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ABSTRACT: A tetraheme cytochrome subunit bound to the photosynthetic reaction center (RC) of purple
bacterium,Rubrivivax gelatinosusinteracts with two types of soluble electron donors, cytochromes

and high-potential irorrsulfur protein (HiPIP), at a binding domain in the vicinity of low-potential heme

1, the fourth heme from the special pair of bacteriochlorophyll. To clarify the mechanism of the interaction,
the domain around heme 1 was examined using site-directed mutants that changed the surface charge in
the region within 20 A from the heme edge. In the case of the interaction with soluble cytochrame
strong dependence on the sign of the introduced charge was observed in all mutants: positive charge
inhibited the reaction rate, whereas additional negative charge accelerated it. This confirmed the electrostatic
nature of the binding. Interaction with HiPIP was inhibited by a limited number of mutations at the close
vicinity of heme 1, and no acceleration was observed (the effects of some mutations were independent of
the sign of the introduced charge). The acidic residues which were critically important for the binding of
cytochromec showed much less contribution to the binding of HiPIP. The binding site for HiPIP appears

to be mostly formed by uncharged and hydrophobic residues, occupying a significantly smaller area than
the cytochromes-binding site. It is proposed that the docking of HiPIP to the RRin gelatinosuss

primarily controlled by hydrophobic contacts between protein surfaces, thus differing from the electrostatic
mode of the RC-cytochromeinteraction.

Transient and specific interactions between proteins play mediating primary processes of photosynthesis. In this
important roles in many biological reactions. The steric and system, soluble electron carrier proteins engage in the process
electrostatic properties of the interacting surfaces of the of rereduction of the oxidized special pair of bacteriochlo-
proteins are thought to determine the ability of proteins to rophyll (P") generated in the RC upon the light-induced
recognize one another and form specific associations. Theprimary charge separation. In most species of purple bacteria,
functional integrity of both respiratory and photosynthetic the reduction of P is initially performed by the hemes of
chains is based on the effectiveness of mobile electronthe RC-bound tetraheme cytochrome subunit, which then
carriers to transfer electrons from one membranous complexaccept electrons from soluble electron carriers (reviewed in
to another. Therefore, many studies have been dedicated taefs 1 and2). Some species, on the other hand, do not have
elucidating the molecular basis of the selectivity of the the tetraheme subunit associated with the RC. In these cases,
interactions between small, water-soluble proteins and large,a soluble electron carrier (cytochroneg acts as an im-
transmembrane complexes in various physiological and mediate electron donor totRreviewed in ref2—4).
nonphysiological systems. The interaction between cytochrommgand the RC without

A useful model to study these types of interactions is a bound tetraheme subunit is electrostatic in nature and
offered by a photosynthetic reaction center from purple occurs through the formation of salt bridges between lysine
bacteria (RCy—an integral membrane protein complex residues encircling the heme crevice of cytochramand
negatively charged carboxylate groups surrounding P on the
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Ficure 1: Left: (a) space-filling representation of the modeled structurBuaf gelatinosusRC-bound cytochrome subunit (built on the
basis of the crystallographic structure Blc. viridis RC as described in ref0). The heme groups a®551 (heme 1E, = 70 mV),
¢-555 (heme 2E;,, = 300 mV),c-551 (heme 4E,, = 130 mV),c-555 (heme 3E, = 320 mV), from top to bottom. Heme 3 is closest to
P. Mutated were all marked residues (except for the position in parentheses). Right: (b) front side of the modeled stRictgedaiinosus
HiPIP (built on the basis of the crystallographic structurdeof. vacuolataHiPIP as described in Materials and Methods); (c) front side
of the crystallographic structure &tcy. tenuisHiPIP. Color code: Asp, Glu (red); Lys, Arg (blue); Ala, Val, lle, Leu, Met, Pro, Phe
(yellow); heme (green); iroasulfur cluster (cyan). The figure was generated using the programs MOLSCRBy&arfd RASTER3D
(57).

potential heme 1552, E,, = 70 mV) of the subunit, the  physiological electron donor to thvi. gelatinosusRC (18).

most distant heme from R@, 11). With respect to the known  The interaction with HiPIP was found to be considerably
three-dimensional structure of thi&astochloris[formerly impaired by the removal of the acidic cluster from the region
called Rhodopseudomong4d2)] viridis RC (13—15), the (the triple mutation E79K/E85K/E93K) and the mutation in
determined site of interaction corresponds to a region nearthe hydrophobic domain near the heme pocket (the single

hemec-554 E, = —60 mV) of the cytochrome subunit), mutation at position V67, see Figure 1&d)l). However,
the region that has been considered as a possible bindingnutation V67K resulted in a much more pronounced effect
site for cytochromes, (17). than an almost complete lack of negative charge in the region.

The identification of the binding site iRvi. gelatinosus This specific order of the inhibition, which was different from
was based on a newly developed gene-transfer system whichthat obtained with cytochromg indicated that the binding
permitted the obtaining of mutants expressing the RCs with of HiPIP to the RC and the binding of cytochroro¢o the
a genetically modified cytochromé @). The substitutions ~ RC may primarily be controlled by different sets of amino
of negatively charged glutamic or aspartic acids with lysines acids. This suggested the possible existence of considerable
or histidines in the region near heme 1 (mutations at positionsdifferences not only in the configurations of the transient
E93, E79, E85, and D46; see Figure 1a) revealed that solublecomplexes but also in the binding mechanism itself.
cytochromes, upon binding to the RC, recognize the cluster The present work shows further details of the HIPHRC
of acidic residues encircling this hem&0{. The inhibitory interaction and the cytochroneeRC interaction to gain more
effects observed for the single- and double-charge substitu-insights into how these two types of soluble electron donors
tions were consistent with the electrostatic mode of the associate with the RC-bound tetraheme cytochrome subunit.
binding (interactions between lysines of soluble cytochromes With the use of additional point mutations generated in the
and the carboxylate groups of the membranous partner). Theregion near the exposed heme 1 of the subunit, we define
site near heme 1 appeared to be a unique docking site formore precisely the domains responsible for the binding of
cytochromes, as all other tested regions of the subunit showedHiPIP and cytochrome and compare their relative positions
no involvement in the RC-cytochromeinteraction. with respect to the heme crevice. We also discuss the

