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Abstract

Despite intensive research, the cyclodehydratase responsible for azoline biogenesis in thiazole/

oxazole-modified microcin (TOMM) natural products remains enigmatic. The collaboration of 

two proteins, C and D, is required for cyclodehydration. The C protein is homologous to E1 

ubiquitin-activating enzymes, while the D protein is within the YcaO superfamily. Recent studies 

have demonstrated that TOMM YcaOs phosphorylate amide carbonyl oxygens to facilitate azoline 

formation. Here we report the X-ray crystal structure of an uncharacterized YcaO from 

Escherichia coli (Ec-YcaO). Ec-YcaO harbors an unprecedented fold and ATP-binding motif. 

This motif is conserved among TOMM YcaOs and is required for cyclodehydration. Furthermore, 

we demonstrate that the C protein regulates substrate binding and catalysis and that the proline-

rich C-terminus of the D protein is involved in C protein recognition and catalysis. This study 

identifies the YcaO active site and paves the way for the characterization of the numerous YcaO 

domains not associated with TOMM biosynthesis.
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The YcaO/DUF181 (domain of unknown function) family of proteins is currently comprised 

of nearly 5000 members distributed across the bacterial and archaeal domains. Disparate 

functions have been ascribed to members of the YcaO family. In Escherichia coli, the 

deletion or overexpression of the eponymous YcaO protein (Ec-YcaO; Fig. 1A) suggested 

that it potentiated the thiomethylation of ribosomal protein S12 and influenced biofilm 

formation, respectively1,2. However, a molecular explanation for these observations is 

currently unavailable. Another YcaO-associated activity is the ATP-dependent 

cyclodehydration of Ser, Thr and Cys residues to azoline heterocycles, which is the defining 

modification of thiazole/oxazole-modified microcin (TOMM) natural products (Fig. 1A and 

B)3. TOMMs display diverse structures and activities3,4, with some implicated in bacterial 

pathogenesis5, making the ~1000 bioinformatically identifiable TOMM YcaO proteins 

noteworthy members of the larger superfamily.

Although the TOMM YcaO domain was first implicated in cyclodehydration reactions in the 

mid-1990s6, its exact role remains unclear7,8. The function of the TOMM YcaO (D protein) 

is intimately linked to members of the E1 ubiquitin-activating enzyme family (C protein) 

found in canonical TOMM biosynthetic clusters6,9,10. Underscoring this linked function, 

roughly half of known TOMM clusters express C and D as a single polypeptide3,10. Studies 

on both fused and unfused cyclodehydratases have demonstrated that these domains are 

necessary and sufficient for TOMM azoline formation7,11. Consequently, the C–D complex 

is referred to as the TOMM cyclodehydratase (or alternatively, heterocyclase8,10). As early 

studies on the cyclodehydratase were unable to observe activity from either protein in 

isolation6,9,12, the respective contributions of C and D were inferred by bioinformatics. 

Based on the ATP dependence of the reaction13, and the homology of C to members of the 

E1 ubiquitin-activating superfamily10, which includes other ATP-utilizing enzymes (e.g. 

MccB, ThiF and MoeB)14, it was assumed that C was responsible for cyclodehydration, 

while the uncharacterized YcaO (D protein) played a regulatory or scaffolding role9,10.

In 2012, research from our group challenged these assignments with the characterization of 

the TOMM cyclodehydratase from Bacillus sp. Al Hakam (Balh; Fig. 1A)7. This YcaO 

protein (BalhD) displayed ATP-dependent cyclodehydratase activity in the absence of the 

cognate C protein (BalhC); however, BalhC potentiated cyclodehydration by nearly 1000-

fold. Considering that the C protein had been implicated in precursor peptide recognition in 

streptolysin S biosynthesis15, and that BalhC dictated the regio- and chemoselectivity of the 

Balh cyclodehydratase16, we hypothesized that the YcaO contained the active site residues 

while the C protein was responsible for binding the peptide substrate. Although YcaO 

proteins lack recognizable ATP-binding motifs, the presence of one or more YcaOs in the 

bottromycin and trifolitoxin biosynthetic clusters, which lack recognizable C proteins, 

supports these functional assignments (Supplementary Results, Supplementary Fig. 1)17–21.

While the above studies assigned a putative activity to TOMM YcaOs, a molecular 

understanding of cyclodehydratase catalysis remained elusive. Recently, the X-ray crystal 

structure of a fused cyclodehydratase was reported (TruD; Protein Data Bank, PDB code 

4BS9), providing the first structural glimpse of a TOMM cyclodehydratase8. The C domain 

adopted the expected E1 fold while the YcaO fold was unique. As the structure lacked both 

the ATP and peptide substrates, no information regarding substrate engagement and 
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catalysis could be gleaned. However, the lack of structural homology of YcaO to known 

ATP-binding proteins led to the reassertion that the C domain was responsible for ATP 

binding and carbonyl activation, while the YcaO domain catalyzed the requisite nucleophilic 

attack8.

Here, we report the structure of a non-TOMM YcaO from E. coli in various nucleotide-

bound and -free forms and demonstrate that the most conserved residues in YcaOs comprise 

a previously uncharacterized ATP-binding motif. We show that these ATP-binding residues 

are critical for catalysis in TOMM YcaOs using BalhD as a model cyclodehydratase. We 

further identified the active site of TOMM cyclodehydratases and demonstrated that the 

conserved, proline-rich C-termini are involved in active site organization and C protein 

binding. Our results strongly support a model where ATP utilization is a universal feature of 

YcaOs (TOMM and non-TOMM) and that TOMM C proteins recognize the peptide 

substrate and potentiate the activity of the cognate YcaO.

