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by visible light irradiation for 5 min at 25 °C!¢ on the above
liposome suspension brought about significant transfer of Phe from
the interior of the liposomes to the exterior. Keeping the system
in the dark at the same temperature did not lead to any sponta-
neous release of Phe (Table I). Additional transport of the amino
acid took place by repeating the above procedures. This means
that our present system functions repeatedly until an equilibrium
concentration of Phe between the interior and the exterior of
liposomes is attained. Decreasing the pH of the interior of the
liposomes from 6.0 to 5.0, while keeping that of the exterior
constant at pH 8.5, diminished the transport efficiency for Phe
from 13.2 £ 1.2% t0 6.2 = 0.7%. This may be caused by pro-
tonation of the p-nitrophenolate moiety of the dye situated at the
inner surface of liposomal bilayers, thereby impairing the for-
mation of the ionic complex with zwitterionic Phe. When Phe—
OMe was encapsulated in liposomes, substantial amounts of
Phe-OMe were adsorbed on the outer surface of the liposomes
even after gel filtration to eliminate free amino acid in the bulk
aqueous solution. Under the circumstances, most interestingly,
Phe—OMe was transported from the exterior to the interior of the
liposomes against the concentration gradient (Table II). This
was true also for the case when more Phe—~OMe was added to the
exterior. Though we cannot clarify the reason at the present time,
it may be ascribed to the greater hydrophobicity of Phe-OMe
compared with Phe and/or asymmetry in the distribution of 2
between the outer and inner leaflets of bilayers.!” In any event,
we have succeeded in the photocontrolled transfer of an amino
acid across liposomal membranes accompanied by the photo-
chromism of 1 embedded in the membranes, as schematically
illustrated in Figure 1.

The fluidity change of the liposomal membranes caused by the
photochromism of 1 was also investigated by use of the fluores-
cence depolarization technique.’® 1,6-Diphenylhexatriene and
N-dansylhexadecylamine? have been intercalated in liposomal
bilayers as fluorescent probes in order to monitor the fluidity of
membranes.?! The former is localized in the hydrophobic domain
of membranes,!® while the latter binds close to the surface of
membranes.? For both probes, the fluorescence polarization was
increased with an increase in the concentration of the ring-opened
species 2 upon UV irradiation. This suggests that the ring-opened
species certainly immobilizes regions of both the surface and
hydrophobic domains of bilayers, thereby possibly leading to a
reduction in the diffusion of the complex and the photospiran 1
itself.

Several carrier-mediated transports of amino acids across liquid
membranes (Pressman cells) have been reported.’? However,
none of them are photoresponsive, and the amino acids transported
were not in the neutral form but were present as the ammonium
or carboxylate salt. Thus, to our knowledge, the present system
must be the first success in mimicking the transport of free amino
acids across cell membranes. Most unfortunately, however, there
still remain several disadvantages such as the restricted movement

of the vehicle, with or without a passenger, in membranes, the
competitive interaction of 2 between the amino acid and the
phosphatidylcholine moiety of lecithins, and the photochemical
instability of the photospiran 1 itself. Further investigation is in
progress in our laboratories to enhance transport efficiency.

Registry No. 1, 1498-88-0; 2, 18457-95-9; phe, 63-91-2; phe-OMe,
2577-90-4.
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I’N NMR has been used to characterize the solution confor-
mation of several cyclic polypeptides such as gramicidin $S? and
viomycin® and others,* as well as linear peptides.>” Those ex-
periments have demonstrated that '’N NMR is particularly well
studied for probing hydrogen bonding and solvent exposure
properties of peptide nitrogens and carbonyls. We have recently
described the isolation and characterization of actinomycin D
(Figure 2) isotopically labeled at each nitrogen with 1N at greater
than 90% enrichment.® 1In that report we assigned the >N NMR
spectrum of [**N]actinomycin in organic solvents as well as in
water. We now present the first 1N NMR spectrum of a drug
in aqueous solution complexed with the dinucleotide d(pGpC) and
with short segments of calf thymus DNA as part of our studies
on the role of peptide conformation in the binding of actinomycin
to nucleic acids.>!!

The effect of adding excess d(pGpC) is shown in Figure 1 and
Table I. Actinomycin D is known to form a tight complex with
d(pGpC) (one drug: two dinucleotides),!>! and this dinucleotide
represents the preferred DNA binding site. The dimerization of
actinomycin in water at millimolar concentrations is well docu-
mented.!* Thus, for the spectrum of the free drug monomer, we
refer to results obtained in a 93 mol% water/7 mol % methanol
mixture.® The spectrum of the drug in aqueous buffer under
conditions favoring dimer formation is included in Figure 1.

