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Abstract

Relatively little is known regarding how energetic demand during cell proliferation is sensed or
coordinated with mitochondrial metabolism. Here we demonstrate that cell cycle progression
through is associated with a significant increase in mitochon-G4 drial membrane potential (A'Y )
and respiration. We used this with low and high change in metabolic rate to isolate cells in Gy
levels of mitochondrial membrane potential (A'Y L and A H). Biochemical and functional
studies demonstrate that AY L and AV H cells display the distinct characteristics of early and
late phase, respectively. We further demonstrate that the metabolic G; rate in reflects levels of the
mTOR-raptor complex as well as G susceptibility to rapamycin-induced cell cycle delay. In
conclusion, our data suggests a coupling of mitochondrial bioenergetics and progression and
points to the mTOR signaling pathway as a G1 potential molecular coordinator of these two
processes.
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Introduction

Cellular proliferation and the concomitant DNA replication and translational processes
represent significant energetic commitments and presumably require an increase in energy
supply to meet this large ATP-dependent synthetic demand. The orchestration of the cell
cycle machinery and cellular metabolism, therefore, seems to be an phase indispensable
prerequisite for cell division. It is during the G; of the cell cycle that the cell must integrate
external stimuli such as growth signals and intrinsic conditions such as genomic integrity.
Based on these various parameters, a decision must be made whether to proceed to S phase
or to undergo cell cycle arrest.

There is growing evidence that the G,/S transition during the cell cycle is also regulated by
metabolic events suggesting the possible existence of a metabolic or energetic checkpoint. In
Drosophila, a mutation in the gene fenuredthat encodes a cytochrome oxidase subunit,
results in lower ATP levels and cell cycle arrest at the G1/S boundary. In mammalian cells,
it has been shown that the availability of small nutrients such as glucose and amino acids? as
well as oxygen levels? affect cell cycle progression. Glucose limitation and depletion of
ATP can also lead to p53-dependent G, by AMP-activated kinase.*
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The concept of a metabolic checkpoint not only implies the integration of external growth
stimuli and nutrient availability but also the potential synchronization of intrinsic
mitochondrial metabolism with cell cycle progression. However, relatively little is known
regarding any linkage between mitochondrial bioenergetics and cell cycle progression. We
therefore sought to characterize mitochondrial function during the cell cycle with a
particular focus on the G4 phase. Here we describe the use of fluorescence activated cell
sorting (FACS) to purify populations of cells based on the simultaneous measurement of
mitochondrial membrane potential and cell cycle distribution.

Results and Discussion

Jurkat T cells were initially loaded with the mitochondrial potential sensitive dye
tetramethyl rhodamine methyl ester (TMRM). We then analyzed the cell cycle distribution
of exponentially growing cells spontaneously exhibiting either low (A'Y L) or high

(A'Y mH) mitochondrial membrane potential. Such sorted populations respectively
represented the 5% most leftward or rightward portion of the bell shaped distribution of
mitochondrial membrane potential observed in exponentially dividing cultures. If membrane
potential was invariant over the cell cycle, then the cell cycle distribution of the A¥,L or
AYH cells would be predicted to mirror the usual cell cycle distribution (see inset Fig.
1C). As seen in Figure 1A that was not the case. What we routinely observed was that Jurkat
cells obtained in the AL fraction were almost exclusively in the Gy phase. In contrast,
cells obtained from the A¥ ,H fraction were in all phases of the cell cycle but appeared to
be particularly enriched for cells in S and G,/M (Fig. 1A). Similar results were obtained in
other cell types in addition to Jurkat cells, suggesting a more general nature of the
phenomenon (Fig. 1B).

