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Abstract

How does enzymatic activity emerge? To shed light on this fundamental question, we study type B dihydrofolate reductases (DfrB), which were
discovered for their role in antibiotic resistance. These rudimentary enzymes are evolutionarily distinct from the ubiquitous, monomeric FolA
dihydrofolate reductases targeted by the antibiotic trimethoprim. DfrB is unique: it homotetramerizes to form a highly symmetrical central
tunnel that accommodates its substrates in close proximity and the right orientation, thus promoting the metabolically essential production of
tetrahydrofolate. It is the only known enzyme built from the ancient Src Homology 3 fold, typically a binding module. Strikingly, by studying
the evolution of this enzyme family, we observe that no active-site residues are conserved across catalytically active homologs. Integrating
experimental and computational analyses, we identify an intricate relationship between homotetramerization and catalytic activity, where
formation of a tunnel featuring positive electrostatic potential proves to be a powerful predictor of activity. WWe demonstrate that the DfrB
enzymes have not evolved in response to the synthetic antibiotic to which they confer strong resistance, and propose that DfrB domains
evolved the capacity for rudimentary catalysis from a binding capacity. That (rudimentary) catalysis can emerge from the homotetramerization

of a binding domain, and that it has been recently recruited by pathogenic bacteria, manifests the opportunistic nature of evolution.
Keywords: enzyme catalysis, enzyme evolution, antibiotic resistance, folate metabolism, DfrB, SH3 fold

Introduction

Enzymes are central to life as we know it. Their evolved capacity
to catalyze essential chemical reactions has been key to the adap-
tation and diversification of life over the past 4 billion years.
However, fundamental gaps remain in our understanding of
the mechanisms that led to the emergence of catalytic capacity.
These gaps are partly attributable to the fact that in many sys-
tems, the acquisition of catalysis dates back billions of years,
challenging the ability to trace the molecular evolution of its
emergence. Nevertheless, a few studies have documented exam-
ples of evolutionary processes in which enzymes emerged from
noncatalytic proteins, upcycling a binding property into a cata-
Iytic property. In these cases, the ligand becomes the substrate,
and the structural elements mediating the binding function even-
tually foster the catalytic site (Kaur and Subramanian 2014;
Ortmayer et al. 2016; Clifton et al. 2018; Kaltenbach et al.
2018). The proposed mechanism of emergence begins with a
binding site that already contains key residues involved in the ca-
talysis (Harms 2018). Substitutions that cause subtle changes in
the binding site favor the transition state, yielding an enzyme

with weak catalytic activity. Subsequent substitutions lead to a
more productive orientation of the substrates and the tuning
of productive and unproductive protein motions to optimize
catalysis.

Here we propose a new model for the evolution and emer-
gence of catalysis, in an enzyme that is likely to have evolved
from a noncatalytic domain through multimerization: type B
dihydrofolate reductase (DfrB). DfrB enzymes were first dis-
covered in the 1970s, 10 years after the clinical introduction
of the fully synthetic antimicrobial trimethoprim (Noall
et al. 1962; Fleming et al. 1972) which selectively inhibits
the ubiquitous monomeric dihydrofolate (DHF) reductase
FolA. DfrB enzymes are structurally unrelated to FolA
(supplementary figure S1, Supplementary Material online).
Indeed, DfrB enzymes are unaffected by trimethoprim and
were shown to provide strong resistance via an alternative en-
zymatic pathway for the metabolically essential reduction of
DHF (Howell 2005).

DfrB enzymes possess unusual biophysical and enzymologic-
al properties that have inspired numerous characterization
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studies, primarily of DfrB1 (Bradrick et al. 1996; Liet al. 2001;
Chopra et al. 2006). The DfrB enzyme is a Src Homology 3
(SH3) fold, a fold that accounts for 1.5%, or ~9,000, of the en-
tries in the (99% nonredundant) ECOD protein domain data-
base (Cheng et al. 2014). This very ancient fold is a small
3-barrel formed by 5 antiparallel -strands connected by 4
loops, one of which contains a 3o helix (Fig. 1a, left)
(Alvarez-Carrefio et al. 2021). The DfrB domain tetramerizes
to form a central, symmetrical active-site tunnel through the
interface of 4 identical copies of the SH3 B4 strands
(Fig. 1a). Tetramerization occurs in 2 steps: 2 unfolded mono-
mers homomerize to form a dimer via £8-sheet extension, fol-
lowed by the assembly of 2 dimers into a tetramer via loop
interactions (Bodenreider et al. 2002). The tunnel formed
upon tetramerization accommodates 2 ligands: the DHF sub-
strate and the reducing cofactor NADPH. Placing DHF and
NADPH in proximity to each other in the correct orientation
enables hydride transfer from the nicotinamide group of
NADPH to reduce the pterin group of DHF (supplementary
figure S2, Supplementary Material online). This produces tetra-
hydrofolate, an essential cofactor for cell proliferation. Unlike
microbial FolA DHF reductases, DfrB activity is not inhibited
by trimethoprim.

Among the many protein domains that share the SH3 fold,
the DfrB family (which includes 2 nonredundant ECOD data-
base domains) is unique in its capacity to catalyze chemical re-
actions. Indeed, in most cases, the SH3 fold serves as a binding
module. In eukaryotes, the SH3 fold is found in multidomain
signaling proteins, where it recognizes proline-rich motifs
within the same and other proteins (Dionne et al. 2022). Its
role in protein-protein interaction is key for the assembly of
complexes, where the L1 and L2 loops determine the binding
specificity. In prokaryotes, SH3-fold domains are functionally
more diverse, mediating binding to peptides, proteins, DNA,
RNA, and metals (Kishan and Agrawal 2005). DfrB is also
unique in its capacity to form specific homotetramers: the
vast majority of SH3 domains do not form homocomplexes.
The few that have been reported to form homomers do so
by a diversity of surfaces and mechanisms, a further indication
that such homo-oligomerization in DfrB is atypical for the
SH3 fold.

The DfrB family is atypical also compared to other enzymes.
First, its catalysis is proximity-based, assisted by the inherent
disorder of the bound substrates (Duff et al. 2016;
Lemay-St-Denis and Pelletier 2023). Moreover, it does not in-
volve any essential chemistry of the enzyme; it mediates sub-
strate binding mainly with its backbone rather than its side
chains (Krahn et al. 2007). Notably, it has limited evolution-
ary potential for improvement due to its 4-fold symmetry
(Lemay-St-Denis and Pelletier 2023). Thus, compared with
the more efficient FolA enzymes, DfrB is considered a “rudi-
mentary” DHF reductase (see Supplementary Material online
for further discussion).

How did this rudimentary but unusual catalyst evolve and
persist until this day, in parallel with the ubiquitous FolA?
To address this question, we searched for distantly related ho-
mologs of DfrB. We studied these homologs computationally,
using the state-of-the-art AlphaFold-multimer to predict the
structure of their complexes and to identify homologs sharing
the conformation of DfrB1’s homotetramer. We further char-
acterized these homologs and their catalytic activity experi-
mentally, using in vivo and in vitro assays. Notably, not all
DfrB homologs have catalytic activity; we collected clues as
to their possible noncatalytic functions. Overall, our
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investigation, summarized in Fig. 2, reveals the properties of
this unique antibiotic resistance-conferring enzyme and allows
us to propose a new model for the evolution of catalytic activ-
ity, based on oligomerization of an SH3 fold.

