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SUMMARY

Fatty acid synthases (FASs) are central to metabolism
but are also of biotechnological interest for the pro-
duction of fine chemicals and biofuels from renew-
able resources. During fatty acid synthesis, the
growing fatty acid chain is thought to be shuttled
by the dynamic acyl carrier protein domain to several
enzyme active sites. Here, we report the discovery
of a vy subunit of the 2.6 megadalton og-Bg
S. cerevisiae FAS, which is shown by high-resolution
structures to stabilize a rotated FAS conformation
and rearrange ACP domains from equatorial to axial
positions. The y subunit spans the length of the FAS
inner cavity, impeding reductase activities of FAS,
regulating NADPH turnover by kinetic hysteresis at
the ketoreductase, and suppressing off-pathway re-
actions at the enoylreductase. The y subunit delin-
eates the functional compartment within FAS. As a
scaffold, it may be exploited to incorporate natural
and designed enzymatic activities that are not pre-
sent in natural FAS.

INTRODUCTION

Fatty acids and their biosynthesis are essential for the survival of
all organisms, representing building blocks of biological mem-
branes, but also energy reserves of a cell and precursors to sec-
ond messenger molecules (Graber et al., 1994). In bacteria,
yeasts, and plants, the de novo biosynthesis of fatty acids is
essential for survival (Schweizer and Hofmann, 2004; White
et al., 2005), while metazoans rely on additional dietary uptake
(Burr and Brown, 1933). Subtle changes in fatty acid synthesis
impact numerous vital cellular functions and are thus linked to
ailments like cancer and obesity (Lopez et al., 2007; Ronnett
et al., 2006; Wang and Dubois, 2012).

In light of the central metabolic role of fatty acid synthesis, a
common biosynthetic route is employed by all organisms (Fig-
ure 1A), necessitating four central metabolites —acetyl-CoA, ma-
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lonyl-CoA, NAD(P)H, and ATP. Despite conservation of the
biosynthetic reaction mechanisms, the architecture of fatty
acid synthase (FAS) differs across the kingdoms of life. Plants,
bacteria, and mitochondria harbor the required activities on indi-
vidual polypeptides (type Il FAS) (White et al., 2005). Type | FAS
systems, where the synthetic activities are combined within a
single macromolecular complex, are found in yeasts, Coryne-
bacteria/Mycobacteria/Nocardia (CMN) group bacteria, as well
as in higher eukaryotes (Schweizer and Hofmann, 2004). In
higher eukaryotes, FAS is formed by a cross-shaped homodimer
(Maier et al., 2008; Smith et al., 2003). Structural studies by
multiple labs have established that the type | fungal FAS is a
D3 symmetric 2.6 MDa multi-enzyme complex that forms a
barrel-shaped particle with a length of 270 A and a width of
250 A (Gipson et al., 2010; Jenni et al., 2007; Leibundgut et al.,
2007; Lomakin et al., 2007; Stoops and Wakil, 1978; Wieland
et al., 1978). These studies indicate that the S. cerevisiae FAS
is composed of six o subunit copies, which form an equatorial
central wheel, and six B subunit copies, which form the two
domes of the particle (Figure 1B). All enzymatic activities
required for the synthesis of saturated C15-C13 fatty acid chains
reside within a- and B-subunits (Figure 1C) (Lynen, 1980; Schwe-
izer and Hofmann, 2004). The a-subunit contains ketoreductase
(KR), ketosynthase (KS), and phosphopantetheine transferase
(PPT) domains, while the B subunit harbors acetyltransferase
(AT), enoylreductase (ER), and dehydratase (DH) domains. The
malonyl/palmitoyl transferase (MPT) domain is mostly formed
by the C-terminal part of the B subunit and completed by the
N terminus of the o subunit (Jenni et al., 2007; Leibundgut
et al., 2007). The acyl carrier protein (ACP) domain is tethered
flexibly onto the o« subunit (Gipson et al., 2010; Leibundgut
et al., 2007; Lomakin et al., 2007) and its movement is restricted
by spatial confinement within the dome. ACP-bound intermedi-
ates are thought to be iteratively shuttled to all active sites in a
stochastic manner (Anselmi et al., 2010; Leibundgut et al,,
2007), similar to the multiple random coupling mechanism pro-
posed for other multi-enzyme complexes (Prajapati et al.,
2019). In addition to academic interest in fatty acid biosynthesis,
fatty acids have emerged as platform compounds for the
biotechnological production of fine chemicals and biofuels (Bier-
mann etal., 2011; Marellaet al., 2018; Yu et al., 2014; Zhou et al.,
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(A) General catalytic cycle of fatty acid biosynthesis, which is an iterative process and requires the activation of acyl carrier protein (ACP) by the phospho-
pantetheine transferase (PPT; i). Malonyl-CoA is synthesized from acetyl-CoA and CO, by acetyl-CoA carboxylase (ACC; ii). The first two carbon atoms of the
fatty acid chain originating from acetyl-CoA (jii) are elongated using malonyl-CoA (v) through sequential ketosynthase (KS; iv and vi), ketoreductase (KR; vii),
dehydratase (DH; viii), and enoylreductase (ER; harbors FMN in yeasts; ix) activities. The chain is elongated by two carbon atoms originating from malonyl-CoA in
each cycle (i.e., 7 iterations are necessary to synthesize a 16-carbon chain).

(B) Overall architecture of the D3-symmetric yeast FAS. Six a-subunits (ochre) form a central wheel, three B-subunits (blue) each form the two domes of the barrel-
like structure. The 2-fold axis dissects the central wheel perpendicularly, whereas the 3-fold axis runs down the length of the molecule, where the B-subunits join.
(C) Together, a- and B-subunits harbor all fatty acid biosynthetic activities: The ACP (yellow), KR (gold), KS (orange), and PPT (magenta) domains reside on the
a-subunit, while AT (blue), ER (teal), and DH (green) reside on the B-subunit. The MPT (khaki) domain is built up both by «- and B-subunits.

(D) Schematic representation of the yeast FAS purification procedure used in this article (STAR Methods).
(E) SDS-PAGE of wild-type S. cerevisiae FAS purification. Aliquots of S30 (lane 2) and S100 (lane 3) extracts, the resuspended PEG cut (lane 4), the pool of the first,

second, and third sucrose gradients (lanes 5, 6, and 7), as well as the finally purified protein (lane 7) and a molecular weight marker (lane 1) are depicted. Note the

co-purification of a protein with an apparent molecular weight of 20 kDa.
(F) SDS-PAGE of FAS purification from the Atma17 strain. Aliquots of the same fractions as in (E) are loaded. Note the absence of the protein band with an

apparent molecular weight of 20 kDa.

2014). In this context, fungal FAS has been engineered to
generate e.g., short chain fatty acids and related polyketides
(Gajewski et al., 2017b, 2017a).

Despite academic and biotechnological interest in FAS,
several mechanistic and regulatory aspects have remained
elusive. The metabolic load exerted upon a cell for the biosyn-
thesis of a single palmitic acid amounts to the energetic equiva-
lent of 122 ATP molecules (Nelson and Cox, 2012). The energy
consumption and central metabolic importance of FAS requires
a tight control of its activity, which is ascribed to transcriptional
control (Schweizer and Hofmann, 2004), through multiple layers
of ACC regulation (Wakil et al., 1983) and feedback inhibition by
palmitoyl- and stearoyl-CoA (Lust and Lynen, 1968). No protein
that directly regulates FAS activity has been described to date.

Equally, itis not known if stochastic ACP movement is coincident
with conformational changes of fungal FAS domes, or if acces-

sory factors are required, because FAS structures with ACPs in
defined functional intermediate states remain elusive. Addition-
ally, a functional unit within FAS is defined by spatial proximity
of catalytic domains residing on - and B-subunits in accordance
with fungal FAS architecture (Anselmi et al., 2010; Leibundgut
et al., 2007), but other possibilities cannot be excluded.
Here, we describe the discovery of a regulatory subunit of
yeast FAS, which we propose to term the FAS vy subunit. A
maximum of six y subunit copies bind to a single asBs FAS mole-
cule occupying all six reaction chambers, with each y subunit
simultaneously contacting a single a subunit and two adjacent
B subunits. y subunit binding stabilizes a rotated FAS conforma-
tion, which is accompanied by ACP domains rearranging from
KS domain positions to AT domain positions. The y subunit reg-
ulates FAS enzymatic activity in response to the abundance of its
co-substrate NADPH, induces hysteretic behavior of FAS
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turnover, and suppresses futile ER catalytic cycles. The y sub-
unit thus directly interacts with FAS, regulates its activity, and
influences its structure, including the ACP shuttle system.

RESULTS

Discovery of a Yeast Fatty Acid Synthase Regulatory
Subunit

To mechanistically interrogate structural determinants governing
iterative shuttling, we set out to establish a purification proced-
ure that would yield highly active, biochemically, and structurally
homogeneous FAS from the yeast S. cerevisiae. We adapted a
chromatography-free purification procedure to the FAS that
had previously yielded preparations of higher specific activity
for 20S and 26S proteasomes (Haselbach et al., 2017; Schrader
et al., 2016). This approach relies on fractionated PEG precipita-
tion and density gradient centrifugation as orthogonal purifica-
tion steps (Figure 1D) and allows for gentle, yet stringent,
purification at constant (low-) ionic strength (Figures 1D-1F).
During the entire purification process, FAS concentrations never
drop below 0.4 uM and we discovered a 20 kDa protein that
reproducibly co-purifies with FAS (Figure 1E). Tandem-MS of
tryptic digests identified this protein as Tmai17p (Table S1). We
cross-validated that Tma17p represents the co-purified 20 kDa
protein by generating a Atma17 knockout yeast strain and purify-
ing FAS. As shown in Figure 1F, when purified from the Atmai17
strain, the 20 kDa band is absent from purified FAS fractions,
corroborating the tandem-MS results. Thus, Tma17p co-purifies
with the FAS and appears to represent a putative hitherto un-
known subunit of yeast FAS.

Biochemical Characterization of the FAS-Tma17p
Interaction

An additional protein subunit of yeast FAS has not been described
in close to five decades of biochemical investigation. Tmai17p has
previously been described to be associated with the translational
machinery or involved in proteasome assembly (Fleischer et al.,
2006; Hanssum et al.,, 2014). However, SDS-PAGE and tan-
dem-mass spectrometry (MS) analyses indicate that neither the
ribosome nor the proteasome are present in stoichiometric
amounts in our FAS preparations, whereas Tma17p definitively
is (Figure 1E). Tma17p is widely conserved in yeasts (Figure S1A;
Data S1) and has been described to be upregulated under condi-
tions of cellular stress and function in the context of proteasome
assembly (Hanssum et al., 2014; Rousseau and Bertolotti, 2016).
However, we were unable to reproduce formerly described
viability defects of Atma17 yeast strains in response to stressors
in several genetic backgrounds (Figure S1B). On the other hand,
co-purification and co-sedimentation of Tma17p with FAS in the
40S region of gradients suggests a direct biochemical interaction,
and Tmai17p abundance in purified FAS fractions indicates that
earlier copy number estimates are incorrect (https://www.
yeastgenome.org) (Cherry et al., 2012).

