8012 J. Phys. Chem. B997,101,8012-8020

Conformational Modulation of Electron Transfer within Electrostatic Porphyrin:
Cytochrome ¢ Complexes

Randy W. Larsen,*" Dawn H. Omdal,’ Ravi Jasuja,’ Shui Lin Niu, ™ and David M. Jamesort

Departments of Chemistry and Biochemistry and Biophysicsyddsity of Hawaii at Manoa, 2545 The Mall,
Honolulu, Hawaii 96822

Receied: December 9, 1996; In Final Form: July 2, 1997

The present study examines photoinduced electron transfer within self-assembled complexes between
cytochromec and either free base uroporphyrin (URO) or free base tetrakis(4-carboxyphenyl)porphyrin (4CP).
In both systems, complexation of the porphyrin to the protein results in bathochromic shifts in the absorption
bands of the porphyrin. Interestingly, equilibrium circular dichroism data demonstrate significant differences
in the orientation of the bound porphyrins. The effect of orientational differences on photoinduced electron
transfer between the bound porphyrin and the heme group of cytoclv@medemonstrated in the steady-

state and time-resolved fluorescence and tripigplet transient absorption data obtained for the two complexes.

In the case of the cytochronee-4CP complex, the singlet state of the 4CP is significantly quenched by the
heme group of the protein. Analysis of the time-resolved fluorescence data reveals two discrete lifetime
components at 9.3 (free 4CP) and 1.27 ns (bound 4CP). In contrast, the singlet state of URO is only moderately
guenched by complexation to the protein. Fluorescence lifetime analysis reveals two components consisting
of a discrete component at 15.7 ns (free URO) and a Lorentzian distribution of lifetimes centered at 3.8 ns.
However, URO exhibits significant triplet-state quenching, resulting in intercomplex electron transfer in which
the observed forward and reverse rates are similar £108) x 1° and (1.64 0.4) x 10° s7%, respectively).

The difference in ET mechanism (i.e., singlet versus triplet) can be rationalized in terms of distinct dipole
orientations of the bound porphyrins relative to the heme group of the protein. We further speculate that the
orientational differences between bound URO and bound 4CP arise due to the flexibility of the URO side
chains.

Introduction was not found to be gated. In the Cc/CCP system, it has been
suggested that two docking sites are available on CCP for Cc
which differ in their reactivity!® A model in which intercon-
vertable conformational substrates within the complex regulate
ET between the two proteins has been proposed to account for
the presence of multiphasic kinetic data.

An alternative approach to the study of intermolecular ET in
proteins involves the use of small photoactive molecules
electrostatically bound to the docking region of redox proteins.
Previous studies by Clark-Ferris and FisRemd Zhou et af3
have demonstrated that anionic porphyrins can form complexes
with Cc by forming electrostatic contacts with exterior lysines
associated with the protein. The lysine residues believed to
participate in complex formation are Lys 13, 27, 72, and 86. In
addition, Zhou et a2 and Zhou and Rodgetshave shown
that excitation of the bound photoactive uroporphyrins results
in fixed-distance ET with rates that depend on solution ionic
strength. Interestingly, the variation in ET rate with reaction

Electron transfer (ET) reactions play a pivotal role in the
catalytic cycles of a wide range of biologically important
processes including nitrogen fixation, photosynthesis, and
respirationt™> Biological ET reactions occur between electro-
statically stabilized proteinprotein complexes and between
various redox-active cofactors embedded within a single protein
complex. Intramolecular ET rates are modulated by denor
acceptor distance, thermodynamic driving force, deramceptor
orientation, the nature of the intervening medium, and both
inner-sphere and outer-sphere reorganizatiof. The rates of
intermolecular ET reactions require additional mechanistic steps
described as (1) formation of the proteiprotein complex, (2)

ET between the redox centers of each protein within the
complex, and (3) dissociation of the proteiprotein complex.

