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ABSTRACT

Studies of V79-171 cells were undertaken to determine what extracel
lular or intracellular derivative of the drug WR-2721 is associated with
radioprotection. The effect of preincubation at 23 Â±1Â°Cwith WR-2721,

and with derivatives of WR-2721 produced in medium containing alkaline
phosphatase, upon survival of cells following subsequent -y-irradiation
was examined. It was established that WR-2721, WR-1065, WR-33278,
WRSSCys, and other disulfide forms produced by reactions of WR-1065
with the medium do not provide significant protection when present only
extracellularly. Protection was found to correlate with cellular levels of
the thiol form of the drug (WR-1065) but not with the cellular level of
the disulfide forms of WR-1065. Similar results were obtained with
HeLa, Me-180, Ovary 2008, HT-29/SP-ld, and Colo 395 cell lines
showing that human tumor cell lines behave in the same fashion as the
V79-171 nontumorigenic hamster diploid cell line. None of the drug
forms produced significant cytotoxicity under the conditions used. It was
concluded that it is the cellular level of WR-1065 at the time of irradiation
which determines protection. The results are consistent with protection
mechanisms involving scavenging of hydroxyl radicals, hydrogen atom
transfer to DNA radicals, depletion of oxygen near DNA, enhancement
of rapid biochemical repair processes, or some combination of these
mechanisms.

INTRODUCTION

The mechanisms involved in the radioprotection of biological
systems by aminothiols have been under study for over three
decades but no clear consensus as to which mechanisms are
most important has been reached (1-5). Mechanisms most
often considered for protection by the thiol form of such ami
nothiols include (a) the scavenging of hydroxyl radicals, (/>)the
chemical repair of DNA radicals by hydrogen atom transfer (5),
and (c) the depletion of oxygen as a consequence of thiol
oxidation (6). Mechanisms for protection involving disulfide
forms of the radioprotector include (a) the protection of key
sulfhydryl enzymes through formation of protein-aminothiol
mixed disulfides (7) and (/>) the facilitation of DNA repair
through binding of the disulfide to DNA resulting in stabiliza
tion of DNA and inhibition of replication (8, 9). A distinction
between these two groups of mechanisms should be possible,
based upon determination of which form of the drug is corre
lated with radioprotection, but lack of adequate methodology
for thiol and disulfide determination has severely limited the
data available on the level and form of the aminothiols in the
biological systems under study.

In recent years a number of methods have become available
for the determination of thiols, including aminothiol radiopro-
tectors, in biological systems (10-16). In the preceding paper
we applied one of these, high-performance liquid Chromato
graphie analysis of thiol-monobromobimane derivatives, to in-
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vestigate the mechanism of uptake of WR-27214 and derivatives
by V79-171 cells in culture and showed that significant levels
of WR-1065 and its disulfide forms, WRSS, are accumulated
in the medium and in cells when they are incubated with WR-
2721 plus alkaline phosphatase (17,18) or with WR-1065 (17).
In the present paper we examine the relationship of the drug
form and the drug level, both extracellular and intracellular, to
radioprotection and show that radioprotection correlates most
closely with the intracellular WR-1065 level. Some of the initial
results of this study were reported as a preliminary communi
cation (18).

MATERIALS AND METHODS

Unless otherwise stated all materials were as described in the preced
ing paper (17).

V79-171 cells (nontumorigenic hamster diploid lung fibroblasts)
were kindly provided by Dr. Ralph Durand and were maintained in
exponential growth as subconfluent monolayers in Eagle's basal me
dium with Earle's salts, supplemented with 10% heat-inactivated fetal

bovine serum and SOpg/ml gentamicin C (Grand Island Biological Co.)
in a humidified 5% CO2, 95% air atmosphere at 37'C. Cells were

enzymatically dissociated using 0.25% trypsin containing 0.2 nig/ml
EDTA (GIBCO) and resuspended in fresh medium immediately prior
to use. Cells were routinely determined to be mycoplasma-free by
measurement of uridine:uracil incorporation ratios (19) and by bio
chemical assay (BRL Mycotect, GIBCO). Human cell lines have been
described in detail elsewhere (20) and were maintained similarly to
V79-171 cells, taking into account their longer cell cycle times (22-32
h) compared to that of V79-171 cells (14 h). WI-38 cells (nontumori
genic human diploid lung fibroblasts) in early passage numbers were
obtained from the American Type Culture Collection (Rockville, MD).
The human tumor cell lines used were all of epithelial origin as follows:
HeLa and Me-180-VCII (cervix carcinoma); HT-29/SP-ld and Colo
395 (colon adenocarcinomas) and Ovary-2008-VCI (ovary carcinoma).
They displayed uniform plating efficiency within the cell concentrations
used for these studies. Cytogenetic analysis and tumor formation in
nude mice were employed to verify cell line integrity and designation
as tumorigenic versus nontumorigenic ("tumor" versus "normal"). Dur

