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Abstract

Colibactin is a genotoxic hybrid nonribosomal peptide/polyketide secondary metabolite produced 

by various pathogenic and probiotic bacteria residing in the human gut. The presence of colibactin 

metabolites has been correlated to colorectal cancer formation in several studies. The specific 

function of many gene products in the colibactin gene cluster can be predicted. However, the role 

of ClbQ, a type II editing thioesterase, has not been established. The importance of ClbQ has been 

demonstrated by genetic deletions that abolish colibactin cytotoxic activity, and recent studies 

suggest an atypical role in releasing pathway intermediates from the assembly line. Here we report 

the 2.0 Å crystal structure and biochemical characterization of ClbQ. Our data reveal that ClbQ 

exhibits greater catalytic efficiency toward acyl-thioester substrates as compared to precolibactin 

intermediates and does not discriminate among carrier proteins. Cyclized pyridone-containing 

colibactins, which are off-pathway derivatives, are not viable substrates for ClbQ, while linear 
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precursors are, supporting a role of ClbQ in facilitating the promiscuous off-loading of premature 

precolibactin metabolites and novel insights into colibactin biosynthesis.

Graphical Abstract

The intestinal microbiota has rapidly emerged as a key modulator of human health and 

disease.1–5 Microbial-produced natural products likely play a significant role in host/ 

microbe and microbe/microbe interactions. Colibactin is established as a genotoxic natural 

product produced by certain strains of gut microbiome-associated bacteria possessing the clb 
(pks) genomic island.6–8 Paradoxically, the clb cluster is found in the probiotic Nissle 1917, 

which is used in Europe for the treatment of gastrointestinal disorders.9,10 The gene cluster 

encodes a hybrid nonribosomal peptide synthetase (NRPS)/ polyketide synthase (PKS) 

pathway along with accessory proteins (Figure 1 and Figure S1).6,11,12 Modular NRPSs and 

PKSs are multidomain enzymes responsible for the generation of a wide range of 

structurally diverse natural products.13–15 Common to both systems, pathway intermediates 

are covalently linked to the synthases or synthetases via a thioester bond to a 4'-

phosphopantethiene (Ppant) cofactor of the carrier protein domains (acyl carrier protein, 

ACP, or peptidyl carrier protein, PCP), facilitating the directed transport of the growing 

chain through the assembly line.

The tumor promoting activity of colibactin correlates with DNA damage induced by clb+ 

bacteria.6–8,16 The biosynthesis of colibactins follows a prodrug-type pathway where 

inactive precolibactins are processed by the periplasmic peptidase ClbP.17–20 ClbP cleaves 

precolibactins to release N-acyl-D-Asn along with active genotoxic colibactin products.17,19 

Although the structures of mature and processed colibactin(s) have not been completely 

defined, various prodrug metabolites have been characterized from ΔclbP strains or ΔclbPQ 
strains of Escherichia coli, revealing a mixture of precolibactins and, consequently, new 

theoretical intermediates, with varying structural complexity (1–19, Figure 1, Figure S1).
21–27 Insights gained from these isolation studies, along with gene deletion experiments,
6,18,28 suggest that the varied biological activities (pathogenic and probiotic) reported for 

colibactin might result from a mixture of compounds produced through the hybrid NRPS-

PKS pathway. Therefore, understanding the off-loading mechanism of such biosynthetic 

intermediates is essential to gain insights into the biosynthesis and biological activities of 

pathway metabolites. In NRPS/PKS pathways, the off-loading of biosynthetic products from 

the assembly line is commonly mediated by a thioesterase (TE) domain encoded in the 

pathway.29 However, the colibactin pathway unusually does not contain a terminal releasing 

domain as part of the assembly line. The candidate TE in the pks gene cluster is the 

standalone gene product ClbQ.
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Sequence homology analysis suggests that ClbQ belongs to the type II family of editing TEs 

(TEIIs).23 TEIIs have a corrective (editing or proofreading) role, removing undesirable 

substrates and aberrantly loaded intermediates that would otherwise stall the NRPS/PKS 

biosynthetic pathway.30–33 In addition to an editing role, TEIIs have also been shown to 

participate in the selection of starter units incorporated into a pathway,34–36 release 

intermediates or final products,37,38 regulate the yield of products,39 and influence the 

overall performance of the synthases or synthetases.30,34 Two models have been reported to 

account for the activity of TEIIs, a high specificity model where TEIIs hydrolyze only 

aberrant units and a low specificity model where the hydrolases act on both “correct” and 

“incorrect” intermediates with the “correct” released at a slower rate.40 Deletion of TEIIs in 

NRPS/PKS biosynthetic pathways commonly result in a decrease in the yield of the final 

natural product.30,38,39,41 Although a large number of TEIIs have been identified, four TEIIs 

have been structurally characterized: RifR from the rifamycin hybrid NRPS/PKS pathway,36 

RedJ from the prodiginine hybrid NRPS/PKS,39 SrfD from the surfactin NRPS,42 and the 

human TEII involved in fatty acid synthesis.43 Collectively these structures have revealed 

that unique structural conformations of TEIIs enable selective interactions with individual 

enzyme domains within the multidomain systems. Also, a flexible lid region in each 

structure controls the size and shape of the active site, regulating the enzyme-based 

selectivity for various substrates. Therefore, determining the substrate selectivity based on 

sequence analysis alone is not yet feasible. Additional structural information will more 

broadly aid in defining the selectivities and roles of TEs in a specific NRPS/PKS pathway.

