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RAPID COMMUNICATIONS 

Ihe B W i c a l  Qlemistcy Remmh Cea&r, Department of CRendsty and 
of Medicine, The U n f m i W  of C i n c h t i ,  C i m h t i ,  CH 45221 and 45267 

mse d tb implication of I k n c i M  metabolites of procainamide in ttr, 
iaducdm of *-tad lqm, we be studied the electrochemical behavior of 
these metabol i tes  and developed an  e lec t rochemical  synthes is  of 
n i  trosoprocainamide. This synthesis was developed using procainamide 
~ l a m i n e a s ~ s ~ ~ n r a t i e r i a l w ~ w a s ~ i z e d t o t h e ~ ~ s p e c i e s  
a t  an applied potential  of 700 mV vs Ag/AgCl using a carbon packed bed bulk 
electrolysis  flow cell. Conversion efficiencies of greater than 95% were 
achieved with this method. Subsequent sEudies with a chemically diwerse series 
of biocompounds were used to investigate possible reactions between the 
pmcalnamide lydmcylamine ead nittoss0 species ad these select& molecules 
Odly andaddants such as cysteine, glutathim and m r b i c  acid  we^ f d  
matt with tjle nitroso coagmd as determined by electrochemical m e w ,  a d  
th is  reaction was characterized a s  primarily a simple redox reaction a t  
p l~~ io log ica l  pH. Animal studies caducted with murim spleen cells incubated 
with mibogens and various pmcainamide c o d  demcnstratied that the EFcoddized 
metabolites are the active i ~ ~ l o g i c  w b  c 1988 Society for 

Experimental B i o l o ~ v  and Medicine 

The use of the aromatic amine 4-amino-N,N- 
d i e  thylaminoe thylbenzamide, a n n d y  kmwn as  
pmcatmmide (PA), (Fig. 1) as an antiarrlytfmic 
drug hs  been correlated with a high incideace of 
a positive an tinuclear an tibody (ANA) test,  
occasiamlly with SQB md sympbms riesembling 
systemic lupus erythematwsrrs (1). Althrxlgh drug- 
r e l a t e d  lupus (DRL) has been extens ive ly  
invest@- the m e c h d s m  n?qxmsible for the 
induction of autoimmunity has y e t  to be 
eluciiiatd Much of the PA ingesbd is acetylatd 
in the liver by aceWl transferase to produce EF 
acewl procaixmide ( W A )  (pig. 1) (2). Haw-, 
recent micnrscnnal studies bve indicakd that PA 
hydmxylamine (PAW) is an N-uxidatim product of 
& cymchmme ~ 4 %  mediated m e t a b o l i s m  of this 
drug (2-3). It has been postulated the PAHA 
metabolite or  the further oxidized n i  troso 
n~cabo i ib  (NJPA) (FQ. 1) may bind irreversibly 
in vivo to some yet  to be defined readily -- 
available biomalecule, fohm an antigenic amp1sr, 
a d  h s  initlate the autoimme EspmBe (2-4). 

This hypothesis is supported by evidence that 
synthetically prepared NAPA retains the drug's 
plmmceutical action witbut  eliciting the CRL 
respanse (5) .  
A simple and rapid means of generating the 
potentially reerctlve N B A  a d  PAU4 metabolites 
vitro would be useful in irrvestigating reactions - 
with selec red biomolecules. The chemical 
synthesis of PAHA has been reported elsewhere (2- 
3), however a f ac i l e  and ef f ic ient  means of 
pepxiug  the NPA species has aot been pmdomly 
described. Following the e lec t rochemical  
cha rac t e r i za t ion  of P A  and i t s  oxidized 
metabolites, an electrolytic synthesis of NOPA 
from PAHA was developed us- a packed carbar. bed 
bulk electmlysis flow ceU Product gemration 
was amfirmed tr, be essentially annplete by both 
cyclic vol tamme try (CV) and high-perf ormance 
liquid chroma tography with electrochemical 
deectial (LCK). 

