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Abstract

In human cells, the nuclear and mitochondrial genomes engage in a complex interplay to produce dual-encoded oxidative phosphory-
lation (OXPHOS) complexes. The coordination of these dynamic gene expression processes is essential for producing matched amounts
of OXPHOS protein subunits. This review focuses on our current understanding of the mitochondrial central dogma rates, highlighting
the striking differences in gene expression rates between mitochondrial and nuclear genes. We synthesize a coherent model of
mitochondrial gene expression kinetics, highlighting the emerging principles and emphasizing where more precise measurements
would be beneficial. Such an understanding is pivotal for grasping the unique aspects of mitochondrial function and its role in cellular
energetics, and it has profound implications for aging, metabolic disorders, and neurodegenerative diseases.
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Introduction
The central dogma of molecular biology, first proposed by Francis
Crick, describes the unidirectional flow of information from DNA
to RNA to protein. This process takes on a unique character
in mitochondria due to their distinct genome and specialized
transcription and translation machinery (Fig. 1A) [1, 2]. Tradi-
tionally, mitochondrial research has emphasized a static view
of gene expression, focusing on the molecular mechanisms and
steady-state profiles of the proteome and transcriptome. However,
understanding the dynamic aspects of this process is essential,
particularly in the biogenesis of dual-encoded oxidative phospho-
rylation (OXPHOS) complexes. The coordination between nuclear
and mitochondrial genomes in producing the correct quantities of
OXPHOS subunits represents a pinnacle of cellular gene expres-
sion complexity [3].

OXPHOS complexes are composed of a precise assembly of
subunits, with most subunits present in a singular copy. Achieving
and controlling the steady-state levels of these protein subunits
involves processes with measurable kinetics, such as mRNA tran-
scription and protein degradation. Crucially, the same quantity
of protein subunits can be achieved through nearly limitless
permutations of these gene expression rates [4]. For instance, the
production of an equivalent number of proteins can be achieved
by either 10 mRNAs being translated at a rate of 1 protein per
minute or a single mRNA being translated at 10 proteins per
minute. Determining these kinetics is key not only to compre-
hending how cells function under healthy conditions but also in
scenarios where imbalances in synthesis from the nuclear and
mitochondrial genomes result in aging phenotypes, metabolic
disorders, or neurodegenerative diseases [5–8]. Furthermore, the
importance of understanding gene expression kinetics is under-
scored by the fact that many genes involved in mitochondrial gene
expression, and therefore in setting the rates, are linked to human
diseases [5].

Recent advancements in next-generation sequencing and
proteomics have greatly enhanced our understanding of these
dynamic processes in human mitochondria, offering new insights
into the gene expression kinetics between mitochondrial and
nuclear-encoded genes. This review aims to integrate these data,
forming a coherent model of mitochondrial gene expression
kinetics and identifying areas requiring more direct or refined
measurements. Such understanding is vital for grasping the
unique aspects of mitochondrial function and its critical role
in cellular energetics.