Thus, the rate of ET in such complexes may have an additional
component to the overall reorganizational energy required for

mttcajrr(;]oli_cular_ ET th‘?t |nfll;ren(t:eszpl)rote1prote|n recognition driving force is consistent with semiclassical Marcus theory for
and docking _("e" gating efiec 5 ) . . the thermally activated back ET reaction while the photoinitiated
Conformational dynamics associated with the interface be- ¢ynyard reaction showed no inverted region with the same range

tween the donor and acceptor proteins have recently beenqt griving force. The lack of an inverted region was attributed
suggested for complexes involving cytochroa(€c) and either 1, contributions from the coordinate solvent mode or to
cytochromec peroxidase (CCP) or plastocyanin (FE€)?! In conformational gating.

i 3
the case of intermolecular ET betwe#nCc or*SnCc and PC, In the present study, photoinduced ET within electrostatic

the kinetic data could be explained using a model in which ¢ 51exes involving two structurally distinct anionic porphyrins
rearrangement of the proteins within the complex occurs after and Cc have been examined. Equilibrium optical absorption

docking but prior to ET:" The corresponding back ET reaction 54 circular dichroism (CD) results presented here demonstrate
that free base uroporphyrin (URO) and free base tetrakis(4-

:gg‘g?t"n?"erftogfeéﬁzmggie should be sent. carboxyphenyl)porphyrin (4CP) form electrostatic complexes
* Department of Biochemistry and Biophysics. with Cc but. with distinctive orientatiqns (see Figure 1 for a
€ Abstract published ilAdvance ACS Abstract§eptember 1, 1997. structural diagram of these porphyrins). The effects of the
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Hooc COOH in 5 mM phosphate buffer, pH 7.0. One milliliter of each
dilution was then placed in each side of a quartz tandem mixing
O Q cell (total path length was 1 cm) which was subsequently sealed
with a Teflon cover and the absorption spectrum recorded. The
tandem cell was then inverted to allow mixing of the porphyrin
and protein. After a 20 min incubation period, the absorption
spectrum of the combined proteiporphyrin solution was then
recorded. The optical difference spectrum was obtained by
| subtracting the spectrum before mixing from the spectrum
obtained after mixing.
Steady-state fluorescence quenching studies were performed
O O by titrating aliquots of Cc from a stock solution into 1 mL of
a 5 mM potassium phosphate buffer solution containing 25
HooC COOH uM porphyrin. Data were collected using an SLM 8000C
spectrofluorometer (SLM Aminco, Champaign, IL) equipped
Tetrakis-(4-carboxyphenyl)Porphyrin with a red-sensitive R928 photomultiplier tube (Hamamatsu)
and software from ISS (ISS, Inc., Champaign, IL). Excita-
|°“2°°°“ ICOOH tion wavelengths were 610 and 628 nm for URO and 4CP,
respectively, and emission was collected through a Schott
RG645 filter. Data were corrected for dilution after each
titration point.
Circular dichroism data were obtained by titrating aliquots
of Cc from a stock solution into 1.5 mL of 12V porphyrin in
a 0.5 cm quartz optical cell. The data were collected using a
| Jasco J600 spectropolarimeter interfaced to an IBM PC. Three
traces were added and averaged for each spectrum.
Time-resolved fluorescence measurements were performed
using an ISSK2 multifrequency and phase modulation spec-
trofluorometer equipped with an Ar ion laser (SpectraPhysics
Model 2045) as the excitation sourte.Data were collected
| | using the 514 nm laser line, and emission at wavelengths greater
CooH CH,COOH than 570 nm was collected through a Schott RG082 filter.
Sample concentrations were A for the porphyrins and 30
uM for Cc. Ethidium bromide was used as a calibration
standard. Lifetime data were fit using software provided by

orientational differences on photoinduced ET between the bound'SS'_ o i )

