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ABSTRACT: The kinetics of electron transfer from reduced high-potential iron-sulfur protein (HiPIP) to
the photooxidized tetraheme cytochromec subunit (THC) bound to the photosynthetic reaction center
(RC) from the purple sulfur bacteriumAllochromatiumVinosumwere studied under controlled redox
conditions by flash absorption spectroscopy. At ambient redox potentialEh ) +200 mV, where only the
high-potential (HP) hemes of the THC are reduced, the electron transfer from HiPIP to photooxidized HP
heme(s) follows second-order kinetics with rate constantk ) (4.2( 0.2) 105 M-1 s-1 at low ionic strength.
Upon increasing the ionic strength,k increases by a maximum factor of ca. 2 at 640 mM KCl. The role
of Phe48, which lies on the external surface of HiPIP close to the [Fe4S4] cluster and presumably on the
electron transfer pathway to cytochrome heme(s), was investigated by site-directed mutagenesis. Substitution
of Phe48 with arginine, aspartate, and histidine completely prevents electron donation. Conversely, electron
transfer is still observed upon substitution of Phe48 with tyrosine and tryptophan, although the rate is
decreased by more than 1 order of magnitude. These results suggest that Phe48 is located on a key protein
surface patch essential for efficient electron transfer, and that the presence of an aromatic hydrophobic
residue on the putative electron-transfer pathway plays a critical role. This conclusion was supported by
protein docking calculations, resulting in a structural model for the HiPIP-THC complex, which involves
a docking site close to the LP heme farthest from the bacteriochlorophyll special pair.

The bacterial reaction center (RC)1 is an integral membrane
protein-pigment complex that catalyzes the conversion of
light energy into a more stable form of electrochemical
energy during the primary processes of photosynthesis.
Photooxidation of the bacteriochlorophyll special pair (P)
in the RC is followed by a rapid reduction of P+•. In the
case of RCs constituted by the three subunits L, M, and H,

as structurally determined inRhodobacter sphaeroides, the
direct electron donor to P+• is a water-soluble cytochrome
c2 (1). In RCs containing an additional membrane-associated
c-type tetraheme cytochrome subunit (THC), structurally
characterized inBlastochloris(Blc., formerly,Rhodopseudo-
monas) Viridis (2, 3), the THC protrudes away from the RC
into the periplasm. InBlc. Viridis, the four heme groups are
arranged in the linear sequence P/c-559/c-552/c-556/c-554
with alternating reduction potential values of+380, +20,
+310, and-60 mV, respectively (4, 5). This arrangement
is conserved in all THCs (6 and references therein). InBlc.
Viridis, when the two high-potential hemes (c-559 and c-556)
are reduced prior to light excitation, it is found that c-559
directly reduces the photooxidized P+• and is itself subse-
quently reduced by c-556 (7, 8). In a following step, the
photooxidized THC is reduced by cytochromec2, cytochrome
c8, or high-potential iron-sulfur protein (HiPIP), depending
on the bacterial species (9).
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HiPIPs (10) are small (8-10 kDa) redox proteins char-
acterized by reduction potentials in the range of+50 to+450
mV (11-13) and by a [Fe4S4]3+/2+ redox couple (14). Crystal
structures of HiPIPs fromAllochromatium (A.) Vinosum
(formerly ChromatiumVinosum) (15-18), Halorhodospira
(H.) halophila (19), Rhodocyclus(Rh.) tenuis (20), Ecto-
thiorhodospira(E.) Vacuolata (21), Marichromatium(M.)
purpuratum(22), Thermochromatium(T.) tepidum(23, 24),
andRhodoferax(Rf.) fermentans(25) have been determined.
HiPIPs are abundant in most species of purple phototrophic
bacteria that lack cytochromec2 and feature a RC-bound
THC subunit (26). Despite early spectroscopic studies
indicating photoinduced formation of oxidized HiPIP byA.
Vinosumchromatophores (27, 28), only in recent years has
the involvement of HiPIPs in the photosynthetic machinery
of phototrophic bacteria been firmly established. Studies
performed on membranes isolated fromRf. fermentans(29,
30) and on whole cells ofRubriViVax (Ru.) gelatinosus(31)
provided the first direct evidence for a physiological role of
HiPIP as the reductant of photooxidized THC. A detailed
investigation of the kinetics of electron transfer between
isolated HiPIP and RC fromRf. fermentansdemonstrated
the fast (t1/2 ) 2.2 µs) rate of reduction of the highest
potential heme (c-556) belonging to the RC THC subunit
(32). Such a high intrinsic value of the electron-transfer rate
strongly supports the formation of a complex between HiPIP
and the THC, with the electron transfer occurring during the
lifetime of this long-lived complex. The involvement of
HiPIP as a photoinduced electron-transfer mediator was also
reported in studies of whole cells and membrane fragments
of phototrophic bacteria such asRh. tenuis(33), E. Vacuolata,
A. Vinosum, M. purpuratum, andRhodopila(R.) globiformis
(34). Site-directed mutagenesis studies onRu. gelatinosus
confirmed these results (35, 36), while a major role of HiPIP
in photosynthetic metabolism was also demonstrated through
gene knock-out experiments (37).

