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Abstract: Fungal fatty acid synthases Type I (FAS I) are up to 2.7 MDa large molecular machines com-

posed of large multifunctional polypeptides. Half of the amino acids in fungal FAS I are involved in
structural elements that are responsible for scaffolding the elaborate barrel-shaped architecture and

turning fungal FAS I into highly efficient de novo producers of fatty acids. Rhodosporidium toruloides

is an oleaginous fungal species and renowned for its robust conversion of carbohydrates into lipids
to over 70% of its dry cell weight. Here, we use cryo-EM to determine a 7.8-Å reconstruction of its

FAS I that reveals unexpected features; its novel form of splitting the multifunctional polypeptide

chain into the two subunits a and b, and its duplicated ACP domains. We show that the specific distri-
bution into a and b occurs by splitting at one of many possible sites that can be accepted by fungal

FAS I. While, therefore, the specific distribution in a and b chains in R. toruloides FAS I is not corre-

lated to increased protein activities, we also show that the duplication of ACP is an evolutionary late
event and argue that duplication is beneficial for the lipid overproduction phenotype.
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Introduction

Fatty acid synthases Type I (FAS I) are responsible

for de novo fatty acid synthesis in eukaryotes and

CMN group bacteria (Corynebacterium, Mycobacte-

rium, and Nocardia). FAS I occur in MDa-sized

assemblies of elaborate architecture in which fatty

acids are synthesized in a machine-like fashion. FAS I

are made-up of multifunctional polypeptide chains,

and distinct from the “conventional” Type II FAS,

which are present in most bacteria and mitochondria

and provide the catalytic functions for fatty acid syn-

thesis on separate proteins.1–3

FAS I can be classified in metazoan and micro-

bial (fungal and bacterial). Metazoan FAS I occur as

dimeric complexes of about 0.5 MDa.4 Current struc-

tural progress in the characterization of polyketide

synthases Type I (PKS I) strongly suggests that the

metazoan FAS I protein fold is widely distributed as

an architectural blueprint in the PKS family.4–8

Microbial FAS I forms multi-oligomeric complexes of

sizes between 1.9 MDa (bacterial FAS I) and 2.7

MDa (fungal). The best studied representative of

microbial FAS I is the Saccharomyces cerevisiae FAS

I. It has been extensively analyzed during several

decades; for example, its characterization was

largely responsible for awarding the Nobel prize to

Lynen 50 years ago (1964, awarded jointly to Kon-

rad Bloch and Feodor Lynen for their discoveries in

cholesterol and fatty acid metabolism).9 S. cerevisiae

FAS I (and Thermomyces lanuginosus FAS I) has

also been recently analyzed by X-ray crystallogra-

phy (Fig. 1),10–13 and the wealth of available func-

tional data have been correlated to structural data,

leading to a superior understanding of fungal Type I

fatty acid synthesis.14 For an overview of the cata-

lytic cycle of fatty acid synthesis as performed by

fungal FAS I see Supporting Information Fig. S1.

Acyl carrier protein (ACP)-mediated substrate

shuttling is a key characteristic of fatty acid synthe-

sis.3,15 ACP is a small globular protein that after post-

translational modification by phosphopantetheine

transferases (PPT) is able to bind substrates and inter-

mediates via thioester formation.16 In Type I systems,

ACP is part of the polypeptide chain and in fungal and

bacterial FAS I located inside compartmented reaction

chambers, where it delivers substrates and intermedi-

ates to the active sites of the different enzymatic

domains17,18 (see Fig. 1). A peculiar structural feature

that was observed in fungal FAS I is the positioning of

the PPT (part of the polypeptide chain in fungal FAS I)

at the perimeter of the central wheel.12 The spatial sep-

aration of PPT at the outside of the barrel from ACP in

the inside has dramatic consequences for the assembly

of the fungal FAS I: The post-translational activation

of the ACP domain is not possible in the assembled

barrel-like state, but requires an architecturally dis-

tinct preassembled state.12,14,19

We have started the biochemical and structural

characterization of the Rhodosporidium toruloides

FAS I because of our interest in the evolution and

the assembly of FAS I. As a major event in the

development of fungal FAS, single gene-encoding

FAS split into two gene-encoding (FAS1 and FAS2)