Based on our results and widely contrasting earlier findings
(Fleischer et al., 2006; Hanssum et al., 2014; Rousseau and
Bertolotti, 2016), we chose to perform a series of control experi-
ments to establish that Tma17p indeed is a bona fide subunit
of yeast FAS. First, we investigated the stability of the Tma17p-
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FAS interaction in dependence of ionic strength. Purified FAS
was loaded onto density gradients containing either 50 mM
KCI, 150 mM KClI, or 250 mM KCl (Figure 2A). Co-purified, endog-
enous Tmal7p quantitatively dissociates from FAS at 250 mM
KCI, which results in the sedimentation of Tmal17p in top
fractions of density gradients, akin to recombinant Tmail7p
(rTmal7p) (Figure S1C). At 150 mM KClI, roughly half of co-puri-
fied Tmal17p dissociates, whereas at 50 mM KClI, the co-purified
Tma17p remains firmly associated to FAS and co-sediments in
the 40S region. Second, we asked if ATmal17p-FAS could be
reconstituted with rTma17p and if the stability of the reconsti-
tuted complex resembled that of the endogenous complex.
While the reconstituted complex is stable at 50 mM KCI, rTmal7p
dissociates quantitatively at 150 mM KCI (Figure 2B). We attribute
this difference to the lack of post-translational modification upon
expression in E. coli (Table S1). Third, we set out to quantify
the thermodynamics of Tmal17p-binding to FAS. ATma17p-
FAS was incubated with increasing amounts of recombinant,
fluorescently labeled Tmai17p, and complex formation was
analyzed by native gel electrophoresis, followed by quantification
of the FAS-bound Tma17p fluorescence. Binding of Tma17p to
FAS results in the shift of its mobility to a position, where it co-mi-
grates with FAS. When the experiment is performed at 1 uM FAS,
full saturation occurs at a 6-fold molar excess of fluorescent
Tma17p, indicating that 6 copies of Tma17p can simultaneously
bind to one FAS molecule. When the binding data were fit with a
sigmoidal binding model using the Hill equation, this experiment
revealed a positive cooperativity of Tma17p binding to FAS (Hill
coefficient of ny = 1.6 £ 0.1) and a dissociation constant of
Ko.s =3.1 £ 0.1 uM (Figure 2C). When the data were alternatively
fit with a quadratic equation, a Kp = 0.35 + 0.07 uM was obtained
(Figure S1D). Fourth, fluorescently labeled trypsin inhibitor, which
is both similar in size and charge, was unable to bind FAS under
the same conditions (Figure S1E), negating unspecific binding of
Tmal7p to FAS. We asked if the entire Tmal7p polypeptide
segment is essential for its association with FAS. Guided by sec-
ondary structure predictions (Figure S1F), we either singly
removed the N-terminal segment (1-24) or the C-terminal
segment (117-150). Both deletions were individually sufficient
to abolish binding of Tma17p to FAS (Figure 2D).

Taken together, these experiments indicate that Tmai7p is a
weakly associated, salt-labile, integral subunit of the yeast FAS.
It appears to have escaped identification as a FAS subunit due
to the relatively high salt conditions previously employed to purify
FAS and spontaneous dissociation of Tma17p based on its weak
affinity (Leibundgut et al., 2007; Lomakin et al., 2007). The
observed cooperativity of binding and the synergistic require-
ment of both N as well as C termini exclude non-specific associ-
ation of Tma17p with FAS. Henceforth, we will refer to Tmai17p as
the FAS vy subunit, to FAS devoid of the y subunit as Ay-FAS.

The FAS y Subunit Regulates the Activity in Response to
the Abundance of Its Co-substrate NADPH

To gather insights into the function of the y subunit, we analyzed
FAS steady-state kinetics both in its presence and absence and
measured the rates of FAS substrate turnover with respect to
varying concentrations of the substrates acetyl-CoA, malonyl-
CoA, and NADPH. This analysis revealed substrate-excess
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Figure 2. Tma17p Constitutes a Bona Fide y Subunit of Yeast FAS

(A) Tma17p is bound to FAS in a salt-labile manner. SDS-PAGE analysis of sucrose density gradient centrifugation of wild-type S. cerevisiae FAS at different ionic
strength conditions. At 50 mM KCl (left panel), Tma17p binds FAS and co-sediments in the 40S region of the gradient (lanes 14-17). At 150 mM KCI (middle panel),
Tma1l7p is partially dissociated (lanes 2-9 and 14-17), while at 250 mM KCI (right panel), Tma17p is completely dissociated from FAS and sediments in the top
fractions of the gradient akin to free Tma17p (lanes 1-7).

(B) SDS-PAGE analysis of sucrose density gradient centrifugation of reconstituted FAS/rTma17p complex at different ionic strength conditions. Recombinant
Tma17p is stably associated with FAS at 50 mM KCI but completely dissociates at 150 mM KClI (lanes 1-6 and 14-17).

(C) Reconstitution of the FAS/Tma17p complex. The top panel depicts a Coomassie-stained native gel, where the positions of ATma17p-FAS and Tma17p are
indicated. The middle panel shows the fluorescence of the FAS region to visualize FAS-bound Tma17p. The lower panel represents the quantitative analysis of the
fluorescence signal using the Hill equation (Equation 1 in the STAR Methods). Error bars represent SD.

(D) Reconstitution of the FAS/Tma17p complex using recombinant Tma17p with either an N-terminal (1-24) or C-terminal (117-150) deletion. Compared to
rTma17p shown in (C), the removal of N- or C-terminal segments leads to poor or no binding to FAS.

inhibition for both acetyl-CoA and malonyl-CoA, and a moderate
modulation of the maximum rate (Vnax), Substrate affinity
(Ko.52PP), cooperativity of substrate binding (Hill coefficient ny),
and substrate inhibition (K;) by the y subunit (Figures 3A and
3B). In contrast, the analysis of steady-state kinetics at different
NADPH concentrations revealed a direct impact of the y subunit
on NADPH binding and processing by FAS (Figures 3C-3F). With
Ay-FAS, steady-state conditions are established at once such
that the measured initial and steady-state rates are equal. In

contrast, FAS substrate turnover progress curves exhibit a
pronounced hysteretic behavior in the presence of the y subunit.
FAS displays a smaller activity (vo > 0) and undergoes a mono-
exponential activation phase to establish steady state with
a multi-fold enhanced activity (vss > v) before substrate deple-
tion sets in (Figures 3C, 3D, and S2). The apparent Michaelis
constant (Ko 52PP) for NADPH is lower in the case of Ay-FAS
and increased 3-fold in the presence of the y subunit both
for initial and steady-state rates (Figure 3E). This effect elicited
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by the y subunit is more pronounced at low NADPH concen-
trations and almost absent at higher concentrations, where
the initial rate nearly equals the steady-state rate (Figures 3C,
3D, and S2). Steady-state conditions are established after
~20 s, implying that a slow, large-scale conformational change
coincides with activation. Even the addition of high molar ex-
cesses of trypsin inhibitor as a control (Figure 3F) exerted no
such effect, highlighting vy subunit specificity. At high NADPH
concentrations (=100 pM), the y subunit enhances the activity
of FAS in comparison to Ay-FAS by ~25%, whereas at lower
NADPH concentrations, it slows the turnover rate of FAS almost
2-fold.
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the y subunit leads to a shift of the Ky5 and
increasing Vmax. Measurements under crowding
conditions indicate the specificity of the y subunit.
Error bars represent SD

(G) FAS futile cycle activity in the presence of
NADPH only (acetyl- and malonyl-CoA omitted). At
lower NADPH-concentrations, transfer of the
reducing equivalents from NADPH to oxygen via
the FMN cofactor is suppressed in presence of the
v subunit (red) compared to in its absence (blue).
Error bars represent SD.

We also observed NADPH to be consumed by FAS in the ER
domain even in the absence of acetyl-CoA and malonyl-CoA (Fig-
ure 3G), where a possible deleterious side reaction can occur: the
NADPH-dependent oxidation of oxygen by the FMN cofactor to
form reactive oxygen species including H,O, (Chaiyen et al.,
2012). We recognized that the y subunit retards NADPH turnover
in the absence of the substrates acetyl- and malonyl-CoA (Fig-
ure 3G). Therefore, the y subunit additionally enhances the pro-
ductivity of FAS by suppressing ER domain futile cycles.

Together, the kinetic data show that the y subunitimpacts FAS
enzymatic activity, in particular the reductase activities, such
that the NADPH-dependence dynamic range is broadened to
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Figure 4. High-Resolution Structure Determination of Yeast FAS in Two Major Conformations

(A) Overlay of B-subunits of the non-rotated (yellow) and rotated (blue) conformations obtained in initial cryo-EM structure determination stages. The rotated
conformation is attained by a swivel of each B-subunit by 15° with respect to the 3-fold symmetry axis and a compaction of the overall dimensions of FAS by 10 A.
This results in an inward shift of the AT domains and an outward movement of the MPT domains. The central 3-fold axis of the FAS molecule is indicated as

dashed lines in the top view.

(B) The ratio of FAS particle abundance adopting either non-rotated or rotated conformations of the endogenous FAS/y subunit complex is depicted.
(C) Analysis of particle abundance in the non-rotated or rotated conformation in response to increasing amounts of the y subunit.
(D) The ACP (top) and PPT (bottom) domain models with their corresponding 2mF,-DF, density from the Ay-FAS crystal structure are shown. In contrast to

previous structures, the whole phosphopantetheine prosthetic group attached to Ser

180is traceable in the density maps. The C-terminal segment of the a-subunit

comprising an a-helix (Ala'”#"-Ser'7®%) and the PPT domain (Asn'”"®-Lys'®¢) were also elusive in earlier structures.

(E) Cryo-EM structure of the FAS/y subunit complex calculated with imposed D3 symmetry at 2.8 Aresolution. Several sections within (a) DH, (b) AT, (c) ER, (d) KR,
and (e) KS domains (cyan) are displayed with their corresponding density (left panel). The shift in the AT and MPT domain-upon-domain rotation is shown, overlaid
with the densities corresponding to the rotated conformation as a mesh (right panel).

accommodate differences in cellular metabolism. The estimated
Ko.57PP of Ay-FAS for NADPH (17.7 uM) is significantly lower than
reported cellular concentrations of NADPH (50-150 pM) (Gan-
cedo and Gancedo, 1973; Polakis and Bartley, 1966), implying
that FAS activity, if left unregulated, would rapidly deplete
NADPH, jeopardizing cellular survival. The y subunit allows cells
to regulate FAS activity over an enhanced concentration regime
of NADPH, well within the physiological range.

The y Subunit Stabilizes a Rotated FAS Conformation

Having established that Tma17p constitutes an authentic, regu-
latory v subunit of FAS, we asked whether its binding impacts the
overall structure of FAS. We set out to solve the structure of FAS
co-purified with the -y subunit by cryoelectron microscopy (cryo-
EM). We recognized that two predominant FAS conformations

are imaged, either with a non-rotated or with a rotated dome
structure (Figure 4A). Both conformations are related to each
other by an ~15° twist with respect to the central 3-fold symme-
try axis at the top of the dome. This results in an inward shift of
the AT domain and an outward shift of the MPT domain. 40% sin-
gle particles adopted the non-rotated conformation, while 60%
single particles resided in the rotated one (Figure 4B). Could
the existence of one or both of these conformations correlate
with the v subunit? Considering the relatively weak affinity of
the v subunit to FAS, and the fact that cryo-EM grids were pre-
pared at a concentration of 0.2 uM FAS, we surmised that partial
v subunit dissociation might have occurred, eliciting conforma-
tional heterogeneity. By reconstituting Ay-FAS with increasing
amounts of the y subunit and counting particles in either the
non-rotated or rotated conformation on cryo-EM grids
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(Figure 4C), we found that the abundance of particles in the
rotated state correlates with the amount of vy subunit added.

With this information, we proceeded to determine high-resolu-
tion structures of FAS in both conformations. For the non-rotated
conformation, we initially grew crystals of Ay-FAS, which belong
to the primitive monoclinic space group P24 with unit cell con-
stants of a = 217.6 A, b = 347.6 A, ¢ = 265.3 A, and B = 107.9°
and contain a single Ay-FAS in the asymmetric unit and
diffracted X-rays to 2.9 A (Table S2). The structure revealed
excellent electron density throughout the molecule (Figures 4D
and S3A; Table S2). Analysis of the diffraction data with the
STARANISO server indicated mild anisotropy of 0.1-0.2 A along
the various unit cell directions. Anisotropic truncation of the data
improved refinement of the model, resulting in lower average
B-factors and Ryon/Riree Of 19.2%/21.1% (Figures S3B-S3D;
Table S2). This crystal structure in the non-rotated conformation,
where all functional domains of FAS are clearly resolved, is the
basis for all models of FAS described in this article. This is exem-
plified by the ability to clearly resolve the phosphopantetheine
prosthetic group attached to Ser180 of the ACP domain, as
well as the entire PPT domain (Figure 4D). We were also able to
obtain a Ay-FAS structure in the non-rotated conformation by
cryo-EM at global resolutions, estimated using the 0.143 Fourier
shell correlation (FSC) criterion of 2.9 A with applied
D3 symmetry, 3.0 A with applied C3 symmetry, and 3.3 Ain
asymmetric reconstructions (Figure S4; Table S2). This cryo-
EM dataset contained 92% single particles in the non-rotated
state and 8% in the rotated conformation, suggesting that there
is a dynamic equilibrium between non-rotated and rotated con-
formations and the latter is stabilized by the y subunit.

