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Week Date Topic Notes

9 15th Nov Glycolysis

10 22nd Nov …. and isotopic tracing / pathway flux analysis PSet 5

11 29th Nov Tricarboxylic acid (TCA) cycle

12 6th Dec …. and Warburg effect PSet 6

13 13th Dec Oxidative phosphorylation (Oxphos)

14 20th Dec Methods to monitor cell energy stat PSet 7

Part II: Targeting metabolic regulation
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Glycolytic Signaling Switches in Cancer (the Warburg Effect aka aerobic glycolysis)

Anaerobic vs. Aerobic Metabolism (lactate production vs. TCA cycle)

Electron transport chain (ETC) and Oxidative phosphorylation (Oxphos)
Methods to monitor 

cell energy status
ECAR and OCR



3

The human body on average contains only 250 grams (8.8 oz) of ATP, and 

each day we turn over this amount of ATP in a day, at rest. But if you’re at 

hard work, more amount surely..

ATP – the universal energy carrier in the living cell

Q: show in the figure 
where is matrix vs.
intermembrane space 
(crista space, more 
specifically).

"for their elucidation of the enzymatic mechanism
underlying the synthesis of adenosine triphosphate (ATP)"

matrix

crista space



https://www.youtube.com/watch?v=kXpzp4RDGJI

Link to ATP synthase in action:

Matrix

IM

Crista space (intermembrane space)

Figure 1:

Figure 2:
View from top

Also 1979 and 1988 
Nobel Prizes in 
Chemistry mark the
contributions toward
understanding of ETC 
enzymes and
photosynthesis/cellular
respiration processes.

stator

rotor

?

Q: Where
does this
energy

come from?

Q: How does ATP synthases differ from the majority
of enzymes (in terms of substrate binding/product release)?

Q: Why are 
there more 
H+ on this 
side of IM?

https://www.youtube.com/watch?v=kXpzp4RDGJI
https://www.youtube.com/watch?v=kXpzp4RDGJI


ATP production by ATP synthase dimers at cristae ridges

Q1: what are these Red arrows? 
Q2: what do these 3 “rectangles” represent?

(proton sink created by ATP synthase)

ATP synthase

Question: Electron micrographs show that mitochondria in heart 
muscle have a much higher density cristae than mitochondria in 
skin cells - why do you suppose this should be?

Crista space (intermembrane space)

Q: seeing that ATP is made inside matrix, and since we know inner-membrane
is impermeable to charged entities, how do newly-synthesized ATP molecules
get back out to cytoplasm and elsewhere in the cell? And further, how do ADP
substrate molecules even get inside matrix in the first place?



How does ATP get back out to cytosol? (by ADP/ATP carrier protein)

The ADP/ATP carrier protein is a small membrane protein that carries the ATP produced on the matrix side of the inner membrane to the intermembrane space, 
and the ADP that is needed for ATP synthesis into the matrix. 
Fig. B. x-ray structure of the ADP/ATP carrier shows six transmembrane alpha helices that define a cavity that binds either ADP or ATP. The substrate is replaced by 
a tightly bound inhibitor (colored). When ADP binds from outside the inner membrane, it triggers a conformational change and is released into the matrix. In 
exchange, a molecule of ATP quickly binds to the matrix side of the carrier and is transported to the intermembrane space. From there the ATP diffuses through 
the outer mitochondrial membrane to the cytoplasm, where it powers the energy-requiring processes in the cell.
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phosphotransfers.	 (Hint:	 Hydrolysis	 of	 this	 intermediate	 gives	

largely-similar	 free	energy	 release	 to	 that	 from	ATP	hydrolysis	

and	thioester	hydrolysis).	

(ii)	Draw	out	a	stepwise	arrow-push	mechanism	for	Step	3	and	

also	for	Step	4.	

(iii)	C—C	bond	cleavage	occurs	in	the	last	step	that	yields	AcCoA	

as	one	product.		
--	First,	draw	out	an	arrow-push	mechanism	for	this	step.	(Bonus	

point:	what	is	this	transformation	classically	known	as	in	organic	

chemistry?)	

--	Fatty	acid	oxidation	process	can	repeat	in	the	cycle	until	the	

entire	 long	 chain	 fatty	 acid	 is	 converted	 to	multiple	 2-carbon	

units	(i.e.,	AcCoA).	In	order	to	do	so,	the	other	by-product	“fatty	

acyl-CoA(14C)”	 needs	 to	 become	 substrate	 of	 which	 enzyme	

shown	in	this	pathway?	

(iv)	Except	AcCoA,	what	other	activated	carrier	molecule(s)	does	

this	pathway	produce?	Note:	appreciating	the	chemistry	of	this	

pathway	will	simplify	the	question	on	flux	balance	analysis	(Slide	

19	lecture	7—8)	(which	investigates	the	reverse	process	of	this	

pathway).	

	

Q3.	 Although	mitochondria	 can	 transport	 both	 ATP	 and	 ADP,	

there	 is	a	strong	bias	 in	 favor	of	exchange	of	external	ADP	for	

internal	ATP	in	actively-respiring	mitochondria.	You	hypothesize	

that	 this	bias	 is	due	 to	concentration	gradient	 for	ADP	 import	

and	ATP	export	(due	to	ATP	synthesis	inside	mitochondrion).	To	

test	 this	 hypothesis,	 you	 conduct	 4	 experiments	 (see	 Table)	

using	isolated	mitochondria,	to	measure	the	initial	rates	of	entry	

of	ATP	and	ADP.	[Note:	substrate	addition	makes	mitochondria	begin	to	respire.	Recall	lecture	discussions/questions	

for	the	effect	of	DNP	(dinitrophenol)	which	 is	an	uncoupler	reagent	as	 it	collapses	the	pH	gradient,	and	oligomycin,	

which	is	an	ATP	synthase	inhibitor.	In	all	experiments,	note	that	enough	

time	has	been	allowed	to	elapse	for	equilibration	to	occur].	Which	one	of	

the	 four	 experiments	 disproves	 your	 hypothesis?	 Propose	 another	

chemically-well-reasoned	and	biologically-sound	hypothesis	 that	would	

correctly	explains	the	observed	biased	exchange	under	some	conditions	

and	unbiased	exchange	under	others.	

	
Q4.	As	reported	in	JBC	1974,	the	lab	of	Efraim	Racker	reconstituted	into	the	membranes	of	the	same	vesicles	purified	

bacteriorhodopsin	(which	is	a	light-driven	proton	pump	from	a	photosynthetic	bacterium)	and	purified	ATP	synthase	

(from	ox	heart	mitochondria).	Assume	that	all	molecules	of	bacteriorhodopsin	and	ATP	synthase	are	oriented	as	shown	

in	Figure,	so	that	protons	are	pumped	into	the	vesicle	and	ATP	synthesis	occurs	on	the	outer	surface.	

(i)	Draw	out,	using	the	existing	figure,	to	show	the	anticipated	outcome	following	addition	of	ADP	and	phosphate	to	the	

external	medium	and	shining	light	into	the	suspension	of	vesicles.	

