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A B S T R A C T

The rat peroxisomal multifunctional enzyme, type-1 (RnMFE1) is a monomeric enzyme with two active sites, 
which catalyze the second and third reaction of the β-oxidation cycle, being the 2E-enoyl-CoA hydratase (ECH) 
and the 3S-hydroxyacyl-CoA dehydrogenase (HAD) reaction, respectively. Previous enzyme kinetic studies of 
MFE1 have shown that MFE1 also degrades 2E,4E-decadienoyl-CoA using a substrate channeling mechanism for 
transferring the hydrated intermediate between the two active sites. In the current studies, the Michaelis-Menten 
parameters for the substrate 2E-decenoyl-CoA for the hydratase and dehydrogenase reactions are reported and 
compared with the corresponding values for 2E,4E-decadienoyl-CoA and 2E-butenoyl-CoA. Also, pre-steady state 
kinetic data for the dehydrogenase activity for 2E-decenoyl-CoA and 2E,4E-decadienoyl-CoA have been obtained. 
The kinetic data suggest that the rate determining step of the combined hydratase and dehydrogenase reactions, 
characterized by the respective kcat-values of the overall reaction of the studied substrates, concerns the 
regeneration of the HAD active site, after the dehydrogenation step. It is discussed that this kinetic behavior 
could be related to the dynamical properties of the enzyme. The crystallographic binding studies of RnMFE1 with 
2E,4E-decadienoyl-CoA have captured its mode of binding in the ECH active site as a competent enzyme product 
complex but also as an incompetent enzyme substrate complex. Structural analysis shows that positively charged 
patches on the enzyme surface between the ECH and HAD active sites would facilitate the channeling of the 
hydrated intermediate of 2E,4E-decadienoyl-CoA between these sites by electrostatic steering, without being 
released into the bulk solvent.

1. Introduction

Multifunctional enzyme, type-1 (MFE1) is a peroxisomal enzyme 
(Poirier et al., 2006) found in the peroxisomes of higher eukaryotes. 

MFE1 is a bifunctional enzyme, catalyzing two subsequent steps of the 
peroxisomal β-oxidation cycle. The β-oxidation cycle consists of four 
reactions, which are the acyl-CoA dehydrogenase (ACD), the 2E-enoyl- 
CoA hydratase (ECH), the 3S-hydroxyacyl-CoA dehydrogenase (HAD) 
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and the 3-ketoacyl-CoA thiolase (KAT) reactions. These reactions are 
catalyzed by monofunctional enzymes as well as multifunctional en
zymes. Three types of multifunctional enzymes have been characterized. 
MFE1 and multifunctional enzyme, type-2 (MFE2) both catalyze the 
second and third reaction of the peroxisomal β-oxidation cycle (Fig. 1), 
whereas the trifunctional enzyme (TFE) catalyzes the second, third and 
fourth reactions of the mitochondrial β-oxidation cycle. The folds of 
MFE1 and MFE2 are unrelated. MFE1 is a monomer and MFE2 is a dimer 
(Hashimoto, 1999; Poirier et al., 2006). TFE is an α2β2 tetramer, in 
which the α-chain has the same fold and function as MFE1 and β2 is a 
thiolase dimer, as known from the crystal structure of the Pseudomonas 
fragi TFE (PfTFE) (Ishikawa et al., 2004). The physiological function of 
MFE1 is not really known (Wanders and Waterham, 2006). MFE1 has 
been shown to have Δ3,Δ2-enoyl-CoA isomerase activity (Zhang et al., 
2002) and it has been proposed to be involved in the metabolism of 
dicarboxylic acids (Ding et al., 2013; Houten et al., 2012). MFE1 has 
been shown to catalyze also the conversion of 2E,4E-decadienoyl-CoA 
into 3-keto-4E-decenoyl-CoA and this property has also been suggested 
as its possible physiological function (Yang et al., 1986). Kinetic data 
show that for the 2E,4E-decadienoyl-CoA substrate MFE1 has substrate 
channeling properties (Yang et al., 1986). In substrate channeling the 
reaction product of the first active site is transferred to the second active 
site without being released in bulk solvent. The mechanism of substrate 
channeling of MFE1 is unknown. Substrate channeling is advantageous 
in case of a metabolic pathway with subsequent reactions producing 
toxic or unstable intermediates (Kappock et al., 2000; Sweetlove and 
Fernie, 2018; Rudolph and Stubbe, 1995) or with reactions character
ized by product inhibition (Yao and Schulz, 1996) or reactions 

concerning an unfavorable equilibrium (Vögeli et al., 2018), like in the 
case of hydration of 2E,4E-decadienoyl-CoA by MFE1, for which the 
equilibrium of the hydratase reaction is unfavorable (Yang et al., 1986). 
Substrate channeling is also of interest to biotech applications. For 
example, the catalytic efficiency of an engineered bifunctional enzyme 
system has been shown to be improved significantly by substrate 
channeling in the presence of positively charged residues on the surface 
path between its two active sites (Kummer et al., 2021).

MFE1 has about 700 residues. The 2E-enoyl-CoA hydratase reaction 
is catalyzed by the N-terminal ECH part and the 3S-hydroxyayl-CoA 
dehydrogenase reaction is catalyzed by the C-terminal HAD part. Crystal 
structures of MFE1 have been reported for plant peroxisomal MFE1 
(AtMFE1, also referred to as AtMFP2) (Arent et al., 2010) and rat 
peroxisomal MFE1 (RnMFE1) (Kasaragod et al., 2010), for which also 
extensive crystallographic binding studies have been reported. The 
MFE1 structure consists of 5 domains (Fig. 2). Domains A and B adopt 
the crotonase fold (Dalwani and Wierenga, 2023) and form the ECH part 
that catalyzes the 2E-enoyl-CoA hydratase reaction. The ECH active site 
is characterized by two catalytic glutamates (Fig. 1, Fig. 2) and by an 
oxyanion hole, which is the same as seen in the homologous mono
functional 2E-enoyl-CoA hydratase (Kiema et al., 1999; Zhang et al., 
2010). The oxyanion hole stabilizes the transition state of the hydra
tase reaction and is a key feature of the catalytic properties of this active 
site. Domain B is the C-terminal helix, H10, of the ECH part, but in MFE1 
it also functions as a linker helix between its A domain and its HAD part. 
The HAD part is formed by domains C, D and E. Domain C is the NAD+

binding domain. Domains D and E interact tightly with each other (they 
are also referred to as the D/E-domains). The HAD active site is located 

Fig. 1. The two reactions catalyzed by MFE1. (A) The reaction catalyzed by the ECH active site. (B) The reaction catalyzed by the HAD active site.
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in a cleft between domain C and domain D. The catalytic histidine 
(Fig. 1, Fig. 2) is provided by domain C, as also known from the ho
mologous monofunctional enzyme. The best studied monofunctional 
HAD enzyme is the human mitochondrial 3S-hydroxyacyl-CoA dehy
drogenase (HsHAD), for which open and closed conformations of the 
HAD active site have been described (Barycki et al., 2000). This 
conformational switch concerns a rotation of domain C towards domain 
D from the open (unliganded) to the closed (liganded) form of the 
ternary complex, by which the structure of the competent active site is 
formed (Barycki et al., 2000).