Results

Curating a Set of DfrB Homologs

Searching with Hidden Markov Model (HMM) profiles in the
genomic and metagenomic databases for sequences similar to
previously characterized DfrB family members, we collected a
representative set of 386 DfrB homologs. Figure 1b shows
these homologs as a phylogenetic tree. Only 203 of these
have a documented source (e.g. soil, water), and only 186
have an annotated host organism (supplementary figure S3,
Supplementary Material online). Among the DfrB homologs
with an assigned host organism, 63% (117) are found in
Proteobacteria, of which 80% are in Alpha-proteobacteria.
Actinobacteria (23%) and viruses (11%) are the other 2
most common taxonomic groups. Of the 203 homologs with
annotated sample sources, 76% (152) were reported to be
from soil, root, or plant-related samples, and 15% (30) from
water-related samples. These data are consistent with recent
reports that DfrB genes are abundant in rhizosphere and
aquatic environments (Cellier-Goetghebeur et al. 2022;
Kneis et al. 2022, 2023; Pham et al. 2023).

The Majority of DfrB Homologs are Unrelated to
Antibiotic Resistance Contexts

As noted above, DfrB enzymes offer an alternative, evolution-
arily advantageous, way to catalyze DHF reduction for bac-
teria exposed to trimethoprim, which selectively targets
FolA. Genetic mobility mechanisms may transfer antibiotic re-
sistance genes (ARGs) that provide such an evolutionary ad-
vantage to bacteria exposed to antibiotics. However, we
argue that most DfrB homologs in our set are endogenous to
their genomes, namely, their presence is not due to recent
(post-trimethoprim) genomic mobilization. In particular, the
vast majority of DfrB homologs (94.2%) do not lie near mo-
bile genetic elements (MGEs). 139 of the 386 DfrB homologs
have an analyzable genomic context (Methods); among these,
only 1 (0.7%) has an integrase gene nearby and only 5 (3.6%)
are near a transposase gene. Three homologs (2.2%) are near
an a#tC site—an integron element that leads to gene excision
and allows gene mobility when recognized by an integrase.
Moreover, a gene endogenous to its host organism will have a
Guanine—Cytosine content (% GC) similar to that of the gen-
ome in which it is embedded. In our dataset, the %GC of the
DfrB homologs is generally similar to that of their genomes;
the ratio %GCgene/ %0GCgenome varies from 0.83 to 1.14
(Fig. 1c), supporting that these homologs are endogenous to
their host organisms, or that their integration is sufficiently
old for their GC content to have adapted. Note that, in contrast,
the above conditions do not hold for dfrB1 to dfrB9, previously
identified in clinical settings. These were overwhelmingly found
near MGE, and their %GC differs from that of their host organ-
ism (supplementary figure S4, Supplementary Material online),
suggesting they were recently acquired and have not yet adapted
to the GC content of their pathogenic host (Lemay-St-Denis
et al. 2021). Notably, a recent report proposes that
B-Proteobacteria of the order Burkholderiales would have
been the environmental hosts of the dfrB genes identified in
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Fig. 1. The DfrB domain and its prevalence in environmental organisms. a) (left) The annotated topology of the DfrB1 domain (pdb 2rk1). The side chains of
the active site motif are represented as sticks. (right) The homotetrameric DfrB1 enzyme structure, with one protomer colored in blue. Important
elements for the homotetramer formation of this enzyme are indicated. b) Phylogenetic tree of the DfrB domain, rooted at the intersection of sequences
from Actinobacteria and from Proteobacteria, along with the source of the sample and the taxonomic phylum of the organism, and the trimethoprim
resistance phenotype of proteins when expressed in bacteria. Clusters are annotated according to the representation in Fig. 3. ¢) The GC content of dfrB

homologs is plotted against the GC content of their cognate genome.

clinical samples or sharing the highest sequence identity with
these (Kneis et al. 2024).

Multimerization Shapes the DfrB Sequence Space

Figure 2 shows the sequence similarity network (SSN) of the
DfrB homologs. Each node represents a homolog, and edges
connect nodes with similar sequences (MMseqs2 E-value low-
er than 107°). The homologs form 3 distinct clusters, with the
clinically relevant DfrB members in cluster I, including DfrB1,
whose structure is known (PDB ID 2rk1). Supplementary
figure S5b and ¢, Supplementary Material online shows the ho-
mologs that are predicted to form DfrB1-like homodimers and
homotetramers. The assembly of 2 protomers into homo-
dimers, followed by the dimerization of 2 such homodimers
into a homotetramer, is a hallmark of the thoroughly studied
DfrB1 (Lemay-St-Denis and Pelletier 2023). Here, we used
AlphaFold-multimer (Evans et al. 2021) to predict homodimer
and homotetramer complex formation of the SH3 fold of each
homolog (the region homologous to residues 20 to 78 in
DfrB1). We consider the predicted complex to be a
DfrB1-like tetramer when the monomer-monomer interface
is formed by contacts between 2 B2 strands of 2 protomers,
and the 2 dimer—dimer interfaces are formed by contacts be-
tween the L1 and L3 loops (supplementary figure S6,
Supplementary Material online). The vast majority of homo-
logs in clusters I and II are predicted to form a DfrB1-like
dimer, for a total of 274 homologs; in cluster III, only some

of the homologs are predicted to form such dimers
(supplementary figure S5c, Supplementary Material online).
As for the formation of DfrB1-like tetramers, we observe a
clear demarcation between clusters I and II, where the
DfrB1-like tetramer is predicted with high confidence, and
the remaining clusters, where the DfrB1-like tetramer is not
predicted (Fig. 3a; supplementary figure S7, Supplementary
Material online). To our knowledge, no other SH3 domain
utilizes the same contacts to form a homocomplex.

Catalytic Activity Correlates with Homotetramer
Formation

Next, we investigated the relationship between catalysis and the
formation of a DfrB1-like homotetrameric complex by experi-
mentally characterizing 148 homologs across the entire sequence
space sampled (representing 38 % of our dataset). We found that
the formation of a DfrB1-like tetramer is both a necessary and
(almost universally) sufficient condition for catalytic activity.
Among 123 homologs predicted by AlphaFold-multimer to
form a DfrB1-like tetramer (all in clusters I and II), 114 provide
trimethoprim resistance when expressed in E. coli, a convenient
read-out for in vivo DHF reductase activity (Fig. 3b). The 9 re-
maining homologs (123—114=9) appear to be insoluble or
not expressed, as evidenced by the absence of overexpression
bands following resolution on a tris-glycine gel (supplementary
figure S8, Supplementary Material online). None of the 25 ho-
mologs that were not predicted to form a DfrB1-like tetramer
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Fig. 2. Summary of the approach and key findings. Using the
characterized members of the DfrB family, we searched genomic and
metagenomic databases for homologs using HMM profiles, and studied
the similarities amongst them. Then, for a set of 386 nonredundant DfrB
homologs, we computationally predicted homomeric complexes using
AlphaFold-multimer (salmon). We performed in vivo examinations with
~40% of the homologs (blue), investigating their capacity to confer
antibiotic resistance. Finally, we characterized the DHF reduction
capacity of a dozen of these homologs (green). Overall, our results show
that the formation of a DfrB-like tetramer was a sufficient requirement for
catalysis to emerge, and that this capacity is probably promiscuous to a
principal (yet to be discovered) binding function.

(from clusters I11 to V') exhibited DHF reductase activity in vivo.
Opverall, AlphaFold-multimer predictions of having DfrB1-like
homotetramers correlated in 139 of the 148 experimentally
tested cases (94 %) with the presence of DfrB catalytic function
(Fig. 3).

