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Abstract The enzymes involved in the activation of the O-phosphate of p-hydroxyaniline mustard 
in cells in culture have been studied. The results are consistent with the view that the cytotoxic action 
of the drug against HeLa cells is dependent on the activity of alkaline phosphatase, of the carcinoplacen- 
tal type, located in the cell membrane. The drug was shown to be a substrate for each of the isoenzymes 
of HeLa alkaline phosphatase. The importance of extracellular phosphatase in drug activation was 
also established. 

The mouse plasma cell tumour Adj-PC5, normally 
resistant to alkylating agent therapy, was shown by 
Connors and Whisson [1, 2] to be extremely sensitive 
to aniline mustard {1). Complete regression of large 
tumours was obtained with a single treatment. A cor- 
relation was subsequently established between aniline 
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mustard sensitivity and tumour glucuronidase 
levels [3, 4] and it was suggested that the activity of 
the drug was due to metabolism to the O-glucuronide 
(AMGI, 1I) in the liver and subsequent hydrolysis in 
the high glucuronidase environment of the tumour 
liberating the potently cytotoxic p-hydroxyaniline 
mustard (AMOH, 111) selectively in the tumour. 
Metabolism of AM to AMG1 was later confirmed in 
the rat [15]. Preliminary clinical trials indicate that 
there may be a correlation between response to ani- 
line mustard and glucuronidase activity in prostate 
tumours [6]. A logical extension of this work was the 
synthesis of AMGI and of the O-phosphate (AMPh, 
1VI and O-sulphate (AMSu, V) of A M O H  as possible 
selective agents against tumours containing high 
levels of glucuronidase, phosphatase and sulphatase 
respectively [7]. Further work in this laboratory 
showed that AMPh and AMGI are deconjugated by 
the appropriate enzymes in t:itro whereas AMSu is 
reflactory to hydrolysis by arylsulphatases [8, 9]. 

AMPh, in common with the other conjugates, will 
be in the ionised form at physiological pH and conse- 
quently will be unable to penetrate cell membranes. 
Prior deconiug~llion of Ihc drug by a phosphatase. 

,~ P "~  lil I* 

located extracellularly or in the tumour, must occur 
in order to release the uncharged, chemically reactive 
and highly toxic AMOH. AMPh therefore possesses 
latent activity [10] and deconjugation results in drug 
activation. Therefore selectivity could be achieved by 
the preferential liberation of A M O H  in turnouts con- 
taining high phosphatase levels. If AMPh is to be 
used rationally to treat such tumours it is necessary 
to determine (1) the relative importance of acid and 
alkaline phosphatase activity and (2) the importance 
of particular isoenzymes, in drug actiw/tion. In this 
paper a more detailed in~esligation of the action of 
AMDh in HeLa cells in culture is described, which 
has been previously reported in abstract form [11]. 

HeLa cells contain alkaline phosphatase of the car- 
cino-placental (or Regan) type [12, 13] and e~idence 
was obtained that this enzyme was responsible for 
drug activation by the cells. 

MATERIALS A N D  M E T H O D S  

Cell culture methods 

HeLa cells were routinely cultured in spinner flasks 
at 0"5 2 z 105 cells/ml in Minimal essential Eagle's 
medium (MEM) for suspension culture, supplemented 
with 7°; foetal bovine serum, penicillin and strepto- 
mycin (all reagents obtained from Flow Laboratories 
Ltd.). Monolayer cultures for colony survival assays 
were plated in MEM containing 15"0 foetal bovine 
serum and antibiotics. Cells were plated at suitable 
concentrations and treated in monolayer by replacing 
the medium with drug-containing medium. In certain 
experiments this medium had phosphatase ac- 
tiGty destroyed by heat inactivation at 70 for 5 min 
and in others L-phenylalanine (10 raM) added as well. 
In all cases drug was added to the medium in 
dimethyl sulphoxide (10;iv/v). After l hr at 37 the 
drug was removed by careful washing in normal 
medium, and normal medium then added for the tinal 
incubation at 37 to produce colonies. After an appro- 
priate interval the colonies were fixed, stained and 
counted. 
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l)#'tt~f,~ 
The a/kxlating agents ttsed ill this study were a gift 

from the Chester Beatty Research Institute to whom 
we wish to express our sincere thanks. AMPh (p-di-2- 
chlorocthylaminophenyl phosphate) was used as tile 
dicvclohexylamine salt. A M O H  (p-di-2-chloroethyla- 
mmophenol) was used as tile hydrochloride. Drug 
solutions \~.ere used immediately In minimise mustard 
h~drohsis. 

