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Abstract 

Daunorubicin is a type II polyketide, one of a large class of polyaromatic natural 

products with anticancer, antibiotic and antiviral activity. Type II polyketides are formed 

by the assembly of malonyl-CoA building blocks, though in rare cases, biosynthesis is 

initiated by the incorporation of a non-malonyl derived starter unit, which adds molecular 

diversity to the poly-β-ketone backbone. Priming mechanisms for the transfer of novel 

starter units onto polyketide synthases (PKS) are still poorly understood. Daunorubicin 

biosynthesis incorporates a unique propionyl starter unit thought to be selected for by a 

sub-class (‘DpsC type’) of priming ketosynthases (KS III). To date, however, no structural 

information exists for this sub-class of KS III enzymes. Although selectivity for self-

acylation with propionyl-CoA has previously been implied, we demonstrate that DpsC 

shows no discrimination for self-acylation or acyl-transfer to the cognate acyl carrier 

protein, DpsG with short acyl-CoAs. We present five crystal structures of DpsC, including 

apo-DpsC, acetyl-DpsC, propionyl-DpsC, butyryl-DpsC and a co-crystal of DpsC with a 

non-hydrolyzable phosphopantetheine (PPant) analogue. The DpsC crystal structures 

reveal the architecture of the active site, the molecular determinants for catalytic activity 

and homology to O-malonyl transferases, but also indicate distinct differences. These 

results provide a structural basis for rational engineering of starter unit selection in type II 

polyketide synthases. 
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Introduction 

Type II polyketides are a diverse group of natural products that continue to be an 

important source for pharmaceutical development 1-4. Their biosynthesis is typically 

initiated following priming of the active site cysteine of the ketosynthase (KS) with an 

acetyl starter unit 5. Elongation of this acyl-enzyme intermediate occurs in the KS active 

site following decarboxylative Claisen condensations with malonate extender units similar 

to that seen in fatty acid biosynthesis 6. The potential for incorporation of alternative 

primers in type II polyketide synthases (PKS) creates unique opportunities to expand the 

chemical space of bioactive natural products 7 and atypical starter units were identified in 

daunorubicin (anticancer), R1128 (anticancer), enterocin (antibiotic), benastatin 

(anticancer), lomaiviticin (anticancer), and oxytetracycline (antibiotic) 8-14 (Figure 1A). The 

genes responsible for starter unit biosynthesis and incorporation into these type II 

polyketides have been identified and studied in vitro and in vivo. In the cases of enterocin, 

benastatin, and oxytetracycline, both experimental approaches have been applied to 

engineer polyketides bearing novel starter units, highlighting the importance of starter unit 

diversity for type II PKS bioengineering 11, 14-16.  

The daunorubicin PKS uses propionyl-CoA as a starter unit with the polyketide 

extended to a 21-carbon aromatic decaketide.  Initial in vivo experiments appeared to rule 

out any involvement of the β-ketoacyl:acyl carrier protein (ACP) synthase (DpsA), chain-

length determining factor (DpsB) or ACP as enzymes capable of selecting propionyl-CoA 

as opposed to acetyl-CoA as the biosynthetic primer 17. In subsequent experiments, 

however, an early propionate derived intermediate, 12-deoxyaklanonic acid, was isolated 

along with the acetate derived compound from a heterologous system expressing an 



extended PKS complex 8, 18. It was proposed that fidelity of the final product could be due 

to the concerted activity of several enzymes, though DpsC and DpsD, homologues of the 

E. coli KAS III (EcFabH) and malonyl-CoA acyltransferase (FabD), were identified as 

likely to be involved in starter unit selection. Sequence comparisons suggested that DpsC 

could catalyze formation of 3-oxopentanoyl-S-ACP from propionyl-CoA and malonyl-CoA 

19, or alternatively, DpsD, could act as an acyltransferase 20, as it was similar to the 

propionyl-CoA acyltransferase domain of the 6-deoxyerythronolide B subunit from 

Saccharapolyspora erythraea 21, 22 (Figure 1B). Expression of a gene cluster lacking dpsC 

and dpsD in Streptomyces lividans produced both a 21-carbon decaketide as well as a 

20-carbon anthracycline, suggesting that neither DpsC nor DpsD were essential for the 

formation of aklanonic acid 8, 18, 23 and that promiscuous starter selection can occur in 

their absence 24. When in vivo cell free enzyme systems were studied, however, the 

addition of DpsC was the major influence in starter unit selection, and therefore the 

synthesis of 21-carbon polyketides 25. Purified DpsC appeared to be monomeric and 

could be covalently modified at the active site serine by addition of a propionyl group, 

which was subsequently transferred to the phosphopanthetheine thiol of ACP 26. DpsC 

was therefore identified as an acyltransferase specific for propionyl-CoA, because neither 

malonyl-CoA, 2-methylmalonyl-CoA nor acetyl-CoA could be transferred to the carrier 

protein.  

The molecular basis for the substrate specificity of DpsC is unknown. Based on 

protein sequence homology, DpsC is similar to known priming KSs such as FabH 

(EcFabH) from the E. coli type II fatty acid synthase (FAS), and ZhuH from Streptomyces 

R1128 6, 27. Phylogenetic analysis, however, identified a DpsC-like KAS III sub-class due 



to a predicted distinctive active site, the replacement of a usually highly conserved 

cysteine, present in most KSs, with a serine. DpsC also shares high sequence homology 

to the enzyme CerJ from Streptomyces tendae, which transfers malonate and malonate-

derivatives onto the type II PKS natural product cervimycin 28.  

DpsC is an attractive target for understanding and engineering PKSs because of 

its unique dual-role activities and ability to incorporate an atypical starter unit in 

biosynthesis. Here we re-examine the role of DpsC by investigating the reported 

selectivity for self-acylation with propionyl-CoA.  We also present the high-resolution X-

ray structure of apo-DpsC that represents the first example of the priming active site of 

this class of KAS III enzymes. Three high-resolution crystal structures of acyl-enzymes 

including acetyl-, propionyl- and butyryl-DpsC have also been solved. Analysis was then 

extended with a fourth co-crystal structure, which included an acyl-pantetheine analogue 

that mimics the pre-acylation complex. We employ knowledge of the DpsC active site to 

identify homolog enzymes with verified or putative AT activity, and use homology 

modeling to rationalize the observed substrate scope. Together, these results provide a 

structural basis for starter unit engineering in type II PKSs and expand our understanding 

of AT and KS mechanisms. 



