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ABSTRACT: High-performance chemical isotope labeling (CIL) LC-MS is an important tool for profiling chemical-group-
based submetabolomes using different labeling chemistries for quantitative metabolomics. Metabolites containing carboxylic
acid groups are a class of molecules playing diverse and significant roles in many metabolic pathways. We report a relatively
simple and convenient method for analyzing the carboxyl submetabolome with high coverage. Dansylhydrazine (DnsHz)
labeling of the carboxylic acid group in metabolites is used to improve both separation and ionization in LC-MS. Using
differential 12C- and 13C-DnsHz reagents for labeling individual samples and a reference sample (e.g., a pooled sample), accurate
relative quantification of individual metabolites among comparative samples can be achieved. DnsHz labeling of carboxylic acids
could be carried out at room temperature in water-containing solution in 2 h. A labeled-carboxyl-standard library consisting of
193 endogenous human metabolites was constructed for metabolite identification, which covers more than 55 pathways. To
demonstrate the performance of this method, analysis of triplicate human urine samples with duplicate injections (n = 6) was
carried out. A total of 2266 peak pairs or metabolites were commonly detected in all six runs; among them, 81 peak pairs were
positively identified and 517 and 1445 peak pairs were matched in the zero- and one-reaction MyCompoundID metabolome
libraries, respectively, on the basis of accurate mass search. The possibility of using this method for comprehensive profiling of
the carboxyl submetabolome in real world samples was demonstrated in metabolome comparison of 30 urine samples of female
and male individuals as well as in absolute quantification of two urinary acids.

Liquid chromatography−mass spectrometry (LC-MS) is
one of the most commonly used analytical platforms for

metabolome analysis. In a conventional LC-MS approach, a
combination of two chromatographic conditions [i.e., reversed
phase liquid chromatography (RPLC) and hydrophilic
interaction liquid chromatography (HILIC)] and two
ionization modes (i.e., positive and negative ion detection) is
often used to increase the number of detected metabolites,
thereby expanding the overall metabolome coverage. To
increase quantification accuracy, choosing appropriate internal
standards for analytes can correct for sample loss, instrument
drift, and matrix effect in LC-MS. However, a great variety of
metabolites with wide concentration ranges can present a
major challenge for detecting and quantifying many analytes
simultaneously in complex biological samples.
A different approach to address the challenge is to perform

multichannel chemical isotope labeling LC-MS (mCIL LC-
MS) analysis. In this approach, metabolites containing a

certain chemical functional group (i.e., submetabolome) are
derivatized using a pair of chemical isotope labeling reagents
and then analyzed by LC-MS. During the derivatization,
isotopic moiety can be introduced into the labeled metabolites,
thereby creating stable isotopic internal standards for all the
labeled metabolites for accurate quantification. In addition, the
chemical and physical properties of metabolites are altered to
improve their separation and detection. If multiple CIL LC-MS
methods are used for analyzing different chemical-group-based
submetabolomes, the combined results would produce a near-
complete metabolome profile.
There are a number of labeling reagents reported for

targeted or untargeted metabolite analysis with varying degrees
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of performance.1−12 In our previous studies, several high-
performance labeling methods have been developed, including
12C-/13C-dansyl chloride (DnsCl) labeling for amine/phenol
submetabolome analysis,13 base-activated 12C-/13C-DnsCl
labeling for hydroxyl submetabolome analysis,14 12C-/13C-
dansylhydrazine (DnsHz) for carbonyl submetabolome anal-
ysis,15 and 12C-/13C-dimethylaminophenacyl (DmPA) bro-
mide labeling for carboxyl submetabolome analysis.16

Carboxyl-containing metabolites have many important
functions in biological systems. Several chemical derivatization
methods have been reported for analyzing carboxylic acid using
different MS platforms.17−23 Most of the reactions for
carboxylic acid derivatization are based on condensation
reaction with amines24−31 or esterification reaction.16,32,33

