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For decades, the folding of chromatin into compact fibers has been proposed to affect gene activation, yet demonstrating a link has proved challenging.  In this work, we investigated the ability of transcriptional activators to alter large-scale chromatin fibers.  A fluorescently labeled fusion between the lac repressor DNA binding protein and the estrogen receptor (a steroid-inducible transcription factor) was found to dramatically alter the large-scale chromatin structure of a heterochromatic, engineered array of lac operators integrated into the genome of mammalian cultured cells. We examined the regulation of this activity by estrogen and antiestrogens and characterized portions of the estrogen receptor involved in the process. This work indicated that the estrogen receptor may have important functions in regulating large-scale chromatin structure in the absence of estrogens.  In addition, the system was used as an in vivo recruitment assay to observe the recruitment of fluorescent coactivators to the estrogen receptor in real time in living cells. To more rapidly assess the effects of proteins on large-scale chromatin structure, a computer program was developed to allow a motorized microscope to collect and analyze images unattended. In addition, a technology was developed to allow a protein of interest to be inducibly targeted to an engineered chromatin site. This allows observation of subtle chromatin changes as well as the dynamics of such changes over time. Using this inducible system, the evidence suggests that several acidic activators can unfold large-scale chromatin structure.  This activity was narrowed down to several small chromatin-unfolding domains, which provide a starting point to identify the mechanism of the unfolding of large-scale chromatin fibers. A long-term goal is to observe large-scale chromatin structure surrounding natural genes. Towards this goal, a system was developed to allow integration of promoters into the genome along with sequences that can be fluorescently tagged.  Collectively, this work indicates that many transcriptional activators can unfold large-scale chromatin structure. In addition, this work makes high-throughput, automated imaging screens possible, which should advance our understanding of the activity of genes in the context of living cells.
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CHAPTER 1

INTRODUCTION

Though the sequence of the human genome is now known, understanding how genes are turned on and off remains a critical goal of basic research. The simple idea that transcriptional regulators bind to DNA and recruit transcriptional machinery has given way to models which account for the fact that DNA is packaged together with proteins to form fibers of non-uniform accessibility in the interphase nucleus.  Recent models proposed that the compaction and structure of chromatin plays an important role in the activity of a gene, leading to an explosion of work on histone modifications and chromatin remodeling complexes.  However, this work has focused largely on local chromatin structure, which entails the positioning of nucleosomes and the modification state of histones nearby a gene's promoter.  The effects of large-scale chromatin structure (folding above the level of the 30 nm fiber) have not been studied to nearly the same degree.  


In an attempt to probe higher levels of structure, a number of studies have examined the accessibility of DNA to various enzymes, for example, nucleases.  Varied accessibility is thought to correlate with changes in chromatin structure, although it is unclear which level of chromatin structure is being probed by these assays (Dillon and Grosveld, 1994). Nevertheless, these studies reveal that regions of nuclease accessible, or “open” chromatin often correlate with gene regulatory regions.  In some cases, a more widespread increase in accessibility is observed over entire chromatin domains, tens to hundreds of kilobases in size, encompassing active gene loci.


More direct evidence does suggest that large-scale chromatin structure imposes a level of regulation on transcription. For decades it has been recognized that during interphase different segments of chromatin are condensed to different degrees, with the most condensed form called heterochromatin.  Heterochromatin is associated with low transcriptional activity and silencing while euchromatin is more transcriptionally active (Fakan and Nobis, 1978).  Studies of X chromosome inactivation further strengthen this correlation.  While it is disputed whether the inactive X chromosome occupies less volume than the active X or rather displays less surface area as observed more recently in 3D analysis, both cases implicate differences in chromatin compaction and accessibility (Dyer et al., 1989; Eils et al., 1996).  Interestingly, hyperactive polytene X chromosomes in male Drosophila are less condensed than other X chromosomes (Gorman et al., 1993). Comparison of human chromosomes indicates that the gene-rich chromosome 19 is less condensed than the gene poor chromosome 18 during interphase (Croft et al., 1999). More direct links between specific genetic regions and transcriptional activation have been observed in the polytene chromosomes of Chironomus, as incorporation of 3H-uridine into RNA is most prominent in the less condensed "puffs" (Pelling, 1964).  Finally, recent fluorescence in situ hybridization experiments show that probes a certain genomic distance apart within the gene rich R bands are spatially further apart in the nucleus than similar probes in the gene poor G bands, indicating less compaction for gene-rich chromatin (Yokota et al., 1997).

This apparent relationship between the level of chromatin condensation and the level of transcriptional activity has led to the major question addressed in this thesis: What types of proteins are capable of altering large-scale chromatin structure?  Previous work revealed that a transcriptional activator, VP16 acidic activation domain (VP16 AAD), has this ability (Tumbar et al., 1999). VP16 AAD was fused to the lac repressor DNA binding domain and thereby targeted to an engineered tandem array of binding sites for the lac repressor integrated into the genome of cultured mammalian cells.  In this study, the chromatin array was initially extremely compact and late-replicating, indicating that it shares properties with heterochromatin.  Upon VP16 AAD targeting, the region unfolded dramatically, producing fibers of about 100 nm diameter.  The unfolding began within minutes and continued for several hours.  One particularly interesting question arising from this work is how the chromatin “context” affects VP16 AAD’s unfolding ability.  For example, if a region of chromatin is normally present in 100 nm fibers, would VP16 AAD unfold the chromatin further?  Do euchromatic regions of chromatin change in the presence of VP16 AAD?  These questions probe the significance of large-scale chromatin unfolding in varied contexts.  Tools which may help address these questions are described in Chapter 4.

The mechanism of large-scale chromatin unfolding is also unknown.  One simple explanation for unfolding induced by VP16 AAD is that the general transcriptional machinery physically disrupts large-scale chromatin structure upon transcription of target genes. In this case, large-scale chromatin unfolding is a simple result of high levels of transcription.  This model seems unlikely, as treatment of individual live cells with alpha amanitin, an inhibitor of transcription, did not significantly inhibit large-scale chromatin unfolding (Tumbar et al., 1999).  However, another study showed that large-scale chromatin unfolding by the glucocorticoid receptor, a steroid-inducible transcription factor, was inhibited by two different transcriptional inhibitors, alpha-amanitin and 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole (Muller et al., 2001). It remains unclear why the GR-bound array responded differently to transcriptional inhibitors than the VP16-bound array. In this work, we have addressed the potential mechanism that transcription itself disrupts large-scale chromatin structure (Chapter 2).

A second strong possibility is that alterations in local chromatin structure are directly responsible for changes in large-scale chromatin structure (Horn and Peterson, 2002).  While thus far no evidence rigorously confirms such a claim, it has been widely speculated that histone acetylation, methylation, and other modifications alter the packing of higher-order chromatin fibers. Chromatin remodeling complexes are also good candidates for altering local chromatin structure in a way that affects large-scale chromatin fibers.  While we cannot confirm or exclude these mechanisms, we provide in this work some evidence that histone H3 and H4 acetylation is unlikely a direct cause of large-scale chromatin unfolding by estrogen receptor and that a chromatin remodeling complex component is in the right place at the right time to potentially be involved in large-scale chromatin unfolding (Chapter 2).

 Still, there may exist a class of undiscovered proteins whose sole function is to modulate large-scale chromatin structure.  Prior to the VP16 AAD work, no assay had been available to test a protein for effects on large-scale chromatin structure, so this remains a strong possibility.  We have developed several experimental directions which could help to isolate proteins more directly involved in large-scale chromatin unfolding (Chapters 3 and 4). In addition to its large-scale chromatin unfolding activity, targeting VP16 AAD to a small array of lac operators was discovered to result in the motion of that segment of DNA towards the interior of the nucleus (Tumbar and Belmont, 2001).  The link between transcription and intranuclear localization remains a correlation only (Nye et al., 2003, in press).  We have developed a system which has proven useful in demonstrating a more direct link (Chapter 4).

In this work, we observed the effects of a mammalian transcriptional activator, the estrogen receptor, on large-scale chromatin structure (Chapters 2 and 3).  To rapidly analyze the effects of other transcription factors on large-scale chromatin structure, we programmed a motorized microscope to collect and analyze images automatically (Chapter 3).  In combination with an inducible recruitment system, this allowed us to observe the effects of estrogen receptor subdomains and a panel of transcriptional activators (Chapters 3 and 4).  One long-term goal is to assess whether changes in large-scale chromatin structure occur surrounding natural genes. Towards this end, we developed a system to integrate promoters of interest into the genome along with sequences that can be fluorescently tagged (Chapter 5).  In summary, this work has revealed that a number of transcriptional activators are able to unfold large-scale chromatin structure and has provided several unique tools to further address the mechanism and significance of large-scale chromatin structure.

CHAPTER 2 

ALTERATION OF LARGE-SCALE CHROMATIN STRUCTURE BY ESTROGEN RECEPTOR

Abstract

The estrogen receptor (ER), a member of the nuclear hormone receptor superfamily important in human physiology and disease, recruits coactivators which modify local chromatin structure.  Here we describe effects of ER on large-scale chromatin structure as visualized in live cells.  We targeted ER to gene amplified chromosome arms containing large numbers of lac operator sites either directly, through a lac repressor-ER fusion protein, or indirectly, by fusing lac repressor with the ER interaction domain of the coactivator SRC-1.  Significant decondensation of large-scale chromatin structure, comparable to that produced by the ~150 fold stronger VP16 transcriptional activator, was produced by ER in the absence of estradiol using both approaches.  Addition of estradiol induced a partial reversal of this unfolding by GFP-lac rep-ER but not by wild-type ER recruited by a lac repressor-SRC570-780 fusion protein.  The chromatin decondensation activity did not require transcriptional activation by ER nor ligand-induced coactivator interactions, and unfolding did not correlate with histone hyperacetylation. Ligand-induced coactivator interactions with helix 12 of ER were necessary for the partial re-folding of chromatin in response to estradiol using the lac repressor-ER tethering system.  This work demonstrates that when tethered or recruited to DNA, ER possesses a novel large-scale chromatin unfolding activity.

Introduction

Nuclear hormone receptors are ligand-inducible transcriptional activators that play a large number of physiological roles (Olefsky, 2001).  These proteins activate transcription through a multi-stage process involving binding to DNA response elements (Klinge, 2001), recruitment of coactivators (Glass and Rosenfeld, 2000; Klinge, 2000), remodeling of chromatin (Collingwood et al., 1999; McEwan, 2000), and assembly of general transcription factors and RNA polymerase II (Sabbah et al., 1998).  Gene expression, the last step of the process, is typically used as a readout of transcription factor function.  Few experimental approaches allow dissection of the chromatin-related activities of a transcriptional activator.  In addition, conclusions about how steroid hormone receptors and their associated coregulators function have often been based on studies of transiently expressed reporter genes which lack native chromatin structure. 

It has become clear in recent years that the ability of steroid hormone receptors to activate transcription of endogenous genes likely depends upon their ability to affect chromatin structure.  Indeed, many steroid hormone receptors interact with coregulator proteins that are implicated in the remodeling of local chromatin structure and the acetylation of histones (reviewed in (McEwan, 2000; McKenna et al., 1999; Rosenfeld and Glass, 2001)).  In fact, enhancement of transcription by adding ligand to estrogen receptor was observed using chromatinized template DNA but not when using naked DNA lacking histones (Kraus and Kadonaga, 1998).  In addition, genes integrated into chromosomes have been shown to be regulated differently from genes located in transiently transfected plasmid DNA (Fryer and Archer, 1998), often revealing surprising dynamics and regulation (Chen et al., 1999; Kim et al., 2000; Shang et al., 2000).  This suggests that understanding transcription in the context of native chromosomes will be important for understanding steroid hormone receptor function. 

While recent work has revealed changes induced by nuclear receptors at the level of local chromatin structure (i.e. at the level of histones and nucleosomes), it is unclear to what extent steroid hormone receptors might also affect higher levels of chromatin folding.  These levels include higher-order chromatin structure (folding which produces the 30 nm chromatin fiber) and large-scale chromatin structure (folding above the level of the 30 nm fiber).  

A lac repressor-based system has allowed direct visualization of large-scale chromatin dynamics in mammalian cells (Belmont and Straight, 1998).  By fusing protein domains to the lac repressor, this system was used to demonstrate large-scale chromatin decondensation induced by targeting the acidic activation domain (AAD) of the strong viral transcription factor VP16 to a heterochromatic chromosome arm generated by gene amplification (Tumbar et al., 1999).  This large-scale chromatin uncoiling occurred even when pol II transcription was blocked, suggesting that it was induced through trans factors recruited by the VP16 AAD, rather than the result of transcription per se.  While artificial, this lac operator tethering system provides a powerful assay to test the role of specific proteins in chromatin remodeling and to dissect the protein domains required for the observed large-scale chromatin decondensation.  Recently, this system was used to demonstrate comparable large-scale chromatin decondensation produced by the BRCT domains of BRCA1; moreover, several cancer-predisposing mutations of BRCA1 were shown to increase dramatically the large-scale chromatin decondensation potential of full length BRCA1 (Ye et al., 2001).

Here we have applied this system to determine whether the estrogen receptor could induce comparable changes in large-scale chromatin structure.  We were interested in whether the chromatin effects of transcriptional activators would be proportional to their strength, and whether different transcriptional activators could unfold chromatin to different levels.  Also, would the chromatin unfolding activity of an activator be tightly linked or clearly separable from transcriptional activation potential?  Based on this tethering assay system, our results show a very pronounced chromatin unfolding activity associated with estrogen receptor which was not dependent on active transcription.  Intriguingly, this activity was strong even in the absence of ligand and was independent of the helix 12 region of the receptor, which mediates ligand dependent recruitment of several known coactivators.  Our results suggest the possibility of novel physiological activities associated with estrogen receptor, and our approach may provide a new methodology to identify novel proteins involved in ER function.
Results

Experimental design

We fused a green fluorescent lac repressor (GFP-lac rep) to the estrogen receptor (ER) (Figure 2.1A&D).  GFP-lac repressor-ER binds tightly to lac operator DNA repeats integrated into the genome of Chinese Hamster Ovary (CHO) cells, making the structure of the chromatin visible by fluorescence microscopy (Figure 2.1C) (Li et al., 1998).  We also fused a yellow fluorescent lac repressor to amino acids 570-780 of the coactivator SRC-1, which is normally recruited by ER.  In this reciprocal system, wild-type ER or cyan fluorescent protein-ER is recruited to lac operator DNA via interaction with YFP-lac rep-SRC570-780 (Figure 2.1B).

For most of the work in this paper, we used the A03_1 CHO cell line (Figure 2.1C), in which lac operator repeats and coamplified genomic DNA form an ~ 90 Mega base pair chromosomal array.  This array appears in metaphase as a homogeneously staining region (HSR) and has properties of heterochromatin, forming a condensed mass roughly 1 m in diameter through most of interphase.  Targeting a control GFP-lac repressor fusion protein produces no obvious conformational changes in the amplified chromosome region (Robinett et al., 1996).  Alternatively, we used the RRE_B1 cell line, which contains a large, nonheterochromatic amplified chromosome region forming unusually extended fibrillar structures during interphase in most nuclei.

[image: image24..pict]
Figure 2.1: Experimental design

Figure 2.1A: Schematic of the GFP-lac repressor-estrogen receptor fusion protein used in this study, which binds to lac operator DNA sequences. Figure 2.1B: Schematic of the YFP-lac rep-SRC570-780 fusion protein, which binds to lac operator sequences and can recruit wild-type ER or CFP-ER. Figure 2.1C: Schematic of the A03_1 cell line used in this study, generated by gene amplification of a vector containing the dihydrofolate reductase gene (dhfr) and a 256-copy repeat of the lac operator DNA sequence.  The lac operator vector repeats are visible when a fluorescent lac repressor fusion protein is expressed. Figure 2.1D: GFP-lac rep-ER constructs made for this study.
Nuclear redistribution, transcriptional activation, coactivator recruitment, and histone acetylation by ER fusion proteins

The GFP-lac rep-ER fusion protein retains normal ER activity based on several criteria.  First, expression of the GFP-lac rep-ER fusion protein in wild type CHO cells shows a homogeneous nuclear distribution in the absence of hormone which shifts to a punctate distribution after estradiol addition (data not shown), as previously reported for a GFP-ER fusion (Htun et al., 1999; Stenoien et al., 2000).


Second, GFP-lac rep-ER fusion proteins activated transcription as expected on a transiently transfected 8 lac operator - TATA - CAT reporter plasmid (Figure 2.1D).  GFP-lac rep-ER and GFP-lac rep-DEF fusion proteins showed hormone dependent transcriptional activation on the lac operator reporter with a dose response similar to that of wild type ER on an ERE-based reporter, with activity peaking or reaching a plateau at 10-8 or 10-9 M estradiol (Figure 2.2A). Activation by the GFP-lac rep-ER fusion protein, expressed from the F9-1 promoter and using the 8 lac op reporter construct, was only 2.5 fold lower than activation by wild type ER, expressed from the stronger CMV promoter and using the 4 copy ERE reporter construct (direct comparison not shown).  We note that ER does not activate transcription in the absence of hormone, despite being tethered to DNA via the lac repressor.  
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Figure 2.2: Transcription and coactivator recruitment by GFP-lac rep-ER fusion proteins

Figure 2.2A: Dose response assays of transcriptional activity of ER fusion proteins in CHO cells in response to varying concentrations of 17 estradiol (E2). We placed 8 lac operator binding sites upstream of a TATA box followed by the CAT reporter gene (8 lac op - CAT).  4ERE-CAT is identical except it contains 4 estrogen response elements (EREs).  The data are normalized to a  galactosidase internal control reporter plasmid, and results are displayed relative to the response of each construct at 10-9 M E2. Figure 2.2B: Transcriptional activity of constructs, tested with or without 10-9 M 17 estradiol (E2). Results are displayed relative to the sample with the highest average activity, GFP-lac rep-DEF plus E2. The error bars depict the standard error of the mean, and in some cases are too small to be visible. Figure 2.2C: CFP-lac rep-ER recruits YFP-SRC-1. A03_1 cells were cotransfected with CFP-lac rep-ER (top row) and YFP-SRC-1 (bottom row) and subjected to live microscopy during hormone addition. Shown are two nuclei side by side,  each with one lac operator-containing array. Exposure conditions and image manipulations were the same for each panel to reflect the increase in brightness of YFP-SRC-1 following the recruitment. All images are deconvolved and represent a 3-D reconstruction of a series of z-sections. 

The other lac repressor-ER fusion proteins also behaved as expected in the transcription assay (Figure 2.2B).  GFP-lac rep-ABC contains the weak constitutive transcriptional activation function AF-1 in the A/B domains and ER’s DNA binding domain in the C domain.  Two mutations in GFP-lac rep-DEF (L525A and L540Q) prevent transcriptional activation; the L525A mutation is known to virtually eliminate estradiol binding (Ekena et al., 1996; Ekena et al., 1997) and L540Q shows impaired recruitment of coactivators leading to markedly reduced transcriptional activation (Ince et al., 1993; Schodin et al., 1995; Wrenn and Katzenellenbogen, 1993). The negative control GFP-lac rep did not activate transcription while the positive control GFP-lac rep-VP16 AAD transcriptional activation was roughly 150 times higher than GFP-lac rep-ER, using the same promoter to drive fusion protein expression (data not shown).  

We also tested the transcriptional activity of the reciprocal system in which YFP-lac rep-SRC570-780 recruits CFP-ER or wild-type ER to DNA.  Recent in vitro experiments have shown that each ER dimer binds only one molecule of SRC-1 (Margeat et al., 2001).  Any ER recruited to lac operator DNA via the truncated SRC-1 should not be able to interact with wild-type SRC-1 and possibly other coactivators which bind to the same helix 12 region of ER.   Indeed, transient transcription assays indicate that the combination of YFP-lac rep-SRC570-780 and CFP-ER (or wild-type ER) is unable to detectably activate transcription when transfected with a lac operator reporter gene with or without estradiol treatment (data not shown). 

Third,  a cyan fluorescent protein-lac repressor-ER fusion protein (CFP-lac rep-ER) binds to lac operator repeats and shows in vivo, hormone-enhanced recruitment of a YFP-SRC-1 coactivator fusion protein. The construction and functional testing of these fusion proteins is described elsewhere (Stenoien et al., 2000) and (Stenoien et al., 2001). Consistent with recent FRET results using SRC-1 peptides and truncated ER in living cells (Llopis et al., 2000), there is a partial recruitment of YFP-SRC-1 at the CFP-lac rep-ER bound lac operator array in the absence of hormone, with a significant amount of YFP-SRC-1 distributed throughout the nucleus (Figure 2.2C).  Quantitative measurements reveal that within minutes of adding estradiol, absolute levels of YFP-SRC-1 at the lac operator array increase significantly, while nuclear background levels of YFP-SRC-1 show an absolute decrease.  Further analysis of the in vivo recruitment of YFP-SRC-1 as well as a YFP-CBP fusion protein to CFP-lac rep-ER is described in a separate manuscript (Stenoien et al., 2001).  

We also found that recruitment of CFP-ER to the YFP-lac rep-SRC570-780-bound lac operator array was as anticipated (Figure 2.5).  In the absence of estradiol (n=50),  6% show strong recruitment of CFP-ER to the YFP-lac rep-SRC570-780-bound lac operator array with only faint nucleoplasmic staining, 52% show moderate recruitment, and 42% show no recruitment.  In the presence of estradiol (n=51), 47% of cells show strong recruitment, 49% of cells show moderate recruitment, and 4% show no recruitment. This significant amount of interaction in the absence of hormone, enhanced by addition of estradiol, is consistent with the observed recruitment of YFP-SRC-1 to CFP-lac rep-ER and with our previous finding that CFP-ER and YFP-SRC570-780 visibly colocalize after adding estradiol (Stenoien et al., 2000). 

Changes in large-scale chromatin structure after targeting of ER 

GFP-lac rep-ER fusions were transiently transfected into A03_1 cells, which normally contain a condensed lac operator array.  Transfection of GFP-lac rep-ER and 48 hour treatment with estradiol causes some cells’ GFP-labeled chromosome regions to decondense (Figure 2.3A, left) relative to the GFP-lac rep negative control (Figure 2.3B, left).  To confirm these observations, we collected images of large numbers of transfected cells.  Quantitative measurements aided by image analysis software indeed revealed larger average lac operator array sizes in GFP-lac rep-ER transfected cells (1.41 m2) relative to GFP-lac repressor transfected control cells (1.06 m2) (Figure 2.3 A & B).  Lac operator arrays larger than 2.7 m2 were considered unfolded, or “open”.  By this criterion, 7% of cells contained an open lac operator array relative to 1-3% in the populations transfected with GFP-lac rep alone.

We hypothesized that GFP-lac rep-ER in the absence of estradiol would have no effect on large-scale chromatin structure.  Unexpectedly, a significant fraction of the cell population transfected with GFP-lac rep-ER in the absence of estradiol contains lac operator arrays which are even more unfolded than those produced in the presence of estradiol (Figure 2.3A, right).  These structures are often similar in size (mean = 3.07 m2 ) to those seen with the GFP-lac rep-VP16 AAD fusion protein (mean = 5.46 m2 ) with or without estradiol (Figure 2.3B, right).  39% of lac operator arrays with GFP-lac rep-ER minus estradiol were "open", compared to ~70% of lac operator arrays using GFP-lac rep-VP16 AAD and 3% of lac operator arrays with the control GFP-lac repressor constructs.

The fibers produced by GFP-lac rep-ER in the absence of hormone appear significantly less distinct than typically seen after decondensation by GFP-lac rep-VP16 AAD, suggesting a qualitative difference in the decondensed structures. To ensure that these differences were not due to fixation conditions, we confirmed this finding by performing microscopy on living cells (Figure 2.3C).  Indeed, the GFP-lac rep-ER produced structures appear much less distinct than those produced by GFP-lac rep-VP16 AAD, suggesting a qualitatively different type of unfolding.
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Figure 2.3: The estrogen receptor alters the appearance of large-scale chromatin fibers in

A03_1 cells which contain a heterochromatic lac operator array. Figure 2.3A and B: Deconvolved optical sections of fixed cells. DAPI staining is shown as blue and GFP as red in the left panel of each pair.  A black and white close-up of each GFP labeled chromosomal region is shown in the right panel of each pair.  Quantitative measurements on large numbers of cells are shown below the images as histograms.  The sizes of lac operator arrays were measured as described in the text and Materials and Methods. Figure 2.3C: Optical sections of live A03_1 cells. The left panel of each pair shows a deconvolved section and the right panel shows the raw image. Scale bars = 1 m.

Unfolding of heterochromatic array induced by ER fusion proteins is partially reversed by estradiol 
The unfolding observed with GFP-lac rep-ER in the absence of estradiol was much larger than that seen in the presence of estradiol.  Direct observation of living cells revealed a striking re-condensation of large-scale chromatin structure beginning within minutes after estradiol addition (Figure 2.4).  Data sets with more frequent time points can be viewed as QuickTime movies at www.life.uiuc.edu/belmont.  Exposure to UV light in the process of collecting these 4-D images appeared to inhibit this condensation (data not shown).  We therefore limited UV exposure by taking individual optical sections at each time point and found condensation to occur in 15 out of 16 cells, producing an average decrease in lac operator array area of ~50% (Table 2.1).  The antiestrogens, trans-hydroxytamoxifen (TOT) and ICI182,780 (ICI), produced comparable changes in lac operator array area (Table 2.1).
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Figure 2.4: Effects of estradiol observed in living cells. Cells were transfected with GFP-lac rep-ER, cultured in the absence of estradiol, and observed in a live cell chamber on the fluorescence microscope. Optical sections were taken before adding 17-estradiol at 10-9 M and at each time point afterwards.  The top series of images shows a deconvolved section for each time point of an A03_1 cell which contains a heterochromatic lac operator array.  The bottom series shows a projection of a stack of deconvolved images for each time point of an RRE_B1 cell which contains a euchromatin-like lac operator array. For comparison, an example of an RRE_B1 cell transfected with the negative control GFP-lac repressor is shown to the right, although this cell line shows great variability. Arrows emphasize examples of fibers which condense locally. Scale bars = 1 m.
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	treatment
	treatment
	s.d.
	n

	10-9 M E2 (17-estradiol)
	52%
	22%
	16

	2x10-6 M TOT (trans-hydroxytamoxifen)
	40%
	17%
	23

	2x10-6 M ICI182,780
	39%
	12%
	31

	None
	116%
	27%
	13


Table 2.1: Live recondensation of GFP-lac rep-ER bound heterochromatic lac operator arrays induced by estradiol and antiestrogens in A03_1 cells.  Sizes of arrays were measured as in Figure 2.3, and the size after 30 minutes was divided by the original size to determine the % original size.

For estradiol-treated cells, the most dramatic condensation occurred within 30 minutes and the lac operator arrays showed minimal further change in structure through the end of the experiment, up to 3 hours later. After 30 minutes, the lac operator arrays had not condensed completely to sizes typical of a population treated with estradiol for 48 hours; in these cells, the average lac operator array area decreased from 8.4 m2 to 4.3 m2 in 30 minutes, which is still significantly larger than the 1.4 m2 seen after long term estradiol exposure.  Therefore estradiol induces rapid re-condensation within 30 minutes followed by further gradual condensation over a period of hours or days.

Re-condensation occurred with minimal changes in nuclear position or shape; the lac operator arrays did not appear to fold over long distances as they condensed, but rather decreased in size uniformly, perhaps due to local condensation of individual large-scale chromatin fibers.  In addition to the global re-condensation caused by hormone, we also noticed a local condensation of large-scale chromatin structure and the appearance of distinct, large-scale chromatin fibers within several minutes of adding estradiol to cells expressing GFP-lac rep-ER.  At light microscopy resolution, the diffuse fibrillar appearance of these lac operator arrays became more well-defined, becoming very similar to the distinct fibers normally observed with the GFP-lac rep-VP16 AAD protein.  

A non-heterochromatic, decondensed lac operator array shows no significant changes in array area and only local changes in large-scale chromatin structure after estradiol treatment

The lac operator array in A03_1 cells is normally condensed and late replicating.  By these criteria, the array behaves as heterochromatin.  The extensive, hormone induced reversal of the array decondensation produced by GFP-lac rep-ER could be explained in several ways.  First, dimerization of ER in response to ligand might cause GFP-lac rep-ER fusions to aggregate and therefore appear to condense chromatin.  Second, addition of hormone might induce an active, chromatin condensing activity of the ER itself.  Third, addition of hormone might simply reverse or down-regulate whatever large-scale chromatin decondensation activity is produced by ER targeting, with the global condensation of the lac operator array simply representing a reversion to the array’s normal, heterochromatic state.

To distinguish between these possibilities, we examined changes in lac operator array morphology occurring in cells expressing GFP-lac rep-ER after hormone treatment using a different cell line, RRE_B1.  The lac operator array conformation in this cell line is variable, but has a very high percentage of cells with unusually extended and fibrillar arrays, relative to the bulk large-scale chromatin structure seen throughout most of the nucleus (Belmont and Bruce, 1994).  For the euchromatin-like arrays in RRE_B1 cells expressing GFP-lac rep-ER, addition of estradiol does not lead to significant changes in array area, either for the more highly extended or the more compact arrays within this cell line (Figure 2.4).  Thus, it is unlikely that the condensation seen in the other cell line, A03_1, is due to dimerization or aggregation of GFP-lac rep-ER, nor is it due to a chromatin condensing activity of ER.  We therefore conclude that the global condensation of lac operator arrays in the presence of hormone in the A03_1 cell line represents a reversal or down-regulation of ER's unfolding activity, allowing the array to revert to its normal heterochromatin state.  

While the overall size of the lac operator array in RRE_B1 cells remains unchanged, the appearance of the fibers does change after exposure to estradiol.  As shown in Figure 2.4, RRE_B1 cells expressing GFP-lac rep-ER show open lac operator arrays with a more diffuse appearance. Because of the high variability of the structures in control cells expressing GFP-lac repressor, we cannot easily determine whether this structure differs from that seen with GFP-lac repressor alone.  Yet, upon addition of estradiol to GFP-lac rep-ER expressing RRE_B1 cells, we see a local condensation in which the diffuse fibers change to more sharply demarcated, distinct fibers (see arrows, Figure 2.4).  These local changes in array structure are quite similar to those described above for the A03_1 array, but they occur without the reversal of global decondensation.

Targeting wild type estrogen receptor via a lac repressor-SRC570-780 fusion protein also produces dramatic large-scale chromatin decondensation

Observing maximal chromatin decondensation in the absence of ligand using the GFP-lac rep-ER was unexpected.  We therefore considered the possibility of a problem with the GFP-lac rep-ER fusion proteins despite the fact that they properly localize, activate transcription from a transiently transfected reporter gene, and recruit SRC-1.  For example, the lac repressor DNA binding domain may bind lac operator DNA more tightly than ER binds to EREs, possibly preventing GFP-lac rep-ER from diffusing throughout the nucleus and obtaining post-translational modifications or protein interactions which might be important for ER function.  We therefore used an alternative mechanism to target unmodified, wild-type ER to the lac operator array by fusing lac repressor to amino acids 570-780 of the coactivator SRC-1 (Figure 2.1B).  This region of SRC-1 contains three LXXLL motifs, known as nuclear receptor (NR) boxes, which interact with the estrogen receptor as well as other nuclear receptors.  As noted above, transcription is not activated upon estradiol addition because any ER recruited to YFP-lac rep-SRC570-780 is unable to bind endogenous SRC-1 and possibly other coactivators which bind the same domain of ER.  This feature is an advantage because it allows examination of the effect of ER on large-scale chromatin structure in the absence of transcriptional activation.

In roughly half of the A03_1 cells transfected with YFP-lac rep-SRC570-780 alone, the lac operator array is significantly increased in size relative to the control.  This opening in the absence of cotransfected ER is difficult to interpret, as YFP-lac rep-SRC570-780 could recruit any number of transcription factors endogenous to this CHO-derived cell line.  However, a quite distinct unfolded structure is observed when CFP-ER is cotransfected with YFP-lac rep-SRC570-780, with or without estradiol (Figure 2.5).  These unusually decondensed lac operator arrays are qualitatively different from any array conformations seen either with lac repressor-VP16 or lac repressor-ER.  The fibers produced are often very numerous and thin, protruding from a region where fibers cannot be individually traced (seen best in the no E2 example in Figure 2.5).  Frequently, there are gaps in the fibers which could indicate unfolding to the extent that non-lac operator intervening DNA is detectable as a visible gap in lac repressor staining (seen best in the 48 hour E2 example in Figure 2.5). In the absence of estradiol, 20% of cells examined (n=49) display this unusual structure while the remainder are comparable to YFP-lac rep-SRC570-780 alone.  In the presence of estradiol, 36% of cells examined (n=50) display this unusual structure.  By contrast, no such structures were seen when YFP-lac rep-SRC570-780 was expressed with estradiol but without cotransfected ER (n=83).  We also observed these unusual decondensed structures when YFP-lac rep-SRC570-780 was cotransfected with completely wild-type ER (data not shown).  This confirms that the large-scale chromatin decondensing activity observed is due to an intrinsic property of wild type ER and is not an artificial property of the ER fusion proteins per se.
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Figure 2.5: CFP-ER alters large-scale chromatin structure when recruited to YFP-lac rep-SRC570-780.  A03_1 cells which contain a heterochromatic lac operator array were cotransfected with YFP-lac rep-SRC570-780 (left) and CFP-ER (center) and stained with DAPI (right). Arrows point out regions where fiber segments can be observed.  Cells were exposed to 10-9 M estradiol (top) or vehicle (bottom) 24 hours after transfection, which is 48 hours prior to fixation. Scale bars = 1 m.

Activation function-1 and helix 12 are not required for chromatin unfolding; helix 12 is required for reversal of unfolding

The fact that estradiol does not reverse unfolding by lac rep-SRC - tethered ER implies that recruitment of SRC-1, or another coactivator which binds the same domain of ER as SRC-1, is required along with ligand binding to reverse the unfolding.  We tested several truncations and mutations of ER to determine which domains of ER are capable of producing unfolding and the reversal of unfolding.  Domains A, B, and C are not required for chromatin unfolding as a GFP-lac rep-DEF construct produced results similar to full-length ER (Figures 2.6A & 2.7).  A truncation at amino acid 534 and the mutation L540Q both eliminate coactivator recruitment via helix 12 of ER.  Both constructs are able to unfold chromatin as well as wild type ER ((Stenoien et al., 2001) and Figures 2.6C & 7).  This indicates that the well studied coactivators recruited via LXXLL domains to helix 12 of ER (Klinge, 2000) are not responsible for the dramatic unfolding seen in the absence of hormone.  Instead, a region between amino acid 262-534 is able to recruit the proteins required for chromosome unfolding.  ER truncated at amino acid 534 or with the L540Q mutation produces unfolded lac operator array chromatin even in the presence of hormone.  Moreover, estradiol does not reverse unfolding by lac rep-SRC - tethered ER.  These results indicate that a functional AF-2/helix 12, and possibly SRC-1 recruitment, is required for re-condensation.  
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Figure 2.6: Domain and mutational analysis of chromatin unfolding by ER.  Figure 2.6A: A03_1 cells which contain a heterochromatic lac operator array were transfected and images collected as in Figure 2.3.  GFP-lac rep-DEF of ER resembles the full-length ER, whereas GFP-lac rep-ABC of ER displays an unusual structure of thin fibers in a small percentage of cells. Figure 2.6B: An image of a live cell was collected as in Figure 2.3. Figure 2.6C: Images were collected from A03_1 cells transfected with GFP-lac rep-DEF with an L540Q mutation (left) and GFP-lac rep-DEF with an L525A mutation (right).  Scale bars = 1 m.

The GFP-lac rep-ABC construct, containing the weak, constitutive AF-1 transcriptional activation domain, produced dramatic unfolding in about 10% of the cells which was qualitatively different from any other construct (Figures 2.6A,B & 2.7). These cells showed thin, extended fibers protruding several microns out from a more densely folded core.  This unfolding was not altered by estradiol, consistent with the construct's lack of a ligand binding domain. 

Finally, we tested whether the unfolding of chromatin in the absence of estradiol was due to trace amounts of estrogens in the medium, despite our using charcoal-dextran treated serum and phenol red-free medium.  We found that structures produced by ER with an L525A mutation, which does not bind ligand, produced unfolded structures whether or not estradiol was present, just as its wild-type counterpart does in the absence of hormone (Figures 2.6C & 2.7).  Therefore, the large-scale chromatin decondensation observed cannot be attributed to residual estrogens in the cell medium, but reflects a true activity of the estrogen receptor in the absence of hormone, which may be dependent on a hormone independent signaling pathway.
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Figure 2.7: Measurements of all GFP-lac rep-ER fusion proteins. Figure 2.7A: The boxplot shown is a simplified version of a histogram.  Ends of the lines show the 10th and 90th percentiles, ends of the boxes show the 25th and 75th percentiles, and the center line shows the 50th percentile (median). Figure 2.7B: Quantitative measurements of lac operator arrays were made using images collected from A03_1 cells transfected with each GFP-lac rep fusion protein.  The data for GFP-lac rep-ER, GFP-lac rep, and GFP-lac rep-VP16 is the same as that shown in the histograms in Figure 2.3.  For the percent “open” column, lac operator arrays were counted as “open” if they measured larger than 2.7 m2.  

Chromatin remodeling and histone acetylation

Changes in chromatin structure at the nucleosomal level produced by chromatin remodeling complexes (Vignali et al., 2000) and histone acetyltransferases (Jenuwein and Allis, 2001) have been proposed to affect higher levels of chromatin folding.  To pursue the potential link between these two levels of structure, cells were immunostained for components of chromatin remodeling complexes.  Human brahma (hbrm/hSnf2), a human homologue of the yeast SWI2/SNF2 chromatin remodeling complex component (Muchardt and Yaniv, 1993), has been shown to enhance estrogen receptor transcriptional activity (Chiba et al., 1994).  Yeast two-hybrid experiments previously revealed a potential ligand-independent interaction between ER and brahma, enhanced by estradiol (Ichinose et al., 1997).  Immunostaining of A03_1 cells revealed strong recruitment of brahma to GFP-lac rep-ER in the absence of estradiol in ~50% of cells (Figure 2.8, right).  After estradiol treatment, ~85%  of cells showed strong recruitment.  BAF170 (BRG-1 associated factor 170), is a component of the human BRG1-containing chromatin remodeling complex (Wang et al., 1996) which has not previously been tested for interaction with ER.  BAF170 was not detectably recruited to GFP-lac rep-ER with or without estradiol (data not shown), whereas GFP-lac rep-VP16 strongly recruited both brahma and BAF170 in nearly every cell (data not shown).  

Several histone acetyltransferases are known to be strongly recruited to ER by estradiol, including SRC-1 (Spencer et al., 1997) and CBP (Bannister and Kouzarides, 1996).  We have confirmed recruitment of SRC-1 (Figure 2.2C and (Stenoien et al., 2001)) and CBP (Stenoien et al., 2001) to GFP-lac rep-ER.  To determine whether this recruitment is accompanied by increased histone acetylation, GFP-lac rep-ER -transfected cells were fixed at various time points after estradiol treatment and stained with antibodies against the acetylated forms of histone H3 and H4 (Figure 2.8).  In the absence of estradiol, lac operator arrays with GFP-lac rep-ER typically showed histone H3 and H4 hypoacetylation.  Histone H3 and H4 acetylation gradually increased after hormone addition, with acetylation of histone H4 possibly decreasing after long-term estradiol treatment.  Hyperacetylation was much less dramatic than that produced by GFP-lac rep-VP16 in nearly every cell (data not shown and (Tumbar et al., 1999)).  These results are generally consistent with previous chromatin immunoprecipitation studies which revealed an increase in histone acetylation in the vicinity of estrogen responsive promoters after treatment with estradiol, although the dynamics of such changes from study to study have not been resolved (Chen et al., 1999; Shang et al., 2000).  Using the alternate tethering approach, cells transfected with YFP-lac rep-SRC570-780 and CFP-ER or wild-type ER did not show detectable increases in acetylation at the lac operator array compared to YFP-lac rep-SRC570-780 alone (data not shown) although the large-scale chromatin decondensation produced was even greater than that seen with GFP-lac rep-VP16.  The lack of detectable changes in histone acetylation may be due to a dominant negative interaction between ER and SRC570-780.  However, it may also result from a lowered detection sensitivity for histone acetylation due to the unusually extended conformation of the lac operator array.  What is clear is that the chromatin unfolding produced by YFP-lac rep-SRC570-780-recruited ER is not accompanied by a high degree of histone hyperacetylation.
[image: image6.png]A. Example classifications: H4 acetylation brahma recruitment
hypoacetylated neutral hyperacetylated not recruited borderline recruited

acetyl-H4
brahma

GFP-lac rep-ER
GFP-lac rep-ER

B. Acetylated histone H3 Acetylated histone H4 brahma recruitment
100% 1
£ 80%
8 C 60%
N = °
o2
T 40%
w— o
O o o
® 8 20%
0% 4 L
no 10 30 60 6.5 48 GFP- GFP- no 10 30 60 6.5 48 GFP- GFP- no 10 30 60 6.5 48 GFP- GFP-
E2 min min min hr hr lac lac E2 min min min hr hr lac lac E2 min min min hr hr lac lac
E2 E2 E2 E2 E2 rep rep- E2 E2 E2 E2 E2 rep  rep- E2 E2 E2 E2 E2 rep rep-
GFP-lac rep-ER VP16 GFP-lac rep-ER VP16 GFP-lac rep-ER VP16

hypoacetylated hypoacetylated not recruited
= neutral = neutral = borderline

m hyperacetylated m hyperacetylated m recruited




Figure 2.8: Histone acetylation and brahma recruitment by GFP-lac rep-ER fusion proteins. 