PAHA has been reported to covalently bind, to 
hmoglobh, histme(s) a d  h~man senun albumin 
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P A R E N T  COMPOUND: O X I D I Z E D  H E T A B O L I T E S  : 

R enzvma t i c  
ox ida t i on  @ - 

p r o c a i n a m i d e  
( P A )  

R e l ec t rochemica l  R 

HNOH 

ox ida t i on  
A 

p r o c a i n a m  i d e  h y d r o x y l a m i n e  n i  t r o s o p r o c a i n a m i d e  
( PAHA ) ( NOPA ) 

1 a i r  
ox ida t i on  

azoxy procainamide 

n i  t rosoprocainamide  nf troprocainamide 
(NOP.4) ( N P A )  

1.XYUNOLOGICALLY 
XOK-?,%CTIVE COHPOUND : 

ti-ace t y l  procainamide 
( NAPA) 

F i g u r e  _I: S c h e m a t i c  D i a g r a m  o f  N - a c e t y l  p r o c a i n a m i d e ,  
p r o c a i n a m i d e ,  a n d  N - o x i d i z e d  p r o c a i n a m i d e  m e t a b o l i t e s .  

(HSA) in v i m  (3-4). Uetrecht has postulated 
t h a t t t l i s i n t e r a c t i o n n l a y b e ~ b e t w e m t h e  
NOPA metabolite and these biomolecules (4). 
However, d i r ec t  detection of NOPA has not been 
previously described. By monitoring current 
responses using CV and LC=, the reaction 
charac te r i s  t i c s  of PAHA and electrolyt ical ly 
geaerated NBA the derivatized aromatic 
amine group have been exambid with a variety of 
amino acids, pep tides, nucleos ides and DNA. 
Further,  we have used PA metabol i tes  to 
investigate their effects on funcdalal respoases 
of mudm oells in vitra 

HATIPUAlSm- 
Reagents. A l l  chemicals commercially obtained 
were of reagent gca& or bet- and were used as 
mived.  Cysteine, glycine, alanlne, methioaine, 
h i s  t i d ine ,  tyrosine,  cys t ine ,  guanos ine,  
w i n e ,  -9  -9  mi=, c y U h ,  
glutathim, and PA hydrochloride wem obtained 
from Sigma Chemical ( S t  Louis, MO). PAHA and 
n i  troprocainam ide (NPA) were synthesized as  

prwiously mporhed (3). ss-DNA w a s  pLtqaJxd in 
trxlse by the Division of Immu~y)logy a t  Uni~ef8iW 
of C i n c h a d  College of Medicine CUtrJre media, 
Hank's Balanoed Salt Solutiaa ( H I S ) ,  RPMI-1640, 
f e t a l  calf serum (FCS) and ant ib io t ics  were 
obtained fran GIBQ) (Grard ISM, N.Y.). 

Apparatus. Cyclic wltammetry was performed with 
a CVlB voltammetry uni t  (BAS, W. Laf., IN) with 
glassy carbon working, plathum auxiliary, and 
Ag/AgCl reference  electrodes.  The bulk 
electrolysis flow cell a s  modified from the design 
of Clark and l h n s  (6) and a potentiostat used for 
constant applied potential were ams tnc l~~ I  in the 
Department of Chemistry a t  the University of 
Cincinnati. Similar contmlling potentiostats are 
commercially available. Reticulated vitreous 
& (RVC) and Vycor (thirsty glass) tubing were 
obtained from BAS. A Sage M o d e l  341 syringe pump 
(Oricm, Cambridge, MA.) was used to provide 
cons tan t flow. The auxiliary electrode was 
stainless steel and the refemme electmde w a s  
Ag/AgCl. The electrolysis  c e l l  supporting 
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electrolyte was 0.2 M potassium nitt-aba The LCEX: 
system cons is ted  of a BAS LC154D l i q u i d  
chmmabgmph with a glassy carbon dual electrak 
thin-layer ell and a Ag/AgQ reference electrode, 
A 5 um ODs RP column (100 x 4.6 mm) (Brownlee, 
Santa Qara, a) was used for all sepamtions. A 
20 u l  sample loop was used. W/vis absorption 
specmi w e r e  obtained using a Lambda V scarning 
spectroplmtome ter (Perkin-Elmer , Norwalk, CT). 
A l l  potentials reported a r e  vs. Ag/AgCl (3.0 M 
W) 

