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Abstract

Enzymes play a crucial role in sustainable industrial applications, with their optimization posing a
formidable challenge due to the intricate interplay among residues. Computational methodologies
predominantly rely on evolutionary insights, leveraging homologous sequences to pinpoint conserved
and functionally critical regions. However, despite their notable advancements, deciphering the
evolutionary variability and complex dependencies among residues presents substantial hurdles. Here,
we present a new machine-learning method based on variational autoencoders in combination with a
simple evolutionary sampling strategy to address those limitations. We customized our method to
generate novel sequences of haloalkane dehalogenases, enzymes widely used in biodegradation,
biocatalysis, and biosensing. Three consecutive design-build-test cycles improved the solubility of
variants from 11% to 75%. Thorough experimental validation using the state-of-the-art microfluidic
device MicroPEX resulted in 20 multiple-point variants. Nine of them, sharing as little as 67% sequence
similarity with the template, showed a melting temperature increase of up to 9°C and an average
improvement of 3°C. The most stable variant demonstrated a 3.5-fold increase in activity compared to
the template, while five variants exhibited average dehalogenase activities. High-quality experimental
data collected with 20 variants represent a valuable dataset for the critical validation of novel protein
design approaches and scoring functions. Python scripts and data sets are available on GitHub
(https://github.com/loschmidt/vae-dehalogenases), and interactive calculations will be possible via an
easy-to-use website: https://loschmidt.chemi.muni.cz/fireprotast/.
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Highlights

Variational Autoencoder deciphers evolutionary patterns for protein sequences

Novel sampling strategy generates dehalogenases for biocatalysis and biosensing

Twenty designs yielded soluble proteins thoroughly characterized by microfluidics
Solubility success rate was improved more than six-fold over three protein design iterations
The best variant showed improved stability by 9°C and 3.5-fold higher activity
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1. Introduction

Biocatalysis is a promising field that offers sustainable and environmentally friendly solutions for
industries increasingly driven by the remarkable capabilities of enzymes. Thanks to millions of years
of evolution, enzymes are fine-tuned to carry out specific chemical reactions with high efficiency. This
makes them attractive alternatives to traditional catalysis, which often relies on harsh conditions and
toxic chemicals [1]. Thus these biocatalysts find application across various industries, including
pharmaceuticals, food production, and sustainability efforts aimed at reducing waste and energy
consumption [2]. Since natural enzymes often exhibit suboptimal performance in non-native
environments, enzyme engineering is usually required to unlock their full potential [3,4]. In addition to
commonly used experimental approaches such as directed evolution, scientists can also expedite the
process and reduce associated development costs by incorporating computational methods [5,6]. These
methods help navigate the vast sequence space, as it is estimated that only a fraction of all possible
sequences fold into functional protein structures [7]. Most natural proteins have marginal stability [8],
thus posing a significant risk for any manipulations with their sequences. Many computational methods
aiming to reduce the search space rely on homologous sequences [9,10]. These sequences of different
but related proteins stemming from a common ancestor contain rich evolutionary information [11].
Homologous protein sequences can be employed to identify conserved and functionally important
regions, suggest beneficial mutations, and create phylogenetic trees to reconstruct ancestral sequences
[12]. Ancestral sequence reconstruction has proven to be a promising strategy for enhancing protein
stability [13-16].

Despite the recent progress in extracting evolutionary information from multiple sequence
alignments (MSA) of homologous proteins, analyzing this variability is challenging. Historically, this
data was used primarily by looking at only one or two positions at a time [17,18]. More recent
approaches extract patterns by deep neural networks, in particular algorithms that map the sequence
space onto their internal low-dimensional representation, also referred to as latent spaces. Generative
models trained on large datasets of tens of thousands of sequences have shown excellent results in
producing highly interpretable embeddings and generating novel protein variants [19-22]. Variational
autoencoders (VAES) show a particular promise in this domain due to the explicit modeling of the latent
space [23]. They have already proven useful in several applications, including predicting protein
structures [24], discovering novel drugs [25], and predicting protein functions [26]. By learning the
latent space representation of a specific family, VAEs provide valuable insights into the evolution of
protein families, as demonstrated in recent studies exploring the phylogenetic relationships within the
latent space [27-29]. In particular, Ding et al. showed that the latent space of the variational
autoencoders can capture the biophysical properties of protein variants and the phylogenetic
relationships within protein families [27]. However, the study did not offer a strategy that would allow
exploiting these relationships to generate new proteins from the latent space.

Here we suggest a simple strategy to leverage the geometry of the VAE-learned latent space to
produce novel variants of haloalkane dehalogenases (HLDs; EC 3.8.1.5). These enzymes cleave the
carbon-halogen bonds [30] and are widely used in biocatalysis, biosensing, cell imaging, and protein
analysis [31]. The proposed workflow is based on a small number of proteins with known functions and
aims to produce new variants that preserve catalytic function and improve stability (Fig. 1). First, we
mined sequences with preserved catalytic residues using the EnzymeMiner [32] to obtain an MSA of
functionally related proteins. Second, we trained a VAE and specified several metrics to measure its
capacity to generate protein sequences and capture the phylogeny in the constructed latent
representations. Third, based on the geometry of the latent space, we developed a sampling strategy and
produced a statistical profile of candidate sequences to select promising variants from the evolutionary
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trajectory. Fourth, we over-expressed and characterized variants experimentally using advanced
microfluidics. Three consecutive rounds of experimental characterization and workflow optimization
resulted in 20 variants, sharing as little as 67% sequence similarity to known HLDs. Obtained enzymes
showed up to a 9°C increase in melting temperatures and an average improvement of 3°C across all
soluble variants. We also observed a boost in activity, up to 3.5-fold for the most stable variant, whereas
most of the other expressed variants showed activity levels comparable to benchmark enzymes.

2. Materials and Methods
MSA and data preprocessing

The HLD I-1V dataset is created by the EnzymeMiner tool [32]. As an input sequence, 3.8.1.5 -
Haloalkane dehalogenase was used, and from the sequence selection table, all 33 provided sequences
together with their essential residues were selected. In advanced options, only the maximum number of
hits in PSI-BLAST was changed to 50000. The resulting dataset was composed of 22567 sequences
(job ID xvmwa7). For a given query sequence, the MSA was preprocessed through several steps: (i) the
gap positions in the query were removed for every input sequence except for the columns where less
than 20% of sequences had gaps; (ii) sequences with gaps in more than 40% of positions were removed;
(iii) sequences were clustered by 90% identity to support the diversity, and only one sequence for each
cluster was picked for the training dataset, together with the query sequence, (iv) sequences with less
than 50% overlap with the query were excluded. The sequence P59336_S14 of DhaA (Haloalkane
dehalogenase from Rhodococcus sp) was chosen as a query for the training process. This resulted in
12053 sequences with 299 positions in the MSA left for the training after the preprocessing.