We then proceeded to determine the structure of the reconsti-
tuted FAS/y subunit complex. This dataset was essentially devoid
of particles inthe non-rotated conformation, corroborating that the
v subunit stabilizes the rotated FAS conformation. We were able to
reconstruct a cryo-EM structure in the rotated conformation at a
global resolution, estimated using the 0.143 FSC criterion of
2.8 Awith applied D3 symmetry, 2.9 A with applied C3 symmetry,
and3.2Ain asymmetric reconstructions (Figure S5; Table S2). The
quality of the cryo-EM map allowed the reliable modeling of the
rotated FAS conformation (Figure 4E). To ensure that the rotated
conformation was not spuriously stabilized by the dissociation of
the y subunit at the protein concentrations employed for cryo-
EM grid preparation, we also grew crystals of the reconstituted
FAS/y subunit complex at higher protein concentrations. We ob-
tained crystals of the FAS/y subunit complex, which belong to
the primitive monoclinic space group P24 with unit cell constants
of a=234.9A, b = 430.3A, ¢ = 422.6A, and B = 97°, that contain
two FAS molecules in the asymmetric unit and diffracted X-rays
to 4.6 A resolution (Table S2). The FAS/y subunit crystal structure
was solved by molecular replacement using the Ay-FAS crystal
structure described above, which allowed for the reliable modeling
of a Ca-trace and confirmed that the rotated conformation is
indeed attained in the presence of the y subunit (Figure S6). The
similarity among models derived from cryo-EM and X-ray crystal-
lography for both dome conformations enables a conclusive inter-
pretation of the structural impact of y subunit binding (Table S2).
Notably, these findings are not flawed by different crystal contacts
orimposed symmetry in calculation of the cryo-EM structures and
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allow for cross-validation of the structural data. In summary,
the high-resolution structures of FAS in non-rotated and rotated
conformations suggest that the two states are linked in a sponta-
neous thermodynamically controlled manner, and binding of the
v subunit to the FAS stabilizes the rotated conformation.

Rearrangement of the Dynamic ACP Domain in the
Rotated FAS Dome and Architecture of the y Subunit
The large-scale rearrangements to attain the rotated conforma-
tion of the FAS dome (Figure 4A) appear to be predominantly
driven by rigid-body motions rather than conformational changes
within the enzymatic domains (Table S2). Structures of both con-
formations at high-resolution allow us to address the questions:
(1) do conformational changes in the FAS dome impact the
ACP domain, and (2) does the y subunit architecture when bound
to FAS, explain how it modulates FAS activity.

In the non-rotated Ay-FAS structure, all ACP domains are
found in close proximity to the KS site (Figure 5A, left panel),
as previously reported (Johansson et al., 2008; Leibundgut
et al., 2007; Lomakin et al., 2007). In contrast, all ACP domains
are found in proximity to the AT domain in the rotated, y subunit
bound FAS structure (Figures 5A and S6). This ACP domain
position is unambiguously evidenced by positive difference
density- and omit-maps of the rotated FAS crystal structure (Fig-
ure S6), as well as in the cryo-EM density (Figure 5A). Thus, the vy
subunit stabilized rotated dome structure appears to coincide
with ACP domain relocation to AT domains. This rotated to
non-rotated conformational transition of the dome most likely
is the basis for the hysteretic behavior of FAS (Figures 3C-3F
and S2). Is the rotated conformation a consequence of the y sub-
unit directly stabilizing this ACP domain position? Favoring this
hypothesis, we found 12 additional cryo-EM density elements
within rotated FAS domes (Figure 5B) that were cross-validated
in difference density- and omit-maps of the rotated FAS crystal
structure (Figure S6), and cannot be explained by FAS a- or
B-subunits. The densities displayed sufficient detail that allowed
for modeling the y subunit sequence in a visible coiled-coil
segment (Figures 5C and S6). The density element juxtaposed
to the ER domain could be modeled by the N-terminal portion
of the y subunit, whereas its C-terminal 18 residues could be
modeled into density contacting the KR active site (Figure 5C).
This structural model of the y subunit was independently vali-
dated by crosslinking mass spectrometry (XL-MS) (Figures 5D
and S7) using three cross-linkers: BS3, SDA, and EDC-NHS
(with spacer arms lengths of 11.4 A,3.9A and 0A, respectively).
In addition, XL-MS revealed a spatial proximity of the central part
of the y subunit (residues 60-75) to the MPT domain and an as-
sociation of residues 110-130 of the y subunit with the KR
domain. These segments of the y subunit are flexible and poorly
resolved in the cryo-EM density. Moreover, the cryo-EM vy sub-
unit model fits the difference density of the rotated FAS crystal
structure and strongly resembles ab initio models generated by
Robetta (Kim et al., 2004) (data not shown).

Closer inspection of the FAS-bound y subunit architecture re-
vealed that the N-terminal part occludes the ER active site,
whereas the C-terminal 18 residues of the y subunit occupy
the KR domain active site (Figure 5E). This (1) rationalizes why
NADPH binding and processing is modulated by the y subunit
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Figure 5. Structural Differences Elicited in FAS upon Binding of the y Subunit
(A) Rotation of the B-subunit correlates with altered ACP positions. In the top panel, the non-rotated conformation is shown, where ACP domains (yellow) are
found adjacent to the KS. In the rotated conformation depicted in the bottom panel, the ACP domains are found in proximity to the AT.
(B) In the FAS/~y subunit complex, an additional coiled-coil density is detected adjacent to ACP domains, as well as a small density fragment at the KR domains.
These extra densities were found to correspond to the bound vy subunit.
(C) The structural model of the y subunit is shown. Cryo-EM density for most of the side chains can be visualized. No density for residues 60-76 and 114-132 is
found, most likely owing to structural flexibility of these segments.
(D) XI-MS was used to validate the -y subunit structural model. The composite of crosslinks obtained using BS3, SDA, and EDC-NHS is mapped onto the FAS/y
subunit complex structure. The N-terminal region of the y subunit is positioned at the ER domain, a central part in proximity to the MPT domain, whereas the
C-terminal part appears to contact the KR and KS domains.
(E) The N-terminal part of the y subunit occludes the ER active site, where acidic residues (Glu14, Glu15) protrude into the NADPH binding cleft (). The 18
C-terminal residues of the y subunit occupy the NADPH binding cleft in the KR active site (ii).
(F) In the non-rotated state, the ER and AT domain distance is shorter in comparison to the rotated state. An attempt to dock the ACP in the AT domain position
with FAS dome in the non-rotated conformation (left), suggests that two ER-domain helices (salmon) constrict the space for ACP binding to the AT domain. The
rotated FAS conformation enables spatial accommodation of the ACP at the AT domain and the y subunit coiled-coil acts as a wedge in between AT and ER
domains to stabilize the rotated conformation.
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Figure 6. Energy Landscape Analysis of FAS Conformations
Induced by the y Subunit

(A) The x axis of all plots corresponds to the linear factor of the first eigenimage,
which describes FAS compaction. The y axis corresponds to the linear factor of
the second eigenimage, which describes FAS dome rotation. The Ay-FAS
adopts a non-rotated conformation (top left), addition of a 2-fold molar excess of
the y subunit (top right), leads to the population of both rotated and non-rotated
conformations. Further increase in y subunit concentration to a 6- (bottom left)
and 12-fold (bottom right) molar excess results exclusively in rotated FAS.

(B) Overlay of the energy landscape plots of the FAS in the presence of
increasing concentrations of the y subunit. The energy landscapes indicate
that y subunit binding results in the formation of an energy barrier at 4°C to
attain the non-rotated conformation, with a smooth transition and some
additional conformational intermediates. The dotted black line indicates the
transition path to the rotated FAS conformation.

(Figures 3E and 3F), (2) provides a structural basis for the
observed hysteretic behavior (Figures 3C-3F and S2), and (3) ad-
dresses how the formation of off-pathway reactive oxygen spe-
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cies is suppressed at the ER domain (Figure 3G). ACP binding to
the AT domain upon dome rotation is not restrained in the rotated
conformation, where it is additionally stabilized by y subunit
interactions with the ER and MPT domains and additional
electrostatic v subunit/ACP interaction (Figure S6). Whereas in
the non-rotated state, two helices of the ER domain—encom-
passing B-subunit residues 687-698 and 709-723, respec-
tively—constrict the space required for the ACP to bind the AT
domain (Figure 5F). Rearrangement of these helices, both in
the presence and absence of the y subunit, facilitates ACP bind-
ing to the AT domain. Together, the y subunit spans a distance of
~120 A inside the cavity of the FAS dome, structurally modulates
access of NADPH to the processing reductase domains, and
drives a wedge (the coiled-coil segment) into the AT-ER interface
to stabilize the rotated conformation and ACP domain binding to
AT domains.

Conformational and Energetic Impact of v Subunit
Binding

The structural findings described in Figures 4 and 5 indicate that
v subunit binding impacts the FAS conformational landscape.
Non-rotated and rotated states appear to co-exist in a thermo-
dynamic, interchanging equilibrium with the y subunit stabilizing
the rotated conformation, which is the basis of the observed
kinetic hysteresis (Figure 3). To further characterize and interro-
gate the thermodynamics of these functionally important v sub-
unit-induced conformational changes, we applied our method of
3D classification combined with energy landscape calculation
(Haselbach et al., 2017, 2018). We collected individual cryo-
EM datasets of Ay-FAS, reconstituted with increasing concen-
trations of the y subunit, and refined 3D structures of each indi-
vidual dataset with a mask corresponding to the central wheel.
To assess the conformational space occupied by the dome in
each individual dataset, we then performed a 3D-classification
without alignment in batches of 6,500 particles each, relying
exclusively on the previously obtained alignment parameters of
the central wheel. The individual 3D classes were refined to
ensure their validity and subsequently subjected to 3D principal
component analysis (PCA). The first eigenvector of this 3D PCA
describes the compaction of the dome, whereas the second
eigenvector signifies the notable rotation of the dome (Video
S1). The number of particles in each 3D class was then used to
map an energy landscape by performing a Boltzmann interpola-
tion in a coordinate system that is defined by the first and second
eigenvectors of the PCA. The energy landscapes, shown in Fig-
ure 6, for each individual dataset recapitulate the observation
that binding of the y subunit and ensuing formation of the
FAS/y subunit complex results in the adoption of the rotated
conformation. Moreover, the energy landscapes indicate that y
subunit binding generates an energy barrier at 4°C (where the
experiments were performed), restricting kinetic access to
the non-rotated conformation. The energy difference between
the two FAS conformations was found to be in the range of
~2 kgT, which suggests that thermal energy is sufficient to drive
conformational changes in FAS. The stabilization of the rotated
conformation by the energy barrier formed by the y subunit
most likely serves to open a kinetic window for the regulation
of the enzymatic activity of FAS.
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Figure 7. The Regulatory y Subunit Impacts FAS Conformation Equilibria and Directly Regulates FAS Activity

(A) The transition from a non-rotated to a rotated FAS is coupled to the internal ACP movement from the central wheel toward the top of the dome. In the FAS/y
subunit complex, the y subunit shifts the equilibrium to additionally stabilize the rotated state.

(B) Binding of the y subunit allows tailoring FAS activity in response to changes in the metabolic state of the cell. In the absence of the y subunit, FAS activity would
remain high irrespective of cellular NADPH concentrations. The y subunit is a decelerator at small, limiting NADPH concentrations, but an accelerator at non-

limiting conditions. Thus, the v subunit directly regulates FAS activity.

(C) Total distances of ACP movement within the FAS dome in the initial fatty acid synthetic cycle. ACP shuttling within the functional unit defined by -y subunit
binding (left) would offer an advantage due to a shorter DH-ER distance in comparison to ACP shuttling models proposed earlier (right). The total distance traveled

for one cycle in both models is shown at the bottom.

DISCUSSION

In this article, we report the discovery of a weakly associated,
regulatory y subunit of the yeast FAS, which has escaped detec-
tion in over 50 years of research on this essential multi-enzyme
complex. We have applied a series of biochemical and enzymo-
logical approaches and further determined high-resolution
structures, by both X-ray crystallography and single particle
cryo-EM, to elucidate the function of the regulatory y subunit
within the context of FAS. The y subunit, a 17-kDa protein,
co-sediments with FAS in the 40S region and reproducibly
co-purifies. Further, six molecules of the y subunit can bind
per FAS molecule in a cooperative manner with an affinity in
the low uM range. At this time, however, whether in vivo FAS is
always saturated by six molecules of the y subunit, or FAS spe-
cies exist, where sub-saturating amounts of y subunit are bound,
remains to be seen.

