www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Structural basis for expanded
substrate specificities

of human long chain acyl-CoA
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acyl-CoA dehydrogenases
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Crystal structures of human long-chain acyl-CoA dehydrogenase (LCAD) and the catalytically inactive
Glu291GIn mutant, have been determined. These structures suggest that LCAD harbors functions
beyond its historically defined role in mitochondrial B-oxidation of long and medium-chain fatty
acids. LCAD is a homotetramer containing one FAD per 43 kDa subunit with Glu291 as the catalytic
base. The substrate binding cavity of LCAD reveals key differences which makes it specific for longer
and branched chain substrates. The presence of Pro132 near the start of the E helix leads to helix
unwinding that, together with adjacent smaller residues, permits binding of bulky substrates such as
3a, 7a, 12a-trihydroxy-5B-cholestan-26-oyl-CoA. This structural element is also utilized by ACAD11,
a eucaryotic ACAD of unknown function, as well as bacterial ACADs known to metabolize sterol
substrates. Sequence comparison suggests that ACAD10, another ACAD of unknown function, may
also share this substrate specificity. These results suggest that LCAD, ACAD10, ACAD11 constitute a
distinct class of eucaryotic acyl CoA dehydrogenases.

Long-chain acyl-CoA dehydrogenase (LCAD), discovered in the 1950s together with its better-known cousin
medium-chain acyl-CoA dehydrogenase (MCAD), belongs to an important family of flavoenzymes, acyl-
CoA dehydrogenases (ACADs), that catalyze mitochondrial a, p-dehydrogenation of fatty-acyl-CoAs'. Five
mitochondrial members of this evolutionarily ancient family, with overlapping substrate specificities, have been
categorized on the basis of their ability to metabolize fatty acids of varying chain length during mitochondrial fatty
acid B-oxidation, although ACAD?9 is also essential for mitochondrial complex I assembly“. In addition, four
ACAD:s (isovaleryl-CoA, isobutyryl-CoA, short branched chain acyl-CoA, and glutaryl-CoA dehydrogenases)
involved in amino acid catabolism and sarcosine- and dimethylglycine dehydrogenases, involved in 1-carbon
metabolism, have been identified. All of these dehydrogenases, except the dimeric very long chain acyl-CoA
dehydrogenase (VLCAD) and ACAD9Y, are homotetramers containing one noncovalently bound FAD per
subunit. Finally, three more ACADs (ACADI10, 11, and 12) have been identified in the human genome and
reported to metabolize extremely long (> C20) and branched chain fatty acids* (Fig. 1).

The initial reaction in each cycle of f-oxidation is the dehydrogenation of an acyl-CoA thioester to the
corresponding trans-2,3-enoyl-CoA. Catalysis of ACADs is initiated by the abstraction of the pro-R-a proton
of the thioester substrate and the transfer of a hydride equivalent from the pro-R-p-position to the N5 locus
of the isoalloxazine ring of the enzyme-bound FAD. Electron transfer from these dehydrogenases to the main
mitochondrial respiratory chain is catalyzed in sequence by electron transfer flavoprotein (ETF) and the
membrane-bound ETF-ubiquinone oxidoreductase (ETF-QO), an iron-sulfur flavoprotein (Fig. 1).

ACAD deficiencies are among the most common inborn errors of metabolism. The functions of VLCAD,
MCAD, and SCAD in oxidation of long, medium, and short-chain acyl-CoAs are well-established, with ACAD-
deficient patients typically accumulating intermediate metabolite profiles that reflect the substrate specificity of
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Figure 1. Eucaryotic ACAD family. The eucaryotic ACAD family includes eight ACADs for the metabolism
of fatty acids with different but overlapping chain lengths (blue) and four ACADs for amino acid catabolism
(yellow). ACAD? is also involved in the mitochondrial complex 1 assembly. Electron transfer from these
dehydrogenases to the main mitochondrial respiratory chain is catalyzed in sequence by electron transfer
flavoprotein (ETF) and the membrane-bound ETF-ubiquinone oxidoreductase (ETF-QO), an iron-sulfur
flavoprotein. Dimethylglycine dehydrogenase (DD) and sarcosine dehydrogenase (SD) are involved in choline
catabolism and interact with ETE but do not belong to the ACAD family.

the deficient enzyme and compensation by other ACADs’. LCAD substrate specificity overlaps those of VLCAD
and MCAD, and in addition includes unsaturated and branched-chain substrates’. LCAD tissue localization and
ability to metabolize bulky substrates distinguish LCAD from MCAD and VLCAD?>°. No specific metabolic
function has been established for this enzyme, though a role in surfactant production has been proposed’.
Although incidence of MCAD deficiency in the US is 1/12,500, and VLCAD deficiency has a reported incidence
between 1/40,000 to 1/120,000, human LCAD deficiency has not been reported. However, studies in laboratory
animals have linked LCAD deficiency to heart, liver, and lung pathologies®'¢ as well as tumor growth'’-*°, but
the physiologic function of LCAD remains a mystery.

Here we present the three-dimensional structure of human LCAD, revealing an unusually large substrate-
binding cavity not previously reported in eucaryotic ACADs. This structure provides a structural basis for the
ability of LCAD to metabolize bulky substrates, including branched-chain fatty acids® and 3a, 7a, 12a-trihydroxy-
5B-cholestan-26-0yl-CoA (THC-CoA), an intermediate of the bile acid biosynthetic pathway® Sequence and
structural comparisons suggest that this expanded substrate specificity is shared by additional members of
the ACAD family, ACAD10 and ACAD11, as well as bacterial steroid-metabolizing ACADs®. This expanded
substrate specificity calls into question the historical classification of LCAD as an Acyl-CoA dehydrogenase
whose primary functions overlap those of MCAD and VLCAD.

Results and discussion

Crystallization and overview of the overall fold of the long chain acyl-CoA dehydrogenase
Structures were obtained for wildtype LCAD complexed with and without acetoacetyl-CoA to 2.8 A and 2.5 A
resolution, respectively. In addition, the structure of the Glu291Gln (E291Q) mutant complexed with lauric acid
has been determined to 2.0 A resolution (see Table 1). In accord with UniProKB, the residue numbering system
in this report is based on the 430 amino acid preprotein that includes the 30-residue mitochondrial transport
peptide. However, the protein used for our crystallization was the 400 amino acid mature protein without the
transport peptide.

