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Report

Effect of Helenalin and Bis(helenalinyl)malonate on Nucleic
Acid and Protein Synthesis in Human KB Carcinoma Cells
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Helenalin and bis(helenalinyl)malonate were shown to be cytotoxic against the growth of human KB
carcinoma cells. DNA synthesis was inhibited significantly. This inhibition was afforded because of
the drugs’ effects on a number of enzyme activities. The inhibition of IMP dehydrogenase and ribonu-
cleotide reductase complex activities correlated positively with the inhibition of DNA synthesis of the
KB cells. DNA polymerase activity was inhibited by the drugs to a lesser degree. The deoxyribonu-
cleotide pools were markedly reduced in the presence of the drug, which would be consistent with a
blockage of the enzyme ribonucleotide reductase as well as suppression of DNA synthesis. XMP
levels were also reduced, which is consistent with suppression of IMP dehydrogenase activity by the
drugs. Ribonucleoside phosphate pools, particularly CDP and GDP, were elevated after drug treat-
ment, which would be expected with a blockage at ribonucleotide reductase. Thus DNA alkylation is
not the mechanism of action of the antineoplastic sesquiterpene lactones; rather, the celi-killing effect
is related to DNA synthesis inhibition by the drug.
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inhibition.

INTRODUCTION

Helenalin is a pseudoguaianolide sesquiterpene lactone
isolated from plants of the family, Compositae. Kupchan (1)
suggested that the cytotoxicity of the sesquiterpene lactones
was related to the presence of the a, B-methylene-y-lactone
functionality. Lee et al. (2) observed in H.Ep-2 cells that the
o,B-unsaturated cyclopentenone moiety also contributed to
the pharmacological activity. The sesquiterpene lactones
form a thiol adduct with the thiol group of amino acids via a
rapid Michael-type addition (3). There appears to be no evi-
dence of DNA nucleotide strand scission or drug binding (4).
Subsequently, helenalin was shown to be active against the
growth of Walker 256 carcinosarcoma, Ehrlich carcinoma
ascites, Lewis lung carcinoma, and P-388 lymphocytic leu-
kemia cells (5,6) in vivo, and cytotoxic activity has been
demonstrated in human KB or H.Ep-2 carcinoma cells (5).
To date, the sesquiterpene lactones have not been advanced
into human studies because of the lack of large quantities of
the natural product for clinical studies and because of the
sparsity of studies regarding its mode of action in cancer
cells.
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Helenalin, a stereotype sesquiterpene lactone, has been
evaluated for acute toxicity in mice (manuscript in prepara-
tion). At the therapeutic dose, 8 mg/kg, little toxicity has
been noted; however, as the dose is increased, i.e., at 25
mg/kg day, cardiac toxicity has been demonstrated. A syn-
thetic bis ester of helenalin, bis(helenalinyl)malonate (Fig.
1), was shown to be more potent than helenalin in sup-
pressing P-388 lymphocytic leukemia, i.e., T/C% = 261,
compared to the value for helenalin, T/C% = 162. In this
cell line, both agents suppressed DNA synthesis preferen-
tially, with moderate inhibition of protein and RNA syn-
thesis (6). Further studies in P-388 cells on the mode of ac-
tion of sesquiterpene lactones as a protein synthesis inhib-
itor showed that the agents were initiation inhibitors
blocking the conversion of the ternary initiation complex to
the 48S and 80S initiation complex (7). In the rabbit reticulo-
cyte system, the eIF-3 initiation factor was shown to be the
most sensitive to helenalin (8). On the other hand, the mode
of action of sesquiterpene lactones with regard to DNA
synthesis suppression is essentially unknown. In Ehrlich
ascites carcinoma cells, some evidence exists that sesquiter-
pene lactones suppress the activities of nuclear DNA poly-
merase and thymidylate synthetase (5). However, the con-
centration of drugs used in these studies was unusually high.
In P-388 lymphocytic leukemia cells, little inhibitory action
was observed against DNA polymerase or thymidylate syn-
thetase activities (6). Since the Ehrlich ascites is a carci-
noma, it was decided to investigate the effects of helenalin
and bis(helenalinyl)malonate on nucleic acid and protein
synthesis of human KB epidermoid carcinoma of the
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Fig. 1. Structures of helenalin and bis(helenalinyl)
malonate.
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pharynx. Further, it was known that helenalin was active
against the growth of this cell line (5). The present study was
undertaken to determine the effects of cytotoxic helenalin
concentrations on enzymes involved in DNA synthesis that
require sulfhydryl groups for catalytic reactivity.

