J. Am. Chem. Soc. 1989, 111, 5013-5015 5013

The carbonyl adduct 3 is extremely labile, a feature which has
made complete characterization difficult. Thus briefly flushing
a solution of 3 with nitrogen rapidly causes a color change to
orange,'’ and the 'H and 3P NMR spectra of this solution are
identical with those of 1.1¢ This ready recovery of 1 from 3
strongly suggests that the latter remains trinuclear and its infrared
and NMR spectra!” indicate a symmetrical structure. The ad-
dition of 3 equiv of tert-butylisocyanide to 1 produces a single
species, 4, as indicated by the 'H and 3'P NMR spectra'® which
are invariant over the temperature range 298-224 K. Given the
stoichiometry of the reaction and the lack of evidence in the 3P
NMR spectrum for unsymmetrical substitution or the presence
of more than one species (i.e., fragmentation of the trimer) we
believe that 4 is also a symmetrical adduct of 1. Although
fluxionality in 4 cannot be conclusively ruled out, the invariance
of the NMR spectra with temperature would require a high degree
of fluxionality which does not seem likely based on previous
experience with isocyanide complexes of the “A-frame” type.!®
Unfortunately, attempts to determine if intermolecular exchange
of isocyanide ligands occurs were frustrated by further reaction
of 4 with the added isocyanide to ultimately form [Rh(CNBu’),]*.

The ready recovery of 1 from 3 and the apparent formation
of a single species from 1 and 3 equiv fert-butylisocyanide suggests
that 3 and 4 be formulated as [Rh;Cl;L,(MeN(PF,),)3] (L = CO,
CNBu'). In the absence of structural data we cannot say whether
these ligands have simply added to the metal atoms or whether
cleavage of the chloride bridges has also occurred. The high value
of vcg in 3 tentatively suggests the latter.

The results obtained here underscore the unpredictable com-
plexing tendencies of RN(PR’;), (R = Me, Et; R’ = F, OMe,
OPr/, OCH,-) ligands. Thus with rhodium alone it is possible
to obtain monomers,2® a variety of symmetrical?*®*2? and unsym-
metrical*?! dimers, and even trimers depending on the nature of
the substituents on both nitrogen and phosphorus. We are con-
tinuing to explore these interesting systems and will report further
details in the future.
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(14) 'H NMR ((CD;),CO) 6 3.19 (3 H, t (J = 7.3 Hz)), 3.02 (6 H, m).
The complex was insufficiently soluble to obtain a satisfactory 3'P NMR
spectrum,

(15) Evaporation of the solution of 3 with a CO stream yields a dark
greenish blue solid which rapidly becomes orange in vacuo. Adduct 3 is thus
quite labile even in the solid state.

(16) 'H NMR (CDCly) 6 2.99 (t, Jp.y = 7.4 Hz); 3'P NMR (CDCl;/
CH,Cly) 6 135 (AA’X,X,"M).

(17) IR spectrum vco = 2056 cm™ (Nujol), 2064 cm™ (CH,Cl, solution);
'H NMR (CDCl;, 224 K) 6 3.04 (t, Jp,; = 7.0 Hz); 'P NMR (CDCl,, 224
K) 6 135 (m). Although not well-resolved, the 3'P NMR spectrum appears
as a symmetrical multiplet which is clearly different from that of 1. The
symmetrical appearance together with the single terminal carbonyl stretching
frequency indicates the presence of a single species with a symmetrical dis-
position of carbonyl ligands. On warming the 3'P resonance broadens pre-
sumably because of CO exchange and on flushing with nitrogen becomes that
observed for authentic 1.

(18) IR spectrum scy = 2210, 2171 em™ (toluene); 'H NMR (CDCl,, 298
K) 62,94 (9 H, t (Jp.g = 7.1 Hz)), 1.49 (27 H, 5); *'P NMR (CDCl;, 298
K) é 137 (m). The 'H and 3'P NMR spectra are invariant down to 224 K,
and the latter appears as a symmetrical complex multiplet. Because of the
large number of spins involved, a simulation was not feasible, but the sym-
metrical appearance strongly argues for chemical equivalence of all phosphorus
atoms, a conclusion consistent with the single chemical shifts observed for the
ligand methyl groups and for the rert-butyl groups.

(19) Loss of isocyanide occurred on drying the apparently crystalline
samples of 4 obtained from these solutions which prevented obtaining reliable
analyses. This loss was evident from *'P NMR spectra of the dried solid which
showed a mixture of 1 and 4 to be present.