The region near heme 1 was also identified as a binding differences in the kinetic behaviors of HiPIP and cytochrome
site for high-potential iron-sulfur protein (HiPIP), the main ¢ with respect to the possible docking mechanisms.
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(residues 22 31; upper region in Figure 1b) iRvi. gelati-
nosusHiPIP remains structurally ambiguous. In this region,
polypeptide chain lengths and amino acids are various among

strains with the mutated RC-bound tetraheme cytochromeHiPlPs_ HiPIP and the RC were mutually orientated to

subunit were generated and analyzed as described idref

Site-specific mutagenesis was performed on the basis of th
Kunkel method, as implemented in the Mutan-K mutagenesis Finally

kit (Takara Shuzo Co., Ltd.), using the pGI7-1 plasniifl)(

as the template DNA. The following oligonucleotides were
used to introduce single mutations:-GTTGACGTTCTT-
GAACACCTGGTTG-3for Q57K; 3-CGTGAACTCCGC-
TTCCGACAGATG-3 for V67E; 5-CGCCATCTGCTC-
CGTGAACTC-3 for R72E; -AGTCGTCGGCCTTGTTCT-
CGGTATG-3 for L96K (mismatch positions are underlined).
A template with the double-point mutation V67E/R72E was
constructed by the addition of a single mutation R72E to
the pGI7-1 plasmid containing the mutation V67E. Other
oligonucleotides are described in réf@8and11. Mutations
and the sequence integrity of the entpafC gene were

€

interact with each hydrophobic patch on the surface, with
some reorientation of the side chains of the surface residues.
interatomic distances were checked to ensure that
no van der Waals overlap occurred between atoms at the
intermolecular interface, and the contact surface area was
estimated using a solvent-accessible surfa@gify a 1.4 A
probe sphere.

RESULTS

Mutational Amino Acid Changes on the Surface of
Cytochrome SubunitThe series of the mutants of the
tetraheme cytochrome subunit used in this study was
designed to examine the protein surface participating in the
binding of soluble protein partners. Following previous

further confirmed by DNA sequence analysis. The mutated studies, which showed that the vicinity of the solvent-exposed

pGI7-1 plasmids were incorporated into the genomic DNA
of the AC strain pufC-gene deletion background)@), and

edge of the low-potential heme 1 is involved in this process
(10, 11), all mutants presented in this work have surface

the presence of desired mutations was confirmed by DNA amino acid substitutions in the region around heme 1.

sequence analysis of tipeifC gene amplified by PCR from
the genomic DNA of mutated strains.
Membranes, Proteins, and Kinetic Measuremektsm-

The positions of the mutated residues are shown in Figure
la. The acidic residues, which form a cluster surrounding
heme 1, were replaced either by lysine or histidine. These

brane fractions containing the wild-type and mutated RC replacements included single (E85K, E79K, E93K, and

complexes were prepared as described in i€fsand 19.
Rui. gelatinosudHiPIP was isolated and purified as described
in ref 19. Rey. tenuisHiPIP was isolated and purified as
described in re0. Horse mitochondrial cytochrone(type
VI) was from Sigma.

D46H), double (E79K/E85K and E93K/E85K), and triple
(E79K/E85K/E9Q3K) mutations, and resulted in a progressive
decrease of negative charge concomitant with an increase
of positive charge on the surface of the interacting site.
The hydrophobic domain immediately surrounding the

Xenon-flash-induced absorbance changes accompanyintheme crevice was mutated at positions V67 and L96 by
electron transfer were recorded using a single-beam specintroducing either positively or negatively charged polar

trophotometer assembled in our laboratd$) ( Experiments

residues (V67K, L96K or V67E, respectively). The polar but

were performed aerobically in 10-mm-path-length cuvettes uncharged position in the region adjacent to the hydrophobic

with 2 mM Mops-NaOH (pH 7) (for the reaction with HiPIP)
or 2 mM Tris-HCI (pH 8) (for the reaction with cytochrome
¢) containing 20uM DAD and 0.1 mM sodium ascorbate.
The concentration of membranes was adjustefsip= 1.0
(approximately 0.1uM RC). The reduction of the bound
cytochrome was followed by monitoring at wavelengths of
555 or 556 nm for the reaction with HiPIP or cytochrome
respectively.

Homology-Model Building and Manual Docking Simula-
tion. The model of the cytochrome subunit of thi.
gelatinosusRC was build based on the coordinates of the
Blc. viridis RC, as described in ref0. The model ofRui.
gelatinosusHiPIP was built using the same procedures.
EctothiorhodospiravacuolataHiPIP (22, protein data bank

domain was replaced by lysine (Q57K). An additional
negative charge was introduced to the binding domain by
replacing R72 with glutamate (R72E). The two single
mutants (V67E and R72E) and the double mutant V67E/
R72E enhanced the negative charge already existing in the
region as a result of the acidic cluster present in the native
protein.

To examine whether the site-specific mutants of the surface
amino acids still have wild-type properties with respect to
electrochemistry and structure, we compared the redox
titrations of the mutant and wild-type membranes (data not
shown). No differences were observed between the wild-
type and three mutants, V67K, V67E/R72E, and E79K/
E85K/E93K. These mutants were chosen since they showed

entry 1HPI) was selected from the structure-solved HiPIPs large effects on the reaction rates with soluble electron donors
as a template model because of similar polypeptide chain(see below). Two low-potential hemes showed the midpoint

length and relatively high sequence similarit®3). The
protein folding of the three-residue insertion (residues 28
30) in comparison witlect. vacuolataHiPIP was built on
the basis of the crystal structure ©hromatium purpuratum
HIiPIP (24).

