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Abstract we analyze the metabolomes of humans, chimpanzees, and macaques in muscle,
kidney and three different regions of the brain. Although several compounds in amino acid
metabolism occur at either higher or lower concentrations in humans than in the other primates,
metabolites downstream of adenylosuccinate lyase, which catalyzes two reactions in purine
synthesis, occur at lower concentrations in humans. This enzyme carries an amino acid substitution
that is present in all humans today but absent in Neandertals. By introducing the modern human
substitution into the genomes of mice, as well as the ancestral, Neandertal-like substitution into the
genomes of human cells, we show that this amino acid substitution contributes to much or all of the
reduction of de novo synthesis of purines in humans.

Introduction

Modern humans differ dramatically from their closest evolutionary relatives in a number of ways.
Most strikingly, they have developed rapidly changing and complex cultures that have allowed them
to become more numerous and widespread than any other primates and closely related hominins
such as Neandertals. This unique historical development has at least to some extent biological roots.
However, although large numbers of traits have been identified as being unique to humans or been
suggested to be so (e.g. Tomasello, 2019, Varki and Altheide, 2005), it has proven difficult to
identify the genetic and biological underpinnings of such traits. One reason may be that many of
them are genetically complex (Phillips, 2008) and represent differences in degree rather than abso-
lute differences between humans and other groups. In particular, it is unclear if any single nucleotide
substitution or other genomic change that occurs in all or almost all humans today, but is not seen
among the closest evolutionary relatives of present-day humans, the Neandertals, and Denisovans
(Paabo, 2014), has biological consequences. A duplicative transposition in modern humans of the
gene BOLAZ2 which is involved in iron metabolism has been described (Nuttle et al., 2016) in a
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region associated with autism but the functional consequences are unknown. A recent study intro-
duced a modern human-specific amino acid substitution in the splice factor NOVA1 and suggested
that it has drastic effects on the differentiation of brain organoids (Trujillo et al., 2021), an observa-
tion that warrants further study.

To identify traits that may have comparatively simple genetic architectures yet influence the biol-
ogy of modern humans, we focus here on metabolic differences. By analyzing the metabolomes of
muscle, kidney and three different regions of the brain from humans, chimpanzees and macaques,
we find that many aspects of amino acid metabolism differ between humans and the other two pri-
mates in all tissues analyzed. Among metabolic pathways, purine biosynthesis is less active in several
human tissues including the brain. In purine biosynthesis, we find that metabolites downstream of
the enzyme adenylosuccinate lyase [ADSL (EC 4.3.2.2)] occur at lower concentrations in humans than
in the other primates. ADSL carries an amino acid substitution that is unique to modern humans rela-
tive to apes and Neandertals and Denisovans (Castellano et al., 2014) and has been shown to affect
the stability of the enzyme (Van Laer et al., 2018). By introducing the modern human-like substitu-
tion in the genome of mice, and the ancestral, Neandertal-like substitution in the genomes of human
cells, we show that this substitution contributes to much or all of this metabolic change in present-
day humans.

Results

Metabolite changes unique to humans

To identify metabolites that have changed their concentration in humans relative to monkeys and
apes, we measured compound concentrations in prefrontal cortex, primary visual cortex, cerebellum,
skeletal muscle and kidney in four humans, four chimpanzees, and four macaques using mass spec-
trometry coupled with capillary electrophoresis (CE-MS), a technique suitable for detection of small
hydrophilic compounds (Figure 1a,b). The number of metabolites annotated in the five tissues var-
ied between 166 and 197, 160 and 209, and 145 and 192 in the three species, respectively
(Supplementary file 1).

In each tissue, we identified metabolites that did not differ significantly with respect to their mass
spectrometric peak intensities between the macaques and the chimpanzees, but differed signifi-
cantly, and in the same direction, between humans and macaques as well as between humans and
chimpanzees. Whereas we find no such metabolites in skeletal muscle and kidney, we find metabo-
lites peak intensities and thus concentrations differ in humans relative to the other two primates in
two of the three parts of the brain analyzed.

In cerebellum, 22 metabolites have higher concentrations in humans whereas no metabolites
have lower concentrations (Supplementary file 2). Eighteen of the 22 metabolites are amino acids.
In prefrontal cortex, we detected five metabolites with lower concentrations in humans and none
with higher concentrations (Supplementary file 3). Three of the five metabolites are purines (inosine
monophosphate [IMP], guanosine monophosphate [GMP], adenosine monophosphate [AMP]) and
the other two are NAD" and UDP-N-acetylglucosamine.

Metabolic pathways

To identify metabolic pathways that may be more or less active in humans than in other primates,
we linked metabolites with higher or lower concentrations in humans compared to both chimpan-
zees and macaques (even if not significantly so) to genes and metabolic pathways using the Kyoto
Encyclopedia of Genes and Genomes (KEGG). Supplementary files 4 and 5 give pathways that con-
tain more genes than expected (p<0.01) that are associated with metabolites present in either
higher or lower concentrations in humans in each of the five tissues.

Between 8 and 12 pathways are associated with higher metabolite concentrations in the five
human tissues (Supplementary file 4). All eight pathways identified in the prefrontal cortex involve
amino acid metabolism, eight out of nine pathways in the visual cortex and nine out of 10 in the cer-
ebellum also involve amino acids. In muscle and kidney, 7 and 5 of the 11 and 12 pathways identi-
fied, respectively, involve amino acid metabolism. Thus, several aspects of amino acid metabolism
seem to be increased in humans relative to other primates.
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Figure 1. Primate metabolome analysis. (a) Sketch depicting species and tissues used for metabolite measurements. Red arrows indicate sampled brain
regions: the dorsolateral prefrontal cortex, primary visual cortex, and cerebellar cortex. (b) Multidimensional scaling (MDS) analysis of all samples (left)
and brain samples (right) based on the intensities of all detected metabolic peaks. (c) An analysis of KEGG-based metabolic pathway showing for each
pathway (circle) the number of detected metabolites (X axis) and the cumulative p-value of the difference (Y axis) between human and non-human
primate (chimpanzee and macaque) intensity levels within the pathway in the five tissues. Left: an analysis based on metabolites with lower intensity in
humans compared to non-human primates. The oxidative phosphorylation pathway is the second highest. Right: an analysis based on metabolites with
higher intensity in humans. The size of the symbols is proportional to the -logarithm-transformed p-value. The dotted line indicates nominal p=10""°.

Between 4 and 11 pathways are associated with lower metabolite concentrations in the five tis-
sues (Supplementary file 5). Amino acid and peptide metabolism make up one to five of these
pathways in the different tissues, suggesting that amino acid metabolism has changed in several
ways in humans relative to the other primates. Hence, metabolites in these pathways are present in
increased as well as decreased concentrations, often in the same pathways. For example, significant
numbers of metabolites in arginine and proline metabolism are present in higher concentrations
while other metabolites in the same pathways are present in lower concentrations, sometimes in the
same tissues, suggesting that the flux through these pathways has changed.

Metabolites in two pathways are consistently present at lower rather than higher concentrations
in humans. One of these pathways is oxidative phosphorylation, which shows decreased metabolite
concentrations in the three brain regions. Because oxidative phosphorylation is not affected in mus-
cle and kidneys, it seems that the human brain differs from ape brains in that oxidative phosphoryla-
tion in mitochondria is less active. This may deserve future investigation.

The second pathway that stands out is purine biosynthesis where a number of metabolites are
present at lower levels in humans (Figure 1c). Based on the KEGG definition of the pathway, purine
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biosynthesis is decreased in humans relative to apes in the brain as well as in other organs. If we
focus on a more restrictive definition of purine biosynthesis (Marie et al., 2004), a significant
decrease is seen in the three brain regions and not in muscle and kidney (Figure 2). Further, three of
the five metabolites, IMP, GMP and AMP, which individually have significantly lower concentrations
in humans, are products of de novo purine biosynthesis. Taken together, metabolites involved in
purines biosynthesis have significantly lower concentrations in humans than in non-human primates
in all three brain regions than do metabolites in the other metabolic pathways, (Wilcoxon test,
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Figure 2. Purine metabolite levels in humans relative to chimpanzees and macaques. (a) Pathway sketch illustrating the role of ADSL in purine
biosynthesis. (b) Differences in metabolite levels between humans (n = 4) and chimpanzees (C) (n = 4), macaques (M) (n = 4) and the two non-human
primates combined (P) in prefrontal cortex (PFC), cerebellum (CB), primary visual cortex (VC) analyzed by CE-MS. LC-MS measurements in PFC are from
Kurochkin et al., 2019 and involved 40 humans, chimpanzees and macaques, respectively. Red and blue colors indicate higher and lower levels in
humans, respectively. c and d. The distributions of metabolite differences between humans and non-human primates for purines biosynthesis (PB)
(listed in panel b) and other metabolites (non-PB) detected by CE-MS (c) and LC-MS (d). The Y axis shows fold-change difference between humans and
non-human primates. The metabolite concentration values are normalized and log-transformed. Wilcoxon tests for the differences between PB and
non-PB distributions: p=0.049 (PFC), p=0.002 (CB), p=0.001 (VC), and p=0.019 (PFC LC-MC).
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p=0.049 (PFC), p=0.002 (CB), p=0.001 (VC); Figure 2c). Similarly, we find the significantly lower con-
centrations of purine biosynthesis metabolites in humans compared to chimpanzees and macaques
relative to other metabolic pathways when analyzing previously published metabolite data from the
PFC of three species (Kurochkin et al., 2019) (Wilcoxon test, p=0.019; Figure 2d). Thus, purine bio-
synthesis stands out as down-regulated in humans. This is seen in all tissues but is particularly pro-
nounced in the brain.

Adenylosuccinate lyase (ADSL) in modern humans

The enzyme adenylosuccinate lyase (ADSL) catalyzes two reactions in de novo purine biosynthesis
(Figure 2a; Ciardo et al., 2001; Jaeken and Van den Berghe, 1984). First, it cleaves succinylaminoi-
midazole carboxamide ribotide (SAICAR) into aminoimidazole carboxamide ribotide (AICAR) and
fumarate. Second, it cleaves adenylosuccinate (S-AMP) into adenosine monophosphate (AMP) and
fumarate (Figure 2a). The compounds AMP, IMP, and GMP that are reduced in the three human
brain regions analyzed are situated downstream of ADSL, consistent with the hypothesis that a
change in ADSL may have caused the reduction in purine biosynthesis.

