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ABSTRACT. Certain plant species belonging to the family Annonaceae produce Annonaceous acetogenins,
which are a unique class of long-chain fatty acid derivatives with potent cytotoxicity. Putative protein
targets of the acetogenins are membrane-associated proteins, including complex |. Asimicin and its
analogues constitute a class of Annonaceous acetogenins containing two tetrahydrofuran (THF) rings
with hydrocarbon chains tethered to each ringpgfrunsaturategr-lactone ring is terminal to one of the

alkyl chains. The compounds examined in this study differ in the length of the alkyl chain between the
THF rings and the lactone ring. The positions of both the THF and the lactone rings within liposomal
membranes were determined by protdH)(nuclear magnetic resonance spectroscopy. The depth of
membrane penetration of acetogenins, coupled to membrane diffusion, controls the conformation of
acetogenins as they diffuse to an active site. BasedHbintermolecular nuclear Overhauser effects
(NOEs), the THF rings of all acetogenins studied reside near the polar interfacial head group region of
the DMPC. This was corroborated By two-dimensional NOE spectroscopy and differential scanning
calorimetry studies. ThéH difference NOE spectra indicated that the lactone rings of asimicin and
parviflorin, the latter of which has two fewer carbons in its alkyl chain, are located below the glycerol
backbone in the membrane. In contrast with asimicin and parviflorin, the lactone ring of longimicin B,
an asimicin analogue with an alkyl chain four carbons shorter, resides close to the midplane in the
membrane. This was corroborated by manganese-induced broadening studies. Since the THF rings are
located near the center of the acetogenin molecules and the lactone ring is terminal to a long alkyl chain,
these observations indicate that an asimicin-type acetogenin can be in either sickle-shaped or U-shaped
conformations, depending on the length of the alkyl chain between the THF rings and the lactone ring.
Interestingly, longimicin B does not exhibit significant cytotoxicity, but parviflorin is as cytotoxic as
asimicin. The cytotoxicity of the asimicin-type of acetogenins would seem to be strongly related to the
membrane conformation. This is the first report elucidating the conformation of Annonaceous acetogenins
in membranes.

Annonaceous acetogenins are bioactive secondary plan#-hydroxyl. Acetogenins are known to be very potent cyto-
metabolites found only in several genera of the family toxic compounds. Putative protein targets are the reduced
Annonaceael(—5). Asimicin (1) and its analogues (Figure nicotinamide adenine dinucleotide (NADH): ubiquinone
1) constitute a class of Annonaceous acetogenins containingoxidoreductase in complex |, which is a membrane-bound
adjacent bis-tetrahydrofuran (THF)ings flanked by hy-  protein of the mitochondrial electron transport systesn (
droxyl groups on hydrocarbon chains wititeo-trans-threo-  7), and the ubiquinone-linked NADH oxidase in the plasma
trans-threoconfigurations from C-15to C-24. In addition, membrane of cancerous Cel@-( The three Compoundgf
1 contains a terminad,-unsaturated-lactone ring and a  3) studied have similar chemical structures, differing only
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1 Abbreviations: CHCl, dichloromethane; DMPC, dimyristoylphos- ~ Showed LGo values of 3.0x 1072, 9.0 x 1072 and 8.0ug/
phatidylcholine; DOF, decoupler offset; DSC, differential scanning mL for compoundsl—3, respectively.
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NMR measurements, and multilamellar vesicles (MLVS)
were used for differential scanning calorimetry (DSC)
studies. The membrane conformations of acetogenins were
elucidated by determining the locations of the THF rings
and the lactone ring of the acetogenin in the artificial
membrane usindH NMR spectroscopy. DSC studies on
DMPC with acetogenin dispersions showed that the aceto-
genins strongly interact at the hydrocarbon core/water
interface of DMPC 25).

The results ofH NMR studies indicate that all acetogenins
studied have strong interactions between the protons of the
THF rings of the acetogenins and those of the glycerol
backbone of DMPC, as suggested by the DSC studies. The
NMR studies also indicate that the conformation of an
asimicin-type acetogenin depends on the length of the alkyl
chain between the two ring systems in the compound. Both
1 and2, with 13- and 11-carbon alkyl chains, respectively,
between the two ring systems, are sickle shaped in the
. membrane, i.e., the THF rings of both compounds are located
very close to the head groups of DMPC, and the lactone

