Spectroscopic Speciation of Sulfur in Living Mammalian Cells

A) Description of Experiment

Summary


The overall goal of the research proposed here is to develop techniques for sulfur X-ray absorption spectroscopy as a quantitative probe of sulfur metabolic status in living mammalian cells. Our previous work has focused first on prokaryotes, then on simple eukaryotes (plants). We now propose to extend our work to cultures of living mammalian cells.

Introduction


Biochemistry revolves around the chemistry of carbon, but many other elements play essential roles. Sulfur is a vitally important element, with roles in structure, catalysis and metabolism in all organisms.


Sulfur K-edge X-ray absorption near-edge spectroscopy is increasingly utilized in a variety of fields. For example, it has been successfully used in speciating complex mixtures of sulfur in fossil fuels,
,
 soils,
 organic marine sediments,
 as a probe of sulfur-containing metalloproteins,
 to study the products of copper corrosion by sulfur dioxide
 and the blood biochemistry of ascidians.
 In recent years we
 and others
 have developed the technique towards looking at living tissues. We are making good progress towards the long term objective of this work which is to provide an in vivo probe of sulfur metabolism in living mammalian cells based on a thorough quantitative understanding of the spectroscopy. 
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The ultimate goal of our proposed research is to develop sulfur X-ray absorption spectroscopy as a quantitative probe of sulfur metabolic status. Changes in the overall redox environment of the cell, and in organelles such as mitochondria, are thought to be important in controlling the cellular life-cycle.
 Reduction potential driven thiol-disulfide nano-switches are thought to move cells through different developmental stages, from proliferation, differentiation, apoptosis and finally to necrosis.10 Research in this area is in its infancy, and direct information on the sulfur metabolome of the cell is essential in developing a quantitative understanding of these processes. An example of a field that might benefit from the availability of such techniques is the study of apoptosis, the process by which cells actively commit suicide. Apoptosis is very important in numerous human diseases. For example, induction of apoptosis by HIV infection is thought to be the primary cause of T-cell death in AIDS,
 and an enormous amount of research is focused on developing chemotherapeutic agents to induce apoptosis for treatment of cancer.
 Chemotherapeutic control of apoptosis would have enormous health-related benefits, and a prerequisite for this is an understanding of the initiation and execution of the process. Apoptosis is thought to be initiated by redox changes within cells (and in particular within mitochondria), although direct evidence for this is lacking.
 Such changes should be measurable by the experiments that we propose, and vital information on this important biological mechanism can anticipated.


We propose to use X-ray absorption spectroscopy to study cultures of living mammalian cells, and have chosen the Madin Darby Canine Kidney (MDCK) cell-line. MDCK is an immortalized cell line, which exhibits many of the properties of normal cells. In particular, they exhibit morphology resembling the tissue of their origin (kidney), and undergo contact inhibition of cell division. Thus, they form a monolayer of cells in culture, unlike tumor cells that continue to divide after cell-to-cell contact has been achieved. Cell cultures are typically prepared by inoculating a culture plate with cells that have been released from their previous substrate by treatment with proteolytic enzymes and EDTA. Liberated cells are spherical, and lack the polarity of fully differentiated cell monolayers. When these cells are plated they divide until coming into contact with neighboring cells. Contact inhibition then occurs, cell division stops, they develop their characteristic polarity, and are considered fully differentiated (Figure 1). Thus, MDCK cells can be studied either as fully differentiated mature cells, or at other stages of cellular development.

Preliminary Studies and Experimental Details

Cell Cultures and Controls. In our preliminary experiments we have grown cells on TranswellTM plates in which the cells are supported on a 10 µm thick polycarbonate membrane. The cells are cultured, and then transferred on the membrane to a spectroscopic environment chamber in which contact with culture medium is maintained. The chamber is mounted in air (as opposed to helium) in order to prevent hypoxia, using a modified helium flight path that was specifically designed to allow this. An additional benefit of mounting the sample externally to the He flight path is that it facilitates manipulation and monitoring of the samples. As a precaution against X-ray induced damage of the sample, the spectra are measured using a short exposure to the X-ray beam. The speciation method is dependent on the highly structured near-edge region that is acquired in the first 2 minutes of X-ray exposure, and the entire scan (needed for background fitting) is collected in only 6 minutes. Subsequent scans are carefully monitored for any changes, which sometimes occur after 30 minutes or [image: image4.png]% detection
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more of beam exposure. Additional controls and experiments are described below. MDCK cells are 7­11 µm thick, and the X-ray beam is thus expected to pass through the cell and interrogate its entire contents. In control experiments we added dextran sulfate, which the cells do not accumulate, to the medium behind the cells and observed its characteristic signal (not illustrated).