ADSL (Ariyananda et al., 2009) is a homotetrameric complex where three monomers contribute
to each of the four active sites (Brosius and Colman, 2002). The gene encoding ADSL in humans is
located on chromosome 22g13.1-13.2 and is one of only approximately one hundred protein-coding
genes that carry substitutions inferred to change amino acids that are fixed or almost fixed in pres-
ent-day humans but occur in their ancestral, ape-like state in the genomes of the closest extinct rela-
tives of modern humans, Neandertals and Denisovans (Paabo, 2014). The substitution in ADSL in
modern humans is an alanine to valine substitution at position 429 (A429V). Neandertals, Deniso-
vans, all other primates and most mammals carry an alanine residue at this position (Figure 3). The
substitution is located in a protein domain that forms part of the substrate channel over the active
site of the enzyme. Amino acid substitutions close to this position cause lowered enzymatic activity
and/or lower enzyme stability and result in symptoms that include psychomotor retardation, autism,
and epilepsy (Jurecka et al., 2015; Spiegel et al., 2006; Zikanova et al., 2010) as well as alterations
in brain structure as seen by magnetic resonance imaging (Jurecka et al., 2012). This raises the pos-
sibility that the amino acid substitution at position 429 may have changed the activity of ADSL in
modern humans after their separation from the lineage leading to Neandertals and Denisovans.

A mouse humanized for Adsl/

To investigate how the A429V substitution may affect purine biosynthesis, we introduced this muta-
tion into the Adsl gene of a C57BL/6N mouse by injection of the relevant oligonucleotide and
CRISPR-Cas? into the male pronucleus of fertilized oocytes. Adjacent to the amino acid of interest,
at position 428, mice carry an arginine residue whereas primates carry a glutamine residue (Figure 3).
To avoid possible effects of the rodent-specific arginine residue at position 428 on the function of
the amino acid at position 429, we introduced a nucleotide substitution resulting in an R428Q substi-
tution in addition to the V429A substitution in the Adsl gene. The two mutations segregate in Men-
delian ratios in the mice, and animals heterozygous and homozygous for the two substitutions show
no overt phenotypic difference to their wild-type littermates.

Human ADSL Structure (4FFX)

Human (NP_000017.1)
Neandertal and Denisovan
Chimp (NP_001267089.1)
Bonobo (XP_008973372.1)
Gorilla (XP_018873574.1)
Orangutan (XP_002831213.1)
Gibbon (XP_003264835.1)

Mouse (NP_033764.2)

al6 al7 n3 al8 n4 al9
RQQEQQQRQ0QR000Q0000QQ0 RQ000Q0Q Q0000000 0000 RQQ0QQ0QQQQQ
490 4:!.0 4;0 43? 44(_) 450
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Figure 3. ADSL protein sequence. Partial amino acid sequences of ADSL. Accession numbers and amino acid sequences are from NCBI. X-ray
structural determination of ADSL (DOI: 10.2210/pdb4FFX/pdb) is from Ray et al., 2012. Arrow indicates position 429.
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ADSL activity in the humanized mice

We analyzed the enzymatic activities of ADSL in tissue extracts prepared from mice homozygous for
the human-like mutations and their wild-type littermates in cerebellum, cerebral cortex, heart, kid-
ney, liver, lung, muscle, spleen, and testis in 12-week-old mice and (except testis) in 1-week-old mice
by measuring the conversion of adenylosuccinate to AMP.

In the wild-type adult mice (n = 10), mean ADSL activity varied from 1.95 nmole/min/ug in liver to
24.4 nmole/min/ug in muscle (Figure 4b). In the pups (n = 10), mean enzymatic activity was 5.4% to
57% higher in most tissues and largely paralleled those of the adults (Figure 4a). Two exceptions
were cerebellum and muscle, where ADSL activity was 41% and 11% lower in the pups than in the
adults, respectively.

In the humanized mice, ADSL activity was reduced by 8.7% to 56% in all organs in both adults
(n = 11) and pups (n = 12) (Figure 4; p<0.05, for all comparisons in both age groups). The relative
reduction of the activity in the humanized relative to the wild-type mice is higher in cerebral cortex
(43% in pups and 56% in adults) than in the other tissues (8.7%-40%). Thus, young as well as adult
mice that carry an ADSL enzyme humanized at positions 428 and 429 have lower ADSL activity in

most or all tissues.

The metabolome of humanized Adsl mice

We next analyzed the metabolomes of the nine tissues from 9 to 12 adult homozygous humanized
mice and their wild-type littermates by gas chromatography coupled with mass spectrometry (GC-
MS). We similarly analyzed eight tissues (no testis) from 10 to 12 one-week-old pups

Cerebellum

30- 30-
wild type H H
B humanized : I
257 ' 254 H
|
= LT
2 204 ° 20-
£
S
= T !
o | g
E 15 ! . 154 |
Z HT I : 2
=
3 :! T H
o 104 L T T omT 10- é = é L
= oT T
g v B H -. ’ .
C% n ° i o $i i * i *
- - 1
5 Oi - é T 5 5 * i
= = &
* B2
04 0-
T T € T =71 =T o' o c c T x Tt I =T To'lo 'c o
g g 2 =2 s 3 8 s ¢ § 2 £ 5 3 § %
8 T k) ~ - > o} [ Q T ) - - = o} [
X = n 8 o 2 b= %)
3

Figure 4. ADSL activity in tissues from humanized and wild type mice. (a) One-week-old mice. (b) Twelve-week-old mice. Conversion of
adenylosuccinate to AMP was monitored by measuring A 282 nm absorbance over 20 min (see Materials and methods). Boxes represent upper and
lower quartiles, lines extending from the boxes represent the ranges of the data, excluding outliers which are indicated by dots.
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(Supplementary file 6). The number of putatively identified metabolites detected varied between
176 and 273 in the adult mice and between 310 and 347 in the young mice. Among those, an aver-
age of 280 (median = 273) were detected in at least 50% of the adult and young individuals in each
of the nine tissues (Supplementary files 7, 8). A principal component analysis using the mass spec-
trometric intensities of all metabolites detected revealed one to two outlier samples per tissue
(Supplementary file 6). These were excluded from further analyses. Including these samples in the
analyses did not qualitatively affect results.

Among the organs analyzed, only the brain showed significant differences in metabolite concen-
trations between the wild type and humanized mice (Figure 5a). To assess the statistical significance,
we use a permutation test based on shuffling of sample labels, which estimates a p-value as the ratio
of permutations resulting in an equal or greater number of metabolites with significant concentration
differences at a nominal t-test significance cutoff of 0.05. According to this test, 36 metabolites
showed significant concentration differences in cerebellum of 12-week-old mice (permutation test,
p=0.036) and 45 metabolites showed marginally significant differences in the cerebral cortex of 1-
week-old mice (permutation test, p=0.081, Supplementary file 9). Thus, the metabolic effects of the
two mutations introduced in ADSL are particularly pronounced in the central nervous system.

The concentration differences detected in cerebellum of the 12-week-old mice correlated with
differences observed in cerebral cortex, even though differences in cortex did not pass the signifi-
cance cut-off in the permutation test (Pearson correlation, r = 0.84, p<0.0001, n = 29; Figure 5—fig-
ure supplement 1a). Similarly, concentration differences detected in cerebral cortex in one-week-
old mice correlated with differences observed in cerebellum in the same mice (Pearson correlation,
r = 0.77, p<0.0001, n = 45; Figure 5—figure supplement 1b). The concentration differences
between wild type and humanized mice furthermore correlated between the 1-week-old and 12-
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Figure 5. Purine biosynthesis in mice 'humanized’ for ADSL. (a) Data overview displaying -log10 transformed p-values of the metabolite differences
between humanized and wild-type one-week (n = 10-12 per group) and 12-weeks-old (n = 9-12 per group) animals based on all detected metabolites
(permutation test based on the Student’s test output). The tissues analyzed are: brain cortex (CR), cerebellum (CB), heart (HR), kidney (KD), lung (LN),
liver (LV), muscle (MS), spline (SP), and testis (TS, 12 weeks only). Dotted lines indicate p=0.1. (b) The direction of purine metabolite differences in
pairwise comparisons between humanized and wild type mice in the cortex (CR) and cerebellum (CB). Red and blue colors marks higher and lower
levels in the humanized mice, respectively, white indicates non-detected metabolites. (c) The distributions of metabolite differences between 12-week-
old humanized and wild-type mice for purines biosynthesis (PB) (listed in panel b) and the other metabolites (non-PB) detected using GC-MS in CB of
12-week-old mice (Wilcoxon test, p=0.04).

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Correlations of metabolite differences in mouse tissues.
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week-old mice both in cortex and in cerebellum (Pearson correlation, r = 0.49 and r = 0.52, p<0.008,
n = 28 and n = 31, respectively; Figure 5—figure supplement 1e,f). By contrast, the correlation
between metabolic differences detected in brain and the other tissues was weaker (p<10’8 for brain
tissues and p>10"* for other tissues) (p<10~%; Figure 5—figure supplement 1c,d). Thus, in the
humanized mouse, the effects of the substitutions in ADSL are seen in the cerebral cortex and cere-
bellum in both young and adult animals.

Purine biosynthesis in the humanized mice

In the 12-week-old mice, we detected six metabolites within the purine biosynthesis pathway. In the
humanized mice, four of these metabolites had lower concentrations than in the wild-type mice in
the cerebral cortex and all of them had lower concentrations in the cerebellum (binomial test for cor-
tex and cerebellum, p=0.04) (Figure 5b). Further, concentrations of all six purine biosynthesis
metabolites were significantly lower in the cerebellum of 12-week-old mice compared to metabolites
assigned to other metabolic pathways (Wilcoxon test, p=0.04; Figure 5c).

The six metabolites detected in 12-week-old mice were also detected in the primate brains. Four
of these had lower concentrations in the human brain, including AMP and GMP in prefrontal cortex,
the visual cortex, and in cerebellum (binomial test, p=0.04). Furthermore, four of the six metabolites
with lower concentrations in cerebellum in the humanized mice had lower concentrations in human
cerebellum compared to other primates: AMP, GMP, inosine, and adenine (Figures 2b and 5b). In
the 1-week-old mice, we detected seven metabolites in the purine biosynthesis pathway. Five of
these were present at lower concentrations in the cerebral cortex in the humanized mice and four of
these at lower concentrations in the cerebellum when compared to their wild-type litter mates
(Figure 5b).

Thus, several changes in concentrations of compounds in purine biosynthesis seen in the human-
ized mice recapitulate differences seen when the metabolomes of human brains are compared to
the brains of chimpanzees and macaques.