I’'N NMR chemical shifts are sensitive to both solvent and
conformation. While the relative importance of these effects has
not been completely elucidated for actinomycin, our interpretation
of the observed spectral changes is based on ’N NMR results
obtained on other peptide systems.>”” The large downfield shifts
of the Pro resonance are consistent with the formation of the two
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Table I. !N NMR Chemical Shifts of [!*N]Actinomycin D®
Pro Val Thr MeVal Sar NH,
93 mol % water/7 mol % methanol? 30.4, 29.8 7.6, 6.5 19,1.2 -2.5 -8.2 -30.5
aqueous buffer? 34.7,34.3 8.9, 8.2 5.1,4.5 3.8 -3.8 -33.2
aqueous buffer + d(pGpC)© 357 0.4,9.8 3.6,2.4 4.5 -3.3,-38 -33.3
aqueous buffer + calf thymus DNAS 4 36, 34.8 9.6, 7.5 3.8

@ Chemical shifts in ppm referenced to neat formamide at 15 °C, except the DNA spectrum is at 25 °C; downfield shifts are positive. See
figure legends for experimental conditions. b Assignments based on 'H decoupling, selective nuclear Overhauser effect measurements, and
solvent titrations; see ref 8. ¢ Assigned by reference to free drug spectra.
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Figure 1. N NMR spectra of [**N]actinomycin D at 10.14 MHz at 15
°C: (top) 10 mM in 93 mol % H,0/7 mol % CH,OH, 600 transients;
(middle) 1.5 mM in BPES buffer (0.1 M phosphate, 0.18 M NaCl, 0.01
M Na,EDTA, pH 7.0) containing 10% D,0O, 16 000 transients; (bottom)
5 mM in the presence of 20 mM d(pGpC) in BPES buffer, 15000
transients. Spectra were obtained on a Varian XL-100 in the FT mode
with a 40° pulse, 1.4-s acquisition time, 2-s cycle time, £1500-Hz
spectral width, internal or external D,O lock, and continuous broad band
'H decoupling with resultant negative nuclear Overhauser effect factors.
Assignments are shown for top spectrum.

Val N-H to Val C=0 interpeptide hydrogen bonds in both the
aqueous dimer and the complex with d(pGpC). These bonds have
been observed in the crystal structure of the actinomycin—deox-
yguanosine complex!® and more recently in the crystal structure
of the drug complexed with d(GpC).!8 The downfield shifts
observed for Sar and MeVal also reflect interactions at the shared
carbonyl of the peptide bond.

The Val and Thr resonances may be affected by interactions
at both the N-H and C=0 groups of the peptide bond. Hydrogen
bonding at the C=Q group produces significantly larger downfield
shifts of the peptide nitrogen than those resulting from hydrogen
bonding at the N-H group.? The low-field position of the Val
peaks in both the dimer and the dinucleotide complex are expected
for the interpeptide hydrogen bonds discused above. These peaks
occur further downfield in the dinucleotide complex than in the
dimer, which is consistent with the presence of a hydrogen bond
spanning the guanine amino group to the Thr carbonyl.I%!¢ This
is the first evidence in support of the participation of the Thr
carbonyl in such an interaction in solution.

The Thr resonance is shifted downfield to a smaller extent in
the dinucleotide complex than in the dimer. This may be due to
differences in chromophore stacking and/or solvent interactions
at the phenoxazone carbonyls. The weak hydrogen bond between
the Thr N—H and the guanine N3 observed in the complexes with
deoxyguanosine!® and d(GpC)!¢ would only shift the Thr peak
slightly to lower field. This interaction, if present, is masked by
other effects such as decreased solvent exposure of the chromo-
phore carbonyls, which would induce large upfield shifts. The
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Figure 2. N NMR spectrum at 50.66 MHz of ['*N]actinomycin D (1.4
mM) in the presence of calf thymus DNA (25 mM in nucleotides) in
BPES buffer at 25 °C. DNA was digested to average length of 40 base
pairs, determined by polyacrylamide gel electrophoresis, by DNAse 11
and S nuclease. The spectrum was obtained on a Bruker WM 500
instrument without proton irradiation, 40° pulse, 0.58-s acquistion time,
2.1-s cycle time, spectral width £7050 Hz, 14000 transients. Inset shows
actinomycin D structure.

upfield shift of the amino group in Figure 1 is consistent with
stacking interactions with the G-C base pairs.

