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Abstract Although exposure of Synechococcus sp. PCC 7942
to iron stress induced the accumulation of the isi4 gene product
(CP43’) compared with non-stressed controls, immunodetection
of the N-terminus of cytochrome (Cyt) findicated that iron stress
not only reduced the content of the 40 kDa, heme-binding, Cyt f
polypeptide by 32% but it also specifically induced the
accumulation of a new, 23 kDa, non-heme-binding, putative
Cyt f polypeptide. Concomitantly, iron stress restricted inter-
system electron transport based on the in vivo reduction of
P700*, monitored as Adgyy/Asy) in the presence and absence of
electron transport inhibitors, as well as the inhibition of the
Emerson enhancement effect on O, evolution. However, iron
stress appeared to be associated with enhanced rates of PS I
cyclic electron transport, low rates of PS I-driven photoreduction
of NADP"* but comparable rates for PS II+PS I photoreduction
of NADP" relative to controls. We hypothesize that Synecho-
coccus sp. PCC 7942 exhibits a dynamic capacity to uncouple PS
II and PS I electron transport, which may allow for the higher
than expected growth rates observed during iron stress. © 2000
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

The photosynthetic apparatus represents one of the most
iron-enriched (22 or 23 atoms) cellular systems [2-4], and
hence highly vulnerable to iron stress [1,2]. In response to
limited iron supply, the number of iron-containing proteins
within the photosynthetic apparatus is reduced [3]. Iron stress
also inhibits photosystem II (PS II) photochemistry [4], the
amount of photooxidizable reaction center pigment of photo-
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Abbreviations: Cyt, cytochrome; DBMIB, 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-di-
methylurea; DCPIP, 2,6-dichlorophenol-indophenol; FR, far red light;
MOPS, 3-[N-morpholino]propanesulfonic acid; M T, multiple turnover
flash of actinic white light; MV, methyl viologen; P700, reaction center
pigment of PS I; P700™, oxidized form of the reaction center of PS I;
PC, plastocyanin; PS I, PS II, photosystem I and photosystem II;
PQ, plastoquinone; Phc, phycocyanin; Py, maximal photosynthetic
oxygen evolution; ST, single turnover flash of actinic white light

system I (PS I) (P700) [5] and the partial reaction rates asso-
ciated with PS II and PS I, respectively [3]. Concomitantly, a
large decrease in the amount of phycocyanin (Phc) and Chl «
[3] accompanied by structural alterations of the thylakoid
membranes and phycobilisomes [6] as well as a blue shift of
5-6 nm in the main red absorption band of Chl «a [5] are
characteristic of iron-stressed cyanobacteria. The spectral
shifts in iron-stressed cells are paralleled by the appearance
of a specific iron-stress-induced, isi4 gene product, the PS II
chlorophyll-protein complex, CP43’ [7]. In addition, ferredox-
in is replaced by flavodoxin [8]. However, since iron-stressed
cyanobacteria remain viable and grow [9,10], we hypothesized
that these cells must exhibit a potential to adjust metabolically
to low iron conditions. In the present study, we compared the
structure, function and composition of the photosynthetic
electron transport system of Synechococcus sp. PCC 7942
under iron stress and non-stressed conditions in order to elu-
cidate the mechanism by which this cyanobacterium adjusts to
low iron conditions.

2. Materials and methods

Synechococcus sp. PCC 7942 cells were grown axenically under non-
stress conditions in liquid BG-11 inorganic medium, supplemented
with 10 mM 3-[N-morpholino]propanesulfonic acid (MOPS) (pH
7.5) and under iron-stress conditions in liquid BG-11 medium lacking
Fe-citrate as described earlier [11]. Chl and Phc contents were deter-
mined using whole cell spectra according to the method of Myers et
al. [12].

