Colocalization microscopy to study protein complex assembly in live cells
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Short abstract:

We describe a microscopy method to study protein complex assembly in vivo based on tracking the co-localization of complex components at the population and single cell level. The approach is being used to study the cell division complex of the bacterium Bacillus subtilis but should be generally applicable.
Long Abstract
Cellular biochemistry is executed by elaborate protein complexes which have been likened to molecular machines. One important challenge to the understanding of molecular machines is to determine how their components assemble together into a functional complex. Here we describe a microscopy method to study the pathway and dynamics of protein complex assembly in vivo. The method is based on the measurement of co-localization between pairs of components of a protein complex, each tagged with a spectrally distinct fluorescent protein (FP). Tracking of co-localization is done at the population level in static pictures and confirmed by time lapse microscopy, which can provide temporal information about the assembly steps in individual cells.

As an example, we apply this strategy to the study of the divisome, the protein machine responsible for cell division in bacteria 1,2. The first step in divisome assembly is the polymerization of the tubulin-like protein FtsZ into a structure that is visible as a transversal band or “ring” that spans the width of the cell 3. Subsequently, the FtsZ ring will serve as the scaffold for the assembly of the remaining divisome proteins 4. Measuring the frequency of co-localization between FtsZ tagged with mCherry and other divisome components tagged with GFP in both static and time lapse experiments revealed that the divisome is assembled in at least three steps and allowed the determination of the duration of these steps. This simple, yet powerful, approach can be applied to study any protein complex of interest, be it in bacteria or eukaryotic cells. 

Protocol Text:

A) Population measurement of co-localization frequencies
1) Cell culture
We describe the growth of Bacillus subtilis in a rich medium for which its cell cycle has been well characterized 5. Adjust culture conditions (media, temperature, aeration, etc.) to the organism of choice and needs. If a FP fusion is not under its natural promoter, we recommend optimizing induction time and inducer concentration to find conditions that produce enough signal intensity for microscopy while avoiding overexpression of the FP fusion, as this will often perturb cell physiology or lead to localization artifacts. Another important point about culture conditions is to avoid media that exhibit high autofluorescence because this will hamper the ability to detect signal from the FP fusions. 

1.1) Streak cells from a -80oC stock onto a LB-agar plate with proper antibiotics, supplements or inducers (IPTG, xylose), when required. Incubate the plate at 37oC overnight. 

1.2) Take a fresh single colony and inoculate it in 2 mL CH medium 6 (1% casein hydrolysate; 0.47% L-glutamic acid; 0.16% L-asparagine; 0.12% L-alanine; 0.22 mg/mL sodium sulfate; 0.2 mg/mL ammonium nitrate; 25 mg/liter calcium chloride; 50 mg/liter magnesium sulfate; 15 mg/liter manganese (II) sulfate; 20 μg/mL L-tryptophan; 1 μg/mL iron (III) chloride; 1mM monopotassium phosphate; 25 mM ammonium chloride; pH 7.0). Make 10-fold serial dilutions (10-2 to 10-8 dilutions) and leave them in a rotating wheel at room temperature overnight. 

1.3) Select dilution that is still in exponential growth (OD600 no higher than 0.5) in the morning and dilute it to OD600 0.05. Add the inducers at this time. Grow cells at selected temperature until they reach an OD600 0.2-0.4. 
1.4) Re-dilute cells in CH medium with inducers to OD600 0.05 and grow it to OD600 0.3. While the cells are growing, prepare the slides or time lapse chambers that will be used for microscopy (section 2, below).
1.5) Grow cells in a minimal medium to study the same phenomenon at slower growth rates. 

2) Slide preparation
2.1) Live cell microscopy must be performed on cells mounted on a thin layer of agarose-hardened medium. Mounting cells directly on glass will quickly alter protein localization and viability. Use a clean, plain slide. If only frosted slides are available, keep frosted side up.
2.2) Heat CH medium with 1% agarose until agarose is fully dissolved. Calculate 8 mL of medium for 10 slides. Since image acquisition is performed in a very short time, inducers are not necessary.

