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Use of Thiouredopyrenetrisulfonate Photochemistry for Driving Electron Transfer
Reactions in Aqueous Solutions
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ABSTRACT. Photoexcitation of 1-thiouredopyrene-3,6,8-trisulfonic adducts (TUPS) of amino acids by the
third harmonic frequency of a Nd:YAG laser (355 nm) generates the triplet state of the dye with high
guantum efficiency. Relaxation of the triplet proceeds in anaerobiosis with a half decay time of 0.5 ms.
The relaxation rate increases 100-fold in the presence of dioxygen. A radiative transition between the
triplet and the ground state of the dye results in phosphorescent emission centered at 658 nm. The excited
state of TUPS, being a strong reductant, can donate its electron to a variety of acceptors. Transient
absorption spectroscopy was used to directly measure the photoinduced electron transfer from the excited
dye to rhodamine B (RB) and cytochronse The reaction with RB was followed by monitoring the
oxidation of the triplet state of TUPS at 487 nen=t 25 000+ 5 000 Mt cm™) or the reduction of RB

at 553 nm. The second order rate constant for the reaction was found to be (229 x 10° M1 s71,

a value compatible with that for diffusion controlled reactions. When directed to cytochrome c the
photoinduced perturbation causes rapid reduction of the protein’s heme group, seen as a monophasic
increase of absorbance at 550 nm. The combination of appropriate redox properties with the capability
of covalent protein modification makes the dye useful for initiation and analysis of electron transfer reactions
in chemical and biological systems.

Inter- and intraprotein electron transfer processes are keyin proteins by the introduction of IPTSgapable of specific
steps in biological energy conservation systems. While interaction with protein amino groups. We have shown that
steady state kinetics is readily used for the measurement ofat low (5 MW/cn?) excitation power the thiouredo adduct
electron transport between the redox carriers, time-resolved(TUPS), formed by the reaction of the dye with free amino
measurements have until recently been limited to photosyn-acids, is excited by a single photon to the triplet state
thetic systems, where photochemical activation initiates (TUPS*). High yield, long life time, and low redox potential
electron transfer allowing the resolution of nanosecond and of the triplet state make it an efficient initiator of electron
microsecond electron transfer dynami¢s2j. transfer processes. The redox properties of the dye are

The inability of non-photosynthetic systems to interact with Studied, and its utilization in driving redox perturbation in
radiation can be circumvented by using external photosensi-Proteins is discussed.
tive elements as electron donors. Current experimental
methods employ triplet states of photoexcited flaviBgi\ MATERIALS AND METHODS

and ruthenium complexes,) or zinc-substituted hemé& ) Materials IPTS was purchased from Lambda Fluores-
as light-driven photoperturbants. Of these, the ruthenium ., .o (Austria). K(Fe(CN)) AR is a Merck product. All

_(Rué_c?mplefxss Tf‘ve prolven to be tl?e,m?r?t ;f)ractic:;gl. Pf“|seother chemicals were obtained from Sigma (U.S.A.).
iradiation of Ru(ll) complexes results in the formation of a Preparation of Amino Acid TUPS Derbatives TUPS—

low potential triplet state°> = —0.72 eV). Upon relaxation . . oo ) .
- . amino acid derivatives were prepared by incubation of IPTS
of the oxidized metal ion to the ground state, Ru(lll) acts as with free amino acids. Amino acids (5 mM) in 50 mM

an oxidant £° = +1f31 eV) and becomes .re—reduced. Hepes/KOH (pH 8.5) were mixed with freshly prepared IPTS
We have recently introduced sulfoaromatic compounds for (1 mM) and incubated for 15 h at 3€. The TUPS-amino
the perturbation of redox equilibrium in agueous solutions gqjq complexes were separated from nonbound IPTS and
(9). Under a high photon flux (50 MW/cf these com- jis hydrolyzed forms at room temperature on a LiChrosorb
pounds undergo a fast photoxidation: a successive two-gpp.18 50-A reverse-phase HPLC column (26@.6 mm
photon reaction ejects an electron from the molecule and ag.qy, K’nalier Germany). The dye-containing peaks v;/ere
pair of reactants: a solvated electron and an oxidized g|yted at a flow rate of 0.7 mL/min by a linear gradient of
aromatic moiety are formed. Under conditions where the gcetonitrile from 4 to 50 % (0.1% TFA). The gradient was
solvated electrons are quenched, it is a stable compound thabenerated on a dual pump system (model 626), and the
reacts as a one-electron acceptor with a variety of reductantsg| tion was monitored at 372 nm on a UV/visible detector
In the present study we have expanded the applicability (model PDA 996) both from Waters. The peaks, containing
of sulfoaromatic compounds for the study of electron transfer TUPS—amino acid derivatives, were collected. The best

