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A B S T R A C T   

Fatty acids are essential cellular building blocks and a major energy source. Regardless of their metabolic fate, 
fatty acids first need to be activated by forming a thioester with a coenzyme A group. This reaction is carried out 
by acyl-CoA synthetases (ACSs), of which ACSL1 (long-chain acyl-CoA synthetase 1) is an important member. 
Two bacterial homologues of ACSL1 crystal structures have been solved previously. One is a soluble dimeric 
protein, and the other is a monomeric peripheral membrane protein. The mammalian ACSL1 is a membrane 
protein with an N-terminal transmembrane helix. To characterize the mammalian ACSL1, we purified the full- 
length mouse ACSL1 and reconstituted it into lipid nanodiscs. Using enzymatic assays, mutational analysis, 
and cryo-electron microscopy, we show that mouse ACSL1 is active as a monomer.   

1. Introduction 

Fatty acids (FAs)1 are essential to cellular function. They need to be 
activated by conjugating to coenzyme A (CoA) in order to be used for 
β-oxidation, incorporation into phospholipids, or neutral lipid synthesis. 
Acyl-CoA synthetases (ACSs) are classified into families according to the 
chain length of their substrates: those families are named short-chain 
ACS (ACSS), medium-chain ACS (ACSM), long-chain ACS (ACSL), very 
long-chain ACS (ACSVL), Bubblegum ACS (ACSBG), and ACS family 
(ACSF) [1]. The ACSL family is particularly important because those 
enzymes esterify free FAs of 12–20 carbons, which are prevalent in the 
human diet. There are five ACSL isoforms, and they differ in their tissue 
distribution, subcellular localization, and substrate preference [2]. 
ACSL1 is expressed in many tissues, and especially highly in liver and 
adipose tissue. It is found in the plasma membrane, outer membrane of 
mitochondria, and the ER, depending on the cell type [3]. The first of the 
two classic roles of ACSL1 is facilitating FA transport across the plasma 
membrane where CoA attachment prevents free FAs from diffusing back 
out of the cell [4]. The second role is channeling FAs toward β-oxidation 
[5]. On the mitochondrial outer membrane, ACSL1 delivers acyl-CoA to 
CPT1 proteins for conversion into acyl-carnitine, which then enters the 
mitochondria for FA oxidation [3,6]. ACSL1 has been reported to 

interact with various protein networks to orchestrate FA metabolism 
[3]. 

The current structural understanding of mammalian ACSL comes 
largely from bacterial crystal structures. The crystal structures of a Thermus 
thermophilus ACSL homologue, ttLC-FACS [7], and a Mycobacterium tuber-
culosis ACSVL homologue, FadD13 [8], have been reported. ttLC-FACS has 
substrate length ranging from 12 to 18 carbons. It is a soluble enzyme that 
works as a dimer with two independent active sites. FadD13 is a 
membrane-bound peripheral enzyme that functions as a monomer with 
substrate carbon length up to C26. Both share a two-domain structure, 
having a large N-terminal domain and a small C-terminal domain. During 
the reaction, the C-terminal domain moves towards the N-terminal domain 
to complete the active site [9]. The general catalytic mechanism for these 
enzymes is thought to involve two steps. First, the free FA condenses with 
ATP to form an acyl-AMP intermediate with a release of pyrophosphate. 
Second, the intermediate binds CoA, which replaces the AMP. In the 
FadD13 structure, membrane attachment could allow the reaction to occur 
without completely extracting the FA from the membrane. Unlike either of 
the bacterial proteins, mammalian ACSL1 is a membrane protein with a 
single N-terminal transmembrane helix predicted by sequence analysis [3]. 
For the mouse protein, it is amino acids 25LPTNTLMGFGA-
FAALTTFWYA45, which is 100% conserved between human, mouse, and 
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rat ACSL1. It is unclear whether this N-terminal transmembrane helix of 
ACSL1 is important for catalysis. It is also unclear whether the mammalian 
ACSL1 is a monomer or a dimer. 

