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between the metal ions is small as shown by the unresolved, single
Rul/!! wave at E,,, = 1.16 V.12

The lifetime of the bbpe-based MLCT state in [(dmb),Ru(u-
bbpe)Ru(dmb),]4*, 1.31 £ 0.05 us in CH,CN at 298 £ 2 K, is
surprisingly long. Lifetimes of MLCT excited states character-
istically decrease with the energy gap between the excited and
ground states.? Yet, for [Ru(dmb);])?*, which has a significantly
higher energy gap, E., = 15600 cm™ compared to 13300 cm™,
the lifetime is 950 £ 30 ns under the same conditions. For
[Ru(bpy),(py)CI]* (py = pyridine), where there is a comparable
emission energy (752 £ 5 nm, 13300 cm™), the lifetime is 44 £
3 ns under the same conditions. On the basis of the results of
temperature-dependent lifetime studies, at 157 £ 2 K in 4:1 (viv)
ethanol-methanol, there are no complications from low-lying dd
states.' Under these conditions, lifetimes, as determined by
emission decay, were 1.97 £ 0.07 us for [(dmb),Ru(u-bbpe)-
Ru(dmb),]*** and 104 £ 4 ns for [Ru(bpy),(py)CI]**.

The extended lifetime for the bbpe complex appears to be a
consequence of electronic delocalization in bbpe acting as the
acceptor ligand. Emission spectral profiles in 4:1 (v:v) ethanol—-
methanol at 157 £ 2 K or 298 % 2 K could be fit'? satisfactorily
by including contributions from an averaged »(bpy) mode (hy =
1350 cm™), an averaged low-frequency mode (hv = 350 cm™),
and the solvent. On the basis of this analysis, the electron-vi-
brational coupling constant, S, for »(bpy) was 0.72 % 0.05 for
[Ru(bpy),(py)CI]** and 0.60 % 0.05 for [(dmb),Ru(u-bbpe)-
Ru(dmb),]***, The quantity S is related to the change in
equilibrium displacement between the excited and ground states,
AQ,, the reduced mass, M, and the angular frequency, w (=27»),
by eq 2. On the basis of the smaller value of S, the structural

S = (1/2)(Mw/h)(AQ.)? (2)

change in the acceptor ligand is decreased for (dmb),Ru(u-
bbpe)Ru(dmb),]***. This is a further indication that delocali-
zation over both bpy’s has occurred. The decrease in S and AQ,
with enhanced delocalization must be a consequence of decreased
electron—electron repulsion in the acceptor ligand.

The decrease in S is sufficient to account, to a large degree,
for the enhanced lifetime in [(dmb),Ru(u-bbpe)Ru(dmb),]*+*
compared to [Ru(bpy),(py)Cl]** at 157 K. From radiationless
decay theory and the energy gap law,'* the nonradiative decay
rate constant, k., is predicted to vary with S, the energy gap (Ej),
and hv as shown in eq 3.13%¢ For hv = 1350 cm™, E, = 13780

ky, @ eSevEalb 3)
y = (In Eo/Shy) - |

c¢m™!, and S = 0.72 or 0.60, the decrease in k,. between [Ru-
(bpy),(py)Cl]** and [(dmb),Ru(g-bbpe)Ru(dmb),]4**, calculated
by using eq 3, is 17 in 4:1 (v:v) ethanol-methanol at 157 & 2 K.
The parameters used in the calculations were those obtained by
spectral fitting. The decrease observed experimentally was 19.
The origin of the effect is a decrease in vibrational overlap between
the vibrational wave functions for the »(bpy) acceptor modes
between the excited and ground states as AQ, decreases.

Compared to related complexes having comparable energy gaps,
we find that lifetimes for the MLCT excited states of [Ru-
(dmb),(bbpe)]2*, [Os(bpy),(bbpe)]?*, [(bpy),Os(u-bbpe)Os-
(bpy)2]**, [Re(bbpe)(CO);CIJ*, or [CI(CO);Re(u-bbpe)Re-
(CO),Cl1)?* are all lengthened. These observations and the
sometimes anomalous lifetime behavior observed for other MLCT
excited states'®!s point to what could be a general approach to
enhancing excited-state lifetimes based on introducing increased
delocalization in the acceptor ligand.