Transcription rates
Production rate
Mitochondrial-encoded mRNAs (mt-mRNA) are the most abun-
dant mRNA in the human cell and up to 30% of mRNA in
energy-demanding tissues like muscle consists of mt-mRNA [9].
Accordingly, the transcriptional output from mitochondrial DNA
(mtDNA) must be very high. We recently measured RNA turnover
and abundance using TimeLapse-sequencing [10] and found that,
in HeLa cells, mt-mRNA production was on average 1100-fold
higher than for nuclear-encoded OXPHOS subunit mRNA (Fig. 2B)
[11]. What does this mean in absolute numbers? Assuming 5
nuclear-encoded OXPHOS mRNA/hour in HeLa cells [4, 12] gives a
production rate of about 5500 mt-mRNA per hour. Alternatively,
the transcription rate of mtDNA can be computed from the
absolute abundances and half-lives of mt-mRNA molecules
as reported in [13] (Box 1). This calculation yields a median
production rate of 9200 (+/− 4700) mt-mRNA/hour. Furthermore,
in 1969, Giuseppe and Barbara Attardi estimated the overall
mitochondrial transcription output in HeLa cells to be 4 million
nucleotides per cell and minute [14]. This translates to about
16 000 primary transcripts (average 15 kb long) per hour and cell.
Assuming similar synthesis from both the light and heavy strands
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Figure 1. Primer on mitochondrial transcription. (A) The circular and highly polyploid mitochondrial genome (mtDNA) encodes two mitoribosomal
rRNA, a full set of tRNA, and 13 proteins on 11 mRNA (two are bicistronic). The mtDNA is transcribed from three promoters, one on the heavy strand
(HSP) and two on the light strand (LSP1 and 2) [67], located upstream of most genes. Transcription initiation requires the two transcription factors TFAM
and TFBM2 as well as the single subunit RNA polymerase (POLRMT) which then associates with the transcription elongation factor (TEFM) [18]. Virtually,
the entire 16.5 kb of mtDNA is transcribed into primary transcripts, and termination occurs before the antisense rRNA on the light strand and in the
regulatory region on the heavy strand. The primary transcript is then cleaved into individual mRNA, tRNA, and rRNA. (B) An electron microscopy image
of mtDNA (green color, added here) actively engaged by POLRMT with RNA (red color, added here) protruding [26]. The authors note that “At least 25
[RNA] bushes of various sizes can be seen attached to the circular DNA.” and that “No clear pattern of size change of the bushes along the mtDNA
molecule can be observed”.

of mtDNA [11, 13, 15], the estimated transcription rate is around
8000 mt-mRNA produced per hour.

Box 1. Kinetics in Gene Expression: Understanding the
Main Rates

Within biological systems we can use differential equations
to model the abundance of their molecules and how this
abundance changes over time. In the simplest terms, we can
describe the change of abundance over time as the rate of
molecules produced minus the rate of molecules removed:

Change in abundance over time = Production rate

− [
Degradation rate∗ Abundance

]

Change in abundance over time: represents the change in
molecule abundance over time with the units of molecules/
time.
Production rate: represents the synthesis rate of the
molecule, with units of molecules/time.
Abundance: has the units of molecules.
Degradation rate: marks the pace at which molecules are
broken down in cells, customarily indicated in 1/time.

This model allows us to represent our kinetic rates of
interest (Production and Degradation rates). To obtain these
rates we can fit the model to experimental data that captures
the change of molecule abundance as a function of time.

Many biological systems exist in steady states. A steady
state is defined as a zero net change in abundance over time,
implying that the amount of molecules being added to the
system is equivalent to the amount of molecules leaving
the system. This can be represented by setting the change
in abundance over time = 0 which gives us the following

derivations:

Change in abundance over time = 0 = Production rate
− [

Degradation rate∗ Abundance
]

Production rate = Degradation rate∗ Abundance

We can now try out this formula using numbers from
Chujo et al [13]. They find that the steady-state abundance of
COX1 is 37 000 mRNA/cell and the mRNA half-life is 166 min
(= 2.8 h) which gives a degradation rate of 0.25/h. From these
values, we can calculate a production rate of 9300 COX1
mRNA/h. This will be a good approximation, as mt-mRNA are
very unstable, of how many molecules are synthesized but
when the biomolecule is stable relative to the cell doubling
time we need to take into account the fact that the cells grow
and divide over time (for an example see [12]).

Note that, as above, degradation rates are commonly
expressed in terms of half-lives, the time required for a
particular molecular quantity to decrease by half. We can
easily convert between the two using the following formula:

Half − life = ln(2)/Degradation rate

These astounding numbers can be verified using orthogonal
strategies. Mass spectrometric quantification of mitoribosome
subunits found about 300 000 mitoribosomes per HeLa cell [16,
17]. Assuming that the subunit numbers reflect actual numbers
of mitoribosomes, which need to double each cell cycle, prolifer-
ating cells must produce about 300 000 mitoribosomes every 26 h
[11], or 11 500 mt-rRNA per hour. Given the polycistronic nature of
mitochondrial transcription, the mt-rRNA production is expected
to largely reflect heavy-strand encoded mRNA production
[11, 18]. Using different methods and data we converge on a value
on the order of 8500 copies (range 5500–11 500) of each mRNA and
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Figure 2. Absolute and relative central dogma rates. (A) Summary of absolute rates discussed in the main text. All elongation rates are in seconds/codon.
The time to make one protein was calculated as follows: average coding sequence/translation elongation rate. (B) Summary of the mitochondrial rates
relative to nuclear-encoded OXPHOS genes, discussed in the text. The figure was inspired by [68].

noncoding RNA per hour and cell (i.e. 93 500 total copies of the 11
mt-mRNA/hour).

