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SUMMARY

Enzymes catalyze fundamental biochemical reactions that control cellular and organismal
homeostasis. Here we present an approach for de novo biochemical pathway discovery across
entire enzyme families using parallel viral transduction in mice and untargeted liquid
chromatography-mass spectrometry. Applying this method to the mammalian M20 peptidases
uncovers both known pathways of amino acid metabolism as well as a previously unknown
CNDP2-regulated pathway for threony! dipeptide catabolism. Ablation of CNDP2 in mice elevates
threonyl dipeptides across multiple tissues, establishing the physiologic relevance of our
biochemical assignments. Taken together, these data underscore the utility of parallel in vivo
metabolomics for the family-wide discovery of enzymatic pathways.

Enzymes catalyze fundamental biochemical reactions that control cellular and organismal
homeostasis. Here we present an approach for de novo biochemical pathway discovery across
entire enzyme families using parallel viral transduction in mice and untargeted liquid
chromatography-mass spectrometry. Applying this method to the mammalian M20 peptidases
uncovers known pathways of amino acid metabolism mediated by ACY1 (hydrolysis of N-acetyl
amino acids) and CNDP2 (hydrolysis of carnosine). We also uncover a previously unknown
CNDP2-regulated pathway for threonyl dipeptide catabolism. Ablation of CNDP2 in mice elevates
threonyl dipeptides across multiple tissues, establishing the physiologic relevance of our
biochemical assignments. Taken together, these data underscore the utility of parallel in vivo
metabolomics for the family-wide discovery of enzymatic pathways.

INTRODUCTION

Enzymes catalyze fundamental biochemical reactions that control cellular and organismal
homeostasis. Over the past one hundred years, many key enzymes and biochemical
transformations have been uncovered using classical in vitro enzymology or in vivo
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radioisotope tracing approaches (Belfrage et al., 1977; Krebs, 1936; Lynen and Ochoa,
1953). Despite this progress, recent untargeted metabolomics data have revealed that >50%
of biochemical space still remains uncharacterized in terms of metabolite identity, enzymatic
regulation, or physiologic function (Psychogios et al., 2011; Wang et al., 2019). General
strategies for scalable mapping of this uncharted biochemistry would pave the way for
understanding the breadth of enzyme and metabolite control of cellular and organismal

physiology.

Recently, a variety of metabolomics strategies have been used to tackle this problem
(Chennamsetty et al., 2016; Dang et al., 2009; Long et al., 2011; Mulleder et al., 2012, 2016;
Saghatelian et al., 2004). In vitro or cell-based approaches, while rapid, do not always
capture the diversity of metabolites in vivo and may also not identify physiologically
relevant enzyme activities. Enzyme knockout approaches in animals can provide more
physiologically relevant biochemical transformations, but nevertheless are not easily
scalable and can be confounded by developmental compensation or cellular and tissue
dysfunction due to the long-term nature of the genetic perturbation. To complement all of
these strategies, we have devised an alternative approach for biochemical pathway mapping.
This approach captures the complexities of metabolite regulation in animals, avoids long-
term genetic perturbations, and maintains both speed and scalability across entire enzyme
families. Key to our platform is the use of adeno-associated viruses (AAV) for rapid and
temporally controlled overexpression of target enzymes directly in mouse tissues. These
viral transductions are then paired with downstream untargeted metabolomics for the
inference of biochemical reactions. By using multiple AAVs corresponding to distinct
enzymes across multiple mice in one large parallel experiment, we envisioned that our
platform could provide a general and rapid system for de novo biochemical reaction
discovery across entire enzyme families and directly in animals. We apply this platform to
the mammalian M20 peptidases where we identify both previously known and orphan
pathways of amino acid metabolism. Lastly, we validate the physiologic relevance of our
biochemical assignments using CNDP2-knockout animals.