Notably, the sequence segments forming both monomer—
monomer and dimer-dimer interfaces of catalytically active
homologs are not conserved in either residue identity or length
(see Supplementary Material online for further discussion;
supplementary figure S9, Supplementary Material online).
For example, although AOASE7Z8W7 has a 7-residue inser-
tion on a loop at the dimer—dimer interface when compared
to DfrB1, this homolog is predicted to form a DfrB1-like tetra-
mer (supplementary figure S10b and ¢, Supplementary
Material online). Indeed, it exhibits the same overall kinetic
parameters as all active DfrB domains and assembles into a
tetramer in solution (Table 1). More generally, not a single
residue is strictly invariant throughout the SH3 fold in all cata-
Iytically active DfrB homologs (supplementary figure S9b,
Supplementary Material online).

Characteristics of the “Active Site”

Most enzymes include specific amino acids, called catalytic
residues, that directly facilitate catalysis, exchanging atoms
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and/or electrons with the substrates. Very specific functional
groups, and thereby very particular amino acids, are required
to this end, and they have to be placed in specific locations in
3D space. Thus, the catalytic residues are, in essence, unani-
mously conserved in evolution, and their immediate environ-
ment, i.e. the active site, is also highly conserved.

DfrB, being a “rudimentary” enzyme, is very different from
most enzymes in that it merely promotes catalysis based on
proximity and specific motions between the substrate and co-
factor (Kamath et al. 2010). Thus, its “active site” residues do
not require any essential chemistry and therefore there are no
strict restrictions on their nature; the most conserved residue
in DfrB is outside the “active-site”, at the mouth of the tunnel,
where a positively charged residue at position 32—generally a
lysine—is required to anchor the negatively charged tails of
both ligands. Nevertheless, the DfrB tunnel is the site of cata-
lytic product formation. As such, it is commonly referred to as
an “active site” (Narayana et al. 1995; Park et al. 1997: 67,
Smiley et al. 2002), and we will continue to use this term for
consistency.

The 114 homologs that experimentally catalyze DHF reduc-
tion in vivo do not share the same active-site residues; we iden-
tified 18 active-site motifs, coded in the B4 strand, that are
conducive to catalysis (Fig. 4a). VQIY is the most common
active-site motif and it is exclusive to homologs in cluster I,
which includes the clinically observed DfrB homologs
(DfrB1 to DfrB10). Homologs in cluster II display a wider
range of active-site motifs. This finding is consistent with
our previous work which demonstrated, through sequence al-
terations, the permissiveness of the active site to patterns of
substitution (Schmitzer et al. 2004). Altogether, while there
are no single specific active-site residues on the B4 strand
that are essential for catalysis, in most cases the active site is
characterized by the 4-residue motif: nonpolar/polar/nonpo-
lar/aromatic (Fig. 4a).

We found that the tunnel formed by the catalytic DfrB ho-
mologs, though lined by different active-site motifs, features
positive electrostatic potential (Fig. 4b; supplementary figure
S11, Supplementary Material online). This is consistent with
the tunnel’s capacity to bind the negatively charged sub-
strates: the co-crystal structure of DfrB1 shows the phos-
phate groups of NADPH and the carboxylate groups of
DHF held within this space (Krahn et al. 2007). Contrary
to the FolA DHF reductase, which is closely tailored to those
ligands by side-chain interactions, the DfrB1 tunnel is wide
and lined with backbone atoms, and it holds dozens of water
molecules (Schnell et al. 2004; Howell 2005). Its modest
catalytic activity appears to tolerate the wide evolutionary
variation seen in clusters I and II (Table 1; Fig. 4). For ex-
ample, the variant with the lowest catalytic efficiency
(AOA6J5PTB3) has a highly positive electrostatic potential
along the whole tunnel. Among DfrB homologs predicted
to form dimers but not tetramers, not all B4 strand motifs
create surfaces with positive electrostatic potential. This ob-
served permissiveness in the identity of residues within the
central and symmetric tunnel of DfrB homologs provides fur-
ther support for the idea that catalysis relies on creating an
environment conducive to catalysis rather than requiring
specific chemistry within it. The most conserved residue
among all catalytically active homologs is the lysine at pos-
ition 32, and its only substitution observed is arginine,
underscoring the importance of this positive charge in bind-
ing NADPH and DHF (supplementary figure S12,
Supplementary Material online) (Hicks et al. 2004).
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Fig. 3. Tetramerization is a defining property for the emergence of a catalytic function in the DfrB enzymes. a) A network visualization of the DfrB
sequence space is presented, with each node representing a protein homolog. Edges connect nodes corresponding to proteins with similar sequences
(E-value alignment score lower than 107°). The clinically identified DfrB members (DfrB1 to DfrB10) or their representative homologs are indicated with
arrows, all in cluster . Homologs are color-coded based on the AlphaFold-multimer predictions to form/not to form tetramers similar to DfrB1.

b) Homologs are color-coded based on their ability to confer trimethoprim resistance in E. coli at a minimum concentration of 75 pg/mL trimethoprim.

In-depth Characterization of Representative
Homologs
To further demonstrate that catalysis in DfrB depends on the en-
zyme’s distinct homotetrameric structure rather than on the
active-site chemistry, we conducted in vitro characterization of
twelve homologs spanning the enzyme sequence space
(supplementary figure S10, Supplementary Material online).
Eight of these were predicted to form a DfrB-like tetramer
(supplementary figure S13, Supplementary Material online):
we experimentally validated their tetramer formation by size ex-
clusion chromatography (Table 1). Despite the diversity of these
homologs® active-site motifs, all but one exhibited virtually in-
distinguishable catalytic efficiencies for DHF reduction
(Table 1). The only exception was AOA6JSPTB3, which binds
2 NADPH in its active site more favorably than 1 NADPH
and 1 DHF, making it more of a binder than a catalyst
(supplementary figure S14, Supplementary Material online).
The four in vitro-characterized homologs for which DfrB1-like
tetramer formation was not predicted did not reduce DHF
(supplementary figure S13, Supplementary Material online).
Interestingly, size exclusion chromatography indicates that these
catalytically inactive homologs form homomers, suggesting that
the DfrB domain (of the SH3 fold) has a propensity for multime-
rization that may go beyond formation of a DfrB1-like complex
(Table 1). It is worth noting that the 2 noncatalytic homologs
for which tetrameric assembly was observed by SEC (E2SFM2
and AOATR3X8FS), both in cluster IV, and sharing 74% se-
quence similarity, also have the highest pLDDT according to
the homotetramer prediction (supplementary figure S13,
Supplementary Material online). Their predicted conformations
are similar to each other (RMSD 0.37 A), but bear no relation
to the DfrB-like tetramer. With the information currently avail-
able, we cannot propose a function for cluster III, IV, and V
homologs.