Transcription initiation rate
High levels of mitochondrial transcription are partially enabled
by the highly polyploid nature of mtDNA, although most copies
are transcriptionally inactive at any one time. For example, only
11.7% of nucleoids in human fibroblast are specifically tran-
scriptionally active (in contrast to being both transcriptionally
and replicative active) [19]. These numbers are consistent with
mtDNA accessibility measurements in HeLa cells [20]. Assuming
12% transcriptionally active mtDNA molecules out of 1000 total
cellular nucleoids (estimates range broadly in HeLa cells 700–1000
[21], 7200 [22], 8800 [23] mtDNA copies per cell) and 17 000 primary

transcripts (8500 from each strand) results in about 142 initiations
per hour and mtDNA molecule or 25 s between initiation events.

Transcription elongation rate
Transcription elongation by the human mitochondrial RNA poly-
merase (POLRMT) is thought to be considerably slower than for
other single unit RNA polymerases like the T7 RNAP (10 times
faster than POLRMT) or the yeast mitochondrial RNA polymerase,
Rpo1 (5 times faster) [24]. In vitro measurements of mitochondrial
transcription elongation rates range between 0.22 to 0.72 kb/min.
This rate is also considerably slower than nuclear RNA pol II
elongation (> 2 kb/min) [25]. If these very slow elongation rates
hold up in vivo, it leads to some interesting consequences. The
average length of the light and heavy strand primary transcripts
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is 15 kb; assuming an elongation rate of 0.5 kb/min, a full tran-
scription cycle would take 30 min. Given an initiation event every
25 s, we would expect ∼70 actively transcribing POLRMT per mt-
DNA, which is higher than the 25 POLRMT per molecule measured
by electron microscopy of HeLa mtDNA molecules (Fig. 1B) [26].
This discrepancy could mean that the measurement should be
revisited or one or more of our assumptions need to be adjusted.
For example, if the elongation rate of POLRMT is twice as fast
in vivo, and instead of just 12%, 17% of mtDNA molecules are
transcriptionally active, then we would expect 25 POLRMTs per
mtDNA. In either case, 70 actively transcribing POLRMT on 120
mtDNA molecules would result in 8400 active POLRMT per cell,
a small fraction of the > 100 000 POLRMT molecules in a human
cell [16, 17]. Many of these molecules are likely in an inactive
state induced by dimerization via the non-coding RNA (7S RNA)
[27]. Furthermore, this flurry of transcriptional activity might con-
tribute to the robust occurrence of mitochondrial RNA granules
[28, 29], especially considering how quickly mRNA is likely to pass
through the granule (see “processing kinetics” below). Another
aspect worth considering is that crowding on a mtDNA molecule
might result in frequent head-on collisions of POLRMT transcrib-
ing opposing strands. If some collisions result in transcription
termination we would expect decreased levels of promotor-distal-
encoded RNA, something that has been described for nuclear-
encoded genes in yeast [30]. Interestingly, promotor distal tran-
scripts are less abundant than expected from turnover alone [11].
Furthermore, increasing transcription initiation rates, by deple-
tion of the negative transcriptional regulator MTERF3 in mice,
further decreases the levels of distally encoded transcripts [31].

