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The polyketide natural product Leptomycin B inhibits nuclear
export mediated by the karyopherin protein chromosomal region
maintenance 1 (CRM1). Here, we present 1.8- to 2.0-A-resolution
crystal structures of CRM1 bound to Leptomycin B and related
inhibitors Anguinomycin A and Ratjadone A. Structural and com-
plementary chemical analyses reveal an unexpected mechanism of
inhibition involving covalent conjugation and CRM1-mediated hy-
drolysis of the natural products’ lactone rings. Furthermore, muta-
genesis reveals the mechanism of hydrolysis by CRM1. The nuclear
export signal (NES)-binding groove of CRM1 is able to drive
a chemical reaction in addition to binding protein cargos for trans-
port through the nuclear pore complex.
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he polyketide natural product Leptomycin B (LMB) has in-

trigued chemists and biologists with its highly complex struc-
ture, anticancer properties, and biological activity as an efficient
and selective inhibitor of nuclear export mediated by the chro-
mosomal region maintenance 1 protein (CRM1) (1-7). Its fre-
quent use as a cell biological tool has led to the discovery
of hundreds of broadly functioning nuclear export cargos (2-4),
which bind a hydrophobic groove of CRM1 through their nuclear
export signals (NESs) (8-11). LMB is a 540-Da polyketide con-
taining an o,fB-unsaturated d-lactone, two conjugated dienes,
a p-hydroxy-ketone moiety, and a terminal carboxylate (Fig.
14). LMB binds covalently to Cys-528 in the human CRM1
(SCRM1) NES-binding groove through a Michael reaction at its
a,B-unsaturated d-lactone moiety (Fig. 1B) (1). Although LMB is
predicted to occupy at least part of the groove (9, 11), it is unclear
how it interacts with CRM1, if it is an NES mimic, or if it changes
the CRM1 groove conformation.

Results and Discussion

Overall Structures of Inhibitor-Bound CRM1 Complexes. We present
the 1.8- to 2.0-A-resolution crystal structures of LMB and related
inhibitors Ratjadone A (RJA) (12, 13) and Anguinomycin A
(AGA) (14) bound to the ternary complex of Saccharomyces
cerevisiae CRM1 (**CRM1), RanBP1, and human RaneGppNHp
(Table S1). CRM1-LMB complexes did not crystallize, whereas
the CRM1-Ran-RanBP1 complex bound LMB and formed crys-
tals in 1-2 d. The ternary protein complex was, therefore, used
solely to obtain high-resolution crystals of LMB-bound CRM1.
The overall structure of the LMB-bound complex is shown in
Fig. 1C. We mutated Thr-539 of LMB-insensitive S*CRM1
(equivalent to Cys-528 of “CRMI) to cysteine for covalent
modification l;y inhibitors, and the mutant is named S*CRMT1*.
HsCRM1 and *°CRM1 grooves differ in only a few residues (Fig.
1D). Structure of the yeast groove with swapped human residues
is virtually unchanged, thus validating the S*CRM1* complex
as a mimic of the human complex (SI Results and Discussion and
Figs. S1 and S2 4 and B).

CRML1 is composed of 21 tandem HEAT repeats (HEAT
named after the proteins Huntingtin, Elongation factor 3, pro-
tein phosphatase 2A, and TOR1 kinase), each designated H1-
H21 and containing a pair of antiparallel helices A and B. The
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NES-binding groove of CRM1 is located between HEAT repeats
HI11 and H12 (9-11). The three inhibitor-bound structures are
virtually identical (Ca rmsds of 0.2-0.3 A), with inhibitors oc-
cupying ~70% of the NES-binding groove (Fig. 1C). LMB,
AGA, and RJA each bury 738, 704, and 663 A2 of the groove,
respectively. Overall structures of the inhibitor-bound **CRM1*-
Ran-RanBP1 complexes are very similar to the previously re-
ported SCCI}Ml-Ran-RanBPl structure (all residues Co rmsds
of 0.7-0.8 A) (15).

