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IMTBACELLÜIAK DISTRIBUTION AND BINDING OF RADIATION 
PROTECTIVE MEGAPTOALKÏLGUANIDINES

CHAPTER I

HISTORICAL

Patt and co-workers (l), in 194$, reported that cysteine hydro­
chloride, when administered to rats a short time prior to x-irradiation, 
significantly increased the rate of survival of the treated am'mais over 
that of the untreated controls. This clearly indicated, for the first 
time, that it was possible to protect an animal against the lethal effects 
of a single dose of radiation hy administering a relatively simple chem-I 
ical compound at such a time that it was present in the animal’s hody

I
during the irradiation. Since this phenomenon was demonstrated, a large ■ 
Inumber of cozgounds, diversified in their chemical and biological nature] 
have been tested for their effectiveness as radiation protective agents | 
Iĵsee periodic reviews on this subject by Selle (2)j. f-iany of the com- i 
pounds tested have exhibited some degree of protective capacity, but rel' 
atively few, including $-mercaptoethylamine (3), 8,2-aminoethylisothiur- 
jonium bromide hydrobromide (4) and other related aminoalkylisothiuronium | 
'salts (5), and a group of dithiocarbamates (6), have been found to provide 
100̂  survival to animals receiving the radiation L. D-̂ OO j

-the-aminoaliyiisothiuj]'-



Dniuin salts, is the subject of this dissertation. ' "1
I

Bacq_ and associates (3) discovered the radiation protective I 

activity of ̂ -mercaptoethylamine while screening for protective activity I 
a large number of amines and thiol-containing confounds structurally 
related to cysteine. Since it seemed imperative to define clearly the | 
elements of structure necessary for protective activity in this compound,; 
Doherty and co-workers synthesized and tested a number of compounds chem-| 
Lcally related to ̂ -mercaptoethylamine ( j ) .  As a result of this study 
relating chemical structure to protective activity, a group of active 
aminoalkylisothiuronium salts, of which 8,2-aminoethylisothiuronium bromide 
aydrobromide and S, 3-aminopropylis0thiuronium bromide hydrobromide are 
bhe parent compounds, were discovered (4, 5)* These congounds are more 
active than ̂-mercaptoethylamine on a micromolar basis, some being many 
times more active. They also have a lower therapeutic ratio (ratio of 
effective dose to lethal dose), a particularly desirable feature since 
the effective dose of -mercaptoethylamine is near the dose that produces 
some deaths in the experimental animals from drug toxicity. From a prac- 
itical viewpoint, the thiuronium salts have the additional important advar.-
itage of being considerably more stable than^-mercaptoethylamine. |I I
I The radiation protective ability of these thiuronium compounds i
!  I
has been established by extensive testing with mice (5, 8), in which both
! : the oral and intraperitoneal routes of administration proved equally |
Satisfactory. After the effectiveness of these compounds had been clearly
demonstrated, and after the minimal effective dose had been established ■
in the mouse testing program, it seemed desirable to demonstrate their
Sfficacy in higher animals. These experiments, using I'̂ acaca mulatta j



monkeys as the experimental animal, were performed hy Overman and assoc-i
i
dates (9), who found that S,2-aminoethylisothiuronium hromide hydrohromic.e, 
the only one of these confounds so tested to date, was equally as effec­
tive in monkeys as had already heen observed in mice.



CHAPTER II 

IHTRODUCTIOE

Many investigations, particularly with m  vitro systems, have 
heen undertaken to determine the mechanism hy which radiation produces 
its deleterious effects on biological material. Both the direct and in­
direct effects, as they are usually classified, have heen discussed in 
some detail hy Bacq and Alexander (lO). The direct effects are those 
produced hy the action of the radiation directly on the biological mater­
ial. The indirect effects are those that result secondarily from the 
radiation, as for example the radiation-induced formation of free radicals 
in the medium, radicals which in turn interact with the biological mater j- 
ial. Alexander and co-workers (U) concluded that the HOg radical is a j 

major factor in the lethality realized from irradiation. Their conclu- | 
sions were based on a comparison of the protective activity o f a number 
of different substances in a polymer system, whose depolymerization is I

!catalyzed by the HOg radical, to the protective activity of these sub- | 
stances in mice. By postulating that protective agents are effective | 
because they successfully combat these radicals, these investigators | 
presumably implicate the indirect effect of radiation and free radicals | 
in general as being significant contributors to the damaging effects of | 
radiation. If it is, therefore, assumed, on the basis of these and othej-



artcusents, that the aajor effect of x-irradiation, in the dose range of 

;nost importance vnLth the ^  vivo experiments belov (approxJjaately 1100 

roentgens or less), is that of free radical production in the aqueous 

medium and, further, that the protective agent acts to combat these rad­

icals, two questions remain to be answered in explaining the mechanism of 

action of protective compounds such as the aminoalkylisothiuronium salts. 

The first question is a consideration of how these corqxounds are capable 

chemically of combating the free radicals formed. Before discussing this, 

some aspects of the chemistry of these thiuronium salts must be considered. 

It was observed quite early that solutions of S,2-aminoethylisothiuroniudi 

bromide hydrobromide (AET) apparently underwent an intra-transguanylation 
jreaction at pH 7-8. AET, which has neither a mercaptan nor a guanido !
I ij group, gave, at pH 7-8, an immediate, positive nitroprusside test for thé
i !
percaptan groiq) and, also, a positive Sakaguchi test for the guanido !
I I
{group (5)- This strong indication that an intra-transguanylation had :

loccurred at this pH has since been rigorously confirmed by Khym and co- |
i I
workers (12). Using ion-exchange chromatography, the products formed ;

When various thiuronium salts were allowed to stand at each of several 
different pH's were separated and identified, The results of this study 
are summarized with AET in Figure 1, which illustrates both the intra- 

transguanylation reaction and, also, other type products that may result 
in certain pH ranges. These investigators have found that, at neutral 

pH, almost all of the compounds tested undergo this transformation to 
the mercaptoalkylguam'dine, a factor considered important in their ability 
to protect the animal(5).

It is of interest to note that both the oral and the intraperi-
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Figure 1
Formation of Mercaptoethylguanldine and Other Products from Aminoethylisothlourea
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tûiieal routes of administration are satisfactory, though approximately 
twice the amount of confound is n e c c z s n ry , in most cases, when given by 
the oral route.

Doherty and Shapira (13), in considering how the mercaptoallqyl- 

guanidines are chemically capable of combating free radicals, have postu­

lated that their chemical structure Is such that they can donate electrons 

to quench the highly reactive free radicals, such as OS and HDg, formed 

in the aqueous medium. Though this loss of an electron, of course, con­
verts them into free radicals, they are much more stable, through reson­

ance, than the free ladicals produced Initially in the medium by the radr 

dation, so that the tendency for a detrimental radical reaction with thej
!  jb̂iological material is greatly reduced. This mechanism for chemical j 

[protection has previously been postulated for ̂ -mercaptoethylamine, as i! I
[shown in Figure 2, by these investigators (7), who reasoned that the morè
j

begative sulfur atom of mercaptoethylguanldine should be more active as 
'an electron donor, paralleling its greater protective activity, than 

l^-mercaptoethylamine. In an extension of this postulate, they have also 1 
proposed that replacement of the sulfur by other atoms having a high 

electron density should, on theoretical grounds, also give conroounds with 
high protective activity, providing their toxicity or other biological 
coDpllcation is not limiting.

