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Abstract

Microcrystal electron diffraction (MicroED) is an emerging technique for character-

izing small molecule structures from nanoscale crystals. Merging data from multiple

crystals is a particularly challenging step in the microED workflow. A common prac-

tice is to manually curate datasets and apply scaling programs conventionally uti-

lized in rotational X-ray diffraction (XRD), but this could be time-consuming and

risks introducing human bias in data analysis. Recently, a Bayesian inference program

named Careless (Dalton et al., 2022) has demonstrated excellent performance in merg-

ing macromolecular XRD data. Here, the applicability of Careless to small molecule

microED data is evaluated and an investigation of the impact of dataset curation is

performed. Benchmarking against XDS/XSCALE shows that Careless is an effective

complementary approach that merges data to a higher CC1/2 value at high resolution.
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Furthermore, merging outcomes are not significantly improved by curating datasets

either manually or with an automated extension to Careless, cautioning against the

common practice of manual dataset curation.

1. Introduction

Structural characterization is critical for understanding small molecule properties and

advancing research in chemistry fields, including organic chemistry, natural product

chemistry, and drug discovery. For decades, single-crystal X-ray diffraction (SCXRD)

has been the gold standard for determining the bond connectivity of molecules with

high precision. However, the need to obtain large (10–100 µm) single crystals has

severely limited the applicability of SCXRD. To overcome this limitation, new meth-

ods have been developed to solve structures from smaller crystals (Smith et al., 2012;

Gemmi et al., 2019). Synchrotrons now offer micro-focus beamlines that can reduce the

beam width to match micron-sized crystals (Grimes et al., 2018). X-ray free electron

laser (XFEL) facilities enable studying even smaller crystals using serial crystallogra-

phy by delivering extremely bright, femtosecond-long pulses that have the additional

benefit of outrunning radiation damage (Chapman et al., 2011). However, few struc-

tures of small molecules have been elucidated using these resources, and limited XFEL

sources and micro-focus beamlines render these techniques unsuitable for routine anal-

ysis compared to in-house instruments, which offer rapid turnaround times.

Microcrystal electron diffraction (microED) (Shi et al., 2013), also known as con-

tinuous rotational electron diffraction (cRED) (Wang et al., 2017) and a sub-method

of 3D electron diffraction (3D ED), provides a powerful alternative for small molecule

structure determination (Jones et al., 2018; Gruene et al., 2018; Wang et al., 2017; Kim

et al., 2021; Bruhn et al., 2021; Park et al., 2022; E. Gorelik et al., 2022). Compared to

photons, electrons interact more strongly with matter, enabling this technique to mea-
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sure diffraction signals from nanoscale crystals at sub-Ångstrom resolution. For small

molecules, such nanocrystals are generally far easier to obtain than micron-sized or

larger crystals required by other techniques, and they can be found in seemingly amor-

phous powders as well as crude natural products extracts (Jones et al., 2018; Delgadillo

et al., 2024). MicroED is also advantageous due to the broad availability of transmis-

sion electron microscopes (TEM) and the potential to use this technique with increas-

ing throughput (Cichocka et al., 2018; Wang et al., 2019; Lightowler et al., 2023; Del-

gadillo et al., 2024; Unge et al., 2024). However, the widespread adoption of microED

calls for improvements in data processing (Powell et al., 2021). Current microED

workflows typically leverage software such as XDS which was originally developed

for rotational XRD experiments (Kabsch, 2010b), but several steps of microED data

processing still require time-consuming manual intervention.

A particularly challenging step of microED data processing is data merging. In

SCXRD, merging refers to the process where measured symmetry-equivalent reflection

intensities are reduced to a set of unique values after being scaled to correct systematic

errors, a process also known as data reduction. The scaled and merged reflections can

then be phased to solve the structure. In small molecule crystallography, ab initio

phasing is a standard practice, which requires accurate estimates of the structure

factor amplitudes at 1.2 Å or higher resolution (Sheldrick, 1990) from the merging

output. Compared to SCXRD, merging in microED is inherently more challenging.

The background noise is higher due to non-negligible diffuse and inelastic scattering

(Nannenga & Gonen, 2014). Dynamical scattering events increase the variation among

intensities that should be theoretically equivalent, effectively contributing to the errors

in conventional merging (Palatinus et al., 2015; Khouchen et al., 2023). Moreover, most

TEMs restrict the accessible tilt range to less than ±70◦, resulting in a missing wedge

of information where data cannot be measured. Although crystallographic symmetry
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should in principle overcome this low completeness, in practice, data from multiple

crystals often need to be merged due to radiation damage that compromises intensities

in a way that is reflection-dependent and non-monotonic in dose (Saha et al., 2024).

