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significantly higher-resolution (2.4 A) than that reported previously (4.5 A) (27). The
higher-resolution enabled us to establish with confidence the position of the bound
cytochrome, as well as most of the side chains at the interface, and to determine the

locations of several water molecules.

The structure of the cyt ¢;:RC complex gives insight into the design features of
the molecular machinery that allows it to effectively perform its dual physiological
functions of rapid electron transfer from the cyt ¢, to the bacteriochlorophyll dimer with
rapid association and dissociation of cyt ¢, from RC that is required for an effective
turnover rate of the photochemical cycle (4, 5, 7, 8). Before describing the structural
features responsible for these properties, we need to address the question whether the

crystallization process has affected the co-crystal structure.

Is the structure of the cyt c2:RC complex in the co-crystal the same as in solution?

This kind of question is often asked of crystallographers and is inherent to any
technique that requires crystals. The question is particularly relevant when one deals with
a relatively loosely bound complex (i.e., cyt ¢2:RC) whose structure can be affected by

the requirement to form specific intermolecular contacts in the crystal.

The intermolecular electron transfer kinetics between cyt ¢, and D", Kgr, is
expected to depend sensitively on the structure, i.e., the distance between the co-factors

through the relation (48-50):

kppo< eP' (4)
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where r is the distance between the cofactors, and B is a constant estimated theoretically
(48) and empirically by measuring the intramolecular electron transfer rate, kgr, in a
series of proteins (50, 51). Moser et al. (50) arrived at a value of B=1.4 A", and Tezcan
et al. (51) at a value of 1.1 A", We have measured the interprotein electron transfer rate
ket in the cyt ¢2:RC co-crystal and found it to be, within experimental error (~10%), the
same as in solution. Using an average value of f=1.25 A", equation (4) predicts that a
10% change in kgt (our experimental uncertainty) is brought about by a ~0.1 A change in
r, which is below the accuracy of the position of the X-ray coordinates. This result
provides strong evidence that crystallization does not alter the structure of the complex
in the vicinity of the docking surface where electron transfer occurs. Additional,
corroborative, evidence is provided by the fact that in the two different crystal forms
(Table 6.1), each with a different set of crystal contacts, kgt was found to be the same.
Although some structural changes were observed due to the crystallization process (see

Results), these were far removed from the docking surface.

The electron transfer pathway

The structure of the cyt ¢;:RC complex in the region between the heme and the
primary donor provides information on the likely route of the electron transfer path. The
distance between the closest atoms on the two cofactors in the complex, the CBC methyl
group on the heme and the ethyl group on either of the bacteriochlorophyll rings II of the
dimer. (Figure 6.5) is 8.4 A. This distance is bridged by the aromatic side chain of Tyr

L162, which makes van der Waals contacts to both cofactors. We therefore postulate that
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the most likely electron transfer pathway proceeds from the heme edge via Tyr L162 to

the bacteriochlorophyll dimer.

The RC from the related photosynthetic bacterium Blc. viridis contains a non-
dissociating tetraheme cytochrome molecule. The distance between closest atoms on the
heme and donor is 8.7 A (32), similar to that in Rb. sphaeroides. In both species, a
tyrosine side chain is in van der Waals contact with the cofactors (32, 52, 53).
Superimposing the coordinates of the primary donors of the two species results in a
displacement of 1.5 A between the heme irons. The electron transfer between the
cytochrome and primary donor is about three times faster in Blc. viridis than in Rb.
sphaeroides (54, 55). This may be either due to a difference in the reorganization energy
A (which has not been determined for Ble. viridis) or a different path length (the distance
between conjugated atoms on the heme and primary donor is 12.3 A in Ble. viridis

compared to 14.2 A in Rb. sphaeroides).

