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nitrotoluene, 121-86-8; 2,3,5,6-tetrachloro-4-nitrotoluene, 22490-21-7;
pentachloronitrobenzene, 82-68-8; dimethyl tetrachlorophthalate,
20098-41-3; p-chlorotoluene, 106-43-4; methyl p-toluate, 99-75-2; p-
(trifluoromethyl)toluene, 6140-17-6; a,a-dichloro-p-nitrotoluene, 619-
78-3; 1-(dichloromethyl)-4-(trifluoromethyl)benzene, 82510-98-3; p,a,-
a-trichlorotoluene, 13940-94-8; toluene, 108-88-3; o-chlorotoluene, 95-
49-8.
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Recently we have reported the synthesis of chiral [80,]1,2-
dipalmitoyl-sn-glycero- 3-phosphorylcholine (DPPC) and its ap-
plication in studying the stereochemistry of transphosphatidylation
catalyzed by phospholipase D.2 By similar procedures, we have
synthesized chiral [!70,]DPPC (as separate diastereomers and
mixture), which are potentially useful in the chemical and physical
study of the conformation and the motion of the phosphate head
group of phospholipids in different phases and in protein-lipid
interactions.’=3

However, ['0,]DPPC is useful only for phospholipases C and
D and not for other phospholipases. Also, the 170 NMR study
of [!70,]DPPC is difficult in vesicles or lipid bilayers’ due to large
line widths and quadrupolar splittings. As an alternative and
complementary approach, we now report synthesis and application
of separate diastereomers of 1,2-dipalmitoyl-sn-glycero-3-thio-
phosphorylcholine (DPPsC).

The diastereomeric mixture of thiophospholipids (random
configuration at both C-2 and P) has been synthesized recently®
but has not been resolved into separate diastereomers either
chemically or spectroscopically. Following the procedure of
Nifant'’ev et al.,}* we have synthesized DPPsC (1) from (S)-
(-)-1,2-dipalmitin (synthesized from D-mannitol®). The structures
of synthetic intermediates and the final DPPsC have been
characterized by 'H NMR, 13C NMR, IR, and TLC, which are
consistent with literature data.® 3'P NMR analysis of 1 in CDCl,
(Figure 1A) showed two separate peaks due to two diastereomers
(isomer A, lower field; isomer B, higher field). It was found that
phospholipase A, (bee venom, Sigma, 1500 units/mg) preferen-
tially hydrolyzes isomer B of DPPsC, which provides a convenient

(1) Supported by a grant from NIH (GM30327) and in part by a grant
from NSF (PCM 8140443). The NMR spectrometers used were funded by
NIH GM 27431 and NSF CHE 7910019. The !N NMR was obtained with
the help of Dr. C. Cottrell. Abbreviations used: NMR, nuclear magnetic
resonance; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphoryicholine; DPPsC,
1,2-dipalmitoyl-sn-glycero-3-thiophosphorylcholine; MOPS, 3-[N-
morpholino] propanesuifonic acid; Tris, 2-amino-2-hydroxymethyi-1,3-
propanediol; Pi, inorganic phosphate; IR, infrared spectrum; TLC, thin-layer
chromatography.

(2) Bruzik, K.; Tsai, M.-D. J. Am. Chem. Soc. 1982, 104, 863.

(3) (a) Skarjune, R.; Oldfield, E. Biochemistry 1979, 8, 5903. (b) Yeagle,
P. L. Acc. Chem. Res. 1978, 11, 321.

(4) The 70 NMR signal of ['7O;]DPPC broadens from 440 Hz in
CH;OD (100 mg in 1.5 mi) to 3250 Hz in CDCl; (at 33 °C) (ref 5) as a result
of the micelle formation in chloroform (ref 6). This can best be explained
by a 7.4-fold increase in the rotational correlation time 7, of phosphoryl
oxygens, which suggests a restriction in the motion of the phosphate group
upon aggregation, which is consistent with the recent finding in the restricted
motion of the choline side chain due to aggregation (ref 6a).

(5) Tsai, M.-D.; Bruzik, K. In “Bioclogical Magnetic Resonance” Berliner,
L. J., Reuben, J., Eds.; Plenum Press: New York; Vol. S, in press.

(6) (a) Murari, R.; Baumann, W. J. J. Am. Chem. Soc. 1981, 103, 1238.
(b) Birdsall, N. J. M.; Feeney, J.; Lee, A. G.; Levine, Y. K.; Metcalfe, J. C.
J. Chem. Soc., Perkin Trans. 2 1972, 1141.