(ii)	What	would	happen	 to	 this	 outcome	 if	 the	 vesicles	were	prepared	

without	 being	 careful	 to	 remove	 all	 the	 detergent	 (which	 makes	 the	

bilayer	leaky	to	protons)?	

(iii)	If	the	ATP	synthase	molecules	were	randomly	oriented	so	that	about	

50%	faced	the	outside	of	the	vesicle	and	50%	faced	the	inside,	what	would	

happen	 to	 this	 outcome?	 If	 the	 bacteriorhodopsin	 molecules	 were	

randomly	oriented,	what	outcome	would	you	expect?	

(iv)	In	fewer	than	2	sentences,	comment	(praise	or	criticize)	on	the	validity	of	this	experiment	that	utilizes	components	

from	widely-divergent	unrelated	organisms.	

TCA	 
cycle 

Although mitochondria can transport both ATP and ADP, there is a strong bias in favour of exchange of external ADP for internal

ATP in actively-respiring mitochondria. You hypothesize that this bias is due to concentration gradient for ADP import and ATP

export (due to ATP synthesis inside mitochondrion). To test this hypothesis, you conduct 4 experiments (see Table) using isolated

mitochondria, to measure the initial rates of entry of ATP and ADP. [Note: substrate (electron-donor metabolites such as

succinate) addition makes mitochondria begin to respire. Recall our previous discussions on the effect of DNP (dinitrophenol)

which is an uncoupler reagent as it collapses the pH gradient, and oligomycin, which is an ATP synthase inhibitor. In all

experiments, note that enough time has been allowed to elapse for equilibration to occur].

Q1. Which one of the four experiments disproves your hypothesis?

Q2. Propose another chemically-well-reasoned and biologically-sound hypothesis that would correctly explains the observed

biased exchange under some conditions and unbiased exchange under others.

In-Class Exercise: Concepts on ADP/ATP transport

The key to understanding these results is to recognize that an exchange of ADP for ATP is not electrically neutral. ATP carries 4 (--)ve 

charges, and ADP carries only 3. As a result, each exchange of ADP for ATP increases the negative charge on the side of the 

membrane that receives the ATP. In a respiring mitochondrion there is an electrochemical gradient across the mitochondrial inner

membrane (IM) such that the outside of the membrane is positive.  The resulting proton-motive force drives the exchange of an 

external ADP for an internal ATP, thereby reducing the positive charge on the outside of the membrane. 

In the results shown in the table, the exchange of external ADP was favored over that of external ATP under conditions in which the membrane 

was charged: when substrate was present without an inhibitor, and when substrate was present with an inhibitor of ATP synthase (oligomycin). 

When the electrochemical gradient was absent (i.e., when there was no substrate, or when the membrane was made permeable to protons (DNP 

treatment)), ADP and ATP were exchanged at equal rates. 

Note: The electrogenic nature of the ADP/ATP transfporter has important physiological consequences. In essence, the exchange harnesses the 

energy of the electrochemical gradient to drive transport so that the cytosolic ratio of ATP/ADP remains high (up to 50). This concentration 

difference provides up to 1/3rd of the free-energy change (∆G) for ATP hydrolysis in the cytoplasm. 



8

or ECAR

oligomycin
FCCP

Antimycin A
Rotenone 

2-DG

Typical workflow of
XF (extracellular flux) assay:

Methods to monitor cell energy status: ECAR and OCR
Extracellular acidification rate (ECAR) and OCR (oxygen consumption rate) 



Aside: just for your interest: instrument analyzing extracellular flux (XF) (aka Seahorse analyzer)

https://www.jove.com/v/54918/an-optimized-protocol-to-analyze-glycolysis-mitochondrial-respiration

Automatic injection

Cultured
cell media

Multi-well XF-plate

Disposable probe

Fiber-optic
waveguides

H+ O2

s

Multi-well XF-plate

Small-
molecule or

drug
delivery 

ports (25-
30 µL)

Measuring Oxygen Consumption Rate (OCR)
and Extracellular Acidification Rate (ECAR)

https://www.jove.com/v/54918/an-optimized-protocol-to-analyze-glycolysis-mitochondrial-respiration


Methods to monitor cell energy status:
Extracellular acidification rate (ECAR) and OCR (oxygen consumption rate) 

.......featuring small-molecule metabolic modulators used in the extracellular flux assays (which interfere these pathways at specific points as shown)

(2DG)

First, consider the specific impact of each molecule,
(2DG, rotenone, antimycin A, oligomycin, and FCCP/2,4-DNP). 
Then, consider the data on the following slide

2DG: blocks G6P formation so blocks glycolysis.

Rotenone: complex I-specific inhibitor of ETC

Antimycin A: complex III-specific inhibitor of the ETC

Oligomycin: inhibitor of ATP synthase

DNP or FCCP: uncoupling agent (intervene specific events 

related to ETC, H+ gradient, and ATP synthesis)



(2DG)

Journal of Visualized Experiments www.jove.com
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The glycolysis stress assay was most successful at the highest plating density (Figure 5A, B). In all cell types, the 5 x 105 cells/well samples had
the greatest changes in ECAR after the addition of glucose, oligomycin, and 2-DG (Figure 5B). Additionally, normalizing to protein concentration
demonstrated that for all cell types, the 5 x 105 cells/well samples yielded optimal results, while lower concentrations-especially 0.625 x 105

cells/well-did not display a robust glycolytic reserve capacity. Non-glycolytic acidification, glycolysis, and apparent glycolytic capacity linearly
correlated with plating densities for all cell types (Figure 5C). For the glycolysis stress experiment, the OCR graph shows that glucose slightly
stimulates mitochondrial respiration, which is then inhibited by oligomycin treatment; the addition of 2-DG did not affect the OCR (Figure 5D).
The OCR graph can be used as a further indicator that the glycolysis stress experiment was successfully carried out. Also, the OCR graph can
be used to correct the ECAR graph, if required, as explained above in the case of the mitochondrial stress test12,29.

Figure 1: Outline of extracellular flux assays. (A) Illustration of glycolysis (left) and oxidative phosphorylation (right) showing the action of the
metabolic drugs used in the extracellular flux assays. (B) Schematic of the extracellular acidification rate (ECAR) graph; schematic of the oxygen
consumption rate (OCR) graph (C). Please click here to view a larger version of this figure.
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The glycolysis stress assay was most successful at the highest plating density (Figure 5A, B). In all cell types, the 5 x 105 cells/well samples had
the greatest changes in ECAR after the addition of glucose, oligomycin, and 2-DG (Figure 5B). Additionally, normalizing to protein concentration
demonstrated that for all cell types, the 5 x 105 cells/well samples yielded optimal results, while lower concentrations-especially 0.625 x 105

cells/well-did not display a robust glycolytic reserve capacity. Non-glycolytic acidification, glycolysis, and apparent glycolytic capacity linearly
correlated with plating densities for all cell types (Figure 5C). For the glycolysis stress experiment, the OCR graph shows that glucose slightly
stimulates mitochondrial respiration, which is then inhibited by oligomycin treatment; the addition of 2-DG did not affect the OCR (Figure 5D).
The OCR graph can be used as a further indicator that the glycolysis stress experiment was successfully carried out. Also, the OCR graph can
be used to correct the ECAR graph, if required, as explained above in the case of the mitochondrial stress test12,29.