MATERIALS AND METHODS

All radioisotopes were purchased from New England
Nuclear. All other chemicals were obtained from Sigma
Chemical Company. GF/F filters and PEI plates were pur-
chased from Fisher Scientific.

Helenalin was isolated from the plant Bauduina augus-
tifolia (9). Bis(helenalinyl)malonate was chemically synthe-
sized from helenalin by treatment with malonyl dichloride in
dry benzene, as described previously (4). Purity of com-
pounds was determined by nuclear magnetic resonance
(NMR) and elemental analysis (C,H).

The human KB epidermoid carcinoma cells, obtained
from the American Type Culture collection, were main-
tained in minimum essential medium (MEM), penicillin/
streptomycin, and 10% fetal calf serum. Drugs were sus-
pended in an aqueous solution of 0.05% Tween 80(polysor-
bate 80)-water by homogenization and sterilized by
filtration. The growth inhibition by the sesquiterpene lac-
tones was determined at concentrations of 10, 50, and 100
M for a 3-day period with 5 x 10* cells in 1 ml of medium
according to the NIH protocol (10). Cell number per milli-
liter was determined with a hemocytometer by counting the
viable cells after staining with 0.4% trypan blue. Day 3 was
used to calculate the EDy, value, i.e., the concentration of
drug required to inhibit 50% of the cell growth, since the log
growth was exponential at this time.

In vitro incorporation of labeled precursors into DNA,
[methyl-*H]thymidine (84 Ci/mmol), RNA [6-*H]uridine
(22.4 Ci/mmol), and protein [4.5-*H(N)]leucine (56.3 Ci/
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mmol) of 10° cells was determined for 60 min by the method
of Liao et al. (11). Drugs were present at 0.25, 0.50, 1, and 2
times the concentration of their respective EDs, values in
the tissue culture cells. The reaction mixtures were inacti-
vated with acid. The DNA acid-insoluble precipitate was
collected by vacuum suction on GF/F glass-fiber disks
which were washed with cold 10% perchloric acid con-
taining 1% sodium pyrophosphate (6). Acid-insoluble pre-
cipitates from the RNA and protein experiments were col-
lected on Millipore nitrocellulose filters washed with 10%
trichloroacetic acid. The filter disks were placed in Scinti-
verse, dried, and counted in a Packard scintillation counter
(6). The following enzymatic activities were determined in
cells at multiples of the EDs, values for each drug. DNA
polymerase a activity was determined on a cytoplasmic
fraction (12) using the incubation medium of Sawada et al.
(13), with [methyl-*H]dTTP (82.4 Ci/mmol), dCTP, dGTP,
and dATP. Incubation was for 60 min at 37°C. The acid-insol-
uble precipitate was collected on glass-fiber disks and
counted. Formate incorporation into purines for 40 min at
37°C was determined by the method of Spassova et al. (14),
with 0.5 pnCi ["*Clformic acid (52 mCi/mmol). Purines were
separated by silica gel thin-layer chromatography (TLC)
eluted with N-butanol:acetic acid:water (4:1:5). Using stan-
dards for guanine and adenine, the appropriate spots were
scraped and counted. Inosinic acid dehydrogenase activity
was determined by the method of Becker and Lohr (15)
using 30 min of incubation at 37°C with [8-"*Clinosine-5'~
monophosphate (61 mCi/mmol). XMP was separated from
IMP by TLC on PEI plates eluted with 0.5 M (NH,),SO,.
The appropriate spot (standard, XMP) was scraped and
counted. Thymidylate synthetase activity was determined
using a supernatant (9000g x 10 min) fraction by the method
of Kampf et al. (16) with PHJdUMP (11 Ci/mmol) incubated
for 30 min. The nucleotides were absorbed on charcoal and
filtered on Whatman No. 1 filters, and a sample of the
aqueous filtrate was counted. N-Ethylmaleimide, a known
thiol alkylating agent, at a concentration from 0 to 200 pM,
was utilized to assess inhibition of the enzyme activities em-
ployed in this study.