The overall structure of LCAD is similar to that of the other ACADs whose three-dimensional structures have
been determined previously*'~*. LCAD is a homotetramer and the tetrameric arrangement of the monomers
is a dimer of dimers (Fig. 2a). Similar to the other known structures of acyl-CoA dehydrogenases, each LCAD
monomer consists of three domains. The ribbon diagram of an LCAD monomer, showing the N-terminal
a-helical domain (helices A-F), a -sheet domain (strands 1-7) and a C-terminal a-helical domain (helices
G-K), is presented in Fig. 2b. The first few residues at the N-terminus were not resolved in the wild type and
E291Q structures. The chain starts at Glu34 in all four monomers of the mutant LCAD structure. In the wild
type structure, the chain starts at Glu34 (monomer A) or Leu36 (monomers B, C, and D). The C-terminal
residue Lys430 is observed in all the monomers in the 2.8 A structure of the wild type protein complexed with
acetoacetyl-CoA, but not in the 2.5 A wild type ligand-free and 2.0 A (E291Q mutant) structures.
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Data collection Wt-LCAD ‘Wt-LCAD LCAD (E291Q)
PDB code 8WOT 8WOU 8Wo0Z
Bound ligand None Acetoacetyl-CoA Lauric acid
No. of measured reflections 252,360 309,146 851,736
Unique refs 52,001 (2227) 45,139 (4365) 245,928 (11,015)
Resolution (A) 50-2.5 (2.59-2.5) | 50-2.8 (2.59-2.80) |50-2.0 (2.03-2.0)
Space group P2,2,2, P2, P1

Unit cell

a(d) 101.1 86.0 86.3

b 102.1 95.3 94.8

[ 173.6 118.8 119.2

a(°) 90 90 89.24

B 90 106.52 74.88

Y 90 90 88.35

Rym (last shell) 0.071(0.265) 0.078(0.474) 0.080(0.458)
Completeness (%) 82.8 (47.9) 98.6 (95.8) 96.7(87.1)
I/oi 15.5 11.7 14
Refinement

Resolution range 30-2.5 50-3.0 50-2.0

R factor (%) 20.0 22.5 21.4

Riyee (%) 262 29.7 25.6

No of water molecules 244 91 1859
Average B factor, A2 (proteins) 49.3 63.2 38.0
Average B factor, A2 (solvent) 36.0 35.9 40.4
Stereochemical ideality (rms deviation)

Bonds (A) 0.007 0.006 0.007
Angles (°) 1.3 1.4 1.3
Ramachandran analysis

Residues in preferred regions (%) 90.7 87.6 95.4
Residues in allowed regions (%) 9.0 12.1 43

Residues in disallowed regions (%) 0.3 0.3 0.3

Table 1. Data collection and refinement statistics. Values in parentheses are for the highest resolution shell.

Although no substrates or inhibitors could be co-crystallized with wildtype crystals, the inhibitor acetoacetyl-
CoA could be soaked into these crystals. Interestingly, only two monomers (Molecules A and B) of the tetramer
have acetoacetyl-CoA bound, presumably due to the crystal packing. Binding of acetoacetyl-CoA to Molecules
C and D would result in steric clashes between the adenine ring of FAD in Mol C and loop residues located
between Glul51 and His156 of symmetry related Mol A, and between the FAD adenine of Mol D and the loop
comprised of Glul05-His106-Leul07 of symmetry related Mol B.

The crystal packing of the LCAD E291Q P1 form is very similar to the crystal packing of the wild type LCAD
P2, crystal, except that, in the P1 space group, the adenine ring binding site now has moved slightly away from
the symmetry related A and B molecules to avoid steric clashes, transforming the P2, space group of wild type
LCAD to the P1 space group of the E291Q mutant crystal. Although we obtained crystals of the LCAD E291Q
mutant co-crystallized with substrate lauroyl-CoA (C12-CoA), density for the CoA moiety is not observed, and
only weak electron density of the alkyl chain portion is observed, likely due to hydrolysis of C12-CoA during
the crystallization process.

As shown in the overlay of LCAD with MCAD and other ACAD structures (Supplementary Fig. S1), the
overall fold and topology of LCAD are similar to the other known ACAD structures. The root mean square
deviations (RMSDs) between the main-chain atoms of human LCAD and rat SCAD, pig MCAD, and human
VLCAD are 1.63 A, 1.78 A, and 1.83 A, respectively.

Catalytic residue and stereo-specificity of proton abstraction

The structure of LCAD confirms that Glu291 functions as the catalytic base, consistent with previous molecular
modeling and site directed mutagenesis studies. The structure of the catalytic residue mutant, E291Q, with the
lauroyl moiety of C12-CoA bound in the active site shows that GIn291, extending out from helix G, is located
at the active site close to the Ca-Cp bond of the substrate (Fig. 3a). The distance between the carboxylate of the
Glu291 and Ca of the CoA is 2.8 A, and the distance between the N5 of the FAD and CpB of the CoA is 3.6 A. This
arrangement of the isoalloxazine ring of the FAD, the Ca and Cp of the thioester substrate, and the carboxylate of
Glu291 is ideally suited for abstraction of the pro-R hydrogen as a proton and transfer of the Cp pro-R hydrogen
to the N-5 atom of the FAD as a hydride ion?’, consistent with a-proton abstraction by Glu291. Crystallographic,
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Figure 2. The overall structure of LCAD. (a) The LCAD tetramer, or dimer of dimers (MolA:MolB and
MolC:MolD dimers), is shown with monomers colored in green (MolA), cyan (MolB), magenta (MolC) and
blue (MolD). FAD is shown as yellow balls and C12-CoA as gray balls. (b) Representation of LCAD monomer
structure with C12-CoA substrate (blue) and cofactor FAD (yellow). The red 2Fo-Fc map at 0.90 level is derived
from the E291Q LCAD crystal structure complexed with lauric acid and the gray 2Fo-Fc map at 1.00 level is
derived from the wildtype LCAD crystal structure complexed with acetoacetyl-CoA. Helices and p-sheets are
labelled. Helix A(residues 54-71), B(75-83), C(86-97), D(113-128), E(133-148), F(152-164), p1(166-172),
B2(186-192), 3(194-199), p4(211-219), B5(229-237), p6(241-245), p7(258-265), Helix G(279-317), H(327-
358), 1(361-388), J(396-411), K(414-426).

