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  Dynamics of bioenergetic microcompartments  
     Abstract:   The vast majority of life on earth is dependent 

on harvesting electrochemical potentials over membranes 

for the synthesis of ATP. Generation of membrane potential 

often relies on electron transport through membrane pro-

tein complexes, which vary among the bioenergetic mem-

branes found in living organisms. In order to maximize 

the efficient harvesting of the electrochemical potential, 

energy loss must be minimized, and this is achieved partly 

by restricting certain events to specific microcompart-

ments, on bioenergetic membranes. In this review we will 

describe the characteristics of the energy-converting supra-

molecular structures involved in oxidative phosphorylation 

in mitochondria and bacteria, and photophosphorylation. 

Efficient function of electron transfer pathways requires 

regulation of electron flow, and we will also discuss how 

this is partly achieved through dynamic re-compartmenta-

tion of the membrane complexes into different supercom-

plexes. In addition to supercomplexes, the supramolecular 

structure of the membrane, and in particular the role of 

water layers on the surface of the membrane in the pre-

vention of wasteful proton escape (and therefore energy 

loss), is discussed in detail. In summary, the restriction of 

energetic processes to specific microcompartments on bio-

energetic membranes minimizes energy loss, and dynamic 

rearrangement of these structures allows for regulation.  
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     Introduction 

 This review is devoted to the role of microcompartmenta-

tion in the cellular energy-converting systems. A micro-

compartment is defined as a dynamic, sub-organellar func-

tional unit, to which proteins are recruited and released 

in response to the demands of the cell (see Holthuis and 

Ungermann, 2013, for a more general definition). In this 

review we will discuss how microcompartmentation 

occurs on two levels in bioenergetic systems. Firstly, we 

define structurally and functionally distinct areas of the 

membrane, such as the grana and stroma of chloroplast 

thylakoids, the cristae and inner boundary membrane of 

mitochondria and internal vesicles of bacteria as separate 

structural microcompartments. Secondly, we will review 

evidence that the various protein complexes, conferring 

functionality on bioenergetic membranes, are capable 

of interacting with each other, and binding or releasing 

various subunits in a regulated fashion. We will refer to 

such transient changes in assembly and localization as 

 ‘ dynamic microcompartmentation ’ . 

 Abundant data from biochemical studies on bio-

energetic membranes, including many early studies, 

have indicated the existence of such microcompartments, 

sometimes referred to as  ‘ respirasomes ’  or  ‘ oxysomes ’  in 

respiratory electron transfer chains (Chance et al. , 1963 ; 

Sch  ä gger and Pfeiffer, 2000 ). While other models, such 

as free diffusion, remain valid in many situations, in 

recent years new techniques have lent further experimen-

tal weight to this principle, and here we review exam-

ples from bacteria, mitochondria and chloroplasts. The 

examples given are not exhaustive, and for brevity many 

excellent studies are not mentioned. Bioenergetic micro-

compartments have given variable names depending on 

the perspectives of the investigator (see Table  1  ) and in 

this review we retain the descriptions given in the origi-

nal research. Evidence from several different techniques 

converges to support the existence of bioenergetic micro-

compartments, and in this review data have been collated 

from works using many techniques, including electron 

microscopy to perform immunogold labeling and tomog-

raphy, blue and clear native-PAGE and the increasing use 

of high resolution imaging (see Table  2  ). While all of these 

Bereitgestellt von | Universitat Heidelberg
Angemeldet | 147.142.186.54

Heruntergeladen am | 28.01.13 14:51



164      K.B. Busch et al.: Dynamics of bioenergetic microcompartments

techniques have drawbacks and advantages, together 

they provide a growing body of evidence for dynamic 

microcompartments in bioenergetic membranes. 

 The general advantage of microcompartmentation, as 

discussed in the other reviews in this volume, is in facili-

tating the diffusion of substrates, in localizing intercon-

nected cellular processes in a particular part of the cell 

and in enhancing opportunities of integrative regulation. 

All these factors are also beneficial for energy-converting 

processes, as discussed below. Moreover, the microcom-

partmentation of energy conversion is special because it 

also serves to prevent energy losses. Indeed, the energy, 

as gained by a cell, can be easily and irreversibly lost, if 

not processed promptly and properly. Energy losses from 

bioenergetic membranes can proceed on several levels. 

Firstly, electrons can be lost from the electron transfer 

(ET) chains as a result of interaction with inappropriate 

organic or inorganic electron acceptors, oxygen being the 

first in line. Interaction with oxygen leads not only to the 

well-known formation of the potentially damaging reac-

tive oxygen species (ROS), but also to the accompanying 

energetic short-circuit. Hence, electron carrier efficiency 

should benefit from recruitment into microcompartments, 

where the bypass ET reactions are minimized because of a 

tight and proper packing of the interacting ET complexes 

(see the detailed discussion in later sections). 

 Secondly, in the specific case of (bacterio)chlo-

rophyll-based photosynthetic systems, the energy of 

the captured light quanta could be lost (as heat) if not 

promptly delivered to the photochemical reaction centers 

(RC) where it could be transiently stored as the energy 

of separated electric charges. For this reason, photosyn-

thesis is performed by highly organized protein-chloro-

phyll complexes, which could be fairly categorized as 

Term Complex Organism/Organelle Reference

Oxysomes Mitochondria Chance et al.  (1963) 

Elementary particle Electron chain Mitochondria Fernandez -Moran et al. (1964) 

Respirasomes, 

supercomplexes

CI and CIII  

CI, CIII and CIV  

Iron-oxidizing, oxygen-reducing 

supercomplex  

Sulfide oxidase, oxygen reductase

Mitochondria  

Bacteria  

( P. denitrificans )  

Bacteria  

( A. ferrooxidans )  

Bacteria  

( A. aeolicus )

Dudkina et al.  (2005) ; 

Sch  ä gger and Pfeiffer (2000)   

Stroh et al.  (2004)   

Castelle et al.  (2008)   

Prunetti et al.  (2010) 

Supercomplexes Protein complexes associated with 

chlorophyll  

Cytochrome  bc  
1
  complex and cytochrome 

oxidase  

Photosynthetic reaction centers, cytochrome 

 c  
2
 , and  bc  

1
  complex

Bacteria, chloroplasts  

Bacteria  

( Bacillus  PS3)  

Purple bacteria

Sch  ä gger (2002)   

Gregory et al.  (1982)   

Sone et al.  (1987)   

Joliot et al.  (1989) 

Supracomplex ATP synthase, Respiratory chain Mitochondria Arnold et al.  (1998) 

Supramolecular complex, 

organization,  

structures  

ATP synthase, Respiratory chain (especially 

rows of CI and F 
0
 F 

1
  dimers)  

Thylakoid architecture with respect to PSI 

and PSII particles  

Photosynthetic reaction center, cytochrome 

 c  
2
  and  bc  

1
  complex  

Respiratory chain

Mitochondria  

Chloroplasts  

Purple bacteria  

( R. sphaeroides )  

Bacteria ( E. coli )

Davies et al.  (2011) ;  

Krause et al.  (2004)   

Staehelin  (1975)   

Verm é glio and Joliot (2002)  

Sousa et al.  (2011) 

Plastic or functional 

respirasome

CI,CIII and CIV  Mammal mitochondria Acin-Perez et al. (2008)

Intercomplex association CIII and CIV Bacteria  

( M. smegmatis )

Megehee et al. (2006)

Zipper-like arrangement ATP synthase Mitochondria 

( Paramecium )

Allen et al.  (1989) 

 Table 1      Terminology alignment.  

Bereitgestellt von | Universitat Heidelberg
Angemeldet | 147.142.186.54

Heruntergeladen am | 28.01.13 14:51



K.B. Busch et al.: Dynamics of bioenergetic microcompartments      165
M

et
ho

d
Re

fe
re

nc
e

Pr
ob

le
m

s,
 

re
st

ric
tio

ns
An

al
ys

is
 o

f /
by

Or
ga

ni
sm

B
N

/C
N

-P
A

G
E

 a
ft

e
r 

m
e

m
b

ra
n

e
 

p
ro

te
in

 i
s

o
la

ti
o

n
 w

it
h

 d
e

te
rg

e
n

ts

A
rn

o
ld

 e
t 

a
l.

 (
1

9
9

8
);

  

S
ch

  ä
 g

g
e

r 
a

n
d

 P
fe

if
fe

r 
(2

0
0

0
)   

D
a

n
ie

ls
s

o
n

 e
t 

a
l.

 (
2

0
0

6
);

  

H
e

in
e

m
e

ye
r 

e
t 

a
l.

  (
2

0
0

4
) ;

 

Tw
a

ch
tm

a
n

n
 e

t 
a

l.
  (

2
0

1
2

)   

S
o

u
s

a
 e

t 
a

l.
  (

2
0

1
1

) 

D
e

te
rg

e
n

t 

d
e

p
e

n
d

e
n

t,
 m

il
d

 

is
o

la
ti

o
n

 t
e

ch
n

iq
u

e

S
u

p
e

rc
o

m
p

le
x

e
s

 b
y 

m
o

le
cu

la
r 

w
e

ig
h

t 

a
n

a
ly

s
is

, 
W

e
s

te
rn

 b
lo

t,
 2

-D
 P

A
G

E
, 

M
S

  

S
u

p
e

rc
o

m
p

le
x

e
s

 b
y 

m
o

le
cu

la
r 

w
e

ig
h

t 

a
n

a
ly

s
is

, 
W

e
s

te
rn

 b
lo

t,
 2

-D
 P

A
G

E
, 

M
S

  

R
e

s
p

ir
a

to
ry

 c
h

a
in

  

b
y 

B
N

-P
A

G
E

, 
a

ct
iv

it
y 

M
S

, 
h

e
m

e
 

s
ta

in
in

g
, 

s
p

e
ct

ro
s

co
p

y

Y
e

a
s

t 
F O

 F 1
   

S
p

in
a

ch
 c

h
lo

ro
p

la
s

ts
,  

A
ra

b
id

o
p

s
is

 c
h

lo
ro

p
la

s
ts

  

B
a

ct
e

ri
a

 (
 E.

 co
li )

C
h

e
m

ic
a

l 
cr

o
s

s
-l

in
k

in
g

 o
f 

s
o

lu
b

il
iz

e
d

 p
ro

te
in

 c
o

m
p

le
x

e
s

Z
h

a
n

g
 a

n
d

 S
ch

e
ll

e
r 

 (2
0

0
4

b
)   

A
n

d
e

rs
e

n
 e

t 
a

l.
 (

1
9

9
2

)  

Ta
n

a
k

a
 e

t 
a

l.
  (

1
9

9
6

) 

Li
m

it
e

d
 s

p
e

ci
fi

ci
ty

 

in
 i

m
p

u
re

 

p
re

p
a

ra
ti

o
n

s

C
ro

s
s

-l
in

k
in

g
 t

o
 s

ta
b

il
iz

e
 w

e
a

k
 

in
te

ra
ct

io
n

s
,   

S
D

S
-P

A
G

E
  ,

im
m

u
n

o
b

lo
tt

in
g

C
II

I 
a

n
d

 C
IV

  

b
y 

S
D

S
-P

A
G

E
, 

im
m

u
n

o
b

lo
tt

in
g

  

A
ra

b
id

o
p

s
is

 c
h

lo
ro

p
la

s
ts

, 
b

a
rl

e
y 

ch
lo

ro
p

la
s

ts
  

B
a

ct
e

ri
a

  

( B
ac

ill
us

  P
S

3
)

FR
E

T
G

a
vi

n
 e

t 
a

l.
 (

2
0

0
5

)
Y

e
a

s
t 

F O
 F 1

 

Im
m

u
n

o
-p

re
ci

p
it

a
ti

o
n

 a
ft

e
r 

s
o

lu
b

il
iz

a
ti

o
n

  

(p
u

ll
 d

o
w

n
)

S
o

n
e

 e
t 

a
l.

