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Life is powered by electrical membrane potential
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Electrical membrane potential drives growth

H+
H+ H+ H+

amino acids

nucleotides
sugars

H He H* -

The reverse Krebs cycle fixes CO, to make organic molecules — it is the heart of metabolism
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Harrison S & Lane N. Life as a guide to prebiotic nucleotide synthesis. Nature Commun 9, 5176 (2018)




NMI Summit, 11-12 October 2024

Deborah Kelley*~*

Lost City vent field
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High concentrations of H, and CO,
Proton gradients across catalytic FeS walls

H H H, H, H\‘\':“ ‘ : .. Nucleotides % H\
! H Sy - ;
o B N H' w B 7N H
X 2R

Proton flux drives reaction between H, and CO, to form protocells
in alkaline pores - metabolism, growth and emergence of genes

Harrison SA, Rammu H, Liu F, Halpern A, Nunes Palmeira R, Lane N.
Life as a guide to its own origins. Annual Review of Ecology, Evolution & Systematics. 54: 327-50 (2023)
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Bacteria Archaea

Bill Martin
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Asgard superphylum Alphaproteobacteria
Eukaryotes
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Mclnerney JO, O’Connell MJ. Microbiology: Mind the gaps in cellular evolution. Nature 541: 297-299 (2017)

Giant bacteria have
thousands of copies Eukaryotic cells have thousands of tiny mitochondrial
of their complete genome genomes which support a massive nuclear genome

The total amount of DNA is similar in both, but the distribution is very different: eukaryotes have
thousands of tiny mitochondrial genomes that support energetically a massive nuclear genome
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The genomic
asymmetry in
eukaryotes gives
us ~5 orders of
magnitude more
energy for gene
expression

We can have large
genomes and make
tens of thousands of
times more protein

from each gene
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Lane N, Martin W. The energetics of genome complexity. Nature, 467: 929-934 (2010)
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Total gene loss rate
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An ‘evolutionary scandal’

Eukaryotes are monophyletic, so by
definition arose once in 4 billion years

All eukaryotes share universal
traits e.g. the nucleus, ER, Golgi,
dynamic cytoskeleton, mitochondria,
membrane trafficking, mitosis, meiosis...

Bacteria do not evolve any of these
morphological traits — why not?

John Maynard Smith

Sex arose from LGT — enabled much larger genomes
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Colnaghi M, Lane N, Pomiankowski A. Repeat sequences limit the effectiveness of lateral gene transfer
and favored the evolution of meiotic sex in early eukaryotes. Proc Natl Acad Sci USA 119: €2205041119 (2022).
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Mitochondria AND sex are needed for large genomes

Wildtype genome size
Mutation load
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Colnaghi M, Lane N, Pomiankowski A. Two-step meiosis enables the expansion of early eukaryotic genomes. MS in preparation (2024).

Meiotic sex can maintain the quality of
large eukaryote-sized nuclear genomes

Bacterial LGT cannot do this

But there is no obvious need for the two parents to be
different sexes, especially in unicellular eukaryotes

Could two sexes select for mitochondrial genome quality?
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Sexes and mitochondrial inheritance

Biparental inheritance — sex rare, Uniparental inheritance of
segregational variance mitochondria

UPI facilitates mitonuclear selection
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relative bottleneck size, MIB

UPI and bottlenecking reduce
variance between mitochondria
in an oocyte and increase
variance between oocytes
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number of mitochondria per cell. M number of mitochondria per cell. M

Hadjivasiliou Z, Pomiankowski A, Seymour RM, Lane N. Selection for mitonuclear co-adaptation could favour the evolution of two sexes. Proc R Soc B. 279: 1865-72 (2012).
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Uniparental inheritance increases variance

BPI generates heteroplasmic
mitochondria, hard for selection
to distinguish between

UPI + bottleneck generates
clonal populations of
mitochondria, good and bad

UPI increases variance between zygotes, facilitating selection and increasing fitness.

