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Abstract: The crystal structures of the yeast 20S proteasome core particle (CP) in complex with
Salinosporamides A (NPI-0052; 1) and B (4) were solved at <3 A resolution. Each ligand is covalently
bound to ThrlO via an ester linkage to the carbonyl derived from the $-lactone ring of the inhibitor. In the

case of 1, nucleophilic addition to the f-lactone ring is

followed by addition of C-30 to the chloroethyl

group, giving rise to a cyclic ether. The crystal structures were compared to that of the omuralide/CP structure
solved previously, and the collective data provide new insights into the mechanism of inhibition and

irreversible binding of 1. Upon opening of the f-lactone

ring, C-30 assumes the position occupied by a

water molecule in the unligated enzyme and hinders deacylation of the enzyme—ligand complex.

Furthermore, the resulting protonation state of ThriNH,

deactivates the catalytic N-terminus.

1. Introduction

Salinosporamide A (NPI-0052), a small molecule second-
ary metabolite of the marine actinomyc&alinispora tropica 2
is a highly potent and selective inhibitor of the 20S proteasome
that is currently in development for the treatment of carcer.
Although structurally related to omuralid)(* a S-lactone
derived from the natural product lactacystisalinosporamide
A (1) contains several unique substituents, including a cyclo-
hexene ring in place of the isopropyl group at C-5 and a
chloroethyl group in place of methyl at C-2 (Chart 1), which
collectively enhance its potency both in vitro and in vivo.
We have recently shown that analogues with leaving groups
such as bromine or iodine in place of chlorine are equipotent
with 1 across a variety of biological assays. We also reported
that cleavage of thg-lactone ring results in intramolecular
nucleophilic addition to the chloroethyl group and concomitant
formation of a tetrahydrofuran ring3{ Scheme 1). Together,
these findings led us to propose a mechanistic role for the
chloroethyl substituerft.
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Chart 1. Structures of Salinosporamides A (1) and B (4), and
Omuralide (2), Derived from Lactacystin

COOH

NHAc
Lactacystin

Since FDA approval of Velcade for the treatment of multiple
myeloma in 2003, the 20S proteasome has represented a
validated target for the treatment of canédiis multicatalytic
proteolytic complex plays a critical role in intracellular processes
such as cell cycle regulation and cytokine-stimulated signal
transductior?. Current understanding of proteasomal structural
biology has benefited from previous detailed studies, which have

(7) Bross, P. F. et alClin. Cancer Res2004 10, 3954.
(8) Adams, J.Proteasome Inhibitors in Cancer Thergpilumana Press:
Totowa, NJ, 2004.
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SfcfllemeA 1 Mecgarllism O(fRHyd{_t'J)lysiSéI flend Il:urtherRRearrangement calculated with phases after averaging allowed a detailed
(0] in Aqueous Solution = an nalogous Reaction : : . f o
Sequence that Occurs in the Binding Pocket of the Proteasome interpretation of compoundsand4 (F|gure 1). BOth 'nh'b'tors

CP to Form 5 (R = Thr107)® are covalently bound to thB-terminal threonine residues of

all six catalytic subunits. These findings are in contrast to results
achieved with omuralide2j, which was found to occupy only
the two 35 subunits

The experimental electron density maplah complex with
subunit 85 is shown in Figure la. As anticipated based on
previous studies witR,° the carbonyl carbon atom derived from
the-lactone ring is covalently bound to the catalyti¢erminal
Thr10O'. Uniquely, however, C30 forms a cyclic tetrahydro-
furan (THF) ring with the C-2 side chairb), These findings,
together with the knowledge th& (which contains a free

central rings each contain three subunits, (32, andf1) that carboxylic acid and preforn;ed THF ring) does not inhibiF the
catalyze substrate hydrolysis with the following specificities; Proteasome (1§ > 20 mM)?> support a two-step mechanism
chymotrypsin-like (CT-L), trypsin-like (T-L), and PGPH or I which addition of ThrlOH to the S-lactone carbonyl is

caspase-like (CA-L) activity, respectively. These six catalytic followed by nucleophilic addition of C-30 to the chloroethyl
subunits each possess an N-terminal nucleophilic threonine9rOUP; giving rise to cyclic ethes. The reactivity at the enzyme

residue and are thus members of the N-terminal nucleophile active site is analpgous to the pathway predicted from reactions
hydrolase family of enzymes.Proteasome CPs have substrate 1N @dueous solution (Scheme ).