variants at different sites (see Fig. 1).11,14,20 In this

light, R. toruloides FAS I is a topologically interest-

ing fungal FAS I.21 It is composed of a- (FAS2

encoded) and b-chain (FAS1) with the splitting site

within a b-sheet domain that connects the domains

ER and the DH, representing a rare fungal FAS I

variant. Further, it shows a duplicated ACP domain,

which might correlate to the high oleagenic capacity

of the organism. Here, we present the functional

and cryo-EM structural characterization of R.

Figure 1. Architecture and domain organization of fungal

FAS I. Fungal FAS I is an overall D3 symmetric barrel-shaped

complex of homohexameric or heterodocameric (a6b6) oligo-

merization. For clarity of the structure representation, the pro-

tein is abstracted as a cross-section along the threefold axis.

Fatty acid synthesis proceeds in two compartments, each of

which is lined by three full sets of catalytic domains. The

positioning of a set of domains is indicated for the upper

compartment. The domains ketoacyl synthase (KS), ketoacyl

reductase (KR), and phosphopantetheine transferase (PPT)

comprise the central wheel part, while the other domains,

acetyl-transferase (AT), enoyl reductase (ER), dehydratase

(DH), and malonyl-palmitoyl-transferase (MPT) make up the

dome-like structure. Fungal FAS I can be encoded by a sin-

gle gene, as in the case of the group of Ustilaginomcetes, or

split into two separate genes (FAS1 encoding the b-chain

and FAS2 encoding the a-chain) as indicated. A mobile acyl

carrier protein (ACP) as a single (n 5 1) or duplicated domain

(n 5 2) spans the inner volume of the compartments, tethered

by flexible linkers to the center of the wheel and the wall of

the dome (abstracted by gray lines).
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toruloides FAS I. We discuss our data in light of the

evolution of fungal FAS I toward the highly efficient

molecular machines as they appear in the oleagi-

nous strain R. toruloides, and we propose that the

assembly of the up to 2.7 MDa large protein com-

plexes is a robust sequential process, running

through a defined sequence of events.

Results

Recombinant expression of R. toruloides FAS I

Fully assembled and functional wild-type R. toruloides

FAS I was successfully expressed in Escherichia coli at

a yield of more than 6 mg per liter culture. The FAS I

complex was purified via a multi-step purification pro-

tocol [Fig. 2(A)]. Final size exclusion chromatography

shows a monodisperse UV-absorption peak at an appa-

rent molecular weight of about 2.7 MDa representing

the a6b6 heterododecameric complex [Fig. 2(B)]. Tail-

ing of the high oligomeric peak indicates minor impur-

ities or protein degradation, as also observable in SDS-

PAGE. In SDS-PAGE, a faint band was observed

appearing with a higher apparent molecular weight

than 460 kDa, which we speculated to occur from sta-

ble interactions of a- and b-chain to a higher oligo-

meric species that does not dissociate during sample

preparation. However, variations in the strength of the

denaturing conditions did not lead to varying band

intensities [see Fig. 2(A)].

Enzymatic analysis

The enzymatic activity of R. toruloides FAS I was

tested by monitoring NADPH consumption via

absorption at 334 nm [Fig. 2(C)]. As an average of

three independent protein preparations, we obtained

a specific activity of 476 6 159 mU/mg with respect

to the consumption of two equivalents NADPH per

reaction, reflecting one reaction cycle and the elon-

gation of the fatty acid by one C2-unit. The individ-

ual protein batches showed specific activities of

618 6 132 mU/mg, 506 6 85 mU/mg and 304 6 31

mU/mg, respectively. S. cerevisiae FAS I from native

preparations yielded activities ranging from 343

mU/mg22 to 3500 mU/mg.23,24 Considering the par-

ticular architecture of the duplicated ACP as a

means for increasing the capacity of substrate shut-

tling, R. toruloides FAS I activity is lower than

expected. Negative stain EM, initially performed for

monitoring protein quality, and cryo-EM show high

protein homogeneity. It is tempting to speculate that

low protein activities might reflect incomplete post-

translational phosphopantetheinylation as a conse-

quence of the heterogeneous environment during

recombinant expressions. Alternatively, it might be

resulted from insufficient cofactor (FMN) binding or

Figure 2. Purification and enzymatic properties of R. toruloides FAS I. (a) SDS-PAGE (NuPage Bis-Tris 4–12%, Life Technolo-

