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AS- 1 cyanophage infection inhibits the photosynthetic electron flow of 
photosystem II in Synechococcus sp. PCC 6301, a cyanobacterium 
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In Synechococcus sp. cells AS-1 cyanophage infection gradually inhibits the photosystem II mediated photosynthetic electron flow whereas the 
activity of photosystem I is apparently unaffected by the cyanophage infection. Transient fluorescence induction and flash-induced delayed ltine- 
scencc decay studies revealed that the inhibition may occur at the level of the secondary acceptor, QB of photosystem II. In addition, the breakdown 

of D,-protein is inhibited, comparable to DCMU-induced protection of D,-protein turnover, in AS-l-infected cells. 

AS-1 Cyanophage; Synechococcus sp. PCC 6301; Cyanobacterium; Photosystem II 

1. INTRODUCTION 

Infection of a heterotrophic bacterial cell with 
bacteriophage is well known to result in a dramatically 
altered pattern of nucleic acids and protein synthesis in 
the host cell. It has been emphasized that the respira- 
tion of the heterotrophic hosts (the energy-yielding 
mechanism) is hardly affected by the bacteriophage in- 
fection up to the onset of lysis [l-4]. Therefore it has 
been assumed that the respiratory machinery of the 
heterotrophic host cell can supply energy and carbon 
skeleton in a suitable form and in a sufficient amount 
for the new synthetic processes initiated by 
bacteriophage attack. 

The oxygen-evolving cyanobacteria are a major 
group of photosynthetic prokaryotes [5] and they are 
claimed to be phylogenetically, physiologically and 
functionally related to the chloroplast of photosyn- 
thetic eukaryotes. Most known cyanobacterial strains 
are obligate photoautotrophic and their metabolism is 
dependent on light as the only energy source for 
growth. Some members of the group are attacked by 
specific, DNA-containing cyanophages Ki71. 
Therefore, an autotrophic cyanobacterium-cyanophage 
system seems promising to study the effect of virus in- 
fection on the photosynthetic and respiratory 
metabolism for a comparison with bacteriophage- 
infected heterotrophic cells. However, between 
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unicellular and filamentous cyanobacterial hosts there 
is a marked difference in the dependence of 
cyanophage cycle on photosynthetic activity. In con- 
trast to unicellular cyanobacterium-cyanophage 
systems, which show an absolute dependence for phage 
development on their host photosynthetic machinery 
(various Synechococcu.~ strains and SM-1, AS-l and 
AS-1M cyanophages) in filamentous organisms the 
cyanophage cycle can proceed independently of host 
photosynthesis (Plectonema sp. and Nostoc sp./Ana- 
baena sp., LPP and N-l phages [7]. The reason for this 
marked difference is not clear so far. However, as 
recently shown the altered redox state of thioredoxin m 
may give a possible explanation for this phenomenon in 
cyanophage-infected filamentous cyanobacteria [B]. 

It has been recently shown that in spinach 
chloroplasts infected by an RNA-containing virus the 
electron transport through photosystem II is inhibited 
[9]. The present work reports that infection of 
Synechococcus sp. PCC 6301, a unicellular 
cyanobacterium, by a DNA-containing cyanophage, 
AS-1 also results in the inhibition of photosynthetic 
electron flow of photosystem II at the level of the 
secondary quinone acceptor, QB. 

2. MATERIALS AND METHODS 

The AS-l cyanophage and Synechococcus sp. PCC 6301 used and 
routine-culturing conditions have been described previously with a 
minor modification [6]. Synechococcus sp. cells (3-5 x 10’ cells 
ml-‘) were grown in Allen medium and infected by cyanophage AS-l 
[6] at multiplicity of infection of 5-10 at 39°C as described [lo]. 
Growth of the cultures was monitored either spectrophotometrically 
at 800 nm or by measurement of their chlorophyll-a content as 
described earlier [11,12]. The photosynthetic electron traq,sport was 
estimated polarographically using a Clark type oxygen electrode at 
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25°C [13]. For the assays 3 ml of cultures was removed in each half 
hour after infection and measured either (i) directly for the whole 
chain activity or (ii) assayed for PS II activity in the presence of 
0.25 mM pBQ and (iii) for PS I activity in the presence of 8 CM 
DCMU, 1OObM DCPIP, 1 mM MV, 1 mM ascorbic acid and 
2.5 mM NH&l. Cells were briefly sonicated to ensure complete 
penetration of the reagents. 

