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N-lactoyl-amino acids are ubiquitous metabolites that
originate from CNDP2-mediated reverse proteolysis
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Despite technological advances in metabolomics, large parts of the
human metabolome are still unexplored. In an untargeted metab-
olomics screen aiming to identify substrates of the orphan trans-
porter ATP-binding cassette subfamily C member 5 (ABCC5), we
identified a class of mammalian metabolites, N-lactoyl-amino
acids. Using parallel protein fractionation in conjunction with shot-
gun proteomics on fractions containing N-lactoyl-Phe-forming activity,
we unexpectedly found that a protease, cytosolic nonspecific di-
peptidase 2 (CNDP2), catalyzes their formation. N-lactoyl-amino
acids are ubiquitous pseudodipeptides of lactic acid and amino
acids that are rapidly formed by reverse proteolysis, a process
previously considered to be negligible in vivo. The plasma levels
of these metabolites strongly correlate with plasma levels of lac-
tate and amino acid, as shown by increased levels after physical
exercise and in patients with phenylketonuria who suffer from
elevated Phe levels. Our approach to identify unknown metabo-
lites and their biosynthesis has general applicability in the further
exploration of the human metabolome.

unknown metabolites | untargeted metabolomics | ABCC5 | MRP5 |
physical exercise

Untargeted metabolomics aims to provide a comprehensive
snapshot of the metabolome and is becoming a mainstream
technique to discover biomarkers, to study the effects of inter-
ventions, and to discover the function of enzymes (1).

Recent technical improvements now make it possible to detect
several thousand metabolites in a single untargeted metabolomics
analysis, but the identity of these metabolites is initially not known
beyond their molecular mass (1). Knowing the chemical identity of
metabolites is crucial for the proper interpretation of metabolomic
studies, however. Online metabolite databases like METLIN
(~240,000 entries) and the Human Metabolome Database
(HMDB; ~42,000 entries) contain vast numbers of metabolites
and are extremely useful to annotate the detected molecular
masses (2, 3). These databases cover large parts of the metab-
olome, but significant gaps remain. Due to poorly characterized
and promiscuous enzymes, the human metabolome is much larger
than initially anticipated (4). State-of-the-art untargeted metab-
olomics studies still report up to 40% unidentified, but potentially
important, metabolites that can be detected reproducibly (5-8).
Nevertheless, unknown metabolites are only rarely characterized
because of the extensive work required for de novo structure
elucidation (9-11). Here, we describe the characterization of a
class of mammalian metabolites that we discovered in an untar-
geted metabolomic screen aimed to identify substrates of the or-
phan transporter ATP-binding cassette subfamily C member 5
(ABCCS).

ABCCS is a member of the C-branch of the superfamily of
ABC transporters, which use the energy provided by the hydro-
lysis of ATP to transport substrates across the plasma membrane
(12). ABCCS, also known as multidrug resistance-associated
protein 5 (MRPS), is ubiquitously expressed, but levels in brain
and muscle are especially high (13-15). In most cells, ABCC5

WWww.pnas.org/cgi/doi/10.,1073/pnas. 1424638112

routes to the basolateral plasma membrane (16). Although
ABCCS5 has been shown to transport nucleoside/nucleotide
analogs (17) and antifolates (18) used in cancer chemotherapy,
it does so with low affinity, and elevated ABCCS levels have not
been linked to clinical drug resistance (16). Among the few
endogenous substrates identified are folates (18) and cyclic
nucleotides (19-21). Because the affinity of ABCC5 for these
substrates is low, a major function in cGMP excretion is unlikely
(16). ABCCS5 has been reported to support osteoclast formation
in bone metastases (22), to affect chamber depth of the eye (23),
and to be involved in heme homeostasis (24), but which ABCCS
substrates might be involved in these processes remains un-
known. The Abcc5 KO mouse has no obvious phenotype (25)
and has also not been helpful in finding relevant endogenous
substrates.

To get more insight into the function of ABCCS5, we have
started to identify more physiological substrates. In previous
experiments, we have used semitargeted metabolomics to discover
endogenous substrates of ABCC transporters (26, 27). Because
this approach requires some prior knowledge of potential sub-
strates, it is not applicable to ABCCS.

