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Abstract 
The genomic DNA of bacteria is highly compacted in one or a few bodies known as nucleoids. In 
order to understand the overall configuration and physiological activities of the cyanobacterial 
nucleoid under various growth conditions and the role(s) of each nucleoid protein in clock func-
tion, thylakoid membrane-associated nucleoids from the Synechococcus elongatus (se) PCC 7942 
strain were isolated and purified in presence of spermidine at low salt concentrations by sucrose 
density gradient centrifugation. The sedimentation rates, protein/DNA composition and micro-
scopic appearances as well as variation in structural components of clock proteins from the iso-
lated nucleoids were compared under identical conditions. Microscopic appearances of the nucle-
oids were consistent with the sedimentation profiles. The nucleoid structure in the wild type was 
more tightly compacted than that in the KaiABC mutant strain. Western immunoblot analyses re-
vealed that the KaiC was associated with the nucleoid fraction whereas maximum KaiA was loca-
lized in the cytosolic fraction, supposedly in association with the translation machinery. 
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1. Introduction 
The chromosomes in the eukaryotic nucleus are compacted into the nucleosomes with histone proteins as the 
basic unit. However, in bacteria there is no such nucleosome, but the DNA is organized into a nucleoid body 
with particular proteins in the cell, which has a highly organized architecture based on condensation and coiling 
of DNA [1]-[6]. This condensation state of nucleoid drived DNA is to be negatively supercoiled in vivo, and a 
number of nucleoid-associated proteins (sometimes referred to as histone-like proteins) have been implicated in 
the organization of bacterial chromatin, with additional roles in transcription, recombination and replication [7]- 
[10]. 

In Escherichia coli (E. coli) the five most abundant among these are Fis (Factor for Inversion Stimulation), H- 
NS (Histone-Like Nucleoid Structuring Protein), HU (Heat-Unstable Nucleoid Protein), IHF (Integration Host 
Factor) and Dps [11]-[24]. However, at present a clear picture of cyanobacterial nucleoid organization is far 
from being complete. This may be due to insufficient documentation of the molecular structure and composition 
of cyanobacterium Synechococcus elongatus (se) PCC 7942 nucleoid and its circadian rhythm dependent variation 
[25]. 

In order to understand overall configuration and physiological activities of the se-genome under various growth 
conditions and the role(s) of each nucleoid protein in determination of the clock function(s), we have performed 
a systematic analysis for isolation, purification and characterization of the se-nucleoids for the first time by 
sucrose density gradient centrifugation. Sedimentation profiles of the se-nucleoids are consistent with the micro- 
scopic appearances, concluding that the clock proteins KaiA, kaiB and KaiC are necessary to organize genomic 
DNA into the se-nucloid. Moreover, quantitative Western immunoblot analyses revealed that the KaiC was 
associated with the nucleoid fraction whereas maximum KaiA was localized in the cytosolic fraction. 

2. Materials and Methods 
2.1. Bacterial Strains and Growth Conditions 
The bacterial strain for analysis of se-nucleoid proteins was the wild type, KaiA, KaiB, KaiC, KaiBC and 
KaiABC inactivated Synechococcus strain as previously described [26]. Cells were grown in a continuous cul-
ture system, in BG-11 liquid medium to maintain an OD730 of 0.25, corresponding to 2.5 × 108 cells/ml, under 
LL (50 μE/m2/s) at 30˚C. After two to three 12 h light (LL) and 12 h dark (LD) cycles, cells were released into 
free-running conditions of continuous light (LL) and then collected every 4 - 6 h intervals. 

2.2. Determination of the Total Number of Cells 
Aliquots of the culture were taken at various time intervals as indicated in the text. The number of cells was 
counted with a Coulter Multisizer II (Coulter Electronics Limited, Northwell Drive, Luton, Beds, LU3 3RH, 
England). Gain and current settings of 2.5 and 5.5, respectively, were used for all measurement. Coulter Multi-
sizer II readings were maintained in the 3 × 104 - 10 × 104 range by dilution with Coulter Multisizer II specific 
isotonic buffer. 

