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            Abstract
Circadian clocks are fundamental to the biology of most eukaryotes, coordinating behaviour and physiology to resonate with the environmental cycle of day and night through complex networks of clock-controlled genes1,2,3. A fundamental knowledge gap exists, however, between circadian gene expression cycles and the biochemical mechanisms that ultimately facilitate circadian regulation of cell biology4,5. Here we report circadian rhythms in the intracellular concentration of magnesium ions, [Mg2+]i, which act as a cell-autonomous timekeeping component to determine key clock properties both in a human cell line and in a unicellular alga that diverged from each other more than 1 billion years ago6. Given the essential role of Mg2+ as a cofactor for ATP, a functional consequence of [Mg2+]i oscillations is dynamic regulation of cellular energy expenditure over the daily cycle. Mechanistically, we find that these rhythms provide bilateral feedback linking rhythmic metabolism to clock-controlled gene expression. The global regulation of nucleotide triphosphate turnover by intracellular Mg2+ availability has potential to impact upon many of the cell’s more than 600 MgATP-dependent enzymes7 and every cellular system where MgNTP hydrolysis becomes rate limiting. Indeed, we find that circadian control of translation by mTOR8 is regulated through [Mg2+]i oscillations. It will now be important to identify which additional biological processes are subject to this form of regulation in tissues of multicellular organisms such as plants and humans, in the context of health and disease.
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                    Figure 1: Conserved cellular rhythms in intracellular magnesium concentrations.


Figure 2: Chronic inhibition of magnesium transport leads to increased [Mg2+]i and long circadian period.


Figure 3: Reduced [Mg2+]i affects properties of cellular timekeeping and leads to an increase in ATP.


Figure 4: Magnesium transport phase-dependently affects cellular energy balance.
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Extended data figures and tables

Extended Data Figure 1 Additional ICP-MS data and controls (Ostreococcus).
a, b, ICP-MS analyses of cell lysates from 12 h:12 h light/dark cycles (a) or on the second day of constant light (b). P values report significance by one-way ANOVA (mean ± s.e.m., n = 3). c, ICP-MS analyses on cell lysates compared with media control (no cells) and membrane fractions (lysed cells) (mean ± s.d. plotted, n = 2 biological replicates), indicating that magnesium signal in a and Fig. 1 comes predominantly from the intracellular space. Groups are significantly different by one-way ANOVA (P < 0.0001); Tukey’s multiple comparison P values are indicated. d, Fluctuations in measured concentrations are not related to fluctuations in cell size over time. No significance of time as source of variation in cell size was observed by fluorescence-activated cell sorting analyses (mean ± s.d. plotted, one-way ANOVA P value is indicated, n = 5 biological replicates).


Extended Data Figure 2 Additional ICP-MS data (U2OS cells) and controls.
a, ICP-MS analyses of U2OS cell extracts for stable isotopes of several biologically relevant ions (mean ± s.e.m., grey/black, n ≥ 4 biological replicates), with insets showing standards that indicate linearity over the observed concentration ranges (mean ± percentage coefficient of variation). We compared how well a straight-line + damped sine wave model (adapted from ref. 44) fit to each time series compared with a straight-line only (null hypothesis, no rhythm). The null hypothesis was preferred in each case except for Mg and K (analysed by 24Mg and 39K), where the sinusoidal fit with a circadian period was preferred (blue line, R2 and fit period ± s.e.m. are reported). b, Bmal1:luc bioluminescence data showing no effect of serum concentration on circadian period in U2OS cells in the presence of B-27 supplement, mean ± s.e.m. (n = 3 biological replicates). c, Quantification of period and amplitude for data shown in b (one-way ANOVA for period, P = 0.79; one-way ANOVA for amplitude, P = 0.01). d, Cellular impedance measurements indicate that U2OS cells do not proliferate upon reaching stationary phase under our assay conditions, reported doubling times (Td) were calculated from data collected between the dotted lines.


Extended Data Figure 3 Circadian rhythms of [Mg2+]i in N. crassa and mouse fibroblasts.
a, Circadian regulation of [Mg2+]i detected by ICP-MS in the fungus N. crassa under constant darkness (mean ± s.e.m., n = 3 biological replicates). b, Representative (out of three) FRQ immunoblot sampled in parallel. c, Quantification of FRQ abundance (mean ± s.e.m., n = 3 biological replicates). d, Circadian regulation of [Mg2+]i measured by luciferase-based assay is dependent upon CRYPTOCHROME in immortalized adult mouse fibroblasts under constant conditions (mean ± s.e.m., n = 3 biological replicates).