The structural studies of RnMFE1 have shown its conformational 
flexibility properties, in particular concerning the positioning of domain 
A (of the ECH part) with respect to the HAD part as well as concerning 
the open and closed conformation of the HAD part (Kasaragod et al., 
2017; Sridhar et al., 2024). This conformational flexibility is captured 
in the crystal form of RnMFE1 in which the asymmetric unit consists of 
two molecules, molecule A and molecule B, adopting two different 
conformations. These conformational differences affect the relative po
sitions of the domains with respect to each other. In molecule A, the 
HAD active site is more closed, because the C domain has moved to
wards the D/E-domains, whereas domain A of the ECH part has moved 
away from the D/E-domains, as compared to molecule B. A key differ
ence, between MFE1 and the monofunctional homologues, is the linker 
helix of MFE1, H10, which is a key component of the crotonase fold of 
ECH but in MFE1 it also interacts with the E-domain and the C-domain 
(Fig. 2) of the HAD part. It has been proposed that the higher complexity 
and consequently different dynamical properties of the MFE1 structure 
cause that the catalytic rates of the ECH and the HAD active sites of 
MFE1 for the short chain substrates (2E-butenoyl-CoA, 3S-hydrox
ybutanoyl-CoA) are about 10-fold lower than of the monofunctional 

homologues (Kasaragod et al., 2017; Sridhar et al., 2024).
Here, structural enzymological studies of RnMFE1 are reported for 

the medium chain substrates 2E-decenoyl-CoA and 2E,4E-decadienoyl- 
CoA, aimed at characterizing better its interesting enzyme kinetic and 
substrate channeling properties. The structural studies show the mode of 
binding of the substrate 2E,4E-decadienoyl-CoA as well as its hydrated 
product, 3R-hydroxy-4E-decenoyl-CoA, in the ECH active site of 
RnMFE1. The stereochemistry at the 3-hydroxy group of 3R-hydroxy-4E- 
decenoyl-CoA and 3S-hydroxydecanoyl-CoA is the same, but the 
nomenclature conventions cause that it is referred to as 3R-hydroxy-4E- 
decenoyl-CoA. The enzyme kinetic studies include liquid chromatog
raphy mass spectrometry (LC-MS) direct activity assays. Steady state and 
pre-steady state spectrophotometric assays show that the rate limiting 
step of the catalytic cycle is the regeneration of the HAD catalytic site 
after the dehydrogenation reaction. Structure comparisons suggest 
structural features that are relevant for the substrate channeling 
mechanism.

2. Materials and methods

2.1. Expression and purification of wild-type RnMFE1, E123A, HsHAD 
and RnECH

Wild-type rat peroxisomal RnMFE1 (UniProt ID P07896) and its 
E123A variant were expressed and purified as described previously 
(Kasaragod et al., 2010) with minor modifications. The pET15b plasmid 
with the RnMFE1 cDNA (Kasaragod et al., 2010) or with the E123A 
variant cDNA (Kasaragod et al., 2013) was transformed into Escherichia 
coli BL21 (DE3) pLysS pGro7 cells and the cells were grown in M9ZB 
medium supplemented with ampicillin (100 μg/mL), chloramphenicol 
(20 μg/mL), and 0.3 mg/mL L-arabinose to induce the expression of the 
GroEL and GroES chaperones from the pGro7 plasmid. The culture was 
incubated at 37 ◦C until the OD600 reached 0.8, and the expression was 
initiated by the addition of isopropyl-β-1-thio-D-galactopyranoside 
(IPTG) to a final concentration of 0.1 mM for overnight incubation at 
20 ◦C. The cells, harvested by centrifugation, were resuspended into 
lysis buffer (20 mM potassium phosphate buffer, pH 7.4, 50 mM imid
azole, 500 mM NaCl, 10% glycerol, 0.1% Triton X-100, 100 μg/mL 
lysozyme, 25 μg/mL DNase I, 25 μg/mL RNase A, 2 protease inhibitor 
tablets (Merck, Darmstadt, Germany), 5 mM adenosine triphosphate 
(ATP), 5 mM MgCl2) and incubated for 30 min at room temperature. The 
cells were further lysed by sonication and the cell debris were separated 
from the lysate by centrifugation. The supernatant was loaded onto Ni- 
nitrilotriacetic acid (NiNTA) resin (Qiagen, Hilden, Germany) pre- 
equilibrated with the equilibration buffer (20 mM phosphate buffer, 
pH 7.4, 500 mM NaCl). The protein was eluted with a linear gradient of 
0–300 mM imidazole in equilibration buffer.

The cDNA encoding the human mitochondrial 3S-hydroxyacyl-CoA 
dehydrogenase (HsHAD) (preceded by an N-terminal His6-tag) in 
pET28a plasmid was provided by Dr. Barycki, University of Nebraska, 
USA. The E. coli BL21 (DE3) pLysS cells, transformed with the plasmid, 
were grown at 37 ◦C in LB medium supplemented with 30 μg/mL 
kanamycin and 30 μg/mL chloramphenicol until the OD600 was be
tween 0.4 and 0.6, and the expression was initiated by the addition of 
IPTG to a final concentration of 0.1 mM for overnight growth at 20 ◦C. 
The cells were harvested by centrifugation. The cells were resuspended 
into the lysis buffer (50 mM NaH2PO4, 0.3 M NaCl, 10 mM imidazole, 
pH 8.0), lysed by sonication and centrifuged using 30,000 xg for 60 min 
at 4 ◦C. The supernatant was mixed with Ni-NTA resin pre-equilibrated 
with lysis buffer and rotated for 1 h at 4 ◦C. The resin was washed with 
50 mM NaH2PO4, 0.3 M NaCl, 50 mM imidazole, pH 8.0 and the protein 
was eluted with 50 mM NaH2PO4, 0.3 M NaCl, 250 mM imidazole, pH 
8.0.

After the His6-tag purifications, the protein samples of RnMFE1, 
E123A and HsHAD were concentrated by using the Amicon Ultra cen
trifugal filters (Merck) and loaded onto a Superdex-200 (GE HealthCare, 

Fig. 2. The MFE1-fold. (A) Standard view with standard coloring of the five 
domains of the NADH structure. The ECH active site is formed by the A and B 
domains. The B domain is also the linker helix between the A domain and the 
HAD part. The HAD active site is formed by the C domain and the D/E-domains. 
(B) Schematic overview of the five domains. The domain borders and the cat
alytic residues of RnMFE1 are listed above the scheme.
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Chicago, Illinois, USA) size exclusion chromatography column pre- 
equilibrated either with 10 mM piperazine-N,N′-bis(2-ethanesulfonic 
acid (PIPES), pH 6.5, and 50 mM NaCl for wild-type RnMFE1 and the 
E123A variant or with 25 mM 4-(2-hydroxyethyl)-1-piper
azineethanesulfonic acid (HEPES), 0.1 M NaCl pH 7.4 for HsHAD. The 
peak fractions were pooled and concentrated using the centrifugal 
concentrators. The protein concentration was determined from absorp
tion measurements at 280 nm with the NanoDrop 1000 spectropho
tometer (ThermoFisher Scientific, Massachusetts, USA), using the 
sequence based absorption coefficients provided by ProtParam (https:// 
web.expasy.org/protparam). The protein solution (about 10 mg/mL) 
was divided into small aliquots, flash frozen in liquid nitrogen and 
stored at − 70 ◦C for later use. The purity of the proteins was confirmed 
by SDS-PAGE analysis.