The HLD I-11 dataset for training models used in the third round of experiments was created by a
similar protocol. As input sequences, only DhlA and LinB were selected together with all 19 sequences
in the “Other known sequences” input field. The resulting dataset was composed of 4053 sequences
(job 1D d6cvio). As a query for MSA preprocessing, the DhaA sequence (Uniprot ID POA3G3) was
selected. Experimental results from rounds 1 and 2 indicated that the poor solubility might stem from
many deletions suggested in the reconstructed sequences. Therefore, we adjusted parameters of MSA
preprocessing to lower the number of gaps. In addition to the previous preprocessing steps, we
implemented a further refinement by excluding columns from the MSA where amino acid symbols were
present in the query if the column contained more than 80% gaps (>70% for Model 3). These excluded
guery amino acids were stored separately and reintegrated into their original positions in the generated
sequence. Also, we did not perform 90% identity sequence clustering.

Two sets of experimentally measured stability values were mapped to the latent space of Model 1.
The first set consisted of six ancestral sequences from the previous ancestral campaign of the thoroughly
characterized dehalogenases DbjA, DbeA, DhaA, DmxA, and DmmA [33]. These sequences were
realigned with the MSA profile of the original input sequences and only retained the corresponding
columns that remained after the MSA processing procedure. The second set consisted of 24 previously
engineered DhaA variants (the DhaA115 dataset) incorporating both evolutionary and energy-based
mutations based on the FireProt method [15,34,35]. Similarly, for the DhaA115 dataset, we performed
individual sequence alignment with the query sequence P59336_S14, preserving the indices that were
retained after the MSA preprocessing step.
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Variational autoencoders and training

VAE is a generative machine learning algorithm based on the classic autoencoder architecture
composed of two parts denoted as encoder and decoder. To make the algorithm more suitable for the
inference of unseen sequences, the VAE framework adds the regularization term into the loss function
and Monte Carlo sampling to the learning process. The sampling parameters are determined by the
encoder learning a mean and deviation for input sequences. We used the one hidden layer in the encoder
and decoder, both composed of N neurons, where N is the width of preprocessed MSA (number of
positions), the latent space dimensionality of 2, and zero weight decay. The final model had 3 million
parameters. We used the Adam optimizer with a learning rate of 0.001 and stopped training after not
improving the loss function for more than 3 consecutive rounds.

Model generative capacity

The first-order statistic is a comparison of the frequency of occurrence of each amino acid on each
position between two sets of data. The frequency of amino acid « at position i in MSA with N sequences
is given by the following formula:

fi = it (Eq. 1)

where count;(«) is the number of occurrences of the amino acid a in the MSA. The second-order
statistics are similar but for two positions i, j:

i count; j(a,B)

foy = S (Eq.2)
where count; ;(a, ) is the number of occurrences of the amino acid pair (a, 8) in the MSA. To gain
more insight into the distribution of features in the generated dataset, we further compute the pairwise
covariance score given by the following formula:

Cop = fop = fafg (Eq. 3)
where fi.g and fi, f bz are the second and first-order statistics for columns i, j of the alignment,
respectively. Each covariance term measures the difference between the joint frequency for pairs of
amino acids and the product of the frequencies of the residues at each site, i.e. the expected counts under
the statistical hypothesis of independence. Therefore, zero Ci.g for all 8 would imply frequences one
would observe if positions i, j were independent. Reproducing pairwise covariance in protein alignments
is an important aspect of generative models as it measures how well the model captures interactions
between distant amino acids, an essential indicator for the likely stability and function of the generated
proteins [36].

For each model, we compared the pairwise covariance scores for all positions and

residuals in generated ("Ci.z) and the input (Ci.s) alignment using the Pearson correlation

coefficient p({Ciis},{ Ciiag}). In the case of this study, the statistics were calculated for the input and

synthetically generated datasets having 3,000 randomly selected samples. Synthetic data were
reconstructed from the latent space points sampled according to the a priori chosen distribution, i.e., a
Gaussian distribution with the zero mean and the variance of 2.
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Average reconstruction accuracy and controls

The average reconstruction accuracy of the sequence was approximated as an average reconstructed
sequence identity for 5,000 samples around the original sequence coordinates of its latent space
embedding. The parameters of sample distribution are determined by the encoder (mean, variance) for
a given sequence. The negative control subset was generated by sampling sequences from the profile
of input MSA only based on the amino acid frequencies in each position. The positive control subset
comprised 5% of preprocessed sequences randomly selected from the MSA and excluded from the
training. The training control subset was built from a training dataset. Finally, the ancestral subset was
composed of 100 reconstructed sequences by the straight evolutionary strategy. All controls contained
the number of sequences corresponding to 5% of the preprocessed dataset.

Phylogeny mapping and evaluation

We generated 13 phylogenetic trees using our input MSA dataset for the latent space phylogenetic
analysis. Each tree consisted of approximately 100 randomly sampled leaf nodes from the preprocessed
MSA. Using our fully automated in-house ancestral sequence reconstruction tool FireProtASR [15], we
obtained an average of 10 levels in each phylogenetic tree. To explore the relationship between the tree
branches and the latent space, we mapped each individual branch, along with its reconstructed ancestral
sequences, into the latent space. We then measured the correlation between the depth of a node (i.e., the
distance between the root and the node) and the distance of the corresponding ancestral node's latent
embedding from the origin of the latent space, following an approach similar to [27]. In addition, we
sought to gain insights into the reconstruction strategy by evaluating the direction in which the tree
branches were mapped in the latent space. Specifically, we calculated the vector representing the first
principal component of each branch and computed the dot product with the vector pointing from the
embedding of the leaf node sequence to the origin of the latent space. This analysis allowed us to
compare the trajectory directions of the different tree branches, and we reasoned that the straight
evolutionary strategy would generate ancestral-like sequences.

Conditional variational autoencoders and determination of solubility bin ranges

In the conditional variational autoencoders (CVAE) [37], the VAE mechanism was extended with a
tag added to the input of the encoder and decoder. Three tag values corresponding to the LOW,
MEDIUM, and HIGH bins of sequence solubility values were used. The learning objective for CVAE
can be interpreted as creating different representations of the latent space for each tag but with shared
network parameters. Generating a new sequence from the latent embedding space can then be done for
a desired tag (e.g. HIGH to maximize solubility), and the CVAE is forced to introduce the patterns
observed for the corresponding solubility bin into the generated design.

The output of EnzymeMiner includes solubility labels predicted by SoluProt [38] for all output
sequences in MSA. These values range from 0 to 1, with larger values corresponding to higher
probability of soluble expression in E. coli. The queried DhaA sequence (DhaA_S19) had a predicted
solubility of 0.87. The solubility distribution of the HLD I-1I dataset can be seen in Fig. S5. Most of the
sequences had predicted solubility of less than 0.55. Therefore, the SoluProt tags were divided into 3
bins with thresholds set to make the distribution of sequences in each bin as uniform as possible (LOW:
< 0.35, MEDIUM: 0.35-0.55, HIGH: > 0.55). A nearly uniform distribution for the solubility bins was
chosen to encourage the CVAE to extract sequential patterns based on a balanced number of samples
[39].
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AlphaFold structure prediction and manual analysis of the suggested mutations

For structural predictions of ancestral sequences, the AlphaFold2 Google Colaboratory
implementation, ColabFold, using MMseqs2, was used [40]. We used amber relaxation for top-ranked
structure, no templates provided, unpaired+paired pair_mode, model_type auto, and 3 cycles in the
pipeline settings. The relaxed first-ranked structure was used as the result of the prediction.