Figure 1: Outline of extracellular flux assays. (A) Illustration of glycolysis (left) and oxidative phosphorylation (right) showing the action of the
metabolic drugs used in the extracellular flux assays. (B) Schematic of the extracellular acidification rate (ECAR) graph; schematic of the oxygen
consumption rate (OCR) graph (C). Please click here to view a larger version of this figure.

Q: Explain the data in glycolysis stress test (upper plot)

Q: Explain the data in mitochondrial stress test (lower plot)

In starved cells:

In non-starved cells:

In-class discussion – on Methods to monitor cell energy status:
Extracellular acidification rate (ECAR) and OCR (oxygen consumption rate) 
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or ECAR

Q: what is the goal of this step? Why is this necessary?
Is normalization of cell number alone sufficiently rigorous?

oligomycin
FCCP

Antimycin A
Rotenone 

2-DG

Typical workflow of
XF (extracellular flux) assay:

Revisiting Slide 8 above…
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fragmentation, and respiratory capacity40–43. Collectively, this
study enhances the utility of the metabolic flux assay and provides
a more complete platform to study mitochondrial biology from
multiple dimensions, simultaneously.

Results
Integration of nuclear imaging with the metabolic flux assay.
Normalization of cell number: The Seahorse metabolic flux assay is
a rapid and robust methodology to measure OCR and ECAR of
living cells in culture. Owing to the sensitivity of the Seahorse XF
analyzer to measure small changes in OCR and ECAR, it is critical
that data are adjusted to account for well to well variability in cell
number. To this end, we set forth to develop a high-content
fluorescent imaging-based strategy using nuclear staining to
quantify cell number directly after the metabolic flux assay (Fig. 1).
In this iteration of our platform, we first run the Seahorse Mito
Stress Test assay, in which OCR is measured at baseline and then
following sequential administration of mitochondrial poisons from
the instrument ports. After completion of the assay, we deliver the
nuclear staining Hoechst dye via the fourth, and otherwise empty,
port to live cells. The plate is then washed, and nuclei are counted
on a Cytation5 Cell Imaging Multi-Mode Reader.

Initially, to compare the accuracy of our nuclei identified
through image analysis versus cell seeding densities at plating, we
seeded serial diluted T3M4 pancreatic cancer cells (from 1500 to
50,000 cells/well) in XF96-well plates for Seahorse analysis, nuclei
counterstaining, and fluorescent imaging. As expected, we
observe increases in raw OCR and ECAR values with increasing
cells seeded (Fig. 2a Supplementary Fig. 2A, B). When normal-
izing OCR values according to cells seeded, we observe
appreciable variation (Fig. 2b). Additionally, we aimed to
determine if this strategy would be permittable for cells in

suspension cultures and implemented our pipeline on CD4+ T-
cells. Nuclei or mitochondrial unit-based normalization strategies
were not shown to impact OCR normalization versus standard
cell counting strategies (Supplementary Fig. 2B). This is
potentially due to ineffective nuclei and/or mitochondrial
identification as fluorescent imaging of suspension cultures is
inherently challenging to obtain single-cell resolution. Additional
experimental approaches would be required to ascertain the
utility of our approach in suspension-based cell systems. In
contrast, cell normalization using fluorescently labeled nuclei
offered more consistent OCR values in the 3000 to 50,000 cell-
seeded range for adherent cells (Fig. 2c). We do not observe
variation in normalized ECAR values between the cell counting
and nuclei labeling strategies with increasing cell densities
(Supplementary Fig. 2C, D).

Furthermore, when plotting OCR values per nuclei relative to
the plate column, we noted discrepancies in data acquired from
wells at the edge of the XF96-well plate (Fig. 2d). We
hypothesized that this resulted from unequal distribution of cells
within the well, and in particular, near to the center of the well
where the Seahorse microchamber measures oxygen concentra-
tion (Supplementary Fig. 3A). Indeed, we found that cells in the
wells at the perimeter of the plate are more likely to accumulate at
the edge of the wells during the centrifugation process, thus
artifactually lowering OCR values. As we were unable to correct
for this artifact using nuclei counting, we employ the interior
columns/rows of the Seahorse plate for experimentation.
Similarly, for assay well normalization by nuclei counting, we
utilize the cells in the center of the well (schematically represented
in Supplementary Fig. 3B).

Cell cycle analysis: Nuclei staining intensity can be used to infer
the stage of the cell cycle25,26. Therefore, we sought to determine

Fig. 1 Platform to integrate the metabolic flux assay with high-content imaging. Schematic overview of the integration of the metabolic flux assay with
high-content fluorescent imaging and data analysis workflow. At the instrument level, cells are processed using the Seahorse metabolic flux assay and
immediately stained with a variety of nuclear and mitochondrial dyes, which is completely integrated in the Seahorse bioanalyzer assay. The plates are then
abstracted and imaged on a Cytation5 Automated Imager for downstream image analysis and interpretation. At the biochemical level, the metabolic flux
assay provides OCR and ECAR data and information on other mitochondrial bioenergetic properties (by Mito Stress Test). The cells are then stained with
nuclear and mitochondrial dyes that provide information on the cellular properties noted.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-0988-z ARTICLE

COMMUNICATIONS BIOLOGY | ����������(2020)�3:271� | https://doi.org/10.1038/s42003-020-0988-z | www.nature.com/commsbio 3

At the instrument level, cells are processed using the Seahorse metabolic flux assay and immediately stained with a variety of nuclear and mitochondrial dyes, which is completely integrated in the 
Seahorse bioanalyzer assay. The plates are then abstracted and imaged on a Cytation5 Automated Imager for downstream image analysis and interpretation. At the biochemical level, the metabolic flux 
assay provides OCR and ECAR data and information on other mitochondrial bioenergetic properties 
(by Mito Stress Test). The cells are then stained with nuclear and mitochondrial dyes that provide information on the cellular properties noted.