The cDNA encoding the rat liver 2E-enoyl-CoA hydratase, cloned into 
the pET3a plasmid at Nde1 and BamH1 restriction sites was obtained 
from the Hiltunen group (Kiema et al., 1999). The recombinant protein 
was expressed by transforming the plasmid into E. coli BL21 (DE3) pLysS 
cells. The primary culture was grown overnight at 37 ◦C, after which a 
single colony was inoculated into 20 mL of LB medium containing 
ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL). The cells from 
this primary culture were used to grow the secondary culture containing 
1000 mL of M9ZB medium along with ampicillin (100 μg/mL) and 
chloramphenicol (34 μg/mL). The culture was incubated at 37 ◦C until 
A600 reached 0.6, and the expression was initiated by the addition of 
IPTG to a final concentration of 0.4 mM, at 35 ◦C for 3 h. The cells were 
harvested by centrifugation. The cells were then resuspended into 50 mL 
of lysis buffer (30 mM potassium phosphate pH 7.2, 10 mM magnesium 
sulfate, 0.5 mM β-mercaptoethanol, 200 μg/mL lysozyme, 20 μg/mL 
DNase, 20 μg/mL RNase, 3 mM EDTA) and incubated for 30 min at room 
temperature. The cells were further pelleted by centrifugation to sepa
rate the soluble fraction and cell debris. The supernatant was loaded 
onto an anion exchanger DEAE-Sephacel column (GE HealthCare), pre- 
equilibrated with the equilibration buffer (30 mM potassium phosphate 
pH 7.2, 10 mM magnesium sulfate, 0.5 mM β-mercaptoethanol, 3 mM 
EDTA). 2 mL fractions were collected. The fractions were checked by 
SDS-page analysis and the fractions with RnECH were pooled and dia
lysed against 2 L of dialysis buffer (25 mM tris(hydroxymethyl)amino
methane (Tris), pH 8.5, 0.5 mM β-mercaptoethanol, 1 mM EDTA). The 
dialyzed protein was then injected onto a Resource Q anion exchange 
column, pre-equilibrated with the dialysis buffer and eluted between 
0.0 M and 0.25 M NaCl in a 25 mL elution volume. Fractions containing 
RnECH were pooled and concentrated to 2 mL using the 10 kDa Amicon 
centrifugal concentrator. The concentrated protein was loaded onto the 
Superdex-200 (GE HealthCare) size exclusion chromatography column, 
pre-equilibrated with gelfiltration buffer (100 mM potassium phosphate, 
pH 7.2, 3 mM EDTA). The peak fractions were pooled and concentrated 
by using the 10 kDa Amicon centrifugal concentrator. The absorbance of 
the protein solution was measured using the NanoDrop 1000 spectro
photometer (ThermoScientific, Waltham, Massachusetts, USA) at 280 
nm wavelength and the protein concentration was calculated by using 
the molecular extinction coefficient (ProtParam; https://web.expasy. 
org/protparam/). The protein solution (about 15 mg/mL) was ali
quoted into smaller fractions, flash frozen with liquid nitrogen and 
stored at − 70 ◦C freezer for further usage. The protein was confirmed to 
be pure by SDS-gel electrophoresis.

2.2. Preparation of substrates and substrate solutions

2E-decenoic acid, 2E,4E-decadienol, CoA and other chemicals used 
for substrate synthesis were obtained from Merck. The substrates 2E- 
decenoyl-CoA and 2E,4E-decadienoyl-CoA were synthesized as previ
ously described (Bal et al., 1981; Schmitz et al., 1994). The identity and 
purity of the final products were checked by TLC and high-resolution LC- 
MS analysis. The concentrations of the dissolved substrates were 
determined by detecting the amount of free thiols with Ellman's test, 

after 10–15 min cleavage of the acyl-CoA compound in 1 M hydroxyl
amine (Merck) pH 7.0. The Ellman's reagent 5,5′-dithiobis-(2-nitro
benzoic) acid (DTNB) (Merck) was dissolved in dimethylsulfoxide 
(Merck). The concentration of free 2-nitro-5-thiobenzoic acid (TNB) was 
determined by measuring the absorption at 412 nm (Riddles et al., 
1983). Samples that were not treated by hydroxylamine served as 
blanks.

2.3. Steady state enzyme kinetics

The steady state enzyme kinetic measurements were carried out with 
the Jasco V-660 spectrophotometer (Jasco Corporation, Tokyo, Japan) 
at 25 ◦C in a 1-cm cuvette with a reaction volume of 0.5 mL using 2E- 
decenoyl-CoA as substrate in 50 mM Tris pH 9.0, 50 mM KCl, and 50 μg/ 
mL bovine serum albumin (BSA), with or without 1 mM NAD+ (Merck). 
The hydratase activity of RnMFE1 was measured by monitoring the 
disappearance of the double bond at 263 nm using 200 ng/mL of 
RnMFE1 without NAD+ in the reaction mixture, as well as with a 
coupled assay by following the formation of NADH at 340 nm wave
length in the presence of 20 μg/mL human mitochondrial 3S-hydrox
yacyl-CoA dehydrogenase (HsHAD) using 100 ng/mL of RnMFE1. The 
3S-hydroxyacyl-CoA dehydrogenase (HAD) activity of RnMFE1 was 
measured by monitoring the formation of NADH as a combined activity 
of the two active sites of the enzyme using 1 μg/mL RnMFE1. In addi
tion, the HAD activity of wild-type RnMFE1 and the E123A variant was 
measured in the presence of 2 μg/mL rat mitochondrial 2E-enoyl-CoA 
hydratase (RnECH) as an auxiliary enzyme to generate the hydroxylated 
substrate. The reactions were initiated with the addition of RnMFE1 or 
the E123A variant. For calculating the initial rates, molar extinction 
coefficient of 6700 M− 1 cm− 1 for double bond disappearance and 6220 
M− 1 cm− 1 for NADH formation were used. The kinetic values were ob
tained by varying the substrate concentration. The kinetic data were 
fitted with the Spectra Manager (Jasco Corporation, Tokyo, Japan) and 
GraphPad Prism software (GraphPad, Boston, Massachusetts, USA).

2.4. Pre-steady state kinetic experiments

The pre-steady state stopped-flow experiments were carried out with 
HI-TECH KinetAsyst SF-61DX2 stopped-flow spectrophotometer (TgK 
Scientific Ltd., Bradford-on-Avon, UK) at 25 ◦C in a 22 μl flow cell with 
80 μl shot volume. The solution of 2E-decenoyl-CoA or 2E,4E-deca
dienoyl-CoA in 50 mM Tris pH 9.0, 50 mM KCl was rapidly mixed in 1:1 
ratio with 2 μM RnMFE1 in 50 mM Tris pH 9.0, 50 mM KCl, 2 mM NAD+

(Merck). The dehydrogenase reaction (formation of NADH by hydride 
transfer) was detected by following the NADH fluorescence excited at 
340 nm with 420 nm long pass filter in front of the photomultiplier tube. 
To determine the kchem and KD values for the hydride transfer reaction, 
the substrate concentration was varied by making a serial dilution of the 
substrate with the reaction buffer. The final concentration of the enzyme 
in the flow-cell was 1 μM and the substrate concentrations were 3.125, 
6.25, 12.5, 25, 50 and 100 μM. Dilution series were measured three 
times and for each substrate concentration 8 to 10 shots were recorded. 
To obtain the kobs value of the burst phase, the averaged traces were 
fitted with the Kinetic Studio software (TgK Scientific Ltd.) using Eq. 1. 
For fitting of the averaged traces of 2E,4E-decadienoyl-CoA, which did 
not show the steady state phase, the kcat term of the Eq. 1 was omitted. 

F = Aexp(− kobst) + kcatt+ c (1) 

To get kchem of the hydride transfer reaction of the RnMFE1 HAD 
reaction and dissociation constant KD for the 2E-enoyl-CoA substrate, 
the obtained kobs values were plotted as a function of substrate con
centration and fitted using Eq. 2 in GraphPad Prism. 

kobs =
kchem [substrate]

KD(substrate) + [substrate]
(2) 
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2.5. Liquid chromatography mass spectrometry (LC-MS) experiments

LC-MS experiments were used to separate and detect the reactants 
(substrate, intermediate and product) in the assay mixtures of the 
hydratase and dehydrogenase reactions catalyzed by RnMFE1. The 
assay mixture consisted of 50 μM 2E-decenoyl-CoA or 2E,4E-deca
dienoyl-CoA and 1 mM NAD+ in 50 mM Tris pH 9.0, 50 mM KCl. All 
reactions were done at room temperature and the reactions were initi
ated by the addition of enzyme to the final concentration of 1 μg/mL for 
2E-decenoyl-CoA and 57 μg/mL for 2E,4E-decadienoyl-CoA. At different 
time points (15 s–1800 s) the reaction was stopped by adding acetoni
trile to a final concentration of 33% to the assay mixture. Immediately 
after all samples of the stopped reaction mixtures of all time points were 
available, these samples were injected onto the C18-reverse phase col
umn (Waters –Acquity BEH C18 1.7 μm 2.1 × 100 mm) of the UPLC unit 
(Waters Acquity) (Waters, Milford, United States) and the solutes were 
separated by a gradient generated from a solution of 10 mM ammonium 
acetate (A) and acetonitrile (B). Initial conditions were 15% B flow 0.5 
mL/min and the gradient points were: 1 min: 30% B, 3 min 30% B, 3.5 
min 60% B. The solutes were detected by electrospray ionization mass 
spectrometry (ESI-MS) on a Q-Tof instrument (Waters Synpat G2), 
scanning 0.5 s centroid scans from 400 to 1200 Da in sensitive mode. 
Source parameters were optimized for maximum sensitivity and low 
fragmentation of the substrates, intermediates and products. The con
centrations of the intermediate and product were estimated from a 
calibration curve obtained by using as a reference the LC-MS signal 
measured with the substrate using a concentration range of 0–200 μM by 
employing the QuanLynx application which is an inbuilt application in 
the Masslynx software (Waters).

