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ABSTRACT The kinetics of photo-induced electron trans-
fer from high-potential iron—-sulfur protein (HiPIP) to the
photosynthetic reaction center (RC) of the purple phototroph
Rhodoferax fermentans were studied. The rapid photooxidation
of heme c-556 belonging to RC is followed, in the presence of
HiPIP, by a slower reduction having a second-order rate
constant 0f 4.8 X 107 M~1-s~L, The limiting value of ks at high
HiPIP concentration is 95 s~!. The amplitude of this slow
process decreases with increasing HiPIP concentration. The
amplitude of a faster phase, observed at 556 and 425 nm and
involving heme c-556 reduction, increases proportionately.
The rate constant of this fast phase, determined at 425 and 556
nm, is ~3 X 10° s~L, This value is not dependent on HiPIP
concentration, indicating that it is related to a first-order
process. These observations are interpreted as evidence for the
formation of a HiPIP-RC complex prior to the excitation
flash, having a dissociation constant of ~2.5 uM. The fast
phase is absent at high ionic strength, indicating that the
complex involves mainly electrostatic interactions. The ionic
strength dependence of k,,s for the slow phase yields a
second-order rate constant at infinite ionic strength of 5.4 x
10° M~'s~! and an electrostatic interaction energy of —2.1
kcal/mol (1 cal = 4.184 J). We conclude that Rhodoferax
fermentans HiPIP is a very effective electron donor to the
photosynthetic RC.

Anoxygenic phototrophic bacteria contain two membrane-
bound components that are essential for energy production,
the photosynthetic reaction center (RC) and the cytochrome
bc; complex. Two types of RC have been structurally charac-
terized: the RC from Rhodobacter sphaeroides is made of three
subunits (1, 2), while, in addition to these, RC from Rhodo-
pseudomonas viridis contains a fourth tetraheme cytochrome ¢
subunit (2, 3). In Rps. viridis the four heme groups have a bands
at 559, 552, 556, and 554 nm, and reduction potentials of +380
mV, +20 mV, +310 mV, and —60 mV, respectively (4). The
four hemes are arranged in an almost linear fashion, (2, 5, 6)
and are aligned in the sequence P/c-559/c-552/c-556/c-554,
where P indicates the bacteriochlorophyll special pair (4, 7).
The highest potential heme (c-559) is oxidized the most rapidly
(ti, = 300 ns) by the photooxidized P (P*), followed by a
slower oxidation of heme ¢-556 (t./, =~ 2 us) (4, 8,9). The quinol
generated by RC photooxidation is utilized by the bc; complex
to reduce cytochrome c; (10), a soluble protein closely related
to mitochondrial cytochrome ¢ (11, 12). Cytochrome c, then
reduces the photooxidized RC, closing the photocycle. How-
ever, although cytochrome c; reacts directly with P* in Rb.
sphaeroides (13-21), in Rps. viridis, it reacts with the tetraheme
subunit (22-24). Only about half of the purple bacterial species
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described so far contain cytochrome c; (25), and it is not
known how the remaining species carry out electron transfer
between the bc; and RC complexes.

The RC from the purple nonsulfur bacterium Rhodoferax
fermentans (26) is similar to that of Rps. viridis in that it
contains a bound tetraheme subunit (27). The four hemes have
reduction potentials of +354 mV (c-556), +294 mV (c-560),
+79 mV (c-551), and 0 mV (27). Rf. fermentans contains a bc;
complex (28) but does not appear to express a cytochrome ¢,
under photosynthetic conditions; instead, a high-potential
iron-sulfur protein (HiPIP) is the most abundant high-
reduction potential electron carrier (Em7 = +351 mV) in the
soluble fraction (29). HiPIPs are abundant in most species of
purple phototrophic bacteria that lack cytochrome c; (25).
They have been extensively investigated as electron-transfer
models (24, 30-33), and their structural and spectroscopic
properties are well characterized (34). Although they have the
right reduction potential (+90 to +450 mV) to couple bc; and
RC complexes (32), suggesting a role in cyclic photosynthetic
electron transfer, their physiological function is still a matter
for discussion. Earlier reports on the interaction between
HiPIP and photosynthetic RC from Chromatium vinosum
(35-37) and recent evidence suggesting that HiPIP is photo-
oxidized by P* in a fast (submillisecond) and a slow (milli-
second) phase in Rf. fermentans (29, 38) support the concept
that HiPIPs may play a role in the photocyclic electron transfer
of purple bacteria. Evidence for the presence of a submilli-
second electron transfer process was also recently reported in
Rubrivivax gelatinosus (39). Such a fast phase was observed
only in whole cells, whereas in vitro a slower electron transfer
occurs within an electrostatic complex (Kq = 5.7 uM) between
HiPIP and RC, with a limiting rate constant of 74.4 s~1 (39).
To our knowledge, no detailed kinetics data for the fast phase
have been reported so far.