2.3) On a flat surface, add a thin layer of medium with agarose (600 µL) to each slide and quickly make a sandwich by placing another slide on top. Gently press upper slide with fingers to ensure that the layer of solidified medium between the slides will be even. Be careful not to create air bubbles. Placing the upper slide at a 45o angle before lowering it over the bottom slide reduces trapping of air bubbles.
2.4) Let agarose solidify at room temperature (should take about 20-30 min).

2.5) PBS + 1% agarose slides can be used to avoid medium auto-fluorescence problems. However, switching live cells from culture medium to PBS may perturb protein localization. It is essential to check how cells and protein fusions respond to a change from medium to buffer.
3) Standard Microscopy

The most common pair for dual color imaging experiments is CFP-YFP. Another popular pair is GFP-mCherry and we have used it for most of our analyses. mCherry can be paired also with CFP or YFP. With proper filters, the signal from each FP in these combinations can be captured with no contaminating cross-talk from the other FP. To determine if the microscopy setup can separate the signals from the FPs in a pair, do simple controls imaging each FP fusion separately with the filters for both FPs in the pair. In our hands mCherry is generally less bright and photobleaches faster than the other FPs. This can be an issue for time-lapse experiments. We do not recommend FPs or dyes that have blue emission for time-lapse experiments, as UV excitation damages the cells.

3.1) Open slide sandwich gently so that only a thin layer of agarose remains on top of one of the slides. Before removing top slide, it may be helpful to remove excessive agarose from the sides with a blade. A little damage to the corners of the agarose pad will not be a problem.
3.2) To assure an even surface, cut excessive agarose with a blade, leaving a pad that is slightly bigger than the coverslip.
3.3) Place 2 L of previously grown culture over an 18 x 18 mm coverslip (number 1.5) and carefully invert coverslip onto agarose layer. Place bacterial cells on the slide only at the actual time of the experiment. 

3.4) Analyze sample under a fluorescence microscope. Focus cells with transmitted light (phase-contrast, DIC or brightfield), then switch to fluorescent light only at the time of acquiring a picture. Focusing cells with fluorescence will lead to photobleaching and lower quality images.

3.5) Be quick photographing cells since proteins start to lose their proper localization after some time in a non-ideal environment such as a slide (remember that the cells are alive and that in a slide with a very thin layer of medium the oxygen supply will be limited). For divisome proteins this time is around 15 minutes but the stability of different protein complexes under similar microscopy conditions may vary and must be determined in each case. 

4) Analysis 

Here we describe data analysis using ImageJ software because it is a widely used open source program. Commercial software such as NIS-Elements and Metamorph have equivalent capabilities and can also be used. 

4.1) When working with dynamic cellular structures, one must first define criteria of what will be considered that structure for scoring purposes. In our case, we considered a ring any accumulation of fluorescence over the surrounding background that can be seen as a transversal band that completely spans the width of the cell.   

4.2) Open images on ImageJ and adjust contrast and brightness to optimize visualization of ring structures. Avoid overly processing the images as this can lead to artifacts.
4.3) Use separate grayscale images for each channel for scoring. Do not color the merge as this will often mask the dimmest structures. Full-formed FtsZ rings in all stages are marked in the first channel (red), and then the corresponding cells are inspected for the presence of rings of the divisome protein of interest in the green channel. The co-localization frequency is the fraction of FtsZ rings that also display a ring of the divisome protein of interest. 

4.4) Co-localization experiments should be carried out on three separate days, and at least 100 rings should be counted for each experiment.

B) Time-lapse analysis of co-localization in individual cells
1) Cell culture

Cell culture procedure is the same as for population measurements of co-localization frequencies experiment (A).