Results and Discussion 

 

Self-Acylation of DpsC. Previous in vitro studies showed that DpsC can self-load 

propionate from propionyl-CoA and selectivity for this substrate was implied 25, 26. We 

examined self-acylation of DpsC with acetyl-CoA, propionyl-CoA, malonyl-CoA and 

butyryl-CoA, and observed that DpsC loaded each of these substrates as characterized 

by ESI-MS (Figure S1). An initial step-wise assay monitored by ESI-MS also 

demonstrated that the self-acylation reaction went to between 80-100% completion. To 

determine kinetic parameters for the self-acylation of DpsC, a continuous coupled 

enzyme assay was employed 29-32. (Figure S2). Acetyl-, propionyl- and butyryl-CoA were 

equally good substrates for DpsC with very similar values of KM, maximum velocity (Vmax) 

and kcat/KM. The KM for malonyl-CoA on the other hand was lower. In addition, the lower 

Vmax and turnover number (kcat) for this acyl coenzyme indicates that malonate is 

processed at a considerably slower rate.  The kcat/KM ratio was nearly identical for acetyl, 

propionyl, and butyryl species. Loading of malonate onto DpsC was, however, faster 

overall presumably due to the fact that malonyl-CoA is very effective at saturating the 

active site of DpsC. Neither methylmalonate nor hexanoate were transferred from their 

respective acyl-CoAs to DpsC indicating that the active site architecture of DpsC can 

discriminate against branched or elongated CoA substrates.  

The acyltransferase activity of DpsC was then investigated by incubating DpsG 

and DpsC with either acetyl-, priopionyl- or butyryl-CoA and transfer monitored by ESI-

MS (Figure S3A). In each case, DpsC was able to transfer acetate, propionate and 

butyrate onto DpsG. In the absence of DpsC, holo-DpsG was unable to self-load any of 

the priming units (data not shown).  The acyltransferase activity of DpsC was further 



investigated by examining the rate at which DpsC converted holo-DpsG to the acylated 

form. To achieve this, samples from the acyltransferase assay were analyzed by ESI MS. 

The rate at which DpsC converted DpsG to the acylated form was similar for all starter 

units and in contrast to previous reports that suggested that DpsC was only capable of 

transferring propionate onto the ACP (Figure S3B) 26. As with self-loading, malonyl 

transfer to holo-DpsG was observable but slow and only reached 20% completion. Finally, 

we tested the ability of DpsC to selectively transfer propionate onto holo-DpsG from a 

pool of different starter units. When DpsC and DpsG were incubated with a mixture of 

equimolar concentrations of acetyl-CoA, propionyl-CoA and butyryl-CoA, it was observed 

that DpsC would transfer all three starter units to DpsG (Figure S3C).		

In summary, contrary to previous suggestions that DpsC may be important for 

starter unit selection 25, 26, we found that the substrate specificity of acyl-CoAs are highly 

similar for DpsC. Transfer of acyl-CoAs to the carrier protein DpsG also did not introduce 

any degree of selection, whether incubated with a single acyl-CoA species or a selection 

of low molecular weight acyl-CoAs. This shows that in vitro propionyl-CoA specificity is 

not determined by DpsC or the transfer of the acyl group to the phosphopantetheinyl thiol 

of the ACP. 

 

Overall Structure of DpsC. Recombinantly expressed His6-tagged DpsC was obtained 

following affinity chromatography to leave the purified protein (ESI-MS – observed 39243; 

calculated 39248 Da). Gel filtration and native gel electrophoresis both showed that DpsC 

had a molecular mass of 90 kDa, consistent with a dimeric structure. Apo-DpsC 

crystallized in the space group P6522 with two DpsC molecules per asymmetric unit. The 



structure was solved to a resolution of 2.5 Å and revealed a thiolase fold common to 

ketosynthases and the acyltransferase CerJ 28 (Figure 2A-B, Figure 3A-D). Two DpsC 

monomers form a homodimer, with each monomer related by a 2-fold rotational axis of 

non-crystallographic symmetry. The DpsC dimer interface area is estimated to be 2740 

Å2 (PISA) 33, which is similar to the EcFabH interface 6. When overlaid, the DpsC 

monomers are almost identical with an overall backbone RMSD of 0.18 Å. The secondary 

structure of each DpsC monomer comprises two consecutive β-α-β-α-β-α-β-β motifs 

(termed the N- and C-terminal cores) connected by a series of loops, several of which 

contain additional secondary structure elements. The N-terminal core includes Nα1-Nα3, 

Nβ1-Nβ5, and loops L1-L8. L1 contains two α-helices and two β-sheets designated 

L1(α1), L1(α2), L1(β1), and L1(β2). The C-terminal core consists of Cα1-Cα3, Cβ1-Cβ4, 

and loops L9-L15. L9 contains two α-helices designated L9(α1), and L9(α2), while L12 

includes one α-helix designated L12(α1). In DpsC, the missing β-strand in the second 

core motif is a small loop between Cα2 and the L12(α1) region (Figure 2C-D).  

 

Features of the DpsC Active Site that Enable AT Activity. The active site of DpsC 

contains an unusual Cys to Ser118 substitution (Figure 3) 6, 23, 27, 34 In EcFabH a Cys to 

Ser active site mutation eliminated transacylation 6, whereas DpsC has retained this 

essential function. Typically, in the priming KSs, the active site cysteine is situated on a 

bend between L5 and the N-terminal of Na3 known as the ‘nucleophilic elbow’. The 

cysteine residue is acylated with an acyl-CoA derived starter unit and histidine and 

asparagine facilitate decarboxylative condensation of this acyl group with malonyl-ACP 6. 