RNA processing rates
RNA cleavage out of the primary transcript
The majority of mt-mRNA are flanked by tRNA and are cleaved
out by tRNA processing enzymes [32]. At least in mice, 5′ tRNA
processing of the tRNA (i.e. 3′ of any flanking mRNA) by RNAse
P precedes 3′ tRNA processing by the RNAse Z [33, 34]. A few
mRNAs lack a 3′ or 5′ flanking tRNA, and these noncanonical
processing sites are processed by other enzymes such as members
of the FASTK protein family [35]. We recently estimated RNA
processing rates and found them to be very rapid in human
mitochondria [11]. Most mt-mRNA are processed within a minute
of transcription. However, the tricistronic ATP6/8-COX3 mRNA,
tRNALeu1-ND1, and antisense-tRNA-COX1 all take tens of minutes
to be processed. Nevertheless, considering the slow transcription
elongation rates, discussed above, the predominantly quick pro-
cessing rates indicate that processing is a co-transcriptional pro-
cess. This is consistent with the fact that TEFM, the mitochondrial
transcription elongation factor, is associated with RNA cleavage
enzymes and that RNA processing is impaired in the absence of
TEFM [36]. It is also consistent with electron microscopy showing
no correlation between location on mtDNA and RNA length as
would be expected if processing is post-transcriptional [26].

Polyadenylation rates of mt-mRNA
mt-mRNA (except ND6) are polyadenylated by the mitochondrial
poly(A) polymerase but bear much shorter (40–60 nt) poly(A) tails
than nuclear-encoded transcripts [37, 38]. For most transcripts,
the poly(A) tail is required to complete the stop codon. Polyadeny-
lation occurs rapidly following 3′-end cleavage even on transcripts
that are yet to be processed on the 5′-end [11]. Poly(A) tails on
5′-end unprocessed mRNA were somewhat shorter than poly(A)
tails on mature transcripts. The fact that a difference in poly(A)

tail length is observable indicates that although initiation is a
rapid process, poly(A) extension might still require some time for
completion.

RNA turnover rates
Although mt-mRNA production is 1100-fold higher than for
nuclear-encoded OXPHOS genes, mt-mRNA “only” accumulates
to 160-fold higher levels [11]. The lower level of mt-mRNA at
steady state is due to mt-mRNA being rapidly turned over. On
average mt-mRNA is degraded 7-fold faster than nuclear-encoded
OXPHOS mRNA [11]. The high mt-mRNA turnover rates are most
likely a result of the coupling between noncoding and coding
RNA production in mitochondria (Box 2), as rapid degradation is
needed to prevent mt-mRNA from accumulating to the same
levels as the rRNA and tRNA. For example, if mt-mRNA had
the same slow turnover rate as mt-rRNA, they would represent
70% of the HeLa cellular mRNA pool instead of the 6% it does
actually [11].

Box 2. What sets transcription rates in mitochondria?

The polycistronic nature of mitochondrial transcription
requires that either mRNA, rRNA, or tRNA production drives
overall transcription rates to ensure adequate production of
the RNA required in the largest amounts. We found that the
production rate of mt-mRNA is set to similar level as mt-
rRNA, which are likely one of the most abundant transcripts
in mitochondria [11]. Although mt-tRNAs are also plentiful,
tRNA levels are usually substoichiometric to rRNA in human
cytosolic ribosomes and E. coli [65], suggesting that rRNA sets
the overall transcriptional output in mitochondria. However,
tRNAval, which is encoded between the two rRNA genes, may
be the limiting factor in transcription, as it acts both as a
tRNA and as a structural component of the mitoribosome,
where it replaces the 5S RNA found in bacterial and human
ribosomes [66].

The degradation of mt-RNA is a critical process that goes
beyond simply setting the overall levels of transcripts. Because
mitochondrial transcription is polycistronic, with transcripts
encoded on the same strand being produced at nearly equal
rates [11], RNA degradation has been proposed to dictate the
relative levels of mitochondrial transcripts [13, 18, 39]. Our
careful measurements of the production and turnover rates
of mt-mRNA showed that RNA turnover alone could explain
more than 86% of the variability in mitochondrial mRNA
levels. Furthermore, this connection between RNA turnover and
relative transcript abundance holds even in cells lacking the key
RNA-stabilizing protein, leucine-rich pentatricopeptide repeat
containing (LRPPRC) [11, 13].