porphyrin and the heme group of Cc are demonstrated in the 1'iplet-state kinetics were examined using nanosecond tran-
steady-state and time-resolved fluorescence and tripigtet sient absorption instrumentation described in detail elsewhere.
transient absorption data obtained for the two complexes. In Briefly, samples of porphyrin (2aM) were excited at 532 nm
the case of the Ge4CP complex, the singlet state of the 4CP  USINg a_pulsed Nd:YAG laser (Continium SureLite Il) with a
is significantly quenched by the heme group of the protein while Pulse width of 7 ns (10 mW average power at 10 Hz). Changes
the singlet state of URO is only moderately quenched by I absorption were mopltored using a Xe arc lamp (Oriel). The
complexation to the protein. However, significant triplet-state &r¢ was overlapped with the pump laser in the sample cuvette
quenching is observed for URO resulting in intercomplex ET. @nd subsequently imaged onto the entrance slit of a Spex 1580
In addition, fluorescence lifetime analysis reveals two lifetime 1/4M double monochromator. The light was detected using a
components for CeURO solutions consisting of a discrete  thermoelectrically cooled R928 (Hamamatsu) photomultiplier
component at 15.7 ns (free URO) and a Lorentzian distribution tube. The signal was amplified using electronics of our own
of lifetimes centered at 3.8 ns. These results demonstratedesign and digitized using a Tektronix RTD710A 200 MHz
orientational control of intermolecular ET within the €c  ransient digitizer. The data were then transferred to a 486-
porphyrin complex and may arise due to the flexibility of the base_d mlcr(_)comput_er for further processing. Data fits were
URO propionic and acetic acid side chains. obtained using Enzfitter software.

HOOCH,C — H,C CH, = CH,COOH

HOOC— HyC CHy™ COOoH

Uroporphyrin
Figure 1. Structural diagrams of the porphyrins used in this study.

Materials and Methods Results

Bovine heart cytochrome(Sigma), free base 4CP (Porphyrin Steady-State Optical Absorption and Circular Dichroism
Products, Logan UT), and free base URO (Porphyrin Products) Spectroscopy. Complexation of either URO or 4CP to Cc
were used without further purification. Cytochromestock results in shifts in the absorption bands of the complexed
solutions were prepared in 5 mM potassium phosphate buffer, porphyrin consistent with previous results. This is demonstrated
pH 7.0. Porphyrin stock solutions-@ mM) were prepared in by the absorption difference spectra shown in Figure 2.

0.1 M NaOH. The concentrations of the stock solutions were  The equilibrium CD spectrum of Cc in the Soret region

determined usingsso nm = 19 mM~ cm™! (cytochromec displays a peak at 406 nm and a trough at 416 nm. The URO
reduced minus oxidizedkssz nm= 18.3 mM cm~! (URO and 4CP, on the other hand, do not display CD in the Soret
diluted in 0.1 N HCI), ancksyg nm= 18.3 mM1 cm™t (4CP region due to the high symmetry of the conjugated macrocycle
diluted in 0.1 N HCI)?5:26 (D2n). However, Figure 3 demonstrates that, upon complexation

Samples for difference measurements were prepared byof the porphyrin to Cc, CD is induced in the bound chro-
diluting appropriate aliquots of the porphyrin and Cc touM mophore. In addition, we do not find any evidence that



8014 J. Phys. Chem. B, Vol. 101, No. 40, 1997 Larsen et al.

el

Absorbance
s
Deita Absorbance

b)

1 v | - S - 1 - -
275 387.5 500 6125 725 480 541.25 602.5 663.75 725

Wavelength (nm) Wavelength (nm)
Figure 2. Optical difference spectra of porphyfi€c complexes in the Soret (A) and visible (B) regions. Trace a is the U&Owhile trace b

is the 4CP-Cc complex. Difference spectra are complexed minus uncomplexegl adicmtandem mixing cell. Sample concentrations are:lD
for both porphyrin and Cc.
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Figure 3. Circular dichroism difference spectra for the UROc (A) and 4CP-Cc complexed (B). Difference spectra are complexed minus
uncomplexed usipa 1 cmquartz optical cuvette. Sample concentrations argNIOCc and (a) 5, (b) 10, and (c) 18V porphyrin.

complexation perturbs the equilibrium electronic environment singlet state. The corresponding Stekplmer plot (Figure

of the heme group or the protein tertiary structure (i.e., no 4) displays upward curvature for both porphyrins, indicating

observable conformational change in Cc upon porphyrin bind- ground-state complex formation. The data further demonstrate

ing). From the CD difference spectra, it is apparent that URO a greater degree of quenching of 4CP emission in the presence

displays positive/negative Cotton effects at 393 and 412 nm, of Cc relative to the quenching of URO fluorescence. The

respectively. In contrast, 4CP displays positive/negative Cotton Stern—Volmer plot for the quenching of the 4CP singlet state

effects at 420 and 403 nm, respectively. Binding constants by Cc could be fit using the following equatidh:

obtained from the CD titrations are (1.72 0.7) x 10* and

(1.554 0.3) x 10* M~* for URO and 4CP, respectively. I/l = (1 + KJQD(1 + Kg [Q]) 0]
Steady-State Fluorescence Quenchingln the absence of