Figure 3. LCAD active site. (a) Structure of E291Q LCAD complexed with C12-CoA (PDB code, 8W0Z).
Hydrogen bonds are shown as dotted lines with distances indicated. FAD, Gly412, and the catalytic residue
(E291Q) are shown as sticks. The C12 pro-R hydrogen and Cf pro-R hydrogen are shown in green. The lauroyl
moiety is shown as gray sticks and its 2Fo-Fc map at 1.00 level is shown in gray mesh. The position of the
CoA moiety is taken from the structure of the wildtype LCAD complexed with acetoacetyl CoA (PDB code
8WOU) and is shown as white sticks. The distance between Ca of C12-CoA and the carboxylate of E291 is 2.8 A
(inferred from the amide of GIn291 of the mutant structure)) and the distance between Cp and N5 of FAD is
3.6 A. The corresponding distances from both a- and B- pro-R hydrogens are indicated in the Fig. (1.8 A and
2.6 A, respectively). (b) Structure of wildtype LCAD complexed with acetoacetyl-CoA, showing hydrogen
bonding interactions that stabilize CoA binding (PDB code 8W0U). Hydrogen bonding interactions between
LCAD and acetoacetyl-CoA are shown as dotted lines. The 2Fo-Fc map of acetoacetyl-CoA at 1.00 level is
shown in gray mesh. A stereo view is shown in Supplementary Fig. S3.
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mutagenesis, and chemical modification studies established Glu405 of MCAD (Glu376 of the mature protein)
as the catalytic residue (for review, see Thorpe and Kim?*®). Sequence comparisons among all the members of
the acyl-CoA dehydrogenase family show that the location of the catalytic base (Glu405 in MCAD) in the loop
between helices ] and K is conserved in all but two of the known acyl-CoA dehydrogenases, LCAD and IVD
(Supplementary Figure S2). The crystal structure of human IVD complexed with CoA persulfide confirmed its
catalytic residue as Glu283 (Glu254 of the mature protein)®. Although the catalytic base of MCAD, Glu405, is
separated by more than 100 residues from those of LCAD and IVD, these residues are topologically conserved
in the 3D structures of these proteins, and the proR-proR stereospecificity of the a,p- dehydrogenation reaction
is maintained.

As in the structures of other acyl-CoA dehydrogenases, the carbonyl oxygen of the fatty acyl-CoA moiety
of the substrate makes hydrogen bonds to the 2’-hydroxyl of the FAD ribityl chain (2.8 A) and to the peptide
backbone of (Gly412-N, 2.6 A) (Fig. 3a). The corresponding distances in human MCAD are 2.8 and 2.9 A. These
interactions are not only responsible for the orientation of the substrate, but they are also crucial for polarization
of the substrate and the lowering of the pK, of the Ca proton for abstraction by the catalytic base, Glu291%*°.

Comparison between the ligand-bound and unbound subunits in wild-type LCAD and between
wild-type and mutant subunits

Among the known ACAD crystal structures, MCAD?!, IBD*, and VLCAD?' are the only ACADs whose
structures reported have been determined both with and without bound substrate or inhibitor. These ligand-
bound and unbound ACAD structures have shown that, although subtle changes in the conformations of side
chains lining the substrate binding cavity are observed, there are no large conformational changes accompanying
ligand binding. Likewise, the overall structure of ligand-bound E291Q LCAD is similar to those of both the ligand
bound and unliganded wild-type structures.

In all LCAD structures lacking bound CoA derivatives (all eight monomers of mutant LCAD, all four
monomers of ligand-free wild type LCAD, and the C and D monomers of the ligand-bound wild type LCAD),
residues Ser179 through GIn182 in the vicinity of the CoA moiety of the substrate are relatively disordered in
the absence of ligand. His228 and nearby residues Asp180 and Leu181 are highly mobile, judging from their
weak, diffused electron densities. The side chain of Tyr282 is rotated away from the conformation of the bound
structure by approximately 125 degrees. New hydrogen bonding interactions contributing to significant CoA
binding affinity are observed upon ligand binding (Fig. 3b). Arg424, situated at the entrance of the binding
pocket, reorients from a position ~ 5.0 A from the CoA phosphate into the active site, forming a hydrogen bond
(3.3 A) with the phosphate of the CoA. The side chain of His228, which lies within a hydrogen bonding distance
(3.0 A) of the CoA phosphate, moves up and rotates away (Fig. 3b and Supplementary Figure S3). His228-Ne
makes an H-bond with the phosphate of CoA. Having rotated approximately 125 degrees from its position in the
unbound structure, the hydroxyl group of Tyr282 makes an H-bond with His228-ND1, so that the phenyl ring
of Tyr282 stacks with the adenine ring of CoA. Ser179 is highly conserved and Asp180 is invariant across the
ACADs examined, although interactions between the side chains of these residues and CoA are not observed.
His228 and Tyr282 are not conserved, but charged residues are found at this position in other ACADs, suggesting
that a charge interaction (salt-bridge) can replace the hydrogen bonding interaction.

Structural basis for substrate chain length and branched chain specificity

LCAD is active toward substrates with chain length ranging from C10 to C18-CoA with C12- and C14-CoA as
the optimum substrates®. Figure 4a shows the largely hydrophobic amino acid residues that line the fatty acid
binding pocket of human LCAD. The LCAD binding cavity is deeper and wider compared to those of other
mammalian ACADs, accounting for the lack of specific interactions between the fatty acyl chain of C12-CoA
(bound substrate) and cavity-forming residues. In all eight monomers of E291Q LCAD, electron densities for
the substrate fatty-acyl portion are weak and interactions with cavity-forming hydrophobic residues are not
seen. This lack of specific interactions may account for the decreased activity of LCAD, in general, compared
with MCAD and SCAD?

Structural basis for metabolism of THC-CoA by LCAD
Consistent with previous reports of metabolism of THC-CoA by LCAD?, inspection of the active site cavity
reveals that it is considerably larger than required for C12-CoA (Fig. 4a) and large enough to accommodate
THC-CoA. Figure 4b shows a model of THC-CoA bound to the LCAD active site pocket. Hydrogen bonding
interactions between THC-CoA and residues Alal125, Asn128, GIn408, and Tyr411 are shown. Figure 4c shows
that THC-CoA is positioned to permit proton abstraction from Ca by Glu291 and hydride transfer from Cf to
FAD. The structural basis for the unique substrate binding cavity can be seen in the long E helix, where Pro132 is
located in a position to cause unwinding of about two turns of the E helix, thus creating a large cavity. Figure 5a
shows overlays of the LCAD substrate binding cavity and E-helix with those of SCAD, MCAD, and VLCAD,
showing that unwinding of the helix due to Pro132 allows expansion of the cavity to accommodate longer-chain
fatty acids and the steroid moiety of THC-CoA. In addition, small residues in the immediate vicinity of Pro132
(Cys129, Ser130, Gly131, and Gly133) contribute to widening of the cavity (Fig. 5b).

