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Identification of the C-centered acyl radicals by ESR spin-trapping and HPLC/MS methods
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Abstract: The carbon-centered isonicotinic acyl radical obniazid (INH), a
widely-used frontline anti-tuberculosis drug, haset considered to play a critical
role in inhibitingMycobacterium tuberculosis, but not fully identified. Here we show
that this radical intermediate can be unequivoceligracterized by complementary
applications of ESR spin-trapping and HPLC/MS mdthoby employing
N-tert-butyl-a-phenylnitrone (PBN) as the suitable spin-trappaggent, which can
form the most stable radical adduct. More impotyariior the first time, analogous
carbon-centered acyl radicals and their respedi¥®” adducts have also been
detected and identified from its two isomers (nitot acid hydrazide and
2-pyridinecarbohydrazide) and benzhydrazide whieh sdructurally-related to INH,
but not by 2-chloroisonicotinohydrazide. This stugpresents the first unequivocal
identification of the carbon-centered acyl radia#l$NH and other hydrazide analogs
by both ESR spin-trapping and HPLC/MS methods, Wwhimay have broad
biomedical and toxicological significance for fuduresearch for more efficient

hydrazide anti-tuberculosis drugs.

Keywords. Isoniazid, Hydrazides, Carbon-centered acyl radjcalESR
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Research Highlights
» PBN was the best spin-trapping agent to trap tHoer@@ered radical of INH
» C-centered radicals of hydrazides were identifigdESR and HPLC/MS methods

» NAD" adducts with C-centered radicals were detectedHByC/MS except for
CI-INH
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I ntroduction

As one of the hydrazine derivatives, isoniazid ()Ntths invented in 1952. INH
is considered as one of the most effective inhibitaf Mycobacterium tuberculosis
and widely used frontline anti-tuberculosis drugs falmost 70 years [1,2].
Tuberculosis is still a major health problem anchase of death in undeveloped and
developing countries[3]. It has been shown that INbluld be activated by
catalase-peroxidase KatG fsonicotinic acyl radical (RCY® which combined
nicotinamide adenine dinucleotide (NADto form an INH-NAD adduct to inhibit
InhA[1,4,5]. As an encol-acyl carrier protein, Inimhibition could result in inhibiting
the fatty acid synthesis pathway Mfycobacterium tuberculosis, thus preventing the
production of mycolic acid required for cell walirgdhesis[1,2,6]. Therefore, it was
considered that the oxidation of INH and generatibrsonicotinic acyl radical may
play an important role in this process.

The activation of INH was postulated to involveefreadical intermediates and
this hypothesis was supported by ESR spin-trappiethod [7-10]. Previous studies
have shown that a C-centered radical can be ddteddg ESR using
5,5-dimethyl-1-pyrrolineN-oxide (DMPO) [9,11] andN-tert-butyl-a-phenylnitrone
(PBN) as the trapping agent [8,12-15]. Howevergihained not fully clear whether
the detected C-centered radical was isonicotiniyl aadical in these ESR
spin-trapping studies.

Although the C-centered radical of INH could beated by ESR spin-trapping
method, little information is available on the Qit&ed radicals from other
hydrazides, including the structural isomers of INticotinic acid hydrazide (NH)
and 2-pyridinecarbohydrazide (2-NH)), benzhydrazide (BH) and
2-chloroisonicotinohydrazide (CI-INH).

Therefore, in this study, we addressed the follgwguiestions:if whetherthe
previously-proposed C-centered isonicotinic acgical intermediate can be detected
and unequivocally identified during INH oxidatioy bomplementary applications of
ESR spin-trapping and HPLC/MS methods) (vhether similarC-centered acyl
radical could be formed from the isomers of INH arider hydrazides by ESR using



different spin-trapping agents and HPLC/MS; if sdjat is the structure-activity
relationship?i(i) what are the potential biological and environmentallications of

our new findings?