The procedures for in vivo fluorescence induction and for the 
delayed luminescence were essentially as described by Mohanty et al. 
[ 14,151. For transient fluorescence induction and delayed 
luminescence measurements 16 ml and 50 ml of cell suspension were 
collected after cyanophage infection, respectively. Infected cells were 
collected by 1 min centrifugation in an SS-34 rotor of a Sorvall RCSC 
Du Pont centrifuge at 15000 rpm and 25°C. The cell pellet was 
resuspended in 3 ml of fresh medium kept at room temperature. If 
DCMU was present it was added at 15 PM final concentration. 
Fluorescence induction and delayed luminescence were excited by 
continuous light and by single flashes, respectively. All samples were 
dark-adapted for 5 min prior excitation [14,15]. 

For Dt-protein analysis, labeling and turnover were performed 
similar to Brusslan and Haselkorn [16] with the following changes: 
instead of radioactive methionine, 0.5 MBq ml-’ of %-uniformly 
labeled protein hydrolysate was used for radiolabeling and the label- 
ed proteins were autoradiographed as in [l 11. 

3. RESULTS 

The AS-l cyanophage cycle was followed by measur- 
ing the absorbance of the infected cell suspension at 
800 nm [ 10-121. The optical density of the cell suspen- 
sion is almost constant in the first 4 h and later it drops 
gradually due to the lysis of infected cells (Fig. 1). The 
effect of AS-l on photosynthetic electron transport was 
examined by measuring the oxygen evolution in 
cyanophage-infected Synechococcus sp. cells. The 
whole-chain activity (HzO-NADP+) decreased to an 
undetectable low level during 4.5 h (Fig. 2A). In order 
to determine the inhibitory site of phage infection 
various segments of the electron transport chain were 
studied by the addition of electron acceptors and 
donors. The activity of photosystem II measured in the 
presence of parabenzoquinone, which accepts electrons 
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Fig. 1. Effect of AS-l cyanophage infection on the growth of 
Synechococcus sp. PCC 6301. Synechococcus sp. cells were infected 
with AS-l at a multiplicity of 10 and the growth was followed by 

reading Asoo throughout the phage cycle. 

at the secondary acceptor, QB continuously decreased 
throughout the cyanophage cycle and reached a 40% 
level at 4 h after infection. This inhibition of electron 
flow in AS-l-infected cells is essentially the same as 
observed in the absence of artificial acceptors (Fig. 2A 
and B). Contrary, no changes in the activity of 
photosystem I (DCPIP/ASC-MV) was obtained in the 
infected cells (Fig. 2C). Therefore, we concluded that 
the inhibition of photosynthetic electron flow of in- 
fected cells occurs between the water-splitting system 
and the secondary quinone acceptor, Qn. 

To analyse more closely the effect of AS-l 
cyanophage infection on the photosystem II electron 
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Fig. 2. Effect of AS-l cyanophage infection on the oxygen evolution 
of Synechococcus sp. PCC 6301. (A) Changes of whole chain activity 
of photosynthetic electron flow in Synechococcus sp. cells after AS-1 
infection. An uninfected culture was divided into two parts (zero 
time) and further cultivated without infection (control) and after 
AS-l infection (AS-l), respectively. Whole-chain activity is expressed 
as % of control at zero time. The values are mean of 4 different 
measurements and corrected for chlorophyll-a content. At zero time 
100% 02 evolution: 190pmol Oz*mg chl-a-‘. (B) PS II activity 
(HzO-pBQ) of cyanophage infected cells. Experiments were 
performed as described for (A) but in the presence of 250 ,um pBQ. 
At zero time 100% of oxygen evolution: 320,umol Oz.mg chl- 
u-i. h-l. (C) Photosystem I activity of AS-l infected Synechococcus 
sp. cells. The assay was performed in the presence of 8 /tmol DCMU, 
100 pmol DCPIP, 1 mM MV, 2.5 mM NH&I and 1 mM ascorbate. 
The values are mean of two separate experiments and corrected for 
chlorophyll-u content. The changes in oxygen uptake of the cells were 
obtained as a percentage of control. At zero time the oxygen uptake 