1'~I12 Wlllw lllulllf>dk 

lin-.vme pruparal ion. Whole homogenates of suspen- 
sion culture cells were prepared by ccntrifugation of 
cell ~,uspensions (800 re~ min, 5 mink restispending the 
cells end washing twice in NaCI solution (0.9",,), 
resuspending in distilled water and homogenisation 
with an Ultra-Turrax homogeniser. Whole honlo- 
gcnalc's of mono[a\er cultured cells were prepared in 
the <,ame \~,a} al'lc'f l-Clno\;.t] tlf the cells [rtllll tile 
lnonola\er by scraping. 

k or electrophoretic studies HeLa alkaline phospha- 
tase ~as partially puriticd by a modification of the 
melhod of Morton [14]. Washed cells were suspended 
ill Tris HCI bultcr (0.2 M, ptt 75i to gi \c  a 20",, 
homogcnate (\\.ct \\t \ol). The ceils were broken by' 
lleiltmenl with an uhrasonic disintegrator (Kerry's 
[ [hrasonics Ltd., 3 x 10 sec treatments. 100 w). ,%'-btl- 

tanol \~as added (20'><, v v), the homogenate was 
shaken Illoroughly, centrifuged (2500+/, 45 mini aim 
tile lower ~.tqueous layer removed. 

teJJ;~'#~l{' ~#L~''~{lill'~i Enzyme assays were normally car- 
ricd out in a total volume of 0'6 ml containing equal 
parts of enzyme sohition, buffer and substrate, at 37 . 
lit ltydrolysis of tile standard substratc p-nitrophenyl- 
phosphate (PNPP. Sigma Chemical Co. Ltd.) was 
measured by tile release of p-nitrophenol. The reac- 
tion was stopped b \  the addition of 02",, sodium 
dodec_\l sulphate in 0.2M glycinc buff'or, ptt 12 
14-4 ml)anct the extinction at 412 nm \~as determined 
agaillst all appropriate blank with reference to a p-ni- 
trophei+lol siaildard. (ill tlydrolysis of AMPi l  was 
nleaSured b;' the release of inorganic phosf~hate using 
a modilication of the method of Fisk and Subba- 
Row[ 151. The reaction was stopped by the ciddilion 
o1"5 N sulphuric acid !06ml).  l\~llowed by 2"5",, 
amn~oniuln mol \bdale  sohllion (06ro l l  reducing 
agent I01 ml). and waler (50 ml). The reducing agent 
III)1) m]) contained I-amino-2-napthol-4-sulphonic 
acid (016g), sodium bisulphate (0-Sg} and sodkun 
suiphilc (16 g). The extinction :,il 660 llnl \x.as deter- 
mined against an appropriate blank and refcrrcd to 
a calibration ctirvc Of KH2P()4 in ~ater. hlcLlbation 
timcs were kepl to a mininmm Io redtlcc compliccition 
b\ nlustctrd hydrolysis. 

lhe details of experimental conditions for gissci} of 
the \atioLls enzynles studied iiro given belo\~.  

1. h' iJ ph+)sph+~a.w. The acid phosphatasc activity 
of I leLa cells, and foetal boxine serunl was assayed 
in acetate buffer 166 raM. pH 4-91. 

2. ll/,~lfim, ph+~.~pha~ase. Alkalirie phosphatase ac- 
ti\it,, \~a~, assa;'ed in carbonate-bicarbomlte buffet- 
133 m M l  HcLa alkaline phosphatase at pH 10.6. foc- 
tul bo\ine serum at pl l  10l.  

3. "Nemra[ phosphalase'. The term is used here to 
denote llle acti\ik', observed \~hen the assay v, as per- 
formed in Tris HCI bullor {66 raM} at pH 7+4, the 
pit ,.',1" the ccll-cuhure medium. 

K m dwlcivllilld[[~ll 

I . . I c id  pho~ph,la.w~. The substrate concentration 
~as~uriedox, er the range 0.125 2raM fi,~rbofliPNPP 
and AM Ph. 