T This work was supported by the Israel Academy of Sciences and ! Abbreviations: IPTS, 1-isothiocyanatopyrene-3,6,8-trisulfonate;
Humanities (538/95). TUPS, thiouredopyrene-3,6,8-trisulfonate; TUPS*, excited triplet state
® Abstract published ildvance ACS Abstractdlovember 15, 1997. of thiouredopyrene-3,6,8-trisulfonate; RB, rhodamine B.
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resolution was obtained with TUPS.eu and TUPS-Val 06 T
derivatives.

Optical and Luminescent Measuremen@ptical absorp-

tion spectra were measured with a Hitachi model U-2000

spectrophotometer. Fluorescence and phosphorescence meas
surements were conducted on a Perkin EImer model LS50B §j 03 F
luminescence spectrometer. Phosphorescence was measure@
in anaerobic conditions. To remove oxygen dissolved in the “o2l
solution glucose oxidase (1@/mL), catalase (kg/mL) and
glucose (20 mM) were added to the assay. The photons o017
emitted were counted during a 10 ms period, starting 0.1
ms after the 372 nm excitation flash. ° —

. . 240 260 280 300 320 340 360 380 400 420 440
Transient Absorption Measurement§he sample (1.5 Wavelength , nm

mL) containing 5 mM Hepes/KOH (pH 7.0) and TUPS
amino acid derivative (2@M) was placed in a four-face 1 500~ |
cm quartz cuvette. The oxygen dissolved in the solution 8
was removed by continuous bubbling of Ar at 15 mL/min
through the cuvette for 15 min and throughout the experiment
or by a glucose oxidase-catalase system. Excitation of the
dyes was initiated by the third harmonic frequency of a Nd:
YAG laser (355 nm, 2 ns full-width at half-maximum, 3 mJ/
pulse), which was focused on the side of the cuvette over a
spot having a surface of 0.3 @mContinuous monitoring
of the redox state of the amino aeidUPS adducts was 100
carried out at 487 and 458 nm The redox states of the
cytochrome’s heme group and RB were monitored at 550 0 , ; , .
minus 556 nm (the reference 556 nm wavelength is an 400 450 500 550 600
isosbestic point of cytochron® and 553 nm, respectively. Wavelength , nm
The probing beams, 458 and 487 nm generated by a CWrigure 1: Absorption and fluorescent spectra of IPTS and TUPS.
argon laser or 550, 556, and 553 nm generated by a(A) Absorption spectra of freshly prepared 2B IPTS (curve 1)
“Coherent” CR-599 dye laser with rhodamine-110 dye, were ?g;iEloyM_ Leu—TLtJPS f((f:urvﬁl 2)in5 m';tAISk'I_'FFPTe;/E(OH (pl|;| 7-3)-
perpendicular to the pulse-irradiated face of the cuvette. The mission Spectra of ireshly prepare curve 1) an
probing beam was directed to a monochromator photomul- ;{‘g'z‘iur;_mps (curve 2)in 5 mM Hepes/KOH (pH 7.0) excited
tiplier assembly, and transients were stored and averaged by