Multi-crystal merging is often a trial-and-error process conducted under the assump-

tion that few crystals are sufficiently isomorphous and of high enough quality to

yield correct ab initio phasing solutions and acceptable refinement statistics. Thus,

even though high multiplicity from redundant measurements is considered helpful

in macromolecular XRD (Karplus & Diederichs, 2015), empirically, many microED

small molecule structures have been solved by merging only several crystals out of the

tens to hundreds collected. In other emerging fields of diffraction experiments such as

serial femtosecond crystallography (SFX) from multiple crystals, specialized software

has been developed (Uervirojnangkoorn et al., 2015; White et al., 2016) to merge

data that conventional methods find challenging. Nevertheless, this is a computation-

ally expensive approach. Small-wedge serial crystallography has prompted iterative

approaches (Beilsten-Edmands et al., 2020; Gildea et al., 2022) that combine prelim-

inary clustering and then outlier rejection (Assmann et al., 2016). In the microED

field, clustering-based heuristics (Giordano et al., 2012; Foadi et al., 2013; Yamashita

et al., 2018; Wang et al., 2019) and brute-force enumeration of dataset combinations

(Unge et al., 2024) have been deployed, but the manual curation of datasets remains

a dominant practice.

A recent machine learning (ML)-based merging program, Careless, promises a uni-

fying framework through Bayesian inference for any type of diffraction experiment

(Dalton et al., 2022). It has been successfully applied to a variety of macromolecular

XRD experiments but has not been validated in small molecule or microED stud-

ies. Compared to conventional programs, Careless has the potential to be adapted

for multi-crystal merging with minimal human bias in selecting datasets or setting
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cutoff values for clustering and filtering datasets. Here, we reprocess 17 molecules

from previous studies on natural products and pharmaceutical compounds to test the

applicability of Careless in comparison to a conventional scaling and merging program

XDS/XSCALE (Kabsch, 2010b). In addition, the popular practice of manual dataset

curation motivates us to explore an extension to the ML algorithm that automates

this process. We compare the merging outcomes of dataset curation, whether manual

or automated, with a naive merging of all datasets. Finally, we show how well results

from different merging protocols are translated to ab initio structures using standard

phasing programs, and present recommendations to microED practitioners.

2. Results

2.1. Careless as an alternative merging tool for microED data

To assess whether Bayesian inference generalizes well to microED data processing,

we compile existing microED datasets comprised of a diverse set of 17 small molecules

(Fig. S1), from simple cases such as calcium oxalate (Fig. S1-15) (Delgadillo et al.,

2024) to challenging cases such as fischerin (Fig. S1-5) (Kim et al., 2021). They span

a range of crystallographic complexity, including 7 space groups and unit cell volumes

from 103 to 104 Å3 (Table S1). 6 of the molecules were solved from single-crystal

datasets processed by XDS, and the rest were solved after individually processing all

datasets in XDS and then merging a manually curated subset in XSCALE (Jones

et al., 2018; Kim et al., 2021; Burch et al., 2021; Chhetri et al., 2023; Delgadillo

et al., 2024; Abad et al., 2024).

Careless is first evaluated using the single-crystal datasets and manually curated

datasets in multi-crystal merging. Previously published structures (Fig. S1 and Table

S1) are used as reference structures to assess merging performance. For consistency,

in multi-crystal merging, we adhere to the same dataset curation manually done by
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the authors of the reference structures, and the effect of manual dataset curation is

examined in the next section (2.2). Merging outcomes are evaluated by examining the

internal consistency of the intensities measured by CC1/2 as well as CCFoFc , which

indicates the accuracy relative to calculated structure factors from the reference struc-

ture (Methods section 4.5). To compare the average performance of different merging

protocols, we use a stringent criterion of whether the 95% bootstrap confidence inter-

vals (CI) for the mean overlap or not to assess statistically significant differences.

Compared to XDS/XSCALE (Kabsch, 2010a; Kabsch, 2010b), a conventional merg-

ing software, Careless merging yields lower overall CC1/2 but comparable overall

CCFoFc for single-crystal merging (Table 1) and multi-crystal merging (Table 3).

This suggests that even though the Careless merging output is less precise among

symmetry-equivalent measurements, it is not necessarily less accurate. In the high-

est resolution bin of each dataset, Careless performance is on average similar to

XDS/XSCALE as indicated by the 95% CIs of the CC1/2 and CCFoFC
of all 17

molecules (Table 2).

2.2. Effects of dataset curation on multi-crystal merging

After demonstrating that Careless achieves comparable accuracy given curated

datasets, we next sought to automate dataset curation within Careless. This was

motivated by current practices in the microED field, where multi-crystal merging is

commonly performed on datasets selected by manual inspection of the completeness,

CC1/2, Rmerge, and other summary statistics. Manual curation of datasets could be

time-consuming with a large number of datasets collected and risk introducing human

bias to data analysis. Nevertheless, a naive merge of all datasets may compromise data

quality. For effective comparisons, we first evaluate the impact of manual curation rel-

ative to the baseline that omits dataset curation.
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Naively merging all datasets that could be indexed to the expected space group

and unit cell maximizes the completeness (Fig. 1a) and multiplicity of the data. Using

the naive merging as a baseline for comparison, manual dataset curation has the

opposite effect on CC1/2 for the two merging regimes studied: it is beneficial for

XDS/XSCALE but harmful for Careless (Fig. 1b). Within each merging program,

the effect of dataset curation is statistically significant for the overall CC1/2 but less

pronounced in the highest resolution bin. With uncurated merging, Careless achieves

similar overall CC1/2 with XDS/XSCALE but has the additional benefit of signifi-

cantly better CC1/2 in the highest resolution bin (Fig. 1b and Table 4).

