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The rate of protein functional elucidation lags far behind 
the rate of gene and protein sequence discovery, leading to 
an accumulation of proteins with no known function1. To 

address this problem, a call for community action was launched in 
2004 for the annotation of genes of unknown function in microbial 
genomes2. The same year, a complementary call was published to 
associate at least one protein with each orphan enzymatic activity3. 
Despite these efforts, the problem has expanded as genome and 
metagenome sequencing projects have unleashed a deluge of gene 
and protein sequences with the arrival of next-generation sequenc-
ing technologies. Faced with such a seemingly insurmountable task, 
comparative genomics was proposed as the most effective strategy 
to predict functions for unknown proteins and genes for orphan 
activities4. Meanwhile, the structural elucidation of representa-
tive members of protein families, thanks to the Protein Structure 
Initiative, has opened up new opportunities for exploring protein 
function5. These two approaches are instrumental parts of the US 
Enzyme Function Initiative, an effort to address the challenge of 
assigning reliable functions to enzymes discovered in bacterial 
genome projects6,7. However, this project currently focuses on only 5 
superfamilies representing approximately 100 Pfam families8. Pfam 
itself contains over 13,600 families, among which more than 3,000 
families are of unknown function. Deciphering the role of these 
proteins would require a broader community-wide approach, with 
the development of high-throughput experimental pipelines guided 
by bioinformatics9. An additional difficulty, often underestimated, 
is that having a function assigned to a representative of a family does 
not guarantee that all of the other members of the family will have 
the same function10,11.

Conversely, a number of biochemically known functions are 
yet to be associated to a protein family. Indeed, out of the 4,997 

Enzyme Commission (EC) numbers presently formalized by the 
Nomenclature Committee of the International Union of Biochemistry 
and Molecular Biology, 1,113 (22.3%) are sequence orphans12. We 
had previously discovered an initial association between a protein 
member (called Kce) and an enzymatic activity that was a sequence 
orphan13. This activity is involved in the lysine fermentation path-
way and catalyzes the condensation of β-keto-5-amino-hexanoate 
(KAH (1)) and acetyl-CoA to produce aminobutyryl-CoA and ace-
toacetate. Recently, we resolved the three-dimensional structure of 
the Kce protein in presence of its substrate (i.e., KAH) and proposed 
a reaction mechanism14. Interestingly, Kce belongs to a Pfam family 
defined by the presence of a conserved domain of unknown func-
tion (DUF849), which contains over 900 proteins that are almost all 
of bacterial origin. Indeed, not all of the host organisms are capable 
of fermenting lysine, and some organisms contain several homologs 
of DUF849 proteins. This suggests the existence of a set of diverse 
biochemical reactions catalyzed by the different members of the 
family. Thus, DUF849 represented a good case study for the discov-
ery of new activities within a family of unknown function.

Here we bring our contribution to the functional annotation 
challenge by presenting an integrated strategy that combines bioin-
formatics methods and experimental procedures (Supplementary 
Results, Supplementary Fig. 1). We applied this strategy to explore 
the functional diversity of the DUF849 family. First, we established 
a generic chemical reaction that could correspond to the studied 
family, along with a list of potential substrates. On the basis of clus-
tering into a priori isofunctional subfamilies, we selected a set of 
representative proteins for a high-throughput all-against-all enzy-
matic screening. We also performed a structural and computational 
analysis of active sites, including homology modeling and substrate 
docking, to interpret the diversity of activities found within this 
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Millions of protein database entries are not assigned reliable functions, preventing the full understanding of chemical diver-
sity in living organisms. Here, we describe an integrated strategy for the discovery of various enzymatic activities catalyzed 
within protein families of unknown or little known function. This approach relies on the definition of a generic reaction con-
served within the family, high-throughput enzymatic screening on representatives, structural and modeling investigations and  
analysis of genomic and metabolic context. As a proof of principle, we investigated the DUF849 Pfam family and unearthed 
14 potential new enzymatic activities, leading to the designation of these proteins as b-keto acid cleavage enzymes. We 
propose an in vivo role for four enzymatic activities and suggest key residues for guiding further functional annotation.  
Our results show that the functional diversity within a family may be largely underestimated. The extension of this strategy to 
other families will improve our knowledge of the enzymatic landscape. 
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family and to identify the structural elements responsible for speci-
ficity and promiscuity. Finally, we explored genomic and metabolic 
contexts, along with classical biochemical characterization, to reveal 
the in vivo role of some discovered activities.

reSUlTS
From protein family to activity family
At the time of writing, DUF849 contained 922 proteins. We reduced 
this set because of the poor alignment quality of several sequences. 
The remaining 725 proteins are mostly present in bacteria, covering 
at least ten phyla, mainly Proteobacteria (Supplementary Fig. 2). 
For the vast majority of proteins, the DUF849 domain covers almost 
the totality of the sequence.

A multiple sequence alignment (MSA) of the 725 protein 
sequences showed highly conserved amino acids across the family 
(Supplementary Data Set 1). We found that eight amino acids 
located in the active site pocket, with respect to Kce structure, are 
conserved in 66% of the DUF849 proteins. We interpreted this 
good conservation in light of the three-dimensional structure of 
the Kce protein, mutagenesis experiments and the Kce reaction 
mechanism14 (Fig. 1). The five most crucial of the active site amino 
acids, conserved in 86% of the family, are His46, His48 and Glu230, 
which are responsible for the coordination of a metal ion, and the 
Asp231–Arg226 charge-relay dyad involved in the abstraction of 
the pro-S proton from the C2 of KAH (1), which is mediated by 
a catalytic water molecule. Mutations in two of these five crucial 
residues lead to an inactivation of the Kce enzyme14 and of the two 
other mutants we tested in this work (Fig. 1a). The three other 
residues are not strictly conserved in the family: Glu143 is hypo-
thesized to be involved in the network of interactions that hold the 
catalytic water molecule in position14, and Ser82 and Thr106, two 
uncharged hydrogen donors, stabilize the β-keto acid moiety of 
the charged KAH reaction intermediate through hydrogen bonds. 
Mutants for two of these three residues result in a decrease of the 
catalytic efficiency of the Kce enzyme14 (Fig. 1a). The observa-
tion of these eight highly (but not perfectly) conserved key amino 
acids around the β-keto acid moiety in the active site strongly 
suggests that the reaction mechanism could be conserved in all 
the enzymes of the family involving substrates similar to KAH,  
i.e., with a β-keto acid moiety. We thus hypothesized a generic 
reaction type for all of the proteins of the family, involving the con-
densation of a β-keto acid with acetyl-CoA to produce a CoA ester 
and acetoacetate (Fig. 1b). We then named the family ‘BKACE’ for 
β-keto acid cleavage enzyme.

