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Abstract

Phosphopantothenoylcysteine (PPC) synthetase (PPCS) catalyzes nucleoside triphosphate-dependent
condensation reaction between 4′-phosphopantothenate (PPA) and L-cysteine to formPPC inCoAbiosynthesis.
The catalytic mechanism of PPCS has not been resolved yet. Coenzyme A biosynthesis protein 2 (Cab2)
possesses activity of PPCS inSaccharomyces cerevisiae. Our enzymatic assays suggest that Cab2 could utilize
both ATP and CTP to activate PPA in vitro. The results of isothermal titration calorimetry indicate that PPA, CTP,
and ATP could bind to Cab2 individually, with PPA having the highest binding affinity. To provide further insight
into the catalyticmechanismofCab2, wedetermined the crystal structures ofCab2 and its complexwithPPA, the
reaction intermediate 4′-phosphopantothenoyl-CMP, the final reaction product PPC, and the product analogue
phosphopantothenoylcystine. Except for PPA, all other ligands were generated in situ and present in the active-
site pocket of Cab2. Structures of Cab2 in complex with ligands provide insight into substrates binding and its
catalytic mechanism. Analysis of structures indicates that the carboxyl of PPA-moiety of ligands and the γ-amino
group of Asn97 possess different conformations in these complex structures. The cysteine/cystine/serine
selectivity assays for Cab2 indicate that the amino group rather than the thiol group of L-cysteine attacks the
carbonyl of 4′-phosphopantothenoyl-CMP to form PPC. Based on structural and biochemical data, the catalytic
mechanism of Cab2 was proposed for the first time.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

CoA is an essential cofactor that as an acyl carrier in
almost all living organisms [1]. CoA and its derivative
play an important role in more than 100 metabolic
reactions, including synthesis and oxidation of fatty
acid, synthesis of amino acid, and many other
metabolic pathways [2]. CoA is biosynthesized from
pantothenate, ATP, and L-cysteine using five-step
enzymatic reaction catalyzed by pantothenate kinase
(PANK), phosphopantothenoylcysteine (PPC) synthe-
tase (PPCS), PPC decarboxylase, phosphopan-
tetheine adenylyl transferase (PPAT), and
dephosphocoenzyme A kinase (DPCK) [3]. Some of
the CoA biosynthetic enzymes were found to be
associated with different diseases, such as neurode-
generation with brain iron accumulation and
autosomal-recessive dilated cardiomyopathy [4,5].
r Ltd. All rights reserved.
The CoA biosynthetic pathway is highly conserved
among all organisms including both prokaryotes and
eukaryotes.
PPCS catalyzes the second step of CoA biosynthe-

sis, the formation of PPC from4′-phosphopantothenate
(PPA) and L-cysteine. It canbegrouped into twodistinct
types based on the usage of nucleoside triphosphate.
The PPCS enzyme, first characterized in Escherichia
coli was reported as a CTP-dependent enzyme. This
kind of PPCS, which usually fused to PPC decarbox-
ylase and form bifunctional enzyme called CoaBC,
mainly exists in prokaryotes. They transform PPA
into 4′-phosphopantothenoyl-cytidylate via CTP [6,7].
The other type of PPCS mostly found in eukaryotes
is carried out by monofunctional enzyme, which can
activate PPA by using ATP or CTP [8–10]. Olzhausen
et al. [11] reported that the products of yeast genes
CAB1, CAB2, CAB3, CAB4, and CAB5 have the
Journal of Molecular Biology (2019) 431, 764–776
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activities of PANK, PPCS, PPC decarboxylase,
PPAT, and DPCK, respectively. Moreover, coen-
zyme A biosynthesis protein (Cab) 2, Cab3, Cab4,
and Cab5 can interact with each other in yeast,
which is obviously different from the CoA biosyn-
thetic enzymes in other organisms [12]. The kinetic
study of PPCS fromEnterococcus faecalis suggests
that the mechanism of PPCS can be classified as Bi
Uni Uni Bi ping pong, with CTP binding, followed
sequentially by PPA binding, pyrophosphate releas-
ing, L-cysteine binding, PPC releasing, and CMP
releasing [13].
To date, human monofunctional PPCS (PDB ID:

1P9O), PPCS domain of E. coli bifunctional enzyme
CoaBC (ecCoaB, PDB ID: 1U7U), and monofunc-
tional enzyme from Streptococcus pneumoniae
(PDB ID: 2GK4) have been resolved [14,15].
Moreover, the structure of Mycobacterium smegma-
tis PPCS in complex with CTP (PDB ID: 4QJI) and
ecCoaB in complex with CMP (PDB ID: 1U80), CTP
(PDB ID: 1U7W), and 4′-phosphopantothenoyl-CMP
(PMT; PDB ID: 1U7Z) have also been determined
[15]. However, structures of PPCS in complex with
PPA and PPC remain unexplored yet. Therefore, the
catalytic mechanism of PPCS remains unclear.
There are few literatures on the formation of PPC
from the acyl-intermediate and L-cysteine. It is
unclear whether the thiol of cysteine attacks the
activated carboxyl to generate a thioester interme-
diate followed by an intramolecular S → N acyl shift
to form PPC or the amino group of cysteine attacks
the activated acyl group directly [16].
To address the catalytic mechanism of PPCS, we

determined crystal structures of Cab2 in complex
with substrate PPA, reaction intermediate PMT,
reaction product PPC, and phosphopantothenoyl-
cystine (PPS; PPC analogue). In the present study,
the binding affinities of CTP, ATP, and PPA toward
wild-type Cab2 were measured by isothermal
titration calorimetry (ITC) assays. Enzymatic assays
indicate that both ATP and CTP could be utilized by
Cab2 to activate PPA in vitro. Crystallographic
analysis reveals different conformations of the
carboxyl of PPA-moiety and γ-amino group of the
residue Asn97 in these ligands complex structures.
Based on these results, catalytic mechanism for
Cab2 was proposed.
Results and Discussion