Experimental Characterization of Additional
Properties for Catalytic Homologs

We measured the thermostability of the set of catalytically ac-
tive DfrB homologs and found that it varies with no

discernible trend (Fig. S5b; supplementary figure S15,
Supplementary Material online). Thermostability was found
to be an unusual and distinguishing feature of the previously
characterized clinically relevant members of the DfrB family
(in cluster I), which can fully tolerate incubation at 95 °C
(Lemay-St-Denis et al. 2023). We evaluated thermostability
by comparing the DHF reductase activity in E. col lysate fol-
lowing induced expression, before and after heat treatment at
50 and 75 °C. Thermotolerance was observed in 59% of the
characterized DfrB homologs following incubation at 50 °C
(70% of cluster I and 38% of cluster II), and in one-third fol-
lowing incubation at 75 °C (35 % of cluster [ and 38 % of clus-
ter I1), demonstrating that thermotolerance is not a conserved
property in the evolution of the DfrB domain. Therefore, we
did not pursue further the investigation of this property in
the context of the evolution of the DfrB domain. Note that
this in vitro lysate assay was less sensitive than the in vivo tri-
methoprim resistance assay, with only 32 of the 114
trimethoprim-resistant homologs showing spectrophotomet-
rically detectable DHF reductase activity.

DfrB1 first binds the NADPH cofactor, and then binds the
DHEF substrate to form the catalytic complex (Lemay-St-Denis
and Pelletier 2023). We characterized the productive affinity
of DfrB homologs for NADPH in lysate, revealing that 79%
(19 of the 24 that were characterized in this assay) had a half
maximum concentration constant (Kys) value of less than
30 pM (Fig. 5a), similar to that of DfrB1. That so many of the
homologs share metabolically relevant affinity for NADPH im-
plies that the interaction with this dinucleotide is key to their
function. The affinity for DHF, on the other hand, varies widely
between the homologs (Table 1), suggesting that it might be sec-
ondary in importance.

Investigating the Principal Function of the DfrB
Domain

The highly specific FolA enzymes are roughly 100-fold more
efficient at DHF reduction than DfrB enzymes (Howell
2005). Thus, we hypothesize that DfrB and its homologs
evolved a different function—perhaps the promotion of
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Fig. 4. DfrB’s tunnel manifests sequence variation but a conserved positive electrostatic potential. a) (left) Marked on each of the DfrB protomers are the
B4 strands that form the active-site tunnel. (center) All 18 active-site motifs that yield an active DHF reductase are presented; they correspond to residues
66 to 69 in DfrB1. The number to the left of each motif corresponds to the number of characterized catalytic homologs having this motif. (right) Homologs
displaying one of the 8 most common B4 strand motifs are colored on the SSN. b) (left) The surface of predicted DfrB1-like tetramers of homologs
representing 5 of the 18 active-site motifs is colored according to their electrostatic potential. The 13 remaining active-site motifs are similarly represented
in supplementary figure S11, Supplementary Material online. (right) The surface of predicted DfrB1-like dimers of 6 representative homologs not
predicted to form a DfrB1-like tetramer is colored according to their electrostatic potential. c) A possible evolutionary pathway for the emergence of the
DfrB domain capable of catalyzing the reduction of DHF. The promiscuous catalytic activity of the complex would have led to the genomic recruitment of
DfrB by pathogenic bacteria exposed to the antibiotic trimethoprim. This homotetrameric complex would also have later led to fusion with other domains,
as described in “Domain fusions.” The formation of such a ligand-binding homotetramer would result in the promiscuous function of catalysis.

Evolution of
dimerization surfaces

Genomic Context

To gain insight into a putative native function of DfrB homo-
logs, we examined their genomic contexts. In bacteria, genes
with related functions are often located near each other and

protein—protein interactions, which is typical for the SH3 fold
topology—while promiscuously allowing DHF reductase ac-
tivity. We searched for hints as to the main native functions
of the DfrB homologs.
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Fig. 5. Tight dinucleotide binding is conserved in the evolution of the DfrB domain, but thermostability is not. a) The distribution of half-maximal
concentration constant for NADPH binding (K 5) for homologs having a detected DHF reductase activity in lysate. The Kia2™ value for DfrB1is 10.8 uM.
b) Homologs with detectable DHF reductase activity in lysate are color-coded according to their thermostability. Following induction of DfrB homolog
expression, E. coli lysates were subjected to a 10-min incubation at 75 °C to determine thermotolerance. All homologs experimentally tested for DHF

reductase activity are indicated with a black circumference.

organized in operons (Dandekar 1998). The homologs pre-
dicted to form a DfrBl-like tetramer show a significantly
stronger association with genes involved in replication, recom-
bination, and DNA repair compared to homologs for which
DfrB1-like  tetrameric  assembly is not predicted
(supplementary figure S16, Supplementary Material online).
Among the 139 genomic contexts analyzed, 17 cases neighbor
the dnaN gene (median distance from the dfrB homolog of
2.1 kb), known for its homodimeric ring-like structure and
DNA clamping action (Burnouf et al. 2004). Interestingly,
dnaN was exclusively detected in the proximity of dfrB homo-
logs predicted to form a DfrB1-like tetramer, such that 27% of
those genomic contexts harbor dnaN within 10 kb of the dfrB
homologs. This proximity is consistent with a functional rela-
tionship. Similarly, the xerC gene, a site-specific tyrosine re-
combinase that is implicated in the resolution of dimeric
chromosomes (Blakely et al. 1993), was found in 23 occur-
rences (median distance of 2.0 kb). Of these, 20 were in the
context of homologs predicted to form a DfrB1-like tetramer,
and the remaining 3 were in the context of homologs that are
not predicted to form DfrB1-like complexes. While some gen-
omic contexts are conserved between homologs identified in
bacteria of the same genus (supplementary figure S17,
Supplementary Material online), there is no clear pattern
across all contexts.

Many DNA viruses encode genes involved in the folate
pathway, presumably to achieve self-sufficiency in nucleotide
biosynthesis. Some viruses possess a ThyX gene, which codes
for a thymidylate synthase (TS) that catalyzes the production
of dTMP and tetrahydrofolate, an essential cofactor in the fol-
ate cycle. Others have a ThyA gene, which codes for a TS that
produces dTMP and DHF, which is subsequently reduced by a
DHF reductase to generate tetrahydrofolate (Levin et al.
2013). In total, we identified 20 DfrB homologs in viruses,
with 19 belonging to the Caudoviricetes class of DNA viruses
(supplementary table S1, Supplementary Material online). We
analyzed the genes adjacent to the viral DfrB homologs, focus-
ing on TS genes, which would suggest a functional relationship
with DfrB (supplementary table S1, Supplementary Material
online). Notably, all 4 DfrB homologs identified in viruses in
cluster I1 are located near a ThyA gene (<20 kb), with 3 within

3 kb—one separated by 5 base pairs only. Among the 10
DfrB-containing viral genomes from cluster I, 3 harbor a
ThyA gene, 2 of which are located within 20 kb of a DfrB
homolog. Additionally, 6 noncatalytic DfrB homologs from
cluster V are found in Streptomyces phages, which are also
DNA viruses. All these genomes encode a ThyX gene that
does not require a DHF reductase for thymine production,
suggesting that the DfrB domain in these contexts has a role
distinct from DHF reduction. This is consistent with the obser-
vation that DfrB homologs from cluster V are not predicted to
form the DfrB1-like tetrameric structure and do not exhibit
trimethoprim resistance. Overall, the genomic proximity of
the viral DfrB homologs in cluster II, and to a lesser degree
in cluster I, to ThyA genes, combined with the absence of a
FolA DHEF reductase in their respective DNA genomes, sug-
gests that DfrB plays an essential metabolic role in dTMP pro-
duction in these viruses.

Domain Fusions

We identified a relationship between the predicted formation
of a DfrB1-like tetramer and the sequence length of the protein
homologs (supplementary figure S18, Supplementary Material
online). This relationship suggests that homotetramerization
may have conferred an evolutionary advantage, favoring later
evolutionary steps such as gene fusion with functional do-
mains that benefit from the multimerization of the DfrB do-
main (supplementary figure S5d, Supplementary Material
online). In this scenario, the native function of the DfrB do-
main would be to promote protein-protein interactions, as be-
fits an SH3 fold.

