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Reactive carbonyl species (RCS) are endogenous or exogenous
byproducts involved in the pathogenic mechanisms of differ-
ent oxidative-based disorders. Detoxification of RCS by carbon-
yl quenchers is a promising therapeutic strategy. Among the
most studied quenchers are aminoguanidine, hydralazine, pyri-
doxamine, and carnosine; their quenching activity towards
four RCS (4-hydroxy-trans-2-nonenal, methylglyoxal, glyoxal,
and malondialdehyde) was herein analyzed and compared.
Their ability to prevent protein carbonylation was evaluated in
vitro by using an innovative method based on high-resolution

Introduction

Reactive carbonyl species (RCS) are a class of byproducts aris-
ing from exogenous and endogenous oxidation. RCS can cova-
lently react with nucleophilic targets such as proteins, phos-
pholipids, and nucleic acids to form damaging adducts." Ac-
cording to their structure, RCS are generally grouped into
three main chemical classes: 1) a,p-unsaturated aldehydes, for
example, 4-hydroxy-trans-2-nonenal and acrolein; 2) keto alde-
hydes, for example, methylglyoxal; 3) dialdehydes, for example,
glyoxal and malondialdehyde.” Proteins represent the most
studied target of RCS; the corresponding reaction products are
named advanced lipoxidation end products (ALEs) or advanced
glycation end products (AGEs), depending on the origin of the
attacking RCS (lipids or sugars, respectively).

For several decades, RCS and their reaction products have
been considered as markers of oxidative stress,”” and this was
based on the observation of a correlation between disease
states and the amount of RCS and AGEs/ALEs in tissue and
fluid, in both animals and humans. Several analytical attempts
to measure them in biological matrices have been reported. In
addition, the implication of RCS in different physiopathological
conditions has been reported, highlighting their toxic role."”
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mass spectrometry (HRMS). The reactivity of the compounds
was RCS dependent: carnosine efficiently quenched 4-hydroxy-
trans-2-nonenal, pyridoxamine was particularly active towards
malondialdehyde, aminoguanidine was active towards methyl-
glyoxal and glyoxal, and hydralazine efficiently quenched all
RCS. Reaction products were generated in vitro and were char-
acterized by HRMS. Molecular modeling studies revealed that
the reactivity was controlled by specific stereoelectronic pa-
rameters that could be used for the rational design of im-
proved carbonyl quenchers.

The involvement of RCS in the onset and progression of
human diseases is supported by the following facts: 1) a sub-
stantial amount of literature reporting the molecular and cellu-
lar pathogenic mechanisms for RCS involvement in the onset
and progression of different diseases, including atherosclero-
sis,” diabetes,’”’ and some neurological disorders is now avail-
able;"” 2) compounds effective as inhibitors of AGEs/ALEs and/
or as detoxifying agents of RCS or those that are able to block
their biological effects significantly counteract different oxida-
tive stress based diseases.”

Hence RCS, besides being considered biomarkers of oxida-
tive stress, also represent promising drug targets, and molecu-
lar approaches targeting their toxic effects have led to promis-
ing results."”® Among the molecular approaches aimed at in-
hibiting protein modification by RCS (protein carbonylation),
scavenging of RCS is a promising one."” It is based on small
nucleophilic molecules (RCS-sequestering agents or carbonyl
quenchers) able to covalently react with RCS to form unreac-
tive and hydrophilic reaction products. The reactive group
present on the RCS-sequestering agents can be of different
types; for instance, thiol-containing sequestering agents (such
as p-penicillamine™) as well as guanidine” and hydrazine™
derivatives have been reported to prevent the formation of
ALEs and AGEs by reacting with different types of RCS.

L-Carnosine (CAR), hydralazine (HY), pyridoxamine (PM), and
aminoguanidine (AG) are among the most-studied RCS-seques-
tering agents, so far. These compounds have been reported to
react with RCS belonging to the different classes and have also
been reported to be effective in several animal models, for
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which RCS are considered to act in the onset and progression
of diseases."' Moreover, the direct RCS-sequestering effect
has been demonstrated under in vivo conditions by identifying
the corresponding reaction products in urine and serum.!™
The chemical structures of the RCS-sequestering agents men-
tioned above are quite heterogeneous: HY and AG are mono-
reactive carbonyl quenchers presenting a reactive hydrazine
group, whereas CAR and PM are polyreactive carbonyl quench-
ers. In particular, CAR is a dipeptide bearing an amino group
and an imidazole ring, whereas PM is a phenyl derivative pre-
senting a primary amino group and a phenolic function in-
volved in the quenching mechanisms.'® Such chemical diversi-
ty suggests that the reactivity of these sequestering agents to-
wards the different classes of RCS should be different.

Although several studies have reported the reactivity of se-
questering agents towards given RCS, no comparative studies
on their reactivity towards the most abundant RCS is available;
furthermore, neither a systematic study of the reaction mecha-
nism nor comprehensive elucidation of the reaction products
has been reported. In the present paper, the ability of L-carno-
sine, hydralazine, pyridoxamine, and aminoguanidine to dose-
dependently inhibit the protein carbonylation of ubiquitin in-
duced by four different RCS—4-hydroxynonenal (HNE), methyl-
glyoxal (MGO), glyoxal (GO), and malondialdehyde (MDA)—is
compared and rationalized in terms of density functional
theory (DFT)-based quantum-mechanical descriptors. The ra-
tionale of using ubiquitin as a model protein was recently de-
scribed;"'® notably, the lack of cysteine residues in the se-
quence of this protein allows the observation of a variety of
RCS-derived modifications on different nucleophilic residues
(i.e., lysine, arginine, and histidine), which would otherwise be
masked or flattened by the high reactivity of cysteine."” More-
over a comprehensive study on the reaction products generat-
ed in vitro by the incubation of RCS and sequestering agents
(as detected by high-resolution mass spectrometry, HRMS) is
also provided, together with the reaction mechanisms leading
to their formation.

Results
Sequestering activity and selectivity
Direct sequestering activity

As a first strategy to measure the quenching activities towards
HNE and MGO, these RCS were incubated with the sequester-
ing agents L-carnosine, pyridoxamine, hydralazine, and amino-
guanidine. Adduct formation was indirectly assessed by meas-
uring the consumption of RCS by HPLC-UV. To mimic physio-
logical conditions, the assays were performed by using a saline
buffer at pH 7.4.

