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ABSTRACT: In the hands of experts, microcrystal electron
diffraction (microED, a 3D ED method) is a powerful tool for
structural chemistry and chemical discovery. To expand the
accessibility and utility of microED, we introduce Reciprocal
Eyes (REyes), an autonomous and intelligent platform (available
for academic use) that combines diffraction-based particle selection
with real-time data processing to deliver crystal structures without
human intervention. REyes spatially maps diffraction signal and
autonomously selects crystallites of interest, relying on lattice-
quality metrics to acquire and index high-resolution data sets from
diverse compounds. Tested on four different transmission electron
microscopes (TEMs), it consistently yields preliminary ab initio
structural solutions from single crystallites of materials, peptides,
metal complexes, natural products (NPs), and proteins.

B INTRODUCTION

Despite being the subject of the 1937 Nobel Prize in Physics,
electron diffraction (ED) has only recently emerged as a
practical tool for the structural characterization of organic
molecules. This contemporary renaissance, after nearly a
century of dormancy, has been fueled by technological
breakthroughs in continuous rotation data collection (micro-
crystal electron diffraction—microED, 3D ED), advanced
transmission electron microscope (TEM) instrumentation,1
and algorithmic innovations adapted from single-crystal X-ray
diffraction (SCXRD).”® These developments, originating
largely from progress in CryoEM and SCXRD, have enabled
ED to transition from a niche technique® to one with broad
applications®™'” across natural products (NPs) discovery,'' ="
polymer science,'*'® metal—organic frameworks
(MOFs),"° and soft materials chemistry,”' ~** among
others.

The growing use of ED has underscored the need for tools
tailored specifically to microED, rather than retrofits of
CryoEM or SCXRD workflows,”*® which are time-consuming
and heavily reliant on human intervention.”””® Although
semiautomated tools such as Instamatic,’”’® RED,*’ Ser-
ialED,””* and other “in-house” scripts and programs have
emerged from academic laboratories, their adoption is limited
by compatibility issues across diverse TEM platforms, or a
requirement for highly specialized knowledge.””** Meanwhile,
commercial solutions from Thermo Fisher, Rigaku, JEOL, and
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ELDICO offer partially automated subroutines but are only
available with proprietary hardware. None of the aforemen-
tioned solutions provides a truly autonomous end-to-end
workflow from sample entry to a structure. Moreover, to the
best of our knowledge, none of these platforms is designed to
handle protein and small-molecule samples seamlessly.

We now describe a fully autonomous microED software
suite: Reciprocal Eyes (REyes). It combines SerialEM-based
ED acquisition with a Python package for intelligent real-time
acquisition and analysis and is freely available for academic use.
REyes replaces human-driven, time-consuming microED
procedures, such as particle selection, with automated serial
whole-grid diffraction mapping and particle selection based on
diffraction quality, rather than real-space visualization (Figure
1A).29%

A selection algorithm leveraging Patterson space criteria
enables REyes to autonomously identify well-diffracting
regions most likely to yield structural solutions from a single
data set. When paired with automated data reduction
(AutoProcess) and phasing (AutoSolve) modules, REyes

Received: June 2§, 2025
Revised:  October 20, 2025
Accepted: October 22, 2025
Published: November 10, 2025

https://doi.org/10.1021/jacs.5¢10751
J. Am. Chem. Soc. 2025, 147, 42299-42310


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+B.+Eremin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kunal+K.+Jha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Delgadillo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongyu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+H.+Foxman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+N.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+N.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niko+W.+Vlahakis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duilio+Cascio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincent+Lavallo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+A.+Rodri%CC%81guez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hosea+M.+Nelson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hosea+M.+Nelson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c10751&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/147/46?ref=pdf
https://pubs.acs.org/toc/jacsat/147/46?ref=pdf
https://pubs.acs.org/toc/jacsat/147/46?ref=pdf
https://pubs.acs.org/toc/jacsat/147/46?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c10751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

AL Traditional Workflow / Imaging-guided ]

Be
0

/0 3 o/
&/ /gelect &=
Crystal

J End-to-end
Autonomous

Montage
Diffraction map
Rotation movie
AutoProcess
AutoSolve

vV V V VvV V

/= Y=
T g Index &
x Select . . :
PN New Evaluate : Data
" Diffraction - °
Particle 2 a/= Sol
Collect Merge olve
&/2 Tilt Data Data Structure
Repeat =
Decouple
Data )
~—{ Thiswork:  REyes Workflow / Diffraction-guided | =
B Materials -