2. IH, ol/nu pho,~plnmcw.~. The substrate com:en- 
tration for + P N P P  wa~+ \ a r i e d  o \ e r  the t-urine 
05 15 raM, that [or AMPh ~ + ~¢C + + the r~tn+e 
0-125 2 raM. the upper limit of v, hich \,.as determined 
b~ the p,oor solubilitt of the drug m \,,.utcr. 

K,,+ \ah.leS were determined frorn double reciprocal 
plots of initial ',el,.,cit~ against substralo cc, ncen- 
iration b,, the method of Linc\vea\er and Burk [161 . 
The Imc of best lil x~+a>, computed b} the method of 
least squares regression anal\sis using LI Multi-,~ com- 
puter. 

hdfihili+m hv I,-phenyhdaninc 

l+-phenylalanine (LPA, Sigma Chemical Co. Ltd.~ 
was dissolved in tile appropriate buffer to give the 
required concentration and pH for the assa}. Normal 
assa? procedure was then carried out. The enz)me 
activities in the presence of LPA were compared tt+ 

controls containing no inhibitor and the percentage 
acti,~itv remaining was determined. 

The kinetic nature of the inhibition of I,PA on 

HeLa alkaline phosphatase was studied b5 varying 
tile substrate (F 'NPPI  c o n c e n t r a t i o n  (2 15raM+ at 
lixed inhibitor concentrations (0, 2-5, 5raM). The 
results were analysed in the form of a double recipro- 
cal plot of initial ~clocit~ against substt+atc concen- 
tration at the three inhibitor concentrations. 

The inhibition data was also analysed b\ the 
method of Taketa and Pogell [17, IS]. A plot of log 
[control velocity inhibited ~elocitymhibited ~el- 
o d D ]  against log [LPA concentration] allm~s a cal- 
culation of the number of inhibitor molecules con> 
bining v, ith one molecule of enzyme and of tile ,.tissc,- 
ciution constant of the inhibitor, K~. 

pl l  Dependence O! enzyme a~l i r i t l  

l he elli2ct of pH on the acti\itv of HcLa alkaline 
phosphatase ~as studied o~et- the pit range 9 12 in 
carbonate bicarbonute buffer at a F'NPf' ctmccn- 
tration of 15raM. 

l:en:vmu +peci/ic m'Hrilius 

Total enzyme acti\ity was determined, under the 
condilions described for particular enzymes, using 
P N  P P  ( 15 raM) its substrate. Protein concentration 
was estimated by tile method of Lowry ut a/.[19], 
using bovine serum albumin (Sigma Chemical (ks. 
ktd.I its standard. Enzyme activities are expressed as 
Idnoles minmg protein for HoLa enzymes and as 
llnlolcs nlin 1 Ik+r foetal bovine serum enzyll]L's in cell 
ctllttlre nledium. 

Eh>ctrophoru,q.~ <rod L'~OUIIZ.UtI1L' l]/+e'lkl/'¢lliOtl 

Tile isoenzymcs of tleLa cell alkaline phosphatasc 
were separated b)  polyacrylamide gel disc electro- 
phoresis based on the method of Davis [20], us used 
b\ Spencer [21 23]. Snlall-porc gels 1105-ram hmg: 
5 mM dia) \,,ere 5", pol,,acrylamide, large-pore 
(spacer) gels (10 raM: 5-turn dial were 25",, polyacry- 
larnide. The sample (5(1 1001~11 was applied mixed 
with an equal "~olume of sucrose solution t40'><,w ~) 
and oxerlayered with buffer. The reservoir buffer was 
Tris glycinc (0.06",, Tris, 0.29",, gl_vcme, pit  ~-31 anct 
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the upper solution contained Iml  bromophenol blue 
IBDH ('henncals Ltd., 0'001",,I as a marker. Electro- 
phorcsis was performed using an analytical polyacry- 
lumidc electrophorcsis apparatus (Shandon Scientific 
Co. Ltd.I. at a current of 5 mA per gel supplied by 
a Vokam po\~cr supply, for approximately 90min 
according to the migration of the dye front, in a cool 
air stream or refrigerator. 

