wavelength and so that the fraction of light absorbed by the

porphyrin molecule with 15intervals along a 180arc above Zn(ITMPyP*/PC complex was predominant over that ab-
the protein anionic patch. In each case the plane defining thesorbed by Zn(Il)TMPyP* (the absorbance ratio of the complex
core of the porphyrin m_olecule was parallel to the surface of to uncomplexed at 550 NMznppdAznp, varied from 4.2 to 42

the PC, and the porphyrin was placed approxmatelyfﬁ?A in the concentration range of PC investigated: -68.3uM).

away from the protein surface. Each starting conformation (12 ¢ optically matched samples were used so that the number

total) was subjected to the 50 ps MD to optimize electrostatic o apsorbed photons was kept constant for all the solutions
interactions between the anionic aspartic and glutamic acid containing Zn(ITMPyP*/PC mixtures.

residues, D42, E43, D44, E45, D51, E59, E60, and D61 and

the cationicN-methyl pyridyl groups of cationic porphyrins. A Time-Correlated Single Photon Counting Measurements.

. ; ; . Fluorescence lifetimes were obtained by using the same
distance-dependent dielectric constant was used to simulate th?nstrument described in the preceding paragraph. The sample
presence of the high diglectric solvent. All simulations were ., ete was maintained at 28. Excitation was accomplished
performed usig a 2 fstime step,.and all hydmgens Were \iith a pulsed light source (PLS-8-2-079) controlled by a
constrained using the SHAKE algorithm. The distance and angle PicoQuant driving unit (PDL 800-B pulsed diode laser). The
bet\_Neen chromophores of the two molecules were calculated"ght source provided a 2.5 MHz train of pulses (700 ps fwhm)
during the last 30 ps of the MD runs. The data for all 12 4 455 nm. The time resolution of the instrument, 700 ps, was
conformations are summarized in Table 1. The complex getermined from the fwhm of the instrument response function
visualization was performed using the Insight Il (MSI, Biosym). (IRF) and of the time profile of the excitation pulse. At this
UV—Vis Spectrometric Studies.Spectrophotometric mea-  wavelength of excitation, 455 nm, the predominant absorbing
surements were performed on a Varian Cary 50 - species was the Zn(Il)TMPYP/PC complex as evidenced by
spectrophotometer (single beam) with a resolutiont@fnm. the difference absorption spectra (the absorbance ratio of the
Difference spectra, Jobd%plots, and spectrometric titrations  complex to uncomplexed at 455 NAznppd Aznp Varied from
were obtained following the method of Lipskier and Tran®fhi 2.6 to 50 in the concentration range of PC used, 4G%0
using a 10 mm optical path length quartz cuvette at@5In uM). The time-resolved single photon counting procedure using
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Figure 3. Difference spectra obtained by subtraction of a few of the
spectra obtained after mixing (Pd(II)TMP¥#plastocyanin complex)
from that obtained before mixing (pure porphyrin). The concentration
of PA(I)TMPyP* is 5uM (25 °C, pH= 7.4, 1 mM phosphate buffer,
and 1 mM KCI). The concentrations of plastocyanin indicated above
Figure 2. The side (upper picture) and top views (bottom picture) of were 1.2, 6.1, 21.0, and 61:M. The porphyrin only spectrum is in
the final conformation (complex 1) of the plastocyanin/porphyrin absorbance, A, units.
complex. The porphyrin is in red, Tyr 83 is in yellow, the anionic patch
is in blue, and the protein is in gray. The van der Waals radii are shown the negative peak in the range 42850 nm is a clear indication
for the porphyrin and amino acids forming the anionic patch on the that both the Pd(I)TMPy# and the complex absorb in the
side vievx_/. Left and right sides discussed in the text are indicated on g5 me region and that the extinction coefficient of the complex
the top view. in this region is higher than that of Pd(I)TMP$P The

thi : has b d i5adS | ticall observed spectral changes are reminiscent of those described
IS system has been descri ampies were oplcally in the literature’? in which monomeric reactants are in equi-

mbatcht()adda; 455 ?rr? Sg f[hat the resullts \:jvebre gn a perl E:.howr;librium with a complex (see below) such that the spectra of
absorbed basis. 1he dala weré analyzed by deconvolution Ofq,q o the monomers and that of the complex overlap but the

the emission decay profile with the IRF using Edinburgh other monomer does not absorb. A series of experiments involv-
Instruments software. ing Zn(INTMPyP*" and PC showed similar spectral behavior.
Spectrophotometric Titrations. Figure 4 shows the spectral
change of the Soret band of Pd(I)TMPYP(5 uM, 1 mM
Molecular-Dynamic Calculation. Figure 2 shows side (upper  phosphate buffer, pH= 7.4, 1 mM KCI) upon titration with
picture) and top views (bottom picture) of the final conformation aliquots of PC (0.554 uM). As the PC concentration increased,
(complex 1) for the PC/porphyrin complex modeled by the MD the intensity of the Soret band maximum decreased with a slight
procedure outlined above. The 12 different starting conforma- red-shift of the band maxima, ca. 9 nm (Figure 4). At the higher
tions each generated a distribution of Tyr 83-to-PdTMPYP  concentrations of PC, an isosbestic region was also seen centered
interchromophore distances and interchromophore angles (Tableat ca. 430 nm that is indicative of complex formation. However,
1). The 12 determinations yielded averages of 893.56 A the isosbestic point for a clean formation of the 1:1 complex
and 58.10+ 18.7# for the two parameters. As suggested, the (Job’s plot) was slightly smeared because of the detection of
interaction between the porphyrin and PC molecules should bescattered light from the generation of a trace of turbidity typical
strongly influenced by the coulombic forces. Additionally, the of protein solutiong® The overlapping absorption spectra of
simulation during the last 30 ps of the MD procedure revealed the complexes and of the uncomplexed Pd(I)TMyf the
that the carboxylate end termini of the D and E residues of the entire Soret region as shown in Figure 3 also accounts in part
2 anionic surface docking site of PC (Figure 1) form an anionic for the detection of a less clean isosbestic point in this.case
template with which the four quaternary N atoms of the pyridyl The inset of Figure 4 shows similar spectral behavior for the
mesosubstituents of porphyrin self-associate to form a 1:1 Q-band region (ca. 6 nm red-shift). In addition to the similar
docking complex. effects seen in the Soret region, a new absorption band is seen
Ground-State Difference SpectraThe interaction between  at the red side of the Q-bands that increases as the concentration
the cationic porphyrins and PC was studied in aqueous solutionsof PC increases. This arises from the ligand-to-metal charge
at physiological pH (7.4) with low ionic strength buffer (1 mM transfer (LMCT) [S(Cys)— Cu?*] absorption of the Cu(ll)
KCI) at 25 °C. The difference spectra (Figure 3) of PC and center® However at a high protein concentration (above ca. 35
porphyrin mixtures were obtained by subtraction of a few of «M) the absorbance at the Soret band started to increase. This
the spectra obtained after mixing (Pd(Il)TMPyAPC complex) result is consistent with the fact that both the complex and the
from that obtained before mixing (pure porphyrin). Experiments unbound porphyrin absorb in the same region (Soret). Thus,
completed by using a tandem-mixing cell yielded the same the evidence for ion association is clearly demonstrated by the
results. Scrutiny of the spectra showed the predominant absorp-effect on the ground-state absorption of Pd(I)TMPYyRf
tion by the complex and the band intensity in the Soret region increasing the PC concentration. Positively charged molecules
increased with the increase of PC concentration and subsesuch as [Co(pheg]f" have been shown to interact with the
guently leveled off at the most predominant complexation. Also acidic patch of PC centered on Y83in addition to the well-