The role of Tyr L162 has been investigated by site directed mutagenesis. In Rb.
sphaeroides, mutations of Tyr L162 to the non-aromatic residues Met, Leu, Gly, and Ser
resulted in a ~100 fold reduction in the rate of electron transfer (52, 53). In contrast, the
analogous mutations of Tyr L162 in Blc. viridis had only a small effect on the electron
transfer rate (typically a factor of 2) (56). How can we reconcile these disparate results?
In Ble. viridis, the cytochrome is permanently bound to the RC, keeping the distance
between the heme and bacteriochlorophyll dimer the same in the native and mutant

structures. A different bridging residue can apparently take over the role of Tyr L162 in
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the electron transfer. A possible explanation for the different result in the Rb. sphaeroides
complex is a change in the position of the cyt ¢, on the mutant RC surface. Using 3=1.25
A, equation (4) predicts for an increase in distance of 3.7 A a ~100 fold reduction in
ker. We conclude, therefore, that Tyr L162 in Rb. sphaeroides is likely to play an

important role in attaining the optimum docking position of the cyt c».

Let us now compare the structural results and the measured value of kgr with
theoretical predictions. Aquino et al. (57) have made pathway calculations for different
positions of the cytochrome on the RC surface. They concluded that the best pathway for
electron transfer is through Tyr L162, in accord with the structure presented in this work.
These authors, however, calculated only relative electron transfer rates for different
pathways. To obtain absolute values, we use the empirical relation of Moser et al. (50)
(B=1.4 A™") and correct for the Frank-Condon factor (49) using a reorganization energy
A=0.96 eV and AG= -0.160eV (22). For the 14.2 A distance between conjugated ring
atoms in the cyt ¢;:RC complex, we expect the measured rate to be kgr=8 x 10° s and 2
x 10°s for B=1.4 A" and B=1.1 A"', respectively (50, 5I)". Taking these results at face
value, one concludes that the intermolecular electron transfer rate in the cyt c;:RC
complex (kgr =10° s") is larger than expected for an average protein. Perhaps a more

realistic conclusion is that using an average value of B is too simplistic an assumption and

" The value of B=1.4 A'is based on distances between conjugated bonds on the cofactors (50, 58), whereas
B=1.1 A" is based on distances between redox-active metal atoms in metalloproteins (57). An analogous
metal-to-metal distance for the Rb. sphaeroides cyt ¢:RC complex cannot be defined, since the Mg**

atoms on the donor do not change redox state during the electron transfer.
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a more sophisticated theory that takes into account the nature of the specific bonds
involved is required (59, 60). The structural results of this work should provide a useful

model against which theories can be tested.

The two-domain docking model

The interface between cyt ¢; and the RC can be divided into two distinct,
spatially separated domains. There is a central region, which encompasses the contact
point between the heme edge and Tyr L162. In addition, this region contains the Arg
C32-Tyr M295 cation-Tt interaction as well as several residues on the cyt ¢; and RC that
make van der Waals contact with each other (see Table 6.2). This region contributes to
the strength and specificity of the binding of the cyt ¢, through short-range interactions

(Figure 6.7).

Surrounding the short-range interaction domain is the electrostatic domain, which
contains oppositely charged residues on cyt ¢, and on RC, respectively. The electrostatic
domain provides the long-range interactions (Figure 6.7) that play a role in the dynamics

of the docking process (20, 28).

The interactions in the electrostatic domain arise from the cluster of acidic
residues surrounding Asp M184 on the M side of the RC surface facing oppositely
charged residues on the cytochrome molecule. This is in agreement with mutational
results, which show that the most important interactions are between Asp M184 and Lys

C103 and between Asp L.261 and Lys C99 (28). The structure shows that there is ample
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space to solvate the charges. The solvation has important functional implications: it can
enhance the rates of association of reduced cyt ¢, and dissociation of oxidized cyt c3,
ensuring that cyt ¢, turnover is not the bottleneck in the photosynthetic electron-transfer

cycle.

The two-domain docking model for the cyt ¢,:RC complex incorporates both the
functional advantages of the short-range interaction region in which cyt ¢, is specifically
oriented for rapid electron transfer and an electrostatic long-range interaction domain,

which steers the unbound proteins towards the right configuration in the bound complex.

