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A Comparison to model trained on non-NFE subset
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Extended Data Fig. 2| Comparison of s, estimates from models trained
onsubsets of gnomAD. a, Scatterplot of posterior mean s, estimated from

amodel trained with non-NFE individuals (y axis) against s, estimated from
the full model (x axis). NFE, Non-Finnish European. This subset consists of
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56,000 individuals or 45% of the total dataset. b, Scatterplot of posterior mean

Shec €Stimated from a model trained with NFE individuals (y axis) against s,
estimated from the full model (x axis). This subset consists of 67,000 individuals

or 55% of the total dataset.
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Genes with <9.6 expected variants
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Extended DataFig. 3 | s, distributions for additional example genes. Left: posterior distributions and rescaled likelihoods for genes with few expected LOFs
(genesinthe bottom quartile). Right: posterior distributions and rescaled likelihoods for genes with many expected LOFs (genes in the top quartile).
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A Classifying genes essential in vitro

B Classifying genes nonessential in vitro

C Classifying developmental disorder genes
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Extended Data Fig. 4 | Additional validation analyses. a, Precision-recall
curves comparing the performance of s, estimates from GeneBayes against
LOEUF from gnomAD v4.0.0 (731k exomes) or LOEUF from gnomAD v2.1.1

(125k exomes) in classifying essential genes. b, Precision-recall curves
comparing the performance of s, estimates from GeneBayes against other
constraint metrics in classifying nonessential genes. ¢, Precision-recall curves
comparing the performance of s against other constraint metrics in classifying
developmental disorder genes. d, Enrichment of de novo mutations in patients
with developmental disorders, calculated as the observed number of mutations

over the expected number under a null mutational model (n=31,058 parent—
offspring trios). We plot the enrichment of synonymous, missense, splice and
nonsense variants in the 10% of genes considered most constrained by s, (blue)
and the enrichment of these variants in all other genes (gray), including (left)

and excluding (right) known developmental disorder genes. Bars represent 95%
confidence intervals, centered around the mean. e, Scatterplot of the enrichment
of common variant heritability in the 10% of genes considered most constrained
by sy, (y axis) or LOEUF (x axis), normalized by the enrichment of heritability in all
genes. Each pointrepresents one trait.
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Extended DataFig. 5| Performance of s, and LOEUF for genes with differing genes binned by their expected number of LOFs. Right: precision-recall curves
numbers of expected LOFs. Left: precision-recall curves comparing the comparing the performance of s, against LOEUF in classifying developmental
performance of s, against LOEUF in classifying essential genes for groups of disorder genes for binned genes.
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A Correlation of all features with gene length B Correlation of expression features with gene length
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Extended DataFig. 6 | Correlation of gene features with gene length.

a, Histogram of the Spearman p between gene features and coding sequence
(CDS) length. b, Histogram of the Spearman p between gene features and CDS
length for gene expression features, colored by category. ¢, Spearman p between

gene features and CDS length for additional features of interest. d, Scatterplot of
the Spearman p between gene features and posterior mean s, (y axis) against the
partial Spearman p (x axis) after controlling for the effect of gene (CDS) length.

Partial Spearman correlation
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXO O O00000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used in the collection of data.

