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ABSTRACT. A novel method for initiation of intramolecular electron transfer reactions in cytochmise
reported. The method is based on photoexcitation of covalently attached thiouredopyrenetrisulfonate
(TUPS) by the third harmonic frequency of a Nd:YAG laser (355 nm), the reaction that generates the
low-potential triplet state of the dye with high quantum efficiency. TUPS derivatives of horse heart
cytochromec singly labeled at specific lysine residues were prepared and purified to homogeneity by
ion-exchange high-pressure liquid chromatography. Eight derivatives were characterized by determination
of the location of the modification, reduction potentials, and measurement of enzymatic activity with
cytochrome oxidase. Transient absorption spectroscopy was used to directly measure the rate constants
for the electron transfer reaction from the photoexcited triplet state of TUPS to the oxidized heme group
and the back reaction from the ferrous heme to the oxidized dye. For all singly labeled derivatives, the
rate constants for heme reduction were 1 or 2 orders of magnitude larger than for its reoxidation, consistent
with the greater thermodynamic driving force for the oxidation reaction. Analysis of the variation of
electron-transfer rates with the distance separating the dye and the heme reveals a value of coupling
decay constant) of 0.46 A-1. Rapid and effective photoreduction of cytochrommakes it a useful

tool for fast initiation of electron transfer in the reductive direction within complexes of cytochoome

with other redox proteins.

The mechanism of intramolecular electron transfer in redox high yield. The triplet is a strong reductant, capable of
proteins has been a subject of extensive study in recent yearsteducing directly a variety of non-protein electron acceptors
A variety of experimental approaches have been employedas well as ferricytochrome in a bimolecular manner.

to study electron transfer between redox sites in protéins ( In the present paper, a novel procedure to prepare a number

6). The progress in the field has been significantly enhanced st singly labeled TUPScytochromec derivatives is de-

by the use of ruthenium complexes covalently linked to gcriped. Conjugation of the dye with the protein was

metalloproteins 4—7). Utilization of Ru photochemistry  achieved by chemical modification of its lysines with

provided experimentalists with a useful tool for measuring jsothiocyanopyrenetrisulfonate, the reaction that yields the

time-resolved kinetics of electron transfer in nonphotosyn- ihiouredo adduct. Singly labeled TUPSytochrome ¢

thetic proteins. The focus of these investigations has beenyegrivatives were separated and purified by ion-exchange

on the electron transfer reactions within small soluble yp|c. Transient absorption spectroscopy was employed to

proteins, such as myoglobi,(9), azurin (0), plastocyanin  girectly measure the rate constants of photoinduced electron

(11), and cytochrome (5, 6) as well as on electron transfer  yansfer from the excited triplet state of TUPS to the oxidized

reactions between metalloprotelns in polyprotein compl_exes heme group and for the back reaction from ferrous heme to

(12—17). Cytochrome, being a small stable redox-active  the oxidized dye. Analysis of the variation of electron

protein with well-defined structure, served as a perfect model yonofer rates with the distance separating the dye and the

for these studies. The ruthenium complexes were attachedhome reveals a value of the coupling decay consfnof

via their individual histidine§), lysine @, 18), and cysteine 45 A-1.

(19) residues, and photoinduced electron transfer reactions

from ruthenium to the oxidized heme and the back reactions pATERIALS AND METHODS

from the ferrous heme group to ruthenium were measured.

