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Abstract

Two new peptidic proteasome inhibitors were isolated as trace components from a Curagao
collection of Symploca sp. marine cyanobacteria. Carmaphycin A (1) and carmaphycin B (2)
feature a leucine-derived a, B -epoxyketone warhead directly connected to either methionine
sulfoxide or methionine sulfone. Their structures were elucidated on the basis of extensive NMR/
MS analyses and confirmed by total synthesis, which in turn provided more material for further
biological evaluations. Pure carmaphycins A and B were found to inhibit the B5 subunit
(chymotrypsin-like activity) of the S. cerevisiae 20S proteasome in the low nanomolar range.
Additionally, they exhibited strong cytotoxicity to lung and colon cancer cell lines, as well as
exquisite antiproliferative effects in the NCI60 cell line panel. These assay results as well as initial
structural biology studies suggest a distinctive binding mode for these new inhibitors.
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Introduction

Cyanobacteria (blue-green algae) have shown a remarkable capacity to produce structurally
diverse natural products exhibiting a broad spectrum of potent biological activities.[!]
Notably, a growing number of cyanobacterial metabolites show high cytotoxicity to a
variety of cancer cell lines.[Z] For example, the apratoxin family of depsipeptides are highly
potent cytotoxins.[1:3] The parent compound, apratoxin A, induces G1-phase cell cycle arrest
and apoptosis through interaction with STAT3 and FGFR signaling.[3] Metabolites such as
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the curacins,[4] the dolastatins and their analogues (e.g. symplostatins, gallinamide A,
malevamide D, belamide A),[5] and the cryptophycins(®l have been shown to interfere with
the normal function of microtubules. More recently, a Symploca sp. yielded largazole, a new
class of HDAC inhibitor with potent cancer cell cytotoxicity.l”] The combination of potent
and selective cytotoxic activities, unique mechanisms of action, and novel structural
frameworks that characterizes these cyanobacterial natural products, make them important
lead compounds in the development of new anticancer chemotherapeutics.

Our ongoing efforts aimed at discovering new marine cyanobacterial metabolites with
anticancer potential involve the use of a strategic panel of murine and human cancer cell
lines to screen for cytotoxicity.[8] Employing this key resource, we detected potent activity
in extracts derived from a Curacao collection of the cyanobacterium Symplocasp.[9 A
combination of bioassay and 1H NMR-guided fractionation led us to isolate the exquisitely
active carmaphycins A (1) and B (2),[29] which are cytotoxic and cytostatic through
inhibition of the 20S proteasome (Scheme 1). Herein we report the isolation and structure
elucidation, total synthesis, biological evaluation, and initial structural biology studies of
these new cyanobacterial-derived anticancer agents.

Results and Discussion

Isolation and Structure Elucidation

Browns tufts of Symploca sp. were collected off an anchor rope by snorkel south of the
CARMABI research station in Curacao. The cyanobacterial tissue was extracted repeatedly
with CH,Cl,/MeOH (2:1) and then fractioned by silica gel vacuum column chromatography
to produce nine subfractions (A-1). *H NMR-guided fractionation of the bioactive fraction H
involved normal phase column chromatography and reverse phase HPLC, and led to the
isolation of carmaphycin A (1) and carmaphycin B (2) as colorless oils [ 1.73 mg (0.02%
yield) and 0.26 mg (0.003% yield), respectively ].[}11 Their complete structural elucidation
was accomplished via spectroscopic analysis and total synthesis, as described below.

HRESIMS of 1 yielded an [ M+Na ] * peak at /m/z538.2918, exhibiting an isotopic pattern
comprised of m/z538/539/540 (100:29:9 ratio), suggesting the presence of at least one
sulfur atom. Combined with NMR data (Table 1), this led to the molecular formula
C15H45N306S (caled for C15H45N306SNa, 538.2921), containing 5 degrees of unsaturation
(excluding sulfur). Intense IR absorptions at 3288 (broad) and 1636 cm-1 were consistent
with amide functionalities. Analysis of the 1H NMR spectrum of 1 showed resonances
characteristic of a peptide, including six NH protons (68.05-86.13), six a-methines (64.85-
84.27), three deshielded methyl groups (62.74, 62.71 and §1.52), multiple diastereotopic
methylene protons, and a series of shielded methyl doublets and triplets (§0.95- §0.86).
Intriguingly, the majority of these resonances were arranged in pairs, suggesting this sample
was a mixture of two diastereomers. The 13C NMR of 1 confirmed the peptidic nature of the
new metabolite (Table 1), and also displayed twinned peaks for some of the resonance
bands.

Comprehensive analysis of 1 by 2D NMR, including HSQC, HMBC and COSY, revealed
the sequential combination of a leucine-derived a,p-epoxyketone fragment, a methionine
sulfoxide residue, a valine moiety, and a A~hexanoyl appendage (Scheme 1). The presence
of methionine sulfoxide, observed as a 1:1 mixture of the Rand S sulfoxide diastereomers,
was consistent with the occurrence of twinned resonances in the 1H and 13C NMR spectra
noted above. A standard interplay of HMBC and ESI-MS? data were used to sequence these
residues and derive the planar structure of 1. As expected, chemical shift differences
between the diastereomers (Table 1) are accentuated for those protons (and carbons)
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neighboring the sulfoxide chiral center and located nearby along the peptidic backbone of
carmaphycin A (1).112]

The second new metabolite, carmaphycin B (2), analyzed for Co5H45N307S by HRESIMS
of the [ M+H ] * peak (/m/z532.3045; calcd for CosHsgN307S, 532.3051). With the
exception of one additional oxygen atom, both 1 and 2 showed very similar isotope patterns
by MS as well as comparable IR spectra. Their structural similarity was also apparent by
analysis of the 1H and 13C NMR data (Table 1) which further revealed that compound 2
existed as a single stereoisomer. Extensive analysis by 2D NMR localized the main
chemical shift differences between 1 and 2 to the methionine-derived residue, and because
their molecular formulas differed by a single oxygen atom, it was evident that the sulfoxide
functionality in 1 was replaced by a sulfone in 2; this conclusion was supported by MS?
fragmentation analysis (Figures S4-6).