Ribonucleoside diphosphate reductase activity was
measured by a modification of the method of Moore and
Hurlbert (17). An aliquot of the 5000g supernatant was incu-
bated for 30 min at 37°C with reaction medium containing
0.1 pCi [5-3HICDP (16.2 Ci/mmol). The reaction was
stopped by boiling; samples were incubated with calf intes-
tine alkaline phosphatase, spotted on PEI plates, and eluted
with ethanol/saturated sodium borate/ammonium acetate/
EDTA. Plates were scraped at the R, of the standard, deoxy-
cytidine, and counted. The modified method of Holmgren
(18) was used to measure the activity of thioredoxin. An ali-
quot of the (5000g X 10 min) supernatant was added to cu-
vettes containing insulin (1 mg/ml in potassium phosphate
buffer). Dithiothreitol solution (0.1 M) was added, and the
change in absorbance at 650 nm was determined for 90 min.
The glutaredoxin system was evaluated by measured GSH-
disulfide oxidoreductase (transhydrogenase) activity of KB
cells by the literature method of Holmgren (19). Drugs were
incubated with the 5000g X 10 min supernatant and the
reoxidation of NADPH was measured for 1 min at 340 nm at
25°C.
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After KB cells had been incubated with the drugs for 3
hr, ribonucleoside phosphates and deoxyribonucleoside tri-
phosphates were extracted with perchloric acid by the
method of Bagnara and Finch (20). After neutralization with
S N KOH and 1 M KH,PO,, the levels of ribonucleoside
phosphates were measured by the HLPC method of McKeaf
and Brown (21). The neutralized extract was applied to a
Whatman partisil-10 SAX ion-exchange column and eluted
by a linear gradient of a 7.0 mM to 0.5 M KCI/KH,PO,
buffer system. Nucleoside phosphates were detected and
quantitated by absorbance at 254 nm with a plotter inte-
grator. Deoxyribonucleoside triphosphate pool levels were
determined by the method of Hunting and Henderson (22).
The neutralized extract was incubated for 30 min at 37°C
with reaction medium containing calf thymus DNA, Esche-
richia coli DNA polymerase I, and nonlimiting amounts of
three deoxyribonucleoside triphosphates not being assayed,
including 0.04 pnCi [methyl-*H]dTTP (80 Ci/mmol) or
[5-*H)}dCTP (15-30 Ci/mmol). The samples were spotted on
Whatman No. 3 filters, which were rinsed in 5% trichloro-
acetic acid/40 mM sodium pyrophosphate and in 95% eth-
anol, after which they were dried and counted for radioac-
tivity.

RESULTS AND DISCUSSION

Helenalin and bis(helenalinyl)malonate significantly in-
hibited the growth of human KB epidermoid carcinoma
cells. The EDs, values (concentrations for 50% inhibition of
cell growth) were 83 pM for helenalin and 13.2 pM for
bis(helenalinyl)malonate. Helenalin at 332 wM and bis(he-
lenalinyl)malonate at 158 wM in KB cells inhibited DNA
synthesis more than RNA (P =< 0.05). The IDy, values for
inhibition of DNA synthesis in KB cells was 262 pM for
helenalin and 102 wM for bis(helenalinyl)malonate (Fig. 2).
Both drugs inhibited RNA synthesis marginally, but the inhi-
bition was not of sufficient magnitude to calculate an IDs,
value. The suppression in RNA synthesis (i.e., 30%) may be
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due to the reduction of ribonucleotide levels by the sesqui-
terpene lactones (Table I). Both helenalin and bis(helena-
linyl)malonate significantly reduce the level of CTP (Table
I). Bis(helenalinyl)malonate also significantly suppressed
ATP, GTP, and UTP levels in KB cells. Previous studies
performed in P-388 lymphocytic leukemic cells have demon-
strated that sesquiterpene lactones helenalin and bis(helena-
linyl)malonate did not affect mRNA polymerase activity
(23).

