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Materials and Methods

Materials

Standard chemicals were obtained from Sigma Aldrich (Taufkirchen, Germany).
The proteasome inhibitors Oprozomib, Epoxomicin and Dihydroeponemycin were
purchased from ApexBio (Houston, USA), MLN9708 and Bortezomib were obtained
from Selleck Chemicals (Munich, Germany) and Z-LLY-Ketoaldehyde from Bachem
(Bubendorf, Switzerland), and were resuspended in DMSO at 100 mM concentration.
Detergents were obtained from Anatrace (Maumee, USA), crystallization plates from
Hampton Research (Aliso Viejo, USA), Litholoops from Molecular Dimensions (Suffolk,

UK) and Jena Bioscience (Jena, Germany).

Methods

Purification of human 20S proteasomes

S30 HeLa cytoplasmic extract was prepared by hypotonic lysis according to Dignam
et al. (20), with some minor modifications: after hypotonic lysis and centrifugation to
collect nuclei, the supernatant (the crude cytoplasmic extract) was centrifuged at 30°000
x g for 30 minutes at 4°C and flash frozen in 40 ml aliquots in liquid nitrogen and stored
at -80 °C until further use. The S30 HelLa cytoplasmic extract was thawed in a water bath
at 37 °C, supplemented with purification buffer to 1x concentration from a 10x stock,
followed by the addition of sucrose powder to 20 % (w/v), Octyl Glucose Neopentyl
Glycol (OGNG; from a 10 % (w/v) stock solution in water) to 0.1 % (w/v), lodacetamide
to 10 mM, N-Ethylmaleimide to 10 mM and Benzamidine Chloride to 10 mM. The

extract was incubated at room temperature on a magnetic stirrer for 30 minutes, followed



by incubation at 30 °C with shaking at 140 rpm for 1 hour. The treated extract was
centrifuged at 100°000 x g for 2 hours at 4°C. After centrifugation, the supernatant was
filtered through 3 layers each of cheese cloth and miracloth to obtain a S100 HelLa
cytoplasmic extract.

The clarified extract is subjected to differential precipitation with
PolyEthyleneGlycol400 (PEG; number signifies the mean molecular weight of the PEG
polymer). PEG400 is added to a concentration of 20 % (v/v) to the S100 Hela
cytoplasmic extract under stirring at 4 °C and incubated for 20 minutes. Precipitated
proteins are removed by centrifugation at 30,000 x g for 30 minutes at 4 °C. The
supernatant is then precipitated by raising the concentration of PEG400 to 30 % (v/v) as
described above. The precipitate of this step, which contains human 20S proteasomes, is
recovered by centrifugation at 30,000 x g for 30 minutes at 4 °C and resuspended in
purification buffer containing 2 % (w/v) sucrose, 10 mM DTT and 0.01 % (w/v) Lauryl
Maltose Neopentyl Glycol (LMNG) in an orbital shaker at 18 °C. The resuspended
material is loaded on 10-30 % (w/v) sucrose gradients in purification buffer containing 5
mM DTT, which are centrifuged at 270,000 x g for 16 h at 4 °C. Gradients were
harvested in 400 pl fractions with Akta Prime™ (GE Healthcare, Munich, Germany).
SDS-PAGE was utilized to identify fractions containing 20S proteasomes. Selected
fractions were pooled and precipitated by the addition of 40 % (v/v) PEG400. After
centrifugation (30,000 xg, 20 minutes), the supernatant was removed and the precipitate
was resuspended in purification buffer containing 5 % (w/v) sucrose, 10 mM DTT and
0.01 % (w/v) LMNG. The resuspended material is loaded on linear 10-40 % (w/v)

sucrose gradients in purification buffer containing 5 mM DTT, which are centrifuged at



284,000 x g for 20 h at 4 °C. Fractions containing 20S proteasomes are yet again
identified by SDS-PAGE, precipitated and concentrated by the addition of 40 % PEG400
and resuspended in purification buffer containing 5 % (w/v) sucrose, 5 mM DTT and
0.01 % LMNG, vyielding the final purified protein preparation at 13 mg/ml. Protein
concentrations were determined by the Bradford assay (BioRad, Munich, Germany) using
BSA as a standard. This procedure reproducibly yields 20 mg purified human 20S
proteasomes, starting from 300 ml S100 HeLa cytoplasmic extract at a concentration of
10 mg/ml. The entire purification procedure is concluded within 48 hours yielding

crystallization grade protein.

