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The technique of resonance X-ray diffraction (Biasie, J.K. and Stamatoff, J. (19111) Annu. Rev. Biophys. 
Bioeng. 10, 451-452) utilizing synchrotron radiation was used to determine the locations of the eytoehrome c 
heine iron atom and the photosynthetic reaction center iron atom within the profile of a reconstituted 
membrane. The accuracy of these determinations was better than + 2 ,~. The eytechrome c heine iron 
atom - ,  reaction center iron atom vector was determined to have a magnitude of aplwOX. 44 ~, projected onto 
the membrane profile and to span most of the lipid hydrocarbon core of the membrane profile. Since the 
reaction center iron atom interacts magnetically with the l~imary quinone electron acceptor Q, over a 
distance of less than 10 ,~, the primary light-induced electron-transfer reactions for this system generate the 
electric charge separation between oxidized cytoehrome c + and Fe-Q~- across most (approx. 2 / 3 )  of the 
membrane profile including most or all of the lipid hydrocarbon core of the membrane. 

Introduction 

Current theories concerning the mechanisms of 
electron-transfer reactions [1-3] and the coupling 
of these reactions to ATP synthesis [4,5] in biologi- 
cal membranes in general depend critically on the 
detailed spatial relationships among the various 
redox centers involved within the membrane struc- 
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ture. Specifically with regard to proposed mecha- 
nisms of energy coupling [4,5], the distrbufion of 
these redox centers within the membrane profile is 
of particular significance. 

The primary events in bacterial photosynthesis 
involve light-induced electron-transfer reactions 
among several redox centers within the reaction 
center-cytochrome c complex in the cytoplasmic 
membrane of the cell [6-8]. Components known 
to be involved include a baeterioehlorophyll dimer 
(BChl)2 which, following light activation, transfers 
an electron to a bacteriopheophytin (BPh); the 

bacteriopheophytin then donates an electron to 
the primary quinone (Qm). The oxidized (BChl)2 is 
then rereduced by cytochrome c. These early events 
ultimately generate an electric charge separation 



between the net positively charged oxidized cyto- 
chrome c + electron donor and the net negatively 
charged reduced primary quinone electron accep- 
tor (Q~-) on a microsecond time scale following 
photon absorption [6-8]. Optical spectroscopy of 
light-induced carotenoid band-shifts [9] in the cy- 
toplasmic membrane and measurements of light- 
induced transmemhrane electrical currents and 
potentials [10] in reconstituted membranes have 
suggested that the cytochrome c+-*Q~ - charge 
separation occurs across a large fraction of the 
membrane profile. 

In earlier work [11,12], we have described the 
reconstitution of a membrane system containing 
only phospholipid and various reaction center- 
cytochrome c complexes. These reconstituted 
membranes are essentially unidirectional with re- 
gard to the vectorial distribution of reaction center 
molecules within the membrane profile. The 
primary photosynthetic events and the orientation 
of the various chromophores of the complex rela- 
tive to the membrane plane are identical to those 
found in the cytoplasmic membrane of the cell. 
We have utilized X-ray and neutron diffraction 
techniques to describe fully the separate profile 
structures of the phospholipid, reaction center and 
cytochrome c molecules within the total profile 
structure of this reconstituted membrane to ap- 
prox. 10 A resolution [11-13]. 

More recently, we have developed the technique 
of resonance X-ray diffraction utilizing synchro- 
tron radiation [14] for the determination of the 
location of the metal atoms associated with redox 
centers within the membrane structure [15,16]. In 
this paper, we describe the utilization of resonance 
X-ray diffraction to determine directly the lo- 
cations of the cytochrome c heme iron atom and 
the iron atom magnetically coupled with the 
primary quinone electron acceptor Q~ of the reac- 
tion center, within the profile structure of recon- 
stituted membranes containing a reaction center- 
cytochrome c complex. 

This work represents the first direct determina- 
tion of the position and magnitude of the projec- 
tion of an electron-transfer vector between two (or 
more) redox centers onto the membrane profile. 
These studies have been briefly reported elsewhere 
[17]. 
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Methods 

Membrane reconstitution and oriented multilayer 
preparation 

Unilamellar membrane vesicles were recon- 
stituted from egg lecithin and photosynthetic reac- 
tion centers as previously described [11]. These 
vesicles were shown to be essentially unidirectional 
with regard to the vectorial distribution of reaction 
center molecules in the membrane profile. Com- 
plexes between cytochrome c and the reaction 
centers in these preformed reconstituted mem- 
branes were formed via primarily electrostatic in- 
teractions as previously described [11]; the cyto- 
chrome c/reaction center mole ratio was 0.8 for 
the membranes used in these studies (as de- 
termined directly via absorption .spectrophotome- 
try of the oriented membrane multilayers). Hy- 
drated oriented multilayers of these fully func- 
tional reconstituted membranes were also formed 
by standard methods described previously [11,12]. 

