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ABSTRACT

Type I polyketide synthase 13 (Pks13) is involved in the final step of the biosynthesis
of mycolic acid in Mycobacterium tuberculosis. 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 Tuberculosis. We report a high-resolution
structure of the acyltransferase (AT) domain of Pks13 at 2.59 A resolution.
Structural comparison with the full-length AT domain (PDB code, 3TZW, and
3TZZ) reveals a different orientation of the C-terminal helix and rearrangement
of some conserved residues.

Subjects Biochemistry, Microbiology, Global Health
Keywords Mycobacterium tuberculosis, Polyketide synthase 13, Acyltransferase, Protein structure

INTRODUCTION

Tuberculosis (TB) and its drug-resistant forms are still the primary causes of mortality,
surpassing other infectious diseases (Dande ¢» Samant, 2018) and emphasizing the unmet
clinical need for new drugs with novel mechanisms. Owing to the indispensable and
specific lipids forming the envelope of Mycobacterium tuberculosis (Dubnau et al., 2000),
targeting the synthesis and transport pathways of mycolic acids has always been the
main route of TB drug discovery (Bhatt et al., 2007; Brennan ¢ Nikaido, 1995;

North, Jackson & Lee, 2014; Wilson et al., 2013).

Recently, powerful evidence has verified that Pks13 is an essential enzyme in the
mycolic acid biosynthesis pathway (Gavalda et al., 2009; Portevin et al., 2004), and
Pks13 has been extensively studied as a drug target for TB (Aggarwal et al., 2017;
Thanna et al., 2016). The type-1 polyketide synthase enzyme Pks13 consists of five
domains. The medial three are mandatory polyketide synthase domains, namely, the
ketoacyl synthase (KS) domain, the acetyltransferase (AT) domain and the acyl carrier
protein (ACP) domain. The other ACP domain is adjacent to the KS domain, and the
thioesterase (TE) domain is the C-terminal portion of Pks13. The overall Pks13
topological structure has the order ACP-KS-AT-ACP-TE (Fig. 1A).

The residue Ser>” in the N-ACP domain has been identified as a very important active
site for initializing the pathway. The sfp gene encodes phosphopantetheinyl transferase,
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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 colored orange. The medial three domains are mandatory PKS domains,
including the KS domain (118-539), the AT domain (715-1018) and the C-ACP domain (1241-1304),
colored cyan, green and orange, respectively. The TE domain (1470-1727) is located in the C terminus
and colored blue. Residue numbers are given below for each domain boundary. (B). The motif resides in
the AT domain ranging from Ala”"” to Arg®*®. The whole topographic structure is composed of six o
helixes and two short 1 turns, in the order of N terminus-o1-02-03-04-11-12-05-066-C terminus.
Full-size K&) DOT: 10.7717/peerj.4728/fig-1

which modifies ACPs by providing a P-pant arm for the general function of carrying
the substrate acyl chain via a thioester bond involving its terminal thiol group

(Chalut et al., 2006; Gavalda et al., 2009 Wilson et al., 2013). The meromycoloyl chain
on the N-ACP domain is transferred to the KS domain, and the intermediate product
o-alkyl B-ketothioester is produced by a Claisen-type condensation reaction with
another substrate, the carboxyacyl-CoA loaded by the AT domain. The mycolic acid
precursor generated by the C-terminal ACP domain is then released by the TE domain
(Abrahams & Besra, 2016; Dubey, Sirakova & Kolattukudy, 2002).

Despite increasing insights into the mechanism of Pks13, no full-length structural
information has been reported, except that the structures of a few domains belonging
to Pks13 have been solved (Bergeret et al., 2012; Herbst et al., 2016).

Here, we report a high-resolution structure of the core motif of the AT domain.
First, the full-length Pks13 protein was successfully purified, and an extended crystal
screening was performed, in which the initial crystal was obtained. While attempting to
phase the diffraction data of the crystal, we found that the crystallized protein suggested a
degraded fragment. Then, the crystals were solved, and the N-terminal sequence was
identified by mass spectrometry, the results of which were in line with the phase presented
by the Se-Met crystal dataset. These results indicated that the crystallized protein was