 (
1

9
8

7
)

D
e

te
rg

e
n

t 

d
e

p
e

n
d

e
n

t,
 m

il
d

 

is
o

la
ti

o
n

 t
e

ch
n

iq
u

e

C
II

I 
a

n
d

 C
IV

  

b
y 

h
e

m
e

 c
o

n
te

n
t,

 S
D

S
-P

A
G

E
, 

g
e

l 

fi
lt

ra
ti

o
n

B
a

ct
e

ri
a

  

( B
ac

ill
us

  P
S

3
)

Io
n

-e
x

ch
a

n
g

e
 c

h
ro

m
a

to
g

ra
p

h
y 

a
ft

e
r 

s
o

lu
b

il
iz

a
ti

o
n

S
o

n
e

 e
t 

a
l.

 (
1

9
8

7
)  

P
ru

n
e

tt
i 

e
t 

a
l.

 (
2

0
1

0
)  

S
tr

o
h

 e
t 

a
l.

 (
2

0
0

4
)

D
e

te
rg

e
n

t 

d
e

p
e

n
d

e
n

t,
 m

il
d

 

is
o

la
ti

o
n

 t
e

ch
n

iq
u

e

C
II

I 
a

n
d

 C
IV

  

b
y 

h
e

m
e

 c
o

n
te

n
t,

 S
D

S
-P

A
G

E
, 

g
e

l 
fi

lt
ra

ti
o

n
  

S
u

lf
id

e
 o

xi
d

a
s

e
-o

xy
g

e
n

 r
e

d
u

ct
a

s
e

 

s
u

p
e

rc
o

m
p

le
x  

b
y 

in
-g

e
l 

a
ct

iv
it

y,
 M

S
, 

im
m

u
n

o
b

lo
tt

in
g

,  

s
p

e
ct

ro
s

co
p

y  

C
I:

C
II

I:
C

IV
  =  1

:4
:4

 s
u

p
e

rc
o

m
p

le
x  

b
y 

2
-D

 B
N

/S
D

S
-P

A
G

E
, 

g
e

l 
fi

lt
ra

ti
o

n
, 

s
p

e
ct

ro
s

co
p

y,
 i

m
m

u
n

o
b

lo
tt

in
g

B
a

ct
e

ri
a

  

( B
ac

ill
us

  P
S

3
)  

B
a

ct
e

ri
a

  

( A
. a

eo
lic

us
 )  

B
a

ct
e

ri
a

  

( P.
 d

en
itr

ifi
ca

ns
 )

Ta
g

g
e

d
 s

u
b

u
n

it
, 

s
o

lu
b

il
iz

a
ti

o
n

 

a
n

d
 p

u
ll

-d
o

w
n

 a
s

s
a

y

Iw
a

i 
e

t 
a

l.
 (

2
0

0
8

)  

N
ie

b
is

ch
 a

n
d

 B
o

tt
 (

2
0

0
3

)

D
e

te
rg

e
n

t 

d
e

p
e

n
d

e
n

t,
 m

il
d

 

is
o

la
ti

o
n

 t
e

ch
n

iq
u

e

S
u

p
e

rc
o

m
p

le
x

e
s

 b
y 

im
m

u
n

o
b

lo
tt

in
g

, 

M
S

 t
o

 i
d

e
n

ti
fy

 c
h

a
n

g
e

s
  

C
II

I 
a

n
d

 C
IV

   b
y 

s
p

e
ct

ro
s

co
p

y,
 a

ct
iv

it
y,

 

S
D

S
-P

A
G

E
, 

im
m

u
n

o
b

lo
tt

in
g

C
h

la
m

yd
o

m
o

n
a

s
 c

h
lo

ro
p

la
s

ts
  

B
a

ct
e

ri
a

  

( C
. g

lu
ta

m
icu

m
 )

S
ca

n
n

in
g

 E
M

Fe
rn

a
n

d
e

z-
M

o
ra

n
 e

t 
a

l.
 (

1
9

6
4

)
N

o
 b

io
ch

e
m

ic
a

l 

id
e

n
ti

fi
ca

ti
o

n

R
e

p
e

ti
ti

ve
 s

tr
u

ct
u

re
s

B
e

e
f 

h
e

a
rt

 m
it

o
ch

o
n

d
ri

a

Bereitgestellt von | Universitat Heidelberg
Angemeldet | 147.142.186.54

Heruntergeladen am | 28.01.13 14:51



166      K.B. Busch et al.: Dynamics of bioenergetic microcompartments

M
et

ho
d

Re
fe

re
nc

e
Pr

ob
le

m
s,

 
re

st
ric

tio
ns

An
al

ys
is

 o
f /

by
Or

ga
ni

sm

E
M

 w
it

h
 i

m
m

u
n

o
g

o
ld

 l
a

b
e

li
n

g
A

ll
re

d
 a

n
d

 S
ta

e
h

e
li

n
 (

1
9

8
5

)  

S
h

e
rm

a
n

 e
t 

a
l.

 (
1

9
9

4
)

V
a

ll
o

n
 e

t 
a

l.
 (

1
9

9
1

)

C
o

-l
o

ca
li

za
ti

o
n

 

o
n

ly
, 

n
o

 i
n

te
ra

ct
io

n
 

ca
n

 b
e

 d
e

te
ct

e
d

M
ic

ro
co

m
p

a
rt

m
e

n
ta

ti
o

n
 a

n
d

  

co
-l

o
ca

li
za

ti
o

n
 o

f 
d

if
fe

re
n

t 
co

m
p

le
x

e
s

S
p

in
a

ch
 c

h
lo

ro
p

la
s

ts

 Sy
ne

ch
oc

oc
cu

s  s
p

.

M
a

iz
e

 c
h

lo
ro

p
la

s
ts

 In
 si

tu
  s

ca
n

n
in

g
 f

o
rc

e
 

m
ic

ro
s

co
p

y

K
a

ft
a

n
 e

t 
a

l.
 (

2
0

0
2

)
C

o
-l

o
ca

li
za

ti
o

n
 

o
n

ly
, 

n
o

 i
n

te
ra

ct
io

n
 

ca
n

 b
e

 d
e

te
ct

e
d

.  

Li
m

it
e

d
 b

io
ch

e
m

ic
a

l 

id
e

n
ti

fi
ca

ti
o

n

C
o

-l
o

ca
li

za
ti

o
n

 o
f 

co
m

p
le

x
e

s
 a

t 

s
p

e
ci

fi
c 

m
e

m
b

ra
n

e
 d

o
m

a
in

s
  

C
h

a
n

g
e

s
 i

n
 s

u
p

e
r-

co
m

p
le

x 

co
m

p
o

s
it

io
n

Le
tt

u
ce

 c
h

lo
ro

p
la

s
ts

Li
ve

 c
e

ll
 e

p
if

lu
o

re
s

ce
n

ce
 

m
ic

ro
s

co
p

y 
o

r 
co

n
fo

ca
l 

m
ic

ro
s

co
p

y

Jo
h

n
s

o
n

 e
t 

a
l.

 (
2

0
0

4
)  

Li
u

 e
t 

a
l.

 (
2

0
1

2
)

M
ic

ro
s

co
p

ic
a

l 

co
n

d
it

io
n

s
 

co
m

p
a

ra
b

le
 t

o
 

g
ro

w
th

 c
o

n
d

it
io

n
s

C
lu

s
te

re
d

 d
is

tr
ib

u
ti

o
n

 o
f 

A
TP

 s
yn

th
a

s
e

 

o
r 

C
II

 i
n

 d
is

cr
e

te
 m

e
m

b
ra

n
e

 d
o

m
a

in
s

  

R
e

d
o

x-
re

g
u

la
te

d
 r

e
d

is
tr

ib
u

ti
o

n
 o

f 
C

I 

(l
o

w
/m

o
d

e
ra

te
 l

ig
h

t)

B
a

ct
e

ri
a

  

( B
. s

ub
til

is )
  

C
ya

n
o

b
a

ct
e

ri
a

  

( S
yn

ec
ho

co
cc

us
 el

on
ga

tu
s  P

C
C

 7
9

4
2

)

D
if

fe
re

n
ce

 s
p

e
ct

ro
s

co
p

y 
(p

h
o

to
-

o
xi

d
a

ti
o

n
 o

f 
cy

to
ch

ro
m

e
s

 a
n

d
 

re
a

ct
io

n
 c

e
n

te
r 

p
ri

m
a

ry
 d

o
n

o
r)

Jo
li

o
t 

e
t 

a
l.

  (
1

9
8

9
) 

P
h

o
to

s
yn

th
e

ti
c 

re
a

ct
io

n
 c

e
n

te
rs

, 

cy
to

ch
ro

m
e

  c  2
  a

n
d

 c
yt

o
ch

ro
m

e
  b

c  1
  

co
m

p
le

x

P
u

rp
le

 b
a

ct
e

ri
a

  

( R
ho

do
ba

ct
er

  s
p

.,
  

 Rh
od

os
pi

ril
lu

m
  s

p
.)

S
e

p
a

ra
ti

o
n

 o
f 

m
e

m
b

ra
n

e
 

s
u

b
fr

a
ct

io
n

s
  

P
h

o
to

s
ys

te
m

 a
ct

iv
it

y 

m
e

a
s

u
re

m
e

n
ts

  

S
e

p
a

ra
ti

o
n

 o
f 

p
la

s
m

a
 m

e
m

b
ra

n
e

 

s
u

b
fr

a
ct

io
n

s
 b

y 
s

u
cr

o
s

e
 d

e
n

s
it

y 

ce
n

tr
if

u
g

a
ti

o
n

A
n

d
e

rs
o

n
 a

n
d

 M
e

li
s

 (
1

9
8

3
)  

R
e

x
ro

th
 e

t 
a

l.
  (

2
0

1
1

) 

R
e

s
tr

ic
te

d
 t

o
 

s
ys

te
m

s
 w

it
h

 

p
h

ys
ic

a
ll

y 
va

ri
a

b
le

 

m
e

m
b

ra
n

e
 s

u
b

-

co
m

p
a

rt
m

e
n

ts

M
ic

ro
co

m
p

a
rt

m
e

n
ta

ti
o

n
 a

n
d

  

co
-l

o
ca

li
za

ti
o

n
 o

f 
d

if
fe

re
n

t 
co

m
p

le
x

e
s

  

M
ic

ro
co

m
p

a
rt

m
e

n
ta

ti
o

n
 a

n
d

 

co
-l

o
ca

li
za

ti
o

n
 o

f 
b

io
e

n
e

rg
e

ti
c 

co
m

p
le

x
e

s
 b

y 
M

S
 (

li
p

id
 a

n
d

 p
ro

te
o

m
e

)

S
p

in
a

ch
 c

h
lo

ro
p

la
s

ts
  

C
ya

n
o

b
a

ct
e

ri
u

m
  

( G
lo

eo
ba

cte
r v

io
la

ce
us

 )

S
in

g
le

 p
a

rt
ic

le
 a

n
a

ly
s

is
 b

y 
cr

yo
 

E
M

 a
ft

e
r 

m
il

d
 s

o
lu

b
il

iz
a

ti
o

n
 w

it
h

 

d
e

te
rg

e
n

t

A
lt

h
o

ff
 e

t 
a

l.
 (

2
0

1
1

)

N
ie

ld
 e

t 
a

l.
  (

2
0

0
0

) 

D
e

te
rg

e
n

t 

d
e

p
e

n
d

e
n

t,
 m

il
d

 

is
o

la
ti

o
n

 t
e

ch
n

iq
u

e

S
u

p
e

rc
o

m
p

le
x

e
s

B
o

vi
n

e
 m

it
o

ch
o

n
d

ri
a

  

S
p

in
a

ch
 c

h
lo

ro
p

la
s

ts

R
e

co
n

s
ti

tu
ti

o
n

 o
f 

is
o

la
te

d
 

co
m

p
le

x
e

s

Li
u

 e
t 

a
l.

