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Abstract

The special nature of the fluorine atom imparts remarkable strength and unique physical
properties to chemical bonds. Unlike man-made fluorochemicals, fluorinated natural products
remain rare due to low bioavailability and toxicity of fluoride. Despite this, defluorinases have
evolved in nature to cleave carbon-fluorine bonds, with the hydrolytic fluoroacetate
dehalogenase being one of the most well-characterized examples. These enzymes are of
fundamental interest and hold unrealized biotechnological potential, yet the scope of this
unique chemistry remains underexplored in the biosphere. Here, we trained and applied a
machine learning-based framework, termed Latent Generative Landscapes (LGLs), to map
the functional sequence space of the a/B-hydrolase superfamily. This approach identified
3,014 putative defluorinases that were previously not annotated or plausibly misannotated.
Experimental validation of selected candidates led to the reclassification of five novel
defluorinases, all exhibiting high thermal stability (Tm > 70 “C) and diverse catalytic efficiencies
with conserved enantioselectivity on the model substrate 2-fluoro-2-phenylacetate. Notably,
the enzyme AOA4Z0BVY8 exhibited 2.7-fold greater defluorination activity than the current
state-of-the-art enzyme Q6NAM1. Our results establish that LGL modeling is a powerful
strategy to decode cryptic carbon-fluorine bond chemistry in nature, enabling the future
discovery and engineering of defluorination biocatalysts.
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Of the halogens, fluorine is the most abundant in the Earth’s crust."-> However, it is largely
hidden from the biological world, sequestered in minerals in the form of fluoride.2# Only in rare
cases is fluorine incorporated into natural products, with fluoroacetate being the simplest
known example.*6 While carbon-fluorine bond formation is mediated by a single enzyme class,
naturally occurring enzymes that can cleave carbon-fluorine bonds have evolved across
multiple classes, accessing a wider range of mechanistic solutions, in some cases through
promiscuous activity.”3© Among these, hydrolytic defluorination mediated by fluoroacetate
dehalogenases from the a/B-hydrolase superfamily (ABH; Pfam: PF00561) represents a well-
characterized strategy.3'-33 Efforts have primarily focused on understanding these enzymes
through computational modeling, mechanistic enzymology, and structural biology, with the
fluoroacetate dehalogenase from Rhodopseudomonas palustris (UniProt Accession Number:
Q6NAM1) serving as the most extensively studied member (Figure 1A).14.34-40

In QBNAM1, the entry of fluoroacetate is gated by W185, and recognition in the active site
relies on carboxylate anchoring residues R111 and R114 (Figure 1B).'* The defluorination
mechanism proceeds via an Sn2 mechanism, in which a nucleophilic attack by D110 displaces
fluoride to form a transient covalent intermediate, followed by hydrolysis mediated by D134
and H280 to release hydroxyacetate and a proton (Figure 1C).143537-39.41 Flyoride stabilization
is facilitated by H155, W156, and Y219, and mutations at these positions can not only tune
catalytic efficiency but also shift halide selectivity.'#4243 Q6NAM1 can also transform a-fluoro-
carboxylic acids such as 2-fluoro-2-phenylacetate with stereochemical preference (Figure
1C).3743 More recently, Q6NAM1 and other fluoroacetate dehalogenases have attracted
attention as biocatalysts for kinetic resolution of a-fluoro-carboxylic acids and degradation of
anthropogenic  organofluorine  compounds, underscoring their  biotechnological
potential 22254445 At the same time, microbial genome mining and homology-based annotation

suggest that hydrolytic defluorination may be more widespread than currently recognized.?346-
50
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Figure 1. (A) Crystal structure of the fluoroacetate dehalogenase from Rhodopseudomonas palustris
(UniProt Accession Number: Q6NAM1; PDB ID: 3R3V). For this representation, N110 was reverted to
D110 in PyMOL. (B) The enzyme active site with fluoroacetate (FAc) bound. Select residues within 4 A
of FAc are shown. (C) Q6NAM1 can defluorinate (top) the natural product fluoroacetate (compound 1)
into hydroxyacetate (compound 2) and (bottom) the non-natural substrate racemic 2-fluoro-2-
phenylacetate (compound 3) into (R)-2-fluoro-2-phenylacetate (compound 4a) and (R)-2-hydroxy-2-
phenylacetate (compound 4b).
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Despite this growing interest, functional assignment across the ABH superfamily remiaitis s 5
challenging because of the large number of members (982,505; Swiss-Prot and TrEMBL 2025
release) that share a high degree of sequence and structural similarity yet span diverse and
even promiscuous chemistries.5'%2 As a result, scalable and accurate annotation methods are
needed to systematically map sequence space to defluorination activity. Recent advances in
computational and machine learning approaches provide new opportunities to address this
gap by integrating large-scale sequence information with experimental datasets to build

predictive models.53-57

Latent Generative Landscapes (LGLs) provide one such approach as they are maps created
from protein sequence data that illustrate how sequence diversity connects to function.® By
integrating Variational Autoencoders (VAE) alongside Direct Coupling Analysis (DCA), LGLs
learn not only which individual residues are key for functional and phylogeny classification but
also how important interactions between residues are indicative of features within the family
that define functional and fitness relationships.8-62 This helps researchers investigate protein
diversity, predict functional integrity, and create new variants while maintaining the networks
crucial for protein activity. LGLs have been used to study thermal adaptation in cytosolic
malate dehydrogenases, and its generative properties have produced viable functional
sequences encoding multidomain ATPase metal transporters.364 By capturing higher-order
relationships in sequence space beyond simple sequence identity, this approach can
distinguish among the closely related, structurally similar ABH sequences while providing an
interpretable framework to explore and guide hypotheses and experimental inquiries. Here,
we trained and applied the LGL framework to classify carbon-halogen bond chemistries and
uncover novel defluorinases with experimental validation from the visualized sequence space
of the ABH superfamily.