Maximal photosynthetic oxygen evolution (Pp,x) and the number
of functional PS II centers were measured at 38°C essentially as de-
scribed earlier [11]. The number of functional PS II centers was calcu-
lated by assuming that every functional PS II center produces 1 O,
molecule for every four flashes [12]. The number of PS I reaction
centers was measured from the absorbance changes at 703 nm of
thylakoid suspensions as described in [5]. Two separate tungsten light
sources providing illumination at 625 nm (light 2) and 675 nm (light
1) (defined by Balzers interference filters) with various intensities were
used for the enhancement measurements. Quantitative expression of
enhancement was presented according to [13]: E,=(Via—V)IV,,
where E, is the increase of photosynthetic rate, V;, is the photosyn-
thetic rate when light 1 and light 2 were presented together whereas
V1 and V;, are the photosynthetic rates produced independently by
light 1 and light 2 respectively.

The redox state of P700 of samples prepared as described by Her-
bert et al. [14] was determined in vivo using a PAM-101-modulated
fluorometer (Heinz Walz GmbH, Effeltrich, Germany) equipped with
ED-800T emitter-detector and PAM-102 units following the proce-
dure of Schreiber at al. [15] as described in detail by Ivanov et al.
[16]. The redox state of P700 was evaluated as the absorbance change
around 820 nm (AAgyo/Agy) in a custom-designed cuvette at the
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growth temperature of 38°C. Stock solutions of electron inhibitors
(3 mM 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB),
1 mM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 5 mM
methyl viologen (MV)) were prepared in 95% (v/v) ethanol. The con-
centration of ethanol added was always less than 0.5% (v/v).

PS II+PS I-dependent and PS I-dependent photo-reduction of
NADP™ in both control (+Fe) and iron-stressed (—Fe) cell cultures
of Synechococcus sp. PCC 7942 were followed at 340 nm in whole
cells according to the procedure of Gerhardt and Trebst [17] as ap-
plied by Oquist [5]. Red actinic illumination (> 600 nm, 300 umol
photons m~2 s~!) was applied for 10 min. Reaction mixture consisted
of 10 mM MgCl,, 50 mM Tricine (pH 7.6), 2 mM NADP and cells
corresponding to 3 pg Chl ml~'. For PS I-driven NADP-photoreduc-
tion assay 10 pM DCMU, 50 uM 2,6-dichlorophenol-indophenol
(DCPIP) and 2 mM ascorbate were added. The reaction mixture
was prepared under N, and maintained anaerobic by an oxygen
trap consisting of 10 mM glucose, 13 U ml~!' glucose oxidase and
1200 U ml™! catalase [18].

Protein samples containing equal amounts of Chl were separated on
15% (w/v) linear polyacrylamide gels in the presence of 8 M urea and
electrophoretically transferred onto nitrocellulose membranes as de-
scribed earlier [19]. The CP43, CP43’ and cytochrome (Cyt) f poly-
peptides were detected with respective polyclonal antibodies at the
following dilutions: CP43, 1:4000; CP43’, 1:4000; Cyt £, 1:750. Al-
ternatively, heme-containing polypeptides were detected using en-
hanced chemiluminescence (Amersham) [20]. Cyt f-specific antibodies
were generated against a 21 amino acid peptide (H;N-YPIFAQQ-
GYENPREATGRIVC-COOH) corresponding to the N-terminus of
mature Cyt f (J.E. Thompson, unpublished results).

3. Results

Growth of Synechococcus sp. PCC 7942 cells under iron-
stress conditions (—Fe) resulted in a reduction of Chl ¢ and
Phc content per cell and in a typical iron stress-induced blue
shift of 7 nm in the main red Chl « absorbance peak [5]
compared to control cells (+Fe) (Table 1). Furthermore, the
amounts of functional PS II and PS I complexes were also
reduced to 64 and 37%, respectively in iron-stressed cells rel-
ative to controls. This resulted in almost a doubling in the
ratio of PS II/PS I in iron-stressed versus control cultures
(Table 1). In addition, immunoblot analysis revealed the ap-
pearance of the isi4 gene product, the CP43’ chlorophyll-
binding polypeptide typical for iron-stressed cells [7,9] which

