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Extended DataFig.7|Hyperparameter tuning and validation ofbase MLP (top) and loss (bottom) as a function of training iteration for the validation set.
model. a, Hyperparameter optimization for the multi-layer fully connected Training was stopped with a validation patience parameter of 300 iterations.
neural network. Validation r?values for (left) 2D combinations of learning rate ¢, Comparison of model predictions torandomly isolated clones from the
(y-axis) and number of layers (x-axis) for varied amounts of training data used, library. MAE: mean absolute error.d, Scatter plots of the test set from the base
(top right) momentum parameter for stochastic gradient descent with model foreach of the four input conditions (basal: light grey, navy: OHT only,
momentum (SGDM), and (bottom right) different solvers. Most optimal orange: GZV only, green: bothinducers).r?, Pearson’sr

parameter fromeachscanis showninred.b, Training curves showing RMSE
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Extended DataFig. 8|See next page for caption.

x10*

x10*

Do 0.12710.153 014210121 0.101]0.140
Dyor 0.20410.152  0.171]0.169  0.202]0.161
1 x10* 2 gs _
05
0 .

Do 0.547)0.637
Dyor 0.018]0.052

0.453]0.322
0.018]0.037

0.5340.461
0.0170.025

D

0.092]0.235
0.226]0.121



Article

Extended DataFig. 8| Validation of model predictions withindividual
measurements. a, Flow cytometry was used to measure basal, OHT-induced,
GZV-induced, and dual-induced eGFP expression levels for 36 individually
constructed cell lines harbouring integrated circuit compositions sampled
fromacross the multi-input library behaviour space. Green bar plots (flow
cytometry measurement) and dotted red outlines (model predictions) are
shown for each circuit for all four conditions (far left, basal; middle left,

4-OHT-induction; middle right, GZV-induction; far right, dualinduction).
Barsrepresentthe mean of the expression distribution for asingle measurement.
KL-divergence (Dy,) from AND (top) or OR (bottom) gate shown below each plot
(prediction, red; measurement, green). Numbersingrey circles representan
index for that circuit. Alegend explaining the layout of each plotis shownina
greyrectangle.b, The AND-OR coordinates of each cell line (green dots),
superimposed on the contour of the design space (grey).
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Extended DataFig. 9 |Extended AND-gate clustering analysis of the
multi-inputlibrary. a, Clustering of the multi-input AND-like behaviour
space (top left) and part usage across the clusters.b, AND cluster expression
distributions across the 4 input conditions (basal, black; 4-OHT, navy; GZV,
orange; Both, green), represented by boxplots outlining the interquartile range
(IQR) (box), the median (white band), and the median +/-1.5x IQR (line ends).

Median values are shown to the left of the plot. Sample sizes (n): Cluster
A=11,167, Cluster B=9,854, and Cluster C = 3,627. ¢, Cluster stability analysis
of compositionsin the AND-like behaviour space by computing the cluster
similarity index (top) across 100 UMAP projections and cluster calculations,
and adjusted rand index (bottom) across every pairwise combination of
clustering results across the100 UMAP projections and cluster calculations.
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Extended DataFig.10|Extended OR-gate clustering analysis of the multi-
inputlibrary. a, Clustering of the multi-input OR-like behaviour space (top left)
and partusage across the clusters. b, OR cluster expression distributions
across the 4 input conditions (basal, black; 4-OHT, navy; GZV, orange; Both,
green), represented by boxplots outlining the interquartile range (IQR) (box),
the median (white band), and the median +/-1.5x IQR (line ends). Median values

areshownto the left of the plot. Sample sizes (n): Cluster A=9,240, Cluster
B=7138, Cluster C=2,908, and Cluster D =1,545. ¢, Cluster stability analysis
of compositionsin the OR-like behaviour space by computing the cluster
similarity index (top) across 100 UMAP projections and cluster calculations,
and adjusted rand index (bottom) across every pairwise combination of
clustering results across the100 UMAP projections and cluster calculations.



nature portfolio

Corresponding author(s): Caleb J. Bashor

Last updated by author(s): Oct 20, 2025

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 Paolicies and the Editorial Policy Checklist.