One of the difficulties of working with membrane proteins is the need 
for detergent to keep the proteins in solution. Detergents can adversely 
affect protein stability and function. Recently, methods have been 

developed to enclose membrane proteins and the lipids together, using 
either lipid-binding proteins or polymers to generate soluble protein–lipid 
particles called nanodiscs [10–12]. These methods use engineered de-
rivatives of apolipoprotein A1 scaffold proteins (called membrane scaffold 
protein, MSP), saposin A, and styrene–maleic acid copolymer (SMA). These 
have proven to be useful in enzyme activity assays without detergent and 

Fig. 1. Full-length ACSL1 is a monomer by EM. (A). ACSL1 elution fractions 1 to 6 from Ni-NTA. The last lane is the PD10 buffer-exchanged protein after the Ni-NTA 
column. (B). Superose 6 FPLC elution profile of ACSL1/soy polar lipids/MSPΔH5 nanodiscs. Standard molecular weight markers are indicated by dashed lines. (C). A 
representative negative-stain EM micrograph of ACSL1 nanodiscs. (D). 2D class averages from negative-stain images, showing multiple ways of ACLS1 insertion into 
the nanodisc. Yellow arrowheads point to ACSL1 and blue arrowheads to the nanodisc. Scale bar represents 10 nm. (E). A schematic model of the various methods of 
ACSL1 insertion into nanodisc. (F). A representative cryo-EM micrograph at 30,000× magnification. (G). Representative cryo-EM 2D class averages of ACSL1 alone (I 
and II) or in complex with the nanodisc (III–V). ACSL1 in complex with nanodisc had poorer resolution. Yellow arrowheads point to ACSL1 and blue arrowheads to 
the nanodisc. Orange arrowheads point to the C-terminal domain in the open position. Scale bar represents 5 nm. 
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in high-resolution structural determinations by cryo-electron microscopy 
(cryo-EM). Among the different types of protein–lipid particles, MSP is 
relatively easy to use, and MSPs of different lengths have been developed 
to generate nanodiscs of different sizes. 

In this study, we successfully purified the full-length mouse ACSL1 
and reconstituted it into nanodiscs using MSPΔH5, eliminating the need 
to use detergents during enzyme assays. Using cryo-EM single-particle 
analysis and an N-terminal-truncated version of ACSL1, we show that 
mouse ACSL1 is active as a monomer. 

2. Results 

2.1. ACSL1 incorporates into lipid nanodiscs as a monomer 

ACSL1 is predicted to have a single transmembrane segment at the N- 
terminus. Since the lipid environment may influence the function of the 
enzyme, we decided to express the full-length protein in insect cells to 
ensure proper incorporation of the protein into the membrane. Mouse 
ACSL1 with a C-terminal His10 tag was cloned into the pFastBac system 
and expressed in High Five cells. The protein expressed and purified well 
using Ni-NTA affinity resin (Fig. 1A). The eluted protein was quickly 
buffer-exchanged to eliminate the high concentration of imidazole using 
a PD10 column and then was mixed with soy polar lipids that had 
already been sonicated into small unilamellar liposomes. Then MSPΔH5 
was added to encircle the protein within the lipid/detergent mixture; the 
detergent was eliminated using biobeads. A typical size distribution of 
ACSL1/MSPΔH5 nanodiscs on an analytical Superose 6 column is shown 
in Fig. 1B. The center fraction of the peak at about 15 mL was used for 
single-particle analysis by electron microscopy (EM). 