(7) We have so far not been able to observe any !’O NMR signal of a
sonicated or unsonicated dispersion of [170,]DPPC in water. A possible
solution would be to prepare oriented lipid bilayers.

(8) (a) Nifant’ev, E. E.; Predvoditelev, D. A.; Alarkon, Kh. Kh. Z. Org.
Khimii 1978, 14, 63. (b) Vasilenko, 1.; De Kruijff, B.; Verkleij, A. J. Biochim.
Biophys. Acta 1982, 685, 144.

(9) (a) Jensen, R. G.; Pitas, R. E. Adv. Lipid. Res. 1976, 14, 213. (b)
Howe, R. J.; Malkin, T. J. Chem. Soc. 1951, 2663.
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Figure 1. 3P NMR spectra (81.0 MHz) of DPPsC (10 mM in CDCl,):
(A) mixture of diastereomers from chemical synthesis; (B) pure isomer
A recovered from hydrolysis by phospholipase A,; (C) pure isomer B
(containing 3% isomer A) obtained from acylation of the product of
phospholipase A, hydrolysis, lyso-DPPsC; (D) DPPsC after partial hy-
drolysis by phospholipase C. NMR parameters: spectral width 1000 Hz;
acquisition time 4.1 s; 'H decoupling; line broadening 0.1 Hz; pulse width
12 us (90° pulse at 20 us); number of scans 500 (A, D), 1000 (B), 2600
(C); temperature 30 °C. Chemical shifts are referenced to external |
M H,PO,, with + indicating a downfield shift.

Scheme 1. Separation of Diastereomers of DPPsC
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way to separate the two diastereomers, as outlined in Scheme I.
Hydrolysis of DPPsC(A + B) in a mixture of 0.1 M Tris buffer
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Table I. Summary of *'P Chemical Shifts (81.0 MHz) for
Thiophospholipids at 30 °C¢

0.1 M Pif

0.1 M tris/ deoxy-

Triton X  cholate

CDCl, CH,0D (@10mM, (10mM,

compd (10 mM) (50mM) pHB8.0) pH7TS)

DPPsC(A) 53.24 59.686 56.787 56.769

DPPsC(B) 53.19 59.665 56.859 56.843

DPPC -2.70 0.96 -0.72 -0.52

lyso-DPPsC(A) 56.615
lyso-DPPsC(B) 56.558

¢ Chemical shifts are referenced to external 1 M H,PO,, with +
indicating a downfield shift.

(pH 8.0, 20% D,0) and Triton X-100 by phospholipase A,'® was
followed by *'P NMR. Under this condition both DPPsC and
its product lyso-DPPsC give separate *'P NMR signals for the
two diastereomers (their chemical shifts are listed in Table I).
When ca. 80% of isomer B of DPPsC (which resonates at lower
field than isomer A in H,O/triton X) had been hydrolyzed, only
one isomer of lyso-DPPsC formed (this isomer, which comes from
the isomer B of DPPsC, is designated as the isomer B of lyso-
DPPsC). The reaction was stopped and the reaction mixture was
chromatographed on silica gel (30 um particles size) to give
lyso-DPPsC (B) (2) and unreacted DPPsC (3, which contains ca.
80% isomer A and 20% isomer B). Further hydrolysis of 3 by
the above procedure gave lyso-DPPsC (4) mixture of A and B;
chemical shifts shown in Table I) and the pure diastereomer
DPPsC(A) (5). Reacylation!! of 2 gave the other pure diaste-
reomer, DPPsC(B) (6). 3'P NMR analysis of 5§ and 6 in CDCl,
(Figure 1, B and C, respectively) showed an isomeric purity of
>99% for § and 97% for 6. Experiments are in progress in our
laboratory to identify a phospholipase A, (from different sources)
that is most stereospecific and to modify the reaction condition
such that the chromatographic work can be minimized.

As the separate diastereomers of the sulfur analogues of adenine
nucleotides had been used as a stereochemical probe to solve many
important problems before their absolute configurations at
phosphorus were determined,!? the DPPsC isomers should be
useful both in phospholipid enzymology and in probing the in-
teraction between enzymes and phospholipids even before the
absolute configuration of isomers A and B can be assigned. For
example, we have found that phospholipase C (from Bacillus
cereus, Sigma, 400~600 units/mg) is specific to the isomer A of
DPPsC.!3 Figure 1D shows the 3'P NMR spectrum of a DPPsC
sample after partial hydrolysis by phospholipase C.!3 This sample,
which contains a ca. 2:1 isomer B/isomer A mixture, was used
to assign 3'P chemical shifts (Table I) and '*C chemical shifts
(Table II). The relative P chemical shifts of the two isomers
show a large dependence on solvents. As expected, the 3'P
chemical shifts of DPPsC are ca. 55-60 ppm downfield from that
of DPPC, which makes it possible to monitor the property of a
particular phospholipid in a mixture of phospholipids in different
phases.?®

