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Radioiodinated phospholipid ethers have shown the remarkable ability to selectively accumulate
in a variety of animal tumors as well as in human tumor xenografts. It has been suggested
that this tumor avidity may arise as a consequence of metabolic differences between tumor
and corresponding normal tissue. One such compound, 1-0-[12-(m-iodophenyl)dodecyl]-2-O-
methyl-rac-glycero-3-phosphocholine (NM-294), contains a chiral center at the sn-2 position.
The unnatural S- and natural R-enantiomers (4 and 5, respectively) of NM-294 were synthesized
in order to provide further information on the mechanism(s) responsible for the tumor avidity
of phospholipid ethers. In vitro cytotoxicity studies demonstrated a lack of stereospecificity.
Biodistribution studies in rats bearing the Walker 256 tumor demonstrated the S- and R-isomers
to have similar tissue uptake at 24 and 48 h after administration. Tumor-to-blood ratios at
24 h were 11.1 and 11.0 for the S- and R-isomers, respectively. In addition, y-camera
scintigrams of tumor-bearing rats at various time points after iv administration of the S- and
R-isomers did not show any qualitative differences in the distribution of radioactivity. Prior
studies have shown that rac-NM-294 was not a substrate for phosphatidylcholine specific
phospholipase C, but was a substrate for two forms of phospholipase D (PLD). Therefore,
metabolism studies with 4 and 5 with various forms of PLD were performed. PLD from cabbage
demonstrated a degree of stereoselectivity. In the presence of 1% ethanol, the R-isomer was
metabolized to the greatest extent, followed by rac-NM-294 and the S-isomer. PLD isolated
from Streptomyces chromofuscus failed to demonstrate any stereoselectivity. The results suggest
that the mechanism(s) of retention of these compounds in tumors may not involve a highly

stereoselective component.
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Introduction 125 ¢

In the late 1960's, Snyder and co-workers! performed
a series of experiments designed to evaluate the lipid
composition of normal and neoplastic tissues. It was
discovered that both animal and human tumor tissue
contained much larger quantities of naturally-occurring

ether lipids relative to corresponding normal tissues. 135
When following studies demonstrated that tumor tissue

had less than normal amounts of the enzyme O-alkyl- O— (CHyy, _@
glycerol monooxygenase (E.C. 1.14.16.5, AGMO),2 it was CH.O

proposed that differences in the tissue concentration of 2

this ether cleavage enzyme were responsible for the 0-P-0 (CHz)zF‘(CH:;)s
accumulation of ether lipids in tumors. More recent '0
evidence, however, has argued against this as the only

reason since certain phospholipid ether analogs which NM-294
are not substrates for this enzyme also have the capacity O- (CH),«CH,
to accumulate in tumors.*
Phospholipid ethers occur naturally in cell mem- CH;0
branes in very small quantities, yet they play a very .
important role in a host of biclogical activities. One of O‘F -0 (CHy), N (CHy)s
the most potent phospholipid ether mediators known o
is platelet-activating factor (PAF) which has detectable ET-18-OCH,

biological responses at concentrations as low as 10714

M. Biological responses caused by PAF range from
aggregation and degranulation of platelets to cellular
effects such as chemotaxis, superoxide formation, and
tumor necrosis factor production. Several investigators

* Address corresponderice to this author at: Department of Phar-
macology, M1301 Medical Science Research Building III, The Univer-
sity of Michigan Medical School, Ann Arbor, MI 48109-0632.
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Figure 1. Phospholipid ether ET-18-OCHj and radioiodinated
phospholipid ethers NM-324 and NM-294.

have shown that the biological effects of PAF result via
a receptor-mediated process.5"10 It has also been dem-
onstrated that the pharmacologic effects of PAF are
strongly influenced by the stereochemistry of the sn-2
position.6-10 For example, PAF is highly potent when
present in the natural R-configuration, whereas the
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unnatural S-enantiomer has greatly reduced to negli-
gible biological activity.

ET-18-OCH; (Figure 1) is a phospholipid ether (PLE)
analog which lacks PAF-like activity and has been
widely studied for its antitumor and antimetastatic
activities. Both in vitro and in vivo cytotoxicity studies
have shown this agent to inhibit growth of a variety of
human and murine tumor cells.!2 Clinical phase I
trials have been completed with ET-18-OCHj3 and mul-
tiinstitutional phase II studies are underway.!s

We have previously described the remarkable capacity
of certain radioiodinated PLE analogs (Figure 1) to be
selectively retained by a variety of rodent and human
cell lines.14"17 Moreover, this property made it possible
to obtain images of these tumors in rabbits, rats, and
mice using y-camera scintigraphy. On the basis of these
and other preliminary results, one of these radiociodi-
nated analogs, 12-(m-iodophenyl)dodecylphosphocholine
(NM-324; Figure 1), is currently undergoing clinical
evaluation in human cancer patients as a radiodiag-
nostic imaging agent.

We have synthesized a large number of PLE analogs
in an effort to elucidate the mechanism(s) whereby these
substances are selectively retained in tumors. One
compound we have evaluated is 1-O-[12-(m-iodophenyl)-
dodecyl]-2-O-methyl-rac-glycero-3-phosphocholine (NM-
294; Figure 1), a close structural analog of ET-18-OCHs.
Prior studies have demonstrated that rac-NM-294,
similar to NM-324, has the capacity to be selectively
retained in tumor tissue 15-17

The prevailing hypothesis is that phospholipid ethers
such as NM-294 become trapped in tumor membranes
because of their inability to become metabolized and
cleared. Support for this hypothesis was found when
extraction of tumors following administration of radio-
iodinated PLE to tumor-bearing animals showed only
the presence of the intact agent.l® However, similar
analysis of urine and feces revealed only the presence
of metabolites. If metabolic factors are involved in the
cellular clearance of NM-294, the enzymes phospholi-
pase C (E.C. 3.1.4.3, PLC) and phospholipase D (E.C.
3.1.4.4, PLD) are logical candidates, since previous
studies have demonstrated that similar structures are
not substrates for AGMO.* Moreover, if metabolism by
either PLC or PLD is involved, previous reports indicate
a degree of substrate stereospecificity.19-2!