Platform to integrate the metabolic flux assay with high-content imaging:

ARTICLE

High-content fluorescence imaging with the
metabolic flux assay reveals insights into
mitochondrial properties and functions
Andrew Charles Little 1,2,7, Ilya Kovalenko3,6,7, Laura Elaine Goo1,2, Hanna Sungok Hong2,3,
Samuel Andrew Kerk 2,3, Joel Anthony Yates 1,2, Vinee Purohit 2,3, David Benner Lombard2,4,
Sofia Diana Merajver1,2 & Costas Andreas Lyssiotis 2,3,5✉

Metabolic flux technology with the Seahorse bioanalyzer has emerged as a standard tech-

nique in cellular metabolism studies, allowing for simultaneous kinetic measurements of

respiration and glycolysis. Methods to extend the utility and versatility of the metabolic flux

assay would undoubtedly have immediate and wide-reaching impacts. Herein, we describe a

platform that couples the metabolic flux assay with high-content fluorescence imaging to

simultaneously provide means for normalization of respiration data with cell number; analyze

cell cycle distribution; and quantify mitochondrial content, fragmentation state, membrane

potential, and mitochondrial reactive oxygen species. Integration of fluorescent dyes directly

into the metabolic flux assay generates a more complete data set of mitochondrial features in

a single assay. Moreover, application of this integrated strategy revealed insights into

mitochondrial function following PGC1a and PRC1 inhibition in pancreatic cancer and

demonstrated how the Rho-GTPases impact mitochondrial dynamics in breast cancer.

https://doi.org/10.1038/s42003-020-0988-z OPEN

1 Department of Internal Medicine, Division of Hematology and Oncology, University of Michigan, Ann Arbor, MI 48109, USA. 2 Rogel Cancer Center,
University of Michigan, Ann Arbor, MI 48109, USA. 3 Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, MI 48109,
USA. 4Department of Pathology and Institute of Gerontology, University of Michigan, Ann Arbor, MI 48109, USA. 5Department of Internal Medicine,
Division of Gastroenterology and Hepatology, University of Michigan, Ann Arbor, MI 48109, USA. 6Present address: Insitro Inc, South San Francisco, CA
94080, USA. 7These authors contributed equally: Andrew Charles Little, Ilya Kovalenko. ✉email: clyssiot@med.umich.edu

COMMUNICATIONS BIOLOGY | ����������(2020)�3:271� | https://doi.org/10.1038/s42003-020-0988-z | www.nature.com/commsbio 1
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An in-class exercise / problem to think about (on OCR concepts/measurements):

Fall	2018	CH-313:	Biochemistry	II	(Profs.	Beat	Fierz	&	Yimon	Aye)	Due	Nov	30th	 							Take-Home	Exercise	No.	3		

The	problems	concern	3	key	metabolic	pathways	 that	provide	cell	energy.	Please	also	review	the	quizzes/questions	

integrated	within	the	lecture	slides	which	are	designed	to	enhance	your	understanding/problem-solving	skills.	

	

Q1.	As	part	of	summer	research	position	in	a	biotech	company,	

an	 internship	 student	 analyzed	 the	 effects	 of	 various	 small	

molecules	on	mitochondrial	function	in	two	different	cell	lines	

[one	 is	 starvation-resistant	 (SR)	 and	 the	 other	 is	 starvation-

sensitive	(SS)	 line].	Unfortunately,	the	labels	of	these	cells	 in	

culture	plates	were	accidentally	erased,	and	their	morphology	

was	indistinguishable	under	light	microscope!	In	order	to	trace	

the	identify	of	these	lines,	the	student	looked	back	at	her	data	

on	oxygen	consumption	rates	(OCR)	measured	for	these	two	

cell	lines	in	the	presence	(solid	line)	and	absence	(dotted	line)	

of	 glucose	 (see	 two	 plots	 on	 the	 right).	 Note:	 some	 of	 the	

small-molecules	 (i.e.,	 oligomycin	 A	 and	 FCCP)	 are	 those	 we	

have	encountered	in	one	class	exercise	(see	Lec#	10,	Slide	22).		

Answer	the	following	questions:	

(i)	 Based	 on	 the	 OCR	 data,	 specifically	 following	 FCCP	
treatment,	 in	 the	 presence	 (solid)	 vs.	 absence	 (dotted)	 of	

glucose,	indicate	which	plot	corresponds	to	SR	and	which	plot	

to	SS	line.		In	fewer	than	2	sentences,	give	your	reasoning.		

	

(ii)	Based	on	these	data	shown,	what	could	be	the	potential	
target(s)	of	antimysin	A	and	rotenone.	Please	choose	one	or	

more	correct	answer(s).		

a)	Complex	I	 	 b)	Complex	III	 	 	

c)	Inhibits	ATP	synthase	 d)	Inhibits	ADP/ATP	carrier	

	

(iii)	To	further	confirm	her	conclusion	in	(i),	the	student	set	up	additional	

assays	that	measure	“glycolytic	reserve”	(i.e.,	how	much	energy	in	terms	

of	‘glucose	stores’)	in	these	cell	lines.	The	3	solid	lines	in	the	plot	on	the	

right	are	replicates	of	one	given	 line	 (SR	or	SS),	and	3	dotted	 lines	are	

replicates	of	 the	other	 line	 (SR	or	SS).	 (Note:	Y-axis	shows	an	arbitrary	

scale	for	glycolytic	reserve).		

Looking	at	the	response	to	glucose	concentration,	the	solid	lines	in	this	

plot	would	correspond	to:		SR		or		SS		cell	line			(choose	one	correct	line).	
In	fewer	than	2	sentences,	explain	your	choice:	

	

(iv)	One	of	 the	agents	 that	 the	student	 tested	during	her	 internship	 is	
Compound	A,	which	was	postulated	to	be	an	inhibitor	of	fatty	acid	oxidation.	OCR	response	of	one	of	the	cell	lines	in	(i)	

above	is	shown	right	below.	Is	the	data	observed	consistent	with	the	mode	of	action	of	Compound	A?	(Hint:	an	overview	

figure	on	Slide	11,	Lecture	7—8	slides	may	be	helpful…)	

	

Q2.	In	class,	you	learned	how	(aerobic)	glycolysis	provides	acetyl	
CoA	(AcCoA)	via	pyruvate	and	how	the	resulting	AcCoA	enters	

TCA	 cycle	 (Slide	 14—16,	 lecture	 7—8).	 But	 as	 seen	 in	 the	

overview	 diagram	 (Slide	 11,	 lecture	 7—8),	 AcCoA	 can	 also	

originate	 from	 lipids	 via	 fatty	 acid	 oxidation	 (so-called	  b-
oxidation)	shown	in	the	diagram	below	(see	next	page).	

(i)	 Provide	 an	 arrow-push	 mechanism	 for	 the	 first	 step	 that	

yields	 a	 thioester.	 Your	 mechanism	 should	 define	 the	

intermediate	 prevalent	 in	 biological	 transformation	 involving	

www.nature.com/scientificreports/

2Scientific RepoRts | 6:25669 | DOI: 10.1038/srep25669

of respiration in starvation-resistant cells compared to sensitive cells that associated with a poorer prognosis. 
Additionally, we found that targeting the mitochondria could o!er an e!ective therapeutic option for RCC.

