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Crystal Structure of Epoxomicin:20S Proteasome To address the unique specificity of epoxomicin for the
Reveals a Molecular Basis for Selectivity of proteasome, we cocrystallized thi5S'-epoxyketone-containing
o' f'-Epoxyketone Proteasome Inhibitors natural product with the yea&. cereisiae 20S proteasome. A

) ) - single proteasome crystal was soaked for 45 min with epoxomicin
Michael Groll,** Kyung Bo Kim," Norman Kairies, at a final concentration of 5 mM and the structure of th&.
Robert Hubef,and Craig M. Crews*$ cerevisiae 20S proteasonfevas used to model the structure of

the resulting cocrystat While epoxomicin displays a high degree
of selectivity for inhibition of the chymotrypsin-like activity of
Departments of Molecular, Cellular, and the 20S proteasome at lower concentratibrat, the higher

Developmental Biology and Pharmacology, Yale ubsity concentration used to obtain the cocrystal, structural analysis of

219 Prospect Street, New ken, Connecticut 06520-8103 the complex showed the tetrapeptide inhibitor covalently bound
’ ' to the substrate binding pocket of all six catalytic subunits. For

Receied October 6, 1999  the sake of brevity, we present here only the epoxomicin adduct

o . formed with thef5/Pre2 subunit, which is responsible for the
Inrecent years, proteasome inhibitor development has receivedshymotrypsin-like activity of the yeast 20S proteasome.

icnc;;';éiﬁ[ﬁ;le Irn;géisstegIvseijncrt-]hzg(l:ueﬁﬂ;r?:lﬁe ofrtc:\erepégitggsc;m? Sn A crystal structure of the yeast 20S proteasome complexed with
P ycle prog y 9 acetyl-Leu-Leu-norleucinal has previously been repofted.

E:Ze?éigﬁg; ﬁgﬁtfhké?ﬁ 'g]fjelgtoe)?ylf é%cr)]r?elz tgzgfig:é;gﬁ ral comparison of that structure with the epoxomicin:20S proteasome
- o ar . structure communicated here reveals that both the peptide
product epoxomicin potently and irreversibly inhibits the catalytic aldehyde and epoxomicin bind similarly to the catalytic subunits,

activity of the 20S proteason®é. Unlike many proteasome : . - .
inhibitors, however, epoxomicin is specific for the proteasome _completlng an antiparallg-sheet. However, a_s_trlklng_ d|fferencg
and does: not inhit;it other proteases such as calpain papain's the covalent adduct formed by each inhibitor with the amino
cathepsin B, chymotrypsin, and trypsikierein, we preser;t the terminal threonine (Thr 1). Whereas t_he peptide aldeh_yde IS
crystal structure of the epoxomict: cereisiae 20S proteasome attacked by th_e threonylDlo form a hemlace_ztal, a weII-defln_ed
complex at 2.25 A resolution. This structure revealed an electron_ c_jensny map of thg5/Pre2 sub_unlt complex_ed W".[h
unexpected morpholino ring formation between the amino epoxomicin revea_ls the presence of a unique 6-atom ring (Fl_gure
terminal threonine and the pharmacophore of epoxomicin, provid- 1). This mor'pr}ollno derivative results from adduct for_m_atlon
between thet','-epoxyketone pharmacophore of epoxomicin and

ing the first insights into the unique specificity of epoxomicin. ; . i
Previous biochemical and structural studies of the 20S protea—the amino _termlnal t_hreonyl_pand N of theﬁ5 subunit (Figure
2). Formation of an irreversible morpholino adduct upon epoxo-

some have demonstrated that this high molecular weight pro- </: ° Lo ; ) S !
teolytic complex is composed of 28 subunits forming four stacked M¢N addmc_)n_ is consistent with the observed kinetic profile of
the epoxomicin:20S proteasome interactién.

rings#~® The two central rings each contain three catalytically
active subunits, which possess an amino terminal nucleophilic ~ The morpholino derivative formation is most likely a two-step
threonine residike” and are thus members of the N-terminal process (Figure 2). First, activation of the threonyl i® believed
nucleophile (Ntn) hydrolase famifyA number of small molecule ~ to occur by its N-terminal amino group directlyor via a
inhibitors of the 20S proteasome have been developed for use ag€ighboring water molecule acting as a base. The structures of
molecular probes of proteasome function and potential therapeu-the 20S proteasome aldnend of a related Ntn hydrolase,
tics; however, many lack specificity for the proteasome, thus penicillin acylasé? both have a water molecule positioned to
compromising their utility’. Interestingly, we found that epoxo-  bridge the nucleophilic oxygen of the side chain anddth&mino
micin does not inhibit several nonproteasomal proteases that arenitrogen. It has been postulated that this water facilitates the proton
targeted by other proteasome inhibitérs. transfer from the @ to the neutrabi-amino group for the PGA

- — catalytic mechanisr?. Subsequent nucleophilic attack of ThrjtO
biocggm".vr?]%rg'dcgrgfaﬁg%jrzrxf@syﬁggd%e. addressed. E-mail: groll@trout. o the carbonyl of the epoxyketone pharmacophore would produce

