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Abstract

Recently we have shown that, as a versatile ionization technique, desorption electrospray
ionization (DESI) can serve as a useful interface to combine electrochemistry (EC) with mass
spectrometry (MS). In this study, the EC/DESI-MS method has been further applied to investigate
some aqueous phase redox reactions of biological significance, including the reduction of peptide
disulfide bonds and nitroaromatics as well as the oxidation of phenothiazines. It was found that
knotted/enclosed disulfide bonds in the peptides apamin and endothelin could be
electrochemically cleaved. Subsequent tandem MS analysis of the resulting reduced peptide ions
using collision-induced dissociation (CID) and electron-capture dissociation (ECD) gave rise to
extensive fragment ions, providing a fast protocol for sequencing peptides with complicated
disulfide bond linkages. Flunitrazepam and clonazepam, a class of nitroaromatic drugs, are known
to undergo reduction into amines which was proposed to involve nitroso and A-hydroxyl
intermediates. Now in this study, these corresponding intermediate ions were successfully
intercepted and their structures were confirmed by CID. This provides mass spectrometric
evidence for the mechanism of the nitro to amine conversion process during nitroreduction, an
important redox reaction involved in carcinogenesis. In addition, the well-known oxidation
reaction of chlorpromazine was also examined. The putative transient one-electron transfer
product, the chlorpromazine radical cation (/7/z318), was captured by MS, for the first time, and
its structure was also verified by CID. In addition to these observations, some features of the
DESI-interfaced electrochemical mass spectrometry were discussed, such as simple
instrumentation and the lack of background signal. These results further demonstrate the
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feasibility of EC/DESI-MS for the study of the biology-relevant redox chemistry and would find
applications in proteomics and drug development research.

Mass spectrometry; Electrochemistry; Desorption electrospray ionization; Disulfide bond
reduction; Nitroreduction mechanism; Chlorpromazine radical cation

Introduction

Electrochemical mass spectrometry refers to the online combined electrochemistry (EC)
with mass spectrometry (MS) [1]. This technique is powerful in the identification of the
electrochemical reaction products or intermediates, leading to extensive applications in
bioanalysis and mechanistic studies of redox reactions. The advantage of adopting MS as an
EC detector stems from the fact that MS is sensitive and can provide molecular weight
information and that tandem MS can be also used for structural analysis based on ion
dissociation. Following the seminal work of the first EC/MS coupling carried out by
Bruckenstein [2], differential electrochemical mass spectrometry was developed for the
online MS detection of gaseous and volatile electrochemical products in real time [3]. Later,
the combination of EC with MS was further realized using such ionization methods as
thermospray [4], fast atom bombardment [5], and electrospray ionization (ESI) [6-8]. The
strength of EC/ESI-MS coupling is that ESI is advantageous in ionizing nonvolatile, polar,
thermally labile compounds, and large biological molecules. This method has been used for
mimicking biologically relevant electrochemical reactions [9], for the coupling with
chromatographic separation [10, 11], for online chemical tagging [12], and for oxidative
cleavage of peptides/proteins [9, 13]. Recently, ESI-MS has been combined with scanning
electrochemical microscopy to provide not only the mass and structure information of the
redox products, but also their spatial distribution near the electrode [14]. The analytical
aspects of EC/ESI-MS have been recently reviewed [1, 15, 16]. In general, oxidation
reactions were commonly investigated and little attention was given to reduction reactions
[17].