Functionally, the y subunit modulates NADPH binding and
processing indicated by kinetic hysteresis (Figures 3C-3F). At
low NADPH concentrations, the initial rate of substrate turnover
by FAS is reduced by the y subunit by a factor of two. A slow

exponential activation phase follows to establish true steady-
state turnover conditions, which most likely depend on
large-scale conformational rearrangements. At high NADPH
concentrations, the y subunit increases substrate turnover by
25% (Figures 3D-F), simultaneously, it suppresses futile cycling
of NADPH at the ER domain caused by the NADPH-dependent
formation of off-pathway reactive oxygen species (Figure 3G).
This is achieved by the vy subunit N-terminal 24 residues
occluding and kinetically retarding NADPH binding and reduc-
tion by the FMN cofactor at the ER domain active site (Figure 5E,
panel i). Considering the Kq 5" of Ay-FAS, which lies well below
reported cellular concentration ranges of NADPH (Gancedo and
Gancedo, 1973; Polakis and Bartley, 1966), the control exerted
by the y subunit serves to keep a potential over-consumption
of NADPH by FAS in check (Figure 7B). While the y subunit-
induced modulation of NADPH binding and processing by ki-
netic hysteresis is most apparent (Figures 3C-3F and S2), we
note that the y subunit also exerts changes in the Kg5°° of
both acetyl- and malonyl-CoA (Figure 3A and 3B), which may
also minimize the risk of FAS depleting cellular pools of these
two co-substrates (Shpilka et al., 2015).
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Structurally, Ay-FAS was found to mainly adopt a non-rotated
conformation, where the ACP domain is located at the KS
domain (Figure 7A). However, in the presence of the y subunit,
the FAS predominantly adopts the rotated conformation,
where the FAS B-subunits swivel around the 3-fold symmetry
axis, and the ACP domains are localized to the AT domain. The
v subunit thus directly regulates FAS activity by forming a com-
plex and modulating its conformational landscape.

A Weakly, yet Specifically Associated, Regulatory y
Subunit of Yeast FAS

In this study, we adapted a non-chromatographic strategy to the
yeast FAS, which allows for the high-yield purification of large
macromolecular assemblies at a constant ionic strength and
pH (Haselbach et al., 2017; Schrader et al., 2016). FAS purified
by this method was quantitatively saturated by the y subunit (Fig-
ure 1E). This protein has been shown to be associated with the
translational machinery (Fleischer et al., 2006), to act as an as-
sembly chaperone for the regulatory particle of the proteasome
during stress (Hanssum et al., 2014), and in our own experi-
ments, to be a regulator of FAS activity. How are these seemingly
unrelated functions exerted by the same protein? The associa-
tion of the y subunit with the translation machinery seems to
be a mischaracterization. In their original paper, Fleischer et al.
(2006) clearly show that FAS co-sediments with the y subunit,
and the purification of TAP-tagged y subunit most strongly en-
riches FAS o- and B-subunits but is devoid of any translational
machinery component. The proposed function as an assembly
chaperone for the proteasome regulatory particle (Hanssum
etal., 2014) is fully contradictory to the sedimentation of this pro-
tein in the 40S range and is further questioned by the lack of a
direct demonstration of biochemical interaction in yeast cells
or extracts. However, we note that stimulation of v subunit and
proteasome assembly machinery expression levels genetically
interact (Costanzo et al., 2010) and are controlled by similar
signaling pathways (Rousseau and Bertolotti, 2016).

In contrast to the incongruent functions attributed to this
protein by earlier studies, our results have revealed that the y
subunit is a bona fide regulator of FAS, based on the following
evidence: (1) the sedimentation of the y subunit in the 40S range
and reproducible co-purification with FAS from cell extracts (Fig-
ures 1E and 2A); (2) the saturation of a single FAS molecule by
maximally six y subunit molecules (Figure 2C); (3) the sigmoidal
association behavior and positive cooperativity of y subunit
binding to FAS (Figures 2C and S1D); (4) both N and C termini
of the vy subunit are indispensable for its association with FAS
(Figure 2D); (5) during purification, FAS is incubated with ma-
lonyl-CoA and NADPH to chase intermediates to products
(STAR Methods), arguing that the y subunit does not dissociate
under turnover conditions (Figure 1E); (6) the modulation of
NADPH turnover by the vy subunit (Figures 3D-3F) and the sup-
pression of futile cycling of NADPH at the ER domain (Figure 3G);
(7) trypsin inhibitor, a protein with a similar molecular weight and
charge, is neither able to bind (Figure S1E) nor modulate FAS ac-
tivity (Figure 3F); (8) six specific spatial sites corresponding to the
vy subunit were resolved within the FAS dome (Figure 5B); (9)
three different crosslinkers used for XL-MS validate the specific
interaction of the y subunit (Figure 5D); and (10) the vy subunit in-
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fluences the conformational energy landscape of the FAS dome
(Figures 4B, 4C, and 6) and the ACP domain position (Figure 5A).

The overwhelming experimental evidence gathered in this
study rules out the possibility of a non-specific interaction be-
tween the agBe FAS and the vy subunit. It is likely that the y subunit
has escaped detection due to the relatively high-salt conditions
commonly employed to purify FAS; the immobilization on solid
supports and spontaneous dissociation if FAS concentrations
in the uM range are not maintained throughout purification. We
infer that the application of chromatography-free purification
as described herein for FAS, previously for proteasomes (Hasel-
bach et al., 2017; Schrader et al., 2016) and the pyruvate dehy-
drogenase complex (Prajapati et al., 2019), which maintain high
concentrations, will uncover regulatory subunits of many other
large cellular macromolecular complexes.

Structural and Functional Implications of v Subunit
Binding to FAS

The structure of yeast FAS was described in the late 2000s by
multiple groups (Gipson et al., 2010; Johansson et al., 2008;
Leibundgut et al., 2007; Lomakin et al., 2007). Based on domain
organization and proximity of all fatty acid synthetic domains,
three functional compartments within the FAS dome were
defined (Jenni et al., 2007). ACP domains within each compart-
ment were suggested to shuttle growing fatty acid chains in a
stochastic manner between different active sites in a clockwise
circular trajectory (Figure 7C) (Jenni et al., 2007). This view was
supported by MD simulations: although each ACP domain can
reach all active sites within the FAS dome, they mainly remain
within their functional compartment, governed by spatial prox-
imity of active sites along with volume exclusion effects of neigh-
boring ACP domains and their linker segments (Anselmi et al.,
2010). However, this ACP shuttling mechanism assumed that
the FAS dome remains static, undergoes no structural transi-
tions, and is derived without knowledge about the y subunit.
The findings described herein suggest that existing ACP-
domain-mediated substrate shutting models need to be
revisited.

The FAS dome can adopt at least two distinct conformational
states. The non-rotated conformation, where the ACP domain is
located at the KS active site, would functionally represent either
acetyl group transfer to the KS active site or the condensation of
the malonyl group with the KS-bound acetyl group. The second,
rotated conformation, attained by the movement of AT away
from ER domains accommodates the ACP domain at the AT
active site and represents the acetyl group transfer step from
AT to ACP. An immediate consequence of these two conforma-
tions corresponding to different catalytic states is to postulate
that every FAS functional state is associated with a distinctive,
yet unforeseen, conformation. This hypothesis awaits structural
studies of stalled intermediates for validation.

One can infer y subunit function from its binding mode to FAS,
where it spans the inner cavity of the FAS dome, contacts three
active sites (ER, MPT, and KR) and shuts down every catalytic
step except the initial acetylation. The multiple domains contacted
by the y subunit could represent a functional unit within each FAS
dome. If one considers all y subunit contacts, every fatty acid syn-
thetic active site is present but in a different spatial organization



than previously suggested. In the functional compartment delin-
eated by the y subunit, a counter-clockwise movement of the
ACP domain among processing active sites would be predicted
(Figure 7C). Does this new functional spatial arrangement offer
any advantage? In the functional compartment outlined by the y
subunit, most ACP-shuttle paths are similar, the distance between
the ER-DH domains, however, is notably shortened by 25 A. Addi-
tionally, the y subunit occupies a volume corresponding to 33% of
the FAS dome, eliciting molecular crowding, which has been re-
ported to drive ACP-shuttling (Anselmi et al., 2010). Therefore, v
subunit binding should yield a different, yet partially more efficient
functional cycle, which agrees well with the observed higher
activity (Figures 3D-3F).

Biotechnological Implications

Aside from the mechanistic implications arising from the discov-
ery of a FAS «y subunit, some clear biotechnological implications
arise. First, the natural y subunit structural scaffold can be ex-
ploited to introduce known natural and designed enzymatic
modules into domes, such as desaturases, absent in wild-type
FAS. The replacement of the flexible y subunit linker segment
between the C terminus of the coiled-coil and the KR-binding
part appears predestined for this. Similar strategies have been
pursued (Gajewski et al., 2017b, 2017a; Xu et al., 2016), but
the strategy proposed here might be advantageous, because
the y subunit is engineered and might reduce adverse viability ef-
fects arising from direct FAS engineering. Second, mutation,
segmentation, and affinity maturation may allow the manipula-
tion and exploitation of the y subunit MPT-, ER-, and KR-binding
segments as isolated peptides into generalized fatty acid syn-
thase inhibitors (Figure S7). Such compounds will be beneficial
for the treatment of i.e., tuberculosis, obesity, and cancer, where
FAS is already a validated target.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

E. coli BL21 Star (DE3) competent cells Thermo Scientific Cat#C601003
Chemicals, Peptides, and Recombinant Proteins

NHS-Rhodamine Thermo Scientific Cat#46406
Nicotinamide adenine dinucleotide phosphate (NADPH) Roth Cat#AE14.1
Bovine serum albumin Sigma-Aldrich Cat#A7030
Malonyl-CoA Sigma-Aldrich Cat#M4263
Acetyl-CoA Sigma-Aldrich Cat#A2181
Trypsin inhibitor Sigma-Aldrich Cat#T9128
Benzamidine chloride Sigma-Aldrich Cat#B6506
Octyl glucose neopentyl glycol (OGNG) Anatrace Cat#NG311
Lauryl maltose neopentyl glycol (LMNG) Anatrace Cat#NG310
PolyEthyleneGlycol400 Sigma-Aldrich Cat#81172
PolyEthyleneGlycol3350 Sigma-Aldrich Cat#88276
DTT Roth Cat#6908.2
TCEP UBPbio Cat#P1020
Bradford dye reagent Biorad Cat#5000205
DNase Jena Bioscience Cat#EN-173
Lyzozyme Thermo Scientific Cat#89833
BS3 Thermo Scientific Cat#21580
EDC Thermo Scientific Cat#22980
NHS-Diazirine (SDA) Thermo Scientific Cat#26167
Sulfo-NHS Thermo Scientific Cat#24520
Ethylene glycol Sigma-Aldrich Cat#293237
Deposited Data

Crystallographic structure of yeast fatty acid synthase Leibundgut et al., 2007 PDB: 2UV8
Cerulenin-inhibited type | yeast Fatty Acid Synthase Gipson et al., 2010 EMDB: 1623

Cryo-EM structure of Ay-FAS complex This study PDB: 6QL6, EMDB: 4578
Cryo-EM structure of FAS/y subunit complex This study PDB: 6QL5, EMDB: 4577
Crystallographic structure of Ay-FAS complex This study PDB: 6QL9
Crystallographic structure of FAS/y subunit complex This study PDB: 6QL7

Experimental Models: Organisms/Strains

S. cerevisiae BJ2168 (MATa prc1-407 prb1-1122 pep4-3 ATCC ATCC208277

leu2 trp1 ura3-52 gal2)

S. cerevisiae tmal17A BJ2168 (MATa prc1-407 prb1-1122 This study N/A

pep4-3 leu2 trp1 ura3-52 gal2 tma17::kanMX)

S. cerevisiae BY4714 (MATa his3A1 leu2A0 met15A0 ura3A0) ATCC ATCC201388

S. cerevisiae BY4714 (MATa his3A1 leu2A0 met15A0 This study N/A

ura3A0 tmail7::kanMX)

Oligonucleotides

A1-25 forward 5'-GAATTGATCCCTTCACCATGATGGAAC Sigma-Aldrich N/A
TGGCACAGATTAA-3

A1-25 reverse 5'-CCAGTTCCATATCGCTCATCATGGTGA Sigma-Aldrich N/A

AGGGATCAATT-3'

A117-150 forward 5'-TTATCGTAAAACCGGTCATGG Sigma-Aldrich N/A

CAAATAAAAACATGAAGTTGAAGCCAAAGAC-3
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A117-150 reverse 5'-GTCTTTGGCTTCAACTTCA Sigma-Aldrich N/A
TGTTTTTATTTGCCATGACCGGTTTTACGATAA-3

TMA17_del forward 5'-TTATAAAACATAAAGCAA Sigma-Aldrich N/A
ATCAAAACATAATAACTACTACAAGTAACATAC

GACGGATCCCCGGGTTAATTAAC-3’

TMA17_del reverse 5'-ACAAAGAGTATGACGTG Sigma-Aldrich N/A
AAAATGATGCGCAGTAAAACTAAATCCCGTCT

CGATATCATCGATGAATTCGAGCTCGTTT-3'

Recombinant DNA

Plasmid: Tma17p-His6-TEV-tag in pET151/D-TOPO® vector  This study N/A
Plasmid: A1-25Tma17p-His6-TEV-tag in pET151/ This study N/A
D-TOPO® vector

Plasmid: A118-150Tma17p-His6-TEV-tag in pET151/ This study N/A

D-TOPO® vector
pTF267 (pFABa-TEV-6xGly-12xHis-KanMX)

Gift from Tim Formosa

Addgene plasmid # 44093; RRID:Addgene_44093

Software and Algorithms

CCP4
COW suite beta

COOT v.0.8.9

Gautomatch
Gctf
FIJI/Imaged
MOLREP
JLigand
Sigmaplot

PyMOL
Refmac5

RELION 3.0
Staraniso Server

UCSF Chimera

UCSF Chimera X

XDS Program Package
pLink v.1.23

JPred4

T-Coffee

Winn et al., 2011

H.S. and Luettich et al.,
unpublished data

Emsley and Cowtan, 2004

Dr. Kai Zhang

Zhang, 2016

NIH

Vagin and Teplyakov, 2010
Lebedev et al., 2012
Systat Software Inc.