Small Molecules

Natural Products

Figure 1. Traditional and fully autonomous microED workflows. (A) Traditional workflow using imaging mode and expert data curation. (B)
Autonomous workflow using REyes, incorporating a diffraction atlas for spatially aware sample-independent data acquisition and automated

indexing and phasing for preliminary structural solutions.

forms an end-to-end microED pipeline that matches or
outperforms manual workflows completed in this study by
experts (Figure 1B). We demonstrate its robustness across four
uniquely configured TEMs at two universities and validate the
platform by solving structures of (S,S)-salen ligand 1, grossular
2, biotin 3, hexapeptide AVAAGA 4, transition metal complex
Cu(D-Ser), 5, citrinovirin 6, mescaline 7, carbamazepine 8,
and holo-lysozyme 9.

B RESULTS AND DISCUSSION

Automated Electron Diffraction. Recent automation
regimes for microED have largely relied on an “imaging-first”
strategy, where crystals are identified in real space prior to
diffraction acquisition.””>> While these approaches increase
throughput, computer vision methods require high-magnifica-
tion imaging and systematically miss the thinnest crystals,
which can be transparent in the imaging mode. Early
embodiments of this strategy often yielded large fractions of
low-quality data, partially mitigated by resolution-based quality
metrics such as those introduced in Instamatic.”’ Moreover,
existing automation packages still demand user intervention for
target curation and parameter tuning, introducing bias, limiting
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scalability, and preventing fully autonomous workflows. To
overcome these bottlenecks, we developed a “diffraction-first”
automated serial diffraction paradigm, which comprises the
foundation for REyes.

To facilitate autonomous data collection, we installed and
calibrated the REyes pipeline on four TEMs equipped with
field emission guns, two or more condenser lenses, and various
scintillator-based or direct electron detectors. After installing
REyes and calibrating the microscope for data acquisition, a
single command triggers a fully automated sequence. It
commences with the SerialEM-driven acquisition of an initial
imaging atlas at low magnification (~150X), enabling
subsequent processing stages. Grid squares are identified on
this atlas using a segmentation algorithm,36 locating grid
squares with both low and high particle densities (Figure 2A).
This information is communicated to the microscope, which
adjusts the eucentric height for all grid squares by using an
eucentric plane regression with only five selected points
(Figure 2B).

Once all areas of interest have been identified, the
microscope enters diffraction mode, and REyes spatially
maps diffraction from designated areas of the grid. This step,
akin to continuous, unbiased serial electron diffraction,

https://doi.org/10.1021/jacs.5c10751
J. Am. Chem. Soc. 2025, 147, 42299-42310
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Figure 2. REyes workflow. (A) Grid montage (atlas) with identified grid squares. (B) Eucentric height adjustment step based on the eucentric
plane regression. (C) Overlay of low-magnification images of selected grid squares with several detected diffraction peaks maps. (D) Example of
selected grid square low-magnification image with intensity, number of diffraction peaks, LQP (lattice-quality peak) number, and diffraction quality
maps obtained with on-the-fly data processing and possible acquisition locations. Note: All low-magnification images are offset compared with the

diffraction space.

generates a map and conducts on-the-fly data analysis through
the REyes monitoring system. Each pixel within this map
corresponds to precise x-, y-, and z-coordinates, which link to
sample diffraction data and metrics. Signal filtering applied to
diffraction images enables real-time detection and counting of
diffraction peaks in each pattern.

A map showing the number of detected diffraction peaks
overlaid on the real-space image of the scanned grid area
indicates a good correlation between the positions of the
crystals and observed diffraction (Figure 2C). The total
diffraction intensity of each pattern is also captured, which
again correlates with the diffraction peak map (Figure 2D).
However, lattice disorder and sample polycrystallinity could
limit the utility of these maps for effective autonomous
collection of high-quality data sets.

Robustness of high-quality target selection is achieved by
analysis of diffraction patterns using peak-detection algorithms
of fast Fourier transforms (FFTs) for individual diffraction
snapshots. In the Patterson method, a Fourier transform (FT)
calculated 3D map of interatomic vectors represents the
autocorrelation of atomic positions.”” Following this mathe-
matical principle, we developed a 2D Patterson-like function of
the reciprocal lattice itself, which computes the autocorrelation
of detected diffraction spot positions.

