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Abstract

The article shows how to implement the LD index assay, which is a sensitive microplate assay to determine the accumulation of triacylglycerols
(TAGs) in lipid droplets (LDs). LD index is obtained without lipid extraction. It allows measuring the LDs content in high-throughput experiments
under different conditions such as growth in rich or nitrogen depleted media. Albeit the method was described for the first time to study the
lipid droplet metabolism in Saccharomyces cerevisiae, it was successfully applied to the basidiomycete Ustilago maydis. Interestingly, and
because LDs are organelles phylogenetically conserved in eukaryotic cells, the method can be applied to a large variety of cells, from yeast to
mammalian cells. The LD index is based on the liquid fluorescence recovery assay (LFR) of the BODIPY 493/503 under quenching conditions,
by the addition of cells fixed with formaldehyde. Potassium iodine is used as a fluorescence quencher. The ratio between the fluorescence and
the optical density slopes is named LD index. Slopes are calculated from the straight lines obtained when BODIPY fluorescence and optical
density at 600 nm (OD600) are plotted against sample addition. Optimal data quality is reflected by correlation coefficients equal or above 0.9 (r
≥ 0.9). Multiple samples can be read simultaneously as it can be implemented in a microplate. Since BODIPY 493/503 is a lipophilic fluorescent
dye that partitions into the lipid droplets, it can be used in many types of cells that accumulate LDs.

Video Link

The video component of this article can be found at https://www.jove.com/video/57279/

Introduction

Lipid droplets (LDs) are ubiquitous intracellular fat bodies composed of a core of neutral lipids, mainly TAGs and sterol esters (SE). The core
is surrounded by a monolayer of phospholipids that interacts with proteins like perilipin and enzymes involved in the synthesis of neutral lipids,
such as the diacylglycerol acyl-transferase, acetyl-CoA carboxylase and acyl-CoA synthase1. Due to its dynamic behavior, the phospholipid
monolayer also contains triacylglycerol lipases that hydrolyze TAGs and SE2. Depending on the cell type and organism, stored neutral lipids
can be used to generate energy, or synthesize phospholipids and signaling molecules. In yeast and other fungi, the content of LDs changes
in response to variations in the nitrogen/carbon ratio in the culture media, indicating that decreased nitrogen availability might be the key to
increase neutral lipid production3,4,5. The production of high amounts of TAGs in yeast has a potential use in biotechnology as source of biofuels
and in the food industry. Some stored lipids contain high proportions of polyunsaturated fatty acids, like omega 3 and omega 6, with nutritional
and dietary importance 6,7,8,9,10,11. LDs of mammalian cells, including human cells, also contain TAGs and cholesterol esters. The phospholipid
monolayer interacts with the mammalian homologous of the proteins described in the yeast LDs, and with an additional protein, perilipin, which
is absent in S. cerevisiae12. One proposed role for the phospholipid monolayer and its associated proteins is to stabilize the LDs structure and
to allow the interaction of LDs with organelles as mitochondria, endoplasmic reticulum, peroxisomes, and vacuoles, mainly for lipid exchange
13,14. Interestingly, in humans, LDs appear to be involved in pathologies like type 2 diabetes, atherosclerosis, steatohepatitis, and coronary heart
disease, in which there is an increase in their number 15,16,17. Some types of viruses use LDs as platforms to assemble the virions 2,18,19.