Resonance X-ray diffraction methods 
The resonance X-ray scattering effects from the 

iron atom magnetically coupled with the primary 
quinone electron acceptor Q~ of the reaction center 
on the first ten orders of lamellar X-ray diffraction 
from oriented multilayers of reconstituted egg 
lecithin/reaction center membranes (mole ratio ffi 
100: 1) were recorded as a function of incident 
X-ray beam energy over a + 160 eV range about 
the measured reaction center iron K-absorption 
edge using methods already described in consid- 
erable detail [15]. These resonance diffraction data 
were then analyzed via a model refinement analy- 
sis which, together with the justification for this 
type of analysis, has already been described in 
detail [16]. The determination of the location of 
the cytochrome c heme iron atom within the pro- 
file of a reconstituted egg lecithin/reaction 
center/cytochrome c membrane (mole ratio= 
100:1:0.8) via these resonance X-ray diffraction 
methods has been previously reported by us [16]. 
The heme iron atom of the cytochrome c was 
chemically replaced by cobalt in these studies so 
that resonance X-ray scattering from the cobalt 
atom could be utilized to determine the location of 
the heme cobalt atom within the membrane pro- 
file; this replacement of the cytochrome heme iron 
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atom by cobalt facilitated the model refinement 
analysis (i.e., the model refinement analysis re- 
quires fewer and less accurate measurements of the 
resonance scattering effects on the lamellar dif- 
fraction the fewer the number of unique resonance 
scattering atoms in the multilayer unit cell profile). 

R e s u l t s  

Our earlier X-ray and neutron diffraction stud- 
ies have provided directly the separate profile 
structures of the phospholipid, reaction center and 
cytochrome c molecules within the total profile 
structure of these reconstituted membranes to ap- 
prox. 10 A resolution [11-13]. Some of these pro- 
file structures as appropriate to this paper are 
shown in Fig. 1. These studies demonstrated that 
minor changes occur within the profile structures 
of the reaction center molecule and the asymmet- 
ric lecithin bilayer upon the primarily electrostatic 
binding of cytochrome c to the reaction center for 
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cytochrome c/reaction center mole ratios < 1.0 
which are necessary to account completely for the 
differences in the single membrane profiles shown 
in Fig. la. 

Our recently reported resonance X-ray diffrac- 
tion analysis [15,16] of the location of the cyto- 
chrome c heme iron (or cobalt) atom in the mem- 
brane profile shown in Fig: 1 restricts the heine 
iron atom location to 61 A < IX[ < 64 .~ in the 
half-unit cell (or single-membrane) profile. Since 
the cytochrome c molecule occurs at the very edge 
of the unit cell profile near Ix[ = D/2 (where D is 
the multilayer periodicity), two possible interpreta- 
tions exist for the profiles shown in Fig. 1 concern- 
ing the structural interaction of the cytochrome c 
molecule with the reaction center molecule as 
shown schematically in Fig. 2. 