Total Synthesis

Encouraged by preliminary bioactivity results and recognizing that the extremely small
amounts of isolated 1 and 2 would preclude their stereochemical elucidation as well as any
biological and pharmacological evaluations, we embarked on the total synthesis of both
metabolites (Scheme 2).

A convergent, flexible and scalable approach, in which the readily accessible (2R,55)-a.,-
epoxyketone intermediate 6[13] was attached to either 8 or 9 via PyBOP-mediated coupling,
swiftly afforded synthetic carmaphycin A (1) and carmaphycin B (2) with unoptimized
overall yields of 10% and 7%, respectively. The absolute configuration at C2 and C5 was
determined to be Rand S, respectively, via X-ray analysis of derivative 7. Oxone was used
to quantitatively oxidize the dipeptide sulfoxide (8) to its corresponding sulfone (9). Both
synthetic products were identical by HPLC, MS and NMR comparison with the metabolites
isolated from Symploca sp., thus confirming the proposed structures for the natural products
1and 2. Moreover, each pair showed superimposable CD curves (Figure S9) and shared the
same sign of specific rotation, thus allowing the assignment of their absolute configuration
as 2R, 55 115, 16S.

Biological Activity

The structures of carmaphycins A (1) and B (2) resemble the potent proteasome inhibitor
epoxomicin (10), related a.,B-epoxyketone natural products and synthetic analogues.14]
Among these, carfilzomib is currently in phase 111 clinical trials for treatment of multiple
myeloma.[!] These observations prompted us to evaluate both metabolites for their capacity
to inhibit the B5 subunit (chymotrypsin-like) of the Saccharomyces cerevisiae 20S
proteasome (Table 2).

Pure carmaphycin A (1) and carmaphycin B (2) exhibited potent inhibitory activity,
comparable to that of epoxomicin (10) and salinosporamide A (11). The latter metabolite is
also marine-derived and currently in phase I clinical trials for the treatment of multiple
myeloma.[Xé] Further biological testing of 1 and 2 revealed strong cytotoxicity to human
lung adenocarcinoma (H-460) and colon cancer (HCT-116) cell lines. In the NCI 60 cell line
panel, both carmaphycins displayed exquisite antiproliferative effects to lung, colon and
CNS tumor cell lines; in most of these cell lines, GI50 values were observed between 1 and
50 nM. Interestingly, the most sensitive cell lines to 1 and 2 consistently possess mutations
in either the KRAS or tp53 genes, or both. Upon reaching the Total Growth Inhibition line,
further concentration increases did not cause enhanced cytotoxicity (e.g. the dose response
curves were flat between 100 nM and 10 wM), reminiscent of antitubulin and other
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cytostatic drugs. Thus, to our knowledge the carmaphycins have unique cellular effects quite
different from those of other a.,3-epoxyketones.

Structural Biology Studies

Molecular dynamics (MD) simulations based on existing X-ray crystallography data for the
epoxomicin:S. cerevisiae 20S proteasome complex (including the known morpholino adduct
derived from Thr1 in the catalytic g5 subunit and the a.,B-epoxyketone warhead),[17]
provided some insight on the binding mode of the carmaphycins (Figures 1a and S10a).
Two-dimensional interaction plots displayed a network of hydrogen bonds as well as van der
Waals and solvent interactions between both carmaphycins and the surrounding protein
residues (Figures 1b and S10b). Of key importance, the sulfoxide/sulfone moieties in the
methionine-derived residue are spatially close to the NH group of Gly23, likely enabling a
hydrogen bond between these functionalities.[*8] Superimposition of bound MD-simulated
carmaphycin A (1) with epoxomicin (10), salinosporamide A (11), and the FDA-approved
proteasome inhibitor bortezomib (12) (Figure 1c), indicates the above hydrogen bond with
Gly23 to be exclusive to 1, thus suggesting a distinctive binding mode for these new
inhibitors.

Conclusion

A combined bioassay/NMR guided approach yielded two new a.,3-epoxyketone containing
natural products, the first such compounds isolated from the marine environment. In this
regard, marine cyanobacteria continue to be exceptionally prolific sources of new drug
leads, especially those with anticancer potential. The new carmaphycin natural products
have remarkable cellular toxicity, especially to solid tumor cell lines, suggesting that the
unique sulfoxide/sulfone functional group is imparting novel properties to these potent
proteasome inhibitors. With a chemical synthesis route to the carmaphycins in place,
additional features of the SAR of these proteasome inhibitors are under continuing
investigation.