First, we used negative-stain EM to analyze the oligomeric state of 
ACSL1. The micrographs showed good particle distribution and density 
and allowed visualization of the complex (Fig. 1C). The resulting 
reference-free, two-dimensional (2D) classes showed that ACSL1 has 
different ways to insert into the nanodisc (Fig. 1D and E). If the mouse 
ACSL1 works as a dimer, then the MSPΔH5 would most likely enclose a 
dimer together in one nanodisc. However, our negative-stain data 
indicated that while multiple ACSL1 monomers were often incorporated 
into a single nanodisc, they did not appear to be interacting. Indeed, 
some 2D classes showed ACSL1 monomers inserting on opposite sides of 
the nanodisc, while other classes showed two monomers on the same 
side but with no apparent interaction. This observation led us to spec-
ulate that ACSL1 is a monomer. 

To investigate ACSL1 structure at higher resolution, we examined 
our sample via cryo-EM. ACSL1 is about 75 kDa, which is small for high- 
resolution, single-particle analysis by cryo-EM. The bacterial enzyme 
structures suggest that ACSL1 has two domains with the enzyme active 
site formed at their interface [7,8]. The smaller C-terminal domain can 
move away from the larger N-terminal domain to allow substrate 
binding and product release. This variable conformational positioning 
between the two domains increases the difficulty of particle alignment 
in 2D classification. Therefore, we tested various substrates and prod-
ucts homologues in search of the most stable complex for cryo-EM study. 

We found that the combination best for enzyme stability and cryo-EM 
was AppNp (a nonhydrolyzable ATP analogue) and C18:1 (oleic acid). 
Cryo-EM images showed that the particles were monodisperse (Fig. 1F). 
Particles were autopicked from collected micrographs and then were 
subjected to iterative, reference-free, 2D classifications. The resulting 
classes showed ACSL1 complexed with the disc-like density of the nano-
disc in some classes, while in others, ACSL1 appears to have broken away 
from the nanodiscs (Fig. 1G). Despite changing the grid-freezing param-
eters, we continued to see the same results. The resolution of 2D classes of 
ACSL1 alone was superior to the resolution of 2D classes of ACSL1 in 
complex with nanodiscs. There are many reasons for this, including 1) the 
nanodisc orientation relative to ACSL1 is not fixed, and 2) the ACSL1 
soluble domain is relatively small compared with the nanodisc. However, 
it is clear from the 2D classes that ACSL1 exists as a monomer. 

2.2. Full-length ACSL1 is active in nanodiscs 

Because detergents used in membrane protein isolation and stabili-
zation can directly affect ACSL1 activity, we hypothesized that purifi-
cation and reconstitution into nanodiscs could provide a more native 
environment for assessing enzymatic kinetics. Using the full-length 
ACSL1 in nanodiscs, we performed ACSL1 activity assays using oleate 
(C18:1) as a substrate at concentrations ranging from 10 μM to 500 μM 
and with saturating amounts of CoA and ATP. The product (AMP) was 
monitored by HPLC (Fig. 2A and B). No detergent was present during the 
assay. We found that the full-length protein was active and had a relative 
Km of 58 ± 4 μM for C18:1, which is on the lower end of the normal 
plasma oleic acid concentration of 30 μM to 3.2 mM [13]. 

Due to the sequence homology between the T. thermophilus ttLC- 
FACS and the mammalian ACSL [7], we hypothesized that the 
conserved T277 and E463 in the mouse ACSL1 are important active site 
residues, and that mutation of these two residues into alanine should 
render the enzyme inactive. We therefore made a double alanine (AA) 
mutant (T277A/E463A) and inserted it into the MSPΔH5 nanodiscs. The 
mutant protein behaved similarly to the wild type during purification 
(Fig. 2C), and just as expected, it was enzymatically inactive (Fig. 2D). 
This finding lends strength to our purification methods. 