Results
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Figure 4. Spectrophotometric titration of Pd(I)TMP§P(5 «M in 1 mM phosphate buffer, pk 7.4 and 1 mM KCI) with addition of plastocyanin
at 25°C. The concentration of plastocyanin added varied from O t@M4 The inset shows the spectral changes in the Q-band region.

known interactions of the acidic patch with its reaction partners, 040 e ]

cytochromes andf and photosystem 3435 035 L i
A spectrophotometric titration of Zn(I)TMPY® (5 uM, 1 -

mM phosphate buffer, pH 7.4, 1 mM KCI) with PC yielded 030 T

very similar results to those obtained in the Pd(I) TMPyPase

(data not shown). As the PC concentration increased-#83%4 0%

uM), the intensity of the Soret band maximum decreased with g 0.20 4
a slight red-shift of the band maximum (6 nm). A smeared £

isosbestic region centered at ca. 448 nm was also noted in this g 0.15 .
case as indicative of the detection of scattered light from the < oro b

generation of a trace of turbidity typical of protein solutions at I
the instant of excitation. 0.05
To investigate the role of tyrosine on the complexation .
between cationic porphyrins and the anionic patch of PC, a 000 . . . . .
similar spectrophotometric titration was carried out between Pd- 250 300 350 400 450 500 550 600 650 700
(INTMPyP** and the polyglutamic acid peptide system (average A/ nm
molecular weight of 1125 and average number of glutamic acid rigyre 5. Spectrophotometric titration of Pd(ITMP$P (5 4M in
of 7) in which the target tyrosine moiety was not present. This 10 mM phosphate buffer at pH 7.4 and 1 mM KCI) with the addition
oligomer was chosen to mimic the acidic patch (glutamic and of 500 uM polyglutamic acid (oligomer with average number of
aspartic) of the native protein PC. Figure 5 shows the spectral glutamic acid equal to 7) in 10 mM phosphate buffer and 1 mM KCl
change of Pd(INTMPy# (5 M, 10 mM phosphate buffer at 25°C. The concentration of polyglutamic acid added varied from O
pH = 7.4, 1 mM KCI) upon titration with a small aliquot of to 20uM in glutamic acid monomer unit concentrations.

pquglutamlc agld in which case the concentration of the \ersus the composition of the mixture. The composition at which
oligopeptide varies from 1:620uM in glutamic acid monomer  {he maximum deviation appears can be interpreted as the
units. As the concentration of the oligopeptide increased, the stoichiometry of the complex. In practice, the absorptions
intensity of the Soret band maxima started to decrease and any,easured at a given wavelength (417 nm for palladium
isosbestic pomt. Was.allso identified at 436 nm, indicative of porphyrin) for mixtures with various ratios of porphyrin and
complex formation. Similar spectral behavior was observed for pc'have been used together with the expression
the Q-bands.

Job’s Plots. The most widespread method to determine the F(X) = d() — (€pg — €pdX — €pc
stoichiometry of the mixed complexes is Job’s metfddhe
method is an effective and reliable approach to the determinationwhere x is the molar fraction of Pd(I)TMPy®P or zZn(ll)-
of the stoichiometry of the complexes. This method depends TMPyP*!, ¢,q and ey are the molar absorptivities of the Pd-
on the fact that the optical density of a mixture of chromophores (I)TMPyP**(Zn(II)TMPyP*") and PC, respectively, andxj(
which do not react with each other is the sum of the absorptionsis the actual absorbance of the solution divided by the total
due to each chromophore separately. Evidence of the formationconcentration of chromophores. The&) represents the devia-
of a complex can be obtained from the departures from additivity tion from the additivity of the absorption of a mixture Pd-
as the composition of the solution is continuously varied. A (INTMPyP*" (Zn(I)TMPyP*") and (1— x) M PC in molar
Job’s diagram is made by plotting the amplitude of the departure absorption units. Job’s diagrams are obtained by ploffifg
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Figure 6. Job’s plot for the Pd(Il)TMPy# /plastocyanin mixture in
1 mM phosphate buffer (pi 7.4) and 1 mM KCI measured at 417
nm.

0.8 1.0

asx is continuously varied. Figure 6 represents the Job’s plot
for PA(I)TMPyP*" (5 uM, 1 mM KCI, 1 mM phosphate buffer,
pH = 7.4)/PC mixtures. A similar diagram was generated for
the Zn(I)TMPyP (5 uM, 1 mM KCI, 1 mM phosphate buffer,
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Figure 7. A plot of AA (417 nm) versus concentration of plastocyanin

for the Pd(I)TMPyP*/plastocyanin complex to determine the binding

constant in 1 mM phosphate buffer (= 7.4) and 1 mM KCI.

10* M~ cm ! was obtained for the Pd(Il)TMPYP/PC complex

at 417 nm. Moreover, the excellent nonlinear fit in this case
(Figure 7) provided supportive evidence for the formation of a
1:1 docking complex for which the above equation was derived

pH = 7.4)/PC mixtures. The wavelengths chosen for the Job’s ON & mixture of chromophores interacting to form 1:1 stoichi-
diagrams were the center of the Soret band (417 nm) for the ©Mteric complexes.

Pd(IDTMPyP*/PC complex and the center of the Soret band
(437 nm) for the Zn(I)TMPyP/PC system to get the best

A similar analysis of Job’s plot and titration data for the Zn-
(INTMPyP*"/PC system yielded an extinction coefficientegs;

signal-to-noise ratio. The titration data for both systems resulted = (6.5= 0.4) x 10* M~* cm™* and a binding constant &f =

in Job’s plots with predominant formation of 1:1 stoichiometric
complexes.
Binding Constants. Analysis of the Job’s plot shown in

(2.7 £ 0.8) x 10° M~ (data not shown) in the same solution
conditions. In addition, a similar series of titration data for the
freebase HTMPyP*" and PC complexation yielded a binding

Figure 6 clearly indicated that the observed difference spectraconstant of 3.5¢< 10° M~ in very low ionic strength buffer (1

(Figure 3) arise from the equilibrium-predominant formation
of a 1:1 self-association complex between Pd(I) TM#&yand
the anionic patch of the PC. The MD calculation also clearly
supports the formation of this 1:1 stoichiometric docking
complex.