 (
2

0
0

7
)

 In
 vi

tro
 , 

b
io

ch
e

m
ic

a
l 

a
ct

iv
it

y 
s

tu
d

ie
s

C
IV

 a
n

d
 F

 O
 F 1

   

b
y 

s
a

tu
ra

ti
o

n
 t

ra
n

s
fe

r 
e

le
ct

ro
n

 

p
a

ra
m

a
g

n
e

ti
c 

re
s

o
n

a
n

ce
 (

S
TE

P
R

)  

a
n

d
 d

if
fe

re
n

ti
a

l 
s

ca
n

n
in

g
 c

a
lo

ri
m

e
tr

y

B
a

ct
e

ri
a

  

( B
. p

se
ud

of
irm

us
  O

F4
)

K
n

o
ck

-o
u

t 
o

f 
 CR

D1
  (

ca
rd

io
li

p
in

 

s
yn

th
a

s
e

);
 m

u
ta

g
e

n
e

s
is

 o
f 

ly
s

in
e

 c
lu

s
te

r

W
e

n
z 

e
t 

a
l.

 (
2

0
0

9
)

D
e

te
rg

e
n

t 

d
e

p
e

n
d

e
n

t,
 m

il
d

 

is
o

la
ti

o
n

 t
e

ch
n

iq
u

e

C
II

I 
a

n
d

 C
IV

  

b
y 

2
-D

 B
N

/S
D

S
-P

A
G

E
 a

ft
e

r 
m

il
d

 

s
o

lu
b

il
iz

a
ti

o
n

Y
e

a
s

t 
m

it
o

ch
o

n
d

ri
a

 Ta
bl

e 
2   

   M
e

th
o

d
s

 u
s

e
d

 t
o

 p
ro

ve
 s

u
p

e
rc

o
m

p
le

x 
a

s
s

e
m

b
ly

.  

(T
a

b
le

 2
 c

o
n

ti
n

u
e

d
)

Bereitgestellt von | Universitat Heidelberg
Angemeldet | 147.142.186.54

Heruntergeladen am | 28.01.13 14:51



K.B. Busch et al.: Dynamics of bioenergetic microcompartments      167

microcompartments. These complexes are exemplified 

by chlorosome-RC systems of green phototrophic bac-

teria (Frigaard and Bryant , 2004 ; Pedersen et al. , 2010 ), 

proteobacterial systems where the RC is surrounded by 

rings of small chlorophyll-containing antenna proteins 

(Cogdell et al. , 2006 ; Sturgis et al. , 2009 ), phycobilisome-

utilizing photosystems of cyanobacteria (Shi et al. , 2011 ), 

and plant systems where the two photosystems form com-

plexes with partly mobile, chlorophyll-containing light-

harvesting proteins (see section on photosynthetic micro-

compartments and references therein). 

 Last but not least, the energy could be easily lost 

during the generation of the membrane proton potential 

(the transmembrane difference of electrochemical poten-

tial of proton, Δ μ̃h+   (Mitchell , 1966 ). The mechanisms that 

are used by the cell to prevent the futile dissipation of the 

proton potential and the role of microcompartmentaliza-

tion in prevention of these losses are discussed below.  

   Prevention of futile proton escape 
by compartmentalization 

   Ion-motive force as cellular energy 
intermediate 

 The proton motive force (PMF) is the source of energy for 

a variety of cellular processes in most bacteria, mitochon-

dria, and chloroplasts. PMF is related to Δ μ̃h+   as 

   PMF=Δ μ̃h+  /F=Δψ-2.3RT(pH
in

-pH
out

)/F=Δψ-2.3RT ΔpH/F (1)

  where  Δ  ψ  is the transmembrane difference of the electric 

potential, and the membrane topology corresponds to that 

of a prokaryotic cell where H  +   ions are pumped outwards 

(see Skulachev , 1988 ; Cramer and Knaff , 1990 ). In orga-

nelles with more complex topology, such as mitochon-

dria and chloroplasts,  ‘ in ’  corresponds to the side of the 

membrane that is negatively charged (matrix side in mito-

chondria and stromal side in chloroplasts), while  ‘ out ’  

corresponds to the membrane side that is charged posi-

tively (luminal side in chloroplasts and the side that faces 

the intramembrane space in mitochondria). A typical H  +   

cycle includes the generation of PMF by primary trans-

port systems (H  +   pumps), which can utilize the energy 

of chemical and redox reactions, as well as the energy of 

light. The discharge of proton potential, as catalyzed by 

specific enzymes, is coupled primarily to the synthesis of 

ATP, but also to solute transport, motility, reverse electron 

transport, etc. (Skulachev , 1988 ; Cramer and Knaff , 1990 ). 

This ion cycling within the membrane is the essence of 

membrane bioenergetics. 

 Certain bacteria and archaea use sodium ions instead 

of protons in energy conversion systems (Skulachev , 1988 ; 

Cramer and Knaff , 1990 ). Analogous to the H  +   cycle, a Na  +   

cycle includes generators of sodium-motive force (SMF), 

in other words primary Na  +   pumps, and SMF consum-

ers, such as the Na  +  -translocating membrane ATP syn-

thase, Na  +  -dependent membrane transporters for nutrient 

uptake and/or a Na  +  -dependent flagellar motor for motil-

ity (Skulachev , 1988 ; Dimroth , 1997 ; Hase et al. , 2001 ; Mul-

kidjanian et al. , 2008a ). While some Na  +  -specific pumps 

do not have homologues among the H  +   specific pumps and 

vice versa, all the membrane ATP synthases are homolo-

gous, irrespective of whether they translocate protons or 

sodium ions (Mulkidjanian et al. , 2008b ). The membrane 

ATP synthases use a unique rotary mechanism, where 

subsequent translocation of several ions by a rotating ring 

of 8 – 15 small, ion-binding membrane subunits within the 

membrane part of the enzyme leads to energy storage by 

elastic deformation of the cytoplasmic part of the enzyme; 

this stored energy periodically discharges to drive ATP 

synthesis at the enzyme catalytic sites, so that the full 

rotation of the ion-carrying ring in the membrane results 

in the formation of three ATP molecules in the protruding 

cytoplasmic part of the enzyme (Cherepanov et al. , 1999 ). 

 Phylogenomic analysis has shown that the ancient 

form of the rotary ATP synthase translocated sodium 

ions (Cherepanov et al. , 1999 ; Mulkidjanian et al. , 2008b, 

2009 ). To explain this result, it has been suggested that 

the common ancestor of the rotary ATPases emerged as an 

ATP-driven sodium outward pump, presumably in marine 

prokaryotes, supposedly at the stage of the last universal 

cellular ancestor (LUCA). The translation system of all 

organisms needs a high K  +  /Na  +   ratio for function (Mul-

kidjanian et al. , 2012 ), and thus marine organisms, both 

modern and primordial, should continuously pump 

sodium ions (which leak through the cell membrane) 

out of the cell. As argued elsewhere (Mulkidjanian et al. , 

2009 ), the ancestral ATPase may have shared the ability 

to pump Na  +   ions with other Na  +  -pumps, such as the Na  +  -

transporting pyrophosphatase (Luoto et al. , 2011 ) and 

Na  +  -transporting decarboxylase (Dimroth , 1997 ; Dimroth 

and von Ballmoos , 2008 ). 

 However, unlike these other Na  +   pumps, because of its 

rotating scaffold the common ancestor of the rotary ATP 

synthases would be able to translocate Na  +   ions in both 

directions, so that at high external salinity the reversal of 

the rotation could result in Na  +  -driven synthesis of ATP. 

This represents the beginning of membrane bioenerget-

ics: together with the ancient Na  +   pumps, the Na  +  -driven 
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ATP synthase was capable of completing the first, sodium-

dependent bioenergetic cycle in a cell membrane (Mulkid-

janian et al. , 2009 ). The emergence of a rotary ATP syn-

thase was a major breakthrough, as this rotary enzyme 

can accumulate the energy of several sequentially trans-

located protons or sodium ions to yield one ATP molecule. 

The main advantage of this membrane bioenerge tics, as 

compared to the substrate level phosphorylation, is the 

possibility to accumulate small energy quanta and to use 

them for ATP synthesis (Pascal and Boiteau , 2011 ). The 

membrane ATP synthase functions as an  ‘ antenna ’  for 

small energy portions of 10 – 20 kJ/mol available in the cell 

(R. Pascal, pers comm). Such small amounts of energy are 

readily obtained from co-translocation of anionic meta-

bolic products and Na  +   ions out of the cell. 

 As argued elsewhere (Mulkidjanian et al. , 2008b, 

2009 ; Dibrova et al. , 2010 ), the transition to the proton-

translocating ATP synthase could have happened inde-

pendently in archaea and bacteria, being driven (1) by the 

emergence of more sophisticated proton-tight membranes, 

and (2) by the opportunity of direct coupling between ET 

and proton transfer (PT) in primary proton pumps such as 

cytochrome  bc  
1
  complexes and oxidases, where quinones 

and water are used as substrates.  

   Role of microcompartmentalization in 
preventing proton escape from the surface of 
coupling membranes 

 The transition to proton-dependent energetics, with all 

its advantages, also brought a problem. As long as cells 

pumped sodium ions out and thrived in high-sodium ion 

environments, the danger of diffusion of the out-pumped 

sodium ions away from the membrane  –  instead of enter-

ing the ATP synthase  –  was negligible. In any case, the 

external concentration of sodium ions would remain 

higher than within the cell. In the case of proton-depend-

ent bioenergetics, the situation is quite different. Here 

proton concentrations outside and inside of a prokary-

otic cell are usually similar, so that the PMF (calculated 

by applying Eq. 1), is contributed mostly by the  Δ  ψ  term 

and might be insufficient to drive ATP synthesis. The case 

of alkaliphilic bacteria that thrive at high pH is particu-

larly dramatic; here, the calculated PMF can drop almost 

to zero. Hence, in the case of proton energetics, it is cru-

cially important that the protons ejected by primary gen-

erators of Δ μ̃h+      rapidly enter the nearest ATP synthase and 

do not escape into the surrounding medium (Williams , 

1978 ; Kell , 1979 ). Cells use several solutions to overcome 

this problem. One solution is to increase the numbers of 

ion-binding subunits in the rotating ring; this trick seems 

to be particularly useful when ATP synthesis and not 

the ATP hydrolysis is the primary function of the rotary 

enzyme. This is the case of autotrophic organisms; not sur-

prisingly the highest number of the ion-binding subunits 

is therefore found in the rotating rings of photosynthetic 

organisms, cyanobacteria and plants, with the maximum 

of 15 in the case of  Spirulina platensis  (Krah et al. , 2010 ; 

Pogoryelov et al. , 2012 ). Hence, the ATP synthase of  S. 
platensis  is capable of efficiently synthesizing ATP even at 

the PMF of  ~ 150 mV. 

 Another solution is to invoke the so-called local cou-

pling between generators and consumers of the PMF (Wil-

liams , 1978 ; Kell , 1979 ; Dilley et al.,  1987 ; Hicks et al. , 2010 ). 