RESULTS

E. coli YcaO hydrolyzes ATP to AMP and PPi

With the ATP-dependent cyclodehydratase activity of BalhD previously established7, we 

attempted to locate the ATP binding site in BalhD by 8-azido-ATP crosslinking; however, 

these experiments were unsuccessful. Furthermore, the TruD crystal structure did not reveal 

an obvious ATP-binding site8 and BalhD was refractory to numerous crystallization 

attempts. We reasoned that since TOMM YcaOs evolved to interact with their cognate C 

proteins, working with a non-TOMM (with no C protein partner) might alleviate the 

previously encountered challenges. The local genomic environment of Ec-YcaO does not 

contain an E1 homolog (i.e. TOMM C protein, Fig. 1A), nor is Ec-YcaO known to interact 

with an E1 homolog, making it an attractive candidate for structural and biochemical 

characterization. Ec-YcaO was cloned into a tobacco etch virus (TEV) protease-cleavable 

maltose-binding protein (MBP)-fusion vector and expressed in E. coli (Supplementary Fig. 

2). While the function of Ec-YcaO was unknown, characterized cyclodehydratases 

hydrolyze ATP in the absence of peptide substrates7. Consequently, we measured the 

ATPase activity of Ec-YcaO using an established purine nucleoside phosphorylase assay22. 

This assay revealed that Ec-YcaO indeed hydrolyzed ATP, preferentially generating AMP 

and PPi (Supplementary Fig. 3). Although ATP hydrolysis was slow, perhaps because the 

native substrate was not present, Ec-YcaO displayed a KM for ATP of ~80 μM 

(Supplementary Fig. 3), comparable to several characterized cyclodehydratases7,11,13.

Crystallization of Ec-YcaO

The structure of nucleotide-free Ec-YcaO (contains a mercurial salt for phasing) was 

determined to a Bragg limit of 2.63 Å and revealed a circularly symmetric homodimer in the 

asymmetric unit (Supplementary Table 2). The overall structure consists of an N-terminal 

YcaO domain of ~400 residues and a 150 residue C-terminal domain resembling a 

tetratricopeptide repeat (TPR) that mediates dimerization. A structure-based comparison 

against the PDB revealed similarity solely with TruD, the only other solved YcaO structure 
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(RMSD of 3.1 Å over 279 aligned Cα atoms)23, confirming that YcaOs constitute a new 

structural fold (Supplementary Fig. 4).

To identify the ATP-binding site, we determined the structure of Ec-YcaO in complex with 

multiple nucleotides. Co-crystallization of Ec-YcaO with ATP produced an AMP-bound 

structure (2.25 Å), suggesting that in situ hydrolysis had occurred (Fig. 2A). To clarify the 

residues involved in ATP binding, we also determined the co-structure of Ec-YcaO with α, 

β-methyleneadenosine 5′-triphosphate (AMPCPP, a non-hydrolyzable ATP analog). These 

three structures facilitated the characterization of the ATP-binding site in the YcaO 

superfamily.

Structural characterization of ATP-binding in Ec-YcaO

Analysis of the 2.25 Å resolution AMP-bound and 3.29 Å resolution AMPCPP-bound co-

crystal structures revealed that the adenine ring is recognized by Glu191 and Asn187 via 

interactions through the N7 nitrogen and between Ser16 and the exocylic-N6 (Fig. 2B). 

Additionally, Lys9 resides above one face of the adenine ring, while Ala70, Ser71, and 

Gly74 are found within an α-helix that extends below the adenine and ribose rings, forming 

a hydrophobic surface. The ribose within the AMP- and AMPCPP-bound structures is 

oriented perpendicular to the adenine ring, with Ser184 and Glu78 coordinating the 2′- and 

3′-hydroxyls, respectively (Fig. 2C and D). While Ser71 coordinates the α-phosphate in both 

structures, Arg286 coordinates to the α-phosphate in only the AMP-bound form (Fig. 2C 

and 2D). Surprisingly, two Mg2+ ions are found in the nucleotide-binding pocket in both 

structures. In the AMP structure, Glu199 and Glu78 ligate one Mg2+ ion while Glu290 and 

Glu75 bind the second (Fig. 2C). The Mg2+ ions are coordinated in a similar fashion in the 

AMPCPP structure with the subtle difference that Glu202, rather than Glu75, coordinated 

the second Mg2+ (Fig. 2D). This slight change in the coordination of the second Mg2+ ion 

positions the metal ions on opposite sides of the β- and γ-phosphates. Furthermore, Arg203 

coordinates the γ-phosphate of AMPCPP (Fig. 2D). The interactions between Ec-YcaO and 

AMPCPP are summarized in Figure 2E.

The ATP-binding site is conserved in TOMM YcaOs

Utilizing the nucleotide-bound structures of Ec-YcaO, we established the conservation of 

the ATP-binding residues across the superfamily. First, we generated a Cytoscape sequence 

similarity network24 of all YcaO members in InterPro (IPR003776)25. During assembly, 

redundant sequences were removed, leaving ~2000 sequences in the network. While the 

sequence of TOMM precursor peptide dictates the structure of the natural product, there is 

also a strong correlation between TOMM structure and the sequence similarity of the 

cognate YcaO3. For the network, all YcaO sequences were manually annotated based on 

neighboring genes. YcaOs were categorized as being involved in TOMM biosynthesis if 

there was a gene encoding for a recognizable C protein in the local region (~10 kb on either 

side of the ycaO gene) or if the protein had an experimentally verified link to a known 

TOMM (e.g. bottromycin17–20 and trifolitoxin21). The remaining YcaOs were separated into 

two other categories, non-TOMM YcaOs (e.g. Ec-YcaO) and TfuA-associated non-TOMM 

YcaOs. The latter were found within 10 kb of a gene encoding for the protein TfuA, which 

is implicated in trifolitoxin biosynthesis26. Whenever possible, TOMM YcaOs were further 
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subdivided by expected structural class. Based on these classifications, we determined that 

an expectation value of 10−80 gave an optimal separation of YcaO sequences into 

isofunctional clusters (Supplementary Fig. 5).