Previously proposed structural models

Three models for the docked complex between RC and cyt ¢, from Rhodobacter
sphaeroides have been proposed (23, 27, 31). Allen et al. (23) positioned the heme over
Tyr L162 through formation of a series of complementary salt bridges between the two
molecules. Tiede et al. (31) positioned the cytochrome molecule toward the M side of the
RC, while Adir et al. (27) located the cytochrome heme over Asp M184 on the M side.
All three models show the major electrostatic interactions to be on the M side of the RC.
The co-crystal structure described in this work is most similar to the docking model
proposed by Allen er al. (23) These authors used the structure of the homologous cyt ¢;
from R. rubrum since the X-ray crystal structure of cyt ¢, from Rb. sphaeroides had not
been determined at that time. In their model Asp M184 was positioned close to C94 of
the R. rubrum cyt ¢y, which is equivalent to Lys C103 in cyt ¢, from Rb. sphaeroides. In

the modeling of Allen et al., short-range interactions were not considered explicitly.
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Similarily, in the Tiede and Adir structures, the predominant weight was given to
electrostatic interactions. Differences between the co-crystal structure presented here and
the other models based predominantly on electrostatics suggest that in addition to
electrostatic interactions, short-range interactions play an important role in the

positioning of the cyt ¢, molecule.

Structures of other electron transfer complexes involving soluble cytochromes

The cyt ¢:RC co-crystal structure bears some similarities to the X-ray structures
of other complexes that contain a transiently docked cytochrome (33, 34). For example,
the cyt c:cyt ¢ peroxidase complex, whose X-ray structure has been solved by Pelletier
and Kraut (33), has a small hydrophobic contact region consisting of the exposed heme
edge on the cytochrome and two Ala residues on the peroxidase that are connected by
covalent bonds to the electron acceptor, an oxidized tryptophan radical. The structure
contains relatively few (two) salt bridges. The cyt c,:RC complex is also similar to the
structure proposed for the cytochrome c: cytochrome oxidase complex, based on
mutagenesis results (6/-63) and electrostatic modeling (64). In the proposed structure of
this complex, the heme edge contacts a Trp residue located in contact with the Cux
center, the electron acceptor, at the center of a highly charged region on the surface of the

oxidase, facing an oppositely charged surface on the cytochrome molecule.

The complexes described above share with the cyt ¢:RC complex the common
motif of a small contact region that brings the cofactors into close contact for rapid

electron transfer and of oppositely charged surfaces on the cofactors that electrostatically
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steer the mobile cytochrome molecule towards the correct docking position on the surface
of its partner. Further analyses may reveal that such a docking mode is prevalent among

other systems that involve electron transfer between donor and acceptor proteins.

Materials and Methods

Protein purification and characterization

RCs from the carotenoidless mutant of Rhodobacter sphaeroides strain R26 were
purified in a buffer containing 15 mM Tris-HCI at pH 8.0 in the presence of the detergent
lauryldimethylamine-N-oxide (LDAO, Fluka) and 0.1 mM EDTA as described
previously (65). The purity of the RC was monitored by the optical absorption ratio,
Anzo/Agoz, which for the purified RC was 1.20. Cytochrome c; from the R26 strain of Rb.
sphaeroides was purified as described previously (12). Following the final purification
step, cyt ¢ was = 90% in the reduced form. Purity was monitored by the optical
absorption ratio, Aygo/A417, which in the fully reduced state was 0.25 (66). The purity of
the two proteins was additionally assessed by SDS-PAGE as described in ref. (27). Prior
to crystallization, the purified RC and cyt ¢, were dialyzed against 10 mM Tricine (pH
8.5), 0.025% LDAO, 0.1 mM EDTA., and concentrated; the RCs to ~12 mg/ml with

Centricon 100 filters (Amicon) and cyt ¢, to ~20 mg/ml with Centricon-30 filters.

Crystallization
Co-crystals were obtained by vapor diffusion at 19° C in 20 pl sitting drops in 1
ml Cryschem type plates (Charles Supper Co. Natick, MA). The co-crystallization

conditions were as described by Adir et al. (27) except that no NaCl was added either to
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the crystallization solution or to the outer reservoir. The crystallization solutions
contained 70 uM RC (7.7 mg/ml), 140 uM (2 mg/ml) reduced cyt c;, 10% (w/v) PEG
4000, 0.06% (w/v) LDAO, 3.9%(w/v) heptanetriol, and 15 mM Tricine (pH 8.5). The
reservoirs contained 22% (w/v) PEG 4000, 50 mM Tricine (pH 8.5). Co-crystals were

observed within two to four weeks.

