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Abstract: lon-pair complexes between the cationic metalloporphyrins, tettdkigthyl-4-pyridyl)porphyrin (Pd-
(ITMPyP*t and Zn(I) TMPyP™), and anionic pentapeptides consisting of a string of four glutamic acid residues
terminated either by tyrosine (Glu4Tyr) or by tryptophan moieties (Glu4Trp) have been assembled and studied by
steady-state and time-resolved spectroscopy. Evidence for ion association between porphyrin and peptide was provided
by the effect of peptide concentration on the ground state absorption spectra of the porphyrin. Flash photolysis
experiments showed that, in the presence of peptide, Pd(Il) TKiPyiplet decay was described by the sum of two
exponential terms. The fast decay component 66.2 1¢ s for the Tyr variant and 1.4- 0.15 10 s* for the

Trp analog) was found to be independent of peptide concentration. The slow decay component showed a linear

increase in value with peptide concentration, and a bimolecular rate constant-ofl6°2M ! s~ was extracted for

both peptides. The fast contribution to thedecay was associated with an intracomplex electron transfer, whereas

the slow contribution was associated with the diffusive formation of an encounter complex between free peptide and
porphyrin molecules (bulk phase) followed by electron transfer. Evidence for this intracomplex electron transfer
reaction was derived from the study of the effect of pH-induced alteration of the fast rate component. An increase
of the rate constant resulted from the pH-governed increasA&Srfor oxidation. However, at pH values8.5,

although the driving force continued to increase, the rate constant reached a limiting value and became pH-independent

(107 s71 for the Tyr residue and 2.4 107 s7! for Trp).

To explain this, a mechanism was invoked in which

segmental diffusion within the porphyrirpeptide complex is supposed to precede the electron transfer step, this
putative diffusion requirement becoming rate-determining at high pH (high driving force). Additional evidence for
electron transfer within the ion-pair complex was obtained when Zn(ll)TMPy#as used as the redox partner.

Introduction

The transfer of an electron from one site to another within a

protein matrix is critical to the function of a wide range of

biological processes, and understanding of the detail of such

has become one of the outstanding experimeatal theoretical

challenges of the last decades of the twentieth century. Taking
the respiratory system as an example, electrons are caused tQ
move distances of 20 A or more between a heme cofactor within

one protein to another cofactor in an adjoining dnft. Detailed

investigations have revealed that the protein itself does not

simply act as an inert supporting bystan8eather, it is widely
held that the molecular nature of the protein serves to have a
modulating effect on the rate of the procést. Thus, evidence
exists that structural motifs such fissheets act to facilitate
the process more than dehelices, for exampl& It is also
becoming apparent that the cofact@rotein interaction is not

of a static nature, but that motional dynamics occur after docking
and prior to electron transfer which can serve to assist the
transfer of chargé?

Earlier work from this laboratory provided additional evidence
for the role played by local dynamics in small molectotein
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and a series of uroporphyrins were photoexcited to provide the
system with the driving force for intracomplex electron transfer
between the reaction partners. The complexes were assembled
prior to excitation by taking advantage of the cationic lysine
patch on the protein surface in the vicinity of the heme cleft,
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undergoing electrostatic interactions with the eight carboxylate

residues disposed around the periphery of the uroporphyrin.

Molecular modeling showed that a low-energy configuration

Aoudia and Rodgers

mass spectrometry (University of Michigan, Ann Arbor). The peptide
synthesis was carried out with a Millipore 908Qus PepSynthesizer.
Synthesis of Glu4Tyr and Glu4Trp. The linear pentapeptides

placed the uroporphyrin over the lysine patch such that the two having the following sequences Glu-Glu-Glu-Glu-Tyr and Glu-Glu-

porphyrinzz-planes were approximately orthogonal to each other
and that the heme edge to uroporphyrin center distance wa
7.8 A. Alterations in driving force were achieved by changing

the metallo substituent in the two tetrapyrroles. The intracom-

S,

Glu-Glu-Trp were assembled via standard solid-phase peptide synthe-
sis!” This stepwise construction of attaching a peptide to an insoluble
polymer support involves the following steps: deblocking, washing,
activation—coupling, and finally cleavage and deprotection.

In our synthesis Fmoc-protecteeamino acid derivatives; namely,

plex rate constants for the photoinduced forward electron transferFmoc+.-Glu(OtBu)-OH, Fmoa--Tyr(tBu)-OH, and Fmoc-L-Trp(tBoc)-
and the thermal back-transfer were measured as a function ofOH were used. During the synthesis, the N-termini of these amino

driving force. The latter showed clear evidence for a Marcus
inverted region withh = 0.7 eV, whereas the former showed
only a Marcus normal region after which the kgr vs —AG?

plot showed a plateau &0.8 eV driving force. To explain
this driving force independent region, a two-step gating mech-
anism was invoked in which a surface-diffusion step was

deemed to precede the electron transfer step. At the higher en

of the driving force scale, this putative diffusion requirement
became rate-determining.

acids are “temporarily” protected with the Fmoc group while the
reactive side chains are “permanently” protected. The tyrosine hydroxyl
reactive group was protected as fegt-butyl ether, the tryptophan
reactive group was protected ated-butyloxycarbonyl and the glutamic
carboxylate group was protected astégt-butyl ester. This protection
is essential to inhibit side chain reactions. The solid support used was
moc+t-Glu(OtBu)-PEG-PS, a poly(ethylene glycobraft-polystyrene
opolymer with a Fmoc and active side-chain-protected glutamic acid
attached to it via a PAC (peptide acid) linker.
Deblocking (removal) of the Fmoc groupsi-emino protecting

In the present study there has been an attempt to use the sameroups) was achieved with 20% piperidine in DMF. Activation of the

Coulomb-based electrostatic self-assembly principles to con-

incoming amino acid was made with a mixture of DIPICDI (0.6

struct a model unit bearing resemblance to the cofactor and itsM/PMF) and HOBt (0.6M/DMF) using thelual syringedissolution
immediate protein environment to allow an assessment of the method (single activation). The activated amino acid was subsequently

role played by local diffusion. In this case, pentapeptides
consisting of a string of four glutamic acid (Glu) residues
terminated either by tryptophan (Trp) or tyrosine (Tyr) moieties

coupled to the support-bonded amino acid. During each step, excess
reagents were removed through washing with DMF (following de-
blocking step) and DCM (following the coupling step).