A03_1 cells were transfected with GFP-lac rep-ER, GFP-lac rep, or GFP-lac rep-VP16 and treated with 10-9 M estradiol for various time points prior to fixation and staining with antibodies against the acetylated forms of histone H3 and H4 or against brahma.  Figure 2.8A: For histone acetylation (left set of images), each cell's lac operator array was scored as having staining lower than the rest of the chromatin in the nucleus (hypoacetylated),  comparable to (neutral), or higher than (hyperacetylated).  For brahma recruitment (right set of panels), each cell’s lac operator array was scored as having staining comparable to the rest of the nucleus (not recruited), slightly brighter staining relative to the rest of the nucleus (borderline), or brighter staining than the rest of the nucleus (recruited). Figure 2.8B: For each time point, cells were scored as in (A) for histone H3 acetylation (left) and histone H4 acetylation (middle) and brahma recruitment (right).

Discussion

Transcriptional activators and large-scale chromatin unfolding

Using the lac operator/repressor tethering system, we observed the capability of the estrogen receptor to decondense large-scale chromatin structure.  We also addressed several fundamental questions about the relationship between large-scale chromatin structure and transcription.  First, different transcriptional activators are capable of unfolding chromatin to qualitatively different levels.  That is, the fibers produced by ER appeared less distinct compared to VP16.  In addition, unusually thin fibers were produced in A03_1 cells by GFP-lac rep-ABC and by full length CFP-ER recruited via a YFP-SRC570-780 fusion.  Second, stronger activators do not necessarily produce more extensive unfolding, since GFP-lac rep-ER is 150 times weaker by transient transcription assay compared to GFP-lac rep-VP16, yet the global unfolding produced by either construct is close in magnitude.  Third, we found that there is not a simple correlation between unfolded chromatin and transcriptional potential.  Our hypothesis that chromatin would be condensed in the absence of ligand and unfolded upon ligand binding was too simplistic.  GFP-lac rep-ER unfolded chromatin by about 35% after long-term estradiol treatment.  A more dramatic unfolding was observed by GFP-lac repressor-ER in the absence of ligand, and the largest degree of unfolding, exceeding that previously observed with the VP16 acidic activation domain, was observed using the transcriptionally dead, lac repressor-SRC1 tethering system to recruit wild type ER.

Unliganded ER is capable of unfolding large-scale chromatin structure

While the decondensing capability of ER in the absence of ligand was surprising, results from several different lines of investigation yielded similar, internally consistent results.  Specifically, the same conclusion was reached using two different methods for ER recruitment and using various ER mutations and truncations.  Our results suggest that a region encompassing receptor domains D and E, between amino acids 262-534, is responsible for the major ligand-independent decondensation activity observed with ER.  This decondensation is insufficient for transcriptional activation, because the mutants and the YFP-lac rep-SRC570-780 + ER recruitment system lack transcriptional activity yet are still able to unfold chromatin in the absence of hormone.

While we have shown in this work that unliganded ER is capable of unfolding chromatin, this does not prove that it actually does unfold chromatin at endogenous ER-regulated promoters. Interpretation of our findings depends on whether the estrogen receptor is recruited to chromatin in its unliganded state, and there is considerable evidence that this is the case.

While numerous studies have demonstrated the binding of unliganded ER to ERE-containing DNA in vitro (Brown and Sharp, 1990), the situation in vivo has been less clear (Klinge, 2001).  Several independent, quantitative experimental approaches have demonstrated significant ER bound at promoters in the absence of hormone, with ER binding generally increasing after estradiol addition.  Early evidence for in vivo binding of receptor in the absence of hormone came from promoter interference studies in mammalian cells (Reese and Katzenellenbogen, 1992). More recently, in vivo footprinting of the endogenous pS2 promoter in breast cancer cells revealed that the consensus half site of the imperfect pS2 ERE was equally well protected with or without hormone (Kim et al., 2000).  In addition, chromatin immunoprecipitation data conclusively demonstrated significant levels of estrogen receptor bound at the endogenous pS2 and cathepsin D promoters in mammalian cells in the absence of hormone (Shang et al., 2000; Zheng et al., 2001). 

The discovery of unliganded ER at certain ERE-containing promoters raises the possibility that the chromatin unfolding activity we have described in this paper might play a physiological role.  One possibility is that the unfolded structure represents a poised, transcriptionally competent chromatin state still dependent on hormone to recruit coactivators for gene activation.  This transcriptionally inactive but competent state could prepare genes for the rapid response to hormone that has been observed in studies of the kinetics of endogenous estradiol-responsive genes.  This essentially represents a two stage model of transcriptional activation, in which changes in higher order and large-scale chromatin structure precede recruitment of transcriptional coactivators and the general transcriptional machinery.

A second possibility is that the unfolded structure could be involved in transcriptional repression by unliganded ER.  Recent experiments have demonstrated that ER binds to endogenous ERE-containing promoters in the absence of ligand but its transcriptional activity is repressed (Zheng et al., 2001).  A genetic screen for proteins required for long-range enhancer-promoter interactions has identified Chip (Morcillo et al., 1997) and the adherin-related Nipped-B (Rollins et al., 1999), proteins which may be involved in cross-linking chromatin and in chromosome adhesion, respectively.  This work has led to speculation that higher order or large-scale chromatin condensation may be required for enhancer stimulated transcriptional activation (Dorsett, 1999), thereby suggesting that dispersion of chromatin may be a mechanism of transcriptional repression.

Finally, the large-scale chromatin unfolding produced by unliganded ER might produce a remodeled, permissive state allowing activators and/or repressors full access to the gene locus.  Thus, like chromatin remodeling at the lower levels of folding, large-scale chromatin unfolding may not be inherently activating or repressing but rather allows a window of opportunity for trans factors to determine a promoter's response.

Addition of ligand partially disrupts ER's chromatin unfolding activity

When estradiol was added to unfolded GFP-lac rep-ER-produced structures in A03_1 cells, chromatin unfolding was rapidly, though only partially, reversed.  Structures after long-term estradiol treatment were smaller than those produced in the absence of hormone but larger than those produced by GFP-lac rep alone.  This partial reversal of decondensation activity was dependent on hormone binding and recruitment of functional coactivators and/or corepressors by ER's LXXLL binding pocket.  Our current view is that the recondensation we observed is related to a downregulation of the estrogen receptor.  It is known that several ER-responsive genes are rapidly induced after estradiol addition but show a decrease in activity over time, despite the continued presence of estradiol (Cavailles et al., 1988; Chen et al., 1999; Cicatiello et al., 1992; Dubik and Shiu, 1988).  One potential mechanism for this downregulation involves the inactivation of some coactivators via acetylation by other coactivators (Chen et al., 1999).  

Relationship between local chromatin structure and large-scale chromatin structure 
The remodeling of nucleosomes and histone acetylation are frequently proposed to alter higher levels of chromatin structure (Jenuwein and Allis, 2001; Vignali et al., 2000).  Some correlations have been observed; for example, GFP-lac rep-VP16 produces activated transcription, acetylated histones, and unfolded large-scale chromatin structure (Tumbar et al., 1999).  However, a causal relationship has not been established.  In fact, large-scale decondensation of chromatin by the BRCT domains of BRCA1 occurs in the absence of detectable histone hyperacetylation (Ye et al., 2001).  In addition, recent unpublished work in our laboratory has provided an example in which large-scale chromatin decondensation by VP16 AAD is inhibited even in the presence of histone hyperacetylation (Pop, S and Belmont, AS, personal communication).  In this work, we found that the decondensation induced by ER does not correlate with histone hyperacetylation.  The most dramatic unfolding was produced under conditions where histone hyperacetylation was undetectable (unliganded GFP-lac rep-ER and CFP-ER recruited by YFP-lac rep-SRC570-780).  It is therefore unlikely that the proteins involved in large-scale chromatin unfolding are among the histone acetyltransferases more strongly recruited to ER after estradiol addition, although we cannot rule out the involvement of proteins modifying histones in other ways, e.g. methylation or phosphorylation.  

Observations of the recruitment of various proteins cannot establish their involvement in large-scale chromatin unfolding.  Nevertheless, we observed that the chromatin remodeling complex component brahma is recruited significantly to GFP-lac rep-ER in the absence of hormone, and this recruitment increases as chromatin recondenses in response to estradiol.  These observations do not provide definite evidence that chromatin remodeling complexes are involved in large-scale chromatin unfolding, but neither do they rule out their involvement.

Experimental considerations and future directions

The experimental approach in this paper allows the targeting of large amounts of an activator to a visible chromosome region so that effects on large-scale chromatin structure can be observed.  While it would be preferable to observe the effects of the activation of a single estrogen-responsive gene on nearby chromatin, suitable electron microscopy methods do not yet exist.  Observing chromatin changes at arrays of a viral promoter has recently been demonstrated (Muller et al., 2001), and we have been developing methods towards observing natural promoters, including ER-responsive promoters.  The method we have used in this work is a useful first step and provides a few advantages over studying a natural promoter.  The lac repressor targeting allows direct comparison of the effects of any protein using the same target chromatin.  This system has revealed the effects of various other nuclear receptors, including thyroid hormone receptor, progesterone receptor, and Pit-1 (MG Mancini, KX Patel, ZD Sharp, MA Mancini, unpublished observations).  Most importantly, this approach provides a rapid method for mapping the specific protein domains responsible for this decondensation activity.

A key question remaining, however, is whether the observed results using this experimental methodology are physiologically relevant given the high numbers of lac operator repeats involved.  It is unlikely that each lac operator binds a lac repressor molecule, as there is reason to believe that lac repressor binding may be significantly limited by steric constraints and phasing of lac operators relative to the nucleosome linker DNA.  Our current model is that the structural changes we observe using this targeting methodology represents an amplification of similar structural perturbations produced over much smaller neighborhoods surrounding endogenous promoters. 

Recently, changes in large-scale chromatin structure were observed using a cell line containing an array of roughly 200 copies of a vector, each of which contains one copy of the MMTV promoter upstream of the ras and BPV genes.  The six glucocorticoid receptor binding sites in each copy of that promoter (Fletcher et al., 2000) were sufficient to produce large-scale chromatin decondensation within three hours of hormone treatment (Muller et al., 2001).  Within the following five hours, arrays recondensed despite the continued presence of hormone (Muller et al., 2001). It is interesting to compare these results with GR with our study of ER, as the two steroid receptors are in many ways similar.  Significantly, one difference between the receptors is that in the absence of ligand GR is restricted to the cytoplasm whereas ER is located primarily in the nucleus.  Therefore, GR would not be expected to affect large-scale chromatin structure in the absence of hormone while ER’s localization makes it possible that it could, particularly in light of recent evidence that ER under some conditions may bind to estrogen response elements in the absence of hormone (Kim et al., 2000; Shang et al., 2000; Zheng et al., 2001). Interestingly, both studies showed downregulation of the unfolding activity over time, although the timing differed: ER’s activity was dramatically reduced within 30 minutes and gradually reduced over the following 48 hours, while GR’s unfolding activity was gradually reduced over the course of about five hours (from 3-8 hours after hormone treatment). The differences in timing could reflect functional differences between the two receptors; for example, GR may be regulated differently in order to allow a period of unfolding before downregulation begins since it does not enter the nucleus until hormone is added.  We cannot rule out, however, that the timing observed for ER may by altered due to some aspect of our artificial system.

Most previous studies of the estrogen receptor have used transcription as a readout of ER function.  By applying an assay which directly focuses on ER’s effect on large-scale chromatin structure, we have demonstrated that ER is capable of unfolding chromatin.  This assay should allow identification of the ER subdomain(s) and the interacting proteins required for this activity. 
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Materials and Methods

Construction of plasmids

Detailed information can be found in Appendix A. A plasmid expressing the GFP-dimer lac repressor-SV40 nuclear localization signal (NLS) fusion protein under control of the F9-1 promoter, called p3’SS-EGFP-dimer lac repressor (Tumbar et al., 1999), was used as the basis for these studies.  This plasmid contains a mutant form of the lac repressor which forms dimers rather than tetramers due to a five amino acid deletion at the C terminus (Chen and Matthews, 1992).  The N terminus of the lac repressor was replaced with a proline3 -> tyrosine mutant form from pAFS135 (Schmitz et al., 1978) to produce a tighter binding lac repressor, p3’SS d tb Clontech EGFP.  The plasmid was then modified by Quik-change site-directed mutagenesis (Stratagene, La Jolla, CA), resulting in the insertion of a 9 bp fragment containing an AscI site into the PvuII site 7 amino acids N-terminal to the linker and NLS.  This generated GFP-lac rep-AscI-NLS (NYE4).  Selected regions of the estrogen receptor were amplified by PCR using primers which contain AscI sites in frame.  The template for these reactions was either wild-type human estrogen receptor alpha from the CMV-ER plasmid (Wrenn and Katzenellenbogen, 1993), or mutant estrogen receptors (L525A or L540Q) in the same vector backbone (Ekena et al., 1997; Ince et al., 1993; Schodin et al., 1995).  The PCR products were digested with AscI and ligated into the AscI-digested GFP-lac rep-AscI-NLS vector to create in-frame fusions.  All regions of constructs which had undergone PCR were sequenced to ensure fidelity. Construction of YFP-SRC-1 and CFP-ER has been described (Stenoien et al., 2000).  The CFP-lac repressor-ER fusion is described elsewhere (Stenoien et al., 2001).  YFP-lac rep-SRC570-780 was constructed by PCR amplifying lac rep-NLS from NYE4 with primers adding BglII sites and ligating into the BglII site between YFP and SRC570-780 of the YFP-SRC570-780 vector (Stenoien et al., 2000).

The 8op-CAT reporter plasmid (NYE10) was generated by removing a BamHI - HindIII fragment containing 8 lac operator repeats from pPS-8.1 (Robinett et al., 1996).  This fragment was ligated into the pATC2 vector (Mattick et al., 1997) whose two EREs had been removed with a BglII/HindIII digestion.

Tissue culture, transfection, and CAT assays

A03_1 CHO DG44 cells contain a gene amplified chromosome region containing ~400 kb blocks of pSV2-DHFR-8.32 vector repeats separated by an estimated 1000 kb of flanking, coamplified genomic DNA (Li et al., 1998).  Each vector copy contains the DHFR (dihydrofolate reductase) cDNA transgene and 256 direct repeats of the lac operator.  These cells were cultured at 37o C with 5% CO2 in F-12 Ham’s media without hypoxanthine or thymidine, with 0.3 M methotrexate, without phenol red, and with 10% dialyzed fetal bovine serum (HyClone Labs, Logan, UT) treated with charcoal/dextran.  Phenol-red free trypsin was used to passage cells.  RRE_B1 cells contain a different gene amplified chromosome region with lac operator repeats derived from a modified vector (Tumbar and Belmont, 2001), and were cultured using the same medium as for A03_1 except with 10 M methotrexate.  Wild type Chinese hamster ovary CHO-K1 cells (ATCC CRL#9618) were cultured in phenol-red free F-12 Ham’s medium with 10% charcoal/dextran treated fetal bovine serum. 

Transfections on coverslips were performed with FuGENE6 reagent (Roche, Indianapolis, IN) according to the manufacturer's instructions using 250 ng DNA and 3 L reagent per 35 mm plate.  Fresh media containing hormone was added 24 hours after transfection.  Seventy-two hours after transfection, cells were rinsed in calcium, magnesium free phosphate buffered saline (CMF-PBS), fixed in CMF-PBS with 1.6% paraformaldehyde (Polysciences, Warrington, PA), and stained with 0.2 g/ml DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride) in CMF-PBS.  Transfections for CAT transcription assays used 1.6 g 8 op-CAT or pATC4 (4 ERE-TATA-CAT) reporter (Mattick et al., 1997), 0.6 g beta-galactosidase internal reference reporter pCH110 (Pharmacia), and 10 ng of effector plasmid combined with 15 uL of FuGENE6 reagent per 60 mm plate.  Fresh media containing hormone was added 24 hours post-transfection and cells were harvested and lysed 48 hours post-transfection.  CAT assays were performed and normalized for beta galactosidase expression as described (Schodin et al., 1995).

Immunocytochemistry

Cells were stained in solutions diluted in PBS* (PBS + 5 mM MgCl2 + 0.1 mM EDTA).  Cells were rinsed in PBS*, permeabilized 30 seconds (histone acetylation staining) or 60 seconds (brahma and BAF170 staining) in 0.1% Triton-X 100, and fixed in 1.6% formaldehyde (Polysciences, Warrington, PA) for 15-30 minutes at room temperature.  Coverslips were washed 5 minutes in 0.1% Triton-X 100 (brahma and BAF170 staining only), 3 x 5 minutes in PBS*, 3 x 5 minutes in 20 mM glycine, 5 minutes in 0.1% Triton-X 100 (brahma and BAF170 staining only), and 30 minutes at room temperature in 5% normal goat serum (histone acetylation staining) or 1 hour at room temperature plus 1 hour at 4(C in 5% normal donkey serum (brahma and BAF170 staining). Coverslips were washed 3 x 5 minutes in 0.1% Triton-X 100 and incubated overnight at 4(C with a primary antibody diluted in 0.1% Triton-X 100 as follows: 1:500 anti-acetylated histone H3 (AHP412, Serotec, Raleigh, NC), 1:500 anti-acetylated histone H4 (AHP418, Serotec), 1:50 anti-brahma N-19 (sc-6450, Santa Cruz Biotechnology, Santa Cruz, CA), 1:100 anti-BAF170 C-19 (sc-9744, Santa Cruz Biotechnology).  Coverslips were washed 3 x 5 minutes in 0.1% Triton-X 100 then incubated at 4(C with a secondary antibody diluted in 0.1% Triton-X 100 as follows: 6 hours at 4(C with a 1:1000 dilution of Texas Red goat anti-rabbit IgG (code #111-075-144, Jackson Immunoresearch, West Grove, PA) for histone acetylation staining, or 19 hours at 4(C with a 1:3000 dilution of Alexa 594 donkey anti-goat IgG (Molecular Probes, Eugene, OR) for brahma and BAF170 staining.  Coverslips were finally washed 3 x 5 minutes in 0.1% Triton-X 100, 3 x 5 minutes in PBS*, 5 minutes in 0.2 g/ml DAPI, 3 x 5 minutes in PBS*, and mounted in Prolong Antifade solution (Molecular Probes).

Fluorescence microscopy & image analysis

Images were collected on an inverted light microscope (IMT-2, Olympus, Success, NY) equipped with a cooled, slow-scan CCD camera (Photometrics, Tucson, AZ) as described previously (Hiraoka et al., 1991).  Optical sections of nuclei were collected and deconvolved as described (Agard et al., 1989).  Figures were assembled using Adobe Photoshop.  For quantitative measurements, ScionImage software (Scion Corp., Frederick, Maryland) was used to measure the area of the lac operator arrays (HSRs) in images collected from a large number of cells.  A macro based on the "Analyze particles" command was used to measure the area of each lac operator array, which was identified in each image by thresholding.  Proper thresholding was verified by visual inspection and defined interactively, if necessary, using the freehand selection tool.  Measurements were exported, analyzed, and graphed in Microsoft Excel and SigmaPlot.

CHAPTER 3

AUTOMATED MICROSCOPY REVEALS THAT MULTIPLE REGIONS OF THE ESTROGEN RECEPTOR CAN UNFOLD LARGE-SCALE CHROMATIN STRUCTURE

Abstract

Recently, several transcription factors were found to possess large-scale chromatin unfolding activity; these include the VP16 acidic activation domain, BRCA1, E2F1, p53, and the glucocorticoid and estrogen steroid receptors.  In these studies, proteins were fluorescently labeled and targeted to a multimerized array of DNA sequences in mammalian cultured cells, and changes in the appearance and/or size of the array were observed. This type of experiment is impeded by the low throughput of traditional microscopy.  Here we report the application of automated microscopy to provide unattended, rapid, quantitative measurements of the sizes of fluorescently labeled chromosome regions. Using this approach, we have identified subdomains contained within the E domain of estrogen receptor alpha capable of inducing large-scale chromatin decondensation. This work confirms that, like BRCA1, the activation function 2 (AF-2) region of the estrogen receptor has more than one distinct chromatin unfolding domain. In addition, we demonstrate the feasibility of using automated microscopy as a high-throughput screen for identifying modulators of large-scale chromatin folding.

Introduction


Recently, studies have revealed the large-scale chromatin-unfolding activity associated with several transcription factors.  Initially, the very strong viral activation domain, VP16 AAD, was found to dramatically unfold large-scale chromatin structure when targeted as a GFP-lac repressor fusion protein to a condensed chromosome region containing lac operator repeats (Tumbar et al., 1999). Unfolding was still observed even after transcriptional inhibition by alpha-amanitin, indicating that this large-scale chromatin decondensation was not simply a result of increased transcription but was presumably the result of the targeting of specific coactivators by VP16 AAD. In similar experiments, other proteins were found to unfold chromatin structure: the mammalian transcriptional activators glucocorticoid receptor (Muller et al., 2001), E2F1 and p53 (Ye et al., 2001), and the multifunctional BRCA1 protein and its cofactor COBRA1 (Ye et al., 2001).  Interestingly, cancer-predisposing mutations of BRCA1 possessed enhanced chromatin-unfolding activity.


The estrogen receptor (ER) is a hormone-inducible transcriptional activator. In the absence of hormone, ER is located within the nucleus, with small amounts bound to estrogen responsive elements near target genes (Kim et al., 2000; Zheng et al., 2001).  When hormone is added, estrogen-responsive genes are quickly activated. ER-responsive genes decline in activity after several hours despite the continued presence of hormone (Cavailles et al., 1988; Dubik and Shiu, 1988). In large-scale chromatin unfolding assays, ER fused to GFP-lac repressor unfolded a condensed, heterochromatic chromosome region containing lac operator repeats in the absence of hormone (Nye et al., 2002). Addition of hormone resulted in refolding of the chromosome region over a period of hours. 

The physiological relevance of this hormone independent unfolding activity remains unclear.  One possibility is that ER, bound to at least some promoters in the absence of hormone, maintains chromatin in an unfolded state, poised for transcriptional activation after hormone addition. Another possibility is that ER unfolding activity is normally maximal just after the majority of ER binds to DNA in response to hormone and that this activity is downregulated during prolonged hormone treatment.

Based on these initial studies, we wanted to dissect the protein domains of ER which were sufficient to reproduce the observed large-scale chromatin unfolding. Our long-term goal is to determine which of the many proteins recruited by the estrogen receptor are responsible for the observed large-scale chromatin unfolding.  Previously, for example, we ruled out the involvement of helix-12-recruited coactivators by testing helix 12 defective mutations of the ER (Nye et al., 2002; Stenoien et al., 2001).  Such studies are complicated for simple acidic activators like VP16, because their transcriptional ability is closely linked to their chromatin unfolding activity; that is, all truncations and mutations of VP16 studied so far which are able to unfold chromatin are also transcriptionally active (Nye, A.C., Plutz, M., and Belmont, A.S., unpublished).  This complicates finding proteins responsible for large-scale chromatin unfolding by subdomain analysis since a small portion of VP16 recruits a number of proteins for its transcriptional activity including basal transcription factors (Neely et al., 1999; Xiao et al., 1994), histone acetyltransferases (Utley et al., 1998), and chromatin remodeling complexes (Neely et al., 1999). 

The ER is a unique tool since it can unfold large-scale chromatin structure under conditions when transcription is not activated.  In brief, we previously found that the ER unfolds chromatin in the absence of estradiol, when it is transcriptionally inactive.  This unfolding activity was also found in truncations of ER consisting of domains D, E, and F (amino acids 302-595) (Nye et al., 2002) and a truncation containing amino acids 1-534, which includes all but the helix 12 portion of domain E (Stenoien et al., 2001). Using the ER, therefore, it might be possible to localize the chromatin unfolding activity to a small, transcriptionally inactive portion of the protein, which could be used to identify candidate proteins involved in large-scale chromatin decondensation. Because of the variable response observed within the cell population this required a quantitative assay for chromatin unfolding based on observing large numbers of cells for each new construct tested.

Such tedious data collection and analysis is well suited to automated imaging, also called high-throughput microscopy. Most systems which automate both the hardware of the microscope and image analysis are used in pharmaceutical applications, like high-throughput screening of drug candidates (Taylor et al., 2001), and in clinical applications (Tarnok and Gerstner, 2002) like detecting rare cancer cells (Kraeft et al., 2000) or chromosomal rearrangements in metaphase (Eils et al., 1998). Also notable are systems for detecting dots visible by fluorescence in situ hybridization (Netten et al., 1997) and comet tails indicating DNA damage (Petersen et al., 2000).  Software for more sophisticated applications like the automated assessment of subcellular localization has been much more challenging and has been in development for some time (Camp et al., 2002; Murphy et al., 2000; Tarnok and Gerstner, 2002).  Here we describe the development of an automated microscopy data collection and image analysis procedure and its application to the identification of ER protein domains capable of unfolding large-scale chromatin structure.

Results

Experimental design


We used an assay developed for assessing the effects of a protein on large-scale chromatin structure (Robinett et al., 1996; Tumbar et al., 1999).  In this system, lac operator direct repeats are stably integrated into the genome of CHO (Chinese Hamster Ovary) DHFR minus cells, using DHFR as a selectable marker (Figure 3.1). Starting with either a single or multi-copy insertion of the vector containing the lac operator repeats, further increases in the size of the labeled chromosome region can be obtained by the process of gene amplification, using methotrexate, an inhibitor of DHFR (Schimke et al., 1978). By these methods, we previously isolated a cell line, A03_1, in which lac operator repeats and coamplified genomic DNA form a roughly 90 million base pair chromosomal array (Li et al., 1998).  This array has properties of heterochromatin, forming a condensed chromatin mass roughly 1 m in diameter through most of interphase which replicates in middle to late S phase.
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Figure 3.1: Schematic of the lac operator/repressor system, whereby a protein of interest (in this case, ER), is targeted to a fluorescently labeled region of a chromosome, consisting of repeated lac operator DNA sequences interspersed with genomic DNA.

Because this cell line normally has a compact chromatin array, except during DNA replication, unfolding of the chromatin induced by targeting a protein of interest to the array is easily visible.  This targeting is accomplished by fusing the coding region of the gene of interest (in this case, ER) to a gene encoding a yellow fluorescent protein tagged lac repressor (YFP-lac rep).  The resulting mammalian expression plasmid is transiently transfected into A03_1 cells.  YFP-lac rep-ER fusion protein is expressed, and it binds tightly to lac operator DNA sequences.  The lac repressor therefore allows simultaneous visualization of the chromatin array and targeting of a protein of interest.


We previously used this system to investigate the effects of ER on large-scale chromatin structure (Nye et al., 2002).  In that work, we investigated the structure of the fibers produced by targeting various mutations and truncations of the ER to the A03_1 lac operator array. For each fusion protein, we manually collected images of 150 transfected cells and used a macro in NIH Image to identify and measure the fluorescent arrays.  Image collection was time consuming, preventing rapid analysis of additional ER subdomains and other proteins of interest.

Development of automated image collection and analysis

We therefore sought to automate data collection, which would require locating rare transfected cells, typically less than 5% of the population, focusing on the YFP-lac repressor-bound chromatin arrays, recording images, and then extracting morphological measurements. Automated image collection is complicated by the low intensity and small size of the labeled chromosome regions, ranging in area from 1-5  m2. The chromatin arrays must be imaged with a high numerical aperture 63X lens, and chromatin arrays are not at a predictable focal plane relative to the nuclei.

The program is initiated by placing a slide on the microscope, focusing on the nuclei, specifying the region of the slide to be examined, and indicating how resulting images and measurements should be saved.  The program (Figure 3.2) begins by collecting an image with a short exposure time in the DAPI channel to determine whether any nuclei are in the field of view (Figure 3.2, step 1). This decision is made based on whether an image in the DAPI channel with a fixed exposure time surpasses a minimum brightness and whether the bright objects in the field of view are in the size range of nuclei.  Neither threshold is very stringent, since the nuclei may initially be out of focus. If no nuclei are present, the program moves the stage to the next field of view.

If nuclei are present, the program collects images at 5 different positions along the Z axis (4 m apart and centered over the initial Z position) and chooses the image with the highest maximum pixel intensity as the closest to focus (Figure 3.2, step 2). We found this simple focusing method to be sufficiently accurate. Once the nuclei are in focus, an image is collected with a short exposure time in the YFP channel to determine whether any cells in the field of view are transfected with the YFP-lac repressor fusion protein (Figure 3.2, step 3).  This decision is based on whether the image surpasses a minimum brightness.  If not, the program moves to the next field of view and returns to step 1.
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Figure 3.2: The automated image collection and analysis procedure (top) and the user interface (bottom).

If cells are transfected, the program optimally exposes the array(s) by collecting an image with a 0.05 second exposure time (Figure 3.2, step 4).  This initial image is rarely optimally exposed, defined as producing a maximum intensity between 3000 and 4095 (i.e. bright, but not saturated, using a 12-bit camera).  If the image is too bright, the exposure time is shortened by 20%.  If the image is too dim, a new exposure time is calculated based on the maximum intensity of the initial image.  These cycles are repeated until an appropriate image is obtained, usually within three exposures.  Next, the location of the YFP-labeled chromatin array(s) is determined using a feature extraction algorithm based on brightness (Figure 3.2, step 5).  If the array is within 15 pixels of the edge of the field of view, it is ignored, since partial arrays touching the edge of the field of view would be incorrectly measured.  

Each labeled chromosome region is then individually focused within a small, 256 x 256 pixel window using 10 YFP images spaced 2 m apart (Figure 3.2, step 6).  Once optimal focus is achieved, the YFP-labeled array and the corresponding DAPI-labeled nucleus are optimally exposed (Figure 3.2, step 7) as in step 4.  If more than one YFP-labeled object is observed within the 256 x 256 window, the array is ignored, due to uncertainty whether this represents aneuploidy or chromosome rearrangements versus a single decondensed chromosome region which appears split into two separate foci.


Occasionally, fluorescent debris is imaged.  These artifacts are minimized by an algorithm that excludes YFP-labeled arrays which do not completely overlap a DAPI-labeled nucleus (Figure 3.2, step 8). Finally, the 256 x 256 pixel YFP and DAPI images are saved as individual files within a directory (Figure 3.2, step 9).  The area of the YFP-labeled array is measured using a feature extraction algorithm and saved in a text file which can be imported into Microsoft Excel.  All aspects of the program can be monitored while the program is running via various image windows (Figure 3.2).  In addition, the user can keep track of the number of transfected cells found (“Counter”) and the number of fields of view scanned (“Count”).


The program runs until the entire, preselected area of the slide has been examined or the appropriate number of cells has been found and measured. The user then quickly looks at the stored images to check for and remove measurement artifacts.  The most common error (occurring in roughly 4% of images) occurs when the YFP signal is present throughout the nucleus, and this entire area is measured as an array.  This occurs either because the cell has lost its lac operator chromosome region, or the YFP fusion protein is overexpressed and the background level of YFP signal in the nucleus is comparable to that at the labeled chromosome region. Editing this and other less common artifacts typically requires less than 5 minutes per sample of 150 cells, eliminating about 13% of images.  Currently, the measurements corresponding to these artifacts are manually edited within the Microsoft Excel spreadsheet storing these values.

Validation of the automated data collection protocol


We first tested this automated data collection program using well-studied controls. GFP-lac rep does not exhibit chromatin unfolding activity (Li et al., 1998) while GFP-lac rep-VP16 exhibits strong large-scale chromatin unfolding activity (Tumbar et al., 1999).  The GFP-lac rep-DEF of ER fusion protein contains the D, E, and F domains of the estrogen receptor which contain the ligand-inducible activation function 2.  We previously determined that this region of ER unfolds chromatin dramatically only in the absence of the hormone estradiol (Nye et al., 2002).  The data are presented in two ways: boxplots (Figure 3.3A) and plots of mean chromosome region area (Figure 3.3B).  Results from this automated image collection and analysis program were comparable to previous results.  In addition, we confirmed that the YFP-lac rep construct (NYE5(EYFP)) did not significantly unfold chromatin relative to the control GFP-lac rep.
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Figure 3.3: Control proteins tested with the automated image collection and analysis procedure. Roughly 100 cells were collected for each sample.  Figure 3.3A: Boxplots show the spread of sizes observed in each population. The top and bottom of each line shows the 95th and 5th percentile, respectively, and the top and bottom of each box shows the 75th and 25th percentile.  The horizontal line in the middle of the box shows the 50th percentile (median). The percentage above each boxplot indicates the percent of cells larger than 525 pixels, a threshold between condensed and unfolded structures. Figure 3.3B: The means for each sample are shown, with stars indicating samples significantly different than the GFP-lac rep sample at the p < 0.05 level.

Testing subdomains of ER for chromatin unfolding activity using automated image collection


We next sought to further isolate regions of the estrogen receptor which are sufficient to produce large-scale chromatin unfolding when tethered to the A03_1 heterochromatic chromosome region. 
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Figure 3.4: Schematic of constructs made for this study.  The full length estrogen receptor is shown at the top, with its six domains marked A-F and amino acids marked 1-595.  All portions of ER shown were fused to YFP-lac rep. Chromatin unfolding in the presence (+E2) or absence (-E2) of 10-9 M estradiol is shown in abbreviated form based on the data in Figure 3.6C, where + indicates significant unfolding, - not significant, and ~ borderline.

We therefore constructed a series of truncations and mutations of the estrogen receptor (Figure 3.4) and tested their transcriptional ability in transient transcription assays (Figure 3.5).  In all cases, transcriptional activity of the YFP-lac repressor-ER fusion proteins was as expected.  We tested the Y537S mutation, which retains significant transcriptional activity even in the absence of estradiol (Weis et al., 1996), a small portion of domains A/B (amino acids 35-47) which has negligible transcriptional activity in CHO-K1 cells (Metivier et al., 2000), a region of domain E called AF2a (amino acids 302-339) which also has negligible transcriptional activity (Pierrat et al., 1994), the non-transcriptionally active hinge domain D alone (aa 263-301), the transcriptionally active domains E and F (aa 302-595), and the transcriptionally active domain E alone (302-551).  Domain E contains 12 helices based on the crystal structure of the LBD (Brzozowski et al., 1997; Tanenbaum et al., 1998). We split domain E helices 1-11 into two halves (aa 302-420: helix 1-6 and aa 420-534: helix 7-11), and then removed one or two helices from each end of the 420-534 protein.  None of these subdomains of E was able to activate transcription in response to hormone.
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Figure 3.5: Transcriptional activity of YFP-lac rep-ER fusion proteins on a transiently transfected 8 lac operator-E1b TATA-luciferase reporter plasmid.  Error bars show the standard error from three independent experiments.

We then analyzed these fusion proteins for chromatin unfolding ability using our automated image collection procedure. Results from two independent transfections were compared to test experimental reproducibility (Figure 3.6A & B).  Similar trends were observed in both experiments. One possible exception is the ER (420-492) protein, which showed greater size variability in the first experiment compared to the second, although the means were similar.


We hypothesized that regardless of whether hormone was added, a constitutively active ER (1-595 Y537S) would resemble the wild type ER after 48 hours of estradiol treatment in its inability to dramatically unfold large-scale chromatin structure. This is indeed the case.  The two regions of ER having negligible transcriptional activity (aa 35-47 and aa 302-339) did not exhibit detectable chromatin unfolding activity. Not surprisingly, the hinge region known as domain D was also unable to unfold chromatin significantly.  
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Figure 3.6: Large-scale chromatin unfolding assay of YFP-lac rep-ER fusion proteins; Roughly 100 cells were collected for each sample; data are shown as in Figure 3.3.  Figure 3.6A: Boxplots from the first experiment. Figure 3.6B: Boxplots from the second experiment. Figure 3.6C: Means calculated from both experiments.  Stars indicate samples significantly different than the YFP-lac rep sample at the p < 0.05 level. The ~ symbol marks a sample significantly different than the YFP-lac rep sample at p = 0.06 level.


By contrast, many of the subdomains of domain E were able to unfold large-scale chromatin structure dramatically.  In the case of domains E + F and domain E alone, this unfolding activity was inhibited by the presence of hormone, as is the case for full-length ER. Previously we showed that helix 12 was required for this inhibition of maximal unfolding activity (Nye et al., 2002). The subdomains of domain E are unlikely to be able to bind hormone, and their chromatin unfolding ability was not diminished by the presence of hormone.  Both halves of domain E, excluding helix 12, were able to unfold large-scale chromatin structure. Eliminating one or two helices from each side of the helix 7-11 portion did not dramatically reduce this unfolding ability, and helix 10 and 11 together (aa 497-534) were insufficient to produce unfolding activity.

Discussion

Several distinct subdomains of the estrogen receptor can unfold chromatin


It has become clear that many transcription factors have more than one transcriptional activation domain, including steroid receptors (Kumar and Thompson, 1999), VP16 (Regier et al., 1993), Sp1 (Courey and Tjian, 1988), Gcn4 (Drysdale et al., 1995), and p65 (Moore et al., 1993). It is now confirmed that transcriptional activators also tend to have multiple large-scale chromatin unfolding domains.  In addition to our previous finding that the A-C region of the estrogen receptor could unfold chromatin in a small subset of cells (Nye et al., 2002), we describe here that each half of the estrogen receptor’s domain E, excluding helix 12, can independently unfold large-scale chromatin structure. This may be a common property of proteins, since BRCA1 was found to have three distinct unfolding domains (Ye et al., 2001), and VP16 and p65 have more than one unfolding domain (see Chapter 4).

Why do transcription factors have multiple domains for transcriptional activation and chromatin unfolding?  This redundancy could be present for several reasons: (1) different domains interact with different components of the transcriptional machinery, (2) different domains are regulated differently depending on the cell’s environment, (3) multiple domains synergize, producing stronger effects than expected based on the individual strengths of each domain, and (4) multiple domains provide redundancy so that the function is not lost upon disruption of part of the gene. In addition, two domains appearing to have comparable independent activity in the assay we have used does not rule out the possibility that the two domains have distinct functions in other contexts.  For example, we have only assessed large-scale chromatin unfolding of a heterochromatic array; if the target gene were in a different context, perhaps one of the domains would be useless and the other indispensable.  Or, in certain cell types, perhaps one domain would be required rather than another based on the balance of coactivator and corepressor proteins present in those cells.  These context issues are well-known to be a perplexing variable in studies of transcriptional activation, and as the field of large-scale chromatin structure matures, these issues should receive more attention.

We strongly emphasize that although many transcriptional activators appear to have multiple activation domains and multiple unfolding domains, these domains do not necessarily overlap.  For VP16 acidic activation domain, both functions are present in a small portion of the protein (Nye, A.C., Plutz, M.P., and Belmont, A.S., unpublished). However, the work presented here reveals that several portions of ER unfold chromatin without having transcriptional ability, and the Y537S constitutive mutation activates transcription in a transient transfection reporter assay but does not significantly unfold chromatin. Additionally, portions of BRCA1 unfold chromatin without having transcriptional ability and several portions which can activate transcription in transient transfection reporter assays do not unfold large-scale chromatin structure (Ye et al., 2001).  The precise relationship between large-scale chromatin unfolding and transcription remains to be established.