Pd(ITMPyP™" + PC= Pd(Il)TMPyP":PC

Additionally, this finding is substantiated by titration curves and
is consistent with previous studies in which cytochrooneas

mM KCI, 1 mM potassium phosphate buffer, pkl 7.4).

Studies with Tyrosine 83 Mutant Plastocyanin (Y83F-PC).
Association of Y83F-PC and PdTMPYPTo test the hypothesis
of this project that the electron-transfer processes arise from
the Y83 residue located just behind the anionic surface docking
site of the native PC, control experiments were conducted on a
Y83 mutant plastocyanin (Y83FPC) in which Y83 was substi-
tuted by a F. The ground-state spectrum of Y83F-PC in 1 mM
phosphate buffer (pk= 7.4) displayed a band centered at 250
nm (data not shown), which is characteristic of F present in

reported to be bound to PC in such a way that the cationic lysine PC?%*"A intense band centered at 275 nm for the lowest energy
patch around the exposed heme edge on the protein abuts asinglet electronic transitioni—z*) of tyrosine®® was absent in

area within the negative patch of PEThus, for the complex
formation with 1:1 stoichiometry, the change AA (417 nm)
as a function of initial concentration of plastocyanin, [BCGlt
constant initial concentration of Pd(I)TMP{$R [PdP}], can

this Y83 mutant (Y83F) PC; instead a broad band in the range
225-300 nm was present, indicative of a correct substitution
of F having taken the place of the solvent-exposed Y83 of PC.

Ground-state spectrophotometric titration between Y83F-PC

be described by eq 2 in which case we considered the fact thatand solutions of Pd(I)TMPy® in 1 mM phosphate buffer (pH

both Pd(I)TMPyP* and the complex absorb at 417 nm.

AA=
(PP}, + [PC], + K™ — {([PdP], + [PC], + K™? — 4[PdP][PC] } °°
2/Ae

)

whereK is the binding constant ande is the difference of
molar absorptivities between Pd(Il)TMP¥Pand the complex

= 7.4, 1 mM KCI) indicated ion-pairing interactions on the basis
of the decrease of the Soret and Q-bands intensity on the
addition of mutant PC. The observed intensity changes in the
absorption spectra was interpreted by assuming the formation
of a 1:1 complex between Pd(I) TMP$P and Y83F-PC as
observed in the 1:1 stoichiometry for the porphyrin/native PC
system. The binding constant for the association of Pd(ll)-
TMPyP** and Y83F-PC was obtained by a plot AR (417

nm) versus the concentration of Y83F-PC as obtained for the

at 417 nm. The titration data were fitted to the above equation porphyrin/PC systems. A least-squares fitting analysis of the
(Figure 7) using a nonlinear regression program. This yielded plot yielded a value oK = 7.0 x 10* M1 for the binding

a binding constant of (8.8 1.1) x 10° M~1in very low ionic
strength buffer (1 mM KCI, 1 mM potassium phosphate,$H
7.4). The extinction coefficient of the complex was extracted
from the regression parameters, and a value of {4 ®.6) x

constant compared to a value kf= 8.0 x 10° M~ for the

Pd(I) TMPyP*/native PC self-assembly. Thus, these results
along with the spectrometric binding studies on the Pd(ll)-
TMPyP*, Zn(I)TMPyP*", and the freebase systems clearly
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Figure 8. Spectral changes of the fluorescence spectra of Zn(ll)TMHPgRistocyanin mixtures in aqueous solution (1 mM KCI, 1 mM phosphate
buffer, pH= 7.4) at 25°C. The indicated spectra corresponds to the 0, 6.6, 10.5, 19.4, 25.7, 31.9, 36.3, anklll 42a3tocyanin in the mixtures.
Excitation was at 550 nm. Inset: The ratio of normalized integrated area of fluoreségAcas a function of concentration of plastocyanin at 25
°C, pH= 7.4, 1 mM KCI, and 1 mM phosphate buffer (pH 7.4).

TABLE 2: Calculated % Complexation of Zn(ll) Porphyrin Difference Fluorescence Spectra and the Fluorescence of the
E)r Various C?rg:?entratlons of Plast%qyan|n émdhobserved ComplexThe above results show that the fluorescence intensity
ercentage of Fluorescence Quenching at Eac quenching is about ca. 50% at low ionic strength (1 mM), but

Concentration . - - .
- the Stera-Volmer plot (inset of Figure 8) is linear despite the
[PClwM) % 2Zn(I)P complexed % quenchingat632nm  gfficient ground-state complex formation (Table2®)t was

0 0 0 deemed essential to make a correction for the residual fluores-

6.6 74.1 15 cence of the complex by which the anticipated upward-curved
ig:g gg:g 5‘11:2 nonline_ar behavipr of SterrVolmer plot for the bimolecular
257 954 36.4 dynamic quenching was obscured in the presence of ground-
31.9 96.4 41.2 state complexation (eq #.Thus, to find out the residual
36.3 96.9 431 fluorescence of the complex, a set of difference fluorescence
42.3 97.4 44.2 spectra were obtained by subtraction (Tableo3.each of the

fluorescence spectra of the mixtures from the fluorescence
spectrum of pure Zn(Il) porphyrin (inset of Figure 9). Interest-
ingly, these observed difference fluorescence spectra for each
PC concentration (% of Zn(ll) porphyrin complexed varied from
74.1 to 97.4) predominantly represent the fluorescence spectra
of the self-associated complex between PC and Zn(ll) porphyrin.
crutiny of Figures 8 and 9 led to another interesting observation
hat at the highest concentration of PC (42/4), in which
more than 97% of the porphyrin molecules are present in

TMPyP*/PC complex was predominant over that absorbed by complexgd form, Othe quantum yield of fluorescence of the
the Zn(INTMPyP as evidenced by the difference absorption complex Is ca. 50% compargd to that of the free compound.
spectra (data not shown). Besides, at this wavelength of 550 Figure 9 shows the modified Sterivolmer plot that was
nm, the absorbance ratio of the complex to uncomplexed zn- Obtained by using the ratio of the integrated fluorescen&g, (
(INTMPYP**, AznppdAznp, Was varied between 4.2 and 42 in Afred) cqrrected for the residual fluoresc_ence of the pomplexes
the concentration of plastcyanin of 6:82.3uM used. When ~ Shown in Table 3. The results along with the data in Table 3
PC was present (up to 4281, 97.4% complex), the fluores- show that there is efficient quenthng a@ low ionic strength (1
cence intensity of Zn(I)TMPy# was quenched (Figure 8), MM) and the SterrVolmer plot is nonlinear with upward-
and the fraction of quenching started to increase and leveledcurvature from which the supportive evidence is revealed for
off to ca. 50% at a high PC concentration (Table 2). The fraction the predominant static fluorescence quenching and for the
of quenching in each mixture did not correlate with the fraction formation of the pseudo-nonfluorophore ground-state complex
of Zn(1l) porphyrin that was complexed with the protein (Table in this case as well (eq £}.