2.3. Nucleoid Preparation and Isolation by Sucrose Density Gradient Centrifugation  
Cyanobacterial nucleoids were prepared from the 100 ml cultures, collected from various strains, each contains 
about 2.5 × 108 cells/ml. Collected cell were chilled in an ice-cold water bath and harvested by centrifugation 
(12,000 ×g, 4˚C, 10 min). Preparation of nucleoids and their sucrose density gradient centrifugation run were 
performed essentially according to the protocol devised by Kornberg et al. [27] and modified by Murphy and 
Zimmerman [28] and this study (for details see Figure 2). Linear gradients (12% - 60% sucrose in 10 mM Tris- 
HCl (pH 7.8 at 0˚C) containing 10 mM KCl, 1 mM EDTA, 0.2 mM DTT (dithiothreitol), 1 mM spermidine 
HCl) were formed in a cold room in 5 ml Ultraclear plastic centrifuge tubes (13 × 51 mm, Beckman) and were 
run at 10,000 rpm at 4˚C for 120 min in a RPS50-2-517 rotor (the centrifugal force was reduced to 7000 g). Af-
ter the run, the tubes were placed against a dark background, illuminated with a high-intensity sharp light from 
the top and immediately photographed. The relative positions of each of the independent nucleoids isolated from 
different strains were reproducible at different speeds and for longer runs (data not shown). The speed and dura-
tion of the runs used in this study were chosen in order to maintain the fastest moving band (nucleoids from the 



A. A. Talukder, T. Kondo 
 

 
1107 

culture of wild-type cells) within the bottom of the gradient. Fractions in an average 0.45 ml (except nucleoid 
fraction 0.60 ml) were collected from the bottom of each gradient and mixed with 20 μl of 0.2 M EDTA and 
stored at 4˚C until further use. 

2.4. Determination of Protein and DNA Content 
DNA from each of the 14 fractions was digested at 37˚C for 30 min with 20 μg of RNase A per ml and 20 μg of 
Proteinase K per ml. After digestion, DNA was purified by extraction with phenol/chloroform and then precipi-
tated with ethanol. Total protein estimation was carried out by BCA method using bovine serum albumin (BSA) 
as a standard. DNA and protein content were measured from optical density at 280 and 550 nm, respectively. 

2.5. Polyacrylamide Gel and Agarose Gel Electrophoresis 
The sedimentation patterns of total proteins and DNAs from isolated nucleoids were compared with those of 
other cell fractions by SDS-containing either 12.5% or 15% Polyacrylamide gels and 1.0% Agarose gel electro-
phoresis, respectively. Photographs were taken and shown where necessary after Polyacrylamide or Agarose 
gels were stained with either Coomassie Brilliant Blue (CBB) or Ethidium Bromide, respectively. 

2.6. Western Immunoblot Analysis 
For the measurement of each of the three nucleoid proteins in se-nucleoid and cytosolic fractions, a quantitative 
Western blot analysis was employed using the polyclonal anti-KaiA, anti-KaiB, anti-KaiC and anti-NrtA (inter-
nal control) antibodies, as described [26] [29]. Protein concentration was determined by the BCA method using 
bovine serum albumin (BSA) as a standard. In brief, either nucleoid or cytosolic fractions were treated with a 
sodium dodecyl sulfate (SDS) sample buffer (50 mMTris-HCl [pH 6.8], 2% SDS, 1% 2-mercaptoethanol, 10% 
glycerol, 0.025% bromophenol blue) and separated on SDS-15% polyacrylamide gels. Proteins in the gel were 
directly electroblotted either onto polyvinylidene fluoride (PVDF) membranes (Nippon Genetics) or nitrocellu-
lose membranes. Blots were blocked overnight at 4˚C in 3% bovine serum albumin (BSA) in phosphate-buf- 
fered saline (PBS), probed with the specific antibodies against each protein, washed with 0.5% Tween 20 in 
PBS, and incubated with goat anti-rabbit immunoglobulin G conjugated with hydroxyl peroxidase (Cappel). The 
blots were developed with ECL Western blotting detection reagents (Amersham). 