We will routinely apply the trypan blue method (a well-known standard method) to assay possible cell morbidity caused by exposure to the X-ray beam and other factors. Healthy cells actively export trypan blue diffusing into the cell and are not stained, but cells in various stages of necrosis are stained (e.g. Figure 2). Trypan blue is a sulfonate and these assays will therefore be conducted in parallel with our experiments.

Model Compounds and Data Analysis. Our method of analysis depends upon “fingerprinting” spectra with those of model compounds. We use a non-linear curve-fitting approach, and have established criteria for exclusion and inclusion of different models.8 We have previously shown that species such as disulfides, thiols, thioethers (e.g. cystine, cysteine and methionine), together with more oxidized forms can be quantitatively determined by this fitting method.8 Our library of model compound spectra now extends to more than 500 different species, including spectra recorded under different pH values etc. We will continue to augment our library and collect additional model spectra as the need arises. 
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Sample Depth Profiling. The attenuation of the X-ray beam by the sample can be very significant at the sulfur K-edge. This has previously given rise to artifacts in the work of others and consequential mis-interpretation of spectra [e.g. see literature cited in 8]. We propose to investigate the possibility of exploiting this potential artifact to obtain information about the relative depth profiles of particular components within a structured sample such as a cell monolayer. If the angle of incidence is changed from normal (θ=0°) to glancing (θ=75°) (Figure 3), the signal from those sulfur components occurring close to the surface will be enhanced relative to those which are either deeper or uniformly distributed within the sample. Figure 3 shows the calculated sensitivity profile for different angles of incidence of the X-ray beam to the sample. For example, an object at a depth of 5 µm will be only 40% detected at glancing incidence, compared with about 60% at normal incidence. Hence, by rotating the sample to two or more angles of incidence, relative depth profile information should be obtained. It is perhaps fortuitous that the MDCK cell dimensions (7-11 µm high) span the most sensitive attenuating range. The use of this method might allow us to determine (for example) whether a particular sulfur form is associated with the apical membrane. 
Proposed Experiments

1. Sulfur Biochemistry as a Function of Cellular Developmental Status


The cellular life-cycle can be divided into different stages – proliferation, differentiation, apoptosis and finally necrosis. The redox environment within the cell, and in organelles such as mitochondria, is thought to be central in regulating the transition between these stages.10 The mechanisms of control of apoptosis, the process by which a cell actively commits suicide, are of particular interest. Failure to properly regulate apoptosis can have catastrophic consequences. A very large number of human diseases, such as Cancer, AIDS, Alzheimer's disease, Parkinson's disease, Huntingdon's disease, Lou Gehrig's disease (ALS), heart attack, and stroke are all thought to have ties to deregulation of apoptosis. Knowledge of the molecular mechanisms of apoptosis will have profound impact. For example, patients infected with HIV experience immunodeficiency, susceptibility to opportunistic infections and malignancies, and finally death, arising from a progressive decline in CD4-T-cell numbers, which appears to be due to an HIV-induced increase in apoptosis in these cells.11 In this case a treatment that would prevent apoptosis would have profound health benefits. On the other hand, cancer cells are reluctant to undergo apoptosis and new chemotherapeutic treatments of cancers act by inducing apoptosis.
 Thus, there are very strong health-related motives for developing an increased understanding of apoptosis.

	[image: image6.png]Mg




[image: image1.png]Normalized Absorbance

2465

2470

2475 2480
Energy (eV)

2485

2490




	Figure 4. Changes in the sulfur spectrum of MDCK cell cultures as a function of development. (a, upper) fully and (b, lower) incompletely differentiated cells. In both cases the growth medium was replaced with Krebs Ringer Phosphate Glucose (KRPG) medium. The points are experimental data while the line shows fits (table). In all cases e.s.d. values are less than 1%.
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We have performed preliminary experiments upon changes in sulfur biochemistry of MDCK cells during proliferation and differentiation. Figure 4 shows the sulfur near-edge spectra of proliferating and differentiated MDCK cells, corresponding to stages B and C in figure 1. Note that the fits to both are excellent, and the estimated standard deviations of the individual contributions are in all cases less than 1%. The spectra are strikingly different with major changes being in the sulfonate and the relative abundance of thiols. A very likely candidate for the sulfonate is taurine, aminoethane-β-sulfonic acid (H3N+CH2CH2SO3-), which is the most abundant free amino acid in mammalian cells.
,
 These differences in sulfonate are unexpected and at present the cause remains a mystery. The decrease in thiol-disulfide ratio upon differentiation provides the first direct confirmation of the hypothesis that cellular environment becomes increasingly oxidized during the progression from proliferation to differentiation.10 This trend is expected to continue into apoptosis and necrosis.10 