Experimental

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

General. All reagents and supplies used in this study were acquired from AmBeed, Research
Products International, Sigma-Aldrich, Thermo Fisher Scientific, USA Scientific, and VWR
International, with exceptions noted.
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Multiple Sequence Alignment (MSA) generation for training the LGL. An overview of the
workflow for the training and application of the LGL is shown in Figure S1. The a/B-hydrolase
(ABH) MSA was obtained by running a hmmsearch (hmmer.org) against the UniProt
Knowledgebase (Swiss-Prot and TrEMBL, release prior to 2024), with the corresponding Pfam
Hidden Markov Model (HMM) profile (Pfam ID: PF00561, Accessed 2023) using the
Ganymede 2 High Performance Computing at The University of Texas at Dallas resulting in
977,130 sequences.*051.65 Sequences were aligned with HMMER and aligned sequences with
more than 20 contiguous gaps were excluded. The training MSA consisted of the subset of
sequences annotated in Gene Ontology (G0O:0016824) as hydrolases acting on acid-halide
bonds (2,753 sequences) using the QuickGO API (Figure S2).66.67

(cc)

Latent Generative Landscape (LGL). Latent Generative Landscapes (LGL) provide a
framework for analyzing the organization of protein sequence space by combining deep
generative modeling with coevolutionary analysis.®® In this approach, a variational
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autoencoder (VAE) is trained on a MSA to learn a two-dimensional latent representatiop:fhiat; e

captures the statistical structure of a protein family. The latent space is then systematically
sampled, and sequences generated from each latent coordinate are evaluated using a direct
coupling analysis (DCA) derived Potts Hamiltonian score, which reflects evolutionary
constraints between amino acid positions.>® Mapping these scores across the latent
coordinates produces a latent generative landscape in which low Hamiltonian scores (lower
energy) form dark blue basins corresponding to groups of sequences sharing similar
evolutionary and functional characteristics, typically resulting in more stable and functional
proteins. High Hamiltonian scores (higher energy) create bright green barriers that separate
distinct regions of sequence space, with sequences less likely to be stable and less explored
by the extant dataset. This landscape representation enables the visualization and analysis of

polygenetic relationships, functional diversity and evolutionary trajectories within protein family.

For this work, the LGL framework was used to train the MSA from above with a VAE, and a
Hamiltonian score assigned fithess as a statistical energy to each sequence in the landscape.
The training sequences with their corresponding predicted molecular function annotation
haloalkane dehalogenases (GO:0018785) or haloacetate dehalogenases (GO:0018786) are
shown in the LGL map of the annotated training data (Figure 2A), and the unannotated training
sequences are mapped in the LGL map in Figure S3.

Plasmid design and preparation. The plasmids encoding the genes with the following
UniProt accession numbers were synthesized by GenScript: AOA5P9PYNS8, AOA5P9CV11,
AOA960H4U9, AOA4VE6IMRO, Q6NAM1, AOABF7PGA4, AOA840N899, K8NY92, and
AOA4Z0BVY8. Each gene was codon-optimized for expression in Escherichia coli and cloned
between the Ndel and Sall restriction sites in the pET-28a(+) vector, resulting in a N-terminally
polyhistidine-tagged enzyme. The nucleotide and amino acid sequences are shown in Figures
S4-S12.

Each plasmid was prepared by reconstituting 4 ug of freeze-dried stock in 20 pL of autoclaved
water. A 1 pL aliquot of this reconstituted plasmid was then diluted into 39 pL of autoclaved
water to achieve a final concentration of 5 ng/uL. Subsequently, 1 uL of the diluted plasmid
was transformed into E. cloni 10G ELITE Competent Cells (Lucigen) using an electroporator
(MicroPulser, Bio-Rad Laboratories). The resulting transformation mixture was diluted with
pre-warmed Super Optimal Broth with Catabolite Repression (SOC) media and incubated for
60 min at 37 °C with shaking at 225 rpm (Benchtop Shaking Incubator 6790, Corning). This
mixture was then plated onto Miller's Luria Broth (LB) agar containing 50 pg/mL kanamycin
and incubated for 14 h at 37 °C (Model 12-140 Incubator, Quincy Lab). Individual colonies
were selected and inoculated into 5 mL of LB media supplemented with 50 ug/mL kanamycin,
then incubated for 16 h at 30 °C with shaking at 230 rpm (New Brunswick Innova 42R,
Eppendorf). Finally, 2 mL of the culture was harvested via centrifugation at 8,000g (5424 R
Centrifuge, Eppendorf) for 3 min at room temperature, and the plasmid was isolated using the
QIAprep Spin Miniprep Kit (Qiagen).

Protein expression and purification. Protein expression and purification were performed by
adapting and modifying a previously established protocol, with specific expression conditions
for each protein detailed in Table S3.%8 In general, the commercial plasmid was transformed
into E. cloni EXPRESS BL21 (DE3) (Lucigen) cells via electroporation, and the recovery and
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plating process followed the procedure described above. For expression, single colgpigs Werec: e
inoculated into 10 mL of either LB or Terrific Broth (TB) containing 50 pg/mL kanamycin and
incubated at 30 °C for 14 h with shaking at 230 rpm. The following day, 2.5 mL of the overnight
culture was diluted into 600 mL of LB or TB media (supplemented with 50 ug/mL kanamycin)
and incubated at 37 °C for 3 h with shaking at 250 rpm (New Brunswick Innova 44R,
Eppendorf). Once the culture reached an Optical Density (ODeoo) of 2, the shaker was
gradually cooled to 30 °C or 18 °C while shaking for 15-30 min. Following this cooling period,
protein expression was induced by adding 300 uL isopropyl (B-d-1-thiogalactopyranoside
(IPTG) from a 1 M stock solution or by relying on leaky expression, and the culture was
incubated for an additional 21 h at 250 rpm. Finally, the culture was harvested by centrifugation
at 3,200g (5810 R Centrifuge, Eppendorf) for 30 min at 4 °C. The resulting cell pellet was
resuspended in pre-chilled 20 mM Tris buffer at pH 7.5 with 200 mM NacCl, 4 °C and stored at
-20 °C.