0.5 1

04 1

300 +

200 T

Emission intensity

a Tektronix TDS 520A digital oscilloscope as previously 1 T

described9). The response time of the detection system is 1 py
20 ns. The transients are the average of 20 pulses collected AR
at a frequency of 0.02 Hz. Reduction of cytochromeas 08 T )

quantitated by the absorbance coefficient difference of / \
€es50-556 = 19 000 Mt cm™! and the reduction of RB by

o
~
1
T

Z ! \
absorbance coefficient @fsz = 108 000 Mt cm™ (10). §06 T I,’ ‘¥
(=4
RESULTS gooT ! |
'é 04 + / \
Spectroscopic Characterization of the Dy&he dyes & ! \
based on pyrenyloxytrisulfonate acid (Cascade Blue) are 93 T /’ \‘
known as fluorescent protein label§1f. Despite their 02 4 ,'- \
acceptance as fluorescent tracers, very few studiksl@) / \a
describing the use of these dyes in protein research are °' T /l 2 N
available. The absorption and fluorescent properties of IPTS S O OOy SR T S
and TUPS molecules have not been systematically studied 600 620 640 660 680 700 720
either. The absorption spectrum of a fresh aqueous solution Wavelength , nm

of IPTS has a maximum at 401 nm (see Figure 1A). The pigure2: Phosphorescent emission spectrum qilLeu—TUPS
luminescence emission spectrum of IPTS has its maximumin 5 mM Hepes/KOH (pH 7.0). Phosphorescence measurements
centered around 420 nm (see Figure 1B). Both optical andwere carried out in the presence of 24/mL glucose oxidase, 1
luminescent properties of IPTS are characteristic of Cascade‘r‘gr/n rgbiﬁgti'gzsﬁnaegd(ggr\rpe'\"z?'”%?]Seep(ﬁgtrgﬁslé%Tge"é't\t‘vg‘r*; oxygen-
B_Iue dyes. _Conjugatlon with amino acids, the reaction that during a 10 ms period, starting 0.1 ms after the excitation by a 372
yields the thiouredo form of the dye (TUPS), strongly alters nm flash.

its optical and fluorescent properties. The absorption

spectrum of the thiouredo adduct4s30 nm blue-shifted, = form of the dye exhibits a phosphorescence with half-life
and the fluorescence of the dye is strongly quenched (seetime of ~0.5 ms and a maximum at 658 nm (see Figure 2).
Figure 1). The decay in fluorescence intensity is ac- The phosphorescence was extremely sensitive to dioxygen
companied by a rise of phosphorescence. The thiouredo(an efficient triplet quencher); no emission was detected in
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FIGURE 3: Absorbance transients of LeTUPS. 20uM Leu— FIGURE 4: Absorbance transients of LeTUPS in the presence
TUPS in 5 mM Hepes/KOH (pH 7.0), containing 20 mM glucose  of RB. 204M Leu—TUPS, in a solution containing 5 mM Hepes/
was irradiated p a 3 mJpulse of a Nd:YAG third harmonic  KoH (pH 7.0), 20 mM glucose, 19g/mL glucose oxidase, ig/
frequency { = 355 nm). The absorbance transients associated with m_ catalase, and 50M RB was irradiated ¥ a 3 mJpulse of a
formation and relaxation of TUPS excited state were measured by Ng:YAG third harmonic frequencyl(= 355 nm). The absorbance
the 458 nm band of an argon laser in the absence (curve 1) andyansients were measured by the 458 (curve 1) and 487 nm (curve
presence (curve 2) of oxygen as described in Materials and Methods.2) pands of an argon laser.

Each tracing is an average of 20 successive pulses.

) , and oxidized TUPS. When followed at 478 nm the reaction
the presence of the gas (Figure 2, curve 2). The optical and,eg it in complete and monophasic decay (Figure 4, curve
luminescent properties of TUPS were independent of the 5y a5 the absorbance of the oxidized form at this wavelength
nature of the amino acid conjugated to the dye. is negligible. The reduction of RB resulted in a negative