Prior studies in our laboratory have shown that rac-
NM-294 is not a substrate for PLC.18 This finding was
consistent with the studies of Bishop and co-workers®?
who analyzed the various routes of metabolism for the
ether lipid analogs, SRI 62-834, and hexadecylphospho-
choline by 31P-NMR spectroscopy. Their work revealed
that various ether lipids were unmetabolized by PLC
but readily broken down by PLD. As a result of these
findings, PLD became the focus of our attention.

Accordingly, we synthesized the S- and R-isomers of
NM-294 in order to determine the effect of chirality on
(1) tumor retention and/or cytotoxicity and (2) metabo-
lism by PLD. This report considers these issues by
comparing the enantiomers and rac NM-294 for their
biodistribution and retention in tumor-bearing rats,
their in vitro cytotoxicity, and their susceptibility to
metabolism by various sources of PLD.
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Scheme 1. Synthesis of S- and R-Enantiomers of
NM-294 (4 and 5, respectively)®

D-Mannitol —_—
be 1: R =p-CH30C¢H4-
1 1
O(CHz)n@ O(CHz)u—@
X—EY 4 . x—]y
OH ﬁOCH2CHzN+(CH3)3

2: X=H, Y=OCH3 4 X=H, Y=OCH3
3: X=0CH3; Y=H 5. X=0CH3, Y=H
¢ Reagents: (a) p-MeO-C¢Hy-CHO, HC(OMe)s, ‘H2SO4 (cat.),
DMTF; (b) ref 23; (¢) AlCls—PhOMe, CHCly; (d) 2-chloro-2-0x0-1,3,2-
dioxaphospholane, EtsN, benzene, then MesN, CH3CN, 60 °C.

Chemistry

Our approach to the synthesis of S- and R-enanti-
omers of NM-294 (4 and 5, respectively) was based on
the construction of both compounds from a single
starting material, D-mannitol, as shown in Scheme 1.
This synthetic strategy represented a modification of the
procedure described by Pinchuk et al.? for the synthesis
of straight chain chiral ether lipids. Based on the
regioselective cleavage of p-methoxybenzylidene acetals,
the reaction sequence maintained the stereochemistry
at the sn-2 carbon atom of the glycerol backbone. This
allowed for the isolation of final compounds with high
optical purity. Moreover, this approach allowed for the
preparation of the key intermediate 1,3:4,6-bis-O-(p-
methoxybenzylidene)-D-mannitol (1) in multigram quan-
tities unlike the process previously described.?* The
purification of 1 took advantage of the selective extrac-
tion of byproducts using boiling chloroform followed by
crystallization rather than purification by column chro-
matography. The only major difference between the
present procedure and that described previously by
Pinchuk et al.2® was the use of AlCls—anisole for
cleavage of the p-methoxybenzyl protective group. This
reagent proved milder than AlCls—N,N-dimethylaniline
and has been reported to not adversely affect methyl
ethers.?

For the final conversion of alcohols 2 and 3 into the
corresponding phosphocholines 4 and 5, use was made
of 2-chloro-2-0x0-1,3,2-dioxaphospholane in benzene fol-
lowed by MesN cleavage of the intermediate cyclic
phosphotriester. This procedure has been reported to
provide high yields in instances where the compound
does not contain labile groups susceptible to breakdown
with continuous heating in Me3gN.2¢

Biology

The influence of phospholipid ether stereochemistry
on cytotoxicity was assessed in the Walker 256 carci-
nosarcoma cell lines using the MTT assay.?’” Cytotox-
icity is expressed as a percentage of control samples
which received vehicle only. Figure 2A shows the effects
of various concentrations of rac-ET-18-OCH; and its
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Figure 2. Cytotoxicity of phospholipid ethers as measured
by the MTT assay in the Walker 256 carcinosarcoma cell line.
Data are expressed as percent of control + standard error.
Percent of control is calculated by dividing the optical density
of the mean of eight replicates per drug concentration divided
by the optical density of the mean of eight replicates receiving
vehicle only. (A) Cytotoxicity of the stereoisomers of ET-18-
OCHs:. (B) Cytotoxicity of the stereoisomers of NM-294.

stereoisomers after a 48 h incubation. Figure 2B shows
the effects of various concentrations of NM-294 and its
stereoisomers. The ICso values for all six compounds
ranged from 2 to 5 ymol.

Tissue distribution analysis of radioactivity was
performed in Walker tumor-bearing rats following
administration of the radioiodinated PLE analogs via
tail-vein injection. As shown in Table 1, the tissue levels
of radiocactivity are expressed as percent of injected
dose/g at 24 and 48 h after administration for S- (4), R-
(5), and rac-NM-294. As opposed to other tissues (e.g.,
liver and blood), the uptake of radioactivity in the tumor
continued to increase with time (earlier times not
shown) and reached a maximum at 24 h for all three
compounds. At 48 h, the levels of 4 and 5 in tumor were
0.45 and 0.43% dose/g, respectively, whereas rac NM-
294 levels in the tumor were 0.56% dose/g.

Table 2 shows the tumor-to-blood ratios and tumor-
to-liver ratios for all three compounds at 24 and 48 h
after administration. For compounds 4 and 5, the
tumor-to-blood ratios were approximately 11 and 15 at
24 and 48 h, respectively. Tumor-to-liver ratios for 4,
5, and rac -NM-294 were much lower than their corre-
sponding tumor-to-blood ratios and reached a maximum
of 2.0 at 48 h after administration.

