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ABSTRACT: Acetyl-coenzyme A synthetase (ACS) belongs to the family of AMP-forming enzymes that
also includes acyl-CoA synthetases, firefly luciferase, and nonribosomal peptide synthetases. ACS catalyzes
the two-step activation of acetate to acetyl-CoA: formation of an acetyl-AMP intermediate from acetate
and ATP and the transfer of the acetyl group to CoA. In mammals, the acetyl-CoA product is used for
biosynthesis of long chain fatty acids as well as energy production. We have determined the crystal structure
of yeast ACS in a binary complex with AMP at 2.3 A resolution. The structure contains a large, N-terminal
domain and a small, C-terminal domain. AMP is bound at the interface between the two domains. This
structure represents a new conformation for the ACS enzyme, which may be competent for catalyzing the
first step of the reaction. A Lys residue that is critical for this step is located in the active site. A rotation
of 14 in the small domain is needed for the binding of CoA and the catalysis of the second step. In
contrast to the monomeric bacterial enzyme, yeast ACS is a stable trimer.

Acetyl-coenzyme A synthetase (ACS, EC 6.2.1.1) cata- The reaction catalyzed by ACS proceeds in two steps
lyzes the formation of acetyl-CoA from acetate, CoA, and (Figure 1A). In the first step, the enzyme produces the acetyl-
ATP (Figure 1A). This enzyme is present in most living AMP intermediate from the acetate and ATP substrates, and
organisms, from bacteria to humans, and has key roles inpyrophosphate P released in this process. In the second
the activation and utilization of acetate, propionate, and other step, the acetyl-AMP intermediate is reacted with CoA to
small organic acids. The acetyl-CoA product can be used produce the acetyl-CoA product and the release of AMP
for biosynthesis of glucose, fatty acids, and cholesterol, as (Figure 1B). Consequently, ACS belongs to the superfamily
well as for oxidation to produce energy in the citric acid of AMP-forming enzymes that also includes firefly luciferase
cycle. (5), acyl-CoA synthetases, and nonribosomal peptide syn-

In bacteria, the activity of ACS, and the related propionyl- ihetases such as gramicidin synthetae (
CoA synthetase (PCS), is required for growth in media with

acetate, ethanol, or propionate as the sole carbon sal)tce ( . ) . .
In yeast, two isoforms of ACS have been identified. ACS1 acetylation of Lys6097), and this acetylation abolishes the

may be a peroxisomal enzyme and is needed for growth onformation of the acetyl-AMP intermediate but has no impact
C2 compounds, whereas ACS2 may be required for the on.the transfgr of the acetyl group from acetyI-AMPto CoA.
production of acetyl-CoA from pyruvate via the so-called This observation also supports the two-step reaction pathway
pyruvate dehydrogenase (PDH) bypa®k ( for ACS. A deacetylase of the Sir2 family is needed to keep
In mammals, there are also two isoforms of ACS. ACS1 ACS in its active form. This Lys residue is highly conserved
is a cytosolic enzyme that is mostly found in the liver, and @mong all AMP-forming enzymes, and is equivalent to
it plays an important role in providing acetyl-CoA for fatty ~Lys675 in yeast ACS (Figure 1B). It has been suggested that
acid and cholesterol biosynthesB).(ACS1 is regulated by ~ all AMP-forming enzymes may be regulated by acetylation
sterol regulatory element-binding proteins (SREBPs), which of this Lys residue 7).
are key transcriptional factors that control the activities of  The crystal structure of a bacterial ACS, fr@almonella
many enzymes involved in fatty acid and cholesterol bio- entericg has recently been reported, in a ternary complex
§ynthe5|s. AC82.|s present in the mitochondrial matrix and it propyl-AMP and CoA 8). This conformation of the
is mostly found in the heart and skeletal musel The  enzyme is believed to be able to catalyze the second step of
acetyl-CoA produced by this isoform is primarily used for {he “reaction. We report here the crystal structure of a
energy production in the citric acid cycle, where it is oxidized eukaryotic ACS, ACS1 fronSaccharomyces cerisiae, in

to CQ,. The activity .Of this enzyme 1S induced by starvation . a binary complex with AMP. The structure represents a new
and other ketogenic conditions. The acetate substrate is

duced f idati £ ted ethanol. hvdrolvsis of conformation for the ACS enzyme, which may be suitable
produced from oxiaation ot ingested ethanol, nyarolysis of ¢, catalyzing the first step of the reaction. Major differences
acetyl-CoA in the liver (especially under ketogenic condi-