Seventeen candidate substrates that would fit this generic reac-
tion (i.e., β-keto acids or β-amino or β-hydroxy acids that could 
act as possible precursors) were then selected from metabolic 
databases15,16 and commercial resources (Supplementary Note 1). 
The selected substrates cover most of the diversity of the available 
metabolic β-keto acids (Fig. 2).

High-throughput enzymatic activity screening
We guided the selection of proteins representative of the functional 
diversity of the BKACE family by a partition of the family into puta-
tive isofunctional subfamilies. We implemented a bioinformatics 
strategy integrating various data sources, such as protein sequence 
similarity and phylogenetic analyses, as well as two new methods, 
one based on genomic context17 and the other based on structural 
classification of active sites by the active sites modeling and cluster-
ing (ASMC) method18. Aggregated information from each of these 
methods was compiled by a cluster ensemble approach19, as illus-
trated in Supplementary Figure 3. It yielded 32 ‘consensus’ sub-
families with sizes varying from 3 to 130 proteins (Supplementary 
Data Set 2). Supplementary Figure 4a–c illustrates the coverage of 
the 725 BKACE proteins by the ASMC and genomic context (GC)  
clusters as well as by the cluster ensemble subfamilies.

Among the 322 candidate proteins (Supplementary Data Set 3), 
we successfully cloned 163 in an expression vector using our plat-
form facilities. Out of these, 124 can be reproducibly overexpressed 
using SDS-PAGE. Supplementary Table 1 provides explanations 
of cloning and expression failures for candidate proteins. These 
proteins still cover most of the diversity of the family and lead to 
a final coverage of at least one protein expressed for 24 of the 32 
subfamilies (75%) (Supplementary Fig. 4d,e). When possible, we 
tested both forward and reverse reactions for the 17 candidate com-
pounds (Fig. 2). For simplicity, we will refer by default to the β-keto 
acid transformation in the following text. We performed all of the 
experi ments in duplicate. Because the amount of overexpressed 
proteins in cell lysates varied from protein to protein, activity values 
were not directly comparable between proteins. Using an activity 
measure distribution–based threshold, we qualitatively determined 
which proteins were likely to be active on a given substrate. The pre-
process data are in Supplementary Data Set 4. We then tested for 
putative reactions in an all-enzyme versus an all-substrate screen. 
Enzymatic activities were observed for 15 of the 17 different pro-
posed reactions (some in both forward and reverse directions), and 
80 of the 124 proteins tested (65%) present an activity for at least one 
substrate (Fig. 3). Two substrates (4-hydroxybenzoylacetate (14) and 
2-formamidobenzoylacetate (17)) gave enzymatic screening results 
that were not very reliable, and we did not analyze them further.  
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Figure 1 | The bKAce active site pocket and reaction. (a) outline of the 
active site of the putative common core of the DuF 849 family based on 
the Kce structure. The colored rectangles indicate the highly conserved 
residues in the whole DuF 849 family, and the percentage of amino acid 
conservation is given. red and blue rectangles indicate the five crucial 
residues and the three important residues for the reaction mechanism, 
respectively. Stars indicate the residues analyzed by mutagenesis on  
Kce protein. red stars indicate that the mutation resulted in an inactive 
enzyme, whereas blue stars report a decrease in the catalytic efficiency.  
(b) a postulated generic reaction that could be catalyzed by the whole 
protein family. Color coding indicates the way in which the atoms are 
exchanged in the reaction.
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Results were quite similar between the two enzymatic tests for 
forward and reverse reactions, showing that the experiment is 
highly reproducible. We observed a strong association between 
consensus subfamilies and measured activities (corrected Fisher 
tests, most P values <0.05; Supplementary Table 2). This clearly  
indicates that our integrated bioinformatics strategy successfully 
separated the family into distinct isofunctional subfamilies.

Prediction of key residues responsible for specificities
As templates for homology modeling, we used the protein Kce14 plus 
six other protein structures belonging to this family. These addi-
tional structures were neither crystallized with a ligand nor func-
tionally annotated in any way and were deposited in the Protein Data 

Bank (PDB) as part of the Protein Structure Initiative. We divided 
the ‘active site hierarchical tree’ into seven main groups (referred to 
as G1 to G7), each containing between 50 and 156 sequences (Fig. 4 
and Supplementary Data Set 5). Amino acid sequence identities 
were moderately conserved within a group and were more distant 
between groups (Supplementary Table 3). Moreover, this struc-
tural partition is in agreement with the phylogenetic tree, except for 
some proteins of groups G2, G3 and G7, and suggests structural and 
evolutionary relationships that led to the functional diversification 
of the family (Fig. 3 and Supplementary Fig. 4a). The observed 
discrepancies are linked to the differences between the two meth-
odologies: one relies on a functional base by gathering common 
active sites, and the other relies on global evolutionary relationships 
among sequences (Supplementary Note 2).

We projected linearly the three-dimensional superposition of 
active sites belonging to the same group to form conservation pat-
terns (represented by logo sequences on Fig. 4 and Supplementary 
Fig. 5). For four of these groups (G1, G2, G4 and G5), the eight 
important residues are conserved (except for a subset of G5, which 
shows a glycine in position 10 in the active site pattern). The speci-
ficity of each group can be explained by one or several specific 
residues (specificity-determining positions (SDPs)) that are not 
conserved in the other groups at the same position in the active site 
pattern. Indeed, a strong correlation was found between the nature 
of the transformed compounds and our classification (Fig. 3). 
Almost all of the proteins from G1 transform hydrophobic and non-
charged polar substrates, whereas G4 and G5 proteins catalyze only 
negatively and positively charged substrates, respectively. In some 
cases, proteins of a group show high substrate specificity, such as 
those from G2 that catalyze almost exclusively the transformation 
of KAH or those from G6 that act exclusively on β-ketoglutarate 
(4). In contrast, we detected various enzymatic activities in G3. 
Finally, the proteins from G7 do not transform any of the tested 
substrates. Notably, proteins from G1, G3, G4 and G5 transformed 
the 6-acetamido-β-ketohexanoate (7). The polarizable character of 
this substrate makes it a potential substrate for different types of 
active sites (electronegative or electropositive).