Up until now chemical modification with ruthenium com- Materials Horse heart cytochromewas obtained from

plexes was the only approach allowing investigators to Sigma (type VI). IPTS was purchased from Lambda

examine the dependence of the electron transfer rate inFluorescence (Graz, Austria).

nonphotosynthetic proteins on the distance separating two, Preparation of TUPSCytochrome ¢ Deriatives TUPS-

natively occurring and .chemically introduced, redox centers. cytochromec adducts were prepared by incubation of
We have recently introduced a new method to study cyiochromec with IPTS. Prior to the labeling, cytochrome

electron transfer reactions in agueous solutid@.( The c was purified from the deaminated forms of the protein as

method is based on the photochemistry of th|ouredopyren-previOUS|y described2). Chromatographically purified

etrisulfonate (TUPS). By means of a short duration laser ferricytochromec (1 mM) was mixed with freshly prepared
pulse, it is possible to generate the triplet state of TUPS with

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 il\dvance ACS Abstractdjovember 1, 1997. of thiouredopyrene-3,6,8-trisulfonate.
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IPTS (1 mM) and incubated for 42 h at 3&€ in 5 mM A

0.6 5
Hepes (pH 7.5) and 0.5 M KCI. The labeled protein was ( 1 t Native
separated from nonbound dye and salt on a 2000 mm 05
G-25 Sephadex “coarse” column, equilibrated with 5 mM
Hepes (pH 8.0). The protein eluted in the void volume,
containing a mixture of labeled derivatives, was subjected
to further HPLC purification.

Purification of Individual TUPS-Cytochrome ¢ Detia-
tivtes The TUPS-monocytochromec derivatives were
resolved by ion-exchange HPLC. For initial separation, 50
mg of protein was incubated in 5 mL of 5 mM Hepes (pH
8.0) with 1 mM ferricyanide for 1 min and than loaded onto 01 1
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a 250x 4.6 mm Phenomenex W-Porex 5CM HPLC cation
exchange column equilibrated with 5 mM Hepes (pH 8.0). 00 j :
Cytochromec and its derivatives were eluted at room 20 30 40 50 60
temperature in 5 mM Hepes (pH 8.0) at a flow rate of 0.6 Time (min)

mL/min by a linear KCI gradient from 0 to 0.5 M over a ”s
period of 1 h. The gradient was generated by a dual-pump ' B
system (Model 626), and the elution of cytochrorne
fractions was monitored at 590 nrdp ~ 2500 M~ cm™?)

on a UVivisible detector (Model PDA 996) both from Waters
(Waters Chromatography Division of Millipore, Milford,
MA). Fractions corresponding to individual peaks were
collected, and the label content in the fractions was deter-
mined by absorption spectroscopy. The spectrum of the
native cytochrome was subtracted from that of the fraction :
to obtain TUPS absorbance. The TUPS content was J
quantitated on the basis of the absorbance coefficieay;of 0.0 00
= 30000 M cm (20) and cytochrome content on the o % 40 3% 40 45 50 5
basis of absorbance coefficientaf, = 28 000 M2 cm2., Time (min) Time (min)

The main peaks, eluted from the column in 3350 mM Ficure 1: HPLC separation of TUPScytochromec derivatives.

) - (A) The crude reaction mixture of TUPSytochromec derivatives
KCI, contained 1/1 labeled cytochroneeand subjected t0 (54 149 was chromatographed on a 26@.6 mm HPLC W-Porex

another purification step. The secondary purifications of 5cm column in 5 mM Hepes (pH 8.0) with a linear gradient from
fractions were carried out on the same column, using a linear0 to 500 mM KCI at a flow rate of 0.6 mL/min. Cytochronue

KCI gradient from 0 to 0.5 M. Examples of the secondary elution was followed by the absorbance at 590 rggo(~ 2500

it ; o o a.  M~lcmrl). The main fractions eluted are indicated by the numbers
purification are given in Figure 1B,C. The purified deriva in the figure. Fractions 3 (B) and 6 (C) from (A) were rechromato-

tives were collected and pass_ed through 2000 mm G-25 graphed on the same column under the same gradient as in (A).
Sephadex “coarse” column in 5 mM Hepes (pH 7.0) to