In cases where DfrB domains are fused to other domains
within a single protein chain, we searched using Foldseek
(Van Kempen et al. 2024) for the functions of these fused do-
mains to gather hints as to the function of the DfrB domain. Of
the 45 proteins in our dataset that comprised more than 160
residues, and thus were likely to contain at least one more do-
main in addition to the 60-residue SH3 fold, only 7 were fused
to a domain with a predicted function, while many others were
predicted to be alpha-helix bundles of unknown function.
Importantly, these 7 fusions were experimentally confirmed
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to be functional as DHF reductases by their trimethoprim-
resistance phenotype. In these cases, the domains identified
in fusion with the DfrB domain were NTP pyrophosphohy-
drolase, ChaP oxygenase, N-acetyl transferase, and DnaA do-
mains (see Supplementary Material online for further
discussion;  supplementary  figures S19 and  S20,
Supplementary Material online).

Most interestingly, the DfrB domain was found in fusion
with a bacterial TS domain of the ThyA family. We named
this fusion protein DfrB-TS. As mentioned above, the TS
and DHF reductase enzymes play sequential roles in the folate
pathway, strongly supporting the proposition that the func-
tion of the DfrB domain in this specific fusion is to reduce
the DHF produced by the TS domain (Fig. 6). Fusions of TS
and DHF reductase domains are known, but to date have ex-
clusively involved the fusion of TS with a FolA-like domain
(DHFR-TS). First reported in Crithidia fasciculata (Ferone
and Roland 1980) and later in several protozoans, plants,
and viruses (Ivanetich and Santi 1990; Balestrazzi et al.
1995; Nomburg et al. 2024), such a fusion was never found
in bacteria until here (supplementary figure S20d,
Supplementary Material online). Notably, the TS domain
functions as a symmetrical dimer (Carreras and Santi 1995).
We experimentally verified that both domains within the
DfrB-TS are functional, confirming its bifunctional nature
(Fig. 6; supplementary figure S21, Supplementary Material
online). The kinetic parameters of the TS domain are slightly
lower than those of previously characterized TS domains,
making its catalytic efficiency 6-fold lower than that reported
for the TS domain in the DHFR-TS from Toxoplasma gondii
(Trujillo et al. 1996).

Discussion

Using computational and experimental tools, we sought to
shed light on the evolutionary emergence of the DfrB do-
main—a unique instance in which the ancient SH3 fold, which
typically mediates protein-protein interactions, functions as
an enzyme. We identified diverse homologs, sharing as little
as 30% sequence identity with the first discovered DfrB1 en-
zyme, that can function as DHF reductases with the same cata-
lytic efficiency. Based on these homologs, we concluded that in
DfrB, DHF reductase activity is, in essence, dependent on the
domain’s tetramerization, which creates a central tunnel that
can accommodate the DHF substrate and the NADPH redu-
cing cofactor. Similar to DfrB1, the surface of the tunnel
formed by these catalytic homologs features a positive electro-
static potential, complementary to the negative charges of
DHF and NADPH.

Our findings suggest that the evolution of the DfrB domain
may not have been driven by DHF reductase function. First,
not all DfrB homologs form a tetramer, implying that they
do not have enzymatic activity. Furthermore, those that
form the DfrB1-like tetramer and thus produce tetrahydrofo-
late are 100-fold less catalytically efficient than the FolA en-
zymes that are ubiquitous in bacteria.

More specifically, we propose the following model for the
evolution of DfrB’s catalytically competent active site. The
pattern of predicted DfrB1-like dimer and tetramer formation
seen in the SSN (supplementary figure SS5b and c,
Supplementary Material online) is consistent with a mono-
meric SH3-fold domain evolving a dimerization interface
and a positively charged ligand-binding surface. The ligand-
binding dimer would then have evolved a second dimerization

interface, forming the highly symmetrical homotetramer
where the 2 equivalent positively charged binding surfaces
line a central tunnel (Fig. 4c). The formation of a DfrB1-like
tetramer, with a central tunnel that can accommodate one
molecule of NADPH and one molecule of DHF, fortuitously
formed a catalytic complex. This proposed model is consistent
with the dimer, formed via the monomer-monomer interface
(Kflimer—monomer 5 M (Reece et al. 1991)), being more stable
than the tetramer, formed via the dimer—dimer interface
(Kigtramer—dimer 10t 50 pM [Nichols et al. 1993; Dam and
Blondel 2004]). Similar to what has been described in other
systems (Levy et al. 2008), we suggest that the hierarchy in af-
finities between the DfrB units determines the order of assem-
bly. Furthermore, the evolution of DfrB-like dimers in cluster
III to DfrB-like tetramers, in cluster IT homologs (Fig. 4b),
may have promoted the acquisition of additional domains
that could benefit from the DfrB complexes.

We propose 2 putative binding functions for which (at least
some) DfrB domains may have been selected. The first pro-
posed function is nucleotide binding. Evidence supporting
this proposition includes the fact that the best characterized
DfrB  member—DfrBl—weakly binds ADP-ribose and
ATP-ribose (Jackson et al. 2005). The conserved low micro-
molar affinity of the homologs for NADPH (Table 1,
Fig. 4a) suggests that the function of these homologs is more
likely related to the NADPH dinucleotide cofactor rather
than to DHF. Notably, 2 NADPH molecules can simultan-
eously bind within DfrB1’s symmetrical active-site tunnel,
with negative cooperativity such that the loosely bound se-
cond NADPH could be readily donated (Jackson et al. 2005;
Lemay-St-Denis and Pelletier 2023). As shown in Table 1
and supplementary figure S14, Supplementary Material on-
line, the AOA6J5PTB3 homolog represents an exception, as
binding of 2 NADPH molecules (forming a noncatalytic tern-
ary complex) is favored over binding of one copy of both
NADPH and DHF (required for the catalytic ternary com-
plex). This is another indication that in DfrB, the DHF reduc-
tion function might be secondary to nucleotide binding. In
addition, our genomic neighborhood analysis showed that ho-
mologs predicted to form a DfrB1-like tetramer are more fre-
quently associated with genes whose function is related to
DNA replication, recombination, and repair than their pre-
dicted monomeric/dimeric counterparts. Finally, the domains
fused to the DfrB domain typically bind nucleotide-based mol-
ecules such as nucleotides, DNA, and acetyl-CoA (see
Supplementary Material online for further discussion).
Possibly, the DfrB domain homologs act as reservoirs for those
ligands, binding them with moderate specificity to allow their
release for use by their fused partner domain.

The second native function we propose for DfrB is promot-
ing oligomerization. In particular, it is possible that the do-
mains fused to DfrBl-like tetramer-forming homologs
benefit from the capacity of the DfrB domain to oligomerize.
Indeed, among these fused domains, those that have predicted
functions typically assemble as symmetric dimers or as higher-
order complexes (see Supplementary Material online for more
details). Since both fused domains oligomerize, it is possible
that the function of one of the 2 domains is the oligomeriza-
tion itself, such that it promotes oligomerization of the other
domain. Whether either of these hypotheses prove to be cor-
rect will require future experimental investigation.