2.3. ACSL1 Δ58 is catalytically active as a soluble enzyme 

Cryo-EM data (Fig. 1G) showed that during grid freezing, some ACSL1 
protein broke away from the nanodiscs. In addition, sequence alignment of 
FadD13 and mouse ACSL1 showed none of the arginine residues important 
for FadD13 association with the membrane are conserved in mouse ACSL1 
(Supplementary Fig. 1). We wondered whether we could get higher- 
resolution structures by just analyzing the soluble catalytic portion of 
mouse ACSL1. We deleted amino acids 1–57 to eliminate the trans-
membrane region and some of the flexible linker region. The Δ58 truncated 
protein was expressed in High Five cells to be consistent. It was soluble, so 
we purified it from the cell lysate supernatant fraction instead of the 
membrane fraction. No detergent was used during the purification. 
Compared with the full-length protein in nanodisc, Δ58 was less stable and 
tended to precipitate out upon storage at 4 ◦C. For the cryo-EM work, we 
added AppNp and C18:1 to stabilize the protein, and for the enzymatic work 
we used freshly prepared protein to minimize protein inactivation. As shown 
in Fig. 3A, Δ58 complexed with AppNp and C18:1 ran as a single peak on 
Superdex 200. We used SDS-PAGE and BSA standards to estimate the ACSL1 
protein concentration (Fig. 3B). Using the same amount of protein as for full- 
length WT ACSL1, we found the Δ58 still had activity, although the Km was 
larger than the full-length protein (Fig. 3C). Nevertheless, the results support 
the idea that mouse ACSL1 is active as a monomer. 

2.4. The Cryo-EM structure of Δ58 shows folding similar to that of 
bacterial homologues 

Next, we attempted to determine the structure of Δ58 ACSL1 via 
cryo-EM to confirm it is a monomer. We assessed sample density and 
distribution (Fig. 4A) and collected a modest-sized data set on Krios 
(about 3400 micrographs). After picking particles and eliminating poor- 
quality particles through iterative 2D classifications, the two-domain 
structure can be seen in some 2D classes (Fig. 4B). 

Using a total of 83,000 particles, the 3D reconstruction of Δ58 ACSL1 
revealed two possible conformations, open (26% of particles) and closed 
(52% of particles) (Fig. 4C). The remaining particles fell into classes with 
poorly defined features (Supplementary Fig. 2). Further refinement of 
each conformation was low-pass-filtered to a resolution of 10 Å with an 
adjusted threshold of 0.0013 for the open conformation and with an 
adjusted threshold of 0.0027 for the closed conformation. Comparing 
the size of these two dominant classes with the crystal structure of 
FadD13, they matched quite closely (Fig. 4C and D). This clearly sup-
ports that Δ58 ACSL1 is a monomer. 
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3. Discussion 

We report the expression, purification, and lipid nanodisc insertion 
of the mouse ACSL1 protein along with a low-resolution structure of the 
mouse ACSL1 catalytic domain by cryo-EM. The major conclusion is 
mouse ACSL1 has the same two-domain architecture as ttLC-FACS and 
FadD13. The AA mutant data and the sequence homology [7] supports 
that mouse ACSL1 works as a monomer and follows the same catalytic 
steps as that reported for ttLC-FACS. 

The difficulties of studying the kinetics of lipid-modifying enzymes 
include the extraction and purification of membrane-bound proteins 
from their hydrophobic environment while keeping them stable and 
active. The detergents used for protein purification can introduce arti-
facts because the enzyme may need the native lipid to function properly. 
We used fos-choline 12 to extract ACSL1, quickly replaced the detergent 
with soy polar lipids, and then successfully enclosed ACSL1 and lipids in 
MSPΔH5 nanodiscs. This stabilized ACSL1 and we could carry out ki-
netic assays without any detergent. Compared to the published values 
[14], our Km of the full-length ACSL1 was larger (58 ± 4 μM vs. 6.7 ±
1.4 μM) and the Vmax was smaller (454 ± 8 nmol/min/mg vs. 2089 ±
108 μmol/min/mg), likely due to these modifications. In addition, 
cyclodextrin was used in the reaction to keep the oleic acid in solution 
because no detergent was present. This may affect the accessibility and 
kinetics of the ACSL1 and oleic acid interaction. As to the real specific 
activity in vivo, there are more parameters to be considered, such as the 
local availability/concentration of FAs and whether the substrate needs 
to be delivered to the enzyme via a FA–binding protein. 

