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Background: Chrétien and co-workers (PLOS Biology. 2018;16(1):¢2003992) recently suggested that the
mitochondrion might possibly be hotter than its surrounding (by as much as 10°C).

Objectives: To examine the validity of this claim and review the possible implications and repercussion of such
a claim — if true — on some aspects of mitochondrial biochemistry and biophysics.

Results: Both the chemical gradient and the electrical gradient Gibbs energy terms in the central equation of
chemiosmotic theory are temperature dependent, the first explicitly and the second implicitly. A hotter
mitochondrion — as claimed — would imply a 3% correction in the chemical gradient term, but we cannot
estimate the corresponding effect on the electrical term at this time since the functional dependence of the
voltage on the temperature is not known to the best of the authors’ knowledge. Further, if this claim is true and
to the extent claimed (10°C), this may imply some heat-engine character for mitochondrial thermodynamic
operation albeit this may only represent 4% at most.

Conclusions: Doubts and criticisms regarding the suggestion of a hotter mitochondrion have been raised and are
briefly discussed. These doubts are contrasted with some data and considerations that support the claim of a
hotter mitochondrion. It is concluded that the mitochondrion is probably hotter than its environment but not to
the extent claimed by Chrétien et al. and that the thermodynamic efficiency and the mode of operation of the
mitochondrion as an electrochemical battery are very slightly perturbed by even the maximum claimed revision
of the temperature of its operation.

KEY WORDS: hot mitochondrion; mitochondrial biophysics; ATP synthase; Maxwell demon; chemiosmotic
theory.
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AxTtyanbHicTb. Kpetben T1a #ioro koneru (Chrétien ef al., PLOS Biology. 2018; 16(1): €2003992) HemonaBHO
NPUIYCTWIIN, 110 MITOXOH/PIT MOXXYTh OyTH TEILTIIINMH, HDK X oTodeHHs Ha nimx 10°C.

Meta po0oTH: PO3IIISIHYTH OOIPYHTOBAHICTH LOTO TBEPIUKEHHS Ta, SIKIIO BOHO BipHE, NMEPErisIHYyTH HOTro
MOJKJIMBI HACIIAKY [UIA JESIKHUX acIeKTiB 010XiMii i 010i3UKH MITOXOHIPIH.

PesyabTaTH. Y LEHTpanbHOMY pIBHSHHI XEMIOCMOTHYHOI Teopii oOWaBa WiIeHHW, K XIMIiYHOTO, TakK i
eJIEKTPUYHOTO, TpamieHTIB eHepril [i0ca 3anexaTh BiJ TeMIepaTypu: MepIInii SBHO Ta APYTHil HesBHO. ["apsda
MITOXOHJIPIsl, SIK CTBEPIDKYEThCs, mependadae 3% mompaBky Ui XIMIYHOTO Tpajii€eHTa, MPOTE Hapa3i MU He
MO’KEMO OIIHWTH BiIIIOBIIHUN BHECOK B €IEKTPHYHY CKJIAJ0BY, OCKUIBKH, K BiZIOMO aBTOpaM, QyHKI[iOHAIbHA
3aJIOKHICTh HANpPYTH BiJ TemIiepaTypud He Bijoma. Kpim Toro, sIKIo e TBEpIXKEHHS BIpHO 1 BiIIOBigae
3asBIeHOMY 3HaueHHIO y 10°C, 1ie Mo)Ke 03HayaTu IeBHY MOIIOHICTh JI0 TEIUIOBOrO JABHUI'YHA Ul BUKOHAHHS
MITOXOH/IPIi€I0 TEPMOANHAMIYHOT POOOTH, X0Ua Liei BHECOK MOXKE CKJIaAaTH He Oiubiue Hix 4%.