separate them from KCI. Protein Center of the Israel Institute of Technology. The
Identification of the Lysine Modified in the TURS TUPS-modified lysine, obtained by Edman degradation,
Cytochrome Detiatives The derivatives (102g/mL) were elutes earlier than any of the unlabeled amino acids when
incubated with trypsin in 50 mM ammonium bicarbonate separated by HPLC. This property enabled the identification
(pH 8.3) for 30 min at 37C with end-over-end mixing. As  of the position of the label in the protein sequence.
digestion of derivatives proceeds with different efficiencies, = Reduction Potentials of TUPSCytochrome ¢ Deriatives
three concentrations of trypsin were used: (@&@¥mL for The standard redox potentials of all derivatives were
hydrolysis of Lys-86, Lys-87, Lys-72, Lys-27, and Lys-7; 5 measured in 10 mM potassium phosphate (pH 7.0) by
ug/mL for hydrolysis of Lys-13 and Lys-8; and dg/mL spectrophotometric titration of the oxidized labeled cyto-
for hydrolysis of Lys-39 derivatives. The tryptic digests were chromes with potassium ferrocyanide as described by Mar-
separated at room temperature on a C18 reversed-phasgalit and Schejterd2).
HPLC column, 250« 4.6 mm (Vydac, Hesperia, CA). The Reactiity with Cytochrome OxidaseCytochrome oxidase
peaks were eluted at a flow rate of 0.7 mL/min by a linear was isolated from a KeilinrHartree heart muscle preparation
gradient of acetonitrile from 4 to 50% (0.1% TFA). The (23) essentially as described by Yoneta?d, Cytochrome
elution was followed, monitoring the absorbance of the coxidase activity was followed spectrophotometricaly at 550
peptide bond, the dye, and the heme at 214, 372, and 405hnm by monitoring the oxidation of ferrocytochrorne The
nm, respectively, on a UV/visible detector (Model PDA 996) reaction solution contained 20 mM potassium phosphate (pH
from Waters. The TUPS-containing fraction differs from 7.0), 0.5% Tween 80, and ferrocytochromeThe later was
the heme-containing one by a relatively low absorbance ratio prepared by incubation of ferricytochroroevith ascorbate
of 405 to 372 nm. The peak containing TUPS label was and subsequent removal of the reductant by gel filtration.
collected and analyzed by mass spectroscopy in order toThe enzymatic reaction was initiated by addition of an
confirm the peptide purity. The fractions containing more appropriate amount of cytochrome oxidase preparation, and
than one peptide were rechromatographed in the samethe initial rates were measured at different ferrocytochrome
conditions as described above. The purified labeled peptidesc concentrations, ranging from 0.5 to 201. The depen-
originating from all TUPS-cytochromec derivatives were  dence of the initial rate on the substrate concentration was
sequenced on a PROCISE-HT protein sequencer at theanalyzed in a LineweaveiBurk plot to obtain theK, and
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Vmax Values. The enzyme exhibited a maximum activity of
9 umol min~t (mg of protein)?, a value compatible with 157
the rates reported in the literature.

Transient Absorption Kinetics The sample (1.5 mL),
containing 5 mM Hepes (pH 7.0), TUPS8ytochromec
derivative (15uM), and cytochrome oxidase was placed in
a four-face 1 cm quartz cuvette. Cytochrome oxidase was
added in substoichiometric concentration to oxidize the
ferrocytochromee always present in cytochronueprepara- :
tions. The oxygen dissolved in the solution was removed 0140 E 20 25 30 35 4 45
by continuous bubbling of Ar at 15 mL/min through the Time (min)
cuvette for 15 min and throughout the experiment. 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 cuvette over
a spot having a surface area of 0.3 2cmContinuous
monitoring of the redox state of the dye in TUPS adducts
was carried out at 487 nm. The redox state of the
cytochrome heme group was monitored at 55656 nm ,
(isosbestic point of cytochronm®. The probing beam, either 01] ' o 2 o - 0 e
the 458 and 487 nm bands of a CW argon laser or the output

of a “Coherent” CR-599 dye laser with rhodamine-110 dye
at 550 and 556 nm, crossed the pulse-irradiated face of the 15 c

