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Significance

 The accurate characterization of 
small molecule–protein 
interactions is critical for 
biomedical research. High-
throughput structural methods, 
including X-ray crystallography, 
facilitate atomic views of such 
complexes and can rapidly 
inform drug development. By 
combining microcrystal electron 
diffraction with native mass 
spectrometry (ED-MS), we 
develop an approach to rapidly 
and accurately determine 
structures of biosynthetic or 
clinically relevant ligands bound 
to enzymes. ED-MS effectively 
captures the natural product, 
E-64, and its biosynthetic 
variants, bound to their target 
protease, papain. It also resolves 
the inhibition interaction of 
avibactam with an M14 
β-lactamase. These complex 
structures can even be extracted 
from microcrystal slurries soaked 
with ligand mixtures and crude 
biosynthetic reactions, 
demonstrating the broad utility 
of ED-MS for research, drug 
discovery, and medicinal 
chemistry.
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With the goal of accelerating the discovery of small molecule–protein complexes, we 
leverage fast, low-dose, event-based electron counting microcrystal electron diffraction 
(MicroED) data collection and native mass spectrometry. This approach, which we 
term electron diffraction with native mass spectrometry (ED-MS), allows assignment 
of protein target structures bound to ligands with data obtained from crystal slurries 
soaked with mixtures of known inhibitors and crude biosynthetic reactions. This extends 
to libraries of printed ligands dispensed directly onto TEM grids for later soaking with 
microcrystal slurries, and complexes with noncovalent ligands. ED-MS resolves struc-
tures of the natural product, epoxide-based cysteine protease inhibitor E-64, and its 
biosynthetic analogs bound to the model cysteine protease, papain. It further identifies 
papain binding to its preferred natural products, by showing that two analogs of E-64 
outcompete others in binding to papain crystals, and by detecting papain bound to E-64 
and an analog from crude biosynthetic reactions, without purification. ED-MS also 
resolves binding of the CTX-M-14 β-lactamase, a target of active drug development, to 
the non-β-lactam inhibitor, avibactam, alone or in a cocktail of unrelated compounds. 
These results illustrate the utility of ED-MS for natural product ligand discovery and 
for structure-based screening of small molecule binders to macromolecular targets, 
promising utility for drug discovery.

cryoEM | MicroED | mass spectrometry | ligand | enzyme

 Several methods can inform on ligand binding to proteins. Techniques such as isothermal 
titration calorimetry or surface plasmon resonance offer both confirmation that a ligand 
is binding a protein of interest, and elucidate details about binding kinetics and thermo-
dynamics of the complex ( 1 ,  2 ). Mass spectrometry can now not only unambiguously 
confirm the occurrence of protein–ligand binding interactions, but also precisely identify 
binding sites ( 3 ,  4 ). Likewise, NMR has been successfully leveraged for the detection of 
ligand-binding events in chemical fragment screens ( 5 ,  6 ), and can additionally offer 
three-dimensional (3D) structures of ligand binding sites for small protein targets ( 7 ). 
However, when detailed 3D atomic information about a target protein is needed, such as 
a case where conformational changes of the target in response to ligand binding are of 
interest, or where binding sites are unknown, crystallographic insights remain the gold 
standard ( 8 ).

 The development of new methods to interrogate minuscule protein crystals has furthered 
the frontier of protein–ligand complex characterization. Laser and synchrotron-based X-ray 
sources continue to develop, delivering high-resolution structures from assemblies of shrink-
ingly fewer repeat units ( 9 ). This is facilitated in part by advances in serial crystallography 
at both synchrotrons and X-ray free electron lasers, which offer atomic resolution structures 
from slurries of nanocrystals ( 10     – 13 ). Complementing these efforts, microcrystal electron 
diffraction (MicroED), or 3D electron diffraction, yields high-resolution crystal structures 
from necessarily thin (<500 nm) crystals, often capitalizing on a target’s proclivity to form 
small crystals ( 14   – 16 ), and enabling more rapid ligand diffusion and binding than is pos-
sible with large, X-ray diffraction (XRD)-suitable crystals ( 17 ,  18 ).

 The advantage of efficient ligand soaking in MicroED makes possible the high-throughput 
structural evaluation of ligand binding to proteins, especially where a binding site on the 
target protein is known. As such, a method that enables screening multiple candidate 
ligands against crystals of the protein of interest simultaneously, pinpointing whether one 
or more has bound, would be an advantageous addition to the structure-based drug 
discovery toolkit. This is illustrated by fragment-binding screens, where small molecule 
fragments representing a range of chemical space are simultaneously soaked into crystals 
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of interest, typically prior to XRD ( 8 ,  19 ,  20 ). However, that 
approach is challenged when the bound ligand is not fully resolved 
or where resolution is insufficient for unambiguous atomic assign-
ment ( 21 ,  22 ). If the identity of a potential ligand is not known 
beforehand, a secondary validation method, such as mass spec-
trometry, can be useful ( 23 ).

 Native mass spectrometry (nMS) is ideal for this role since it 
allows for the observations of protein complexes and protein–
ligand interactions in their near-native states, preserving nonco-
valent interactions ( 24 ). Nano electrospray ionization (ESI) 
facilitates the desolvation and ionization of proteins in a volatile 
buffer, and its coupling with mass spectrometry is capable of iden-
tifying species in complex mixtures with low sample volume ( 25 ). 
In fact, nMS has played a crucial role in evaluating small molecule 
libraries for downstream applications in XRD soaking experi-
ments ( 26 ), highlighting its potential for more high-throughput 
analysis. The application of nMS directly to samples used for 
MicroED (ED-MS), therefore, offers the potential for accurate 
structures of protein–ligand crystals obtained from soaks with 
compound mixtures.

 Here, we demonstrate the utility of the combined ED-MS 
approach for resolving protein–ligand complexes that are generated 
by soaking protein microcrystal slurries with either a pure com-
pound, or a cocktail of potential ligands ( Fig. 1 ). We demonstrate 
this approach with the model protein lysozyme bound to its non-
covalent ligand N,N′,N″-triacetylchitotriose (ACT), then use the 
cysteine protease papain as a scaffold on which to bind a panel of 
both known and potential inhibitors, including the epoxide-based 
covalent cysteine protease inhibitor E-64 ( 27 ), its commercially 
available chemical analogs ( 28 ), and analogs generated by biosyn-
thetic reaction ( 29 ). We determine structures of papain soaked with 
mixtures of these potential inhibitors, and perform nMS directly on 
TEM grid-adsorbed crystals following diffraction data collection to 
identify the exact masses of bound ligands present. Last, we extend 
the ED-MS workflow to interrogate crystals of the β-lactamase 
enzyme, CTX-M-14, which imparts resistance to β-lactam-containing 
antibiotics by hydrolyzing their four-membered ring structural motif 
( 30   – 32 ). In particular, we assessed the structure of β-lactamase in 
complex with avibactam, which acylates the active serine residue 
without being hydrolyzed by the enzyme ( 33 ). Overall, our results 
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Fig. 1.   Scheme of ED-MS for resolving bound ligands in protein microcrystals. A slurry of protein microcrystals is soaked with a mixture of potential ligands; the 
process is demonstrated with lysozyme and its ligand, ACT (A). This microcrystalline suspension is loaded on a holey carbon TEM grid, blotted from the back to remove 
excess solvent, and plunge-frozen in liquid ethane (B). Low-dose MicroED data are acquired using a direct electron detector (C), yielding a structure solution of the 
microcrystals where unsatisfied density in the potential map can be identified as probable ligands (Blue mesh: 2Fo − Fc map at 1.5σ level; gold mesh: Fo − Fc map at 
the 3σ level) (D). The grid is then recovered from the TEM, and the on-grid crystals dissolved in a volatile solvent, prior to nMS analysis (E). An nMS spectrum of the 
complex (magenta) compared to the apo-protein (gray) indicates mass shifts for potential bound ligands, such as that of the 627.60 Da ACT bound to lysozyme shown 
in this example (F). This ligand is then modeled into the residual density in the MicroED structure and fully refined, resulting in an atomic structure of the complex (G).D
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demonstrate that structures of protein–ligand complexes can be 
obtained directly from microcrystal slurries by ED-MS, with unam-
biguous confirmation of the identity of the bound ligands. The 
approach promises to structurally illuminate the binding of proteins 
to natural products and active drug-like molecules present in cock-
tails or reaction mixtures.         

