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Type I polyketide synthase 13 (Pks13) is involved in the final step of the biosynthesis of

mycolic acid in Mycobacterium tuberculosis (Mtb). Recent articles have reported that

Pks13 is an essential enzyme in the mycolic acid biosynthesis pathway, and it has been

deeply studied as a drug target in TB. Here, we report a high-resolution structure of the

acyltransferase (AT) domain of Pks13 at 2.59 Å resolution. Structural comparison with the

full-length AT domain (PDB code, 3tzw and 3tzz) reveals a different orientation of the C-

terminal helix.
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10 Abstract

11 Type I polyketide synthase 13 (Pks13) is involved in the final step of the biosynthesis of mycolic 

12 acid in Mycobacterium tuberculosis (Mtb). Recent articles have reported that Pks13 is an 

13 essential enzyme in the mycolic acid biosynthesis pathway, and it has been deeply studied as a 

14 drug target in TB. We report a high-resolution structure of the acyltransferase (AT) domain of 

15 Pks13 at 2.59 Å resolution. Structural comparison with the full-length AT domain (PDB code, 3tzw 

16 and 3tzz) reveals a different orientation of the C-terminal helix.

17

18 Introduction

19 Tuberculosis (TB) and its drug-resistant forms are still primary causes of mortality surpassing 

20 other infectious diseases (WHO, 2015), emphasizing the unmet clinical need for new drugs with 

21 novel mechanisms. Owing to the indispensable and specific lipids forming the envelope of Mtb 

22 (Dubnau et al., 2000), targeting the synthesis and transport pathways of mycolic acids has always 

23 been a main route of TB drug discovery (North et al., 2014; Wilson et al., 2013; Brennan et al., 

24 1995; Bhatt et al., 2007).

25 Recently, powerful evidence has verified that Pks13 is an essential enzyme in the mycolic acid 

26 biosynthesis pathway (Gavalda et al., 2009; Portevin et al., 2016), and it has been deeply studied 

27 as a drug target in TB (Aggarwal et al., 2017; Thanna et al., 2016). The type-1 polyketide synthase 
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28 enzyme Pks13 consists of five domains. The medial three are mandatory PKS domains, namely, 

29 the ketoacylsynthase (KS) domain, the AT domain and the acyl carrier protein (ACP) domain. The 

30 other ACP domain is adjacent to the KS domain, and the thioesterase (TE) domain is the C-

31 terminal of Pks13. The overall Pks13 topological structure has the order ACP-KS-AT-ACP-TE (Fig. 

32 1A).

33 The residue Ser55 in the N-ACP domain has been identified as a very important active site for 

34 initializing the pathway. Phosphopantetheinyl (P-pant) transferase (PPtT), encoded by the sfp 

35 gene, modifies the ACPs by providing a P-pant arm for the general function of carrying the 

36 substrate acyl chain via a thioester bond involving its terminal thiol group (Wilson et al., 2013; 

37 Gavalda et al., 2009; Chalut et al., 2006). The meromycoloyl on the N-ACP domain is transferred 

38 to the KS domain, and the intermediate product α-alkyl β-ketothioester is produced by a Claisen-

39 type condensation reaction with another substrate carboxyacyl-CoA loaded by the AT domain. 

40 The mycolic acid precursor generated by the C-terminal ACP domain is then released by the TE 

41 domain (Abrahams et al., 2016; Dubey et al., 2002).

42 Despite increasing insights into the mechanism of Pks13, no full-length structural information has 

43 yet been reported, although some domain structures have been solved (Herbst et al., 2016; 

44 Bergeret et al., 2012).

45 Here, we report a high-resolution structure of the core motif of the AT domain. At first, the 

46 full-length Pks13 protein was successfully purified and we perform an extended crystal screening, 

47 in which the initial crystal was obtained. During the process of attempting to phase the diffraction 

48 data of the crystal, we found that the crystalized protein directing to a degraded one. The N-

49 terminal sequence based on mass spectrum was performed, coinciding with the Se-Met crystal 

50 dataset, to confirm that the crystal was actually degraded (717 aa to 826 aa) (Fig. 1B). The crystal 

51 structure displays a similar overall fold to that of the reported AT domain (PDB code 3tzw), but 

52 the C-terminal end of the helix orientation is slightly different.