2.7. Immunofluorescent Microscopy of Se-Nucleoid 
Intact cell nucleoids, thylakoid membrane associated crude nucleoids and purified nucleoids were collected and 
fixed with 0.1% Glutaraldehyde (final concentration) where necessary. The fixed nucleoids (5 μl) were dropped 
into the well of a 10–well multitest microscope slide (76 × 26 mm with 24 × 60 mm coverslip; Matsunami glass 
Ind., Ltd., Japan) and air dried at 27˚C. The nucleoids were stained with 5 μl DAPI (4’, 6-diamidino-2-pheny- 
lindole dihydrochloride) solution (5 μg/ml) which bind specifically to DNA and immediately photographed, us-
ing the method developed by Talukder et al. [22] and Hiraga et al. [30]. 

3. Results and Discussion  
3.1. Cell Growth and Expression Patterns of Se-Total Proteins 
In the routine assays herewith described, an early-stationary-phase culture was diluted 200-fold with fresh BG- 
11 medium, and the culture was continued at 30˚C until 360 hours. At various times, aliquots of the culture were 
collected and used for determination of the number of cells, measured with a Coulter Multisizer-II. Viable cells 
were also measured with a viable colony plate counting method and the concentration of total proteins were 
measured by OD at 550 nm and visualized by CBB staining. In the experiment whose results are shown in Fig-
ure 1(A), the analysis was continued for 360 h after transfer of the early stationary phase culture (36 h) into a 
fresh medium. The growth was measured by turbidity and remaining constant at least 360 h, the condition we 
employed herewith. However, viable colony forming units was maximum at 120 h, and thereafter goes down 
slowly (Figure 1(B)). These results indicate that at the stationary phase of growth, heterogenous cell populations 
were not only observed in E. coli but also in Cyanobacteria [31] [32]. 

The composition of total cellular proteins was analyzed by SDS-PAGE. For this purpose, cell lysates were  
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Figure 1. Expression patterns of Synechococcus elongatus strain 7942 total proteins at various growth phases. 
An early-stationary phase (36 h) culture of strain 7942 in BG-11 medium at 30˚C was diluted 200-fold with 
fresh BG-11 medium, and the culture was continued at 30˚C in a constant light chamber. (A) Optical density 
and in (B) the total number of cells/ml was measured by OD at 730 nm and the viable plate count method, re-
spectively. (C) At the indicated time points (above the lane markers), aliquots of the culture were collected for 
the preparation of cell lysates. Portions of the cell lysates containing 15 - 20 μg of total proteins were subjected 
to SDS-15% PAGE. Gel was stained with CBB (Coomassie Brilliant Blue) and photograph.                  

 
prepared at different growth phases, and aliquots containing 15 - 20 μg of total proteins were loaded to SDS- 
15% PAGE as shown in Figure 1(C). The gel-staining patterns of total se-protein from the various cultures 
(samples 1 - 14) were essentially identical to the typical pattern of growing cyanobacterial cells. We could not 
see any changes of total protein level, indicated that the expression of cyanobacterial proteins are growth-phase 
independent [33]. However, many microorganisms including E. coli maintained growth-phase dependent varia-
tions in the structures and protein-compositions of nucleoids were reported previously [21] [22]. 

