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Acyl carrier protein synthase (AcpS) catalyzes the transfer of

40-phophopantetheine from coenzyme A to the acyl carrier protein

(ACP) to activate it for fatty-acid biosynthesis. Two crystal forms of

Staphylococcus aureus AcpS have been generated at 277 K using

either NaCl or PEG 6000 as a precipitant. The diffraction patterns of

the crystals extend to 1.65 and 1.8 AÊ , respectively. Full sets of X-ray

diffraction data were collected from native crystals and the crystal

structures were solved by molecular replacement.
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1. Introduction

In response to an increasing occurrence of

bacterial pathogens that are resistant to

current antimicrobial therapies, there is a need

for novel chemical agents that are effective

against target enzymes of biological pathways

(Miesel et al., 2003). In addition to target

enzymes of current therapeutic agents such as

those involved in cell-wall biosynthesis and

DNA replication (Green, 2002), fatty-acid

biosynthetic enzymes are acceptable targets

since fatty acids are required for bacterial

growth: they are major components of

bacterial membranes (Campbell & Cronan,

2001). Bacterial fatty-acid biosynthesis

involves repeat cycles of condensation, reduc-

tion, dehydration and isomerization reactions

catalyzed by various enzymes encoded by

individual genes (Magnuson et al., 1993). In

these reactions, the 8.8 kDa acidic acyl carrier

protein (ACP) plays an essential role as the

carrier of fatty-acid precursors and growing

acyl intermediates. ACP is synthesized as

inactive apo-ACP and converted to active

holo-ACP. The enzyme holo acyl carrier

protein synthase (AcpS) activates apo-ACP by

catalyzing the covalent attachment of the

40-phosphopantetheinyl moiety of coenzyme A

(CoA) to a conserved serine residue (Ser36 of

Saccharomyces aureus ACP).

The AcpS enzyme, ®rst identi®ed in Esher-

ichia coli, has been found to be essential for

bacterial growth (Takiff et al., 1992). It has

been included in the list of 192 essential genes

reported for Bacillus subtilis (Kobayashi et al.,

2003). The B. subtilis AcpS (PDB code 1f7t;

Parris et al., 2000) and the Streptococcus

pneumoniae AcpS (PDB code 1fth; Chirgadze

et al., 2000) crystal structures have been

resolved at 1.5 and 1.9 AÊ , respectively. The

overall protein sequence identity of S. aureus

AcpS to B. subtilis AcpS and S. pneumoniae

AcpS are 49 and 37%, respectively. The

human 40-phosphopantetheinyl transferase has

recently been identi®ed and shows virtually no

protein sequence identity to the bacterial AcpS

family (Joshi et al., 2003). Within the Gram-

positive and Gram-negative bacterial AcpS

enzymes, the active site is highly conserved and

therefore the crystal structures will be useful in

the design of broad-spectrum antibiotics. Here,

we report the puri®cation and crystallization of

two crystal forms of S. aureus AcpS diffracting

to 1.65 and 1.8 AÊ .

2. Expression and purification

For increased protein production, the acpS

gene from S. aureus was ampli®ed by PCR and

cloned into the T7-RNA polymerase-based

expression vector pET22b from Novagen

(Studier & Moffatt, 1986). E. coli strain BL21

(DE3) harboring the recombinant acpS was

incubated in yeast-tryptone medium supple-

mented with 50 mM carbenicillin for selection.

At an optical density (600 nm) of 1.0, protein

expression was induced by the addition of

isopropyl �-d-1-thiogalactopyranoside (IPTG)

to a ®nal concentration of 1.0 mM. After 16 h

of continued incubation at 289 K, cells were

harvested by centrifugation.

Cell pellets were lysed in 50 mM Tris pH 8.0

buffer containing B-PER (Bacterial Protein

Extraction Reagent, Pierce), 5.0 mM MgSO4,

2.0 mM DTT, 12 500 units lÿ1 benzonase and

5 ml lÿ1 protease inhibitor cocktail (Roche).

The cell extract was clari®ed by centrifugation

at 19 000 rev minÿ1 prior to incubation with

Q-Sepharose Fast Flow (Amersham Bio-

sciences) for 1 h. The resin was removed by

centrifugation and the supernatant was

brought to pH 6.5 using 0.5 M MES buffer. The

supernatant containing AcpS was loaded onto

a SP-Sepharose Fast Flow column equilibrated

with 50 mM MES pH 6.5 buffer containing

2.0 mM DTT. AcpS was eluted with the same

buffer containing 250 mM NaCl. The protein

was further puri®ed by size-exclusion chro-
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matography using a Superdex 200 gel-®ltra-

tion column equilibrated with 75 mM

potassium phosphate pH 7.5 containing

5 mM DTT. The fractions containing AcpS

were pooled and concentrated to

15.0 mg mlÿ1.