53 We believe that the comprehensive structural studies of Pks13 will pave the way for structure-

54 based anti-mycobacterial drug design and drug screening.

55 Materials & Methods

56 Cloning, Over-expression, and Purification 
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57 The codon-optimized gene encoding the Pks13 full-length protein originating from 

58 Mycobacterium tuberculosis was ligated into the Nde l and Xho l sites of the pET-28b expression 

59 plasmid (Novagen, Madison, WI, USA). The sfp gene from Bacillus subtilis str.168 (Chalut et al., 

60 2006), which encodes the 4 -phosphopantetheinyl (P-pant) transferase PptT that serves as a kind 

61 of co-factor to modify Ser55 in the N-ACP domain of Pks13, was also ligated into the Nde l and 

62 Xho l sites of the pET-21b expression plasmid (Novagen, Madison, WI, USA), and a terminator 

63 codon was added in the C-terminal end. The detailed information on these constructs is shown 

64 in Table 1. All constructed plasmids were verified by sequencing.

65 The constructed plasmid pks13-pET-28b was co-transformed with sfp-pET-21b into E. coli 

66 strain BL21 (DE3). The bacteria containing these recombinant plasmids were grown at 310 K in 

67 M9 medium (6 g/L Na2HPO4, 3 g/L KH2PO4, 1 g/L NH4Cl, 0.5 g/L NaCl, 0.4% glucose) supplemented 

68 with 0.05 g/L kanamycin and 0.1 g/L ampicillin. When the OD600 reached 0.5, the medium was 

69 supplemented with amino acids (0.1 g/L L-lysine, L-phenylalanine, L-threonine; 0.05 g/L L-

70 isoleucine, L-leucine, L-valine; and 0.1 g/L L-Se-methionine). In addition, the protein was 

71 overexpressed after the addition of 0.3 mM IPTG at 289 K for approximately 16 h. Cell pellets 

72 were harvested by 4,000 rpm centrifugation for 10 min and suspended in a solution of 1 mM 

73 PMSF, 150 mM NaCl, 25 mM Tris/HCl pH 8.0 suspension buffer. After sonication, we clarified the 

74 cell lysate by centrifugation at 15,000 g for 30 min. The supernatant containing the modified 

75 protein was applied to a nickel-affinity column (Ni-NTA; GE Healthcare) pre-equilibrated with 

76 suspension buffer.   

77 The resin was gradient washed with ice-cold washing buffer (25 mM Tris/HCl pH 8.0, 150 mM 

78 NaCl) containing 20, 30, and 40 mM imidazole, and the proteins were eluted with elution buffer 

79 (25 mM Tris–HCl pH 8.0, 150 mM NaCl, 250 mM imidazole). Before loading onto the anion 

80 exchange column (Source Q; GE Healthcare), the eluate with 250 mM imidazole was diluted half 

81 and half with buffer A (25 mM Tris/HCl pH 8.0, 3 mM DTT). Subsequently, the peak fractions were 

82 collected for further purification by size-exclusion chromatography (Superdex 200 10/300; GE 

83 Healthcare) in 10 mM Tris/HCl pH 8.0 buffer containing 100 mM NaCl. The purity of the protein 

84 was identified by 12% SDS-PAGE gels stained by Coomassie brilliant blue. The eluted protein was 

85 concentrated by a 10 kDa centrifugal filter and flash-frozen in liquid nitrogen for crystallization.

PeerJ reviewing PDF | (2017:10:21429:1:1:NEW 11 Feb 2018)

Manuscript to be reviewed



86 Crystallization 

87 The protein encoded by the constructed plasmid and labeled with Se-Met was concentrated to 

88 12 mg/ml. Index (Hampton Research) and PEG/ION (Hampton Research) kits were used for the 

89 initial crystallization trials at 293 K by the sitting-drop vapor-diffusion method (Luft et al., 1995).