Due to the implications of the LDs in human pathologies and their potential biotechnological use, the exact experimental determination of LDs
formation is an important task. This article describes a reliable assay based on the recovery of the fluorescence (LFR) of BODIPY 493/503 (4, 4-
difluoro-1, 3, 5, 7, 8-pentamethyl-4-bora-3a, 4a-diaza-s-indacene), to get a relative value of the content of neutral lipids in cells. With this assay,
it is possible to follow the dynamics of the accumulation of neutral lipids in fungi like U. maydis and S. cerevisiae, and also in mammalian cells,
without the need of lipid extraction 20. The method was applied for the first time in S. cerevisiae to identify the protein phosphatases and kinases
involved in the regulation of lipid metabolism. This was possible without lipid extraction or protein purification21,22. LFR also has been used to
establish the dynamics of LDs formation in peritoneal macrophages23. The use of BODIPY 493/503 has some advantages over other neutral
lipid dyes as Nile Red. BODIPY 493/503 is highly specific for neutral lipids and has a narrow emission spectrum, facilitating the simultaneous
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detection of signals from dyes like red fluorescent protein or Mito-tracker, when the samples are analyzed by confocal microscopy. Unfortunately,
BODIPY 493/503 is sensitive to photobleaching, but this process can be avoided by using an antiquenching reagent during exposure to light24.

To carry out the LFR assay in yeast cells, they are cultured under the desired nutritional conditions, and aliquots are withdrawn at different times.
Next, cells are fixed with formaldehyde, which preserves the integrity of LDs for months when cells are stored at 4 °C. Other fixation techniques
should be avoided, especially those using methanol or cold acetone, since they lead to the degradation of LDs within the cells24. To measure the
LD index, formaldehyde-fixed cells are suspended in water to obtain a defined concentration. Then, they are added to a solution containing the
fluorophore BODIPY 493/503 quenched by KI, and when the fluorophore enters the cell and associates with the LDs, there is a recovery of its
fluorescence. Concomitant to the fluorescence measurement (485 nm/510 nm), the concentration of cells is quantified by measuring the optical
density at 600 nm. Each sample is read four times by adding subsequent 5 µL aliquots of a formaldehyde-fixed cell suspension to the same well.
Blanks of fluorescence and absorbance are acquired before the addition of cells. The quality of the fluorescence and the absorbance data are
evaluated by determining the linearity of the measurements: if r <0.9, data are discarded. The r value is important because basically the intensity
of fluorescence should produce a linear response to increasing cell concentrations. If the cell concentration is too high, the linearity is lost. The
LFR assay provides a fast, simple and economic method to select the desired LD phenotype in high-throughput experiments. After selecting the
desired conditions, the LD content of individual cells can be studied by confocal microscopy, using the same formaldehyde-fixed cells stained
with BODIPY, providing an image of the LDs in the cell. Their TAGs and SE content can now be further analyzed by thin layer chromatography.

Protocol

1. Preparation of Buffers and Solutions

1. To prepare 1 L of phosphate buffered saline (PBS, pH 7), dissolve 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, 0.24 g of KH2PO4 in 800 mL
of distillated water. Adjust the pH to 7.0 with HCl, and then add water for a final volume of 1 L. PBS can be made as a 10x stock solution and
stored at room temperature.

2. To prepare 10 mL of fixing solution, add 1 mL of 37% formaldehyde to 9 mL of PBS to reach a final concentration of 3.7%. Prepare this
solution just before use.
 

Caution: Use gloves to handle the formaldehyde solution.
3. To prepare the quenching-solution (500 mM), dissolve 8.3 g of KI in 100 mL of distilled water. Prepare this solution before use and store it at

room temperature.
4. To prepare BODIPY 10 mM stock solution, dissolve 10 mg of BODIPY 493/503 in 3.8 mL of dimethyl sulfoxide (DMSO). Keep 100 µL aliquots

in the dark at -70 °C.
5. To prepare BODIPY 5 µM-quenching solution, add 1 µL of 10 mM BODIPY 493/503 to 2 mL of 500 mM quenching solution. For the LFR

assay, a final concentration of 5 µM of BODIPY is required.
6. To prepare the mineral solution, add 0.06 g of H3BO3, 0.14 g of MnCl2-4H2O, 0.4 g of ZnCl2, 0.04 g of Na2MoO4-2H2O, 0.1 g of FeCl3-6H2O