Data analysis All analyses were performed using Python v3.8, Python v3.9, or R v4.2. To train models, we used a modified version of NGBoost v0.3.12
(https://github.com/tkzeng/ngboost), XGBoost v2.0.2, and PyTorch v1.12.1. Likelihoods were computed with fastDTWF v.0.0.3 (https://
github.com/jeffspence/fastDTWF). For hyperparameter tuning, we used shap-hypetune v0.2. Model training code is released as GeneBayes
v1.0 (https://github.com/tkzeng/GeneBayes). For heritability enrichment analyses, we used Idsc v1.0.1. For additional analyses, we used
NumPy v1.26.0, SciPy v1.8.1, pandas v2.1.3, scikit-learn 1.3.0, and statsmodels v0.14.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Posterior means and 95% credible intervals for s_het are available in Supplementary Table 1. Data sources for pLOF annotations, CpG methylation levels, exome
sequencing coverage, variant frequencies, and mappability/segmental duplication annotations are available in Supplementary Table 5. A description of the gene
features is available in Supplementary Table 8. Posterior densities for s_het, likelihoods for s_het, LOF variants with misannotation probabilities, and gene feature
tables are available at: https://zenodo.org/records/10403680. Additional publicly available datasets used in this study are described in Methods and Supplementary
Information, and are accessible at: IMPC essential genes: https://www.ebi.ac.uk/mi/impc/essential-genes-search; pLOF annotations: gs://gnomad-public/
papers/2019-tx-annotation/pre_computed/all.possible.snvs.tx_annotated.GTEx.v7.021520.tsv; Mean methylation for CpG sites: gs://gcp-public-data--gnomad/
resources/methylation; Exome sequencing coverage: gs://gcp-public-data--gnomad/release/2.1/coverage/exomes/gnomad.exomes.coverage.summary.tsv.bgz;
Variant frequencies: gs://gcp-public-data--gnomad/release/2.1.1/vcf/exomes/gnomad.exomes.r2.1.1.sites.vcf.bgz; Low mappability and segmental duplications:
https://ftp-trace.ncbi.nim.nih.gov/ReferenceSamples/giab/release/genome-stratifications/v3.1/GRCh37/Union/GRCh37_alllowmapandsegdupregions.bed.gz;
Clinvar variants: https://ftp.ncbi.nim.nih.gov/pub/clinvar/vcf_GRCh38/; DepMap 22Q2 release: https://depmap.org/portal/download/all/; DDD annotations:
https://www.deciphergenomics.org/ddd/ddgenes; HPO phenotype-to-gene annotations: http://purl.obolibrary.org/obo/hp/hpoa/phenotype_to_genes.txt; De
novo mutations from developmental disorder patients: Kaplanis et al. 2020 Nature; UK Biobank summary statistics: https://nealelab.github.io/UKBB_Idsc; RNA-seq
from chimp/human cortical models: Agoglia et al. 2021 Nature; GTEx v8 release: The Gtex Consortium 2020 Science.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences D Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We used data from the gnomAD consortium (v2.1.1 exomes), which consists of 125,748 uniformly-analyzed exomes. No methods were used
to predetermine sample size; the sample size was determined by the availability of aggregate exome sequencing data prior to publication of
Karczewski et al. 2020 Nature. This sample size has previously facilitated useful estimates of constraint for many genes (Karczewski et al. 2020
Nature, Lek et al. 2016 Nature).

Data exclusions  Samples were excluded from gnomAD if they had lower sequencing quality, were from related individuals, had inadequate consent for
release, or were from individuals with severe childhood-onset disease or their close relatives (see Karczewski et al. 2020 Nature for details).
We additionally filtered out pLOFs that may be misannotated: pLOFs not annotated as HC by LOFTEE, expressed in too few tissues, that fall in
a segmental duplication or low mappability region, or that are flagged as potentially problematic (see Methods for details).

Replication We trained models on subsets of individuals from gnomAD (non-NFE and NFE individuals) and on subsets of features (Extended Data Fig. 1) to
show that our method is robust to the included data/features. We performed bootstrapping over genes to demonstrate the robustness of our
method's improved performance over other methods on independent benchmarking tasks (classifying essential and developmental disorder
genes). We further evaluated our estimates of s_het on additional benchmarking metrics, including the enrichment of constrained genes in
HPO terms and the enrichment of common variant heritability in constrained genes.
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Randomization  Any publicly available data for which randomization may have been relevant were collected prior to this study. None of our analyses relied on
causal interpretations of exogenous treatments, so randomization is not relevant for the purposes of this study.

Blinding Any publicly available data for which blinding may have been relevant were collected prior to this study. As we did not collect any data,
blinding is not relevant for the purposes of this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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