Ambient mass spectrometry is a recent advance in the field of MS, which has been
introduced to provide direct ionization of analytes with little or no sample preparation.
Desorption electrospray ionization (DESI) [18] developed by Cooks and co-workers and
direct analysis in real time [19] developed by Cody and co-workers are the first two of this
new family of technologies. It has been shown that DESI can be applied to the fast analysis
of a variety of different analytes including pharmaceuticals, explosives, drugs of abuse, and
tissue imaging [20, 21]. In DESI experiments, ionization of samples occurs via the
interactions with charged microdroplets generated in a pneumatically assisted electrospray
of an appropriate solvent. DESI has been typically used for solid sample analysis. Recently,
DESI has been extended to directly ionize liquid samples in our and other laboratories [22—
32]. Owing to its direct sampling capability, several interesting applications of liquid sample
DESI have been found, including the coupling of MS with chromatography [27],
microfluidics [24], and microextraction [28] as well as probing protein conformation in
solution [23]. It was also shown that liquid sample DESI has capabilities for direct
ionization of large noncovalent protein complexes and proteins (e.g., 150 kDa 1gG
antibodies) [29]. It also allows for the development of sub-millisecond time resolved mass
spectrometry for the study of fast reaction kinetics [30]. In particular, liquid sample DESI is
useful in coupling MS with electrochemical cells [22, 27, 31, 32].
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By using the direct sampling DESI as the interface, our EC/DESI-MS method has several
unique and valuable features. First, contrary to the previously reported studies for the
combination of EC with ESI-MS where the EC system usually needed to be either floated or
decoupled from the ESI source, there is no conflict between the small potential applied to
the electrochemical cell and the high voltage used for spray ionization in the EC/DESI-MS
as the two potentials are physically separated (refer to one EC/DESI-MS apparatus shown in
Fig. S1, Electronic Supplementary Material). This leads to simple instrumentation and also
the freedom to use either positive or negative ionization modes while performing either
reduction or oxidation reactions in the EC cells. Second, as DESI can ionize aqueous
samples without addition of organic additives, there is more freedom to employ traditional
aqueous solvent compared with EC/ESI-MS. Third, DESI appears to have high salt
tolerance. It was shown that, when 10 mM NaCl was used as electrolyte, good MS signal of
the analyte could be still detected [31]. Fourth, in some cases like dopamine oxidation [31],
there is no background signal from oxidation of the analyte caused by DESI ionization. This
feature is beneficial for the detection of reaction intermediates or products from the
electrochemical event in the cell with no interference from the MS ionization step [31].

Employing such an EC/DESI-MS coupling device, we investigated several electrochemical
reactions involving biological molecules in aqueous solution, including dopamine and thiol
oxidation, peptide and protein disulfide bond reduction, and online derivatization of peptides
and proteins [22, 27, 31, 32]. In this study, we further implemented our online EC/DESI-MS
method for the investigation of several biologically relevant reduction and oxidation
reactions, including elucidating redox mechanisms and exploring their analytical
applications. Specifically, we aimed to examine the reduction of complicated disulfide
linkages in peptides (e.g., two knotted/enclosed disulfide bonds in a peptide), the reduction
of aromatic drugs and the oxidation of phenothiazine compounds such as chlorpromazine.
The emphasis in this study was given to reduction reactions, for the aforementioned reason
that reduction was rarely studied in previous electrochemical mass spectrometric
investigations.

Experimental

Chemicals

Apamin (MW, 2,027.3 Da), endothelin (MW, 2,491.9 Da), flunitrazepam, clonazepam,
chlorpromazine hydrochloride, and formic acid were purchased from Sigma-Aldrich (St.
Louis, MO). Acetic acid and HPLC-grade methanol were obtained from Fisher Scientific
(Fair Lawn, NJ) and GFS Chemicals (Columbus, OH), respectively. The deionized water
used for sample preparation was obtained using a Nanopure Diamond Barnstead purification
system (Barnstead International, Dubuque, 1A).

Online EC/DESI-MS apparatus

A home-built apparatus (shown in Fig. S1, Electronic Supplementary Material) for coupling
a thin-layer electrochemical flow cell with a Thermo Finnigan LCQ DECA ion trap mass
spectrometer (San Jose, CA) by liquid sample DESI was used and described previously in
detail [31, 32]. The thin-layer electrochemical flow cell used was either p-PrepCell or
ReactorCell (ANTEC BV, Zoeterwoude, the Netherlands). The p-PrepCell equipped with a
magic diamond (boron-doped diamond) working electrode (30x12 mm?, ANTEC BV, the
Netherlands) was employed for the peptide reduction experiments. For electroreduction of
disulfide bonds, mercury—gold amalgam electrode was used in our previous study [31, 32].
Now the magic diamond electrode was used to replace the amalgam in this study, for
avoiding using toxic mercury electrode. The ReactorCell employed a glassy carbon working
electrode (i.d., 8 mm, ANTEC BV, the Netherlands) and a Pt working electrode (i.d., 8 mm,