Conformational Plasticity of the CRM1 Groove. In the absence of
inhibitors, the SCRM1* groove is closed as observed previously
in the S*CRM1-Ran-RanBP1 complex (Fig. 24, Fig. S2 C and D,
and Table S2) (Ca rmsd is 0.3 A for groove residues 521-605)
(15). However, the CRM1 grooves open to bind the lactone
polyketide inhibitors (Fig. 24 and Figs. S2 4 and B and S3) (Ca
rmsds of 0.8-1.0 A for superpositions of groove residues 521—
605). Interestingly, covalent conjugation is not strictly required
for LMB binding or opening of the CRM1 groove, because the
groove is also open in a complex of LMB with CRM1 that lacks
the reactive cysteine (Fig. S4 and Table S2). Each of the three
inhibitor-bound CRM1 grooves adopts conformation that is in-
termediate between the closed groove of inhibitor-free *“CRM1-
Ran-RanBP1 (15) and the slightly wider grooves of NES-bound
CRM1 (9-11) (Fig. 2 A-C) (Ca rmsds of 0.8-1.1 A for 85 groove
residues). Conformational plasticity explains why computational
modeling of LMB into a rigid NES-bound groove produced
a model that is quite different from our crystal structures (14) (S/
Results and Discussion).

Conformational differences between empty and inhibitor- and
NES-bound grooves result from both helix reorientation (Fig. 2
B and C) and rearrangements of a few sidechains, including Arg-
543, Lys-545, Lys-548, Phe-572, Glu-582, and Phe-583 (Fig. S2 4
and C). When LMB is bound, groove residues Met-556 and Met-
594 sidechains (*CRM1 Met-545 and Met-583) also each rotate
~90° away from the groove surface to deepen the groove, thus
allowing the inhibitor to penetrate much deeper into the groove
than the NES peptide (Fig. 2C) (9-11). LMB occupies the same
space as four of five hydrophobic "*I*NES residues ($0, ¢p1, ¢2,
$3, and ¢p4) (Fig. 2C) (10). Extensive inhibitor-NES overlap and
inhibitor occupation of most of the groove suggest that LMB will
displace most NES peptides, thus explaining its broad spectrum
of nuclear export block.
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3NBY) are marked with red asterisks.

Covalent Conjugation and CRM1-Mediated Hydrolysis. LMB, RJA,
and AGA are all covalently conjugated to Cys-539 of SCRM1*
(Fig. 3 and Figs. S2 4 and B and S3). Most strikingly, electron
densities clearly show that, in each case, the lactone ring has
been hydrolyzed to a hydroxy acid, although hydrolysis of
a,f-unsaturated lactone compounds is disfavored at neutral pH
(16) (Figs. 1B and 3 and Figs. S24 and S3 4 and C) (MS data in
Fig. 44). In fact, 'H-NMR analysis of LMB at pH values 3, 5, 7,
and 8.5 showed no detectable lactone hydrolysis; LMB hydrolysis
only begins to be observable at pH 10.0 (Fig. 4B). Therefore,
without CRM1, less than 1% (limit of detection of NMR anal-
ysis) of LMB is hydrolyzed in our crystallization buffer of pH 6.6,
suggesting that CRM1 stabilizes hydrolyzed lactone (Fig. 4B).
Furthermore, comparison of LMB and a chemically hydrolyzed
LMB showed that the latter does not inhibit CRM1 (Fig. 4C),
suggesting that hydrolysis likely follows Michael addition. Con-
sistent with this argument, Michael addition to LMB is more
facile, because the p-carbon of its activated alkene is more elec-
trophilic than the counterpart in the hydrolyzed LMB carboxylate.