Upon completion of the synthesis, the support-bound peptide was

were constructed using solid-phase peptide synthesis. Theremoved from the synthesizer and thoroughly dried overnight. Cleavage

deprotonated carboxylic acid residues of the four Glus were
postulated to act as an ion-pairing site for a tetracationic Pd(ll)
porphyrin, thus bringing the target (Tyr or Trp) moiety in
proximity to the porphyrin and setting up the possibility of an

intracomplex electron transfer event subsequent to photoexci-

tation of the porphyrin into an appropriate excited state. An
additional factor of interest would be that the Tyr and Trp

residues have a pH-dependent reduction potential, thereby

allowing a pH-induced alteration of the driving force for the
electron transfer event.

Experimental Section

Materials. Fmoc-protected-amino acid derivatives (Fmac-Tyr-
(tBu)-OH, Fmoct-Trp(tBoc)-OH, and Fmoce-Glu(OtBu)-OH), activa-
tion reagents (DIPICDI and HOBt), and Fmog5lu(OtBu)-PEG-PS
were Millipore peptide synthesis reagents. Ether (HPLC grade),
cleavage reagent TFA, and metldgl-alcohol @ 99.9% atom) were
purchased from Sigma-Aldrich. DMF 99%;tyrosine 99%, and
L-tryptophan 99% were obtained from Lancaster; DCM (certified ACS)
from Fisher Scientific; and piperidine 99% from Aldrich. Palladium-
(I1) tetrakis(N-methyl-4-pyridyl)porphyrin, Cl salt (Pd(I) TMPyP) and
its Zn analog were purchased from Mid-Century Chemicals.

Methods. Potassium dihydrogen phosphate and sodium hydrogen

and deprotection were achieved by exposure to a-fRAO (95%—

5% vl/v) cocktail for 2 h. The TFAH,O mixture removed the side
chain protecting groups and also cleaved the bond anchoring the peptide
to the support. The cleavage mixture (peptidé&-A—H,O—support-
protecting groupsbyproducts) was filtered through a small piece of
glass wool introduced into the neck@9 in. Pasteur pipette to retain
the support particles. The recovered filtrate (peptide solution) was then
added dropwise to a 10-fold excess of cold diethyl ether solution in
acetone-dry ice bath. A white precipitate appeared in the ether solution
as the drops hit the surface. Once the peptide had completely
precipitated, it was collected by filtration, washed three times with
diethyl ether, and dried under vacuum.

The peptides were characterized by UV absorption, fluorescence,
HPLC, 'H NMR, and electrospray mass spectrometry.

Transient Absorption Measurements. Flash photolysis experi-
ments were performed with the second harmonic (532 nm) of a
Continuum Surelite | Q-switched Nd:YAG laser which provided 6 ns
pulses. Transient absorbances were monitored at right angles to the
laser beam using a computer-controlled kinetic spectrometer which has
been described elsewhéfe.Solutions were argon saturated prior to
each measurement.

Electrochemistry. Cyclic voltammetry (Electrochemical Analyzer,
BAS-100A) was used to measure the reduction potential of tyrosine,
tryptophan, and the oligopeptides at different pH values. For each
measurement, the compound (0.5 mM) was dissolved in water

phosphate in equal proportions were used to make up the aqueous buffegontaining KCI (0.2 M) and buffer (5 mM K#PQy/5 mM NaHPOy)

solutions (10 mM). Porphyrin concentrations were determined from

and purged thoroughly with argon. A glassy carbon working electrode,

their absorbance at the Soret maxima, recorded in dilute neutral agqueousighly polished prior to each measurement, was used in conjunction

solutions. Molar extinction coefficients,(417 nm)= 158 x 10° M1
cmt for PA(I)TMPyP* ande (560 nm)= 16 x 10®* M~ cm™* for
Zn(ITMPyP*" were used®>'® The pH was measured with a calibrated
Corning ion analyzer (Model 250). Proton NMR spectra were recorded

on a Varian Gemini 200 MHz spectrometer using deuterated solvent.

Absorption spectra were recorded on a GBC 918-Wis rapid scan

with Ag/AgCI reference electrode and a Pt counter electrode.
Abbreviations: Glu, glutamic acid; Tyr, tyrosine; Trp, tryptophan;
Fmoc, fluorenylmethoxycarbonyt:Bu, tert-butyl; OtBu, tert-butoxy
ester; DIPICDI,N,N-diisopropylcarbodiimide; HOBt, 1-hydroxyben-
zotriazole; PEG-PS, poly(ethylene glycohpolystyrene; DMFN,N-
dimethylformamide; TFA, trifluoroacetic acid; DCM, dichloromethane.

spectrophotometer. Fluorescence spectra were obtained with a Perkin-
Elmer LS-5B luminescence spectrometer. HPLC measurements wereResults

carried out with a Waters Model 994 under the following conditions:
C18 YCM-Pack column (QDS-AQ 158 4.6 mmi.d., S-5m, 120 A),
the mobile phase was 10% (0.1% TFA in methanol) and 90% (0.1%
TFA in water). Molecular weights were determined by electrospray

(15) Brun, A. M.; Harriman, AJ. Am. Chem. S0d.994 116 10383.
(16) Kalyanasundaram, Knorg. Chem.1984 23, 2453.

Peptide Characterization. Analytical HPLC showed the
products Glu4Tyr and Glu4Trp as single peaks. Electrospray

(17) Merrifield, B. InPeptides: Synthesis, Structure, and Applications
Gutte, B., Ed.; Academic: New York, 1995.