To explain how the presence of SDPs could be linked to the activ-
ity specificities in groups, we ran in silico docking simulations to 
position the substrate in the pocket (Fig. 4). In parallel, we ana-
lyzed the potential plasticity of the active sites to describe how some 
groups are strictly specific or, inversely, how some can catalyze a 
wide range of reactions. Enzymes from G4 are capable of trans-
forming β-ketoadipate (3) and β-ketoglutarate. In our model of 
association, β-ketoadipate is stabilized by the SDP arginine found in 
position 8 (for about two-thirds of the G4 sequences) or in position 9  
(for the remaining third) in the active site pattern. The active site 
can easily accept smaller substrates, such as β-ketoglutarate, owing 
to the flexibility of the active site loop14, which carries the SDP argi-
nine residue and surrounds the active site. In contrast to G4, G6 
proteins catalyze the acetoacetate formation in the forward reaction 
only with β-ketoglutarate. Moreover, additional biochemical exper-
iments have shown that acetyl-CoA is not required for this reac-
tion. This suggests that G6 enzymes catalyze the decarboxylation 
of β-ketoglutarate and are not, in fact, BKACEs. The absence of the 
catalytic residues (i.e., aspartate and glutamate in position 21 and 
14, respectively) supports the fact that G6 is not a BKACE. Docking 
simulations have also shown that the position of the β-ketoglutarate 
in G6 enzymes is quite different from that in the other β-keto acids 
docked into the other BKACEs (Fig. 4). Experiments have shown 
that the other group (i.e., G4) that catalyzes a BKACE reaction on 
β-ketoglutarate and contains the eight essential amino acids does 
not perform the simple decarboxylation into acetoacetate.

G5 enzymes catalyze the transformation of dehydrocarnitine (2) 
and, infrequently, KAH (1). In most of the G5 enzymes, our model 
of association shows that the SDP aspartate, found in position 9 in 
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the active site pattern, could interact with the dehydrocarnitine. In 
contrast to G5, G2 has a SDP glutamate in position 2 that forms 
a very specific interaction with KAH14. Another specificity of G5 
is the presence of a strictly conserved SDP cysteine in position 16, 
which is part of the acetyl-CoA binding pocket; this cysteine does 
not seem to be involved in substrate selection (Supplementary 
Fig. 6). In the G1 group, a cap domain is present on the top of 
the active site and largely increases its size, which makes interac-
tions easier with hydrophobic substrates of any size, including 
β-ketopentanoate (8) and β-ketododecanoate (9). Furthermore, the 
SDP of G1, which is an isoleucine in position 2, is in a key position 
at the edge of the active site for selecting hydrophobic substrates. 
G1 enzymes also show affinities for nonionic polar substrates such 
as 3,5-dioxohexanoate and 5-hydroxy-β-ketohexanoate. The polar 
residues found on the flexible loop (positions 6 to 9 in the active 
site pattern) probably attract these compounds. G3 has the partic-
ularity of containing a mixture of ASMC subgroups, from which 
a common active site pattern could not be precisely determined. 
Some members of G3 did not transform any tested substrate, which 
was probably due to the absence of a key residue in position 10. 
Other G3 proteins, which share structural similarities with G4 
or G1, transform either β-ketoadipate or hydrophobic substrates 
(Supplementary Note 3). Proteins from G7 do not display activities 
toward any of the tested substrates; all of the sequences from this 
group are missing at least one of the eight important residues for 
catalyzing the BKACE reaction (an explanation of the heterogene-
ity of G3 and G7 is in Supplementary Note 4). Consequently, G7 
proteins are probably not BKACE enzymes. This hypothesis is sup-
ported by the recent discovery of a cis-epoxysuccinate hydrolase20,21, 
an enzyme of the G7 group.

In light of these observations, it seems clear that proteins con-
taining the eight conserved amino acids important for the reaction 
mechanism of the original Kce have the expected BKACE activity. 
We thus propose an active site consensus pattern (i.e., a BKACE pat-
tern) for active enzymes, ‘--HH[ST]----[STG]---E----RED’, which 
can be used as a filter to discriminate BKACE from non-BKACE 
proteins in the family. In our biochemical study, the majority (66 out  
of 84) of the enzymes that fit this pattern show BKACE activity  

(Supplementary Table 4). The ‘inactive’ enzymes that do have the 
BKACE pattern (18 out of 84) are distributed equally in the five 
BKACE groups. For ~50% of the cases, we found an experimen-
tal or statistical explanation for failures. For the other 50%, it is 
impossible to rule out that the appropriate substrate was not tested 
(Supplementary Table 5). However, these 18 proteins are generally 
phylogenetically closed to groups of enzymes that show a common 
profile of activity. Thus, it is likely that these 18 cases would catalyze 
the same reaction as the group to which they belong. We emphasize 
that one should interpret the screening results as a whole and not on 
a one-to-one basis. In some particular cases, we detected an activity 
on BKACE pattern-free members (Supplementary Table 4).

From our initial set of 725 sequences, 470 (i.e., 65%) belong to 
five groups (G1, G2, G3, G4 and G5) that have the consensus pat-
tern and thus are expected to perform BKACE activity. We found 
non-BKACE proteins (35%) exclusively in G6 and G7 and in a sub-
set of G3. The G2 group that has the original Kce activity represents 
only 7% of the DUF849 family, indicating that the actual functions 
attributed to this family were largely underestimated.

These results are consistent with the observed activities within 
the family (Supplementary Fig. 4f). Furthermore, our structural 
analysis revealed important positions in the active site that are prob-
ably responsible for function specificity. These key residues (SDPs) 
are located in position 2 (with isoleucine, glutamate and glycine for 
G1, G2 and G5, respectively), position 8 or 9 (with arginine for G4 
and aspartate for G5) or position 16 (with cysteine for G5). They 
may be used as markers to help the specific functional assignment 
of new BKACE family members. This structural classification into 
seven groups was used as a starting point for a deeper investigation 
of the in vivo roles of the BKACEs.

Discovery of new metabolic functions
We conducted an exhaustive genomic context analysis on the entire 
family to detect which in vitro functions could be associated to a 
cellular role. For each of the Genomic Context clusters (GCclusters) 
(Supplementary Data Set 2), we analyzed the BKACE neighbor gene 
functions to find metabolic pathways where BKACE activity may 
occur. In parallel, enzyme kinetics characteristics were determined  
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for selected enzymes, representatives of BKACE groups in various 
genomic contexts (Supplementary Table 6).

G2 contains the Kce protein (BKACE_267) of Candidatus 
Cloacamonas aminovorans22, which was previously demonstrated 
to catalyze the cleavage of KAH in the context of lysine fermen-
tation13. This protein has a catalytic efficiency over 104 M−1 s−1 for 
KAH, whereas no transformation has been detected for other sub-
strates. Among all BKACEs of G2, a large proportion (48 out of 50) 
is found in organisms where most, if not all, of the genes necessary 
to ferment lysine are also present. This evidence suggests that G2 
BKACEs are Kce proteins involved in lysine fermentation.