: . . are observed in the positioning of the C-terminal small
tions), breakdown of the neurotransmitter acetylcholine in domain of the enzvme between the binary complex and the
neurons, and other sources. y Y P

ternary complex. Lys675 is located in the active site in the
* This research was supported by Columbia University (L.T.). binary complex, in agreement with its important role in the

* To whom correspondence should be addressed. Phone: (212) 854first step of the reaction. In contrast, this side chain is on
5203. Fax: (212) 854-5207. E-mail: tong@como.bio.columbia.edu. the surface of the enzyme in the ternary complex, and does
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A CH3COO™ + ATP — 3 CH3CO-AMP + PP,

CH3CO-AMP + CoA —» CH3CO-CoA + AMP
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Ficure 1: Amino acid sequences of acetyl-coenzyme A synthetases. (A) Two-step reaction catalyzed by ACS. (B) Amino acid sequence
alignment of yeast an8almonellsACS. The secondary structure elements in yeast ACS are indicated. Residues in the trimer interface are
shown in magenta and those involved in binding AMP in green. The hinge residue (Asp576) is highlighted in red. Residues that are
disordered in the crystals are shown in italics. Lowercase residues are those not included in the expression construct.

not participate in the catalysis of the second step of the Table 1: Summary of Crystallographic Information

reaction. : "
MATERIALS AND METHODS maximum resolution (A) 2.8 2.3
. . . L no. of observations 45133 85039

Protein Expression, Purification, and Crystallization — R,.4.(%) 11.2 (36.9) 6.6 (24.0)
Residues 72713 of ACS fromS. cereisiaewere subcloned  twinning fraction, T - 0.48,1.69
into the expression vector pET28a (Novagen) and expressed eso'?“"f? range for refinement - 2%593
in Escherichia colistrain BL21Star (Invitrogen). These ggmzléfeﬁggg?% 96 (88) 89 (79)
residues are select_ed for the (_axpression co.nstruct on the basig factor (%) - 19.9 (28.5)
of the sequence alignment with the bacterial and other ACS Ryee (%) — 25.8 (31.9)
homologues (Figure 1B)8J. The expression construct 'mSs geV!aE!On in Eong Ienglths(g&) \ - i)-g%
H e H _ H H rms aeviation in bond angles (aeg - .
introduced a hexabhistidine tag at the N-terminus, which was averageB values for the large domain — 34.4. 69.0, 35.9

not removed for crystallization. The soluble ACS protein was small domain, and AMP
purified by nickel agarose affinity chromatography, anion
exchange, and gel filtration chromatography. The protein was
concentrated to 20 mg/mL in a buffer containing 10 mM
Tris (pH 8.5) and 20 mM NacCl. Data Collection and Processin@he X-ray diffraction data
Crystals of ACS were obtained at°€ with the sitting- sets were collected at National Synchrotron Light Source
drop vapor diffusion method. The best crystals appeared after(NSLS) beamline X4A. The crystal belongs to space group
2 weeks from a reservoir solution containing 0.7 M succinic P3 with the following cell parametersa = b = 107.1 A
acid and 0.1 M Tris (pH 7.5). The protein concentration was andc = 54.8 A. There is one molecule of yeast ACS in the
10 mg/mL, and 5 mM ATP was included in the drop. asymmetric unit. The diffraction images were recorded on
Interestingly, no crystals could be obtained when either AMP an ADSC Quantum-4 CCD instrument, and processed with
or ATP in combination with sodium acetate was used. the HKL package (Table 1p}. A weak diffraction data set
Crystals grew to maximum dimensions 6f0.15 mm x to 2.8 A resolution was collected first on a small crystal of
~0.15 mmx ~0.03 mm, and seeding experiments did not the enzyme, which enabled the determination of the structure
produce further improvement. For data collection, crystals by the molecular replacement method. For structure refine-
were cryoprotected with the introduction of 25% (v/v) ment, a better quality data set, to 2.3 A resolution, was
ethylene glycol and flash-frozen in liquid nitrogen. collected on a larger crystal. However, crystallographic

8 Rmerge = Y hillni — DY nYilni. The numbers in parentheses are
r the highest-resolution shelR = Sn|Fp — Fil/ShFp.
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analyses show that this crystal had almost perfect merohedrakecond segment are also disordered in the bacterial ACS

twinning, as the diffraction data set has apparBgRl
symmetry (see below).