Experimental Section

Materials

Isoniazid (INH), 2-pyridinecarbohydrazide (2-NH)icotinic acid hydrazide (NH),
2-chloroisonicotinohydrazide (CI-INH), benzhydrazidBH), nicotinamide adenine
dinucleotide (NAD), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPY;tert-butyl-o-
(4-pyridyl-1-oxide)nitrone (POBN)N-tert-butyl-a-phenylnitrone (PBN), Mn@and
CuSQ were purchased from Sigma (St. Louis, MO). 5,5athygl-1-pyrroline
N-oxide (DMPO) and Jert-butoxycarbonyl-5-methyl-1-pyrrolin&l-oxide (BMPO)
were purchased from DOJINDO MOLECULAR TECHNOLOGIE®NC. The
chemical structures of the hydrazides and spirpirepagents were shown in Fig. S1.
All buffer solutions were treated with Chelex fod4 2 to remove adventitious
metals[16].

ESR studies

The free radicals were recorded on Bruker ESR p@@tsometer at room temperature
during the reaction of INH and other hydrazideshv@u(ll) and MnQ. The trapping
agent includes DMPO (100 mM). Typical spectromg@@rameters were as follows:
scan range, 100 G; Center field, 3511 G; time @mst300 ms; scan time, 100 s;
modulation amplitude, 1 G; modulation frequency) kBiz; receiver gain, 1.25 x 30
and microwave power, 20 mW and number of X-Scads, 1
HPLC-ESI-Q-TOF-M S analysis

The C-centered radicals of hydrazides with PBN, FEMand NAD adducts were
analyzed by high-performance liquid chromatogragynbined with electrospray
ionization quadruple time-of-flight mass spectromgHPLC-ESI-Q-TOF-MS). The
adducts were analyzed on the 4.6 x 250 mm revgrsade C18 analytical columns
with 5 pm silica-based (Waters XTERRAMS). The PBN/C-centered acyl radical
adducts were eluted with 70% formic acid (0.1%) &@@Po acetonitrile. The



TEMPO/C-centered acyl radical adducts were elutétd 0% formic acid (0.1%)
and 60% acetonitrile. The NAIC-centered acyl radical adducts were eluted w9
formic acid (0.1%) and 10% methanol. MS and MS/Mfecsra were acquired in
positive-ion mode. The operating parameters werlasnys: capillary voltages 2.5
kV, sample cone voltages 30 V, source temperatQréC3 desolvation temperature
200 °C. Nitrogen (99.99%) was used as the dryirgy §he collision gas was argon at
the pressure of 5.0 x T0Torr, and the collision energy was 10 V.

Oxygen Consumption

The G consumption was monitored with an Orion-type oxygdectrode (Thermo
Electron Corporation) upon mixing hydrazides with waithout Cu(ll)/Mn(lIl) in

phosphate buffer (100 mM, pH 7.4).

Results and Discussion

Cu(l1) was found to be the best to activate INH to produce C-centered radical as
detected by ESR spin-trapping

It has been shown that C-centered isonicotinic eaxyiical formation is critical in
the process of INH oxidation to inhibit InhA whidd essential foiMycobacterium
tuberculosis [1,4,17,18] At the beginning of this study, we tried to detehe
C-centered isonicotinic acyl radical by ESR spapping technique with DMPO as
the spin-trapping agent by using several diffe@atlants to activate INH, including
Cu(IDSQy,  Mn(ll)-pyrophosphate, Mng& horseradish  peroxidase, and
myeloperoxidase. Among them, Cu(ll) was found tothe best to activate INH to
produce C-centered radical (Fig. S2, S3). Cu(lls @nd to be an essential trace
element in organisms [19,20]. As a redox-activadii#on metal, Cu(ll) comprised the
active center of a wide variety of metalloenzymssch as Cu, Zn superoxide
dismutase and cytochrome c oxidase [19,20]. Howetvbas also been reported that
Cu(ll) can induce oxidative damage to DNA, proteiiEds in both chemical and cell
culture systems , thereby potentially contributinglisease patholog®1-33]. These

damages induced by Cu(ll) might result from itsasegbroperties, in particular its



participation in a copper-catalyzed, Fenton-likacten [23,24,34]. We speculated
that the radicals generated from INH and Cu(ll)dticcontain at least two types of
radical species: a 9-line hydrogen radicdl' @ d" = 22.69 G, ¥ = 16.35 G) and a