(18) Rihter, B. D.; Kenney, M. E.; Ford, W. E.; Rodgers, M. AJJ.
Am. Chem. Sod993 115, 8146.
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Table 1. H Chemical Shift § ppm) and Coupling Constand,(
Hz) for Glu4Tyr in CO;OD

residue aH pH yH aromatic
Glu 442 (m) 1.96(m) 2.42(m)
4.29 1.97 2.3¢
Tyr 3.28 (my 2,6 H, 7.10 (= 8.4 Hz)
7.3¢
3,5H, 6.77 (= 8.4 Hz)
6.86

aData from ref 24> Overlap with solvent peak.

J. Am. Chem. Soc., Vol. 119, No. 52, 1175851

shown in Figure 4. As the peptide concentration increased, the
Soret band underwent a red shift with a concomitant decrease
of the absorbance at maximum. However, at high peptide
concentrations (above 5@M), the absorption atmaxincreased
again. The inset in Figure 4 shows similar behavior for the
Q-bands. Similar spectral behavior was noted for the Trp
variant.

(B) PA(I)TMPyP “* triplet state kinetics. Argon-saturated

aqueous solutions of Pd(I)TMP$P (10 uM) at pH = 7,
irradiated with 6 ns pulse at 532 nm light, showed in-pulse

mass spectrometry showed the molecular weight of the parentformation of a transient absorption withha = 460 nm, the

ion in the Tyr analog as 697.3 g ndl(compared to a calculated
one of 697.6 g mol') and 720.5 g mof* for the Trp variant
(compared to a calculated value of 720.68). Proton NMR data
for the two oligopeptide products are shown in Tables 1 and 2.
The UV—visible absorption spectra of both free tyrosine and
Glu4Tyr in buffered aqueous solutions (pH7) are shown in
Figure 1. A close correspondence is observed between the tw
spectra, including similar maxima near 222 and 275 an®(2
nm) and fine structure details within the wavelength range-260
290 nm (inset, Figure 1).
The fluorescence spectra of free tyrosine (@Bl) and
GludTyr (20uM) are displayed in Figure 2. Spectra were taken

at matched absorbances of 0.08 at an excitation wavelength of®

230 nm for both compounds to ensure the same number of :
46.6 £ 0.2) x 10° s71 for the Tyr variant and (1.4- 0.15) x

photons absorbed. Both spectra consist of a single, unstructure
band at 307 nm«£2.5 nm). However, the relative quantum
yield of fluorescence when tyrosine was incorporated within
the peptide linkage was clearly very much less (25%) than for
the free monomer.

Redox potentials for one-electron oxidation of free tyrosine
and tryptophan have been determined by cyclic voltammetry
at different pH!® In the range pH= 2 to pH= 10, the redox
potentialE® was shown to decrease linearly with increasing'pH.
To establish whether the coupling of tyrosine and tryptophan
to a string of glu residues affects their reduction potential, this

property was measured for the two oligopeptides as a function

of pH. A typical voltammogram is displayed in Figure 3 (inset)
for pH = 7.0. No peaks were observed in the reverse scan,

probably because the oxidation product is unstable with respect!

to radical dimerization of tyrosyl and tryptophan residue
radicals?® Under such conditior®,the observed peak potential
(Ep) is related to the redox potenti&P by

E, = E° — 0.9(RT/nF)+ (RT/3nF) In(XCRT/3nVF)

whereC is the concentration; the potential scan rate, akds
the rate constant for the bimolecular chemical reactiBhiwas

determined for the free amino acids and the oligopeptides at ., PA(ITMPyP*

different pH values. The results are displayed in Figure 3, where

it can be seen that the redox properties of the target amino acids
are not affected by the peptide environment, suggesting that

the terminal tyrosyl residue environment within the peptide is
probably similar to that of the monomers in soluti@n.
Porphyrin —Peptide Mixtures. (A) Ground State Spectra.
UV —vis spectra of aqueous (pHE 7) solutions of Pd(ll)-
TMPyP*" (12 M) in the absence and presence of Glu4Tyr are

(19) Harriman, A.J. Phys. Chem1987 91, 6102.

(20) Hawley, D.; Adams, R. NJ. Electroanal. Chem1994 8, 163.

(21) Nicholson, R. SAnal. Chem1965 37, 667.

(22) Values ok = 6.0 x 108 M~1s71 for the combination of monomeric
Tyr radicals ank = 3.2 x 108 M~1 s7* for the combination of monomeric
Trp radicald® were employed herein to calculae® values for the

pentapeptides. Even in the unlikely event that the actual values for these

radical reactions are lower by 1 order of magnitude, the relative error on
the computed® values would be near 1.5% (ca. 14 meV), which is within
the error of theE, measurement.

decay of which was strictly monoexponential with a decay rate
constant of 7x 1% s™%. In accordance with the literature and
expectations, this transient, which decays more rapidly in the
presence of oxygen, was assigned to the triplg} €fate of
porphyrin. When one of the pentapeptides was present in the
solution, the kinetic profile was changed significantly, the decay

0oecoming faster and markedly nonexponential and the initial

intensity was reduced from that in the absence of peptide (vide
infra). The decay was best described by the sum of two
exponential terms as shown by the typical time profile displayed
in Figure 5. For the fast decay component, the evaluated rate
onstant was found to be independent of the peptide concentra-
tion (Figure 6). The mean concentration-independent value was

10’ s71 for the Trp analog. The slow contributor to the decay
profile (ks) showed a linear increase in value within the peptide
concentration range investigated{D20xM) and a bimolecular
rate constant of (6.2 0.3) x 10° M~! s™1 was evaluated that
was independent of which target amino acid was attached to
the Glu string (Figure 6).