Structure Determination and Refinemeit homology
model for yeast ACS was built from the structure $d.
enterica ACS (8), with the program Modeller10). The

structure 8). An AMP molecule is bound in the active site

of the enzyme. The atomic model has excellent agreement
with the observed diffraction data, as well as the expected
bond lengths and bond angles (Table 1). Most of the residues
(98%) are located in the most favored and additional allowed

amino acid sequences of the two proteins are 47% identical,regions of the Ramachandran plot. Only one residue, Ser495,
and the yeast ACS sequence contains several insertions and$ located just outside the generously allowed regipr=(
or deletions relative to the bacterial ACS sequence (Figure 60° andy = —113). Interestingly, the residue equivalent

1B). This homology model was used for combined molecular
replacement calculations with the program COMQL)(
Expecting differences in the orientation of the small domain,
we first determined the position of the large domain. With
the information on the large domain, we located the small
domain by examining a large collection of rotation angles.
The structure refinement was carried out with the program
CNS (12), and the atomic model was rebuilt against tikg 2
— F. electron density map with the program @3). The

to Ser495 in the bacterial ACS, Thr438, has a similar main
chain conformationg = 74° andy = —117) (8). The
current atomic model does not contain any solvent molecules.
The structure of yeast ACS contains a large, N-terminal
domain (residues 74576) and a small, C-terminal domain
(residues 577713) (Figure 2A), like the structures of
bacterial ACS and other AMP-forming enzymeés 6, 8).
The large domain contains two mostly parajfetheets of
nine (sheet A) and eight strands [sheet B, maintaining the

diffraction data collected on the larger crystal had apparent "omenclature from gramicidin synthetases)] (Figure 1B).

P321 symmetry, and the twinning fraction was estimated to
be 0.48. On the basis of the atomic model, the diffraction

These two sheets are arranged parallel to each other, and
they sandwich eight helices between them. The large domain

data set was detwinned, using standard procedures in thedlso contains an antiparallgtsheet of five strands (sheet

CNS program12), and structure refinement was performed
against this modified data set. Regions of ambiguous electro
density were omitted from the refinement, and the atomic

C) (Figure 2A), as well as several othethelices and small

nB-sheets.

The electron density for residues in the small domain is

model was adjusted against the resulting omit electron Much weaker than that of the large domain (Figure 3A,B),
density. The refinement statistics are summarized in Table @nd the two peptide segments that are missing in the current

1.

RESULTS AND DISCUSSION

Structure Determinatiorilhe initial structure of yeast ACS
was determined by the molecular replacement mettday (
using a homology model that was built on the basis of the
crystal structure ofSalmonellaACS (8). The amino acid

atomic model are both from this domain. As in the bacterial
ACS, the small domain of yeast ACS contains a three-
strandeds-sheet (sheet E), together with helices on its faces
(Figure 2A).

The atomic coordinates for the structure have been
deposited in the Protein Data Bank (entry 1RY?2).

Large Rearrangement of the Small Domairhe large
domain of yeast ACS can be superimposed with that of

sequences of the yeast and bacterial enzymes are 47%acterial ACS, producing an rms distance of 1.0 A for 467
identical, and the large domain of the yeast enzyme was srycturally equivalent & atoms (Figure 2B). The structural
readily located by the combined molecular replacement gimijlarity between these two enzymes is consistent with their

calculations 14). As we expect the small domains of the

significant sequence homology (Figure 1B). The structure

two enzymes to have very different orientations, the molec- qf the large domain of yeast ACS also is very similar to that
ular replacement calculations systematically examined afrom other AMP-forming enzymes, such as firefly luciferase

significant number of orientations for the small domain, and
a clear solution for the location of the small domain was
obtained with this procedure.