(20) Mague, J. T.; Lloyd, C. L. Organometallics 1988, 7, 983.

(21) Haines, R. J.; Laing, M.; Meintjies, E.; Sommerville, P. J. Organo-
metl. Chem. 1981, 215, C17.

(22) Mague, J. T. Unpublished observations.
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Obtaining detailed structural information on enzyme/inhibitor
complexes by NMR spectroscopy is a formidable problem due
to the difficulties in analyzing the large number of broad, over-
lapping NMR signals. In order to simplify the proton NMR
spectra of ligand/macromolecule spectra, several experimental
approaches have been proposed.!> Recently, we have described*
a method for studying enzyme/inhibitor complexes with use of
isotope-editing techniques® in which only those protons attached
to the isotopically labeled nuclei (13C, '*N) of the ligand are
detected. By using these techniques, we were able to determine
the conformation of a tightly bound inhibitor of porcine pepsin
and help define its active-site environment.?

In this communication, we present a simple, alternative method
for providing the same type of structural information on large,
enzyme/inhibitor complexes that has several practical advantages
over previously proposed techniques. The method involves the
subtraction of two-dimensional NOE spectra of two enzyme/in-
hibitor complexes prepared with either a protonated or a deu-
terated inhibitor. At short mixing times, only NOEs involving
ligand protons that have been replaced by deuterium are observed
in the 2D NOE difference spectrum.

The technique is illustrated by using the same pepsin/inhibitor
(Figure 1) complex (MW = 35 kD) that has been previously
studied by isotope-editing procedures.’ This system was chosen
to be able to evaluate the reliability of the method. Figure 2A
depicts a contour map of a 2D NOE spectrum of the protonated
inhibitor (Figure 1) complexed to pepsin minus a 2D NOE
spectrum of pepsin bound to the inhibitor perdeuterated at P;.
The 2D NOE difference spectrum is markedly simplified com-
pared to the individual 2D NOE data sets (not shown), making
it possible to interpret the data. NOEs between ligand protons
(e.g., P3H*/P,H®, P,H*/P;H?) help define the P, side-chain
conformation of the bound inhibitor, and NOEs between the ligand
and enzyme (boxed NOEs) provide structural information on the
active site. For example, the NOEs observed between the P;
methyl groups of the ligand and enzyme indicate that the P; side

(1) (a) Albrand, J. P.; Birdsall, B.; Feeney, J. Int. J. Biol. Macromolecules
1979, 1, 37-41. (b) Clore, G. M.; Roberts, G. C. K.; Gronenborn, A.; Birdsall,
B.; Feeney, J. J. Magn. Reson. 1981, 45, 151-161. (c) Clore, G. M.; Gro-
nenborn, A. M. J. Magn. Reson. 1982, 48, 402-417. (d) Clore, G. M.;
Gronenborn, A. M,; Carlson, G.; Meyer, E. F. J. Mol. Biol. 1986, 190,
259-267 (1986).

(2) (a) Schmidt, P. G.; Bernatowicz, M. S.; Rich, D. H. Biochemistry
1982, 21, 1830-1835. (b) Anglister, J.; Frey, T.; McConnell, H. M. Bio-
chemistry 1984, 23, 5372-5375. (c¢) Moonen, C. T. W.; Scheek, R. M;
Boelens, R.; Muller, F. Eur. J. Biochem. 1984, ]41, 323-330. (d) Mildvan,
A.S.; Fry, D. C. Adv. Enzymol. 1987, 59, 241-313. (e) deJong, E. A. M.;
Claesen, C. A. A,; Daemen, C. J. M.; Harmsen, B. J. M.; Konings, R. N. H,;
Tesser, G. I.; Hilbers, C. W. J. Magn. Reson. 1988, 80, 197-213.

(3) (a) Schmidt, P. G.; Bernatowicz, M. S.; Rich, D. H. Proceed. 7th Am.
Pept. Symp. 1981, 287-290. (b) Peyton, D.; Sardana, V.; Breslow, E. Bio-
chemistry 1987, 26, 1518-1525. (c) Seeholzer, S. H.; Cohn, M.; Putkey, J.
A.; Means, A. R. Proceed. Natl. Acad. Sci. U.S.A. 1986, 83, 3634-3638.

(4) Fesik, S. W.; Luly, J. R.; Stein, H. H.; BaMaung, N. Biochem. Bio-
phys. Res. Commun. 1987, 147, 892-898,

(5) Fesik, S. W.; Luly, J. R.; Erickson, J. W.; Abad-Zapatero, C. Bio-
chemistry 1988, 27, 8297-8301.