Mother’s curse

In isogenic animals, male fertility should
vary with mtDNA as same nuclear

background cannot compensate for all.
Flo Camus
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Drosophila mtDNA
19,517 bp

BAR SNP (G>A)

Drosophila is ideal experimental model:
different mtDNA haplogroups can be set
against isogenic nuclear background

Male fitness varies with diet and mtDNA
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Optimal carbohydrate:protein varies from 1:1 to 4:1 depending on mitonuclear interactions

Camus MF, Moore J, Reuter M. Nutritional geometry of mitochondrial genetic effects on male fertility. Biol Left 16: 20190891 (2020).
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Can NAC improve male fertility? Yes, but it kills BAR females
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Camus MF, Rodriguez E, Kotiadis V, Carter H, Lane N Suppression of respiratory complex | by redox
stress shortens lifespan in flies with mitonuclear incompatibilities. J Exp Gerontol 175: 112158 (2023)
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NAC suppresses complex | but does not alter ROS flux

Female Thorax . Male Thorax : 5 5 ; 5

i 6000 1
HFEII . 40001

L 20004

=

4OIXI'I IIII

I Jonk I 0 Iil ke
ol WAl REE o WNH REE R
0

WCB WCB WCB WCB WCB WCB

[=2]
(=]
o
(=]

H,0, Flux
(pmol Hz0z/s/mg)

0O; Flux
(pmol Ox'simg)

N
o
o
o
L

) 1 1

0 0 1 10
%3 .
5 f 2 lj
: " II' III " 'I II' IlI

0
wCB WCB WCB wCB wWCB WCB

Glutathione
lu/img/100)

(

ES
=
8=
33
g2
€S
o
Q
3]

Control Ratio %
(S3/Max)

Camus MF, Rodriguez E, Kotiadis V, Carter H, Lane N Suppression of respiratory complex | by redox
stress shortens lifespan in flies with mitonuclear incompatibilities. J Exp Gerontol 175: 112158 (2023)
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Krebs cycle flux depends on respiration at complex |
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Damage to respiration reverses parts of Krebs cycle...
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‘ over ATP synthesis...
citrate : we put on weight and
have less energy
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Unstressed BAR females are ‘superflies’
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BAR flies are more active, have greater fecundity, and
are longer lived — an unusual evolutionary combination

Control vs high protein diet

Rodriguez E, Inwongwan S, Camus F, Lane N. Mitonuclear interactions shape metabolic plasticity, fithess and longevity. MS in prep (2024).

BAR females generally outperform other fly lines.

Lower doses of NAC

less catastrophic to
BAR females — BAR
marginally longer lived
than WT or BAR flies

NAC (5g/L)

Proportion Survival
Proportion Survival

Nicotinamide riboside
(NR) supplementation
increased lifespan
— but less for BAR
than WT or COX

NR (10mM)

Proportion Survival
Proportion Survival
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BAR flies have better complex | function in youth...
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Rodriguez E, Inwongwan S, Camus F, Lane N. Mitonuclear interactions shape metabolic plasticity, fithess and longevity. MS in prep (2024).

...S0 BAR flies have larger and more oxidised NAD pool
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Metabolomics — big differences between fly lines
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Rodriguez E, Inwongwan S, Camus F, Lane N. Mitonuclear interactions shape metabolic plasticity, fithess and longevity. MS in prep (2024).

Central metabolism — changes in metabolites vs WT
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The mitonuclear mismatched fly lines COX and BAR mostly behave in a similar way relative to WT

Rodriguez E, Inwongwan S, Camus F, Lane N. Mitonuclear interactions shape metabolic plasticity, fithess and longevity. MS in prep (2024).
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Central metabolism — changes in metabolites vs WT
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But the inflection points are metabolically significant — malate-aspartate shuttle, succinate,
glycolysis, glycerol phosphate input, nitrogen loss — BAR maintain better complex | activity

Overall changes in gene expression vs WT
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Log 2-fold change in gene expression — X axis shows fold-change
Y axis shows significance (depends in part on quality of replicates).

Rodriguez E, Inwongwan S, Camus F, Lane N. Mitonuclear interactions shape metabolic plasticity, fithess and longevity. MS in prep (2024).
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Membrane bioenergetics drove metabolism at the origin of life

The acquisition of mitochondria enabled the evolution of
complex life on Earth — the eukaryotic cell, sex and two sexes

Maternal inheritance of mtDNA leads to —
selection for mtDNA against nuclear background is critical

Drosophila illustrates importance of mitonuclear interactions

Mitonuclear interactions shape metabolic plasticity, fithess, activity,
longevity, and responses to nutrition and redox stress — big effects
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