BucnoBku. BucnosieHo Ta KOpOTKO OOroBOpPEHO CYMHIBM 1 KPUTHYHI 3ayBa)KCHHS ILNOJO IPHITYLICHHS
ICHyBaHHS rapsiaux MitoxoHnapid. L{i cyMHIBY cynepedaTh AESKUM JaHUM i MipKyBaHHSM, IIO MiATBEPIKYIOTH
iIel0 mpo rapsdi MiToXoHIpii. POOMTHCS BHCHOBOK, IO MITOXOHIpii, WMOBIpHO, € OUIBII TEIJIMMH, HIX
HaBKOJIMIITHE BHYTPIITHHOKIIITHHHE CEPEIOBHIIE, ajie HEe B Till Mipi, SIK CTBEpIKYI0Th KpeTheH 3i clliBaBTOpaMH,
Ta 10 TepMOANHaMivHa e(heKTUBHICTD i cIoci0 (hyHKIIOHYBaHHS MiTOXOHJPII K eIeKTPOXiMigHOI OaTapei ayxe
HE3HAYHO 3MIHIOIOTHCS HaBITh NP MaKCUMAalbHIN 3asBJIeHIN 3MiHi 11 po0090i TeMIIepaTypH.

KJIFOYOBI CJIOBA: rapsiua MiToxoHmapis, 6iodisuka mitoxouapiit, ATd-cuHTa3a, neMoH MakcBesia, XeMiOCMOTHYHA
Teopis.
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AxtyaabHocTh. Kpetben ¢ coaBropamu (Chrétien et al, PLOS Biology. 2018;16(1):¢2003992) nenaBHO
MPEAINOJI0KNIN, YTO MUTOXOHAPHH MOTYT OBITh TEIlIee, YeM OKpy»Karolas cpena Ha nensix 10°C.

Leanr padorsr: PaccMoTpeTh 000CHOBAaHHOCTH 3TOTO YTBEP)KAEHHS M, €CIM OHO BEPHO, IEPECMOTPETH €ro
BO3MOJKHBIE ITOCIIEACTBHS ISl HEKOTOPBIX aclieKTOB OMOXUMHHU ¥ OMO(PU3NKH MUTOXOHIPHH.

PesyabTaThl. B neHTpanbHOM ypaBHEHMH XEMHOCMOTHYECKOH TeopHu 00a WieHa, KaKk XMMHYECKOro, TaK M
AIEKTPUYECKOTO, TPAgUeHTOB dHepruu [mObOca 3aBHCAT OT TeMIepaTyphbl: MEpBBIA SBHO M BTOPOW HESBHO.
Tlopstuast MUTOXOHAPHS, KaK YTBEPKIACTCS, MOIpasyMeBaeT 3%-10 IMOMpaBKy A XMMHYECKOTO TpaJHeHTa,
OJTHAKO MBI HE MOXKEM Ceifdac OICHUTh COOTBETCTBYIOIINH BKJIA]] B SJICKTPUIECKYIO COCTABIISIONIYIO, TIOCKOIBKY
(hyHKIMOHATBHAS 3aBUCHMOCTD HAIIPSDKEHHS OT TEMIEepaTypbl, HACKOJIBKO M3BECTHO aBTOpaM, HE yCTAHOBJICHA.
Kpome Toro, eciam 3T0 yTBep)KACHHE BEPHO M Pa3HOCTh TEMIIEPATyp COOTBETCTBYET 3asSBICHHOMY 3HAYCHHIO B
10°C, TO MOXXHO TIPEAIOJOKHUTH CYIICCTBOBAHME HEKOETO IMOJ00WS TEIIOBOTO ABHIATENS U BBIIOTHEHUS
MHTOXOH/IpHEIl TEPMOAMHAMUYECKON pabOoThI, XOTS 3TOT BKJIa] MOKET COCTaBJIAThH He OoJblie yeM 4%.
B])IBO)I])I. beum BBIABUHYTBI W KpaTKO 06Cy)KI[eHI)I COMHCHUA M KPUTUYCCKHUC 3aMCUaHHs OTHOCUTECILHO
MNPEANOJIOKECHHUA O TOpAYNX MHUTOXOHAPHAX. OTH COMHEHHUS MMpoTUBOpCYaT HEKOTOPLIM JaHHbBIM U
COOOpaXEHHsM, KOTOpble TOAJECP)KMBAIOT MJACKD O TOPSYMX MHTOXOHApMAX. Jlemaercss BBIBOA, 4TO
MHUTOXOH/IDHSI, BEPOSITHO, SIBJIIETCS Oojiee TEIUIOW, YeM OKpy’Karollas ee cpela, HO He B TOW CTENEHH, Kak
yTBepKIaroT KpeTbeH M COaBT., W 4YTO TepMOAUHAMUYecKas 3((EeKTHUBHOCTh M CIIOCO0 (YHKIMOHHUPOBAHHS
MHUTOXOHJIPHH B KadecTBE JIIEKTPOXHMHYECKOW Oaraped HapymIaroTcs BechMa HE3HAYHTENBHO Nake MpU
MaKCHUMAaJIbHOM 3asBIICHHOM U3MEHEHUH €€ padodel TeMIIepaTyphl.