KB cell protein synthesis was also inhibited by both
drugs, but the suppression of protein synthesis generally
was also less than the observed DN A synthesis suppression.
Helenalin demonstrated an IDs, value of 270 wM and bis(he-
lenalinyl)malonate a value of 144 pM for the inhibition of
protein synthesis of KB cells (Fig. 2). Since the mode of
action of sesquiterpene lactones as protein synthesis inhib-
itors has been investigated in P-388 cells and rabbit reticulo-
cytes, this study concentrated on the inhibition of DNA syn-
thesis by these agents. It is interesting to note that prior
studies have indicated that the reactive functional groups of
the sesquiterpene lactones are the a-methylene-y-lactone
moiety and the o,B-unsaturated cyclopentenone ring (1,2).
Since bis(helenalinyl)malonate has twice as many potential
functional groups for Michael-type addition than helenalin, a
number of enzymes involved in DNA synthesis were exam-
ined which contain thiol groups within the active site of the
enzyme to determine if there was a quantitative difference
afforded by the two agents. Preliminary studies showed that
N-ethylmaleimide, a thiol-specific agent, indeed inhibited
these enzyme activities of KB cells.

Nuclear DNA polymerase activity was marginally in-
hibited by both sesquiterpene lactones; an IDs, value of 442
wM was obtained for helenalin and a value of 900 pM for
bis(helenalinyl)malonate (data not shown). Cytoplasmic
DNA polymerase a of KB cells was inhibited 35% by hele-
nalin at 332 wM and 38% by bis(helenalinyl)malonate at 158
wM (Table II). These data suggest that sesquiterpene lac-
tones were more specific for the a isozyme, which contains
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Fig. 2. Effects of helenalin and bis(helenalinyl)malonate on DNA, RNA, and protein syn-
thesis in human KB cells. In vitro incorporation studies were conducted with 10 KB cells and
1 Ci of [methyl-*H}thymidine (84 Ci/mmol), [6-*H}uridine (22.4 Ci/mmol), or [4,5-3H(N)lleu-
cine (56.5 Ci/mmol). The control value for the thymidine incorporation (H--B) was 31,900
dpm/10¢ cells, that for uridine incorporation (@--@) was 43,300 dpm/10° cells, and that for
leucine incorporation (A--A) was 18,400 dpm/10° cells. N = 6 and standard deviations do not
exceed 7% for all values in the table. Incubations were conducted for 60 min.
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Table I. The Effects of Helenalin and Bis(helenalinyl)malonate on Ribonucleoside Phosphate Pool Levels of KB Ceils After
a 3-hr Incubation (N = 6)

Percentage of control™

XMP AMP ADP ATP GMP GDP GTP UDP UTP CMP CDP CTP
Control 1004 100% 100¢ 1004 100¢ 100 100# 100* 100 100/ 100% 100!
Helenalin
41.5 uM 113 — 90 102 112 135 100 99 99 93 63* 110
83 uM 40* 80 123 101 118 176* 106 98 98 83 220* 176*
166 pM 67* 92 89 116 161* 120 107 80 80 92 121 89
332 pM 45* 87 120 93 154* 135 95 90 90 —_ 157 S1*
BHM
39.6 pM 77* — 67* 79* 77* 80 95 79 79 77 163* 101
79.2 uM 67* S56* 93 87 80 142* 95 82 69* 87 163* 96
158.4 uM S56* 54* 64* 62* 68 115 66* 61* 61* 58* 102 82

a 22 nmol XMP/108 cells.
& 23 nmol AMP/108 cell.s
< 44 nmol ADP/108 cells.
4 180 nmol ATP/108 cells.
¢ 40 nmol GMP/108 cells.
731 nmol GDP/108 cells.
¢ 60 nmol GTP/108 celis.
k 34 nmol UDP/108 cells.
£ 170 nmol UTP/108 celis.
/30 nmol CMP/108 cells.
k13 nmol CDP/108 cells.
1120 nmol CTP/108 cells.
m Standard deviations were less than 15% for all values.
* P =< 0.05.