Schrédinger, 2015
Murshudov et al., 2011

Zivanov et al., 2018
Tickle et al., 2018

Pettersen et al., 2004
Goddard et al., 2018
Kabsch, 2010

Yang et al., 2012
Drozdetskiy et al., 2015
Notredame et al., 2000

http://www.ccp4.ac.uk
https://www.cow-em.de

https://www2.mrclmb.cam.ac.uk/personal/
pemsley/coot

https://www.mrc-Imb.cam.ac.uk/kzhang
https://www.mrc-Imb.cam.ac.uk/kzhang
https://imagej.nih.gov/ij/
http://www.ccp4.ac.uk/html/molrep.html
http://www.ysbl.york.ac.uk/mxstat/JLigand

https://systatsoftware.com/products/
sigmaplot/

https://pymol.org/2/

https://www2.mrc-Imb.cam.ac.uk/groups/
murshudov/content/refmac/refmac.html

https://www2.mrc-Imb.cam.ac.uk/relion

http://staraniso.globalphasing.org/cgibin/
staraniso.cgi

http://www.cgl.ucsf.edu/chimera
https://www.cgl.ucsf.edu/chimerax/
http://xds.mpimf-heidelberg.mpg.de
http://pfind.ict.ac.cn/software/pLink/
http://www.compbio.dundee.ac.uk/jpred/
http://tcoffee.crg.cat/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Ashwin
Chari (ashwin.chari@mpibpc.mpg.de). All unique/stable reagents generated in this study are available from the Lead Contact with a

completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast culture

All yeast manipulations were performed as per standard protocols (Gietz, 2014). Saccharomyces cerevisiae strains BJ2168 (MATa
prc1-407 prb1-1122 pep4-3 leu2 trp1 ura3-52 gal2) and tma17A BJ2168 (MATa prc1-407 prb1-1122 pep4-3 leu2 trp1 ura3-52
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gal2 tma17::kanMX) were used in this study. tma17A (Ay) BJ2168 cells were generated with the help of plasmid pTF267, pTF267
(pFABa-TEV-6xGly-12xHis-KanMX) was a gift from Tim Formosa (Addgene plasmid # 44093; http://addgene.org/44093; RRID:
Addgene_44093). Cells were grown in YPD medium in an Infors 250 | fermenter and harvested in late log phase at an ODggg Of
9-10. Subsequently, cells were washed with cold ddH,O and then resuspended in 2X purification buffer (0.05 M BisTris pH 6.5,
0.05 M potassium acetate, 0.01 M magnesium acetate) containing 20% (w/v) sucrose such that 2 mL of buffer was added per
gram of cells. Cells were then flash frozen as beads in liquid nitrogen and stored at —80°C until further use.

Expression of the y subunit

The y subunit was cloned as a synthetic gene into a pET151/D-TOPO® plasmid (Geneart, Regensburg) and expressed with an
N-terminal Hisg-TEV-tag in BL21 Star (DE3) competent cells. The transformed cells were grown at 37°C with 180 rpm shaking until
an ODgq of 0.5 was reached, the temperature was then decreased to 18°C and expression of the y subunit was induced 1 h after
reduction of the temperature by the addition of 0.5 mM IPTG. y subunit was expressed for 16 h at 18°C and 180 rpm. The cells were
harvested by centrifugation (5000 x g, 15 minutes, 4°C), washed with cold ddH,O and stored at —80°C.

METHOD DETAILS

Purification of yeast FAS

The purification strategy was adapted from protocols developed earlier for the purification of human 20S and 26S proteasomes
(Haselbach et al., 2017; Schrader et al., 2016). We started with 700 g of frozen cell beads (corresponding to 233 g wet cell weight
of yeast), which were ground in liquid nitrogen to a fine powder using a Retsch ZM200 mill. The ground powder was thawed in a water
bath at 37°C, supplemented with purification buffer (0.05 M BisTris pH 6.5, 0.05 M potassium acetate, 0.01 M magnesium acetate) to
0.33x concentration from a 10x stock, followed by the addition of sucrose powder to 20% (w/v), benzamidine chloride to 10 mM and
PMSF to 1 mM (from a 100 mM stock solution in propanol). The extract was incubated at 25°C on a magnetic stirrer for 30 minutes
followed by centrifugation at 30,000 x g for 30 minutes at 4°C. After centrifugation, the supernatant was filtered through 3 layers each
of cheese cloth and miracloth to obtain a S30 yeast cell extract. To this, Octyl Glucose Neopentyl Glycol (OGNG) (from a 10% (w/v)
stock) was added to a final concentration of 0.2% (v/v) and the extract was incubated at 30°C for 30 minutes followed by centrifu-
gation at 100,000 x g for 1 hour at 4°C. The supernatant was again filtered through 3 layers each of cheese cloth and miracloth. The
thus clarified S100 extract was subjected to differential precipitation with PolyEthyleneGlycol400 (PEG; number signifies the mean
molecular weight of the PEG polymer). PEG400 was added to a concentration of 20% (v/v) to the yeast S100 extract while stirring at
18°C and incubated for 30 minutes. Precipitated proteins were removed by centrifugation at 30,000 x g for 30 minutes at 4°C. The
supernatant was then precipitated by raising the concentration of PEG400 to 30% (v/v) as described above. The precipitate of this
step, which contains FAS, was recovered by centrifugation at 30,000 x g for 30 minutes at 4°C and resuspended in purification buffer
containing 2% (w/v) sucrose, 10 mM DTT and 0.01% (w/v) Lauryl Maltose Neopentyl Glycol (LMNG) in an orbital shaker at 18°C. The
resuspended material was loaded on 10%-45% (w/v) linear sucrose gradients in purification buffer containing 10 mM DTT, which
were centrifuged at 100,000 x g for 16 h at 4°C. Gradients were harvested in 1 mL fractions. SDS-PAGE was utilized to identify frac-
tions containing FAS. Selected fractions were pooled and precipitated by the addition of 40% (v/v) PEG400. After centrifugation
(30,000 x g, 30 minutes), the supernatant was removed and the precipitate was resuspended in purification buffer containing 2%
(w/v) sucrose, 10 mM DTT and 0.01% (w/v) LMNG. The resuspended material was loaded on linear 10%-45% (w/v) sucrose
gradients in purification buffer containing 10 mM DTT, and centrifuged at 79,000 x g for 16 h at 4°C. Fractions containing FAS
were identified by SDS-PAGE, pooled and cycled in the presence of 50 uM Malonyl CoA and 100 uM of NADPH for 30 min at
18°C. The protein was precipitated and concentrated by the addition of 40% (v/v) PEG400 and resuspended in purification buffer
containing 2% (w/v) sucrose, 10 mM DTT and 0.01% (w/v) LMNG. Another round of linear 10%-45% (w/v) sucrose gradients in pu-
rification buffer containing 10 mM DTT, centrifuged at 60,000 x g for 16 h at 4°C and subsequent re-precipitation of FAS fractions with
40% (v/v) PEG400 was required to yield a final purified protein preparation at ~15 mg/ml in purification buffer containing 10% sucrose
(w/v), 10 mM DTT and 0.01% (w/v) LMNG. Protein concentrations were determined by Bradford assay (BioRad, Munich, Germany)
using a BSA standard. This procedure reproducibly resulted in a yield of 15-20 mg purified yeast FAS.

Purification of the y subunit

For vy subunit purification, 7 g of cells were resuspended in 42 mL of resuspension buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl,
10 mM imidazole, 0.2 mM PMSF, 10 mM benzamidine). After addition of 2 U/ml DNase and 0.33 mg/ml lysozyme, the suspension
was incubated for 30 min at 4°C. Cells were lysed by passing twice through an Avestin Emulsiflex C3 fluidizer (Avestin, Mannheim,
Germany) at 15,000 PSI. The obtained lysate was centrifuged (30 min, 50,000 g, 4°C) and filtered through Minisart NML Plus cellu-
lose-acetate syringe filters with a 0.45 um pore size (Sartorius). The cleared lysate was loaded onto a Ni-NTA gravity column (5 mL
bed volume) pre-equilibrated with 20 column volumes (CV) of resuspension buffer. The column was washed with 20 CV resuspension
buffer, followed by 20 CV of washing buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 20 mM imidazole, 0.2 mM PMSF, 10 mM ben-
zamidine). For elution of the bound y subunit, 5 CV of elution buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 500 mM imidazole, 0.2 mM
PMSF, 10 mM benzamidine) were applied and collected in 2 mL fractions. The elution fractions were analyzed with SDS-PAGE, the
v subunit containing fractions pooled, and the protein concentration photometrically determined (MW = 17.4 kDa, €59 = 5960).
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To cleave the N-terminal Hisg-TEV-tag, TEV-protease was added to the protein in an enzyme-to-protein ratio of 1:50 followed by dial-
ysis overnight in 5 | dialysis buffer (20 mM Tris-HCI pH 8.0, 5 mM B-ME, 100 mM NaCl) at 4°C. The digested y subunit was applied to a
Ni-NTA column, which was pre-equlilibrated with 20 CV dialysis buffer. The flow-through was collected in 2 mL fractions and single
fractions were analyzed by SDS-PAGE. Fractions containing pure y subunit were pooled and concentrated to a final concentration of
20 mg/ml using a 10 kDa MWCO Amicon Ultra 15 centrifugal concentrator (Millipore). The final protein was aliquoted, frozen in liquid
nitrogen and stored at —80°C.

For further kinetic and structural investigations, purified y subunit was thawed and dialysed into the kinetic assay buffer (0.05 M
BisTris pH 6.5, 0.05 M potassium acetate, 0.5 MM magnesium acetate) at 4°C using 6-8 kDa MWCO Dialyzer Mini D-Tubes (Millipore).

Salt concentration-dependent dissociation of the y subunit

FAS/~ subunit complex (0.52 mg) was loaded on linear 10%-45% (w/v) sucrose gradients in purification buffer (0.05 M BisTris pH 6.5,
0.05 M potassium acetate, 0.01 M magnesium acetate) containing 10mM DTT supplemented with either 0, 100, or 200 mM KCI. The
gradients were centrifuged at 120,000 x g for 16h at 4°C and were harvested in 200 pl fractions. All fractions of the gradients at the
three salt concentrations were then analyzed by SDS-PAGE.