Here we report the results of kinetic studies of the in vitro
redox reactivity ofA. VinosumHiPIP with RC-bound THC,
performed under redox-controlled conditions. The role of the
highly conserved Phe48, located on the surface of HiPIP
within van der Waals contact with the [Fe4S4] cluster, was
tested using site-directed mutagenesis. The structure of a
possible complex betweenA. VinosumHiPIP and THC was
calculated using molecular modeling and protein docking
procedures.

MATERIALS AND METHODS

Protein Isolation and Purification. A.Vinosumcells were
grown under anaerobic photosynthetic conditions as previ-
ously reported (38) except for the use of malate in place of
succinate. The isolation ofA. Vinosumsolubilized RC was
based on a procedure described by Thornber (39). Thawed
cells ofA. Vinosumwere washed twice in 10 mM TrisHCl,
pH 8.0 and resuspended in the same buffer. The cells were
broken by passing the suspension three times through a
precooled French pressure cell at 20 000 psi in the presence
of DNAse (50µg/mL). Unbroken cells and large particles
were removed from the membrane suspension by centrifuga-
tion at 12 000g for 15 min. The chromatophore membranes
were pelleted at 110000g for 2 h at 4°C in a Beckman 50.2
Ti rotor. A stock solution of lauryl dimethylamine-N-oxide
(LDAO, 30%) was added dropwise to a suspension of

chromatophore membranes (at an optical density of 50 at
850 nm) to give a final detergent concentration of 0.2%. The
resulting suspension was gently stirred in the dark for 60
min at 25°C, diluted 10-fold with 10 mM TrisHCl buffer,
pH 8.0, and centrifuged for 90 min at 110000g at 4°C. The
supernatant was carefully collected and immediately con-
centrated to 2 mL with an Amicon ultrafiltration cell, fitted
with a YM-100 membrane. The sample was then stored at
-80 °C.

Reduced wild-type HiPIP was obtained by following the
procedure described by Bartsch (40). The mutants Phe48Tyr,
Phe48Trp, and Phe48Asp were prepared by Quikchange
(Stratagene) using 50 ng of pHiPIP template (41), 2.5 units
of Pfu DNA polymerase (Stratagene), and 125 ng of each
primer (Integrated DNA Technologies, Inc). Complementary
primers were designed to allow for restriction digest screen-
ing via silent mutagenesis. The incorporated restriction site
wasPstI. For example, the Phe48Tyr pHiPIP primers were
5′-gctgactgccaatacatgcaggccgacgctgcaggtgctactg-3′ and its
exact complement. The bold nucleotides are mutations, the
underlined codon is position 48, and the italic region is the
engineeredPstI site. Identical primers were used for the other
mutant constructs except that the appropriate codons were
used at codon position 48. The thermocycle was identical to
that described in the Quikchange (Stratagene) protocol. An
aliquot (20%) of the post-thermocycle sample was then
incubated with 5 units ofDpnI at 37°C for 2 h. The mutants
Phe48Arg and Phe48His were prepared using the same
protocol as previously reported (70). Subsequently, CaCl2-
competent DH5R cells were transformed via heat shock with
the mutant constructs (42). After the initial PstI restriction
digest screening, all constructs were confirmed by nucleotide
sequencing. Mutant HiPIPs were purified as previously
described (41).