Figure 2 shows the 'H-coupled 1N NMR spectrum at 50 MHz
of actinomycin D in the presence of excess calf thymus DNA
enzymatically digested to an average length of 40 base pairs.
While the two Pro resonances appear superimposed in the di-
nucleotide complex, here they are split by 1.2 ppm (see Table 1),
twice the splitting observed in the other spectra. This enhanced
magnetic nonequivalence in the Pro resonances supports the notion
of asymmetry proposed by Sobell and co-workers with regard to
the two peptide rings in the DNA complex,!” which is not expected
in the dinucleotide complex. We have recently proposed a mo-
lecular explanation for the slow rates found for the DNA disso-
ciation kinetics of actinomycin in terms of cis—trans isomerization
about the Val-Pro and possibly the Pro—Sar peptide bonds in one
of the peptide rings.*!! Such a conformational change would entail
differences in 1N chemical shifts similar to our observations.®

As in the dinucleotide complex, the Val peaks appear to occur
downfield from the MeVal Peak. The overlapping resonances
upfield from MeVal in Figure 2 represent the Thr and Sar peaks,
which appear further upfield than in the dinucleotide complex.
Higher resolution spectra are needed, however, to provide firm
assignments. Additional Val or Thr peaks may lie under the
MeVal peak.

The experiments described above demonstrate that XN NMR
has the potential for providing a great deal of information on the
solution structure of actinomycin—nucleic acid complexes. In
particular, the presence of a drug-specific label permits direct
comparison of the drug bound to model nucleotide systems and
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to DNA. Studies currently underway with defined sequences of
oligonucleotides should provide a more detailed picture of the
peptide conformation in the bound drug. Other drugs should also
be amenable to ’N NMR, provided that isotopic enrichment is
possible.
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In this communication, we describe an NMR technique that
provides a direct measure for the homogeneity of solids on a
molecular level. Most solid systems are to some degree disordered.
Disorder may range from rare stacking faults in single crystals
to heterogeneous mixtures of amorphous substances. For example,
in a solid consisting of two or more molecular species, isomers,
conformers, or ions, it is possible that phase separation has oc-
curred on a microscopic scale.

Diffraction methods, which are most suitable for the study of
periodic structures, also provide information on disorder.!-*
Further insight can be obtained from thermal analysis® and from
electron microscopy.” However, strongly disordered solids remain
difficult to characterize.

The method proposed in the present communication is based
on the phenomenon of nuclear spin diffusion that may occur
between pairs of adjacent spins. Pairs of nuclear spins i and k
in the solid are coupled by magnetic dipole~dipole interaction
which can induce mutual spin flips with a rate proportional to
1/ry® in the case of a rigid lattice and proportional to 1/r,% in
the presence of motional processes.®'* Due to the strong de-
pendence on nuclear separation ry, spin diffusion is almost ex-
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Figure 1. Two-dimensional carbon-13 spin diffusion spectra of mixtures
of adamantane and 2,2,3,3-tetramethylbutane: (a) mixture of powders;
(b) mixture by melt. Note the absence of cross-peaks between signals
belonging to different species in the heterogeneous sample in Figure la.
The spectra were recorded with static samples at room temperature with
a Bruker CXP 300 spectrometer according to the procedure described
in the text (v, = 5 s) and are presented in phase-sensitive mode. The
phases of the last two 90° pulses were cycled together through x,y,-x,-y
phases while the signals were alternately added and subtracted.

clusively confined to neighboring molecules. If spin diffusion can
be measured between two different species, then these species must
be intimately mixed on a microscopic level.

A prerequisite for the measurement of spin diffusion rates is
the ability to resolve NMR signals characteristic of the species
under investigation. Carbon-13 solid-state NMR is particularly
suitable because the dispersion of the chemical shifts is large
compared to the line widths. The low natural abundance of
carbon-13 reduces the spin diffusion rate due to large average
nuclear separation. However, experiments have shown that in
most solids with and without motional processes carbon-13 spin
diffusion can be detected.!6!

Spin diffusion between individual sites in solids is formally
analogous to cross relaxation and chemical exchange in liquids
and can most conveniently be traced out by two-dimensional (2-D)
exchange NMR spectroscopy, a method that has been used in
liquids'®-2! and has recently been applied to solids by Szeverenyi
et al.’¢ and by Suter and Ernst.2? After initial cross polarization,
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