Almost all of the tested proteins from group G5 respond posi-
tively to the enzymatic screening with dehydrocarnitine as substrate. 
A large majority of these proteins (~70%) share a common genomic 
context with a conserved pattern composed of two additional colo-
calized genes encoding a carnitine dehydrogenase and a thiolase. 
In some organisms, these two genes are fused23. In Pseudomonas 
aeruginosa, which contains this basic pattern, a genomic region 

containing the carnitine dehydrogenase gene along with several 
other genes is identified24.

However, the carnitine degradation pathway is not fully under-
stood. Here, we show that one of these genes encodes a BKACE, 
which catalyzes the condensation of dehydrocarnitine and acetyl-
CoA into acetoacetate and betainyl-CoA. This latter compound 
is then cleaved into betaine and coenzyme A via the previously 
mentioned thiolase. Biochemical studies on three BKACEs of the 
group G5 have shown that two of them metabolize dehydrocarni-
tine with kcat/KM ~104 M−1 s−1 (Supplementary Table 6a), which is 
a consistent value for most of the enzymes in the presence of their 
physiological substrates25. Their catalytic efficiencies are lower 
when KAH or β-ketohexanoate (11), which is nonpolar, are used 
as substrate (Supplementary Table 6a). In a few organisms, this 
carnitine degradation route could be part of two larger pathways 
for the γ-butyrobetaine degradation (Fig. 5a). First, an additional 
gene encoding an α-ketoglutarate–dependent dioxygenase may be 
present as in Burkholderia ambifaria and would lead to the direct 

G1 BKACE
Hydrophobic and noncharged polar substrates

Cap domain

Ile in P2

G7 proteins: not BKACE

No SDP

No SDP

G6 enzymes: not BKACE
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Figure 4 | Dividing the bKAce family into groups of similar active sites. The active site tree of the 725 sequences was generated by the aSMC method. 
The number of sequences belonging to each group is written at the bottom of each subtree. The nature of the active substrates is indicated below the 
BKaCE group name. a sequence logo represents the conservation of the active site residues. Salmon-colored arrows indicate SDPs both in the active site 
pattern and in the three-dimensional models. For G3 and G7, no SDP was found as these groups do not show conservation. no models for G3 and G7 are 
presented as the activity within G3 is various, and G7 proteins do not show proper BKaCE activity. Models of association between a representative BKaCE 
for each group with one of the active substrate are drawn as follows: G1 with β-ketododecanoate; G2, crystal structure of Kce with KaH (1)14; G4 with  
β-ketoadipate (3); G5 with dehydrocarnitine (2) and G6 with β-ketoglutarate (4). In most of the G5 enzymes, one loop was difficult to model, explaining 
the low conservation of residues around position 9 in the logo. For G6, the position of the β-ketoglutarate (4) is quite different from that in the other 
β-keto acids docked into the other BKaCEs. Glu in P6 pushes away the substrate, which then occupies the acetyl-Coa pocket, preventing the interaction 
with the Zn. Consequently, Zn cannot stabilize the keto-acid moiety and prevent the formation of a cyclic six-atom transition state, which is the first step 
of decarboxylation.
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 conversion of γ-butyrobetaine into carnitine23 (Fig. 5a). We validated 
this pathway in vitro. Indeed, by means of a single LC/MS–based 
assay, we identified various compounds produced by the recon-
stituted metabolic pathway using the accurate mass and retention 
time of commercial standards. In the positive ionization mode, car-
nitine was detected at 162.11183 Da at 9.15 min (162.11186 Da and 
9.24 min for the standard); betaine was detected at 118.08581 Da at 
7.39 min (118.08578 Da and 7.33 min for the standard); and finally 
coenzyme A was detected at 768.11935 Da at 9.01 min (768.11967 
Da and 8.96 min for the standard). In negative ionization mode, 
succinate was identified at 117.0199 Da at 9.11 min (117.01977 Da 
and 8.76 min for the standard). These compounds were absent in 
the negative control. In conclusion, we confirmed the identity of 

these metabolites, validating in turn the involvement of each gene in 
the degradation of γ-butyrobetaine (Fig. 5a). Second, an alternative 
route may occur using a set of three genes26 (Fig 5a). All of these 
data are in agreement with the role of G5 BKACEs in dehydrocarni-
tine cleavage. These pathways are found in about 110 organisms in 
which a G5 BKACE is present.

The enzymatic screening of G4 BKACEs reveals that they metabo-
lize preferentially negatively charged compounds (i.e., β-ketoadipate 
and β-ketoglutarate). By studying their genomic context, we found 
that a BKACE from Ralstonia eutropha H16 (BKACE_378) colocal-
ized with genes involved in catechol catabolism to β-ketoadipate. 
This latter compound is known to be incorporated in the central 
metabolism via a two-step conversion, which leads to succinate and 
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acetyl-CoA and involves catIJF27 (Fig. 5b). These corresponding 
genes are absent in the R. eutropha H16 operon and are replaced by 
a BKACE. Biochemical studies confirm that BKACE_378 preferen-
tially metabolizes β-ketoadipate with the formation of acetoacetate 
and succinyl-CoA (Supplementary Table 6a). Thus, it is likely that 
the in vivo role of this BKACE is the degradation of β-ketoadipate 
through an alternative pathway (Fig. 5b). Likewise, this function can 
be extended to other G4 BKACEs (i.e., GCcluster 4, which contains 
exclusively 23 Alphaproteobacteria BKACEs). In their genomes, we 
found conserved syntenies with genes encoding the two subunits 
of a protocatechuate 3,4-dioxygenase, a 3-carboxy-cis,cis-muconate 
cycloisomerase and a β-ketoadipate enol-lactonase. These enzymes 
are involved in a second pathway of aromatic compound degrada-
tion via protocatechuate to β-ketoadipate.

