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In cyanobacteria, respiratory electron transport takes place in close
proximity to photosynthetic electron transport, because the com-
plexes required for both processes are located within the thyla-
koid membranes. The balance of electron transport routes is
crucial for cell physiology, yet the factors that control the pre-
dominance of particular pathways are poorly understood. Here we
use a combination of tagging with green fluorescent protein and
confocal fluorescence microscopy in live cells of the cyanobacte-
rium Synechococcus elongatus PCC 7942 to investigate the distri-
bution on submicron scales of two key respiratory electron donors,
type-1 NAD(P)H dehydrogenase (NDH-1) and succinate dehydroge-
nase (SDH). When cells are grown under low light, both complexes
are concentrated in discrete patches in the thylakoid membranes,
about 100-300 nm in diameter and containing tens to hundreds of
complexes. Exposure to moderate light leads to redistribution of
both NDH-1 and SDH such that they become evenly distributed
within the thylakoid membranes. The effects of electron transport
inhibitors indicate that redistribution of respiratory complexes is
triggered by changes in the redox state of an electron carrier close
to plastoquinone. Redistribution does not depend on de novo pro-
tein synthesis, and it is accompanied by a major increase in the
probability that respiratory electrons are transferred to photosys-
tem | rather than to a terminal oxidase. These results indicate that
the distribution of complexes on the scale of 100-300 nm controls
the partitioning of reducing power and that redistribution of
electron transport complexes on these scales is a physiological
mechanism to regulate the pathways of electron flow.

bioenergetics | respiratory complex I | complex II

Both respiratory and photosynthetic electron transport are
essential for energy conversion in plants and many microbes.
The regulation of electron transport routes is crucial for cell
physiology (1). Cyanobacteria make an interesting paradigm
for regulation of electron transport, because respiration takes
place in close proximity to photosynthesis, with the complexes
required for both processes located within the intracytoplasmic
thylakoid membranes (2, 3). This colocalization raises the
possibility of “unorthodox” electron transport pathways in
which electrons cross over from respiratory donors to photo-
synthetic acceptors, or vice versa. Indeed such unorthodox
electron transport pathways are observed and can predominate
in cyanobacterial mutants lacking photosystems I (PSI) or
photosystem II (PSII) (4, 5) and also in wild-type cyanobacte-
rial cells under certain conditions (5). The factors that might
control the predominance of particular electron transport
pathways under particular conditions are poorly understood.
Cyanobacterial thylakoid membranes house the photosyn-
thetic reaction centers PSI and PSII, respiratory electron trans-
port complexes including type-I NAD(P)H dehydrogenase
(NDH-1), succinate dehydrogenase (SDH), cytochrome (cyt)
oxidase, and alternative oxidases, as well as the cyt bgf complex,
which functions in both respiratory and photosynthetic electron
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transport (6). The mobile electron carriers, plastoquinone and
plastocyanin (and/or cyt c¢), are also common to both photosyn-
thetic and respiratory electron transport. NDH-1 and SDH have
both been proposed as principal respiratory electron donor
complex in cyanobacteria (7, 8). Electrons from respiratory
substrates enter the electron transport chain via plastoquinone
reduction by NDH-1 or SDH and are passed on through the cyt
be¢f complex and plastocyanin or cyt c. They then have two pos-
sible fates: they could be transferred to a terminal oxidase or
they could be transferred to PSI (3). The former case corre-
sponds to conventional respiratory electron transport with net
oxidation of the metabolite pool, whereas the latter case is one of
several possible routes for cyclic photosynthetic electron trans-
port around PSI, with generation of a proton gradient but no net
loss or gain of reducing power (9-11). There is an additional
possibility of electron transfer from PSI to oxygen via the fla-
vodiiron proteins Flvl and Flv3 (12).

Here, we explore the factors that might control the prevalence
of respiratory electron transfer to oxidases vs. PSI by using en-
hanced green fluorescent protein (eGFP) tagging and confocal
fluorescence microscopy to investigate the distribution on
submicron scales of the two key respiratory electron donors
NDH-1 and SDH in the cyanobacterium Synechococcus elon-
gatus PCC 7942. We find that the distribution of the complexes
within the thylakoid membranes is under redox-regulated physio-
logical control. Redistribution of the complexes correlates with
a major change in the relative probability of the two electron
transport pathways.