The second question in explaining the mechanism of action is a 

consideration of how this group of mercaptoallylguanidines exert their 
postulated free radical quenching action in the intact biological system, 

that is, in vivo. This is the subject to which the series of experiments 
reported and discussed here are directed.



Figure 2
Postulated Interaction of Mercaptoethylamine with Free Radicals
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It has teen show by Congdon and associates (14) that mercanto- 

etbylgnanidine exerts a definite biolob'ical effect, particularly on 
beoatopoletic tissue, 'iiiey found that protected animals receiving SOO 

roentgens resemble, in their assays, cont? ol animals receiving only 450 

roentgens. A radiation dose reduction factor of two is, therefore, 

obtained in these protected animals. It was the objective of the exper­

iments reported here to investigate the biochemical basis for these bio­

logical effects.
The cellular distribution aind binding of three closely related 

mercaptoalkylguanidines were investigated. These compounds, mercapto- 

; ethylguanidine hydrobromide (îŒG), D-mercaptobutyl-2 -guanidine hydxobro- 

imide (D-MBG-2 ), and L-meraaptobutyl-2-guanidine hydrobromide (^MBG-2), 

(Figure 3, had most desirable properties for this investigation. MEG is ■
; quite active as a protective agent, possessing the particular advantage ;

I  of being effective against increased doses of radiation. By giving 

(larger doses of this agent, the radiation L. D.^q can be elevated to more 

than twice its normal value (3). On a micromolar basis, D-MBG-2 and 

'^MBG-2 are two of the most highly effective protective agents known, 
when evaluated against a lethal dose of radiation (900 roentgens). Also, 
of considerable importance for these experiments, they have equal toxicity 

though differing in protective activtty by a factor of more than two (ip). 

Thus, this pair of optical isomers, whose only chemical difference is 
their configuration about an asymétrie carbon, possess a marked differ­
ence in protective activity. In addition to MEG, D-MBG-2, and ̂ 2'SG-2, 

a fourth compound, 2-amlnothias.cline hydrobromide (2-AT), Figure 3; was 
included in several experiments, since it is only partially effective at



ïlgure 3

Structural Formulas of MEG, S-AT, D-MBQ-2, and L-MBQ-2
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the maximum tolerated dose (5)•

Both the tissue distribution and the intracellular distribution 

of these compounds were studied by radioisotopic tracer techniques. It 

'was thus found that each of the compounds was bound intracellularly. The 

nature of this binding was then investigated by dialysis against suitable 

solvents. Finally, the effect of radiation on the Intracellular distri­

bution and on the type of binding was determined using D-îffiG-2.



CHAPT2B III

EXFSHII®mL

Radioactive Coiroounds

or s35-labeled. AST, D,2-amino'butylisothiuronitm bromide I
' ihydrobromide, and L,2-ajninobutylisotMuronium bromide hydrobromide were j

prepared using either or s35-iabeled thiourea. The three s35-
iabeled conpounds were initially prepared at equal specific activity
1(1 .2 mc/mM), as were also the three cl^-labeled compounds (l.O mc/mM).

The actual specific activity of the compounds at the time of a particular

experiment is shown below the respective table. 2-AT was prepared from
AET(s35)̂  so that both had the same specific activity ĵ the details of

preparation of these radioisotopic conpounds will be published soon (l6)j

Preparation of the Mercaptoal kylguanidine Salt from the 
Corresponding Aminoa.1 hylisothiuronium Salt

Approximately 20 minutes before injection, the aminoalkylisothi­
uronium salt was neutralized with one equivalent of sodium hydroxide.

As may be seen in Figure 1, this transguanylation reaction separates to 
opposite ends of the molecule the sulfur and carbon atoms introduced as 

thiourea during the synthesis. /ry large-scale metabolic cleavage of 
the initial compound should result in a difference in the relative distri- 

bution-of-aGti-vit-y-obtained ̂ th~6Ssh-of- the-i-sotopically labeled cossouads,
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since the radioactive tracer in the' S35-labeled mercaptoàllîÿl^aniiLhè 
salt and the radioactive tracer in the cl^-laheled mercaptoalkylguanidine 
salt are at opposite ends of the molecule.

Tissue Distrihution Study 
The S35-Iaheled conrooimd was injected intraperitoneally into 

a lOlxC'.H mouse, 20-25 gms., and, after 45 minutes, the animal was stunned,Î
jdecapitated, and hied. The desired tissue samples were removed immédiat-

jely. The entire liver, spleen, and hrain, as well as a portion of the |! I
[skeletal muscle, were removed and washed in isotonic saline. The kidney j
and heart were removed and washed with saline after being cut open so j

that much of their contents would he eliminated. The sample of hone
marrow was obtained hy perfusing the femurs with distilled water. The
blood was collected in distilled water as the animal was being bled. j

1The ssBçle of intestinal mucosa was prepared by lightly scraping the j
Iwalls of the upper several centimeters of the small intestine, after it 

had been perfused with approximately 5 of isotonic saline and cut 
jopen. These samples were then individually homogenized in distilled 
iwater, and aliquots of each plated on small, concave glass plaachets 
: (approximately 1 in. diameter). Activity was determined on each of thesè

ialiquots, which had comparable dry weights, and the specific activity ofj 
each calculated (data expressed in terms of counts per second per mg. 
dry weight). ■

Intracf-nnlar Distribution Study 

Rats, Sprague-Dawley males, 230-280 gms., and mice, either 
or lOlxC^H, 20-25 gms., were used in the course of the experiments reported
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(the actual uumber and type of animals used in a particulau" experiment 

are given in the respective table). The labeled compound was injected 

intraperitoneally into the test animal, then 45 minutes later, the animal 

was stunned, decapitated, and bled. All sub sequent operations were per­

formed in either a 4° C. cold room or in refrigerated centrifuges. The 

liver or spleen, depending on the particular ezperiment, was immediately 

removed, washed once in cold, isotonic saline, and then twice in cold, 

p.25 M sucrose. The organ was homogenized in 9 volumes of the isotonic | 
(sucrose solution, and cellular fractions separated following essentially| 

the procedure of Hbgeboom and co-workers (iT)- The erythrocytes, whole j 

cells, and. debris were first removed (lO minutes at 100 x  g; all g values 

are for max!«Him diameter). This precipitate was suspended in 4 ml. of 

jthe sucrose solution and re-homogenized. The sew precipitate, which was 
sedimented by a second centrifugation (10 minutes at 110 x g), was dis­

carded. The nuclei were next sedimented (lO minutes at 1200 x g), then 

the mitochondria (lO minutes at 12000 x g), and, finally, the microsomes 

(60 minutes at 82000 x g). After the first sedimentation of each partie-
I
(ulate fraction, the precipitate was suspended in 4 ml. of sucrose solu­

tion, and then re-sedlmented at a slightly higher speed. The resulting 
precipitate was suspended in 3 ml. of sucrose solution and used in the 

subsequent experiments. Activity^ and dry weight (dry weight was conpar-i-

^The activity was measured using the Model 192 Ultrascaler and 
Model D47 Gas Flow Counter, with 'Micromil' window, sold by the Nuclear 
Instrument and Chemical Corporation, Chicago, Illinois. With this instru­
ment, the background is approximately 17 counts per minute. This back­
ground was less than 10$ of most of the samples counted, and was neglected 
in the calculations. In those instances where it was greater than 10$, 
however, this background was subtracted from uhe measured activity before 
calculating specific activities.