Results
Starvation-resistant RCC cell lines possess high mitochondrial oxidative phosphorylation 
activity and abundant glycolytic reserves. We investigated mitochondrial oxidative phosphorylation 
in RCC cell lines using XF Cell Mito Stress Test Kit and found that starvation-resistant cells possessed signi"-
cantly higher spare respiratory capacities than the sensitive cells under glucose-deprivation condition (Fig. 1 and 
Supplementary Table S1). However, there were no signi"cant di!erences in basal respiration between the two 
types of cells in culture medium with 25 mm glucose or without glucose (0 mM) glucose. $e coupling e%ciency 
of stavation-resistant cells (~90%) was signi"cantly higher than that of sensitive cells (~60%) in culture medium 
with or without glucose. $ere was no correlation between the three metrics (basal respiration, spare respiratory 
capacities and coupling e%ciency) and mitochondrial numbers in each cell (Supplementary Table S2). $ese 
results suggested that starvation-resistant cells possessed higher mitochondrial oxidative phosphorylation activ-
ities than sensitive cells.

Next, we used the XF Glycolysis Stress Test Kit to compare the glycolytic reserves and activities in the two 
cell types under di!erent glucose concentrations. Kinetic ECAR responses, which measure glycolysis rates, 
in starvation-resistant (SW839, Fig. 2B upper) and starvation-sensitive (NC65, Fig. 2B bottom) cells showed 

Figure 1. Mitochondrial oxidative phosphorylation activity in starvation-resistant and -sensitive RCC 
cells. (A) OCR (oxygen consumption rate) pro"le. See text regarding spare respiratory capacity and coupling 
e%ciency. (B) Kinetic OCR responses of starvation-resistant (SW839, upper) and -sensitive (NC65, bottom) 
cells. Both cell types were cultured with (solid line) or without glucose (dotted line). (C,D) Basal respiration 
(upper), coupling e%ciency (middle) and spare respiratory capacity (bottom), were calculated for SW839 and 
NC65 cells (C), and for both groups of starvation-resistant and -sensitive cell lines (D), were calculated. Basal 
respiration was normalized against DNA content, which re&ected cell number. Error bars represent standard 
errors from 3–5 independent experiments. Asterisks (*) indicate statistically signi"cant di!erences (p <  0.05) 
between both cells/groups. Note that there were clear di!erences between SW839 and NC65 cells for spare 
respiratory capacity, which was signi"cantly decreased in NC65 cells under glucose-deprived conditions. NC65 
cells showed signi"cantly lower basal respiration and coupling e"ciency than SW839 cells, but there were no 
clear changes between cultures with (25 mM) or without (0 mM) glucose.
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that SW839 could maintain glycolytic capacities and reserves even in cultures with lower glucose concentra-
tions (0.2 - 0.008 mM) compared with those of NC65. Among all 7 cell lines tested in the present study, the three 
starvation-resistant cell lines showed signi!cantly higher values for glycolytic capacity/glycolysis under lower 
(1–0.008 mM) glucose concentrations, as compared with the four starvation-sensitive cell lines (Fig. 2C bottom). 
Glycolytic activities increased with glucose concentrations, and there were no signi!cant di#erences between the 
two types of cells even at concentrations of 5–0.008 mM glucose (Fig. 2C upper). $us, the carbon source for respira-
tion in starvation-resistant cells could be supplied from the glycolytic reserve under glucose-deprived environments.

Together, the two assays for mitochondrial oxidative phosphorylation and for glycolysis demonstrated that 
starvation-resistant RCC cell lines possessed especially better mitochondrial characteristics and had abundant 
carbon stores compared to starvation-sensitive cells.

Lipid and hydrocarbon reserves and less mitochondrial ROS in starvation-resistant RCC cell 
lines. We used histochemical staining and colorimetric methods to evaluate lipid and hydrocarbon contents 
in the two cell types (Fig. 3). Oil Red O and PAS staining showed that the starvation-resistant cell line SW839 
contained more lipids and sugars than the sensitive cell line NC65. In the colorimetric assay of all 7 cell lines, 
starvation-resistant cells showed signi!cantly higher hydrocarbon contents than starvation-sensitive cells. $e 

Figure 2. Glycolysis activity in RCC. (A) ECAR (extracelluar acidi!cation rate) pro!le. (B) Kinetic ECAR 
responses in starvation-resistant (SW839, upper) and -sensitive (NC65, bottom) cells in cultures with di#erent 
concentrations of glucose: circles and solid line, 5 mM; squares and dotted line, 1 mM; diamonds and short 
dashed line, 0.2 mM; triangles and long dashed line, 0.04 mM; and crosses and interrupted line, 0.008 mM.
(C) Glycolysis (upper) and glycolytic reserve (bottom), shown as glycolytic capacity/glycolysis. Glycolysis was 
normalized against DNA content, which re%ects cell numbers. Data show the averages of two independent 
experiments. Circles and solid line, SW839 cells; squares and solid line, VMCR-RCW; crosses and solid line, 
KMRC-1; circles and dotted line, NC65; squares and dotted line, ACHN; triangles and dotted line, Caki1; and 
crosses and dotted line, Caki2 cells. Asterisks (*) indicate statistically signi!cant di#erences (p <  0.05) between 
both groups of resistant and sensitive cell lines. Note that there were no clear di#erences between the two types 
of RCC cells in glycolytic activities. However, there were clear di#erences for glycolytic capacity. All 3 resistant 
cell lines (SW839, VMCR-RCW, and KMRC-1) possessed high glycolytic reserves under low (0.008–1 mM) 
glucose conditions, and similarly at high (5 mM) concentrations; however, there was no glycolytic reserve in the 
sensitive cell lines (NC65, ACHN, Caki1 and Caki2).
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Q1: During the handling of seahorse analyzer plates, labels 
in the two sets of wells got mixed up. One set originates 
from starvation-resistant cell line and the other set from 
starvation-sensitive cell line. Note: each set contained data 
obtained in the presence and absence of glucose. 
Could you help assign the right set of wells based on the 
OCR data shown?
(NOTE: Starvation-resistant cells are cells that can use their 
‘glucose stores’ and continue functioning their metabolic 
activity, even when starved…)

Q2: What could be potential target(s) of 
antimycin A and rotenone. Choose one or more 
correct answer(s):

Fall	2018	CH-313:	Biochemistry	II	(Profs.	Beat	Fierz	&	Yimon	Aye)	Due	Nov	30th	 							Take-Home	Exercise	No.	3		

The	problems	concern	3	key	metabolic	pathways	 that	provide	cell	energy.	Please	also	review	the	quizzes/questions	

integrated	within	the	lecture	slides	which	are	designed	to	enhance	your	understanding/problem-solving	skills.	

	

Q1.	As	part	of	summer	research	position	in	a	biotech	company,	

an	 internship	 student	 analyzed	 the	 effects	 of	 various	 small	

molecules	on	mitochondrial	function	in	two	different	cell	lines	

[one	 is	 starvation-resistant	 (SR)	 and	 the	 other	 is	 starvation-

sensitive	(SS)	 line].	Unfortunately,	the	labels	of	these	cells	 in	

culture	plates	were	accidentally	erased,	and	their	morphology	

was	indistinguishable	under	light	microscope!	In	order	to	trace	

the	identify	of	these	lines,	the	student	looked	back	at	her	data	

on	oxygen	consumption	rates	(OCR)	measured	for	these	two	

cell	lines	in	the	presence	(solid	line)	and	absence	(dotted	line)	

of	 glucose	 (see	 two	 plots	 on	 the	 right).	 Note:	 some	 of	 the	

small-molecules	 (i.e.,	 oligomycin	 A	 and	 FCCP)	 are	 those	 we	

have	encountered	in	one	class	exercise	(see	Lec#	10,	Slide	22).		