Crystallization of human 20S proteasomes

Human 20S proteasomes are crystallized at a protein concentration of 7.5 mg/ml by
mixing 0.5 pl protein + 0.5 pl Crystallization buffer in Chryschem sitting drop vapor
diffusion plates (Hampton Research, Aliso Viejo, USA) over a 500 pl reservoir of
Crystallization buffer. Under these conditions, human 20S proteasomes purified by the
procedure described herein crystallize in space group P2,2,2; with unit cell constants a=
114A, b= 2024, c= 302A, a= p= y= 90°. The purification procedure described above is
therefore suitable to typically perform in excess of 5,000 crystallization setups.
Additional advantages of the presently identified crystallization conditions include that
each crystallization setup typically yields 10- 15 crystals, which are 150x 150 x 200 pm’
in size. Crystal growth to full size of the crystals is achieved within 20 hours of
incubation (see Figurel). Hence, ~50,000 crystals can be generated within 72 hours of

extract preparation that all typically diffract to resolutions below 2.2 A.



Crystal stabilization and dehydration

Human 208 proteasome crystals obtained by the procedures described above need to
be stabilized and dehydrated in a controlled manner to reproducibly diffract to resolutions
below 2.2 A. We have spent considerable effort to establish reproducible procedures to
achieve this. Three steps are involved: 1) Crystallization trays containing human 20S
crystals initially grown at 18 °C, are placed into Styrofoam boxes and transferred to 4 °C.
The trays are typically incubated for 8 hours. 2) The crystals are stabilized and
dehydrated at 4 °C. Initially, seals are removed and 1 pl of reservoir solution is added.
Then 2 pl of the crystal stabilization buffer is added to the crystallization drop. At the
same time the reservoir solution is exchanged to crystal dehydration buffer. The drops are
then re-sealed and allowed to equilibrate against the new reservoir solution by vapor
diffusion in excess of 8 hours at 4 °C. 3) Proteasome inhibitors are soaked into the
crystals by the addition of 4 ul of Crystal dehydration buffer to the drops, which
additionally contains 5 mM of the proteasome inhibitor of choice (final concentration: 2.5
mM). The drops are then resealed and allowed to equilibrate in excess of 12 hours. The
entire crystal stabilization, dehydration and ligand soaking procedures are therefore

concluded within 30 hours.

Diffraction data collection

At this stage human 20S proteasome crystals are ready for harvest and data
collection. To achieve this, crystals are harvested in Litholoops (Molecular dimensions,

Suffolk, UK or Jena Bioscience, Jena, Germany) mounted on magnetic pins and vitrified



by either plunge-cooling in liquid nitrogen or direct transfer to a nitrogen gas stream at
100 K. Data collection occurs under cryogenic conditions at 100 K. Initial data
collections of human 20S proteasome crystals were performed at beamline ID23-1,
ESRF, Grenoble, France. All high-resolution diffraction datasets reported in this
manuscript were collected on EMBL beamline P14 at the PETRA 111 storage ring (DESY,
Hamburg, Germany) using a MD3 vertical-spindle diffractometer (EMBL and Arinax,
Moirans, France) and a PILATUS2 6MF detector (Dectris, Baden, Switzerland). The X-
ray beam as produced by the undulator was defined by a white-beam compound
refractive lense transfocator positioned 20.6 m upstream of the sample position, imaging
the X-ray source at 3 to 4 m downstream of the sample, and by slits 0.3 m upstream of
the sample. Under these conditions, a smooth, “top-hat” beam profile with a total photon
flux of up to 2x 10" ph/ sec was created. Using different slit settings, beam sizes between
150 - 200 pm? in linear dimensions — matching the crystal dimensions - were created. In
our hands, for the large and well-ordered three-dimensional crystals of the human 20S
proteasome, this classical “bathing-the-crystal” approach provided far superior data sets
in comparison to multi-positional and/or or helical data collection strategies employing
standard setups with the X-ray beam focused into a 20-50 um spot on a larger sample -
for the latter cases the maximum resolution we were able to obtain was only 2.3 A
resolution.