717 826

actually proteolyzed to become a fragment (Ala”"* to Arg®"). The overall crystal structure
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displayed a fold similar to the reported AT domain, excluding several conformational
changes relative to the reported AT domain (Protein Data Bank codes: 3TZW, 3TZZ).
The structural alignment performed by the secondary structure matching (SSM) in
Coot also showed a superimposition of the core motif and the AT domain with an r.m.s.d.
of 1.33 A, which was mainly attributed to the rearrangement of residues Ala’*°~Ser®’’,
In addition, the position of residue Ser®' that is reported to be the catalytic residue was
shifted away from the active site (Bergeret et al., 2012; Gavalda et al., 2009). Furthermore,
a highly conserved arginine residue, Arg®*°, lost a hydrogen bond with the side chain
of GIn”"?, as observed in our structure. These features might all contribute to the unique
state that survived proteolysis.

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

structure-based antimycobacterial drug design and drug screening.

MATERIALS AND METHODS

Cloning, over-expression, and purification

The codon-optimized gene encoding the full-length Pks13 protein originating from

M. tuberculosis was ligated into the Ndel and Xhol sites of the pET-28b expression plasmid
(Novagen, Madison, WI, USA). The sfp gene, which encodes the P-pant transferase
that serves as a kind of cofactor to modify Ser” in the N-ACP domain of Pks13, from
Bacillus subtilis str.168 (Chalut et al., 2006) was also ligated into the Ndel and Xhol sites
of the pET-21b expression plasmid (Novagen, Madison, WI, USA), and a terminator
codon was added to the C-terminal end. The detailed information on these constructs is
shown in Table 1. All constructed plasmids were verified by sequencing.

The constructed plasmid Pks13-pET-28b was cotransformed with sfp-pET-21b into
E. coli strain BL21 (DE3). The bacteria containing these recombinant plasmids were
grown at 310 K in M9 medium (6 g/L Na,HPO,, 3 g/L KH,PO,, 1 g/L NH,CI, 0.5 g/L
NaCl, and 0.4% glucose) supplemented with 0.05 g/L kanamycin and 0.1 g/L ampicillin.
When the OD600 reached 0.5, the medium was supplemented with amino acids
(0.1 g/L r-lysine, L-phenylalanine, and r-threonine; 0.05 g/L 1-isoleucine, L-leucine, and
L-valine; and 0.1 g/L 1-Se-methionine). In addition, the protein was overexpressed after
the addition of 0.3 mM IPTG at 289 K for approximately 16 h. Cell pellets were harvested
by 4,000 rpm centrifugation for 10 min and suspended in a solution of 1 mM PMSE,
150 mM NaCl, and 25 mM Tris/HCI (pH 8.0) suspension buffer. After sonication, we
clarified the cell lysate by centrifugation at 15,000¢ for 30 min. The supernatant containing
the modified protein was applied to a nickel-affinity column (Ni-NTA; GE Healthcare,
Little Chalfont, UK) preequilibrated with suspension buffer.

The resin was gradient washed with ice-cold washing buffer (25 mM Tris/HCl (pH 8.0)
and 150 mM NaCl) containing 20, 30, and 40 mM imidazole, and the proteins were eluted
with elution buffer (25 mM Tris/HCI pH 8.0, 150 mM NaCl, and 250 mM imidazole).
Before loading onto an anion exchange column (Source Q; GE Healthcare), the eluate
with 250 mM imidazole was diluted by half with buffer A (25 mM Tris/HCI (pH 8.0)
and 3 mM DTT). Subsequently, the peak fractions were collected for further purification
by size-exclusion chromatography (Superdex 200 10/300; GE Healthcare) in 10 mM
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Table 1 Macromolecule production information.

Source organism Mpycobacterium tuberculosis(H37Rv) Bacillus subtilis str.168

DNA source Full-length Pks13 Sfp (P-pant transferase)

Forward primer 5-ggaattccatatgatggcagatgtggecg-3 5-ggaattccatatgaagatttacggaa-3

Reverse primer S-cegetegagcetgtttaccaaccteg-3 5-ccgetegagtcaageggaagegata-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 MADVAESQENAPAERA.. .. ... MKIYGIYMDRPLSQEENERFMSFISPEKREKCR . .. . ..
acid sequence of the IEADRTSEVGKQLE PGYKMAVCAAHPDFPEDITMVSYEELL

construct produced

Tris/HCI (pH 8.0) buffer containing 100 mM NaCl. The purity of the protein was
determined by 12% SDS-PAGE gels stained by Coomassie brilliant blue. The eluted
protein was concentrated by a 10 kDa centrifugal filter and flash-frozen in liquid nitrogen
for crystallization.