ing drug exposure equal aliquots of cells were placed in tubes containing
drug at various concentrations and in control tubes containing medium
only. Final cell concentrations were 4x10* cells per ml (pH 7.2-7.4)
during the preirradiation drug incubation and 2 x IO4cells/ml during

irradiation, unless specified otherwise. Sets of tubes were simultane
ously vortexed at 10-min intervals throughout incubation to maintain
oxic conditions. For prolonged incubations (>60 min) in air at room
temperature, Eagle's basal medium with Hanks' salts was used to

prevent samples from becoming alkaline. At the times indicated, cell
aliquots were removed for drug analysis as described previously (17)
and/or for clonogenic determination of drug-induced cytotoxicity and
radioprotection. In the latter case 50 >ilof cell suspension was diluted
into a tube containing 10 ml of medium for -y-irradiation. Before
irradiation a 50-pl aliquot was removed, mixed with 12 ml of medium,
and triplicate 3-ml aliquots of the latter were added to culture plates
(60-rnm Lux plates, Miles Laboratory) for clonogenic determination of

4The abbreviations used are: WR-2721, 5-2-(3-aminopropylamino)ethyl-
phosphorothioic acid; WR-106S,Ar-(2-mercaptoethyl)-l,3-diaminopropane; WR-
33278, symmetrical disulfide of WR-1065; WRSSCys, mixed disulfide of WR-
1065 and cysteine; WRSS, sum of all readily reducible disulfide forms of WR-
1065; GSH, reduced glutathione.

3641

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/13/3641/2432029/cr0480133641.pdf by guest on 19 M

ay 2023



RADIOPROTECTION BY WR-2721 DERIVATIVES

drug toxicity. After irradiation a second 50-fU aliquot was treated in a
similar fashion for clonogenic determination of radiation survivors.

Final cell aliquot transfers to plating tubes and subsequent plating
produced residual drug concentrations <8.3 x IO"7 M (a level which

did not affect colony formation) and cell numbers producing 150-250
colonies per plate in untreated controls. Plating efficiencies (Â±5%)were
65% for V79-171 cells; 55% for HT-29/SP-ld and HeLa cells; and
30% for Me-180-VCII, Colo 395, and Ovary 2008-VCI cells. Colony
formation was allowed to continue until control colonies contained
300-400 cells per colony representing eight to nine cell doublings. This
required 5-6 days for V79-171 cells and 11-12 days for Me-180-VCII
cells; for times greater than 6 days cells were fed 2 ml of medium per
plate on the 7th day. All irradiated cells were allowed an additional
colony formation time equivalent to the cell's normal doubling time for

every 6 Gy of 7-radiation received. Colonies were saline washed, fixed
with methanol, and stained with Giemsa. Colonies (>50 cells) were
counted using a Biotran automatic colony counter.

All irradiation exposures were delivered as single doses from a ' "C's
â€¢>-source (Shepherd Mark I) calibrated by Fricke dosimetry and
equipped with attenuators to provide dose rates (0.7-7.0 Gy/min) that
delivered the total dose within 2-3 min. Unless specified otherwise,
each datum point in the figures represents the average result of triplicate
determinations in a single experiment and the bars indicate the range
of the maximum and minimum values.

RESULTS

The effects of alkaline phosphatase and cell density upon
radioprotection by WR-2721 were examined first. Fig. 1 shows
the variation in surviving fraction of V79-171 cells exposed to
increasing concentrations of WR-2721 in the presence and
absence of alkaline phosphatase for 15 min prior to irradiation
at 0, 5, or 8 Gy. In Fig. 1 (top) the cells were incubated and
irradiated in the presence of drug at either 7.5 x IO4 cells per
ml (2-ml volume irradiated) or 4 x 10* cells per ml (0.2-ml
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Fig. 1. Clonogenic survival of V79-171 cells incubated for 15 min at 23 Â±PC
in medium containing varying concentrations of WR-2721 prior to irradiation to
0, 5, or 8 Gy. Top, incubations and irradiations performed in the presence of drug
at the indicated cell density: 3, 7.5 x IO4cells/ml with WR-2721 alone; â€¢,7.5 x
IO4cells/ml in medium containing WR-2721 plus alkaline phosphatase at 1 U/
ml; A, 4 x 106cells/ml in medium containing WR-2721 plus alkaline phosphatase
at 1 U/ml. Bottom, cells incubated as indicated and diluted 45-fold in drug-free
medium prior to irradiation at 8 Gy: O, 4.5 x 10* cells/ml in medium only; A,
4.5 x 10e cells/ml in medium containing WR-2721 plus alkaline phosphatase at