Identification of biochemical reactions catalyzed by the mammalian M20 peptidases in vivo

As a testing ground for our approach, we selected all the enzymes of the mammalian M20
peptidase family (Figure 1A). This enzyme class contains both orphan enzymes (e.qg.,
CNDP2, PM20D2) as well as those whose physiologic reactions are known (Long et al.,
2016, 2018; Sass et al., 2006; Sauerhofer et al., 2007) (ACY1, CNDP1, and PM20D1),
thereby providing both opportunities for de novo discovery as well as positive controls for
our approach. We generated AAV serotype 8 (AAV8) viruses expressing each of the five
M20 peptidases with a C-terminal flag tag as well as an AAV8-GFP control virus. Each
enzyme virus was transduced into three animals via tail vein injection (101 ifu/mouse),
resulting in a total of eighteen transduced mice corresponding to the five enzyme groups and
one GFP group. The AAV8 serotype predominantly infects the liver, though other tissues are
also transduced to a lesser extent (Zincarelli et al., 2008). Two weeks after viral
transduction, livers from these animals were harvested. Stable overexpression of all
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constructs was confirmed by western blotting using an anti-flag antibody (Figure 1B). Liver
tissues were then extracted with acetonitrile/methanol and analyzed by untargeted liquid
chromatography-mass spectrometry (LC-MS) based metabolomics. The vast majority of
metabolite peaks were unaltered by transduction of any individual enzyme (Figure S1),
establishing that each enzyme perturbs only a small region of the metabolome. To identify
differentially regulated metabolites between each enzyme group, XCMS (Smith et al., 2006)
was used to identify features altered by a single enzyme transduction (n=3) versus all other
viral transduction groups (n=15). This procedure was repeated for each of the five M20
peptidases. Metabolite features were filtered using a combination of statistical significance (|
tstat| > 4) as well as magnitude change (fold change >4 versus all other groups). These
cutoffs resulted in an average of 4.6 £ 2.0 (mean + SEM) features that were specifically
altered by one enzyme relative to the others in our enzyme set out of a total of ~3200
features quantitated (Table S1), representing the top ~0.1% of enzyme-regulated metabolites.
Analysis of these differentially-regulated features showed that each M20 peptidase altered a
distinct set of metabolite peaks (Figure S1), establishing the generality and feasibility of
perturbing small and distinct regions of biochemical space by viral transduction of specific
metabolic enzymes.

CNDP1 and ACY1 deplete carnosine and N-acetyl amino acids, respectively

Inspection of the resulting dataset revealed two cases in which our viral transduction
approach “re-discovered” known reactions of amino acid metabolism catalyzed by these
M20 peptidases. First, only a single feature meeting our filtering criteria was altered by
CNDP1 overexpression. This peak was depleted by >90% in CNDP1-transduced animals
and had exact mass of m/z = 225.099 in negative ionization mode and retention time ~15.7
min (Figure 1C). From this mass, we predicted a molecular formula of CgH;4N403 (calc’d
[M-H]™ = 225.099), which matches carnosine. An authentic carnosine standard co-eluted
with this feature and its fragmentation spectrum matched the endogenous m/z = 225.099
peak, providing direct evidence that carnosine is strongly depleted by CNDP1
overexpression (Figure S2). These data re-confirm previous observations that CNDP1
physiologically catalyzes the hydrolysis of carnosine to beta-alanine and histidine
(Sauerhdfer et al., 2007; Schméhl et al., 2019). Second, the most abundant peak specifically
regulated by ACY1 had exact mass m/z = 187.073, retention time ~15.6 min, and was
depleted by >90% by ACY1 overexpression (Figure 1D). We predicted a molecular formula
of C7H1oN204 (calc’d [M-H]™ = 187.072) for this feature. We confirmed that this feature
corresponds to N-acetyl glutamine by comparison of retention times and fragmentation
spectra to an authentic standard (Figure S2). From this identification, we could also infer the
identity of two additional peaks of m/z = 146.047 and 196.074 as N-acetyl serine and N-
acetyl histidine, respectively. These data confirm that ACY1 catalyzes the conversion of N-
acetyl amino acids to amino acids and acetate in vivo, consistent with the observation that
human ACY1 deficiency results in dramatic accumulation of several N-acetyl amino acids in
urine (Van Coster et al., 2005; Sass et al., 2006).