Results

We chose the unicellular cyanobacterium S. elongatus PCC 7942
(hereafter Synechococcus) as our model organism because it is
sequenced, genetically tractable, and has a rather regular ar-
rangement of thylakoid membranes as concentric cylinders aligned
along the long axis of the cell, which greatly facilitates studies of
protein distribution by fluorescence microscopy (13, 14).

NDH-1 and SDH are the two principal respiratory electron
donor complexes in cyanobacteria (7, 8). We tagged both com-
plexes individually, in both cases using expression of the eGFP
fusion protein from the native chromosomal locus and under the
control of the native promoter, to ensure that the proteins were
expressed in context and at physiological levels. Cyanobacterial
NDH-1 is partially homologous to mitochondrial complex I (15).
Seventeen different protein subunits have been identified as
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cyanobacterial NDH-1 components, although not all are present
in all forms of the complex (8, 16). Recently, another subunit
designated NdhS has been identified, possibly involved in fer-
redoxin binding (17). Biochemical analysis indicates that there
are at least two variant forms of the complex with different
subunit compositions and, possibly, different physiological roles
(18-20). To give a view of the complete distribution of NDH-1,
eGFP was fused to the C terminus of the NdhM subunit, which is
common to all of the NDH-1 variants (21) (Fig. S1). eGFP was
similarly fused to the C terminus of the SdhA subunit of SDH
(22, 23) (Fig. S1). In both cases, the transformants were fully
segregated (i.e., the alteration was introduced into all copies of
the chromosome) and Western blots with anti-GFP antibodies
demonstrated that eGFP was fused to a protein of the expected
size (Fig. S1). Blue-native gel electrophoresis further showed
that NdhM:eGFP was incorporated into fully assembled NDH-1
complexes, and cell growth rates were unaffected by the GFP
fusions (Fig. S1), in contrast to mutants with defective SDH or
NDH-1 (7, 24). The content of NDH-1 complexes also appears
unaffected by the GFP tag on NdhM (Fig. S1). We attempted
GFP tagging of some further thylakoid membrane electron car-
riers. However, GFP-tagging of PSI (on the C terminus of the
Psal subunit) was unsatisfactory as the mutant did not segregate
and Psal:eGFP was not fully incorporated into PSI complexes.
GFP tagging of cytochrome oxidase (on the C terminus of the
CtaC subunit) did not lead to a detectable GFP fluorescence signal
in the cells, probably indicating that levels of cytochrome oxidase
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Fluorescence Intensity per Length (a.u.)

in the cell are too low for GFP fluorescence to be detectable
above background.