In round 3, the proposed mutations by VAE were also curated manually (see Section 2 Manual
curation of designs in round 3 of SI for more detail). The visual inspection of the modeled AlphaFold
variants was performed by Pymol [41], and the MutCompute web server [42] was used to calculate the
score per residue as the log-likelihood ratio of the substitution residue to the original residue type. Thus,
a positive score indicates that MutCompute assesses the substituted residue as more likely to occur in
the given structural microenvironment than the wild-type residue.

Cell transformation

E. coli BL21(DE3) cells (NEB, USA) were transformed with expression plasmid vector pET21b
containing the corresponding gene and plated on LB-agar containing 100 pg/ml ampicillin and then
incubated at 37°C overnight (12-16 h). The cells transformed with pET21b::DhaAwt, pET21b::RLuc
and empty pET21b were used as controls.

Small-scale protein over-expression and affinity purification test

Several E. coli colonies were streaked to inoculate 2 ml of starting media (2xLB supplemented with
0.5% glucose and 100 ug/ml ampicillin) in a 24-deep-well plate (GE Healthcare, UK). The plate was
covered with an air-pore membrane and incubated at 37°C for 4 hours, 200 rpm. After incubation, 2 ml
of induction media (2xLB supplemented with 0.6% lactose, 50 mM HEPES (pH 7.4), 0.5 mM IPTG,
and 100 pg/ml ampicillin) was added. The plate was covered with an air-pore membrane and incubated
at 22°C for 16 hours, 200 rpm. Cells were harvested by centrifugation using Sigma 6K-15 centrifuge
(SciQuip, UK) for 10 min, 1519 g, and 4°C, and resuspended in 1.3 ml of a purification buffer (16.4 mM
K2HPQ4, 3.6 mM KH,PO., 400 mM NaCl, 10 mM imidazole, pH 7.5). After cell disruption (Sonic
Dismembrator Model Q700S, FisherBrand, USA) the whole soluble fraction was clarified by
centrifugation for 20 min, 3572 g, and 4°C. Soluble fraction was added to TALON SuperFlow Metal
Affinity Resin (Takara) pre-equilibrated with sterile water and incubated for 2 hours on a roller
(40 rounds/min) at 4°C. Unbound proteins were washed twice by and centrifuged at 94 x g for 2 min
followed by resuspending in a purification buffer. After the second wash, 40 pl of SDS-PAGE loading
buffer (2x Laemmli Sample buffer containing DTT) was added to each protein/resin sample. Samples
and a marker (Color Prestained Protein Standard, Broad Range 10-250 kDa, New England Biolabs,
USA) were loaded on SDS-PAGE gel with run conditions: 400 mA, 200 V, 40 min. After staining with
InstantBlue™ (Missouri, USA) for 20 min, the gel was washed with water for 40 min.

Cell cultivations for enzymatic screenings and HOX assay

Single colonies of transformed cells were transferred into sterile 96-well plates (MTP) containing
100 ul of LB medium supplemented with ampicillin (100 pg/ml). The plates were covered with air-pore
membrane and cultivated for 3 h at 37°C and 200 rpm. After that, an additional 100 pl of LB medium
with ampicillin (100 pg/ml) and IPTG (1 mM) were added to the mini-cultures and MTP was afterward
incubated at 20°C, 200 rpm, for 18 hours. Cell cultures were harvested by centrifugation at 4°C,
1600 x g, 20 min. The supernatant was discarded, and the cell pellets were washed with 200 pl of
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reaction buffer (1 mM orthovanadate, 20 mM phosphate buffer, pH = 8.0). MTP was centrifuged again
at 4°C, 1600 g, 20 min and the washing step was repeated twice. Finally, the pellets were resuspended
in 200 pl of the reaction buffer, and optical density (ODsoo) Was determined spectrophotometrically.
Into each well of a new black bottom 96-well MTP plate, 100 pl of MasterMix was dispensed: 25 uM
aminophenyl fluorescein, 26 mM H202, 1.1 U Curvularia inaequalis vanadium chloroperoxidase with
additional His tag, 1 mM orthovanadate, 20 mM phosphate buffer, pH = 8.0. Also, 4 ul of resuspended
cells were added into each well, followed by the addition of 96 ul of 0.3 mM 1,2-dibromoethane in the
reaction buffer. Fluorescence was measured using Synergy™ H4 Hybrid Microplate Reader (BioTek,
USA) (Excitation at 488 nm; emission detection at 525 nm; 30°C). Data for all tested variants were
measured in four biological replicates and average activity with a standard deviation of four
measurements was determined.

Large-scale protein over-expression

Several colonies of E. coli were incubated in 10 ml 1x LB medium supplemented with 100 pg/ml
ampicillin. The pre-culture was incubated at 37°C for 4 hours. After incubation, the pre-culture was
added to 1 liter of 1x LB medium supplemented with 100 pl/ml ampicillin. The culture was incubated
to ODeoo = 0,8 and expression was induced by the addition of IPTG to a final concentration of 0.5 mM.
The cell culture was incubated at 20°C, 150 rpm, 16 h and harvested by centrifugation at 4000 rpm,
4°C, 25 min. The cell pellet was resuspended in approximately 30 ml of harvesting purification buffer
A: 16.4 mM K;HPO,, 3.6 mM KH,PO4, 400 MM NaCl, 10 mM imidazole, pH 7.5, and frozen at -70°C.

Protein purification with metal affinity resin

The DNase was added to the cell culture (20 ug/ml) after defrosting from -80°C. The culture was
sonicated (Sonic Dismembrator Model 705 Fisher Scientific, USA) in 6 x 2-minute cycles with a 50 %
amplitude (5 s pulse, 5 s pause). The cell suspension was centrifuged (21036 g, 4°C, 1 h) using a Sigma
6-16K centrifuge (SciQuip, UK) equipped with the 12166 rotor. 1 liter of cell-free extract was divided
into two 50 ml conical centrifuge tubes with washed Resin (TALON® Superflow Metal Affinity Resin,
Takara). The mixture was incubated for 1.5 hours at 4°C on a roller (40 rounds/min). After incubation,
the resin with bound proteins was centrifuged in a pre-cooled centrifuge for 10 min, 130 g, 4°C using a
Sigma 2-16K centrifuge (SciQuip, UK) equipped with the 11192 rotor. The supernatant was discarded,
and harvesting buffer A (16.4 mM K;HPQO,, 3.6 mM KH,PO,, 400 mM NaCl, 10 mM imidazole, pH
7.5) was added and transferred to a gravity-flow column equilibrated in the same buffer. The column
with mixture resin protein was washed with approximately 200 ml of harvesting buffer A, and a 50 mM
phosphate buffer (pH 7.5) was gradually added to the column. The protein was eluted from the resin
using an elution buffer of 50 mM phosphate buffer, 300 mM imidazole (pH 7.5).