From our negative-stain EM studies, one can see that multiple ACSL1 
proteins can be enclosed within one MSPΔH5 nanodisc, sometimes on 
the same side of the nanodisc and sometimes on opposite sides. It is clear 

that individual ACSL1 proteins do not interact with each other. The Δ58 
truncation later confirmed that ACSL1 is active as a monomer. However, 
it is important to point out that Δ58 (especially the apo protein) was 
much less stable than the full-length protein in nanodiscs during storage 
at 4 ◦C and was less active than the full-length protein. Protein stability 
may contribute to the lower Vmax of Δ58. The higher Km value for Δ58 
may indicate that the membrane surface may be important for maximum 
catalytic efficiency of ACSL. There are about 40 amino acid linkers 
predicted between the transmembrane helix and the rest of the folded 
structure. From the EM images, we did not detect any significant asso-
ciation of the soluble folded domains with the nanodisc lipid surface. In 
fact, the ACSL1 and the nanodisc seem to be able to rotate freely relative 
to each other. Therefore, we do not know how the transmembrane helix 
or the close proximity to the lipid surface contribute to catalysis. 

From our cryo-EM studies on the full-length ACSL1 in nanodiscs, we 
found the conditions used to freeze EM grids were harsh enough to cause 
some protein to come out of its lipid environment. This was quite sur-
prising to us. We do not know if this property is generally true for single 
transmembrane proteins or is specific to ACSL1. However, it has been 
reported that the air-water interface is detrimental to low affinity protein 
complexes and can even cause protein denaturation [15,16]. This freezing 
effect may possibly affect the ligand occupancy in our Δ58 structure. We 
saturated the protein solution with ligands before freezing the grids, so we 
should only see one closed conformation. However, the final classification 
showed two major conformations, not just one. The open conformation 
implies that the ligands must have dissociated from the protein. 

One important function of ACSL1 is to provide acyl-CoA to CPT1 for 
transport into the mitochondria for oxidation. Two known ways that FA 
oxidation can be regulated via CPT1A is its expression increase induced 
by high fat content in diet [17] and by the inhibition of CPT1 activity by 

Fig. 2. Enzyme kinetics of ACSL1 nanodisc with oleic acid. (A). Initial velocity with various concentrations of oleic acid (C18:1). (B). Michaelis–Menten kinetic 
enzyme activity curves from purified, full-length ACSL1 assayed with oleic acid. (C). Protein gel of ACSL1 full-length wild type (WT) and AA (double alanine) mutant 
used to standardize the amounts of protein used for activity comparison. L = ladder; 1–5 = BSA standards (1 = 250 μg/mL, 2 = 125 μg/mL, 3 = 50 μg/mL, 4 = 25 μg/ 
mL, 5 = 5 μg/mL); 6–7 = WT samples in duplicate; 8–9 = WT sample 1:2 dilution in duplicate; 10–11 = AA mutant in duplicate; 12–13 = AA mutant 1:2 dilution in 
duplicate. (D). Initial velocities comparison of WT and AA mutant at 500 μM C18:1. Results are mean ± SD. When no error bars appear, the SD values were smaller 
than the symbols. 
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malonyl-CoA [18], product of FA synthesis. In addition, CPT1A has been 
reported to be an oligomer [19] that shifts between hexameric and 
trimeric states [20,21]. It is conceivable that ACSL1 interaction with 
CPT1A is also regulated by metabolic demands. Knowing that ACSL1 is a 
monomer can help clarify the structure-function of ACSL1 and its rela-
tionship with associated proteins. 