Table 1

Characteristics of Synechococcus sp. PCC 7942 cells acclimated fully
under control, iron sufficient (+Fe) and iron-stressed (—Fe) BG-11
growth medium conditions

Parameter Medium

+Fe —Fe
u (h™h 0.033 0.029
Chl a 289+1.1 16.9+1.0
Phc 22.5+0.5 34+03
Chl a@max (nm) 679 672
PS 11 4.4 2.8
PS1 8.3 3.1
PS II/PS 1 0.53 0.90
Prax 0.35+0.02 0.24£0.01
R 91%11 42+6

Specific growth rates (1) were determined at the exponential phase
of growth. Chl ¢ and Phc contents are expressed as relative content
per cell density (nmol/A47sp). Chl am,x is the room temperature ab-
sorption peak in the red region. Number of functional PS II (mmol
PS II/mol Chl) was obtained from repetitive flash O, yield measure-
ments. PS I content was measured from the light induced absor-
bance change at 703 nm. P, — maximal photosynthetic O, evolu-
tion (mmol O, mg Chl™! h™!); R — respiration (umol O, consumed
mg Chl~! h™'). Mean values were calculated from 5-10 independent
experiments.
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Fig. 1. A: Western blots of SDS-PAGE-separated polypeptides
from control, iron sufficient (+Fe) and iron-stressed (—Fe) Synecho-
coccus sp. PCC 7942 cells probed with antibodies raised against ei-
ther the N-terminus of Cyt f, CP43, or CP43’. Numbers represent
molecular masses of markers. B: Enhanced chemiluminescent heme-
staining of SDS-PAGE separated polypeptides from control (+Fe)
and iron-stressed (—Fe) cells. Arrow represents a molecular mass of
23 kDa.

was associated with a concomitant 50% decrease in the level
of the CP43 polypeptide relative to control cells (Fig. 1A).

In addition, iron-stressed cells not only exhibited a 32%
lower level of the 40 kDa Cyt f polypeptide than control cells
(Fig. 1A) but also exhibited a new 23 kDa polypeptide, which
cross-reacted with the Cyt f-specific antibodies (Fig. 1A, ar-
row). Heme-staining of polypeptides from control cells indi-
cated the presence of the 40 kDa Cyt f polypeptide as well as
the presence of unidentified heme-containing polypeptides of
26 and 10 kDa (Fig. 1B, +Fe). Although polypeptides of the
same molecular masses were also detected in iron-stressed
cells, the amount of each heme-stained polypeptide was
much lower in iron-stressed samples (Fig. 1B, —Fe) than con-
trols. However, the 23 kDa polypeptide observed by immu-
nodetection with the specific Cyt f antibody was not detect-
able by heme staining (Fig. 1B, arrow).

Despite these major alterations in the composition of the
photosynthetic apparatus, iron-stressed cells exhibited only a
30% lower Ppax which was reflected in only a 12% lower
growth rate than control cells (Table 1). However, rates of
respiration in iron-stressed cells were 50% lower than those
of non-stressed, iron-sufficient cells (Table 1).

Estimation of the photooxidizable form of the reaction cen-
ter of PS I (P700™), measured as AAdgyy/Agyo [15,21,22], indi-
cated a 4.5-fold lower value for iron-stressed cells relative to
control cells (Fig. 2A,D; Table 2). This is consistent with the
iron-stress-induced decrease in the amount of functional PS I
reaction centers (Table 1). As expected, control cells exhibited
a small, rapid oxidation of P700, followed by a transient re-
duction of P700" by either PS II and/or cytosolic reductants
after the application of single turnover flash of actinic white
light (ST) and multiple turnover flashes of actinic white light
(MT) (Fig. 2A). In contrast, ST and MT flashes did not in-
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duce a transient reduction of P700" in iron-stressed cells (Fig.
2D).