The putative docking model between HiPIP and the RC-

potentials (pH 8.0) of around 50 mV and two high-potential
hemes, around 320 mV in all strains examined. (Further
resolution of two low- and two high-potential hemes was
unsuccessful in the membrane preparations, probably due
to the relatively large overlap of carotenoids in the spectral
region of then-band of hemes and to interference from other

bound cytochrome subunit was manually built using the sameminor c-type hemes.) These results suggest that there are no

procedures as described in f€fusing the program MOLOC
(25). Rhodocyclus tenuidiPIP (26) was chosen as a

major effects of the mutations introduced to the surface
amino acids on the redox potentials of hemes and basic

counterpart of the RC since the region of the insertion structure of the subunits.
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second group includes mutants which, in comparison to the
wild-type, showed small inhibitory effects. These were single
mutants at positions E79, E93, and R72 (Figure 2, panels e,
f, and j, respectively), and double mutants E79K/E85K and
E93K/E85K (Figure 2, panels g and h, respectively). Minor
differences in the effects of these mutants are recognizable:
the effect caused by E79K = 1.1 x 10° M~ s7%) was
slightly larger than that caused by either E93K or R7RE (
=2.3x 18 M~1s™1). The double mutants E79K/E85K and
E93K/E85K reacted with the same rates as single mutants
E79K and E93K, respectively.

The third group consists of single mutants at positions L96
and V67, double mutant V67E/R72E, and triple mutant
E79K/E85K/E93K, all of which showed strong inhibition
of the reaction with HiPIP. Single mutant L96K reacted with
the rate of 7.3x 10’ M1 s™1 (Figure 2k). The triple mutant
E79K/E85K/E93K (Figure 2i) reacted more slowly than
L96K, with a rate of 5.6x 10’ M1 s %, The largest single-

position inhibition was observed for V67 (V67E and V67K
shown in Figure 2, panels | and m, respectively). Interest-
ingly, inhibition at this position was independent of the sign
of the introduced charge, i.e., oppositely charged amino acids
(lysine and glutamate) produced a similar inhibitory effect,
slightly larger in the case of lysiné & 1.6 x 10° M~1s™)

than in the case of glutamat& & 3.0 x 10° M1 s71).
Double mutant V67E/R72E (Figure 2n) resulted in additive
inhibition as compared to the single mutants V67E and R72E
(k=11x 100 Mtsh,

The effect of ionic strength on the second-order rate
constant for the reaction of HiPIP with wild-type and mutated
cytochrome subunits is presented in Figure 3. In all cases,
the solid lines were obtained, applying the parallel plate
model of Watkins et al.28) as described in ref0. The wild-
type cytochrome shows a marked ionic strength dependence.
The rate of its reaction with HiPIP decreases over 1 order
of magnitude with increasing salt concentration and the best-
fit yields the value of a second-order rate constant at infinite
ionic strengthk, = 1.1 x 10’ M~! st and a radius of the

Time (s) interaction siteR = 19 A.
Ficure 2: Single-flash-induced oxidation and reduction of RC- Mutants D46H, Q57K and E_85K eXh'_b'te_d the_ same lonic
bound hemes measured at 555 nm for the reaction of wild-type (a) Strength dependency as the wild-type, yielding similar values
and mutated (bn) tetraheme cytochrome subunitsRifi. gelati- of k., (Table 1). The mutants at positions E79 and E93
nosuskRC with 3_/tM Rui. QE|¢':_1tinOSUQ'|iP|P. All traces are plotted displayed small but recognizable changes, kefor E93K
on the same time resolution scale. The height of each panely,q 5'jittle lower than the wild-type value (Table 1) and the
corresponds t&A\ABS of 2.0 x 1073, Buffer solution contained 2 . .
mM Mops—NaOH (pH 7), 204M DAD and 0.1 mM sodium curve f(_)r E79 was slightly less steep than that of the wild-
ascorbate. type (Figure 3A). Double mutants E79K/E85K and E93K/

E85K showed the same dependency as single mutants E79K

RC Mutants in the Reaction withvR gelatinosus HiPIP. and E93K, respectively (Table 1). The ionic strength
Kinetic traces at 555 nm for the reactionkdi. gelatinosus dependency of the triple mutant E79K/E85K/E93K was less
HiPIP with wild-type and mutants of the RC-bound cyto- steep (Figure 3A), but its reactivity at high ionic strength
chrome subunit presented in Figure 2 show the flash-induced(k.) was not changed in comparison with the wild-type.
photooxidation of a bound cytochrome (downward signal in  In contrast to the mutants at positions E79 and E93, which
submilliseconds) followed by its rereduction by HiPIP displayed a kinetic behavior at high ionic strength similar
(absorbance increase within tens of milliseconds). The to this of the wild-type, the mutants grouped in Figure 3B
second-order rate constants for the reduction of the wild- exhibited a dramatic decrease in the rates with increasing
type and mutated RCs in the presence of HiPIP are salt concentration. At higher ionic strength, their reactivity
summarized in Table 1. dropped to a much lower level than that of the wild-type.

At low ionic strength, the kinetic behavior of individual This phenomenon was observed in single mutants R72E,
mutants falls into three categories. The first group of mutants L96K, V67E, and V67K and double mutant V67E/R72E.
includes those which were reduced with the same rate asThe extent of the decrease in the reactivity was site-specific
the wild-type k= (2.6-2.8) x 10° M~1s71]. These mutants  (Table 1). The highest value ¢, in this group observed
were D46H, Q57K, and E85K (Figure 2, panelsd). The for R72E k. = 1.0 x 10° M~ s7) was 1 order of magnitude
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Table 1: Second-Order Rate Constarfsand the Rates at Infinite lonic Strengtk.) for the Reaction oRvi. gelatinosusHiPIP andRcy.
tenuisHIPIP with Wild-Type and Mutants oRvi. gelatinosusRC-Bound Tetraheme Cytochrome Subunit