Using the sequence similarity network as a guide, 349 of the ~2000 members in the non-

redundant network were selected from across all clusters and a maximum likelihood tree 

was generated (Supplementary Fig. 6). Among the 349 were all singletons, defined as 

divergent family members not grouping with any other YcaO at an e-value of 10−80. Using 

this diversity-maximized tree, a sequence logo for each of the regions involved in ATP 

binding was generated using WebLogo (Fig. 3A)27. The logos clearly demonstrate that the 

ATP-binding pocket is highly conserved in the YcaO family across all three groups (i.e. 

TOMM, non-TOMM, and TfuA-associated non-TOMM). The ATP-binding residues were 

found to be the most conserved feature in the YcaO superfamily (Fig. 3B). This is in stark 

contrast to TOMM C proteins, which have lost the ATP-binding residues conserved in all 

characterized non-TOMM E1 ubiquitin-activating superfamily members14 (Supplementary 

Fig. 7). Furthermore, the conservation in the YcaO ATP-binding residues is maintained in 

all characterized TOMMs (Supplementary Fig. 8 and 9), suggesting that the previously 

reported carbonyl activation mechanism is likely a universal biosynthetic feature7,16.

The Ec-YcaO ATP-binding site is vital for BalhD activity

Because the native substrate of Ec-YcaO is unknown, we validated the ATP-binding 

residues by conducting structure-function studies on BalhD. An alignment of BalhD and Ec-

YcaO permitted the mapping of the nucleotide- and Mg2+-binding residues onto BalhD 

(Supplementary Fig. 4 and 9). Subsequently, an alanine mutagenesis scan was performed on 

the polar residues of BalhD predicted to bind ATP. Every mutation was well tolerated in 

terms of protein yield/stability (Supplementary Fig. 2). The effect on heterocycle formation 

on BalhA1 (the peptide substrate) by the mutant BalhD proteins, in the presence of BalhC, 

was monitored in a 16 h endpoint assay (Supplementary Fig. 10). Of the 11 mutated residues 

in the ATP-binding pocket, four were able to convert BalhA1 to the previously reported 

penta-azoline species7, three showed intermediate levels of processing (2–4 heterocycles), 

while the remaining four generated no heterocyclic products within the limit of detection 

(Table 1). To quantify the effect of each mutation to BalhC/D activity, the rate of ATP 

hydrolysis was monitored using the KM concentration of BalhA1 (15 μM) and a 

concentration of ATP that would be saturating for wild-type BalhD (3 mM). Mutants unable 

to cyclize BalhA1, even after extended reaction times, displayed no detectable ATP 

hydrolysis over the assay background (Supplementary Fig. 11). Likewise, mutants that 

installed five azolines on BalhA1 in the endpoint assay had the highest ATP hydrolysis 

rates. These data are congruent with our earlier work showing that ATP hydrolysis is tightly 

coupled to heterocycle formation7. The YcaO mutations examined here did not appear to 

disrupt this feature of TOMM cyclodehydration.

While mutation of the BalhD ATP-binding pocket reduced cyclodehydratase activity, an 

alternative interpretation of the above data could be that these mutations interfered with the 

association of BalhC and BalhD. A unique feature of the Balh cyclodehydratase is that 

BalhD is catalytically active in the absence of BalhC7. This permitted the use of BalhD-only 
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activity measurements to determine if the alanine mutations affected the intrinsic 

cyclodehydratase activity. Heterocycle formation endpoint assays (16 h) were again 

conducted, but this time with 50 μM BalhA1 and 25 μM BalhD mutant to account for the 

expected ~103 drop in catalytic activity in the absence of BalhC7. The resultant mass spectra 

confirmed that the decrease in cyclodehydration arose from a perturbation in BalhD activity 

(Table 1 and Supplementary Fig. 12).

For all BalhD mutants with measureable cyclodehydratase activity, we obtained the 

Michaelis-Menten kinetic parameters for BalhA1 and ATP (Table 1 and Supplementary Fig. 

13). Every mutation negatively affected the observed kcat (kobs), indicating that the selected 

residues were of catalytic importance. Apart from K281A, and to a lesser extent S72A, all 

ATP-binding site mutations of BalhD substantially increased the KM for ATP. In contrast, 

the only mutant in this series to substantially raise the KM for BalhA1 was R198A (Table 1).

Four BalhD mutants (i.e. E76A, E79A, E194A, E197A) did not exhibit detectable 

cyclodehydratase activity. Potential explanations include an inability to bind the substrates 

(BalhA1 and/or ATP), hydrolyze ATP, or a structural perturbation with these mutants. 

Previous work demonstrated that BalhC potentiates the BalhA1-independent ATPase 

activity of BalhD by 2.5-fold7; however, when the four inactive mutants were assayed, no 

potentiation was observed (Supplementary Fig. 14). This suggested that the lack of BalhD 

activity was due to a structural perturbation or the inability to bind/hydrolyze ATP. 

Unfortunately, attempts to directly measure ATP binding or a secondary structure 

perturbation of BalhD with isothermal titration calorimetry or circular dichroism 

spectroscopy, respectively, were problematic owing to the solubility characteristics of 

BalhD. However, we reasoned that the latter could be assayed indirectly by monitoring the 

interaction between BalhC and a mutant BalhD through a competition assay and size-

exclusion chromatography. While all of the BalhD mutants were able to associate with the 

BalhC (Supplementary Fig. 15), E76A and E194A did so with reduced affinity, suggesting 

that these mutations affected the BalhC-BalhD interaction surface. Conversely, the wild-

type-like affinity that BalhD E79A and E197A displayed for BalhC suggested that these 

mutants were inactive due to inability to bind/hydrolyze ATP.