In DpsC, Ser118 replaces the usual KS Cys, though its positioning at this juncture is 



conserved (Figure S4A and Figure 3E). The precise location of the active site nucleophile 

is critical as it gains nucleophilicity through lowering the pKa of the ionisable –SH or –OH 

group via stabilization from the macroscopic helix-dipole effect 35, 36. His244 and Asn274 

make up the remainder of the catalytic triad in EcFabH (PDB ID: 1EBL) where these 

residues are located on loop L11 and loop L12, respectively (Figure S4B). The two 

residues in DpsC that most closely match their three-dimensional arrangement are 

Asp302 and His297 and they appear to complete this catalytic triad although they differ 

in being located on helix Cα3 and loop L12, respectively (Figure S4A). DpsC His297 

occupies the same relative position to the nucleophilic Ser/Cys as EcFabH Asn274 but is 

positioned at the back of the active site pocket below the catalytic Ser118 and is less 

accessible to the substrates when compared to Asn274 of EcFabH (Figure S4C-D). The 

imidazole ring of His297 is also rotated by 90° relative to the EcFabH Asn274 side chain 

amide. This brings Ne2 of His297 within hydrogen bonding distance of the catalytic 

Ser118, which may increase the nucleophilicity of this residue (Figure 3E, S4C-D). The 

alternate orientation of the Asn274 amide group of EcFabH does not permit an equivalent 

hydrogen bond with Cys112. Similar arguments also apply to the polyketide priming KSs 

such as ZhuH 27 (PDB ID: 1MZJ) (Figure 3E). The remaining imidazole nitrogen, ND1, is 

oriented correctly to form a hydrogen bond with Asp302 on helix Cα3 (Figure S4A). 

Asp302 may further enhance the nucleophilicity of Ser118 by polarizing His297. 

Therefore, the Ser-His-Asp catalytic triad of DpsC shows obvious differences to the 

catalytic triad of priming FAS and PKS KSs 6, 27 and the direct contact between His297 

and S118 is more closely related to serine protease Ser-His-Asp catalytic triads or 

acyltransferase (ATs) Ser-His catalytic dyads than typical KS active site triads (Cys-His-



Asn or Cys-His-His) 37, 38. DpsC has 41% sequence identity with the recently 

characterized O-malonyl transferase CerJ where the active site consists of a Cys-His-Asp 

catalytic triad. These residues, except for the Cys/Ser switch, are positioned on the same 

secondary structural elements and in the same orientation (Figure 3E) to those of DpsC.  

 

Acetyl-, Propionyl-, and Butyryl-DpsC Crystal Structures. To further understand how 

DpsC recognizes acyl-CoAs, we solved three co-crystal structures of DpsC bound with 

different acyl groups. Apo-DpsC crystals were soaked with acetyl-CoA, propionyl-CoA, 

and butyryl-CoA to generate the respective covalently bound acyl-enzymes (Figure 4 and 

Figure S5). These structures overlay with apo-DpsC with overall RMSDs of less than 0.18 

Å. In each the L9 loop has elevated B-factors for both monomers and residues Gln212-

Arg213 in the apo-DpsC structure and residue Arg213 in the L9 loop region of acetyl-

DpsC could not be modeled because of a lack of electron density. The active sites of 

acetyl-, propionyl-, and butyryl-DpsC are all very similar but there are, however, 

discernible changes to the active sites when compared to apo-DpsC. In the apo-DpsC 

structure the active site Ser118 hydroxyl oxygen is 2.7 Å from Ne2 of His297. In the acetyl-

, propionyl-, and butyryl-DpsC enzymes, this distance increases to 3.2 Å, 3.1 Å, and 3.1 

Å, respectively, as the Cb-Og bond rotates away and the ester carbonyl group occupies 

an oxyanion hole formed by the amide protons of Ser118 and Ala329 (Figure 4). In the 

apo-DpsC structure, however, water fills the equivalent space. The conserved binding of 

the carbonyl group directs the rest of the substrate into the same region of the binding 

pocket and is enclosed by Leu86, Leu93, and Val117. Collectively, these residues define 

the pocket size. Leu93, contributed by loop L3 of the opposing subunit of the dimer caps 



off the cavity at the tip of the longer acylated species (Figure 4) and may be an important 

structural element in defining the upper size limit of bound acyl-substrates. In EcFabH, 

Phe87 has been attributed to restricting the size of the incoming substrate and Leu93 of 

DpsC overlaps well with Phe87 of EcFabH (Figure S6) 39. DpsC is therefore not capable 

of specific self-acylation selection between short chain (< 4 carbons) unbranched CoAs 

as has been previously suggested. The ability of DpsC to accept multiple acyl-CoAs as 

substrates for self-acylation suggests that DpsC is promiscuous but it may be restricted 

to a limited pool of small, non-branched acyl substrates.  

 

DpsC Co-crystal Structure with a Substrate Analogue. We developed a propionyl-

amide pantetheine analogue (4, Figure 5A) to capture an acyl substrate-DpsC complex 

just prior to transfer to DpsC (Figure 5). 4 was synthesized by coupling a protected 

pantetheine analogue (1) with propanoic acid followed by deprotection to produce 3 

(Figure S7). The terminal hydroxyl of 3 was then chemoenzymatically phosphorylated 

using the enzyme CoaA to yield 4. This compound was co-crystallized by soaking with 

DpsC (Figure 5). Electron density of probe 4 is observed within the substrate tunnel of 

both monomers, although the electron density for 4 is better defined in monomer A (Figure 

5B). Lys221 (L9-α2) and Arg271 (Cα2) interact strongly with the terminal phosphate of 4. 

This type of interaction has also been observed in structures of other PKS enzymes where 

PPant is bound, demonstrating the importance of the PPant phosphate for binding (Figure 

5C-D).  In the crystal structure of the beta-branching enzyme CurD from the curacin 

biosynthetic pathway in complex with an acetyl-donor ACP (PDB ID: 5KP8), for example, 

the terminal phosphate of the ACP-bound PPant moiety interacts strongly with two 



arginine side chains 40. Moving towards the active site, the dimethyl moiety of 4 binds a 

hydrophobic pocket between Cα1, L9-α2, and L9-α1. This trend is also observed in other 

crystal structures, including the CurD-ACP structure as well as the crystal structure of the 

AT enzyme VinK from the vicenistatin biosynthetic pathway in complex with a cognate 