Rui. gelatinosuHiPIP

Rcy. tenuiHiPIP

RC k(M~ts1)a Ko (M~1 5710 k(M~ts1)2 ko (M~1s7h)P
WT 2.8x 108 1.1x 107 8.0x 1CF 1.3x 1C°
D46H 2.6x 1C° 9.7 x 10° 9.0x 1CF 1.6 x 1C°
Q57K 2.7x 108 1.0x 107 7.8x 10°F 1.4x 1C°
E85K 2.8x 1C® 1.2x 107 7.0x 10° 1.4x 1C°
E79K 1.1x 108 1.1x 107 5.0x 10° 1.3x 1C°
E93K 2.3x 108 8.5x 108 3.4x 10° 1.0x 1¢°
E79K/E85K 1.2x 10° 1.1x 107 40x 10° 1.4x 1C°
E93K/E85K 2.3x 1C® 8.1x 10 2.5x 1C° 9.6 x 1P
E79K/E85K/E93K 5.6x 107 1.0x 107 1.2x 10° 6.9 x 1P
R72E 2.3x 1C° 1.0x 1 7.2x 1P 6.5x 1P
L96K 7.3x 107 5.2x 1P 1.0x 108 3.2x 1P
V67E 3.0x 107 1.3x 10 15x 108 2.1x 10
V67K 1.6 x 107 2.0x 1P 1.4x 10° 2.0x 1P
V67E/R72E 1.1x 107 7.0x 10¢ 1.5x 10° 6.5x 10*

2 Measured in 2 mM Mops-NaOH, pH 7 The rate constants at infinite ionic strengk)(were calculated applying the parallel plate (Watkins)

model for proteir-protein interactions2g).

10°

A)

108_

Rate constant {M1s71]

107 1

0.0 0.1 0.2 0.3 0.4 05 0.6

108 1

107 -

108

Rate constant [M-1s™']

105 4

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Square root of ionic strength [M'/2]

lower than the wild-type value. Next in order, L96K.(=

5.2 x 1®* M1 s 1) was followed by two mutants at position
V67 (ko = 1.3 x 10° M~1s ! for V67E and 2.0x 10° M1

s 1 for V67K). The last was double mutant V67E/R72E, with
the lowest value ok, = 7.0 x 10* M~! s1. Apparently,

the higher ionic strength intensified the differences between
these mutants and the wild-type observed under conditions
of low ionic strength.

RC Mutants in the Reaction with Rcy. tenuis HiPTe
crystal structure oRvi. gelatinosuHiPIP is not known and
can only be predicted from the amino acid sequence
comparison with HiPIPs that have already been crystallized
(see the model shown in Figure 1b). HiPIP fr&uy. tenius
which belongs to the group of HiPIPs of known 3-D structure
(26) (Figure 1c), was shown to be an efficient physiological
electron donor to the RC-bound cytochrome subu2®).(
Therefore, we usedRcy. tenuisHiPIP for comparative
purposes and analyzed its kinetic behavior in the reaction
with wild-type and all RC mutants.

Rcy. tenuidHiPIP reacted with wild-typ&vi. gelatinosus
RCs with the second-order rate constant of 8.00°f M~*

s (Table 1).Rcy. tenuisHiPIP showed a marked ionic
strength dependence, giving the value of infinite rate constant
of 1.3 x 10° M~t st (Table 1). As summarized in Table 1,
the mutations resulted in more or less severe inhibition of
the electron transfer in a manner comparable to the effects
observed in the case dRui. gelatinosusHiPIP. Some
differences are described and discussed later.

RC Mutants in the Reaction with Horse Mitochondrial
Cytochrome c.The replacements of negatively charged
residues from the region near heme 1 (at positions E85, E79,
E93, and D46) with positively charged ones have been shown

FiGURE 3: lonic strength dependence of the observed second-ordert0 inhibit the reaction with horse cytochronze(10). As

rate constants for the reaction®#fi. gelatinosusHiPIP with wild-
type and mutated tetraheme subunitsRef. gelatinosusRC. In
panel A, symbols represent the values for wild-ty@g E79K ©),
and E79K/E85K/E93KY). In panel B, symbols represent the values
for wild-type (@), R72E (¢), L96K (M), V67E (a), V67K (),
and V67E/R72E®). The solid lines correspond to fits of the data
using the parallel plate (Watkins) model for protejrotein
interactions 28). In each fit, the radius of the interaction site was
taken as 19 A (the wild-type value). The values of the parameter
Vi were the following:—4.6 (wild-type),—3.7 (E79K),—2.8 (E79K/
E85K/E93K), —7.6 (R72E),—7.0 (L96K), —7.6 (V67E), —6.2
(V67K), —7.2 (V6TE/RT72E).

shown in Figure 4A, a similar effect was observed for other
mutations introducing positive charge: V67K, Q57K, and
L96K. The extent of the inhibition was site-specific: the
reduction of bound cytochrome, which occurs with the
second-order rate constant of &5L0° M~1 s~ 1 in the wild-
type, occurred with the rates of 22010° M~ s71in Q57K,
1.0x 1P M~ tstin V67K, and 3.4x 1° M~ts1in L96K.

On the other hand, the acceleration of the reaction rate
was observed when negatively charged residues were
introduced in the domain. The replacement of residues V67
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FiIGURe 5: lonic strength dependence of the observed second-order

@ (c) rate constants for the reaction of horse mitochondrial cytochrome
¢ with wild-type and mutated tetraheme subunit&Roil gelatinosus
RC. Symbol code is the same as in Figure 3: wild-ty@g (96K
WT R72E (m), V67K (2), V67E (a), R72E ), and V67E/R72E®). The

s e solid lines correspond to fits of the data using the same model as
0.00 001 0.02 0.03 0.04 0.05 0.06 0.00 001 0.02 0.03 0.04 0.05 0.06 in Figure 3. For optimal fits, the radius of the interaction site was
taken as 10.4 A (for the wild-type, L96K, V67K) 6 A (for V67E,
R72E, V67E/R72E). The values of the parametgrwere the

b (@ following: —5.5 (wild-type), —2.3 (L96K), —3.8 (V67K), —7.4
(V67E), —8.0 (R72E),—9.8 (V67E/R72E).
V67E V67E/R72E indicative of partial loss of attractive interactions in the