The large active site cavity of LCAD, capable of accommodating bulky substrates including steroid derivatives,
suggests that, when smaller substrates are bound, the cavity contains ample water with dissolved air (O,) that
could contribute to oxidase activity with straight-chain fatty acyl CoAs described by Zhang et al.*.
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Figure 4. LCAD substrate binding. (a) Surface model of LCAD substrate binding site. C12-CoA is shown

in sticks with the C12 as thick sticks. FAD is shown as yellow sticks. Amino acid residues lining the substrate
binding cavity are: M306, A401, L253, N206, S130, A302, V298, 1295, F305, D404, Q376, V407, Y411, W121,
1136, 1140, 1170, L294, Q408, A125; and the P-loop residues (N128, C129, S130, G131,P132, G133), are
indicated. (b) Surface model of LCAD substrate binding site with THC-CoA. Hydrophobic interactions between
THC-CoA and residues A401, V407, A302, A125, Y411, 1295, 1170, 1140, 1136, W121, V298, L294 and Q124 are
shown. Dotted lines indicate hydrogen bonding interactions between THC-CoA and the side chains of Asn128
and Tyr411 and carbonyl groups of GIn408 and Ala95. (¢) THC-CoA positioning relative to the catalytic Glu291
and FAD. Glu291 is shown as gray sticks and FAD as gold sticks. THC-CoA is shown as red and salmon sticks.
Dotted lines indicate distances between LCAD E291 and Ca of THC-CoA (3.4 A) and between C of THC-CoA
and N5 of FAD (5.1 A).
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Figure 5. Unwinding of the E helix is the basis for the expanded substrate cavity. (a) Overlays of the LCAD
substrate binding cavity with those of SCAD (blue), MCAD (magenta), and VLCAD (cyan) are shown along
with overlays of helix E (LCAD residues Phel34 to His148). The LCAD E helix is shown in green. (b) Sequence
alignment in the vicinity of LCAD Pro132. Note that due to Pro132, the LCAD E-helix is shorter than those of
SCAD, MCAD, and VLCAD.

Stabilization of LCAD tetramer

As with other ACADs, FAD is bound at the interface of the LCAD dimer and binding is dependent upon stability
of the tetrameric structure. The Lys333GlIn (K333Q) polymorphism has been reported to be associated with
decreased enzyme activity, protein stability, and FAD content®. This residue is located in a chain of salt bridges
between two monomers that can stabilize the tetramer conformation (Fig. 6). Disruption of this salt bridge link
may destabilize the tetramer and account for both the decreased FAD content and enzyme activity observed in
the K333Q form of human LCAD.

Interaction between ETF and long-chain acyl-CoA dehydrogenase

In the mammalian mitochondrial matrix, electron transfer flavoprotein (ETF) links the activity of at least nine
different acyl-CoA dehydrogenases to the respiratory chain by accepting and subsequently transferring electrons
to the membrane bound ETF-ubiquinone oxidoreductase (ETF-QO) (Fig. 1).

Figure 6. Stabilization of LCAD tetramer conformation by K333. D382/K333/E336 of one LCAD monomer
(MolA, green carbon atoms) and K419/E416 of another monomer (MolC, cyan atoms) form a salt bridge chain
that stabilizes the tetramer conformation. Dotted lines indicate these salt bridges and a H-bond between E416
and the 3’-OH of the FAD adenosyl-ribose ring stabilizing the FAD binding.
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An overlay of the LCAD:ETF (Supplementary Fig. S4) complex structure based on the previously solved
structure of MCAD:ETF?® showed that the side chain of fLeul95 of ETF nestles into a hydrophobic pocket
formed by LCAD residues Phe60, Gly97, Leu98, Val101, Ile110, Gly112 and Val120, corresponding to the
hydrophobic pocket formed by residues Phe 52, Gly89, Leu90, Thr93, Leul02, Leul04 and Ile112, in the
MCAD:ETF complex (Supplementary Fig. S2)*. Although the side chain of Phe60 of LCAD is oriented ~ 180°
away from that seen in MCAD:ETF complex, it forms close contacts with BLeul95 of ETE. The ionic interaction
between Glu212 of MCAD and aArg249 of ETF plays a key role to stabilize electron transfer competent state®.
Leu248 is found at the corresponding position in LCAD; however, the nearby residue Glu260 is in a position to
form the salt bridge with ETF aArg249 (Supplementary Fig. S2).

Circadian regulation of LCAD and MCAD has been demonstrated and associated with SIRT3-mediated
deacetylation®. LCAD Lys318 and Lys322 have been identified as targets of SIRT3 and are also conserved in
MCAD and ACAD9 (Supplementary Fig. S2) as SIRT3 targets®’. The location of these residues, on the surface of
the protein and in a position to interact with ETF**, provides a structural basis for circadian regulation of these
enzymes via SIRT3-mediated deacetylation. Although Lys42 has also been identified as a SIRT3 target*®, mutation
of this residue did not inhibit SIRT3-mediated deacetylation®” and its role in regulation of LCAD activity remains
to be established. This residue is conserved in LCAD and ACAD?9, but not MCAD (Supplementary Fig. S2).

Expanded binding site cavities in mammalian and bacterial ACADs

Identification of the role of Pro132 in partial unwinding of the E-helix prompted a search for other ACADs that
might share this expanded substrate-binding cavity. Alignment of LCAD with ACAD10, ACADI11, and ACAD12
reveals the presence of a proline at residues 782 and 463, respectively, of ACAD10 and ACAD11 (Supplementary
Figure S2). Examination of ACAD11 structure (PDB code:2wbi) reveals unwinding of the helix at Pro463,
permitting binding of a bulky substrate such as cholesterol (Fig. 7a). In addition, the ACADI1 binding site is
further expanded to accommodate longer-chain substrates, consistent with the reported ability of ACAD11 to
oxidize substrates as long as C24*. No structure of ACAD10 has been determined, but sequence similarity to
LCAD and ACAD11 suggests the presence of a large substrate binding cavity. Although metabolism of 2-methyl
C15-CoA by ACAD10 has been demonstrated, metabolism of THC-CoA has not been tested*. ACAD12 does
not contain a proline residue at this position, suggesting that it does not share this large substrate binding cavity.