-]
Q
—t
<
@)
o
o
=
g
>
0
o
o
=
2
(@]
wv
C
3
3
Q
=
<

Statistics

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

Confirmed

>
S~
QO

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

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

XX [

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

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
Give 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

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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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 Flow cytometry data were collected using Sony MA9S00 Software. All Nanopore sequencing data were collected using minKNOW and
basecalled using Guppy and Dorado software packages (version 6.0.0 - 6.5.7, as appropriately available on https://nanoporetech.com/
software/other/guppy/history) from ONT. All lllumina sequencing data were collected and basecalled using Basespace and the DRAGEN suite.

Data analysis Flow cytometry data were analyzed using FCS Express 6. All Nanopore and Illumina sequencing data were analyzed using custom scripts
developed in Matlab 2022a & 2024a (detailed description in supplementary information). Custom scripts developed for analysis of nanopore
data are available on the github repository - github.com/cbashorlab/WIMPY. This includes the entire WIMPY software suite, including the
functions fastqall, tilepin, bowtile, chophat, viscount, fastar and barcoat (no specific software version). All custom scripts used to analyze
illumina data are provided on the github repository - github.com/cbashorlab/CLASSIC.

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.
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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

All nanopore and lllumina sequencing datasets generated in this study are available from the Sequencing Read Archive (BioProject ID PRINA1347054).

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.

|X| Life sciences |:| 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 Sample sizes for library construction were not predetermined. We aimed to get between 10 and 100x coverage of our library at each of the
stages of the CLASSIC process: construction, genomic integration, and phenotypic selection.

Sample sizes for validation experiments were determined by balancing practical constraints with the need for comprehensive behavior space
coverage. We constructed a minimum of 8-40 individual variants for each library validation, strategically sampling across the full range of
predicted behaviors rather than random sampling. We chose mean absolute error (MAE) as our primary validation metric because it provides
a direct measure of prediction accuracy that is robust to outliers and doesn't require the distributional assumptions of correlation-based
metrics. Unlike Pearson's correlation, which can be misleading with small samples or non-linear relationships, MAE gives an interpretable
measure of how far off our predictions are in actual fluorescence units. The sufficiency of our sample sizes is demonstrated by: (1) the
consistency of MAE values across different library validations (MAE ranging from 0.07-0.32), (2) the agreement between CLASSIC
measurements and ground-truth isolates across multiple independent experiments, and (3) the successful experimental validation of model
predictions for edge-case behaviors like high fold-change and Boolean logic gates.

Data exclusions  Barcode sequences corresponding to multiple different genetic compositions were excluded from analysis, as mentioned in supplementary
information. This filtering step was a predetermined exclusion requirement that aimed to improve the accuracy of the measurements, as
multiple compositions linked to a single barcode generate noisy, innaccurate measurements. No other data were excluded.

Replication In order to validate reproducibility of our technique, we repeated construction, integration, sorting, and data analysis of a 384-member library
(fig. S12C and D). Additionally, for each library we compared the behavior of CLASSIC measurements to individually constructed and measured
library members (n=15 for 384-member; n = 40 for 166k-member; n = 27 for 3.4B-member). All attempts at replication were successful.

Randomization  Not relevant since data were quantitative and did not require subjective grouping.

Blinding Not relevant since data were quantitative and did not require subjective grouping.
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Materials & experimental systems Methods
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Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms

Clinical data

>
QU
Q.
c
@
5o,
e
=
o
=
@
5o,
0
=
)
Q@
w
C
3
3
Q
2

Dual use research of concern

XXNXXNX[X s
OO000O0xO

Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (ATCC, CRL-11268, Female), HEK-LP (derived from HEK293T as described in the Methods and Supplementary Text)

Authentication HEK-LP cell line was authenticated by standard PCR and ddPCR and clones isolated from the library were authenticated by
PCR of the integrated locus and subsequent Nanopore amplicon sequencing (as detailed in the Methods). No further
authentication has been conducted. HEK293T cell line was not authenticated.

Mycoplasma contamination Cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were washed twice with PBS and resuspended in complete DMEM at a concentration of ~10M cells/mL

Instrument Sony MAS00




Software Sony MAS00 software, FCS Express 6
Cell population abundance BFP and GFP or mRuby expression: the purity of post-sort fractions were confirmed by flow cytometry.

Gating strategy Cells were gated on a constant BFP+ expression gate after gating for single cells. The BFP+ gate was determined using a
negative control sample (HEK293T WT).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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