Prior studies have demonstrated the importance of clbQ in the colibactin pathway. Deletion 

of clbQ in clb+ E. coli was shown to abolish the cytotoxic effects of clb+ E. coli.6,16,44 In 

addition, a recent report has suggested a unique function of ClbQ in off-loading pathway 

intermediates rather than removing aberrant intermediates.23 Characterization of a clbPQ 
double mutant allowed the identification of the late-stage precolibactin candidate 16, 

incorporating a 2-aminomalonyl unit (AM) (pathway A, Figure 1), whereas a clbP single 

mutant provided compound 19 (pathway B, Figure 1).23 In the same report, in vitro studies 

of ClbQ against N-acetylcysteamine (SNAC) precolibactin thioester derivatives revealed 

ClbQ off-loading the early stage clb pathway intermediates. Together, these studies suggest 

that ClbQ plays a key role in directing or controlling the flux of colibactin products and thus 

may affect the generation of bacterial molecules implicated in host genotoxicity. However, 

the structural and molecular basis of the unique TE activity of ClbQ remained unclear.

Here we report structural and biochemical characterization of ClbQ. Our data highlight 

unique structural features of ClbQ and provide insights into the substrate selectivity of ClbQ 

for several key precolibactin metabolites.

RESULTS AND DISCUSSION

X-ray Structure of ClbQ

ClbQ crystallized in the space group P21 with cell dimensions of a = 45.0 Å, b = 95.0 Å, c = 

68.4 Å, β = 109.2°. The overall structure contains two independent monomers in the 

asymmetric unit (Figure 2A) and was isotropically refined to a resolution of 1.98 Å with a 

final a Rfree of 21% (Table S1). Native ClbQ crystals exhibited severe twinning (twin law = 
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h, –k, –h – l) allowing an incomplete structure with electron density missing for amino acid 

residues 110–148 and 183–200, this including the active site aspartate, D186 (data not 

shown). Cocrystallization with synthetic precolibactin substrates produced several crystals 

with significantly less twinning, suggesting that ClbQ is more structured in the presence of 

ligands. Several data sets were collected (data not shown) to obtain protein–ligand 

complexes from crystals soaked or cocrystallized with precolibactin derivatives (9, 18, 19, 

20, 26, 27). Data for precolibactin–ClbQ complexes were collected to high resolution, but no 

clear density for the bound ligand was apparent. However, the density for the disordered 

loops and missing regions from the native crystals was observed in the cocrystals, allowing a 

complete model (residues 2–240) of ClbQ, suggesting that transient ligand binding aids in 

crystal growth and formation.

The ClbQ structure reveals, as expected, a canonical α/β hydrolase core domain (Ser2–

Pro110 and Ile165–His240) and a cap domain (Asp111–Thr164) (Figure 2A). Five α helices 

of the core domain surround a six-stranded parallel β-sheet, and a flexible cap domain is 

composed of helices α'4–α'5, lid loop 1, and lid loop 2 inserted between β4 and β5 of the 

core. The active site of ClbQ shows a classic α/β hydrolase signature sequence Gly76-

His77-Ser78-Xaa79-Gly80 of the “nucleophilic elbow” between strands β4 and the α3 helix. 

The catalytic triad residues of ClbQ, Ser78, Asp186, and His215 (Figure 2B), are on loop 

regions, following strands β3 (Ser), β5 (Asp), and β6 (His) of the α/β-hydrolase fold. The 

catalytic Ser78 in both monomers of ClbQ is a conformational outlier based on 

Ramachandran analysis, as commonly observed in the structures of α/β hydrolase fold 

enzymes.45 In addition, several significant changes in the residues adjacent to the catalytic 

site as well as hydrogen bond positioning of residues in the catalytic region were observed in 

the ClbQ structure. His77 of the signature motif forms a hydrogen bond with the backbone 

carbonyl of the catalytic His215, stabilizing its alignment within the triad (Figure 2B). The 

variable amino acid Xaa79 of the signature sequence is a methionine in most TEIIs. 

However, in ClbQ, it is a leucine. The backbone amides of Leu79 and Ser12 (Met95 and 

Ala29, respectively, in RifR)36 are reported to be essential in stabilizing the tetrahedral 

intermediate in the oxyanion hole, which is occupied by a water molecule in our structure. 

The catalytic histidine (His215 in ClbQ) in most TEIIs is present in the motif GXHF (where 

X= G, N, or D). In ClbQ, a significant change is observed in this signature motif containing 

AADHF. An additional alanine residue results in a longer loop region (indicated by purple 

arrow in the Figure 3A) presumably contributing to greater flexibility of the catalytic 

histidine in the active site.