6-line C-centered radical {a= 22.92 G, & = 15.62 G). The formation of hydrogen
radical was further supported by the control refwdrazine/Cu(ll))[35,36] and the

simulation results (Fig. S3c-d). The formation etéhtered radical was also further
confirmed by the simulation results (Fig. S3e)wls speculated that the hydrogen
radical might be generated via one of the deconipaspathways of the N-centered

radical RCONHNHwhich was recently identified by our research gr{gi].

RCONHNH®* ——> RCON=NH + H°*

According to previous ESR studies, it was specdl#tat the C-centered radical
was isonicotinic acyl radical, which is a key imediate to form INH-NAD adduct
in the presence of NAD

The formation and decay of the C-centered radi¢alNéd was found to be
dependent on the concentrations of both INH andICwnd the molar ratios of
INH/Cu(ll) (Fig. S4a-b). As shown in Fig. S4a, whersing DMPO as the
spin-trapping agent, with a fixed Cu(ll) concenitat(0.5 mM), the intensity of the
C-centered radical increased with the increasingNéf concentration, however, it
decayed faster at higher INH concentration. Theeticourse of the formation of
C-centered radical was relatively high and stabldh@ molar ratio of 2:1 (INH/Cu).
Moreover, with a fixed INH concentration, the C-tered radical decayed slower
with the increasing of Cu(ll) concentration (Figtl. The reason might be that Cu(ll)

was precipitated at higher concentration and thetien rate was decreased.

PBN was found to be the best to trap the C-centered radical from INH among the
four spin trapping agents tested

The above results showed that C-centered isonico#inyl radical could be
detected by using DMPO as the spin-trapping adeever, the DMPO-isonicotinic

acyl radical adduct was found to be not stable ghdar further characterization by



HPLC/MS analysis. To find a more stable radicaluaddother spin-trapping agents
including BMPO, POBN and PBN have also been tesfel.shown in Fig. 1,
carbon-centered radical of INH could be detectedalbythree other spin-trapping
agents. Among them, PBN was found to be the besta the isonicotinic acyl

radical (Fig. 1).

DMPO E—

Fig. 1. ESR spectra of C-centered radical produced by incubation of INH with
Cu(ll) in the presence of four spin-trapping agents (DMPO, BMPO, POBN and
PBN). (a): ESR spectra of DMPO spin trapping adducts Wibentered radical and
the simulation spectra'{a= 22.92 G, & = 15.62 G); (b) ESR spectra of BMPO spin
trapping adducts with C-centered radical and theukition spectra (A= 21.65 G, ¥

= 14.81 G); (c): ESR spectra of POBN spin trapmdducts with C-centered radical
and the simulation spectrd’(a 2.77 G, 8 = 15.33 G); (d): ESR spectra of PBN spin
trapping adducts with C-centered radical and thrikition spectra (5= 3.31 G, 8 =
16.06 G). Reactions contained the spin-trappingniagddMPO, BMPO, POBN and
PBN) 100 mM, 6 mM INH and 0.5 mM Cu(ll). All reactis were conducted in
Chelex-treated phosphate buffer (100 mM, pH 7.4 Tange of the ordinate value

was (-10~10)*18

Interestingly, we also found that PBN/C-centerediaa was much more stable
than DMPO/C-centered radical (Fig. S4). The ha-bf DMPO/C-centered radical
was found to be about 20 min, while the half-lifePBN/C-centered radical is about

24 h! The formation and decay of the PBN/C-centeagtical of INH was also found

to be dependent on the concentration of both IN&i @u(ll), and the molar ratios of



INH/Cu(ll) (Fig. S4c-d). These results suggestedt tie spin-trapping agent PBN

was better than DMPO to trap this C-centered radica

The C-centered radical trapped by PBN was further unequivocally identified as
isonicotinic acyl radical by HPLC/MS