To further analyze these results we concentrated on Gq progression since our results
suggested this cell cycle phase contained cells that spontaneously exhibited both A'¥,,L and
AYH. We loaded cells with both TMRM and the DNA dye Hoechst 33342 and sorted
cells exhibiting either low or high mitochondrial membrane for G, potential (Fig. 1C). After
FACS purification, post-sort analysis phase (Fig. 1D) and confirmed that these cells were
indeed in the Gy still maintained their differences in TMRM fluorescence (Fig. 1E).
Although both populations of cells were in G; by DNA content, as noted in Figure 2A,
biochemical analysis revealed that cells with low mitochondrial membrane potential
exhibited characteristics of early G; (high p27KiP1 with low cyclin A and E) while cells in
G isolated with high mitochondrial membrane potential exhibited (low p27KiPL with
increasing levels characteristics of cells in late Gq of cyclin E and A). This phenomenon was
again not confined to only Jurkat cells, as a similar sorting strategy using either HEK-293T
or HeLa cells revealed a similar relationship between mitochondrial status (Fig. 2A).
membrane potential and G,

The physiological demarcation between early and late G1 is where termed the restriction
point and is defined as the point in G, progression into S phase is no longer dependent on
external mitogen stimulation.> We therefore sought to assess whether sorting G4 cells based
on mitochondrial membrane potential allowed for the purification of cell populations on
either side of the restriction point. As demonstrated in Figure 2B, in the presence of serum,
AY L or AYH Gy cells both progressed into S phase at nearly similar levels, thus
demonstrating the overall viability of both cell populations. In contrast, in serum-free,
mitogen-free conditions, the A'¥ L cells were predominantly maintained in Gq, while under
these conditions, the A'Y',H cells progressed to S phase entry. These observations are
consistent with the AW L cells being proximal to the restriction point, while the A'Y ,\H
cells behave as if they are distal to this barrier. Interestingly, to our knowledge, the use of
this double sorting strategy based on both DNA content and mitochondrial membrane
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potential provides the first method in an unsynchronized population of cells for the rapid and
simple purification of early versus late G, cells. Taken together, these results are consistent
with the notion that mitochondrial membrane potential rises as cells progress from early to
late Gy.

We next sought to more fully characterize the basis for differences in mitochondrial
properties between cells in either early or late G;. Observed differences in TMRM
fluorescence could potentially reflect differences in mitochondrial potential, overall
mitochondrial number/mass or a combination of both membrane potential and mass. We
therefore sought to directly characterize mitochondrial populations. Using a fluorescent
probe mass in our two different G, that localizes to the mitochondria but that is independent
of mitochondrial membrane potential, we observed a small approximate 1.2 fold increase in
mitochondrial mass in the A'YH cells (Fig. 3A). This small difference was also supported
by a similar magnitude change in the ratio of expression of the mitochondrial specific
protein VDACL to the housekeeping gene GAPDH in these two different cell populations
(Fig. 3B).

We next used a miniaturized assay to measure oxygen consumption.® Approximately 1x 10°
FACS sorted AY L or A H cells were aliquoted into individual microtiter wells and the
oxygen consumption of intact cells was measured under basal growth conditions or in the
presence of oligomycin (to assess respiratory leak) or FCCP (to measure maximal oxidative
capacity). As demonstrated in Figure 3C, G cells isolated with the lowest and highest
mitochondrial membrane potential representing cells in early versus late G; had substantial
differences in overall oxygen consumption. In particular, cells displaying late G; phase
characteristics had significantly higher levels of respiration. The basal levels of ATP were
also slightly higher in the late G4 cells (relative increase: 24.1 + 8.3%, p < 0.01). As noted in
Figure 3C, in both cell populations, essentially all of the measured respiration was sensitive
to the addition of oligomycin, demonstrating that these observed differences were not a
reflection of alterations in mitochondrial uncoupling. Similarly, measurement of respiration
in the presence of FCCP revealed that A'YH cells had a substantially higher level of total
oxidative capacity progression appears to be (Fig. 3C). As such, in our sorted cells, G;
accompanied by a modest (1.2-1.4 fold) increase in mitochondrial mass but a substantial (5
10 fold) increase in both mitochondrial oxygen consumption and oxidative capacity.

