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One central question surrounding the biosynthesis of fatty acids and

polyketide-derived natural products is how the 40-phosphopantetheinyl
transferase (PPTase) interrogates the essential acyl carrier protein (ACP)

domain to fulfill the initial activation step. The triggering factor of this

study was the lack of structural information on PPTases at physiological

pH, which could bias our comprehension of the mechanism of action of

these important enzymes. Structural and functional studies on the family II

PPTase PptAb of Mycobacterium abscessus show that pH has a profound

effect on the coordination of metal ions and on the conformation of

endogenously bound coenzyme A (CoA). The observed conformational

flexibility of CoA at physiological pH is accompanied by a disordered 40-
phosphopantetheine (Ppant) moiety. Finally, structural and dynamical

information on an isolated mycobacterial ACP domain, in its apo form

and in complex with the activator PptAb, suggests an alternate mechanism

for the post-translational modification of modular megasynthases.

Introduction

Metabolites synthesized by fatty acid synthases

(FASs), polyketide synthases (PKSs), and non-riboso-

mal peptide synthetases (NRPSs) include a broad

range of complex organic compounds with biological

activities that have been widely exploited in the discov-

ery of new therapeutic agents [1]. Members of the

Mycobacterium genus are unique among prokaryotes

as they have both type I and type II FAS systems that

they use in combination with type I PKS to produce

essential cell envelope components and lipid virulence

factors [2]. Mycobacteria belong to either the

Mycobacterium tuberculosis complex (MTBC) or the

nontuberculous mycobacteria (NTM). MTBC contains

the etiologic agents of the tuberculosis disease includ-

ing M. tuberculosis, whereas NTM such as Mycobac-

terium abscessus can cause lung infection, especially in

patients with pulmonary diseases such as cystic fibrosis

or bronchiectasis [3,4].

The central player throughout the synthesis of pri-

mary and secondary metabolites in living cells across

all three domains of life is the carrier protein (CP)

domain, a small (~ 80 residues), noncatalytic, and

post-translationally modified domain. The post-trans-

lational modification is catalyzed by a 40-phosphopan-
tetheinyl transferase (PPTase), which transfers the 40-
phosphopantetheine (Ppant) moiety from a coenzyme
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A (CoA) molecule onto a strictly conserved serine resi-

due, in the presence of metal ions Mg2+ or Mn2+ [5,6].

The thiol at the extremity of the Ppant prosthetic

group (~ 20 �A long) then serves as an anchor for the

proper elongation and modification of intermediate

products via interactions with their cognate enzymes.

The PPTase superfamily can be divided into three

families based on their target synthases, phylogenic

distributions and sequence alignments, and three-di-

mensional structures [7]. Family I PPTases are the

modifying enzymes for acyl carrier protein (ACP)

involved in prokaryotic fatty acid biosynthesis. They

are relatively short in size, between 120 and 140 amino

acid residues, and form obligatory trimers with three

active sites. An archetypal member of this group is

AcpS of Bacillus subtilis [5]. Family II PPTases acti-

vate secondary metabolite biosynthetic pathways. They

exist as pseudo-homodimers of 220–240 amino acid

residues, resembling two AcpS monomers with one

active site at the pseudo-dimer interface. The first rep-

resentative of this group is the surfactin phosphopan-

tetheinyl transferase (Sfp) from B. subtilis, the

reference enzyme when it comes to performing in vitro

activity assays for holo-CP synthesis. Family III

PPTases are mainly found in fungi, where they form

distinct catalytic domains within the FAS complex [8].

Investigations of the excised PPT domain of FAS from

yeast showed that it forms catalytic trimers analogous

to family I PPTases. It was proposed that trimeriza-

tion occurs during the assembly of the active FAS

enzyme complex [9].

Mycobacterium tuberculosis contains two PPTases

with nonredundant functions: AcpS, which activates

type I and type II FAS enzymes, and PptT, in charge

of the activation of all type I PKSs and NRPSs

[10,11]. More recently, it has been shown that PptT

could also activate the meromycolate extension ACP

(AcpM) of type II FAS system in vitro [12]. M. absces-

sus also produces two PPTases [13], PptAb (UniProt

entry B1MD73) and AcpS (UniProt entry B1MMN7),

which share 67% and 73% sequence identity with

PptT and AcpS of M. tuberculosis, respectively. Given

the conservation of genes and biosynthetic pathways

involved in the synthesis of lipids in mycobacteria, it is

likely that PptAb also mediates biosynthesis of struc-

turally and functionally important lipids in this

microorganism and that it is essential for the survival

of the bacteria in various environments. Furthermore,

PptAb is probably required for the activation of

diverse PKSs and NRPSs involved in the production

of compounds such as glycopeptidolipids and sidero-

phores that contribute to the virulence of M. abscessus

[14,15].

The triggering factor of this study was the acidic

nature of known crystallization conditions of family II

PPTases, which could bias our understanding of the

mechanism of action of these important enzymes [16-

18]. Here, we present an in-depth description of the

effect of pH on the binding of CoA and metal ions in

PptAb. The most significant results include (a) an

increased stability of PptAb in the presence of Mn2+

rather than Mg2+ ions at acidic and neutral pH, (b) a

change in the conformation of the Ppant moiety of

CoA from a well-ordered state at acidic pH to a disor-

dered state at physiological pH, (c) a trapped CoA

with a new conformation in the X-ray structure of

PptAb in complex with a cognate ACP domain at

physiological pH, and (d) free-standing ACP internal

motions localized in the region in contact with PptAb,

as revealed by NMR relaxation experiments. Alto-

gether, these results contribute to a better understand-

ing of the activation of ACP domains by

mycobacterial PPTases.

Results

Bound cofactors in family II PPTases at acidic pH

PptAb of M. abscessus adopts the typical pseudo-

dimeric structure of family II PPTases consisting of

two a/b domains related by a pseudo-twofold symme-

try with CoA spanning across the cavity (Fig. 1A).

Best structural homologues from mycobacterial species

superimpose closely with Ca rmsd values of ~ 1 �A for

~ 220 aligned residues. At acidic pH, CoA in PptAb

adopts a conformation similar to the one observed in

the X-ray structures of PptT from M. tuberculosis and

MuPPT from Mycobacterium ulcerans [16]. The

aminothiol group of CoA is buried inside a deep

pocket mostly dominated by hydrophobic contacts.

There is one polar interaction between the main-chain

carbonyl of Leu167 and the aminothiol group of CoA

that is also conserved in the structures of PptT and

MuPPT (Fig. 1A, close-up view). The pocket entrance

is delineated by the side chains of residues Glu153,

Tyr156, Trp166, and Phe169 (Fig. 1A, close-up view).

