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Discussion Points

Important  general points:

1. In all the cell biological assays, when we refer to two micron plasmid segregation, we refer to the segregation of the reporter plasmid engineered to emit fluorescence so we can observe it by fluorescence microscopy. Such a plasmid contains the plasmid replication origin, the STB locus and the operator arrays to which a fluorescent repressor (GFP-reprssor or RFP-repressor) can bind specifically. This plasmid when present ina yeast strain containing endogenous 2 micron plasmid will receive the Rep1 and Rep2 proteins from the native plasmid molecules and segregate by the STb-Rep1-Rep2 mechanism.

2. There are host strains cured of the native plasmid molecules. When the STB-reporter plasmid is present in this [cir0] background, they will not receive a supply of Rep proteins. Hence the STB-Rep1-Rep2 partitioning system is inactive.
3. It is a standard practice in the fluorescence assays to stain the chromosomes with a fluorescent dye DAPI. The chromosomes appear as blue. The segregation of chromosomes (as blue DAPI stained zones) provide a convenient reference frame.

1.  What is the molecular basis for the stable high copy persistence of the yeast plasmid?
The yeast plasmid carries a replication origin that is functionally identical to the yeast chromosomal replication origins. Hence, the cellular replication machine replicates each plasmid molecule once and only once per cell cycle. The replicated plasmid molecules are segregated equally or almost equally to daughter cells by an active partitioning system. The partitioning system consists of two plasmid coded proteins Rep1 and Rep2 and the cis-acting plasmid partitioning locus STB.

In case of a rare missegregation event, the copy number drop is corrected by an amplification mechanism consisting of the Flp site-specific recombinase (coded for by the plasmid) and its two target sites (FRTs) present on the plasmid genome in head-to-head orientation. The mechanism of amplification involves a well-timed recombination event that changes the direction of one of the replication forks by DNA inversion. The resulting rolling circle replication spins out multiple copies of the plasmid from single origin firing event (discussed in class; see Figure below). The tandemly repeated copies of the plasmid present in the “amplicon” can be resolved into individual copies by recombination. The recombination can be mediated by Flp itself or by the homologous recombination system of the host.
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2.  Why does a plasmid with about 40-60 copies per cell require a partitioning system? 
In principle, with a high a copy number of 40-60 per nucleus, random segregation is sufficient to ensure that the chances of a daughter cell not receiving at least one, or a few copies of the plasmid, is close to zero. And the copy number control system (plasmid amplification system) can restore the copy number to its steady state value. In reality, the plasmid molecules are not freely diffusible. By the GFP-Repressor/operator tagging method, we can show that the plasmid exists as a single cluster of 3 to 5 foci (shown below), and it is the cluster that forms the unit of segregation during the cell cycle/cell division. Hence the effective copy number is one or nearly one. Random segregation at an average copy number of one would be highly ineffective for stable propagation. The probability that a daughter cell will not receive the plasmid is roughly 30% per division.
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The figure below shows plasmid segregation followed by time-lapse fluorescence microscopy. During S phase of the cell cycle, the fluorescence doubles indicating replication of plasmid molecules. Then in anaphase they split into two clusters and segregate into daughter cells.
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3.  Since the plasmid segregates as a ‘unit copy’ entity and shows chromosome-like stability, does it utilize the same molecular logic as chromosomes for its segregation? 

When a chromosome replicates, a four subunit protein complex called cohesin is loaded at the centromere and along specific sites along the chromosome arms. The function of this complex is to keep sister chromatids paired from S phase through metaphase of the cell cycle. This pairing ensures that the sister chromatids are attached to the spindle in a bipolar fashion: one to the spindle from the left spindle pole and the other to the spindle from the right spindle pole. In anaphase, a protease called separase is released, which cleaves the Scc1 (also called Mcd1) subunit of cohesin. This results in the disassembly of cohesin, and one chromosome is pulled to the left by the spindle force while its sister is pulled to the right. Thus each daughter cell receives one copy each of every duplicated chromosome.
The cohesin complex serves the following important functions:

(i) First, by holding together sisters, it preserves the memory of each chromosome replication event.

(ii) Second, it provides a simple binary counting mechanism for chromosome segregation. It counts the duplicated chromosomes in pairs (one, two; one, two and so on).