gies, USA) of purified recombinant FAS I with b-chain (138 kDa) and a-chain (321). A band at about 200 kDa (#) and a band at

an apparent molecular weight clearly larger than 500 kDa (*) reflect main impurities. (b) Absorption profile from size exclusion

chromatography of R. toruloides FAS I on a Superose 6 10/300 column (GE Healthcare). Linear regression of calibration with

standard proteins and S. cerevisiae FAS I is shown in inset. (c) Absorption profile from activity assay of R. toruloides FAS I.

Activity at 25�C was monitored by decrease in absorption at 334 nm from consumption of NADPH. (d) HPLC-MS analysis of

the R. toruloides FAS I product spectrum. Main products are stearic (m/z 5 1032.4) and arachidic acid (m/z 5 1060.7); IS, inter-

nal standard (isoheptadecanoyl-CoA).
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the presence of protein tags. We also analyzed the

product spectrum of R. toruloides FAS I by HPLC-

MS, and detected C18- and C20-acyl CoA esters as

the main products [Fig. 2(D)]. This is different to

reported data, showing exclusively production of

C16- and C18-fatty acids in vivo,25–27 and might

reflect the difference between in vitro assay condi-

tions and the in vivo environment; for example, dif-

ferent relative levels of malonyl- and acetyl-CoA

concentrations28 or interfering macromolecules.29,30

Three-dimensional cryo-EM map

We generated a 3D map of R. toruloides FAS I from

3296 particles (Supporting Information Fig. S2). The

resolution of the final map was measured by the Fou-

rier shell correlation (FSC) method at the FSC 0.143

criterion as 7.8 Å.31 The map resolves all features of

fungal FAS I that were seen before in X-ray11–13,18

and cryo-EM studies17 [Fig. 3(A)]. Docking of avail-

able structural information revealed that the map is

more similar to published X-ray structures of T. lanu-

ginosus and S. cerevisiae FAS I than to the cryo-EM

structure of S. cerevisiae FAS I. In the S. cerevisiae

FAS I cryo-EM structure,17 differences in domain

positions were observed that lead to overall shorter

(by �20 Å) but wider (by �18 Å) barrel-like structure.

Most significant was a �9� rotated arrangement of

the trimerization domains (TM) at the threefold

axis.17 Our data revise the initial assumption that

the X-ray structures of yeast FAS I might have been

affected by crystal contacts, but suggest a breathing-

like motion as real conformational variability of fun-

gal FAS I. Unlike the S. cerevisiae FAS I cryo-EM

map, the R. toruloides map showed no evidence of

heterogeneity (Supporting Information Fig. S3),

which characterizes the R. toruloides FAS I barrel as

rigid which is in line with previous data.1,14 Density

for the ACP domains was not visible in the map, indi-

cating that they occupy varying positions inside the

reaction chambers.

By carrying the gene splitting site within the

b-sheet domain encoding sequence, R. toruloides

Figure 3. The structure of R. toruloides FAS I. (a) Cryo-EM map at 7.8 Å resolution with the X-ray structure of T. lanuginosus

FAS I (pdb codes 2uva, 2uvb)11 fitted into the map as a rigid body. The protein is shown in side and top view. The polypeptides

are colored according to the scheme above (see Fig. 1). Structural elements and the antiparallel b-sheet are highlighted. (b) 3D

map and structural model as in (a) with zoom onto the antiparallel b-sheet domain. Domains are labeled. AT (italic letters) is

provided from the neighboring polypeptide chain. The splitting site as occurring in R. toruloides FAS I is highlighted by a red

circle; the loop connecting the b-sheet with the ER by a gray circle. (c, i) A single a-chain and a single b-chain are extracted

from the fungal FAS I (T. lanuginosus FAS I; pdb codes 2uva, 2uvb)11 and splitting sites as occurring in fungal FAS I types