Among the four merging protocols — XDS/XSCALE vs. Careless using manually

curated vs. all datasets, the common practice of merging manually curated datasets by

XDS/XSCALE still gives the best overall CC1/2, while merging all datasets by Careless

gives the best CC1/2 in the highest resolution bin. Despite the different performances

according to CC1/2, on average, CCFoFc is minimally affected both overall and at high

resolution regardless of the merging protocol used (Fig. 1c). This suggests that the

accuracy of merging is not significantly improved by manual curation.

Although we find that manual dataset curation does not benefit Careless, it is still of

interest to investigate whether a fully automated curation would improve the outcome.

This approach, referred to as MC-Careless for Multi-Crystal Careless, uses ML prin-

ciples to learn an optimal weighting among datasets to account for the variability of

data quality across datasets collected from different crystals (section 4.2). This weight

modulates the effective uncertainty of the intensities during model training for multi-

crystal merging and is optimized jointly with the structure factor amplitudes (Fig.

4). It provides an alternative to the manual curation of datasets and reduces human

bias in evaluating summary statistics and filtering datasets. Nevertheless, MC-Careless

achieves similar performance on both CC1/2 and CCFoFc to the original Careless that

IUCr macros version 2.1.17: 2023/10/19

https://doi.org/10.26434/chemrxiv-2024-62bmk ORCID: https://orcid.org/0000-0003-2278-0768 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-62bmk
https://orcid.org/0000-0003-2278-0768
https://creativecommons.org/licenses/by-nc-nd/4.0/


8

naively merges all datasets (Fig. 1b and c). This result is consistent with the obser-

vation above that manual curation of datasets does not improve Careless merging

outcomes.

2.3. Phasing and initial maps

Finally, we perform ab initio phasing on the outputs from all five merging protocols

using SHELXT or SHELXD with the same phasing parameters that previously led to

the preliminary solutions of the reference structures. In the microED field, ab initio

phasing could be challenging, especially for large organic molecules lacking heavy

atoms (Bruhn et al., 2021). The preliminary structure from ab initio phasing is often

corrupted by missing or extra atoms as well as mis-assignment of elements due to the

difference between X-ray and electron scattering (Mott & Bragg, 1997; Dorset, 1996).

Consequently, naive structural alignment with the reference structures for quantitative

comparisons is difficult. Here, we manually classify phasing as successful or not by

inspecting the overall connectivity or recognizable fragments for cases with disorder,

and present several visual examples of the raw phasing structures.

As expected from the analysis of CCFoFc in the section above, XDS/XSCALE

merging outcomes could be successfully phased for all 17 molecules regardless of

dataset curation (Fig. 2). Even though Careless merges data with similar CCFoFc to

XDS/XSCALE, the outputs could be more challenging for conventional phasing pro-

grams. In Careless, scaling and merging are jointly performed, which requires estimat-

ing structure factors independent of scaling by physical factors (Dalton et al., 2022).

A consequence of this modeling approach is that structure factors are outputted on

an arbitrary scale that is flat across resolution bins (Dalton et al., 2022), whereas

conventional programs output intensities that decay over increasing resolution. Nev-

ertheless, correct structural information could still be retrieved from Careless outputs
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in most cases (Fig. 2). At identical contour levels, the maps from phasing are often

sharper than those from XDS/XSCALE merging (Fig. 3), which is likely because the

parallel inference of scaling and structure factors in Careless has an analogous effect

to B-factor sharpening (DeLaBarre & Brunger, 2006).

The only phasing solution from Careless outputs that contains almost no recogniz-

able fragments is the naive merging of fischerin (Fig. S1-5) datasets (Kim et al., 2021).

Despite achieving comparable overall CCFoFc and further improvement in the highest

resolution shell compared to the curated merging by Careless or either protocol of

XDS/XSCALE merging (Fig. S2), the phasing result is visually worse (Fig. S3). This

was a particularly difficult case where flexible molecular conformations and preferred

orientation of the crystals demanded recrystallization and more than 6 months of

manual processing in previous work (Kim et al., 2021).

3. Discussion and conclusion

The successful generalization from macromolecular XRD studies (Dalton et al., 2022)

to small molecule microED data in this work highlights the flexibility and impact

of Bayesian inference in emerging structural studies. Through benchmarking against

XDS/XSCALE, we also show that this approach has some benefits in merging small

molecule microED data. Careless merges reflections to higher CC1/2 at high resolution,

and comparable accuracy with respect to the reference structure is achieved both

overall and at high resolution. Moreover, for the examples presented here, dataset

curation, whether manual or automated, is not necessary for Careless, as the naive

merging of all datasets achieves the best CC1/2, comparable CCFoFc , and the highest

completeness. Thus, merging by Careless eliminates an opportunity for human bias in

data processing and maximally leverages information from all datasets. Even though

automated curation by MC-Careless does not further improve merging outcomes, it
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shows that Careless could be easily extended for future methods development.