(iii) It helps the cell to distinguish between chromosome sisters and chromosome homologs. In a diploid eukaryotic cell, each chromosome has two homologs, one from the father and one from the mother. They are largely identical, and it would not be easy for the cell to tell them apart. After replication, if the product duplexes are diffusible, the cell may accidentally segregate two sister chromatids to one daughter cell and the homolog sisters to the other daughter cell. What normal cell division does is to ensure that each daughter receives both homologs of a chromosome, the one from the father and the one from the mother. Since the cohesin complex pairs sister duplexes, neither sister gets the chance to accidentally pair with a homolog (which is also paired by cohesin, sister-to-sister, after DNA replication).
4. Does the plasmid also utilize the cohesin complex as a pairing and counting device to segregate the duplicated plasmid clusters, one each to each daughter cell? First, is cohesin loaded on the plasmid during replication? If so at what point in the cell cycle?

We address this question by chromatin immunoprecipitation or ChIP. We arrest cells in G1 by alpha factor, and then release them from arrest by washing off the pheromone. Cells enter the cell cycle synchronously. At various times along the cell cycle, we cross-link chromatin and bound proteins using formaldehyde. We then fragment the cross-linked chromatin to DNA fragments of 500 bp on average. We add antibodies to the cohesin protein Mcd1. Only those fragments bound by Mcd1 (the cohesin complex) will be immunoprecipitated. From, the immunoprecipitate, we remove the proteins by reversing the cross-links and then test whether DNA regions of interest to us are present in the immunoprecipitate. We do this by PCR using primers directed to hybridize to each locus of interest. The amplified DNA bands can be identified by electrophoresis in agarose gels followed by ethidium bromide staining.
In the data shown below, WCE refers to ‘whole cell extract’. This is just the input DNA which is representative of all the sequences present on the genome. This is not subjected to any selective immunoprecipitation. Hence, this DNA should give PCR amplification product with any of the primer pairs employed. This is the positive control. ‘Beads only’ refer to a mock immunoprecipitation, and this is the negative control. It should not give any amplified DNA product. As a reference for positive cohesin binding, we employ a known cohesin binding site from chromosome V.


The results shown in the Figure below demonstrate that cohesin is assembled at the plasmid STB locus at the same time in the cell cycle (early S phase) as it is assembled on the chromosome. The life-time of this association is the same for the plasmid and the chromosome (compare the results for STB and chromosome V (Chr V) in the Figure). In anaphase cohesin is cleaved, chromosomes and plasmids are segregated, and cells divide and go into the G1 phase of the next cell cycle. This is the time period where you do not see cohesin either on the plasmid or the chromosome. Then in S phase of the next cell cycle, cohesin comes back on the chromosome and the plasmid.
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We also know from other experiments that cohesin is loaded on the plasmid only at the STB locus. ChIP assays do not show cohesin associated with other regions of the plasmid. 

We also know that the Rep1 and Rep2 proteins are essential for cohesin loading at STB. These proteins have no role in the loading of cohesin at chromosomal loci.

Thus it would seem that the plasmid partitioning system has evolved a mechanism to steal key components of the chromosome segregation pathway and utilize them for plasmid partitioning.

Note: In the figure above, we have used the cell morphology (DIC images in the bottom panel), small bud at first, its enlargement and then cell division to yield unbudded cells as visual proof for the progression of the cell cycle. We also followed the same by estimating the DNA content per cell using what is called FACS analysis. Here the DNA is labeled with a fluorescent dye in living cells. When the DNA replicates, the amount of dye bound to DNA is doubled and so is the intensity of fluorescence. The cell sorter tells you whether the DNA content per cell is 1X or 2X or something in between. In G1 cells there is 1X DNA, then as  S phase progresses, it increases and becomes 2X at the completion of replication. When cells divide, it drops back to 1X and then increases again in the next cell cycle.
5.  Is cohesin cleavage at anaphase essential for equal segregation of the plasmid?

We already pointed out that cohesin cleavage is what triggers the segregation of sister chromatids during anaphase. Is cohesin cleavage similarly essential for segregation of the duplicated plasmid clusters?

In order to do this assay, we have to engineer Mcd1 so that separase cannot cleave this protein. This can be done by mutating a key amino acid residue at the cleavage site in the protein. The mutant Mcd1 in the cohesin complex is still able to support pairing of duplicated chromosome sisters. Thus we can mediate pairing, and selectively block unpairing of sister chromatids (and hopefully duplicated plasmid clusters if our expectation is correct).