2). This result indicates that a significant amount of fluorescence  This finding was substantiated by the excitation spectrum that
of the complex must appear in the same wavelength region aswas obtained for the (zM) Zn(ll) porphyrin/PC (42.3uM)

that of uncomplexed porphyrin. Indeed, the overlapping fluo- mixture by scanning the excitation wavelength over a-250
rescence of the complex is clearly evident by the deconvoluted 600 nm range and monitoring the fluorescence at 632 nm. Figure
difference fluorescence spectra and the observed excitation10 shows the observed excitation spectrum ofk®) Zn(ll)
spectrum of the Zn(l)TMPy£/PC mixture. porphyrin in the presence of PC (42«81, 97.4% complex) in

reveal that Y83 plays a critical role on the formation of these
self-associated complexes.

Steady-State Fluorescence Measurementa. study of the
guenching of fluorescence of Zn(Il)TMP§Pby PC was carried
out at pH 7.4 (1 mM phosphate buffer) in low ionic strength
buffer (1 mM KCI). The excitation wavelength (550 nm) was
chosen so that the absorbance of each sample containing th
PC were optically matched to have an optical density of 0.05
cm! and so that the fraction of light absorbed by the Zn(ll)-
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TABLE 3: Integrated Area of Difference Fluorescence mixtures yielded a major lifetime component ca.-1154 ns
Speﬁtrcf’:i and thde E'U%felSC?ncedData for the Cf08p|exi$ " (>88%), which was similar to the observed and repdited
Each Case and the Calculated Percentage of Quenching for PP o [ifati _
the Modified Stern—Volmer Plot in Each Concentration fluorescence I.Ifetlme of Zn(INTMPYF. Th|§ “fetlme compo
nent was assigned as the fluorescence lifetime of the zZn(ll)-

- % Z”I(“)Pd . . . % imerr‘]?'ity TMPyP* that was complexed with the PC, which displays a

[PC] (uM) complexed *Aditerence *Acomplex A"eeoe quenching predominantly static-quenchitigevent that has no effect on
0 0 0 0 1.6x 10° 0(1) the fluorescence lifetime of unassociated Zn(I)) TMPY the
lg'g gg:é i'éi 182 é:gi 182 é:ii 182 ‘2&(21&?7) absence of diffusional dynamic quench#igrhe minor fast
195 936 53« 10° 49x 10 6.2x 1P 61.2 (2.6 componen 6) was weakly resolved, having a compara-

(2.6) t €12% ki Ived, h

25.7 954 6.0« 10° 5.7x 10° 4.7x 10° 70.6 (3.4) tively short fluorescence lifetime of 638 300 ps and assigned
g%-g gg-g $§ ig g-gi ig géi 18: gg-g g%g to another relatively slower static-quenching event originating
423 074 7.6¢10F 7.4x 10 1.5x 10F 906 (1b_7) from a distribution of distances and geometries of the self-

) . ) associated complexes at the instant of excitation (Table 1).
a Difference fluorescence spectra were obtained by subtraction of

the spectra obtained after mixing (501 ZnTMPyP*"/plastocyanin . .
complexes for the mixtures in the concentrations 6.6, 10.5, 19.4, 25.7, Discussion

31.9, 36.3, and 42.2M of plastocyanin) from that obtained before ) . L . )
mixing (pure ZnTMPyP" fluorescence). In each case, the observed Ground-State Complexation.Recent studies in this labora

fluorescence for porphyrin/protein mixtures was corrected for the tOry">*° of agueous solutions (pH- 6) containing Pd(ll)-
fluorescence of the complexes. The integrated area of fluorescence fromT MPYP*" and a pentapeptide composed of four glutamic acid
the complex was obtained by the relationshiginpiex= Auifterence fluorescence (E) units and one tyrosine () (or tryptophan, W) showed that
x % complexation® The integrated area of the fluorescence spectra the four quaternary N atoms of the pyridyl mesosubstituents
between 575 and 750 nm was calculated for all porphyrin/protein g the porphyrin framework formed a cationic template in which
mixtures and it was indicated a&"in each case. Hence the absolute the carboxylate end groups of the E residues self-assembled to

integrated area of fluorescence by Zn(ll) porphyrin which is not bound f - ; | Thi d to bri h hvri
(free) to plastocyanin in each case was obtained by subtraction of [OM an lon-pair complex. This served to bring the porphyrin

fluorescence of the complex from the observed fluorescence for each@nd the Y into proximity in the ground state. Upon photoex-
of the mixtures Aree = Aobserved— Acomplex © This value refers to the  Citation of the porphyrin and subsequent generation of jts T

integrated area of fluorescencelhe numbers in parentheses refer to  excited state, ET from the Y to the porphyrin was shown to
the AJ/Aree value determined by using the fluorescence from uncom- gccyr.

plexed porphyrin itself when the concentration of quencher (PC) varied It is essential to understand the structural characteristics of
as shown in this table. e . : . . L
the anionic docking site of PC with which the cationic

the wavelength region 37500 nm. The absorption spectrum porphyrins are thought to form the self-associated complexes
of Zn(INTMPYP* (5 «M) and the absorption spectrum of the prior to further discussion on the excited-state properties of these
same mixture (5¢M) Zn(ll) porphyrin/PC (42.34M) which complexes. There are two solvent-exposed acidic patches of D

; - d E in the structure of a typical PC in addition to the
predominantly represent the complex (97.4%) were overlaid in an . 8
the same figure for comparison. The overlapping band betweenhydmplﬂ'ObIC patch proximate to the Cu atom on the north pole

e L - f the protein (Figure 1)t In spinach PC, the first acidic patch
425 and 450 nm is indicative of the excitation spectrum to which © . . . !
the absorption spectra of Zn(Il)TMP$P and c?f the zn(ll)- contains aspartic 42 (D 42), glutamlq 43 (E 43), aspartic 44 (D
TMPyP*/PC complex are convoluted (Figure 10). This result 44), glutamic 45 (E 45), and aspartic 51 (D 51). The second

i . . ; idic patch of spinach PC consists of glutamic 59 (E 59),
is in fact supportive of the observation of overlapping fluores- acidic | . .

cence spectra of the complex and uncomplexed ZnTMPyP glutamic 60 (E 60), and aspartic 61 (D 61) (Figure 1). Moreover,
(632 nm) just below this anionic docking surface is a Y83 residue that is

solvent-exposed. Obviously it became compelling to investigate

Fluorescence Lifetime MeasurementsTo examine this . .
whether the same events could be carried out with the PC as

fluorescence quenching phenomenon in more detail, fluores- " - ” L
cence lifetime measurements were performed using the timeWlth thg peptide model sy;tefﬁ.The f'rSt. step in this was to

correlated single photon counting technique on the mixtures of ascertain Wh(_eth_er th.e cationic pqrphyrln would undergo on-
Zn(ITMPYP* (5 4M) and PC in the concentration range 89 pairing association with the_ PC. I_t is _well-kno_wn that the acidic
«M. The mixtures of (5uM) Zn(Il)TMPyP* and PC were patch on PC assists docking with its reaction partners, cyto-

excited at 455 nm, and the resulting emission at 632 nm decaye h“’”.‘esc andfand photosystem.%%Mgreoyer, the .Ilterature

in a biexponential manner as shown in eq 3. At this wavelength contains adequate evidence for lon-pairing interactions betwe_en
of excitation, 455 nm, the predominant absorbing species wasPC and other small+molecules. For instance, cationic species
the Zn(I TMPyP*/PC complex as evidenced by the negative SUCh @S [Co(pheg]" have been shown to interact with the
peak at ca. 450 nm in the difference absorption spectra (dataaCIdIC .patch O_f PC centered on chg o .