For microED practitioners, we caution against the common practice of manually

curating datasets. We find that CC1/2 is elevated in XDS/XSCALE merging using

dataset curation inherited from previous work, yet we see no significant differences

in CCFoFc or the ab initio phasing structures. Our findings suggest that data quality

is not always compromised when naively merging all datasets, indicating that useful

signal can be missed in manual curation of datasets. For example, the three lowest

overall CCFoFc from molecules Py-469 (Fig. S1-4) (Kim et al., 2021), demethoxyviridin

(Fig. S1-1) (Delgadillo et al., 2024), and AMG7 (Fig. S1-10) (Burch et al., 2021) are

improved by more than 8% when including all datasets in XDS/XSCALE merging

(Tables 3 and 4). From a practical perspective, the preliminary structures from ab

initio phasing seem robust against dataset curation, although the impact on refinement

statistics is beyond the scope of this work.

In conclusion, using experimental datasets from previous studies, we demonstrate

that Careless could robustly merge microED and small molecule crystallography data.

Careless could improve multi-crystal merging outcomes with reduced human bias and

is a flexible framework for methods development in diffraction data processing. In

most cases examined here, Careless outputs lead to similar preliminary structural

solutions with sharpened initial maps compared to XDS/XSCALE outputs. For chal-

lenging cases, additional optimization of merging and phasing parameters might be

necessary to obtain the correct phasing solutions. As Bayesian inference and other

ML approaches have only recently been introduced to crystallography, continuing

method developments are warranted. Additional case studies and future investigation

in refinement outcomes may help improve the integration of Careless into existing

data processing pipelines.
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4. Methods

4.1. Merging algorithms

To contextualize the ML approach in Dalton et al. (2022) and our extension to

automate dataset curation in Careless, we briefly describe the formalism of scaling

and merging in crystallography. Readers are referred to Aldama et al. (2023) for a

more detailed review.

4.1.1. Merging by weighted average: Conventionally, the true intensity Ih at Miller

index h is estimated by computing the weighted average of redundant measurements

across all images after correcting for systematic errors. This corresponds to the maxi-

mum likelihood estimate of the mean intensity. The functional form of the weights w

determines the error model with normally-distributed being the most common choice.

Each measurement Îh,i on image i is corrected by estimating a scaling factor Kh,i:

Îh,i = Kh,iIh,i. (1)

Established programs in XRD data processing such as XDS (Kabsch, 2010a; Kab-

sch, 2010b) and AIMLESS (Evans & Murshudov, 2013) use sophisticated models to

parameterize Kh,i and minimize the least-squares loss for scaling and merging:

Φ =
∑
h

∑
i

wh,i(Ih − Îh/Kh,i)
2. (2)

4.1.2. Merging by Bayesian inference: Careless works on the same premise in eq. (1)

that systematic errors can be corrected by scaling Ih,i, but uses an alternative infer-

ence approach. Under the kinematical approximation, the true intensity is Ih,i = F 2
h,

where F denotes the structure factor amplitude. Careless uses variational Bayesian

inference (Blei et al., 2017; Jordan et al., 1999) to reformulate merging as estimating

p(F,K|I), the posterior distribution of the scaling and structure factors conditioned

IUCr macros version 2.1.17: 2023/10/19

https://doi.org/10.26434/chemrxiv-2024-62bmk ORCID: https://orcid.org/0000-0003-2278-0768 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-62bmk
https://orcid.org/0000-0003-2278-0768
https://creativecommons.org/licenses/by-nc-nd/4.0/


12

on the observed intensities. As p(F,K|I) is generally intractable, it is approximated

by a parametric surrogate function q. The standard modeling objective in variational

Bayesian inference is to minimize the difference between q and p(F,K|I) by maxi-

mizing the Evidence Lower BOund (ELBO) (Kingma & Welling, 2014). The ELBO

typically consists of an expected log-likelihood term that encourages fitting q to the

data and a Kullback–Leibler (KL) term as a regularization to penalize deviations from

a prior distribution. The exact form used in Dalton et al. (2022) is:

ELBO = Eq [log p(I|F,K)]−DKL [qF ∥p(F )] (3)

where q is assumed to be factorizable,

p(F,K|I) ≃
∏
h

[
qFh

∏
i

qKh,i

]
, (4)

and qK is further parameterized by a multi-layer perceptron (MLP) that takes the

metadata of observed reflections as the input. Parameters of qK are optimized without

regularization from a prior distribution. A modified version of the Wilson distribu-

tion — the intensity distribution if atoms are uniformly distributed within the unit

cell (Wilson, 1949) — is used as the prior p(F ) for estimating the structure factor

amplitudes independent of the scale (Dalton et al., 2022).

4.2. Extending Careless for multi-crystal merging

The uncertainty of the observed intensity, σI , is important for estimating data

quality (Evans, 2011; Evans & Murshudov, 2013) and directly affects merging in the

conventional approach as described in eq. (2). In the variational Bayesian inference

approach, σI also modulates the contribution of each measurement to the training

loss. Specifically, the log-likelihood term in eq. (3) is a parametric distribution where

the mean is K̂F̂ 2 obtained from drawing Monte Carlo samples F̂ ∼ qF and K̂ ∼ qK ,

and the standard deviation or scale in the case of Student’s t-distribution, is the σI
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estimated by integration programs.