We propose to investigate the changes in sulfur biochemistry as a function of cellular developmental status, through apoptosis and into death. Cultures will be measured at various stages of development starting with the inoculum, and all samples will be examined by optical microscopy. By varying the size of the inoculum we can control the time required to approach full differentiation. The effects of inhibitors of cell growth and division will be tested; obvious candidates for these experiments are vinblastine, vincristine and colchicine which arrest mitosis in metaphase by disrupting formation of the mitotic spindle. Fluorouracil and related compounds, which prevent cell division by inhibition of DNA synthesis, will also be tested. In addition to exploring the unexpected changes in sulfonate, these experiments should provide information about the changes in cellular redox environment as a function of developmental status. Are these changes gradual, or do they occur suddenly at a particular stage? This has important implications in understanding the control of the cellular life-cycle.10 


These studies will include apoptosis, which can be artificially triggered by a variety of means. Removal of serum from the growth medium provides a simple but effective method, causing oxidative stress that in turn triggers apoptosis.
 Direct application of oxidative stress, e.g. by adding H2O2 to the growth medium, is also effective.
 Addition of cell permeant second messenger molecules, such as short-chain ceramide analogs will also trigger the onset of apoptosis in cultures of cells.
 Ceramide is a membrane sphingolipid that has recently emerged as an important second messenger involved in induction of apoptosis. The commercially available short-chain C6-ceramide provides a convenient experimental means by which apoptosis can be induced. 


The mechanism by which oxidative stress triggers apoptosis is still largely unknown, and is the subject of considerable research. There is a growing body of evidence that cellular redox status plays a critical role in the early onset and regulation of apoptosis.18 Sulfur metabolites, and in particular glutathione, are thought to play key roles in apoptosis regulatory mechanisms.18,
 For example, it has recently been reported that addition of exogenous reduced glutathione to cultures of lung epithelial cells prevents ceramide-mediated induced apoptosis.20 Apoptosis can be arbitrarily divided into three stages ­ initiation, decision and degradation.13 During the initiation stage apoptopic messenger compounds accumulate, until at sufficient levels to lead to the decision stage, in which the permeability of mitochondrial membranes is increased. Release of cytochrome c (and possibly other proteins) from the mitochondrial intermembrane space into the cytosol triggers activation of catabolic hydrolases (caspases and nucleases), resulting in the last stage of cellular degradation.13

An important question that we propose to address is whether the onset and development of apoptosis involves changes in cellular thiol and disulfide levels. We plan to apply sulfur K-edge X-ray absorption spectroscopy to the study of apoptosis in cultures of MDCK cells. The cultures will be simultaneously monitored by microscopic examination, and (in parallel experiments) morbidity will by monitored by trypan blue uptake (see above). We have conducted preliminary experiments in which C6-ceramide was added to fully differentiated cultures of MDCK cells. Microscopic examination of cells treated with 5 µm C6-ceramide for 18 hours showed abnormalities consistent with the onset of apoptosis, 25 µm for 18 hours induced apoptosis in most cells, and 100 µm for 18 hours induced apoptosis in all cells. We will attempt to correlate the sulfur near-edge spectra with the various stages of apoptosis ­ initiation, decision and degradation. Following spectroscopic measurements the extent of apoptosis will be quantitatively estimated by monitoring DNA fragmentation using flow cytometry and propidium iodide binding. The relative thiol and disulfide levels of the cells, estimated using our fitting methods, will be used as an indicator of the redox status of the cell culture. It has been hypothesized that apoptosis involves progressively oxidizing cellular environments, and our experiments should provide the first direct evidence concerning changes in the redox status of the cell. We will also attempt to prevent the apoptopic effects of C6-ceramide by addition of reduced glutathione,20 and investigate whether glutathione addition can reverse apoptosis at its various stages. Note that the protective effect of glutathione appears to be quite specific, as other thiols such as dithiothreitol are ineffective.20 Our experiments should provide valuable insights into the role of sulfur in apoptosis, and in particular whether the postulated changes in thiol and disulfide do in fact occur.

2. Mechanically Induced Changes in Incompletely Differentiated Cells


The importance of cellular responses to mechanical stimulation is becoming increasingly appreciated. Ciliated epithelia cells respond by increasing ciliary beat (which functions in lung epithelia, for example, to assist in removal of inhaled particulates). Mechanical stimulation initiates Ca2+ waves within cells,
 which can spread across adjacent cells, and this in turn increases ciliary beat,21 although the exact mechanism remains unclear.