As argued by several authors (see, Kell , 1979 ; and refere nces 

therein), a precondition of a local coupling could be the 

absence of a fast equilibrium between the protons ejected 

at the surface and the bulk water phase. In this case, the 

effective concentration of protons on the external surface 

of proton-expelling prokaryotic cells might be higher than 

that in the bulk, and protons would be hindered in their 

attempts to escape into the bulk water phase. It has been 

shown that there is a kinetic barrier for protons at the 

surface of coupling membranes, both in archaea (Drachev 

et al., 1984; Heberle et al. , 1994 ) and in bacteria (Jones and 

Jackson , 1989 ; Gopta et al. , 1999 ). Furthermore, in experi-

ments with archaeal membranes it has been shown that, 

whereas PT to the water-dissolved pH-indicator pyranine 

takes about 1 ms, PT along the membrane surface proceeds 

much faster (Heberle et al. , 1994 ). The combination of both 

these effects creates a situation where the protons, ejected 

by bacterial cells, predominantly spread along the mem-

brane surface and do not escape into the bulk. It has been 

argued, that the kinetic barrier at the membrane surface 

has an electrostatic origin, possibly owing to the layer-

ing of water at the electrically charged membrane surface 

(Cherepanov et al. , 2003, 2004 ; Cherepanov , 2004 ); a 

water layering on the surface of biological membranes was 

confirmed experimentally (Higgins et al. , 2006 ). As argued 

elsewhere (Mulkidjanian et al. , 2006 ), both the interfa-

cial potential barrier and the ability of protons to diffuse 

promptly along the membrane are caused by the high 

density of negatively charged acidic groups (see Figure  1  ). 

Thus,  in vivo  the driving force behind ATP synthesis can be 

defined as surface-to-surface PMF: 

 PMF S   =   Δ  ψ -2.3RT(pH  S   
in

 -pH  S   
out

 )/F  =   Δ  ψ -2.3RT  Δ pH  S  /F ·  (2) 

 Another way to localize proton cycling is to bring 

the producers and consumers of Δ μ̃h+     close to each 

other. Examples of such super complexes are consid-

ered in the later sections on bacteria, mitochondria and 
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photosynthetic organisms. In summary, while consid-

ering energy-converting supercomplexes as functional 

microcompartments, one should also include the adjust-

ing water layers at the membrane surface; these layers are 

separated from the bulk water phase by an electrostatic 

barrier and, hence, compartmentalized. 

 At least in some lineages, prokaryotes further decreas-

 ed proton losses by utilizing membrane invaginations. 

These invaginations bring portions of the external mem-

brane surface into the prokaryotic cell. The emergence of 

such intracellular structures happened, apparently, in dif-

ferent lineages (Lengeler et al. , 1999 ; Williams , 2001 ) and 

led in particular to the formation of thylakoids in cyanobac-

teria (as discussed later in the article) and the intracellular 

vesicular structures in purple bacteria, which can even be 

fully detached from the cytoplasmic membrane (Sturgis et 

al. , 2009 ; Tucker et al.,  2010 ). Because of the evolutionary 

relatedness of purple bacteria to mitochondria (Andersson 

et al., 1998), the latter structures might have paved the way 

to the generation of mitochondrial cristae (see section on 

mitochondrial microcompartments). If invaginations are 

present, protons are ejected not into the external  ‘ Pacific 

Ocean ’ , but into membraneous sacks; in this storage space, 

protons can dwell until they are used (Williams , 2001 ). It is 

noteworthy that the usage of membrane invaginations adds 

to the mechanisms of local coupling, but does not replace 

them. For example, the mitochondrial energy-converting 

enzymes still cluster into supercomplexes, as is described 

in detail later in this article. It has been shown that suc-

cinate oxidation by mitochondria induces an interfacial 

pH decrease of 0.5 – 0.9 pH units with no simultaneous pH 

changes in the bulk (Xiong et al. , 2010 ). The importance of 

elevated surface proton concentration to ATP synthesis by 

mitochondria follows also from the extremely low number 

of ion-carrying subunits per mitochondrial ATP synthase 

 –  only 8 (Watt et al. , 2010 ), which means that the synthesis 

of one ATP molecule is driven by translocation of only 2.7 

protons. As the values of  Δ  ψ  and  Δ pH (bulk) in mitochon-

dria are known (  <  200 mV and   <  1 pH unit), respectively 

(Skulachev , 1988 ; Cramer and Knaff , 1990 ), efficient ATP 

synthesis in mitochondria can only proceed if the pH at the 

membrane surface is not in equilibrium with the bulk pH 

under steady state conditions. 

 Hence, one can speak of the co-evolution of mem-

brane bioenergetics and bioenergetic microcompart-

ments. The latter were not crucial at the stage of  primitive 

and robust sodium-driven bioenergetics, but become vital 

in preventing energy losses upon the transition to the 

more efficient  –  but more vulnerable  –  proton-dependent 

bioenergetics.   

   Compartmentalization in multi-
functional bacterial membranes 
 Bacterial cytoplasmic membranes are multifunctional, 

because all membrane-bound enzyme activities of the cell 

are present within the cytoplasmic membrane, includ-

ing transport processes of all kinds, chemotaxis/motility, 

 proteins necessary for cell division and cell wall biosyn-

thesis, as well as oxidative phosphorylation (OXPHOS). 

Furthermore, a characteristic of prokaryotes is their 

extreme respiratory flexibility. Most bacteria have the 

ability to use inducible alternative respiratory pathways in 

response to the environmental growth conditions, exploit-

ing a large variety of electron donors as well as terminal 

electron acceptors other than molecular oxygen. To enable 

such multifunctionality, the current model predicts that  –  

while some proteins are freely and, therefore randomly, 

distributed in the membrane  –  membrane proteins are at 

least partly organized in dynamic microcompartments, 

and that specific mechanisms are required to allow this 

organization (Rudner and Losick , 2010 ). This has been 

Slow

ATP
synthase

bc1

Fast

H+H+

H+H+

 Figure 1    Proton translocation along the periplasmic surface of a 

bacterial coupling membrane from a generator of proton potential 

(cytochrome  bc  
1
  complex) to the ATP synthase (see the text for 

details). 

 The electrostatic barrier for ions is shown by violet dots. The Asp 

and Glu residues, which form a proton-conducting network at the 

periplasmic surface of a bacterial cytochrome  bc  
1
  complex, are 

shown in red. The heme cofactors are shown in orange, the iron –

 sulfur clusters as yellow-brown balls, and the ubiquinone molecules 

are shown in green. The crystal structure of the cytochrome  bc  
1
  

complex of  Rhodobacter sphaeroides  (PDB entry 2QJY) was used 

(Esser et al. , 2008 ). This Figure was produced using the VMD soft-

ware package (Humphrey et al. , 1996 ).    
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clearly demonstrated in several cases, for example for the 

chemoreceptor proteins located at the cell poles or the 

cell division machinery located at the mid-cell. In addi-

tion, the use of fluorescently labeled lipids and lipophilic 

dyes has confirmed a laterally heterogeneous distribution 

of phospholipid molecules in the bacterial membrane 

producing specific environments for certain membrane 

proteins (Matsumoto et al. , 2006 ), which can be seen as a 

possible mechanism involved in microcompartmentaliza-

tion of proteins. Until now, there is only limited evidence 

for the presence of microcompartments in bacterial mem-

branes, but it is a rapidly developing field, and, therefore, 

this part of the review will focus on examples confirming a 

heterogeneous distribution of membrane proteins and the 

influence of the membrane phospholipid composition. 

   Oxidative phosphorylation 
in  Escherichia coli  

 The OXPHOS system in the inner mitochondrial mem-

brane with its five membrane protein complexes (complex 

I – V; see section on mitochondrial microcompartments) 

is relatively inflexible, but very efficient, as would be 

expected for an organelle specialized to provide the cell 

with energy. In contrast, prokaryotic respiratory chains 

are located within the plasma membrane, and to gener-

ate the PMF necessary for ATP synthesis, the cell exploits 

branched respiratory chains in order to respond to envi-

ronmental changes with great metabolic and regulatory 

flexibility (Unden and Bongaerts , 1997 ). As an example, 

the aerobic respiratory chain of  Escherichia coli , a faculta-

tive anaerobe, can function by using up to five different 

NADH dehydrogenases (DH) including: NDH-1 (compa-

rable to mitochondrial complex I), NDH-2, WrbA, YhdH, 

and QOR at the electron donor site, and up to three quinol 

oxidases:  bo  
3
 ,  bd -I, and  bd -II at the electron acceptor site, 

and the genes for these enzymes are differently expressed 

in response to the oxygen content of the culture medium 

and the growth phase of the cells (Bekker et al. , 2009 ; 

Borisov et al. , 2011 ). In addition, other dehydrogenases, 

such as succinate-DH (complex II), lactate-DH, formate-

DH and glycerol-1-phosphate-DH also participate in the 

process (Sousa et al. , 2011 ). Furthermore, under anaerobic 

conditions, a completely different set of dehydrogenases 

and reductases is expressed (Unden and Bongaerts , 1997 ). 

Nevertheless, despite this extraordinary respiratory flex-

ibility, the F 
O
 F 

1
 -ATP synthase, which uses the energy of the 

PMF maintained by the respiratory pathways to generate 

ATP, is a unique, membrane-integrated enzyme present as 

only a single version.  

   Supramolecular organization of bacterial 
OXPHOS complexes 

 The assembly of respiratory chain complexes into super-

complexes or supramolecular assemblies has previ-

ously been demonstrated in the mitochondria of several 

eukaryotes, and recently, two protein factors necessary for 

supercomplex formation and stability have been identi-

fied (summarized by Shoubridge , 2012 ). Furthermore, the 

organization of OXPHOS enzyme complexes into supra-

molecular assemblies, so-called respirasomes, in bioener-

getic membrane domains has been also identified in all 

prokaryotic cell types, bacteria as well as archaea. In most 

cases, a supramolecular association of complex III (cyto-

chrome  bc  
1
  complex) and IV (cytochrome oxidase) (num-

bering as for mitochondria or  Paracoccus denitrificans ) to 

form a quinol oxidase supercomplex has been described, 

for example in  Bacillus stearothermophilus  PS3 (Sone 

et al. , 1987 ),  Aquifex aeolicus  (Gao et al. , 2012 ),  P. deni-
trificans  (Berry and Trumpower , 1985 ),  Corynebacterium 
glutamicum  (Niebisch and Bott , 2003 ),  Mycobacterium 
smegmatis  (Megehee et al. , 2006 ), and  Bradyrhizobium 
japonicum  (Keefe and Maier , 1993 ). In  Sulfolobus acido-
caldarius  sp. strain 7, the terminal oxidase is a functional 

fusion of complex III and IV (SoxABCD complex) as indi-

cated by purification as well as the operon organization 

of the genes involved. Whereas SoxB and SoxA are related 

to subunits I and II of cytochrome  c  oxidase, SoxC shows 

homology to the cytochrome  b  component of the mito-

chondrial  bc  
1
  complex and the chloroplast  b  

6
  f  complex. 