Cc, both URO and 4CP exhibit intense fluorescence emissionwhereKj is the association constant of the complex, [Q] is the

when excited at either 610 (URO) or 628 nm (4CP). The concentration of the added quencher, & is the Stern-

emission maxima were found to be 620 and 643 nm for URO Volmer constant and is equal kgto, wherekg is the quenching

and 4CP, respectively. Addition of Cc to solutions containing constant andp is the singlet state lifetime in the absence of

either porphyrin results in significant quenching of the porphyrin quencher. The best fit gavg, = (2.73+ 0.3) x 10* Mt and
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Figure 4. Stern—Volmer plot of porphyrin singlet-state quenching by
Cc: (@) quenching of the 4CP singlet an€l)(quenching of the URO
singlet. The solid line represents the best fit to the St&folmer
equation that considers both static and dynamic quenching. Initial
porphyrin concentration was /&MVl.

Ksy = (4.17 4 0.25) x 10' M~L, Interestingly, the data for
the quenching of the singlet state of URO also displays upward
curvature, but an adequate fit to eq | could not be obtained.
The lack of an adequate fit to eq | may be due to the presence
of multiple quenching components (see below).
Time-Resolved FluorescenceFigure 5 displays the results
of fluorescence lifetime analysis of 4CP and URO in the absence
and presence of Cc. In the absence of the protein, 4CP and
URO display discrete singlet-state lifetimes of 9.3 and 15.7 ns,
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respectively. In the presence of ferriCc, the fluorescence Figure 5. Lifetime analysis for the quenching of URO (top panel)
lifetime data for ACP could be fit to two discrete components and 4CP (bottom panel) in the presence of Cc. See text for details of

at9.3 and 1.27 ns. These values correspond to 4CP that remaing,q it
uncomplexed (9.3 ns component) and to 4CP that is complexed
to the protein (1.27 ns component). Using the value of 9.3 ns ¢qncentration dependence, indicating a first-order process with
for the natural lifetime of 4CP and th&y value obtained above, 4 rate constant of (1.2 0.4) x 10°s°L.
kg is calculated to be 2.% 10° M~* s, Absorption changes in the visible region of the spectrum were
In contrast, fluorescence lifetime data obtained for URO in also examined to probe the rate of ET between the porphyrins
the presence of Cc could not be fit to two discrete lifetime and Cc. Reduction of the heme group of Cc results in a
components. However, the data fit well to a discrete component significant increase in absorbance at 550 ma € 19 mM1
at 15.7 ns and to a Lorentzian distribution of lifetimes centered c¢m~1) which can be monitored to determine the rate of ET. In
at 3.8 ns. These values correspond to uncomplexed (15.7 nsaddition, the change in absorbance at 556 nm (isosbestic point
component) and complexed (3.8 ns distribution) URO. The fact pbetween reduced and oxidized Cc) was also examined to
that the quenched URO is present as a distribution implies thatdetermine the extent to which triptetriplet absorption from
a range ok, values exists for quenching and explains the lack the porphyrin contributes to the change in absorbance at 550
of an adequate fit to eq | (SteriVolmer analysis). nm. The results are summarized in Figures 6B (4CP/Cc
Porphyrin Triplet-State Quenching. Both 4CP and URO system), 7B and 9 (URO/Cc system). For the 4CP/Cc system,
exhibit long-lived triplet states in the absence of Cc with decay no changes in absorbance at 550 nm due to reduction could be
rate constants of (1.6 0.01) x 1% and (1.14+ 0.01) x 10® observed.
s1, respectively. Addition of Cc to a solution containing either In contrast, significant changes in absorbance are observed
4CP (Figure 6, Panel A) or URO (Figure 7, Panel A) results in at 550 nm in the presence of URO and varying concentrations
significant quenching of the triplet state. In the case of URO, of Cc. At low concentrations of Cc, the absorbance at 550 nm
the triplet-state decay becomes increasingly biphasic as theincreases above the preflash level, which subsequently decays
concentration of Cc is increased during the titration. In contrast, back to the preflash level on longer time scales. The concentra-
the triplet decay of 4CP remains monophasic throughout the tion-dependent rate of absorbance increase at 550 nm parallels
titration. A plot of the triplet decay rate of 4CP versus Cc the concentration-dependent rate of the slow-phase triplet decay
concentration (Figure 8) indicates that the quenching reaction at 434 nm. At higher Cc concentrations, the absorbance change
is second order with a rate constant of (Z®.03) x 1® M1 at 550 nm is also biphasic but the rate constants for the
s 1and is consistent with the value previously reported by Cho absorbance increase and subsequent decrease no longer show a
et al?® Examination of the URO data reveals that only the slow dependence on Cc concentration. The rate constants are found
phase of the triplet-state decay is dependent upon Cc concentrato be (1.84 0.4) x 1(° and (1.6% 0.2) x 10° s! for the
tion with a second-order rate constant of (183.03) x 1¢° absorbance increase and subsequent decrease, respectively. It
M~1 s7L. The fast-phase rate constant does not show any should be noted that the rate of the absorbance increase at 550
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Figure 6. Triplet—triplet transient absorption of 4CP in the presence of varying concentrations of Cc obtained at 434 (A) and 550 nm (B): (a) 4CP
only, (b) 30 mM Cc, and (c) 60 mM Cc. The time scales for the various traces are as follows: (a) 10, (b) 0.2, and (c) 0.2 ms/channel. The
concentration of 4CP was maintained at 15 mM. Samples were obtaineglaidirmquartz optical cuvette.
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Figure 7. Triplet—triplet transient absorption of URO in the presence of varying concentrations of Cc obtained at 434 (A) and 550 nm (B): (a)
URO only, (b) 30 mM Cc, and (c) 60 mM Cc. The time scales for the various traces are as follows: (a) 25, (b) 0.2, and (c) 0.2 ms/channel. The
concentration of URO was maintained at 15 mM. Samples were obtainegl asircmquartz optical cuvette.