2) Time-lapse chamber preparation

Time-lapse experiments require cells to stay alive and replicate for a while on the slides. Therefore cells have to be mounted on thicker pads of agarose-solidified medium. Below we describe a streamlined procedure for time-lapse microscopy. For an alternative and more detailed protocol readers may also want to check a paper recently published in JoVE whose focus is on time-lapse microscopy of B. subtilis cells 7.
2.1) Use an aluminum slide (70 x 24 x 2.5 mm) with a 15 mm diameter hole in the middle (Figure 1). Alternatively, use glass slides with gene frames to create time-lapse chambers 7. 
2.2) With a clean pipette tip, spread atoxic grease (silicone grease or Vaseline) around the hole of the chamber (Figure 1, A).
2.3) Adhere a clean coverslip to the grease (Figure 1, B) and press to allow full adhesion.
2.4) In a microwave, heat medium with 1% agarose (for 5 chambers, 7 mL will suffice). Make sure agarose dissolves completely. Cool it under tap water to about 50oC and add inducers and other labile supplements. Stains can be used in chambers. To use membrane dye FM5-95, stain cells prior to applying to chamber with usual concentration of the dye. On chamber, dilute dye to 10-fold less than the usual concentration in cooled medium.
2.5) Turn the chamber so that the coverslip remains on the bottom, and apply 700 µL of medium to the hole (Figure 1, C).
2.6) Acting quickly to avoid agarose gelation, cover the medium with a slide (Figure 1, D). Apply pressure with fingers to ensure the medium will solidify flatly. Be careful not to create air bubbles.
2.7) Allow agarose to solidify (takes around 25 minutes at room temperature) and then place chamber in selected temperature incubator for 20 minutes. This last step is not required, but eases bacterial adaptation.
2.8) Carefully remove upper slide. With a clean scalpel or razor blade, cut half of solidified medium (it is better to leave a portion of agarose still attached to aluminum, to reduce cell movement during the experiment) to create air supply (Figure 1, E).
2.9) Apply 1 L of previously grown culture to agarose. Allow the drop to dry completely before sealing the chamber. Monitor drying by observing the drop reflection on the surface of the agarose. It is important that the culture dry completely before sealing the chamber to avoid cell movement and other types of drift.
2.10) Adhere upper coverslip as in steps 2.2 and 2.3.
2.11) Incubate sealed chamber at selected temperature for 40 min before imaging. Usually cells are grown at 37oC, at which temperature cells grow faster and fluorescent fusions are bright enough for good images. Nevertheless, some fluorescent proteins have better folding and will be brighter at 30oC, such as mCherry. The lower intensity of mCherry at 37oC should not be an issue in static photos. However, for time-lapse experiments working at 30oC is highly recommended.
3) Time-lapse microscopy
3.1) In time-lapse experiments, a temperature control system is crucial. Remember to pre-heat the microscope incubation chamber for at least 1 h before starting the experiment. An autofocus or focus control system is also highly desirable as even the most stable microscopes will suffer focus drift during long observations. We use Nikon´s Perfect Focus System (PFS).
3.2) Focus sample on brightfield, turn the PFS on and do only minor focus adjustments in fluorescence using the offset control of the PFS system. 
3.3) Move objective to an adjacent field, so that experiment does not start with the already photobleached cells used to focus.
3.4) Use neutral density (ND) filters to cut down excitation light and protect cells from photobleaching and phototoxicity. We usually lower excitation to at least 1/8 of its original intensity. 
3.5) Use low exposure times—in time-lapse experiments with mCherry fusions, 0.4 s is usually enough. Keep intervals between pictures short to have more detailed kinetic data, but refrain from taking too many pictures as cells will suffer from photobleaching and phototoxicity. We have found that we can take pictures at 2.5-3 minute intervals in CH medium and, under these conditions, we are able to acquire around 20 frames of the FtsZ-mCherry fusion before photobleaching becomes an issue. If more frames are needed, consider lowering exposure time and/or further decreasing the excitation light intensity with ND filters.
3.6) If available, an Electron Multiplying CCD camera will allow the use of shorter exposure times and thus reduce photobleaching and photodamage of cells.

3.7) We recommend doing a standard co-localization experiment first. In this experiment, take time to determine the lowest exposure time that produces useful pictures, prior to the actual time-lapse experiment.
3.8) Consider the effects of photobleaching. When testing for ideal settings, especially with proteins fused to mCherry and YFP-Venus, do not expect all frames to look like the first picture. Take at least two pictures of the same field and set exposure and gain (when available) according to the third picture.
4) Analysis 

4.1) Open time-lapse file on ImageJ. Work with merged channels.
4.2) Choose a cell with a complete cycle in your time-lapse interval.
4.3) Using the “Stack” option, transform the stack into individual images. Create a ROI area that selects the whole cell and manually crop (Ctrl+Shift+X) the area of interest in all frames keeping cell centralized. 