In MC-Careless, to account for the different quality of each dataset in multi-crystal

merging, we adjust the uncertainty of observed intensities σI inversely by a weight

w that is sparsely parameterized as a categorical distribution qw over the N crystals

to merge (Fig. 4). The distribution is normalized such that w averages to 1 across

all unmerged reflections. The contribution of a crystal to merging is decreased as w

becomes smaller than 1, consequently increasing the uncertainty of observed intensities

from that crystal. The modified training objective is:

wELBO = Eq

[
log p

(
I|F,K;

σI
w

)]
−DKL [qF ∥p(F )]−DKL [qw∥p(w)] (5)

where w is learned jointly with F and K, and is regularized by a prior distribution

p(w). The prior distribution is the discrete uniform distribution that represents no

adjustment to σI and equal weights among crystals as treated in the naive merging of

all input datasets. Code that implements MC-Careless is available at https://gith

ub.com/DorisMai/careless/tree/multi_xtal_sig.

4.3. Data processing workflow with XDS/XSCALE

Each rotational diffraction movie was collected in SER format and converted to SMV

as previously described (Hattne et al., 2015). Spot finding, indexing, integration, and

correcting/scaling are performed using XDS (Kabsch, 2010b). XDS is a standard crys-

tallography program that has proven effective for small molecule microED data (Jones

et al., 2018), although other programs such as DIALS (Winter et al., 2018; Clabbers

et al., 2018), Jana2020 (Petř́ıček et al., 2023), and CrysAlisPro (Ito et al., 2021) are

also applicable. The instruction file for initial processing by XDS is generated using

an in-house Python script (https://github.com/jess-burch/microed) for greater

automation as previously described (Burch et al., 2021; Delgadillo et al., 2024). To

benchmark merging performance with minimal confounding errors from other pro-
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cessing steps, here all datasets are reprocessed by XDS using previously reported

space group and unit cell parameters. XSCALE (Kabsch, 2010a; Kabsch, 2010b)

is used to merge data from multiple crystals. The resolution cutoff from previous

work is used whenever possible in the reprocessing but relaxed by 0.05 Å for 6β-

hydroxyeremophilenolide (Fig. S1-17), calcium oxalate (Fig. S1-15), and peyssobari-

canoside B (Fig. S1-6), by 0.1 Å for AMG3 (Fig. S1-8) and 4 (Fig. S1-9), and by 0.15

Å for AMG7 (Fig. S1-10) to reproduce phasing outcomes.

4.4. Data processing workflow with Careless

4.4.1. Data preprocessing: XDS ASCII.HKL files from reprocessing as described above

are converted to .mtz format using careless.xds2mtz before merging. Each dataset

is then standardized such that the intensity I has unit variance. This is achieved by

scaling the observed intensities I ′h,i and uncertainty σ′
Ih,i

by k, where

k =
1√∑

h,i

(
I′
h,i

−Ī′
)2

Nunmerged

. (6)

This standardization supports stable training. Unit cell parameters are averaged across

all crystals to be merged.

4.4.2. Model training: Metadata features used for model training include the image

number, resolution, and X/Y positions of each observed intensity on the image. For

multi-dataset merging, intensities from all datasets are concatenated, and the index of

the source dataset is supplied as an additional feature. A non-negative scaling factor is

enforced during model training. Training steps are 30,000 and 50,000 for single-crystal

and multi-crystal merging, respectively. Training for all cases can run on an NVIDIA

Tesla P100 GPU in under 1.5 hours, with the exception of merging all 89 fischerin

(Fig. S1-5) datasets which could take 7.5 hours.
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4.4.3. Hyperparameter selection: The original training objective of Careless described

by eq. (3) is approximated using Monte Carlo sampling with 1 sample per training

step as the default:

ELBO ≈
S∑

s=1

[∑
i

∑
h

log p (Ii,h|Fh,Ki,h, σI ; ν)−
∑
h

(log qF − log p (F ))

]
. (7)

We increase to S = 20 Monte-Carlo samples to improve convergence with a minimal

increase in total training time. The log-likelihood term in eq. (7) is modeled as Stu-

dent’s t-distribution with the degree of freedom ν as a hyperparameter to adjust the

sensitivity to outliers. This error model becomes a normal distribution as ν approaches

infinity and becomes a Cauchy distribution when ν = 1. We keep ν = 16, which was

found to be optimal by cross-validation in Dalton et al. (2022) and empirically robust

by other users of Careless.

The relative weight between the log-likelihood term and the KL term in eq. (7)

defaults to the average multiplicity of the datasetsm = Nunmerged/Nmerged. As of Care-

less version 0.3.4, this weight is adjustable through the hyperparameter λF . Empiri-

cally, we find that a small value of λF generally works well, possibly because observed

intensities in small molecule 3D ED do not always obey ideal statistics described by

the Wilson distribution (Fig. S4) which is used as a prior distribution in Careless as

described in eq. (3). In this work, λF = 0.01 is used for all cases, except for fischerin

(Fig. S1-5) datasets where the optimal value between 0.01 and 0.001 is chosen by

cross-validation. In MC-Careless, we also introduce λw to adjust the relative weight

of the second KL term in eq. (5) such that:

wELBO ≈
∑
s

[∑
i

∑
h

log p

(
Ii,h|Fh,Ki,h,

σI
wi,h

; ν

)
−mλF

∑
h

(log qF − log p (F ))

−mλw

∑
i

∑
i,h

(log qw − log p (w))

]
.