(rms distance of 1.4 A for 219 equivalentxGatoms) b)
and gramicidin synthetase 1 (1.2 A for 193 Gtoms)
(Figure 2C) 6). The level of amino acid sequence identity

For structure refinement, we collected a second data set,hetween ACS and these other two enzymes is however only
using a larger crystal. This new data set extends to higher16—20%.

resolution and has better quality (Table 1). However, the
diffraction data have appareR821 symmetry, suggesting
that the crystal is almost perfectly merohedrally twinned

This structural comparison also shows that there is a
significant degree of variability in the placement of the small
domain in the different AMP-forming enzymes. A rotation

(there can be only one molecule of ACS in the asymmetric of 137 is needed to superimpose the small domains of yeast

unit in the P3 space group). Such a twinning problem can
be easily handled using standard protocols in CNg, @nd

the structure refinement proceeded smoothly. The crystal-

lographic statistics are summarized in Table 1.
Overall Structure.The crystal structure of yeast ACS has

and bacterial ACS (Figure 2B). The position of the small
domain observed here for yeast ACS is closest to that in the
adenylation domain of gramicidin synthetase 1, with a
difference in orientation of Z21(Figure 2C). An intermediate
difference is observed with the small domain of firefly

been determined at 2.3 A resolution. The current atomic luciferase, and a rotation of 8@ needed to superimpose it

model contains residues #413 of the enzyme, with the
exception of residues 62637 and 687699. No electron

with the yeast ACS. It is unlikely that the conformation of
the small domain observed here for yeast ACS is stabilized

density was observed for these residues, and they are likelysolely by crystal packing. In fact, the difference in the

disordered in these crystals. The first segment (residues 626

placement of the small domain is probably linked to the

637) corresponds to an insertion in yeast ACS relative to catalytic cycle of the enzyme (see below), as suggested
the bacterial ACS (Figure 1B), whereas residues in the previously g).
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Ficure 2: Monomer of ACS. (A) Stereodiagram showing the structure of the monomer of yeast ACS. The small domain is shown in gray.
Strands in sheet A and sheet B are shown in blue and green, respectively. AMP is shown as a stick model, with black for carbon atoms.
The red arrow denotes the position of the hinge residue for the movement of the small domain. (B) Stereodiagram showing the overlay of
the structures of yeast ACS (yellow and gray for the large and small domains, respectively) and bacterial ACS (cyan and green, respectively)
(8). (C) Stereodiagram showing the overlay of the structures of yeast ACS and the adenylation domain of gramicidin syntBgtase 1 (
color-coded like panel B. The phenylalanine substrate of the latter is shown in magenta and labeled, and its active site Lys residue is also
shown (magenta). The Lys675 residue (modeled as Ala) of yeast ACS is shown in black and labeled Lys. This figure was produced with
Ribbons (5).

The hinge for the conformational change in the small identified as the hinge on the basis of the structure of that
domain is residue Asp576 in yeast ACS. This residue is enzyme 8). The main chainy torsion angle of this residue
equivalent to Asp517 in bacterial ACS, which has been differs by ~155 between the structures of the yeast and
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FiGURE 3: Electron density map for selected residues. (A) Fitlal 2 F. electron density map at 2.3 A resolution for residues-5847

in the large domain. The contour level is.1(B) Electron density for residues in tifesheet of the small domain (residues 6@08,
618-622, and 666-664). This figure was produced with Molscript and Raster3ID, (L8).

A

Ficure 4: Trimer of yeast ACS. (A) The structure of the trimer of yeast ACS. The large domains are shown in yellow, cyan, and green,
respectively. The small domains are shown in gray. (B) Molecular surface of the trimer of yeast ACS, viewed from the opposite direction
of panel A and colored on the basis of electrostatic potential. Panel A was produced with RibBpoasd panel B with GRASP1).