Prior to purification, cell pellets were thawed overnight at 4 °C and resuspended by vortexing.
Cell lysis was carried out by sonication in an ice-water bath at 35% amplitude, with a 15 s
pulse on and 45 s off pulse cycle for a total time of 5 min (Q500, QSonica). The resulting
lysates were clarified via ultracentrifugation at 37,000g for 35 min at 4 °C (Optima XPN-80
Ultracentrifuge, Beckman Coulter). The clarified supernatant was loaded onto a pre-
equilibrated 5 mL HisTrap Ni-NTA column (Cytiva Life Sciences) using a sample pump
operating at 15 °C (NGC Chromatography System, Bio-Rad Laboratories). Following sample
loading, the column was washed with 20 column volumes (CV) of running buffer (20 mM Tris
buffer at pH 7.5, 15 “C with 200 mM NaCl and 30 mM imidazole). The polyhistidine-tagged
protein was then eluted using a two-step method: first with 3 CV of 5% elution buffer (20 mM
Tris buffer at pH 7.5, 15 “C with 200 mM NaCl and 500 mM imidazole) mixed with 95% running
buffer, followed by a linear gradient of elution buffer from 5% to 100% over 20 CV. Affinity
elution fractions with absorbance signal at 280 nm were pooled and applied to a HiPrep 26/10
desalting column (Cytiva Life Sciences) equilibrated with 5 CV of 20 mM Tris buffer at pH 7.5,
15 °C with 150 mM NaCl. Desalted fractions exhibiting 280 nm absorbance were subsequently
pooled and concentrated using an Amicon Ultra-15 Centrifugal Filter Unit with a 10 kDa
molecular weight cut-off (MWCO) (EMD Millipore). Finally, the concentrated enzyme samples
were buffer exchanged twice (final dilution of 1:100) into a storage buffer of 20 mM Tris buffer
at pH 7.5, 4 °C with 50 mM NaCl using 10 kDa MWCO centrifugal filters. The final purified
samples were stored at -20 °C. For every enzyme, two enzyme preparations were
independently expressed and purified.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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The purity of enzyme from each enzyme preparation was evaluated using Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) based on our previously published
study (Figure S13).5°

Protein concentration determination. The enzyme concentrations were calculated based
on our previously published study.”® The extinction coefficients for the full-length protein
including the polyhistidine-tag of AOASPOPYNS8, AOA5P9CV11, AOA960H4U9, AOA4V6IMRO,
Q6NAM1, AOABF7PGA4, AOA840N899, KBNY92, and AOA4Z0BVY8 were determined to be
52,370 M-'cm-', 62,910 M-'cm-*, 47,440 M-'cm-, 62,910 M-"cm-', 65,890 M-'cm-', 65,890 M-


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02671k

Open Access Article. Published on 26 May 2026. Downloaded on 5/27/2026 4:56:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Page 6 of 20

‘em, 67,380 M-'cm™, 64,400 M-"ecm, and 58,900 M-"'cm"", respectively, using the ProtPdranice e

tool in Expasy.’"

Colorimetric pH assay for enzyme activity. A colorimetric pH assay with phenol red was
used to qualitatively determine haloalkane and haloacetate dehalogenase activity by proton
release for the following enzymes: AOASP9PYNS8, AOA5P9CV11, AO0A960H4U9,
AOA4V6IMRO, and Q6NAM1. All experimental methods and substrates were based on
previously reported procedures.??4672 For haloalkane dehalogenase activity, 1,2-
dibromoethane, 4-bromobutyronitrile, and 1-iodopropane were tested, and for haloacetate
dehalogenase activity, fluoroacetate, chloroacetate, and 2-fluoro-2-phenyl acetic acid were
tested.#346.73 To prepare substrate stock solutions, haloalkane substrates were diluted to 200
mM in isopropyl alcohol (IPA), and haloacetate substrates were diluted to 287.7 mM in 25 mM
MOPS, buffered to pH 7.5 at 30 °C. These substrate stock solutions were combined with a 1
mg/mL phenol red stock in water to make a substrate/phenol red reaction stock solution,
resulting in a final reaction concentration of 20 ug/mL phenol red, 10 mM substrate, 875 uM
MOPS buffer, and 5% IPA (for haloalkane reactions only). For haloalkane reaction stocks, the
reaction stock contained 800 uL of 1 mg/mL phenol red, 2 mL of 200 mM substrate stock in
IPA, and 1.4 mL of 25 mM MOPS pH 7.5 at 30 “C. For haloacetate reaction stocks, the reaction
stock contained 800 pL 1 mg/mL phenol red and 1.4 mL 287.7 mM substrate stock. Enzyme
stocks consisted of 4 yM enzyme diluted in water from an 80 uM enzyme stock in storage
buffer (20 mM Tris buffer at pH 7.5, 4 °C with 50 mM NaCl), with the storage buffer being
diluted 20-fold for the control reactions. Enzyme reactions contained a final concentration of
0.5 yM enzyme and 125 yM Tris buffer, while control reactions contained only 125 uM Tris
buffer. Each 1 mL reaction took place in a 1.5 mL microcentrifuge tube and contained: i) 770
WL water for haloalkane reactions or 820 pL water for haloacetate reactions; and for positive
control reactions, 20 pyL water for haloalkane reactions or 70 yL water for haloacetate
reactions; ii) 105 uL haloalkane phenol red stock or 55 pL haloacetate phenol red stock; iii)
125 pL 4 uyM enzyme stock, or for control reactions, 125 yL 1 mM Tris buffer at pH 7.5, 4 °C
with 2.5 mM NaCl; iv) for the positive control, 750 yL 1 mM HCI was added for a final reaction
concentration of 750 yM HCI. Reactions were performed for two preparations per enzyme,
with three reaction replicates per enzyme preparation and per substrate. Reactions proceed
for 24 h at 30 °C (Thermo Scientific 2-Block Digital Dry Bath). Upon completion of the reaction,
three 200 L aliquots from each reaction were transferred to a Greiner 96-well clear, PS, F-
bottom microplate, and the absorbance at 560 nm (Tecan Spark Microplate Reader) was
measured in triplicate and averaged for each reaction. Subsequently, the reaction replicates
were then averaged for each enzyme preparation, and the values from the two enzyme
preparations were finally averaged to obtain the reported raw absorbance, along with the
propagated standard deviation. To calculate the relative activity for each reaction, the average
absorbance was normalized to the negative control of the corresponding substrate. The values
used to generate Figure 2C can be found in Figure S14.