3.2. Isolation, Purification and Characterization of Se-Nucleoid 
We have decided to isolate Synechococcus elongatus PCC 7942 nucleoids by sucrose density gradient centrifu-
gation and examine nucleoids for characterization under various conditions. Bacterial nucleoids are generally 
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released from cells in a Tris-EDTA buffer by treatment with lysozyme, followed by application of one or several 
detergents [34]-[38]. We have checked several experimental conditions to deduce the most suitable procedure 
for isolation of cyanobacterial nucleoid, namely, the nucleoid buffer compositions (different concentrations of 
salt, lysozyme, spermidine), various types of detergents (SDS, Brij-58, Deoxychlolate, NP-40, etc.), reaction 
conditions for preparation of cell lysates, different centrifugation speeds and times which are very important pa-
rameters for nucleoids isolation from the whole cell extracts. 

After checking several conditions, we have developed a procedure for the isolation and purification of se- 
nucleoids in a single visible fraction from the sucrose density gradient centrifugation as shown in Figure 2. Our 
established method was mainly based on nucleoid isolation procedures described previously by Kornberg et al. 
[27] and modified by Murphy and Zimmerman [28]. In this method, cells were treated with lysozyme and then 
lysed with detergent NP-40 in low salt media containing spermidine. In our cell lysate preparation, we used 1 
mg lysozyme/ml and decided to the limit exposure to lysozyme to 15 min at 30˚C. This lysozyme concentration 
gave efficient detergent lysis under the conditions employed, as judged by recovery of cellular DNA in a nucle-
oid fraction (see below). Lysates made at the low-salt concentrations were centrifuged under different rotation 
speeds and times on step sucrose gradients (12% to 60% sucrose), yielded similar patterns. Whole cell lysates 
from different growth phases were completely sedimented under these conditions. 

Two-day-old se-cultures were diluted into 200-fold by adding fresh BG 11 medium and the culture was 
grown in a 30˚C at a constant light. Cells were cultured until three days and harvested for preparation of cell  

 

 
Figure 2. Schematic procedure for isolation and purification of Synechococcus elongatus 
nucleoids from the whole cell extracts. Cell growth, sample collection, sample prepara-
tion, sample isolation and preparation of se-nucleoids were described in the Materials 
and Methods.                                                                
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lysates. Equal numbers of cells from each of the two strains (wild-type and KaiABC mutants) were gently lysed in 
the presence of spermidine under low salt conditions and were then layered on the top of a 12% - 60% sucrose 
density gradient formed in Ultraclear centrifuge tubes (13 × 51 mm, Beckman). Centrifugation was performed at 
7000 g at 4˚C for 120 min in a RPS50-2-517 rotor. The positions of the thylakoid membrane-associated nu-
cleoids isolated from the wild-type and KaiABC mutant strains are indicated by arrow in the gradient after the 120 
min run described (Figure 3(A)). The tubes containing a single visible band in addition to an opalescent sample 
zone at the top of the gradient is referred to as “isolated se-nucleoids”. Interestingly, sedimentation patterns of 
isolated nucleoids were different from different strain genotypes; from slow to rapid sedimentations were ob-
served in KaiABC mutant to wild type, respectively, which indicate that chromosome compaction or condensation 
occurred in wild type strain. It was reported previously that the membrane-associated nucleoids exhibit similar ro-
tor speed dependence as membrane-free nucleoids isolated in the presence of high-salt concentrations, suggesting  

 