not shown). Figure 11 shows the fluorescence decay profiles at . COPious evidence for the ionic association is provided by
632 nm of the Zn(I)TMPyP* (5 uM)/PC mixture (39uM, the studies on the ground-state pptlcal absorption §pectra_of Pd-
97.1% complex) at 25C, pH 7.4, 1 mM KCI, and 1 mM (INTMPyPA* and Zn(I_I)TMPyP‘+ in the presence of increasing
phosphate buffer (pi= 7.4) and of the Zn(ITMPy#* in the PC content in the mixture. The qllfferenpe spectra (Figure 3)
absence of PC. In the absence of PC, the fluorescence decafd the spectrophotometric titrations (Figure 4) show clearly
was single exponential in time with a lifetime of 1430.15 ns. hat the presence of the protein influences the electronic
The deconvoluted fitting process of the fluorescence decay Properties of the porphyrins, causing the spectra to undergo red-
profiles of the Zn(I) TMPyP*+/PC mixtures using eq 3 with the shifting .and a decrease .of extinction coefficient of the PC/
IRF yielded two lifetime components for data such as those porphyrin complexes. Besides, the similar spectral changes have

shown in Figure 11. The biexponential decay fitting in all been reported for mixtures of the same porphyrins with the
pentapeptides such as¥E'® As Figure 5 shows, the same

— - - spectral effects occur in mixtures of the cationic porphyrin with
F=A+B,exp(-tr) + B, exp(-Ur) ©) an oligo-glutamic acid (peptide) containing an average of 7 E
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Figure 9. Modified Stern-Volmer plot of ratio of integrated area of fluorescerfgAse versus the concentration of plastocyanin at°€5 pH

= 7.4, and at 1 mM KCI, 1 mM phosphate buffer (57.4). Aree = Aobserved— Acomplex 8N Acomplex = Aldifference fluorescence %0 complexation. The
solid line is the calculated fit according to eq 1 fgy= 1.9 x 10* M~1, wheref3 = 1. Inset: Difference fluorescence spectra obtained by subtraction
of the spectra obtained after mixing (5« Zn(Il)TMPyP**/plastocyanin complexes for the mixtures in the concentrations 6.6, 10.5, 19.4, 25.7,
31.9, 36.3, and 42.8M of plastocyanin) from that obtained before mixing (pure Zn(ll)TMPyfuorescence). The black spectrum is for the pure
Zn(I)TMPyP*. Each solution is in 1 mM KCI and 1 mM phosphate buffer (pH7.4) at 25°C.

a factor of 11.5 than that for the native PC and Pd(I))TM£yP
system K = (8.0 £ 1.1) x 1 M~1]. The substitution of Y83
with F eliminates the possibility of coordination to the Pd(Il)
center as predicted in the Y83-assisted self-association of Pd-
(INTMPyP** to PC. Thus, these results imply that the solvent-
exposed Y83 residue of the self-associated cationic porphyrin/
PC complexes is indeed involved in the binding interaction
between the two reaction partners.

Ligation of Y83 with MP/PC Complexes.Consequently, it
is deemed necessary to understand the nature of the interaction
that results in this Y83-assisted ion association between the
cationic porphyrins and PC. The decrease of ground-state
T - - T extinction coefficients of the complexes and concomitant red-
380 400 420 440 460 480 500 shift of the Soret band and the Q-bands of these Y83-assisted
wavelength / nm self-associated complexes with the addition of PC can be
Figure 10. Excitation spectrum of 5M Zn(ITMPyP*/42.3 uM explained in terms of the “theory of charge transfer”. If an
plastocyanin obtained by monitoring the fluorescence at 632 nm over €lectron acceptor and an electron donor form a complex
the excitation range 256600 nm. Only the spectrum in the wavelength  displaying the electronic interactions between the components,
range 375500 nm is shown. The absorption spectrum of Zn(ll)- a new absorption band is commonly obser{&dhis band is
TMPYP™ (5 uM) and that of the SuM Zn(INTMPYP*"/42.3 uM known as a chargetransfer band and possesses characteristic
plastocyanin were overlaid in the same plot. features different from either the donor or the acceptor. It is
units per molecule as well. Since comparable spectral changegattributed to a doneracceptor complex formed by the partial
(intensity decrease and the red-shifts) happen in the presenc® complete transfer of an electron from a donor to an acceptor.
of the protein and in the two oligo-peptide cases and the only Additionally, for a number of irregular porphyrins (e.g., Pd(ll)
common factor in all three cases is a patch of negative charge,porphyrin), the excited singlet states are too short-lived (L
it can be clearly concluded that the association between thens), and photochemical reactions may occur efficiently when
cationic MPs and PC occurs at the acidic patch, in which casethere is some interaction between the porphyrin and the
the porphyrin is placed proximate to Y83. A further conclusion quenchers in the ground-state itself. Hence, the revef8ible
rising out of the oligo-Glu experiment is that the MPC binding of the ligands at the vacant axial positions of the MPs
association does not require the presence of a nearby tyrosineis a possible process. Also, Znand Pd*" are known to have
However, the presence of Y83 may enhance the binding extended square pyramidal geometry for the biological ligand,
interactions between the cationic porphyrins and anionic docking a tyrosine Tyrosine is knowf? as a biological ligand to which
site of PC. Furthermore, the observed association constant onspecific metal ions selectively bind as well. For instance, in
the binding between Y83 mutant plastocyanin (Y83F-PC) and the protein transferriti*4the iron (F&") at the N-terminal iron-
Pd(IDTMPyP* (K = 7.0 x 10* M™1) is appreciably lower by  binding domain is bound by two tyrosines (as well as a histidine
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Figure 11. Fluorescence time profiles (time-correlated single photon counting) of the 632 nm luminescence of Zn(II}T&RyWA)/plastocyanin
mixture (39uM) (left panel) and of Zn(I)TMPyP" (5 uM) at 25°C, pH = 7.4, 1 mM KCI, and 1 mM phosphate buffer (pH 7.4). The

instrumental response function is shown with each decay profile.
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Figure 12. Energy level diagram to demonstrate the interaction of the tyrosine residue of plastocyanin with the metalloporphyrin ring to produce

the porphyrin-plastocyanin complex.

and an aspartic acid) in the presence ofs€0ons, and the
red color of the F& protein arises from a tyrosinate Fe**
charge-transfer transition.