We have therefore used an untargeted metabolomics screen to
discover novel substrates of ABCCS. This approach has led to
the identification of a ubiquitous class of mammalian metabo-
lites and their unexpected biosynthesis route.

Significance

Untargeted metabolomics is rapidly becoming a mainstream
technique to discover biomarkers, to study the effects of in-
terventions, and to discover the function of enzymes. Several
thousand metabolites can be detected in a single untargeted
metabolomics analysis, but state-of-the-art untargeted metab-
olomics studies still report up to 40% unidentified metabolites,
indicating that large parts of the human metabolome are still
unexplored. We identified an uncharacterized class of ubiquitous
mammalian metabolites: N-lactoyl-amino acids. Using a power-
ful combination of proteomics and protein fractionation, we
unexpectedly discovered that these metabolites are formed
from lactate and amino acids by reversed action of the pro-
tease cytosolic nonspecific dipeptidase 2. Our approach to
identify unknown metabolites and their biosynthesis has
general applicability in the further exploration of the human
metabolome.
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Fig. 1. Four unknown metabolites accumulate in culture medium of HEK
293 cells overexpressing ABCC5. HEK 293 control and HEK 293/ABCC5 cells
were grown to confluence in six-well plates and cultured for an additional
3 d. Culture medium was analyzed using untargeted LC/MS metabolomics.
Comparison of the metabolite profiles revealed four unknown metabolites
that were significantly more abundant in medium of HEK 293/ABCC5 cells.
Data are presented as mean plus SD (n = 3). AU, arbitrary units. The in-
tracellular levels of the unknowns are depicted in Fig. S1.

Results

Untargeted Metabolomics Reveals Unknown ABCC5-Related Metabo-
lites. To identify novel endogenous substrates of ABCCS, we
applied comparative untargeted metabolomics to culture
medium from HEK 293 parental cells and HEK 293 cells
overexpressing human ABCC5 (HEK 293/ABCCS). ABCCS5 sub-
strates were expected to accumulate in HEK 293/ABCCS medium
compared with HEK 293/control medium. The liquid chromatog-
raphy (LC)/MS metabolomic screen revealed several metabolites
that were more abundant in HEK 293/ABCC5 medium (Fig. 1),
although intracellular levels were generally unaffected (Fig. S1).

Using the accurate mass and isotope pattern of the unknowns,
we calculated their chemical formulas, which were used to search
metabolite databases. This search did not yield candidate iden-
tities because the putative ABCCS substrates were not present
in the large online metabolite databases like METLIN (2) or
HMDB (3). Notwithstanding their absence in databases, we also
detected the unknowns in many mouse tissues.

Unknown Metabolites Are N-Lactoyl-Amino Acids. To elucidate the
structure of the unknowns, we purified one of the unknown me-
tabolites (C;,H;sNO,) from a large volume of HEK 293/ABCC5-
conditioned culture medium. After purification using Cg flash
chromatography and ion-pair C;g and phenyl HPLC, we obtained
C2H5sNOy in a sufficient amount and purity for NMR analysis.
The "H-NMR, *C-NMR, and '"H-COSY NMR spectra indicated
that the unknown was N-lactoyl-Phe [2-(2-hydroxypropanamido)-
3-phenylpropanoic acid or N-lac-Phe; Fig. S2], which was con-
firmed by NMR and LC/MS comparison with a reference standard
that we synthesized (Fig. 2 and Fig. S2). The retention time on
HPLC indicated that the metabolite was composed of L-lactic
acid, and not p-lactic acid (Fig. S3).

Based on the similarities in the high-resolution MS fragmen-
tation spectra, the other unknowns could subsequently be identi-
fied as N-lac-(iso)Leu (CoH{7NOy), N-lac-Tyr (C;,H;5NOs), and
N-lac-Trp (C14H;6N,Oy) (Fig. S4). Although these four N-lactoyl-
amino acids were the most abundant of their class, we also
detected low levels of ABCC5-dependent metabolites that had
masses corresponding to N-lac-Val, N-lac-Met, and N-lac-Gly.
N-lactoyl-amino acids are pseudodipeptides consisting of a lactic
acid and an amino acid moiety linked by a peptide bond, and they
form a previously unidentified class of physiological mammalian
metabolites.