Photoinduced Transient Absorption Kineticst high absorption transient at 553 nm, the absorbance maximum
photon flux (66-100 MW/cn¥), the TUPS molecule under-  of the oxidized form (see Figure 5). Being parallel processes
goes photoxidation. The photochemistry of this process is jn the same reaction, reduction of RB and oxidation of
identical to that of pyranine (8-hydroxypyrene-1,3,6-trisul- TUPS* proceed with the same rate. The absolute values of
fonate) and was described in our previous study (see ref 9).absorbance changes at 553 and 487 nm, however, are dif-
As the intensity of the photon flux decreases, the probability ferent. The molar extinction coefficient efs; = 25 000+
of the two-photon processes diminishes. At a photon flux 3000 M1 cm™* was calculated for TUPS* by relating the
of 10 MW/cn? and less the laser pulse yields only a one- decrement of RB absorbance at 553 nem 108 000 M2
photon excited state of the dye: TUPS*. TUPS* in contrast ¢cm (10)] to the incremental absorbance at 487 nm. As
to the ground state dye absorbs at 458 nm, allowing the seen in the figure, 5 MW laser pulse results in transformation
process of formation and relaxation of the excited state of of more than 15% of the dye to the excited form. To
the dye to be monitored at this wavelength. The initial quantitate the quantum efficiency of this process the amount
unresolved rise in absorbance in Figure 3 corresponds to theof TUPS* generated by a single pulse was related to the
formation of TUPS*. The subsequent decay is due to the absorbed light energy. A yield as high as 0.3 was calculated.
relaxation of the excited molecule to the ground state. The The reduced RB and oxidized TUPS radicals generated
relaxation rate is sensitive to dioxygen and is strongly by the pulse undergo redox recombination, the reaction which
accelerated in aerobic conditions (Figure 3, curve 2). brings the system to its initial prepulsed state. Reoxidation

The slow relaxation dynamics of the excited dye in of RB is much slower than its reduction and takes place in
anaerobiosis can be greatly accelerated by the addition ofhundreds of microseconds (Figure 5B). The redox cycle
oxidants. The rate of TUPS* relaxation increases up to a initiated by photoexcitation of TUPS can be repeated several
hundred times by submillimolar concentrations of ferricya- hundreds of times without any decrease of signal amplitude.
nide, quinones, rhodamines, eosins, and viologens. TheThe dynamics of TUPS* oxidation at different concentrations
reduced forms of quinones and ferrocyanide did not effect of RB is depicted in Figure 6. The transients fit well with
the relaxation rate. The reactions of TUPS* with the low- a single-exponential decay. The pseudo-first-order rate
potential dyes: eosin Y, erythrosin B, methyl viologen, constant of TUPS* oxidation increases linearly with RB
benzyl viologen, and RB are extremely fast and proceed with concentration from 50 to 150M as evident from the figure.
the second-order rate constants of6) x 1° M~1s™%, The The second-order rate constant of (2:50.2) x 10° M1
relaxation dynamics shown in Figure 4, depicts the kinetic s71, calculated from the slope of the line in the insert to
measurements with RB as electron acceptor. RelaxationFigure 6, is compatible with that of diffusion-controlled
when followed at 458 nm (Figure 4, curve 1) is biphasic: reactions.
the rate of the fast phase increases with increasing RB The crucial point for further application of TUPS as an
concentration. The rate of the slow phase is independent ofintraprotein redox perturbant is the ability of the excited dye
RB concentration but increases in the presence of electronto reduce the cofactor groups of proteins. Time-resolved
donors. This behavior is consistent with oxidation of the kinetics of photosensitized reduction of cytochromare
excited dye by RB, the reaction which yields reduced RB shown in Figure 7. The decay of absorbance at 487 nm
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Ficure 5: Transient kinetics for electron transfer in a solution
containing 2QuM Leu—TUPS, 50uM RB, 5 mM Hepes/KOH (pH