(6) (a) Freeman, R.; Mareci, T. H.; Morris, G. A. J. Magn. Reson. 1981,
42,341-345. (b) Bendall, M. R.; Pegg, D. T.; Doddrell, D. M.; Field, J. J.
Am. Chem. Soc. 1981, 103, 934-936. (c) Griffey, R. H.; Redfield, A. G.;
Loomis, R. E.; Dahlquist, F. W. Biochemistry 1985, 24, 817-822. (d) Wilde,
J. A,; Bolton, P. H.; Stolowich, N. J.; Gerlt, J. A. J. Magn. Reson. 1986, 68,
168-171. (e) Otting, G.; Senn, H.; Wagner, G.; Wuthrich, K. J. Magn.
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Figure 1. Structure of the pepsin inhibitor.

chain of the inhibitor is close to aromatic protons (Ha, Hb), and
other protons of the enzyme that resonate at 2.65 ppm (Hd) and
0.56 ppm (Hg).

In Figure 2B a 2D NOE difference spectrum is shown of the
protonated inhibitor (Figure 1) bound to pepsin minus a complex
prepared with the inhibitor perdeuterated at P,. NOEs are ob-
served between the P, protons of the ligand (e.g., P,H*/P,H®3,
P,H%/P,HY) and between the protons of the inhibitor and enzyme
(H¢.H.H;). In contrast to the NOEs obtained for the P, side
chain, no NOEs were observed between P, and any aromatic
protons of the enzyme.

The NOEs that were obtained from the 2D NOE difference
spectra are the same as those observed in the isotope-edited 2D
NOE spectra of the pepsin/inhibitor complex prepared with
ligands 1*C-labeled at P, or P;.° Furthermore, the NOE data are
consistent with a model of this pepsin/inhibitor complex® built
from a partially refined X-ray crystal structure of porcine pepsin
complexed with a similar inhibitor.” Thus, this method is reliable
and can be used to obtain NOEs which are important for defining
the active site structure of enzyme/inhibitor complexes. In ad-
dition, a high signal to noise is obtained in this experiment as
illustrated by the w, traces extracted at the frequencies of Hy
(Figure 2A) and P,H* (Figure 2B).

In order to obtain 2D NOE difference spectra such as those
depicted in Figure 2 which are relatively free from artifacts, the
NMR samples of the enzyme/inhibitor complexes had to be
prepared in an identical manner from the same stock solution of
enzyme, and the experimental conditions to acquire the NMR
data (see legend of Figure 2) needed to be kept constant. In
addition, to avoid base line distortions, the receiver phase of the
first 2D NOE slice of each data set was adjusted for pure ab-
sorption (0°) prior to the start of the experiment.? and, to improve
the dynamic range, the data were oversampled® in ¢, by using a
spectral width of 23810 Hz over 2048 complex points.

It was also found to be important to process the NMR data
in a particular manner. For example, a base line correction in
w, (fifth-order polynomial) was required before subtracting the
2D NOE data sets. It was also necessary to multiply each 2D
NOE data set by a suitable constant before subtracting the data
to minimize the residual signals in the 2D NOE difference spectra.
Further improvements in the data set were obtained by applying
a base line correction to the subtracted data sets in w, and w; using
a fifth-order polynomial followed by symmetrization of the data.
No artifacts were observed in the NOE difference spectra due
to the narrowing of the proton signals by nearby deuterons, nor
were difference NOEs observed at a mixing time of 50 ms between
protons of the protein that might arise from three spin effects
altered by the presence of deuterium, With use of these methods,
the only remaining artifacts in the 2D NOE difference spectra
were due to the imperfections associated with the subtraction of

(7) This crystal structure was solved by using the inhibitor (25,3R,45)-
2-(EtOC-p-1-Phe-Leu-amino)-1-cyclohexyl-3,4-dihydroxy-6-methylheptane
complexed with porcine pepsin. A preliminary account of this work was
presented by Erickson, J.; Abad-Zapatero, C.; Rydel, T. J.; Luly, J. at the 14th
International Congress of Crystallography, Perth, Australia, 1987.

(8) Marion, D.; Bax, A. J. Magn. Reson. 1988, 79, 352-356.