nm at high Cc concentration ((18 0.4) x 1(f s71) is nearly

complex ET dominates.

Discussion

Steady-State Complex Formation between Anionic Por-
phyrins and Cc. Cytochromec forms electrostatic complexes
with a number of proteins including cytochromeeoxidase

(Cc0), cytochrome reductase (CcR), cytochrorageroxidase
identical with the rate constant for the fast-phase triplet decay (CcP), plastocyanin (Pc), and ferrodo%i Complex formation
((1.7+ 0.4) x 10 s 1) observed with the same Cc concentra- involves electrostatic interaction between a region of positively
tion. These results suggest that with low concentrations of Cc charged lysine residues located on the exterior of the Cc with
the triplet-state quenching of URO is dominated by bimolecular a complimentary region of negatively charged carboxylic acid
ET between the excited-state porphyrin and the heme group ofgroups located on the exterior of the complex partner. Extensive
Cc. As the concentration of Cc is increased, the concentrationinvestigation has led to the conclusion that the lysine residues
of the URO/Cc electrostatic Complex also increases and intra- that make the most significant contributions to Compiex forma-
tion are Lys 13, 27, 72, and 873! The orientation of the
exterior lysines establishs a dipole which is complimentary to
that of the corresponding partner (CcO, CcR, CCP, &c.).

Clark-Ferris and Fishét and Zhou et at3 have shown that

the anionic porphyrins 4CP and URO also bind to Cc in the
same region as the physiological docking partners. The binding
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150 coupling of the electronic transitions associated with the intrinsic
heme group of Cc with that of the bound porphyrin may make
a significant contribution to ICD. This is because the heme

/ edge is exposed at the region of porphyrin binding. Thus, close
e spatial interactions that facilitate electronic coupling are likely
to be present between the bound porphyrin and the heme group.
It must also be considered that not only is the distance between
two centers important in ICD but also the magnitude of the
transitions moments of the two interacting chromophores. From
these observations, the ICD associated with the bound porphyrin
is most likely due to heme-porphyrin dipole coupling since these
transition moments are significantly larger than those of either
the aromatic amino acid or backbone carbonyl groups.