The goal of the present study is the elucidation of the
mechanism, and the determination of the rate constants, of
photo-induced reduction of RC by HiPIP, both isolated from
Rf. fermentans.

MATERIALS AND METHODS

Cell Growth and Lysis. Rf. fermentans cells were grown
under anaerobic photoheterotrophic conditions as described
(26). Cell harvesting, lysis, and membrane fragment isolation
were performed as reported (29).

Protein Purification. The membrane suspension was diluted
to yield an absorbance at 800 nm equal to 50 in 10 mM Tris-HCl
buffer, pH 8, containing 1 mM EDTA, 100 mM NaCl, and
concentrations of lauryldimethylamino-N-oxide (LDAO)

Abbreviations: RC, reaction center; HiPIP, high-potential iron-sulfur
protein; LHI and LHII, light harvesting complexes I and II, respec-
tively; LDAO, lauryldimethylamino-N-oxide. .
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from 0.1 to 0.5%. Immediately after addition of detergent, the
samples were incubated in a rotary shaker (120 rpm) for 1 h
at 25°C in the dark. The resulting suspension was centrifuged
at 130,000 X g (1.5 h) and the supernatant was collected. At
LDAO concentrations higher than 0.4%, the light-harvesting
complex II (LHII) was always extracted with RC, while in the
range 0.2-0.35%, it was possible to obtain LHII-free prepa-
rations of RC associated with light-harvesting complex I
(LHI). After LDAO solubilization, the RC-LHI complex was
immediately diluted with ice-cold 10 mM Tris-HCI (pH 8)/1
mM EDTA (buffer A). The sample was then concentrated with
an Amicon YM100 ultrafiltration membrane and then loaded
onto a DEAE-cellulose column (2.6 X 20 cm). The unretained
pigments were extensively washed out using buffer A contain-
ing 0.025% LDAO, and subsequently a linear NaCl gradient
(10-50 mM) was used to elute the RC at ~35 mM NaCl. The
fractions containing purified RC were collected and concen-
trated again in 10 mM Tris'HCl (pH 8) containing 0:015%
LDAO. Purity was checked by SDS/PAGE, using 15% poly-
acrylamide gels. The soluble cell extract was used for the
purification of HiPIP as described (29).

HiPIP and RC concentrations were determined using ab-
sorption coefficients of 44 mM~!-cm™~! at 278 nm and 288
mM~! cm~! at 802 nm for HiPIP (29) and RC (14), respec-
tively. The reduced-minus-oxidized spectrum of RC was ob-
tained using excess sodium ascorbate as reductant and excess
potassium hexacyanoferrate(III) as oxidant.

Kinetic Spectrophotometry. Measurement of transient
light-induced absorbance changes were performed as de-
scribed (24, 40). Excitation was at 610 nm. Errors in rate
constants are estimated to be =10%. Experiments were per-
formed aerobically in 5- or 10-mm cuvettes with 10 mM
Tris'HCI (pH 8) containing 0.015% LDAO and 1 mM ascor-
bate, prepared fresh daily. The light-induced absorbance
changes observed at 556 nm were corrected by subtracting the
corresponding signals at 540 nm as described (27). The absor-
bance changes at 425 nm were corrected by subtracting the
corresponding signals observed at 435 nm. This wavelength is
an isosbestic point of heme c-556, determined by subtracting
the photo-induced difference spectrum recorded in the pres-
ence of hexacyanoferrate(II)/(III) (each at 250 uM) from the
spectrum obtained in the presence of 1 mM sodium ascorbate.
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RESULTS AND DISCUSSION