The requirement of a specific configuration at phosphorus in
the phospholipase C catalysis is expectable since the reaction
involves a P-O bond cleavage. However, the stereospecificity
observed for phospholipase A, is suprising since it hydrolyzes the
C-2 ester but not the phospho diester, and it can tolerate sub-

(10) Roberts, M. F.; Otnaess, A.-B.; Kensil, C. R.; Dennis, E. A. J. Biol.
Chem. 1978, 253, 1252,

(11) Gupta, C. M.; Radhakrishnan, R.; Khorana, H. G. Proc. Natl. Acad.
Sci. US.A. 1977, 74, 4315.

(12) (a) Eckstein, F. Acc. Chem. Res. 1978, 12, 204. (b) Frey, P. A.
Methods Enzymol. 1982, in press.

(13) In one experiment, 30 umol of DPPsC(A + B) was dissolved in 3 mL
of phosphate buffer (0.1 M, pH 7.5) containing 30% D,0, 1% sodium deox-
ycholate, and 20 units of phospholipase C. The reaction was followed by 3'P
NMR until less than 5% of isomer A (relative to isomer B) was left. For the
partial hydrolysis shown in Figure 1D, the reaction was carried out in the same
buffer without deoxycholate, with sonication at ca. 50 °C before addition of
enzyme. The reaction was stopped by extracting with CH,OH/CHCl,.
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Table II.  '*C Chemical Shifts of DPPsC and DPPC in CD,0D
DPPsC(A) DPPsC(B) DPPC

choline chain

Me,N 54.93 54.93 54.80
Jon 34 3.4 3.7
CH,N 67.46 67.46 67.62
JoN 2.7 2.7 3.3
*Jop 8.1 8.1 6.4
CH,OP 60.81 60.81 60.47
*Jcp 5.4 5.4 5.0
glycerol backbone
1-CH,0O 63.80 63.80 63.77
2-CHO 71.88 71.66 71.93
Jcp 8.2 8.1 8.0
3-CH,OP 65.13 65.05 64.91
*Jcp 4.1 4.1 5.0
carbonyl
C=0 174.9 174.9 175.2

174.6 174.6 174.9

@ Obtained at 50.3 MHz on WP-200 at 30 °C. Samples are 0.1 M
in CD,0D. Chemical shifts are referenced to Me,Si. Coupling
constants are in Hz.

mo 102 mol
Vo[p %In/pg] 10 Vo [P }r/mn/pg]
DPPsC DPPC
o DPPsC{isomer B) 05
0.8 -0.4
0.6 -0.3
DPPsC(isomer A)
0.4 0.2
0.2 -0.1

1
0 02 04 06 08 1.0 1.2 1.4 1.6 1.8
S [MM]

Figure 2. Plots of initial velocity vs. substrate concentration for DPPC
(right vertical scale) and DPPsC (A) and DPPsC (B) (left vertical scale).
The initial velocity was measured spectrophotometrically as described by
Kupferberg et al. (ref 19). Substrates were sonicated in buffer at 50 °C
and the rates measured at 37 °C. Buffer condition: 0.2 mM MOPS, 0.1
mM p-nitrophenol, 0.1 mM EDTA, 5 mM CaCl,, 0.1% Triton X-100,
pH 7.23 (measured at 23 °C).

stitution of the choline side chain by other groups.!4

The mechanism of phospholipase A, (from various sources) has
been investigated extensively,'> particularly in the role of Ca?*
in catalysis,!> the existence of an activator site and a catalytic site, !¢
the possible cooperative interactions between the two protomers,!’
and the interfacial interaction between the enzyme and the
phospholipid.!®!® A direct binding of Ca?* with the phosphate
group has been suggested,!>?! but no direct evidence has been
provided. The following results show that separate diastereomers
of DPPsC are useful in probing the mechanism of phospholipase
A,. 3P NMR study indicated that in addition to the bee venom

(14; van Deenen, L. L. M.; de Hass, G. H. Biochim. Biophys. Acta 1963,
70, 469.

(15) Verhij, H. M.; Volwek, J. J.; Jansen, E. H. J. M.; Puyk, W. C,;
Dijkstra, B. W.; Drenth, J.; de Haas, G. H. Biochemistry 1980, 19, 743.