We next asked what mediated the changes in mitochondrial membrane potential and
metabolism during the G4 phase. We hypothesized a potential role for mTOR in this
regulation for several reasons. Previous studies have clearly demonstrated that mTOR
signaling regulates cell cycle progression and its inhibition by progression.”~12 Similarly, we
and rapamycin induces a slowing of G1 others have shown that mTOR regulates
mitochondrial oxidative function through a S6K independent pathway.613 As such, mTOR
has been previously implicated in both cellular energy regulation as well as cell cycle
progression. Although these two functions of mMTOR have generally been viewed as distinct
and unrelated, we hypothesized that they might actually be physiologically coupled. We
analyzed mTOR levels and activity in our AY L and AYH G, cells. As noted in Figure
4A, absolute protein levels of mTOR and its binding partner raptor were not appreciably
altered in these two G cell populations. Similarly, we observed no differences in the degree
of phosphorylation of S6 kinase (pS6K) or the phosphorylation of S6 itself (Fig. 4A). In
contrast, we consistently observed an approximate 2-fold increase in the amount of
molecular association between mTOR with raptor, with increased mTOR-raptor complex
being associated with higher mitochondrial membrane potential (Fig. 4B). To further
strengthen the relationship between mTOR-raptor complex formation and metabolism we
purified AW L cells that we previously had established to be in early G;. These cells were
then either maintained in serum free conditions and thus in G4, or alternatively stimulated to
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progress toward S phase by the addition of serum. In a separate group of AV L cells, we
added both serum and rapamycin. It has been previously established that treatment of Jurkat
cells or other cell types with rapamycin disrupts the mTOR-raptor complex.614 As noted in
Figure 4C, serum stimulation, which progression, significantly triggers G, increased cellular
oxygen consumption. This augmented respiration was inhibited by rapamycin.

We next sought to further assess the relationship between rapamycin exposure,
mitochondrial activity, and G, progression. In particular, we speculated that the observed
increase in mTOR-raptor complex during G4 progression might be necessary for cells to
overcome what has recently been termed the metabolic checkpoint.# We therefore reasoned
that the ability of rapamycin to slow G4 progression should be a function of intrinsic
mitochondrial activity. In particular, cells exhibiting low mitochondrial activity and
therefore proximal to the metabolic checkpoint would presumably be more susceptible to
rapamycin inhibition. To test this, we separated cells in G, based upon mitochondrial
membrane potential which we previously identified correlated well with mitochondrial
activity (Fig. 2C). As seen in Figure 4D, cells in G4 with low mitochondrial membrane
potential were indeed significantly more sensitive to rapamycin-induced G, delay. The
percentage of cells remaining in G4 after 18 hours of serum stimulation was significantly
increased by rapamycin in G; A'Y L cells (approx. 3 fold) compared to only minor effects
of rapamycin on the cell cycle progression of G; AY H cells. Interestingly, a connection
between growth in the presence of rapamycin and mitochondrial function has also been
recently observed in S. cerevisiae.1®

In summary, we have provided evidence that mitochondrial metabolism and cell cycle
progression are coordinately regulated. Our data suggests that aerobic ATP production (i.e.,
oligomycin-sensitive oxygen consumption) as well as mitochondrial membrane G;
progression. Furthermore, we observed potential increase during that the overall capacity of
the mitochondria to produce ATP, termed oxidative capacity (maximal FCCP-stimulated
respiration), also increases during progression. This increase in metabolic G; rate served as
the basis for a unique isolation strategy of early versus phase cells. Moreover, we observed
increased mTOR-raptor late G; complex formation as cells progressed from early to late G;.
Finally, cells are stimulated to progress towards S phase entry, when early G4 the serum-
stimulated increase of mitochondrial oxygen consumption can be inhibited by rapamycin.
Similarly, the ability of rapamycin to delay was related to underlying mitochondrial
energetics. induce Gq Taken together, these results are consistent with previous studies and
suggest suggesting the existence of a metabolic checkpoint in G1 that the mTOR dependent
regulation of mitochondrial function is part of the checkpoint signaling network.

