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ABSTRACT 

We have previously described the isolation and characterization of an intact multiprotein 

complex for DNA replication, designated the DNA synthesome, from human breast cancer cells 

and biopsied human breast tumor tissue (Coll et al., 1996, Oncology Research 8:435-447). The 

purified DNA synthesome was observed to fully support DNA replication in vitro. We had also 

proposed a model for the breast cell DNA synthesome, in which DNA polymerases a, 8 and s, 

DNA primase and replication factor C (RF-C) represent the core component, or tightly 

associated, proteins of the complex. This model was based on the observed fractionation, 

Chromatographie and sedimentation profiles for these proteins. We report here that poly(ADP- 

ribose)polymerase (PARP) and DNA ligase I are also members of the breast cell DNA 

synthesome core component. More importantly, in this report we present the results of co- 

immunoprecipitation studies that were designed to map the protein-protein interactions between 

several members of the core component of the DNA synthesome. Consistent with our proposed 

model for the breast cell DNA synthesome, our data indicate that DNA polymerases a and 5, 

DNA primase, RF-C as well as proliferating cell nuclear antigen (PCNA) tightly associate with 

each other in the complex, whereas, DNA polymerase s, PARP and several other components 

were found to interact with only PCNA or DNA polymerase a. The association of PARP with 

the synthesome core suggests that this protein may serve a regulatory function in the complex. 

Also, the co-immunoprecipitation studies suggest that polymerases a, 8 and 8 participate in the 

replication of breast cell DNA. To our knowledge this is the first report ever to describe the 

direct physical association of polypeptides constituting the intact human breast cell DNA 

replication apparatus. 
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INTRODUCTION 

Breast cancer progression is associated with the occurrence of numerous genetic 

alterations that favor the uncontrolled proliferation of mammary cancer cells (1). Inactivating 

mutations in the p53 or cyclin D genes, for example, abrogate cell cycle check points and lead to 

increased cellular proliferation rates and the accumulation of extensive DNA damage (2). 

Among the markers used in breast carcinoma, a high tumor proliferation rate correlates closely 

with poor prognosis for overall patient survival (3). Therefore, elucidating the molecular 

mechanisms of breast cell DNA replication could be critical to the development of improved 

anti-breast cancer therapies. 

To date, several reports have described the isolation of large macromolecular complexes 

of replication-essential polypeptides from the extracts of eukaryotic cells (4,5,6,7). For example, 

a megacomplex of enzymes involved in DNTP synthesis and DNA polymerization, known as 

replitase, has been purified from Chinese hamster embryo fibroblast cells (CHEF/18) (5). 

Additionally, the isolation of 100-150S megacomplexes from regenerating rat liver that contain 

DNA polymerase a-primase and associate with the nuclear matrix has been reported (7). Our 

laboratory was the first to isolate and characterize a fully functional multiprotein complex for 

DNA synthesis, designated the DNA synthesome, from human cervical cancer (HeLa) cells as 

well as from murine mammary carcinoma (FM3A) and human leukemia (HL60) cells (8-11). 

We have also recently reported that the DNA synthesome also can be isolated successfully from 

human breast cancer cells and breast tumor tissue (12). Importantly, in all cases the DNA 

synthesome was shown to fully support semi-conservative papovavirus DNA replication in vitro, 

in the presence of the viral large T-antigen and plasmid DNA containing papovavirus origin 



sequences. Since papovaviruses are extensively dependent on the host cell DNA replication 

apparatus for their own viral genome synthesis, this indicates that the DNA synthesome must 

also function in mammalian cell DNA replication. 

We have also demonstrated that the integrity and function of this multiprotein complex is 

maintained after its treatment with high-salt, non-ionic detergents, RNase, DNase, anion 

exchange chromatography, sedimentation through glycerol or sucrose gradients and 

electrophoresis through native polyacrylamide gels (8-13). These results indicate that the 

components of the DNA synthesome associate with each other independent of non-specific 

interactions with other cellular macromolecules. 

Several proteins have been shown to be required for eukaryotic DNA synthesis in vitro 

(14,15), and these proteins have been shown to co-purify with the DNA synthesome (8-12) and 

include: DNA polymerases a, 8 and s, proliferating cell nuclear antigen (PCNA), RF-C, RP-A, 

topoisomerases I and II, and DNA primase. A model representing the synthesome has been 

proposed based on the observed fractionation, Chromatographie and sedimentation profiles of the 

proteins that co-purified with the complex (9-12). The synthesome's core component was 

proposed to include the replication elongation proteins DNA primase, RF-C and DNA 

polymerases a, 8 and s due to their exclusive partitioning with one another during the course of 

synthesome purification. In this report we describe the first experimental evidence that indicates 

a direct physical association between several protein members of the proposed breast cell 

synthesome core component. This is important since models for the organization of DNA 

synthetic proteins into replicating machines have been proposed (16); however, it is still unclear 

how these replication factors associate with one another to facilitate the efficient and coordinated 



process of DNA synthesis in mammalian cells. This report describes studies aimed at beginning 

to address this problem. 



MATERIALS AND METHODS 

Cell Culture. Suspension cultures of MDA MB-468 human breast cells were adapted from 

monolayer cultures. The cells were grown in Joklik's modified Eagle's medium supplemented 

with 5% each of irradiated new-born calf serum and fetal bovine serum. Exponentially growing 

cells (5x 105 cells/ml of medium) were harvested and washed three times with phosphate 

buffered saline (PBS) (17): 20 mM NajHPO^ 0. 15 mM NaCl, 2.7 mM KCI, 1.5 mM KH2P04. 

The cells were then pelleted by low-speed centrifugation (lOOOrpm, 5 minutes, 4°C), and the cell 

pellets stored at -80°C until fractionation. 

Isolation and purification of the DNA synthesome from MDA MB-468 breast cancer cells 

and human breast tumor tissue. The DNA synthesome was isolated from MDA MB-468 cells 

(20 g) and an infiltrating type ductal carcinoma of the female mammary gland according to our 

previously published procedures (12). We have shown previously that the NE/S-3, P4 and Q- 

Sepharose peak fractions contain the replication-competent DNA synthesome, whereas the S-4 

and Q-Sepharose anion-exchange column flow-through fractions do not contain the complex. 

In vitro SV40 DNA replication assay. In vitro DNA replication assays were performed 

according to previously published procedures (18). One unit of SV40 replication activity is 

equivalent to the incorporation of 1 pmol of dNMP into newly synthesized DNA per 2h under 

the standard assay conditions. 

Purification of SV40 large T-antigen. SV40 large T-antigen was purified from 293 cells 

infected with a recombinant adenovirus vector, Ad-SVR284, as detailed elsewhere (19). 



Enzyme Assays. DNA polymerase a activity with activated calf thymus DNA templates was 

assayed according to published procedures (20,21). One unit of DNA polymerase a activity is 

equivalent to the incorporation of lnmol of [3H]-TMP into DNA per hour at 37°C. DNA 

primase activity with single-stranded poly(dt) template DNA was also assayed according to 

previously published procedures (21). One unit of DNA primase activity is equal to the 

incorporation of 1 nmol of [3H]-dAMP into DNA per hour at 30°C. 

Co-immunoprecipitation of the core protein members of the DNA synthesome by PCNA 

and DNA polymerases a and 8 antibodies. One hundred ug of the Q-Sepharose peak fraction 

from MDA MB-468 breast cancer cells or fifty ug of the P-4 fraction from human breast tumor 

tissue was precleared with either protein A or G-conjugated agarose beads for 10 minutes at 4°C. 