(16) Pluckthun, A.; Dennis, E. A. Biochemistry 1982, 21, 1750.

(17) Keith, C.; Feldman, D. S.; Deganello, S.; Glick, J.; Ward, K.-B.;
Oliver Jones, E.; Sigler, P. B. J. Biol. Chem. 1981, 256, 8602,

(18) Burns, R. A, Jr.; Roberts, M. F. J. Biol. Chem. 1981, 256, 2716.

(19) Kupferberg, J. P.; Yokoyama, S.; Kezdy, F. J. J. Biol. Ckem. 1981,
256, 6274.

(20) (a) Dijkstra, B. W; Drenth, J.; Kalk, K. H. Nature (London) 1981,
289, 604. (b) van Scharrenburg, G. J. M.; Puijk, W. C.; Egmond, M. R ; van
der Schaft, P. H.; de Haas, G. H.; Slotboom, A. J. Biochemistry 1982, 21,
1345.

(21) Wells, M. A. Biochemistry 1974, 13, 2258.



J. Am. Chem. Soc. 1982, 104, 4684-4686

4684
DPPsC DPPsC
8 B A
/ ﬂ ﬁ f E
| ca®Vk f\/ ca” /e
I
| }
O%// \\' O
NN
A lyso- lyso = DPPsC
DPPsC 8

A B
ol
o\

A
I
]
|

o I

h

BN

#

f

A oAl
fld
B

B
A I|‘A‘I A “’\\
/“x i ¥
\ ,‘“ | A “! V
142n v . N
10 Hz T 10 Hz
570 568 5é6ppm 570 568 566 ppm

Figure 3. Hydrolysis of DPPsC(A + B) by bee venom phospholipase A,
followed by *'P NMR (81.0 MHz). Sample conditions: 20 umol of
DPPsC(A + B) in 2 mL of buffer containing 50 mM MOPS-Na, pH 7.2;
0.25 mM EDTA, 35% D,0, 5% Triton X-100, and (A) 2.5 mM pura-
tronic grade Ca(NO,), and 3.8 ug of enzyme, (B) 2.5 mM puratronic
grade Cd(NO;), and 350 ug of enzyme. NMR parameters are same as
in Figure | except for the number of scans. The probe temperature was
set at 37 °C and samples were incubated at 37 °C. A small Gaussian
multiplication (LB = —1, GB = 0.05) was applied (which did not effect
relative intensities greatly) to resolve overlapped peaks.

enzyme, the phospholipases A, from Naja naja venom (Sigma,
200~600 units/mg) and from porcine pancreas (Sigma, 600 un-
its/mg) also specifically hydrolyze the isomer B of DPPsC. Figure
2 shows the plot of initial velocity vs. substrate concentrations for
DPPC, DPPsC(A), and DPPsC(B) in the reaction of bee venom
phospholipase A, by use of the spectrophotometric assay of
Kupferberg et al.!® The results indicate that the reaction rates
of DPPsC isomers are considerably slower (<10%) than that of
DPPC, which is consistent with the properties of the sulfur
analogues of adenine nucleotides.!? In addition, the DPPsC
isomers show “sigmoidal” curves which may support either a
cooperative interaction between protomers!’ or the presence of
an allosteric site and a catalytic site, if the effect of substrate
concentration in mixed micelles (DPPsC/triton X-100 as described
in the legend of Figure 2) is the same as that in normal homo-
geneous catalysis.

The observed stereospecificity of phospholipase A, in the ex-
periments described above suggests that the phosphate group is
involved in binding, most likely with Ca2*. To further support
this, we have investigated the metal-ion dependence in stereo-
specificity. Figure 3 shows 3!P NMR spectra of the reaction
mixture at different time intervals for the hydrolysis of DPPsC(A
+ B) at a saturating concentration (10 mM) catalyzed by the bee
venom phospholipase A, in the presence of Ca®* (Figure 3A) and
Cd?* (Figure 3B).22 In Figure 3A, approximately 50% of
DPPsC(B) was hydrolyzed at 2.5 h, but no hydrolysis of
DPPsC(A) can be detected up to 142 h. In Figure 3B (in which

(22) Although phospholipase A, is highly specific to Ca?*, we have been
able to remove Ca?* by extensive dialysis against MOPS buffer (which re-
sulted in complete deactivation) and reactivate the enzyme with Ca?* or Cd?*.
The Cd?* enzyme is only 1/120 as active as the Ca?* enzyme based on the
spectrophotometric assay (ref 19) at 1 mM DPPC. In Figure 3, the enzyme
used was first dialyzed to remove Ca2* and then added to the two reaction
mixtures containing Ca2* and Cd?*. The activity of the enzyme (in units) was
always assayed at | mM DPPC by the procedure of Figure 2.