Proteins interacting with ER chromatin unfolding domains

A great number of proteins interact in a roughly ligand-dependent manner with helix 12 in AF-2 of ER, or with AF-1 at the N terminus of ER (Klinge, 2000). However, very few proteins are known to bind to the portions of ER which we found unfold large-scale chromatin structure, in domain E outside of helix 12.  Among these are TAFII30 (with ER amino acids 283-330) (Jacq et al., 1994), repressor of ER activity (REA, with ER amino acids 304-530) (Delage-Mourroux et al., 2000), and possibly CoRNR box-containing proteins (Huang et al., 2002) and heat shock proteins (Chambraud et al., 1990; Schlatter et al., 1992). BRCA1 is known to interact with ER’s amino acids 282-420 (Fan et al., 2001) and to unfold large-scale chromatin structure (Ye et al., 2001).  BRCA1 may be responsible, therefore, for the unfolding activity we observed in ER 302-420. Now that several small ER subdomains possessing chromatin unfolding activity have been identified, it is feasible to perform a yeast two hybrid screen to identify proteins which may mediate or regulate large-scale chromatin unfolding.
The automated microscope is superior to manual methods

The primary motivation for our development of an automated program was to allow unattended image collection.  In fact, though, using this relatively straightforward algorithm on a commercially available, standard microscope platform, we observed a significant acceleration of data collection over manual microscope operation.  An overall rate of 60 transfected cells per hour was obtained in the experiment summarized in Figure 3.6A, compared to 36 cells per hour in our previous study (Nye et al., 2002). Because data collection could proceed unattended for 24 hours per day, actual data collection was accelerated even further.  Using this approach we estimate a rate of data collection of 395 transfected cells per day as compared to 58 cells per day in our previous work.

Several visual phenotypic screens have been used which relied on either a preliminary non-visual screen, or on human image collection and analysis which can be tedious and/or inaccurate (Mayer et al., 1999; Peterson et al., 2000). For the application described in this paper, the automated image collection routine was as accurate and reliable as manual methods and much faster.  We are now able to test a variety of different proteins for large-scale chromatin unfolding activity in a moderate-throughput manner.  

With the current system, the rate-limiting step is the search for cells on the coverslip which have been transfected with the fluorescent protein.  These cells are present in 1-25% of the fields of view, depending on transfection efficiency. Using a stable cell line for screening, we estimate tremendous increases in throughput, on the order of 100 fold, would be obtained.  Such rates would be sufficiently high throughput to make feasible chemical biology and siRNA screens to examine specific aspects of nuclear structure and dynamics.
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Materials and Methods

Automated microscopy & statistical analysis

The image collection and analysis procedure described in this paper was developed using an Axiovert 100M motorized inverted fluorescence microscope (Zeiss, Thornwood, NY) with a CoolSnapHQ cooled CCD camera (Roper Scientific/Photometrics, Tucson, AZ),  a motorized XYZ stage (Ludl Electronic Products, Hawthorne, NY), and motorized filter wheels (Ludl).  The hardware was connected via a MAC2002 controller (Ludl) to a PC running Linux which allowed automation to be controlled by ISee software (ISee Imaging Systems, Raleigh, NC).  The light source initially used was an HBO 103W/2 lamp housing powered by an ebq100 isolated power supply (Zeiss) using 100W mercury lamps (OSRAM, Danvers, MA). We found that the excitation shutter would begin to stick after about a month of nearly non-stop usage. Using shutters designed to withstand high temperature conditions did not alleviate the problem, but using a fiber optic light source did (X-Cite Microscopy illumination source from EFOS, now EXFO, Richardson, TX). The image collection and analysis routine and a detailed description of its design are available in Appendixes C, D, and E.  The version of the program used in this paper was called “ROInet 127”. Measurements of array size were imported into Microsoft Excel and edited manually and with macros.

Each data point used in the statistical analysis was the mean of 80 - 100 cells.  The analysis was a split plot ANOVA where the blocks were the experiments, the “whole” plot was the protein, and the “split” plot was the presence or absence of hormone.  Since we did multiple pairwise comparisons, we used a Tukey adjustment.  The data were analyzed using SAS proc mixed (Littell et al., 1996). We noticed (as in previous studies) that for unknown reasons the absolute size of the A03_1 chromatin array is not stable from experiment to experiment. This is possibly due to a difference in the intrinsic size of the array due to the age or growth conditions of the cells. For these reasons, data from two experiments cannot be combined into one boxplot.  However, it is possible to estimate a mean for the combined populations.

Subcloning


Plasmid construction details have previously been published for GFP-lac rep-ER(1-595) and GFP-lac rep-DEF of ER(302-595) (Nye et al., 2002); and GFP-lac rep (p3’SS EGFP dimer lac repressor) and GFP-lac rep-VP16 (p3’SS EGFP dimer lac repressor-VP16) (Tumbar et al., 1999).  To make the reporter plasmid NYE107b, we first cut out 8 lac operators plus the TATA box from NYE10 (8 lac op-TATA-CAT reporter) (Nye et al., 2002) using HindIII and NcoI and ligated this fragment into the HindIII - NcoI sites of pGL3 Basic (Promega, Madison, WI), creating NYE40.  To generate a more sensitive reporter with a more inducible TATA box, the reporter plasmid NYE107b was then constructed by digesting the luciferase reporter pFR-Luc (Stratagene, La Jolla, CA) with HindIII, phosphatasing it, digesting with SmaI and then simultaneously ligating in two inserts: the 8 lac operator sequences from NYE40 excised with HindIII and XhoI, and a synthetic double stranded oligo containing the E1bTATA box with a XhoI sticky end and a blunt end.  The oligo sequences were: (forward) 5'-TCGAGGGTATATAATGGATCCCC-3' and (reverse) 5'-GGGGATCCATTATATACCC-3'.
NYE5 (a GFP-lac rep expression plasmid) was made in a manner similar to NYE4 (Nye et al., 2002) except that an AscI site was added at the end of GFP-lac rep by silent mutations about 10 bp downstream of the PvuII site.  As far as we are aware, NYE4 and NYE5 are functionally equivalent, and both are the dimer, tight binding form of the lac repressor.  NYE5(EYFP) (a YFP-lac rep expression plasmid) was made by cutting the NYE5 plasmid with XhoI and EcoRV, which removes the coding region for GFP and most of the lac repressor, and replacing it with the corresponding XhoI-EcoRV fragment from a YFP-lac rep plasmid called pCIneo dimer EYFP tight binding (P. Alvarez-Ortiz and A.S. Belmont, personal communication). Fusions of various subdomains of the estrogen receptor to YFP-lac repressor were constructed by PCR amplifying the human ER region of interest from the plasmid CMV-ER (Wrenn and Katzenellenbogen, 1993) using primers which incorporate AscI restriction sites at each end.  The PCR products were digested with AscI and ligated into the AscI site of NYE5(EYFP).  All PCR amplified regions were sequenced to ensure fidelity. Further details are provided in Appendix B.

Large-scale chromatin unfolding assay


A03_1 CHO DG44 cells contain a gene amplified chromosome region containing ~400 kb blocks of pSV2-DHFR-8.32 vector repeats separated by an estimated 1000 kb of flanking, coamplified genomic DNA (Li et al., 1998).  Each vector copy contains the DHFR (dihydrofolate reductase) cDNA transgene and 256 direct repeats of the lac operator.  These cells were cultured at 37o C with 5% CO2 in F-12 Ham’s media without hypoxanthine or thymidine, with 0.3 M methotrexate, without phenol red, and with 10% dialyzed fetal bovine serum (HyClone Labs, Logan, UT) treated with charcoal/dextran.  Phenol-red free trypsin was used to passage cells. Transfections on cover slips were performed with FuGENE 6 reagent (Roche, Indianapolis, IN) according to the manufacturer's instructions using 350 ng DNA and 5 L reagent per 35 mm plate.  Fresh medium containing hormone, if applicable, was added 16 hours after transfection.  Forty-eight hours after transfection, cells were rinsed in calcium, magnesium free phosphate buffered saline (CMF-PBS), fixed in CMF-PBS with 1.6% formaldehyde (Polysciences, Warrington, PA), and stained with 0.2 g/ml DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride) in CMF-PBS.  Slides were mounted in ProLong Antifade mounting medium (Molecular Probes, Eugene, OR) and stored at 4o C.

Transcription assays

Wild type Chinese hamster ovary CHO-K1 cells (ATCC CRL#9618) were cultured at 37o C with 5% CO2 in phenol-red free F-12 Ham’s medium with 10% charcoal/dextran treated fetal bovine serum. Transfections for luciferase transcription assays used 0.5 g NYE107b luciferase reporter, 0.1 g CMV-beta-galactosidase reporter (Clontech, Palo Alto, CA), and 0.25 g effector plasmid combined with 6 L of FuGENE 6 reagent per well in 12 well plates.  Fresh medium containing hormone treatments, if applicable, was added 16 hours post-transfection and cells were harvested and lysed with Passive Lysis Buffer (Promega, Madison, WI) 48 hours post-transfection.  Luciferase assays were performed using Luciferase Assay Reagent (Promega, Madison, WI) and a Luminoskan luminometer (Thermo LabSystems, Vantaa, Finland).  Luciferase readings were normalized for beta galactosidase expression.

CHAPTER 4

THE EFFECTS OF ACIDIC ACTIVATORS ON LARGE-SCALE CHROMATIN STRUCTURE

Abstract

Acidic activators are often modular, with two or more separable transcriptional activation domains.   Short motifs of 10-15 acidic and hydrophobic amino acids from these domains, when multimerized, have been shown to be sufficient for transcriptional activity on transiently transfected plasmid DNA.  We find here that two or more copies of motifs from VP16 are also sufficient to activate transcription when the target DNA is embedded in chromatin in mammalian cells. We then systematically targeted a variety of acidic activators and their subdomains to an engineered heterochromatic region of chromatin using a lac operator/repressor-based inducible heterodimerization system. Most of the acidic activators we tested were able to unfold large-scale chromatin structure in this context, including human p65, yeast Gal4, and yeast Hap4.  Individual activation domains from multi-activation domain proteins like VP16 and p65 were sufficient to unfold large-scale chromatin structure as well.  Further, the data suggest that the short acidic and hydrophobic motifs from acidic activators, including Fos, Gal4, and VP16, might be sufficient to induce unfolding of large-scale chromatin fibers. A mutation in VP16(437-448) which disrupts binding to a number of transcription-related proteins does not disrupt its large-scale chromatin unfolding ability, providing a method to narrow the list of potential proteins responsible for this function. This work is the first to systematically examine the ability of proteins to activate transcription in the context of stably integrated reporter genes and is a starting point for future studies to identify downstream, potentially novel proteins which alter large-scale chromatin structure.

Introduction


Transcriptional activators are known to recruit a variety of proteins other than general transcription factors.  Many of these proteins are involved in modulating the chromatin environment surrounding the target gene.  For example, the histones in the vicinity of a gene’s promoter can be modified in a number of ways which affect the ability of that gene to be activated (Berger, 2002).  In addition, the positioning of histones relative to promoter sequences can be altered by chromatin remodeling complexes (Hassan et al., 2001). The effects of transcriptional activators on higher levels of chromatin structure are much less well-characterized.  While some promoters have altered patterns of enzyme accessibility after gene activation, it remains unclear what level of structure is being probed in such assays (Dillon and Grosveld, 1994).


To directly probe the effects of proteins on large-scale chromatin structure, binding sites for a protein of interest can be integrated in multiple copies in the genome of cultured mammalian cells and then a protein can be targeted to the engineered chromatin site either through its own DNA binding domain or through a heterologous DNA binding domain (Belmont, 2001).  By targeting green fluorescent protein to the same chromatin region, changes in chromatin structure can be observed by fluorescence microscopy. In this way, several proteins were discovered to have large-scale chromatin unfolding ability, including VP16 acidic activation domain (Tumbar et al., 1999), BRCA1, COBRA1, E2F1, and p53 (Ye et al., 2001), the glucocorticoid receptor (Muller et al., 2001), and the estrogen receptor (Chapter 3 and (Nye et al., 2002)).  The mechanism of this large-scale chromatin unfolding has not yet been established.

Transcriptional activators have historically been classified by the prevalence of certain amino acids in their activation domains (Mitchell and Tjian, 1989). This classification system is likely somewhat artificial, since it has been shown for acidic activators that the acidic amino acids can be dispensable for transcriptional activation (Sullivan et al., 1998). Nevertheless, activators rich in acidic residues are typically the strongest in transient transcription assays and can activate transcription at promoter proximal and promoter distal locations in mammalian cells (Seipel et al., 1992).  This class includes VP16, Gal4, Gcn4, Hap4, and p65. Proline-rich activators like AP-2 activate transcription well at promoter proximal locations but only weakly at distal locations (Seipel et al., 1992). Glutamine-rich activators like Oct1 activate transcription at promoter proximal locations, but do not activate at promoter distal locations (Seipel et al., 1992).  The estrogen receptor’s two activation domains are more difficult to categorize; the N-terminal AF-1 appears to be proline-rich and both activation functions are non-acidic, but the C-terminal AF-2 does not clearly fit a category.  In light of these ambiguities, it has become more meaningful to characterize transcriptional activators functionally, for example, by ability to activate in certain contexts.

Since many studies have indicated a difference in transcriptional response when genes are present on a plasmid which is transiently transfected compared to the same plasmid integrated into the genome, it seems likely that chromatin effects are relevant to physiological function (Archer et al., 1994; Myers et al., 1998; Smith and Hager, 1997).  We have sought in this work to adapt an inducible heterodimerization system to allow recruitment of proteins of interest to DNA.  We used this system to characterize a variety of activators based on their ability to activate transcription from transiently transfected and stably integrated reporter plasmids and to unfold the large-scale chromatin structure of an engineered heterochromatin array. We have identified 11-13 amino acid large-scale chromatin unfolding domains which, when multimerized, might be sufficient to activate transcription when genes are embedded in chromatin and to produce dramatic large-scale chromatin unfolding.

Results

Design of rapamycin recruitment system 

We sought to develop a system to allow inducible recruitment of proteins of interest to an engineered chromatin site for several reasons.  First, observing changes in chromatin structure over time after targeting the protein of interest allows subtle changes to be discerned which would not be obvious by looking at separate populations of fixed cells.  Second, the kinetics of changes in chromatin structure can be observed. Third, an inducible system allows observation of living cells, eliminating concerns about fixation artifacts. Fourth, inducibility reduces the potential lethality of proteins remaining attached to DNA for long periods of time. For example, proteins that cause decondensation of chromatin may be lethal if tethered to DNA during mitosis.  Fifth, an inducible system easily allows comparison of samples with and without targeting of the protein of interest to DNA. This control makes it possible to determine whether overexpression of the protein alone causes changes in chromatin structure.

We therefore adapted the FKBP12/FRB* rapamycin-inducible heterodimerization system to allow inducible recruitment of a protein of interest to lac operator DNA sequences (Figure 4.1A). This allows the testing of proteins for activation ability using reporter plasmids with lac operator sites upstream of the core promoter.  It also allows the testing of proteins for their ability to unfold large-scale chromatin structure using an engineered cell line with a condensed region of heterochromatin that contains lac operators (Tumbar et al., 1999). 

Heterodimerization is important, because if the lac repressor were fused to a protein which homodimerizes, distal lac operators could be cross linked. This might artificially aggregate chromatin and mask chromatin unfolding. It was for this reason that the original development of the lac operator/repressor system for chromatin studies used a dimer form of lac repressor, which binds only one lac operator site, rather than the wild type tetramer form which can bind two distinct lac operators (Robinett et al., 1996). The FKBP12 protein is present in 3 copies (denoted FKBP3), and it only interacts with the FRB* domain of mTOR/FRAP/RAFT1/ RAPT1 in the presence of rapamycin or a synthetic derivative, methallylrapamycin. Although methallylrapamycin is preferable since it does not interact with cells’ endogenous mTOR protein, we used rapamycin because it is commercially available and did not appear to dramatically affect the CHO-K1 cells in our experiments.
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Figure 4.1: Figure 4.1A: Schematic of the system. Figure 4.1B: Fusion proteins are listed with their names. MCS = multiple cloning site (polylinker). NLS = nuclear localization signal. Figure 4.1C: Transient transcription results for controls, using an 8 lac operator-E1b TATA-luciferase reporter plasmid in CHO-K1 cells. Error bars show the standard error of the mean.

Construction and testing of the rapamycin recruitment system

A variety of plasmids were constructed to adapt the FRB*/FKBP12 system, initially starting with the FRB* domain fused to lac repressor and FKBP12 fused to VP16.  These attempts failed for unknown reasons, although we suspected that high expression levels, particularly for the VP16 fusion protein, were critical for the system to function. This may be to force a high dimerization fraction.

The successful system (Figure 4.1A and B) was functionally tested by transient transfection assays using an 8 lac operator - E1b TATA - luciferase reporter plasmid (Figure 4.1C).  Co-transfecting CFP-lac rep-FKBP3 and FRB*-YFP-VP16(413-490) (hereafter termed FRB*-YFP-VP16) followed by rapamycin treatment activated transcription from the reporter plasmid to levels comparable to a direct GFP-lac rep-VP16 fusion protein (several thousand-fold).  Transcriptional activity was very low in the absence of rapamycin. When CFP-lac rep-FKBP3 was transfected alone or co-transfected with FRB*, FRB*-YFP-MCS (hereafter termed FRB*-YFP), or FRB*-YFP-Gal4 DNA binding domain, transcription was not activated significantly.  For unknown reasons, a FRB*-CFP-VP16 plasmid identical to FRB*-YFP-VP16 except for the amino acids specific to the fluorescent proteins was 100-fold less active, possibly due to lower expression levels. We also constructed lac-FKBP3, YFP-lac rep-FKBP3, and GFP-lac rep-FKBP3.  Although we did not test these versions as extensively as CFP-lac rep-FKBP3, they behaved similarly in transient transcription assays (data not shown).

We confirmed by fluorescence microscopy that the rapamycin induced dimerization of this system was functional (Figure 4.2A). After 48 hours’ treatment with rapamycin, FRB*-YFP-VP16 colocalized with the lac operator chromatin array in A03_1 cells and dramatically unfolded large-scale chromatin structure, as was previously shown for GFP-lac rep-VP16 (Tumbar et al., 1999).  Previous microinjection of purified GFP-lac rep-VP16 protein into A03_1 cells indicated that unfolding neared completion after 4-6 hours (Tumbar et al., 1999).  We observed the kinetics of unfolding in living cells simply by adding rapamycin to the medium (Figure 4.2B and C).  The 2A5a cells used in these experiments have a chromatin array containing copies of a plasmid with 256 lac operators and the vitellogenin B1 TATA promoter driving expression of a CFP-PTS reporter gene (Chapter 5). Recruitment of FRB*-YFP-VP16 to the CFP-lac rep-FKBP3-bound chromatin array and unfolding of chromatin was observed in the first 30 minutes. Unlike A03_1 cells, further changes in recruitment and unfolding were not observed after about 30 minutes, although it is unclear whether this is due to a difference between the A03_1 and 2A5a cells or due to phototoxicity in the 2A5a experiment.  Since cells were exposed to more light than in the A03_1 experiments and we did not replicate the experiment with fixed time points, this issue remains unresolved. Recruitment of FRB*-YFP occurred at a similar time course as FRB*-YFP-VP16, but the chromatin did not unfold dramatically.
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Figure 4.2: VP16 unfolds chromatin when inducibly targeted to a heterochromatic chromatin array. Figure 4.2A: A03_1 cells which contain a compact heterochromatic lac operator array were transfected with CFP-lac rep-FKBP3 (NYE73) and FRB*-YFP-VP16 (NYE82) and treated with rapamycin 48 hours prior to fixation in formaldehyde.  Single deconvolved optical sections are shown. Scale bar is 1 m. Figure 4.2 B: Unfolding of chromatin in living 2A5a cells.  Cells were transfected with CFP-lac rep-FKBP3 and FRB*-YFP or FRB*-YFP-VP16 and incubated for 48-72 hours. Cells were then maintained live on a microscope stage and imaged at single optical sections with short exposure times. Time points indicate minutes after adding rapamycin. Scale bar is 1 m. Figure 4.2 C: Quantitation of recruitment and chromatin unfolding in living 2A5a cells.  Two independent experiments were carried out as in (B) for each condition.  In each experiment, approximately 10 cells were imaged at time points before and after adding rapamycin.  The recruitment ratio was calculated by dividing the average pixel intensity of YFP in the chromatin array region (defined by CFP fluorescence), by the average pixel intensity in a ring-shaped region from 4-24 pixels surrounding the chromatin array. Each data point shown is the mean of about 20 cells. The cells were not followed long enough to observe expression of the CFP-PTS reporter integrated into the genome of these cells.
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Figure 4.3: Characterization and testing of inducible acidic activators. Figure 4.3A: Transcription assay in transiently transfected cells. Transcriptional activity was tested using an 8 lac operator-E1b TATA-luciferase reporter plasmid in CHO-K1 cells, cotransfected with CFP-lac rep-FKBP3 and FRB*-YFP fused to the protein shown.  Fold induction is shown, meaning activity in the presence of rapamycin divided by activity in the absence of rapamycin. Figure 4.3B: Transcription assay in cell lines with stably integrated reporter and transiently transfected fusion proteins. Fold induction is shown, using stable cell lines containing the same plasmid as was used for transient transcription assays.  The cell lines were isolated in experiments described in Chapter 5 (see also Materials and Methods). Figure 4.3C: Recruitment of each FRB*-YFP fusion protein to the chromatin array.  Recruitment ratios were calculated by dividing the average YFP intensity at the CFP-labeled chromatin array by the average YFP intensity in the rest of the nucleus.  The median is shown. Figure 4.3D: Chromatin unfolding assay.  Chromatin arrays were measured in the presence and absence of rapamycin for each protein shown. All FRB*-YFP fusion proteins were co-transfected with CFP-lac rep-FKBP3. Tails of the boxplots mark the 5th and 95th percentiles, the boxes mark the 25th and 75th percentiles, and the line in the box marks the median for each sample.  Below the chart is listed the percent of arrays that were unfolded, using 525 pixels as the threshold.  The mean area and number of cells examined is also shown. The initial experiment is shown.  A subsequent experiment is in progress.

Testing acidic activators with the rapamycin recruitment system

After fusing a variety of acidic activators to FRB*-YFP, we tested their function with a transient transcription assay using a luciferase reporter plasmid with either 8 or 256 lac operators upstream of an E1b TATA box (Figure 4.3A).  While transcriptional activity typically varies depending upon cell and promoter context (Seipel et al., 1992), the fusion proteins in general activated transcription. Gal4(753-881) and p65(286-518) activated transcription about one thousand-fold, comparable to VP16(413-490). Hap4(330-554), VP16(413-453) and VP16(454-490) activated somewhat less strongly, around one hundred-fold. p65(520-550) and the full-length yeast Gcn4 activated transcription around ten-fold.  As discussed elsewhere (Chapter 5), the 256 lac operator plasmid was consistently less active than the 8 lac operator plasmid.

We previously isolated stable cell lines containing the 8 lac operator-E1b TATA-luciferase reporter plasmid integrated into the genome (Chapter 5).  Activation by transiently transfected acidic activators fused to FRB*-YFP was tested in three of these stable cell lines (Figure 4.3B).  Similar trends were seen in all three stable cell lines as in transiently transfected cells, except that induction was lower overall.  As a result, proteins with 10 to 100-fold activation in transient assays gave low or undetectable activity in the stable assays.

To rapidly assess the recruitment and chromatin unfolding activity of each FRB*-YFP fusion protein, we used an automated microscope to collect images from around one hundred A03_1 cells co-transfected with each FRB*-YFP fusion protein along with CFP-lac rep-FKBP3.  Previously, we designed a program to allow a motorized microscope to collect images and measure fluorescently labeled chromatin regions (see Chapter 3). To use this program to collect images with the rapamycin recruitment system, we altered the program to ignore cells that have low YFP fluorescence.  In addition to collecting images of the chromatin array (CFP channel) and the DNA (DAPI), an image of the FRB*-YFP fusion protein of interest is also collected (YFP channel).  The image analysis also became more complex, as we wanted to measure not only the size of the chromatin array but also the degree of colocalization between the FRB*-YFP protein and the CFP-lac rep-FKBP3 protein, to verify that recruitment occurs when rapamycin is present.  This was accomplished by recording the average YFP intensity at the chromatin array (the region defined by CFP) and dividing this number by the average YFP intensity within the remainder of the nucleus (the region defined by DAPI excepting the chromatin array).  This yields a recruitment ratio which should equal one if there is no recruitment, and should be a higher number if YFP is preferentially colocalizing at the chromatin array.  Because of the shape of the nucleus, fluorescent proteins within the nucleus always yield a brighter signal towards the interior.  Therefore, the recruitment ratio is always slightly greater than one even if no recruitment is occurring.  Note that this recruitment ratio was calculated differently than that shown in Figure 4.2C, since in that case no nuclear stain was present. Using our simple threshold-based algorithm, the nucleus was frequently inaccurately identified.  For example, a nearby nucleus would be identified as part of the nucleus of interest.  While this had the potential to render the recruitment ratio inaccurate, we edited several sets of images to include only properly identified nuclei and found that the incorrectly identified nuclei occurred equally frequently in several samples.  We therefore omitted the time-consuming editing step.


Recruitment of each FRB*-YFP protein to the CFP-lac rep-FKBP3-labeled chromatin array was as expected, with the recruitment ratio slightly higher than 1 in the absence of rapamycin and around 2 in the presence of rapamycin (Figure 4.3C).  The one exception was FRB*-YFP-Hap4(330-554), which showed less recruitment than the other fusion proteins in two independent experiments.  No FRB*-YFP fusion proteins showed unusual localization in the absence of rapamycin.

The CFP-lac rep-FKBP3-labeled chromatin arrays were then measured (Figure 4.3D). In chromatin unfolding assays, not every cell responds to the activator, possibly due to cell cycle effects (Tumbar et al., 1999). Therefore, measurements such as medians and means often obscure real differences between populations.  We have therefore included a percent unfolded measurement, (bottom, Figure 4.3D). This measurement counts the percent of cells above a specific threshold and therefore reveals the chromatin unfolding activity more cleanly than other types of measurements. It has been suggested that chromatin array size should be normalized to the size of the nucleus, based on the hypothesis that larger nuclei would contain larger chromatin arrays.  Using the large data set generated in this work, there was no consistent correlation between nucleus size and chromatin array size (data not shown).

The negative controls, CFP-lac rep-FKBP3 alone and co-transfected with FRB*-YFP-Gal4 DNA binding domain did not dramatically unfold large-scale chromatin structure, although it should be noted that the mean area of the chromatin array in these cases (240-290 pixels) was larger than when GFP-lac rep was transfected (180-190 pixels).  None of the FRB*-YFP fusion proteins further unfolded chromatin in the absence of rapamycin. However, the protein intended to serve as a negative control, FRB*-YFP, showed slight chromatin unfolding activity in the presence of rapamycin.  It is possible that this domain of the mTOR protein contains a chromatin unfolding domain, although we note that the FRB*-YFP-Gal4 DNA binding domain fusion contains the same region but did not exhibit chromatin unfolding activity.  These issues are discussed more extensively in the discussion.

While it is clear, that CFP-lac rep-FKBP3 alone and CFP-lac rep-FKBP3 with FRB*-YFP and rapamycin, have some chromatin unfolding activity, it is also clear that in the context of this system, most of the acidic activators tested were capable of more dramatically unfolding large-scale chromatin structure, with 30-60% of the cells possessing a significantly unfolded array (vs. 12% for FRB*-YFP). Furthermore, individual activation domains, such as the two activation domains of p65 and of VP16, are capable of independently unfolding large-scale chromatin structure. The yeast activator Hap4 was not as dramatic, with 23% of arrays unfolded. This may be due to the less efficient recruitment of this protein (Figure 4.3C).  The yeast activator Gcn4 was the only acidic activator that did not unfold chromatin more than FRB*-YFP alone. 

Testing acidic activation motifs with the rapamycin recruitment system

Several acidic activators share a common motif within their activation domains which consists of mainly acidic and hydrophobic residues (Schmitz et al., 1994). In the case of VP16, the motif from the N terminal half of the C terminal acidic activation domain has been carefully dissected to a short 11 amino acid region, DALDDFDLDML (aa 437-447) (Seipel et al., 1992). When fused to a DNA binding domain, this region does not have strong activity on its own, but when two copies are fused, transcription can be induced dramatically, even up to that of the full activation domain (aa 413-490) (Seipel et al., 1992). The transcriptional activity of the 11 amino acid activation domain can be abolished with an F442P mutation (Cress and Triezenberg, 1991). The 11 amino acid activation domain has been further simplified to a simple repetitive sequence: four copies of DDFDL (Seipel et al., 1994).  Similar regions have been noted in VP16(467-479), Fos(267-277) and Gal4(861-873), although to our knowledge these regions alone have not been directly tested for activation ability (Ma and Ptashne, 1987; Schmitz et al., 1994). KIX binding peptides, which interact with the KIX domain of p300 and CBP, have been shown to have transcriptional activity on their own (Frangioni et al., 2000).


We therefore tested a variety of these motifs for transcriptional activation in transient transcription assays (Figure 4.4A).  We also included a protein arising from a spontaneous mutation during PCR, FRB*-YFP-Gal4(861-873)2 mutant, which contains one wild type activation domain (MDDVYNYLFDDED) followed by one frame shift mutant domain (MDDVYNLSIR). The fusions with one copy of each activation motif provided negligible activation and two or more copies of the motifs (including (DDFDL)4) activated transcription (Figure 4.4A). To our knowledge, this is the first demonstration that the motifs identified by inspection, VP16(467-479), Fos(267-277) and Gal4(861-873), indeed are capable of transcriptional activation.  Negligible activation was observed from the mutant version FRB*-YFP-Gal4(861-873)2. Previous work indicated that KBP2.20, a KIX binding peptide, activated transcription about 10-fold less efficiently than VP16 (Frangioni et al., 2000). In our study, however, this peptide did not measurably activate transcription, so we conclude that in this protein context KBP2.20 is not functional.  Given the reduction in activity seen for the full length acidic activators, we did not expect to see transcription induced by most of the motif activators in stable transcription assays, since these motifs are much weaker.  This was indeed the case: activation was observed only for the strongest two- and three-copy motifs: VP16(437-448)2, VP16(437-448)3, and VP16(467-479)2 (Figure 4.4B).


Recruitment of the FRB*-YFP-motif fusion proteins was as expected (Figure 4.4C). For most of the one-copy motifs it is unclear but probable that they have chromatin unfolding ability above that produced by FRB*-YFP alone, since most of these proteins unfolded 20-25% of the arrays, compared to 12% for FRB*-YFP alone (Figure 4.4D). The mutant one copy VP16 motif, VP16(437-448) F442P was even more effective at unfolding chromatin than its wild type counterpart.  The KBP2.20 motif resembled the FRB*-YFP control, consistent with our hypothesis that this motif was not functional in this protein context.  Most of the two-copy motif fusion proteins clearly exhibited chromatin unfolding activity above that of FRB*-YFP.  Two and three copies of VP16(437-448) and the (DDFDL)4 protein (a mimic of two copies of the VP16(437-448) motif) resulted in 37-39% of arrays unfolded.  In addition, the Fos(267-277)2 and VP16(467-479)2 two copy fusion proteins were effective (38-45% unfolded), demonstrating activity comparable to the full VP16 acidic activation domain (aa 413-490). The two copy wild type Gal4(861-873)2 fusion protein gave borderline activity, with 20% of arrays unfolded. The one wild type, one mutant fusion of Gal4(861-873)2 was comparable to the FRB*-YFP control. 
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Figure 4.4: Characterization and testing of acidic activator motifs, all fused to FRB*-YFP. 

See Figure 4.3 for details. Error bars show the standard error of the mean. 

Figure 4.4A: Transcription assay in transiently transfected cells. 

Figure 4.4B: Transcription assay in cell lines with stably integrated reporter and transiently transfected fusion proteins. 

Figure 4.4C: Recruitment to the chromatin array. 

Figure 4.4D: Chromatin unfolding assay. The initial experiment is shown.  A subsequent experiment is in progress.  The samples in the left and right charts were prepared separately. The samples shown on the left in C and D were prepared and analyzed at the same time as the samples in Figure 4.3, so “none” and “VP16(413-490)” are the same data sets as shown in Figure 4.3C and D. 

Testing glutamine- and proline-rich activators with the rapamycin recruitment system


To test a variety of glutamine- and proline-rich activators, we fused them to FRB*-YFP.  These classes of activators are significantly weaker than acidic activators.  Unfortunately, no protein in these classes produced detectable activation in transient transcription assays.  It is quite possible that the fusion proteins are functional but that they do not activate to levels detectable in transcription assays, despite our extensive efforts to improve the sensitivity of the system by varying transfection conditions and reporter plasmids.


It is also possible that the inducibility of the system itself decreases transcriptional activity.  To test this, we constructed FRB*-YFP-Gal4 DBD-VP16, which could be tested on a Gal4 reporter as a direct fusion or on a lac operator reporter using CFP-lac rep-FKBP3. The reporters are identical except for 5 Gal4 UAS binding sites vs. 8 lac operator binding sites.  Therefore, the only variables are Gal4 vs. lac rep, and direct fusion to a DNA binding domain vs. inducible recruitment to a DNA binding domain.

As shown in Table 4.1, the lac repressor-based inducible system gives only 0.5-3% the activity of the Gal4-based direct fusion.  One explanation is that the Gal4 protein binds better to transfected reporter plasmid DNA, which displays some but not all aspects of chromatin structure.  This is a reasonable possibility given that Gal4 is a eukaryotic protein which is likely to be able to bind to DNA wrapped on nucleosomes whereas lac repressor, from a prokaryote, is not normally required to bind to such DNA.

	Transcriptional activity, normalized to beta galactosidase
	Gal4 reporter (direct binding to DNA)
	lac op reporter + rap + CFP-lac rep-FKBP3 (inducible system)

	5 or 250 ng FRB*-YFP-Gal4 DNA binding domain
	1
	not tested

	5 or 250 ng FRB*-YFP
	1

	1

	5 ng FRB*-YFP-Gal4 DNA binding domain-VP16
	2702
	13

	250 ng FRB*-YFP-Gal4 DNA binding domain-VP16
	12668
	407


Table 4.1: Comparison of direct and inducible systems, using G5B luc (5 Gal4 UAS-E1bTATA-luciferase) or NYE107b (8 lac op-E1b TATA-luciferase).

To compare Gal4 and lac repressor, two Gal4-FKBP3 fusion proteins were made.  While it would have been ideal to have the same promoter driving expression of Gal4-FKBP3 and lac rep-FKBP3, the experiment in Table 4.2 indicates that there is not a dramatic difference between the two DNA binding proteins in these transient transcription assays.  This implies that the inducible system itself causes a significant loss in activity.

	Fold induction of transcription, (+rap/-rap), normalized to  gal

	5 ng plasmids

	250 ng plasmids

	CFP-lac rep-FKBP3 (F9 promoter) + FRB*-YFP-VP16
	25

	1496

	Gal4-FKBP3 (SR promoter) + FRB*-YFP-VP16
	33

	255

	Gal4-FKBP3 (SV40 early promoter) + FRB*-YFP-VP16
	100

	3640


Table 4.2: Comparison of Gal4 and lac repressor DNA binding domains, using G5B luc (5 Gal4 UAS-E1bTATA-luciferase) or NYE107b (8 lac op-E1b TATA-luciferase).

All of the weak activators produce less than 30-fold activity when tested as direct fusions to Gal4 DNA binding domain on a Gal4 reporter (Table 4.3).  If, in fact, the inducible system decreases the activity of an activator by 95-99.5% as shown for VP16 in Table 4.1,  the activity of the weak activators would be reduced to a level close to background in luciferase assays. 

	Transcriptional activity, normalized to beta galactosidase
	5 ng plasmid

	250 ng plasmid

	FRB*-YFP-Gal4 DNA binding domain
	1
	1

	FRB*-YFP-Gal4 DNA binding domain-AP-2
	17
	9

	FRB*-YFP-Gal4 DNA binding domain-Oct1
	25
	13


Table 4.3: Activation of AP-2 and Oct1 fused to the Gal4 DNA binding domain, tested with the G5B luc (5 Gal4 UAS-E1bTATA-luciferase) reporter.


Also of interest in this experiment was that more plasmid transfected was not necessarily better – 250 ng was less effective than 5 ng.  This type of sensitivity to changes in assay parameters was quite common in the numerous experiments conducted with the non-acidic classes of activators.  This variability would make it extremely difficult to conclude that the activators do not work, because it would require proof that expression levels were optimized, a difficult undertaking when no positive control is available.  VP16 would not be an adequate positive control since it does not seem to be as sensitive to changes in assay conditions; e.g. see Table 4.1 where 250 ng plasmid was more effective than 5 ng.

Previous work found a 65-85% loss of activity comparing a direct fusion to the inducible system when testing VP16 using a different DNA binding domain (Ho et al., 1996).  Figure 4.1 shows no loss in activity when comparing CFP-lac rep-FKBP3 plus FRB*-YFP-VP16 in the presence of rapamycin to the direct fusion, GFP-lac rep-VP16.  In this case, the expression levels of the two versions of VP16 were not held constant.  In the better controlled experiments described in this section, the inducible system reduced VP16’s activity by 95-99.5%. We found that the acidic activators are much less sensitive to changes in assay conditions (e.g. the amounts of plasmids transfected) relative to other classes of activators.  Therefore, it would not be surprising that acidic activators could tolerate the inefficiencies of the inducible system better than other classes of activators.

These results indicate that the inducible recruitment system appears to significantly decrease transcriptional activity of activators.  For the relatively weak glutamine- and proline-rich class, this decrease renders their transcriptional activity undetectable. The inducibility of the system could be a hindrance in at least two ways.  First, perhaps not all of the DNA binding proteins recruit the activator partner at any given time.  For example, a direct fusion of the DNA binding partner to an activator results in 100% of the protein bound to DNA also containing the activator.  In contrast, while this inducible system has the potential of each DNA bound protein binding up to three activators, it is also possible that at any given time many of the DNA bound proteins are not binding any activator.  Second, the turnover or kinetics of activators recruited via chemical interaction may be altered relative to activator directly binding DNA.  It is possible that activator proteins, in general or only certain classes, need a certain residence time bound near DNA in order to recruit or assemble transcriptional complexes.  An activator directly fused to a DNA binding domain may be nearly permanently bound to DNA, while the chemically recruited inducible activators probably have a much shorter residence time.

Testing transcriptional repressors with the rapamycin recruitment system



These issues may also have led to difficulty in testing transcriptional repressors using the rapamycin recruitment system.  A complication in measuring proteins with weak effects on transcription is that treatment of CHO-K1 cells with rapamycin appeared to slightly reduce either cell growth or expression of transfected plasmids.  This was detected because a beta galactosidase plasmid is included in the transfection mix to normalize samples for growth, transfection efficiency, and harvesting.  Treatment with rapamycin reduced galactosidase levels by an average of 17%, but the effects on luciferase levels were rather inconsistent.  For weakly active luciferase plasmids that should have been identical with or without rapamycin, samples treated with rapamycin had lower transcriptional activity than samples without rapamycin.  It appears that the normalization to  galactosidase levels under compensates in these cases.  For strongly active luciferase plasmids, samples treated with rapamycin had higher transcriptional activity than samples without rapamycin. It appears that the normalization to galactosidase levels over compensates in these cases.  Therefore, luciferase readings were typically normalized to  galactosidase and divided +rap/-rap to get the % repression value for each construct, and were then further normalized each sample by setting the FRB*-YFP control to 100%.

Using these methods, the only construct which showed consistently measurable repressive activity was FRB*-YFP-HP1.  This construct reduced luciferase activity approximately 50% when tested with an 8 lac operator-SV40 promoter-luciferase-SV40 enhancer plasmid.  A direct fusion of HP1 to dimer GFP-lac repressor reduced transcriptional activity by 93-97% (Pernette Verschure and Anne Nye, unpublished data).  FRB*-YFP fusions to HP1 and EBNA3C repressed transcription by about 10%, but were not as exhaustively tested. Two other repressors, Mad1 and Eed1, did not exhibit repressive activity (data not shown).