Cell culture and reagents

Jurkat E6-1 cells (ATCC) were maintained in RPMI 1640 containing 10% fetal calf serum
while HEK-293T and HeLa cells (ATCC) were maintained in DMEM containing 10% calf
serum. In general, cell sorting was performed in Hanks Balanced Salt Solution (HBSS). For
cultivation after sorting, Jurkat cells were serum-stimulated with their normal culture
medium or held in serum-free RPMI 1640.

Immunoblotting and immunoprecipitation

Antibodies for immunoblotting were as follows: mTOR, raptor, phospho-p70 S6K (Thr421/
Ser424), p70 S6K, phospho-S6 (Ser235/236), S6, VDAC1/porin (Molecular Probes,
Invitrogen), GAPDH (Ambion), actin (Santa Cruz Biotechnology), cyclin A (Zymed
Laboratories, Invitrogen), cyclin E, p27XiP1 (BD Biosciences). Western blot analysis was
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performed by standard methods using enhanced chemiluminescence. Immunoprecipitation
of mTOR complexes was performed as described previouslyl6 using the N-19 mTOR
antibody from Santa Cruz Biotechnology.

Membrane potential and cell cycle

Cell sorting

Membrane potential was assessed using the potentiometric dye tetramethyl rhodamine
methyl ester (TMRM) at a final concentration of 25 nM for 15 min. Flow cytometric
analysis was performed with the FACS Calibur cytometer (Becton Dickinson
Immunocytometry Systems). For cell cycle analysis of cells where no further biological
analysis was performed, cells were incubated with Vindelov’s reagent (10 mM Tris, 10 mM
NaCl, 75 uM propidium iodine, 0.1% NP40, and 70 U RNase adjusted to pH 8.0) and
fluorescence signals as well as forward and side scatter signals were collected on a linear
scale. Modfit software (Verity Software) was used for data acquisition and analysis.
Alternatively, cell cycle distributions were determined by BrdU incorporation using the
FITC BrdU Flow Kit according to the manufacturer’s protocol (BD Biosciences). All cell
cycle analysis data shown represent the mean + SD of at least three independent
experiments.

For sorting of cells with different mitochondrial membrane potential, Jurkat cells were
sorted into two pools corresponding to the cells with the lowest (5%), and highest (5%)
TMRM fluorescence as described previously.® For sorting of cells by mitochondrial mass,
cells were stained with Mitotracker Deep Red 633 (20 nM for 15 min). In certain
experiments, cells were sorted for two parameters, i.e., mitochondrial membrane potential
and cell cycle. For the latter parameter we used the cell membrane-permeant DNA dye
Hoechst 33342 (Invitrogen) at a final concentration of 5 pg/ml. After gating for cells based
on Hoechst G; 33342 fluorescence, cells were sorted into two cells with the lowest pools
corresponding to G; (5%), and highest (5%) TMRM fluorescence. Cell sorting was
performed on a MoFlo flow Cytometer (Dako-Cytomation).