4. Methods and materials 

4.1. Cloning 

Mouse ACSL1 was cloned into a homemade pFastBac1-His10 vector 
at BamHI and NotI sites, with His10 tag at the C-terminus. Baculovirus 
was generated from SF9 cells according to the Bac-to-Bac manufac-
turer’s instructions (Invitrogen). High Five cells were infected with the 
baculovirus for protein production. 

4.2. Protein purification 

Soy polar lipids (Avanti 541602) in chloroform were dried with ni-
trogen gas and rehydrated with buffer (30 mM Tris pH 7.5, 50 mM NaCl, 
0.1 mM MgSO4) and probe-sonicated to prepare unilamellar, uniform 
liposomes. Soy PC (95%) (Avanti 441601) was similarly rehydrated in 
resuspension buffer (25 mM Tris 7.5, 150 mM NaCl, 10 mM MgSO4, 5% 
glycerol, 0.2% fos-choline 12) and probe-sonicated. 

The frozen cells were thawed and mechanically homogenized with a 
Teflon tissue homogenizer. Cell membranes were collected by centrifu-
gation and solubilized with resuspension buffer (25 mM Tris 7.5, 150 mM 
NaCl, 10 mM MgSO4, 5% glycerol, 0.2% fos-choline 12). For purification 
of the recombinant protein, the supernatant was batch bound with Ni-NTA 
beads (Qiagen) for 1 h and was packed into an empty PD10 column and 
washed with 25 mM Tris 7.5, 150 mM NaCl, 30 mM imidazole, 10 mM 
MgSO4, 5% glycerol, 0.00125% soy PC (95%), and 0.05% fos-choline 12. 
Protein was eluted with 300 mM imidazole in the wash buffer. The most 
concentrated fractions were buffer-exchanged into 30 mM Tris 7.5, 50 mM 
NaCl, 0.5 mM MgSO4, 0.00125% soy PC (95%), and 0.05% fos-choline 12 
using a PD10 column. Soy polar lipids were added to the buffer-exchanged 
protein. For stabilization, 0.5 mM AppNp and 0.15 mM oleic acid were 
added, chosen specifically for their compatibility with future structural 
analysis. Following a 2 h incubation period, MSPΔH5 was added for 1 h. 
BioBeads were added overnight to adsorb fos-choline 12. The resulting 
nanodiscs were concentrated using a 30-kDa cut-off concentrator and 
loaded onto an analytical Superose 6 SEC column, equilibrated with 30 
mM Tris, pH 7.5, 50 mM NaCl, and 0.25 mM TCEP. The correct fractions 
were collected and stored on ice for further analysis. 

4.3. Enzyme activity assay 

Enzyme activity was measured by AMP formation as analyzed on 
an HPLC (Dionex Ultimate 3000 UHPLC+) at 259 nm. The reaction 

Fig. 3. Truncation mutant Δ58 purification and activity. (A). Superdex 200 FPLC elution of Δ58 ACSL1 at about 11 mL. The second peak is AppNp added to stabilize 
the protein. Standard molecular weight markers are indicated by dashed lines. (B). Protein gel of Δ58 and full-length (FL) ACSL1 showing the relative amount of 
protein used for activity assay. L = ladder; 1–5 = BSA standards (1 = 250 μg/mL, 2 = 125 μg/mL, 3 = 50 μg/mL, 4 = 25 μg/mL, 5 = 5 μg/mL); 6–7 = Δ58 in 
duplicate; 8–9 = Δ58 1:2 dilution in duplicate; 10–11 = FL in duplicate; 12–13 = FL 1:2 dilution in duplicate. (C). Michaelis–Menten kinetic enzyme activity curves 
from purified Δ58 ACSL1 assayed with oleate (C18:1). Results are mean ± SD. When no error bars appear, the SD values were smaller than the symbols. 
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was carried out in 30 mM Tris 7.5, 50 mM NaCl, 0.5 mM MgSO4, 2.5 
mg/mL cyclodextrin, with 200 μM CoA, 1 mM ATP, and various 
concentrations of oleic acid. The reaction was allowed to proceed for 
between 1 and 7 min. Each time point was terminated with chloro-
form. Chloroform extraction was performed a second time to remove 
all protein and lipids. The resulting aqueous sample was mixed with 
an equal amount of 5% perchloric acid for AMP stability then run 
isocratically with a mobile phase (100 mM sodium acetate, 75 mM 
monosodium phosphate, pH 4.6) on a C18 column (Thermo fisher BDS 
Hypersil). Michaelis–Menten kinetic enzyme activity curves were 
drawn, and Vmax and Km values were calculated using GraphPad Prism 
8.0. 