Answer	the	following	questions:	

(i)	 Based	 on	 the	 OCR	 data,	 specifically	 following	 FCCP	
treatment,	 in	 the	 presence	 (solid)	 vs.	 absence	 (dotted)	 of	

glucose,	indicate	which	plot	corresponds	to	SR	and	which	plot	

to	SS	line.		In	fewer	than	2	sentences,	give	your	reasoning.		

	

(ii)	Based	on	these	data	shown,	what	could	be	the	potential	
target(s)	of	antimysin	A	and	rotenone.	Please	choose	one	or	

more	correct	answer(s).		

a)	Complex	I	 	 b)	Complex	III	 	 	

c)	Inhibits	ATP	synthase	 d)	Inhibits	ADP/ATP	carrier	

	

(iii)	To	further	confirm	her	conclusion	in	(i),	the	student	set	up	additional	

assays	that	measure	“glycolytic	reserve”	(i.e.,	how	much	energy	in	terms	

of	‘glucose	stores’)	in	these	cell	lines.	The	3	solid	lines	in	the	plot	on	the	

right	are	replicates	of	one	given	 line	 (SR	or	SS),	and	3	dotted	 lines	are	

replicates	of	 the	other	 line	 (SR	or	SS).	 (Note:	Y-axis	shows	an	arbitrary	

scale	for	glycolytic	reserve).		

Looking	at	the	response	to	glucose	concentration,	the	solid	lines	in	this	

plot	would	correspond	to:		SR		or		SS		cell	line			(choose	one	correct	line).	
In	fewer	than	2	sentences,	explain	your	choice:	

	

(iv)	One	of	 the	agents	 that	 the	student	 tested	during	her	 internship	 is	
Compound	A,	which	was	postulated	to	be	an	inhibitor	of	fatty	acid	oxidation.	OCR	response	of	one	of	the	cell	lines	in	(i)	

above	is	shown	right	below.	Is	the	data	observed	consistent	with	the	mode	of	action	of	Compound	A?	(Hint:	an	overview	

figure	on	Slide	11,	Lecture	7—8	slides	may	be	helpful…)	

	

Q2.	In	class,	you	learned	how	(aerobic)	glycolysis	provides	acetyl	
CoA	(AcCoA)	via	pyruvate	and	how	the	resulting	AcCoA	enters	

TCA	 cycle	 (Slide	 14—16,	 lecture	 7—8).	 But	 as	 seen	 in	 the	

overview	 diagram	 (Slide	 11,	 lecture	 7—8),	 AcCoA	 can	 also	

originate	 from	 lipids	 via	 fatty	 acid	 oxidation	 (so-called	  b-
oxidation)	shown	in	the	diagram	below	(see	next	page).	

(i)	 Provide	 an	 arrow-push	 mechanism	 for	 the	 first	 step	 that	

yields	 a	 thioester.	 Your	 mechanism	 should	 define	 the	

intermediate	 prevalent	 in	 biological	 transformation	 involving	

www.nature.com/scientificreports/

2Scientific RepoRts | 6:25669 | DOI: 10.1038/srep25669

of respiration in starvation-resistant cells compared to sensitive cells that associated with a poorer prognosis. 
Additionally, we found that targeting the mitochondria could o!er an e!ective therapeutic option for RCC.

Results
Starvation-resistant RCC cell lines possess high mitochondrial oxidative phosphorylation 
activity and abundant glycolytic reserves. We investigated mitochondrial oxidative phosphorylation 
in RCC cell lines using XF Cell Mito Stress Test Kit and found that starvation-resistant cells possessed signi"-
cantly higher spare respiratory capacities than the sensitive cells under glucose-deprivation condition (Fig. 1 and 
Supplementary Table S1). However, there were no signi"cant di!erences in basal respiration between the two 
types of cells in culture medium with 25 mm glucose or without glucose (0 mM) glucose. $e coupling e%ciency 
of stavation-resistant cells (~90%) was signi"cantly higher than that of sensitive cells (~60%) in culture medium 
with or without glucose. $ere was no correlation between the three metrics (basal respiration, spare respiratory 
capacities and coupling e%ciency) and mitochondrial numbers in each cell (Supplementary Table S2). $ese 
results suggested that starvation-resistant cells possessed higher mitochondrial oxidative phosphorylation activ-
ities than sensitive cells.

Next, we used the XF Glycolysis Stress Test Kit to compare the glycolytic reserves and activities in the two 
cell types under di!erent glucose concentrations. Kinetic ECAR responses, which measure glycolysis rates, 
in starvation-resistant (SW839, Fig. 2B upper) and starvation-sensitive (NC65, Fig. 2B bottom) cells showed 

Figure 1. Mitochondrial oxidative phosphorylation activity in starvation-resistant and -sensitive RCC 
cells. (A) OCR (oxygen consumption rate) pro"le. See text regarding spare respiratory capacity and coupling 
e%ciency. (B) Kinetic OCR responses of starvation-resistant (SW839, upper) and -sensitive (NC65, bottom) 
cells. Both cell types were cultured with (solid line) or without glucose (dotted line). (C,D) Basal respiration 
(upper), coupling e%ciency (middle) and spare respiratory capacity (bottom), were calculated for SW839 and 
NC65 cells (C), and for both groups of starvation-resistant and -sensitive cell lines (D), were calculated. Basal 
respiration was normalized against DNA content, which re&ected cell number. Error bars represent standard 
errors from 3–5 independent experiments. Asterisks (*) indicate statistically signi"cant di!erences (p <  0.05) 
between both cells/groups. Note that there were clear di!erences between SW839 and NC65 cells for spare 
respiratory capacity, which was signi"cantly decreased in NC65 cells under glucose-deprived conditions. NC65 
cells showed signi"cantly lower basal respiration and coupling e"ciency than SW839 cells, but there were no 
clear changes between cultures with (25 mM) or without (0 mM) glucose.
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that SW839 could maintain glycolytic capacities and reserves even in cultures with lower glucose concentra-
tions (0.2 - 0.008 mM) compared with those of NC65. Among all 7 cell lines tested in the present study, the three 
starvation-resistant cell lines showed signi!cantly higher values for glycolytic capacity/glycolysis under lower 
(1–0.008 mM) glucose concentrations, as compared with the four starvation-sensitive cell lines (Fig. 2C bottom). 
Glycolytic activities increased with glucose concentrations, and there were no signi!cant di#erences between the 
two types of cells even at concentrations of 5–0.008 mM glucose (Fig. 2C upper). $us, the carbon source for respira-
tion in starvation-resistant cells could be supplied from the glycolytic reserve under glucose-deprived environments.