Oxygen consumption and ATP measurements

Oxygen consumption was determined using the BD Oxygen Biosensor System (BD
Biosciences) as previously described.® For semi quantitative data analysis, the maximum
slope of fluorescence units/s was used and converted into relative units. Levels of oxygen
consumption were measured under baseline conditions and in the presence of FCCP (1 pM)
or oligomycin (0.2 pg/ml). ATP was measured using the ATP Determination kit (Molecular
Probes, Invitrogen). Cells were lysed in buffer (20 mM Tris pH 7.0, 0.5% NP-40, 25 mM
NaCl, 2.5 mM EDTA, 2.5 mM EGTA) immediately after FACS-sorting and samples were
analyzed in triplicates according to the manufacturer’s recommendation.
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Variation of mitochondrial membrane potential during cell cycle progression. (A) Cell cycle
distribution as assessed by propidium iodide (PI) fluorescence of Jurkat cells sorted initially
for low (A¥ L) or high (A'Y,H) mitochondrial membrane potential using TMRM. (B)
Exponentially growing cultures from three different established cell lines were sorted based
on TMRM fluorescence. Shown is the percentage of the sorted AY L (shaded bars) or
AYH (open bars) cells that were in the Gq phase. (C) Sorting strategy for G4 cells with
low and high A¥,,. G4 purified cells denoted in red, were subsequently analyzed for
mitochondrial membrane potential as assessed by TMRM fluorescence. (D) Cell cycle
analysis of G cells sorted for low and high A'¥,, with quantitative post-sort purity derived
from four independent experiments (mean + SD). (E) Post-sort analysis of A'Y,, of G4 cells
sorted for low and high membrane potential compared to unsorted G, cells (shaded area).
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Figure2.

G4 cells with low and high AY,, correspond to early and late G phase. (A) Schematic
representation of G, progression with corresponding Western blot analysis of G4 cells sorted
for low and high AY, in either Jurkat T cells, HeLa cells or HEK-293T cells. (B)
Mitochondrial membrane potential and the G restriction point. S-phase entry of G4 cells
with low (black bars) or high (grey bars) A'Y\, immediately after sorting (time O) or after
being maintained in serum-free conditions for 18 hours or after a similar time following
serum stimulation. Results are from three independent experiments (mean * SD).
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Figure 3.

Oxygen consumption and oxidative capacity during G; progression. (A) Mitochondrial mass
determination from an equal number of cells using Mitotracker (MTR) Deep Red
fluorescence (relative scale) of G1 cells sorted for low (A¥ L) or high (AYH)
mitochondrial membrane potential using TMRM fluorescence (mean + SD, n = 3). (B)
Expression level of the mitochondrial protein VDAC1/porin detected from equal amount of
protein lysate of G1 cells sorted for low (AY L) or high (A'Y ,\H) mitochondrial membrane
potential. A representative Western blot is shown as is the quantification from three separate
experiments. (C) Corresponding levels of oxygen consumption under basal growth
conditions (black bars), in the presence of oligomycin (respiratory leak, grey bars), and
FCCP (maximal oxidative capacity, open bars). Data represents means = SD from three
independent experiments.
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Figure4.

mTOR-raptor complex formation during G, progression. (A) Western blot analysis of G,
cells sorted by mitochondrial membrane potential demonstrates no significant change in
absolute levels of mTOR, raptor, or the activation by phosphorylation of S6K. (B)
Formation of mTOR-raptor complexes increases from early to late G;. Equal amounts of
protein lysate were immunoprecipitated (IP) for mTOR and the amount of coprecipitated
raptor assessed by Western blotting (WB). Quantifica- ion is from three separate
experiments. (C) Determination of oxygen consumption in cells isolated so as to be in early
G1 (AYmL). Oxygen consumption was measured for cells that were maintained in serum
free conditions or for an equal number of cells stimulated for 18 hours with serum in the
presence or absence of rapamycin. (D) Mitochondrial membrane potential determines the
efficacy of rapamycin-induced G, delay. Cell cycle analysis of G, cells sorted for either
high or low membrane potential. Cells still remaining in G; were determined as percentage
of BrdU-negative cells 18 hours after serum stimulation in the presence or absence of
rapamycin (mean + SD, n = 3). (E) Model of the G1 phase. The concerted rise of
mitochondrial oxidative capacity and formation of mTOR-raptor complex during G
progression may play a role for the passage of a putative metabolic checkpoint between
early and late G;.
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