The BalhD C-terminus affects BalhC binding and catalysis

In addition to the conserved ATP-binding site, TOMM YcaO proteins have a highly 

conserved, proline-rich C-terminus. In the most pronounced cases, the final five residues of 

the YcaO are PxPxP (Supplementary Fig. 16)9. The proline-rich C-terminus is not conserved 

in non-TOMM or TfuA-associated YcaO domains (Supplementary Fig. 16), implicating the 

motif in either C protein recognition or cyclodehydratase activity. This hypothesis is 

supported by the observation that the C-terminus of TruD is in close proximity to the YcaO 

ATP-binding site and is surface-accessible (Supplementary Fig. 16). We first interrogated 

the importance of this motif by truncating 5 residues from the BalhD C-terminus. This minor 

perturbation abolished the catalytic activity of BalhC/D (Table 2 and Supplementary Fig. 

17). Removing the C-terminal three residues of BalhD produced an identical result, while 

removal of the C-terminal residue of BalhD (BalhD P429*; * stop codon) decreased activity 

by > 100-fold (Table 2 and Supplementary Fig. 17). Similarly, extending the C-terminus by 
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a single amino acid (BalhD PxPxPG), or deleting two amino acids upstream of the PxPxP 

motif (BalhD Δ418–419), also resulted in inactive cyclodehydratases (Table 2 and 

Supplementary Fig. 17).

To establish if altering the BalhD C-terminus affected the interaction with BalhC, we 

assessed the ability of BalhC to potentiate the background ATPase activity of BalhD 

mutants lacking detectable activity. Potentiation was not observed in any case 

(Supplementary Fig. 18), indicating that mutants of the BalhD PxPxP motif had lost the 

ability to bind/hydrolyze ATP or to bind BalhC. We next assessed the ability of each PxPxP 

mutant to bind BalhC. Utilizing a combination of size-exclusion chromatography and a 

competition assay, all truncations to the BalhD PxPxP motif were shown to have decreased 

affinity to BalhC (Supplementary Fig. 19). Moreover, the order of heterocycle formation 

was dysregulated in BalhD P429*, reminiscent of wild-type BalhD reactions lacking BalhC 

(Supplementary Fig. 20)16.

Intrigued by the loss of activity observed upon extending or truncating the C-terminus, we 

next investigated the importance of the amino acid composition of the BalhD PxPxP motif 

(PHPFP429). As with the truncations, any mutation to the C-terminal 5 residues of BalhD 

decreased cyclodehydratase activity (Table 2 and Supplementary Fig. 21). The decrease in 

activity ranged from ~2.5-fold (P429G) to 100-fold (H426A), with the severity diminishing 

the closer the mutation was to the C-terminus. This result was consistent with the 

observation that the C-terminal residues of TruD are located in a channel leading to the 

active site. As with the PxPxP truncations, every mutant tested, apart from F428A, displayed 

a decreased affinity for BalhC (Supplementary Fig. 22). Consistent with this observation, 

mutation of the terminal amino acid (P429G) resulted in an aberrant order of heterocycle 

formation (Supplementary Fig. 23). Increasing the flexibility of the PHPFP motif, by 

substituting it with GHGFG, yielded an inactive cyclodehydratase (Table 2 and 

Supplementary Fig. 21).

While these results implicated the C-terminus of BalhD in BalhC recognition, a decrease in 

BalhC affinity could not explain the data in its entirety. For example, both BalhD P425* and 

P429* displayed reduced interactions with BalhC, but only P425* was catalytically inactive 

(Table 2 and Supplementary Fig. 19). Furthermore, BalhD PxPxPG displayed a wild-type 

level of interaction with BalhC, despite being catalytically inactive. Based on these results, 

the activity of each mutant was tested in the absence of BalhC. Analogous to the mutations 

to the ATP-binding pocket, mutations to the PxPxP motif affected the intrinsic activity of 

BalhD (Supplementary Fig. 24). For all tractable BalhD mutants, BalhA1 and ATP 

Michaelis-Menten kinetic curves were obtained for the mutant BalhC-D complexes. While 

the largest effects were on kobs, the mutations also affected the KM for ATP and BalhA1 

(Table 2). Unlike the ATP-binding mutants, the changes to KM for the two substrates were 

similar in the PxPxP mutants, suggesting that the C-terminus is involved in active site 

organization/catalysis, not substrate binding. Furthermore, the importance of the YcaO C-

terminus appears to be general for TOMM biosynthesis, given that the cyclodehydratase 

activity of McbD (microcin B17 YcaO protein) was also abolished when the C-terminus was 

truncated (Supplementary Fig. 25).
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BalhC regulates BalhD ATP-binding and catalysis

To further characterize the C-terminus of BalhD, a derivative containing a C-terminal His6 

tag was generated (PA4LEH6; where P is the last residue of wild-type BalhD). As expected 

from earlier experiments with BalhD PxPxPG, addition of the longer tag abolished 

heterocycle formation (Supplementary Fig. 26). Although heterocycle formation is 

stoichiometric with ATP hydrolysis for wild-type cyclodehydratase7, the C-terminal His6 

tagged BalhD displayed robust ATPase activity, irrespective of the presence of BalhA1 (Fig. 

4A). Moreover, this high level of unproductive ATP hydrolysis was potentiated by the 

addition of BalhC to the same extent observed with wild-type BalhD (2.5-fold increase), 

indicating that the His6 tag did not interfere with BalhC recognition (Fig. 4A). With a BalhD 

derivative displaying robust BalhC-independent ATPase activity in-hand, we evaluated the 

role of BalhC on ATP utilization by BalhD by obtaining ATP Michaelis-Menten kinetics 

parameters for BalhD-A4LEH6 alone and in complex with BalhC (Fig. 4B). These data 

indicated that the addition of BalhC modulated BalhD activity by increasing the kobs and 

decreasing the KM for ATP.

