Journal of Pharmaceutical and Biomedical Analysis 189 (2020) 113440

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journal homepage: www.elsevier.com/locate/jpba

Check for
updates

Development of a direct LC-ESI-MS method for the measurement of
human serum carnosinase activity

Ettore Gilardoni, Silvia Gervasoni, Marco Maspero, Clelia Dallanoce, Giulio Vistoli,
Marina Carini, Giancarlo Aldini, Luca Regazzoni*

University of Milan, Department of Pharmaceutical Sciences, Via Mangiagalli 25 20133, Milan, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 24 February 2020

Received in revised form 17 June 2020
Accepted 18 June 2020

Available online 22 June 2020

Carnosine (3-alanyl-L-histidine) is a natural peptide that have been described as a potential pharmaco-
logical agent owing to some positive outcomes from several pharmacological tests in animal models of
human diseases. However, carnosine has limited activity in humans since the peptide upon absorption
is rapidly hydrolyzed in the serum by the enzyme carnosinase (i.e. CN1; E.C. 3.4.13.20). Over the years
the main approaches aimed at limiting carnosine hydrolysis have been focused on obtaining CN1-stable
derivatives with an increased bioavailability and unmodified or enhanced activity. Only recently the

Keywords.:' . L hypothesis of co-administration of carnosine and selective inhibitors of CN1 have been proposed. Such
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chromatography an approach requires reliable methods for screening the effect on carnosine hydrolysis rate operated by

CN1 in a throughput scale allowing to test from few compounds up to whole compound libraries. The
only assay with such features available in literature relies on ortho-phtalaldehyde (OPA) derivatization
of the hydrolysis product (i.e. histidine), followed by a fluorimetric read. Herein, we propose an alterna-
tive method based on a direct measurement of the residual substrate by liquid chromatography-mass
spectrometry (LC-MS). The assay demonstrated to be reliable since gave results comparable to literature
data concerning the hydrolysis rate of carnosine as determined into human serum. Moreover, the method
was quite flexible and easily adaptable to a substrate change, as demonstrated by the measurement of
the hydrolysis rate of all the natural analogs of carnosine. In this context the data collected for anserine
suggest that our method looked more reliable and substrate change can undergo an underestimation of
hydrolytic activity in OPA -based assays.
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1. Introduction resulting in an overall consensus around the benefits of carnosine

intake for the prevention or mitigation of oxidative stress-based

Carnosine (f3-alanyl-L-histidine) is an endogenous peptide
mostly present in skeletal muscle of humans, which has risen lot
of interests in the scientific community owing to its properties
such as metal chelation, buffering and detoxification of reactive
carbonyl species [1]. In the past decade, several studies have been
carried out to evaluate the pharmacological properties of carnosine
in animal models of human diseases. Atherosclerosis [2,3], diabetes
[4], metabolic syndrome [5,6] and neurological disorders [7] are
few example of animal models where carnosine have been tested

Abbreviations: HILIC, hydrophilic interaction liquid chromatography; IDMS, iso-
tope dilution mass spectrometry; OPA, ortho-phtalaldehyde; CN1, Human serum
carnosinase, carnosine, anserine, balenine and omocarnosine are referred to natural
enantiomer (L) of the peptides, if not otherwise specified.
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diseases. Nevertheless, in humans, carnosine has limited activ-
ity since the peptide is rapidly hydrolyzed upon absorption [1].
Two enzymes, namely human carnosinase (i.e. CN1; E.C. 3.4.13.20)
and cytosolic nonspecific dipeptidase (i.e. CN2; EC. 3.4.13.18) are
the main responsible for such a metabolism [8]. CN1, which is
a homodimeric zinc-dependent metalloprotease belonging to the
M20 family, is mostly produced in the brain and through the cere-
brospinal fluid reaches the blood, where is the main responsible for
overall hydrolysis of carnosine absorbed by the diet [9]. Serum CN1
is found only in human, explaining why carnosine intake has evi-
dent beneficial effects in murine animal models that are not fully
replicable in humans.

Individual carnosinase activity can be quite different in humans
owing to polymorphism occurring on CN1 gene (CNDP1). Interest-
ingly, it has been reported that subjects with a low carnosinase
activity due to specific CN1 polymorphisms have also a lower onset
of diabetic nephropathy. To explain this phenomenon, it has been
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speculated that the less carnosine is hydrolyzed the more it is
excreted by the kidney, where it can accumulate and protect renal
cells from the adverse effect of high glucose levels [10].