binding channels of about eight amino acids in length, denoted T directly compare salinosporamides B @nd B @) with
S1-S8. The S1 bhinding pocket is involved in key enzyme  omuralide @) in their bound forms, subunit5 of the various
substrate interactions during hydrolysis of peptide bonds and CP/inhibitor complexes were structurally superimposed (rms
confers specificity to each of the catalytic subunits. Understand- values for all atoms of CR/versus CR¥ and for CP1 versus

ing of the molecular mechanism of this catalytic machinery has CP2 are 0.36 A and 0.49 A, respectively) (Figure 1d).
evolved from detailed studies of the 20S proteasome core Comparison of all three crystal structures reveals a unique
particle (CP) in complex with a wide variety of inhibitors, binding mechanism for this class of inhibitors. Key interactions
including 2 (derived from its naturally occurring precursor (Figure 2) comprise the covalent bond with Thrl@nd
lactacystin) and epoxomicin, two natural product proteasome hydrophobic interactions between the C-5 substituent and the
inhibitors that form covalent adducts with the catalytic threonine S1 binding pocket, as well as strong implications of an important

revealed 28 subunits forming four stacked rifg$The two

residue®12 Given the structural similarities betweérand2, it role for C-30 in the inhibition and an irreversible binding
is reasonable to expect that tlfelactone ring of1 reacts mechanism.
similarly to 2, forming an ester linkage between the Thr2OH With respect to the ligandq, is structurally distinct fron2

and theg-lactone carbonyl. However, the enhanced potency of and 4 by virtue of its leaving group ability. The unreactive

1 requires further explanation. We therefore determined the methyl and ethyl C-2 substituents @f and 4, respectively,

structure of1 in complex with the yeast 20S proteasome, circumvent formation of the THF ring. The positions of the

presented herein at 2.8 A resolution. For comparative analysis,methylene carbons of the bound formloére fixed by the THF

we also evaluated an analogous complex comprising the recentlyring, while the corresponding carbon atomsiaire unrestricted

described deschloro analogd!?® and the proteasome CP at and assume a different orientation. The C-2 substituents project

2.9 A resolution. into empty space. Thus, there is sufficient space to accommodate

a methyl group, an ethyl group, or a THF ring, and perhaps

larger side chains, some examples of which have been reported
Salinosporamide Al) was cocrystalized with the yeast 20S  previously®1® However, because the S2 pocket is an open

proteasome by soaking a single proteasome crystal vftr cavity, there are no apparent contacts between P2 (the C-2

60 min at a final concentration of 5 mM; a complex with substituent) and the protein. It is therefore difficult to predict

compound} was prepared similarly. Crystallographic refinement the optimal structure for the side chain based on the X-ray crystal

started from the coordinates of the yeast 20S proteaome structure of the complex.

followed by anisotropic overall temperature factor correction  The C-3 methyl group of and4 points toward a small pocket

and positional refinement using CASand cyclic 2-fold and weakly interacts with the protein. Clearly, both a hydrogen

symmetry averaging using MAIRP. Electron density maps  (2) and a methyl group are accommodated within this pocket,

with the latter having distances of3.6 A to neighboring

9) Groll, M.; Ditzel, L.; Lowe, J.; Stock, D.; Bochtler, M.; Bartunik, H. D.; R ;

) N e, g aes s residues Arg190, Thr21N, Thr210and Tyr1680. Previously

(10) Lowe, J.; Stock, D.; Jap, B.; Zwickl, P.; Baumeister, W.; HuberSBience reported results for a fermentation analogue containing an ethyl

1995 268, 533. ; e ;

(11) Groll, M.; Bochtler, M.; Brandstetter, H.; Clausen, T.; Huber,Ghem- QrO_UP at this position dem.on.Strate that this gompound does not
BioChem2005 6, 222. inhibit the proteasom@This is consistent with the structural
(12) Groll, M.; Kim, K. B.; Kairies, N.; Huber, R.; Crews, C. M. Am. Chem.