O.;)O O.;J1 0.I02 0.:)3 0.84 0.05 0.06 0.;)0 0.;)1 0.;32 0.03 0.04 0.05 0.06 blndlng domaln .
Comparing the effects of two oppositely charged mutants

at position V67, it should be noted that the extent of the
Ficure 4: Single-flash-induced oxidation and reduction of RC- acceleration caused by V67E appears to be larger than the
bound hemes measured at 556 nm for the reaction of wild-type () inhibition caused by V67K. It should be noted as well that

and mutated (bd) tetraheme cytochrome subunitsRfi. gelati- - . o .
nosusRC with horse mitochondrial cytochroneeThe concentration all mutants shown in Figure 5 displayed similar behavior at

of cytochromec was 40uM (part A) or 13uM (part B). The height ~ the region of high ionic strength and had similar values of
of each panel correspondsA®BS of 1.8 x 10-3. Buffer solution rate constant at infinite ionic strength (the valuek.ofanged
contained 2 mM Tris-HCI (pH 8), 2&M DAD, and 0.1 mM from 5.2 x 10* to 7.0 x 10* M~ s71). This is in sharp
sodium ascorbate. contrast to the ionic strength dependence of these mutants
and R72 with glutamates significantly improved the reactivity in the reaction withRui. gelatinosusHiPIP (note that the

of mutated RCs with cytochrome (Figure 4B): mutants  set of mutants in Figure 5 is exactly the same as that in Figure
V67E and R72E reacted with a second-order rate constant3B).

of 3.8 x 10" and 7.0x 10’ M~1 s™%, respectively. Moreover, Mapping the Binding Site for HiPIP and Cytochrome c.
the reaction was further accelerated in the double mutantThe contribution of each tested residue of the cytochrome
V67E/R72E which reacted with the rate of 2410° M1 subunit to the binding of HiPIP and cytochrontewas

s 1. Apparently, the efficiency of the REcytochromec evaluated by calculating the degree of inhibition caused by
interaction, in contrast to the REHIPIP interaction, strongly  single mutations at individual positions expressed-aglog-
depends on the sign of the mutationally introduced charge. (kut/km) + 10g(Keowt /Kom)]/N, Wherek,: and ky,, are second-

In Figure 5, the second-order rate constants for the wild- order rate constants at low ionic strength (2 mM Mops-NaOH
type and the mutants at positions L96, V67, and R72 are for HiPIP, 2 mM Tris-HCI for cytochrome) of wild-type
plotted as a function of ionic strength. The effects of ionic and mutant, respectiveli... andk., are second-order rate
strength confirm the strong dependence of the-R@o- constants at infinite ionic strength of wild-type and mutant,
chromec interaction on the magnitude of negative charge respectively, ana is net charge change caused by mutation
exposed in the region of the binding domain on the (taken as 1 or 2, depending on the introduced mutation).
cytochrome subunit. The mutants with additional negative From the set of data obtained for each soluble electron donor,
charge in the interaction domain (V67E, R72E, and V67E/ the largest inhibition (largest value of parameter) was
R72E) exhibit more profound ionic strength dependence normalized to 100% (position V67 in the case of HiPIP, or
with respect to the wild-type. This can be interpreted as L96 in the case of cytochron®, and the relative percentages
reflecting the reaction involving a higher number of interact- of inhibition for the remaining positions were calculated
ing charges. The mutants with additional positive charge accordingly. The results are shown in Figure 6. In Figure 7,
(V67K and L96K) show significant reductions of ionic the data from Figure 6 foRvi. gelatinosusHiPIP and
strength dependence. These effects are within the range otytochromec are projected onto the model of 3-D structure
decrease previously observed for the mutants having positiveof the cytochrome subunit to visualize the positions of the
charge at positions E85, E79, E93, and D46)(and are binding sites.

Time (s)
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than would be expected if these residues were to form salt
bridges in the transient complex with HiPIP (see the
comparison with soluble cytochronedbelow). It is therefore
possible that these residues are located in the peripheral
region of the HiPIP-binding site and only facilitate the initial
recognition process without participating in the final docking.
Comparison of the Binding Sites for HiPIP and Cyto-
chrome c: Implications for Different Docking Mechanisms.
From the comparison shown in Figures 6 and 7, it is apparent
that the cytochrome-binding site occupies a much larger
area of the subunit than the HiPIP-binding site. The encounter
; L ‘ , surface for cytochromeis definitely covered by E79, E93,
D46 Q57 E85 E7e E93 R72  L96 V67 V67, and R72, all of which surround the solvent-exposed
edge of heme 1, forming a ring of approximately 24 A
diameter. In addition, even the residues located more distantly
Ficure 6: Comparison of the effects of individual mutated positions  from the heme edge and/or beyond the frontal surface (D46,

in Rui. gelatinosudRC-bound tetraheme cytochrome subunit on the ; pifi
reactivity of Rvi. gelatinosuHiPIP (black bars)Rcy. tenuidiPIP E85, and Q57) appear to contribute significantly to the

(light gray bars), and horse mitochondrial cytochramfdark gray binding. This is in cpntrast to the HiPIP—binding sitez which
bars). The percent of relative inhibition given by the bars was appears to be restricted only to the small region with V67,
estimated as described in Results. Asterisk indicates a value obtainedR72, and L96 (approximately 12 A diameter) in addition to
from the effect of acceleration of the reaction with cytochrame peripherally located E79 and E93. Other residues (D46, Q57,

in the mutant R72E (note that in the case of cytochrammbe ; T PR
acceleration was also observed in the mutant V67E (76%), but aand E85) showing no contribution to the binding seem to be

value given by the bar (55%) shows the inhibition caused by V67K). located entirely outside the border of this encounter surface.
Interestingly, the comparison of the relative contribution of