Binding affinities of PPA and CTP to
PPCS enzymes

TheKD forCTPbinding toPPCS fromE. faecaliswas
determined as 645 μM [13]. However, it is unclear
whether the PPA can bind to PPCS independently of
CTP and the affinity of PPA to PPCS has not been
determined yet. To obtain insight into the substrate
binding and to gain impartial binding affinities of PPA
and CTP/ATP toward PPCS, we employed the ITC
experiments with wild-type PPCS enzymes from yeast
and E. coli, respectively. PPA binds to PPCS enzymes
with high affinities, with the dissociation constants KD
PPAvalue ranging from0.18 to 0.38 μM,whereasCTP
binds with weaker affinities, with the KD CTP value
ranging from 2.00 to 5.63 μM (Fig. 1a–b, S1). The
binding affinity for ATP to Cab2 was measured as a
KD of 0.71 μM, which was approximately 8-fold higher
than that of CTP and about 4-fold weaker than PPA
(Fig. 1a–c). Interestingly, PPA has the higher binding
affinity for both PPCS enzymes as compared to ATP
or CTP. Detailed thermodynamic parameters are listed
in Table S1. Binding of ligands to Cab2 and ecCoaB
were predominantly driven by enthalpy term with
opposite contributions from entropy term (Table S1).
The negative enthalpy changes suggest that the
binding interactions are exothermic. The negative
entropy change for PPA binding to Cab2 (versus
positive entropy change of PPA binding to ecCoaB)
might be due to additional hydrogen bond interactions
observed in the Cab2H337A–PPA complex structure.
The results of ITC demonstrate that PPA, CTP, and
ATP could bind to Cab2 independently, and the
foremost has the highest binding affinity. This is
different from the findings of Yao et al., [13] who
reported that binding of CTP to PPCS is prerequisite to
PPAbinding inE. faecalis. Howeverwecannot exclude
the possibility that CTP may bind prior to PPA in the
presence of divalent metal ion. Further kinetics study is
needed to validate the binding order of PPA and CTP.

Ligands specificity of Cab2

To determine the metal selectivity, the activity of
Cab2 was measured in the presence 1 mM of various
metals (Mg2+, Mn2+, Cu2+, Ca2+, and Fe3+). We
found that the enzymatic activity was supported by
both Mg2+ and Mn2+, which was consistent with
previous report that Mg2+ or Mn2+ are required for
PPCS activity (Fig. 1d) [9]. The enzymatic activity for
Mn2+ was determined about 6% higher than Mg2+. In
addition, the Ca2+ involved assay displayed only
about 5% activity of the Mg2+ involved assay.
Previous researchers have suggested that human

PPCS can utilize both CTP and ATP to activate PPA
[9]. To investigate the nucleotide selectivity of Cab2,
the enzymatic activity was measured in the presence
of 2 mM CTP or ATP. As shown in Fig. 1e, the CTP
containing reaction showed about 69% of the activity
of the ATP containing reaction. Similar to human
PPCS, our results suggested that Cab2 can also use
both ATP and CTP to activate PPA with preference
for ATP [9].
In order to further identify the L-cysteine/cystine/

serine selectivity of Cab2, Cab2 was assayed in the
presence of 5 mM L-cysteine, cystine, or serine.



Fig. 1. Cofactor binding and ligands specificity of Cab2. (a) ITC measurement of the interaction between CTP and
Cab2. (b) ITC measurement of the interaction between ATP and Cab2. (c) ITC measurement of the interaction between
PPA and Cab2. (d) Metal ion dependence of Cab2. (e) ATP/CTP specificity of Cab2. (f) Cysteine/Cystine/Serine selectivity
of Cab2.
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Interestingly, the assay containing cystine showed
78.5% of the activity of the assay containing cysteine
under otherwise same condition, which indicated that
Cab2 could also utilize cystine in vitro (Fig. 1f). In
contrast, the serine-containing reaction showed no
detectable activity, which is in agreement with the
findings of Strauss and Begley [17] that E. coli PPCS
is highly selective for cysteine versus serine.