ACP (PDB ID: 5CZD) 41. Given their locations near the surface of these enzymes and 

their prevalence in published structures, the PPant phosphate-binding site and 

hydrophobic pocket are possibly two common features of PKS enzymes that serve to bind 

and orient the PPant group of an incoming acyl-CoA or ACP 41. The hydroxyl group of 4 

has no direct hydrogen bonds with DpsC; however, a water molecule is coordinated 

between this hydroxyl group, the terminal phosphate and an amide proton of 4 (Figure 

5E). The two central carbonyl groups of 4 interact with a second water molecule with no 

other significant interactions with DpsC. Two of the methylene groups of 4 also form 

hydrophobic interactions with Val327 (Cβ3). Additionally, the carbonyl group of the 

propionyl amide bond binds within the active site via the backbone NH of Ala329. This 

type of interaction was also observed between the acyl carbonyl and two backbone 

amides deep within the active site of CurD in the CurD-ACP structure 40. Finally, Ser118 

is poised for acyl transfer, with the electrophilic carbon of the carbonyl group 3.0 Å away 

from the activated hydroxyl nucleophile and the approach angle close to the ideal Bürgi-

Dunitz angle (107º) for nucleophilic attack on a trigonal carbonyl centre (Figure 5D). The 

amide carbonyl interactions are similar to those observed for the acyl-DpsC structures. 

Likewise, the hydrophobic propionyl moiety binds a hydrophobic cleft formed by Leu217, 

Leu93, Leu86, and Val117. When overlaid with the propionyl-DpsC structure, the DpsC 

co-crystal structure with 4 shows that the propionyl group attached to Ser118 is in the 



same orientation as the propionyl group of 4 (Figure 5F). In summary, the DpsC co-crystal 

structure shows that 4, with the full-length PPant group, extends deep into the active site 

and does not induce major conformational changes when compared to the apo- or acyl-

DpsC structures and shares a similar binding mode to other PPant binding enzymes. 

 

Identification of DpsC substrate binding residues rationalizes the substrate scope 

of other ATs with KS folds. The active site of DpsC contains an atypical Ser-His-Asp 

catalytic triad, which has elements of both AT and KS architectures. A protein BLAST 

search using the amino acid sequence of DpsC revealed many uncharacterized bacterial 

enzymes annotated as KS III-like, with the AT, CerJ, sharing the highest sequence 

identity. A series of other putative KSs were identified along with the natural product 

produced from their biosynthetic gene clusters and aligned (Figure 6 and Figure S8). Most 

of these KS enzymes are from gene clusters whose products contain acylated glycosides. 

In many cases, acylation appears selective for the hydroxyl at the 4 position of terminal 

hexose moieties (cervimycins, polyketomycin, avilamycin A, and SF2575). The DpsC 

homologues in these gene clusters may use acyl-CoAs as substrates to acylate 

glycosides similar to CerJ; therefore, their active sites are expected to have residues and 

sizes that reflect their corresponding substrate specificity. Homology models of these 

DpsC homologues identified by BLAST were generated and overlaid with the DpsC 

structure to determine their putative active site residues regarding substrate binding.  

The table describing residues surrounding the active sites of the homology models 

is detailed in Figure 7A. The size of the putative substrates correlate with the size of the 

substrate pockets as reflected by the decreasing size of the side chains of residues that 



define this pocket (Figures 6-7, S8). Residues corresponding to Leu93, termed the active 

site cap of DpsC, for example, change to glycine as the putative substrate size increases, 

which might expand the available volume within the acyl-binding pocket (Figure 7A). 

There is also a switch in the middle pocket residue corresponding to Leu217 of DpsC as 

the substrate goes from aliphatic to aromatic. Residue Leu217 of DpsC is located at the 

side of the active site pocket, and changes to an aromatic residue, phenylalanine or 

tyrosine, if the putative substrate is aromatic. This trend at the Leu217 position may occur 

because of favorable π-π stacking between phenylalanine or tyrosine and an aromatic 

substrate. Finally, residues at the top and bottom of the active site pocket, corresponding 

to Val117 and Tyr165 of DpsC, also change to smaller residues as the substrate becomes 

larger (Figure 7). The analysis of DpsC homologues with different substrate specificities 

helps determine residues important for substrate specificity and reveals insights into how 

the DpsC active site could be engineered to introduce new biosynthetic starter units. 

Moreover, identification and determination of the substrate tolerance of enzymes that 

regioselectively modify glycosyl moieties of natural products may provide powerful 

opportunities to site-specifically modify existing natural products and diversify known 

bioactive scaffolds.   

 

Conclusion.  

The lack of affinity for starter units other than propionate led Hutchinson and co-

workers to suggest that DpsC was in fact the starter unit fidelity factor and led us to 

investigate this property of DpsC further 26. In this study however we observed non-

specific activity of DpsC which was able to self-load acetyl-, propionyl- and butyryl-CoA 



and then transfer these onto DpsG. Therefore neither DpsC nor DpsG encode this 

important activity. 

Five DpsC crystal structures are reported in this paper: apo-DpsC, three acyl-DpsC 

structures, and a DpsC co-crystal structure with the substrate analogue 4. These 

structures reveal that the catalytic triad (Ser-His-Asp) of DpsC differs from the active site 

triads of other KS IIIs (Cys-His-Asn). The geometry of the active site resembles that of 

the acyltransferase CerJ, a first observation for a type II priming KS. All three acyl-DpsC 

structures showed the acyl group bound in a hydrophobic cleft at the bottom of the 

substrate-binding pocket, with the ester carbonyl group oriented towards an oxyanion 

hole formed by the amide protons of Ala329 and Val117. The Ser118 hydroxyl forms a 

hydrogen bond with His297, whose developing dipole is then stabilized by Asp302. This 

increases the nucleophilicity of the serine oxygen and explains the acyltransferase activity 

of DpsC. The co-crystal structure with 4 revealed important binding interactions between 

the PPant group and the enzyme. This indicated the orientation of the substrate within 

the acyl-binding region and corroborates the assay data which shows that propionate-

specificity is not defined by DpsC. We are now investigating the potential roles of other 

enzymes, including the acyltransferase DpsD, which may collectively orchestrate 

propionate selection. It is likely that the protein-protein interactions among DpsC, DpsD 

and DpsG determines the starter unit preference, and the interplay between DpsC-DpsD-

DpsG is currently under investigation. Finally, bioinformatic analysis highlighted a suite of 

putative ATs containing the KS fold, which can be further exploited for engineered 

biosynthesis of polyketides with novel starter units or modifications of glycosides. 