Results

ED-MS As a Facile Approach for Ligand–Protein Structure 
Determination. The overall ED-MS workflow involves the soaking 
of microcrystal slurries with either a single, pure small molecule 
binder, or a cocktail of potential ligands that includes a binder 
molecule (Fig. 1A), preceding TEM grid preparation and sample 
vitrification (Fig. 1B). Using samples prepared by this strategy, we 
acquire continuous rotation MicroED tilt series at 200 kV using 
a direct electron detector (Fig. 1C) yielding a structure phased by 
molecular replacement, where unassigned residual density may 
suggest the presence of one or more bound ligands (Fig. 1D). The 
TEM grid is then recovered, the on-grid material dissolved, and 
analyzed directly by nMS (Fig. 1E), producing a spectrum where 
mass shifts confirm the identity of bound species (Fig. 1F). The 
identified ligand can then be modeled into the residual density of 
the MicroED structure and refined (Fig. 1G).

 To assess the utility of ED-MS for characterizing protein–ligand 
complexes, we set out to determine the structure of the venerable 
protein standard, lysozyme, bound to its noncovalent ligand, ACT. 
Macroscopic lysozyme crystals (SI Appendix, Fig. S2A﻿ ) verified to 
diffract well by single-crystal XRD (SI Appendix, Fig. S2B﻿ ) were 
crushed to form microcrystalline slurries suitable for producing 
high-resolution electron diffraction (SI Appendix, Fig. S1 A  and B ). 
Compared to structures of the unliganded protein (SI Appendix, 
Fig. S1C  and Table S1 ), a MicroED structure at 2.3 Å resolution 
of lysozyme cocrystallized with ACT showed prominent density 
indicating the presence of the anticipated ligand (SI Appendix, 
Fig. S1F  and Table S1 ). Likewise, relative to the nMS spectrum 
acquired from the grid of apo-form lysozyme crystals (SI Appendix, 
Fig. S1D﻿ ), the spectrum recorded from the grid of cocrystals showed 
a clear 627 Da shift relative to the apo-form mass indicating bound 
ACT. Curiously, this spectrum also contained a peak at 15,135 Da, 
204 Da heavier than the mass of the bound state, suggesting the 
presence of an additional binder to lysozyme we did not observe in 
our structure (SI Appendix, Fig. S1G﻿ ). Nevertheless, this result indi-
cated that noncovalent ligands detectable by MicroED can be pre-
served during sample preparation for nMS, and captured in the 
measured spectrum. To assess the robustness of this procedure in 
the more complicated case of a cocktail-soaked microcrystalline 
slurry, we performed a similar experiment, this time mixing ACT 
with a concentrated protease inhibitor cocktail, and soaking a 
microcrystalline slurry of apo-form lysozyme for 10 min prior to 
plunge freezing on TEM grids. The MicroED structure determined 
from these crystals, at 2.4 Å resolution, showed ACT density match-
ing that seen in the cocrystal structure (SI Appendix, Fig. S1J  and 
Table S1 ), and the corresponding nMS spectrum once again con-
firmed the 627 Da mass shift for the ligand, this time without any 
evidence of additional ligands from the mixture (SI Appendix, 
Fig. S1K﻿ ). Density for ACT in each MicroED experiment was com-
parable to that observed from single-crystal XRD structures of 
lysozyme cocrystallized or soaked with either pure ACT or a cocktail 
containing ACT (SI Appendix, Fig. S2 D –H and Table S2 ).  

MicroED Structures of Papain Bound to the Cysteine Protease 
Inhibitor Natural Product, E-64. We next interrogated ligand 
interactions of the cysteine protease papain, as isolated from 

papaya latex (34). Papain crystals (Fig.  2A) were readily grown 
and cocrystallized or soaked with target ligands for MicroED 
analysis. Crystals that diffracted to high resolution by XRD 
(SI Appendix, Fig. S3 D and E) were crushed by repeated pipetting 
in their crystallization solution and frozen on cryo-electron 
microscopy (cryoEM) grids to yield a population of well-diffracting 
nanocrystalline fragments (Fig.  2 A and B). A 2.5 Å resolution 
MicroED structure of papain was phased by molecular replacement 
(34) (Fig. 2 C–E and SI Appendix, Table S3).

 We validated that the known epoxide-based cysteine protease 
inhibitor E-64 covalently bound papain (SI Appendix, Fig. S4 A  
and B ) and could be detected by MicroED when soaked into 
papain microcrystal slurries. Given the potential speed advantage 
in ligand soaking with the thin crystals used for MicroED, we 
evaluated the soaking time required to observe sufficient occupancy 
of E-64 in the papain active site. Papain microcrystals frozen on 
cryoEM grids following either 30 s, 4 min, or 10 min of soaking 
in 2.5 mM E-64 were interrogated by MicroED, each yielding a 
structure with a clear view of the binding pocket surrounding 
critical residue cysteine 25 (Cys25) at 2.5 Å resolution ( Fig. 2 F –H   
and SI Appendix, Table S4 ). While a weak trace of E-64 density 
was observed following 30 s of soaking ( Fig. 2F  ), both the 4- and 
10-min structures showed sufficient density to model E-64 and 
carry out refinement ( Fig. 2 G  and H  ). In particular, the refined 
occupancy of E-64 atoms in the structure from crystals soaked for 
10 min exceeded 75%, with ligand B-factors similar in value to 
the average refined B-factor of papain atoms (SI Appendix, 
Table S4 ). This confirmed the 10-min soaking time as sufficient 
to visualize strong covalent binding by E-64 (SI Appendix, 
Table S5 ). The soaking efficiency noted in microcrystals exceeded 
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Fig. 2.   MicroED structures of papain and E-64–papain complexes. TEM 
image of a thin frozen-hydrated papain microcrystalline fragment (A), which 
yields high resolution electron diffraction when illuminated with a low-flux 
parallel beam (B). Atomic model of the cysteine protease papain, determined 
by MicroED to 2.5 Å resolution with secondary structure and key active-site 
residue side chains rendered, with the dashed circle highlighting the active site 
(C). View of papain’s active site from the same model, with key residues labeled. 
Covalent inhibitors bind in this pocket to cysteine 25, and a hydrophobic 
pocket (view in Inset) constituting valine 133, valine 157, and proline 68 
accommodates aliphatic moieties of potential binders (D). Structure of the 
apo-form of papain at 2.5 Å resolution determined by MicroED from crystals 
such as the one shown in panel A, where the active site is viewed (E). MicroED 
structures of the papain active site at 2.5 Å resolution from microcrystals 
soaked with a concentrated solution of E-64 for 30 s (F), 4 min (G), and 10 min 
(H). Blue mesh indicates the 2Fo − Fc map at 1.5σ level following modeling of 
the ligand (magenta coordinates), and gold mesh indicating the Fo − Fc map 
at the 3σ level that was present prior to modeling a ligand. 10 min of soaking 
is sufficient for high (>80%) occupancy to be achieved.D
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that of equivalently soaked macroscopic crystals needed for 
single-crystal XRD (SI Appendix, Fig. S5 and Table S6 ).

 Although achieving high completeness MicroED data can require 
the merging of partial datasets from multiple crystals, we noted that 
the clearest density in papain’s active site in Fo  − Fc  ligand omit maps 
was often achieved from unmerged or minimally merged datasets, 
provided completeness exceeded approximately 85%. This is likely 
due to variable ligand occupancy between different microcrystals 
on the same TEM grid (SI Appendix, Fig. S6 A –C ). As such, the 
ideal data collection modality required wedges of data that are as 
large as possible, to be quickly acquired on individual papain crystals 
prior to much accumulation of radiation damage. This was uniquely 
facilitated by the use of a fast direct electron detector (DE Apollo) 
performing event based electron counting ( 35 ,  36 ). Leveraging the 
DE Apollo camera for fast, low-flux MicroED data collection ( 37 ), 
we were able to routinely acquire structure-worthy tilt series deliver-
ing no more than 6 e− /Å2  total fluence per crystal.  

Unambiguous Determination of Papain–E-64-Like Natural 
Product Complexes Enabled by ED-MS. We anticipated MicroED 
would be a useful tool for ligand discovery from natural product 
libraries. We therefore proceeded to determine the structure of 
papain microcrystals cocrystallized in the presence of an E-64 analog 
recently discovered by a combinatorial biosynthesis platform (29), 
which we refer to as E-64-A65 (SI Appendix, Fig. S4 C and D). 
A 2.5 Å resolution structure of the papain–E-64-A65 cocrystal 
complex showed prominent density in the active site compared 
to the respective apo site, confirming the bound biosynthetic 
compound (Fig. 3 A and E and SI Appendix, Table S3). We noted 
in doing so that although MicroED was able to rapidly deliver 
a structure of the bound ligand complex, the ligand density was 
not always sufficient to disambiguate between structurally similar 
binders such as E-64-A65 and its parent, E-64. This is evident by 
comparing the E-64-A65-bound structure to a high-occupancy 
structure of papain cocrystallized with E-64 and determined to 
2.3 Å resolution (Fig. 3C and SI Appendix, Table S3). This scenario 
would be common during screening of crystal binding to highly 
similar ligands, or to mixtures or cocktails of similar ligands, as 
might be performed in high-throughput drug discovery efforts, and 
presented an opportunity to apply ED-MS to resolve the ambiguity.