A multiple sequence alignment including over one hun-

dred and thirty rapidly and slowly growing Mycobac-

terium species [19] revealed that all four residues are

strictly conserved. With the exception of the catalytic

Glu153, none of these residues is conserved in the Sfp

[17] and human PPTase [18] enzymes where the Ppant

adopts a conformation different from that of

mycobacterial PPTases (Fig. 2). The position of the

30,50-ADP moiety of CoA in PptAb is also similar to

that of PptT and MuPPT. Stabilization occurs through
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A
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D E

Fig. 1. X-ray structures of mycobacterial PPTases at acidic pH. (A) Structural superimposition of PptAb from Mycobacterium abscessus (PDB

code 6QWU, in gray) onto its homologues from Mycobacterium tuberculosis (PptT, PDB code 4U89 in blue) and M. ulcerans (MuPPT, PDB

code 4QJL in white). Right, side chains of conserved residues interacting with the 30,50-ADP and Ppant moieties are represented using the same

color code. Mg2+ and Mn2+ ions at binding sites I and II are represented as green and gray spheres, respectively. The polar interaction between

the main-chain carbonyl of Leu167 and the aminothiol group of CoA is shown. Close-up view of the cofactor binding site in (B) PptT (PDB code

4U89) and (C) MuPPT (PDB code 4QJL) crystallized at pH 4.5 and 5.5, respectively. Close-up view of the CoA binding site in PptAb at acidic pH

with (D) one Mg2+ (PDB code 6QYF) and (E) two Mn2+ (PDB code 6QWU). Mn2+ at site I is shifted by ~ 1.7 �A with coordination to the active site

residue Glu153. CoA and residues are shown as sticks (nitrogen, blue; oxygen, red; phosphate, yellow; and sulfur, orange). Water molecules are

represented as red balls. Figures were generated using PYMOL (The PyMOL Molecular Graphics System, version 2.0; Schr€odinger, LLC).
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numerous polar interactions between the protein and

the 30-phosphate group, the adenine ring, and the a-
phosphate. Interactions involving the ribose phosphate

are quite remarkable as the side-chain amides of

Arg45, Arg53, and Lys72 form the apex of a triangle

with the phosphate at the center (Fig. 1A, close-up

view). Despite the fact that all three residues are

strictly conserved among characterized Mycobacterium

species, networks of interactions slightly differ in the

three mycobacterial PPTase structures (Fig. S1).

All known family II PPTase structures have a single

cation binding site occupied by Mg2+, designated as

site I, that interacts directly with the b-phosphate of

CoA and is required for activity [7]. The acidic nature

of the crystallization conditions may be responsible for

the absence of Mg2+ in the high-resolution structures

of PptT determined by us (PDB code 4U89) and

others [16] (Fig. 1B). The hypothesis that side chains

of negatively charged residues in PptT become proto-

nated, thereby reducing their ability to effectively coor-

dinate Mg2+, was later supported by the presence of

this metal ion in the MBP-PptT structure [20]. The

coordination spheres identified in the structures of

MuPPT (Fig. 1C) and PptAb (Fig. 1D) involve the b-
phosphate of CoA, the side chains of two acidic

residues, Asp111 and Glu113 (PptAb numbering), and

the main-chain carbonyl group of Ala112, in addition

to one ordered water molecule. At acidic pH, an unex-

pected consequence of replacing Mg2+ with Mn2+ is

that site I has shifted 1.7 �A toward residue Glu153

(Fig. 1E). This conserved Glu153 is the catalytic base

in charge of deprotonating the serine residue of the

ACP acceptor domain, prior to transfer of the Ppant

arm [6,18].

The X-ray structure of PptAb also revealed the pres-

ence of a second metal binding site, designated site II,

with a stronger preference for Mn2+ over Mg2+ ions

(Fig. 1E). The imidazole group of His90, which is

rotated away by ~ 50° from the position it occupies in

the structures of PptT (Fig. 1B) and MuPPT

(Fig. 1C), interacts with Mn2+ and the 30-phosphate of

CoA via the d- and e-nitrogens, respectively. Up to

three water molecules complete the coordination

sphere. PptAb crystallized in the presence of Mg2+

often exhibits residual density at site II that could not

be assigned to a metal ion. However, the imidazole

group of His90 adopts the same conformation as in

the structure with bound Mn2+ (Fig. 1D). This mere

pivoting movement, also present in the structures of

Sfp [17] and human AASDHPPT [18], may coincide

A

B C D

Fig. 2. The Ppant tunnel entrance. Related to Fig. 1. (A) Structure-based sequence alignment of the PPTase from

Mycobacterium abscessus (PptAb, UniProt entry B1MD73) with homologues from M. ulcerans (MuPPT, UniProt entry A0PQD8) and

Mycobacterium tuberculosis (PptT, UniProt entry O33336), extended to Sfp from Bacillus subtilis (UniProt entry P39135) and the human

AASDHPPT (UniProt entry Q9NRN7). Residues delineating the Ppant entrance in the mycobacterial PPTases are indicated. (B) Close-up view

of the Ppant entrance in the X-ray structures of PptAb (gray), MuPPT (PDB code 4QJL, white), and PptT (PDB code 4U89, blue). The side

chains of conserved residues and coenzyme A are shown as sticks (nitrogen, blue; oxygen, red; and sulfur, orange). The Ppant moiety of (C)

Sfp (PDB code 4MRT) and (D) AASDHPPT (PDB code 2C43) points outside the cavity. The structure-based alignments were displayed using

ESPRIPT [49]. Structure figures were generated using PYMOL (The PyMOL Molecular Graphics System, version 2.0; Schr€odinger, LLC).
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with the presence of a divalent ion with low occu-

pancy.

The X-ray structure of PptAb at physiological pH

reveals a disordered Ppant moiety

As mentioned above, only limited structural informa-

tion on family II PPTases at neutral pH is available.

We were then eager to see how a physiologically rele-

vant pH could influence the binding of CoA and diva-

lent ions. We crystallized PptAb at pH values ranging

from 6.5 to 8.5 in the presence of either Mn2+ or

Mg2+, and accumulated several high-resolution struc-

tures (Tables 1 and 2). Contrary to PptAb at acidic

pH where the CoA is easily identifiable in a simulated-

annealing (SA) omit map contoured at 1r (Fig. 3A,

top left), we noticed that, at pH 7 or higher, the Ppant

moiety could not be modeled due to poor electron

density from a refined 2Fo-Fc map contoured at 1r
(Fig. 3B, top left and Fig. S2). A careful examination

of the active site cavity revealed that the orientation of

the side chains and their interactions with CoA and

divalent cations are mostly identical (Fig. 3A,B, right).

A plausible explanation for the conformational mobil-

ity of Ppant may come from a subtle change in the

distribution of charges at the surface of the protein,

slightly positive at pH 5.6 (Fig. 3A, bottom left) and

negative at physiological pH (Fig. 3B, bottom left).

The recently described crystal structure of PptT at pH

6.7 also confirms the absence of the Ppant arm in the

pocket [21]. Nevertheless, the proposed role of the

bound amidino-urea compound called ‘8918’, which

would be responsible for the Ppant displacement out-

side the tunnel, is perhaps overstated.