Cgcllc Valtammew a d  Bulk k t m l y s i s  Flow Cell 
Ccxrliticxls. A l l  cv shadies w e  performed in both 
a 02  M ammonium acetate buffer, pH 5.5, and a 0.2 
M ?HAM buffer, pH 7.4. All ~ltamrnogmns were 
recorded a t  a scan ra te  of 100 mV/sec. RVC 
particles for the flow cell wem grourd to 200 
mesh. Flow rates during electrolyses varied 
between 0.25 and 0.45 mL/mln, but were constant 
within tb course of each experiment 

LWC a d  Rerecl3m Study Conditioas. A flow rate 
of 1.0 a m i n  was used. A l l  samples were pmpared 
in the mobile phase solutim, and new stmdards 
w e r e  prepared fresh weekly in deuxygmated txlffer 
solution and stored a t  4' C. Due to varied 
retention behavior of PA and i t s  oxidized 
derivatives, two chromatographic conditions were 
utilized. For the more weakly retained P M  and 
PA species, a 0.1 M ammonium acetate buffer, pH 
5.5, with 5% acetonitrile (v/v) was used to give 
rebentim times of 6.0 a d  65  min respectively. 
For the strongly retained N?A and W A  species, 
the acetonitrile ooncentratim w a s  hemmed to 
25% to give retention times of 10.2 and 118 min 
respectively. Binding studies w e r e  ccPducted in 
both 0.1 M pH 5.5 ammonium acetate and 0.1 M pH 
7.4 THAM buffers. A l l  reagent solutions were 
prepared in buffer and added in 10:l molar excess 
to PAHA or NOPA solutions. Incubations were 
performed for 15 minutes with amstant stirring. 
Samples were deoxygenated prior  to analysis. 
Individual PAHA or NOPA cmtrols were run for each 
incubatim. 

Animnls. Adult rats (Charles River, WU MA) and 
mice (Bar Harbor, ME) w e  used in these assays. 
Briefly, spleens were harvested by standard 

(7), single a3I.l suspensi- prepad,  
a d  appropriabe cr?lln were pooled and layered onto 
FicoU.+ypaque gradients. Recov red ce l l s  were % washed with HBSS, adjusted to 10 /ml in RPMI-1640 
medium containing 10% FCS and antibiot ics 9 
dispersed into microtiter plates (5 x 10 
cells/well) containing ce l l s  alone, varying 
con;entmtiocls of the mitogens or mitogens co- 
cultured with varying dilutions of the C O ~  

Cultures were incubated a t  37 '~ with 5% C02, 
~ s e d  wim (%)-T~R and ~ ~ ~ W S ~ E X I  m a MAW IL 

DNA synthesis was determined using a scintillation 
counter. 

RlsuLTS 
Bulk Elec t ro lys is .  The e lec t rochemical  
ckmcmization of PA d NPA was achieved by 
comparison to previously characterized model 
systems. Frwn this study, it was determined that 
the best means of gemmtirlg N B A  wculd be thtwgh 
the two electron oxidation of PAHA. This 
addation w a s  accanp1ished using the packed carbon 
bed flow ce l l  described above a t  an applied 
potential of +700 mV vs Ag/AgCl. Due to the 
elec t rochemical  na ture  of this  technique, 
isolation of the W A  response w a s  provided in 
s i t u  by monitoring current produced from PAHA 
oxidat ia  With a high surface arealvlolume ratio 
for  the RVC working electrode, conversion 
efficiencies of e t e r  than 9% were affordsd 
using concentrations of PAHA up to 10 mM as  
de termid  by L(3X and derivatized form of 
Faraday's Law: i=nFdN/dt 

mc. Dualdectrode Lac methods were developed 
for isolatim and quanti tat im of PAW, NOPA, d 
NPA. Hydrodynamic vol tamme try (HDV) provided 
add i t i ona l  v e r i f i c a t i o n  of the ascribed 
electrochemical -vim of these compaucds. HDVs 
obtained of NOPA reduction and PAHA oxidation 
Wicated current limiting plateau potentials of 
+450 and -200 mV respectively. An HW fo r  the 
four electrnn reduction of NPA t~ PAHA Micated a 
current limiting plateau potential of -650 mV. 
h-sequently, these potentials were used as the 
detiector potentials in all subsequent experiments. 
While PA could be &bxW a t  a potential of 1050 
mV, accurate quantitation was prevented by 
electrode fouling effects. 