The lack of any significant DCMU-induced effects on the
oxidation level of P700 in both iron-stressed and control cells
(Table 2) indicated that PS II did not contribute significantly
to the P700" signal under our conditions of far red light (FR)
illumination. Thus, the rate of P700" re-reduction in the dark
is assumed to reflect the rate of cyclic electron flow around PS
I1[14,16,21]. The observation that the ¢, for the reduction of
P700" is twice as fast in iron-stressed cells as in control cells
(Table 2) is indicative of an increased capacity for cyclic elec-
tron transport in iron-stressed cells.

To dissect the potential alternative patterns for electron
flow to and from PS I, we examined the P700" transients in
the presence of electron transport inhibitors [21]. Blocking the
entry of electrons to PS I at the level of Cyt bs/f complex
using DBMIB caused complete oxidation of P700 by FR
and decreased the P700" re-reduction rate in the dark in
both controls and iron-stressed cells (Fig. 2C,F; Table 2).
Regardless, the AAgyy/Agy remained much lower in iron-
stressed than control cells. Furthermore, DBMIB treatment
also abolished P700" reduction after ST and MT flashes in-
dicating that the electron flow from PS II and/or cytosolic
sources to P700% is completely blocked under these condi-
tions.

HgCly-poisoning of control cells resulted in a 1.8-fold in-
crease in AAgy/Asyy and a 33-fold increase in the P700™ re-
duction time (Fig. 2B; Table 2). However, the reduction of
P700*" after the ST and MT flashes indicates that HgCl, in
control cells did not affect intersystem electron transport in
control cells and that PS II must be fully operational under
these conditions. In contrast, HgCl,-treated iron-stressed cells
exhibited only a 12% increase in AAgyy/Agy) and a doubling of
the ¢1/, for P700* reduction (Fig. 2E; Table 2). Furthermore,
ST and MT flashes induced no detectable reduction of P700*
even in HgCly-treated, iron-stressed cells (Fig. 2E). Since
KCN had minimal effects on AAgyy/Agyy in either control or
iron-stressed cells (Table 2), it is unlikely that a significant
leakage of electrons generated by PS II occurs through Cyt
oxidase. In both cases, however, the ¢/, for the reduction of
P700" increased similarly to those observed in DBMIB-
treated samples. The addition of MV caused a further inhibi-
tion of the ¢/, for P700" reduction in control and iron-
stressed cells indicating that cyclic electron transport around

Table 2
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Fig. 2. In vivo measurements of the redox state of P700 in Synecho-
coccus sp. PCC 7942 cells grown under control, iron-sufficient (+Fe)
and iron-stressed (—Fe) conditions. The measurements were per-
formed at a growth temperature of 38°C as described in Section 2.
Data represent typical traces. Samples were prepared on an equal
cell number basis of 3 X 10°. Experiments were repeated from three
to nine times with between 6 and 30 replicate measurements.

PS I is active [21] and that the rate of PS I cyclic transport in
iron-stressed cells is still higher than that of control cells (Ta-
ble 2).

Electron flow between PS II and PS I was also assessed
independently by classical photosynthetic enhancement ex-
periments for O, evolution [23]. Control cells exhibited an
enhancement value (E) of about 1.3 for photosynthetic oxy-
gen evolution when exposed to varying ratios of light 1/light 2

Effects of iron-stress on the steady state oxidation of P700 (AAgy/Agx) by FR light and half times for P700™ reduction in Synechococcus sp.

PCC 7942 cells after turning off the FR light

Inhibitor AAdgrol Agag (P700%) (X 1073) Re-reduction rate of P700% 7, (s)
Control (+Fe) 1.88+0.08 0.402+0.014
+DCMU 2.02+0.17 0.420£0.036
+DCMU+KCN 1.69+0.34 0.590+£0.052
+DBMIB 3.51+0.16 0.760 £ 0.038
+HgCl, 3.32+0.18 13.052+£1.294
+DCMU+KCN+MV 0.95+0.04 1.314£0.136
Iron deficient (—Fe) 0.42%0.01 0.214+0.013
+DCMU 0.37+0.01 0.252£0.028
+DCMU+KCN 0.37£0.03 0.670+0.150
+DBMIB 0.84+0.06 0.600 £ 0.070
+HgCl, 0.48+0.02 0.513+£0.065
+DCMU+KCN+MV 0.35+0.01 1.81310.203