The absorption spectrum of purified RC is shown in Fig. 14.
This spectrum shows the sharp absorption bands of LHI (at 875
nm), of RC accessory bacteriochlorophyll and bacteriopheo-
phytin (at 802 and 756 nm, respectively), and of LHI-bound
carotenoids (at 506 and 476 nm). The Q transition band of
bacteriochlorophyll is also visible at 590 nm. The tetraheme
subunit of Rf. fermentans RC was found to be loosely bound to
the RC core subunits, as reported also for other bacterial
species (41). In particular, as also observed with Ru. gelatinosus
RC (42), the tetraheme subunit was detached from the RC
core in all attempts to obtain LHI-free RC preparations. The
Soret and a bands relative to the heme prosthetic groups of the
latter subunit are visible in the reduced-minus-oxidized spec-
trum shown in Fig. 14 Inset (absorption ratio 425 nm/556
nm = 4.4:1). The difference spectra induced by a single-
turnover laser flash excitation, recorded in the range 540-570
and 413-435 nm in the absence of HiPIP show the peaks
relative to « (Fig. 1B) and Soret bands (Fig. 1C), taken 10 and
40 ms after the excitation flash. No significant absorbance
changes are observed within this time interval. These spectra
and their 425-nm/556-nm absorbance ratio, equal to 3.9:1,
indicate that c-556, the highest potential heme group of the RC
tetraheme subunit (27), is the predominantly reduced heme
under our experimental conditions. This observation was
confirmed by analyzing the reduced-minus-oxidized spectra of
RC, which indicate that heme ¢-560 (Ep7 = +294 mV) is
completely reduced by excess sodium ascorbate only in the
presence of the redox mediator tetramethyl p-phenylenedi-
amine (DAD).

When the time course of the photooxidation was monitored
at 425 nm in the absence of HiPIP, using a time resolution of
140 us, a rapid decrease of absorbance immediately after the
flash was observed, indicating heme c-556 oxidation, and no
further absorbance changes were detected up to 80 ms (Fig.
2A4). In the presence of reduced HiPIP at initial substoichio-
metric concentrations with respect to RC, on the other hand,
reduction of heme c-556 was observed (Fig. 2B). The ampli-
tude of this reduction slow phase increased with HiPIP con-
centration (Fig. 2C) and then decreased drastically in the
presence of excess HiPIP (Fig. 2D), suggesting the presence of
a faster phase not observable with this time resolution.
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Fic. 1. (4) Absolute absorption spectrum of the Rf fermentans RC in 10 mM TrisHCl, pH 8/0.015% LDAO. (Inset) Difference
(reduced-minus-oxidized) spectrum in the 400- to 600-nm wavelength interval. (B) Difference (photooxidized minus reduced) spectrum of RC
(540-570 nm) determined 10 ms (solid circles) and 40 ms (open circles) after the excitation flash. [RC] = 3.3 uM. (C) Difference (photooxidized
minus reduced) spectrum of RC (413-435 nm) determined 10 ms (solid circles) and 40 ms (open circles) after the excitation flash. [RC] = 2.5 uM.
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FiG. 2. Light-induced absorbance changes detected at 425 nm
using a time resolution of 140 us (4-D) or 35 ns (E and F) in the
absence (A4 and E) or in the presence of 3.1 uM (B), 5.1 uM (C), and
7.7 uM (D and F) HiPIP. [RC] = 2.5 pM.

By increasing the time resolution to 35 ns, and following the
photooxidation at 425 nm in the absence of HiPIP, it was
possible to observe an initial very fast increase of absorbance
due to formation of P*, and a subsequent decrease due to
photooxidation of heme c-556 (Fig. 2E). A fit of the experi-
mental points to a single exponential gives a rate constant of
~2 X 108 s~ (,, ~350 ns) for heme c-556 photooxidation. In
Rps. viridis, the highest potential heme 'is oxidized with a rate
constant of ~3 X 106 s™! (4, 9). In this respect, our results
appear to be similar to those obtained with Rps. viridis. In the
presence of excess reduced HiPIP, on the other hand, heme
¢-556 photooxidation was followed by a rapid absorbance
return to the baseline (Fig. 2F), indicating reduction of heme
¢-556 by HiPIP. This process, when fitted to a single exponen-
tial curve, yields a rate constant of 3.1 X 10°s~1 (#,, = 2.2 us).
Furthermore, the amplitude of this process decreased to zero
in the presence of 100 mM NaCl (data not shown). In Rps.
viridis, no such fast phase has ever been reported for the
interaction of RC with cytochrome c; (22-24). In Rf. fermen-
tans the fast phase does not involve electron transfer between
heme ¢-560 (presumaby reduced in the presence of HiPIP prior
to the flash) and c-556, because only in the presence of a large
excess of HiPIP (64 uM) is photooxidation of c-560 detected
(data not shown).