Purification by gel filtration on FPLC

Affinity-purified proteins were purified in the second step by gel filtration on AKTA Pure™ (Cytiva,
USA) equipped with HiLoad 16/600 Superdex 75 pg column. After column equilibration with 50 mM
phosphate buffer (pH 7.5), proteins were purified using the same buffer and concentrated on an
Amicon® Ultra-15 Ultracel-10 gravity flow column 10K (Merck Milipore Ltd.).

Secondary structure experimental validation

The secondary structure of the analyzed variants was experimentally verified using circular
dichroism (CD) spectroscopy. CD spectra were measured at 15°C using a spectropolarimeter Chirascan
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(Applied Photophysics). The samples were dissolved in 1 mM HEPES buffer or in the 50 mM Phosphate
buffer and their concentration was adjusted to approximately 0.18 mg/ml. Data were collected from 185
to 260 nm with 0.25 s integration time and 1 nm bandwidth using a 0.1 cm quartz cuvette. Each spectrum
was obtained as an average of five individual repeats. Prediction of CD spectra has been performed by
the web tool PDBMD2CD [43] (https://pdbmd2cd.cryst.bbk.ac.uk). For this prediction, either
experimental structures from PDB database (LCQW for DhaA) or AlphaFold models were taken as
input. The estimation of secondary structure elements from experimental data and PDB database
structures (uploading own PDB files — AlphaFold models — was unfortunately not available at the
moment of data analysis) was performed additionally by the web tool BeStSel [44]
(https://bestsel.elte.hu/).

Thermal denaturation by CD

Thermal unfolding of selected enzyme variants was carried out using a Chirascan spectropolarimeter
(Applied Photophysics, UK). Each protein sample was diluted in 50mM Phosphate buffer to the
concentration of 0.18 mg-mL* and measured in a 0.1 cm quartz cuvette. Changes of ellipticity were
monitored at three wavelengths, 195 nm, 210 nm, and 227 nm from 15°C to 80°C with a 0.1°C
resolution and 1°C-min heating rate. Recorded data were fitted using the model “Sigmoid curve +
slope” in the Pro Data Viewer software (Applied Photophysics, UK). The apparent melting temperature
(Tm) was evaluated as a midpoint of the normalized thermal transition.

Thermal denaturation by nanoDSF

Thermal unfolding was studied using NanoDSF Prometheus (NanoTemper, Germany) by
monitoring Trp fluorescence over the temperature range of 20°C to 95°C, at a heating rate of 1°C/min
with 20% excitation power. The thermostability parameters (Ton and Tmapp) Were evaluated directly by
ThermControl v2.0.2.

Dehalogenase activity measurements on MicroPEX

Activity measurements for the determination of temperature profiles and substrate specificity were
conducted on the capillary-based droplet microfluidic platform MicroPEX [45], enabling the
characterization of specific enzyme activity within droplets for multiple enzyme variants in one run. A
detailed description of the microfluidic method can be found elsewhere [46,47].

Briefly, the droplets were generated using Mitos Dropix (Dolomite, UK). A custom sequence of
droplets (150 nl aqueous phase, 300 nl oil spacing) was generated using negative pressure (microfluidic
pump). The droplets were guided through a polythene tubing to the incubation chamber. Within the
incubation chamber, the halogenated substrate was delivered to the droplets via a combination of
microdialysis and partitioning between the oil (FC 40) and the aqueous phase. The reaction solution
consisted of a weak buffer (1 mM HEPES, 20 mM Na,SO4, pH 8.2) and a complementary fluorescent
indicator 8-hydroxypyrene-1,3,6-trisulfonic acid (50 uM HPTS). The fluorescence signal was obtained
using an optical setup with an excitation laser (450 nm), a dichroic mirror with a cut-off at 490 nm
filtering the excitation light, and a Si-detector. By employing a pH-based fluorescence assay, small
changes in the pH were observed and enabling monitoring of the enzymatic activity. Reaction progress
was analyzed as an end-point measurement recorded after the passing of 10 droplets/sample through
the incubation chamber. The reaction time was 4 min. The raw signal of every single measurement was
first processed by the in-house LabView-based (National Instruments, USA) software MicroPEX Data
Analyzer 1.0. The peaks were assigned to the particular sample, and the mean signal was calculated for
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them. The output XLS file gathering mean signal values for every sample type (calibration, enzyme
activity, buffer, blank 3 buffer, and blank enzyme) for the dataset served as an input for the MatLab
(Mathworks, USA) script to calculate specific activities using the same principle as for previous
measurements [45,47]. The activities were classified as “not determined” whenever the measured
product concentration was below the limit of detection (LOD — 3 times the standard deviation of the
noise signal). Each substrate had a different calibration curve, so the LOD product concentration was
in the range of 10-100 uM).

The matrix containing the activity data of 32 previously identified HLDs [45] and the activities
obtained for all variants in this study (all measured on MicroPEX) was analyzed by PCA in MATLAB
(MathWorks, United States) to uncover the relationships among individual HLDs (objects) based on
their activities toward the set of halogenated substrates (variables). Two PCA models were constructed
to visualize systematic trends in the dataset. The first one was done on the raw data, which ordered the
enzymes according to their total activity. The second PCA was carried out on the log-transformed data
after adding 1 to each specific activity to avoid taking the logarithm of zero. The resulting values were
then divided by the sum of the values for a particular enzyme. These transformed data were used to
calculate principal components, and the components explaining the highest variability in the data were
then plotted to identify substrate specificity groups.

3. Results

We developed the pipeline to leverage the power of the variational autoencoder and its latent spaces
for the design of promising biocatalysts (Fig. 1). This pipeline was inspired by the previous studies
reporting the connections between latent space geometry and phylogeny for a given MSA [27,29]. Our
main motivation for the current study was to exploit this connection to generate new protein sequences,
the direction that was not explored in the previous studies. We iteratively executed our pipeline across
three rounds, each iteration followed by experimental validation to improve our workflow (Appendix
section 1). In both the first and second rounds, we utilized Model 1, with the only difference being a
revised selection of VAE ancestors. In the third round, we introduced variations to the MSA
preprocessing and additionally manual curation of the generated ancestors by AlphaFold and
MutCompute [11,42]. In addition, during the third round of experimental validation, we explored the
possibility of conditioning the VAE on solubility scores returned by the ML-based tool SoluProt [38].
In total, three trained VAE models were explored in the third round, referred to as Model 2, Model 3,
and Model 4, to better understand the strengths and weaknesses and refine our approach.

3.1 Multiple sequence alignment processing

The data collection is optimized to preserve catalytic activities. The first step of our pipeline is
to construct an MSA. Instead of using Pfam alignments as in [27], we narrowed the search of relevant
sequences to those likely to preserve the dehalogenation activity. Pfam MSAs are sometimes too broad,
introducing large-gapped regions and making it difficult to design proteins with desired functions [48].
To overcome this challenge, we used the EnzymeMiner web tool [32], which generates alignments
specifically selected for function and catalytic site similarity (Fig. 1A).