We also observed clear electron density for a β-mercaptoethanol (βME) molecule forming a 

disulfide bond with Cys49 of each monomer. This βME originates from the protein 

purification process during the protein dialysis step. The βME molecule attached to Cys49 

of chain B is located at the dimer interface and makes extensive contacts with chain A 

(Figure S2A), while the βME molecule attached to chain A points away from chain B 

(Figure S2B). As compared with other TEIIs, significant changes around the Cys49 region 

were observed in ClbQ. Additional differences between ClbQ and TEIIs include position 

157. While this position is conserved as Ala or Ser in other TEIIs, it is an Asn in ClbQ with 

the side chain interacting with the backbone amide of Cys49, and in turn, the amide NH 
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forms a hydrogen bond with the carbonyl of Leu50. This arrangement looks to stabilize the 

structural conformation of the loop region between β2 and α2 (Figure S2B). A cysteine at 

position 49 is not present in classic TEII enzymes, and structural changes around this region 

are unique to ClbQ.

A structural homology search using the DALI server46 reveals that ClbQ shares the highest 

structural similarity (Z-score of 29.9) with RedJ (PDB code 3QMV). The RMSD is 1.7 Å 

for 227 aligned αC atoms between the N-terminal domain of RedJ and ClbQ. ClbQ also 

shares high structural similarity with RifR (Z-score of 27.0, PDB code 3FLB, RMSD of 2.3 

Å for 223 aligned αC atoms). Interestingly, ClbQ also shares significant structural homology 

to the recently published crystal structures of human TEII (Z score of 22.4, PDB code 

4XJV) (Figure S3). ClbQ has equal similarities with RedJ and RifR in the core region; 

however, the flexible lid region of chain A in ClbQ is more similar to RedJ than RifR 

(Figure 3A).

Conformational Changes of ClbQ

The two monomers in the asymmetric unit are highly similar in structure (RMSDall3atoms = 

1.5 Å), with observed conformational changes around the cap domain (RMSD111–164 = 2.9 

Å) (Figures 2C, S4), suggesting flexibility of the lid region. Similar to other TEIIs, lid loop 1 

is associated with the size and shape of the substrate chamber, whereas lid loop 2 contributes 

to the Ppant entrance tunnel. In chain A, lid loop 1 is positioned toward the active site, and 

lid loop 2 is in an open conformation with respect to the chain B structure, where lid loop 1 

is positioned away from the active site and lid loop 2 is in a closed conformation (Figure 

2C).

In order to model a structural basis for a ClbQ–carrier protein domain interaction, the 

structure of EntF PCP-TE (PDB code 3TEJ) was aligned to ClbQ providing a proposed 

protein/protein interaction surface along with a basis for the positioning of the Ppant arm 

into the TE active site (Figure 3B). We previously reported the structure of the PCP-TE 

didomain from the E. coli EntF NRPS with a conjugated Ppant based inhibitor providing a 

structural basis for TE/PCP interactions.47 As common with carrier protein domains, the 

PCP is a four-helical domain with the conserved Ser covalently linked to the Ppant arm. 

Structural alignment suggests the position of Ser78 of ClbQ is in a catalytically relevant 

form and provides insights for the observed structural differences between the two 

monomers. The alignment and interaction of the two ClbQ monomers is similar to the 

interaction of the two domains in the EntF PCP-TE structure. Contact residues of ClbQ 

suggest that chain B acts as a PCP mimic to chain A, leading to the movement of flexible lid 

loop 2 to an open conformation. The backbone amides of residues Tyr20 and Lys21 of the 

α1 helix of chain A interact with the βME molecule attached to the Cys49 of chain B, while 

the residues of α'5 and loop region between β2 and α2 of chain A make contacts with the 

residues of α2 and α3 of chain B (Figure S2A).

Movement of lid loop 1 affects the size and shape of the substrate chamber in both 

monomers. The side chains of residues Ala113 and Glu116 of lid loop 1 are pointed inward 

to the active site, forming a narrow and longer substrate chamber in chain A. In contrast, 

these residues are in an opposite configuration forming a wider, short substrate chamber in 

Guntaka et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2018 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chain B (Figure 2C and Figure 3C). The Ppant entrance site and general access to the 

catalytic triad were affected by the movement of flexible lid loop 2 (Figure 3D). The side 

chains of residues Val139 and Asp140 are pointed to the active site covering the Ppant 

entrance in chain B, whereas these residues are pointed outward opening the Ppant entrance 

and forming a narrow tunnel-like entrance in chain A. This active site entrance tunnel is 

blocked by the side chains of residues His115 and Gly116 in chain B (Figure 3D).

Biochemical Characterization of ClbQ

Previously reported in vitro studies on the substrate specificity of ClbQ against precolibactin 

N-acetyl cysteamine (SNAC) thioester derivatives (Figure S1) revealed that the TE readily 

hydrolyzed the early stage intermediate derivatives 21 and 22 to generate the corresponding 

precolibactins 2 and 3, respectively.23 However, hydrolysis of the late-stage, cyclized 

precolibactin derivatives 23, 24, or 25 was not observed. This study did not include linear 

late-stage intermediates, suggesting one or a combination of the following possibilities. 

First, the cyclized compounds (pyridone-containing) 23, 24, and 25 are not the actual 

substrates for ClbQ, and cyclization is an artifact of the in vitro isolation procedures. 