LMB, AGA, and RJA bind the CRM1 groove through ex-
tensive electrostatic and hydrophobic interactions. The carboxyl
groups of the hydrolyzed lactones or hydroxy acid moieties of
LMB and AGA form salt bridges with Lys-548, polar interactions
with the amide of Val-540, and long-range electrostatic inter-
actions with Arg-543 (Fig. 3 A and B). The hydroxyl groups of
the hydrolyzed lactones of LMB and AGA are near the Lys-579
sidechain, whereas that group in RJA adopts an alternative
conformation, rotating ~150° to hydrogen bond with Ala-552 and
folding its carboxylate to the groove opening for a salt bridge with
Lys-579 (Fig. 3C). The polyketide chain of each inhibitor binds
within the groove in a similar fashion, making numerous hydro-
phobic contacts to protein sidechains that also contact NESs (Fig.
3) (9-11). With the exception of the B-hydroxy-ketone groups of
LMB and AGA, almost every carbon atom of each inhibitor
contacts CRM1. The terminal carboxylates of LMB and AGA
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Fig. 1. Chemical structures of the a,p-unsaturated lactone polyketide inhibitors and crystal structure of the LMB-bound “CRM1*-"*Ran-"‘RanBP1 complex. (A)
Chemical structures of inhibitors LMB, AGA, and RJA. (B) Michael addition and hydrolysis reactions of the LMB lactone. The polyketide chain of LMB is
represented as R. (Upper) The deprotonated reactive cysteine of CRM1 attacks (Left) the p-alkene of the lactone (I), generating a saturated lactone that is
conjugated to (Right) the cysteine (lll). (Lower) A water molecule attacks the carbonyl carbon of the conjugated saturated lactone to form (Center) a tet-
rahedral oxyanion intermediate (V) followed by (Left) the breaking of ester bond and formation of the hydroxy acid product (VI). (C) Overall structure of LMB
(space-filling representation) bound to the ternary complex of *CRM1* (aquamarine), ™Ran (magenta), and *‘RanBP1 (yellow). The proteins are shown in
cartoon representation. (D) Sequence alignment of the NES-binding grooves (HEAT repeats H11 and H12) of S“CRM1 and "CRM1 (81% sequence identity).
Identical residues are shaded gray. Residues that contact LMB are marked with black asterisks, and residues that contact the "*'NES (Protein Data Bank ID code

make several electrostatic interactions with Lys-525 and His-569
at the bottom of the groove to provide a second electrostatic
anchor at the opposite end of the inhibitors (Fig. 3 A and B).

Mutagenesis Identifies CRM1 Residues Critical for Lactone Hydrolysis.
The hydrolyzed lactone of LMB seems to be stabilized by Lys-
548 and Lys-579. Four additional basic residues (Lys-541, Lys-
542, Arg-543, and Lys-545) nearby could potentially reach into
the groove near the hydrolysis site (Fig. 34). Electrostatic sur-
face potential of the CRM1 groove is shown in Figs. S2B and S3
B and D. We mutated these basic residues and solved structures
of five different LMB-**CRM1 mutants to look for effects in
conjugation and lactone hydrolysis (Fig. 5 4 and B, Figs. S5, S6,
S7, and S8, and Tables S3 and S4). We chan%ed K548, K579, or
both residues together [**CRM1*(K548A), **CRM1*(K579A),
and S°CRM1*(K548E,K579Q)]; in all cases, LMB or RJA was
conjugated to Cys-539, and the lactone ring was hydrolyzed (Fig.
5A and Figs. S5, S6, and S8 4 and B). When Lys-548 is mutated,
the Arg-543 sidechain moves into the groove, substituting for the
missing lysine (Fig. 54). Thus, it seems that only one of Arg-543,
Lys-548, and Lys-579 or even simply, a general positive charge
near the lactone may be sufficient to drive ester hydrolysis (Fig.
34 and Figs. S2B and S3 B and D). We tested this hypothesis by
mutating Arg-543, Lys-548, and Lys-579 in mutant S*CRM1*
(R543S,K548E,K579Q) and removing all positively charged
residues near the reaction site in mutant S*CRM1*(K541Q,
K542Q,R5435,K545Q,K548Q,K579Q).  Structures of  both
mutants showed closed lactone rings conjugated to Cys-539, sug-
gesting that we had trapped a covalently linked saturated lactone
intermediate (Fig. 5B and Figs. S7 and S8C). Electron densities of
the closed-ring lactone intermediate are shown in Fig. S7.4 and C.
The presence of any one of Arg-543, Lys-548, or Lys-579 seems
sufficient to drive LMB hydrolysis on conjugation of the
a,p-unsaturated lactone ring to CRM1. These three basic residues
are also important for NES binding (Fig. S9). Structures of the
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Fig. 2. Comparison of the unliganded and LMB- and NES-bound CRM1 grooves. (A) Surface representations of (Left) the unliganded NES-binding groove of
S¢CRM1-Ran-RanBP1 (Protein Data Bank ID code 3M1I) (15), (Center) the LMB-bound **CRM1* groove, and (Right) the "'NES-bound "*CRM1 groove (Protein
Data Bank ID code 3NBY) (10). The unliganded groove contains no LMB, which is superimposed and shown only as a reference. The "“'NES peptide has been
removed from the PX'NES-bound "*CRM1 groove, and a superimposed LMB is shown as a reference. (B) Superposition of the unliganded (pink) and LMB-bound
(aquamarine) grooves. (C) Superposition of the LMB- (aquamarine) and PKINES-bound (green) grooves.