Stability and activity of PptAb

Using freshly prepared PptAb purified in Tris buffer at

pH 7.0 supplemented with an excess of MgCl2 (see

Materials and methods), we could measure a melting

temperature (Tm) value of 37.5 � 0.2 °C (Fig. 4A).

We then tested the influence of Mn2+ on the stability

of PptAb, a divalent ion also known to catalyze the

Ppant transfer reaction [5,6]. By simply replacing

MgCl2 with MnCl2 in the purification protocol, the

measured Tm value increased by ~ 16 °C at

53.4 � 0.2 °C. Similar effect was observed by adding

MnCl2 to the PptAb/MgCl2 mixture, with a Tm value

at 47.4 � 0.2 °C. Higher Tm values above 60 °C could

be measured by adding an excess of CoA to PptAb

purified in the presence of either Mg2+ or Mn2+.

The enzymatic activity of PptAb was analyzed

in vitro in the presence of a fragment encompassing

the ACP domain of the type I polyketide synthase

PpsC of M. tuberculosis (UniProt entry P96202). This

well-expressed and soluble fragment, which incorpo-

rates the predicted ACP domain (from residue 2057 to

2145) in addition to the C-terminal linker (from resi-

due 2146 to 2188) of PpsC, was identified using the

domain trapping method [22]. It was produced in

Escherichia coli BL21(DE3) cells missing the endoge-

nous PPTase EntD [11] and purified using a one-step

protocol (see Materials and methods). We evaluated

the effect of pH on the transfer of the Ppant moiety of

CoA on the ACP fragment in the presence of either

Mg2+ or Mn2+, as previously described [23]. At pH 7,

a transfer of the Ppant moiety is detected on a 10%

urea/PAGE in the presence of either cation. On the

other hand, only Mn2+ can permit the transfer reaction

at acidic pH, in good agreement with the increased

stability of PptAb in the presence of this metal ion

(Fig. 4B).

Snapshot of a Ppant transfer intermediate

trapped into the X-ray structure of the PptAb/

ACP complex at physiological pH

A question raised by the structural analysis of PptAb

at physiological pH concerns the spatial organization

of the Ppant of CoA prior to its transfer on the con-

served serine residue of an ACP partner. The phospho-

pantetheinylated Ser2105 of the ACP domain of PpsC

was mutated to an alanine to favor the formation of a

stable ternary complex, as described for the X-ray

structures of Sfp in complex with a peptidyl carrier

protein (PCP) domain [24] and AASDHPPT in com-

plex with an ACP domain from FAS [18]. The ACP

fragment was mixed in a 1 : 1 molar ratio with PptAb

purified in the presence of MnCl2, prior to crystalliza-

tion trials (see Materials and methods). The X-ray

structure of the PptAb-ACP complex was determined

to a resolution of 2.0 �A (Table 2). Fifty-three residues

located either at the N- or at the C-terminal end of

the selected ACP fragment (positions 2057–2069 and

2145–2188) show poorly defined electron density and

hence have not been modeled in the complex structure.

The ACP domain of PpsC consists of four a-helices
(a1 to a4) and one short 310 helix g1, with the modi-

fied serine residue (S2105A) located at the N-terminal

extremity of helix a2 (Fig. 5A). The ACP domain is

structurally closer to its homologue in the bacterial

Sfp-PCP complex [24] with a rmsd of 1.2 �A over 72

out of 76 Ca atoms, compared with a rmsd of 2.7 �A

over 65 out of 71 Ca atoms for the human ACP in

complex with AASDHPPT [18]. The buried solvent-ac-

cessible surface area in the PptAb-ACP interface of
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~ 660 �A2 per subunit is mostly driven by van der

Waals contacts and water-mediated polar contacts

with a remarkable shape complementarity compared

with Sfp-PCP (Fig. 5B) and AASDHPPT-ACP

(Fig. 5C). The buried surface is slightly smaller than

the one observed for the Sfp-PCP and AASDHPPT-

ACP complexes, with respective values of 720 and

850 �A2. In addition, networks of polar interactions at

the interface differ significantly in the three complexes.

A detailed examination of the PptAb-ACP interface

shows that the ACP domain is anchored to two short

protein segments of PptAb, named S1 (positions 40–

45) and S2 (positions 118–126), responsible for the

majority of polar and hydrophobic interactions with

the ACP substrate (Fig. 5A, left). The unique polar

interaction between CoA and the ACP domain

involves an oxygen of the b-phosphate and the main-

chain nitrogen of the mutated Ser-to-Ala amino acid

at position 2105. One of the most intriguing results

concerns the Ppant transition from a disordered state

in the structure of PptAb to an ordered state in the

PptAb-ACP complex at physiological pH. One nonpo-

lar interaction holds our attention as the indole ring of

Trp2129 (helix a3) stacks onto the segment CH(OH)-

Table 2. Data collection and refinement statistics. Statistics for the highest-resolution shell are shown in parentheses.

Name PptAb PptAb-ACP

PDB code 6QWU 6QXQ 6QXR 6QYF 6QYG 6RCX

Wavelength 0.967700 0.972422 1.072270 0.967700 0.972422 0.976247

pH 5.5 7 8.5 5.6 8.5 6.5

Metal ion Mn2+ Mn2+ Mn2+ Mg2+ Mg2+ Mn2+

Resolution range 45.38–1.40 (1.45

–1.40)

41.71–1.45 (1.50

–1.45)

44.75–1.20 (1.24

–1.20)

28.00–1.40 (1.45

–1.40)

42.46–1.60 (1.66

–1.60)

41.15–2.00 (2.07

–2.00)

Space group P 21 21 21 P 21 21 2 P 21 21 21 P 21 21 2 P 21 21 21 P 21 21 21

Unit cell (�A) 55.7 61.9 66.7 62.9 83.4 56.1 55.4 60.6 66.4 63.1 82.2 56.0 55.4 60.3 66.1 50.1 63.2 108.5

Total reflections 302 522 (21 374) 277 588 (25 754) 219 244 (20 146) 375 120 (26 989) 161 206 (16 095) 127 928 (12 069)

Unique reflections 45 439 (4151) 52 990 (5216) 68 697 (6756) 56 325 (4954) 29 270 (2855) 23 870 (2318)

Multiplicity 6.7 (5.1) 5.2 (4.9) 3.2 (3.0) 6.7 (5.4) 5.5 (5.6) 5.4 (5.2)

Completeness (%) 98.6 (91.5) 99.7 (99.5) 97.6 (97.4) 97.0 (87.1) 98.0 (97.3) 99.6 (99.2)

Mean I/sigma (I) 13.5 (1.7) 13.5 (1.7) 13.1 (2.1) 22.2 (4.3) 13.5 (2.2) 14.2 (2.5)