CNDP2 overexpression depletes threonyl dipeptides in vivo

In addition to recovering known enzyme-substrate relationships, we sought to use our
approach to discover new biochemical transformations. CNDP2 (also called carnosine
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dipeptidase 2 or cytosolic nonspecific dipeptidase 2) is a member of the M20 peptidases
whose endogenous biochemical activity remains unknown despite the multiple proposed
reactions based on in vitro studies (Jansen et al., 2015; Kaur et al., 2009; Teufel et al., 2003).
Notably, from our dataset CNDP2 did not appear to be a physiologic carnosinase since its
overexpression did not alter tissue carnosine levels (Figure 1C). Instead, the most abundant
feature altered in CNDP2-transduced livers was a peak with mass m/z = 219.0991 and
retention time ~15.3 min (Figure 2A). This peak likely represented a CNDP2 substrate
because it was depleted >80% by CNDP2 overexpression. Using this exact mass, we
deduced a molecular formula of CgH16N,Os. One candidate structure that matched both the
molecular formula as well as the potential hydrolytic activity of CNDP2 was the dipeptide
Thr-Thr, a previously unknown mammalian metabolite (Figure 2B). The endogenous
219.0991 peak co-eluted with synthetic Thr-Thr and also exhibited the fragmentation ions of
175.1 (decarboxylation) and 131.1 (loss of CO2 and ethanol) characteristic of synthetic Thr-
Thr (Figure 2C, D), establishing the chemical identity of this peak. In this same dataset we
also observed a second peak of mass m/z = 205.082 and retention time ~16.2 min that was
depleted by ~60% by CNDP2 (Table S1). Critically, the mass difference in these two peaks
corresponded exactly with a methyl group (mass difference of 14.016), suggesting m/z =
205.082 might correspond with Thr-Ser. By co-elution and MS/MS, the m/z = 205.0821
peak matched to a dipeptide of Thr and Ser, though we were unable to distinguish between
Thr-Ser or Ser-Thr isomers (Figure S2). Quantitation of these threonyl dipeptides using a
synthetic dipeptide standard established that Thr-Thr and Thr-Ser/Ser-Thr are endogenously
present at 97 £ 11 nM and 400 = 40 nM (mean + SEM, n=5), respectively, in mammalian
liver. Taken together, these data suggest a previously unknown biochemical reaction in
which threonyl dipeptides are hydrolyzed into individual amino acids by the action of
CNDP2.

In vitro hydrolysis activity of recombinant CNDP2

To determine whether threonyl dipeptides are direct CNDP2 substrates, we generated
purified, recombinant mammalian C-terminal flag-tagged CNDP2 from HEK293T cells. As
an inactive control protein, we also generated a CNDP2 protein with an EL66A point
mutation which, based on homology with the other mammalian M20 peptidases, is predicted
to disrupt a critical active site residue. Both CNDP2-WT and CNDP2-E166A proteins were
expressed to similar extents as determined by Western blotting using an anti-flag antibody
(Figure 3A). In vitro, CNDP2 robustly hydrolyzed the threonyl dipeptides Thr-Thr, Thr-Ser,
and Ser-Thr to the corresponding amino acids (Figure 3B-D). In contrast, in vitro reactions
incubated with CNDP2-E166A exhibited no enzymatic activity over negative control
reactions, establishing that the CNDP2 polypeptide is both necessary and sufficient for
threonyl dipeptide hydrolysis.

CNDP2-KO mice exhibit elevations in threonyl dipeptides across tissues

Lastly, we sought to validate the physiologic relevance of our biochemical assignments. To
date, no mouse model or human deficiency in CNDP2 have been reported to critically test
this hypothesis. Consequently, the extent to which CNDP2 contributes to threonyl dipeptide
hydrolysis activity in vivo remains unknown. We obtained whole body CnapZ2knockout
(KO) mice which were generated by CRISPR-Cas9 technology as part of the International
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Mouse Phenotyping Consortium (Dickinson et al., 2016). Ablation of CNDP2 was validated
by complete loss of CNDP2 immunoreactivity in kidney, a tissue with high Cnap2 mRNA
from publicly available expression data (Figure 4A). In this tissue, hydrolysis activity for
Thr-Thr, Thr-Ser, and Ser-Thr was reduced by 70%, 33%, and 61%, respectively, compared
to wild-type activity (Figure 4B-D). Therefore, CNDP2 is also a major threonyl dipeptide in
Vivo.