For transcriptional repressors, residence time is probably even more important than for activators.  That is, it is reasonable that one or more repressor molecules would need to be recruited to a promoter at all times in order to prevent transcription from occurring.  If the rapamycin recruitment system does not allow such a high residency, then the repressive effects of a recruited repressor would be drowned out by the high rate of transcription from the constitutive reporter plasmid.  In addition, while typically most co-transfected cells receive some of each plasmid introduced, there is likely a small population of cells transfected with the reporter alone.  Since these cells produce unrestrained amounts of reporter, repression assays are likely to have significant background reporter gene activity. Therefore, it is quite possible that these fusion proteins are fully functional but their activity cannot be measured in this assay system.  We therefore abandoned our attempts to test the chromatin-altering effects of transcriptional repressors, although some work is being carried out by our collaborators with HP1 (Pernette Verschure, personal communication).

Testing direct YFP-lac rep fusions

Since weak activators lacked detectable activity in the inducible system, we selected AP-2 as a representative proline-rich activator and Oct1 as a glutamine-rich activator and fused them directly to YFP-lac repressor. Due to the cloning strategy used, these fusion proteins contained an additional 10 amino acids, DELQPASIDP, between the YFP-lac repressor and the activator.  We therefore constructed an additional control protein, YFP-lac rep-DELQPASIDP. The AP-2 and Oct1 fusion proteins activated transcription about 10-fold in transient transcription assays while the linker control protein did not activate transcription significantly (Figure 4.5A).  Like other proteins with weak activity in transient assays, their activity was not detectable in stable transcription assays (Figure 4.5B). 

Unfortunately for this work, the control protein with the DELQPASIDP linker strongly unfolded large-scale chromatin structure (Figure 4.5C).  We note that this linker bears some resemblance to acidic activation motifs.  The addition of Oct1 and AP-2 to the fusion protein did not further enlarge the area of the chromatin arrays (Figure 4.5C).  In fact, the construct with Oct1 attached had less chromatin unfolding activity than YFP-lac rep-DELQPASIDP alone.
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Figure 4.5: Transcriptional activity and chromatin unfolding ability of AP-2 and Oct1. See Figure 4.3 for details. Error bars show the standard error of the mean. Figure 4.5A: Transient transcription assay.  Figure 4.5B: Stable transcription assay.  Figure 4.5C: Chromatin unfolding assay.  The initial experiment is shown.  A subsequent experiment revealed similar trends.
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Figure 4.6: Test-ing YFP-lac rep fusion prot-eins. See Figure 4.3 for det-ails. Figure 4.6A: Tran-sient transcr-iption assays in CHO-K1 cells with the NYE 107b reporter plas-mid (8 lac op-E1bTATA-lucif-erase). Figure 4.6B: Chrom-atin unfold-ing assay, box-plots. Figure 4.6C: Mean chrom-atin array size.

We had also made fusions of AP-2, Oct1, Sp1, CTF, Oct2, KBP2.20, 10 prolines, and 10 glutamines to an “improved”, slightly different form of YFP-lac repressor which had a different linker and included an NLS. None of those proteins (except AP-2) induced transcription by more than 3-fold in transient transfections and none (except Oct1) significantly unfolded large-scale chromatin structure (Figure 4.6).  By chance, the Oct1 and AP-2 fusion proteins were the only proteins that contained the DELQPASIDP linker in this context. Because most of the fusion proteins did not properly activate transcription in transient assays, we cannot be certain of their functionality and therefore we cannot draw conclusions from this data.

Discussion

Transcriptional activation by acidic activators in the context of chromatin in vivo

We systematically tested the transcriptional activity of several full acidic activation domains (VP16, Gal4, Hap4, and Gcn4), several independent activation domains (p65 and VP16), and several 10-20 amino acid motifs from acidic activators either alone or multimerized (VP16, Fos, and Gal4). We confirmed transcriptional activity in transient transcription assays for VP16(467-479), Fos(267-277), and Gal4(861-873) when present in two copies. These short motifs had been proposed to be minimal activation domains (Schmitz et al., 1994; Seipel et al., 1994) but this activity had not to our knowledge been confirmed. For the stable transcription tests, three independent cell lines were tested to ensure that the results were not due to a peculiar position effect in one of the cell lines. Single copies of the ~10 amino acid motifs did not detectably activate transcription even in transient transcription assays. In all other cases, similar trends were seen between transiently transfected and stably integrated reporter plasmids, except that transcriptional activity in stable cell lines was reduced relative to transient transfections. For the weaker activators, this apparent shift rendered their activity undetectable.  It is particularly notable that activators with very simple sequence content, such as VP16(437-448)2 and VP16(467-479)2, are sufficient to activate genes in the context of chromatin. 

The reduced activity in stable cell lines could be an effect of how much reporter is present.  Typically transient transfections result in large numbers of plasmids entering each transfected cell, each of which can contribute to transcription.  Another possibility is that the generalized repressive effect of chromatin reduces the activity of promoters integrated into the genome.  If this is the case, it appears that acidic activators, in combination with the simple TATA box used in these reporter plasmids, cannot entirely overcome this repression.

Unfolding of large-scale chromatin structure by acidic activators


We tested the same acidic activator fusion proteins for their ability to unfold large-scale chromatin structure when targeted to an engineered heterochromatin array. The interpretation of the results is complicated by the fact that CFP-lac rep-FKBP3 alone and CFP-lac rep-FKBP3 with FRB*-YFP and rapamycin alter large-scale chromatin structure when targeted to the heterochromatin array.  Two possibilities exist: the unfolding is a natural function of FKBP12 and the mTOR protein from which FRB* is derived, or the unfolding is artifactual due to the unnatural tethering of the FRB* domain to DNA.

When this work was begun, mTOR was thought to be a non-nuclear protein.  It has since been determined that mTOR does in fact shuttle between the nucleus and cytoplasm and that the nuclear localization is important for mTOR function (Kim and Chen, 2000).  In most cell types, in fact, mTOR is predominantly nuclear (Zhang et al., 2002).  While mTOR is known to affect the transcription of a variety of genes, it is not thought to do so directly.  In other words, there is no evidence that either mTOR nor FKBP12 is ever brought in close proximity to DNA.  It is therefore likely that the unfolding is artifactual due to the unnatural tethering of these proteins to DNA.  FRB* and FKBP12 probably contain a motif resembling the very simple, short sequence motifs that are sufficient to unfold large-scale chromatin structure (see Figure 4.7 and accompanying text).  However, we cannot explain why the FRB*-YFP-Gal4 DBD protein did not exhibit chromatin unfolding activity in the presence of rapamycin.  Since the protein exhibited normal recruitment and fluorescence, both the FRB* and YFP moieties must be present and intact.

Regardless of the cause of chromatin unfolding by FRB*-YFP, it is clear that acidic activators were able to unfold chromatin beyond that produced by FRB*-YFP alone. VP16(413-490) has been tested in an entirely different context (GFP-lac rep-VP16) and found to have chromatin unfolding activity (Tumbar et al., 1999).  It is therefore certain in this case that the FRB*-YFP moiety is not necessary for the large-scale chromatin unfolding activity exhibited by FRB*-YFP-VP16(413-490). It is likely, therefore, that the FRB*-YFP portion of the protein is not necessary for the unfolding observed by the other acidic activators or activation motifs.  

Based on the data described here, however, we cannot rule out this possibility.  The finding that a YFP-lac repressor fusion to the amino acids DELQPASIDP is sufficient to unfold large-scale chromatin structure supports the hypothesis that short acidic/hydrophobic motifs are sufficient for unfolding (see Figure 4.7 and accompanying text).

Prior to this work, VP16, BRCA1, E2F1, COBRA1, p53, estrogen receptor, and glucocorticoid receptor were found to possess large-scale chromatin unfolding activity (Muller et al., 2001; Nye et al., 2002; Tumbar et al., 1999; Ye et al., 2001). We tentatively add to this list the acidic activators p65, Gal4, and Hap4.  The only acidic activator tested that does not dramatically unfold chromatin is Gcn4.  Since the FRB*-YFP-Gcn4 fusion protein gave low transcriptional activity in transient assays, it is possible that the fusion protein was not entirely functional. A second possibility is that Gcn4 has slight activity which is masked by the unfolding activity of FRB*-YFP alone.  Lastly, it is possible that Gcn4 does not dramatically unfold large-scale chromatin structure. While some yeast activators like Gal4 can strongly unfold chromatin, it is possible that this activity is not absolutely necessary in the context of the yeast genome,  which is much less compact overall than mammalian genomes (Grunstein et al., 1995).

Identification of large-scale chromatin unfolding domains

VP16 and p65 each have two distinct activation domains (Berger et al., 1990; Goodrich et al., 1993; Regier et al., 1993; Schmitz and Baeuerle, 1991; Triezenberg et al., 1988), and each of these domains was able to unfold large-scale chromatin structure. These are further examples of multiple unfolding domains within a single activator, as previously discovered within BRCA1 (Ye et al., 2001) and the estrogen receptor (Chapters 2 and 3).

It is also clear from this work that the same small motifs from acidic activators which activate transcription also unfold large-scale chromatin structure.  This was seen for VP16(437-448), VP16(467-479), (DDFDL)4, Fos(267-277), and Gal4(861-873).  In fact, all proteins which unfold chromatin have a region of hydrophobic/acidic amino acid residues, consistent with the hypothesis that this region interacts with a protein or proteins that can unfold chromatin (Figure 4.7). Small activation motifs, particularly containing hydrophobic residues, are found not only in acidic activators but also in other types of activators (Gugneja et al., 1996; Tanaka and Herr, 1994).  It is of great interest to discover which proteins are directly responsible for the unfolding of large-scale chromatin structure. However, these motifs are apparently capable of binding a number of different proteins, at least in vitro, including histone acetylation complexes, chromatin remodeling complexes, and general transcription factors (see below). The work presented here adds large-scale chromatin remodeling factors to the list of proteins that are in some way recruited by short acidic activation motifs.  While these factors may be novel proteins, it is also possible that large-scale chromatin unfolding is a novel function of known proteins.  

The mechanism by which these short motifs recruit so many proteins is still open to speculation. The predominant model suggests that these motifs can support transient, weak, direct interactions with a variety of proteins (Ptashne and Gann, 1997). In vitro, many acidic activators have been shown to directly interact with a variety of transcriptional components and the strength of the interaction often correlates with the strength of activation (for a brief review of proteins interacting with VP16, see Melcher, 2000).  The biological relevance of these interactions remains disputed, however. A recent study suggests that activation motifs are inherently “sticky”, with hydrophobic residues that are capable of binding a variety of proteins interspersed with either acidic or at least hydrophilic residues that force the motif to remain accessible in aqueous solution (Melcher, 2000).  This study revealed that the strength of an activator correlates well with the strength of interaction with a number of proteins, including two proteins not involved in transcription, Sug1p and chicken lysozyme (Melcher, 2000).  An intriguing alternate model suggests that acidic/hydrophobic activation motifs may act by interacting directly with histones, possibly distorting them structurally, thereby marking them for recruitment of other proteins (Erkine and Gross, 2003).

VP16(437-448)  
DALDDFDLDMLG

VP16(467-479)
ALDMADFEFEQMF

Gal4(861-873)
MDDVYNYLFDDED
Fos(267-277)
EPFDDFLFPAS
(DDFDL)4

DDFDLDDFDLDDFDLDDFDL
DELQPASIDP

DELQPASIDP

p65(520-550)
PGLPNGLLSGDEDFSSIADMDFSALLSQISS

p65(286-518) FQYLPDTDDRHRIEEKRKRTYETFKSIMKKSPFSGPTDPRPPPRRIAVPSRSSASVPKPAPQPYPFTSSLSTINYDEFPTMVFPSGQISQASALAPAPPQVLPQAPAPAPAPAMVSALAQAPAPVPVLAPGPPQAVAPPAPKPTQAGEGTLSEALLQLQFDDEDLGALLGNSTDPAVFTDLASVDNSEFQQLLNQGIPVAPHTTEPMLMEYPEAITRLVTGAQRPPDPAPAPLG

Hap4(330-554)

nEnnDLWYsyLqsMDDttgKnsgnyqqVDnDDnMsLLnLpILEEtVssgqDDKVEpDEEDIWnyLpssssqqEDssRaLKKntnsEKanIqaKnDEtyLFLqDqDEsaDshhhDELgsEItLaDnKFsyLpptLEELMEEqDCnngRsFKnFMFsnDtgIDgsagtDDDytKVLKsKKIstsKsnanLyDLnDnnnDatatnELDqssFIDDLDEDVDFLKVqVF
E2F1(368-437)

pVDEDRLspLVaaDsLLEhVREDFsgLLpEEFIsLspphEaLDyhFgLEEgEgIRDLFDCDFgDLtpLDF
p53(1-73)

MEEpqsDpsVEppLsqEtFsDLWKLLpEnnVLspLpsqaMDDLMLspDDIEqWFtEDpgpDEapRMpEaapRV
BRCA1(1687-1736)

VVMKTDAEFVCERTLKYFLGIAGGKWVVSYFWVTQSIKERKMLNEHDFEV

ER(420-516) GMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRH

ER(442-534) GEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKCKNVV

FRB*…YFP…MCS

MWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQTLKETSFNQAYGRDLMEAQEWCRKYMKSGNVPDLLQAFDLYYHVFRRISKQVE…(YFP protein)…RVDELQRSISR
FKBP12

EGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPPKIPPHATLVFDVELLKLEV
Figure 4.7: Large-scale chromatin unfolding motifs. hydrophobic = FMILVCW, acidic = DE, basic = KR (Engelman et al., 1986).  Protein segments listed have all been shown to unfold large-scale chromatin structure in either this chapter, Chapter 3, or Ye et al., 2001.  The amino acids of each segment are listed in parentheses. The regions underlined are hypothesized to be responsible for the unfolding activity. The highlighted A  in BRCA1 indicates the position where the cancer predisposing mutation A1708E unfolds chromatin more effectively than wild type when in the context of the full-length protein (Ye et al., 2001).  The highlighted Y in Hap4 indicates a discrepancy between the protein we used (Neely et al., 2002) and the NCBI sequence (GI:539346), which indicates an N at this position.

We can gain some insight into proteins which may be involved in large-scale chromatin structure from studies describing proteins which bind only to certain activators.  For example, photocrosslinking studies, GST pull-down assays, and far-Western analysis indicate that VP16(413-490), Gcn4(full length) and Hap4(330-554) interact with Snf5, Swi1, and Swi2/Snf2 (Neely et al., 2002). The same study indicated that VP16(413-456) is unable to interact with these SWI/SNF components, which are present in chromatin remodeling complexes. We discovered in this work that VP16(413-490), VP16(413-456), and probably Hap4(330-554) are capable of large-scale chromatin unfolding, but Gcn4 appears to lack this activity. It is therefore unlikely that Snf5, Swi1, or Swi2/Snf2 are the sole modulators of large-scale chromatin structure, since we have instances of activators which unfold large-scale chromatin structure but do not bind those proteins and activators which do not unfold but do bind.  Similarly, the F442P mutation in VP16 prevents binding to SAGA complex and NuA4 as determined by GST pull-down assays and the 413-455 section of VP16 interacts less strongly than wild type (Utley et al., 1998), but both of these regions were capable of large-scale chromatin unfolding.  This suggests that SAGA and NuA4 are not required for large-scale chromatin unfolding. The F442P mutation in the context of VP16(412-456) also prevents interaction with the coactivator PC4 (Ge and Roeder, 1994), mediator (Goodrich et al., 1993), TFIIB (Lin et al., 1991), TFIIH (Xiao et al., 1994), and TFIID (Ingles et al., 1991), yet VP16 peptides with this mutation can still unfold chromatin. VP16(452-490) interacts with TFIIA and TFIID whereas for VP16(413-456), results are less clear (Ingles et al., 1991; Kobayashi et al., 1995), yet both regions can unfold large-scale chromatin structure. Also, TAFII40 interacts with VP16(452-490) but not VP16(412-456) (Goodrich et al., 1993).

In short, none of the proteins known to bind to VP16 neatly correlates with large-scale chromatin unfolding activity.  There are several possible explanations.  First, the physiological relevance of these in vitro protein-protein binding assays is uncertain, and whether the interactions described above occur in vivo is still controversial. We have the ability to test for these interactions in a different, more physiological context by targeting VP16 subdomains and mutations to the lac operator chromatin array and then staining cells with antibodies against the proteins proposed to interact. In this way, we may find that the recruitment of VP16-interacting proteins differs from what has been found in vitro.  Second, it is possible, perhaps even likely, that different proteins may be involved in large-scale chromatin unfolding in different cellular contexts.  In other words, different proteins may have redundant activity, and different proteins may have their activity repressed under some conditions. Third, it is possible that the proteins recruited by acidic activation domains which unfold large-scale chromatin structure have not yet been discovered.  We particularly intend to focus on this possibility in future work.
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Materials and Methods

Plasmid construction


See appendix A.

Cell culture, transfections, and luciferase assays

Rapamycin treatment was at a final concentration of 100 nM in all experiments (Sigma, St. Louis, MO). A03_1 cells (Li et al., 1998) were cultured at 37o C with 5% CO2 in F-12 Ham’s medium without hypoxanthine and thymidine (Invitrogen, Carlsbad, CA) with 10% dialyzed fetal bovine serum (HyClone Labs, Logan, UT) and 0.3 M methotrexate. CHO-K1 cells were cultured at 37o C with 5% CO2 in F-12 Ham’s medium (Invitrogen) with 10% fetal bovine serum (HyClone Labs).  2A5a cells and the stable clones F3, G3, and H6 were cultured similarly but with 7.5 g/ml puromycin.  Clone 2A5a is a subclone of 2A5 (Chapter 5) that was selected for its consistent array size.  It contains two chromatin arrays, each containing the 256 lac operator-vitellogenin B1 TATA-CFP-PTS plasmid (pSP21) integrated into the genome.  Stable clones F3, G3, and H6 all contain the 8 lac operator-E1b TATA-luciferase reporter plasmid (NYE107b) plus a puromycin resistance plasmid (pPUR, Clontech) stably integrated into their genome and were isolated in the experiment shown in Table 5.2, Chapter 5. 

Transfections on cover slips were performed with FuGENE 6 reagent (Roche, Indianapolis, IN) according to the manufacturer's instructions using 6-8 L reagent per 35 mm plate.  Fresh medium was added 16 hours after transfection.  For fixed cells, 48-72 hours after transfection, cells were rinsed in calcium, magnesium free phosphate buffered saline (CMF-PBS), fixed in CMF-PBS with 1.6% formaldehyde (Polysciences, Warrington, PA), and mounted in ProLong Antifade reagent (Molecular Probes, Eugene, OR). 

Transfections for luciferase assays were performed in CHO-K1 cells unless otherwise noted.  Transfections used 350 ng each effector, 900 ng luciferase reporter, 100 ng CMV-beta-galactosidase reporter (Clontech, Palo Alto, CA), and 8 l FuGENE6. Fresh medium was added 16 hours post-transfection and cells were harvested and lysed with Passive Lysis Buffer (Promega, Madison, WI) 48 hours post-transfection.  Luciferase assays were performed using Luciferase Assay Reagent (Promega, Madison, WI) and a Luminoskan luminometer (Thermo LabSystems, Vantaa, Finland).  Luciferase readings were normalized for beta galactosidase expression.

Imaging and image analysis


Optical sections were collected on an inverted light microscope (IMT-2, Olympus, Success, NY) with a cooled, slow-scan CCD camera (Photometrics, Tucson, AZ) as described previously (Hiraoka et al., 1991). Automated imaging was carried out using a Zeiss Axiovert 100M motorized inverted fluorescence microscope (Zeiss, Thornwood, NY) with a CoolSnapHQ cooled CCD camera (Roper Scientific/Photometrics, Tucson, AZ),  a motorized XYZ stage (Ludl Electronic Products, Hawthorne, NY), motorized filter wheels (Ludl), and a fiber optic light source (X-Cite Microscopy illumination source from EFOS, now EXFO, Richardson, TX).  The hardware was connected via a MAC2002 controller (Ludl) to a PC running Linux which allowed automation to be controlled by ISee software (ISee Imaging Systems, Raleigh, NC). The program, called RRnet36, is as described in the text and Appendix E.

The Zeiss automated system was also used for live imaging. For live experiments, cells were imaged in a Bioptechs FCS2 closed chamber so that temperature and pH of the medium could be maintained. Several stage positions were chosen where transfected cells were located.  At each time point, five 50 ms images were snapped in the CFP channel at various Z positions and the plane best in focus was used to collect 100 ms images in the CFP and YFP channels.  From these images, the CFP-labeled chromatin arrays were segmented and their area was measured as previously described (Chapter 3). The recruitment ratio calculation is described in Figure 4.2. 

CHAPTER 5  

SYSTEM FOR INTEGRATING FLUORESCENTLY TAGGED TRANSGENES INTO THE GENOME OF MAMMALIAN CELLS

Abstract


In the study of gene activation, it is often useful to stably integrate engineered promoters into the genome of cultured mammalian cells.  Reporter genes allow measurement of the transcriptional activity of the promoter of interest, and repetitive DNA sequences that are bound by fluorescently labeled DNA binding proteins allow the large-scale chromatin structure of the integrated chromatin to be observed in living cells.  Constructing the plasmids required for such projects has remained challenging due to the number of subcloning steps and the large inserts used.  In this work, we designed and constructed a plasmid, pSP, which facilitates integrating a promoter of interest plus a reporter, selectable marker, and repetitive DNA binding sites into the genome of cultured mammalian cells.  Using this system, we constructed a variety of plasmids which were suitable for integration.  Several of these were tested for transcriptional response in single living cells using fluorescent proteins detected by microscopy and flow cytometry, and in lysed cell populations using luciferase assays.  In addition, the large-scale chromatin structure of the engineered chromatin array was observed in stable cell lines generated from several of the plasmids.


Introduction

It is becoming increasingly clear that the activation of a gene is affected by the “context” of the chromatin within which that gene is embedded. Covalent modifications of histones, including acetylation, phosphorylation, methylation, and ubiquitination, have all been linked in some way to transcription (Berger, 2002).  In addition, the spacing of the histone complexes, known as nucleosomes, along the DNA can be altered by chromatin remodeling complexes, also linked to transcription (Hassan et al., 2001).  Many studies have indicated a difference in transcriptional response when genes are present on a plasmid which is transiently transfected compared to the same plasmid integrated into the genome (Archer et al., 1994; Myers et al., 1998; Smith and Hager, 1997).  Therefore, studying transcription using transiently transfected plasmids likely yields an incomplete picture of actual gene activation. It is increasingly desirable to integrate reporter plasmids containing promoters of interest into the genome of mammalian cells in culture.  It has also become possible to observe the large-scale chromatin structure of this integrated DNA with fluorescent DNA binding proteins (Belmont, 2001). 

Growing evidence indicates that gene activation is accompanied by changes in large-scale chromatin structure.  Initially, a 256 copy lac operator direct repeat adjacent to a DHFR cDNA transgene was integrated in tens of copies into the genome of mammalian cultured cells (Robinett et al., 1996).  Through the process of gene amplification, these transgene repeats together with flanking genomic DNA were amplified to create very large arrays, on the order of 100 million base pairs.  By transiently transfecting a fluorescently tagged lac repressor into these cells, the structure of the array was made visible.  Fusing proteins of interest to the fluorescently tagged lac repressor often produced changes in the structure of the lac operator array.  Proteins found to have large-scale chromatin unfolding activity in this manner include VP16 acidic activation domain (Tsukamoto et al., 2000; Tumbar et al., 1999); BRCA1, E2F1, and p53 (Ye et al., 2001); the estrogen receptor (Nye et al., 2002); and several acidic activators including Gal4 and p65 (Nye, A.C., Plutz, M., and Belmont, A.S., in preparation).  This approach was taken a step further by the isolation of cell lines containing not only lac operator repeats but also tet operator repeats (Tsukamoto et al., 2000). The plasmid used to generate the cell lines also contained a reporter gene, CFP-SKL (also known as CFP-PTS), which produces cyan fluorescent protein targeted to peroxisomes. Upon induction by doxycycline, a reverse tet repressor-VP16 fusion protein was recruited to the YFP-lac repressor-labeled engineered chromosome region.  Once targeted, VP16 induced activation of the reporter gene,  unfolding of the chromosome region, and association of the chromosomal region with a PML nuclear body.

In a different form of the assay which avoids artificial DNA binding domains, a cell line was used which contains several glucocorticoid receptor (GR) binding sites within the mouse mammary tumor virus (MMTV) promoter (Muller et al., 2001).  These cells contain ~200 copies of a plasmid containing the viral MMTV promoter upstream of the ras and BPV genes (Kramer et al., 1999; Walker et al., 1999). In these cells, a fluorescently tagged GR was discovered to possess large-scale chromatin unfolding ability.  These experiments were technically difficult because the only way to visualize the array in living cells was with the fluorescently tagged GR fusion protein. In the absence of hormone, the structure could not be directly observed in living cells since GR remains in the cytoplasm.  Instead, cells had to be fixed and the structure observed by fluorescence in situ hybridization.

It would therefore be quite useful to generate plasmids with a promoter of interest linked to an appropriate reporter gene, a selectable marker for stable integration into the genome, and multiple DNA binding sites to allow visualization of the structure of the integrated plasmid array.  It is exceedingly difficult to design a cloning scheme for such a plasmid, since many large components must be combined in one plasmid.  Once some components are in place, few unique restriction sites remain to clone in the remaining components.  

We therefore describe in this paper the design of a plasmid suitable for generating stable cell lines with promoter arrays of interest.  This plasmid has an abundance of rare restriction sites in locations which allow the cloning and swapping of various promoters, reporters, selectable markers, and DNA binding sites. We constructed a variety of these completed plasmids and have demonstrated their utility for creating cell lines.

Results

Design of the pSP plasmids


A 258 bp synthetic fragment of DNA (Ana-gen, Atlanta, GA) was inserted into the EcoRI site of pBR322 (pSP1), and the tetracycline resistance gene was removed with a BspEI digest (pSP2, Figure 5.1).  The plasmid was designed with several goals in mind.  First, it contains a large number of unique restriction sites to facilitate cloning each of the following components: promoter, reporter gene, repetitive DNA binding sequences (such as lac operators), and selectable marker.  Many of these restriction sites have 8 base pair recognition sequences which are rarely found in a given insert. In most cases, the design of the polylinker allows cloning of 4 components, up to ~20 kb, by simple cloning methods.  While we have designed the polylinker for generating plasmids to make stable cell lines, it is also useful for any cloning project where several large inserts must be combined.


Second, the plasmid contains a combination of restriction sites which allow directional cloning of repeats. In the first step, a DNA sequence of interest is cloned into the blunt PmeI site. The SpeI and NheI sites surrounding PmeI have complementary cohesive ends which do not re-create either restriction site when ligated together.  Multiple copies can be cloned by cutting out the DNA sequence of interest using NheI and AscI and ligating it into the SpeI and AscI sites of a separate aliquot of the same plasmid.  In this way, the number of DNA sequences of interest can be doubled in each round of cloning, as was done previously to generate 256 tandem repeats of the lac operator sequences (Robinett et al., 1996). In addition, SalI, XhoI and any nearby unique site can be used for directionally cloning a second set of repeats of a DNA sequence.  Alternately, existing lac operator repeats flanked by XhoI and SalI sites can be cloned into these sites. 
[image: image12.wmf]
Figure 5.1: The pSP2 plasmid, with unique restriction sites shown.

Third, because the plasmid must stably carry repetitive DNA sequences, it must be present at low copy within bacteria in order to prevent recombination and therefore loss of some repeats.  We chose the pMB1 origin of replication which is used in the plasmid pBR322.  This origin of replication includes the rop gene, which is responsible for maintaining the plasmid at about 20 copies per cell (Lusky and Botchan, 1981).


Lastly, since plasmids become more difficult to clone as they approach 20 kb in size, we made the plasmid as small as possible. At under 3 kb, the pSP2 plasmid is able to contain the average 13-16 kilobase pairs of inserts required for the typical project.

	Name
	Size
	Prokaryotic selection
	Eukaryotic selection
	No. of lac operators
	Promoter/Enhancer
	Reporter

	pSP1
	4.6 kb
	Amp & Tet
	none
	none
	None
	none

	pSP2
	3.0 kb
	Amp
	none
	none
	None
	none

	pSP3
	4.3 kb
	Amp
	puromycin
	none
	none
	none

	pSP4
	3.1 kb
	Amp
	none
	none
	4 estrogen response elements
	none

	pSP5
	3.4 kb
	Amp
	none
	none
	8 LexA binding sites
	none

	pSP6
	3.3 kb
	Amp
	none
	none
	8 estrogen response elements
	none

	pSP7
	3.8 kb
	Amp
	none
	none
	16 LexA binding sites
	none

	pSP8
	4.6 kb
	Amp
	none
	none
	32 LexA binding sites
	none

	pSP9
	3.3 kb
	Amp
	none
	none
	7 Tet repressor binding sites, reversed
	none

	pSP10
	3.3 kb
	Amp
	none
	none
	7 Tet repressor binding sites
	none

	pSP11
	3.6 kb
	Amp
	none
	none
	16 estrogen response elements
	none

	pSP12
	5.1 kb
	Amp
	puromycin
	none
	none
	CFP-PTS

	pSP13
	15.2 kb
	Amp
	puromycin
	256 
	none
	CFP-PTS

	pSP14
	7.6 kb
	Amp
	puromycin
	64 
	none
	CFP-PTS

	pSP15
	5.1 kb
	Amp
	puromycin
	none
	more restriction sites than pSP12
	YFP-PTS

	pSP16
	5.1 kb
	Amp
	puromycin
	none
	more restriction sites than pSP12
	CFP-PTS

	pSP17
	5.3 kb
	Amp
	puromycin
	none
	CMV core (constitutive)
	CFP-PTS

	pSP18
	5.2 kb
	Amp
	puromycin
	none
	Vit. B1 TATA (low/no basal)
	CFP-PTS

	pSP19
	15.4 kb
	Amp
	puromycin
	256 
	CMV core (constitutive)
	CFP-PTS

	pSP20
	15.7 kb
	Amp
	puromycin
	256 
	Cathepsin D (ER responsive)
	CFP-PTS

	pSP21
	15.3 kb
	Amp
	puromycin
	256 
	Vit. B1 TATA (low/no basal)
	CFP-PTS

	pSP22
	4.3 kb
	Amp
	none
	none
	32 estrogen response elements
	none

	pSP23
	16.0 kb
	Amp
	puromycin
	256 
	16 estrogen response elements- Vit. B1 TATA
	CFP-PTS

	pSP24
	15.6 kb
	Amp
	puromycin
	256 
	BCE-1 enhancer-beta casein promoter
	CFP-PTS

	pSP25
	16.0 kb
	Amp
	puromycin
	256 
	F9 polyoma promoter (moderate activity)
	CFP-PTS

	pSP26
	17.6 kb
	Amp
	puromycin
	256 
	c-myc (-2329 to +67) promoter
	CFP-PTS

	pSP27
	18.3 kb
	Amp
	puromycin
	256 
	pS2 promoter (ER responsive)
	CFP-PTS

	pSP28
	15.6 kb
	Amp
	puromycin
	256 
	Vitellegenin A2 enhancer-thymidine kinase promoter (ER responsive)
	CFP-PTS

	pSP29
	16.1 kb
	Amp
	puromycin
	256 
	2 copies of DM66 promoter (ER and Pit-1 responsive)
	CFP-PTS

	pSP30
	15.7 kb
	Amp
	puromycin
	256 
	DM66 promoter (ER and Pit-1 responsive)
	CFP-PTS

	pSP31
	17.5 kb
	Amp
	puromycin
	256 
	E1b TATA (strong inducibility)
	luciferase

	pSP32
	17.0 kb
	Amp
	puromycin
	256 
	SV40 promoter & enhancer (constitutive)
	luciferase


Table 5.1: A superpolylinker plasmid (pSP2) was designed with a synthetic polylinker containing rare unique restriction sites in a carefully designed order. Selectable markers, reporter genes, lac operators, promoters and enhancers of interest were cloned into this plasmid.

Construction of various pSP-derived plasmids


We next constructed a variety of plasmids using pSP2 (Table 5.1). Cloning details and tips are described in Appendixes F and G. The mammalian selectable marker chosen for these plasmids was puromycin (de la Luna et al., 1988).  Because this is an uncommon marker, it allows other plasmids with different markers to be stably co-transfected into mammalian cells. Puromycin also allows cells to survive even with low level expression of the puromycin resistance gene, which might prevent bias of clones towards integration sites with high level expression.

For the repetitive DNA binding sites, we generated tandem repeats of binding sites for LexA (starting from 8 copies, Hanes and Brent, unpublished, sequence available from www.invitrogen.com) and the estrogen receptor (starting from 4 copies, (Mattick et al., 1997)). We also inserted previously constructed 64 and 256 lac repressor binding sites (Robinett et al., 1996) and 7 tet repressor binding sites (Gossen and Bujard, 1992). Whenever cloning or maintaining plasmids with repeats, we used STBL2 cells (Invitrogen, Carlsbad, CA) grown at 30o C to prevent recombination. EC100 cells (Epicentre, Madison, WI) grown at 37o C work well also (Plutz, M. and Belmont A.S., personal communication). While we did not compare the two strains directly, they appeared to retain lac operator repeats similarly well. It is recommended that plasmids and inserts not be exposed to UV light during the cloning procedure, since UV light can damage the DNA and reduce cloning efficiency. When working with plasmids lacking repeats, we used the chloramphenicol amplification procedure (Sambrook et al., 1989) which temporarily increases the cell copy number, thereby increasing the plasmid yield.

Several promoters were cloned in: the SV40 promoter and enhancer, which has high transcriptional activity;  the CMV core promoter, which has high transcriptional activity (though not as high as the entire CMV promoter); the F9 polyoma promoter, which has moderate activity; and the vitellogenin B1 TATA (Chang et al., 1992) and the E1b TATA, both of which have very low basal activity but are capable of induction when strong activators are tethered nearby. While we did not directly compare these two TATA-based reporters, preliminary tests indicate that the E1b TATA is capable of about two-fold higher induction than the vitellogenin B1 TATA (data not shown). We also cloned in several estrogen-responsive promoters, including Cathepsin D, pS2, and vitellogenin A2, and promoters of interest to our collaborators, including the BCE-1 enhancer linked to the beta casein promoter (Schmidhauser et al., 1992) and a Pit-1 inducible/ER synergizing synthetic prolactin promoter/enhancer called DM66 (Cao et al., 1987; Smith et al., 1995).


We chose several reporter genes: CFP-PTS and YFP-PTS are derivatives of the green fluorescent protein that are cyan and yellow, respectively.  Because fluorescent proteins are also used to label the lac operator array in the nucleus, CFP-PTS and YFP-PTS are tagged with a peroxisome targeting signal (Gould et al., 1988; Tsukamoto et al., 2000).  This tag directs the fluorescent proteins to the peroxisomes, which appear as a pattern of spots in the cytoplasm that are in general visually distinct from fluorescent spots within the nucleus. These reporters are compatible with live, individual cell observations by microscopy or flow cytometry, and it may also be possible to record fluorescence of a population of cells using a fluorescent plate reader.  For more routine analysis of cell populations as a whole, the luciferase reporter is more convenient.

Testing pSP plasmids in transient transfections

We tested several of the pSP plasmids by transiently transfecting them into CHO-K1 cells. For plasmids with a fluorescent CFP-PTS or YFP-PTS reporter gene, transiently transfected cells were observed by microscopy (Figure 5.2A).  In this manner, the 256 lac op-vitellogenin B1 TATA-CFP-PTS plasmid (pSP21) was found to show very low CFP-PTS reporter expression when co-transfected with YFP-lac rep.  In contrast, the plasmid showed strong CFP-PTS expression in most transfected cells when co-transfected with GFP-lac rep-VP16 acidic activation domain, a strong transcriptional activator. When the constitutively active 256 lac op-CMV core-CFP-PTS plasmid (pSP19) was transiently co-transfected with YFP-lac rep, nearly 100% of transfected cells expressed CFP-PTS (Figure 5.2A).  Interestingly, despite the fact that the plasmid was not integrated into the genome, it was possible to see some structure of the plasmids even in the transiently transfected state. Aggregates of the 256 lac op-vitellogenin B1 TATA-CFP-PTS plasmid (pSP21) detected by YFP-lac rep were typically condensed whereas plasmid aggregates detected by GFP-lac rep-VP16 were usually less condensed.  While not as dramatic, these results mimic the results previously seen with stably integrated plasmids (Tumbar et al., 1999). It is known that transiently transfected DNA takes on some, but not all, properties of plasmids integrated into chromatin (Smith and Hager, 1997). 

We also examined the behavior of transiently transfected plasmids by flow cytometry (Figure 5.2B).  The constitutively active 256 lac op-CMV core-CFP-PTS plasmid (pSP19) showed good expression of CFP-PTS when transfected into cells alone.  Several fold higher expression of the CFP-PTS reporter was observed when co-transfected with lac-VP16.  For the 256 lac op-vitellogenin B1 TATA-CFP-PTS plasmid (pSP21), low expression of CFP-PTS was observed unless lac-VP16 was co-transfected, as expected. When comparing cells transfected with and without lac-VP16, this plasmid was induced 11.8-fold (based on the average brightness of cells above the threshold) or 6.2-fold (based on the percentage of cells above the threshold). This inducibility was considerably lower than that typically detected by luciferase assay, although several variables complicate the interpretation. Typically, 1000- to 2000-fold induction by VP16 is seen by luciferase assay when using a plasmid containing vitellogenin B1 TATA-luciferase (NYE40), although that plasmid has a different vector backbone and 8 lac operators instead of 256 lac operators.  In the context of a different promoter, we later found (Figure 5.2C) that the vector backbone and fewer lac operators only accounts for about a 10-fold increase in inducibility by lac-VP16, suggesting that the remaining ~100-fold difference in VP16 inducibility between CFP-PTS detection by flow cytometry and luciferase assay is significant.  It is not clear whether this is because of high noise in the CFP-PTS flow cytometry detection (from cellular autofluorescence or fluorescent transfection reagent, for example) or low signal (since CFP-PTS is not an enzyme, the signal is not amplified as it is for luciferase).  The difference could also be due to the method of detection: in flow cytometry, cells must reach a threshold in order to be counted as positive, whereas luciferase assays measure total luciferase reporter protein produced.
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Figure 5.2:    Testing pSP plasmids in transient transfections.  Figure 5.2A: CFP-PTS observed by microscopy.  900 ng of 256 lac op-vitellogenin B1 TATA-CFP-PTS (pSP21, top) or 256 lac op-CMV core-CFP-PTS (pSP19, bottom) were transfected into wild type CHO-K1 cells (ATCC CRL#9618), along with 300 ng YFP-lac rep (NYE5(EYFP)) (left) or GFP-lac rep-VP16 tb (top right). GFP bleeds through in the CFP channel, so the GFP-lac rep-VP16 protein is not distinctly visible in the top right image.  Cells were cultured at 37o C with 5% CO2 in F-12 Ham’s medium (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (HyClone Labs, Logan, UT). Transfections on cover slips were performed with FuGENE 6 reagent (Roche, Indianapolis, IN) according to the manufacturer's instructions using 8 L reagent per 35 mm plate.  Fresh medium was added 16 hours after transfection.  Forty-eight hours after transfection, cells were rinsed in calcium, magnesium free phosphate buffered saline (CMF-PBS), and fixed in CMF-PBS with 1.6% formaldehyde (Polysciences, Warrington, PA). Images were collected on an inverted light microscope (IMT-2, Olympus, Success, NY) with a cooled, slow-scan CCD camera (Photometrics, Tucson, AZ) as described previously (Hiraoka et al., 1991). Single optical sections are shown. Scale bar is 1 m.  Figure 5.2B: CFP-PTS observed by flow cytometry. 900 ng pSP reporter was transfected with or without 50 ng lac-VP16 (p3’SS d VP16: (Tumbar et al., 1999)) using 8 or16 l FuGENE6 per 35 mm plate.  16 hours later, the medium was changed, and 72 hours after transfection, cells were harvested by trypsinization, rinsed in fresh medium, rinsed in CMF-PBS, and fixed in 1.6% formaldehyde. Cells were analyzed on a Cytomation MoFlo Flow Cytometer using filters specific for CFP. Error bars show the standard error of the mean, but only one experiment was conducted for the 2nd and 4th samples. Figure 5.2C: Luciferase assays.  Transfections for luciferase transcription assays used 0.9 g NYE107b luciferase reporter (8 lac op-E1b TATA-luciferase) or 2.6 g 256 lac op-E1b TATA-luciferase plasmid (pSP31) or 2.6 g 256 lac op-SV40 promoter-luciferase-enhancer plasmid (pSP32), plus 0.1 g CMV-beta-galactosidase reporter (Clontech, Palo Alto, CA), and 0.35 g effector plasmid combined with 7 L of FuGENE 6 reagent per well in 12 well plates (14 L of FuGENE 6 for pSP transfections).  Fresh medium was added 16 hours post-transfection and cells were harvested and lysed with Passive Lysis Buffer (Promega, Madison, WI) 48 hours post-transfection.  Luciferase assays were performed using Luciferase Assay Reagent (Promega, Madison, WI) and a Luminoskan luminometer (Thermo LabSystems, Vantaa, Finland).  Luciferase readings were normalized for beta galactosidase expression. 