Anal Bioanal Chem. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 4

ANTEC BV, the Netherlands) for nitroreduction and for chlorpromazine oxidation,
respectively. The selection of glassy carbon and platinum working electrodes in this study
followed the literature work [33, 34]. These electrodes were not pre-treated and they were
used as received from commercial sources. A ROXY potentiostat (ANTEC BV, the
Netherlands) was used to apply potentials to the electrochemical cell for triggering redox
conversion of the analytes that flowed through the cell. Sample solutions were prepared in
methanol/water containing formic acid as electrolyte and degassed by argon for 20 min to
remove dissolved oxygen prior to the injection to the cell by syringe pump for electrolysis.
The flow rate of sample solutions passing through the electrochemical cell for electrolysis
was 4~8 pL/min unless specified otherwise. The product flowed out of the cell via a short
piece of fused silica connection capillary (i.d., 0.1 mm, length 4.0 cm) and underwent
interactions with the charged microdroplets from DESI solvent spray for ionization. The
DESI spray probe was aimed at the mass spectrometer’s inlet orifice and kept 3~4 cm away
from the mass spectrometer inlet (Fig. S1, Electronic Supplementary Material). The
capillary outlet was placed about 1 mm downstream from the DESI spray probe tip and kept
in line with the sprayer tip and the mass spectrometer’s inlet. The spray solvent for DESI
was methanol/water (1:1 by volume) containing 1% acetic acid and injected at a rate of 5
pL/min with a high voltage of 5 kV applied to the sprayed solvent. The nebulizing gas (N>)
pressure for DESI spray probe was 160 psi.

Electron-capture dissociation (ECD) spectra were collected using a Bruker 12 Tesla SolariX
Fourier-Transfer lon Cyclotron mass spectrometer (FT-ICR-MS, Bruker Daltonics, Bremen,
Germany). In the experiment, the cathode filament of the FT-ICR instrument was
conditioned at 1.6 A. To record the spectra, the ECD lens was set to 10 V, and a pulse length
of 100 ms and ECD bias of 1.2 V were employed. Each acquired spectrum was the average
of 100~120 broadband 1 M time-domain transient.

Results and discussion

Reduction of peptides containing two disulfide bonds

Redox-active disulfide bonds are one of the most common protein post-translational
modifications (PTMs) and provide reversible covalent cross-linkages in native proteins for
maintaining the three-dimensional structures of proteins and their biological activities [35].
Such linkages play a critical role in determining the activity of enzymes and are also a key
structural feature of biologically active peptide hormones. The correct connection
configuration of disulfide bonds is critical for the development of functional protein
pharmaceuticals [36]. The presence of the disulfide linkages increases the complexity for the
protein structure elucidation by MS. The cleavage of disulfide bonds is often essential for
the protein/peptide analysis as dissociation of a reduced protein/peptide ion can give rise to
more structurally informative fragment ions than that of the intact counterpart [35]. The
traditional approach for breaking disulfide involves using an excess amount of reagents like
dithiothreitol (DTT) or tris (2-carboxyethyl)phosphine (TCEP). However, the reduction
usually takes one half to several hours and the removal of the excess amount of reductant is
time-consuming and troublesome. An alternative way for reducing disulfide bonds without
involving chemical reductants is electrolytic reduction. Previous electrochemical
investigations showed that such a reduction followed by electrolytic oxidation of the
resulting thiols back to disulfides in an electrochemical flow cell can be coupled with either
HPLC or electrophoresis separation, which are useful for the simultaneous detection of
thiol- and disulfide-containing peptides in mixtures [37].