Translation rates
Mitochondrial translation is performed by specialized protein-
rich mitochondrial ribosomes (mitoribosomes). The mitoribo-
somes are membrane-bound and translate the mitochondrial-
encoded OXPHOS subunits directly into the inner mitochondrial
membrane [40]. The first step in translation initiation is mRNA
binding either a mitoribosomal monosome or small subunit [41].
Mitochondrial mRNA associates rapidly with mitoribosomes, with
rates ranging from 4 to 13 min with a median of 5 min [11]. This
is much faster than for nuclear-encoded OXPHOS mRNA, which
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take 176 min on average to reach cytoribosomes, even 6 min
after nuclear export [11, 42]. This long delay is in accordance with
the more complex processing and transport processes of nuclear-
encoded mRNA.

Due to the high number of mt-mRNAs and faster ribosome
association relative to the nuclear-encoded OXPHOS mRNA, many
more mt-mRNAs are expected to be bound by mitoribosomes than
nuclear-encoded mRNAs translated by cytosolic ribosomes. Given
this, we postulated that mitochondrial translation rates must be
more than 100-fold slower than cytosolic translation rates to bal-
ance protein production between the two compartments [11]. The
lack of assays to measure mitochondrial translation rates made
this hypothesis difficult to test. However, a recent report iden-
tified the antibiotic retapamulin as a mitoribosome translation
initiation inhibitor [43]. By using retapamulin in ribosome run-off
assays, the authors were able to measure elongation rates of 0.42
codons per second (or 1.26 nt/s). Combining this information with
estimations of the number of mitoribosomes occupying an indi-
vidual mt-mRNA (on average 2 mitoribosomes/mt-mRNA, spaced
672 nt apart) the authors estimated translation initiation rates
at 533 s/initiation [43]. Furthermore, the authors measured mt-
mRNA turnover rates and calculated lifetime translation rates of
26 rounds of translation per mRNA (99 min average lifetime) giv-
ing an overall translation rate of about 15 proteins/mRNA∗hour.
These numbers, match our expectations [11] and are much slower
than estimates for cytosolic translation which ranges between 1
and 20 s/initiation and 180 to 3600 proteins/mRNA∗h [4, 44].

Production rates for the OXPHOS subunits
vary extensively
On average OXPHOS complex subunits are expected to be
synthesized in matched amounts between the nuclear- and
mitochondrial-encoded genes [8]. However, detailed analyses of
relative protein synthesis rates of nuclear-encoded [8, 45] and
mitochondrial-encoded OXPHOS subunits [8] have revealed large
differences in the synthesis rates of subunits that are expected to
exist in a 1 to 1 ratio in the final OXPHOS complex. For example,
Complex I subunits are produced in starkly non-stoichiometric
amounts (Fig. 3A). This discrepancy is expected to be resolved
primarily at the level of protein degradation (Fig. 3B).

Protein degradation rates
Protein degradation is a highly regulated multifunctional process
executed by a distinct set of mitochondrial proteases [46, 47].
Recently, stable isotope labeling by amino acids (SILAC) in com-
bination with mass spectrometric analysis has become a favorite
tool to measure protein synthesis and turnover in mitochon-
dria. For example, in a study of the human mitochondrial high-
confidence proteome (MitoCoP) [16] the turnover kinetics of the
majority of the mitochondrial proteome was quantified. In HeLa
cells, protein half-lives range from 1.6 h to weeks. Interestingly,
half-lives of OXPHOS complexes and the mitoribosome subunits
ranged considerably even within the same complex. For example,
the half-lives of Complex I subunits range from 11 h to > 370 h
(Fig. 3C). The average half-life of Complex I subunits located in
the matrix arm (25 h) is less than half that of the average half-
life of the membrane-incorporated subunits (58 h), which could
relate to the greater damage from reactive oxygen species to the
matrix-facing subunits. Interestingly, the mitochondrial-encoded
subunits are consistently among the most stable subunits in each
OXPHOS complex (e.g. the median half-life of mitochondrially

encoded subunits in Complex I is 185 h compared to 47 h for
nuclear-encoded subunits). Overall, the large range of subunit
stabilities might explain the need for the dispersed protein syn-
thesis rates discussed above [45]. However, as degradation rates
far surpass cell doubling times, production rates are expected to
be set mainly by the need to double cellular biomass each cell
doubling rather than replacing subunits lost to degradation, at
least in proliferating cell culture systems.