We found that the number of peaks in the FFT of a
diffraction pattern directly correlates with crystallite lattice
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quality, consistent with previous analyses of lattice defects and
disorder.**” REyes applies this 2D autocorrelation lattice-
quality analysis to binarized diffraction images.” When a
diffraction snapshot has a regular pattern, the FFT will have
sharp, strong peaks, which we introduce as lattice-quality peaks
or LQPs. For a random pattern or one representing the
superposition of multiple lattices, the FFT will be smooth with
few or no LQPs. The algorithm then computes the diffraction
quality index (DQI), which is an LQP-to-diffraction-peak ratio.
This autocorrelation-informed quality metric is used to classify
each diffraction image and generate a comprehensive
diffraction quality atlas. Regions exhibiting high DQI are
then selected as targets for subsequent analysis, guiding both
serial crystallography and single-crystal continuous rotation
electron diffraction data collection (Figure 2D).

The core innovation of this approach is imaging directly in a
diffraction space, which enhances throughput while prioritizing
high-quality data collection. Because microscope time is often
limited and diffraction is not an intrinsic property of all
materials, such serial diffraction approaches are preferred over
visual particle identification, which offers limited utility in
microED workflows. REyes minimizes time spent on visual
mapping, typically devoting less than 30 min per grid to real-
space imaging. As the microscope continuously scans the grid
in a continuous serial diffraction mode, a background
algorithm classifies frames in real time according to diffraction

https://doi.org/10.1021/jacs.5c10751
J. Am. Chem. Soc. 2025, 147, 42299-42310


https://pubs.acs.org/doi/10.1021/jacs.5c10751?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10751?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c10751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A

Montage Overlays with Diffraction Quality Map

Grid No Poor Bad Good

B Best Ranked Quality

Higest Diffraction

Peaks Number Highest Intensity

0.83A

S 1.77A

Diffraction Phasing Refined
Snapshot Solution Structure
o At
IS SS o
X

Compl.82.1%
/o 5.4
Rint 16.57%

Compl.77.6%
R1 16.33%
WR2 37.21%

Figure 3. REyes, AutoProcess, and AutoSolve outcomes for a sample. (A) Diffraction quality map of the (S,S)-salen ligand 1 grid. (B) Diffraction
snapshots of the highest-ranked targets by quality, peak number, and intensity. (C) Target 213: REyes ‘Quality’ diffraction map of a grid square led
to a single-movie solution, diffraction snapshot at 0.8 A max resolution of the target selected by REyes, Fobs map for ab initio preliminary solution at
0.8 A, and refined structure of salen ligand 1. Priority targets included items 101, 205, and 307 (Table 1).

quality metrics, including pixel intensity, diffraction peak
count, and peak arrangement in FT, giving preference to
frames with a high autocorrelation lattice-quality peak count
(DQI). Upon completion of mapping, a ranked target list is
autonomously compiled by REyes, highlighting regions with
high DQI. This list can be customized based on quality
thresholds to support targeted data acquisition. REyes directs
the microscope to acquire tilt-series data over a specified
angular range (Chart S1), typically +50°, targeting ~1° wedges
per frame. With the latest hardware and counting detectors, a
single tilt series could be collected under 60 s.

Spatially Aware MicroED Automation. Identifying
crystals directly in diffraction space provides immediate
feedback on diffraction quality but introduces a key challenge:
redundancy. Because many crystals exceed the size of the
electron beam, diffraction mapping without spatial context can
lead to repeated acquisition from adjacent regions of the same
large crystal, wasting microscope time and reducing data
diversity. In contrast, computer vision helps to avoid
redundancy but offers no information about diffraction quality
across a crystal. To address these limitations, we implemented
spatial awareness in REyes. By tracking the coordinates of all
identified targets and enforcing a minimum spacing between
acquisitions (typically ~10 pm), REyes ensures that data are
collected from distinct crystallites. This spatially informed
diffraction mapping increases throughput, reduces redundancy,
and improves sampling across the grid (Figure 3).

We initiated spatially aware REyes development using the
(S,S)-salen ligand 1."' We hypothesized that diffraction
mapping within a narrow region (+200 ym from the stage
origin) would typically be sufficient to determine its crystal
structure. In this area, REyes identified 10 candidate locations
(Figure 3A) and completed diffraction mapping within 2.3 h
from initialization. The target list was curated to include the
three best regions based on: (1) overall diffraction quality
using DQI, (2) number of diffraction peaks, and (3) total
frame-sum intensity. Each was selected with full spatial context
to minimize overlap and ensure sampling of distinct crystals.
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This strategy, which incorporates three ranking criteria and
spatial separation, effectively mitigates the target bias (Figure
3B).