90 Each drop contained 1 μL of protein solution and an equal volume of reservoir solution. The initial 

91 crystal was obtained in a solution of 300 mM KAc, pH 8.1 and 20% PEG 3,350. Further crystal 

92 optimization experiments were performed by systematic variation of the precipitant 

93 concentration. Ultimately, the best crystals were screened in a solution consisting of 300 mM 

94 KAc, pH 8.1 and 25% PEG 3,350. The crystals grew to full size in 10 days and were flash-frozen in 

95 liquid nitrogen with 10% glycerol added as a cryo-protectant before X-ray diffraction.

96 Data collection 

97 X-ray diffraction data were collected at 100 K using a Pilatus3 6M detector. All the datasets were 

98 obtained at beamline BL19U1 of the Synchrotron Radiation Facility in Shanghai (Wang et al., 

99 2015). A total of 360 images were recorded with 0.5 s exposure at a crystal-to-detector distance 

100 of 450 mm, and a total rotation range of 360 was covered using 1.0 oscillation. 

101 Protein N-terminal sequence based on mass spectrum

102 Regarding the dataset of the crystalized pks13, the initial trial seems not to solve the structure 

103 with the whole residues because of lacking density of plentiful residues. The crystals after 

104 diffraction by the X-ray were collected together and analyzed with SDS-PAGE stained by 

105 Coomassie brilliant blue. The gel with a single low molecular line was processed with the standard 

106 In-gel digestion for mass spectrometric to identify the actual location of the degraded fragment 

107 in Pks13 (Shevchenko et al., 2006).

108 Data refinement

109 All datasets were processed by HKL-2000 (Brodersen et al., 2000). The crystal structure of the 

110 motif was solved by SAD (Single-wavelength anomalous dispersion） phasing using anomalous 

111 data collected on a Se-Met crystal. The final model was manually built in Coot (Emsley et al., 

112 2010) and refined in PHENIX (Adams et al., 2010). Final models were validated by Molprobity 

113 and deposited in the Protein Data Bank (PDB 5XUO).

114 Results
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115 Purification and crystallization of Pks13

116 The full-length Pks13 protein was successfully overexpressed in E. coli BL21 (DE3), and the initial 

117 crystal condition (300 mM KAc, pH 8.1 and 20% PEG 3,350) was screened. The mature lump-like 

118 crystals were optimized after a series of crystal optimization experiments including crystallization 

119 with different detergents and additives.

120 Data collection

121 X-ray diffraction datasets for the Se-Met-labeled crystals were obtained at beamline BL19U1 of 

122 the Synchrotron Radiation Facility in Shanghai with a wavelength of 0.97852 Å. Diffraction images 

123 for the crystals were processed using HKL-2000.

124 Protein N-terminal sequence 

125 The prepared gel was digested by trypsin, and the digestion was purified in to freeze-dried 

126 peptide powder. Then the peptide was resolved into the Orbitrap Elite LC-MS/MS for analyzation. 

127 The sequenced peptides were blasted within the full-length pks13 protein and the crystalized 

128 fragment protein was located ranging from 717aa to 826aa. (Table 2)

129 Data refinement

130 The crystal belonged to the space group R32, with asymmetric unit cell parameters of a=93.694, 

131 b=93.694, c=97.908, α=β=90, and γ=120. Additionally, the phases were determined by the SAD 

132 method. The final model was manually built in Coot and refined in PHENIX to an Rfree of 26.05% 

133 with good stereochemistry. The collected and processed data are presented in Table 3.