The final concentrations of inhibitors used were as follows: 10 uM DCMU; 1 mM KCN; 12 uM DBMIB; 100 uM HgCl,; 100 uM MV.
These solutions were prepared as described in Section 2. All data represent mean values+S.E.M. from 6 to 30 measurements in 3-9 independ-

ent experiments.
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Fig. 3. Enhancement of photosynthetic oxygen evolution as a func-
tion of different ratios of V1/V, in Synechococcus sp. PCC 7942 cells
grown under control (closed circles) or iron-stressed conditions
(open circles). Measurements were made as described in Section 2.
The data represent averages from three independent experiments.

(Fig. 3). In contrast, we were unable to detect any photosyn-
thetic enhancement in iron-stressed cells (Fig. 3).

The relative impact of PS II and PS I on the photoreduc-
tion of NADP* was estimated in iron-stressed and control
cells by measuring AA4sq9 at the same final Chl concentration.
Under conditions whereby both PS II and PS I are fully func-
tional, the Ads4 for NADP' photoreduction was only 18%
lower in iron-stressed cells (0.058+£0.007) than controls
(0.071 £ 0.006). However, under conditions whereby only PS
I is capable of photoreducing NADP* (+10 uM DCMU, +50
uM DCPIP/2 mM ascorbate), the AAsyy for iron-stressed cells
(0.013£0.001) was 65% lower than that of controls
(0.037+£0.003). Furthermore, these data indicate that inhibi-
tion of PS II with DCMU caused a 78% inhibition in AA34 in
iron-stressed cells but only a 48% inhibition in control cells.
Thus, it appears that iron-stressed cells are more dependent
upon PS II for the photoreduction of NADP™ than control
cells.

4. Discussion

Consistent with previous reports for cyanobacteria [4,5,8,9],
Synechococcus sp. PCC 7942 cells exposed to iron-stress ex-
hibited the expected lower P, for O, evolution, a decrease
in phycobilisome content, an increase in the PS II/PS I ratio, a
blue shift in the Chl ¢ absorption maximum and the induction
of the isiA gene encoding CP43’ (Table 1; Fig. 1). However,
we show for the first time that the relative content of the 40
kDa Cyt f polypeptide decreased in iron-stressed cells based
not only on immunoblots but also based on heme staining
(Fig. 1). Furthermore, a new 23 kDa polypeptide accumulated
in iron-stressed cells but not control cells (Fig. 2). Since this
23 kDa polypeptide cross-reacted with the specific antibodies
raised against the N-terminal region of Cyt f but did not bind
heme, we suggest that this 23 kDa polypeptide may represent
a putative, non-functional form of Cyt f induced by iron
stress. Furthermore, heme-staining also showed that two other
unidentified, heme-containing polypeptides of 26 and 10 kDa
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were also present at reduced levels in iron-stressed cells. The
unidentified hemes probably represent other Cyts involved in
photosynthetic and respiratory electron transport. These
structural data are consistent with the functional data which
indicate, first, that photosynthetic intersystem electron trans-
port was inhibited in iron-stressed versus control cells based
on P700 measurements (Fig. 2; Table 2) as well as the Emer-
son enhancement data (Fig. 3), and second, that the rate of
respiration was 50% lower in iron-stressed compared to con-
trol cells. However, the minimal decline in the growth rate
observed in iron-stressed cells (Table 1) is consistent with ear-
lier reports [9,10] and indicates that the altered composition of
the photosynthetic apparatus may reflect, in part, a compen-
satory mechanism to maintain competitive growth rates under
low-iron conditions.