Q u a l i t a t i ~  time decay studies of aqueous PAHA 
indicated mu1 t ip le  product formation with 
hemasingly rapid decomposition in the neutral t~ 

bas i c  pH range. PAHA so lu t ions  become 
increasingly yellow as a i r  oxidation occ~lrs over a 
period of days, indicative of the forma tion of 
azoxy-PA, the condensation product of NOPA and 
PAHA (Fig. 1). Substantidl concentzatians of both 
NOPA and NPA were detected based on 
chroiuatqpphic retention with stadards, as w e l l  
a s  several unidentified components in  smaller 
amounts. Rubin has recently reported the 
appearame of a W/vis ahsorption maxima a t  308 nm 
upon PAHA solution oxidation (8). The W/vis 
absorption spectrum of electmlytically generated 
NOPA indicates a strong absorption a t  this  
wavelength not observed for  PA, PAHA, or NPA. 
This provides d i rec t  ev idem for th in-vitro 
~n-erqymatic axida tion of PAHA to NOPk 
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TABLE I 

C o n v e r s i o n  of  N i t r o s o p r o c a i n a m i d e  t o  P r o c a i n a r n i d e  
H y d r o x y l a m i n e  by S e l e c t e d  R e d u c i n g  A g e n t s  

REDUCING 
AGENT 

% CONVERSION 
TO P A H A =  

PA 
DETECTED 

A s c o r b i c  A c i d ,  pH 5 . 5  
A s c o r b i c  A c i d ,  pH 7 . 4  

G l u t a t h i o n e ,  pH 5 . 5  
G l u t a t h i o n e ,  pH 7 . 4  

YES 
N O  

YES 
N O  

a = V a l u e s  a r e  t h e  mean o b t a i n e d  f r o m  3 s e p a r a t e  e x p e r i m e n t s  
RSD < 5%.  

Reaction S h d i e a  Incubations wem performed rn 
detect possible mactions between NCPA a d  simple 
biomoleades or PAHA a d  molecules. TIE 
a i ly  amim acid imubaticn to e l i c i t  a m m s u e  
change in mponse w a s  cys t~ ine  incubated with 
NOPk LCEX: chromatograms o b m W  following theee 
incubations demanstzated tbat tk =tLon with 
excess c y s t ~ i a e  was complet~ PAHA w a s  &tecbed 
a s  a major product of th i s  reaction based on 
chromatopphic retentian and HW. Additiadly, 
a t h i o l / d i s u l f  i d e  d e t e c t i o n  LCEC s y s  tern 
constructed by the method of Allisan and Sharp (9) 
irdicated the pmsace of of cystine following 
these incubations. Ascorbic acid has been 
suggested bo reduce WA tn PAHA by Rubin (8), awl 
our results confirm this hypothesis, as shown in 
Table I. Incubations of glutathione (GSH) with 
N@A a t  physiological pH indicate the p r i r r i p b  
product of this mxZion tn be PAHA as  w e l l  (Table 
I). This is in contrast to previously reported 
findings of Uetrecht i n  which PAHA was no t  
detected a t  pH 6.8 (4). 

Antiguaru>sh antibodies traw been reported as a 
marker f o r  DRL (10). I n  order to  demonstrate 
whether aty direct fntemXtcms ocatr between PAHA 
or NBA and mcleosidic molecules, lncuba tions 
with thym id  ine, cy t idine, guanine, adenine, 
adenosine a d  guanasine were performed. No change 
in monitored current respanses was detected by CV 
or L a  Incubations with shgle-stcanded DNA 
likewise showed no resu l tan t  change in these 
respotlses, and ths no direct covalent attachnent 
txl d z  oxidized am* funf2tiatlality. 

A s  shown i n  Table 11, suppression of ( 3 ~ ) - ~ d ~  
up take was observed with both PAHA (20 uM) and 

NOPA (1 1 uM) incu ba ted with mouse and ra t c e l l  
culbws for 3 days (Cell viability: PAHA - 45%, 
NOPA - 60%). Recovery of responses t o  
Concanavalin A (Con A) was observed i n  both 
mouse a d  m t  cultured with Wucd doses of 
the wmpouds (Cell viabiliw: 95-97%). Repmsa 
with PA a d  NAPA wen?  not significantly different 
than control  values (P > 0.05). Response to 
Lypopolysaccharide (LPS), however, was 
significantly reduoed fmm controls with N(P3 (1.1 
uM), although viability w a ~  minGiined (86 - 3%). 
In the rat, PAHA produced significant suppression 
of pokeweed mitogen (PWM) response a t  both 
concentratians. This may ref l e c t  an affect on T- 
helper cell function by r a t  splenic cells. 