Ascomycota (splitting site within MPT domain), Tremellomycetes (splitting site within 4-helical bundle) and Rhodosporidium

(splitting site within antiparallel b-sheet) are indicated. In the highlighted structural elements, the b-chain part is shown in yellow

and the a-chain part in dark gray. (ii) Antiparallel b-sheet composed of the b-chain and a-chain of R. toruloides FAS I; model

and coloring as in (i); the left figure is roughly in the orientation of the side view in (a). The interface is comprised by formation

of a curved b-sheet that interacts with a-helices at the concave face (highlighted by gray background), intertwined hairpin loops

(highlighted by dashed circle), and the hairpin loop of a-chain interacting with a globular fold of the ER domain (colored in

white). Residue numbers are given for defining borders (T. lanuginosus FAS I numbering).
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FAS I of the Sporidiobolales clade represents a spe-

cific case of two gene-encoding fungal FAS I variant.

Docking of the T. lanuginosus FAS I X-ray structure

into the EM map supports sequence analysis (Sup-

porting Information Fig. S4) and does not reveal any

unexpected features [Fig. 3(A,B)]. The loop connect-

ing the antiparallel b-sheet with the ER and the

loop carrying the splitting site protrude from the

electron density [Fig. 3(B)]. These properties might

be due to minor local structural differences between

R. toruloides FAS I (map) and T. lanuginosus FAS I

(model), or to local conformational variability, which

cannot be traced at this resolution. Here it is worth

to mention that also in the 3.1 Å X-ray structure the

connecting linker as well as the first b-strand of the

antiparallel b-sheet (b28) could not be traced in elec-

tron density (K1122-N1140, corresponding T. lanugi-

nosus FAS I numbering).18

Discussion
We have recently started the structural and func-

tional characterization of R. toruloides FAS I from

recombinant expressions in E. coli because of our

interest in the evolutionary development of fungal

FAS I. R. toruloides is a high lipid producing fungal

species, and initial characterizations speculated on

R. toruloides encoding FAS I with improved fatty

acid productivity.21

In R. toruloides FAS I, we were particularly

interested in the novel form of splitting the multi-

functional polypeptide into a b-chain which solely

carries the domains AT and ER, and in an a-chain

which includes all other domains. As expected, our

data do not reveal any features emerging from the

domain distribution that might be correlated with

increased protein activity. Interestingly, the interac-

tion of the a- and b-chain is different as compared

to the other topical variants. In S. cerevisiae and

T. lanuginosus FAS I, both representing the Ascomy-

cota fungal FAS I variant, the a- and b-chain inter-

act via termini that intertwine in forming a helical

bundle as part of the MPT domain [Fig. 3(C)].11,18

From homology modeling with available structural

information, it can be assumed that also FAS of the

Tremellomycetes variant share the characteristic of

chains interacting via intertwined termini. Here, the

C-terminus of the b-chain and the N-terminus of the

a-chain form a 4-helical bundle in the interface of

the KR and the KS domain [Fig. 3(C)]. The interac-

tion of chains in R. toruloides FAS I is conceptually

different. Similar to the Ascomycota and the Tremel-

lomycetes variants, the polypeptide chains interact

within a domain (b-sheet domain, L1102-E1279,

T. lanuginosus numbering). However, rather than

showing intertwined termini, a large interface of

1725 Å2 (PDB ID: 2uva; T. lanuginosus)11 is formed

[Fig. 3(C)]. Cryo-EM data are clearly at too low reso-

lution to trace details of the interaction of the poly-

peptide chains, but the smooth incorporation of the

T. lanuginosus FAS I structural model into R. toru-

loides FAS I cryo-EM density [see Fig. 3(A,B)]

implies that there are no substantial differences in

the fold of the ER-DH connecting b-sheet domain, in

line with alignments and secondary structure pre-

dictions (see Supporting Information Fig. S4).