Crystallization

The protein encoded by the constructed plasmid and labeled with Se-Met was concentrated
to 12 mg/ml. Index (Hampton Research, Aliso Viejo, CA, USA) and PEG/ION
(Hampton Research, Aliso Viejo, CA, USA) kits were used for the initial crystallization trials
at 293 K by the sitting-drop vapor-diffusion method (Luft ¢» Detitta, 1995). Each drop
contained 1 pL of protein solution and an equal volume of reservoir solution.

The initial crystal was obtained from a solution of 300 mM KAc, pH 8.1, and 20%
PEG 3,350. Further crystal optimization experiments were performed by systematic
variation of the precipitant concentration. Ultimately, the best crystals were screened in a
solution consisting of 300 mM KAc, pH 8.1, and 25% PEG 3,350. The crystals grew to full
size in 10 days and were flash-frozen in liquid nitrogen with 10% glycerol added as a
cryoprotectant before X-ray diffraction.

Data collection

X-ray diffraction data were collected at 100 K using a Pilatus3 6M detector. All the
datasets were obtained at beamline BL19U1 of the Synchrotron Radiation Facility in
Shanghai (Wang et al., 2016). A total of 360 images were recorded with 0.5 s exposure at a
crystal-to-detector distance of 450 mm, and a total rotation range of 360° was covered
using 1.0 oscillation.

Protein N-terminal sequence based on mass spectrometry

Regarding the dataset of the crystalized Pks13, the initial trial did not seem to provide
a structure with all of the residues because of the insufficient density for many
residues. After X-ray diffraction, the crystals were collected together and analyzed

with SDS-PAGE gels stained by Coomassie brilliant blue. The gel with a single low
molecular line was processed with the standard in-gel digestion for mass spectrometric
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characterization to identify the actual location of the degraded fragment in Pks13
(Shevchenko et al., 2006).

Data refinement

All datasets were processed by HKL-2000 (Brodersen et al., 2006). The crystal structure
of the motif was solved by single-wavelength anomalous dispersion (SAD) phasing
using the anomalous data collected from the Se-Met crystal. The final model was manually
built in Coot (Emsley et al., 2010) and refined in PHENIX (Adams et al., 2010). The
final models were validated by MolProbity and deposited in the Protein Data Bank
(PDB code 5XUOQO).

RESULTS

Purification and crystallization of Pks13

The full-length Pks13 protein was successfully overexpressed in E. coli BL21 (DE3), and
the initial crystal condition (300 mM KAc, pH 8.1, and 20% PEG 3,350) was screened.
The mature lump-like crystals were optimized after a series of crystal optimization
experiments, including crystallization with different detergents and additives.

Data collection

X-ray diffraction datasets for the Se-Met-labeled crystals were obtained at beamline
BL19U1 of the Synchrotron Radiation Facility in Shanghai with a wavelength of
0.97852 A. Diffraction images for the crystals were processed using HKL-2000.

Protein N-terminal sequence

The prepared gel was digested by trypsin, and the digestion was purified into freeze-dried
peptide powder. Then, the peptide was resolved by an Orbitrap Elite LC-MS/MS for
analysis. The sequenced peptides were blasted within the full-length Pks13 protein,

and the crystallized fragment protein was located in the range from Ala”'” 826

(Table 2).

to Arg

Data refinement

The crystal belonged to the space group R32, with asymmetric unit cell parameters of
a=93.694, b =93.694, c = 97.908, o. = B = 90, and v = 120. Additionally, the phases
were determined by the SAD method. The final model was manually built in Coot and
refined in PHENIX to an Rg.. of 26.05% with good stereochemistry. The collected
and processed data are presented in Table 3.

Overall architecture and Superimposition with AT domain

The overall structure of the core motif contains a long o helix, five short o helixes and two
short 1 turns, in the order of al-02-0.3-04-n1-12-05-06, which constitutes a compact
motif (Fig. 1B). The long o helix, o4, distributes in the middle and is surrounded by the
other five short o helixes and two short 1 turns (Fig. 2A). Superimposition with the
reported structure of the AT domain (PDB code 3TZZ) (Bergeret et al., 2012) suggested
that the core motif was located in the central region of the AT domain (Fig. 2B).
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Table 2 Mass spectrum based on protein N-terminal sequencing PEP, Posterior Error Probability of
the identification.