bacterial ACS enzymes. This leads to an abrupt change inmonomer is far from the trimer interface (Figure 4A).
the direction of the polypeptide change in this region of the  Binding Mode of AMPWe included ATP in the crystal-
structure (see Figure 6), and consequently a change in thdization solution, but the crystallographic analysis based on
position of the small domain. the diffraction data clearly shows that AMP is bound in the
Yeast ACS Is a TrimeA trimer of yeast ACS is observed  active site of the enzyme (Figure 5A). There is no electron
in the crystal, and this is consistent with gel filtration and density for thes- andy-phosphates of the nucleotide. This
light scattering studies in solution (data not shown). The suggests that ATP has been hydrolyzed during the crystal-
trimer is formed by residues from the large domains of the lization process, and that our recombinant yeast enzyme has
three monomers only, and the small domains are located atcatalytic activity. Kinetic studies on the purified ACS enzyme
the periphery of this oligomer (Figure 4A). Approximately confirm that it is catalytically active (data not shown).
1500 A& of the surface area of each monomer is buried at AMP is bound at the interface between the large and small
the trimer interface (Figure 4B). domains of the enzyme, although most of the interactions
In contrast, the bacterial ACS is a monoma&y. (nterest- are with residues in the large domain (Figure 5B). The
ingly, residues in the trimer interface of yeast ACS are poorly adenine base is placed between residues Glu444 and Pro445
conserved in the bacterial enzyme (Figure 1B). This is on one side and Tyr469 on the other. The N6 amino group
especially true for the?®®KKYKTY 202 segment, which  of adenine forms a hydrogen bond with the side chain of
contributes ~400 A2 of the surface area to the trimer Asp467. The hydroxyls on the ribose are recognized by the
interface. Examination of the amino acid sequences of theside chain carboxylate of Asp559. One of the terminal
other ACS enzymes shows that the residues that areoxygen atoms of the-phosphate is hydrogen-bonded to the
important for trimer formation are unique to yeast ACS, main chain amide and side chain hydroxyl of Thr472.
suggesting that this mode of trimerization may occur for this ~ From the small domain, residue Lys675 is located near
enzyme only. The biological relevance of this oligomer state the AMP molecule. However, there is no electron density
of the enzyme is currently not known. The active site in each for the side chain atoms of this residue (Figure 5A), and it
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FiGURE 5: Binding mode of AMP. (A) Final B, — F electron density map at 2.3 A resolution for AMP and residue 675. The contour level

is 1o. Lys675 has no electron density for the side chain, and is modeled as Ala in the current structure. (B) Stereodiagram showing the
interactions between AMP and yeast ACS. Residues in the large domain are shown in yellow for carbon atoms and those in the small
domain in gray. Panel A was produced with Molscript and Rasted3D 18) and panel B with Ribbonslf).

Ficure 6: Domain reorganization and catalysis by ACS. Stereodiagram showing the active site of ACS in the binary complex with AMP
(yellow and gray for the large and small domains, respectively) and in the ternary complex with propyl-AMP and CoA (cyan and green,
respectively) 8). The CoA molecule is shown as a stick model, with magenta for carbon atoms, and propyl-AMP with green for carbon
atoms. Residue numbers are for yeast ACS. This figure was produced with Rill&pns (

is modeled as an Ala residue in the current atomic model. the ternary complex of bacterial ACS, this Lys residue is on
This residue is located in a highly conserved segment of ACS the surface, away from the active si®.(
and other AMP-forming enzymes, and acetylation of this  The binding mode of AMP in the binary complex reported
residue (Lys609) in the bacterial ACS inactivates the enzyme here is essentially the same as that of propyl-AMP in the
(7). In the structure of the adenylation domain gramicidin ternary complex of the bacterial enzyme (Figure®) The
synthetase 1, this Lys side chain is hydrogen-bonded to thepropyl group, a mimic for the acetyl substrate, is situated in
oxygen in the ribose ring, the bridging oxygen between the a pocket bounded in part by Trp470. The presence of the
ribose and the--phosphate, and the carbonyl oxygen of the CoA substrate in the ternary complex did not affect the
substrate ) (Figure 2C). This side chain is disordered in binding mode of the AMP molecule (Figure 6), but it did
our structure probably because the substrate is not presentaffect the conformation of several residues in the active site
although the main chain of Lys675 is located at a position (see below). The binding mode of AMP is also similar to
that is equivalent to that of the Lys residue in gramicidin that observed in the complex with the adenylation domain
synthetase 1 (Figure 2C). It is unlikely that the side chain is of gramicidin synthetase 1, and the phenylalanine substrate
acetylated in our protein, as the enzyme can catalyze theis placed in an equivalent binding pocké) (Figure 2C).
hydrolysis of ATP to AMP. Coupling of Domain Reorganization and Catalysifie