Gene splitting in two gene-encoded variants is

an evolutionary late event,14,32 and the topological

variants currently identified from available sequence

information are relevant for understanding the

assembly of fungal FAS I. Recently, the idea of the

evolutionary conservation of assembly pathways has

been established.33 For fungal FAS I, evolutionary

pressure for the conservation of the assembly path-

way arises from the structural particularity of the

spatially separated domains ACP and PPT in the

mature barrel-like structure. As they are hindered

in forming productive interactions in the mature

structure, the phosphopantetheinylation of ACP by

PPT has to occur in a preassembled state.12,19 From

the common motif of the interactions of chains

within domains, we speculate that in the process of

assembly, the two gene-encoding variants form

pseudo-single chains so that all variants align into a

single pathway in an early step. Subsequently, these

initial assemblies arrange into the preassembled

states competent for post-translational modification

of ACP. From the structural appearance of the inter-

action of chains in two gene-encoded fungal FAS I, it

is tempting to speculate that the assembly pathway

of fungal FAS I is a robust sequential process, that

putatively accepts many splitting sites, as long as

the interactions of the polypeptide chains is strong

enough, either by intertwining termini, as observed

in Ascomycota and the Tremellomycetes variants, or

by forming large interfaces as observed for the Rho-

dosporidium variant.

Another interesting feature of R. toruloides FAS

I is the duplication of the ACP domain. As evident

from the structural characterization of R. toruloides

FAS I (see Supporting Information Fig. S3) and

reported for S. cerevisiae FAS I before,17,18 the

extensive scaffolding in fungal FAS I leads to confor-

mationally restricted proteins in which essentially

only the substrate shuttling ACP is mobile owing to

conformationally variable linkers. The ACP domains

are 77% sequence identical and show particular high

conservation in regions relevant for docking (Sup-

porting Information Fig. S6). From sequence conser-

vation, a specialization among the two ACP domains

for any of the steps relevant for fatty acid synthesis

is unlikely. Similar to what was shown for multien-

zyme proteins in polyunsaturated fatty acid (PUFA)

production that carry tandem ACP domains, the

purpose of ACP duplication in R. toruloides FAS I

seems to lie in the increase in its apparent ACP con-

centration and, consequently, the increase in the
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capacity for shuttling substrates and intermedi-

ates.34,35 Additional benefit arises from crowding of

the reaction chamber with a second ACP domain

and a connecting linker.36 Our cryo-EM data did not

allow assignment of ACP positions, reflecting the

positional variability of the ACP as an inherent fea-

ture of FAS I systems.1,17 An interesting aspect is

the occurrence of the duplicated ACP across the phy-

logenetic clades that define the fungal FAS I var-

iants (Supporting Information Fig. S5). This gives

evidence that the duplication of ACP is an evolution-

ary recent development that occurred after the evo-

lutionary event of the splitting of the single gene-

encoded fungal FAS I in the currently known two

gene-encoded variants.

Conclusion

FAS I are among the most complex proteins ana-

lyzed in eukaryotes.1,14 They are made up of multi-

functional polypeptides that assemble to up to 2.7

MDa large complexes of elaborate architecture. Fun-

gal FAS I are highly evolved. Their development

comprises hallmarks as follows: (i) The extension of

individual monofunctional proteins with scaffolding

domains.32 (ii) Fusion events of the monofunctional

proteins to a stable single gene-encoded multifunc-

tional FAS I protein.32 This FAS I ancestor protein

is distributed in Corynebacteria, Mycobacteria, and

Nocardia. (iii) Further scaffolding to a single gene-

encoded fungal FAS I.20,37 (iv) Gene splitting into

two gene-encoded variants. Many splitting sites may

be tolerated as long as they do not interfere in FAS I

assembly. (v) ACP duplication in certain species, as

R. toruloides FAS I, for increasing the substrate

shuttling capacity.