Activity and stability of humanized mouse ADSL
To investigate how the humanized form of the mouse ADSL enzyme may influence purine biosynthe-
sis, we synthesized mouse wild-type (wt) ADSL and mouse A429V ADSL and inserted them in expres-
sion vectors that include N-terminal polyhistidine tags (pET-14b vector) (Lee and Colman, 2007).
We analyzed the conversion of SAICAR to AICAR, and the conversion of SAMP to AMP, in the pres-
ence of excess substrate by measuring the rate of production of AICAR and AMP (Figure 6a) and
found no differences in the kinetics of either reaction between wt and A429V ADSL (t-test, p>0.05).
We next investigated if the A429V substitution, and/or the R428Q substitution that was intro-
duced into the humanized mice together with the A429V substitution, affect the conformational sta-
bility of the protein by constructing expression vectors that carry wild-type murine ADSL, ADSL with
only the A429V substitution, ADSL with only an R428Q substitution, and ADSL with the A429V sub-
stitution and the adjacent R428Q substitution. We then compared the secondary structure stability
of all four protein variants by measuring the circular dichroism spectra of the purified proteins at 222
nm while heating them from 55°C to 80°C at a rate of one degree per minute (Figure 6b). Mouse
ADSL protein with alanine at position 429 was more stable (50% folded at 68.3°C,+0.2°C, n = 5) than
mouse ADSL protein with valine at position 429 (50% folded at 67.9°C + 0.2°C, n = 5). The effect on
the protein stability of the A429V substitution was not influenced by the presence or absence of the
adjacent R428Q substitution at position 428. In summary, the A429V substitution does not affect the
kinetics of the murine ADSL enzyme. However, it decreases the secondary structure stability of the
protein.

Characterization of human and Neandertal ADSL

Previous work has shown that the modern human version of ADSL is less stable than the ancestral,
Neandertal-like form in vitro (Van Laer et al., 2018). To ensure that the two forms of the ADSL pro-
tein which differ only at position 429 in the protein are both enzymatically active in living cells we
show that they both are able to rescue Chinese hamster ovary cells that lack ADSL activity (Adel
cells, Vliet et al., 2011; data not shown). We then expressed the modern human and Neandertal
versions of ADSL in E. coli and isolated the two proteins by N-terminal His-tags (Lee and Colman,
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Figure 6. Characterization of mouse ADSL forms. (a) Enzyme kinetics tested in substrate excess for the products
(AICAR and AMP, see text above the plots) with one substrate (single) or with both substrates (mixed) in the
reaction mix. Specific activities of wild type and humanized A429V versions do not differ (t-test, p>0.05). Error bars
represent standard error of the mean from three experiments using two batches of proteins. (b) Protein melting
measured by CD at 222 nm for WT, A429V, R428Q, and RA428-9QV ADSL versions. Lines represent the averages
over four experiments. The A429V (t-test, p=0.10) and RA428-9QV versions are less stable than the other proteins
(t-test, p=0.03, at denaturation midpoint (dm). dm(WT)=68.3 +/- 0.2°C, dm(A429V)=67.9 +/- 0.2°C, dm(R428Q)
=68.6 +/- 0.0°C, and dm(RA428-9QV)=67.3 +/- 0.3°C).

2007). In agreement with previous results (Van Laer et al., 2018), circular dichroism spectra of both
protein versions exhibited predominantly alpha-helical characteristics (data not shown). To investi-
gate if the enzymatic activities of the human and Neandertal versions of ADSL differ, we tested their
ability to convert SAICAR to AICAR, and SAMP to AMP, as described above. No differences in spe-
cific activity between the two enzymes were detected using either substrate (SAMP, t-test, p=0.41
or SAICAR, t-test, p=0.81, Figure 7a).

To investigate if cooperativity between the two activities of ADSL may be affected by the A429V
substitution, we incubated the two forms of the enzyme with equimolar amounts of SAMP and SAI-
CAR and calculated relative values of ADSL protein activity when presented with a single substrate
(Figure 7a) or an equimolar mixture of SAMP and SAICAR (Figure 7b). The conversion of SAMP to
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Figure 7. Specific activity and cooperativity of human and ancestral ADSL versions. Specific activity of SAMP to AMP and SAICAR to AICAR catalysis for
the Neandertal-like and modern human forms of ADSL when incubated (a) with the required substrate separately ('single’) (t-test, p>0.05); (b) and with
both substrates (SAICAR and SAMP) together (‘'mixed’) (t-test, p>0.05). (c, d) The ratios of single substrate to mixed substrate specific activities for the
ancestral and human versions of the enzyme. The human version shows a higher reduction in specific activity for SAICAR to AICAR catalysis in the
presence of both substrates than the ancestral version (t-test, p=0.01) (c) which is not seen for SAMP to AMP conversion (d) (t-test, p=0.49). Error bars
represent standard errors among three experiments.

AMP is reduced approximately to the same extent (~2.4-fold, t-test, p=0.49) for the modern human
and Neandertal-like forms of the enzyme when both substrates are present (Figure 7d). In contrast,
the conversion of SAICAR to AICAR is reduced about 1.8-fold for the modern human form in the
presence of both substrates (p=0.026) while the ancestral form of the enzyme shows no reduction
(p=0.44; Figure 7c). This suggests that the modern human enzyme produces less AICAR than the
ancestral enzyme under physiological conditions and may warrant further investigation.

Stability of modern human and ancestral ADSL

To investigate the effects of the A429V substitution in the human protein, we compared the stability
of the secondary structure of the protein as described above. The temperature at which 50% of the
protein is inferred to be folded is 67.0°C (+ SEM = 0.10°C) for the modern human form of the protein
and 68.0°C (+ SEM = 0.2°C) for the Neandertal-like form of the protein (Figure 8a). Thus, as previ-
ously shown (Van Laer et al., 2018), modern human ADSL is less stable than ancestral ADSL.

To investigate the effect of the difference in secondary structure stability on the stability of ADSL
quaternary structures, we exposed the proteins to 0.75M, 0.90M, 1.0125M, 1.125M, and 1.5M gua-
nidine hydrochloride (GdnHCI) overnight at room temperature and analyzed the proteins by native
gel electrophoresis. Bands corresponding to the predicted size of the ADSL tetramer (~223 kDa)
and monomer (~56 kDa) were observed and the relative proportion of tetrameric protein was esti-
mated. Figure 8b shows that at 1.0125 M GdnHCI about 50% of the modern human version of
ADSL was present as tetramers whereas for the ancestral form this was the case at 1.125 M GdnHCI.
Thus, both the secondary and quaternary structures of the ancestral form of ADSL are more stable
than for the modern human form.

Ancestralized ADSL in human cells

To investigate how the A429V substitution affects the metabolome of living human cells, we used
CRISPR-Cas? to introduce the nucleotide substitution in the ADSL gene that reverts the valine at
position 429 to the ancestral alanine residue in human 409B2 cells (Riken BioResource Center). We
isolated three independent cell lines and we verified that the intended nucleotide substitution had
occurred in each of them by sequencing a segment of the ADSL gene and excluded deletions of the
target site by quantitative PCR (data not shown). We also isolated six independent lines that had
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Figure 8. Stability of modern human and Neandertal-like ADSL. (a) Thermal denaturation measured by CD at 222
nm for 55-75°C (plot insert) and enlarged for 62-72°C (bigger panel) showing lower stability of the modern human
ADSL at the denaturation midpoint (t-test, p=0.001. dm(ancestral)=68.0 +/- 0.2°C, dm(human)=67.0 +/- 0.1°C). Data
represents the average of five experiments. (b) Chemical denaturation measured by native gel electrophoresis
(p=0.024 for 1.125M Gdn-Hcl concentration, t-test with Bonferroni correction). Plot represents average amount of
tetrameric protein over five experiments. Error bars represent standard errors.

been subjected to the CRISPR-Cas? procedure but did not exhibit any mutation in the sequenced
DNA segment. We expanded 10 separate cultures of the three edited cell lines and 19 cultures of
three control lines (Figure 9—figure supplement 1). Each of these cultures were analyzed by LC-MS
in positive and negative modes.

A total of 8849 metabolite peaks were detected in positive and negative mode
(Supplementary file 10). Among them, 1989 were computationally annotated using KEGG.

Stepanova, Moczulska, Vacano, et al. eLife 2021;10:e58741. DOI: https://doi.org/10.7554/eLife.58741 11 of 22


https://doi.org/10.7554/eLife.58741

ELIfe Research article Evolutionary Biology

Strikingly, out of 10 detected metabolites downstream of ADSL, all but one (adenine) have lower
concentrations in the wild type cells (binom. test, p=0.01; Wilcoxon test, p=0.06, Figure 9a). These
metabolites are present in lower amounts in the wild-type human cells than the cell carrying the
VA429A substitution in ADSL (Wilcoxon test, p=0.06; Figure 9b). Thus, in human cells, the ancestral
form of ADSL supports a higher level of purine biosynthesis than the modern human form.

Comparison to chimpanzee and macaque cells

To compare these results to purine biosynthesis in chimpanzees and macaques, we similarly analyzed
nine cultures of three different chimpanzee pluripotent cell lines and three cultures of a macaque
pluripotent cell line (Figure 9—figure supplement 1). Out of 1883 metabolite peaks that differ sig-
nificantly (Wilcoxon test, BH-adjusted p<0.05) between the human and chimpanzee wild-type cells,
four correspond to purine biosynthesis metabolites (guanosine, inosine, hypoxanthine, xanthine) and
are present at lower levels in human cells compared to chimpanzee cells. The same 10 metabolites
as in the comparison to the ancestralized human cells were detected in the chimpanzee cells. Seven
of them are present in lower amounts in the human cells (Figure 9a) and as a group they are present
in lower concentrations in the human than in the chimpanzee cells when compared to metabolites in
other pathways (Wilcox test, p=0.01, Figure 9b).

h-WT - n-ADSL h-WT - ¢c-WT h-WT - m-WT

h-WT - m-WT
10
!

h-WT - n-ADSL
h-WT - c-WT

AMP
Adenosine

Adenine
GMP
Guanosine

|ﬂj|
I
}-'

Guanine
IMP
Inosine

Concentration difference

-5

® @
5

Hypoxanthine

Xanthine

Uric acid

Fumarate

PB -
PB -
PB -

9
non-PB - 0~—|—--m--|——-o-. co
1

Adenylosuccinate

non-PB - ee e -...|.--_____

non-PB -

Figure 9. Purine biosynthesis in human cells carrying the ADSL V429A substitution as well as in human, chimpanzee, and macaque wild type cells. (a)
The direction of differences in metabolite levels in pairwise comparisons between wild type human cells (h-WT, 19 cultures of three cell lines) and
human cells carrying the ADSL V429A substitution (n-ADSL, 10 cultures of three cell lines), chimpanzee cells (c-WT, nine cultures from three cell lines)
and macaque cells (m-WT, three cultures from one cell line). Red and blue colors mark higher and lower metabolite levels in human wild-type cells,
respectively, white indicates non-detected metabolites. (b) Distributions of differences in metabolite levels between h-WT cells and n-ADSL, ¢-WT, and
m-WT cells, respectively, for purines biosynthesis (PB) metabolites (listed in panel a) and other metabolites (non-PB) Wilcoxon test, p=0.06 (h-ADSL),
p=0.01 (c-WT), and p=0.04 (m-WT).