N-Lac-Phe Is Transported by ABCC5 in Vitro. The metabolic screen in
which we detected the N-lactoyl-amino acids was started to dis-
cover new endogenous substrates of ABCCS. To confirm that
N-lactoyl-amino acids are genuine ABCCS substrates, we studied
the uptake of N-lac-Phe into inside-out membrane vesicles. Fig. 34
shows that N-lac-Phe is taken up into vesicles in a time-, ATP-, and
ABCCS-dependent fashion, with a K,,, of 1 mM when fitted to
Michaelis—Menten kinetics (Fig. 3B). This estimate is obviously
very rough, because considerable background transport into the
vesicles made it increasingly difficult to determine the relatively
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low rate of ABCC5-dependent transport accurately at higher
substrate concentrations. Substantial background transport was
also observed in culture medium of HEK 293 control cells (Fig. 1),
which indicates that other carriers exist for this class of metabolites.

N-Lactoyl-Amino Acids Are Formed by Cytosolic Nonspecific Di-
peptidase 2. To identify the source of the N-lactoyl-amino acids,
we first tested under which conditions these metabolites are
formed in vitro. Using whole-cell lysate from HEK 293 cells, we
found that N-lac-Phe is formed when both lactate and Phe are
incubated in the presence of nondenatured proteins, indicating
enzymatic formation (Fig. 44). Attempts to purify the enzyme
from whole-cell lysate by classical sequential protein fractionation
were unsuccessful. Although enzyme activity was detected in
fractions obtained by size exclusion chromatography, this ac-
tivity was lost upon subsequent fractionation of active fractions
by strong anion exchange chromatography.

To bypass this loss of activity over time, we applied size ex-
clusion, strong anion exchange, and strong cation exchange
chromatography in parallel and immediately determined the
enzymatic activity in the fractions. We analyzed active fractions
and neighboring inactive control fractions by LC/MS shotgun
proteomics to identify proteins that coeluted with enzymatic
activity (Fig. 4B). Although the fractions still contained between
100 and 600 proteins each, only a single protein, cytosolic non-
specific dipeptidase 2 (CNDP2), was present in all active fractions
and absent in the negative fractions (Fig. 4C). We confirmed that
CNDP2-mediated N-lac-Phe formation, using recombinant hu-
man CNDP2 (Fig. 4D2. Curve fitting revealed an equilibrium
constant K of 3.1 x 107=M™". A very similar equilibrium constant
(2.7 x 1002M™") was obtained by incubating CNDP2 with dif-
ferent concentrations of lactate and Phe for 24 h (Fig. S5).

N-Lactoyl-Amino Acids Are Rapidly Formed in HEK 293 Cells. We
assessed the speed at which N-lactoyl-amino acids are formed in
vitro by metabolic labeling with 1*Ce-glucose. The *Cg-glucose is
rapidly taken up into cells and converted into '*Cs-lactate, which
can then be incorporated into N-lactoyl-amino acids. Fig. 5
shows that the rate of 1*Cs-labeling of N-lac-Phe was comparable
to formation of '*Cj-lactate, its immediate precursor. Similar
data were obtained for other N-lactoyl-amino acids. These re-
sults indicate very rapid interconversion between amino acids,
lactate, and N-lactoyl-amino acids in living cells.
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Fig. 2. Unknown C;,H;sNO, is N-lac-Phe. (A) "H-NMR spectrum of isolated
Cy,H15sNO, recorded in D,O at 300 MHz matches the 'H-NMR spectrum of
the synthesized reference N-lac-Phe. (B) Unknown C;,HsNO, elutes at the
same time as N-lac-Phe. Extracted ion chromatogram of the mass corre-
sponding to Cy;H1sNO4 (m/z 236.09) in conditioned medium from HEK 293/
ABCC5 cells before (depicted in blue) and after (depicted in red) spiking with
synthesized N-lac-Phe (1 pg/mL, 4.2 pM). The high-resolution MS? fragmen-
tation spectrum of synthesized N-lac-Phe (C) and unknown C;;HsNO, in
conditioned medium from HEK 293/ABCC5 (D) match. Differences in back-
ground and intensities can be attributed to the lower concentration of un-
known C13H1sNO,4. Additional NMR and MS spectra are presented in Figs. S2
and S4, respectively.
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Fig. 3. N-lac-Phe is transported into inside-out membrane vesicles by ABCC5.
(A) Control vesicles (w) and ABCC5-containing vesicles (O and @) were in-
cubated with 100 pM N-lac-Phe at 37 °C in the presence (solid line) and absence
(dashed line) of 5 mM ATP. At the indicated time points, a sample containing
75 pg of protein was taken. After washing over a filter, the vesicular content
was analyzed by LMS (n = 3-6). (B) Concentration dependence was assessed
by incubating control and ABCC5-containing vesicles with several concentra-
tions of N-lac-Phe in the presence of ATP and determining ABCC5-dependent
uptake after 2 min (n = 3-4 for concentration <1,000 uM and n = 8 for con-
centration >1,000 pM). The data were fitted to Michaelis-Menten kinetics
(solid line) using GraphPad Prism. Data are presented as mean + SEM.