TOMM C proteins provide leader peptide binding

Precursor peptide recognition in the majority of ribosomally synthesized post-translationally 

modified peptides (RiPPs) occurs in a bipartite fashion. An N-terminal sequence (leader 

peptide), serves as the recognition sequence by the modification enzymes, while the C-

terminal sequence (core peptide) contains the sites of post-translational modification4,28. We 

have previously demonstrated that the regioselectivity and directionality of BalhD azoline 

formation is dependent on BalhC16. Thus, we hypothesized that BalhC was responsible for 

presenting the core peptide to BalhD, most likely by engaging the leader peptide. However, 

the identification of BalhD mutants with a perturbed KM for BalhA1 suggested that the 

YcaO domain might play a role in substrate recognition. To assess the role of the C and D 

proteins in peptide substrate recognition, a fluorescein-labeled BalhA1 leader peptide was 

employed to monitor binding to BalhC and BalhD by fluorescence polarization. While 

BalhD was found to not bind the BalhA1 leader peptide to any significant extent, BalhC 

displayed a Kd of 11 μM (Fig. 4C), near the previously measured KM for BalhA1 of 16 

μM29. Moreover, the addition of BalhD did not significantly alter BalhC’s affinity for the 

BalhA1 leader peptide (p > 0.05). Consequently, these data support a model where i. BalhD 

does not engage the leader region of BalhA1 and ii. the elevated KM’s of select BalhD 

mutants for BalhA1 was due to a decreased affinity for the core region of BalhA1.

Discussion

We have discovered that Ec-YcaO contains a novel ATP-binding fold. Based on steric and 

electrostatic complimentary requirements, the YcaO strategy for binding ATP is reminiscent 

of other structurally characterized ATP-binding proteins. For example, the Lys/α-helix 

“sandwich” involved in adenine recognition is similar to the conserved Arg and Gly motif 

found in class I amino acyl tRNA synthetases30. Furthermore, select members of the ATP-

grasp and PurM families have been shown to bind ATP through the use of multiple divalent 

cations31,32; however, in these proteins, the Mg2+ ions are coordinated to all three 

phosphates, not just the β- and γ-phosphates. Since these similarities in ATP-binding occur 
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despite a lack of structural and primary homology between YcaO and all other known ATP-

binding proteins, this represents an example of convergent evolution in ATP-binding 

domains.

The ATP-binding residues are the most highly conserved motifs in the YcaO superfamily 

and, appropriately, represent a prominent signature for the hidden Markov model that 

bioinformatically defines the YcaO/DUF181 family (IPR003776). Our extensive 

bioinformatics analysis, X-ray crystallographic data on Ec-YcaO, and biochemical 

characterization of BalhD confirm that ATP-utilization is a conserved feature in the 

superfamily. In spite of the low level of overall similarity between Ec-YcaO and BalhD, we 

were able to demonstrate that the YcaO ATP-binding motif was critical for 

cyclodehydratase activity. While the mutations affected BalhD activity to differing extents, 

the impact of mutating a particular residue on Balh cyclodehydratase activity was 

proportional to the level of conservation within the YcaO family (Fig. 3A).

During our analysis of the YcaO ATP-binding motif, we observed a striking difference 

between the TOMM and non-TOMM YcaO domains. TOMM YcaOs (D proteins) almost 

invariably harbor proline-rich C-termini, with PxPxP most often serving as the terminal five 

residues of the protein. While the widespread nature of the PxPxP motif had been previously 

recognized9, prior to this work, it was unclear if this motif played any role in TOMM 

biogenesis. Our data indicate that the C-terminus of TOMM YcaOs assists in both C protein 

recognition and cyclodehydration. It is rare for the C-terminus of an enzyme to be important 

for catalysis33–37. In fact, the terminal regions are often highly sequence variable within a 

protein family. Intriguingly, the C-terminal proline content of a YcaO has powerful 

predictive value. If present, the YcaO is quite probably involved in TOMM biosynthesis. 

This tentative assignment can be confidently made even without knowledge of the flanking 

genes. As such, we hypothesize that a subset of the 249 (~8%) non-TOMM YcaOs that 

contain a proline-rich C-terminus may actually be stand-alone TOMM YcaOs (akin to the 

bottomycin YcaOs).

Previously, BalhC was shown to potentiate BalhD via an unknown mechanism7. The current 

study indicates that this potentiation occurs via two distinct mechanisms. First, the 

serendipitous identification of a C-terminal His-tagged construct of BalhD with robust ATP 

hydrolysis (BalhD-A4LEH6) allowed us to show that the presence of BalhC increases kobs 

and lowers the KM for ATP. Although our data suggest that C protein potentiation occurs via 

allosteric activation, follow-up studies will be required to validate this hypothesis. Secondly, 

our data demonstrate that BalhC is responsible for binding the leader peptide of BalhA1, 

thus efficiently bringing the substrate in close proximity to the BalhD active site. This result 

is in accord with a previous study implicating SagC in leader peptide recognition during 

streptolysin S biosynthesis15. In further support of a general role for TOMM C proteins in 

peptide substrate binding, the “C portion” (homologous to E1 ubiquitin-activating enzymes) 

of TruD has a MccB-like N-terminal “peptide clamp”8, which is responsible for leader 

peptide binding in microcin C7 biosynthesis38. Combined with the fact that TOMM C 

proteins lack the ATP-binding site that is conserved in all characterized non-TOMM E1 

ubiquitin-activating family members, all lines of evidence suggest that TOMM C proteins 
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engage the leader peptide while simultaneously potentiating the carbonyl activation 

chemistry of their cognate YcaO domain (D protein; Supplementary Fig. 27).