G1 BKACE screening shows large substrate promiscuity for 
hydrophobic compounds. This enzymatic activity diversity is also 
reflected by the various genomic contexts that we observed. One 
of them (BKACE_274), found in Burkholderia graminis C4D1M, 
presents a synteny conservation of four genes (Fig. 5c and 
Supplementary Data Set 2). During the synthesis of fatty acids, 
acetoacetyl-ACP is synthesized from acetyl-CoA and malonyl-
CoA. When NAD(P)H is available, fatty acid synthesis is carried 
out by the canonical pathway. However, if the NAD(P)H concen-
tration is limited, the acetoacetyl-ACP is transformed to triacetic 
acid ACP by the fatty acid synthase28,29. This product is then trans-
formed spontaneously into triacetic acid lactone. At this stage, fatty 
acid biosynthesis is stopped. The observed synteny with a puta-
tive gluconolactonase suggests that the lactone could be cleaved 
into 3,5-diketohexanoate and then converted to acetoacetyl-CoA 
by a BKACE. Thus, acetoacetyl-CoA may be transacetylated into 
acetoacetyl-ACP (Fig. 5c). In this hypothetic pathway, BKACE 
activity would rescue the fatty acid biosynthesis when the reducing 
power is low. Biochemical studies carried out with acetoacetate and 
acetoacetyl-CoA as substrates show a notable catalytic efficiency of 
BKACE_274 on acetoacetyl-CoA (kcat/KM is 5.7 103 M−1 s−1), which 
is in agreement with this proposed metabolic role. Beside, some 
G1 BKACEs show enzymatic activities with β-ketoisocaproate (9).  
This result could indicate a role in a pathway for the conversion 
from leucine to valine through β-ketoisocaproate30. Unfortunately, 
we did not find corresponding genomic contexts.

Among the non-BKACE proteins (G7, G6 and a subset of G3), 
we only observed a β-ketoglutarate decarboxylation activity for G6 
proteins. Their genomic context analysis shows synteny conserva-
tion with genes encoding aminotransferases and could indicate a 
pathway for the degradation of β-amino acids via β-keto acids.

DiScUSSiON
As far as we know, no integrated study dedicated to the character-
ization of an entire enzymatic family has been published before 
our work. We extrapolated knowledge based on a single member’s 
function to the whole family by using new inference methods. Our 
family partitioning approach, based on the cluster ensemble algo-
rithm, captures diverging and converging information from differ-
ent sources and is fully automatic. In contrast, the literature only 
includes functional investigations carried out on simple selections 
of representatives based on phylogenetic trees.

The general modus operandi behind the strategy presented here 
could be adapted and improved to explore the functional diversity 
of other families. To be applied, our approach needs at least one 
known enzymatic activity in a family. The reaction generalization is 
an important point as only compounds derived from this general-
ized reaction will be tested for an activity. The hypothesis is that the 
majority of the proteins of a family would catalyze reactions that fit 
with the defined generic transformation. The more favorable situa-
tion would be to have structural evidence that gives clues about the 
reaction mechanism. Thus, the conservation of catalytic residues 

can be verified within the family to further confirm that the reac-
tion may also be conserved. In less favorable cases, a reaction gener-
alization could be attempted by determining conserved amino acids 
in the family using the ASMC method. Then, the diversity of the 
family can be estimated by the characterization of the SDP residues. 
In parallel, the genomic context method can be used to compute the 
number of different genomic organizations, which may give clues 
about the diversity of physiological functions within the family.

It is thus our hope that this approach will be of use in extending 
knowledge of enzyme families both old and new. We estimate that 
a couple of hundred families of unknown function could be investi-
gated by our strategy using protein or domain families of unknown 
function from Pfam (A and B sections) and UniProt31. 

received 12 July 2013; accepted 2 October 2013; 
published online 17 November 2013

MeTHODS
Methods and any associated references are available in the online 
version of the paper.
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ONliNe MeTHODS
Sequence selection. Though DUF849 is part of the curated component of 
Pfam, meaning that the initial seed alignment was revised by an expert cura-
tor, the aggregated set of proteins was not submitted to expert analysis. We 
examined a MSA of proteins from the family (built using MAFFT33, with 1,000 
iterations and the genafpair option) and removed several proteins from the 
subsequent analysis, deemed as incorrect additions because of poor alignment 
quality. Finally, only 725 proteins remained.

BKACE subfamilies. Several bioinformatics data sources were used and led to 
the creation of a ‘primary’ clustering of the selected DUF849 proteins.

‘SIM’ clusters. All protein-versus-protein alignments were calculated with 
gapped BLASTp and the BLOSUM62 scoring matrix. Results were parsed into 
a 725 × 725 similarity matrix, using the −log10 of the hit e values (note that  
e values were averaged in the case of multiple HSPs; <2.5% of protein-protein 
scores were affected by this very rough approximation). The similarity matrix 
was then filtered, removing low values (threshold 50) before being rendered 
symmetric. A distance matrix was then derived from it and passed to the basic 
complete linkage algorithm available in R. The resulting tree was cut to build 
the SIM clustering.

‘PHYLO’ clusters. A MSA for the 725 DUF849 proteins with QuickTree32 
established a phylogenetic tree (1,000 bootstraps, kimura option for the trans-
lation of pairwise distances). This tree was then inspected and cut, taking into 
account bootstrap values.

‘SCIPHY’ clusters. These clusters built and automatically cut another phy-
logenetic tree. Sci-Phy34 software processes the same MSA, using the options 
‘-dist tre -subfam ecost’ to build and cut the tree into Sci-Phy clusters.

‘ASMC’ clusters. These used the ASMC method18 to group proteins with 
similar active sites.

‘GC’ clusters. These used a new genomic-context clustering method focused 
on grouping proteins according to the conserved syntenies17. The protocol used 
to derive DUF849 protein clusters based on genomic context sharing combines 
the calculation of local syntenies with a similarity graph-clustering method. 
Syntenies containing DUF849 proteins were isolated using the Syntonizer soft-
ware on the protein sequences encoded by genes included within a 10,000-bp 
window around the DUF849-coding genes (which typically captured an aver-
age of ten genes), with protein similarities being calculated with BLASTp, as 
previously presented. Similarities were restricted to those presenting more 
than 30% identity over at least 80% of the length of the smallest of two com-
pared sequences, and only syntenies including at least three proteins, and never 
more than three successive gaps, were kept. Between each pair of DUF849-
encoding genes, we chose as a similarity measure the number of genes included 
in any syntenies between them (with an imposed maximum of 20 to limit 
bias introduced by closely related organisms), counts that we rendered sym-
metrical by averaging to counter the inherent dissymmetry of both the BLAST 
and Syntonizer algorithms used. These counts were parsed into a 725-node 
similarity graph where each node represents a DUF849 gene and its neighbor-
hood. This graph was iteratively filtered, removing below-weight-threshold 
edges and below-degree-threshold nodes until stabilization (thresholds were 
set empirically to the following values: minimal edge weight = 4, minimal 
node degree = 3). This allowed us to render the graph more robust in respect 
to the nontransitiveness of synteny gene counts between neighborhoods. 
Furthermore, the filtered graph was then submitted to a spectral clustering 
algorithm, with the largest clusters being iteratively subclustered, to obtain 
final genomic context clusters.