 
Figure 3. Sucrose density gradient centrifugation of isolated se-nucleoids. (A) Wild type and KaiABC cells 
were grown in BG-11 medium in continuous light (LL) for 3 days. (A)a and (A)b represent nucleoids fractions 
(marked by arrow) which were isolated from wild type and KaiABC, respectively. Nucleoid isolation proce-
dure was described detail in Materials and Methods. (B) Electrophoresis patterns of total proteins from isolated 
nucleoids were compared with those of other cell fractions on a SDS-15% polyacrylamide gel. Five μl of each 
of the 14 fractions in 2 different strains were applied to lanes 1 - 15 [except 1 μl in lane 5 and 6 in wt (NF) and 
1 μl in lane 7 and 8 in KaiABC-(NF), respectively]. Lane 15 on top and bottom gel represents 2.0 μl wt frac-
tion (lane 14) and standard molecular mass markers (molecular mass values in KDa shown from top to bottom: 
phosphorylase b, 97.4 kDa; bovine serum albumin, 66.2 kDa; ovalbumin, 45.0 kDa; carbonic anhydrase, 31.0 
kDa; soybean trypsin inhibitor, 21.5 kDa; and lysozyme, 14.4 kDa, respectively). Gels were stained with 
Coomassie brilliant blue (CBB). (C) DNA and protein contents in the sucrose density gradient fractions col-
lected from bottom upward (represented from left to right). DNA and protein were measured from optical den-
sity at 280 nm and absorbance of Bradford reagent [Bio-Rad Proten Assay Kit (Bio-Rad)], respectively.        
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that associated membranes do not affect the compactness of the nucleoids [35] [39]. As described above, the 
differences in sedimentation rates under different strains reflected their different states of folding, condensation 
states and/or superhelicity. This result indicates that somehow clock proteins involved in the formation of ge-
nome DNA into the se-nucleoids. Therefore, we decided to check sedimentation patterns individually in each of 
3 clock genes mutants KaiA, KaiB and KaiC, and also double mutants of KaiBC. All mutations caused unfold-
ing of the nucleoid (data not shown). The sedimentation pattern of the isolated nucleoids was generally consis-
tent with large, compact particles, as visualized below. An approximate value of 1.7 × 103 S was estimated as 
the sedimentation coefficient of the peak fraction of wild type strain. These values are consistent with the value 
described previously [28] [39].  

In order to determine whether these bands corresponded to the nucleic acid-protein complexes that putative 
nucleoids are presumed to be, the gradients were collected from the bottom in 14 equal 0.45 ml volume fractions 
except 0.60 ml of nucleoid fraction in both strains. The protein and DNA contents of each fraction were esti-
mated from the absorbance of Bradford reagent at 550 nm and optical density at 280 nm, respectively, as shown 
in Figure 3(B) and Figure 3(C). The sedimentation patterns of total proteins from isolated nucleoids were 
compared with those of other cell fractions by SDS-polyacrylamide gel. Aliquots of each of the 14 fractions in 
different strains were applied to lanes 1 - 14 of the SDS-containing 15% polyacrylamide gel. We applied 5 μl of 
each of the 14 fractions [except 1 μl in lanes 5 and 6 for wild type and in lanes 7 and 8 for KaiABC mutant 
crude and washed nucleoid fraction, respectively]. An equal volume (1 μl) of both wild type crude and washed 
nucleoids fractions were applied in lanes 5 and 6; each lane contains 12.5 and 10 μg total proteins which were 
associated with 5.5 and 4 ng DNA, respectively. On the other hand, lanes 10 to 14 corresponded to the cytosolic 
fractions and each contains about 17 μg proteins associated with 1 ng of DNA, respectively. All most similar 
amount of Protein/DNA ratio was determined in KaiABC mutant fractions. The total volume of wild type 
nucleoid fractions was 600 μl. From an average of 2 independent cultures, each contains about 1.9 × 108 cells/ml. 
The total proteins of isolated nucleoid and cytosolic fractions were found to be 652 and 4350 μg, respectively 
(data not shown). 

The relative composition and cellular distribution ratio of protein and DNA in whole cells, isolated nucleoids, 
and cytosolic fractions were estimated as shown in Figure 3(C). About 28% - 40% and 52% - 76% of the 
cellular DNA was recovered in the isolated cytosolic and se-nucleoid fractions, respectively, in both strains. The 
fractions comprising both the nucleoid and cytosolic peaks have a protein/DNA ratio of roughly 50/1 (Figure 
3(A)). Although the ratio was about 10 fold higher compared to the protein/DNA ratio reported previously in 
Escherichia coli by Murphy and Zimmerman [28]. The possible reason of such variations might also be due to 
the different conditions which were employed for isolation of nucleoids from different bacterial species [40]. In 
wild type culture, about 85% of the protein that is released by cell lysis remains in the cytosolic fractions of the 
gradients.  

