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Snapshots of acyl carrier protein shuttling in 
human fatty acid synthase

Kollin Schultz1,2 ✉, Pedro Costa-Pinheiro1,3, Lauren Gardner1,4, Laura V. Pinheiro1,2,3, 
Julio Ramirez-Solis1,4,5, Sarah M. Gardner1,2, Kathryn E. Wellen1,3 & Ronen Marmorstein1,4 ✉

The mammalian fatty acid synthase (FASN) enzyme is a dynamic multienzyme  
that belongs to the megasynthase family. In mammals, a single gene encodes six 
catalytically active domains and a flexibly tethered acyl carrier protein (ACP) domain 
that shuttles intermediates between active sites for fatty acid biosynthesis1. FASN is  
an essential enzyme in mammalian development through the role that fatty acids have 
in membrane formation, energy storage, cell signalling and protein modifications. 
Thus, FASN is a promising target for treatment of a large variety of diseases including 
cancer, metabolic dysfunction-associated fatty liver disease, and viral and parasite 
infections2,3. The multi-faceted mechanism of FASN and the dynamic nature of the 
protein, in particular of the ACP, have made it challenging to understand at the 
molecular level. Here we report cryo-electron microscopy structures of human FASN 
in a multitude of conformational states with NADPH and NADP+ plus acetoacetyl-CoA 
present, including structures with the ACP stalled at the dehydratase (DH) and enoyl- 
reductase (ER) domains. We show that FASN activity in vitro and de novo lipogenesis 
in cells is inhibited by mutations at the ACP–DH and ACP–ER interfaces. Together, 
these studies provide new molecular insights into the dynamic nature of FASN and the 
ACP shuttling mechanism, with implications for developing improved FASN-targeted 
therapeutics.

De novo lipogenesis (DNL) is essential in mammalian development 
to produce fatty acids for membrane formation, energy storage, cell 
signalling and protein modifications2. During diseases such as cancer 
and cancer metastasis, metabolic dysfunction-associated steatotic 
liver disease (MASLD) and viral and parasite infections, DNL is often 
upregulated along with the proteins involved in the pathway3,4. FASN 
is the primary enzyme in DNL that condenses cytosolic acetyl-CoA and 
malonyl-CoA into the 16-carbon saturated fatty acid palmitate1. The 
current leading inhibitor of FASN (denifanstat) is in various clinical 
trials (including phases I (NCT05835180), II (NCT03032484) and III 
(NCT05118776)) and has thus far shown promising clinical results for 
treatment of MASLD, cancer and acne vulgaris5,6. Many of the preclinical 
studies focused on targeting FASN to inhibit DNL and treat metabolic 
diseases have shown high efficacy; however, further studies have found 
that in certain contexts, full loss of DNL can cause unwanted effects 
such as decreased platelet production7 and learning deficits8, thus 
suggesting that further studies on the FASN mechanism and its role 
in health and disease are needed to harness the therapeutic potential 
of targeting FASN safely and effectively.

In mammals, the FASN enzyme is a large type I megasynthase that 
has six catalytic domains and a flexibly tethered ACP domain that shut-
tles reaction intermediates among them (Fig. 1a,b). A related family 
of megasynthases, the polyketide synthases (PKSs), also use a carrier 
protein system that shuttles covalently linked reaction intermediates 

between catalytic domains to coordinately synthesize a diverse set of 
biologically important compounds9. The PKS family includes a distinct 
set of genes across organisms, with type I iterative PKSs, and an exciting 
more recently characterized class of animal FASN-like PKSs10, showing 
the highest homology to mammalian FASN, even higher than yeast 
FASN enzymes11,12. In addition, the PKS family of enzymes synthesize 
an assortment of important natural products, including antibiotics, 
chemotherapy drugs and statins9. Current studies on PKSs have been 
working to harness the distinct chemistry across the family to create 
novel designer megasynthases that can synthesize a more diverse set 
of small molecules to expand compound libraries and discover new 
therapeutics13. These efforts have expanded to using domains from 
mammalian FASN to allow for incorporation of non-canonical starter 
and extender units, as the malonyl–acetyl transferase (MAT) domain 
of mammalian FASN has been shown to have the most promiscuous 
substrate specificity for loading the ACP in a megasynthase thus far14,15. 
Therefore, gaining functional insights into the molecular mechanism 
by which the ACP interacts with the various domains will provide impor-
tant knowledge for ongoing work towards domain swapping parts of 
FASN with PKSs to produce novel compounds15,16.

Crystal structures of pig FASN have been determined to 4.5 Å (ref. 17) 
and 3.2 Å (ref. 18), elucidating an unexpected x-shaped domain architec-
ture that diverges significantly from the more highly studied eukaryotic 
yeast FASN19,20. These structures and detailed biochemical studies21–24 
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provide a model for how mammalian FASN synthesizes palmitate from 
short-chain acyl-CoAs1. However, attempts to understand the ACP 
mechanism have been hindered by the transient nature of ACP interac-
tions at the catalytic domains and technological limitations to capture 
the dynamic landscape of mammalian FASN25,26. Current models for the 
synthesis of palmitate by FASN propose that a combination of large 

structural rearrangements, and transient but specific domain–domain 
interactions (DDIs) made by the ACP domain, cooperate to shuttle 
intermediates to the appropriate catalytic domains. To our knowledge, 
this model, however, has not been resolved in a mammalian system26.

Here we used single-particle analysis cryo-electron microscopy 
(cryo-EM) to determine structures of full-length human FASN (hFASN) 
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Fig. 1 | Cryo-EM structure of full-length hFASN with NADPH reveals 
characteristic mammalian FASN topology. a, Diagram of the domains 
encoded in the human FASN gene. b, Schematic diagram of the ACP 
interactions, intermediates and movements during the mammalian FASN 

mechanism. c, Composite cryo-EM density of state 1 from the hFASN–NADPH 
dataset coloured by the corresponding domain. The colouring of each 
individual domain is kept consistent throughout the article unless otherwise 
stated.
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with the cofactor NADPH in various conformational states, and with 
NADP+ and acetoacetyl-CoA present. Our structures also resolve the 
ACP stalled at the DH and ER domains. Using in vitro biochemistry, we 
show that FASN activity can be inhibited by mutations at the ACP–DH 
and ACP–ER interfaces, thus providing new molecular insights into 
the ACP shuttling mechanism. Evaluations of these same mutants 
in mammalian cells reveal a defect in DNL and mimics FASN loss or 
small-molecule inhibition. Together, this work provides new molecular 
insights into the complex mechanism used by the multi-enzyme FASN 
to coordinate various active sites for palmitate biosynthesis, as well as a 
framework for improving next-generation FASN-targeted therapeutics.

