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Abstract-The action of the following tumour inhibitory 6-acyl-3-methyl-4-methylene- 
pyraz.olo[3,2-cl-as-triazines (dacyl-DMPT) against the growth of Kkbsielfu uerogenes 
NCTC 418 and its specific protein synthesis has been studied at concentrations up to their 
rather low solubility limits:- 6-acetyl-, 6-fluoroacetyl-, 6chloroacetyl-, 6-iodoacetyl- and 
~di~hlor~tyl-DM~. The solubilities of the compounds and the specific rates of 
hydrolysis of their 6-a@ bonds have been determined. 

6-Iodoacetyl-DMPT’ inhibited growth and the synthesis of /Qalactosidase and histi- 
dine ammonia-lyase. In the absence of growth 6-iodoacetyl- and 6-chlqroacetyl-DMPT 
inhibited the induction of &galactosidase synthesis without delay; cysteine, glutathione 
and 6-mercaptopurine antagonized these effects, which suggests that the inhibitors 
alkylate thiol groups. The specific rate of alkylation of cysteine by 6-iodoacetyl-DMPT 
was 120 times that by iodoacetic acid and 1.500 times the specific rate of hydrolysis of 
6-iodoacetyl-DMPT to iodoacetic acid. The intact 6-acyl bond was essential for the 
high biological and chemical activity of 6-iodoacetyl-DMPT. 

6-Dichloroacetyl-DMFT had a low activity and was rapidly hydrolysed. 6-Fluoro- 
acetyl-DMPT and 6-acetyl-DMPT were inactive. The above 6-halogenoacetyl-DMPT 
derivatives did not act as concurrent blocking agents. No alteration in the levels of 
DNA, RNA and total protein in growing or non-dividing bacteria actively synthesiz- 
ing itf-galactosidase were observed in their presence. 

3,4-DIMETHYLPYRAZOLO[~,~-c]-as-TRIAZINE (DMPT) and certain of its 6-acyl deriva- 
tives (Table 1) inhibit the growth of mouse sarcoma S180 and both the Walker tumour 
and a methylcholanthrene-induced tumour in rats .I With the exception of 6-chloro- 
acetyl-DMPT, which produced excessive loss of body weight in the test animals, these 
compounds had low toxicity at tumour inhibitor concentrations. 

The relationship between the structure (Table I) and activity1 of the 6-acyl-DGPT 
derivatives suggests the following hypotheses (a-d) for the mode of action of the 
compounds. 

(a) All but one of the inhibitors investigated contain halogenoacetyl groups and 
could be hydroiysed in the cell to the halogenoacetic aGid and DMPT. One or both 
of these products could be active; if both have the same order of inhibitory activity, 
a concurrent blocking process may occur. DMPT would interfere with the metabolism 
or function of histidine (Part 1) and the halogenoacetic acids could act as enzyme 
and metabolic inhibitors.zts Iodoacetic acid (1AA) and iodoacetamide (IAM) alkylate 
biological materials including proteins; in the physiological pH range they react 
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TABLE 1. STRUCTURE OF DIMETHYLPYRAZOLOTRIAZINE AND SOME OF ITS 6-ACYL 
DERIVATIVES’ 

3,4-Dimethylpyrazolo[3,2-cl-as-triazine (DMFT) 

6-Aeyl derivative R 

6-Acetyl-DMFT CHa 
6-Fluoroaeetyl-DMPT F.CHz 

CHa 

6-ChloroacetyLDMFT f2l.H~ 
6Iodoacetyl-DMW 
6-Dichloroacetyl-DMP dle& 

k 

6-Acyl-3-methyl%methylenepyrazolo[3,2-c]-us-triazine (6-Acyl-DMPT) 

most readily with these groups and less readily with other alkylatable groups, e.g. 
amino group~.~ IAA has been successfully used clinically as a palliative treatment for 
some human neoplasms435 and inhibits the growth of various bacterial species.2 
Chloroacetic acid reacts comparatively slowly with thiol groups and has little activity 
either as a biological alkylating agent or as a metabolic inhibitor.s*6*7 Fluoroacetic 
acid does not act as an a&dating agent but owes its toxicity to its conversion to 
fluorocitric acid which inhibits aconitate hydratase in the tricarboxylic acid cycle.8 

(b) The conversion of an inhibitory halogenoacetic acid to its B-halogenoacetyl- 
DMPT derivatives or the conversion of the inhibitory DMPT to a 6-acyl-DMPT may 
increase the penetration of the inhibitor through cell membranes and into tissues. For 
example, IAA (pK = 3.12) in the physiological pH range exists mostly in the ionized 
form, which is less able to penetrate cellular permeability barriers than the unionized 
acid,s.s whereas the suppression of the ionization of IAA by its conversion to IAM 
tend8 to facilitate cell penetration. 1s Similarly, certain N-iodoacetyl derivatives of 
amino acids, particularly N-iodoacetylphenylalanine, inhibit mouse Sarcoma S180 
more than IAA does.11 The amino acid residue is believed to act as a carrier of the 
iodoacetyl group. 

(c) 6-Iodacetyl-DMPT, and possibly Bchloroacetyl-DMPT, may act as biological 
alkylating agents in their own right. For example, some iodoacetyl derivatives of a 
series of amides and esters are potent alkylating agents12 and ethylene-bis-iodoacetate 
inhibits some human tumours. 