Given that photosynthetic and respiratory electron transfer
chains of cyanobacteria share common redox components
[24], a number of electron donating systems may supply the
plastoquinone (PQ)-pool and Cyt bs/f complex with electrons.
Electron flow originating from either PS II, the NAD(P)H
dehydrogenase-mediated stromal electron pathway or cyclic
electron pathway(s) around PS I, as well as the consumption
of electrons by Cyt oxidase may all contribute to intersystem
electron transport and affect PS 1 photochemistry [14,21].
Thus, the measurement of P700 redox transients in the pres-
ence and absence of electron transport inhibitors provides in-
sight into the possible compensatory paths of photosynthetic
electron flow in iron-stressed cells compared to control cells.
The apparent lower oxidation level of P700 and the altered
11> for P700" reduction in iron-stressed cells under FR (Fig.
2; Table 2) could be an indication not only of much lower
absolute amount of PS I centers (Table 1) but could also be
due to a rapid donation of electrons to P700" from the cyto-
solic substrates via the NADH/NAD(P)H dehydrogenase-de-
pendent pathway as proposed previously [21]. The signifi-
cantly lower P700 photooxidation level in iron-stressed cells
even in the presence of HgCl, (Fig. 2; Table 2) indicates that
very few electrons from cytosolic sources appear to be avail-
able for the reduction of P700" through NAD(P)H dehydro-
genase under iron-stressed conditions.

The lack of photosynthetic enhancement of O, evolution
(Fig. 3) together with the results summarized in Fig. 2 and
Table 2 indicate that electron transport between PS II and PS
I is functionally impaired in iron-stressed cells. Concomi-
tantly, the rate of PS I-dependent cyclic electron transport
appears to be increased under iron stress. Conversely, one
could argue that the slower photooxidation rate of P700 by
FR might be also considered as an indication for higher cyclic
electron flux in control than in iron-stressed cells (Fig. 2A,D).
In our opinion, however, this is a rather indirect measure of
the PS I-dependent cyclic electron flow and the slower oxida-
tion of P700 is more likely to reflect slower oxidation of the
much larger (and mostly reduced in darkness) PQ pool in iron
sufficient cells. This is supported by the higher respiration rate
in iron sufficient cells (Table 1) and the marginal effect of
HgCl, on P700 photooxidation in iron stressed cells (Table 2).

These functional data for a restriction in intersystem elec-
tron transport are consistent with the observed decrease in the
abundance of the 40 kDa Cyt f polypeptide and the concom-
itant accumulation of a putative, non-functional 23 kDa Cyt f
polypeptide during iron stress. A similar lack of PS II-depen-
dent re-reduction of P700 was observed in a Cyt bs/f tobacco
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mutant, although the two photosystems were physiologically
intact and active [25]. Furthermore, it is established that PS I
may be functionally separated from PS II in plants exposed to
low temperatures [26] and that nitrogen-fixing cultures of
Plectonema boryanum exhibit partial uncoupling of photosys-
tems during the diazotrophic phase [27].

In summary, we conclude that, under iron-stress conditions,
intersystem electron transport typically associated with linear
electron transport [28] is impaired in Synechococcus sp. PCC
7942, in part, due to the altered structure and content of Cyt
1. Based on the impaired capacity of PS II to photoreduce
P700" coupled with a faster #,/, for P700" reduction in the
dark (Fig. 2; Table 2) as well as the apparent lack of photo-
synthetic enhancement of O, evolution (Fig. 3), we suggest
that, under iron-stress growth conditions, Synechococcus sp.
PCC 7942 appears to exhibit a dynamic capacity to uncouple,
at least partially, PS II from PS I electron transport as orig-
inally suggested by Arnon [29]. However, reasonable growth
rates (Table 1) may be maintained because PS I operates
predominantly in a cyclic mode generating a proton gradient
and ATP, while NADP* may be photoreduced, at least par-
tially, by PS II. We hypothesize that the observed reorganiza-
tion of the photosynthetic apparatus may impart a significant
advantage for the energy metabolism and growth of Synecho-
coccus sp. PCC 7942 exposed to iron stress.
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