LCAD 128NCSGPGFS13°

ACAD11 459CFFAPDVF466
MtbChsE4 87 —--GAPVPF?®2

Figure 7. Similarity/conservation of LCAD, ACADI11 and MtbChsE4 substrate binding cavities. (a) LCAD
substrate binding cavity (green mesh) overlaid onto ACAD11(pdb code, 2wbi) substrate binding cavity (surface
model) with the substrate THC-CoA. The LCAD E-helix with Pro132 is shown in green and the corresponding
ACADI11 helix with Pro463 is shown in gray. (b) LCAD substrate binding cavity (green mesh) overlaid onto
MtbChsE4 (pdb code, 4X08) substrate binding cavity (surface model) with the substrate THC-CoA. The LCAD
E-helix with Pro132 is shown in green and the corresponding MtbChsE4 helix with Pro89 and Pro91 is shown
in gray. (c) Sequence alignment in the vicinity of LCAD Pro132.
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Bacteria, notably Mycobacterium tuberculosis, are known to utilize steroids as carbon sources?**. Thomas
et al. have identified a unique a,p, heterotetrameric ACAD, encoded by separate genes and distinct from the
homotetrameric eucaryotic ACADs, that carry out $-oxidation of the cholesterol side chain. The crystal
structures of two of these a,p, ACADs, ChsE4-ChsE5 (FadE26-FadE27) and ChsE1-ChsE2 (FadE28-FadE29)%,
have been determined, showing that the a subunit binds the FAD isoalloazine, contains the catalytic Glu residue,
and substrate binding site; while the § subunit interacts with the ADP-ribose moiety of FAD. Comparison of
the structure of ChsE4 with that of LCAD demonstrates the large active site cavity, showing helix unwinding
at Pro89 of ChsE4, corresponding to Pro132 of LCAD. Although Pro89 in ChsE4 is conserved as in LCAD and
ACADL11, there is another proline (Pro91) in ChsE4. Because of this additional proline, the Pro-loop in ChsE4
is longer than those in LCAD and ACADI11, resulting in a slightly larger cavity in the structure of ChsE4, as
shown in Fig. 7b (see the gray surface model).

Evolutionary origins of LCAD

LCAD is historically classified as a member of the acyl-CoA dehydrogenase family responsible for mitochondrial
B-oxidation of fatty acyl-CoA thioesters, that includes SCAD, MCAD, LCAD, VLCAD, and ACAD?9. Phylogenetic
analysis has shown that individual eucaryotic ACADs bear greater sequence similarity to bacterial ACADs than
to other eucaryotic ACADs, suggesting that clades containing these five eucaryotic ACADs diverged well before
the common ancestor of Archaea, Bacteria, and Eucarya*'. Although LCAD shares limited sequence identity
(24-34%) with other eucaryotic ACADs, BLAST searching of bacterial and archaeal genomes revealed that an
ACAD from Sneathiella chungangensis (WP_161340043.1) displayed the greatest homology to human LCAD,
with 59% amino acid sequence identity, while M. tuberculosis contains ACADs with as high as 52% sequence
identity. Examination of the aligned sequences of human and M. tuberculosis ACADs (Supplementary Fig. S2)
reveals a complex evolutionary pattern with preservation of functional residues. The catalytic LCAD Glu291 is
conserved in IVD and the M. tuberculosis ACADs. Glu405 of MCAD is conserved in MCAD, VLCAD, SCAD,
and IBD, while ACADs 10, 11, and 12 and Mtb4HR3 contain aspartate at the position corresponding to MCAD
Glu405. Residues forming the hydrophobic ETF binding pocket are largely conserved in all the ACADs. The salt
bridge with ETF aArg249 is preserved in human ACADs, with conservation of LCAD Glu260 in LCAD, IVD,
and ACADs 10-12 and conservation of MCAD Glu241 in MCAD, SCAD, and IBD. Interestingly, Glu is found
at both positions in VLCAD and ACAD?9.

Pro132, responsible for helix unwinding and expansion of the substrate binding cavity, is conserved in
LCAD and the four M. tuberculosis ACADs, including MtbChsE4 and MtbChsE2 that are known to metabolize
cholesterol (Fig. 7b and Supplementary Figure S2, and Yang et al.?%). Although substrate specificities of ACAD10,
ACAD11, Mtb4HR3_A, and MtbCNF74574 are unknown, the presence of the proline residue in the E helix
suggests that they may also metabolize sterol substrates.

Physiological functions of LCAD

All reported human cases of long chain fatty acid dehydrogenase deficiency have been linked to VLCAD
mutations and no human case of LCAD deficiency has been reported. However, although LCAD substrate
specificity overlaps with those of VLCAD and MCAD, the minor allele frequency of the Glu291Lys (E291K)
polymorphism, resulting in elimination of the catalytic base, is very low (1.10e-5, https://gnomad.broadinstitute.
org/variant/2-211068168-C-T), suggesting an essential function for LCAD that cannot be replaced by VLCAD or
MCAD. A noncoding polymorphism in the human ACADL gene has been associated with alterations in serum
2,6-dimethylheptanoic acid levels*>*. The ability of LCAD to accommodate bulky substrates such as branched
chain fatty acids and sterol substrates is not shared by SCAD, MCAD, VLCAD, or ACAD?Y, suggesting that
metabolism of one of these compounds is an essential function of LCAD.

Fasting-induced hypoketotic hypoglycemia and cardiac hypertrophy seen in both LCAD- and VLCAD-
null mice are similar to symptoms seen in human VLCAD deficiency. LCAD knockout mice also exhibit
fasting-induced hepatosteatosis and cardiac dysfunction in association with altered branched-chain amino acid
metabolism, decreased anaplerosis and activation of the integrated stress response'>'. Although VLCAD mRNA
levels are 85 times that of LCAD in human heart and skeletal muscle?, suggesting that VLCAD is primarily
responsible for long chain fatty acid metabolism in these tissues, LCAD has been identified as a modulator of
cardiac remodeling in a mouse model of stress-induced hypertrophy**. Circadian regulation of LCAD via Sirt3-
mediated deacetylation suggests a role in energy production in response to feeding and fasting cycles’*-** and
in vitro studies have implicated LCAD as a tumor suppressor in human cancer!’-194>4,

In human lung, LCAD is localized to ATII cells responsible for synthesis and secretion of pulmonary
surfactant, a mixture of phospholipids, cholesterol, and surfactant proteins, and LCAD knockout mice exhibit
surfactant dysfunction, decreased lung compliance and increased susceptibility to influenza infection’. Although
regulation of cholesterol content is essential for surfactant structure, mechanisms of cholesterol synthesis, uptake
and clearance are not well understood*’. Single cell transcriptomic analysis of pulmonary fibrosis has identified
a cholesterol metabolic process and downregulation of LCAD*, raising the possibility that sterol metabolism
may be a function of LCAD in alveolar ATII cells.

In conclusion, we present structural evidence showing that LCAD is a prototype of a distinct class of eucaryotic
ACAD:s that has evolved an enlarged substrate-binding cavity suitable for p-oxidation of bulky substrates
including branched chain fatty acyl-CoAs and sterol derivatives. This structure, where the presence of proline
in the E helix leads to formation of a large active-site cavity, has also been found in steroid-metabolizing ACADs
in bacteria and ACAD11 in eukaryotes. Sequence similarity suggests that substrate binding site of ACAD10 may
share this structure. The expanded substrate specificity of LCAD raises the possibility of multiple functions for
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this enzyme in normal physiology, as well as a mechanism for metabolic switching during pathological states
such as cardiomyopathy and tumorigenesis.