Over the years, several pharmaceutical strategies were explored
with the aim of enhancing carnosine benefits. The increase of stabil-
ity towards CN1 degradation is considered crucial since carnosine
seems to exert a different activity in plasma, compared to other
body compartments [11]. One strategy was to design CN1-stable
analogs of carnosine by chemical modification of the structure (i.e.
carnosinol)[12] or by the simple inversion of the peptide chiral cen-
ter (i.e. D-carnosine) [ 13]. Unfortunately, the inversion of the chiral
center underwent a negative impact on peptide absorption, requir-
ing the design of suitable prodrugs (i.e. D-carnosine octylester) [3].
Only recently the alternative strategy of developing CN1 inhibitors
have been reported with the successful discovery of carnostatine
[14]. Such an approach required an analytical method for the mea-
surement of CN1 activity, which was performed by a fluorometric
measurement of histidine produced by the hydrolysis of carnosine,
upon derivatization with orto-phtaladehyde (OPA) [15]. This is the
only assay reported in literature and through the years only small
adjustments have been done to improve the method throughput by
scaling it for 96 well plate experiments [8]. Since CN1 is a potentially
druggable target, the screening of wide chemical space libraries as
reported by Qui et al. [14] can give false positives or false nega-
tives if the screened compounds interfere with derivatization. In
fact, OPA reaction is non-specific and modern methodologies often
relies on chromatographic separation for a more selective detection
of the analytes [16-18]. Nevertheless, such an option was never
considered for OPA-based method designed for the measurement
of carnosinase activity.

Recently an alternative method relying on reverse phase lig-
uid chromatography-tandem mass spectrometry (LC-MS/MS) has
been proposed for the measurement of CN1 activity [19]. The
method has the advantage of a direct measurement of the residual
substrate, without derivatization. The authors used such a method
for the quantitative analysis of carnosine in serum and for the mea-
surement of the impact of EDTA on CN1 and CN2 activity. However,
the hydrolytic rate was reported only as percentage of residual
carnosine and not as moles of carnosine hydrolyzed in a defined
time span by a defined amount of enzyme. This doesn’t allow any
validation of the reported method by comparison with literature
data.

Therefore, we developed a method for the measurement of
carnosinase activity in human serum, without the limitations
previously described. Specifically, the method relies on liquid chro-
matography and isotope dilution mass spectrometry (IDMS) for
direct and reliable quantification of the residual substrate. The use
of HILIC chromatography allowed a direct injection of samples with
high acetonitrile content obtained from protein precipitation, mak-
ing sample preparation simple and straightforward.

Concerning the measurement of CN1 activity, the method
demonstrated a good reproducibility with previously reported data
and it was easy to adapt it for the measurement of hydrolytic activ-
ity using as substrate any of the main natural histidine dipeptides
known (i.e. carnosine, homocarnosine, anserine and balenine). This
feature allowed for the first time the measurement of the hydrolytic
rate in serum for the natural occurring peptide balenine.

2. Material and methods
2.1. Chemicals
Water, HPLC grade (18 MS2), was purified with a Milli-Q water

system (Millipore; Milan; Italy), carnosine, anserine, balenine were
synthesized by Flamma s.p.a. (Chignolo D’isola, Bergamo, Italy). Sol-

vents at HPLC grade and all other chemicals were purchased from
Sigma Aldrich (Merck Life Science, Milan, Italy)

2.2. Synthesis of internal standard for isotope dilution mass
spectrometry (IDMS)

In this study we developed a fast and highly efficient syn-
thetic route (Fig. 1) to obtain the L-carnosine-Dj3 starting from the
commercially available trideuterated L-histidine («-Dq, imidazole-
2,5-D5) 1. The esterification of the amino acid 1 was accomplished
in the presence of thionyl chloride in methanol under stirring
at room temperature for 20h and provided the methyl ester
hydrochloride 2 in high yield. 2 was reacted with N-Boc protected
beta-alanine by using the coupling reagent 2-(1H-Benzotriazole-1-
y1)-1,1,3,3-tetramethylaminium hexafluorophosphate (HBTU) and
diisopropylethylamine (DIPEA) as base in acetonitrile at room tem-
perature to obtain the dipeptide intermediate 3. Subsequently, 3
was submitted to a quantitative two-step deprotection sequence.
At first, the removal of the Boc group was performed with tri-
fluoroacetic acid in dichloromethane to give the methyl ester
intermediate 4, which was not isolated but subjected to hydrolysis
using lithium hydroxide in a mixture of tetrahydrofuran-water. The
target trideuterated L-carnosine-D3 was obtained after purification
on a cation-exchange resin.