FASN shows continuous heterogeneity
To facilitate a structure–function analysis of FASN, we prepared recom-
binant hFASN in insect cells for structural studies and mouse FASN 
(mFASN) in bacteria for in vitro biochemical work. The specific activity 
of mFASN had a 95% confidence interval of 292–339 nmol min−1 mg−1 
for oxidation of NADPH. When titrating acetyl-CoA and malonyl-CoA 
in a 1:1 ratio up to 1 mM, we were able to observe a clear dose–response 
curve with no substrate inhibition, which is commonly seen with FASN 
when only one of the CoA derivatives is varied14 (Extended Data Fig. 1). 
The curve best fit to an allosteric sigmoidal model with a hill slope of 
1.5, which suggests positive cooperativity. This has previously been 
reported for the β-ketosynthase (KS) domain when investigating the 
condensation reaction, but did not account for ACP shuttling in the 
context of a full reaction cycle27. Both proteins formed stable homodi-
mers in solution (Extended Data Fig. 1). We mixed hFASN with NADPH 
(hFASN–NADPH) for single-particle analysis cryo-EM structure deter-
mination and obtained structures from the same cryo-EM sample in 
various conformations at 3.2–3.8 Å overall resolutions (Fig. 1c, Extended 
Data Table 1, Extended Data Figs. 2 and 3 and Supplementary Video 1). 
Similar to the crystal structure of pig FASN18, hFASN forms an x-shaped 

homodimer mediated by the KS, DH and ER domains. The structures 
provide strong cryo-EM density for five of the six catalytic domains 
(the KS, MAT, β-ketoreductase (KR), DH and ER domains), and the two 
pseudodomains (pseudo-KR (ΨKR) and pseudo-methyl transferase 
(ΨME)) in all conformations. In addition, we were able to resolve the ACP 
domain at the DH and ER domains in the modifying portion of hFASN 
with particle sets that share particles with each of the conformations. 
We were unable to resolve the C-terminal thioesterase domain in any 
of the structures, probably due to the flexible linker between the ACP 
and thioesterase domains and lack of stable interactions with other 
domains in the core of hFASN.

From a single dataset, we resolved the structure of hFASN in eight dis-
tinct conformational states, demonstrating large movements between 
the modifying (KR, DH, ER, ΨKR and ΨME domains) and condensing 
(MAT and KS domains) regions (Fig. 2 and Extended Data Figs. 2 and 3). 
The dimer forms two reaction chambers that each contain the entire 
catalytic machinery for synthesizing palmitate (Extended Data Fig. 4). 
We have designated our structure like the pig crystal structure as state 
1 based on alignment to the deposited structure (Protein Data Bank 
(PDB) ID: 2VZ9), and subsequently numbered each conformation up 
to state 8 based on the swinging or rotation from state 1 (Extended Data 
Figs. 3 and 4). These conformations largely agree with the previous 
negative-stain electron microscopy study on the rat FASN homologue28. 
Except, in the negative-stain electron microscopy study, the authors 
reported large rearrangements in the modifying portion of rat FASN, 
but we do not see any major conformational changes in the modifying 
region or condensing regions relative to each other in any conformation 
lacking ACP density, with overall root mean square deviation < 0.6 Å for 
the modifying regions of states 2–8 relative to state 1, and a root mean 
square deviation < 0.5 Å for the condensing regions. The high agree-
ment of the local structural elements suggests that the modifying and 
condensing regions act as rigid bodies that move relative to each other, 
but this motion is not allosterically controlled by rearrangements in 
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the domains. We failed to resolve the glycine-serine-rich linker between 
the condensing and modifying portions of FASN, probably because  
of the inherent flexibility in the region that allows for the large rear-
rangements in solution. This prevented us from unambiguously iden-
tifying which KS domain is linked to which DH domain in the dimer, 
but previous biochemistry suggests that the MAT and KS domains can 
interact with the ACP in the same or opposite monomers24. We have 
denoted them as enclosing the same reaction chamber for clarity. The 
modifying and condensing regions were refined separately to obtain 
higher-resolution structures. The need to treat them as separate bod-
ies to align to higher resolution suggests that the motion is continuous, 
and the sorted conformations represent snapshots along the trajec-
tory. The eight conformations reported here sufficiently describe the 
motion, but do not show all possible conformations. Starting with  
state 1, states 1–4 represent a swinging motion of the condensing 
region relative to the modifying region all in the same plane, whereas 
states 5–8 represent a rotation out of this plane by the MAT of the 
condensing region. Comparison of the largest identified movements,  
states 1–3 show that a modest 5° swing moves the condensing region 
between the states, but comparing states 1–8 shows that the condensing 
region can rotate up to 90° relative to the modifying region, meaning 

that our reconstructions probably represent the 180° rotations of the 
condensing region relative to the modifying region that allow for the 
ACP to function with the KS and MAT domains from either monomer 
(reaction chamber)24 (Fig. 2). Together, these findings highlight the con-
tinuous motion between the rigid condensing and modifying regions 
of hFASN that the ACP coordinates fatty acid synthesis between.

NADPH oxidation state drives binding
In the structures of hFASN with NADPH, there is strong density for 
NADPH at the KR domains (Fig. 3a). The catalytic residues K1995, S2021 
and Y2034 all sit near the nicotinamide ring on the NADPH that pro-
vides the hydride for reducing the keto group on the ACP (Fig. 3a). As 
we were unsuccessful in resolving the ACP at the KR domain in our 
original dataset, we also collected a dataset with acetoacetyl-CoA, to 
target the ACP to the KR domain, and NADP+ (hFASN–NADP+) to prevent 
turnover. Although we were unsuccessful in resolving the ACP at the KR 
domain, we determined structures of hFASN with a portion of NADP+ 
bound to the KR domain (Fig. 3 and Extended Data Fig. 5). In the crys-
tal structure of pig FASN18, the amino acids 2067–2080 in a loop near 
the NADPH-binding site were ordered by the addition of NADP+ to the 
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sample, but we did not resolve this loop in any of our structures (Fig. 3b). 
Structures of the modifying region of hFASN with NADPH and inhibitors 
that target the KR domain stabilize this loop and have suggested that it 
has a role in ACP binding, but its role remains elusive until the ACP–KR 
structure is elucidated29,30. The NADP+ molecules at the KR domain in 
the structure only resolve the adenine base, ribose ring and phosphate 
groups, and lack cryo-EM density for the nicotinamide ring (Fig. 3c). We 
observed no major structural rearrangements in the KR domain after 
the NADPH was oxidized (Fig. 3b). This suggests that the structural 
changes in the nicotinamide ring after oxidation are what drive cofactor 
release, as the NADPH-bound structure represents the priming of the KR 
domain for reducing the β-keto-ACP, and the NADP+-bound structure 
represents the release of NADP+ following catalysis.