Materials and methods

Expression and purification of human wild-type and mutant LCAD

The enzyme was expressed and purified as previously described?®*. Briefly, the expression plasmid pET11a-
LCAD was transformed into Escherichia coli strain BL21(DE3). The cells were grown in 2Y'T medium with 50 pg
ampicillin/ml and 34 pg chloramphenicol/ml at 28 °C to an optical density (A4,) of 0.9-1.0. Expression of LCAD
was induced by addition of isopropyl-thio-p-p-galactoside to a final concentration of 0.1 mM and grown at
30 °C for 17 h. The cells were then harvested and sonicated in a buffer containing 20 mM potassium phosphate
buffer, pH 7.0, and 10% glycerol. Broken cells were centrifuged, and the supernatant loaded on a DEAE column
and eluted with a 20-320 mM phosphate gradient, pH 7.0. Fractions containing LCAD were pooled based on
activity and further purified by hydroxyapatite chromatography using 20-350 mM phosphate gradient, pH 7.0.
The protein concentrations were determined based on 447 nm extinction coefficient of 13.3 mM™ cm™ per
flavin and the Bradford protein assay*’.

LCAD activity assay

LCAD activity was determined using the ferricenium assay with ferricenium as the terminal electron acceptor™.
The reaction was initiated by addition of C12-CoA substrate. Reactions were monitored on a Shimadzu UV-160
spectrophotometer. The activity of the LCAD protein used for crystallization was 15.3 (£ 1) units/mg protein.
(Lunit=1 pmol of ferricenium reduced/min, using C12-CoA as the substrate.)

Crystallization, data collection, and structure determination

All crystals were grown using the hanging drop vapor diffusion method at 19 °C. The initial wild type LCAD
crystals were obtained by mixing equal volumes of protein solution (18 mg/ml; 20 mM Tris-Cl, pH 8.5 & 100 mM
NaCl) and a reservoir solution (250 mM Tris-Cl, pH 8.2, 17% (w/v) PEG monomethyl ether 5000, 100 mM NaCl,
1 mM MgCl,). The crystals were flash frozen in liquid nitrogen after soaking in cryo-solution containing the
precipitating solution with 10% glycerol. The wild type data were recorded at 170 °C to 2.5 A using an in-house
X-ray instrument of R-AXIS IV** detector system with a Micromax 007 generator. The first wild type LCAD
crystal was indexed in the space group P2,2,2,. Assuming one tetramer per asymmetric unit the calculated Vm
is 2.5A%/Da with 50.1% solvent content. Data reduction and scaling were performed using HKL.2000°". The initial
LCAD structure (wild type apo structure) was solved by the Phaser molecular replacement using pig MCAD
tetramer structure (pdb code: 3MDE) without any substrates and cofactors. The initial solution has an RFZ of
5.6, TFZ of 10.6 and LLG of 125. The strong electron density map in the FAD position indicated the correctness
of the solution. A round of energy minimization consisting of rigid body, positional and simulated annealing
refinement using CNS*? reduced the R-factor to 45.2%. Manual rebuilding of the model was performed at this
stage. The correct LCAD residues were inserted when the electron density was observed in the difference Fourier
maps. After several rounds of iterative cycles of energy minimization followed by manual model building the
entire LCAD sequence was correctly modeled using the COOT program®’. The final working R-factor was refined
to 20.0% with R-free of 26.2%.

When the wild type LCAD protein was crystallized in the same condition with 0.1% detergent 3-octyl-p-p-
glucoside in both protein solution and precipitant solution, the wild type crystals were grown in P2, space group
with one tetramer in one asymmetric unit. Under these conditions, though no substrates or inhibitors could be
co-crystallized with wildtype LCAD, the inhibitor acetoacetyl-CoA can be soaked into the crystals. Using the
wild type apo LCAD structure, Phaser resulted in a solution with RFZ of 9.7, TFZ of 10.2 and LLG of 4248. The
structure of wild type LCAD complexed with acetoacetyl-CoA was refined to a final R-working of 22.5% and
R-free of 29.7% at resolution of 2.8 A.

The best crystals were obtained when a substrate C12-CoA was co-crystallized with an inactive LCAD mutant,
E291Q, in the same condition as above, i.e. mixing equal volumes of protein solution (18 mg/ml; 20 mM Tris—Cl,
pH 8.5 and 100 mM NaCl, 0.1% B-octyl-p-p-glucoside) and a reservoir solution [250 mM Tris-Cl, pH 8.2, 17%
(w/v) PEG monomethyl ether 5000, 100 mM NaCl, 1 mM MgCl,, 0.1% B-octyl-B-p-glucoside]. The mutant
crystal data were collected in SBC 191D beamline at the Advanced Photon Source, Argonne National Laboratory
and indexed in P1 space group with a resolution of 2.0 A. There are two tetramers in one asymmetric unit. The
two tetramer solutions in phaser molecular replacement were, REZ=7.9 TFZ=10.6, LLG=551, and RFZ=7.9,
TFZ=8.5, LLG=528. The final crystal structure has a Rwork of 21.4% and Rfree of 25.6%. Although the mutant
was co-crystallized with substrate C12-CoA, the density for the CoA part was not observed, and only weak
electron density of the alkyl chain portion was observed, likely due to the hydrolysis of C12-CoA during and or
after the crystallization process. All eight monomers contain similar electron density for the fatty acid portion
in the substrate-binding pocket, indicating the hydrolysis of C12-CoA was likely occurred after the C12-CoA
crystals were formed.

The final data collection and refinement statistics are summarized in Table 1 and the structural data have
been deposited into Protein Data Bank with pdb codes of 8W0T, 8WO0U, and 8W0Z.

For modelling of 3a, 7, 12a-trihydroxy-55-cholestan-23-oyl-CoA (THC-CoA) into the active site, the 2D
chemical structure of THC-CoA was obtained using https://pubchem.ncbi.nlm.nih.gov/compound/122312#
section=3D-Conformer. PDB coordinates along with its topology file were generated using PRODRG program
in CCP4**. The THC-CoA molecule was then manually docked into the LCAD active site, and the entire complex
was refined using Rigid Body and Minimization Refinement in the CNS program®2.
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Data availability
The structural data have been deposited into Protein Data Bank with pdb codes of 8WO0T, 8WO0U, and 8W0Z.

Received: 23 February 2024; Accepted: 23 May 2024
Published online: 05 June 2024

References

1.

2.

3.

v

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hauge, J. G., Crane, E. L. & Beinert, H. On the mechanism of dehydrogenation of fatty acyl derivatives of coenzyme A. IIL. Palmityl
coA dehydrogenase. J. Biol. Chem. 219, 727-733 (1956).

He, M. et al. A new genetic disorder in mitochondrial fatty acid beta-oxidation: ACAD9 deficiency. Am. J. Hum. Genet. 81, 87-103
(2007).