Our structure is consistent with the expectation that Lys675 catalysis by ACS proceeds in two steps: reaction of acetate
is a crucial residue for the first step of the reaction. and ATP to produce acetyl-AMP and pyrophosphate)(PP
Acetylation of this residue in the bacterial ACS abolishes followed by the transfer of the acetyl group to CoA. Our
this first step, but has little impact on the second s#plf binary complex with AMP may represent the form of the
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enzyme that can catalyze the first step of this reaction, for help with data collection at synchrotron radiation sources,
consistent with the presence of Lys675 in the active site in and Randy Abramowitz and Xiaochun Yang for access to
this conformation. On the other hand, the ternary complex beamline X4A.

of the bacterial ACS in complex with propyl-AMP and CoA

may correspond to the enzyme conformation that can catalyzeREFERENCES

the second steB). The large change in the placement of

the small domain between these structures suggests that 1-

domain reorganization may be required for the catalysis by
this enzyme, as has been suggested previo8siit (s likely

that ACS can exist in both conformations (and possibly their

intermediates) in solution, and efficient catalysis of the two

steps of the reaction is associated with the two conformations
of the enzyme observed so far.

The availability of our structure of the binary complex
allows a comparison to that of the ternary complex, which
illuminates the molecular mechanism for the conformational
transition in this enzyme. A trigger for this domain reorga-
nization may be the binding of the CoA substrate. The thiol
group of CoA in the ternary complex sterically clashes with
the side chain of Trp365 in the binary complex (Figure 6).
The conformational change in this residue then induces

4.

Horswill, A. R., and Escalante-Semerena, J. C. (1999) The prpE
gene of Salmonella typhimuriuniT2 encodes propionyl-CoA
synthetaseMicrobiology 145 1381-1388.

.van den Berg, M. A., and Steensma, H. Y. (1995) ACS2, a

Saccharomyces cersiae gene encoding acetyl-coenzyme A
synthetase, essential for growth on glucdsar, J. Biochem. 231
704-713.

. Luong, A., Hannah, V. C., Brown, M. S., and Goldstein, J. L.

(2000) Molecular characterization of human acetyl-CoA syn-
thetase, an enzyme regulated by sterol regulatory element-binding
proteins,J. Biol. Chem. 27526458-26466.

Fujino, T., Kondo, J., Ishikawa, M., Morikawa, K., and Yamamoto,
T. T. (2001) Acetyl-CoA synthetase 2, a mitochondrial matrix
enzyme involved in the oxidation of acetafie Biol. Chem. 276
11420-11426.

5. Conti, E., Franks, N. P., and Brick, P. (1996) Crystal structure of

changes for the side chains of Phe220 and Phe223, and these g

residues in their new positions are incompatible with the
placement of residues 67575 from the small domain
(Figure 6). This is likely one of the driving forces for the
repositioning of the small domain. Residue Asp576 acts as
a hinge for this transition, and the residues in the small
domain rotate by~14C°. This brings residues 57585, a
B-hairpin structure that immediately follows the hinge (Figure
2A), into the active site, establishing a new ion pair between
Arg585 and Glu473 (Figure 6) and moving Lys675 onto the
surface of the enzyme3). This domain reorganization also
creates the binding site for the adenine nucleotide portion
of the CoA molecule, whereas in the binary complex, the
CoA binding site does not exist. The adenine base of CoA
in the ternary complex sterically clashes with the side chain
of Arg672 in the binary complex.

In summary, we have determined the crystal structure of
yeast acetyl-coenzyme A synthetase (ACS) in a binary
complex with AMP. This represents a new conformation of
the enzyme, which should be able to catalyze the first step
of the reaction. Lys675, from the small domain, is located
in the active site in this conformation. Comparison with the
structure of bacterial ACS in a ternary complex with propyl-
AMP and CoA shows that the small domain undergoes a
large conformational reorganizatio8){including a rotation
of ~14(C°. This change leads to the formation of the CoA
binding pocket, and is likely important in bringing the
enzyme to a conformation that is competent for catalyzing
the second step of the reaction. Yeast ACS is observed to
be a stable trimer, but the bacterial ACS is monomeric.
However, this trimeric oligomerization state may be unique
to the yeast enzyme, as the residues in the trimer interface
are poorly conserved in the other ACS enzymes.
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