Our previously reported DmPA method has been used for
profiling carboxyl submetabolome in metabolomics applica-
tions. However, on the basis of our experience of using DmPA
for metabolome profiling of various types of sample, we found
that this method has two drawbacks. DmPA labeling was found
to be optimally done in nonaqueous solution, requiring an
extraction step from an aqueous biological sample. DmPA
labeling also produces a relatively higher background,
compared to dansyl-based labeling methods for profiling
amines, hydroxyls, and carbonyls, potentially causing ion
suppression of labeled analytes.
We have recently reported a differential 12C-/13C-DnsHz

labeling method for analyzing carbonyl-containing metabolites
and demonstrated very high performance of DnsHz labeling
for profiling the carbonyl submetabolome.15 Encouraged by
this development, we examined the possibility of using DnsHz
for labeling carboxylic acids with a hope that the benefits of
DnsHz labeling could be similarly expanded to carboxylic acid
analysis. In principle, the hydrazide moiety in DnsHz can be
linked with carboxylic acids using a coupling reagent. In this
report, we present our study of developing DnsHz labeling for
LC-MS profiling of the carboxyl submetabolome. The reaction
conditions were optimized with labeling of several carboxylic
acid standards covering different acid classes and structures. A
robust workflow including a library of 193 DnsHz-labeled acid
standards for positive metabolite identification was developed.
The performance of this method for real biological samples
was validated using human urine as an example of a complex
metabolomic system.

■ EXPERIMENTAL SECTION
Principle of DnsHz Labeling LC-MS. A general workflow

of applying this method for metabolomics study is shown in
Figure 1. Supplemental Note S1 provides a detailed description
of the workflow. Briefly, accurate and precise relative
quantification is realized by differential chemical isotope
labeling. Individual samples are labeled by 12C-DnsHz (light
labeling), while a control sample or a pooled sample is labeled
by 13C-DnsHz (heavy labeling). After mixing the 12C-labeled
sample and 13C-labeled control, the mixtures are analyzed
using LC-MS. IsoMS software is used to extract peak pairs and
calculate the peak area ratio between the 12C-labeled and 13C-
labeled metabolites. Metabolite identification is performed
using a DnsHz-labeled carboxyl standard library and
MyCompoundID database (see below).
Chemicals and Urine Sample. The 193 metabolite

standards (Table S1) were obtained from the Human
Metabolome Database (HMDB). 12C-DnsHz and 13C-DnsHz
are available from mcid.chem.ualberta.ca. Other chemicals

were purchased from Sigma-Aldrich (Edmonton, AB, Canada),
except those specifically stated. Human urine sample collection
and processing is described in Supplemental Note S1.

Preparation of Solution. The 193 standards were
individually dissolved in water to a concentration of 10 mM.
If solubility was too low, the supernatant of a saturated
solution was used. The standard solutions were stored in −20
°C. Labeling reagents, 12C- or 13C-DnsHz, were dissolved in
acetonitrile to 10 mg/mL. 2-(N-Morpholino)ethanesulfonic
acid (MES) and Na2HPO3/NaH2PO3 were dissolved in water
to generate an MES buffer solution or phosphate buffer
solution (PBS), respectively. The buffer solutions were used to
prepare fresh coupling reagents solutions, including 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide (EDC) and other
additives (1-hydroxy-7-azabenzotriazole, 4-dimethylaminopyr-
idine, or N-hydroxysuccinimide; see Results and Discussion).

Figure 1. Workflow of differential CIL LC-MS method using
12C-/13C-DnsHz labeling for carboxyl submetabolome analysis.
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Figure 2. continued
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Copper chloride (CuCl2) was dissolved in water as a
quenching reagent.
Chemical Isotope Labeling. For metabolite standard

labeling, 20 μL of standard solution in water was placed in a
centrifuge vial, followed by adding 20 μL of EDC and 20 μL of
additives in buffer solution. After mixing, 20 μL of 10 mg/mL
12C-DnsHz was added. After vortexing and spinning down, the
mixture was shaken at 20 °C for 90 min. Then, 20 μL of 100
mM CuCl2 solution was added to quench the labeling reagents
and incubated at 40 °C for 30 min. The solution was
centrifuged at 20 817g for 10 min and diluted before injecting
into LC-MS for analysis.
To prepare the 12C-/13C-DnsHz labeled urine sample for

method validation, 40 μL of urine was divided to two aliquots:
20 μL of urine was labeled by 12C-DnsHz (light labeling), and
the other 20 μL was labeled by 13C-DnsHz (heavy labeling)
using the same reaction conditions following procedures
described above. After labeling, the 12C-DnsHz labeled urine
was mixed with the same mole amount of the 13C-DnsHz
labeled urine. The mixture was injected into LC-MS for
analysis. The 12C-/13C-DnsHz labeled blank samples were
prepared by labeling LC-MS grade water with the same
protocol.
LC-MS and Data Analysis. LC-MS and MS/MS experi-

ments were done using Ultimate 3000 UHPLC (Thermo
Scientific, USA) linked to Impact HD Quadrupole Time-of-
flight (Q-TOF) MS (Bruker, Billerica, MA). CIL LC-MS data
were processed and analyzed using a set of programs (freely
available from www.mycompoundid.org) including IsoMS,34