Overall structure of Cab2H337A is similar to other
PPCS proteins

In order to understand the detail catalytic mechanism
of Cab2, a series of crystallization experiments were
performed. To overcome the twinning problem of wild
type, the His337Ala mutant was used for crystallization
throughout the study. The structures of Cab2H337A and
its complex with PPA, PMT, PPC, and PPS were
determined in our study. Initial phases of structures
weredeterminedby themolecular replacementmethod
usinghumanPPCS (PDB ID: 1P9O)asa searchmodel
[14]. Data collection and model refinement statistics
of the structures are shown in Tables 1 and S2. The
complex structure of PPA binding to Cab2H337A was
resolved as a result of making the efforts to crystalize
Cab2H337A in complex with PPA and CTP. Ligands of
PMT, PPC, and PPS were generated in situ. The
crystals of structures belong tomonoclinic space group
p21with twomonomers in the asymmetric unit (Fig. 2a).
It should be noted that there were no significant
conformational changes among the monomers of the
five structures, with an overall RMSD of below 0.36 Å
over the Cα atoms (Table S3). Each monomer of
Cab2H337A adopts a typical α–β–α sandwich architec-
ture that has a central eight-stranded β sheets (β5↑
β4↑β1↑β6↑β9↑β10↑β11↓β12↑) flanked by four
α helices (α2, α6, α7, and α8) on one side and two α
helices (α3 and α9) on the other side (Figs. 2a and S2),
which is in agreement with the findings of Manoj et al.
[14] and Stanitzek et al. [15] [14,15].

Active-site pocket of Cab2

Active-site pocket of Cab2 is located at the C-
terminus of central parallel four-stranded β sheets,
which is consistent with previously reported ecCoaB
and human PPCS pockets (Fig. 2b) [14,15]. One
wall of the pocket is formed by β9–loop–α8 and



Table 1. Data collection and refinement statistics.

APO PPA PMT PPC PPS

Data collection
Space group p21 p21 p21 p21 p21
Unit cell parameters
a, b, c (Å) a = 53.79, a = 51.70, a = 51.76, a = 51.70, a = 51.10,

b = 113.23, b = 113.52, b = 112.51, b = 113.56, b = 112.47,
c = 57.78 c = 57.78 c = 55.78 c = 55.79 c = 54.57

β (°) 93.33 91.12 91.56 91.31 91.12
Resolution range (Å) 50.00–2.30 50.00–2.10 50.00–1.85 50.00–2.05 50.00–2.00
Unique reflections 30,686 36,076 46,177 40,365 30,667
Average redundancy 5.5 (5.2) 3.0 (2.3) 5.6 (5.2) 6.4 (5.6) 6.5 (5.7)
Completeness (%) 99.7 (99.9) 97.2 (96.8) 98.7 (97.9) 99.8 (99.5) 96.2 (95.8)
Rmerge (%)a 7.7 (41.1) 8.7 (38.3) 9.4 (70.7) 9.1 (59.6) 11 (60.4)
I/σ(I) 16.3 (3.7) 11.4 (2.6) 13.9 (3.0) 18.1 (2.8) 16.7 (2.9)
Refinement statistics
Resolution range (Å) 50.00–2.30 50.00–2.10 50.00–1.85 50.00–2.05 50.00–2.00
Rfactor (%)b 18.39 20.3 17.8 17.7 18.1
Rfree (%)c 24.60 24.8 21.9 21.5 21.8
RMSD bond lengths (Å) 0.0085 0.097 0.0139 0.007 0.0089
RMSD bond angles (°) 1.3301 1.3043 1.5005 1.2224 1.4146
Mean B factors (Å2)
Protein 64.5 33.0 36.8 42.5 32.8
Ligand 73 (GOL)/76(SO4

2−) 23.2 42.7 41.9 40.4
Water 60.2 37.6 41.8 49.8 40.0

Ramachandran plotd

Favored (%) 97.4 97.9 97.5 97.5 98.0
Outliers (%) 0 0 0 0 0
PDB entry 6AI8 6AI9 6AIK 6AIM 6AIP

APO, ligand-free structure; PPA, structure of Cab2H337A–PPA; PMT, structure of Cab2H337A–PMT; PPC, structure of Cab2H337A–PPC;
PPS, structure of Cab2H337A–PPS.

a Rmerge = ∑hkl∑i | Ii(hkl) − I(hkl) |/∑hkl∑iIi(hkl), where Ii(hkl) is the intensity of ith observation and b I(hkl)N is the mean value for
reflection hkl.

b Rwork = ∑hkl ||Fobs |−|Fcacl ||/∑hkl |Fobs |, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes,
respectively.

c Rfree is calculated same as Rwork with 5% reflections, which were selected randomly from the refinement process.
d The categories were defined by PROCHECK.
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β10–loop2. The loop2, represents connection of
the central strand β10 and β11 sheets, which is
essential for PPA binding. Another wall is formed by
β3–loop–α3, loop–α7, C terminus of β1 and β6, and
loops following them. The last wall of the pocket
comprises loop1 and loop–β3, which are extending
from the adjacent monomer. The loop1 connecting
strand β6 and β7 is partially positioned as a disorder
loop near the active-site cavity. The partially disor-
dered loop is proposed to be important for the
enzymatic reaction [15].