N-Lactoyl-Amino Acid Levels in Human Plasma Depend on the Con-
centration of Lactate and Amino Acid. In humans, lactate levels
swiftly rise during strenuous physical exercise when insufficient
oxygen is available for aerobic glycolysis. To test whether an in-
crease in lactate results in increased N-lactoyl-amino acid levels,
we determined the levels of lactate, amino acids, and their cor-
responding N-lactoyl-amino acids in plasma of six healthy in-
dividuals before and immediately after a single bout of strenuous
exercise lasting 5-10 min. In line with the rapid formation in vitro,
we found that the increased lactate levels coincided with signifi-
cantly increased levels of N-lactoyl-amino acids in human plasma,
whereas amino acid levels remained the same (Fig. 64).

Patients suffering from the inborn metabolic disorder phe-
nylketonuria (PKU) lack functional Phe hydroxylase and are
unable to convert Phe into Tyr. As a result, patients with PKU
have increased Phe plasma levels (28). We compared plasma
samples of a group of Dutch patients who had PKU with high
plasma Phe with control samples and found N-lac-Phe levels that

were significantly higher than the N-lac-Phe levels in control
samples, whereas lactate levels were comparable (Fig. 6B).

Theoretically, the N-lac-Phe concentration in cells is determined
by the concentration of lactate and Phe, and the equilibrium
constant K. In Fig. 6C, we plotted the data from the exercise ex-
periment, the patients with PKU and controls, and an additional
set of plasma samples with high lactate levels due to prolonged
storage as whole blood. Except for a single outlier, the product of
the lactate and Phe plasma concentrations showed a good corre-
lation with the plasma N-lac-Phe concentration. The slope of the
fitted linear functlon represents an apparent equilibrium constant
Kof74 X 1072M™', which is in good agreement with the value of
3.1 x 10M™" obtained for CNDP2-mediated N-lac-Phe forma-
tion in vitro. Formation of N-lac-Phe required cells, because it was
not formed when we incubated plasma with lactate or Phe levels
comparable to the lactate or Phe levels found during exercise and
in patients with PKU. A modest but significant increase was ob-
served after a 30-min incubation in whole blood (Fig. S7).

Discussion

We have identified an uncharacterized class of mammalian
metabolites, N-lactoyl-amino acids. These metabolites are present
in many tissues and can approach micromolar concentrations in
human plasma. We have also shown that CNDP2 can form
N-lactoyl-amino acids in HEK 293 cells.