was 1207 pmol Oz.rng chl-‘.h-‘. 
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transport we measured the chlorophyll fluorescence in- 
duction kinetics of those infected cells. This technique 
is a useful indicator of the impaired electron transport 
of photosystem II [17]. The fluorescence yield is deter- 
mined by the redox state of the primary quinone accep- 
tor QA [14,15]. Fig. 3 shows the transient fluorescence 
yield in healthy and infected cells either in the absence 
or presence of DCMU, respectively. At zero time the 
fluorescence level is the same in control and 
AS-l-infected cells. DCMU, which interrupts the elec- 
tron flow at QB, enhanced the fluorescence equally in 
both cultures (Fig. 3A). In the early phase of 
cyanophage cycle, AS-l phage infection itself gradually 
enhanced the fluorescence yield and at 2.5 h after the 
infection the fluorescence intensity reached the same 
level which is otherwise induced by DCMU (Fig. 3C). 
The enhanced yield of fluorescence due to phage infec- 
tion suggests an inhibition of electron transport in 
photosystem II. In the later phases of cyanophage cycle 
a decrease in the fluorescence yield was observed even 
in the presence of DCMU (Fig. 3C and D). This may be 
the consequence of a general degradation of host cell 
constituents induced by the cyanophage genome. 

It is noteworthy that the rise of fluorescence induc- 
tion is the same in the phage-infected and in DCMU- 
inhibited control cyanobacterial cells (Fig. 2C and D). 
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Fig. 3. Fluorescence yield transients of control (C)and AS-l-infected 
(AS-l) Synechococcus sp. cells at zero time and 1.5, 2.5, 3.5 h after 
cyanophage infection in the absence and presence of 20~mol 
DCMU. The measurement was performed by continuous light 
excitation and fluorescence yield is given in arbitrary units. At 2.5 h 
the maximal fluorescence level is the same for the DCMU-treated 

control and AS-l-infected cells. curves indicate the half-decay time of the components. 

Fig. 4. Delayed luminescence decay of control and AS-l-infected 
Synechococcus sp. cells at zero time and 2.5 h after cyanophage 
infection. Measurements were performed by single flash excitation 
after 5 min dark adaptation of the samples. Solid line represents the 
experimentally measured decay course. The exponentially decaying 
delayed luminescence components obtained by computer-assisted 
curve resolution are shown by dashed lines. The numbers on the 

The resembling levels of fluorescence yield and the 
similar fluorescence rises in phage-infected and 
DCMU-inhibited cyanobacterial cells indicate a similar 
inhibitory site of DCMU and phage infection in the 
electron transport chain. 

The action site of phage infection was further 
characterized by delayed luminescence measurements. 
Delayed luminescence originates from charge recom- 
binations between oxidized donors and reduced accep- 
tors of photosystem II. In the decay of delayed 
luminescence intensity two exponential components 
can be distinguished in the second time region [ 131. The 
slow one with a half decay time of about 10 s belongs 
to charge recombination between the reduced secon- 
dary quinone, QB and the S2 state of the water-splitting 
system. The fast-decaying component with a half time 
of about 2 s is associated with the SZQA charge recom- 
bination. If the electron transport is blocked between 
QA and QB the slow component is abolished and only 
the fast one appears in the delayed luminescence decay. 

Phage infection of the Synechococcus sp. cells 
resulted in a considerable change in the delayed 
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Fig. 5. Turnover of ?-labeled proteins in control (A), 10 FM DCMU-treated (B), and AS-l-infected Synechococcus sp. cells (C). Cells were 
labeled for 3 h as described in [16] and chased as shown. The Dl-protein is indicated by the arrow and the molecular mass of marker polypeptides 

is given in kilodaltons. 

luminescence decay course. The amplitude of the slow 
component decreased approximately to half during 
2.5 h of infection concomitantly with a two-fold in- 
crease in the intensity of the fast component (Fig. 4). 
This observation indicates a phage-induced inhibition 
of electron transport between QA and QB. 