Extended Data Figure 4 Rhythms of [Mg2+]i entrain to relevant external cues and are temperature-compensated.
a, Inversion of 12 h:12 h light/dark entrainment cycles is sufficient to entrain the phase of [Mg2+]i in Ostreococcus cells, measured by luciferase assay under constant light (mean ± s.e.m., n = 3 biological replicates). b, From the start of the experiment (S), 3 days of 12 h:12 h temperature cycles between 32 and 37 °C, followed by a change to air medium (M), are sufficient to entrain the phase of [Mg2+]i in U2OS cells measured by ICP-MS over two circadian cycles under constant conditions (mean ± s.e.m., n = 3 biological replicates). c, Ostreococcus bioluminescence recordings (CCA1-LUC) at the indicated temperatures (n = 8 replicate wells). Vertical dotted lines indicate sampling window for Mg2+ assays reported in d: assays performed during the second cycle under constant conditions show that circadian [Mg2+]i rhythms are temperature-compensated (n = 4 biological replicates). Each data set was fitted with a Lorentzian curve to estimate peak [Mg2+]i. e, No significant difference in temperature compensation (Q10) between CCA1-LUC rhythms and the timing of the second Mg2+i peak; unpaired t-test P value is reported.


Extended Data Figure 5 Human magnesium transporters and conservation in O. tauri.
a, Ubiquitously expressed human proteins with a clearly defined Mg2+ transport activity7 are listed. Note that many additional putative Mg2+-transporters are annotated, with several of these also being circadian-regulated in multiple mouse tissues. b, Expression profiles of Ostreococcus homologues of mammalian Mg2+ channels and transporters listed in a, mined from publically available microarray data45. *From BioGPS26,46. †From CircaDB25 with JTK cycle P < 0.05. ‡From the Orcae service34,35. §Percentage sequence identity/similarity with human protein sequence (E value). DELTA-BLAST47 performed using default settings. ||From micro-array data45 shown in b.


Extended Data Figure 6 Chronic CPA treatment dose-dependently lengthens period.
a–f, Traces (a, b) of the CCA1-LUC (Ostreococcus) or Per2:luc (U2OS cells) reporters, showing the effect of inhibition of magnesium transport by Co(NH3)5Cl2+ (CPA) upon period dose–response (c, d) and upon [Mg2+]i (e, f). All plots show mean ± s.e.m., with biological replicate numbers (n) indicated. P values report significance by one-way ANOVA and post-test for linear trend.


Extended Data Figure 7 Period lengthening by CHA and SLC41 knockdown is dependent upon extracellular magnesium.
a, Extracellular magnesium-depletion and CHA act synergistically to lengthen circadian period in Ostreococcus cells (mean ± s.e.m., n = 4 biological replicates). b, Quantification of period lengthening by CHA at different concentrations of extracellular magnesium (mean ± s.e.m., n = 4 biological replicates). P value for two-way ANOVA (interaction effect) is reported. c, Extracellular magnesium-depletion and CHA act synergistically to lengthen circadian period in human U2OS cells (mean ± s.e.m., n = 6 biological replicates). d, Quantification of period lengthening by CHA in Mg2+-depleted versus normal media (mean ± s.e.m., n = 4 biological replicates). P values for two-way ANOVA (interaction effect) and Fisher’s exact test are reported. e, Period lengthening due to knockdown of plasma membrane Mg2+/Na+ antiporter SLC41A1 is attenuated by depletion of extracellular magnesium (mean ± s.e.m., n = 8 biological replicates). f, Quantification of period lengthening due to knockdown of SLC41A1 in normal versus Mg2+-depleted media (mean ± s.e.m., n = 8 biological replicates); two-way ANOVA interaction effect, P < 0.0001. P values for Sidak’s multiple comparisons test are also reported. g, Quantification of SLC41A1 knockdown efficacy. Unpaired t-test P values are reported, a representative immunoblot (of three) is shown (mean ± s.e.m., n = 3 biological replicates).