In addition, the hFASN–NADP+ structure shows no density for 
NADP+ at the other NADPH-dependent active site in the ER domain, 
but all structures from the hFASN–NADPH dataset are fully occupied 

(Fig. 3d,f). NADPH binds to the ER domain with the nicotinamide ring 
near the catalytic residues T1654, K1771, L1796 and D1797 (Fig. 3d). The 
structures with NADPH bound to the ER domains and the ER domain 
without cofactor in the presence of NADP+ show no major structural 
changes in the ER domain (Fig. 3e), further implicating that the oxida-
tion state and structural change in the nicotinamide ring of NADP(H) 
are what drives binding and release of the cofactor.

ACP shuttling revealed at the DH domain
In the hFASN–NADPH and hFASN–NADP+ datasets, we observed addi-
tional density at the DH domain of hFASN, which could be confidently 
modelled as the ACP domain (Fig. 4a,b). After 3D classification without 
alignments on the region, we obtained particle sets of approximately 
10% of the final particles that had clear density at the DH domain 
when NADPH was present, and 18% of particles with NADP+ present  
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(Extended Data Figs. 2 and 5). Although we do not have definitive  
evidence for the difference in the percentage of overall particles with 
the ACP stalled at the DH domain between the datasets, we hypoth-
esized that the lack of turnover at the NADPH-dependent domains 
may have stalled more molecules primed for interactions with the 
DH domain. Focused refinement resulted in reconstructions of the 
modifying portion of hFASN with ACP density at nominal resolutions 
of 3.2 Å and 3.5 Å for the hFASN–NADPH and hFASN–NADP+ datasets, 
respectively. These structures show no major differences in the DH 
domain or the interface residues at the ACP–DH interface, and the over-
all maps agree well with a correlation of 0.97. Significantly, the phos-
phopantetheinyl (Ppant) arm on S2156 of the ACP domain is resolved 
and can be traced to the known catalytic residue in the DH domain 
H878 (Fig. 4c,d). Neither of the Ppant arms show signs of acylation, but 
this may be averaged out from containing a spectrum of intermediate 
chains, as we did not synchronize the ACP state in hopes of targeting it 
to each catalytic domain, or they may lack any acylation.

We can confidently trace the backbone and assign side chains 
throughout hFASN from our structures, but we were unable to con-
fidently model many side chain rotamers at the interaction interface. 
Work on other ACP interactions has suggested that electrostatic 
charge complementarity is the driving factor for ACP interactions, 
so we searched the models for potential electrostatically matching 
patches. We found a negative patch on the ACP that interacts with a 
positive patch on the DH interface (Fig. 4e). Of note, charged residue 
R883 and the uncharged residue I924 on the DH domain and R1105 
on the DH–ΨME linker are in proximity to the ACP when it is near the 
DH domain active site (Fig. 4f). On the basis of our model, these resi-
dues may interact with L2157, V2160 and M2158 on helix II of the ACP, 
respectively. We mutated the corresponding residues in the mFASN 
homologue and tested activity of the mutant enzymes in vitro by moni-
toring NADPH consumption. Single-point mutations R883A and I924A 
decreased overall FASN activity to approximately 30% and 40% of the 
wild-type level, respectively (Fig. 4g). A charge flipped R883E mutation 
further reduced the enzyme activity to only 20% of wild-type activity 
(Fig. 4g). Similarly, the R1105A mutant retained only 45% of wild-type 
activity, suggesting that the linker region to the catalytically incompe-
tent ΨME domain also has a role in the ACP shuttling mechanism. The 
decreased activity in the alanine and charge flipped mutations suggest 
that a combination of hydrophobic, steric and charge complementarity 
at the ACP–DH interface is important for proper intermediate shuttling. 
We cannot rule out the possibility of certain degrees of freedom in the 
interaction that would allow for read-through when mutations are 
made as has been previously suggested for PKS enzymes31. Although 
the structures show interactions with L2157, this residue also lies in the 
consensus sequence for phosphopantetheinyl transferase (PPTase) 
enzymes32. Even though we used a promiscuous PPTase, we checked 
the phosphopantetheinylation status of the recombinant wild-type 
and L2157A mFASN by mass spectrometry and found that mutations 
to L2157 inhibit proper loading of the Ppant arm onto the ACP (Supple-
mentary Table 1). The lack of the Ppant arm makes the loss of activity 
independent of ACP interactions at the domains, but highlights the 
essential nature of the Ppant arm for FASN function as the mutated 
enzyme retains essentially no activity. Mutations to the ACP interaction 
partners of the residues on the catalytic domain mutants M2158A and 
V2160A had little effect on overall FASN activity, with the M2158A and 
V2160A mutants both retaining 80% activity. The ACP must interact 
with each catalytic domain during palmitate synthesis, so the differ-
ence in activity is probably compounded by the interactions made 
with domains other than the DH. Together, these results suggest that 
the structurally observed ACP interaction interface on the DH domain 
is important for proper delivery of intermediates to the active site by 
the ACP in mammalian FASN.

To further evaluate the functional consequence of disrupted ACP 
shuttling and diminished FASN activity, we generated Fasn-knockout 