In an early attempt to elucidate the possible 
mechanism of AS-1 -induced inhibition of photosystem 
II, at least at the level of photosystem II reaction center 
proteins we performed a radioactive chase experiment 
as described by Brusslan and Haselkorn [ 161. As shown 
in Fig. 5, in control cells the Dr-protein turned over 
rapidly. DCMU (10 PM) inhibited the turnover of 
Dr-protein in a similar way as described in [16] and 
[18]. Surprisingly, AS-1 infection induced the inhibi- 
tion of degradation of Dr-protein for 2.5 h and resulted 
in its higher stability (Fig. 5). 

4. DISCUSSION 

The results reported here demonstrate that AS-1 
cyanophage infection results in a gradual inhibition of 
photosynthetic electron transport of Synechococcus sp. 
PCC 6301. While the electron transport of photosystem 
II is considerably inhibited at the level of the secondary 
quinone acceptor, Qn, the activity of photosystem I is 
apparently not altered during phage infection. This 
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latter observation is in accord with previous findings 
published for AS-1 [19], AS-1M [20] and SM-1 [21] 
cyanophage systems. The effect of phage infection on 
the photosynthetic electron flow is similar to the effects 
of other stresses like heat shock, heavy metal ion 
treatments and photoinhibition which restrain the 
photosynthetic activity due to specific alterations to 
photosystem II [14,15,22-251. In addition it is a long 
tradition to treat bacteriophage infections as agents 
which interfere with cellular stress responses [26-281. 
The present study extends to a DNA containing 
cyanophage-phototrophic cyanobacterium system, the 
inhibition of photosystem II by virus infection, a 
phenomenon which has been recently discovered in 
RNA-virus-infected plants [9,29]. However, there is an 
alteration from the TMV virus infected spinach 
chloroplasts in which the virus-induced rise of 
fluorescence is much slower than the DCMU-induced 
one [9,29]. 

The significance or the ‘advantage’ of the inhibition 
of photosystem II is not fully understood in AS-1 in- 
fected cells. It is generally accepted that the phage yield 
in infected unicellular cyanobacteria is strongly depen- 
dent on light [7,8,19]. Indeed, only 2% of normal AS-1 
cyanophage yield is observed in dark, and under light 
condition in the presence of DCMU only 30% of phage 
yield produced in uninhibited control was obtained 
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[19]. The present finding, the gradual inhibition of 
photosynthetic electron flow of photosystem II, may be 
the consequence of the rearrangement of host cell 
metabolism by the cyanophage genome to produce 
phage particles. The activity of PS II seems to be 
sacrificed in phage-infected cells. We have shown that 
AS-l cyanophage infection activates the oxidative pen- 
tose phosphate pathway (which is otherwise the main 
source of energy and reducing power in dark at the ex- 
pense of stored glycogen [30]). The oxidative pentose 
phosphate pathway may provide enough energy and 
reducing power with the help of cyclic phosphorylation 
in preference to the whole chain photosynthetic elec- 
tron transport. Consequently, data reported here 
would be of interest not only from the viewpoint of 
virology but it may provide a ‘physiological’ tool to 
study the photosynthetic electron flow of photosystem 
II. 

This report demonstrates that the primary site of at- 
tack is at the level of the secondary quinone, QB. The 
binding site of QB is located on the Dr-protein of the 
photosystem II reaction center, possessing a very fast 
turnover rate. Any change in the synthesis or self 
assembly of this protein complex may adversely affect 
the electron transport of photosystem II [31,32]. In- 
deed, in AS-l-infected cells a higher stability of 
Dr-protein is observed, which is apparently similar to 
the DCMU-induced inhibition of Dr-protein degrada- 
tion in cyanobacteria [ 16,181. However, it remains to 
be clarified whether cyanophage-induced alterations at 
the Qu site of Dr-polypeptide are responsible for the in- 
hibition of electron transport or the observed lack of 
electron flow of photosystem II results in the altered 
stability of Dr-protein [la]. In order to elucidate the 
nature of phage-induced regulation of photosystem II 
at transcriptional and/or translational level we are cur- 
rently studying the changes in infected cells. 

Acknowledgements: This work was supported by a fund of the 
Hungarian Academy of Sciences, OKKFT (Tt 310/86) and by a grant 
of the Hungarian Industrial Ministry, IM 14650188. 