S0c.200Q 122, 1237.
(13) Williams, P. G.; Buchanan, G. O.; Feling, R. H., Kauffman, C. A.; Jensen, (16) Merritt, E. A.; Murphy M. E.Acta Crystallogr., Sect. [1994 1, 869.
P. R.; Fenical, WJ. Org. Chem2005 70, 6196. (17) Esnouf, R. MJ. Mol. Graphics Modell1997, 15, 132, 112.
(14) Bringer, A. et alActa Crystallogr., Sect. 1998 1, 905. (18) Nicholls, A.; Sharp, K.; Honig, BProteins: Struct., Funct., Genet991,
(15) Turk, D. 1992. Improvement of a programm for molecular graphics and 11, 281ff.

manipulation of electron densities and its application for protein structure (19) Stadler, M. et al. International Application Published Under the Patent
determination. Thesis, Technische Universitaet Muenchen. Cooperation Treaty, WO 2004/071382 A2.

2. Results and Discussion
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Figure 1. Stereo representation of the CT-L active site of the yeast 20S
proteasome (subunj5, white; subunit56, gray) in complex with (a)
Salinosporamide A and (b) Salinosporamide B (colored in cyan). Covalent
linkage of inhibitors with Thrl is drawn in magenta. Met45 (orange) of
subunit5 specifically interacts with the P1-side chain of both ligands.
Electron density maps (green) are contoured frenmlsimilar orientations
around Thrl (black) with Bo—F¢ coefficients after 2-fold averaging. Apart
from the bound inhibitor molecules, structural changes were only noted in
the specificity pockets. Temperature factor refinement indicates full
occupancies of all inhibitor binding sites. Inhibitors have been omitted for
phasingt®17 (c) Surface model ol bound to subunif5. Thrl (white) is
covalently linked to the inhibitor. Colors indicate positive and negative
electrostatic potentials contoured fromkTt (intense blue) to-15kT/e
(intense red}8 (d) Superposition of the coordinatesifgreen) ane (blue)

data reported herein, which indicate that the ethyl group is too
large and would result in steric interactions that do not
accommodate binding.

With respect to C-50H, we have previously shown that
epimerization or oxidation to the ketone results in analogues
that do not show any proteasomal inhibitihe crystal-
lographic data presented herein indicate that both forms would
introduce unfavorable steric interactions with the protein
(specifically, epi-C-5-OH would clash with Lys33, and C=5
O would clash with Arg19CO). In contrast, the reduced form
of 1 containing a methylene group at C-5 is a potent proteasome
inhibitor, albeit 20-fold weaker tharl in terms of CT-L
inhibition2® This is consistent with findings for the C-3H
analogue of2, which was over 10-fold less potent than
omuralide? The diminished potency of the €3, analogue
suggests an important role for E®H in 1, 2, and4. In all
three crystal structures, hydrogen bonds are evident between
C-5—-0OH and Thr21NH. In terms of the-lactam ring, the amide
NH binds to Gly470 (2.9 A).

The most critical observations deduced from the crystal
structures of the ligand/CP complexes reported herein relate to
the consequences gflactone ring opening and our proposal
for the mechanism for irreversible binding of Salinosporamide
A. It is therefore important to discuss the catalytic mechanism
in some detail (Scheme 2). The collective data from this and
previous studigg-21support a mechanism whereby nucleophilic
addition of ThrlQ to the substrate peptide bond carbonyl is
catalyzed by a deprotonated N-terminus, which is positioned
to accept the ThrlOproton, either directly or via a water
molecule. Peptide bond cleavage likely occurs through a
tetrahedral intermediate in which the oxyanion is stabilized by
Gly47N. Finally, the deprotonated N-terminus catalyzes the
addition of a nucleophilic water molecule to the Th¥t&CO
acyl ester intermediate, cleaving the ester bond (Scheme 2a).
A structurally prearranged water molecule termed NUK was
previously implicated in shuttling a proton between ThrEdd
the N-terminus during this proce¥%?2Our current evaluation
indicates that unligated forms of the proteasome CP retain a
seriesof well-defined water moleculé%in close proximity to
Gly47N, in the vicinity of Thrl@, and adjacent to Thr1N. This
suggests that there is not just a single water molecule involved
in proton shuttling but a defined number of water molecules
comprising a small hydrogen bonding network that are activated
by the formation of hydrogen bonds to the protein. Interestingly,
the structures of the CP in complex with 2, and4 indicate
that the water molecules are generally disordered. Significantly,
after the lactone ring a2 or 4 is cleaved, C-30OH occupies the
position formerly assumed by a well-defined water molecule
in the unligated form. The-lactam ring prevents free rotation
about the C-3/C-4 bond, helping to maintain C-30 in this
position. In1, C-30 is similarly situated and further fixed in
position by the THF ring. As the preferred trajectory of
nucleophilic additioA*2> is along the path approximately