m H rings of these compounds are situated in the midchain area
\}I{‘/\ between the head groups and the terminal methyl groups of
H Hy DMPC. On the contrary3 with a nine-carbon alkyl chain
d between the two ring systems, is U-shaped in the membrane,
asimicin-type acetogenins i.e., the THF rings oB are located close to the head groups
FIGURE 1: Structures of the acetogenins studiek),gsimicin, @) of DMPC, as inl and2, but the lactone ring o8 is located
parviflorin, (3) longimicin B, and ¢) bullatacin, and chemical group  close to the terminal methyl groups of DMPC, closer to the
assignments of DMPC and asimicin-type acetogenins3j. ‘H midplane of the membrane. Figure 2 illustrates such

chemical shift assignments are shown in Table S 2. I: protons hypothetical membrane conformations and locatiors-¢8
labeled with *. II: protons labeled with 8. Ill: protons labeled . . . o
with . respectively. Interestingly, sin@does not exhibit signifi-

cant cytotoxicity compared withl and 2, from these
by X-ray crystallography, indicates that it occurs in an observations the cytotoxicity profiles of the asimicin-type
extended conformatior(). However, membrane and not ~&cétogenins would seem to be related to the membrane
crystal energetics determines the conformation of a lipophilic conformation of the acetogenins, i.e., the location of the
compound acting at a membrane receptor in the lipid bilayer !actone ring within the lipid bilayer may be important to elicit
(11-13). The efficiency of binding for low concentrations the protein interactions that maximize cytotoxicity. This is
of such a drug to an intrabilayer receptor site could be the first report of the elucidation of the conformation of
increased by limiting it to a specific region of the membrane, Annonaceous acetogenins within membranes.

hich .
whic re(_iuces the.degrees of freed_om of the drug . MATERIALS AND METHODS
For this work, it was hypothesized that acetogenins

partition into lipid membranes and adopt a favorable  Materials All acetogenins tested, asimicit)( parviflorin
conformation within the membrane. The length of the chain (2), longimicin B (3), and bullatacin 4) (Figure 1), were
between the two ring systems of an acetogenin may regulateisolated and characterized in our laboratory as described
its membrane conformation and, thus, determine the cyto- elsewhere §, 4). Because the amount &f available was
toxicity of the acetogenin. Despite a number of studies on small, the DSC study on this compound was not carried out.
their structure-activity relationships in exerting biological  Compound4 is the 24-epimer ol is relatively abundant,
effects (14-18), little is known about how acetogenins and thus was used for the measurement of the partition
interact with the membrane bilayers. coefficient. Both perdeuterated (D-67: all deuterated except
Several spectroscopic techniques, including nuclear mag-for the glycerol backbone) and nondeuterated DMPC were
netic resonance (NMR) spectroscopy, have been applied topurchased from Avanti Polar Lipids and used as received.
investigate drugzmembrane interactiond ¢—21). Most of Manganese chloride (Mnglwas purchased from Aldrich.
the solution proton'H) NMR studies of drugsmembrane Deuterium oxide (O), deuterated chloroform (CDgJ and
interactions utilize detergent micelles or organic solvents tetramethylsilane (TMS) were purchased from Andover.
instead of bilayer membrane2 23). However, the Thin-layer chromatography (TLC) plates (K6F silica gel 60
packing of phospholipids in micelles is remarkably different A) were purchased from Whatman.
from that in a bilayer 24). Determining the location and Lipid Dispersions DMPC films were dried on the surface
the conformation of acetogenins in membranes seems to besf a round bottom flask from organic solvent solutions of
necessary to understand their role as potent cytotoxicthe phospholipids by rotary evaporation at°€sfor at least
compounds. 24 h (26). The acetogenin was added to the organic solvent
In this study, small unilamellar vesicles (SUVs) made from solutions with the phospholipids. MLVs for DSC studies
dimyristoylphosphatidylcholine (DMPC) were used fot were prepared by adding.D and vortexing at a lipid



856 Biochemistry, Vol. 37, No. 3, 1998 Shimada et al.

° experiments was 40C, which is above therl, of the

o liposome samples examined. For one-dimensional NOE
B | experiments, a saturating field strength between 23 and 27
“ o Hz was used.