Zerofill,35 and IsoMS-Quant.36 Metabolite identification was
done us ing MyCompoundID (MCID) at www.
mycompoundid.org with zero-reaction and one-reaction
MCID libraries.37 Supplemental Note S1 provides more details
on LC-MS conditions and data analysis.

■ RESULTS AND DISCUSSION

Optimization of Labeling Reaction. Carbodiimide-
mediated coupling reaction is one of the most popular
chemistries for cross-linking carboxyl group to amine group.
In this reaction, the carboxyl group present in a compound is
activated by a condensation reagent (i.e., carbodiimide),
followed by reacting with an amine group in a labeling
reagent, resulting in a stable amide bond. 1-Ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) is chosen in
our work as carbodiimide, because it is water-soluble and
allows the labeling reaction to be carried out in an aqueous
solution, which is good for metabolomics since water is often
present in biological samples. Direct labeling of a metabolome
sample without removing water is more convenient. For the
reaction mechanism,38 the carboxyl group is first activated by
EDC to form an O-acylisourea intermediate that contains a
better leaving group and can be displaced by nucleophilic
attack from an amine group. Although the reaction can be
carried out rapidly in mild condition, the hydrolysis and
rearrangement of the intermediate limit the reaction efficiency
and introduce side reactions. Thus, other additives such as N-
hydroxysuccinimide (NHS) are employed to assist the reaction
and reduce side reactions.39

Figure 2. Comparison of relative efficiency for labeling a standard mixture under different reaction conditions: effect of (A) buffer solution and pH,
(B) EDC concentration, (C) additive type, (D) HOAT concentration, (E) reaction temperature, and (F) reaction time. Data are presented as the
mean ± SD of six replicates (n = 6).
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To optimize the labeling reaction for various carboxyl-
containing metabolites in a metabolome sample, seven
carboxylic acid standards from different categories (Figure
S1) were mixed to generate a standard mixture, including
propionic acid representing short-chain fatty acids, pyruvic acid
representing keto-acids, benzoic acid representing aromatic
acids, succinic acid representing poly(carboxylic acid)s, cholic
acid representing bile acids, glucuronic acid representing sugar
acids, and hydroxyoctanoic acid representing hydroxyl acids.
The standard mixture was labeled with 12C-DnsHz under
different reaction conditions. The same mixture was labeled
with 13C-DnsHz under one condition, as internal standards,
and then spiked to 12C-labeled samples with the same amount.
The labeled samples were analyzed by LC-MS, and the peak
area ratio of each 12C-/13C-labeled metabolite was used to
evaluate the relative efficiencies of different labeling conditions.
Using this approach, we optimized the reaction buffer,
reagents, time, and temperature (Figure 2).
Slightly acidic pH is required for the formation of the O-

acylisourea intermediate.38 Thus, it is important to control the
pH for carbodiimide-mediated coupling reaction. In this study,
two types of buffer solution were tested with different pH
values, including PBS with pH 3.5, 5.5, 7, and 8 and MES with
pH 3.5 and 5.5. Figure 2A shows the effect of buffer solutions
and pH on labeling efficiency. For all seven metabolites,
reaction in MES solution behaved better than that in PBS. In
the pH values tested, the results of using PBS as buffer solution
indicated that pH 3.5 and 5.5 provided higher labeling
efficiency than pH 7 and 8, confirming that the reaction needs
relatively acidic condition. The results of using MES buffer
indicated that reactions of hydrophilic metabolites performed
better at pH 3.5 (i.e., labeling glucuronic acid, succinic acid,
and pyruvic acid), while more hydrophobic ones were better at
5.5 (i.e., labeling propionic acid and cholic acid). Although
there was no consistent trend for all seven metabolites, the
labeling results of solution at pH 3.5 were found to still be
acceptable even for those hydrophobic acids. Therefore, MES
solution at pH 3.5 was considered to be an optimal buffer
solution in our method.
We examined the effect of EDC concentration on the