If the electronic coupling between the bound porphyrin and
the intrinsic heme group of Cc is the dominant term in ICD (as
expected), then the difference in the shape of the ICD between
bound URO and bound 4CP represents differences in orientation
of the bound chromophores relative to the transition moment
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Conc. of Cyt—c (uM) of the heme. This suggests that although both porphyrins bind

a similar region on Cc they bind with significantly different
(@) and URO (*) by Cc. Best-fit lines are also displayed for each data Orientations. The presence of both a negative and a positive

Figure 8. Stern-Volmer plot for the triplet-state quenching of 4CP

set. Cotton effect in porphyrins has been explained by differences
o . in coupling between the- andy-transition moments associated
constant for both porphyrins is on the order of x5.0* M with the porphyrin Soret transition relative to the coupling

under low ionic strength conditions. Complexation is ac- chromophoré33 The fact that bound URO and bound 4CP
companied by a red-shift in the optical absorption bands of the have hoth positive and negative Cotton effects but different signs
porphyrin while the spectral properties of Cc are unaffected. syggests a similar coupling mechanism with the transition
The CD data presented here further demonstrate that complexmoments for thex- and y-polarized transitions in 4CP being
ation of the porphyrin to Cc results in induced CD (ICD) oriented 90 relativex- andy-polarized transitions in URO.
associated with the bound porphyrin. Examination of the shfape Porphyrin Excited-State Quenching. The effects of surface
of the ICD spectra reveal that, although both porphyrins bind qjentation on the excited-state properties of the bound porphy-
to the same region, their orientations are quite distinct. ying js pronounced. Photoexcitation of the bound porphyrins
To evaluate the orientational dependence of ICD, it iS (gjther 4CP or URO) results in formation of both singlet and
necessary to understand the origin of the ICD in the bound isjet excited states that are quenched in the presence of Cc.
porphyrin. Due to the high symmetry of the free base por- time resolved fluorescence measurements suggest that the
phyrins O2), no intrinsic CD is expected or observed. How- bound forms of each porphyrin contain a population of
ever, complexation of the porphyrin with a chiral molecule (€.9., mglecules in which the singlet state is quenched by the heme
_proteins/peptides) induces a CD_in the bound porphyrin. The group of Cc. However, the quenching rates as well as the
induction of CD into a symmetric molecule (e.g., free base |q|51ive populations of molecules with quenched singlet states
porphyrin) arises from (1) coupling of an electronic transition e gistinct between the two porphyrins. Comparison of the
moment of one chromophore with the magnetic dipole transition 1, quenched lifetimes (obtained from time-resolved fluores-
on the other chromophorg{x mechanism), (2) perturbation  ~once data) reveals a quenching rate for 4CR (rq — 1/ro)
of the electronic and magnetic moments of a chromophore by ot is twice as large than that of the URO (1.271CF and
an external static field (also known as the Erying one-electron g 37 . 107 51 for 4CP and URO, respectively). The corre-
theory), or (3) coupling of the electronic tr_ansition moments of sponding SteraVolmer analysis suggests that the bound 4CP
two different chromophoregu{-x mechanism also known as g e efficiently quenched than the bound URO.  In addition,
the coupled oscillator modet}. In describing ICD associated e yield of triplet state associated with 4CP is significantly
with symmetrical heme groups in hemoglobin and myoglobin, reqyced in the presence of Cc, which is a result of the rapid
Hso and Woody suggested that the most likely mechanism of yecay of the singlet state. In contrast, URO exhibits higher
ICD is the coupled oscillator modé!. This argument is based  yie|gs of triplet state with the triplet state being quenched by
upon the fact that a given Coulombic potential is ineffective in - 6 heme group of Cc with a rate constantef.8 x 10 L.
inducing optical rotation in highly symmetrical chromophores. Thus, the orientation of the bound 4CP favors singlet-state

In addition, it was suggested that the heme group is surroundedg,enching while the orientation of the bound URO favors triplet-
on all sides by a large number of charged residues, which would g4 quenching.

lead to the canceling out of ICD effects originating from a static
field induced by these charges. Within the coupled oscillator
theory, the ICD in the heme group was attributed to the coupling
of the porphyrinz—s* transition with az—s* transition of a
nearby aromatic amino acid. More recent studies have also
suggested that—z* transitions associated with protein back- 6
bone carbonyls can also couple to porphytinz* transitions kr = (1/7)(R/R)
also giving rise to IC?®