1 U/ml.

volume irradiated). The unirradiated controls indicate that WR-
2721 itself is not cytotoxic, although slight toxicity was seen in
the presence of alkaline phosphatase (see below). The 5-Gy
survival data clearly show that incubation with WR-2721 alone
does not result in radioprotection; however, addition of alkaline
phosphatase to the incubation medium containing >1 HIMWR-

2721 results in significant radioprotection. Alkaline phospha
tase alone does not alter the radiation response of the cells
(data not shown). No variation in the surviving fraction as a
function of cell density was observed as long as care was taken
to assure oxic conditions during the irradiation. In the experi
ment of Fig. 1 (bottom) the cells were incubated at 4.5 x IO6
cells/ml and then diluted to 1 x IO5 cells/ml in drug-free

medium immediately prior to irradiation, minimizing any con
tribution of extracellular drug during irradiation. Similar results
were obtained to those for irradiation in the presence of extra
cellular drug (Fig. 1, top). All subsequent studies reported below
(except as noted in Fig. 3) were conducted by incubating the
cells at 4 x 106 cells/ml (to provide sufficient cells to allow for
analysis of cellular drug levels; Ref. 17) and diluting to 2 x 10*

cells per ml in drug-free medium immediately prior to radiation
exposure. This procedure results in extracellular drug levels
which are too low to significantly influence the results during
the brief (<3 min) irradiation interval (see Fig. 1 and discussion
of Fig. 3 below). Even incubation of cells with WR-1065 at
concentrations of 0.1-0.5 IHM for up to 20 min produced no
measurable radioprotection (data not shown). Similarly no sub
stantial uptake of drug occurs during the irradiation interval so
the results from measurement of cellular drug levels under
given incubation conditions, in many cases determined in the
same experiment as reported here, provide a reliable assessment
of the cellular drug levels at the beginning of the irradiation
interval.

Radioprotection of V79-171 cells was also examined as a
function of the time cells were incubated in 2.5 HIMWR-2721

in the presence or absence of alkaline phosphatase prior to
dilution into medium for irradiation at 0 or 8 Gy (Fig. 2). No
significant protection was seen in the absence of alkaline phos-
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Fig. 2. Clonogenic survival of V79-171 cells incubated for varying periods of
time at 23 Â±1*C in medium alone (O), in medium containing 2.5 mM WR-2721
(â€¢),and in medium containing 2.5 HIMWR-2721 plus alkaline phosphatase at 1
U/ml (A) prior to irradiation at 0 or 8 Gy. Shaded bar, range of survival values
measured in untreated control cells.
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RADIOPROTECTION BY WR-2721 DERIVATIVES

phatase at incubation times up to 60 min but in the presence of
alkaline phosphatase the surviving fraction increased with time
throughout the 60-min incubation period. Cytotoxicity, which
increased with incubation time, was seen in the unirradiated
samples preincubated with WR-2721 plus alkaline phosphatase.
In subsequent experiments it appeared that this was caused by
the ammonium sulfate introduced along with the alkaline phos
phatase since the cytotoxicity could be markedly reduced by
utilizing more concentrated enzyme stock solutions (1 U//Â¿1
versus 1 U/13 /Â¿I).To eliminate this variation from the results,
surviving fractions for irradiated samples were corrected for
this relatively minor drug-induced toxicity as determined in the
unirradiated controls.

To test whether trypsinization of V79-171 cells influenced
the results a comparison was made of V79-171 cells (a) main
tained as low density suspension cultures in exponential phase
for 30 days in siliconized spinner flasks and (h) maintained as
exponential monolayer cultures and resuspended following
trypsinization. The same frozen aliquot of V79-171 cells was
used to inoculate both cultures. The two cell suspensions be
haved identically in simultaneous experiments measuring drug
uptake and radioprotection following incubation for 0, 20, or
60 min in medium alone, in medium containing 4 HIM WR-
2721, or in medium containing 4 HIM WR-2721 plus alkaline
phosphatase. Thus, trypsinization does not appear to signifi
cantly modify the nature of the drug specificity or radioprotec
tion phenomena in these cells.