labeling reaction (Figure 2B). As expected, without EDC (0
mM), little if any labeled metabolites could be detected
(except for glucuronic acid). Within the concentration range
tested, 100 mM of EDC solution provided good labeling
results for all seven metabolites and therefore was chosen as
the optimal condition. In addition to carbodiimide, other
additives can be used in coupling reaction to enhance labeling
efficiency and reduce side reactions. In this work, we tested
three additives: 1-hydroxy-7-azabenzotriazole (HOAT), 4-
dimethylaminopyridine (DMAP), and N-hydroxysuccinimide
(NHS). We found that, for all metabolites, the use of HOAT
generated consistently the highest labeling efficiency (Figure
2C). We then studied the effect of HOAT concentration on
the labeling reaction (Figure 2D). The results suggested that,
for a majority of the tested standards, adding HOAT was
necessary for the reaction. However, the concentration of
HOAT did not affect the labeling efficiency dramatically,
except for pyruvic acid. Taken all together, we chose 10 mM
HOAT solution for the labeling reaction. However, it should
be noted that, for analyzing a special type of sample (e.g., cell
extracts of small numbers of cells, sweat, etc.), it is best to fine-
tune the reagent concentrations of both EDC and HOAT to
produce an optimal workflow.

The other two parameters affecting the reaction process
were reaction temperature and time (Figure 2E,F). For
temperature screening, we found that reaction at 20 °C was
the best for all the tested metabolites. Using this mild
condition is beneficial to protect thermally unstable metabo-
lites and prevent loss of volatile acids. At 20 °C, reaction for 90
min was suitable for most of the standards. Although the
amounts of labeled metabolites slightly increased after 90 min
for some metabolites, considering both labeling efficiency and
sample throughput, we chose 20 °C for 90 min as the optimal
labeling conditions.
At last, a quench method was developed for DnsHz labeling

of carboxylic acids in order to remove the remaining reagents
that may interfere with the detection of labeled metabolites.
DnsHz is a stable compound and can produce an intense signal
in MS detection in positive ion mode. According to a recent
report of using DnsHz labeling for developing a Cu2+-selective
fluorescence signaling probe, copper(II) was found to speed up
the hydrolysis of DnsHz in water without affecting labeled
compounds.40 In our study, we found that adding copper(II)
chloride could effectively remove the extra DnsHz in the
labeling reaction solution. Figure S2A shows the LC-UV
chromatograms of DnsHz and CuCl2 mixtures prepared at
different incubation times at 40 °C. It is clear that CuCl2 could
significantly reduce the DnsHz signal after incubating for 30
min. This result was confirmed using LC-MS. Figure S2B
shows the LC-MS chromatograms of 20 mM DnsHz incubated
with or without CuCl2. Without adding CuCl2, a broad,
saturated, and tailed peak from DnsHz could be observed
around 9 min, which may cause ion suppression for the
detection of coeluting labeled metabolites. However, this
problem could be reduced by adding CuCl2 and incubating at
40 °C for 30 min. Note that there are several additional peaks
detected in LC-MS chromatograms. They were from back-
ground reactions which were largely suppressed in a real
sample containing analytes (see, for example, labeled urine
samples as shown below). These blank peaks could be filtered
out in data processing.

Validation of Labeling Conditions with Urine Sample.
Urine was chosen as a representative complex metabolomic
system to validate whether the optimized method is applicable
for real biological samples. LC-MS analysis of a 1:1 mixture of
12C-/13C-labeled urine was used to determine and compare the
number of peak pairs detected to evaluate the performance of
the labeling conditions. For each condition, data from six
replicates were collected, including an experimental triplicate
of sample labeling and injection duplicate for each labeled
sample.
Figure 3A shows the validation of the buffer solution