In the present case, the bound porphyrins are in close wheret, is the lifetime of the fluorophore in the absence of
proximity to one aromatic amino acid (Phe 82), which is quencherRis the distance between the donor and acceptB(
partially exposed in the proposed binding region, and to peptide A in this case), an®, is the distance at which the energy trans-
carbonyls, all of which may contribute to ICD. In addition, fer occurs with an efficiency of 50% and can be expressed as

Quenching of the porphyrin singlet excited state by Cc may
occur through energy transfer to the heme, electron transfer to
the heme, or both. The rate of energy transfer can be estimated
using the following equatiof®
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Figure 9. Transient absorption of URO (15 mM) in the presence of Cc (35 mM) obtained at 550 (A, trace b, and B) and 556 nm (A, trace a). The
time scale for (B) is 10 ns/channel. The concentration of URO was maintained at 15 mM. Samples conditions are the same as in Figures 5 and 6.

R,=9.7 x 10’3(Jic2n_4<I)D)1/6 (hm) (resulting in singlet quenching) while URO binds with two
distributions, one favoring rapid forward/backward ET (resulting
whereJ is the overlap integral between the emission spectrum in the singlet quenching) and one favoring slower forward/
of the donor and the absorption spectrum of the acceptisr, ~ backward ET (resulting in triplet quenching).
the refractive index of the solventdp is the fluorescence The effects of orientation between donor and acceptor in
quantum yield of the donor, anef is an orientational factor ~ nonadiabatic ET are described in the following expression for
and is~25 for a randomly oriented donor. The calculated the rate constarif:4
overlap integralsJ) for 4CP and URO between 500 and 700
nm are 4.66x 10715 and 5.05x 10715 cm?/M, respectively ko = (27/h°)| 55 °FC
(calculated according to ref 35). Using these values @ad
~0.04 (for both 4CP and URGY,n = 1.332 (for water), and  where FC is the sum of thermally activated Franondon
« ~ 0.667 (estimated from Zn cytochronwe-cytochromec factors for nuclear vibration ar{@ap|? is the electronic coupling
oxidase comple¥), the rate constants are calculated to be 1.01 matrix element that contains orientation and distance factors.
x 107 and 8.54x 10° s~1 for energy transfer between 4CP and An expression fofTap has been given previously as
Cc and between URO and Cc, respectively. Since these rate
constants are considerably smaller than the observed decay rate Tao = (Hap — SsaHoo)/ (A — 1S5419)
constants (7.8% 10 and 2.63x 1C® s71, for 4CP and URO,
respectively), we conclude that energy transfer does not makefor a model in which the electron donor and acceptor are
a significant contribution to the singlet-state quenching. Al- represented as isolated one-electron sites within oblate spheroidal
ternatively, both the singlet and triplet excited states of URO potential wells. In this expressiobiap = —Va<WA | WP>,
and 4CP exhibit favorable thermodynamics for ET to the heme Hpp = —VaA<WP"|WP> andSHa = <WP|WA>, The wave
group of the protein AE = 1.1055 and 1.135 V for singlet-  functions, % andW¥P®, are written for an electron localized on
state 4CP and URO, respectively, an& = 1.06 V for the the electron donor and acceptor, respectively &adis the
triplet-state quenching of URGY:3” Thus, differences in the  potential function of the acceptor. A gquantitative investigation
quenching rates reflect differences in the rate of photoinduced using oblate spheroid potential functions (giving wave functions
ET from the porphyrin to the heme. with nodal characteristics similar to that of porphyrin wave
The data further demonstrate that singlet-state quenching offunctions) revealed the orientational dependence of ET (Figure
URO is associated with distinct conformations/orientations, 10, top panel). Strong coupling (i.e., more facile ET) between
relative to triplet-state quenching. The fact that the UR(2 donor and acceptor was noted for geometrys Wtbe A ~
complex does not display any rapid changes in absorbance at30—50°.1314 In addition, whemA = A ~ 70°, it was predicted
550 nm suggests that the corresponding back ET rate is fastetthat the forward and back ET rates should be of comparable
than the response time of our transient absorption instrumentmagnitude.
(i.e., >1 x 107 s71). This is in contrast to the back ET rate The model described above can also be applied to the
measured for the triplet-state quenching, which is on the order porphyrin—-Cc complexes discussed here by including an
of 10° s%. In the case of the 4GPCc complex, only singlet- additional degree of freedom consisting of rotation of one
state quenching is observed. Once again, no transient changesllipsoid about its axis while the other remains fixed (see Figure
are observed at 550 nm, indicating that the back ET rate is either10). In this case, the heme group of Cc represents one ellipsoid
of the same order of magnitude or faster than the forward ET and the bound porphyrin represents the second ellipsoid. In
rate. One explanation for these results is that the porphyrins addition, the distance between the two chromophores is ap-
bind with different orientations/conformations with 4CP binding proximately 12 A, similar to the distance examined in the model
with an orientation favoring rapid forward and back ET system. The orientational differences in ET within the 4CP
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Porphyrin