(20) Reed, K. A.; Manam, R. R.; Mitchell, S. S.; Chao, T.; Teisan, S.; Lam, K.
S.; Potts, B. C. M., in preparation.

with 2 (orange). The protein is represented as coils, whereas ligands, Thr1(21) Groll, M.; Heinemeyer, W.; ggr, S.; Ullrich, T.; Bochtler, M.; Wolf, D.

(black), and Met45 (color coded according to the various inhibitors) are
shown as ball-and-stick representation. Note the similar binding mode for
all three inhibitors within the active site of the proteasome but different
architecture of the S1 pocket due to the relative position of Met45 in the
presence ofl and4 versus2.

5138 J. AM. CHEM. SOC. = VOL. 128, NO. 15, 2006

H.; Huber, R.Proc. Natl. Acad. Sci. U.S.A.999 96, 10976.

Ditzel, L.; Huber, R.; Mann, K.; Heinemeyer, W.; Wolf, D. H.; Groll, M.

J. Mol. Biol. 1998 279, 1187.

The electron density in this region is rather large, indicating that there are
more water molecules (about 3 to 4). It also has high I/Sigmal values,
indicating that these locations are specific.

(22)
(23)



Crystal Structures of Salinosporamides A and B

ARTICLES

°=§ M45

o o OH
A31 HNQ =§'21(
HN M
NH
o | w ~3.54 N °
Azlis o 1 fH 0=§ /—/ _‘ém-l
N LofiT 37A
Y gH HN\R19
SALA 4 H
0., [o] N
3 ﬁx(
3.0A .0
9 "3.0A
N"‘x
G47

Figure 2. Key contacts between amino acids of the ligand binding site of the 20S proteasome core partlofetipdnd4 (right). Atoms within hydrogen
bonding distance are shown in purple. Hydropobic interactions between P1 (cyclohexene) and S1 are shown in yellow.

perpendicular to the plane of the ester group, the two possible protonated N-terminus (in the presencea@ind4) might retain

faces of attack on Thr’G-CO by water are blocked by GO
on one side of the plangd) and by the P1 side chain (C-5

some potential to catalyze deacylation (vide supra), the fully
protonated N-terminus (in the presence bf should be

substituent) and protein residues on the other side of the planecompletely inactivated, rendering the proteasome irreversibly

(si). By blocking access to nucleophilic water, C-30 would be
expected to interfere with deacylation of ThrlGHowever,
based on published data for a synthetic analogue, ahe
covalent ester bond between the proteasome and inhititors
and4 should be slowly reversib®. The reversibility could be

inhibited?8

In addition to the unique protonation states of the N-terminus
resulting from interactions with versus4, the improved potency
of 1 may be further attributed to the C-2 substituent as follows.
While both molecules contain flexible C-2 side chains that

attributed to aqueous hydrolysis, suggesting that water may putatively generate entropic loss upon binding, the chloroethyl

ultimately penetrate this “C-30 barrier.” Alternatively, it may
result from reformation of thg-lactone ring. The energetics of
both pathways is not definéd, but the N-terminus could
catalyze either of these reactions by deprotonating C-30H,
which is well positioned to deacylate ThrOor a water
molecule. In the case df, C-30 is engaged in the THF ring,
circumventing any possibility of regenerating tjfelactone.

“trigger” of 1 may provide an enthalpically and entropically
favorable binding mechanism associated with the release of HCI.
Thus, the chlorine may enhance proteasome inhibition through
more favorable binding energy while providing the parallel
benefit of increased potential for membrane permealtstity.

is interesting to note that omuralid@)(is found in nature in
the form of its precursor thioester lactacystin, which contains

Finally, based on the mechanism outlined above for substratea free C3-OH group (Chart 1). In contrast, thioesters bf
hydrolysis, it is reasonable to hypothesize that upon opening have not been reported; such forms of the molecule would

the g-lactone ring of2 and4, the ThrlO proton is transferred

to C-30 (instead of water). As C-30H is within hydrogen
bonding distance of the N-terminus (2.7 A), a partial positive
charge is effectively placed on ThrlNHIn the case ofl,
upon opening of th@-lactone ring, the N-terminus is positioned
to abstract the proton from C-30OH and catalyze formation of
the cyclic ether. In the final adduct, C-30 is tied up within the

give rise to chlorine elimination, prematurely releasing this
trigger.