In our preliminary experiments we found that mild mechanical stimulation of incompletely differentiated cells caused profound changes in the sulfur near-edge spectra. Figure 5 compares the spectra before and after mild mechanical stimulation by pipetting a few drops of medium over the cells. The spectra of the mechanically stimulated cells were similar in sulfonate content to those of fully differentiated cells, suggesting a relationship with the mechanism of contact inhibition. However, the changes in thiol-disulfide ratio are the opposite to those observed upon differentiation. The most pronounced change is the decrease in methionine levels, which may be metabolically related to the increase in sulfonate, although the origin of all observed changes is unknown. These changes occur very rapidly, and are complete within approximately 5 minutes, which was the time required to mount the sample and initiate measurements (this is limited by the safety interlocks on the experimental enclosure). 
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	Figure 5. The sulfur spectra of incompletely differentiated MDCK cell cultures (a, upper) before and (b, lower) after mechanical stimulation. In both cases the growth medium was replaced with KRPG medium. The points are experimental data while the line shows fits (table). In all cases e.s.d. values are less than 1%.
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We plan to extend our experiments to mature, fully differentiated cells and to modify our experimental apparatus so that we can remotely perform the mechanical stimulation of the sample (using a gentle jet of medium) when it is mounted in the X-ray beam. This will allow us to measure spectra within approximately one minute of stimulation. Should it prove necessary, information about changes at even shorter times will be obtained by monitoring changes with time at a particular fixed monochromator energy (e.g. on top of the sulfonate peak). The effects of inhibitors such as respiratory uncouplers upon this phenomenon will be investigated. Our preliminary results are the first indication of a significant involvement of sulfur in the response to mechanical stimulation, and exploration of this may reveal fundamental aspects of the control mechanism. The sensitivity to mechanical stimulation illustrates the advantages of an in situ probe, as it seems very unlikely that any other method would be able to detect these effects. 

Context


The foundations for this work are our studies of sulfur bacteria and plant tissues, our analysis methods, and our extensive library of model compound spectra.  We have already developed the techniques and equipment for handling the cell cultures and recording their XAS spectra. We have also established the use of sulfur K-edge X-ray absorption near-edge spectroscopy to quantitatively speciate the sulfur in living systems. Now we plan to use these tools to study sulfur biochemistry as a function of cellular developmental status including apoptosis and during mechanical stimulation. Our experiments should provide valuable insights into the role of sulfur in these processes, and particularly in the case of apoptosis, could have important health-related ramifications. 
Estimate of amount of beamtime required


These experiments require extensive setup and preparation for each individual run. Sample preparation cannot be done in advance of the beamtime because these are living cells, and we propose to study them while alive. Thus, although one scan only takes six minutes, necessary preparation of media, the environment chamber etc. at the beamline adds considerably to this time. We estimate that we will need 15-20 shifts per cycle, assuming 3 cycles per year (30 shifts per six month block).

B) Previous Experience with the Technique and the Facility


Graham George and Ingrid Pickering are both staff members at SSRL with responsibility for X-ray absorption spectroscopy, and as such have extensive experience with XAS and SSRL. Roger Prince is also a long-time user of SSRL.

C) Detailed Safety Concerns

No hazardous substances, equipment, or procedure will be brought to SSRL as part of this proposed experiment.

D) Equipment Development Schedule – Not applicable.
E) Resources

This research is covered by NIH GM57375 (currently active, competing continuation application under review). Microscopes and other laboratory equipment needed for this research are currently available at SSRL. Extensive cell culture resources and experience are available at Stanford University Medical Center.

Figure 1. Schematic of cell polarity development in cell culture. The non-polar initial inoculum cells (A) adhere to the extra cellular matrix or ECM (i.e. the polycarbonate of the culture vessel) (B), and full differentiation (C) is only achieved after both cell-cell contact and cell ECM adhesion occurs. Under certain conditions cell-cell contact can form in un-adhered cells (D). 





b





b





a





Figure 2. Trypan blue assay for cell health. Incompletely differentiated MDCK cells treated with 25μM C6-ceramide for 24 hours to induce apoptosis. Living cells (e.g. a) are visible only under phase-contrast (left) whereas apoptopic cells (e.g. b) are stained blue and are additionally visible under bright field (right).
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Figure 3. Calculated sensitivity versus depth for different angles of incidence of the X-ray beam to the sample, assumed to have the X-ray cross-section of water, and assuming a fixed angle for the detector (d) to the sample (s) of 45°. θ is the angle between the sample normal (n) and the X-ray beam.
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