(8)

The optimal value of λw is found over 0.001, 0.01, 0.1, 1, and 10 by cross-validation.
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4.5. Evaluation of merging outcomes

Merging quality is assessed based on the following metrics: completeness, CC1/2,

and CCFoFc . The CCFoFc metric is calculated as the uncertainty-weighted Pearson cor-

relation coefficient between the estimated structure factor amplitude Fo from merging

and the Fc calculated from the reference structures. The CCDC numbers of reference

structures are available in Table S1 of the supplementary information. Fc is calculated

using gemmi, accounting for electron form factors and anisotropic atomic displace-

ment parameters. An additional non-negative global B-factor is fit when calculating

CCFoFc because Careless outputs Fo on the same scale across resolution bins, unlike

XDS/XSCALE and other conventional data reduction programs. The completeness

and CC1/2 are extracted from CORRECT.LP (single-crystal) or XSCALE.LP (multi-

crystal) for XDS/XSCALE and from careless.completeness and careless.cchalf

for Careless. Both the overall statistic and the statistic in the highest resolution bin are

reported. Resolution bins are determined by default in XDS/XSCALE and in Careless

to distribute reflections evenly across 10 bins.

4.6. Structure determination

Intensities merged by XDS/XSCALE are converted to SHELX format using the

XDSCONV program. Intensities merged by Careless are scaled and reformatted by

a separate Python script that uses reciprocalspaceship (Greisman et al., 2021) to

parse the .mtz output file from Careless. Ab initio phasing is then performed using

SHELXT (Sheldrick, 2015) or SHELXD (Usón & Sheldrick, 1999). Phasing parameters

are kept unchanged from previous processing that led to the reference structures. We

run SHELXD on 32 CPUs for 15 minutes for all cases except for fischerin (Fig. S1-

5) where the run time is extended to 1 hour. 2Fo − Fc maps from ab initio phasing

are generated using the shelx2map program, and visualized in Pymol (Schrödinger,
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LLC, 2022) with contouring at 1.5σ and carving at 1.2Å.

5. Data availability

MicroED data used in this work are available at 10.5281/zenodo.12775590, 10

.5281/zenodo.12797270, 10.5281/zenodo.8206533, 10.5281/zenodo.10059

796, 10.5281/zenodo.10059842, and 10.5281/zenodo.10059864, except for

AMG3 (Fig. S1-8), AMG4 (Fig. S1-9), AMG7 (Fig. S1-10), AMG10 (Fig. S1-13),

and AMG11 (Fig. S1-11), which are available upon request. Specific datasets used in

single-crystal merging and manually curated multi-crystal merging are described in

curated movie id.csv in 10.5281/zenodo.12775590.
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Fig. 1. Statistics of multi-crystal merging with (Curated=True) and without
(Curated=False) manual dataset curation. Grey-shaded regions represent 95% con-
fidence intervals for the mean from bootstrapping. (a) Data completeness is max-
imized when using all datasets. (b) Manual dataset curation has the opposite
effects on CC1/2 in XDS/XSCALE and Careless. Automated curation by MC-
Careless does not improve results. Careless consistently achieves higher CC1/2 than
XDS/XSCALE in the highest resolution bin. (c) All merging protocols achieve sim-
ilar accuracy as indicated by CCFoFc .
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chrysophanol (16)
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6β-hydroxyeremophilenolide (17)
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Single-crystal

Multi-crystal
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AMG7 (13)

AMG10 (10)

Fig. 2. Representative examples of ab initio phasing outcomes (black) show that cor-
rect structural information is extracted from XDS/XSCALE and Careless merging
outcomes by standard phasing programs regardless of dataset curation. Reference
structures (colored by elements) are presented for comparison.
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3.7 12.1B-factor (Å2)

calliterpenone monoacetate (2)

MC-Careless

C
urated=False

C
urated=True

peyssobaricanoside B (6)

3.2 15.8B-factor (Å2)

Careless XDS/XSCALE

Fig. 3. Data merged by Careless and MC-Careless yield sharper 2Fo − Fc maps after
ab initio phasing. Example ab initio structures and maps from all 5 merging pro-
tocols are shown for calliterpenone acetate (left) and peyssobaricanoside B (right).
Reference structures are colored by atomic B-factors to show flexible parts where
phasing might be challenging.
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Fig. 4. Schematic of multi-crystal extension to Careless. (a) Probabilistic graphical
model of merging diffraction data using variational Bayesian inference algorithm.
Solid lines denote the generative process of the observed intensity I from the scal-
ing factor K and structure factor amplitude F . Dashed lines represent variational
Bayesian inference of K and F parameterized by model parameters θ, where the
uncertainty of I is adjusted by a per-crystal weight w. (b) MC-Careless model
architecture. Posterior estimates of K and F are variationally approximated as qK
and qF respectively, and qK is further parameterized by an MLP transformation
from the metadata of unmerged reflections. Dashed lines denote the reparameteri-
zation process, where samples K̂ and F̂ are drawn from qK and qF to compute the
loss between observed intensity I and predicted intensity Î = K̂F̂ 2 with adjusted
uncertainty σI/w.
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Table 1. Single-crystal∗ merging results.