When the time course of photo-induced electron transfer
was monitored at 556 nm in the absence of HiPIP, using a time
resolution of 70 us (Fig. 34) and 70 ns (Fig. 3C), a rapid
decrease of absorbance was observed, due to oxidation of
heme ¢-556. The kinetics of this process could not be resolved
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Fic. 3. Light-induced absorbance changes detected at 556 nm in
the absence (A4 and C) or in the presence (B and D) of 10 uM HiPIP.
[RC] = 3.3 uM.

because of instrumental artifacts occurring in the first 2.5 us
after the excitation flash, probably due to the proximity of
excitation (610 nm) and observation (556 nm) wavelengths. No
further changes in absorbance were detected up to 40 ms. In
the presence of an excess of reduced HiPIP, using a time
resolution of 70 us, the signal completely disappeared (Fig.
3B), in agreement with the parallel observation at 425 nm (see
Fig. 2D). However, when the reaction was monitored at 556 nm
using a time resolution of 70 ns, a rapid absorbance return to
the baseline, indicating reduction of heme c-556, was observed
(Fig. 3D). The fit of the experimental points to a single
exponential curve yields a rate constant of 3.3 X 10° s~ (#,/,
= 2.1 ws), confirming the results obtained at 425 nm. Fur-
thermore, the amplitude of the absorbance changes detected
in the presence of excess HiPIP at 425 and 556 nm are in a ratio
of 3.9:1, consistent with a complete reduction of heme c-556.

The value of kops for the fast phase was independent of
HiPIP concentration, indicating that it is due to a first-order
process, while the rate constant for the slow cytochrome
reduction increased nonlinearly with HiPIP concentration,
showing saturation behavior (Fig. 44). Furthermore, the am-
plitude of the slow phase (Fig. 4B, solid circles) initially
increased with increasing HiPIP concentration but, when
HiPIP was slightly in excess of RC concentration, the signal
amplitude decreased significantly. On the other hand, the
amplitude of the fast phase increased monotonically with
HiPIP concentration (Fig. 4B, open circles),

The presence of both slow and fast phases of reduction of
heme c-556 in the presence of HiPIP is interpreted as being due
to electron transfer occurring between HiPIP and RC free in
solution or occurring within an optimally oriented electrostatic
complex formed, prior to the flash, between HiPIP and RC,
respectively. On the basis of the HiPIP concentration depen-
dence of the amplitude of the fast reaction, the dissociation
constant for this HIiPIP-RC complex can be estimated as being
~2.5 uM. The latter value is to be compared with the value of
0.1-10 uM for the corresponding cytochrome c,~RC complex
in Rb. sphaeroides (19-21, 43). The saturation behavior of the
second-order plot (Fig. 44), for which the reaction is second-
order at low protein concentrations, but becomes first-order at
high concentrations of the soluble donor, is similar to what has
been observed with cytochrome c; in Rps. viridis (23, 24), Rb.
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FiG.4. (A) Slow phase kobs for heme c-556 reduction as a function
of HiPIP concentration; the solid line represents a fit of the experi-
mental points to Eq. 1 (46). (B) Amplitudes of slow (solid circles) and
fast phase (open circles) of heme c-556 reduction as a function of
HiPIP concentration as calculated for Eq. 1 in the text. Observation
wavelength was 425 nm; [RC] = 2.5 uM.

sphaeroides (14, 16, 18, 19), and Rhodospirillum rubrum (44)
RC preparations. This behavior has been previously explained
in two ways: (i) as due to aggregation of RC at high concen-
tration of the soluble donor (19) or (i) as due to the presence
of an equilibrium involving the formation of complex between
HiPIP and RC after the excitation flash, as shown in Scheme
I, in which the suffixes R and O refer to the reduced or oxidized
state (14, 16, 18, 19, 44, 45):

HiPIPg + RCr == HiPIPg — RCg

J/ hv hy
\4

HiPIPg + RCo (HiPIPg — RCo)a

K2 k_, 1L kq kz](a) ktase

(HiPIPx — RCo)s
(b)
', Y

HiPIP, — RCR

Scheme I

In this latter case, the value of ks is given by Eq. 1 (46)