CNDP2, which is also known as carboxypeptidase of gluta-
mate-like (CPGL) and as carnosine dipeptidase II, belongs to
the M20 family of metallopeptldases and requires Mn2* for full
activity (29). Loss of Mn?* from the enzyme is likely the reason
why activity was gradually lost during our initial attempts to
isolate the enzyme. CNDP2 is highly conserved across species
and is expressed in most tissues (29). As its name indicates,
CNDP2 has broad substrate selectivity for dipeptides, but its
physiological substrates are not known (29, 30). Cndp2 KO
mice do not exist. Several groups reported a role for CNDP2 in
tumor suppression, but similar effects were observed with the
isoform CPGL-B, which lacks a part of the catalytic domain (31—
33). It is unknown whether CPGL-B has any peptidase activity.
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Fig. 5. '*C-Metabolic labeling of lactate and N-lac-Phe occurs at a similar
speed in HEK 293 cells. HEK 293 cells were grown to confluence in six-well
plates, at which point the medium was replaced with medium containing "3Cs-
glucose. At several time points, the amount of lactate and N-lac-Phe containing
only '2C (U-'2C; unlabeled) or one to four 'C atoms per molecule (*3C;_s) was
determined in lysate by accurate mass LC/MS. Fully '*C-labeled lactate contains
three "3C-atoms, which is reflected in the '3Cs-labeling of N-lac-Phe. The minor
presence of 3C;, '3C,, and '3C, isotopologs can be explained by the natural
occurrence of the "3C isotope (~1% of all carbon atoms). Levels are expressed
as absolute (arbitrary units) and relative values (percentage of isotope total).
Data are presented as mean (n = 3) and SD (only for absolute values). Isotope
data of corresponding culture medium samples are presented in Fig. S6.

The finding that a peptidase was responsible for the bio-
synthesis of our pseudopeptides was unexpected, because pep-
tidases normally hydrolyze peptide bonds. Although peptidases
are known to mediate the formation of peptides through reverse
proteolysis, this property has mainly been investigated by organic
chemists, who exploit the selectivity and mild reaction conditions
for peptide synthesis (34, 35). Peptidases are catalysts, and, as
such, they do not change the equilibrium constant between pep-
tide formation and hydrolysis (34). In an aqueous environment,
the equilibrium constant strongly favors peptide hydrolysis over
peptide formation. Although formation of N-lactoyl-amino acids
from lactic acid is thermodynamically very unfavorable, the for-
mation from lactic acid esters is not. To rule out the possibility
that the N-lactoyl-amino acids we detected were formed from
traces of lactic acid esters present in our commercial lactic acid
preparation (>99% purity), we tested the rate of CNDP2-
mediated N-lac-Phe formation from methyl-lactate and found
that it is a relatively poor CNDP2 substrate (Fig. S8). Lactic acid
esters are therefore a highly unlikely precursor for N-lac-Phe.
Importantly, we found that N-lac-Phe is quickly hydrolyzed by
CNDP2, like its model substrate Cys-Gly (Fig. S9), one of the best
CNDP2 substrates identified thus far (30).

Because peptide bond hydrolysis is strongly favored over
peptide bond formation in an aqueous environment, reverse
proteolysis is considered to be negligible in vivo by many (34),
although some have proposed a role for reverse proteolysis in
antigen formation (36). The apparent equilibrium constants of
31x 102 M, 27x 107> M, and 7.4 x 107> M~" calculated
from our data are higher than the values reported for reverse
proteolysis of regular amino acids (107> to 10~ M) (34). As a
result, the high intracellular levels of lactate and amino acids,
which are in the high micromolar to millimolar range, allow
N-lactoyl-amino acid levels in plasma to approach micromolar
levels (Fig. 6C). Contrary to common conviction, our data show
that reverse proteolysis is not negligible in vivo, as long as the
substrates are present in considerable concentrations.

Because lactate, amino acids, and CNDP2 are ubiquitous,
N-lactoyl-amino acids are present in many tissues. Interestingly,
N-lac-Val, N-lac-Leu, and N-lac-Ile have been identified in the
urine of a patient with elevated branched-chain amino acids
due to maple syrup urine disease (37). Another lactic acid
amide, N°-lac-Lys, has been detected in human plasma and was

6604 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1424638112

found to be increased in the plasma of hemodialytic patients
(38). As opposed to the biosynthesis described here, N®-lac-Lys
is an amide-advanced glycation end product, formed non-
enzymatically through the Maillard reaction (39). Although
similar, N®-lac-Lys does not belong to the class of N*-lactoyl-
amino acids identified here, because its lactate moiety is conju-
gated to the N°-amino group in the Lys side chain.