2.6. Soaking of RnMFE1 crystals with 2E,4E-decadienoyl-CoA

RnMFE1 crystals were obtained as previously described (Kasaragod 
et al., 2010). Using the Mosquito nanodispenser (TTP Labtech, Mel
bourn, UK) 1 μl of protein pre-incubated with 2 mM CoA was mixed with 
1 μl of crystallization well solution in 96-square well crystallization 
sitting drop plate (Greiner Bio-One) with 100 μl of well solution. The 
plates were imaged at regular time intervals using the Formulatrix Rock 
imagers (Formulatrix, Bedford, Massachusetts, USA) at room tempera
ture and the results were monitored using the IceBear software (Daniel 
et al., 2024). The crystal grown in the presence of CoA at 22 ◦C in 125 
mM 2-(N-morpholino)-ethanesulfonic acid (MES) pH 6.0, 17% 
PEG4000, 175 mM (NH4)2SO4 or in 100 mM MES, pH 6.0, 17% 
PEG4000, 150 mM (NH4)2SO4 was used for soaking experiment with 
2E,4E-decadienoyl-CoA either in the presence of 5 mM NAD+ or 5 mM 
NADH, respectively. The skin of the crystallization drop was removed 
and the content of the drop was diluted with few microliters of well 
solution. The solution was pipetted away and the remaining solution 
around the crystal was removed with paper wicks (Hampton Research, 
Aliso Viejo, California, USA). The soaking solution (127 mM Tris pH 9.0, 
16.2% PEG4000, 174 mM (NH4)2SO4, 5 mM NAD+ or 102 mM Tris pH 
9.0, 17% PEG4000, 153 mM (NH4)2SO4, 5 mM NADH) supplemented 
with 4 mM 2E,4E-decadienoyl-CoA was pipetted on top of the crystal. 
After 15 min (NAD+) or 30 min (NADH) soaking time, the crystal was 
transferred into the soaking solution supplemented with 2 mM 2E,4E- 
decadienoyl-CoA and 20% glycerol and immediately cryo-cooled in 
liquid nitrogen.

2.7. Data collection, structure determination and structure refinement

Diffraction data from the 2E,4E-decadienoyl-CoA and NAD+ soaked 
crystal was collected using the Bruker Microstar X8 Proteum with the 
Photon II detector (Bruker AXS Inc., Madison, Wisconsin, USA) at 100 K 
to 2.10 Å resolution (Table 1). The data set was integrated and scaled 
using SAINT and SADABS of the PROTEUM3 suite (Bruker AXS Inc.). 

Table 1 
Data collection, data processing statistics and structure refinement statistics.

Crystal treatment 5 mM NAD+, 4 mM 2E,4E- 
decadienoyl-CoA, 15 min 
soaking time

5 mM NADH, 4 mM 
2E,4E-decadienoyl- 
CoA, 
30 min soaking time

PDB ID 28JJ 28JK

Data collection
X-ray source, beamline Bruker Microstar X8 MAX IV, BioMAX
Detector PHOTON II (Bruker) EIGER (Dectris)
Wavelength (Å) 1.5418 0.9200
Temperature (K) 100 100

Data processinga

Software PROTEUM3/AIMLESS XDS/AIMLESS
Space group P 21 21 21 P 21 21 21

Unit cell a, b, c (Å) 65.5, 126.7, 226.2 65.3, 126.9, 225.3
Unit cell α, β, γ (o) 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution (Å) 64.80–2.10 (2.14–2.10) 49.27–2.29 
(2.33–2.29)

CC1/2 (%) 99.3 (19.8) 99.9 (62.1)
I/s(I) 11.6 (1.1) 19.9 (1.6)
Rpim (%) 6.0 (77.3) 2.5 (42.9)
Number of total 

reflections 2,654,199 (54496) 1,140,195 (56527)

Number of unique 
reflections

110,584 (5357) 84,773 (4329)

Completeness (%) 99.9 (99.2) 99.8 (96.3)
Redundancy 24.0 (10.2) 13.4 (13.1)
Wilson B-factor (Å2) 27.0 54.6

Refinement

Resolution (Å)b 64.80–2.30 (2.34–2.30)
49.27–2.44 
(2.49–2.44)

CC1/2 (%)b 99.7 (57.3) 100 (87.7)
I/s(I)b 15.0 (2.3) 23.5 (2.9)
Rwork/Rfree (%) 22.1/24.7 17.4/20.7
Number of reflections 80,240 67,071
Total number of atoms 11,323 11,384
Number of waters 172 179

Average B-factor
Chain A/B (Å2) 37.6/54.2 65.3/81.6
Chain A A1JZN/ 

A1JZ1/NAD/NAI 
(Å2)c

45.0/− /58.5/− − /90.8/− /78.1

Chain B A1JZN/ 
A1JZ1/NAD/NAI 
(Å2)c

− /56.8/54.8/− − /96.6/− /66.6

Waters (Å2) 25.5 54.0

Rms deviations
Bond length (Å) 0.006 0.006
Bond angle (◦) 1.5 1.4

Ramachandran plotd

Favored (%) 98.0 98.0
Allowed (%) 2.0 2.0
Outliers (%) 0.0 0.0

a Values in parentheses refer to the highest resolution shell. Statistics as pro
vided by AIMLESS (Evans and Murshudov, 2013).

b Resolution limit for the refinement was determined by PAIREF (Malý et al., 
2021). The AIMLESS statistics (CC1/2), I/s(I) for these data sets at this resolu
tion is given.

c A1JZN is 2E,4E-decadienoyl-CoA. A1JZ1 is 3R-hydroxy-4E-decenoyl-CoA. 
NAD is NAD+. NAI is NADH.

d Calculated by PROCHECK (Laskowski et al., 1993).
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Intensities were converted to amplitudes and output into MTZ format 
using CTRUNCATE and SCALEPACK2MTZ from the CCP4 package 
(Agirre et al., 2023). The structure was solved by the molecular 
replacement method using molecule A of PDB ID 5OMO as the search 
model, without its bound ligands and waters, using PHASER (McCoy 
et al., 2007) and MOLREP (Vagin and Teplyakov, 2010). After rigid- 
body refinement the structure was built and refined iteratively using 
COOT (Emsley et al., 2010) and REFMAC5 (Kovalevskiy et al., 2018) 
restrained refinement using TLS (Winn et al., 2003) and automatic local 
NCS restraints to 2.30 Å resolution. At the final stage of the model 
building, the structure was further optimized using PDB_REDO (Joosten 
et al., 2014).

Diffraction data for 2E,4E-decadienoyl-CoA and NADH soaked 
crystal was remotely collected at MAX IV (beamline BioMAX) at 100 K to 
2.29 Å resolution using the Eiger 16 M Hybrid-pixel detector (Dectris, 
Baden, Switzerland) (Table 1). The data set was processed using the XDS 
package (Kabsch, 2010) and reduced with AIMLESS (Evans and 
Murshudov, 2013) through CCP4i2 graphical user interface (Potterton 
et al., 2018). The structure was solved by the molecular replacement 
method using the 2E,4E-decadienoyl-CoA complex structure with NAD+

as the search model using PHASER. The model was built and refined 
using the same protocol as used for the NAD+ structure.