Next, we decided to examine the se-nucleoid structures by fluorescence microscopy. Figure 4(A) shows the 
microscopic appearances of intact cell nucleoids, thylakoid membrane associated nucloids and purified nucle-
oids. Three types of nucleoids were collected, fixed with 0.1% Glutaraldehyde, stained with 5 μg/ml DAPI and 
examined by fluorescence microcopy. Left and right panels of Figure 4(A) show the se-nucleoids of wild type 
and KaiABC mutant strains, respectively. Clear differences of se-nucleoids in shapes, sizes and structures were 
observed in between of wide type and mutant strains, indicated that the wild type se-nucleoids are much more 
compacted than that of KaiABC mutant. Because, fluorescence was more extended for the KaiABC mutant 
nucleoids whereas that from the wild type nucleoids was relatively compact under various treatments and condi-
tions we examined (compare Figure 4(A) 3rd panels, thylakoid membrane associated crude se-nucleoids). Mi-
croscopic studies of DAPI stained nucleoids have been previously reported [36] [38] [41]; our pictures of the in-
dividual nucleoids isolated from bands in a sucrose density gradient were remarkably similar to the intact cell 
nucleoid as shown in Figure 4(A) (2nd panel). We have found 3 - 5 copy of genomes in each cell nucleoid, 
which compacted tightly each other. However, these copy numbers and compaction state were not seen in nuc-
leouds isolated from KaiABC mutant strain, probably due to the lack of clock protein (Figure 4(A) bottom pa-
nels, purified nucleoids). Our data, however, suggest that se-nucleoid structure is dynamic and coupled with 
clock functions, thus may reflect changes in DNA topology associated with replication or segregation [42]. 

It is well documented that the KaiC proteins plays a significant role in the repression of transcription of sev-
eral genes in Synechococcus elongatus PCC 7942 [43], suggesting again that KaiC deposition would be primar-
ily concentrated in the nucleoid region of cell where transcription generally exist. In addition to fluorescence mi- 



A. A. Talukder, T. Kondo 
 

 
1112 

 
Figure 4. Characterization of se-nucleoids. (A) Fluorescence microscopic view of cyanobacterial nucleoids. 
Various types of nucleoids with 0.1% Glutaraldehyde where necessary, stained with 5.0 μg/ml DAPI and ex-
amined by fluorescence microscope. Left and right panel represent cyanobacterial wild type and mutant strains. 
Top images represent the phase-contrast views of both wild type and mutant strains of Synechococcus elonga-
tus cells. Remaining 3 DAPI staining fluorescent images from top to bottom represent the intact cell nucleoids, 
isolated crude nucleoids and purified nucleoids of both wild type and mutant strains. Scale bar on the tor left 
represents 5μM. (B) Top, middle and bottom panels represent the genomic DNA, total protein and 3 cyano-
bacterial clock proteins expression patterns, which were performed by Agarose gel electrophoresis, Polyacry-
lamide gel electrophoresis and Western immunoblot analysis, respectively. Lane 1 in the top left panel 
represents standard DNA markers and lanes 2, 3 and 4 represent the crude cell lysates, cytosolic fraction and 
nucleoid fraction, respectively. For the measurement of genomic DNA, total cellular protein and each of 3- 
clock proteins, aliquots of each of 3 lanes (except lane 2, crude cell lysates) were collected from the sucrose 
gradients. In each lane containing 5 μl of total fractions subjected to 1% Agarose gel electrophoresis for the 
measurement of genomic DNA after stained with Ethidium bromide (Top panel) and 12.5% SDS-PAGE for the 
visualization and estimation of total proteins after stained with CBB (Middle panel) and Western immunoblot 
analysis was carried out in order to estimate the clock proteins KaiA, kaiB and kaiC level on above fractions. 
The blots were probed with anti-KaiC, anti-KaiB, and anti-KaiA antibodies as mentioned (bottom panel).       