Gels were stained tot protein using 0'05",, amido 
black {Edx~ard Gurr  Ltd.I m 7',, acetic acid and 
stored in 7". acetic acid. A xariety of techniques were 
used for the detection of alkaline phosphatuse activity 
on the gels. 

(i) Di~l:o couplin¢ tec/mique. Gels were incubated 
with a prc-lihcrcd solution containing sodium 
fi-naphthyl phosphate (Sigma Chemical Co. Ltd. 
1 mg roll and Fast Blue B (tetrazotised o-dianisidine), 
Sigma Chemical Co. Ltd. 1 m g m l t  in 0.2 M Tris HC1. 
pH S7. A fed colour is produced in regions of enzyme 
activity. Gels were washed and stored in 7",, acetic 
acid. 

(ii! lx ' ,d  pr('cipilution technique. The method used 
\\'ilS hilsed /)ll tile modilication of Gomori 's  [24] ori- 
ginal procedure b~ Allen and l13ncik[25]. Gels 
v\crc incubated \\ith a solu,,ion conlaining 15 mM cal- 
cit_un chh~lMe. 33 II1~/1 [ris,  and either the normal 
substrate sodium fi-gl,~cerophosphate {Sigma Chemi- 
cal Co. Lid., 50mMI or AMPh (saturated solutionk 
at{justed to pit  9-5. for 15rain and 30rain respect- 
ixelv. Gels were then rapMly rinsed in distilled water 
and incubated for 30rain in a solution containing 
3 mM lead nitrate. S0 mM Tris, adjusted to ptf 7 with 
1 N H N O >  After thorough rinsing in distilled water 
the gels ~crc incubated in 5". amnloniunl sulphide 
l\~r 2 rain, resuhmg m a precipitation of lead sulphide 
in regions of enzyme actixi[3.. All incubations were 
at roonl lemperaturc. Gels were washed thoroughly 
and slorcd in 7", acetic acid. 

l iiil p-:\ ilrol~hemd i)llosl~holc m~,lhod. When a rapid 
non-permanent stain \~a~, required Ihe gels were incu- 
bated in \~ith 30raM PNF'P m 50raM carbonate bi- 
carbonate bullcr ptt 10.6. 

The isoenzvmes were prepared by slicing replicate 
gels with reference to u gel stained lbr enzyme activity 
with one of thc abo~e techniques. The gel slices were 
brokcn and the cnz3mc clutcd with distilled water. 
The enz3me preparulions ~ere dial3.sed overnight 
amtinst t\~o chun-cs of distilled water. 

To inxestigatc the clTcct of neuraminidase on the 
clectrophoretic mobili D, of t teLa alkaline phospha- 
tuses l xol purtiall 3 purified enzyme was incubated 
x~itll 0.4 xol neuraminidase (N-acelylneuraminate gly- 
cohxdroktse from l ihrio cholerae. BDH Chemical 
Lid.: aci i \ i t \  500 unitsnlll ,  in 150mM Tris HCI 
buffer, pH 7-5, for IS hr i l l  37 . 

REM l/fS 

Cell surliml e\l~,rimcnlx. The cytotoxicity of 
AM Ph Iox~ards HcLa cells under \arious incubation 
conditions \~as investigated. Cell survival was detcr- 
mined by the ability of cells to form colonies at vary- 
ing drug concentrations. The line of best tit was calcu- 
lated by linear regression analysis. The results of the 
experiments are shown in Fig. 1 and the data is sum- 
marised in Table 1 in the form of the D~7 (calculated 
dose required to reduce survival to 37 per cent of 
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Fig. 1. HcLa cell survival curves. A M P h  was incubated 
with cells in full medium {7~1. 'heat inactixatcd" medium 
(±xk and qleat inactivated" medmm containing 10 mM LPA 

the controll. 1he D3-, for A M O H  is included for con> 
parison. 

AMPh exhibits maximum effect when incubated 
with cells in normal medium, which contains con- 
siderable phosphatase activity (alkaline phosphatase 
16-7 Hmoles/min.l: 'neutral phosphatase" 0"8/mloles 
min'/: and acid phosphatase 12 Hmoles min [i. Kin- 
etic experiments showed that AMPh is a good sub- 
strate for both acid and alkaline phosphatase 
(K. , -  0.[5mM, 0.50mM respectively! from foetal 
bovine serum and it is clear that extracellular phos- 
phatase activity is important in drug activation. Thus 
when this activity is destroyed prior to drug treat- 
menL the observed 1)~- is much higher. Although the 
toxic effect of AMPh is much reduced in the absence 
of extraceilular phosphatases cell killing is still 
observed, establishing the ability of the cells to acti- 
vate the drug. This was to be expected from the find- 
ing that AMPh was a good substrate for both alkaline 
and acid phosphatase in whole homogenales of HeLa 
cells (see next section). 