selection. We examined the performance of using MES
solution, PBS solution, and water (no buffering) for labeling.
For the MES buffer, combinations of two pH values (pH 3.5
and pH 5.5) and two concentrations (0.1 and 0.4 M) were
tested. For the PBS buffer, three pH values of 0.1 M solution
were tested (pH 3.5, 5.5, and 7). The results confirmed the
finding from the standard mixture experiments that the MES
buffer solution performed better than the PBS buffer.
However, we also found that the concentration and pH of
the MES buffer solution had no significant effects on urine
labeling, in terms of the number of peak pairs detected. Even
without adding any buffer (the H2O group), the peak pair
number was similar to that of the MES buffer group. This can
be attributed to the internal urinary buffering system, which
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keeps normal urine pH values ranging from 4.5 to 8. We tested
the urine samples in this study and found that the pH value
was about 5.0, which is in the optimal pH range for DnsHz
carboxyl labeling. Thus, even without adding external buffer
solutions, comparable results of labeling reaction were
generated. However, for the practical purpose of analyzing
different urine samples (i.e., in the case of encountering urine

with higher pH in a metabolomics study), the use of 0.1 M
MES buffer solution is recommended.
We examined the effects of reagent type and concentration

for urine sample labeling. The results were in agreement with
those of standard mixture experiments, i.e., 100 mM of EDC
solution produced the highest peak pair number (Figure 3B).
Among all the additives tested, adding HOAT into the reaction
mixture increased the peak pair numbers (Figure 3C), and
within the concentrations we tested, the concentration of
HOAT had little effect on the peak pair numbers (Figure 3D).
Figure 3E,F shows the results of reaction temperature and time
validation, respectively. They were also in agreement with
those of standard mixture labeling. Incubating at 20 °C for 1.5
h was therefore chosen as an optimized condition.
Overall, on the basis of the results of standard mixture and

urine labeling experiments, it can be concluded that the
optimal labeling condition is to use 100 mM of EDC as a
coupling reagent and 10 mM of HOAT as the additive. Both
reagents are dissolved in 0.1 M MES buffer solution at pH 3.5.
Reaction mixtures are shaken at 20 °C for 90 min, followed by
adding 100 mM of CuCl2 as a quenching reagent and
incubating at 40 °C for another 30 min. The entire labeling
process can be completed in about 2 h.

Metabolite Detectability. To demonstrate the detect-
ability of the developed method for profiling complex samples,
the urinary carboxyl submetabolomes from experimental
triplicates of labeled urine samples were analyzed. Figure 4A
shows a typical base-peak ion chromatogram of 12C-/13C-
DnsHz labeled human urine. Many peaks were detected within
the whole gradient. We also optimized the sample injection
amount in order to detect as many labeled metabolites as
possible. To do this, different volumes of 12C-/13C-DnsHz
labeled urine were injected into LC-MS for analysis and the
peak pair numbers were then compared. Figure 4B shows the
number of peak pairs as a function of injection volume. A
plateau was observed at 8 μL injection.
A Venn diagram was used to evaluate the labeling

reproducibility among experimental triplicates of sample
processing (Figure 4C). An average of 2597 ± 28 pairs per
run was detected with 2266 pairs in common, indicating high
reproducibility of peak pair detection. The distribution of
absolute intensities of these common peak pairs is presented in
Figure 4D (in black). As the peak intensity decreased, more
peak pairs could be detected, which suggests that the
developed method could effectively detect metabolites with
very low abundance or low signal intensity, leading to high
metabolome coverage. It should be noted that the number of
peak pairs detected was similar to that from DmPA labeling. In
addition, in this example, we did not observe any coincident
overlapping of a peak from a 13C-labeled metabolite with a
peak from a 12C-labeled different metabolite at a given
retention time. It suggests that, although differential isotope
labeling increases the number of peaks detected, it does not
cause additional peak overlapping interference when high
resolution LC separation and m/z detection are used. The
dansylhydrazine labeling reaction is not reversible. After
labeling, the labeled samples were very stable and could
meet the needs of long-term studies (e.g., running samples
over one month) (see Supplemental Note S3).

Quantification. In the CIL LC-MS method, relative
quantification of metabolites is realized by measuring peak
ratio between the 12C-labeled metabolite from individual
samples and its 13C-labeled counterpart in the pooled sample.