able for all fractious) were deterinined on 0.20-ml. aliquots’of each of 

the fractions, which had been plated on small, concave glass planchets 

(approximately 1 in. diameter). Total nitrogen (12) was also determined 

on a suitable aliquot from each fraction, and the specific activity cal­

culated (data expressed in terms of counts per minute per>ug. of nitrogen).

Dialysis Procedures 

Both total and equilibrium dialysis techniques were utilized.

In the total dialysis experiments, after dialysis against a solvent was 

conplete, a suitable aliquot of the non-dialyzable material was plated

and the activity determined. This activity >reis compared to that of a
1similar amount of the material from the undialyzed sample, and the appro 

imate "percentage of original activity” calculated. In the equilibrium 

dialysis experiments, the procedure of Doherty and Vaslow (l8) was followed, 

with the exception that the conventional apparatus was replaced by a ! 

slightly modified one, which had certain desirable characteristics for j 

phese experiments. One milliliter of the material to be dialyzed was 

placed in a small dialysis tube and allowed to come to equilibrium with 

9 ml. of dialyziug solvent contained in a larger outer jacket. In this 

modified apparatus it was possible to accentuate very nicely any non- 

dialyzable activity in the tube, so that the procedure was useful for 
clearly establishing whether the removal of activity present in the dial­
ysis tube could be effected by the solvent. After equilibrium had been 

established in the dialysis, equal aliquots from the contents of the 
dialysis tube and from the surrounding liquid were plated, and the activ­
ity of each determined and conpared.
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Irradiation Experiment 

Sim lOImCjH mice, 24-2$ gms., were separated into three groups 
of two each. Each of the six was injected intraperitoneally vrLth 0.$$ mg. 
of D-fiBG-2 (s35 . Two of the groups were subjected to irradiation*̂  

(approximately 9hO roentgens, 17$ roentgens per minute); the remaining 
group served as the non-irradiated controls. One of the former groups 

was irradiated 20 minutes after injection, the normal procedure with 

these protective ccsçxoimds; the other was first irradiated, then injected 

5 minutes after coeEpletion of the irradiation. Forty-five minutes after: 

injection, r^trdless of the time of irradiation, each animal was sacri- I 
I f  iced, the liver rŒoved, and the cellular fractions isolated as described 
under "Intrscsllnlar Distribution Study".

! Preparation of liver Homogenate

Tfcmogenates were prepared from both mouse tmH rat livers. The I! I
idesired cosgound was administered intraperitoneally to the animal and, 

after 4$ minutes, the liver was removed and homogenized in cold, isotonic 
sucrose. Following the second sedimentation of the material composed of ̂ 

erythrocytes, whole cells, and debris at 100 x g, as previously described, 
the final precipitate was discarded and the resulting supernatants combined 
for use in tzK experiments. ;

bTfae dose listed for each compound is calculated for the salt 
form, in this case D-MBG-2'BBr. This dose is determined by calculation 
from the amount of the original isothiuronium salt actually weighed.

CThe sice, caged in a revolving Incite container, were irradiated 
using a Philiçæ X-2ay aachine, at 2$0 kvp, 1$ ma., with 1 mm. A1 filter :
lahgrPTit, -im- A1 -addpd, jPi 1 -ha-rgp-h tn nlijprt g-hanr»» nf frl rm _



CHAPTER IV

RESULTS

Tissue DistrlLutioa Study

The distributions of MEG, D-MBG-2, and L-MBG-2(s35) in several ;

tissues are shown in Table 1. The data in this table demonstrate their i I ;
general distribution throughout the animal body and indicate that all j

three couçounds are more highly concentrated in several of the tissues, i
I

including the liver, bone marrow, and spleen. |

Intracellular Distribution Study 

The intracellular distribution was determined for each compound 

in both liver and spleen. Host of the results were obtained using mouse i

Liver, but several experiments were included using rat liver and spleen i
I ;fto eliminate the possibility that the observed results in the case of the I ’
^use liver were unique for this tissue. Table 2 shows the intracellular
distribution of MEG(s35) in aouse liver at three dose levels, 0.55 

2.85 mg., and 5-70 mg. The data in this table indicate that a selective 

idistribution was obtained on administering MEG. The nuclei have the 
highest specific activity of the particulate fractions, while the micro­
somal fraction has the lowest. This selective distribution was maintained 
with increased dose, though the actual amount bound increased quite 

markedly. In.Table,3̂ - the intracellular_-dis-tributions_Qf_L--MBĜ 2 and ..

17



Table 1
TISSUE DISTRIBUTION OF MEG, 
D-MBG-2 AND L-MBG-2 (s35)

1 COMPOUND --> 2-ÎEG D-MBG-2 II—MB G—2

TISSUE DISTRIBUTION* 
(counts/second/mg. dry veight)

Liver 0.73 1.0 1.0

Bone Marrov 2.6 3.G 4 .0

Spleen 1.7 1 .7 1 .6 ;
P ' r - V

Intestinal Mucosa 1.2 1.1 0.88

Kidney 1.0 2.4 2.2

Blood 0.25 0.25 0.17

Brain 0.36 0.48 0.44

Skeletal Muscle*" 0.23 0.34 0.34

Heart 1-0 1.4 1 .3

"*Tbese results were obtained using one aniual for each compound. 
Taken from hind legs.
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Table 2
IW m kC Æ im AJR DISTRIBUTION OF 

MS3(s35) Hî MOUSE LIVER

DOSE OF COMPOUND (mg. ) --> 0.55 2.85 5.70

CELL FRACTION DISTRIBUTION* 
(counts/minute/>«g. of N)

Nuclei 1.2 8.9 34.8

; I-litochondria 1.2 7-9 28.1

1 Microsomes 0.41 2.9 12.5

Soluble 4.5 15.7 37.7

Specific activity. 1 .2 mc/mM

■*These results were obtained using one animal at each dose level.
I

Table 3
j

i
IHTEACEniiL&K DISTRIBUTION OF 2-MBG-2

a h d^ m b g-2(s35) in mouse lTver
i

1
DOSE OF ISOMER (mg. ) --> (D)0.55 (l)0.55 (D)l.lO (1 )1 .1 0

CELL FRACTION DISTRIBUTION* 
(counts/minute^ig. of N)

Nuclei O.Jo 0.98 1 .5 1.6

Mito chondria 1.34 1.12 2 .3 1.3

Microsomes 0.93 0.39 1 .9 0.92

Soluble 4.0 4.0 7.5 10.6
Specific activity, 1.2 mc/in24

:*The results given for the 0-55-=®- àose represent the average of resnlts 
obtained using two anizoals for each isomer; those given for the l.iO-ssg., 
'dose-represent results-obtazred using-rxge-arti'ngdr for--each Isomer;  --



L-2'SG-2{S35) in mouse'liver are shoim for 0.55 rag. and'l.'TO'rag." ao~ses.