Sequence Length Mass Charges PEP Score
AGFGAQHR 8 842.9 2;3 0 201.07
AGFGAQHRK 9 971.07 3 0.020363 8.308
HHGAKPAAVIGQSLGEAASAYFAGGLSLR 29 2835.478  2;3;4;5 2.88E-48  83.418
HHGAKPAAVIGQSLGEAASAYFAGGLSLRDATR 33 3278.6909  3;4;5 0.012023 14.817
KMGKSLYLR 9 1094.627 253 0.0011449 41.427
MGKSLYLR 8 966.53207 2 5.16E-09 75.109
MGKSLYLRNEVFAAWIEK 18 2154.1296 3;4 1.24E-11 40.856
NEVFAAWIEK 10 1205.6081 2 8.84E-19 89.08
PAAVIGQSLGEAASAYFAGGLSLR 24 2305.2066 2;3 1.27E-303  269.26
PAAVIGQSLGEAASAYFAGGLSLRDATR 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
Note:

This value essentially operates as a p-value, where smaller is better.

Table 3 X-ray data collection and refinement statistics.

Data set Core motif of AT domain

Data collection

X-ray source SSRF BEAMLINE BL19U1
Space group R32
Wavelength (1"\) 0.97852
Resolution range (A) 50-2.587
Total no. of reflections 90,229

No. of unique reflections 5,358(524)
Completeness (%) 99.70
Redundancy 16.999
Riim. 0.026
I/o(I) 41.27(2.10)
Refinement

Resolution range 50-2.59
Reflections: working/test 5,083/276
Final Reyys 23.69%
Final Ry 26.05%
Rotamer outliers 2.4%

Ramachandran plot:

Favored/allowed/outliers (%) 93.58/4.59/1.83
Rmsd bonds(A) 0.003

Rmsd angles (°) 0.540

PDB accession code 5XUO
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Figure 2 The architecture of the core motif from the AT domain and structural comparison with the
AT domain (PDB code 3TZW and 3TZZ). (A). The overall topological structure of the core motif
contains a long o helix in the middle, five short o helixes and two short 1 turns around the long helix,
which constitutes a compact motif. The top and bottom views with a rotation of 90° are exhibited on the
right. (B). The structures of the motif and the AT domain (PDB code 3TZZ) are superimposed together
and colored blue and gray, respectively. The aligned region is zoomed in for clear observation. (C). The
superimposition of the motif and the region of the AT domain that could be aligned is shown in two
orthogonal views. The secondary elements are labeled in the picture.

Full-size K&l DOI: 10.7717/peerj.4728/fig-2

717 to Arg®*® represents approximately one-

The crystallized core motif ranging from Leu
third of the AT domain, and the overall crystal structure displays a fold similar to the
reported AT domain (Fig. 2C).

Although sequence alignment showed 100% identity between the core motif and
the AT domain, the secondary structure elements presented a slight conformational
change from residues Ala”"° to Ser®", for which refinement indicated two 1 turns instead
of the B strand highlighted by red dashed square line (Fig. 3A). According to the structure
of the AT domain reported by Bergeret et al. (2012) there was a parallel six-stranded
B-sheet (313-B12-B4-B5-B10-B11) along with the active site in the reported AT domain,
while only the central 3 strand, 35, was presented in the motif structure and was refined as
a completely different secondary element (Figs. 3B and 3C). Previous studies suggested

801 826

that the conserved Ser””" and Arg

801

could serve as a catalytic residue and binding site,
respectively. The active site Ser”"" of the AT domain is located in the nucleophilic
elbow between B5 and helix 010 and could directly contact the lipid substrate.