molecule
AMG10
(13)

mannitol
(14)

calcium
oxalate
(15)

chryso-
phanol
(16)

6β-
hydroxy-
eremoph-
ilenolide
(17)

X
D
S

highres† bin (Å) 0.9-0.85 1.01-0.95 1.01-0.95 0.9-0.85 0.9-0.85
Completeness
(%)

98.5 82.2 87.7 91.8 89.1
(98.6) (87.3) (88.9) (92.4) (95.1)

CC1/2 (%)
98.4 99.8 98.7 98.1 98.9
(57) (21.9) (74.8) (88) (38.9)

CCFoFc
(%)

76.6 95.4 86.8 88.1 89.4
(71.9) (61.2) (60.9) (85) (30.5)

phasing ✓‡ ✓‡ ✓‡ ✓‡ ✓‡

C
a
re
le
ss

highres bin (Å) 0.89-0.85 0.98-0.95 1-0.95 0.88-0.85 0.88-0.85
Completeness
(%)

99.7 84.6 89.8 92.2 89.7
(98) (86.2) (94.7) (92.6) (94.4)

CC1/2 (%)
87 97.9 92.9 92.2 94.7
(61) (27.5) (85.4) (78.1) (49.5)

CCFoFc
(%)

75.1 92.3 92.1 88.2 85
(80.9) (50.2) (55.7) (76.5) (38.6)

phasing ✓‡ ✓ ✓‡ ✓ ✓

∗ For biotin single-crystal results, see Table 3.
† Statistics in the highest resolution (highres) bin are shown in parentheses.
‡ Phased by SHELXT. Otherwise phasing is performed using SHELXD.

Table 2. 95% CI of bootstrapped mean of single-crystal and manually curated merging results.

metric (%) XDS Careless
CC1/2 (overall) 97.58 - 98.66 90.56 - 93.87
CC1/2 (highres) 46.52 - 69.46 62.10 - 77.94
CCFoFc

(overall) 83.57 - 90.48 83.86 - 89.80
CCFoFc

(highres) 60.35 - 76.30 57.40 - 73.72
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Table 3. Multi-crystal merging results using manually selected datasets.

molecule
demeth-
oxyviridin

(1)

calliter-
penone
acetate
(2)

pachybasin
(3)

Py-469
(4)

fischerin
(5)

peysso-
barican-
oside B
(6)

# crystals 2 3 3 2 4 3

X
D
S
/
X
S
C
A
L
E

highres bin (Å) 1.04-1 1.04-1 0.93-0.9 0.94-0.9 1.09-1.05 1.14-1.1
Completeness
(%)

90 82.4 83.6 84.5 89.9 94.0
(95.9) (85.8) (81.9) (84.5) (91.1) (93.8)

CC1/2 (%)
97.1 97.8 98.7 98.8 99.2 99.1
(54) (84.2) (47.8) (84.7) (29.9) (31.1)

CCFoFc
(%)

71.7 94.2 92.7 77.9 90.4 92.5
(48.8) (88.4) (70.0) (85.1) (49.1) (72.9)

phasing ✓ ✓ ✓‡ ✓ ✓ ✓

C
a
re
le
ss

highres bin (Å) 1.04-1 1.04-1 0.93-0.9 0.94-0.9 1.09-1.05 1.14-1.1
Completeness
(%)

90.3 83.3 83.8 85 90 94.6
(96.7) (83.9) (81.9) (84.8) (90.6) (92.9)

CC1/2 (%)
92.7 96.2 96.1 91.9 83.6 93.8
(77.6) (90.5) (64.2) (88.9) (75.8) (77.4)

CCFoFc
(%)

81.6 92.4 91.4 79.8 73.3 92.7
(54.1) (79.1) (37.4) (79.3) (82.5) (83.4)

phasing ✓ ✓ ✓ ✓ ✓ ✓

Table 3. Continued

molecule
YT-348
(7)

AMG3
(8)

AMG4
(9)

AMG7
(10)

AMG11
(11)

biotin
(12)

# crystals 9 2 2 3 2 1

X
D
S
/X

S
C
A
L
E

highres bin (Å) 1.04-1 1.04-1 1.04-1 1.03-1 0.93-0.9 0.9-0.85
Completeness
(%)

87.7 82.7 83.1 84.5 86.5 97.5
(87.6) (85.0) (85.3) (86.0) (91) (96.4)

CC1/2 (%)
98.7 98.4 99.1 95.2 97.4 96.8
(26.7) (74.6) (85.3) (85.6) (29.8) (80.3)