Our recent study showed that the peptides containing disulfide bonds could be quickly
identified from enzymatic digestion mixtures using this EC/DESI-MS method, simply based
on the abrupt decrease in their relative ion abundances after electrolysis [32]. Peptide mass
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mapping and tandem MS analysis of the ions of the resulting free peptides can potentially
establish the disulfide linkage pattern and sequence the precursor peptides. Alternatively,
peptides in an enzymatic digest can be first separated by liquid chromatography and then
undergo electrochemical reduction followed by online MS detection. Using the latter
approach, the reduced products can be explicitly correlated to their precursor peptides and
further tandem MS analysis of the resulting products provides the precursor peptide
structure [27]. Although some interesting results were obtained, peptides with complicated
disulfide linkage patterns (e.g., multiple knotted or enclosed disulfides in a peptide) were not
well explored previously, which were examined in this work. In the present study, the
peptides apamin and endothelin were chosen for investigation using the EC/DESI-MS
method.

Reduction of apamin—Apamin (MW, 2,027.3 Da) has 18 amino acid residues in a single
peptide chain and carries two knotted disulfide bonds located at Cys-Cys!! and Cys3-
Cys1® (see its sequence in the inset of Fig. 1a). The peptide C terminus was modified with
an amide group to replace the carboxylic acid group. Figure 1a shows the DESI-MS
spectrum acquired when a solution of 20 M apamin in methanol/water (1:1 by volume)
containing 0.5% formic acid flowed through the thin-layer electrochemical cell with no
potential applied. Peaks corresponding to the quardruply ([apamin+4H]**), triply ([apamin
+3H]3*), and doubly ([apamin+2H]%*) charged peptide ions were detected at /7/2507.8,
676.7 and 1014.4, respectively. When a negative potential of —=1.5 V was applied to the
working electrode to trigger reduction, these peaks shifted in mass to m/z of 508.9, 678.1,
and 1,016.0, respectively (Fig. 1b). The calculated mass difference of the peptide before and
after the reduction is approximately 4 Da, indicating the two disulfide bonds of apamin were
fully reduced. In this experiment, the complete reduction of the peptide in the flow cell is
probably ascribed to the large surface area (30x12 mm?2) and good electrochemical
performance of the magic diamond working electrode.

The quardruply charged peptide ion [apamin+4H]** was chosen for tandem MS analysis.
When the cell was off, the fragmentation of [apamin+4H]** (m/2507.9) was very limited
and only £;73* ion was observed (Fig. 1c). There are some other peaks present in the MS/
MS spectrum that could not be assigned and might be from sample impurity. After
reduction, in the CID spectrum of [reduced apamin+4H]** (/m/2508.8; Fig. 1d), many more
fragment ions were observed and identified, including &, &3, ba, bs, b7, big>t, b17°", Y2+,
Y1024y ¥ vt st s aPt et s 6”16t and it (these
fragment ions are also summarized in Table 1). The formation of these fragment ions further
confirms the complete reduction of the two disulfide bonds during electrolysis because CID
is typically not able to cleave the disulfide bond in the positive ion mode. In other words,
these fragments ions result from the cleavage of the backbone enclosed by the two disulfide
bonds otherwise would be missing in the MS/MS spectrum.

With both intact and reduced peptide ions at hand, one could also adopt a different tandem
MS approach, for instance, ECD [38]. ECD is a powerful dissociation technique which often
gives rise to extensive backbone cleavages for multiply charged protein or peptide ions. In
ECD experiments, low-energy electrons are reacted with peptide cations in the ICR cell
located in the center of the magnetic field of a FT-ICR-MS [38]. In this study, ECD was also
employed to dissociate the intact and reduced +4 apamin ions. As shown in Fig. 1e, ECD of
the intact apamin ion [apamin+4H]** (m/2507.8) also produces limited number of fragment
ions c152%, c162t, and ¢172*, in addition to the charge reduced product +3 apamin ion.
Although ECD is able to cleave both disulfide bonds and protein backbone bonds [39], the
dissociation efficiency of the backbone in this case is low. It is likely that the presence of the
knotted disulfide bonds preferentially capture the electrons and thereby prevents the
effective dissociation of the peptide bonds [40]. In contrast, after reduction, ECD of
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[reduced apamin+4H]** (m/2508.5) gives rise to extensive backbone cleavage, yielding a
nearly complete set of cions such as ¢s, ¢, Cs, ¢7, Cg, Co, €10, €11, C12, €13, C13%T, Cia, C1a°T,
a2t ag2t, and 72 (see Fig. 1f and also Table 1). The absence of ¢ is due to the
presence of the proline in the 6th position of the peptide sequence and the absence of ¢; and
¢, is probably due to their m/zthat are out of the recorded range in the ICR instrument. With
the combined CID and ECD data of [reduced apamin+4H]** obtained, the full sequence of
the peptide except for the first two residues in the N terminus can be determined, suggesting
the utility of the EC/DESI-MS method in conjunction with tandem MS analysis in peptide
sequencing. This result demonstrates that EC/DESI-MS is applicable for the analysis of
peptides with knotted disulfide bonds. Compared with the chemical reduction method using
DTT, it is much faster and more convenient with no need to get rid of excess reductant,
which might be of high value in proteomics applications. Note that a small negative
potential was used for EC reduction and a high positive potential was used for ionizing the
products by MS. The EC/DESI-MS allows for such a combination as the two potentials are
physically separated, as mentioned before.