 



 

Materials and Methods 

Expression and Purification of DpsC. The pET-28b(+) (Novagen) derived DNA plasmid 

encoding N-terminal His-tagged DpsC (DpsC/pET28b) was transformed into E. coli 

BL21(DE3) competent cells and plated on LB-agar plates containing kanamycin (50 

µg/mL). The plates were incubated overnight at 37 °C. Positive transformants were 

transferred to a 5 mL starter culture of Luria-Bertani (LB) broth containing kanamycin (50 

µg/mL) and grown overnight at 37 °C with shaking, which was then used to inoculate one 

liter of LB with kanamycin (50 µg/mL). Cultures were grown at 37 °C until the A600 reached 

0.4 – 0.6. The cells were then cooled to 18 °C, and 0.1 mM IPTG was added to induce 

protein expression. After 12-18 hours of incubation at 18 °C, the cells were harvested by 

centrifugation at 5000 rpm for 10 minutes. The cell pellets were flash-frozen in liquid 

nitrogen and stored at -80 °C. The frozen cell pellets were thawed on ice and resuspended 

in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10 % glycerol, 10 mM imidazole). The 

cell suspension was lysed using sonication (8 x 30 s cycles), and cellular debris was 

removed by centrifugation at 14000 rpm for 45 minutes. The lysate was incubated with 5 

mL Ni-IMAC resin (BioRad) at 4 °C for one hour. The resin was poured into a fritted 

column and the flow-through fraction was collected. The resin was washed with 100 mL 

of lysis buffer then eluted with lysis buffer plus increasing amounts of imidazole (20-500 

mM). The elutions were analyzed using SDS-PAGE, and the elutions containing the 

protein of interest were combined and dialyzed overnight into storage buffer (50 mM Tris 

pH 8.0, 100 mM NaCl, 10 % glycerol). 1 unit of bovine thrombin (Sigma) per mg of DpsC 

was added to the combined protein elutions prior to dialysis to cleave the N-terminal His-



tag. Following the dialysis, DpsC was incubated with Ni-IMAC resin and passed over a 

fritted column to remove any uncleaved DpsC and the flow through was analyzed by 

MALDI-TOF MS to confirm cleavage of the His-tag. The cleaved DpsC protein was then 

concentrated to 5 mg/ml, buffer exchanged into crystallization buffer (25 mM Tris, pH 7.5), 

and flash frozen in liquid nitrogen. 

 

Expression and Purification of DpsG.  

To ensure production of holo-ACP, DpsG and ACPS were cloned as adjacent genes into 

pET15b and used to transform E. coli BL21(DE3) cells. Cells were grown and ACP 

purified as reported previously with the addition of a single gel filtration step 42. ESI-MS 

gave an observed mass for DpsG of 9604 Da (calculated 9602 with loss of the N-terminal 

methionine). 

 

Self-acylation and transfer assays.  

Self-acylation of DpsC with acyl-CoA. 40 μM DpsC was incubated with 200-800 µM 

propionyl-CoA or other CoA-derivatives in the presence of assay buffer containing 2 mM 

TCEP in a 100 μL reaction volume. The reaction was incubated at 30 °C for 2 hours. The 

assay was then concentrated using C4 resin prior to ESI-MS analysis. The ESI-MS 

spectra were recorded using a Fisons VG Quattro triple quadrupole or QSTAR XL hybrid 

quadrupole time-of flight mass spectrometer. For acyltransfer to DpsG, the 100 μL assay 

consisted of 50 μM DpsG, 1 μM DpsC, 1 mM CoA-derivatives and 2 mM TCEP in assay 

buffer was incubated at 30°C for 2 hours. The assay was then concentrated using C4 

resin prior to ESI-MS analysis	



	

Kinetic assessment of self-acylation. To determine kinetic parameters for the self-

acylation of DpsC, a continuous coupled enzyme assay was employed as previously 

described 32. These assays couple the release of free coenzyme A generated by the self-

acylation of DpsC to the oxidative decarboxylation of α-ketoglutaric acid (αKG), catalyzed 

by the α-ketoglutarate dehydrogenase (KDH) enzyme complex. The free CoASH 

generated is used as a substrate by KDH to produce succinyl CoA with concomitant 

reduction of NAD+ to NADH that can be followed spectrophotometrically at 340 nm (ε = 

6220 Μ-1 cm-1). To ensure that the coupling enzyme was in its holo- form, KDH was 

incubated with αKG, NAD+, TPP and either acetyl-, propionyl-, butyryl- or malonyl-CoA 

for 5 min prior to the addition of DpsC. The latter was also preincubated for 5 minutes at 

the reaction temperature. DpsC was then added to the mixture of the other components 

and initial reaction rates (5-10% of the reaction) were measured for varying 

concentrations of CoA derivatives by monitoring the linear regression (V0 = d[NADH]/dt) 

and verifying that the self-acylation reactions obeyed Michaelis-Menten kinetics. Kinetic 

parameters were calculated from the hyperbolic regression of the initial rates of self-

acylation against varying substrate concentrations.  

 

Crystallization of DpsC, Acetyl-DpsC, Propionyl-DpsC, Butyryl-DpsC, and DpsC + 

PPant Analogue 4. Frozen aliquots of DpsC were thawed on ice then filtered with a 0.22 

µM filter prior to crystallization. DpsC was crystallized using the sitting drop vapor diffusion 

method at room temperature from crystal seed stocks generated using a Seed Bead 

(Hampton). Crystals were grown by adding one microliter of 5 mg/mL protein solution to 



one microliter of well solution (0.18 M sodium citrate, 26 % PEG 3350) containing crystal 

seeds and allowed to equilibrate with 500 µL of well solution. Three-dimensional 

hexagonal crystals formed over one week. For acetyl-DpsC, propionyl-DpsC, and butyryl-

DpsC, seeded wild type DpsC crystals were soaked with 5 mM acetyl-CoA, 5 mM butyryl-