(d) The 6-acyl-DMPT derivatives could act as biological acylating agents. 
Several of the above mechanisms could operate together. Since IAA and IAM are 

important examples in the above hypotheses, they were used as reference compounds. 
The stages by which the action of the tumour inhibitors was studied using bacteria have 
been outlined in Part I. 
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MATERIALS AND METHODS 

Inhibitors and ~t~goni~ts. The ~a~yl-3-methyl-~methylenepyr~olo[3,Z-cJ~ 
triazines (Table 1) were prepared by the methods of Partridge and StevensIs Solutions 
of inhibitors and antagonists were sterilized, when necessary, by membrane filtration 
at room temperature. 

Properties of the inhibitors in aqueous solution. Ultraviolet and visible absorption 
spectrograms of aqueous solutions of pyrazolotriazines were recorded, and closely 
resemble those of ethanolic solutions *Is Table 2 shows the positions (X,,,) and molar 

TABLE 2. ULTRAVIOLET ABSORPTION PEAKS AND SOLUBILITY IN WATER AND SPECIFIC 
RATES OF HYDROLYSIS OF 6-ACYL-DMPT DERIVATIVES 

Hydrolysis at 40” 

Compound 
hmax 

my 
Time for 50% Syiz_qte Dissociation 
hydrolysis (hr) m constant* 

(225 41000) 
DMPT (285 1910) 75 x 104 SO6 

(361 2700) 

6-Acetyl-DMPT (226 12100) 
(26St 14000) 218 1.15 1240 3.11 x 10-s l-86 x 10-s 
(289 15200) 

6-Pl$gcetyl- (228 (2667 12300) 9050) 110 0328 276 1.39 x 104 2.19 x 1O-3 
(286 13500) 

WDhio~cetyl- (227 (266t 13000) 9530) 26 till6 63 614 x 104 1.55 x 10-3 
(294 15600) 

6Io$ac$yl- (224 10700) 30 @095 93 4.14 x 10-a 759 x 104 
(301 15700) 

6DiMDioacetyl- (227 12500) 14: 0.054: 
(296 18500) 

3.5 1.10 x 10-a SSO x 10-a 

* Dissociation constant at 37” and at an ionic strength of @IS of the acid liberated in the hydrolysis 
of the comp0und.s 

t Inflexion. 
: Solubility corrected for the hydrolysis of the compound to DMPT; this correction was negligible 

for the other compounds. 

extinction coefficients (e) of the absorption peaks. The solutions obeyed the Beer- 
Lambert law at the wavelengths of maximum absorption and so the concentrations 
of the 6-acyl-DMPTs in solution were determined spectrophotometrically. 

Saturated aqueous solutions were prepared by shaking excess of the finely divided 
solid compounds with water at 40.0” and filtering. The low solubilities of the Bacyl- 
DMPTs were an important factor in the present work. 

Saturated aqueous solutions of the ~a~yl-DM~s at 40-O” showed a gradual 
increase in extinction at 361 rnp due to the appearance of DMPT formed by hydrolysis. 
From measurements of the extinction at 361 rnp at various times, the hydrolyses were 
found to be of the first order and their specific rates (Table 2) were found to be related 
to the dissociation constant of the acid liberated.2 
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Determination of thiol groups in bacteria. The bacteria in suspension (M = 3ooOj 
in phosphate buffer (pH 7-12) were disintegrated ultrasonically for 4 min as described 
in Part I and the thiol content was determined by the iodide pcrsulphate reaction.14 

Other details. The remainder of the Materials and Methods section is identical 
with that in Part I. In this report the term “induction” refers to induced enzyme 
synthesis. 

RESULTS 

Eflect of the inhibitors on the rate of growth 
The time (T) taken for a glucose-adapted strain to grow from its inoculum size, 

M = 3, to M = 200 (Part I) is plotted against the concentration of the inhibitor 
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FIG. 1. Effect of various concentrations of 6-iodoacetyl-DMPT (a) and IAA (b) on the growth of K. 
aerogenes in glucose medium. T is the time in min taken for the bacterial concentration M to increase 

from 3.0 to 200 in glucose medium. 

present in the glucose medium as in Fig. 1. 6-Acetyl-, 6-dichloroacetyl- and 6-fluoro- 
acetyl-DMPT did not affect T (220 min) up to their solubility limits. 6Chloroacetyl- 
DMPT at 0 to 17 pg/ml did not affect T (220 min) and thereafter T increased slightly, 
reaching 250 min at the solubility limit of 26 pg/ml. 6-Iodoacetyl-DMPT and IAA 
were the strongest inhibitors of growth (Fig. 1). dIodoacetyl-DMPT completely 
hydrolysed by boiling the solution for 5 mitt, and equimolecular mixtures of IAA 
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and DMPT produced the same degree of inhibition as the equivalent molar concentra- 
tion of IAA (Fig. 2) and were less active than unhydrolysed 6-iodoacetyl-DMPT. 
DMPT was active only at much greater ~n~ntrations (Part I). Thus, for the greatest 
activity the molecule of 6-iodoacetyl-DMFT must be intact and the effect of the 
iodoacetyl group overwhelms that of the DMPT moiety. 