When the distrihution results obtained at the lower dose level for both 

conrpounds are compared, a significant difference is found in the amount 

bound to the microsomal fraction, where the specific acti'.'ities are found 

to differ by a factor of slightly more than two, comparable to their rel­

ative protective activities. It is further observed from column four of 

this table that the higher dose of the ̂ isomer was sufficient to bring 
the amount bound to this fraction up to the level pre'.’icusly obtained 

with the D-isomer at the lower dose.

%ble k shows the intracellular distribution obtained in mouse i 

iliver after injection of each of the three C^^-labeled cozmounds. On j 

I comparing these results with those obtained with the s35-iabeled compounls 

I (Tables 2 and 3); it appears that essentially the same relative distribu-- 

ition pattern was obtained for the respective compounds. It seems unlikely, 

jthen, that any metabolic cleavage of the initial compound occurred, sinĉ  

these tw o radioactive tracers are on opposite ends of the molecule.
That thè observations on the intracellular distribution found 

;wlth these compounds in mouse liver are not unique for this tissue is 

illustrated by similar results obtained in rat liver and spleen.
I

'Table 5 shows the selective distribution obtained with MEG(s35) in these! 
two tissues and Table 6, the intracellular distribution obtained with th& 
ID- and L-isomers(s35) in rat spleen. ’

Sature of Binding to Celluiar Constituents 
The nature of the binding by the cellular constituents of the I 

radioactivity (referred to from here on as "activity^) resulting after



Table 4
IIÎTRiCELLUIAB DISTRIBUTION OF ÎŒG, D-l-IBG-2, 

AND L-!®G-2(C1^) IN MOUSE LIVER

COMPOUND Aim DOSE (zg.) --» MEG(2.85) D-MBG-2(0.55) L-MBG-2(0.55)
CELL FRACTION DISTRIBUTION*

(counts/minute/iug. of N)

Nuclei 1 .6 0.16 0.15

Mitochondria 1.5 0.31 0.30

Microsomes 0.85 0.18 0.11

Soluble 4.9 1.04 0.94

Specific activity, 0-5 mc./mM 

*These results were obtained using one

Table

animal for each compound. 

5
IKTHACELLUIAR DISTRIBUTION OF MEG(s35) 

IN RAT LIVER AND SPLEEN

pRGAN — » Liver Spleen

CELL FRACTION DISTRIBUTION* 
(counts/minute/^, of N)

Nuclei 16.3 6 .0

Mitochondria 18.8 7 .6

Microsomes 6.7 8 .1

Soluble 16.8 5.7

Specific activity, 0 .4 nc./mMj MEG tos administered at a dose of 142.5 mg. 
per kg.

*The liver distri'bu'ticii results were obtained using a portion of the 
liver from one animal; the spleen distribution results were obtained by ' 
combining the spleens from two animals.__________  J
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Table 6
TNTHAnRT.TJTT/ib DISTRIBUTION OF D-MBG-2 

AND L-M5G-2(S35) IN RAT SPLEEN

COilPOUND --» D-MBG-2 L-Î-ÎBG-2

CELL FRACTION DISTRIBUTION*
(counts/minute/ug. of N)

Nuclei 0.98 0.90

24Ltochondria 1.04 0.92

; Microsomes 1 .28 0.87

Soluble 1 .34 1.20

^ecific activity, 0.4 mc/nM; 
27.5 mg./kg.

each isomer was administered at a dose of

*The spleens from two animals given the isomer were combined before 
fractionation.

administering one of these ccmgxmods, was investigated both in the individ­

ual cellular fractions and in whole homogenates. The results from a 
series of equilibrium dialyses carried out on each of the liver cellular 
ifractions suggested several generalizations. First, the activity present 

I in each of the particulate fractions vas not completely removable by 

either water, sodium cyanide, 1^ Î<ÎEG (non-radioactive), or
lithium thioglycollate. The activity present in the soluble cytoplasmic 

fractions was much more subject to dialysis against water than was that 
in the particulate fractions. Finally, the activity in each of the 
fractions, including the soluble cytoplasmic fraction, from animals 

treated with I4EG was more resistant to removal by water dialysis than 
was that in the corresponding fractions from either the D- or L-MBG-2
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treated animals.  ̂      '

Since it \/as evident that the total activity present in the cell 
was held by more than one type of binding, the maximum activity that 

could be removed by dialysis against each of several solvents was then 
determined, as shovm in Table 7, using homogenates prepared from the liver 

of mice treated with the particular compound. A significant portion of 

;the total activity was removed by water dialysis, with an additional 

; quantity being removed by 2 M guanidine hydrochloride. With the guan-
I :

jidine, between 60 and 855», depending on the conpound, of the original
I I
I activity was dialyzable. Of the remaining more tightly bound activity, i 
I  I

5 to 30^ (based on original activity present) could be removed by dialysis

against water after treatment with either an oxidizing agent, for example 

performic acid (19), or a reducing agent, for exemple lithium thiogly­

collate or sodium borohydride. Between 5 and 10^ of the original activ­
ity remained non-dialyzable against any of these agents.

In order that the material to which this non-dialyzable activ-j 

ity was bound might be characterized to some degree, the Schneider ;

Iprocedure (20) was used to separate further each of the cellular fractions, 
lit was found that, in each, the acid-soluble fraction contained the most: 
activity, the protein fraction nearly as much, while the nucleic acid 

I fraction had by far the least. A similar finding was made >/hen the activ­
ity was determined on Schneider fractions of the liver homogenate from 
a mouse given 2.8$ mg. of MEG(s35). Each of the three Schneider fractions 

from this homogenate was then dialyzed against water in an equilibrium 

dialysis. The activity originally present in the acid-soluble fraction 
was almost conpletely dialyzable, while that in both the nucleic acid



Table 7
DIALYSIS OF LIVER HOMOGENATES FROM MICE RECEIVING 

MEG, D-MBG-2, OR L-I©G-2(s35)

SOLVENT --► HgO Guanidine^ LTG® LTG+Guanidine® NaBHĵ 'b PFA^

COMPOUND Î IAXIMUM NONDIALYZABLE
ADMINISTERED (Percentage of Original Activity)

MEG 50 4o 15 l4 12 11
D-MBG-2 35 25 15 10 7 6
L-MBG-2 25 15 ih 8 7 6 rofEach compound, vras administered at a dose of O .55 mg.