Moreover, the MD calculation provides adequate evidence
for the proximity of the center of mass of porphyrin and the
center of mass of the phenolic ring of the Y83 residue located

nonbonding lone pair of oxygen atoms of the hydroxyphenyl
terminus of Y83 moiety to the metal centers of porphyrins would
be more favorable in the self-assembled complexes.

Thus, the coordination of hydroxyphenyl terminus of Y83
residue as an axial ligand to the metal centers, Pd(Il) and Zn-
(I1) of the PC/porphyrin complexes is intriguing and can be

just beneath the anionic surface docking site of self-associatedunderstood from a molecular point of view. Furthermore, this

PC (5-9 A) described in the current studies. Thus, similar types

charge-transfer ligation is attributed to the observed decrease

of charge-transfer interactions are indeed predictable betweenof extinction coefficients of the cationic porphyrins/PC system

the hydroxyphenyl terminus of Y83 residue and the Pd(ll) and
Zn(ll) metal centers of the self-assembled cationic porphyrins/

with a gradual red-shift (ca. 9 nm for Pd(ll) system and ca. 6
nm for Zn(ll) system) of the Soret and Q-bands of the current

PC complexes. The red-shift of the bands (Soret and Q) of the self-associated complexes. This mechanism can be explained

complexes may then be attributed to the capability of Y83 to

in terms of the so-called four-orbital model developed by

assist the binding by coordinating as an axial ligand to the metal Gouterma®#° et al. for the interpretation of UVvis spectra
centers thereby forming a charge-transfer band. However, theand luminescence properties of porphyrins, coupled with the

experiments were carried out at pH 7.4, and tkegb tyrosine
is 9.3, so it is most likely to be protonated under these
conditions. Therefore, a partial transfer of charge from the

molecular exciton mod# (Figure 12, energy level diagram).
Kashd® defined the exciton model for the resonance interac-
tion between the excited states of weakly-coupled molecular
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systems. This model describes the intermolecular interaction incomplex of higher stability’ There are several important
a molecular aggregate as a sum of multipoles (dipdipole, features displayed in the Job’s diagrams. Figure 6 shows a plot
quadrapole-quadrapole, etc.). If a pair of degenerate dipolar resulting from a Job’s treatment of the spectrophotometric
states on one chromophore interacts with a similar pair on the titration data for PC and Pd(I)TMPy®. A similar diagram
other chromophore, the nature of exciton coupling and the was obtained for the Zn porphyrin/PC case. The plot shows a
energy of the resulting exciton states will depend on the dimer minimum corresponding to the 1:1 stoichiometry of the complex
geometry (interchromophore distanééf?If the newly formed  as evidenced by the utmost departu€x), at which the molar
complex involves an electron acceptor and an electron donorfraction of each component, Pd(l) TMP¥Pand PC, is 0.5 .
with electronic interactions between the components, a new However, the minimum is not very shatpand the linearity of
absorption band, a charge-transfer band, is usually obs&¥®d.  the data at low protein concentrations is barely smeared. In this
This charge-transfer band is associated with a deaoceptor region the first few aliquots of protein are being added, and the
complex formed by the partial or complete transfer of an electron q1ar fraction of porphyrin is in great excess of that of the PC
from donor to acceptdi>t _ in which the ratio of molar fraction of metalloporphyrin to PC,
Thus, the filled noanndlng orbital of. the oxygen atom of Mwip/Mpc> 1. Under these condition®ys/Mpc > 1), there is
the hydro>_<yphenyl terminus on Y83 moiety can_be located at a formation of an intermediate complex of 4:1 composition of
the energies above the empty4ele—y?) of Pd(ll) ion of the which an association of four porphyrin molecules with one PC

virtual spectrum, and it will be pushed down in energy as a molecule (there are two acidic patches on PC, the second on

result of bonding W.'th the oxygen lone pair on the Y83 the western face) was also seen (Figure 6). But the equilibrium-
hydroxyphenyl terminus, a mode that can be described as a,_._ .. 8
binding constant of formation of these complexes must be

charge-transfer bonding interaction (Figure 12). The simulta- : —

reous bonding eracion of e slga ) win ho  DXIeTeY OV ERICIEel 1om 4 v U oM D0
T *) state will stabilize th *) state furth Iti . . ' .

empty g(xr*) state will stabilize the g) state further, resulting concentration of PC was increased the equilibrium would shift

in red-shifted B and Q-bands for the porphyrfiRC complex. ¢ h q icall ble 1 | o
The electric dipole selection rules for the final transition to these [ favor a thermodynamically more stable 1:1 complex. Besides,

states of the complex govern the extinction coefficients for these I the concentration region whereyWMec < 1, the data are
transitions. If the transitions are symmetry forbidden, then a much better represented by the 1:1 line. This is the concentration

decrease of extinction coefficient of the system should be égion (more than 8697% porphyrin in complexed form) where
expected. all the photoexcitation experiments described in this paper and
The similar diagram can be proposed for the ligation in the succeeding paper were carried out. In addition, the
interaction of Y83 with the Zn(ll) metal ion and the simulta- ~calculation of concentration of protein is firmly dependent on
neous interactions in the self-associated Zn(ll)TMPYPC the method used, and possible errors in the evaluation of PC
system. The Gouterman modt5 itself accounts for the concentration by the value of the extinction coefficient of
difference of electronic configurations and crystal field energies tyrosine (1.4x 10* M~ cm™)2¢ may also account for the
of MPs. Accordingly, Zn(ll) porphyrin belongs to the class of departure from linearity of the Job’s plots at very low levels of
regular porphyrins with a closed shell central metal atord%3d  concentration of proteinfmp/Mpc > 1), since this method does
Thus, the interaction of the porphyrin macrocycle with the not take into account the environmental influetfcen the
central metal is negligibly small, and thereby red-shifted Q and extinction coefficient of the tyrosines present in different
B bands (regular porphyrins) are usually observed comparedpositions of the structure of PC (Figure 1, partially solvent-
to those of Pd(Il) porphyrins (irregular porphyrins). Additionally, exposed Y70, completely buried inside the protein Y80, and
the lowest unoccupied molecular orbital (LUMO) of Znin solvent-exposed Y83). The MD calculation of the self-assembled
Zn(I)TMPyP*" is a 4S orbital, and perhaps this orbital can be PC and porphyrin complexes is also supportive of the formation
regarded as the empty orbital with the correct symmetry and of docking complexes with 1:1 stoichiometry as well. Moreover,
acquired energy to which the oxygen-lone pair of hydroxyphenyl the encouraging evidence for the formation of a thermodynami-
terminus of Y83 residue is donated. However, these proposedcally stable 1:1 self-associated complex was provided by the
ligation interactions should be tested by quantum mechanical spectrometric titration data fitted to an excellent nonlinear fit
calculations, and further work on refining this diagram (Figure sych as shown in Figure 7 for the Pd(I TMPyYAPC complex,