mouse hepatocellular carcinoma cells33 (D42-knockout cells; Extended 
Data Fig. 6) and re-expressed wild-type and mutant hFASN. The hepa-
tocellular carcinoma cells have high levels of baseline DNL in culture 
and tolerate the knockout of Fasn, which allowed us to investigate FASN 
activity in a cellular context (Extended Data Fig. 6). Re-expression of 
hFASN wild type and mutants in the D42-knockout cells was confirmed 
by western blotting, and all mutants re-expressed at comparable levels 
(Extended Data Fig. 6). To measure DNL, cells were incubated with 
uniformly labelled carbon-13 glucose ([U-13C]-glucose) for 48 h, and 
palmitate labelling was measured by gas chromatography–mass spec-
trometry (GC–MS). We first measured the contribution of glucose to 
palmitate in the parental D42 cells and the hFASN-knockout cells and 
found that 40% of total palmitate carbons were derived from glucose 
in the parental cell line, but less than 1% of palmitate was labelled in the 
knockout cells, confirming that the knockout of FASN fully impaired  
the ability of the cells to synthesize palmitate (Extended Data Fig. 6b). 
We then compared the DNL level in the cells that re-expressed the 
wild-type and mutant hFASN. The expression of wild-type hFASN 
increased the percent enrichment of palmitate carbons from glucose 
to 14%; in agreement with our in vitro activity assays, the R883A, R883E 
and L2157A mutants had less than 1% enrichment in palmitate, like the 
knockout cells (Fig. 4h). In addition, the I924A and R1105A mutants 
rescued DNL to only 3% and 6% palmitate-labelled carbon enrichment, 
respectively, in line with the in vitro activity of each respective mutant 
(Fig. 4g,h). No significant differences were detected in saponified palmi-
tate abundance between conditions (Extended Data Fig. 6c). Analysis of 
the isotopologue enrichment further supports that the wild-type cells 
are synthesizing palmitate from glucose, whereas the other cell lines all 
show little to no palmitate labelling (Extended Data Fig. 6d). This data 
further support the need for proper DDIs by the ACP to synthesize pal-
mitate in a cellular context and suggest that the ACP-binding interface 
on the DH domain is a potentially targetable site for FASN inhibition.

ACP shuttling revealed at the ER domain
From the hFASN–NADPH dataset, we were also able to resolve the ACP 
docked at the NADPH-dependent ER domain to a nominal resolution 
of 3.2 Å (Fig. 5a). Even with extensive classification, we were unable to 
resolve the ACP at the ER domain in the hFASN–NADP+ dataset, poten-
tially because the NADPH interacts with the Ppant arm (Fig. 5b). In the 
cryo-EM density, we could trace the Ppant arm into the ER domain 
active site, ending near the nicotinamide ring (Fig. 5b). In the structure 
of the ACP bound at the ER domain, the adenine ring of NADPH moves 
relative to the ACP-free structure, and residues 1573–1599 in the ER 
domain at the bottom of the active site move towards the Ppant arm 
(Fig. 5c). The residues of the ΨKR domain that interact with this region 
of the ER domain, 1535–1544, also shift towards the Ppant arm. We 
identified residues M1577, T1580, K1582 and R1841 on the ER domain 
that appear to be forming interactions with the Ppant arm or ACP itself 
(Fig. 5d). We made alanine mutations of these residues in mFASN or 
the corresponding interacting residues on the ACP (H2133 and E2161) 
and tested their effect on overall activity in vitro (Fig. 5e). Mutations of 
ER domain M1577A, which interacts with the Ppant arm and is shifted 
upon ACP binding, impaired overall FASN activity to roughly 25% of wild 
type. Similarly, an R1841A mutation at the surface of the ER domain, 
where the ACP interacts, reduced activity to 20% of wild type and was 
the only mutant at the ACP–ER interface that significantly decreased 
activity. R1841 does not appear to interact with helix II of the ACP, which 
is believed to be the predominant site of DDIs made by the ACP in other 
systems34 (Fig. 5d). This suggests that more than just helix II interactions 
are important for proper intermediate shuttling in mammalian FASN.

Using the D42 FASN-knockout cells that we generated, we also tested 
M1577A-mutant and R1841A-mutant activity. Again, the hFASN mutants 
that perturbed the ACP–ER interaction and diminished mFASN activ-
ity in vitro prevented DNL in cells, with less than 1% palmitate carbon 
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enrichment from 13C-glucose in both the M1577A-mutant and the 
R1841A-mutant cells (Fig. 5e). These findings further support the model 
that disrupting DDIs of the ACP with the catalytic domains prevent 
palmitate synthesis and mimics FASN loss or small-molecule inhibition.

FASN undergoes conformational dynamics
On the basis of the previous negative-stain electron microscopy struc-
tures of rat FASN at roughly 20 Å resolution28, the authors proposed 
that the conformational rearrangements made between the modify-
ing and condensing regions drive asymmetry across the two reaction 
chambers, thus driving asynchrony in the FASN reaction cycle across the 
homodimer. Analysis of our structures extends these findings by visu-
alizing the conformational states with the ACP at key steps. Although 
it might be hypothesized that each conformation in FASN may corre-
late with an individual ACP interaction and step in the synthesis cycle, 
our structures do not align with this model. We instead propose that 
the conformational dynamics provide a regulatory role in the hFASN 
condensing steps of the reaction cycle, as state 1 mimics the crystal 
structure, with the condensing region (MAT and KS domains) in range 
of the ACP, whereas swinging motions between states 1–4 cause asym-
metry in which the MAT domain is accessible at reaction chamber 1 or 
chamber 2 exclusively (Extended Data Fig. 4). This suggests that ACP 
interactions are conformation dependent in hFASN in the condensing 
region. Our structures with the ACP at the DH and ER domains indicate, 

however, that the ACP interactions in the modifying portion do not 
correlate with the conformational state of the condensing region in 
relation to the modifying region. In support of this, in our consensus 
refinements of particles with the ACP at the DH or ER domains, we did 
not observe density for the MAT domains, and observed low-resolution 
density for the KS domain. Heterogenous refinement of the particles 
into eight classes that are seeded with a single initial model resulted 
in eight volumes with the condensing region in conformational states 
such as states 1–8; in all states, the ACP remains resolved at the modify-
ing region in only one reaction chamber (Extended Data Fig. 7). This 
suggests that the ACPs in each reaction chamber work asynchronously, 
meaning the ACPs do not interact with the equivalent catalytic domain, 
nor are they necessarily loaded with the same intermediate at the same 
time, in each protomer.

Discussion
Here we have determined the structure of hFASN in multiple conforma-
tional states using cryo-EM, resolved the ACP in active conformations 
for the first time in a mammalian system at the DH and ER domains, and 
our structures support a model in which ACP–domain interactions 
occur independently of the conformational state.