Absorbance (214 nm)
o
~

Absorbance (372 nm)
o
~

(=4
-
)]

Time (min)

cuvette perpendicular to the excitation beam. The probing E 13
beam was directed to a monochromator photomultiplier ;;
assembly, and transients were stored and averaged by a § 07
Tektronix TDS 520A digital oscilloscope as previously @ g5
described 25). The response time of the detection system 5 03 |
is equal to 20 ns. The transients are the average of 20 pulses § 01 L
collected at a frequency of 0.02 Hz. Reduction of cyto- 0140 15 20 25 30 35 40 45
chrome ¢ was quantitated by the absorbance coefficient Time (min)
difference ofessg-s56 = 19 000 M1 cm™2. FiGURE 2: HPLC separation of tryptic digest of TUP8ytochrome
c fraction 6. The peptides obtained by tryptic digestion of fraction
RESULTS 6 (20 ug) were eluted from a C18 reversed-phase HPLC column

with a linear gradient of acetonitrile from 4 to 50% in 0.1% TFA
at 0.7 mL/min flow rate. The elution was monitored at 214 (A),
372 (B) and 405 nm (C). The TUPS-containing fraction is indicated
by the arrows in the figure.

Preparation of TUPS Cytochrome c Deriatives  Isothio-
cynates are widely used in protein modification studies as a
specific modificator of lysine residues. Incubation of the
protein with stoichiometric concentrations of IPTS results Tapje 1: Electron Transfer Rate Constants of TURStochromec
in a mixture of singly and polylabeled TUPSytochrome Derivatives
c derivatives. The individual singly labeled derivatives were
separated one from another on a CM-Porex HPLC column ¢ ..o
(Figure 1A). The polylabeled derivatives, carrying a negative

modified rate constarft,10° s~ distance,
lysine  heme reduction heme reoxidation A

charge, were eluted in the void volume. Nine major and % ég 42’2(7) 2:311 igé
several minor peaks were obtained in the primary separation 3 87 120 13 20.0
of singly labeled TUPScytochromes:. Spectral analysis 4 72 6800 150 8.9
proved that all these fractions contained a single equivalent 5 8 138 16 21.2
of TUPS. Most of the fractions collected from the primary ? 2; 112%) 6269 115?'?
separation were already more than 95% pure; however, g 39 120 17 195

several fractions were contaminated with neighboring ones. = - 5 — ,

. oo aFrom Figure 1° Measured as in Figure 3Estimated between a
The latter fractions were further purified by HPLC. EX-  pitrogen atom of the-amino group of the correspondent lysine and
amples of secondary purification are given in Figure 1B,C. the heme's iron using a model of the X-ray crystal structure of
The second chromatography of the fractions yielded completecytochromec (31). Error limits estimated to be-10%.
separation between peaks.

Localization of the Modified LysinesThe lysine residue Prior to th . d th |
modified in each derivative was determined by sequencing quencer. Friorto the sequencing procedure, the sample was
of the labeled peptide obtained by tryptic digestion of the 2nalyzed by mass spectroscopy in order to confirm its purity.
derivative. Figure 2 shows separation of the tryptic digest '€ characteristic HPLC elution time of TUPS-modified
of TUPS-cytochromet fraction 6 by reversed-phase HPLC. lysine, obtained by Edman degradation, is different from that
The peptides absorbing at 372 nm (absorbance maximumo©f the unlabeled amino acids. This enables recognition of
of TUPS @0)) contain either the label or the heme. The the modified lysine residue in the sequencer records. The
TUPS-containing fraction, with relatively low absorbance at same TUPS identification strategy was applied for eight
405 nm, is indicated by the arrow in the figure. The fraction TUPS-cytochromec derivatives, and the results are sum-
was rechromatographed and sequenced on a protein semarized in Table 1.
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Puise