The reduction of tissue threonyl dipeptide hydrolysis activities in CNDP2-KO animals,
along with the depletion of threonyl dipeptides in AAV-CNDP2 experiments, suggested that
CNDP2 mediates the physiologic catabolism of threonyl as well as potentially other
dipeptides. We next measured endogenous levels of threonyl dipeptides from various
CNDP2-KO tissues. Thr-Thr and Thr-Ser were accumulated to levels 2- and 5-fold higher,
respectively, in kidneys from CNDP2-KO versus wild-type animals (Figure 4E).
Importantly, the ACY1- and CNDP1-regulated metabolites N-acetyl glutamine and
carnosine were unaltered in CNDP2-KO tissues, confirming that each M20 peptidase
regulates distinct biochemical reactions. Analysis of additional tissues from CNDP2-KO
animals revealed that threonyl dipeptides were also dramatically elevated in muscle and in
blood (Figure 4F, G). Taken together, these data demonstrate a physiologic biochemical
pathway that catabolizes threonyl dipeptides into individual amino acids mediated by
CNDP2. The observation of tissue-specific differences in threonyl dipeptide accumulation in
CNDP2-KO tissues suggests potentially additional pathways that may participate in the
biosynthesis, degradation, or transport of these metabolites.

DISCUSSION

Here we present here an in vivo parallel metabolomics approach for the rapid and scalable
discovery of enzyme-catalyzed reactions across enzyme families using adeno-associated
viruses and untargeted metabolomics. Our strategy presents several critical advantages
compared to known methods of biochemical reaction mapping. First, our approach
represents a “substrate-free” discovery platform that can access previously unexplored
regions of the metabolome. Second, performing reaction discovery experiments directly in
animals simplifies metabolic pathway identification because non-physiologically relevant
enzyme activities did not result in metabolite changes. Third, by using viral transductions,
our approach avoids mouse breeding and the confounding developmental or compensatory
changes often seen in knockout animals, and therefore is rapid and scalable to entire enzyme
families. Importantly, our enzyme gain-of-function approach did not simply represent an
artificial ectopic metabolic pathway manipulation, but in fact recovers bona fide physiologic
metabolic pathways in vivo.

Applying this strategy to the entire mammalian M20 peptidases identified the known
catabolic pathways for carnosine and N-acetyl amino acids mediated by CNDP1 and ACY1,
respectively. We also uncovered a previously unknown pathway from threonyl dipeptides to
free amino acids regulated by CNDP2. Our work underscores the importance of determining
enzyme-substrate relationships directly in complex physiologic settings to uncover true
physiologic functions beyond what can be assigned by in vitro biochemical analysis alone.
Moreover, these data demonstrate that individual enzymes within a larger family, despite
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sharing considerable sequence homology to each other, nevertheless exhibit control over
distinct regions of biochemical space. These studies provide further evidence for complex
enzymatic control of amino acid metabolism beyond the canonical primary pathways of
protein synthesis or energy homeostasis. An inability to definitively assign biochemical
activities for the other two M20 peptidase members identify limitations of our approach and
suggests that false negatives can arise due to tissue-specific regulation of metabolism or the
incomplete coverage by metabolite databases. For instance, AAV-PM20D1 transduced mice
exhibited robustly increased N-oleoyl-phenylalanine in circulation (Figure S3), as previously
reported (Long et al., 2016). However, similar metabolite changes were not observed in liver,
the tissue where we performed our metabolomic comparisons (Figure S3). These
observations suggest that plasma membrane transport mechanisms and/or tissue-specific
substrate availability can both contribute to the ultimate steady-state levels of these
metabolites. For AAV-PM20D2 transduced animals, we observed five peaks that met our
filtering criteria (Table S1) but were unable to establish definitive chemical formulas or
structural assignments for any of those masses. We anticipate that as small molecule
databases continue to expand and coverage of the metabolome continues to improve, such
limitations will eventually be overcome. As we continue to annotate additional enzyme
families, we may also encounter other potential limitations of this approach including
alterations in subcellular localization and/or regulation by enzyme overexpression.