The query of haloalkane dehalogenase (DhaA) from Rhodococcus strain TDTMO0003 with UniProt
ID P59336 yielded 22,567 sequences in EnzymeMiner. This extensive search resulted in the creation
of a dataset named HLD I-1V. To further refine the results, we preprocessed the resulting MSA against
the DhaA query by removing protein sequences and positions with too many gaps. This step narrowed
down the size of the alignment to 12,053 sequences and 299 positions, which were used for training.
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Similar to [27], each sequence in the MSA was then represented as a matrix of the size L x 21 with one-
hot encoded residues, where L stands for the number of positions in the final alignment (299), and 21
columns correspond to 20 amino acids and a gap. The HLD I-1V dataset was utilized in both the first
and second rounds of wet lab experiments (Section 1 Workflow overview of S, Fig. S1).

Later on, based on the low solubility of the design observed in the first two rounds of experimental
characterization, we applied a stricter protocol for creating the initial MSA. In particular, inspired by
the conclusions in Vasina et al. [45] about the low solubility of members from HLD subfamilies I11 and
IV, we created a much smaller MSA, instructing EnzymeMiner to search among HLD subfamilies | and
Il only. This dataset includes the DhaA enzyme from Rhodococcus sp. with UniProt ID POA3G3, well-
characterized in our lab, which we then used as an updated query for the MSA preprocessing with
additional filters to further reduce the gap frequencies in comparison to previous rounds: we lowered
the threshold for gap column removal and included additional filtering of columns with frequent gaps,
even when the query position had an amino acid in that position. These removed positions and
corresponding amino acids were then added back to the reconstructed sequences at the end of the
pipeline, i.e., we treated them as invariable. By this, we lowered the width of MSA to 293 positions
with 4,053 sequences.
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Fig. 1: The scheme of the variational autoencoder-based pipeline for the design of novel sequences. (A)
Advanced sequence search of homologous proteins using the EnzymeMiner tool [32]. (B) Optimization of the
variational autoencoder architecture to capture the sequence distribution of the MSA and phylogenetic
dependencies within the latent space. (C) Exploration of the evolutionary dependencies between the sequences
extracted from the variational autoencoder and its low-dimensional latent space. This representation is then used
to guide the protein design strategy and generate sequences along the trajectory from the query to the latent space
origin. The generated sequences are characterized based on their statistical and sequential properties to produce
the evolutionary profile. This profile serves as a guide for selecting designs. (D) The experimental characterization
of the proposed designs is conducted. The orange frames represent the computational steps and the blue frame is
the experimental step.
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3.2 Network architecture optimization

Variational autoencoders are a suitable framework for capturing sequence spaces. Variational
autoencoders (VAES) [23] are a type of deep generative learning model whose goal is to generate new
data that is similar to the input. VAESs consist of two main components: an encoder and a decoder
(Fig. 1B). The encoder takes the input data and maps it to a lower dimensional representation called a
latent space. Within this latent space, the encoded input is modeled as a normal distribution by two
parameters, mean and variance. Subsequently, the decoder draws samples from this latent space
distribution and maps these samples back to the original input data. The training of a VAE is based on
minimizing the loss function which consists of two parts. The first part, called the reconstruction term,
penalizes incorrect reconstruction of the input data, thus helping the model to make the latent space rich
enough for the decoder to reconstruct the input sequences. The second part, called the regularization
term, serves to constrain the latent space distribution of encoded values. The application of the
regularization term is made possible by the encoder’s ability to encode inputs into distributions, which
are enforced to be close to normal distribution by measuring the Kulback-Leibler divergence. As a
result, the individual distributions are forced to overlap within the latent space, ensuring that every
latent space point, once reconstructed as a sequence by the decoder, aligns with the sequences
corresponding to the nearby points in the latent space.

Replicating the methodology described by Ding et al. [27] on the capacity of VAEs to delineate
phylogenetic relationships among proteins, we confirmed these relationships for our HLD I-1V dataset
(Model 1). We observed a star-like configuration, with multiple spikes radiating from a central point in
various directions (Fig. S3). This pattern indicates that sequences within distinct latent space clusters
tend to aggregate if they share a common lineage at a specific evolutionary juncture on the phylogenetic
tree. Furthermore, our study confirmed that as sequences evolve from the root to the leaves of the
phylogenetic tree, their latent space coordinates move from near the origin to the periphery (Fig. 2E).
Leveraging these observations, we posited that the coordinates within the latent space could serve as a
navigational tool in the search for ancestral-like sequences within the sequence space, potentially
improving query protein stability while preserving its function.

Variational autoencoders are capable of replicating sequence statistics and capturing
evolutionary trends. Before testing our hypothesis, we embarked on selecting the best model
architecture based on the implementation provided by Ding et al. [27]. This involved optimizing the
encoder, decoder, and training procedure to minimize the difference between the generated and input
sequence distributions (generative capacity) [36] while also preserving the relationship between
phylogeny and the latent space (geometric properties). In order to evaluate the model’s generative
capacity, we implemented several tests. The first test examined how well our model reproduces the
statistics of the input dataset on the output. To this end, we compared the first and second-order statistics
of 3,000 randomly sampled MSA input sequences with those generated by our VAE model (Fig. 2A).
The first-order statistics compare the frequencies of amino acids in every position. The VAE model
successfully reproduced them, also maintaining the frequencies of gaps, indicating that it did not
introduce extra deletions. Although first-order statistics often provide strong signals for belonging to a
given protein family, they cannot secure the generation of viable proteins, as the interaction between
distant positions can be critical [49]. The second-order amino acid distribution can serve as an important
metric to evaluate the similarity of distant relations in the generated sequences. We employed second-
order covariances to assess the ability of the model to reproduce this distribution, as suggested by prior
works [18,36,50]. The VAE model reproduced the empirical second-order statistics of natural
sequences (Fig. 2B). We integrated query reconstruction accuracy [51] as an additional metric in our
analysis to ensure that the model was capable of reconstructing the query sequence with minimal
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mutations. Notably, the final Model 1 demonstrated the ability to reconstruct the query with as few as
6 unknown mutations while trained on HLD I-1V dataset.
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Fig. 2: Showcases of the statistics used to measure the generative capacity of the final VAE model. Showed
for HLD I-1V (Model 1, see Appendix section 1) and the geometric properties of its latent space. (A) The first-
order statistics for 3000 sequences were randomly selected for the input MSA or VAE generated. The first-order
statistics (red dots) represent the gap symbol frequencies in sequence positions, while the blue points denote amino
acids. (B) The second-order statistics (blue dots) demonstrate that our model can reconstruct pairwise amino acid
occurrences fairly well (p=0.68). (C) The average reconstruction accuracy for the negative (green), training (red),
positive (blue), and ancestral (violet) control datasets. The shifts in the histograms between the sets imply that the
model can distinguish random sequences (negative) from those in the input MSA (training and positive) and those
corresponding to the straight-line strategy of generating ancestors (ancestors). (D) Most sequences in tree branches
have a positive correlation between depth and latent space origin distance. (E) Mapping a small phylogenetic tree
onto the latent space. (F) Histogram illustrating the directional trends of phylogenetic tree branches projected onto
the latent space. In this representation, a value of 1 indicates a straight trajectory towards the latent space origin,
while -1 represents the opposite trend. The histogram highlights that the majority of branches tend to align towards
the latent space origin.