Experimental Measurements.HiPIP concentration was
measured at 390 nm using an extinction coefficient of 16
mM-1 cm-1 (40). The kinetics of the electron transfer from
reduced HiPIP to the THC inA. VinosumRC were studied
by flash-spectrophotometry, recording the reduction of
photooxidized heme(s) following a single flash at 423 nm
under controlled redox conditions. The same kinetics were
obtained when the reduction of photooxidized heme(s) was
monitored in theR-band region. We chose to analyze
quantitatively the results using only the traces obtained in
the Soret band due to the much higher (ca. 5-fold) differential
extinction coefficient. Absorbance changes, induced by a
Xenon flash lamp (3.25 J discharge energy, 4µs pulse
duration at half-maximal intensity) were measured by use
of a homemade single beam spectrophotometer, as previously
described (29). A minimum dark time of 60 s was allowed
between repetitive photoexcitation during averaging. The
assay mixture contained 50 mM TrisHCl buffer, pH 8.0, and
20 mM KCl. Bacteriochlorophyll concentration in the
measuring cuvette was typically 20µg/mL. By assuming an
extinction coefficientε423 ≈ 100 mM-1 cm-1, the concentra-
tion of RC photooxidized by a single flash can be estimated
as ca. 0.1µM. The ambient redox potential was measured
with a platinum electrode vs. a calomel reference electrode
under N2 flow, as described in ref43. Sodium ascorbate (or
sodium dithionite for the low potentials) and potassium
ferricyanide were used as reductant and oxidant, respectively,
in the redox-dependent experimental conditions. Kinetic
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measurements were performed in the presence of 10µM
p-benzoquinone and 1,2-naphthoquinone as redox mediators.
When the solution was redox-poised to reduce the low
potential hemes of the THC, 1,4-naphthoquinone, and
duroquinone were also added at the same final concentration.
All experiments were carried out at 20°C.

Molecular Modeling and Protein Docking.The sequence
of A. VinosumTHC was aligned with that ofBlc. Viridis
andT. tepidumusing the ClustalW program (44), available
at http://www.ebi.ac.uk/clustalw, and alignment optimization
was carried out using information derived from secondary
structure predictions provided by the program JPRED (45),
available at http://www.compbio.dundee.ac.uk/∼www-jpred.
The model structure ofA. VinosumTHC was calculated using
the program MODELLER 6.2 (46) adopting the model-
default options, including the hemes in the calculation. The
program PROSA II (Version 3.0, 1994) (47) was used to
test the coherency and validity of the model structure. The
Z-scores reported in this work are derived from the standard
“hide and seek” procedure of the program, in which the
scores are correlated to the difference in potential energy
calculated using mean field potentials between the input
structure and other randomly assigned folds. Structure
validation was performed using PROCHECK (48) and
WHATIF (49). The calculated final structure was deposited
in the http://www.postgenomicnmr.net web site. Rigid dock-
ing between the calculated model ofA. VinosumTHC and
the structure of HiPIP, available in the Protein Data Bank
with the code 1CKU (18), was performed using the program
AUTODOCK 3.0 (50). HiPIP was initially placed in a cubic
box centered 30 Å away from the Fe atom of LP2. The THC
molecule was used to generate spatial potential energy grids
of 124 × 124 × 124 points spaced by 0.35 Å within this
box taking into account steric, electrostatic, and hydrogen
bonding interactions. Electrostatic solvent screening was
modeled using a distance dependent dielectric function (51).
Hydrogen atoms on THC and HiPIP were added using the
program PROTONATE in the AMBER6 program package
(52). The atomic charges for protein atoms were taken from
the AMBER6 force field. The charges for the oxidized heme
groups were defined as previously described (53), while
charges for the reduced [Fe4S4(SCys)4]2- core of HiPIP were
taken from ref54. HiPIP was placed at random positions
within the grid and the possible complexes with low
interaction energy were searched using Monte Carlo simu-
lated annealing and roto-translational steps of 30° and 1 Å,
respectively. A total of 500 models were generated. Each
model was obtained by 100 Monte Carlo cycles at progres-
sively lower temperatures using the default program param-
eters. This local search is analogous to energy minimization,
and finds a local minimum. The final models were clustered
on the basis of the distance between LP2 on the THC and
Phe48 on HiPIP, and the best model was chosen on the basis
of energy criteria. The protein-protein interface of the
docked complex was analyzed by the Protein-Protein
Interaction server (http://www.biochem.ucl.ac.uk/bsm/PP/
server) (55, 56).