3. Crystallization

The hanging-drop vapor-diffusion method at

277 K using 24-well plates was used for

crystallization screening (McPherson, 1982).

Conditions were screened using Crystal

Screen from Hampton Research. Typically,

2.0 ml droplets were prepared on siliconized

cover slips by mixing equal amounts of

protein solution and reservoir solution and

subsequently vapor-equilibrating against

1.0 ml reservoir solution. AcpS crystallized

in two different crystal forms: rod-shaped

and plate-shaped crystals. Rod-shaped crys-

tals formed when using 2 M NaCl and

100 mM sodium citrate buffer pH 4.6

(crystal form I; Fig. 1a). Plate-shaped crys-

tals appeared when using 10% PEG 4000

and 100 mM CaCl2 in 100 mM HEPES

buffer pH 7.1 (crystal form II; Fig. 1b). Both

crystal forms appeared after one week.

4. Data collection and analysis

Cryogenic data collection was performed at

100 K by transferring crystals into reservoir

solution containing an additional 20%

glycerol and then ¯ash-freezing in liquid

nitrogen. X-ray diffraction data were

collected using the synchrotron-radiation

source at the IMCA-CAT beamline BM17 at

Argonne National Laboratory (Argonne,

IL, USA). The HKL2000 (Otwinowski &

Minor, 1997) and CCP4 (Collaborative

Computational Project, Number 4, 1994)

packages were used for data reduction and

the results are summarized in Table 1.

5. X-ray analysis

The solvent content in the AcpS crystals was

calculated as 46.5 and 39.4% assuming

one and two trimers in the asymmetric unit

for crystal forms I and II, respectively,

with a density of 1.30 g mlÿ1. The

Matthews coef®cients (Matthews, 1968)

were 2.3 AÊ 3 Daÿ1 (crystal form I) and

2.0 AÊ 3 Daÿ1 (crystal form II) based on a

molecular weight of 41 kDa per subunit for

AcpS. The structures were solved by mole-

cular replacement using the program

AMoRe (Navaza, 1994) and B. subtilis AcpS

(PDB code 1f7t) as the search model.

The protein sequence identity between

B. subtilis and S. aureus AcpS is about 49%.

Since the AcpS trimer contains a threefold

rotational symmetry, rotation searches

provided sets of three related solutions.

Three signi®cant unique rotation-search

solutions of the I4 data set in the resolution

range 4±12 AÊ had correlation coef®cients in

the range 10.2±11.4 (background 7.7). The

best solution was used in the translation

function, resulting in a correlation coef®-

cient of 22.8 (background 11.3). Using the

P21 data set, nine solutions with correlation

coef®cients in the range 11.7±14.7 (back-

ground 8.5) were observed, of which the best

solution resulted in a translation-search

correlation coef®cient of 15.4 (background

11.8). The second AcpS trimer was identi®ed

based on the ®rst translation-function solu-

tion. The alternate space groups I41 and I43

as well as P2 were eliminated, as their

translation function resulted in values in the

range of the background obtained for the

correct space groups. In addition, systematic

absences along 0k0 in the second crystal

form veri®ed the choice of space group. In

both crystal forms, a reasonable crystal

packing was observed. The initial molecular-

replacement solution was subjected to

molecular-dynamics re®nement in CNX

(Molecular Simulations, Inc.) and rebuilding

with QUANTA.
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Figure 1
Two crystal forms of Acps. (a) Crystals of form I with
average crystal dimensions 0.7 � 0.2 � 2 mm. (b)
Plates of crystal form II grew to 0.5 � 0.4 � 0.1 mm.

Table 1
Data-collection and processing statistics.

Values in parentheses are for the last shell.

Form I Form II

Space group I4 P21

Unit-cell parameters (AÊ , �) a = 103.5, c = 71.0 a = 46.71, b = 106.17,
c = 67.78, � = 92.6

Resolution (AÊ ) 50±1.65 (1.71±1.65) 50±1.8 (1.86±1.80)
Observed re¯ections 153468 222400
Independent re¯ections 44440 59477
Completeness 98.4 (94.6) 98.5 (90.1)
Redundancy 3.4 (3.0) 3.7 (3.1)
Rmerge(I)² 3.2 (38.8) 3.4 (49.2)
I/�(I) 20.3 (3.1) 19.2 (2.2)

² Rmerge =
P jIh ÿ hIij=

P
Ih , where Ih is the measured and hIi is the average intensity of re¯ection hkl.


