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Proximal Cysteines that Enhance Lysine
N-Acetylation of Cytosolic Proteins in Mice

Are Less Conserved in Longer-Living Species
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Figure S1. Protein lysine N-acetylation is increased by proximity to a cysteine. Related to Figure 1. The mouse liver dataset of
acetylation sites and their degree of lysine N-acetylation is from (Weinert et al., 2015). Mouse homologs of 622 of these acetylated
proteins were modelled from existing molecular structures in other species and the distance between their lysine amine (NZ) and a

second atom was calculated using trigonometry. Only pairs where >5A2 of both atoms were exposed on the surface, and where the NZ
atom was N-acetylated, were included. A, reactions between residues >~15 A apart are sterically hindered. The surface area of the 619
proteins was used to calculate their average radius. B, lysine N-acetylation increases with proximity to a cysteine thiol. Only the closest

SG atom to each N-acetylated NZ atom was considered and CysLys pairs were grouped by NZ and SG distance. C, lysine N-acetylation
negatively correlates with NZ to SG distance. Data are individual SG to NZ distances for pairs of cysteine and N-acetylated lysine residues
<15 A apart. D, lysine N-acetylation does not correlate with distance to a serine residue. Data are individual NZ to OG distances for pairs
of serine and N-acetylated lysine residues <15 A apart. E, lysine N-acetylation does not correlate with distance to a glutamate residue. Data
are individual NZ to closest OE1/OE2 distances for pairs of glutamate and N-acetylated lysine residues <15 A apart. F, lysine N-acetylation
does not correlate with distance to an aspartate residue. Data are individual NZ to closest OD1/0OD2 distances for pairs of aspartate and
N-acetylated lysine residues <15 A apart. G, lysine N-acetylation does not correlate with distance to a histidine residue. Data are individual
NZ to closest ND1/NE2 distances for pairs of histidine and N-acetylated lysine residues <15 A apart. H, lysine N-acetylation does not
correlate with distance to an arginine residue. Data are individual NZ to closest NH1/NH2 distances for pairs of arginine and N-acetylated
lysine residues <15 A apart. I, lysine N-acetylation does not correlate with distance to another lysine residue. Data are individual NZ to NZ
distances for pairs of lysine and N-acetylated lysine residues <15 A apart. Solid black lines are linear regression lines of the points on each
graph with 95% confidence intervals. The red dotted line is the cysteine regression line from Figure S1C.



Uniprot Protein Name Lys Cys Acet Dist (A)
Q91VAO Acyl-coenzyme A synthetase (ACSM1) 200 196 4.73% 8.96
Q8CHRG6 Dihydropyrimidine dehydrogenase [NADP*] 384 49 2.89% 5.11
Q8CHRG6 Dihydropyrimidine dehydrogenase [NADP*] 384 52 2.89% 5.78
Q9DCMO Persulfide dioxygenase (ETHE1) 172 170 2.34% 8.61
Q9DCMO Persulfide dioxygenase (ETHE1) 172 219 2.34% 4.59
008997 Copper transport protein (ATOX1) 60 12 2.23% 9.22
008997 Copper transport protein (ATOX1) 60 15 2.23% 4.18
B