4.4) Using the “Stack” option again, make a new stack from cropped images.
4.5) Use “Split Channels” tool and “Make Montage” tool to create a panel with images like Figure 4.
4.6) Visually inspect time-series to determine time delay between Z ring appearance and divisome protein recruitment. Do this for a number of individual cells and express results as a range.
4.7) If large amounts of data are to be analyzed, automated image analysis tools are highly recommended. Two examples of freeware of increasing popularity are MicrobeTracker 8, which is tailored to the specificities of imaging bacteria, and CellProfiler 9, a more general package.

Representative Results

Figure 3 shows representative images of the colocalization between FtsZ and two different divisome proteins. In the case of FtsL (panels A, B, C), most FtsZ rings detected in the red channel (A) exhibit a corresponding FtsL ring in the green channel (B). Counting of ~900 rings over three independent experiments allowed determination of an average frequency of co-localization of 83% between FtsZ and FtsL. In contrast, FtsZ and DivIVA (Panels D, E, F) exhibit a co-localization frequency of only 46%. Based on these measurements, one can conclude that FtsL is incorporated into the divisome earlier than DivIVA. Figure 4 shows a time-lapse experiment that confirms that DivIVA is recruited late to the divisome, taking 12 to 18 minutes to start to accumulate on a preassembled FtsZ ring. Because the divisome lifetime under the growth conditions of the experiment is 25 minutes, the 12 minute delay of DivIVA arrival represents almost half of the life of the complex.  
Tables and Figures:

Figure 1: Making a time lapse chamber. A, B: Adhere a coverslip to one of the sides of a hollow aluminum slide using silicone grease or Vaseline. C, D: Fill chamber with molten medium and flatten it with glass slide. E: Use a razor blade or scalpel to cut part of the agarose pad and create room for air. F: After adding sample to agarose pad and letting it dry, cover with another coverslip and take it to microscope. 
Figure 2: Rationale of co-localization measurements. This simplified cartoon depicts the expected co-localization results of proteins that associate with the divisome at different moments in its assembly. In panels A and B, we have a hypothetical series of steps of divisome assembly. FtsZ is represented by red circles and other divisome proteins are ovals or diamonds. An “early” protein (oval, highlighted green in panel A) will associate with the divisome soon after its initial assembly. Because growing bacterial populations are asynchronous and contain cells in all stages of the division process, taking a snapshot of the cells in panel A will reveal a high frequency of  co-localization between FtsZ and the green oval protein (in this case, the frequency would be 75%: 3 out of 4 FtsZ rings would also contain the green oval protein). Likewise, analysis of a “late” protein (blue diamonds in panel B) will reveal a low frequency of co-localization between FtsZ and the blue diamond protein (in this case, the frequency would be 25%: 1 out of 4 FtsZ rings would also contain the blue diamond protein). Co-localization frequencies can then be used to define a pathway for complex assembly, as shown in C (here, the percentages under the arrows indicate the co-localization frequencies). In some situations divisome assembly can be synchronized in the bacterial population (see for example, 8). In this case, we could follow the incorporation of components in the complex by tracking the increase in their co-localization frequency over time, as depicted in the idealized graph in D.     