Our results have important implications for the design of MLCT
based photosensitizers. They open the possibility of preparing

(15) (a) Juris, A.; Campagna, S.; Bidd, L; Lehn, J.-M.; Ziessel, R. Inorg.
Chem. 1988, 23, 4007. (b) Ruminski, R.; Kiplinger, J.; Cookcroft, T.; Chase,
C. Inorg. Chem. 1989, 24, 370.

(16) For both complexes, excited-state lifetimes as measured by transient
emission are nearly temperature independent over the range 150-200 K
(Murtaza, Z., unpublished results).

0002-7863/90/1512-7396%$02.50/0

complexes that have significant light absorptivities much further
into the red while, at the same time, maintaining lifetimes that
are accessible to electron-transfer quenchers.

Acknowledgment. Financial support from the Department of
Energy (DE-FG05-86ER13633) and from the SERC for post-
doctoral support (S.B.) is gratefully acknowledged.

Supplementary Material Available: The preparations and
characterizations of the bbpe ligand and complex (3 pages).
Ordering information is given on any current masthead page.

Putidaredoxin Reduction of Cytochrome P-450,,,,:
Dependence of Electron Transfer on the Identity of
Putidaredoxin’s C-Terminal Amino Acid

Matthew D. Davies, Ling Qin, Jennifer L. Beck,'
Kenneth S. Suslick, Hideo Koga,* Tadao Horiuchi,} and
Stephen G. Sligar*

School of Chemical Sciences

University of Illinois at Urbana-Champaign

Urbana, Ilinois 61801

Faculty of Pharmaceutical Sciences, Kyushu University
Maidashi, Higashi-ku, Fukuoka 812, Japan

Received April 2, 1990

Considerable experimental and theoretical efforts have been
made to determine the effect of exothermicity, distance, and
protein medium on the rate of biological electron transfer.!? We
have discovered that the interprotein electron transfer from
site-specific variants of putidaredoxin (a 2Fe-2S ferredoxin) is
strongly affected by the presence or absence of a C-terminal
aromatic residue. Activity is maintained when the wild-type
C-terminal tryptophan is replaced by other aromatic residues but
is lost upon nonaromatic replacement or deletion.

Putidaredoxin functions in the Pseudomonas putida camphor
hydroxylase electron-transfer chain as a one-electron shuttle
between an NADH-dependent flavoprotein and the terminal
acceptor, cytochrome P-450,,,,. This enzyme system catalyzes
the first catalytic step whereby P. putida ATCC strain 17453 can
use camphor as its sole source of carbon and energy.® The
C-terminal tryptophan of putidaredoxin is known to be solvated,
independently mobile, accessible to carboxypeptidase cleavage,
and near an anionic surface domain.* Preliminary NMR structure
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Table I°

redn dissocn rel rate

putidaredoxin potential, const, of NADH
variant mVY uM oxidn
WT 106 Trp -233 5.4 1.00
106 Phe -236 5.2 0.44
106 Tyr -239 5.2 0.20
106 Asp -259 5.8 <0.02
106 Leu -235 5.2 <0.02
106 Lys -223 4. <0.02
106 Val -238 5.4 <0.02
106 deletion -241 10.9 <0.02

9The reduction potentials were determined by measuring the con-
centrations of oxidized putidaredoxin and phenosafranine (£, = -253
mV) at equilibrium after partial photoreduction.!* The concentrations
of putidaredoxin and dye were each 30 uM in 10 mM EDTA and 50
mM TrissHCl pH = 7.35. The error in each measurement is less than
5 mV. The dissociation constants were determined by titrating puti-
daredoxin with fluorescent probe labeled P-450,,.!* Titrations of each
variant putidaredoxin involved 10 successive additions of 0.50 nmol of
putidaredoxin to 0.50 nmol of labeled P-450,, in 1.0 mL of 10 mM
MOPS, pH = 7.15 at 20 °C, with standard analysis.!® Rates of
NADH oxidation were measured spectrophotometrically at 340 nm in
the presence of 7.1 uM putidaredoxin, 0.35 uM putidaredoxin reduc-
tase, 0.04 uM P-450,,,, 143 mM KCl, and 107 uM NADH and in the
absence or presence of 159 uM camphor. The relative rates are ex-
pressed as the initial velocity for the variant in the presence of camphor
minus the initial velocity without camphor divided by the same for WT
106 Trp.

determination (Pochapsky et al., unpublished) suggests that the
C-terminus lies above the carboxylate domain implicated in
complex formation with its redox transfer partners.” We ma-
nipulated the gene encoding putidaredoxin to produce variants
where the C-terminal tryptophan is replaced by Asp, Leu, Lys,
Phe, Tyr, or Val or is deleted.® These mutations were introduced
without markedly affecting the reduction potential or redox partner
binding energy (Table I).