2.3. Sample preparation

Serum was diluted down to the desired concentration with
10mM phosphate buffer saline (PBS, pH 7.4). Diluted serum and
solutions were prewarmed at 37°C for 5min. The incubation
started by spiking the analytes into the serum sample down to 50
M final concentration. Control samples were prepared by blocking
the hydrolysis at the incubation starting point, hydrolyzed samples
by blocking the hydrolysis at the reaction endpoint. Small adjust-
ments concerning serum dilution and endpoint sampling time were
necessary for each substrate to result in a residual amount suit-
able for the determination of the hydrolysis rate. Preliminary data
indicated that a serum dilution ranging from 1:1 to 1:10 was not
impacting on the measurement of carnosine hydrolysis rate and
the most reproducible data were obtained when the incubation
endpoint resulted in a substrate between 50-75 % of its initial
concentration. We therefore optimized the protocol to keep an
incubation endpoint of 10 min when carnosine was used as sub-
strate, whereas 30 min were necessary for anserine, balenine and
homocarnosine. Serum dilution was 1:10 to test the hydrolytic
activity towards carnosine and anserine, whereas a 1:1 dilution
was used for balenine and homocarnosine. The hydrolysis was
blocked inducing protein precipitation at 4°C by the addition of
9 volumes of ACN containing a fixed amount of internal standard
(Carnosine-D3). Before the analysis samples were centrifugated
at 4°C for 10 min at 14,000rpm and supernatant was collected
in glass autosampler vials. Calibration standards were prepared
from aliquots of serum, each one spiked with a different amount
of analyte, whereas the amount of internal standard and sample
preparation procedure remained the same as described above.

2.4. LC-ESI-MS method

Chromatographic separation was carried out on an Exion LC 100
system (AB Sciex, Milan, Italy) with a Thermo Scientific Hypersil
GOLD HILIC column (150 x 2.1 mm, 3 wM, 175 A, Thermo-Fisher,
Milan, Italy) thermostated at 40°C. The elution was performed
at 250 pL/min flow rate by using a binary gradient program as
reported in Table 1 with acetonitrile and aqueous ammonium for-
mate (100 mM, pH corrected to 3 with formic acid) as eluents.
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Fig. 1. Reagents and conditions: (a) SOCI, (5 equiv), MeOH, 0°C to rt, 20 h, 95 %; (b) Boc-3-Ala (1 equiv), HBTU (1.05 equiv), DIPEA (3 equiv), CH3CN, 0°C to rt, 12 h, 60 %; (c)
TFA (15 equiv), CH,Cl,, 0°C to rt, 1 h; (d) i. LiOH (8 equiv), H,O/THF (10:1), 0°C to rt, 4 h; ii. DOWEX 50WX2 H* form (97 % yield in two steps ¢ and d).

Table 1
Chromatographic gradient.

Time (min) Aammonium formate 100 mM pH 3(%) B acetonitrile (%)
0.00 5.00 95.00
0.20 5.00 95.00
6.70 70.00 30.00
9.70 70.00 30.00
9.71 5.00 95.00
15.00 5.00 95.00
Table 2

MRM transition settings for analyte detection.

Peptide Precursor ion (m/zProduct ion (m/zY ollision Energy (V)
110.2 35
Carnosine 227.2 156.2 22
164.2 25
C . 113.2 35
o ostnes 2302 159.1 22
3 167.2 25
178.2 25
Balenine 2413 170.2 25
1241 35
170.3 25
Anserine 241.3 126.2 30
109.3 35
Homocarnosine 241.3 ﬁgi _}43

The column eluate was directly sprayed into an API 4000 mass
spectrometer (AB Sciex, Milan, Italy) by using a TurboV electro-
spray interface (AB Sciex, Milan, Italy). The electrospray provided
nebulization in positive ion mode by applying +3.5kV ionization
potential, 25 units of curtain gas, 40 units of gas 1, 60 units of gas 2
heated at 550 °C. The detector was set to work in MRM mode, mon-
itoring specific transitions for each analyte at optimized collision
energies, as reported in Table 2.

Transition were previously obtained by direct infusion of a
standard solution of the peptide and parameters were optimized
in a semi-automatic mode. For all the experiments collision
gas was set at 4 units, declustering potential at 45 units,
entrance potential at 10 units, collision cell exits potential 10
units and scanning time at 100ms. Instrument control and
data extraction were made by Analyst® 1.6.3 (AB SCIEX, Milan,
Italy).