Figure 3: Co-localization between FtsZ-mCherry (A) and FtsL-GFP (B), and merge of both channels (C), FtsL and FtsZ co-localize at a rate of 83%. Co-localization between FtsZ-mCherry (D) and DivIVA-GFP (E), and merge of both channels (F), shows that DivIVA is a late cell division protein, with a co-localization rate of 46%. Arrows indicate examples of co-localized (yellow) and non-colocalized (red and green) structures. The frequency of co-localization is calculated as the number of co-localized structures divided by the total number of FtsZ rings (yellow/yellow+red). The green arrows show cases in which the divisome protein remains at the division site after the disappearance of the FtsZ rings. This is particularly clear for DivIVA, a protein known to remain associated with the newly formed septum. However, the green structures are not relevant for the scoring of co-localization.   
Figure 4: Time lapse co-localization experiment. Sequence of images of a strain expressing FtsZ-YFP and DivIVA-CFP acquired at 2.5 minute time intervals. In this sequence, DivIVA arrives at the division complex only at the fifth frame. This represents a delay of 12.5 minutes. 
Discussion
Here we describe a live cell microscopy strategy to study the in vivo assembly of protein complexes. The method employs co-localization frequencies between components to infer steps in complex assembly and time-lapse microscopy to characterize the dynamics of the predicted assembly steps. A similar approach (live cell microscopy of cells mounted on agarose pad slides) has been recently used to characterize the cell division complex of the bacterium Caulobacter crescentus 8. In this work, the order of assembly of individual divisome components was inferred from the kinetics of their localization in synchronized populations. Co-localization between selected pairs of proteins was subsequently used to confirm and refine the assembly pathway. This general strategy can also be used for eukaryotic cells, if adjustments are made to adapt the cultivation and live cell microscopy procedures to the cell type of interest (for example, many animal cells are imaged adhered to glass bottom dishes, instead of being mounted on agarose pads, as usually done for bacteria). In fact, there are several successful examples of the use of co-localization and time lapse microscopy to study the dynamics of eukaryotic protein complexes 9-11.  
Live imaging approaches akin to the one described here represent the perfect complement to genetic and in vitro reconstitution experiments and should find wide application among laboratories interested in teasing out the molecular details of cell biological processes. In the case of bacteria, there are several interesting protein machines whose assembly and dynamics are poorly characterized. One example is the type-three secretion system (TTSS) 12,13. The TTSS of several bacteria are developmentally regulated and only become expressed and assembled upon the presence of a signal 14,15. Thus, to study the assembly of a TTSS one would have to induce TTSS expression with the appropriate signal and follow the kinetics of co-localization of its components like in the graph of Figure 2D.   
The main limitation of the method described here is that it requires previous knowledge of the composition of the protein complex to be studied. However, given the wide availability of protein-protein interaction data (two-hybrid and/or pull down/proteomics) in the literature, this should not be a major issue. When studying a new protein complex whose pathway of assembly is completely unknown, doing pairwise co-localization experiments with several combinations of proteins should allow an initial distinction of early versus late complex components. With this information in hand, a finer study can then be performed with selected protein components.      

A critical aspect of using FP microscopy to follow protein complexes in vivo is to work with functional fusions at physiological expression levels. Overexpression of fusions can perturb the process under study and generate artefactual data 16. Working with physiological FP fusion levels, in turn, means that samples will display a low intensity of fluorescence. This is particularly true in the case of bacterial cells which are smaller and contain fewer molecules of their protein components than eukaryotic cells, and poses a challenge to the execution of time-lapse experiments. Thus, another important requirement for successful live cell microscopy is to thoroughly optimize your fluorescence microscopy setup. Simple measures such as matching filters to fluorophores (for example, specialized filters tend to be better than FITC filters to image GFP) and using high quality slides and coverslips and non-fluorescent immersion oil can significantly improve the signal-to-noise ratio of images.       
Acknowledgments

This work was funded by grant 08/58821-1 from Fundação de Amparo a Pesquisa de São Paulo (FAPESP). T.A.V.R. was a recipient of a M.Sc. fellowship from CAPES and G.L.S.M. was a recipient of a Ph.D. fellowship from CNPq.
Disclosures 

We have nothing to disclose  

References

1.
Goehring, N.W. & Beckwith, J. Diverse paths to midcell: assembly of the bacterial cell division machinery. Curr Biol 15, R514-26 (2005).

2.
Gueiros-Filho, F. Cell division. in Bacillus: Cellular and Molecular Biology (ed. Graumann, P.L.) 85-122 (Caister Academic Press, Norfolk, 2011).

3.
Bi, E.F. & Lutkenhaus, J. FtsZ ring structure associated with division in Escherichia coli. Nature 354, 161-4 (1991).

4.
Adams, D.W. & Errington, J. Bacterial cell division: assembly, maintenance and disassembly of the Z ring. Nat Rev Microbiol 7, 642-53 (2009).

5.
Sharpe, M.E., Hauser, P.M., Sharpe, R.G. & Errington, J. Bacillus subtilis cell cycle as studied by fluorescence microscopy: constancy of cell length at initiation of DNA replication and evidence for active nucleoid partitioning. J Bacteriol 180, 547-55 (1998).

6.
Sterlini, J.M. & Mandelstam, J. Commitment to sporulation in Bacillus subtilis and its relationship to development of actinomycin resistance. Biochem J. 113, 29-37. (1969).