Experimental Section

General Experimental Procedures

Optical rotations were measured on a JASCO P-2000 polarimeter, and circular dichroism
data were obtained using a JASCO J-815 CD spectrometer. UV and IR spectra were
recorded on a Beckman DUB8O0O spectrophotometer and on a Nicolet 100 FT-IR
spectrometer, respectively. 1H, 13C, and 2D NMR spectra were collected at a 'H resonance
frequency of either 500 MHz (Varian VVX500), 600 MHz (Bruker Avance Il equipped with
1.7 mmand 5 mm TCI cryoprobes) or 800 MHz (Varian VVS800 equipped with a 5 mm cold
probe). Chemical shifts were calibrated internally to the residual signal of the solvent in
which the sample was dissolved (CDCl3, 64 7.26, &¢c 77.0). High-resolution mass spectra
were obtained on a ThermoFinnigan MAT900XL mass spectrometer. X-ray crystallographic
data was acquired in a Bruker APEX-1I diffractometer equipped with a CCD detector and
low-temperature cryostat. HPLC was carried out using a dual Waters 515 pump system
equipped with a Waters 996 photodiode array detector. Vacuum and flash chromatographic
separations were performed using type H (10-40 m, Aldrich) silica and silica gel 60 (40-63
pwm, EMD), respectively. Merck TLC sheets (silica gel 60 F254) were used for analytical
TLC (aluminum-supported, layer-thickness 200 um) and preparative TLC (glass-supported,
layer-thickness 250 um). All chemical reagents were obtained from Aldrich in an analytical
or higher grade and were used as received unless stated otherwise. Dipeptide 8 was
purchased from GenicBio Limited, China. Solvents were acquired as HPLC grade. All
reactions were performed under dry nitrogen using glassware previously oven dried
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(150°C), unless otherwise specified. Glassware was allowed to reach room temperature
under a flow of inert gas. Likewise, glass syringes and stainless steel needles, used to handle
anhydrous reagents and solvents, were oven dried, cooled in a desiccator, and flushed with
inert gas prior to use. THF and CH,Cl, were distilled from sodium/benzophenone and
CaHjy, respectively.

Biological Activity

Compounds were assayed for inhibition of the Saccharomyces cerevisiae 20S proteasome
B5-subunit as previously described,[*% but using only 0.5 pg/mL of proteasome. Data was
plotted on SigmaPlot 12.0 and fit with a ““4 parameter logistic” curve to obtain ICgg values
with standard errors. Cytotoxicity to H-460 and HCT-116 cells was determined as
previously reported.[20]

Cyanobacterial Collection

Samples of cyanobacterial biomass (voucher specimen available from WHG as collection
number NAC15/Dec/08-5) were collected by hand at a depth of 0.5-2.5 m south of
CARMABI beach, in December 2008. Multiple brown tufts (5-7 cm tall, 2-3 cm across)
were collected off an anchor rope used to secure small vessels (Figure S1). They were stored
in 70% EtOH at -20 °C prior to extraction.

Extraction, Isolation and Synthesis

Approximately 9.7 g (dry wt) of the cyanobacteria were extracted repeatedly with CH,Cly/
MeOH (2:1) to afford 0.4305 g of extract. A portion of this material (0.3296 g) was
fractionated by silica gel vacuum liquid chromatography[?1] using a stepwise gradient
solvent system of increasing polarity starting from 100% hexanes, then 10% EtOAc in
hexanes to 100% MeOH, to produce nine fractions (A-1). The bioactive fraction H (eluting
with 25% MeOH/EtOAc, 56.3 mg) was subjected to a 'H NMR-guided fractionation using
silica gel column chromatography (isocratic, 10% MeOH in CH,Cl, + 0.1% HOAC),
followed by reverse phase HPLC (Phenomenex Jupiter 10p. C18 300A, 250 x 10.0 mm,
40% MeCN in H,0 at 3.0 mL/min, detection at 211 nm) to yield carmaphycin A (1) asa 1:1
diastereomeric mixture (1.73 mg, 0.02 %), and carmaphycin B (2) (0.26 mg, 0.003 %).

Carmaphycin A (1)

Colorless oil; [ a. ] 23p +6.4 (¢ 0.5, CH3CN); CD (0.2, CH3CN) Amax (Ag) 290 (+1.24),
240 (+0.07), 230 (+0.46), 200 (-3.45); IR (neat) 3288, 3060, 2924, 1636, 1452, 1026, 755,
698 cm™L: 1H, 13C, and 2D NMR data, see Table S1; HRESIMS m/z[ M+Na] * 538.2918
(calcd for CosH45N306SNa, 538.2921).

Carmaphycin B (2)

Colorless oil; [ a ] 23p +30 (¢ 0.04, CH3CN); CD (¢ 0.2, CH3CN) Amax (A €) 290 (+8.57),
240 (-0.90), 230 (+0.55), 200 (-16.5); IR (neat) 3282, 3062, 2926, 1640, 1453, 1131, 741,
699 cmL 1H, 13C, and 2D NMR data, see Table S1; HRESIMS m/z[ M+H ] * 532.3045
(calcd for Cy5H46N307S, 532.3051).

Boc-L-Leucine N-methoxy-N-methylamide (4)

Triethylamine (1.53 mL, 11.0 mmol) was added to a stirred solution of Boc-Leu (2.54 g,
11.0 mmol) in CH,Cl, (40 mL). To this solution, benzotriazol-1-yloxytris [ dimethylamino ]
phosphonium hexafluorophosphate (BOP, 4.86 g, 11.0 mmol) was added, followed by a
solution of O, AV~dimethylhydroxylamine hydrochloride (1.18 g, 12.1 mmol) and
triethylamine (1.68 mL, 12.1 mmol) in CH,Cl, (10 mL). The reaction was monitored by
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TLC. After 3h, the reaction crude was diluted with CH,Cl, (200 mL) and washed
successively with HCI 3M (3 x 30 mL), saturated NaHCO3 (3 x 30 mL), and brine (3 x 30
mL). The organic layer was dried with Na,SO,4 and the solvent evaporated. The residual
crude was purified by silica gel column chromatography (50% EtOAc/hexanes) to afford 4
as a colorless oil (2.92 g, 97%). [ a ] 24p -11 (¢ 3.1, CH3CN); 1H NMR (CDCl3, 500 MHz)
65.04 (d, J=9.0 Hz, 1H), 4.70 (m, 1H), 3.76, (s, 3H), 3.17, (s, 3H), 1.69, (m, 1H),
1.45-1.37 (m, 2H), 1.40 (s, 9H), 0.94 (d, J= 6.5 Hz, 3H), 0.90 (d, /= 7.0 Hz, 3H); 13C NMR
(CDCl3, 125 MHz) §173.8 (C), 155.6 (C), 79.4 (C), 61.5 (CH3), 48.9 (CH), 42.0 (CH>),
32.1 (CHj3), 28.3 (3CH3), 24.7 (CH3), 23.3 (CH), 21.5 (CH3). HRESIMS m/z[ M+H ] *
275.1966 (calcd for C13H27N204, 275.1965).