Reduction of endothelin—Endothelin (MW: 2491.9 Da) is another single chain peptide
carrying two disulfide bonds Cys!-Cys5 and Cys3—-Cys!?, in which the latter is enclosed by
the former disulfide bond (see the peptide sequence in the inset of Fig. 2a). Figure 2a shows
the DESI-MS spectrum acquired when a solution of 20 M endothelin in methanol/water
(1:1 by volume) containing 0.5% formic acid flowed through the cell with no potential
applied. Peaks corresponding to the doubly ([endothelin+2H]2*) and triply ([endothelin
+3H]3*) charged peptide were detected at /7172 1,246.6 and 831.6, respectively. When a
negative potential of —=1.5 V was applied to the working electrode, a positive mass shift
occurred and the doubly and triply reduced peptide ions appeared at /7/21,248.9 and 833.2,
respectively (Fig. 2b). The mass shift of approximately 4 Da again indicates that both
disulfide bonds of the peptide were reduced. The reduction yield was also high in this case.
Figure 2c displays the CID spectrum of [endothelin +2H]2* (m/21246.6) in which only few
fragment ions b172%, big?*, big?*, and byg?* appeared. The cleavage of the region enclosed
by the two disulfide bonds was missing. After reduction, CID of [reduced endothelin +2H]%*
(mlz1248.9) evidently provides more fragment ions &, &g, b1, bi3, bia, bis, big, bi7, 172,

big?t, b19?*, boo®*, Ya, ¥, Yoo Vi, V8, Yo, Y10, Vi1, Va2, Vi3, and yas (Fig. 2d and Table 1).
Again, in this case, more sequence information was obtained using the online EC/DESI-MS

method.

Reduction of nitroaromatics

Nitroreduction is an important step in N-directed metabolic activation and is responsible for
covalent binding of nitroarenes to macromolecules, leading to carcinogenesis [41]. It is
believed that the nitro group can either be partially reduced to form a nitroso or an N-
hydroxyl intermediate or be completely reduced to an amine [42]. The amine can be
reoxidized to form A-hydroxyl products and be further oxidized in the erythrocyte to form a
nitroso compound. Electrochemical reduction of the nitro group was extensively studied
previously and the similar mechanism was proposed [33, 43]. However, no attempt has been
made yet to detect the reduction intermediates/products by electrochemical mass
spectrometry.