7.0), 20 mM glucose, 1fg/mL glucose oxidase, Ag/mL catalase. 0.08 +

The sample was irradiated/ta 3 mJpulse of a Nd:YAG third

harmonic frequencyA(= 355 nm) in 1 mL (0.4 cm optical path) S

four-face quartz semi-microcuvette with front face of 1 cm and 5 %% T 2

depth of 0.4 cm. The probing beam, either the 487 nm (A) band £
of a CW argon laser or the output of “Coherent” CR-599 dye laser

with rhodamine-110 dye at 553 nm (B), was crossing the 0.4 cm 2 004 T

side of cuvette. .
corresponds with oxidation of the dye excited state by 002

cytochromec. Reduction of the later is seen as a monophasic

increase of absorbance at 55866 nm. The rate of the 0.00 -fa b — | } } t f {
redox reaction increases linearly with cytochroomncen- 5 10 15 20 25 30 35 40
tration (not shown); the second-order rate constant for the oo L Time (psec)

heme [?dlfcl:tlon obtained frpm Fhese data. WaSjI:-3043) X FiGure 7: Transient kinetics for electron transfer in a solution
10° M~ s71, the value which is compatible with that of containing 50:M Leu—TUPS, 5QuM cytochromec, 5 mM Hepes/
diffusion-controlled reactions. Reduction of the cyto- KOH (pH 7.0), 100 mM KCI, 5:M ferricyanide, 20 mM glucose,
chrome’s heme by the excited dye in the collisional complex 10 #g/mL glucose oxidase, Ag/mL catalase. The sample was
may proceed as a single step reaction or may be mediatedrradiated ly a 3 mJpulse of a Nd:YAG third harmonic frequency

. : : . . (A =355 nm). The transient at 487 nm (curve 1) was due to the
by reduced amino acid radicals, generated during the reacuongormation ané decay of TUPS*. The tragsient at) 550 minus 556

of the protein with TUPS*. To investigate whether the nm (curve 2) accounted for reduction of the protein’s heme group.
interaction of the excited dye results in reduction of the
protein’s amino acids, the effect of free amino acids on currently in use employ triplet states of photoexcited flavins
TUPS* relaxation rate was checked. The relaxation rate wasand ruthenium complexe8<6). The efficiency of photo-
shown to be unaffected by a 10 mM concentration of any of sensitive elements is determined by the quantum yield and
the twenty standard protein amino acids. life time of the excited state. The TUPS molecule serves
both criteria: the triplet state of the dye has a quantum
DISCUSSION efficiency of approximately 30%, and the life time of the
Introduction of external photosensitive elements into the excited state is rather longi(; ~ 0.5 ms). The excited dye
assay made it possible to use time resolved spectroscopy tanolecule is a strong reductant capable of donating its electron
elucidate electron transfer mechanisms in initially non- to a variety of acceptors. The redox properties together with
photosensitive redox systems. The experimental methodsa high yield and long life time of the excited state make
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TUPS useful for initiation and analysis of electron transfer  The goal of this study was the development of a
reactions in chemical and biological systems. photosensitive label for studies of electron transfer in
The triplet nature of the excited state is an exceptional proteins. In addition to its attractive electron transfer

property of the thiouredo form of the pyrenetrisulfonic acid properties the dye molecule can be attached to lysine residues
via its isothiocyano moiety. The capacity of photochemical

molecule. No long-lasting excited states were detected either ) - .
for the isothiocyano form of the dye, or for pyranine (1- generation of a potent reductant bound directly to proteins

hydroxypyrene-3,6,8-trisulfonate) and its 1-oxymethyl de- provides promising avenues for further research. Application
rivative. Photoexcitation of the latter compounds by 355 of the approach for measurements .Of long-range ele_ctron
nm photons yields the first excited singlet sta® hich transfer in cytochrome is discussed in the accompanying
rapidly relaxes to the ground state, a process accompanieoDaper 14,

by the emission of a photon. In contrast, relaxation of the ACKNOWLEDGMENT

thiouredo adduct proceeds predominantly via intersystem
crossing, a process which yields a triplet. High quantum
efficiency of intersystem crossing (approximately 30% of REFERENCES
the absorbed photons generate the triplet) results in strong
quenching of fluorescence and in phosphorescence of TUPS.
The photon emitted during relaxation of the triplet to the
ground state has an energy of 1.88 eV, a value corresponding
to the wavelength of 658 nm. This value, exhibiting the
energy difference between the triplet and the ground states,
is equal to the difference of their oxidation potentials. The
redox potential for one electron oxidation of pyranine, has
been estimated in our previous wor®) (o be +0.88 eV.
Assuming that the redox potentials of pyrenetrisulfonates do
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