 Mass spectra acquired from apo papain crystals harvested from a 
TEM grid showed masses corresponding to the protein with both a 
doubly oxidized, sulfinic acid form (+32 Da) of its catalytic residue 
Cys25, and a reduced form of the protein ( Fig. 3B  ). The assignment 
of this oxidation state is substantiated by its resistance to reduction 
with dithiothreitol (DTT) or tris(2-carboxyethyl)phospine (TCEP), 
unlike other +32 Da modifications such as persulfides, which would 
be reduced under these conditions (SI Appendix, Fig. S7 ). By com-
parison, mass spectra acquired from on-grid material of both 
papain–E-64 and papain–E-64-A65 cocrystals offered unambiguous 
confirmation of the identity of each bound species. A 357 Da and 
369 Da mass-shifted species relative to the reduced form of papain, 
in the mass spectrum acquired from papain–E-64 and papain–E-64- 
A65 samples respectively, dominated in each, matching the expected 
molecular weights of the ligands: E-64 (357.20 Da) and E-64-A65 
(369.23 Da) ( Fig. 3 D  and F   and SI Appendix, Table S7 ). These 
results therefore validated ED-MS as an effective approach for meas-
uring the mass of bound compounds within microcrystals used for 
structure determination, informing on both the identity and bound 
structure of an unknown ligand.  

Structure of Papain–E-64 Captured by ED-MS from Microcrystal 
Slurry Soaked with an Inhibitor Cocktail. Having validated that 
we could quickly soak ligands into papain microcrystals, visualize 

them by MicroED, and confirm their identities by nMS, we 
verified the utility of this workflow for higher-throughput ligand 
discovery efforts. In particular, we aimed to test whether the same 
information about ligand presence, conformation, and identity 
could be extracted by ED-MS for papain crystals soaked with a 
mixture of potential ligands. To evaluate this, we soaked papain 
microcrystals with a commercially available protease inhibitor 
cocktail containing E-64, AEBSF, leupeptin, aprotinin, bestatin, 
and ethylenediaminetetraacetic acid (EDTA) at varying relative 
concentrations (SI  Appendix, Fig.  S8). Of these components, 
both E-64 and leupeptin are known ligands of papain (27, 38). 
Cocktail-soaked papain microcrystals were then deposited and 
plunge-frozen on TEM grids and interrogated by ED-MS. A 
2.5 Å resolution MicroED structure revealed unsatisfied active-
site density in the absence of a modeled ligand. nMS analysis 
confirmed that the papain–E-64 complex was the only bound 
species dominantly present in the TEM grid-adsorbed crystals 
(Fig. 4A). Therefore, E-64 was subsequently modeled into the 
unassigned density in the final steps of structure refinement 
(Fig. 4B and SI Appendix, Table S8).

 Even at the resolution afforded by single-crystal XRD, distin-
guishing E-64 from leupeptin based solely on the appearance of 
active site density in a 1.5 Å structure from macroscopic crystals 
soaked with the same cocktail was nontrivial (SI Appendix, 
Table S9 ) without the additional information afforded by nMS 
(SI Appendix, Fig. S9 ). Notably, nMS confirmed that leupeptin 
does indeed bind papain in solution and in microcrystals 
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Fig. 3.   ED-MS of papain complexed with E-64 and a biosynthetic analog. 
Structure of the apo-form of papain at 2.5 Å resolution determined by 
MicroED, where the active site is viewed (A), and nMS spectrum of the same 
material harvested and dissolved from the cryoEM grid (B). Structure of the 
papain–E-64 cocrystal complex at 2.3 Å resolution determined by MicroED (C), 
and corresponding nMS spectrum confirming presence of the papain–E-64 
complex on the grid (D). Structure of the papain–E-64-A65 cocrystal complex at 
2.5 Å resolution determined by MicroED (E), and corresponding nMS spectrum 
confirming presence of the papain–E-64-A65 complex on the grid (F). Blue 
mesh indicates the 2Fo − Fc map at 1.5σ level following modeling of the ligand, 
and gold mesh indicates the Fo − Fc map at the 3σ level that was present prior 
to modeling a ligand. In B, D and F, grid-derived nMS spectra (magenta) are 
superimposed on the spectrum acquired from the apo-protein (gray).
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(SI Appendix, Fig. S10 B −D ). Likewise, when crystallized in the 
presence of a molar excess of leupeptin, single-crystal XRD shows 
unambiguous density for bound leupeptin in the papain active 
site (SI Appendix, Fig. S10A  and Table S10 ). Therefore, the results 
of the inhibitor cocktail soaking experiment indicate that, if mul-
tiple binders are present in the soaking mixture, the higher affinity 
binder may outcompete the others and be unambiguously iden-
tified by ED-MS at the short time and length scales evaluated.  

ED-MS Applied to Papain Bound to Mixtures of Its High Affinity 
Ligands, E-64, E-64C, and E-64D. We set out to test the limits of 
structural information achievable by ED-MS for crystals soaked 
with mixtures of multiple high-affinity binders. In addition to E-
64, papain is known to bind its commercially available analogs E-
64C and E-64D (28), and their complexes have known structures 
(29). We expected ED-MS might reveal whether one of these 
known high-affinity ligands could outcompete the others when 
mixed in equimolar quantity and soaked into papain microcrystals. 
A 2.5 Å resolution MicroED structure was determined from 
mixture-soaked papain crystals, where unsatisfied density in the 
active site was detected that could not be confidently assigned to 
any one of the three structurally similar candidate compounds. 
nMS of the same crystals revealed the mass shifts corresponding 
to the E-64 and E-64C bound states of papain were both present 

in the mixture (Fig. 4C). The active site of the MicroED structure 
was therefore modeled as an ensemble of the papain–E-64 and 
papain–E-64C bound states (Fig. 4D and SI Appendix, Table S6). 
Even in higher-resolution XRD structures, determined either from 
serial synchrotron XRD (SSX) of papain microcrystals soaked 
with the same mixture (SI Appendix, Fig. S11 and Table S11), 
or from single-crystal XRD of a large crystal soaked with the 
mixture for an extended 20 h time (SI Appendix, Fig. S12A), the 
residual density in the active site only clearly showed the structural 
fragment common to all three ligands (SI Appendix, Table S9).

 Curiously, when interrogating papain–E-64C and papain–E-64D 
cocrystal complexes separately by ED-MS (SI Appendix, Fig. S13 
and Table S12 ), nMS revealed in each case that only the bound 
species corresponding to E-64C, indicated by a 314 Da mass shift 
from the reduced apo-form papain species, was present (SI Appendix, 
Fig. S13 C  and F ). To confirm the veracity of the stock E-64D, we 
determined its structure directly from the microcrystalline powder 
used for the ligand soaking experiment, and noted the refined 0.8 
Å resolution structure (SI Appendix, Fig. S14 E –G and Table S13 ) 
matched the expected structure of E-64D, with a molecular weight 
of 342 Da. Likewise, liquid chromatography / mass spectrometry 
(LC-MS) of the E-64D dissolved in 66% methanol solution 
revealed the 342 Da mass, distinct from the 314 Da mass of E-64C 
(SI Appendix, Fig. S14 A –D ). The only structural difference 
between E-64C and E-64D is the presence of an ester, rather than 
a terminal carboxylic acid, bound to the epoxy warhead. We there-
fore concluded that the ester of E-64D is likely hydrolyzed specif-
ically in the course of its covalent attachment to the papain active 
site cysteine, effectively converting into E-64C, as observed in the 
crystal structure. This hypothesis is consistent with previous work 
studying the increased likelihood of ester hydrolysis in the presence 
of neighboring sulfides ( 39 ).  

ED-MS of Papain Bound to On-Grid Arrayed Ligand Sets. 
Leveraging arrayED technology (40), we interrogated papain 
crystals applied to grids on which one or more target ligands 
had been predeposited (SI  Appendix, Fig.  S15). We reasoned 
that the printing of potential ligands on grids using microarrayer 
devices would streamline high-throughput soaking and ED-MS 
efforts, in cases where the compounds of study can be allowed to 
dry without degrading. A microarrayer (40) was used to deposit 
250 to 350 picoliter droplets of E-64 onto TEM grids, which 
were then dried and stored until ready for soaking (SI Appendix, 
Fig. S15A). A slurry of papain microcrystals was then applied to 
the arrayED grids and incubated for 5 min before freezing and 
ED-MS analysis (SI Appendix, Fig. S15B). Data collected from 
these grids yielded a 2.8 Å structure of papain complexed with 
E-64 (SI Appendix, Fig. S15 C–E and Table S14), and nMS on the 
same grid revealed distinct presence of the papain–E-64 complex 
on the sample (SI Appendix, Fig. S15F). This nMS measurement 
additionally confirmed that the printed E-64 could be dried on 
the grid, later to be resuspended to bind papain.