Extended Data Figure 8 Bioluminescence data of wedge experiment.
Peak expression phase of the clock protein CCA1 was analysed upon re-introduction of magnesium to cultures in low extracellular magnesium, to test whether the phase of cellular rhythms is dictated by the prior phase of entrainment or by this enforced transition from low to high [Mg2+]i. a, Bioluminescence traces showing that circadian rhythms in Ostreococcus are reversibly attenuated by depletion of extracellular Mg2+, and restored by Mg2+ wash-in. b, e, Bioluminescence traces from cells in low extracellular magnesium (b; 5 μM, e; 20 μM) with rhythms rescued by release into media containing normal physiological concentrations of magnesium at the indicated times (vertical dotted lines) in constant light (LL), compared with their respective controls where no magnesium was added in (blue traces). Data from seven or eight replicate wells are shown in each panel. c, f, Summary graphs where results from b, e are plotted in circadian wedge graphs: peak phases of CCA1-LUC rhythms in untreated control cells (grey dots) are compared with peak phase of rhythms reinstated by introduction of physiological magnesium following depletion to 5 μM (c, red dots) or 20 μM (f, orange dots), revealing that the phase of resulting rhythms is dictated solely by the phase of magnesium reintroduction (blue line). d, g, Radial plots of phase shift (mean ± s.d., circumferential axis) depicted in c and f, versus phase before addition of Mg2+ to normal levels (old phase, radial axis and colour). The expected phase responses for type 0 resetting (black dotted line) and no resetting (red dotted line) are indicated. The goodness of fit (R2) and y intercept (Y0) to the type 0 model are shown. Dose-dependent effects of intracellular magnesium on a critical clock parameter are confirmed by the observation that resetting was less strong when magnesium was reintroduced to cells adapted to intermediate levels of extracellular magnesium (e–g) compared with lowest extracellular magnesium (b–d).


Extended Data Figure 9 The effects of magnesium depletion and role of mTOR.
a, Extracellular lactate was measured in U2OS cells after 24 h in Mg2+-depleted compared with normal media. b, c, Combined action of extracellular magnesium depletion and mTOR inhibition using torin1 (b, n = 3 biological replicates) or rapamycin (c, n = 6 biological replicates) to lengthen circadian period in U2OS cells is less than additive (mean ± s.e.m.). d, e, Quantification of period lengthening due to torin1 (d, n = 3) and rapamycin (e, n = 6) in Mg2+-depleted compared with normal media (mean ± s.e.m.). Note the apparent ‘ceiling effect’ at high concentrations of both drugs, such that Mg2+ depletion elicits no additional lengthening of cellular circadian period. Two-way ANOVA interaction effect: P < 0.0001 for both drugs versus Mg2+. Selected P values for Sidak’s multiple comparisons test are also reported (NS, P > 0.33).


Extended Data Figure 10 Factors potentially contributing to maintenance of membrane electroneutrality in light of [Mg2+]i oscillations.
a, Model indicating potential ion fluxes that might explain how clock-regulated [Mg2+]i oscillations impact on global cellular metabolism while membrane electroneutrality is maintained, during the day versus the night. The observed phase dependency of acute CHA was different between Ostreococcus and U2OS cells (Fig. 4a–c), and is consistent with the very different environmental niches inhabited by a marine alga compared with a peripheral human tissue. In Ostreococcus, CHA maintained [Mg2+]i at daytime levels when added before the normal trough, resulting in increased night-time translation and a concomitant reduction in relative ATP levels. This result suggests that Ostreococcus pumps magnesium out of the cell during the dark period, against a large electrochemical potential gradient (magnesium is the second most abundant cation in seawater, at 50 mM in this study) to globally down-tune ATP turnover. In U2OS cells, CHA treatment significantly reduced [Mg2+]i accumulation and translation rates as well as significantly increasing ATP levels when added before the [Mg2+]i peak. Human cells inhabit an environment where nutrient availability is homeostatically regulated (0.8 mM magnesium in cell culture medium). As such, circadian regulation of increased magnesium transport into the cell during the feeding, active phase of day serves to facilitate higher metabolic rate constants. Note that light has no direct effect on the clock in human peripheral cells, instead being mediated by systemic cues. b, c, [Mg2+]i oscillations persist in transcriptionally inactive Ostreococcus cells kept in constant darkness, as analysed both by ICP-MS (b) and by luciferase assay (c), indicating that circadian regulation of ion transport can occur post-translationally in addition to its transcriptional regulation (mean ± s.e.m., n = 3 for ICP-MS data and n = 4 for luciferase assays (biological replicates)).
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