Diffraction data were typically collected using 40 ms exposures, ¢-slicing of 0.05-
0.10, and a total rotation range of 180°-360° at 50 % attenuation. A full dataset is
therefore collected in less than 5 minutes. In general, by following these procedures

diffraction data can be collected to better than 2.2 A resolution using crystals obtained



with the crystallization, dehydration and stabilization conditions described above.
Diffraction data are rapidly scaled and integrated with the XDS program package (21)

using standard protocols within minutes after data collection.

Structure determination

Initial phases for human 20S proteasomes were determined by molecular
replacement using the murine 20S structure (PDB ID: 3UNE). The model was built and
optimized by several rounds of interactive manual model building in Coot (22) and
refinement in Refmac5 (23). The obtained structures display excellent stereochemistry
with typical values for Ryow= 18 % and Rgee= 21 % (Table S2), reveal very well defined
electron densities essentially over the whole 20S particle. The N-terminal residues of
some o subunits are disordered in our structures (al: 1 residue, a4: 8 residues, a5: 3
residues and a6: 5 residues). The density maps revealed several ligands, which were
present in buffers used for purification and crystallization (Table S1).

The identity of many ions was validated by anomalous difference Fourier maps in
native crystals. When necessary soaking experiments, where the ligands in question were
exchanged for anomalous scatterers, were performed: e.g., Cl” ions were identified by
their anomalous Fourier differences at 6.5 keV and by exchange through soaking crystals
with Br” ions and measurements at the bromide K- absorption edge (13.47 keV); Mg*"
ions were identified by exchange through soaking crystals with Mn®" ions and
measurement at the manganese absorption edge (6.5 keV); K™ ions were identified by
their residual anomalous scattering at 6.5 keV, non-exchangeability with either Br™ or

Mn?", and via coordination distances to neighboring groups in the crystal structure. In



addition to various ionic species, more than 3,500 localized water molecules are visible in
a typical crystal structure.

For modeling the bound inhibitors, complete stereo-chemical descriptions of double-
or single- covalent link attachments were created using program JLigand (23) and applied
in real-space fitting with Coot (22) followed by refinement with Refmac (24). With the
availability of this excellent model for human 20S proteasomes, now structure
determination can occur within minutes by refinement of the reference model against
integrated and scaled X-ray data from related crystals. Bound ligands can then be rapidly

identified in difference density maps and modeled interactively in Coot (22).

Electronic structure calculations

Cluster calculations were carried out on selected model systems, considering the
Dihydroeponemycin, Oprozomib and Z-LLY-Ketoaldehyde inhibitors. The starting
structures were based on the crystallographic data. All stationary points and constrained
optimizations were carried out at the B3LYP-D3(BJ)/def2-SVP level of theory (25-28),
which include dispersion corrections as suggested by Grimme, with a Becke-Johnson
type damping (29). The nature of the stationary points was confirmed by frequency
calculations. The reaction energy profiles are provided at the level of theory used for the
optimizations (B3LYP-D3/def2-SVP).

Free-energy corrections were computed from frequency analysis under the rigid-
rotor harmonic approximation of the latter structures. The electronic energy was
determined at the B3LYP-D3/def2-TZVP level of theory, under the COSMO continuum

solvation model (30). Diethyl ether was employed as the solvent (¢=4.3), which is



commonly chosen to model protein-like environments (31). All free-energy values
reported correspond to the sum of the latter electronic energies and the thermodynamic
corrections computed with the smaller def2-SVP basis set. All calculations were carried

out with the Orca 3.0.3 program package (32).