It light of this, it is not yet clear how stand-alone TOMM YcaO proteins (i.e. for 

bottromycin and trifolitoxin production) perform cyclodehydrations in the absence of a C 

protein. Given the diversity between these stand-alone and canonical (C protein-containing) 

TOMM YcaOs, we envision that multiple solutions to the substrate recognition problem 

could exist. For example, it is possible that these biosynthetic pathways utilize an 

unidentified companion protein to bind the precursor peptide. Alternatively, these YcaO 

proteins may have evolved to bind a specific motif within the core peptide and modify the 

substrate a single time. Of note is the fact that the bottromycin and trifolitoxin stand-alone 

YcaO domains are each predicted to install a single heterocycle17–21. This is in stark 

contrast to canonical TOMMs that process a wide array of core peptides, often at numerous 

locations3,29,39. Such promiscuity is common in other RiPPs and likely accounts for the 

existence of leader peptides (i.e. the modification enzymes can be specific for motifs within 

the leader peptide, but promiscuous on the core once the enzyme-substrate complex is 

formed)4,28. Further work, including the reconstitution of a stand-alone YcaO, will be 

required to test these claims.

The capacity to bind ATP (or possibly other nucleotide triphosphates) appears to be 

ubiquitous in the YcaO superfamily, but it remains unclear whether the TOMM 

cyclodehydratase-like direct activation of carbonyls is a universal feature. It is intriguing 

that YcaOs have recently been implicated in the formation of thioamides40 and 

macroamidine rings17–20, as both of these modifications could conceivably occur through 

carbonyl activation. In addition to providing significant insight into the mechanics of 

TOMM cyclodehydration, the results presented here provide an initial framework to explore 

the elusive functions of the 4,000 uncharacterized non-TOMM YcaOs.

ONLINE METHODS

General methods

Unless otherwise specified, all chemicals were purchased from Sigma or Fisher Scientific. 

DNA sequencing was performed by either the Roy J. Carver Biotechnology Center (UIUC) 

or ACGT Inc. Restriction enzymes were purchased from New England Biolabs (NEB), Pfu 

Turbo was purchased from Agilent, and dNTPs were purchased from either NEB or 

GenScript. Oligonucleotide primers were synthesized by either Integrated DNA 

Technologies (IDT) or Eurofins MWG Operon. Fluorescein labeled BalhA1 leader peptide 

was purchased from GenScript as an N-terminal FITC-Ahx (fluorescein isothiocynate, 

aminohexyl linker) conjugate with a single glycine spacer. Unless otherwise stated, all 

proteins and substrates were used as MBP fusions to circumvent solubility issues. A table of 

the peptide substrates used in this study can be found in Supplementary Table 3.

Cloning of MBP-YcaO

Ec-YcaO was amplified by PCR from Escherichia coli BL21 cells using the forward and 

reverse primers listed in Supplementary Table 1. Polymerase reactions were carried out with 

PFU Turbo and the amplified product was digested with BamHI and NotI following a gel 
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extraction. The digested gene was PCR-purified and ligated into an appropriately digested, 

modified pET28 vector containing a tobacco etch virus (TEV) protease cleavable, N-

terminal MBP-tag.

Preparation of BalhD PxPxP mutants

BalhD was amplified by PCR from the previously described pET28-BalhD plasmid29 using 

the primers listed in Supplementary Table 1. Polymerase reactions were performed with 

PFU Turbo and the amplified product was digested with BamHI and NotI following gel 

extraction. The digested gene was PCR-purified and ligated into an appropriately digested, 

modified pET28 vector containing a tobacco etch virus (TEV) protease cleavable, N-

terminal MBP-tag.

Site-Directed mutagenesis

Site-directed mutagenesis of BalhD and McbD was carried out using the QuikChange 

method according to the manufacturer’s instructions. All mutagenesis primers are listed in 

Supplementary Table 1.

Overexpression and purification of MBP-tagged proteins

All proteins were purified with amylose resin (NEB) according to previously described 

procedures7.

Multiple sequence alignments

Alignments were made with Clustal Omega using the standard parameters41.

Cytoscape sequence similarity network

A sequence similarity network was created using the Enzyme Function Initiative Enzyme 

Similarity Tool (EFI-EST, enzymefunction.org)42. Sequences from the YcaO superfamily 

(InterPro number IPR003776) were used for the analysis. The network was constructed at an 

expectation-value (e-value) of 10−80. Networks were visualized by Cytoscape using the 

organic layout24. Sequences with 100% identity were visualized as a single node in the 

network.

Maximum likelihood phylogenetic analysis

A set of YcaO sequences representing the full diversity of the YcaO family was selected 

based on the Cytoscape sequence similarity network (Supplementary Fig. 5). This included 

at least one protein from each cluster and all singletons (proteins that fail to cluster with any 

other YcaO) for a total of 349 proteins (~17% of the non-redundant Cytoscape sequence 

similarity network). The phylogenetic analysis was performed with Molecular Evolutionary 

Genetics Analysis (MEGA5)43. An amino acid sequence alignment was created using the 

standard parameters of ClustalW44 and a maximum likelihood phylogenetic tree was created 

using standard parameters in MEGA5.
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ATP-binding site conservation

The ligand interaction network for AMPCPP was generated using LigPlot plus45 using the 

standard parameters. A WebLogo27 frequency plot for the ATP-binding motif was generated 

from a Clustal Omega alignment of all of the sequences from the specified family using the 

standard parameters. The conservation map for the YcaO family was generated by aligning 

150 unique YcaO sequences with at least 35% sequence similarity to Ec-YcaO (e-value < 

10−5) and mapping the resulting conservation data onto the Ec-YcaO structure using 

ConSurf46. The structure based YcaO alignment was generated using Clustal Omega41 and 

ALINE47, while the structural overlay of YcaO and TruD was generated using PyMOL 

version 1.5 (Schrödinger).

Proline-rich C-terminus analysis

The proline content of the C-termini of all YcaOs in the Cytoscape sequence similarity 

network was determined. Proteins were deemed to have a proline-rich (P-rich) C-terminus if 

at least 4 of the final 30 residues were Pro. In the most pronounced cases, the terminal 6 

residues of the YcaO contain a PxPxP motif. Proteins were identified as containing a PxPxP 

C-terminus if they contained a PxP motif in the final 6 residues and at least 3 Pro in the final 

30 residues.