Binding affinity of the y subunit to FAS

To determine the binding affinity of the v subunit to the FAS, y subunit was fluorescently labeled with NHS-Rhodamine (Thermo
Fisher Scientific) according to the manufacturer’s protocol, followed by passage through a desalting column to remove excess un-
reacted dye. Different concentrations of NHS-Rhodamine labeled -y subunit were added to 40 pmol Ay-FAS in assay buffer (0.05 M
BisTris pH 6.5, 0.05 M potassium acetate, 0.5 mM magnesium acetate) in a total reaction volume of 40 ul. The mix was incubated at
30°C for 30 minutes. 10 pl of each reaction mix were then loaded onto a 1.5% (w/v) agarose gel (in 0.5X TBE, 2 mM MgCl,) and run at
75 mA for 2 hours at 4°C. The fluorescence signal from the FAS/y subunit complex was imaged using an Amersham imager 600 (GE
Healthcare) and quantified using the Imaged software (Schindelin et al., 2012). Each data point was measured in triplicate and the
mean and SD were calculated. The dissociation constant of the y subunit was calculated using the Hill Equation 1, or, alternatively,
using a quadratic Equation 2 described below.

AFmax [y — subunit]”

F(y — subunit) = Fy +
(r )= Fot Ty = subunit]

1)

AFmax

F(y — subunit) =F, 3. [FAS]'

([y — subunit] + [FAS] + Kg*) — \/([y — subunit] + [FAS] + K&P)? — 4-[y — subunit] - [FAS] D

Where F, denotes the background fluorescence, DFax the maximal amplitude of the fluorescent signal, Ko s or Kp®°P the dissociation
constant of the binding equilibrium between FAS and the y subunit, n the Hill coefficient as a measure of cooperativity (n = 1, no co-
operativity; n > 1, positive cooperativity, n < 1, negative cooperativity), [y subunit] the applied concentration of v subunit and [FAS] the
concentration of FAS at a per active-compartment basis, that is 6 compartments per FAS molecule.

Steady-state kinetics

Steady-state kinetics of FAS-catalyzed substrate turnover in the presence or absence of the y subunit were analyzed spectropho-
tometrically (V-750 UV-Visible spectrophotometer, Jasco Instruments) in a continuous assay monitoring NADPH consumption at
340 nm and 30°C. Substrate concentration dependence was studied for all three native FAS substrates: acetyl-CoA, malonyl-
CoA and NADPH. Prior to use, commercially purchased acetyl-CoA and malonyl-CoA substrates were further purified by
Reversed-Phase (RP)-HPLC (AKTA BASIC 900, GE Healthcare Life Sciences) using a preparative column (Machery-Nagel Nucleo-
dur® 100-5-C18, 250 mm x 21 mm, 5 um, flow rate: 10 ml/min). UV-absorption was simultaneously detected at 215 nm, 260 nm and
280 nm, and elution was performed using a linear gradient from 100% A (water + 0.1% (v/v) TFA) to 100% B (79.9% acetonitrile (v/v) +
20% ddH20 + 0.1% (v/v) TFA). The peak fractions of the corresponding substrates were collected, lyophilized and stored at —80°C
until use. Substrate concentrations were determined spectrophotometrically using the known molar extinction coefficients (NADPH:
€340 = 6220 M7 cm™; acetyl-CoA: ep50 = 15400 M~'cm™™; malonyl-CoA: 560 = 15400 M'em™).

In order to analyze the concentration dependence for the substrate acetyl-CoA, the concentrations of malonyl-CoA (120 uM), and
NADPH (320 uM) were kept constant and saturating, and acetyl-CoA concentrations were varied between 0-300 pM. In the case of
malonyl-CoA, acetyl-CoA (180 uM) and NADPH (320 uM) were kept constant and saturating, and malonyl-CoA concentrations were
varied between 0-240 uM. For the analysis of the concentration dependence of NADPH, acetyl-CoA (180 puM) and malonyl-CoA
(120 uM) were kept constant and saturating, and NADPH concentrations were varied between 0-320 uM. All kinetic measurements
were performed after pre-incubation of 0.254 uM FAS either with or without 127 uM of the y subunit for a total of 30 min at 30°C. The
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final assay mixture contained 12.7 nM FAS in complex with or without 6.35 uM vy subunit, either 0.2 mg/ml trypsin inhibitor for non-
crowding conditions or 20 mg/ml trypsin inhibitor as crowding conditions, kinetic assay buffer (0.05 M BisTris pH 6.5, 0.05 M potas-
sium acetate, 0.5 mM magnesium acetate), the substrate concentrations indicated above, and 10% (w/v) sucrose. The reaction mix
was incubated for 1 min at 30°C and the enzymatic reaction was then started by the addition of the substrate malonyl-CoA. Each data
point was measured in triplicate and the mean and SD were calculated. In case of substrates acetyl-CoA and malonyl-CoA, we esti-
mated the initial rates by linear regression of the absorbance changes at 340 nm between 0 and 5 s. In the case of co-substrate
NADPH, we used Equation 3 that accounts for a time-dependent transition from a less active to a more active species:

Ass — A
%MOZM—Aﬁi%%}ggh_wd%wﬂ @

obs

Here, Ag denotes the starting absorbance, Ass the absorbance change at steady-state (steady-state rate), Ag the absorbance change
at t = 0 (initial rate), and kops the first-order rate constant of activation. In order to reliably define the period of FAS activation, we
routinely calculated the 15t derivative for all progress curves allowing us to differentiate FAS activation from the onset of substrate
depletion (see Figure S3).

Thus obtained initial and steady-state rates were analyzed using either the Hill equation (NADPH, Equation 4), or modified Hill equa-
tions taking into account substrate-excess inhibition as observed for acetyl-CoA and malonyl-CoA (Equations 5 and 6) (Muller
et al., 2015):

VoSV
") = kg + (7 :
_ Vmax : [S}n ) (KI)
v(S) = K35 Ki+[S]"- (Ki+[S]) ©
) Ve ST (e iS) ®

~ Kps-Ki+[S]: (Ki +[S])

where Ky s denotes the substrate dissociation equilibrium constant, n the Hill coefficient (n = 1, no cooperativity; n > 1, positive
cooperativity, n < 1, negative cooperativity), K; the inhibitory substrate dissociation equilibrium constant, and o as a measure of
the relative reactivity retained in the ternary complex of FAS with substrate and inhibitory substrate. In Equation 5, o is assumed
to be zero, while it is non-zero in Equation 6.

Preparative reconstitution of the FAS/y subunit complex

For reconstitution of the FAS/y subunit complex, a 100-fold excess of the y subunit was added to 4 uM Ay-FAS and incubated at
30°C for 30 min. The protein was then loaded on 10%-45% (w/v) sucrose gradients in purification buffer containing 10 mM DTT,
and then centrifuged at 64,000 x g for 16 h at 4°C to remove unbound excess y subunit. Gradients were harvested in 400 pl fractions.
We then used SDS-PAGE to identify fractions containing FAS/y subunit complex. Selected fractions were pooled and precipitated by
the addition of 40% (v/v) PEG400. After centrifugation (30,000 x g, 30 minutes), the supernatant was removed and the precipitate was
resuspended in purification buffer containing 10% (w/v) sucrose, 10 mM DTT and 0.01% (w/v) LMNG to a final concentration of
10 mg/ml.

Cryo-EM sample preparation

EM grids were prepared using both Ay-FAS and FAS/y subunit complexes at a protein concentration of 0.5 mg/ml. The particles were
adsorbed to a continuous carbon film attached to a Quantifoil (3,5/1) (Quantifoil, Jena, Germany) grid for 2 min at 4°C. The grid was
then transferred to a Vitrobot Mark IV (Thermofisher, Germany) plunge-freezer, where it was vitrified after blotting for 8 s at 4°C and
100% humidity.

For y subunit titration experiments, 1.5 mg/ml Ay-FAS solution was used and recombinant, purified y subunit was titrated in 0-, 2-,
6-, 24-, and 96-fold excess. The protein mix was incubated at 30°C for 30 min and then kept at 4°C. 4 ul of each sample was applied to
freshly glow-discharged Quantifoil R1.2/1.3 holey carbon grids (Quantifoil Micro Tools, Jena, Germany) followed by plunge freezing
as described above.

Cryo-EM data collection and image processing

Data were acquired on a Titan Krios (Thermo Fisher Scientific) operating at 300 kV using either a Falcon 3 (integrated mode) camera or
a K2 summit (counting mode) camera (Gatan, Inc.). Data collection and processing statistics are summarized in Table S2. The
acquired movies were motion corrected and dose weighted using Motioncor2 (Zheng et al., 2017) with all the frames split into
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5X5 patches. The aligned frames were used to perform per micrograph CTF estimation using GCTF (Zhang, 2016). Particle selection
was done using Gautomatch (from Dr. K. Zhang). All subsequent image processing steps were performed with Relion 3.0 (Scheres,
2012; Zivanov et al., 2018), unless otherwise specified (Figures S5 and S6). The extracted particles were subjected to 3 rounds of
reference free 2D classification to remove bad/empty images. The remaining particles were refined with a mask around the central
wheel using D3 symmetry. EMDB-1623 (Gipson et al., 2010) was low pass filtered to 30 A and used as reference for all 3D refinement
and 3D classification procedures. The refined particles were then classified without alignment, with a mask around the two domes.
The conformation of the dome was consistent among the different classes obtained, however, it was well resolved only in one class
which consisted of ~50%-60% of the particles used for classification. The particles from the 3D class displaying the best resolution
were selected and used for one more round of 3D refinement and classification as performed before. The data further classified into
3 main classes. The particles belonging to their respective classes were refined resulting in structures with resolutions of 3.5 Aor
below. Even though all the 3 classes were at comparable resolutions, their local resolutions, especially in the dome region of the
molecule were very different. Only one class displayed high resolution details throughout the whole molecule. Finally, the particles
belonging to this class were selected and used to perform CTF refinement (and particle polishing for the FAS/y subunit complex
dataset) followed by 3D refinement. The final refinement step was performed by applying different symmetries (C1-, C3- or D3 sym-
metry) to check for any structural artifacts that might be introduced due to the applied symmetry.

Energy Landscapes

The data were processed as described above until the first classification step. For this analysis, batches of ~100,000 particles were
classified into 15 classes. The particles belonging to each class were selected and refined again without applying any masks. The
refined 3D volumes from each dataset (a total of 165) were then used for the conformational landscape analysis as previously
described (Haselbach et al., 2017, 2018). The 3D volumes were first aligned in USCF Chimera (Pettersen et al., 2004) with the central
wheel of the molecule as the reference point. Further steps were performed in the COW software suite (https://www.cow-em.de). The
3D volumes were normalized and filtered to 20 A. We then performed 3D Principle Component Analysis (PCA). The eigenvectors of
the PCA hierarchically describe the major variance within the dataset and can be interpreted as the major modes of motion within the
FAS molecules. The resultant eigenvectors representing the variance in the data were then used to describe each 3D volume using
the following equation:

Xi = X+ 2}’:13,'),'6,‘ (7)

, Wwhere every volume X; is described as a linear combination of the average volume X and the eigenvectors e; multiplied with the linear
factor a;;. The first (e1)and second (ez)eigenvectors, which depict motions of compaction and rotation of the FAS dome, respec-
tively, were selected for calculating conformational landscapes. The particle number belonging to each class was used to calculate
their free energies as multiples of the Boltzmann factor (kgT):

AAG = kgT In (;i) (8)

0

where T is the absolute temperature, kg the Boltzmann constant, p; is the number of particles in state i and pg is the number of par-
ticles in the most populated state. The linear factors of e and e, calculated as per Equation 7 contributing to the input 3D volumes
represent the x and y coordinates of the landscapes whereas the z axis represents the free energies of each class.

FAS Crystallization and Crystal Stabilization

Ay-FAS in purification buffer containing 10% sucrose (w/v), 10 mM DTT and 0.01% (w/v) LMNG was crystallized at 7 mg/ml by mixing
1 ul protein + 1 pl crystallization buffer A (0.1 M HEPES pH 7.0, 0.3 M sodium-malonate pH 7.0, 11.5%-13% (w/v) PEG3350) in Crys-
talgen hanging drop diffusion plates (Jena Bioscience, Germany) over a 750 pl reservoir of crystallization buffer A. For the FAS/y sub-
unit complex, a 7-fold molar excess of y subunit (in the buffer used for Ay-FAS) was added to a 7 mg/ml protein solution of Ay-FAS
and incubated for 30 minutes at 30°C. The reconstituted complex was then crystallized by mixing 1 pl protein + 1 pl crystallization
buffer B (0.1 M MES pH 6.2, 0.15-0.3 M ammonium sulfate, 7%-8% (w/v) PEG 8000) in Chryschem sitting drop vapor diffusion plates
(Hampton Research, Aliso Viejo, USA) over a 500 pl reservoir of crystallization buffer B. The crystals took 3-7 days to grow at 18°C and
were usually around 150 x 200 x 200 pm in size.