N?-lactoyl-amino acids have recently also been identified in soy
sauce (40) and Parmigiano—Reggiano cheese (41). In cheese,
N-lactoyl-amino acids were found to be formed by an enzyme
present in lactic acid bacteria (42, 43). Although the enzyme was
not identified, Bottesini et al. (43) showed that N-lac-Phe could be
formed in vitro by a yeast peptidase, carboxypeptidase Y. Of note,
all except one of the N-lactoyl-amino acids reported thus far con-
tain a hydrophobic amino acid moiety, indicating enzyme selectivity.

The metabolic labeling experiments and in vitro enzyme ki-
netics show that interconversion between lactate, amino acids,
and N-lactoyl-amino acids is very rapid. This fast interconversion
explains why N-lactoyl-amino acid levels, except those N-lactoyl-
amino acid levels of N-lac-Trp, did not change intracellularly
upon ABCCS5 overexpression: N-lactoyl-amino acids effluxed
by ABCCS are continuously replenished from the large pool of
lactate and amino acids.

The fast interconversion is also in line with the rapid increase
of N-lactoyl-amino acids upon physical exercise. Although many
studies have assessed the effect of strenuous exercise on the
metabolite profile in blood, none identified the N-lactoyl-amino
acids (44-46). Nevertheless, many of the studies report multiple
unidentified exercise-dependent metabolites, most likely including
N-lactoyl-amino acids.
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Fig. 6. N-lactoyl-amino acid levels in human plasma depend on lactate and
amino acid concentrations. (A) Plasma was collected from human volunteers
before (pre) and after (post) 5-10 min of strenuous exercise. Lactate and
N-lactoyl-amino acid levels in human plasma rapidly increase after physical
exercise, whereas the corresponding amino acid levels are unaffected. N-lac-
toyl-amino acid levels did not increase in resting controls. Horizontal bars
represent means (n = 6). (B) Phe and N-lac-Phe levels are significantly increased
in plasma of patients with PKU compared with controls, whereas plasma levels
of other amino acids, N-lactoyl-amino acids, and lactate are similar. Horizontal
bars represent means (n = 6 for controls, n = 11 for patients with PKU).
(C) Plasma N-lac-Phe levels are in apparent equilibrium with plasma lactate
and Phe levels. Plasma samples obtained from patients with PKU and controls,
volunteers before and after exercise, and controls with high lactate due to
prolonged whole-blood storage at ambient temperature were analyzed for
lactate, Phe, and N-lac-Phe concentration as described in Materials and
Methods (n = 34). The dotted line represents a fitted linear function, of which
the slope is 7.4 x 1072.M~". N-lac-Phe is not formed in plasma (Fig. 57).
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We show that N-lac-Phe plasma levels are increased in pa-
tients with PKU with increased plasma Phe levels. The N-lac-Phe
levels in plasma were highly correlated with the product of the
lactate and Phe concentration. N-lac-Phe is of cellular origin,
because it is not formed in plasma (Fig. S7), which apparently
does not contain CNDP2. The formation of N-lac-Phe in whole
blood, however, indicates that blood cells are also capable of
forming N-lactoyl-amino acids, which is in line with the reported
CNDP2 expression in peripheral blood leukocytes (29) and its
likely presence in erythrocytes (47). The modest rate of forma-
tion we observed in whole blood cannot account for the quick
formation during physical exercise, but it does explain the high
levels of N-lac-Phe found in whole-blood samples that were
stored at ambient temperature for prolonged times.

Using vesicular transport assays, we confirmed that ABCCS
transports N-lac-Phe, and therefore most likely also transports
the other N-lactoyl-amino acids. ABCCS5 transports N-lac-Phe
with a low affinity (K, of ~1 mM), which is comparable to the
K., of the physiological ABCCS substrate folate (1 mM) (18).
This K, in the low millimolar range exceeds the submicromolar
plasma and, presumably intracellular, levels by far.