Together, the two assays for mitochondrial oxidative phosphorylation and for glycolysis demonstrated that 
starvation-resistant RCC cell lines possessed especially better mitochondrial characteristics and had abundant 
carbon stores compared to starvation-sensitive cells.

Lipid and hydrocarbon reserves and less mitochondrial ROS in starvation-resistant RCC cell 
lines. We used histochemical staining and colorimetric methods to evaluate lipid and hydrocarbon contents 
in the two cell types (Fig. 3). Oil Red O and PAS staining showed that the starvation-resistant cell line SW839 
contained more lipids and sugars than the sensitive cell line NC65. In the colorimetric assay of all 7 cell lines, 
starvation-resistant cells showed signi!cantly higher hydrocarbon contents than starvation-sensitive cells. $e 

Figure 2. Glycolysis activity in RCC. (A) ECAR (extracelluar acidi!cation rate) pro!le. (B) Kinetic ECAR 
responses in starvation-resistant (SW839, upper) and -sensitive (NC65, bottom) cells in cultures with di#erent 
concentrations of glucose: circles and solid line, 5 mM; squares and dotted line, 1 mM; diamonds and short 
dashed line, 0.2 mM; triangles and long dashed line, 0.04 mM; and crosses and interrupted line, 0.008 mM.
(C) Glycolysis (upper) and glycolytic reserve (bottom), shown as glycolytic capacity/glycolysis. Glycolysis was 
normalized against DNA content, which re%ects cell numbers. Data show the averages of two independent 
experiments. Circles and solid line, SW839 cells; squares and solid line, VMCR-RCW; crosses and solid line, 
KMRC-1; circles and dotted line, NC65; squares and dotted line, ACHN; triangles and dotted line, Caki1; and 
crosses and dotted line, Caki2 cells. Asterisks (*) indicate statistically signi!cant di#erences (p <  0.05) between 
both groups of resistant and sensitive cell lines. Note that there were no clear di#erences between the two types 
of RCC cells in glycolytic activities. However, there were clear di#erences for glycolytic capacity. All 3 resistant 
cell lines (SW839, VMCR-RCW, and KMRC-1) possessed high glycolytic reserves under low (0.008–1 mM) 
glucose conditions, and similarly at high (5 mM) concentrations; however, there was no glycolytic reserve in the 
sensitive cell lines (NC65, ACHN, Caki1 and Caki2).

Note: you’re only expected to interpret the data given in the problem, w/o being able 
to recall/remember what Rotenone or antimycin A does…

Hint: FCCP (uncoupler reagent) makes IM permeable to H+

KEY: Starvation resistant cells should respond to FCCP, 
even in the absence of glucose

KEY:: based on the data shown in the question, all we can deduce is that both Antimysin A and 
Rotenone decrease OCR to the lowest level, meaning that the shutting off the first stage of Ox Phos
occurs. Blocking either complex I or III or both should result in this observation. 
Whereas inhibiting ATP synthase and/or ATP/ADP carrier should not affect OCR 
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The	problems	concern	3	key	metabolic	pathways	 that	provide	cell	energy.	Please	also	review	the	quizzes/questions	

integrated	within	the	lecture	slides	which	are	designed	to	enhance	your	understanding/problem-solving	skills.	

	

Q1.	As	part	of	summer	research	position	in	a	biotech	company,	

an	 internship	 student	 analyzed	 the	 effects	 of	 various	 small	

molecules	on	mitochondrial	function	in	two	different	cell	lines	

[one	 is	 starvation-resistant	 (SR)	 and	 the	 other	 is	 starvation-

sensitive	(SS)	 line].	Unfortunately,	the	labels	of	these	cells	 in	

culture	plates	were	accidentally	erased,	and	their	morphology	

was	indistinguishable	under	light	microscope!	In	order	to	trace	

the	identify	of	these	lines,	the	student	looked	back	at	her	data	

on	oxygen	consumption	rates	(OCR)	measured	for	these	two	

cell	lines	in	the	presence	(solid	line)	and	absence	(dotted	line)	

of	 glucose	 (see	 two	 plots	 on	 the	 right).	 Note:	 some	 of	 the	

small-molecules	 (i.e.,	 oligomycin	 A	 and	 FCCP)	 are	 those	 we	

have	encountered	in	one	class	exercise	(see	Lec#	10,	Slide	22).		

Answer	the	following	questions:	

(i)	 Based	 on	 the	 OCR	 data,	 specifically	 following	 FCCP	
treatment,	 in	 the	 presence	 (solid)	 vs.	 absence	 (dotted)	 of	

glucose,	indicate	which	plot	corresponds	to	SR	and	which	plot	

to	SS	line.		In	fewer	than	2	sentences,	give	your	reasoning.		

	

(ii)	Based	on	these	data	shown,	what	could	be	the	potential	
target(s)	of	antimysin	A	and	rotenone.	Please	choose	one	or	

more	correct	answer(s).		

a)	Complex	I	 	 b)	Complex	III	 	 	

c)	Inhibits	ATP	synthase	 d)	Inhibits	ADP/ATP	carrier	

	

(iii)	To	further	confirm	her	conclusion	in	(i),	the	student	set	up	additional	

assays	that	measure	“glycolytic	reserve”	(i.e.,	how	much	energy	in	terms	

of	‘glucose	stores’)	in	these	cell	lines.	The	3	solid	lines	in	the	plot	on	the	

right	are	replicates	of	one	given	 line	 (SR	or	SS),	and	3	dotted	 lines	are	

replicates	of	 the	other	 line	 (SR	or	SS).	 (Note:	Y-axis	shows	an	arbitrary	

scale	for	glycolytic	reserve).		

Looking	at	the	response	to	glucose	concentration,	the	solid	lines	in	this	

plot	would	correspond	to:		SR		or		SS		cell	line			(choose	one	correct	line).	
In	fewer	than	2	sentences,	explain	your	choice:	

	

(iv)	One	of	 the	agents	 that	 the	student	 tested	during	her	 internship	 is	
Compound	A,	which	was	postulated	to	be	an	inhibitor	of	fatty	acid	oxidation.	OCR	response	of	one	of	the	cell	lines	in	(i)	

above	is	shown	right	below.	Is	the	data	observed	consistent	with	the	mode	of	action	of	Compound	A?	(Hint:	an	overview	

figure	on	Slide	11,	Lecture	7—8	slides	may	be	helpful…)	

	

Q2.	In	class,	you	learned	how	(aerobic)	glycolysis	provides	acetyl	
CoA	(AcCoA)	via	pyruvate	and	how	the	resulting	AcCoA	enters	

TCA	 cycle	 (Slide	 14—16,	 lecture	 7—8).	 But	 as	 seen	 in	 the	

overview	 diagram	 (Slide	 11,	 lecture	 7—8),	 AcCoA	 can	 also	

originate	 from	 lipids	 via	 fatty	 acid	 oxidation	 (so-called	  b-
oxidation)	shown	in	the	diagram	below	(see	next	page).	

