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Real-time quantitative polymerase chain reaction (PCR) analyses revealed an increase of HL
expression in the livers of mice treated with
LTbR-Ig (P < 0.05) (Fig. 4E), which may have
contributed to the decrease in VLDLc levels
observed in these mice. These data suggest that
antagonism of the LT-LIGHT signaling pathway
can increase HL expression and ameliorate the
dyslipidemia in LDLR-deficient mice.
This study points to a complex interaction
between T cells and liver cells in regulating lipoprotein homeostasis, mediated by two TNFSF
ligands (LT and LIGHT) and their receptors. Our
data raise the prospect that T cells and T cell–
derived ligands might contribute directly to the
complex regulation of lipid homeostasis. However, genes other than HL are also likely to be
involved in the LTbR-dependent effects we have
observed and will clearly be the focus of future
studies. Finally, it is possible that LT-modulating

agents may represent a novel therapeutic approach for the treatment of dyslipidemia.
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Marc Leibundgut,* Simon Jenni,* Christian Frick, Nenad Ban†
In the multifunctional fungal fatty acid synthase (FAS), the acyl carrier protein (ACP) domain
shuttles reaction intermediates covalently attached to its prosthetic phosphopantetheine group
between the different enzymatic centers of the reaction cycle. Here, we report the structure of the
Saccharomyces cerevisiae FAS determined at 3.1 angstrom resolution with its ACP stalled at the
active site of ketoacyl synthase. The ACP contacts the base of the reaction chamber through
conserved, charge-complementary surfaces, which optimally position the ACP toward the catalytic
cleft of ketoacyl synthase. The conformation of the prosthetic group suggests a switchblade
mechanism for acyl chain delivery to the active site of the enzyme.
cyl carrier protein (ACP) and related
substrate shuttling domains are essential
in many metabolic pathways, including
fatty acid, polyketide, and nonribosomal protein
biosynthesis (1–3). During fatty acid synthesis,
substrates are linked via a thioester bond to the
prosthetic phosphopantetheine (PPT) group of
ACP. In the dissociated type II fatty acid synthase
(FAS) systems of most bacteria and plants, ACP
is a highly abundant, small protein, which sequentially transfers the acyl-chain intermediates
between the different enzymes during the cyclic
reaction (1). The type I FAS systems of mammals, fungi, and some bacteria comprise large,
multifunctional enzymes into which ACP is
integrated together with the catalytic domains
(4–6). This leads to a drastically increased local
concentration of ACP and of all catalytic do-
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mains and allows efficient catalysis by shuttling
the reaction intermediates from one reaction center to the next (7, 8).
Previous structural studies of bacterial and
plant type II ACPs and related carrier domains
revealed that the proteins fold into a flexible all
a-helical bundle (9–15). A hydrophobic cavity
formed within the helix bundle of ACP shows
high structural plasticity, allowing it to accommodate thioester-bound acyl-chains of different
lengths (12, 16).
Limited structural information about the
interactions of ACP with catalytic enzymes and
the mechanism of substrate delivery is currently
available (17). Docking models, nuclear magnetic resonance and crystallographic experiments
performed in the type II FAS system indicated the
importance of the ACP recognition helix a2 for
enzyme binding (18–21). In the structure of the
fungal a6b6 2.6-megadalton FAS complex from
Thermomyces lanuginosus, we observed weak
electron density in both reaction chambers, possibly representing dynamically disordered ACP
domains (22). In an attempt to gain additional
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information about substrate delivery by the ACP
domain, we determined the structure of yeast
FAS and visualized ACP stalled at the active
site of ketoacyl synthase (KS), the substratecondensing enzyme in the complex.
The Saccharomyces cerevisiae FAS crystal
structure was solved by molecular replacement
using the T. lanuginosus FAS coordinates (23).
The comparison of the two homologous FAS
structures reveals only minor structural differences (Fig. 1A, figs. S6 and S7). Both atomic
models comprise the full set of catalytic domains
involved in the fatty acid elongation cycle with
an identical organization of the catalytic sites,
which are pointing toward the inside of the reaction chamber. The small structural differences
between the two FASs, which crystallize in different space groups and under distinct conditions,
support the model for substrate shuttling without
the need for large conformational changes of the
enzymatic domains in the complex during the
reaction cycle (8, 22). In yeast FAS, we were able
to identify interpretable electron density for the
ACP domains at the base of the chamber, close to
the catalytic cleft of the KS domain (Fig. 1A and
fig. S1). Each of the three ACPs per reaction
chamber is N-terminally anchored to the chamber
wall and C-terminally attached to the middle of
the central wheel (Fig. 1B).