When the incubation was carried out in heat-inacti- 
vated medium containing LPA the I)3~ for the tteLa 
cell line was increased by about 50".. LPA is an in- 
hibitor of HcLa alkaline phosphatase i~l dtro [12] but 
was found to haxe little effect on tteLa acid phospha- 
tase. 

AAIPh as a suhstrale.lor t teLa plTosl~hatase~. Table 
2 shows the K,,, values for AMPh and the standard 
substrate PNPP for the acid and alkaline phospha- 
tase of HeLa cell whole homogenates (monoluyer cul- 
tured cellsl. AMPh is a good substrate for all the 
enzymes. 

Table 1. Sunmlary of the cell survival experiments 

I ) 3  - 

Treatmcnl /Lg ml 

AMOH in normal medmm 0-2{} 
AM Ph in normal meditun {}.43 
AM Ph in qlcat inactivated' 

medium 1-06 
AM Ph in "heat inactivated' 

medium + LPA 1.65 
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-table 2. K,,, \alues for acM and alkaline phosphatase of HeLa cell 
homogenate 

K,,, AMF'h K,,, PNPP 
ImM ) (raM} 

tlcLa acid phosphata>e (i.2 0.2 
tlcLa alkaline phosphala~,c 1"() 3-5 

In order to cltlcidate tl~e ellzyme or ellz}mes re- 
sponsible for drtlg actiwition by' the ceils the inhibi- 
tory properties of LPA tox~ard the xarious phospha- 
tases ~ere studied. 

hUfitfition h) I,P1. The ell;,:ct of LPA on the acti\i ty 
of alkaline, acid and 'neutral" phosphatases from. 
Heka cells is shown m Figure 2. ( 'learly alkaline 
phosphatase is inhibited quite strongl,,. (80°. inhibi- 
tion). "neutral phosphatase' less strongly (35<'<> inhibi- 
tion) and acid phosphalase not at all. by 10 mM I+PA. 
LPA is known to inhibit sex.oral alkaline phospha- 
rases, including HoLa, in a pH-dependent man- 
ner [26. IS]. but it is not known to inhibit acid phos- 
pllatascs. Kinetic analysis using double reciprocal 
plots confirn~ed that LPA was acting as all uncompe- 
t i t i ;c inhibitor of HeLa alkaline phosphatase 
(K, -- 25 raM). Treatment of the data by the method 
of Taketa and Pogell ga\e  a similar K, \aluc and 
conlirmed that one molecule of LPA binds per mol- 
ecule of enzyrne [1 ,x]. The inhibition of "neutral" phos- 
pl+latase activity is tlnerel'ore likely to be due to inhibi- 
tion of alkaline phosphatase actixitv, particnlarly in 
xiew of the far greater activity of this enzyme over 
acid phosphatase in the cell homogenate (Table 3i. 

Since alkaline phosphatase appeared to be impor- 
ts.tilt ill the mechanism of action of AMPh it was 
necessary to establish if particular isoenzymes were 
inxolxed. The results of this ",tud\ arc reported in 
the next section. 

l,;<Jen-ym,.: .,,italic',. The electrophoretic variants 
(isoenzymes) of HeLa alkaline phosphatase were 
separated by polyaclylamide gel electrophoresis. The 
observed elcctrophoretic pattern is shown m Figure 
3. The electrophoretogram flom cells grown in stts- 
pension cuhure shov,'s four well separated bands and 

100 r 

i{ 60 + 

I 2 3 4 5 6 7 8 9 10 

L PA concentroDon (raM) 
l:ig. 2. llflnbitic, n c,f p]w, sphatase acti',it,, in IIcLa cell 
holnogenmte by I.-phcnylalanine at ptt 4.9 IO), pll 7-4 (~) 

and pH 10-6 (i 11. 