Nouws, J. et al. Acyl-CoA dehydrogenase 9 is required for the biogenesis of oxidative phosphorylation complex I. Cell Metab. 12,
283-294 (2010).

. He, M. et al. Identification and characterization of new long chain acyl-CoA dehydrogenases. Mol. Genet. Metab. 102, 418-429

(2011).

. Merritt, J. L. 2nd., Norris, M. & Kanungo, S. Fatty acid oxidation disorders. Ann. Transl. Med. 6, 473 (2018).
. Wanders, R. ], Denis, S., Ruiter, J. P. & Dacremont, G. 2,6-Dimethylheptanoyl-CoA is a specific substrate for long-chain acyl-CoA

dehydrogenase (LCAD): Evidence for a major role of LCAD in branched-chain fatty acid oxidation. Biochim. Biophys. Acta 1393,
35-40 (1998).

. Otsubo, C. et al. Long-chain acylcarnitines reduce lung function by inhibiting pulmonary surfactant. J. Biol. Chem. 290, 23897-

23904 (2015).

. Kurtz, D. M. et al. Targeted disruption of mouse long-chain acyl-CoA dehydrogenase gene reveals crucial roles for fatty acid

oxidation. Proc. Natl. Acad. Sci. USA 95, 15592-15597 (1998).

. Cox, K. B. et al. Gestational, pathologic and biochemical differences between very long-chain acyl-CoA dehydrogenase deficiency

and long-chain acyl-CoA dehydrogenase deficiency in the mouse. Hum. Mol. Genet. 10, 2069-2077 (2001).

Cox, K. B. et al. Cardiac hypertrophy in mice with long-chain acyl-CoA dehydrogenase or very long-chain acyl-CoA dehydrogenase
deficiency. Lab. Invest. J. Tech. Methods Pathol. 89, 1348-1354 (2009).

Zhang, D. et al. Mitochondrial dysfunction due to long-chain acyl-CoA dehydrogenase deficiency causes hepatic steatosis and
hepatic insulin resistance. Proc. Natl. Acad. Sci. USA 104, 17075-17080 (2007).

Bakermans, A. J. et al. Myocardial energy shortage and unmet anaplerotic needs in the fasted long-chain acyl-CoA dehydrogenase
knockout mouse. Cardiovasc. Res. 100, 441-449 (2013).

Chegary, M. et al. Mitochondrial long chain fatty acid beta-oxidation in man and mouse. Biochim. Biophys. Acta 1791, 806-815
(2009).

Goetzman, E. S. et al. Long-chain acyl-CoA dehydrogenase deficiency as a cause of pulmonary surfactant dysfunction. J. Biol.
Chem. 289, 10668-10679 (2014).

Ranea-Robles, P. et al. A mitochondrial long-chain fatty acid oxidation defect leads to transfer RNA uncharging and activation of
the integrated stress response in the mouse heart. Cardiovasc. Res. 118, 3198-3210 (2022).

Houten, S. M. et al. Impaired amino acid metabolism contributes to fasting-induced hypoglycemia in fatty acid oxidation defects.
Hum. Mol. Genet. 22, 5249-5261 (2013).

Pouliquen, D. L. et al. Long-chain acyl coenzyme A dehydrogenase, a key player in metabolic rewiring/invasiveness in experimental
tumors and human mesothelioma cell lines. Cancers 15, 3044 (2023).

Cai, J. et al. Bulk and single-cell transcriptome profiling reveal extracellular matrix mechanical regulation of lipid metabolism
reprograming through YAP/TEAD4/ACADL axis in hepatocellular carcinoma. Int. J. Biol. Sci. 19, 2114-2131 (2023).

Zhao, X. et al. ACADL plays a tumor-suppressor role by targeting Hippo/YAP signaling in hepatocellular carcinoma. NPJ Precis.
Oncol. 4,7 (2020).

Yang, M. et al. Unraveling cholesterol catabolism in Mycobacterium tuberculosis: ChsE4-ChsE5 a(2)B(2) acyl-CoA dehydrogenase
initiates 3-oxidation of 3-oxo-cholest-4-en-26-oyl CoA. ACS Infect. Dis. 1, 110-125 (2015).

Kim, J. J., Wang, M. & Paschke, R. Crystal structures of medium-chain acyl-CoA dehydrogenase from pig liver mitochondria with
and without substrate. Proc. Natl. Acad. Sci. USA 90, 7523-7527 (1993).

Djordjevic, S., Pace, C. P, Stankovich, M. T. & Kim, J. J. Three-dimensional structure of butyryl-CoA dehydrogenase from
Megasphaera elsdenii. Biochemistry 34, 2163-2171 (1995).

Tiffany, K. A. et al. Structure of human isovaleryl-CoA dehydrogenase at 2.6 A resolution: structural basis for substrate specificity.
Biochemistry 36, 8455-8464 (1997).

Battaile, K. P. et al. Crystal structure of rat short chain acyl-CoA dehydrogenase complexed with acetoacetyl-CoA: Comparison
with other acyl-CoA dehydrogenases. J. Biol. Chem. 277, 12200-12207 (2002).

Battaile, K. P, Nguyen, T. V., Vockley, J. & Kim, J. J. Structures of isobutyryl-CoA dehydrogenase and enzyme-product complex:
Comparison with isovaleryl- and short-chain acyl-CoA dehydrogenases. J. Biol. Chem. 279, 16526-16534 (2004).

Djordjevic, S. et al. Identification of the catalytic base in long chain acyl-CoA dehydrogenase. Biochemistry 33, 4258-4264 (1994).
Ghisla, S., Thorpe, C. & Massey, V. Mechanistic studies with general acyl-CoA dehydrogenase and butyryl-CoA dehydrogenase:
Evidence for the transfer of the beta-hydrogen to the flavin N(5)-position as a hydride. Biochemistry 23, 3154-3161 (1984).
Thorpe, C. & Kim, J. J. Structure and mechanism of action of the acyl-CoA dehydrogenases. Faseb J. 9, 718-725 (1995).

Engst, S., Vock, P., Wang, M., Kim, J. J. & Ghisla, S. Mechanism of activation of acyl-CoA substrates by medium chain acyl-CoA
dehydrogenase: Interaction of the thioester carbonyl with the flavin adenine dinucleotide ribityl side chain. Biochemistry 38,
257-267 (1999).

Kim, J. J. & Miura, R. Acyl-CoA dehydrogenases and acyl-CoA oxidases. Structural basis for mechanistic similarities and
differences. Eur. J. Biochem. 271, 483-493 (2004).