However, each clustering method led to different results, and simply tak-
ing the Cartesian product would result in highly granular and uninformative 
clustering. To properly integrate the previous clustering into single consensus 
subfamily-defining clustering, we used methods from the cluster ensembles 
statistical framework19. We used the R package ‘clue’ to integrate our clustering 
results. This package allows the assignment of different weights to the primary 
clustering results to give them more or less influence on the final consensus. 
We manually assigned the following weights: Genomic Context, 2.00 × fraction 
of non-NAs; Sci-Phy, 0.33 × fraction of non-NAs; SIM, 0.66 × fraction of non-
NAs; Phylo, 0.33 × fraction of non-NAs; ASMC, 0.67 × fraction of non-NAs.

Non-clustered DUF849 proteins (NAs) for each classification were each 
assigned to their own newly formed singleton cluster to fit processing require-
ments. Clue offers several different methods for combining numerous clus-
tering results, varying in how they measure distances between clusterings, 

in whether the result is a partition or a ‘soft’ (probabilistic) clustering and 
in algorithms. In this work, we used a ‘hard’ (to obtain deterministic cluster 
assignments) Manhattan distance–based method (to exaggerate disagreements 
between primary clusterings, as these can be seen as particularly informative), 
aiming for approximately 40 clusters.

Statistical analysis of enzymatic activities. Activity preprocessing. As the quan-
tity of DUF849 protein in each set of protein wells could not be controlled 
precisely, activity measures cannot be readily compared between proteins of 
different origin. However, it is possible to extract from the data the binary pres-
ence or absence of a given activity for each protein using a mixed distribution 
approach. We hypothesize that each protein can be either active or inactive for 
a given activity, independent of its other activities or inactivities. Owing to the 
noncomparability of measures, when a protein is active on a given substrate, 
the measure can be modeled as coming from a wide uniform distribution 
across many possible values. When a protein is inactive on a given substrate, 
the measure is taken from a normal distribution centered on 0 or a value close 
to 0. Fitting such a mixture of distributions to the data for each activity, it is 
then possible to establish a cutoff for the measures, thus separating actives from 
inactives. The mixture of two distributions was fitted in R using the fixmix 
function from the package ‘mixdist’. Unfortunately, mixdist does not support 
mixing different types of distributions (i.e., normal and uniform), so both were 
taken as normal (a normal distribution with a large variance can be assimilated 
to a uniform distribution for our purposes). The distribution with the lowest 
mean was taken as the ‘inactive’ distribution, with the one with the highest 
termed ‘active’. We established a lower cutoff value for distinguishing samples 
from these two distributions by taking the activity level where the ‘active’ distri-
bution is 50× higher than the inactive distribution (Supplementary Fig. 7).

Fisher test. To verify a posteriori that our initial partition of the DUF849 
family is accurate in terms of isofunctionality, we carried out Fisher’s test for 
each activity, crossing the active and inactive partition with the subfamily clus-
ters. Fisher’s test is designed to test for preferential (or avoided) combinations 
of modalities for two categorical variables. In this case, the test’s base hypoth-
esis is ‘there are no preferential nor avoided combinations between active and 
inactive groups and the clusters’. Wherever this hypothesis is rejected, it means 
that globally, there are clusters that are preferentially (or not) active (or inac-
tive) for the given activity. This would indicate that our working hypothesis of 
isofunctional clusters was correct. The Fisher tests were carried out in R using 
the base function ‘fisher.test’. Supplementary Table 2 gives crude and cor-
rected P values (using the Bonferonni Hochberg method for multiple tests).

Structural and modeling analyses of active sites. The set of BKACE proteins 
was separated into 7 groups (G1 to G7) on the basis of the spatial positions 
of the amino acids that make up their active sites. The ASMC method18 was 
run over the initial collection of 725 sequences using seven experimentally 
determined structures as templates for homology modeling: the holo form of 
Kce (presented in format PDB code:chain; 2Y7F:A), and six uncharacterized 
proteins, determined by the Protein Structure Initiative project, that all belong 
to the DUF849 Pfam family (3FA5:A, 3CHV:A, 3E49:A, 3E02:A, 3LOT:A, 
3C6C:A). Amino acids of candidate models were aligned with the residues 
of the Kce active site and projected linearly to constitute a structure-based 
sequence alignment. These ‘active site’ sequences were subsequently classi-
fied with the COBWEB algorithm35, an incremental system for hierarchical 
conceptual clustering that uses each position of the structure-based sequence 
alignment as supports. The resulting tree is called the ‘active site hierarchi-
cal tree’. BKACE groups were obtained by cutting manually the tree as a func-
tion of the root, except for one branch, which was divided into two groups  
(G2 and G3) depending on the important position 2 in the active site sequence. 
To feed the cluster ensemble approach presented above with a higher diversity 
of active site profiles, ASMC clusters were generated automatically using a cut-
off C = 0.47062. This cutoff was chosen because the more populated clusters 
generated, the better the representation of the BKACE groups created above. 
Eighty-four ASMC clusters were generated. Key amino acids responsible for 
the segregation between the BKACE groups (called SDPs) were detected by 
comparison of the conservation patterns obtained from the groups18.

Models of association with substrates. Substrates (β-ketododecanoate 
(14), β-ketoadipate (3), dehydrocarnitine (2) and β-ketoglutarate (4)) were 
retrieved from the PubChem Compound database (http://pubchem.ncbi.
nlm.nih.gov). For groups G1, G4, G5 and G6, a representative structure was  
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chosen; for G1, BKACE _386 (which corresponds to PDB code:chain 3E49:A); 
for G4, BKACE_14 (i.e., 3FA5:A); for G5, BKACE_291 (model having 56% 
of sequence identity with the closest structure), for G6, BKACE_317 (29% of  
sequence identity).

Constraint-driven docking was used for modeling substrates into the active 
site of a representative of groups G4 and G5. Ballon36 generated an ensemble 
of possible conformations. The conformation that looked most like the KAH 
(1) configuration in the KAH (1)-Kce crystal structure was used for the dock-
ing. Using the Pair fitting wizard of PyMOL1.3 (Schrödinger, LLC), atoms 
of the keto acid moiety were superimposed onto the atoms of the keto acid 
moiety of KAH (1) in the KAH (1)-Kce crystal structure. The structure of the 
representative was then aligned with that of Kce. The system (representative 
and substrate) was then submitted to Steepest Descent energy minimization 
using the MMTK routine from Chimera software37. AMBER parameters were 
used for standard residue. Antechamber was used for assigning partial charges. 
We fixed the maximum number of steps to 5,000 (with a step size of 0.02 Å 
and an update interval of 10); all of the atoms of the enzyme and substrates 
were allowed to move.