The gain- and loss-of-function mouse models presented here suggest that a relatively
specific physiologic role for CNDP2 is in the catabolism of threonyl dipeptides, in contrast
to diverse in vitro enzymatic activities that had been previously assigned to this enzyme
(Jansen et al., 2015; Kaur et al., 2009; Teufel et al., 2003), Under basal conditions, CNDP2-
mediated catabolism of threonyl dipeptides does not appear to be a major contributor to
steady state levels of circulating free threonine (Figure S4). However, we cannot exclude the
possibility that CNDP2 participates in other types of biochemical activities under specific
situations (for instance, in other tissues or under certain physiologic perturbations such as
exercise). The endogenous functions for the CNDP2-threonyl dipeptide pathway still remain
largely mysterious. Considering the robust expression of CNDP2 in the small intestine (Wu
et al., 2009) and the known catabolism of dietary proteins into di- and tri-peptides (Adibi,
1971; Daniel, 2004), one possibility is that CNDP?2 is involved in threonine or other amino
acid harvesting from dietary proteins. Such a role would be analogous to the function of
other dipeptide transporters expressed in the intestine (Fei et al., 1994; Frey et al., 2006;
Néssl et al., 2011). A second possibility is that intestinal dipeptides have been proposed to
regulate GLP-1 secretion following a high protein meal (Diakogiannaki et al., 2013; Dranse
et al., 2018). Consequently, CNDP2 may also participate in glucose homeostasis via a
dipeptide/incretin axis. Future phenotyping of CNDP2-knockout animals, especially in the
context of high protein diets, may reveal the functions of CNDP2-mediated dipeptide
catabolism in cellular and organismal homeostasis.

In summary, here we present a powerful parallel metabolomics strategy for enzyme
deorphanization directly in mice. By applying this approach to the mammalian M20
peptidases, we uncover both known as well as previously orphan pathways of amino acid
metabolism, including a threonyl dipeptide catabolic pathway mediated by CNDP2.
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Projecting forward, we anticipate that our in vivo parallel metabolomics approach will be
generally useful for large-scale de novo mapping of biochemical reactions.

STAR METHODS

Lead contact and materials availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Jonathan Z. Long (jzlong@stanford.edu).

Experimental model and subject details

Cell lines.—HEK?293T cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and penicillin/streptomycin.

Animals.—Animal experiments were performed according to procedures approved by the
Stanford University Administrative Panel on Laboratory Animal Care (APLAC). Mice were
maintained in 12 h light-dark cycles at 22°C and fed a standard irradiated rodent chow diet.
For AAV transduction experiments, naive 7 week old male mice (C57BL/6J) were purchased
from Jackson Laboratories. Whole-body CNDP2 knockout mice (catalog number, C57BL/
6NCrl-Cndp2em1(IMPC)Mbp/Mmucd, RRID:MMRRC_043492-UCD) were obtained from
the Mutant Mouse Regional Resource Center, a NCRR-NIH funded strain repository. Mice
were generated at the Mouse Biology Program as part of University of California Davis for
the NIH Common Fund program for Knockout Mouse Production and Phenotyping Project
(Grant DTCC 9UM10D023221-06). Both naive male and female 6-12 week old CNDP2-
KO knockout and littermate controls were used for all experiments.

Method details

Production of adeno-associated viruses.—Full-length mouse PmZ20d1, PmZ20d2,
Cnapl, Cnap2, and Acyl cDNA (Origene) with C-terminal 6xHIS and Flag tags were
subcloned into pPENN.AAV8.CB7.CI.WPRE.rBG (Penn Vector Core) using the Pstl/HindllI
sites to generate AAV8 plasmids. The corresponding adeno-associated viruses were
subsequently produced at the Penn Vector Core. Virus for AAV-GFP
(AAV8.CB7.Cl.eGFP.WPRE.rBG) was purchased directly from the Penn Vector Core.