V67 and L96 (Figures 6 and 7b) to the binding of HiPIP
DISCUSSION suggests that the left side of heme 1 (as viewed in Figure 7)
Identification of the Residues Forming the Binding Site is more dominantly involved in the binding than the right
for HiPIP. In previous studies, we identified the region side. This seems to be further supported by a difference in
around the solvent-exposed edge of low-potential heme 1the effects of L96K and E93K, which appears to be very
of the RC-bound tetraheme cytochrome subunit as a bindinglarge despite the short distance between the residues. The

site for soluble cytochromes and HiPIBO( 11). In the case  residues forming the cytochronmebinding site are more
of HiPIP, the identification was based on the observation uniformly distributed on both sides of the heme crevice
that the electron-transfer reaction between this protein and(Figure 7a).
the RC is significantly impaired in two RC mutants: the The most noticeable distinction between the HiPIP-binding
single mutant V67K and the triple mutant E79K/E85K/EQ3K region and the cytochromebinding region is the relative
(12). In this study, we confirm this finding by showing that contribution of the acidic cluster (D46, E79, E85, and E93).
other mutations near heme 1 inhibit the reaction as well. As shown here and in a previous study0), negatively
Furthermore, the site specificity of the inhibition observed charged residues forming this cluster are critically important
for individual mutations allows us now to predict more for the recognition of cytochrome. Not only did all
precisely which amino acids form the encounter surface. introduced positive charges in the region around heme 1
The strongest inhibition observed for the mutations of inhibit the reaction with cytochrome but also negative
valine at position 67 (V67K and V67E) indicates that the charges additionally introduced to the region accelerated the
region close to heme 1, in the vicinity of this residue, is reaction rate (Figures 4 and 5). This clearly indicates that
dominantly involved in the binding of HiPIP (Figure 7b). favorable electrostatic attractions between the acidic residues
Consistent with that idea, a severe impairment of the of the RC and the lysines of cytochrora@rimarily control
interaction with HiPIP was also observed for the mutations the recognition between these two proteins. Moreover, the
at two other positions in the region near heme 1: L96K and observation that the acceleration of the reaction rate in the
R72E. In contrast to these three positions, the replacementmutant V67E was larger than the inhibition caused by the
of other residues had a less pronounced effect on theoppositely charged mutation at the same position (V67K)
reactivity of HiPIP or no effect at all. These positions suggests that the uniform distribution of charged residues
included a cluster of negatively charged acidic residues E79,around the redox center may have an additional advantage
E85, E93, and D46, and one uncharged residue Q57. Whilein facilitating the formation of the transient complex. This
the electron-transfer rate from HiPIP remained almost agrees with the structure of cytochrom@swhich usually
unaltered in the case of D46H, Q57K, and E85K, slight possess several positively charged residues encircling the
inhibitory effects were recognized in the case of E79K and heme crevice. Corresponding to this, in species where these
E93K. This was further confirmed by the effects of multiple cytochromes are the only electron donors to the RC, the
mutations. In particular, the fact that the triple mutant E79K/ negatively charged residues can be found on both sides of
E85K/E93K showed clear inhibition at low ionic strength heme 1 of the cytochrome subunit. This is the casBln
(apparent additivity of E79K and E93K) indicates that both wiridis in which the tetraheme cytochrome subunit has
E79 and E93 contribute to the binding to a certain degree. It glutamates at positions 67 and 48 (on the left side of heme
should be noted, however, that the extent of inhibition caused1, as viewed in Figure 1a) in addition to E93, E85, and E79
by the mutations at positions E79 and E93 is much smaller (on the right side and the bottom of heme 1). Similar
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Ficure 7: Schematic map of the binding site for cytochromé) and HiPIP (b) on the surface of the tetraheme cytochrome subunit of

Rui. gelatinosusRC. The orientation of the molecule is the same as in Figure 1a. The relative contributions of tested by mutation resi-
dues are compared using a violet intensity scale (color intensity corresponds to the degree of inhibition shown in Figure 6). The observable
lack of contribution is shown in blue. Hemes are green. The figure was generated using the programs MOLSG6RIRT RASTER3D

(57).

distribution of acidic residues is also predictedihodospir- that the mutations affected mostly the electrostatic charac-
illum molischianumand Rhodobium marinunG30). teristics of RC-cytochromec interaction. In the assays with

In Rei. gelatinosusthe acidic cluster surrounding heme 1  HiPIP, the mutants at positions V67, L96, and R72 displayed
lacks negative charges on the left side of its edge (Figure a profound site-specific decrease of the reaction rates both
1a): positions 67 and 48 are occupied by uncharged valineat low and high ionic strength (Figure 3B). These sharp
and serine, respectively, and the only charged residue in thisdecreases in reactivity do not seem to reflect the impairment
region, D46, is located somewhat distantly from the heme. of electrostatic interactions between two proteins. Consider-
The uncharged and hydrophobic residues in the region closeing the positions of V67, L96, and R72 with respect to the
to the exposed edge of heme 1 appear to be critically hydrophobic core near heme 1 (Figure 1a), these effects seem
important for the binding of HiPIP, while the contribution to be related with the hydrophobic character of the HiPIP
of the acidic cluster itself is rather minor (Figures 6 and 7b). binding domain.
These observations suggest that the molecular recognition The proposed importance of the hydrophobic interactions
between HiPIP and the RC is primarily controlled by in the binding of HiPIP has to be reconciled with the strong
hydrophobic interactions between nonpolar residues ratherionic strength dependency observed for the reaction between
than by electrostatic interactions between oppositely chargedthe wild-type RC and HiPIP. Such a dependency is usually
residues. taken as evidence for the binding controlled mainly by

In support of this idea, the fact that oppositely charged favorable electrostatic attractions<7, 9, 10, 17, 28, 31).
mutations at position V67 (V67E and V67K) have similar However, the mutations of all charged positions which may
inhibitory effects on the reactivity of HiPIP emphasizes the participate in the electrostatic recognition between the RC
importance of the uncharged character of valine at this place.and HiPIP through the formation of salt bridges resulted in
This can be contrasted with the behavior of cytochrame  a little or no change in the ionic strength dependency with
the reactivity of which shows a clear dependence on the signrespect to the wild-type [note that these mutations severely
of the introduced charge (opposite effects of V67E and diminished the ionic strength dependency of cytochrame
V67K). (10)]. In particular, the dependence that remained after the