The precleared protein fractions were next incubated overnight at 4°C with monoclonal 

antibodies directed against PCNA (mAb-10; 2.5 ug/reaction), DNA polymerase 8 (mAb-11; 80 

ul tissue culture supernatant/reaction) or DNA polymerase a (SJK 132-20 (39); 20 ug purified 

ascites/reaction). Eighty ul of a 10% suspension of protein A or G conjugated-agarose beads, 

resuspended in buffer 1 (500mM NaCl, 25mM Tris-HCl (pH 7.5), 5mM EDTA (pH 7.5) and 1% 

Triton X-100), were then added to the respective reactions and the incubations continued for an 

additional 2 hours at 4°C. The reaction mixtures were then centrifuged at 3500 rpm for five 

minutes at 4°C, and the supernatant and pellet fractions were reserved. Subsequently, the pellet 

fraction was washed three times with buffer 1, then twice with a low-salt buffer (5mM EDTA 

(pH 7.5) and lOmM Tris-HCl (pH 7.5)). Both the pellet and supernatant fractions were heat 

denatured for 1 minute at 100°C in Laemmli loading buffer, then subjected to SDS-PAGE (100 



volts). After the electrophoretic transfer of the separated polypeptides to nitrocellulose 

membranes (20 volts, 16 hours, 4°C), the following antibodies were used to probe the blots: 

PCNA (1:500; recognizes the 36 kDa protein); DNA polymerase 8 (1:3; recognizes the 125 kDa 

polypeptide), a generous gift from Dr. Marietta Lee; DNA polymerase a (1:250; recognizes the 

180 kDa polypeptide (39)); DNA polymerase s (1:500; recognizes the >200 kDa polypeptide); 

RF-C (1:500; recognizes the 140 kDa polypeptide), a generous gift from Dr. Bruce Stillman; 

PARP (1:750; recognizes the 116 kDa polypeptide), a generous gift from Dr. Mark Smulson; 

RP-A (1:500, recognizes the 34 kDa polypeptide), a generous gift from Dr. Bruce Stillman; and 

DNA ligase I (1:750; recognizes the 110 kDa polypeptide), a generous gift from Dr. Dana Lasko. 

Each blot was next incubated with the appropriate species-specific horseradish peroxidase 

conjugated secondary antibody and the immunodetection of the replication proteins performed 

with a light-enhanced chemiluminescence system. In the experiments where the Q-Sepharose 

peak supernatants were assayed for DNA polymerase a, DNA primase and in vitro DNA 

replication activities, co-immunoprecipitations were performed as follows. Briefly, fifty jag of 

the Q-Sepharose peak fraction was incubated with either 20 ug of PCNA antibody conjugated to 

protein A agarose beads, 20 jal of DNA polymerase a antibody (purified ascites) or 5 jag of pre- 

immune mouse IgG for 4 hours at 4°C on an orbital shaker. Thirty jul of protein G agarose 

beads, pre-coated with BSA, were next added to the reactions containing polymerase a antibody 

or pre-immune mouse IgG, and the incubations continued for an additional 1 hour at 4°C. The 

antigen-antibody complexes, bound to the protein A or G conjugated agarose beads, were 

pelleted by low-speed centrifugation at 3500 rpm for 5 minutes at 4°C. The protein supernatants 

were collected from each reaction and assayed immediately for DNA polymerase a, DNA 



primase and in vitro SV40 DNA replication activities. The positive controls for each reaction, 

which were also incubated for 5 hours at 4°C, contained fifty yl of the Q-Sepharose peak fraction 

diluted to the appropriate level with PBS buffer. 



RESULTS 

DNA Ligase I and Poly(ADP-ribose)polymerase (PARP) Are Part of the Breast Cell 

Synthesome Core Component. 

We isolated the DNA synthesome from MDA MB-468 human breast cancer cells and 

biopsied human breast tumor tissue according to the fractionation scheme described in our 

previously published procedures (12). The breast-cell-derived NE/S-3, S-4, P-4, Q-Sepharose 

flow-through and peak fractions (Materials and Methods) were subjected to Western blot 

analyses for the detection of DNA ligase I and PARP (Figures 1A and B, respectively). It was 

observed that both DNA ligase I and poly(ADP-ribose) polymerase (PARP) partition exclusively 

with the NE/S-3, P4 and Q-Sepharose peak fractions (Figures IA, IB). These proteins were not 

detectable in the S-4 or Q-Sepharose flow-through fractions. We have previously shown that 

those fractions enriched for the DNA synthesome, namely, the NE/S-3, P-4 and Q-Sepharose 

peak, are fully competent to support large T-antigen dependent SV40 DNA replication in vitro 

(12). It was also found that those proteins that are members of the core component of the 

synthesome model partition exclusively with these fractions (9-12). Therefore, our data reported 

here suggest that both DNA ligase I and PARP are also members of the core component of the 

breast cell DNA synthesome. 

The Breast Cell DNA Synthesome Is a Discrete High-Molecular-Weight Complex in Native 

Polyacrylamide Gels. 

Recent work from our laboratory indicates that the synthesome derived from HeLa cells 

could be isolated from native polyacrylamide gels (PAGE) as a discrete high-molecular-weight 

complex (Tom et al., to be published elsewhere). We report here, for the first time, that the 

synthesome from MDA MB-468 breast cancer cells (Figure 2, lanes 1 and 2) and human breast 



tumor tissue (data not shown), also migrates as a discrete high-molecular-weight band when 

resolved on native polyacrylamide gels. 

Protein-Protein Interactions within the Breast Cell DNA Synthesome. 

To test for direct physical association between the protein members of the core 

component of the breast cell DNA synthesome, we performed co-immunoprecipitation studies 

(Materials and Methods) with the Q-Sepharose peak fraction using monoclonal antibodies 

directed against PCNA (mAb-10) and DNA polymerases a (SJK 132-20) and 8 (mAb-11). 

PCNA serves as an accessory factor for DNA polymerases 8 and s, enhancing their enzymatic 

activities by forming a sliding clamp around duplex DNA (22,23). In accordance with its role as 

an auxiliary factor for DNA polymerases 8 and s, we found that PCNA antibody precipitated 

these two polymerases from the Q-Sepharose peak fraction in addition to the PCNA polypeptide 

(Figure 3A, lanes 5 and 11). Also, DNA polymerase a and RF-C were co-precipitated by the 

PCNA antibody (Figure 3A, lanes 7 and 9), evidence for a close interaction between PCNA and 

these proteins within the breast cell DNA synthesome. This result is supported by affinity 

chromatography studies performed with the bacteriophage T4 replication system in which a 

physical association between the T4 analogues of PCNA and RF-C was found (24). DNA ligase 

I, RP-A and PARP, on the other hand, were not co-precipitated by the PCNA antibody (Figure 

3A, lanes 14, 17 and 20), suggesting that these polypeptides do not directly contact PCNA in the 

breast cell DNA synthesome. 

Consistent with our results that PCNA interacts closely with several components of the 

DNA synthesome, PCNA antibody depleted the Q-Sepharose peak fraction of the discrete high- 



molecular-weight band that represents the DNA synthesome on native polyacrylamide gels 

(Figure 2, lane 3). Moreover, PCNA antibody precipitated PCNA as well as polymerases a and 

8 from the human breast tumor tissue derived DNA synthesome (Figure 3A, lanes 22-24). These 

data obtained from human breast tissue indicate that the protein interactions detected within the 

DNA synthesome from MDA MB-468 breast cancer cells do not merely represent a cell line 

dependent phenomenon. 

Further evidence for a close interaction between DNA polymerases a, 8, PCNA and RF- 

C within the breast cell DNA synthesome was obtained in immunoprecipitation experiments 

performed with DNA polymerase 8 antibody (mAb-11). As shown in Figure 3B. DNA 

polymerase 8 antibody precipitated DNA polymerase 8 from the Q-Sepharose peak fraction as 

well as PCNA, DNA polymerase a and RF-C proteins (Figure 3B, lanes 1, 5, 7 and 9). Similar 

results demonstrating a close interaction between polymerases a, 8 and RF-C within the RC 

complex from calf thymus were recently described (25). It has been proposed that synthesis of 

the leading and lagging strand DNA templates, mediated by DNA polymerases a and 8, 

respectively, is coordinated by RF-C, which acts as a molecular hinge between the two 

polymerases (26). Our experimental results are consistent with this theory. In contrast, we found 

that DNA polymerase s, DNA ligase I, RP-A and PARP were not co-precipitated by the DNA 

polymerase 8 antibody (Figure 3B, lanes 12, 15, 18 and 21) and probably do not directly contact 

DNA polymerase 8 in the breast cell DNA synthesome. 

As observed for the PCNA and DNA polymerase 8 immunoprecipitations, DNA 

polymerases a and 8, PCNA and RF-C polypeptides were also precipitated by DNA polymerase 

a antibody (SJK 132-20) (Figure 3C, lanes 1, 3, 7 and 9).   Additionally, DNA polymerase a 



antibody co-precipitated RP-A, or single-stranded DNA binding protein (Figure 3C, lane 18), 

and PARP (Figure 3C, lane 7), which catalyzes the poly(ADP-ribosyl)ation of proteins involved 

in such nuclear processes as DNA replication and DNA repair (27) . Direct evidence for a 

physical interaction between purified RP-A and DNA polymerase a-primase proteins has been 

reported by other laboratories (28). Furthermore, it has been shown that PARP and DNA 

polymerase a purify together in 400 and 700 kDa macromolecular complexes purified from calf 

thymus (29) as well as interact with each other in intact 3T3-L1 cells during the initial stages of 

their differentiation (30). 