Binding of PPA to Cab2

The structure of Cab2H337A in complex with PPA
shows unambiguous density for PPA in the conserved
pocket (Fig. 2c, d). The phosphate group of PPA binds
at the N terminus of helix α3 and C-terminus of loop2.
The guanidine group of Arg313 is located at the
phosphate group binding site that is mainly composed
of backbone amides of Gly101 and Arg103, as well as
side chains of Ser80, Ser99, and Thr102. Residues
Phe98, Leu282, and Leu310 from one monomer and
Val92 from the adjacent monomer including methyl
groups of PPA form a hydrophobic core, which makes
contributions in binding with substrate. Asn308 of β10
and Arg103 of helix α3 interact with the hydroxyl and
carbonyl groups of PPA via three hydrogen bonds. The
imino and carboxyl groups of PPA are immobilized by
the protein backbone. The carboxyl group also forms a
water-mediated hydrogen bond throughW1 (water 612
in monomer A and water 644 in monomer B) with the
γ-amino of Asn97. Compared with ecCoaB, the
phosphate group of PPA is immobilized by two extra
hydrogen bonds donated by guanidine group of
Arg313, which is consistent with the larger negative
entropy change for PPA binding to Cab2 (versus
positive entropy for PPA binding to ecCoaB) (Table S1)
[15]. We solved the complex structure of PPA rather
thanCTPwithCab2H337A by incubating the protein with
PPA and CTP, which was in agreement with the higher
binding affinity of PPA to Cab2 than CTP.

Binding of PMT to Cab2

To acquire the crystal of Cab2H337A–PMT, several
kinds of metal ions (Mg2+, Mn2+, Co3+, Fe3+, Cu2+,
Ca2+) were incubated separately with the mixture of



Fig. 2. Overall structure and active-site pocket of Cab2H337A and binding of PPA, PMT, and PPC. The secondary
structure elements of monomer A are colored in green and monomer B in cyan. The ligands and the side chains of ligand-
binding residues are shown as sticks. Dashed lines represent hydrogen bonds. (a) Overall structure of Cab2H337A. (b)The
active-site pocket of Cab2H337A in complex with PPS. (c and d) PPA recognition. The 2Fo − Fc electron density map is
contoured at 0.8σ around PPA at the radius of 1.6 Å. (e and f) Binding interaction with PMT. The 2Fo − Fc electron density
map is contoured at 0.8σ around PMT. (g and h) Binding interaction with PPC. The 2Fo − Fc electron density map is
contoured at 0.8σ around PPC.
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protein, PPA, and CTP for about 2 h [15]. The PMT
containing complex crystal was obtained only in the
presence of Mn2+. However, the density for Mn2+ was
absent from PMT complex structure. Our results
indicate that Mn2+ might be essential for the crystal-
Fig. 3 (legend o
lization of PMT complex with Cab2H337A but is not
essential for PMT binding in yeast. The PPA-moiety
(except the carboxyl) of PMT locates at the same
position as the PPA molecule in Cab2H337A–PPA
complex structure and has the same interactions with
n next page)



Fig. 4. Comparison of Cab2H337A with PPCSenzymes fromhuman andE. coli. Superposed the structures of Cab2H337A to
(a) human PPCS (PDB ID: 1P9O) and (b) ecCoaB (PDB ID: 1U7U) [14,15]. The dimers are colored with green for Cab2H337A,
cyan for humanPPCSand orange for ecCoaB. (c) Comparison of the nucleotide binding sites ofCab2H337Awith humanPPCS
(PDB ID: 1P9O) and ecCoaB-CTP (PDB ID: 1U7W). The CTP ligand is shown as ball and stick. (d)Comparison of the
nucleotide binding sites of Cab2H337A–PMT with human PPCS (PDB ID: 1P9O) and ecCoaB (PDB ID: 1U7W).
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the protein (Fig. 2e, f). The γ-amino group of Asn97
forms a water-mediated hydrogen bond through W2
(water 633 in monomer A and water 664 in monomer
B) with the α-phosphate of CMP-moiety rather than
the carboxyl-moiety in PPA complex, which indicates
that Asn97 might contribute in the formation of PMT.
The CMP-moiety is anchored at the C terminus of
strand β9 of the αβ-module. The ribose and cytosine
groups are obviously flexible in the structure (Fig. S3).
The cytosine interacts mainly with the side chain of
Asp214 in monomer A while Arg299 in monomer B.
The binding site of ribose group is mainly formed by
the side chains of Lys281 and Tyr300 in monomer A,
while Arg299 and Tyr300 in monomer B. The ribose
and cytosine groups of CMP-moiety shows different
Fig. 3. Sequence alignment of Cab2 with other PPCS enzyme
ClustalW2 tool [18], and the figurewas prepared usingESPript3.1
Staphylococcus aureus, fruit fly, Arabidopsis thaliana, and hum
above, while human PPCS [14] is shown below the aligned seq
identical residues are highlighted in red.Orange residues represen
and Lys361–Lys365) in Cab2H337A structure. The partially disord
highlighted in green. The loop 2 (Leu310–Lys315), disordered in
Residue Lys281 conserved in eukaryotic enzymes is colored in blu
marked by red stars. The highly conserved residue Asn97 marke
strictly conserved residue Asp coordinated with the divalent meta
conformations in PMT complex structure, which
indicates that PMT is flexible and unstable.