‘ Table 2: Activity of TUPS-Cytochromec Derivatives with
042 T v A Cytochrome Oxidase

cytochromec  Kn2uM  Vimax® uM/(min mg)  elution time2min

native 2.2 9.0 55.0
TUPS Lys-39 2.5 9.0 52.8
0.08 TUPS Lys-7 3.2 9.0 45.4
TUPS Lys-27 3.6 9.0 43.4
TUPS Lys-8 6.3 9.0 40.2
TUPS Lys-72 16.7 9.0 35.5
TUPS Lys-87 22.2 9.0 34.3
0.04 + TUPS Lys-86 40.0 9.0 33.1
TUPS Lys-13 220.0 9.0 29.0

0.02 + @ Obtained by analysis of the dependence of the enzymatic rate on
cytochromec concentration in a LineweaveBurk plot. The reaction

0.00 aigtetl 4 ; , ; ' | was assayed in 20 mM potassium phosphate (pH 7.0) as described in
20 25 20 Materials and Methods. Error limits estimated todaB0%. ® Estimated

from Figure 1.

0.06 -+

Absorbance

Time ( psec)

-0.02 +

the heme reduction. The later is associated with a positive
P“re absorbance change at 487 nf(= 9000 Mt cm™). In
0.08 curve 2, an absorbance increase at 55856 nm is due to
007 + the cytochrome heme reduction by TUPS*. The rate constant
for the 550— 556 nm transient, (2.% 0.3) x 1® s7%, is
identical, within the experimental error, to the rate constant
005 + for the 487 nm transient. The rate constant was independent
ooa 1 of the concentration of the TUP&ytochromec derivative
from 10 to 10QuM, which is indicative of an intramolecular
electron transfer mechanism. This reductive branch of the
002 T photochemical process generates two redox-active species:
the reduced heme and the oxidized form of TUPS. Recom-
bination, namely, reoxidation of the heme by the oxidized
000 1 0’2 0’4 R 1’2 e 1 dye, brings the system to its initial prepulsed state. Figure
001 L ' ' ' ' Tin‘w (m;ec) ' 35 shows the k.inet.ic transient at 550556 nm assoc_:iatgd
_ o with heme reoxidation. The transient is monophasic with a
Ficure 3: Transient kinetics of the TUPS Lys-7 cytochrome rate constant of (2.% 0.3) x 10* s'%. As in the case of

derivative. TUPS-cytochromec (15 uM) in solution containing 5 heme reduction. the rate constant was independent of
mM Hepes (pH 7.0) and 04M cytochrome oxidase was bubbled - J Y p
with Ar for 15 min and irradiated yoa 3 mJpulse of a Nd:-YAG ~ concentration of the TUPScytochromec derivative. The
third harmonic frequency as described in Materials and Methods. redox cycle initiated by photoexcitation of TUPS can be
(A)d'l'slg% abssgébanc(e transize)nt$hwetre monitwfteggf;t 487( (Cufvel)l) repeated hundreds of times without decrease of the signal
an - nm (curve . e transient a nm (curve H H
indicates the formation and decay of TUPS excited state. The amp!ltud_e. The rate constgnts f(_)r _heme r_eductlon and
transient at 556- 556 nm accounts for reduction of the protein's reéoxidation were measured in a similar fashion for seven
heme group. The transients are fit by a single-exponential decayother singly labeled derivatives. The results are summarized
having the rate constanksps = (1.8 = 0.3) x 10°P s~ andkops = in Table 1. The rates of electron transfer in both directions
ot o S50 555 o oot o ooombos o 12, dependent an the posiion of the labe i the proten
heme group and fit by a single-exponential decay havri)ng a rate molecule. The ar_npll_tudes of the tran5|ent_s,_ however, are
constantkeps = (2.9 + 0.3) x 168 s L. equal for all derivatives tested. The efficiency of the
perturbation is high and about 30% of the cytochrome
molecules undergo intramolecular reduction in a single pulse.
Reduction Potential of TUPSCytochrome ¢ Detiatives
The reduction potentials of the TUP8ytochromec deriva-
tives were determined. They ranged from 0.26 to 0.28 eV
for TUPS Lys-13, -7, -72, -27, -39, -87, -86, and -8. The
values are essentially the same, within the experimental error,
as that of native cytochron® 0.26 eV @2). This indicates