a thiol group, than the B isozyme. The inhibition of thymi-
dylate synthetase was not of sufficient magnitude to obtain
an IDs, value for either drug (Table II); helenalin, at 332
pM, inhibited the enzyme activity by 48% and bis(helena-
linyl)malonate, at 158 wM, inhibited the enzyme activity by
34% in KB cells. The suppression of the activity rate-lim-
iting enzyme of purine synthesis, IMP dehydrogenase, by
helenalin or bis(helenalinyl)malonate in KB cells paralleled

the inhibition of DNA synthesis at the same drug concentra-
tions (Table III). A similar decrease in the ribonucleotide
pool level of XMP was afforded by both drugs, with bis(he-
lenalinyl)malonate affording a dose-dependent reduction of
XMP whereas helenalin did not. IMP concentrations were
elevated ~44% after treatment with the drugs.

Guanine (0.1 to 10 pg/ml) or GMP (100-300 pM) was
added to the culture medium with the sesquiterpene lactone

Table II. In Vitro Effects of Helenalin and Bis(helenalinyl)malonate on Purine Synthesis, IMP Dehydroge-
nase, DNA Polymerase a, and Thymidylate Synthetase Activities of KB Cells (N = 6)

Percentage of control (X = SD)

Formate IMP Thymidylate DNA
incorporation dehydrogenase synthetase polymerase
Drug into purine activity activity activity
Helenalin 100 + 62 100 + 7% 100 + 9o* 100 = 84
41.5 pM 86 + 6 79+ 6 93 + 8 98 + 7
83 uM 71 + 3* 51 = 7% 80 = 9* 77 = 7*
166 pM 52 = 4% 50 = 7* 67 = 6* 67 = 6
332 uM 49 + 5* 37 = 4* 52 = 6* 65 = §*
Bis(helenalinyl)malonate
13.2 uM 106 + 4 9 + 6 98 = 7 98 * 6
39.6 pM 105 = 6 89 =5 77 = 8* 97 + 8
79.2 uM 66 = T* 62 = 5% 83 £ 6 85 6
158.4 pM 39 + 4% 47 = 7* 66 = 7* 67 + 7*

4 23,000 dpm/mg protein/40 min.
39,900 dpm/mg protein/30 min.
¢ 31,900 dpm/mg protein/30 min.
41910 dpm/mg protein/60 min.

* P < 0.001.
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Table III. The Effects of Helenalin and Bis(helenalinyl)malonate on
Deoxyribonucleoside Triphosphate Pool Levels of KB Cells After a
3-hr Incubation (N = 4)

Percentage of control + SD

dATP dGTP dTTP dCTP

Control 100 = 5 100+ 5% 100 + & 100 + 34
Helenalin

20.7 pM 66 + 2% 90 = 4 88 + 2 90 = 10

41.5 pM 25 + 3* 66 = S* 50 = 3* 46 + 6*

83.0 M 14 = 2% 21 + 5% 30 = 1* 22 + 3%

166.0 pM 10+ 7 11 = 4* 14 = 2* 19 + 5*

332.0 pM 13 + 2% 20 + 4% 30 = 3* 16 + 2%
BHM

39.6 pM 59 = 14 100 = 27 54 = 16* 80 + 9O

79.2 pM 31 £ 5* 58 + 5% 33 + 2% 54 + 5%

158.4 uM 4 + 2% 26 + 2% 35+ 1* 10 + 2%

% 13.9 pmol dATP/10¢ cells.
4 11.7 pmol dGTP/10¢ cells.
¢ 45.3 pmol dTTP/106 cells.
416.2 pmol dCTP/10¢ celis.
* P < 0.001.

at the ED;, value for 3 hr, and thymidine incorporation into
DNA was determined. These studies demonstrated that the
simple addition of guanine did not bypass the blockage af-
forded by the drugs and that IMP was not the only site in
synthesis of d(NTP) that was affected by the sesquiterpene
lactones.