As anticipated for (S,S)-salen ligand, (1), all prioritized
targets exhibited distinct, high-quality diffraction patterns,
surpassing 1.0 A resolution. REyes autonomously acquired all 9
data sets using an Apollo direct electron camera in less than 30
min at 1°/s rotation rate. Because REyes is integrated with our
AutoProcess package,” each acquired data set underwent on-
the-fly autonomous processing using XDS. AutoProcess is
initiated at the conclusion of each tilt-series. Of nine
continuous rotation movies (+50° range) (Table 1), seven
were successfully indexed to the anticipated unit cell and space
group, one was indexed to the expected dimensions in a lower
symmetry space group (Table 1, entry 8), and only one movie

Table 1. AutoProcess Indexing of Acquired MicroED Data
for (S,5)-Salen Ligand (1)

XDS unit cell
space parameters (a, b, c, completeness
entry target  group a B y) I/o CCy, at 0.8 A
1 101 P222 6.62,17.92,26.86, 7.75  98.5% 62.3%
(#16) 90, 90, 90
2 104 P222 6.60, 17.95,27.12, 6.85  97.0% 69.5%
(#16) 90, 90, 90
3 108 P1 (#1) 2.07,5.17, 14.95, 1.73 82.1% 36.1%
85.56, 87.87,
83.55
4 205 P222 6.59, 17.95,27.15, 344  89.9% 67.8%
(#16) 90, 90, 90
S 210  P222 6.63,17.85,27.10, 550  97.7% 68.5%
(#16) 90, 90, 90
6 213 P222 6.62,17.82,27.28, 10.1  98.9% 82.1%
(#16) 90, 90, 90
7 307 P222 6.62, 17.80,29.23, 147  17.4% 68.2%
(#16) 90, 90, 90
8 308 P1(#1) 6.62,17.83,31.00, 998  76.5% 27.8%
92.10, 93.15,
90.51
9 310  P222 6.67,17.88,27.00, 182  68.9% 91.9%
(#16) 90, 90, 90
https://doi.org/10.1021/jacs.5c10751
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Figure 4. REyes, AutoProcess, AutoSolve, and refinement results of an autonomous microED acquisition. REyes “Quality” diffraction map of a grid
square led to a single-movie solution, a diffraction snapshot at 0.8 A max resolution of the target selected by REyes, a Fobs map for ab initio

preliminary solution of 0.8 A, and refined structure of grossular, 2, biotin, 3, AVAAGA peptide, 4, and Cu(D-Ser),, 5 samples.

failed to yield the expected unit cell (Table 1, entry 3). On
average, the indexing statistics reflected high-quality diffraction,
with average I/o = 5.3 and CC,;, = 81% including unsuccessful
data sets; all selected targets were classified as “Good.”

Following acquisition and indexing, all data sets were
subjected to automatic phasing, using SHELXT and
SHELXD,** referred to as AutoSolve. Target 213, identified
in grid square #8 (Figure 3C), with the highest completeness
at 82.1% (Table 1, entry 6), yielded an ab initio phasing
solution at 0.8 A from a single movie. A preliminary solution
generated by SHELXD correctly elucidated the molecular
structure and was manually kinematically refined (Figure 3C).
The same grid was next analyzed using an Arctica/ CETA-D
microscope/camera configuration at cryogenic temperature
and 0.12°/s rotation rate. The installation and adjustment of
REyes-specific processing parameters for this purpose required
less than 2 h. Our approach revealed a new list of targets, from
which a new target, 104, also resulted in a single-movie
solution.

By default, REyes collects 9 continuous rotation data sets;
however, tilt series data completeness ultimately depends on
crystal space group and orientation on the grid, which are not a
priori knowledge. In this example, a single movie solution has
been obtained from the third data set from Arctica/ CETA-D
system. The other 8 data sets could be merged to yield a high-
quality structure as well. For example, without using target 104
data, we have successfully merged targets 103, 208, and 214,
which produced an 82.7% complete solution with I/¢ 3.9, Rint
37.10%, and CC,/, 96.7%.

Benchmarking Fully Autonomous MicroED. To bench-
mark the broader utility of a fully autonomous REyes pipeline,
we examined four more crystalline structures: the beam-
insensitive mineral grossular (2), vitamin B7 (biotin, 3) with
moderate beam sensitivity, a beam-sensitive peptide, AVAAGA
(4), and the highly beam-sensitive Cu(D-Ser), complex 5. All

four samples were first analyzed under identical settings at
room temperature by using the F200C/Apollo microscope/
camera configuration. Each molecular structure was autono-
mously solved ab initio from a single movie (Figure 4).