ED-MS Detects High Affinity Papain–Inhibitor Complexes 
from a Cocktail of Biosynthetic E-64 Derivatives. To test the 
utility of ED-MS for drug discovery efforts from mixtures of 
natural product libraries, we soaked papain microcrystals with 
an equimolar mixture of multiple biosynthetic E-64 analogs. 
This collection included E-64-A65, as well as a series of similar 
compounds generated by substituting different amino acids and 
amine groups as precursors for the biosynthetic reaction used to 
produce E-64 (29). These compounds, with molecular weights 
of 315, 371, and 405 Da, are referred to as E315, E371, and 
E405 (SI  Appendix, Fig.  S16). While nMS of on-grid crystals 

E F

C D

A B

Fig. 4.   ED-MS reveals complex structures from papain microcrystals soaked 
with cocktails of potential ligands. nMS spectrum from on-grid papain 
microcrystals soaked with inhibitor cocktail containing AEBSF, bestatin, 
EDTA, leupeptin, aprotinin, and E-64, revealing presence of the papain–E-64 
complex and no other bound species (A). MicroED structure of papain with 
E-64 modeled into its residual active-site density; an 2.5σ Fo − Fc ligand-omit 
map is overlaid in gold (B). nMS spectrum from on-grid papain microcrystals 
soaked with an equimolar mixture of the high-affinity inhibitors E-64, E-64C, 
and E-64D, showing presence of the papain–E-64 and papain–E-64C complexes 
(C), and active-site view of the MicroED structure with E-64 and E-64C modeled 
as alternate conformations and the 2.5σ Fo − Fc ligand-omit map overlaid 
in gold (D). nMS spectrum from on-grid papain microcrystals soaked with 
an equimolar mixture of biosynthetic E-64 analogs E-64-A65, E315, E371, 
and E405, showing presence of primarily the papain–E-64-A65 and papain–
E405 complexes simultaneously, with trace amounts of the papain–E315 
complex (E). Active-site view of the corresponding MicroED structure with 
no ligands modeled in the binding pocket, but with E-64-A65 and E405 in 
their conformations determined by XRD overlaid onto the model (Fo − Fc map 
displayed at 2.5σ level in magenta and 3σ level in green) (F). In A, C and E, grid-
derived nMS spectra (magenta) are superimposed on the spectrum acquired 
from the apo-protein (gray).
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soaked in a mix of these compounds found clear signal for both 
papain–E-64-A65 and papain–E405 complexes, and trace signals 
for the papain–E315 complex (Fig. 4E), only weak density could 
be observed in the active site of a 2.4 Å MicroED structure of the 
mixture (SI  Appendix, Table  S8). Nonetheless, omit difference 
maps showed residual active site density that partially matched 
the more ordered fragments of E-64-A65 and E405 (Fig. 4F). 
Repeating the same experiment, but excluding E-64-A65 from the 
cocktail, we measured masses for papain complexes with each of 
the three other natural products, though active site density from 
the MicroED structure of these crystals remained weak in the 
absence of the highest-affinity ligand (SI Appendix, Fig. S17 and 
Table S8). SSX structures of papain microcrystals soaked with each 
of the individual components of the mixture, E-64-A65, E315, 
E371, and E405, support these ED-MS results, where active site 
density in these structures confirmed E405 as a clear binder to 
papain (SI Appendix, Fig. S18 and Table S15).

Determination of Papain Binders Directly from Crude 
Biosynthetic Reaction Mixtures by ED-MS. Isolation of previously 
uncharacterized natural products is often nontrivial, and achieving 
comparable yields to commercially available compounds can 
be limiting. In such cases, we anticipate utility of ED-MS for 
discovery of binders from heterogeneous research samples, natural 
product extracts, and reactions performed as part of drug discovery 
efforts, despite the potentially low concentration of binders in 
those samples. To test this use-case, we soaked papain microcrystals 
directly with biosynthetic reaction mixtures, where E-64 and E-
64-A65 were each the intended major product and were active 
against papain (Fig. 5 A–C). Still containing reaction precursors, 
side products, and enzyme catalysts, the crude solutions contained 
at most 1 mM of the intended E-64 product, and 2 mM of the 
E-64-A65 product (SI Appendix, Fig. S19). To compensate for 
this limited concentration, microcrystals were allowed to soak 
for a longer period of 4 h prior to freezing on cryoEM grids. 
MicroED data collection on these microcrystals yielded a 2.3 Å 
resolution structure of the crude E-64-soaked crystals (Fig. 5D 
and SI Appendix, Table S16), and a 2.5 Å resolution structure of 
the crude E-64-A65-soaked crystals (Fig.  5F and SI Appendix, 
Table S16). In each structure, prominent density in the active site 
indicated the presence of a bound inhibitor. nMS of the on-grid 
material once again revealed that the mass of the ligand-bound 
complex matched the papain–E-64 complex, for the crude E-64 
soaking trial (Fig. 5E), and the papain–E-64-A65 complex, for 
the crude E-64-A65 trial (Fig. 5G). In neither experiment was a 
species corresponding to papain bound with a precursor or side 
product of the biosynthetic reaction detected.

Application of ED-MS to β-Lactamase–Inhibitor Complexes. 
We last aimed to assess the utility of ED-MS for resolving 
ligand binding in a protein of interest for drug development, the 
CTX-M-14 β-lactamase, referred to simply as CTX-M-14. We 
anticipated ED-MS might serve as a helpful tool to determine the 
structure of β-lactamase bound to the non-beta-lactam inhibitor, 
avibactam. Crystals of CTX-M-14 were grown, crushed into a 
slurry of nanocrystalline fragments, frozen on TEM grids and 
interrogated by MicroED (SI Appendix, Fig. S20). Using the same 
data collection routines established for papain, MicroED tilt series 
were acquired which yielded a 2.5 Å resolution structure of the apo-
form of CTX-M-14 (Fig. 6 A and B and SI Appendix, Table S17). 
This structure was comparable to single-crystal XRD structures 
determined on macroscopic crystals grown from the same batches 
(SI Appendix, Fig. S21 and Table S18), and offered a clear view of 
the antibiotic binding pocket surrounding catalytic residue serine 

70 (Fig. 6B). The nMS spectrum acquired from this grid, while 
somewhat afflicted by salt adducts due to the high potassium 
phosphate concentration in the crystals’ mother liquor, still showed 
its most prominent peak at 29567 Da, the anticipated mass of 
CTX-M-14, which we used as a reference for subsequent ligand 
binding studies by nMS (Fig.  6C). CTX-M-14 crystals soaked 
with avibactam yielded a 2.3 Å resolution MicroED structure of 
the complex, with clear density accounting for the inhibitor at high 
occupancy in each of the two binding sites within the asymmetric 
unit of the crystal (Fig. 6D and SI Appendix, Table S17). nMS 
from this on-grid material indicated a 265 Da mass shift of the 
most intense peak and the corresponding salt adduct series relative 
to the apo-form spectrum (Fig. 6E). No mass corresponding to 
the unliganded form of CTX-M-14 was detected by nMS in the 
inhibitor-soaked sample, indicating effectively complete saturation 
of its binding sites. We then extended that procedure to CTX-M-14 
crystals soaked with a mixture of avibactam solution and protease 
inhibitor cocktail (Fig. 6 F and G). The results of this experiment, 
both from MicroED and nMS, were almost entirely consistent with 
those from the measurements taken on crystals soaked with pure 
avibactam. This indicated that avibactam binding to CTX-M-14 

A

D E

F G

C

B

Fig. 5.   Strategy and demonstration of structural characterization of protein 
microcrystals soaked with crude biosynthetic products by ED-MS. Schematic 
for biosynthetic production of E-64 (A) and E-64-A65 inhibitors (B) with cor-
responding LCMS traces. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) demonstrating activity of papain in cleaving the 150 kDa 
antibody OKT9; when only papain and OKT9 are present, the 150 kDa band 
disappears indicating successful cleavage. When papain is pretreated with 
either crude preparation of biosynthetic products E-64 or E-64-A65, the 150 
kDa band for OKT9 is retained indicating successful inhibition of the protease 
(C). MicroED structure of papain microcrystals soaked with this preparation of 
E-64 without additional purification, showing the active site at 2.3 Å resolution 
with density indicating the presence of the ligand (D), and nMS spectrum 
from this sample indicating the presence of the papain–E-64 complex (E). Mi-
croED structure of papain microcrystals soaked with a similar crude E-64-A65 
preparation without additional purification, showing the active site at 2.5 Å 
resolution (F), and nMS spectrum from this sample indicating the presence of 
the papain–E-64 complex (G). Blue mesh indicates the 2Fo − Fc map at 1.5σ level 
following modeling of the ligand, and gold mesh indicates the Fo − Fc map at 
2,5σ level that was present prior to modeling a ligand. In G and E, grid-derived 
nMS spectra (magenta) are superimposed on the spectrum acquired from 
the apo-protein (gray).
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could be resolved by ED-MS just as readily from cocktail-soaking 
experiments as from crystals soaked with pure compound, and 
suggested that ED-MS paired with cocktail-soaked crystals might 
be of use for β-lactamase inhibitor discovery.