In addition, a Rieske-type iron-sulfur protein typical for 

 bc  
1
  complexes is a functional component of the puri-

fied enzyme complex ( L ü bben et al., 1994 ; Iwasaki et 

al. , 1995a,b ). Furthermore, supramolecular assemblies, 

constituting complete respirasomes, have also been 

described. For example in  P. denitrificans   –  a member of 

the  α -proteobacteria, which are regarded as the likely 

ancestors of present day mitochondria in the context of 

endosymbiotic theory  –  a supramolecular assembly has 

been reported of complexes I, III, and IV combined in a 

stoichiometry of 1:4:4, comparable to that characterized in 

mitochondria (Stroh et al. , 2004 ). From membranes of  E. 
coli , a supercomplex composed of formate-DH (fdo) and 

the two quinol oxidases  bo  
3
  and  bd -II has been isolated in 

addition to an independent NDH-1/NDH-2 heterooligomer 

(Sousa et al. , 2011 ). Furthermore, specialized respira-

somes are observed in  Aquifex aeolicus  comprising sulfide 

oxidase oxygen reductase (Prunetti et al. , 2010 ) and in 

 Acidithiobacillus ferrooxidans  comprising iron oxidase 

and oxygen reductase. The latter forms a supercomplex 
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spanning the inner and the outer membrane as well as the 

periplasm (Castelle et al. , 2008 ). In photosynthetic bac-

teria, such as  Rhodobacter sphaeroides  or  R. capsulatus , 

the photosynthetic apparatus exhibits a supramolecular 

organization, consisting of two RC partially surrounded 

by light-harvesting complex I, connected to one cyto-

chrome  bc  
1
  complex by ubiquinone in the lipid phase and 

to one cytochrome  c  (Lavergne and Joliot , 1991 ; Verm  é glio 

and Joliot, 2002 ). It has been suggested that formation 

of supercomplexes or supramolecular assemblies could 

bring several functional advantages to the cell, such as 

substrate channeling, optimization of ET, protein stabi-

lization and controlling ROS production (Genova et al. , 

2008 ; Shoubridge , 2012 ), and it is striking that all super-

complexes described so far involve enzyme complexes 

participating in aerobic respiratory chains. 

 The OXPHOS system suggests a direct associa-

tion of the ATP synthase (F 
O
 F 

1
 ) with respiratory super-

complexes to directly exploit the local enrichment of 

protons for the synthesis of ATP as described in the 

Introduction (Lenn et al. , 2008a ). For  Bacillus pseu-
dofirmus  OF4 a close interaction between cytochrome 

 caa  
3
  oxidase and ATP synthase has been demonstrated 

(Liu et al. , 2007 ) and fluorescence micro scopy of living 

 B. subtilis  cells revealed a heterogeneous distribution, 

in highly mobile patches, of succinate-DH and the F 
O
 F 

1
 , 

which are partially overlapping, but absent from the 

mid-cell region at the onset of cell division (Johnson 

et al. , 2004 ; Meredith et al. , 2008 ). Such a heterogeneous, 

highly dynamic arrangement has also been observed in  E. 
coli  membranes with fluorescently labeled quinol oxidase 

 bd -I (Lenn et al. , 2008b ) as well as fluorescently labeled 

ATP synthase (Figure  2  A). In an independent set of bio-

chemical experiments on  E. coli  F 
O
 F 

1
 , we recently observed 

the formation of oligomers composed of up to four F 
O
 F 

1
  

complexes in membrane vesicles. Cysteine substitutions 

within the hydrophilic loops of the membrane-integrated 

F 
O
  subunit  a , (which did not impact on F 

O
 F 

1
  complex func-

tion), were used in experiments with zero-length intermo-

lecular cross-linking, and detected binding to other ATP 

synthase complexes, confirming a clustered distribution 

(G. Deckers-Hebestreit et al., unpublished results). Fur-

thermore, in cells of the cyanobacterium  Synechococcus 
elongatus  grown under low light, NAD(P)H-DH (NDH-1) as 

well as succinate-DH are concentrated in discrete patches 

of 100 – 300 nm in size in the thylakoid membranes (Figure 

2B), whereas exposure to moderate light leads to a redis-

tribution such that the complexes move out of these zones 

BA

 Figure 2    Clustered distribution of (A)  E. coli  ATP synthase (F 
O
 F 

1
 ) and (B) NADH-dehydrogenase of  Synecchococcus   elongatus  PCC7942 

in the membrane. 

 (A) Epifluorescence image of  E. coli  K-12 cells producing chromosomally encoded ATP synthase complexes with EGFP fused to the 

membrane-integrated F 
O
 - a  subunit present in monomeric form in F 

O
 F 

1
  (AtpB-EGFP).  atpB-egfp  ( D ü ser et al., 2008 ) was transferred into the 

chromosome of an  Δ  atpIBEF  strain combining the red recombinase system with growth on minimal medium with succinate as the sole 

carbon and energy source for selection. Cells were grown aerobically to logarithmic phase in minimal medium with 0.5 %  glycerol 

(Ballhausen et al. , 2009 ), adhered to agarose (dissolved in minimal medium)-coated slides and imaged on a Leica DM5500B microscope 

(Solms, Germany) equipped with a HCX Plan-Apochromat 100  ×   objective (NA: 1,46) and a SPOT Pursuit cooled CCD camera. Image cour-

tesy of Patrick Bischoff (Universit ä t Osnabr ü ck, Germany). (B) Confocal fluorescence image of cells of the cyanobacterium  Synechococcus 
elongatus  PCC7942. Chlorophyll fluorescence is in red, representing the location of the photosynthetic complexes within the membranes, 

and the fluorescence from NdhM-GFP is in green, showing the clustered distribution of NADH-dehydrogenase in distinct, localized thylakoid 

membrane zones induced when the plastoquinone pool is predominantly oxidized as described by Liu et al.  (2012) . Image courtesy of 

Conrad W. Mullineaux (Queen Mary, University of London, UK).    
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and become evenly distributed in the membrane (Liu 

et al. , 2012 ). The use of ET inhibitors revealed that the 

redistribution of the enzyme complexes is triggered by 

changes in the redox state of the electron carrier close 

to plastocyanin. These results demonstrate, for the first 

time in bacterial membranes, that transient interactions 

between membrane protein complexes allow the forma-

tion of microcompartments. This underlines the redistri-

bution of respiratory complexes as obviously a physiologi-

cal mechanism to regulate the pathways of electron flow 

within the membrane. In summary, the data reviewed 

support the presence of specialized bioenergetic micro-

compartments in bacterial cytoplasmic membranes, and, 

although interesting insights were gained in recent years, 

many questions concerning their generation/stabilization 

are still unanswered.  

   Influence of phospholipids on 
microcompartmentation 

 The bacterial cytoplasmic membrane has been shown to 

be a highly dynamic structure with defined lipid micro-

domains (Lopez and Kolter , 2010 ) supporting a mosaic 

character, as in eukaryotic cells (Matsumoto et al. , 2006 ; 

Mileykovskaya and Dowhan , 2009 ). Typically, the inner 

membrane of  E. coli , which is often used as a model, 

consists of roughly 70 – 75 %  phosphatidylethanolamine 

(PE), 20 – 25 %  phosphatidylglycerol (PG), and 5 – 10 %  car-

diolipin (CL) (Raetz , 1978 ), with only three different fatty 

acid chains, C16:0, C16:1, and C18:1 (Cronan and Gelmann , 

1975 ), which are not uniformly distributed. CL-enriched 

membrane domains are predominantly located at the cell 

poles and the septal regions during cell division in rod-

shaped bacteria, like  E. coli  (Mileykovskaya and Dowhan , 

2000 ),  B. subtilis  (Kawai et al. , 2004 ) or  Pseudomonas 
putida  (Bernal et al. , 2007 ) and segregation of PE from 

PG has been observed in membranes of living  E. coli  cells 

(Vanounou et al. , 2003 ). Moreover, the osmosensory trans-

porter ProP and the mechanosensitive channel MscS have 

been shown to concentrate at the cell poles at frequencies 

strictly correlated to the content of CL present in the  E. coli  
membrane (Romantsov et al. , 2010 ). The conical shape of 

CL has been considered to be an essential parameter relat-

ing to its specific enrichment at negatively curved regions 

in the inner leaflet of bacterial membranes (Huang and 

Ramamurthi , 2010 ; Renner and Weibel , 2011 ). Further-

more, osmotic pinning of the membrane to the cell wall 

has been proposed to naturally produce lipid microphase 

separation (Mukhopadhyay et al. , 2008 ) and it has been 

shown that the integrity of the peptidoglycan forming the 

cell wall is required to maintain clusters of high-curvature 

lipids in  B. subtilis  (Muchov  á  et al., 2011 ). Furthermore, 

the localization of proteins at specific positions in the bac-

terial cell membrane requires energy and the membrane 

potential has been shown to modulate the distribution 

of morphogenetic proteins in  B. subtilis , such as the cell 

division proteins MinD and FtsA, as well as the bacterial 

cytoskeletal protein MreB (Strahl and Hamoen , 2010 ). 

 In  E. coli , anionic lipids and especially CL are known to 

influence the topogenesis of membrane proteins (Dowhan 

and Bogdanov , 2009 ) and to reconstitute the activity of 

several purified respiratory complexes, such as NDH-1, 

lactate-DH, succinate-DH and quinol oxidase  bo  
3
 . In addi-

tion, the presence of a tightly bound CL mole cule has been 

observed in X-ray structures of formate-DH, succinate-DH, 

and nitrate reductase A, indicating a fine tuning of these 

enzymes within the substrate binding site by CL (Arias -

Cartin et al., 2012 ). Also, analyzing a number of crystal 

structures of cytochrome  c  oxidases, as well as comparing 

the cytochrome  bc  
1
  complex of respiratory membranes and 

the corresponding cytochrome  b  
6
  f  complex of photosyn-

thetic membranes of prokaryotic and eukaryotic cell types, 

revealed a significant conservation of lipid-binding sites, 

although the specific identity of the lipids bound varies. All 

results together imply that bound lipids and particularly CL 

have an important role in assembly, subunit interaction, 

function, and structure of enzyme complexes (Palsdot-

tir and Hunte , 2004 ; Qin et al. , 2007 ; Hasan et al. , 2011 ). 

Nevertheless, recent data on the cytochrome  c  oxidase of  R. 
sphaeroides  revealed a striking resilience of the enzyme to 

drastic changes in its lipid environment, as the cytochrome 

 c  oxidase produced in CL-depleted cells is fully active in 

structure and function. Although the lipid profile of the 

membrane and the lipids bound to the oxidase changed, 

the requirements for CL were thought to be compensated 

by the presence of PG, because of its high degree of struc-

tural similarity to CL with respect to negative charge and 

hydrogen bonding capacity (Zhang et al. , 2011a,b ). Moreo-

ver, in mitochondria, CL is also required for supramolecu-

lar assembly of ATP synthase complexes (Acehan et al. , 

2011 ) as well as for respiratory supercomplex formation 

and stabilization (Pfeiffer et al. , 2003 ). CL stabilizes the 

respiratory supercomplex formation between cytochrome 

 bc  
1
  complex and cytochrome  c  oxidase by neutralizing the 

charges of lysine residues in the vicinity of their presumed 

interaction domain. Mutagenesis of these lysine residues in 

the  bc  
1
  complex (K288, K289, K296 in yeast mitochondria) 

to leucine, converted the large supercomplexes consisting 

of dimeric  bc  
1
  and two copies of cytochrome  c  oxidase to 

smaller supercomplexes and individual complexes in the 

triple mutant (Wenz et al. , 2009 ). Furthermore, in CL-free 
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yeast cells (CL is found exclusively in the inner mitochon-

drial membrane in eukaryotic cells) no supercomplex for-

mation can be observed in the wild type, but this can be 

restored by removal of the positive charges by substitution 

of at least two of the lysine residues to leucine (Wenz et al. , 

2009 ). 