Binding of PPC to Cab2

To address the catalytic mechanism of PPC synthe-
sis, we resolved the structure of PPC in complex with
Cab2H337A. It is clear from Fig. 2g and h that the PPA
moiety lies at the identical position as thePPAmolecule
in Cab2H337A–PPA complex structure and has the
same interactions with the protein. The L-cysteine-
moiety attaches to the middle of strand β9 sheet. The
ε-amino of Lys281 donates hydrogen bond to the
carboxyl of L-cysteine-moiety, while ε-amino of
Lys226 from the adjacent monomer forms a salt bridge
s from selected organisms. The sequences were aligned with
[19]. The sequences are listed for yeast,E. coli,M. smegmatis,
an. Secondary structural elements of Cab2H337A are shown
uences. The conserved residues are colored in red, and the
t the disordered regions (Met1–Thr37/Glu39;Ser229–Glu242,
ered loop1, which reaches out to the adjacent monomer, is
human and not conserved in E. coli, is highlighted as cyan.
e. The residues proposed to be important for CTP binding are
d by green triangle is important for the catalytic reaction. The
l ion is marked by blue quadrate.



Fig. 5. Conformational changes of the active-site residue of Cab2H337A and ligands. The side chains of active-site
residues and ligands are shown as sticks. Golden dashed lines represent hydrogen bonds. The residues and ligands are
colored with green for Cab2H337A–PPA, cyan for Cab2H337A–PMT and yellow for Cab2H337A–PPC. Comparison of the
active-site residues and ligands in monomer A of the complex structures of (a) Cab2H337A–PPA with Cab2H337A–PMT and
(b) Cab2H337A–PMT with Cab2H337A–PPC.
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with the carboxyl group. The backbone amide of
Leu282 and the backbone oxygen of Phe280 form
hydrogen bonds with the carboxyl group and amino
group of L-cysteine-moiety, respectively. The thiol of
cysteine-moiety is oriented toward the hydrophobic
cavity formed by Leu192, Leu208, Val212, and
Leu264. The γ-amino group of Asn97 forms a water-
mediated hydrogen bond through W1 (water 573 in
monomer A and water 612 in monomer B) with
carbonyl of PPA-moiety. Interestingly, these two
water molecules lie at the same position as water 612
and water 644 in Cab2H337A–PPA complex. Our
enzymatic assays indicated that Cab2 could also utilize
cystine in vitro. To further determinewhether the thiol of
cysteine attacks the activated carbonyl of PMT to
generate PPC, we determined the structure of
Cab2H337A in complex with PPS [16]. The PPS was
generated in situ and presents in the complex structure
as illustrated in Fig. 2b. Since the thiol is replaced by
disulfide bond in PPS, the result of enzymatic assays
and the complex structure demonstrated that PPC is
formed by the nucleophilic attack of the amino group of
cysteine to acyl group directly.

Comparison of Cab2 and PPCS enzymes from
E. coli and human

To illuminate the catalytic mechanism, comparative
analysis of Cab2 was performed with PPCS enzymes
fromhumanandecCoaB fromE. coli. It is clear from the



Fig. 6. Specific activities of various mutants
relative to wild-type of Cab2.
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sequence alignment that about 50 residues at the
N-terminus and more than 10 residues in the middle
of Cab2 are significantly different from the PPCS
enzymes from human and E. coli (Fig. 3). Cab2 forms
one α helix at the N-terminus and one strand β sheet
in the middle. However, more than 30 residues at the
N-terminus andmore than 10 residues at themiddle are
disordered in our structures. These N-terminus disor-
dered residues are far away from the active pocket,
hence are unlikely associated with the enzymatic
Fig. 7. Proposed catalytic mechanism of Cab2. Chemical
metal ions (Mn2+/Mg2+) were represented by the Mn2+ in the fig
Asn97 were expressed by red arrows. Dashed lines represent
(a) PPA and CTP binding to the active site. The ε-amino of Lys2
phosphate of CTP. (b) The breaking of the bond between α- an
of bond between PPA and α-phosphate. (c) The formation o
cysteine. (e) The rotating of carbonyl and CMPmoiety of PMT.
carbonyl of PMT. (f) Formation of bond between PPA and cy
moiety. The leaving of CMP. (g) The leaving of PPC. (h) Ligan
reaction and might be essential for the interaction with
other CoA biosynthetic enzymes in yeast [12].
The structure alignments indicate that the major

architectures are conserved among them (Fig. 4a, b)
[14,15]. Overall structure of the enzymes represent
tightly binding dimers linked by dimerization domains
which are comprised of three regions as shown in
Fig. S4. However, the second interaction region
formed by helices and loops is not present in the
ecCoaB. The last interface extending to the adjacent
structures were prepared using ChemDraw. The divalent
ure. The rotations of carboxyl of PPA and γ-amino group of
the hydrogen bonds, salt bridges, and coordination bond.
26 donates a proton to make a nucleophilic attack on the α-
d β-phosphate, rotating the carboxyl of PPA, and formation
f PMT and leaving of pyrophosphate. (d) The binding of
The amino group of cysteine nucleophilic attack exposed to
steine and the breaking of bond between CMP and PPA-
d free Cab2.
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subunit partially forms a disorder loop in all enzymes
(yeast: 229–242; human: 192–202; E. coli: 290–
299). Loop2, important for PPA binding in Cab2 is
significantly different from ecCoaB and human
PPCS (Fig. 3 and S5).
From the comparison of nucleotide binding sites of