Several lines of evidence indicate that PARP may participate in the regulation of the 

initiation stage of DNA synthesis. First, PARP modulates the activities of DNA polymerase a 

(31), topoisomerase I (32) and RP-A (27), proteins that participate in the initiation events of 

DNA synthesis, by catalyzing their poly(ADP-ribosyl)ation. Second, PARP can inhibit the 

elongation of Okazaki fragments catalyzed by DNA polymerase a during SV40 DNA replication 

in vitro (27). We have recently reported that the overall in vitro replication activity of the DNA 

synthesome is modulated by PARP per se and/or poly(ADP-ribosyl)ation (33) and are currently 

conducting experiments to determine precisely how PARP modulates the activity of the breast 

cell DNA synthesome. 

Neither DNA polymerase 8 nor DNA ligase I were co-precipitated by the DNA 

polymerase a antibody (Figure 3C, lanes 12, 15). These results suggest that these proteins do 

not directly associate with DNA polymerase a in breast cell DNA synthesome. Most 

importantly, the protein associations detected by the immunoprecipitations with the PCNA, DNA 

polymerases 5 and a antibodies were specific for these antibodies. None of the components of 

the breast cell DNA synthesome were precipitated by a monoclonal antibody directed against the 



platelet-derived growth factor (PDGF) receptor (Figure 3D, lanes 1, 5, 9, 13, 17, 20, 23, 27) or 

pre-immune mouse IgG (Figures 3C, lanes 3, 7, 11, 15, 19, 22, 25, 29). 

DNA Polymerase a, DNA Primase and in vitro DNA Replication Activities of PCNA and 

DNA Polymerase oc-Depleted Q-Sepharose Peak Fractions. 

Finally, we also assayed PCNA and DNA polymerase a depleted Q-Sepharose peak 

fractions from MDA MB-468 breast cancer cells for DNA polymerase a, DNA primase and 

SV40 in vitro DNA replication activities. As shown in Figure 4 (lanes 2, 3, 5, 6, 8, 9), these 

fractions contained significantly reduced levels of DNA polymerase a, DNA primase and in vitro 

replication activities compared to control fractions. These data provide additional strong 

evidence for a physical association between PCNA and DNA polymerases a and 8 within the 

breast cell DNA synthesome. Furthermore, these results indicate that DNA primase, the tightly 

associated subunit of DNA polymerase a, also associates with DNA polymerase 5 and PCNA in 

the DNA synthesome. As a negative control, the Q-Sepharose peak was treated with mouse pre- 

immune IgG, which did not affect the ability of the breast cell DNA synthesome to support the 

respective enzymatic and in vitro replication activities (Figure 4, lanes 1, 4, 7). 



DISCUSSION 

In conclusion, we have demonstrated that DNA polymerases a and 8, DNA primase, 

PCNA and RF-C tightly associate with each other in the breast cell DNA synthesome (as 

suggested in our previously proposed model of the complex (12)), as each of these proteins co- 

precipitates with antibodies directed against polymerases a, 8 and PCNA. Similar results have 

previously been reported for a DNA polymerization-competent, but not replication-competent, 

multiprotein complex purified from calf thymus (25) and in reconstituted in vitro replication 

systems (26,34). Importantly, ours is the first report ever to describe the direct physical 

association of DNA replication proteins within an intact replication-competent multiprotein 

complex isolated from human cancer cells and tumor tissue. 

We have previously proposed that DNA polymerases a, 8, s, DNA primase and RF-C 

constitute the core of the breast cell DNA synthesome as these polypeptides co-purify with only 

those fractions enriched for the DNA synthesome during the purification process (12). Based on 

the similar fractionation profiles for DNA ligase I and PARP, we now include these protein 

members of the core component of the breast cell DNA synthesome. Furthermore, PCNA may 

also represent a core component of the breast cancer cell synthesome as it was found to tightly 

associate with DNA polymerases a, 8, 6, DNA primase and RF-C. The presence of PCNA in 

those fractions not enriched for the DNA synthesome (9-12) may be interpreted to suggest that 

more than one pool of PCNA exists within the cell. In support of this claim, it has previously 

been reported for HeLa cells that only about 35% of the total cellular PCNA associates with 

replication foci during the peak of the S-phase (35). 



We have constructed a new model for the organization of the proteins within the breast 

cell DNA synthesome based on the data presented in this report (Figure 5). Overall, our data 

suggest that the breast cell DNA synthesome represents an asymmetric multiprotein complex for 

DNA replication. According to one model for DNA replication in vitro, polymerase cc-primase 

synthesizes RNA primers required for the initiation of leading strand and Okazaki fragment 

synthesis: whereas, DNA polymerase 8 conducts leading and lagging strand DNA synthesis 

during the elongation phase of DNA replication (34). It is postulated that RF-C facilitates 

coordinated leading and lagging strand synthesis by serving as a molecular hinge between DNA 

polymerases a and Ö. Our data support this hypothesis as we have provided direct evidence for a 

close association between DNA polymerases a, 8 and RF-C within the breast cell DNA 

synthesome (Figure 5). Additionally, PCNA may participate in the coordination of leading and 

lagging strand synthesis by the DNA synthesome, as it was found to tightly associate with DNA 

polymerases a, 8 and RF-C (Figure 5). Such a role for PCNA in DNA replication is supported 

by studies demonstrating that only early replicative lagging strand products are synthesized in 

vitro in the absence of the protein (36). Furthermore, as DNA polymerase e represents a core 

component of the breast cell DNA synthesome and closely associates with PCNA in the 

complex, it may play a role in breast cancer cell DNA replication. Further work must be 

performed in order to determine the exact function of polymerase s within the breast cell DNA 

synthesome. However, it has been proposed that the protein may mediate the conversion of 

DNA primers into Okazaki pieces (37) or act as a molecular sensor of DNA damage in 

eukaryotic cells (38). 

We are currently conducting experiments to determine the protein members with which 

DNA ligase I as well as DNA topoisomerases I and II associate in the DNA synthesome. We 

believe that the complete characterization of the DNA synthesome will advance our 

understandings of the mechanisms and regulation of human breast cancer cell DNA replication. 

The observation that PARP modulates the in vitro replication activity of the DNA synthesome 

(33) and physically associates with DNA polymerase a in the complex (29), as demonstrated in 



this report, strongly suggests that PARP may serve to regulate replication initiation events 

mediated by the breast cell DNA synthesome. Determining the precise mechanisms by which 

PARP regulates the activity of the DNA synthesome may facilitate the development of new anti- 

breast cancer agents capable of specifically turning off the replication activity of the complex. 
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Figure Legends 

Figure 1. Identification of PARP (A) and DNA ligase I (B) as core components of the breast 

cell DNA synthesome. Fifty ug of the NE/S-3, P-4, S-4, Q-Sepharose peak (QS peak) and Q- 

Sepharose flow-through (FT) protein fractions was resolved by SDS-PAGE (100 volts), then 

transferred to nitrocellulose membrane filters (20 volts, 16 hours, 4°C). Polyclonal antibodies 

directed against PARP (A) or DNA ligase I (B) were used at 1:750 dilutions to probe the 

membranes for either the 116 or 110 kDa proteins, respectively. Subsequently, each membrane 

was incubated with the appropriate species-specific horseradish peroxidase conjugated secondary 

antibody at a dilution of 1:5000. Immunodetection of the DNA replication proteins was 

performed using a light-enhanced chemiluminescence system (Amersham). 

Figure 2. The breast cell DNA synthesome migrates as a discrete high molecular weight 

complex on native 4% polyacrylamide gels. Thirty jag of the Q-Sepharose peak (lane 1), the 

protein supernatant obtained after immunoprecipitation of PCNA polypeptide from 60 ul of the 

Q-Sepharose peak by PCNA antibody (mAb-10; 2.5 ug) (lane 3), and a positive control for this 

reaction containing 60 ul of the Q-Sepharose peak diluted to the appropriate level with PBS 

buffer (lane 2), were resolved by native polyacrylamide gel electrophoresis (90 volts, 4°C), then 

transferred to nitrocellulose membrane filters (15 volts, 16 hours, 4°C). A monoclonal directed 

against DNA polymerase a antibody (SJK 132-20) was used at a 1:400 dilution to probe the 

membrane for the high molecular weight band that represents the DNA synthesome. In order to 

demonstrate that PCNA antibody had completely precipitated PCNA polypeptide from the Q- 

Sepharose peak in these experiments, we subjected both the pellet (lane 5) and supernatant (lane 

6) fractions obtained in a parallel immunoprecipitation experiment to SDS-PAGE. After 

electrophoretic transfer of the resolved polypeptides to nitrocellulose membrane filters, PCNA 



antibody was used at a 1:500 dilution to probe the membrane for the 36 kDa protein. Lane 4 

shows PCNA contained in 50 ug of the Q-Sepharose peak (positive control). 