Perhaps because of these confounding issues, when an estrogen receptor expression plasmid was co-transfected with the plasmids containing what should be estrogen-responsive promoters (pSP20 - Cathepsin D promoter, pSP23 – 16 estrogen response elements + vitellogenin B1 TATA, pSP27 - pS2 promoter, and pSP28 - vitellogenin A2 promoter), flow cytometry revealed no difference in CFP-PTS expression regardless of the presence of the estrogen receptor and 10-9 M 17 estradiol (data not shown).  Lac-VP16 induced these plasmids 1.8-fold (16 ERE-vitellogenin B1 TATA), 2.6-fold (pS2), 7.6-fold (Cathepsin D), and 36-fold (vitellogenin A2) when comparing the average intensity of cells above the threshold. When comparing the percentage of cells above the threshold, lac-VP16 induced these plasmids 1.3-fold (16 ERE-vitellogenin B1 TATA), 3.6-fold (pS2), 2.3-fold (Cathepsin D), and 4.5-fold (vitellogenin A2).  Therefore, with the possible exception of the 16 ERE-vit. B1 TATA (pSP23), induction by lac-VP16 was measurable, but induction by the estrogen receptor was undetectable.  It is known that the estrogen receptor is about 100 times weaker than VP16 in transient assays.

Plasmids with luciferase reporters behaved as expected in luciferase assays (Figure 5.2C). The 256 lac op-E1b TATA-luciferase plasmid (pSP31) showed low basal activity and was induced by GFP-lac rep-VP16. The induced levels of activity were roughly 10 times weaker for the 256 lac operator plasmid compared to an 8 copy version with a different vector backbone (NYE107b: Nye, A.C., Ashouri, A., and A.S. Belmont, in preparation).  In these experiments, the amounts of reporter plasmid transfected were adjusted so an equal number of each reporter was transfected rather than equal masses. It remains unclear why the 256 copy plasmid is less inducible. It is possible that it is less efficiently transfected due to its size, that poison sequences in the backbone affect expression (see below), or that the repetitive nature of 256 lac operators itself decreases expression. As expected, the constitutively active 256 lac op-SV40 promoter-luciferase-enhancer reporter (pSP32) gave strong activity with a GFP-lac rep fusion protein co-transfected and was repressed by GFP-lac rep-HP1, a transcriptional repressor (Pernette Verschure and Anne Nye, unpublished).

· Construct plasmid.

· Test plasmid in transient transfection for appropriate reporter response.

3. 
Test sensitivity of cells to selection reagent.  

· (Optional) Remove “poison” sequences by digesting the plasmid, running it on a gel, and extracting the DNA of interest.

· Transfect cells with plasmid or linear DNA; include a puromycin-expressing positive control (for example, pSP19) and a non-puromycin-expressing negative control (for example, pSP2, or untransfected cells).

· 24 hours later, add puromycin. For all stable cell lines in this paper, puromycin (Sigma catalog number P-8833) was dissolved in water to 7.5 mg/ml, stored in aliquots at -20o C, and added to medium at a final concentration of 7.5 g/ml.
· (Optional) 24 hours later, passage cells to speed selection (optional).

· When cells have died off in the negative control flask, and colonies have begun to grow in the other flasks, serial dilute or flow sort into plastic 96 well plates to get individual cells.  Alternatively, plate diluted cells in large 150 mm dishes, wait until colonies grow, pick up colonies using trypsin-treated bits of sterile filter paper, and transfer to 96 well plates.

· When cells have grown enough, split each clone into 2 or more identical 96 well plates.  One well-diluted plate will be a storage plate for the clones – it should be left to grow until positives are chosen.  The other plates are for phenotypic screens (plates should have a glass coverslip bottom if necessary for screening).

· Screen 96 well plate(s) for appropriate phenotype, for example:

a. Transfect each well with an activator and look for appropriate response of the reporter (in a luciferase assay for luciferase reporters or by microscopy for a CFP-PTS or YFP-PTS reporter).  It is advisable to use a second identical plate to measure the background level of reporter, as it can vary substantially between clones.

b. Transfect with fluorescent DNA binding protein and look for chromatin arrays with the appropriate size or shape.

c. Transfect with fluorescent DNA binding protein fused to a protein of interest (e.g. a transcriptional activator) and look for appropriate change in shape of the chromatin array.

11. 
Choose appropriate clones and expand, test further if necessary
Figure 5.3: Protocol for generating stable cell lines using pSP plasmids.  See also Appendix H.

Construction of stable cell lines


pSP plasmids were successfully used to make several stable cell lines using the protocol in Figure 5.3. For example, cell lines were generated containing the 256 lac op-vitellogenin B1 TATA-CFP-PTS (pSP21).  Our goal was to obtain a cell line with a condensed lac operator chromatin array and no CFP-PTS reporter expression when untransfected or transfected with YFP-lac rep.  When transfected with a GFP-lac rep-VP16 expression plasmid, we wanted the CFP-PTS reporter to be expressed and the chromatin array to unfold, as previously observed for the A03_1 cell line (Tumbar et al., 1999).  This requires that the reporter be integrated in sufficient copy number to be visible when unfolded and that it be integrated into a region of the genome which is not constitutively active but is capable of gene induction.  Screening roughly 200 individual clones yielded one ideal clone, clone 2A5, which usually has two chromatin arrays per cell (Figure 5.4A). We also generated stable cell lines containing the 256 lac op-CMV core-CFP-PTS plasmid (pSP19, Figure 5.4B&C). In addition, we isolated several inducible clones containing the 256 lac op-E1b TATA-luciferase plasmid (pSP31, Figure 5.4D).

Variables affecting the construction of stable cell lines

First, we compared the 256 lac op-E1b TATA-luciferase plasmid (pSP31) to an 8 lac op-E1b TATA-luciferase plasmid (NYE107b). Since NYE107b has a different vector backbone which lacks a selectable marker, we co-transfected the puromycin-expressing pPUR plasmid (Clontech, Palo Alto, CA). After transfection, we selected individual stable clones and transiently transfected them with GFP-lac rep (p3’SS d Cl EGFP).  The 8 lac operator plasmid did not produce any visible arrays in the 22 clones observed, while 6 of 14 clones (43%) had a visible array with the 256 lac operator construct.  The 256 lac operators therefore appear helpful to easily see the array. Other than the difference in the number of lac operators, the pSP31 and NYE107b plasmids are not identical, so we cannot absolutely confirm that 256 lac operators are necessary to see the array.  For example, the pSP vector backbone contains “poison sequences” which may affect integration efficiency (see below).  In addition, we transfected equal masses of DNA, and since the pSP31 plasmid is much larger than NYE107b, this would result in about a three-fold higher number of NYE107b plasmids in the transfection. However, these variables would seem to favor larger NYE107b insertions, so it seems likely that 256 lac operators are desirable. 
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Figure 5.4: Isolating stable cell lines containing pSP plasmids. Figure 5.4A: Chromatin unfolding and reporter activation in response to VP16 activator in a stable clone with the 256 lac op-vitellogenin B1 TATA-CFP-PTS plasmid (pSP21) integrated into the genome.  This clone, 2A5, was the one clone isolated with a “huge” chromatin array in the experiment shown in Table 5.3.  DNA stained with DAPI is shown in red, the YFP channel is shown in green, and the CFP channel is shown in blue.  Cells were transfected with 350 ng YFP-lac rep (p3’SS d EYFP) or GFP-lac rep-VP16 (p3’SS d Cl EGFP VP16) and fixed as described in Figure 5.2.  A single optical section from a deconvolved image series is shown. Scale bar = 1 m.  Figure 5.4B: Response of CFP-PTS reporter in stable clones with the 256 lac op-CMV core-CFP-PTS plasmid (pSP19) integrated into the genome.  These clones were isolated in the experiment shown in Table 5.4.  While many clones in this population had a visible spot detectable by YFP-lac repressor transfection, most cells of clone 8C6 and all cells of clone 8G10 did not.  Cells were transfected as in Figure 5.4A, but were imaged live. A single optical section from a deconvolved image series is shown. The YFP channel is shown in yellow, and the CFP channel is shown in blue.  Scale bar = 1 m.

Figure 5.4C: Flow cytometry of untransfected clones to determine basal levels of the CFP-PTS reporter, using the same clones as in Figure 5.4B and techniques as described in Figure 5.2B. Figure 5.4D: Response of the luciferase reporter in stable clones with the 256 lac op-E1b TATA-luciferase plasmid (pSP31) integrated into the genome. These clones, C1, B2, and E2, were isolated in the experiment shown in Table 5.2 (Moderate inducibility).  When transfected with GFP-lac rep or GFP-lac rep-VP16, clones C1, B2 and E2 had a visible spot of roughly 0.2 m diameter in some, but not all, cells. Luciferase assays were performed as in Figure 5.2C except 350 ng plasmid was cotransfected with 100 ng CMV-beta-galactosidase using 5 l FuGENE6 per well of a 12 well plate.

However, as observed in transient assays, transcriptional responses from individual clones containing the 256 lac op-E1b TATA-luciferase plasmid (pSP31) were much reduced compared to the 8 lac op-E1b TATA-luciferase plasmid (NYE107b) (Table 5.2). Interestingly, four out of six pSP31 clones with a visible array were transcriptionally responsive to lac rep-VP16, versus 1 out of 7 that did not have a visible array.  This may indicate that the clones without a visible array did not register a response because they did not contain enough of the transfected reporter plasmid.

	Category
	Description
	2 g pSP31 plasmid (256 lac op-E1b TATA-luciferase)
	2 g NYE107b plasmid (8 lac op-E1b TATA-luciferase) + 0.2 g pPUR
	2 g NYE107b plasmid (8 lac op-E1b TATA-luciferase) + 2 g pPUR

	No/low inducibility
	<10-fold activation with lac rep-VP16
	9 / 14
	1 / 12
	5 / 10

	Moderate inducibility
	10-100-fold activation with lac rep-VP16
	5 / 14
	0 / 12
	2 / 10

	High inducibility & high background
	>100-fold activation with lac rep-VP16 but >50-fold background expression
	0 / 14
	2 / 12
	0 / 10

	High inducibility and low background

(desired clones)
	>100-fold activation with lac rep-VP16 with <50-fold background expression
	0 / 14
	9 / 12
	3 / 10


Table 5.2: Stable cell clones were prepared and expanded as described in Figure 5.3. Stable transfections used the type and amount of plasmid DNA listed at the top of each column, plus 40 l of FuGENE6 and 300 l serum free medium in a T-25 flask of CHO-K1 cells. Isolated clones were then analyzed by transiently transfecting 50 ng lac rep (p3’SS d lacI) or 50 ng lac rep-VP16 (p3’SS d lacI VP16) plus 10 ng CMV-beta-galactosidase with 0.3 l FuGENE6 in 96 well plates.  Luciferase assays were performed as described in Figure 5.2C. For future work, we selected stable clones F3 and G3 from the NYE107b + 0.2 g pPUR population and H6 from the NYE107b + 2 g pPUR population.

Next, we examined the effect of transfecting supercoiled plasmid DNA versus linear DNA which had the “poison” sequences removed by digestion, running the DNA on an agarose gel and gel extraction of the appropriate band. The pSP plasmid contains a low-copy origin of replication in order to keep the repetitive lac operators stable.  The rop gene sequences which make the plasmid low-copy are called "poison” sequences because they have been found to reduce expression of transfected proteins when transfected into mammalian cells (Lusky and Botchan, 1981; Peterson et al., 1987).  Therefore, it seemed likely that the poison sequences should be removed from the pSP plasmid prior to transfection by digesting the plasmid with restriction enzymes that separate the portion of interest from the plasmid backbone.  This appeared to be the case in pilot experiments examining stably transfected clones generated with the 256 lac op-vitellogenin B1 TATA-CFP-PTS plasmid (pSP21) or the 256 lac op-16 estrogen response elements-vitellogenin B1 TATA-CFP-PTS plasmid (pSP23). Cells showing a visible array and producing CFP-PTS reporter in response to transiently transfected GFP-lac rep-VP16 were classified as positive.  By this measure, 0.6 g of linear DNA with the poison sequences removed yielded 4 positive clones out of 18, whereas 5 g of circular DNA yielded only 3 positive clones out of 50.  In this experiment, it seemed that supercoiled plasmid DNA (with poison sequences intact) produced more cells surviving the selection with puromycin (probably due to a better transfection efficiency), but a lower percentage of the resulting clones showed good expression of CFP-PTS. 

We then tested two methods of preparing linear DNA for transfection and two transfection methods, calcium phosphate and FuGENE6 (Table 5.3). 256 lac op-vitellogenin B1 TATA-CFP-PTS plasmid DNA (pSP21) was digested with restriction enzymes, run on a gel to separate poison sequences, and either extracted from the gel or melted and transfected directly.  Both methods yielded similar size arrays, and since the gel extraction procedure is lengthy and  loses most of the DNA, the melted gel procedure is preferable. While there was not a dramatic difference between calcium phosphate transfection and FuGENE6 transfection, we chose FuGENE6 because it was more reliable and gave slightly better results. Depending on the transfection method, 25-73% of the clones we selected for further analysis properly expressed the CFP-PTS reporter when GFP-lac rep-VP16 was transiently transfected.  It is unclear whether the remaining clones had the plasmid integrated into the genome in a position where the promoter was strongly repressed, or whether the reporter gene was disrupted during integration of the plasmid.  It is also unclear why a higher percentage of CFP-PTS-positive clones responding to GFP-lac rep-VP16 were observed among individually isolated clones compared to the mixed populations. This could be due to the fact that individual clones were counted as positive even if not all cells in the population expressed CFP-PTS. Most cells which survived selection showed a visible chromatin array 0.2-0.8 m in diameter when transiently transfected with GFP-lac rep, although some arrays were larger. Interestingly, fewer cells in the calcium phosphate mixed population had a visible array when transfected with GFP-lac rep-VP16 compared to GFP-lac rep.  While this may indicate that GFP-lac rep-VP16 induced unfolding which rendered the chromatin array invisible, it is also possible that the expression levels of the two proteins were not equal in these transfections – too much or too little fluorescent lac repressor can render arrays indistinguishable from the rest of the nucleus.  One clone, 2A5, had a large insert which unfolded when GFP-lac rep-VP16 was targeted (see also Figure 5.4).


Next, we tested the effects of co-transfecting exogenous genomic DNA with the 256 lac op-CMV core-CFP-PTS plasmid (pSP19). Co-transfection of genomic DNA increased the CFP-PTS expression substantially (Table 5.4).  By examining individual clones, we confirmed again that clones with a visible array were more likely to express the CFP-PTS reporter than clones without a visible array.

	Transfection method
	Calcium Phosphate
	FuGene6 (Roche)
	FuGene6 (Roche)

	DNA preparation method
	Linear, Gel purified (~1 g)
	Linear, Gel purified (~1 g) 
	Linear, in melted gel (~2 g)

	Stable mixed population transiently transfected with GFP-lac rep
	~80% of transfected cells had a visible GFP spot, many were at the limit of resolution; the remaining were also small but showed some shape.  Most cells had more than one spot. No CFP-PTS expression.
	<- same, except more GFP spots were small with some shape
	<- same, except two or three colonies had a somewhat extended shape or a series of dots.

	Stable mixed population transiently transfected with GFP-lac rep-VP16
	~20% of transfected cells had a visible spot.  Most of these were at the limit of resolution.  No CFP-PTS expression.
	Some transfected cells have small but clearly linear or extended arrays, some have CFP-PTS, and a few have both.
	<- same, except slightly fewer cells have CFP-PTS or extended arrays.

	Reporter expression in individual stable clones transiently transfected with GFP-lac rep-VP16
	4 out of 16 expressed CFP-PTS (25%)
	11 out of 27 expressed CFP-PTS (41%)
	8 out of 11 expressed CFP-PTS (73%)

	Size of array in individual stable clones

transiently transfected with GFP-lac rep-VP16
	2 no array 

9 tiny                        

4 tiny/small              

1 small

0 huge


	5 no array 

13 tiny

4 tiny/small

4 small

1 huge


	2 no array 
6 tiny

1 tiny/small

2 small

0 huge




Table 5.3: Transfections used pSP21 plasmid DNA (256 lac op-vitellogenin B1 TATA-CFP-PTS) in a 60 mm dish of CHO-K1 cells, using 40 l of FuGene6 (Roche, Indianapolis, IN) and 300 l serum free medium according to the manufacturer’s instructions. Poison sequences were eliminated from the pSP21 plasmid with an XmnI digest of 20 g of DNA. The DNA was run on a low percent (0.75%) SeaPlaque GTG gel (Cambrex, East Rutherford, NJ) which was poured and set at 4o C.  The gel was run at room temperature with fresh agarose & TAE in a clean gel box.  The gel was stained with ethidium bromide, but was not exposed to UV light during band cutting.  The DNA was extracted from the gel band using the QiaexII kit (Qiagen, Valencia, CA) eluted twice using near-boiling elution buffer (this procedure only releases about ~5-20% of the DNA). Alternatively, the band was cut out of the gel without exposing to ethidium bromide or UV, the gel slice was melted at 65o C for 10 minutes, and the unpurified DNA was transfected directly.  In this case, antibiotics were maintained in the medium. Mixed populations were analyzed by transiently transfecting cells grown on coverslips in 35 mm dishes with 350 ng GFP-lac rep (NYE4) or GFP-lac rep-VP16 (p3’SS d Cl EGFP VP16 tb) using 7 l FuGENE6.  Isolated clones were analyzed by transiently transfecting 50 ng GFP-lac rep-VP16 with 0.3 l FuGENE6 in 96 well coverslip-bottom plates (catalog # 7716-2370, Whatman, Clifton, NJ).  The sizes of the arrays were categorized subjectively, with “tiny” referring to a spot roughly 0.2 m in diameter, “small” referring to a spot roughly 0.6 m in diameter, and “tiny/small” being intermediate in size. The huge array varied in size from 1.5 to 3 m in diameter.

	
	pSP19
	pSP19 plus 3 g genomic DNA

	Stable mixed population transiently transfected with GFP-lac rep
	Roughly half of transfected cells have a visible array (often more than one).  All arrays are condensed, although some are quite large.

Roughly half of transfected cells show good CFP-PTS expression.
	Could not see arrays due to poor transfection efficiency of GFP-lac rep.  Much higher CFP-PTS expression than with no genomic DNA, in terms of the percentage of cells (>80% of transfected cells expressed well) as well as the level of expression.

	Stable mixed population transiently transfected with GFP-lac rep-VP16
	Fewer cells had a visible array.  

None were dramatically unfolded, though many had some substructure.

More cells had good CFP-PTS expression compared to GFP-lac rep population, and those that did expressed at higher levels.
	Arrays mostly condensed, though some have substructure. 2 colonies out of 100 were dramatically unfolded.  

CFP-PTS expression was comparable to GFP-lac rep.

	Analysis of individual stable clones transiently transfected with YFP-lac rep
	Not analyzed
	
	No array visible
	Array visible

	
	
	No CFP-PTS expression
	10/32

(31%)
	3/32

(9%)

	
	
	CFP-PTS expression
	4/32

(13%)
	15/32

(47%)

	Size of array in individual stable clones transiently transfected with YFP-lac rep
	Not analyzed
	14 None (44%) 

2  Tiny (6%)

5  Tiny/small (16%)

4  Small/medium (13%)

5  Medium (16%)

2  Medium/large (6%)


Table 5.4: Genomic DNA was of average size 22 kb (catalog #D4642, Sigma, St. Louis, MO). A genomic DNA preparation where >90% of the DNA was larger than 100 kb (catalog number 70605-3, Novagen, Madison, WI) was also used, but cells did not survive selection.  Transfections used 3 g of 256 lac op-CMV core-CFP-PTS plasmid (pSP19) in a 60 mm dish of CHO-K1 cells, using 40 l of FuGENE6 and 300 l serum free medium according to the manufacturer’s instructions.  The DNA used was digested with XmnI to remove poison sequences and the melted gel containing DNA was transfected directly. Mixed populations were analyzed by transfecting cells grown in 96 well coverslip-bottom plates with 30 ng GFP-lac rep (p3’SS d Cl EGFP) or GFP-lac rep-VP16 (p3’SS d Cl EGFP VP16) using 0.3 l of FuGENE6.  Isolated clones were transfected similarly, except with YFP-lac rep (p3’SS d EYFP).  There was significant variability in most clones in terms of the CFP-PTS expression level and/or the appearance and number of the chromatin arrays. The sizes of the arrays were categorized subjectively, with “tiny” referring to a spot roughly 0.2 m in diameter, “small” referring to a spot roughly 0.6 m in diameter, medium referring to a spot roughly 0.9 m in diameter, and medium/large referring to a spot roughly 1.2 m in diameter


To generate large inserts of stably transfected DNA, cells can undergo the process of gene amplification.  This is commonly done by treating cells harboring the DHFR selectable marker with increasing amounts of methotrexate, a DHFR inhibitor.  The cells which survive increasing amounts of methotrexate have usually amplified the region of the chromosome which contains the DHFR selectable marker. We therefore attempted to amplify inserts of the 256 lac op-16 estrogen response elements-vitellogenin B1 TATA-CFP-PTS plasmid (pSP23) appearing as a single spot in the nucleus by gradually increasing the concentration of puromycin from 7.5 g/ml to 200 g/ml.  Cells did not appear to die off, and arrays appeared roughly the same size (data not shown).  Therefore, if gene amplification is necessary for a particular application, the puromycin gene should be replaced with DHFR.

Discussion

In summary, we found that the pSP series of plasmids provides a convenient, efficient system for making stable cell lines carrying a promoter, reporter, and repeated DNA binding site of interest.  We optimized the use of these plasmids in the construction of stable cell lines. We also examined a variety of variables including number of DNA binding sites, removal of poison sequences, method of DNA gel extraction, transfection reagents, co-transfection of genomic DNA, and puromycin amplification.  These plasmids make it possible to construct cell lines to answer a variety of critical questions relating to changes in chromatin structure, gene positioning within the nucleus, and recruitment of proteins to chromatin sites.
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CHAPTER 6 

CONCLUSIONS


Six years ago, the only transcription factor known to alter large-scale chromatin structure was the VP16 acidic activation domain. We have described evidence in this work and in collaboration with other laboratories (Ye et al., 2001) that many proteins are able to unfold large-scale chromatin structure: the estrogen receptor, BRCA1, COBRA1, E2F1, p53, Gal4, Hap4, p65, and Fos. In addition, chromatin unfolding activity was discovered in the glucocorticoid receptor by another laboratory (Muller et al., 2001). It is therefore becoming clear that a variety of activators can unfold large-scale chromatin structure.

We carefully examined the estrogen receptor’s chromatin unfolding activity in the context of mutations, truncations, and various hormone treatments (Chapters 2 and 3). This analysis revealed that the known coactivators which are recruited in a roughly ligand-dependent manner via the estrogen receptor’s helix 12 are not required for large-scale chromatin unfolding.  On the contrary, the estrogen receptor’s chromatin unfolding activity is strongest in the absence of ligand.  We propose that in the absence of ligand the estrogen receptor unfolds large-scale chromatin structure in preparation for transcriptional activation.  Upon estradiol addition, we propose that transcription occurs at high rates from this unfolded chromatin.  We further propose that the large-scale chromatin unfolding activity, like the transcriptional activity of the estrogen receptor, is downregulated during several hours of hormone treatment. The downregulation of chromatin unfolding activity requires helix 12 of the estrogen receptor. Collaborators at Baylor College of Medicine used the estrogen receptor system we developed as an in vivo assay for the recruitment of coactivators to the estrogen receptor in living cells, revealing rapid dynamics (Stenoien et al., 2001).


In order to narrow down minimal chromatin unfolding domains within the estrogen receptor, we fused a series of short estrogen receptor regions to YFP-lac repressor (Chapter 3).  Determining which regions possessed large-scale chromatin unfolding activity required us to rapidly collect and analyze images.  To accomplish this, we designed a computer program to control the hardware of a motorized microscope to scan around a slide looking for transiently transfected cells.  Upon finding such a cell, the microscope focuses on the fluorescently labeled chromatin array in the cell and measures its area.  Using this tool, we discovered that the estrogen receptor has chromatin unfolding activity throughout its domain E, in at least two separable chromatin unfolding domains. 


For a number of reasons, we adapted an inducible heterodimerization system to allow the inducible recruitment of proteins of interest to lac operator arrays (Chapter 4). We used this system to discover that strong acidic activators, including a multimerized 12 amino acid motif from VP16, are able to activate transcription from reporters integrated into the genome. In addition, while the study was complicated by the activity of negative controls, we did discover strong evidence that a number of acidic activators are able to unfold large-scale chromatin structure in addition to VP16, including p65, yeast Gal4, and yeast Hap4.  For p65 and VP16, the evidence suggests that each of their two separable activation domains is capable of unfolding large-scale chromatin structure. In addition, motifs of 11-13 amino acids from acidic activators, including Fos, Gal4, and VP16, are likely sufficient to induce unfolding of large-scale chromatin fibers.

Aside from the basic research goals accomplished in this work, we focused on the development of several unique research tools which will allow the laboratory to address several fundamental questions in future work.  The short segments of the estrogen receptor which are sufficient to unfold large-scale chromatin structure can be used to identify proteins interacting with those segments.  These proteins might be responsible for large-scale chromatin unfolding.  The in vivo recruitment assay, developed as a result of this thesis work (Chapter 2 and (Stenoien et al., 2001), is being developed by our collaborators as a high throughput screen for novel antiestrogens, since antiestrogens disrupt the interaction between the estrogen receptor and the coactivators SRC-1. In our own laboratory, we intend to use the automated microscopy algorithms to develop a high throughput screen for chemical modulators of different aspects of large-scale chromatin structure.


The inducible recruitment system adapted in this work (Chapter 4) makes several interesting experiments possible. The effects of VP16 on euchromatic regions of chromatin can now be assessed by observing the appearance of euchromatin fibers over time in living cells after inducibly targeting VP16.  Since the cell lines with euchromatic lac operator arrays have very inconsistent appearances, it would not be useful to try to discern differences in chromatin structure between separate transfected cell populations, e.g. cells with GFP-lac rep vs. GFP-lac rep-VP16.  With the inducible system, however, it is now possible to follow euchromatin over time in the same living cell to see whether VP16 has an effect. 


The inducible system also allows observation of recruitment of fluorescently labeled coactivators to activators in living cells. As described in Chapter 2, the recruitment of the coactivators SRC-1 and CBP to the estrogen receptor could be observed in living cells because the recruitment was largely ligand-inducible.  The inducible system now allows observation of the recruitment of proteins to other activators. The system described here is technically more simple than those previously performed using bead loading of purified GFP-lac rep-VP16 protein (Memedula and Belmont, 2003).


The inducible system can be used to determine whether the unfolding of heterochromatin is reversible.  The drug FK506 can be used to dissociate FKBP12 and FRB*, thereby disrupting recruitment of VP16.  Using this drug, the kinetics of refolding, if it occurs, can be viewed in living cells.  In addition, it can be determined whether this refolding only occurs during certain phases of the cell cycle.  For example, it is possible that the chromatin would stay unfolded until mitosis, after which it would remain condensed. If chromatin does recondense during interphase, histone deacetylase inhibitors could be added to the cells to determine whether the refolding is dependent on histone deacetylation.  We would predict that histone deacetylation would not be necessary, since histone acetylation did not correlate with chromatin unfolding in the case of the estrogen receptor.


In addition, the inducible system is being used in our laboratory to examine the motion of DNA within the nucleus upon gene activation.  A motion from the edge to the interior of the nucleus upon targeting of VP16 was first identified in the statistical analysis of large numbers of fixed cells (Tumbar and Belmont, 2001).  Using the rapamycin recruitment system described in Chapter 4, our laboratory has been able to induce this motion in living cells (Chuang, C.H., Nye, A.C., and Belmont, A.S., in preparation).


Finally, the pSP plasmid system (Chapter 5) allows the creation of stable cell lines carrying a promoter of interest that can be linked to a reporter gene and fluorescently tagged.  This is a versatile system with many potential uses.  This system will allow the laboratory to observe the large-scale chromatin structure near a promoter of interest under various conditions with a convenient transcriptional readout.
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APPENDIX A NYE PLASMID DETAILS



Name, description, clone, size, resistance, date

Construction details

NYE1, 800bp in pBS, clone 11, about 3800 bp, Amp, 1/12/98

800 bp EcoRV/ClaI fragment of p3'SS d tb Cl EGFP cloned into EcoRV/ClaI of pBS.



NYE2, 800 bp Asc in Pvu in pBS,  clone 5, about 3800 bp, Amp, 1/29/98

Made by site directed mutagenesis of NYE1 to insert an AscI site in frame in the PvuII site.


NYE3, 800 bp Asc after Pvu in pBS,  clone 15, about 3800 bp, Amp, 1/29/98

Made by site directed mutagenesis of NYE1 to create an AscI site by silent mutations ~10 bp downstream of the PvuII site.





NYE4, p3'SS d tb Cl EGFP Asc in Pvu, clone 1, 7420 bp, Amp, 1/29/98

Made by ligating EcoRV/ClaI fragment of NYE2 back into p3'SS d tb Cl EGFP's EcoRV/ClaI sites.





NYE5, p3'SS d tb Cl EGFP Asc after Pvu, clone 21, 7411 bp, Amp, 1/29/98

Made by ligating EcoRV/ClaI fragment of NYE3 back into p3'SS d tb Cl EGFP's EcoRV/ClaI sites.





NYE6, GFP-lac rep-full length ER (Asc in Pvu), clone 4, 9214 bp, Amp, 2/28/98

AscI sites were added in frame by PCR to full length estrogen receptor. This fragment was ligated into the AscI site of NYE4.





NYE7, GFP-lac rep-full length ER (Asc after Pvu),  clone 6, 9205 bp, Amp, 2/28/98

AscI sites were added in frame by PCR to full length estrogen receptor. This fragment was ligated into the AscI site of NYE5.





NYE8, GFP-lac rep-DEF of ER (Asc in Pvu) clone 14 AmpR, clone 14, 8428 bp, Amp, 2/28/98

AscI sites were added in frame by PCR to the C-terminal portion of the estrogen receptor (domains D, E, and F). This fragment was ligated into the AscI site of NYE4.




NYE9, GFP-lac rep-DEF of ER (Asc after Pvu), clone 2, 8419 bp, Amp, 2/28/98

AscI sites were added in frame by PCR to the C-terminal portion of the estrogen receptor (domains D, E, and F). This fragment was ligated into the AscI site of NYE5.




NYE10, 8 lac op-TATA-CAT,  clone 2, about 5400 bp, Amp, 8/21/98

BglII-HindIII fragment containing ERE's was removed from pATC2 and replaced with an 8mer of lac operator repeats from a BamHI-HindIII digest of pPS-8 (BamHI and BglII have compatible cohesive ends). This results in a simple reporter construct to test lac repressor constructs. 8mer lac operators-TATA box-CAT gene. Sequence of pATC2 is not available from the Shapiro lab, but there is a simple map of it.





NYE11, GFP-lac rep-ABC of ER (Asc in Pvu), 8215 bp, Amp, 4/7/99

AscI sites were added by PCR in frame to the N-terminal portion of the estrogen receptor (domains A, B, and C). This fragment was ligated into the AscI site of NYE4.




NYE12, 14, 16, 18 were supposed to be mutants of NYE6
9214 bp, Amp, 4/5/99

NYE13, 15, 17, 19 were supposed to be mutants of NYE8
8428 bp, Amp, 4/5/99

only 15, 17, 19 were made successfully: 



G521R

L525A

L540Q

S554fs


full length ER 

NYE12
NYE14   
NYE16
NYE18


DEF of ER          
NYE13
NYE15   
NYE17
NYE19

NYE15: one clone 






NYE17: three clones






NYE19: two clones






NYE20, FRB*-p3’SS d EYFP, 7684 bp, Amp, 12/8/99

Expresses the fusion FRB*-EYFP-lac rep in mammalian cells.





Construction: XhoI-SalI fragment containing FRB* was cut out of FRB*-VP16) from Steve Liberles and ligated into the XhoI site of p3’SS d EYFP, which is right before the start codon of EYFP.  I sequenced all junctions plus the FRB coding region just to be safe.




NYE21, FKBP3-ECFP-C1 original version, 5754 bp, Kan, 12/22/99

Expresses FKBP3-ECFP in mammalian cells.  There is a nice multiple cloning site at the C terminus for making FKBP3-ECFP-X fusions. Construction:  NcoI-SalI fragment containing 3 copies of FKBP12 (plus a Flag epitope at the N-terminus) was cut out of FKBP3 vector (from Steve Liberles) and filled in with Klenow fragment, then ligated into the Eco47III (blunt) site of ECFP-C1 from Clontech. I sequenced the junctions and part of the FKBP3 insert just to be safe.


NYE22, FKBP3-ECFP-VP16-NLS, 6179 bp, Kan, Jan-00

Expresses this fusion protein in mammalian cells. Construction: EcoICRI-digested FKBP3-ECFP-C1 (NYE21) was ligated to AseI-digested and blunted fragment from GFP-lac rep-VP16 which contains VP16 plus an NLS.





NYE23, (Nco) FRB*-EYFP-lac rep, 7730 bp, Amp, Jan-00

New version, similar to NYE20, except hopefully it works better. More of the promoter region upstream of FRB* was included to improve Start signals and thus prevent possible initiation of transcription just upstream of EYFP. The new cloning scheme also creates a longer linker between FRB and EYFP. Construction: NcoI/SalI fragment from FRB*-VP16 which contains FRB* was blunted with T4 DNA polymerase and ligated into SalI-digested, blunted p3'SS d EYFP (Pedro Alvarez-Ortiz made).

NYE24, (Pvu) FRB*-EYFP-lac rep, 7753 bp, Amp, Jan-00

Similar to NYE23, with an even longer start. Construction: same as NYE23, except PvuI/SalI (T4 trimmed) fragment of FRB*.

NYE25, (Pvu) FKBP3-ECFP-C1, 5777 bp, Kan, 2/18/00

Similar to NYE21, except PvuI/SalI (T4 trimmed) fragment to yield a better start.

NYE26-29, Derivatives of NYE24, new (Pvu) FRB*-EYFP-lac rep fusions 

The NYE24 vector was digested with SbfI (between FRB* and EYFP) and T4 trimmed. Into this blunted vector, one of the following short, in frame linkers was ligated in hopes of making a better fusion protein.

NYE26: linker 1a: EcoICRI-SmaI fragment from pECFP-C1, 7789 bp, Amp, 2/18/00

NYE27: linker 1b: Same fragment, opposite orientation, 7789 bp, Amp, 2/18/00

NYE28: linker 4a: EcoICRI - SphI (T4 trimmed) fragment from pUC19, 7786 bp, Amp, 2/18/00

NYE29: linker 4b: Same fragment, opposite orientation, 7786 bp, Amp, 2/18/00

NYE30, (Pvu) FRB*-EYFP-lac rep  11 Ala linker, 30:clone 2, 7783 bp, Amp, 03/20/00

NYE31, (Pvu) FRB*-EYFP-lac rep  12 Ala linker, 31:clone 18 7786 bp, Amp, 03/20/00 

The NYE24 vector was digested with SbfI (between FRB* and EYFP). Two custom oligos were annealed, yielding a double stranded linker with SbfI sticky ends.  This linker encodes a string of alanines (no matter which orientation it ligates in). For some reason, one entire alanine codon was deleted in the NYE30 construct.  I can’t explain why.

NYE32, Derivative of NYE25, new FKBP3-ECFP-C1, clone 20, 5777 bp, Kan, 03/20/00 

Site directed mutagenesis of NYE25 to eliminate the internal start signals of ECFP, to add a NotI site which allows one step removal of FKBP3 from the fusion protein, and to add a blunt PmlI site for inserting linkers if necessary. 

NYE33, ECFP-FKBP3, clone 8, 5712 bp, Kan, 4/6/00

Cut out FKBP3 XhoI/SalI fragment and ligated into the SalI site of ECFP-C1 from Clontech, in order to fuse FKBP3 to the C terminus of ECFP rather than the N terminus.

NYE34, NYE21 with F9 promoter, 7516 bp, Amp, 4/7/00

Cut out NheI-DraI fragment containing FKBP3-ECFP from NYE21, filled in the ends, and blunt-ligated into NYE4. NYE4 had been digested with XhoI-AscI to remove GFP-lac rep and the ends were filled in. Thus, FKBP3-ECFP is expressed from the F9 promoter, which is the same promoter used for the FRB-YFP-lac rep constructs.

NYE35, NYE25 with F9 promoter, 7539 bp, Amp, 4/10/00

Cut out NheI-DraI fragment containing FKBP3-ECFP from NYE25, filled in the ends, and blunt-ligated into NYE4. NYE4 had been digested with XhoI-AscI to remove GFP-lac rep and the ends were filled in. Thus, FKBP3-ECFP is expressed from the F9 promoter, which is the same promoter used for the FRB-YFP-lac rep constructs.

NYE36, NYE32 with F9 promoter, 29<a   30<b, 7539 bp, Amp, 4/10/00

Cut out NheI-DraI fragment containing FKBP3-ECFP from NYE32, filled in the ends, and blunt-ligated into NYE4. NYE4 had been digested with XhoI-AscI to remove GFP-lac rep and the ends were filled in. Thus, FKBP3-ECFP is expressed from the F9 promoter, which is the same promoter used for the FRB-YFP-lac rep constructs.

NYE37, FKBP3-ECFP-long VP16-NLS, 7982 bp, Amp, 4/23/00

Cut out AseI fragment from GFP-lac rep-VP16 which contains VP16 plus a Nuclear Localization Signal.  Filled in  and ligated into Ecl136II (EcoICRI) blunt site of NYE36.  Sequenced across the VP16 to make sure junctions were correct and that the sequence itself was correct.  There are two mutations in VP16 compared to the sequences I was given; however, these are also present in the original GFP-lac rep-VP16 and in the plasmid originally received in the lab.

NYE38, NYE36 with Puromycin selectable marker, 3 clones, 7034 bp, Amp, 4/26/00

Cut out PvuII - BamHI fragment from pPUR (Clontech) which contains the puromycin selectable marker. Polished with T4, then ligated into NYE36 cut with HpaI/XcmI and T4 polished. This replaces the hygromycin with puromycin. NYE 38 has puromycin in the same orientation as the hygromycin selectable marker was. Unusual result: Minipreps that were correct NYE38 had diminished yield of plasmid DNA, while minipreps of NYE 39, made the same way but with the puromycin in the opposite orientation looked normal.  NEED TO VERIFY FUNCTIONALITY OF THIS PLASMID BEFORE USE> I recommend making stable lines with NYE 38, NYE39, and pPUR as a control.

NYE39, NYE36 with Puromycin selectable marker reversed, 4 clones, 7034 bp, Amp, 4/26/00

See NYE38.

NYE40, 8 lac operators-TATA-luciferase reporter, a=1,b=2,c=3,d=5, ~5178bp, Amp, 5/22/00

Cut out 8 lac operators plus the TATA box from NYE10 (8 lac op-TATA-CAT reporter) using HindIII and NcoI. Ligated into the HindIII - NcoI sites of pGL3 Basic, a luciferase reporter from Promega which lacks a promoter and enhancer.   This is the same strategy which the Shapiro lab used to make ERE(2)TATA-luciferase from ERE(2)TATA-CAT. Sequenced across the lac operators and TATA because I did not have the full sequence available from the Shapiro lab.