Hydrophobic interaction For truncated NOE experiments, nondeuterated DMPC
on dispersions were used to observe intermolecular NOE
(between DMPC and an acetogenin), and the concentration
) of the acetogenin was 20 mol %9, 20, 28). Acquisitions
of control spectra and spectra with individual saturated
on resonances were alternated. The recycle delay time was 3
s. The mixing times used were 0, 0.01, 0.02, 0.05, 0.07,

° 0.1, and 3 s. Finer increments were employed for shorter
on mixing times. Sixteen or 32 transients were acquired in each
experiment. The growth curves of each peak with variable
irradiation times were obtained and were described as the
ou percentage of growth of NOEs, that igt)/»(3) x 100 (%),
. wherez(t) is the intensity of an NOE at a preirradiation time
@ t, and#(3) is its steady-state value (3-s irradiation). The
initial buildup rates, i.e., the slopes of the curves at the initial
" stages, were calculated using least-squares regression meth-
ods.
id

el -
- -

Hydrophilic interaction

o

o

For all other experiments, perdeuterated DMPC (D-67)
o dispersions were used. The concentration of the acetogenin
was 10 mol % for difference NOE experiments, two-
° dimensional NOE spectroscopy (NOESY) experiments, and
o Mn2t experiments. The mixing timer{) was set at 100

ms in all difference NOE experiments. The spectral width
N - of 4 kHz was used, and transmitter offset (TOF) was set at
4 V‘O‘g_\o PP the HDO resonance. Decoupler offsets (DOF) were set on
: ?"’/ the peak of interest and at 2000 Hz as a control, which is

© out of the spectral window. Acquisitions of control spectra
and spectra with individual saturated resonances were
alternated. The recycle delay time was 3 s. Thirty-two
transients were collected, and a 10-Hz exponential window

Membrane monolayer - function was used before Fourier transformation.

Ficure 2: Hypothetical bulk conformations and locations of  NOESY experiments were carried out in the phase-
asimicin (), parviflorin (2), and longimicin B 8) in the membrane. sensitive mode. The NOESY pulse sequer@(t,—I1/
2—1n—I1/2—t;) was used with a, of 80 ms @0). The
transmitter was set on the HDO resonance, and a 3-s
presaturation was used to suppress the HDO resonance; 128
d1 increments with 16 transients per increment were used. In
t,, 2K data points were acquired over a spectral width of 5
kHz with a 3-s recycle time. All spectra were processed on
a SUN Sparc station. The data sets were multiplied by a
Gaussian weighting function in both dimensions and zero-

Hydrocarbon core/water interface

concentration of~100 mg/mL. SUVs fofH NMR studies
were prepared by vortexing followed by probe sonication at
a lipid concentration of5—15 mg/mL. The liposomes were
left to stand at a temperature above the transition temperatur
(T) of the liposome samples for at least 2 h. They were
then ultracentrifuged to sediment undesired lipid and MLVs
and to remove particles of titanium released from the probe.
:,;]I;(fr']al:]illr;\?vaiglrc?&,ggS%lite;age:f;gp;d eﬂ& a(;zkljig;oggg_ filled to 2K _data points in the; dimension before Fourier
radation; no degradation during sonication was found using transformation.
5% phosphomolybdic acid solution in 95% ethanol to ~ Mn?*-broadening experiments were carried out using a
visualize the phospholipids and acetogenins. single 90 pulse and a 3-s repetition delay tim27( 29).
Samp'es with Nﬁ‘f Preparation To prepare the Samp'e Solvent Suppre.SSion was achieved by irradiation of the HDO
containing M+, 200 uL of the sonicated perdeuterated resonance during the relaxation delay. THeNMR spectra
DMPC with an acetogenin dispersion was diluted with 150 Of sonicated dispersions were obtained from 32 or 64
uL of 90 mM NaCl solution containing 0.5 mM Mng(27). transients, and a_lO-Hz expone_ntial window function was
For the control sample, 206 of the sonicated perdeuterated Used before Fourier transformation.
DMPC with an acetogenin dispersion was diluted with 150  Measurement of . TheT,s of the dispersions of DMPC
uL of 90 mM NacCl solution. with asimicin ()/parviflorin (2) were measured by DSC
NMR SpectroscopyThe'H NMR spectra were recorded using MLVs on a Perkin-Elmer differential scanning calo-
on a Varian VXR 500s spectrometer. Shigemi tubes were rimeter equipped with a thermal analysis data station. Four
utilized to minimize the sample amount. The chemical shifts samples with different acetogenin concentrations (3, 5, 10,
were measured relative to an internal terminal methyl peak and 20 mol %) were tested for each compound. A heating
of DMPC at 0.89 ppm. The sample temperature during all scan rate of 10C/min was used.
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A Table 1: Calculated Distances between Two Chemical Groups
20 mol% Based on Truncated NOE Results Using Equatidn 3
A irradiated chemical chemical
1 10 mol% compound  chemical group groups<3.6 A groups<3.6 A
o ——N— o omol
g asimicin (1) e d c.ghi,l
o o i g,h acdelll
@« 5 mol% .
% me d ceql a, h,i
° a cdeg Il hi
S _%‘_/L 3 mol% parviflorin (2) e Ggdgl N ah,i
i g,h acdelll
I\ control d ceqgll a h,i,l
a cell d, g hil
longimicin B (3 e cd, Il a, g h,i
10 20 30 40 50 60 g @ i g,h a, g del
Temperature (*C) d celll a, g hi,l
a cd Il e g hi
B aThe reference distance used for distance calculations was the
20 moi% distance betweea andc of DMPC. The chemical group assignments

are shown in Table S 2.