Our data suggest that DfrB is unique in that its catalytic ac-
tivity is promiscuous to its principal noncatalytic function. We
refer to DfrB’s catalytic activity as promiscuous, since it is
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Fig. 6. A fusion between the DfrB and TS domains (DfrB-TS), catalyzing coupled reactions. (Left) A structural model of the DfrB domain fused to a TS
domain. (Right) The kinetic parameters for the TS and DHF reductase activities of DfrB-TS.

irrelevant under endogenous physiological conditions, as FolA
efficiently catalyzes DHF reduction. As reviewed by Tawfik
and others (O’Brien and Herschlag 1999; Khersonsky et al.
2006; Copley 2015), functional promiscuity is typically ob-
served in enzymes that catalyze multiple reactions, or, alterna-
tively, in binding proteins capable of interacting with multiple
partners (one at a time). That is, the promiscuity remains with-
in the same “discipline”—catalysis or binding. We argue here
that DfrB deviates from this general dogma in that it mixes dis-
ciplines. We propose that its principal function is binding, and
that in addition it has promiscuous enzymatic activity. It is
therefore through this binding property that the DfrB domain
may have exerted its catalytic capacity.

Trimethoprim, which selectively targets the bacterial DHF
reductase FolA, pressures bacteria to recover this essential
metabolic catalytic activity. Evidently, some bacteria use the
DfrB enzyme to compensate for the inhibition of FolA, thus
providing antibiotic resistance. While it is reasonable to suggest
that DfrB has mutated to provide this activity under trimetho-
prim selection pressure, we have shown here that DfrB domains
from a variety of environments not exposed to trimethoprim
have this enzymatic capability intrinsically. Thus, we conclude
that the DfrB domain can carry out DHF reductase activity as is:
the clinical introduction of trimethoprim merely resulted in the
genomic recruitment of the existing DfrB domain to carry out
DHEF reductase activity in trimethoprim-exposed bacteria as a
replacement for the chemically inhibited FolA. This perfectly il-
lustrates that the environment provides a reservoir of functional
antibiotic-resistance protein for novel antibiotics from which
bacteria can sample (Cante6n 2009).

Fusing domains that catalyze consecutive steps in a single
pathway renders a more efficient system. Thus, for example, a
DHEFR-TS fusion (where a FolA-like domain is fused to a
ThyA domain) has been identified in protozoan, plant organ-
isms, and eukaryotic viruses (Lazar et al. 1993; Yuvaniyama
et al. 2003; Nomburg et al. 2024). In this respect, the fusion
protein DfrB-TS, analogous to the DHFR-TS, suggests that
the DHF reductase activity of the DfrB domain has already
been used by evolution at least once before in the context of
the folate pathway. Note that this fusion also debunks a previ-
ous assumption that such fusions are only found in eukaryotic
species (Stechmann and Cavalier-Smith 2002). It is also note-
worthy that the DfrB-TS and DHFR-TS fusions constitute an
elegant example of convergent metabolic evolution, where evo-
lutionarily unrelated domains performing the same catalytic
function (DfrB and FolA-like) are fused to the same TS domain.

The identification of DfrB in viruses provides another com-
pelling case for the DfrB domain’s role as a DHF reductase.

Notably, all 4 homologs in cluster II identified within DNA vi-
ruses are genomically linked to a TS gene, with distances be-
tween the DfrB and ThyA genes ranging from 5 to 15.7 kb.
These cluster IT DfrB homologs are predicted to form a tetra-
mer, suggesting catalytic activity; we experimentally tested
and validated this activity for 3 of these 4 homologs. We hy-
pothesize that the catalytic DfrB domains represent an integra-
tive aspect of DNA metabolism in DNA viruses that harbor a
ThyA gene but lack a FolA DHF reductase. For these, the DHF
reductase activity of the DfrB homolog is essential for produ-
cing the tetrahydrofolate cofactor required for dTMP synthe-
sis. Interestingly, noncatalytic DfrB homologs from cluster V
are identified in viruses containing the ThyX gene, which ena-
bles thymine production without the need for DHF reduction.
The presence of DfrB homologs in these viruses further sup-
ports the notion that the DfrB domain may have function(s)
beyond DHF reductase activity.

Overall, our computational and experimental analyses
show that homomerization can be a critical step in creating
an environment conducive to (slow) catalysis. In particular,
for the DfrB family, homotetramerization leads to the forma-
tion of a symmetrical tunnel with positive electrostatic poten-
tial, suitable for accommodating the NADPH cofactor and the
DHEF substrate, and facilitating their reaction. Thus, a mini-
malistic approach to a reductase reaction, essential for bacter-
ial survival, can take place with relatively few restrictions. In
particular, there are no strict restrictions on the identity of
the active-site residues, which show remarkable sequence vari-
ation, since their side chains do not contribute directly to ca-
talysis. These characteristics make the DfrB domain uniquely
different from the catalytic regions of typical enzymes, includ-
ing FolA, which are highly conserved. In a broader context,
this study provides a glimpse of Nature’s creativity in generat-
ing rudimentary catalysis in protein domains, unexpectedly
providing strong antibiotic resistance to a recently introduced
synthetic molecule.

Methods

Identification of Homologs and Synthesis of
Representatives

We used the state-of-the-art homology detection software
HMMER and HH-suite (Eddy 2011; Steinegger et al. 2019).
A multiple sequence analysis consisting of the region corre-
sponding to the SH3 fold in the trimethoprim-resistant
DfrB1 to DfrB21 (positions 24 to 78) was used to search
UniRef30 (2022_02) with HH-blits, using 5 iterations. The
367 identified sequences were filtered using HH-filter to retain
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hits with 85% coverage and 20% sequence identity (-cov 85
-qid 20). The 182 filtered sequences were used as input for
HMM-search, using an E-value of 107> to search against
UniRef90 (2022_05). Using HH-suite and HMMER, a total
of 195 proteins were identified. The protein IDs of the hits
identified by HH-blits and hmmsearch were used to retrieve
the corresponding sequences from UniRef. Entries recently re-
moved from the database were not retrieved, resulting in a list
of a total of 212 nonredundant homologs.

To explore a larger sequence space, we queried metagenom-
ic data. A total of 2702 metagenomes from the JGI/IMG data-
base (https:/img.jgi.doe.gov/) were retrieved in May 2020
using a Pfam search for “DHFR_2” (Mistry et al. 2021).
Filtering of their putative genes using the Pfam keyword
“pfam06442” yielded 1524 complete genes starting with a
methionine, of which 688 encoded nonredundant proteins.
We further increased our exploration by searching the micro-
bial single-cell genome database bit-GEM (Nishikawa et al.
2022) with the 182 hh-filtered sequences using HMMsearch
with an E-value of 1073,

We combined the homologs obtained from UniRef, JGI, and
bit-GEM and filtered the dataset with CD-HIT (85 % sequence
similarity and 85% length difference cutoff) (Fu et al. 2012),
for a total of 386 sequences. A total of 148 representative se-
quences, covering the entire dataset and the diversity of active
site motifs identified, were synthesized as N-terminally
His-tagged in pET29b by Twist Biosciences, downstream
from the T7 expression system. All homologs were
codon-optimized by the vendor for expression in E. coli, and
were expressed and characterized in full length, without se-
quence alteration.

Generating the Sequence Similarity Network

Briefly, pairwise MMseqs (Steinegger and Soding 2017)
E-values were calculated between all possible pairs of the
386 representative complete sequences. Pairwise similarities
were used to generate a network with Cytoscape (Shannon
et al. 2003) in which a node represents a protein sequence,
and an edge represents a pairwise MMseqs E-value. Edges
with E-values scores of 107° and lower (closer homologs)
are shown (Fig. 3).