 
croscopy, we applied Western immunoblot technique to estimate the three-clock proteins from the se-nucleoids. 
Three different samples (see Figure 4(B), lanes 2 - 4 represent crude cell lysates, isolated cytosolic and nucleoid 
fractions) were collected and loaded onto the 1% Agarose gel for visualization of genome DNA; SDS-12.5% 
PAGE for visualization of total protein by CBB staining and SDS 15% PAGE for estimation of 3-clock proteins 
by Western immunoblot analysis are shown in Figure 4(B) top, middle and bottom panel, respectively. As ex-
pected, genomic DNA is almost absent and present in the cytosolic and nucleoid fraction, respectively (compare 
lane 3 with lane 4 in 1% Agarose gel). On the other hand, total protein levels were varied among the 3-different 
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samples, indicating that several proteins are involved in the organization of se-genomic DNA into se-nucleoids, 
which have yet to be identified (Figure 4(B) middle panel),  

Finally, we have checked the involvement of 3-clock proteins in the organization of genomic DNA into the 
se-nucleoids by Western blotting. Among them, the intracellular accumulation patterns were different. Lane 2 
corresponded to the protein band, which was cross-reacted with the total cell lysates (before fractionated by su-
crose density gradient), in parallel, while lanes 3 and 4 represent the protein of cytosolic and nucleoid fractions, 
respectively. Significant amount of KaiC was detected in both the crude cell lysates and the nucleoid fraction, 
but KaiC was not found in cytosolic fraction, indicate that clock protein KaiC plays a key role in the organiza-
tion of genomic DNA into the se-nucleoids. Under the condition we employed here, we could not detect KaiB 
protein. In addition to thylakoid-membrane specific marker protein NrtA, significant amount of KaiA was found 
not only in the cytosolic fractions but also in the nucleoid fraction. This result indicates that certain amount of 
KaiA protein exists in the cytosol, supposedly in association with the translation machinery [44].  

4. Concluding Remarks 
Many scientists around the world were tried to purify cyanobacterial nucleoid from thylakoid membranes, but 
none of them succeeded [42] [45]-[47]. In this paper, for the first time, we have established a procedure for iso-
lation and purification of se-nucleoids. During purification, it was very difficult to separate thylakoid mem-
branes from the se-nucleoid. Among the different detergents applied, only NP-40 detergent was effective for pu-
rification of se-nucleoid from the whole cell extract. However, during purification, a huge amount of genomic 
DNA was released together with the thylakoid membranes (data not shown). Therefore, we conclude that the 
thylakoid membrane is a part of se-nucleoid, because se-genomic DNA is tightly associated with thylakoid 
membranes as suggested previously [48]-[50]. 

We have clearly demonstrated that the clock protein complexes associate directly with the se-nucleoids 
(Figures 2-4). This association leads the compaction of se-nucleoid, which might be controlled cyanobacterial 
gene expressional mechanism (s) that yet to be determined. Alternatively, clock proteins, especially KaiA, might 
be involved in facilitating the co-transla- tional membrane insertion and assembly of thylakoid proteins such as 
the DpsA, D1 and Cytochrome f by contributing to short distances between transcription, translation and protein 
insertion [51]-[53]. 

Mori et al. [46] report that KaiC is a DNA binding protein and they propose that the ATP dependent hexameric 
complex is the active form of KaiC, and mediates rhythmic changes in chromosomal torsion. Recently, Smith 
and Willams [47] found the circadian changes in the compaction state of se-nuceloids. Therefore, it is important 
to check whether se-nucleoids that we have isolated in this study will show the rhythmic changes in chromoso-
mal torsion. Altogether our results indicate that the major clock component KaiC primarily organizes genomic 
DNA into the se-nucleoid which may be affected circadian time dependent regulation of gene expression in 
Synechococcus elongates PCC 7942 [54]. 
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