CRM1 mutants conjugated to closed saturated lactone inter-
mediates (Fig. 5B and Fig. S8C) also suggest that conjugation
alone is insufficient for lactone hydrolysis. Consistent with this
argument, we observed that only a small amount (<10%) of DTT-
conjugated LMB alone is hydrolyzed after 26 h (Fig. S10 and
Table S5).

Superposition of the LMB-bound grooves of S*CRM1* and
S¢CRM1*(R543S,K548E,K579Q) informed on potential nucleo-
phile and stabilization of the tetrahedral intermediate of hy-

$06
L7K525 i

Leptomycin B

‘hs6s

b

Anguinomycin A /

drolysis (Fig. 5C). A bound water molecule is located 3.1 A from
the carbonyl carbon of the superimposed saturated lactone in-
termediate. Its almost perpendicular position to the plane of the
ester is optimal for nucleophilic attack on the carbonyl carbon
(Figs. 1B and 5 C and D). Arg-543, Lys-548, and Lys-579 are
poised to form an oxyanion hole that could stabilize the resulting
anionic tetrahedral intermediate and lower the energy barrier
for hydrolysis. Lys-548 and Lys-579 sidechains could approach as
close as 2.5 A to the carbonyl carbon of the conjugated lactone,

C ‘;(545
N

'572W A\ r_:.,?(ksss
‘ “V529
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H569 < 5ok

Ratjadone A

Fig. 3. Interactions of the inhibitors with the CRM1 grooves. Cartoon representation of the SCCRMI1 grooves (aquamarine) bound with (A) LMB (light blue),
(B) AGA (green), and (C) RJA (brown). Select inhibitor-CRM1 interactions (<4 A) are shown with dashed lines.
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Fig. 4. LMB hydrolysis and CRM1 inhibition. (A) Intact mass analysis of excess *CRM1* treated with LMB. Both samples were prepared and analyzed using
the exact same protocol. The deconvoluted mass spectra show two strong protein peaks with mass shifts of 554.75 (Left) and 540.73 (Right), respectively.
Although the unmodified form of SCCRM1* was detected with high mass accuracy and precision (average theoretical mass of 117,350.39 + 0.4 Da), modified
CRM1 showed a significant variation that can only be explained by molecular instability of the CRM1-bound LMB during the MS experiment. (B) "H-NMR
spectra of LMB. Lactone hydrolysis is observed only at pH 10 with ~10% conversion to hydrolysis product after 10 min (new 'H signals at 6.50 and 6.65 ppm).
(C) Pull-down inhibition assays using immobilized GST-MYM-NS2NES, SSCRM1*, "*CRM1, and LMB or hydrolyzed LMB (Coomassie-stained). LMB-modified CRM1
proteins do not bind GST-NES. Chemically hydrolyzed LMB does not inhibit *CRM1* or "*CRM1.

whereas Arg-543 may get within 4 A of the group. The three basic
residues may also contribute to hydrolysis through stabilization of
the final anionic product. Chemically hydrolyzed LMB slowly
reverses back to ring-closed LMB in the absence of CRM1 (Fig.
S11). Although not commonly observed, a similar hydrolysis re-
action was recently shown to occur with a cyclic imide, which is
formed by Michael addition of a cysteine to a succinimide ring, in
a positively charged binding site of an engineered antibody (17).

Structural Comparison with KPT-185 and KPT-251 Inhibitors. KPT-185
and KPT-251 (Karyopharm Therapeutics, Natick, MA) are
members of a new class of drug-like small-molecule compounds
that were designed to bind the NES groove of CRM1. We re-
cently reported crystal structures of S°CRM1*-Ran-RanBP1
complexes bound to the prototype compounds KPT-185 and
KPT-251, respectively (molecular masses of 353.3 and 375.2 Da,
respectively) (Fig. 64) (18, 19). The KPT inhibitors share a tri-
fluoromethyl phenyl triazole scaffold. Both compounds also
contain Michael acceptors, an isopropyl acrylate in KPT-185, and
an alkyl oxadiazole in KPT-251 for covalent conjugation to the
reactive cysteine of CRM1. Because the two KPT compounds
bind CRM1 very similarly, we compare only CRM1-bound LMB
with KPT-185, as the latter also contains a reactive enone moiety.