Both models were validated using MolProbity (Williams et al., 2018) 
via the Phenix graphical user interface (Liebschner et al., 2019) and 
using the OneDep validation server. The refinement statistics are listed 
in Table 1. The library restraints file of 2E,4E-decadienoyl-CoA and 3R- 
hydroxy-4E-decenoyl-CoA were generated starting from the restraints 
library file of 3S-hydroxydecanoyl-CoA (ligand ID HSC) of the 5OMO 
structure, using the SKETCHER and PRODRG (Schüttelkopf and van 
Aalten, 2004) programs of the CCP4 package.

2.8. Structure and sequence analysis

Structure superpositions were done with the SSM protocol (Krissinel 
and Henrick, 2004) as implemented in COOT. The chemical drawings 

were made with MarvinSketch (https://www.certara.com/chemaxon/
and finalized using InkScape (https://inkscape.org/). GraphPad Prism 
software (GraphPad, Boston, USA) was used to make the plots showing 
the kinetic and LC-MS data. The molecular surfaces, colour coded ac
cording to electrostatic potential, were calculated with APBS (Jurrus 
et al., 2018) and visualized with PyMOL (Schrödinger LLC, New York, 
NY, USA). For the calculation of these surfaces the side chains, which 
were not built in the deposited structure, were built by PDB-REDO 
(Joosten et al., 2014) and missing loops were built using the Alpha
Fold3 (Fleming et al., 2025) models from the EBI database (https://a 
lphafold.ebi.ac.uk/). The structures were visualized with PyMOL. The 
multiple sequence alignment of the selected amino acid sequences was 
generated with EBI job dispatcher tool Clustal Omega (Madeira et al., 
2025). The aligned sequences were uploaded to ESPript 3.2 (Gouet 
et al., 2003) for representation of sequence conservation and visuali
zation of the secondary structure of RnMFE1 28JK structure. The 
alignment was further annotated with InkScape software.

3. Results and discussion

3.1. Crystallographic binding studies

For the protein crystallographic binding studies, crystals of RnMFE1 
have been soaked with 4 mM 2E,4E-decadienoyl-CoA, at pH 9.0 in the 
presence of 5 mM NAD+ (refined at 2.30 Å resolution, referred to as the 
NAD+-structure) and 5 mM NADH (refined at 2.44 Å resolution, referred 
to as the NADH-structure). In the latter structure (soaking time 30 min), 
the ECH active sites of molecule A and molecule B are complexed with 
the product, 3R-hydroxy-4E-decenoyl-CoA (Fig. S1). The mode of 
binding is very similar as observed for the mode of binding of 3S- 
hydroxydecanoyl-CoA (Fig. 3A). The HAD active sites of molecules A 
and B of the NADH crystal form are only complexed with NADH, without 
the hydrated product of the ECH active site. Also, in the crystal structure 
obtained in the presence of NAD+ (soaking time 15 min), the HAD active 
sites are complexed only with NAD+. In the ECH active site of molecule B 

Fig. 3. Comparison of ligand binding in the ECH active site of the RnMFE1 NADH and NAD+ structures. Also shown is the 3S-hydroxydecanoyl-CoA ligand (gray) as 
bound in the ECH active site of its superimposed RnMFE1 complex (ECH active site of molecule A, magenta, PDB ID 3ZWC). (A) The mode of binding of 3R-hydroxy- 
4E-decenoyl-CoA (green) as captured in molecule A of the NADH structure (cyan). (B) The mode of binding of 2E,4E-decadienoyl-CoA (green) and the catalytic water 
(Wat915, yellow), as captured in molecule A of the NAD+ structure (cyan). In the latter structure the thioester oxygen of 2E,4E-decadienoyl-CoA is shifted away from 
the hydrogen bond donors of the oxyanion hole. The C3 atom of 2E,4E-decadienoyl-CoA (green) is labeled, C3. The distance between this C3 atom and the cor
responding atom of 3S-hydroxydecanoyl-CoA (gray) is 1.5 Å. In both panels, the red dotted lines show the hydrogen bond interactions of the catalytic glutamates and 
the peptide NH hydrogen bond donors of the oxyanion hole with 3S-hydroxydecanoyl-CoA (gray, PDB ID 3ZWC). The yellow dotted lines show the corresponding 
hydrogen bond interactions with 3R-hydroxy-4E-decenoyl-CoA (green) (in panel A) and with 2E,4E-decadienoyl-CoA (green) and the catalytic water (Wat915, 
yellow) (in panel B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the NAD+ structure the hydrated product is bound as also seen in the 
structure of the NADH complex as well as in other structures of MFE1 
complexed with either NAD+ or NADH. In the ECH active site of mole
cule A, the electron density map suggests that the substrate 2E,4E-dec
adienoyl-CoA is bound, together with a water molecule (Fig. S2). 
However, the position of the substrate bound in the ECH active site of 
molecule A is slightly different, as shown from the comparison with the 
mode of binding of the product 3S-hydroxydecanoyl-CoA (Kasaragod 
et al., 2013) (Fig. 3B), being that the thioester moiety is bound further 
outward, by about 1 Å. The mode of binding of the thioester moiety is 
well defined by the electron density map, which places the highest 
density of the ligand near the sulfur atom in a shifted position as 
compared to the mode of binding of the active site ligand of any previous 
structure. In the shifted position, the hydrogen bond distances of the 
thioester oxygen with the hydrogen bond donors of the oxyanion hole, N 
(Ala61) and N(Gly100), are larger, changing from 2.9 Å and 2.9 Å to 3.1 
Å and 3.2 Å, respectively. In the shifted position the thioester oxygen 
therefore does not have optimal interactions in the oxyanion hole and in 
addition the C3 carbon of the acyl tail is not positioned correctly for 
nucleophilic attack by the catalytic water, being shifted by 1.5 Å, as 
shown in Fig. 3B. Clearly, the substrate is not bound correctly for 
catalysis of the hydration reaction. Capturing this incompetent mode of 
binding of the substrate is possibly due to the short soaking time and/or 
the more rigid acyl tail of the substrate or both.

The product of the hydration reaction, 3R-hydroxy-4E-decenoyl- 
CoA, is not present in the HAD active site of molecule A nor of molecule 
B in the current two structures. In principle, the crystal soaked with the 
2E,4E-decadienoyl-CoA and NAD+ could have resulted in the formation 
of 3-keto-4E-decenoyl-CoA and NADH, the products of the HAD activity 
of RnMFE1. The product of the hydration reaction, 3S-hydroxyacyl-CoA, 
has not been found in the HAD active site in any of the available 
structures of RnMFE1. However, the product of the HAD activity, 3-keto
decanoyl-CoA, has been found in two structures of RnMFE1 complexes 
and only in the HAD active site of molecule A. In the crystal structure of 
RnMFE1 the HAD active site of molecule B is more open, while in 
molecule A it is more closed (Kasaragod et al., 2017). The latter geom
etry is more similar to the fully closed conformation, as known from the 

structure of a ternary complex of the homologous monofunctional 
HsHAD complexed with both the product (acetoacetyl-CoA) as well as 
NAD+ (Barycki et al., 2000). Only the fully closed conformation of HAD 
is competent for catalysis, as can be deduced from the extensive studies 
of horse liver alcohol dehydrogenase (Plapp et al., 2022). The 3-ketode
canoyl-CoA bound in the HAD active site of molecule A is either formed 
in situ (PDB ID 5OMO) or added into the soaking solution (PDB ID 
6Z5F). Apparently, the 3-ketoacyl-CoA product has higher affinity for 
the HAD active site, as compared to its substrate, 3S-hydroxyacyl-CoA. 
Indeed, enzyme kinetic data obtained in studies of the monofunctional 
homologue, mitochondrial HAD, show that medium and long chain 3- 
ketoacyl-CoA molecules are strong inhibitors of this enzyme (He et al., 
1989; Yao and Schulz, 1996), suggesting that these molecules can also 
be inhibitors of the HAD activity of MFE1.