and 0.4 g of CuSO4-5H2O to 1 L of distilled water.
7. To prepare the salt solution, add 16 g of KH2PO4, 4 g of Na2SO4, 8 g of KCl, 2 g of MgSO4, 1 g of CaCl2, and 8 mL of mineral solution to 1 L

of distilled water.
8. To prepare the minimal medium without a nitrogen source for U. maydis FB2 (a2b2), add 10 g of glucose and 62.5 mL of salt solution to 1 L of

distilled water, according to Holliday, et al.31. Adjust the pH to 7.0 and then dispense 100 mL of the media in 250 mL flasks and sterilize them.
Autoclave for 20 min at 15 psi (1.05 kg/cm2) on liquid cycle or filter sterilize.

9. To prepare the yeast peptone dextrose medium (YPD), add 5 g of yeast extract, 2.5 g of peptone, and 5 g of glucose to 1 L of distilled water.
Dispense 100 mL of the solution in 250 mL flasks and sterilize them. Autoclave for 20 min at 15 psi (1.05 kg/cm2) on liquid cycle or filter
sterilize.

2. Culture Condition and Cell Fixation

NOTE: Preserve the structure of the LDs by fixing the cells as soon as possible. The fixation can be done in microcentrifuge tubes. Fixed cells
can be kept at 4 °C for up to one month if dehydration is avoided leaving a thin layer of water.

1. Grow U. maydis cells under culture conditions relevant for the study. Start the culture with an initial OD600 of 0.05 (1.15 × 106 cells/ mL).
Incubate the cells at 28 °C, 180 rpm for 24 h. An OD600 of 1 corresponds to 2.3 × 107 cells/ mL.

2. At the selected times, withdraw an aliquot of the cells. For U. maydis, withdraw 5 mL every 2 h during the first 8 h. After 8 h of growth,
aliquots of 2 mL are enough.

3. Measure the optical density at 600 nm of each aliquot.
4. Centrifuge the cell suspension at 14,000 x g for 1 min at 4 °C using a tabletop centrifuge. Discard the supernatant.
5. Suspend the pellet of the cells in 1 mL of PBS-formaldehyde 3.7% buffer. Incubate the cells for 15 min at room temperature.
6. After the incubation, centrifuge the cell suspension at 14,000 x g for 1 min at 4 °C. Discard the supernatant.
7. Wash the cells pellet twice with a similar volume of distilled water (1 mL). Centrifuge the cell suspension at 14,000 x g for 1 min at 4 °C.

Discard the supernatant after each washing step.
8. Adjust the cell pellet to 5 OD600 (1.15 x 108 cell/ mL) with distilled water (Equation 1).

 

    Equation 1.
9. Keep the sample at 4 °C until its use.

3. Liquid Fluorescence Recovery Assay (LFR)

1. Turn on the spectrophotometer and open the Skanlt software. Click on NEW SESSION, and choose START and then Varioskan Lux. Select
PROTOCOL from the session tree, enter the settings for the fluorescence wavelengths (excitation 485 nm/emission 510 nm; optical density
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600 nm) and choose automatic photomultiplier gain. For excitation bandwidth, select 12 nm. In the optics, select top (excitation of the sample
is from the top of the well).

2. Enter a gentle and continuous agitation (300 rpm). Select RUN PLATE OUT, and PAUSE UNTIL THE USER ACTION (time used for the
addition of the sample to the wells). Repeat the protocol five times. Click SAVE and write a name for the session on the SESSION NAME
FIELD. The protocol is now ready for the samples analyses.

3. Add 200 µL of the BODIPY 5 µM- quenched solution to each well of a 96 well black-clear bottom plate.
4. Place the plate inside the spectrophotometer chamber and incubate 5 min at 30 °C. From this point, protect the plate from light as much as

possible.
5. Click the START button and read the fluorescence (excitation 485/emission 510) and the OD600 corresponding to the blanks.
6. Add 5 µL of the formaldehyde-fixed cell suspension to the wells during the pause time. Mix the samples carefully with the pipette. Put the

plate inside the spectrophotometer and click CONTINUE. Then, the samples will be processed according to the protocol designed above.
7. Repeat three successive additions of 5 µL of cell suspension. Make sure that the cells do not precipitate. (Figure 1).

