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Abstrac~Ethacrynic acid, a clinically useful diuretic, has becn shown to inhibit L-asparagine synthctase 
from leukemia 5178Y resistant to L-asparaginase (L5178Y/AR) in vitro. This inhibition is thought to 
involve the formation of an adduct between ethacrynic acid and sulfhydryl functioqs on the enzyme: 
the adduct is not readily reversible even when another thiol, such as dithiothreitol, is used to displace 
the acid. A series of analogs of ethacrynic acid were examined as inhibitors of L-asparagine synthetase. 
Only one proved to be superior to the title compound: it was 241-carboxymethoxy-4-chloro-2-naph- 
thy~)3`6-diethy~-6-(~-carb~xymeth~xy-4-ch~or~-2-naphth~y~-5`6-dihydr~-[4H]-pyran (Compound D). 
There was no correlation bctwccn the diuretic or natriuretic potency of the series of compounds exam- 
ined and their ability to inhibit L-asparagine synthetase activity. There was also no correlation between 
the ability of these agents to inhibit L-asparuginase from Dasyprocta a:louti (another sulfhydryl enzyme) 
and L-asparagine synthetase from LSI78Y/AR. In every case. cthacrynic acid and its analogs interrupted 
the utilization of ammonia by L-asparagine synthetasc to a greater degree than the utilization of L-gluta- 
mine. In vivo, the inhibition of L-asparagine svnthetase from L5178Y/AR by ethacrynic acid was feeble. 
while the analogous enzyme from pancreas was inhibited to a significant degree. 

Ethacrynic acid ([2,3-dichloro-4-(2-methylenebutyryl)- 
phenoxy]acetic acid) is a potent and clinically useful 
diuretic [I] .  In addition, the drug is known to inter- 
rupt a considerable number of cellular processes: 
sodium fluxes in muscle [2]: ion fluxes in bladder 
[3]; mitochondrial metabolism [4]; glycolysis [5]: 
and the inflammatory process [6]. In many cases, the 
action of ethacrynic acid has been ascribed to, or 
associated with the blockade of critical sulthydryl 
functions on the enzyme or organelle under study. 
Chemically, this blockade is most likely achieved via 
covalent reaction at the aryloxyacetic moiety (Fig. 1). 

Since we are engaged in an extensive search for 
inhibitors of tumoral L-asparagine synthetase, and in- 
asmuch as evidence in the literature indicates that 
sulfhydryl groups are involved in the catalytic activity 
of the enzyme, we were prompted to examine 
ethacrynic acid as a candidate inhibitor. The present 
report summarizes the inhibitory behavior of the drug 
in vitro and in vivo. 

M A T E R I A L S  A N t )  M E T H O D S  

Supplies 

Ethacrynic acid and its analogs were provided by 
Merck. Sharp & Dohme, West Point, Pa. L-Aspara- 
gine was purchased from Schwartz Mann. Rockville, 
Md., and L-[4-~'*C]-aspartic acid from the Biochemi- 
cal Nuclear Co., Burbank, Calif. All other chemicals 
were of the highest quality obtainable. 

Enzymes 

Glutamate oxaloacetate transaminase (GOT) (EC 
2.5.1.1, sp. act. 180I.U./mg of protein) and malate 
dehydrogenase (MDH) (EC 1.1.1.37, sp. act. 1100 I.U./ 

mg of protein} were purchased from Boehringer, New 
York, N.Y., as ammonium sulfate suspensions. 

L-Asparaginase (EC 3.5.1.1 ) 

From agouti serum. Serum from the agouti, Dasy- 
proeta agouti, was prepared from blood obtained by 
cardiac puncture. A preliminary pnrification of L- 
asparaginase was carried out by adding solid 
ammonium sulfate to 30 per cent saturation: the scant 
precipitate which formed was discarded. Additional 
solid ammonium sulfate was added, to 50 per cent 
saturat ion; the precipitate was collected, redistributed 
in 0.1 M Tris-HC1 buffer, pH 7.5, containing 10% gly- 
cerol and 0,001 M dithiothreitol, dialyzed against 
several changes of the same buffer and stored at 
- 2 0 ' :  this was used as the source of L-asparaginase 
from agouti serum (sp. act. 20 I,U./mg of protein}. 

From E. Coli. L-Asparaginase from Eseherichia coli 
(sp. act. 340 l .U./mg of protein) was a donation to 
the National Cancer Institute from the Merck Insti- 
tute for Therapeutic Research, Rahway, N.J. 