'̂Guanidine was 2 M guanidine hydrochloridej LTG im,s lithium thioglycollate; LTG+Guanidine was a 
mixture containing 2 M guanidine hydrocliloride and 1^ lithium thioglycollate. An aliquot of the homo- 
gennto was allowed to dialyzo to completion against the respective solvent, then this solvent was 
removed hy dialysis against water,

NoDUi,̂ was 'yf> sodium boroliyd.ride solution; PEA (performic acid) was prepared hy mixing  ̂ml. of forjidc 
acid with 0.6 ml. of 30',6 hydrogen peroxide immediatelj'- before use. The tricllLoroacetic acid-insoluble 
material of the homogenate, prepared by adding 2 .5 ml. of cold, 10^ trichloroacetic acid to 1 .0 ml. of 
the homogenate and separating the resulting precipitate by centrifuging, was treated with either the 
NaB% or PEA, The resulting material was then dialyzed against water. The activity present in the 
trichloroacetic acid.-soluble fraction from this separation was found to be completely dialyzable 
against water.
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and protein fractions tos only slightly affected. Sutsequeht dialysis 

against Vp lithiua thioglycollate removed the activity from the nucleic 

acid fraction, but removed only a portion of the remaining activity from 

the protein fraction. Approximately the same amount of activity was 

removed from this latter fraction by a 2 M guanidine hydrochloride- 

1^ lithium thioglycollate mixture. An additional amount could be removed 

with either 5^ sodium borohydride or performic acid treatment, followed 
by water dialysis. A small amount of activity still remained bound 

against all these agents. From these results, it was evident that the 

non-dialyzable activ3,ty was bound to the asterial contained in the protein 

fraction, by a type of chemical bond not easily, if at all, affected by i 

either these oxidizing agents, reducing agents, or dénaturants. j

A different approach was then taken in studying the distribution 

and binding of the activity within the liver cells. Of particular interest 
was the further characterization of this material to which was bound thej 
activity so resistant to removal by treatments thus far used. The com- j 

bined homogenate of the liver from two rats given MEG-(s35), 200 mg./kg., i 
was separated by the procedure shown schematically in Figure 4, which isï 
based on the method of Mirsky and Pollister (21) for separating M A  and :
I iIDEA from the other cell constituents. tJsing this procedure, in which 

jadvantage is taken of the different solubility characteristics of the
I  cell constituents, six fractions, including ones relatively rich in BHA
!

I (Fraction II) and in DM. (Fraction VI ), can be obtained. All six frac­
tions contained a significant amount of activity, though a majority of 
I the resulting total activity was found in Fraction I. Each of these six 

jfractions was dialyzed against water, which resaved two-thirds of the



l i l g u r e  !>•
SEPARATION SCHEME FOR LIVER HOMOGENATE 

LIVER HOMOGENATE

EXTRACT WITH 0.14 M  NaCI

PRECIPITATE

EXTRACT WITH I A/NdCI]
SUPERNATANT

ADJUST pH TO ~ 4

PRECIPITATE SUPERNATANT 
FRACTION BT

PRECI PI TATE SUPERNATANT 
FRACTION I

EXTRACT WITH 
0.5 M NoHCO^

DILUTE WITH H2O 
TO 0.14 A/NaCI

T “
PRECIPITATE SUPERNATANT PRECIPITATE SUPERNATANT 
FRACTION 3ZT FRACTION %  FRACTION HE FRACTION E

roON
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activity originally present in fraction I, "but only a cmll amount of tne 
activity initially contained in the other fractions. Approximately half 

the activity originally present in the homogenate was thus water-dialyz- 

aole, most of which was in Fraction I. Subjecting each of the water- 

dialyzed fractions then to an equilibrium dialysis against three different 

solvents, 2 M guanidine hydrochloride; 1$ lithium thioglycollate, and a 

mixture of 2 M guanidine hydrochloride-1^ lithium thioglycollate, resulted 

in complete equilibrium of activity in three of the fractions with at 
least one of the solvents. Only the guanidine-thioglycollate mixture 
brought the activity in Fractions I and V to equilibrium. Guanidine 

alone brought the activity in Fraction II to equilibrium, and also had a I
i

pronounced effect on the activity in Fractions III, 17, and, particularl)!-, 

71. It was found that lithium thioglycollate alone had a much less pro­

nounced effect than did the guanidine alone on these latter three frac­

tions, while the mixture of the two had an effect very similar to that of 

guanidine alone. None of these solvents, however, was able to bring the| 
activity in Fractions III, IV, or VI to equilibrium.

All fractions were found to contain significant amounts of | 

protein (22). Fraction I had twice the protein present in either Frac- ! 

itions III, IV, V, or VI; Fraction II had considerably less. Fractions III 
and IV had the highest specific activity (counts per minute per mg. of î 

protein). Fractions I, V, and VI each had about two-thirds, while 
Fraction II had only about one-half, this specific activity.

Each of these six fractions was separated by the Schneider 
procedure and the relative activity, shown in Table 8, of each of the 
(resulting Schneider fractions was determined. The dialysis experiments
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Table 8

RELATIVE DISTRIBUTION OF ACTIVITY 
AFTER SCEMEIDER PROCEDURE

3C5ÎÎEIDER FRACTION -- >■

FRACTION

Acid-Soluble lAicleic Acid 

RELATIVE ACTIVITY*

Protein

I +++ -
II - tf -

III + + +
IV + + +
V - - +
VI - ++

j*-- represents nil amount; Z represents a trace amount; +, 
represent proportionally larger amounts of activity.

++, and +++

ireported above revealed that the Schneider protein fractions of Fractions 

;II1, IV, and VI contained the non-dialyzable activity. With this fact 

iin mind, the data in Table 8 indicates that this non-dialyzable activity ! 

of the homogenate is almost equally distributed among protein-type mater­
ial of quite different character, since the basis for this separation 
was the different solubility characteristics of the cell constituents.

In Vitro Binding Experiment 

Liver homogenate from an untreated mouse was incubated with 
î4EG-(s35) in pH 7 buffer at hCP C. for l 6  hours. Dialysis of the honogen- 

ste against water resulted in the removal of less than half of the orig­

inal activity. Dialysis against 1$ lithium thioglycollate removed the

Libhoughuiot_̂ ll,_j3f_üi2_original .activity, Thus ,_blnding_of__atL



least a superfrci&lly‘similar character was ohtalned "both in vitro aaS 
in vivo.