Localization of NDH-1 and SDH Under Low and Moderate Light.
Figs. 1 and 2 show confocal fluorescence micrographs of Syn-
echococcus cells with eGFP tags on NDH-1 and SDH, re-
spectively. The native chlorophyll fluorescence (shown in red)
indicates the distribution of the photosynthetic complexes in the
thylakoid membranes (13). Consistent with proteomic studies in
the cyanobacterium Synechocystis sp. PCC 6803 (25), we could
detect NDH-1 and SDH only in the thylakoid membranes. Flu-
orescently stained cytoplasmic membranes showed up as a dis-
tinct halo outside the chlorophyll (Fig. S2), in contrast to what
we observed with NDH-1 and SDH where the GFP fluorescence
clearly overlapped with the chlorophyll fluorescence (Figs. 1 and
2). In cells grown in moderate light (60 pE-m~2:s~") both NDH-1
(Fig. 14) and SDH (Fig. 24) were quite evenly distributed in the
thylakoids, similarly to the photosynthetic complexes. However,
under very low light (6 pE-m™:s™") both complexes were con-
centrated into discrete patches within the thylakoid membranes
(Figs. 1B and 2B). The inhomogeneity of GFP fluorescence was
quantified by taking line profiles of fluorescence intensity around
the thylakoid membranes (Fig. 1C), smoothing to remove high-
frequency noise (Fig. 1D) and then computing the SD (Figs. 11
and J and 2C). For NDH-1:eGFP the SD of fluorescence in-
tensity was significantly higher under low light conditions (two-
tailed Student ¢ test, P = 10_7). For SDH:eGFP the overall
fluorescence signal was lower but the difference in distribution
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profiles along the thylakoid membranes.
(D) Raw and smoothed normalized
fluorescence profiles of the tracing lines
in C. (E) NDH-1 spot number per cell is
proportional to the cell length (n = 110).
(F) NDH-1:eGFP spot numbers per cell
(n = 1,000). (G) Frequency of occurrence
of NDH-1:eGFP spots at the cell poles
(n = 800). (H) Examples of polar locali-
zation. White and cyan arrows indicate
the cell NDH-1:eGFP spots, respectively. (/)
Fluorescence profile SDs (red) and nor-
malized fluorescence intensities (blue) of
NDH-1:eGFP cells under LL, and 1 h, 24 h
after transferring to ML (n =50, P= 1077).
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Fig. 2.  Localization of SDH:eGFP complexes in Synechococcus cells. (A) Con-
focal images of SDH:eGFP cells under ML. (B) SDH:eGFP cells under LL. (C) SDs
of SDH:eGFP fluorescence profiles under moderate and LL (n = 50, P = 1077).

under the two condltlons remained highly significant (two-tailed
Student ¢ test, P = 1077). The NDH-1 and SDH patches seen
under low-hght conditions were further characterized in terms of
their number, their distribution within the cell, their size, and the
approximate number of complexes in each patch. On average
there were about six patches of NDH-1:eGFP per cell (Fig. 1F),
the number in a particular cell being roughly proportional to its
length (Fig. 1E). Cell poles were frequently occupied by NDH-1
patches (Fig. 1G and H). The probability of a patch being located
at a cell pole was significantly higher than would be expected on
the basis of random distribution (two-tailed Student ¢ test, P =
1073). The diameter of the NDH-1:¢GFP patches was estlmated
taking into account the point-spread function of the microscope,
and found to range from 60 to 350 nm, with a mean of 160 + 30
nm (Fig. S3).

The number of GFP molecules per patch was estimated by
comparing the brightness of the GFP fluorescence to that from
the previously characterized patches of cyt bd:GFP in Escherichia
coli (26) imaged with the same microscope settings. This indi-
cates a mean of 91 + 30 NDH-1:eGFP complexes per patch.
A similar analysis on SDH:eGFP indicates that individual
patches are somewhat larger than NDH-1 patches (mean di-
ameter 280 + 190 nm) but contain fewer complexes (37 + 12)
and are fewer in number. Around one or two large SDH patches
were visible per cell (Fig. 2B). The NDH-1 complexes must be
densely packed within their patches. The membrane area occu-
pied by a Thermus thermophzlus or E .coli NDH-1 complex can be
estimated at 230 nm? from its crystal structure (27, 28). Thus,
assuming the same membrane domain size, 90 NDH 1 com-
plexes would occupy a membrane area of 20,700 nm?, which is
similar to the estimated mean area of the patches The packing
of SDH appears to be much less dense than that of NDH-1.