(C) Effect of pH on the Porphyrin Triplet Kinetics. Laser
pulse excitation of solutions of Pd(I)TMP§P (8 uM) in the
presence of Glu4Tyr (94, 60, and 3M) and Glu4Trp (93/M)
was carried out at a series of pH values in the range 2083
The rate constants of both fast and slow components of the
triplet porphyrin decay changed with pH. Figure 7 shows the
pH dependence of the fast component. These data are replotted
in Figure 8, where the abscissa is nt\&°, computed from the
potential data shown in Figure 3 with the assumption that the
potential for the porphyrin reduction is independent of pH.

(D) Effect of Peptide Concentration on the Photophysics
of Zn(INTMPyP 4*. The experiments described above employ-
ing Pd porphyrin were repeated with the zinc-centered variant.
The effect of Glu4Tyr concentration on the Zn(I)TMPYP
ground state absorption spectra was similar to that observed
; namely, a small red shift in the Soret band
and a decrease of the porphyrin ground state extinction
coefficient upon increasing the Glu4Tyr concentration. Simi-
larly, the effect of peptide concentration on Zn(Il)TMPyP
triplet state decay was investigated at pHr. In the absence
of Glu4Tyr, the triplet decays according to a single exponential
(k = 1.6 x 10° sY). In the presence of Glu4dTyr, single-
exponential kinetics were also observed, even at oligopeptide
concentration up to 1.04 mM. Repeating these experiments at
pH = 10.8 now showed that the triplet decay became double
exponential (Figure 9). The slower decaying component was
again dependent on the concentration of the oligopeptide
(bimolecular rate constant evaluated as 2.6.0° Mt s71),

(23) Absorptiometric measurements showed that holding the metallopor-
phyrin solutions at pH= 2.8 for several hours (sufficient for the kinetic
determinations) resulted in no loss of metal center.
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Table 2. Chemical Shift § ppm) and Coupling Constand,(Hz) for Glu4Trp in HO—D,O (70/30, v/v)

residue NH oH pH yH aromatic
Glu 8.43 (dJ=7.2 Hz) 4.26 (m) 1.97 (m) 2.31 (t,3 6.8 Hz)
8.33(d,J=7.2 Hz) 1.84 (m) 2.40 (m)
Trp 8.37% 4.2% 1.97 2.3k
8.25 (m) 4.78 3.36 (d,J=6.8 Hz) NH: 10.17 (s), 10.22
8.09 4H: 7.53 (d,J=9.6 Hz), 7.68

7H: 7.48 (d,J = 9.6 Hz), 7.56
2H: 7.28(s), 7.24

6H: 7.23 (t,J= 9.2 Hz), 7.24
5H: 7.11 (tJ = 9.2 Hz), 7.1%

aData from ref 242 Overlap with solvent peak.
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Figure 1. Ground state absorption spectra of tyrosi® énd Glu4Tyr Q) in neutral buffered aqueous solutions, [tyrosirme20uM and [Glu4Tyr]
= 20 uM. Inset: absorption spectra in the range 2800 nm.

100 photon absorption conditions. A plot of the relative fluorescence
quantum vyield lg), viz., the fluorescence intensity in the
$e presence vs the absence of Glu4Tyr is shown in Figure 11,
S0t ¢ o where it can be seen that the singlet state Zn(ll)TMPyP
. . fluorescence is not quenched by the Glu4Tyr ground state.

Fluorescence (au)

Discussion
60

Oligopeptide Characteristics. The observed chemical shift
for Tyr, Trp, and Glu protons in oligopeptides (Tables 1 and 2)
are in excellent agreement with those reported in the literdfure.
° . Also, the single peaks displayed in HPLC measurement along
with the close correspondence between the calculated molecular
woF e o & o o . yvei.ghts and those determined by electrqspray mass spectrometry
indicate that the synthesized pentapeptides aredd®b purity.
o0 °, . The UV—vis absorption spectrum of tyrosine has been shown
_ggOé) . . ° o o 2 8 s 4 to have two major bands in the wavelength region between 200
280 300 320 340 %0 380 400 and 300 nn?>26 The lowest energy singlet electronic transition
is due to thé'L, band having a maximum near 277 nm and the
Wavelength /nm much strongetL, band near 223 nm. As the spectra in Figure
Figure 2. Fluorescence spectra of tyrosin®)(and Glu4Tyr 0O) in 1 show, both free Tyr and the tyrosyl residue in Glu4Tyr in
neutral buffered aqueous solutions. Both tyrosine and Glu4Tyr absor- pyffered aqueous solutions display close similarity. In aqueous
bance were matched (OB 0.08 atdexc = 230 nm). solutions, aromatic alcohols are well-known to be associated
~with solvent molecules; if stronger acceptors than water are
whereas the fast component of the decay was concentrationyresent, these will compete with water molecules in hydrogen-
independent with a first-order rate constant of{®.4) x 10° bonding interactions, thereby causing red shifts in the absorption
s~* (Figure 10). spectrat’-28 At pH = 7, the carboxylate groups in side chains
Fluorescence emission from aqueous solutions £pH) of : : :
Zn porphyrin (5.6uM) was measured at different Glu4Tyr 823 SggsenAGW#th :-Ig;i,dgfIg?qmggl?r;'}c?t?eginlghi?i%z 7, 319.
concentrations. The excitation wavelength used was 563 M (36) wetlaufer, D. BAdy. Protein Chem1962 17, 303.
(2.5 nm), and measurements were performed under constant (27) Chignell, D. A.; Gratzer, W. BJ. Phys. Chem196§ 72, 2934.
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of the glutamic acid residues are deprotonated and couldare preserved in Glu4Tyr. This may be an indication that
compete with water molecules in forming hydrogen bonds with carboxylate side chain groups are sterically (in terms of distance
the tyrosyl hydroxyl group. However, the absence of any shift and/or relative orientation to the tyrosyl residue) inhibited from
in the Glu4Tyr ground state absorption spectra seems to refutethe optimal hydrogen-bonding configurations with the Tyr
such a suggestion. At pkk 7 there is no evidence for the  hydroxyl group in Glu4Tyr.