REFERENCES 

[l] Cohen, S.S. (1961) Fed. Proc. FASEB 20, 641-649. 
[2] Mukai, F., Streisinger, G. and Miller, P. (1967) Virology 33, 

398-404. 

[3] Pardee, A.B. and Kunkee, R.E. (1952) J. Biol. Chem. 199, 
9-14. 

[4] Wright, E.M., Sable, H.Z. and Bailey, J.L. (1961) J. Bacterial. 
81, 845-851. 

[5] Stanier, R.Y. and Cohen-Bazire, Cl. (1977) Annu. Rev. 

161 

[71 
PI 

PI 

UOI 

Hll 

WI 

1131 

1141 

1151 

WI 
t171 

11’31 

1191 

PO1 
VI 

WI 

1231 

[241 

P51 

P61 
1271 

WI 

L-1 

1301 

1311 

[321 

Microbial. 3 1, 225-274. 
Safferman, R.S., Diener, T.O., Desjardins, P.R. and Morris, 
M.E. (1972) Virology 47, 105-113. 
Padan, E. and Shilo, M. (1973) Bacterial. Rev. 37, 343-370. 
Amla, D.V., Rowell, P. and Stewart, W.D.P. (1987) 148, 
321-327. 
Hodgson, R.A. J., Beachy, R.N. and Pakrasi, H.B. (1989) 
FEBS Lett. 254, 267-270. 
Borbely, G., Kari, C., Gulyas, A. and Farkas, G.L. (1980) J. 
Bacterial. 144, 859-864. 
Borbely, G., Suranyi, G., Korcz, A. and Pdlfi, Z. (1985) J. 
Bacterial. 161, 1125-1130. 
Surftnyi, G., Korcz, A., Pblfi, Z. and Borbely, G. (1987) J. 
Bacterial. 169, 532-639. 
Hideg, E. and Demeter, S. (1985) Z. Naturforsch. 4Oc, 
827-83 1. 
Mohanty, N., Vass, I. and Demeter, S. (1989) Physiol. Plant. 
76, 386-390. 
Mohanty, N., Vass, I. and Demeter, S. (1989) Plant Physiol. 
90, 175-179. 
Brusslan, J. and Haselkorn, R. (1989) EMBO J. 8, 1237-1245. 
Rutherford, A.W. and Inoue, Y. (1984) FEBS Lett. 165, 
163-170. 
Goloubinoff, P., Brusslan, J., Golden, S., Haselkorn, R. and 
Edelman, M. (1988) Plant Mol. Biol. 11, 441-447. 
Allen, M.M. and Hutchison, F. (1976) Arch. Microbial. 110, 
55-60. 
Sherman, L.A. (1976) Virology 71, 199-206. 
MacKenzie, J.J. and Haselkorn, R. (1972) Virology 49, 
517-521. 
Berry, J. and Bjorkman, 0. (1980) Annu. Rev. Plant Physiol. 
31, 491-543. 
Nash, D., Miyao, M. and Murata, N. (1985) Biochim. Biophys. 
Acta 807, 127-133. 
Schuster, G., Even, D., Kloppstech, K. and Ohad, I. (1988) 
EMBO J. 7, l-6. 
Vass, I., Mohanty, N. and Demeter, S. (1988) Z. Naturforsch. 
43c, 871-876. 
Schlesinger, M.J. (1986) J. Cell Biol. 103, 321-325. 
Brissette, J.L., Russel, M., Weiner, L. and Model, P. (1990) 
Proc. Natl. Acad. Sci. USA 87, 862-866. 
Neidhardt, F.C., VanBogelen, R.A. and Vaughn, V. (1984) 
Annu. Rev. Genet. 18, 295-329. 
Reinero, A. and Beachy, R.N. (1989) Plant Physiol. 89, 
111-116. 
Balogh, A., Borbely, G., Udvardy, J. and Farkas, G.L. (1979) 
FEBS Lett. 105, 158-162. 
Trebst, A., Depka, B., Kraft, B. and Johanningmeier, U. 
(1988) Photosynthesis Res. 18, 163-177. 
Kyle, D. J., Ohad, I. and Artzen, C.J. (1984) Proc. Natl. Acad. 
Sci. USA 81, 4070-4074. 

215 