A 10 mol%
= an interaction profile are thought to be partially buried in
£ M___ the hydrocarbon core of the bilayer, and they interact mainly
£ with the glycerol backbone and the head group of phos-
3 A s mofe phatidylcholine 5).
w - In *H NMR spectra, all three asimicin-type acetogenins
i (1—3) tested in this study showed the same chemical shift
control pattern as shown in Table 133). The only structural
0 20 % 05 %0 differences among these compounds are the length of the
alkyl chain between the lactone ring and the THF rings,

Temperature (C) which are 15, 13, and 11 carbons, respectivelylfeB, as

Ficure 3: Thermograms of DMPC in the presence of different shown in Figure 1. The total carbon chain lengths and
concentrations of acetogenins. A, DMPC with asimidpdisper- 1y gecular weights of and3 are the same (32 carbons), but
sions; B, DMPC with parviflorin2) dispersions. the THF ring locations are shifted. Compouridand3 have
the same alkyl chain length between the THF rings and the
terminal methyl groups, but the alkyl chain between the
lactone ring and the THF rings &is four carbons shorter
than that ofl. Acetogenin2 has an alkyl chain that is two
carbons shorter between the lactone ring and the THF rings
thanitis in1. *H NMR of these compounds shows minor
differences in the integrations for the peaks of the alkyl
methylene protons, but these are sometimes difficult to
estimate. Thus, the structure determinations of these com-
pounds were accomplished using mass spectrom@triy
0NMR assignments of the acetogenins in DMPC dispersions
were made by comparirif spectra of acetogenins in CQCI
dispersions of DMPC with acetogenin, and dispersions of
hPMPC without acetogenin. Besides the comparisons be-
tween thetH spectra, the chemical shifts of the acetogenins
were confirmed byH two-dimensional NMR experiments.
9% The chemical shift assignments for DMPC and the aceto-
genins observed in DMPC dispersions are shown in Table
S 2 (Supporting Information). All chemical shifts in
dispersions are referenced to the internal terminal methyl
peak () of DMPC at 0.89 ppm. The chemical group
RESULTS assignments of DMPC and the acetogenins are shown in
Figure 1.

DSC Studies DSC has been used to measure the strength  Five 'H NMR peaks due to the acetogenins were identifi-
of drug—phospholipid interactions3@). Parts A and B of able in the DMPC dispersion system. Spectra in undeuter-
Figure 3 represent the endotherms of DMPC in the presenceated @A) and perdeuteratedf DMPC are shown in Figure
of 1 and2, respectively. Both and2 exhibit similar profiles 4. The peak intensities of the acetogenins in a nondeuterated
in their DMPC thermograms. As the concentrations of these DMPC system are relatively low compared with those of
acetogenins increase, tfg peak becomes broader, and the DMPC because the concentration of acetogenins was 5 times
Tm maximum is shifted slightly to lower temperature. The lower than that of DMPC. However, in the perdeuterated
calorimetric enthalpy is relatively constant. Drugs with such DMPC, the peak intensities of acetogenins are comparable

Measurement of Partition CoefficientsPartition coef-
ficients of bullatacin 4) employing octanol/water and
octanol/water with MA" were attempted using the shake
flask method 80). Octanol was washed three times with
equal volumes of water or Mh-containing solution (0.25
mM MnCI, in water) prior to the experiments. Then 3 mL
of octanol saturated with water was added to 3 mL of filtered
water or a MA*-containing solution with 5 mg oft in a
centrifuge tube. Aliquots of the sample were carefully
withdrawn from both phases and appropriately diluted for
subsequent analysis by normal phase high-performance liqui
chromatography (HPLC) using a silica gel column (DY-
NAMAX 60 A R0O008311C, Rainin) at 225 nm at ambient
temperature. The aqueous phase was partitioned wit
dichloromethane (CHLl,), which is the solvent used for
fractionation of acetogenind), All of 4 should partition
into the CHCI, phase. The mobile phase was methanol (
viv) and THF (1% v/v) in hexane. The presence of bullatacin
in aliquots was also checked using a Beckman DU-600
spectrophotometer.
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FiGURE 4: H NMR spectra ofA, DMPC with asimicin dispersionsB, perdeuterated lipid D-67 with asimicin dispersions. The peak
assignments are listed in Table S 2.