deprotonation of the tyrosyl hydroxyl group incorporated inthe  The fluorescence spectrum of tyrosine, both in aqueous
pentapeptide matrix; otherwise, the 227 nm absorption peaksolutions and when bound into proteins and polypeptides,
would be shifted to 294 nm and the 223 nm peak to 24hm. usually consists of a single, unstructured band with a maximum
Deprotonation of this residue is known to affect the lower energy between 303 and 305 ntf. Thus, the Tyr fluorescence appears
absorption band of Tyr in such a way that the vibrational to be relatively insensitive to the local environment. However,
structure is lost>26 As shown in Figure 1, the fine structure the quantum yield of the fluorescence of the tyrosyl residue is
details within the 266290 nm region observed with free Tyr  extremely sensitive to the nature and structure of its molecular

(29) Topics in Fluorescence Spectroscopy, Volume 3, Biochemica
(28) Willis, K. J.; Szabo, A. GJ. Phys. Chem1991 95, 1585. Lakowicz, J. R., Ed.; Plenum: New York, 1992.
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0.25 Transient Kinetics Studies. The primary hypothesis behind
this research effort was that under appropriate solution condi-
tions tetracationic porphyrins, such as those employed herein,
would undergo ion pairing with the synthetic polyanionic
oligopeptides Glu4Tyr and Glu4Trp, which are composed of a
string of four glutamic acid residues with a target residue at
the N-terminus and a free carboxylate group at the C-terminus.
At pH = 7 the carboxylate residues will be deprotonated and
thereby provide anionic sites to which the porphyrin can
“associate” through Coulombic interactions. Thus, electrostatic
interactions between the tetracationic and the anionic entities
could lead to self-assembly of a complex having no driving force
for assembly other than that provided by ion pairing. Taking
the hypothesis one stage farther, it is possible to ponder the
structural features of the ion pair. For example, the X-ray data
for the porphyrid* show the four pyridinium nitrogen atoms at
a distance of some 7.8 A from the molecular center. This
Time (ps) relatively fixed geometrical arrangement of the cationic centers
Figure 5. Decay profile of the absorbance change at 460 nm following Provides a template onto which the carboxylates of the four
pulsed 532 nm excitation of an argon-saturated neutral aqueous solutionGlu moieties may associate. Itis supposed that there is enough
of Pd(I)TMPyP* (10 uM) in the presence of Glu4Tyr (94M). conformational freedom in the peptide and its side chains to
accommodate an arrangement in which one carboxylate residue
environmeng® These common features are well illustrated in is positioned in an ion-pairing configuration with one of the
Figure 2, where it is seen that the relative quantum yield of porphyrin cationic locations. Such a model would then place
fluorescence undergoes a significant lowering when the tyrosinethe oxidizable part of the target residue in proximity to the T
is incorporated into the pentapeptide. The quenching of the state of the porphyrin on account of the tether provided by the
fluorescence of tyrosyl residues in peptides has been the subjecpeptide link between the target (Trp or Tyr) and its Glu neighbor.
of much discussion. A number of different mechanisms have The term proximity in this context is not meant to imply close
been proposed which focus on the role of the local environment contact; rather, the target and the porphyrin are confined within
of the tyrosyl residue in a protein or peptide. These are groupedthe same volume fragment of the solution (vide infra) and any
into different types as defined by interactions with a specific Putative chemical interaction between them will be akin to that
moiety or quenching by a specific mechanism and may involve between geminate pairs, viz., any diffusion requirement will

0.2
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Optical Density
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0.05

P R——

'0.05 T T T 1
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(i) the peptide bond, specifically the carbonyl grotip3® (ii)
resonance energy transfé87and (iii) amino acid chains which

may act as proton donors or acceptors or as partners in hydroge

bonding3238-43 The quenching shown in Figure 2 may be

be limited to a reorganization within a restricted space. For
such a system, any interspecies reaction will show first-order

Kinetic behavior having no dependence on concentration of

reactants. A schematic of a stylized ion pair is shown in Figure

12.

Evidence for ion association is provided by the effect on the
Oground state absorption of Pd(lI)TMPYPof increasing the
pentapeptide concentration (Figure 4). The addition of peptide
causes the Soret band to undergo a red shift, with a lessening
of the absorption intensity at the band maximum. Without

R and the probable effects of the environmental conditions delving into the nature of the interaction that results in these
Tyrs p " effects, the effects themselves indicate that complexation

For instance, he described type | quenching mechanism as du%etween the components of the system is occurring in ac-
to tyrosyl residues exposed to hydrated peptide carbonyl groups

: . .2 cordance with this hypothesis. Thus, ground state absorption
for which Rry, = 0'25_.0'33 (by comparison to free Wros'r.‘e n spectral evidence clearly supports the existence of an ion-pair
neutral aqueous solynon taken as rgf.ere'nce and for wRigh equilibrium, and the value of the equilibrium constant will
= 1). Thus, according to this classification, the valueRa: determine the ratio of “free” to “complexed” porphyrin at any
= 0.25 for Glu4Tyr may indicate that tyrosyl residues in the  giyen oligopeptide concentration. Moreover, when the condi-
pentapetide, when excited into thes$ate, are sufficiently close

- ! tions are such that the equilibrium contains significant mole
to the carbony! residues to undergo fluorescence quenching. fractions of both free and complexed porphyrin, photoexcitation

of the tetrapyrrolicz-system will produce two populations of
porphyrin § and then T states: one that is localized within
the complex and thus proximate to a tyrosine (or tryptophan)
moiety of the oligopeptide and one that has no such preset
organization. This situation is clearly reflected in the observa-
tion presented in Figure 5 and the compiled data shown in Figure
6. The fact that inclusion of target-containing oligopeptide into
the solution converts what is initially a single-exponential T
decay with a lifetime of 125us without peptide into a
biexponential decay which removes all Trom the system
within 10 us indicates that the peptide is seriously perturbing
the Pd porphyrin excited state. That the fast triplet decay

(44) Ford, K.; Fox, K. R.; Neidle, S.; Waring, M. Blucleic Acids Res.
1987 15, 2221.

caused by one or more of these mechanisms. However, a
mechanism involving hydrogen bonding between the tyrosyl
residue and an amino acid chain may be discarded since n
evidence for such bonding was observed in the Glu4Tyr
absorption spectra (Figure 1). Cowtjiliclassified tyrosyl

residues in proteins according to their relative quantum yield,

(30) Biochemical Fluorescence: Concep@hen, R. F., Edelhoch, H.,
Eds.; Marcel Dekker: New York, 1976; Vol. 2.