Table 1 collects the sequestering activities measured for
HNE, MGO, and pyridoxal, as detected by HPLC. They were ob-
tained by monitoring the consumption percentages (Q%) of
the carbonyl species after 24 h, considering several quencher/
RCS ratios ranging from 1:10 to 10:1. Table 1 reports Q%;.,
values (computed at a RCS/quencher ratio of 1:1), together
with the R, values expressing the molar ratio between seques-
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Table 1. Direct quenching activities as determined by HPLC-UV analysis
of the reactive carbonyl species (RCS)-sequestering agents, aminoguani-
dine (AG), hydralazine (HY), pyridoxamine (PM), and L-carnosine (CAR),
tested towards 4-hydroxynonenal (HNE), methylglyoxal (MGO), and pyri-
doxal.

HNE MGO pyridoxal
Q%m[a] Rsolb] Q%m[a] Rso[b] Q%loﬂ [al
CAR 37.28+2.29 1.52 12.82+1.62 3.96 0.01+0.98
PM 2.11+047 11.78 247+1.38 9.31 2.15+0.08
HY 87.21+3.16 0.33 48.65+4.19 0.85 100.0
AG 2.27+0.69 8.40 34.72+2.67 1.67 12.79+0.09

[a] Q% values express the percentages of RCS reacted in the presence of
the tested quenchers after 24 h incubation by using a molar ratio of
quencher/aldehyde equal to 1:1 (Q;,;%) or 10:1 (Q;.,%). The standard
error values refer to two independent replicates. [b] Rs, values express
the quencher/RCS molar ratio yielding 50% adduct formation, as referred
to the initial concentration of reactants.

tering agent and RCS producing 50% of carbonyl consump-
tion. According to the Ry, values, the activity ranking toward
HNE is HY>CAR>AG>PM, whereas that for MGO is HY >
AG > CAR>PM. In both cases, HY is the most efficient seques-
tering agent and PM is the least effective one. The direct se-
questering activity towards GO and MDA was not assayed be-
cause these carbonyl species were not detectable by our ex-
perimental setup.

In addition to HNE and MGO, the activity towards pyridoxal
was also measured to establish the selectivity of the different
sequestering agents for this endogenous aldehyde. Given that
this quenching is an undesired feature, Table 1 shows the con-
sumption percentages as obtained for the most challenging
10:1 ratio (Q%;,., instead of Q%,, data). The Q%,., values
show limited quenching activity of CAR and PM towards pyri-
doxal, whereas AG exhibits moderate activity (Q%;q.,=
12.79%). HY shows remarkable quenching activity towards pyr-
idoxal (Q%;,.,=100%); these data are in good agreement with
the well-known lack of selectivity of HY®” and AG.”" Overall,
these data indicate satisfactory selectivity of CAR and PM for
HNE and MGO.

Inhibition of carbonylation

To further investigate the quenching ability of different seques-
tering agents toward RCS, a protein-based competitive assay
was developed. In this approach, RCS were incubated in vitro
with a target protein (ubiquitin) in the presence of different
concentrations of carbonyl quenchers; after incubation, the
extent of protein carbonylation was measured by HRMS. Fig-
ure 1a shows the mass spectrum of control ubiquitin (incubat-
ed at 10 pm concentration without RCS and quenchers); the
spectrum acquired under denaturing, acidic conditions is char-
acterized by a typical pattern of multicharged ions ranging
from +7 to +13; the +11 peak at m/z=779.61064 is the
most intense signal (Figure 1b). The deconvoluted mass spec-
trum shows that the experimental mass value is in agreement
with the expected average mass of ubiquitin (8564.74 Da).
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Figure 1. Rationale of the carbonyl quenching assay based on ubiquitin and
high-resolution MS. a) Multicharged ions pattern of unmodified ubiquitin
upon in vitro incubation with neither RCS nor sequestering agent (control
sample); b) focus on the 11+ peak of the control sample (m/z=779);

c) 11+ peaks obtained upon incubating ubiquitin with HNE, corresponding
to unmodified (m/z=779) and HNE-modified (m/z=793) forms of the pro-
tein; d) 11+ peaks obtained upon incubating ubiquitin with HNE and carno-
sine, showing reduced intensity for the peak corresponding to the modified
protein (m/z=793). Figure legend: z, charge.

As we recently reported,"® additional multicharged ions
appear if ubiquitin is incubated in vitro with the reactive car-
bonyl species 4-hydroxynonenal, methylglyoxal, glyoxal, or ma-
londialdehyde, and this was attributed to the corresponding
covalent adducts. In pursuit of clarity, we chose to focus on
the + 11 peaks as representatives of the different peaks visible
in the mass spectra.

As an example, Figure 1c shows the + 11 peaks in the mass
spectra relative to 10 pm ubiquitin incubated with 500 um HNE
(50-fold molar excess). The +11 peak at m/z=779 (corre-
sponding to unmodified ubiquitin still present in the sample)
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is flanked by an additional peak at a higher mass-to-charge
ratio (m/z=793), which corresponds to modified ubiquitin that
underwent covalent Michael adduction by HNE.'®

Ubiquitin was co-incubated with 1) each of the RCS, that is,
HNE, MGO, GO, and MDA, at a fixed concentration able to gen-
erate approximately 50% of carbonylated ubiquitin; 2) increas-
ing concentrations of each of the sequestering agents, that is,
CAR, PM, HY, and AG.

As an example, Figure 1d shows the +11 peaks obtained
upon co-incubation of 10 um ubiquitin with 500 um HNE and
1 mm L-carnosine (2x molar excess of quencher vs. HNE): the
inhibition of protein carbonylation is visible as a reduction in
the intensity of the peak corresponding to modified ubiquitin
(m/z=793) relative to the intensity of unmodified ubiquitin
(m/z=779). Figures S1-S4 (Supporting Information) show the
-+ 11 peaks obtained by HRMS upon incubation of ubiquitin
with HNE, MGO, GO, and MDA in the presence of increasing
concentrations of the quenchers. All sequestering agents total-
ly or partially inhibited the formation of the carbonylated
forms of ubiquitin in a dose-dependent manner.

Quantification of the sequestering activity

The ability of each sequestering agent to inhibit ubiquitin car-
bonylation was determined by measuring the percentage of
modified ubiquitin, as explained in the Experimental Section.
The percentage of modified ubiquitin detected at increasing
concentrations of each quencher was used to obtain dose-re-
sponse curves (Figure 2). The carbonyl sequestering activity
was expressed by calculating the molar excess of each seques-
tering agent able to reduce the formation of ubiquitin adducts
by 50% (UCs,). UCs, values are expressed with respect to the
concentration of RCS present in each sample, with a view to
compare the reactivity of each sequestering agent towards dif-
ferent RCS. The computed UCs, values are reported in Table 2.
As expected, the tested compounds inhibited the formation of
protein adducts with different efficacies. PM efficiently inhibit-
ed the formation of GO and MDA adducts, whereas AG and HY
showed higher efficacy for MGO- and GO-derived adducts.
Conversely, CAR was selective for HNE- and MDA-derived ad-
ducts, whereas it inhibited the formation of the GO- and MGO-
derived adducts only at elevated concentrations.

tein carbonylation assay.