(i)	 Provide	 an	 arrow-push	 mechanism	 for	 the	 first	 step	 that	

yields	 a	 thioester.	 Your	 mechanism	 should	 define	 the	

intermediate	 prevalent	 in	 biological	 transformation	 involving	

www.nature.com/scientificreports/

2Scientific RepoRts | 6:25669 | DOI: 10.1038/srep25669

of respiration in starvation-resistant cells compared to sensitive cells that associated with a poorer prognosis. 
Additionally, we found that targeting the mitochondria could o!er an e!ective therapeutic option for RCC.

Results
Starvation-resistant RCC cell lines possess high mitochondrial oxidative phosphorylation 
activity and abundant glycolytic reserves. We investigated mitochondrial oxidative phosphorylation 
in RCC cell lines using XF Cell Mito Stress Test Kit and found that starvation-resistant cells possessed signi"-
cantly higher spare respiratory capacities than the sensitive cells under glucose-deprivation condition (Fig. 1 and 
Supplementary Table S1). However, there were no signi"cant di!erences in basal respiration between the two 
types of cells in culture medium with 25 mm glucose or without glucose (0 mM) glucose. $e coupling e%ciency 
of stavation-resistant cells (~90%) was signi"cantly higher than that of sensitive cells (~60%) in culture medium 
with or without glucose. $ere was no correlation between the three metrics (basal respiration, spare respiratory 
capacities and coupling e%ciency) and mitochondrial numbers in each cell (Supplementary Table S2). $ese 
results suggested that starvation-resistant cells possessed higher mitochondrial oxidative phosphorylation activ-
ities than sensitive cells.

Next, we used the XF Glycolysis Stress Test Kit to compare the glycolytic reserves and activities in the two 
cell types under di!erent glucose concentrations. Kinetic ECAR responses, which measure glycolysis rates, 
in starvation-resistant (SW839, Fig. 2B upper) and starvation-sensitive (NC65, Fig. 2B bottom) cells showed 

Figure 1. Mitochondrial oxidative phosphorylation activity in starvation-resistant and -sensitive RCC 
cells. (A) OCR (oxygen consumption rate) pro"le. See text regarding spare respiratory capacity and coupling 
e%ciency. (B) Kinetic OCR responses of starvation-resistant (SW839, upper) and -sensitive (NC65, bottom) 
cells. Both cell types were cultured with (solid line) or without glucose (dotted line). (C,D) Basal respiration 
(upper), coupling e%ciency (middle) and spare respiratory capacity (bottom), were calculated for SW839 and 
NC65 cells (C), and for both groups of starvation-resistant and -sensitive cell lines (D), were calculated. Basal 
respiration was normalized against DNA content, which re&ected cell number. Error bars represent standard 
errors from 3–5 independent experiments. Asterisks (*) indicate statistically signi"cant di!erences (p <  0.05) 
between both cells/groups. Note that there were clear di!erences between SW839 and NC65 cells for spare 
respiratory capacity, which was signi"cantly decreased in NC65 cells under glucose-deprived conditions. NC65 
cells showed signi"cantly lower basal respiration and coupling e"ciency than SW839 cells, but there were no 
clear changes between cultures with (25 mM) or without (0 mM) glucose.
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that SW839 could maintain glycolytic capacities and reserves even in cultures with lower glucose concentra-
tions (0.2 - 0.008 mM) compared with those of NC65. Among all 7 cell lines tested in the present study, the three 
starvation-resistant cell lines showed signi!cantly higher values for glycolytic capacity/glycolysis under lower 
(1–0.008 mM) glucose concentrations, as compared with the four starvation-sensitive cell lines (Fig. 2C bottom). 
Glycolytic activities increased with glucose concentrations, and there were no signi!cant di#erences between the 
two types of cells even at concentrations of 5–0.008 mM glucose (Fig. 2C upper). $us, the carbon source for respira-
tion in starvation-resistant cells could be supplied from the glycolytic reserve under glucose-deprived environments.

Together, the two assays for mitochondrial oxidative phosphorylation and for glycolysis demonstrated that 
starvation-resistant RCC cell lines possessed especially better mitochondrial characteristics and had abundant 
carbon stores compared to starvation-sensitive cells.

Lipid and hydrocarbon reserves and less mitochondrial ROS in starvation-resistant RCC cell 
lines. We used histochemical staining and colorimetric methods to evaluate lipid and hydrocarbon contents 
in the two cell types (Fig. 3). Oil Red O and PAS staining showed that the starvation-resistant cell line SW839 
contained more lipids and sugars than the sensitive cell line NC65. In the colorimetric assay of all 7 cell lines, 
starvation-resistant cells showed signi!cantly higher hydrocarbon contents than starvation-sensitive cells. $e 

Figure 2. Glycolysis activity in RCC. (A) ECAR (extracelluar acidi!cation rate) pro!le. (B) Kinetic ECAR 
responses in starvation-resistant (SW839, upper) and -sensitive (NC65, bottom) cells in cultures with di#erent 
concentrations of glucose: circles and solid line, 5 mM; squares and dotted line, 1 mM; diamonds and short 
dashed line, 0.2 mM; triangles and long dashed line, 0.04 mM; and crosses and interrupted line, 0.008 mM.
(C) Glycolysis (upper) and glycolytic reserve (bottom), shown as glycolytic capacity/glycolysis. Glycolysis was 
normalized against DNA content, which re%ects cell numbers. Data show the averages of two independent 
experiments. Circles and solid line, SW839 cells; squares and solid line, VMCR-RCW; crosses and solid line, 
KMRC-1; circles and dotted line, NC65; squares and dotted line, ACHN; triangles and dotted line, Caki1; and 
crosses and dotted line, Caki2 cells. Asterisks (*) indicate statistically signi!cant di#erences (p <  0.05) between 
both groups of resistant and sensitive cell lines. Note that there were no clear di#erences between the two types 
of RCC cells in glycolytic activities. However, there were clear di#erences for glycolytic capacity. All 3 resistant 
cell lines (SW839, VMCR-RCW, and KMRC-1) possessed high glycolytic reserves under low (0.008–1 mM) 
glucose conditions, and similarly at high (5 mM) concentrations; however, there was no glycolytic reserve in the 
sensitive cell lines (NC65, ACHN, Caki1 and Caki2).
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A problem on OCR: continued…

Q3: additional analysis that measures how much energy is stored in these cell lines (so-called glycolytic reserve/glucose stores) was 
undertaken to yield the data shown above:

Designate the correct labels for dotted vs. solid lines as:

starvation-resistant cell lines vs. starvation–sensitive cell lines

KEY: Starvation-resistant lines possess high glycolytic reserves under 
low glucose conditions (0.008 – 1 mM), and similarly at 

high glucose concentrations (5 mM). However, there are no 
glycolytic reserves in the starvation-sensitive cell lines. 



Learning outcomes (Week 13: CH-313 Chemical Biology - Synopsis)

- ETC-OXPHOS : underlying redox chemistry, biochemistry, and biology

with focus on ATP synthesis and ADPà ATP conversion

- OCR, ECAR, and experimental design, data interpretations, and limitations

underlying these state-of-the-art technologies