CoA, or 5 mM propionyl-CoA 12-16 hours before being frozen in liquid nitrogen. For co-

crystallization with 4, DpsC was incubated on ice for one hour with 5 mM of 4, and 

diffraction quality crystallization was achieved with multiple rounds of seeding, starting 

with wild type DpsC crystals and subsequent rounds with co-crystal seeds. X-ray 

diffraction data was collected for apo-DpsC and all acyl-DpsC crystals at the Advanced 

Light Source (ALS) using either Beamline 8.2.1 or 8.2.2. The resolutions of the data sets 

were 2.50 Å, 2.40 Å, 2.40 Å, and 2.20 Å, for apo-, acetyl-, propionyl-, and butyryl-DpsC, 

respectively. Diffraction data for the DpsC-propionyl pantetheine analogue 4 co-crystals 

was collected at the Stanford Synchrotron Radiation Laboratory (SSRL), Beamline 12-2, 

to a resolution of 2.30 Å. All data were processed using indexed, integrated, and scaled 

using HKL2000 43. Crystallographic data and refinement statistics are presented in Table 

S1. 

 

DpsC Phasing, Model Building, and Refinement. DpsC crystallized in the space group 

P6522 with two DpsC monomers forming a dimer in the asymmetric unit. The apo-DpsC 

structure was solved using molecular replacement (Phaser) with CerJ (PDB ID: 3S3L) as 

a starting model 44. A preliminary model was built using (PHENIX AutoBuild), which was 

then used for iterative rounds of model building (COOT) and refinement (PHENIX Refine) 

45-47. The model was refined to an Rwork of 20.9% and Rfree of 16.2%. Acetyl-DpsC, 



propionyl-DpsC, butyryl-DpsC, and DpsC co-crystal with 4 were all solved by molecular 

replacement using the apo-DpsC structure as a search model. Model building and 

refinement were carried out in a similar manner as described for DpsC above with a few 

exceptions. For acetyl-, propionyl-, and butyryl-DpsC, after multiple rounds of refinement, 

there was well-defined electron density for the acyl groups attached to Ser118. The acyl-

serine moiety was added using COOT and further refined. For the DpsC co-crystal with 

4, multiple rounds of refinement generated well-defined electron density for 4. The PDB 

file for the ligand was built using the NCI SMILES converter server 

(http://cactus.nci.nih.gov/translate/). The ligand was manually docked in the DpsC active 

site using COOT with restraints generated using PHENIX eLBOW 48. Data collection and 

refinement statistics for all structures can be found in Table S1. 

 

Synthesis of Compound 4. 1H NMR spectra were recorded at 298 K on a Bruker 400 

MHz spectrometer. 13C NMR spectra were recorded at 298 K on a Bruker 125 MHz 

spectrometer. 1H and 13C spectra were referenced to residual chloroform (7.26 ppm, 1H; 

77.00 ppm, 13C) or residual methanol (3.31 ppm, 1H; 49.00, ppm 13C). The raw fid files 

were processed using XWinNMR (Bruker Corporation). The two-step synthesis is detailed 

in Figure S7. 

 

Coupling of Protected-pantethenamine 1 with propionic acid. EDAC•HCl (385 mg, 2.011 

mmol) was added to a mixture of propionic acid (60 μL, 0.80 mmol) and amine (protected-

pantethenamine 1) (305 mg, 0.80 mmol) dissolved in dry DMF (5 mL). Compound 1 was 

synthesized as previously described 49. Within 5 min, EtNiPr2 (0.7 mL, 4 mmol) was added 



and the mixture was stirred at rt. After 12 h at rt, the solvent was removed by rotary 

evaporation. Flash chromatography (EtOAc to 3:1 EtOAc:MeOH) afforded 204 mg (58%) 

of amide 2 as colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.6 Hz, 2H), 7.03-

7.00 (m, 1H), 6.93-6.90 (d, J = 8.7 Hz, 2H), 6.74-6.72 (m, 1H), 6.32-6.30 (m, 1H), 5.46 (s, 

1H), 4.07 (s, 3H), 3.82 (s, 3H), 3.68 (AB, 2H), 3.56-3.50 (m, 2H), 3.37-3.28 (m, 4H), 2.42 

(t, J = 6.3 Hz, 2H), 2.16 (q, J = 7.6 Hz, 2H), 1.12 (t, J = 7.6 Hz, 3H), 1.10 (s, 3H), 1.09 (s, 

3H) (Figure S9). 13C NMR (125 MHz, CDCl3) δ 175.0, 172.0, 169.6, 160.3, 130.2, 127.6, 

113.8, 101.4, 83.9, 78.5, 55.4, 40.1, 36.2, 34.9, 33.1, 29.6, 21.9, 19.2, 9.9 (Figure S10). 

 

Deprotection step. The protected amide 2 obtained from previous step (68 mg, 0.156 

mmol) was dissolved in 80% aq. AcOH (2 mL) open to air. After 16 h at rt, the solvent 

was removed via rotary evaporation assisted by azeotropic removal of water with toluene. 

Flash chromatography (EtOAc to 4:1 EtOAc:MeOH) afforded 45.5 mg (92%) of desired 

product 3 as a colorless oil. Spectroscopic data are in agreement with those previously 

published 50. 1H NMR (400 MHz, CD3OD) δ 3.90 (s, 1H), 3.53-3.45 (m, 4H), 3.28 (m, 4H), 

2.43 (t, J = 6.6 Hz, 2H), 2.22 (q, J = 7.6 Hz, 2H), 1.14 (t, J = 7.6 Hz, 3H), 0.93 (s, 6H) 

(Figure S11). 13C NMR (125 MHz, CD3OD) δ 177.4, 176.1, 174.2, 77.3, 70.3, 40.4, 40.0, 

36.6, 36.4, 30.2, 21.3, 20.9, 10.4 (Figure S12). 

 

Chemoenzymatic Phosphorylation of 3. Compound 3 was incubated with the 

pantetheine kinase CoaA (5 µM) in the phoshporylation buffer (25 mM potassium 

phosphate, 10 mM MgCl2, 8 mM ATP, pH 7.5) for 3 hours at 37 °C to generate 4. The 

final product 4 was purified by HPLC using a semi-prep C18 column with a linear gradient 



of water/acetonitrile containing 0.1 % (v/v) formic acid. Fractions containing 4 were 

collected and verified by ESI-MS then lyophilized, resuspended in water, and stored at -

20 °C. 