A final point of discussion relates to the impact of increasing
the size of the P1 site (i.e., the C-5 substituent) from an isopropyl
group @) to a cyclohexenyl ringX and4). These substituents
interact with Met45 of the35 S1 binding pocket, which is
involved in key enzymesubstrate interactions during hydrolysis

THF ring (3.6 A from the N-terminus) and therefore not  of peptide bonds containing hydrophobic amino acids (i.e., CT-L
protonated, thus, the proximal N-terminus fully absorbs the activity) 30 To accommodate the larger cyclohexenyl ringlof
proton and bears the full positive charge. While the partially and4, Met45 shifts 2.7 A from its position in th@/85 structure

(24) Huber, R.; Bode, WAcc. Chem. Red978 11, 114-122.

(25) Burgi, H. B.; Dunitz; J. D.; Shefter, El. Am. Chem. Sod.973 95, 5065.

(26) While2 has been reported to bind irreversibly to the proteasome (Fenteany,
G.; Standaert, R. F.; Lane, W. S.; Choi, S.; Corey, E. J.; Schreiber, S. L.
Sciencel995 268 726), data on a closely related synthetic analogue PS-
519 indicate that the binding, while covalent, is reversible, with full recovery
of blood 20S proteasome activity to basal levels within 24 h post
administration (Shah, I. M.; Lees, K. R.; Pien, C. P.; Elliot, PJ.JClin.
Pharmacol.2002 54, 269). In contrast, blood 20S proteasome activity was
only partially recovered after 7 days in mice treated viiththis recovery

may be attributed to red blood cell turnover.

In studies ofs-lactone inhibitors of serine proteases, it has been suggested
that the initial acyl-enzyme intermediate formation may be largely driven
by relief of the high strain energy of thelactone ring and that the putative
tetrahedral intermediate may not be stabilized by an oxyanion hole, i.e.,
may not be enzymatically driven (Kim, D.; Park, J.; Chung, S. J.; Park, J.
D.; Park, N.; Han, J. HBioorg. Med. Chen2002 10, 2553). Reformation

of the S-lactone ring would require overcoming a high energy barrier.
Although this might be enzymatically catalyzed, once reformed, it would
be expected to once again react quickly with the Thrixcleophile.

27

(Figure 1d). Although the flexibility of side chains in proteins
makes it difficult to predict optimal substitution at this site, we
note thatl and4 are more potent inhibitors of the CT-L activity
of rabbit 20S proteasorfethan2 (ICsp 2.6 nM, 27 nM, and 57
nM, respectivelyf Our structural data indicate that additional
hydrophobic interactions are found between atoms of the

(28) A similar mechanism has been proposed for the inhibition of serine
proteases. See Li, Z.; Bulychev, A.; Kotra, L. P.; Massova, |.; Mobashery,
S.J. Am. Chem. S0d.998 120, 13003.

(29) 1is 2—3 log units more potent in whole cell assays tdgnwhich may be
partially attributed to enhanced membrane permeability.

(30) Because does not bind t1 andj2 in the crystal structure, our discussions
are focused orf5.

(31) A structural superposition of a yeast wild-type core particle and bovine
liver core particle shows a near perfect fit, validating structural comparisons
of yeast and mammalian proteasome structures.
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a(a) Hydrolysis of the peptide substrate as catalyzed by the active site amino acids. The unprotonated N-terminus catalyzes the abstractib@of the Thr
proton and nucleophilic addition of ThrX@o the substrate carbonyl, which results in hydrolysis of the peptide bond via a tetrahedral intermediate. Deacylation
of ThrlO is catalyzed by an unprotonated N-terminus. (b) Thrigsimilarly acylated by the inhibitor as has been described for the peptide substrate and
might similarly occur through a tetrahedral intermediate (not sh@A@)eavage of the acyl-ester intermediate by the nucleophilic water molecule is challenged
by the spacial arrangement of C-30 of the inhibitor at the active site. In the casaraf4, the N-terminus is positioned for hydrogen bonding with the
inhibitor C-30H. In the case df, chlorine is eliminated and the N-terminus is fully protonated.