Identifying defluorinases by LGL from untrained, extant sequences. To obtain a set of
non-annotated sequences with information excluded from the training data, we downloaded
the entire ABH Pfam family (PF00561; 543,513 sequences) (Figure S1). This was retrieved
on August 12, 2025 using the InterPro APL.7# After removing training set sequences, the
remaining 540,933 sequences were aligned using HMMER, eliminating sequences with more
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than 5% contiguous gaps (12 consecutive gaps), resulting in 296,598 sequences, (Figuress /e
S$15).75 Using the QuickGO API, sequences were annotated with their Gene Ontology (GO)
predicted function; this annotation was retrieved on August 13, 2025.%6 The resulting
sequences were visualized on the LGL. All sequences in the haloacetate dehalogenase region
were selected (3,014 total sequences) and the frequency of their respective GO annotations
were analyzed (Table S4). These sequences were further aligned via Clustal Omega with
respect to QBNAM1.76 The residues corresponding to the Q6NAM1 active site were extracted
and visualized with WeblLogo.””78¢ Based on the three most frequently occurring GO
annotations , sequences with conserved active site residues, less than three cysteines, and
an isoelectric point (pl) less than 6.9 were selected for expression and characterization (Table
S4). These included i) AOA840N899 and K8NY92 (GO: 0016787; hydrolase activity), ii)
AO0A4Z0BVY8 (G0:0047372; monoacylglycerol lipase activity, and iii) AOABF7PGA4 (no GO
annotation). After being identified for initial evaluation, AOABF7PGA4 was subsequently
annotated with hydrolase activity by QuickGO (January 28, 2026). The MSA for these selected
sequences was generated using Clustal Omega (Figure S16).7® A summary of pairwise
identities pertaining to the training set annotated as haloacetate dehalogenases, the 3014
sequences selected from the haloacetate dehalogenase region and the enzymes tested in this
study are reported in Figure S17 using the MSA for plotting onto the LGL (HMMER alignment
with 5% (12) consecutive gaps removed).

Enzyme unfolding temperature (Tm) determination. Differential scanning fluorimetry (DSF)
methods were adapted from a previous study.®® In brief, the purified enzymes were adjusted
to a concentration of 20 uM using a buffer containing 20 mM Tris buffer at pH 7.5, 4 °C with
50 mM NaCl. Separately, a dye solution was prepared by diluting 3 pyL of 5000X SYPRO
Orange Protein Gel Stain into 1.5 mL of the identical buffer. To set up the assay, 15 L of the
prepared enzyme and 15 L of the diluted SYPRO Orange solution were combined into the
wells of a MicroAmp Fast Optical 96-Well reaction plate. This yielded a final assay mixture
consisting of 10 yuM enzyme and 5X SYPRO Orange dye within the 20 mM Tris buffer at pH
7.5, 4 °C with 50 mM NaCl. After sealing with a MicroAmp Optical Adhesive Film, the plate
was centrifuged at 800g for 2 min at room temperature (5810 R Centrifuge, Eppendorf).
Thermal shift assays were then performed on a QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems). The instrument was configured to use ROX as the reporter dye, with
both the quencher and passive reference disabled. Measurements were recorded across a
temperature range from 25 °C to 99 °C at a heating rate of 0.05 °C/s over 30 min. Post-run
data analysis was conducted using Protein Thermal Shift Software v1.4. Raw fluorescence
readings were normalized to facilitate sample comparison, and the unfolding temperature (Tm)
for each enzyme was calculated via the Boltzmann fit method. For each experiment, three
technical replicates were averaged to determine the value for a single enzyme preparation,
and the final T values are reported as the average of two such enzyme preparations with the
propagated standard deviation (Figure S18).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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HPLC calibration curves. To quantify the enzyme activities, a calibration curve of the product
(2-hydroxy-2-phenylacetic acid) and internal standard (IS, methyl benzoate) was generated
(Figures S19-S20). Specifically, a stock solution of 100 mM 2-hydroxy-2-phenylacetic acid in
50 mM MOPS at pH 7 was first diluted to 30 mM in the same buffer, then serially diluted to 5,
10, 15, 20, and 25 mM. Next, 200 uL of each diluted solution was transferred to a 1.5 mL
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microcentrifuge tube containing 300 pL of 6.67 mM methyl benzoate in acetonitrile (HPLCEE D