£Max Planck Institut fu Biochemie. a hemiacetal (Figure 2) as is observed in the structure of the 20S
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University.
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s Department of Pharmacology, Yale University. The formation of the hemiacetal facilitates the second step in
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Figure 1. (a) Stereoview of the electron density map of the epoxomicin addys5.athe electron density was calculated with phases from the free
enzyme structure and 10-fold averaged. Apart from the bound inhibitor molecule, no other structural changes were noted. Temperature faator refinem
indicates full occupancy of all three inhibitor binding sitespat 52, andf5. Epoxomicin is covalently bound to Thrl and the extended substrate
binding site is composed of th& and$6 subunits.

occurring(R) C-2 isomer potently inhibits proteasome activity,
the 2@ C-2 epimer is more than 100-fold less poté&palten-
stein et alt® also reported the same selectivity dR3 vs AS)
with another peptide epoxyketone proteasome inhibitor. Structural
analysis of the 2% C-2 epoxomicin epimer complexed with the
20S proteasome may shed light on this conundrum. Interestingly,
Roush and colleagues have reported %) peptide epoxyketone
inhibitor of theT. cruzeiprotease Cruzaifithat is substantially
more active than its (R) epimer against this cysteine protease.
¥ This finding is in agreement with other(R) epoxyketone
° containing natural products that have also been identified as
) ) o cysteine protease inhibitot$!® The structural determinants
Figure 2. Scheme of the proposed morpholino derivative adduct nqerlying this specificity found in certain cysteine proteases for
formation mechanism. Binding of epoxomicin to the 20S proteasome 2(S) epoxyketone peptide inhibitors remain unknown and are

results in formation of a morpholino adduct between the epoxyketone . - .
pharmacophore and the active site amino terminal Thr 1 g8Sh&ubunit. likely different from the mechanism presented here for the

Nucleophilic attack by Thrl § on epoxomicin results in hemiacetal ~€POXomicin inhibition of the proteasome.

formation followed by subsequent cyclization ofrThN onto the epoxide In summary, the structure d8. cereisiae 20S proteasome

resulting in an inversion of C2 and formation of the morpholino adduct. complexed with epoxomicin provides a framework to understand

\(I:va?dr":?t? resl'd“eiéoirntBr?nriZ ‘?rlezghe Thrl aminoterminus, abound 6 intriguing selectivity of thex' 3'-epoxyketone peptide class
ater molecule, a anant e ’ of proteasome inhibitors. The observed selectivity of epoxomicin

is favored according to Baldwin’s rulsunlike the 7Endo-Tet for the proteasome is rationalized by the requirement for both an
ring closure which would result from attack at the less hindered N-terminal amino group and side chain nucleophile for adduct
C1 epoxy methylene. Support for the presence of a morpholino formation with the epoxyketone pharmacophore. Given that
adduct also comes from mass spectrometric analysis, which wasproteasome inhibition is currently being evaluated for a variety
performed after HPLC separation of the epoxomicin-bound of therapeutic purposé$2°the need for potent and selective small
catalytic subunits under acidic conditions where the hemiacetal molecule proteasome inhibitors is well recognized. Current efforts
bond of the morpholino ring is opened. The observed masses ofare focused on the synthesis of additional peptide epoxyketone
these subunits confirmed the irreversible covalent adduction proteasome inhibitors that display specificity for each of the three
formation with epoxomicin (e.g., obsd 23856 and calcd 23855 proteolytic activities of the proteasorie??

for the epoxomicin35 subunit).

A major significance of the morpholino adduct that results from
epoxomicin binding to the 20S proteasome is that it provides the
structural basis for epoxomicin’s unique specificity for the
proteasome. Since other proteases, which are common targets fo,
many proteasome inhibitors (e.g., peptide aldehydes, vinyl sul-
fones, af‘.d bo_ronlc acids), do. nOt. hav.e an amino .termmal National Institutes of Health (CA74967) and by the Deutsche Forschungs-
nucleophilic residue as part of their active sites, epoxomicin cannot gemeinschaft (SFB469 and Schwerpunkt Proteasom).
form the same morpholino adduct with these proteases as it does
with the 20S proteasome. An exception, of course, may be the ) ) ) o
members of the Ntn family of hydrolases, since they also possess. Suppc_)rtmg Informgnon Av_alla_lble: _Crystalhzatlon and data collec-
an amino terminal amino acid with a nucleophilic side chain. It tion details (PDF). This material is available free of charge via the Internet
remains to be tested whether epoxyketones can act as a generdlt "tP-//pubs.acs.org.
pharmacophore for this small hydrolase family. JA993588M

An interesting observation was made when the proteasome
inhibitory activities of the two C2 epimers of epoxomicin were (20) Featherstone, Gdol. Med. Todayl997, 3, 367.

compared. We have previously shown that while the naturally  (21) Elofsson, M.; Splittgerber, U.; Myung, J.; Mohan, R.; Crews, C. M.
Chem. Biol.1999 6, 811-822.

(19) Spataro, V.; Norbury, C.; Harris, A. Br. J. Cancerl998 77, 448— (22) Kim, K.; Myung, J.; Sin, N.; Crews, C. MBioorg. Med. Chem. Lett.
455, 1999 9, 3335-3340.
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