We identified mutations at the ACP interface with the DH and ER 
domains that significantly decreased overall FASN activity both in vitro 
and in cells. This offers a new potential way to target FASN with small 
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competent interaction. a, Cryo-EM map of the modifying region of hFASN 
with the ACP interacting with the ER domain. b, Model of the hFASN–NADPH 
ACP Ppant group and ER-bound NADPH with the corresponding densities.  
c, Comparison of the ER domain and bound NADPH molecule when the ACP  
is interacting (dark green) or not present (dark grey), showing the shift in the 
NADPH adenine base and ER loop. d, Interaction of the ER and ACP with the 
Ppant arm in the active site, highlighting potential side chain interactions.  
e, In vitro activity of mFASN mutants that were predicted to interrupt the 

interaction of the ACP with the ER domain. Data are shown as mean ± s.d. of 
n = 3 replicates. The figure is numbered according to the human sequence, with 
the residues corresponding to M1570, T1573, K1575, R1834, H2127 and E2155 in 
the mouse protein. f, Palmitate percent carbon labelling in FASN-knockout D42 
hepatocellular carcinoma cells, reconstituted with hFASN WT and indicated 
mutants, given [U-13C]-glucose for 48 h. Data are plotted as the average, with 
error bars denoting the s.d. of n = 3 replicates. The WT and knockout data are 
equivalent to Fig. 4h but shown again for comparison.
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molecules that avoid the conserved active site regions. We observed 
that mutations to the DDI interface on the catalytic domain were more 
deleterious to overall FASN activity in vitro than the corresponding 
mutations on the ACP. This imbalance suggests that engineering the 
interaction interface on the catalytic domains in designer PKSs may be 
of greater importance than mutations on the ACP to improve product 
output.

In most prokaryotes, the catalytic enzymes for fatty acid synthe-
sis are expressed as individual proteins, termed a type II system. This 
evolved into the megasynthases found in yeast and mammals that 
have the catalytic machinery in large complexes or type I systems. 
Yeast FASN expresses an α-chain and β-chain as separate genes that 
assemble into a large dodecameric cage-like structure that has six sets 
of catalytic domains for fatty acid synthesis. Although the architec-
ture of each system varies greatly, the catalytic mechanism of each 
domain is largely conserved, and they all use ACPs for intermediate 
shuttling. The yeast system has an additional structural region linked 
to the canonical four α-helical bundle ACP (Extended Data Fig. 8a). 
Although our structures of hFASN revealed that the ACP–DH interaction 
is mostly mediated by helix II of the ACP and involves approximately 
730 Å2 of buried solvent-accessible surface area, the Saccharomyces 
cerevisiae (yFASN) ACP–DH interaction involves approximately only 
48 Å2 of buried solvent-accessible surface area, and only part of helix 
III (yeast equivalent to helix II) near the Ppant group interacts with 
the DH domain (Extended Data Fig. 8b). Likewise, the Escherichia coli 
homologue of the DH domain, FabA, has previously been crystallized 
with the AcpP in a trapped state using a mechanistic crosslinker35. 
The FabA–AcpP interaction involves approximately 600 Å2 of buried 
solvent-accessible surface area and involves significant contact by 
helix II of AcpP, making it a more similar interaction to the mammalian 
enzyme than yFASN (Extended Data Fig. 8c).

Interactions of the ACP with ER domain homologues are more poorly 
characterized, with the only previously available structures being 
from S. cerevisiae20. In yFASN, the ER domain uses a flavin mononu-
cleotide cofactor in addition to the NADPH molecule. The structure 

of the yFASN ACP at the ER domain has an interaction interface with 
approximately 200 Å2 of buried solvent-accessible surface area, 
whereas the hFASN ER–ACP interaction consists of approximately 
950 Å2. The yFASN interaction appears to be mostly mediated by  
helix III and charge complementarity (Extended Data Fig. 8d), like 
the hFASN interaction (Fig. 5). Although NADPH seems to aid in ACP 
interactions at the ER domain in hFASN, structures of yFASN show that 
NADPH and ACP binding at the ER domain are mutually exclusive20. This 
difference is probably driven by the flavin mononucleotide cofactor 
used by yFASN that makes co-binding of the two unnecessary. Over-
all, the ACP interactions in the mammalian system at the DH and ER 
domains diverge from the yFASN and FabA systems, but still share 
charge complementarity as driving factors.

From our cryo-EM data, we were able to resolve large conformational 
changes between the condensing and modifying region of hFASN (Fig. 2 
and Extended Data Figs. 4 and 7). These conformational changes cause 
asymmetry across the homodimer as has been previously reported28. 
Our new data with the ACP at the DH and ER domain in one reaction 
chamber, although unresolved in the other, support a model in which 
hFASN asynchronously synthesizes palmitate across the dimer, which 
can be passed between the ACP and consequently the reaction cham-
bers. This is consistent with previous biochemistry showing that mam-
malian FASN dimers that are catalytically inactive at the ACP and KS 
domains in opposite subunits retain partial activity24, and recent work 
on related modular PKSs that has also suggested asymmetric func-
tion across the dimers36,37. Although the asynchronous ACP shuttling 
observed in the cryo-EM might be considered inconsistent with the 
Hill slope of 1.5 (ref. 38), the meaning of such a Hill slope is convoluted 
in the complex case of FASN with six catalytic domains that also show 
changes in the reaction rate with different chain lengths on the ACP27. 
Yet, in the case of modular PKSs, which also work asynchronously, it 
is believed that the asymmetry may be important for ensuring proper 
modification and transfer of the intermediate to the next module9. In 
the case of hFASN, the polypeptide contains all the necessary catalytic 
functions for elongation and saturation of the growing acyl chain, and 
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is more similar to iterative PKSs, but the recently structurally character-
ized iterative PKS lacks conformational heterogeneity39. Therefore, the 
ability of the FASN KS domain with the growing acyl chain to interact 
with either ACP is potentially advantageous for bypassing the need to 
correct the acyl group loaded on the ACP during synthesis when acyl 
chains other than malonyl groups are loaded to prevent stalling or 
off-loading of intermediates. These conformational rearrangements 
would allow for elongation by only a properly loaded malonyl-ACP and 
prevent or decrease stalling if the ACP in the specific reaction chamber 
is improperly loaded (Fig. 6). This may be specifically required in mam-
malian FASN to overcome the high promiscuity of the MAT domain that 
is not present in other systems23.