KJIIOYEBBIE CJIOBA: ropsyas MuUTOXOHIpus, Ouodusuka mutoxoHmpuii, ATd-cunTaza, nemMoH MakcBemia,
XEMHUOCMOTHUYECKASA TECOPUS.
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Since Philip Siekevitz coined the term, the mitochondrion has been recognized as the
“powerhouse of the cell” [1]. A thermal power-plant’s efficiency # is given by the celebrated

Carnot formula:
n- 1—@—} . 1)
hot

However, the living cell is considered to operate under isothermal conditions (at a
temperature of 37°C in humans), even though this view may require minor revision. For an
isothermal system, the efficiency can be described by the more general equation:

wo w
AG(T) AH-TAS’
that is, the ratio of useful work w (or energy containing product such as ATP) over the energy
content of ingested foodstuffs.

Mitochondrial energy efficiency is important in characterizing and understanding a
number of diseases (e.g. in insulin resistance of cells that results in diabetes mellitus [2], or in
the well-known switching of metabolism to glycolysis in cancerous cells known as the
Warburg effect) and in understanding thermodynamic aspects of biological evolution [3].
Thermodynamic efficiency clearly depends on temperature through AG ’s dependence on the
temperature of the surrounding thermal bath in isothermal conditions (Eq. (2)) or on the
difference in the temperatures of two compartments in the case of a heat engine when a
temperature gradient exists (Eq. (1)). Hence, knowledge of the temperature of operation of the
mitochondrion and its surroundings is crucial for a proper understanding of its
thermodynamic efficiency.

Using a molecular thermometer mito thermo yellow (MTY) that distributes preferentially
inside the mitochondrial matrix [4], Chrétien et al. have recently suggested that the
mitochondrion operates at temperatures that are higher than their immediate cellular
surroundings, temperatures that can perhaps fetch as high as 50°C [5]. Doubts on the
interpretation of the experimental data have been cast by Lane [6] to the effect that it may be
just a matter of degree, that is, the mitochondrion is probably hotter than the rest of the cell
but perhaps not as hot as Chrétien et al. claim.

n= 2)

PROBLEM FORMULATION

Other concerns have been raised against the used MTY by Arai ef al. who suggested that
MTY fluorescence signal can be affected by several parameters that include pH, oxygen
species, membrane potential, viscosity, and ionic strength [4]. Moreover, MTY dye has
showed different sensitivity depending on the tissue type. Another concern is the possibility
of MTY dye leakage from mitochondria which may give false positive results of increased
mitochondrial temperature. This leakage has been attributed to the non-covalent bonding of
MTY to the mitochondrial aldehyde dehydrogenase [4]. Although it is known that MTY dye
binds to mitochondrial aldehyde dehydrogenase, its precise location inside the mitochondrial
matrix is not exactly known [7]. Other possible caveats have been discussed by Lane such as
the possibility of MTY fluorescence quenching at high concentrations [6].

The experimental design by Chrétien et al. has tackled most of the previously mentioned
concerns showing, for example, that the decrease in fluorescence was specific to the increased
mitochondrial temperature [5]. Other conceptual and theoretical concerns can be raised not
against the increase in the mitochondria temperature but against the extent of this increase.
Baffou et al. have previously shown that that the maximal temperature increase by
endogenous thermogenesis in cells cannot exceed 10 K for the entire cell and 10 K for
mitochondria, later known as the 10° gap, as a critique for reported temperature elevations
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measured by thermosensitive probes [8]. However, other authors have criticized some points
that were overlooked by Baffou et al. and which may make the 10° gap unnecessarily true
under realistic biological conditions and approximations [9, 10].

Lane applied the 10° gap criticism of endogenous thermogenesis to the 10°C increase in
mitochondrial temperature, doubting the correctness of the 10° gap calculations and at the
same time doubting the 10°C increase value [6]. Finally, a conceptual problem was raised by
Lane about what the meaning of temperature measurement in mitochondria if a steep
temperature gradient (10°C) exists since — by definition — temperature is the average kinetic
energy [6].