Figure 3. Peak pair numbers detected from 12C-/13C-DnsHz labeled
urine samples prepared under different conditions: effect of (A) buffer
solution and pH, (B) EDC concentration, (C) additive type, (D)
HOAT concentration, (E) temperature, and (F) time. Data are
presented as mean ± SD from experimental triplicate and injection
duplicate (n = 6).
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We note that the overall labeling yield of a given metabolite
may be dependent on the metabolite type and the
concentration. However, in our work, the reagent amount is
always kept very high to drive the reaction to the maximal
extent. More importantly, for relative quantification, the
pooled sample has an average concentration of a given
metabolite, which is not very different from that of an
individual sample (the fold-change is usually <5 for the same
type of samples). Within this small concentration difference,

the labeling yield of a given metabolite is not expected to be
different (e.g., see Supplemental Note S2 for butyric acid and
adipic acid quantification). To evaluate the overall quantifica-
tion ability of the workflow for profiling the carboxyl
submetabolome, accuracy and precision of six replicate
analyses (sample processing triplicate and instrumental
injection duplicate) of 1:1 12C-/13C-DnsHz labeled urine
samples were examined. Figure 5A,B shows the distribution of

peak pair numbers as a function of the averaged measured peak
area ratio and the RSD of the ratio (n = 6). Out of the 2266
peak pairs detected in all runs, the ratios of most pairs were
close to the expected value of 1.0. 94.6% of the pairs had peak
ratio values between 0.67 and 1.5, showing high accuracy of
the method. The average RSD of peak ratios was 5.07%, while
98.8% of peak pairs had RSD values of less than 20% and
93.6% of peak pairs had RSD of less than 10%, demonstrating
that very reproducible peak ratios could be generated.
We noticed that there were some peak pairs with ratios not

close to the expected value of 1.0. For example, out of the 2266

Figure 4. (A) LC-MS ion chromatogram of 12C-/13C-DnsHz labeled
urine. (B) Peak pair number detected as a function of injection
amount of 12C-/13C-DnsHz labeled urine. Data are presented as mean
± SD (n = 3). (C) Venn diagram of the peak pair numbers detected
in triplicate labeled urine. (D) Peak pair number detected as a
function of peak intensity (black: all peak pairs; red: peak pairs with
peak ratio >1.25 or <0.8).

Figure 5. Distributions of peak pair numbers as a function of (A)
averaged peak ratio and (B) RSD of peak ratio. Data are presented as
mean ± SD from experimental triplicate and injection duplicate (n =
6). (C) Peak ratios of all pairs as a function of their absolute signal
intensities.
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common peak pairs, 123 pairs had peak ratios that exceeded
the ±50% accuracy range (i.e., peak ratio <0.67 or >1.5). We
plotted the peak ratios of all pairs against their absolute signal
intensities (Figure 5C). To make the plot clearer, logarithm
transformation was used to convert the peak ratios and
intensity values. Most of the pairs with large ratio errors were
the low intensity peak pairs [i.e., absolute intensity of less than
2 × 105 or log (peak intensity) < 5.3]. By plotting the
distributions of the absolute intensities of peak pairs that have
ratios of larger than 1.25 or smaller than 0.8 (Figure 4D, in
red), we can observe more clearly that low intensity pairs had a
higher percentage of values outside the ±25% range. This
might be caused by poor peak shape of the low intensity peak,
which made peak area calculation more difficult, resulting in
larger errors in ratio calculation. This observation suggests that,
for low intensity peaks, great care should be exercised in
relative quantification. This is actually true even for targeted
analysis of metabolites; quantification limit is often defined as
the lowest signal at S/N = 10, while detection limit is defined
at S/N = 3. Future work of investigating the relation between
signal intensity and quantification accuracy for different ratios
of 12C-labeled sample vs 13C-labeled pool is warranted.
Nevertheless, the above results already indicate that good
accuracy and precision could be obtained for most of the peak
pairs.
We carried out a proof-of-concept project involving

metabolome comparison of 30 urine samples collected from
10 individuals (three daily collections per individual) and
absolute quantification of butyric acid and adipic acid in urine.
Supplemental Note S2 describes the results showing the
capability of DanHz labeling LC-MS for quantitative
metabolomics.
Metabolite Identification. Metabolite identification is