Effect of Eadlation on the Intracellular 
Ustrihution and Binding of D-MBG-2

Table 5 susznarizes the results of an experiment to determine 
whether radiation hsa any immediately observable effects on the intra­

cellular distribution pattern of a protective compound. %en D-MBG-2(S35) 

was injected before irradiating the mice, the intracellular distribution 

was very similar to that obtained in the controls, who received D-MBG-2

but no radiation, though, by comparison, a reduced amount of bound activ-
!

ity was found in each of the four fractions from the irradiated mice.
iyîhen, on the other hand, D-MBG-2 was injected five minutes after a similarIdose of radiation, cuite a different distribution was obtained. On com­

paring corresponding cellular fractions from this latter group of animals 

jto those of the control group, the amount of activity bound in the mito­

chondrial fraction from the pre-irradiated animals was found to be increas
i
ed considerably; tdmt bound in the microsomal fraction may, also, have 

been slightly incr^sed. A rapid alteration of the ability of these 
conponents to bind this conpound after irradiation, as reflected in the 

specific activity cf the respective fractions, was clearly indicated. i 
The binding of the activity to the cellular fractions from | 

both these groups of irradiated mice was conpared, by equilibrium dialysis,
: I
to that of the fractions from the non-irradiated controls. Corresponding 
fractions of all, three groups behaved, similarly in both water and 5  ̂
lithium thioglycollate dialysis, with the exception that the increased 

amount of activity hound to the mitochondrial fraction obtained from ;
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Table 9
EFFECT OF RADIATION ON IlfTRACELLUIAR DISTRIBUTION 

OF D-MBG-2(S35) IN MOUSE LIVER

DISTRIBUTION* 
(counts/minute/wg. of N)

: CELL FRACTION Cos^und Injected Compound Injected; 
Only Then Irradiated

Irradiated; Then 
CoagKiund Injected

i Nuclei 0.33 0.29 0.32

i Mitochondria 0.b5 0.1)0 1.13
!j Microsomes 0.1)5 0.34 0 .53 1
1 Soluble 1.30 0.90 0 .90 1

Specific activity, 0.4 mc/mM

fThese values represent the average of results obtained with two mice 
each. The particulate fractions were re-suspended in water, rather than 
0.25 M sucrose. I

hose mice which were Irradiated before receiving the compound was found

bo be more tightly bound toward both solvents than was that of either of |

the other mitochondrial fractions. A significant portion of this increasjed 
amount of activity bound to this fraction proved to be rather tightly I

bound. '

Conroarison of Intracellular Distributions of MEG and 2-AT 

; The data in Table 10 Illustrate the intracellular distributions'
of MEG and 2 - A T ( s 35) in njouse liver̂  when given in equimolar amount and ; 

at equal specific activity. Since it has been previously B^ntioned that 

2-AT has never given 100^ survival to irradiated mice, this table actually 
dompares the intracellular distribution of a highly protective compound



Table 10
II'ITRACELLULAE DISTRIBUTION OF J-SG 
AND 2-AT(s35) m  MOUSE LIVER

COMPOUND --» MEG 2-AT

CELL FRACTION DISTRIBUTION* 
(counts/minute/ng. of N)

Nuclei 8 .1 3.2

I MLtochondria 6 .7 2 .5

j Microsomes 3 .6 2 .1

Soluble 19.4 16.6

Specific activity, O .7 mc/mM; dose of MEG was 3*1^ mg.(l$.7 vwMj, dose of 
2-AT was 1.6 mg. (15.7/*M).

*These values represent the average of results ob-feained with two mice 
sach.
with an. essentially non-protective one. The lack of selectivity in the 

distrihntion of 2-AT, when compared to that obtained with MEG, as well

as the relatively small amount of activity hound to the particulate
I

fractions, are clearly evident from these results. ;I
Tte binding of this activity in the cellular fractions from iI

the MEG treated mice was found to be much tighter, in equilibrium dialysis, 
than was that from the 2-AT treated mice. Neither dialysis against water 
nor against 1$ lithium thioglycollate was found to be effective in removi 

ing conçjletely the activity from the particulate fractions of either 
group of animals.

Binding of >îEG in Blood 
________ wid.ja.-m (23) has reported that the activ-'Tr.-' bound t.n serum j



proteins after the administration of S35_labeled c/steaiiihe (mércàptô- ’ 

ethylsunine) or cystaminé (aminoethyldisnlfide) could be removed completely 
:by dialysis against several reducing agents. Since, with the tissue 

:studied here, the activity bound after treatment with either of the three 

raercaptoalkylguan1dine salts used could not be removed completely by any 

'of these agents, or by other agents active toward the disulfide bond, it

jseemed desirable to determine whether MEG, as representative of these
I ‘ ;
jthree, was bound in the blood in a similar way to cysteamine or cystamine.
The erythrocytes and plasms were obtained by centrifuging the blood fromj

a rat given MEG(s35) by intraperitoneal injection. The activity bound jI
to the erythrocytes was found, by equilibrium dialysis, to be completely 

removable by water, while that in the plasma required further treatment 
with 1^ lithium thioglycollate to effect complete removal. These results

I
for MEG are, therefore, similar to those previously obtained with 

mercaptoethylamine. They indicate, however, that the binding of these 

compounds in the blood, or serum, unfortunately cannot be taken as 

completely representative of their binding in the tissues.



DISCUSSION

The three structurally similar mercaptoaHylguaaidine salts 

Used in this investigation are each known to he active in protecting mice 
gainst radiation death, based on 100$ 30-â a y survival of mice receiving | 

an otherwise lethal dose of x-irradiation (900 roentgens); but the dose 

aecessary, 2 . h / M  (0-55 mg.) of D-MBG-2, 4-9 AlM (l.lO mg-) of L-MBG-2, 

and l4/zM (2-85 mg.) of MEG, is different. Thus, these chemically anal­

ogous agents have significantly different activities in the biological 
system. At least two plausible explanations can be presented for exper­

imental evaluation to account for this difference in biological activity. 

Dne explanation postulates that the observed difference in protective 
activity is due to a corresponding difference in the tissue distributionIof the respective compounds, while the other explanation postulates that 
jthe observed protective activity difference is due to a corresponding 
difference in the intracellular distribution of the compounds. Both of 
these explanations assume that the actual protective activity observed 
in vivo results from the known high biological spécifiait;/- for structure, 

since the actual chemical protective capacity, in vitro and ̂  vivo. 
Should be essentially the same for such closely related cosmounds. The 
former explanation, t i ^ t  the observed protective activi-ty difference is

33



due to the tissue distributions of the respective corapouhds, predicts ' 

that certain sensitive tissues can concentrate the acre active compounds 

preferentially. The results shown in Table 1̂  however, clearly eliminate 

this possibility from further consideration as a plausible explanation.

The distribution of each confound, when given in equal amounts, in corres­
ponding tissues is quite similar, qualitatively and quantitatively. The 

data in this table indicate, also, that all three compounds are well dis­

tributed throughout the tissues of the animal body. Each is concentrated 
in both those tissues generally thought to be sore vital metabolically addt Ithose tissues considered particularly radiation sensitive. The corapoundd’ 

distribution patterns, though they do not account for the differences 

mentioned, undoubtedly are a significant factor in their ability to protect 
the animal against radiation death.