The activities of the variant putidaredoxins were determined
in two separate assays. First, we examined the rate of NADH
oxidation in the reconstituted camphor hydroxylase electron-
transfer chain, Table I. In the absence of camphor, the NADH
oxidation rate represents background autoxidation activity in-
dependent of P-450,,.” For the nonaromatic mutants, no
measurable camphor-dependent oxidation of NADH was detected.
A second and more specific measure of putidaredoxin’s activity
is its rate of interprotein electron transfer with complexed ferric
P-450,,,, under anaerobic conditions.®® A performed complex
of putidaredoxin and P-450,,, was reduced by flash photolysis
at 355 nm in an anaerobic solution containing 10 uM putidare-
doxin, 10-55 uM P-450,,,, 25 uM acridine, 500 M methyl-
viologen, 25 mM EDTA, 50 mM TrissHCl pH = 7.5.81¢ Under
these conditions, the resulting photogenerated methylviologen
radicals (1-2 uM) reduce putidaredoxin (10 uM) some 200 times
faster than P-450,,. Equilibration of the reduced putidaredox-
in—P-450,,,, complex is fast relative to the P-450,, reduction step.®
The change in reduced P-450,,,, concentration as a function of

(5) (a) Geren, L.; Tuls, J.; O'Brien, P.; Millet, F.; Peterson, J. A, J. Biol.
Chem. 1986, 26/, 15491-15495. (b) Stayton, P. S.; Poulos, T. L.; Sligar, S.
G. Biochemistry 1989, 28, 8201-8205.

(6) Koga, H.; Yamaguchi, E.; Matsunaga, K.; Aramaki, H.; Horiuchi, T.
J. Biochem. 1989, 106, 831-836. Mutations were made by cassette technique
in a pUCI18 expression vector. (Perron-Yanisch, C.; Vieira, J.; Messing, J.
Gene, 1985, 33, 103-119). The protein expressed to 8% of the soluble protein
in Escherichia coli strain TB-1.

(7) The binding of camphor makes the reduction potential of cytochrome
P-450,, some 130 mV less negative, shifting the putidaredoxin—P-450,,,,
equilibrium toward reduced P-450,,,. Fisher, M. T,; Sligar, S. G. J. Am.
Chem. Soc. 1988, 107, 5018-5019.

(8) Pederson, T. C.; Austin, R. H.; Gunsalus, 1. C. in Microsomes and
Drug Oxidations; Ulirich, Ed.; Pergamon Press: Oxford, 1977; pp 275-283.

(9) (a) Hintz, M. J.; Peterson, J. A. J. Biol. Chem. 1981, 256(13),
6721—6728. (b) Hintz, M. J.; Mock, D. M;; Peterson, L. L.; Tuttle, K.;
Peterson, J. A. J. Biol. Chem. 1982, 257(23), 14324-14332. (c) Brewer, C.
B.; Peterson, J. A. J. Biol. Chem. 1988, 263(2), 791-798.

(10) Greenbaum, E.; Austin, R. H.; Frauenfelder, H.; Gunsalus, I. C. Proc.
Nail. Acad. Sci. US.A. 1972, 69(5), 1273-1276.
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Figure 1. Plot of first-order rate constants for reduction of P-450,,,, by
putidaredoxin variants as a function of P-450,, concentration. Rates
for wild-type and variants with C-terminal aromatic residues are shown
with solid lines; variants with nonaromatic residues are shown with dotted
lines.

cam ]

time fits a single-exponential decay yielding the observed rate
constants given in Figure 1.