grade). The product-IS solutions were mixed by vortexing and then clarified by centrifugation
at room temperature for 15 min at 21,130g (5424 R Centrifuge, Eppendorf). After
centrifugation, 450 pL of the product-IS mixture for each standard was transferred to a 2 mL
HPLC screw cap vial. The HPLC analysis were performed using a Shim-pack Velox C18
column (2.7 pym, 3.0 x 100 mm) with a Shim-pack Velox C18 EXP Guard Column Cartridge
(2.7 pm, 3.0 x 5 mm) on Shimadzu Prominence-i LC-2030C 3D. The mobile phase A was
water, adjusted to pH 2.7 with formic acid, and the mobile phase B was acetonitrile. A gradient
of 5% to 95% mobile phase B was applied over 4 min, and then held at 95% mobile phase B
for 3 min, using a flow rate of 0.4 mL/min. An absorbance wavelength of 254 nm was used for
detection of the product and internal standard. A background injection was performed using a
mixture of 200 uL water and 300 pL acetonitrile. During data analysis, the background trace
was subtracted from each sample trace using the Shimadzu LabSolutions software, and then
all peaks were manually integrated. For each sample, three injections were conducted, and
their average peak area constituted one technical replicate. Three such technical replicates
were analyzed per product concentration, and the final linear regression was constructed by
plotting the ratio of the product peak area (PDT) to internal standard peak area (IS) (2-hydroxy-
2-phenylacetate/methyl benzoate) on the y-axis with standard deviation versus the known
product concentrations on the x-axis. The origin (0, 0) was included in the dataset, and the
linear regression was forced through this point. This calibration curve reports the product
concentration prior to the addition of IS.

Optimization of enzyme reaction conditions. To optimize the reaction pH, reactions were
performed in 50 mM sodium acetate buffer at pH 5, 50 mM MES buffer at pH 6, 50 mM MOPS
buffer at pH 7, 50 mM bicine buffer at pH 8, and 50 mM CHES buffer at pH 9 at 30 °C. To
remain within the calibration curve range due to its high reactivity, the AOA4Z0BVY8 reaction
was limited to 10 min. All other enzyme reactions for pH optimization were conducted for 120
min. To prepare the substrate solutions, racemic 2-fluoro-2-phenylacetic acid was dissolved
in each buffer at 25 mM. To account for temperature-dependent shifts, the pH of the substrate
solution was adjusted and confirmed at each reaction temperature. Each enzyme was diluted
to 20 uM using a buffer containing 20 mM Tris buffer at pH 7.5 with 50 mM NaCl and all the
following reactions were taken from the same enzyme stock solution. In each reaction, 5 pL
of 20 uM diluted enzyme solution was added to 195 uL of the 25 mM substrate solution in
each buffer, resulting in a final concentration of 0.5 yM enzyme and 24.375 mM substrate in
a final 200 uL reaction volume. A control reaction was created for each condition containing
195 pL of the substrate solution in each buffer with 5 uL buffer containing 20 mM Tris buffer
at pH 7.5 with 50 mM NaCl. The reactions proceeded for 10 min with AOA4Z0BVY8 or 120
min with the rest of the enzymes. All reactions were quenched with the addition of 300 uL
acetonitrile containing 6.67 mM methyl benzoate as the internal standard. The quenched
reaction was vortexed and clarified by centrifugation at room temperature for 15 min at
21,1309 (5424 R Centrifuge, Eppendorf). After centrifugation, 450 uL of the reaction mixture
was transferred to a 2 mL HPLC screw cap vial. A background injection was performed using
a mixture of 200 L water and 300 pL acetonitrile. During data analysis, the background trace
was subtracted from each sample trace using the Shimadzu LabSolutions software, and then
all peaks were manually integrated. For each reaction, two injections were performed and the
average peak areas of these injections constituted one technical replicate. Product
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concentration was determined for each technical replicate using the calibration , cliryess e
described above with the technical replicate internal standard and product peak areas. Three
technical enzyme replicates were conducted for each enzyme preparation at a given reaction
condition with one technical control reaction for the same conditions. To account for
background hydrolysis, the calculated product concentration produced by the technical control
replicate was subtracted from that of each of the enzyme technical replicates. The three
enzyme technical replicates are averaged for each enzyme preparation, and the final total
turnover number (TTN) are reported as the average of two independent enzyme preparations,

along with the propagated standard deviation.

The resulting averaged product concentration for each enzyme preparation was then used to
calculate the TTN using the following equation:

TTN = [Product]

"~ [Enzyme]

The calculated product concentration and resulting TTN for pH optimization of technical
replicates can be found in Tables S5-S10, with the compiled data shown in Figure S21.