Next the role of extracellular versus intracellular drug forms
in radioprotection was examined (Fig. 3). Incubation of V79-
171 cells in medium alone followed by dilution into medium
containing WR-2721 plus alkaline phosphatase for irradiation
(Fig. 3, bottom, â€¢)gave the same lack of radioprotection as for
cells diluted into medium alone (Fig. 3, bottom, O). Since a 15-
min exposure of WR-2721 to alkaline phosphatase in medium
almost completely converted it to WR-1065 plus WRSS (18),

i.o
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Fig. 3. Clonogenic survival of V79-171 cells incubated for varying periods of
time at 23 Â±1*C and then diluted prior to irradiation at 0 or 8 Gy: O, incubated
and diluted in medium; â€¢,incubated in medium and diluted in drug-containing
medium; A, incubated in drug-containing medium and diluted in medium; A,
incubated and diluted in drug-containing medium. Drug-containing medium used
as a diluent contained 4 mM WR-2721 and l U per ml of alkaline phosphatase,
and was prepared l S min prior to the start of the incubation. Surviving fractions
for cells irradiated to 8 Gy were corrected for drug-induced toxicity measured in
the 0 Gy controls. Shaded bar, range of survival values measured in untreated
control cells.

this result shows that extracellular WR-1065 and WRSS pres
ent only during irradiation have no effect upon the surviving
fraction. Similarly, dilution of cells incubated in medium con
taining WR-2721 plus alkaline phosphatase into drug-contain
ing medium (Fig. 3, bottom, A) does not result in greater
protection than dilution in drug-free medium (Fig. 3, bottom,
A) so that extracellular drug does not enhance protection pro
duced by cellular accumulation of drug. Analysis of the medium
had shown that WRSS consists mainly of WR-33278 and
WRSSCys (17). Since such disulfides do not protect V79-171
cells extracellularly and are not taken up by the cells (17), direct
exposure of the cells to these disulfides would not be expected
to provide protection. In accord with this prediction, no detect
able protection was seen when cells were incubated for periods
up to 60 min in medium containing 1 mM of the symmetrical
disulfide of WR-1065 (WR-33278) or 1 mM of the mixed
tlisulfide of WR-1065 with cysteine (Fig. 4). Neither disulfide
exhibited significant toxicity toward the cells.

Although no evidence for protection by any extracellular drug
form could be found, protection clearly occurred after drug was
taken up by the cells (17, 18). Once WR-1065 had been iden
tified as the only form transported into V79-171 cells at a
significant rate (17), further studies were conducted with WR-
1065 itself added to the culture medium since this allowed
closer control of the extracellular WR-1065 levels. A typical
time course for radioprotection of V79-171 cells incubated in
4 mM WR-1065 is shown in Fig. 5. No drug-induced toxicity
was detected for WR-1065 at this level in unirradiated cells.
Greater radioprotection was seen at earlier times when WR-
1065 was used (Fig. 5) than when WR-2721 plus alkaline
phosphatase was used under comparable conditions (Fig. 3).
However, the extent of protection reached a maximum and did
not increase much after 30 min despite the fact that intracellular
drug levels continued to increase under these conditions (17).

Since the level of cellular WRSS increased along with that
of WR-1065 during incubation of cells with drug (17) it was

not clear which cellular form of the drug was responsible for
the radioprotection. A distinction between cellular WR-1065
and WRSS as the form associated with radioprotection can be
made on the basis of drug egress experiments. In this type of
experiment the V79-171 cells were loaded with WR-1065 in
the usual manner but after 60 min the cells were centrifuged,
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Fig. 4. Clonogenic survival of V79-171 cells incubated for varying periods of
time at 23 Â±1Â°Cin medium (O), in medium containing 1 mM WR-33278 (A), or
in medium containing 1 mM WRSS-Cys mixed disulfide (â€¢)prior to irradiation
at 0, 7, or 8 Gy.
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Fig. 5. (Monogenie survival of V79-171 cells incubated for varying periods of
time at 23 Â±1*C in medium (O) or in medium containing 4 mM WR-1065 (Ã€)

prior to irradiation to 0 or 8 Gy. Shaded bar, dermes the range of survival values
measured for untreated control cells.
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Fig. 6. Clonogenic survival (O), cellular WR-1065 level (A), and cellular
WRSS level (â€¢)for V79-171 cells preincubated for (0-60 min) in medium
containing 2.5 HIMWR-1065, centrifuged, and Â»suspended in drug-free medium,
and preincubated an additional 4 h (0-240 min). At the indicated times, samples
were removed for drug analysis and for clonogenic assay after irradiation at 0 or
8Gy.