NYE41, FKBP3-short VP16-ECFP, clone 6, 7812 bp, Amp, 5/22/00

Trying VP16 in a new position relative to previous constructs to see if that helps it to work better.   Also, I am using a shortened version of VP16, aa 412-488, which have been shown to be sufficient for activation.  In fact, these are the aa's used in testing the FKBP-FRB system previously by Crabtree and Schreiber.  No Nuclear Localization Signal, but there are 10 extra aa's from lac rep at the end of the VP16 insert. Cut out VP16 from GFP-lac rep-VP16 using SalI and StuI.  Filled in and ligated into the PmlI site of NYE 36 (which is a blunt site between FKBP3 and ECFP.)

NYE42, FKBP3-ECFP-short VP16 no NLS, a=12, b=13, 7816 bp, Amp, 5/22/00

Similar to NYE 37, except using the shorter VP16, aa 412- 488, and eliminating the NLS, and ligating into a different site in the MCS of NYE36. Cut out VP16 from GFP-lac rep-VP16 using SalI and StuI.  Filled in and ligated into the filled-in HindIII site of NYE 36, which is after FKBP3-ECFP.

NYE43, FKBP3-short VP16-NLS  (no ECFP), clone 38, 7105 bp, Amp, 5/22/00

No ECFP, should be quite similar to the construct used by Schreiber and Crabtree. Cut out VP16 aa 412-488 plus 10 aa's of lacI, an NLS, and STOP from GFP-lac rep-VP16 using SalI and AseI.  

Filled in and ligated into NYE36, which had ECFP removed by a PmlI - Ecl136II (EcoICRI) digest (both blunt).

NYE44, YFP-lac rep-FKBP3 (no NLS), clone 24, 8457 bp, Amp, 6/7/00

FKBP3 was removed from NYE21 as a NcoI fragment, filled in, and ligated with AscI-digested, filled-in NYE5 (EYFP). This puts the last 10 amino acids of lac plus the NLS out of frame.

Works! Targets to HSR, and recruits FRB-VP16, resulting in transcription and opening of large-scale structure.

NYE45-47, FRB*-VP16 with F9 promoter, not functional, clone 9,10,16, 6224, Amp, 6/17/00

FRB*-VP16 was removed from Steve Liberles' plasmid with the poor promoter using NcoI and EcoRI, which were filled in.  This was ligated into NYE4  which had GFP-lac removed by a XhoI/AscI digest, filled in. The cloning turned out very strange: upon sequencing I discovered the following problems:

NYE45 (#9): The vector was chewed back to a spot between BglII and XbaI downstream of the promoter.  This should not affect the promoter though. At the 3'end of the insert, there is a C missing which could have resulted from the AscI site being chewed off by one base.  I haven't checked sequence through the insert, looked roughly OK.

NYE46 (#10): Really messed up.  Looks like part of the FRB*-VP16 insert is there, but there's also other unknown stuff.

NYE47 (#16): primer couldn't read upstream end.  The insert is in place, with just the C missing as in #9, but there's something weird upstream of the insert.

NYE48, YFP-lac rep-FKBP3-NLS  (NYE44-AgeI fill in), 2=a,7=b,16=c, 8461 bp, Amp, 8/8/00

NYE44 was digested with PinA1 (AgeI), Klenowed to fill in the ends, and then religated. This destroys the AgeI site and also alters the reading frame of the last few amino acids such that the NLS from lac rep is restored.

(This cloning step was called FKBP 1a)

NYE49, NYE4 + Not-Fse linker, 31, 7474 bp, Amp, 8/8/00

NYE4 was digested with XhoI and a doublestranded oligo was ligated in that has compatible sticky ends.  sequence:  TCGAGGAGATGGCGGCCGCACTAGTAGGCGCCAAGCGCTGGCCGGCCAAGCTTTTCGA  This is an intermediate used for making an optimized XFP-lac rep-FKBP3-NLS.

(This cloning step was called FKBP 1b).  NYE49a was sequenced across the linker using p3'SS/preXba primer.

NYE50, FRB*-linker-VP16, 3=a,5=b,6=c, 4001 bp, Amp, 8/11/00

Steve Liberles' FRB*-VP16 plasmid was digested with SalI and a doublestranded oligo was ligated in that has compatible sticky ends (same oligo as for NYE49).  This is an intermediate used for making XFP-FRB*-MCS. (This step was called FRB step 1)

clone a has a random cloning error!  Use clone b: NYE50b was sequenced using VP16seq1 and FRB*seq1 primers and is correct.

NYE51, YFP-lac rep-FKBP3-NLS   Pme, 1=a,2=b,3=c, 8473 bp, Amp, 8/23/00

NYE48 was digested with NotI and a short linker containing a PmeI site was ligated in to destroy the NotI site so that CFP /YFP/RFP/GFP can be cloned in later on into a different NotI site.

NYE52, FRB*-linker-VP16: F9 promoter and puromycin, 1=a,2=b,3=c, 5920 bp, Amp, 8/24/00

I performed a triple ligation with the following three fragments:

a. Modified FRB*-linker-VP16 out of NYE50 using KpnI (chewed blunt) then XhoI.

b. Puromycin selection cassette from pPUR using PvuII (blunt cutter) and Bsp120I (compatible with EagI).

c. Amp resistance, ori of replication, and F9 promoter from NYE4 using EagI and XhoI.

Made from faulty NYE50 clone a!  So probably this construct is not what it's supposed to be.

NYE53, linker-lac rep-FKBP3 NLS   Pme, 4=a,5=b,6=c, 7762 bp, Amp, 8/28/00

lac rep-FKBP3 was removed from NYE51 using NcoI (filled in) and ClaI (not filled in) and ligated into NYE49 with its GFP-lac rep removed using HindIII (filled in) then ClaI (not filled in).

NYE54, FRB*-VP16: F9 promoter and puromycin, 5=a,6=b,7=c, 5866 bp, Amp, 9/1/00

Made just like NYE52, except that the source of FRB*-VP16 was the original vector received from Steve Liberles, so there is no linker. NYE54a,b,c were all sequenced using p3'SS/preXba primer, and all are correct through the entire fusion protein ORF.

NYE55, CFP-lac rep-FKBP3-NLS 1=a,2=b,3=c, 8503 bp, Amp, 9/6/00

CFP was cut out of ECFP-C1 using NheI and EcoICRI (Ecl136I) and ligated into the linker of NYE53, cut with SpeI and Eco47III (and phosphatased). NYE55a was sequenced with p3'SS/preXba primer & is correct.

NYE56, RFP-lac rep-FKBP3-NLS, 7=a,8=b,9=c, 8458 bp, Amp, 9/6/00

RFP was cut out of dsRed1-C1 using NheI and EcoICRI (Ecl136I) and ligated into the linker of NYE53, cut with SpeI and Eco47III (and phosphatased).  Sequence of NYE56a is correct, but RFP is not fluorescent.

NYE57, YFP-lac rep-FKBP3-NLS, 13=a,14=b,15=c, 8503 bp, Amp, 9/6/00

YFP was cut out of EYFP-C1 using NheI and EcoICRI (Ecl136I) and ligated into the linker of NYE53, cut with SpeI and Eco47III (and phosphatased). Clone a has a random cloning error! Use clone b. NYE57b was sequenced with p3'SS/preXba primer & is correct.

NYE58, F9 oligo1-FRB*-VP16 pur, 5884 bp, Amp, 10/12/00

NYE54 (F9 FRB*-VP16 pur) was digested with XhoI, which is right at FRB*'s ATG.  A double stranded synthetic oligo was ligated in: TCGAGGAGATGGTGCACATCGA which reconstitutes the start signals of GFP-lac rep, and inserts an ApaLI site.  This is an attempt to achieve expression of the FRB*-VP16. Orientation was checked by sequencing.

a = reverse orientation, b = correct orientation determined by sequencing, but sequence was not good enough to confirm entire ORF.

NYE59, F9 oligo2-FRB*-VP16 pur, 5886 bp, Amp, 10/12/00

NYE54 (F9 FRB*-VP16 pur) was digested with XhoI, which is right at FRB*'s ATG.  A double stranded synthetic oligo was ligated in: TCGACCTACCGCCATGGACTTCGA which includes the start signals of the FRB*-VP16

original plasmid. These signals are nearly a Kozak consensus sequence.  This is an attempt to achieve expression of the FRB*-VP16. Orientation was checked by sequencing. Clones a  & b are the wrong orientation.  Tested c & d- not functional.

NYE60, F9 Not-Fse-FRB*-VP16 pur, 5920 bp, Amp


NYE54 (F9 FRB*-VP16 pur) was digested with XhoI, which is right at FRB*'s ATG.  A double stranded synthetic oligo was ligated in: TCGAGGAGATGGCGGCCGCACTAGTAGGCGCCAAGCGCTGGCCGGCCAAGCTTTTCGA   This is the same NotI-FseI linker used for NYE49&50.  It contains good start signals, proven to work in NYE49. This is an attempt to achieve expression of the FRB*-VP16, and it will allow cloning in CFP,YFP, etc. into the linker. This step was called strategy 4 or oligo 4

Orientation was checked by sequencing. clone a = wrong orientation, clone b = correct, entire ORF sequenced.

NYE61, FRB*-YFP-VP16, 1=a,2=b,3=c, 7764 bp, Amp, 10/25/00

Strategy 1a: Cut out VP16 from NYE 37 using BsrGI and DraI; ligated into BsrGI-EcoRV digested NYE30 vector. This strategy maintains the junction between FRB and YFP which we know functions at least partially since NYE 30 worked to some extent.  

NYE62, FRB*-YFP-KBP2.20, 8=a,9=b,10=c, 6997 bp, Amp, 10/25/00

Strategy 1b: ligated a synthetic oligo into BsrGI-EcoRV digested NYE30 vector.

sequence: GTACAAGGGGTCGAGTTGGGCTGTTTATGAGTTGTTGTTTGGATCCTGA

NYE63, FRB*-YFP-lac-VP16, 15=a,16=b,17=c, 8167 bp, Amp, 10/25/00

Strategy 1c: ligated EcoRV/ClaI fragment containing part of lac then VP16 into EcoRV/ClaI digested NYE30.  This replaces lac with lac -VP16.  As expected, this protein activates transcription alone, with no rap.

NYE64, FKBP3-ECFP-KBP2.20, 25=a, 7558 bp, Amp, 10/25/00

Strategy 3a: ligated a synthetic oligo into BsrGI digested-HindIII filled NYE36 vector. Sequenced this plasmid: perfect from mid-CFP through STOP.

sequence: GTACAAGGGGTCGAGTTGGGCTGTTTATGAGTTGTTGTTTGGATCCTGA

NYE65, F9 promoter flag-FRB*-VP16 puromycin, 29, 6464 bp, Amp, 11/14/00

Triple ligation of: 


1. NYE4 with GFP lac rep removed by SalI (blunted) and EagI.

2. Flag-FRB*-VP16 from steve liberles' original contruct cut out with PvuI (T4 chewed) and NdeI.

3. Puromycin from pPUR cut out with Bsp120I (compatible with EagI) and NdeI.

NYE66, sl's plasmid: FRB*-VP16-ECFP, 55=a,57=b,58=c, 4868 bp, Amp, low-copy, 12/12/00

Digested pECFP-C1 with NheI and EcoRI and filled in the ends.  Ligated into BsiWI-digested, filled in original sl's FRB*-VP16 plasmid.

NYE67, sl's plasmid: FRB*-EYFP-VP16 (SalI), 1=a,2=b,7=c, 4805 bp, Amp, low-copy, 12/18/00

Digested pEYFP-C1 with Eco47III and EcoICRI, creating a blunt fragment containing EYFP.  Ligated into SalI-digested filled in original sl's FRB*-VP16 plasmid. NYE67 clone a sequence confirmed from bp 95-1238 (ORF is 13-1357), so the ORF is almost completely sequenced.

pECFP-p97, for Ramji Rajendran in the K-lab, 19=a,20=b,21=c, 7768 bp, Kan, 12/12/00

Cut out the p97 ORF from Ramji's Origene clone using EcoRI and XbaI.  Filled in XbaI site.  Ligated into EcoRI/SmaI-digested pECFP-C1 (Clontech.) Creates a CFP-p97 fusion protein.

pEYFP-p97, for Ramji Rajendran in the K-lab, 30=a,31=b,32=c, 7768 bp, Kan, 12/12/00

Cut out the p97 ORF from Ramji's Origene clone using EcoRI and XbaI.  Filled in XbaI site.  Ligated into EcoRI/SmaI-digested pYCFP-C1 (Clontech.) Creates a CFP-p97 fusion protein.

NYE68, sl's plasmid: EYFP-FRB*-VP16 (XhoI), 13=a,17=b,18=c, 4805 bp, Amp, low-copy, 12/18/00

Digested pEYFP-C1 with Eco47III and EcoICRI, creating a blunt fragment containing EYFP.  Ligated into XhoI-digested, filled in original sl's FRB*-VP16 plasmid. NYE68 clone a sequence confirmed from bp 245-1750 (ORF is 13-1357), so the ORF is almost completely sequenced.

(clone b is BAD, gave strange digest results, do not use) NYE67 gave slightly higher induction of transcription; use it instead.

NYE69, sl's plasmid: FRB*-ECFP-VP16 (SalI), A=a,E=b,F=c, 4805 bp, Amp, low-copy, 1/15/01

Digested pECFP-C1 with Eco47III and EcoICRI, creating a blunt fragment containing ECFP.  Ligated into SalI-digested filled in original sl's FRB*-VP16 plasmid. NYE69a: sequenced bp 36-1360 (ORF is 13-1357), so it's probably OK.

NYE70, FRB*-MCS, 20, 3802 bp, Amp, low-copy, 1/29/01

Synthetic oligo containing 3 blunt sites and three STOP sites in the three reading frames, and having SalI and EcoRI sticky ends was ligated into sl's FRB*-VP16 plasmid which had the VP16 removed by SalI/EcoRI digestion. sequence verified bp 313-900

oligos: "bluntMCS1" TCGACGAGCTCCAGCGCTCGATATCTAGATAACTG 

and "bluntMCS2" AATTCAGTTATCTAGATATCGAGCGCTGGAGCTCG

NYE71, FRB*-CFP-MCS, 25, 4558 bp, Amp, low-copy, 1/29/01

Synthetic oligo containing 3 blunt sites and three STOP sites in the three reading frames, and having SalI and EcoRI sticky ends was ligated into sl's FRB*-CFP-VP16 plasmid (NYE69) which had the VP16 removed by SalI/EcoRI digestion. sequence verified bp 324-700; 1028-1420

oligos: "bluntMCS1" TCGACGAGCTCCAGCGCTCGATATCTAGATAACTG  

and "bluntMCS2" AATTCAGTTATCTAGATATCGAGCGCTGGAGCTCG

NYE72, FRB*-YFP-MCS, 24, 4558 bp, Amp, low-copy, 1/29/01

Synthetic oligo containing 3 blunt sites and three STOP sites in the three reading frames, and having SalI and EcoRI sticky ends was ligated into sl's FRB*-YFP-VP16 plasmid (NYE67) which had the VP16 removed by SalI/EcoRI digestion. sequence verified bp 332-1224.

oligos: "bluntMCS1" TCGACGAGCTCCAGCGCTCGATATCTAGATAACTG  

and "bluntMCS2" AATTCAGTTATCTAGATATCGAGCGCTGGAGCTCG

NYE73, CFP-lac rep-FKBP3-NLS (not tight binding), 28, 8491 bp, Amp, 2/2/01

Replaced BsrGI-EcoRV fragment of NYE55 containing the very end of CFP and the part of the lac repressor which has the tight binding mutations with the corresponding BsrGI-EcoRV fragment from p3'SS d EGCP Cl (Gail Sudlow) which is not tight-binding. Sequenced to ensure non-tight binding.

NYE74, YFP-lac rep-FKBP3-NLS (not tight binding), 31=a,36=b, 8491 bp, Amp, 2/2/01

Replaced BsrGI-EcoRV fragment of NYE57 containing the very end of YFP and the part of the lac repressor which has the tight binding mutations with the corresponding BsrGI-EcoRV fragment from p3'SS d EGCP Cl (Gail Sudlow) which is not tight-binding. Sequenced to ensure non-tight binding.

NYE75, lac rep-FKBP3-NLS (not tight binding), MP6=a,MP7=b,MP8=c, 7754 bp, Amp, Matt Plutz

The 544 bp fragment from a BstEII + SmaI digest of p3'SS dEGFP-Cl  was inserted into the 7,210 bp fragment of a BstEII + Eco47III digest of NYE53.  This removed the tight binding domain while keeping the rest of the original NYE53 construct intact.  The orientation of the insert was verified by a BamHI digest. Doesn't work as well as NYE53.

NYE76, 8 lac op CMV luciferase reporter, 64=a,67=b,71=c, 5847 bp, Amp, 5/11/01

CMV promoter was removed from ECFP-C1 with AflIII (complete digest) and NcoI (partial digest to yield ~670 bp CMV promoter) and ligated into NYE40's NcoI site (AflIII is compatible with NcoI). Orientation was verified.

NYE77, FRB*-EYFP-VP16-Neo, 1=a,2=b,3=c, 5485 bp, Kan, 5/24/01, Matt Plutz

FRB*-EYFP-VP16 frag was removed from NYE67 by digestion with HindIII & MunI and the overhangs filled in.  pECFP-C1 from Clontech was digested with AseI & Afl II and the 3.1Kb frag containing Kan-r,  f1 ori etc. was filled in.  The two were then ligated and the orientation of the insert checked by digestion with DraI and HincII.

NYE78, FRB*-MCS-Neo, 1=a,2=b,3=c, 4482 bp, Kan, 5/24/01, Matt Plutz

FRB*-MCS  frag was removed from NYE70 by digestion with HindIII & MunI and the overhangs filled in.  pECFP-C1 from Clontech was digested with AseI & Afl II and the 3.1Kb frag containing Kan-r,  f1 ori etc. was filled in.  The two were then ligated and the orientation of the insert checked by digestion with DraI and HincII.

NYE79, FRB*-EYFP-MCS-Neo, 1=a,2=b,3=c, 5238 bp, Kan, 5/24/01, Matt Plutz

FRB*-EYFP-MCS  frag was removed from NYE72 by digestion with HindIII & MunI and the overhangs filled in.  pECFP-C1 from Clontech was digested with AseI & Afl II and the 3.1Kb frag containing Kan-r,  f1 ori etc. was filled in.  The two were then ligated and the orientation of the insert checked by digestion with DraI and HincII, and both junctions were sequenced.

NYE80, FRB*-VP16-Neo, 4=a,5=b,2=c, 4729 bp, Kan, 6/1/01 Matt Plutz

FRB*-VP16  frag was removed from SL's FRB*-VP16 by digestion with HindIII & MunI and the overhangs filled in.  pECFP-C1 from Clontech was digested with AseI & Afl II and the 3.1Kb frag containing Kan-r,  f1 ori etc. was filled in.  The two were then ligated and the orientation of the insert checked by digestion with Afl II and DraI.

NYE81, GFP-lac rep-full length ER K303R, F-1, 9214 bp, Amp, 6/1/01

Excised HindIII-NotI fragment from CMV-ER K303R (from K-lab) which contains a portion of ER with the K303R mutation, and ligated into HindIII-NotI digested NYE6 (GFP-lac rep-ER wild type). Sequencing confirmed the presence of the mutation.

NYE82, Flag-NLS-FRB*-EYFP-VP16(413-490), 5512, Kan, 7/10/01 Matt Plutz

NYE77 was cut at NotI and an NLS oligo (5'-GGCCCTAAGAAGAAGAGGAAGGTTGCC-3') was inserted at this site.  The orientation of the oligo was confirmed by sequencing.

NYE83, Flag-NLS-FRB*-EYFP-MCS, 5265, Kan, 7/10/01 Matt Plutz

NYE79 was cut at NotI and an NLS oligo (5'-GGCCCTAAGAAGAAGAGGAAGGTTGCC-3') was inserted at this site.  The orientation of the oligo was confirmed by sequencing.

NYE84, Flag-NLS-FRB*-VP16(413-490), 4756, Kan, 7/20/01

NYE80 was cut at NotI and an NLS oligo (5'-GGCCCTAAGAAGAAGAGGAAGGTTGCC-3') was inserted at this site.  The orientation of the oligo was confirmed by sequencing.

NYE85, Flag-NLS-FRB*-MCS, 4509, Kan


NYE78 was cut at NotI and an NLS oligo (5'-GGCCCTAAGAAGAAGAGGAAGGTTGCC-3') was inserted at this site.  The orientation of the oligo was confirmed by sequencing.

NYE86, lac rep-FKBP3-NLS not tb, 1=a,2=b,3=c, 7759 bp, Amp, 7/20/01

A non tight binding portion of the lac repressor was excised from p3'SS d Cl EGFP (not tb) with SmaI and BstEII.  This fragment was ligated into the NYE53 plasmid which had the corresponding portion removed by a FseI (T4 chewed)-BstEII digest.  Therefore the first four amino acids of the lac repressor are now "MVKP" instead of "MVKY" (tight binding).

NYE87, Flag-NLS-FRB*-ECFP-VP16(413-490), clone 1, 5512 bp, Kan, 9/13/01

EYFP was cut out of NYE82 (Flag-NLS-FRB*-EYFP-VP16) with AgeI and BsrGI and replaced with ECFP from pECFP-C1, cut with the same enzymes.  Sequenced across CFP coding region.

NYE88, GFP-lac rep-FKBP3-NLS (not tight binding), clone 1, 8491 bp, Amp, 9/6/01

YFP from NYE74 (YFP-lac rep-FKBP3-NLS not tight binding) was excised with Eco47III and BsrGI and replaced with GFP from pEGFP-C1, cut with the same enzymes.  Correct color was verified by sequencing.

NYE89, Flag-NLS-FRB*-EYFP-Oct2, Clone 7, 5469 bp, Kan, 10/24/01

NYE83 was digested with EcoICRI and pSCTEV Gal4(1-93)-Oct2:Q (#40 from Schaffner) was digested with SalI + XbaI to release the ~200 base pair Oct2 fragment.  Oct2 fragment was then filled in and ligated into NYE83-EcoICRI. Orientation and frame of Oct2 were verified by sequencing.

NYE90, Flag-NLS-FRB*-EYFP-CTF, Clone 1, 5820 bp, Kan, 9/11/01

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-CTF:P (#43 from Schaffner) was digested with PvuII + XbaI to release the ~550 base pair CTF fragment.  CTF fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of CTF were verified by sequencing.

NYE91, Flag-NLS-FRB*-EYFP-AP2, Clone 1, 5441 bp, Kan, 9/11/01

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-AP2:P2stop  (#48 from Schaffner) was digested with PvuII + XbaI to release the 170 base pair AP2 fragment.  AP2 fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of AP2 were verified by sequencing.

NYE92, Flag-NLS-FRB*-EYFP-Sp1, Clone 2, 6256 bp, Kan, 9/17/01

NYE83 was digested with Eco47III and Ycal-Sp1-AB  (from Rong Li) was digested with XbaI + BamHI to release the 1 Kb Sp1 fragment.  Sp1 fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of Sp1 were verified by sequencing.

NYE93, Flag-NLS-FRB*-EYFP-Oct1, Clone 2, 5573 bp, Kan, 9/17/01

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-Oct1:Q  (#39 from Schaffner) was digested with PvuII + XbaI to release the 300 base pair Oct1 fragment.  Oct1 fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of Oct1 were verified by sequencing.

NYE94, Flag-NLS-FRB*-EYFP-Gal4, 4=a, 5=b, 5722 bp, Kan, 9/27/01

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-Gal4(753-881):AC  (#45 from Schaffner) was digested with PvuII+ XbaI to release the 450 base pair Gal4(753-881) fragment.  Gal4(753-881) fragment was then filled in and ligated into NYE83-Eco47III.  Orientation and frame of Gal4(753-881) were verified by sequencing. NOTE:  NYE94a was incorrectly sequenced and the insert is actually reversed.  Use NYE94b only!!

NYE95, Flag-NLS-FRB*-EYFP-Mad1, Clone 2, 6852 bp, Kan, 10/9/01

NYE83 was digested with EcoICRI and pRcCMV-Mad1 (from Ayer) was digested with HindIII + XbaI to release the 1.8 Kb MadI fragment.  Mad1 fragment was then filled in and ligated into NYE83-EcoICRI. Orientation and frame of Mad1 were verified by sequencing.  NOTE: The 900 base pairs listed as N's in the map correspond to an unknown 3' non-coding sequence.

NYE96, Flag-NLS-FRB*-EYFP-Eed, Clone 3, 6971 bp, Kan, 10/9/01

NYE83 was digested with Eco47III and pM1-Eed (from Bomsztyk) was digested with EcoRI and HindIII to release the 1.6 Kb Eed fragment.  This fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of Eed were verified by sequencing.  NOTE: The 10 N's listed on the map just after the Eed stop codon are there because we don't know the exact 

sequence between the stop codon and the pM1 MCS.

NYE97, Flag-NLS-FRB*-EYFP-KBP2.20, Clone 2, 5314 bp, Kan, 10/9/01

NYE83 was digested with EcoRV.  KBP2.20for and KBP2.20rev oligos were anealed and filled in.  ds KBP2.20 was then ligated into NYE83-EcoRV.  Orientation and frame of KBP2.20 were verified by sequencing.

NYE98, Flag-NLS-FRB*-EYFP-EBNA3C, Clone 12, 8467 bp, Kan, 10/24/01

NYE83 was digested with Eco47III and pCDNA3-Gal4-HA-EBNA3C(11-992) (from Allday) was digested with EcoRI to release the 2.9 Kb EBNA3C(11-992) fragment.  This fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of EBNA3C(11-992) were verified by sequencing.

NYE99, Flag-NLS-FRB*-EYFP-p53(AA 87-391), Clone 5, Kan, 10/24/01

NYE83 was digested with Eco47III and pM-p53 (from Clontech) was digested with EcoRI*  and SalI to release the 1.0 Kb p53(AA 87-391) fragment.  This fragment was then filled in and ligated into NYE83-Eco47III. Orientation and frame of p53(AA87-391) were verified by sequencing. Note:  The p53 from Clontech does not contain an Asp codon 3 AA from the 3' end that is present in the cDNA from the blast search.  * For some reason the 5' end was cut at the NcoI site not EcoRI which is why this construct starts at AA 87 instead of AA 75 like I thought it would.

NYE100, 8 lac operator-TATA-luciferase+enhancer reporter, 1=a,2=b, 5424 bp, Amp, 10/24/01  Anne

8 lac operators plus the TATA box were excised from NYE40 using HindIII and NcoI and ligated into the HindIII/NcoI-digested pGL3 enhancer vector from Promega.  Identical to NYE40 therefore, except for the SV40 enhancer downstream of luciferase.

NYE101, 2 Gal4-TATA-luciferase+SV40 enhancer reporter, 1=a,4=b,12=c, ~8700 bp, Amp, 11/19/01 Anne

Luciferase, including ~30 bp upstream of ATG and the PolyA downstream of the gene, was excised from pGL3-promoter (Promega) with HindIII (Klenow filled in) and BamHI.  This fragment was ligated into 2GOVECS from Walter Schaffner's lab (see Seipel et al.) using PstI (T4 chewed off) and BamHI. There are regions of unknown sequence in the map.

NYE102, Flag-NLS-FRB*-EYFP-p65(AA 286-518), Clone 2, 6020 bp, Kan, 12/7/01 Matt

NYE83 was digested with EcoRV and pSCT Gal4(1-93)-p65(286-518) (#51 from Schaffner) was digested with KpnI + XbaI to release the the 700 bp p65(AA 286-518) fragment.  This fragment was then treated with T4 DNA polymerase and ligated into NYE83-EcoRV.  Orientation and frame of p65(AA286-518) were verified by sequencing.

NYE103, Flag-NLS-FRB*-EYFP-VP16(413-453), Clone 1, 5397 bp, Kan, 12/7/01 Matt

NYE83 was digested with EcoRV and pSCTEV Gal4(1-93)-VP40N  (#37 from Schaffner) was digested with SmaI to release the ~125 base pair VP16(413-453) fragment.  This fragment was then ligated into NYE83-EcoRV. Orientation and frame of VP16(413-453) were verified by sequencing.

NYE104, Flag-NLS-FRB*-EYFP-VP16(454-490)HA, Clone 1, 5424 bp, Kan, 12/7/01 Matt

NYE83 was digested with EcoRV and NYE82 was digested with SmaI + EcoRI to release the  ~150 base pair VP16(454-490)HA fragment.  This fragment was then blunted and ligated into NYE83-EcoRV. Orientation and frame of VP16(454-490)HA were verified by sequencing.

NYE105, Flag-NLS-FRB*-EYFP-VP16(437-448), Clone 1, 5308 bp, Kan, 12/7/01 Matt

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-VP16(437-448)2  (#86 from Schaffner) was digested with BglII + BamHI to release the ~70 base pair VP16(437-448)2*  fragment.  This fragment was then filled in and ligated into NYE83-Eco47III.  Orientation and frame were verified by sequencing. NOTE:  This should have produced a 437-448 doublet, but the sequencing only showed a single 437-448 insert.  I don't know why this happened, but we're going to keep this one and get sequencing done on another clone to see if the doublet is present.

NYE106, Flag-NLS-FRB*-EYFP-VP16(437-448)3, Clone 3, 5386 bp, Kan, 12/19/01 Matt

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-VP16(437-448)2  (#86 from Schaffner) was digested with BglII + BamHI to release the ~70 base pair VP16(437-448)2*  fragment.  This fragment was then filled in and ligated into NYE83-Eco47III.  Orientation and frame were verified by sequencing. NOTE:  This should have produced a 437-448 doublet, but the sequencing showed a triple 437-448 insert.  I don't know why this happened, but we're going to keep this one and look at some other clones to see if a doublet is present.

NYE107, 8 lac op-E1b TATA-luciferase, 1=a,2=b,3=c, 5963 bp, Amp, 1/2/02  Anne

The vector is pFR-Luc (Stratagene), which was received from John Frangioni and was also called G5Bluc.  The vector was digested with HindIII, phosphatased, then digested with SmaI.  Two inserts were ligated in:  8 lac operators which were removed from NYE40 using HindIII and XhoI, and a double stranded oligo containing the E1b TATA box with a XhoI sticky end and a blunt end.  oligos used: E1b TATA for3: 5'-TCGAGGGTATATAATGGATCCCC-3' and E1b TATA rev3: 5'-GGGGATCCATTATATACCC-3'  This plasmid is therefore identical to pFR-Luc from Stratagene except it has 8 lac operators in place of the 5 Gal4 binding sites. This three piece cloning scheme was necessary because the only way to remove the 5 Gal4 sites was to also remove the E1b TATA box; therefore, the E1b TATA had to be cloned back in along with the 8 lac operators. CLONE a's SEQUENCE LOOKED FUNNY, PROBABLY IT'S NOT A PROBLEM, BUT USE CLONE B INSTEAD!

NYE108, Flag-NLS-FRB*-EYFP-p65(AA 520-550), Clone 1, 6165 bp, Kan, 1/9/02 Matt

NYE83 was digested with EcoRV and pSCT Gal4(1-93)-p65(520-550) (#52 from Schaffner) was digested with KpnI + XbaI to release the the 900 bp p65(AA 520-550) fragment.  This fragment was then treated with T4 DNA polymerase and ligated into NYE83-EcoRV.  Orientation and frame of p65(AA520-550) were verified by sequencing.

NYE109, Flag-NLS-FRB*-EYFP-VP16(437-448)2, Clone 7, 5347 bp, Kan, 1/9/02 Matt

NYE83 was digested with Eco47III and pSCTEV Gal4(1-93)-VP16(437-448)2  (#86 from Schaffner) was digested with BglII + BamHI to release the ~70 base pair VP16(437-448)2  fragment.  This fragment was then filled in and ligated into NYE83-Eco47III.  Orientation and frame were verified by sequencing.

NYE110, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain-AP-2 with mutation, Clone 8, 5731 bp, Kan, 2/7/02 Anne

PCR amplified the Gal4 DNA binding domain and the AP-2 coding region from Schaffner lab's plasmid (Seipel #48) using the EcoRV-Gal4for primer (ggacccgatatctatgaagctactgtcttctatc) which adds an EcoRV site just upstream of the Gal4 start codon and the pSCTEVGal4rev primer (accctgaaaactttgccccctcca) which is exactly homologous to the Schaffner lab's plasmid backbone after the insert. Digested with EcoRV and XbaI (XbaI is located after the end of AP-2) and ligated into NYE83 digested with EcoRV and XbaI. This clone's sequence was verified across the whole PCR created insert.  There is a point mutation in the Gal4 DBD region which changes Arg-> Gly at bp 2149.  I don't know yet whether this will affect the function. Note: NYE114 is the same construct but with no mutation.

NYE111, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain-Oct1, Clone 10, 5863 bp, Kan, 2/7/02 Anne

PCR amplified the Gal4 DNA binding domain and the Oct1 coding region from Schaffner lab's plasmid (Seipel #39) using the EcoRV-Gal4for primer (ggacccgatatctatgaagctactgtcttctatc) which adds an EcoRV site just upstream of the Gal4 start codon and the pSCTEVGal4rev primer (accctgaaaactttgccccctcca) which is exactly homologous to the Schaffner lab's plasmid 

backbone after the insert. Digested with EcoRV and XbaI (XbaI is located after the end of Oct1) and ligated into NYE83 digested with EcoRV and XbaI. This clone's sequence was verified across the whole PCR created insert.

NYE112, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain-VP16(412-490) blunt, Clone 5, ~6500 bp, Kan, 2/7/02 Anne

PCR amplified the Gal4 DNA binding domain and the VP16(412-490)coding region from Schaffner lab's plasmid (Seipel #34) using the EcoRV-Gal4for primer (ggacccgatatctatgaagctactgtcttctatc) which adds an EcoRV site just upstream of the Gal4 start 

codon and the pSCTEVGal4rev primer (accctgaaaactttgccccctcca) which is exactly homologous to the Schaffner lab's plasmid backbone after the insert. Klenow treated the PCR product to smooth the ends and ligated into NYE83 cut with EcoRV. DID NOT SEQUENCE THIS PLASMID, because I am not sure whether I will need it.  The PCR insert should be considered suspect.

NYE113, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain-VP16(412-490) sticky mutant, Clone 12, ~6350 bp, Kan, 2/7/02 Anne

PCR amplified the Gal4 DNA binding domain and the VP16(412-490)coding region from Schaffner lab's plasmid (Seipel #34) using the EcoRV-Gal4for primer (ggacccgatatctatgaagctactgtcttctatc) which adds an EcoRV site just upstream of the Gal4 start 

codon and the pSCTEVGal4rev primer (accctgaaaactttgccccctcca) which is exactly homologous to the Schaffner lab's plasmid backbone after the insert. Digested with EcoRV and XbaI (XbaI is located somewhere after the end of VP16) and ligated into NYE83 -EcoRV and XbaI.

This clone's sequence was verified across the coding region of VP16, although there was a long stretch of 3'UTR that could not be completely confirmed.  THERE ARE TWO MUTATIONS: CAGATGTTT was mutated to CAGAAGCTT.  This changes QMF to QKL. This is just outside the second activation domain of VP16 and may not matter.  I will test the clone by transfection and see.

NYE114, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain-AP-2, Clone 49, 5731 bp, Kan, 2/14/02 Anne

PCR amplified the Gal4 DNA binding domain and the AP-2 coding region from Schaffner lab's plasmid (Seipel #48) using the EcoRV-Gal4for primer (ggacccgatatctatgaagctactgtcttctatc) which adds an EcoRV site just upstream of the Gal4 start codon and the pSCTEVGal4rev primer (accctgaaaactttgccccctcca) which is exactly homologous to the Schaffner lab's plasmid 

backbone after the insert. Digested with EcoRV and XbaI (XbaI is located after the end of AP-2) and ligated into NYE83 digested with EcoRV and XbaI. This clone's sequence was verified across the whole PCR created insert. It is perfect!

NYE115, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain-VP16(412-490) sticky, Clone 58, 6353 bp, Kan, 2/14/02 Anne

PCR amplified the Gal4 DNA binding domain and the VP16(412-490)coding region from Schaffner lab's plasmid (Seipel #34) using the EcoRV-Gal4for primer (ggacccgatatctatgaagctactgtcttctatc) which adds an EcoRV site just upstream of the Gal4 start 

codon and the pSCTEVGal4rev primer (accctgaaaactttgccccctcca) which is exactly homologous to the Schaffner lab's plasmid backbone after the insert. Digested with EcoRV and XbaI (XbaI is located somewhere after the end of VP16) and ligated into NYE83 -EcoRV and XbaI.

This clone's sequence was verified across the coding part of the PCR created insert. It is good - just one silent mutation. I couldn't verify all the 3'UTR region, since we don't know what the expected sequence is.

NYE116, Gal4 DBD-FKBP3 in pBJ5 (sl's vector), clone #2, 4832 bp, Amp, 2/26/02 Anne

The Gal4 DNA binding domain was cut out of NYE114 using PvuI (T4 chewed) and Eco47III and ligated into the FKBP3 vector from Steve Liberles (sl's vector=pBJ5) using the NotI site (Klenow filled in).

NYE117, CFP-Gal4 DBD-FKBP3 in p3'SS vector, 27=a,35=b,36=c, 7714 bp, Amp, 2/26/02 Anne

Gal4 DBD was cut out of NYE114 using BsrGI and PvuII and ligated into NYE73, which had the lac rep removed by a partial XhoI (Klenow filled in), complete BsrGI digest. Clone a is not correct after subsequent digests! DO NOT USE CLONE A!

NYE118, Gal4 DBD-FKBP3 in pM vector, 16=a,17=b, 4596 bp, Amp, 2/26/02 Anne

FKBP3 and the NLS was cut out of NYE73 using Bgl I (T4 chewed) and PstI amd ligated into the MCS of the pM vector from Clontech which was digested with SmaI and PstI.

NYE119, Flag-NLS-FRB*-EYFP-Gal4 DNA binding domain, #71=a,#67=b, 5520 bp, Kan, 2/26/02 Anne

AP-2 was removed from NYE114 with a KpnI digest and the vector was religated to itself.

NYE120, EYFP-lac rep-AP-2, #41, 7588 bp, Amp, 2/26/02 Anne

AP-2 was removed from NYE91 with a PvuI (T4 chewed)/EcoRV digest and ligated into NYE5(EYFP version) which was digested with AscI and Klenow filled in. THIS CLONE WAS INCORRECT UPON SUBSEQUENT DIGESTS! DO NOT USE!



NYE121, EYFP-lac rep-AP-2, #4, 7612 bp, Amp, 4/8/02 Anne

AP-2 was removed from NYE91 with an AccI (Klenow filled in)/EcoRV digest and ligated into NYE5(EYFP version) which was digested with AscI and Klenow filled in. Sequencing revealed that the junctions and the entire insert are correct.

NYE122, EYFP-lac rep-VP16(437-448)3, #17, 7557 bp, Amp, 4/8/02 Anne

A triple repeat of VP16 amino acids 437-448 was removed from NYE106 with an AccI (Klenow filled in)/EcoRV digest and ligated into NYE5(EYFP version) which was digested with AscI and Klenow filled in. Sequencing revealed that the junctions and the entire insert are correct.

NYE123, EYFP-lac rep-Oct1
48=a,47=b,46=c, 7744 bp, Amp, 4/9/02 Anne

Oct1 was removed from NYE93 with an AccI (Klenow filled in)/EcoRV digest and ligated into NYE5(EYFP version) which was digested with AscI and Klenow filled in. Sequencing revealed that the junctions and the entire insert are correct.

NYE124, NLS-EYFP-lac rep-NLS: dimer, not tight binding, # 10, 7447 bp, Amp, 7/16/02 Anne

Two complementary oligos were annealed to form an insert encoding the Nuclear Localization Signal from SV40 (aa = PKKKRKV).  The oligos had ends complementary to XhoI and were annealed into the XhoI site of p3'SS d EYFP (dimer, not tight binding).  The start signals for the NLS-YFP-lac rep protein were kept as similar as possible to the original YFP-lac rep protein.

XhoNLSfor: TCGAGGAG ATG CCT AAG AAG AAG AGG AAG GTT AAC C

XhoNLSrev: TCGAGGTTAACCTTCCTCTTCTTCTTAGGCATCTCC

The sequence was confirmed across the insert and its junctions.