(S)-t-Butyl-2,6-dimethyl-3-oxohept-1-en-4-ylcarbamate (5)

To a0 °C solution of the isopropenyl magnesium bromide (43.3 mL, 21.7 mmol, 0.5 M
solution in THF) was added a solution of amide 4 (2.83 g, 10.3 mmol) in dry THF (30 mL)
dropwise via an addition funnel under an atmosphere of nitrogen. The reaction was stirred at
0 °C for 6h and then slowly poured into a beaker containing 40 mL of saturated NH4CI
solution and approximately 40 mL of ice. The pH of the solution was adjusted to 7 using
HCI 6 M when all the ice melted, and the resulting mixture was extracted with EtOAc (3 x
50 mL). The combined organic layers were washed with saturated NaHCOj3 (3 x 50 mL),
brine (3 x 50 mL), and dried over Na,SO,4. The Na,SO,4 was removed by filtration, and the
volatiles were removed under reduced pressure. Purification by silica gel column
chromatography (33% EtOAc/hexanes) gave 5 as a colorless oil (2.15 g, 82%). [ a ] %%p +23
(1.2, CH3CN); 1H NMR (CDCl3, 500 MHz) §6.06 (s, 1H), 5.86 (s, 1H), 5.14 (d, J= 8.7
Hz, 1H), 5.04 (dt, J= 3.8, 8.7 Hz, 1H), 1.88 (s, 3H), 1.71 (m, 1H), 1.46 (ddd, J= 3.8, 9.2,
13.5 Hz, 1H), 1.41 (s, 9H), 1.13 (ddd, J= 3.8, 9.2, 13.5 Hz, 1H), 0.98 (d, /= 6.5 Hz, 3H),
0.88 (d, /= 7.0 Hz, 3H); 13C NMR (CDCl3, 125 MHz) §201.5 (C), 155.5 (C), 142.2 (C),
125.9 (CHy), 79.4 (C), 52.6 (CH), 43.1 (CHy), 28.3 (3CH3), 24.9 (CH), 23.3 (CH3), 21.6
(CHy), 17.8 (CH3). HRESIMS m/z[ M+H ] * 256.1905 (calcd for C14H6NO3, 256.1907).

Boc-L-Leucine epoxyketone (6)

NaHCO3 (23.5 g, 280 mmol) was dissolved in H,O (30 mL) and cooled to -10°C.
Trifluoroacetone (27.0 mL, 300 mmol) and intermediate 5 (2.18 g, 8.5 mmol in 37 mL
CH3CN) were added followed by the portion wise addition of oxone (43.0 g, 70 mmol). The
reaction was diluted with Et,O (200 mL) and partitioned. The aqueous layer was extracted
with Et,0 (3 x 100 mL) and the combined organic layers were dried with Na,SOg4. After
solvent removal in vacuo, repetitive silica gel column chromatography (5% and 20%
EtOAc/hexanes) provided starting material 5 (0.12 g) and the desired diastereomer 6
(colorless oil, 0.59 g, 26%) as the major reaction product. [ a ] %4p +79 (¢0.7, CH3CN); 1H
NMR (CDCls, 500 MHz) 64.84 (d, J= 8.5 Hz, 1H), 4.31 (dt, /= 3.5, 8.5 Hz, 1H), 3.28 (d, J
=5.0 Hz, 1H), 2.88 (d, /= 5.0 Hz, 1H), 1.72 (m, 1H), 1.51 (s, 3H), 1.49 (ddd, J= 3.5, 10.0,
14.0 Hz, 1H), 1.40 (s, 9H), 1.16 (ddd, J= 3.5, 10.0, 14.0 Hz, 1H), 0.96 (d, /= 6.5 Hz, 3H),
0.93 (d, /= 7.0 Hz, 3H); 13C NMR (CDCl3, 125 MHz) &209.5 (C), 155.6 (C), 79.7 (C),
59.0 (C), 52.3 (CHy), 51.4 (CH), 40.4 (CH)), 28.2 (3CH3), 25.1 (CH), 23.3 (CH3), 21.3
(CHg), 16.7 (CH3). HRESIMS m/z[ M+Na ] *+294.1673 (calcd for C14H25NO4Na,
294.1676).

Boc-L-Leucine epoxyketone derivative (7)