to the residual bilayer peaks. The concentration of aceto- 4, significant line broadening was observed in tHeNMR
genins was 10 times lower than that of perdeuterated DMPC.spectra of the DMPC dispersions. The sonicated vesicles
The splittings resolved in the DMPC peaks seen in Bart  tumble slowly, dipolar coupling is not fully averaged, and
of Figure 4 were caused by chemical shift differences line broadening is the consequence. Also, drmouplings
between residual protons. The same splittings were observedbserved in'H NMR spectra of acetogenins in CDCI

in control dispersions of D-67 alone. The acetogenin peak solution could not be resolved in a spectrum of dispersions
at 1.95 ppm (also at 1.60 ppm observed in D-67 dispersions)of DMPC with acetogenin.

in lipid dispersions was designated as peak |. Similarly, the  Attempts to measure the partition coefficient of bullatacin
peak at 3.41 ppm was designated as peak IlI; the peak at(4) using octanol/water and octanol/agueous*Msolution
3.86 ppm, as peak lll; the peak at 5.17 ppm, as peak 1V; failed because none of the acetogenin was detected in the
and the peak at 7.43 ppm, as peak V. As shown in Figure aqueous layers using HPLC (detection limit0—° M). The
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B asimicin The peaks ofa and e of DMPC were broadened by 80%
e . and 65%, respectively, after the addition of ¥n

Difference NOE Difference'H NMR NOE experiments

100 were carried out with dispersions of acetogenin in deuterated

3 DMPC (D-67). All NOEs shown were negative as the

> 80 dispersions were in the slow tumbling regime. Figure86

=° show NOE difference spectra for irradiations of the lactone

\‘E 60 | proton peak V and the carbinol proton peak Il of acetogenins.
=

of dispersions ofl in D-67 when the THF protons |l were
irradiated. It clearly shows that there are NOE correlations
between Il and the head group of DMPQ; €, f, andg) as
well as NOE correlations between Il and the other peaks of

' . the THF rings (I and Ill). Spectrum A in Figure 6 shows
0 [ 1l v vV the NOE spectrum of the same dispersions when the lactone
FIGURE 5: Percents of peak heightsy.21/hy x 100) of asimicin proton V was irradiated. In the spectrum of dispersions of
(1), parviflorin (2), and longimicin B 8) compared with heightsin ~ compoundl in D-67, peak V did not have any correlation
the absence of the Mh ions (1) in the dispersions. The peak  with peaks of the head group of DMPC but only with the
assignments are listed in Table S 2. acyl chain region of DMPCHandg). As shown in Figure

i ) ) , 7, the results of dispersions of compouith D-67 showed

presence of4 in aliquots was also examined using @ g pattern similar to that of dispersions of compodnahen

spectrophotometer. Bullatacid)((Amax = 228 nm) Was | \yas irradiated; correlations were apparent with the head
detected only in octanol fractions giving a partition function group of DMPC and the other THF ring peaks. The

>10°. No*H NMR signals were observed when acetogenin jagiation of V caused a correlation with the acyl chain of
alone was dispersed in,D. Thus, only membrane-accessed pypc () and none with theo. methylene groupsgj.