 

Sequence Alignments and the Generation of Homology Models of DpsC 

Homologues. A search for proteins similar to DpsC was conducted using BLAST that 

searched for non-redundant protein sequences. Genes from known biosynthetic gene 

clusters were analyzed for products containing an acylated sugar moiety, and they were 

chosen for homology model generation using HHPred51. Sequence alignments were 

conducted using ClustalW and graphics were generated using Espript 

(http://espript.ibcp.fr).  

 

Supporting Information. A pdf file of Supporting Information, which contains 

crystallographic statics, compound NMR spectra, and additional protein models, is 

available free of charge on the ACS Publications website at http://pubs.acs.org. 
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Figure 1. (A) Starter unit diversity in type II polyketides. Daunorubicin, oxytetracycline, 
benastatin A, enterocin, lomaiviticin A, and R1128a are all type II PKS products with novel 
starter units (shown in bold). (B) The role of DpsC in daunorubicin biosynthesis. DpsC uses 
the substrate propionyl-CoA to form an acyl-enzyme intermediate, which reacts with PPant 
thiol of holo-ACP (AT activity) or with malonyl-ACP (KS activity). Both enzymatic activities 
ultimately generate a 21-carbon poly-β-ketone intermediate, which is processed to yield 
daunorubicin. 
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Figure 2. The DpsC crystal structure and secondary elements. (A) Front view of the DpsC 
homodimer with monomer A in green and monomer B in blue. (B) Top view of the DpsC 
homodimer. (C) and (D) The secondary structural elements of DpsC. The DpsC dimer is shown 
with monomer A colored by secondary structure and monomer B outlined in black and white. α-
Helices are in cyan, β-sheets are in red, and loop regions are in magenta. The double β-α-β-α-β-
α-β-β core motifs are displayed on the left. The active site serine is shown in spheres and the 
secondary structure elements of the active site pocket entrance are displayed on the right. 	
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the	five	superimposed	structures	
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superimpose	tightly	and	
coloured where	they	deviate?	
This	would	highlight	those	
regions	that	are	dissimilar.	
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Figure 3. The crystal structures and active sites of DpsC, FabH, ZhuH, and CerJ with 
monomers A and B in different shades of green and blue, respectively. (A) DpsC. (B) 
FabH. (C) ZhuH. (D) CerJ. (E) The DpsC, FabH, ZhuH, and CerJ active sites. The DpsC 
and CerJ active sites have the same overall orientation of the catalytic triad. In comparison, 
DpsC has serine and CerJ has cysteine as the active site nucleophile. The orientation of 
active site residues of ZhuH and FabH are differ from DpsC and CerJ. ZhuH and FabH 
both contain cysteine as the active site nucleophile, but their active site histidine is not 
engaged in hydrogen bonding with the cysteine. In ZhuH and FabH, the histidine and 
asparagine are important for decarboxylation of malonyl-ACP, not acyl-transfer. (F) The 
DpsC active site contains a Ser-His-Asp catalytic triad that is responsible for acyl transfer. 
In the proposed mechanism of DpsC acyl transfer, Ser118 is activated as a nucleophile for 
acylation because of a neighboring His297 that forms a hydrogen bond with the hydroxyl 
proton on Ser118. The His297 is further stabilized by a neighboring aspartate.	
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Figure 4. The active sites architectures of apo-DpsC (A), acetyl-DpsC (B), propionyl-DpsC (C), and 
butyryl-DpsC (D). Entire active site architecture is shown in sticks (top) and space filling models in the 
same orientation (bottom) showing Leu93 acting as an active site cap to restrict the acyl substrate size. 
Distances are in Å. 
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Figure 5. The DpsC active site and residues that interact with the PPant analogue 4. (A) Chemical 
structure of 4 (B) SA omit maps of 4 bound to DpsC (monomer A, left, and monomer B, right). (C) The 
substrate analogue 4 is bound in the active site of DpsC by a series of hydrogen bonds, hydrophobic 
interactions, and charge-charge interactions. Lys221 and Arg217 form salt bridges to the phosphate moiety 
of the PPant analogue at the solvent exposed face. The hydrophobic portions of the PPant analogue 
interact with Met197, Val234, Phe331, and Val327. The propionyl moiety sits in the active site with the 
amide carbonyl forming hydrogen bonds the amide hydrogens of the backbone residues Ala329 and 
Ala118. The hydrophobic portion of the propionyl moiety forms hydrophobic contacts in the acyl-binding 
region with Leu86, Leu93, Val117, and Leu217. (D) A view looking from the solvent towards the active site 
tunnel of DpsC. Lys221 (α-7) and Arg271 (α-10) anchor the phosphate of 4 and the dimethyl moiety of 4 
sits between α-7 and α-8. (E) A series of water molecules form hydrogen bonds with the PPant moiety. (F) 
An overlay of the propionyl-DpsC and DpsC co-crystal with 4 showing similar orientations of the propionyl 
group. 	
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Figure 6. Glycosylated natural products containing an acylated hydroxyl or thiol and putative 
acyltransferase enzymes identified from a protein BLAST search of DpsC. (A) Natural products with 
DpsC homologues present in their gene clusters. Possible acylation sites are highlighted in bold. (B) A 
table describing DpsC homologues identified by a protein BLAST from known gene clusters that produce 
products that contain acylated substructures and predictions of their active site catalytic triads based on 
sequence alignments and homology modelling. 
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Figure 7. Analysis of active site and acyl binding region residues of DpsC homologues. (A) A table 
comparing the active site, middle pocket, and active site cap residues of DpsC homologues. (B) The 
DpsC active site displaying residues in the acyl binding region. (C) The active site of the AviN 
homology model showing the effect of smaller middle pocket residues and active site cap on pocket 
size. The AviN active site is much larger than the DpsC active site and contains Phe211, which may 
form π-π stacking interaction with an aromatic substrate. 
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PDB ID: 5TT4 4XS7 4XSA 4XSB 4XS9 

Crystallization 0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 
Crystallographic 

Data 
     

Wavelength (Å) 0.9999 0.9775 1.0000 0.9999 0.9795 
Space Group P6522 P6522 P6522 P6522 P6522 