Figure 3. Co-immunoprecipitation of several of the protein components of the DNA 

synthesome by monoclonal antibodies directed against PCNA (mAb-10) (A), DNA 

polymerase 5 (mAb-11) (B) and DNA polymerase a (SJK 132-20) (C). Negative control co- 

immunoprecipitations (D) were performed using either a purified monoclonal antibody 

recognizing the PDGF receptor or pre-immune mouse IgG. For each panel, positive control 

lanes contained 50 |0,g of the Q-Sepharose peak probed with the respective antibodies. The target 

proteins are marked by a bullet and the antibody heavy and light chains (IgG) are marked by 

arrows. IP represents an abbreviation for immunoprecipitation. 

Figure 4. DNA polymerase a, DNA primase and in vitro SV40 DNA replication activities of 

the Q-Sepharose peak fraction treated with monoclonal PCNA (mAb-10) and DNA 

polymerase a (SJK 132-20) antibodies. The Q-Sepharose peak fraction was incubated with 

PCNA antibody conjugated to protein A agarose beads (lanes 2, 5 and 8), DNA polymerase a 

antibody (purified ascites) (lanes 3, 6 and 9) or pre-immune mouse IgG (lanes 1, 4 and 7). After 

the antigen-antibody-protein A/G agarose complexes were pelleted by low-speed centrifugation, 

the protein supernatants were collected and assayed immediately for DNA polymerase a, DNA 

primase and in vitro DNA replication activities. Diagonally striped bars represent DNA 

polymerase a activity. Checked bars represent DNA primase activity, while vertical striped bars 

represent in vitro DNA replication activity. Each value for percent control activity (cpm) is an 

average of 2-5 separate experiments.   Lines represent deviations from the average.   Lane 10 



represents the in vitro DNA replication activity contained in both PCNA and polymerase a 

depleted Q-Sepharose peak fractions. The typical control values for DNA polymerase a, DNA 

primase and in vitro DNA replication activities are 5,253 cpm, 8,083 cpm and 103,336 cpm, 

respectively. 

Figure 5. A model for the human breast cell DNA synthesome. 
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ABSTRACT 

We have previously described the isolation and characterization of an intact multiprotein 

complex for DNA replication, designated the DNA synthesome, from human breast cancer 

(MDA MB-468) cells and biopsied human breast tumor tissue. We have shown that the proteins 

and enzymes constituting the breast cell DNA synthesome include: DNA polymerase a, 

proliferating cell nuclear antigen (PCNA), DNA polymerase 8, DNA primase, replication factor 

C (RF-C), replication protein A (RP-A), DNA ligase I, DNA polymerase e and DNA 

topoisomerases I and II. In the presence of the viral large T-antigen, the breast cell DNA 

synthesome is fully capable of supporting the replication of simian virus 40 (SV40) origin- 

containing DNA in vitro. Moreover, as shown in this report, the daughter DNA molecules 

produced by the breast cell DNA synthesome consist of monomeric, closed circular form I 

DNA's as well as topological and replicative intermediates that are resistant to digestion by 

Dpnl; which is consistent with the criteria for semi-conservative replication. As the DNA 

synthesome represents the intact breast cell's DNA replication machinery, it may serve as a novel 

model for examining the mechanisms of action of anti-breast cancer agents that target the DNA 

synthetic process. In this report, we present for the first time data that indicate the breast cell 

DNA synthesome serves as a powerful model for studying the actions of irenotecan (CPT-11) 

and etoposide (VP-16)~two anti-cancer agents that trap nuclear topoisomerases I and II, 

respectively, in ternary cleavable complexes. We found a close correlation between the IC50 

values for the inhibition of intact cell and DNA synthesome-mediated in vitro DNA replication 

by CPT-11 (SN-38) (2.0 uM and 0.2 uM, respectively) and VP-16 (2 uM and 0.5 uM, 

respectively). Additionally, we found that similar concentrations of SN-38 and VP-16, 0.5 uM 

each, inhibited topoisomerase I and II enzymatic activities by 50% as well as produced 

significant levels of cleavable complexes. Consistent with these findings, alkaline agarose gel 

electrophoretic analysis of the DNA products synthesized in vitro indicate that SN-38 and VP-16 

(0.2 uM and 0.5 uM, respectively) inhibit the elongation of nascent DNA molecules by the DNA 

synthesome; the latter result suggesting that topoisomerase II functions during DNA chain 



elongation. Ultimately, utilization of the breast cell DNA synthesome as a model for studying 

the mechanisms of action of CPT-11 and VP-16 may provide insight into the lethal events that 

occur beyond drug-stabilized cleavable complex formation as well as aid the development of 

improved analogues of these agents. 



INTRODUCTION 

Eukaryotic DNA topoisomerases I and II are nuclear enzymes which play critical roles in 

DNA replication and chromosomal segregation by catalyzing the topological isomerization of 

DNA via breakage-reunion reactions [1]. Topoisomerase I, a 100 kDa monomeric protein, 

relaxes both positively and negatively supercoiled DNA in an energy-independent reaction by 

introducing a transient single-strand nick into the DNA phosphodiester backbone [2]. This 

action enables the enzyme to facilitate origin unwinding during the initiation stage of DNA 

synthesis [3] and relax positive DNA supercoils as they accumulate ahead of the replication fork 

during DNA chain elongation [4, 5]. Different from topoisomerase I, topoisomerase II, a 180 

kDa homodimeric polypeptide, which introduces transient double-strand breaks into the DNA 

phosphodiester backbone in an ATP-dependent reaction [6]. This action also facilitates the 

relaxation of positively supercoiled DNA during chain elongation and permits the passage of a 

DNA duplex, necessary for the segregation of newly synthesized daughter DNA molecules [4, 

5]. 

In addition to playing critical roles in DNA replication and several other DNA metabolic 

processes, topoisomerases I and II serve as the primary targets of a number of clinically relevant 

antineoplastic agents [7, 8]. Two such agents that have demonstrated efficacy against breast 

cancer in clinical trials and are utilized in multi-drug chemotherapy regimens against the disease 

are irenotecan (CPT-11) and etoposide (VP-16), respectively. CPT-11 and VP-16 trap 

topoisomerases I and II, respectively, in ternary (drug-enzyme-DNA) cleavable complexes, in 

which the enzymes remain covalently bound to DNA [7-9]. In this state, neither topoisomerase I 

nor II can perform its DNA nicking-resealing function. It has been demonstrated that the 

accumulation of drug-stabilized cleavable complexes correlates with irreparable DNA damage 

and cytotoxicity [10, 11]. However, the precise mechanisms by which cleavable complex 

formation culminates in cell death are currently unknown. 



Numerous reports have demonstrated that simian virus 40 (SV40) DNA replication in 

vitro represents a potential model for studying the mechanisms of action of anticancer agents that 

target mammalian cell DNA synthesis [12, 13]. We have previously described the isolation and 

characterization of an intact multiprotein complex for DNA synthesis, designated the DNA 

synthesome, from human cervical (HeLa) and murine mammary (FM3A) carcinoma cells [14- 

17] and most recently from human breast cancer (MDA MB-468) cells as well as from biopsied 

human breast tumor tissue [18]. In the presence of the viral large T-antigen and SV40 origin 

sequences, the human cell DNA synthesome fully supports semi-conservative SV40 DNA 

replication in vitro. The replication activity of the DNA synthesome is also completely 

dependent on Mg2+, ribonucleoside triphosphates, deoxyribonucleoside triphosphates and a 

renewable source of ATP provided by phosphocreatine kinase and phosphocreatine [19]. These 

requirements for DNA synthesome mediated in vitro DNA replication are comparable to those 

observed for cells permissive for SV40 infection [20], strongly suggesting that the DNA 

synthesome represents the intact cell's DNA replication machinery. We have demonstrated that 

the integrity of the human cell DNA synthesome is maintained after its treatment with salt, 

detergent, RNase, DNase, anion-exchange chromatography, sucrose or glycerol gradient 

sedimentation and electrophoresis through native polyacrylamide gels [17,18,21]. These results 

suggest that the association of the proteins with one another is independent of non-specific 

interactions with other cellular macromolecules. Furthermore, we have shown that the following 

proteins and enzymes constitute the human cell DNA synthesome: DNA polymerase a-primase, 

DNA polymerase 8, proliferating cell nuclear antigen (PCNA), replication factor C (RF-C), 

replication protein A (RP-A), DNA helicases II and IV, DNA ligase I and fully functional DNA 

topoisomerases I and II. 