acetogenins can be observed'ih NMR spectra. Spectra A and B in Figure 8 show the difference NOE spectra
'H NMR spectra of acetogenin (20 mol %) dispersion in of dispersions of compound in D-67 in which V and II
DMPC solution were integrated and showed a 5:1 ratio were irradiated, respectively. Irradiation of Il caused NOE
between well-isolated DMPC peaks and acetogenin peaks.huildups of the peaks of the head groups of DMPC and the
The acetogenitH peaks at high field £0.9-1.8 ppm)  other peaks of the THF rings. In contrast with the results
heavily overlapped peaks of the DMPC acyl chaihsuid of dispersions of compoundsand2, an irradiation of V in
i). Thus, no peak assignments were made for the acyl chaindispersions of compouricaused NOE correlations between
regions of the acetogenins. Nevertheless, five peaks of they and the terminal methyl group# @nd the acyl methylene
acetogenins were clearly assigned, two peaks from thegroups of DMPC I)).
lactone region and three peaks from the THF ring region. = NOESY The NOESY spectrum of dispersions of com-
These observations were fortunate because the locations opound1 in D-67 is shown in Figure 9. Since the intermo-
the THF rings and the lactone ring were key pieces of |ecular cross-peaks observed were of the THF rings but not
information needed to solve the location and the conforma- of the lactone ring of acetogenins, all compounds studied
tion of these acetogenins in the bilayer membranes. showed the same results, i.e., the THF ring peaks of all
Mn2t Broadening For chemical groups that are close to compounds studied had cross-peaks with the glycerol
Mn?* (the electror-nuclear dipole interaction is effective  backbone of DMPC. The cross-peaks between peak Il and
at about 5-10 A), the’H NMR spectral peaks are signifi- the peaks of the glycerol backbone are clearly seen. The
cantly broadened or eliminated. The width of the bilayer cross-peaks between peak Ill and the peaks of the glycerol
membrane is roughly 40 A. Thus, for a chemical group close backbone are difficult to distinguish from those betwéen
to the interface, the spectral peaks will be broadened; for aand the other glycerol backbone peaks. However, it is clearly
chemical group close to the midplane, the spectral peaks will seen that 11l has a strong correlation wglof DMPC. The
remain the same. We chose the peak height(términal peaks of the THF ring regions have strong intramolecular
methyl group of DMPC) for reference as it was assumed it correlations and intermolecular correlations with the head
would not change on addition of Mh The peak height  group of DMPC. No clear cross-peaks were observed in
ratios of1—3 with and without Mi3*™ are compared in Figure  the NOESY spectra between the lactone ring peaks (IV and
5. The peak height ratios were in the ordePMVV > | > V) and the DMPC peaks in this experiment.
Il. Peak V decreased in spectral peak height by 40%; peak Truncated NOE The time dependence of several NOEs
I, by 55%; peak IV, by 40%; and peak IlI, by 60% in were examined. The growth of NOEs fb+3, when four
dispersions of compound in D-67. Peaks of both the different peaks of DMPC (peaksi, d, anda) were saturated,
lactone ring and the THF rings df broadened; however, are shown in parts-ed, respectively, of Figures 2. Even
the peaks of the THF rings broadened more than those ofthough the five peaks of the acetogenins (peake)lwere
the lactone ring. The same trend is true in dispersiors of assignable in théH NMR spectra of dispersions of DMPC
in deuterated bilayers. Peak | decreased in spectral intensitywith acetogenin, the peak intensities of the protons at the
by 60%; peak II, by 60%; peak IV, by 40%; and peak V, by lactone ring (IV and V) and the protons at the carbons next
25%. Peak | decreased in spectral peak height by 60%; peako the THF rings (ll) of the acetogenins were too low for
II, by 60%; peak IV, by 25%. Peak V was virtually the accurate mesurement. Thus, only two peaks from the THF
same peak height as the control in D-67 watdispersions. ring region (I and 1ll) were examined in truncated NOE

eft

[

20

Percent of peak height compared
with control (h

:
% Spectrum B in Figure 6 shows the NOE difference spectrum
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Ficure 6: 1H NMR difference NOE spectrum of perdeuterated lipid D-67 with asimitirdispersions. The peak assignments are listed
in Table S 2A, irradiation of V;B, irradiation of Il. The control spectrum (DOF 2000 Hz) was subtracted from the spectrum with an
irradiation of V/II. I: *, 1l: §, lll: @.

experiments, and changes in the NOE at resonances of thes#l of 1 have very low buildup rates compared with that of
peaks were monitored. Negative NOEs were observed duethe acyl chains of DMPCh). In parts ¢ and d of Figure 10,

to the long correlation times arising from slow tumbling of the percentages of growth of NOEs during saturationd of
the DMPC vesicles. In part a of Figure 10, the overall anda, respectively, show similar trends as in part a, i.e.,
orderingwas llI>d > g > 1 > a> h > i from highest to both peaks | and Il ofl have higher buildup rates than the
lowest buildup rates when the proton of the methine groups acyl chains and the terminal methyl groups of DMPGOd

in the glycerol backbonee| was saturated. This shows that i) when a peak of the head groups of DMPC is saturated.
both proton peaks | and Il of the THF rings bhave higher These observations support the conclusion that the differ-
buildup rates than the acyl chairty éind the terminal methyl ~ ences in buildup rates are not the results of spin diffusion
groups () of DMPC when the proton of the glycerol effects but rather the results of larger dipole couplings and
backbone of DMPC is saturated. This observation agreesshorter interproton distances. Similar to Figure 10 for
with the data shown in parts-BD of Figure 11. In part B compoundl, Figures 11 and 12 show the percentages of
of Figure 10, the overall ordering wéds>> g > e > d = growth of NOEs with2 and 3, respectively. Bott2 and3

a > c > lll = I, which clearly shows that both peaks | and showed virtually the same results &si.e., peaks | and I
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Ficure 7: 1H NMR difference NOE spectrum of perdeuterated lipid D-67 with parvifl@)rd{spersions. The peak assignments are listed
in Table S 2A, irradiation of V; B, irradiation of 1l. The control spectrum (DOF 2000 Hz) was subtracted from the spectrum with an

irradiation of V/II. I: *, 1I: §, lIl: .