12) Wi’” be in progress. o in which case the equation (vide supra) was derived for a
Job’s Plots. The data from the spectrometric titrations have complex formation with 1:1 stoichiometry. Besides, spectro-
been analyzed using Job's metfidtb determine the stoichi-  meric titration data fitted to a nonlinear fit such as shown in

ometry of the complexes and their stability. The plots SDOW” Figure 7 has been taken as evidence for the formation of
in Figures 3, 6, and 7 for Pd(I)TMPYP and Zn(I TMPyF complexes with 1:1 stoichiometry in the case of cationic lysine

(data not shown) indicated that the observed difference SpeCtrapeptides and an anionic patch of PC system, and no Job’s plots
arise from thepredominantformation of a 1:1 self-association have been reported

complex between cationic porphyrins and anionic surface . L
P porphy Binding Constants. The binding constants of the two

docking site of the PC, i
g complexes were calculated to be high on the order of c&. 10

M(INTMPYP*" + PC= M(Il)TMPyP*":PC M~L. Moreover, the binding constant for Zn(I)TMPYRPC
complex was alternatively obtained from the fluorescence data
where M= Pd or Zn. With all the evidence from the ground- presented in the modified Sterivolmer plot of Figure 9. The
state spectral studies and MD calculations along with relevant binding constant thus evaluated from the regression parameters
literature®2 it is clear that the major factor responsible for the of the nonlinear curve fit (Figure 9) by means of eq 1 was (3.5
complex formation is the electrostatic interaction between 4 =+ 0.8) x 10°P M™%, a factor of ca. 7 lower than that obtained by
charges of the porphyrins and anionic aspartic acid and glutamicUV —vis spectrometric titration data. The ambiguity of the
acid patch of the protein. Also, the selected low concentration manual deconvolution of the fluorescence data into the fluo-
of ionic strength buffer (1 mM KCI) yields a self-associated rescence of the complex and of the uncomplexed porphyrin
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accounts exclusively for this difference. Additionally, in the constant of 1.5x 10 M~! s for the quenching of the
extraction of binding constant from the regression parameters, porphyrin fluorescence. This is far in excess of the value for a
B = 1 was assumed for optically dilute solutions (eq 1). rate constant of a diffusion-controlled process in aqueous
Nonetheless, the optical dilution of the mixtures of Zn(ll)- solution, and it serves to indicate that the fluorescence intensity
TMPyP*/PC was not ideal due to the trace of turbidity often quenching is not just a dynamic event but must arise predomi-
typically present in protein solutions, and thus the exact value nantly from an associational static-quenching process caused
for § should also be taken into account to ascertain a closer by the proximity of the components (porphyrin/PC) at the instant
agreement in the two methods. of excitation®® The formation of self-associated complexes in
The binding constants of significantly high magnitude are Which the metal centers of the porphyrin molecules were
attributed in part to the very low concentration of ionic strength presumably coordinated by Y83 as an axial ligand in the ground-
(L mM KCI) buffer used in all of the experiments.The state (vide supra) as well as the MD calculation on such
coordination of Y83 as a fifth ligand to the metal centers in the complexes did indeed provide the evidence for the proximity
self-associated porphyrin/PC complexes (vide supra) may indeedof the porphyrin- PC couple (Table 1, the shortest calculated
account for the observed considerably larger binding constantsinter-chromophore distances5.5 A) for this static quenching
as well. The spectrometric binding studies between PC and theprocess to occur.
freebase HTMPyP** in which no central metal ion is present, Fluorescence Spectra of the Complex and Static Fluores-
yielded a binding constant &€ = 3.5 x 10° M1, a factor of cence QuenchingScrutiny of Figure 8 leads to the interesting
ca. 3 lower than the Pd(Il) porphyrin/PC case, and thus provides observation that at the highest concentration of PC (4®13
supportive evidence for the above argument. In addition, our in which more than 97% of the zinc porphyrin molecules are
spectrometric binding studies on the Y83F-PC/Pd(INTMPYP  present in complexed form, the quenched fraction has leveled
system determined a binding constant of a factor of 11.5 lower out at close to 50%. Interestingly, the constructed difference
than that of the plastocyanin/Pd(Il)TMP¥Pcomplex, confirm-  fluorescence spectra (inset to Figure 9) predominantly represent
ing Y83-assisted binding and hence the cause for the higherthe fluorescence spectra of the complex and display bands
binding constants in such cases as well. Furthermore, the rolecentered at 635 nm, ca. 3 nm red-shifted compared to that of
of acidic residues of PC in its interaction with cytochrofme  uncomplexed Zn(I)TMP$" (632 nm). The band intensity of
has been studied by Bendall et ®who reported a binding  these fluorescence maxima increases with the concentration of

constant of 1.4« 10* M~ for the interaction of Cyt and Y83 PC and levels off at the most predominant complexation. Thus,
mutant PC (Y83F) in which Y83 was substitutegldF residue it is revealed that the fractional fluorescence quenching (50%)
and a value of 1 order of magnitude higher (x0L0* M%) at the most predominant complexation, in which 97.4% of Zn-
for the same interactions with wild-type spinach PC. (1) porphyrin molecules are in complexed form, is due to the
The binding constant in Pd(I)TMPYP/PC complex is ground-state formation of a strongly fluorescent preformed
smaller by a factor of 3.3 than that of Zn(Il)TMPY?PC complex of which the fluorescence spectrum overlaps with that