PPCS enzymes, it was clear that there is a noticeable
difference in the base-interacting parts of eukaryotic
and prokaryotic enzymes (Fig. 4c). The position of helix
α7 and the preceding loop of Cab2 is similar to human
PPCS while significantly different from ecCoaB (yeast:
259–270; human: 209–220;E. coli: 306–316, shownas
ribbon in Fig. 4c and d). This region is important for
cytosine binding in ecCoaB [15]. However, its deviation
in Cab2 is responsible for less favorable binding to
cytosine,which is in agreementwith our ITC results that
CTP has a lower binding affinity for Cab2 than ecCoaB
(Figs. 1a and S1; Table S1). Different conformations of
cytosine groups of CMP-moiety were observed in
Cab2H337A–PMTcomplex. The flexibility of the cytosine
is probably due to large nucleotide binding site not filling
optimally by cytosine. Consistent with the higher
binding affinity and enzymatic activity of ATP than
CTP toCab2, this region likely playsan important role in
the selection of ATP over CTP. A divalent metal ion
(Ca2+ inE. coli; Mg2+ inM. smegmatis. PDB ID: 1U7W;
4QJI) is coordinated by α- and β-phosphates of CTP
and highly conserved Asp residue in PPCS enzymes
(yeast: Asp214; ecCoaB: Asp279; human PPCS:
Asp183; M. smegmatis: Asp281; Figs. 3 and 4c) [15].
As Mn2+/Mg2+ are essential for the enzymatic reaction
in yeast, it was proposed that Mn2+/Mg2+ occupies
similar positions to Ca2+ in E. coli and Mg2+ in
M. smegmatis PPCS. In addition, the pocket has
several conserved positive charged residues, including
Lys281 from Monomer A and Arg93 and Lys226 from
the adjacent monomer in yeast (Figs. 3 and 4c). These
residues are proposed to be important for binding of
CTP [15]. We proposed that the negative charged
phosphate groups of CTP were anchored at these
positively charged residues in Cab2.

Proposed catalytic mechanism of Cab2

The PMT generated in situ and presenting in the
active-site pocket in the PMT complex crystal
demonstrates that CTP and PPA can bind concur-
rently and enzymatic reaction could proceed in the
presence of Mn2+/Mg2+. From the structural com-
parison, we speculated that Mn2+/Mg2+ and positive
charged side chains around the phosphate groups in
Cab2 contribute in deviating negative charges from
the leaving pyrophosphate of CTP, which is bene-
ficial for a nucleophilic attack.
Asn97, an extremely conserved residue through-

out the PPCS enzymes (ecCoaB: Asn210; human
PPCS: Asn59, Fig. 3), interact with the carboxyl
group of PPA, the carbonyl of PPA-moiety of PMT,
and α-phosphate of CMP-moiety of PPC through
water-mediated hydrogen bonds (Fig. 2c–h). The
mutant Asn210Asp of ecCoaB demonstrated signif-
icantly low catalytic activity in vitro [15]. The residue
Asn97 was also proposed to be important for the
enzymatic activity of Cab2 in yeast. From compar-
ison with Cab2H337A–PPA complex, it was clear that
the γ-amino group of Asn97 in PMT complex rotates
about 52° that is likely to take an applicable distance
to interact with W2. In contrast, the carbonyl of PPA-
moiety rotates about 60° to distance itself from the
W1 and possibly to make the carboxyl of PPA close
to the α-phosphate of CTP, simultaneously (Fig. 5a).
To evaluate the functional importance of the

residues, which are proposed to be important for
the catalytic reaction, we carried out enzymatic
assays by using various mutants. The activity of
enzymatic reaction was measured in the presence of
10 mM DTT, 1 mM L-cysteine, 800 μM PPA,
800 μM CTP, 1 mM MnCl2, and 2.8 μg wild-type or
various mutants of Cab2. As illustrated in Fig. 6, all
mutants retain only a partial enzymatic activity
relative to wild-type under the same condition. The
Cab2N97A mutant retains the minimum activity (only
about 1.4%) and the Cab2N97D mutant retains about
27.2% activity of wild-type, which are consistent with
the previous reports that the conserved Asn residue
was important for the activity of PPCS [10,20]. In
addition, the residues of Asp214, Lys226, and
Lys281 were also crucial for the activity of Cab2.
These considerations depict that the reaction starts

while PPA and CTP bind to the active site (Fig. 7a).
Similar to the pantothenate synthetase fromMycobac-
terium tuberculosis, a proton was proposed to makes
a nucleophilic attack on the α-phosphate of CTP
and contributes in leaving of the pyrophosphate [21].
Figure 4d illustrates that Lys226 acts as a general acid,
which might be a proton donor, as it is essential for
binding of phosphate groups, Moreover, ε-amino of
Lys226 lies in close proximity to the phosphate group
of CMP in PMT complex with a distance at 4.8 Å (5.9 Å
in monomer B). The breaking of bond between α- and
β-phosphates, rotating of the carboxyl of PPA, and the
γ-amino group of Asn97 and the formation of bond
between carboxyl of PPA and α-phosphate of CTP
are immediately followed by the nucleophilic attack
(Fig. 7b). A water-mediated hydrogen bond is formed
between the phosphate group of CMP-moiety and the
γ-aminogroupofAsn97 throughW2 in order to stabilize
the phosphate group (Fig. 7c).
In Cab2H337A–PPC complex structure, the carboxyl