Much more dramatically, and based on an order of magnitude estimation of the power
consumption of a growing bacterial cell and the thermal conductivity of water, Sear
challenges the Chrétien ef al.’s finding and arrives at a maximum estimated energy flux of 1
W/m? which translates into a temperature gradient of a maximum of 1 K/m, that is, a
maximum gradient of the order of a uK across the dimensions of the cell [11]. Sear’s
challenge is to essentially falsify the proposition of any notable temperature difference
between cell compartments since at the most these would be in the micro-Kelvin range.

However, the fact remains as to how can one explain away Chrétien et al.’s results? And
also the fact that other experimenters have come to similar conclusions, albeit not as dramatic
as Chrétien et al.’s 10°C gradient. For instance, Shen et al. use rhodamine B methyl ester dye
as a mitochondrial thermometer to establish that the natural anti-inflammatory autacoid
prostaglandin E; (PGE;) can decrease the intracellular temperature of hepatocytes [12]. These
workers argue that Chrétien ef al.’s findings are consistent with theirs since PGE;
downregulates metabolism and, hence, heat production in the hepatocites [12]. Using
fluorescent thermometry, Okabe et al. report a 1°C gradient between the cell nucleus and the
cytosol [13, 14]. The presumed existence of (significant) intracellular temperature gradients
motivated researchers to develop molecular thermometers that can penetrate mammalian cells
and yeast (see for example Ref. [15]).

DISCUSSION

If indeed the mitochondrion is hotter than its surroundings, even by a few degrees, then
some of our understanding of mitochondrial biochemistry and biophysics may possibly need
to be slightly revisited. We insist on the adjective “slight” since even in the most extreme case
of ~ 10°C temperature gradient, this would translates through Eq. (1) into a theoretical
maximum of only ~ 4% revision of the efficiency, while this number drops to a maximum of
~ 0.3% for a 1°C gradient which is, at best, a perturbation that is much less than any hoped-
for precision of intracellular conditions. One has also to consider the local random fluctuation
of temperature in very small confined spaces in the spatial dimensions [16] as well as in the
temporal dimension [17].

Hence, and more explicitly, such a revision may include a reconsideration of the explicit
dependence of the first term (AGchem) in the Gibbs energy expression of the chemiosmotic
energy (Eq. (1)) on T and also the indirect effect of the temperature on the second electric
term (AGelec.):

AG =23nRTApH+n.7 Ay, (3)
N N

AGehem,

where ApH =pH, —pH_,, and Faraday’s constant .7 = 96.485 kJ-V'"-mol”, which yields
fora ApH = 1 unit and 37°C:

AG,

elec.

AG =23RT+.7(0.25V) ~ 6 kI +24 kI ~30kJ-mol ", (4)
AG&:hﬁ:m AGIC.

(20%)  (80%)
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where mol here refers to a mole of protons.

Now if we assume a temperature of 320 K (i.e., 47°C, ten degrees higher than normal
body temperature), and focusing only on the chemical term (ignoring the potential term since
we do not know the functional dependence of the potential on the temperature at this point),
the change in AG per proton would be then:

AAG,,, =(AGy —AG, ) =23x1xRx10x1~0.2kJ.mol™, (5)

chem. chem.

for a ApH of one unit, which is a very small correction of the order of 3% of the chemical
(minor) term. At this point we have no estimates of the effect of temperature on the dominant
electrical term. As for temperature, pH, and concentrations, and in view of the small physical
space of the mitochondrial “capacitor”, one must also account for the local and temporal
fluctuation of the voltage and its associated electric field across the inner mitochondrial
membrane [18, 19]. Furthermore, the obligatory energy dissipation by ATP synthase, a
Maxwell demon as it acts as a molecular sorting machine [20—22], should be mildly revised as
well whereby the minimum energy of kg71n2 per proton crossing it should be increased by 10
ksTIn2 (which represents a correction of ~ 3% at the most). Finally, perhaps one can also
consider a minor aspect of a “heat engine” operation in the mitochondrion whereby one can
add an energy term proportional to [1-(7,,/T,.)]-

None of the above considerations touch upon another crucial aspect that would be far
more (exponentially) sensitive to a temperature difference and that is kinetics aspects. In fact,
just from simple Arrhenius law, for a reaction with an activation energy of say 50 kJ/mol, the
ratios of the rate constants’ in the two extreme cases of 1°C temperature gradient (37°C —
38°C) and 10°C gradient (37°C — 47°C) would be bracketed by:

E,(1 1
~1.06(at 38°C) < %zeR[Tl Tz} < ~1.83 (at 47°C), (6)

1

implying an almost doubling of reactions (with £, = 50 kJ/mol) in the mitochondrion at the
higher end of the temperature gradient scale, and a 6% rise in the rate of this reaction for a
1°C gradient.