cyclohexene ring and residues of the S1-pocket for sulfiit ~ with ThrlO, resulting in the spontaneous unveiling of C-30,
thus corresponding to the enhanced potencylaind 4 as which is fixed in position by the-lactam ring and ultimately
compared to2. Nevertheless, the C-5 substituent presents a protects the inhibitor from hydrolysis and elimination. In the
relatively limited surface for binding to the enzyme. In the case of the salinosporamides, the cyclohexenyl ring offers
context of proteasome inhibitors, which typically bind to several additional hydrophobic interactions at the S1 binding site that
substrate binding pockets of the proteasome (S1, S3, and S4)gre not available to omuralide. Furthermore, the unique chlo-
1, 2, and4 are comparatively short, yet they still show excellent roethyl trigger ofl is expected to provide favorable enthalpic

inhibitory activity, sugg_esting that hydroph_obic interact_io_ns and entropic binding energy, with release of this trigger
between the C-5 substituent and the S1 site allow sufficient catalyzed by the N-terminus. In its final cyclic ether form,

residence time in the binding pocket for covalent addition by Salinosporamide A is irreversibly bound by virtue of the “C-

the N-terminal threonine residue to occur. 30 barrier” to penetration by water and a fully protonated and

Th's unique class of I|gand§ may represent the ult.|mate "N deactivated N-terminus that collectively prevent Thylftom
efficiency among proteasome inhibitésThe C-5 substituent . e . .
being deacylated. It is difficult to envision a more elegant design

provides sufficient interaction with the S1 binding site to allow than that ted b i hich h ided for st lined
the highly reactives-lactone ring to form a covalent adduct 'an that created by naiure, which has provided for streamiine
binding, reactivity, and irreversible inhibition in a densely yet

(32) Groll, M.; Huber, R Biochim. Biophys. Act2004 1695 33. minimally functionalized inhibitor.

5140 J. AM. CHEM. SOC. = VOL. 128, NO. 15, 2006
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3. Experimental Section

Cocrystallization. Crystals of the 20S proteasome fr@ncereisiae
were grown in hanging drops at 2€ as already had been described
and incubated for 60 min with the natural compodrat 4. The protein
concentration used for crystallization was 40 mg/mL in Tris-HCI (10
mM, pH 7.5) and EDTA (1 mM). The drops containeg[ of protein
and 2ulL of the reservoir solution, containing 30 mM of magnesium
acetate, 100 mM of morpholino-ethane-sulfonic acid (pH 7.2), and 10%
of MPD.

The space group belongs R2; with cell dimensions of abowt =
135 A, b = 301 A, ¢ = 144 A, andp = 113 (see Supporting
Information). Data to 2.8 A for the CP/and to 2.9 A for the
CPA complex were collected using synchrotron radiation witk=
1.05 A on the BW6-beamline at DESY/ Hamburg/Germany. Crystals
were soaked in a cryoprotecting buffer (30% MPD, 20 mM of
magnesium acetate, 100 mM of morpholino-ethane-sulfonic acid pH
6.9) and frozen in a stream of liquid nitrogen gas at 90 K (Oxford
Cryo Systems). X-ray intensities were evaluated by using the MOS-

anisotropic temperature factor by comparing observed and calculated
structure amplitudes using the program CN%lectron density was
improved by averaging and back transforming the reflections 10 times
over the 2-fold noncrystallographic symmetry axis using the program
package MAIN® Conventional crystallographic rigid body, positional,
and temperature factor refinements were carried out with*€sng
the yeast 20S proteasome structure as a starting rideml.model
building the program MAIN was used. Modeling experiments were
performed using the coordinates of yeast 20S proteasome with the
program MAINZ®

Protein Data Bank Accession CodesCoordinates have been
deposited in the RCSB Protein Data Bank under the accession code
2FAK.
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with CCP433 The anisotropy of diffraction was corrected by an overall
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data collection and refinement statistics. Complete refs 3, 6, 7,
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