The latter explanation, that the observed protective activity 

difference is due to a different intracellular distribution for each of 

the compounds, predicts a selective affinity among the cellular fractions 

for the compounds, an affinity which is relatively different for the three. 
This explanation further implies that the intracellular distribution of j 

the compound is in some way involved in the protection it affords. In 

Tables 2 through 6 are tabulated the results showing the selective intrâ  
cellular distribution obtained with these compounds. In addition to 

showing a selective intracellular distribution, these results indicate a j 
direct relationship between intracellular distribution and protective 
activity. This significant correlation was made in comparing the intra­
cellular distribution obtained with 2.h-M^A of D-IiBG-2 to that obtained 

with the same dose of L-MBG-2. Thus, two enantiosozphs, which have a



comparable toxicity and tissue distribution̂  were found to have abTgnifi 

cant difference in their intracellular distribution patterns in both the 

mouse liver and rat spleen, a difference in direct relationship to their 

respective protective activities. The actual difference was found in the 

relative amount of compound bound to the microsomal fraction of the two 
organs studied, the larger amount bound (approximately one and one-half 

to two and one-half times) being obtained with the more active D-isomer. 

Additional support is given this point of the argument by the finding
jjthst increasing the dose of the L-MBG-2 to its effective level, 4.$ yuM, 

jcorrespondingly Increased to the amount previously obtained with 2.4 

of the D-isomer the amount of L-isomer bound to the microsomal fraction.

It is, therefore, evident that this latter explanation more adequately 
accounts for the results obtained experimentally.

When the intracellular distribution results obtained with the 

effective dose of D-MBG-2 are compared quantitatively with those obtained 

with the effective dose of MEG, it is noted that several times more MEG 
than D-Î4BG-2 is bound to each cellular component (an amount reflected in 

the dose necessary for protection). A logical explanation for this differ
i !ence is that the MEG, being less specific structurally, is bound less |

selectively by the cellular conponents than is the more biologically ;

specific structurée D-MBG-2. Thus, assuming certain conponents or sites ;

within the cell are more radiation sensitive than others, the D->EG-2 
must be of such a character structurally that it is preferentially bound 
by these sites, and less is, therefore, required for protecting the animal 

against radiation death. The assumption that these sensitive sites actu­
ally exist within the cell is consistent with the capacity of the D- and
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L-isomers to 'protect' at a fraction of the dose of MiG, tîiôügBT'aU tlaree 

have essentially the sane tissue distribution, both qualitatively and 

quantitatively.

The extent to vnich the microsomal fraction is implicated in 

radiation damage by the experimental findings already discussed is not 

altogether clear, but at least two possibilities are consistent with these 

results. The most direct possibility is that the microsomal fraction is 

the cell fraction most affected by radiation; hence, failure to protect 

it, though adequate protection is provided the other cell conroonents, 
results in a radiation death similar to that of unprotected animals. An 

jequally good possibility, as far as these results are concerned, is that 

cell components in addition to the microsomal fraction are normally also 

severely damaged by radiation. Thus, when one of the cell components, ir. 
this case the microsomal fraction, is not protected adequately, the normal 

radiation death occurs. Only direct experimentation can define clearly
iany role of the microsomal fraction in radiation death, of course, butI
;the possible Importance of this fraction in' this regard is suggested by j
! !these results. j

The investigation of the nature of the binding of these com-
^unds to the cellular ccmponents indicates that both covalent and non-
; icovalent bindings are involved. Some of the compound, represented by
that Tdiich was dialyzable a^inst either water or guanidine, is held 

relatively loosely, so th s . t it can be easily displaced. The water pre­
sumably removed only that portion of the compound which was relatively 
accessible to this agent and, also, loosely bound, either by secondary 
valence forces between the cellular material and the conpound, or by the
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attraction of bppositely-cliargëd ,groups. The guanidine, which' "removed 

some activity not subject to \ra.ter dialysis; presumably could act as a 

displacing agent, to remove that portion of the compound vhich was held 

by stronger ionic attractions, or as a dénaturant, to modify the spatial 

geometry of the cellular material such that secondary forces would no 

longer be correctly oriented to bind the coznpound. From the known prop­

erties of these two dialyzing solvents, however, no covalent bonds should 

be affected, so that the total amount of cosmxound removed by either should 

represent only that which was held by the non-covalent bonds described.

Of the remainder of the cosgzound, which is evidently bound to ;

the cellular material covalently, all but a small amount was removed by i
I

any one of several reducing or oxidizing agents. It seems reasonable i 

to assume that this portion of the compound is bound to the cellular
I

material through a disulfide type of bond, since these agents are exten-|

sively used under similar conditions to remove material held together by I
I Isuch a bond. The relatively small aimunt of each confound which was still

bound to the cellular material appears to be held by some bond not sub- i
ject to the agents used. Since the performic acid oxidation procedure

used has been found by previous workers to be sufficiently drastic to
attack even very resistant disulfide bonds, it seems doubtful that this

represents additional compound bound by such a bond. Guanidine dialysis

of a product previously oxidized with performic acid also failed to remove
this last amount of congxDund. As a result cf these findings, it seems

most likely that this unremoved cosgjound, which is fairly well distributed
among the protein-like material of the cell, is bound by a covalent bond
through some portion of the molecule o .her than the mercaptan group. It
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is of interest to note that each of the particniate fractions of the cell, 

as far as could be determined, has some compound held to it by each type 
of binding.

A comparison of the effects of radiation on liver cells from 

an animal subjected to radiation prior to being treated with protective 

compound, as compared with that of these cells from animals subjected to 

radiation subsequent to being treated with protective compound, leads to■ 

some interesting observations. The modification of the capacity of the ! 

(Cellular components to bind the protective compound, particularly the

initochondrial fraction from the unprotected animals receiving radiation,
.

suggests that some change in their nature has resulted from the radiatior 
treatment. Since this increased binding capaciiy was evidenced so soon 

following irradiation, it seems reasonably certain that this modificatior 

is a more immediate effect of radiation. Whether this effect reflects a 

change sufficient in its later stages to account for the death of the 

pnimal, or whether there are more inportant latent changes, not manifest 

at this early time, which eventually result in the death of the animal, 

are possibilities "sdiose final answer remain for further investigation. j 
It is clear, however, that radiation does cause an immediate alteration i 

in the cell, either in certain processes that are ultimately evidenced i' iby binding of the coiroound, or in the number and character of the sites 

within the cell available to the compound. These alterations, since they 
are not observed if the cell has been treated with the protective com­

pound previous to irradiation, are evidently ones against which the pro- | 
tective compound is effective. In this regard, it is Interesting to note 
the results of van Bekkum (24), who observed that the csidative phosphor-'
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ylation of spleen mtdciionaria froa fats receiving 1100 roentgens ' was 
rsarkedly depressed. He was not able to observe a similar effect, even 