The online version of this article includes the following figure supplement(s) for figure 9:

Figure supplement 1. Principle component analysis of cell line metabolite composition.
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Six of the 10 purine biosynthesis metabolites are present at significantly lower concentrations in
humans than in macaques when analyzed individually (Figure 9a) and as a group they are present at
lower concentrations than metabolites in other pathways (Wilcoxon test, p=0.04, Figure 9b). Thus,
reversal of the A429V substitution in ADSL in human cells results in an increase in purine biosynthesis
similar in magnitude to what is observed when chimpanzee cells are compared to human cells.

Discussion

The ancestors of modern humans diverged from their closest evolutionary relatives, Neandertals and
Denisovans, on the order of 600,000 years ago (Priifer et al., 2014). About 10 times further back
the ancestors of hominins diverged from the ancestors of chimpanzees and bonobos
(Langergraber et al., 2012). Whereas some phenotypic differences between present-day humans
and apes have been shown to be due to genetic features unique to humans, especially gene duplica-
tions (e.g. Charrier et al., 2012; Nuttle et al., 2016; Florio et al., 2018) and changes involving
gene expression (reviewed by Doan et al., 2018), no organismal traits that distinguish present-day
modern humans from Neandertals and Denisovans have been associated with specific nucleotide
changes. Whereas most phenotypic features that distinguish present-day humans from the apes and
from their extinct hominin relatives are likely to be genetically complex, metabolic differences may
sometimes have a comparatively simple genetic background because genomic changes that affect
genes encoding enzymes may affect flux in metabolic pathways.

To find metabolic differences that set humans apart from their closest evolutionary relatives we
investigated the metabolomes of the brain, muscle, and kidney in humans, apes, and monkeys.
Whereas we find no such differences among the metabolites analyzed in muscle and kidney, in the
brain, steady state abundance of many compounds involved in amino acid metabolism are present
in higher or lower levels in humans versus other primates and metabolites involved in oxidative phos-
phorylation are present in lower amounts. In the future, it may be of interest to investigate more
samples and the consequences of these human-specific metabolic features. Metabolites in purine
biosynthesis stand out in that they are present in lower concentrations in humans than in the other
primates analyzed in all tissues analyzed, although most drastically in brain.

Humans and apes diverged so long ago that almost every gene carries changes that may poten-
tially alter its function by affecting its regulation or the structure of the encoded gene product. In
contrast, modern humans and Neandertals and Denisovans diverged so recently that for about 90%
of the genome, the two archaic human groups fall within the variation of present-day humans
(Green et al., 2010). Furthermore, when modern and archaic humans met about 50,000 years ago,
they interbred. This resulted in that Neandertal DNA fragments that together make up about half of
the Neandertal genome exist in present-day humans (Sankararaman et al., 2014). The number of
proteins that carry amino acid substitutions in all or almost all humans that differ from Neandertals
and apes is therefore only about one hundred (Pdabo, 2014). It is unclear if any of these substitu-
tions have any functional consequences.

The alanine to valine substitution at position 429 in ADSL is one of this small number of substitu-
tions. Position 429 is conserved as alanine in most tetrapods suggesting that it may be of impor-
tance. Position 429 is also located only three positions away from position 426, where an arginine to
histidine substitution causes the most common form of adenylosuccinase deficiency in present-day
humans (Edery et al., 2003; Kmoch, 2000; Maaswinkel-Mooij et al., 1997, Marie et al., 1999;
Race et al., 2000). Further evidence suggesting that a change in ADSL may have been of impor-
tance in the evolution of modern humans comes from a screen for genomic regions that have experi-
enced selective sweeps in humans after their split from Neandertals but before the separation of
Africans and Eurasians (Racimo, 2016). In that study, a genomic region centered around ADSL is
among the top 20 candidate regions, although it also contains other genes. Furthermore, previous
work has shown that the A429V substitution reduces the thermal stability of the ADSL protein in vitro
(Van Laer et al., 2018). We therefore decided to analyze if it might be involved in the reduced
purine biosynthesis seen in present-day humans by investigating the function of the ancestral, Nean-
dertal-like and the derived, modern human-like forms of ADSL in vitro and in vivo.

We confirm the previous finding (Van Laer et al., 2018) that the A429V substitution does not
affect the kinetic properties of the ADSL enzyme but decreases its thermal stability and show that
the substitution also decreases the stability of the tetrameric complex of the enzyme. When
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introduced in the mouse ADSL protein in conjunction with a primate-specific substitution at the adja-
cent position 428, it reduces the enzymatic activity detected in nine tissues analyzed, most drastically
in the brain, and results in a reduction in purine biosynthesis, thus recapitulating differences seen
between humans and chimpanzees and macaques.

To investigate how the A429V substitution may affect the metabolism of human cells, we used
CRISPR-Cas? to introduce the ancestral, Neandertal-like substitution into human cells. The concen-
trations of nine out of 10 detected metabolites downstream of ADSL in purine biosynthesis are
increased in human cells carrying the ancestral substitution. In chimpanzee and macaque cells, most
of the same 10 metabolites are similarly increased resulting in that the pathway as a whole is
increased relative to other pathways. Notably, the expression of ADSL messenger RNA does not dif-
fer between human and chimpanzee cells, nor between wild type and ancestralized cells (not shown).
Thus, the A429V substitution is responsible for much or all of the difference in purine biosynthesis
observed when human tissues are compared to ape and monkey tissues, indicating that this change
in metabolism occurred in humans after their separation from the ancestor shared with Neandertals
and Denisovans.

It is interesting that although ADSL is expressed and functions in all tissues, the down-regulation
of purine biosynthesis in humans relative to apes, and in humanized mice relative to wild-type mice,
is most pronounced in the brain. It is also interesting that mutations in humans that affect enzymes
involved in purine metabolism have more pathological consequences in the nervous system than in
other organs (Fumagalli et al., 2017; Micheli et al., 2011). Although no overt morphological or
other brain-related phenotypes are observed in the mice humanized at pos. 428 and 429 (data not
shown), it is thus possible that the A429V substitution in ADSL has contributed to human-specific
changes in brain development and function. Future work will have to address this and other
possibilities.

Materials and methods

Tissue samples

Human samples were obtained from the Netherlands Brain Bank, Amsterdam, Netherlands. Written
consent for the use of human tissues for research was obtained from all donors or their next of kin.
All subjects were defined as healthy controls by forensic pathologists at the brain bank. All subjects
suffered sudden death with no prolonged agonal state. Chimpanzee samples were from the tissue
collection of the Max Planck Institute for Anthropology. Rhesus macaque samples were obtained
from the Suzhou Experimental Animal Center, China. All chimpanzees and rhesus macaques used in
this study suffered sudden deaths for reasons other than their participation in this study and without
any relation to the tissue used. Prefrontal cortex (PFC) dissections were made from the frontal part
of the superior frontal gyrus. For all samples, we took special care to dissect gray matter only.

Primate cell lines

Three chimpanzee iPSC lines used were: Sandra-A, generated from T lymphocytes Mora-
Bermudez et al., 2016; JoC generated from primary lymphocytes Kanton et al., 2019; and PR818-
5 generated from fibroblast (Marchetto et al., 2013), a gift from Fred H. Gage, the Salk Institute for
Biological Studies (La Jolla, CA). The macaque embryonic stem cell line MN1 (Otani et al., 2016)
was a gift from R. Livesey, Gurdon Institute (University of Cambridge, UK). All lines were cultured in
six-well cell culture plates coated with Matrigel (Corning, 354277) and maintained in mTeSR1
medium (Stem Cell Technologies, 05851) supplemented with penicillin/streptomycin and MycoZap
(Lonza) at 37°C in a humidified 5% CO, incubator. The medium was refreshed daily. All cell lines
were regularly checked for mucoplasma.

Genome editing in mice

Male pronuclei of C57BL/6NCrl fertilized oocytes were injected with a mix consisting of Cas9 or
Cas9-D10A Nickase mRNA (50 ng/ul), gRNA in form of RNA (20 ng/ul) and single strand oligonucle-
otide (50 ng/ul). The sequence of the 99mer oligonucleotide is 5'-GTGGTCAAGCAGGAAGGAGG
TGACAATGACCTTATAGAGCGCATCCAGGTTGACGCCTACTTCAGCCCCATCCACTCACAGC
TGGAGCACTTGCTGGAC-3'. The nucleotide substitutions for changing the amino acids arginine
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(CGQG) and alanine (GCA) to glutamine (CAG) and valine (GTT) that occur in the human sequence are
depicted in bold. The humanized sequence introduces two new restriction sites for BstNI and Hincll
that facilitate genotyping of the founders. The sequence of the two guide RNAs are: Adsl-gRNA10:
5'-GGCTGAAGTAGGCATCTGCC-3' for Cas? and Adsl-gRNA15: 5'-CTCACAGCTGGAGCACTTGC-
3" used together with gRNA10 for the Cas9-D10A injections. After injections, the surviving embryos
were transferred into Crl:CD1(ICR) pseudopregnant recipient female mice (20-25 embryos per recip-
ient). Tail DNA of the founders was PCR amplified with Adsl-F: 5'-CGATGTCTGACTGTAAGGTC
TAC-3' and Adsl-R: 5'-CCAGAGGCTCAGGCTCTGCATCA-3" and digested with Hincll. In total 6
from 105 born mice were positive for the humanized sequence.

Genome editing in human cells

409-B2 human induced pluripotent stem cells (hiPSCs) with a doxycycline inducible Cas9 nickase
(D10A mutation) and enhanced homology-directed repair efficiency (DNA-PKcs K3753R mutation)
were incubated with mTesR1 medium (StemCell Technologies, 05851) containing 2 pg/ml doxycy-
cline (Clontech, 631311) two days prior to lipofection of a gRNA (duplex of chemically synthesized
crRNA and tracrRNA, alt-CRISPR IDT) pair and single-stranded DNA donor as described
(Riesenberg et al., 2019). Lipofection by RNAIMAX (Invitrogen, 13778075) was done using a final
concentration of 7.5 nM of each gRNA (ADSL_target1: CAACCTGGATACGCTCTATG, ADSL tar-
get2: CAGTCCCATTCACTCCCAGT) and 10 nM of single-stranded DNA donor (ADSL_V429A: CAG-
CAGGCAGCTTCTGTGGTTAAGCAGGAAGGGGGTGACAATGACCTCATTGAGCGTATCCAGGC
TGATGCCTACTTCAGTCCCATTCACTCTCAGTTGGATCATTTACTGGATCCTTCTTCTTTCACTGG
TCGTGCCTCCCAG; ancestral mutation = bold, silent mutations to prevent recutting: italic). The lip-
ofection mix was exchanged to regular mTesR1 medium after 24 hr and cells were propagated. After
dissociation using Accutase (SIGMA, A6964) cells were plated in a single-cell dilution that gave rise
to single-cell derived colonies. DNA isolation, Illumina library preparation and sequencing analysis to
conform editing success was done as described (Riesenberg et al., 2019). Primers for DNA target
amplification and quantitative PCR were ADSL_forward: AAAGTGTTCAAACGCCCTGT and ADSL_-
reverse: AGAGAGTACCCCAGGTTCTGC.