Following our earlier work [15,16], we shall 
describe the resonance X-ray scattering effects 
from the iron atom magnetically coupled with the 
primary quinone electron acceptor Qi of the reac- 
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Fig. 1. The combined techniques of X-ray and neutron diffraction have provided [11-13] the separate scattering density profiles for 
the lecithin, reaction center and cytochrome c molecules contributing to the total scattering density profiles of these reconstituted 
membranes ultimately to approx. 10 ~, resolution. (a) The single membrane total electron-density profiles (approx. 10 ~, resolution) of 
the reconstituted lecithin/reaction center (mole ra t io= 100: 1) membrane (solid line) and the reconstituted lecithin/reaction 
center/cytochrome c (mole ratio = 100:1:0.8) membrane (dashed line). (b) The separate step-function model [I 1-13] neutron 
scattering density profiles of the lecithin molecules contributing to the lecithin/reaction center membrane profile (bl)  where 
xl  : x2 ffi 0.7 and y ffi 32 .~ and the lecithin/reaction center/cytochrome c membrane profile (b2) where x 1 : x 2 ffi 0.9 and y = 33 ,~ as 
refined from approx. 30 ~, resolution data. The lecithin bilayer is somewhat less asymmetric when cytochrome c is electrostatically 
bound to the reaction centers. The position of the refined step-function model profile of cytochrome c within the single-membrane 
profile is also indicated. (c) The separate step-function model I l l -13]  neutron scattering density profiles of the reaction center 
molecules contributing to the lecithin/reaction center membrane profile (cl) and the lecithin/reaction center/cytochrome c 
membrane profile (c2) as refined from approx. 30 ~ resolution data. These two reaction center profiles exhibit small, but 
experimentally significant differences. The position of the refined step-function model profile of cytochrome c within the single-mem- 
brane profile is also indicated. The location of the cytochrome c heme iron atom at IX[ = 62.5 + 1.5 .~, as determined by the resonance 
X-ray diffraction analysis reported in this paper, is indicated in the lecithin/reaction center/cytochrome c membrane electron-density 
profile shown in panel a. The location of the iron atom magnetically coupled with the primary quinone electron acceptor of the 
reaction center at IX[ -- 18 + 1 ~, as also determined by the resonance X-ray diffraction analysis reported in this paper, is indicated in 
both of the total electron-density profiles shown in panel a. Ql must be located within 10 A, of the reaction center iron atom due to the 
prominence of the magnetic coupling; therefore, Qi is located in these single-membrane profiles within the region indicated in panel a, 
namely, IXI -- 18+ 10 A. 
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Fig. 2. Schematic representations of the two possible modes of 
electrostatic binding of cytochrome c molecules in these recon- 
stituted membranes which .are consistent with the profiles 
shown in Fig. I. These two possibilities arise because of the 
mirror plane of symmetry in the multilayer unit ceil profile at 
IXI - D/2 and the location of the cytochrome c molecules at' 
the edge of the unit cell profile adjacent to IX[ - D/2. These 
representations are only approximately to scale in terms of the 
available structural data (see Fig. 5 for details) and hold only 
for cytochrome c/reaction center mole ratios of g 1.0. 

tion center on the lamellar X-ray diffraction from 
oriented multilayers of reconstituted lecithin/ 
reaction center membranes in terms of differential 
resonance scattering effects R,(h/h') where: 

Re(h/h' ) t ([F~2(h)[2 [F~'(h)[2 t / [  ]F~2(h)[~ 
IF£2(h')l 2 IF~,(h')[ 2 ] ~[F~2(h')l 2)  

and FE(h ) is the structure factor for the hth order 
lamellar reflection at incident X-ray beam energy 
E where E2 is 'far' from an absorption edge and 
E1 is the absorption edge energy. In Fig. 3, we 
show the ratios [Fe(h)~2/[FE(h')[ 2 for (h/h') val- 

353 

ues of (3/2), (4/2), (6/2) and (8/2) and E2 values 
of + 160, +80 and +dO eV with respect to the 
reaction center iron K-absorption edge El.  We 
note that the dependence of these ratios on inci- 
dent beam energy is dominated by the real part of 
the resonant component of the iron atomic scatter- 
ing factor, f ' ,  for these multilaycrs (see Eqn. 8 of 
Ref. 15). As a result, the energy dependence of 
these ratios as measured is consistent with an 
appropriate Hilbert transform of the measured 
reaction center iron K-edge absorption spectrum, 
noting the relatively low resolution of our incident 
beam energy scans (AE --- dO eV with an incident 
beam bandwidth of approx 2 eV). From Fig. 3, the 
signs of the differential scattering effects are clearly 
negative for R~(3/2) and Rc(4/2) and positive for 
R~(6/2) and R~(8/2). These particular R~(h/h') 
values of those measured have smaller experimen- 
tal errors for the several reasons described in detail 
in our earlier work [15]. 