Boc-L-Leu epoxyketone (6) (44.0 g, 160 mol) in CHoCl, (1.5 mL) was treated with TFA
(300 pL, 3.9 mmol) and stirred at 25°C until TLC showed the absence of starting material
(1.5 h), whereupon it was concentrated in vacuo to a reddish oil. This oil was dissolved in
dry CH,Cl, (10 mL), and to this solution were sequentially added 4-bromobenzoyl chloride
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(53.0 g, 240 pmol) and DIiPEA (50 p.L, 290 wmol) at 25°C. After stirring 16h at 25°C, the
reaction mixture was quenched with saturated NH,4CI, followed by solvent partition and
CH,Cl, (3 x 10 mL) extractions of the aqueous layer. All organic extracts were combined
and dried (Nap;S0Oy), to be then concentrated in vacuo. Silica gel column chromatography
(20% EtOAc/hexanes) gave 7 as a white solid (35.1 g, 61%). Additional purification by
normal phase HPLC (Phenomenex Luna 5 Silica 1004, 250 x 10.0 mm, 1% /so-PrOH/
hexanes at 3.0 mL/min, detection at 256 and 280 nm), yielded highly pure 7 (15.2 .g),
which was crystallized from EtOAc/iso-octane as colorless tridimensional needles. [ a ] 28p
+41 (¢ 1.5, CH3CN); 1H NMR (CDCls3, 600 MHz) §7.61 (d, J= 8.4 Hz, 2H), 7.54 (d, J=
8.4 Hz, 2H), 6.52 (d, /= 8.4 Hz, 1H), 4.83 (ddd, /= 3.0, 10.5, 10.8 Hz, 1H), 3.41 (d, /=5.1
Hz, 1H), 2.94 (d, J=5.1 Hz, 1H), 1.75 (m, 1H), 1.64 (ddd, /= 3.6, 13.8, 13.8 Hz, 1H), 1.54
(s, 3H), 1.36 (ddd, /= 4.2, 13.8, 13.8, 1H), 1.01 (d, J= 6.6 Hz, 3H), 0.97 (d, /= 6.6 Hz,
3H); 13C NMR (CDCl3, 150 MHz) 6209.1 (C), 166.4 (C), 132.5 (C), 131.8 (2CH), 128.6
(2CH), 126.5 (C), 59.1 (CH), 52.6 (CH,) 50.8 (CH), 40.4 (CH>), 25.4 (CH), 23.4 (CHj3),
21.4 (CHy), 16.7 (CHg). HRESIMS m/z[ M+Na] * 376.0520 (calcd for C1gHooBrNO3Na,
376.0519). Crystallographic data available from CCDC under deposition number 855711.

Dipeptide sulfone (9)

Oxone (270 mg, 420 wmol) was added to a solution of dipeptide 8 (20.0 mg, 53.0 wmol) and
NaHCO3 (150 mg, 1.8 mmol) in a 45% acetone/H,0 solution (9.6 mL) at 0 °C. The mixture
was stirred at 25°C for 1h. After addition of H,O (10 mL), the resulting solution was
extracted with CHCI3 (3 x 10 mL). The organic layer was dried over Na,SQOy, filtered, and
evaporated in vacuo to give 9 as a white powder (20.6 mg, 99%). [ a ] %*p -20 (¢ 0.4,
CH3CN); IH NMR (CDCl3, 600 MHz) 67.03 (d, /= 7.8 Hz, 1H), 6.10 (d, J= 7.8 Hz, 1H),
4.69 (m, 1H), 4.24 (dd, J=7.2, 7.8 Hz, 1H), 3.77 (s, 3H), 3.15 (m, 1H), 3.08 (m, 1H), 2.94
(s, 3H), 2.46 (m, 1H), 2.23 (dd, J=7.8, 7.8 Hz, 2H), 2.22 (m, 1H), 2.09 (m, 1H), 1.62 (m,
2H), 1.32 (m, 2H), 1.31 (m, 2H), 0.97 (d, J= 6.6 Hz, 3H), 0.96 (d, /= 7.2 Hz, 3H), 0.89 (t, J
= 6.6 Hz, 3H); 13C NMR (CDCl3, 150 MHz) §173.6 (C), 171.7 (C), 171.0 (C), 58.7 (CH),
52.8 (CH3), 50.7 (CHJ>), 50.6 (CH), 40.8 (CHs3), 36.6 (CH,), 31.4 (CH,), 30.7 (CH), 25.3
(CHy), 24.7 (CHy), 22.3 (CH5), 19.2 (CH3), 18.3 (CHs), 13.9 (CH3). HRESIMS m/z[ M
+H ] * 393.2055 (calcd for C17H33N0¢S, 393.2054).

Synthetic Carmaphycin A (1)

A solution of dipeptide sulfoxide 8 (76.2 mg, 200 pumol) and LiOH.H,0 (42.1 mg, 1.0
mmol) in 1,4-dioxane/H,0 (9 mL, 2:1) was stirred at 25 °C. After 1 h, TLC (80% EtOAc/
hexanes) showed absence of starting material. Solvents were evaporated off and the