Grossular lacks uniformly crystalline particles, which
typically require numerous hours for manual surveying. In
contrast, REyes surveyed the grid and collected nine high-
quality tilt series within 3 h. When applied to biotin (3), our
pipeline identified multiple crystallites classified as “Good”
diffraction. REyes yielded a data set with 98.6% completeness
that phased ab initio, with 97.0% completeness after refine-
ment, with an I/o of 6.1.

The hexapeptide AVAAGA (4) and Cu(D-Ser), complex 5,
in our experience, are challenging for acquisition at room
temperature due to their beam sensitivity. REyes efficiently
delivered single-movie solutions in under 3 h (Figure 4). The
best AVAAGA peptide data set was 97.8% complete after
refinement with an I/¢ of 7.1. The most challenging sample
studied at room temperature was Cu(D-Ser), complex §.
Despite its high beam sensitivity, REyes obtained a single
movie solution from a 77.4% complete data set after
refinement and an I/o of 5.7.

The same samples, analyzed at cryogenic temperatures with
an Arctica/CETA-D system, also yielded the expected
structural outcomes. While the slower rotation rate and
lower sensitivity of the CETA-D increased both sample
surveying and tilt series acquisition times, the REyes approach
was successful on this cost-effective and widely available
detector. All S samples, (S,S)-salen ligand (1), grossular (2),
biotin (3), AVAAGA peptide (4), and Cu(D-Ser), (5), were
successfully measured, with each compound producing a single
movie solution in 6 h (for structure factors and details, see the
Supporting Information). The longer acquisition time was
primarily due to a slower rotation rate (0.12°/s for CETA-D vs
1°/s for Apollo) during tilt series data collection. The beam-

https://doi.org/10.1021/jacs.5c10751
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Figure 5. Autonomous microED workflow for cactus extract using REyes. (A) Generalized initialization of REyes and output of operations on an
Arctica/Apollo system. (B) Violin plots of I/6, completeness, Rmeas, and CC,;, across 54 successfully processed movies. Circles represent
individual data set results, where navy blue circles resulted in successful ab initio phasing of an unknown compound from a cactus crude extract; box
plots within the violins indicate median and interquartile ranges. (C) Diffraction pattern for target 101 resulted in the best preliminary phasing. (D)
Merged REyes targets used for the final ab initio phasing and refinement of mescaline hydrochloride.

sensitive Cu(D-Ser), (5), however, suffered radiation damage
during slow, yet cryogenic, data collection, limiting achievable
completeness to only 66.7% (77.4% with Apollo detector).
The best structural model was obtained by refining against an
analogous model from the Apollo data collected at room
temperature. This underscores the importance of low-dose,
high-speed acquisition strategies for beam-sensitive materials,
where rapid data collection could significantly improve data
quality even at room temperature compared to higher fluence,
slow cryogenic data acquisition.

The REyes pipeline was further demonstrated on two 300
kV microscopes: a Tecnai TF-30/TVIPS and a Spectra 300C/
CETA-D. REyes installation and optimization of diffraction
processing parameters required less than 2 h, yielding a system
ready for fully autonomous data acquisition. Using (S,S)-salen
ligand (1) as a reference sample, each instrument autono-

42304

mously collected 9 movies of comparable data quality to those
obtained on 200 kV microscopes.

Next, we put REyes to the test, evaluating its ability to
determine the structure of a complex NP: citrinovirin (6),
isolated from Trichoderma citrinoviride and characterized by
microED.” The sample was deposited onto a TEM grid and
autonomously analyzed with REyes operating the Arctica/
CETA-D system. One of 9 continuous rotation data sets,
collected within 6 h, provided a solution with 98.4%
completeness (for details, see the Supporting Information).

Autonomous Analysis of Crude Extract with Reyes.
We next gauged REyes’ ability to autonomously detect NPs in
a crude extract of the so-called Argentine Saguaro Cactus,
Echinopsis terscheckii, which was taxonomically verified by the
supplier. Despite their broad geographic distribution and
existing applications, cacti remain underexplored.”'3
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in the F,—F_ map.