Currently, N-lactoyl-amino acids do not have a known func-
tion. The chemical structure of lactate resembles a small amino
acid-like Ala. Most likely, N-lactoyl-amino acids are nonspecific
byproducts of the promiscuous peptidase CNDP2. Many en-
zymes promiscuously catalyze reactions, and even relatively
specific enzymes will produce large absolute amounts of side
products as soon as substrate levels and turnover rates are high
(48, 49). Interestingly, CNDP1 was recently identified as an
enzyme that degrades nonspecific dipeptide byproducts formed
during carnosine synthesis (50). Even if N-lactoyl-amino acids
are byproducts of CNDP2, they might represent useful extra-
cellular biomarkers for intracellular amino acid concentrations,
because they are only formed inside cells.

Our results underline that large parts of the metabolome re-
main to be discovered, even in a well-defined in vitro cell system
(4). Untargeted metabolomics provides an obvious method to
address this gap in our knowledge. The parallel proteomics ap-
proach that we have developed to identify CNDP2 as the enzyme
responsible for N-lactoyl amino acid formation is a powerful
approach for the identification of any other enzyme of which the
activity can be measured. We envision that this approach has
broad applicability and is particularly useful for the identification
of unstable enzymes that cannot be purified by classical se-
quential protein fractionation without losing activity.

Materials and Methods

Cell Lines and Culture Conditions. HEK 293/ABCC5 (51) and control cells were
cultured as described (52), seeded in six-well plates (Costar; Corning) at a
density of 7.5 x 10° cells per well, and allowed to grow overnight. At this
point, the medium was replaced with 2 mL of fresh medium and the cells were
incubated for 3 d. Culture medium was collected on ice, whereas cultured cells
were washed with cold PBS and lysed in 1 mL of 70% (vol/ivol) cold methanol.

Untargeted Metabolomics. Untargeted metabolomics was performed as de-
scribed (52), but with a scan range of m/z 50-250 and m/z 250-1,500 for the
primary metabolic screen and a scan range of m/z 150-750 for all other experi-
ments. Differentially present metabolites were detected with the XCMS platform
(53). The accurate mass of differentially present compounds was queried in the
online HMDB (3) and METLIN (2) databases. The accurate mass and isotope dis-
tribution were used to determine the chemical formula with SIRIUS software (54).

Purification of C;;H,;5NO, from Culture Medium. The unknown C;,H;sNO, was
purified from ~1 L of HEK 293/ABCC5 medium in four consecutive chroma-
tography steps that are specified in S/ Materials and Methods. Fractions con-
taining C4,H1sNO4 were pooled, freeze-dried three times to remove ammonium
acetate and water residues, and dissolved in D,O for NMR analysis.

Structure Elucidation. NMR spectra ['H-NMR, '*C-NMR (attached proton test),
and 'H-COSY] were determined in D,O using a Bruker Avance 300 spec-
trometer ("H, 300 MHz; 'C, 100 MHz) at 298 K. Fragmentation spectra (MS?
and MS3) were acquired at a normalized collision energy of 35.
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N-L-Lac-L.-Phe Synthesis. Reference N-L-Lac-L-Phe was synthesized from L-Phe
ethyl ester and (-)-ethyl-L-lactate by carbodiimide/1-hydroxybenzotriazole
coupling as described in S/ Materials and Methods. N-L-lac-.-Phe was obtained
as a white foam (783 mg, 66%) of which the chemical structure was confirmed
by NMR and MS (S/ Materials and Methods).

Vesicular Transport. Inside-out membrane vesicles were prepared from HEK
293 cells transiently transduced with human ABCC5 or GFP (control) as de-
scribed (55). Transport of N-lac-Phe into vesicles was assessed in a 96-well
format (27). Filtered vesicles (75 pg of protein) were lysed, evaporated to
dryness, and reconstituted in 50 pL of mobile phase A before analysis by L/MS
(Materials and Methods, Untargeted Metabolomics).