Mobility and Redistribution of NDH-1. The patches of NDH-1 are
not mobile on short timescales. Imaging and fluorescence re-
covery after photobleaching (FRAP) sequences recorded over 3
min showed no detectable movement (Fig. S4). Cyt bd-I com-
plexes in the E. coli plasma membrane congregate in patches of
comparable dimensions, but these patches are highly mobile
(26), in striking contrast to the immobility of the NDH-1 patches
in Synechococcus. However, this difference is not unexpected,
given that the diffusion of complexes in cyanobacterial thylakoids
is generally slow and restricted, and PSII is almost immobile
(29). On longer timescales, there can clearly be redistribution of
the respiratory complexes according to the light environment
(Figs. 1 and 2). Redistribution of NDH-1 is largely complete
within 1 h (Fig. 1 I and J and Fig. S5). To study shorter time-
scales, we performed an experiment tracking redistribution
within a single set of cells during illumination with more intense
light on the microscope stage. This indicates a half-time of 10-20
min for the redistribution (Fig. 1K and Fig. S6). Acclimation to
moderate light was accompanied by an increase in GFP fluo-
rescence per cell (Fig. 11), suggesting synthesis of new NDH-1
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complexes. To check whether the NDH-1 redistribution was
dependent on de novo protein synthesis, we carried out the same
experiment in the presence of the protein synthesis inhibitor
lincomycin (30). Lincomycin suppressed the increase in total
GFP fluorescence, but the redistribution of fluorescence oc-
curred as before (Fig. S7). Thus, the change in NDH-1 distri-
bution must result from the redistribution of the existing pool of
NDH-1 complexes.

Effects of Electron Transport Inhibitors and Bicarbonate on NDH-1
Redistribution. Many light-induced responses in cyanobacteria are
triggered by changes in the redox state of electron carriers in the
photosynthetic electron transport chain (31). To test whether
NDH-1 redistribution is triggered in this fashion, we examined
the effects of the electron transport inhibitors 3-(3,4-dichlor-
ophenyl)-1,1-dimethylurea (DCMU) and 2,5-dibromo-3-methyl-
6-isopropyl-p-benzoquinone (DBMIB) (Fig. 3). DCMU blocks
electron transport from PSII to plastoquinone, whereas DBMIB
blocks electron transport from plastoquinol to the cyt b¢f com-
plex. Opposite effects of DCMU and DBMIB therefore indicate
control by the redox state of plastoquinone (32). Cells expressing
NDH-1:eGFP were adapted to either low light or moderate light
before addition of the inhibitor and adaptation for 1 h to the
opposite light regime. Images of NDH-1:eGFP distribution were
recorded and distributions quantified as described above.
DCMU completely repressed the redistribution of NDH-1:e GFP
in moderate light (Fig. 3 D and G), and induced an even more
patchy distribution of NDH-1:eGFP in low light (Fig. 3 C and
G). By contrast, DBMIB suppressed the formation of NDH-1:
eGFP patches in low light (Fig. 3 E and G). This indicates that
redistribution of NDH-1 is triggered by changes in the redox
state of plastoquinone, similarly to state transitions (32), the
resetting of the cyanobacterial circadian clock (33, 34), and
changes in the expression of photosynthetic complexes (35). The
patchy distribution of respiratory complexes is triggered by an
oxidized plastoquinone pool, whereas the even distribution is
triggered by a reduced plastoquinone pool.

Because NDH-1 is important for CO,/HCO;™ assimilation in
cyanobacteria (16), we also tested the effect of addition of 10
mM NaHCO; to the medium (cells were otherwise grown aer-
obically without supplementation of CO,/HCO;"). However,
supplementation with NaHCO; had no detectable effect on
NDH-1:eGFP distribution in either low light or moderate light.

Electron Transport Pathways Under Low and Moderate Light. The
functional significance of the changes in NDH-1 and SDH dis-
tribution induced by changes in light environment was explored
by electron transport measurements on cells adapted to the two
conditions. Respiratory electron transport (i.e., transfer of elec-
trons to a terminal oxidase) was assessed by measuring oxygen
uptake in the dark (Fig. 44). Electron transfer to PSI was
assessed using microsecond flash photolysis at 703 nm (36) to
determine the kinetics of rereduction of P,y following a train of
flashes sufficient to oxidase P and the plastoquinone pool (Fig.
S8). The measurements were carried out in the presence of
DCMU, so that the electrons required to rereduce P70 would
have to come from respiratory donors or by cyclic electron
transfer (37). Measurements were carried out on wild-type Syn-
echococcus cells as well as the two GFP-tagged strains. All three
strains showed similar rates of electron transport under both
conditions (Fig. 4 A and B), confirming that the eGFP-tagged
NDH-1 and SDH complexes are fully functional. Low-light—
adapted cells show somewhat lower rates of respiratory oxygen
uptake (Fig. 44), which may be due to lower levels of photo-
synthetically produced respiratory substrates. There is a much
larger difference in the rate constants for P,o0* rereduction,
which are about four times higher in moderate-light cells com-
pared with low-light cells (Fig. 4B). For comparlson of the data
in Fig. 4 A and B, the rate constants for P5gy" rereduction were
converted into predicted steady-state fluxes of electrons to PSI at
saturating light intensity, using the concentration of PSI reaction