Efect of the inhibitors on DNA, RNA, total protein and jl-galactosidase activity 
during growth 

T&e lactose-adapted strain was grown in lactose medium in the presence and 
absence of the following inhibitors: fkhloroacetyl-DMPT, 19.4 pgjml; fi-iodoacetyl- 
DMPT, 6.7 and 7.0 pg/ml; IAA, 8.2 and 14 pg/ml; equimolecular mixtures of DMPT 

I I 1 1 I 
10 20 30 40 

lNHlBlTORS (p M) 

Fro. 2. Comparison of the effects of various molar concentrations of 6iodoacetyl-DMPT (A), 
hydrolysed 6-iodoacetyl-DMPT (&, an equimolecular mixture of IAA and DMPT (a), IAA alone 
(m) and DMFT alone (0) on the growth of K. aerogenes in glucose medium. T is the time in min 

taken for the bacterial concentration M to increase from 3-O to 200. 

and IAA equivalent to 6.7 and 13.4 ,ug of 6-iodoacetyl-DMl?T+/ml. In the presence of 
the above inhibitors the bacteria had the same DNA, RNA, and total protein levels, 
indicated in Part I, and Bgalactosidase activity as the controls at the same point in the 
growth cycle, with the exception that 6-iodoacetyl-DMPT and IAA (alone) reduced 
the /Lgalactosidase activity (Fig. 3). Since jkgalactosidase is required for growth in 
lactose medium,15~16 its reduced activity might merely reflect a lower growth rate in 
this medium. As DMPT at 1000 pg/ml increased the mean generation time from 40 
to 49 min but did not affect the &galactosidase activity (Part I), the reduction in 
activity caused by 6-iodoacetyl-DMPT and by IAA does not reflect the respective 
mean generation times of 49 and 46-61 min but must have other causes. 
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FIG. 3. ~Galaetosidase activity, G, of K. aerogeneb during growth in lactose medium in the presence 
of 6-iodoacetyl-DMPT at 6.7 pg/ml (A) or L4A at 14 pg/ml (m) and in the absence of inhibitor as 

control (0). M is the bacterial concentration. 

Effect of the inhibitors on the /3-galactosiakse activity of non-dividing bacteria 
Lactose trained bacteria were grown in limiting lactose medium, washed and 

resuspended in phosphate buffer (pH 7.12) to give M = 2500. Samples were incubated 
at 40.0” in the presence and absence of the following inhibitors:--dacetyl-DMPT, 
169 pg/ml; dchloroacetyl-DMPT, 24 pg/ml: 6-dichloroacetyl-DMPT, 14 pg/ml; 
6-iodoacetyl-DMPT, 10 rug/ml; IAA, 40 pg/ml; JAM, 30 pg/ml. The fl-galactosidase 
activity was determined after centrifuging and washing the bacteria. None of the 
inhibitors affected the p-galactosidase activity within 60 min of incubation. 6-Iodo- 
acetyl-DMPT, IAA and IAM after 120 min incubation reduced the /I-galactosidase 
activity by l-5, 10 and 11.5 per cent respectively and after 180 min incubation by 7, 
17 and 20 per cent respectively. The other inhibitors produced no effect at O-210 min. 
None of the inhibitors affected the Bgalactosidase activity when present in the assay 
solution only or when present in the solution during both the ultrasonic disintegra- 
tion and the assay. 

Eflect of the inhibitors when added initially on induced enzyme synthesis by non-dividing 
bacteria 

The inhibitor was added to samples of lactose induction medium before inoculation. 
Increasing concentrations of Biodoacetyl-DMPT, 6-chloroacetyl-DMPT, IAA or 
IAM increasingly inhibited the induction of fl-galactosidase by non-dividing cells 
(Figs. 4 and 5). Lower concentrations of biodoacetyl-DMPT (O-5 pg/ml) or of 
6-chloroacetyl-DMPT (O-12 pg/ml) tended merely to delay the commencement of 
induction, which indicates that these inhibitors exerted an immediate effect which 
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TIME (MIN) TIME (MN) 

FIG. 4a FIG. 4b 

Fw, 4. Effect of various concentrations of fi-iodoacetyl-DMFT (a) or Ci-chloroacetyl-DMPT (b) 
present before inoculation at zero time on the induction of &galactosidase synthesis. G is the &alac- 
tosidase activity. (a) ~~od~~t~~-~M~ ~n~~tmtio~: 0 (U), 1.5 (8),3*8 (A), 5=2 @‘j+ 7.5 I+), 
f@O (a), 15-4 &ml (x). (b) ~~~o~~y]-~M~ ~~~t~t~~~: 0 (O), 59 (,A& l&8 <a), 14.2 

(A& 18~4&11I (8) and with excess of solid inhibitor (V, x 1. 
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FXG. 6. Effect of various concentrations of 6-iodoacetyl-DMFT present in the lactose induction 
medium before inflation at zero time on the 13-galactosidase activity, G, attained in the ind~ion 
medium 24 hr after inoculation. G of uninhibited control a. G of inoculum . . . . . . Growth in 

induction medium: appreciable 0, sIight A, none m. 
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Fro. 7. Effect of the following concentrations of 6-iodoacetyl-DMPT present before inoculation at 
zero time on the induction of histidine ammonia-Iyase synthesis: 0 (O), 5 (A), 7.5 (O), 10 pg/ml (a). 

H is the histidine ammonia-Iyase activity. 
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the bacteria later overcame; higher concentrations reduced the rate of induction and 
the bacteria recovered more slowly. Inhibition of /3-galactosidase synthesis by IAA 
and to a lesser extent by IAM increased with time (Fig. 5). 