L-Aspara~ine synthetase [EC 6.3.5.4, L-aspartate: 
L-glutamine amido ligase (AMP)] 

From leukemia 5178 Y made resistant to L-aspara- 
,(linase (L5178Y/AR). Male BDF~ mice weighing 

Cl el CI C) 

H 2 CH2SR 
[ I ) (11) 

Fig. 1. Ethacrynic acid (I) reacts with sulfhydryl groups 
(HSR) to form an ethacrynic acid sulfllydryl complex (II). 
This comp]ex (lI) can further undergo a sulfide sulttlydryl 
exchange in the presence of sulrhydryl-containing proteins. 
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between 18 and 20g, were injected by the subcu- 
taneous route with a snspension of 10 ~' cells of leuke- 
mia 517NY made resistant to L-asparaginase (L5178Y. 
ARI by repeated subcurative doscs of the enzyme. 
Seven to ten days later, tumors were collected and 
homogenized (1:1(7. w v )  in 0.1 M Tris-HCl buffer, pH 
7-6. containing 0-5 mM EDTA and 1 mM dithiothrei- 
tol. The homogenatc x~r&t S centrifuged in the cold at 
100.000¢/ ill a Beckman L2-65B uhracentrifuge lbr 

30 rain and tile supernatant (sp. act. 0-0()l l.U.,mg of 
protein) was collected and used as the source of I- 
asparagine symhetase from tumor. For the kinetic 
analysis of the Dpc of inhibition produced by etha- 
crynic acid, the enzyme was partially puritied (6-fold) 
by heating at 50 lot 10 mm after treating with ATP. 
mgCl>  L-glutaminc alld ammonium chloride each at 
a concentration of 0.01 M. The heated extract was 
immediately chilled on ice and centrifuged at 20,0000 
for 30 rain to remo,,e the precipitated proteins and 
nucleic acids. The supcrnatant was brought to 30 per 
cent saturation with solid ammolfium sulfate and thcn 
centrifuged at l g.(I00 g. Tlne precipitate was discarded 
and the supernatant brought to 50 per cent saturation 
with solid ammonium sulfate. Tile resulting precipi- 
tatc was suspended in 5 mM Tris-HCl butlkr, pH 76, 
contaimng 051riM EDTA, l m M  dithiothreitol and 
I(1",, glycerol, and dialyzed against three changes of 
the san]e buffer for 3 hr. 

]"l'Olll ttlOltSC [)[IIICI'WdS. P a n c r e a t a  from twcn D l ] o r -  

real BDV~ mice were collected at 4 and homogenized 
11:10. w v ) i l l  (1-1 M Tris-HCI bufl'er, pH 7'6, contain- 
ing l m M  dithiothreitol and (i.5mM EDTA. The 
homogenate was centrifuged in ttle cold R)r 3 nlin at 
18,(R)0g and the supernatant (sp. act, 0-001 I.U. mg 
of protein) was used as the source of L-asparagine 
synthetase f ` ron l  m o t l s e  p a l l c r e a s .  

Protein was determined according to the method 
of Lowry et al. [S]. 

Measurement (ft. L_clSlk,.aoimtse 

Measurement of L-asparaginase activity was carried 
out ill lwo stages: incubalion and assay. Incubations 
of the agouti and E. colt enzymes with 0.05M L- 
asparagine in 0'I M Tris-HCI buffer, pH 84, m the 
presence or absence of one of the putative inhibitors, 
~ere conducted at 37 tbr 301nin. The reaction was 
termilmted with onc-tcnth volume of 2 N HC1 fol- 
lowed in 10rain b\. one-tenth volume of 2 N NaOH. 
~-Aspartic acid was then measured in an aliquot of 
tile incubation mixture by an enzymatic spectro- 
photolnetric technique [9]. In no case was more than 
10 per cent of" the substratc hydrolyzed: additionally, 
aliquots lor the assa 3 were sufficiently small so that 
no inhibition of lhe reagent enzymes (GOT and 
MDH] b 3 the drugs was observed. 