In our second test, we examined the statistical profile of our model by measuring the model average
reconstruction accuracy of sequences from various control sets. The average reconstruction accuracy of
the sequence was approximated as an average reconstructed sequence identity for 5,000 samples around
the original sequence coordinates of its latent space embedding. For the negative control, we generated
a random set of sequences with matching frequencies of amino acids in every position to those in the
input MSA. The training subset consisted of the same number of sequences sampled randomly from the
training dataset. For the positive control, we evaluated the average reconstruction accuracy of 5% MSA
sequences removed from the input before training. We ended up with 612 sequences for the negative
control, positive control, and training subsets. The test showed that our model can distinguish random
sequences from those in the MSA with the cutoff value of the reconstructed accuracy of 50% (Fig. 2C).

As far as the geometric properties of the latent space are concerned, we aimed to preserve the fact
that the latent space carries evolutionary information. Thus, while optimizing model properties, we kept
track of the relationship between phylogeny and the geometry of latent space (Fig. 2D-F). For that
purpose, we prepared phylogenetic trees with inferred ancestral sequences. Every tree branch from a
leaf to the root was mapped into latent space. We further quantified the relationship between the latent
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space distances to the origin and the corresponding positions in the phylogenetic tree (Fig. 2D). To gain
insight into individual tree branches, we also calculated the angle between two vectors: the one going
from a leaf node to the origin in the latent space, and the other one defined by the first principal
component of the latent coordinates of all the nodes on the corresponding phylogenetic branch (Fig.
2F). Our findings indicate that small dense architectures of encoder and decoder are effective in
capturing evolutionary dependencies within the latent space structure, whereas deeper architectures
disrupt these evolutionary patterns (Fig. S4). The final width of the dense layer was therefore set to the
length of the protein sequence and the latent space dimensionality of 2 was chosen. This statistical
analysis was repeated for Models 2-4 in the third round of experiments (Appendix section 1),
reconfirming our finding and showing improved secondary statistics with a correlation of 0.8.
Consequently, we kept the rules behind the hidden layer width and latent space dimensionality.

3.3 Construction of the evolutionary trajectory

The latent space is able to capture protein stability in its structure. The ancestral sequences are
often associated with enhanced stability compared to their extant counterparts [16,52]. We hypothesized
that the structure of the VAE latent space might encode stability and predict that the more stable variants
of our target protein, DhaA, would be located closer to the origin compared to the wild type. To test
this hypothesis, we mapped two sets of experimentally measured stability values to the latent space of
Model 1. The first set consisted of six ancestral sequences from the previous protein engineering
campaign of the thoroughly characterized dehalogenases: DbjA, DbeA, DhaA, DmxA, and DmmA
[33]. The second set consisted of 24 previously engineered DhaA variants incorporating both
evolutionary and energy-based mutations based on the FireProt method [15,34,35]. The sequences were
aligned to those in the training MSA and mapped to the latent space. Their latent space coordinates
were closer to the origin of the latent space (Fig. 3A, B), supporting the notion that the latent space
captures the information about the stability landscape. The observations were also recapitulated for
HLD I-1I dataset and Model 2.

Specification of a latent space strategy guides the search and selection of sequences. The regular
distribution of stable sequences in the latent space (Fig. 3B) led us to develop the straight-line
evolutionary strategy. This strategy encodes the query sequence (DhaA in our case) into its latent
representation and then follows the straight line connecting that point to the origin of the latent space
(Fig. 3A), mimicking the mapping of ancestral dependencies into the latent space. The line is divided
into equal intervals, whose boundaries are then selected for reconstruction by the decoder. In the
experiments, we selected 100 intervals. To represent the designed sequences, we analyzed several
statistical parameters for the individual designed sequences: the average reconstruction match,
similarity to the query sequence, similarity to the closest sequence in the latent space from the training
set, and the number of insertions/deletions compared to the original sequence. The values obtained were
plotted and visually inspected to identify variants with interesting statistical values. The generated
profiles were then used to select suitable variants for subsequent experimental characterisation (Fig.
3C).
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Fig. 3: The straight-line evolutionary strategy for Model 1. (A) Straight evolutionary strategy reconstructed
100 sequences along the trajectory from query embedding to the latent space origin (black dashed line). The
embeddings of experimentally validated Babkova's ancestors [33] (points 0-5) and engineered DhaA variants [35]
(yellow to pink spectrum points) are mapped closer to the latent space origin, supporting the idea behind our
ancestral generation strategy. (B) A detailed view of DhaA variants engineered to improve their stability almost
perfectly aligned along the straight-line trajectory to the origin of the latent space. The degree of stability
improvement is depicted by the color bar on the right. While there is no strong correlation between the positions
in the latent space and the stability gain of variants up to 28°C, some of the most stable points are situated closer
to the origin. (C) The statistical profile of 100 sequences from the straight evolutionary strategy. The vertical lines
represent sequences selected for experimental characterization for the first and second rounds (Table S1) where
dashed line variants were successfully expressed.

Using the statistical profile, we identified 9 promising designs in the first round for further laboratory
experiments to gain deeper insight into the statistical indicators. These designs exhibited a wide range
of sequence variability, ranging from 45 substitutions and no insertions or deletions (indels) to 138
substitutions and 109 indels (Table S1) (AncDhaA1-9). The substitutions and indels, with deletions in
most cases, covered the entire protein structure. In the second round, we focused on the more conserved
variants (ancestors 5, 7, and 8; AncDhaA10-12 for reference in experiments) with 7 to 34 substitutions
without indels. Altogether, 12 designs were selected for laboratory expression and biophysical
characterization from Model 1.
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3.4 Third round of variant selection provided soluble proteins

Solubilization of designs by introducing new knowledge to the dataset. As we observed low
solubility in the first round (see Section 3.5 Experimental characterization of expressed variants
and Fig. S7TA-B), we incorporated previous findings on the low solubility of HLD subfamilies Il and
IV [45] in our workflow. To this end, we embarked on a third round of experiments restricted to the
HLD subfamilies I and Il. This round focused on training additional models (Models 2-3) and designed
eight DhaA variants (AncDhaA13-20, Table S1). The first candidate VAE (Model 2) achieved up to
97% similarity in query sequence reconstruction with satisfactory second-order statistics. Considering
the often-disruptive impact of indels, we selected and curated five designs from the straight-line
evolutionary strategy accumulating at most one indel (AncDhaA13-17). Another VAE trained from a
different initialization (Model 3) showed similar trends but additionally had a curious pattern for the
origin of the latent space: the model demonstrated a significant shift in sequence similarity towards
DbjA. Therefore, we selected ancestor 99 (AncDhaA20) from this model for further experimental
characterization to explore its unique shared sequence similarity to both DhaA (52%) and DbjA (93%).