134 Overall Structure of the core motif

135 The overall structure of the core motif (Fig. 2A) contains a long α helix, five short α helixes and 

136 two short η turns, in the order of α1- α2- α3- α4- η1- η2– α5- α6, which constitutes a compact 

137 motif. The long α helix, α4, distributes in the midst and is surrounded by the other five short α 

138 helixes and two short η turns. The electrostatic potential surface of the core motif also suggests 

139 a compact structure (Fig. 2B). Superimposition with the reported structure of the AT domain (PDB 

140 code 3tzz) (Bergeret et al., 2012), the core motif was located in the central region of the AT 

141 domain (Fig. 3B). The crystallized core motif ranging from 717 to 826 represents approximately 

142 one third of the AT domain. Although the structure based on sequence alignment between the 

143 core motif and the AT domain shows 100% identity, the secondary structure element presents a 
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144 slightly conformational change from 796 to 800, for which refined to two η turns instead of a β 

145 strand highlighted by red dash square line (Fig. 3A). The structural alignment performed by SSM 

146 in Coot (Emsley et al., 2004) shows that the superimposition of the core motif and the AT domain 

147 with an rmsd of 1.33Å (Fig. 3C). There are six-stranded β-sheets (β13-β12-β4-β5-β10-β11) in the 

148 reported AT domain, while only the central β-strand, β5, is presented in the motif structure, while 

149 the C-terminal end has refined as a different element (Fig. 4A). In addition, the AT domain 

150 structure in 3tzz, there was a substrate bound to the side of the core motif (Fig. 4C). 

151 Discussion

152 The overall structure of the core motif of the AT domain is similar to the corresponding part of 

153 the reported AT domain, with slight conformational differences (Fig. 4B). The novel structure 

154 formed by these bundles seems more tightly packed than the AT domain, especially reflected on 

155 the long α4 helix (Fig. 3C). The absence of an appropriate substrate besides the cave of the AT 

156 domain probably contributes to a disordered state of these bundles, which might explain the 

157 degradation of the full-length Pks13 protein to a fragment. 

158 Importantly, some conserved residues showed a completely different secondary structure. 

159 Residues A796, V797, I798, G799, Q800, and S801 formed a β strand in the previously reported 

160 AT domain (PDB code 3tzw), which refined as a flexible loop conformation in the motif structure, 

161 indicating a more stable state of the whole AT domain when complexed with a substrate (Figure 

162 4B). Comparing to the typical structure of the whole AT domain, a six-stranded β sheet, a 

163 speculation was inclined to an unintended degradation that the core motif lacking the substrate 

164 became more flexible.

165 In short, the core motif of the AT domain suggested the inability to absorb a substrate and a 

166 tighter packing structure. The disordered structure of the conserved residues located at the C-

167 terminal domain might support the hypothesis that the crystalized structure currently was 

168 another crystal packing state of the AT domain. This work provides a new insight into the core 

169 motif of AT domain. Our work also provides a structural basis for protein engineering.

170 Conclusion
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171 The synthesis and transport pathways of mycolic acids in Mtb have been a critical drug target. 

172 Many biochemical and structural studies have sought to elaborate on the participation of Pks13 

173 in the lipid complex. Obtaining the structure of Pks13 is of great significance in drug screening, 

174 as many inhibitors have been reported to target Pks13 or its individual domains (Aggarwal et al., 

175 2017).

176 In this work, we have determined the 2.59 Å high-resolution crystal structure of a partial AT 

177 domain from the Mtb Pks13 protein. The lack of an appropriate substrate binding to the side cave 

178 leads to an unstable and loose state of these bundles, which might explain why it is difficult to 

179 obtain the structure of the whole AT domain or the full-length Pks13 protein under the similar 

180 screening conditions.

181 However, the overall structure of Pks13 is still unrevealed, and its mechanism is completely 

182 clear. More work should be done, and we hope that our present work will provide some 

183 assistance.
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185 Shanghai Synchrotron Radiation Facility (SSRF) for their assistance with X-ray diffraction data 

186 collection.
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Figure 1

The overall Pks13 domain structure has the order ACP-KS-AT-ACP-TE.

A. The leading domain N-ACP (25-91) is labelled as orange. The medial threes are mandatory

PKS domains, including the KS domain (118-539), the AT domain (715-1018) and the C-ACP

domain (1241-1304), labelled as gray, green and orange respectively. The TE domain (1470-

1727) is located in the C terminal and labelled as blue. Residues numbers are given below for

each domain boundaries. B. The motif locates in the AT domain ranging from 717 to 826. The

whole structure is composed of 5 α helixes and 2 short η turns, in the order of N terminal-α1-

α2-α3-α4-η1-η2-α5-α6-C terminal.
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Figure 2

The architecture of the core motif from AT domain.