,'~leasurem('~tt O/L-a,Slktr(l~tiuc synthetasc 

i-Asparaginc synthctasc was measured b~ an 
enzymatic radiomelric technique, essentially as des- 
cribcd earlier [1(7], with the following modilications. 
In a final w~lumc of 10/d were admixed: 0.1 tlmole 
ATP and magnesium chloride, 02 itmole l-glutamine 
or ()Slmlole amnaonitun chloride. 0-125taCt i0.0056 
/mole} I,-[4-14C]-aspartic acM (sp. act. 222ttCi / 
iLmole) and 5 Id crude or partially puritied t-aspara- 
gine s\,nthetase f rom tumor  or  pancreas: this mixture 

was incubatcd for 3(train at 37.  After incubation 
the vessels wcrc hcatcd at 95 [or 5 rain and an3 
residual unreacled l.-[4-1a(']-aspartic acid \~:ls 
then fi-decarboxylated by addition to each vessel of 
5013 of a decarboxylation reaigent consisting of 
6-8 mM z-kctoglutaric acid. and S.5 mM zinc sulfate. 
ill 0-66 M sodium acetate buffer° pH 5(). containing 
0.2 mg:nfl of GOT. Thc open vessels were incubated 
at 37 for 4111, whereafler 2 I.t!. of l-asparagmasc 
from E. colt was added. At the same time, a droplet 
(5 p.])ofa saluratcd solution of` harium h\droxidc ~as 
deposited on the underside of each vessel's lid to trtlp 
[ '4(']-() e arising from the zinc-catal3zcd fi-dccarboxy- 
lation of oxaloacetic acid. arising in turn f`ronl the 
transamination with z-ketoglutaric acid ,,fl" anx I-[4- 
14C]-aspartic acid produced b 3 the anaidohydrolxsis 
of 1,-[4-IaC]-asparagme. Wilen inhibitor COllSlalllls 
were being invcstigated, sulticient drug was lyophi- 
lized on the bottom of the plastic reaction xessel so  
that. on reconstitution with the 10/d final reaction 
volume, the intended molarities xYerc achieved. This 
procedure led to no measurable alteration of the 
absorption spcctruna of the inhibitor or of tile potency 
of inhibition. Upon reconstitution, tile lyophilized 
drug dissolved instantaneously. 

4,titumor xtudie.~ 

Seven days after intraperitoneal transplantation 
intoBDF~ m i c e o f l  x I(15cel lsofL517NYAR.treat-  
ment was started with clinical lornlulations of ctha- 
crynic acid or con~pound D at lhc doses indicated. 
(on t ro l  subjects reccivcd saline. 

,4ltCltlpt,'; tO I)rt'l't'lll (~1" rtT~'r,";d inhihition ol L-aspara- 
gim' .svulhetasv hv cthacrvnic acid 

Aliquots of the 105J)OOg supernatant of a I:l() (x~ 
v) homogenate of 1,5178Y:AR in 0-1 M Tris-H('l  
buffer, pH 76 were rendered ()01 M in L-glutamine. 
0.1 M in NHa('I ,  (f001 M in ~-aspartic acid. ().01 M 
in ATP MgCI> or  0.(X)I M ill dithiothrciloI either 
imnlediatel', bclbre ( iwcvention) or 30 rain af`ter (::  
reversal) the addition of cthacrynic acid to a linal 
concentration of I x l0 3M. Tcn mm latcr, aliquots 
o f  these incubation lnixtures X~rCt "c diluted (I :3, v \ )  
with water, and assa3.cd radiomctricallv for L-aspara- 
~inc s3,nthelase acti\i t  3. 

Kim'tic anahsc~s 

For the double reciprocal plots, extracts of 
L5178Y AR (sp. act. 0.005N 1.U.:mg of plotein) were 
incubated for 30rain in the presence of 0, ()5 or 
1.0 mM ethacrynic acid, and different concentrations 
of L-glutaminc (2.5, 54), 10.() or 20.0 raM), ammonium 
chloride (625, 125, 25.0 or 500 raM) or l-aSpallale 
((75, IO. 20 or 4 O m M ) a n d  ()'I mM ATP and M g ( l >  
The production of t-[4-~a(']-asparagine xYas quanti- 
tared as described earlier. 

r es t  I / [ s  

When ethacrynic acid Js incubated at a con- 
centration of 1 × lO 3M with a crude (105.(X)(Iq 
supernatantt preparation of tumoral I-asparaginc 
synthetase, in t'itro, the cnywne is inhibiled Mrongly 
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Table 1. Inhibition in citro of L-asparagine synthetase and L-asparaginase by cthacrynic acid and its analogs* 