4. Calculations of The LD Index

1. For each sample in the microplate, plot a graph of fluorescence and absorbance against the volume of each successive addition (5 points
including the blank). In this study, use Microsoft Excel software for the calculations. To plot the data, enter the volume, fluorescence, and
absorbance data in the first, second and third column of the datasheet, respectively. Then, select the whole data with the cursor, click
INSERT and select (XY) SCATTER.

2. Select the points for each line in the graph and insert the respective TREND LINE with the SHOW EQUATION box selected. Write down the
values of the slopes of the two straight lines, according to equation 2:
 

    Equation 2
 

Where y= fluorescence or optical density, x = volume of sample (0, 5, 10, 15, 20 µL), m = slope of the fluorescence or optical density line, and
b = y-intercept.

3. Divide the slope of the fluorescence line by the slope of the optical density line to get the LD index, equation 3.
 

    Equation 3
 

The LD index corresponds to the quotient of fluorescence and optical density slopes.

5. Data Quality Analysis

1. Calculate the correlation coefficient of each straight line: click on the FUNCTION WIZARD (fx) and choose CORREL. If r <0.9, discard the
data and repeat the readings. If r ≥ 0.9, readings are reliable.

Representative Results

LFR, with BODIPY 493/503 as the fluorescent probe is a reliable and easy method to study the dynamic accumulation of LDs in U. maydis,
regardless the growth conditions. When cells were cultured in YPD-medium, there was an increase in the LD index during the exponential phase,
followed by a decline in the stationary phase (Figure 2A). In contrast, in cells grown under nitrogen starvation, there was a steady increase in
LD index in both the exponential and stationary phases (Figure 2B). Because both cultures were started with the same optical density (similar
number of cells), the results show the high capacity of the LFR assay to detect small changes in the lipid content (Figure 2). The sensitivity
of the method was corroborated by confocal microscopy: YPD-cells contain many small LDs throughout the whole cell, while under nitrogen
starvation there was an important production of large LDs, typically 4-5 LDs per cells, (Figure 2, right panels A and B, respectively). Since the
LD index is not an absolute value of the neutral lipid content, a standard curve relating the LD index with the amount of triacylglycerols should be
constructed. This approach was used to study the dynamics of TAGs synthesis in S. cerevisiae20. Based on each standard curve, the LFR assay
can be used to determinate the rate of lipid accumulation in cells.

The LD index can be followed in the presence of soraphen A, a specific inhibitor of the acetyl-CoA carboxylase, an enzyme that is essential
for the synthesis of fatty acids contained in the TAGs stored in LDs25. The inhibitor was added to the culture medium after 2 h of growth in the
absence of a nitrogen source, a condition in which cells showed the higher rate of lipid accumulation (Figure 2B). In accordance with previous
reports in S. cerevisiae, the addition of soraphen-A resulted in the full inhibition of LD accumulation (Figure 2B, light blue) 20,21.

To further investigate the mobilization of LDs in U. maydis, cells grown under nitrogen starvation for 72 h were transferred to YPD-medium
(Figure 3). LD index decreased following an exponential function. After 24 h, the LD index reached similar values to that observed in cells
cultured in YPD-medium without the stress of nitrogen absence (Figure 2A). Since the cells were able to mobilize the LDs accumulated during
nitrogen starvation, the result suggests a reduction in the TAGs content. A similar response was reported for S. cerevisiae during the study of
phosphatases involved in the regulation of lipid metabolism21.
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Figure 1: Schematic representation of the steps involved in the LFR. The steps of culture conditions are representative for U. maydis yeast
but can be adapted to other microorganism or type of cells. URF, Units of Recovery Fluorescence; bd, bidistilled water. Please click here to view
a larger version of this figure.