Figure 11. Model describing conformational interactions between the
side chains of URO and the surface of Cc (adapted from ref 38).

URO leads to a conformation in which the flexible porphyrin
side chains associate electrostatically with protein peripheral
lysine groups analogous to the "WIRO/CTAB system and
would be expected to exhibit similar dynamics. In contrast,
the 4CP has very rigid side groups giving rise to a much more
rigid complex.

Implications for Protein —Protein Intermolecular ET.
Figure 10. Model for electronic coupling between bound porphyrin .BOth distance anq orlentgtlon p!ay a key rolg n m'odulatmg
and heme group of Cc. See text for details. intermolecular ET in proteins. It is now becoming evident that
the surface charge distribution associated with each protein is

Cc and UROG-Cc complexes can then be rationalized by largely responsible for directing complex formation. Thus, such
qualitatively examiningTsa for each system. Since both electrostatic interactions (expressed through mutual protein
porphyrins bind to the same region on Cc, we can conclude dipole orlent_atlons) guide (_each protein v_\/lthln the c_omplex to
that A and A are likely to be the same for each system and the proper distance and orientation required for facile ET. As

since the ET reaction is quite facile for the 468c, we suggest ~ discussed previously, these complexes are very dynamic and
that A = A is in ~30°, consistent with previous molecular ~factors such as surface diffusion can also modulate the ET rate

modeling studied® However, the rotational parametdr is once the complex has formed. The complexes formed between

distinct between the two complexes. In the case of the-4cP 4CP~URO and Cc share common features with protgrotein
Cc, the rapid ET rate is most likely due to a favorable overlap complexation. Specifically, both involve significant electrostatic
between the wave function on the heme and the wave functioninteractions between carboxylic acid residues on one protein/
of the porphyrin. Rotation of the bound porphyrin on the surface POrPhyrin and lysine residues on Cc. It is of specific interest
of the protein results in poorer overlap and slower ET rates and {0 Note that the rigid carboxylic acid groups associated with
is suggested for the URECC complex. At this point, we cannot the 4CP severely restrict surface dynamics while the more

differentiate between an equilibrium distribution of URO flexible groups associated with URO (and similar to carboxylic
orientations relative to the heme or whether the process is @MiNO acids) facilitate surface motions which modulate the rate

dynamic with the URO rotating on the surface of the protein Of ET between the donor and acceptor. It is tempting to
through optimal electron transfer orientations. speculate that this flexibility may be of specific importance in

Singlet-State Dynamics. Although the singlet state of the t_he complex regulation of interprotein ET via docking interac-
bound URO is only moderately quenched, those chromophorestions-
that are quenched exhibit a distribution of quenched lifetimes. N summary, the data presented here directly demonstrate the
On the other hand, the singlet state of 4CP displays only a singlerole of surface orientation between ET donor and acceptor in
quenched lifetime within the complex. There are several modulating intermolecular ET in biological molecules. In
possible explanations for the presence of the URO lifetime addition, the flexibility of the groups involved in complex
distribution. One possibility is that the URO is bound statically formation is also demonstrated to have an affect on the electron

with several orientations centered around the optimal orientation. transfer rate. The conformational flexibility is likely a dynamic
If this were the case, it would be difficult to rationalize why affect while the orientational modulation may be either static
the 4CP would not also bind with a similar range of distributions Or dynamic.

since both porphyrins bind to the same region on the protein. . .

An alternative scenario is that the distribution of lifetimes ~ Acknowledgment. This work was supported, in part, by
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