differs from that obtamcd from cells in monolaycr 
in which the fastest-running anodic band (isoenzymc 
I) is absent. These results confirm those obtained b+,+ 
Spencer and Macrae[23].  An identical electro- 
phoretic pattern to that sheen  in Figure 31i) was 
obtained with the standard substratcs, sodium fl-nap- 
thylphosphate (diazo coupling technique), sodium 
fl-glycerophosphate (lead precipitation tcchniqueL 
PNPP, and also with AMPh. Thus AMPh is a sub- 
strafe for all 4 isoenzymes. To confirm this the isoen- 
z}qmes were purified by slicing the gels arm cluting 
the enzyme. The contributions of the isoenxymcs to 
the total activity were: 1: 3".. 2 12'>,. 3: 39",,. 4: 
46",,. Some kinetic properties were studied in an 
attempt to characterise the isoenzvmes. TIle results 
are summarised in Table 4. together with data for 
whole homogenate. The kinetic properties obser\cd 
for totcll alkaline phosphalase it+l ,+,+hole horno~enatc', 
of n~onolayer and suspension-cttlturcd cells ~ctu 
identical. 

AM Ph is clearly at good subs(rate for all li+ur isoen- 
zvmes. Since the loss of isoenzyme I from Helm cells 
el  monolayer and suspension-cull((red cells wcrc 
takes several days [23]. each of these enzymes could 
be responsible for drug acti;ation. 

The overall electrophoretic pattern is of the car+ 
cmo-placental type [27. 12] and the kinetic properties 
of ( i)high pH optimum t1(3-61 and (it) inhibition b\  
LPA exhibited by each of the isoenzymes is consistent 
\vith the ,,iew that all four isoenzymes are o1 this type. 
The kinetic properties of the isoenzymes are silnilar 
which is in agreement with the gencral behaviour of 
alkaline phosphatase isoenzwncs within other tis- 

_ O - -  

< 4 > 

( 3 > Z 

( i 

- -  ( ~ )  - -  

( i)  (ii) 

Fig. 3. Diagram of alkaline phosphatase acti\it\ on 
polyacrylamide gels of HeLa cell homogct+mte lil suspen- 

sion culture. (it! t+nonolavcr ctnlture. 

l'aMe 3. Spccilic ct xity of HeLa cell Imor~olay.er) phosphatases 

Sp. uct. 
{:zmoles,mmmg ÷ S.E.M.) 

Acid pllosphatase 
Alkaline phosphutasc 
"Neutral phosphalase" 

0.1 (34 --- 0.007 
4-('16 m ('1-1N 

0.091 + 0.0('16 
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Table 4. Summary of the kinctic analysis of the isoenzymcs of HeLa cell (suspension culture) alkaline phosphatase 

Enzyme 

l soenzyme ]soenz3me lsocnz} ni t  ]soenz~ file Wholc  
1 2 3 4 h o m ogcn at e 

K,,, PNPP ImM) 1.0 3.5 3.0 3.5 3.5 
K,,, AMPh (mM} 1.6 1-4 0.9 0.S 1.0 
pH optimum 10"6 10-6 10.6 10"6 10"6 
Inhibition by LPA (5 mM), <',, 60 65 65 65 65 

sues [28]. Treatment with neuraminidase was ff)und 
to reduce the mobility of the three faster running 
bands, and it is likely that the isoenzymes differ 
mainly in their sialic acid content [21]. lsoenzyme 1 
was less sensitive than the other three to inhibition 
by LPA. 

DISCUSSION 

The primary object of this work was to determine 
the factors likely to be involved in the action of 
AMPh in ~'iro. AMPh is a strongly polar compound 
which would be fully ionised under physiological con- 
ditions and would therefore be unlikely to penetrate 
the cell membrane. In contrast the dephosphorylated 
compound, AMOH, would be taken up by the cell. 
It would seem a reasonable hypothesis that the 
observed cell killing effect of AMPh is due to the 
uptake of the potently cytotoxic AMOH produced 
by the action of a phosphatase located extracellularly 
or in the cell membrane. This is illustrated schemati- 
cally in Figure 4. The results reported here support 
this view and suggest that the enzyme involved is 
alkaline phosphatase. 