Like LMB, KPT-185 binds in the NES groove, and the reactive
alkene of its enone forms a covalent bond with Cys-539 of
S¢CRM1*. However, although LMB fills most of the groove, the
smaller KPT-185 occupies only ~40% of the groove. Much of the
space filled by the polyketide chain of LMB or by the PXI*NES
helix remains unoccupied in the KPT-185-bound groove (Fig. 64)
(18). Instead, the isopropyl acrylate portion of KPT-185 sits in the
narrow channel above Cys-539 that is not occupied by LMB. Unlike
LMB, which binds CRM1 through extensive electrostatic and

1306 | www.pnas.org/cgi/doi/10.1073/pnas.1217203110

hydrophobic interactions, KPT-185 binds almost solely through
hydrophobic interactions.

KPT-185 is not hydrolyzed when bound to CRM1 (Fig. 6 4
and B) (18). Its isopropyl acrylate binds deeper in the CRM1
groove than either the intact or opened lactone of LMB. The
closed-ring LMB lactone is positioned near the opening of the
NES groove with an ordered water molecule nearby as the po-
tential nucleophile (Figs. 5C and 6B). In contrast, the carbonyl
carbon of the KPT-185 enone is close to the floor of the groove
surrounded by hydrophobic sidechains (Fig. 6 4 and B). In ad-
dition to the lack of potential nucleophiles in this hydrophobic
environment, the intact KPT-185 isopropyl acrylate (potential
hydrolysis substrate) likely makes many more contacts with
CRM1 than the cleaved hydrolysis product. This situation con-
trasts with LMB, where the hydrolysis product forms many more
interactions with CRM1 than the lactone substrate. Thus, in the
case of KPT-185, substrate stabilization may further decrease the
likelihood of enone hydrolysis.

Lactone Hydrolysis Decreases Reversibility of Covalent Conjugation.
Lactone hydrolysis of LMB results in electrostatic anchoring of
the inhibitor at both termini of the CRM1 groove, and the an-
ionic hydrolysis product complements a highly basic pocket in
the groove, possibly contributing significant additional binding
energy beyond covalent conjugation at the single cysteine site
(Fig. 34 and Fig. S2B). Furthermore, by analogy with other
Michael addition reactions, reversibility of the conjugate addi-
tion of cysteine should be kinetically controlled, with deproto-
nation of the inhibitor a-proton as the rate-determining step
(Fig. 5D). The a-proton of the hydrolyzed (carboxylate) inhib-
itor should be appreciably less acidic than the a-proton of the
lactone (20, 21). Thus, ring opening should enable lactone-based
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Fig. 5. Structures of LMB-bound S“CRM1 mutants and the mechanism of CRM1 inhibition. (A and B) Reaction sites in <“CRM1 double mutant S“CRM1(K548E,
K579Q) and triple mutant SCCRM1(R543S,K548E,K579Q), respectively. CRM1 in aquamarine, and LMB is light blue. (C) Superposition of LMB bound to SCCRM1*
and mutant S“CRM1*(R5435,K548Q,K579Q). Omit map density (1o cutoff) is shown for the only water molecule in the reaction site. (D) A model showing the

equilibria of conjugation and hydrolysis for CRM1 inhibition by LMB.

inhibitors to attach more persistently to CRM1 than analogous
inhibitors without this capability.