Table 2. Quantification of the sequestering activity of aminoguanidine (AG), hydralazine (HY), pyridoxamine (PM), and L-carnosine (CAR) measured by pro-

4-hydroxynonenal (HNE) methylglyoxal (MGO) glyoxal (GO) malondialdehyde (MDA)
UC,,® Std. vl UC,,® Std. cve UC,,® Std. cve UG, Std. cve
error® [%] error® [%] error® [%] error® [%]
AG 8.97 1.01 1.2 0.50 0.07 13.0 0.55 0.04 8.0 9.41 0.75 7.9
HY 1.21 0.14 1.2 1.19 0.23 189 0.51 0.13 253 3.1 0.52 16.8
PM 8.82 0.20 14.7 9.29 0.60 6.5 3.27 0.43 0.13 1.31 0.07 55
CAR 1.34 0.17 2.0 >100 ND ND >50 NDY ND 4.05 0.46 1.4

mined.

[a] UCs, values obtained from the protein carbonylation assay, expressing the molar excess of each quencher (over RCS concentration) able to reduce the
formation of ubiquitin adducts by 50%. [b] Standard error values refer to three independent replicates. [c] CV: coefficient of variation. [d] ND: not deter-

ChemMedChem 2016, 11, 1-13

These are not the final page numbers! 22

www.chemmedchem.org 3

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemmedchem.org

LIRS

CHEM\(:D CHEM

:\\;* ChemPubSoc
ekl Full Papers
® AG CAR HY PM
=100 100 100 100
% 80 80 80 80
5 60 60 60 60
HNE % 40 40 40 40
£ 20 20 20 20
2o 0 0 0
1 2 5 10 1 2 5 10 1 2 5 10 1 2 5 10
X AG:HNE ratio CAR:HNE ratio HY:HNE ratio PM:HNE ratio
~100 :
£ 50 100] g3 8 L 2 1:8' 1:8-
260 80 s 60 | 60 -
0 S 0 P 0] ] :
& 20 20 20
£% 20 o o
= o T - o r ¥ , , .
02505 1 2 5 10 1 2 5 1020 50100 02505 1 2 5 10 1 2 5 10
2 AG:GO ratio CAR:GO ratio HY:GO ratio PM:GO ratio
= 100 1004 go-fmmgomgeoaee 100 4 100 4
£ 80 80 { 804 1 80 -
g 60 60 3 60 60
MGO § 40 40 t 40 40
e 20 20 20 20
8 0 0 0 0 -
025 05 1 2 5 1.2 510 50 100 025 05 1 2 5 1.2 510 50 100
° CAR:GO ratio CAR:GO ratio HY:MGO ratio PM:MGO ratio
< 100 100 100 100
£ 80 80 80 80
2 80 60 60 60
£ 20 20 20 20
) 0 0 0
1 2 5 10 1 2 5 10 1 2 5 10 1 2 5 10
AG:MDA ratio CAR:MDA ratio HY:MDA ratio PM:MDA ratio

Figure 2. Dose-response curves for quenching experiments performed by co-incubating ubiquitin with the sequestering agents aminoguanidine, carnosine,
hydralazine, and pyridoxamine and the reactive carbonyl species HNE, MGO, GO, and MDA. The molar ratio of sequestering agents towards RCS is expressed
on a log scale. Curve fitting by nonlinear regression was used to estimate UCs, values, corresponding to the molar ratio of sequestering agents over RCS con-
centration able to prevent the formation of ubiquitin adducts by 50%. Standard errors refer to three independent replicates.

Comparison of the R, and UCj, values

The UG, values obtained in the protein carbonylation assay
performed with HNE show that HY was the most effective
quencher of HNE, followed by CAR, whereas AG and PYR
showed less relevant quenching activities. This order of reactiv-
ity is similar to that observed in the direct quenching assay,
which suggests that the inhibition of protein carbonylation by
HNE is mainly regulated by a direct quenching effect. Regard-
ing MGO, the order of reactivity observed in the protein car-
bonylation assay was AG>HY >PM > CAR, unlike the data ob-
tained in the direct assay. However, in both cases, AG and HY
were the most effective quenchers, whereas PM was confirmed
to be less effective. In the carbonylation assay, CAR showed
a negligible quenching activity, different from the direct assay.

Table S1 reports the correlation matrix between the seques-
tering activities, measured either as Ry, in the direct assay or as
UCs, in the protein carbonylation assay. The table reveals a no-
table correlation between the R;, and UC;, values measured
for HNE (*=0.99), whereas no correlation is observed for MGO
(P=0.04). This suggests that the sequestering activity toward
HNE measured in the direct assay at physiological pH is not

ChemMedChem 2016, 11,1-13 www.chemmedchem.org

biased by the formation of reversible/side products. In con-
trast, the activity towards MGO in the direct assay is either af-
fected by reversible condensation or involves very complex
and kinetically disfavored reaction mechanisms, and in both
cases, their occurrence in the protein carbonylation assay can
be limited. Possible explanations for this phenomenon were in-
vestigated by analyzing the reaction products generated by
each RCS with each sequestering agent.

Analysis of reaction products by HRMS

The reaction products generated by separately incubating
each sequestering agent with HNE, GO, MGO, and MDA were
analyzed by HRMS by collecting high-resolution mass spectra
and fragmentation spectra. Both types of spectra were used to
identify and elucidate the structures of the reaction products.
To this end, we applied the following strategy: 1) the experi-
mental, highly accurate mass values obtained by HRMS analy-
sis were used to obtain the elemental composition of the ad-
ducts (tolerance =8 ppm); 2) tentative chemical structures of
the adducts were drawn on the basis of the elemental compo-
sition and of previously reported structures; 3) the tentative
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structures were fragmented in silico; 4) finally the masses of
the theoretical fragments were compared with the experimen-
tal data to confirm the identity of the precursor ion. Table 3
summarizes the reaction products identified by HRMS. The full
mass and fragmentation spectra together with the associated
molecular structures are reported in Figures S5-S20. The reac-
tions leading to the formation of the different adducts are pro-
posed in Schemes 1-4.