In this report, we describe experiments that establish that the DNA synthesome, isolated 

from MDA MB-468 human breast cancer cells, serves as a novel model for examining the 

mechanisms of action of CPT-11 and VP-16.   Ultimately, an improved understanding of the 



modes of action of CPT-11 and VP-16 may aid the development of improved analogues of these 

agents for breast cancer treatment. 



MATERIALS AND METHODS 

Materials. CPT and VP-16 were purchased from Sigma Chemical Co. (St. Louis, MO). CPT- 

11 was kindly supplied by Dr. John Wilkes of Pharmacia/Up John (Kalamazoo, MI). All drugs 

were dissolved in dimethyl sulfoxide at stock concentrations of 5.0 mM and stored at -20°C. 

Purified DNA topoisomerases I (2 units/ul) and II (2 units/ul) were purchased from 

TopoGen, Inc. (Columbus, Ohio). One unit of topoisomerase I relaxes 250 ng supercoiled DNA 

in 30 minutes at 37°C; while, one unit of topoisomerase II decatenates 200 ng Crithidia 

fasciculata K DNA networks in 30 minutes at 37°C. 

cc[32P]dCTP and cc[32P]dATP (3000 Ci/mmol; 370 MBq/ml; 10 mCi/ml) as well as [3H]- 

thymidine (90 Ci/mmol; 37 MBq/ml; 2.5 mCi/ml) were obtained from DuPont New England 

Nuclear (Boston, MA). 

Methods 

Cell Culture. Suspension cultures of MDA MB-468 human breast carcinoma cells were adapted 

from monolayer cultures. The cells were grown in Joklik's modified Eagle's medium 

supplemented with 5% each of irradiated new-born calf serum and fetal bovine serum. 

Exponentially growing cells (5xl05 cells/ml of medium) were harvested and washed three times 

with phosphate buffered saline (PBS): 20 mM Na^HPO,,, 0.15 mM NaCl, 2.7 mM KC1, 1.5 mM 

KH2P04. The cells were then pelleted by low-speed centrifugation (1000 rpm, 5 minutes, 4°C), 

and the cell pellets stored at -80°C until fractionation. 

Isolation and purification of the DNA synthesome from MDA MB-468 breast cancer cells. 

MDA MB-468 breast cancer cells (15 g) were homogenized and the breast cell DNA synthesome 

was purified as described in our previously published procedures [18]. The protein fraction 

designated the Q-Sepharose peak (0.9 ^g/ul), which contains the replication-competent DNA 

synthesome, was used in the experiments described in this report. 



Measurement of intact MDA MB-468 cell DNA synthesis. Exponentially growing 

MDA MB-468 breast cancer cells (5x104 per dish) were incubated at 37°C with increasing 

concentrations of CPT-11, CPT or VP-16 in the presence of [3H]-thymidine. After a one hour 

incubation, cells were lysed and the amount of radiolabel incorporated into DNA was determined 

by the isolation and counting of acid-insoluble material [22]. 

In vitro SV40 DNA replication assay. Assay reaction mixtures (12.5 ul) contained 80 mM 

Tris-HCl, pH 7.5; 7 mM MgCl2; 1 mM DTT; 5-10 ug of the Q-Sepharose peak; 0.5-1.0 ug of 

purified SV40 large T-antigen; 25 ng of plasmid pSVO+ containing an insert of SV40 

replication-origin DNA sequences [23]; 100 uM each dTTP, dATP, dGTP; 200 uM each rCTP, 

rGTP, rUTP; 4mM ATP; 50 uM a[32P]-dCTP; 40 mM creatine phosphate; lug creatine 

phosphokinase. The standard reaction, conducted in the absence or presence of increasing 

concentrations of SN-38, CPT or VP-16, was incubated for 2 hr at 37°C. Replication assay 

products were processed using DE81 filter binding to determine the amount of radiolabel 

incorporated into acid insoluble material [22].One unit of SV40 replication activity is equivalent 

to the incorporation of 1 pmol of dNMP into newly synthesized DNA per lh under the standard 

assay conditions. For neutral and alkaline agarose gel electrophoretic analyses, DNA replication 

assays (25 ul) were performed for 1 hour; the DNA products were processed as described in a 

later section of these Materials and Methods. 

DNA topoisomerase I assay. DNA synthesome-associated topoisomerase I activity was 

measured by incubating 150 ng of supercoiled pSVO+ DNA with 8 ug of the Q-Sepharose peak 

in a buffer containing: 10 mM Tris-HCl (pH 7.9); 1 mM EDTA; 0.15 M NaCl; 0.1% BSA; 0.1 



mM spermidine and 5% glycerol. In order to examine the effects of SN-38 and CPT on DNA 

synthesome-associated topoisomerase I activity, reactions were also performed in the presence of 

increasing concentrations of these agents. Reactions were incubated for 15 minutes at 37°C. 

Each reaction (20 ul) was stopped by adding 2 ul of 10% SDS and the DNA products resolved 

on a 1.0 % agarose gel containing TAE buffer (40 mM Tris acetate, 2 mM EDTA). After 

ethidium bromide (1 ug/ml) staining of the gels [22], topoisomers were visualized with an 

ultraviolet light source. 

DNA topoisomerase II assay. DNA synthesome-associated topoisomerase II activity was 

measured by incubating 260 ng of Crithidia fasciculata K DNA networks with 8 ug of the Q- 

Sepharose peak in a buffer containing: 50 mM Tris-HCl (pH 8.0); 120 mM KC1; 10 mM MgCl2; 

0.5 mM ATP; 0.5 mM DTT; 30 ug/ml BSA. In order to examine the effects of VP-16 on DNA 

synthesome-associated topoisomerase II activity, reactions were also performed in the presence 

of increasing concentrations of the agent. Reactions were incubated for 30 minutes at 37°C. 

Each reaction (20 ul) was stopped by adding EDTA to a final concentration of 25 mM; protein 

was then digested with 50 ng/ul of proteinase K for an additional 15 minutes at 37°C. After the 

addition of gel loading buffer and extraction with chloroform/isoamyl alcohol, the DNA products 

were resolved at 80 volts on a 1% agarose gel containing TBE buffer (50 mM Tris-borate; 1 mM 

EDTA) and ethidium bromide (0.5 ug/ml). DNA was visualized with an ultraviolet light source. 

Quantitation of the amount of topoisomerases I and II present in the Q-Sepharose peak. 

One unit of DNA topoisomerase I activity is sufficient to fully convert 250 ng of supercoiled, 

form I DNA into open-circle, form II DNA in 30 minutes at 37°C. The minimal amount of DNA 

synthesome-associated topoisomerase I necessary to fully convert 250 ng of supercoiled, form I 

DNA to open-circular, form II DNA was determined by performing topoisomerase I assays with 



dilutions of the Q-Sepharose peak. Using this approach, we estimated that 8 ul (8 ug) of the Q- 

Sepharose peak contains one unit of DNA topoisomerase I activity. The amount of DNA 

topoisomerase II present in the Q-Sepharose peak was determined by the method described 

above, where one unit of topoisomerase II activity is sufficient to decatenate 200 ng of K DNA 

networks in 30 minutes at 37°C. We estimated that 8 ul of the Q-Sepharose peak contains one 

unit of DNA topoisomerase II activity. 

3» end-labeling of pSVO+ plasmid DNA. 10 ug pSVO+ plasmid DNA was incubated with 20 

units EcoRI restriction endonuclease (New England BioLabs, Boston, MA) in IX EcoRI buffer 

overnight at 37°C. The cut DNA (10 ug) was incubated with 5 units of Klenow fragment 

(Stratagene, LaJolla, CA) in the presence of 5 mM each dATP and TTP and 80 uCi a[32P]dATP 

for 1 hour at 37°C. Reactions were stopped by adding EDTA to a final concentration of 25 mM; 

the reactions were then diluted to 70 ul with STE buffer containing: 0.1 M NaCl; Tris-HCI (pH 

8.0); and 1 mM EDTA. Unincorporated deoxynucleoside triphosphates were removed by 

chromatography through a P60 gel filtration column [22]. 