Generating a DfrB-representative Phylogenetic Tree

The phylogenetic tree was generated from the MAFFT (Katoh
and Standley 2013) alignment of the region of each sequence
corresponding to the SH3 fold (positions 24 to 78 in DfrB1)
using IQ-TREE (Nguyen et al. 2015) (ultrafast bootstrap ana-
lysis, 1000 alignments). The tree was visualized with iTOL
(Letunic and Bork 2016) (Fig. 1b).

Genomic Annotation and Analysis

The sample source of isolation from which each protein was
detected was retrieved. The genomic sequences of representa-
tive proteins were retrieved using their NCBI sequence ID
along with their taxonomic assignment. Metagenomic contigs
from JGI and bitBiome were too short for annotation pur-
poses. GC% ratios were calculated for genes whose genomic
sequence was at least 10 times longer (Fig. 1c).

From the genomic sequences, 10 kb upstream and down-
stream of the DfrB homolog gene, for a total of 20 kb, were
annotated with Prokka (Seemann 2014) using the Galaxy
server(The Galaxy Community et al. 2022). Genomic
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sequences with shorter genomic contexts surrounding the
DfrB homolog genes were not used. The predicted genes
were used as queries against the COG database, and a COG
ID was annotated if the blastp E-value was less than 107>
(Altschul 1997; Galperin et al. 2021).

COG functional categories were assigned using the COG
reference list (https:/www.ncbi.nlm.nih.gov/research/cog/
cogcategory/]/) (Galperin et al. 2021). In addition to annotat-
ing the genomic sequences with Prokka, we sought to confirm
the presence of MGEs and ARGs, as some dfrB genes have
been previously associated with such elements. For this pur-
pose, we used IntegronFinder (Néron et al. 2022) from the
Galaxy server (The Galaxy Community et al. 2022) and the
Resistance Gene Identifier from the Comprehensive
Antibiotic Resistance Database (Alcock et al. 2019), respect-
ively. Integrons were identified in contigs using the local detec-
tion (—local-max) and search for promoter and attl sites
(-promoter-attl) options. Genomic annotations were com-
piled using R (version 4.1.3) and visualized using the ggplot2
(Wickham 2016) package (supplementary figures S17 and
$19d, Supplementary Material online).

The analysis of the genomic context of DfrB homolog genes
identified in viruses was carried out using their annotated gen-
ome in the “Nucleotide” section of NCBI.

Protein Structure Prediction

The DfrB1-like dimer and DfrB1-like tetramer for each pro-
tein were predicted with AlphaFold-multimer (Evans et al.
2021), using the region of each sequence corresponding to
the SH3 fold. The Mgnify (Richardson et al. 2023), BFD
(Jumper et al. 2021), UniRef90 (Suzek et al. 2015),
Uniclust30 (Mirdita et al. 2017), UniProt (The UniProt
Consortium et al. 2023), and PDB databases were used for
these predictions. Out of 25 relaxed models, the model with
the highest confidence score (0.8 ipTM [predicted interface
TM score] + 0.2 pTM [predicted TM score]) was used for ana-
lysis. High confidence scores (Jumper et al. 2021; Wallner
2023) were assigned to the dimeric and tetrameric predictions
in clusters I and II (supplementary figure S7, Supplementary
Material online). The ability of the homologs to form a
DfrB1-like dimer and a DfrB-like tetramer was determined
by generating a contact map from each prediction, as de-
scribed in supplementary figure S6, Supplementary Material
online. The full-length sequences of the protein fusions were
used to predict homodimeric complexes. The electrostatic po-
tential of each predicted complex was calculated by the
Adaptive Poisson-Boltzmann Solver software on PyMOL
(Fig. 4b; supplementary figure S11, Supplementary Material
online) (Jurrus et al. 2018). The monomeric structure of
DfrB-TS shown in Fig. 5 was generated with ColabFold
(Mirdita et al. 2022).

Trimethoprim Resistance Assay in E. coli

The in vivo trimethoprim resistance assays were performed in
triplicate according to (Wiegand et al. 2008) using the agar meth-
od. Briefly, E. coli BL21(DE3) cells transformed with the homo-
logs were propagated overnight in Luria—Bertani (LB) media
with 50 pg mL™' kanamycin. An inoculum of 10* colony-
forming units was spotted on 5% methanol LB agar plates con-
taining 0.25 mM isopropyl p-D-1-thiogalactopyranoside (IPTG)
(ThermoFisher) and trimethoprim (Millipore Sigma) in 2-fold
concentration steps up to 600 ug mL™"; the latter is the highest
concentration of trimethoprim soluble in a final concentration
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of 5% methanol. The trimethoprim concentration inhibiting
bacterial growth following 42 h incubation at 37 °C was consid-
ered to be the minimal inhibitory concentration (MIC).
Homologs with a MIC of 75 pg/mL and higher are considered
to be trimethoprim-resistant (Fig. 3b). The ¢TEM-19m
3-lactamase was used as a negative control (Clouthier et al.
2012), and DfrB1 was used as a positive control.

Thermotolerance

The substrates DHF (synthesized as previously reported
[Blakley 1960]) and NADPH (Chem Impex) were quantified
spectrophotometrically in 50 mM pH 7 potassium phosphate
buffer (e553E . 28,400 M~'em ™! and 5%50rH 6,230 M 'em ™).
Of the 148 homologs, 9 were previously characterized
(Toulouse et al. 2020; Cellier-Goetghebeur et al. 2022). We
thus carried out the analysis of the remaining 139 homologs.
The lysis of E. coli expressing the 139 homologs and the thermo-
tolerance assay in clarified lysate were performed as previously
reported (Lemay-St-Denis et al. 2023). Briefly, for the standard
kinetic assay, 10 pL of clarified lysate was added to 90 pM
NADPH and 90 pyM DHF in 50 mM potassium phosphate buf-
fer, pH 7, in a 96-well UV-transparent plate (Corning) to a final
volume of 100 pL. Enzyme activity was determined by monitor-
ing the depletion of DHF and NADPH at 340 nm using a plate
reader (Beckman Coulter DTX 880). The initial rate of the reac-
tion was determined during the first 20% of the reaction (sub-
strate to product conversion) with the depletion of NADPH
and DHF at 340nm in 96-well plates (A€340nm
12,300 M~'em™" to determine product formation), which cor-
responds to the activity before heat treatment. Depletion of
NADPH and DHF in negative controls, lysates from E. coli
overexpressing cTEM-19m fS-lactamase (Clouthier et al.
2012), was subtracted from the initial reaction rate of each
homolog to account for nonspecific signal. To determine ther-
mostability, lysates were incubated at 50 or 75 ° for 10 min in
96-well plates. The plates were centrifuged at 2,000 x g for
30 min, and the supernatant was collected and characterized
as above for residual DHF reductase activity (Lemay-St-Denis
et al. 2023). Assays were performed in triplicate. DfrB1 was
used as a positive control.