LC-MS based metabolomics and data analysis.—Livers from transduced mice were
harvested two-weeks post injection and immediately frozen on dry ice. All tissues were
stored in —80°C. Liver samples were homogenized in 0.5 ml of a 2:1:1 mixture (by volume)
of acetonitrile/methanol/water using a Benchmark BeadBlaster Homogenizer at 4°C. The
mixture was centrifuged for 15,000 rpm (10 min, 4°C) and the supernatant was transferred
into mass spec vials for analysis as described below. Mass spectrometry analysis was
performed with an electrospray ionization (ESI) source on an Agilent 6545 qTOF LC/MS in
negative ionization mode. For QTOF acquisition parameters, the mass range was set from 50
to 1000 m/z with an acquisition rate of 5 spectra/second and time of 250 ms/spectrum. For
Dual AJS ESI source parameters, the drying gas temperature was set to 250°C with a flow
rate of 12 I/min, and the nebulizer pressure was 20 psi. The sheath gas temperature was set
to 300°C with a flow rate of 12 I/min. The capillary voltage was set to 3500 V and the
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fragmentor voltage was set to 100 V. For separation of polar metabolites, normal-phase
chromatography was performed with a Luna 5 um NH2 100 A LC column (Phenomenex
00B-4378-E0). Mobile phases were as follows: Buffer A, acetonitrile; Buffer B, 95:5 water/
acetonitrile with 0.2% ammonium hydroxide and 50 mM ammonium acetate for negative
ionization mode. The flow rate for each run started 100% B for 2 minutes at 0.2 ml/min,
followed by a gradient starting at 100% B changing linearly to 50% A / 50% B over the
course of 18 minutes at 0.7 ml/min, followed by 50% A / 50% B for 5 minutes at 0.7 ml/
min. The raw Agilent .d files were converted to mzXML format and then imported into
XCMS software to identify features specifically differentially regulated in each enzyme-
transduced group. For each XCMS comparison, the three samples in any given enzyme-
transduced group were compared versus all fifteen other samples, and this analysis was
performed for each enzyme-transduced group. The following XCMS parameters were used:
step = 0.05, mzdiff = 0.05, snthresh = 5, mzwid = 0.1. Features were prioritized based on |
tstat| > 4 and fold change of enzyme versus all others > 4.

Production of recombinant enzymes.—The E166A point mutant of mMCNDP2 was
generated using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) according
to the manufacturer’s instructions with the mutagenesis primers 5°-
GGAGCCAGACTCCGCCATGCCTTCCAG-3’ and 5’-
CTGGAAGGCATGGCGGAGTCTGGCTCC-3’. Both wild-type and mutant CNDP2
plasmids were transiently transfected into HEK293T cells using PolyFect (Qiagen)
according to the manufacturer’s instructions. Cells were harvested 2 days later by scraping
and lysed using probe sonication. From the cell lysate, flag-tagged enzyme was
immunoaffinity purified using magnetic flag-M2 beads (Sigma Aldrich) according to the
manufacturer’s instructions.

In vitro enzyme activity assays.—In vitro CNDP2-catalyzed hydrolysis of dipeptides
was measured by incubating purified CNDP2 protein with dipeptide (10 mM) in 100 ul of
20 nM N-methylmorpholine buffer for 1 hour at 37°C. Reactions were terminated by
quenching with 300 ul acetonitrile. Samples were then vortexed thoroughly, centrifuged at
15,000 rpm for 10 minutes, and the supernatant was transferred to a mass spec vial for
analysis by LC-MS.

Generation of CNDP2-KO animals.—Cohorts of CNDP2-KO mice and wild-type
littermates were generated by heterozygous breeding crosses. Genotyping was performed as
follows: genomic DNA from CNDP2-KO and WT mice were extracted from clips of mouse
tail that were digested in 100 ul of 50 mM NaOH for 30 min at 100°C and subsequently
neutralized by 21 ul of 0.5 M Tris (pH 7.4). PCR was performed using primer pairs to either
CNDP2 WT allele (Forward: 5’-GTTTATTAACCAGACTGCCCTC-3’; Reverse: 5’-
CTTGGGTGGGCAAGCCCTGGTG-3’) or CNDP2 KO allele (Forward: 5’-
GCTCTGTAAGGGAAAGAGATGACCC-3’; Reverse: 5°-
AATAGGACATACCCAGTTCTGTGAGG-3"). Each 25 ul PCR reaction contained 0.1 ul of
5U/ul Tag DNA Polymerase (Invitrogen), 1.25 ul mice genomic DNA, 2.5 ul of 10 uM
forward and reverse primer mix, 0.5 ul of 10 mM dNTP mix, 0.75 ul of 50 mM MgCI2, 2.5
ul of 10X PCR buffer -Mg, and 17.4 ul of ultrapure water. The thermocycling program on
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BioRad C1000 Touch Thermo Cycler consisted of an initial 30 seconds at 98°C, followed up
42 cycles of 30 seconds at 98°C, 30 seconds at 58°C, and 45 seconds at 72°C, followed by 5
minutes at 72°C and finally held at 4°C. Samples were run on a 2% agarose gel with 0.2
mg/ml EtBr and assessed for presence of a 240 base pair (WT allele) or a 440 base pair (KO
allele) PCR product.