CCFoFc (%)
89.4 94.1 95.9 76.4 90.5 86.9
(47.4) (83.4) (91.9) (88.6) (69) (70.7)

phasing ✓ ✓ ✓ ✓ ✓‡ ✓‡

C
ar
el
es
s

highres bin (Å) 1.04-1 1.04-1 1.04-1 1.03-1 0.93-0.9 0.89-0.86
Completeness
(%)

88.1 83.4 83.2 86.4 88.5 98.3
(88.8) (86.9) (83.7) (89.1) (87.5) (97.4)

CC1/2 (%)
94.3 91.8 95.1 89 90.5 92.4
(57.0) (78.7) (93.3) (77.7) (71.2) (62.3)

CCFoFc
(%)

87.8 92 95.3 87.2 89.9 87.6
(57.3) (78.1) (90.4) (80.8) (53.6) (43.3)

phasing ✓ ✓ ✓ ✓ ✓ ✓‡
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Table 4. Multi-crystal merging results using all datasets.

molecule
demeth-
oxyviridin

(1)

calliter-
penone
acetate
(2)

pachybasin
(3)

Py-469
(4)

fischerin
(5)

peysso-
barican-
oside B
(6)

# crystals 6 9 6 21 89 16

X
D
S
/
X
S
C
A
L
E

highres bin (Å) 1.04-1 1.04-1 0.93-0.9 0.94-0.9 1.09-1.05 1.14-1.1
Completeness
(%)

92.3 96.4 99.5 94.8 90.8 97.6
(99) (99.2) (100) (95.9) (91.4) (98.4)

CC1/2 (%)
92.6 80.8 97.5 85.3 99.5 95.4
(64) (66.4) (48.2) (64.3) (28.7) (45.2)

CCFoFc
(%)

80.7 87.2 92.1 86.6 90.9 89.9
(78.1) (86.8) (67.7) (89) (50.6) (57)

phasing ✓ ✓ ✓‡ ✓ ✓ ✓

C
a
re
le
ss

highres bin (Å) 1.04-1 1.04-1 0.93-0.9 0.94-0.9 1.09-1.05 1.14-1.1
Completeness
(%)

92.9 96.5 100 94.9 90.7 97.8
(97.8) (96.6) (100) (95.6) (91.3) (98.5)

CC1/2 (%)
91.9 94.9 96.5 98.1 97.5 95.5
(77.3) (90.8) (59.7) (93.4) (90.9) (75.7)

CCFoFc
(%)

78.1 90.7 89.7 92.1 90.7 91.3
(67) (87) (63.6) (89.5) (86) (77.5)

phasing ✓ ✓ ✓ ✓ × ✓

M
C
-C

ar
el
es
s

CC1/2 (%)
91.4 96.7 96.2 98.1 97.8 94.5
(80.8) (88.3) (57.2) (93.6) (90.8) (63.7)

CCFoFc
(%)

79.8 91 90.2 93.1 89.9 93.1
(66.6) (86.3) (62.6) (88.8) (84) (75.6)

phasing ✓ ✓‡ ✓ ✓ × ✓
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Table 4. Continued

molecule
YT-348
(7)

AMG3
(8)

AMG4
(9)

AMG7
(10)

AMG11
(11)

biotin
(12)

# crystals 17 18 21 10 8 3

X
D
S
/X

S
C
A
L
E

highres bin (Å) 1.04-1 1.04-1 0.93-0.9 0.94-0.9 1.09-1.05 1.14-1.1
Completeness
(%)

90.5 93.4 88.4 99.5 99.9 99.6
(90) (92.9) (89.9) (99.7) (100) (100)

CC1/2 (%)
98.5 99 98.7 94.1 97.5 94.6
(39.7) (79.3) (59.4) (72.6) (24.1) (36.5)

CCFoFc
(%)

91 94.9 95.1 87 91.3 87
(49.6) (87) (88.4) (87.4) (83.5) (54.1)

phasing ✓ ✓ ✓ ✓ ✓‡ ✓‡

C
ar
el
es
s

highres bin (Å) 1.04-1 1.04-1 0.93-0.9 0.94-0.9 1.09-1.05 1.14-1.1
Completeness
(%)

90.5 93.8 88.2 100 100 100
(90.9) (92.7) (89) (100) (100) (100)

CC1/2 (%)
92.4 98.7 98.5 90.9 95.3 96.4
(65.9) (94.5) (90.3) (81.7) (76.6) (86.2)

CCFoFc
(%)

84.8 95.4 95.6 90.4 79.7 90.7
(56.6) (86) (90.2) (88.8) (79.2) (68.5)

phasing ✓ ✓ ✓ ✓ ✓ ✓‡

M
C
-C

ar
el
es
s

CC1/2 (%)
89.7 98.3 97.2 92.3 95.2 97.1
(65.5) (92.7) (84.7) (83.4) (77.7) (77.6)

CCFoFc
(%)

80.4 95.5 95.3 90.6 91.2 84.4
(53.9) (87.1) (87.6) (85.9) (84.2) (70.5)

phasing ✓ ✓ ✓ ✓ ✓ ✓‡

Synopsis

Demonstration of variational Bayesian inference for merging multi-crystal small molecule
microED data.
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