Reaction products generated by AG

As seen for all the tested sequestering agents, the hydrazine
function of AG reacted with the 3 carbon atom of HNE, which
led to the formation of corresponding Michael adduct 1.1, (m/
z=231.18103, Scheme 1). Moreover, the AG hydrazine group
condensed with the HNE carbonyl group to yield guanyl hy-
drazone adduct 1.2 (m/z=213.17058) as previously suggested
by Neely on the basis of NMR spectroscopy studies.”? Upon in-
cubation with GO and MGO, AG generated triazine adducts,
a finding that came as no surprise, as the reaction between AG
and variously substituted a-dicarbonyls is a well-known
method to synthesize 1,2,4-triazine derivatives. Notably, this
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reaction gives optimized yields under basic conditions but can
also occur at physiological pH, as confirmed herein.

With both GO and MGO, the condensation mechanism oc-
curred through the formation of the corresponding guanyl hy-
drazone intermediate, which then cyclized to generate the
final triazine rings. In detail, the condensation between AG and
GO first generated 3-amino-6-hydroxy-5,6-dihydro-1,2,4-triazine
(1.3, m/z=115.06055), and this species finally dehydrated to
yield 3-amino-1,2,4-triazine (1.4, m/z=97.05012). Even though
the asymmetric structure of MGO can yield two different
guanyl hydrazone intermediates, its observed condensation
with MGO was highly regioselective, as the obtained fragmen-
tation pattern was compatible only with 3-amino-5-methyl-6-
hydroxy-5,6-dihydro-1,2,4-triazine (1.5, m/z=129.07648), which
dehydrated to give final triazine adduct 1.6 (i.e., 3-amino-5-
methyl-1,2,4-triazine; m/z=111.06606); isomeric 3-amino-6-
methyl-1,2,4-triazine  was not detected. Whereas triazine
adduct 1.6 has already been described,”**¥ an unreported di-
triazine adduct was also identified that plausibly came from di-
merization of 1.6 [i.e., 5-methyl-N°-(5-methyl-1,2,4-triazin-3-yl)-
5,6-dihydro-1,2,4-triazine-3,6-diamine, 1.7; m/z=221.12509]. In
contrast, Saraiva et al. described the formation of bicyclic dihy-

Table 3. Reaction products obtained by the in vitro reaction of the sequestering agents aminoguanidine (AG), pyridoxamine (PM), hydralazine (HY), and L-
carnosine (CAR) with the tested reactive carbonyl species (RCS), 4-hydroxynonenal (HNE), glyoxal (GO), methylglyoxal (MGO), and malondialdehyde (MDA).
RCS Structure Reaction product Experimental Theoretical Error Formula Ref. Figure
m/Z% m/z [ppm]
Quencher = AG
HNE 1.1 Michael adduct 231.18103 231.18156 23 Cy0H,,N,0, S5
HNE 1.2 guanyl hydrazone 213.17058 213.17099 1.9 CioH50N,0 [22] S5
GO 1.3 3-amino-6-hydroxy-5,6-dihydro-1,2,4-triazine 115.06055 115.06144 7.7 C;HgN,O S9
GO 14 3-amino-1,2,4-triazine 97.05012 97.05088 7.8 C5HAN, S9
MGO 15 3-amino-5-methyl-6-hydroxy-5,6-dihydro-1,2,4-triazine 129.07648 129.07709 4.7 C,HgN,O S13
MGO 1.6 3-amino-5-methyl-1,2,4-triazine 111.06606 111.06653 4.2 C,HgN, [23] S13
MGO 1.7 ditriazine 221.12509 221.12577 3.1 CgHyaNg S13
MDA 1.8 5-hydroxy-2H-pyrazoline-1-carboxamidine ND 129.07709 - C,HgN,O [25] S17
MDA 1.9 1H-pyrazole-1-carboxamidine ND 111.06653 - C,HgN, [25] S17
Quencher = PM
HNE 2.1 Michael adduct 32521223 32521219 —0.1 Cy7HN,0, S6
GO 2.2 piperazine-based five-ring adduct 417.17478 417.17687 5.0 CyoH,uN,Of [26] S10
MGO 23 MOLD-like structure 385.18637 385.18703 17 Cy0H,5N,O, [27] S14
MDA 24 N-propenal-pyridoxamine 223.10748 223.10772 1.1 C;;H14N, 0, S18
Quencher = HY
HNE 3.1 Michael adduct 317.19695 317.19721 0.8 Cy7HN,0, s7
HNE 3.2 phthalazinyl hydrazone 299.18639 299.18664 0.8 C,,H,,N,0 S7
GO 33 phthalazinyl hydrazone 201.07598 201.07709 55 CyoHgN,O SN
GO 3.5 dihydrazone 343.14026 343.14142 34 CygHquNg SN
MGO 34 phthalazinyl hydrazone 215.09236 215.09274 1.8 Cy,HoN,O S15
MGO 3.6 dihydrazone 357.15638 357.15707 1.9 CioHq6Ng S15
MDA 3.7 N-propenal-hydralazine 215.09249 215.09274 1.2 Cy;H,oN,O S19
Quencher = CAR
HNE 4.1 Schiff base 365.21820 365.21834 0.4 CigHN,O, [29] S8
HNE 4.2 Michael adduct 383.22854 383.22890 0.9 CigH3oN,O5 [29] S8
GO 4.3 GOLD-like structure 487.20212 487.20481 5.5 C,1H7NgOg S12
GO 4.5 piperazine-based tricyclic adduct 533.20701 533.21029 6.2 Cy,H,gNgOg S12
MGO 44 MOLD-like structure 501.21974 501.22046 1.4 C,,H29NgOg S16
MDA 4.6 N-propenal-carnosine 281.12372 281.12444 2.6 Cy,H6N,O, S20
[a] Experimental m/z refers to the values observed in the mass spectra (Figures S5-S20, reporting both MS and MS"” spectra). ND: not determined.
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Scheme 1. Reaction products formed by aminoguanidine and HNE, MGO, GO, MDA, or pyridoxal. Structures marked by an asterisk (*) were reported in
Ref. [25] and the structure marked by a double asterisk (**) was reported in Ref. [21].

droxyimidazolidine-triazine adducts that in our case were not
detected among the major adducts.* Under our conditions,
we did not detect products for the reaction between AG and
MDA, which were reported elsewhere as 5-hydroxy-2H-pyrazo-
line-1-carboxamidine (1.8) and its dehydrated derivative (1H-
pyrazole-1-carboxamidine, 1.9).* The product generated by
AG (hydrazine group) and pyridoxal (carbonyl group) was pre-
viously reported guanyl hydrazone 1.10.?"