Scintigraphic images of rats were obtained at various
time points following tail-vein injection. Administration
of 4 and 5 provided excellent images of the Walker 256
tumor in the hind limb. At 24 h after injection, a high
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Table 1. Biodistribution of the Stereoisomers of NM-294 in
Walker Tumor-Bearing Rats

tissue (R)-NM-294 () rac-NM-294  (S)-NM-294 (4)
24h
blood 0.05 £ 0.00° 0.07 £ 0.01 0.07 £ 0.00
duodenum 0.73 + 0.08 1.12 £ 0.23 1.04 + 0.02
inj site 0.23 £ 0.02 0.24 £ 0.03 0.26 £ 0.02
kidney 0.33 £ 0.02 0.46 + 0.03 0.37 £ 0.04
liver 0.52 + 0.02 0.81 £ 0.03 0.53 £ 0.02
lung 0.29 £ 0.01 0.34 £ 0.04 0.35 £ 0.03
muscle 0.04 £ 0.00 0.04 + 0.00 0.05 £ 0.00
ovary 0.28 £ 0.01 0.37 £ 0.01 0.31 £ 0.02
plasma 0.06 £+ 0.00 0.10 £ 0.01 0.06 £0.00
spleen 0.37 £ 0.01 0.42 £ 0.03 0.43 £0.05
thyroid 23.81 £5.74 47.22 £ 19.99 10.33 £ 1.35
tumor 0.55 £ 0.06 0.85 £ 0.07 0.78 £0.12
48h
blood 0.03 £0.00 0.05 £ 0.00 0.03 £ 0.00
duodenum 0.34 £ 0.04 0.44 £ 0.03 0.23 £ 0.02
inj site 0.25 £ 0.03 0.17 £0.01 0.24 £0.03
kidney 0.20 £ 0.03 0.24 £ 0.03 0.16 £ 0.01
liver 0.25 £0.01 0.35 £ 0.01 0.23 £ 0.01
lung 0.14 £ 0.01 0.20 £+ 0.00 0.14 £ 0.01
muscle 0.02 £ 0.00 0.03 £+ 0.00 0.02 £ 0.00
ovary 0.14 £ 0.01 0.27 £ 0.01 0.14 £0.01
plasma 0.03 £0.00 0.05 £ 0.01 0.03 + 0.00
spleen 0.10 £ 0.04 0.17 £ 0.01 0.10 £ 0.04
thyroid 24.11 £2.73 24.44 + 1.63 13.69 + 0.57
tumor 0.43 £ 0.08 0.56 £ 0.04 0.45 £ 0.06

¢ Biodistribution of PLE analogs (5—10 uCi) in Sprague—Dawley
rats with the Walker 256 carcinosarcoma tumor implanted
intramuscularly in the thigh at 24 and 48 h after iv injection.
Tissues were dissected and weighed. The radioactivity (cpm/g)
was counted and corrected for decay. The percentage of the
injected dose/g (% ID/g) of tissue was calculated from these data.
The results reflect the mean % ID/g + SEM of three rats.

Table 2. Tumor-to-Blood and Tumor-to-Liver Ratios for
Phospholipid Ether Analogs at 24 and 48 h following iv
Administration

time (h) 4 5 rac-NM-294
tumor-to-blood
24 11.1¢ 11.0 12.1
48 15.0 14.3 112
tumor-to-liver
24 1.5 1.1 1.1
48 2.0 1.7 1.6

e Data are expressed as the % ID/g of tissue in the tumor divided
by the % ID/g of either liver or blood.

background activity was seen in the abdominal area
which partially cleared by 72 h. The y-camera scintis-
cans obtained following administration of the two enan-
tiomers were essentially identical at all time points.
Figure 3 shows scintigrams of 4 and 5 at 72 h after iv
injection.

Enzymatic studies were performed to determine the
susceptibility of these radioiodinated PLE analogs to
breakdown by PLD. Table 3 depicts the percent of
radioactivity recovered and the identity of metabolites
after incubation of 4 and 5 with PLD from Streptomyces
chromofuscus. Both compounds were broken down to
form a phosphatidic acid derivative (PA) as well as a
dialkylglycerol (DAG) metabolite. In the presence of
PLD, the S-isomer was hydrolyzed to form (59.4 + 2.5
(S)-PA and (37.5 + 1.6)% (S)-DAG, respectively. Simi-
larly, in the presence of PLD, the R-isomer was hydro-
lyzed to form (59.5 + 0.2)% (R)-PA and (38.6 + 0.2)%
(R)-DAG, respectively. In the presence of ethanol, a
substance known to stimulate cabbage PLD activity, 28
the S-isomer was hydrolyzed to form (57.1 + 13.7)% (S)-
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Figure 3. y-Camera scintigraphy of (S)- and (R)-NM-294 at
72 h after tail-vein administration. A = abdominal activity; T
= tumor.

Table 3. Metabolism of the Stereoisomers of NM-294 by
Phospholipase D from S. chromofuscus after a 30 min
Incubation

control control no. 2 PLD PLD + ETOH
(R)-NM-294 99.25 + 0.01¢ 99.26 £ 0.02 2.28 £ 0.81 9.28 +8.71
PA ND 59.43 + 2.53 57.13 + 13.65

DAG 0.47+0.04 0.74+0.02 37.49 £ 1.57 33.09 £4.77

(S)-NM-294 99.76 + 0.24 99.61 +0.22 1.63+0.35 0.81+0.07
PA ND ND 59.48 + 0.16 43.81 + 2.07
DAG ND ND 38.57 £+ 0.24 54.76 + 2.25

@ Values represent percent of the total region + the standard
error for each radioactive substance as determined by radio-TLC.
Three samples were incubated under each of the conditions above.
Abbreviations: PA, phosphatidic acid derivative (PLD product);
DAG, dialkylglycerol derivative; ND, not detected.

PA and (33.1 4+ 4.77)% (S)-DAG, whereas the R-isomer
was converted to (43.8 £+ 2.1)% (R)-PA and (54.8 + 2.3)%
(R)-DAG.

PLD isolated from cabbage has been demonstrated
to undergo the transphosphatidylation reaction in which
a unique phosphatidylethanol metabolite is generated
as the result of a substitution of choline with a short,
straight chain alcohol.226 As shown in Table 4, metabo-
lism of 4, 5, and rac-NM-294 was similar in the presence
of PLD alone. However, in the presence of 1% ethanol,
the percent of parent compound remaining was (37.8 +
0.8)%, (51.1 £+ 2.8)%, and (72.9 + 8.9)% for 5 (R), rac,
and 4 (S) isomers, respectively.

Discussion

This report details the chemical synthesis of phos-
pholipid ether stereoisomers with a chiral center at the
sn-2 position of glycerol. The primary goal was to gain
insight as to the potential mechanism(s) by which
certain radioiodinated phospholipid ether analogs are
selectively retained in tumor tissue.