Material and Methods

Plasmid construction

Total RNA was prepared as described previously.21

cDNA synthesis was performed with PrimeScript High

Fidelity RT-PCR Kit (Takara, Dalian, China). FAS cod-

ing genes were amplified with primer pairs (FAS1-5-

NdeI, GGCATTCCATATGGCAAGCTGGAGCCACCCG-

CAGTTCGAAAAGGGTGCAATGAACGGCCGAGCGA

CGCG, FAS1-3-EcoRI, GGAATTCTCAGAGCCCG

CCGAAGACG, FAS2-5-HindIII, GCCCAAGCT-

TATGGTCGCGGCGCAGGACTTG and FAS2-3-

NotI, CCGCATTGCGGCCGCCTTCTGGGCGAT-

GACGACGGC). The b-chain encoding fragment

inserted into pET22b(1) vector (Novagen, Darmstadt,

Germany) yielded pET22b-RtFAS1, while the a-chain

fragment inserted into pET24b(1) vector (Novagen,

Darmstadt, Germany) gave pET24b-RtFAS2-WT.

Plasmids were coding for a b-chain carrying an N

terminal Strep-II-tag (MASWSHPQFEKGA-), and

the a-chain modified with an N terminal T7-tag

(MASMTGGQQMGRDPNSSSVDKL-) and a C termi-

nal His6-tag (-AAALEHHHHHH).

Recombinant expression and purification of

Rhodosporidium FAS
E. coli strain BL21 (DE3; Novagen, Darmstadt, Ger-

many) was co-transformed with plasmids pET22b-

RtFAS1 and pET24b-RtFAS2-WT via the heat shock

method and selected on LB agar supplemented with

an appropriate amount of antibiotics (100 mg/mL

ampicillin and 50 mg/mL kanamycin). Expression

and purification of the recombinant Rhodosporidium

FAS I was described before.38 Briefly, single colonies

were used to inoculate 5 mL of a LB preculture,

which finally was used to inoculate 1.6 L TB media

(with 100 mg/mL ampicillin and 50 mg/mL kanamy-

cin). After growth to OD600 of 0.6–0.8, the expression

was induced by adding IPTG to the medium to a

final concentration of 0.5 mM. The culture was incu-

bated at 200 rpm and 16�C for 30 h. Cells were har-

vested by centrifugation at 8000 rpm (6200g) for 10

min. The cell pellet (about 12 g) was resuspended in

36 mL lysis buffer (100 mM KPi pH 7.0, 5 mM

EDTA, 5 mM b-mercaptoethanol, 1 mM phenylme-

thylsulfonylfluoride, 3 mM MgCl2, 0.5 mg/mL lyso-

zyme (Genview, Beijing, China), protease inhibitor

tablets (Roche, Basel, Switzerland) and homogenized

by ultrasonication for 20 min. The lysate was

cleared by centrifugation at 14,000 rpm (18,000g) for

30 min. Saturated (NH4)2SO4 solution was added to

the supernatant (25%, v/v), and the mixture was

stirred for 30 min. Precipitated protein was pelleted

at 14,000 rpm (18,000g) for 30 min. A second protein

pellet was obtained in a similar protocol, adding

additional saturated (NH4)2SO4 solution to 33% (v/

v). Pellets were resuspended in 16 mL buffer A

(20 mM HEPES pH 8.0, 100 mM KCl, 5 mM EDTA,

5 mM b-mercaptoethanol), and loaded onto a 10–

40% (w/v) sucrose density gradient (in buffer A). The

centrifugation was performed in a SW32 rotor at

27,000 rpm (about 90,000g) and 4�C for 15 h. FAS I

containing fractions were collected and ultrafil-

trated. Subsequently, anion exchange chromatogra-

phy (DEAE-sepharose) was performed. Proteins

were eluted with KCl by gradients of buffer A and B

(20 mM HEPES pH 8.0, 800 mM KCl, 5 mM EDTA,

5 mM b-mercaptoethanol). FAS I containing frac-

tions were concentrated and a second run of sucrose

density centrifugation was performed for further

purification. More than 10 mg protein was obtained.