Reaction products generated by PM

The primary amino group of PM reacted with HNE to give cor-
responding Michael adduct 2.1 (m/z=325.21223, Scheme 2).
Under our conditions we were unable to detect the corre-
sponding Schiff base, although previous studies suggest that
the condensation of carbonyl groups with the PM primary
amine should be promoted by the vicinal phenolic function,
which assists the formation of the carbinolamine intermedi-
ate."® Phenolic and amine groups were found to be directly
engaged by condensation between PM and GO, which in-
volves two molecules for each reactant and generates pipera-
zine-based five-ring adduct 2.2 as already described by Voziyan
et al.? (m/z=417.17478).

Although involving the same stoichiometry, the condensa-
tion between PM and MGO gave a totally different adduct at

m/z=385.18637, already reported by Nagaraj et al.;*” and it is

ChemMedChem 2016, 11,1-13 www.chemmedchem.org

reminiscent of the methylglyoxal-lysine dimer (MOLD) and,
therefore, was named MOLD-like adduct 2.3. The different
products observed upon incubation of PM with GO and MGO
could be easily explained by considering that MGO is markedly
more prone to yield MOLD-like adducts, as evidenced by sever-
al studies.”? The condensation between the primary amino
group of PM and MDA produced expected N-propenal adduct
2.4 (m/z=223.10748), whereas no adduct was detected upon
incubating PM with pyridoxal (data not shown).

Reaction products generated by HY

Similar to that observed for AG upon incubating with HNE, the
hydrazine moiety of HY reacted with both the [ carbon atom
and the carbonyl group of HNE to yield corresponding Michael
adduct 3.1 (m/z=317.19695; Scheme 3) and phthalazinyl hy-
drazone 3.2 (m/z=299.18639), respectively.

The reaction of HY with a-dicarbonyls generated very similar
adducts, as GO and MGO condensed with one HY molecule to
give corresponding phthalazinyl hydrazone adducts 3.3 and
3.4, respectively (m/z=201.07598 and 215.09236, respectively)
and with two HY molecules to give corresponding dihydrazone
adducts 3.5 and 3.6 (m/z=343.14026 and 357.15638, respec-
tively).

The hydrazine group of HY also reacted with MDA to gener-
ate N-propenal adduct 3.7 (m/z=215.09249). The product gen-
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Scheme 2. Reaction products formed by pyridoxamine and HNE, MGO, GO, or MDA. The reactions marked by an asterisk (*) and a double asterisk (**) were
reported in Ref. [26] and Ref. [27], respectively.
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Scheme 3. Reaction products formed by hydralazine and HNE, MGO, GO, MDA, or pyridoxal. Structure marked by an asterisk (*) was reported in Ref. [26].

erated by HY (hydrazine group) and pyridoxal (carbonyl group)  Michael addition. The so-generated macrocyclic intermediate
was previously reported phthalazinyl hydrazone 3.8.2 (not shown for clarity) opened and rearranged to give final
Michael adduct 4.2 (m/z=383.22854) in its hemiacetal form.
Upon incubation with both GO and MGO, the primary
amino group of CAR reacted with the carbonyl groups and
As elucidated by previous studies® the reaction between  with the 2:2 stoichiometry described above to yield corre-
HNE and CAR followed a multistep mechanism involving the  sponding imidazole-based glyoxal-lysine dimer (GOLD)-like
initial formation of corresponding Schiff base 4.1 (m/z=  adduct 4.3 (m/z=487.20212) and MOLD-like adduct 4.4 (m/z=
365.21820, Scheme 4), which then underwent intramolecular ~ 501.21974), respectively. Moreover, CAR condensed with GO to

Reaction products generated by CAR
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Scheme 4. Reaction products formed by carnosine and HNE, MGO, GO, and MDA. The formation of the structure marked by an asterisk (*) was characterized
in Ref. [29]; the structure marked by a double asterisk (**) is based on adduct 2.3 obtained by incubating PM and MGO.

give a simple imino intermediate that then cyclized and dimer-
ized to produce piperazine-based tricyclic adduct 4.5 (m/z=
533.20701), which is reminiscent of five-membered polycyclic
adduct 2.2 obtained by incubating GO and PM. In this case,
the phenolic group of PM was replaced by the carboxyl group
of CAR to give a 1,3,7-oxadiazonane-6,9-dione lateral ring in
place of the 1,3-oxazinane scaffold obtained with GO and PM.
Notably, the condensation between suitably spaced amino
acidic molecules and glyoxal to yield lactone-containing cyclic
products was described by Kliegman etal. for aromatic
amines.B”

Finally, CAR reacted with MDA to generate corresponding N-
propenal derivative 4.6 (m/z=281.12372), whereas no adduct
was detected upon incubating CAR with pyridoxal (data not
shown).

Quantum-mechanical description of the selected RCS

Although the limited number of investigated compounds pre-
vents the development of reliable quantitative structure-activi-
ty relationship (QSAR) models, the analysis of the quantum-
mechanical descriptors listed in Table S2 reveals meaningful
trends with the sequestering activities reported in Tables 1
(direct sequestering assay) and 2 (protein carbonylation assay).
First, Table S3 shows that the reactivity towards a-dicarbonyls
as measured by the protein carbonylation assay (UCs,) inverse-
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ly correlates with the Parr’s ¢ index for electrophilicity (*=0.86
for MGO and r’=0.99 for GO). This finding confirms that the
quenching of GO and MGO, although occurring through differ-
ent pathways, is heavily governed by the nucleophilicity of the
reactivity centers of the sequestering agents (Figure S21). By
contrast, the reactivity towards a-dicarbonyls as measured by
direct sequestering (Rs;) does not correlate, which confirms
that it is biased by side reactions that do not occur in the pro-
tein carbonylation experiments.

Second, the reactivity towards MDA correlates with the mo-
lecular softness (r*=0.99)—a parameter that describes chemi-
cal reactivity. This result can be seen as an indirect confirma-
tion of the similar reaction mechanisms by which the investi-
gated quenchers react with MDA to yield the corresponding N-
propenal adducts through Michael addition. As recently re-
viewed, molecular softness proves successful in predicting the
reactivity/toxicity of a set of reactive carbonyl species towards
a well-defined quencher®" Hence, it is likely that molecular
softness can be suitably exploited in rationalizing the reactivity
of a set of quenchers towards a given carbonyl compound (as
demonstrated here). Notably, several theoretical studies have
shown that molecular softness and derived local parameters
are convenient descriptors to rationalize the reactivity and/or
the regioselectivity of Michael additions.®?

Third, there is no electronic descriptor in marked agreement
with the reactivity towards HNE, as measured by both experi-
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ments. This can be explained by considering that the quench-
ing of HNE can involve different mechanisms (Michael addition
and/or direct condensation with the carbonyl group), and
thus, it is not easily accounted for by a single parameter.
Hence, the sole descriptor showing moderate agreement with
the reactivity towards HNE as measured in the protein carbon-
ylation assay is the dipole moment (r*=0.44), which probably
accounts for the accessibility of the reactive groups. Again,
direct HNE quenching fairly correlates with the molecular soft-
ness, a result that confirms the role of Michael addition in the
reactivity toward HNE.