To further characterize PBN/C-centered radical atidwe have used HPLC
combined with electrospray ionization quadrupofaetiof-flight mass spectrometry
(HPLC-ESI-Q-TOF-MS). Although we can observe theRESignal for nitroxide
radical form of DMPO/isonicotinic acyl radical, weannot directly detect its
corresponding nitrone form by HPLC/MS. Interestingl new peak with the retention
time at 4.40 min was observed from the reactiowbeh INH and Cu(ll) in the
presence of PBN by HPLC-ESI-Q-TOF-MS in positivedaqFig. 2a). This new
compound was characterized by ESI-Q-TOF-M®&vat283 (Fig. 2b), indicating that
the new compound should be the deprotonated PBNéistinic acyl radical nitrone
adduct, which was further confirmed by MS/MS sty&sl-positive) (Fig. 2c). As
shown in Fig. 1, a typical 6-line ESR signal wasoabbserved in the reaction of INH
and Cu(ll) with PBN. The above studies by both BE&fhg PBN as spin-trapping
agent and HPLC/MS methods unequivocally confirmeat the C-centered radical

was indeed the isonicotinic acyl radical.
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Fig. 2. Unequivocal identification by HPLC/MS of PBN/isonicotinic acyl radical
derived nitrone adduct from INH/Cu(ll) in the presence of PBN. (a): The
HPLC/MS selected ion monitoring (SIM) profile ofetlreaction mixtures of 2 mM
INH and 0.5 mM Cu(ll); (b): The ESI-Q-TOF-MS spextrof deprotonated
PBN/isonicotinic acyl radical nitrone adduct withretention time of 4.40 min; (c):
MS/MS spectrum of the ion peak @iz 283. Reactions were carried out at room
temperature in Chelex-treated phosphate buffer (B0 pH 7.4).

Analogous C-centered radicals were found to be produced by two INH isomers and
other hydrazides

To test whether the formation of C-centered radisa general mechanism for
the activation of other hydrazides by Cu(ll) usblyIPO as the trapping agent, we
have studied four other hydrazides which are atrafly related to INH. These
include its two isomers (nicotinic acid hydrazidéH), and 2-pyridinecarbohydrazide
(2-NH)), its chlorine-substituted derivative 2-ctdsonicotinohydrazide (CI-INH)
and benzhydrazide (BH). Except for 2-NH, ESR specatf DMPO/C-centered
radicals were readily observed from these hydrazatgivated by Cu(ll) (Fig. 3b-c).
Interestingly and unexpectedly, C-centered radicald not be observed from 2-NH
when oxidized by Cu(ll), even with other differesgin-trapping agents (BMPO, PBN,
POBN) (Fig. S5a). We speculated that this mightbbeause that there might be
special interaction between Cu(ll) and 2-NH. Indeezl found that Cu(ll) is most
effective in accelerating the oxidation of 2-NH argothe five hydrazides as
measured by oxygen consumption (Fig S6a), and aaoemplex with the maximal
absorption peak at 360 nm was formed as shown byMispectra studies (Fig. S7).
In the reaction of 2-NH with Cu(ll), a new produt2-dipicolinoylhydrazine was
detected and identified by HPLC/MS (Fig.S8), whighs found to be similar with
that of INH [37]. Therefore, we speculated thatdbsorption peak at 360 nm was the
complex of the new final reaction product 1,2-dghicoylhydrazine with Cu(ll) ( for
more details, see Sl).

To enable 2-NH to produce C-centered radical, ezl tseveral other oxidants
other than Cu(ll). When Mn(lll)-pyrophosphate wased, C-centered radical was

observed from 2-NH only when using POBN and PBN,rmi DMPO and BMPO, as



spin-trapping agents. More interestingly, the faiora of N-centered radical
intermediate could also be readily observed froldHIMn(lIl)-pyrophosphate with
DMPO and BMPO (Fig. S5b)[37]. In contrast, when Mn@as employed as the
oxidizing agent, C-centered radical could be regaoliserved from 2-NH with DMPO
(Fig. 3c). For the other four hydrazides (INH, N&I-INH and BH), C-centered
radicals could also be detected by employing Ma®the oxidizing agent (Fig. S10),
however, the detected ESR signals for C-centerdidals were found to be weak for
INH and CI-INH (Fig. S10). These results indicatkdt the production of C-centered
radical was a general phenomenon for all hydrazielted when activated by suitable