AAAA mA A fAA e ma s 4 amaa m et

92 times as much enzyme was used since Cd** substitution caused
a substantial decrease in enzyme activity) an additional peak
(0.057 ppm downfield from the isomer B of lyso-DPPsC) apeared
even before DPPsC(B) is completely hydrolyzed (at 15 h). After
49 h it was quite obvious that this new peak was from the hy-
drolysis of DPPsC(A). On the basis of the work of Jaffe and
Cohn,? the decreased stereospecificity of phospholipase A, toward
isomer B in the presence of Cd?* is a positive evidence for a direct
coordination between the divalent metal ion and the phosphate
group.

Proton-decoupled *'P NMR (81.0 MHz) of an aqueous dis-
persion of DPPsC(A + B) at 45 °C shows a line shape charac-
teristic of lipid bilayers, with a chemical shift anisotropy Ac =
32 ppm (compared to 47 ppm for DPPC under the same con-
dition). *N NMR (21.7 MHz) of the same sample shows two
quadrupolar splittings, Avg = 7.43 and 7.60 KHz, possibly due
to the two diastereomers®* (compared to 10.26 KHz for DPPC).
When such NMR techniques (and 2H NMR for 2H-labeled
DPPsC) and other physical methods are applied to study the
interaction of separate isomers of DPPsC with other membrane
components, valuable information concerning the biological role
of the phosphate head group in membrane functions should be
generated.

Registry No. 1, isomer 1, 82482-77-7; 1, isomer 2, 82482-78-8; 2,
isomer |, 82482-79-9; 2, isomer 2, 82482-80-2.

(23) Jaffe, E. K.; Cohn, M., J. Biol. Chem. 1979, 254, 10839.

(24) An alternative but less likely interpretation is that there are two
doublets with Avg = 7.52 KHz but separated by 85 Hz (3.9 ppm). The
reduced Ayq in DPPsC (relative to DPPC) suggests that the motion of the
choline side chain is less ordered in DPPsC.

Dibenzyltetrakis(dimethylamido)dimolybdenum and
-ditungsten (M=M) Compounds and Their Reactions
with Carbon Dioxide and 1,3-Diaryltriazenes. A
Radical Difference

M. J. Chetcuti, M. H. Chisholm,* K. Folting, J. C. Huffman,
and J. Janos

Department of Chemistry and Molecular Structure Center
Indiana University, Bloomington, Indiana 47405
Received April 30, 1982

Both molybdenum and tungsten have a rich dinuclear chemistry
that in many ways, but by no means all ways, is very similar.!
The search and ultimate discovery of a successful route to a

tungsten M,(0O,CR), (M4M) compound is an interesting story?

and reveals what is now generally accepted: the (WAW)** unit
is notably more reactive toward oxidative-addition reactions than

the (Mo£Mo)** unit. McCarley's® spectacular success in pre-

paring pure MoW (0,C-1-Bu), (M2-M) used this principle. We
report here an intriguing difference between reactions involving
(M=M)** units (M = Mo and W)* that reveals the comple-

(1) Cotton, F. A.; Walton, R. A. In “Muitiple Bonds between Metal
Atoms™, Wiley: New York, 1982.

(2) Sattelberger, A. P.; McLaughlin, K. W.; Huffman, J. C. J. Am. Chem.
Soc. 1981, 103, 2880 and references therein.

(3) From the reaction among Mo(CO),, W(CO),, and :-BuCOOH, mix-
tures of Mo,(O,C-2-Bu), and MoW(O,C-1-Bu), were obtained. Addition of
I, to a benzene solution of a mixture of these Mo,- and MoW-containing
compounds selectively precipitated the heterobimetallic single-electron oxi-
dation product MoW(O,C-¢-Bu),I, and a crystal structure analysis of the
acetonitrile adduct revealed axial coordination of I" to W and MeCN to Mo.
The compound has a bond order of 3.5, and reduction, using powdered zinc
in acetonitrile at 25 °C, yielded the heterobimetallic quadruply bonded com-
pound MoW(O,C-¢-Bu),. Katovic, V.; Templeton, J. L.; Hoxmeier, R. J;
McCarley, R. E. J. Am. Chem. Soc. 1975, 97, 5300.