RESULTS

Even though the structure of theA. VinosumTHC is not
known, the extensive sequence homology of the THC
subunits over several bacterial species suggests similar

molecular structures and, in particular, the presence of four
c-type heme groups (6 and references therein). InA. Vinosum,
the four hemes are distributed along the THC subunit in the
sequence P/c-555/c-553/c-555/c-553, and are characterized
by reduction potentials of+360 ( 30, +10, +330 ( 30,
and +10 mV, respectively (57 and references therein).
Henceforth, the corresponding hemes will be denoted as HP1,
LP1, HP2, and LP2, where HP represents high potential and
LP indicates low potential.

The following experiments were carried out to verify the
integral functionality ofA. Vinosumsolubilized RC obtained
by our protocol. The amplitude of the absorbance change
induced by a single flash experiment onA. VinosumRC is
shown in Figure 1A as a function of wavelength. Spectra
were obtained at a defined redox potential (Eh) of +200 mV
(filled circles) and-50 mV (open circles). Under the first
redox condition only the two HP hemes are reduced in the
THC before the flash, while at the lower potential all four
hemes are reduced. The spectrum obtained at-50 mV shows
a small but significant red shift and a slight decrease in
amplitude with respect to that measured at+200 mV,
indicating that at these two different redox potentials,
different hemes are oxidized by the flash. This small shift
of the Soret band in the photoinduced difference spectrum
taken at high and low redox potentials is consistent with the
previously reported small differences in the Soret (58) and
R-bands (59) of the HP and LP hemes. A redox titration of
the absorbance changes induced by two flashes fired 200
ms apart at the maximum difference spectrum in the Soret
region (423 nm), between 200 and 450 mV, yielded data
that were fitted using two Nernstian components, as sug-
gested by EPR spectroscopy (57and references therein). This
fit provided values of+364 ( 32 and+345 ( 38 mV for
HP1 and HP2, respectively (not shown). These collective
evidences prompted us to use the isolatedA. VinosumRC
for subsequent studies of the kinetics of light-induced
electron transfer with reduced HiPIP.

Figure 1B shows the changes in absorption induced at 423
nm by a single flash excitation ofA. VinosumRC poised at
Eh ) +200 mV. At this redox potential, in the absence of
any added soluble protein electron donor, a single flash
induced a rapid decrease of absorbance, corresponding to
HP heme(s) oxidation (trace a), with no further changes being
detected for up to 90 ms. Upon addition of 20µM native
HiPIP, reduction of the photooxidized HP heme(s) occurred,
resulting in the decay of the flash-induced signal (trace b).
Faster decay kinetics was observed when the HiPIP con-
centration was increased to 90µM (trace c). Over this range
of HiPIP concentrations, as shown by the continuous curves
in Figure 1B, the reduction kinetics of HP heme(s) were
accurately fit to a single-exponential decay, suggesting a
pseudo-first-order of reaction. This is confirmed by the linear
dependence of the rate constant on HiPIP concentration
(Figure 1C). From the slope of the straight-line fitting of
the data in Figure 1C, a true second-order rate constant of
(4.23 ( 0.18) 105 M-1 s-1 was estimated.

Even at the highest HiPIP concentration used (see Figure
1B, trace c) no decrease in the extent of HP heme(s)
photooxidation was observed, indicating that no fast phase
reduction occurred within the time resolution of our experi-
mental conditions. These observations suggest that electron
transfer from HiPIP to the HP heme(s) takes place in a
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collisional reaction involving the free soluble protein, and
that no functional long-lived complex is formed between
HiPIP and the THC. The second-order rate constant for this
reaction did not depend on ionic strength, within experi-
mental error, in the range 0.1-0.3 M1/2 (Figure 1D). At
higher values of ionic strength, the rate constant increased
monotonically, with a maximum factor of 2 at about 0.8 M1/2.
These small changes suggest that the collisional reaction
between the redox partners is predominantly governed by
hydrophobic forces.