Both helenalin and bis(helenalinyl)malonate treatment
resulted in slight to moderate increases in ribonucleotide di-
phosphate levels (Table I). These data suggested that the
sesquiterpene lactones might also inactivate ribonucleotide
reductase activity. Thus, the effect of the sesquiterpene lac-
tones on ribonucleotide reductase activity was evaluated as
well as the hydrogen generation system of thioredoxin and
glutaredoxin enzymes. Ribonucleotide reductase activity in
KB cells was reduced more than 35% by helenalin and
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bis(helenalinyl)malonate at their respective EDs, values.
Reduction of this enzyme activity should lower the deoxyri-
bonucleotide pool levels in the KB cells. Indeed at the EDs,
values for helenalin (83 pM), the four deoxyribonucleotide
pool levels were reduced by 70% or more (Table III). Bis(he-
lenalinyl)malonate required a concentration of 158 pM to
achieve greater than 65% reduction of all four deoxyribonu-
cleotides pools. The reduction of the deoxyribonucleotide
pools was sufficient to explain most of the DNA synthesis
inhibition in KB cells exhibited by these drugs. At the IDs,
value for inhibition of DNA synthesis, the deoxyribonucleo-
tide pools were reduced to less than 50% of control values in
all cases. In fact, most of the deoxyribonucleotide pools
were reduced to 10—15% of control levels. At higher levels
of helenalin (332 wM), a recovery in the deoxyribonucleotide
pool was noted in dGTP and dTTP. This limited increase in
the deoxyribonucleotide pools may be the result of the
drug’s inhibition of DNA polymerase « activity, which
would reduce the incorporation of deoxyribonucleotide into
DNA and allow d(NTP) to accumulate in the cells.

The inhibition of ribonucleotide reductase activity itself
by the sesquiterpene lactones was not concentration depen-
dent, nor would the inhibition of this enzyme fully account
for all of the observed DNA synthesis inhibition (Table IV).
However, measurement of the thioredoxin and glutaredoxin
activities (Table IV) demonstrated the ability of the sesqui-
terpene lactones to block significantly the hydrogen transfer
from both the thioredoxin and the glutaredoxin donor
systems in a dose-dependent manner. This, in combination
with the observed inhibition of ribonucleotide reductase ac-
tivity, should be enough to cause a severe metabolic block
for the synthesis of d(INTP). A metabolic block at this en-
zyme site should cause an increase in the ribonucleotide
pool levels. Significant increases in GDP and CDP pools
were noted after 3 hr of incubation with either sesquiterpene
lactones in KB cells.

In conclusion even though thiol specific enzymes, i.e.,
DNA polymerase o and thymidylate synthetase, were inhib-
ited by sesquiterpene lactones, the inhibition of the activity

Table IV. In Vitro Effects of Helenalin and Bis(helenalinyl)malonate on Ribonucleoside Di-
phosphate Reductase, Thioredoxin, and Glutaredoxin Activities in KB Cells (N = 6)

Percentage of control (X + SD)

Ribonucleotide
reductase Thioredoxin GSH disulfide
Drug activity activity oxide activity
Control 100 = 52 100 + 6 100 + 4¢
Helenalin
41.5 pM 61 + 6* 85 + 5* 51 + 3*
83 uM 58 + 5% 61 = 6* 45 + 3*
166 M 53 + 6* 48 + 5% 41 + 4*
332 pM 59 + 6* 21 * 4% 31 + 3%
Bis(helenalinyl)malonate
36.6 pM 69 + T* 50 + 6* 4] + 4*
79.2 uM 68 + 6* 47 + 6* 27 + 3*
158.4 uM 64 + 6* 16 + 4* 21 = 3%

2 2855 dpm/hr/mg protein.

& 0.004 optical density unit/min/mg protein.
¢ 0.028 optical density unit/min/mg protein.
* P =< 0.001.
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was not to a degree sufficient to explain the full inhibition of
DNA synthesis observed in KB cells. However, the inhibi-
tion of IMP dehydrogenase and ribonucleotide reductase ac-
tivities together would appear sufficient to explain the DNA
synthesis inhibition of KB cells. Incubation of KB cells with
guanine or GMP showed that DNA synthesis did not re-
cover, indicating that blockage by the drug was above IMP
dehydrogenase in the purine pathway, probably at the ribo-
nucleotide reductase site. Thus the sesquiterpene lactones
do appear to afford some selectivity with regard to thiol-
bearing enzymes involved in DNA synthesis, similar to the
finding observed with helenalin and bis(helenalinyl)ma-
lonate as initiation protein synthesis inhibitors (8).