resuspended in drug-free medium, and incubated for an ex
tended period. Fig. 6 shows the results of such an experiment
in which radioprotection and intracellular drug levels were
simultaneously measured. As usual radioprotection, cellular
WR-1065, and cellular WRSS all increased in parallel during
the uptake phase. However, during the subsequent egress the
radioprotection and WR-106S levels declined together whereas
the WRSS level showed little change. There was, however, a
decline in the surviving fraction associated with centrifugation
and resuspension of the cells. That this treatment was not
responsible for the observed decline in radioprotection was
established by another experiment in which cells were loaded
with WR-1065 (or with WR-2721 plus alkaline phosphatase)
and diluted 200-fold to initiate drug egress (Fig. 7). The surviv
ing fraction rose during incubation with drug and fell following
dilution in drug-free medium in a fashion similar to that of Fig.
6. Drug levels could not be monitored in this experiment due
to the low cell density following dilution. We conclude from

0.4

: 1.0
8Gy

-I-
<- 1:200 dilution

O Medium Only
â€¢4mM WR-272I + AP

A 4mM WR-1065

50 0' 60' 120' 180'

Incubation Time, min.

240

Fig. 7. Clonogenic survival of V79-171 cells incubated at 23 Â±1*C in medium
(O), in medium containing 4 HIMWR-2721 plus 1 U/ml alkaline phosphatase
(â€¢).or in medium containing 4 HIMWR-1065 (A) for l h (0-60 min) and then
diluted 200-fold into drug free medium and incubated an additional 4 h (0-240
min). Samples removed at the indicated times for clonogenic assay after irradia
tion at 0 or 8 Gy.
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Fig. 8. Surviving fraction (corrected for drug toxicity) determined by clono
genic survival as a function of measured intracellular WR-1065 concentration
after irradiation at 8 Gy. V79-171 cells were incubated in medium containing 2
(O), 4 (â€¢),8 (â€¢),and 20 (D) mM WR-1065 for periods up to 90 min. Values at 0
nmol WR-1065/10* cells are from controls incubated in drug-free medium; error

bars, range of the control values in each experiment. Points, average of duplicate
values for determination of WR-1065 level and triplicate values for surviving
fraction.

the results of Fig. 6 that radioprotection correlates with cellular
WR-1065 levels but not with cellular WRSS levels.

The results suggested that once the intracellular WR-1065
concentration reached a certain value a maximum level of
radioprotection was achieved at a dose of 8 Gy which could not
be increased by further elevation of the WR-1065 level. This is
seen more clearly in Fig. 8 where surviving fraction following
irradiation is plotted as a function of the intracellular WR-1065
concentration measured after various times of preincubation in
medium containing WR-1065 at 2, 4, 8, or 20 mM. Radiopro
tection increased sharply as the intracellular WR-1065 level
increased from 1 to 5 nmol/10'' cells but reached a maximum
corresponding to a surviving fraction of ~0.75 at 7-10 nmol/
IO6cells. No further increase in radioprotection was seen with
increasing WR-1065 levels up to 30 nmol/106 cells.
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RADIOPROTECTION BY WR-2721 DERIVATIVES

Glutathione is the main low molecular weight thiol in eukar-
yotic cells and is thought to play a role in their intrinsic
radiosensitivity. GSH levels were monitored along with WR-
1065 levels in all experiments reported here and were found to
have a value of 3.0 Â±1.0 nmol/106 cells for V79-171 cells.
Incubation with WR-2721, WR-2721 plus alkaline phospha-
tase, or WR-1065 caused no systemic change in this value.

Analogous experiments to those described above were carried
out with a series of human tumor cell lines. Since these cell
lines differ in their intrinsic radiosensitivity (Table 1), radii Â»pro
tection determinations were made using equitoxic doses in the
range of 4-6 Gy resulting in an unprotected surviving fraction
of either 0.18 Â±0.04 (Fig. 9A) or 0.065 Â±0.02 (Fig. 9B). Fig.
9 shows the results in composite form obtained with five human
tumor cell lines and data obtained with V79-171 cells are
included for comparison. Cells were preincubated with WR-
2721 in the presence or absence of alkaline phosphatase, or
with WR-1065, in the usual fashion prior to dilution and y-
irradiation. Control values were determined with cells not ex
posed to drug for each time point; the average value is shown
with a bar indicating the range of values.