2.5. Computational studies

The crystal structure of human carnosinase was retrieved from
PDB (code: 3DLJ) which co-crystallized with unknown atoms (prob-
ably SOg4, according to the electron density). Simulations were
based on the chain A which is resolved with better quality com-
pared to chain B. Three missing portions of the protein were added
manually, i.e. residues 77-78, 208-209 and 437—438. The protona-
tion of the protein residues at physiologic pH, the tautomer of the
histidine residues and the Ans/Gln flipping were checked using H++
server. From this analysis and the previous work of Pavlin et al. [20]
we considered the Glu173 as neutral. In order to avoid the bind-
ing pocket closure, we added the SO4 within the binding pocket
according to the electron density and following the geometrical ori-
entation found in other crystal structures of bi-zinc hydrolases (i.e.
carbapenamase PDB code: 3F90, b-lactamase PDB code: 1]JT1). The
structure was then solvated in a cubic box of TIP3P water model,
and counter ions (Na* and Cl~) were added to neutralize the system
and to reach an ionic concentration of 0.15 M. The resulting system
was then optimized by using a three steps minimization, involving
first the hydrogen atoms, then the water molecules and finally the
whole system, and keeping harmonic restraints in the Ca of the
protein. The ligand (SO4) was parameterized using antechamber
with AM1-bcc charges and GAFF, the protein using ff14SB and the
zincions using the Li/Merz ion parameters of divalent to tetravalent
ions [21]. Furthermore, in order to stabilize the interaction with the
metal ions and their coordination geometry, distance constraints
(30 Kcal/mol) between the ions and the coordinating atoms of the
protein were applied (Figure S1, supporting information). For the
docking study we removed the water molecules and the counter
ions, while the SO4 ligand was replaced by a hydroxyl ion, which is
known to be implicated in the catalytic mechanism and it is found in
other M20 di-zinc peptidases (i.e. PDB code: 5UE], 1CG2 [22], 2PFE,
2V8D [23]). For carnosine and homocarnosine docking simulations
involved both the tautomers (¢ and 8). The bonding pocket was cho-
sen by selecting a radius of 10 A around the hydroxyl ion. Docking
calculations were performed using GOLD by generating 100 poses
per molecule and using the ChemPLP scoring function. The docking
poses were then optimized by following the procedure described
above. Given the presence of the metal ions, the binding affinity was
evaluated by performing a single point DFT B3LYP/6—31G* calcu-
lation using Gaussian and focusing on a small system representing
the binding site and the ligand (Figure S2, supporting information).
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Fig. 2. Extracted ion chromatogram of transition 227.2-110.2 m/z for carnosine at the beginning (A) and endpoint (B) of the incubation.

Table 3
Serum hydrolytic rate of natural histidine dipeptides.

Peptide Concentration (wWM)  Serum hydrolytic rate (nmol/(h*L))
Carnosine 50 1.328 £0.081 (N=3)
Homocarnosine 50 0.0174+0.001 (N=3)
Anserine 50 0.49540.036 (N=3)
Balenine 50 0.050+£0.001 (N=3)

3. Results and discussion

Fig. 2 reports the chromatograms of 50 WM carnosine spiked
into 10-fold diluted serum. Samples are referred to control sample
(Fig. 2A) and to hydrolyzed sample (Fig. 2B), which were depro-
teinized at the beginning and at the endpoint (i.e. 10 min) of the
incubation, respectively.

To calculate the serum hydrolytic rate of carnosine in our sam-
ples we applied the Eq. 1

(nmolcrg — nmolyyp)
V xt

HR = (1)
Where HR is serum hydrolytic rate measured as nanomoles
of carnosine hydrolyzed in one hour by one pL of serum
(nmol/(L*h)); nmolcrg are the nanomoles of carnosine as deter-
mined in the control sample; nmolyyp are the residual nanomoles
of carnosine as determined in the hydrolyzed sample and V is the
volume of serum (in wL) and t is the incubation time (in hours).

The nanomoles of substrate in the control and hydrolyzed
samples were determined by isotope dilution mass spectrome-
try (IDMS). In detail, a calibration curve reporting the area ratio
between substrate and the internal standard as function of the
amount of substrate injected was obtained from the analysis of cali-
bration standard triplicates. The method was qualified for substrate
quantification by evaluating the specificity, linearity, precision
and accuracy (see table S3, supporting information).The hydrolytic
rates of carnosine, homocarnosine, anserine and balenine were
determined with the same protocol but monitoring different MS
transitions as reported in material and methods.