Second, ClbQ discriminates alternate substrates based on chain length, as has been observed 

for other TEIIs. Third, the substrate specificity is a result of ClbQ’s selectivity toward 

various ACP/PCP domains in the pathway. To address these possibilities, we conducted 

studies using both wild-type ClbQ and a S78A active site mutant, in which the catalytic 

serine residue was substituted with alanine.

Substrate Specificity of ClbQ

To test the first possibility, we synthesized new compounds 26 and 27 (SNAC derivatives of 

18 and 19) as well as compound 20 (SNAC derivative of 1), as a positive control, and 

assayed their thioester hydrolysis activities in the presence of ClbQ (Figure 4). Using a 

LCMS based assay, we observed hydrolysis of compound 20 by wild-type ClbQ, but we did 

not observe hydrolysis of 26 or 27 (30 min incubation). Given the poor solubility of late 

stage intermediates in the assay buffers, we repeated the assays for 18 h and observed slow 

hydrolysis of linear substrate 26 but no hydrolysis of the cyclized substrate 27 (Figure 4). To 

confirm that thioester hydrolysis of 26 is specifically catalyzed by ClbQ, the enzymatic 

reaction was compared with an active site ClbQ mutant and a buffer control. LCMS analysis 

data showed that the linear substrate 26 was weakly hydrolyzed by wild-type ClbQ, and the 

hydrolysis product 18 cyclized over time to compound 19. Spontaneous cyclodehydration of 

18 to 19 was experimentally demonstrated in earlier studies.48 Partial hydrolysis of 26 at a 

decreased rate was observed in the samples incubated with the ClbQ S78A mutant 

(approximately 2-fold less compared to WT), suggesting that the substrate 26 may be 

capable of binding in the active site. In place of an active site serine residue, bound water 

can act as a nucleophile, allowing the hydrolysis of 26 albeit at a slower rate (Figure 4). 

Similar observations have been reported for other TEII active-site serine mutants.36 The 

ClbQ S78A mutant showed only minor or no hydrolysis of SNAC derivatives 20, 26, and 27 
(Figure 4). Together with previous studies, these results support ClbQ as a low specificity 

TEII enzyme with a stronger preference for early stage intermediates. In addition, our 

observations of ClbQ hydrolysis of late-stage linear precolibactin intermediates support our 
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hypothesis that late-stage linear precolibactin intermediates and not the stable cyclized 

precolibactin intermediates are indeed colibactin biosynthetic intermediates.

Additionally, we tested the ability of ClbQ to hydrolyze common acyl-SNACs of varying 

chain lengths (acetyl, lauroyl, myristoyl) in order to understand whether ClbQ performs a 

generic editing function (common to TEIIs) or is specific to early stage precolibactin 

metabolites. Using the previously reported DTNB-based spectrophotometric assay,39 the 

activity of ClbQ against acetyl-, lauroyl-, and myristoyl-SNACs, as well as precolibactin 

SNACs 20, 26, and 27, were compared. The assays revealed that ClbQ has thioesterase 

activity with model straight-chain acyl-SNACs, and the rates of hydrolysis were greater than 

that measured for precolibactin-SNACs. However, the slow hydrolysis rate of lauryl-SNAC 

and precolibactin-SNAC thioesters 20 and 26 compared to acetyl-SNAC indicate that these 

are relatively poorer substrates for ClbQ. The catalytic efficiencies (kcat/KM) of acetyl-, 

lauroyl-, myristoyl-, 20-, and 26-SNACs are 27.3, 7.3, 38.8, 5.2, and 1.6 M−1 s−1, 

respectively. Additionally, we did not observe hydrolysis of cyclized precolibactin SNAC 

derivative 27 as anticipated from our LC-MS data and previous reports, suggesting that these 

compounds are not the optimal substrates.

Selectivity toward Acyl ACPs

ClbQ hydrolysis of specific precolibactin SNAC derivatives posed the question as to whether 

the thioesterase is selective toward carrier protein domains in the colibactin pathway. ClbQ 

shares high structural homology to RedJ, a type II TE that was shown to have specificity for 

ACPs in the prodiginine pathway.39 Therefore, we investigated the possibility of ClbQ 

discrimination between ACP and PCP domains. There are a total of 12 carrier protein 

domains (5-ACPs/7-PCPs) in the colibactin assembly line; all of these domains are 

embedded in multimodule enzymes, except for the stand alone, ClbE (Figure 1, S1). Our 

initial strategy was to utilize the standalone ClbE carrier protein in acyl-ACP assays. 

However, our efforts to load various acyl substrates on ClbE were undetected in our assays 

(data not shown) with ClbE only accepting acetyl-CoA and not lauroyl-or myristoyl-CoA 

using the Ppant transferase (PPTase), Sfp. This is an interesting observation given that ClbE 

has a unique role in the colibactin pathway acting as an in trans carrier protein to the first 

ClbH adenylation domain, which is further processed to a 2-aminomalonyl unit (AM) by 

accessory enzymes ClbDEF.24,28 Accepting only short-chain acyl-CoA substrates but not 

longer ones suggest that ClbE unusually displays strict specificity toward small amino acids 

like L-Ser. Mass analysis (MALDI-TOF) did show that ClbQ was able to hydrolyze acetyl-

ClbE consistent with its editing role (Figure 5A).