Classical docking, using Autodock Vina software38, was performed for 
representatives of groups G1 and G6. Gasteiger charges and nonpolar hydro-
gen atoms were added using AutoDockTools. Side chain protonation states 
assumed a negative charge for aspartate and glutamate, a positive charge for 
lysine and a neutral charge for histidine. For the G1 protein, the docking 
grid encompassed the pocket formed by the cap domain, whereas for the G6 
protein, the docking grid included the entire pocket. The 2+ charge of the Zn 
ion was added to Autodock Vina’s atomic parameters. Protein side chains 
were allowed to move, and all degrees of freedom were possible for the ligand. 
The obtained docking poses were analyzed on the basis of scoring values of 
Autodock’s scoring function. For group G1, the pose with the keto acid moiety 
bound to Zn was selected.

Cloning, expression and enzymatic screening. Construction of the expression 
vectors. Primers were designed using the Primer39 program and chosen to be 
as close as possible to a length of 20 bases and to a melting temperature of 
55 °C and to maintain homogeneous PCR conditions between all amplifica-
tions. The forward primers introduced a His6 sequence in the proteins after the 
initial methionine for purification purposes. Genomic DNA used as the PCR 
templates were prepared by Multiple Displacement Amplification (GenomiPhi 
HY, GE Healthcare) from prokaryote strains mainly purchased from DSM and 
ATCC collections (Supplementary Data Set 2). PCR conditions for the genes 
presenting a GC content >65% were used in a second round40. The ampli-
fied sequences were inserted into pET22b(+) vector (Novagen) modified for  
ligation-independent cloning41, and the sequences of the resulting plasmids 
were verified. Supplementary Data Set 3 presents all of the primers for 
BKACE and the primers for PA5385 and PA5386 from P. aeruginosa and for 
Bamb_4455 from B. ambifaria (strain ATCC BAA-244 / AMMD).

Expression of the recombinant proteins for enzymatic screening. For each con-
struction, the modified pET22b(+) vector was transformed into E. coli BL21 
DE3 pLysE (Invitrogen). Transformed cells were grown in 96-well plates (HT96 
BL21(DE3). Competent cells (Novagen) in 1.6 ml of Terrific Broth medium con-
taining 0.5 M sorbitol, 5 mM betaine and 100 μg/ml carbenicillin at 37 °C until 
reaching an A600 nm of 0.8. Isopropyl β-D-thiogalactopyranoside was added at a 
concentration of 500 μM to induce protein production, and the cells were fur-
ther grown at 20 °C overnight. The cells were washed and suspended in 0.3 ml 
of 50 mM Tris-HCl, pH 7.5, containing 10% (v/v) glycerol, 1 mM Pefabloc SC 
(Roche Applied Science) and 0.2 μl of Lysonase TM bioprocessing reagent 
(Novagen), and then were sonicated using a Branson 2510 sonication water 
bath. After centrifugation, the clarified lysate was analyzed by SDS-PAGE to 
check for recombinant protein production. Protein concentration was deter-
mined by the Bradford method with BSA as the standard (Bio-Rad).

Enzymatic activity screening. Enzymatic activities were screened by test-
ing the potential transformation of each substrate by each candidate protein. 
Depending on compound availability, the enzymatic test was performed using 
as substrates either the β-keto acid and acetyl-CoA (forward reaction) or the 
acetoacetate and CoA ester (reverse reaction). Enzymatic activities were esti-
mated by measuring the initial reaction speed for either acetoacetate produc-
tion (forward reactions) or for acetyl-CoA formation (reverse reactions).

Activity toward (S)-KAH (1) (β-keto-5-aminohexanoate), β-ketoadipate (3), 
β-ketoglutarate (4), 6-acetamido-β-ketohexanoate (7), β-ketopentanoate (8),  

β-ketoisocaproate (9), β-ketohexanoate (11), 7-methyl-β-ketooct-6-enoate 
(12), 4-hydroxybenzoylacetate (16) and 2-formamidobenzoylacetate (17) 
was assayed monitoring acetoacetate formation as previously described14 in 
50 mM Tris-HCl pH 7.5 containing 300 μM NADH, 250 μM acetyl-CoA, 0.035 
U β-hydroxybutyrate dehydrogenase, 0.5 μg of cell lysate proteins and 1 mM of 
substrate. For β-ketopentanoate (8), β-ketoisocaproate (9), β-ketohexanoate 
(11), 7-methyl-β-ketooct-6-enoate (12), 6-acetamido-β-ketohexanoate (7), 
4-hydroxybenzoylacetate (16) and 2-formamidobenzoylacetate (17), the 
substrates were previously prepared from their ester form and transformed 
in situ to their acid form by action of lipase (porcine liver esterase from Sigma-
Aldrich, 0.4 –7 U per μmol of ester, depending on the ester), and then incu-
bated for 30 min at room temperature. The assay reaction conditions were the 
same as those described above except for HBDH (0.035 U). Activity toward 
malonyl-CoA, acetoacetyl-CoA, butyryl-CoA, crotonyl-CoA, isobutyryl-CoA, 
decanoyl-CoA, D/L-3-hydroxy-butyrylCoA, n-propionyl-CoA, benzoyl-CoA, 
hexanoyl-CoA and succinyl-CoA was assayed by continuously monitoring the 
formation of acetyl-CoA according to Moriyama and Srere42, in 50 mM Tris-
HCl, pH 7.5, containing 400 μM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), 
200 μM oxaloacetate, 1 mM acetoacetate, 0.1 U citrate synthase from porcine 
heart, 0.5 μg of cell lysate proteins and 250 μM of substrate.

Cleavage of dehydrocarnitine43 was assayed monitoring CoA-SH forma-
tion using DTNB in a continuous coupled enzymatic assay. Briefly, dehy-
drocarnitine was produced from L-carnitine using the purified L-carnitine 
dehydrogenase from P. aeruginosa (PA5386). After dehydrocarnitine cleav-
age, the resulting betainyl-CoA was cleaved into betaine and CoA-SH using 
the betainyl-CoA thiolase from P. aeruginosa (PA5385). The reactions were 
conducted in 50 mM Tris-HCl, pH 9.0, containing 400 μM DTNB, 250 μM 
acetyl-CoA, 0.26 μg PA5385, 0.26 μg PA5386, 2 mM NAD+, 0.5 μg of cell lysate 
proteins and 50 mM L-carnitine.