of the THF rings of2 and3 had higher NOE buildup rates
than did those of the acyl chains and the terminal methyl
groups of DMPC If andi) when a peak of the head groups
of DMPC (g, d, or a) was saturated but lower buildup rates
when the terminal methyl peak of DMPQ (vas saturated.

DISCUSSION

Throughout this study, significant line broadening was
observed irtH spectra of DMPC dispersions due to the size

of the sonicated vesicles. As the radius of spherical vesicles
increases, the lateral diffusion of individual phospholipid
molecules in the bilayer becomes the relevant correlation
time rather than the random reorientation of the vesicle as a
whole. This limitation is the main reason why micelles with
a radius of~20—25 A, have been more popular for NMR
studies of this kind than liposomes whose minimum radius
is about 120 A. However, the packing of micelles is very
different from that of bilayer vesicles. For the lipid
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Ficure 8: 1H NMR difference NOE spectrum of perdeuterated lipid D-67 with longimicir8Bd{spersions. The peak assignments are
listed in Table S 2A, irradiation of V;B, irradiation of 1. The control spectrum (DOF 2000 Hz) was subtracted from the spectrum with
an irradiation of V/IL. I: *,II: §, Ill: .

dispersion systems studied here, NOE buildup curves are aand oix is the cross-relaxation rate between sgirad X.
powerful technique as they depend on the cross-relaxationAt t = 0, X, = X%, I, = 1%, andS, = 0, so that, from eq 1,

rate rather than spin diffusior8g, 34). the initial rate is
Ideally, only cross-relaxation determines the initial buildup
rates 83). The rate of change of thecomponent of spin di/dt|,_o = 0}5 §)Z (2)
(I) with time () on the saturation of spiBin a multispin
system is given by Right afterSis saturated, cross-relaxation at a rate
starts, but the relaxation éfat a rateR, begins significantly
dijdt=—R(l,—1%) —05(S,— S, — only at later times. The cross-relaxation rate in the homo-

nuclear case can be estimated as

ZXGIX (%= X%) (@)

. . . _ [Ho\2 Ryt 6t -6
whereR is the spin relaxation rate of spindue to other 95 27l T0li 22 T Ms 3)
spins,ois is the cross-relaxation rate between spiasdS, 1+ 407,
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whereuo = permeability constant, = Plank’s constanty
= magnetogyric ratio of protony = Larmor frequencyrs
= distance between spinandS, 7o = correlation time for
the coupled dipoles. There are two variablesandzy, in

Biochemistry, Vol. 37, No. 3, 199863

1079 (35, 36). In the NMR time scale, the phospholipid’s
torsional motion is for proton dipolar interactions in typical
phospholipids, i.e., the correlation time and can be
assumed to be consta0( 37, 38). Thus,oisis proportional
tors S, i.e., the initial buildup rate of the NOE enhancement
is proportional tor;s®. The rate at which the slope of the
NOE buildup curve falls away from linearity depends on
spin diffusion and the spinlattice relaxation rate of. For
liposome systems, which have very short relaxation times,
the linearity of the NOE buildup curve is limited to short
mixing times @9, 20, 28, 31). Spin diffusion effects are
inevitable in these lipid dispersions. Therefore, the com-
parison of buildup rates for estimation of contact points is
valid only during a period that is short enough relative to
the rate of spin diffusion in liposome systems.

The distances between two chemical groups from the NOE
buildup results were calculated using eq 3. The distance
between the chemical groups and ¢ of DMPC was
estimated as 3.4 A. Then this was used as a reference
distance to determine other distances by comparing the slopes
of the buildup curves based on eq 3. It was revealed that
all distances calculated were in the range 634, around
5 A is the maximum detectable lipid distances due to spin
diffusion effects. Nonetheless, the calculated distances could
be divided into two groups: less than 3.6 A, and more than
3.6 A, as summarized in Table 1. Although | must have a
buildup rate similar to that of Il (both I and 11l are from the

eq 3. Motions in the liposome system are divided into three THF ring region), | tended to show a buildup curve rate

classes:

(~1078 s), and the phospholipid’s torsional motion (36
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random reorientation of the vesicle as a wholebetween Ill anch because | includes contributions fram
(~10°3 s), lateral diffusion of the individual molecules

due to partial peak overlap. It was clearly shown that, even
though lipid dispersion systems suffer from spin diffusion,
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irradiation ofd; D, irradiation ofa. e (O); d (O); Il (<); ¢ (X); a (®); g (+); 1 (2); h (@); i (W). The peak assignments are listed in Table

S 2.
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measurements of the initial rates of NOE buildup curves terminal methyl groups of DMPG)(and the methylene alkyl
match the known interproton distances. chain region of DMPCH). These results suggest that the
From the truncated NOE experiments, the THF rings of locations of the lactone rings of these asimicin-type aceto-
each acetogenin reside near the polar interfacial head grougdenins depend on the length of the alkyl chain between the
region of the DMPC membranes. This conclusion was also THF rings and the lactone rings.
supported by the NOESY experiments in which the THF  These observations are also mutually supported by the
rings gave strong correlations with the glycerol backbone Mn?"-broadening experiments; the proton signals for the THF
region of DMPC. The DSC studies indicated tlatnd2 rings of all acetogenins tested were broadened by addition
exhibit a characteristic transition profile for amphiphilic of Mn?". This indicates that the THF rings are in the range
compounds, which strongly interact with the glycerol back- of 10 A from Mr?*, i.e., closer to the polar head groups
bone and the polar head group of the phospholipa#. ( than to the midplane of the DMPC bilayer membranes. The
In the NOESY experiments, there was no strong cross- lactone rings ofl and2 experienced less peak broadening
peak between the lactone peaks (V and 1V) and DMPC. This than the THF rings of these compounds. This again suggests
suggested that the lactone rings might not have as well-that the lactone rings of and 2 are located closer to the
defined a location in the membrane as the THF rings or that interface than to the midplane of the membrane, but are
the cross-peak intensities were not high enough to be seerPelow the THF rings. The lactone ring 8fshowed little
in a two-dimensional spectrum. To investigate the lactone effect in the presence of Mh, which indicates that the
ring peaks specifically, difference NOE experiments were lactone ring of3 resides closer to the midplane of the
conducted, and—3 exhibited different NOE buildup pro- ~membrane.
files. For compound 1, which has the longest alkyl chain A number of compounds containing lactone rings have
length between the THF rings and the lactone ring of the been reported to be cytotoxi8%-41). The reduction of
three compounds tested, the NOE buildup data indicate thatthe double bond in the lactone ring of bullatac#) (the
the lactone ring showed the NOE buildup withmethylene C-24 epimer ofl) caused a 10reduction in cytotoxicity
groups @) just below the interfacial region of DMPC. (1). Such results imply that the unsaturajethctone subunit
Acetogenin2, which has a two-carbon shorter alkyl chain is crucial for the potent cytotoxicity of acetogenins. The
length between the two ring systems, showed an NOE current study indicates that the location of the lactone ring
buildup with the lower acyl chain region rather than the moiety of the asimicin-type acetogenins in the membrane is
a-methylene groupshj; this indicates that the lactone ring determined by the length of the alkyl chain between the THF
of 2 is located between the interfacial region and the rings and the lactone ring. CompouBdexhibits at least
midplane of the membrane. Compoudvhich has a four- 1 less cytotoxicity against multidrug-resistant cells (MCF-
carbon shorter alkyl chain, showed NOE buildups with the 7/Adr) (17) and 10 less cytotoxicity against human colon
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adenocarcinoma cells (HT-292) compared withl. Thus, other hydroxyl, and they could also experience interactions
the location of the lactone ring moiety in the lipid bilayer with the oxygens in the backbone of the phospholipid. A
correlates well with the level of cytotoxicity. Although some better understanding of the mode of action and the molecular
acetogenins lacking THF rings are known to be cytotoxic, geometry of the acetogenins within the lipid membranes of
they are relatively much less potent, and the presence of thevarious cell types may help to establish useful therapeutic
THF rings in the acetogenins certainly enhances their uniqueselectivities of this type of compounds.
cytotoxic potency 43, 44).

Considering the above data, we propose that the THF rings, ACKNOWLEDGMENT
with their flanking hydroxyl groups, act as a hydrophilic _ _ . .
anchor in the lipid membrane. The position of the THF ring- The useful discussions with Dr._C. Pidgeon and he!p from
anchor along the acetogenin chain determines the depth o€ research group of Dr. S. Nail for the DSC studies are
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