Determination of the cyt c>-RC stoichiometry in the co-crystal

The cyt ¢o/RC ratio in the co-crystal was determined spectrophotometrically on
small co-crystals (typical dimensions ~50 x 50 x 50 um) that were washed several times
in an artificial mother liquor (AML) consisting of 22% PEG 4000, 20 mM Tricine (pH
8.5), 0.1% LDAO, 3.9% w/v heptanetriol. The washed crystals were centrifuged in a 1 ml
Eppendorf tube, and dissolved in 50 pl of buffer containing 20 mM Tricine (pH 8.5),
0.1% LDAO, 0. mM EDTA. Absorption spectra were obtained in 100 pl quartz
microcuvettes using a Cary 50 dual beam spectrophotometer (Varian). The RC
concentration was determined from the absorbance at 802 nm using an extinction
coefficient €50,=2.88 x 10° M'cm™ (67). The cyt ¢, concentration was obtained from the
reduced minus oxidized difference spectra at 550 nm, which we determined to be
Ae™=21.5 (+ 0.2) mM'cm”. To obtain this value, we used the reported extinction
coefficient, €550=30.8 mM'ecm™, for the reduced state (66). The oxidized spectrum was
obtained on dissolved co-crystals by adding potassium ferricyanide to a final
concentration of 60 uM, while the reduced spectrum was recorded after subsequent
addition of sodium ascorbate to a final concentration of 1 mM. Two additional methods

that were used to determine the stoichiometry are discussed in Results.
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Measurement of electron transfer kinetics in co-crystals

The electron transfer kinetics were measured in a microspectrophotometer of
local design as described (27, 68), but with the following modifications: a laser flash,
producing the charge-separated D*Q4~ was delivered by a YAG laser (A=700 nm, 5 mJ,
20 ns pulse width) (Opotek, Carlsbad, CA) via a light guide to the crystal oriented
perpendicularly to the monitoring light. Kinetic data were obtained at two wavelengths of
the monitoring beam, 550 nm and 600 nm. To reduce laser flash artifacts, two SWP 560
filters and one SWP 620 filter (Linos Photonics) were placed in front of the phototube for
measurements at 550 nm, and a 600 nm interference filter (Corion) and a SWP620 filter

for measurements at 600nm. The response time of the system was 3 x 10 seconds.

Co-crystals were incubated in a buffer solution containing 20% (w/v) PEG 4000,
50 mM tricine (pH 8.5), 7.5% (w/v) heptanetriol, 0.1% (w/v) LDAO, 5 mM 23-
dimethoxy-5-methylbenzoquinone (UQo) and 5 mM 2,3-dimethoxy-5-
methylhydrobenzoquinol (UQgH>); and mounted in 0.7 mm quartz capillaries (Charles
Supper, Natwick MA). The mixture of UQ, and UQyH; served to reduce the cyt c; in the
co-crystal, which allowed signal averaging of multiple flashes. Crystals were also soaked
in buffer with 50 mM potassium ferricyanide to observe the kinetics when cyt c; is

oxidized.

X-ray data collection
X-ray diffraction data were collected at either beamline 9-1 of the Stanford

Synchrotron Radiation Laboratory (SSRL) or beamline 5.0.2 of the Advanced Light



184
Source (ALS, Berkeley, CA) on two different crystal forms. Crystals were mounted on
nylon loops and soaked sequentially for ~30 sec in solutions containing 22% (w/v) PEG
4000, 20 mM Tricine (pH 8.5), 0.06%(w/v) LDAO, 3.9%(w/v) heptanetriol and
increasing concentrations (5%, 15%, and 20% v/v) of glycerol cryoprotectant (69).
Following the soaks, crystals were plunged into liquid nitrogen and mounted onto a
goniostat. Data were collected on crystals cooled to ~100 K using a stream of cold
nitrogen gas. The diffraction data were processed with the MOSFLM (70) or HKL (71)
software packages, and scaled with either the CCP4 SCALA (72) program or the HKL

SCALPACK (71) program. Data processing statistics are shown in Table 6.1.

X-ray structure determination

Since the RC comprises most of the scattering material in the co-crystal,
molecular replacement methods were used to position the RC in the unit cell. RC
coordinates refined at 2.2 A resolution (//) were used in this calculation, with the
molecular replacement implemented with the XPLOR (73), CNS (74), or the AMoRe
(75) programs. Two co-crystal forms, designated Type I and Type II, were investigated.
Both forms belong to space group P2, with two (type I) or one (type 1I) complex present

per asymmetric unit.