As seen from Figure 1, the rate constants measured for the
nonaromatic variant putidaredoxins are greatly reduced but do
not saturate at high concentrations of P-450,,,. This implies that
a second-order process occurs that is independent of putidaredoxin
binding. If the reduction of P-450, by putidaredoxin was slow
relative to the rate of methylviologen reduction of P-450,,,,, pu-
tidaredoxin would be expected to equilibrate with P-450,,, either
at the rate of methylviologen radical reduction of P-450,, or at
the rate of putidaredoxin reduction of methylviologen, whichever
is slower. Consistent with this, the apparent second-order rate
constants determined from the data for 106 deletion, 106 Val, 106
Leu, and 106 Asp are of the same order of magnitude as the rate
for the direct reduction of P-450,, by methylviologen radicals.!!
The slow apparent second-order rate for the 106 Lys variant could
be explained if the reduction of methylviologen by reduced pu-
tidaredoxin is the rate-limiting step. On the basis of this analysis,
much of the residual rate of P-450,,,, reduction measured in the
presence of nonaromatic variant putidaredoxins comes from direct
reduction by methylviologen radicals.

The exact lower rate limits for the electron transfer catalyzed
by the nonaromatic variants are not yet known. Nonetheless, their
diminished activity compared to that of the aromatic C-terminal
putidaredoxins is striking. In general, mutational analysis is
complicated by potential conformational changes such as those
seen in the Ser 82 mutant of cytochrome ¢ which confound simple
cause-and-effect relationships.!2 Because of the near identity in
physical properties of putidaredoxin’s iron-sulfur center and its
association with P-450,,,,, large conformational changes in these
putidaredoxin variants seem unlikely. It is also known that the
spectral distribution of protein motion could alter reorganizational
energies that couple to electron-transfer events.!> Such dynamics

(11) Debey, P.; Land, E. J.; Santus, R.; Swallow, A. J. Biochim. Biophys.
Res. Commun. 1979, 86(4), 953-960.

(12) Louie, G. V.; Pielak, G. J.; Smith, M.; Brayer, G. D. Biochemisiry
1988, 27, 7870-7876.

(13) Simonson, T.; Perahia, D.; Bricogne, G. J. Mol. Biol., in press.
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could be changed by mutation, and hence, the presence of a
C-terminal aromatic residue may potentiate a protein conformation
that is favorable for electron transfer but that is not reflected in
the equilibrium binding energy. A more exciting possibility is
that an extended w-electron system at putidaredoxin’s C-terminus
could serve as a mediator of the electron-transfer event. A similar
role for aromatic mediation has been suggested for phenylalanine
82 in the cytochrome c¢/cytochrome ¢ peroxidase system 284

(14) Sligar, S. G.; Gunsalus, I. C. Proc. Nail. Acad. Sci. US.A. 1976, 73,
4, 1078-1082.

(15) Labeling was accomplished by the addition of 20 uL of an acrylo-
dan-saturated 50/50 ethanol/water mixture to S0 mM HEPES buffer, pH
= 6.8, at 4 °C for 5 min. Prendergast, F. G.; Meyer, M.; Carlson, G. L.; lida,
S.; Potter, J. D. J. Biol. Chem. 1983, 258, 12, 7541-7544.

(16) Eisenthal, R.; Cornish-Bowden, A. Biochem. J. 1974, |39, 715-720.

(17) This research was supported by grants from the National Institutes
of Health (GM31756, GM33775, and HL25934). K.S.S. gratefully ac-
knowledges an NIH Research Career Development Award.
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There has been extensive effort directed toward a better un-
derstanding of the red-shifted UV-vis absorption characteristics
of visual pigments and bacteriorhodopsin (BR) analogues as
distinguished from the absorption characteristics of the protonated
Schiff bases (PSB). The proximity of a second point charge
originating from the protein is believed to be important! although
the medium and the extent of protonation are also suspected to
have a significant effect on pigment absorption properties.2 Less
successful has been the search for extensively red-shifted pigment
analogues. For rhodopsin, the most red-shifted analogue known
is the 13-CF, analogue (545 nm),’> and for BR, the most red-
shifted analogues known are the cyanine dye analogues (662 nm)*
and a minor equilibrium concentration of the 14-F analogue (680
nm).> We now report the preparation of BR analogues with
long-wavelength absorption maxima beyond 750 nm.

Azulene and guaiazulene retinoids 1--6 have been synthesized
by following established procedures for olefination of the known
acylated azulenes.® The methods gave mixtures of 13-cis and
all-trans isomers which were separated by preparative HPLC and
characterized by 'H NMR spectroscopy.