On the basis of the midpoint potentials of HiPIP, HP, and
LP hemes, it is expected that reduced HiPIP can only
equilibrate with the photooxidized HP hemes. This was
confirmed, in our case, by the data shown in Figure 2. Figure
2A shows the flash-induced absorption changes at 423 nm
at Eh ) -50 mV, when all four hemes are reduced before
the flash, in the absence of donor protein. Addition of HiPIP
(Figure 2B, curve a) did not affect either the amplitude or
the kinetics of the absorption changes. Only when the
potential was raised back toEh ) +100 mV (when both LP
hemes are oxidized and only the HP hemes are reduced) was
a complete reduction observed in the presence of HiPIP. The
inability of HiPIP to reduce the bound THC when all four
hemes are reduced reflects an equilibrium distribution for
the electron among all redox centers, including P+•, HP, and
LP hemes as well as HiPIP (thermodynamic control as
opposed to kinetic control of the reaction).

To elucidate the details of the redox interaction between
the HiPIP and the HP hemes, we examined the effect of point

FIGURE 1: (A) Spectrum of absorbance changes induced by a single
flash inA. VinosumRC poised at a redox potentialEh ) +200 mV
(closed circles) andEh ) -50 mV (open circles). (B) Kinetic traces
of flash-induced absorbance changes at 423 nm in the absence (trace
a) and in the presence of 20 and 90µM HiPIP (traces b and c,
respectively). Assay conditions are described under Materials and
Methods. Kinetic traces are the average of four measurements, and
the time constant of the instrument was 20µs. The arrow indicates
the time of the light flash. Continuous lines are best fits to
exponential decays characterized by rate constants of 6.7 s-1 (curve
b) and 40 s-1 (curve c). (C) Dependence of the observed rate
constant upon HiPIP concentration. Values of the pseudo-first-order
rate constants were obtained from the decay of flash-induced
absorbance changes as shown in panel B. The straight line fitting
the data corresponds to a second-order rate constant of (4.23(
0.18) 105 M-1 s-1. (D) Ionic strength dependence of the second-
order rate constant evaluated from experiments similar to those
shown in panel C. Ionic strength was increased by adding NaCl.

FIGURE 2: Flash-induced absorbance change induced at 423 nm in
the absence (A) and in the presence (B) of HiPIP (50µM) at two
different redox potentials,Eh ) -50 mV (curve a) andEh ) +100
mV (curve b). Assay conditions are described under Materials and
Methods. The trace in panel A is the average of two measurements,
while traces a and b, in panel B, are the result of four averages and
of a single measurement, respectively. The instrument time constant
was 20µs.
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mutations of Phe48, a highly conserved residue lying on the
external surface of HiPIP, protecting the [Fe4S4] cluster from
solvent. The kinetics of electron donation from HiPIP
mutants Phe48Arg, Phe48Asp, Phe48His, Phe48Tyr, and
Phe48Trp to HP heme(s) were measured. As shown in Figure
3A, in the presence of Phe48Asp HiPIP, no reduction of the
HP heme(s) was observed on the hundreds of millisecond
time-scale. The same behavior was observed with Phe48Arg
and Phe48His HiPIPs (data not shown). However, as shown
in Figure 3B,C, a detectable reduction of the HP heme(s)
was observed upon addition of Phe48Tyr and Phe48Trp
HiPIPs. It appears, therefore, that substitution of Phe48 with
Asp, Arg, or His completely prevents reduction of HP hemes
by HiPIP, whereas substitution of Phe48 with aromatic
residues such as Tyr and Trp leads to a markedly decreased,
but still detectable, reduction of HP heme(s). This conclusion
was confirmed by the concentration dependence of the
pseudo-first-order rate constant for heme(s) reduction by the
aforementioned HiPIP mutants (Figure 4). From these data,
a second-order rate constant of (1.02( 0.08) 104 M-1 s-1

and (0.95( 0.04) 104 M-1 s-1 was estimated for Phe48Tyr

and Phe48Trp HiPIPs, respectively. The Phe48Arg, Phe48Asp,
and Phe48His HiPIP mutants were unable to reduce HP
heme(s) even at high concentration (Figure 4). The second-
order rate constant for the aromatic mutants slightly increased
with increasing ionic strength, whereas no effect was
observed for the Arg, Asp, and His substituted proteins (data
not shown).