Although our structures show that the interactions at the DH and 
ER domains are independent of the overall conformational state, 
interaction with the KS and MAT domains in the condensing region 
probably are specific to certain conformational states. On the basis 
of our structures, we hypothesize that states 1–4 are compatible with 
ACP interactions at the KS and MAT domains. These conformations 
leave the KS domain accessible in both reaction chambers, based on 
an estimated range of approximately 55 Å for the ACP to interact with 
the KS or MAT interface. The MAT is only accessible in a single reaction 
chamber in states 3 and 4, further supporting a potential regulatory 
role and asymmetric mechanism. Future investigations on ACP shut-
tling in mammalian FASN, with the technological bases established 
in this work, will help to complete our understanding of the FASN 
mechanism.
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Methods

Cloning and protein expression
The plasmids pAR17_StrepI_hFASh_H8_pET22b and pAR18_StrepI_
mFASm_H8_pET22b containing the genes for hFASN and mFASN 
respectively, were a gift from M. Grininger (Addgene plasmids #122846 
and #122847)14,23. The coding region for hFASN was amplified from 
pAR17_StrepI_hFASh_H8_pET22b, and subcloned into a pFastBac-HTB 
vector containing an N-terminal Flag tag and a C-terminal 8×-histidine 
tag. The gene encoding the Holo-ACP synthase from Streptomyces coe-
licolor (2JBZ_A) was codon optimized for E. coli expression and inserted 
into a pET-28(a) vector by BioBasic and used as a co-expression with 
mFASN to yield functional protein from E. coli. hFASN was expressed 
in Sf9 cells that were grown to a cell density of 2 × 106 before infec-
tion with baculovirus containing the expression construct. The cells 
were harvested after 48 h growth at 27 °C, pelleted by ultracentrifu-
gation and stored at −80 °C until purification. The mFASN construct 
was transformed into BL21-Rosetta (DE3) cells (Novagen), with 
Holo-ACP synthase, and expression was induced with isopropyl β-d-
1-thiogalactopyranoside (IPTG) following the published protocol14.

Protein purification
For purification of mFASN, cells were resuspended in lysis buffer con-
taining 40 mM HEPES (pH 7.6), 500 mM NaCl, 5 mM β-mercaptoethanol 
(βME), 1 mM PMSF, 5% glycerol, DNase, lysozyme, 0.05% Tween-20, 
1 mM ATP, 1 mM MgCl2 and 20 mM imidazole. The cells were lysed by 
sonication on ice for 1 min, and the lysate was clarified by centrifuga-
tion at 50,000g for 60 min. The lysate was incubated with Ni-NTA resin 
(Thermo Fisher Scientific) that was equilibrated with lysis buffer for 
1 h at 4 °C with slow rotation. The lysate was removed from the resin by 
flowing through a gravity column before washing with 50 ml of low-salt 
buffer (30 mM Tris (pH 8.0), 100 mM NaCl, 20 mM imidazole, 5 mM βME 
and 5% glycerol), and eluting with 50 ml of elution buffer (30 mM Tris 
(pH 8.0), 100 mM NaCl, 300 mM imidazole, 5 mM βme and 5% glycerol). 
The elution was immediately loaded onto a HiTrap Q column (Cytiva) 
and eluted with a slow gradient of high-salt buffer (1 M NaCl) to elute 
mFASN. The peak corresponding to mFASN was concentrated using a 
100,000 MWCO spin concentrator (Amicon), diluted into low-pH buffer 
(25 mM Bis-Tris (pH 6.7), 150 mM NaCl, 5 mM TCEP and 5% glycerol) and 
incubated for 30 min. The concentrated sample was injected onto a 
Superose6 gel filtration column (Cytiva) equilibrated with a final buffer 
(25 mM HEPES (pH 7.0), 150 mM NaCl and 5 mM TCEP). The fractions 
containing mFASN were concentrated and used directly or flash frozen 
in liquid nitrogen and stored at −80 °C.

The hFASN construct was purified following a similar protocol, 
except the lysate was further clarified by vacuum filtration following 
centrifugation, and the N-terminal Flag tag was used for a second affin-
ity purification step in place of the ion-exchange chromatography.

Cryo-EM sample preparation
Purified hFASN was diluted to 4 mg ml−1 and supplemented with indi-
cated substrates (1 mM concentrations) and allowed to incubate for 
10 min at room temperature before grid preparation. Quantifoil 300 
Mesh Cu R0.6/1 grids were glow discharged for 1–2 min under vacuum 
at 0.25 mA. CHAPSO (Avanti) was spiked into the FASN sample to a final 
concentration of 8 mM immediately before applying 3 µl of sample 
to the grids. The grids were blotted using a VitroBot Mark IV (Thermo 
Fisher Scientific) and Whatman blotting paper for 2–3 s at a blot force 
of 10 in 100% humidity at 4 °C.

Cryo-EM data collection and data processing
All cryo-EM data were collected on a Titan Krios microscope (Thermo 
Fisher) equipped with a GatanK3 camera and an energy filter. The micro-
scope was operated at 300 kV, a nominal magnification of ×81,000, 
and an energy filter slit width of 20 eV. Leginon software was used for 

automated data collection of 19,291 movies with an accumulated dose 
of 52.50 e− Å−2 across 40 frames40. A nominal defocus range of −0.8 to 
−3.0 µm was used.

The images were imported into RELION 3.1 (ref. 41) at a calibrated 
pixel size of 1.069 Å and motion corrected using MotionCor2 (ref. 42) 
with 5 × 5 patches and no binning. The motion-corrected images were 
imported into cryoSPARC (v4.2.1)43, and contrast transfer function 
(CTF) estimations were calculated using a wrapper for CTFFIND4.1 
(ref. 44). Micrographs were filtered to remove any images with a CTF 
estimation worse than 6 Å, leaving a total of 15,231 micrographs for 
downstream processing. A total of 1,237 particles were manually 
picked from 23 micrographs and used to train a Topaz particle-picking 
model45. The trained model was used to pick 989,117 particles that 
were extracted with a box size of 360 pixels and classified into 300 
classes in 2D with a maximum resolution of 12 Å. A subset of 271 
classes (943,639 particles) were selected, and 100,000 of these par-
ticles were used for ab initio reconstruction into 4 classes. The class 
with the most features resembling mammalian FASN were used to 
seed a heterogenous refinement with ten identical classes. The out-
puts were used to seed a subsequent job, and this was repeated for 
a total of four rounds of heterogenous refinement. A total of eight 
classes remained that had FASN features, and two junk classes. The  
8 FASN classes were used to pick particles on a subset of 5,000 micro-
graphs to train a new Topaz model. The updated model was used to 
pick 1.5 million particles from the dataset. The processing steps were 
repeated through heterogenous refinement, and eight FASN-like 
classes remained again. Each class was individually refined to high 
resolution with homogenous refinement, NURefinement with CTF 
and defocus refinement, partial signal subtraction of the modifying 
and condensing regions independently, and local refinement of the 
remaining region. Each individual map was manually inspected, sharp-
ened with DeepEMhancer for visualization, and run through the 3DFSC 
server to confirm 3D resolution and map sphericity before model  
building.