Productive Affinity of DfrB Homologs for NADPH in
Lysate

Inspired by Tamer et al. (2019), productive affinity for
NADPH was determined to calculate the half maximum con-
centration constant (Ky_s) of DfrB homologs for binding to
NADPH, as presented in supplementary figure S22,
Supplementary Material online. This was performed using
“single curve” kinetic analysis to monitor complete depletion
of NADPH in lysate incubated with DHF; this approach al-
lows parallel analysis of kinetic data extracted from a single
reaction curve instead of requiring multiple reaction curves,
facilitating analysis of multiple homologs (Tamer et al.
2019). First, a calibration curve was generated. Seven reac-
tions using NADPH concentrations ranging from 3.1 to
50 pM, always with 250 pM DHF and 0.51 pM purified
DfrB1, were followed over 2.5 h. To correct for the nonenzy-
matic decrease in signal, a control sample was prepared for
each substrate combination in which the enzyme was omitted;
we note that nonspecific background was negligible. After cor-
rection, the variation in absorbance over the entire reaction
(initial absorbance—final absorbance) was calculated for each
curve and plotted in relation to [NADPH)]. The corresponding

Lemay-St-Denis et al. - https://doi.org/10.1093/molbev/msaf215

calibration curve, with R? of 0.98 between the difference in
absorbance at 340 nm and [NADPH], was generated.

Homologs for which significant DHF reductase activity was
detected in lysate, for a total of 24, were expressed in E. coli
BL21(DE3) in 96 deep-well plates containing 1 mL of
ZYP-5053 medium, 20 pL inoculum, and were incubated at
37 °C for 3 h, and for 16 h at 22 °C, always under agitation.
The plates were centrifuged for 30 min at 4 °C, at 2,000 x g.
The cell pellets were resuspended in 300 pL of lysis buffer
(100mM pH 8 potassium phosphate buffer, 10 mM
MgSO,4, 1 mM DTT, 0.5 mg/mL lysozyme, 1.5 mM benzami-
dine, 0.25 mM PMSF, and 0.4 U DNAse), agitated for 2 h at
22 °C, and then centrifuged. A Beckman Coulter Biomek
NXp robot was used to transfer the clarified lysate into
96-well plates. CalA lipase (Alejaldre et al. 2023) was used
as a negative control for activity, while DfrBH-5
(Lemay-St-Denis et al. 2023) (here corresponding to
AO0A114V6W3) and DfrB1 were used as positive controls for
activity. Lysate concentrations were 40% (v/v) in 50 pL wells
containing 250 pM DHF and 30 pM NADPH in 50 mM pH 7
potassium phosphate buffer. Absorbance depletion at 340 nm
was monitored during 85 min to capture the totality of the re-
action. We controlled for DHF and NADPH degradation by
monitoring the depletion of absorbance for each substrate, in-
cubating it individually with DfrB1 lysate. Assays were carried
out in triplicate. The OD measurements were translated in
[NADPH] with the calibration curve, and the data were then
fitted in the model below in Excel using the Solver tool to ex-
tract the parameters V.., Ko.s5, and b, the Hill coefficient, a
measure of cooperativity (Fig. 5a).

Va1,

S| =[S]._y — (¢ — t;_q) —"axt2liz1
[S]; =1[S]i-1 — (2 tl)Kg‘5+[S]f’,]

Protein Purification

Expression of His-tagged proteins transformed in E. coli
BL21(DE3) was carried out as follows. Overnight precultures
of 5 mL were inoculated into 500 mL of Terrific Broth media
containing 50 ug mL ™" kanamycin (Sigma). After initial growth
at 37 °C to an ODgponm 0f 0.6, cells were induced by 1 mM
IPTG (ThermoFisher) and expression was carried out at 30 °C
overnight. The cells were harvested, resuspended in IMAC A
buffer (600 mM NaCl, 50 mM Tris, 1 mM CaCl,, 20 mM imid-
azole, and pH 8), and incubated for 15 min at 4 °C with 0.5 mg
mL™" lysozyme (Sigma). The cells were lysed by sonication and
centrifuged at 16,000 x g (Sorvall SLA-3000) at 4 °C for 20 min.
The supernatant was filtered with a 0.2 um filter, injected onto a
HisTrap FF column (Cytiva), and eluted with IMAC B buffer
(600 mM NaCl, 50 mM Tris, 1 mM CaCl,, 500 mM imidazole,
and pH 8). Buffer exchange and concentration of protein frac-
tions were carried out with Amicon Ultra Centrifugal Filter
Units of either 3 or 30 K molecular weight cutoffs (Fisher), in
50 mM pH 8 potassium phosphate buffer. Pure fractions were
pooled together and concentrated. The exact mass was con-
firmed by the Regional Mass Spectrometry Centre at
Université de Montréal.

Kinetic Characterization Using Purified DfrB

Kinetic assays were performed in a 1 cm pathlength quartz cu-
vette at 27 °C in a Cary 100 Bio UV-Visible (Agilent)
spectrophotometer.
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For the characterization of DHF reductase activity, DHF
and NADPH were quantified as described in the section titled
“Thermotolerance”. During the assays, the initial rate of lin-
ear depletion of NADPH and DHF was monitored in triplicate
at 340 nm (Ae340nm 12,300 M~ em™! (Baccanari et al. 1975))
in 50 mM pH 7 potassium phosphate buffer. Any nonspecific
decrease in absorbance was accounted for by monitoring the
absorbance for the same period in reactions where the purified
enzyme was replaced by buffer. For the determination of Kif ™"
and KY{*P™M, the concentration range of the variable substrate
varied while the second substrate was kept at a concentration
of 50 uM.

For characterization of the TS activity of DfrB-TS, measure-
ments were performed in triplicate in a buffer with 100 mM
Tris, 50 mM f{-mercaptoethanol, and 1 mM EDTA at pH
7.3. The substrate (6R)-5,10-CH,-Hfolate (CH,H4,THF)
was prepared by incubating for 10 min at room temperature
a solution of 2 mM of tetrahydrofolate (THF, Sigma) in
0.038% formaldehyde (Sigma), and dUMP (Sigma) was pre-
pared in the buffer. The assay was monitored at 340 nm
(A&340nm 6,400 M~ cm™ (Spencer et al. 1997)), where the
production of DHF is detected. Any nonspecific decrease in
absorbance was accounted for by monitoring the absorbance
for the same period in reactions where the purified enzyme
was replaced by buffer. For the determination of Ky and
KN(PPH the concentration range of the variable substrate var-
ied while the second substrate was kept at a concentration of
either 40 or 50 uM.

Data were fitted to the Michaelis-Menten equation using
nonlinear regression analysis GraphPad Prism version 7 for
Mac (GraphPad Software, San Diego, CA, USA, Table 1).
Standard deviation is shown.

For the assay following the bifunctional activity of DfrB-TS
(supplementary figure S21, Supplementary Material online),
the substrates were prepared in a buffer with 100 mM Tris,
50 mM f-mercaptoethanol, and 1 mM EDTA at pH 7.3.
Absorbance was monitored at 340 nm for 10 min for different
combinations of 80 pM CH,H,THF, 50 pM NADPH, and
50 uM dUMP mixed with the enzyme.

Size Exclusion Chromatography

The oligomerization states of the DfrB homologs were ana-
lyzed using analytical SEC with an AKTA fast protein liquid
chromatography system (Table 1). The 2.4 mL size exclusion
column (Superdex 200 Increase 3.2/300, Cytiva) was cali-
brated with the Cytiva Gel Filtration Calibration Kit and
with lysozyme (Fisher). Injections of 10 pL of protein at
3 mg/mL (corresponding to concentrations ranging from 70
to 365 pM) were applied to the column equilibrated with
50 mM potassium phosphate, pH 8, at a flow rate of
0.075 mL min~"'. Each protein was injected in triplicate.

Supplementary material

Supplementary material is available at Molecular Biology and
Evolution online.
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