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Classification and synthesis of ubiquitin-proteasome inhibitor
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Abstract: The inhibition of protein degradation through the ubiquitin-proteasome pathway is a recently
developed approach to cancer treatment which extends the range of cellular target for chemotherapy. This
therapeutic strategy is very interesting since the proteasomes carry out the regulated degradation of unnecessary
or damaged cellular proteins, a process that is dysregulated in many cancer cells. Based on this hypothesis, the
proteasome complex inhibitor Bortezomib was approved for use in multiple myeloma patients by FDA in 2003.
Drug discovery programs in academy and the pharmaceutical industry have developed a range of synthetic and
natural inhibitors of the 20S proteasome core particle that have entered human clinical trials as significant
anti-cancer leads. The main results from the use of proteasome inhibition in cancer chemotherapy, the structure
of several proteasome inhibitors and their synthesis is going to be reviewed in this paper.
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Figure 1 Ubiquitination and degradation process of protein in vivo
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Figure 2 Proteasome inhibitor Bortezomib and salinosporamide A combined with 20S



© 1316 * 2527243 Acta Pharmaceutica Sinica 2009, 44 (12): 1313-1319

Cinnabaramide A

mm

NLVS peptide vmylsulfones

AcHN ' L ivie H
Lactacystin :

CHO

N/:\
TMC-95 A
o
HOOC NH,

N ars ﬁk

Epoxonomicin peptide epoxyketones

Figure 3  Structures of protease inhibitors

HZN\/\OH BOCHN\/\OBn

)- (Boc),0 =

_——

). BnBr
OBn

Boc-L-Val

_——

H

N~
e T OBM 1) Boc-L-Tyr(Bn)

O
\@\ 2). Isovaleric acid
OB

2 n

WNJ@(N ' en e

o, QO

@O

Scheme 1 Synthesis of tyropeptin A

HH A B 0 I A 1 AR S P, ELE A R RE R I
FEIE, O B AR 20SH ) B e PE, B
KBEE ABGIIETE o ZRAEYEH BT 1)
o, BB />t FDA L UE 19 B 0 R 25
Bortezomib (& 3) Hi& 45, FEMH T2 KM
AP AR

TR IR S AN 5 K 22 B30T o — KRR A A= 4 1)
ko WP RS YT IR A, S ai R
PR ANE AR 6 AN, B AT HUE, 2
AN LewisiR 4 A4, 7T LAS o 1 g4 P i A o
1) 22 S0 PR AR AL (1) -OHJE e A7 B, I T T 3t P £ 41
T PR v i o JFL ) s B o s IR R -
R = AN RIS BEAT o AT AR R I A R AT A )
CEP-18770 (&5# A — 952 R) A8 = I AE P F)
FH B A2 Al Bortezomib M 25 #E/E H, H i ik NG IR

ﬁﬁ_\bﬁ%[l& 19]0

R IR AL S W& R R A, 22 SR DR B R K
PEAFAE—DAKTFRBR IR T, Bl o-Z SERRER 3 4, %30
SR A YRS VR B2 a- 2 SR 7 &
B, ARTE A B K B Matteson’s 7 B 2%, 3xX HL
N —FPFT & T v, B Sadighi’s & % (4 1%
2 2)21,

e B AT, K iZ A 3 5 Bopiny i
I, B o- 28 FEMRAG S, S0 B G = %R, L
RGBT, TR eelH BT 80%. SR G EIR IS
T, BV I K R I R R R A, 3359
445 A/ETBTURIMEAL T, 5 L-Boc-Phe-OH X MY,
BB AEAEY 5. FAFELAETHREY 5 5
(2-pyrazine) COOH ¥, [ N 7= 41 7K fft il R A 477 ik
[4] B[ 7T 45 21| Bortezomib .