In addition, to elucidate the ACP at the catalytic domains, all the 
classes with FASN features were pooled and refined into a single map. 
A focused map was made for each of the active sites on the core (MAT, 
KS, KR, DH and ER) and used for focused classification using 3D classifi-
cation in simple mode with ten classes. Classes that contained density 
for the ACP at the DH and ER domains were resolved, and the particles 
were refined to high-resolution maps using NURefinement with CTF 
and defocus refinement. The modifying regions with the ACP was well 
resolved, but the condensing region was unresolved, so it was sub-
tracted, and local refinement was used to obtain a final high-resolution 
reconstruction of the modifying portion with the ACP. Each map was 
manually inspected, sharpened with DeepEMhancer46 and run through 
the 3DFSC47 server before model building.

The dataset of hFASN with NADP+ and acetoacetyl-CoA was pro-
cessed in a similar manner, except the maps for the individual con-
formations were not taken to high resolution, and 3D classification 
only resolved the ACP at the DH domain. Local resolution estimates 
were made for all maps using cryoSPARC with an FSC cut-off of 0.143. 
UCSF’s ChimeraX48 was used for all visualizations of cryo-EM maps and  
models.

Atomic model building
All maps with resolution of less than 4 Å were manually fitted with 
atomic models. For the condensing region, PDB 3HHD was manually 
fit into the density using ChimeraX and further refined using a combina-
tion of Coot49 and Phenix50. For the modifying portion, two copies of the 
AlphaFold2 (refs. 51,52) prediction (AF-P49327-F1) residues 855–2112 
were manually fit into the density in ChimeraX and further refined 
using a combination of Coot and Phenix. The NADP(H) molecules were 
built into the density using Coot and the available coordinates from the 
PDB. Maps, which had density for the ACP, were additionally fit with 

https://doi.org/10.2210/pdb3HHD/pdb
https://www.uniprot.org/uniprot/P49327
https://doi.org/10.2210/pdbMaps/pdb
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the crystal structure (PDB: 2CG5) in ChimeraX. The Ppant arm was built 
into the models in Coot using the previously reported coordinates for 
4HH in the PDB.

Structure analysis
Analysis and visualization of all models were done using ChimeraX, 
including calculations of buried solvent-accessible surface area, inter-
actions and root mean square deviation.

Enzyme kinetics
Aliquots of mFASN protein were thawed under running water and cen-
trifuged at 16,000g for 10 min to remove any precipitate. The sample 
concentrations were individually determined using a Nanodrop with 
an extinction coefficient of 252,000, and stocks at 1 mg ml−1 were made 
by diluting into fresh buffer. The enzymatic assays were assembled 
to a final concentration of 200 nM FASN, 0.005% Tween-20, 50 mM 
HEPES (pH 7.0), 150 mM NaCl and 5 mM TCEP. To determine the spe-
cific activity and generate a Michaelis–Menten curve, acetyl-CoA 
and malonyl-CoA were titrated in a 1:1 ratio from 4 to 1,000 µM in 
the presence of 500 µM NADPH and activity was monitored continu-
ously by absorbance of NADPH at 340 nM wavelength in a Tecan Spark 
plate reader. The enzyme velocity was calculated using a standard 
curve of NADPH in the same buffer to calculate NADPH consumption. 
Prism was used to fit the curve to an allosteric model that was the 
best fit compared with the Michaelis–Menten and substrate inhibi-
tion models with an R2 value of 0.9755. On the basis of the Michaelis– 
Menten curve, conditions were chosen for comparing mutant to 
wild-type activity. The relative activity assays were activated with 
500 µM acetyl-CoA and malonyl-CoA and 500 µM NADPH. The activ-
ity of all mutants was calculated relative to a wild-type control in the  
same plate.

Knockout cell line generation
The D42 murine hepatocellular carcinoma cells used in this study were 
previously generated and described33. FASN-knockout D42 cells were 
generated using CRISPR–Cas9 with single guide RNA targeting exon 2 
of mFASN (aaacCTTGGGTAATCCATAGAGCC) designed with Benchling 
(Biology Software, 2023). The method previously used for CRISPR–Cas9 
knockout in the D42 cells was used to generate the FASN-knockout 
cells33, and knockout was confirmed by western blot with antibodies to 
FASN (C20G5, Cell Signaling; rabbit monoclonal antibody) at a 1:1,000 
dilution and actin (8H10D10, Cell Signaling; mouse monoclonal anti-
body) at a 1:2,000 dilution.

Fatty acid methyl-ester measurements by GC-MS
Tracing of [U-13C]-glucose into palmitate was done for each cell line 
using a fatty acid methyl-ester derivatization and measurement by 
GC-MS as previously described33. In short, the cells were plated and 
grown in Dulbecco’s modified eagle medium (DMEM) supplemented 
with calf serum overnight. The medium was exchanged for medium 
containing 10 mM [U-13C]-glucose or unlabelled glucose and 10% 
charcoal-dextran-treated serum for 48 h before harvesting the cells. 
Fatty acids were extracted with a mixture of methanol and chloroform, 
and 10 µl of 1 mM heptadecanoic acid in methanol was added as an 
internal standard before drying under nitrogen. Dried lipids were first 
resuspended in a mixture of toluene (10 ml), methanol (50 ml) and buty-
lated hydroxytoluene (5 mg), and 2 µl of acetyl chloride was then added. 
Reaction mixture was heated to 95 °C for 1 h to derivatize fatty acids to 
methyl-esters. The lipophilic portion was separated and loaded into 
the GC-MS for analysis. Analysis was performed on an Agilent GC-MS 
7890A/5975A with a DB-5MS 5% phenyl methyl Silox column (Agilent). 
Carbon enrichment into palmitate was determined using FluxFix53 
utilizing unlabelled glucose samples as controls. Relative quantifica-
tion of palmitate was performed by normalizing the sum of the area 
under the curve of all isotopologues to the sum of the area under the 