resulting residue was dissolved in H,O (10 mL), acidified and extracted with n-butanol (3 x
15 mL). The combined organic extracts were dried (Na,SO,4) and concentrated to obtain the
free acid of 8 as a white solid. In a separate reaction, Boc-L-Leu epoxyketone (6) (31.0 mg,
110 wmol) in CH,Cl, (1 mL) was treated with TFA (200 pL, 2.6 mmol) and stirred at 25°C
until TLC showed the absence of starting material (1h), whereupon it was concentrated in
vacuo to a reddish oil. This oil was dissolved in CH,Cl, (2 mL) and added to a solution of
the previously prepared free acid (34.0 mg, 93.0 umol) and PyBOP (50.0 mg, 93.0 umol) in
CH,ClI5 (3 mL) at 25°C; followed by addition of DiPEA (66 L, 380 umol). After stirring
20h at 25°C, the reaction mixture was quenched with saturated NH4Cl, followed by solvent
partition and CH,Cl, (3 x 10 mL) extractions of the aqueous layer. All organic extracts were
combined and dried (Na,SQy,), to be then concentrated in vacuo. Silica gel column
chromatography (10% MeOH/EtOAC), followed by normal phase HPLC (Phenomenex Luna
5 Silica 1004, 250 x 10.0 mm, 50% /so-PrOH/hexanes at 3.0 mL/min, detection at 211 and
235 nm), yielded synthetic 1 as a colorless oil comprised of a 1.6:1 diastereomeric mixture
(24.4 mg, 50%). [ a. ] 2*p +22 (¢ 0.5, CH3CN); CD (¢ 0.2, CH3CN) Amax (Ag) 290 (+3.36),
250 (+0.17), 230 (+1.13), 200 (-6.99); major diastereomer 1H NMR (CDCl3, 600 MHz) &
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7.72 (d, J=7.2 Hz, 1H), 6.08 (d, /= 8.4 Hz, 1H), 4.82 (m, 1H), 4.48 (m, 1H), 4.29 (dd, J=
6.0, 8.4 Hz, 1H), 3.39 (ddd, J= 4.2, 10.2, 14.4 Hz, 1H), 3.33 (d, /= 5.1 Hz, 1H), 2.90 (d, J=
5.1 Hz, 1H), 2.73 (s, 3H), 2.69 (dt, /= 5.4, 15.0 Hz, 1H), 2.50 (m, 1H), 2.23 (t, /= 7.8 Hz,
2H), 2.14 (m, 1H), 2.12 (m, 1H), 1.70 (m, 1H), 1.64 (m, 2H), 1.55 (m, 1H), 1.52 (s, 3H),
1.34 (m, 1H), 1.31 (m, 2H), 1.29 (m, 2H), 0.94 (d, J= 7.8 Hz, 3H), 0.93 (d, J= 7.2 Hz, 3H),
0.92 (d, J= 6.6 Hz, 3H), 0.91 (d, J= 7.2 Hz, 3H), 0.89 (t, /= 6.6 Hz, 3H); 13C NMR
(CDCl3, 150 MHz) 6§208.6 (C), 173.5 (C), 171.5 (C), 170.35 (C), 59.3 (C), 58.33 (CH), 52.5
(CH5) 51.3 (CH), 50.9 (CH), 48.9 (CH,), 39.1 (CH,), 38.8 (CH3), 36.7 (CH), 31.4 (CH,),
30.9 (CH), 28.2 (CHy), 25.4 (CHy), 25.3 (CH), 23.35 (CH3), 22.4 (CH,), 21.1 (CH3), 19.3
(CH3), 17.9 (CH3), 16.8 (CH3), 13.9 (CH3); minor diastereomer IH NMR (CDCls3, 600
MHz) §7.93 (d, J= 7.2 Hz, 1H), 7.00 (d, /= 6.6 Hz, 1H), 6.08 (d, /= 8.4 Hz, 1H), 4.82 (m,
1H), 4.48 (m, 1H), 4.27 (dd, J= 6.6, 8.4 Hz, 1H), 3.39 (ddd, J= 4.2, 10.2, 14.4 Hz, 1H),
3.36 (d, /=5.1 Hz, 1H), 2.91 (d, /= 5.1 Hz, 1H), 2.77 (dt, J= 5.4, 13.8 Hz, 1H), 2.71 (s,
3H), 2.41 (m, 1H), 2.22 (t, J= 7.2 Hz, 2H), 2.10 (m, 1H), 2.18 (m, 1H), 1.70 (m, 1H), 1.63
(m, 2H), 1.53 (m, 1H), 1.52 (s, 3H), 1.35 (m, 1H), 1.31 (m, 2H), 1.29 (m, 2H), 0.94 (d, J=
7.8 Hz, 3H), 0.93 (d, /= 7.2 Hz, 3H), 0.92 (d, /= 6.6 Hz, 3H), 0.91 (d, /= 7.2 Hz, 3H), 0.89
(t, J= 6.6 Hz, 3H); 13C NMR (CDCl3, 150 MHz) §209.2 (C), 173.4 (C), 171.1 (C), 170.31
(C), 59.3 (C), 58.28 (CH), 52.6 (CH,) 51.4 (CH), 50.7 (CH), 46.9 (CH,), 39.2 (CHy), 36.7
(CH,), 36.1 (CH3), 31.4 (CH,), 31.1 (CH), 26.0 (CHy), 25.4 (CH5), 25.2 (CH), 23.31 (CH3),
22.4 (CHy), 21.1 (CH3), 19.2 (CH3), 18.0 (CH3), 16.8 (CH3), 13.9 (CH3). HRESIMS m/z

[ M+H ] *516.3100 (calcd for Co5HagN306S, 516.3102).

Synthetic Carmaphycin B (2)