The crude extract containing visible particulates was directly
applied to a TEM grid. REyes was deployed to screen a 1 mm*
area of the grid using an Arctica/Apollo. REyes autonomously
and continuously screened 68 grid squares, captured 8228
diffraction snapshots, and acquired 60 continuous rotation data
sets (1°/s over a + S0° range) from the most promising
crystalline targets, all in less than 21 h without human
intervention (Figure SA). These data sets were processed on-
the-fly using the integrated AutoProcess and AutoSolve
pipelines, resulting in 22 preliminary ab initio phasing
solutions.

Unexpectedly, 43 of the 54 data sets corresponded to the
same unit cell: a = 38.6 + 0.8 A, b=5.13 + 0.02 A, c=12.87 +
0.05 A, @ = 90° 8 = 104.5 & 0.9°, ¥ = 90°. From these, the 34
highest-quality data sets exhibited I/o ranging from 2 to §,
completeness between ~40 and 70%, Rmeas values from 14—
41%, and CC,, values above 93% (Figure SB). The remaining
10 of the 11 corresponded to the reduced unit cell parameters
of the same crystal system, and they led to the structurally
identical phasing solution. The final data set lacked sufficient
quality to support a meaningful structural interpretation.

Among the successfully phased data sets, crystal target 101

yielded the highest-quality ab initio solution in space group
C2/c, revealing a molecular framework consistent with a 3,4,5-
trimethoxyphenethyl core, a hallmark of the mescaline alkaloid
family (Figure SC). To improve completeness, six data sets
were merged using crystal 101 as a reference, although
preferred particle orientation on the grid limited the final
88.4% completeness (Figure SD). Initial phasing indicated a
solution in a monoclinic space group C2/c, and structure
refinement ultimately yielded a solution consistent with
mescaline hydrochloride (7).***
The potential presence of mescaline protoalkaloids in the
Echinopsis genus has been previously reported.*® Liquid
chromatography—high-resolution mass spectrometry (LC-
HRMS) analysis of the crude extract revealed several features
with m/z values corresponding to mescaline analogues.
Accordingly, our proposed structure of alkaloid 7 underscores
the transformative potential of REyes as a self-driving microED
platform for the structure elucidation of natural products in
mixtures.

REyes in Protein Structure Determination. Given the
promise of REyes for structure elucidation of small molecules
and materials, we next evaluated its ability to determine
biomacromolecular structures. As a proof-of-concept, we
applied the same autonomous acquisition and target selection
logic to tetragonal crystals of the venerable protein standard

lysozyme in complex with tri-N-acetyl-p-glucosamine (NAG;)
9).

To compensate for a higher background and dimmer
reflections expected from protein crystal diffraction, we
adjusted the electron beam and SerialEM parameters within
the REyes suite. Specifically, beam flux was increased
approximately 2-fold, a selected area aperture was permanently
inserted, and the step size of the diffraction mapping was
decreased from 5 to 3 ym to maximize spatial coverage, but no
modifications were made to the Python-based components of
REyes.

High-quality diffraction snapshots were observed throughout
the scanned area, which consisted of 25 grid squares. Given the
overall higher number but reduced intensity of protein
diffraction peaks, REyes target selection was guided mainly
by peak count, maintaining high DQI. From this analysis, a
single-movie solution was obtained from target 203, which was
identified in grid square #7 (Figure 6). The data were indexed
to a tetragonal unit cell: a = b = 79.57 A c=3987A anda =
B =y =90° in the P422 space group.

The acquired data set was autonomously processed using
AutoProcess, which successfully indexed and integrated the
protein microED data. Phasing was performed manually via
molecular replacement (MR) in space group P4;2,2, using a
lysozyme model lacking a ligand. A subsequently refined model
at 2.2 A confirmed occupancy of the bound NAG;, ligand,
which was clearly resolved in the electrostatic potential map
(Figure 6).

This result demonstrates that REyes could be extended
beyond small molecules to enable the structure determination
of proteins, with planned integration of MR into the fully
autonomous workflow. Differences in diffraction patterns
between small molecules and macromolecules likewise require
future fine-tuning of diffraction classification algorithms.
Meanwhile, the current generation of REyes already supports
robust autonomous acquisition and analysis of crystalline
proteins.

Assessing the Diffraction Quality of REyes Data. We
evaluated the ability of REyes to classify diffraction with two
data sets acquired on the F200C/Apollo: (S,S)-salen ligand
(1) and biotin (3). Classification follows precise numerical
thresholds applied through Gaussian filters for peak detection
and FT pattern quality analysis, adjusted to each microscope/
camera pair. These thresholds were designed as intuitive
numerical parameters that either do not require adjustment or
can be tuned upon REyes installation with minimal to no prior
experience in microED acquisition. In addition, the central
25% of each image is masked during peak detection, ensuring
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that the “Good” class reflects high-resolution features of the
diffraction pattern rather than the low-resolution signal.