Our initial cytotoxicity studies revealed that (S)-ET-
18-0CHj;, (R)-ET-18-OCHgs, and rac-ET-18-OCHj3 had
similar ICs0’s when incubated with the Walker 256
carcinosarcoma cell line as measured by the MTT test.
Under the same conditions, 4, 5, and rac-NM-294
displayed a similar cytotoxicological profile. These
results demonstrated that chirality at the sn-2 position
had little effect on the ability of these compounds to
inhibit growth. Such findings are consistent with a
report by Lohmeyer and Workman?? who demonstrated
a lack of enantioselectivity in cytotoxicity and membrane-
damaging capaclty of the ether lipid SRI 62-834 in HT29
colon carcinoma cells. Berens et al.3 also reported no
observable stereoselectivity between (S)-ET-18-OCHj
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Table 4. Metabolism of the Stereoisomers of NM-294 by
Phospholipase D Isolated from Cabbage after a 1 h Incubation

compound control PLD PLD + 1% EtOH
(R)-NM-294 (5) 98.7 +£0.94° 63.02 +8.14 37.78 £ 0.80
PA ND 8.03 £1.00 3.67£1.29
PEt ND 14.24 + 3.93 51.11 +£1.83
DAG 0.66 £ 042 11.28 +3.82 4.08 +1.09
rac-NM-294 93.31 £ 0.97 62.43 +8.11 51.10 + 2.83
PA ND 6.40 + 2.27 3.71 +0.78
PEt ND 9.74 £ 419 3435+ 2.29
DAG 463 +1.00 17.26+2.11 7.91+1.19
(S)-NM-294 (4) 9752+ 059 74.15 4 3.69 72.88 £+ 8.90
PA ND 6.55 + 1.96 342 +£0.75
PEt 0.31 £ 0.16 4.03 £1.97 14.85 + 5.72
DAG ND 11.44 +1.34 5.35 + 1.12

@ Values represent percent of the total region + the standard
error for each radioactive substance as determined by radio-TLC.
Three samples were incubated under each of the conditions above.
Abbreviations: PA, phosphatidic acid derivative (PLD product);
PET, phosphatidylethanol derivative; DAG, dialkylglycerol deriva-

‘tive; ND, not detected.

and its racemic form when incubated at various con-
centrations with various human glioma cell lines.3?
Moreover, in vivo experiments have shown that the
optical isomers of a hexadecyl analog, ET-16-OCH3,
acted similarly in inhibition of growth of WEHI-3B and
P388 tumors transplanted into BALB/C mice.3!

Biodistribution studies with the S-, R-, and racemic
forms of NM-294 at 48 h after administration failed to
demonstrate a significant difference in their percent
uptake in tumor (Table 1). In addition, liver and kidney
levels of the three radioiodinated PLE’s were essentially
the same. Likewise, the tumor-to-blood and tumor-to-
liver ratios were essentially equivalent (Table 2).

Prior work with rac-NM-294 in Sprague—Dawley rats
has demonstrated that the primary route of excretion
is via the urinary tract.!® In addition, when the urine
and feces were extracted for radioactivity, only metabo-
lites were detected suggesting that NM-294 is com-
pletely metabolized before being excreted. In the present
study, liver and kidney levels of the S- and R-isomers
were essentially identical suggesting that these two
stereoisomers are cleared from tissues to a similar
extent. y-Camera scintigraphy of each of the three
probes at 72 h after administration also confirmed these
results. The images shown in Figure 3 were essentially
identical to one another.

In studies with phospholipase D from cabbage in the
presence of ethanol, the natural R-isomer of NM-294
(5) was broken down to the greatest degree followed by
rac-NM-294 and (S)-NM-294 (4). Formation of the
transphosphatidylation product followed the same trend.
In contrast, incubation of the optical isomers 4 and 5
with phospholipase D from S. chromofuscus failed to
show any stereoselectivity. In addition, when ethanol
was added to the incubate, no phosphatidylethanol
product was formed. Bruzik and Tsai 3233 have inves-
tigated chiral phospholipids which were stereogenically
labeled at phosphorus. They demonstrated that PLD
isolated from cabbage preferred one of the phosphorus
isomers (R) of dipalmitoylphosphatidylcholine. We were
unable to find any prior reports investigating the
importance of chirality at the sn-2 position of phospho-
lipids or phospholipid ethers on the ability of PLC or
PLD to metabolize such compounds.

In summary, we have synthesized the optical isomers
of a phospholipid ether in order to further our under-
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standing relating to the mechanism of tumor cytotox-
icity and retention. (R)- And (S)-NM-294 were taken
up and retained to a similar extent by the Walker 256
carcinosarcoma. In addition, these compounds were
equipotent in an in vitro cytotoxicity assay. Thisis the
first report examining the effects of chirality at the sn-2
position on the metabolism of PLE by PLD. Although
PLD isolated from cabbage was found to display some
degree of sterospecificity, this was not the case for the
bacterial form of PLD. On the basis of these findings
and previous results, it would appear that the PLE’s
are taken up, retained, and slowly cleared by tumor
tissue in a nonstereospecific manner. Whether or not
the excretory metabolites arise by stereospecific pro-
cesses will have to await studies with mammalian
tissues.

Experimental Section

'H-NMR spectra were recorded on an AM-360 Bruker
spectrometer using Me,Si as an internal standard. Optical
rotations were measured on a Perkin-Elmer polarimeter
(Model 241) using a 1 dm cell. Melting points were measured
using a Thomas-Hoover apparatus and are uncorrected. Thin-
layer chromatography was performed using DC-Alufolien
Kieselgel 60 F plates (E. Merck, Darmstadt, Germany).
Visualization was achieved by UV light and/or charring
following HoSO4 (5% in ethanol) spray. For flash chromatog-
raphy, silica gel 32—63 um (Fisher Scientific) was used. All
chemicals were obtained from Aldrich Chemical Co. (Milwau-
kee, WI) except anhydrous trimethylamine which was from
Fluka. Phospholipase D (type I from cabbage, 179 units/mg),
phospholipase D (type VI from S. chromofuscus, 3000 units/
mg), and MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltet-
razolium bromide; thiazolyl blue) were purchased from Sigma
Chemical Co. (St. Louis, MO). rac -ET-18-OCH; was pur-
chased from Biomol (Plymouth Meeting, PA). (R)- and (S)-
ET-18-OCH; were synthesized by one of the authors.?