NYE125, Flag-NLS-FRB*-EYFP-Gcn4, 37=a,39=b,41=c, 6250 bp, Kan, 7/19/02 Anne

The 1 kb insert was excised from pGEX-Gcn4 (from Workman lab) with PvuI and AflII.  The insert was T4 chewed and Klenow filled in and ligated into the EcoICRI site of NYE83. Note: This is the full length Gcn4 insert.  It matches a sequence obtained from the NCBI BLAST database perfectly, except there is a 6 bp insert producing two extra amino acids (and generating a BglII site) which I presume was engineered by someone at some point.  We will use this 6 bp "mutant" form, since that's what Workman used. The 5' junction and most of the insert was confirmed by sequencing.

NYE126, Flag-NLS-FRB*-EYFP-Hap4(330-554), 54, 5957 bp, Kan, 7/19/02 Anne

The 0.69 kb insert was excised from pGEX-Hap4(330-554) (from Workman lab) with BamHI and EcoRI. The insert was Klenow filled in and ligated into the EcoRV site of NYE 83.

The sequence was confirmed across the entire insert and both junctions.

NYE127, NLS-EYFP-lac rep-MCS: dimer, not tight binding, 64, 7486 bp, Amp, 7/19/02 Anne

Two oligos called bluntMCS1&2 were annealed and their sticky ends filled in with Klenow.  This insert was ligated into the StuI site of NYE124 (there are two StuI sites in NYE124, but one is not cut due to methylation.) USE CLONE B ONLY!!!  Clone a appears to be a mixed population of vector alone and vector + insert. Sequencing results: The T at bp 3230 [gaggTcga] is deleted in both clones.  This only affects the frame of the MCS, so I  decided to use the construct in future cloning anyway.

"bluntMCS1" TCGACGAGCTCCAGCGCTCGATATCTAGATAACTG  

"bluntMCS2" AATTCAGTTATCTAGATATCGAGCGCTGGAGCTCG

NYE128, Flag-NLS-FRB*-EYFP-(DDFDL)4, #13, 5328 bp, Kan, 7/23/02 Anousheh/Anne

Oligos were annealed to form a blunt fragment which was ligated into the EcoICRI site of NYE83. The entire insert and junctions were sequenced to confirm orientation and fidelity.

(DDFDL)4for:(63 bases)5’-gacgatttcgatctggacgatttcgatctggacgatttcgatctggacgatttcgatctgtag-3’

(DDFDL)4rev:(63 bases)5’-ctacagatcgaaatcgtccagatcgaaatcgtccagatcgaaatcgtccagatcgaaatcgtc-3’

NYE129, Flag-NLS-FRB*-EYFP-VP16(437-448)F442P, #21, 5300 bp, Kan, 7/23/02 Anousheh/Anne

Oligos were annealed to form a blunt fragment which was ligated into the EcoICRI site of NYE83. The entire insert and junctions were sequenced to confirm orientation and fidelity.

VP16F442Pfor (35 bases): 5’-GACGCGCTAGACGATCCCGATCTGGACATGTTGgg-3’

VP16F442Prev (35 bases): 5’-ccCAACATGTCCAGATCGGGATCGTCTAGCGCGTC-3’

NYE130, Flag-NLS-FRB*-EYFP-VP16(467-479), #6, 5306, Kan, 8/7/02 Anne

Oligos were annealed to form a blunt fragment which was ligated into the EcoICRI site of NYE83. The entire insert and junctions were sequenced to confirm orientation and fidelity.

There was some confusion at the sequencing center; one time I sequenced this plasmid and it was the reverse orientation, but I am pretty sure the samples got mixed up prior to sequencing.  The maxiprep DNA and the -80 bacterial stock I am sure are correct.  There is a very small chance that the miniprep DNA frozen in the –20 archive is not correct, but I am pretty sure that is not the case.

VP16cmotiffor(41bp)5’-GCTCTGGATATGGCCGACTTCGAGTTTGAGCAGATGTTTgg-3’

VP16cmotifrev(41bp)5’-ccAAACATCTGCTCAAACTCGAAGTCGGCCATATCCAGAGC-3’

NYE131, Flag-NLS-FRB*-EYFP-Fos(267-277), #50, 5300 bp, Kan, 8/7/02 Anne

Oligos were annealed to form a blunt fragment which was ligated into the EcoICRI site of NYE83. The entire insert and junctions were sequenced to confirm orientation and fidelity.

Fosmotiffor (35 bases): 5’-gagccctttgatgacttcctgttcccagcatcagg-3’

Fosmotifrev (35 bases): 5’-cctgatgctgggaacaggaagtcatcaaagggctc-3’

NYE132, NLS-EYFP-lac rep-Oct2, 141=a,142=b,144=c, 7717 bp, Amp, 8/7/02 Anne

Oct2 insert was excised from NYE89 using XhoI and EcoRV, Klenow filled in, and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.

NYE133, NLS-EYFP-lac rep-Fibrillarin, 101=a,102=b,104=c, 8472 bp, Amp, 8/7/02 Anne

Fibrillarin insert was excised from Fibrillarin in pEGFP-N3 from Kris Bentle's DNA box using EcoRI, Klenow filled in, and ligated into the Eco47III site of NYE127b. The construct's 5' junction and most of the insert were confirmed by sequencing.

NYE134, NLS-EYFP-lac rep-AP-2, 111=a,114=b,112=c, 7683 bp, Amp, 8/7/02 Anne

AP-2 insert was excised from NYE91 using AccI and EcoRV, Klenow filled in, and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.

NYE135, NLS-EYFP-lac rep-KBP2.20, 106=a,109=b, 7573 bp, Amp, 8/7/02 Anne

KBP2.20 insert was excised from NYE97 using AccI and EcoRI, Klenow filled in, and ligated into the Eco47III site of NYE127b. Clone a IS BAD!! It is two reversed copies of the insert, as determined by sequencing. Clone b is perfect across both junctions and the insert.  Use clone b!!

NYE136, NLS-EYFP-lac rep-Sp1, 123=a,124=b, 8498 bp, Amp, 8/7/02 Anne

Sp1 insert was excised from NYE92 using AccI and EcoRV, Klenow filled in, and ligated into the Eco47III site of NYE127b. The construct's 5' junction and most of the insert were confirmed by sequencing.

NYE137, NLS-EYFP-lac rep-CTF, #132, 8068 bp, Amp, 8/7/02 Anne

CTF insert was excised from NYE90 using XhoI and EcoRV, Klenow filled in, and ligated into the Eco47III site of NYE127b. Two tandem copies of the insert were cloned in; this does not affect the fusion protein produced. Both copies of the insert and all junctions were sequenced to confirm fidelity.

NYE138, NLS-EYFP-lac rep-Oct1, 157=a,160=b,162=c, 7815 bp, Amp, 8/8/02 Anne

Oct1 insert was excised from NYE93 using AccI and EcoRV, Klenow filled in, and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.

NYE139, Flag-NLS-FRB*-EYFP-Gal4(861-873), #146, 5306 bp, Kan, 8/9/02 Anne

Oligos were annealed to form a blunt fragment which was ligated into the EcoICRI site of NYE83. The entire insert and junctions were sequenced to confirm orientation and fidelity.

Gal4motiffor (41 bases): 

5’-ATGGACGACGTCTATAACTATCTATTCGATGATGAAGATgg-3’

Gal4motifrev (41 bases):

5’-ccATCTTCATCATCGAATAGATAGTTATAGACGTCGTCCAT-3’

NYE140, pIRESneo2-FRB*-VP16(413-490), 191=a,192=b,193=c, 5842 bp, Amp, 8/14/02 Anne

FRB*-VP16 was excised from NYE80 using BsrBI (blunt) and EcoRI and ligated into the EcoRV(blunt)/EcoRI sites of pIRESneo2 from Clontech.  This allows FRB*-VP16 and the neo eukaryotic selectable marker to be expressed from the same mRNA. I should have made this construct from NYE84; so this one has no NLS.

NYE141, pIRESneo2-NLS-FRB*-EYFP-VP16(413-490), 196=a,197=b,198=c, 6625 bp, Amp, 8/14/02 Anne

NLS-FRB*-EYFP-VP16 was excised from NYE82 using BsrBI (blunt) and EcoRI and ligated into the EcoRV(blunt)/EcoRI sites of pIRESneo2 from Clontech.  This allows FRB*-EYFP-VP16 and the neo eukaryotic selectable marker to be expressed from the same mRNA.

NYE142, NLS-EYFP-lac rep-Eed, #184, 9219 bp, Amp, 8/14/02 Anne

Eed insert was excised from NYE96 using XhoI and EcoRV, Klenow filled in, and ligated into the Eco47III site of NYE127b. Eed is a transcriptional repressor. Sequenced the 5' junction and a little ways into the insert.  The sequence data we had for this protein was not 100% certain,

so I did not check every base pair, just the junction really.  Will have to verify function in a transcription assay.

NYE143, NLS-EYFP-lac rep-10Prolines (=10P), #166, 7520 bp, Amp, 8/16/02 Anne

Annealed two oligos and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.

10Pfor: (34 bases) 5’-gCCTCCTCCCCCACCTCCCCCTCCTCCCCCGTAG-3’

10Prev: (34 bases) 5’-CTACGGGGGAGGAGGGGGAGGTGGGGGAGGAGGc-3’

NYE144, NLS-EYFP-lac rep-10Glutamines (=10Q), #177=a,180=b, 7520 bp, Amp, 8/16/02 Anne

Annealed two oligos and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.

10Qfor: (34 bases) 5’-gCAACAGCAACAGCAACAGCAACAGCAACAGTAG-3’

10Qrev: (34 bases) 5’-CTACTGTTGCTGTTGCTGTTGCTGTTGCTGTTGc

NYE145, NLS-EYFP-lac rep-10Glycines (=10G), #167, 7520 bp, Amp, 8/16/02 Anne

Annealed two oligos and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.






10Pfor: (34 bases) 5’-gCCTCCTCCCCCACCTCCCCCTCCTCCCCCGTAG-3’

10Prev: (34 bases) 5’-CTACGGGGGAGGAGGGGGAGGTGGGGGAGGAGGc-3’



NYE146, NLS-EYFP-lac rep-10Cysteines (=10C), #182, 7520 bp, Amp, 8/16/02 Anne

Annealed two oligos and ligated into the Eco47III site of NYE127b. The entire insert and junctions were sequenced to confirm orientation and fidelity.

10Qfor: (34 bases) 5’-gCAACAGCAACAGCAACAGCAACAGCAACAGTAG-3’

10Qrev: (34 bases) 5’-CTACTGTTGCTGTTGCTGTTGCTGTTGCTGTTGc




NYE147, pBD-Gal4-ER(420-534) Cam, #2=a,7=b,10=c, 6836 bp, Chloramphenicol, 8/22/02 Anne

Excised the human estrogen receptor amino acids 420-534 from ASH7 using AscI, klenow filled in, and ligated into the SmaI digested pBD-Gal4 Cam vector from Stratagene.  There are two SmaI sites in the MCS of this vector; It is important that both were cut and the intervening piece removed, so I carefully checked the potential clones with digests to be sure that occurred. Sequence verified: 5' junction and nearly all of insert.





NYE148, Flag-NLS-FRB*-EYFP-Fos(267-277)2, #13, 5335 bp, Kan, 1/29/03 Anne

Oligos were annealed to form a blunt fragment which was ligated into the Eco47III site of NYE131. The entire insert and junctions were sequenced to confirm orientation and fidelity.


Fosmotiffor (35 bases): 5’-gagccctttgatgacttcctgttcccagcatcagg-3’





Fosmotifrev (35 bases): 5’-cctgatgctgggaacaggaagtcatcaaagggctc-3’





NYE149, Flag-NLS-FRB*-EYFP-Gal4(861-873)2 mutant, #16, 5348 bp, Kan, 1/29/03 Anne

Oligos were annealed to form a blunt fragment which was ligated into the Eco47III site of NYE139. The entire insert and junctions were sequenced to confirm orientation and fidelity.


There was a one base pair insert at bp 2022, resulting in the second copy of the Gal4 region being MDDVYNLSIR instead of MDDVYNYLFDDEDG.

Gal4motiffor(41 bp):5’-ATGGACGACGTCTATAACTATCTATTCGATGATGAAGATgg-3’


Gal4motifrev(41 bp)5’-ccATCTTCATCATCGAATAGATAGTTATAGACGTCGTCCAT-3’


NYE150, Flag-NLS-FRB*-EYFP-Gal4(861-873)2, #23, 5347 bp, Kan, 1/29/03, Anne

Oligos were annealed to form a blunt fragment which was ligated into the Eco47III site of NYE139. The entire insert and junctions were sequenced to confirm orientation and fidelity.

Gal4motiffor (41 bp) 5’-ATGGACGACGTCTATAACTATCTATTCGATGATGAAGATgg-3’ Gal4motifrev (41 bp) 5’-ccATCTTCATCATCGAATAGATAGTTATAGACGTCGTCCAT-3’


NYE151, Flag-NLS-FRB*-EYFP-VP16(467-479)2, #6, 5347 bp, Kan, 1/29/03 Anne

Oligos were annealed to form a blunt fragment which was ligated into the Eco47III site of NYE130. The entire insert and junctions were sequenced to confirm orientation and fidelity.

VP16cmotiffor(41bp)5’-GCTCTGGATATGGCCGACTTCGAGTTTGAGCAGATGTTTgg-3’ VP16cmotifrev(41bp)5’-ccAAACATCTGCTCAAACTCGAAGTCGGCCATATCCAGAGC-3’


NYE152, EYFP-lac rep-DELQPASIDP, #28, 7449 bp, Amp, 2/6/03 Anne

NYE5(EYFP) was digested with AscI and the following oligos were ligated in.  The entire insert and junctions were sequenced to confirm orientation and fidelity.

DELQPASIDPf: CGCGCGACGAGCTCCAGCCTGCGTCGATCGACCCCTAG



DELQPASIDPr: CGCGCTAGGGGTCGATCGACGCAGGCTGGAGCTCGTCG

APPENDIX B ASH PLASMID DETAILS



Name, description, clone, size, resistance, date

Construction details

ASH1, YFP-lac rep-Pierrat's AF2a of ER, a=2,b=4,c=6, 7537 bp, Amp, 1/26/01

PCR amplified Pierrat's AF2a of ER (aa302-339), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH1a was sequenced and verified.

ER5 = 5’- AAAGGCGCGCCCCaagaagaacagcctggccttg  


ER7 = 5’- TTTGGCGCGCCACttcactgaagggtctggtagg





ASH2, YFP-lac-rep-E+F of ER, 12, 8302 bp, Amp, 1/26/01

PCR amplified E+F of ER (aa302-595), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH2 was sequenced and verified. 

ER5 = 5’- AAAGGCGCGCCCCaagaagaacagcctggccttg  

NYE5-3'ER = 5'-TGGCGCGCCACTGTGGCAGGGAAACC





ASH3, YFP-lac-rep-D of ER, a=16,b=17,c=18, 7540 bp, Amp, 1/26/01

PCR amplified D of ER (aa263-301), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH3a and ASH3b were both sequesnced. ASH3a had a mismatch at base pair 3182, but ASH3b was verified and it was ok.

NYE4-5'DER = 5'-AGGCGCGCCATAGAATGTTGAAACACAAGCGC




ER4 = 5’- TTTGGCGCGCCACagagcgtttgatcatgagcgg   





ASH4, YFP-lac-rep-E of ER, a=5',b=8', 8173 bp, Amp, 1/26/01

PCR amplified E of ER (aa302-551), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH4a was sequenced and verified.

ER5 = 5’- AAAGGCGCGCCCCaagaagaacagcctggccttg

ER6 = 5’- TTTGGCGCGCCACcgcatgtaggcggtgggcgtc






ASH5, YFP-lac-rep-ER Y537S, a=13',b=18', 9205 bp, Amp, 1/26/2001  AA

PCR amplified ER Y537S (aa1-595), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH5a was sequenced and verified.


NYE3-5'ER = 5'-AGGCGCGCCCCATGACCATGACCCTCCACACC

NYE5-3'ER = 5'-TGGCGCGCCACTGTGGCAGGGAAACC





ASH6, YFP-lac-rep-ER(35-47)E, 7462 bp, Amp, Summer 2001 MP

Ordered oligos called ERaa35-47for and ERaa35-47rev, annealed the oligos using the PCR machine, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH6 was sequenced and verified.

ERaa35-47for = 5’- cgcgccccctggagcggcccctgggcgaggtgtacctggacagcagcgtgg-3’

ERaa35-47rev = 5’- cgcgccacgctgctgtccaggtacacctcgcccaggggccgctccaggggg-3’

ASH7, YFP-lac-rep-ER(420-534)E, 7765 bp, Amp, Summer 2001 MP

PCR amplified ER(aa420-534), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH7 was sequenced and verified.

ER aa420 for = 5’-AAAGGCGCGCCCCggcatggtggagatcttcgac-3’

ER aa534 rev = 5’- TTTGGCGCGCcaccacgttcttgcacttcatg-3’  (antiparallel strand)




ASH8, YFP-lac-rep-ER(302-420)E, 7780 bp, Amp, Summer 2001 MP

PCR amplified ER(aa302-420), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH8 was sequenced and verified.

ER5 = 5’-AAAGGCGCGCCCCaagaagaacagcctggccttg-3’

ER aa420 rev = 5’- TTTGGCGCGCcacgccctctacacattttccc-3’  (Note: antiparallel strand and the base pairs cacg is not homologous)





ASH9, YFP-lac-rep-ER(420-516)E, a = #1, 7714 bp, Amp, 7/15/02  AA

PCR amplified ER(aa420-516), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH9 (bp 3468-3166) was sequenced and verified.

ER aa420 for = 5’-AAAGGCGCGCCCCggcatggtggagatcttcgac-3’

ER11 = 5’- TTTGGCGCGCCACgtgcctgatgtgggagaggat  (rev complement)




ASH10, YFP-lac-rep-ER(442-534)E, a = #12, 7699 bp, Amp, 7/15/02  AA

PCR amplified ER(aa442-534), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH10 (bp 3453-3166) was sequenced and verified.

ER8 = 5’ – AAAGGCGCGCCCCggagaggagtttgtgtgcctc

ER aa534 rev = 5’- TTTGGCGCGCcaccacgttcttgcacttcatg-3’  (antiparallel strand)




ASH11, YFP-lac-rep-ER(420-492)E, a = #42, b= #43, 7642 bp, Amp, 7/15/02  AA

PCR amplified ER(aa420-492), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH11 (bp 3396-3166)was sequenced and verified.

ER aa420 for = 5’-AAAGGCGCGCCCCggcatggtggagatcttcgac-3’

ER9 = 5’- TTTGGCGCGCCACcttggccatcaggtggatcaa  (rev complement)





ASH12, YFP-lac-rep-ER(497-534)E, a = #32, b = #35, 7534 bp, Amp, 7/15/02  AA

PCR amplified ER(aa497-534), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP). PCR portion of ASH12 (bp 3289-3166)was sequenced and verified.

ER10 = 5’ – AAAGGCGCGCCCCctgcagcagcagcaccagcgg

ER aa534 rev = 5’- TTTGGCGCGCcaccacgttcttgcacttcatg-3’  (antiparallel strand)




ASH13, YFP-lac-rep-ER(420-492)E-mutant at bp 3357, a = #24, 7642 bp, Amp, 7/15/02  AA

PCR amplified ER(aa420-492mutant), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP).  (Note: Mutant of ASH11). PCR portion of ASH13 was sequenced and verified.


ER aa420 for = 5’-AAAGGCGCGCCCCggcatggtggagatcttcgac-3’

ER9 = 5’- TTTGGCGCGCCACcttggccatcaggtggatcaa  (rev complement)

ASH14, YFP-lac-rep-ER(497-534)E-mutant at bp 3261, a = #30, 7534 bp, Amp, 7/15/02  AA

PCR amplified ER(aa497-534mutant), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP).  (Note: Mutant of ASH12). PCR portion of ASH14 was sequenced and verified.

ER10 = 5’ - AAAGGCGCGCCCCctgcagcagcagcaccagcgg

ER aa534 rev = 5’- TTTGGCGCGCcaccacgttcttgcacttcatg-3’  (antiparallel strand)

ASH15, YFP-lac-rep-ER(420-492)E-mutant at bp 3292&3294, a=#41, 7642 bp, Amp, 7/15/02AA

PCR amplified ER(aa497-534mutant), digested with Asc1, and ligated into Asc1-digested NYE5(EYFP).  (Note: Mutant of ASH11). PCR portion of ASH15 was sequenced and verified.

ER aa420 for = 5’-AAAGGCGCGCCCCggcatggtggagatcttcgac-3’

ER9 = 5’- TTTGGCGCGCCACcttggccatcaggtggatcaa  (rev complement)

APPENDIX C USING THE MICROSCOPE AUTOMATION PROGRAM

(version “ROInet 127”)

Overview: the network is designed to move the microscope stage one field of view at a time, identifying cells transfected with a GFP-lac rep (or YFP-lac rep) construct and taking images and measurements of the chromatin arrays in those cells.

1. Start up the microscope (see separate protocol).  Make sure that the proper dichroic and the 63X lens is in place.

2. Login to the computer.

3. Start ISee by clicking the ISee icon on the desktop once.

4. Maximize ISee's window by clicking the middle button in the top right corner of the window. 

5. Be sure there is no slide on the microscope because when the network is opened, the stage will move.  Open the most recent version of the ROInet network using File -> Open Network.  It should be located in /home/inovis/networks/AnneNetworks/. To open a network, you click once on the name, then click once on the desktop area of ISee (preferably in the top left corner of the desktop).  Close the network database.

If any error messages appear that are related to images not being found,  (see "ISee's forgetfulness" below).  If it asks whether to replace the stagelist, click “Replace”.

6. Set the autocontrast (slanted line black/white box) for all non-blue image windows.

7. For the windows across the top and left of the screen, grab the right hand side of the window with the mouse pointer and drag it over until the image display window is just big enough to contain the image in it.  Be sure to leave the "STOP" button near the top right corner of the main window uncovered. Also make the text window thin at the right side of the screen by grabbing the left hand side of the window and dragging it towards the right.

8. Double-click the HSRnet subnetwork.  Scroll around until you find the stage pnode and double-click it.  Then go to View-> Stagetool.

9. Put oil on the 63X oil lens and place your slide on the microscope.  Be sure to use plenty of oil so that the lens moves freely; otherwise you may get duplicate images when the lens doesn’t move relative to the slide as it should.  It should be reasonably in focus from the last user, but watch carefully as you place the slide, coverslip side down, onto the lens to be sure it doesn't hit.  For consistency's sake, nudge the slide to the top left corner of the grooves in the stage.  With the joystick, move to the top left corner to a point about 3 mm from both edges (cells at the edge tend to be dried out or squashed, so we want to avoid those).  In the stagetool window, go to ->Props->Reset 0,0.

10. Within the stagetool window, set the field X = 110 and Y = 148 (you may need to push the Num Lock key to use the right hand numerical keys). Our camera is mounted sideways so X is really Y.  Go to Setup -> List Setup.  Choose alternate scan, and click on "Set" for the Starting Corner, which should be at 0,0.  Then move the stage using the joystick to 3 mm away from the bottom right edges and click "Set" for the ending of the list. Then click "Build List"  and it will fit as many fields of view as possible in the square area you just defined.  Close the List setup window.

Note: If you have bubbles on your slide, they will really interfere with the data collection.  So, set the top left and the bottom right to include the largest square you can make on the coverslip without including any bubbles. 

11. Save the stagelist you just made using File ->Save As.  Move to position one by clicking "First". Close the stagetool window, but remember the number of stage positions; you'll need it in step 13.

12. Load the stagelist you just made into the stage pnode window using File -> Open; Accept; Replace. Give the file a new name each time; if the program already has stagelist “a” open, it will not notice if you change the data within stagelist “a”.  Set the index to 1 in the stage pnode window and press enter, even if it is already set to 1.

13. The Loop window should be open on the right hand side of the screen (if not, it can be found near the stage pnode in the HSRnet subnetwork). Set the Loop pnode's "Iterations" value to equal the number of positions in your stagelist.  Otherwise, the network will start over at position 1 of the stagelist when it finishes going through all the stage positions once.

14. Focus on the nuclei: Within the HSRnet subnetwork, find the CCD pnode at the top left (just ahead of DAPI snap).  Double-click it, check that the filter settings are dapi, blank, dapi, blank under Props -> dual shutter props, then click on "Live".  An image window will pop open, and you should quickly focus on the DAPI stained nuclei using the Z focus knob on the Zeiss controller. As soon as they are in focus, click "Freeze" or close the image display window in order to stop exposing the sample to the light. If the images are saturated (show red pixels) using the default exposure time (0.05 seconds), then you must adjust the exposure time in this CCD window to something more appropriate, and change the CCD pnodes within the fine_only network (within HSRnet) as well.  If the images do not yield a max intensity of at least 500, you should increase the exposure time.  (You can check max intensity using View -> Image Stats within the CCD pnode).  Close the CCD windows and the HSRnet subnetwork.

14. Make a LINUX directory to store your sample's data by opening a terminal shell (in the middle of the toolbar across the bottom of the screen - the black square with a seashell on top).  Move to the parent directory where you want all your data stored by typing:

cd /home/inovis/images/YOURNAMEImages/   <enter>  

Or whatever the correct pathway where you want the data stored.  Now you should be located in the parent directory that you want.  To make a new directory within that parent directory, type:

mkdir NewDirectoryName   <enter>

I recommend that the new directory name be the date (MMDDYY format) (e.g. June 8th, 2002 = 060802) plus a description of the sample (especially the slide number or something else unique about the sample) e.g. "060802GFPlacrep_2"  for the second slide in the GFP-lac repressor - related experiment.

15. A text window should have popped up upon opening the network.  (If not, go to the checkoverlap subnetwork, double-click it and find the text pnode at the top right hand corner).  Go to Edit -> Delete to remove any old data and go to File-> SaveAs to give your file a new name. Save the text file in the directory you just made in step 14, and name it according to the rules above, adding "Sizes" to the end of the name, since the text file will include all the size measurements of chromatin arrays. Note: You must save the file again after collecting your images.

16. Similarly, an image list window should have popped up upon opening the network.  (If not, it is in the checkoverlap network in the middle towards the left).  Within the ImageList window, hold down the right mouse button and choose "Clear all Images".  Within Props-> Base Name, enter the path where you want the data to be saved, which should be in the directory you made in step 14. e.g.:

/home/inovis/images/AnneImages/060802GFPlacrep2/060802GFPlacrep2

The first 060802GFPlacrep2 is the directory, and the second one is the base name of each file - that is, the first image will be called 060802GFPlacrep2.001, the second will be called 060802GFPlacrep2.002 and so on.  So ultimately when you are finished, you will have a directory containing the text file of sizes and all the image files. 

17. You can watch the number of cells found by opening the count pnode near the bottom right corner of the checkoverlap subnetwork.

18. Set the number of acceptable cells you want to obtain in the IF pnode adjacent to the count pnode you just opened.

19. Start the network by clicking the green arrow button in the bottom left of the network, or hold the right mouse button over the network area and choose "Fire".  Once the program is running, it does not hurt to open windows to monitor what is going on; it just takes a while for the network to respond and draw the windows you open, so be patient.  

20.  If problems occur while running the network, click the "STOP" button near the top right of the main window, or hold the right mouse button over the network and choose "Stop network".  It takes some time for the program to respond.

21. The images are automatically saved, but after stopping the network, you must remember to save the contents of the text file using File -> SaveAs. In your notes, write down where the stagelist left off by looking at the number in the index window of the stage pnode within HSRnet, in case you want to start after that position later to analyze more samples (It won't be exact though, depending on where exactly you set the 0,0 position at the beginning, and also because there is some variability in where the slide sits in the grooves on the stage.) Your data should be immediately transferred to another computer so that it doesn't get accidentally overwritten by the next person running the network.  See the "Transferring files" protocol.

22. Note: the image files can be converted to tif files using ISee: open the image list of interest within a new image list pnode.  Connect the image list to an Export pnode and set the pathway where you want the tif versions saved.  Fire the network and the tif files will be created & saved.

ISee's forgetfulness:

The following settings are normally remembered by ISee so you should not have to check them.  If weird things are happening, though, you can first try just logging out and back in to the computer and starting ISee and opening the network again.  If this does not resolve the problem, check the following settings.  If that does not resolve the problem, you may need to move all current buffer images from /AnneImages/HSRnetBufferImages to another place (and eventually delete them), and replace them with backed up copies of the buffer image files, which Anne has on CD.

1. RoiMaker pnodes

This was by far the most common problem.  I think I have fixed the problem now, though.  There are three ROIMakers in the network:

after buffer 2 within the gfpROIfocus network

after buffer 11 within the gfpROIautoexpose network

after buffer 12 within the dapiROIautoexpose network

The settings should be as follows, where X = the buffer number:

Roi Name: /home/inovis/images/AnneImages/HSRnetBufferImages/



bufferX.Roi.002.Roi.roi

Image Name: /home/inovis/images/AnneImages/HSRnetBufferImages/



bufferX.Roi.002.Roi

Auto Create should be pushed in, AutoSave should not be pushed in.

In the View -> display ROI, there should be an image loaded of the proper size (128x128 for gfpROIfocus and 256 x 256 for the autoexpose networks.)  If not, choose File -> open Roi and find the buffer image:  /home/inovis/images/AnneImages/HSRnetbufferImages/bufferX.Roi.002

2. CCD settings

Much less frequently, the CCD pnodes revert to a certain exposure time (0.125 seconds, I think) and default CCD binning and gain.  The proper settings are as follows:

Network
location of CCD pnode

bin
Gain
expos.time

HSRnet 
top left (dapisnap) 

2x2
1X
0.05 sec

HSRnet
top, near right (gfpsnap)
2x2
1X
0.05 sec

HSRnet-fullfocus
top left


2x2
1X
0.05 sec

HSRnet-fullfocus
bottom left


2x2
1X
0.05 sec

HSRnet-autoexpose
left, middle

2x2
1X
0.05 sec to start

gfpROIfocus

middle left

2x2
1X
0.1 sec

gfpROIautoexpose
middle

1x1
2X
0.05 sec to start

dapiROIautoexpose
middle

1x1
2X
0.05 sec to start

3. CCD filter settings

I think I have attached integers to the optional input linkpads of all the CCD pnodes in order to specify the value for the third filter wheel setting, the one which is always forgotten upon reopening saved networks. Therefore, the pnode is forced to remember the correct value, so this should no longer be a problem.

As of July 1, 2002, I am using DAPI 360/40 ex and DAPI 457/50 em and FITC 490/20 ex and FITC 528/38 em.

4. Z stage position values

I think I have attached integers to all of the Z  pnodes where the Z stage is to be moved to a certain position. Therefore, the pnode is forced to remember the correct value, so this should no longer be a problem.

5. Theoretically, I think it is possible to completely screw up the network if someone inadvertently changes the sizes of the buffer images or deletes them.  The buffer images which are dealing with 1x1 binned full chip images should be 1392 x 1040.  2x2 binned full chip images are 696 x 520. 1x1 binned cropped images are 256 x 256.  2x2 cropped images are 128 x 128.

6. Thresholds/Feature settings

I don't know whether these have ever been forgotten by ISee, but I thought I would put the settings here just in case.  The formula is not in the feature pnode itself but rather is located within the expression pnode which feeds into the feature pnode.

Legend

Network: location of pnode

description  



formula, smallest & largest, Note: Open and Margin should always equal zero

HSRnet: left side, density-expression-IF




Are there nuclei? (based on brightness of DAPI image)


min x 2.2

HSRnet: slightly to the left, density-expr'n-feature-IF

Are there nuclei? (based on the size of DAPI features)


min x 1.8, smallest = 1000, largest = 10,000

HSRnet: right side, density-expr'n-IF

Are there transfected cells? (based on brightness of GFP image)


min x 2

ROIlist: left side, density-expr'n-feature

Identify the GFP features so their center can be located


min + (max-min)/1.65, smallest = 5, largest = 10,000   (stringent)

onefeature: density-expr'n-feature

Identify the gfp features within the ROI to make sure there is just one feature.


min + (max-min)/2, smallest = 5, largest = 10,000   (lenient)

checkoverlap: top, density-expr'n-feature

identify gfp feature so it can be checked for overlap and measured.


min + 110x(max-min)/255, smallest = 5, largest = 10,000  

This essentially rescales the image to a 0-255 scale and then sets the threshold at 110.  This is how images were analyzed with the NIH image macro, and that worked pretty well.

checkoverlap: bottom, density-expr'n-feature

identify DAPI features so they can be checked for overlap.


min + (max-min)/4.5, smallest = 5000, largest = 35,000 

(it's a bit lenient)

checkoverlap: top right, density-expr'n-feature

identify gfp feature so it can be measured.


min + (max - min)/2, smallest = 2, largest = 10,000

Note: this part of the network analyzes the gfp256 image which has already been masked, so it really doesn't need a sophisticated threshold.

APPENDIX D DESIGN OF THE MICROSCOPE AUTOMATION PROGRAM

Notes: 

1. In the description below, GFP is the marker for the chromatin arrays; YFP or CFP can be imaged if the filter wheel settings are changed.

2. Due to a glitch in the camera driver, the camera occasionally spits out an image with maximum intensity = 57005, from which no data can be collected.  Therefore, after all CCD pnodes, I have placed a mechanism for snapping another image if the one just taken has a maximum intensity value of 57005.  This is to allow a new image to be snapped if the current one is a camera glitch.  The mechanism consists of a density pnode which measures the max intensity of the image just taken.  An IF pnode is then used: if the max intensity = 57005, a go signal is sent back around to the CCD pnode.  If not, a go signal is sent onward to continue the network.  Autoexpose networks do not have this additional module, because they already have a mechanism for discarding images when the intensity is 4095 or greater.

3. To save time acquiring and processing images, all images snapped are taken in binning 2x2 mode (Gain = 1X) which allows the camera to collect photons from a 2x2 square of pixels (i.e. 4 pixels) as one pixel.  This allows exposure times to be shorter and camera readout and image processing times to be faster. However, for the stages of the program where the image will be saved and the chromatin array measured (i.e. the output of GFPROIautoexpose and DAPIROIautoexpose), the binning is switched to 1x1, and the gain is set to 2X for maximum resolution.

1. The program begins at HSRnet. This subnetwork begins by moving the stage by one field of view.  Each time around the loop it moves one step through the stagelist (currently called recentstagelist), which is set up to move across the entire slide, down one field of view, and back across the entire slide, and so on.  We have noticed that the cells at the edges of the coverslip tend to have unusually large chromatin arrays, possibly due to dehydration of the mounting medium, so you should use a stagelist that is set up to avoid the edges.

2. Snap a DAPI image.

3. Determine whether nuclei are present based on the max intensity of the DAPI image.  The threshold is determined interactively for the image based on its minimum intensity.  If the max intensity is less than the threshold, the network goes back to 1. If the max intensity is greater than the threshold, the network continues.

4. If the image is above the threshold, it is also tested for whether the objects in the field of view are of a particular size: this avoids fields of view where there are bright bits of transfection reagent which are very small. The minimum acceptable size is roughly half the size of a normal nucleus, in order to not skip very small nuclei or those nuclei which are only half in the field of view. The maximum acceptable size is quite large because if the image is out of focus, nuclei might blend together, and therefore be measured as quite large. This routine uses an "IF" pnode which tests the "number of features found" by the feature pnode within the size range. If the number a features found is zero, the network goes back to 1. If the number of features found >0, the network continues. 

5. Focus on the nuclei.  This sub-network, called fineonly1, begins by setting the current Z position to equal 0 (the home position), which is presumably roughly in focus since it is the position that was best in focus from the last field of view.  Next, the Z motor moves the stage down (i.e. A negative number; I am not actually sure whether this corresponds to down or up) by 8 microns.  The network then goes through a loop, snapping a DAPI image, moving up by 4 microns, then repeating until 5 DAPI images are acquired - two below the home position, one at the home position and two above the home position. Each time a DAPI image is taken, the max intensity is calculated and compared to the maximum intensity of the previous image (Note: on the first time through the loop, the comparison value is set to zero so that the first image is always counted as the best image so far.  This is accomplished by firing the Integer = 0 pnode connected to the "IF" pnode once for each time the fineonly1 network is fired, thereby setting the "test value" to zero).  If the maximum intensity is higher than the previous image, the Z position of that image is stored in a "float" pnode.  If not, the "float" value is not changed.  Either way, a go signal is sent around the loop to take the next image. In addition, whether the current image is better or not, the float value is sent onwards to the final "IF" pnode.  (Note: This is because of the Data Flow Model upon which ISee is based - the number of times the float value is sent out must be a constant no matter which of the five images is the best.  It's a long story.) Therefore, at the end of the fifth image, The final "IF" pnode finally allows the best Z position value to flow from the float pnode to the set Z position pnode, which moves the stage to the best Z position. 

6. At this position of best focus, a GFP image is snapped.  The network decides whether transfected cells  are present based on whether the max intensity of the GFP image is above a threshold.  The threshold is determined interactively for the image based on its minimum intensity.  If transfected cells are not present, the network goes back to 1.  If transfected cells are present, the network goes on.

7. An optimal exposure time is determined for the GFP image using the subnetwork "autoexpose".  This network begins by snapping a 0.05 second GFP image and measuring the maximum intensity with a density pnode.  A set of three IF pnodes tests whether the maximum intensity is <3000, meaning that a new image needs to be taken with a longer exposure time.  The top IF pnode sends out the image itself.  The middle pnode sends out the exposure time and the bottom pnode sends out the max intensity for the image, both of which will be used to calculate the new exposure time to try.  If the image's max intensity is less than 3000, a new exposure time is calculated using the formula: exposure time times (4095/max intensity).  If the image's max intensity is greater than 3000, then the image (and the exposure time and max intensity) proceeds onwards to the second test.  This series of two IF pnodes determines whether the image is saturated; that is, whether the max intensity = 4095.  If max intensity is not 4095, the image is acceptable and proceeds onward in the network.  If max intensity = 4095, a new exposure time to try is calculated by multiplying the previous exposure time by 0.8.  This exposure time is sent along with a go signal to the CCD pnode.  Eventually, an image with max intensity greater than 3000 but less than 4095 proceeds from the subnetwork and feeds into the ROIlist network.

9. In the ROIlist network, the image is first processed to identify features within the image, using a threshold calculated from the max and min intensity.  Each feature is then sent out sequentially and hits the "Wait" pnode.

10. At this pnode, the first feature is allowed through, but each subsequent feature can be sent out only when a go signal is received at the bottom input linkpad of the Wait pnode. This allows the first feature to be completely processed (it needs to be focused on, have a corresponding DAPI image taken, etc) before beginning to process the next feature.

11.  Upon exiting the "Wait" pnode, the feature passes through an "EOLtest" pnode.  This pnode checks whether the passing signal is an "End of List" message.  The feature pnode actually sends out each feature sequentially, followed by an EOL message.  So, when the features have all been processed, the EOL message is sent out of the Wait pnode and when it hits the EOLtest pnode, a go signal is sent out the bottom output linkpad to step 1.  If the data packet coming through is a feature, it is sent out the top output linkpad to the Center pnode.

12. The center pnode identifies the center of the feature and sends out the X and Y coordinates of that position.

13. These coordinates are used to determine the top, left corner of a 128 x 128 pixel region of interest (ROI) which will have the chromatin array at the center. This will allow focusing only on the chromatin array of interest rather than the entire field of view, which is helpful because usually within a field of view you cannot get two chromatin arrays in focus at the same Z  position.  The number 64 (half of 128) is subtracted from the center X and Y coordinates.  This usually yields the correct top left corner of an ROI with the chromatin array at the center, except that in some cases the chromatin array is near the edge of the field of view.  If the chromatin array is near the right or bottom of the screen, then the X or Y coordinate would yield an ROI which is partly outside the range of the image.  This confuses ISee completely; hence the X and Y coordinates are fed through a test to choose the lesser of two values: the X coordinate is compared to the number 568 (which is the width of the field of view minus 128 when in binning 2x2 mode) and the Y coordinate is compared to the number 392 (which is the height of the field of view minus 128).   The minimum of these values is passed on. The X Y coordinates are also compared to the number zero, and the maximum is chosen so that non-zero coordinates are not defined when a chromatin array is near the top or left side of the field of view.

14. The best exposure time from gfpautoexpose is multiplied by 0.2 and transmitted to gfpROIfocus so that the focusing mechanism uses an appropriate exposure time. 