DISCUSSION

We have established the ability of purified HiPIP to reduce
photooxidized HP heme(s) inA. VinosumRC using kinetic
measurements performed in vitro under controlled redox
conditions (Figures 1 and 2). The pseudo-first-order character
of the reaction kinetics (Figure 1B), the linear dependence
of the pseudo-first-order rate constant on HiPIP concentration
(Figure 1C), and the absence of any microsecond phase in
the kinetics (Figure 1B,C) indicate that the reaction occurs
only through a second-order collisional mechanism within
a transient complex. The value determined for the second-
order rate constant at low ionic strength (4.2× 105 M-1 s-1)
doubles at 640 mM KCl (Figure 1D). This value should be
compared with the only other available data in the literature
for in vitro systems, reportingk ) 4.8× 107 andk ) 5.4×
106 for the same constant at low and high ionic strength in
Rf. fermentanspurified HiPIP and RC (32). Other data for
the HiPIP-THC interaction have been reported for in vivo
systems (31, 33, 34), and the actual values for the second-
order rate constant cannot be estimated due to the lack of
knowledge on the effective HiPIP concentration in the
periplasmic space. It is evident that inA. Vinosum the
measured value fork is from 1 to 2 orders of magnitude
smaller than that forRf. fermentans, and that the solution
conditions are important for dictating the actual value for
the second-order process. In particular, the ionic strength has

FIGURE 3: Reduction kinetics of photooxidized HP heme(s) by
HiPIP mutants Phe48Asp (A), Phe48Tyr (B), and Phe48Trp (C).
Traces a and b were recorded in the absence and in the presence
of HiPIP, respectively. Added HiPIP concentrations were 106, 90,
and 83 µM for Phe48Asp, Phe48Tyr, and Phe48Trp mutants,
respectively. Assay conditions are described under Materials and
Methods. The ambient redox potential was poised at+200 mV.
Traces in the absence of HiPIP (a) are the average of four
measurements, while those in the presence of HiPIP (b) are the
average of eight measurements.

FIGURE 4: Concentration dependence of the pseudo-first-order rate
constant for HP heme(s) reduction following a single flash measured
in the presence of native (filled circles) and mutated HiPIP:
Phe48Tyr (filled squares), Phe48Trp (filled diamonds), Phe48Arg
(open triangles), Phe48Asp (open inverted triangles), Phe48His
(open diamonds). Pseudo-first-order rate constants were obtained
by fitting traces similar to those shown in Figure 3 to an exponential
decay. Assay conditions are described under Materials and Methods.
The ambient redox potential was poised at+200 mV. Best-fitting
straight lines correspond to second-order rate constants of (1.02(
0.08) 104 M-1 s-1 and (0.95( 0.04) 104 M-1 s-1 for the Phe48Tyr
and Phe48Trp HiPIPs, respectively. To compare with the rate
constant measured in the presence of the native HiPIP, the data of
Figure 1C were used, plotting only values at [HiPIP]< 10 µM.
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different effects depending on the nature of the electrostatic
interaction between the two partner proteins: while in the
Rf. fermentanssystem the HiPIP-THC interaction involves
opposite charges, inA. Vinosum the interaction between
HiPIP and the THC is predominantly hydrophobic.

Due to the similarity of the optical spectra of the two HP
hemes, it is impossible to distinguish which of the two hemes
is involved in this reaction using time-resolved optical
spectroscopy. The time constants for the reaction between
soluble electron carriers and the THC subunit (range of milli-
to microseconds) are in many species at least 1 order of
magnitude larger than the time constants for the interheme
electron transfer within the THC subunit (range of micro-
to nanoseconds) (8, 60-62). Our data show that the same
situation holds for the interaction between HiPIP and THC
in A. Vinosum. This generally implies that regardless of which
heme reacts with the soluble electron donor, the electron hole
generated by P photooxidation will rapidly distribute among
the THC hemes before equilibrating with soluble carriers.
In the case ofBlc. Viridis it was shown that when both HP
hemes are initially reduced, HP1 (cyt c-559) is oxidized by
P+• and subsequently reduced by HP2 (cyt c-556) in the
microsecond time range (7, 8). In A. Vinosum, since HP1 and
HP2 are nearly equipotential, the photogenerated electron hole
is likely to equilibrate between the two hemes.