Wilson B-factor 14.9 21.0 12.5 13.0 18.9 35.1

R-merge 0.075 (0.841) 0.062 (0.831) 0.041 (0.511) 0.050 (0.375) 0.072 (0.710) 0.072 (0.531)

R-meas 0.082 (0.938) 0.069 (0.931) 0.049 (0.621) 0.055 (0.415) 0.080 (0.782) 0.080 (0.591)

CC1/2 0.998 (0.648) 0.998 (0.736) 0.999 (0.724) 0.999 (0.956) 0.998 (0.797) 0.998 (0.929)

Reflections used in

Refinement 45 429 (4150) 52 955 (5211) 68 695 (6756) 56 311 (4954) 29 268 (2856) 23 853 (2318)

R-free 1939 (177) 775 (75) 1629 (161) 1589 (140) 1321 (126) 1712 (166)

R-work 0.164 (0.340) 0.167 (0.299) 0.160 (0.283) 0.149 (0.266) 0.181 (0.281) 0.206 (0.309)

R-free 0.181 (0.345) 0.195 (0.327) 0.178 (0.304) 0.164 (0.311) 0.195 (0.280) 0.243 (0.324)

Nb of non-H atoms 2104 2140 2142 2251 2071 2439

Macromolecules 1716 1701 1701 17 06 1724 2239

Ligands 58 29 30 49 33 56

Solvent 330 410 411 496 314 144

Protein residues 219 218 220 218 219 292

RMS(bonds) 0.016 0.010 0.006 0.009 0.010 0.007

RMS(angles) 1.35 1.12 0.96 1.05 0.87 0.71

Ramachandran

Favored (%) 99.5 100.0 99.5 98.6 99.5 97.9

Allowed (%) 0.5 0.0 0.5 1.4 0.5 2.1

Outliers (%) 0.0 0.0 0.0 0.0 0.0 0.0

Rotamer outliers

(%)

0.5 1.1 2.2 1.6 1.1 1.3

Average B-factor

(�A2)

22.5 30.2 19.8 21.6 24.1 50.4

Macromolecules 20.7 27.3 17.3 17.4 22.4 50.5

Ligands 17.4 20.7 11.8 12.0 21.4 51.4

Solvent 32.4 42.8 31.0 36.7 33.2 47.6
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CO-NH-CH2-CH2 of the pantothenic portion of CoA

(Fig. 5A, right), normally disordered in the structure

of PptAb at physiological pH. In the Sfp-PCP com-

plex, the same type of interactions is accomplished by

a Phe at position 69 with its phenyl group against the

pantothenic group of CoA (Fig. 5B, right). On the

other hand, replacement of the aromatic amino acid

with an Arg (Arg2163) in the human AASDHPPT-

ACP complex may be responsible for the disordered

Ppant moiety (Fig. 5C, right).

Unexpectedly, the Pa-O-Pb angle of the pyrophos-

phate group is flipped by ~ 180° from the position it

occupies in previously described family II PPTase

structures, including PptAb at acidic pH (Fig. 6A).

Structural changes propagate as far as ~ 10 �A along

the pantothenic acid group, whereas the b-mercap-

toethylamine extremity remains spatially constricted

inside the hydrophobic pocket. To the exception of a

water molecule that replaces the oxygen atom of the

b-phosphate group of CoA, positions of the two Mn2+

ions and residues within the active site cavity of PptAb

are unaffected by interactions with the ACP substrate

(Fig. 6A,B).

Structural and mutational studies on family II

PPTases Sfp [17], AASDHPPT [18], and PptT [16]

have suggested a reaction mechanism starting with the

deprotonation of the hydroxyl group of the serine

acceptor by a conserved glutamate side chain (Glu153

in PptAb) followed by the nucleophilic attack on the

pyrophosphate group (Fig. 6C). Although such a

mechanism can be transposed to the PptAb-ACP com-

plex, the fact remains that the metal-bound water

molecule could serve as an intermediate to abstract a

proton from Ser2105. Indeed, a rotation of the Ca–Cb
bond of Ser2105 could place the hydroxyl hydrogen

adjacent to the water molecule. This alternate mecha-

nism implies the activation of the ordered water mole-

cule by the nearby Glu153, which then deprotonates

A

B

Fig. 3. Effect of pH on CoA binding in

PptAb. Structural analysis of PptAb from

Mycobacterium abscessus crystallized at

pH (A) 5.5 (PDB code 6QWU) and (B) pH 7

(PDB code 6QXQ) in the presence of Mn2+.

Clockwise, electron density 2Fo-Fc SA omit

maps contoured at 1r, interaction between

cofactors and residues of PptAb, and

electrostatic surface potential of PptAb.

Blue shading (+5 kBT/e) and red shading

(�5 kBT/e) indicate electropositive and

electronegative protein surfaces,

respectively. The Ppant moiety shows

poorly defined electron density at

physiological pH. CoA and residues are

shown as sticks (nitrogen, blue; oxygen,

red; phosphate, yellow; and sulfur, orange).

Water molecules and Mn2+ ions are

displayed as red and gray spheres,

respectively. Figures were generated using

PYMOL (The PyMOL Molecular Graphics

System, version 2.0; Schr€odinger, LLC).
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the hydroxyl group Ser2105 followed by a nucleophilic

attack on the b-phosphate of CoA (Fig. 6C). The

intervention of an activated water molecule in the

Ppant transfer mechanism has only been proposed for

the family I PPTases [5].

Structure and dynamics of the ACP domain

To date, more than forty original structures of ACP

domains from bacterial and human origins have been

determined in their apo, holo, and acylated forms by

NMR and X-ray crystallography. They all share a

four-helix bundle with the serine acceptor located at

the N-terminal extremity of helix a2, also known as

the recognition helix [25]. Best structural homologues

to the ACP domain of PpsC in complex with PptAb

correspond to free-standing CP domains solved by

solution NMR or X-ray crystallography, with rmsd as

low as 1.1 �A. Such structural similarities may illustrate

the fact that the ACP domain undergoes only subtle

structural changes upon binding to a dedicated

PPTase.

In an attempt to validate the ACP contribution to

the PptAb-ACP interface, we investigated the dynam-

ics of the wild-type apo-ACP of PpsC in solution

using NMR spectroscopy and amide nitrogen relax-

ation rate analyses. The backbone resonance

assignment was performed using an 15N-13C doubly

labeled protein and standard triple resonance experi-

ments. The chemical shift index profile determined

from 13C chemical shifts, as implemented by Shen

et al. [26], is in full agreement with the positions of

a-helices identified in the X-ray structure of the PpsC

ACP domain in complex with PptAb. 15N relaxation

NMR parameters were analyzed through the model-

free approach [27] to determine the global isotropic

molecular correlation time (sc) and, for each residue,

the order parameter (S2) and the local correlation

time (se) describing the motions of amide nitrogens.