4.4. Negative-staining electron microscopy 

To determine sample quality and incorporation into the nanodisc, 
negative-stain grids were prepared and imaged. The protein sample was 
applied to a freshly plasma-cleaned, carbon-coated, copper grid (300- 
mesh, EMS) for 1 min. Grids were then blotted and stained with two 20 
μL droplets of 2% uranyl formate. Images were collected at a nominal 
30,000× magnification on a Thermo Fisher Scientific Tecnai Spirit G2 
BioTWIN microscope at 120 kV with a Gatan Orius 830 CCD camera. 
Image analysis, particle picking, and 2D class averaging were performed 
using RELION 3.0 [22]. 

4.5. Cryo-EM sample preparation and data acquisition 

Quantifoil R1.2/1.3 300-mesh Au grids (SPI) were used with all 
samples. In our case, negative glow discharging of the grids led to a 
strongly preferred orientation of our ACSL1 complexes. We also sus-
pected denaturation of our complex at the air–water interface. Orien-
tational bias makes three-dimensional analysis very challenging so we 
experimented with alternate methods of positive glow-charging. We had 
the best results when grids were glow-discharged in the presence of 
amylamine for 20 s which yielded positively charged grids and improved 
particle orientation. The protein sample (3 μL) was applied to the grids, 
blotted for 4 s, and then plunge-frozen in liquid ethane using a Thermo 
Fisher Scientific Vitrobot Mark IV at 100% RH and 4 ◦C. 

For ACSL1 in lipid nanodiscs: Cryo-EM data was collected using the 
Thermo Fisher Scientific Talos Arctica electron microscope operating at 
200 kV. Images were acquired with a K2 Summit direct detection camera 
(Gatan) operating in counting mode at a nominal 36,000× magnifica-
tion, corresponding to a calibrated physical pixel size of 1.156 Å with a 
defocus range between − 1.5 and − 2.1 μm, using SerialEM, an auto-
mated acquisition program [23]. Each micrograph was exposed for 6 s 
with 10 e–/A2/s dose rate (total accumulated dose, 60 e–/A2), and about 
30 frames were captured per movie stack. 

For Δ58 ACSL1: Cryo-EM data were collected using the Thermo 
Fisher Scientific Titan Krios electron microscope operating at 300 kV, 

Fig. 4. Single-particle cryo-EM analysis of Δ58 complexed with AppNp and C18:1. (A). A representative cryo-EM micrograph at 215,000× magnification. (B). 
Representative 2D class averages showing secondary structure elements of Δ58 ACSL1. Orange arrowheads point to the C-terminal domain in the open position. Scale 
bar represents 5 nm. (C). The Δ58 ACSL1 single-particle reconstruction in the open (left) and closed (right) conformation. 3D reconstructions were low-pass-filtered 
to 10 Å with a raised threshold of 0.0013 (open) and 0.0027 (closed). (D). Rainbow coloring from blue (N-terminal) to red (C-terminal) of the previously published 
Mycobacterium tuberculosis FadD13 crystal structure (PDB ID: 3R44) with comparable dimensions and shape to the Δ58 ACSL1 3D reconstruction. 
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aligned for parallel illumination. Images were acquired with a K2 
Summit direct detection camera (Gatan) and a phase plate (FEI) oper-
ating in super-resolution counting mode at a nominal 215,000×
magnification, with a super-resolution pixel size of 0.629 Å. Over a 
period of 3 d, 3398 images with defocus values ranging from − 0.4 to 
− 0.8 Å were recorded with a dose rate of 8.6 e–/A2/s. Each micrograph 
was exposed for 8 s, resulting in an accumulated dose of 68.8 e–/A2 and a 
total of 40 frames per stack, using SerialEM. 