Attempt to further solubilize designs by implementing conditional variational autoencoder.
Finally, in the third round, we also decided to explore one more solution to low solubility, conditional
variational autoencoder (CVAE). To this end we added solubility scores from SoluProt [38] to the
training, discretized into three bins for low, moderate, and high solubility values (Model 4). We
conditioned the sampling process from Model 4 using a straight-line evolutionary strategy on the
highest bin label forcing CVAE to introduce patterns from sequences with predicted high solubility in
decoded designs. We took two variants from Model 4: ancestor 0 (AncDhaA18) with 30 mutations as
the control of the pattern extracted from highly soluble sequences and ancestor 18 (AncDhaA19), which
had 49 mutations and one deletion in the coil region at position 32 (Fig. S5B), as it exhibited high
confidence in the model (93.28%) and an increased number of high probable residues (85 positions
scored above 90%).

Refining the mutations based on manual curation of the structures and stability scores. From
Model 2, we selected three ancestors with unique features: ancestor 3 closely mimicked the wild type
with 98% similarity; ancestor 16 notably introduced a proline at position 75; and ancestor 23 was the
last variant starting with a regular sequence pattern (MSEIGT), suggesting high solubility and
expression potential based on its 88% similarity to the PDB sequence 4WCV. To increase our chances
of producing soluble variants, we manually curated proposed mutations based on the structural
predictions from AlphaFold [11] and stability assessments using the MutCompute tool [42] (Table S2).
Mutation manual curation led to the classification of VAE-proposed mutations into safe and risky
categories, respectively (Section 2 Manual curation of designs in round 3 of Sl). Starting from
ancestor 3, we kept four non-risky mutations. We removed two structurally and statistically risky
mutations, P34V and L238F, from the original six-point variant proposed by the VAE, producing the
design AncDhaAl14. As experimental validation of identified risky mutations, we selected ancestor 0
with eight substitutions (AncDhaA13). For the second manually curated variant (AncDhaAl6), we
selected ancestor 15 as the template, which included as the last VAE ancestor no insertions, and we
removed the risky mutations P34V and L238F, leaving nine mutations compared to the DhaA wild type.
To experimentally determine the effect of suggested proline insertion with risky mutations, we selected
ancestor 16 as predicted by VAE (AncDhaA15) (Fig. S2). As a template for the third manual curation
target, we selected ancestor 23. We incorporated all mutations suggested by the VAE except the risky
ones (P34V, L238F) and the proline insertions, resulting in a final design carrying 32 mutations
(AncDhaAl7).
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3.5 Experimental characterization of expressed variants

Variant production. Protein overexpression was carried out in three rounds (Table S1) to assess
the solubility and whole-cell activity of DhaA variants. In the first round, the solubility of DhaA
ancestor variants was analyzed after their overproduction in E. coli and purification, where only
AncDhaA1 was purified as a soluble protein in sufficient yield (Fig. S7). This variant was also the only
active one within the screening of the dehalogenase activity in whole cells using a halide oxidation
(HOX) assay (Fig. S8A) [53]. The variants produced in the first round showed overall low solubility,
consistent with outcomes from several previous machine learning-based pipelines for protein design,
achieving a solubility success rate of around 20% [54,55]. In the second round, the ancestors 5, 7, and
8 (AncDhaA10-12) were selected for production to stay closer to the template. Among these variants,
AncDhaA10 showed the highest expression, followed by AncDhaAll, while AncDhaA12 exhibited
the lowest expression and solubility (Fig. S7B). AncDhaA10 was also shown to be active by HOX
assay (Fig. S8B). Based on the results from both rounds, AncDhaAl, AncDhaA10, and AncDhaAll
were chosen for further biochemical characterization. From the third round of designs, six variants
showed average or high solubility and only AncDhaAl7 and AncDhaA19 were poorly soluble in the
tested buffer. The HOX assay revealed two highly active variants AncDhaA13 and AncDhaAl4 with
activities comparable to templates and positive controls (Fig. S8B). Variants AncDhaAl6 and
AncDhaA20 exhibited lower activity, comparable to that of AncHLD-RLuc [56] (Fig. S8B), while
AncDhaA15 and AncDhaA18 showed low activities (Fig. S8B).

Secondary structure experimental validation. To confirm the proper folding of the studied
variants, circular dichroism (CD) spectra were collected for all soluble variants: AncDhaAl,
AncDhaA10-11, AncDhaAl13-16, AncDhaAl18, and AncDhaA20 (Fig. 4A). Overall, CD spectra of
most variants highly resembled those of the templates (typical o/B-hydrolase fold), confirming proper
folding. On the contrary, the spectra of AncDhaAl, AncDhaAll, AncDhaAl5, and AncDhaAl8
(Fig. S9) deviated from the templates. To further understand the secondary structure of the variants,
BeStSel server [44] was used for fitting experimental data and analysis of PDB structures, and
PDBMD2CD [43] was used for predicting CD spectra from experimental structures of templates and
AlphaFold models of selected variants. Fig. S9B shows that the prediction of CD spectra based on
AlphaFold structures did not match the experiments in all the variants. This highlights a limitation in
AlphaFold's ability to accurately predict changes in folding and emphasizes the need for further
improvements in computational methods. Experimental validation remains essential to address this
challenge.

Thermostability. Thermodynamic stability of all variants was assessed by nano-differential
scanning fluorimetry (Fig. 2B, Table S3). The apparent melting temperatures for the variants were in
the range of 45°C—60°C. AncDhaA13, AncDhaAl4, AncDhaAl6 and AncDhaA20 surpassed
Template 2 in terms of apparent melting temperature. The highest ATy of 9°C was measured for
AncDhaA20. Protein aggregation was observed for the variants AncDhaA1 and AncDhaA20, showing
the onset at 45.5°C and 48.5°C, respectively (Fig. S10).

Temperature profiles. We then proceeded to measure temperature profiles (Fig. 4C). Most variants
showed the Tmax (temperature at which maximum activity was detected) of 40°C, which is in agreement
with previously determined temperature profiles for DhaA [47]. Notably, AncDhaA13 showed Tmax Of
50°C, which aligns with its increased thermostability. The temperature profiles for AncDhaA1l and
AncDhaAl6 were not obtained, as the activities were below the detection limit. Due to compromised
activity and folding, both variants were excluded from the subsequent substrate specificity profiling.
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Fig. 4 Experimental characterization of selected variants. (A) Far-UV circular dichroism spectra probing the
correct folding and secondary structure of the variants. (B) Normalized thermal denaturation curves from
nanoDSF spectroscopy with apparent melting temperatures (Tm?") are shown above the curves. (C) The
dependence of specific activity on temperature. The heatmap represents the relative activity of individual variants.
(D) The score plot shows the first principal component PC 1 explaining 84.9 % of the data variance, which
compares VAE designs (in color) with previously characterized haloalkane dehalogenases (gray) in terms of their
activity with 27 substrates [45]. The color code for individual variants is shown at the bottom.