A. The overall topological structure of the core motif contains a long α helix in the midst, five

short α helixes and two short η turns around the long helix, which constitutes a compact

motif. Top and down views with a rotation of 90o are exhibited on the right. B. The surface

representation is generated by Pymol and colored according to its electrostatic potential

(positive potential, blue; negative potential, red).
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Figure 3

Structural and sequence alignments.

A. structure-based sequence alignment with the whole AT domain. The secondary structural

elements of the motif is given along the top of the alignment, below shows the secondary

elements belongs to the AT domain (PDB code, 3tzz). The difference between the structures

is circled by red dashed line. B. structures of the motif and the AT domain (PDB code, 3tzz)

are superimposed together and colored in blue and gray . The region aligned is zoomed in for

clear observation. C. The superimposition of the motif and the region could be aligned of AT

domain shown in two orthogonal views. The secondary elements are labelled in the picture.
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Figure 4

Structural comparison between different states of AT domain.

(A) comparison between the core motif and the whole AT domain (PDB code 3tzw). A tighter

packing state was indicated in the figure; (B) some conserved residues formatted a totally

different secondary structure, residues K793, P794, A795, A796, V797, I798, G799, Q800,

S801 showed as sticks.
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Table 1(on next page)

Macromolecule production information
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1

2 Table 1   Macromolecule production information

Source organism Mycobacterium 

tuberculosis(H37Rv)

Bacillus subtilis str.168

DNA source Full-length Pks13 Sfp (PptT)

Forward primer 5-ggaattccatatgatggcagatgtggccg-3 5-ggaattccatatgaagatttacggaa -

3

Reverse primer 5-ccgctcgagctgtttaccaacctcg-3 5-ccgctcgagtcaagcggaagcgata-3

Cloning vector pET-28b pET-21b

Expression vector pET-28b pET-21b

Expression host E. coli strain(DE3) E. coli strain(DE3)

Complete amino 

acid sequence of 

the construct 

produced

MADVAESQENAPAERA……IEADRTSEV

GKQLE

MKIYGIYMDRPLSQEENERF

MSFISPEKREKCR……PGYK

MAVCAAHPDFPEDITMVSY

EELL

3

4
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Table 2(on next page)

Mass spectrum based on protein N-terminal sequencing

PEP, Posterior Error Probability of the identification. This value essentially operates as a p-

value, where smaller is better.
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1 Table 2 Mass spectrum based on protein N-terminal sequencing

Sequence Length Mass Charges PEP Score

AGFGAQHR 8 842.9 2;3 0 201.07

AGFGAQHRK 9 971.07 3 0.020363 8.308

HHGAKPAAVIGQSLGEA

ASAYFAGGLSLR

29 2835.478 2;3;4;5 2.88E-48 83.418

HHGAKPAAVIGQSLGEA

ASAYFAGGLSLRDATR

33 3278.6909 3;4;5 0.012023 14.817

KMGKSLYLR 9 1094.627 2;3 0.0011449 41.427

MGKSLYLR 8 966.53207 2 5.16E-09 75.109

MGKSLYLRNEVFAAWIE

K

18 2154.1296 3;4 1.24E-11 40.856

NEVFAAWIEK 10 1205.6081 2 8.84E-19 89.08

PAAVIGQSLGEAASAYFA

GGLSLR

24 2305.2066 2;3 1.27E-303 269.26

PAAVIGQSLGEAASAYFA

GGLSLRDATR

28 2748.4195 3 6.29E-159 160

SLYLRNEVFAAWIEK 15 1837.9727 2;3 7.27E-68 127.02

SSGLVPR 7 714.40244 2 3.61E-08 74.191

2

3
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Table 3(on next page)

X-ray data collection and refinement statistics
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