3.2. Enzyme kinetic steady state studies

Steady state kinetic data were collected for the substrate 2E-dece
noyl-CoA (Table 2, Fig. S3). The comparison of the Michaelis-Menten 
parameters for this substrate with the corresponding values for 2E- 
butenoyl-CoA (Table 2) shows that these parameters are in the same 
range, both for the hydratase as well as for the dehydrogenase activities. 
For both substrates the kcat values for the hydratase reaction (58.8 s− 1 

for 2E-decenoyl-CoA) are much higher than the kcat values of the sub
sequent dehydrogenase reaction (2.2 s− 1 for 2E-decenoyl-CoA). The kcat 
and KM values obtained from assays that include linker enzymes are also 
listed in Table 2. For the hydratase assay, the linker enzyme is HsHAD 
and for the dehydrogenase assay the linker enzyme is RnECH. The kcat 
and KM values for the assays in the presence of linker enzymes are 
similar to the values obtained from the assays without linker enzyme, 
suggesting that for these substrates the two active sites work indepen
dently. This is also confirmed by the Michaelis-Menten parameters of the 
E123A variant of RnMFE1 (Table 2). In the E123A variant, the ECH 
active site is inactive (Kasaragod et al., 2013), but the Michaelis-Menten 
parameters of the HAD active site of this variant are in the same range as 
observed for the HAD active site of wild-type RnMFE1 (Table 2).

The hydratase reaction of the 2E,4E-decadienoyl-CoA substrate has 

Table 2 
Steady state Michaelis-Menten parameters of rat peroxisomal RnMFE1 for various substrates.

Substrate (Enzyme) Hydratase activity 
(ECH active site)

Dehydrogenase activity 
(HAD active site)

Comments Reference

kcat (s− 1) KM (μM) kcat/KM (M− 1 

s− 1)a
kcat (s− 1) KM (μM) kcat/KM (M− 1 

s− 1)a

2E-butenoyl-CoA 
(RnMFE1)

113.0 ±
33.0

82.0 ±
18.0

1.4 × 106±

0.5 × 106
1.7 ± 0.1 3.6 ±

1.0
0.5 × 106±

0.1 × 106
Without linker enzymes (Kasaragod et al., 

2017)
2E-decenoyl-CoA 

(RnMFE1)
58.8 ±
10.8

58.6 ± 6.4 1.0 × 106±

0.2 × 106
2.2 ± 0.2 2.3 ±

1.3
1.0 × 106±

0.5 × 106
Without linker enzymes These studiesb

2E-decenoyl-CoA 
(RnMFE1)

104.4 ±
7.0 
(HsHAD)

80.2 ± 7.2 
(HsHAD)

1.3 × 106±

0.1 × 106
2.7 ± 0.2 
(RnECH)

1.1 ±
0.3 
(RnECH)

2.5 × 106±

0.7 × 106
With linker enzyme (as specified 
in parentheses)

These studiesb

2E-decenoyl-CoA 
(E123A variant of 
RnMFE1)c

NAd NA NA 2.6 ± 0.1 
(RnECH)

0.8 ±
0.1 
(RnECH)

3.3 × 106±

0.4 × 106
With linker enzyme (as specified 
in parentheses)

These studiesb

2E,4E-decadienoyl-CoA 
(RnMFE1)e

1.6 ± 0.05 24.0 ± 1.7 0.07 × 106±

0.01 × 106
NA NA NA With linker enzymes (HAD and 

thiolase)e
(Yang et al., 1986)

3R-hydroxy-4E-decenoyl- 
CoA 
(RnMFE1)f

NA NA NA 5.8 ±
0.08

2.4 ±
0.2

2.4 × 106±

0.2 × 106
With linker enzyme (thiolase)f (Yang et al., 1986)

a The error bars of the kcat/KM values are derived from the standard deviations of the kcat and KM values using standard error propagating formula (Johnson, 2023).
b The error bars of the kcat and KM values are the standard deviations derived from the variation of at least three independent measurements.
c In the E123A variant of RnMFE1 (Kasaragod et al., 2013) the ECH active site is inactive.
d NA: not applicable.
e These studies were also done with peroxisomal MFE1 purified from rat liver. The equilibrium of only the hydratase reaction for this substrate is strongly disfavoring 

product formation and the rate of the hydratase reaction is measured in an indirect assay, at pH 8.0, in the presence of pig heart mitochondrial HAD and pig heart 
mitochondrial thiolase I, by which the equilibrium is shifted to product formation.

f These studies were also done with peroxisomal MFE1 purified from rat liver. In the latter studies, 3R-hydroxy-4E-decenoyl-CoA was added directly to the assay 
mixture and the dehydrogenase activity was measured at pH 8.0 in the presence of pig heart mitochondrial thiolase I.
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an unfavorable equilibrium for product formation due to its conjugated 
double bond system. Therefore, the hydratase reaction with 2E,4E- 
decadienoyl-CoA substrate was studied by Schulz and coworkers in re
action conditions where the equilibrium was shifted towards the 
degradation of the hydratase reaction product, 3R-hydroxy-4E-dece
noyl-CoA by including an external dehydrogenase and thiolase as well as 
NAD+ and CoA and thereby also avoiding product inhibition by the 3- 
ketoacyl-CoA product of the HAD reaction (Yang et al., 1986) 
(Table 2). When comparing the hydratase and dehydrogenase activities 
of RnMFE1 for this substrate, Schulz and coworkers discovered that the 
rate of the dehydrogenase reaction is similar to the rate of the hydratase 
reaction, suggesting an efficient channeling of the hydratase product to 
the HAD active site. The Michaelis-Menten parameters of the HAD active 
site were in these studies obtained by using the substrate 3R-hydroxy- 
4E-decenoyl-CoA, which was added directly into the assay mixture 
(Yang et al., 1986). The Michaelis-Menten parameters of the dehydro
genase reaction for this substrate 3R-hydroxy-4E-decenoyl-CoA (kcat =

5.8 s− 1, KM = 2.4 μM) (Table 2) are similar as obtained in this study for 
the 2E-decenoyl-CoA substrate measured with or without RnECH as the 
auxiliary enzyme (kcat is 2.2 s− 1, 2.7 s− 1, respectively; KM is 2.3 μM, 1.1 
μM, respectively), as well as for the E123A variant (kcat = 2.6 s− 1, KM =

0.8 μM) (Table 2), which is in agreement with the notion that this rate is 
the upper limit of the rate of the dehydrogenase step for these substrates.

3.3. Enzyme kinetic pre-steady state studies

The catalytic properties of RnMFE1 for the degradation of 2E-dece
noyl-CoA and 2E,4E-decadienoyl-CoA were further characterized by 
pre-steady state experiments. For this, the formation of NADH by the 
HAD active site of RnMFE1 was monitored as a function of time by 
stopped-flow fluorescence measurements and the obtained kobs values 
and amplitudes were plotted against substrate concentration (Fig. S4). 
In this assay, the ECH active site of RnMFE1 functions as the primary, 
linker enzyme which generates the substrate of the HAD active site. 
From the obtained kobs values for 2E-decenoyl-CoA as a function of 
substrate concentration a kchem value of 71.3 s− 1 is calculated using Eq. 
2, which is similar as obtained for the 2E-butenoyl-CoA-substrate, for 
which kchem is 43.0 s− 1 (Sridhar et al., 2024) (Table 3). However, the kobs 
values for the 2E,4E-decadienoyl-CoA substrate decreased with 
increasing substrate concentration and the kobs values as a function of 
the 2E,4E-decadienoyl-CoA concentration (Fig. S4) could not be fitted to 
the Eq. 2 to obtain the kchem and KD values as used for the substrate 2E- 
decenoyl-CoA. This apparent inhibitory behavior (at the higher sub
strate concentrations) could be due to the high rate of the back reaction 
of the ECH active site (Yang et al., 1986; Yang and Schulz, 1987), for 
which the kcat of the forward reaction has been reported as about 1.6 s− 1 