These more accurate differential resonance 
scattering effects obtained from Fig. 3 were then 
subjected to a model refinement analysis as de- 
scribed in detail previously [16]. This analysis 
utilized the known phased profile structure of this 
lecithin/reaction center membrane [11,12] to- 
gether with the experimentally determined virtu- 
ally unidirectional nature of the vectorial distribu- 
tion of reaction center molecules in this membrane 
profile [11]. The latter fact implies that there is 
only one unique reaction center iron atom location 
in the single-membrane profile. The calculated dif- 
ferential resonance scattering effects Rc(h/h'; X) 
(see Ref. 16 for further details) as a function of the 
position I X[ of the one unique reaction center iron 
atom in the half-unit cell (or single-membrane) 
profile for h' -- 2 and h --- 3, 4, 6 and 8 are shown 
in Fig. 4. A comparison of these calculated 
Rc(h/h'; X) functions with only the signs of the 
measured Re(h/h') effects for h' = 2 and h --- 3, 4, 
6 and 8 can readily be seen to be sufficient to 
restrict the position of the one unic~ue reaction 
center iron atom to 17 A < IX[ < 19 A within the 
single-membrane profile as shown in Fig. 1. In 
addition, the relative magnitudes of the calculated 
differential resonance scattering effects Rc(h/h'; 
17 A ~< IxI ~ 19 A) agree reasonably well with the 
measured differential scattering effects Re(h/h') 
(see Ref. 16 for further details). 
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Fig. 3. The lamellar X-ray diffraction (a) from an oriented multilayer of reconstituted lecithin/reaction center membranes collected on 
a focu~d benin-line at the Stanford Synchrotron Radiation Laboratory using 0 - 2 0  scans, 1-s data collection per 0 value and a 
monochromatic bandwidth of less than 5 eV (see Ref. 15 for details). Such 0 - 2 0  scans collected at appropriate incident X-ray energies 
provided the measured differential resonance X-ray scattering effects R e ( h / h '  ) from the iron atom magnetically coupled with the 
primary quinone electron acceptor of the reaction center on the various laraellar reflections from the oriented multilayer of 
reconstituted lecithin/reaction center membranes (mole ratio - 100: 1). The ratios IFz( h )~2/]FE( A')~ 2 for h' ffi 2 and h = 3, 4, 6 and 8 
and E2 values of ± 160, ±80 and ±40 eV with respect to the reaction center iron K-edge El  at 7100 eV are shown in panel b. See 
text and Ref. 15 for further details. 

Discussion 

The results of our resonance X-ray diffraction 
analysis clearly indicate that the iron atom mag- 
netically coupled with the primary quinone elec- 
tron acceptor Q~ of the reaction center is located 
within the narrow region 17 A < IXI < 19 A of the 
single-membrane profile. Our earlier results [15,16] 
clearly indicated that the heme iron (or cobalt) 
atom of cytochrome c electrostatically hound to 
the reaction center is located within the narrow 
region 61 A ~ IXI ~ 64 A of the single-membrane 
profile for cytochrome c/reaction center mole 
ratios ~ 1.0. Given the close similarity of the reac- 
tion center profile structure within the profile 
structures of these reconstituted lecithin/reaction 
center and lecithin/reaction center/cytochrome c 
membranes as determined independently [11-13], 

these results indicate that the projection of the 
vector between the cytochrome c heme iron atom 
and the iron atom magnetically coupled with the 
reaction center primary quinone electron acceptor 
Q~ onto the single-membrane profile extends from 
IXI = 62.5 ± 1.5 ~ * to IX[-- 18.0 ± 1.0 ~, within 

We note that the alternative mode of electrostatic binding of 
cytochrome c to the reaction center (case B, Fig. 2) would 
place the relevant (electron donor) cytochrome c heine iron 
atom at IXI = 65.5 ± 1.5 ~ within the singie-membrane pro- 
file. Since this alternative result has only a negligible effect 
on the following discussion and since we favor the mode of 
cytochrome c binding given in case A, Fig. 2 (based on the 
behavior of the unit cell electron-density profiles near IX[ = 
D / 2  at a resolution of 10 .~ for cytochrome c/reaction 
center mole ratios ranging from 0 to 3), we have excluded 
consideration of this alternative mode of cytochrome c bind- 
ing from further discussion. 
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Fig. 5. A schematic representation to scale of our current 
knowledge concerning the structure of the cytochrome c- 
reaction center (RC) complex incorporated into the lipid (PC. 
phosphatidylcholine) bilayer of these reconstituted membranes 
(for cytochrome c/reaction center mole ratios ~ 1.0). The posi- 
tions of the cytochrome c heine iron atom electron donor and 
the iron atom of the reaction center Fe-Q~ primary quinone 
electron acceptor within the profile structure of the complex 
are indicated as determined by the resonance X-ray diffraction 
experiments. 

the single-membrane profile. Hence, the projection 
of this electron-transfer vector onto the membrane 
profile representing the primary electric charge 
separation resulting from photon absorption (i.e., 
cytochrome c +-,  Fe-Q~-) has a magnitude of ap- 
prox. 44 + 2 A (.approx. 2 /3  of the single-mem- 
brane profile whose extent is approx. 64 A) and 
spans most of the lipid hydrocarbon core of the 
membrane profile (which extends from [XI-- 15 A 
to IX[ -- 45 A in the single-membrane profile). The 
reader should refer to Fig. 1 for illustration of the 
above points. 