Furthermore, the ionic strength dependency of the reactionintroduction of the triple substitution E79K/E85K/E93K
of HiPIP with some of the RC mutants differs from the (Figure 3A), which replaced most of the charged residues
pattern anticipated for the electrostatic mode of interaction. in the region around heme 1, can hardly be ascribed as
In the case of cytochrome the reaction rates of all mutants reflecting the simple plus-minus electrostatic interactions. In
converged to the value of wild-type (Figure 5), indicating addition, the large value of the radius of the interaction site
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(19 A) required to fit the wild-type data does not seem to a similar hydrophobic domain (Figure 1c). Thus, it is not
correspond to the size of the site revealed through mutagen-surprising that the inhibitory effects of the mutations in the
esis experiments (a radius of approximately 6 A). A similar region around heme 1 of the subunit in the reaction with
value (20 A) was obtained for the reaction Rhodoferax Rcy. tenuidHiPIP are generally comparable with the effects
fermentantsHiPIP with the RC 82). These large experi-  observed wittRui. gelatinosudHiPIP. However, the relative
mental estimates suggest that the ionic strength dependencygontribution of the electrostatic component in fRey. tenuis

of the HiPIP reaction does not reflect, at least solely, the HiPIP—RC interaction appears to be larger in comparison
electrostatic mode of interaction. As far as the electrostatic with Rui. gelatinosusHiPIP—RC interaction. This is indi-
component is concerned, its possible contribution may derive cated by the stronger inhibition in the single mutant E93K
from the complementarity of the delocalized electrostatic (Figure 6) and the relatively smaller ionic strength depen-
potentials of the encounter surfaces of HiPIP and the RC, dency of the triple mutant E79K/E85K/E93K (Table 1)
according to the mechanism proposed by Tiede et38). ( observed irRcy. tenuigeactions.

It should be noted that some of the mutations used in this Considering the possible orientationsRfi. gelatinosus
study may provide steric hindrance for the interaction with HiPIP or Rcy. tenuisHiPIP docked in the RC, it can be
soluble partners. In particular, this is likely to occur in mutant suggested that the right (charged) side of the HiPIP molecule
L96K, which has an alteration at the closest position to the (as viewed in Figure 1, panels b and c) aligns itself toward
heme edge in front of the encounter surface (Figure 1a). Thethe region around E79 and E93 with close interaction
inhibition caused by L96K is very strong in the case of both between the hydrophobic domains of HiPIP and the cyto-
HiPIP and cytochrome, and the effect of L96K on the  chrome subunit. Such orientation modeled Rey. tenuis
reactivity of cytochrome is larger than would be expected HiPIP is shown in Figure 8. In this model, the distance
for a change of one charge in the interaction domain (seebetween the edge of heme 1 and the #aulfur cluster is
comparison with V67K in Figure 6). This suggests that the approximately 7 A. The residues engaged in the hydrophobic
structure of the hydrophobic pocket immediate to heme 1 is interactions are F56, V67, and L96 of the cytochrome subunit
important for proper coupling of the proteins and may allow and F10 and V42 oRcy. tenuiHiPIP (Figures 1, panels a
some hydrophobic contacts to occur even when the reactionand c, and 8). In the case Bfi. gelatinosusHiPIP (model
is primarily controlled by electrostatic forces. On the other not shown), the interacting positions are L13 and L55 (Figure
hand, all other mutations encircling heme 1 with a reasonable 1b). In both cases, the C-terminus of HiPIP (K61 and K62
distance from its edge, influenced the binding of cytochrome for Rcy. tenuidHiPIP, or K72 and K73 foRuvi. gelatinosus
c according to theoretical predictions, i.e., they inhibited or HiPIP) remains somewhat distant from the surface around
accelerated the reaction rate in the range consistent with theE79, supporting experimental indications that this region may
sign and magnitude of the introduced charge. This indicatesnot participate in the final docking of HiPIP. In this respect,
that, for the reaction with cytochrome, the local steric effects the modeled orientation of HiPIP molecule differs from the
of mutations at these positions were minor with respect to orientation of cytochromec, predicted for the RC-cyto-
the electrostatic effects caused by the change in charge. chromec; interaction inBlc. viridis (see Figure 8 in ref0).

Putative Docking Region on HiPIP, Model of Binding. In the latter model, cytochrome is shifted slightly down
The model ofRui. gelatinosusHiPIP shows a hydrophobic  from the top of the cytochrome subunit (as viewed in Figure
zone occupying the surface surrounding the irenlfur 8), resulting in closer contacts between cytochramand
cluster (Figure 1b). This side of the molecule can be the region around E79 (possible salt bridge between E79 of
considered as a possible region involved in the recognition the cytochrome subunit and K78 of cytochromg
of the hydrophobic domain of the bound cytochrome subunit.  The proposed configuration of the complex wigcy.
Results from the comparative analysis of the 15 known HiPIP tenuisHiPIP places its K41 near E93 of the subunit. This
amino acid sequences support this id23).(The same side  additional charge on the surface REy. tenuiHiPIP (note
of the protein (as viewed in Figure 1, panels b and c), referred that the corresponding bottom Bfi. gelatinosudHiPIP lacks
to as the front side, appears to be well-conserved in all any charged residues) may be partly responsible for the larger
HiPIPs showing high conservation of the hydrophobic contribution of the electrostatic component in the binding
residues. This side is, therefore, the most likely part involved of Rcy. tenuidHiPIP to the RC and account for the observed
in molecular recognition processex3. differences in the kinetic behavior of both HiPIPs in their