Additionally, the active cite constituted the part of the highly conserved consensus

sequence Gly-X-Ser-X-Gly that stabilizes the B5 strand shape (Bergeret et al., 2012;
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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 are given along the top of the alignment; the secondary elements of the AT domain (Protein Data Bank codes 3TZZ and
3TZW) are shown below. The difference between the structures is circled by the red dashed line. (B). The six B-sheets (B13-$12-84-35-10-$11)
(Protein Data Bank codes 3TZW and 3TZZ) are presented in the figure, and B5 is aligned with the 1 turns of the motif. (C). Some conserved

residues show a totally different topographic structure, and residues Lys’*?, Pro’*%, Ala”, Ala”*®, Val’”’, Tle’*%, Gly”**, GIn®*, and Ser®"! are shown

as sticks. Full-size K&] DOI: 10.7717/peerj.4728/fig-3

801

796
to Ser” was

Serre et al., 1995). In our work, the topographic conformation of Ala
transformed into two relatively disordered m turns, along with the conformational
change of the position of Ser®' dislocating from the substrate. Furthermore, the side
chain of the binding site Arg®*® was also stretched to the reverse side of o5 and lost its
interaction with GIn””>. However, this side chain formed direct hydrogen bonds with the
negative side chain of the lipid substrate, and the conformation was held in position
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Figure 4 Structural comparison between different states of AT domain. (A). Detailed description of
the active site of the motif compared with the AT domain. The nucleophilic elbow comprising strand 35
and helix a:10 in the AT domain corresponding to helix o5 and two helical | turns, respectively, is shown
in cartoon representation. Important residues defining the active site are shown and labeled. Hydrogen
bonds are represented by orange dotted lines. The lipid substrate colored orange is shown as sticks.
(B). Some apolar contacts among o1 (His’*?, Leu”*") and the long o4 (GIn””?, Ile’”?, Gln"®’, Leu’*’) and
o5 (1e®?®) residues are shown and labeled. (C). Electrostatics calculations for the AT domain (Protein
Data Bank code 3TZZ) revealed the presence of an electropositive area corresponding to the floor of the
active site cavity bound with a lipid substrate. The surface representation was generated by PyMOL and
colored according to its electrostatic potential (positive potential, blue; negative potential, red). The
substrate cavity was highlighted by a dotted red circle and zoomed at the right panel. (D). Electrostatics
calculations for the motif in this work revealed the electrostatic potential transformation from an
electropositive state to an electronegative state. The substrate originating from the AT domain (Protein
Data Bank code 3TZZ) was docked on the floor of the catalytic cavity and was highlighted with a red

dotted circle. Full-size Kl DOL: 10.7717/peerj.4728/fig-4

through a strong hydrogen bond interaction with the side chain of Gln””? in the AT
domain (Fig. 4A).

The structural alignment performed by SSM in Coot (Emsley ¢» Cowtan, 2004) also
showed that the superimposition of the core motif and the AT domain had an r.m.s.d.
of 1.33 A; along with the conformational changes, this alignment might also suggest a

more compact crystal packing state than that of the AT domain. According to a close view

of the superimposition, some particular apolar contacts among o1 (His’**, Leu”*®) and

the long 04 (GIn””3, 1le””®, GIn”®°, and Leu’®®) and o5 (11e®?%) residues all contribute to
the stabilization of the unique state (Fig. 4B). Electrostatic calculations of the AT domain

(Protein Data Bank code 3TZZ) revealed the presence of an electropositive area

Yu et al. (2018), PeerdJ, DOI 10.7717/peerj.4728

9/13


http://dx.doi.org/10.7717/peerj.4728/fig-4
http://dx.doi.org/10.7717/peerj.4728
https://peerj.com/

Peer/

801 826

corresponding to the floor of the active site cavity due to the presence of Ser” and Arg
(Fig. 4C). Comparison of the electrostatic potential surface presentation of the motif
indicated that the surface of the active site cavity was transformed to an electronegative

state (Fig. 4D).

DISCUSSION

The synthesis and transport pathways of mycolic acids in M. tuberculosis have always been a
critical drug target. These mycolic acids serve as the primary defense to counteract the low
permeability of the envelop to many hydrophilic molecules. Many biochemical and
structural studies have sought to elucidate the participation of Pks13 in the synthesis of the
lipid complex. Obtaining the structure of Pks13 is of great significance in drug screening, as
many inhibitors have been reported to target Pks13 or its individual domains.