SDS precipitation of DNA synthesome-associated topoisomerase I and II cleavable 

complexes. Cleavage of DNA by topoisomerases I and II was performed as follows. Briefly, 10 

ug of the Q-Sepharose peak was incubated with 220 ng of 3' end-labeled pSVO+ DNA and 

increasing concentrations of either SN-38, CPT or VP-16 in topoisomerase I or II reaction buffer. 

Incubations were performed for 30 minutes at 37°C. Reactions (30 ul) were stopped by the 

addition of 0.1 volume of 10% SDS and 250 ul of buffer Al (TopoGen Inc.) containing: 10 mM 

Tris-HCI (pH 7.5); 20 ug/ml BSA; 20 ug/ml calf thymus DNA and 1% SDS. Double-stranded 

topoisomerase-DNA cleavable complexes were precipitated by KC1 (added to a final 

concentration of 0.2 M) followed by incubation on ice for 15 minutes.    The precipitated 



topoisomerase-DNA cleavable complexes were isolated by filtration onto glass fiber filters, and 

processed according to the manufacturer's guidelines (TopoGen Inc.). 

Neutral and alkaline gel electrophoretic analyses of the DNA products synthesized by the 

DNA synthesome. For both neutral and alkaline agarose gel electrophoretic analyses of the 

DNA products, the DNA replication reactions (25 jo.1) were terminated by the addition of EDTA 

to 25 mM, SDS to 1% and 50 ug yeast tRNA as a carrier. Next, the protein contained in the DNA 

replication reactions was digested with 50 ng/ul proteinase K for 1 hour at 37°C. The DNA 

products were then extracted with an equal volume of phenol/chloroform/isoamyl alcohol 

(24:25:1), followed by chloroform/isoamyl alcohol (24:1). The DNA products were precipitated 

by 2.0 M ammonium acetate and 100% ethanol, then washed three times with 70% ethanol. For 

neutral agarose gel electrophoresis, the DNA pellets were resuspended in 20 ul TE buffer: 10 

mM Tris (pH 7.4) and 0.1 mM EDTA (pH 8.0). After the addition of gel loading buffer, the 

DNA products were resolved overnight at 30 volts on a 1.2% agarose gel containing TBE buffer. 

For analysis of the denatured DNA products, DNA pellets were resuspended in 15 ul of a buffer 

containing 50 mN NaOH and 1 mM EDTA. After the addition of alkaline gel loading buffer, the 

DNA was resolved overnight at 30 volts on a 1% alkaline agarose gel containing 50 mN NaOH 

and 1 mM EDTA. Following electrophoresis, the resolved DNA products were fixed with 7% 

trichloroacetic acid. Both the neutral and alkaline agarose gels were dried and subjected to 

autoradiography in order to visualize the replication products. 



RESULTS 

Inhibition of intact cell and DNA-synthesome mediated in vitro DNA replication by CPT-11 

(SN-38) and VP-16 

In order to demonstrate that CPT-11, as well as its parent compound camptothecin (CPT), 

and VP-16 are potent inhibitors of cellular DNA replication, we measured the level of DNA 

synthesis in intact MDA MB-468 breast cancer cells exposed to increasing concentrations of these 

agents. Briefly, exponentially growing MDA MB-468 breast cancer cells were exposed for one 

hour to logarithmically increasing concentrations of either CPT-11, CPT or VP-16 in the presence 

of [3H]-thymidine. Afterward, cellular DNA replication activity was determined by quantitating 

the amount of [3H]-TMP incorporated into acid-insoluble material (Materials and Methods). As 

shown in Figure 1, the exposure of breast cancer cells to increasing concentrations of either CPT- 

11, CPT or VP-16 resulted in a dose-dependent decrease in [3H]-TMP incorporation into cellular 

DNA. DNA replication activity was inhibited approximately 50% by 2.0 uJVI CPT-11 and 0.05 

uM CPT. These results are consistent with previously published results regarding the effects of 

CPT-11 and CPT on intact mouse leukemia (P388) cell DNA synthesis [24]. Also, we found that 

approximately 2 uJvI VP-16 inhibited intact MDA MB-468 cell DNA synthesis by 50% (Figure 1); 

which is consistent with findings reported by Tadou et al. regarding the inhibitory effects of VP- 

16 on intact mouse splenocyte DNA replication [25], The presence of low levels of DNA 

synthesis at higher concentrations of CPT-11, CPT and VP-16 suggests that both topoisomerases 

I and II may substitute for the functions normally provided by the other [5, 25]. 

To determine whether SN-38, the active metabolite of CPT-11, and VP-16 inhibit DNA 

synthesome-mediated in vitro DNA synthesis, we performed in vitro DNA replication assays 

(Materials and Methods) in the presence of increasing concentrations of these agents. 

Additionally, as a positive control, we performed in vitro DNA replication assays in the presence 

of increasing concentrations of CPT, as we have previously demonstrated that this agent strongly 

inhibits DNA synthesis mediated by the HeLa cell synthesome [Coll et al., 1996]. We found that 

0.2 uM SN-38 and 0.5 uM CPT inhibited the incorporation of [32P]-dCMP into newly synthesized 



DNA by 50% (Table 1). In addition, we found that approximately 0.5 uM VP-16 inhibited in 

vitro DNA synthesis by 50% (Table 1). These IC5o values for in vitro DNA replication mediated 

by the DNA synthesome correlate closely with those concentrations of CPT-11 (SN-38), CPT and 

VP-16 inhibiting MDA MB-468 intact cell DNA synthesis by 50%. Overall, these results are 

consistent with the hypothesis that the DNA synthesome represents the intact breast cell's DNA 

replication machinery. 

Effects of SN-38 and VP-16 on DNA synthesome-associated topoisomerase I and II activities 

We performed topoisomerase I assays to demonstrate that the topoisomerase I activity 

present in the DNA synthesome is fully able to produce the hallmark ladder of DNA intermediates 

while converting a form I supercoiled plasmid DNA to a relaxed, open-circular form II DNA. As 

shown in Figure 2 (lanes 7 and 8), the pattern of topoisomers produced by the DNA synthesome- 

associated topoisomerase I is indistinguishable from that generated by the purified enzyme. 

Furthermore, we estimated that the level of topoisomerase I present in the Q-Sepharose peak is 

approximately 1 unit/8 ug of synthesome protein (Materials and Methods). 

In order to examine the effects of SN-38, as well as CPT, on DNA synthesome-associated 

topoisomerase I activity, we performed topoisomerase I assays in the presence of increasing 

concentrations of these agents (Materials and Methods). In these assays, the inhibition of 

topoisomerase I activity by SN-38 and CPT results in the accumulation of form I DNA. We 

observed an extensive level of inhibition of the DNA synthesome-associated topoisomerase I 

activity by SN-38 and CPT each (Figure 2A lanes 1-5 and Figure 2B, lanes 1-4; as little as 0.5 

uM of either agent caused a significant retention of form I DNA. From these experiments, we 

determined that 0.5 uM SN-38 and CPT inhibited DNA synthesome-associated topoisomerase I 

activity approximately 50% (Materials and Methods).  These concentrations of SN-38 and CPT 



are comparable to those which inhibit both in vitro and intact cell DNA synthesis by 50%; 

supporting the premise that the inhibition of DNA synthesis by SN-38 and CPT results from the 

inhibition of topoisomerase I activity by these agents. 

We also performed topoisomerase II assays to demonstrate that the DNA synthesome 

contains a fully functional topoisomerase II. Similar to the purified topoisomerase II enzyme, the 

DNA synthesome-associated topoisomerase II is fully able to decatenate kinetoplast DNA to 

generate monomeric, open-circular DNAs in an ATP-dependent reaction (Figure 3, lane 3). 

Furthermore, the DNA synthesome contained in the Q-Sepharose peak is devoid of nuclease 

contamination as it did not support the relaxation of kinetoplast DNA to the linear DNA 

fragments (Figure 3, lane 3). We estimated that the level of topoisomerase II present in the Q- 

Sepharose peak is approximately 1 unit/8 ug of synthesome protein (Materials and Methods). 