oxidizing agents.
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Fig. 3. ESR spectra of free radical intermediates produced by incubation of INH

and four other hydrazides with Cu(ll) or MnO, in the presence of DMPO. (a):
Reaction mixtures contained 100 mM DMPO, 6 mM INttl@®.5 mM Cu(ll), 8 =
22.92 G, 8 = 15.62 G; (b): Reaction mixtures contained 100 ®BMPO, 6 mM NH
and 0.5 mM Cu(ll), 3= 17.75 G, 8= 15.28 G; (c): Reaction mixtures contained 100
mM DMPO, 6 mM 2-NH and Mng d' = 18.06 G, & = 15.35 G; (d): Reaction
mixtures contained 100 mM DMPO, 6 mM CI-INH and @8/ Cu(ll), C-centered
radical & = 23.00 G, & = 15.52 G, and hydroxyl radical'a d' = 14.92 G; (e):
Reaction mixtures contained 100 mM DMPO, 6 mM BHl &5 mM Cu(ll), &§ =



17.94 G, § = 15.36 G. The reaction was conducted in Cheleatéd phosphate
buffer (100 mM, pH 7.4).

The C-centered radicals produced from other hydrazides were identified as their

corresponding acyl radicals by complementary applications of ESR and HPLC/MS
by using PBN as the spin-trapping agent
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Fig. 4. Unequivocal identification by both ESR spin-trapping and HPLC/MS of
PBN/C-centered acyl radical derived nitrone adduct from the other four hydrazides
in the presence of PBN. (a): Identification of PBN/C-centered radical ded nitrone
adduct produced by NH/Cu(ll)Ha= 4.7 G, & = 15.24 G; (b): Identification of
PBN/C-centered radical derived nitrone adduct pcediby 2-NH/MnQ, &' = 4.07 G,
d' = 15.85 G; (c): Identification of PBN/C-centerealical derived nitrone adduct
produced by CI-INH/Cu(ll), & = 3.45 G, 8 = 15.86 G; (d): Identification of
PBN/C-centered radicderived nitrone adduct produced by BH/Cu(lf},=a4.8 G, &

= 15.44 G. Reactions were carried out at room teatpee in Chelex-treated
phosphate buffer (100 mM, pH 7.4).

The above ESR spin-trapping studies can only sudlgaswhat we detected are
C-centered radicals derived from hydrazides, it was clear whether they are the
C-centered acyl radicals similar to that produgedhf INH. To address this question,
HPLC-ESI-Q-TOF-MS was also employed to further iifgrthe exact composition
of PBN/C-centered radical adduct. As shown in Higsix-line ESR spectra were
obtained by all of the four hydrazides (NH, 2-NH;I8H and BH) in the presence of
PBN. As expected, new peaks witlz 283 and the retention time of 6.722 and 9.041
min, respectively, were observed with NH/Cu(ll) a&2dNH/MnGO, (Fig. 4a-b). For
CI-INH, a new peak with one-ClI isotope clusters1&t93 min withm/z 317 was
observed from CI-INH and Cu(ll) (Fig. 4c). For Balpew peak witim/z 282 and the
retention time at 16.476 min was observed from BH @u(ll) (Fig. 4d). The MS/MS
studies (ESI-positive) further confirmed that thesew compounds were the
deprotonated PBN/C-centered acyl radical nitronéuats. Taken together, the
C-centered radicals produced from other hydrazidese identified as their

corresponding acyl radicals by complementary appbas of both ESR and



HPLC/MS by using PBN as the spin-trapping agent.