However, there is a problem. Normal cleavage of cohesin during anaphase is an essential step for chromosome segregation, and if it is blocked cells cannot live. How will we keep the cells alive while they still harbor the mutant non-cleavable version of Mcd1? We engineer the experimental yeast strain in the following fashion. Let the cells express the normal cleavable Mcd1 as they grow from the native promoter for this gene. We introduce a second copy of the MCD1 gene, this one is the non-cleavable version, but maintain its expression under the control of the galactose promoter, PGAL. This promoter is hut off in glucose (or dextrose) containing medium, but is turned on when the carbon source is switched to galactose. Furthermore, the expression from this promoter is so strong that the non-cleavable version would swamp out the normal version of the protein produced from its native promoter. Now we can maintain the strain alive in dextrose, and switch it to galactose medium when we are ready to do the experiment.
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We first arrest the cells in G1 in dextrose medium, and then release half the cells into cell cycle in dextrose (cleavable cohesin) and the other half in galactose (non-cleavable cohesin). We examine individual cells from the two experimental regimens by time-lapse fluorescence microscopy. We use a control assay in which a chromosome is tagged by green fluorescence (we know that paired sister chromatids cannot separate if cohesin is not cleaved and disassembled). We use standard fluorescence-tagged reporter plasmid to follow the fate of the 2 micron plasmid. The results are shown in the Figure below.

In dextrose, the chromosome duplicates, and in anaphase the sister chromatids separate, seen her as two separate fluorescent dots. Similarly, the plasmid cluster also duplicates, and then they split into two clusters. When the plasmid lacks an intact partitioning system (cohesin is not loaded in this case), they do segregate into daughter cell compartments, but this process is not efficient and they often missegregate.
In galactose, the chromosome doubles in fluorescence indicating duplication but the sisters cannot separate (because cohesin that pairs the sisters cannot be cleaved). The plasmid cluster also shows doubling of fluorescence but the sister clusters are stuck, they do not come apart. In the absence of the partitioning system, replicated plasmids do segregate (there is no cohesin-mediated pairing in this case), but as noted earlier this segregation is highly error-prone (lots of missegregation).

Conclusions: 
Cohesin seems to play the same basic role in 2 micron plasmid segregation as it does in chromosome segregation. That is, sister clusters of the plasmid seem to be paired by cohesin at the time of DNA replication, and cohesin cleavage is a pre-requisite for these clusters to be dispatched to the daughter cells.

We can think of two possible modes of plasmid segregation, both of which utilize cohesin-mediated pairing and cohesin cleavage-mediated unpairing. In one model, the plasmid cluster is tethered to a chromosome, and following duplication, paring and unpairing, each cluster hitch-hikes with each of the sister chromatids towards opposite cell poles. In the second model, plasmid clusters segregate independent of chromosomes, but still utilizing the pairing-unpairing mechanism. In the latter case, how do they manage to be pulled apart upon cohesin cleavage? Do they use a spindle based mechanism for segregation like chromosomes? We do not know.

6. How do we know that cohesin loading at STB results in pairing of the duplicated plasmid clusters?

In the case of chromosomes, or centromere-based reporter plasmids, it is easy to show that cohesin loaded during replication keeps sisters paired until the onset of anaphase. Let us start the cell cycle (by releasing G1 arrested cells) with a haploid chromosome tagged by fluorescence. It duplicates in S phase resulting in two copies of the chromosome or two equivalent fluorescent loci. If the sister chromatids are paired, the two fluorescent dots will remain coalesced as one dot through metaphase. When anaphase sets in and cohesin is cleaved, the dots will separate and go towards opposite cell poles.

Thus a single dot of fluorescence in metaphase, followed by its splitting into two dots and their moving apart from each other in anaphase, is a good assay for cohesion. The problem with the 2 micron plasmid is that it has a clustered organization and reporter plasmids usually appear as 3 to 5 close-knit foci. Hence, the one fluorescent dot splitting into two fluorescent dots assay is not directly applicable to the multicopy, clustered plasmid.