It is seen (Fig. 9) that the human tumor cell lines behave
qualitatively in the same fashion as V79-171 cells. No protec
tion was seen with WR-2721 alone and protection appeared
more rapidly in the presence of WR-1065 than with WR-2721
plus alkaline phosphatase. A plateau in the protection was
observed despite continued accumulation of WR-1065 in the
cells (17). The only marked deviation occurred with HeLa and
Ovary-2008 cells incubated in 4 HIM WR-2721 plus alkaline
phosphatase where there was a marked delay in the appearance
of radioprotection. This was traced to a decrease in the pH of
the growth medium caused by the cells in these experiments;
this resulted in a slower uptake of WR-1065 from the medium
(17) and correspondingly lower radioprotection.

DISCUSSION

We consider first the possibility that extracellular drug is
responsible for radioprotection of V79-171 cells. The results
directly demonstrate that extracellular WR-2721 (18; Figs. 1
and 2) does not protect V79-171 cells. This is in accord with
some earlier observations that WR-2721 does not protect cells
in culture (21-23) but Purdie and coworkers have observed
protection of human kidney T-cells by WR-2721 during pro
longed incubation under conditions were it is dephosphorylated
to produce about 0.5 mM WR-1065 (24, 25). In the presence of
alkaline phosphatase WR-2721 is converted to WR-1065, WR-
33278, WRSSCys, and possibly other disulfide forms of WR-

1065 measured as WRSS (17,18). When cells were diluted into
medium containing WR-2721 plus alkaline phosphatase and
irradiated before significant accumulation of intracellular drug
could occur, no protection was observed (Fig. 3). This shows
that WR-1065, WRSS, and other forms of WR-1065 derived
from WR-2721 which may be present in the medium do not
provide protection if present extracellularly but not intracellu-
larly during the irradiation.

That extracellular WR-1065 does not protect excludes one
important mechanism for radioprotection in the present system.
Purdie et al. (6) reported that at 37Â°CWR-1065 added to

medium at 1-10 misi in the presence or absence of human
kidney T-cells at 1-2 x 107/ml caused a rapid depletion of the

extracellular oxygen concentration and have argued that this
supports earlier views that aminothiol radioprotection results
from extracellular oxygen depletion as a consequence of thiol
oxidation. The extent of such depletion can be expected to be
a sensitive function of the available catalysts for thiol oxidation,
the pH, and the extent to which the experimental system limits
resupply of oxygen by diffusion to the site of oxygen measure
ment. Such extracellular oxygen depletion is not responsible
for the radioprotection observed in the present system since the
presence of extracellular WR-1065 does not provide protection.
Under conditions of limited oxygen supply it is conceivable
that decreased cell kill might result from extracellular depletion
of oxygen as a consequence of WR-1065 oxidation but in the
present studies the cells were maintained in a well-oxygenated
state so that this was not a significant factor.

Protection was only observed under conditions where signif
icant intracellular drug levels occur. Measurable levels of WR-
2721 were not found in cells (18) but the time course of
appearance of protection did correlate with cellular accumula
tion of WR-1065 and WRSS (17, Fig. 6). A distinction between
WR-1065 and WRSS as the form of the drug associated with

protection was made possible when preloaded cells were incu
bated in drug-free medium (Fig. 6). While WR-1065 levels
dropped at a rate comparable to that for WR-1065 uptake, the
disulfide levels changed little, an observation which is consistent
with finding that the disulfides are not taken up by V79-171
cells (17). The radioprotection declined in parallel to the fall in
the WR-1065 level, which is consistent with WR-1065 being
the form of the drug which leads to radioprotection and ex
cludes WRSS as the principal form responsible for protection.