 The lipid packing of the membrane seems to be 

essential for the distribution of membrane proteins and 

the interaction of their transmembrane helices with the 

surrounding lipids. Computer simulations and optical 

microscopy have clearly revealed that lipid packing drives 

the segregation of transmembrane helices into the highly-

disordered domains of heterogeneous model membranes 

(Sch  ä fer et al., 2011 ). A comparable picture could be 

observed using a thermosensitive  E. coli fabA  mutant, in 

which the production of unsaturated fatty acids is strongly 

decreased at elevated temperatures (30 ° C vs. 37 ° C). A 

decrease in the amount of unsaturated fatty acids in the 

lipid core of living  E. coli  cells changed the distribution of 

the F 
O
 F 

1
  complexes severely, yielding patches rich in ATP 

synthases separated from enzyme-free regions, although 

the changes have no effect on the functional activity of the 

membrane-integrated F 
O
 F 

1
  complexes. Specific labeling 

of ordered/disordered membrane domains with fluores-

cent dyes revealed a clear phase separation of the lipids 

and an enrichment of F 
O
 F 

1
  in the highly-disordered mem-

brane domains (G. Deckers-Hebestreit et al., unpublished 

results). In summary, the head groups of the phospholi-

pids with their charge and high hydrogen bonding capac-

ity, as well as the fatty acids responsible for the lipid 

packing in the membrane, play a key role in the distribu-

tion of enzyme complexes within the membrane.   

   Dynamic microcompartments 
in mitochondria 

   Structural microcompartmentation and 
functional heterogeneity 

 Mitochondria are the main suppliers of cellular energy in 

non-green higher eukaryotic organisms. These organelles 

display variable morphologies, from sausage-like to long 

tubular networks, which are dynamically controlled by 

organelle fusion and fission (Bereiter -Hahn and Voth, 

1994 ; Yaffe , 1999 ; Jensen et al. , 2000 ; Frank et al. , 2001 ; 

Legros et al. , 2002 ; Shaw and Nunnari , 2002 ). Because of 

their evolutionary origin, mitochondria possess two mem-

branes, the outer mitochondrial membrane (OM) and the 

inner mitochondrial membrane (IM). These membranes 

separate the mitochondria into different compartments: 

the OM, the intermembrane space (IMS), the IM, and the 

matrix (Figure  3  A). Multiple tubular or disc-like intrusions 

into the matrix  –  known as cristae  –  enlarge the surface of 

the IM and generate additional microcompartments: the 

basem membrane of cristae (CM), the intra-cristal space 

and the inner boundary membrane (IBM) facing the OM 

(Parsons , 1963 ; Chance , 1965 ). The membrane compart-

ments are distinct in their lipid (OM, IM) and protein com-

position, which defines their functionality (Stoeckenius , 

1966 ). The high protein to lipid ratio (75 % :25 % ; w/w) 

(Crane and Sun , 1972 ) reflects the relevance of the IM as a 

functional microcompartment. Roughly one-third of total 

mitochondrial protein and 56 %  of intrinsic proteins in 

cristae are the protein complexes of the respiratory chain 

and the mitochondrial F 
1
 F 

O
  ATP synthase, also known as 

the oxidative phosphorylation (OXPHOS) system (Blair 

et al. , 1963 ; Harmon et al. , 1974 ). The ATP is produced 

in a coupled reaction: the stepwise oxidation of NADH/

H  +   and FADH 
2
  by O 

2
  is combined with the translocation of 

protons from the matrix microcompartment into the inter-

membrane space, generating a  Δ pH across the IM. The 

resulting PMF (Mitchell , 1961, 1966 ) finally drives the ATP 

synthase activity. The five protein complexes involved in 

this reaction chain are NADH:ubichinone oxidoreductase 

(complex I), succinate dehydrogenase (complex II), cyto-

chrome  bc  
1
  complex (complex III), cytochrome  c  oxidase 

(complex IV) and the F 
O
 F 

1
 -ATP synthase (complex V). The 

combined results of biochemical studies with electron 

microscopy (Fernandez -Moran et al., 1964 ; Gilkerson 

et al. , 2003 ), and more recently, the probing of OXPHOS 

complexes by antibodies in EM (Vogel et al. , 2006 ; Wilkens 

et al. , 2012 ) strongly support the assertion that the cristae 

membranes are the principle sites of phosphorylation 

(Figure 3C), although OXPHOS complexes are also found 

in the IBM microcompartment to a lesser extent. A recent 

model suggests that sequestration of protons in the intra-

cristae space enables a kind of source-sink mechanism for 

optimal usage of the proton gradient by the ATP synthase 

(Strauss et al. , 2008 ).

Tomograms of mitochondria revealed that cristae 

form disc-like structures but only have one to few con-

nections of narrowed tubular shape to the IBM part of the 

IMM (Mannella et al. , 2001 ). The dia meter of these cristae 

junctions is roughly 14 nm. Whether single mitochon-

dria can be heterogeneous in their PMF is a controversial 

and well-discussed subject, but not conclusively proven. 

Intensity and distribution patterns of JC-1 and DASPMI 

showed zones of different membrane potential (Smiley 

et al. , 1991 ; Bereiter -Hahn and Voeth, 1998 ), and were 
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related to a heterogeneous mitochondrial ultrastructure 

such as different patterns of cristae membranes (Figure 

 4  A) and/or with higher and lower content of functional 

OXPHOS complexes. The maintenance of local differ-

ences in membrane potential ensures that (1) a high local 

resistance and (2) a low proton/ion flux along the IM com-

pared to the local proton transport exists. Data obtained 

with mitoplasts substantiate surface  Δ pH S  as the primary 

energy source of PMF for mitochondrial ATP (Bhagawati 

et al. , 2010 ). Lateral ion/proton migration is fast along 

 Figure 3    Mitochondrial microcompartments in terms of structure and composition. 

 (A) Schematic view of a mitochondrion with its main compartments (OM, outer membrane; IM, inner membrane; IMS, intermembrane 

space). (B) Electron micrograph from a cryo cut mitochondrion with antibody probing of OXPHOS complexes. The localization in the cristae 

membrane is obvious. Inset: detailed view of the two IM microcompartments CM (cristae membranes) and IBM connected by the CJ. Scale 

bar: 150 nm. (C) Localization of OXPHOS complexes and supercomplexes in the CM (Wilkens et al. , 2012 ). OXPHOS structures from 

(Yoshikawa et al. , 1998 ; Sun et al. , 2005 ; Rees et al. , 2009 ; Efremov et al. , 2010 ; Watt et al. , 2010 ; Althoff et al. , 2011 ). IEM image courtesy 

of Verena Wilkens (Universit ä t Osnabr ü ck, Germany).    
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 Figure 4    Possible heterogeneity of ultrastructure, function and dynamics within single mitochondria. 

 Arrangement of CM membranes in mammalian HeLa cells and diffusion of membrane proteins within these. (A) Mitochondria in HeLa cells 

with regular and irregular cristae patterns. (B) Hypothetic model for the development of local differences in proton concentration. Pre-

condition is the existence of self-contained cristae separated by CJs from the IMS. Yellow stars indicate putative fission sites to separate 

damaged parts. (C) Trajectory map of single F 
O
 F 

1
 -ATP synthase molecules in normal mitochondria showing restricted mobility in the CM. Red 

and orange trajectory maps depict trajectories in the CM, green are confined immobile molecules. Scale bars: 2000 nm (A) and 500 nm (C). 

EM images courtesy of Verena Wilkens (Universit ä t Osnabr ü ck, Germany).    
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membrane surfaces (Heberle et al. , 1994 ), but in complex 

systems like the mitochondrial and thylakoid membranes 

with integrated and associated proteins this might be a 

too simple a model, neglecting the influence of basic and 

acid protein surfaces on trapping and releasing protons/

ions.

A further  –  yet hypothetical  –  model is that cristae 

junction (CJ) constitute a diffusion barrier between intrac-

ristal space and the section of the intermembrane space 

between IBM and OM (Figure 4B). If so, this would allow 

the existence of adjacent cristae with different [H  +  ]. How 

this would influence the local and general electrochemi-

cal membrane potential and PMF is not clear, however 

(Figure 4B). Recently, a large protein complex localized 

next to or at the CJ was found by several groups in inde-

pendent studies. This MINOS/MitOS/MICOS (Hoppins et 

al. , 2011 ; Alkhaja et al. , 2012 ) complex  –  or at least particu-

lar proteins of it (Rabl et al. , 2009 )  –  likely plays a role in 

CJ formation. Also OPA1, a small dynamin involved in IM 

fusion, is probably located next to the CJ. Whether these 

proteins constitute a diffusion barrier for solutes of the 

intracristal space remains to be experimentally proven. A 

putative sealing of individual intracristal microcompart-

ments is also important for a compartmentalization of 

cytochrome  c . Cytochrome is the mobile electron carrier 

between respiratory complex III and complex IV. After 

intrinsic apoptotic stimuli, it is released from mitochon-

dria setting on a deathly signaling cascade. The mecha-

nism of cytochrome  c  (and other proteins) release from 

mitochondria is not conclusively clarified (Scorrano , 

2009 ). One model favors that remodeling of the CJ is a pre-

requisite for the ejection from the intracristal space, while 

a different model suggests that cytochrome  c  diffuses 

freely in the entire IMS and is set free without prerequi-

site structural rearrangements (Sowers and Hackenbrock , 

1981 ; Manor IV et al. , 2006 ). In addition, putative hetero-

geneity of individual mitochondria is also important in the 

context of mitochondrial quality control. Ongoing fusion 

and fission of mitochondria is a prerequisite for the elimi-

nation of damaged mitochondria by mitophagy. After a 

fission event, daughter mitochondria frequently show dif-

ferent polarization states in terms of membrane potential 

(Twig et al. , 2008 ). It is not elucidated, though, whether 

fission specifically occurs at functionally impaired sites 

to separate these parts from the rest of the mitochon-

drion (Figure 4B). The determination of membrane poten-

tial changes by dyes such as JC-1, DASPMI or TMR might 

bear some problems, though, as fluorescence intensity 

changes or emission shifts depend on the local accumu-

lation of the dye. With the new generation of ratiometric 

and (thus intensity-independent) pH- and redox-sensitive 

fluorescent proteins (Meyer et al. , 2007 ; Poburko et al. , 

2011 ) specifically targeted to the distinct mitochondrial 

microcompartments, the problem can now be addressed 

more accurately on the single mitochondrial level, helping 

to elucidate the link between ultrastructure and function.  

  Dynamics of mitochondrial ultrastructure 

 Functional changes are often linked to ultrastructural 

changes (Paumard et al. , 2002 ; Zick et al. , 2009 ; You et al. , 

2010 ) and it is known that the matrix condensation state, 

as well as the arrangement of cristae, depends on the meta-

bolic state of the mitochondria. Hackenbrock first observed 

condensed and orthodox configurations of mitochondria, 

which were later correlated with respiratory states and 

energy loading (Hackenbrock , 1966 ; Mitin and Beketova , 

1972 ). Under experimental conditions, such as injection of 

ADP, P
i
 and ATP into cells, or laser-induced depletion of 

PMF and subsequent recovery, this transformation could 

be artificially induced (Bereiter -Hahn et al., 1983 ). A com-

prehensive review on the intimate relationship between 

mitochondrial form and function is found here (Benard 

and Rossignol , 2008 ). Besides OPA1, and Fcj1/mitofilin 

as part of a larger cristae organizing complex, MINOS/

MitOS/MICOS, ATP synthase is also a strong determinant 

of cristae shape, and recently it was shown that LACTB, 

a serin-protein through polymerization promotes intra-

mitochondrial membrane organization and microcom-

partmentation (Polianskyte et al. , 2009 ). Clearly, larger 

protein assemblies in the IMM and obviously also in the 

intracristal space contribute to CM formation and main-

tenance, and it is likely that they play a role as intramito-

chondrial scaffolds for microcompartmentation.  