Unfortunately, attempts to solubly express the colibactin gene cluster specific ACP/PCPs of 

ClbB, ClbK, and ClbO as discrete, standalone domains were unsuccessful under the 

conditions of our experiments (data not shown). Given the difficulty in soluble expression of 

individual in cis ACP/PCPs from the colibactin gene cluster, we chose an alternative 

approach. We tested the ability of ClbQ to recognize and hydrolyze acyl-CoA tethered to a 

model standalone carrier domain, FscF, a well behaved carrier protein from the fuscachelin 

NRPS biosynthetic pathway.49 We tested the hydrolysis of various acyl-FscFs by ClbQ and 

observed all conjugates were substrates (Figure 5B). This suggests that ClbQ may lack 
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selectivity toward specific colibactin synthase or synthetase carrier protein domains, 

implying that the differences in the hydrolysis of precolibactin SNAC derivatives is due 

primarily to the substrate chain-length specificity of ClbQ. To further substantiate these 

results, we conducted a sequence homology analysis of the 12 carrier protein domains in the 

colibactin pathway to examine differences in the regions that have previously been 

reported47 to be essential for TE binding (Figure S5). Consistent with our assay results, no 

significant differences between the ACP/PCP domains in the TE binding region were 

apparent. However, consistent with its specialized role, ClbE showed the most differences as 

compared to the other carrier protein domains.

We further carried out secondary structure predictions of all 12 carrier protein domains using 

JPred4.50 In general, PCP/ ACP domains adopt the expected four-helix structure, in which 

residues in α3 and α4 helices interact with partner domains.51 Our prediction showed that 

all carrier protein domains in the colibactin pathway similarly possess the canonical four-

helix structure, except ClbE, in which α3 is interestingly replaced with a β strand (Figure 

S5). We speculate that this atypical change in overall predicted structural topology likely 

plays a critical role in ClbE’s unique activity with AM production.

The colibactin pathway is a unique PKS/NRPS assembly line with novel, noncanonical 

biosynthetic elements. Although a number of precolibactin metabolites have been reported, 

all these structures have been identified from either clbP mutant strains or clbPQ double 

mutant strains23 to facilitate isolation and identification of precolibactins. Two studies have 

reported that deletion of clbQ in E. coli CCR20 or E. coli 11G5 strains abolished colibactin 

cytopathogenic effects including in vitro megalocytosis, DNA damage, cellular senescence, 

and tumor growth in infected human HCT116 cells.16,44 Both of these studies suggested that 

colibactin biosynthesis and bioactivity are strongly influenced by the unique TE ClbQ. 

Additionally, a recent report demonstrated the effect of ClbQ on the production yields of 

upstream and downstream precolibactin intermediates.23,27 In one study, the ΔclbPQ strain 

produced higher yields of late-stage intermediates and aided in the isolation of the advanced 

metabolite 16.23 Taken together these studies suggest ClbQ plays an important regulatory 

role in colibactin production and cytotoxic activity.

Our structural and biochemical data revealed that ClbQ is a unique TEII enzyme. The crystal 

structure shows a characteristic α/β hydrolase fold and flexible lid region consistent with 

reported TEII structures. However, ClbQ displayed some unique structural modifications. 

The conformational changes around the flexible lid domain of the two monomers provide 

structural insights for the broad substrate specificity of the enzyme. Consistent with our 

biochemical studies, the crystal structure revealed alternate size and shape of the substrate 

binding pocket allowing the enzyme to accommodate a range of substrates. Also, consistent 

with observed colibactin product formation, ClbQ could possibly interact with all 12 carrier 

proteins of the assembly line given the relaxed specificity with a foreign carrier protein 

domain, FscF.

ClbQ is an atypical TEII enzyme, utilizing a low specificity mechanism in which the enzyme 

releases both “correct” and “incorrect” intermediates in the NRPS/PKS assembly line. In 

contrast to an earlier report where the late-stage cyclic (pyridone) precolibactin intermediate 
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SNAC compounds were not hydrolyzed by ClbQ,23 we observed slow hydrolysis of the late-

stage linear intermediate SNAC thioester 26. This suggests that the cyclized precolibactin 

derivatives are not the actual substrates of ClbQ but are rather off-path cyclization products. 

Synthetic colibactin lactams are potent DNA alkylators, whereas the colibactin pyridones 

were inactive.52 Cyclized colibactins are likely produced by a facile double 

cyclodehydration route during the fermentation and isolation process.25,48,52

Our in vitro studies suggest that ClbQ can off-load the AM unit from the assembly line, 

which is consistent with the observed accumulation of AM-containing compound 16 in a 

ΔclbPΔclbQ pks mutant (Figures S6, S7).23 In addition, the putative substrate binding 

pocket of ClbQ reveals a general negatively charged surface (Figure S8) similar to the 

previously reported ClbP structure,18 providing additional evidence that fully mature 

(pre)colibactins are positively charged due to the use of AM substrates. Confirming the 

structural basis of ClbQ for multiprotein interactions is our current focus. As a slow acting 

TEII enzyme, ClbQ was shown to process late-stage linear intermediates in the colibactin 

NRPS/PKS pathway, suggesting that increased production of 16 is in part dependent on the 

lifetime of a bound AM unit.