For complete inhibition of &galactosidase induction the following minimum 
concentration of inhibitor was required: 6-iodoacetyl-DMPT 10 pg/ml (31.6 PM); 
6-chloroacetyl-DMPT 18 pg/ml (80-l PM) ; IAM 30 pg/ml (162 PM) ; IAA 40 pg/ml 
(215 PM). 6-Iodoacetyl-DMPT at 26 pg/ml (82.2 PM) completely inhibited &galacto- 
sidase induction for at least 24 hr as well as inhibiting growth in the induction medium 
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FIG. 8. IXtxt of the following times of preincubation with 6-iodoacetyl-DMPT at 10 &ml in 
“salts” medium on the induction of ~~~t~id~ synthesis in K. uerogenes following transference 
to induction medium free of inhibitor: 0 min, control (0); 10 min (&; 20 min (iJ); 30 min (m), 
60 min (v). x represents a control culture containing 6-iodoacetyl-DMFT at 10 pg/ml. G is the 

fi-galactosidase activity. 

FIG. 9. Effect of the following times of preincubation with 6-iodoacetyl-DMPT at 10 I.rglml in lactose 
induction medium on the induction of &galactosidase synthesis in K. uerogenes following transference 
to fresh induction medium free of inhibitor: Omin, control (0); 30 min (m); 60 min (A); 90 min 
(0). x represents a control culture containing 64odoacetyLDMPT at 10 pgjml. Zero time is the 
moment of inoculation into the original medium containing the inhibitor. Each arrow represents the 

point of resuspension in the medium free of inhibitor. G is the &galactosidase activity. 

(Fig. 6), but 6-chloroacetyl-DMPT even at its solubility limit (26 pg/ml, 116 FM) did 
neither. 6-Iodoa~tyl-Dam at 26 pgjml (82.2 PM) and IAM at 30 pgjrnl (162 PM} 
actually reduced the activity of existing enzyme (Figs. 5 and 6). Thus, the above 
inhibitors fell into the following order in their degree and speed in inhibiting the 
induction of /3-galactosidase : 6-iodoacetyl-DMPT > 6-chloroacetyl-DMPT > IAM 
> IAA. 
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6-Fluoroacetyl-DMPT at 74 pg/ml or 6-acetyl-DMPT at 93 pg/ml had no effect 
on the induction of @galactosidase by non-dividing bacteria; ddichloroacetyl- 
DMPT at 14 pg/ml slightly reduced the rate of enzyme synthesis for the first 30 min, 
but afterwards it continued at the same rate as that of the control 

The presence of 6-iodoacetyl-DMPT at 5 pg/ml or 10 pg/ml did not affect the fairly 
constant levels of DNA (O-24 pg/M), RNA (0.16 pg/M) and total protein (O-37 r.Lg/M) 
during p-galactosidase induction by non-dividing cells. 

When the induction system contained both me~yl-~-D-thiogalactopyranoside 
(O-196 g/I.) and maltose (4 g/l,) in place. of lactose, the kinetics of induction and the 
effects of 6-iodoacetyl-DMPT thereon were almost the same as in the lactose system. 

Increasing concentrations of 6-iodoacetyl-DMPT increasingly inhibited the induc- 
tion of histidine ammonia-lyase (Fig. 7) by non-dividing cells and at 10 p&/ml inhibi- 
tion was complete. 

Eflect of p~eincubat~o~ of the bacteria in the presence of ~iodoacet~~-WEPT on the 
induction of /3galuctosidme synthesis 

The bacteria were incubated with 6-iodoaeetyl-DMPT at 10 pg/ml either in “salts” 
solution (Fig. 8) or in lactose induction medium (Fig. 9). After suitable times the 
bacteria were harvested by centrifugation, resuspended in “salts” solution free of 
in~bitor and incubated in lactose induction medium free of in~bitor. After short 
times of previous incubation with 6-iodoaeetyl-DMPT jLgalactosidase induction was 
first delayed and then proceeded at the same rate as that of the control without 
inhibitor, (Figs. 8 and 9). Previous incubation with the inhibitor in “salts” medium 
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FIG. 10. Effect of the addition of 6-iodoacetyl-DMFT at 10 pg/mI at various times indicated by the 
arrows on the induction of &alactosidase synthesis. The lactose induction medium was inocuIated 
at zero time. The points represent the ,%galactosidase activity, G, of the uninhibited control 0, and 
after addition of 6-iodoacetyl-DMPT at zero time x , at 30 min, 0, at 60 min v, at 90 min H, and 

at 120 min A. 
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for 10, 20 or 30 min delayed induction for an approximately equal time, but 
incubation for 60 min also reduced the rate of enzyme synthesis (Fig. 8). Thus, the 
continued presence of 6-iodoacetyl-DMPT was not essential for inhibition but exerted 
the greatest effect. The damage to the induction mechanism increased as the period 
of pre-incubation with the inhibitor increased. 