FRAE 2R -E AN A AR 5 28 5 Ak - 1317 -

\\ (ICy)CuOt Bu
)\/le © B B

NH,-HCI
.S =2
HN 0 HCI, MeOH z
Bpin
Bpln

N-Boc-L-phenylalanine, TBTU . H2N/(”/ \/Bpln (2 Pyrazine)COOH [ j)l\ /g( \/B(OH)2

Scheme 2 Synthesis of Bortezomib

33 B-REEXELEY p-NEERLGWIA LA
MR ER = I R 1, BE S AR 7 H) (+)-lac-
tacystin (& 3) &M H R T & R I — AN EREE
BN . (+)-Lactacystin{E A4 P 28 1k g ik A6 T
B~ A i i v R) Ak omuralide® o ZEA& 4 18- A Hig
INIRGR TR, 25 5y %2 42 S TRk Hk T2 3 ik 2, AN
CIBUROE {11 Gels g SHU -2 U N PR

55 B- A R ERBE 5 1R PR TG fi BRI ) BUAR s o) A 9
SR RR I, i R S HIPS-519 (1A
3)B1 e A EE R SR A & P lactacystin BE 51, H R
CE IR PRIRES, (H T EH T IR IT o« A
2 O I B2 HRUIK) 0T 1K) R R 72 ) (omuralide (1) AT 42 4))

3 steps
——

salinosporamide A (NPI-0052) =4 45 & 1 &, Al
omuralideAH LL H 4901 28 B8 &5 (1 Wi 1tk o L A%, H
XAV FE IR ), Sk ARG AR SR, gk
A, 38 I it AR TR T R B B — o 2L ) B- N B A
Y)cinnabaramides (¥ 3), 7ERSM SR H 0 B AR50
I R A

B~ BRI AL G W) () BEAR 55 7 2 100 3 1) 1
[ S5 DU TT IR R E5 #) o LR S5 48 & BT 1R
Z O Ly I O AR T R U 1 T A A R AT AN
KRG . LL (+)-lactacystin (P& A B (5 i 2k
3. 4), N— e 6 ik, gk, 146, #
B ¥R aai G b ARG, 464 b R A EGd(0i-Pr)s

(e}
Grubbs 2nd
——

’ |
NP(O)Phz NG NHP(O)Ph
NH,OH TMSCN % pNHPO)Ph:
—_—
PhyPCI
7

Scheme 3 Synthesis of compound 7

EtOOC,  NHBoc

NG, NHP(O)Ph2 1) Hcl. EtOH >\@
———————————————————
2). Boc,0O

EtOOC 00C
H

COOH
LDA Mel NBoc BopCI
NHAC
EtOOC H

. LHwDS
2). H202

O3 i-PrMgBr
—

NH
H,S04,EtOH
EtOOC

EtOOC EtOOC

COOH

N HAc

Scheme 4 Synthesis of (+)-lactacystin



© 1318 * 2527243 Acta Pharmaceutica Sinica 2009, 44 (12): 1313-1319

IREAL T, R RIEAKERR s 2 % b, %25
KR IR, R FRP= 4 TR

AW 7 IS AEKAR, 5 Ol SR, 5 HBoc
Ryt REMLEY 8, HO AL IRXEE, &,
5 NG 13 BRI IR o F A& SO0 & P i
PR EEBEAT I, oy B BEME 9. H B LR
-OH, %46 W Bt IR 1S Blo, BASHIFIRR 10, KK b
BB AR I, ARG ELDAREAL T, D pk 2]
Wi (P o, BEARIAETE VYT 11, Blomuralide. 7E
BELA 4z EONBE T LA 2 (H)-lactacystin.

X T PN TR BEAA 25 0 1R R g, AR Jit BRI A SR A

R T R IEAKHAL, ARG B LR 3 i 1 o B AT A
[Flo =N AWADNER T 1, 3-8 N, ERY
FRIEMI RIS, BT BH, ST AR R o 48,
34 TMC-BSAREATEY) TMC-95 KULEW (K
3) & MW EApiospora montagnei ™ FEHL ) IR K2
WY, ZBNE Y& NRIR Py b 52 B e — |
LA FE A ) A SRS, JF H 2R
TELNE IR K o H HTAE L B 8 Pk 23 3549 21 T i R Y1)
FrAEW, A H A AL T 7R AS AR 2

TR E N, BE A L.
Danishefsky fll Alexis Coste %5 #B i 5 T X Kb 5 W)
) 4= & i L AF . Danishefsky # £k ¢ i i Suzukie-
Miyauraffi 6 JE SRR, 75 N BRI 5 TE 1 16 TTlE %
W, RELTENE W2 DA (2 R AR .
William’s >R H] Juliakf ke 75 ok & eI (0 2401 2 B
Y. Alexis CosteXt William s 8 # 25 Hh €0 2 1 00 45
Sy IRE BT T o, e TR, I E s T —
RHITMC-95 KW . ZZBAWE WG vt (13448
P e BRI R 73, AR5 R U BEREA T I 40, B Jm
il i HPLCX H S A A AT 73 B 43 B TMC-95 ) 4%
R 7 e R AR o B IR AR 7 1 i) 2 %5 Danishefsky i £k
o Alexis Coste# £k,