Presented is the structure and function of the atypical type II thioesterase ClbQ from the 

colibactin pathway providing novel insights into the colibactin biosynthetic pathway. The 

complex roles host–pathogen interactions play in the gut microbiome and their relation to 

human health are emerging. Detailed understanding of clb metabolites along with the 

biosynthetic machinery provides a framework to understand colibactin-mediated 

carcinogenesis and probiotic activity and to rationally manipulate the system using small 

molecule probes.

METHODS

Unless otherwise noted, all chemicals and general reagents were purchased from Sigma-

Aldrich or Fisher Scientific.

Expression Plasmids

The genes encoding the proteins ClbQ, ClbE, ClbH, ClbD, and ClbF were amplified by PCR 

from a bacterial artificial chromosome (BAC) harboring the pks genomic DNA6 using the 

primers listed in Supplementary Table 1. Amplified fragments were digested with 

appropriate restriction enzymes and were purified using agarose gel electrophoresis. The 

digests were ligated into respective linearized expression vectors (pET28a or pET30b) using 

T4 DNA ligase and transformed into competent E. coli TOP10 cells. All plasmids were 

verified by DNA sequencing. A ClbQ S78A mutant was generated using the QuikChange 

site-directed mutagenesis kit (Stratagene). The Sfp containing plasmid was obtained using a 

previously reported protocol.53

Protein Expression and Purification

Unless otherwise stated, all the proteins were expressed and purified using the following 

protocol. Expression vectors were transformed into E. coli BL21(DE3), and bacteria were 

grown in 2 L of LB medium containing 50 μg mL−1 kanamycin at 37 °C and 155 rpm to an 
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optical density of 0.5, equilibrated to 18 °C, and induced with 0.2 mM IPTG, and expression 

continued at 18 °C for ~18 h. Cells were harvested, suspended in 25 mL of lysis buffer (20 

mM Tris-HCl, pH 7.5, 500 mM NaCl), and lysed with a microfluidizer, and the lysate was 

clarified by centrifugation at 14000g for 40 min. The supernatant was incubated with 1 mL 

of Ni-NTA resin (Qiagen) for 45 min at 4 °C and washed with one column volume of lysis 

buffer and then one column volume of wash buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 

25 mM imidazole). The tagged protein was eluted with elution buffer (20 mM Tris-HCl, pH 

7.5, 500 mM NaCl, 250 mM imidazole) and dialyzed overnight in the buffer containing 20 

mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM βME (β-mercaptoethanol), and 10% glycerol. 

The protein was further purified by gel filtration chromatography (HiLoad 16/60 

SuperDex-200 column, AKTA FPLC System, GE Healthcare) with 20 mM Tris-HCl, pH 

7.5, 100 mM NaCl, 1 mM βME. The fractions containing protein, as detected by SDS-PAGE 

analysis, were pooled, concentrated, and used for crystallization experiments. FscF was also 

expressed and purified as described above except that it was induced at 37 °C with 0.25 mM 

IPTG and allowed to grow at 37 °C for ~5 h before harvesting and purification. Sfp was 

expressed and purified following the reported protocol.54 Proteins ClbH, ClbD, ClbF, and 

ClbE (C-terminal His tag) were expressed and purified according to the reported protocol.24

Crystallization

Purified ClbQ was concentrated to 5 mg mL−1 and incubated with 2 mM precolibactin 

SNAC (27) for 2 h at 37 °C. Cocrystallization trials were conducted using the hanging drop 

vapor diffusion method with 2 μL drops containing equal volumes of protein stock and 

reservoir solution (30% PEG-4000 and 0.1 M Tris-HCl, pH 8.5, 0.2 M lithium sulfate 

monohydrate) at 20 °C. Crystals formed in ~12 h and were harvested in loops, cryoprotected 

with corresponding well solution supplemented with 20% glycerol, and frozen in liquid 

nitrogen for data collection.

Data Collection and Structure Determination

Diffraction data were collected on beamline 21-ID-G of the Life Sciences Collaborative 

Access Team (LS-CAT) facility at the Advanced Photon Source (APS), Argonne National 

Laboratory (Argonne, IL). Data were collected at 100 K with a wavelength of 0.9786 Å (1 Å 

= 0.1 nm), integrated, merged, and scaled using XDS55 to a resolution of 1.98 Å in space 

group P1211, with two protein molecules per asymmetric unit. A sequence homology search 

indicated that the RifR (30% identity) and RedJ (32%) TEs had the highest sequence 

identity.36,39 We tested these α/β hydrolase domains (PDB codes 3FLB and 3QMV), along 

with the human TEII (4XJV; 25% identity)43 as molecular replacement search models with 

PHASER.56 Initial refinement of the diffraction data (ClbQ crystallized with 27) using RifR 

as the initial search model provided a partial structure of ClbQ containing residues 2–110, 

150–182, and 204–240. Missing residues were built manually, and the final atomic model 

containing residues 2–240 was completed by several rebuilding and refinement cycles using 

PHENIX.REFINE57 and COOT.58 A standard distance restraint between SβME and SCys49 

was added (2.05 Å) during the refinement. Water molecules were placed in the structure 

based on manual inspection of the 2mFo–DFc and mFo–DFc electron density maps, and the 

refined coordinates have been deposited in the PDB (accession code 5UGZ). Statistics on 
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data collection and atomic structure refinement are given in Supplementary Table 2. PyMOL 

(https://www.pymol.org) was used for structural illustrations.