Flunitrazepam (refer to its structure in Fig. 3a) is a potent sedative and powerful hypnotic
used in the treatment of insomnia around the world. About ten times more potent than
diazepam, this drug reduces anxiety, inhibition, and muscular control and can also cause
anterograde amnesia and loss of consciousness [44]. Figure 3a shows the DESI-MS
spectrum acquired when a solution of 20 M flunitrazepam in methanol/water (1:1 by
volume) containing 0.5% formic acid and 20 mM NH4OAc flowed through the thin-layer
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electrochemical cell with no potential applied. The dominant protonated flunitrazepam at m/
z 314 was observed and the peak at /m/z310 was from background contribution (Fig. 3a).
CID of mlz 314 yields the fragment ions /7/z 268 and 240 by consecutive losses of CO and
NO,, consistent with the flunitrazepam ion structure (Fig. S2a, Electronic Supplementary
Material). Direct loss of CO due to ring contraction was also noted to form fragment ion of
miz286. When a negative potential of —1.5 V was applied to the glassy carbon working
electrode, the protonated ion of m/2z314 decreased and some new ions of m/z284, 298, and
300 appeared (Fig. 3b). The formation of these ions can be rationalized using the
electroreduction mechanism proposed in Scheme 1. First, the nitro group of flunitrazepam
la undergoes a two € reduction process with loss of one molecule of water to form a nitroso
intermediate 2a. The newly produced ion of /m/z298 in Fig. 3b corresponds to the
protonated nitroso intermediate. This can be confirmed from the characteristic loss of NO
from this ion upon CID (Fig. S2c, Electronic Supplementary Material). MS3 also shows the
further loss of CH,=NH from the resulting fragment ion of /m/z268 into m/z239 (Fig. S2d,
Electronic Supplementary Material). 2a further undergoes two ¢~ reduction to yield the N-
hydroxyl intermediate 3a, as evidenced by the appearance of the corresponding protonated
ion of m/z300 in Fig. 3b. The m/z300 dissociates by losses of OH. and further NH,.
radicals (Fig. S2e and f, Electronic Supplementary Material), which might be due to the
weak bond of N-O in the hydroxylamine group of 3a. Finally, further reduction followed by
another water loss from 3a to yield the amine product 4a (Scheme 1) and the corresponding
ion of 4a is shown at /m/z 284 (Fig. 3b). Fragmentation of /m/z284 displays characteristic
fragmentation behaviors such as loss of HF, CO, CH,=NH, and PhNH, confirming its
structure (Fig. S2b, Electronic Supplementary Material). These results clearly show that all
the nitroreduction intermediates and the final amine product can be intercepted in this EC/
DESI-MS experiment, providing mass spectrometric evidence to support the widely
accepted nitroreduction mechanism.

Clonazepam has a similar structure to flunitrazepam and the only structural difference is that
F is replaced by Cl and there is no CHs substituent group in clonazepam. In order to testify
the electrolytic reduction mechanism proposed above for the reduction of nitro compounds,
clonazepam was also studied using the online EC-DESI/MS method. The DESI-MS spectra
of clonazepam before and after the potential are shown in Fig. 3c, d, respectively. Very
analogous reaction outcome to that of the flunitrazepam reduction was observed in the case
of clonazepam. Before the cell was turned on, there was only the protonated clonazepam ion
(mlz316) observed in Fig. 3c in addition to the background peak at /77/2310. When -1.5 V
potential was applied for reduction, the nitroso intermediate 2b, A-hydroxyl intermediate 3b
and amine final reduction product 4b (Scheme 2) from the electrolytic reduction were all
observed and the corresponding ions appeared at /7/2 300, 302, and 286, respectively (Fig.
3d). The assignment of these newly generated ions was confirmed by the acquired CID
spectra (see the spectra and discussion in Fig. S3, Electronic Supplementary Material). This
result further confirms the nitroaromatic compound reduction process involving nitroso, /-
hydroxyl, and amine products.

Oxidation of chlorpromazine

As one of the most important compounds in the phenothiazine class of drugs,
chlorpromazine has been widely used in the treatment of schizophrenia. It was proposed [33,
45, 46] that chlorpromazine can easily undergo oxidation in acid medium, in which a one ¢
oxidation process leads to the formation of a radical cation intermediate. It is known that,
while the radical cation of phenothiazine is comparably stable, the radical cations of the
substituted phenothiazines are believed to be unstable and could further react with solvent to
give rise to sulfoxide [47]. Previously, Van Berkel et al. reported the observation of radical
cations of analytes including phenothiazine generated from the electrospray needle [48].

Anal Bioanal Chem. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 8

Karst et al. [49] used LC/EC/MS to study phenothiazine and its derivatives, in which some
radical cations and other oxidation products were detected by MS and the oxidation
pathways were identified. Online EC/ESI-MS [50] was also used to investigate the
electrochemical oxidation of zotepine and chlorpromazine. However, no detection of
chlorpromazine radical cation by MS was reported, which might be due to the instability and
short lifetime of the intermediate. In this experiment, the online EC/DESI-MS apparatus was
utilized to investigate the electrochemical oxidation of chlorpromazine in conjunction with
tandem MS analysis.