BT bk 4 28 BERHNEIRI AL, 38 K I L Bk
WAL A5 HINLVS (peptide vinylsulfones) Fla, S-344 li
1k & Pepoxonomicin (peptide epoxyketones) 452
APHPHGR (& 3). MBS YT 5 i
A 208 SRR FEIEAT 22 5 KNk, TB RSt
(IS S O N BN 11 e g A O R RS AV B 3T L
KAEWRILL, RAR =) R4 AL S PRt E I
G AR IR IR FEE B v o DRI BT & 28 73 B 1 ok
AL AR S 2R A S (N = JIRFN DU K, 40 6l
Bs AL PTG VAR AR &7, AR ER AU 2 Ak 5 P (R 4 R B L o

A PAN A A2 G5 BT TR L A IR R R B 1
NIRRT AL A 5 LA A R AR B A 2K
AT T 3 P v AR B i A3 TR U1 R AT AR e 14
S
4 RE

UPP AR ZEAENH FL A0 A ik 77 76, AR EBE . 4
i JE 3 200 M A LA % P A J 25 A £ B 1 AR 52 B
FoE AR, L2 mRNA R E MR T &
L AR 5 11 B R B R R R 1T . S I 3R -4
F AR AT 0y B S P IR £ A 2B R R AT A 8 DD R S
B, XREZEMTREK UPP RGN 4l N L)
AEHE T A B A O 5 P 1S o LA 6 KA T+ UPP
M2 ml (AT Bh T 2505 LB M iR R T ROk .
BEERILREAEY T, TR p-N B A
PRI HE G R SRR L, ARKKI W I i ). HiE
KA BRI RR IR RAC S AT sk, A
WIRRERT T2, ARtk .

References

[1] Goldberg AL. Protein degradation and protection against
misfolded or damaged proteins [J]. Nature, 2003, 426: 895—
899.

[2] Orlowski RZ, Zeger EL. Targeting the proteasome as a
therapeutic strategy against haematological malignancies [J].
Expert Opin Invest Drugs, 2006, 15: 117-130.

[3] Orlowski RZ, Kuhn DJ. Proteasome inhibitors in cancer
therapy: lessons from the first decade [J]. Clin Cancer Res,
2008, 14: 1649-1657.

[4] Kisselev AF, Goldberg AL. Proteasome inhibitors: from
research tools to drug candidates [J]. Chem Biol, 2001, 8:
739-758.

[5] DeMartino GN, Slaughter CA. The proteasome, a novel
protease regulated by multiple mechanisms [J]. J Biol Chem,
1999, 274: 22123.

[6] Yang H, Cai YC, Pang JY, et al. Induction of G2/M phase
arrest and apoptosis of MCF-7 cells by novel benzofuran
lignan via suppressing cell cycle proteins [J]. Acta Pharm Sin
(2527 274R), 2008, 43: 138—144.

[71 Lin YJ, Huang YH, Zhen YS, et al. Rhein lysinate induces
apoptosis in breast cancer SK-Br-3 cells by inhibiting HER-2
signal pathway [J]. Acta Pharm Sin (Z42%%43R), 2008, 43:
1099-1105.

[8] Masdehors P, Omura S, Merle-Béral H, et al. Increased
sensitivity of CLL-derived lymphocytes to apoptotic death
activation by the proteasome-specific inhibitor lactacystin [J].

Br J Haematol, 1999, 105: 752-757.



FRAE 2R -E AN A AR 5 28 5 Ak

+ 1319 -

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Voorhees PM, Dees EC, O'Neil B, et al. The proteasome as a

target for cancer therapy [J]. Clin Cancer Res, 2003, 17:
6316-6325.

Li B, Dou QP. Bax degradation by the ubiquitin/proteasome-
dependent pathway; involvement in tumor survival and
progression [J].  Proc Natl Acad Sci, 2000, 97: 3850—3855.
Hideshima T, Richardson P, Chauhan D, et al. The protea-
some inhibitor PS-341 inhibits growth, induces apoptosis, and
overcomes drug resistance in human multiple myeloma cells
[J]. Cancer Res, 2001, 61: 3071-3076.
Masdehors P, Merle-Béral H, Maloum K, et al. Deregulation
of the ubiquitin system and p53 proteolysis modify the apoptotic
response in B-CLL lymphocytes [J]. Blood, 2000, 96: 269—
274.