REyes achieves substantial agreement with manual classi-
fication, Cohen’s Kappa'” of 0.66, while demonstrating
effective performance for the “Good” diffraction class. Due
to high imbalance in the data and a dominating “No
diffraction” class performance evaluation using precision,
recall, and Fl-score metrics™ reveal that REyes prioritizes
recall over precision for high-quality targets, achieving 76%
recall, 65% precision, and an F1-score of 0.70 for the “Good”
class. This design aligns with practical microED acquisition
goals, where detecting most high-quality targets (high recall) is
more critical than avoiding all false positives (high precision).
Similar principles are well established in diagnostic science and
imbalanced classification literature, where the cost of over-
looking true positives often outweighs the inclusion of
occasional false positives.*” ™' The normalized combined
confusion matrix reveals that most misclassifications occur
between adjacent quality categories, with only 8% of images
(18 out of 223) manually labeled as “Bad” being classified as
“Good” (Figure 7A).

The biggest classification challenge occurs for “Poor” and
“Bad” categories. For the (S,S)-salen ligand 1 data set, over half
of the manually labeled “Bad” samples are classified as “Poor.”
Since both categories are likely to represent suboptimal lattices,
this approach prioritizes processing efficiency at the expense of
tolerating an observed classification overlap. The substantial
class imbalance caused by the overpopulated “No diffraction”
category, representing 91.8 and 76.1% of the respective data
sets, is explained by the intentional relative sparsity of grids.
This favors the diffraction of isolated particles with confidence,
since the developed model effectively identifies images in the
“No diffraction” category (F1 scores of 0.99 and 0.97). REyes
applies this rubric across all samples, independent of the
intrinsic quality of crystallite in the sample, ensuring
comparable autonomous microED data collection.

By favoring confident identification of high-quality patterns
and minimizing the risk of overlooking them, REyes ensures
efficient and reproducible data collection across diverse

samples. This enables consistent microED performance even
in sparse or challenging grids without requiring expert
oversight.

Comparing REyes to Human-Driven MicroED Data
Collection. In our experience, failure of ab initio structure
determination from a single continuous rotation movie with
resolution higher than 1.0—1.2 A is typically due to insufficient
completeness of diffraction data. We assessed the performance
of REyes in both high and low completeness regimes and,
importantly, compared its performance to that of microED
practitioners. We compared data quality and structural
outcomes for data sets acquired using REyes or manually
collected by a human operator on both a CETA-D and Apollo
direct electron detectors under comparable conditions (Figure
7B—D).** The violin plots comparing data for benchmark
samples suggest an unbiased advantage in using REyes.

Assessing data collected from (S,S)-salen ligand (1) as a
representative system (for other data comparisons, see the
Supporting Information), REyes data from the Apollo detector
achieved 5—10% higher completeness relative to their
manually collected counterparts (Figure 7B). This is surprising
given that, in principle, completeness is primarily determined
by crystal orientation and should be independent of the data
acquisition workflow. The difference likely stems from more
comprehensive grid coverage achieved with REyes and the
unbiased diffraction quality-driven target selection strategy
compared to the more biased, human effort of visual particle
targeting.

The internal consistency of data, as measured by the internal
consistency of equivalent reflections R factor (Rint), provides a
metric for data reliability. Data sets acquired with REyes
showed a 3—18% reduction in Rint compared to manually
collected data (Figure 7C). This enhancement is also subject
to the unbiased selection of diffraction features by REyes,
rather than the human selection of particles in real space.
REyes data was also notably better in its signal-to-noise ratio,
with I/c values 2—4 units higher than those obtained from
manual acquisition (Figure 7D). We also assessed merging R
factors (Rmerge) across data sets, finding lower Rmerge values
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collected by REyes and the Expert from the same biotin grid. The pentagon symbol marks the best data set.

across REyes data sets. This underscores the robustness of
diffraction classification and autonomous target selection
compared with conventional manual workflows (Figure 7E).

Lastly, we assessed the quality of the determined structures
by examining residual electrostatic potential distributions using
fractal dimension analysis.”” In all four test cases, residual maps
approximated Gaussian distributions, which is consistent with
unbiased structural models. A REyes data set acquired using a
CETA-D camera produced steeper fractal plots, indicative of
higher model fidelity (Figure 7F). A subtle exception was
observed for a REyes data set collected with the Apollo
detector, which exhibited slightly shallower fractal profiles
compared to the manually collected data, although this is not
the case when we compare data for biotin (3), AVAAGA
peptide (4), and Cu(D-Ser), (5).