Chemical Studies: 1,3(R):4,6(R)-Bis-O-(4-methoxyben-
zylidene)-D-mannitol (1). To a solution of D-mannitol (25
g, 137.2 mmol), 4-methoxybenzaldehyde (33 mL, 274.4 mmol),
and trimethyl orthoformate (45 mL, 411.6 mmol) in DMF (90
mL) was added concentrated sulfuric acid (4 mL) with stirring.
The reaction mixture was stirred for 2 h at 60 °C and then at
20 mmHg for 2 h at 20 °C to remove the water and facilitate
product formation. The reaction mixture was poured with
stirring into an ice-cold aqueous solution of potassium carbon-
ate (15 g in 800 mL). The precipitate was collected by filtration
and washed with hexane. The precipitate was rendered
anhydrous by azeotropic distillation with benzene. CHCl; (80
mL) was added to the precipitate, and the mixture was boiled
under reflux for 30 min and cooled to room temperature. The
white precipitate was collected, washed with CHCls, and dried.
It was recrystallized from MeOH to give the desired compound
(19 g, 33%) as white crystals (mp 223—224 °C) (lit.2* mp 224~
225 °C). 'H-NMR: ¢ 7.37 and 6.88 (2 dm, Ar-H, 8H, J = 8.8
Hz), 5.46 (s, Ar-CH, 2H), 4.37 (q, H-1¢q and H-6.q, 2H, J1ax1eq
=10 Hz, J1eq2 = 5 Hz), 4.25—4.16 (m, H-2 and H-5, 2H), 4.14
(dm, H-3 and H-4, 2H, J235 = J4s = 9 Hz), 3.81 (s, OCHj3, 6H),
3.63 (t, H-1,x and H-6.y, 2H, Jiax1eq = J1ax2 = 10 Hz). Anal.
(C22H2605) C, H.

3-0-[12-(m-lodophenyl)dodecyl]l-2-O-methyl-sn-glyc-
erol (2). To a solution of 1-O-(p-methoxybenzyl)-2-O-methyl-
3-O-(12-(m-iodophenyl) dodecyll-sn-glycerol (1.014 g, 1.7 mmol)
and anisole (0.92 mL, 8.5 mmol) in dry CH:Cl: (20 mL) was
added powdered aluminum chloride (905 mg, 6.8 mmol) in one
portion at 0 °C. The reaction mixture was stirred for 15 min
at 0 °C and then for 30 min at room temperature. The mixture
was cooled in an ice bath, the reaction quenched with 0.1 N
HC1 (100 mL), and the mixture extracted with CHCl;3 (3 x 100
mL). The CHCIl; extracts were washed with water and dried
(Na2S0,), and the solvent was evaporated in vacuo. Silica gel
chromatography with hexane—ethyl acetate (from 85:15 to 80:
20) afforded the desired compound (793 mg, 98%) as an oil.

Rampy et al.

[a]?5p = +5.6° (¢ = 3% w/v, benzene), 'H-NMR: 6 7.52 (m,
Ar-H, 2H), 7.13 (m, Ar-H, 1H), 7.00 (t, 1H, Ar-H, J = 8 Hz),
3.76 and 3.65 (2 m, CH,OH, 2H), 3.54 (m, CHCH,OCH,, 2H),
3.47 (s, OCHj3, 3H), 3.46~3.41 (m, 3H, CHCH.OCHo), 2.53 (t,
2H, Ar-CH,, J = 8.0 Hz), 2.15 (br t, 1H, CH;OH), 1.55 (m,
Ar-CH,CH; and OCH.CH,;, 4H), 1.25 (m, (CHy)s, 16H). Anal.
(C22H3103) C, H.

1-0-[12-(m-Iodophenyl)dodecyl]-2-O-methyl-sn-glyc-
erol (3). This compound was prepared from 1 using AlClz—
anisole? for removal of the p-methoxybenzyl protective group
[a]®p = —5.3° (¢ = 3% w/v, benzene). The 'H-NMR was
identical to that obtained for 2. Anal. (Cy2H37103) C, H.

1-0O-[12-(m-Iodophenyl)dodecyl]-2-O-methyl-sn-glycero-
3-phosphocholine (5). To a solution of 1-O-[12-(m-iodophen-
yl)dodecyl]-2-O-methyl-sn-glycerol (3) (120 mg, 0.25 mmol) and
triethylamine (0.05 mL, 0.33 mmol) in benzene (3 mL) was
added 2-chloro-2-0x0-1,3,2-dioxaphospholane (24 yL, 0.26 mmol)
in one portion. The reaction mixture was stirred for 16 h, the
precipitated EtsN-HCl was removed by filtration, and the
filtrate was concentrated to dryness. The residue was dried
in vacuo for several hours before adding 15%, w/v, anhydrous
trimethylamine in CH3CN (3 mL). The vessel was tightly
closed and heated at 70 °C for 24 h. After cooling to room
temperature, 8 N HCl (2 mL) was added to the reaction
mixture. The reaction mixture was partitioned between CHCl;
(40 mL), MeOH (40 mL), and ice-cold H2O (35 mL). The CHCl;
layer was separated, and the extraction was repeated (2 x 40
mL of CHCl;). The organic layers were combined and dried
(NasS0y), and the solvent was removed in vacuo. Column
chromatography using a CHCls~MeOH gradient (from 10:0
to 7:3) followed by CHCl;—MeOH—-H,0 (65:35:5) gave a
semisolid (115 mg, 71%). [a]?®p = ~1.2° (¢ = 1% w/v, CHCl3—
MeOH, 1:1). 'H-NMR (CDCl;~CD3;0OD~D;0, 1:1:0.3): 6 7.52
(m, Ar-H, 2H), 7.16 (m, Ar-H, 1H), 7.02 (t, 1H, Ar-H, J = 8
Hz), 4.26 (m, POCH,CH,, 2H), 3.95 and 3.86 (2 m, CHCH,-
OPOCH,, 2H), 3.62 (m, CH:N, 2H), 3.60~3.50 (m, CHCH,-
OCH,, 3H), 3.47 (s, OCH3, 3H), 3.46 (t, CHCH,;OCH,, 2H, J =
7 Hz), 2.55 (t, Ar-CH,, 2H, J = 8 Hz), 1.6 (m, Ar-CH,CH; and
OCH,CH,, 4H), 1.30 (m, (CHj)s, 16H). Anal. (Ca7HyINOgP-
H,0)C, H, N.