Quantification and statistical analysis

The student’s t-test was used for pair-wise comparisons. Unless otherwise specified,
statistical significance was set at P < 0.05.

Data and Code Availability

The metabolomics dataset generated during this study are available at Mendeley Data, DOI:
10.17632/mmk883sjc6.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Metabolic enzymes catalyze fundamental biochemical transformations that control
cellular and organismal homeostasis. Despite considerable progress using classical
approaches, large portions of biochemical space still remain uncharacterized in terms of
metabolite identity, enzymatic regulation, or physiologic function. Here, we present a
powerful approach for de novo discovery of physiologic enzyme-catalyzed
transformations across entire enzyme families directly in mice. This approach captures
the complexities of metabolite regulation directly in animals, avoids long-term genetic
perturbations, and maintains both speed and scalability across multiple biochemical
pathways. By applying this platform to the entire mammalian M20 peptidases, we
identified both known as well as previously orphan reactions of amino acid metabolism.
Critically, ablation of one M20 peptidase, CNDP2, in mice elevates threony! dipeptides
and underscores the utility of our in vivo parallel metabolomics strategy for biochemical
pathway discovery.
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Figure 1. Viral transduction of the M 20 peptidasesin vivo and depletion of carnosine and N-
acetyl amino acids by CNDP1 and ACY 1, respectively.

(A) Dendrogram showing murine M20 peptidase family. (B) Immunaoblot using anti-flag
(top) or anti-beta-tubulin (bottom) antibodies of livers from mice transduced with AAV-GFP
or AAVs encoding the indicated flag-tagged enzymes. (C, D) Extracted ion chromatograms
of the indicated metabolite from transduced livers, its structural assignment, and the inferred
biochemical activity of the indicated enzyme (in red). All chromatograms were extracted at
the exact mass £ 20 ppm. For C and D, n=3/group for the enzyme-transduced group and
n=15 for all other viral transduction groups.
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Figure 2. CNDP2 overexpression depletes Thr-Thr in vivo.
(A) Extracted ion chromatogram of an unknown metabolite at m/z = 219.099 from

transduced livers in CNDP2-transduced (red) versus all other viral transduction groups
(blue). (B-D) Structural assignment, co-elution, and tandem MS fragmentation of the
endogenous m/z = 219.099 and an authentic Thr-Thr standard. For (A) and (C),
chromatograms were extracted at the exact mass + 20 ppm.
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Figure 3. In vitro hydrolysis of threony! dipeptides by CNDP2
(A) Immunoblot using anti-flag antibodies of the indicated purified recombinant mammalian

enzyme from HEK293T cells. (B-D) In vitro Thr-Thr (B), Ser-Thr (C), and Thr-Ser (D)
hydrolysis to the indicated dipeptides by CNDP2 or a catalytically dead mutant (CNDP2-
E166A). For B-D, n=3-4/group. Data are shown as means + SEM; * P < 0.05.
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Figure 4. CNDP2 regulates the catabolism of threonyl dipeptidesin vivo.
(A) Immunoblot using anti-CNDP2 (top) or anti-tubulin (bottom) antibodies of kidney tissue

from CNDP2-WT or CNDP2-KO mice. (B-D) In vitro Thr-Thr (B), Ser-Thr (C), and Thr-
Ser (D) hydrolysis of the indicated dipeptides in CNDP2-WT or KO kidney tissues. (E-G)
Fold change in endogenous levels of the indicated metabolites from kidney (E), muscle (F),
or blood (G) between CNDP2-WT or CNDP2-KO mice, with wild-type levels set to 1. For
B-D, n=3/group; for E-G, n=4/group. Data are shown as means + SEM; * P < 0.05, *** P <

0.001.
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