Enzyme assays

Tissue samples were homogenized in 300 mM sucrose, 10 mM Tris pH 7.4, 10 mM EDTA using a
PTFE tissue grinder and mixer motor. Samples were centrifuged at 4°C for 30 min in a microfuge at
maximum speed. Supernatant was collected and stored at —70°C. Protein concentration was deter-
mined using a bicinchoninic acid assay kit (Sigma) and a BioTek PowerWave XS2 plate reader, mea-
suring absorbance at A 562 nm. Absorbance values were fitted against a BSA standard curve (0,
12.5, 25, 50, 75, 100, 150, 200 pug/ml). For the ADSL assays, 50 ng protein was added into a 60 uM
adenylosuccinate (AMPS)/40 mM Tris (pH 7.4)/10% glycerol solution, and conversion of adenylosuc-
cinate to AMP was monitored by UV spectrophotometry, measuring absorption at A 282 nm every
minute for 20 min (Greiner UV-Star 96 well plates and BioTek PowerWave XS2 plate reader). ADSL
activity was calculated using the extinction coefficient for the reaction (10,000 M-1 cm-1) in Excel.
Wilcoxon tests and box plots were performed using R.

CE-MS measurements of metabolomes

For each sample, metabolites were extracted from the frozen tissue powder by 1 ml methanol con-
taining 20 UM each of L-Methionine sulfone, 2-morpholinoethanesulfonic acid, monohydrate, and
sodium d-camphor-10-sulfonic acid. 500 pl of the lysate was transferred to an Eppendorf tube con-
taining 500 pl chloroform and 200 pl of Milli-Q water. After 30 s of vortexing and 15 min of centrifu-
gation at 4°C, 300 pl of the aqueous phase was concentrated and dried to complete dryness in an
ultrafiltration tube (Millipore) followed by speed vacuum for 3 hr at 35°C. The dried samples were
mixed with 100 pl of Milli-Q water containing 100 uM each of 3-aminopyrrolidine and trimesate, and
filtered with an ultrafiltration tube (Millipore) at 9100 x g for 2 hr at 4°C immediately before 7 ul was
used in a CE-TOF-MS (Agilent Technologies) to detect cationic metabolites and anionic metabolites.
The instrumentation and measurement conditions used for CE-TOF-MS were according to
Sugimoto et al., 2012.
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The in-house software MasterHands was used for peak detection, time alignment, and peak area
integration. The intensities of each metabolite in the samples were calculated based on the compari-
son of peak area normalized by internal standards added to the sample as well as external stand-
ards. Metabolites detected in less than half of the samples were excluded from the following
analysis.

GC-MS measurements of metabolomes
Metabolites were extracted from the frozen tissue powder by a methanol:water:chloroform (2.5:1:1
(v/v/v)) extraction. In brief, 100 mg of frozen powdered tissue material was resuspended in 1 mL
extraction solution containing 0.1 ug mL-1 of U-13Cé-sorbitol. The samples were incubated for 10
min at 4°C on an orbital shaker. This step was followed by ultrasonication in a bath-type sonicator for
10 min at room temperature. Finally, the insoluble tissue material was pelleted by a centrifugation
step (5 min; 14,000 g), and the supernatant transferred to a fresh 2 mL Eppendorf tube. To separate
the organic from the aqueous phase, 300 uL H20 and 300 uL chloroform were added to the super-
natant, vortexed, and centrifuged (2 min; 14,000 g). Subsequently, 200 pL of the upper, aqueous
phase was collected and concentrated to complete dryness in a speed vacuum at room temperature.
Extract derivatization and GC-MS measurements were performed according to Lisec et al., 2006.
MS peaks were aligned across samples and annotated to known or putatively known compounds,
based on similarity searches against spectral libraries of several thousand measured reference com-
pounds (Giavalisco et al., 2011, Cuadros-Inostroza et al., 2009). Unannotated MS peaks were
excluded, and each tissue was further analyzed separately. The obtained metabolite intensity values
(apex height of the quantitative compound identifier mass) were normalized within each sample to
the abundance of an internal standard (13C sorbitol), and log10 transformed. To avoid negative val-
ues, metabolite/standard ratios were scaled up by factor 3000 prior to log10 transformation. Next,
we filtered out metabolites containing more or equal to 50% missing values. To normalize distribu-
tions of values between samples, we additionally divided intensity values for the remaining metabo-
lites to the upper quartiles.

LC-MS sample preparation

Adhered cells were grown mTesR1 medium (StemCell Technologies, 05851) in six-well plates. After
counting, medium solution was gently discarded and cells were quickly washed twice with 1 ml of 1x
PBS. Cells were harvested in PBS, placed into 2 ml Eppendorf (safe lock) tubes, suspended by slight
pipetting, pelleted by centrifugation at 4°C and snap-frozen in liquid nitrogen. Pellets were stored at
—80°C. The several blank samples were added to the end of each batch (48 samples). They were 2
ml Eppendorf (safe lock) tubes without any sample material but subjected to all extraction proce-
dures. Cells were quickly re-suspended in 75 pl of water on ice and metabolites were extracted by
the after addition of 1 ml of —20°C cold methanol:methyl-tert-butyl-ether (1:3 (v/v)) extraction buffer,
vortexed, and sonicated for 10 min in an ice-cooled sonication bath followed by incubation for a 30
min at 4°C on an orbital shaker as described (Giavalisco et al., 2011). A total of 700 ul of a H20:
methanol mix (3:1 (v/v)), containing 5.0 ug of GMP-15N5 and Methionine-methyl-13C.d3 was added
and the mixture was incubated for a 10 min at 4°C on an orbital shaker. To separate the organic and
the aqueous phases and precipitate proteins the mixture was spun down for 10 min at 15,000 x g at
4°C. Subsequently, 300 pl of the lower aqueous phase containing hydrophilic compounds was trans-
ferred to a 1.5 ml Eppendorf tube and concentrated to complete dryness in a speed vacuum centri-
fuge at room temperature. Dry metabolic extracts were stored at —80°C prior to mass spectrometry
analysis.

In the LC-MS datasets, in addition to the individual cells samples, we measured mixtures of sam-
ples (pooled extracted samples, TQC) after every 10th sample, providing information on system per-
formance (sensitivity and retention time consistency), sample reproducibility, and compound stability
over the time of the MS-based analysis.

LC-MS metabolite abundance measurements

The dried extracts were re-suspended in 100 pl of ice-cold 20% aqueous solution of acetonitrile prior
to mass spectrometry analysis. After brief rigorous vortexing, the samples were incubated for 30 min
at 4°C on an orbital shaker followed by a 10 min ultra-sonication in an ice-cooled sonication bath and
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centrifugation for 10 min at 15,000 x g at 4°C. For mass spectrometry analysis, 40 ul of supernatant
was transferred to a 350 ul autosampler glass vials (Glastechnik Grafenroda, Germany). Chro-
matographic separation of metabolites prior to mass spectrometry was performed using Acquity
[-Class UPLC system (Waters, UK). Metabolites were separated on a normal phase unbounded silica
column RX-SIL (100 mm x 2.1 mm, 1.8 um, Agilent, US) coupled to a guard precolumn with the same
phase parameters. The mobile phases used for the chromatographic separation were water contain-
ing 10 mM ammonium acetate, 0.2 mM ammonium hydroxide in water:acetonitrile (95:5 (v:v)) mix-
ture (buffer A) (pH value 8.0) and 100% acetonitrile (buffer B). The gradient separation was: 0 min
0% buffer A, 0.01-15 min linear gradient from 0% to 100% buffer A, 15-18 min 100% buffer A, 18-
19 min linear gradient from 100% buffer A to 0% buffer A, and 19-32 min 0% buffer A. After 1 min
washing with 100% buffer A, the column was re-equilibrated with 100% buffer B. The flow rate was
set to 500 pl/min. The column temperature was maintained at 32°C. The mass spectra were acquired
in positive and negative mode using a heated electrospray ionization source in combination with Q
Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific. Germany). Negative
ion mode samples were run after the positive ion mode cohort with 6 pl injection of non-diluted sam-
ples. MS settings in positive acquisition mode: spray voltage was set to 4.5 kV in positive mode and
to 3 kV in negative acquisition mode. S-lens RF level at 70. and heated capillary at 250°C; aux gas
heater temperature was set at 350°C; sheath gas flow rate was set to 45 arbitrary units; aux gas flow
rate was set to 10 arbitrary units; sweep gas flow rate was set to four arbitrary units. Full scan resolu-
tions were set to 70,000 at m/z 200. Full scan target was 107° with a maximum fill time of 50 ms.
The spectra were recorded using full scan mode, covering a mass range from 100 to 1500 m/z.

For quality control (TQC), a pooled sample of all metabolic extracts was prepared and injected
four times before initiating the runs in order to condition the column, at least four times after each
sub-cohort, and after the completion of the runs. In addition, the TQC sample was injected every 48
sample injections to assess instrument stability and reproducibility.

Metabolite peaks were extracted and aligned across samples using Progenesis Ql software (Ver-
sion 3.0, Nonlinear Dynamics, http://www.nonlinear.com) according to the vendor description. We
further excluded metabolite peaks potentially confounded by their processing order during mass
spectrometry measurements (run order) using a support vector regression model with a Gaussian
kernel. The intensities of metabolites retained after the above-mentioned filtration procedures were
log2 transformed and normalized using upper-quartile normalization procedure.

Statistical analysis of metabolomes

We performed principal component analysis (PCA) for each tissue separately or for cell line data in
order to identify outlier samples. For the PCA analysis, the ‘prcomp’ function in the R package 'stats’
was used. To identify metabolites with significant intensity changes, we implemented the Student’s
t-test. A permutation procedure was used to assess the false positive rate. Briefly, we shuffled sam-
ple labels, applied t-test to two random groups of samples, and repeated this procedure 1000 times.
Then, a permutation p-value was used to estimate the ratio of permutations resulting in an equal or
greater number of metabolites with significant intensity differences at a nominal significance cutoff
of 0.05. To determine the probability of increase or decrease of metabolite intensities, we per-
formed a binomial test. Log10 fold change of metabolite intensities was calculated as the average
logarithm of intensity differences between two sample groups. We used Wilcoxon test to compare
the distributions of intensity differences between species or mutant and wild type individuals for
detected metabolites assigned to purine biosynthesis pathways and those assigned to the other
pathways.

