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cellular positions or if it is randomly distrib- 
uted alone the nucleoid. We visualized DNA - 

Polymerase: Evidence for a polyn~erase in living cells using a fusion pro- 
tein consisting of the catalytic subunit (PolC) 
attached in-frame to green fluorescent protein 

Factory Model of Replication (GFP). pol~-g$p was placed in single COPY in 
the B. s~rbtilis chronloson~e under control of 

Katherine P. Lemon and Alan D. Grossman* the eildogenous polC promoter (5). PolC- 
GFP supported DNA replication and cell 

Two general models have been proposed for DNA replication. In one model, growth when it was present as the only source 
DNA polymerase moves along the DNA (like a train on a track); in the other of the catalytic subunit: and it was visible as 
model, the polymerase is stationary (like a factory), and DNA is pulled through. discrete fluorescent foci, at or near midcell, in 
To distinguish between these models, we visualized DNA polymerase of the most cells during exponential growth (Fig. 
bacterium Bacillus subtilis in living cells by the creation of a fusion protein 1A) (6). In these cells; the DNA occupied 
containing the catalytic subunit (PolC) and green fluorescent protein (CFP). most of the cytoplasmic space and appeared 
PolC-CFP was localized at discrete intracellular positions, predominantly at or to extend to the cell boundaries (Fig. 1B). 
near midcell, rather than being distributed randomly. These results suggest that Two experimental obsemations indicated 
the polymerase is anchored in place and thus support the model in which the that the foci coi~espond to DNA polyn~erase 
DNA template moves through the polymerase. at replication forks: (i) the presence of foci 

was dependent on continued DNA synthesis 
For all organisms. the production of viable Like many bacteria, Bacillzrs szrbtilis has a and (ii) the number of foci per cell increased 
progeny depends on the faithful replication of single circular chromosome [-4200 kilobase at faster growth rates. We prevented reinitia- 
DNA by DNA polymerase. A conceptual pairs (41.  and DNA replication initiates from tion of DNA replication by inhibiting expres- 
question about in vivo DNA replication re- a single origin (oi.iC) and proceeds bidirec- sion of DnaA. which binds to oriC and is 
mains unsettled. During replication, does the tionally (3). Most of the proteins present at required for assembly of the replication com- 
DNA polymerase move along the DNA tem- the replicatioil fork are conserved in pro- plex (3, 4). We fused d i ~ a d  to the LacI- 
plate? or is the DNA polymerase in a fixed kalyotes and eukalyotes (4). repressible isopropyl-6-D-thiogalactopyrano- 
position with the DNA template moving We attempted to determine whether; in a side (1PTG)-inducible promoter Pspac (7) so 
through the replication machinery? Studies population of cells at different stages of the that transcription of dnaA was IPTG-depen- 
with eukaryotic cells have indicated that replication cycle, the replicative DNA poly- dent. In the presence of IPTG (expression of 
DNA replication proteins and ne\vly replicat- Inerase of B. szrbtilis functions at fixed intra- dizaA), <5% of the cells lacked the visible 
ed DNA are present at numerous discrete foci 
[so-called replication factories ( I ) ] ;  resulting 
in the hypothesis that DNA replication occurs Table 1. The number o f  PolC-CFP foci  per cell increased a t  faster g rowth  rates. Cells were grown a t  30°C 

at fixed locations, H ~ \ ~ ~ ~ ~ ~ ~  analysis of eu- i nde f i ned  min imal  medium (21) w i t h  the  indicated carbon source (1%). A l l  2 0  amino acids (aa) were 

karyotic DNA polylnerase is complicated be- added in glucose i aa. Doubl ing t imes were rounded t o  the  nearest 5 min, and samples were taken dur ing 
exponential growth. In succinate, only one cell had three foci, and no cells had four. Six cells had five foci  

cause rep1ication from many different o f  PolC-CFP (three each f r om the glucose and glucose r aa cultures). 
origins and because it is difficult to orient the 
foci within the eukaiyotic nucleus. Cells w i t h  indicated number of  foci (%) 

Doubl ing t ime  
Supplement 

Total  cells 
(min) 

Department of Biology, Building 68-530, Massachu- 
(n) 0 1 2 3 4 

setts Institute of Technology, Cambridge, MA 02139, 
, , ? A  230 Succinate 1317 2 4  56  19  0.08 <0.08 v>n. 