Enzyme Activity Assay. HEK 293 cell lysate [in 25 mM Tris-HCl (pH 7.4) con-
taining 1 mM DTT] was clarified by incubation with protamine sulfate (1%,
30 min at 4 °C) and stored at —80 °C. Lysate containing ~50 pg of protein was
incubated (30 min at 37 °C) in a final volume of 500 pL of 25 mM Tris-HC|
(pH 7.4), with or without 10 mM L-(+)-lactate (>99% pure; Sigma) or L-Phe
(Sigma). Recombinant human CNDP2 (1 pg, C-terminal HIS-tagged; Prospec)
was incubated (37 °C) with L-lactate and L-Phe in 25 mM Tris-HCI (pH 7.4),
containing 0.1 mM MnCl,. The reactions were quenched by the addition of
50 uL of acetic acid, followed by centrifugation (5 min, 21,800 x g, 4 °C). The
supernatant was applied to a Strata-X solid phase extraction column (33-pm
polymeric reversed phase, 30 mg/1 mL; Phenomenex) to remove the lactate,
after which N-lac-Phe levels were determined by LC/MS, as described in
Materials and Methods, Untargeted Metabolomics.

Protein Fractionation and Proteomics. Samples of cell lysate containing
~250 pg of total protein were fractionated on an AKTAmicro system (GE
Healthcare) using a Superdex 200 5/150 size exclusion column, a mini Q PC
3.2/3 strong anion exchange column, or a mini S PC 3.2/3 strong cation ex-
change column (all from GE Healthcare), as detailed in S/ Materials and
Methods. A volume corresponding to 20% of the collected fractions of in-
terest was immediately used to test enzyme activity.

Tryptic digests of selected fractions were analyzed using nano-LC coupled
to a Thermo Orbitrap Fusion mass spectrometer (Thermo Scientific) as de-
tailed in S/ Materials and Methods.

13Cs-Glucose Metabolic Labeling. HEK 293 cells were seeded in poly-p-Lys—
coated six-well plates (Corning) and grown to confluence. At time 0, the
medium was replaced with 1 mL of DMEM without pyruvate and glucose,
with 10% (vol/vol) FCS and 4.64 g/mL '3Cg-p-glucose (Aldrich). After 0, 1, 2, 4,
8, and 24 h, the culture medium and cells were collected and processed as
described in SI Materials and Methods. N-lactoyl-amino acids were detected
as described in Materials and Methods, Untargeted Metabolomics. Lactate
labeling was determined by LC/MS, using a ZIC-HILIC column (150 x 0.5 mm,
3.5 pm; SeQuant), as detailed in SI Materials and Methods.

Human Exercise and N-Lactoyl-Amino Acids. We collected blood samples from
six human volunteers immediately before and after a single bout of strenuous
exercise lasting 5-10 min. Blood was collected after informed consent in
lithium heparin vacutainer tubes (BD) and immediately placed on ice. Within
15 min, the samples were centrifuged (10 min, 3,000 x g, 4 °C), after which
the plasma layer was collected and stored at —20 °C. Plasma lactate levels
were determined on a Cobas C501 analyzer (Roche), whereas amino acids
were determined by ion-exchange chromatography with ninhydrin de-
tection using an Aminotac JLC-500V analyzer (JEOL). To determine N-lactoyl-
amino acid levels, 500 uL of plasma was mixed with 500 uL of water and 100 pL
of acetic acid. The acidified plasma was processed and analyzed as described
in Materials and Methods, Enzyme Activity Assay. Our study was sent to the
Patient Trial Committee of the Netherlands Cancer Institute for review,
and they determined that the study was exempt from approval.

PKU and N-Lactoyl-Amino Acids. Plasma samples (heparin) were collected from
patients with PKU and controls with unrelated metabolic diseases as a part of
routine clinical chemistry testing. Samples were anonymized before analysis.
Patients with PKU were under dietary control, but samples were selected
based on high plasma Phe levels. Amino acid levels were determined with
ninhydrin detection, as described above.

Lactate was quantified in plasma using an ultraperformance LC/tandem
MS instrument (Waters Quattro Premier XE) and a bridged ethyl hybrid-
amide column (100 x 2.1 mm, 1.7 pm; Waters) by multiple reaction moni-
toring acquisition in the negative ionization mode. N-lactoyl-amino acid
levels were determined as described for the human exercise plasma samples.
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