Simulated annealing omit electron density maps of the form 2F,-F. or F,-F. were
calculated with CNS, contoured with the program MAPMAN (40), and displayed on
computer workstations using the programs TOM/FRODO (76) or O (77). To determine

the location of cyt c,, difference electron density maps were computed with the RC
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molecular replacement phases. These maps revealed a large peak, 5-6 © above the
background level, at the same relative location in both co-crystal forms. The magnitude
and location of this peak suggested its assignment to the heme iron atom of cyt c;.
Solvent-flattened and non-crystallographic symmetry averaged difference maps revealed
additional electron density corresponding to the heme and its axial ligands, His C19 and
Met C100, and the o-helices of cyt ;. The previously determined coordinates of cyt ¢
from Rb. sphaeroides (PDB ID 1CXC (/2)) were subsequently modeled into this electron

density at the periplasmic surface of the RC.

Rigid body, positional, simulated annealing, and isotropic temperature factor
refinement were carried out with the CNS package incorporating maximum-likelihood
refinement target functions (78), non-crystallographic symmetry restraints, and
anisotropic bulk-solvent correction. Refinement statistics are shown in Table 6.1. The
2.2 A resolution coordinates of the RC (/1) and the 1.6 A resolution coordinates of cyt c;
(12) positioned by molecular replacement as described above were used as starting
models for refinement in the two crystal forms. During the final stages of refinement,
water molecules were incorporated into the 2.40 A model for the type II form using
automated CNS command scripts that locate difference electron density peaks that are 3
o above the average background level of the map and within hydrogen bonding distance

of potential donors or acceptors.
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RCSB Protein Data Bank accession codes

The coordinates, isotropic temperature factors, and observed structure factors have
been submitted to the RCSB Protein Data Bank (form I, ID code 11.9J; form II, ID code

1L9B).
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Table 6.1. Data collection and refinement statistics.

Crystal Form Type | Type 11
Crystal Data P2, P2,
Space Group 77.9 & o
a(A) 80.3 115.6
b (A) 246.6 79.7
¢ (A) 92.4 1103
B ()
RC-cyt c; complexes/asymmetric unit 2 |
Data Collection
Maximum Resolution (A) 3.25 2.40
Total Observations (unique) 348,873(47,668) 198,053(50,331)
Mean I/o(I)* (highest resolution shell) 4.8(1.7) 4.6(2.0)
Rsymmh (highest resolution shell)(%) 11.9(45.0) 10.0(33.6)
Completeness® (last shell) (%) 98.9(98.8) 96.8(83.7)
Refinement
Resolution Range (A) 50-3.25 50-2.40
R-factor® (%) 26.9 23.4
Average B-factor RC (A% 60 63
Average B-factor cyt ¢, (A% 67 62
Riree (%) 3135 27.8
Deviation from ideal bond lengths (A) 0.015 0.012
Deviation from ideal bond angles (°) 1.85 1.78
rms coordinate error’ (A) 0.4 0.3
Ramachandran Plot®
Residues in most favored regions (%) 80.3 86.7
Residues in additional allowed regions (%) 17.3 11.5
Residues in generously allowed regions (%) 1.3 1.5

Residues in disallowed regions (%) 1.1 0.3




195

Table 6.1. continued

*1/o(I) is the ratio of the average of the diffraction intensities to the average background
intensity.

b Ryymm=ZhkiZj| Inki - <Ihi>)/ZnkiZillia| where <Iy> is the average intensity for a set of j
symmetry-related reflections and Iy is the value of the intensity for a single reflection

within a set of symmetry related reflections.

¢ Completeness is the ratio of the number of reflections measured to the total number of
reflections possible.

4 R-factor =Zpy |Fo|-|Fe|/Znk|Fo| where |F,| is the observed structure factor amplitude and
|F.|is the calculated structure factor amplitude.

 Riree= Zhki.1|Fol-|Fel/Znki1[Fo| Where a test set , T, represented by 5% of the data, is omitted
from the refinement.

"rms error in coordinates based on the method of Luzzatti (79).

¥ Ramachandran plots were determined with the program PROCHECK (80).
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Table 6.2. Intermolecular contacts and distances between cyt ¢; and RC for different
types of interactions.