The front side of the model d®ui. gelatinosudHiPIP does reactions with E93K (Figure 6).
not show a ring of positively charged residues encircling the  In the docking model of REHIPIP interaction, the contact
redox center. Instead, the lysine residues accumulate onlyarea of the solvent-accessible surface of the RC is reduced
at the right edge (as viewed in Figure 1b) and in the upper to less than half (approximately 30%) in comparison with
part. This asymmetric charge distribution may correlate in the same area in the model proposed for-Rgtochrome
some way with the negative charge near heme 1 of thec; interaction (0). This agrees with the observations that
subunit (the right side of the heme cleft seen in Figure 1a is the binding site for HiPIP is smaller than the cytochrome-
more negative than the left side). However, the role of c-binding site (Figure 7).
charged residues of HiPIP in its binding to the RC seems to  Ewvolution of Electrostatic and Hydrophobic Components
be supplementary in light of the results of mutagenesis in of the Binding Domain.The region around the solvent-
the RC counterpart. These charged residues may serve a morexposed heme 1 of the cytochrome subunit provides two

important function when HiPIP binds to the cytochrobeg different structural domains: a cluster of negatively charged
complex, its physiological electron dondk§). acidic residues encircling the heme crevice and a hydropho-
The front side of the 3-D structure &cy. tenuiHiPIP bic domain inside this cluster (mostly the left side as viewed

resembles that dRvi. gelatiosusHIPIP in that it possesses in Figure 1a). The results with mutated RCs showed that
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Cytochrome Subunit

HiPIP

Ficure 8: Model of possible interaction between the cytochrome subunit oRthegelatinosusRC (left) andRcy. tenuiHiPIP (right).

Thread drawings based on thecarbon positions are colored white. The side-chain atoms of the charged residues are shown as ball-and-
stick models in blue (lysines) and red (glutamates, aspartate). The side-chain atoms of hydrophobic residues are shown in yellow. The heme
atoms and the iroAsulfur cluster are also shown as ball-and-stick models in green and cyan, respectively. The figure was generated using
the programs MOLSCRIPT56) and RASTER3D %7).

both components are important in the binding of soluble R72E, are apparently connected with the change in the
partners of the RC, although the contribution of an electro- electrostatic and hydrophobic component of the interaction
static component and a hydrophobic component variesdomain. In other words, an additional negative charge
depending on the particular interaction. In the case of the facilitates the electrostatic recognition of cytochromleut
complex formed betweefRvi. gelatinosusRC and Rui. at the same time destroys the effectiveness of the hydro-
gelatinosusHiPIP the hydrophobic domain of heme 1 phobic coupling with HiPIP. In this context, it seems possible
appears to be of primary importance, while the contribution that the evolutionary pathway leading to the most effective
of the acidic cluster is rather minor. The interaction$of. interactions between the RC and donor proteins involved
gelatinosusRC with mitochondrial cytochrome andBlc. structural adjustments of both electrostatic and hydrophobic
viridis cytochrome c, are predominantly controlled by domains at the interface. As a result, the relative contribution
electrostatic favorable attractions (formation of salt bridges), of the electrostatic and hydrophobic component in the-RC
whereas the interaction witRcy. tenuisHiPIP appears to  donor protein interaction may vary in different species of
be stabilized by both hydrophobic and electrostatic interac- photosynthetic bacteria.
tions. Electrostatics is important in the binding Bbi. From this perspective, it is possible to explain the kinetic
gelatinosuscytochromecs, although this interaction seems  behavior of theBlc. viridis tetraheme subunit in the reaction
to involve less charge and is presumably also controlled by with different donor proteins 31). Its putative binding
hydrophobic forces1, unpublished observations). domain (the region around heme 1) has, in comparison with
It is natural to expect that the structures of the binding the binding domain on thwi. gelatinosugetraheme subunit,
domains are optimized so that the physiological protein a more highly developed electrostatic component (additional
partners mediate the most efficient electron transfer. The glutamates at positions 67 and 48) at the expense of the
results of this study showed that some mutations irRbie hydrophobic component. In light of the results with mutants
gelatinosuscytochrome subunit can modify the electron- at positions 67 and 72, this difference can make Bl
donor-binding site in such a way that the physiological viridis domain much more efficient in the binding of
interaction (with HiPIP) is significantly impaired, while the cytochromes (including physiological cytochrorog than
nonphysiological interaction (with soluble cytochro)es in the binding of HiPIPs, which was indeed observed
considerably improved and its effectiveness in vitro can even experimentally 81).
correspond to the level of physiological interaction. These Role of Low-Potential Hemes of the Cytochrome Subunit.
effects, observed for mutations V67E, R72E, and V67E/ Despite extensive studies on the structural and kinetic
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properties of RC-bound tetraheme cytochrome subunits inreductase and cytochronee551 @7). Another example is
various species, the functional significance of the charac- provided by the cocrystal structures of cytochromper-
teristic “high-low-high-low potential” arrangement of its four  oxidase-cytochromec (48) and methylamine dehydrogen-
hemes is still a matter of debate. In particular, the role of ase-amicyanin 49, 50), which show that the interaction
the low-potential hemes and the significance of the interposi- between proteins in these complexes occurs mainly through
tion of one of them (heme 4) between two high-potential the hydrophobic interface.
hemes are still not fully understood, (34, 35). Cases of interchangeability between different electron
Considering that the region around the exposed edge ofcarriers performing the same function have been reported
heme 1 of theRui. gelatinosuscytochrome subunit shows  for several in vivo electron-transfer systems [for example
capability to bind two different types of bacterial soluble HiPIP/cytochromecs (29, 51), plastocyanin/cytochromes
electron donors to the RC (cytochromand HiPIP), it seems  (52—54)], raising questions about the molecular basis of
reasonable to assume that this region is a general site ofprotein—protein recognition in such systems and the evolu-
interaction for all RC-bound tetraheme cytochromes and all tion of the binding mechanism8%). We showed that ifRui.
four hemes, including low-potential ones, are involved in gelatinosusRC, the mainly hydrophobic interaction region
the electron flow toward P, In this context, an interesting  with HiPIP almost completely overlaps with the mostly
exception has recently been foundRmodaulum sulfido- electrostatic interaction region with cytochronee This
philum, a species which possesses a three-heme cytochromgarticular feature makes the single binding region on a
subunit bound to the RC36). In this so far unigue = membranous protein complex capable of anchoring two very
cytochrome, heme 1 (the most distant heme from P, different types of soluble electron donor proteins.
corresponding to henme554 inBlc. viridis) is deleted, while
heme 2 (the next after heme 1, corresponding to hebt&t REFERENCES
in Blc. viridis) lacks the sixth ligand for the heme iron.
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