Protein purification and dual substrate specific activity measurement
ADSL protein versions were purified as described previously (Ray et al., 2012). The specific activity
in presence of single and double substrates shown in Figure 6 was measured using a customized
HPLC system as described previously (Ray et al., 2013).

Native gel electrophoresis
Aliquots of ADSL protein were thawed and equilibrated for 2-4 hr at room temperature. Subse-
quently, they were mixed with guanidine hydrochloride to final concentrations of 1.5M, 1.125M,
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1.0125M, 0.9M, and 0.75M. Samples were incubated overnight at room temperature and analyzed
using native gel electrophoresis (Invitrogen, BN2111B x 10, NativePage 4-16%) according to manu-
facturer’'s manual. ImageJ was used for densitometry analysis of monomeric (M) and tetrameric (T)
band of gel pictures where person assigning the peaks was blinded for the sample identity. Tetramer
fraction was subsequently calculated using the following formula: T/(M + T). Differences between
human and Neandertal-like versions of ADSL were calculated for each concentration of guanidine
hydrochloride over five repetitions. Bonferroni correction was used to correct for number of compar-
isons (five different guanidine hydrochloride concentrations).

Circular dichroism measurements

ADSL versions were diluted in storage buffer as described to concentration of 0.2 mg/ml. Samples
were thawed and equilibrated at room temperature for a minimum of 30 min prior to the scan. Each
sample was transferred to a 1 mm cuvette for analysis. To analyse secondary structure, each sample
was first scanned for wavelengths 200-250 nm and subsequently monitored at 222 nm from 50°C to
80°C using a Jasco J-815 Spectropolarimeter. Each ADSL protein version was analyzed using a mini-
mum of two separate protein batches and a minimum of two scans to avoid batch effects. Denatur-
ation midpoint was designated as the temperature value closest to the 50% folded protein mark for
each run.

Acknowledgements

We are grateful to the NOMIS Foundation and the Max Planck Society for funding to SP; to the Bon-
fils-Stanton Foundation, the Butler Family Fund of the Denver Foundation, the Sam and Freda Davis
Charitable Trust, and the Theodore T Puck Endowment of the University of Denver for funding to
DP; to Stephane Peyregne and Karin Mérl for helpful input, to Rowina Voigtlénder, Wulf Hevers and
the animal facility staff for mouse breeding, and to Alexander Cagan and Wulf Hevers for tissue dis-

sections. Animal breeding and experiments were done under the permission AZ: 24-9162.11/12/12
(T 10/14) from the Landesdirektion Sachsen.

Additional information

Funding

Funder Author

NOMIS Stiftung Svante Pagbo
Max-Planck-Gesellschaft Svante Pasbo
Bonfils-Stanton Foundation David Patterson
Denver Foundation David Patterson
University of Denver David Patterson

The funders had no role in study design, data collection and
interpretation, or the decision to submit the work for publication.

Author contributions

Vita Stepanova, Guido N Vacano, Investigation, Methodology, Writing - original draft; Kaja Ewa
Moczulska, Formal analysis, Investigation, Writing - original draft; llia Kurochkin, Stephan Riesenberg,
Dominik Macak, Tomislav Maricic, Linda Dombrowski, Maria Schérnig, Ekaterina Khrameeva, Anna
Vanushkina, Elena Stekolshchikova, Alina Egorova, Anna Tkachev, Randall Mazzarino, Nathan Duval,
Dmitri Zubkov, Terry G Wilkinson, Investigation; Xiangchun Ju, Investigation, Writing - original draft;
Konstantinos Anastassiadis, Oliver Baker, Ronald Naumann, Patrick Giavalisco, Investigation, Meth-
odology; David Patterson, Conceptualization, Investigation, Project administration; Philipp Khaito-
vich, Conceptualization, Supervision, Investigation, Methodology, Project administration; Svante
Pasbo, Conceptualization, Funding acquisition, Project administration, Writing - review and editing

Stepanova, Moczulska, Vacano, et al. eLife 2021;10:e58741. DOI: https://doi.org/10.7554/eLife.58741 18 of 22


https://doi.org/10.7554/eLife.58741

e Llfe Research article

Evolutionary Biology

Author ORCIDs

Kaja Ewa Moczulska (&) https://orcid.org/0000-0001-6051-1265
Guido N Vacano () https://orcid.org/0000-0001-5979-9310

Ilia Kurochkin @ http://orcid.org/0000-0003-3100-0903

Maria Schérnig (& http://orcid.org/0000-0001-5334-5342
Konstantinos Anastassiadis ) http://orcid.org/0000-0002-9814-0559
Patrick Giavalisco () http://orcid.org/0000-0002-4636-1827

Philipp Khaitovich @ https://orcid.org/0000-0002-4305-0054
Svante P&&dbo () https://orcid.org/0000-0002-4670-6311

Ethics

Human subjects: Human postmortem samples were obtained from the NICHD Brain and Tissue Bank
for Developmental Disorders at the University of Maryland, USA, the Maryland Brain Collection Cen-
ter, Maryland, USA, and the Harvard Brain Tissue Resource Center. Informed consent for the use of
human tissues for research was obtained by these institutions in writing from all donors or their next
of kin.

Animal experimentation: Mouse breeding and experiments were done under the permission AZ: 24-
9162.11/12/12 (T 10/14) from the Landesdirektion Sachsen. This study was reviewed and approved
by the Institutional Animal Care and Use Ethics Committee at the Shanghai Institute for Biological
Sciences, CAS. All non-human primates used in this study suffered sudden deaths for reasons other
than their participation in this study and without any relation to the tissue used.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.58741 sal
Author response https://doi.org/10.7554/elife.58741.5a2

Additional files

Supplementary files
 Supplementary file 1. The MS signal intensities of metabolites detected by CE-MS in five tissues of
four humans, four chimpanzees, and four rhesus macaques, reflecting their relative concentrations.

 Supplementary file 2. Metabolites showing significantly higher intensities in the human cerebellum
compared to chimpanzees and rhesus macaques (t-test, adjusted p<0.05). The table includes
adjusted p-values and fold-change values for human-chimpanzee and human-macaque comparisons.

 Supplementary file 3. Pathway enrichment in metabolites showing higher levels in human tissues
compared to chimpanzees and rhesus macaques. The table includes pathway names, adjusted and
nominal p-values, number of differential metabolites, and number of associated genes. Top path-
ways (corrected enrichment p-value<0.05) are shaded in green. Tables include multiple worksheets —
one for each tissue.

 Supplementary file 4. Metabolites showing significantly lower intensities in the human prefrontal
cortex compared to chimpanzees and rhesus macaques (t-test, adjusted p<0.05). The table includes
adjusted p-values and fold-change values for human-chimpanzee and human-macaque comparisons.

« Supplementary file 5. Pathway enrichment in metabolites showing lower levels in human tissues
compared to chimpanzees and rhesus macaques. The table includes names, adjusted and nominal
p-values, number of differential metabolites, and number of associated genes. Top pathways (cor-
rected enrichment p-value<0.05) are shaded in green. Tables include multiple worksheets — one for
each tissue.

 Supplementary file 6. Mouse sample information. Table includes sample information for two age
groups of wild type and humanized mice: one week and 12 weeks of age. Eight tissues were sam-
pled for both age groups. Testes were additionally sampled for 12-weeks-old mice. Outlier samples
are shaded in red. Table includes multiple worksheets — one for each age group.

Stepanova, Moczulska, Vacano, et al. eLife 2021;10:e58741. DOI: https://doi.org/10.7554/eLife.58741 19 of 22


https://orcid.org/0000-0001-6051-1265
https://orcid.org/0000-0001-5979-9310
http://orcid.org/0000-0003-3100-0903
http://orcid.org/0000-0001-5334-5342
http://orcid.org/0000-0002-9814-0559
http://orcid.org/0000-0002-4636-1827
https://orcid.org/0000-0002-4305-0054
https://orcid.org/0000-0002-4670-6311
https://doi.org/10.7554/eLife.58741.sa1
https://doi.org/10.7554/eLife.58741.sa2
https://doi.org/10.7554/eLife.58741

e Llfe Research article

Evolutionary Biology

 Supplementary file 7. Normalized intensities of metabolites detected using GC-MS in eight tissues
of 1-week-old humanized and wild-type mice. The table includes multiple worksheets — one for each
tissue.

 Supplementary file 8. Normalized intensities of metabolites detected using GC-MS in eight tissues
of 12-weeks-old humanized and wild-type mice. The table includes multiple worksheets — one for
each tissue.

e Supplementary file 9. Metabolites showing significant intensity differences between humanized
and wild-type mice. Table lists 45 metabolites showing significant intensity differences in the pre-
frontal cortex (PFC) at one week of age and 36 showing significant intensity differences in the in cer-
ebellum (CB) at 12 weeks of age. Table includes multiple worksheets — one for each tissue.

 Supplementary file 10. Normalized intensities of metabolites detected using LC-MS in cell lines.
The table includes multiple worksheets: cell line metadata, intensities of all detected metabolite
peaks, peak annotation according to KEGG database.

« Transparent reporting form

Data availability
All data generated are included in the paper as Supplementary files 1-10.