 

Figure 2: Dynamics of lipid droplets accumulation in U. maydis. Yeast cells were grown for 24 h in YPD-medium, harvested and suspended
in (A) fresh YPD-medium (Top left panel) or in (B) minimal medium without a nitrogen source (bottom left panel-dark blue). Under nitrogen
starvation, the increase in LD index was inhibited by adding 192 nM soraphen A in the culture media after 2 h of growth (B, light blue). n=3,
data are the mean ± SEM. Right panel: confocal microscopy of LDs in cell harvested at 24 h. (A) Top panel: YPD- cells. (B) Bottom panel: cells
without a nitrogen source. Please click here to view a larger version of this figure.
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Figure 3: LDs mobilization. Yeast cells were grown for 24 h in YPD-medium, harvested and grown in fresh YPD for 24 h (control) or in minimal
medium without a nitrogen source for 72 h, then transferred to fresh-YPD medium and incubated for additional 24 h. Aliquots were withdrawn at
the indicated times for both cultures to measure the mobilization of LDs by LFR. Data was fitted by an exponential decay equation (y = A·e-kt).
Please click here to view a larger version of this figure.

Discussion

LFR is a novel method that was applied for the first time to study the lipid metabolism in S. cerevisiae and later it was successfully implemented
in U. maydis20,21. Although the LD index does not give an absolute value of the TAGs accumulated in cells, it provides a fast idea of the lipid
content of cells, and the interpretation of the data is straightforward when LD index from two or more experimental conditions are compared.
BODIPY 493/503 is highly specific for neutral lipids, the main component of the LDs, and it has a narrow emission spectrum facilitating the
simultaneous detection of other signals coming from dyes like Mito-tracker or CMAC blue when cells are studied by confocal microscopy26. Like
many fluorescent molecules, BODIPY 493/503 is sensitive to photobleaching during fluorescence microscopy experiments, but this process can
be decreased by adding anti photobleaching reagents during the exposure to light27. In summary, BODIPY 493/503 can be used in a wide range
of cells to study the accumulation and mobilization of neutral lipids21,22,23,28,29.

For the method to work properly, some point must be taken into consideration. Since the OD600 is used for the calculation of the LD index,
the morphology of the cells should not have radical changes during the experiment. The preservation of the intracellular components during
the fixation of cells also is a critical step, and this preservation should include the LDs, which are the main objective of this protocol. Fixing
the cells with an appropriate compound is very important for the application of this method to many types of cells without any problem. Here,
we used formaldehyde to fix the structures of the cells; the aldehyde reacts with the amino groups of proteins. It has been reported that other
aldehydes also preserve the structures of a wide range of cells and it seems that there are not significant changes in the protein structure24,26. A
disadvantage of formaldehyde is that it induces small membrane damage and vacuole formation near the mitochondrial and nuclear membranes,
but, these negative effects are common to all aldehyde fixation methods26. Organic solvents like methanol or acetone should be avoided
because they degrade the LDs in the cells. Fixation with organic solvents is based on the dehydration and precipitation of proteins, which can be
considered a negative effect. In addition, the use of organic solvent is associated with non-specific staining.

As any other technique, the LD index assay might have limitations when implemented to other systems. Problems in the diffusion of BODIPY
across the fungal cell wall, the dependence of the fluorescence on fatty acid composition, the type of lipids and the protein content within
intracellular lipid bodies30, preclude the comparison of the amount of TAGs between different species or even with the same cells grown under
different nutritional conditions. Also, large morphological changes such as the transition to mycelium or flocculation of cells are some of the
problems that can be found.

LD index assay is a high-throughput method that requires short times and small amounts of biomass and reactants. The assay is reliable, and
the data obtained are accurate and reproducible. In addition, it provides guidelines for the research on the dynamics of lipid metabolism in
medicine, and it might become a tool in biotechnology for the high-throughput screening of oleaginous organism for the production of biofuels or
feed oils.
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