Ec-YcaO crystallization

Purified MBP-tagged Ec-YcaO was treated with TEV protease at for 18 h at 4 °C. 

Successful cleavage was confirmed by SDS-PAGE and Ec-YcaO was subsequently 

separated from the His6-tagged MBP by subtraction Ni2+ affinity chromatography. Fractions 

with a purity of at least 90% were combined and purified by size-exclusion chromatography 

using a GE Superdex 200 column equilibrated in a buffer containing 300 mM KCl and 20 

mM HEPES pH 7.5. Fractions were collected and concentrated for crystallization screening 

experiments. The APO Ec-YcaO crystals were obtained by sitting drop crystallization using 

a mother liquor containing 1.8 M ammonium citrate pH 7.0 and 8 mg/mL Ec-YcaO in a 1:1 

ratio. Incubation at 4°C yielded crystals after several days. Soaking with 1 mM PCMBA for 

4 hours prior to vitrification was used to generate phases. Immediately before vitrification, 

crystals were soaked in a cyroprotectant containing 1.8 M ammonium citrate pH 7.0 and 

30% trehalose. AMP Ec-YcaO crystals were grown using hanging drop vapor diffusion with 

a mother liquor of 18% PEG 8,000, 0.1 M magnesium acetate, and 0.1 M sodium cacodylate 

pH 6.5. An Ec-YcaO concentration of 8 mg/mL and substrate concentration of 1 mM ATP 

and 1 mM MgCl2 was used for the formation of crystals at 4°C. Directly before vitrification, 

crystals were immersed in a cryoprotectant containing the mother liquor supplemented with 

30% MPD. AMPCPP Ec-YcaO crystals were grown and frozen in an identical manner with 

the exception of using 6 mg/mL Ec-YcaO, 1 mM AMPCPP instead of 1 mM ATP, and 20% 

PEG 8,000 instead of 18% PEG 8,000. All data was collected at LS-CAT sector 21 of the 

Argonne Nation Labs Advanced Photon Source at 100 K using wavelengths of 0.97872 Å 

for the APO and AMP bound structures and 0.97857 Å for the AMPCPP structure.
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Ec-YcaO structure solution and refinement

Collected data was integrated and scaled using HKL2000 or autoProc48. The PCBMA 

soaked APO Ec-YcaO crystals were used as a source of anomalous signal in SAD phasing 

using the PHENIX software suite49. Automated building of the structure was accomplished 

by the arp/wARP server50. Manual refinement was performed using COOT51 and 

REFMAC552. For the AMP and AMPCPP containing structures, the APO Ec-YcaO was 

used as a search model to obtain phases using the PHENIX software suite. PHENIX was 

also used for automated building of the structures. Manual refinement was again preformed 

using COOT and REFMAC5. Final Ramachandran statistics as determined by 

PROCHECK53 are as follows: 97.2% favored, 2.8% allowed, and 0.0% outliers for the APO 

structure; 97.8% favored, 2.2% allowed, and 0.0% outliers for the AMP bound structure; 

and 96.3% favored, 3.7% allowed, and 0.0% outliers for the AMPCPP bound structure.

Endpoint heterocycle formation assays

For the reactions with the BalhD mutants, 50 μM MBP-BalhA1 was mixed with either 2 μM 

MBP-BalhC/D (CD activity) or 25 μM MBP-BalhD (D-only activity) in synthetase buffer 

[50 mM Tris (pH 7.5), 125 mM NaCl, 10 mM DTT, 20 mM MgCl2 and 3 mM ATP]. The 

MBP tags were removed using 0.05 mg/mL of TEV protease and reactions were carried out 

for 18 h at 25 °C. Reactions with the Mcb enzymes were carried out identically except that 

the dehydrogenase (McbC) was also added to the reaction and proteins were cleaved with 

0.1 μg/mL thrombin protease (from bovine plasma). Processing was monitored by MALDI-

TOF MS.

PNP-Based kinetic studies

Substrate processing kinetics for the BalhD mutants were determined using a previously 

described purine nucleoside phosphorylase (PNP)-coupled assay7,22. For BalhA1 kinetic 

experiments, variable concentrations of MBP-BalhA1 (1–120 μM) were reacted with 1–10 

μM MBP-tagged BalhC/D while ATP was held constant at 3 mM. ATP kinetic experiments 

were carried out in an identical fashion except that MBP-BalhA1 was fixed at 80 μM and 

variable concentrations of ATP (0.1–5 mM) were used. Although this does not provide a 

saturating level of BalhA1 for all mutants, the KM for ATP does not change with varied 

BalhA1 concentration (Supplementary Fig. 13). Reactions were carried out in triplicate. 

Regression analyses to obtain the kinetic parameters for both substrates were carried out 

with IGOR Pro version 6.12 (WaveMetrics).

Fluorescence polarization

Equilibrium BalhC/BalhD fluorescence polarization binding assays were performed at 25 °C 

in non-binding surface, 384 black well, polystyrene microplates (Corning) and measured 

using a FilterMax F5 multi-mode microplate reader (Molecular Devices) with default 

settings. For each titration, protein was serially diluted into binding buffer [50 mM HEPES 

pH 7.5, 300 mM NaCl, 2.5% (v/v) glycerol, 0.5 mM TCEP], mixed with 10 nM fluorescein-

labeled BalhA1 leader peptide (FP-BalhA1-LP), and equilibrated for 15 minutes with 

shaking prior to measurement. Data from three independent titrations were background 

subtracted and fitted using a non-linear dose response curve in OriginPro9 (OriginLab).
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Size-Exclusion chromatography

A 200 μL sample containing 25 μM MBP-tagged BalhC/D was prepared in cleavage buffer 