The remote possibility that some form of the drug other than
WR-1065, whose level fluctuates in parallel with the WR-1065
level, is responsible for protection must also be considered. The
level of WRSS is determined by extracting the cells in the
presence of A^ethylmaleimide to block thiols and prevent arti-

Tablc l Radialion sensitivities and radioprotection characteristics of cells incubated with S mM WR-1065 at pH 7.3-7.4, except as noted
Surviving fraction" Cell level (nmol/106 cell)

CellHeLaMe-
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Colo 395
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(Gy)2.8

Â±0.22.0
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2.0 Â±0.2
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4.4 Â±0.2NDD,
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Â±0.1
1.6 + 0.2
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Â±0.02"0.14
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+ 0.04

0.12 Â±0.02"
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Â±0.03"0.52
+0.060.53
Â±0.04

0.53 Â±0.05"' '
0.51 +0.020.65

+oyND[WR-1065]*8.8

+0.46.4
Â±0.47.4
Â±0.8

6.2 Â±0.6'

ND
7.0 Â±1.05.6

+ 0.6(WRSS]*0.88

Â±0.130.19
Â±0.011.1

Â±0.04
2.0 Â±0.2'

ND
0.56 Â±0.040.63

Â±0.06[GSH]â€ž.C8.0

Â±2.011.4
Â±1.012.5

Â±0.8ND3.2

Â±0.85.8
Â±0.6

Â°Dose = 5 Gy, except as noted.
* After Mi-min incubation except as noted.
' Average over 90-120-min incubation period.
' Dose = 6 Gy.
' After 75-min incubation period.
/With 4 mM WR-1065 at 8 Gy.
* ND, not determined.
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Fig. 9. Clonogenic survival (corrected for drug toxicity) for cells incubated at
23 Â±1"C for varying periods in medium containing 4 HIM WR-2721 (open
symbols), medium containing 4 m\i WR-2721 plus 1 U/ml alkaline phosphatase
(halffilled symbols), or medium containing 4 mivi WR-1065 {filled symbols) prior
to irradiation (top, lower dose; bottom, higher dose): V79-171 cells irradiated to
8 or 9 Gy (O, C, â€¢);HeLa cells irradiated to 6 Gy (A, L, A); Me-180 cells
irradiated to 4 or 5 Gy (D, C, â€¢);Ovary 2008 cells irradiated to 5 or 6 Gy
(V, V, A); HT-29 cells irradiated to 5 or 6 Gy (O, 9, â€¢);Colo 395 cells irradiated
to 5 Gy (O, *). ru/uc.v in the untreated control column, average of values for the
corresponding drug-free control incubations run in parallel to each cellular
incubation in the presence of drug and the shaded bars, range of these values.

factual disulfide formation. This is followed by reduction with
dit hindirei toi, to convert dÂ¡Sulfidesto thiols, and labeling of the
thiols with monobromobimane. Proteins are then removed by
acid precipitation and the thiol components of WRSS deter
mined by high-performance liquid Chromatographie analysis of
the supernatant fraction (17). Thus, WRSS measures readily
reducible mixed disulfides between protein and WR-1065 as
well as all low molecular weight forms of disulfide formed from
WR-1065. It is conceivable that there is a component of this
disulfide pool which is responsible for radioprotection but
whose presence is not readily discernible in the total WRSS
pool, i.e., amounting to <0.1 nmol/106 cell or ~\% of the total

cellular drug pool. While we cannot rigorously exclude such an
explanation, we consider it to be unlikely that such a minor
component produces the observed protection.

Protection was found to increase with increasing intracellular
WR-1065 levels up to 7-10 nmol/106 cells where the surviving
fraction was ~0.75 for a dose of 8 Gy. Complete protection
was not achieved at higher intracellular levels of WR-1065 (Fig.
8). This indicates that there is a component of the damage
which cannot be protected against or repaired by the action of
WR-1065. Under these conditions no significant drug cytotox-
icity was observed from WR-2721 or its derivatives except that
caused by the ammonium sulfate added along with the alkaline
phosphatase.

There is a variety of mechanisms by which WR-1065 might
radioprotect V79-171 cells. An indirect mechanism involving
an effect upon the intracellular GSH level can be excluded since
the GSH level did not vary with changes in intracellular WR-
1065 level. Although depletion of extracellular oxygen was
excluded as a mechanism of protection, the present results do
not exclude the possibility that thiol oxidation at a subcellular

location within the cell might result in a local depletion of
oxygen leading to protection. However, such a process would
need to be exceedingly rapid as it would have to compete with
oxygen diffusion to the subcellular site in order to produce a
net decrease in oxygen concentration. Michael and coworkers
(26) have shown using the gas explosion methodology that V79
cells are maximally sensitized by oxygen within 2 ms after
exposure to oxygen and subcellular oxygen depletion by intra
cellular WR-1065 would have to compete continuously with
the resupply of oxygen on this time scale during irradiation.