We measured an isotropic global correlation time sc
value of 8.60 � 0.66 ns at 25 °C, which is consistent

with a monomeric state of the isolated ACP domain

in solution. Values of the order parameter S2

(0.88 � 0.01) and the local correlation time se
(0.77 � 0.05 ns) are in line with a compact globular

structure of the ACP domain (Fig. 7A,B). The most

flexible regions include loop 1, helix a2 that contains

the serine acceptor, and to a lesser extent helix a3
(Figs 7A and 8). In addition to motions at the pico-

to nanosecond timescale, the relaxation data pointed

out the presence of local conformational fluctuations

at the micro- to millisecond timescale in the same

regions (Figs 7C and 8). Our findings are in accor-

dance with a recent study on the dynamics of an aryl

A

B

Fig. 4. Biophysical and biochemical

characterization of PptAb. (A) Thermal

stability of PptAb produced and purified in

the presence of Mg2+ (light blue) or Mn2+

(light orange). Error bars are defined as

mean � SD, n = 3. Subsequent addition of

Mn2+ or CoA to PptAb/Mg2+ and CoA to

PptAb/Mn2+ greatly increases the stability of

the enzyme. Fluorescence emission

measurements were monitored at 610 nm

from 18 °C to 80 °C. (B) Activation time

course of the ACP domain by the PPTases

Sfp and PptAb. The transfer of the Ppant

group from CoA to the ACP domain of

PpsC is visualized on a 10% native

polyacrylamide gel supplemented with

2.5 M urea in the presence of MgCl2 or

MnCl2 at different time intervals (15, 30,

and 60 min). The (–) control corresponds to

the mutated ACP domain.
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carrier protein (ArCP) in its apo state [28]. Larger

flexibility is observed in the fast regime together with

conformational fluctuations in loop 1 and to a lesser

extent in the first half of helix a2 and the loop 2–he-
lix a3 region. In contrast, we did not observe

enhanced flexibility nor larger chemical exchanges for

the few residues preceding Ser2105, the site that binds

the prosthetic group.

Discussion

Within an infected macrophage, bacteria are subject to

numerous stresses, including local pH changes, nutri-

ent limitation, and the presence of reactive nitrogen

and oxygen species [29]. In this study, we asked our-

selves what impact the pH could have on the binding

of CoA and metal ions in the 40-phosphopantetheinyl
transferase PptAb from M. abscessus. This question is

all the more relevant as many charged residues in the

active site cavity of PptAb are involved in the coordi-

nation of metal ions, interactions with CoA, and the

deprotonation of the carrier protein substrate.

A remarkable feature shared by PPTases is their

ability to bind endogenous CoA from the expression

host. CoA sequestration was first described by Mofid

et al. [30] who estimated the percentage of cellular

CoA present in purified recombinant Sfp of B. subtilis

at 20–30 %. In accordance with these observations, all

the X-ray structures of PptAb examined in this study

have endogenously bound CoA in their active site cav-

ity, even at acidic pH. In addition, CoA binding is

inextricably linked to the presence of Mg2+ or Mn2+,

A

B C

Fig. 6. pH-dependent modifications of CoA.

(A) Close-up view of the cofactor binding

cavity illustrating the structural changes for

the pyrophosphate and the pantothenic acid

group between PptAb alone (pH 5.5, PDB

code 6QWU in white) and in complex with

the ACP domain of PpsC (pH 6.5, PDB code

6RCX in gray). The structure of PptAb at

physiological pH (in orange) is missing the

Ppant moiety. A surface representation of

residues that accommodate the pantothenic

portion of CoA is shown. (B) A water

molecule (in red) replaces the excluded b-

phosphate of CoA in the PptAb-ACP

complex. (C) Proposed models for the

priming reaction mechanism. The metal-

bound glutamate side chain abstracts the

hydrogen from Ser2105 (step 1), thereby

initiating the Ppant transfer reaction (steps

2 and 3). In model 2, an activated metal-

bound water molecule deprotonates the

hydroxyl group of Ser2105 (step 10). The
same color code is used for carbon atoms

of CoA, protein side chains, and divalent

cations at sites I and II in panels (A) and (B).

Structure figures were generated using

PYMOL (The PyMOL Molecular Graphics

System, version 2.0; Schr€odinger, LLC).

Fig. 5. Structural comparison of PPTase-CP complexes. Ribbon representation of (A) PptAb-ACP (PDB code 6RCX), (B) Sfp-PCP (PDB code

4MRT), and (C) AASDHPPT-ACP (PDB code 2CG5). PPTases and CP domains are colored in blue and yellow, respectively. Left,

representation of the polar interactions at the interface. Hydrogen bond interactions are shown as dash lines in black. A SA 2Fo-Fc

composite omit electron density map contoured at 1r around CoA are shown in black for the PptAb-ACP complex. Right, surface

representation of residues of the CP domain involved in polar and nonpolar interactions with CoA [50]. The Ppant arm is not visible in the

crystal structure of the AASDHPPT-ACP complex. Residues involved in polar and nonpolar interactions were identified using the PISA server

[50]. Nitrogen atoms are in blue, and oxygen atoms are in red. Mn2+ and Mg2+ ions are in gray and green, respectively. All figures are in the

same orientation. Figures were generated using PYMOL (The PyMOL Molecular Graphics System, version 2.0; Schr€odinger, LLC).
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which play a key role in the transfer of the Ppant moi-

ety on the serine acceptor of a carrier protein domain.

The increased stability of PptAb in the presence of

Mn2+ may be attributed to an additional metal binding

site (site II) that coordinates to the a-phosphate of

CoA (Fig. 1E). Cation selectivity in favor of Mn2+ is

influenced by the side chains involved in the metal

coordination sphere. Indeed, it is known that Mg2+

and Mn2+ ions share aspartic acid and glutamic acid

as their two major binders [31]. Histidine completes

the list of major binders to Mn2+, while this amino

acid residue is among the least frequently identified

Mg2+ coordinators [31]. This is in agreement with the

presence of Mn2+ coordinated to the imidazole group

of His90 in site II. Site I plays a key role in PPTase

activity as its coordination sphere involves the catalytic

Glu153 in charge of initiating the Ppant transfer reac-

tion. Questions regarding the mechanism of metal ion

regulation inside cells remain unanswered. In vivo, it

has been postulated that Mg2+ and Mn2+ restriction

may be an additional stress encountered by

intraphagosomal pathogens including M. tuberculosis

[32-34].