Finally, the reactivity towards pyridoxal is inversely correlated
with Parr’s ¢ index for electrophilicity (r*=0.87), a result easily
understandable considering that it involves a condensation re-
action between the electropositive carbonyl carbon atom and
a nucleophilic center of the quencher. Notably, reactivity to-
wards a-dicarbonyls and pyridoxal appears to be governed by
the same factor, and this emphasizes the difficulty in designing
selective quenchers for a-dicarbonyls.

Discussion
Reaction mechanisms of sequestering agents

To our knowledge, this is the first study that compares the ac-
tivities of CAR, PYR, AG, and HY towards the most widely stud-
ied RCS involved in oxidative-based diseases and belonging to
three different chemical classes. All the tested RCS-sequester-
ing agents prevented the formation of RCS-induced ubiquitin
carbonylation (Figures S1-S4) by acting through a direct RCS-
sequestering mechanism, as confirmed by the direct sequester-
ing assay (Table 1) and by the identification of the reaction
products (Table3 and Figures S5-520). The sequestering
agents showed different degrees of selectivity toward the
tested RCS, depending on the different reactive moieties pres-
ent in both the sequestering agents and the RCS. CAR was par-
ticularly reactive with the a,f3-unsaturated aldehyde 4-hydroxy-
trans-2-nonenal, PM was reactive with malondialdehyde, AG
was reactive with methylglyoxal and glyoxal, and HY efficiently
quenched all RCS, also including physiological carbonyls.

The comparison of the quenching activities measured by the
protein carbonylation experiments and direct sequestering
assay revealed some differences that can be ascribed to kinetic
factors and/or the formation of reversible/side products. Over-
all, these factors can be rationalized by considering that if
quenchers and ubiquitin residues show roughly comparable
reactivities, the two experiments produce superimposable re-
sults (as seen for HNE), whereas the two quenching activities
appear to be scarcely related if the ubiquitin is markedly more
reactive than the investigated quenchers (as in the case of GO/
MGO with CAR).

On the basis of the reaction mechanisms and the sequester-
ing activities, we can observe that the reactions between RCS
and quenchers involving a simple 1:1 stoichiometry and multi-
step mechanisms make the sequestering activity most efficient.
The 1,2,4-triazine and stabilized Michael adducts are examples
of simple and stable products arising from multistep mecha-
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nisms, and this explains the relevant quenching capabilities of
AG towards MGO/GO and CAR towards HNE. In contrast, multi-
step mechanisms involving a complex 2:2 stoichiometry as ex-
emplified by MOLD/GOLD adducts for CAR with GO or the
five-ring adduct for PM with GO can compete with difficulty
with physiological nucleophiles, which thus explains the low
reactivity of CAR and PM towards a-dicarbonyls. The involve-
ment of such complex and kinetically disfavored reaction
mechanisms can explain the lack of correlation between the
two measured quenching activities, as discussed above for
GO/MGO.

In general, multistep mechanisms confer a certain degree of
selectivity to AG, PM, and CAR for the RCS mentioned above.
Consequently, CAR was the most selective quencher owing to
its peculiar mechanism of reaction with HNE, as it generates
a stable product arising from a selective two-step mechanism.
Conversely, reactions between RCS and quenchers involving
one-step (often reversible) mechanisms are less efficient and/
or less selective, as exemplified by the condensation products
formed by AG/PM with HNE. A clear example of low selectivity
is represented by hydralazine, which is very reactive towards
all RCS through the one-step formation of hydrazone, Michael,
and N-propenal adducts.

The in silico analysis of the selected RCS confirmed that car-
bonyl quenching, although a general condensation between
nucleophilic and electrophilic reactants, occurs through differ-
ent mechanisms that depend on the chemical nature of the
trapped carbonyl species. Such a quenching mechanism is re-
flected by the quencher, the reactivity of which can be para-
meterized by specific stereoelectronic properties. As evidenced
by Table S3, only the reactivity towards pyridoxal and dicar-
bonyls appears to be related and influenced by the same
factor (i.e., nucleophilicity), whereas the reactivity towards the
other monitored RCS appears to be unrelated and governed
by different factors, as confirmed by the low r* values (always
<0.5) reported in Table S1. This may explain why AG and HY,
which are very effective quenchers for dicarbonyls, also de-
plete the physiological carbonyls, whereas CAR and PM, which
are less effective towards dicarbonyls, show the desired selec-
tivity. The obtained results emphasize that a specific quench-
ing might be pursued by modulating well-defined electronic
properties that can thus be seen as guiding factors in the
rational design of optimized carbonyl quenchers.

It should be considered that the covalent adducts described
above, including the Michael adducts, were found to be stable
under our in vitro conditions, but their formation can be re-
versed under physiological conditions owing to the presence
of high concentrations of strong nucleophilic agents. In such
a context, it is possible that physiological enzymes can stabilize
the reversible reaction products, including the Michael ad-
ducts, which would thus enhance the overall quenching activi-
ty. Very recently, Baba et al. found that aldose reductase plays
a role in the metabolism and detoxification of carnosine-acro-
lein conjugates.®¥ In particular, they reported that conjugates
of carnosine with aldehydes such as acrolein are produced
during normal metabolism, excreted in the urine of mice and
adult human nonsmokers as carnosine-propanols, and that
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the reduction of carnosine-propanals is catalyzed by the
enzyme aldose reductase. Reduction of aldehyde moieties
clearly stabilizes the adducts and catalyzes their formation.
More investigation into the role of enzymes in the detoxifica-
tion mechanisms of RCS-sequestering agents is needed.

Conclusions

On the basis of the results mentioned above, we can conclude
that the reactive carbonyl species (RCS) trapping activity of
most of the sequestering agents reported in the literature so
far depends on the target RCS. Hence, the choice of the se-
questering agent for the treatment of a disease should be
driven by the main RCS produced in that particular disease
and that a rational combination of RCS-sequestering agents
should be considered if different classes of RCS are involved.