Enzyme Kinetics

All kinetic measurements were performed using a FluoroMax®-4 fluorescence
spectrophotometer (Horiba Scientific). Succinyl-Leucine-Leucine-Valine-Tyrosine-7-
amido-4-methylcoumarin (Suc-LLVY-AMC, Bachem) was used as substrate to
determine the chymotryptic-like activity of the B5 catalytic active site of the human 20S
proteasome (33). The fluorescence emission of hydrolyzed AMC was continuously
monitored at 460 nm (Aex = 380 nM). The reaction temperature was kept at 37°C for all
measurements and the reaction buffer for enzymatic assays specified in Table S1 was
used. Suc-LLVY-AMC and inhibitors (Oprozomib, Dihydroeponemycin, Z-LLY-
Ketoaldehyde) were dissolved in DMSO and stored at -80 °C until usage. The DMSO
concentration did not exceed 2% (v/v) in any measurement.

For kinetic characterization of Suc-LLVY-AMC conversion, 0.035 mg/mL (50 nM)
human 20S proteasome in reaction buffer was pre-incubated for 3 minutes at 37 °C. The
reaction was started by the addition of substrate and the fluorescence signal was
measured continuously. For determination of the first-order rate constant of inhibition of
the respective inhibitors in Figure 4E, the reaction mixture containing reaction buffer,
150 uM substrate and either Oprozomib (50 uM), Dihydroeponemycin (50 uM) or Z-

LLY-Ketoaldehyde (15 uM) were pre-incubated at 37 °C for 3 minutes. The reaction was



then started by the addition of human 20S proteasome to a final concentration 50 nM.
The fluorescence signal was measured continuously.

Data were analyzed and fitted with OriginPro 9.1 (OriginLab) and KaleidaGraph
4.03 (Synergy Software). The equation shown in Figure S1 was used to analyze the
chymotryptic-like catalytic activity and catalytic activation of the 20S proteasome. For
the determination of the first-order inactivation rate constants, equations were used that
contained either two exponential terms in case of Z-LLY-Ketoaldehyde, or two
exponential terms plus a linear term for epoxyketones (Oprozomib and
Dihydroeponemycin). The first of the two exponential terms accounts for the catalytic
activation, whereas the second exponential term signifies the catalytic inactivation by
inhibitory action. The linear term in case of the epoxyketones was used to describe

account for the residual activity of the proteasome after inactivation.

Supplementary Text (related to the electronic structure calculations)

Choice of system for simulation

The system of choice for our calculations was the Dihydroeponemycin inhibitor.
The reason for this choice is twofold. On one hand, the chosen system allows us to
compare 6-ring and 7-ring formation pathways on the same footing. Secondly, the
spectating hydroxyl moiety of Dihydroeponemycin, according to crystal structure data,
displaces the catalytic H20-3, and should be able to perform a similar role. In our
calculations, this comes as a benefit, since it is easier to model the hydroxyl group (it has

inherently less degrees of freedom than a single water molecule) (Figure S8).
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Formation of the tetrahedral intermediate

The first reaction step in the inhibition process should correspond to the formation
of a tetrahedral intermediate, through the nucleophilic attack of the hydroxyl moiety of
the threonine residue to the keto-carbon of the inhibitor. The model (cluster) system used
is depicted in Figure S8a. The neighboring residues Lys33, Serl30 and Aspl7 were
included, as well as the NUK water and a further solvent molecule, which was added to
complete the hydrogen bond network to the Ser130 residue. There is no conserved water
in the crystal structures at this position, but there is enough space available to
accommodate one. The side chains of included were truncated at the o carbons. During
all optimizations, the position of the latter carbons was kept fixed in the crystallographic
coordinates (taken from the crystal structure data of the Mg(OAc), soaked crystals of the
Dihydroeponemycin inhibition product). All remaining atoms were moved in stationary
point searches and reaction path calculations.