Chauhan D, Catley L, Li GL, et al. A novel orally active
proteasome inhibitor induces apoptosis in multiple myeloma
cells with mechanisms distinct from Bortezomib [J]. Cancer
Cell, 2005, 8: 407-419.

Chauhan D, Hideshima T, Anderson KC. A novel proteasome
inhibitor NPI-0052 as an anticancer therapy [J].

2006, 95: 961-965.

Br J Cancer,
Momose I, Sekizawa R, Hirosawa S, et al. Tyropeptins A and
B, new proteasome inhibitors produced by Kitasatospora sp.
MK993-dF2. Il Structure determination and synthesis [J]. J
Antibiot, 2001, 54: 1004-1012.

Momose I, Umezawa Y, Hirosawa S, et al. Synthesis and
activity of tyropeptin A derivatives as potent and selective
inhibitors of mammalian 20S proteasome [J]. Biosci Biotechnol
Biochem, 2005, 69: 1733-1742.
Adams J, Behnke M, Chen S, et al. Potent and sclective
inhibitors of the proteasome: dipeptidyl boronic acids [J].
Bioorg Med Chem Lett, 1998, 8: 333-338.
Dorsey BD, Igbal M, Chatterjee S, et al. Discovery of a
potent, selective, and orally active proteasome inhibitor for the
treatment of cancer [J]. J Med Chem, 2008, 51: 1068—1072.
Piva R, Ruggeri B, Williams M, et al. CEP-18770: a novel,
orally active proteasome inhibitor with a tumor-selective
Blood,

pharmacologic profile competitive with bortezomib [J].

2008, 111: 2765-2775.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Matteson DS, Sadhu KM, Lienhard GE. (R)-1-Acetamido-2-
phenylethaneboronic acid. A specific transition-state analogue
for chymotrypsin [J]. J Am Chem Soc, 1981, 103: 5241-
5242.

Beenen MA, An C, Ellman JA. Asymmetric  cop-
per-catalyzed synthesis of r-amino boronate esters from
N-tert-butanesulfinyl aldimines [J]. J Am Chem Soc, 2008,
130: 6910-6911.

Fenteany G, Standaert RF, Lane WS, et al. Inhibition of
proteasome activities and subunit-specific amino-terminal
threonine modification by lactacystin [J]. Science, 1995, 268:
726-731.

Elliott PJ, Zollner TM, Boehncke WH. Proteasome inhibition:
a new anti-inflammatory strategy [J]. J Mol Med, 2003, 81:
235-245.

Feling RH, Buchanan GO, Mincer TJ, et al. Salinosporamide
A, an antitumor proteasome inhibitor from a novel microbial
source, a marine bacterium of the new genus Salinospora [J].
Angew Chem Int Ed, 2003, 115: 369-371.
Stadler M, Bitzer J, Mayer-Bartschmid A, et al. Cinnabara-
mides A-G: analogues of lactacystin and salinosporamide from
a terrestrial streptomycete [J]. J Nat Prod, 2007, 70: 246—
252.

Shibasaki M, Kanai M, Fukuda N. Total synthesis of
lactacystin and salinosporamide A [J]. Chem Asian J, 2007, 2:
20-38.

Fukuda N, Sasaki K, Sastry TV, et al. Catalytic asymmetric
total synthesis of (+)-lactacystin [J]. J Org Chem, 2006, 71:
1220-1225.

Hayes CJ, Sherlock AE, Green MP, et al. Enantioselective
total syntheses of omuralide, 7-epi-omuralide and (+)-lactacystin
[J].  J Org Chem, 2008, 73: 2041-2051.

Koguchi Y, Kohno J, Nishio M, etal. TMC-95A, B, C, and D,
novel proteasome inhibitors produced by Apiospora montagnei
Sacc. TC 1093. Taxonomy, production, isolation and biological
activities [J].  J Antibiot, 2000, 53: 105-109.

Coste A, Couty F, Evano G. TMC-95A-D and analogues:

chemistry and biology [J]. C R Chim, 2008, 11: 1-30.