11 5 Glucose 635 3 43 41  9 3.6 
"To whom correspondence should be addressed. E-  75 Glucose T aa 454  2 33  32  22  1 0  
mail: adg@mit.edu 
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foci of PolC-GFP (Fig. lC), whereas after 
about two generations in the absence of IPTG 
(decreased expression of dnaA), -80% of the 
cells lacked the visible foci of PolC-GFP 
(Fig. ID). Thus, the foci depend on continued 
DNA replication and are not simply storage 
repositories for inactive fusion proteins. 

To sustain growth rates that are faster than 
the time it takes to replicate the chromosome, 
bacteria undergo multifork replication; from 
oriC, new rounds of DNA replication begin 
before the previous round of replication has 
finished. Thus, at faster growth rates, there 
are multiple DNA replication forks in a single 
cell (3, 8). We found that the number of 
PolC-GFP foci per cell increased at faster 
growth rates (Table 1). Together, these re- 
sults indicate that the visible foci of PolC- 
GFP are most likely associated with active 
DNA replication forks. 

A single fork has at least two PolC mol- 
ecules, one each on the leading and lagging 
strands. It is not clear whether two molecules 
of PolC-GFP would be detectable, but there 
are -40 molecules of PolC per cell (4); we 
postulate that most of these PolC molecules 
are at or near the replication fork and are 
perhaps involved in mismatch repair of newly 
replicated DNA. 

The simplest pattern of PolC-GFP local- 
ization was observed in cells growing slowly 
with succinate as the carbon source. Approx- 
imately 25% of the cells did not have visible 
foci of PolC-GFP (Table l), but they had a 
very faint diffuse green fluorescence through- 
out the cell. These cells were probably not 
replicating DNA [consistent with the expec- 
tation that, during very slow growth, there is 
a gap between periods of DNA synthesis (9), 
which is analogous to the gap periods in 
eukaryotes]. The majority of cells (-56%) 
had a single focus of PolC-GFP (Table 1) at 
or near midcell (Figs. 1E and 2A). Approxi- 
mately 19% of the cells had two foci of 
PolC-GFP (Figs. 1, F and G, and 2B): - 15% 
with foci that were close together (535% of 
the cell length apart) and positioned near 
midcell (Figs. 1F and 2C) and -5% with foci 
near the quarter positions (Figs. 1G and 2D), 
which become midcell after division. The 
-5% were probably cells in which reinitia- 
tion of replication occurred before cell divi- 
sion and were not cells in which the two foci 
near midcell moved to the quarter positions. 
This interpretation was supported by the ob- 
servation that, at faster growth rates, some 
cells have four foci (two close together at 
midcell and one at each quarter position). 

Cells undergoing replication have at least 
two replication forks: one synthesizing clock- 
wise on the circular chromosome and the 
other synthesizing counterclockwise. Our re- 
sults indicated that, for -80% of the replica- 
tion cycle, the two forks were close together 
and could not be resolved (10) but that, dur- 

ing the last -20% of the replication cycle, the observed during slow growth, are gone and 
forks were far enough apart so that we saw new rounds of replication begin before pre- 
two discrete foci that were positioned around vious rounds finish. The position of PG~c- 
midcell (Figs. 1F and 2C). The separation of GFP in cells with one or two foci was similar 
the forks could be regulated, or it could sim- to that described for cells growing slowly [a 
ply be due to cell growth. Presumably, at the single focus at or near midcell (Fig. 2E), two 
termination of replication, one fork releases 
the template first so the DNA is not stretched 
between the two forks. The simplest interpre- 
tation of our results is that the DNA replica- 
tion machinery is positioned primarily at or 
near midcell. A diagram of the replication 
and division cycles for cells growing slowly 
is shown in Fig. 3A. 