We compared the stability of LMB conjugation with S*CRM1*
vs. mutant S“CRM1*(K541Q,K542Q,R543S,K545Q,K548Q,
K579Q), which does not hydrolyze LMB, to test the effect of
lactone hydrolysis on the reversibility of covalent conjugation
(Fig. 6 C and D and Fig. S12). LMB-conjugated proteins were
either dialyzed or treated with 20 mM DTT to remove unbound
inhibitors, and the extent of LMB conjugation was determined by
a CRM1 inhibition assay using immobilized NES. LMB persis-
tently bound and fully inhibited *“CRM1%*, even after dialysis and
DTT treatment, indicating no detectable deconjugation. In-
terestingly, the hydrolysis incompetent CRM1 mutant showed
decreased inhibition after removal of unbound inhibitor (Fig. 6 C
and D), suggesting that ~20-30% of previously bound LMB is no
longer conjugated to CRM1 (Fig. S12). Similarly, KPT-185, which
contains a reactive enone but is not hydrolyzed by CRM1, also
significantly decreased inhibition after dialysis or DTT treatment
(Fig. 6 C and D); ~40-60% of previously bound KPT-185 seems to
be no longer conjugated to CRM1 (Fig. S12), suggesting that the
inhibitor binds CRML1 in a slowly reversible fashion. These results
support the notion that lactone hydrolysis decreases reversibility
of the Michael addition to enable persistent binding of LMB to
CRML. A similar protein-driven hydrolysis of a succinimide ring
that is conjugated to an engineered antibody also resulted in in-
creased stability of the protein conjugate (17).

Sun et al.

Timescale of CRM1-Mediated Hydrolysis of LMB. The main evidence
for hydrolysis of LMB by CRM1 derives from LMB-*CRM1*-Ran-
RanBP1 crystals that were typically frozen in liquid nitrogen within
24 h of LMB addition to CRM1. Because we have been unable to
analyze the kinetics of lactone hydrolysis of the LMB-CRM1 con-
jugate in solution, our resolution in quantifying the rate of this
process is limited by the timescale of crystallization. Thus, we con-
servatively place the timescale of this reaction in the range of hours,
although it could be significantly faster. Lactone or enone hydrolysis
is not crucial for LMB or KPT-185 to inhibit NES recognition by
CRM1, but CRM1-mediated lactone hydrolysis seems to be sig-
nificant for long-lived inhibition by LMB and other a,p-unsaturated
lactone polyketide inhibitors (Fig. 6 C and D). Such persistent in-
hibition may contribute to the long-lived clinical toxicity previously
observed for LMB, even several days after removal of the drug (5).

Conclusion

In summary, LMB is targeted to the NES-binding groove of
CRM1 through covalent conjugation to a reactive cysteine residue
(Fig. 5D). Subsequent lactone hydrolysis by CRM1 optimizes
LMB-CRM1 interactions and irreversibility of conjugation and
thus, inhibitor potency. A karyopherin protein, which normally
binds transport cargos and other protein ligands, has been shown
here to drive a chemical reaction. An intriguing question to ad-
dress in the future is whether CRM1 has analogous catalytic
activities with endogenous biological substrates other than the
o,p-unsaturated lactone polyketide inhibitors.
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down inhibition assays with immobilized GST-NES, and the proteins were separated by SDS/PAGE and visualized with Coomassie staining.

Materials and Methods

Detailed materials and methods are described in S/ Materials and Methods.
Briefly, (i) *CRM1 proteins, Ran and RanBP1, were purified separately and
mixed, and the complex was purified by gel filtration and finally incubated
with excess inhibitors. (ii) Crystals grew in 1-2 d after conditions similar to
the conditions used in ref. 15. (iii) Structures were solved by molecular re-
placement using S“CRM1-*Ran-*‘RanBP1 (Protein Data Bank ID code 3M1I)
(15) as search model. (iv) "H-NMR spectra of LMB in D,O crystallization
buffer at pH values 3.0, 5.0, 7.0, 8.5, and 10 were measured at 600 MHz. (v)
LC-MS analysis of LMB + DTT and LMB (no DTT) in buffer was performed
using a Phenomenex C18 Luna HPLC column, and the molecules were
detected at 254 nm and with MS [M + H]*. (vi) *CRM1* and LMB-*CRM1*
were analyzed by Q-TOF MS. (vii) LMB was chemically hydrolyzed with LiOH,
purified by RP-HPLC, and analyzed by LC-MS. (viii) CRM1-binding/inhibition
assays were performed using immobilized GST-MVMNS2NES, and the proteins
were visualized by SDS/PAGE and Coomassie staining. To assess the revers-
ibility of inhibitor conjugation, S“CRM1* proteins were mixed with inhibitors
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