To optimize the reaction temperature, reactions were performed in 50 mM bicine buffer at pH
8. For AOA4V6IMRO, Q6NAM1, and AOABF7PGA4, reactions were performed at 70 °C, 80 °C,
and 90 °C, for AOA4Z0BVY8, KBNY92, and AOA840N899 reactions were performed at 60 °C,
70 °C, and 80 °C. To prepare the substrate solution, racemic 2-fluoro-2-phenylacetic acid was
dissolved in 50 mM bicine buffer at pH 8 at 25 mM. To account for temperature-dependent
shifts, the pH of the substrate solution was adjusted and confirmed at each reaction
temperature. To prepare the enzyme solutions, AOA4Z0BVY8 was diluted to 4 yM and
Q6NAM1 was diluted to 8 yM from 20 uM stock using a buffer containing 20 mM Tris buffer at
pH 7.5, 4 °C with 50 mM NaCl. All other enzymes used 20 uM solution for temperature
optimization reactions. In each reaction, a 5 pL diluted enzyme solution (4 pM for
AOA4Z0BVY8, 8 uM for Q6NAM1, and 20 uM for the rest of the enzymes) was added to 195
ML of the substrate solution in each buffer, with a final concentration of 0.1 pM for
AOA4Z0BVY8, 0.25 uM for Q6NAM1, and 0.5 pM for the rest of the enzymes and 24.375 mM
substrate in a final 200 pL reaction volume.
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The reaction work-up and data analysis were processed as described above. The calculated
product concentrations and resulting TTNs for the temperature optimization can be found in
Tables S11-S16, with the compiled data shown in Figure S22.

Enzyme enantioselectivity determination. To determine the stereoselective preference, a
10 pL diluted enzyme solution (20 yM) was added to 195 pL of the substrate solution (125
mM), resulting in a final concentration of 1 yM enzyme and 118.75 mM racemic 2-fluoro-2-
phenylacetic acid in 200 yL of 100 mM bicine buffer at pH 8 at 60 ‘C. To account for
temperature-dependent shifts, the pH of the substrate solution was adjusted and confirmed at
the reaction temperature. A control reaction was prepared without enzyme with buffer and
substrate only. The reaction times were 1 h for AOA4Z0BVY8, 4 h for Q6NAM1, AOABF7PGAA4,
K8NY92, and 8 h for AOA4V6IMRO and AOA840N899. The reaction time was 8 h for the no
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enzyme control. All reactions were quenched first with 20 pL of 12 M hydrochlorig acid;grids; 5w

then extracted with ethyl acetate three times (2 x 500 L, 1 x 300 uL). The extracted organic
layers were transferred to a 1.5 mL microcentrifuge tube, dried with anhydrous sodium sulfate,

and then centrifuged for 1 min at 21,130g at room temperature (5424 R Centrifuge, Eppendorf).

The clarified solution was transferred to a 20 mL glass vial, and the solvent was removed by
a rotary evaporator. Next, 1 mL of HPLC grade methanol was added to the vial, and the
solution was transferred to a 1.5 mL microcentrifuge tube and clarified for 1 min at 21,1309 at
room temperature (5424 R Centrifuge, Eppendorf). The resulting clarified solution was
transferred to a 2 mL HPLC screw cap vial for analysis.

The enantioselectivity of the enzyme reactions were determined by normal phase HPLC
(Agilent 1260 Infinity Il LC System) with a Lux Amylose-1column (3 um, 250 x 4.6 mm) at 23
°C. The compounds were eluted with 95:5 hexane/isopropanol and 0.5% trifluoroacetic acid
with a flow rate of 1 mL/mine. The injection volume was 5 yL for each sample and the
absorbance wavelength was monitored at 210 nm. The racemic 2-fluoro-2-phenylacetic acid,
(R)-2-fluoro-2-phenylacetic acid, racemic 2-hydroxy-2-phenylacetic acid, (R)-2-hydroxy-2-
phenylacetic acid, and (S)-2-hydroxy-2-phenylacetic acid were used as references. One
control reaction and two enzyme reactions (one from each enzyme preparation) were
evaluated, and all peaks were manually integrated. All parameters, including Retention Time
(min), Area, Height, Width, Area%, and Symmetry, were analyzed with the Agilent
ChemStation software (Tables S17-S24; Figures S23-S29). Enantiomeric excess (ee) was
calculated for each compound and enzyme preparation by subtracting the Area % for the two
enantiomers. The average ee with standard deviation for each enzyme preparation is reported
in Table 1 and Table S25.

Al Disclosure. Claude Sonnet 4.5 was used to support generation of Python code for
sequence extraction/annotation and data visualization.

Results and Discussion

The LGL framework learns sequence features from a multiple sequence alignment (MSA) of
extant proteins (Figure S1).5875 From the MSA, the VAE learns to encode sequences into a
two-dimensional latent space, from which 250,000 grid points can then be decoded back into
sequences.®! In parallel, DCA of coevolved residues in the MSA is then used to infer a Potts
Hamiltonian model that assigns a statistical energy (Hamiltonian) score to each sequence,
visualized on a color scale in a third dimension (Figure 2A).585° Sequences that better satisfy
the statistical constraints of the MSA are ranked with lower (favorable energy) Hamiltonian
values and are located in dark blue regions of the map.58 In contrast, sequences less explored
by the extant dataset and more likely to be unstable have higher (unfavorable energy)
Hamiltonian scores and fall in the bright green regions. Within the landscape, sequence
location ultimately reflects phylogenetic and functional relationships, while Hamiltonian scores
are an estimate of relative sequence fitness that delimit separable functional regions within
the family.
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Figure 2. (A) Latent generative landscape (LGL) trained with sequences of the a/f hydrolase (ABH)
superfamily acting on halide bonds (GO:0016824), with mapped haloacetate dehalogenases (HAcD;
G0:0018785; pink circles), haloalkane dehalogenases (HLD; GO:0018786; orange circles), and one
sequence with hydrolase activity acting on halide bonds in C-halide compounds (G0O:0019120; brown
circle). (B) Known HAcDs (pink squares) and HLDs (orange squares), along with sequences of unknown
function selected for testing (red triangles), mapped onto the LGL. The numbers in panels B and C
correspond to the enzyme entries in Table 1 below. (C) Qualitative phenol red activity for the negative
(=) and positive (+) control reactions without enzymes along with the select enzymes in panel B for each
substrate. Activity is calculated by normalizing the average absorbance value at 560 nm to that of the
negative control for the corresponding substrate. The normalized values and raw absorbance data with
standard deviations are shown in Figure S14.