Reaction paths were computed by performing constrained optimizations, keeping the
distance between the nucleophilic oxygen and the keto carbon fixed, while optimizing all
other degrees of freedom in the system (aside the constraint on the cartesian coordinates
of the o carbons). A connected path was obtained, whereby the reaction proceeds by a
proton transfer from the Thrl y-OH to the Lys33 e-amine, followed by nucleophilic
attack of the hydroxide. Two groups are particularly important for the energetics of this
pathway. On the one side, Asp17 favors the formation of the e-NHs" group in the lysine.
Test calculations carried out without the aspartate lead to either very high barriers or no
connected paths overall. The other important element is the NUK water. Although in our

optimized pathways we did not observe a proton transfer to the forming hydroxide, one
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does observe the formation of a strong hydrogen bond. Our model would require, most
likely, a larger active site in order to describe the final protonation step. A reaction profile

is given in Figure S9.

6-ring and 7-ring pathways

In a further set of calculations, we compared the energetics for the pathway
leading to 6- and 7-ring formation. We again take Dihydroeponemycin as inhibitor and
the model for the active site is shown in Figure S8b. A smaller model system is used,
focusing on the Thrl amine and the 3-ring of the inhibitor. A water molecule was added,
in order to complete the hydrogen bond network between the Dihydroeponemycin
methanolic OH group and the Thrl reactive NH, group. This role is most likely filled by
Ser170. The Thrl is truncated by a dimethylamine, thereby avoiding any acidic protons at
this position. It is visible in the crystal structures that the NH in the backbone is involved
in a hydrogen bond to a neighboring residue. However, in our limited model, since the
latter residue is left out, the proton would be able to coordinate to the free water
molecule. This was observed in multiple occasions during our studies. In order to avoid
this, the H atom was replaced by a methyl, thereby turning the site inaccessible to further
hydrogen bonds. The NUK water molecule was not included in this model since it is
located on the opposite stereoface of the ring. Lys33, Aspl7 and Ser130 had little impact
in the barriers and were also neglected. In the case of cluster calculations, and in order to
better compare two different pathways, it is often best to limit the size of the model to the
direct participants in the reaction, in order to avoid a contamination of the results by

fortuitous conformation changes of spectating atoms.
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The reactive pathways were obtained by performing constrained optimizations, keeping
the distance between the nitrogen and the target carbon in the inhibitor. The two reaction
pathways (6- and 7-ring formation) are given in Figure S10 (B3LYP-D3/def2-SVP
electronic energies). The highest points in energy along the path were then taken as first
structure guesses for transition state optimization, following the closest mode to the N-C
stretch. Both pathways stem from the same starting structure, the tetrahedral intermediate,

with the amine group facing the epoxide.
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Fig. S1. Enzymatic characterization of proteasome catalytic activity

Measurements were performed as described in methods. The left panel depicts a
typical kinetic experiment, where the increase in fluorescence signal of the AMC released
by proteolytic cleavage is plotted against time. The blue window signifies an activation
phase in enzymatic peptide cleavage, whereas the pink window represents the steady-
state phase. In the right panel the specific activities for the human 20S proteasome
purified by our method are indicated for the pre-steady-state (prior to activation) or and
the steady-state phases, respectively. The equation shown in the right panel was used to
perform fits (in red) against the experimental data (black). Fo designates the initial
fluorescence, AFss: fluorescence increase in the steady-state part of the measurement, K
the rate constant. The exponential term with the rate constant ks is used to describe the

activation phase of the reaction.
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Figure S2 Lysss

Th ra2

Fig. S2. Inhibition mechanism for epoxyketones as proposed thus far.

In the mechanism proposed by Groll et al. (14), the Thr1-Oy initially reacts with the
ketone (left) to form a hemiacetal (middle). The N-terminal amine of Thrl then reacts
with the epoxide a-carbon atom, giving rise to 1,4-morpholine (6-membered) linkage in

the inhibited proteasome active site (right).
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Figure S3 | e

Fig. S3. Exchange of Chloride for Acetate does not affect formation of a 7-
membered, 1,4-oxazepane linkage.