(31) Cowgill, R. W.Biochim. Biophys. Actd967, 133 6.

(32) Feitelson, JJ. Phys. Chem1964 68, 391.

(33) Feitelson, JPhotochem. Photobioll969 9, 401.

(34) Cowgill, R. W.Biochim. Biophys. Actd97Q 200, 18.

(35) Cowgill, R. W.Biochim. Biophys. Actd968 168,431.

(36) Weber, GBiochem. J196Q 75, 345

(37) Cowgill, R. W.Biochim. Biophys. Actd966 112,550.

(38) Teale, F. W. JBiochem. J196Q 76, 381.

(39) Cowgill, R. W.Biochim. Biophys. Actd965 109, 536.

(40) Weber, G.; Rosenheck, IBiopolymers1964 1, 333.

(41) Cowgill, R. W.Biochim. Biophys. Actd968 168,417.

(42) Longworth, J. W. IrExcited States of Proteins and Nucleic Acids
Steiner, R. F., Weinryb, |., Eds.; Plenum: New York, 1971; pp-3484.

(43) Cowgill, R. W. InBiochemical Fluorescence: ConceptsChen,
R. F., Edelhoch, H., Eds.; Marcel Dekker: New York, 1976; pp-4486.
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Figure 6. Variation of the fast componeri¢ and the slow componert of Pd(I)TMPyP* (10 uM) triplet decay in argon-saturated buffered
aqueous solutions (pH 7) in the presence of Glu4Tym (1076 k), A (1075 ke); and Glu4Trp® (10 ’k) andO (10~5ks).
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Figure 7. pH dependence of the fast componésjtdecay rate constant . .
for PA(I)TMPyP* (10 4M) at different Glu4Tyr concentrations (94 tions (94uM), © (60uM) and 4 (304M); and Glu4Trp® (93uM).

#M), © (60 uM) and 0 (30 uM); and Glu4Trp® (93 uM). peptide entities may not be of identical configuration (vide infra).

component has a peptide concentration-independent rate constaftowever, itis assumed that they are at least kinetically similar.
(6.6 x 10° s~L for Tyr and 1.4x 107 s~ for Trp) whereas the In the channel that is initiated by photoexcitation of the complex,
slower one is concentration dependent and first order in peptideke is the rate constant that was shown to be independent of
concentration (up to 12Q:M) and therefore bimolecular, peptide concentration. This follows because the intersystem
intimates that the hypothetical ion-pair equilibrium has validity. C€rossing reaction in Pd(ll) porphyrins is extremely raspld and
This is supported by the observations that the relative contribu- has been reported as restrictinglietimes to ca. 20 pé2

tions of the “fast” and “slow” processes increase upon increasing  The slower contributor to the ;Tdecay arises from that
oligopeptide concentration. To a first approximation this fraction of the equilibrium ground state population that is not

behavior can be represented by Scheme 1. involved in CompIeX formation pl’iOI' to the excitation pulse but
In Scheme 1, A represents the porphyrin, B the peptide, and which undergoes diffusive formation of an encounter complex
the square brackets indicate the ion-pair complexand krc with free peptide molecules. This process is governed by the

are intersystem crossing rate constants of the porphyrin in thePimolecular rate constakg, which was evaluated as 6:210°

two systemskg represents the bimolecular rate constant for the M~* 7 for both peptides, a value which is in the reaim of
reaction between the,Btate of the free porphyrin to produce diffusion-limited rate constants. Slncg the slower process is
the encounter complex [Ag):B]; ko is the rate parameter observed to be to the flrs_t oro_ler in peptlde concentration within
governing the as-yet-unspecified quenching process; arisl k  the range of concentration investigated (up to 10), the

the rate parameter governing a reaction that regenerates théluenching reaction within the encounter complex must have a
starting materials within the solvent cage, which can then rate parameter that is much greater than the pradfei, viz.,
establish equilibrium with the uncomplexed species. It is the diffusion process determines the reaction rate. This is the
possible that the species formed by excitation of the ground (45) Coliis, J. B.; Gouterman, M.; Jones, Y. M.; Henderson, BJH.
state complex and the diffusion together of the separatnd Mol. Spectrosc1971, 29, 410.
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Figure 9. Normalized decays of the absorbance change at 480 nm
following pulsed 532 nm excitation of an argon-saturated agqueous
solution of Zn(Il)TMPyP* (10 uM) in the presence of Glu4Tyr (52
um) at pH= 7 (a) and pH= 10.8 (b).
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Figure 10. Variation of the fast componerk (®) and the slow
component 1R (O) of Zn(I)TMPyP*" (5 uM) at pH = 10.8 with
Glu4Tyr concentration.
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Figure 11. Plot of the relative fluorescence quantum vyieldlof of
Zn(INTMPyP** (5.6 uM) at different Glu4Tyr concentrations. All
measurements were made at matched ©D.08 (exc = 563 £+ 2.5
nm) in buffered solution, pH= 7.
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Figure 12. Schematic representation of an ion-pair pentapeptide
porphyrin complex.
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constant of 2.6« 10* s, a value that is ca. 3 times that found
for the triplet decay constant in the absence of the peptide. This
may be understood through the fact that the carboxylate side
chains of the Glu residues are protonated at this low pH value,
thereby removing the interaction responsible for ion pairing.
That the triplet decay constant is somewhat higher than that in
the absence of Glu4Tyr is probably a consequence of a weak
bimolecular quenching between the triplet state and the fully
protonated peptide.