complex. The difference of magnitudes of binding constants in of the uncomplexed Zn(I)TMPyP (inset of Figure 9).
the two cases can be explained in terms of hard and soft acidMoreover, the modified SterrVolmer plot (Figure 9) generated
and bases (HSAB) theof§:>*Accordingly, when tyrosine (hard  upon subtraction of the residual fluorescence of the complex
ligand) binds to the Pd (soft) center in the Pd(I)TMPy® was nonlinear with upward-curvature from which the evidence
molecule as a fifth ligand, the resulting complex would be less for the predominant static quenchiig! in the presence of
stable K = (8.0 + 1.1) x 1®> M~1] than the complex formed  diffusional-dynamic quenching was revealed exactly as de-
by combination of ZA" (intermediate) and tyrosiné[= (9.86 scribed by eq 1, presumably by the Y83 moiety of the self-
+ 1.1) x 10° M~1].4354 associated complex. Indeed, our flash photolysis kinetic studies
Fluorescence StudiesThe UV—vis absorption difference  between Y83F-PC and the Pd(Il)TMPyPsystem that are
spectra and spectrometric binding studies along with Job’s plotsdescribed in the succeeding paper are clearly supportive of the
showed that under the solution conditions of those shown in evidence for the Y83-mediated electron-transfer processes in
Figures 3, 4, and 7 the zinc(ll) porphyrin is also present in a the triplet state as well. Interestingly, upon subtraction of the
1:1 stoichiometric-association complex (data not shown) with residual fluorescence of the complex, the percentage of fluo-
PC K = (2.7£0.8) x 10° M~Lin 1 mM KCI, ImM phosphate rescence intensity quenching reaches the percentage of com-
buffer, pH = 7.4]. Such self-association is found between plexed porphyrin (Table 3, Figure 9). These data are consistent
cytochromec and PC® and other proteinproteir?® systems with previous studies in which the evidence for both static and
(e.g., cytochrome and cytochromés and flavodoxin). Besides,  dynamic quenching (depending on the extent of complexing)
the photoexcitation of Pd(I)TMPy® does not yield fluores-  for the complexes of this type in aqueous media has been
cence since the intersystem crossing from thestte is documented? In the case of Ru(phes(CN),, the fluorescence
exceedingly rapid and has been reported as restricting S of this molecule has been reporfétb be quenched by Ri-
lifetimes to ca. 20 p&? Nevertheless, the excitation of Zn(ll)-  (static quenching) by coordination to the CNvhich acts as a
TMPyP*" into its § state by Q-band irradiation yields fluo-  bridging ligand. Additionally, this result is also similar to the
rescence in the 668750 nm spectral regiorfMmax = 632 nm) experimental results reported previously by Logunov &fal.
(Figure 8). Excitation of Zn(I)TMPy#/PC mixtures into the  for the MTMPyP* and AQS (9,10-anthraquinone disulfonate
singlet state by 550 nm at the edge of the Q-band irradiation in derivatives) self-assembled system. A nonlinear upward-curved
which the absorption by the Zn(I)TMPYPPC complex was Stern—Volmer plot was reported for the quenching of the
predominant over that of Zn(I)TMPyP yielded the fluores- fluorescence arising from uncomplexed porphyrin considering
cence intensity quenching (Figures 8 and 9) at low ionic strength that all the complexes between MTMPyPand AQS were
(1 mM KCI). The evaluated SterfiVolmer constantKsy, nonfluorescent with a combination of 1:1 or 1:2 stoichiometry.
extracted from the linear plot (inset of Figure 8) was .90 The current result is substantiated by the results of single-photon
M~1. Taking the measured lifetime of 1.3 ns for the singlet counting measurements in which an unquenched fluorescence
staté’ of Zn(I)TMPyP*" leads to a bimolecular reaction rate lifetime component of 1.3 ns was resolved for the static
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SCHEME 1: Proposed Scheme for the Singlet State Processes of Zn(ll)TMP§HPlastocyanin Complex
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aThe energy of each state of the uncomplexed porphyrin was adapted from ref 39 and the average energy of the complex was taken from the

molecular-dynamic calculation.

guenching event associated with the complexed Zn(Il)TMPyP  (0—39uM and 0-97% complexatiojithe predominant emitting
(vide supraf®:21 species was the excited state of the complex with residual
Moreover, the decreased quantum efficiency of the complex emission from uncomplexed porphyrin at 632 nm. Therefore,
(50%) can be understood in terms of the porphyristSte being it is clear that both the complex and the free uncomplexed
presented with another nonradiative deactivation channel underporphyrin contribute to the fluorescence decay profile and that
complexation conditions (Scheme 1).The nature of the additional the major component of the decay should be attributed to the
deactivation event when the porphyrin is complexed is uncertain, fluorescence of the complex. Indeed, the time-correlated single-
but it can be understood that it occurs as a result of an electron-photon counting measurements showed a maj8806) longer-
transfer event originating from the Y83 moeity of the self- lived fluorescence component having a lifetime of £4€.15
associated complex (Scheme 1) and happening at the instant ohs assigned to the static quenching event having arisen from
excitation (ca. within a few femtoseconds time). the Y83 moiety of the self-associated complex; with zZn(ll)-
Mechanism of Fluorescence QuenchingThe observed TMPyP*" alone in buffer solution at pH 7.4 (Figure 11) this
concept of fluorescence quenching, presumably by the self-was the sole component. Thus, the major concentration-
associated Y83 moiety, is intriguing and can be understood in independent unquenched fluorescence lifetime value was as-
terms of the driving force for the electron-transfer process. The signed to the static fluorescence quencPidgoriginating from
MD calculations show that when complexed the center of massthe singlet state of the preformed self-associated Zn(ll)-
of the porphyrin is located between 5 and 12 A, average near TMPyP*/PC complex, in which the metal center zZn(ll) is
9 A, from the center of mass of the hydroxyphenyl terminus of coordinated by the hydroxyphenyl terminus of Y83 moiety in
the solvent-exposed Y83 residue on the nearby strand. At pHthe ground-state'ke;, Scheme 1). An approximate value for the
7, the driving force for an ET between the singlet state of the weakly resolved shorter-lived componertl2%) was 600+
Zn porphyrin and tyrosine (refers to the Y83 located just below 300 ps, taken as an average of three experiments at different
the anionic arch) is calculated to be ca. 0.20 V by taking the PC concentrations of-839 uM. This component is regarded
redox potential for the singlet state of Zn(I)TMP¥Pas 1.13 as having originated from a different, relatively slower static
V57 and the reduction potential of the tyrosine radical cation at quenching event associated with the presence of distribution of
pH 7 as 0.93 \f! Hence the singlet state electron-transfer distances and orientations of porphyrin/PC complexes at the
process will be favorable by 0.2 eV. Even though the driving instant of excitation?e, Scheme 1). Besides, this evidence is
force for ET from the singlet state is not significantly large, the supported by the MD calculation in which an assembly of
electron-transfer processes are rapid enough to compete withgeometries and distances of porphyrin/PC complexes was shown
the intrinsic decay process of Zn(I)TMP$P by which a to be formed at the last 30 ps of the simulation procedure (Table
relatively short fluorescence lifetime of 1.3 ns is determined 1). Also, the time resolution of the single-photon counting instru-
(Scheme 1§7 Thus, the proximity of the preformed porphysin ment developed in our laboratories was ca. 700 ps on the basis
PC couple by Y83-assisted self-association (distribution of of IRF analysis. Thus, the IRF of the single-photon counting
distances from ca. 5 to 8 A) as well as the favorable driving instrument was insufficient to precisely resolve lifetime com-
force on the ET in the singlet state does indeed yield fast ponents that are very close (e.g., £4€.15 ns and 60& 300
electron-transfer fluorescence quenching (static). ps), and consequently the faster fluorescence lifetime component
Fluorescence Lifetime MeasurementsWe turn now to the and the pre-exponential factor were subjected to a significant
single-photon counting luminescence measurements of the Zn-error. Even if the probability of the second static-quenching
(INTMPyP*t and PC mixtures; the excitation was carried out process is comparatively less with increased complexation (data
at 455 nm, close to the falling edge of the porphyrin-like not shown), the rate constant of ET for this process was readily
absorption of the preformed [Zn(ll)/PC] complex. At this determined. As discussed above, if the electron-transfer process
wavelength of excitation, 455 nm, the predominant absorbing is responsible for the deactivation of thes$ate of the complex
species was the Zn(Il)TMPyP/PC complex as evidenced by  (in equal competition with the other radiative and nonradiative
the negative peak at ca. 450 nm in the difference absorptionchannels), the rate constant of ET associated with the second
spectra (data not showriljhus, at the concentration range used process (Scheme 1) was determined tékge= (1.14 0.6) x
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