Hydroxyl radical scavenging and DNA radical repair by WR-
1065 are mechanisms of protection which appear to be com
patible with the present findings. A major problem with radi
oprotection by thiols occurring via these mechanisms has been
the apparent conflict between the low concentrations observed
to provide protection to cells as compared to those calculated
based upon measured rates of reaction of thiols with radicals
(3, 4). This can be illustrated for the present case using the
method of Ward (4). Rates of reaction of dithiothreitol and
oxygen with irradiated bacterial transforming DNA of 1.6 x
IO6 and 3 x IO8 M~'S~', respectively, have been determined by

Held et al. (27) using the gas explosion technique. Since the
rates of chemical repair of simple alcohol radicals by DTT and
aminothiols are very similar (28) it is reasonable to assume that
the rate for repair of DNA radical by WR-1065 is comparable
to that for DTT or ~2 x IO6M~'S~'. A protection factor of two
in aerated solution would result when 2 x IO6 [WR-1065] = 3
x 10" [O2] or [WR-1065] = 150 [O2] -30 mM. However, from
Fig. 3 we see that protection occurs at intracellular WR-1065
levels in the range of 2-10 nmol/106 cells which corresponds
to about 1-5 mw, roughly an order of magnitude lower than
required. Similar arguments predict that for hydroxyl radical
scavenging to be important the concentration of WR-1065 near
DNA would have to be an order of magnitude or more greater
than the observed cellular level. A resolution of the dilemma is
possible if WR-1065 is concentrated near DNA and in vitro
studies of the binding of WR-1065 to calf thymus DNA show
that cation condensation phenomena are capable of producing
an effect of this magnitude (29, 30). If such condensation near
DNA occurs in the intact cell then the present results are
consistent with radioprotection by WR-1065 resulting from
hydroxyl radical scavenging, from DNA radical repair, or from
a combination of these processes. The present results are also
consistent with intracellular WR-1065 protecting by enhancing
biochemical repair but such a mechanism would have to involve
processes occurring during or immediately following irradiation
since postirradiation treatment with WR-1065 does not result
in protection of V79 cells (31).

The conclusions reached based upon studies of V79-171 cells
appear to be applicable to other cultured cell lines. Table 1 and
Fig. 9 show that five human tumor cell lines were protected by
WR-2721 plus alkaline phosphatase and by WR-1065 in a
fashion very similar to that found for V79-171 cells. For incu
bation in 8 HIMWR-1065 the levels of WR-1065 achieved after
a 1-h incubation and the levels of radioprotection observed were
very similar for all of the cell lines studied (Table 1). However,
the WRSS and GSH levels varied appreciably from one cell
line to another which further supports the conclusion that
radioprotection is not linked to the WRSS or GSH levels.
Precise comparisons should only be made after correction of
the cellular levels for differences in cell volume among the cell
lines but such corrections are unlikely to invalidate the conclu
sions drawn. The only nontumor cell line examined other than
V79-171 was the WI-38 cell line and this accumulated WR-
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1065 in a very similar fashion to V79-171 cells. Radioprotection
could not be studied with these cells because they are not
suitable for clonogenic assay. It is apparent from these results
that WR-1065 protects normal and tumor cell lines in aerated
solutions in an essentially identical fashion.

To the extent that the foregoing conclusions are applicable
to radioprotection of animals by WR-2721 they would predict
that protection should be dependent upon accumulation of
intracellular WR-1065 by tissues. Specific assay of WR-1065
in various tissues of mouse 15 min after injection of [I4C]WR-
2721 showed that a majority of the drug was present as WR-
1065 (32). Levels of WR-1065 were found to be ~1 mM for up
to l h following i.v. injection of WR-2721 at 500 mg/kg for
most tissues but for tumor and brain the levels were <0.1 HIM.
Based upon the current study, it would be predicted that these
in vivo WR-1065 levels should suffice to provide some protec
tion for tissues other than tumor and brain. This assumes that
tissues, like the cultured cells of the present study, are fully
aerated which is clearly not the case (33). It is possible that the
level of WR-1065 required for protection may be lower under
the conditions of decreased oxygen tension which are likely to
occur in many tissues (33, 34) than observed here for fully
aerated cell suspensions. Studies of the relationship between
intracellular WR-1065 and radioprotection at oxygen tensions
near the transition point are needed to provide a more complete
basis upon which to evaluate the intracellular WR-1065 levels
likely to be needed to provide protection in vivo.
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