A number of observations are consistent with this 
hypothesis. AMPh is extremely toxic toward HeLa 
cells when phosphatase activity is present in the incu- 
bation medium and the toxicity is greatly reduced 
by the elimination of this activity by denaturation 
of the foetal bovine serum prior to treatment. This 
observation highlights two important facts. Firstly, 
that extracellular phosphatases may contribute con- 
siderably to deconjugation of the drug in Ht,o (both 
acid and alkaline phosphatases from foetal bovine 
serum accept the drug as a substrate). Secondly, that 
in the absence of extracellular phosphatase activity 
deconjugation is carried out by the cells. Acid and 
alkaline phosphatases from HeLa cells were able to 
deconjugate the drug in titro. When LPA is included 
in the incubation medium the cytotoxicity of AMPh 
to HeLa cells is further reduced. LPA was shown to 
inhibit HeLa alkaline phosphatase exclusively and 

O]OH ~ O/OH 

M ~ -  OH 

Fig. 4. Schematic representation of activation of AMPh. 

has no appreciable effect on HeLu acid phosphatase. 
These results clearly implicate alkaline phosphatase 
as the enzyme responsible for deconiugating the drug. 

This is in good agreement with the sub-cellular 
location of the phosphatases. Alkaline phosphatase 
is known to be associated, though not exclusively, 
with cell membranes, for example in the brush- 
borders of intestinal and kidney' tubule epithelium 
where it may be involved in transport of metabo- 
lites[29]. In contrast acid phosphatase is mainly, 
though not exclusively, a lysosomal enzyme [30]. Cell 
fractionation studies have shown that a considerable 
proportion of HeLa cell alkaline phosphatase activity 
is associated with the plasma membrane [31]. 
Recently it was suggested that the uptake of Synkavit 
(a phosphorylated napthoquinol) and its tritiated ana- 
logues into cells in culture was dependent upon 
dephosphorylation by' an alkaline phosphatase 
located in the plasma membrane[32,33]. These 
authors showed that the uptake of the drug into 
HEp2 cells was reduced by inhibitors of alkaline 
phosphatase which was located mainly m the cell 
membrane. Unpublished work in this laboratory has 
shown that HEp2 alkaline phosphatase has similar 
kinetic and electrophoretic properties to the HeLa 
enzyme. It seems likely that a similar mechanism is 
operative in the activation of AMPh and Synkavit 
involving dephosphorylation by a carcino-placental 
type alkaline phosphatase at the cell membrane. 

Our investigation of the kinetic properties of puri- 
fied HeLa alkaline phosphatase isoenzymes showed 
that all the isoenzymes were of the carcinopiacental 
type and were able to deconjugate the drug in tilro. 
This is of possible clinical relevance in the light of 
recent reports of the occurrence of carcino-placental' 
type alkaline phosphatase in neoplasms of ~arious 
types [34, 35]. Tumours in which this enzyme or other 
membrane phosphatases arc elevated, or those m 
which there are high levels of extracellular phospha- 
tase in the turnout en;ironment may be possible tar- 
gets for AMPh. Tumours of the prostate, t\~r example, 
often have elevated acid phosphatase. AMPh is 
known to be effective against the alkylating agent sen- 
sitive Adj-PC6A tumour [7] which contains clex.ated 
levels of both acid and alkaline phosphatase lunpub- 
lished results). 

Several other studies haxe illustrated the impor- 
tance of alkaline phosphatase in therapeutics. A cor- 
relation has been established between the alkaline 
phosphatase levels of various human cell lines and 
resistance of the glucose analogue 2-deoxyglu- 
cose [36]. It was suggested that the enzyme reduces 
the level of the active phosphorylated metabolite. A 
similar mechanism has bcen suggested for the aquire- 
ment of resistance of neoplastic cells to the 6-thiopur- 
ines and other compounds in ~hich the phosphor_,+- 
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la lcd m c l a b o l i t c s  arc  the ac l i \ .c  a n l i - l u m o u r  
a g c n i s  [-37 42] .  H o w e \ o r  B a l o g h  :.lnd Szcndr,Si  [ 4 3 ]  
i3a \c  r c ,~ ieaed  the  use  of  H o n \ a n  I d i e l h y l s l i l b o c s l r o l  

diphosphatci, originally designed b\ Druckcrv and 
R,mlbc [44] as ci specilic ;.igelll [or prostate |tlnlOLll-S 
x~ ith high acid phc)sphalasc, :.ind concluded Iha{ pros- 
talic phosphatasc acli\'iiy is probabl3 not rcspoi~ssiblc 
[or the cIinical clticac 3 of this agcnl. 