We next examined the effects of increasing concentrations of VP-16 on DNA synthesome- 

associated topoisomerase II activity. At 0.5 uM VP-16, the DNA synthesome-associated 

topoisomerase II was inhibited approximately 50% from supporting the decatenation of 

kinetoplast DNA networks to open-circular, monomeric DNA (Figure 3, lane 4; Materials and 

Methods). This concentration of VP-16 is similar to those which inhibit intact cell and in vitro 

DNA replication by 50%; supporting the premise that the inhibition of DNA synthesis by VP-16 

results from the inhibition of topoisomerase II activity by the drug. 

DNA Topoisomerase I and II Cleavable Complex Stabilization by SN-38 and VP-16 

SN-38 interferes with the DNA breakage-reunion activity of topoisomerase I by trapping 

the enzyme in a reversible ternary (drug-enzyme-DNA) cleavable complex [24, 27]. In this state, 

topoisomerase I remains covalently attached to the 3' ends of nicked substrate DNA unable to 

catalyze the religation of DNA single-strand breaks [28]. It has been shown that cleavable 

complexes can be selectively precipitated by a strong protein denaturant [27, 29].   Therefore, 



utilizing 3' end-labeled substrate DNA, the relative amount of topoisomerase I-DNA cleavable 

complexes stabilized by SN-38 can be quantified by determining the amount of radiolabeled 

DNA precipitated by SDS. We performed SDS-precipitation assays using the Q-Sepharose peak 

fraction to determine the relative amount of DNA synthesome associated-topoisomerase I 

cleavable complexes stabilized by SN-38. We found that the level of cleavable complexes 

formed by SN-38 reached a plateau at 5 uM (Figure 4); suggesting saturation. Similar results 

were also obtained with CPT (Figure 4). The production of significant levels of cleavable 

complexes at low concentrations of SN-38 and CPT (0.05 uM and 0.5 uM) is consistent with our 

results demonstrating that 0.2 uM SN-38 and 0.5 uM CPT strongly inhibit in vitro DNA 

synthesis. 

Similar to SN-38 and CPT, VP-16 interferes with the breakage-reunion reaction of its 

target enzyme by trapping topoisomerase II in a reversible ternary cleavable complex [7]. In this 

state, topoisomerase II remains covalently attached to the 51 ends of broken DNA strands, unable 

to catalyze the religation of DNA double-strand breaks. Using 31 end-labeled substrate DNA, we 

determined the relative amount of DNA synthesome-associated topoisomerase II cleavable 

complexes stabilized by VP-16. We observed that the relative number of cleavable complexes 

formed by VP-16 peaked at 0.5 uM (Figure 4). The production of significant levels of cleavable 

complexes at low concentrations of VP-16 (0.05 uM and 0.5 uM) is consistent with our data 

demonstrating that just 0.5 uM VP-16 strongly inhibits in vitro DNA synthesis (Figure 4). 

Neutral and Alkaline Agarose Gel Electrophoretic Analyses of the DNA Products Synthesized 

by the DNA Synthesome in the Presence of SN-38 and VP-16 

In order to more closely examine the effects of SN-38, as well as CPT, and VP-16 on 

DNA synthesome-mediated in vitro DNA replication, we subjected the DNA products 

synthesized by the complex in the presence of these agents to alkaline agarose gel 

electrophoresis.   The DNA products synthesized by the DNA synthesome in positive control 



reactions ranged in size from less than 100 nucleotides to two full-length products (ssl and ccc) 

(Figure 5, lanes 4 and 5). Moreover, resolution of these daughter DNA molecules on neutral 

agarose gels demonstrates that the majority of these products consist of monomeric form I DNAs 

as well as topological and replicative intermediates that are resistant to digestion by Dpnl (Figure 

5, lanes I and 2); which is consistent with the criteria for semi-conservative DNA replication in 

vitro. Additionally, DNA synthesome-mediated in vitro replication is large T-antigen dependent, 

as no DNA products were formed in the absence of the viral protein (Figure 5, lane 3). In the 

presence of 0.2 uM SN-38 or 0.5 uM CPT or VP-16, the majority of the DNA molecules 

produced by the DNA synthesome ranged in size from 100-500 nucleotides only, suggesting that 

these agents strongly inhibited the elongation of nascent DNAs by the complex (Figure 5, lanes 

6-8). 



DISCUSSION 

Numerous studies have demonstrated that SV40 DNA replication in vitro, as mediated by 

crude cellular extracts or reconstituted with purified proteins, represents a potential model for 

studying the actions of anticancer agents that target mammalian DNA synthesis [12, 13, 30, 31]. 

The advantages to the employment of this system include that it can mediate various aspects of 

the DNA replication process and is dependent upon only one viral protein, the large T-antigen, 

for DNA synthesis. However, when assessing the mechanism of action of an anticancer agent, 

the use of crude cellular extracts or individually purified DNA replication proteins to mediate 

SV40 DNA synthesis in vitro poses several drawbacks. First, the use of crude extracts does not 

permit the study of the interaction of an agent with the DNA replication machinery exclusively. 

As such, discrepancies in the concentrations of an anticancer agent required to inhibit in vitro 

versus intact cell DNA synthesis have been reported [32]. Second, not all of the proteins and 

enzymes involved in mammalian DNA synthesis have been identified; so, a DNA replication 

system reconstituted with purified polypeptides may lack the target-protein of an anticancer 

agent [13]. Therefore, the employment of an in vitro model that represents the intact cell's DNA 

replication machinery would greatly facilitate the process of evaluating the mechanisms of action 

of agents that target mammalian DNA synthesis. 

In this report, we have presented for the first time data that indicate that the breast cell 

DNA synthesome represents a novel model for studying the actions of CPT-11 and VP-16. We 

found a close correlation between the IC50 values for the inhibition of intact cell and DNA 

synthesome-mediated in vitro DNA replication by CPT-11, or SN-38, (2.0 and 0.2 uM, 

respectively) and VP-16 (2.0 and 0.5 uM, respectively) (Figure 1 and Table 1); evidence that the 



DNA synthesome represents the intact cell's DNA replication machinery. Additionally, we 

found that similar concentrations of SN-38 and VP-16,0.5 uM each, inhibited DNA synthesome- 

associated topoisomerase I and II activities, respectively, by 50% (Figures 2, lane 5; Figure 3, 

lane 10). These results support the premise that SN-38 and VP-16 impair nucleic acid synthesis 

by selectively targeting topoisomerases I and II. 

Both SN-38 and VP-16 inhibit the activities of topoisomerases I and II, respectively, by 

stabilizing covalent enzyme-cleaved DNA complexes that are normal intermediates in the 

catalytic cycles of the enzymes [28, 33]. In accord with their modes of action, we found that the 

same concentrations of SN-38 and VP-16 that inhibited DNA synthesome-associated 

topoisomerase I and II activities by 50% (0.5 uM each), also produced significant levels of 

cleavable complexes (Figure 4). It has been postulated that the interaction of drug-stabilized 

topoisomerase I and II DNA-cleavable complexes with advancing replication forks leads to 

replication fork arrest and irreversible double-strand DNA breaks [4, 7, 34]. Consistent with the 

theory that drug-stabilized topoisomerase I and II cleavable complexes represent blocks to fork 

progression, we have demonstrated that SN-38, CPT and VP-16 strongly inhibit the elongation of 

nascent DNA molecules by the DNA synthesome (Figure 5, lanes 6-8). Our results are 

consistent with previously published results indicating that the exposure of intact diploid human 

fibroblasts to CPT and m-amsacrine, a topoisomerase II inhibitor with a mechanism of action 

similar to that of VP-16, inhibits DNA chain elongation in operating replicons [35]. 

It is widely accepted that both topoisomerases I and II can function as swivelases during 

the elongation stage of DNA synthesis [5]. However, several reports have provided evidence that 

topoisomerase I normally functions as the major swivelase during the elongation stage of DNA 



replication [36], while topoisomerase II acts only to segregate daughter DNA molecules during 

the late stages of DNA synthesis [37, 38]. Our observation that VP-16 caused an accumulation 

of short DNA products (100-500 nucleotides) during synthesome-mediated in vitro DNA 

replication indicates that topoisomerase II may normally function in the early, as well as the late, 

stages of DNA synthesis. Our results are in agreement with studies performed by Avemann et al. 