PNAS | July 10,2012 | vol. 109 | no.28 | 11433

PLANT BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120960109/-/DCSupplemental/pnas.201120960SI.pdf?targetid=nameddest=SF8

L T

/

1\

BN AS  PNAS D)

Low Light

GFP Chl

DCMU Control

Now W
o S &

per Length (a.u)
3 a3

Profile Standard Deviation m
Fluorescence Intensity
o

o o

LL ML

Fig. 3.

Moderate Light

GFP Chl Merge

Effects of electron transport inhibitors on redistribution of NDH-1 complexes. (A) NDH-1:eGFP cells under LL. (B) LL-adapted NDH-1:eGFP cells ac-

climated to ML for 1 h. (C) NDH-1:eGFP cells acclimated to LL for 1 h in the presence of DCMU. (D) NDH-1:eGFP cells acclimated to ML for 1 h in the presence of
DCMU. (E) NDH-1:eGFP cells acclimated to LL for 1 h in the presence of DBMIB. (F) NDH-1:eGFP cells acclimated to ML for 1 h in the presence of DBMIB. (G)
Fluorescence profile SD for NDH-1:GFP cells under LL and 1 h after transferring to ML with or without electron transport inhibitors (n = 50; P = 1078, LL +
DCMU; P = 107"2, LL + DBMIB; P = 1073°, ML + DCMU). (H) Normalized fluorescence intensities of NDH-1:eGFP cells under LL and 1 h after transferring to

ML (n = 50).

centers obtained from the maximum 703 nm absorbance change.
Respiratory oxygen uptake rates were converted into electron
flux to the oxidases by multiplying by 4 (because four electrons
are required to reduce O, to 2H,0). The ratio of the two fluxes
(respiration/photosynthesis) then gives an indication of the
probability that an electron is transferred to a terminal oxidase
rather than to PSI. This ratio is about three times higher in low
light compared with moderate light (Fig. 4C). A time course for
the change in electron flux ratio during acclimation to moderate
light (Fig. 4F) shows comparable kinetics to the change in dis-
tribution of NDH-1:eGFP (Fig. 1 I and K). Preincubation
with DCMU during a 30-min moderate light acclimation com-
pletely suppresses the change in electron flux ratio (Fig. 4 D-F).
This provides a further demonstration that electron transport
activity correlates with NDH-1 distribution, because DCMU also
suppresses the redistribution of NDH-1 during moderate light
acclimation (Fig. 3).

Discussion

NDH-1 and SDH complexes cluster into 100- to 300-nm patches
in the thylakoid membranes in low light (Figs. 1 and 2). Exposure
to moderate light induces the dispersal of these clusters of
respiratory complexes within 30 min (Figs. 1 and 2), and this
change in distribution correlates with a major increase in the
probability that respiratory electrons are transferred to PSI
rather than to a terminal oxidase (Fig. 4). The distribution of
respiratory complexes under moderate light matches much more
closely the distribution of the photosynthetic complexes, at least
as far as can be assessed at optical resolution (Figs. 1 and 2). This