Type (;fl::::z:ril:[llecular Reaction Center Cytochrome c; 1;?;;':;:[3&1;3
Asp L155 OD1 Arg C32 NH1 6.7
Asp L257 OD1 Lys C99 NZ 6.8
Asp L.261 ODI1 Lys C97 NZ 5.7
; Asp L261 OD2 Lys C99 NZ 5.5
Oppols‘l::ilgui:f et Glu M95 OEI Lys C103 NZ 8.3
Glu M95 OE2 Lys C103 NZ 7.8
Glu M173 OE2 Lys C105 NZ 8.9
Asp M184 OD2 Lys C103 NZ 6.7
Tyr L162 CEl Heme CBC 3.9
Leu M191 CG Heme CMC 3:9
Leu M191 CB Phe C102 CD1 34
Tyr L162 CB Thr C36 OG1 33
Gly L165 CA Thr C101 CG2 3.8
Asn L166 N Thr C101 CG2 4.0
GIn L258 OEl Thr C101 CG2 3.7
Asn M188 OD1 Phe C102 CDI1 3.5
Van der Waals Tyr L162 CB Thr C36 OG 1 17
Contacts® Gly L165 CA Thr C101 CG2 3.8
Asn L166 N Thr C101 CG2 4.0
GIn L258 OE1 Thr C101 CG2 3.7
Asn M188 OD1 Phe C102 CDI1 3.5
Leu M191 O GinCl14 CB 34
Leu M191 CDI1 Thr C17 CG2 3.9
Val M192 CA Gin C14 OEl 3.5
Gly M194 O Arg C32 NH1I 4.0
Asn M293 ND2 Asn C13 CB 34
trtarprotein Hydoogen Gln L258 NE2 Lys 99 O 3.3
Ronding Asn M187 ND2 Thr C101 O 3.1
Asn M188 ODI Lys 103N 3.1
Cation-1t Tyr M295 CZ Arg C32 NE 3.7

* The mean error in the bond lengths is + 0.3 A

® Oppositely charged pairs at distances < 10 A are listed.

¢ Interactions at distances < 4.0 A are listed
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Table 6.3. Hydrogen bond contacts and B-factors for bridging water molecules.

B-Factor (A?)

Reaction Center

Cytochrome c;

Watl 41 Leu M191 O Gln C14 O, thr C17 Oyl
Wat2 45 Asn L159 081 Thr C17 Oy, Thr C17 O
Wats 66 Gln L258 O¢l Gly C98 O

Watl0 60 Ser L158 Oy, Asn L159 041 ThrC17 O

Watl2 42 Asn L159 O, Thr L163 Oyl Thr C36 Oyl

Watl3 71 AP L2§Zp0€§é 1(}(1;1812,25 A, Lys C99 N

Wat20 64 Asn L159 081 Lys C35 N, Thr C36 N
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Figure 6.1. Light-induced absorption changes at 550 nm following a single laser flash in
a type I cyt ¢3:RC co-crystal. The absorbance change of the top trace (a) with oxidized
cytochrome is due to the formation of D'Q,~ (equation (1)). The absorbance change of
the bottom trace (b) is due to electron transfer from reduced cytochrome to the oxidized
donor, D" (equation (2)). The characteristic electron transfer time in the co-crystal was
determined to be 0.9 (£ 0.1) us, the same as in solution. This indicates that the structure
of the complex in the region of electron transfer is the same in the co-crystal and in
solution.
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Figure 6.2. A stereoview of the cyt ¢;:RC complex from Rb. sphaeroides showing the
location of the bound cyt ¢, (lavender), the heme prosthetic group (turquoise), the RC L
subunit (yellow), the RC M subunit (blue), the RC H-subunit (green), the RC primary
donor (red), and non-heme Fe atom (red). The location of the conformational change in
the co-crystal at the N-terminal end of the M subunit is indicated by an arrow. The
twofold symmetry axis of the RC is parallel to the plane of the drawing approximately
connecting the irons on the RC and the heme. The illustration was made with the program
RIBBONS (817).