Our findings also highlight a rational approach for the
design of novel sequestering agents. Selectivity represents the
first important prerequisite of a suitable sequestering agent,
which is obtained by avoiding reactive moieties able to form
a covalent adduct with the target RCS through a single reac-
tion step, as in the case of hydralazine. A multistep mechanism
should be considered and based on at least two reaction moi-
eties, the selection of which should be based on the functional
groups present in the target aldehyde. A typical example of se-
lectivity is given by carnosine, which acts through two reactive
moieties (the N atom of the imidazole ring and the amino
group of the B-alanine residue) targeting the two reactive sites
of a,p-unsaturated aldehydes, the aldehyde function and the
electrophilic C3 atom. Rational design should also take into ac-
count any enzymatic reaction that can occur in vivo and that
can catalyze the sequestering activity of the agent, as in the
case of aldose reductase, which stabilizes in vivo the Michael
adduct formed by the reaction of carnosine with o,f3-unsatu-
rated aldehydes by reducing the carbonyl moiety.

Finally, the present paper highlights the importance of ana-
lytical methods to assess the ability of compounds to inhibit
RCS-mediated carbonylation. The measurement of RCS con-
sumption (a widely used test) is useful, as it allows understand-
ing of the intrinsic reactivity of a tested compound as a seques-
tering agent, but it is limited, because it can only be applied
to UV/Vis-detectable RCS targets and because in some cases it
is not a suitable model to predict the effect on protein carbon-
ylation. We conclude that to have a complete picture, the
direct sequestering test needs to be integrated with a model
able to assess the inhibitory effect on protein carbonylation,
such as the ubiquitin model reported herein.

Experimental Section
General

Ultrapure water was prepared with a Milli-Q H,O purification
system (Millipore, Bedford, USA). Sodium dihydrophosphate
(NaH,PO,-H,0), disodium phosphate (Na,HPO,2H,0), ammonium
bicarbonate (NH,HCO,), formic acid (HCOOH), sodium borohydride
(NaBH,), LC-MS-grade H,0/0.1% formic acid, LC-MS-grade metha-
nol, LC-MS-grade acetonitrile, LC-MS-grade acetonitrile with 0.1%
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formic acid, lyophilized ubiquitin from bovine erythrocytes
(U6253), methylglyoxal (67028), glyoxal (50649), malondialdehyde
tetrabutylammonium salt (63287), pyridoxamine dihydrochloride
(P9380), hydralazine hydrochloride (H1753), aminoguanidine hydro-
chloride (396494), and 2,5-hexanedione (165131) were purchased
from Sigma-Aldrich (Milan, Italy). L.-Carnosine was obtained from
Flamma S.p.A. (Chignolo d'Isola, Italy). 4-Hydroxy-2-nonenal di-
methyl acetal was synthesized according to the literature® and
was stored at —20°C. For each experiment, fresh 4-hydroxy-2-
nonenal was prepared as previously described."”

Analytical methods
Sequestering activity: HPLC analysis

The reactivity of each sequestering agent toward HNE was directly
evaluated by measuring its consumption by HPLC-UV analysis (Sur-
veyor HPLC, Thermo Finnigan Italia S.p.A., Milan, Italy equipped
with an UV6000 LP photodiode array detector/PDA). The selectivity
was evaluated by a similar approach, for which pyridoxal was used
instead of HNE to represent an endogenous aldehyde. Samples
were prepared by incubating each sequestering agent with HNE or
pyridoxal (100 um in 10 mm phosphate buffer, pH 7.4) at different
molar ratios (from 1:10 to 10:1) for 24 h at 37 °C. Separation was
obtained by reverse-phase chromatography (Synergi Fusion
column, 150 mmx2 mm, 4 um) protected by a RP SecurityGuard
(both from Phenomenex, Inc., Castel Maggiore, Italy) at 37°C by
using Na,HPO, 10 mm pH 7.4/CH;CN, 40:60 v/v as the mobile
phase at a flow rate of 0.25 mLmin~". The PDA detector was set at
A =224 nm, which corresponds to the maximum absorbance wave-
length of HNE.

MGO quenching activity was evaluated as described above, but by
using 1T mm MGO and a Hypercarb column (100 mmx2.1 mm,
3 um, Thermo scientific, Pobbiano, Italy). MGO was eluted by using
a linear gradient starting from 95% H,0/5% methanol to 50%
H,0/50% methanol over 5 min at flow rate of 0.3 mLmin~". The
PDA detector was set at A =285 nm, which corresponds to the
maximum absorbance wavelength of MGO.

The quenching activities towards HNE, MGO, and pyridoxal is re-
ported as the percentage of consumption (Q%) determined by
mixing the sequestering agent and the RCS at different molar
ratios (e.g., Q%,., refers to ratio 1:1) and by calculating the molar
ratio (Rs,) at which each sequestering agent consumed 50% of the
tested RCS.

Inhibition of carbonylation: in vitro incubation and MS-
based analysis

Sample preparation: 10 um ubiquitin was incubated at 37°C in
10 mm phosphate buffer pH 7.4 in the presence of 500 um HNE,
500 um GO, 100 um MGO, or 5 mm MDA together with one of the
following sequestering agents: hydralazine, aminoguanidine, pyri-
doxamine, or L-carnosine, at different concentrations. The RCS con-
centrations were selected to yield approximately 50% of RCS-car-
bonylated ubiquitin;"® RCS molarity corresponds to an excess
(over ubiquitin molarity) equal to 50x for HNE and GO, 10x for
MGO, and 500x for MDA. 10 pm ubiquitin was incubated without
RCS as a blank sample. Control samples were prepared by incubat-
ing 10 um ubiquitin with 500 um HNE, 500 um GO, 100 um MGO,
or 5 mm MDA, without any quencher. The reactions were stopped
after 24 h by centrifugation by using Amicon YM3 filter units (Milli-
pore, Milan, Italy), as already described."” After buffer exchange,
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the sample was, if necessary, brought up to the initial volume
(70 pub) with water. Each assay was repeated three times to pro-
duce three independent replicates.

Intact protein analysis by microflow automated loop injection ESI-
MS: Intact ubiquitin (either in its unmodified or RCS-modified
forms) was analyzed by HRMS as already described."” Briefly, ubig-
uitin solution (40 uL) recovered from filter units was mixed with
denaturing solution (40 pL) (H,O/CH;CN/HCOOH; 40/60/0.2 v/v/v).
Aliquots of the samples (5 uL) were injected into an LTQ-Orbitrap
XL mass spectrometer by using an ESI source (Thermo Scientific,
Milan, Italy). Samples were automatically injected by an Ulti-
mate 3000 RSLCnano system at a constant flow rate of 10 uLmin™"
of H,0/CH;CN/HCOOH; 70/30/0.1 v/v/v. Sample injection and spec-
tra acquisition were fully automated and were controlled by Xcali-
bur software (version 2.0.7, Thermo Scientific) and Chromeleon
Xpress software (Dionex, version 6.80). Source parameters: spray
voltage 1.8 kV, capillary temperature 220°C, capillary voltage 35V,
tube lens offset 120 V. A list of 20 background ions was used as
lock mass values for real-time mass calibration.®® Mass spectra
were acquired by the Orbitrap analyzer in the positive-ion mode
by using the profile mode, scan range m/z=110-2000, AGC target
5x10°, maximum inject time 500 ms, resolving power 100000 (full
width at half maximum (FWHM) at m/z=400). Each sample was ac-
quired three times to obtain three technical replicates.