another important aspect in metabolome analysis. To perform
high confidence metabolite identification, usually at least two
independent properties of unknown metabolites from samples
should be matched to those of authentic standards. We
constructed a DnsHz-labeled carboxyl standard library which
currently contains 193 human endogenous carboxyl-containing
metabolites. These metabolites cover 55 metabolic pathways
(Table S2). Each standard was labeled with DnsHz
individually and then analyzed by LC-MS and LC-MS/MS.
Triple-parameters information for each standard was collected:
accurate mass, retention time (RT), and MS/MS fragmenta-
tion spectrum (Table S1). To perform identification, the
measured mass, RT, and/or MS/MS of an unknown labeled
metabolite from a sample could be used to search against the
library using a Website-based program DnsHz-ID.15,41 Both
the library and search program are freely available from a
publicly accessible Website at www.mycompoundid.org.
Accurate mass and MS/MS matches can be performed directly
after uploading the corresponding information on unknown
samples to the Website. However, RT is easily affected by
many possible variations in LC-MS conditions, such as
instrument or column brand, connection tubing length, etc.
To use RT as an identification parameter, an RT normalization
method reported previously41 was used to correct the RT shift
caused by these variations. A set of DnsHz labeled compounds,
which was initially developed for identification of DnsHz-
labeled carbonyl-containing metabolites,15 was used as RT
calibration mixture since the same LC gradient was used for
the analysis of the two submetabolomes. The RTs of 193
standards collected for the library were all normalized to this

RT calibration mixture. When performing metabolome analysis
using the presented method in a different instrument, the same
RT calibration mixture needs to be run on the new
instrumental setup. Then, the RTs of unknown metabolites
will be corrected automatically using the DnsHz-ID program
on the basis of the local RT calibration mixture, followed by
identification using RT.
Putative identification based on the use of accurate mass

match alone to the existing metabolite database is less
confident. However, it can still provide valuable identity
information on unknown metabolites and hints for further
confirmation, such as purchasing or synthesizing standards.
Therefore, in this study, we used a two-tier identification
approach with positive identification in tier 1 and putative
identification in tier 2.
In tier 1, among the common 2266 peak pairs detected in six

replicates of labeled urine samples, we positively identified 81
peak pairs on the basis of accurate mass and retention time
matches using the constructed labeled metabolite library
(Table S3). Note that the current library of labeled carboxyl
standards does not include any metabolites that are already in
the existing libraries of labeled amines/phenols, carbonyls, and
hydroxyls. Thus, some of the metabolites with two or more
labelable groups such as glucuronic acid were not shown in
Table S3, as they could already be positively identified in other
labeling methods (e.g., the labeled carbonyl standard library
contains glucuronic acid). In tier 2, the remaining peak pairs
were searched, on the basis of accurate mass match, against the
MyCompoundID (MCID) library composed of 8021 known
human endogenous metabolites (zero-reaction library) and
their predicted metabolic products from one metabolic
reaction (375 809 compounds) (one-reaction library). 517
and 1445 peak pairs were matched in the zero- and one-
reaction libraries, respectively (Tables S4 and S5). Thus, out of
2266 unique peak pairs detected, 2043 pairs (90.2%) could be
positively identified or putatively matched.
It is not surprising that we observed some peak pairs were

matched to carbonyl-containing metabolites in putative
identification. As reported before, 12C-/13C-DnsHz can be
used for carbonyl submetabolome profiling using different
reaction conditions (40 °C for 60 min) and reagents
(hydrogen chloride).15 Although the reaction buffers for
the two submetabolomes are different, both of the reactions
are carried out in acidic condition. Therefore, it is possible to
label some carbonyl-containing metabolites when profiling
carboxyl submetabolome using this method. When we
constructed the labeled carboxyl standard library, we actually
found some metabolites containing both carbonyl and
carboxylic acid groups could be labeled with two DnsHz
tags, such as pyruvic acid. In this kind of situation,
dansylhydrazine could react with carbonyl groups to generate
a sulfonyl hydrazone structure. However, achieving the highest
selectivity is not the main goal of the CIL LC-MS approach for
high-coverage metabolome profiling, as eventually we will
combine data from different submetabolomes to generate the
entire metabolome results. On the other hand, it also provides
an opportunity to combine the two reaction products for a
combined LC-MS analysis of the carbonyl and carboxyl
submetabolomes which should increase the throughput of
sample analysis. We will report a detailed study of the
comparison of carbonyl and carboxyl submetabolomes of
various types of samples, as well as the comparison of
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individual submetabolome analysis vs combined analysis in the
future.
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