The hydrolytic rates for carnosine analogs as measured by our
assay are reported in Table 3.

To verify the method reliability, we compared our experimen-
tal results with data reported in literature. Carnosine hydrolysis
rate is consistent with literature, since the activity falls in the
range already reported by Peters et al., who spiking 80 wM carno-
sine into serum determined a serum hydrolytic rate ranging from
0.9 to 1.3nmol/(h*uL) [24]. In the same paper hydrolytic rates
ranging from 0.9 to 3.1 nmol/(h*iL) have been reported for start-
ing concentrations of carnosine between 80 wM and 480 wM.
Such experiments were mostly done with serum for single donors,
whereas our serum was a commercially available pool of serum
from AB donors. Since the hydrolytic activity depends on serum
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Fig. 3. Plot of serum hydrolysis rate at different concentration of carnosine.

Table 4
Serum hydrolytic rate of natural histidine dipeptides as reported by Peters etal. [25].

Peptide Concentration (wM)  Serum hydrolytic rate (nmol/(h*.L))
Carnosine 1000 3.2+09(N=94)

Homocarnosine 1000 0.065+0.04 (N=105)

Anserine 1000 0.015+0.02 (N=106)

CN1 content [10] but is also influenced by the substrate initial con-
centration [24], a further validation of our method was done by
measuring carnosine hydrolysis rate at increasing substrate con-
centration up to enzyme saturation (see Fig. 3).

The best fitting curve (R? of 0.9634) obtained using a Hill
equation gave a Hill coefficient (h) of 1.152+0.18 (i.e. an almost
Michaelis-Menten curve), whereas 2.513 £0.14 nmol/(h*L) and
169.3 +£29.04 M were the estimated values for Vmax and Km,
respectively. Such findings are consistent with previously reported
data [14,24], even if our measurements were performed in whole
serum and not on purified recombinant enzyme. This implies that
our method gives a reliable measurement of carnosine hydroly-
sis rate over a broad range of carnosine concentrations. Moreover,
since the saturation curves as obtained in whole serum and puri-
fied enzyme are superimposable, CN1 is the sole or at least the main
contributor to the overall hydrolysis rate as observed in the pooled
serum sample we used.

Concerning the measurement of the hydrolysis rate of natural
carnosine analogs (i.e. anserine, balenine and homocarnosine), an
article of 2011 reported the values as measured by fluorimetry for
some of the peptides we tested [25]. Such values are reported in
Table 4.

For any given peptide the hydrolysis rate as reported in liter-
ature (Table 4) or measured by our assay (Table 3) looks quite
different. As already mentioned, such differences can be due to
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substrate or enzyme serum concentration [10,24]. Looking at the
results reported in literature or obtained by our assay, they have
been obtained by using different matrices (serum from single sub-
ject vs pooled serum), in different condition (1000 wM vs 50 uM
substrate) and resulted to have different precisions and absolute
values of hydrolysis rate.

To overcome the problem of comparing data obtained in
inconsistent experimental conditions, we compared peptide rel-
ative velocities (i.e. ratio of the hydrolysis rates between a given
peptide and carnosine). The relative velocities can be calcu-
lated as mean +standard deviation from the values reported in
tables 3 and 4 using second-order Taylor series expansions as
reported by Hayya et al. [26].

According to data reported in literature, homocarnosine rela-
tive velocity is 2.19 % +1.37, which is consistent with our findings
(i.e. 1.31 % £0.09). On the contrary, we observed a discrepancy
on anserine relative velocities, since 0.49 % +0.12 was calculated
from literature data, while a value of 37.45 %4 3.53 can be calcu-
lated from our data. However, our findings look more consistent
with recent experiments, who reported that compared to anserine
carnosine has a threefold shorter half-life in human serum (i.e. 6 vs
18 min at 100 M starting concentration) [27]. Since literature data
on anserine hydrolysis rate have been collected upon OPA deriva-
tization and such a reaction involves the imidazole ring, we can
speculate that derivatization yield can be low for anserine, lead-
ing to an underestimation of the reaction product and hydrolysis
rate. Conversely, the LC-MS assay we developed cannot suffer of
such a bias, since it provides a direct measurement of the sub-
strate residual concentration. Finally, we were able to determine
the hydrolysis rate in serum also for balenine, which have yet not
been reported. Specifically, we determined a relative velocity of
3.81 % +£0.23 suggesting that such a peptide is hydrolyzed slightly
faster than homocarnosine, but tenfold slowly than its regioisomer
anserine.