( ' o m p o u n d  

M e a n  ",, 
inhihil inn of t  -aspaIaginc M e a n  <',, 

s) nll lclas¢ inhibition of 
_ _ _ 1 -aspa ragJnasc Nat r iurc t ic  

Amidc-donors  activil} m 
I ( i l t l t aminc  , \mmon ia  E cob , \gouli  dogs 

A [2.3-1) ichloro-4-[2- lmesylmet  hyllbut yryl]pheno~iy]acet ic  acid 
B 2 .3  -I) ichloro-4 -12-dielhyhunmoet hoxyb2-mct  hvlenebut  y ro- 

phCllOnC It-tO[ tight Stl]l~.ll/{l[c 
("  \ ' - [2.1 dich]olO 4 12 n3clh)lcllcbut}ryhphcnl~x} acctsI I-Z -alal/inc 
I) 2-( I -Carbox~mcthox}-4-ch loro  2-naphthyl)  1 6  diclhyl 6 I I 

car  boxymct  hox v-4-chh)ro-~-i/al~ht hoyl)-5.6-dih~,dro-[ 4 t t  ]-pyran 
E %-lear boxy met hyli-[2.3-dichloro-4-(2-melh3 IcncbutD 3 h- 

phenox} ]ace tamide  
1 ~" 4-1 : -Ethyhlcr}  lyl)- 1,3-phcnylcncbisoxy-acclic acid 
G [ 2-Mcthyl-3-chloro-4-(2-cthyl idcncbutyryl)phcnoxy lacciic acid 
H. [2,3-Dichloro-4-{2 bromoisovalcr ' , l )phcnoxylacc t ic  acid 
1. ] 2 ,3 ,5-Trimcthyl-4-(2-meth~lcnebutyr~l)phcnox3]acct ic  acid 
J 2-(2,3-1)ichloro-4-cllrhoxymcthox?,phen~,l)-3.6-diclhyl (, 12,~ dichloro 

4-carhoxymethox$ benzoyll-5.1~-dih~dro-{ 41t l-p3 ran 
K. i 3-Chloro-4- (2-mcthylcncbutyry l lphcnoxy]ace l ic  acid 
I .  [ 4-{2-Mct hylcncbm> r ~1)- I -naphthylox)  iacelic acid 
M [2-1sopropyl-4-(2-mcthylcncbuiyryl l -5-mcihylphcnox2,]acct ic  acid 
N i 2.3-Dichloro-4-12-mcthylbuiyryl )phenoxy]acct ic  acid 
O. [ 2,3-Dichloro-4-12-chloroiso~alcryI)phcnoxy]acctic acid 
P [2,5-Dichloro-4-(2-mctl~ylcncbtttsryllphcnoxy]acctic acid 
O. [2,3-l)inlcthyl-4-12-mcthylcncbutyryl)phenl~xy ]acctic acid 
R. [2 .3-Dichloro-4- (2-e lhyl idenebuty ly l lphenoxy]ace t ic  acid 
S. E thacrynic  acid 

Ethacr}nic  acid (25  × II) ~ M) 

~0 46 0 (I 5 
14 71 0 29  + 

7 ~2 (I 25 + 
S I ~Jl) (I I 8 (I 

22 6O 0 75 4 

14 2 ~) I 21 0 
9 26 o .r,~ 6 

12 15 o 2 ~) 5 
4 13 0 27 

16 q5 0 23 ~1 

37 54 4 21 4 
32 48 2 40 5 
13 35 8 27 II 
7 22 0 2tl + 

23 24 16 36 + 
31 44 (I 27 I 
I 1 16 o l ~  q 
1 I 17 0 28 5 
58 7O I) 2 [ f, 
76 ~,4 

* Inhibition of L-asparagine synthetase from L5178Y/AR was measured essentially as described in Methods, with 
the exception lhat the reaction volume was increased to 45 ltl and that the ethacrynic acid derivatives listed in the 
Table were added to the incubation mixture to a final concentration of 1 × 10 3 M. Vessels receiving 10lll of HzO 
instead of drug served as standard. Both L-glutaminc and N H  3 (in the form of NH4CI) were used as amido donors. 
The values represent the mean of four experiments. 

Inhibition of L-asparaginase was measured spectrophotometrically using L-asparaginase from E. colt and agouti serum 
in the presence or abscnce of drugs listed in the Table at a tinal concentration of I × 10 3 M. 