References

Ariyananda LZ, Lee P, Antonopoulos C, Colman RF. 2009. Biochemical and biophysical analysis of five disease-
associated human adenylosuccinate lyase mutants. Biochemistry 48:5291-5302. DOI: https://doi.org/10.1021/
bi802321m, PMID: 19405474

Brosius JL, Colman RF. 2002. Three subunits contribute amino acids to the active site of tetrameric
adenylosuccinate lyase: Lys268 and Glu275 are required. Biochemistry 41:2217-2226. DOI: https://doi.org/10.
1021/bi011998t, PMID: 11841213

Castellano S, Parra G, Sanchez-Quinto FA, Racimo F, Kuhlwilm M, Kircher M, Sawyer S, Fu Q, Heinze A, Nickel B,
Dabney J, Siebauer M, White L, Burbano HA, Renaud G, Stenzel U, Lalueza-Fox C, de la Rasilla M, Rosas A,
Rudan P, et al. 2014. Patterns of coding variation in the complete exomes of three Neandertals. PNAS 111:
6666-6671. DOI: https://doi.org/10.1073/pnas.1405138111, PMID: 24753607

Charrier C, Joshi K, Coutinho-Budd J, Kim JE, Lambert N, de Marchena J, Jin WL, Vanderhaeghen P, Ghosh A,
Sassa T, Polleux F. 2012. Inhibition of SRGAP2 function by its human-specific paralogs induces neoteny during
spine maturation. Cell 149:923-935 . DOI: https://doi.org/10.1016/j.cell.2012.03.034, PMID: 22559944

Ciardo F, Salerno C, Curatolo P. 2001. Neurologic aspects of adenylosuccinate lyase deficiency. Journal of Child
Neurology 16:301-308. DOI: https://doi.org/10.2310/7010.2001.17888, PMID: 11392513

Cuadros-Inostroza A, Caldana C, Redestig H, Kusano M, Lisec J, Pefia-Cortés H, Willmitzer L, Hannah MA. 2009.
TargetSearch-a bioconductor package for the efficient preprocessing of GC-MS metabolite profiling data.
BMC Bioinformatics 10:428-440. DOI: https://doi.org/10.1186/1471-2105-10-428, PMID: 20015393

Doan RN, Shin T, Walsh CA. 2018. Evolutionary changes in transcriptional regulation: insights into human
behavior and neurological conditions. Annual Review of Neuroscience 41:185-206. DOI: https://doi.org/10.
1146/annurev-neuro-080317-062104, PMID: 29986162

Edery P, Chabrier S, Ceballos-Picot I, Marie S, Vincent MF, Tardieu M. 2003. Intrafamilial variability in the
phenotypic expression of adenylosuccinate lyase deficiency: a report on three patients. American Journal of
Medical Genetics 120A:185-190. DOI: https://doi.org/10.1002/ajmg.a.20176, PMID: 12833398

Florio M, Heide M, Pinson A, Brandl H, Albert M, Winkler S, Wimberger P, Huttner WB, Hiller M. 2018. Evolution
and cell-type specificity of human-specific genes preferentially expressed in progenitors of fetal neocortex.
eLife 7:€32332. DOI: https://doi.org/10.7554/elife.32332, PMID: 29561261

Fumagalli M, Lecca D, Abbracchio MP, Ceruti S. 2017. Pathophysiological role of purines and pyrimidines in
neurodevelopment: unveiling new pharmacological approaches to congenital brain diseases. Frontiers in
Pharmacology 8:941. DOI: https://doi.org/10.3389/fphar.2017.00941

Giavalisco P, Li Y, Matthes A, Eckhardt A, Hubberten HM, Hesse H, Segu S, Hummel J, Kéhl K, Willmitzer L.
2011. Elemental formula annotation of polar and lipophilic metabolites using (13) C, (15) N and (34) S isotope
Labelling, in combination with high-resolution mass spectrometry. The Plant Journal: For Cell and Molecular
Biology 68:364-376. DOI: https://doi.org/10.1111/}.1365-313X.2011.04682.x, PMID: 21699588

Green RE, Krause J, Briggs AW, Maricic T, Stenzel U, Kircher M, Patterson N, Li H, Zhai W, Fritz MH, Hansen NF,
Durand EY, Malaspinas AS, Jensen JD, Marques-Bonet T, Alkan C, Prifer K, Meyer M, Burbano HA, Good JM,
et al. 2010. A draft sequence of the Neandertal genome. Science 328:710-722. DOI: https://doi.org/10.1126/
science.1188021, PMID: 20448178

Jaeken J, Van den Berghe G. 1984. An infantile autistic syndrome characterised by the presence of
succinylpurines in body fluids. Lancet 2:1058-1061. PMID: 6150139

Stepanova, Moczulska, Vacano, et al. eLife 2021;10:e58741. DOI: https://doi.org/10.7554/eLife.58741 20 of 22


https://doi.org/10.1021/bi802321m
https://doi.org/10.1021/bi802321m
http://www.ncbi.nlm.nih.gov/pubmed/19405474
https://doi.org/10.1021/bi011998t
https://doi.org/10.1021/bi011998t
http://www.ncbi.nlm.nih.gov/pubmed/11841213
https://doi.org/10.1073/pnas.1405138111
http://www.ncbi.nlm.nih.gov/pubmed/24753607
https://doi.org/10.1016/j.cell.2012.03.034
http://www.ncbi.nlm.nih.gov/pubmed/22559944
https://doi.org/10.2310/7010.2001.17888
http://www.ncbi.nlm.nih.gov/pubmed/11392513
https://doi.org/10.1186/1471-2105-10-428
http://www.ncbi.nlm.nih.gov/pubmed/20015393
https://doi.org/10.1146/annurev-neuro-080317-062104
https://doi.org/10.1146/annurev-neuro-080317-062104
http://www.ncbi.nlm.nih.gov/pubmed/29986162
https://doi.org/10.1002/ajmg.a.20176
http://www.ncbi.nlm.nih.gov/pubmed/12833398
https://doi.org/10.7554/eLife.32332
http://www.ncbi.nlm.nih.gov/pubmed/29561261
https://doi.org/10.3389/fphar.2017.00941
https://doi.org/10.1111/j.1365-313X.2011.04682.x
http://www.ncbi.nlm.nih.gov/pubmed/21699588
https://doi.org/10.1126/science.1188021
https://doi.org/10.1126/science.1188021
http://www.ncbi.nlm.nih.gov/pubmed/20448178
http://www.ncbi.nlm.nih.gov/pubmed/6150139
https://doi.org/10.7554/eLife.58741

e Llfe Research article

Evolutionary Biology

Jurecka A, Jurkiewicz E, Tylki-Szymanska A. 2012. Magnetic resonance imaging of the brain in adenylosuccinate
lyase deficiency: a report of seven cases and a review of the literature. European Journal of Pediatrics 171:131-
138. DOI: https://doi.org/10.1007/s00431-011-1503-9, PMID: 21625931

Jurecka A, Zikanova M, Kmoch S, Tylki-Szymanska A. 2015. Adenylosuccinate lyase deficiency. Journal of
Inherited Metabolic Disease 38:231-242. DOI: https://doi.org/10.1007/s10545-014-9755-y, PMID: 25112391

Kanton S, Boyle MJ, He Z, Santel M, Weigert A, Sanchis-Calleja F, Guijarro P, Sidow L, Fleck JS, Han D, Qian Z,
Heide M, Huttner WB, Khaitovich P, Pd3bo S, Treutlein B, Camp JG. 2019. Organoid single-cell genomic atlas
uncovers human-specific features of brain development. Nature 574:418-422. DOI: https://doi.org/10.1038/
s41586-019-1654-9, PMID: 31619793

Kmoch S. 2000. Human adenylosuccinate lyase (ADSL), cloning and characterization of full-length cDNA and its
isoform, gene structure and molecular basis for ADSL deficiency in six patients. Human Molecular Genetics 9:
1501-1513. DOI: https://doi.org/10.1093/hmg/9.10.1501

Kurochkin I, Khrameeva E, Tkachev A, Stepanova V, Vanyushkina A, Stekolshchikova E, Li Q, Zubkov D,
Shichkova P, Halene T, Willmitzer L, Giavalisco P, Akbarian S, Khaitovich P. 2019. Metabolome signature of
autism in the human prefrontal cortex. Communications Biology 2:234. DOI: https://doi.org/10.1038/s42003-
019-0485-4, PMID: 31263778

Langergraber KE, Prifer K, Rowney C, Boesch C, Crockford C, Fawcett K, Inoue E, Inoue-Muruyama M, Mitani
JC, Muller MN, Robbins MM, Schubert G, Stoinski TS, Viola B, Watts D, Wittig RM, Wrangham RW,
Zuberbuhler K, Paabo S, Vigilant L. 2012. Generation times in wild chimpanzees and gorillas suggest earlier
divergence times in great ape and human evolution. PNAS 109:15716-15721. DOI: https://doi.org/10.1073/
pnas.1211740109, PMID: 22891323

Lee P, Colman RF. 2007. Expression, purification, and characterization of stable, recombinant human
adenylosuccinate lyase. Protein Expression and Purification 51:227-234. DOI: https://doi.org/10.1016/].pep.
2006.07.023, PMID: 16973378

Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR. 2006. Gas chromatography mass spectrometry-based
metabolite profiling in plants. Nature Protocols 1:387-396. DOI: https://doi.org/10.1038/nprot.2006.59,
PMID: 17406261

Maaswinkel-Mooij PD, Laan LA, Onkenhout W, Brouwer OF, Jaeken J, Poorthuis BJ. 1997. Adenylosuccinase
deficiency presenting with epilepsy in early infancy. Journal of Inherited Metabolic Disease 20:606-607.

DOI: https://doi.org/10.1023/A:1005323512982, PMID: 9266401

Marchetto MCN, Narvaiza |, Denli AM, Benner C, Lazzarini TA, Nathanson JL, Paquola ACM, Desai KN, Herai
RH, Weitzman MD, Yeo GW, Muotri AR, Gage FH. 2013. Differential L1 regulation in pluripotent stem cells of
humans and apes. Nature 503:525-529. DOI: https://doi.org/10.1038/nature 12686, PMID: 24153179

Marie S, Cuppens H, Heuterspreute M, Jaspers M, Tola EZ, Gu XX, Legius E, Vincent MF, Jaeken J, Cassiman JJ,
Van den Berghe G. 1999. Mutation analysis in adenylosuccinate lyase deficiency: eight novel mutations in the
re-evaluated full ADSL coding sequence. Human Mutation 13:197-202. DOI: https://doi.org/10.1002/(SICI)
1098-1004(1999)13:3<197::AID-HUMU3>3.0.CO;2-D, PMID: 10090474

Marie S, Heron B, Bitoun P, Timmerman T, Van Den Berghe G, Vincent MF. 2004. AICA-ribosiduria: a novel,
neurologically devastating inborn error of purine biosynthesis caused by mutation of ATIC. The American
Journal of Human Genetics 74:1276-1281. DOI: https://doi.org/10.1086/421475, PMID: 15114530

Micheli V, Camici M, Tozzi MG, Ipata PL, Sestini S, Bertelli M, Pompucci G. 2011. Neurological disorders of
purine and pyrimidine metabolism. Current Topics in Medicinal Chemistry 11:923-947. DOI: https://doi.org/10.
2174/156802611795347645, PMID: 21401501

Mora-Bermudez F, Badsha F, Kanton S, Camp JG, Vernot B, Kohler K, Voigt B, Okita K, Maricic T, He ZS,
Lachmann R, Paabo S, Treutlein B, Huttner WB. 2016. "Differences and similarities between human and
chimpanzee neural progenitors during cerebral cortex development.”. eLife 2016:e18683. DOI: https://doi.
org/10.7554/elife. 18683

Nuttle X, Giannuzzi G, Duyzend MH, Schraiber JG, Narvaiza |, Sudmant PH, Penn O, Chiatante G, Malig M,
Huddleston J, Benner C, Camponeschi F, Ciofi-Baffoni S, Stessman HA, Marchetto MC, Denman L, Harshman L,
Baker C, Raja A, Penewit K, et al. 2016. Emergence of a Homo sapiens-specific gene family and chromosome
16p11.2 CNV susceptibility. Nature 536:205-209. DOI: https://doi.org/10.1038/nature19075, PMID: 27487209