15. The top left ROI coordinates for the current feature are received in gfpROIfocus from ROIlist.  They are sent onward to gfpROIautoexpose immediately and also they are fed into the ROImaker.

16. In the meantime, the focus loop is started (at the leftmost Split pnode). A go signal is sent to the Integer pnode (which contains the number zero). This causes the number zero to be sent to the If pnode to set the initial test input to zero.  See description of this phenomenon in the full_focus description (step 5).

17. The gfpROIfocus loop begins by setting the current Z  position to zero (=home), then moving down 9 microns.  Sometimes the Z pnode forgets this value, so I have attached an integer pnode to send the value upon first firing the network, then hold the value there.

18. From the Loop pnode, a go signal is transmitted to the CCD pnode, which takes an exposure of the GFP channel using the exposure time determined in step 14.

19. The resulting image is placed in buffer2, which is then "cropped" using the ROImaker pnode.  This pnode is the most irritating of all pnodes.  It seems to forget its inputs all the time (see ISee's forgetfulness, above).

In any event, the ROImaker pnode takes the image from buffer 2, and makes a 128 x 128 image with the top left coordinates that it is given.  The resulting image is placed in the gfpROIfocus image window.

20. The max intensity of this image is compared to that of previous images using the same procedure as for fineonly1 (step 5).  The current best focus is stored in the float pnode and is only allowed to proceed through the final "IF" pnode when the focus routine has gotten through its final image. Each time around the loop, the stage is moved up 2 microns.

21. The loop pnode outputs the current count from its bottom output linkpad.  This is used to tell the final "If" pnode when it's OK to submit the best focus position to the final "set Z position" pnode. For some unknown reason, the Count function of the loop sends out 1,2,3,4,5,6,7,8,9,10,10.  That is, it sends out the final count twice, which will cause the final IF to send out the current best Z focus twice, which will mess up subsequent firings of the network.  Therefore there is a little If routine which says if the current count is equal to the previous count, discard the number.  Otherwise, send the number onward.

22. The count is then sent to an If pnode which sends the top left X Y coordinates again to the ROImaker pnode when the count is 9 or less.  This is because of the Data Flow model; the ROImaker must receive one fresh input packet on each of its input linkpads before it can fire, so the top left coordinates must be sent there once for each image coming through.

23. When the loop count becomes 10, the go signal from the loop proceeds out the middle output linkpad instead of the top one (which would continue the loop).  This sends a go signal to the "set Z  position" pnode which will use the Z position it receives from the "current best Z position" float.

24. Go signals are then sent to the gfpROIautoexpose network, which is designed to take a 1x1 binned (high-resolution) GFP image.  Since the binning is changed at this point,  the top left X Y coordinates must be multiplied by 2 in order to be at the correct location.

25. The autoexpose network works like the previously described autoexpose network within HSRnet (step 7), except that the max intensity is only measured within the 256x256 ROI containing the chromatin array.  Eventually, a 256 x 256 image with a max intensity between 3000 and 4095 is sent on to the one feature network.

26. The onefeature network determines whether there is one and only one feature within the ROI.  This eliminates ROI's  which contain more than one feature, since the network is not sophisticated enough to decide whether the two features are really two parts of the same chromatin array or whether they are two separate chromatin arrays (frequently a human observer can't decide that).  In addition, since the network measures the total pixels of the feature, the total area of the two features would be counted as one chromatin array if the ROI were allowed to be analyzed. So features are identified in the image using an interactive threshold based on the min and max intensity.  If the number of features found is not equal to one, the network sends a signal to the ROIlist to begin analyzing the next feature.  If the number of features is equal to one, analysis continues and the 256 x 256 GFP image is sent to the "checkoverlap" network while a go signal is sent to the dapiROIautoexpose network.

27. The dapiROIautoexpose network works just like the gfpROIautoexpose network.  The top left ROI coordinates are received from the onefeature subnetwork (corrected for 1x1 binned images).  The final 256 x 256 DAPI image has a max intensity between 3000 and 4095 and corresponds exactly to the position of the 256 x 256 GFP image.  The image is sent on to the checkoverlap network.

28. The checkoverlap network functions to discard any sets of images where the GFP feature (chromatin array) does not overlap fully with the DAPI feature (nucleus).  This excludes most flecks of junk outside of nuclei.  The GFP 256 x 256 image comes into the buffer 16 image window. The DAPI 256 x 256 image comes into the buffer 17 image window.  Most of the image processing is the same for the two images.  Along the top (GFP) pathway, the image is first sent to buffer 15.  Whether it is allowed to pass through the If pnode and end up as a saved image in the Image list depends on the incoming signal at the bottom input linkpad of the IF pnode.  If that incoming signal is an image, the image is saved by traveling out the top output linkpad of the If pnode.  If the incoming signal is just a go signal, the image is trashed (out the bottom output linkpad).  You will see later where these signals come from.

29. The initial buffer 16 image is also sent out from the split pnode to clear a lot of image windows and If test values.  A go signal is split into 4 go signals, each of which is connected to an Integer pnode carrying the value zero.  When an integer pnode receives a go signal, it just spits the number out.  When an image pnode receives the integer zero, the image is cleared.

30. Features are identified in the image using an interactive threshold which depends on the min and max intensity of the image.

31. Features are sent through an EOLtest pnode (see step 32), then into the gfp256feature image window.

32. If the number of features for some reason is  equal to zero, no output will be sent out of the feature pnode and the network would stop completely. Therefore, an If pnode determines whether the number of features found equals zero using the "Found" output of the feature pnode. If the number equals zero, a go signal is sent to the "EOLsend" pnode, which causes an end of list signal to be sent out to the EOLtest pnode. When an End of list signal is detected (either because the features pnode is done sending features or because there were not any features at all,) a go signal is sent to the gfp256feature to be sent out again.

Note: Here the network becomes quite complex, due to the Data Flow Model.  The feature pnode sends out each feature it finds sequentially.

Of course, along the GFP pathway there really should be only one feature at this point because we have screened the image with the onefeature network.  Along the DAPI pathway, however, there will often be several nuclei.  We do not want to check the overlap between the *first* nucleus found and the chromatin array; we want to accumulate all the DAPI features found into one image file and use that image to compare to the GFP feature image.  This is why the end of list signal is important; it tells the network when it is OK to check the overlap between GFP and DAPI.  This yields a very complicated mess; sorry.

33. So, as each feature is sent to the gfp256feature pnode, the image is also sent out to the If pnode directly below it.  The If can receive signals into its bottom input linkpad from three sources: (1) an image data packet from the feature pnode, and (2) a go signal from the EOL test pnode which signifies that all features have been accumulated in the image (step31), or that there were not any features to begin with (step 32) and (3) an integer from the go-split  in step 29 (see step 34).  When the If receives an image data packet, it is not yet ready to send the image along for analysis, so the image is discarded out the bottom If output linkpad.  When the If receives a go signal, it is ready to analyze the resulting image, so it sends the image on to the Mask pnode.

34. An integer of zero is sent to the If pnode just described.  This is simply a data packet sent to balance the number of data packets sent to the gfp256 feature pnode.

 When the image first comes through for analysis, the gfp256featureimage window is cleared with a zero integer being sent to it;  this image pnode then sends that cleared image on to the if pnode, so there must be a data packet coming into the test input bottom input linkpad of the If pnode in order to discard that initial cleared image.

35. At the Mask pnode, the feature is used to make a Masked version of the image; that is, one in which all the pixels are either 0 or 4095.  The image is sent to the gfp256masked image window.

36. The image is also sent to the Synch pnode where it meets up with the DAPI masked image which has gone through a similar process up to this point.  These two images together are sent to the AND pnode, which performs a bitwise "and" operation - this means that each pixel of the two images is examined one by one - if the pixel is 4095 in the GFP *AND* DAPI , then that pixel gets a value of 4095 in the resulting image.  If the pixel is 4095 in one (e.g. GFP) but not the other (e.g. DAPI), this pixel is given a value of zero.  If the pixel is zero in both images it gets a value of  zero.  This image is sent to the gfpANDdapimasked image window.  It essentially shows only those pixels of the GFP feature (chromatin array)  which also have an overlapping DAPI feature (nucleus).

37.  At this point, the network wants to determine whether the gfp256masked image and the gfpANDdapimasked image are identical, thereby indicating that the GFP completely overlaps with DAPI.  To do this, the sum of all bright (=4095) pixels in the gfp256masked is compared with the sum of all bright pixels in the gfpANDdapimasked image.  If the two numbers are equal, the gfp256masked image is sent on.

38.  The gfp256masked image is sent several directions from this point. Two of the outputs of the major split at the right hand side of the network go to the If pnodes at the beginning of the network. These pnodes are still waiting to decide whether to permanently save the original images waiting in buffer 15 and buffer 18.  Since they have received image data (the gfp256masked image), the GFP and DAPI original images are saved into the image list (see step 28).

39. Two of the outputs of the major split go to measure the chromatin array.  One of the outputs feeds into the density pnode which measures the min and max and uses them to set an interactive threshold.  I guess the threshold doesn't need to be interactive at this point, since the image is already masked, but I am leaving this in anyway.  That threshold is used by the feature pnode to find the feature.  The number of pixels in that feature are sent out the bottom output linkpad of the shape pnode and can be converted to microns in the expression pnode using the formula:

number of pixels x pixel width x pixel height = area in square microns

The pixel height and width are determined theoretically by the properties of the camera and binning and objective used.  For the 63X objective, binning 1x1, the pixel size = 0.106349 microns.  We have been trying to empirically measure the pixel size using rulers and beads, but the accuracy of these tools is not sufficient to warrant changing the pixel size from the theoretical value.  So, right now the default is simply to report pixels so you can convert it to microns later.

The measurements are sent to a text file.  This text file receives not only the measurement data but also the filenames of any files coming into the image list (see the very long pipeline coming into the merge just before the Text file).  This allows easier comparison of which measurements came from which images, in case some images and measurements need to be thrown out.

40. The other output of the major split goes to a count and If pnode which will stop the network when the number of acceptable images of chromatin arrays comes through reaches 300 (or whatever number of chromatin arrays you want to be measured). Before this number is reached, the signal is sent through the If and then becomes a Go signal back to the ROIlist  so that the next feature can be analyzed.

APPENDIX E MICROSCOPE AUTOMATION PROGRAMS

A CD-ROM accompanies this thesis and is labeled:

Anne Carpenter Nye, Ph.D.

Effects of Transcriptional Activators on Large-Scale Chromatin Structure

Ph.D. Thesis, Department of Cell and Structural Biology, University of Illinois at Urbana-Champaign, 2003

Appendix E Microscope Automation Programs

The CD-ROM contains the following:

1. Microscope automation programs ROInet127 and RRnet36 (to be run using ISee software)

2. Buffer images required to run the program

APPENDIX F pSP PLASMID DETAILS



Name, description, clone, size, resistance, date

Construction details

pSP1, pBR322+Super#7 Eco-Eco, 7, 4639 bp, Amp & Tet, 3/1/00


Super polylinker, constructed by Anagen company, was removed from super poly in pCRII-topo using EcoRI at both sides and was cloned into the EcoRI site of pBR322.





pSP2, pSP (superpolylinker), A=#3, B=#10, 2961 bp, Amp, 3/24/00


pSP1 was digested with BspE1 to remove the Tet resistance gene (to reduce the size of this vector) and then religated.






pSP3, pSP + puromycin, ~4340 bp, Amp, 5/5/00


Puromycin was cut out of pPUR (Clontech) using BamHI and PvuII, blunted with T4 polymerase, ligated into SnaBI/BamHI digested pSP (Not blunted with T4 as far as I can tell). This is not the intended cloning strategy for this plasmid, and Kris did not check the identity of the insert nor the orientation. The way she did the cloning was with the insert theoretically blunt on both ends and the vector blunt and sticky, which is impossible. Surprisingly, actual product is as expected: blunt/sticky, correct orientation.

pSP4, pSP + ERE 4.1, 3101 bp, Amp, 5/5/00


2 consensus EREs were cut out from pATC2 using XbaI and HindIII, ends were filled in with T4 polymerase, and ligated into PmeI site of pSP. Two copies of the 2-mer were inserted, apparently in tandem orientation, according to the sequence.  This plasmid was sequenced from both ends - the ends are expected except for a mutation just before the ERE insert - "TCCT" is inserted. Because of the palindromic EREs, the entire insert cannot be sequenced. It was intended that this plasmid be made from pATC4 - starting with 4 EREs, but either our pATC4 DNA stock is not the correct plasmid, or pATC4 was not constructed as described.



pSP5, pSP + LexA 8.1, 3359 bp, Amp, 5/5/00


8 LexA operators were cut out from pSH18-34 using DraIII and AseI. Ends were blunted with T4 DNA polymerase (chews off DraIII end and fills in AseI end). This was ligated into PmeI of pSP.  For some reason, a few base pairs are missing - this does not affect the function: "TTGGTTCACAC" near the DraI site at the 5' end of LexA insert. Since this clone is the "reverse" version, this means those bases are missing from the 3'end of the insert.




pSP6, pSP + ERE 4.2, 3273 bp, Amp, 6/14/00


pSP4 was digested with SpeI and AscI to generate the vector, and a separate aliquot of the same vector
was digested with NheI and AscI to isolate the ERE insert. Directional cloning. (electroporation was used)






pSP7, pSP + LexA 8.2, 3789 bp, Amp, 6/14/00


pSP5 was digested with SpeI and AscI to generate the vector, and a separate aliquot of the same vector
was digested with NheI and AscI to isolate the LexA insert. Directional cloning. (electroporation was used)


pSP8, pSP + LexA 8.4, 4649 bp, Amp, 6/28/00


pSP7 was digested with SpeI and AscI to generate the vector, and a separate aliquot of the same vector was digested with NheI and AscI to isolate the LexA insert. Directional cloning.




pSP9, pSP + Tet 7.1 clockwise, 3270 bp, Amp, 7/10/00


pUHD10-3 vector was digested with XhoI and SmaI, blunted with T4 polymerase and ligated into the PmeI site of pSP.  We want the counterclockwise version most likely.




pSP10, pSP + Tet 7.1 counterclockwise, 3270 bp, Amp, 7/10/00


pUHD10-3 vector was digested with XhoI and SmaI, blunted with T4 polymerase and ligated into the PmeI site of pSP. The counterclockwise version is facing the reporter gene properly.

pSP11, pSP + ERE 4.4, 3617 bp, Amp, 7/12/00


pSP6 was digested with SpeI and AscI to generate the vector, and a separate aliquot of the same vector
was digested with NheI and AscI to isolate the ERE insert. Directional cloning. The insert is unstable - could retransform into STBL2 cells to help keep the EREs full length.



pSP12, pSP + pur + ECFP-PTS reporter, 5=a, 7=b, 8=c, 5083 bp, Amp, 11/21/00


ECFP was PCR amplified from pECFP-C1 using primers which add NotI sites as well as a Peroxisome Targeting Signal (PTS) to the C terminus. The PCR product was digested with NotI and ligated into the NotI site of pSP3 - pSP + puromycin selectable marker.  Primers used:  NotI ECFP 5'  and NotI ECFP 3'

pSP13, pSP + pur + ECFP-PTS + 256 lac ops, 22=a, 23=b, 15195 bp, Amp, 11/28/00


256 lac operators were cut out of pSV2-dhfr 8.32 with XhoI and SalI and ligated into the XhoI site of pSP12.
The orientation is irrelevant, but I checked it by restriction digest anyway.
It is the forward orientation.






pSP14, pSP + pur + ECFP-PTS + 64 lac ops
7=a,14=b, 7611 bp, Amp, 12/1/00


64 lac operators were cut out of pPS8.8 with XhoI and SalI and ligated into the XhoI site of pSP12.
The orientation is irrelevant, but I checked it by restriction digest anyway. It is the forward orientation.






pSP15, pSP + pur + promoter swap EYFP-PTS, 53, 5106 bp, Amp, 12/12/00


Made new EYFP-PTS reporter which contains several blunt unique sites in the 5' primer to facilitate cloning of various promoters. Ligated the EYFP PCR product, digested with EagI, into the NotI site of pSP+pur (pSP3).  Used primers EagI ECFP 3' and NotI ECFP 5' (new).



pSP16, pSP + pur + promoter swap ECFP-PTS, 27=a,28=b,33=c, 5106 bp, Amp, 12/15/00


Made new ECFP-PTS reporter which contains several blunt unique sites in the 5' primer to facilitate cloning of various promoters. Ligated the ECFP PCR product, digested with EagI, into the NotI site of pSP+pur (pSP3).  Used primers EagI ECFP 3' and NotI ECFP 5' (new). Sequence confirmed from bp 1-886, which spans the entire CFP-pTS open reading frame, as well as a lot of the polylinker.






pSP17, pSP + pur+ CMV core promoter-ECFP-PTS, 2=a,5=b, 5254 bp, Amp, 1/24/01


NheI-AatII fragment from pECFP-C1 (containing the CMV core promoter elements) was blunted with T4 polymerase and ligated into pSP16a's EcoRV site.  This puts the ECFP-peroxisome reporter under control of the constitutive CMV core promoter.
Sequenced from beginning of ECFP, back through the inserted CMV core promoter and through the polylinker and into puromycin. I am suspicious of clone b, because it did not give a PCR product during the PCR screen.


pSP18, pSP + pur + TATA promoter-ECFP-PTS, cloneI=a,J=b, 5175 bp, Amp, 2/2/01


Promoter elements from NYE40 (8 lac op-TATA-luciferase) which has very low basal activity in CHO cells, were excised with EcoRI and NcoI, filled in, and ligated into the EcoRV site of pSP16a. Sequence is correct for both clones from part of puromycin insert, polylinker, TATA insert, and part of CFP.


pSP19, pSP + pur + 256 lac operators + CMV core promoter-ECFP-PTS, 2=a,3=b, 15390 bp, Amp, 2/25/01


256 lac operators were excised from pSV2dhfr8.32 with XhoI and SalI, then ligated into the XhoI site of pSP17. Sequence roughly confirmed bp 785-1600.






pSP20, pSP + pur + 256 lac operators + CathepsinD promoter-ECFP-PTS, 20=a,22=b, ~15.7 kb, Amp, 2/25/01


The estrogen responsive CathepsinD promoter was excised from pCD/355 (Stephen Safe) using HindIII and XhoI. This fragment includes -365 to -10 of the CathepsinD promoter plus the E1b TATA. This fragment was Klenow-filled and ligated into the PmeI site of pSP13. Proper orientation was confirmed by restriction digest. Assembled expected sequence from BLAST search; relied on my sequencing data for the E1b TATA section. Confirmed sequence of my parts of the plasmid from beginning of CFP (bp 778) through polylinker to where
E1b TATA and Cathepsin D starts. CathD sequence is a bit messy due to palindromic EREs  - I assume it's OK since this was a simple cloning, not PCR. Remainder of polylinker and beginning of lac op's is perfect.


pSP21, pSP + pur + 256 lac operators + TATA - ECFP-PTS, 1=a,16=b, 15311 bp, Amp, 3/1/01


256 lac operators were excised from pSV2dhfr8.32 with XhoI and SalI, then ligated into the SalI site of partially digested pSP18. Sequenced confirmed- beginning of CFP back through TATA, polylinker, and into lac ops.



pSP22, pSP + ERE4.8, 56=a,57=b,61=c, 4305 bp, Amp, 5/15/01


The insert containing 16 EREs was digested out of pSP11 with NheI and AscI and ligated into SpeI/AscI digested pSP11 (which contains 16 EREs) producing 32 EREs. NheI and SpeI have compatible cohesive ends. A lot of the population has recombined ERE inserts, but at least a portion of my current DNA stock has the full 1.4 kb Nhe/Asc insert.  In STBL2 cells.






pSP23, pSP + pur + 256 lac ops + 16EREs-TATA-ECFP-PTS, 31=a, 95=b, 15993 bp, Amp, 5/15/01


The insert containing 16 EREs was digested out of pSP11 with NheI and SpeI and ligated into the NheI site of pSP21. NheI and SpeI have compatible cohesive ends. This stock is in STBL2 cells.  Some of the population has ~0.5 kb ERE insert rather than full 0.7 kb insert.


pSP24, pSP + pur + 256 lac ops + BCE-1 enhancer + bovine beta casein promoter - ECFP-PTS, 74, 15552 bp, Amp, 5/16/01


The insert containing the BCE-1 enhancer (-1676 to - 1517) plus the bovine beta casein promoter (-121 to +45) was removed from the BCE-1 plasmid from Derek Radisky at Mina Bissell's lab with NcoI and BamHI.  Apparently the beta casein promoter is the natural promoter which goes with BCE-1 enhancer; the intervening sequence has been removed by previous researchers.  The ends were filled in with Klenow and ligated into the PmeI site of pSP13. The plasmid sequence was confirmed across the BCE-1 and beta casein insert, bp 845 - 1283, and into the lac ops. Some of the original stock may have a bit of recombined lac operators.  In STBL2 cells.



pSP25, pSP + pur + 256 lac ops + F9 polyoma promoter-ECFP-PTS, #91, 16024 bp, Amp, 5/23/01


The insert containing the F9 polyoma promoter was removed from p3'SS d tb Cl EGFP (bp 468-1293) with a BglII digest.  The polyoma promoter, according to Stratagene, is bp 474-1291.  This insert was filled in with Klenow and ligated into the PmeI site of pSP13. Correct orientation was confirmed. In STBL2 cells. Sequence confirmed ~bp 841-1683, which includes both junctions and all of the F9 promoter.  There were two errors relative to the p3'SS sequence we have for the parent plasmid - 1 extra base pair, 1 missing base pair. I assume that these errors were in the original p3'SS and do not affect the function, since this was a simple cloning, not PCR.  I changed the maps accordingly.





pSP26, pSP + pur + 256 lac ops + c-myc promoter-ECFP-PTS, #7=a,81=b, 17593 bp, Amp, 5/23/01
(clone 81 has some recombination of lac operators)

The c-myc promoter was removed from MYC CAT 3' #19 All with a HindIII/XhoI digest. Ends were filled with Klenow and ligated into the PmeI site of pSP13.  Correct orientation was confirmed. In STBL2 cells. Unfortunately, due to misinformation from the provider of this plasmid, I cloned -2329 to +67, which does not include the estrogen-responsive +67 to +202 region. I abandoned this plasmid, because there is no simple way to clone in the missing part.






pSP27, pSP+pur + 256 lac ops + estrogen-responsive pS2 promoter-ECFP-PTS, 13, 18336 bp, Amp, 5/31/01


The pS2 promoter from -3000 to +10 was excised from Sma3pHP34 with EcoRI.  Ends were filled with Klenow and ligated into the PmeI site of pSP13.  Correct orientation was confirmed. In STBL2 cells. Sequence confirmed from bp 792-1684 (beginning of CFP back through junction and well into pS2 insert), and bp 3119-4008 (a significant portion of insert plus the other junction).




pSP28, pSP+pur + 256 lac ops + estrogen-responsive vitellogenin A2 enhancer-thymidine kinase promoter-ECFP-PTS, 19=a,27=b,35=c, 15615 bp, Amp, 5/31/01


The estrogen-responsive vitellogenin A2 enhancer from -331 to -87 plus the thymidine kinase promoter was excised from a derivative of pEMBL 8+ from Derek Radisky in Mina Bissell's lab. Ends were filled with Klenow and ligated into the PmeI site of pSP13.  Correct orientation was confirmed. In STBL2 cells. Sequence confirmed bp 850-1350 (across entire insert and both junctions).

pSP29, pSP+pur + 256 lac ops + 2DM66-ECFP-PTS, 20, 16121 bp, Amp, 6/6/01


The DM66 promoter which contains Pit-1 and ER binding sites was excised from pGL3-DM66 enhancer vector from Michael Mancini with ClaI and XhoI.  Ends were filled with Klenow and 2 tandem copies were ligated into the PmeI site of pSP13.  Correct orientation was confirmed.  In STBL2 cells. Sequenced: perfect from bp 769-1599. (from beginning of CFP back through junction, through first copy of DM66, and well into second copy.)  I can't verify all the bp of the second copy, but the second junction looks good, so there's definitely just two copies, and they are both the correct orientation.



pSP30, pSP+pur + 256 lac ops + DM66-ECFP-PTS, a=11,b=29, 15658 bp, Amp, 7/16/01


The DM66 promoter which contains Pit-1 and ER binding sites was excised from pGL3-DM66 enhancer vector from Michael Mancini with ClaI and XhoI.  Ends were filled with Klenow and the fragment was ligated into the PmeI site of pSP13.  Correct orientation was confirmed.  In STBL2 cells. Sequenced (both clones showed the same results): at bp 821 & 822, the sequence should be GT: the sequencing shows "CC" although underneath there are "GT" peaks present.  The data is therefore inconclusive.  This would affect the SgrAI restriction site, but it does not affect the plasmid's function as a reporter. Also, while it appears from a gel that the lac operators are full-length, some recombination in the parent vector must have occurred, because part of the lac operators are reversed in both clones.  The junction closest to the DM66 promoter is still correct for about 20 bp into the lac operator insert, then it becomes reversed.  So, it appears that the junctions are still OK and the "content" is till OK (since the lac operators are palindromes anyway).

pSP31, pSP + pur + 256 lac ops + E1bTATA-luciferase, clone 31, 17473 bp, Amp, 4/11/02


Removed the E1bTATA box (simple, low basal activity promoter) plus luciferase (with its polyA signal) from NYE107 clone b using BsrBI.  Ligated into pSP13 which had its CFP-PTS reporter gene removed by a PmeI/EcoICRI digest (all ends are blunt).  Checked orientation. Sequencing from the direction of the lac operators revealed that the initial junction, the E1bTATA promoter, and a good portion of the luciferase gene are all correct.





pSP32, pSP + pur + 256 lac ops + SV40 promoter-luciferase-SV40 enhancer, clone 20, 16960 bp, Amp, 4/11/02


Removed the SV40 promoter-luciferase-SV40 enhancer unit (moderate/high basal activity) from pGL3 control (Clontech) using SmaI and Eco47III.  Ligated into pSP13 which had its CFP-PTS reporter gene removed by a PmeI/EcoICRI digest (all ends are blunt).  Checked orientation. Note: When digested with XhoI, this plasmid gives the correct 10 and 6.8 kb bands, but there is also a higher band, bigger than 12 kb.  This band is fainter than the main bands and therefore could not be "real"; therefore it must represent only a portion of the population of plasmids digested.  Streaking for 6 individual colonies from the original clone yielded 6 identical XhoI digests - all with this same upper, fainter band.  My first maxiprep DNA showed a similar faint band, though in this case it was much larger - more like 20 kb or so.  I cannot imagine what the band is; the EcoRI and HindIII digests of the same DNA preps do not show any unusual large bands; therefore, the problem seems specific to XhoI - apparently a fraction of the population is partially resistant to the digest?  But then why does the maxiprep have a different sized band than the minipreps?  (P.S. the first maxiprep culture had its lid pop off in the middle of the night and resulted in a really low yield with definite contamination, though the digests with other enzymes didn't reveal anything unusual.  I threw out this maxiprep DNA and made a fresh batch.) Conclusion: the DNA must be OK, since the other digests don't reveal anything unusual.  There might be something about the XhoI site that makes it only cut at 80% efficiency or so, leaving behind a population of linear product. Note: a further XhoI digest showed the topmost band as very faint.  I don't think it's a problem. Sequencing from the direction of the lac operators revealed that the insert's half of the initial junction, the SV40 promoter, and a good portion of the luciferase gene are all correct.

APPENDIX G TIPS FOR DIRECTIONAL CLONING IN pSP PLASMIDS

1. Clone the promoter of interest into the PmeI site of pSP12 and check the orientation.  This should be a full, functional promoter. If you just have an enhancer, you'll need to clone it into pSP21 or pSP32 which contain TATA core promoters.  Keep in mind that the map and sequence of these plasmids has the reporter running "backwards", that is 3' to 5'.  So make sure the orientation is really correct.  Check that the promoter works in this context with a transient transfection.  Note: the following only works if your promoter lacks NheI, SpeI and AscI sites.

2. Prepare the vector (which contains one copy of the promoter):  

a. Digest ~ 2  with SpeI (in buffer H from Roche) for 2 hours at 37(C. Check an aliquot on a gel to make sure the digest was complete. Note: SpeI is allowed to digest alone, because it may not cut well near the end of DNA.  That is, if AscI cuts first, the SpeI site will be very close to the end of the fragment and may not be cut.

b. Purify DNA on a cleanup column (Qiaquick PCR purification columns work fine). Elute in ~40  10 mM Tris HCl.

c. Digest with AscI (in NEB4 buffer) overnight at 37(C.

d. Heat kill AscI 65(C for 20 min.

e. Reserve 2  phosphorylated vector to ligate as a control.  If it's truly cut by both SpeI and AscI, it should not yield any colonies.  Dephosporylate the remainder with SAP (Roche) ~ 4 hours. Dephosphorylation is theoretically not necessary because the vector should have incompatible ends.  However, there appears to be always some vector that's cut by only one enzyme.

f. Purify DNA on a cleanup column (Qiaquick PCR purification columns work fine), or run on a gel, excise (minimize UV damage!!) and extract with Qiaquick gel extraction column.  Elute in 30 .

3. Prepare the insert (which contains one copy of the promoter):

a. Digest ~ 4 g with NheI and AscI (in NEB4) 2 hours at 37(C.

b. Run on a gel, excise the fragment, and extract with Qiaquick gel extraction column.  Elute in 30  of 10mM Tris-HCl, pH 8 or 8.5.  Do not expose the DNA to UV light!

4. Run 2  of vector and insert on a miniature gel to see how concentrated they are.  

5. Ligate.  As controls, ligate vector alone + ligase , and phosphorylated vector + ligase.

After obtaining a plasmid with two copies of your promoter, repeat the cloning to get 4, 8, 16, 32, and so on.  For large numbers of repeats (roughly 8 or more), use STBL2 cells from Invitrogen grown at 30(C. pSP is a low copy plasmid, so to check colonies for proper insert, you can do a miniprep with 1.5 ml culture, but you will need to use a substantial amount of the DNA for one diagnostic digest (e.g. half the 50  product). To get enough DNA for cloning, miniprep 5 ml of culture over one Qiaquick spin miniprep column. Better yields of DNA can be obtained using the chloramphenicol amplification procedure, but only use this procedure when you have a few repeats; multiple repeats can combine when the copy number is raised by chloramphenicol amplification.

APPENDIX H TIPS FOR STABLE TRANSFECTION

1. Test pSP plasmid in a transient transfection

Transfect the pSP plasmid with transcription factors of interest to make sure that it responds like it's supposed to in terms of reporter expression.  Keep in mind that most plasmids will have much lower expression when stably integrated than when transiently transfected.  Perhaps use flow cytometry to measure the CFP-PTS reporter levels.  Some promoters only exhibit 5 fold induction or so, so don't expect to see dramatic differences when observing CFP-PTS expression by eye on the microscope. Use pSP19 (CFP-PTS reporter) or pSP31 (luciferase reporter) as a positive control: these plasmids should express the reporter in nearly all transfected cells.  Co-transfect a plasmid which allows you to determine which cells are transfected, e.g. YFP-lac rep.

2. Determine transfection conditions 

Optimize transfection conditions for your cell line of choice using a convenient constitutively active reporter (e.g. beta-gal or GFP).  Choose the transfection reagent, the amount of reagent and DNA to use, and the size dish (I use 60 mm dishes for CHO_K1 cells which are among the fastest growing and most easily transfectable - other cell lines would probably require a T-75 or T-150 flask). 

3. Determine puromycin concentration

Test the puromycin sensitivity of the cell line of choice.  Transfect cells with pPUR (contains puromycin selectable marker from Clontech) as a positive control and some random DNA (e.g. pUC19) as a negative control. The next day, add puromycin in varying concentrations (0.5-50 /ml range) to separate aliquots of transfected cells, leaving one aliquot of each transfection without puromycin. It's good to do a negative control transfection especially if your transfection method causes cell death.  You want to choose the concentration where the negative control results in no growing colonies after ~ five days whereas the positive control seems to grow well in colonies.  You don't want to overdo the selection reagent because it slows the growth of even resistant cells.  Puromycin (Sigma cat # P-8833) is dissolved in H20 to 7.5 mg/ml (or whatever is convenient given the final concentration you want to use). Store aliquots at -20(C

The following worked for CHO_K1 cells:

Day one: Transfect cells in 60 mm dishes using 2  DNA, 40  FuGene6 (Roche), and 300  serum free medium  (Scale up for larger flasks).

Day two: Start selection: change medium and add puromycin (7.5 /ml).

Day three: Split cells and transfer to larger flask if necessary. I think passaging a day after selection begins helps to quickly get rid of non-expressing cells, because dying cells do not reattach.

Day four: Change medium.

Day five: Change medium; colonies should be apparent. If you are subcloning, this is when you would dilute the cells and obtain single colonies.

4. Prepare pSP DNA for transfection

A. Make DNA

Preparing DNA of pSP plasmids is not an easy task because the 256 lac operators are unstable.  For this reason, the plasmid is low-copy (to minimize recombination) and is maintained in STBL2 cells (Gibco/Life tech), which exhibit repeat-stabilizing properties when grown at 30(C or less. To grow a culture for DNA preparation, streak from a frozen glycerol stock or a stab culture onto a LB-Amp plate and grow overnight at 30(C.  The next day (noon or so), pick 10-20 colonies into 2-3 ml liquid LB-Amp cultures and grow at 30(C overnight.  The next day, miniprep 1.5 ml of culture, digest 40 of the 50 g DNA in a 50 l restriction digest that should cut on either side of the lac operator repeats, and run the digests on a gel (with fairly large wells to hold the large volume).  Choose the cultures that have full length repeats and use the leftover culture not used in the miniprep to inoculate a large culture.  Grow at 30(C overnight.  I usually choose two different positive clones and do one 60 ml culture for BioRad midiprep for each.  I elute using 400  very hot 10 mM Tris-HCl, pH 8.5 (I heat the buffer in the microwave until it's almost boiling).  Each midiprep usually yields 100-300  of DNA, using the instructions for a low-copy plasmid.  Do not use larger culture volumes than suggested or you will be sorry. 

B. Remove poison sequences
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If you decide to eliminate the poison sequences, digest the pSP plasmid with sites on either side of the DNA of interest (e.g. BglII & FseI, or an XmnI digest, as long as the enzyme does not cut within your promoter of interest).  You'll need a lot for transfection (probably at least 1  per transfection). Run the DNA on a low percent (0.75%) SeaPlaque GTG gel, which should be poured and allowed to set at 4(C because it will be very flimsy.  The gel can be run at room temp.  Make sure that you use fresh agarose & TAE and that the gel box is clean, because contaminants can get into your sample.  Do not expose the DNA to UV light!!  Cut out the large band containing the pSP fragment of interest as follows:

Once the band has been excised, you have two options: 

(A) melt the agarose at 65(C for 10 minutes and transfect the unpurified DNA (no need to check the concentration if you know how much you put on the gel to begin with, and if you cut the majority of the band), or 

(B) Use the QiaexII gel extraction kit. Use very hot elution buffer to elute the large DNA fragment.  Do not vortex the pellet - gently flick to avoid shearing.  Elute twice.  Use 30 l of reagent.  Expect yields of 5-20% from the column - therefore, you must run a lot of DNA on the gel.  If you use this method, check the concentration of your DNA fragment prior to transfection.

Option A is much easier, and I recommend it.  I know it sounds unlikely, but it works - I think it is helpful to avoid the gel extraction because the yield of DNA is so poor.  I found that you can use a slice of the gel directly in the transfection as long as it is not exposed to ethidium bromide or UV – that is, cut off the majority of the lane(s) containing samples prior to staining, then stain the ladder + partial sample lane and cut the notches, then cut out your band by lining it up as described above, then (if you want) stain the remainder of the sample lane(s) to make sure you cut out the DNA.  Try to cut out the bands in a minimal amount of agarose (overload the lanes with as much DNA as possible). Melt the agarose slice at 65(C as long as it takes to melt prior to adding it to your transfection mix. 

I obtained similar size arrays with both protocols - the main difference is that with option A you don't have to digest nearly as much DNA (since you don't lose 90% on a column), and you avoid the irritating tube flicking of the QiaexII protocol.  There is, however, a concern of contamination, since at least with the QiaexII protocol there is an ethanol wash.  This did not seem to present a problem in my experience, as long as there are antibiotics in the TC medium.

5. Transfect cells with the pSP fragment to make a stable cell line 

Use the conditions determined in step 2 & 3.  Include a positive and negative control transfection as well. 

6. Screen clones for properties of interest

Cells can be analyzed as a mixed population of cells (which may rapidly change in properties over time since some clones grow faster than others), or they can be subcloned to get a pure population.  After colonies begin to grow, passage the cells and serial dilute, flow sort, or plate for filter paper cloning in order to get individual cells in a 96 well plate (check a cell culture reference book for more details).  Normally I will plate only two 96 well plates, which should give me roughly 100 clones to look at total, since with sorting only about half of the clones survive.  It's a good idea to freeze an aliquot of the mixed population of cells as a backup as soon as there are enough cells.  Also, use filtered, conditioned medium whenever you dilute cells substantially (that is, medium that has been used for ~ a day with a flask of regular cells; this "partly used" medium is more gentle on cells when they are plated sparsely for subcloning).  If flow sorting, passage the cells at the flow lab immediately before sorting so that they do not clump.  Try to maintain sterile conditions as much as possible - wrap plates in parafilm when transporting, and place inside a styrofoam box with a 37(C ice pack.  

If you are hoping for the reporter to be active under normal conditions, select individual CFP-expressing cells using flow sorting into 96 well glass-bottom plates.  Observe the cells live briefly and grow up the ones that express appropriate amounts of reporter.  As a secondary screen, transiently transfect an aliquot of cells with YFP-lac repressor to screen for appropriate size arrays.

If you want clones where the reporter is inactive under the conditions you are growing the cells, serial dilute, filter paper clone, or flow sort (not based on fluorescence) into 96 well plates.  When cells are ~50% confluent, passage using a multichannel pipettor as follows:

Remove medium and add 20 l trypsin to a row.  If you use less trypsin, the wells will dry out in the center.  Repeat for all rows of the plate at once.  Incubate at 37(C until cells are rounded in the first row.  Tap gently against the table to dislodge cells.  Check by microscopy whether cells are detached.  When a row is sufficiently detached, add 90 l  medium, pipet up and down four times fast to resuspend cells, and transfer 90 l  of cells to a glass bottom plate.  Add 90 l  fresh medium to the remaining cells in the plastic plate.

The plastic plate should thereby get 10-20% of the cells and will contain the untouched cells to be propagated if they turn out to be good clones.  Change the medium occasionally on these (~1-2x/week). The other plate should get 80-90%  of the cells and will be used for analysis.  As soon as the wells become ~50% confluent (of course, different clones grow at different rates, so it's an average), transiently transfect with GFP-lac rep-VP16 or your transcription factor of interest.  Change the medium one day after transfection, then fix the plate 2-3 days after transfection (or observe live).  Even if your plasmid contains a promoter, you may want to initially screen using GFP-lac rep-VP16 if it is much stronger than your promoter.

For example, if I want to make a cell line with an estrogen-responsive promoter linked to CFP-PTS with lac operators nearby, I would do the following:

1. Throw out colonies with low or no CFP-PTS reporter expression in the GFP-lac rep-VP16 transfected cells.

2. Throw out colonies with high CFP-PTS expression in untransfected cells (without CFP-ER, the expression should be low, although this will depend on the basal activity of each promoter.)  Note that expression with the VP16 transcription factor is highest when there are minimal levels of VP16 present, probably due to some squelching mechanism.  Therefore, the highest expression tends to be from cells that appear to be untransfected, although they are actually transfected. So the colonies thrown out here are those with high expression in all the untransfected cells - which has not yet happened in my experience.

3. Throw out colonies without detectable YFP-lac rep labeled chromatin arrays.  Ideally for my experiments I want fairly large inserts so that I can see chromatin changes.  I also save a few with tiny inserts for electron microscopy studies.  The smaller the insert, the more physiological the gene construct is, but the more difficult it is to see changes by fluorescence microscopy.

Of those that are good, amplify the cell line from the 96 well plastic archive plate into a 6 well plate, then freeze down clones in liquid nitrogen and use some of the cells to do the real tests: look for size differences, structural differences, expression of CFP-PTS reporter when transfected with:


YFP-lac rep alone


YFP-lac rep + CFP-ER


YFP-lac rep + CFP-ER + estradiol
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