Substrate specificity. The temperature of 35°C was selected for the subsequent specificity
characterization for being below the onset of denaturation (Table S3) for most of the remaining variants
and close to their Tmax Values. To explore the obtained substrate specificities in the context of the
haloalkane dehalogenase family, the principal component analysis (PCA) has been conducted by
augmenting the previously used dataset comprising substrate specificities for 32 wild-type
dehalogenases [45] with the newly obtained data. The PCA of raw data showed that the highest overall
activity (Fig. 4D) was observed for AncDhaA?20, surpassing both the Template_2 and DbjA. The overall
activity was retained for AncDhaA10, while for the other variants, it was substantially decreased
(Fig. S11). The analysis of log-transformed activity data (Fig. S12) further showed that AncDhaAl,
AncDhaA10, AncDhaA13, and AncDhaAl4 differed only very slightly from templates in their substrate
preferences. The profiles of AncDhaA18 and AncDhaA20 resembled more closely the specificity
profile of DbjA, which is not unexpected in the case of AncDhaA20 due to its high sequence similarity.
AncDhaA16 differed significantly from all other variants due to the low number of converted substrates
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(10 out of 27), which is a unique property for haloalkane dehalogenases known for their broad substrate
specificity.

4, Discussion

In this study, we utilized variational autoencoders (VAEs) to map functionally related haloalkane
dehalogenase sequences from EnzymeMiner onto VAE latent spaces, following an approach inspired
by Ding et al. [27]. This process revealed that the latent space could capture the phylogenetic
relationships of the sequences. Motivated by these insights, we employed the VAE framework for
reconstructing sequences, aiming to create ancestral-like variants of the haloalkane dehalogenase DhaA.
We tuned the network hyperparameters to accurately reflect the statistical frequencies of the input while
maintaining the relationship between evolutionary trajectories and latent spaces. We discovered that a
simple feed-forward neural network with a single dense layer matched to the input MSA columns and
two-dimensional latent space [28] was enough for this task.

We then introduced a simple strategy to generate novel sequences based on the geometry of the
latent space. We achieved this by reconstructing the embeddings along the trajectory towards the origin
of the latent space. Employing this strategy, we systematically executed the pipeline in three rounds of
laboratory experiments and optimization, leading to four VAE models producing 20 designs in total.
Similarly to the study of computational filter evaluation for synthetical protein designs from generative
models [57], each iteration revealed new insights, allowing for iterative refinement and improvement
of our approach. Notably, we increased the success rate of soluble designs from 11% in the first round
and 66% in the second round to 75% in the third round, illustrating the effectiveness of applying
accumulated knowledge for improvement (Section 1 Workflow overview of Sl).

In the first two rounds, we were facing solubility issues with our designs since only three designs
(AncDhaAl, AncDhaAl0, and AncDhaAll) showed expression levels sufficient for in-depth
characterization using in-house microfluidic devices [58]: (i) secondary structure, (ii) thermostability,
(iii) temperature profiles and (iv) substrate specificity. Surprisingly, we observed significant
discrepancies between the CD spectra predicted based on the AlphaFold structures and collected
experimental data. In particular, both the AlphaFold structures and derived spectra resembled those of
the native proteins, contrary to clear signs of misfolding by experiments. This implies a bias in
AlphaFold predictions towards native folds and stresses the need for caution when using these
predictions for synthetic sequences generated by protein language models [59]. Thermostability
analysis showed that the variants neither improved nor compromised thermostability. AncDhaA10
exhibited above-average activity compared to other haloalkane dehalogenases.

In the third round, we addressed the solubility issue by narrowing down the input MSA to HLD
subfamilies I-11 and implementing stricter preprocessing steps to suppress the frequencies of indels.
Moreover, we manually curated the sequences based on AlphaFold [11] structural and MutCompute
[42] stability assessments. These steps were successful as the majority of the new designs were soluble.
Interestingly, the non-curated AncDhaA13 showed good solubility and catalytic activity, despite our
expected risky mutations P34V and L238F. Current computational tools are not particularly strong in
predicting the epistasis effects. The curation step rescued poorly soluble AncDhaA17, which was crucial
in designing AncDhaA16 and predicting the disruptive effect of the proline insertion on AncDhaA15
activity.

A different initialization of a model training and stricter threshold of column removal with query
amino acid positions in the third round led to a second VAE model, which generated sequences with an
implicit His-Tag and high similarity to proteins with known experimental structures. Investigating the
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sequence reconstructed from the origin of the latent space (AncDhaA20) unveiled a notable shift in
similarity towards another wild-type dehalogenase, DbjA [60], altered substrate specificity, increased
thermostability (60°C) and improved activity (3.5-fold), being a top-performing haloalkane
dehalogenase (Fig. 4D). To better understand the sensitivity of the straight-line evolutionary strategy
to different initializations, we examined the embeddings over an ensemble of four randomly initialized
VAEs (Section 3 Model ensemble trajectories of SI, Fig. S6). Although we observed a general trend
that the straight-line evolutionary trajectories converged towards the origin of the latent spaces of
different VAEs, it was also evident that the trajectories exhibited quite wide scatter. This suggests that
ensemble learning [61] might be an interesting direction for follow-up research to improve the
robustness of our strategy.

Another promising directions for further improvement include developing better scoring methods
for the sequences generated by protein language models, particularly those that will allow filtering out
misfolded or poorly soluble designs in silico, and adopting the recent developments in transformer-
based architectures, which have demonstrated a better capacity for learning from amino acid sequences
[62,63]. Integrating transformer-based architectures with manifold learning can further enhance their
ability to generate sequences of stable and soluble proteins [28,29]. To bolster the robustness of future
studies, adopting a generation protocol for ancestral sequences that incorporates an ensemble of models
might also be advantageous [64]. This approach addresses the observed instability of ancestral
trajectories within the latent space and could establish a more reliable foundation for future
investigations.

5. Conclusions

Our study demonstrated that the structure of the latent space and the generative potential of VAESs
are capable of guiding the sequence search and designing novel soluble and functional proteins with
enhanced stability. The workflow underwent systematic improvements through three consecutive
design-build-test phases, with each iteration informed by the findings from the previous one. Detailed
experimental characterization of designed variants by in-house microfluidics was instrumental for
iterative improvement of our computational workflow and optimization of selection strategy. The
success rate of soluble designs increased from 11% in the first round to 66% in the second round and
75% in the third round. Such an improvement of the protocol would not be achievable without gaining
and implementing new knowledge based on the data collected using the wet lab experiments. Through
this process, complemented by manual curation of specific variants, we achieve a notable increase in
stability—up to 9°C for the top-performing AncDhaA20 variant, with an average improvement of 3°C
across all soluble variants and a significant boost in activity up to 3.5-fold. The frequency and location
of indels were the most critical parameters to consider during the design selection for experimental
characterization. Using our approach, we recommend selecting designs with a low number of indels or
with high protein similarity to natural sequences, preferably to those in PDB. A current limitation of
our study is that it was conducted using a single enzyme family. Therefore, validation of designs for
other protein families will help understand the generalizability of the developed approach. Overall, our
study demonstrates that VAE represents a promising strategy for generating novel soluble, stable, and
functional enzymes.
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