When 20 M chlorpromazine in methanol/water (1:1 by volume) containing 0.5% formic
acid was allowed to flow through the thin-layer electrochemical cell without any potential
applied, the acquired DESI-MS spectrum (Fig. 4a) shows only the protonated
chlorpromazine at /m/z 319 and its chlorine isotope peak at /7/z321. There was no
background oxidation signal of the chlorpromazine radical cation caused by DESI
ionization. This is advantageous for using MS to probe electrochemical reactions as the
background signal is unwanted. Recently, there has been account reporting the unexpected
oxidation of analytes observed during ionization by traditional DESI when solid samples
were ionized [51]. In our experiment of liquid sample DESI, the oxidation from ionization
due to the high voltage is inhibited probably due to the presence of solvents in the sample,
which may not favor electron transfer between the analyte molecule and the impacting
charged droplets. Another reason for absence of the background signal in the DESI
experiment is that, unlike traditional ESI experiments, the analyte sample was not flowed
through the DESI sprayer where a high voltage was applied. This observation is in
agreement with our previous EC/DESI-MS study of dopamine [31].

When the electrochemical cell was turned on with an applied potential of +1.5 V, the
chlorpromazine radical cation of 77/z318 arose (Fig. 4b). CID dissociation of /2318 (Fig.
4c¢) produces mainly the fragment ions of 77772283, 273, and 233 by losses of Cl, NH(CH3)s,
and CH,=CHCH:N (CHs)5, respectively, confirming its structure. To the best of our
knowledge, this result represents the detection of the transient chlorpromazine radical cation
by MS for the first time. The success in the detection of /772318 is presumably ascribed to
the online experiment of EC/DESI-MS in which the response time is short (in seconds
depending on the flow rate of the sample infused into the electrochemical cell). Indeed,
when we tried an offline experiment using ESI to ionize the electrochemically oxidized
chlorpromazine, it failed to detect this radical cation. We further investigated the influence
of the sample flow rate on the detection of /772318 in this EC/DESI-MS experiment. When
the flow rate was lowered from 5 to 2 or 4 pl/min, no radical cation was observed (Fig. S4
shows the acquired DESI-MS spectra at different sample flow rates, Electronic
Supplementary Material). As the delay time of EC/DESI-MS (i.e., the time interval between
the onset of the electrochemical oxidation and the detection of the product ions by MS) for 5
pl/min flow rate was approximately 0.25 min, the lifetime of the chlorpromazine radical
cation is estimated to be around 15 seconds, under the experimental conditions that was used
in our experiment. This estimated life time of the chlorpromazine radical cation is in line
with the previous report [46]. In Fig. 4b, another major oxidation product corresponding to
the protonated chlorpromazine sulfoxide at /777/z 335 was observed, probably due to the
subsequent chemical reaction between the chlorpromazine radical cation and water (a typical
EC mechanism, see the mechanism proposed in Scheme 3). In addition, another peak at 777/z
349 was seen, corresponding to a methoxylated chlorpromazine ion. It is likely the result of
the reaction between chlorpromazine radical cation and methanol. When the solvent was
changed to ethanol, the corresponding peak was observed at /7772 363. The high reactivity of
the chlorpromazine radical cation explains its short lifetime. These results clearly show that
the electrochemically oxidized chlorpromazine, the radical cation, along with other
oxidation products can be clearly studied using this EC/DESI-MS approach.
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Conclusions