The pattern of PolC-GFP localization was 

foci near midcell (Fig. 2F), and foci near each 
quarter position (Fig. 2G)l. In cells with three 
foci, PolC-GFP was near midcell and the 
quarters (Figs. 1H and 2H), most likely be- 
cause of reinitiation from oriC at the cell 
quarters before the forks from the first round 
separated at midcell. A small percentage of 
cells had four foci of PolC-GFP (Table 1) 
[two foci near midcell and one near each of 

more complex at faster growth rates because the cell quarters (Fig. lI)]. The foci near 
of multifork replication (Table 1). With glu- midcell were probably the two old forks that 
cose as the carbon source, only -3% of the had separated, and the foci at the quarters 
cells lacked visible foci, and a substantial were probably the two new sets of replication 
fraction (-12%) had three or four foci; this forks that resulted from reinitiation at oriC. 
observation indicates that, as expected, the The existence of cells with three and four foci 
gaps between replication cycles, which were indicates that the foci at the quarter positions 

Fig. 1. Localization of replicative 
DNA polymerase in living cells. 
(A and 0)  PolC-CFP localized in 
discrete foci. Cell outlines were 
visualized (orange) with the vital 
membrane stain FM4-64 (Molec- 
ular Probes; Eugene, OR) simul- 
taneously with the CFP signal 
(green). DNA was stained with 
DAPI, and images were superim- 
posed with those from (A) to  
generate (B). Images were cap- 
tured with a coo ld  CCD camera 
(6). Cells containing polC-gfp 
(strain KPL304) were grown to  
midexponential phase at 30°C in 
defined minimal medium (21) 
containing glucose (1 %), gluta- 
mate (0.1%), required amino ac- 
ids (40 kg/ml), and spedinomy- 
cin (40 kg/ml) to  maintain the 
selection for the polC-gfp fusion 
(doubling time, -115 min). A 
similar localization of PolC-CFP 
at or near midcell was observed 
by IFM in fixed cells with anti- m 
bodies t o  CFP (22). (C and Dl 
Visualization of 'PO~C-GFP is del 
pendent on DNA synthesis. Cells 
containing dnaA fused to  Pspac 
were grown in defined minimal 
glucose medium in the presence 
or absence of IPTC (7). PolC-CFP 
was visualized as in, (A). After 
about two generations (-4 
hours) in the absence of IPTC, 
few cells contained PolC-CFP 
foci. (E through G) Cells were 
grown as in (A) except that so- 
dium succinate (1 %) replaced 
lucose as the carbon source 
doubling time. -230 minl. IE) A f I- 

;ell with-a single focus of PO~C-GFP localized at or near midcell. (F) A cell with two foci of Polc-bFP 
together near midcell. (C) A cell with a focus of PolC-CFP near each cell quarter. (H and I) Cells 
were grown with glucose (1%) as described in (A) (doubling time, -115 min). (H) A cell with three 
foci of PolC-CFP (one near midcell and one near each cell quarter). (I) A cell with four foci of 
PolC-CFP (two together near midcell and one near each quarter position). (J and K) Localization of 
7-CFP (J) and Sf-CFP (K). Cells were grown as described in (A). Scale bars, 1 km. 

cemag.org SCIENCE VOL 282 20 NOVEMBER 1998 



R E P O R T S  

probably resulted from new initiation events 
and not from a migration of the foci from 
midcell (Fig. 3B). We fused GFP to two other 
proteins that were present at the replication 
fork (11) and found that both 7-GFP and 
6'-GFP fusions were functional and had pat- 
terns of localization that were similar to those 
of PolC-GFP (Fig. 1, J and K). 

The basic components of the DNA repli- 
cation complex are consewed ( 4 ,  and it is 
likely that other organisms also have a sta- 
t i o n a l ~  replisome. We postulate that the lo- 
cation of the Eschei.ichia coli SeqA protein 
indicates the location of the E. coli replisome. 
SeqA binds hemimethylated DNA (12) and 
localizes in dis~rete foci (13) in a pattern very 
similar to that of B. strbtilis DNA polymerase. 
The highest concentration of hemimethylated 