Figure S2. The most N-acetylated CysLys pairs frequently have another nearby cysteine. Related to Figure 2. A, the most
N-acetylated lysine residues with a proximal cysteine residue often have additional close cysteine residues. B, a mouse model of pig
dihydropyrimidine dehydrogenase (1GTE) contains a lysine residue (red) that can be N-acetylated with two proximal cysteine thiols
(yellow).
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Figure S3. Phylogeny does not explain why conservation N-acetylated CysLys pairs in the cytosol negatively correlates with lifespan. Related to Figure 5. A, conservation of cytosolic N-acetylated CysLys pairs
negatively correlates with maximum lifespan in mammals and birds. Data is the conservation of N-acetylated CysLys (red) and SerLys (blue) pairs relative to non-acetylated pairs in 52 mammal and bird species. B,
conservation of cytosolic N-acetylated CysLys pairs does not correlate with body mass in mammals and birds. Data is the conservation of N-acetylated CysLys (red) and SerLys (blue) pairs relative to non-acetylated pairs
in 52 mammal and bird species. C, conservation of cytosolic N-acetylated CysLys pairs negatively correlates with lifespan corrected for body mass (TmaxResidual) in mammals and birds. TmaxResidual is the maximum
lifespan for a species as a percentage of the maximum lifespan expected for a mammal of its body mass. Data is the conservation of N-acetylated CysLys (red) and SerLys (blue) pairs relative to non-acetylated pairs in 52
mammal and bird species. D, conservation of N-acetylated CysLys pairs in the mitochondrial matrix does not correlate with TmaxResidual. Data is the conservation of N-acetylated CysLys (red) and SerLys (blue) pairs
relative to non-acetylated pairs in 36 mammal species. E, lower cytosolic N-acetylated CysLys pair conservation is not a consequence of evolutionary distance from mouse. Data is the conservation of cytosolic N-acetylated
CysLys pairs relative to non-acetylated CysLys pairs in non-rodent placental (red) and marsupial (blue) species that diverged from mouse >~80 million years ago. Rodent species were excluded to ensure their smaller
evolutionary distance from mouse did not cause the correlation with TmaxResidual. The genetically distant marsupial species share low selective pressure against cytosolic acetylated CysLys pairs and short lifespans with
mouse. For comparison, mouse In(TmaxResidual) is 3.94 and relative cytosolic acetylated CysLys pair conservation is 1. F, correlation between cytosolic N-acetylated CysLys pair conservation and TmaxResidual in three
mammalian orders. Data is the conservation of cytosolic N-acetylated CysLys pairs in rodents (blue), bats (green) and primates (red) relative to non-acetylated pairs. Other mammals that are not rodents, bats or primates are
also shown (black). Lines of best fit are their respective linear regression lines and 95% confidence intervals.
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Figure 5A y-int slope p-value Pagel's A y-int slope p-value
CysLys 1.09 -0.058 1.36E-07 0.79 1.00 -0.040 9.00E-04
SerLys 0.98 -0.008 0.092 1.02 096 -0.006 0.14
Figure 5C y-int slope p-value Pagel's A y-int slope p-value
Acetylated 1.22 -0.064 1.18E-06 0.76 1.14 -0.043 0.0019
Non-acetylated 1.09 -0.008 0.16 1.05 1.09 0.001 0.72
Figure 5D y-int slope p-value Pagel's A y-int slope p-value
CysLys - Cys 1.07 -0.040 2.24E-04 0.81 0.99 -0.027 0.027
CysLys - Lys 1.08 -0.023 5.07E-04 0.15 1.02  -0.021 0.0021
SerLys - Ser 0.97 -0.003 0.95 0.96 096 0.002 0.66
SerLys - Lys 099 -0.004 0.46 0.82 0.97 -0.003 0.66

Figure S4. Phylogenetic generalised least squares. Related to Figure 5. A, the phylogenetic tree for the phylogenetic generalised least
squares (PGLS) method was based on data from the mammalian tree described (Bininda-Emonds et al., 2007). B, the significant

correlations of lifespan with cytosolic N-acetylated CysLys pair conservation remain after phylogenetic correction with PGLS. Pagel’s A
estimates phylogenetic signal (Pagel, 1999).
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Figure SS. The correlation of lifespan with cytosolic N-acetylated CysLys pair conservation remains when expressed relative to
N-acetylated SerLys pairs. Related to Figure 5. TmaxResidual is the maximum lifespan for a species as a percentage of the maximum
lifespan expected for a mammal of its body mass. A, conservation of N-acetylated CysLys pairs in the mitochondrial matrix does not
correlate with TmaxResidual. Data is the conservation of N-acetylated (red) and non-acetylated (black) CysLys pairs relative to SerLys
pairs. B, phylogeny does not explain the correlation between cytosolic N-acetylated CysLys pair conservation and TmaxResidual. Data is
N-acetylated CysLys pair conservation in rodents (blue), bats (green), primates (red) and other mammals (black) relative to N-acetylated
SerLys pairs. Common names are indicated with scientific names in Table S2. C, lower cytosolic N-acetylated CysLys pair conservation is
not a consequence of evolutionary distance from mouse. Data is the conservation of cytosolic N-acetylated CysLys pairs relative to
N-acetylated SerLys pairs in non-rodent placental (red) and marsupial (blue) species that diverged from mouse >~80 million years ago.
Rodent species were excluded to ensure their smaller evolutionary distance from mouse did not cause the correlation with TmaxResidual.
The genetically distant marsupial species share low selective pressure against cytosolic acetylated CysLys pairs and short lifespans with
mouse. For comparison, mouse In(TmaxResidual) is 3.94 and relative cytosolic acetylated CysLys pair conservation is 1. D, correlation
between cytosolic N-acetylated CysLys pair conservation and TmaxResidual in three mammalian orders. Data is the conservation of
cytosolic N-acetylated CysLys pairs in rodents (blue), bats (green) and primates (red) relative to N-acetylated SerLys pairs. Other
mammals that are not rodents, bats or primates are also shown (black). Lines of best fit are their respective linear regression lines and 95%
confidence intervals.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Creation of mouse structural models — A list of acetylated proteins from mouse liver tissue was obtained from
the literature (Weinert et al., 2015). The corresponding protein sequences were taken from UniProt and
individually aligned with those in a non-redundant PDB sequence database clustered at 95%, using
MODELLER (Webb and Sali, 2016). The best match that had a minimum sequence identity of 50% across their
entire length of the query sequence was then used as a structural template. The query sequence was then
structurally aligned with the template and this was used to create five predicted structures, with the one with the
lowest DOPE score retained for analysis. For each structure the solvent accessible area in A2 of every atom was
calculated using areaimol from the CCP4 software suite (Winn et al., 2011). Distances between atoms of interest
were calculated using trigonometry from the 3D coordinates in the generated PDB files.