The formation of C-centered acyl radicals were further confirmed by nitroxide
radical trapping agent TEMPO

In addition to PBN, TEMPO, as a persistent nitrexrddical, was also used as
an effective radical trapping agent [38]. The TEMRf@duct of C-centered
isonicotinic acyl radical of INH has been detecéedl identified in previous studies
[2,39]. In this study, the TEMPO adducts of C-ceedieacyl radicals derived from the
other four hydrazides (NH, 2-NH, CI-INH and BH) leaalso been studied. We found
that all of the C-centered acyl radicals could coralwith TEMPO to generate their
corresponding TEMPO adducts (Fig. S11). For INH, atl 2-NH, the new peaks
with m/z 263 were observed at the retention time of 14.89810 and 15.312 min,
respectively (Fig. S11a-c). For CI-INH, a new peath one-Cl isotope clusters with
m/z 297 at 15.334 min was observed from CI-INH andIiC@Fig. S11d). For BH, a
new peak withm/z 262 and the retention time at 17.239 min was ofesefrom BH
and Cu(ll) (Fig. S11e). These results were furtdmfirmed by MS/MS studies.

In addition to detecting the TEMPO/C-centered raldi@dducts by HPLC/MS,
we have also compared the relative yield of themivedéd from the five hydrazides
(the extracted peak area) (Fig. S12). We found tthetamount of C-centered radical
derived from BH was the most when using Cu(ll)tees axidant, while the amount of
C-centered radical derived from 2-NH was the I¢agt. S12a-b). When using Mn(lll)
as the oxidant, we found that the amount of C-cedteadical derived from BH was
still the most, while C-centered radical derivednir CI-INH was the least (Fig.

S12c-d).

Detection and identification of NAD® adducts with C-centered acyl radicals
produced by the four other hydrazides

It has been shown that INH could be activated tmfsonicotinoyl acyl radical,
which can react with NADto form an acyl-NAD adduct, leading to inhibition o{.

tuberculosig[1,4,40]. Therefore, it will be interesting to ckeawhether acyl radicals



generated from the other four hydrazides (NH, 2-NKHJNH and BH) could also
react with NAD to form analogous adducts. To address this questio
HPLC-ESI-Q-TOF-MS was employed to further identifie acyl-NAD" adducts. To
our delight, we found that the C-centered acylcaldi generated from NH, 2-NH and
BH could also combine with NADto form their respective adducts (Fig. 5). For NH
and 2-NH, the new peaks with/z 769 were observed at the retention time of 2.851
and 4.871 min, respectively (Fig. 5a-b). For BHe tiew peak withnv/z 768 was
observed at the retention time of 13.100 min (b@.

Interestingly, for CI-INH, no NAD adduct was detected under our experimental
conditions. Since it was suggested that the addantcotinic acyl-NAD was formed
through the addition of either an isonicotinic aaglion to NAD or an isonicotinic
acyl radical to an NADradical[1], we speculated that the electron wighiing
chlorine group may decrease the ability of the faion of C-centered aycl radical or
an acyl anion from CI-INH [2]. In agreement withginding, the ESR spin-trapping
results also showed that CI-INH produced the laasbunt of C-centered acyl radical
as compared to the other four hydrazides (Fig. Sli®refore, the NADadduct with
the C-centered acyl radical generated from ClI-INightbe too little to be detected.
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Fig. 5. Identification of adducts of NAD" with C-centered radical of NH, 2-NH and

BH by usng HPLC-ESI-Q-TOF-MS. (a): The retention time, MS and MS/MS
spectra of NH-NAD; (b): The retention time, MS and MS/MS spectra of
2-NH-NAD"; (c): The retention time, MS and MS/MS spectr@BENAD ™.

Potential biological and toxicological implications

The carbon-centered isonicotinic acyl radical @hiszid (INH), a widely-used
frontline anti-tuberculosis drug, has been congdeto play a critical role in
inhibiting Mycobacterium tuberculosis, but not fully identified. Previous ESR
spin-trapping studies can only suggest that wheat tretected were C-centered radical
derived from INH, it was not certain whether it wiie C-centered acyl radicals
produced from INH. To address this question, we leygad both ESR and
HPLC-ESI-Q-TOF-MS methods which we have often usgaur research group to
further identify the exact composition of the traqgpagent/C-centered radical adduct
[41-56]

Through comparison of four widely-used spin-tragpagents, we found PBN
can trap C-centered isonicotinic acyl radical torfdhe most stable nitroxide radical
form of PBN/C-centered isonicotinic acyl radicadadt, which is stable enough for
HPLC/MS study. Based on this finding, we have umemgally identified the
C-centered radical is indeed the acyl radical of INy both ESR and HPLC/MS
methods by employing PBN as a suitable spin-trappopent.