While all these azulene retinal analogues were found to interact
readily with bacterioopsin (BO), the absorption properties of the
resultant pigments varied considerably with the long-wavelength
band ranging from 520 (2) to 830 nm (5). Data are listed in Table
I along with those of the protonated Schiff bases. As an example,

(1) (a) Derguini, F.; Dunn, D.; Eisenstein, L.; Nakanishi, K.; Odashima,
K.; Rao, J. V.; Sastry, L.; Termini, J. Pure Appl. Chem. 1986, 58, 719. (b)
Lugtenburg, J.; Muradin-Szweykowska, M.; Heeremans, C.; Pardoen, J. A;
Harbison, G. S.; Herzfeld, J.; Griffin, R. G.; Smith, S. O.; Mathies, R. A. J.
Am. Chem. Soc. 1986, 108, 3104.

(2) Sandorfy, C.; Vocelle, D. Can. J. Chem. 1986, 64, 2251.

(3) (a) Mead, D.; Asato, A. E,; Denny, M,; Liu, R. S. H.; Hanzawa, Y ;
Taguchi, T.; Yamada, A.; Kobayashi, N. Teirahedron Leii. 1987, 28, 295.
(b) Also private communication of Y. Shichida and Y. Kobayashi.

(4) Derguini, F.; Caldwell, C. G.; Motto, M. G.; Balogh-Nair, V.; Naka-
nishi, K. J. Am. Chem. Soc. 1983, 105, 646.

(5) Tierno, M. E.; Mead, D.; Asato, A. E; Liu, R. S. H; Sekiya, N,;
Yoshihara, K.; Chang, C. W.; Nakanishi, K.; Govindjee, R.; Ebrey, T. G.
Biochemisiry 1990, 29, 5948.

(6) Liu, R. S. H.; Asato, A. E. Methods Enzymol. 1982, 88, 506.
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1:X=H 3:X=HY=CH,.Z=H
2 :X=CF 4 X=CF.Y=CH;Z=H
§:X=HY=CF.Z=H
6 :X=HY=CH,Z=F
%,\f\’\r\cm
X

7:X=H
8 : X=CH;
spectra taken during formation of the 795-nm pigment of 6 are
shown in Figure 1.

Two azulene-containing analogues (7 and 8) are known,” with
the side chain originating from the 2’- rather than 1’-position as
in 1-6. The BR analogue of 7 has a long-wavelength absorption
band centered at 475 nm” while the phototaxis action spectrum
of 8 in the algae Chlamydomonas centered at 472 nm.”™ The lack
of substantial red shifts is in complete contrast with the present
data.

We note that the observed difference for the 1’- and 2’-sub-
stituted azulene analogues cannot be due to relative ordering of
the two lowest azulene excited states that account for their unique
colors. Symmetry consideration led to the conclusion that the
2’-substituted analogues would cause a red shift of the allowed
S, band and the opposite for the 1’-substituted analogues.® This
trend is contrary to the observed results. Neither would the large
difference between the 1-substituted (to >800 nm) and the 2’-
substituted azulenes (475 nm) likely be due to previously known
factors alone, such as altered relative position of the second point
charge. Instead, we offer the following additional explanation
for the unusual red-shifted characteristics of several of the 1’-
substituted azulene analogues.

The resonance hybrid of the protonated retinyl Schiff base can
be represented by the imino (9a) and the enamino (9b) resonance
structures. Because of the stability of the tropylium ion, we believe

H H
N

N
+'Lys “Lys

9a 9b

that, in the 1’-substituted azulene BR analogues, the enamino
resonance structure should dominate, giving rise to the unusual
red-shifted absorption characteristics. Consistent with this ex-
planation are the absorption maxima reported for the following
conjugated tropylium ions.’

acaedil:c 9ot

647 (loge 4.98) 680 (5.08)
" @' - ”9)«
QO
860 (5.49)

The seemingly disparate absorption properties of the above BR
analogues can be rationalized by the relative importance of the
two resonance contributing structures. The electron-donating alkyl

(7) (a) Zarriili, G. Ph.D. Thesis submitted to the Columbia University,
1984. (b) Nakanishi, K.; Derguini, F.; Rao, V. J.; Zarrilli, G.; Okabe, M;
Iden, T.; Johnson, R. Pure Appl. Chem. 1989, 61, 361.

(8) See, e.g.: Jaffe, H. H.; Orchin, M. Theory and Applicaiions of Ul-
iraviolei Speciroscopy; John Wiley & Sons, Inc.: New York, 1962; pp
337-341.

(9) Kirby, E. C.; Reid, D. H. J. Chem. Soc. 1960, 494; 1961, 3579.
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