The crystals obtained were transferred to 4°C by gradually decreasing the temperature in a linear manner over 48 h using a
Rumed® E100 incubator (Rubarth Apparate GmbH, Germany). Stabilization and dehydration procedures were performed as
following: 1) The drop was unsealed and 2 pl of the reservoir solution was added to the drop. Then 2 ul of crystal stabilization buffer
A (0.1 M HEPES pH 7.0, 0.3 M sodium malonate pH 7.0, 15% (w/v) PEG3350) for Ay-FAS and stabilization buffer B (0.1 M MES pH
6.2, 0.3 M ammonium sulfate, 12% (w/v) PEG 8000) for the FAS/y subunit complex was added. 2) 2 ul of the respective crystal sta-
bilization buffer containing 5% (v/v) ethylene glycol was added followed by removal of 2 ul of solution from the drop. Then 2 ul of the
respective crystal stabilization buffer containing 5% (v/v) ethylene glycol was again added to the drop. This procedure was repeated
with the respective crystal stabilization buffer containing 10% and then 20% (v/v) ethylene glycol. 3) The reservoir solution was
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exchanged for the respective crystal stabilization buffer containing 25% (v/v) ethylene glycol and the drop was resealed. The crystals
were then allowed to equilibrate by vapor diffusion in excess of 16 h.

X-ray Diffraction Data collection

The crystals were harvested in Spine Litholoops (Molecular Dimensions, Suffolk, UK or Jena Bioscience, Jena, Germany) mounted on
magnetic pins, and vitrified by plunge-cooling in liquid nitrogen. The data were collected on EMBL beamline P14 at the PETRA IlI
storage ring (DESY, Hamburg, Germany) using a MDS3 vertical-spindle diffractometer (EMBL and Arinax, Moirans, France) and an
EIGER 16M detector (Dectris, Baden, Switzerland). A white beam refractive lens transfocator and slits were used to obtain homoge-
neous X-ray beams which matched the crystal dimensions (Schrader et al., 2016). Diffraction data were scaled and integrated with
the XDS program package (Kabsch, 2010).

X-ray structure determination

Initial phases for Ay-FAS were determined by molecular replacement performed with MOLREP (Vagin and Teplyakov, 2010) using the
Saccharomyces cerevisiae FAS structure (PDB ID: 2UV8) (Leibundgut et al., 2007). The model was built and optimized by several
rounds of interactive manual model building in Coot (Emsley and Cowtan, 2004) and refinement in Refmac5 (Murshudov et al.,
2011). Finally, TLS refinement was performed, where each TLS domain was defined by individual enzymatic domains. The obtained
structure displays excellent stereochemistry with 19.7 % / 21.8% (Rwor/Riree) (T2ble S2). Analysis of the diffraction data with the
STARANISO server indicated mild anisotropy. This suggested anisotropic scaling and truncation of the data should allow for better
refinement of the model. This was indeed the case and resulted in a final model with lower average B-factors and 19.2 % /21.1 %
(Rwork/Rfree; Table 82)

The refined Ay-FAS crystal structure was used to determine the initial phases by molecular replacement with MOLREP (Vagin and
Teplyakov, 2010) for the FAS/y subunit complex diffraction data. The obtained density map was found to correlate better with the
FAS/y subunit complex model (as determined by cryo-EM) rather than the Ay-FAS structure. Therefore, we used the model of
o and B subunits from the FAS/y subunit complex cryo-EM model in initial refinement of the X-ray data. Notably, the ACP domain
and the y subunit were removed from the structure prior to refinement to avoid introducing a phase bias. After several rounds of rigid
body refinement in Refmac5 (Murshudov et al., 2011), difference densities corresponding to the ACP domain and vy subunit next to
the AT and ER domain, respectively could be easily identified. The missing domains were then placed into their respective densities
followed by additional rounds of refinement using Coot (Emsley and Cowtan, 2004) and Refmac5 (Murshudov et al., 2011). Owing to
the resolution of the FAS/y subunit complex structure, we have chosen to deposit the structure as a poly-Ala trace only.

Cryo-EM Model building

The crystallographic Ay-FAS model was used as the initial model for both the Ay-FAS and FAS/y subunit complex structures deter-
mined by cryo-EM. It was docked into the EM densities as a rigid body using UCSF Chimera (Pettersen et al., 2004). An additional
round of rigid body refinement was then performed in Refmac5 (Murshudov et al., 2011). The model then underwent several rounds of
manual modeling in Coot (Emsley and Cowtan, 2004) and refinement in Refmac5 (Murshudov et al., 2011).

Models for the y subunit were generated by interactive modeling based on side-chain densities in Coot (Emsley and Cowtan, 2004)
and cross-validated models generated based on sequence homology using the Robetta prediction server (Kim et al., 2004). The
model was additionally cross-validated using the cross-linking data. There were two unstructured regions (60-76, 114-132) of this
protein that could not be confidently modeled.

For the final refinement and validation of the models, we used the maps reconstructed using D3 symmetry as they had the best
resolution. Fourier shell correlation (FSC) between the refined model and the map was calculated (FSCg,n). The model was also
refined using the first unfiltered half-map. This model was then compared to the first half map (FSC,,or) as well as to the second
half-map (FSCyee) to check for signs of overfitting. All figures were made using Pymol (Schrodinger, 2015), Chimera (Pettersen
et al., 2004) and ChimeraX (Goddard et al., 2018).

Phosphorylation analysis of the y subunit using Mass Spectrometry

Phosphorylated peptides were enriched following the EasyPhos (Humphrey et al., 2015) method with changes. In brief, peptides
were resuspended in 1050 pL of 228 mM KClI, 3.9 mM KH2PO4, 38% ACN (v/v) and 4.5% TFA (v/v). For phosphopeptide enrichment,
peptides were incubated with TiO2 beads for 20 min at 40°C at a beads-to-protein ratio of 10:1. Beads were washed three times with
60% ACN/1% TFA. Elution was performed twice with 40% ACN/3.75% NH4OH (v/v) on empty spin columns (Harvard Apparatus).
Subsequently, the pH of the eluate was adjusted to 2 by adding TFA, dried and desalted by using C18 spin columns (Harvard
apparatus).

Phosphorylated peptides were measured on a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific). MS1 resolution was
set to 120,000, AGC target to 1 x 10%, maximum IT to 50 ms. The 30 most abundant precursor ions were fragmented using HCD with
an NCE of 30%. MS2 scans were acquired with a resolution of 30,000, an AGC target of 5 x 10° and a maximum IT of 128 ms.
Dynamic exclusion was set to 45 s. The liquid chromatography gradient was similar to the one used for the cross-linked peptides
but adapted to a 90 min method, starting with 10% B.
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Raw files were analyzed by MaxQuant (v. 1.6.0.1) (Cox and Mann, 2008) with default settings and phosphorylation as variable
modification on serines, threonines and tyrosines. Protein sequences of the FAS y subunit were taken from UniProt and used as data-
base. All phosphorylation sites that were identified for the y subunit had a localization probability higher than 0.94.

Crosslinking Mass Spectrometry

We analyzed the purified FAS/y subunit complex by crosslinking mass spectrometry. The protein complex was incubated with 1 mM
of BS3 crosslinker (from a 100mM stock in DMSO) for 30 min at 30°C. The reaction was quenched with 100 mM Tris-HCI pH 8.0 (from
a1 M stock). Proteins were reduced and alkylated with 10 mM dithiothreitol and 40 mM iodoacetamide, respectively. In the presence
of 1 M urea, proteins were digested by trypsin in an enzyme-to-protein ratio of 1:50 at 37°C overnight. Peptides were acidified with
trifluoroacetic acid (TFA) added to a final concentration of 0.5% (v/v), desalted on MicroSpin Colums (Harvard Apparatus) following
the manufacturer’s instructions, and vacuum dried. Peptides were resuspended in 50 pL of 30% acetonitrile/0.1% (v/v) TFA before
enriching of cross-linked species by peptide size exclusion (SuperdexPeptide 3.2/300 column, GE Healthcare). Fractions of 50 pL
were collected and those that eluted first and contain the cross-linked peptide pairs were analyzed by LC-MS/MS.

Cross-linked peptides of the first replicate were measured in technical duplicates on an Orbitrap Fusion Lumos Tribrid Mass Spec-
trometer coupled to a Dionex UltiMate 3000 UHPLC system (both Thermo Fisher Scientific) equipped with an in-house-packed C1g
column (ReproSil-Pur 120 C18-AQ, 1.9 um pore size, 75 um inner diameter, 30 cm length, Dr. Maisch GmbH). Samples were sepa-
rated by applying the following gradient: mobile phase A consisted of 0.1% formic acid (v/v), mobile phase B of 80% acetonitrile/
0.08% formic acid (v/v). The gradient started at 5% B, increasing to 12, 15 or 20% B within 3 min (according to fraction), followed
by a continuous increase to 48% B within 45 min, then keeping B constant at 90% for 8 min. After each run the column was again
equilibrated to 5% B for 2 min. The flow rate was set to 300 nL/min. MS1 survey scans were acquired in the orbitrap (OT) with a res-
olution of 120,000, an injection time (IT) of 60 ms and an automatic gain control (AGC) target of 5 x 10°. Dynamic exclusion (DE) was
set to 10 s and only charge states between 3 and 8 were considered for fragmentation. MS2 spectra were acquired in the OT of
the 20 most abundant precursor ions, resolution 30,000, IT 120 ms and AGC target 5 x 10% Fragmentation was enforced by
higher-energy collisional dissociation (HCD) at 30% normalized collision energy (NCE). The second replicate was treated with the
following changes: we used a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific), at MS1 the IT was set to 50 ms and
the AGC target to 1 x 10°. At MS2, the IT was set to 128 ms and the AGC target to 1 x 10°. DE covered 30 ms. Here, the
30 most abundant precursor ions were considered for fragmentation.

ProteomeDiscoverer 1.4 (Thermo Fisher Scientific) was used for converting.raw files into .mgf format (signal-to-noise ratio 1.5,
1000-10000 Da precursor mass). The generated .mgf files were subjected to pLink v. 1.23 (Yang et al., 2012) to identify cross-linked
peptides. Here, default settings were applied with carbamidomethylation of cysteines as a fixed and oxidation of methionines as a
variable modification, the FDR was set to 0.01. Spectra of inter-cross-links between FAS and the y subunit within the first replicate
were evaluated manually. For the second replicate, a score cut-off of 3 (-log4o transformation of the original pLink score) was applied
and only cross-links supported by more than one cross-linked peptide spectrum match (CSMs) were considered.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each data point to determine the binding affinity of the y subunit and for the enzyme kinetics measurements in this paper were
measured in triplicate. For binding affinity measurements, the fluorescence of FAS-bound -y subunit measured in agarose gels using
an Amersham imager 600 and quantified using the ImageJ software (Schindelin et al., 2012). No data points were omitted. The mean
and SD for n = 3 measurements per data point were calculated. In the case of enzyme kinetics triplicate measurements were indi-
vidually used to determine the initial rates by linear regression of the absorbance changes using Sigmaplot (Systat Software Inc.), the
mean and SD for n = 3 initial rates obtained in this manner at each data point were then calculated. No data points were omitted. The
actual triplicate measurements to determine enzyme hysteresis are shown for one datapoint in Figure S2.

DATA AND CODE AVAILABILITY
The COW software is currently in an open beta test phase and can be downloaded from https://www.cow-em.de upon registration.

The coordinates for the determined structures are deposited in the Protein Data Bank (PDB accession codes 6QL5, 6QL6, 6QL7
and 6QL9). EM structures are deposited with the EMDB (accession codes 4577, 4578).
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Figure S1. y Subunit Is Conserved in Fungi and Specifically Interacts with FAS, Related to Figures 1 and 2

(A) Phylogenetic tree of S. cerevisiae FAS y subunit homologs shown in the multiple sequence alignment in A). The phylogenetic tree was generated using
“phylogeny.fr” webservice (Dereeper et al., 2008). Numbers at the branches indicate their bootstrap support values, whereas the scale bar represents the number
of amino acid substitutions per site.

(B) Cells of the indicated genotype were spotted in 6-fold dilution and grown at the indicated temperature.

(C) Sedimentation behavior of isolated, recombinant y subunit. SDS-PAGE analysis of sucrose density gradient fractions of recombinant y subunit alone. The
recombinant y subunit protein is present in top fractions of the gradient and its sedimentation behavior is distinctly different from when it is bound to FAS in the
40S range. The dissociation of y subunit from FAS at higher ionic strength (Figures 2A and 2B) leads to the same sedimentation behavior as that of isolated y
subunit shown here.