The structure of the fragment of the AT domain provides a relatively new perspective of
a unique state that can evade proteolysis. We have determined the 2.59 A high-resolution
crystal structure of a partial AT domain from the M. tuberculosis Pks13 protein. The
overall structure of the core motif of the AT domain is similar to the corresponding part of
the reported AT domain, with slight conformational differences. Some conserved residues
showed a completely different secondary structure. Residues Ala”%, Val”?’, 11e”%8, Gly799,
GIn®®, and Ser®"' formed a B strand in the previously reported AT domain (PDB codes
3TZW, and 3TZZ), which instead refined as a flexible loop conformation in the motif
structure. In contrast to the typical structure of the whole AT domain containing a
palm-shaped parallel six-stranded B sheet, in which B5 is located in the middle of a
connection with the other five B strands. In our work, the B-sheet structure was disrupted
along with loosing connections among these 3 strands due to the conformational changes.
Actually, there was less possibility of the AT domain remaining the same because of

796 to SerSOl

the conformational changes from Ala , which tend to confirm the speculation
that the conformational changes are a tactic to evade proteolysis. With the structural
alignment performed by SSM in Coot, the superimposition of the core motif and the
AT domain shows an r.m.s.d. of 1.33 A. The novel packed structure formed by these
bundles seems tighter than the AT domain, which is especially reflected in the apolar
contacts among o.1 (His’??, Leu”®®) and the long 04 (GIn””, 1le””, GIn”*°, and Leu783)
and a5 (Ile**®) residues. These apolar contacts among the residues might strengthen the
interactions of o4 with other helixes to form a more stable packing state.

Additionally, the active site Ser®', which plays a critical role in catalytic activity, was
dislocated away from the substrate cavity to the inner position of the core motif. The
nucleophilic elbow of 0110 and B5 also transformed from an electropositive state to an
electronegative state which indicates an unsuitable state to absorb a substrate. In
796 801 1 the

might all suggest that the degraded

summary, the conformational change of residues from Ala”" to Ser

. 773 Qa 801 826
rearrangement of residues GIn""~, Ser

, and Arg
fragment formed a unique crystal packing state to survive proteolysis. In other words,
the fragment forms a relatively stable state in contrast to the AT domain in such
conditions. This work might provide new insight into the core motif of the AT domain.

Our work also provides a structural basis for protein engineering.

Yu et al. (2018), PeerdJ, DOI 10.7717/peerj.4728 10/13


http://dx.doi.org/10.7717/peerj.4728
https://peerj.com/

Peer/

However, the overall structure of Pks13 is still unrevealed, and its mechanism is yet
unknown. More work should be performed, and we hope that our present work will
provide some assistance.

ACKNOWLEDGEMENTS

We gratefully acknowledge the assistance of the staff of BL19U1 at the Shanghai
Synchrotron Radiation Facility (SSRF) for their assistance with X-ray diffraction data
collection.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Natural Science Foundation of China (No.
00402354011009). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 00402354011009.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Mingjing Yu performed the experiments, contributed reagents/materials/analysis tools,
prepared figures and/or tables, authored or reviewed drafts of the paper, approved the
final draft.

e Chao Dou performed the experiments, contributed reagents/materials/analysis tools,
prepared figures and/or tables, authored or reviewed drafts of the paper, approved the
final draft.

e Yijun Gu analyzed the data, authored or reviewed drafts of the paper, approved the
final draft.

e Wei Cheng conceived and designed the experiments, authored or reviewed drafts of
the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The coordinates and structure factors are deposited at RCSB PDB, and the assigned
PDB code is 5XUO: http://www.rcsb.org/pdb/home/home.do.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/
10.7717/peerj.4728#supplemental-information.

Yu et al. (2018), PeerdJ, DOI 10.7717/peerj.4728 11/13


http://www.rcsb.org/pdb/home/home.do
http://dx.doi.org/10.7717/peerj.4728#supplemental-information
http://dx.doi.org/10.7717/peerj.4728#supplemental-information
http://dx.doi.org/10.7717/peerj.4728
https://peerj.com/

Peer/

REFERENCES

Abrahams KA, Besra GS. 2016. Mycobacterial cell wall biosynthesis: a multifaceted antibiotic
target. Parasitology 145(2):116—133 DOI 10.1017/s0031182016002377.

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung LW,
Kapral GJ, Grosse-Kunstleve RW, Mccoy AJ, Moriarty NW, Oeffner R, Read RJ,
Richardson DC, Richardson JS, Terwilliger TC, Zwart PH. 2010. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallographica Section D,
Biological Crystallography 66(2):213-221 DOI 10.1107/s0907444909052925.