Definition of cytosolic and mitochondrial matrix proteins — Matrix proteins were classified as those with Gene
Ontology annotation (using both human and mouse annotation), present in large-scale matrix APEX tagging
study (Rhee et al., 2013) or defined in the matrix compartment of a metabolic model of the mitochondrion
(Smith et al.). Cytosolic proteins were defined as those annotated as such in the Gene Ontology (mouse or
human) or had been experimentally determined to be cytosolic in the Human Protein Atlas (Thul et al., 2017)
(evidence level: validated or supported). Proteins that were dual localized were removed.

Identification of orthologues - For each of the modelled mouse proteins, human orthologs were identified
manually using orthology information from the MitoMiner database (Smith and Robinson, 2016). Proteins with
no clear one to one human ortholog were removed from the analysis to reduce interference from paralogous
proteins. Orthologs of each human protein were identified in 70 additional vertebrates using a BLASTp search
against a local BLASTp database containing non-identical protein sequences of each species, with an E-value
cut-off of 171, The top protein hit for each species was considered orthologous if a reciprocal BLASTp search
against a database of all human proteins with an assigned gene name from NCBI returned a protein equivalent to
the original human protein as top hit (E-value cut-off of 1€'%). Top hits for each of the species were used to
perform local BLASTp searches against a database of human proteins. It was called an ortholog if the reciprocal
search returned a protein equivalent to the original human protein (E-value cut-off 1€'%). Proteins with less than
60 orthologues were removed from the analysis, leaving 442 proteins. Species outlying numbers of identified
orthologs (less than lower quartile-1.5*interquartile range) were also removed, leaving 66 species plus mouse
for further analysis.

Conservation of residues and pairs - For each gene, protein sequences of identified orthologues were aligned
using MUSCLE (default settings) (Edgar, 2004). For each lysine, cysteine or serine identified as part of a
surface (>5% A?) pair with <11.5 A distance between them in mouse, the aligned residue was identified in each
other species. Within each species, for each CysLys and SerLys pair, the pair was conserved if both residues
exactly matched mouse, not conserved if either residue did not match mouse, and not present if at least one
position had no aligned residue. Overall species conservation was calculated as number of conserved
pairs/number of present pairs. Calculations were also made for matrix, cytosol, acetylated and non-acetylated
pairs and combinations of these. Single residue conservation was analysed in the same manner. Non-acetylated
pairs were those pairs identified as being close in the modelled structure and that were not observed to be
acetylated by MS.

Maximum lifespan analysis - Maximum recorded lifespan and weight of species was retrieved from the AnAge
database for most species (Tacutu et al., 2013). TmaxResidual was calculated as (maximum lifespan/(4.88*(adult
weight®13)))*100, as in the AnAge database.

Statistics and data processing — Statistical analysis was performed in Prism v6. Statistical significance was
determined using a two-tailed Student’s t-test or one-way ANOVA followed by a Dunnett’s multiple
comparison test. For linear regression, lines are displayed with their 95% confidence intervals. P-values for
linear regression are the probability that the slope of the regression line is zero and there is no correlation.
Differences in frequency were tested using two-sided Chi-square tests.

Phylogenetic generalised least squares - The phylogenetic tree was based on data from the mammalian tree
described (Bininda-Emonds et al., 2007). As Sarcophilus harrisii was not present in the tree, the position of the
closely related Sarcophilus laniarius from the same genus was used to represent this species. The phylogenetic
generalised least squares method (Grafen, 1989) was implemented using the R package nlme to correct for
phylogenetic bias, using Pagel’s A (Pagel, 1999) to estimate phylogenetic signal.
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