To construct an LGL to discover fluoroacetate dehalogenases, we first trained the model on
an aligned subset of 2,753 sequences from the ABH superfamily annotated in Gene Ontology
(GO) as hydrolases acting on acid halide bonds (GO:0016824) (Figures S2—-S3).66.7® Within
this molecular function, two child terms define more specialized activities: diisopropyl-
fluorophosphatase activity (GO:0047862) and hydrolase activity acting on acid halide bonds
in C-halide compounds (G0O:0019120). Because no sequences in the training set were
annotated with GO:0047862, the functional space captured by the LGL reflects GO:0019120
and was dominated by the lower-level child terms associated with the ABH superfamily:
haloacetate dehalogenase activity (GO:0018785) and haloalkane dehalogenase activity
(G0:0018786) (Figure S2). We used this curated dataset to characterize sequence variability
with a degree of functional annotation.
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Mapping the GO-annotated molecular functions of the training set onto the LGL revealed that
sequences mostly clustered into distinct regions, with high Hamiltonian score barriers
separating the two activities (Figure 2A). To confirm this organization, we compiled and
mapped experimentally validated haloalkane and haloacetate dehalogenases from the
literature (Figure 2B; Tables S1-S2). The locations of these sequences agreed with the
respective GO-annotated regions, with only a few exceptions at the origin of the LGL, which
typically exhibit unfavorable or higher Hamiltonian scores, containing sequences less
represented by the training MSA.

Next, we sought to experimentally assess the functional organization of the LGL. We used the
LGL as a guide to choose enzymes from various parts of the cluster. Based on regions with
specific GO molecular function annotations, we selected AOA5P9PYNS8 (haloalkane
dehalogenase; enzyme 1) and AOA5P9CV11 (haloacetate dehalogenase; enzyme 2) from
regions lacking previously validated enzymes; AOA960H4U9 (haloalkane dehalogenase;
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enzyme 3) and AOA4V6IMRO (haloacetate dehalogenase; enzyme 4) from regions gontaitiifig ;5.

previously validated enzymes (Figure 2B; Table 1; Figures S4-S7). Q6NAM1 (enzyme 5) was
included as a positive control for comparison in all assays (Figure 2B; Figure S8). All enzymes
were expressed in Escherichia coli with an N-terminal polyhistidine tag and purified by nickel-
affinity chromatography (Table S3; Figure S13). Enzymatic activity toward representative
haloalkane substrates (4-bromobutyronitrile, 1-iodopropane, and 1,2-dibromoethane) and
haloacetate substrates (chloroacetate, fluoroacetate, and 2-fluoro-2-phenylacetate) was
evaluated using a colorimetric pH-shift assay with phenol red to detect proton release upon
hydrolysis (Figure 2C; Figure S14).2243467273 Notably, AOA960H4U9 and AO0A4V6IMRO
displayed activity toward their predicted substrate classes, whereas AOA5P9PYN8 and
AOA5P9CV11 showed no measurable activity, suggesting either that the assay conditions

were not optimal or that the actual functions may differ from the currently assigned annotations.

Finally, we asked whether the functional organization of the LGL could be applied more
broadly to reannotate extant sequences with incorrect or ambiguous GO-term assignments.
To do this, we collated and curated the 543,513 sequences from the ABH superfamily
(InterPro; August 12, 2025, Figure S1).7480 After removing training-set sequences
(GO:0016824) and those containing more than 5% contiguous gaps, a total of 296,598
sequences were mapped onto the LGL (Figure S15). Interestingly, 3,014 sequences were in
the haloacetate dehalogenase region (Figure 3A). Furthermore, multiple sequence alignment
indicated that residues needed for fluoroacetate recognition and catalysis in Q6NAM1 are
conserved across this subset of sequences, suggesting potential defluorinase activity (Figure
3B).76-78

>

Latent variable z,
ueluo}IWEH

Latent varlable z,

ﬁ%DRnDuwaH

110 111 114 134 155 156 185 219 280
Residue Number

Figure 3. (A) ABH sequences outside of the training set (tan circles) mapped within the HAcD region
of the LGL. Sequences selected for testing are indicated with numbered red triangles that correspond
to the enzyme entries in Table 1 below. (B) WebLogo analysis of the active site residues in Q6NAM1
for the ABH sequences in the HAcD region shown in panel A.

To investigate whether these sequences indeed encode defluorinases, we selected
representative sequences for experimental characterization belonging to the three most
frequently occurring GO annotations: hydrolase activity, monoacylglycerol lipase activity, and
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no annotation (Table S4). We hypothesized that we could increase the likelihood of identifyinigcs e
active enzymes by focusing on sequences located near AOA4V6IMRO and Q6NAM1 (Figure
3A), while also considering biochemical properties relevant to expression and purification (i.e.,
cysteine content, isoelectric point). The selected candidates were AOABF7PGAA4,
AOAB40N899, KBNY92, and AOA4Z0BVY8 (enzymes 6-9, respectively) (Table 1; Figures S9—
S12, S16, S17). After expressing and purifying these candidates as described above, we
measured the unfolding temperature (Tm) of all enzymes to determine enzyme stability and
establish optimal reaction conditions for further testing of the putative defluorinases (Figures
S13, S18; Table S3).8" Q6NAM1, in line with prior data, and its close homolog AOABF7PGA4
(98% identity) exhibited exceptionally high Tm values (> 90 °C).#* Despite sharing modest
sequence identity with Q6NAM1 (49-79%), AOA4V6IMRO, AOA840N899, K8NY92, and
AO0A4Z0BVY8 were also thermostable (Tm > 70 °C) (Table 1; Figure S17).4376