Aggarwal A, Parai MK, Shetty N, Wallis D, Woolhiser L, Hastings C, Dutta NK, Galaviz S,
Dhakal RC, Shrestha R, Wakabayashi S, Walpole C, Matthews D, Floyd D, Scullion P, Riley J,
Epemolu O, Norval S, Snavely T, Robertson GT, Rubin EJ, Ioerger TR, Sirgel FA, van der
Merwe R, van Helden PD, Keller P, Béttger EC, Karakousis PC, Lenaerts AJ, Sacchettini JC.
2017. Development of a novel lead that targets M. tuberculosis polyketide synthase 13. Cell
170(2):249-259 DOI 10.1016/j.cell.2017.06.025.

Bergeret F, Gavalda S, Chalut C, Malaga W, Quémard A, Pedelacq JD, Daffé M, Guilhot C,
Mourey L, Bon C. 2012. Biochemical and structural study of the atypical acyltransferase
domain from the mycobacterial polyketide synthase Pks13. Journal of Biological Chemistry
287(40):33675-33690 DOI 10.1074/jbc.m111.325639.

Bhatt A, Molle V, Besra GS, Jacobs WR Jr, Kremer L. 2007. The Mycobacterium tuberculosis
FAS-II condensing enzymes: their role in mycolic acid biosynthesis, acid-fastness, pathogenesis
and in future drug development. Molecular Microbiology 64(6):1442—-1454
DOI 10.1111/j.1365-2958.2007.05761.x.

Brennan PJ, Nikaido H. 1995. The envelope of mycobacteria. Annual Review of Biochemistry
64(1):29-63 DOI 10.1146/annurev.biochem.64.1.29.

Brodersen DE, La Fortelle ED, Vonrhein C, Bricogne G, Nyborg J, Kjeldgaard M. 2006.
Applications of single-wavelength anomalous dispersion at high and atomic resolution.
Acta Crystallographica Section D Biological Crystallography 56:431-441
DOI 10.1107/s0907444900000834.

Chalut C, Botella L, de Sousa-D’Auria C, Houssin C, Guilhot C. 2006. The nonredundant roles of
two 4’-phosphopantetheinyl transferases in vital processes of Mycobacteria. Proceedings of
the National Academy of Sciences of the United States of America 103(22):8511-8516
DOI 10.1073/pnas.0511129103.

Dande P, Samant P. 2018. Acquaintance to artificial neural networks and use of artificial
intelligence as a diagnostic tool for tuberculosis: a review. Tuberculosis 108:1-9
DOI 10.1016/j.tube.2017.09.006.

Dubey VS, Sirakova TD, Kolattukudy PE. 2002. Disruption of msl3 abolishes the synthesis of
mycolipanoic and mycolipenic acids required for polyacyltrehalose synthesis in Mycobacterium
tuberculosis H37Rv and causes cell aggregation. Molecular Microbiology 45(5):1451-1459
DOI 10.1046/j.1365-2958.2002.03119.x.

Dubnau E, Chan J, Raynaud C, Mohan VP, Lanéelle MA, Yu K, Quémard A, Smith I, Daffé M.
2000. Oxygenated mycolic acids are necessary for virulence of Mycobacterium tuberculosis in
mice. Molecular Microbiology 36(3):630-637 DOI 10.1046/j.1365-2958.2000.01882.x.

Emsley P, Cowtan K. 2004. Coot: model-building tools for molecular graphics. Acta Crystallographica
Section D Biological Crystallography 60(12):2126-2132 DOI 10.1107/s0907444904019158.

Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and development of coot.

Acta Crystallographica Section D Biological Crystallography 66(4):486—501
DOI 10.1107/s0907444910007493.

Yu et al. (2018), PeerdJ, DOI 10.7717/peerj.4728 1213


http://dx.doi.org/10.1017/s0031182016002377
http://dx.doi.org/10.1107/s0907444909052925
http://dx.doi.org/10.1016/j.cell.2017.06.025
http://dx.doi.org/10.1074/jbc.m111.325639
http://dx.doi.org/10.1111/j.1365-2958.2007.05761.x
http://dx.doi.org/10.1146/annurev.biochem.64.1.29
http://dx.doi.org/10.1107/s0907444900000834
http://dx.doi.org/10.1073/pnas.0511129103
http://dx.doi.org/10.1016/j.tube.2017.09.006
http://dx.doi.org/10.1046/j.1365-2958.2002.03119.x
http://dx.doi.org/10.1046/j.1365-2958.2000.01882.x
http://dx.doi.org/10.1107/s0907444904019158
http://dx.doi.org/10.1107/s0907444910007493
http://dx.doi.org/10.7717/peerj.4728
https://peerj.com/

Peer/

Gavalda S, Léger M, van der Rest B, Stella A, Bardou F, Montrozier H, Chalut C, Burlet-Schiltz O,
Marrakchi H, Daffé M, Quémard A. 2009. The Pks13/FadD32 crosstalk for the biosynthesis of
mycolic acids in Mycobacterium tuberculosis. Journal of Biological Chemistry 284(29):19255-19264
DOI 10.1074/jbc.m109.006940.