In conclusion, biologically important redox reactions, including the reduction of peptide
disulfide bonds and nitroaromatics and the oxidation of chlorpromazine, were examined
using electrochemical mass spectrometry interfaced by DESI. Several interesting findings in
this study have been uncovered. In the stark contrast to intact peptide ions of apamin and
endothelin which display few backbone dissociation cleavages upon CID and ECD,
fragmentation was greatly enhanced following the reduction, which is useful for the peptide
sequencing. This experiment is fast and does not involve the use of any chemical reductants.
In addition to disulfide reductive cleavage, nitroreduction was also tested as exemplified by
the reduction of nitroaromatic, flunitrazepam, and clonazepam. Remarkably, all nitroso
intermediates, AV-hydroxyl intermediates and amine final products from the electroreduction
were successfully detected, proving a solid mass spectrometric evidence for the
nitroreduction mechanism. Likewise, the putative transient one-electron transfer product, the
chlorpromazine radical cation (/772 318), was captured by MS, for the first time. These
results suggest that electrochemical mass spectrometry, including the one interfaced by
DESI as demonstrated in this study, opens a door to use MS to probe transient species
involved in electrochemical redox process. It is expected that the EC/DESI-MS method
would find important applications in proteomics and drug development research. As the
intensity of ion signal in EC/DESI-MS experiments can be affected by positions of the DESI
sprayer and the sample transfer capillary outlet, future optimization of the apparatus would
include the integration of positioning elements such as x; y, zstages into the DESI ion
source to precisely control those positions for improved performance.
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Fig. 1.

DESI-MS spectra acquired when a solution of 20 M apamin in methanol/water (1:1 by
volume) containing 0.5% formic acid flowed through the thin-layer electrochemical cell
with an applied potential of (a) 0.0 VV and (b) —-1.5 V; CID MS/MS spectra of (c) [apamin
+4H]** (ml 2507.9) before reduction and (d) [reduced apamine+4H]** (/m/2508.8) after
reduction; ECD MS/MS spectra of (€) [apamin+4H]** (mm/2507.8) before reduction and (f)
[reduced apamine+4H]** (/m/2508.5) after reduction
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Fig. 2.

DESI-MS spectra acquired when a solution of 20 .M endothelin in methanol/water (1:1 by
volume) containing 0.5% formic acid flowed through the thin-layer electrochemical cell
with an applied potential of (a) 0.0 V and (b) —1.5 V; CID MS/MS spectra of (c) [endothelin
+2H]?* (/mlz1,246.6) and (d) [reduced endothelin +2H]2* (mlz1,248.9)
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DESI-MS spectra acquired when a solution of 20 wM flunitrazepam in methanol/water (1:1
by volume) containing 0.5% formic acid and 20 mM NH4OAc flowed through the thin-layer
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electrochemical cell with an applied potential of (a) 0.0 V and (b) -1.5 V; DESI-MS spectra
acquired when a solution of 20 uM clonazepam in methanol/water (1:1 by volume)
containing 0.5% formic acid and 20 mM NH4OAc flowed through the thin-layer
electrochemical cell with an applied potential of (c) 0.0 V and (d) -1.5V
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Fig. 4.

DESI-MS spectra acquired when a solution of 20 LM chlorpromazine in methanol/water
(1:1 by volume) containing 0.5% formic acid flowed through the thin-layer electrochemical
cell with an applied potential of (a) 0.0 V and (b) +1.5 V; (c) CID MS/MS spectrum of the
chlorpromazine radical cation (/7/2318)
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Scheme 1.
Proposed mechanism for the electroreduction of flunitrazepam
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Scheme 3.

Proposed mechanism for the electro-oxidation of chlorpromazine involving the formation of
chlorpromazine radical cation which subsequently reacts with water to produce
chlorpromazine sulfoxide
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Table 1

Summary of the fragmentation of apamin and endothelin ions before and after reduction

Peptideions Fragment ions observed
Before electrolysis After electrolysis
+4 apamin ion CID  p* by, b3, by, b, by, bus™, b1, 6%, yao®t vt yu® 2% st s ndt e
is¥, 467 16 Yae®t
ECD  as® ag®, o Ca, Cay G €1y Gy oy Croy €11, Crz, Gz Q132 Cuan Cd® 015%™, €6, ir?*
+4endothelinion  CID 2", big?, bye®*, boo™  bs, bs, buz, Bus, bua, bis, big, bra, D177, bug®*, bio™, 0267, Vs Yoo Ve Vs Yoo Yo Yaos Vi
M2, 13, Vis
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