group is stabilized by Lys281 from monomer A and
Lys226 from the adjacent monomer (Figs. 2g–h and
7d). Aligned with the Cab2H337A–PMT complex struc-
ture, the carbonyl of PPA-moiety rotates about 80° to
the site which binds to W1 by hydrogen bond. In
contrast, the γ-amino group of Asn97 in PPC complex
rotates about 22° back to form a hydrogen bond with
W1 (Fig. 5b). It was proposed that cysteine can make
a nucleophilic attack on the carbonyl carbon of the
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acyl-intermediate directly [16]. Moreover, the cysteine/
cystine selectivity assays and the PPS complex
structure demonstrate that the intermediate is attacked
by the amino group of cysteine directly.
From these considerations, it is suggested that CMP-

moiety is rotated to decrease the steric repulsions
between the CMP-moiety and cysteine, while the
carbonyl of the PPA-moiety is exposed to the amino
group of cysteine (Fig. 7e). The positively charged side
chains of Lys281 and Lys226 binding to the carboxyl of
cysteine draw the negative charges toward the
carboxyl, which is beneficial to the nucleophilic attack.
The active amino group of cysteine makes a nucleo-
philic attack on the carbonyl carbon, followed by the
formation of bond between PPA and cysteine, cleav-
age of the bond between CMP- and PPA-moiety, and
CMP releasing (Fig. 7f). The imino group of cysteine-
moiety is stabilized by the backbone nitrogen of
Phe280 through hydrogen bond. The carbonyl of
PPA-moiety forms a water-mediated hydrogen bond
with the γ-amino group of Asn97 through W1 (Fig. 7g).
Materials and Methods

Protein expression and purification

The wild-type Cab2 from Saccharomyces cerevi-
siae was cloned into pET28a (Novagen) vector with
an N-terminal 6× His tag fused. The Cab2 construct
was transformed into E. coli Rosetta (DE3) cells
(Stratagene), which were grown in 800 ml LB
medium containing 60 mg L−1 kanamycin at 310 K.
When the OD600 reached 0.8, the protein was
overexpressed by inducted with 400 μM IPTG at
289 K for 16 h. Cells were harvested by centrifuga-
tion at 8000 rpm for 6 min at 281 K. The cell pellets
were suspended in ice-cold buffer A [50 mM Tris–
HCl (pH 8.0), 500 mM NaCl] and lysed by sonica-
tion. The supernatant was obtained by centrifugation
at 12,000 rpm for 30 min at 277 K. The recombinant
protein was purified by affinity chromatography using
a Ni-NTA column (GE Healthcare, USA) and eluted
with buffer A containing 400 mM imidazole. After
concentration, the recombinant protein was further
purified by gel filtration using Superdex 16/200
column (GE Healthcare, USA). Mutant proteins and
CoaB (181–406) domain of coaBC from E. coli
(ecCoaB) were recombined and purified as wild-type
Cab2. Proteins were then concentrated using a
Millipore concentrator (Amicon, USA). Finally,
Cab2H337A was concentrated to 40 mg/ml in buffer
B [50 mM Tris–HCl (pH 8.0), 15 mM NaCl) and
buffer C [50 mM MES (pH 6.5), 15 mM NaCl] for
crystallization experiments and wild-type Cab2 and
ecCoaB were concentrated to 26 mg/ml in buffer D
[50 mM Hepes (pH 7.3), 100 μM NaCl] for ITC
assays.
PPA preparation

PPA was synthesized by Cab1 from pantothenate
and ATP as reported previously [15]. Briefly, 5 ml
calcium pantothenate (60 mM) was mixed with an
equal volume of sodium phosphate (40 mM). The
precipitate was removed by centrifugation at
12,000 rpm for 30 min at 277 K and sodium panto-
thenate (120 mM) was prepared. Sodium pantothe-
nate (5 mM) was phosphorylated by PANK Cab1
(1 μM) in buffer containing 20 mM Tris–HCl
(pH 8.0), 2.5 mM MgCl2, and 5 mM ATP. After 1-h
incubation with gently shaking (160 rpm) at 310 K,
Cab1 was removed by ultrafiltration. The flow-
through including PPAwas lyophilized in the vacuum
and stored at 193 K.

Isothermal titration calorimetry

Dissociation constant (KD) values of PPA, CTP,
and ATP to proteins were measured by Microcal
PEAQ-ITC equipment (MicroCal Inc., USA) at
293 K. Briefly, 40 μl PPA, CTP, and ATP (600 μM)
was injected into the sample cell containing ecCoaB
(60 μM) or Cab2 (60 μM) in buffer D. Data obtained
from ITC assay were fitted to one-site binding model
via the MicroCal PEAQ-ITC analysis software
(MicroCal Inc., USA).