The current picture of a Ppant moiety that either

extends into a deep hydrophobic pocket, as seen with

the mycobacterial enzymes PptT and MuPPT [16] and

the human AASDHPPT [18], or points outside the

cavity, as it is the case in the B. subtilis Sfp [17], may

be biased by the acidity of the crystallization condi-

tions. From a biological perspective, mycobacterial

species such as Mycobacterium smegmatis and

Mycobacterium bovis BCG are capable of maintaining

an internal pH between 6.1 and 7.2 in response to an

acidic environment [35]. When examining the effect of

pH on the X-ray structure of PptAb, we realized that

the 30,50-ADP moiety plays a key role in maintaining

CoA into the cavity, thanks to a large number of

hydrophobic and polar interactions with main-chain

and side-chain atoms of the PPTase (Fig. 1A). The

importance of the 30-phosphate group was previously

demonstrated for Sfp as no modification of the apo-

ACP was detected in the presence of 30-dephospho-
CoA [36]. On the other hand, mutations of the two

conserved arginine residues that make specific interac-

tions with the 30-phosphate for both PptT [16] and the

human AASDHPPT [18] slightly decrease the affinity

for CoA, but have a limited effect on their activity.

Upon formation of the PptAb-ACP complex, the

conformation of PptAb residues involved in cofactor

binding remains mostly identical (Fig. 6). Anchoring

segments S1 and S2 of PptAb are the major actors in

the recognition process as they concentrate the major-

ity of polar and van der Waals interactions (Fig. 5A).

Their respective counterparts in the ACP structure

include residues from loop 1 and helix a2. We showed

from NMR relaxation data that ACP regions, which

will face S1 and S2 in the complex, exhibit the largest

conformational fluctuations at sub-nanosecond and

micro- to millisecond timescales (Figs 7 and 8,

Fig. S3). Evidences for a local reorganization of loops

and helices in the ACP domain upon complex forma-

tion reinforce the idea that such internal dynamics

may be key to the ACP activation step and subsequent

ACP–partner interactions. The most unpredictable

result came from the sequestration of the CoA in an

unexpected conformation illustrated by an inversion of

configuration at the pyrophosphate oxygen (Fig. 6).

As a consequence, a water molecule at site I replaces

the excluded b-phosphate of CoA and may serve as an

intermediate for the Ppant transfer reaction. The

resulting Mn2+ coordination sphere is different from

that described in the Sfp-PCP [17] and the human

AASDHPPT-ACP [18] structures, as the pyrophos-

phate is not within coordinating distance of the diva-

lent cation (3.9 �A). Our structure may reflect a

snapshot of a trapped Ppant transfer intermediate

marked by a pyrophosphate group free of interactions

with the PPTase. Taken together with previous data

available on the role of specific residues implicated in

PPTase activity and the recent discovery of a druglike

compound that kills M. tuberculosis by partially

inhibiting PptT [21], our in-depth structural analysis of

PptAb from M. abscessus alone and in complex with a

mycobacterial ACP domain should be beneficial for

rational drug design and the development of therapeu-

tic alternatives to treat patients with mycobacterial

infections.

Materials and methods

Cloning of PptAb and ACP constructs

The gene encoding PptAb was cloned in a pET26b vector

(Novagen, Madison, WI, USA) under the dependence of

an IPTG-inducible T7 phage promoter. The resulting plas-

mid was introduced into chemically competent E. coli

BL21(DE3) cells (Invitrogen, Carlsbad, CA, USA) to over-

produce PptAb fused with a C-terminal 6-histidine tag. The

fragment encoding the ACP domain (positions 2057–2145)
was PCR amplified using ppsC as a DNA template and

gene-specific forward 50-GATATACATATGGCGATT

CGCGCTCAGCTAGACG-30 and reverse 50-AATTCAC-

TAGTCATTCGTTCGCACAGGGCGGTCG-30 primers

with NdeI and SpeI restriction sites in bold. The digested

product was then inserted into commercially available

pET28 vectors (Novagen) with a N-terminal 6-histidine tag.
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Ligated plasmids were transformed into chemically compe-

tent E. coli BL21(DE3) entD- cells. This cell strain is a

derivative from the classical BL21(DE3), with the gene cod-

ing for EntD, an endogenous PPTase in E. coli, being

knocked out. Transformed cells expressing ACP and PptAb

were plated onto Luria–Bertani (LB) agar plates containing
35 µg�mL�1 kanamycin for overnight growth at 37 °C. The

selected clones were grown in 5-mL culture containing

35 µg�mL�1 kanamycin. DNA was sequenced by Eurofins

(Konstanz, Germany). The S2105A ACP fragment was cre-

ated by reassembly PCR using sense and antisense primers

50-ACCCTGGGACTCGACGCGCTGATGGGCCTGGAA

TTGCGC-30 and 50-TTCCAGGCCCATCAGCGCGTC-

GAGTCCCAGGGTTTCCAG-30 that bear the mutation
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Fig. 7. 15N relaxation analysis of apo-ACP. T1, T2, and {1H}-15N NOEs were acquired at two static magnetic fields (600 and 700 MHz).

Relaxation data were then analyzed through the model-free approach to determine (A) the order parameter S2, (B) the local correlation time

se as a function of the residue number, and (C) DR2eff, the difference of R2eff at the two extreme values of repetition pulse frequencies in a

CMPG pulse train (i.e., 33 Hz and 1 kHz). Error bars correspond to 95% confidence interval, n = 2.
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(in bold). Introduction of the point mutation was con-

firmed by conventional Sanger sequencing.

Production and purification of PptAb and the

ACP domain

Frozen cells expressing the full-length PptAb were used to

start an overnight 10 mL LB–kanamycin (35 lg�mL�1) cul-

ture at 37 °C prior to inoculation in baffled flasks contain-

ing 3 L of the same media. Cells were allowed to grow for

approximately 2 h at 37 °C before temperature was

dropped from 37 °C to 30 °C. When OD600 reached 0.5–
0.7, cells were induced with IPTG at a final concentration

of 0.5 mM and grown for an additional 4 h prior to har-

vesting by centrifugation at 4000 g for 30 min. To elimi-

nate residual LB medium, the cell pellets were resuspended

in 50 mL of 100 mM Tris/HCl, pH 7, and 150 mM NaCl

prior to centrifugation at 4000 g for 20 min and storage at

�80 °C. The pelleted cells were resuspended in 30 mL buf-

fer A with either MgCl2 or MnCl2 at a final concentration

of 5 and 1 mM, respectively. After sonication (6 cycles of

30-s pulse, 50% amplitude, and power 5 W) and centrifu-

gation at 30 000 g for 30 min, the lysate was loaded on a

gravity-flow column with 2 mL of TALON� Superflow

Metal Affinity Resin (GE Healthcare, Uppsala, Sweden).

The His-tagged PptAb was eluted from the column with

the same buffer supplemented with 200 mM imidazole. The

3-mL protein elution was then injected into a HiLoad 16/

60 Superdex 75 (GE Healthcare, Pittsburgh, PA, USA) pre-

equilibrated with 50 mM Tris/HCl, pH 7, 50 mM NaCl, and

either 5 mM MgCl2 or 1 mM MnCl2.