Eflect of addition of 64odoacetyLDMPT to bacterialsystemssynthesizing/3-galactosidase 
To uninhibited lactose induction systems in which induction has been occurring 

for various times samples of fresh induction medium containing 6-iodoacetyl-DMPT 
were added to give 10 pg of inhibitor/ml of medium. After addition of 6-iodoacetyl- 
DMPT the /3-galactosidase activity remained constant for some hours (Fig. 10); 
this shows that the substance immediately and completely inhibited induction of the 
enzyme. After induction for 60 min, addition of IAM at 30 pg/ml or IAA at 40 pg/ml 
in this way gave a similar response (cf. Fig. 5). The bacteria are therefore more rapidly 
inhibited by IAM and IAA when enzyme induction is under way than at its commence- 
ment. 

To an inducing system which contained 6-iodoacetyl-DMPT at 7.5 rg/ml and in 
which induction had begun, fresh induction medium containing inhibitor was added 
to give 7.5 pg of inhibitor/ml of the whole system, any 6-iodoacetyl-DMPT already 
present being neglected. When induction had recommenced, addition of fresh induc- 
tion medium containing 6-iodoacetyl-DMPT was repeated, and when induction had 
again begun, a further addition was made. After each successive addition of 6-iodo- 
acetyl-DMPT, p-galactosidase induction was increasingly delayed and slowed down 
(Fig. 11). The final addition of inhibitor at 600 min delayed induction for a further 
720 min. Each addition of 6-iodoacetyl-DMPT caused an immediate decrease in the 
thiol concentration of the bacteria (Fig. 11). Each time induction of Bgalactosidase 
restarted, the thiol concentration began to increase but at a faster rate, which was 
about the same during each successive induction. Thus, the recovery of the bacteria 
was accompanied by the production of thiol groups but the inhibition was not com- 
pletely reversible. 
Antagonism of the action of 64odoacetyLDMPT, 6-chloroacetyl-DMPT, iodoacetic 
acid and iodoacetamide by thiols 

A lactose induction medium containing 6-iodoacetyl-DMPT or 6-chloroacetyl-DMPT 
was inoculated with bacteria and the /3-galactosidase activity was determined at 
various times during incubation. The potential antagonist was added 30 min before, 
during or 30 min after inoculation. In all cases the controls were (i) the system without 
inhibitor but with potential antagonist, (ii) the system with inhibitor but without 
potential antagonist and (iii) the system without either. Controls (ii) and (iii) yielded 
the expected results hitherto described. With control (i) 2,3-dimercaptopropanol and 
thioglycollic acid actually reduced the fi-galactosidase activity, but the other potential 
antagonists did not. The results (Table 3) were similar for 6-iodoacetyl-DMPT and 
6-chloroacetyl-DMPT and indicate a rapid reaction between thiol compounds and 
the inhibitor. The most effective antagonist was cysteine, followed by glutathione and 
6-mercaptopurine. 

As the time of contact of the organism with 6-iodoacetyl-DMPT (10 pg/ml) in the 
lactose induction medium increased (Fig. 12), the degree of antagonism produced by 
a given concentration of added cysteine or glutathione decreased. The inhibition 
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FIG. 11. The induction of If-galactosidase synthesis (upper curve) and the pr~uction of thiol groups 
(lower curve) in K. uerogenes before and after the serial addition of f&iodoacetyl-DMPT. The arrows 
indicate the addition of diodoacetyl-DMPT solution at the following times to give 7.5 &ml in the 
lactose induction medium: zero time (x), 120 min (O), 330 min (A), 600 min m. The control 
culture free of inhibitor (0) and the inhibited culture (x) were inoculated at zero time. G is the 

&alactosidase activity. 
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TABLE 3. SEARCH FOR ANTAGONISTS OF THE ACTION OF 6-IODOACETYL-DMPT AND 
~XHLOROACFJNL-DMPT IN INHIBITING THE INDUCTION OF /3-GALACTOSIDASE 

SYNTHESIS 

Time of addition Percentage antagonism* of 6-iodoacetyl-DMPT at 10 pg/ml 
of potential 
antagonist at Complete (100 “/.) Partial (%) None (0%) 
100 cLg/ml 

30 min before 
inoculation 

L-cysteine HCl 
glutathione 
6mercaptopurine 

adenine 40 albumin 
guanine 38 DL-methionine 
xanthine 35 phloroglucinol 
methyl-thiouracil 75 tthioglycollic acid 
thiosemicarbazide 25 cyanocobalamin 

t2,3-dimercaptopropanol 3: 
folic acid 
L-tyrosine 
L-histidine HCl ;; 
L-glutamine 
DL-aspartic acid ;: 

At inoculation 

30 min after 
inoculation 

L-cysteine HCl 
dmercaptopurine 
glutathione 
L-cysteine HCl glutathione 

dmercaptopurine 
L-histidine HCl 

40 methylthiouracil 
45 adenine 
10 guanine 

xanthine 
thiosemicarbazide 
folic acid 
DL-aspartic acid 
2,fdimercapto- 
propanol 

Time of addition Percentage antagonism* of dchloroacetyl-DMPT 
of potential at 18pg/ml 
antagonist at -____- 
200 w/ml Complete (100 %) Partial (%) None (0 %) 

30 min before 
inoculation 

At inoculation 

30 min after 
inoculation 

L-cysteine HCl 
glutathione 
dmercaptopurine 

L-cysteine HCl 
glutathione 
6-mercaptopurine 

adenine 
guanine 
xanthine 
folic acid 
L-tyrosine 
cyanocobalamin 

L-cysteine HCI 
glutathione 

38 albumin 
32 DL-methionine 
35 phloroglucinol 
30 tthioglycollic acid 
28 L-histidine HCl 
40 DL-aspartic acid 