We must first reduce the copy number of the reporter plasmid to one (or close to one). We can do this by cloning a centromere sequence into the STB-reporter plasmid. The CEN sequence is dominant in plasmid copy number control; hence the copy number of the CEN-STB reporter plasmid is brought down to one. That is good for us. But now, to study partitioning by the STB locus (with assistance from the Rep1 and Rep2 proteins), we must have a way of conditionally inactivating the CEN. We can do this by driving transcription through the CEN from the strong PGAL promoter. Recall that this promoter is silent when the carbon source is dextrose. So in dextrose medium CEN is active, and plasmid copy number is one. When we are ready to do the experiment, we can switch to galactose. This will drive transcription through the CEN, dislodge the assembly of the kinetochore complex (required for CEN function) and thus inactivate CEN. Now the plasmid has to segregate by the STB system, provided we supply Rep1 and Rep2 proteins. If the cell is not expressing these proteins, the STB mediated segregation cannot occur. Thus, we can use the following conditions to ask whether the single copy plasmid (fluorescence tagged, of course) exists as one dot in metaphase (indicator of cohesion) or two separate dots (indicator of lack of cohesion).
(1) Dextrose: both CEN and STB are active (in presence of Rep1 and Rep2 proteins)

(2) Galactose: CEN is inactive; STB is active (in presence of Rep1 and Rep2 proteins)

(3) Dextrose but no supply of Rep proteins: only CEN is active

(4) Galactose but no supply of Rep proteins: neither CEN nor STB is active.

The experimental protocol is the standard one: arrest cells in G1 and then release them under each of the four conditions above, and assay the state of the fluorescence (one dot or two dots) in metaphase cells.  Anaphase cells are also assayed for equal segregation of the fluorescent dots, one each in the two cell compartments.
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The results presented in the figure above show that an active STB-Rep1-Rep2 system results in cohesion of duplicated plasmids (one fluorescent dot in metaphase cells). The efficiency of cohesin is a little lower than CEN-mediated cohesion. The STB-mediated cohesion leads to corresponding equal segregation of the plasmids (1 : 1) in anaphase cells. When neither CEN nor STB is active,  there is little plasmid cohesion, and there is high missegregation rate in anaphase.
7. How do we know for sure  that it is cohesin that mediates plasmid pairing?

To answer this question, we do the cohesion assay in a strain that expresses a temperature sensitive version of the Mcd1 subunit of the cohesin complex. At 26 degrees cohesin is active but at 37 degrees, the cohesin is inactive. So we arrest cells at 26 degrees in G1, split them into halves, and release one half at 26 degrees and the other half at 37 degrees under condition 2 described above, that is CEN is inactive and only STB is active. The outcome (shown in the figure below) is that we see cohesion in metaphase cells at 26 degree, but little cohesion in metaphase cells at 37 degrees. Thus, the agent of cohesion mediated by the STB-Rep1-Rep2 system is cohesin.
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8.  How is cohesin-mediated counting used for plasmid segregation? 

In the case of a chromosome, it is easy to understand the one-to-one counting of duplicated sister chromatids. In the case of a multicopy plasmid, the situation is more complicated. After replication of the roughly 60 plasmid molecules, are the product plasmid copies organized into two clusters, each containing roughly equal numbers of plasmids and then the two clusters paired by the cohesin complex assembled at STB? Or during replication, does each plasmid become paired with its sister? The latter mechanism would be identical to sister chromatid pairing seen in the chromosome segregation mechanism. If this is the case, the sister cluster is organized, concurrent with plasmid replication, by each individual molecule being linked by STB-associated cohesin to its sister molecule. Can we test which of the two models is correct? Yes, we can in the following manner.
We engineer, two unit copy CEN-STB reporter plasmids to be present in the nucleus of the host strain, one tagged by green fluorescence (LacO array and GFP-Lac repressor) and the other by red fluorescence (TetO array and RFP-Tet repressor).  We then follow their segregation in population assays and in individual cells ( in the latter case by time lapse microscopy) under conditions where CEN and STB are active, STB alone is active, CEN alone is active and neither CEN nor STB is active. 

The following diagrams illustrate the expectations for the sister-to-sister pairing model and the random pairing model. Following replication, the nucleus contains two red plasmid molecules and two green plasmid molecules. If the pairing is always sister-to-sister (green to green and red to red), each daughter cell will receive one red and one green plasmid, never two green molecules or two red molecules. If the pairing is random (if green to green and green to red pairings are equally likely), there are three possible pairing arrangements for the four plasmid molecules (made up of two red , two green). One of the three will result in daughter cells containing two red molecules or two green molecules.
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Model 1: The red plasmid pairs with its sister (red) and the green plasmid pairs with its sister (green).
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Model 2: The red plasmid can pair with its sister (red) or with its homolog (green). The same is true of the green plasmid.

The experimental observation is that the predominant mode of segregation is one green and one red per daughter cell. The two green or two red segregation pattern is seen much less frequently than the one third frequency predicted by the random pairing model. Hence the 2 micron plasmid partitioning system pairs replicated plasmid molecules sister-to-sister, a la chromosomes.
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