The production of the wild-type and S2105A mutant of

the ACP fragment follows the same protocol as for PptAb,

except that only one purification step using affinity chro-

matography was implemented. The eluted protein was dia-

lyzed against a large excess of buffer (50 mM Tris/HCl, pH

7, and 50 mM NaCl) using a semipermeable Spectra/Por�3

Dialysis Membrane (Spectrum Laboratories, Inc., Rancho

Dominguez, CA, USA).

DSF experiments

Fluorescence of the SYPRO Orange Protein Gel Stain

(Invitrogen) was measured using the CFX96 Real-Time

PCR Detection System (Bio-Rad, Hercules, CA, USA)

from 18 °C to 80 °C in 0.3 °C increments of 3 s. PptAb

was concentrated to 56 and 380 lM in the presence of buf-

fer A (50 mM Tris/HCl, pH 7.0, 50 mM NaCl, and 5 mM

MgCl2) and buffer B (50 mM Tris/HCl, pH 7.0, 50 mM

NaCl, and 1 mM MnCl2), respectively. Each protein sample

was then diluted to 6 lM. Twenty microlitre of mixtures

containing 17 lL PptAb 6 lM and 2 lL SYPRO Orange

1009 was placed in 96-well clear-bottom Hard-Shell 96-

Well Skirted PCR Plates, Low-Profile (Bio-Rad). Addition

of 1 lL of a solution of buffer A, buffer B, 20 mM MnCl2,

or 20 mM CoA completes the reaction mixture. Each condi-

tion was realized in triplicate. Melting temperatures were

then calculated using the BIO-RAD CFX MANAGER software

(Bio-Rad Laboratories, Irvine, CA, USA).

Activity assays

Activity assays were performed as previously described [23].

Briefly, PptAb at 20 nM was incubated at 30 °C with 10 lM
of ACP domain of PpsC, 50 µM CoA, and 10 mM DTT.

MnCl2 or MgCl2 at 1 mM final concentration was also

Fig. 8. Dynamics of apo-ACP. Order parameters of backbone amide nitrogen were determined from 15N relaxation studies at 600 and

700 MHz on apo-ACP at pH 6.5 and 25 °C and reported on the structure of ACP in complex with PptAb. Order parameters are illustrated by

the tube thickness according to (1-S2) value, the thickness is therefore correlated flexibly at sub-nanosecond timescale. Residues prone to

conformational fluctuation at intermediate timescale (µs–ms) are colored from yellow to red as function of DR2eff value (mCMPG 33 Hz–1 kHz)

above 5.0 Hz. S2 and DR2eff values were reported from Fig. 6. The ACP structure was generated using PYMOL (The PyMOL Molecular

Graphics System, version 2.0; Schr€odinger, LLC).
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present in the reaction mixture. Reaction was stopped at

different times with the addition of 100 mM EDTA. A posi-

tive control was included using the broad-spectrum PPTase

Sfp from B. subtilis at the same concentration. Samples

were then loaded on a 10% polyacrylamide gel supple-

mented with 2.5 M urea and revealed with Coomassie blue.

NMR spectroscopy experiments

Frozen cells expressing PpsC ACP domain from a pET28

vector were used to start three overnight cultures of 5 mL

LB–kanamycin (35 µg�mL�1) at 37 °C. Following centrifu-

gation at 5000 g for 5 min, cells were resuspended in a

total volume of 10 mL M9 medium supplemented with

kanamycin (35 µg�mL�1) prior to inoculation in 2 L M9

medium. Production and purification follow the same pro-

tocol as for ACP in LB medium. The purified protein was

dialyzed against a large excess of buffer (50 mM KHPO4,

pH 6.5, and 100 mM NaCl) using a semipermeable Spectra/

Por�3 Dialysis Membrane (Spectrum Laboratories, Inc.).

NMR sample consisted of 550 µM [13C, 15N]-ACP supple-

mented with 10 µM 2,2-dimethyl-2-silapentane-5-sulfonate

(DSS) in H2O/D2O (9 : 1). NMR experiments were per-

formed at 23 °C on 600 and 700 MHz Bruker Avance III

HD spectrometers (Bruker, France). The sequential back-

bone resonance assignments were performed using the best

version of HNCACB, HN(CO)CACB, and HNCO experi-

ments [38] with selective 1H pulses centered at 8.5 p.p.m.,

covering a bandwidth of 4.0 p.p.m., and a standard HN

(CA)CO experiment. Proton and carbon aliphatic side-

chain assignments were obtained by analyzing (H)CC(CO)

NH and H(CC)(CO)NH total correlation spectroscopy

(13C-13C TOCSY with 11 and 20 ms mixing times). All resi-

dues were assigned except the serine acceptor Ser2105,

which was not detectable. Backbone torsion angles were

predicted from carbon chemical shifts using TALOS+ [26].

Secondary structure elements matched the structure of

ACP (S2105A) in complex with PptAb elucidated by X-ray

crystallography. T1 and T2
15N relaxation experiments were

performed using standard experiments with relaxation

delays of 10, 100, 200 (duplicated), 300, 400, 600, 800 (du-

plicated), 1000, 1200, and 1500 ms and 0, 16.9, 33.9 (du-

plicated), 50.9, 67.8, 101.7, 135.7, 169.6, and 237.4 ms for

T1 and T2, respectively. Carr–Purcell–Meiboom–Gill train

pulses were applied at 3.125 kHz 15N RF field strength

with an inter p pulse delay of 900 µs. {1H}-15N heteronu-

clear NOE data were obtained using a 1H saturation train

pulse of 3 s (pulse flip angle 120° at 20.8 KHz RF field

strength, with an interpulse delay of 5 ms) with a global

recycling delay of 5 s. T1, T2, and {1H}-15N heteronuclear

NOE described above were acquired at two distinct static

magnetic fields (i.e., 600 and 700 MHz spectrometer). T2

relaxation dispersion experiments were performed as previ-

ously described [39] with a 30-ms CPMG train pulse and

the following υCPMG repetition rates: 0 (duplicated), 33,

67, 100, 133, 167, 233, 267 (duplicated), 333, 400, 533,

600, 633, 700, 733, 800, 900, 967, and 1000 Hz. Dupli-

cated datasets were used to estimate uncertainties for the

peak intensity. The NMR spectra were processed with TOP-

SPIN 3.5 software (Bruker Biospin), and assignments were

performed using CARA software [40]. 15N relaxation data

were analyzed using the Dynamics Center software from

Bruker Biospin. R1, R2 relaxation rates and {1H}-15N

NOEs were determined from peak intensities. The molecu-

lar rotational correlation time of PpsC ACP at 23 °C was

calculated from the T1/T2 ratio on 33 residues, excluding

residues that do have fast local motion with {1H}-15N

NOEs < 0.65 and residues with an exchange contribution

to R2 (Rex) (typically when ((T2 � <T2>)/T2)/

((T1 � <T1>)/T1) > 3). In these conditions, the average sc
was estimated at 8.60 � 0.66 ns, which is in line with a

monomeric form of ACP at 23 °C [41]. The order param-

eter and its correlation time se was determined from the

fit of

JðxÞ ¼ 2

5

� sc
S2

ð1þ ðsc � xÞ2Þ
þ ð1� S2Þ � ðsc þ seÞ � se
ðsc þ seÞ2 þ ðx� sc � seÞ2

" #
;

on experimental R1, R2, and {1H}-15N NOEs at two

static fields (i.e., 600 and 700 MHz), a fit was also

performed with the same model plus an additional

term, Rex, to account for the contribution of Rex on

R2 for residues prone to chemical exchange at µs-ms

timescale. For each residue, the best fit was taken

considering the T1/T2 ratio and deviations of back-

calculated relaxation parameters, in particular the

transverse relaxation rate R2.