Another interesting aspect is the degradation of excess
unassembled (orphaned) subunits which is a common phe-
nomenon in human cells [48, 49] (Fig. 3B). Many subunits of
OXPHOS and mitoribosome complexes require assembly for their
stability [50–52]. For example, nuclear-encoded mitoribosome
and OXPHOS subunits are made in excess and degraded during
assembly in HeLa cells [53, 54]. Furthermore, there is probably
a significant amount of co-translation protein quality control
occurring in human cells [55] as in yeast [56]. Finally, the
fine-tuning of protein production by protein degradation could
provide significant benefits for the minimal mitochondrial gene
expression system, rendering it more robust to gene expression
variability and noise with a decreased dependence on precisely
coordinated protein synthesis [48].

Discussion and outlook: Gene expression
control in vivo
By delineating the rates of each gene expression step, we can start
untangling at what stages gene expression control is exerted. For
example, transcription rates are largely responsible for and thus
predict the nuclear-encoded OXPHOS transcriptome, while RNA
degradation explains the mitochondrial transcriptome [11]. Thus
we would expect that mRNA level control in mitochondria would
be mainly exerted via proteins involved in RNA turnover such as
LRPPRC [57], while transcription factors would be more important
for the regulation of nuclear-encoded genes. Importantly, the
kinetics of steps such as subunit import into mitochondria [58]
and protein complex assembly, which are not strictly speaking
central dogma rates and not discussed here, are also crucially
important for understanding mitochondrial gene expression. For
example, the complete assembly of the mitoribosome was esti-
mated to take 2–3 h in HeLa cells [54], longer than the production
rates of the individual rRNA, tRNA, and protein subunits.

Where will the field go? A caveat associated with most of the
results discussed here is the predominance of cell culture work in
immortalized or cancer cell lines. Nevertheless, it’s important to
note that most of the findings in human cells hold up in animal
models and vice versa. An increased focus on and development of
dynamic measurements in model organisms such as the fly [59] or
mouse [60] will continue to be invaluable for our understanding.
Another issue is that most work discussed here averages over
millions of cells. Interestingly, recent single-cell analyses have
been valuable for understanding mitochondrial gene expression
kinetics [61, 62] and the advent of single-cell proteomics will open
up new avenues of research [63]. Furthermore, the discovery of
specialization of populations of mitochondria [64] and the fact
that mitochondria can be highly heteroplasmic will require sub-
cellular resolution in kinetic measurements. Ultimately, advanc-
ing our understanding of the interplay between nuclear and
mitochondrial gene expression processes necessitates a multidis-
ciplinary approach, integrating findings from cell culture, animal
models, and emerging single-cell technologies to fully decipher
the molecular underpinnings of mitochondrial diseases and their
broader biological significance.
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Figure 3. Protein synthesis and degradation are non-stoichiometric. (A) Protein synthesis, as judged by mito- and cytoribosome profiling, does not
show equimolar production of subunits that are expected to exist in the same amounts in the assembled complex (data from [8]). Shown here are
complex I subunits in HeLa cells but other OXPHOS complexes display a similar spread in synthesis rates and the results are reproducible in other cell
lines [8]. Note that the synthesis levels are not directly comparable between nuclear and mitochondrially encoded subunits as they are from different
experiments. (B) Non-stoichiometric subunit production can be explained by multiple not mutually-exclusive mechanisms. In this example, one subunit
is synthesized in 16-fold excess and another in 4-fold excess. This excess may be due to additional functions of these subunits or their accumulation
in stable subcomplexes, necessitating higher production. Additionally, the varying stability of subunits before forming a complex and the need for
replacing subunits in an already assembled complex also justify their increased synthesis rates. (C) Degradation rates range broadly for both nuclear
and mitochondrially encoded subunits (data from [16]) although they are generally longer than cell doubling time (log2(26 h) = 4.7). Shown here are
complex I subunits in HeLa cells but other OXPHOS complexes display a similar spread in turnover rates and the results are reproducible in other cell
lines [16]. Note that the synthesis levels are directly comparable between nuclear and mitochondrially encoded subunits as they are from the same
experiments. Half-lives determined to be infinite were here set to 370 h.
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