Acylation of Carrier Protein Domains

Sfp from Bacillus subtilis was used for the conversion of apo-ACP to corresponding holo-

ACP (acyl-ACPs) using a previously reported procedure.53 Briefly, each reaction mixture of 

100 μL contained 50 μM apo-ACP, 150 μM acyl-CoA, 2 μM Sfp in Tris HCl buffer, pH 7.5, 

0.5 mM TCEP, and 2.5 mM MgCl2 and was incubated for 2 h at 37 °C. Acyl-ACP formation 

was confirmed by MALDI and ESI-LC-MS. The reaction mixtures were then filtered using 

Microcon YM-3 filter (Millipore) to remove excess acyl-CoA substrate and exchange the 

buffer to 100 mM Tris HCl, pH 7.5, 20 mM NaCl and concentrate the Acyl-ACP product to 

90 μL.

Acyl-ACP Hydrolysis

An LC-MS and MALDI-TOF based assay was used to determine the hydrolysis of Acyl-

ACP catalyzed by ClbQ. In a standard assay reaction, 10 μL of the concentrated Acyl-ACP 

product was incubated with 5 μL of 1 μM ClbQ or ClbQ S78A mutant or no enzyme for 15 

min at 37 °C. Reactions were quenched with 10 μL of 10% formic acid, and the loss of acyl-

ACP and formation of holo-ACP were analyzed by LC-MS. Samples for LC-MS analysis 

were injected via auto sampler, and mass analysis was performed using an Agilent 6130 

quadruple LC-MS with an Agilent Zorbax SB-C18 1.8 μm (2.1 mm × 50 mm) column 

operated at a flow rate of 0.2 mL/min. The running method was 0–2 min (H2O/0.1% formic 

acid), 2–22 min (0–100% acetonitrile (ACN)/0.1% formic acid). Retention times were as 

follows: Holo-FscF (FscF-Ppant), 13.74 min; Acetyl-FscF, 13.84 min; Lauroyl-FscF, 14.36 

min; Myristoyl-FscF, 14.41 min.

ClbE-Acylation and acyl-ClbE hydrolysis catalyzed by ClbQ and its mutant was confirmed 

by MALDI-TOF MS-based assay using benchtop MicroFlex LT mass spectrometer (Bruker 

Daltonics) following the previously reported method.43

AM-ClbE Hydrolysis Assays

An in vitro reconstitution of AM-ClbE was generated using a previously reported protocol.24 

Each 40 μL of the reaction mixture containing seryl-ClbE or AM-ClbE was incubated with 1 

μM of ClbQ or ClbQ S78A mutant or no enzyme for 15 min at 37 °C. Reactions were 

quenched with 10 μL of 10% formic acid, and the loss of acyl-ACP and formation of holo-

ACP were analyzed by LC-MS. Samples for LC-MS analysis were injected via auto 

sampler, and mass analysis was performed using an Agilent 6130 quadruple LC-MS with an 

Agilent Zorbax SB-C18 1.8 μm (2.1 mm × 50 mm) column operated at a flow rate of 0.2 

mL/min. The running method was 0–2 min (H2O/0.1% formic acid), 2–50 min (0–100% 

acetonitrile (ACN)/0.1% formic acid). Deconvolution of protein raw mass spectra was 

performed using Agilent MassHunter software (version B.06.00). The masses detected 

correspond to [M + H]+ ions.
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Precolibactin SNAC Hydrolysis Assays

An LC-MS based assay was used to determine the TE activity of ClbQ toward precolibactin 

SNAC thioesters using a previously reported method.23,38 Each assay was carried out in 

triplicate. In a standard 100 μL assay reaction containing 50 mM Tris HCl, pH 8.0, 80 μM 

substrate (in DMSO) was incubated with 4 μM ClbQ or ClbQ S78A mutant or no enzyme at 

37 °C for 30 min and 18 h. Each reaction mixture was processed and analyzed according to 

a previously reported method.23

Acyl-SNAC Hydrolysis versus Precolibactin SNAC Hydrolysis

The DTNB (5,5'-dithiobis (2- nitrobenzoic acid)-based continuous spectrophotometric assay 

was used to examine substrate specificity of ClbQ with various acyl-SNACs and 

precolibactin SNACs using a previously reported protocol.39 In brief, each experiment (in 

triplicate) was carried out at 37 °C in a 96-well flat bottom microtiter plate. Each reaction 

mixture containing varying concentrations of acyl-SNACs was added to 100 μM DTNB in 

reaction buffer (100 mM Tris HCl, pH 7.4; 20 mM NaCl) and incubated with 100 nM ClbQ 

or ClbQ S78A or no enzyme. All data points were collected in triplicate, and the amount of 

free thiol released is measured at 412 nM. Data analysis and calculation of kcat and KM 

values were performed using GraFit 4.012 (Middlesex, UK).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NRPS nonribosomal peptide synthetase