(9) Delsuc, M. A.; Lallemand, J. Y. J. Magn. Reson. 1986, 69, 504-507.
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Figure 2. Two-dimensional NOE difference spectra calculated from a
2D NOE spectrum of a protonated inhibitor complexed to pepsin minus
a 2D NOE spectrum of pepsin bound to an inhibitor perdeuterated at (A)
P, or (B) P,. Before subtraction, the 2D NOE data of the pepsin/in-
hibitor complex obtained with the inhibitor perdeuterated at P; and P,
were multiplied by a constant of 0.75 and 0.87, respectively. The indi-
vidual 2D NOE data sets were acquired at 40 °C with identical param-
eters on a Bruker AM 500 NMR spectrometer. A conventional 2D NOE
pulse sequence was employed by using a mixing time of 50 ms, an ac-
quisition time of 86 ms, and a 1.3-s delay between scans. (7, = 0.7-1.1
s for pepsin protons.) The residual solvent signal was suppressed by
applying rf irradiation at very low power (yB, = 10 Hz) during the
mixing time and delay between scans. A total of 256 scans were acquired
for 2 X 110 ¢, increments. The NMR data were processed on a Vax 8350
with a slave CSPI array processor by using the FT NMR program of Dr.
Dennis Hare and software written at Abbott Laboratories. A Gaussian
multiplication was applied in both dimensions before Fourier transfor-
mation. NOEs between ligand protons are connected by solid lines, and
inhibitor/pepsin NOEs are shown in boxes and labeled as previously
described.’ Traces along w, were extracted from the 2D NOE difference
spectra at the frequencies (w,) of (A) Hy and (B) P,H™

the large diagonal peaks (see traces, Figure 2). Unfortunately,
these artifacts limit the utility of this experiment for unambigu-
ously identifying NOEs close to the diagonal. Another potential
limitation may be the difficulties in obtaining good NOE difference
spectra in H,O, hindering the application of this approach for
studying the exchangeable amide protons.
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In summary, complicated proton NMR spectra of enzyme/
inhibitor complexes can be simplified and made interpretable by
using 2D NOE difference spectroscopy and deuterium labeled
ligands. Analogous to the structural information obtained by
isotope-editing procedures,é these techniques allow the confor-
mations of bound ligands and their active site environments to
be defined. Unlike the isotope-editing techniques, however, this
method does not require additional hardware for x-nucleus de-
coupling, fixed delays in the experiment which decrease the
sensitivity, or carbon-13 labeling of ligands which is typically more
difficult and expensive than deuterium labeling.
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The Indian Ocean shell-less mollusc Dolabella auricularia
superficially appears to lack predator defenses. Such seemingly
defenseless animals are only attacked by certain carnivorous?
members of this gastropod subclass. Evidence is now accumulating
that Opisthobranchia species have developed very powerful
chemical defenses by careful selection and/or biosynthetic ma-
nipulation of various dietary sources such as blue-green algae'®
and sponges?®? (employed by nudibranchs, including possible
protection of egg masses*). Our early (1968-1972)° assumptions
that certain species of shell-less molluscs of, e.g., the Aplysia® and
Dolabella® genera contain potentially useful defensive constituents
of the cell growth inhibitory type has been amply realized by
isolation of the exceptionally potent antimelanoma pentapeptide
dolastatin 10 from D. auricularia.® We now report the isolation
and structural elucidation of a new cell growth inhibitory (P388
lymphoeytic leukemia, PS system’) constituent of this animal that

t Arizona State University.

(1) In commemoration of Professor Carl Djerassi’s 65th birthday. Con-
tribution 174 of the series “Antineoplastic Agent”. Consult the following for
part 173: Pettit, G. R.; Kamano, Y.; Kizu, H.; Dufresne, C.; Herald, C. L,
Bontems, R.; Schmidt, J. M.; Boettner, F. E.; Nieman, R. A. Heterocycles,
in press.

(2) (a) Cimino, G.; Sodano, G.; Spinella, A. J. Org. Chem. 1987, 52,
5326-5331. (b) Thompson, J. E.; Walker, R. P.; Wratten, S. J,; Faulkner,
D. J. Tetrahedron 1982, 38, 1865-1873.