11434 | www.pnas.org/cgi/doi/10.1073/pnas.1120960109

matching distribution suggests intermingling of the photosyn-
thetic and respiratory complexes, leading to a greater prevalence
of electron exchange between the two chains. Both respiratory
electron transport and cyclic photosynthetic electron transport
via PSI generate a proton gradient for ATP production. In
physiological terms, the distinction is that respiratory electron
transport leads to a net oxidation of the metabolite pool,
whereas cyclic photosynthetic electron transport does not lead to
any net change in redox status (10, 11). Therefore, the switch in
electron transport modes under different light regimes is likely to
reflect the need to control the redox balance of the cell, as does
the switch between photosynthetic linear and cyclic electron
transport in the green alga Chlamydomonas, for example (11).
Redistribution of the respiratory complexes in Synechococcus is
triggered by changes in the redox state of an electron carrier
close to the plastoquinone pool (Fig. 3), which is consistent with
the idea that this is a mechanism to control the redox balance
of the cell. State 1-state 2 transitions (a rapid modulation of
excitation energy distribution between PSII and PSI) are also
triggered by changes in the redox state of plastoquinone in
cyanobacteria (32). Therefore it is possible that the same signal
transduction pathway leads both to the redistribution of re-
spiratory complexes that we describe here and to reorganization
of photosynthetic light-harvesting complexes during state tran-
sition. A distinction is that the 10- to 30-min timescale of re-
distribution of the respiratory complexes (Fig. 1) is considerably
slower than the 1- to 5-min timescale of state transitions in
cyanobacteria (38). This may be explained by the slow timescale
of protein diffusion in the thylakoid membrane (29), which
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contrasts with the rapid movement or local conformational
changes of the light-harvesting phycobilisomes on the membrane
surface (29, 38-40). As with state transitions in cyanobacteria,
the physical factors that lead to the redistribution of the re-
spiratory complexes remain to be determined. Covalent modifi-
cation, either of the complexes themselves or their interaction
partners, is a strong possibility.

Other recent studies have indicated clustering, on similar
length scales, of oxidative phosphorylation complexes in the
plasma membranes of E. coli (26) and Bacillus subtilis (41) and
the clustering of both photosynthetic and respiratory com-
plexes in the plasma membrane of the atypical cyanobacterium
Gloeobacter violaceus, which lacks thylakoid membranes (42).
Taken together, these studies suggest that electron transport
typically occurs within clusters of complexes colocalized on
submicron scales, and our present study shows that redistribution
of electron transport on these scales is accompanied by major
changes in electron transport activity. Therefore, a typical length
scale for electron transport (defined by the distances that mobile
electron carriers such as quinones and plastocyanin typically
diffuse between donor and acceptor complexes) might be on the
order of 100 nm.

The search for mechanistic explanations for the “streaming” of
electrons between specific pairs of donor and acceptor com-
plexes has focused on the search for “supercomplexes” with
strong associations on the nanometer scale (43-48). Biochemical
approaches and electron microscopy have provided support for
the presence of supercomplexes in some bioenergetic mem-
branes, including respiratory supercomplexes (43-45, 47, 48),
and respiratory—photosynthetic supercomplexes (46); however,
direct evidence that electron transport is confined to such
supercomplexes is lacking. Whereas supercomplexes could well
play a role in controlling some pathways of electron flow (49),
our study indicates that the larger-scale distribution of electron
transport complexes within heterogeneous bioenergetic mem-
branes is also an important factor. This could be an important
consideration for the future reengineering of organisms for
enhanced biofuel production, for example.

The factors that physically control the distribution of re-
spiratory complexes within cyanobacterial thylakoid membranes
are subjects for future study. It will also be important to get
a more complete picture of the protein composition of the
membrane patches defined here by the clustering of NDH-1 and
SDH complexes under low light.
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Fig. 4. Electron transport activities in Synechococcus

cells (wild-type and GFP-tagged transformants) adapted

to LL or ML. (A) Rates of respiratory oxygen uptake in the

dark (n = 5). (B) Rate constants for P;o0* rereduction in the

presence of DCMU (n = 5). (C) Ratio of respiratory electron
o flux to oxidases vs. PSI (under saturating light) calculated
from the data in A and B. It gives an indication of the
probability that respiratory electrons are transferred
a terminal oxidase rather than to PSI. (D-F) Time-course
for the changes in electron transport activity during ac-
climation from LL to ML, plus effect of DCMU on accli-
mation to ML for 30 min (n = 15, pooled data from the
three strains). Two-tailed Student t tests for changes in
& electron flux ratio in Fare: P=2x 107" (LL vs. 1 h in ML).
& P =4 x 107° (30 min in ML + DCMU).