Discussion

 X-ray crystallography excels when large crystals of high quality can 
be grown, or when large volumes of concentrated crystal slurries 
are available. However, for microcrystalline samples, or where crys-
tal quantity or yield may be limited, electron diffraction promises 
to be a valuable addition to this toolkit. MicroED has proven 
robust at delivering molecular-resolution structures of protein 
micro- and nanocrystals and has been applied to the determination 
of protein–small molecule complexes ( 41 ). Nonetheless, the appli-
cation of MicroED to more systematic screening of bound drug-
like ligands remains limited. Also understudied are the constraints 
of MicroED in this context, and the strategies for overcoming 
them to deliver accurate structural information about protein–
ligand complexes.

 We find that MicroED can be leveraged to determine molecular 
resolution structures of well-ordered enzyme microcrystals cocrys-
tallized and soaked with a panel of potential ligands. Structures of 
protein–ligand complexes that afforded the most distinct density 
for bound ligands were determined from tilt series acquired on single 
microcrystals. Each crystal was exposed to less than 4.5 to 6.0 elec-
trons per square Angstrom total fluence using 200 keV electrons, 
in order to mitigate beam-induced damage ( 36 ). Damage plays a 
role in data quality, since structures determined from data within 
this dose budget already showed evidence of radiation damage, 
including broken disulfide bonds, and required use of fast, sensitive 
direct electron counting detectors ( 36 ). Under these conditions, 
merging of partial datasets benefits completeness, but in turn reduces 
the clarity of ligand signal in the active site due to crystal noniso-
morphism and variable occupancy between crystals. Although rare, 
the optimal condition is achieved when sufficiently complete data 
are collected from a single crystal, or when uniform occupancy is 
achieved across crystals. This is consistent with the relatively high 
ligand occupancies and well-clarified ligand density observed across 
the structures of CTX-M-14 β-lactamase in this study despite the 
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Fig. 6.   ED-MS resolves CTX-M-14 β-lactamase bound to the inhibitor avibactam. Atomic model of CTX-M-14 β-lactamase, determined by MicroED to 2.5 Å 
resolution with secondary structure and key active-site residue side chains rendered, and a dashed circle highlighting the antibiotic binding site (A). Enhanced 
view of the active site from the same model, with key residues labeled and the 2Fo − Fc map at 1.5σ level superimposed in blue (B). nMS spectrum acquired 
from the on-grid material that yielded this structure, with the highest peak indicating the anticipated mass of CTX-M-14 (C). View of the antibiotic binding site 
in a MicroED structure of CTX-M-14 cocrystallized with the covalent inhibitor avibactam, determined to 2.0 Å resolution (D), and corresponding nMS spectrum 
(magenta) superimposed on the spectrum acquired from the apo-form (gray) indicating shift corresponding to the mass of avibactam for the bound state (E). 
MicroED structure of CTX-M-14 microcrystals soaked with a mixture of avibactam and a protease inhibitor cocktail at 2.0 Å resolution, showing density for bound 
avibactam (F), and corresponding nMS spectrum indicating that avibactam is the primary binder in the cocktail (G). For protein–ligand structure graphics, blue 
mesh indicates the 2Fo − Fc map at 1.5σ level following modeling of the ligand (magenta coordinates), and gold mesh indicates the Fo − Fc map at the 3σ level 
that was present prior to modeling and refining the ligand.
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persistent need for merging data, as nMS suggested these crystals 
were uniformly saturated with avibactam. Other efforts have likewise 
shown that when MicroED-associated radiation damage is miti-
gated, strongly bound ligands can be clearly resolved ( 42 ).

 While MicroED can confirm a ligand’s presence in a target bind-
ing site, the observed density, as is often true for E-64, may be 
partial, lacking clarity at its more flexible, solvent-exposed termi-
nus. For E-64 analogs and derivatives, this challenged unambigu-
ous de novo identification. This limitation is not an issue when 
protein crystals are soaked with a solution of only one compound 
of interest, but becomes critical when they are soaked with mix-
tures; the latter are important for high-throughput screens, or when 
investigating less pure research samples. We find that complement-
ing MicroED with nMS of grid-adsorbed crystals, following 
MicroED data collection, provides an efficient solution to this 
problem and enables unambiguous verification of which bound 
species are present in a sample of mixture-soaked microcrystals. In 
addition to reliably validating the identity of ligands present in 
structures from controlled soaking and cocrystallization experi-
ments on papain and E-64 analogs, ED-MS was able to inform on 
papain complexed with mixtures of potential binders that MicroED 
alone may not have resolved. ED-MS also captured the binding of 
a clinically relevant inhibitor to M14 β-lactamase crystals soaked 
from an impure mixture of potential ligands, highlighting its appli-
cability to targets of immediate therapeutic interest. Applying nMS 
to crystals used for MicroED might additionally reveal unexpected 
changes to the protein during crystallization, evidenced by the −18 
Da mass shift between CTX-M-14 measured in solution decon-
volution (SI Appendix, Fig. S22G﻿ ) versus from on-grid microcrys-
tals (SI Appendix, Fig. S22H﻿ ). In cases where an unknown mass 
shift is present in the nMS deconvolution, the peak of interest can 
be isolated and fragmented to reveal the mass shift of the ligand 
and the apo state (SI Appendix, Fig. S23 ). Application of creative 
data collection strategies for limiting the impact of radiation dam-
age on MicroED data might additionally improve the likelihood 
of de novo ligand identification ( 42 ) in cases where nMS is not 
available as a complementary method.

 Despite the promise of ED-MS as a high-throughput solution for 
fragment-based drug discovery, it faces unsolved challenges. The 
labor-intensive nature of conventional MicroED can be a bottleneck. 
Automated routines for cryogenic MicroED data collection are 
becoming more effective ( 43 ), and comparable to those routinely 
applied to single particle CryoEM acquisition ( 44 ,  45 ). As these 
methods advance, we anticipate that the efficiency of data collection 
for ED-MS efforts will starkly improve and allow for more broad 
screening of potential ligands to a target than was achievable here. 
Additionally, depending on the identity of the target protein crystals, 
particular optimization of sample preparation conditions might often 
be necessary, as many common crystallization conditions contain 
molecules such as polyethylene glycol, which can be ion-suppressing 
for nMS. This is also true of common cryoprotectants such as glyc-
erol. These agents shield protein signal during mass spectrometry 
measurement ( 46 ,  47 ) and are nontrivial to remove from crystals 
prior to study by nMS. This may also pose a challenge when studying 
ligands that are poorly soluble in water, as dimethyl sulfoxide 
(DMSO) may also pose these obstacles for nMS, and is commonly 
used to dissolve such compounds. We found in this study that volatile 
alcohols such as methanol are quite compatible with nMS sample 
preparation, and will solubilize some of these compounds, and may 
be used as alternative solvents. Optimization efforts aimed at circum-
venting the ion-suppression effect might benefit from ligand printing 
on grids at scale, facilitated by arrayED technologies ( 40 ), and from 
advances to sample preparation approaches that facilitate nMS data 
collection.

 By allowing for the determination of ligand-bound protein 
structures directly from biosynthetic reaction mixtures, ED-MS 
shows promise for natural product-focused ligand discovery efforts, 
where compounds are often of limited concentration and purity. 
As demonstrated by our results, both covalent and noncovalent 
binders may be identified and structurally characterized by the 
method. This workflow can also be readily applied to automated 
ligand fragment screening, mimicking experimental schemes 
increasingly used in synchrotron and XFEL experiments but fore-
going the requirements of rare beamtime and sufficiently large 
crystals. In such a case, MicroED would offer a first indication of 
binders present in a given mixture and would provide an essential 
picture of any binding sites detected on the target protein, while 
nMS verifies precisely which fragments or components of the mix-
ture successfully bound. Finally, the application of nMS to TEM 
grid-adsorbed samples promises to be readily translatable to other 
cryoEM modalities, indicating potential for similarly correlative 
measurements to deliver unique insights in single-particle imaging 
and tomography experiments.  