In the assay of natriurcsis, female animals are slurvcd overnight, anesthetized with phenobarbital, creatinine-primcd, 
catheterized and infused with phosphate buffer at a rate of 3 ml/min. The drug was then given i.v. at 5 mg/kg over 
a period of 5 ram, and 15-mm collections of urine were taken over a period of 2 hr. The data recorded are the average 
of the two highest consecutive 15-rain collections. The natriurctic response is scored from 0 to 6 according to the 
criteria shown below: 

Score 

Dog assay 
(5 mg,"kg, i.v., star dose) 

(/,-equiv. Na- excreted.,'min) 

_+ Active only above 5 mg/kg 
0 0 9 9  
1 100 300 
2 301 500 
3 50I 700 
4 701 900 
5 901 12iX) 
6 Above 1200 

(Table 1). Many  of the congeners of ethacrynic acid 
also share this property. In every case, the inhibition 
of the synthesis of L-asparagine is greater when 
ammonia  is the substrate than when L-glutaminc is 
the amide donor.  This feature is illustrated graphi- 
cally in Fig. 2. It is of interest that  the most potent 
inhibitor  detected in the present series (Table 1t, 2-(l- 
carboxymethoxy-4-chloro-2-naphthyl)-3,6-diethyl-6-( 1 
carboxymethoxy-4-chloro-2-  naphthoyl j -5 ,6-dihydro-  
[4HI pyran (Compound  D), is, on the face of it, struc- 
turally dissimilar to ethacrynic acid, lacking as it does 
the vicinyl chlorine a toms and the reactive 2-methy- 
lene-butyryl substituent,  a functionality known to 
form sulfhydryl adducts  according to the scheme pre- 
sented in Fig. 1. The basis for the high reactivity of 
compound  D is, then, unclear. 

Also, apparent  from the data  presented in Table 
I is the conclusion that  neither the parent compound,  
ethacrynic acid, nor  its analogs are potent inhibitors 
of L-asparaginase from E. colt. Although one intersul- 
fide bridge does stabilize the molecule [1 I], this onco- 
lytic hydrolase is known to be exceedingly resistant 
to inhibition by sulfhydryl reagents [12]. On the 
other hand, 1.-asparaginase from the serum of agouti, 
Dasyprocta agouti, is sensitive to inhibit ion by etha- 
crynic acid and certain of its analogs;  thus. this hydro- 
lase is similar in behavior  to other  mammal ian  L- 
asparaginases which have been demonstra ted to be 
similarly susceptible to sulfhydryl blockade [12]. 

It should be pointed out  that  the correlat ion 
between inhibition of L-asparagine synthetase and 
agouti L-asparaginase is imperfect. Thus. compound  
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Fig. 2. ('orrelation bctween inhibition by Compounds A S 
[ltl of Table 1 of 1-asparagine synthetase activity from 
L5178Y AR. using J -glutaminc and ammonia as subslrates. 
Individual pairs of obserwttions are shown, as well as the 
line representing the least squares best fit to the data [solid 
linc). Also shown is the diagorlal (broken linc) which would 
represent the data if inhibition ~erc equal using the two 

substratcs. 

D {Table I) inhibits L-asparagine synthetase power- 
fully but agouti L-asparaginase weakly. Disparities 
such kS these may be a result of steric factors affecting 
the entry of the reagent into the sulfhydryl site on 
the respective enzyme. Also documented in Table 1 
is the fuilure of the natriuretic potency of this fumily 
of compounds to correlate with their enzyme-inhibi- 
tory' activity. This descrepancy is most prominent in 
the case of compound D, which powerfully inhibited 
L-asparagine synthetase, but produced no natriuresis 
in creatinine-primed dogs. It is likely that differential 
susceptibility to adduct formation of protein-borne 
sulfllydryls explains this disparity. 

Studies of the rate at which ethacrynic acid inhi- 
bited L-asparagine synthetase showed that. when in- 
hibitor and enzyme were pre-incubated together (in 
the absence of substrutes), maximal inhibition (90'~i> 
inhibition of L-ghltamine utilization at a 2"5 mM con- 
centration of ethacrynic acid) was achieved in ap- 
proximately 5 min : in the presence of the full comple- 
ment of substrates, however, the velocity of inhibition 
of the enzyme by ethucrynic acid was delayed, such 
that 30 min were required for the production of maxi- 
mal inhibition (73",,j. 

When attempts were made to determine whether 
the inhibition produced by ethacrynic acid could be 
overcome by dialysis, no reversal was seen. This find- 
ing points to the stability of the drug enzyme adduct. 