PKS polyketide synthase

Ppant phosphopantetheine

PPtase Ppant transferase

PCP peptidyl carrier protein

ACP acyl carrier protein

TE thioesterase

TEII thioesterase type II

IPTG isopropyl β-D-thiogalactopyranoside
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βME β-mercaptoethanol

SNAC N-acetyl cysteamine

BAC bacterial artificial chromosome

AM 2-amino malonyl

MALDI-TOFmatrix-assisted laser desorption/ ionization-time of flight

ESI electrospray ionization

LCMS liquid chromatography-mass spectrometry

DTNB 5,5'-dithiobis(2-nitro-benzoic acid)

EIC extracted-ion chromatogram

TCEP tris(2-carboxyethyl)phosphine
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Figure 1. 
Biosynthetic pathways to precolibactins. Compounds 1–13 (complete structures are shown 

in Figure S1) are proposed to be generated by the NRPS/PKS hybrid proteins ClbNBCHIJ. 

The extender unit 2-aminomalonyl (AM, highlighted in red) is produced by ClbDEF 

together with the first A domain of ClbH. The absence of ClbQ (in a ΔclbP ΔclbQ mutant of 

clb+ E. coli), allowed identification of 2-AM containing compounds 14–16, via pathway A. 

The presence of ClbQ (in a ΔclbP background) directs to pathway B, compounds 17–19. A, 

adenylation; ACP, acyl carrier protein; AT, acyl transferase; C condensation; Cy, cyclization; 

DH, dehydratase; E, epimerase; KS, keto synthase; Ox, oxidase; PCP, peptidyl carrier 

protein.
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Figure 2. 
Structure of ClbQ. (A) The asymmetric unit with two monomers of ClbQ, βME is shown as 

orange sticks. (B) The active site of ClbQ. The catalytic triad, Ser78, Asp186, and His215, 

are shown as gold sticks, the oxyanion hole (Ser12 and Leu79) and surrounding active site 

residues are colored salmon. (C) Superimposition of the chain A and chain B monomers. 

The core regions of both domains (cyan) is constant, and the flexible lid domains are 

represented (chain A, green; chain B, orange). Side chains of the residues on the flexible lid 

domain are labeled in the expanded view and the movement and orientations between the 

two monomers are depicted with blue arrows. The catalytic triad is shown as pink sticks.
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Figure 3. 
Conformational flexibility of ClbQ: (A) Alignment of ClbQ (chain A, cyan) with RedJ 

(salmon, PDB code 3QMV, chain B) and RifR (gray, PDB code 3FLB, chain A). The 

extended loop region in ClbQ formed by the motif PAADH is indicated (purple arrow). The 

catalytic triad is labeled. (B) Modeling of a Ppant arm (green) into ClbQ active site based on 

the EntF PCP (light pink)–TE (wheat) didomain structure (PDB code 3TEJ) with ClbQ 

(chain A, blue/cyan). (C) Surface diagram of the two monomers of ClbQ. The substrate 

binding site is indicated by a red circle, and Ppant entrance is indicated by red arrow. (D) 

Cartoon and surface representative of the active site entrance channel. The narrow tunnel-

like entrance channel of chain A (circled and open) and chain B (closed, largely by His115 

and Glu116).
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Figure 4. 
Hydrolysis of precolibactin thioester SNAC derivatives with ClbQ. (A) LC-MS based assay 

showing hydrolysis of a linear precolibactin SNAC thioester (26) catalyzed by WT ClbQ and 

partial thioester hydrolysis by the S78A mutant. (B) Extracted ion chromatograms (EIC) 

EIC+ = 467.30 ± 0.01 (top) and 398.33 ± 0.01 (bottom), corresponding to 26 and the 

hydrolyzed and cyclized product precolibactin 19, respectively. (C) LC-MS extracted ion 

chromatogram (EIC) traces displaying the hydrolysis of compound 20 catalyzed by 

recombinant ClbQ and not by ClbQ S78A (middle). EIC+ = 444.28 ± 0.01 and 343.28 

± 0.01, corresponding to SNAC thioester 20 and the hydrolyzed product precolibactin 1, 

respectively. (D) LC-MS extracted ion chromatogram (EIC) traces displaying no hydrolysis 

of cyclized precolibactin 27. EIC+ = 449.28 ± 0.01 [M + H]+2, corresponding to SNAC 

thioester 27.
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Figure 5. 
Acyl-ACP hydrolysis by ClbQ. (A) MALDI (matrix-assisted laser desorption/ionization) 

analysis of acetyl-ClbE hydrolysis by ClbQ. Mass spectrum of acetyl-ClbE (top panel), 

reaction with WT ClbQ (middle panel), and the ClbQ S78A mutant (bottom). The reference 

m/z peak at 11783.7 is shown as vertical dotted line. (B) LC-MS analysis of hydrolysis of 

acetyl-FscF (top), lauroyl-FscF (middle), and myristoyl-FscF (bottom) incubated with ClbQ 

at 37 °C for 15 min. Acylation reactions of FscF are shown as solid lines, and the hydrolysis 

reactions of acyl-FscF catalyzed by ClbQ are represented as dotted lines in all three spectra.
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