Materials and Methods

Protein Crystallization.
Papain. Twice-crystallized papain extract from papaya latex in buffered aqueous 
suspension at approximately 25 mg/mL protein concentration was purchased 
from Sigma and used for crystallization experiments without further purification. 
Crystals formed by vapor diffusion in sitting drop trays, where the commercial 
papain suspension was mixed with methanol at a 1:2 volume ratio of papain to 
methanol. A volume of 15 μL was typically targeted in each well, incubated with 
a reservoir solution containing 59% methanol and 889 mM NaCl. Large single 
crystals suitable for single-crystal XRD would typically grow within 48 h under 
these conditions. Such crystals were resuspended in 5 to 10 μL of reservoir solu-
tion, crushed by repeated pipetting, and used to seed fresh crystals by transferring 
small amounts of crystal fragments with horsehair and streaking across a freshly 
prepared sitting drop prior to incubation. For cocrystallization experiments, each 
potential ligand was dissolved in 66% methanol and included in the crystalliza-
tion well, such that it was present at 1.6 times molar excess of papain in the well.
Hen egg-white lysozyme (HEWL). HEWL lyophilized powder was purchased from 
Sigma and resuspended at 100 mg/mL in 80 mM Sodium Acetate pH 4.8. Crystals 
were formed by vapor diffusion in sitting well drop trays. The HEWL solution 
was mixed 1:1 with 80 mM sodium acetate pH 4.8 for a final concentration of 
30 μL in each well. The sitting drop was incubated with a reservoir containing 
800 mM NaCl and 80 mM sodium acetate pH 4.8. Large crystals grew within 
48 h. For cocrystallization with N,N′,N-triacetylchitotriose, 10 mM N,N′,N″-
triacetylchitotriose was included in the crystallization buffer.
CTX-M-14 β-lactamase. Escherichia coli BL21 cells were transformed with the 
plasmid pET-blaCTX-M and cultured in 2×YT medium supplemented with 2 M 
sorbitol, 50 mM betaine, and 50 μg/mL each of ampicillin and kanamycin. Cultures 
were incubated at 37 °C until an optical density of 0.6 (OD600) was reached, at 
which time protein expression was induced with the addition of 0.25 mM iso-
propyl β-D-1-thiogalactopyranoside (IPTG). Cultures were incubated overnight at  
25 °C with vigorous shaking. Cells were harvested by centrifugation at 4,000× g 
for 15 min at 4 °C. The cell pellet was resuspended in lysis buffer containing 10 mM  
MES (pH 6.0) and 2 mM EDTA at 0.4 mS/cm conductivity. Cells were lysed by 
ultrasonication, and the lysate was clarified by centrifugation at 45,000 rpm for 
1 h at 4 °C. Supernatant was diluted with lysis buffer to a conductivity of 1.4 mS  
before purification. Protein purification was carried out using ion exchange 
chromatography on a HiTrap CM Sepharose column equilibrated with 50 mM 
2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.0) containing 2 mM  
EDTA, with a 0 to 0.15 M NaCl elution gradient. Eluted fractions were pooled, 
concentrated, and further purified using a HiPrep 16/60 Sephacryl S-300 HR size 
exclusion column in storage buffer (10 mM Tris pH 7.0, 50 mM NaCl, 2 mM EDTA). 
The protein was concentrated to 25.7 mg/mL and crystallized by vapor diffusion, 
either in hanging or sitting drop, against a reservoir solution of 1.4 M potassium 
phosphate pH 7.9. Large crystals suitable for single crystal XRD were grown by 
mixing the protein solution with the reservoir solution at a 1:1 volume ratio, while D
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showers of smaller crystals suitable for MicroED could more rapidly be grown 
by adding preexisting CTX-M-14 β-lactamase microcrystal seeds to the drop.

MicroED Sample Preparation.
Papain. Crystals were resuspended in their sitting drops in a solution of 59% (v/v) 
methanol and 296 mM NaCl, and crushed by repeated pipetting to produce a 5 
μL slurry of microcrystalline fragments. For structure determination of apo-form 
papain and ligand-soaked papain crystals, 0.5 μL of 500 mM DTT was added to 
the slurry. For each ligand soaking experiment, 4 μL of ligand solution (5.1 mM  
pure E-64, or between 1 to 2 mM crude E-64 or E65-A65) was added to the crystal 
slurry a set amount of time prior to plunge freezing. For pure E-64, samples were 
frozen 30 s, 4 min, and 10 min after the ligand was added. For microcrystals 
soaked with protease inhibitor cocktail, samples were frozen both 10 min and 4 h  
after adding the cocktail (purchased from Sigma as a powder and dissolved to its 
solubility limit). For microcrystals soaked with crude E-64 and crude E-64-A65, 
samples were frozen 4 h after ligand was added to the slurry. For papain–ligand 
cocrystals, no additional treatment was delivered after crushing crystals into slur-
ries prior to freezing.

All cryoEM samples were prepared on R2/1 Quantifoil holey carbon grids with 
a copper mesh. Grids were glow discharged using a PELCO easiGlow system on 
each side for 30 s each, with a plasma current of 15 mA, then mounted in an FEI 
Vitrobot with a humidity-saturated chamber held at 12 °C. 1 μL of 66% methanol 
was loaded on the back side of each grid, and 1.5 μL crystal slurry was loaded on 
the front. Excess solvent was blotted away from the grid by manually contacting 
only the back side with a piece of filter paper gripped in a long pair of tweezers 
for 10 s. An additional 1 μL of 66% (v/v) methanol was then quickly added to the 
same side of the grid crystals had been applied to wash away excess salt from 
the mother liquor and immediately blotted away, once again by blotting only 
the back side of the grid. The grid was then plunge frozen in liquid ethane and 
stored under liquid nitrogen until transferred to the TEM.
HEWL. HEWL crystals were resuspended in their reservoir solution and crushed by 
repeated pipetting. For ligand soaking experiments, crystal slurries prepared in this 
manner were mixed at a 1:1 volume ratio with 5 mM N,N′,N″-triacetylchitotriose, 
or with a 1:1 mixture of 10 mM N,N′,N″-triacetylchitotriose and saturated protease 
inhibitor cocktail from Sigma. 1 μL of reservoir solution was loaded on the back 
side of each grid, and 1.5 μL crystal slurry was loaded on the front. Grids were then 
backblotted as detailed above for papain and plunge-frozen.
CTX-M-14 β-lactamase. CTX-M-14 β-lactamase crystals were resuspended in 
0.5 M potassium phosphate pH 7.9 and crushed by repeated pipetting. For 
ligand soaking experiments, crystal slurries prepared in this manner were mixed 
at a 1:1 volume ratio with 5 mM avibactam, or with a 1:1 mixture of 10 mM 
avibactam and saturated protease inhibitor cocktail from Sigma. 1 μL of 0.5 M 
potassium phosphate pH 7.9 was loaded on the back side of each grid, and 
1.5 μL crystal slurry was loaded on the front. Grids were then backblotted and 
plunge-frozen.

MicroED Data Acquisition. MicroED data were collected at a ThermoFisher 
Scientific Talos F200C TEM operating at 200 keV, equipped with both a Direct 
Electron Apollo detector with a native frame rate of 60 Hz (37), and a Ceta-D 
scintillator-based camera. A side-entry cryotransfer holder was used to preserve 
each grid used for data collection at 100 K. A typical data collection session 
spanned 2 to 4 h, where for each sample, a grid atlas was first acquired at 155× 
magnification on the DE Apollo using SerialEM (~30 min) (SI Appendix, Fig. S6 
D, G, and J). Promising thin crystals with sharp edges were identified from these 
maps, navigated to, and a static diffraction pattern was acquired (SI Appendix, 
Fig. S6 E, H, and K). Crystals that diffracted well, producing many reflections to 
high scattering angles, were added to a list of potential targets (30 min to 1 h).  
At this stage, an assessment could be made on if the sample was likely to pro-
duce a series of useful diffraction datasets; if the distribution of crystals on the 
grid was too sparse, the vitreous ice layer surrounding the majority of crystals 
too thick, or the crystals themselves thicker than ~500 nm or damaged by the 
soaking treatment, the session was ended and a new sample prepared for the 
conditions of interest. Promising crystals were aligned to eucentricity at higher 
magnification using imaging-mode settings at 4,300× magnification, spot size 
11, with the C2 lens condensed to ~44.8%. This configuration gave an electron 
beam flux density of approximately 0.01 e−/Å2s on the sample, which was suitable 
for minimizing dose delivered to each crystal prior to diffraction data collection. 