Lineweaver Burk plots of the inhibition exerted b\, 
ethacrynic acid vs i,-glutamine, l.-aspartic acid and 
ammonia produced families of parallel or nearly parallel 
lines. However, the conchision that ethacrynic acid 
is an apparently tmcompetitive inhibitor of L-aspara- 
gin¢ synthetase must bc viewed with caution, in light 
of the irrcvcrsibility described above. Moreovcr. the 
rapidity with which such irreversible inhibition is pro- 
duced probably precluded the measurement of truc 
initial velocities. Tipton [13] has discussed the 
hazards inwHved in the interpretation of analogous 
c a s e s .  

Experiments were also carried out to determine 
whether dithiothreitol could protect against the inhi- 
bition produced by ethacrynic acid if it were incu- 
bated with L-usparagine svnthetase before the addi- 
tion of inhibitor. For the sake of completeness and 
in view of the prophylactic effect which substrutcs 
o/ien confer on enzymes exposed to thermal and 
other stresses, L-glutamine, ammonia and ATP were 
also examined as counler agents lo the inhibition 
exerted by ethucrynic acid {Table 2). ATP Mg(' l  e 
(0-01 M each) and dithiothreitol (0-005 M) both par- 
tially prevented inhibition by ethacrynic acid 
(0"(X)5 My, but none of the materials exammed could 
reverse established inhibition, under the circum- 
stances of this study. 

Because of the compuratively stable and strong in- 
hibition produced by' ethacrynic acid in ritro vs 

tumoral l.-asparagine svnthetase, attempts were made 
to inhibit this enzyme m ri te .  Studies also were car- 
ried out on the L-asparagme synthetasc of mouse pan- 
creas in the light of a recent survey identil),mg that 
organ us Olle of the principal sites of I.-asparaginc 
biosynthesis in mammals [14]. hi citro, both of these 
synthetases are inhibited to a roughly cquiwtlcnt 
degree by cthacrynic acid: thus a conccntration of 
the drug of 1 x 10 2 M reduces the utilization o f i -  
ghitamine and ammonia by 58 and 70 per ccnl with 
the tumoral enzyme, 40 and 69 pcr ccnl with its pan- 
creatic counterpart. 

In range-lhlding experiments, all of ten micc given 
a single inlraperitoneal injection of ethacr_vnic acid 
at a close of 2(i0 mglkg dicd within 24 hr, while sub- 

Table 2. Protection against and rcvcrsal of the inhibition of i.-asparagmc s\mhctase of L517SY,AR by cflmcDnic 
acid* 

% Protection "<, Reversal 

Substratc Substratc 
Concn 

('ounter agent (M) L-Glutammc N H 4 ( ' I  L-Glutamine NH4('I 

i,-Glutaminc 1 × 10 2 119 6'1 4"5 1"7 
i-Aspartic acid 5 x 10 4 3+; 0.6 I'N 0 
ATP and MgCI, I × 10 2 23.4 16"3 2"1 0 
NH4C1 I x 10 ~ 5"5 3-5 1"2 0.2 
Dithiothreitol 5 x 10 3 43.3 25.7 5.9 I) 

* Procedures used lbr tile protection and reversal studies are outlined in Materials and Methods. The synthesis 
of g-asparaginc in the uninhibited reaction was 19.6 and 13.Smnoles,mg of protein'hr, utilizing i.-glutaminc and 
amnloniunl chloride, respectively, as amide donors. 
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Table 3. Effect of ethacrynic acid on L-asparagine synthetase activity, in vivo* 
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~'o Inhibition of L-asparagine synthetase 

Pancreatic enzyme L5178Y/AR enzyme 

Substrates Snbstrates 

Dose schedule c-Glutamine NH4CI t,-Glutamine NH4Cl 

25mg/kg x I 57t 58+ 0 0 
100mg/kg x I 27 
25mg/kg × 5 42t 24 
50mg/kg x 5 67t 63t 20 0 

* Groups of ten BDF l mice bearing L5178Y/AR were treated with intraperitoneal injec- 
tions of ethacrynic acid or saline according to the dose schedule shown in the table. Four 
hr after the last injection, the mice were killed by neck dislocation, their pancreas and/or 
tumor removed, homogenized and assayed for L-asparagine synthethase activity as outlined 
in Materials and Methods, 

?P < 0.01. 