The structure of the yeast ACP domain is
about twice the size (18 kD) of the free-standing
bacterial ACP (Fig. 2A). Fungal ACP is all ahelical, and the four N-terminal helices superimpose well with structures of plant and bacterial
homologs (12, 16), thereby defining the ACP
core (Fig. 2A and fig. S2) (16). Serine S180ACP(Sc)
is located in a loop between helices a7 and a8,
the latter corresponding to the ACP recognition
helix (Fig. 2A). This residue has previously been
identified as the attachment site of PPT by
genetic and biochemical experiments (24–27).
Extending from the position of serine
S180ACP(Sc), unbiased electron density maps
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We observe two major contact areas between
fungal ACP and KS: The first involves the ACP
core, including the ACP recognition helix a8,
which contacts residues surrounding the entrance
to the active site cleft of the KS core fold (Fig. 3B
and figs. S2 and S3). This contact is consistent
with the experiments, which demonstrate that the
bacterial ACP recognition helix is important for
enzyme binding (18–21). The second is formed
between the additional part of the ACP domain
and the large spoke of the central wheel, which
consists of KS expansion segments (Fig. 3B).
Notably, both subunits in the fungal KS dimer
contribute to both ACP contact areas (figs. S3
and S4). The interactions of ACP with the
condensing enzyme indicate a more directed
mechanism for substrate delivery, rather than
incidental binding of ACP-linked substrates to
the KS active site.
Strong evidence indicates a physiological role
for the observed interactions: (i) If we model the
remaining b-alanine and cystamine moieties of
the PPT arm in a sterically reasonable manner,
starting from the observed pantoic acid moiety,
the 18 Å–long prosthetic group extends directly
into the KS catalytic cleft and terminates next to
the catalytic cysteine C1305KS(Sc) (Fig. 2B). (ii)
ACP has patches of positively charged surface
residues that interact with complementarily
charged residues near the cleft entrance and in
the large spoke of the central wheel (Fig. 3C). (iii)
The residues that mediate the interactions are
highly conserved in both the ACP domain and
the reaction chamber (fig. S4D). (iv) We also
observe weak electron density for ACP at a

Fig. 1. Three ACPs are stalled in each of the two reaction chambers in the heterododecameric yeast
FAS complex. (A) The superposition of the yeast (green) with the T. lanuginosus (light blue) FAS
structure reveals a very high homology (the root mean square deviation between 19725 Ca atoms
is 1.7 Å). Although ACP is disordered in the T. lanuginosus crystals (22), it is visible in yeast (red).
One type of four-helix bundle at the periphery of the central wheel could only be built in T. lanuginosus FAS
(indicated by an asterisk). (B) Anchoring of ACP within the reaction chambers. The ACP domains,
shown as red surfaces, are located between peripheral and central anchors, which are displayed as
green ribbons. The flexible linkers L1 and L2, which double-tether ACP, are not seen in the electron
density map but are schematically shown as dashed yellow lines. The refined portion of the PPT
prosthetic group of ACP is shown in black.
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similar position above the KS in T. lanuginosus
FAS crystals (22).
Although tight and preferential binding of the
ACP domain to one of the catalytic domains
would interfere with efficient substrate shuttling,
energetically balanced, low-affinity guiding
interactions for all active sites would facilitate
transfer of substrates and intermediates within the
reaction chamber. It is not clear why the substratedepleted multienzyme in the crystal has stalled
at this particular stage of the reaction. One possibility is that under the crystallization conditions, which favor protein-protein interactions,
ACP has a higher affinity for the KS than for
other catalytic sites.
Our results suggest a model of how ACP
could first bind to the surface of the reaction
chamber, close to the KS active site, and then use
its flexible prosthetic arm to thread the acyl chain
into the deep catalytic cleft. In a switchbladelike mechanism, the PPT arm carrying the acyl
chain initially buried within the hydrophobic
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show the phosphate and pantoic acid moieties
of the prosthetic group reaching into the active
site cleft of KS (Fig. 2B). This conformation
differs considerably from the one observed in
the structures of Escherichia coli ACP in complex with acyl substrates (Fig. 2A) (16). In
these complexes, the PPT moieties are rotated
inward, and the acyl chains are buried in a
deep, hydrophobic pocket formed by the ACP
core, which may represent the transport form
of acyl-ACP during substrate shuttling between the different catalytic domains. Notably,
an empty hydrophobic pocket is recognizable
also in the yeast ACP structure in complex
with KS (Fig. 3A).