Computational studies have been addressed to explain the
experimental results. Fig. 4 compares the putative poses as com-
puted for carnosine (in its € tautomer), anserine and balenine which
can be seen as representative of good, intermediate and poor CN1
substrates.

Carnosine assumes a pose in line with previous studies in which
the carboxylate is engaged in a pivotal ion-pair with Arg350 while
the protonated amino group contacts Asp139 and Asp202 [20,28].
As expected, the oxygen atom of the carbonyl group is directed
towards a zinc ion, while the NH group of the labile amide func-
tion approaches Ser423. Finally, the imidazole ring is inserted in a
rather apolar subpocket where the Nd atom elicits an H-bond with
the protonated Glu173. This last interaction can explain the better
interaction energy as computed for this tautomer compared to &
tautomer (see Table 5).

(a) (b)

Table 5

DFT-based interaction energies computed by single-point calculation of the min-
imized docking poses, using B3LYP/6-31G*. Energy values normalized per the
number of heavy atoms are also reported.

E(Kcal/mol) HeavyAtoms Enorm (Kcal/mol)
CARe —7281.008259 16 —455.0630162
CARd —7280.970313 16 —455.0606446
ANS —7319.924394 17 —430.5837879
OMOe —7206.698663 17 —423.9234507
oMod —7206.662257 17 —423.9213093
BAL —7054.383112 17 —414.9637125

Fig. 4B reveals that anserine assumes a pose very similar to that
of carnosine apart from the imidazole ring which exhibits a slightly
shifted arrangement by which it loses the above described H-bond
with Glu173 and inserts the N-methyl group into a hydropho-
bic niche lined by Leu387, Leu389 and Pro426. Fig. 4C shows the
putative complex of balenine which elicits the expected contacts
concerning the charged termini and the labile amide, while the
imidazole ring assumes a further shifted arrangement by which it
retains the H-bond with Glu173 but addresses the N-methyl group
towards the water molecules. Finally, the computed complexes for
both homocarnosine tautomers (results not shown) confirm the
detrimental role played by the modifications on the N-terminal
residue since the extended y amino butyric acid residue is unable to
stabilize most of the polar contacts which characterize the carno-
sine complexes.

Importantly, the monitored susceptibility of the tested dipep-
tides to the CN1 activity is in clear agreement with the DFT-based
interaction energies as compiled by Table 5. In particular the com-
parison of the docking results for balenine and anserine emphasizes
the crucial role of the hydrophobicinteractions which only anserine
is able to stabilize and which can counterbalance the missed H-
bond with Glu173, the role of which appears to be rather marginal
compared to that of the other detected polar interactions. Col-
lectively, the here obtained results are in gratifying agreement
with those reported in previous studies [27] and emphasize that
even simple modifications on N-terminal residue are not permit-
ted while the subpocket which harbors the histidine residue is
more tolerating especially for modifications able to reinforce the
hydrophobic interactions as seen for anserine.

4. Conclusions

Herein, we reported a new and direct method for the measure-
ment of carnosinase activity relying on liquid chromatography-
tandem mass spectrometry. The method provided a reliable and
validated measurement of hydrolysis rate for carnosine and its
natural analogs. The rate of hydrolysis was obtained by a direct

(c)
|

Fig. 4. Comparison between the putative binding mode of carnosine € (a), anserine (b) and balenine (c), represented in ball-and-stick. The zinc ions are represented as purple
spheres (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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quantitation of the time-dependent substrate consumption in
serum using the isotope dilution method (i.e. trideuterated L-
carnosine as internal standard). For carnosine hydrolysis kinetics,
the method was suitable also for the determination of Vmax and Km
through enzyme saturation experiments. Consistently with litera-
ture data, our findings suggest that homocarnosine is hydrolyzed
at about 2% of carnosine hydrolysis rate. Conversely, we found a
faster hydrolysis rate for anserine compared to some literature data,
although our experimental data looks more in agreement with the
serum half-life of anserine as reported by other authors and are
supported also by computational studies. Moreover, the method
allowed to determine for the first time the hydrolytic rate of bale-
nine in serum, which resulted to be about tenfold slower than its
regioisomer anserine. Since we worked on pooled serum, such data
don’t allow to determine whether anserine, balenine and homo-
carnosine hydrolysis is solely due to CN1 activity. However, the
method herein reported is suitable for the specific measurement of
CNT1 activity using purified enzyme.
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