Diffraction was measured by centering each crystal of interest within a 100 μm 
diameter selected area aperture projecting an area approximately 3 μm in diam-
eter onto the specimen, and illuminating the crystal in diffraction mode with a 
parallel beam, configured at spot size 10 with a C2 lens current of ~45.5% and a 
virtual camera length of 960 mm. This configuration produced an electron beam 
flux density of approximately 0.03 e−/Å2s on the sample. A single 3 s diffraction 
exposure was acquired on each crystal using the Ceta-D detector to assess whether 
it diffracted well, while subsequent acquisition was performed on the DE Apollo. 
Continuous-rotation tilt series in diffraction mode were acquired on each crystal 
targeting as wide an angular wedge as was achievable without the crystal of 
interest becoming obstructed, typically no more than 120°. Depending on an 
initial assessment of diffraction quality of the crystal, one of two data collection 
schemes was performed. For papain crystals that diffracted well, to high resolu-
tion, the stage rotation speed was set to 0.6°/s, paired with 90-frame integration 
on the DE Apollo, to produce a movie of images corresponding to 1.5 s effective 
exposures and 0.9°/frame oscillations through reciprocal space. For more weakly 
diffracting papain crystals, the stage rotation speed was set to 0.3°/s paired with 
180-frame integration on the DE Apollo, as allowing greater electron flux per 
final frame of the movie positively influenced the measurable diffraction signal. 
However, this slower configuration typically necessitated the merging of more 
partial datasets to achieve high data completeness, as crystals would suffer from 
radiation damage prior to completing a tilt series. In general, for papain, the faster 
acquisition strategy was more ideal for recording high-completeness datasets 
with more favorable data reduction statistics. For all data acquired on HEWL and 
CTX-M-14 β-lactamase samples, the 0.3°/s modality was used, as radiation dam-
age did not appear to drastically compromise datasets acquired in this manner. 
Acquisition of each diffraction movie took approximately 3 to 6 min. All movies 
were collected using a binning factor of two during acquisition, such that frames 
were 4,096 × 4,096 pixels in size. Following MicroED data collection, grids were 
recovered into liquid nitrogen and stored until they could be analyzed by nMS.

MicroED Data Processing and Structure Determination. All MicroED movies 
from the DE Apollo camera were saved in MRC file format and converted to SMV 
image stacks using a script developed in-house and run using MATLAB version 
2023b. The only modification made to pixel values in these movies during con-
version was a universal addition of 1 to all pixels, such that no counts of zero were 
present in the converted images. Indexing and data reduction was performed 
using XDS (48), and scaling and merging were performed using XSCALE (49). 
For each dataset, phase retrieval was achieved by molecular replacement with a 
known model of apo-form papain (PDB ID: 9PAP) (34), apo-form lysozyme (PDB 
ID: 1DPX) (50), or apo-form M-14 β-lactamase (PDB 1YLT) (51) using PHASER (52). 
Structure refinement was performed in PHENIX (53) by the following strategy: 
Reference model restraints from the original search model from the PDB were 
applied, while three cycles of refinement of XYZ coordinates in real and reciprocal 
space, group B-factors, and occupancies were performed. The model and map 
were then examined in COOT, and the model was edited to better agree with the 
measured data as indicated by maps in the Fo − Fc map. Water molecules were 
modeled in where positive peaks in the Fo − Fc map exceeding three sigma levels 
were found, if a hydrogen-bonding partner between 2.5 and 3.3 Å distance from 
the site was present and if they were not identified as close contacts with protein 
or other solvent atoms. Following these modifications, refinement was repeated in 
PHENIX, and this procedure was iteratively performed until no more modifications 
to the model were warranted. In the latter cycles of refinement, individual B-factors, 
rather than group B-factors, were refined only if doing so lowered the free R-factor 
and narrowed the gap between Rwork and Rfree. For papain–ligand complexes, as 
much refinement as was possible was performed prior to modeling any ligand in 
the active site. If evidence of a ligand was present in the Fo − Fc map in the form of 
strong peaks stemming from the active cysteine 25 residue and exceeding three 
sigma levels, the ligand was modeled prior to the final cycles of refinement. A 1.8 
Å restraint, with an allowed SD of 0.02 Å, on the bond distance between the sulfur 
atom of Cys25 and the covalently bound carbon atom of the ligand was applied in 
PHENIX, and the occupancies of all ligand atoms were refined together as a group. 
The same ligand building strategy was performed for ligand-bound structures of 
lysozyme and CTX-M-14. No bond length restraint was required for refinement 
of lysozyme ligand bound structures, while a 1.38 Å restraint, with an allowed SD 
of 0.02 Å was enforced between the oxygen atom of the serine 70 sidechain and 
the acyl-forming carbon of avibactam.D
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nMS of On-Grid Material. On-grid material was harvested by removing the 
grid from liquid nitrogen, allowing it to thaw, and immediately pipetting 7 µL 
of 150 mM ammonium acetate onto the grid surface. Repeated pipetting was 
done to dislodge and dissolve material on the grid, and once the sample was fully 
dissolved it was subjected to nMS analysis. Mass spectra were measured using 
a Thermo Q Exactive Plus UHMR Orbitrap instrument (Thermo Fisher Scientific, 
Bremen, Germany). NanoESI glass capillaries were pulled and coated with gold 
in-house. Samples were loaded into the gold coated capillary tubes and a 1.0 to 
1.4 kV voltage was applied to the nanoESI source. All mass spectra are collected 
at a resolution of 12,500 at m/z 400 and instrument tuning parameters are listed 
in SI Appendix, Table S19. Native mass spectra were deconvoluted using UniDec 
(version 7.0.2), a software tool for Bayesian deconvolution of mass spectra (54). 
Spectra were imported as Thermo raw data and processed with the following 
parameters for each protein crystal target. Papain: mass range of 5,000 to 50,000 
Da, charge state range of 1 to 20, m/z range from 2,000 to 4,000, with masses 
sampled every 1 Da. HEWL: mass range of 1,000 to 50,000 Da, charge state 
range of 1 to 20, m/z range from 1,500 to 3,000, with masses sampled every 1 
Da. CTX-M-14: mass range of 1,000 to 50,000 Da, charge state range of 1 to 20, 
m/z range from 2,000 to 4,000, with masses sampled every 1 Da.

Verification of On-Grid Protein Integrity within Crystals by Gel 
Electrophoresis. Microcrystalline protein samples were harvested from TEM 
grids as described above. Protein solutions were diluted to 0.25 mg/mL in 100 mM  
ammonium acetate and a total of 2 μg was loaded into each well. All samples were 
brought to a final concentration of 100 mM DTT and 1× NuPAGE™ LDS Sample 
Buffer (4×). 10 μL of SeeBlue™ Plus2 Prestained Protein Standard was loaded 
into the ladder. All samples were loaded onto Invitrogen™ NuPAGE™ Bis-Tris Mini 
Protein Gels, 4 to 12%, 1.0 to 1.5 mm 9-well gel and ran at 110 V for 50 min. Gels 
were stained with SimplyBlue™ SafeStain for visualization.

nMS of Protein–Ligand Binding in Solution. All protein solutions were buffer 
exchanged into 150 mM ammonium acetate and diluted to 1 to 50 μM before 
loaded onto ESI tips. Ligands were added to the binding assays at an equimolar 
ratio of ligand to protein prior to nMS measurement.

Single Crystal XRD and NMS of Macroscopic Crystals. Macroscopic crystals, 
both unliganded and in complex with ligands, were mounted on Mitegen loops 
and flash-frozen under a nitrogen stream at 100 K. Ligand soaking and cocrys-
tallization conditions matched the relative stoichiometry between protein and 
ligand used for the MicroED soaking experiments, though a longer 20 h soaking 
time was applied to allow sufficient time for the compound to diffuse through the 
crystal of interest. Complete XRD datasets were collected using a Rigaku FRE+ 
rotating anode X-ray diffractometer equipped with a Cu Kα source (λ = 1.54 Å) 
and a Rigaku HTC detector. Data were acquired with 2-min integrated exposures 
over 0.5° oscillations per frame, with total collection times of approximately 26 h 
per crystal. The detector was positioned at a distance of 78 mm from the crystal, 
mapping a resolution of 1.4 Å at the edge of the detector field.