When 20S proteasome crystals were soaked with Mg(OAc)2 prior to Oprozomib,
the linkage formed in the proteasome active site represents a 7-membered ring. In
addition, an acetate molecule is visualized, which is hydrogen-bonded to the C6-OH and
C7-OH of the 1,4-oxazepane ring. In addition, it also forms a hydrogen bond to the main

chain amide of Ser130.
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Figure S4

low dose after
exposure 15 MGy
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Fig. S4. Formation of the 1,4-oxazepane 7-membered ring linkage is not a
consequence of radiochemistry during X-ray data collection.

Shown are electron density maps and the 7-membered ring linkage from a low-dose
dataset (0.7 MGy, left panel) and after exposure to 15 MGy dose (right panel). No
obvious differences are discernable, allowing the conclusion that radiochemistry is not

the source for the 1,4-oxazepane ring.
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Fig. S5. Validation of 1,4-oxazepane linkage formation by the Epoxomicin-human
20S proteasome co-crystal structure.

The left panel illustrates the B5 active site inhibited by Epoxomicin, along with an
omit map contoured at 4c for the inhibitor, covalent linkage and B5Thr2. The main chain
segments of B5 residues 2, 19-21, 33, 45-50, 129-131, 169,170 and B6 125,126 are
indicated along with the B5 side chains of Thr2, Thr23, Lys33, Ser130 and the side chains
of B6 Aspl125, Prol26 as sticks (green carbon); Inhibitor, red oxygen and blue nitrogen;
see picture for amino acid description). The NUK chloride is shown as a green dot.
Dashed lines signify hydrogen bonds (<3.2 A distance). The top right panel a close-up
view of the inhibitor-Thrl linkage is shown, along with an omit map contoured at 6o
(green carbon, red oxygen and blue nitrogen). The right bottom panel the chemical

structure of Epoxomicin is depicted.

18



Figure S6 Lysss
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Fig. S6. Comparison of 6- and 7-ring forming reaction mechanisms for
Dihydroeponemycin.

The top panel depicts a reaction mechanism, which leads to the formation of a 1,4-
oxazepane 7-membered ring linkage in the inhibited proteasome active site. In the bottom
panel a reaction mechanism is shown, which gives rise to a 1,4-morpholine 6-membered
ring linkage. Note that in the upper case, the Thrl N-terminal amine is involved in a
nucleophilic reaction with the epoxide B-carbon atom, whereas in the bottom case it

attacks the epoxide a-carbon atom. Note also that 1,4-morpholine linkage would give rise
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to a non-chiral center at C5 position of the linkage, which would contain two methanolic

groups.
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Figure S7

Fig. S7. Competitive refinement of 1,4-morpholine (6-ring) versus 1,4-oxazepane (7-
ring) linkage.

Our attempts to model the electron density in the active site of B5 subunits in
Oprozomib-soaked crystals by a 1,4-morpholine (6-) ring structure were unsuccessful.
1,4-morpholine linkage conjugates refinement resulted in a severely distorted molecular
geometry (green carbon model) characterized by the elongation of the N4-carbon bonds
by 0.1-0.2 A, shortening of the C5-alcohol carbon bond by 0.1 A and deviation of the C5-
methylalcohol bond angle by -20 degrees from the expected value. Additionally, the C5-
methyl carbon atom exhibited a van der Waals distance of 3.0 A to R19 and Y169 main
chain oxygen atoms, which is too close and would result in a repulsive interaction.
Moreover, strong negative difference density peaks in difference maps contoured at 5¢
levels at the C5 methanol oxygen of the 1,4-morpholine ring model, as well as positive

density peaks contoured at 4.5 ¢ levels close to positions 4 and 5 of our 1,4-0xazepane

21



ring model remained after this 1,4-morpholine ring refinement. In contrast, no residual
difference (neither negative nor positive) density was present in the refined 1,4-
oxazepane linkage in density maps contoured above 2.3 o. Depicted is a mFo-DFc map
contoured at +4 o (green) and -4 o (red). For comparison, the model with the 1,4-

oxazapane linkage as depicted in Figure 3A is shown with carbon colored in yellow.
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Figure S8
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Fig. S8. Model systems used for the computation of (A) tetrahedral intermediate

formation (B) ring formation.
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Figure S9
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Fig. S9. Electronic energy differences in the computed pathway for the nucleophilic

attack at the keto carbon.