62 adenine 
60 cyanocobalamin 

6-mercaptopurine 
L-tyrosine 
folic acid 
xanthine 
guanine 

Rate of increase in fi-galactosidase activity in the presence of inhibitor 

* Percentage antagonism = 
andantagonist x 100 __- 
Rate of increase in B-galactosidase activity in the absence of inhibitor 
and antagonist 

t fl-galactosidase activity reduced 
The potential antagonist was added to the lactose induction medium containing the inhibitor. 
Temperature: before inoculation 20”; after inoculation 40”. 
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became insensitive to glutathione (200 pg/ml, 651 PM) more rapidly than to cysteine 
(100 rg/ml, 635 PM), which indicates that the glutathione molecule is a less effective 
antagonist of 6-iodoacetyl-DMPT than the cysteine molecule. As the time of contact 
of the organism with 6-iodoacetyl-DMPT or with 6-chloroacetyl-DMPT increased 
(Table 4), the number of equivalents of cysteine required to antagonize its action 
also increased. A higher concentration of 6-iodoacetyl-DMPT required a dispro- 
portionately higher concentration of cysteine for complete antagonism. Thus, 
irreversible damage to the induction mechanism increased with increasing time of 
contact with the inhibitor and with increasing concentration of the inhibitor. 

80 - SO - 

bO- 60 - 

G 
40 - 40 - 

2o 

0 
0 60 I20 180 0 60 I20 

TIME (MIN) 

FIG. 12a 

TIME (MN) 

FIG. 12b 

FIG. 12. Effect of addition of cysteine at 100 pg/ml (a) or glutathione at 200 pg/ml (b) at various times 
indicated by the arrows to cultures of K. aerogenes in which induction of /3-galactosidase synthesis is 
being inhibited by 6-iodoacetyl-DMPT at 10 pg/ml. G is the &galactosidase activity. 0 represents the 
control culture free of inhibitor and antagonist and x represents the inhibited culture, both of 
which were inoculated at zero time. (a) Addition of cysteine at the following times: zero time (O), 
30 min (m). 60 min (A), 90 min (a), 120 min(n. (b) Additionof ghttathione at the following times: 

zero time (A), 10 min (O), 20 min (O), 30 min (V). 

Cysteine exerted no antagonism to the action of IAA, and antagonized IAM less 
effectively than 6-iodoacetyl-DMPT (Table 4). Thus the iodoacetyl derivatives were 
antagonized by cysteine in the following order:A-iodoacetyl-DMPT > IAM > 
IAA. 

Studies of the rate of alkylation of antagonists by iodoacetyl derivatives 
Certain compounds antagonize iodoacetyl derivatives by being alkylated by them. 

The alkylation is accompanied by the formation of iodide ions. Aqueous solutions 
of the iodoacetyl derivative at 10 pgg/ml and antagonist at 100 pg/ml were mixed and 
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TABLE 4. ANTAGONISM BY CYSTEINE OF THE ACTION OF HALOGENOACETYL DERIVA- 
TIVES ININIIIBI-I-INGTHE INDUCTION OF /LGALA~TO~IDA~E syNTHEs IS IN K. AEROGENES 

Time in mitt of 
addition of 
antagonist after 
inoculation 

0*2:1 

Percentage antagonism* with cysteine as antagonist 

Molar ratio antagonist : inhibitor 

1:l 2:l 5:l 1O:l 2O:l 

Inhibitor: 6iodoacetyl;yMPT at 10 pg/ml 
0 100 

z 
7 
2 

90 

Inhibitor: 6_iodoacetyl-EMPT at 2Opgglml 
0 61 

;: 

:: 
0 

Inhibitor: o~hloroacetyl-DMPT at l!8pg/ml 

z 
33 

90 

Inhibitor: :AA at 40 pg/ml 
0 

30 0 

Inhibitor: :AM at 30pgglml 
11 

30 1 

100 100 
14 34 
4 8 

83 100 

0 0 

78 98 100 

56 60 z 
7 

0 
0 

65 
5 

100 
ii0 
100 

100 
46 
25 
15 
0 

100 
100 
58 

Rate of increase in ~galactosidase activity in the presence of inhibitor 

* Percentage antagonism = and antagonist x 100 
Rate of increase in j3galactosidase activity in the absence of inhibitor 
and antagonist 

TABLE 5. SPECIPIC RATES OF IODIDE ION FORMATION DURING THE REACTION BETWEEN 
IODOACRTYL DERIVATIVES AND AQUEOUS SOLUTIONS OF THEIR ANTAGONISTS 

Antagonist at 
100 crglml 

First order specific reaction rates in mini at 20” 

6-iodoacetyl-DMPT IAM IAA 
at 10 rg/ml at lOpg/ml at 10 pg/ml 

glutathione 
6-mercaptopurine 
2,3-dimercaptopropanol 
methylthiouracil 

xanthine 
guanine 
adenine 
folic acid 
histidine 
tyrosine 

no antagonist 

6.2 x IO-’ 
5.8 x 10-i 
I’; ; :;I’ 

1 
48 x 10-i 

46 x 104 
3.0 x 10-4 
1.8 x 1O-4 
z.2 x” ;c&4 

4 
2.0 x 10-4 

3.8 x 104 

4.0 x 10-z 5.0 x 10-3 
8.2 x 10-a 9.6 x 10-4 
3.9 x 10-a 4.2 x 104 
3.8 x 10-3 2.2 x 104 
2.2 x 10-3 3.4 x 10-4 