The inability of reduced HiPIP to equilibrate with the LP
hemes (Figure 2) is consistent with previous results onRu.
gelatinosuswhole cells (31) and membrane fragments (63).
The reduction of HP hemes by HiPIP can in principle
proceed through direct electron donation, or else through an
“uphill” step, involving transient reduction of the LP heme(s)
followed by a thermodynamically favorable intramolecular
electron transfer to the HP heme(s) (64). The latter possibility
is supported by photoinduced redox kinetics involvingRu.
gelatinosusTHC mutants and HiPIP (35, 36). In fact,
Osyczka et al. suggested that the HiPIP-THC binding site
is located in the vicinity of the lowest-potential heme, LP2,
and that the electron transfer proceeds uphill from HiPIP to
LP2. This interpretation prompted the same conclusion in a

report describing the crystal structure of RC and HiPIP from
T. tepidum(23). The “uphill” model is also supported by
kinetic data on the electron donation from soluble c-type
cytochromes to the THC subunits inBlc. Viridis (62, 65)
andRu. gelatinosus(36, 66).

The role of the residues located on the most conserved
surface patch of HiPIP (67) has not been investigated so far
in terms of electron transfer reactions with the RC-bound
THC. One of these residues, Phe48, is spatially close to the
[Fe4S4] cluster, and has previously been suggested to mediate
electron transfer between the inorganic cluster and the redox
partners of HiPIP on the basis of electron self-exchange rate
constant measurements (68-70). Here, the kinetics of
photoinduced electron transfer involving HiPIPs with Phe48
replaced by Asp, Arg, His, Tyr, and Trp were investigated.
These mutations allowed us to ascertain the effect of
substituting this residue with a negative, positive, polar, or
aromatic side chain. Substitution of Phe48 with Asp, Arg,
or His completely inhibited the reduction of HP heme(s),
even when the HiPIP mutant was present in large excess
over the RC. Interestingly, when Phe48 was replaced by Tyr
or Trp, the HiPIP mutants were still able to donate electrons
to the HP heme(s), although at a strongly reduced rate. The
dramatic effects observed upon replacement of Phe48 cannot
be attributed to any significant structural changes in the
mutants, as evaluated by1H-15N HSQC NMR spectroscopy
experiments (71, 72). Moreover, the mutant proteins showed
no optical spectral changes with respect to wild type (data
not shown). Therefore, the observed effects on the electron-
transfer rate cannot be attributed to major structural alter-
ations due to the point mutations.

The measured reduction potential of the HiPIP mutants
used in this work differ, at most, by only ca. 25 mV from
that of the wild-type protein (E°′ ) +345 mV (70)).2 The
effects of these changes on the rate constant can be evaluated

2 The reduction potential for F48H and F48R were previously
determined (70, 71), while for F48Y, F48W, and F48D the potential
was measured using direct electrochemical methods, obtaining values
of +354, +371, and+352 mV.

FIGURE 5: Multiple sequence alignment of THC fromA. Vinosum(ACHVI) with THC from T. tepidum(THTEP),Blc. Viridis (BLVIR),
andRu. gelatinosus(RUGEL), as obtained from ClustalW and optimized using JPRED. The predicted secondary structure elements are
highlighted in yellow (helices) and turquoise (sheets). The residues involved in the heme binding sites are shown in red bold. The residues
in italics were not modeled because of the absence of structural data for the homologous proteins. The sequences ofA. VinosumandRu.
gelatinosuswere taken from the National Center for Biotechnology Information database, under the accession codes AAA23314 and
AAB41578, respectively, while the sequences ofT. tepidumandBlc. Viridis were taken from the PDB codes 1EYS and 1DXR, respectively.
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on the basis of the Marcus equation (73) assuming a reorgani-
zation energy of 0.8-1.3 eV (74, 75). When either a direct
electron transfer to HP2 (Em ) +330 mV) or an “uphill”
mechanism through LP2 (Em ) +10 mV) is considered,
maximal decreases of the rate constants of ca. 40% and ca.
45%, respectively, can be derived as a response to the small
reduction potential variations of the mutants. Therefore, the
observed decrease of the rate constant in the HiPIP Phe48
mutants cannot be accounted for by a variation of the free
energy of electron transfer for none of the HiPIP mutants.