Having shown that the ion-pair complexation hypothesis has
credence, it is appropriate to turn to the question of the
mechanism by which the triplet state of the porphyrin is being
guenched by the oligopeptide. As indicated earlier, tyrosine
and tryptophan are among the most easily oxidized amino acids.
Harrimari® has shown that the reduction potentials of tyrosine
and tryptophan vary linearly with pH. The data reported herein
(Figure 3) confirm the Harriman results for the target monomers
and additionally demonstrate that binding to a string of four
Glu residues has no effect on the reduction potentials of the
oxidized Trp and Tyr species. At pH 7 the reduction potential
for the tyrosine radical cation is 0.93 V and that of thesTate
of Pd(I)TMPyP*" is quoted as 1.18 ¥¢ Thus, the standard
potential difference for an electron transfer process from a
tyrosyl residue to the porphyrin triplet stateA€° = 0.25 V,
and the formation of the tyrosyl radical cation under such
conditions is thermodynamically favored. The same computa-
tion for the Trp variant (reduction potential of 1.0 V) yields
AE® = 0.18 V, providing a similar conclusion. To examine
this further, the porphyrin triplet state decay in the presence of
GluTyr and Glu4Trp was measured at a series of pH values in
the range 2.810, where theE® values of the targets decline
linearly with pH (Figure 3). Then, assuming that the reduction
potential for the porphyrin T state is invariant with pH, the

minimum condition that suffices to explain the observations yajyes of AE? for the electron transfer process

depicted in Figures 5 and 6. At this juncture, it is relevant to
note that at pH= 3, when the oligopeptide was present at a
concentration of 52«(M, the triplet state decayed with a rate

(46) Photochemistry of Polypyridine and Porphyrin Complexéalya-
nasundaram, K., Ed.; Academic: London, 1992.
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AT)+B—A + Bt portive. For. example, scrutiny Of. Figure 8 shows that t.he rate
constant for intracomplex transfer increases with increasing (pH-
dependent) driving force, after which it becomes level. How-
ever, Figure 3 shows that the value of the reduction potential
of the target residue continues its linear decrease above pH
values where the rate constants become pH (and thus driving
force) independent. Thus, if electron transfer from the target
amino acid is indeed the reason for the deactivation of the
orphyrin T; state, (as the lower pH data would indicate), then
he rate constant would be expected to continue to increase with
increase in driving force, or even decline (thereby showing a
' Marcus-inverted region). The observed leveling off is unex-
pected. Nevertheless, such behavior is reminiscent of that
reported in this laboratory earligérin which it was shown that
rate data for electron transfer reactions between metallouropor-
phyrin T; states and cytochromeelll) followed a plot similar
to that seen in Figure 8 (see Introduction). The similarity
between the results of the earlier experiments and these reported
here is intriguing; both concern electron transfer between an
excited state of a metalloporphyrin and a reaction partner when
the two are constrained within a preformed ion-pair complex;
both show rate constant trends in which a Marcus normal region

. ) is followed by a driving force-independent region.
Further evidence for an electron transfer mechanism was  inetic phenomena of this kind often indicate a change in

obtained when Zn(I)TMPyP" was employed in place of the  ochanism, in this case from a process governed by an energy
Pd(ll) variant as the putative electron acceptor (Glu4Tyr only). papjer 1o electron transfer, to one that has different character-
The ground state absorption spectral behavior of pepail|)- istics. At lower values of driving force the rate constant of an

porphyrin mixtures indicated ion-pairing interactions exactly as gjectron transfer process is modified via an activation free energy
seen in the case of the Pd(ll) variant. It would be expected according to the Marcus relationsfip

then that such complexes might show similar photokinetic
behavior to those of the Pd complex. However, the reduction £ _ 0
potential of the T state of Zn(Il)TMPyP is listed as 0.78 V AGT=(AG™+ 2)/4

in aqueous solutioff, some 400 mV lower that of the Pd  \yhere AG? is the standard free energy governing the reaction
porphyrin. At pH= 7, therefore, the value okE° = 0.78- and. is a reorganization energy term. What is observed here
0.93= —0.15 V; hence the electron transfer process from tyrosyl is that the increase in driving force causes the rate constant to
is energetically unfavorable. Indeed, at pH the triplet state  reach a value where electron transfer is no longer rate-
profile showed single exponential kinetics even at GIu4Tyr determining, a driving force-independent mechanism dominates,
concentrations up to 1.04 mM. and a limit to the driving force-dependent region is attained. In
As indicated above, the reduction potential of the tyrosyl bimolecular reactions between freely diffusing reaction partners,
system can be manipulated by changing the pH of the solution; it is well documented that molecular diffusion through the
thus at pH= 10.8, the reduction potential of the tyrosyl cation medium creates a limiting condition for reaction rate constants.
is shifted to 0.67 V, thereby putting the driving force for the However, in this work, and in that concerning cytochrome
electron transfer process aE° = 0.09 V, i.e., in the  and uroporphyrins, the reacting system was assembled specif-
energetically favorable region. At this pH it was indeed jcally to remove the confusing effects of the free diffusion. Thus,
observed that the Zn porphyriny decay profile was again  within the time window of the forward and reverse electron
double exponential, confirming that the intracomplex quenching transfer event (ca. Ls), it is considered that the ion-pair
can occur when the driving force for electron transfer is complexes are undissociated.
favorable. As Figure 10 shows, for the Zn porphyrin at$H However, the nature of the components of the complex are
10.8, the rate constant for the slow component of the triplet that the T state of the putative acceptor (Pd porphyrin) is held
decay depended on the peptide concentration, whence a bimoin association with the Glu residues of the pentapeptide, and
lecular rate constant of 3.68 10° M~ s™* could be evaluated.  the other reaction partner tyrosine (or tryptophan) is connected
The fast component was concentration independeftRd to the latter by a peptide link. This tether has intrinsic
porphyrin) with a mean value of 5.15 10° s™* (Figure 10), conformational flexibility which assuredly permits some degree
which was close to the value found for the Pd porphyrin (6.6 of segmental diffusion (Figure 12) and, moreover, ensures that
x 1P s7%) under similar pH conditions, although the driving prior to photoexcitation the target and porphyrin moieties are
forces are significantly different, beingE® = 0.44 V for Pd(Il) separated by a restricted distribution of distances. After
andAE? = 0.09 V for the Zn case. This point will be referred  excitation of the porphyrin molecule, segmental motions will
to later. Nevertheless, the indications are that the processserve to bring the partners to a configuration at which the
responsible for quenching of the porphyrip State is electron  electron jump can occur. This requirement for reorganizational
transfer from the target moiety to the porphyrin under favorable diffusion is a random event and apparently imposes a limiting
driving force conditions. lifetime of ca. 107 s on the reaction in situations where the
The above discussion has focused on the probability that driving force no longer is the limiting factor. The apparent
electron transfer is the predominant quenching mode for “slowness” of the 107 s value indicates that the diffusional
deactivation of the Tstate of the porphyrins by the adjacent requirement is not simply a bond rotation but rather the
oxidizable amino acid at the N-terminus of the oligopeptide. adventitious result of many rotations. Diffusive motion of this
However, some of the evidence is seemingly less than sup-kind has been advocated during the transient formation of