and of the backward reaction as about 470 s− 1 for the 2E,4E-deca
dienoyl-CoA substrate (Yang et al., 1986). In addition, it is proposed that 
the 3R-hydroxy-4E-decenoyl-CoA intermediate reaches the HAD active 
site via substrate channeling (Yang et al., 1986). It can also be noted that 
such kinetic behavior has been observed in other enzyme systems in 

which case it has been attributed to the dynamical properties of the 
studied enzyme (Lindberg et al., 2008; Masson et al., 2005). In any case, 
at all substrate concentrations the kobs values of the dehydrogenase re
action of the 2E,4E-decadienoyl-CoA substrate (Fig. S4) are higher than 
the kcat values of the dehydrogenase reaction (Table 2). Therefore, the 
stopped-flow data suggest that the regeneration of the HAD active site of 
MFE1 after the NADH formation is the rate limiting step of the reaction 
cycle of MFE1 for these short chain and medium chain enoyl-CoA 
substrates.

3.4. Enzyme kinetic studies by the LC-MS method

In order to characterize the RnMFE1 reaction mechanism further, the 
composition of the reaction mixtures as a function of time of RnMFE1 
and the substrates 2E-decenoyl-CoA and 2E,4E-decadienoyl-CoA was 
studied by LC-MS. In this method, the disappearance of substrate, and 
the appearance of intermediate and product are monitored directly from 
the reaction mixture at different time points, depending on the time 
when the reaction is stopped. The results of the LC-MS experiments are 

Table 3 
The pre-steady state kinetic data of rat peroxisomal RnMFE1 for the 2E-bute
noyl-CoA and 2E-decenoyl-CoA substrates.a

Substrate HAD dehydrogenase activity Reference

kchem (s− 1) KD (μM)

2E-butenoyl-CoA 43.0 ± 1.0 1.9 ± 0.1 (Sridhar et al., 2024)
2E-decenoyl-CoA 71.3 ± 0.7 9.6 ± 1.0 These studies

a In these stopped-flow measurements, the rate of formation of NADH is ob
tained by recording the change of fluorescence as a function of time, as described 
in the Materials and Methods section. The substrate of the dehydrogenase re
action is generated by the ECH active site. The error bars are the standard de
viations derived from at least three independent measurements. The kchem and 
KD are calculated using Eq. 2.

Fig. 4. LC-MS progress curves for assay mixtures in the presence of RnMFE1 
with the substrates 50 μM 2E-decenoyl-CoA and 50 μM 2E,4E-decadienoyl-CoA. 
(A) LC-MS progress curves with RnMFE1 (1 μg/mL) for the 2E-decenoyl-CoA 
substrate (blue circles), showing that the intermediate 3S-hydroxydecanoyl- 
CoA (red squares) and the product 3-ketodecanoyl-CoA (green triangles) are 
detectable in the assay mixture. (B) LC-MS progress curves with RnMFE1 (57 
μg/mL) for the 2E,4E-decadienoyl-CoA substrate (blue circles), showing that the 
intermediate 3R-hydroxy-4E-decenoyl-CoA (red squares) is not detectable in 
the assay mixture but the product 3-keto-4E-decenoyl-CoA (green triangles) is 
formed. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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shown in Fig. 4, for the substrates 2E-decenoyl-CoA and 2E,4E-deca
dienoyl-CoA, using 50 μM as the substrate concentration. The 3- 
ketoacyl-CoA product is detected for both substrates, whereas the 3S- 
hydroxydecanoyl-CoA intermediate is detected in the assay mixture of 
the 2E-decenoyl substrate, but the 3R-hydroxy-4E-decenoyl-CoA inter
mediate is not detected in the assay mixture of the 2E,4E-decadienoyl- 
CoA substrate. The progress curves of the incubation mixture with the 
2E-decenoyl-CoA substrate show the accumulation of the 3S-hydrox
ydecanoyl-CoA intermediate due to the faster rate of the hydratase re
action as compared to the rate of the dehydrogenase reaction (Fig. 4A). 
Due to the conjugated double bond system of the 2E,4E-decadienoyl- 
CoA, the equilibrium of the hydration reaction favors the substrate, 
causing the concentration of the intermediate to be very low. The 
product-substrate ratio at equilibrium has been reported to be for the 
substrate 2E,4E-decadienoyl-CoA about 0.003 (Yang et al., 1986) and for 
the substrate 2E-decenoyl-CoA about 2 (Yang et al., 1985). This suggests 
that, in case the substrate concentration is 50 μM (Fig. 4), then the 
product concentration of 3R-hydroxy-4E-decenoyl-CoA is in the range of 
0.15 μM. This concentration is below the detection limit of the LC-MS 
method and also much below the KM value of 2.4 μM of this com
pound for the HAD active site (Table 2). Nevertheless, in the presence of 
NAD+ the 3-keto-4E-decenoyl-CoA product is formed (Fig. 4B), in 
agreement with the substrate channeling properties of RnMFE1 (Yang 
et al., 1986), as proposed from their enzyme kinetic data.

3.5. Structure comparisons

The substrate channeling properties of MFE1 for the substrate 2E,4E- 
decadienoyl-CoA is inferred from the kinetic data (Yang et al., 1986) 
suggesting efficient transfer of the hydrated intermediate between the 
two active sites, which are physically close, at a distance of about 40 Å. 
The two active sites are connected via a deep groove and the surface 
features of this groove of RnMFE1 and AtMFE1 (Arent et al., 2010), 
colour coded according to electrostatic potential, are shown in Fig. 5 and 
Movie S1. AtMFE1 has a sequence identity of 33.4% with RnMFE1 
(Table 4, Fig. S5). In both structures, this surface path is devoid of 
aspartate and glutamate side chains, however it is lined by patches of 

Fig. 5. Electrostatic potential properties of the molecular surface path between the ECH and HAD active sites (same view as in Fig. 2). The pink arrow points to the 
ECH active site region and the black arrow points to the HAD active site region. The blue and red colors identify surface regions of positive and negative electrostatic 
potential, respectively, whereas the white colour represents a near zero electrostatic potential. (A) RnMFE1 (PDB ID 3ZWC) (the white colored ring identifies the 
position of Arg440, being located in the central part of the surface path between the two active sites). (B) AtMFE1 (PDB ID 2WTB). (C) α-chain of EcTFE (PDB ID 
6TNM). (D) α-chain of PfTFE (PDB ID 1WDK). (E) α-chain of MtTFE (PDB ID 7O4T). Movies of the structures of each of the panels are provided as Supplementary 
Material (Movie S1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4 
Percentage sequence identities between the sequences of rat and plant peroxi
somal MFE1 as well as with the α-chain of the bacterial TFEs of E. coli, 
M. tuberculosis and P. fragi.a

RnMFE1 MtTFE AtMFE1 EcTFE PfTFE

RnMFE1 (P07896) 100.0 24.9 33.4 29.5 29.5
MtTFE α-chain (O53872) 24.9 100.0 28.2 32.3 32.7
AtMFE1 (Q9ZPI5) 33.4 28.2 100.0 29.8 32.6
EcTFE α-chain (P21177) 29.5 32.3 29.8 100.0 56.9
PfTFE α-chain (P28793) 29.5 32.7 32.6 56.9 100.0

a The entries in parentheses are the UniProt sequence IDs. The alignment and 
percentage sequence identities have been calculated by Clustal Omega of Uni
Prot (The Uniprot Consortium, 2025).
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positively charged side chains, lysines and arginines. These cationic 
electrostatic properties would facilitate substrate channeling between 
the two active sites by electrostatic steering of the negatively charged 
reaction intermediate (Anderson, 2017; Metzger et al., 2014).