Size exclusion chromatography

Size exclusion chromatography was performed on a

Superose 6 10/300 GL column (GE Healthcare).

After equilibration of the column with buffer

(100 mM sodium phosphate pH 7.2, 200 mM NaCl,

1 mM EDTA), 500 mL of protein in buffer A (1.4 mg/

mL) was loaded onto the column. 1 mL fractions
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were collected with a flow rate of 0.3 mL/min, and

absorption at 280 nm was recorded. During all steps,

the protein was always kept at 4�C. The calibration

of the chromatographic system was done with a high

molecular weight gel filtration calibration kit (GE

Healthcare).

Enzymatic activity assay
Enzyme activity was determined by recording the

NADPH-consumption via the decrease in absorption

at 334 nm in an UV/vis-spectrometer (Lambda 25;

Perkin Elmer). The assay was performed with 25 mg

protein in a buffered solution (200 mM potassium

phosphate pH 7.3, 87.5 mM DTT, 250 mM NADPH,

417 mM acetyl-CoA, 500 mM malonyl-CoA) with a

total volume of 120 mL at room temperature. The

activity analysis comprises only the linear range of

the absorption curve after malonyl-CoA-addition.

One unit of FAS I activity is defined as the turnover

of 1 mmol malonyl-CoA or 2 mmol NADPH per

minute, respectively.

Enzymatic product spectrum
To analyze the product spectrum of R. toruloides

FAS I, the enzymatic reaction was performed in buf-

fered solution (200 mM potassium phosphate

pH 5 7.3, 87.5 mM DTT, 2.25 mM NADPH, 0.20 mM

acetyl-CoA, 1.00 mM malonyl-CoA) with a total vol-

ume of 100 mL and with 20 mg of protein. The reac-

tion was kept at room temperature for 18 h and

stopped by freezing the samples in liquid nitrogen.

Work-up was done by acetone precipitation of the

protein and vacuum evaporation of the solvent. The

residue was redissolved in 50 mL water and analyzed

by HPLC-MS.

Cryo-EM data collection

A 1.3-mg/mL FAS I sample of 3 mL was applied to

glow discharged Quantifoil R2/2 holey carbon grids

(Quantifoil Micro Tools, Jena, Germany). The sam-

ples were vitrified using an FEI Vitrobot plunge-

freezer. Data was collected on an FEI Tecnai Polara

operating at 300 kV, using a back-thinned FEI Fal-

con II direct electron detector. The Falcon II camera

was calibrated at the desired nominal magnification

of 78,0003. The calibrated magnification on the 14

mm pixel camera was 106,0003, resulting in a 1.32

Å pixel size at the specimen. The camera system

was set up to record 18 frames/s.39,40 Videos were

collected for 1.5 s with a total of 24 frames with a

calibrated dose of 3.5e2/Å2 per frame, at defocus val-

ues of 1.5–3 mm.

Image processing

The 24 frames of each video were aligned using the

whole-image motion correction method described in

Li et al.41 Particle picking was carried out using

the manual procedure of EMAN Boxer,42 and the

contrast transfer function of every image was deter-

mined using CTFFIND343 in the RELION work-

flow.44 The data set was refined with the gold

standard refinement procedure of RELION,45 using

the cryo-EM map of S. cerevisiae FAS I17 low-pass

filtered to 60 Å as a starting model, using 20

frames (from frame 2 to frame 21). A postprocess-

ing procedure implemented in RELION44 was

applied to the final maps for appropriate masking,

B-factor sharpening and resolution validation.46

The final map of 3296 particles has a resolution of

7.8 Å by the FSC 0.143 criterion31 after applying

this postprocessing procedure. The local resolution

of the map was estimated with the Resmap soft-

ware (available at http://resmap.sourceforge.net).47

The map was displayed in USCF Chimera,48 and

the structure of T. lanuginosus FAS I (pdb codes

2uva, 2uvb)11 was fitted into the map as a rigid

body without further refinement.
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