3-0-[12-(m-Iodophenyl)dodecyl]-2-O-methyl-sn-glycero-
1-phosphocholine (4). This compound was synthesized as
described for 5 from of 3-O-[12-(m-iodophenyl)dodecyl]-2-O-
methyl-sn-glycerol (2) (127 mg, 0.27 mmol). Yield: 148 mg
(86%). [0)2°p = +1.2° (¢ = 1% w/v, CHCl3;—~MeOH, 1:1). The
phosphocholine 4 had the same TH-NMR spectrum as 5. Anal.
(C27HINOgP-H,0) C, H, N.

Radioiodination of Phospholipid Ether Analogs. Ra-
dioiodination of the PLE analogs with iodine-125 was ac-
complished by an isotope exchange reaction as previously
reported.®* Radiochemical purity was established by radio-
TLC with unlabeled material serving as a standard. Specific
activity ranged from 0.05 to 41 Ci/mmol. Radiochemical purity
exceeded 95% for all compounds evaluated.

Biological Studies: Cell Lines and Culture Condi-
tions. Walker 256 carcinosarcoma cells, provided by Dr.
James Varani of the Department of Pathology, University of
Michigan, were maintained in RPMI 1640 medium containing
10% fetal bovine serum (FBS), 200 units/mL penicillin, and
0.2 mg/mL streptomycin. Cells were maintained at 37 °C in
a humidified atmosphere of 5% CO..

Animals. Female Sprague—Dawley rats, 200—250 g
(Charles River, Portage, MI), were housed in a temperature-
and light-controlled room and had free access to food and
water. The rats were inoculated with Walker 256 carcinosa-
rcoma cells (5.0 x 108 cells) in 0.2 mL of saline in the right
hind limb. The animals were used 610 days later when the
tumor weight averaged 10 g. All procedures using animals
conformed strictly to the guidelines set forth by the University
of Michigan Unit of Laboratory Animal Medicine Group which
reviewed and approved the experimental protocol.

Tissue Distribution. The radiolabeled compounds were
dissolved in absolute EtOH (50~500 uL), and Tween-20 (0.1
mL/mg of compound) was added to the solution. EtOH was
removed by evaporation under a stream of nitrogen. Physi-
ological saline was added, to give a 2~3% Tween-20 solution
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which was subsequently mixed by vortex. The solubilized
radiolabeled compound (5—10 xCi, 0.5 mL) was administered
intravenously via tail vein to anesthetized tumor-bearing rats
(n = 3/time point). The animals were sacrificed by exsan-
guination while under ether anesthesia at the various time
points. The blood was collected via cardiac puncture, and
selected tissues were removed and blotted to remove excess
blood. Large organs were minced with scissors. Tissue
samples from various organs (n = 2/tissue) were weighed,
placed in 12 x 75 mm, 5 mL plastic y-counter tubes (Sarstedt,
Princeton, NJ), and counted with a Packard Minoxi Auto
y-5000 counter. The concentration of radioactivity in each
tissue was expressed as a percentage of injected dose/g (% ID/
g) of tissue.

y-Camera Scintigraphy. Scanning of the animals was
performed using an LEM mobile camera (Siemens Corp.,
Hoffman Estates, IL) with a high sensitivity—low energy
collimator window optimized for iodine-125. Image acquisition
and storage were accomplished with a Siemens MicroDELTA
computer connected to a larger MicroVAX unit. Animals (n
= 2/compound) were sedated with a premixed solution of 87
mg/kg ketamine and 13 mg/kg xylazine. Images were ac-
cumulated (100 000 counts/image) at various time points
following tail-vein administration of radiolabeled compound
(65—75 uCi, 0.5~1.0 mL).

MTT Assay. Cytotoxicity was determined by the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide test (MTT
test) as previously described by Mossman.?” Walker 256 cells
were suspended in fresh RPMI media at a concentration of 2
x 10° cells/mL. Cells (200 xL) were added to individual wells
in a 96-well plate. Test compounds were dissolved in absolute
EtOH and added to give a final concentration of 0.001~60
umol. Control wells contained cells and EtOH vehicle. Con-
centrations of EtOH were always <1%. After 48 h, 50 uL of a
2 mg/mL MTT solution was added to each well. Four hours
later, plates were spun at 1200 rpm for 5 min to pellet the
cells. Medium was removed by aspiration without disturbing
cells or formazan crystals which had been created by the
conversion of MTT by viable cells. DMSO (200 xL) was added
to each well to dissolve the formazan crystals resulting from
the metabolic conversion of MTT in viable cells. Optical
density was read using a Microplate Autoreader EL311 (Bio-
tek Instruments, Winooske, Vermont) 96-well plate reader at
600 nm with DMSO serving as a blank. All drug concentra-
tions were done in replicates of eight and repeated at least
twice. Results were obtained by dividing the mean of eight
wells of a given drug concentration by the mean of eight control
wells receiving EtOH only and are expressed as a percentage
of control + the standard deviation of the resulting ratio.