Lastly, we quantified the defluorination activity of these enzymes together with Q6NAM1 and
AOA4V6IMRO using 2-fluoro-2-phenylacetate (compound 3) as the substrate (Figure 1C;
Table 1). Reaction conditions were screened across pH and temperature and analyzed by
reverse-phase high-performance liquid chromatography (HPLC) (Figures S19-S22; Tables
S5-816). All enzymes shared the same pH optimum at pH 8, but their optimal reaction
temperatures ranged from 60 ‘C to 90 °C, consistent with their measured unfolding
temperatures (Table 1). Overall, the total turnover numbers (TTNs) ranged from 5671 to 59828
in 10 min (Table 1; Figure S22). Notably, AOA4Z0BVY8 exhibited approximately 2.7-fold
greater activity than Q6NAM1, the current state-of-the-art enzyme. Each enzyme maintained
a preference for the (S)-enantiomer substrate, generating the (R)-enantiomer product with
high enantioselectivity (> 93%) (Table 1; Figures S23-S28; Tables S17-S24).3743 This
conserved stereochemical outcome is in line with the Sn2 mechanism known for
Q6NAM1.14.35.39
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Table 1. Bioinformatic annotations, melting temperature (Tm), and catalytic performance of% _ 1eonl%¥/mé§‘
tested on racemic 2-fluoro-2-phenylacetate (compound 3). Data are reported as the average with
propagated standard deviation of two independent enzyme preparations, each derived from the

average of three technical replicates.

UniProt GO T Reaction

Enzyme : 4a 4b
Accession Molecular Temperature TTNM o/ \2l o/ \3l
Number Number Function (°C) (°C) ee (%) ee (%)
1 AOA5PIPYNS haloalkane 67.85 + 0.08 5 - - -
dehalogenase
2 AOA5PICV11 haloacetate 54.28 + 0.07 ; ; ; ;
dehalogenase
3 AOA960H4U9 haloalkane 50.40 + 0.17 - - - -
dehalogenase
4 AOA4V6IMRO haloacetate 88.03 £ 0.26 70 5671 + 128 87 +0 93+0

dehalogenase

5 QBNAMH1 haloacetate 92.14+0.15 90 22176 % 1102 9110 9410
dehalogenase

6 AOABF7PGA4 no annotation 90.74 £ 0.15 90 18129 + 485 91+0 940
7 AOA840N899 hydrolase 78.85+0.11 70 8911 + 388 92 £1 930
8 K8NY92 hydrolase 81.42+0.16 70 10752 + 837 89+ 1 940

monoacylglycerol

9 AOA4Z0BVY8 .
lipase

78.61+0.11 60 59828 + 1241 99+ 0 950

[1] TTN, total turnover number.

[2] Percent ee, enantiomeric excess, of compound 4a ((R)-2-fluoro-2-phenylacetate).
[3] Percent ee of compound 4b ((R)-2-hydroxy-2-phenylacetate).

[4] -, not determined.

Conclusions

Motivated by the chemical significance and biotechnological potential of enzymatic carbon-
fluorine bond cleavage, we applied our machine learning-based LGL framework to uncover
hydrolytic defluorinases within the ABH superfamily. By training this model on GO-annotated
hydrolases acting on acid halide bonds, the LGL revealed that distinct regions of latent space
could be associated with particular enzyme functions. Specific examples from the literature,
together with our experimental validation, confirmed the accuracy of the LGL designations for
haloalkane and haloacetate dehalogenases, highlighting the potential to reannotate extant
sequences with incorrect or ambiguous GO-term assignments. In this pursuit, we identified a
total of 3,014 putative haloacetate dehalogenases and discovered five new fluoroacetate
dehalogenases with a range of defluorination activities. A notable example is AOA4Z0BVY8
that surpassed the activity of the current state-of-the-art enzyme Q6NAM1 on 2-fluoro-2-
phenylacetic acid.
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Our results establish that the LGL framework can resolve functionally distinct carbon-halogeric; e
bond chemistries within the ABH sequence space, highlighting how LGLs can help reveal
enzymes that are not readily accessible through traditional similarity-based annotations. While
the annotated training sequences and the identified defluorinases cluster within a confined
region of the LGL, they originate from diverse microbial species and span a wide range of
sequence identities ruling out traditional phylogenetic relationships (Figure S17, Table S25).
Moreover, the experimentally characterized defluorinases share identical active site residues,
yet exhibit markedly different catalytic efficiencies. We conclude that although LGL regions
delimited by latent coordinates are predictive of similar functionalities, their Hamiltonian scores
are insufficient to predict specific values of catalytic activities (Table S25). Instead, global
sequence context and structural dynamics are likely critical factors for function and will be
important directions for future mechanistic investigations. Finally, the presence of thousands
of putative defluorinases, despite the rarity of fluorinated natural products, suggests that this
chemistry may be more deeply embedded in the ABH sequence space than previously
recognized, raising questions regarding the natural roles of these enzymes and the
evolutionary pressures that shaped them. To close, our approach lays the foundation for
unraveling how natural and engineered protein sequence space encodes for rare and
challenging carbon-fluorine bond chemistry in the ABH superfamily and beyond, opening new
opportunities to advance defluorinases for sustainable synthesis and bioremediation
applications.

Supporting Information

The data that support the findings of this study are available in the main text and
supplementary material of this article. Sequence FASTA files and associated LGL files are
available in a Zenodo repository (DOIl: 10.5281/zenodo.15485612). The corresponding
authors can be contacted for additional requests.
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