7.
de Jong, I.G., Beilharz, K., Kuipers, O.P. & Veening, J.W. Live Cell Imaging of Bacillus subtilis and Streptococcus pneumoniae using Automated Time-lapse Microscopy. J Vis Exp (2011).

8.
Goley, E.D. et al. Assembly of the Caulobacter cell division machine. Mol Microbiol 80, 1680-98 (2011).

9.
Kaksonen, M., Sun, Y. & Drubin, D.G. A pathway for association of receptors, adaptors, and actin during endocytic internalization. Cell 115, 475-87 (2003).

10.
Wan, X. et al. Protein architecture of the human kinetochore microtubule attachment site. Cell 137, 672-84 (2009).

11.
Dultz, E. & Ellenberg, J. Live imaging of single nuclear pores reveals unique assembly kinetics and mechanism in interphase. J Cell Biol 191, 15-22 (2010).

12.
Galan, J.E. & Wolf-Watz, H. Protein delivery into eukaryotic cells by type III secretion machines. Nature 444, 567-73 (2006).

13.
Izore, T., Job, V. & Dessen, A. Biogenesis, regulation, and targeting of the type III secretion system. Structure 19, 603-12 (2011).

14.
Sperandio, V., Mellies, J.L., Nguyen, W., Shin, S. & Kaper, J.B. Quorum sensing controls expression of the type III secretion gene transcription and protein secretion in enterohemorrhagic and enteropathogenic Escherichia coli. Proc Natl Acad Sci U S A 96, 15196-201 (1999).

15.
Lee, V.T., Mazmanian, S.K. & Schneewind, O. A program of Yersinia enterocolitica type III secretion reactions is activated by specific signals. J Bacteriol 183, 4970-8 (2001).

16.
Doyon, J.B. et al. Rapid and efficient clathrin-mediated endocytosis revealed in genome-edited mammalian cells. Nat Cell Biol 13, 331-7 (2011).

17.
Sliusarenko O. et al. High- throughput, subpixel-precision analysis of bacterial morphogenesis and intracellular spatio-temporal dynamics. Mol. Micro, 80(3): 612:627 (2011). 




	Name of Reagent
	Company
	Catalog Number

	Media and Supplements
	 
	 

	LB Broth, Miller (Luria Bertani)
	Amresco
	J106-2KG

	Ammonium Chloride
	EM Science
	AX-1270-1

	Ammonium Nitrate
	Alfa Aesar
	12363

	Calcium Chloride
	Alfa Aesar
	12316

	Casein Hydolysate
	Merck
	1.022.450.500

	IPTG
	Serva
	26600

	Iron (III) Chloride
	Alfa Aesar
	12497

	L-Alanine
	Sigma-Aldrich
	A7627

	L-Asparagine
	Amresco
	94341-100G

	L-Glutamic Acid
	Amresco
	0421-1KG

	L-Tryptophan
	Amresco
	E800-100G

	Magnesium Sulfate
	Alfa Aesar
	11596

	Manganese (II) Sulfate
	Alfa Aesar
	33341

	Monopotassium Phosphate
	Amresco
	0781-500G

	Sodium Sulfate
	Amresco
	0836-1KG

	Microscopy - Equipments
	 
	 

	Camera
	Andor
	iXon EMCCD

	CFP Filter
	Semrock
	CFP-2432A-000-ZERO

	Chamlide TC Incubator
	LCI
	TC-L-Z003

	Eclipse TI microscope
	Nikon
	 

	GFP filter
	Semrock
	GFP-3035B-000-ZERO

	Lamp
	Nikon
	Intensilight C-HGFI

	mCherry Filter
	Semrock
	mCherry-A-000-ZERO

	Objective
	Nikon
	CFI Plan Apo VC 100X 

	YFP filter
	Semrock
	YFP-2427-000-ZERO

	Microscopy - Reagents and slides
	 
	 

	22X22mm Coverslips
	Knittel
	102222

	26X76mm Glass Slides
	Perfecta
	200

	Agarose (UltraPure)
	Invitrogen
	15510-027


Table 1. Reagents and Equipments
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Figure 1 - Rados et al. 





Figure 2 - Rados et al. 





Figure 3 - Rados et al. 





Figure 4 - Rados et al. 