Schulz and coworkers have also shown that the substrate channeling 
property observed for RnMFE1 for the substrate 2E,4E-decadienoyl-CoA 
is also a property of the α-chain of the E. coli fatty acid oxidation tri
functional enzyme complex (EcTFE) (Yang et al., 1986). The crystal 
structure of the α-chain of EcTFE is known (Sah-Teli et al., 2020). 
However, the crystal structure of the EcTFE complex is not known, but it 
is proposed to have the same tetrameric assembly consisting of two 
α-chains and a thiolase β2-dimer, like the known structure of PfTFE 
(Ishikawa et al., 2004; Sah-Teli et al., 2020). The sequence identity 
between RnMFE1 and the EcTFE and PfTFE α-chains is about 29.5% 
(Table 4, Fig. S5). Also, the structure of the bacterial Mycobacterium 
tuberculosis fatty acid oxidation complex (MtTFE) is known. The 
sequence identity between RnMFE1 and the MtTFE α-chain is about 
24.9%. PfTFE (as well as EcTFE) and MtTFE are both soluble complexes 
unlike the human mitochondrial TFE, which is membrane bound (Sah- 
Teli et al., 2023). The assembly of the α-chains with the thiolase β2- 
dimer for PfTFE (as well as EcTFE) and MtTFE is somewhat similar, such 
that the surface path on the α-chain from the HAD active site to the 
thiolase active site points to the same direction (Fig. S6). For PfTFE 
(Ishikawa et al., 2004) and MtTFE (Dalwani et al., 2021) an additional 
binding site, located on the surface path between the ECH and HAD 
active sites on the α-chain, has been described for acetyl-CoA (PfTFE) 
and for CoA (MtTFE). The cationic electrostatic potential properties of 
this surface path of these two α-chains, as well as of the α-chain of EcTFE, 
are similar as for RnMFE1 and AtMFE1 (Fig. 5, Movie S1). The super
position of the structures of the PfTFE α-chain and the MtTFE α-chain on 
RnMFE1 (Fig. 6) shows that the additional binding site of acetyl-CoA 
(PfTFE) and CoA (MtTFE) is located in the middle of this surface path 
between the ECH and HAD active sites, near Arg440 of RnMFE1. 
Structural fragment binding studies of MtTFE have identified this site 
also as a hotspot binding site, suggesting a possible function as a tran
sient binding site for the reaction intermediate on the surface path be
tween its ECH and HAD active sites as well as between its HAD and 
thiolase active sites (Dalwani et al., 2024).

Some of the positively charged patches of the surface path between 
the two active sites of RnMFE1 are conserved. For example, the posi
tively charged residues Lys279 (end of the linker helix, domain B) and 
Lys463 (of the C-domain) of RnMFE1, which form electrostatic in
teractions with the phosphate moieties of the substrate bound in the 
ECH active site of molecule B. These residues are at the beginning of the 
surface path between the ECH and the HAD active sites. In molecule A 
these interactions are lost (Fig. S7), because of the more open confor
mation of the A domain, widening the groove of the surface path be
tween the two active sites. These two residues are conserved in AtMFE1 
and in the PfTFE α-chain (Fig. S5). Structural superpositions suggest 
that in the EcTFE α-chain these electrostatic interactions could be 
mediated by residues Lys300 and Lys304. However, in the MtTFE 
α-chain there is no such corresponding positively charged patch. In 
RnMFE1 also the side chain of Arg118 (domain A) interacts with the 
bound substrate, being also close to the surface path between the two 
active sites, like Arg175 in the α-chain of MtTFE. Another positive patch 
of the RnMFE1 surface is near Arg587, which is conserved between 
RnMFE1 and AtMFE1, as well as in the α-chains of PfTFE, EcTFE, and 
MtTFE. This positive patch is formed by residues of the β-meander at the 
end of domain D (Fig. S5, Fig. S6) (Sah-Teli et al., 2020) and some of its 
positively charged side chains point towards the surface path between 
the ECH and HAD active site. In the PfTFE complex this β-meander re
gion of the α-chain is also located near the 3′-phosphate of acetyl-CoA 
bound to the thiolase active site of this complex. It is a high B-factor 
region but in one of the α-chains of the available PfTFE structures it is 
partially built in the electron density map and the side chain corre
sponding to Arg587 (Lys601, PDB ID 1WDM) points to the 3′-phosphate 

of acetyl-CoA bound in the thiolase active site. It is not known if RnMFE1 
does form a similar, stable (or transient (Rudolph and Stubbe, 1995)) 
tetrameric complex with the peroxisomal thiolase, although some evi
dence for such a PfTFE-like complex for the plant peroxisomal AtMFE1 
and thiolase has been reported (Pye et al., 2010).

4. Concluding remarks

Fatty acids with a trans double bond extending from even numbered 
carbons do occur naturally (Ledoux et al., 2007; Menaa et al., 2013). 
Such fatty acids are expected to be degraded by the β-oxidation enzymes 
eventually to 2E,4E-dienoyl-CoA, including 2E,4E-decadienoyl-CoA, 
which can be metabolized further by MFE1. The natural occurrence of 
fatty acids with a trans double bond extending from even numbered 
carbons suggest that the latter catalytic properties of MFE1 can indeed 
be of physiologically importance, as accumulation of 2E,4E-dienoyl-CoA 

Fig. 6. The transient binding site related to the possible substrate channeling 
properties of MtTFE (identified by bound CoA) and PfTFE (identified by bound 
acetyl-CoA) corresponds to a binding site near Arg440 of RnMFE1 (shown in 
gray ribbon), located between the ECH and HAD active sites. The pink arrow 
points to the ECH active site region and the black arrow points to the HAD 
active site region. The side chain of Arg440 of RnMFE1 is labeled as Arg440. 
The ligand bound to the superimposed α-chain of MtTFE (CoA, α-chain A, PDB 
ID 7O4T) is labeled CoA and colored magenta. The ligand bound to the 
superimposed α-chain of PfTFE (acetyl-CoA, α-chain A, PDB ID 1WDM) is 
labeled as ACO and colored green. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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molecules is expected to cause inhibition of the β-oxidation hydratase 
activity (Dakoji et al., 2001; Zhang et al., 2010). In the crystallographic 
binding studies, the structure of MFE1 complexed with the hydrated 
intermediate of 2E,4E-decadienoyl-CoA in the ECH active site has been 
captured (Fig. 3). In the second MFE1 reaction this intermediate is 
dehydrogenated by its HAD active site and the efficiency of this step is 
facilitated by the MFE1 substrate channeling properties (Yang et al., 
1986). The structure comparisons suggest that the cationic properties 
of the enzyme surface path between the two active sites (Fig. 5, Movie 
S1) can be important for the MFE1 substrate channeling properties, 
because transfer of the negatively charged intermediate between the two 
active sites is facilitated by electrostatic steering, but further studies are 
required to understand such a substrate channeling mechanism at the 
molecular level. It appears that for the 2E-butenoyl-CoA and 2E-dece
noyl-CoA substrates the two active sites of MFE1 work independently of 
each other (Table 2), but not for the substrate 2E,4E-decadienoyl-CoA 
for which substrate channeling is observed. The steady state (Table 2) 
and pre-steady state (Table 3) kinetic data suggest that the rate limiting 
step for the combined hydratase and dehydrogenase reactions for the 
substrates 2E-butenoyl-CoA, 2E-decenoyl-CoA and 2E,4E-decadienoyl- 
CoA is the regeneration of the HAD active site, after the dehydrogena
tion step. The rate of this rate limiting step is then characterized by the 
kcat value of the dehydrogenase reaction, as listed in Table 2. Further 
studies are required to understand if this rate limiting step concerns the 
off-dissociation of the products of the ternary product complex, which is 
the complex of MFE1 with NADH and 3-ketoacyl-CoA, or, more likely, if 
it concerns the intrinsic dynamical properties of MFE1.
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