2.2 x 10-4 1.7 x 10-4 
1.9 x 10-4 1.3 x IO-4 
2.6 x 10-4 9.9 x 10-5 
6.0 x 10-5 5.3 x 10-5 
5.6 x 10-5 I.1 x 10-4 
7.8 x 10-5 2.4 x 10-S 

1.9 x 10-5 2.3 x 10-5 



86 GILLIAN M. ARDEN, D. J. W. GRANT and M. W. PARTRIDGE 

kept at 20”. At l-mm intervals a 1 ml sample was determined for iodide ion by a 
sensitive catalytic meth0d.l’ Since 6-iodoacetyl-DMPT interfered with the iodide 
determination, it was removed by shaking a 2 ml sample of the aqueous reaction 
mixture with 5 ml of chloroform. 

Since the antagonist was in large excess, the reaction was of the first order (Table 5). 
The specific rates of liberation of iodide ion from the iodoacetyl derivatives with 
compounds which did not contain a thiol group were very similar to the rates in the 
absence of antagonists, i.e. for hydrolysis at the iodine atom. The specific rates of 
iodide ion formation with thiols were much greater than the above rates and there- 
fore represent the true specific rates of alkylation of these antagonists; the rates were 
in the order: 6-iodoacetyl-DMPT > IAM > IAA. 

Uptake of cysteine and glutathione by the bacterial cells 
Bacteria were grown in nutrient broth, centrifuged, washed and rapidly resuspended 

in “salts” solution (to give M = 2500) containing cysteine at 20 pg/ml or glutathione 
at 40 pg/ml. At 1-min intervals after mixing, the concentration of thiol groups in 
a 1 ml sample was determined.14 The equilibrium concentration of thiol groups (Table 
6) in the suspension was obtained 1 min after mixing and remained unchanged 
for at least 20 min thereafter. Cysteine was more readily taken up than glutathione. 

TABLE 6. UPTAKE OF CYSTEINE AND GLUTATIIIONE BY K. AEROGENES 

Thiol concentration pg/ml 

Source of thiol groups 

(a) Thiol compound alone 
(b) Bacteria alone 
a + b, assuming no uptake 
Mixture of thiol compound and bacteria, 
assuming uptake was complete 

Cysteine Glutathione 

4.5 4.9 

::; ::; 

1.8 4.8 

Uptake is shown by the decrease in thiol concentration on mixing at 
20” a suspension of bacteria at a concentration M = 2500 in “salts” 
solution with cysteine at 20 pg/ml or glutathione at 40 pg/mi. 

DISCUSSION 

None of the 6-acyl-DMPTs tested noticeably affected the DNA, RNA or total 
protein levels during growth or during induction of Bgalactosidase by non-dividing 
bacteria. Furthermore, since none of the compounds tested inactivated Bgalactosi- 
dase during the assay or within one hour of incubation with non-dividing bacteria, 
any observed effects refer to the induction of the synthesis of j?-galactosidase. The 
importance of these considerations is discussed in Part I. BGalactosidase synthesis was 
less inhibited in growing than in non-dividing bacteria. Thus, the bacteria were 
better able to antagonize the inhibition of ,%galactosidase synthesis when growing 
in a lactose medium, in which the enzyme was required for growth,rsJs than when 
not dividing in a lactose medium. In the following discussion “bacterial metabolism” 
refers to the growth of Klebsiella aerogenes NCTC 418 and the induction of &galac- 
tosidase in non-dividing cells. The water solubility of DMPT was greatly reduced by 
6-acylation and was still further reduced on replacement of acetyl hydrogen atoms by 
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halogen atoms (Table 2). This suggests the the distribution of the compounds might 

differ in the animal body and in the bacterial cell. Differences in distribution and dose 
may explain why ~di~hloroa~tyl-DM~ and ~a~tyl-D~PT inhibited turnour 
growth1 appreciably but bacterial metabolism only slightly or not at all. 

6-Iodoacetyl-DMPT and 6-chloroacetyl-DMPT were the most active of the deriva- 
tives against both tumour growth1 and bacterial metabolism and were the only ones 
capable of acting as or releasing biological alkylating agents. 

The most effective antagonists of the action of ~iodoa~etyl-DMPT and 6-chloro- 
acetyl-DMPT to be tested were the thiols, cysteine, glutathione and 6-mercapto- 
purine, which react rapidly with 6-iodoacetyl-DMPT as follows :- 

R-SH + I-CHs-CO- = R-S-CHs-CO- + H’ + I-. 