were calculated to vary from 0.01 V at pH3 to 0.44 V at pH

= 10 for the Tyr variant (Figure 7). As indicated earlier, the
decay profile at pH= 3 showed no evidence of an intracomplex
component K = 2 x 10* s1) because the Glu residues are
protonated at that pH. However, as the pH was adjusted to be
above 6, the decay profile was again double exponential, having
a fast component with a decay rate constant which increased a:
the pH increased (Figure 7). In this pH range the reduction
potential of the tyrosyl entity diminishes as the pH increases
thereby causing the oxidation of Tyr by the porphyrin triplet
state to become thermodynamically more favorable. Similar
observations were made for the Trp variant, except that the
intracomplex rate constants were higher than in the case of the
Tyr variant (vide infra). These data allowed construction of
the plot presented in Figure 8, which shows that the intracom-
plex rate constant, i.e., the concentration-independent compo-
nent, undergoes an increase as the pH-govenit&dor target
oxidation increased. This is consistent with the proposal that
the quenching of the porphyrin;Tstate involves an electron
transfer event.
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weakly bound proteirtprotein complexes as a common feature say 20 ns or less would suffice to make it impossible to observe
of biological electron transféi It is not unlikely that similar absorption of the electron transfer products. Such a lifetime is
diffusional searching is necessary in the kind of complexes that not surprising if one considers that the 150 ns value represents
have been constructed here, although no independent evidencéhe time necessary for the ion-pair complex to undergo the
exists for this putative motion. limited segmental diffusion necessary for the forward electron
Other observations that require understanding appear in Figureump. The electron return process, however, has no such
8. What is especially intriguing about the data presented thererequirement since the participants are conformationally prepared
is that everywhere on the plot the intracomplex rate constantsonce the forward process has taken place. There is a spin-
for the Trp peptide are higher than those for the Tyr variant. imposed barrier, however, since the radical pair was prepared
Yet in the AE®-dependent region, the driving force for the Trp in a triplet state configuration. Nevertheless, intersystem
peptide is always lower. One of two influences could cause crossing rate constants leading to state lifetimes in the 20 ns
such an effect. The first requires the assumption that, in the region are not uncommon.
ground state of the ion pair, Trp residues are, on average, closer A final point concerns the experiments that were carried out
to the porphyrin than are Tyr residues, thereby leading to a lesstq measure the effect of the addition of peptide on the quantum
stringent requirement for tethered diffusion. Support for such yie|q of fluorescence from the Zn(ll) porphyrin. As Figure 11
an assumption could be derived from the concept that the shows, the quantum yield for fluorescence was independent of
terminal phenolic group of Tyr is more hydrophilic than the \yhether the porphyrin was complexed or not. At pH7 the
terminal indole of Trp and prefers a situation where itS gyiving force for an electron transfer reaction between the S
environment is more aqueous, while the indole prefers t0 be giate of the zn porphyrin and Tyr will be ca. 500 mV more
proximate to the porphyriar-system. The second influence 5 oraple than that estimated above for thesTate as-0.15
that could be brought into this argument is that the oxidation \; - Hence the singlet reaction will be favorable by ca. 350 mV,
of Tyr has different reorganization energy) fequirements o yyhjch s 100 mV more favorable than that involving the T
that of Trp. Such differences could again be supported by giate of the Pd porphyrin at pe 7. Yet no quenching of

hydrophobicity considerati(_)ns. At this tim_e itis only possible ¢ orescence was observed. It thereby becomes apparent that
to speculate about such things, but experiments are under way,; these moderate driving forces electron transfer is not rapid

to measure the relevantvalues. _ _ _ enough to compete with the radiative process in the porphyrin
If electron transfer from the target amino acid to the triplet | 1i-h'has a lifetime in the region of 2 ns. Thus the putative

state of the p(_)rphyrinti)s ind(_ee_d in\(/jolxed ti]n deact_|vat|otr)1 of th_e requirement of tethered diffusion prior to electron transfer means
excited state, it would be anticipated that the transient absorptionsy o+ iy the long-lived species such as triplet states can succeed

spectrum at times after which the triplet state ha‘.j decayed Sh.owdin causing photoinduced oxidation of the proximate peptide
display evidence for the presence of porphyrin radical anion entity.

and an oxidized target species. In fact, no such evidence could
be found, an observation that could indicate that the loss of the
radical pair state and concomitant repopulation of the ground
state of the system must be significantly more rapid than the
reaction that forms the radical pair. At pH 7 this latter process

has a lifetime of ca. 150 ns; therefore, a radical pair lifetime of JA972492U
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