curve of all isotopologues of heptadecanoic acid. Each sample was then 
further normalized to its protein quantification calculated using the 
Pierce BCA protein assay.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Atomic models and cryo-EM maps have been deposited into the PDB 
and Electron Microscopy Data Bank (EMDB) for hFASN–NADPH state 1  
(EMD-43337 and PDB 8VLE), hFASN–NADPH state 2 (EMD-43340 and 
PDB 8VLO), hFASN–NADPH state 3 (EMD-43341 and PDB 8VLP), hFASN–
NADPH state 4 (EMD-43350 and PDB 8VM0), hFASN–NADPH state 5  
(EMD-43352 and PDB 8VM5), hFASN–NADPH state 6 (EMD-43355 and 
PDB 8VMC), hFASN–NADPH state 7 (EMD-43354 and PDB 8VM7), 
hFASN–NADPH state 8 (EMD-43353 and PDB 8VM6), hFASN–NADPH 
DH–ACP (EMD-43199 and PDB 8VG4), hFASN–NADPH ER–ACP (EMD-
43187 and PDB 8VF7) and hFASN–NADP+ DH–ACP (EMD-43356 and 
PDB 8VMD). Any additional data supporting this publication will be 
provided by the corresponding authors on request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Human and mouse FASN samples. a, Coomassie 
stained SDS-PAGE gel of hFASN with a single band corresponding to the protein 
near 270 kDa (representative of n = 5 purifications). For gel source data, see 
Supplementary Fig. 3. b, Size exclusion chromatogram of hFASN on a Superose 
6 column with a peak corresponding to hFASN at 14 mL. c, Mass photometry 
data show a primary peak for hFASN at 550 kDa, confirming that it is a stable 
homodimer in solution in our conditions (representative of n = 3 experiments 
with a gaussian curve fit to the histogram and SD shown). The peak near 30 kDa 
is high background from the TCEP in the sample. d, Coomassie stained SDS-
PAGE gel of WT mouse FASN purified from bacteria. The band and purity are 
similar to hFASN. For gel source data, see Supplementary Fig. 3. e, Superose 6 

chromatogram of mouse FASN with a peak like hFASN near 14 mL. f, Mass 
photometer data showing that mFASN primarily forms a stable homodimer  
in the conditions at 550 kDA. While we observe a small monomer peak at 
272 kDa, the dimer is the primary species in solution (representative of n = 3 
experiments with a gaussian curve fit to the histogram and SD shown).  
g, Michaelis-Menten curve of NADPH consumption by mFASN when titrating 
acetyl-CoA and malonyl-CoA in a 1:1 ratio (n = 3 replicates). The curve was fit 
with an allosteric sigmoidal model in Prism. h, Table of values generated from 
the allosteric sigmoidal model of fitting to the kinetics of mFASN with n = 3 
replicates. Both the best fit and 95% confidence interval are reported.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Cryo-EM workflow for NADPH dataset. a, Description 
of the data processing workflow used to determine the structures of hFASN 
with NADPH. b, Representative micrograph from the hFASN + NADPH dataset 
(representative of the 15,201 micrographs used for particle picking). Micrograph 
has been lowpass filtered to 10 Å. c, Representative 2D classes showing 

multiple views of hFASN. Classes were chosen from the 2D classification job 
before ab intio reconstruction. d,e, Unsharpened cryo-EM density of the 
modifying region of hFASN with the ACP docked at the DH or ER domain 
respectively, with corresponding 3D FSC curve.
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Extended Data Fig. 3 | Cryo-EM maps of hFASN/NADPH States 2-8. a–h, Unsharpened composite cryo-EM densities of hFASN in States 1-8, respectively, that are 
coloured by local resolution.



Extended Data Fig. 4 | Conformational dynamics of hFASN. a, Models of 
States 1-8 from the hFASN/NADPH dataset coloured by domain. A centroid 
centred at A2112 with a diameter of 55 Å is shown to represent reaction 
chamber 1 (teal) and reaction chamber 2 (magenta) that represent the range 

that each ACP can access to interact with the catalytic sites at each domain. The 
MAT is labelled as rotating into the plane of the viewer in states 5-8, although 
the direction of rotation is ambiguous from the data.
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Extended Data Fig. 5 | Cryo-EM workflow for the hFASN/NADP+ dataset. 
a, Detailed data processing workflow used to determine the structure of the 
modifying region of hFASN in the presence of acetoacetyl-CoA and NADP+  
with the ACP at the DH domain. b, Representative micrograph of the 19,528 

micrographs from the dataset that has been lowpass filtered to 10 Å resolution. 
c, Representative 2D classes from a 2D classification job before ab initio 
reconstruction. d, Unsharpened cryo-EM density coloured by local resolution 
with the corresponding 3D FSC curve and azimuth plot.



Extended Data Fig. 6 | D42 FASN KO cell generation and re-expression of  
WT and mutant enzymes. a, Western blot analysis of FASN levels in FASN KO 
cells, and re-expressed WT and mutant human FASN enzymes, with actin 
blotted as a loading control (representative of n = 2 experiments). The MW 
marker in the FASN section is 240 kDa and the corresponding marker in the 
actin blot is 42 kDa. For blot source data, see Supplementary Figs. 4 and 5. 
b, Comparison of palmitate synthesis from [U-13C]-glucose in D42 parental 
cells and the FASN KO clone. The average of n = 3 replicates is plotted with error 

bars representing the SD. c, Relative abundance of palmitate measured by 
GC-MS. Data are normalized to heptadecanoic acid as the internal standard and 
μg protein, and the average abundance of the WT cells set to 1. Each biological 
replicate (n = 3) is shown, with the mean plotted and error bars for the SD.  
d, Isotopologue analysis of heavy carbon atoms incorporated into palmitate in 
each cell line, with the mean of n = 3 replicates shown and error bars of the SD. 
Isotopologue enrichment was calculated using FluxFix.science.
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Extended Data Fig. 7 | Conformational dynamics of the condensing region 
during acyl chain modification. a, Output from a heterogenous refinement 
job initially seeded with the map and particles providing the hFASN/NADPH 
DH-ACP structure. All 8 classes are coloured according to domain and show 
structural heterogeneity similar to the entire dataset. Labelling is changed to 

Class A-H in place of State 1-8 to avoid confusion with the structures that lack 
ACP density. b, Classes from the 4th round of heterogenous refinement on the 
particles from the hFASN/NADPH ER-ACP structure, with the density coloured 
by domain.



Extended Data Fig. 8 | Comparison of hFASN ACP interactions with yeast 
and bacterial systems. a, Alignment of the hFASN ACP with the yeast ACP  
and bacterial AcpP. b, Structure of the yFASN ACP-DH interaction showing the 
minor contacts made by Helix III and the DH surface. c, Crystal structure of the 

bacterial FabA homologue of the DH domain with the ACP crosslinked. The 
FabA is shown as a surface and AcpP in cartoon form to highlight the extensive 
interaction made by Helix II at the FabA interface. d, yFASN ACP-ER interaction 
structure highlighting the broad contacts made by the ACP at the ER interface.
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Extended Data Table 1 | Cryo-EM data collection, refinement, and validation statistic
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