The N- and C-terminal tethering points on
fungal ACP are opposite the site of the prosthetic group attachment, which maximizes the
distance between the thiol group of the PPT
arm, where the substrates are covalently bound,
and the site where the flexible linkers are attached (Fig. 2A and 3A). This organization
may also prevent the flexible linkers from interfering with ACP binding to the enzymes and
substrate delivery.
The KS active site is located close to the
approaching PPT arm of ACP and consists of
a catalytic triad involving residues C1305KS(Sc),
H1542KS(Sc), and H1583KS(Sc) (Fig. 2B). The critical role of the catalytic cysteine has been established in yeast FAS by biochemical labeling
and genetic experiments (24, 26, 28). Lysine
K1578KS(Sc) may also contribute to catalysis, because, in bacteria, a corresponding lysine is
critical for decarboxylation (29).

Fig. 2. Structure of yeast ACP bound to the KS
catalytic cleft. (A) The prosthetic PPT group
(spheres) covalently attached to the ACP core
(cyan) adopts an extended conformation in the
fungal FAS complex. The ACP core forms a compact domain with an additional four-helix bundle
(gray), rendering fungal ACP considerably larger
than the bacterial counterpart (blue, shown in the
same orientation). During interdomain substrate
shuttling, the PTT arm might fold back on ACP
(arrow), thereby inserting the acyl chain into a
cavity formed by the ACP core, as observed in the
isolated E. coli ACP structure (16). (B) Detailed
view of PPT bound in the catalytic cleft of KS. The
unbiased threefold averaged Fobs – Fcalc simulated
annealing omit map (green) shows ACP and the
phosphate and pantoic acid (PA) moieties of the
PPT prosthetic group. Modeling of the additional
PPT part shows that the catalytic residues of KS
can easily be reached. KS1 and KS2 form the
dimer to which ACP is bound.
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ACP core would flip into the KS cleft (Fig. 3A).
The binding of the ACP domain to KS might
even have a more active role in the threading
mechanism by stabilizing the flipped-out conformation of the loop to which the PTT arm is
attached. It is noteworthy that the expansion
segments of the fungal FAS structure do not
merely serve as passive scaffolds for the arrangement of the catalytic domains within the
complex, but also guide ACP-bound substrates
to the KS. A comparable mode of action might
also exist for the other catalytic domains in the
FAS complex.
The assignment of the ACP domain also
allows us to precisely define the amino acid
sequence of the flanking linkers L1 and L2,
which are flexible and not visible in the electron
density (Fig. 1B). An analysis of the upstream
44–amino acid–long, alanine- and proline-rich,
L1 linker sequence of fungal FAS type I ACPs
reveals a striking resemblance to other carrier
domain tethers, such as the biotin carboxyl carrier
protein (BCCP) of the acetyl-coenzyme A carboxylase (ACC) and the lipoyl domains of the
pyruvate dehydrogenase (PDH) complex in E.
coli (fig. S5) (30). The fact that the linkers in the
FAS complex and PDH/ACC complexes have
similar composition in spite of completely
different folds of the ACP and the lipoyl/BCCP
domains suggests that they may have evolved
convergently in fungal FAS and in the other
multienzymes.
The structure of the yeast FAS complex
presented here shows the direct interaction of
ACP with one of the key catalytic centers in a
multifunctional enzyme and suggests a model for
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substrate delivery that might apply to the other
catalytic domains as well. These results also provide an excellent basis for future biochemical and
genetic experiments in yeast, which is a wellcharacterized model organism.
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Fig. 3. Mode of ACP binding to the central wheel and the catalytic cleft
entrance of KS (gray). (A) The extended prosthetic PPT group (magenta)
of ACP (cyan) reaches into the catalytic pocket of KS (asterisk). Distal to
the PPT arm, ACP is flexibly tethered to the central hub (green dot) and
the peripheral anchor (dashed circle) at the interior of the dome (brown).
(B) Top and bottom views of ACP bound to the entrance cleft of KS via its
core part and contacting the central wheel with the additional part. (C)
ACP binding is mediated by complementarily charged patches, as
visualized by the electrostatic surface potential of the contact areas
(blue, positive; red, negative).
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