Otani T, Marchetto MC, Gage FH, Simons BD, Livesey FJ. 2016. 2d and 3D stem cell models of primate cortical
development identify Species-Specific differences in progenitor behavior contributing to brain size. Cell Stem
Cell 18:467-480. DOI: https://doi.org/10.1016/j.stem.2016.03.003, PMID: 27049876

Paabo S. 2014. The human condition-a molecular approach. Cell 157:216-226. DOI: https://doi.org/10.1016/].
cell.2013.12.036, PMID: 24679537

Phillips PC. 2008. Epistasis-the essential role of gene interactions in the structure and evolution of genetic
systems. Nature Reviews. Genetics 9:855-867. DOI: https://doi.org/10.1038/nrg2452, PMID: 18852697

Priifer K, Racimo F, Patterson N, Jay F, Sankararaman S, Sawyer S, Heinze A, Renaud G, Sudmant PH, de Filippo
C, Li H, Mallick S, Dannemann M, Fu Q, Kircher M, Kuhlwilm M, Lachmann M, Meyer M, Ongyerth M, Siebauer
M, et al. 2014. The complete genome sequence of a Neanderthal from the Altai Mountains. Nature 505:43-49.
DOI: https://doi.org/10.1038/nature 12886, PMID: 24352235

Race V, Marie S, Vincent MF, Van den Berghe G. 2000. Clinical, biochemical and molecular genetic correlations
in adenylosuccinate lyase deficiency. Human Molecular Genetics 9:2159-2165. DOI: https://doi.org/10.1093/
hmg/9.14.2159, PMID: 10958654

Racimo F. 2016. Testing for ancient selection using Cross-population allele frequency differentiation. Genetics
202:733-750. DOI: https://doi.org/10.1534/genetics.115.178095, PMID: 26596347

Stepanova, Moczulska, Vacano, et al. eLife 2021;10:e58741. DOI: https://doi.org/10.7554/eLife.58741 21 of 22


https://doi.org/10.1007/s00431-011-1503-9
http://www.ncbi.nlm.nih.gov/pubmed/21625931
https://doi.org/10.1007/s10545-014-9755-y
http://www.ncbi.nlm.nih.gov/pubmed/25112391
https://doi.org/10.1038/s41586-019-1654-9
https://doi.org/10.1038/s41586-019-1654-9
http://www.ncbi.nlm.nih.gov/pubmed/31619793
https://doi.org/10.1093/hmg/9.10.1501
https://doi.org/10.1038/s42003-019-0485-4
https://doi.org/10.1038/s42003-019-0485-4
http://www.ncbi.nlm.nih.gov/pubmed/31263778
https://doi.org/10.1073/pnas.1211740109
https://doi.org/10.1073/pnas.1211740109
http://www.ncbi.nlm.nih.gov/pubmed/22891323
https://doi.org/10.1016/j.pep.2006.07.023
https://doi.org/10.1016/j.pep.2006.07.023
http://www.ncbi.nlm.nih.gov/pubmed/16973378
https://doi.org/10.1038/nprot.2006.59
http://www.ncbi.nlm.nih.gov/pubmed/17406261
https://doi.org/10.1023/A:1005323512982
http://www.ncbi.nlm.nih.gov/pubmed/9266401
https://doi.org/10.1038/nature12686
http://www.ncbi.nlm.nih.gov/pubmed/24153179
https://doi.org/10.1002/(SICI)1098-1004(1999)13:3%3C197::AID-HUMU3%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1098-1004(1999)13:3%3C197::AID-HUMU3%3E3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/10090474
https://doi.org/10.1086/421475
http://www.ncbi.nlm.nih.gov/pubmed/15114530
https://doi.org/10.2174/156802611795347645
https://doi.org/10.2174/156802611795347645
http://www.ncbi.nlm.nih.gov/pubmed/21401501
https://doi.org/10.7554/eLife.18683
https://doi.org/10.7554/eLife.18683
https://doi.org/10.1038/nature19075
http://www.ncbi.nlm.nih.gov/pubmed/27487209
https://doi.org/10.1016/j.stem.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27049876
https://doi.org/10.1016/j.cell.2013.12.036
https://doi.org/10.1016/j.cell.2013.12.036
http://www.ncbi.nlm.nih.gov/pubmed/24679537
https://doi.org/10.1038/nrg2452
http://www.ncbi.nlm.nih.gov/pubmed/18852697
https://doi.org/10.1038/nature12886
http://www.ncbi.nlm.nih.gov/pubmed/24352235
https://doi.org/10.1093/hmg/9.14.2159
https://doi.org/10.1093/hmg/9.14.2159
http://www.ncbi.nlm.nih.gov/pubmed/10958654
https://doi.org/10.1534/genetics.115.178095
http://www.ncbi.nlm.nih.gov/pubmed/26596347
https://doi.org/10.7554/eLife.58741

e Llfe Research article

Evolutionary Biology

Ray SP, Deaton MK, Capodagli GC, Calkins LA, Sawle L, Ghosh K, Patterson D, Pegan SD. 2012. Structural and
biochemical characterization of human adenylosuccinate lyase (ADSL) and the R303C ADSL deficiency-
associated mutation. Biochemistry 51:6701-6713. DOI: https://doi.org/10.1021/bi300796y, PMID: 22812634

Ray SP, Duval N, Wilkinson TG, Shaheen SE, Ghosh K, Patterson D. 2013. Inherent properties of
adenylosuccinate lyase could explain S-Ado/SAICAr ratio due to homozygous R426H and R303C mutations.
Biochimica Et Biophysica Acta (BBA) - Proteins and Proteomics 1834:1545-1553. DOI: https://doi.org/10.1016/
j-bbapap.2013.05.013, PMID: 23714113

Riesenberg S, Chintalapati M, Macak D, Kanis P, Maricic T, Pd&bo S. 2019. Simultaneous precise editing of
multiple genes in human cells. Nucleic Acids Research 47:e116. DOI: https://doi.org/10.1093/nar/gkz669,
PMID: 31392986

Sankararaman S, Mallick S, Dannemann M, Priifer K, Kelso J, Pdabo S, Patterson N, Reich D. 2014. The genomic
landscape of Neanderthal ancestry in present-day humans. Nature 507:354-357. DOI: https://doi.org/10.1038/
nature12961, PMID: 24476815

Spiegel EK, Colman RF, Patterson D. 2006. Adenylosuccinate lyase deficiency. Molecular Genetics and
Metabolism 89:19-31. DOI: https://doi.org/10.1016/j.ymgme.2006.04.018, PMID: 16839792

Sugimoto M, Sakagami H, Yokote Y, Onuma H, Kaneko M, Mori M, Sakaguchi Y, Soga T, Tomita M. 2012. Non-
targeted metabolite profiling in activated macrophage secretion. Metabolomics 8:624-633. DOI: https://doi.
org/10.1007/s11306-011-0353-9

Tomasello M. 2019. Becoming Human: A Theory of Ontogeny. Cambridge, MA: Harvard University Press.

Trujillo CA, Rice ES, Schaefer NK, Chaim IA, Wheeler EC, Madrigal AA, Buchanan J, Preiss| S, Wang A, Negraes
PD, Szeto RA, Herai RH, Huseynov A, Ferraz MSA, Borges FS, Kihara AH, Byrne A, Marin M, Vollmers C, Brooks
AN, et al. 2021. Reintroduction of the archaic variant of NOVAT in cortical organoids alters neurodevelopment.
Science 371:eaax2537. DOI: https://doi.org/10.1126/science.aax2537, PMID: 33574182

Van Laer B, Kapp U, Soler-Lopez M, Moczulska K, Péébo S, Leonard G, Mueller-Dieckmann C. 2018. Molecular
comparison of neanderthal and modern human adenylosuccinate lyase. Scientific Reports 8:18008.

DOI: https://doi.org/10.1038/s41598-018-36195-5, PMID: 30573755

Varki A, Altheide TK. 2005. Comparing the human and chimpanzee genomes: searching for needles in a
haystack. Genome Research 15:1746-1758. DOI: https://doi.org/10.1101/gr.3737405, PMID: 16339373

Vliet LK, Wilkinson TG, Duval N, Vacano G, Graham C, Zikanova M, Skopova V, Baresova V, Hnizda A, Kmoch S,
Patterson D. 2011. Molecular characterization of the Adel mutant of chinese hamster ovary cells: a cellular
model of adenylosuccinate lyase deficiency. Molecular Genetics and Metabolism 102:61-68. DOI: https://doi.
org/10.1016/j.ymgme.2010.08.022, PMID: 20884265

Zikanova M, Skopova V, Hnizda A, Krijt J, Kmoch S. 2010. Biochemical and structural analysis of 14 mutant adsl
enzyme complexes and correlation to phenotypic heterogeneity of adenylosuccinate lyase deficiency. Human
Mutation 31:445-455. DOI: https://doi.org/10.1002/humu.21212, PMID: 20127976

Stepanova, Moczulska, Vacano, et al. eLife 2021;10:e58741. DOI: https://doi.org/10.7554/eLife.58741 22 of 22


https://doi.org/10.1021/bi300796y
http://www.ncbi.nlm.nih.gov/pubmed/22812634
https://doi.org/10.1016/j.bbapap.2013.05.013
https://doi.org/10.1016/j.bbapap.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23714113
https://doi.org/10.1093/nar/gkz669
http://www.ncbi.nlm.nih.gov/pubmed/31392986
https://doi.org/10.1038/nature12961
https://doi.org/10.1038/nature12961
http://www.ncbi.nlm.nih.gov/pubmed/24476815
https://doi.org/10.1016/j.ymgme.2006.04.018
http://www.ncbi.nlm.nih.gov/pubmed/16839792
https://doi.org/10.1007/s11306-011-0353-9
https://doi.org/10.1007/s11306-011-0353-9
https://doi.org/10.1126/science.aax2537
http://www.ncbi.nlm.nih.gov/pubmed/33574182
https://doi.org/10.1038/s41598-018-36195-5
http://www.ncbi.nlm.nih.gov/pubmed/30573755
https://doi.org/10.1101/gr.3737405
http://www.ncbi.nlm.nih.gov/pubmed/16339373
https://doi.org/10.1016/j.ymgme.2010.08.022
https://doi.org/10.1016/j.ymgme.2010.08.022
http://www.ncbi.nlm.nih.gov/pubmed/20884265
https://doi.org/10.1002/humu.21212
http://www.ncbi.nlm.nih.gov/pubmed/20127976
https://doi.org/10.7554/eLife.58741