One could attribute individual discrepancies to acquisition
bias, intrinsic differences in crystal quality, and acquisition
temperature, as distinct crystals were analyzed on each
platform. However, together, these results demonstrate that
REyes not only accelerates data acquisition but also enables
consistency and reproducibility, while maintaining and often
enhancing the quality of microED data, compared with manual
acquisition.

Out of the 214 collected diffraction movies, 63.6% were
successfully indexed. Indexing success correlates with dif-
fraction quality: data sets with LQP < 10 showed only ~40%
success, whereas those with LQP > 10 reached 70—90%.
Similarly, data sets with DQI < 1 indexed at ~50% success,
while DQI > 1 yielded progressively higher rates, approaching
~90% in the best bins. Among the successfully indexed data
sets (n = 136), both LQP and DQI correlate with improved
data quality: CC,;, and I/c increased, while Rmeas decreased
with higher values of either metric. Phasing success across
small-molecule data sets (n = 120) was 38.3%, but exceeded
50% for DQI > 6.2, underscoring that autocorrelation-based
metrics are predictive of downstream structure solution. These

results demonstrate that higher-quality data originate from
targets with higher LQP and DQI values obtained from the
original diffraction snapshots (see the Supporting Informa-
tion).

To directly compare REyes with a human operator under
identical conditions, we performed a blind experiment using
biotin as a model system. A team member prepared and loaded
the grid, after which data were collected in separate sessions by
an experienced operator (“Expert”) and by REyes, both using
the same Arctica/Apollo setup and identical processing
AutoProcess/AutoSolve pipelines. The Expert obtained a
preliminary solution in under 1 h from 6 movies. A standard
REyes session evaluating 9 grid squares required just over 3 h
to collect 12 movies and reach a solution, reflecting the higher
speed of human-driven acquisition. REyes yielded 7 correctly
indexed data sets with a slightly higher mean I/c (6.1 vs 5.1).
A direct comparison of the top five data sets from each session
(Figure 8) shows overlapping distributions of data quality, with
the Expert maintaining a slight edge but REyes producing
results of equivalent reliability. For both REyes and Expert, the
best single-movie solutions resulted in >95% completeness, I/c
> 5, Rmeas < 20%, Rint < 15%. This experiment confirms that
although an expert human operator might arrive at a structure
solution faster, REyes already achieves data quality on par with
an Expert, and in some cases surpasses them. This underscores
the potential for REyes to democratize high-quality microED
data collection.

B CONCLUSIONS

REyes introduces a fully autonomous, diffraction-guided
workflow for microED data acquisition that eliminates the
need for human intervention from target identification through
structural solution. By leveraging real-time diffraction mapping
and sample-independent classification, REyes ensures the
selective targeting of high-quality crystalline data. The
performance of the system was validated across chemically
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and structurally diverse compounds, with all structures solved
from single data sets, demonstrating both speed and precision.
The utility of this approach is further demonstrated by the
recent implementation of REyes-like protocols in other
emerging packages.’”* The diffraction classification model
ensures robust decision-making and efficient use of instrument
time, even for challenging or beam-sensitive samples, including
proteins. This work lays the foundation for scalable, fully self-
driving molecular structure elucidation, unlocking new
possibilities in the discovery of materials, biomolecules, and
pharmaceuticals.
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Data Availability Statement

MicroED structure of the lysozyme-ligand complex is available
via PDB entry: 9P6R. All other data are provided in the
Supporting Information. REyes Python package, associated
SerialEM script suite, installation manual, user guides, support
tools, and hyperlink to the raw data are available at https://
github.com/theNelsonLab/pyREyes. The example raw and
processed data set for (S,S)-salen ligand 1 are available at 10.
5281/zenodo.16971798.
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Bl ABBREVIATIONS

CryoEM, cryogenic electron microscopy; DQI, diffraction
quality index; FT, Fourier transform; LC—HRMS, liquid
chromatography—high-resolution mass spectrometry; LQP,
lattice-quality peak; microED, microcrystal electron diffraction;
MOF, metal—organic framework; NP, natural product; REyes,
reciprocal eyes; SCXRD, single-crystal X-ray diffraction; TEM,
transmission electron microscope
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