This suggests that these inhibitors act by alkylating the thiol groups of enzymes 
necessary for the synthesis or de-repression of ~-gala~tosidase. The inhibition of 
~-gaia~tosidase synthesis by suitable concentrations of ~iodoa~tyl-DM~ can be 
overcome by the organism, perhaps by (1) resynthesis of the damaged enzymes 
during the lag which precedes a fresh increase in &galactosidase activity (Fig. 11) or 
(2) by chemical reactivation of the blocked thiol groups. The addition of each dose of 
Giodoacetyl-DMPT caused an immediate decrease in the thiol concentration of the 
organisms. The recovery of the bacteria was accompanied by the production of 
thiol groups, but the inhibition of Ef-galactosidase synthesis by 6-iodoa~tyl-DMPT was 
not completely reversible (Fig. 11). Furthermore, increasing time of contact with the 
inhibitor (Figs. 8, 9 and 12) and ~creasin~ concentration of the inhibitor (Fig. 4 
and Table 4) caused increasing damage and required a higher proportion of thiol for 
complete antagonism; the damage eventually became irreversible. Only two molecules 
of antagonist R-SH, are required for reactivation of each thiol group of an enzyme, 
E-SH, inhibited by an iodoacetyl derivative, E-S-CHs-CO- + R-SH = E-S 
-S-R + CHs-CO-E-S-S-R + R-SH = E-SH + R-S-S-R, whereas 
the actual number of molecular proportions of thiol required to restore &galac- 
tosidase synthesis varied from 1 to 20 or more, On the whole, the first explanation is 
favoured for the recovery of the organism. 

Sin= the molecule of ~iodoa~tyi-DMPT must remain intact to exert the greatest 
inhibition, and since the effect of the iodoacetyl group overwhelms that of the DMPT 
moiety, 6-iodoacetyl-DMPT probably does not act as a concurrent blocking agent. 
Studies of the chemical, toxic and tumour inhibitory properties of other N-substituted 
baloacetamides and haloacetate esters also indicate that the intact molecule is neces- 
sary for the greatest biological activity.lz 

The iodoacetyl derivatives fell into the following graded series in their degree and 
speed of i~ibition of the indu~ion of f3-gaiactosidase, their antagon~m by cysteine 
aud their rates of reaction with thiol compounds: 6-iodoa~tyl-DMPT > IAM > 
IAA. The speed with which the compounds inhibited the induction of &galactosidase 
might be iinked with their rate of penetration into the deli or with their rate of reac- 
tion with enzymes, both of which might also fall into this order. IAA (pH = 3.12) 
is considered to act slowly in penetrating ceilss~3 and in ina~ivating enzymesr*Js 
because it is highly io~~d at the physiological pH. The specific rate of alkylation of 
cysteine by 6-iodoacetyl-DMPT (6.2 X 10 -2 min-1 at 20’) was much greater than the 
specific rate of spontaneous hydrolysis of 6-i~oa~tyl-DMPT (4.1 x 10” min-l 
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at 40”) and the specific rate of alkylation of cysteine by IAA (5.0 x 10-s min-1 at 
20”). Therefore, even if hydrolysis of 6-iodoacetyl-DMPT were enzymatic and instan- 
taneous, the liberated IAA would not react with cysteine at the rate observed for 
6-iodoacetyl-DMPT. Thus, when the acyl linkage was intact, 6-iodoacetyl-DMPT was 
a more reactive alkylating agent than when this linkage had been hydrolysed, and 
the observed inhibition by 6-iodoacetyl-DMPT and its antagonism cannot be ex- 
plained in terms of hydrolysis of this bond. Thus, 6-iodoacetyl-DMPT inhibited by 
acting as an alkylating agent in its own right and was more effective than IAM or 
IAA. The DMPT part of the 6-i~oacetyl-DM~ molecule had therefore increased 
the reactivity of the iodoacetyl group with thiol compounds and with cellular materials, 
while probably also acting as a carrier and thereby increasing the ability of the iodo- 
acetyl group to penetrate the cell. 

6-Chloroacetyl-DMPT probably acts as a biological alkylating agent like 6-iodo- 
acetyl-DMPT, since its action was antagonized by a very similar range of compounds 
as the action of ~iodoa~tyl-DMPT (Table 3). 

6-Chloroacetyl-DMPT was in all respects a less potent inhibitor and alkylating 
agent than 6-iodoacetyl-DMPT and was less readily antagonized by cysteine, which 
indicates that 6-chloroacetyl-DMPT reacts more slowly with thiols. Chloroacetic 
acid is itself a less potent inhibitor and alkylating agent than IAA.s*s+7 6-Dichloro- 
a~tyl-DM~ was rapidly destroyed by hydrolysis and is unlikely to act as an alkyfat- 
ing agent. 6-Acetyl-DMPT and 6-fluoroacetyl-DMPT cannot act as alkylating 
agents. 6-Fluoroacetyl-DMPT was inactive against tumours and bacterial metabolism, 
presumably because the acetyl bond is too stable to release fluoroacetic acid by 
hydrolysis and suggests that enzymatic hydrolysis does not occur with any of the 
6-acyl-DMPT derivatives. 

The following conclusions may be drawn concerning the validity of the original 
hypotheses for the mode of action of the 6-acyl-DMPTs. Hypothesis (a) is incorrect; 
the 6-halogenoacetyl-DMPT derivatives do not act as concurrent blocking agents and 
their action cannot be explained in terms of their hydrolysis in the cell. Hypothesis 
(b) is probably correct; the conversion of iodoacetic acid to 6-iodoacetyl-DMPT 
appears to increase the rate and degree of penetration into the cell. Hypothesis (c) 
is correct ; 6-iodoa~tyl-DMPT and ~chloroa~tyl-DM~ act as biological al~lating 
agents in their own right. No evidence was forthcoming for or against the ability of 
the compounds investigated to act as biological acylating agents according to hypo- 
thesis (d). Alkylation, where it takes place, is so powerful that acylation, if it occurs, 
must play a minor role. 
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