Materials and Methods

Strains and Growth Conditions. S. elongatus PCC 7942 was grown in BG-11
medium (50) at 30 °C under 60 pE-m~2s~" (moderate light, ML) or 6 pE-m™2s~"
(low light, LL) white light in culture flasks with constant shaking or on BG-11
plates containing 1.5% (wt/vol) agar. Cultures were grown in air without any
additional CO, source, except for the experiment where we supplemented the
liquid medium with 10 mM NaHCO; (S/ Materials and Methods). The electron
transport inhibitors DCMU and DBMIB were added to 20 uM and 10 pM,
respectively, where indicated. Cells were adapted for 1 h under LL or ML in the
presence of DCMU or DBMIB before microscopy. For electron transport
measurements in cells preadapted with DCMU, LL-grown cells were adapted
for 30 min in ML in the presence of DCMU before measurement.

Generation of Constructs. PCR products of about 3 kb, including ~1 kb ho-
mologous sequence upstream and downstream of synpcc7942_1982 (ndhM)
or synpcc7942_0641 (sdhA), were cloned using the pGEM-T Easy cloning
system (Promega) as detailed in the Promega manual. Enhanced green
fluorescent protein (eGFP) fusions were created by inserting the GFP:apra-
mycin region amplified from the plasmid plJ786 (PBL Biomedical Laborato-
ries) to the C terminus of ndhM or sdhA using the Redirect strategy (51, 52).
Plasmids were verified by PCR and sequencing and used to transform Syn-
echococcus cells following the method described earlier (53). PCR and aga-
rose gel electrophoresis were applied to check genetic segregation of the
ndhM or sdhA loci in the transformants. The DNA oligonucleotides used in
this work are shown in Table S1.

Confocal Microscopy and Image Analysis. Synechococcus cells were immobi-
lized by drying a droplet of cell suspension onto BG-11 agar plates. Blocks of
agar with the cells adsorbed onto the surface were covered with a coverslip
and placed under the microscope. Laser-scanning confocal microscopy used
a Leica TCS-SP5 with a 63x oil-immersion objective (NA 1.4) and excitation at
488 nm. Images (12-bit, 512 x 512 pixels) were recorded at 200 Hz, averaging
each scan line six times. Emission was recorded simultaneously at 500-520
nm (GFP fluorescence) and 670-720 nm (chlorophyll fluorescence). The
confocal pinhole was set to give z axis resolution of about 0.77 ym. To
correct for the autofluorescent background from the cells, images were
recorded before and after bleaching by scanning repeatedly at 6x laser
power. This bleached GFP fluorescence while having no detectable effect on
the background. Postbleach images were then subtracted from prebleach to
give clean GFP images (54). Imaging time-courses were recorded while illu-
minating the cells with white light at 500 uE-m~2s~' on the sample stage
between image acquisitions. Live-cell images were recorded from at least
five different cultures. All images were captured with all pixels below sat-
uration. The inhomogeneity of GFP fluorescence was quantified by taking
line profiles of fluorescence intensity around the thylakoid membranes,
smoothing to remove high frequency noise and then computing the SD
from the mean fluorescence intensity. The point-spread function of the
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microscope was measured by recording images with the same microscope
settings of 170 nm diameter yellow-green fluorescent microspheres (PS-
Speck microscope point source kit; Invitrogen), and the information used to
estimate the true diameter of GFP patches observed in membranes. Back-
ground subtraction and image analysis were carried out using Image)J soft-
ware (National Institutes of Health). Significance was assessed using a two-
tailed Student t test. Results are presented as mean + SD.

Respiratory Electron Transport. The respiratory electron transport measure-
ments are described in S/ Materials and Methods.

P700" Rereduction Measurements. P;o, (the primary electron donor of PSI)
rereduction kinetics were determined by analysis of flash-induced absorbance
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changes at 703 nm in a laboratory-built spectrophotometer at room temper-
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Membrane Preparation, Protein Analysis, and Inmunoblotting. The membrane
preparation, protein analysis, and immunoblotting are described in S/
Materials and Methods.
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