[34] demonstrating that the exposure of SV40 infected CV-1 cells to VM-26, a topoisomerase II 

inhibitor with a mechanism of action similar to that of VP-16, induces strand breaks in SV40 

DNA at replication forks. A role for topoisomerase II in the early stages of DNA replication is 

further supported by studies demonstrating that in proliferating cells, the functional enzyme is 

enriched at the sites of attachment of chromatin loops to the nuclear matrix [39]. At these sites, 

topoisomerase II may be involved in attaching DNA loops to the nuclear matrix as well as 

unwinding the DNA double helix to allow access of the replication machinery to DNA. 

In conclusion, in this report we have provided strong evidence that the breast cell 

DNA synthesome represents a novel model for examining the mechanisms of action of CPT-11 

and VP-16. Furthermore, we have presented data that strongly suggest that topoisomerase II, in 

addition to topoisomerase I, may function during DNA chain elongation. We anticipate that 

future studies with the breast cell DNA synthesome may help elucidate the cytotoxic events that 

occur downstream of CPT-11 and VP-16 stabilized cleavable complex formation. Ultimately, an 

improved understanding of the modes of action of CPT-11 and VP-16 may aid the development 

of improved analogues of these agents for breast cancer treatment. 



FIGURE LEGENDS 

Figure 1. Effects of CPT-11, CPT and VP-16 on intact MDA MB-468 cell DNA synthesis. 

MDA MB-468 breast cancer cells (5xl04) were seeded onto 60-mm cell culture plates and 

incubated overnight at 37°C. The cells were then exposed for one hour to increasing 

concentrations of either CPT-11 (), CPT () or VP-16 () (0.05, 0.5, 5, 50, 500 uM, which were 

dissolved in DMSO), in the presence of [3H]-thymidine (1 uCi/ml). As a negative control for 

these assays, cells were treated with DMSO alone. Following the incubation, cells were lysed 

and the level of DNA synthesis was determined by the isolation and counting of 3H incorporated 

into acid-insoluble material. Each point represents the average of three independent experiments. 

Bars represent the standard error of the mean. 

Figure 2. Inhibition of DNA synthesome-associated topoisomerase I activity by SN-38 and 

CPT. The Q-Sepharose peak (8 ug) was incubated with 150 ng of supercoiled pSVO+ DNA for 

30 minutes at 37°C in the presence of increasing concentrations of SN-38 or CPT (0.05, 0.5, 5, 

50, 500 uM, which were dissolved in DMSO). Reactions containing DMSO alone served as 

negative controls (Figure 2A, lane 6, Figure 2B, lane 5). The reactions (20 ul) were stopped by 

the addition of SDS to a final concentration of 1%; and the protein was digested with proteinase 

K (50 ng/ul) for fifteen minutes at 37°C. Afterward, the DNA topoisomers were resolved by 

electrophoresis (45 volts) through a 1% agarose gel containing TAE buffer (Materials and 

Methods). Following electrophoresis, the gel was stained with ethidium bromide (0.5 pg/ml) and 

the topoisomers visualized by illuminating the gels with an ultraviolet light source. Figure 2A, 

lane 6 shows the position of supercoiled pSVO+ DNA. Lane 7 shows the conversion of 

supercoiled, form I DNA into relaxed, open-circular form II DNA by the DNA synthesome 

contained in the Q-Sepharose peak. Figure 2A, lanes 1-5 and Figure 2B, lanes 1-4 show the 

inhibitory effects of SN-38 and CPT, respectively, on DNA synthesome-associated 

topoisomerase I activity. Figure 2A, lane 7 and Figure 2B, lane 6 show the relaxation of 

supercoiled pSVO+ DNA to open-circular, form II DNA by 2 units of purified topoisomerase I. 



Figure 3. Inhibition of DNA synthesome-associated topoisomerase II activity by VP-16. 

The Q-Sepharose peak (8 ug) was incubated with 260 ng of K DNA for 45 minutes at 37°C in 

the presence of increasing concentrations of VP-16 (0.05, 0.5, 5, 50, 500 uM, which were 

dissolved in DMSO). Reactions containing DMSO alone served as negative controls (lane 3). 

The reactions were stopped by the addition of 2 ul 0.5 M EDTA and SDS to a final concentration 

of 1%. After proteinase K digestion (50 ng/ul) and the addition of gel loading buffer to the 

samples, the DNA products were extracted once with chloroform/isoamyl alcohol. The DNA 

products were resolved at 100 volts on a 1% agarose gel containing TBE buffer (Materials and 

Methods) and ethidium bromide (0.5 ug/ml). Following electrophoresis, the DNA products were 

visualized by illuminating the gel with an ultraviolet light source. Lanes 1 and 2 show the 

positions of linear and decatenated marker DNA. Lane 3 shows the relaxation of K DNA to 

decatenated monomers by the DNA synthesome associated topoisomerase II. Lanes 4-8 show 

the concentration dependent inhibition of DNA synthesome-associated topoisomerase II activity 

by VP-16. Lane 9 shows that K DNA networks remain unresolved following their incubation 

with the Q-Sepharose peak in a buffer lacking ATP. Lane 10 shows the relaxation of K DNA to 

decatenated monomers by purified topoisomerase II. 

Figure 4. SDS-K+ precipitation of SN-38, CPT and VP-16 stabilized topoisomerase 

cleavable complexes. Reaction assays containing 10 ug of the Q-Sepharose peak, 220 ng of 3'- 

end labeled pSVO+ DNA and increasing concentrations of either SN-38 (), CPT () or VP-16 () 

(0.05-5 uM), dissolved in DMSO, were incubated for 30 minutes at 37°C. Reactions containing 

DMSO alone served as controls. The reactions (30 ul) were stopped by the addition of 3 ul 10% 

SDS and 250 ul of buffer Al (Materials and Methods). Following their precipitation by KC1, the 

topoisomerase-DNA covalent cleavable complexes were isolated by vacuum filtration onto glass 

fiber filters, and the filters were washed and counted in a liquid scintillation spectrophotometer. 



Each point represents the average of two independent experiments; bars represent the standard 

error of the mean. 

Figure 5. Neutral and alkaline agarose gel electrophoretic analyses of the DNA products 

synthesized by the DNA synthesome in the presence of SN-38, CPT and VP-16. In vitro 

DNA replication reactions (25 ul) containing the Q-Sepharose peak (15 ug), pSVO+ DNA (50 

ng), T-antigen and either DMSO (positive control), 0.2 uM SN-38, or 0.5 uM CPT or VP-16 

were incubated for 1 hr at 37°C. The newly synthesized daughter DNA molecules were isolated 

and resolved by neutral or alkaline agarose gel electrophoresis (Materials and Methods). A. For 

neutral agarose gel electrophoresis, the position of form I, supercoiled DNA is indicated (lane 1). 

Lane 2 shows that Z)p«I-resistant form I, II and III DNA as well as replicative and topological 

intermediates are produced by the DNA synthesome during in vitro replication reactions. Lane 3 

shows that the synthesis of daughter DNA molecules by the DNA synthesome is T-antigen 

dependent. B. For alkaline agarose gel electrophoresis, the positions of double-stranded, 

covalently-closed circular and full-length, single-stranded linear DNA are shown. Size markers 

for the alkaline gels were derived from a Hind III digest of lambda DNA (New England Biolabs) 

labeled with T4 DNA polymerase by standard methods [22]. Lane 1 shows the DNA products 

synthesized in vitro by the DNA synthesome in the presence of DMSO (positive control); lanes 

2-4 show the inhibitory effects of SN-38, CPT and VP-16, respectively, on DNA synthesome- 

mediated in vitro DNA replication. 
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Table 1. IC50 values for the inhibition of DNA synthesome mediated in vitro DNA 
synthesis by SN-38, CPT and VP-16. 

Anticancer Agent IC50 for in vitro DNA synthesis 
SN-38 0.2 uM 
CPT 0.5 uM 

VP-16 0.5 uM 

* In vitro DNA replication assays were performed in the presence of increasing concentrations of either 
SN-38, CPT or VP-16 (0.05-50 uM) as described in the Materials and Methods. IC50S were determined 
from the standard curves generated from these assays. 
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Addendum 

Figure 1. Effects of CPT-11, CPT and VP-16 on intact MDA MB-468 cell DNA 
synthesis. CPT-11 (■), CPT (♦) and VP-16 (A). 

Figure 4. SDS-K+ precipitation of SN-38, CPT and VP-16 stabilized topoisomerase 
cleavable complexes. SN-38 (A), CPT (■) and VP-16 (♦). 

Figure 5.   (B) Lane 1/ positive control. Lanes 2-4,  in vitro replication 

products formed in the presence of SN-38/ camptothecin and etoposide. 
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