’with iiigher doses of radiation, in liver mitochondria, but the possibil­

ities here were not exhausted, since he performed his experiments at only 
one post-irradiation interval, h hours,

In arriving at an hypothesis to explain the mechanism of action 

of the mereaptoalkylguanldines within the cell, a number of factors, 

including both the chemical and biological aspects of protection, must 

be taken into due account. Only a few of the many hypotheses that can !
I

be advanced to explain various aspects of this problem stand the test of. 

all the known evidence. One hypothesis that appeeirs, on this basis, toIbe most acc^table proposes that the biological protective action of 
these conmounds may be explained as due to their preferential localization 

jwithin the cell in such a manner as to counteract the radiation-produced 

[free radicals, thus sparing the critical biological material from much 

pf the damaging effects of these radicals. Taking into account the theory 

jalready advanced that these compounds may exert their chemical protection 

throu^ a radical quenching capacity, it follows that, to be effective, I 
the protective conpound must be localized with respect to the biological ' 

material it will protect. This localization seens Imperative since it 

is known that the distance traveled by the radiation-produced free rad- ■ 

icals before reacting can be expected to be very short, becoming shorter ; 
as the reactivity becomes greater. On the basis of this argument, it 

seems justified to assume that only that amount of protective compound 
which is on or very near any radiation sensitive sites of the biological 
material can be significantly effective in destroying the damaging free



radicals. By this explanation̂  nhe otser/ed close relationship between 

the intracellular distribution of onese conrpounds and their protective 
activity may be readily understood. In addition to being at the proper 

sites within the cell, it is also necessary that the conmound be bound 
in such a way that it can function as a radical quenching agent. One 

type of binding possible with these conspounds that would meet this criteria 

is that in which the conpound is held by attractive forces only, having 

no covalent bonds between it and the biological material. Eldjarn (23) 

has previously argued, in the case of cysteamine and cystamine, that this 
"free" conpound, as he terms it, is too randomly distributed to be effec­

tive as a radical quenching agent. It should be pointed out that the 

^stribution data obtained with the compounds studied here indicate that | 

phe loosely-held material is not randomly distributed. In fact, at least 

part of this loosely-held conpound may be conplexed to certain sites on !

the biological material, much as is thought to be obtained with an enzyme-I  I
substrate conplex. Thus, thou^ the conpound is loosely held to certain j 

sites, it would still be selectively distributed. Evidence that this 

type of binding of protective compcund to the biological material may 
indeed provide protection to the biological material has been obtained 

In several ̂  vitro experiments, including those of Doherty (25), who 

observed protection of chymotrypsin from radiation damage after conplexing 
it with a known chymotrypsin inhibitor before irradiation, of Sutton (26), 
who observed protection of catalase from radiation damage after conplexing 

it with cyanide, a known inhibitorj before irradiation, and of Okada (27), 
who obtained protection of the desooyribonuclease system by conplexing 
it with desoxyribonucleic acid. The results obtained in the dialysis



CvCperisents reported here are consistent with those which would he e>q)ec- 

ted if nuch of each of these :sereaptoalkyl̂ pianidine salts existed in such 
a complex with the biological material, since a major portion of each 

compound was dialyzable from the cellular constituents by either water or 

guanidine.

Another type of binding possible with these mercaptans, which 

ps.s been proposed by Eldjarn (2$) las being responsible for the effective- 

bess of cysteamine and cystamine, is that obtained by disulfide bonding 

bf the cosgpound through thiol groups of the biological material. This 

proposition is based on his observation that the time when the mayjTmim 

amount of compound was observed to be bound to the proteins of the blood , 

through disulfide bonds coincided with that period when maximum protectiop 
was obtained. It should be noted that this period is also one during which 

the maximum concentration of an intraperitoneally administered conmound 

■70uld be expected both in the blood and the tissues, so that a clear 

correlation between disulfide-bound conpound and protective activity can 
not be made independent of this ismoirtant consideration. With the mercap- 
-malkylguanidine salts used here, a relatively small percentage of com­

pound bound in this manner was found by the dialysis experiments. For 
this reason, it seems questionable that this could be the major binding 

involved in protection by these acmpounds, particularly in view of the 

results obtained with the D- and ̂ isomers, with which both the amount of 
conpound present and the percentage bound in this way are relatively 

small. Though it is impossible at the present time to evaluate absolutely 

the relative contribution of each of these two types of binding to the 
protection obtained, it appears, on the basis of relative amounts of each
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present, that the conmound bound more loosely shc’uld be considered to he" 

much more important in protective capacity. Since, hovever, there is no 

good basis at present to rule out the contributicn of either type of 

binding to the ultimate protection afforded by the compound, it seems 

more satisfactory to conclude that both types may, in fact, contribute 

to the protection, with the greater contribution to be expected from the 
loosely bound compound.



CHAPTER VI

SUMMARY

Both the tissue distrihution and intracellular distribution of 

percaptoethylguanidine hydrobromide (MEG), D-mercaptobutyl-2-guanidine 

jhydrobromide (D-MBG-2), and L-mercaptobutyl-2-guanidine hydrobromide i 

(L-MBG-2 ) were studied in an attempt to determine how these radiation | 

protective coippounds may function ̂  vivo. The tissue distribution of j 

all three compounds, which differ by as much as five to one in their i 

protective activity in mice, was similar, both qualitatively and quanti- | 
tatively. Their Intracellular distribution in ncuse liver, rat liver, 

and rat spleen was selective and, further, a relationship between protec­

tive activity and intracellular distribution was observed. The inç)lica­

tion that the microsomal fraction might be involved in radiation death, !I
'p.s suggested by these results, is discussed. i

j An investigation of the nature of the binding of each of these '

congounds to the cellular constituents was made, using dialysis techniques 
in several solvents, including water, dénaturants, and oxidizing or reduc­
ing agents previously shown to be effective in breaking the disulfide 

bond. The results indicated that three general types of binding were 
involved —  one relatively loose, one rather tigit, and the other inter­
mediate. An hypothesis, based on the selective intracellular distribution,
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the relationship letveen intracellular distrihution and protective activ­
itŷ  and the nat'tre of the intracellular binding reported here, as veil 

as the available aniitsal testing data, has been proposed to ê cplain hov 

these compounds n&y provide protection in the animal body. This hypothesis 

states that the protective agent is localized within the cell in such a 

way that it covers preferentially radiation sensitive sites, being held 

for the most part in a relatively loose binding, similar to that of an 

enzyme-substrate ccsplex, so that it may effectively quench radiation- 
produced free radicals formed in the medium.
; ' IThe effect of radiation on the subsequent ability of the cellular

constituents to hind D-MBG-2 was described and discussed. The ability j
of the mitochondrial fraction to bind this compound was found to be markJ

I
edly increased if the animal was irradiated prior to administering it. j 

In coizparison, it was observed that the binding of this coinpound, if | 

administered before irradiation, was quite similar to that in non-irrad- i! I
iated controls.
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