A solution of dipeptide sulfone (9) (37.6 mg, 96.0 umol) and LiOH.H,0 (21.0 mg, 480
pmol) in 1,4-dioxane/H,0 (5 mL, 2:1) was stirred at 25 °C. After 1 h, TLC (80% EtOAc/
hexanes) showed absence of starting material. Solvents were evaporated off and the
resulting residue was dissolved in H,O (10 mL), acidified and extracted with r-butanol (3 x
15 mL). The combined organic extracts were dried (Na,SO4) and concentrated to obtain the
free acid of 9 as a white solid. In a separate reaction, Boc-L-Leu epoxyketone (6) (32.0 mg,
110 mol) in CH,Cl, (1 mL) was treated with TFA (200 pL, 2.6 mmol) and stirred at 25°C
for 1h, whereupon it was concentrated in vacuo to a reddish oil. This oil was dissolved in
CH>Cl, (2 mL) and added to a solution of the previously prepared free acid and PyBOP
(50.0 mg, 96.0 pmol) in CH,Cl, (3 mL) at 25°C; followed by addition of DIPEA (66 p.L,
380 pwmol). After stirring 15h at 25°C, the reaction mixture was quenched with saturated
NH4CI, followed by solvent partition and CH,Cl, (3 x 10 mL) extractions of the aqueous
layer. All organic extracts were combined and dried (Nay;SQO,), to be then concentrated in
vacuo. Silica gel column chromatography (100% /so-PrOH), followed by normal phase
HPLC (Phenomenex Luna 5p Silica 1004, 250 x 10.0 mm, 20% /so-PrOH/hexanes at 3.0
mL/min, detection at 211 and 235 nm), yielded synthetic 2 as a colorless oil (16.7 mg, 33%).
[ a]?p +8 (c0.5, CH3CN); CD (¢0.2, CH3CN) Apmax (Ae) 290 (+1.09), 240 (-0.017), 230
(+0.21), 200 (-2.76); IH NMR (CDCl3, 600 MHz) 6§7.11 (broad s, 2H), 6.28 (broad s, 1H),
4.76 (dt, J=7.2, 7.2 Hz, 1H), 4.51 (ddd, /= 2.4, 7.8, 9.0, 1H), 4.28 (dd, /= 7.2, 7.2 Hz, 1H),
3.39(ddd, J=7.2, 7.8, 14.4 Hz, 1H), 3.30 (d, /= 4.8 Hz, 1H), 3.18 (ddd, /= 6.0, 7.2, 14.4
Hz, 1H), 3.02 (s, 3H), 2.91 (d, J= 4.8 Hz, 1H), 2.28 (m, 1H), 2.23 (t, /= 7.8 Hz, 2H), 2.18
(m, 1H), 2.06 (m, 1H), 1.68 (m, 1H), 1.62 (m, 2H), 1.57 (ddd, J= 3.0, 10.2, 13.8 Hz, 1H),
1.51 (s, 3H), 1.31 (m, 1H), 1.31 (m, 2H), 1.29 (m, 2H), 0.94 (d, /= 7.2 Hz, 3H), 0.93 (d, /=
6.6 Hz, 3H), 0.92 (d, J= 6.6 Hz, 3H), 0.91 (d, J= 7.8 Hz, 3H), 0.89 (t, J= 7.2 Hz, 3H); 13C
NMR (CDCl3, 150 MHz) §208.3 (C), 173.5 (C), 171.2 (C), 169.8 (C), 59.1 (C), 58.2 (CH),
52.3 (CHy), 51.1 (CH), 50.4 (CHy), 50.2 (CH), 40.4 (CH3), 38.9 (CHJ>), 36.3 (CH,), 31.2
(CHy), 30.7 (CH), 25.4 (CH5), 25.2 (CH), 25.0 (CH5), 23.1 (CH3), 22.1 (CH>), 20.9 (CH3),
19.0 (CHgy), 17.9 (CHj3), 16.6 (CH3), 13.7 (CH3). HRESIMS m/z[ M+Na ] * 554.2867
(calcd for Cy5H45N307SNa, 554.2870).
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Computational Methods and Software Packages

X-ray crystal structures for 20S proteasome complexes with epoxomicin (10) (PDB ID
1G65),[17] salinosporamide A (11) (PDB ID 2FAK),[22] and bortezomib (12) (PDB ID
3MG0)[23] were obtained from the literature. Images in Figures 2 and S10 were produced
with the VMD 1.9[24] and Discovery Studio 3.1[2%] software packages. /n silico, the
carmaphycin A (1) and B (2) structures were constructed using the crystal structure of
epoxomicin (9) (PDBID 1G65)[17] as a guide. Moving left to right with respect to Figure 1,
the software package Avogadrol28] was used to convert epoxomicin's threonine side chain
into a methionine side chain with either a sulfoxide (/,S) or sulfone moiety. Similarly, we
converted the isoleucine side chain to a valine side chain and removed the remaining atoms
of epoxomicin (9) leaving the alkane chain of the carmaphycins.

In preparation for molecular dynamics (MD) simulations, we used Gaussian 09[27] with the
HF/6-31G* model to calculate the electronic structure around the carmaphycins and
Antechamber(28] to assign RESP[2%] partial charges to the atoms. For the MD simulations,
we excluded most of the 20S proteasome structure except those chains (K and L) that form
the B5 chymotrypsin-like site. To prevent instability of the binding pocket, we applied
harmonic restraints to these chains during all simulation steps: minimization = 10 kcal/mol/
AZ, equilibration = 5 kcal/mol/A2, and production = 1 kcal/mol/AZ2. All simulations were
performed with the AMBER 11 simulation packagel?8] using the Amber ff99SB and GAFF
force fields. Water solvation was accounted for via the OBC generalized Born implicit
solvation model[30] with a monovalent salt concentration of 0.145 M. During minimization,
1000 steps of steepest descent were done followed by up to 5000 steps of the conjugate
gradient method. After minimization, the systems were heated to 300K in 50K increments
using a Langevin thermostat over a total time of 75ps followed by 400ps of equilibration at
300K. Langevin dynamics production runs for each system were run for 20ns with 2fs time
steps and the SHAKE3] algorithm applied to the hydrogen bonds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

MD modeling of the carmaphycin A (1) bound to the B5 subunit of the S. cerevisiae 20S
proteasome. A) Lowest energy structure of carmaphycin A (1). B) Two-dimensional
interaction plot consisting of 1 and surrounding protein residues (blue and green arrows
represent hydrogen bonds, green colored residue discs refer to van der Waals interactions,
magenta discs are either polar/charged or hydrogen bond containing residues, and the light
blue airbrush circles on the alkane chain represent solvent interactions. C) Bound structures
of different 20S proteasome inhibitors (light blue) relative to carmaphycin A (1) (orange).
Pocket locations (S1 and S3) and Gly23 (cyan) of the B5 subunit are shown. For all
structures, oxygen, nitrogen, and sulfur atoms are colored red, blue and yellow respectively.
See Supporting Information for details.
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Scheme 1.
Structures of carmaphycins A (1) and B (2).
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o( 3, R=0OH
4, R=N(CH;)OCHj

N (8’ R=SOCH,
9, R=S0,CH;

Scheme 2.