We note that the electron involved in this 
primary charge separation actually resides on the 
primary quinone molecule QI. It is now well 
established that the reaction center high-spin fer- 
rous iron atom is magnetically coupled with Q~ as 

the semiquinone (Q~-) (see Ref. 18 for reviews). 
While the exact nature of the magnetic interaction 
is not yet understood [19], thereby making it im- 
possible to make an accurate distance measure- 
ment between the paramagnetic centers, the 
prominence of the magnetic interaction would in- 
dicate a distance of less than 10 ,~. Therefore, this 
electron-transfer vector projected onto the mem- 
brane profile could possibly be in error by as 
much as + 10 ,~ depending critically on the orien- 
tation of the Fe-Q~ vector relative to the mem- 
brane plane. These limits on the position of Q~ in 
the membrane profile are indicated in Fig. 1. 
Structural studies of the location of Q~ itself within 
these membrane profiles are currently underway in 
our laboratories. 

These results described above have strong im- 
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plications for the possible mechanisms of the elec- 
tron-transfer reactions generating the primary 
electric charge separation between oxidized cyto- 
chrome c + and Fe-Q~-. If significant overlap of 
molecular orbitals between successive elements of 
this light-induced electron-transfer process exists, 
the known elements intervening between cyto- 
chrome c and the primary quinone electron accep- 
tor Q~ (namely, the bacteriochlorophyll dimer, the 
bacteriochlorophyll monomer and the bacterio- 
pheophytin monomer [6-8,20]) would have to be 
arranged approximately linearly across the mem- 
brane profile within the region 18 A ~< IXl ~< 62.5 
,~ with the planes of their conjugated rings ori- 
ented approximately perpendicular to the mem- 
brane plane. In addition; Q.~ would have to be 
located within the region 18 A ~< IXI ~< 28 ~, of the 
membrane profile. Hence, vibronically coupled 
electron tunneling between these redox centers 
[2,3] could indeed occur, but perhaps only under 
the set of structural considerations described above. 
A number of less direct measurements suggest that 
these structural requirements could be met: (a) 
EPR and optical linear dichroism studies of these 
oriented multilayers have suggested that the con- 
jugated rings of the baeteriochlorophyll dimer, QI 
and the bactedopheophytin monomer could be 
oriented approximately perpendicular to the mem- 
brane plane [21]; (b) EPR studies [22,23] and 
kinetic measurements [24] have suggested that the 
distance between QI and its electron donor 
bacteroipheophytin is about 9-12 ~; (c) pulsed- 
EPR methods [25] have indicated a distance of 
12-17 ,~ between the reaction center iron atom 
and the bacteriochlorophyll dimer; (d) electric 
potential measurements in vivo [26] and on planar 
reaction center/cytochrome c reconstituted mem- 
branes [10] have indicated that a similar 'dielectric 
distance' exists between the (BChl) 2 and Qi and 
between the cytoehrome c heme and the (BChl) 2 in 
the membrane profile and; (e) EPR measurements 
on Rhodopseudomonas sphaeroides and Chro- 
matium vinosum have suggested center-center dis- 
tances of greater than 25 ,~ between the cyto- 
chrome c heme and the (BChl)2 [27] and greater 
than 23 ~ between Qt and the (BChl)2 [27-29]. 
Structural studies concerning the direct location of 
these intervening elements of the light-induced 
electron-transfer process within the membrane 

profile would be highly desirable. 
With regard to current theories concerning en- 

ergy-coupling mechanisms, it is clear from these 
studies that the light-induced electric charge sep- 
aration between oxidized cytochrome c + and Fe- 
Q~- occurs across virtually all of the lipid hydro- 
carbon core of this membrane profile. As a result, 
this light-induced primary electric charge separa- 
tion resulting from a series of electron-transfer 
steps between cytochrome c and Q~ can directly 
generate of the order of 50-100 mV transmem- 
brane electric potential within microseconds of 
photon absorption under single-turnover condi- 
tions, i.e., one photon absorbed per reaction center, 
assuming a reasonable value for the membrane 
capacitance of the order of 1 # F / c m  2 [10] and a 
reaction center density in the plane of the natural 
membrane of approx. 2. 101m/cm2 [10]. 

The results of these and our earlier studies may 
be summarized schematically in Fig. 5. We note 
that these resonance X-ray diffraction studies rep- 
resent the first direct determination of the position 
and magnitude of the projection of an electron- 
transfer vector between two redox centers onto the 
membrane profile. 
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