Quantification of the extent of carbonylation: A dedicated Xcalibur
processing method was set to quantify the area under the +11
multicharged peaks,"” localized in the ranges m/z=779.00-783.50
for unmodified ubiquitin, m/z=793.00-797.50 for HNE-modified
ubiquitin, m/z=(784.25-785.75) +(789.50-791.00) + (794.75-
796.25) for GO-modified ubiquitin, m/z=784.00-787.00 for MGO-
modified ubiquitin, and m/z=(784.00-785.50) + (788.10-789.60) for
MDA-modified ubiquitin. Peak areas were automatically detected
and quantified postacquisition by using an Xcalibur Quan Browser
(Thermo Scientific). The percentage of modified ubiquitin con-
tained in each sample was computed according to Equation (1):

% Modified ubiquitin — | AUC-modified ubiquitin
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cubated with CAR, HY, and PM at a 1:1 ratio, a 1:5 ratio with HY,
and 10:1 and 5:1 ratios with AG. Control samples contained the
single RCS or quencher at 800 um concentration in 1 mm phos-
phate buffer, pH 7.4.

MS-based analysis of RCS/quencher reaction products: After
24 h incubation, all samples were diluted approximately 10-fold in
water and were directly infused into the LTQ-Orbitrap XL by using
a microliter syringe (Hamilton, Bonaduz, Switzerland) at a flow rate
of 10 uLmin~". The ESI source (Thermo Scientific, Milan, Italy) was
set as follows: spray voltage 3.5 kV, sheath gas 5, capillary tempera-
ture 275°C, capillary voltage 35V, tube lens offset 120 V. The lock
mass option was enabled. Spectra were acquired by using the
Tune Plus software (version 2.4 SP1, Thermo). Full mass spectra
were acquired by the Orbitrap (FT) analyzer in the positive-ion
mode by using the following settings: profile mode, scan range m/
z=60-600, AGC target 5x10°, maximum inject time 500 ms, re-
solving power 100000 (FWHM at m/z=400). Full mass spectra
were acquired for 30 s to average signals. If the Orbitrap analyzer
did not detect the signal, full mass spectra were acquired by using
the LTQ-XL analyzer in the range m/z=50-600, with AGC target
5x10%, maximum inject time 100 ms. Most abundant peaks were
fragmented to obtain MS/MS spectra by using a selection window
of 2.5 m/z. We used both CID and HCD fragmentation (with AGC
target=1x 10" or 2x 10°, respectively); the collision energy was ex-
perimentally adjusted for each precursor to increase the signal of
the fragment ions (generally CE=35-55V). Most fragmentation
products were acquired by using the Orbitrap analyzer at a resolv-
ing power 100000 (FWHM at m/z=400). In a few cases, if the Orbi-
trap analyzer did not detect the signal, we acquired MS/MS spectra
with the LTQ-XL analyzer. Full mass spectra were acquired for 30 s
to average signals.

In silico generation of reaction product fragments: We assigned
a chemical structure to each product obtained from the RCS/
quencher reaction on the basis of the data obtained from the liter-
ature and on the highly accurate mass values observed by HRMS.

Elemental composition was obtained by

1% 100 the Xcalibur/Qual Browser software by

The percentage of modified ubiquitin obtained upon co-incubation
with RCS and carbonyl quenchers was normalized against the per-
centage of modified ubiquitin obtained in the control samples
(ubiquitin incubated with RCS without any quencher). The noise
present in the blank sample (ubiquitin incubated without RCS) was
subtracted.

The percentages of modified ubiquitin were plotted against the
log concentration of quencher (expressed as quencher/RCS molar
ratio). The concentration of carbonyl quenchers able to inhibit the
formation of adducts on ubiquitin by 50% was obtained by inter-
polating the concentration-response curve (GraphPad Software
Inc., version 6.04): such concentration was termed UCs, and is
expressed as the quencher/RCS molar ratio.

HRMS and computational analyses for elucidation of reac-
tion products

Sample preparation: Each RCS was incubated at 37 °C with each
carbonyl quencher at different molar ratios, which were previously
optimized to enhance the formation of detectable amounts of
products. HNE was incubated with all quenchers in a 1:1 ratio.
MGO and GO were incubated at a 1:1 ratio with AG, HY, and PM,
a 1:5 ratio with HY, and 10:1 and 5:1 ratios with CAR. MDA was in-
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(AUC-unmodified ubiquitin + AUC-modified ubiquitin)’

1
™ using a 8 ppm tolerance. The structure

was drawn by using ChemSketch soft-
ware (version 12.01, Advanced Chemistry Development, Canada)
and imported into the Highchem—MassFrontier software (ver-
sion 5.1, Thermo Scientific) that generated theoretical fragments
according to both general chemistry rules and HighChem fragmen-
tation library. We used the default setting, with the following ex-
ceptions: radical species were excluded from the analyses, maxi-
mum four fragmentation steps were allowed, and the minimum
mass value was 50 Da. The mass values of the theoretical frag-
ments were compared with the experimental values, with a toler-
ance equal to 8 ppm for spectra acquired by the Orbitrap analyzer
and 0.3 Da for spectra acquired by the LTQ-XL analyzer.

Molecular modeling of the investigated RCS: Owing to their
markedly different flexibility, the stereoelectronic properties of the
carbonyl quenchers were investigated by exploiting different com-
putational strategies. Indeed, the more rigid sequestering agents
AG, HY, and PYR were analyzed by considering only the lowest-
energy conformation as derived by quenched MonteCarlo simula-
tions (generating 1000 minimized geometries by randomly rotating
the rotors) followed by PM7 semiempirical optimization, whereas
for the more-flexible CAR, 15 nonredundant favored conformations
were generated by the MonteCarlo search and optimized by semi-
empirical calculations. All so-generated conformations were finally
minimized at their ground state and in the gas phase by density

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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functional theory (DFT) by using the Becke three-parameter hybrid
function with LYP correlation (DFT/B3LYP) and with the 6-31G basis
set as implemented by the GAMESS software. These calculations
provided dipole moments, HOMO and LUMO energies, and the so-
derived molecular softness, chemical potential and Parr's w and
¢ electrophilicity indices (reported in Table S2).
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