Total synthesis of 1 and 2. (a) EtsN, BOP, CH30(CH3)NH.HCI, CH,Cl,, 25 °C, 3 h, 97%;
(b) isopropenyl magnesium bromide, THF, 0 °C, 6 h, 82%; (c) NaHCOg, trifluoroacetone,
oxone, CH3CN/H,0, -10 °C, 1.5 h, 26%; (d) TFA, CH,Cl,, 25 °C, 1.5 h; then 4-
bromobenzoyl chloride, DIPEA, CH,Cl5, 25 °C, 16 h, 61% (e) TFA, CH,Cl,, 25 °C, 1 h; (f)
PyBOP, DIiPEA, CH,Cl,, 25 °C, 15-20 h, 50% of a 1.6:1 diastereomeric mixture from 8,
33% from 9; (g) LIOH.H,0, 1,4-dioxane/H,0, 25 °C, 1 h; (h) NaHCO3, oxone, acetone/
H,0, 0 °C, then stirring at 25°C for 1 h, 99%.

Chembiochem. Author manuscript; available in PMC 2013 April 16.



Page 15

Pereira et al.

9T 02'5LT'59T (L) p'ess (r'8) p'sT'9 (¥'8) p'sT'9 HN 9T
LT'HNOT  0Z'6T'ST'LT'ST  HO (cLropp'tzy  ev'es (r8'99)pp 62y  TT'8S (r8'o9)pp'zey  Gz'8s 9T
o) OT'TLT S6°0LT Tl Gl
ET4CT  £Hp $'90€ 950V s'vl'z  G6'GE S'TLZ €888 T
eET ‘02T ‘et Fldxama ('s ‘7' '¥'yT) PPP ‘TT°E w'99e w'9le et
geT'aeT eeT SVTTITT 2o W'eg'e  6E0S w'yy'e 199y wzr'e 968y  EBET
QET'eET'eCT'TT ET'TT'0T wzre w'g0'e w'oT'e azt
QET'eET'ACT'TT ET'TTOT  2HD w'vee  §LSe w'ose  ¥T9T Wy Lyez et
T ST9TT50T (1)p'aLe (z1)p'eoL (99)p'8zL HN 1T
GZT'BZT'HNTT  oSTETZTOT  HO (o9'z)w'oLy  1€08 w'egy €905 w'egy 1805 TT
o) 6L°69T 9z°0LT 620.T 0T
L 829 fHD (99)p'960  TTECT (99)p'z60  9g€e (99)p'z60  ecee 6
L 6'2'9  ®HD (69)p's60  T0TC (09)p'e60  €TTC (09)p'e60  0OT'TC 8
6'8'09'29 86589955  HO w'gT 12T w'oLrt  lTse w'oLrt  ¥ese L
1'09's 6'8'L'S'y wiTeT w'TeT weeT a9
L'd9's 6'8'L'SY  THD w'gST  80'6E W'eST  GT6E w'ssT  L06E  ®9
S 05955 (£'9) p's6'9 (zD)p'eos (99) p'eg’L HN S
09 '®9 'HNS s0T'L'9Y  HO  (8T'L9'8°L)PPPOSY  LETS wgry  6€TS w'syy  9€°TS ]
2 6€°802 02602 9580 ¥
7'ZT  fHD S‘ZST  €L9T S'eST  ¥89T $'26T 9897 €
o) €265 €65 GE'65 4
138 v'e'e (8v)p'16C (8v)p'16C (7's)p'o6C at
at v'€'C  HO (8v)p'1ee  €VeS (8v)p'oce  852S (re)p'eee €526 el

gZHuIp) 1N * He % glzHuIp) I e e glzHuip) I e 9
ASOD 209NWH  adAL 2 Jowos Joxselq T Jowos Joxselq N

(2) g upAydew rep (T) v uhAydew red

(2) g woAydewres pue (1) v uoAydewres Joy (€10aD) eiep 21doasoadads HIAN
T9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Chembiochem. Author manuscript; available in PMC 2013 April 16.




Page 16

Pereira et al.

"2 103 Ajuo umEmmgok

T 10} Ajuo PanIssqo,

‘pabueyalaul aq Aew suawubissy

(7

“UOQBD PaYeDIpuUl 3y} 0} uojold wolid,

"ZHIN 009 ¥e paplodsy

q

"ZHIN 00¢ ¥ umuhoowmm

144 ve'se  EHO (z1)1'680  ¥8€T (z1)1'880 p¥bET (z1)1'880 pS6ET gz
se'ee §2'ee’ee  CHO w'TeT 9z w'reT  Leee wreT €T ¥
vZ'ze  SCCeTeTe p w'ezT  TETE w'ezT  EVIE w'ezT  EFIE €2
€21z V€T TTH0C W'e9T  €2SC wz9T  8e'se W'e9T  L€SZ 2

2 €2'220¢  °HD (8L)31'eze 659 (zOveze  eL9e (813112 0L9€ T2

2 EV'ELT 0£°€LT reLT 02
LT 8T'/T'9T  ®HD (c)p'z60  v6LT (c)p‘060  66LT (c)p‘os0 €8T 6T
LT 6TLT'9T  ®HD () p'v60  GT6T (09)p‘z60  926T (09)p‘z60 26T 8T
61'8T'9T 6T'8T'9T'ST  HO w'orTz  290€ w90z TTIE w'orz  00TE LT
gzHuUIC) Inw e g9 glzHuUID)UNW e g glzHUID)WNW e g%
ASOD o08WH  adAL Z Bwos pRRIq T JBWoe BERIQ N
(2) g upAydew rep (1) v unhydew reo

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Chembiochem. Author manuscript; available in PMC 2013 April 16.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Pereira et al.

S. cerevisiae 20S Proteasome Inhibitory and Cytotoxic Activities Determined for Carmaphycins A (1) and B

Table 2

(2), Epoxomicin (10) and Salinosporamide A (11).

Comp. Proteasome Inhibition(ICsg, NM) Cytotoxicity
H-460 (ECsonM)  HCT-116 (ICsy NM)
1 25+0.3 9+2 19+1
2 26+09 61 43+4
10 27+04 4+1 23+2
11 14+02 14+6 48 +3
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