jects given one or two doses of 100 mg/kg convulsed 
and died within 48 hr of dosing. Fifty and twenty-five 
mg/kg, per day for 5 days, however, were well toler- 
ated doses and, therefore, were used for further enzy- 
mologic and therapeutic studies. Four hr after a single 
intraperitoneal dose of 100 mg/kg of ethacrynic acid, 
L-asparagine synthetase activity in tumor of BDF~ 
mice bearing L5178Y/AR was depressed only by 27 
per cent.§ Four hr after the last of five daily intraperi- 
toneal injections of 50 mg/kg of ethacrynic acid, there 
was approximately 65 per cent inhibition of pancre- 
atic c-asparagine synthetase activity (Table 31, and this 
was true irrespective of whether L-glutamine or 
ammonia was used as substrate. Under the same cir- 
cumstances, there was only 20 per cent inhibition of 
the tumoral enzyme with L-glutamine as substrate. 
This experimental finding was felt to be detrimental 
to any projected therapeutic use of ethacrynic acid 
as a tool for converting the L-asparaginase-resistant 
cell back to the sensitive state; and indeed, when mice 

§ Four hr after an intraperitoneal injection of 50 mg/kg 
of "compound D,'" no inhibition of I:asparagine synthetase 
was observed in the tumor (L5178Y/AR) or pancreas of 
BDF1 mice. 

were given the drug alone or in combination with 
L-asparaginase from E. coli, no increase in survival 
was produced (Table 4). 

DISCUSSION 

The present series of studies provide evidence that 
ethacrynic acid is a potent inhibitor in vitro of L- 
asparagine synthetases of murine tumor and pancreas. 
Presumably, this effect is mediated by the formation 
of a covalent adduct between crucial sulfhydryl resi- 
dues on the protein and the methylene side chain of 
the inhibitor molecule. 

In view of the covalent nature of this linkage, it 
is not surprising that the kinetic patterns of inhibition 
were substantially irreversible by ordinary dialysis. Of  
considerable interest is the finding that preincubation 
of L-asparagine synthetase with ATP and magnesium 
chloride afforded it considerable protection against 
attack by ethacrynic acid. This observation would 
seem to make it likely that the ATP binding site in- 
volves or is proximate to a sulfhydryl function. 

Unfortunately, the powerful inhibition seen in vitro 
was not so readily demonstrable in vivo. Thus, a dose 
of 50mg/kg given intraperitoneally for 5 days was 

Table 4. Effect of ethacrynic acid and E. coli t.-asparaginase on survival time of mice bearing leukemia 5178Y* 

L5178Y/AS L5178Y/AR 
survival time survival time 

Mean Median Mean Median 
Drug treatment Dose Schedule (days) (days) 

Saline control 025 ml 13.8 14 12.2 13 
Ethacrynic acid 25 mg/kg Days I 10 11-2 12 10.8 II 
Ethacrynic acid 50 mg/kg Days 1 10 5 5 5 5 
l:Asparaginase 1000 I.U./kg Day 3 28 28 14-0 14 
Ethacrynic acid 25 mg/kg Days 1-10 12.4 13 9.7 10 

+ c-asparaginase 1000 I.U./kg Day 3 
Ethacrynic acid 50 mg/kg Days 1-10 12.7 12 5 5 

+ c-asparaginase 1000 l.U.,,3~g Day 3 

* BDF 1 mice bearing the L5178Y/AS or L5178Y/AR tumor were divided into groups of five mice each. Each group 
of mice was treated with intraperitoneal injections of ethacrynic acid, E. coil L-asparaginase, saline or a combination 
chemotherapy according to the dose schedule outlined in the table. 
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required to elicit strong inhibition of pancreatic L- 
asparagine synthetase activity in the mouse. Five 
daily doses of 25 mg/'kg also inhibited the pancreatic 
enzyme to a modest degree, but exerted little inhibi- 
tion on its counterpart in tumor. This finding raises 
the possibility that the drug penetrates these two 
tissues to a different degree. Indeed, from a simple 
anatomical standpoint, a drug injection into the peri- 
toneum of the mouse will quickly bathe the pancreas 
and very likely penetrate its thin capsule. Although 
this simple technical fact alone may explain the differ° 
ential sensitivity of L-asparagine synthetase of pan- 
creas to inhibition by an intraperitoneal dose of eth- 
acrynic acid, further studies by this and other routes, 
which measure uptake directly, will be needed to set- 
tle this point. 
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