Equivalent crystals were prepared for nMS by sequentially washing them in 
three 10 µL aliquots of 500 mM ammonium acetate to remove excess crystalliza-
tion solution. Following the washes, crystals were dissolved in 10 µL of a working 
buffer containing 150 mM ammonium acetate to promote complete dissolution. 
The resulting samples were centrifuged at 10,000× g for 5 min to ensure the 
removal of any residual crystal fragments. The supernatant was then transferred 
into glass capillaries for analysis.

Fixed-Target Serial Synchrotron X-Ray Crystallography Data Collection and 
Processing. All SSX experiments were performed at the European Synchrotron 
Radiation Facility (ESRF) at beamline ID29 (55). 5 µL of a concentrated slurry of 
papain microcrystals, either in apo-form or presoaked with a solution of E-64 or 
natural product analogs, was loaded between two faces of mylar foil and allowed 
to spread by capillary action. This film was loaded onto a fixed target chip and 
rastered while illuminated by an 11.56 keV X-ray beam delivering a series of 
90 µs pulses at >1.2 × 1015 photons per second flux. Diffraction was acquired 
using the MXCuBE-Web software (56) on a Jungfrau 4 M detector, and frames 
containing diffraction were identified in real-time by the LimA2 software (57). 
Reflections from these hits were indexed using the MOSFLM (58) and xGandalf 
routines (59) facilitated by CrystFEL (60), with the most likely known unit cell and 
space group symmetry for papain enforced. Data were scaled in CrystFEL, after 

which phasing and refinement were performed by the same protocol as described 
above for single-crystal data.

LC-MS of E-64 and Natural Product Analogs. E-64 and analogs were diluted to a 
final concentration of 1 mg/mL, and 1 μL injections were used for each run. Samples 
were separated by reversed-phase liquid chromatography through a C18 column 
(Poroshell 120 HPLC Column 2.7 μm 3.0 × 50 mm) with a gradient flow from 0% 
ACN 0.1% formic acid to 100% ACN 0.1% formic acid at a flow rate of 0.6 mL/min over 
a course of 15 min. The samples were analyzed with an Agilent 6545 quadrupole 
time of flight (Q-TOF) LC-MS in positive ion mode with a 1260 Infinity LC system.

Intact Protein LC–MS. Samples were crystallized, and papain was purified using 
the same method employed for ED-MS. For the preparation, samples were incu-
bated at 57 °C for 1 h under either reducing conditions (2 mM TCEP) or nonreducing 
conditions (no TCEP). Subsequently, 4 mM iodoacetamide was added to alkylate the 
protein, and the reaction was carried out for 30 min in the dark. The reaction was 
quenched with 8 mM TCEP. The final reaction volume was adjusted to 30 µL, with 
the protein concentration standardized to 1 mg/mL as determined by NanoDrop 
absorbance at A280. For LC–MS analysis, 5 µL of the 1 mg/mL sample was injected 
onto a C18 column (ZORBAX Reversed-Phase 2.7 μm 2.1 × 150 mm). Separation 
was performed using a gradient elution from 0% ACN 0.1% formic acid to 100% 
ACN 0.1% formic acid at a flow rate of 0.8 mL/min over 15 min on an Agilent 6530 
Q-TOF LC-MS system in positive ion mode coupled with a 1260 Infinity LC system.

Papain–Inhibitor Activity Inhibition Assay. To test the inhibition efficiency 
of natural product E-64 analogs against papain, a series of cleavage inhibition 
assays were performed against the 150 kDa antibody OKT9, which is cleaved by 
papain. Solutions of OKT9, twice-crystallized papain extract, and E-64 analogs 
were diluted to working concentrations of 1 mg/mL, 1.25 mg/mL, and 2 mM 
respectively in digestion buffer (20 mM sodium phosphate pH 7.0, 10 mM EDTA). 
Reactions were carried out at a 1:10 papain:OTK9 mass ratio in 25 μL volumes 
testing cleavage ability in either the absence of E-64 analogs, or presence of E-64 
analogs at 0.4 mM concentration. Reactions were carried out at 37 °C for 5 to 6 h  
before quenching by snap freezing the mixture in liquid nitrogen. Cleavage 
activity was assessed by SDS-PAGE, comparing inhibited and uninhibited lanes 
to OKT9 untreated with papain, where disappearance of a band at the 150 kDa 
position indicating OKT9 was taken as evidence of papain activity.

Synthesis of Crude E-64 and E-64 Analogs. Biosynthetic ligands were gener-
ated in one-pot reactions by adding precursor compounds to a solution contain-
ing the bioactive enzymes Cp1B and Cp1D, which catalyze the two-step reaction 
resulting in E-64 and its analogs. For the production of E-64, 100 μL reactions con-
taining 50 mM sodium phosphate buffer 8.0, 25 μM Cp1B, 25 μM Cp1D, 5 mM 
(±)-trans-epoxy-succinic acid, 2.5 mM L-leucine, 5 mM agmatine, 10 mM ATP, and  
10 mM MgCl2 were incubated at 30 °C for 16 h. Reactions producing E-64-A65 were 
prepared identically to those for E-64, but substituting the L-leucine group with 2.5 mM  
2-amino-2-cyclobutylacetic acid and agmatine with 5 mM 1,8-diaminooctane. 
Following reaction completion, crude mixtures were spun through a 30 kDa Amicon 
concentrator tube to filter out the Cp1B and Cp1D enzymes. The flow-through from 
these spins containing the product inhibitors were used in subsequent experiments.

ArrayED Ligand Printing and On-Grid Soaking. Using a Scienion S3 microar-
rayer, droplets of a ~26 mM solution of E-64 (250 to 350 pL volume per drop) 
were automatically printed onto Quantifoil R2/2 Formvar/Carbon 200 Mesh Cu 
TEM grids in a 12 × 12 pattern, with one droplet per grid square (SI Appendix, 
Fig. S15 A and B). After drying, the printing process was repeated on the same 
grid to increase the amount of E-64 present. The grids were allowed to dry and 
stored under ambient conditions at room temperature until used for mixing with 
papain crystals and freezing. 2 μL of 66% methanol was added to the arrayed face 
of the grid and mixed for approximately 1 min by repeated pipetting. Grids were 
mounted in an FEI Vitrobot with a humidity-saturated chamber held at 12 °C. 
1 μL of 66% methanol was loaded on the back side of each grid, and 1.5 μL  
crystal slurry pretreated with DTT was loaded on the front. The microcrystal slurry 
was allowed to mix with E-64 by incubating on the grid within the Vitrobot cham-
ber for 5 min. After this waiting period, the grid was manually back blotted as 
described above, and plunge frozen into liquid ethane (SI Appendix, Fig. S15A).

Data, Materials, and Software Availability. Structures are available via PDB 
entries as follows. MicroED structures of papain and papain–ligand complexes: D
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9NAG (61), 9NAE (62), 9NAR (63), 9NAO (64), 9N9D (65), 9NBQ (66), 9NC1 
(67), 9NAX (68), 9NAY (69), and 9NBP (70). MicroED structures of lysozyme and 
lysozyme–ligand complexes: 9ORZ (71), 9OS1 (72), 9OS8 (73), and 9OS0 (74). 
MicroED structures of CTX-M-14 β-lactamase and β-lactamase–ligand com-
plexes: 9ORG (75), 9ORS (76), 9ORL (77), and 9ORH (78). Single crystal X-ray 
diffraction structures of papain–ligand complexes: 9NB2 (79) and 9NAT (80). 
SSX structures of papain and papain–ligand complexes: 9NCA (81), 9NBF (82), 
9NBJ (83), 9NBK (84), 9NBN (85), 9NB4 (86), and 9NB7 (87). Single-crystal XRD 
structures of lysozyme and lysozyme–ligand complexes: 9ORW (88), 9ORV (89), 
9ORY (90), and 9ORX (91). Single-crystal XRD structures of CTX-M-14 β-lacta-
mase and β-lactamase–ligand complexes: 9OQE (92), 9OR3 (93), 9OR7 (94), and 
9ORB (95). MicroED structure of E-64D is available via CCDC deposition num-
ber 2423833 (96). Diffraction data are available via Zenodo entries: 15527919 
(lysozyme MicroED data) (97), 14876608 (papain MicroED data) (98), 15529745 
(CTX-M-14 β-lactamase MicroED data) (99), 15530247 (lysozyme and CTX-M-14 
β-lactamase single-crystal XRD data) (100), and 14876819 (papain single-
crystal XRD data) (101). SSX data are available on the ESRF data portal under 
DOI: 10.15151/ESRF-DC-2206265994 (102). Files associated with additional 
structures referenced in this report but not deposited in the PDB are available via 
Zenodo entries 14885217 (103) and 15530411 (104). Native mass spectrometry 
data are available via Zenodo entry 15522990 (105).
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