4.6. Cryo-EM image processing and 3D reconstruction 

Movies were motion-corrected with dose weighting using Motion-
Cor2 [24]. The remainder of the processing was performed in RELION 
3.0. Contrast transfer function (CTF) was determined using CTFFIND4.1 
(512 box size, 30 Å minimum resolution, 5 Å maximum resolution, 0.10 
amplitude contrast) [25]. 

For ACSL1 in lipid nanodiscs: RELION 3.0’s Laplacian-of-Gaussian 
was used to automatically pick an initial set of particles that were 
then subjected to reference-free 2D classification [26]. The best classes 
that represented views of ACSL1 in lipid nanodiscs were then used for 
template-based particle picking. A total of 176,167 particles were 
extracted (1.156 Å/pixel, 150-pixel box size) from 798 dose-weighted 
micrographs and subjected to reference-free 2D classification using a 
256 Å mask diameter. The best 2D class averages showing a range of 
views were selected and subjected to more rounds of reference-free 2D 
classification. 2D classification results showed classes with ACSL1 
broken off from the nanodisc as well as classes with ACSL1 in complex 
with the nanodisc. Since classes with ACSL1 alone (no nanodisc) showed 
higher resolution, we used a truncated version of ACSL1 that did not 
require the nanodisc to examine the ACSL1 structure to greater 
resolution. 

For Δ58 ACSL1: Aligned micrographs with a CTF max resolution 
above 8.0 were eliminated from further processing. Manual picking was 
used to pick an initial subset (about 7500 particles) that were then 
extracted (224-pixel box size) and subjected to reference-free 2D clas-
sification. The best seven classes that represented various views of 
ACSL1 were then used for template-based particle picking. From 2708 
dose-weighted micrographs, 682,548 particles were extracted and bin-
ned 4 × 4 (2.516 Å/pixel, 56-pixel box size) and subjected to reference- 
free 2D classification using a 120 Å mask diameter. The best 2D class 
averages showing top/bottom and side views were selected and sub-
jected to more rounds of reference-free 2D classification using a 110 Å 
mask diameter. The best 2D class averages showing secondary-structure 
and multiple views were selected (83,000 particles) for further pro-
cessing and were recentered and reextracted unbinned (0.629 Å/pixel, 
224-pixel box size). An ab initio map generated in RELION without 
symmetry imposed (C1) was low-pass-filtered to 60 Å and was used as an 
initial reference map for 3D classification with C1 symmetry and four 
classes. 3D classification revealed that most particles separated into one 
of two classes, representing a possible closed (52%) and an open (26%) 
conformation (as judged by the differing positions of the C-terminal 
domain relative to the N-terminal domain). The stable classes showing 
the potential closed conformation (44,125 particles) and open confor-
mation (21,620 particles) showed detailed secondary structure and were 
each subjected to 3D refinement. Postprocessing (sharpening and 
masking) resulted in a closed conformation map that was low-pass- 
filtered to a resolution of 10 Å and adjusted to a threshold of 0.0013 
and an open conformation map that was low-pass-filtered to a resolution 
of 10 Å and a adjusted to a threshold of 0.0027 using UCSF Chimera 
[27]. The previously solved Mycobacterium tuberculosis fatty acyl-CoA 
synthetase crystal structure (PDB ID: 3R44) [8] was visualized and 
measured in Chimera in order to compare the size and shape of the 
monomer to our 3D reconstruction. Figures were prepared using UCSF 
Chimera. 
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