DISarSSION 
'Ihe bulk electrolysis of PAHA to NXA repmxnts 
the f i r s t  synthet ic  means of e f f i c i e n t  NOPA 
product generat ion I n  addition, CV and LCEC 
provide an excellent means of selecdve detectim 
of MPA In aqueous soludon, MPA w a s  found txl 
be mom lag-lived under aerobic ccrditiosas thsn 
PAHA (m vs 50% decay in 2.0 hr  a t  pH 7k IMAM), 
implying tbt this particular PA metabolitie might 
reach relatively high in vivo CmEentratiOn levels 
if subsequent bMing or redox reactions did not 
OCCUT. 

However, msults for  th mxtion of MIPA with GSH 
and CYS (Table I )  a r e  consis tent  with the 
mechanism proposed by Eyer f o r  a r o m a t i c  
nitmso/sulfhydryl interaction (11). I n  weakly 
ac id ic  media, the amount of PAHA formed is 
substantrnUy reduced, and PA is also de&c&d, 
presumably through h y b l y s i s  of PA-gluta thiaae 
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Table 11. 

(3H)-TdR Uptake o f  Rat  and Mouse S p l e n i c  C e l l s  Incubated  w i t h  Opt imal  D i l u t i o n  of 
Mi togens Alone o r  Co-Cul tured w i t h  Vary ing  D i l u t i o n s  o f  t h e  Compounds. 

S p e c i e s / S t r a i n  Compound Con A LPS 

~ o u s e ~  - D B A / Z ~  None 32.0 t 1.3 b 21.7 + 6.3 

NOPA 11 llM 2.2 t 0 . 2 ~  (931d 3.2 t 1.3' (82)  
NOPA 1.1 ~JM 29.2 + 4.0 11.9 + 1.4' (45)  
PAHA 20 ~JM 1.2 + 0.8' (96) 7.8 t 0.7' (64)  
PAHA 1 pM 29.0 + 7.0 14.0 k 1.3 
PA 40 pM 28.1 + 2.8 17.8 + 2.4 
PA 4 ~JM 28.8 + 2.7 16.8 + 2.6 
NAPA 36 ~JM 28.3 + 2.2 17.7 t 3.2 
NAPA 3.6 pM 30.4 5 2.7 19.4 + 5.1 

S p e c i e s / S t r a i n  Compound Con A PWM 
-- - - - - - - - 

  at^ - Lewis (RT1) None 
NO-PA 11 ~ J M  
NO-PA 1.1 l~! l  
PAHA 20 ~JM 
PAHA 1 pM 
PA 40 ~JM 
PA 4 pt.1 
NAPA 36 
NAPA 3.6 pM 

a = Values a r e  t h e  mean + SD o b t a i n e d  f rom 4 exper iments w i t h  10 mice p e r  
exper iment  o r  4 r a t s  p e r  exper iment .  b = R e s u l t s  expressed as A CPM a t  10- . 
c = The mean + SD o f  t h e  exper imenta l  group i s  s t a t i s t i c a l l y  d i f f e r e n t  than  
t h e  mean + SD o f  t h e  c o n t r o l  group ( p  < 0.05). d = Percent  suppresion o f  
exper imenta l  versus t h e  c o n t r o l  value. 

sulfbmide. Additionally, PAHA incubkd with 
excess GSH decays much less rapidly tlrder aerobic 
condi t im than PAHA a l e  (5% vs decay in 2.0 
hr). This would suggest that high amcentrations 
of NOPA might no t  be achieved i n  vivo i n  the 
presence of these reducing species. 

Finally, the preliminary animal s tudy resu l t s  
represent the f i r s t  report  of the d i r e c t  
i rnbat icn of NCBA on the f u n c t i d  properties of 
cells. While it remains unclear whether the PAHA 
o r  NBA metablib may predominate in the cellular 
matrix, it is apparent h t  these metabli Ws are 
the active i m r n ~ h a n a c o l o g i c  agents mther than 
the parent drug itself. 
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