The cluster model used is shown in Fig. S8 a). The a carbon atoms of the capped
residues were kept fixed. The distance between the nucleophilic oxygen in Thrl and the
keto carbon in the inhibitor r(C-O) was varied optimizing all other coordinates. The
model system chosen is not large enough to describe the final protonation of the forming
hydroxyl group at the inhibitor molecule. This should lead to an overestimation of both

the energy barrier and the final products energy.
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Figure S10
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Fig. S10. Electronic energy differences comparing the 6- and 7-ring formation

pathways in the dihydroeponemycin inhibitor case.

The r(C-N) distance corresponds to the distance in the forming bond, and therefore

refers to two different carbons.
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Table S1.

Buffers for protein purification, crystallization, crystal stabilization, crystal dehydration

and enzymatic assays

Purification buffer:

Crystallization buffer:

Crystal stabilization buffer:

Crystal dehydration buffer:

Enzyme activity buffer:

0.05 M BisTris pH 6.5, 0.05 M KCI, 0.01 M MgCl,,

0.01 M B-Glycerophosphate

0.1 M BisTris pH 6.5,0.2 M MgCl,, 10 % (w/v)

PEG3350

0.1 M BisTris pH 6.5,0.2 M MgCl,, 20 % (w/v)

PEG 3350

0.1 M BisTris pH 6.5,0.2 M MgCly, 25 % (w/v)

PEG 3350, 20% (v/v) MPD

0.05 M BisTris pH 6.75, 1 mM EDTA, 0.01% (w/v)

SDS
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Table S2. Crystallographic data collection and refinement statistics.

Tag Native Native Cprozomity Oprozomik Epoxomyein  Diliwdrospo Z-LLY- Bortezomib Ixazonub Delanzomib
nermyein ketouldehyde
PDBID SLES SLEX SLEY SLEZ LI 5L RIREY 5LE3 SLIT SLE4
Divalent sall Mgcl, MgtOAck, Mgl MglOAc), Medl, Mgl Mgl My, Mgl Mygdl,
Space group P2.2y2y
Unit cell
W [AY 1134 1134 1134 1134 113.1 1139 134 1134 1134 1144
Ay 2028 2031 2027 2032 202.4 2035 2035 2027 2026 028
ety 31d.0 3160 3151 3152 3148 iled s 3149 3148 a3
Data collection
Wavelength [4) 0976
Resolution range 197-1.80 S0-2.20 170-1.90 50219 107-2.41 56-2.0 S0-2.07 157210 04-2.00 50-1.99
(A) 1.90-1.80 (2.28-2.20) (2.00-1.90 (227-219) (2.50-2.41) (2.07-2.000 (2182073 (2.20-2.10) i2.10-2.00 12.06-1.99;
No. of raflzetions 8223061 2519654 2653718 251078a 2519995 43&1123 2792074 2017022 3047303 1210018
MNe. of unique 633728 3as080 326170 351230 262073 AcAGu8 03217 393300 139417 162522
rellections
Complatenzss (%) 9391997 992 (981 9T A9 B9 3(43) 95,9 (95.6) 9.8 (v8.3) Y6.4072.3) H8TARY 1) 998 199.6) LERRCU]
=1iSigl 18.3(0.9) 13.0(0.9) 1533 (0.8) 15.201.1) 130 (0.8 12.241.0) 12940.3) 12.440.9; 146 (1.0) 131N
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Values in parenthesis denote values for the highest resolution shell.

Number of unique reflections used in refinement is shown. No rejections were applied.

Movie S1

This movie illustrates the entire calculated reaction pathway for the formation of the 1,4-

oxazepane 7-membered ring linkage with Dihydroeponemycin.

Movie S2

This movie illustrates the entire calculated reaction pathway for the formation of the 1,4-

morpholine 6-membered ring linkage with Dihydroeponemycin.
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