Herbst DA, Jakob RP, Zihringer F, Maier T. 2016. Mycocerosic acid synthase exemplifies
the architecture of reducing polyketide synthases. Nature 531(7595):533-5537
DOI 10.1038/nature16993.

Luft JR, Detitta GT. 1995. Chaperone salts, polyethylene glycol and rates of equilibration in
vapor-diffusion crystallization. Acta Crystallographica Section D Biological Crystallography
51(5):780-785 DOI 10.1107/s0907444995002277.

North EJ, Jackson M, Lee RE. 2014. New approaches to target the mycolic acid biosynthesis
pathway for the development of tuberculosis therapeutics. Current Pharmaceutical Design
20(27):4357-4378 DOI 10.2174/1381612819666131118203641.

Portevin D, de Sousa-D’Auria C, Houssin C, Grimaldi C, Chami M, Daffé M, Guilhot C. 2004.
A polyketide synthase catalyzes the last condensation step of mycolic acid biosynthesis in
mycobacteria and related organisms. Proceedings of the National Academy of Sciences of the
United States of America 101(1):314-319 DOI 10.1073/pnas.0305439101.

Serre L, Verbree EC, Dauter Z, Stuitje AR, Derewenda ZS. 1995. The Escherichia coli malonyl-
CoA: acyl carrier protein transacylase at 1.5-A resolution. Crystal structure of a fatty
acid synthase component. Journal of Biological Chemistry 270:12961-12964
DOI 10.2210/pdblmla/pdb.

Shevchenko A, Tomas H, Havli J, Olsen JV, Mann M. 2006. In-gel digestion for mass
spectrometric characterization of proteins and proteomes. Nature Protocols 1(6):2856—2860
DOI 10.1038/nprot.2006.468.

Thanna S, Knudson SE, Grzegorzewicz A, Kapil S, Goins CM, Ronning DR, Jackson M,
Slayden RA, Sucheck SJ. 2016. Synthesis and evaluation of new 2-aminothiophenes against
Mycobacterium tuberculosis. Organic ¢ Biomolecular Chemistry 14(25):6119-6133
DOI 10.1039/c60b00821f.

Wang Z, Pan Q, Yang L, Zhou H, Xu C, Yu F, Wang Q, Huang S, He J. 2016. Automatic crystal
centring procedure at the SSRF macromolecular crystallography beamline. Journal of
Synchrotron Radiation 23(6):1323-1332 DOI 10.1107/s160057751601451x.

Wilson R, Kumar P, Parashar V, Vilchéze C, Veyronchurlet R, Freundlich JS, Barnes SW,
Walker JR, Szymonifka MJ, Marchiano E. 2013. Antituberculosis thiophenes define a
requirement for Pks13 in mycolic acid biosynthesis. Nature Chemical Biology 9:499.

Yu et al. (2018), PeerdJ, DOI 10.7717/peerj.4728 13/13


http://dx.doi.org/10.1074/jbc.m109.006940
http://dx.doi.org/10.1038/nature16993
http://dx.doi.org/10.1107/s0907444995002277
http://dx.doi.org/10.2174/1381612819666131118203641
http://dx.doi.org/10.1073/pnas.0305439101
http://dx.doi.org/10.2210/pdb1mla/pdb
http://dx.doi.org/10.1038/nprot.2006.468
http://dx.doi.org/10.1039/c6ob00821f
http://dx.doi.org/10.1107/s160057751601451x
http://dx.doi.org/10.7717/peerj.4728
https://peerj.com/

	Crystallization and structure analysis of the core motif of the Pks13 acyltransferase domain from Mycobacterium tuberculosis
	Introduction
	Materials and Methods
	Results
	Discussion
	flink5
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