Phospholipase D from S. chromofuscus. Assay buffer
(450 uL; 50 mmol Tris, 6.3 mmol CaCl, with 0.05% bovine
serum albumin (BSA), pH 8.0) was added to borosilicate tubes
containing radiolabeled PLE analogs. Controls were prepared
similarly except for the presence of PLD. Reactions were
started by the addition of 1.5 units of PLD dissolved in enzyme
dilution buffer (10 mmol Tris with 0.05% BSA, pH 8.0) to
adjust the final volume to 0.5 mL. Samples were incubated
for 30 min in a shaking bath at 37 °C. Reactions were halted
by the addition of 10 mL of CHCl3;:MeOH (2:1) followed by the
addition of 2 mL of H,O. Samples were mixed by vortex and
spun for 5 min at 1000 rpm to separate the organic and
aqueous layers. The organic and aqueous phases were sepa-
rated. The lower organic layer was removed and evaporated
to dryness under a nitrogen stream. The upper aqueous layer
was brought to a total volume of 5 mL with CHCl;:H,0:MeOH
(3:47:48) and analyzed for radioactivity. The residue from the
upper organic phase was dissolved in 100 uL of CHCl;:MeOH
(1:1) and spotted on TLC plates (silica gel F; Merck). Plates
were developed with a CHCl;:MeOH:acetic acid:H,O (75:25:
8:3) or CHCl;:MeOH:6 N NH,OH (65:35:5) solvent system.
TLC plates were allowed to air-dry and subsequently scanned
using a Bioscan System 200 plate scanner (Bioscan Inc.,
Washington, DC).

Phospholipase D from Cabbage. The assay utilized was
similar to that described elsewhere.?® Assay buffer (80 #mol/L
sodium acetate, 40 xmol/L. CaCl,, pH 5.6; (950 uL) was added
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to borosilicate glass tubes containing radiolabeled PLE. Phos-
pholipase D from cabbage (179 units/mg) was diluted in 1.5
mL of deionized HyO to make a solution of 119 units of enzyme/
mL. Enzyme solution containing 10 units of PLD was added
to each tube. EtOH or assay buffer was added to adjust the
final volume to 1 mL. Control samples contained assay buffer
and 1% absolute EtOH. Ether was washed three times with
an equal volume of water to remove any ethanol contamina-
tion.2? Washed ether (0.5 mL) was added to each tube to start
the reaction. Samples were incubated in a shaker bath at
room temperature for 60 min. Enzymatic activity was halted
by addition of 100 4L of 1 N HCl. Ether:H,0 (4:1, 2 mL) was
added to each sample. Samples were mixed by vortex and
spun for 5 min at 1000 rpm to separate the organic and
aqueous layers. The upper organic phase was removed and
evaporated to dryness under a nitrogen stream at room
temperature. The lower aqueous layer was brought to a total
volume of 5 mL with HyO and analyzed for radioactivity. The
residue from the upper organic phase was dissolved in CHCl3:
MeOH (1:1) and spotted for TLC. Radio-TLC was performed
on the organic residue as described above.

Acknowledgment. The authors wish to thank Dr.
James Varani of the Department of Pathology for
providing the Walker 256 carcinosarcoma cells. Support
for this research was provided by the National Institute
of Health Grant CA-08349.

References

(1) Snyder, F.; Wood, R. Alkyl and Alk-1-enyl Ethers of Glycerol in
Lipids From Normatl and Neoplastic Human Tissues. Cancer Res.
1969, 29, 251-257.

(2) Snyder, F.; Blank, M. L.; Morris, H. P. Occurrence and Nature
of O-alkyl and O-alk-1-enyl Moieties of Glycerol in Lipids of
Morris Transplanted Hepatomas and Normal Rat Livers. Bio-
chim. Biophys. Acta 1969, 176, 502—510,

(3) Soodsma, J. F.; Piantadosi, C.; Snyder, F. The Biocleavage of
Alkyl Glyceryl Ethers in Morris Hepatomas and Other Trans-
plantable Neoplasms. Cancer. Res. 1870, 30, 309—311.

(4) Lee, T.; Blank, M. L.; Fitzgerald, U.; Snyder, F. Substrate
Specificity in the Biocleavage of the 1-O-alkyl-2-acetyl-sn-
glycerol-3-phosphocholine (A Hypotensive and Platelet-Activa-
tion Lipid) and its Metabolites. Arch. Biochem. Biophys. 1981,
208, 363—357.

(6) Snyder, F. Platelet-Activation Factor and Related Acetylated
Lipids as Potent Biologically Active Cellular Mediators. Am. J.
Physiol 1990, 259 (5 Pt 1), C697—708.

(6) Rabovsky, J.; Goddard, M.; Pailes, W. H.; Judy, D. J.; Castra-
nova, V. Platelet-Activating Factor Induced Aggregation of Rat
Alveolar Macrophages. Res. Commun. Chem. Pathol. Pharmacol.
1990, 69, 163—172.

(7) Blank, M. L.; Cress, E. A,; Lee, T.; Malone, B.; Surles, J. R;
Piantadosi, C.; Hajdu, J.; Snyder, F. Structural Features of
Platelet Activating Factor Required for Hypotensive and Platelet
Serotonin Responses. Res. Commun. Chem. Pathol. Pharmcol.
1982, 38, 3—20.

(8) Barthelson, R.; Valone, F. Interaction of PAF with Interferon
Gamma in the Stimulation of Interleukin-1 Production by
Human Monocytes. J. Allergy Clin. Immunol. 1990, 86, 193—
201.

(9) Heymans, F.; Michel, E.; Borrel, M. C.; Wichrowski, B.; Godfroid,
d. d.; Convert, O.; Coeffier, E.; Tence, M.; Benveniste, J. New
Total Synthesis and High Resolution 1H NMR Spectrum of
Platelet-Activating Factor, its Enantiomer and Racemic Mix-
tures. Biochem. Biophys. Acta 1981, 666, 230—237.

(10) Tence, M.; Coeffier, E.; Polonsky, J.; Benveniste, J. The Enan-
tiomer and the Positional Isomer of Platelet-Activating Factor.
Biochim. Biophys. Acta 1983, 755, 526—530.

(11) Munder, P. G.; Modolell, M.; Bausent, W. P.; Oettgen, H. F;
Westphal, O. Augmenting Agents in Cancer Therapy; Hersh, E.
M., Chirigos, M. A., Mastrangelo, M. J., Eds.; Raven Press: New
York, 1981; pp 441—458.

(12) Berdel, W. E.; Andreesen, R.; Munder, P. G. Phospholipids and
Cellular Regulation; Kuo, J. F., Ed.; CRC Press: Boca Raton,
FL, 1985; pp 41-73.