Reaction Center Reaction Center
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Figure 6.3. Stereoview of the cyt ¢2:RC co-crystal structure in the vicinity of the bound
cyt ¢2 heme (turquoise) with cyt ¢; in lavender, the RC L subunit in yellow, the RC M
subunit in blue, and the RC donor in red. A 2|F,|-|F,| simulated annealing omit electron
density map (74) calculated at a resolution of 2.4 A and contoured at 1.0 o is shown in
pink for cyt ¢, and green for the RC. To reduce phase bias, the cyt c; heme and its axial
ligands (His C19 and Met C100) were excluded from the calculation of the map. The
illustration was made with the programs BOBSCRIPT (82) and Raster3D (83).
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Figure 6.4. Two views of electrostatically interacting residues in the cyt ¢;:RC complex
from Rb. sphaeroides. (a) Stereoview showing positively charged lysine side chains
(violet) on cyt ¢; facing negatively charged aspartic and glutamic acid side chains (red)
on the persiplasmic surface of the L (yellow) and M (cyan) subunits of the RC. The heme
on ¢yt ¢y is in turquoise and the primary donor, on the RC is in red. Most of the
complementary electrostatic interactions are on the M side (left) of the RC near Asp
M184 and Glu M95. The positively charged guanididium side chain of Arg C32 (magenta)
is in close proximity to the side chain of Tyr M295 (magenta) forming a cation-1t
interaction. (b) A representation of the cyt ¢,:RC complex in a view normal to the
periplasmic surface of the RC. The molecular surfaces of the interacting subunits are
outlined in yellow for L, blue for M, and lavender for cyt ¢,. Positive side chains on cyt
c; are in violet and negative side chains on the RC in red.
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Figure 6.5. Stereo presentation of the interface region containing the closest contacts
between the RC and bound cyt ¢,. Side chains on cyt ¢, (lavender) interacting with RC
side chains are shown. Interaction regions on the L subunit of the RC are in yellow and M
subunit in blue. The primary donor on the RC is shown in red. The CBC methyl group
on the cyt ¢, heme (turquoise) is in van der Waals contact with Tyr L162 on the RC. This
region contains many short-range nonpolar interactions, including those between Phe
C102 on cyt ¢; and Leu M191 and Val M192 on the RC (see Table 6.2). This region is
believed to be important for intermolecular electron transfer between reduced cyt ¢; and
the photo-oxidized donor.
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Figure 6.6. Stercoview of intermolecular hydrogen bonding in the cyt ¢;:RC complex.
Interacting nitrogen atoms are in blue and side chain oxygens and water oxygens are in
red. Dashed lines represent hydrogen bonds. Three amide side chains on the RC (Gln
L.258, Asn M187, and Asn M188) are positioned to hydrogen bond with backbone atoms
on cyt ¢c; near the exposed region on the heme (turquoise). L subunit (yellow), M subunit
(cyan), cyt ¢, (lavender).
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Figure 6.7. Interacting atoms in the cyt ¢;:RC complex from Rb. sphareoides mapped
onto the van der Waals surfaces of the individual proteins. The two proteins have been
peeled apart to expose the docking interface on both partners by a 180° rotation of the cyt
¢z about a vertical axis (dashed) in the plane of the paper (84). The region of closest
contact in the complex is between Tyr L162 on the RC (green) and the solvent-exposed
edge of the heme on cyt ¢, (green). Surrounding atoms are color coded according to
interaction type with short-range van der Waals interactions in yellow. Hydrophobic
amino acid side chains on the RC (Leu M191, Val M192) that form van der Waals
contacts with Phe C102 on cyt ¢, are in gray. Atoms on the RC in hydrogen bonding
contact with backbone atoms on cyt ¢; are in cyan. The two residues that interact to form
a cation-1 interaction (Tyr M295 and Arg C32) are in pink. Charged side chains, lys on
cyt ¢, (violet) and asp and glu on the RC (red) that are separated by 10 A or less are
shown. The short-range interactions (yellow, gray, cyan, and pink) are clustered around
Tyr L162 and the heme edge, whereas the residues in the electrostatic domain are located
further from the region of closest contact. The side chains in the electrostatic domain
interact in solvent-accessible regions, whereas most of the contact regions shown in
yellow, gray, cyan or pink are excluded from solvent. The figure illustrates the presence
of two domains: A region containing short-range interactions (green, yellow, gray, cyan,
pink) and one with long-range, electrostatic interactions (red and violet).
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