   Supramolecular organization of OXPHOS 
in mitochondrial membranes 

 The question of whether single OXPHOS complexes are 

organized in supramolecular assemblies  –  and under 

which circumstances this occurs  –  is a long lasting debate, 

starting shortly after the discovery of the respiratory subu-

nits on mitochondrial membranes (Hackenbrock , 1966 ). 

The random collision model, proposing freely diffusing 

respiratory complexes, has a counterpart in the solid state 

model.  ‘ Oxysomes ’  (Chance et al. , 1963 ), later termed res-

piratory supercomplexes, were first postulated to occur 

from biochemical studies, and their existence was sup-

ported by electron microscopy data that showed regu-

larly arranged high molecular weight particles in the IM 
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(Fernandez -Moran, 1962 ; Fernandez -Moran et al., 1964 ). In 

the last decade, respiratory supercomplexes consisting of 

complex I, III and IV (Sch  ä gger and Pfeiffer, 2000 ; Eubel et 

al. , 2004 ; Dudkina et al. , 2005 ; Sch  ä fer et al., 2006 ; Wittig 

et al. , 2006 ; Althoff et al. , 2011 ) have been isolated under 

mild solubilization conditions. Their analysis revealed 

diverse compositions, mostly CI, CIII and CIV, and also 

diverse stoichiometry. The plasticity model suggests that 

the assembly of OXPHOS into supercomplexes is dynamic 

(Acin -Perez et al., 2008 ), which finds support from obser-

vations that supercomplex abundance and composition 

also varies with age (Dencher et al. , 2007 ). While arrays of 

ATP synthase are easily seen in TEM and EM, the identi-

fication of supercomplexes  in situ  still awaits verification. 

Dimerization of ATP synthase is often accompanied by oli-

gomerization and row-like assembly in cristae membranes 

(Davies et al. , 2011 ) and this is thought to be one of the 

main determining factors for CM microcompartment for-

mation. Recent observations also suggest this F 
O
 F 

1
  domi-

nated compartmentation for bacteria (see earlier descrip-

tion of bacterial microcompartments). This dimerization 

of the ATP synthase in yeast is governed by subunits g 

and e (Arnold et al. , 1998 ), while subunit b might play a 

role in the stabilization of dimer rows (Gavin et al. , 2005 ). 

For mammalian mitochondria, it was proposed that ATP 

synthase dimerization is membrane potential depend-

ent and controlled by the inhibitory factor IF1 of F 
O
 F 

1
 -ATP 

synthase (Campanella et al. , 2008 ). Apparently, the role of 

ATP synthase in scaffolding is directly linked to its activity, 

but whether it also influences the organization of the res-

piratory part, still has to be revealed. Possible advantages 

that have been suggested for supercomplex formation 

include substrate channeling, higher efficiency, and reduc-

tion of ROS production, which as discussed is a significant 

threat to the cell. Despite many indications, our knowledge 

of causative and regulatory factors of mitochondrial super-

complex formation is still rudimentary.  

   Mobility of OXPHOS proteins in mitochondria 

 A precondition for the dynamic assembly/disassembly of 

OXPHOS complexes into supercomplexes is their mobi lity in 

the IM microcompartments. Fluorescence reco very studies 

after photobleaching of fluorescence-labeled OXPHOS 

could indeed show a diffusion of OXPHOS complexes in 

the IM (Sukhorukov et al. , 2010 ), but of anomalous diffu-

sion. However, to date the resolution of this method is too 

low to distinguish detailed events. Recent developments in 

superresolution techniques have allowed the tracking and 

localization of mitochondrial membrane complexes, such 

as OXPHOS in the IMM. In this case, individual trajectories 

of single F 
O
 F 

1
  ATP synthase complexes could be visualized, 

and showed slow but clear diffusion in the cristae micro-

compartment (Figure 4C). In contrast, succinate dehydro-

genase was definitively more mobile and also displayed a 

noticeable quota of molecules localized in the IBM (Appel-

hans et al. , 2012 ). Succinate dehydrogenase (SDH) partici-

pates at the OXPHOS as well as the citrate cycle metabolism. 

Since SDH is not involved in proton translocation, it follows 

that it need not necessarily be constrained to the CM. Tres-

passing of OXPHOS between CM and IBM was rather rare, 

underlining the concept of spatial separation of IM micro-

compartments (Wilkens et al. , 2012 ). From these new data, 

it has become clear that OXPHOS complexes are mobile, 

albeit predominantly restricted to the CM. This mobility is 

a prerequisite for the random collision model earlier dis-

cussed. The next step in investigating OXPHOS complex 

mobility will be to identify OPXHOS supercomplexes  in situ  

and determine their mobility. Through recent progress in 

life cell superresolution techniques these spatio-temporal 

organization dynamics of, and within, microcompartments 

are now becoming visible.   

   Microcompartmentation in 
photosynthetic membranes 

  Photosynthetic electron transport 

 In photosynthetic organisms, pigment excitation by light 

is used to drive photosynthetic electron transfer (PET), 

generating PMF for use in photosynthetic phosphoryla-

tion (PHOTPHOS). Because energy input (light intensity) 

is beyond the control of the cell, efficient PET requires 

rapid and dynamic changes in macromolecular complex 

assembly. PMF generation must be maximized at low light 

intensities, but excess excitation of chlorophyll-containing 

complexes results in damaging ROS, and if PMF generation 

exceeds ATPase capacity, high proton concentrations inhibit 

protein function. This fundamental problem is partly solved 

by the separation of specific proteins and protein complexes 

between distinct membrane microcompartments, and their 

redistribution in response to energetic input and demand.  

  Spatial separation of PET complexes 

 In chloroplasts, the energetic thylakoid membrane is 

divided into sheet-like stromal lamellae, and assemblies 
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of disc-like structures, known as granal stacks (Figure  5  A, 

B). These regions are connected, enclosing a single thyla-

koid lumen (Shimoni et al. , 2005 ), in which protons are 

accumulated during PET. Analogous to the mitochondrial 

IM (see earlier description), these internal membrane 

structures are in themselves dynamic, and  ‘ unstacking ’  

of grana has been shown to be induced under several 

conditions, including high light, when it is proposed to 

aid repair of damaged PSII complexes (Khatoon et al. , 

2009 ). Cyanobacteria are the endosymbiont ancestors 

of the chloroplast, and also contain an internal network 

of thylakoid membranes. Although cyanobacteria lack 

grana, in many species the thylakoid comprises dis-

tinct concentric shells, which merge with each other 

and with the cytoplasmic membrane (Nierzwicki -Bauer 

et al., 1983 ) forming a single, interconnected lumen (Nevo 

et al. , 2007 ). The inner and outer layers of the thylakoid 

therefore represent different microcompartments in most 

cyanobacteria. 

 In classical PET, photoactivation of photosystem I 

(PSI) and photosystem II (PSII) allows the generation of 

PMF, with electron flow consecutively through the mem-

brane complexes: PSII, the cytochrome b 
6
  f  complex (Cyt 

b 
6
  f ), and then PSI (Figure 5C). Plastoquinone (PQ), and the 

protein plastocyanin transfer electrons between PSII and 

the Cyt b 
6
  f , and between Cyt b 

6
  f  and PSI, respectively, to 

connect the chain. The final acceptor at PSI is ferredoxin 

(Fd), which transfers these electrons to the Fd:NADP(H) 

reductase (FNR) enzyme, resulting in the photoproduc-

tion of NADPH. In PET, PMF is generated principally 

through the splitting of water at PSII, and by shuttling of 

protons across the membrane by ET between PQ and Cyt 

b 
6
  f , in a Q cycle. In addition to the ATP synthesized by the 

generation of PMF, NADPH is also an important energetic 
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 Figure 5    (A) Cartoon of chloroplast structure showing outer membrane (OM), inner membrane (IM) and the thylakoid structures. (B) 

Electron micrograph of chloroplast internal structure, showing starch grains and the thylakoid structures; the inset shows a magnification 

of stromal lamellae and granal stacks. (C) The pathway of linear photosynthetic electron transport: water is split by photoactivation of 

photosystem II (PSII) and the resulting electrons transported through the membrane by plastoquinone (PQ) to the cytochrome b 
6
  f  complex 

(Cyt b 
6
  f ). Plastocyanin (PC) then carries the electrons to photosystem I (PSI), which donates them to ferredoxin (Fd) on photoactivation. 

Finally, Fd transfers these electrons to Fd:NADP  +   reductase (FNR) for the reduction of NADP  +  . (D) Microcompartmentation of PET complexes. 

PSI and ATPase are restricted to the stromal lamellae, while active PSII is only found in the granal stacks. Cyt b 
6
  f  diffuses freely between 

the two microcompartments, while FNR is both soluble and membrane-bound. Depending on environmental conditions, light-harvesting 

complex II (LHCII) may either supercomplex with PSII or PSI, supercomplexes can form between PSI and Cyt b 
6
  f , and FNR may be solubilized 

or associate with different protein complexes.    
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product of PET, and is consumed in many pathways, 

including carbon fixation. The rate of excitation of both 

photosystems is greatly enhanced by their association in 

super-complexes with light-harvesting complexes (LHCII 

at PSII and LHCI at PSI), which transfer the energy from 

absorbed photons to the RC of the photosystems by reso-

nance energy transfer. 

 The membrane protein complexes involved in PET 

are not evenly distributed throughout the thylakoid mem-

brane (Figure 5D). PSI is enriched at the stromal lamellae, 

while active PSII is found mainly in the appressed regions 

of the granal stacks (Anderson and Melis , 1983 ; Danielsson 

et al. , 2006 ). Like PSI, the ATP synthase complex is also 

excluded from the appressed regions of the granal stacks, 

while the Cyt b 
6
  f  complex is evenly distributed between the 

different regions (Allred and Staehelin , 1985, 1986 ). It has 

been hypothesized that separation of the photosystems 

may be related to their kinetic differences: PSI pigments 

absorb at a longer wavelength and the complex turns over 

at a higher rate than PSII, meaning that if the complexes 

were close together PSI might drain energy away from 

PSII (Trissl and Wilhelm , 1993 ). However, the separate 

microcompartmentation of different PET components has 

implications for the efficiency of the classical, linear pho-

tosynthetic electron flow. It is generally accepted that  in 
vivo  PQ cannot diffuse over long distances between PSII 

and Cyt b 
6
  f  (Lavergne and Joliot , 1991 ), meaning that PSI 

complexes in the stromal lamellae must rely on diffusion 

of reduced PQ from the appressed regions. Perhaps as a 

consequence of this, it has been reported that PSI RC are 

aggregated around the granal margins, close to the source 

of reduced PQ (Kaftan et al. , 2002 ), implicating the border 

regions between grana lamellae as the location of intense 

electron transport activity. 

 Cyanobacteria conduct PET using the same mem-

brane complexes as chloroplasts, but in addition their 

membranes necessarily contain the components of 

OXPHOS. Distribution of all these complexes has been 

shown to vary, with OXPHOS complexes restricted to the 

outer envelope, the ATPase and PSI complexes mainly in 

the outer thylakoid layer, and the PSII and Cyt b 
6
  f  evenly 

distributed throughout the outer and inner thylakoid 

layers (Sherman et al. , 1994 ). Formation of supercom-

plexes in cyanobacteria by these components has not 

been investigated, but based on data for bacteria (see 

earlier description of bacterial microcompartments) it is 

reasonable to assume that this occurs. It should be noted 

that not all cyanobacteria have thylakoids arranged in 

concentric layers, but it has recently been shown that 

 Synechocystis , a cyanobacteria with an alternative, radial 

thylakoid structure, also contains differentiated regions 

of the thylakoid, either rich in PSI or PSII (Agarwal et al. , 

2012 ).  