0.06 +

0.03 +

Absorbance ( 550-556 nm)

Photoinduced Electron Transfer Kinetictn the previous
paper 0) we have shown that photoexcitation of TUPS
generates the triplet state of the dye (TUPS*) with high
quantum efficiency. The triplet, being a strong reductant
(E ~ —0.9 eV), is capable of reducing the heme group of
cytochromec in a diffusion-controlled reaction. When

I *
pqyalently linked to a cytpchrome molecule, TUPS_ that the heme properties are unaffected by the modification
initiates the sequence of intramolecular redox reactions. ¢ any given lysine.

Figure 3 depicts the transient adsorbance measurement with Activity of TUPS-Cytochromes ¢ with Cytochrome ¢
the Lys-7 derivative. Kinetic transients obtained at 487 yijase The kinetic parameters of cytochrornexidase
(curve 1) and 550- 556 nm (curve 2) correspond to the  ith TUPS-cytochromes are shown in Table 2. The kinetic
excited state of the dye2(Q) and the redox state of gata for the reactions of the TUPSytochromesc with
cytochromec, respectively. In curve 1, the initial rise in  cytochrome oxidase were measured spectrally by monitoring
absorbance at 487 nm is due to the formation of the triplet the initial rates of oxidation of fully reduced samples of
state (see ref 20), and the subsequent absorbance decayytochromec. It has been demonstrated earli@6) that
corresponds to triplet disappearance. The decay does noK, values obtained from spectroscopic measurements at low
proceed completely to the preflash baseline, as a result ofionic strength reflect the binding affinity of cytochronee
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to the low-affinity binding site of cytochrome oxidase. s T
Modification of cytochromee lysines results in an increase

of apparenK,.. The maximum rate of cytochrome oxidation,
obtained by extrapolation of the enzymatic rate to the infinite
substrate concentration, was shown to be the same for all
derivatives tested. The order &f, values for the TUPS-
modified cytochromes is as follows: native cytochrome

< Lys-39 < Lys-7 < Lys-27 < Lys-8 < Lys-72 < Lys-87 o
< Lys-86 < Lys-13 (see Table 2). Almost the same order
has been previously reported for the affinities of monocar-
boxydinitrophenyt and thiopropionytcytochromec de- 2
rivatives to the high-affinity binding site of cytochrome 2 4
oxidase 26, 27). The effect of chemical modification by
negatively charged labels has been attributed to the changes ' +
in the electrostatic field of the protein, the factor that
governed the interaction of cytochromaevith cytochrome
oxidase 27). The latter is proved by direct correlation of a.A

the TUPS_.CytOCthmeC derlvatlve’s_afflr!lty toward cyto- Ficure 4: Dependence of the logarithm of the rate constants for
chrome oxidase with the HPLC elution times (Table 2), the neme reduction (curve 1) and reoxidation (curve 2) in TYPS
parameter characterizing the affinity of the protein for the cytochromec derivatives on the separation distandg (The rate
column’s resin. Binding of cytochrometo the polyanion constants were measured as shown in Figure 3. Distances between

i i i the nitrogen atom of the-amino group of Lys-7®), Lys-8 (a),
Cthatrl?f[hcantthL;]s serve a_lz a model for interaction of the Lys-13 (¥v), Lys-27 @), Lys-39 &), Lys-72 (). Lys.86 @), and
protein with cytochrome oxidase. Lys-87 (O) and the heme iron were estimated as in Table 1. Best-
fit linear approximations: lodg = 8.4 — 0.2d — 3) and logk =
DISCUSSION 6.5— 0.2d — 3) for curves 1 and 2, respectively.