k[HiPIPR],

K + [HiPIP], a

kobs =

Proc. Natl. Acad. Sci. USA 93 (1996) 7001

in which [HiPIPR], represents the concentration of reduced
HiPIP present free in solution immediately after the flash, and
can be calculated assuming Kql = 2.5 puM. A fit of the
experimental points (in Fig. 44) to Eq. 1 using the calculated
values of [HiPIPg]o yields k> = 95 s™1, and K = 0.3 uM. This
limiting value of k;, the rate constant for the slow phase, is to
be compared with the analogous rate constant of 270 s~! (23)
or 1300 s~! (24) reported for the interaction of cytochrome ¢,
with RC in Rps. viridis. This value of k; is much smaller than
ktast, the rate constant noted above for the electron transfer in
the fast phase (3.3 X 10° s7!), indicating the formation of the
two different types of complexes between HiPIP and RC noted
above. These could be due to interaction of HiPIP and RC to
give an optimal (HiPIPg-RCp)a or a nonoptimal (HiPIPg-
RCop)g orientation of the proteins. The rate constant k; could
then be interpreted as reflecting either (a) a slow rearrange-
ment to obtain the optimal orientation, followed by a fast
electron transfer step (the same as observed in the optimally
oriented complex, with kg,ee = 3.3 X 10°s71), or (b) an electron
transfer in a protein complex that does not have the optimal
orientation and thus follows a different slower path. The
interpretation of the parameter K in the fit of the second-order
plot to Eq. 1 depends on whether the equilibrium is fast (k_;
>> ky) or slow (k_1 << k3) (46): if the equilibrium is fast, K is
the equilibrium dissociation constant K42 = 0.3 uM. This value
is to be compared with the values of 30 uM (23) or 8.6 uM (24)
for the interaction of RC and c; from Rps. viridis. If on the
other hand the equilibrium is slow, one obtains k,/K = k; =
4.8 x 107 M~Ls~1, the second-order rate constant for the
rate-limiting step. This value is about two orders of magnitude
smaller than for the reaction of Rb. sphaeroides cytochrome c;
with its RC at low ionic strength (10° M~1:s71) (16, 18, 20), but
it is similar to that of the cytochrome c, from Rps. viridis with
its RC (1.3 X 108 M~!s™1) (24). As a further support to the
proposed Scheme I, the amplitude dependence of the fast and
the slow phase on HiPIP concentration can be qualitatively
reproduced using Scheme I by assuming K42 = 0.3 uM and
K4l = 2.5 uM.

The effect of ionic strength on the second-order rate
constant is shown in Fig. 5. A 4-fold decrease in rate constant
with increasing ionic strength is observed, consistent with
electrostatic interactions between HiPIP and the RC tetra-
heme subunit. The effect is quantitatively similar to that
obtained with cytochrome c; in either Rb. sphaeroides (47) or
Rps. viridis (23, 24) (about 5-fold over a comparable ionic
strength range). If one assumes that the ionic strength depen-
dence of the second-order rate constant is primarily deter-
mined by ionized groups localized near the electron transfer
sites, the parallel plate (Watkins) electrostatic model for
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FiG.5. Ionic strength dependence of the observed rate constant of

heme ¢-556 reduction. [HiPIP] = 3.1 uM and [RC] = 2.5 uM.
Observation wavelength was 425 nm. The solid line represents a fit of
the experimental points to Eq. 2 (48), using p = 20 A.
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protein—protein interactions (48), can be applied. A fit of the
experimental data to the following equation (48)

—kp

e
Ink = Ink,, — Viim ,

21
in which k = 0.32951"2 A-1 yields values for the radius of the
interaction site on the protein surfaces p = 20 A and for the
interaction energy V; X 0.59 = —2.1 kcal/mol. Although the
energy term is physically reasonable and consistent with a
relatively moderate electrostatic interaction, it is not clear why
such a large value for p is required to fit the data. In this model
Vi = aZ1Zyr12/Dep?, where a = 128.471, Z; and Z, are the
charges at the interaction site, ry, is the distance between the
surfaces of the interacting molecules (taken as 3.5 A, the van
der Waals contact), and D, is the effective dielectric constant
at the interaction site (which is smaller than 80, the dielectric
constant for water, and can be as low as 4 in the case of
complete exclusion of water molecules, or 10 in the case of
partial exclusion). Using D, = 10 and p = 20 A, a value of Z1Z,
= —31 can be calculated: These data thus suggest the presence
of five or six specific ionic pairs between HiPIP and the
tetraheme subunit, although the quantitation of the electro-
static interaction energy must be considered only approximate
(48). The second-order rate constant extrapolated to infinite
ionic strength k.= 5.4 X 106 M~1:s~1 is actually a little larger
than that for Rps. viridis cytochrome c, with its RC (1.2 X 10°
M~1s71) (24).

In conclusion, the present study shows that HiPIP effectively
reduces the photooxidized RC in Rf. fermentans obeying
multiphasic kinetics. The reactivity of HiPIP with RC in Rf.
fermentans is comparable to that of cytochrome ¢, with RCs
from Rb. sphaeroides and Rps. viridis. Whereas cytochrome c;
reduces the lower potential of the two high-potential hemes of
the RC tetraheme subunit in Rps. viridis, however, Rf. fermen-
tans HiPIP reduces the highest reduction potential heme, with
a fast phase observed in addition to a slow phase. Whether or
not HIPIP is the sole electron donor to RC or not still must be
demonstrated. Our results suggest that members of the HiPIP
family might function as competent electron donors to RC in
other phototrophic bacteria, but this must be investigated on
a case by case basis.
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