   Dynamic redistribution of PET 
components in response to the environment 

 The spatial separation of different processes in the ET 

chain between the granal stacks and stromal lamellae 

helps to regulate the PET chain. To accomplish this regula-

tion, several of the PET membrane complexes are dynami-

cally redistributed between different microcompartments. 

Several of these redistribution events are now very well 

understood, while others are just emerging. Here we 

will review three specific examples of dynamic changes 

in PET component microcompartmentation in chloro-

plasts. Although little data is published for cyanobacte-

ria, uneven distribution of the photosynthetic complexes 

has been reported (Sherman et al. , 1994 ) and it has been 

suggested that dynamic movement of protein complexes 

between the outer and inner thylakoid layers might also 

enable modulation of PET (Nevo et al. , 2007 ). 

   Changes in microcompartmentation of LHCII: 
state transitions 

 The best understood regulatory event in chloroplast thy-

lakoids concerns redistribution of the LHCII complex 

in order to balance excitation between PSI and PSII, in 

a process called a state transition. Readers are directed 

to recent excellent reviews for a more detailed descrip-

tion (Lemeille and Rochaix , 2010 ; Pesaresi et al. , 2011 ). 

If a plant is shaded by other leaves, the remaining light 

available to it will be red-enriched, while as water depth 

increases, less red light is available to algae. PSII absorbs 

light at slightly higher wavelengths (680 nm) than PSI 

(700 nm), and this means that, as the balance of red to 

blue light shifts with changing conditions, the ratio of 

excitation between PSI:PSII is unbalanced. 

 When PSII is more active than PSI, internal compo-

nents of the PET chain build up in a reduced state, includ-

ing PQ. The increase in the reduction state of PQ activates 

a kinase (Allen et al. , 1981 ) on docking at the Q 
o
  site on 

Cyt b 
6
  f  (Vener et al. , 1997 ). A specific kinase (Stt7 in Chla-

mydomonas and Stn7 in Arabidopsis) is associated with 

the Cyt b 
6
  f  (Lemeille et al. , 2009 ) and its activity causes 

phosphorylation of LHCII (Fleischmann et al. , 1999 ; Bella-

fiore et al. , 2005 ). On phosphorylation, LHCII dissociates 

from the PSII-LHCII supercomplex (Iwai et al. , 2008 ) and 
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migrates from the grana to the stromal lamellae, where 

it can associate with PSI, in PSI-LHCI-LHCII supercom-

plexes (Zhang and Scheller , 2004a ). Based on these data, 

phosphorylation is thought to change the relative affinity 

of LHCII for interaction with PSII and PSI. PSI-LHCI-LHCII 

super-complexes are considered to exist predominantly 

at the margins of the grana, rather than throughout the 

lamellae, because of the specific increase in PSI fluores-

cence here on state transition (Tikkanen et al. , 2008 ). 

 If the balance of excitation between the photosystems 

changes, and PSI excitation increases relative to PSII, 

causing oxidation of internal PET components, the state 

transition is reversed and the LHCII complex returns to 

the granal stacks and associates with PSII. This happens 

upon dephosphorylation of LHCII, which is catalyzed by 

the TAP38/PPH1 phosphatase (Pribil et al. , 2010 ; Shapigu-

zov et al. , 2010 ). No information is yet available about reg-

ulation of TAP38/PPH1, but stt7/stn7 is deactivated when 

the internal PET components become oxidized, including 

and PQ at the O 
o
  binding site of Cyt b 

6
  f . In summary, to 

ensure maximum PET efficiency, under conditions where 

PSII is preferentially excited, LHCII disengages from the 

PSII complex in the appressed grana, and dynamically 

changes its microcompartmentation, to associate with 

PSI. This has the dual effect of decreasing excitation at 

PSII, while increasing the light-harvesting capacity at PSI. 

When PSI excitation exceeds that at PSII, the process is 

reversed, and LHCII is dephosphorylated before migrating 

back to the appressed grana to reassociate with PSII.  

  Changes in microcompartmentation of Cyt b 6 f 

 State transitions are very dramatic in algae, with up to 

80 %  of LHCII reported to move (Delosme et al. , 1996 ). By 

contrast, only around 10 – 20 %  of LHCII has been reported 

to migrate in higher plant chloroplasts (Vallon et al. , 1991 ). 

However, the same study reported a surprising change in 

distribution of Cyt b 
6
  f . Normally Cyt b 

6
  f  appears evenly dis-

tributed between grana stacks and stromal lamellae, but 

under state transition-inducing conditions, 30 – 40 %  of Cyt 

b 
6
  f  was reorganized, causing accumulation in the stromal 

lamellae (Vallon et al. , 1991 ). This change in location is 

relevant to state transitions, as the activation of Stn7/Stt7 

depends on PQ interaction with Cyt b 
6
  f , but it has other 

implications for regulation of PET. In addition to the linear 

chain of PET described above, where electrons flow from 

water to reduce NADP  +  , alternative pathways can also gen-

erate PMF. In such cyclic electron transport Cyt b 
6
  f  and PSI 

act independently of PSII, and electrons are returned to 

PQ by Fd or NADPH, generating a proton gradient with no 

net reduction of soluble components (Arnon et al. , 1963 ; 

Joliot and Joliot , 2006 ). PC transfers electrons from Cyt  b 
6
  f  

to PSI, but the means of electron return from PSI to Cyt b 
6
  f  

remains controversial. A unique heme group close to the 

stromal side of the membrane, not involved in electron 

transport during the Q cycle, has been identified (Kurisu 

et al. , 2003 ) indicating the flow of electrons back into the 

PET chain may be through the Cyt b 
6
  f . And it is known 

that the Pgr5 and PgrL1 proteins are involved in the switch 

between linear and cyclic electron transport (Munekage et 

al. , 2002 ; DalCorso et al. , 2008 ). A specific Fd:PQ reductase 

has been proposed to catalyze the ET reaction, but never 

identified, and because FNR has been shown to donate 

electrons to quinones (Bojko et al. , 2003 ) and interact 

with Cyt b 
6
  f , PgrL1 and a complex of Cyt b 

6
  f , PgRL1 and PSI 

(Zhang et al. , 2001 ; DalCorso et al. , 2008 ; Iwai et al. , 2010 ), 

it has been suggested that FNR might be a Fd:PQ reduc-

tase under specific conditions. State transitions result in 

strong upregulation of cyclic electron flow in algae, where 

in addition to PSI:PSII imbalance they are induced by low 

ATP, to enable rapid generation of PMF (Bult  é  et al., 1990 ), 

although there is no evidence for this in higher plants. The 

identification of PSI-Cyt b 
6
  f  supercomplexes suggests that 

the redistribution of Cyt b 
6
  f  on state transition might be 

due to  ‘ trapping ’  of freely diffusing Cyt b 
6
  f  by PSI in the 

stromal lamellae, rather than targeted movement (Nevo et 

al. , 2007 ). Irrespective of complex formation, the increase 

in co-localization of PSI and Cyt b 
6
  f  would seem to favor 

the induction of cyclic, rather than linear PET.  

  Changes in microcompartmentation of FNR 

 FNR is the final thylakoid associated enzyme in linear 

PET, and there is evidence it may also function in cyclic 

electron flow (Zhang et al. , 2001 ; Bojko et al. , 2003 ; Dal-

Corso et al. , 2008 ; Iwai et al. , 2010 ). It has been shown 

that in cyanobacteria and chloroplasts, the enzyme is 

present as both soluble and membrane-bound forms 

(Hanke et al. , 2005 ; Okutani et al. , 2005 ; Thomas et al. , 

2006 ), and it has been localized at several different mem-

brane complexes, including PSI and Cyt b 
6
  f  (Andersen 

et al. , 1992 ; Zhang et al. , 2001 ). Additionally, two specific 

FNR binding proteins localized at the thylakoid have 

recently been identified, and they vary in microcompart-

mentation. Tic62 is localized on the stromal lamellae, 

while TROL is described at the stromal lamellae, grana 

margins (Benz et al. , 2009, 2010 ; Juric et al. , 2009 ). While 

FNR bound to Tic62 has no photosynthetic function, FNR 

localized at TROL is necessary for optimal PET (Juric 

et al. , 2009 ). 
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 The localization at different membrane complexes, 

and abundance of the soluble enzyme, indicate that FNR 

recruitment may provide a mechanism for regulating 

PET. Indeed, it has been shown that the affinity of FNR 

for the Tic62 binding protein is dependent on pH, and 

that interaction is disrupted at the basic pH expected 

when PMF is generated (Alte et al. , 2010 ). Moreover, dis-

sociation of FNR from both Tic62 and TROL has been 

reported at high light (Benz et al. , 2009 ). These observa-

tions prompted the suggestion that soluble, rather than 

membrane-bound FNR has the major catalytic activity 

in PET (Benz et al. , 2010 ), but this contradicts reports 

that membrane-bound FNR is more catalytically active 

(Forti and Bracale , 1984 ), and that TROL mutants have 

disrupted PET (Juric et al. , 2009 ). Moreover, in cyano-

bacteria FNR is bound to the thylakoid by a phycobili-

some linker protein (Thomas et al. , 2006 ), and under 

non-photosynthetic conditions alternative splicing 

results in a truncated, soluble enzyme that functions in 

heterotrophic, rather than photosynthetic, metabolism 

(Korn et al. , 2009 ). In either case, the release of FNR 

from Tic62 on the stromal lamellae, in order to function 

as a soluble enzyme, or to allow association with other 

PET complexes, such as the TROL at the grana margins, 

shows that dynamic re-microcompartmentation of FNR 

plays a role in PET. Maize contains three different FNR 

iso-proteins that vary in respect to membrane associa-

tion: FNR1 is exclusively membrane-bound, FNR2 is both 

membrane-bound and soluble, and FNR3 is completely 

soluble in maize chloroplasts (Okutani et al. , 2005 ). 

When genes for these proteins were expressed in Arabi-

dopsis, the FNR3 protein remained mostly soluble, while 

the FNR1 and FNR2 differentially interacted with TROL 

and Tic62 complexes respectively (Twachtmann et al. , 

2012 ). During the transition between dark and light, the 

PSI:PSII excitation ratio was higher in plants enriched in 

TROL FNR, but not in plants enriched at Tic62, further 

supporting a role for dynamic FNR relocation in PET 

regulation. Finally, the N-terminal structure of the FNR 

enzyme is critical for regulating its membrane associa-

tion (Moolna and Bowsher , 2010 ), and the specificity 

of its interaction with different membrane complexes 

(Twachtmann et al. , 2012 ).    

  Outlook 
 In this review we have described how the restriction of 

various processes to specific areas on bioenergetic mem-

branes is fundamental to their efficient function, both in 

preventing energy loss and formation of harmful ROS. This 

basic principle of microcompartmentation is conserved from 

the early origins of energy-converting membranes, through 

the interchangeable nature of electron acceptors and donors 

in bacteria membranes, to the highly complex organized 

structures that have evolved for OXPHOS and PHOTPHOS 

in mitochondria and chloroplasts. We have established that 

in order to achieve efficient PMF formation and utilization, 

supramolecular organization is necessary, not only in terms 

of spatial organization of membrane complexes and forma-

tion of supercomplexes, but also in the water layers around 

membranes, and the lipid composition of the membranes 

themselves. There is abundant evidence for microcompart-

mentation in all bioenergetic membranes, and a growing 

body of data that support dynamic changes in response to 

the energetic demands placed upon a cell. The challenge 

in the future will be to investigate these dynamic changes 

and interactions, their regulatory control and their physi-

ological impact. In order to solve these questions, the use of 

superresolution techniques, to monitor changes in protein 

complex location and supercomplex assembly in real time 

will increasingly prove to be an invaluable tool.   
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