Enzymatic assay

TheCab2 activity assayswere performed at 310 K in
a 100-μl reaction system. To uncover ligands specificity
of Cab2, series enzymatic assays were performed in
our study. To determine the metal selectivity, the
activity of Cab2 was measured in the presence of
10 mM DTT, 1 mM L-cysteine, 800 μM PPA, 800 μM
CTP, 2.8 μg Cab2, and 1 mM various metal ions
(MgCl2, MnCl2, CuCl2, CaCl2, FeCl3). To investigate
the nucleotide selectivity of Cab2, the enzymatic
activity was measured in the presence of 10 mM
DTT, 1 mM L-cysteine, 800 μMPPA,2.8 μgCab2, and
800 μM MgCl2, 2 mM CTP, or ATP. In order to further
identify the L-cysteine/cystine/serine selectivity of
Cab2, Cab2 was assayed in the presence of 10 mM
DTT, 800 μM PPA, 2.8 μg Cab2, and 800 μM MgCl2,
800 μM CTP, 5 mM L-cysteine, or serine. Except for
the 10 mMDTT, the activity of 5 mMcystine containing
reaction was measured under the same condition. The
reactions were initiated by adding enzyme, and the
mixture was incubated at 310 K for 30 min. The
reaction was stopped by the addition of EDTA to a
final concentration of 20 mM [22]. The product of
pyrophosphate was measured using the pyrophos-
phate assay kit (MAK168, Sigma). Ten microliters of
the master reaction mix was combined with equal
volume of reaction mixture in 384-well plate. After
incubation at 298 K for 10 min, the fluorescence
intensity (λex = 316 nm/λem = 456 m) was measured
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on Synergy H1 (Biotek, USA) plate reader. To enable
accurate quantitation, assays were done in duplicates.

Crystallization

Hanging-drop vapor diffusion method was applied
to obtain crystals at 287 Kbymixing 1.1 μl proteinwith
an equal volume of reservoir solution. Optimized
crystal of Cab2H337A was achieved in 100 mM Hepes
(pH 7.0), 18% PEG 4000, and 150 mM (NH4)2SO4.
Crystals of protein: PPA complex were obtained in

200 mM ammonium tartrate and 20% PEG 3350,
after incubating 0.2 mM protein with 2 mM PPA and
4 mM CTP in buffer B for 2 h at 277 K.
In order to obtain protein complex with PMT,

0.2 mM protein was mixed with 2 mM PPA, 4 mM
CTP, and 3 mM MnCl2 in buffer B and incubated for
2 h at 277 K. Crystals were grown for diffraction in
200 mM potassium sodium tartrate and 20% PEG
3350.
To obtain the crystals of the protein complex with

PPC, 0.2 mM protein was mixed with 2 mM PPA,
6 mM CTP, 8 mM L-cysteine, 2 mM DTT, and 3 mM
MnCl2 in buffer C. The mixture was incubated at
277 K for 2 h before crystallization. The crystals
were gained under same crystallization condition as
Cab2H337A–PPA complex.
To acquire the crystals of the protein complex with

PPS, which is the analogue of PPC, 0.2 mM protein
was incubated with 2 mM PPA, 6 mM CTP, 8 mM
cystine, and 3 mM MnCl2 in buffer B for 2 h at 277 K
before crystallization. The crystals were obtained at
the same condition of PPC complex.

Data collection, structure determination, and
refinement

For data collection, crystals of Cab2H337A were
flashed-cooled in liquid nitrogen after immersing in
the cryoprotectant composed of 15% (v/v) glycerol,
while ligands containing crystals were cryoprotected
in 20% (v/v) PEG 400 in the containing reservoir
solution for few seconds. It should be noted that
crystal of Cab2H337A in complex with PPC was
soaked with 5 mM CTP and 10 mM L-cysteine for
about 15 s before cooling. All diffraction data were
collected at 100 K. Diffraction data for Cab2H337A
and its complex with PMT and PPS were collected
on beamline BL19U1 at SSRF (Shanghai Synchro-
tron Radiation Facility) at the wavelength of
0.97853 Å, while Cab2H337A compex with PPC was
collected on BL18U1 at 0.97852 Å. Diffraction data
for Cab2H337A complex with PPA were collected at
1.5417 Å using Cu X-ray generated by MicroMax-
007 rotating-anode X-ray source at in-house instru-
ment (Rigaku K2000, USA). All data collected were
indexed, integrated, and scaled using the HKL2000
software package [23]. Initial phases were deter-
mined by molecular replacement method using the
Molrep from CCP4i software package and human
PPCS (PDB ID: 1P9O) as a search model [14,24,25].
The structures were refined using Refmac5 for
restrained refinement andCoot formanualmodulation
alternately [26,27]. Since the structures of PPC and
PPS ligands were absent from the PDB database,
structure restraints for PPC and PPS were produced
using the eBLOW contained in PHENIX software
package [28,29]. The structuremodels were validated
using the PROCHECK [30]. All figures containing
structures were prepared by PyMol [31]. Data
collection and model refinement data are shown in
Tables 1 and S2.

Accession numbers

The atomic coordinates have been deposited in the
Protein Data Bank (PDB) (codes: Cab2H337A, 6AI8;
complex with PPA, 6AI9; complex with PMT, 6AIK;
complex with PPC, 6AIM; complex with PPS, 6AIP).
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