All of these reactions were conducted in duplicate experiments, at 25 °C, 
in 384-well plates and in a final volume of 70 μl using a SpectraMax Plus384 
absorbance microplate reader (Molecular Devices). To determine the spe-
cific activity of the β-KACE for each substrate to be tested, two kinetics were 
recorded. The first kinetic was monitored in the presence of the substrate, 
and the second kinetic rate was recorded in its absence. The second kinetic 
was subtracted from the first to correct for background. The rectified rate of 
reaction was then used to calculate the specific activity.

Purification of the recombinant proteins. Cell culture, cell extracts, and pro-
tein purification were conducted as previously reported13.

Enzyme assays for the purified proteins. α-Ketoglutarate–dependent dioxy-
genase activity from B. ambifaria MEX-5 was assayed monitoring the con-
sumption of α-ketoglutarate with the use of glutamate dehydrogenase. First, 
reactions were performed in 200 μl 50 mM HEPES-NaOH, pH 7.6, containing 
5 mM γ-butyrobetaine, 1 mM α–ketoglutarate, 5 mM sodium ascorbate, 1 mM 
(NH4)2Fe(SO4)2 and 23 μg of dioxygenase for 18 h at 25 °C. For the quantifi-
cation of the remaining α–ketoglutarate, 90 μl of the mixture was combined 
with 130 μl 50 mM HEPES-NaOH, pH 7.6, containing 85 mM NH4Cl, 1 mM 
NADH and 4 μg of glutamate dehydrogenase.

For the BKACE reactions involving β-keto-5-aminohexanoate, 
β-ketoadipate, β-ketoglutarate and β-ketohexanoate as substrates, experi-
ments were conducted in 200 μl 100 mM Tris-HCl, pH 7.5, containing 300 μM 
NADH and 0.25 U of β-hydroxybutyrate dehydrogenase. Initial rates were 
calculated using a molar extinction coefficient of 6,220 M−1 cm−1 for NADH 
at 340 nm.

Experiments involving dehydrocarnitine as substrate were conducted as fol-
lows: dehydrocarnitine was prepared enzymatically using L-carnitine and puri-
fied L-carnitine dehydrogenase (PA5386). L-carnitine (30 mM) was incubated 
in 2 ml 50 mM glycine-NaOH buffer adjusted to pH 12.0 in the presence of  
6 mM NAD+ and 50 μg PA5386 for 1 h at 25 °C. The reaction was stopped with 
1% (v/v) trifluoroacetic acid and neutralized with 5 M K2CO3. The concentra-
tion of the synthesized dehydrocarnitine was estimated by the NADH concen-
tration. Dehydrocarnitine was thus used as a substrate for β-KACE in 200 μl 
100 mM Tris-HCl, pH 9.0, containing 450 μM DTNB and varying concentra-
tions of acetyl-CoA, in a coupled assay in the presence of 1.3 μg betainyl-CoA 
thiolase (PA5385). Under these conditions, the rate of formation of CoA-SH 
was strictly proportional to the amount of β-KACE. Initial rates were calculated 
using a molar extinction coefficient of 13,600 M−1 cm−1 at 412 nm.

For the reactions involving acetoacetyl-CoA as substrate, experiments were 
conducted in 200 μl 100 mM Tris-HCl, pH 7.5, in the presence of 450 μM 
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at 275 °C. The metabolites were detected in both the positive and negative 
ionization mode by full-scan mass analysis from m/z 50–1,000 at a resolving 
power of 30,000 at m/z = 400.

Chemicals. Chemicals and enzymes were purchased from Sigma-Aldrich. 
Oligonucleotides were purchased from Sigma-Genosys. The other  
chemicals that were not commercially available were synthesized in house  
(Supplementary Note 1).

DTNB, 500 μM oxaloacetate, 0.1 U citrate synthase from porcine heart and 
varying concentrations of acetoacetate. All of the kinetic parameters were 
determined by varying one substrate concentration while keeping the other 
at a fixed concentration. Kinetic constants were obtained from duplicate 
experiments by nonlinear analysis of initial rates using SigmaPlot 9.0 (Systat 
Software, Inc.). All of the reactions were performed at 25 °C in a Safas UV mc2 
double beam spectrophotometer.

Functional assay of the reconstituted γ–butyrobetaine degradation pathway. 
A multienzymatic assay, combining γ-butyrobetaine dioxygenase, carnitine 
dehydrogenase, BKACE (ASMSG5) and betainyl-CoA thiolase, was set up 
to generate betaine from γ-butyrobetaine. The coupled assay was conducted 
using 1 mM α-ketoglutarate, 5 mM γ-butyrobetaine, 1 mM (NH4)2Fe(SO4)2, 
5 μg carnitine dehydrogenase (PA5386 from P. aeruginosa), 2 mM NAD+, 
800 μm acetyl-CoA, 2 μg BKACE (BKACE 82, ASMCG5) and 1.4 μg  
betainyl-CoA thiolase (PA5385 from P. aeruginosa) in 200 μl 50 mM Tris-HCl  
pH 7.5. Reactions were initiated by the addition of α-ketoglutarate. Two dif-
ferent experiments were set up: in the first, 23 μg γ-butyrotetaine dioxygenase 
(from B. ambifaria MEX-5) was added, whereas in the second one, this enzyme  
was omitted (negative control). The reactions were stopped after 2 h by  
centrifugation on a 3-kDa molecular weight cutoff membrane. The global reac-
tion was monitored by LC/MS in the positive and negative ionization modes.

LC/MS analyses were carried out using a LTQ/Orbitrap mass spectrometer 
coupled to an Accela LC system (Thermo-Fisher). Chromatographic separa-
tion was conducted using a ZIC-pHILIC column (150 × 4.6 mm × 5 μm; Merck 
Chemicals) kept at 40 °C. A mobile phase gradient was used with a flow rate of 
0.5 ml/min, in which mobile phase A consisted of 10 mM ammonium carbon-
ate and mobile phase B consisted of acetonitrile. The gradient started at 20% A 
for 2 min followed by a linear gradient at 60% A for 14 min and finally 8 min 
at 60% A. The entire eluant was sprayed into the mass spectrometer using a 
heated electrospray ionization source (250 °C) at ± 4 kV with sheath, auxiliary 
and sweep gases set at 60, 50 and 0 arbitrary units, respectively. Desolvation 
of the droplets was further aided by setting the heated capillary temperature 
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