Cell Dimension       
a, b, c (Å) 

90.033, 90.033, 
304.689 

91.213, 91.213, 
315.643 

91.477, 91.477, 
316.833 

91.382, 91.382, 
315.783 

89.702, 89.702, 
302.704 

 α=β=90°, γ=120° α=β=90°, γ=120° α=β=90°, γ=120° α=β=90°, γ=120° α=β=90°, γ=120° 
Resolution (Å) 50.00 - 2.50 50.00-2.40 50.00 - 2.40 50.00 - 2.20 50.00-2.30 

No. of observations 557086 500940 857439 411366 479239 

No. of unique 
observations 

26403 31516 40753 40709 33191 

Completeness %  99.3 (98.8) 100.00 (100.00) 99.6 (99.2) 99.9 (100) 100.0 (100.0) 
I/σ(I)  24.1 (6.0) 18.6 (4.3) 25.0 (5.3) 18.4 (2.6) 19.8 (6.0) 

Rmerge % 14.2 (65.0) 13.9 (79.9) 16.5 (75.9) 11.3 (81.9) 17.8 (44.3) 
Redundancy 21.1 15.9 22.5 10.1 14.4 
Refinement      

Resolution (Å) 50.00 - 2.50 (2.59 - 
2.50) 

50.00 - 2.40 (2.49 - 
2.40) 

50.00 - 2.4 (2.49 - 
2.40) 

50.00 - 2.20 (2.28 - 
2.20) 

50.00 - 2.30 (2.38 - 
2.30) 

No. of protein atoms 5058 5068 5102 5104 5073 
No. of ligand atoms 0 0 0 0 52 
No. of water atoms 173 248 572 431 316 

Rfree % 20.88 (23.47) 21.57 (29.88) 20.29 (24.10) 22.49 (31.98) 19.76 (23.02) 
Rcrys % 16.18 (18.96) 17.70 (20.80) 16.64 (18.10) 17.79 (25.03) 15.93 (17.81) 

Geometry      
RMS bonds (Å) 0.008 0.023 0.009 0.008 0.008 
RMS angles (°) 1.09 1.40 1.17 1.16 1.10 

Ramachandran 
Favored (%) 

98.00 96.00 97.00 96.00 98.00 

Ramachandran 
Allowed (%) 

1.55 3.55 2.56 3.41 1.70 

Ramachandran 
Dissallowed (%) 

0.45 0.45 0.44 0.59 0.30 

Average B-factors 
(Å2) 

     

Protein 32.40 34.30 17.50 29.90 29.00 
Water 33.80 35.30 26.40 35.70 40.20 

Ligands N/A N/A N/A N/A 33.10 

 
Table S1. DpsC crystallographic data collection and refinement statistics.  
*Numbers in parentheses denote the highest resolution shell.  



 
 
 

	

	

Figure S1. DpsC self-acylation with different acyl-CoA substrates. (A) 
Deconvolved ESI-MS spectra of purified DpsC after incubation with different CoA 
derivatives (acetyl-CoA, propionyl-CoA, butyryl-CoA and malonyl-CoA). ESI-MS 
analysis indicated that DpsC does not selectively load propionate. Calculated 
masses of DpsC, acetyl-DpsC, propionyl-DpsC, butyryl-DpsC and malonyl-DpsC 
are 39248, 39287, 39304, 39315 and 39334 Da respectively. (B) Graph showing 
the self-acylation efficiency of DpsC towards different starter units in non-
saturating conditions. Higher affinity for propionate was not observed.  

 



 

	

Figure S2. In vitro kinetic assay of DpsC self-acylation. (A) Schematic representation 
of the mechanism of KDH assay and Michaelis-Menten plots for the self- acylation of 
DpsC. (B) Kinetic parameters were calculated by fitting the Michaelis-Menten curve 
to the experimental data.  

  

	



  

										 	

	

		 	

Figure S3. In vitro assays for DpsC acyl-transfer to DpsG. (A) Deconvolved ESI-MS 
spectrum showing acyltransferase activity of DpsC when incubated with holo-DpsG 
and CoA derivatives. Calculated masses for holo-, acetyl-, propionyl- and butyryl-
DpsG are 9604, 9646, 9660 and 9674 Da respectively. (B) The rate of conversion of 
holo-DpsG to the acylated form for all starter units. (C) Deconvolved ESI-MS 
spectrum of holo-DpsG components from acyltransferase activity by DpsC. No 
selective transfer of propionate onto DpsG was observed when the enzymes were 
incubated in a pool of different starter units.  
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Figure S4. The differences in spatial orientation between the DpsC and EcFabH 
active site residues. (A) In DpsC, Ser118, His297, and Asp302, are located on L5, 
L12, and Cα3, respectively. (B) In EcFabH, Cys112, His244, and Asn274, are located 
on L5, L12, and L11, respectively. (C) His297 and Asp302 of DpsC are behind the 
active site pocket and His297 is positioned so that the aromatic ring stacks against 
the side of the pocket. (D) His244 and Asn274 of EcFabH are positioned to the side 
of the active site pocket with both of their side chains able to form hydrogen bonds 
with substrates in the active site. 



 

 

  

	

Figure S5. SA omit maps of the DpsC active site. The active site of monomer A is 
on the left (residues labeled) and the active site of monomer B is on the right 
(residues unlabeled). Acyl groups are colored in cyan. (A) Apo-DpsC. (B) Acetyl-
DpsC. (C) Propionyl-DpsC. (D) Butyryl-DpsC.  



  

	

Figure S6. Comparison of the DpsC active site with the EcFabH active site 
focusing on Leu93 (DpsC) and Phe87 (EcFabH). 



 
 

 
 

  

	

Figure S7. Synthesis of the phosphorylated PPant analogue 4. Protected 
pantetheine amine 1 can be coupled with a propanoic acid, and deprotection yields 
the pantetheine analogue 3 with an amide linkage. 3 can be directly phosphorylated 
using the CoaA kinase to form a substrate mimic 4 for co-crystallization.  



 

									 	

Figure S8. Sequence alignment of putative DpsC homologues. The active site 
residues are marked with a red dot and residues in the acyl binding region are 
marked with a blue dot. 
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