Crystallization and structure determination of

PptAb

PptAb purified in the presence of MgCl2/CoA or MnCl2
was concentrated to 5 and 10 mg�mL�1 and mixed in a

1 : 1 volume ratio using screening conditions kits from Qia-

gen (Venlo, the Netherlands). MRC 2-well crystallization

plates (Hampton Research, Aliso Viejo, CA, USA) were

filled using a Mosquito crystallization robot (SPT Labtech,

Melbourn, UK) and imaged using a Rock Imager 1000

(Formulatrix, Bedford, MA, USA). Well-diffracting crys-

tals could be obtained in many different conditions that are

listed in Table 1. Crystals were flash-frozen in liquid nitro-

gen. Datasets were collected at the European Synchrotron

Radiation Facility (Grenoble, France) and ALBA (Barce-

lona, Spain), and processed using the XDS program pack-

age (Table 2). Structures were solved by molecular

replacement using the X-ray structure of PptT (PDB code

4U89) as a template in PHASER [42]. Iterative cycles of
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manual model building in COOT [43] and refinement proce-

dures using PHENIX refine [44] were applied until conver-

gence. Surface electrostatic potential maps were calculated

using APBS and PDB2PQR programs [45]. PDB2PQR was

used to generate the input files for the APBS program uti-

lizing the PARSE force field, and PROPKA to assign pro-

tonation states at different pH values [46,47]. Blue shading

(+5 kBT/e) indicates electropositive protein surface, and red

shading (�5 kBT/e) indicates electronegative protein sur-

face. All structures and the electrostatic potential of protein

surfaces were visualized with PYMOL (The PyMOL Molecu-

lar Graphics System, version 1.8.4.0; Schr€odinger, LLC).

Atomic coordinates have been deposited in the Protein

Data Bank under the accession codes 6QWU (PptAb,

CoA, Mn2+, pH 5.5), 6QXQ (PptAb, CoA, Mn2+, pH 7),

6QXR (PptAb, CoA, Mn2+, pH 8.5), 6QYF (PptAb, CoA,

Mg2+, pH 4.6), 6QYG (PptAb, CoA, Mg2+, pH 8.5), and

6RCX (PptAb-ACP, CoA, Mn2+, pH 6.5). Significant

anomalous signal was detected for Mn2+ ions (Fig. S4).

Crystallization and structure determination of the

PptAb-ACP complex

The two partner proteins were mixed together in buffer

(50 mM Tris, pH 7, 50 mM NaCl, 2 mM CoA, and 10 mM

MgCl2) in 1 : 1 molar ratio at a final concentration of

400 µM. The mixture was incubated on ice for 2 h prior to

crystallization trials. Diffraction-quality crystals were

grown by the vapor diffusion technique at 12 °C. A 4-µL
(1 : 1 protein/reservoir solution) drop was equilibrated in

400 µL reservoir solution containing 0.1 M Na cacodylate,

pH 6.5, 30 % (w/v) PEG 8K, and 0.2 M (NH4)2SO4. Plate-

like crystals were flash-frozen in liquid nitrogen. Datasets

were collected at the beamline ID29 of the European Syn-

chrotron Radiation Facility (Grenoble, France) and pro-

cessed using the XDS program package [48] (Table 2).

Structures were solved by molecular replacement using the

X-ray structures of PptT (PDB code 4U89) and the PCP

domain from B. subtilis (PDB code 4MRT) as templates in

PHASER [42]. Iterative cycles of manual model building in

COOT [43] and refinement procedures using PHENIX refine

[44] were applied until convergence. The final PptAb and

ACP models comprise amino acids 4-219 and 2070-2145,

respectively.
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Figure S1. The 3’,5’-ADP moiety of CoA. Related to Figure 1. (a) Structure-based sequence alignment of PptAb 
from M. abscessus (UniProt entry B1MD73) with homologues from M. ulcerans (MuPPT, UniProt entry A0PQD8) 
and M. tuberculosis (PptT, UniProt entry O33336), extended to Sfp from B. subtilis (UniProt entry P39135) and 
the human AASDHPPT (UniProt entry Q9NRN7). Positions of residues making interactions with the 3’,5’-ADP 
moiety of CoA in PptAb are indicated. The structure-based alignments were displayed using ESPRIPT 
(http://espript.ibcp.fr). Close-up view of the interactions between mycobacterial PPTases (b) PptAb, (c) PptT 
(PDB code 4u89) and (d) MuPPT (PDB code 4qjl) and the 3’,5’-ADP moiety of CoA. Residues interacting with 3’,5’-
ADP are shown for (e) Sfp (PDB code 4mrt) and (f) AASDHPPT (PDB code 2c43). Nitrogen atoms are in blue, 
oxygen atoms in red, and sulfur atoms in orange. Structure figures were generated using PyMOL (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC.). 
  



 
 
Figure S2. CoA binding at physiological pH in PptAb. Related to Figure 3. Electron density 2Fo-Fc maps contoured 
at 0.8, 0.6, 0.4 and 0.2 σ levels are colored in blue, green, yellow and black, respectively. The figure was generated 
using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). 
  



 

 
 
Figure S3. ACP local conformational motions spotted on the PptAb-ACP complex. Related to Figures 7 and 8. 
PptAb surfaces in interaction with ACP are highlighted in green (site S1) and red (site S2). The ACP dynamics is 
depicted by the tube thickness (for fast motions at sub-ns times scales) and from yellow to red (increasing motion 

values at µs-ms time scales, i.e. conformational exchange). The gray color corresponds to values of R2eff < 5 Hz, 
i.e. no or negligible conformational exchange. Note that the dynamics was measured on free ACP and not on ACP 
in complex with PptAb, as represented here. The ACP structure was generated using PyMOL (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC.).  



 
 
Figure S4. The cation binding sites. Related to Figures 1 and 3. The 2Fo-Fc difference maps contoured at 1.0 σ 
level are in blue and the anomalous map peaks using our refined model missing the divalent ions are in green. 
Significant anomalous signal was detected for Mn2+ ions in the PDB files (a) 6qwu, (b) 6qxq, and (c) 6qxr. Structure 
figures were generated using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). 
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