Nasr et al. have recently examined some of the biological consequences of a possible
“hot mitochondrion” [3]. Among the problems that such a higher temperature mitochondrion
is representing is that of the instability of mitochondrial macromolecules, particularly proteins
and nucleic acids, at elevated temperatures as they can approach or reach their melting
temperatures. This is further complicated by the known increase in reactive oxygen species
(ROS) production at these higher temperatures (see Ref. [3] and references therein). Nasr et
al. suggest that heat shock proteins (Hsps), abundant in the mitochondria and primarily
thought to act as molecular chaperones to ensure the proper folding of imported proteins, may
also act according to their conventional role as stabilizers of protein structures at higher
temperatures. These Hsps can also have a secondary role as protectants against the
temperature-dependent increase in ROS levels. These propositions are corroborated by the
presence of other compatible solutes (known thermoprotectants and stabilizers of protein
structures) such as di-myo-inoitol-1,1’-phosphate, and also by the richness of at least some
mitochondrial nucleic acids encoding for Hsps in purine tracks compared to their cytosolic
counterparts [3].

Purine tracks are long segments of a nucleic acid that have purine bases stacked one on
the top of the next, and - given the larger aromatic rings of purines compared to pyrimidines —
this imparts added stability to these nucleic acids presumably to confront the hotter
mitochondrial environment [3]. The very presence of these Hsps and their proposed role as
structural stabilizers against the insults of the higher temperature argues in favor of the
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proposition that the mitochondrion could be indeed “hotter” than its surroundings, but the
open question appears to be “by how much?”

Hotter or not, the fact remains that temperature must be maintained within a range that
allows for the proper functioning of the mitochondrion. So the next question enquires on how
the mitochondrion is capable of maintaining its thermal homeostasis? How does it regulate its
temperature within an acceptable range? The authors are proposing a feedback mechanism for
the regulation of the temperature of the mitochondrion [23].

The proposed control loop is based on the realization that the rate limiting step of the
electron transport chain (ETC) is the lateral diffusion of ubiquinone/ol (in its various
oxidation states, collectively referred to as “UQ” species) within the inner mitochondrial
membrane [24, 25]. An increase in the rate of heat production will be associated with a rise in
the temperature of the mitochondrion, the higher temperature will decrease the viscosity of
the membrane which, in turn, increases the diffusion coefficients of UQ. The faster mobility
of UQ accelerates the electron transport chain, and as a result enhances the rate of proton
pumping into the inter-membrane gap. The higher gradient created as a result will be
associated with a stronger (chemiosmotic) electric field perpendicular to the membrane (and
larger voltage across the inner mitochondrial membrane). As any capacitor, this electric field
exerts a pressure P over the capacitor dielectric medium (here the phospholipid membrane
itself) according to:

& 2 7
P=—F ,

where ¢ is the dielectric constant of the membrane and £ is the magnitude of the electric field
normal to the membrane.

This increase in the pressure on the membrane liquid crystal, in turn, increases its
viscosity which reduces the diffusion coefficient of UQ putting the breaks on the further
pumping of protons and of heat generation. The loop can operate in the opposite mode if the
heat production is lower than optimal. This positive/negative feedback mechanism provides
an explanation for the thermal homeostasis needed to maintain the mitochondrial temperature
within working bounds.

CONCLUSION

Whether the mitochondrion is hotter than its surrounding remains debated. The literature
appears to point to a hotter mitochondrion but with probably a lesser temperature gradient
than suggested by Chrétien et al. The implications on the thermodynamic efficiency of the
mitochondrion are, at best, a small perturbation and probably negligible within the biological
context. However, and due to the exponential nature of Arrhenius equation, a small rise in
temperature can have a considerable effect on the kinetics of the reactions of the Krebs cycle
and of the electron transport chain.
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