More interestingly, we found that the formationtbé C-centered acyl radicals
was not only limited to INH, but it was also a gexlenechanism for the activation of

other four hydrazides which have similar chemidattures. In addition to the



detection of the PBN/C-centered acyl radicals ngradducts, the TEMPO adducts
with all of the other four hydrazides (NH, 2-NH,-lBIH and BH) have unequivocally
identified by HPLC/MS. More importantly, the NADadducts with C-centered acyl
radicals derived from NH, 2-NH and BH, but not fro@-INH, have also been
detected by HPLC/MS. It is worth noting that ousuks is in good agreement with a
previous study, which has been shown that subistitwtf withdrawing groups at the
ortho position to the ring nitrogen yields compoundshwitecreased antibacterial
action, which was attributed to the change of tKg yalue and steric effect [57]. It
should be noted, however, although the amount oéi@ered radicals derived from
NH and BH were much higher than that of INH (Fig0Band NAD adducts of NH
and BH could also be detected in our study, itlheen shown that their antibacterial
activities againsM. tuberculosis were weaker than that from INH [8,57,58]. The
reason might be that, beside the formation of QGezed radicals, other factors such
as the differences in electronic effects and hyidodyic properties may also play some
roles [57,59]. Therefore, our findings may have eptitl biomedical and
toxicological implications.

To our knowledge, this is the first detection antguivocal identification of
C-centered acyl radicals derived from INH, its isvmand other hydrazides by both
ESR trapping and HPLC-MS methods. The identificataf the C-centered acyl
radicals of hydrazides may be of benefit in underding of molecular mechanisms of
activation of INH and other hydrazides to form tleactive radical intermediates.
Moreover, the identification of the C-centered amdlicals of hydrazides can also
help explain the mechanism for the formation ofrtb&idation products.

Interestingly, our structure-reactivity relationshinvestigations found that the
formation and properties of the C-centered acylicedd intermediate were also
dependent on the chemical structures of hydrazifias. C-centered acyl radicals
could be generated from all of five hydrazides, bo&r, there are also some clear
differences. For NH and BH, their NAadducts with the C-centered radicals could
be detected and identified. However, it has beparted that NH and BH have higher

MIC than INH and their antibacterial activities aga M. tuberculosis were weaker



than that of INH [8,57,58,60]. We also found thia¢ tC-centered radical of 2-NH
could be readily detected when activated by Mrfdit not by Cu(ll), which might be
due to formation of an unstable Cu(ll)/2-NH compleresulting in rapid
intra-molecular electron transfer reactions. WHibe CI-INH, the amount of the
C-centered radicals of CI-INH was the least andN#é™ adduct with C-centered
radical could not be detected, which might be duehe influence of the electron
withdrawing chlorine group [2]. Therefore, it wagpposed that the formation of the
reactive radical species could be fine-tuned bycstiral design, which may provide
new leads in the development of more effective-aterculosis drugs.

Based on the new findings in this study, it will lery tempting to further
investigate the following questions in the futurgé) Whether the three new
NAD"-adducts can inhibit InhA enzyme activity, and @, swhich one is more
effective? 2) Whether CI-INH is active or not iflikig Mycobacterium tubercul osis?
3) Whether an INH derivative with an electron donatgrgup is more effective in

producing NAD adduct and killingvlycobacterium tubercul osis?
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» PBN was the best spin-trapping agent to trap the C-centered radical of INH

» C-centered radicals of hydrazides were identified by ESR and HPLC/M S methods
» NAD" adducts with C-centered radicals were detected by HPLC/MS except for
CI-INH