[20 mM Tris (pH 7.5), 500 mM NaCl, 10 % glycerol (v/v), 0.5 mM tris(2-

carboxyethyl)phosphine (Gold Biotechnology)] and treated with 0.05 mg/mL TEV protease 

for 12 h at 4 °C. The amount of protein in a BalhC/BalhD complex was assessed on a Flexar 

HPLC (Perkin Elmer) equipped with an analytical Yarra SEC-3000 (300 × 4.6 mm, 

Phenomenex) equilibrated with cleavage buffer. Peaks of interest were collected and their 

composition was determined via a Coomassie stained 12% SDS-PAGE gel. The 

approximate molecular weights were determined by generating a standard curve with a 12–

200 kDa molecular weight standard kit (Sigma). Control runs were also performed in which 

one of the two proteins was omitted. Chromatograms were analyzed using Flexar Manager 

(Perkin Elmer).

Mutant BalhD IC50 determination

1 μM MBP-tagged BalhC and BalhD were mixed in synthetase buffer [50 mM Tris (pH 7.5), 

125 mM NaCl, 10 mM DTT, 20 mM MgCl2 and 3 mM ATP] with 0.25–20 μM mutant 

BalhD protein. Reactions were initiated by the addition of 15 μM MBP-BalhA1 and 

progress was measured using the PNP phosphate detection assay. All reactions were 

performed in triplicate. IC50 values were calculated with IGOR Pro version 6.12 

(WaveMetrics).

BalhC “KM” for active BalhD mutants

The affinity of catalytically active BalhD mutants for BalhC was determined using the PNP 

phosphate detection assay and a previously described procedure12. 25 μM MBP-BalhA1 was 

mixed with 1 μM MBP-BalhD in synthetase buffer and reactions were initiated via the 

addition of 0.15–4 μM BalhC. All reactions were performed in triplicate. Regression 

analyses to obtain kinetic parameters for BalhC were carried out with IGOR Pro version 

6.12 (WaveMetrics).

Heterocycle localization via FT-MS/MS

50 μM MBP-BalhA1 was modified by 2 μM MBP-tagged BcerB, BalhC, and BalhD in 

synthetase buffer for 18 h at 25 °C. Proteins were digested with 0.02 mg/mL sequencing 

grade trypsin (Promega) in 50 mM NH4CO3 (pH 8.0) for 30 min at 37 °C before the sample 

was quenched via the addition of formic acid to a final concentration of 10% (v/v) and 

precipitate was removed via centrifugation at 17,000 × g. FT-MS/MS analysis was carried 

out as previously described16.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. YcaO gene clusters and characterized roles of YcaO proteins
(a) The local genomic environment for the E. coli non-TOMM YcaO (Ec-YcaO) and the 

Bacillus sp. Al Hakam TOMM YcaO (BalhD) is depicted along with the % amino acid 

identity for the YcaOs. Gene assignments are shown. (b) Azole heterocycles in TOMM 

natural products are installed by the successive action of a cyclodehydratase (C and D 

proteins) and a flavin mononucleotide (FMN)-dependent dehydrogenase (B protein). The 

cumulative mass change for each step is shown below the modification. X = S, O; R = H, 

CH3.
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Figure 2. Structure of Ec-YcaO and ATP-binding residues of Ec-YcaO
(a) Structure of the Ec-YcaO homodimer with one monomer colored in purple (ATP-

binding domain) and green (TPR domain) and the other monomer colored in gray. AMP is 

displayed as spheres in both monomers. Orthogonal views of the Ec-YcaO AMP-bound 

structure in the vicinity of the active site, showing residues responsible for adenine/ribose 

binding (b) and Mg2+/Pi binding (c). AMP and Mg2+ ions are colored cyan and gray, 

respectively. The superimposed difference Fourier maps are contoured at levels of 2.0σ 

(blue) and 8.0σ (red). (d) AMPCPP (cyan) and Mg2+ (grey) bound in the Ec-YcaO active 

site coordinates with superimposed difference Fourier maps contoured at levels of 2.0σ 

(blue) and 6.0σ (red). Residues responsible for Pi, ribose and Mg2+ binding are indicated. (e) 
A ligand interaction diagram for the AMPCPP-bound structure is shown. Putative hydrogen 

bonds are displayed in orange with distances indicated, while red arcs denote hydrophobic 

interactions. Due to slight differences in residue orientation in the monomer subunits, only a 

subset of the interactions is displayed for clarity.
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Figure 3. Conservation of the Ec-YcaO ATP-binding residues in the superfamily
(a) WebLogo frequency plots for the ATP- and Mg2+-binding residues of YcaO domains for 

each subclass (TOMM, non-TOMM, TfuA non-TOMM). Due to the high level of diversity 

in the sequences, WebLogos for the N-terminal ATP-binding residues were not generated. 

The ATP-binding motif identified in Ec-YcaO is displayed above each of the ATP-binding 

regions with the number representing the residue in Ec-YcaO, and conserved residues 

colored orange. (b) YcaO superfamily sequence conservation was mapped onto the structure 

of Ec-YcaO, which highlights strong conservation of the ATP-binding region.

Dunbar et al. Page 20

Nat Chem Biol. Author manuscript; available in PMC 2015 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. BalhC modulates ATP binding and hydrolysis by BalhD and is responsible for leader 
peptide binding
(a) ATP hydrolysis rates measured by the PNP assay. (b) ATP kinetic curves for BalhD-

A4LEH6 with and without BalhC. Error bars represent the standard deviation from the mean 

(n=3), while error on the Michaelis-Menten parameters represents the standard deviation 

from the regression analysis. (c) A fluorescent polarization curve for fluorescein-labeled 

BalhA1 leader peptide recognition by BalhC and BalhD is displayed. Error bars represent 

the standard error of the mean of three independent titrations. Errors on the Kd values 

represent the error from curve fitting.
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