Work is in p rogress  in th is  k i b o r a t o r x  to  d e t e r m i n e  

Ihc irL'qucr~c', ~ i l h  \~hich ~tcict ~llltt a l k a l i n e  p h o s p l m -  
I~tsc {and a lso g l u c u r o n i d a s c  cind s t i lp l la tascs l  ;Hc cIc- 
\ale(.t m hui l ia i3 l umo t i r s .  A l t h o u g h  lhe  phosphat: . ises 
arc knov~l~ to  be e l e \n l od  in a ,,; . ir i0l) o [  h t i i l ] an  
ILInlOurs[2('~] il rClllail lS l o  e s t a b l i s h  ti3c l c ~ c l s  
requ i red  to  p r o d u c c  ;.l signilicant lher~tpeut ic  adva l l -  
hlgc.  Whelher or n o t  scnsili'~il}, lo 1he d r u g  C~lll b e  

correkllcd wi lh total acid or alkal ine phosphatasc  ac- 
t i \ i t \ ,  or v<ifl3 particular isocnzynlcs, in c/ro. will be 
inxesti<,zaled in a series of lransplcmtablc I'i3OLl:-;0 colon 
[ Ull]t~ljl's. 

The ellcots or deconjugation of the drug by host 
phospha/ases also remain to be cstablishcd. The 
results dcscribcd in this paper ciearl 3 suggest lhal 
Cxl lace l lL i la r  p h o s p ] m h i s ¢  c a n  c o n t r i b u t c  c o n s i d c r a b l y  

to  d c c o n j u g a t i o n .  It h a s  b c c n  s u g g e s t c d  t h a t  Est i+ac\ t  

I~l phosphorylated cslradiol mustard, used olin\call\, 
in thc trcmment of prostate turnouts) is rapidly }3)(t- 
i+o]ys0d b \  s01tlni p13osphatases [45 ] ,  l : u r t h e r n l o r c  
<;erum phos,ohatases arc  e l e \a ted  il-i a '~ariet) .  o f  im\ l \<- -  
nan\  disc:.isc:.; {sec re \ i t , , \  by ~ c h \ \ a r i i  [46 ] ) .  E x l c n s i ' <  
dccor i jug: . i t ion o f  A M P h  m the scrui l l ,  oi + mdccd  in 
oLhcr hos l  t issues. \~<ouM obviously ncga lc  thc  p o l c n -  
tial sclccli\e effect ,.11" the drLig. These problems ~,ill 
bc in\estigated b\ analysis of the pharmacokinelics 
of AM F'h and it,, melabolitcs. 

The factors in'~ol\cd in activation of AMPh i;1 ;i~<~ 
arc clcarl\' complex and O[" g0ncral Icl0,,ancc 1o 
chcmolhcrapy in\ol\ ing phosphorylatcd :.igellts. Tl~e 
ceil cullLiro model described ill \his paper has allo\~ed 
the mechanisms m\ol\cd ai the cellular le\cl ,.o bc 
dclcrmmcd. 

l{loli*lllWl@Clllt'tll<~ l 'hc atithol'S x~ish to thr i l l \  I:'i-o['cs>t)r 
\~'. ( ' . . I .  Ross. Dr. 1. A. ('OllllOl-S. and Mr.  J. L. ['~<ClCtL 
o [ / h c  ('hcstUT Boait~ Research Insl i tulc.  l .ondon t;.~r pro- 
\ i \ t ing supplies of  the drugs u<;cd in lhis ,dud_', ~ll}d Mr,4. 
Jill Roth~\cll I\w cxccilcnl Icchnical assi,,tancc. The \ \o rk  
,aa <, ,~upporled b) IhL' Medical  Research ( 'ounc i l  and the 
Yorkshi re  ( 'a l lcor  Ri2sC{ll-cll ('alllptli~11l and will bc ,,,ublnil- 
led b\ one o1" u>. (P.W.) in par\ rulfillnacnt of Ihe Ph.D. 
dcgrcc in lhc l ln ixers i l \  of  Leeds. 
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