McAndrew, R. P. et al. Structural basis for substrate fatty acyl chain specificity: Crystal structure of human very-long-chain acyl-
CoA dehydrogenase. J. Biol. Chem. 283, 9435-9443 (2008).

Eder, M. et al. Characterization of human and pig kidney long-chain-acyl-CoA dehydrogenases and their role in beta-oxidation.
Eur. J. Biochem. 245, 600-607 (1997).

Zhang, Y., Bharathi, S. S., Beck, M. E. & Goetzman, E. S. The fatty acid oxidation enzyme long-chain acyl-CoA dehydrogenase can
be a source of mitochondrial hydrogen peroxide. Redox Biol. 26, 101253 (2019).

Beck, M. E. et al. The common K333Q polymorphism in long-chain acyl-CoA dehydrogenase (LCAD) reduces enzyme stability
and function. Mol. Genet. Metab. 131, 83-89 (2020).

Toogood, H. S. et al. Extensive domain motion and electron transfer in the human electron transferring flavoprotein medium
chain acyl-CoA dehydrogenase complex. J. Biol. Chem. 279, 32904-32912 (2004).

Peek, C. B. et al. Circadian clock NAD+ cycle drives mitochondrial oxidative metabolism in mice. Science (New York, N.Y.) 342,
1243417 (2013).

Scientific Reports |

(2024) 14:12976 | https://doi.org/10.1038/s41598-024-63027-6 nature portfolio



www.nature.com/scientificreports/

37. Bharathi, S. S. et al. Sirtuin 3 (SIRT3) protein regulates long-chain acyl-CoA dehydrogenase by deacetylating conserved lysines
near the active site. J. Biol. Chem. 288, 33837-33847 (2013).

38. Hirschey, M. D. et al. SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme deacetylation. Nature 464, 121-125
(2010).

39. Gadbery, J. E. et al. IpdE1-IpdE2 is a heterotetrameric acyl coenzyme A dehydrogenase that is widely distributed in steroid-
degrading bacteria. Biochemistry 59, 1113-1123 (2020).

40. Thomas, S. T. & Sampson, N. S. Mycobacterium tuberculosis utilizes a unique heterotetrameric structure for dehydrogenation of
the cholesterol side chain. Biochemistry 52, 2895-2904 (2013).

41. Swigonova, Z., Mohsen, A. W. & Vockley, J. Acyl-CoA dehydrogenases: Dynamic history of protein family evolution. J. Mol. Evolut.
69, 176-193 (2009).

42. Hong, M. G. et al. A genome-wide assessment of variability in human serum metabolism. Hum. Mutat. 34, 515-524 (2013).

43. Illig, T. et al. A genome-wide perspective of genetic variation in human metabolism. Nat. Genet. 42, 137-141 (2010).

44. Wang, C. et al. The KLF7/PFKL/ACADL axis modulates cardiac metabolic remodelling during cardiac hypertrophy in male mice.
Nat. Commun. 14, 959 (2023).

45. Li, L., Wang, L. L., Wang, T. L. & Zheng, F. M. ACADL suppresses PD-L1 expression to prevent cancer immune evasion by targeting
Hippo/YAP signaling in lung adenocarcinoma. Med. Oncol. (Northwood, London, England) 40, 118 (2023).

46. Huang, Y. W. et al. Dysregulated free fatty acid receptor 2 exacerbates colonic adenoma formation in Apc (Min/+) mice: Relation
to metabolism and gut microbiota composition. J. Cancer Prevent. 26, 32-40 (2021).

47. Sehlmeyer, K., Ruwisch, J., Roldan, N. & Lopez-Rodriguez, E. Alveolar dynamics and beyond—The importance of surfactant
protein C and cholesterol in lung homeostasis and fibrosis. Front. Physiol. 11, 386 (2020).

48. Reyfman, P. A. et al. Single-cell transcriptomic analysis of human lung provides insights into the pathobiology of pulmonary
fibrosis. Am. J. Respir. Crit. Care Med. 199, 1517-1536 (2019).

49. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem. 72, 248-254 (1976).

50. Lehman, T. C,, Hale, D. E., Bhala, A. & Thorpe, C. An acyl-coenzyme A dehydrogenase assay utilizing the ferricenium ion. Anal.
Biochem. 186, 280-284 (1990).

51. Otwinowski, Z. & Minor, A. Processing of X-ray diffraction data collected in oscillation mode. In Methods in Enzymology. Vol.
276.307-326 (eds. Carter, C. & Sweet, R.) (Academic Press, 1997).

52. Briinger, A. T. et al. Crystallography & NMR system: A new software suite for macromolecular structure determination. Acta
Crystallogr. D Biol. Crystallogr. 54, 905-921 (1998).

53. Emsley, P, Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta Crystallogr. Sect. D Biol. Crystallogr.
66, 486-501 (2010).

54. CCP4: Collaborative Computational Project, Number 4. The CCP4 suite: Programs for protein crystallography. Acta Cryst. D50,
760-763 (1994).

Acknowledgements

This research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of
Science user facility operated for the DOE Office of Science by Argonne National Laboratory under Contract
No. DE-AC02-06CH11357.

Author contributions

B.N,,CX,,R.M,, and J.-].PK. designed the research. B.N., C.X., and R.M. performed the study. B.N., CX., R.M.,
ALS., and J.-].PK. analyzed the data. B.N., C.X., R.M,, and A.L.S. wrote the original draft. C.X., A.L.S., and
J.-J.PK revised and edited the manuscript.

Funding
This work was supported by National Institutes of Health Grants GM29076 (to J.-J.P.K.) and R35-ES028377
(A.L.S).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-63027-6.

Correspondence and requests for materials should be addressed to J.-J.PK.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:12976 | https://doi.org/10.1038/s41598-024-63027-6 nature portfolio


https://doi.org/10.1038/s41598-024-63027-6
https://doi.org/10.1038/s41598-024-63027-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Structural basis for expanded substrate specificities of human long chain acyl-CoA dehydrogenase and related acyl-CoA dehydrogenases
	Results and discussion
	Crystallization and overview of the overall fold of the long chain acyl-CoA dehydrogenase
	Catalytic residue and stereo-specificity of proton abstraction
	Comparison between the ligand-bound and unbound subunits in wild-type LCAD and between wild-type and mutant subunits
	Structural basis for substrate chain length and branched chain specificity
	Structural basis for metabolism of THC-CoA by LCAD
	Stabilization of LCAD tetramer
	Interaction between ETF and long-chain acyl-CoA dehydrogenase
	Expanded binding site cavities in mammalian and bacterial ACADs
	Evolutionary origins of LCAD
	Physiological functions of LCAD

	Materials and methods
	Expression and purification of human wild-type and mutant LCAD
	LCAD activity assay
	Crystallization, data collection, and structure determination

	References
	Acknowledgements