(3) (a) Ksebati, M. B.; Schmitz, F. J. J. Org. Chem. 1987, 52, 3766-3773.
(b) Kakou, Y.; Crews, P.; Bakus, G. J. J. Nat. Prod. 1987, 50, 482-484. (c¢)
Guerriero, A.; D’Ambrosio, M.; Pietra, F. Helv. Chim. Acta 1987, 70,
984-991. (d) Carte, B.; Kernan, M. R,; Barrabee, E. B.; Faulkner, D. J.;
Matsumoto, G. K.; Clardy, J. J. Org. Chem. 1986, 5/, 3528-3532. (e)
Williams, D. E.; Ayer, S. W.; Andersen, R, J. Can. J. Chem. 1986, 64, 1527.
(f) Sodano, G.; Spinella, A. Tetrahedron Lett. 1986, 27, 2505-2508. (g)
Molinski, T. F.; Faulkner, D. J. J. Org. Chem. 1986, 51, 2601-2603.

(4) (a) Roesener, J. A.; Scheuer, P. J. J. Am. Chem. Soc. 1988, 108,
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M. J. Am. Chem. Soc. 1986, 108, 847-849,
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J. J. Am. Chem. Soc. 1987, 109, 6883-6885.
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represents a hitherto unknown type of cyclodepsipeptide.

A small (1.72 g), albeit PS active, fraction prepared as pre-
viously summarized! from 1600 kg (wet wt) of D. auricularia
collected (1982) in the Indian Ocean (East Africa) was further
separated (PS bioassay) by gradient HPLC (RP8 silica gel, 1:1
methanol-water 100% methanol as mobile phase) to afford do-
lastatin 13 (1) as crystals (from methylene chloride-hexane, 10.6
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mg, 6 X 10%% yield): mp 286-289 °C; [a]p +94° (c 0.01,
CH;0H); R,0.56 in 90:10:0.8 CH,Cl,-CH,;OH-H,0; see ref 13
for mass spectroscopy; UV (CH;0H) Ay, (log €), 220 (3.04) nm;
and IR (NaCl plate), and v, 3384, 3315, 2960, 2930, 1733, 1677,
1653, 1529, 1205, 750, and 700 cm™!. Dehydrodolastatin 13 (2)
was obtained as a minor component together with depsipeptide
1 from the same fraction; crystals from methylene chloride—hexane
(0.74 mg, 4 X 10°% yield); mp 127-132 °C; [a]p +38° (¢ 0.005,
CH,0H); R,0.64 (in preceding solvent system); HR FAB MS[M
+ H]+ ObSd 8884492, caled 888.4508 for C46H62N7O”; Uvmax
(CH;0H) A, (log €), 220 (3.11) nm; and IR (NaCl plate), Ay
3382, 3311, 2960, 2930, 1732, 1678, 1653, 1530, 1467, 1202, 750,
and 700 cm™,

On the basis of results of detailed high field (400 MHz) 'H
and '*C NMR and high resolution FAB MS peak matching
experiments, a molecular formula of C4Hg;N;0O,, was deduced
for dolastatin 13 (1). A combination of ‘*H,'H COSY, ‘H,"*C
COSY, and 'H,'H relayed COSY? experiments indicated eight
discreet spin coupled systems of which four corresponded to the
well-known amino acids threonine (Thr), N-methylphenylalanine
(MePhe), and valine (Val, two units). Threonine and the two
valine units were also detected by amino acid analyses of the
products from acid-catalyzed (6 N HCI, 110 °C, 24 h) hydrolysis.
Assignment of the fifth and sixth units as an N,N-disubstituted
phenylalanine derivative was realized by NMR interpretations.
From a series of double and triple relayed coherence transfer
experiments (homonuclear relay) and sensitivity enhanced het-
eronuclear multiple bond correlation experiments (HMBC)? the
sixth unit was found to be the new cyclic hemiacetal (Ahp, for
3-amino-6-hydroxy-2-piperidone, cf. 1) presumably derived from
a Phe-Glu dipeptide precursor (Glu-y-carboxyl-v-aldehyde).'

Continuation of the NMR experiments led to assignment of
the seventh unit as the rare!! dehydro amino acid «,8-dehydro-
2-aminobutanoic acid (cis-Abu),!? presumably from dehydration
of Thr, and the eighth, as 2-O-methylglyceric acid (MeGlc).
Because of some ambiguity, the A-Abu olefin was only tentatively
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(9) (a) Bax, A.; Aszalos, A.; Dinya, Z.; Sudo, K. J. 4m. Chem. Soc. 1986,
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(11) Shimohigashi, Y.; [zumiya, N. Yoki Gosei Kagaku Kyokai Shi 1978,
36, 1023; Chem. Abstr. 1979, 90, 98596.
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11979, 1746-1750. (c) Srinivasan, A.; Richards, K. D.; Olsen, R. K. Tei-
rahedron Lett. 1976, 891-894.
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