| | ( |
T T T 1

8 13 18 23

The electrostatic field of the cytochroneemolecule is  {he process proceeds much slower than the reductive one,
strongly altered by introducing the polyanionic TUPS label. e property that enables one to separate the reactions in time.

oxChangechomatoqaphy. The pmarySepaaton f gy, 50 eTe reduction andoxdatn re characterizd b
ﬁggeﬂ ;j- grpincg t(;Chrzanr;EZrdeor;vﬁmisr ?K dmb(; y';éiisl reverse electron trans_fer reactions can b.e egtimated to be 1.16
Separation of the same mixture by low-pressure chromatog—inodgofv2 gﬁ.ﬁ;@iﬂ.‘tﬁé (‘Iég)e E‘:‘tggtg‘éﬁ/t}iﬁr&tﬁz /
raphy is less efficient and in optimal cond!tipns yieIds five TUiDS,X (25), andE® = 0.26 eV f,or cytoc.hrome (22). The
overlaplng pgaks (notishqwn), each containing a mixture of combination of the above mentioned properties of the dye,
several individual derivatives. together with the high time resolution attained by our method

In general, binding of proteins to the ion-exchange resin (r < 100 ns), provided us with high-quality measurements
is determined by the charge of the protein molecule. The ¢ intraprotein electron transfer rates.

difference in the binding affinity of singly labeled TUPS
derivatives is most likely attributed to the changes in the
vectorial electrostatic field of the protein molecule, as the

The rates of electron transfer depend on the position of
the label on the protein molecule (see Table 1). It is
sum charge of the derivatives is independent of the position infoc;matglﬁ to;om%arle the gbserved rate CO;Stagtz with those

predicted by the widely used treatment introduced by Marcus.
of the label, at least at neutral pH. The key role of the According to Marcus theory2@, 30), the rate of a nonadia-

electrostatic field of cytochromein governing its interaction batic outer-shell electron transfer between adjacent reactants
with physiological reaction partners has been proposed earlier. J

(28). The results of the present work show that the same is given by the following equation:

electrostatic factors control the interaction of cytochrame 3 )

with either cytochrome oxidase or the polyanionic matrix Ker= 10" exp(=f3 (d — 3)) exp(-(% + AG®)7/4ART) (1)
(see Table 2).

TUPS-cytochromec adducts have a number of favorable Whered is the distance between the redox-active cenfers,
properties for studying the intra- and intermolecular electron iS & scalar that correlates the rate with separation distance
transfer reactions. By means of a short-duration laser pulse,(d), AG® is the standard free energy of the reaction, &gl
it is possible to generate the triplet state of TUPS with high the reorganization energy. Equation 1 quantitates the
yield (20). The triplet has a long natural life time of 0.5 ms dependence of the rate on two molecular parameters. The
and is a strongH° ~ —0.9 eV) reducing agent. Intramo- first exponent expresses the effect of the distande (
lecular reduction of the heme group of cytochroatey the ~ factorized by/3 on the reaction’s rate, while the second
covalently attached TUPS was shown to proceed with high €xponent is the Boltzmann expression for the activation
efficiency. The rather low excitation energy (3 mJ/pulse) €nergy. At present, the study of electron transfer within
needed to generate the triplet makes the approach a genti€ytochromec is based on experiments whedds variable
one. The protein can be exposed to laser excitation hundredgvhile AG® is constant.
of times with no reduction of the signal amplitude. The Equation 1 was used to predict the distance dependence
redox perturbations, initiated by photoexcitation, are revers- of the rate constants for both heme reduction and reoxidation
ible. The reduction of the heme is followed by its reoxidation (see Figure 4). Electron transfer rates in both cases can be
by the oxidized form of the dye. This oxidative stage of described by a 0.46 A distance decay constant, with no
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significant deviations from the simple exponential distance REFERENCES

dependence. The values given on the figure are the

distances between the nitrogen atom of ¢hemino group
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transfer in this enzyme substrate complex.
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