(D) Quantitative analysis of the fluorescence signal shown in Figure 2C fit with the quadratic Equation 2 (STAR Methods). The Ky of the v subunit using such a
model was 0.35 + 0.07 pM. While the molar ratios employed in this binding experiment justify the use of a quadratic equation, note that a sigmoidal binding
behavior, which is clearly visible in the raw data is not recapitulated by the quadratic equation. Nevertheless, fitting the data with both the Hill Equation 1 (STAR
Methods) and the quadratic Equation 2 (STAR Methods) justify the conclusion that the v subunit has a dissociation constant, which lies in the low micromolar
range. Error bars represent SD.

(E) Negative control for the reconstitution of FAS with y subunit. Ay-FAS was titrated with fluorescently labeled trypsin inhibitor (a protein with a similar molecular
weight and charge as the y subunit). The top shows a fluorescence scan of the gel where FAS migrates to estimate binding to FAS, whereas the bottom depicts a
Coomassie-stained native gel of the FAS region. No binding to FAS was observed, indicating that the Rhodamine dye alone does not promote binding to FAS and
that the binding of the vy subunit is specific.

(F) Schematic representation of recombinant y subunit constructs based on secondary structure predictions with a deletion of its N-terminal segment from
residue 1 to 25 (AN vy subunit) or the C-terminal segment from residue 117 t0150 (AC y subunit) indicated.
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Figure S2. Hysteresis in FAS Turnover in the Presence of the y Subunit, Related to Figure 3

Top panel: Shown are original data in triplicate of FAS turnover in the presence of the y subunit at 20 uM NADPH (left) as well as the respective first derivatives

(right) to determine pre-steady-state, steady-state and activation phases.
Middle panel: Quality of data fitting as indicated by the overlay of raw data

(black line, left) with the fit (red line, left) obtained by the equation depicted in the right.
Bottom panel: Shown are original data in triplicate of FAS turnover in the absence of the y subunit at 20 uM NADPH (left) as well as the respective first derivatives

(right). Note that in this case no hysteresis is observed as indicated by the first derivative.
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Figure S3. X-Ray Crystal Structure of Ay-FAS, Related to Figure 4 and STAR Methods

(A) X-ray crystal structure of Ay-FAS at 2.9 A resolution. Several excerpts within the respective enzymatic domains displayed in ochre are utilized to show the
quality of the final 2mF,-DF, electron density maps contoured at: (@) DH domain 1.5 o, (b) AT domain 1.5 o, (c) ER domain 1.5 o, (d) KR domain 2.0 c and (e) KS
domain 2.0 c.

(B) Analysis of the Ay-FAS X-ray dataset for anisotropic diffraction using the STARANISO server. Diffraction intensity plots along the three crystallographic axes.
Note the strongest diffraction is along the a*-axis (2.8 A), followed by the c*-axis (3.0 A) and the weakest diffraction is along the b*-axis (3.1 A). Since the crystal is
nearly isometric in all three dimensions, this mild anisotropy is likely to represent the difference in unit cell numbers along the three crystallographic axes.

(C) B-factor distribution of main chain atoms of the refined Ay-FAS model against data spherically truncated at 2.9 A (left) and anisotropically truncated as
indicated in (A) (right). A distinct drop in mean B-factors is visible upon anisotropic truncation of the data.

(D) B-factor distribution of main chain atoms of the Ay-FAS model against data spherically truncated at 2.9 A (left) and anisotropically truncated as indicated in (A)
(right) after TLS refinement. TLS groups corresponded to individual enzymatic domains of the a- and B- subunits, respectively.
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Figure S4. Scheme for Cryo-EM Data Processing for Ay-FAS, Related to Figure 4 and STAR Methods

(A) The scheme depicts the different image processing steps performed.

(1) Motion-corrected and dose weighted micrographs were used for particle selection.

(2) Selected, individual particles were classified in 2D for 3 rounds, where particles belonging to bad classes (resulting from bad optical properties or low signal-to-
noise) were removed after each step.

(3) The selected particles were then used for 3D refinement using D3 symmetry with the published cryo-EM structure of Saccharomyces cerevisiae FAS (EMDB —
1623) as a reference. During the 3D refinement, a mask was placed around the central wheel to focus the refinement around the most stable part of the protein.
(4) The alignment parameter of the particles from the previous step were used for classifying the particles into 15 classes. For classification, only the dome of the
FAS was considered to sort out the major movements of this molecule.

(5) Particles from the best 3D class were selected followed by another round of 3D refinement and classification as described above.

(6) Particles from classes with resolutions below 4 A after 3D classification were refined again.

(7) CTF refinement of particles belonging to the class with the most uniform resolution was performed followed by a final 3D refinement by applying different
symmetries (C1-, C3- and D3 symmetry). The final 3D maps obtained had an overall resolution of 2.9 A (D3 symmetry), 3.0 A (C3 symmetry) and 3.3 A (o3
symmetry).

(B) Local resolution map of the Ay-FAS structure refined with different symmetries (C1-, C3-, or D3-symmetry). Each part of the density is colored according to the
local resolution as specified in the color bar. The resolution range depicted is from 2.5 A (blue) to 4.5 A (red). The majority of the structure with D3 symmetry has
local resolution varying from 2.5 Ato35A.

(C) Fourier shell correlation (FSC) for the Ay-FAS structures with different symmetric refinements (left) and FSCgym (black), FSCyork (gray), as well as FSCree (red)
curves for validation of the model refined against the structure calculated with D3 symmetry (right) are shown.



A 4593 micr hs FAS i I
"
Particle selection in Gautomatch
(856940 particles)

\

2D Classification for removin
bad images
(4X coarsed data)

Repeat 3 times’

3 Select particles belonging
3D refinement with D3 symmetry (2X coarsed data) to good class averages
< (642703 particles)

Mask around the central wheel

EMDB-1623 filtered
to 30 A used
as the reference
3D Classification without alignment

Mask around the two dome’s

£3-
g8

1.6% 1.7% 0.4% 6.0% h 49.3"/3:' 1.3% 1.5% 18.3%
1.7% 1.9% 5.9% 1.5% l 2.4% 1.7% 4.6%
5

3D refinement and 3D classification as described above (uncoarsed data)

6

3D refinement of classes

\ |

3.3 A (24%) 3.2 A (35%)

3.5 A (17%)

A L L 220
Show | luti - h h h 85l Class with the least resolution
ow large resolution variation throughout the molecule ————— variations
110,597 Particles o CTF refinement \ ?
28A (D3 symmetry) =X Particle polishing
B Local resolution C 1o —sz oy
——C1 symmetry
D3 symmetry C3 symmetry C1 symmetry
2 w0,
2.9
0.143 SZANNZEA
0.0 T
0.0 0.2 0.4
Resolution
101 For D3 symmetry ——FSC,,,
FSC,,
—FsC,.
o 3A
@
wos
“00 0.2 4
Resolution

(legend on next page)



Figure S5. Scheme for Cryo-EM Data Processing for FAS/y Subunit Complex, Related to Figures 4 and 5 and STAR Methods

(A) The scheme depicts the different image processing steps performed. The processing pipeline was identical to the one used for Ay-FAS complex. For this
dataset, after CTF refinement, particle polishing was performed in Relion for the particles used in the final 3D refinement step. The final 3D maps obtained for this
complex had an overall resolution of 2.9 A (D3 symmetry), 3.0 A (C3 symmetry) and 3.3 A (C1 symmetry).

(B) Local resolution map of the FAS/y subunit complex structure refined with different symmetries (C1-, C3-, or D3-symmetry). Each part of the density is colored
according to the local resolution as specified in the color bar. The resolution range depicted is from 2.5 A (blue)to 4.5 A (red). The majority of the structure with D3
symmetry has local resolution varying from 2.5 Ato35A.

(C) Fourier shell correlation (FSC) for the FAS/y subunit complex structures with different symmetric refinements (left) and FSCgq,m (black), FSCyor (gray), as well
as FSCree (red) curves for validation of the model refined against the structure calculated with D3 symmetry (right) are shown.
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Figure S6. Crystallographic Structure of the Reconstituted FAS/y Subunit Complex and Comparison of ACP Interactions at the AT and KS
Domain, Related to Figures 4 and 5 and STAR Methods

(A) X-ray crystal structure of the FAS/y subunit complex at 4.6 A resolution. (a) Electron density of the entire FAS/y subunit complex as an envelope colored in
blue. Also depicted are top (b) and side view (c) of the Ca-trace models with their corresponding 2mF,-DF electron densities contoured at 1.5 o.

(legend continued on next page)



(B) Difference density and omit maps for the location of ACP domains and vy subunits in the crystallographic FAS/y subunit complex structure.

(i) Shown is the initial positive mF,-DF, difference density (green) contoured at 3 ¢ obtained, when only o and B subunit models are used for refinement of the 4.6 A
FAS/vy subunit complex crystallographic data. Densities corresponding to a-helical segments of ACP domain and y subunit were observed next to the AT and ER
domains, respectively. Their positions are identical to the ACP and y subunit densities in the FAS/y subunit complex cryo-EM structure.

(i) ACP domain-omit mF,-DF. map is shown contoured at 3 o to verify the correct modeling of this domain in the FAS/y subunit complex.

(iii) A vy subunit omit mF,-DF; map is shown contoured at 3 ¢ to verify the correct modeling of this domain in the FAS/y subunit complex.

(C) The interactions made by the ACP domain (yellow) when residing at the AT active site (top left) and KS active site (bottom left) are depicted using yellow
coloring of density envelopes. Electrostatic potentials of the respective domains are presented in the central panel. The secondary structure of the ACP domain
(top right) and its corresponding electrostatic potential (bottom right) are used to compare the interaction surfaces, when bound to the AT and KS domains,
respectively. The ACP domain makes multiple contacts, when bound to the AT domain. Helix .2 contacts residues near the active site channel, whereas helix a4
and o5 contact the structural scaffold of the AT domain (corresponding to the N-terminal residues of the B subunit). These same regions of the ACP domain are
involved in interactions when the ACP domain is bound to the KS domain. Additionally, when bound to the AT domain, the loop between helix 22 and «3 contacts
the ER domains, whereas in the presence of the y subunit, the helix «3 lies adjacent to the y subunit. All ACP domain interactions with the respective FAS catalytic
modules appear to rely on charge complementarity and thus electrostatic interaction.
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Figure S7. XL-MS Validation of the y Subunit Model and Conservation of KR, MPT, and ER Domain Architecture among Different Type | FAS
Systems, Related to Figure 5 and STAR Methods

(A) Crosslinks mapped on the final FAS/y subunit complex structure for BS3 (left), SDA (middle) and EDC (right) are shown. The crosslinks are indicated by the blue
rods. Only the crosslinks between residues within the distance threshold of 20 A for the modeled part of the ¥ subunit and 30 A for the un-modeled part of the y
subunit are depicted.

(B) KR domain
(i) KR domains of the S. cerevisiae (left), M. tuberculosis (middle) and M. musculus (right) type | FAS systems are depicted. This domain has a characteristic

Rossmann-fold and is structurally conserved among the different organisms.
(ii) Overlay of the three KR domains.
(legend continued on next page)



(iii) Electrostatic representation of the respective KR domains. The charge distribution in the NADPH binding cleft (this region also binds the C terminus of the
yeast FAS vy subunit) is very comparable among these different organisms.

(C) MPT domain

(i) MPT domains of the S. cerevisiae (left), M. tuberculosis (middle) and M. musculus (right) type | FAS systems are depicted. This domain is structural conserved
among the different organisms.

(ii) Overlay of the three MPT domains.

(iii) Electrostatic representation of the respective MPT domains. The charge distribution outside the malonyl-CoA binding cleft (this region also binds the aspartate
rich loop of the yeast FAS «y subunit) is very comparable among these different organisms.

(D) ER domain

(i) ER domains of the type | FAS systems from S. cerevisiae (left), M. tuberculosis (middle) and type Il FAS system from S. pneumoniae (right) are depicted. This
domain has a characteristic TIM barrel fold and is structurally conserved among the different organisms.

(i) Overlay of the three ER domains.

(iii) The regions that are involved in binding the y subunit by the yeast FAS (left) are also structurally similar in M. tuberculosis as well as in S. pneumoniae.

(iv) Electrostatic representation of the respective ER domains. the charge distribution on these different ER domains differ significantly suggesting that if a FAS
subunit exists in these organisms, it would have a distinctly different sequence than that found in fungi.
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