The results described here indicate that Phe48 is crucial
in the overall process of electron transfer from HiPIP to the
RC-bound THC. In principle, the role of this residue could
be to optimize the HiPIP-THC interaction surface and/or
to modulate the electron-transfer pathway from the [Fe4S4]
cluster to the HP heme(s) in the transient collisional complex.
Our data cannot distinguish between these two possibilities.
In fact, the total absence of activity upon substitution of
Phe48 with a negative, positive, or polar residue would
suggest a role in protein recognition, while reduced activity
in the presence of a different aromatic residue would suggest
a role in the electron-transfer pathway. Further complications
arise from the fact that both of these effects could be present
simultaneously.

To further characterize this aspect and to explore the
viability and structures of protein-protein complexes be-
tween HiPIP and THC inA. Vinosum, a computational
approach was attempted. First, a molecular model of theA.
VinosumTHC subunit was obtained through protocols of
homology building and structure optimization. A multiple
alignment of the sequence of THCs fromA. Vinosum, Blc.
Viridis, T. tepidum, andRu. gelatinosus(Figure 5) was used
as input for model structure calculations. The final refined
structure yielded favorable statistics (PROSA Z-score:-8.69,
Ramachandran core) 87.4%, allowed) 11.1%, generously
allowed) 1.5%, disallowed) 0%) and was deemed to be
a reliable model to use for subsequent steps of automated
molecular docking with HiPIP.

The docking procedure was carried out taking into con-
sideration the following experimental points: (i) mutagenesis
studies have identified a HiPIP surface patch containing
Phe48 as a key player in the formation of the transient
complex with THC (this work), and (ii) mutagenesis studies
on Ru. gelatinosushave identified the region around LP2 as
involved in the electron transfer with HiPIP (35, 36). In the
best structural model obtained for the docked complex the
HiPIP surface patch close to the [Fe4S4] cluster interacts with
a flat pocket of the THC subunit (Figure 6A,B). This
interaction involves mostly hydrophobic residues, consistent
with the observed ionic strength dependence of the electron-
transfer rate. The complex possesses a complementary
surface area (1253 Å2), corresponding to 8% of the total THC
surface and 34% of the HiPIP surface. The calculated
distance between the Fe atom in the LP2 and the core center
of the [Fe4S4] cluster is 14.0 Å. Phe48, found to be essential
for efficient electron transfer, is located in the region between
the LP2 heme and the [Fe4S4] cluster, with the plane of the
aromatic ring almost parallel to the plane of the heme group
(Figure 6C). Therefore, the calculated structure of the
complex suggests that, indeed, Phe48 could be involved both
in the modulation of an optimal complex interaction and also
in the electron transfer itself.

It is important to notice that, in the calculated docked
structure, HiPIP interacts with residues Val65, Arg70, and
Trp94, corresponding to Val67, Arg72, and Leu96 inRu.
gelatinosus. These three residues were found, by site-directed
mutagenesis, to be important for the interaction between
HiPIP and THC (35, 36). The model of the complex between
A. Vinosum THC and HiPIP was calculated using well-
developed protocols of homology building and protein
docking. Even though the interaction site is similar to the
one proposed forRu. gelatinosusTHC and HiPIP (36), the

FIGURE 6: (A) Ribbon diagram of the calculated complex between
THC (light blue) and HiPIP (dark green). In THC, the HP and LP
hemes are represented in red and purple, respectively. In HiPIP,
the atoms of the inorganic cluster are represented as yellow (S)
and orange (Fe) spheres. The position of Phe48 is highlighted (dark
yellow). (B) Space filling diagram of the complex, highlighting
the complementary surfaces involved in the interaction as well as
the position of the prosthetic groups. (C) A detail of the interaction
surface, showing the position of the cluster and Phe48 on HiPIP,
and the position of LP2 and its axial ligands on the THC.
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latter derived using manual docking simulations, the relative
orientation of the two proteins is significantly different. In
particular, the HiPIP molecule is rotated along the axis
connecting the [Fe4S4] cluster and the LP2 heme.

In conclusion, this study has provided further insights into
the redox reactivity of HiPIPs and THCs in bacterial
photosynthesis. Light-induced kinetic measurements coupled
to mutagenesis studies on the HiPIP side of the interaction
revealed the key role of a surface residue, complementing
the information available from site-directed mutagenesis on
the THC side.
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