However, the IDs, values for inhibition of DNA syn-
thesis did not show an exact correlation with the EDs,
values for inhibition of cell growth. The IDs, for DNA syn-
thesis inhibition' was approximately 3 times the EDj, values
for helenalin, but 7.7 times those for bis(helenalinyl)ma-
lonate. These findings suggest that factors other than inhibi-
tion of DNA synthesis may also contribute to the cytotox-
icity of sesquiterpene lactones in the KB cell line.

ACKNOWLEDGMENTS

This research was supported by National Cancer Insti-
tute Grants CA 17625 and CA 26466. The authors wish to
thank Collie J. Gilbert for her technical assistance.

REFERENCES

1. S. M. Kupchan. Trans. N.Y. Acad. Sci. 32:85-106 (1970).
2. K. H. Lee, E. S. Huang, C. Piantadosi, J. S. Pagano, and T. A.
Geissman. Cancer Res. 31:1649-1654 (1971).

10.

11.
12.
13.
14.

15.

Hall, Grippo, Lee, Chaney, and Holbrook

S. M. Kupchan, M. A. Evans, and A. M. Thomas. J. Med.
Chem. 14:1147-1152 (1971).

1. H. Hall, K. H. Lee, E. C. Mar, C. O. Starnes, and T. G.
Waddell. J. Med. Chem. 20:333-337 (1977).

1. H. Hall, K. H. Lee, C. O. Starnes, S. A. ElGebaly, T. Ibuka,
Y. S. Wu, T. Kimura, and M. Haruna. J. Pharm. Sci. 67:1235-
1239 (1978).

. 1. H. Hall, K. H. Lee, M. Okano, D. Sims, T. Ibuka, Y. F.

Liou, and Y. Imakura. J. Pharm. Sci. 70:1147-1150 (1981).

. Y. FE Liou, I. H. Hall, K. H. Lee, W. L. Williams, Jr., and

S. G. Chaney. Biochim. Biophys. Acta 739:190-196 (1983).

. W. L. Williams, Jr., S. G. Chaney, W. Willingham, III, R. T.

Considine, 1. H. Hall, and K. H. Lee. Biochim. Biophys. Acta
740:152-162 (1983).

. K. H. Lee, D. C. Anuforo, E. S. Huang, and C. Piantadosi. J.

Pharm. Sci. 651:626-628 (1972).

R. 1. Geran, N. H. Greenberg, M. M. Macdonald, A. M.
Schmacher, and B. J. Abbott. Cancer Chemother. Rep. 3:17
(1972).

L. L. Liao, S. M. Kupchan, and S. B. Horwitz. Mol. Phar-
macol. 12:167-176 (1976).

D. C. Eichler, P. A. Fisher, and D. Korn. J. Biol. Chem.
252:4011-4014 (1977).

H. Sawada, K. Tatsumi, M. Sasada, S. Shirakawa, T. Naku-
mura, and G. Wakisaka. Cancer Res. 34:3341-3346, (1974).
M. K. Spassova, G. C. Russell, and E. V. Golovinsky. Bio-
chem. Pharmacol. 25:923-924 (1976).

J. H. Becker and G. W. Lohr. Klin. Worchenscher 57:1109-
1115 (1979).

. A. Kampf, R. L. Barfkinecht, P. J. Schaffer, S. Osaki, and

M. P. Mertes. J. Med. Chem. 19:903-908 (1976).

. E. C. Moore and R. B. Hurlbert. J. Biol. Chem. 20:4802 (1966).
. A. Holmgren. J. Biol. Chem. 254:9627-9632 (1979).

. A. Holmgren. J. Biol. Chem. 254:3664-3671 (1979).

. A. S. Bagnara and L. R. Finch. Anal. Biochem. 45:24 (1972).

. M. McKeaf and P. R. Brown. J. Chromatogr. 152:253-254

(1978).

. D. Hunting and J. F. Henderson. Can. J. Biochem. 59:723-727

(1981).