(13) Berdel, W. Ether Lipids and Derivatives as Investigational
Anticancer Drugs. Onkologie 1990, 13, 245—250.

(14) Meyer, K. L.; Schwendner, S. W.; Counsell, R. E. Potential Tumor
or Organ Imaging Agents 30. Radioiodinated Phospholipid
Ethers. J. Med. Chem. 1989, 32, 2142—-2147.

(15) Counsell, R. E.; Schwendner, S. W.; Meyer, K. L.; Haradahira,
T.; Gross, M. D. Tumor Visualization With a Radioiodinated
Phospholipid Ether. J. Nuci. Med. 1990, 31, 332—336.



3162 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 16

(16) Plotzke, K. P.; Haradahira, T.; Stancato, L.; Olken, N. M;
Skinner, S.; Gross, M. D.; Wahl, R. L.; Counsell, R. E. Selective
Localization of Radioiodinated Alkylphosphocholine Derivatives
in Tumors. Nucl. Med. Biol. 1992, 19, 775—782.

(17) Plotzke, K. P.; Fisher, S. J.; Wahl, R. L.; Olken, N. M.; Skinner,
S.; Gross, M.D.; Counsell, R. E. Selective Localization of a
Radioiodinated Phospholipid Ether Analog in Human Tumor
Xenografts. J. Nucl. Med. 1998, 34, 787—-792.

(18) Plotzke, K. P.; Rampy, M. A;; Meyer, K.; Ruyan, M.; Fisher, S.
J.; Wahl, R. L.; Skinner, S.; Gross, M. D.; Counsell, R. E.
Biodistribution, Metabolism, and Excretion of Radiciodinated
Phospholipid Ether Analogs in Tumor Bearing Rats. J. Nucl.
Biol. Med. 1993, 37, 264—272.

(19) Kuksis, A.; Myher, J. J. Stereospecific Analysis of Triacylglyc-
erols via Racemic Phosphatidylcholines and Phospholipase C.
Can. J. Biochem. 1978, 57, 117—124.

(20) Bruzik, K. S.; Hakeem, A. A.; Tsai, M. D. Are D- and L- Chiro-
phosphoinositides Substrates of Phosphatidylinositol-Specific
Phospholipase C? Biochemistry 1994, 33, 8367—8374.

(21) Jiang, R. T.; Shyy, Y. J.; Tsai, M. D. Phospholipids Chiral at
Phosphorous. Absolute Configuration of Chiral Thiophospholip-
ids and Stereospecificity of Phospholipase D. Biochemistry 1984,
23, 1661—-1667.

(22) Bishop, F. E.; Dive, C.; Freeman, S.; Gescher, A. Is Metabolism
an Important Arbiter of Anticancer Activity of Ether Lipids?
Metabolism of SRI 62—-834 and Hexadecylphosphocholine by
[31P}-NMR Spectroscopy and Comparison of Their Cytotoxicities
with Those of Their Metabolites. Cancer Chemother. Pharmacol.
1992, 31, 85—92.

(23) Pinchuk, A, N.; Mitsner, B. I.; Shvets, V. I. Synthesis of
Enantiomerically Pure Ether Lipid Analogues from D-mannitol.
Chem. Phys. Lipids 1998, 65, 65—175.

(24) Peters, U.; Bankova, W.; Weltzel, P. Platelet Activating Factor
Synthetic Studies. Tetrahedron 1987, 43, 3803—3816.

(25) Akiyama, T.; Hirofuji, H.; Ozaki, S. AlCl;-N,N-Dimethyl-

Rampy et al.

aniline: A Novel Benzyl and Allyl Ether Cleavage Reagent. Bull.
Chem. Soc. Jpn. 1992, 65, 1932—1938.

(26) Chandrakumar, N. S.; Hajdu, J. Stereospecific Synthesis of Ether
Phospholipids. Preparation of 1-Alkyl 2-(acylamino)-2-deoxy-
glycerophosphocholine. J. Org.Chem 1983, 48, 1197—-1202.

(27) Mossman, T. Rapid Colorimetric Assay for Cellular Growth and
Survival: Application to Proliferation and Cytotoxicity Assays.
J. Immunol. Methods 1983, 65, 55—57.

(28) Yang, S. F.; Freer, S.; Benson, A. A. Transphosphatidylation by
PLD. J. Biol. Chem. 1987, 242, 477—484.

(29) Lohmeyer, M.; Workman, P. Lack of Enantio-selectivity in the
In Vitro Antitumour Cytotoxicity and Membrane-Damaging
Activity of Ether Lipid SRI 62—834: Further Evidence for a Non-
receptor Mediated Mechanism of Action. Biochem. Pharmacol.
1992, 44, 819—-823.

(30) Berens, M. E.; Bar-Shira, E.; Rosenblum, M. L.; Piantadosi, C.;
Modest, E. J. Effects of Structural Modifications of Ether Lipids
on Antiproliferative Activity Against Human Glioma Cell Lines.
Anticancer Res. 1998, 13, 401-406.

(31) Bittman, R.; Byun, H. S.; Mercier, B.; Salari, H. Isosteric
Phosphonate Analogs of ET-16-OMe, Synthesis and Biological
Evaluation of the Enantiomers of 2’-(trimethylammonio)ethyl
4-(hexadecyloxy)-3-methoxybutanephosphonate and 2’-(trimeth-
ylammonio)ethyl 4-(hexadecylthio)-3-methoxybutanephospho-
nate. J. Med. Chem. 1994, 37, 425—430.

(32) Bruzik, K.; Tsai, M. D. Phospholipids Chiral at Phosphorous.
Synthesis of Chiral Phosphocholine and Stereochemistry of
Phospholipase D. Biochemistry 1984, 23, 1656—1661.

(33) Bruzik, K. 8.; Tsai, M. D. Phospholipase Stereospecificity at
Phosphorous. Methods Enzymol. 1991, 197, 2568—269.

(34) Weichert, J. P.; VanDort, M. E.; Groziak, M. P.; Counsell, R. E.
Radioiodination Via Isotope Exchange in Pivalic Acid. Appl.
Radiat. Isot. 1986, 37, 907—913.

JM9501543