Fig. 2 (Left). Foci of 
PolC-CFP localized to 
discrete intracellular po- 
sitions. The positions of 
the approximate cen- 
ters of PolC-CFP foci 
were measured in rela- 
tion to a cell pole, and 
the positions were con- 
verted to the percent-, 
age of cell length. For 
all cells with a single 
focus [(A) and (E)], the 
distance to the clos- 
est pole was measured. 
For cells with multiple 
foci [(B) through (D) 
and (F) through (H)], 
distances were mea- 
sured from a single 
pole that was chosen 
randomly. The two [(B) 
through (D), (F), and 
(C)] or three (H) differ- 
ent bar patterns (diag- 
onal lines and dots) 
represent the differ- 
ent foci in a given cell. 
The numbe; of cells 
with a focus at a 
given position was di- 
vided by the total 
number of cells with 
the indicated number 
of foci to give the per- 
centage of cells for 
each graph. (A through 
D) Samples were taken 
from cells at midexpo- 

DNA should be near the replication fork be- 
cause of the lag between replication and re- 
methylation (14). The dependence of SeqA 
localizatioll on the Dam methylase (13) is 
collsistellt with this model. [B. s~rbtilis does 
not have a seqA homolog (2 ) ] .  

Our results show that the replicative DNA 
polymerase of B. st~btilis is found at discrete 
intracellular positions (predominantly mid- 
cell) and is not randomly distributed along 
the nucleoid mass. If the replisome is an- 
chored in place, then the ovenvhelming im- 
plication is that the DNA template moves. 
This is consistent with the factory model in 
which the DNA polymerase pulls the DNA 
through itself during replication. We specu- 
late that DNA polymerase is recruited to 
midcell by replication initiation proteins. 

Distance from nearest pole (% length) 

Focus position as % cell length 

The position of the replicative DNA poly- 
merase fits with the emerging model for bacte- 
rial chromosome duplication and segregation. 
Newly replicated oriC regions are actively sep- 
arated from each other and then maintained 
near opposite cell poles for most of the cell 
cycle (15-1 7). We propose that the exhusion of 
the newly replicated DNA from a stationaly 
polymerase at lnidcell may be sufficient to 
cause the separation of sister origins, perhaps in 
the absence of additional postulated mitotic-like 
spindles and motors. With sister oriC regions 
maintained near opposite poles and DNA rep- 
lication occurring at midcell, the bulk of the 
newly replicated chromosomes may be segre- 
gated from each other by a combination of 
extrusioll kom the polymerase and chromo- 
some compaction and refolding (1 7-19). 

1 fork separation 

4 1st round finishes 

reinitiation / Y i l  division 

fork separation / \ reinitiation 

f VI f - w w - w )  

reinitiation \ / f o r k  $ 

w or w 

4 1st round finishes 

f w  w \ 

1 cell division 

f w  \ f  w  
nential growth in de- 
fined minimal medium 
with succinate as the carbon source (doubling time, -230 min). (A) Of the 742 cells with a single focus of PolC-CFP, over 50% had a focus at midcell. 
(B) All cells (252) with two foci of PolC-CFP are represented. Cells with two foci were divided into two classes based on the distance between foci; 
192 cells had foci 535% of the cell length apart (C), and 60 cells had foci 236% of the cell length apart (D). Foci at the quarter positions should be 
50% of the cell length apart. The 35% of the cell length cutoff was chosen on the basis of the size of the foci (-10% of cell length) and the drift 
from midcell that was seen in cells with a single focus. (E through H) Samples were taken from cells at midexponential growth in defined minimal 
medium with glucose as the carbon source (doubling time, -1 15 min). (E) Cells (274 total) with a single focus of PolC-CFP. (F and C) Cells with two 
foci were divided into two classes based on the distance between foci; 215 cells had foci 535% of the cell length apart (F), and 45 cells had foci 236% 
of the cell length apart (C). (H) Cells (57 total) with three foci of PolC-CFP are represented. Fig. 3 (right). A model for the localization of the 
replicative DNA polymerase in B. subtilis. Triangles represent single replication forks; overlapping triangles represent replication forks going in opposite 
directions that cannot be resolved by microscopy. (A) The location of DNA polymerase during slow growth. Dashed lines, newly replicated 
chromosomes; solid lines, template chromosomes. The shaded circles represent the origin regions. (B) The location of DNA polymerase during multifork 
replication in rapidly growing cells. 
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