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Abbreviations 

DLS, Diamond Light Source, Oxfordshire, UK 

DMSO, dimethyl sulfoxide 

ESI, electrospray ionization 

FT-ICR, Fourier transform ion cyclotron resonance 

MOPS, 3-(N-morpholino)-propanesulfonic acid 

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

PEG, polyethylene glycol 

MFE1, multifunctional enzyme, type-1 

MS, mass spectrometry 

NiNTA, Ni
2+

-nitrilotriacetate  

OAH, oxyanion hole 

SCPx, vertebrate protein with the SCP2-thiolase (N-terminal part), being extended at its C-terminus 

by a 20-residue linker and subsequently its SCP2-domain 

SCP2-thiolase (type-1), vertebrate SCP2-thiolase (only the thiolase part of SCPx)  

SCP2-protein, sterol carrier protein 2 (only the SCP2 part of SCPx) 

SCP2-thiolase (type-2), leishmanial and trypanosomal SCP2-thiolase  

FadA5-thiolase, Mycobacterium tuberculosis TFEL1-thiolase encoded by the fadA5 gene 

Hs-SCP2-thiolase-1, Homo sapiens SCP2-thiolase (type-1) (only the thiolase part) 

Dr-SCP2-thiolase-1,  Danio rerio (zebrafish) SCP2-thiolase (type-1) (only the thiolase part) 

Lm-SCP2-thiolase-2, Leishmania mexicana SCP2-thiolase (type-2) 

Tb-SCP2-thiolase-2, Trypanosoma brucei brucei SCP2-thiolase (type-2) 

THC-CoA, 25S-3α,7α,12α-trihydroxy-5β-cholestanoyl-CoA  
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Abstract 

 

The SCP2-thiolase (type-1) functions in the vertebrate peroxisomal, bile acid synthesis 

pathway, converting 24-keto-THC-CoA and CoA into choloyl-CoA and propionyl-CoA. This 

conversion concerns the -oxidation chain shortening of the steroid fatty acyl moiety of 24-keto-

THC-CoA. This class of dimeric thiolases has previously been poorly characterized. High 

resolution crystal structures of the zebrafish SCP2-thiolase (type-1) now reveal an open catalytic 

site, shaped by residues of both subunits. The structure of its non-dimerised monomeric form has 

also been captured in the obtained crystals. Four loops at the dimer interface adopt very different 

conformations in the monomeric form. These loops also shape the active site and their structural 

changes explain  why a competent active site is not present in the monomeric form. Native mass 

spectrometry studies confirm that the zebrafish SCP2-thiolase (type-1) as well as its human 

homologue are weak transient dimers in solution. The crystallographic binding studies reveal the 

mode of binding of CoA and octanoyl-CoA in the active site, highlighting the conserved geometry 

of the nucleophilic cysteine, the catalytic acid/base cysteine and the two oxyanion holes. The dimer 

interface of SCP2-thiolase (type-1) is equally extensive as in other thiolase dimers, however it is 

more polar than any of the corresponding interfaces, which correlates with the notion that the 

enzyme forms a weak transient dimer. The structure comparison of the monomeric and dimeric 

forms suggests functional relevance of this property. These comparisons provide also insight into 

the structural rearrangements that occur when the folded inactive monomers assemble into the 

mature dimer.  
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Introduction 

 

 Fatty acids and fatty acid metabolism are essential for all forms of life. In the fatty acid 

degradation pathway the fatty acids are conjugated to CoA. In this pathway, also known as the -

oxidation cycle, four reactions (dehydrogenation/oxidation, hydration, dehydrogenation and 

thiolysis) remove a two carbon fragment in a cyclic fashion from the activated acyl-CoA. The last 

reaction of these four steps is catalyzed by thiolase. The end products of the thiolytic cleavage 

reaction catalyzed by thiolases are the chain shortened substrate CoA-derivative and acetyl-CoA 

(when the substrate does not have a 2-methyl group) or propionyl-CoA (when the substrate is a 2-

methyl-branched acyl-CoA molecule) (Figure 1). In vertebrates the -oxidation degradative 

pathway is located in mitochondria and peroxisomes. In the peroxisomes there are two sets of 

enzymes catalyzing the degradation of very long chain unbranched acyl chains and very long chain 

2-methyl branched acyl chains, respectively. The latter set of enzymes is also important in the bile 

acid synthesis pathway, leading to the conversion of cholesterol into cholic acid [1]. First 

cholesterol is converted into trihydroxycholestanoic acid and subsequently conjugated with CoA 

forming 25S-3α,7α,12α-trihydroxy-5β-cholestanoyl-CoA (THC-CoA). Subsequently, THC-CoA is 

degraded by the four -oxidation steps. In the thiolytic step 24-keto-THC-CoA is converted into 

choloyl-CoA and propionyl-CoA (Figure 1). This reaction is catalyzed by the dimeric peroxisomal 

SCP2-thiolase (E.C. 2.3.1.176) [2,3].  

Thiolases are homo dimers or homo tetramers (dimer of dimers) and in vertebrates they 

are found in the cytosol, mitochondria and peroxisomes (Table 1). The thiolase monomer is 

composed of the topologically similar N-terminal and C-terminal subdomains and an insertion 

subdomain, known as the loop-domain. Each of these three subdomains is about 120 residues. The 

N- and C-terminal subdomains together form the thiolase core being two β-sheets sandwiched 

between α-helical layers. The N-terminal subdomain mediates the assembly of the thiolase 

monomers into the canonical dimer [4]. The loop-domain extends out from the N-terminal 

subdomain (between β-strands 4 (Nβ4) and 5 (Nβ5)) containing mainly α-helices and folding over 

the thiolase core. This domain forms the binding pocket for the CoA-moiety of the substrate and its 

tetramerization loop, which is an insertion of approximately 20 residues at the beginning of the 

loop-domain, mediates the tetramerization of the thiolase dimers [5]. The tetramerization loop is 

missing in the dimeric thiolases. 

The vertebrate peroxisomal SCP2-thiolase has long been poorly characterised. This 

dimeric thiolase is also the most divergent member of the thiolase family of enzymes (sharing 
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approximately 20% sequence identity with thiolases of any other thiolase subfamily) and, unlike 

any other thiolase subfamily, its gene also encodes for a subsequent approximately 20-residues long 

linker region followed by the C-terminal domain (about 120 residues), known as the sterol carrier 

protein 2 (SCP2-protein) [6] (Figure 2). The full-length protein is also referred to as the SCPx-

protein [3] whereas the thiolase part is known as the SCP2-thiolase. The SCP2-thiolase is obtained 

from SCPx by proteolytic cleavage by a peroxisomal protease, which also generates the SCP2-

protein. This small basic ~13 kDa protein has high affinity for acyl-CoA [7,8]. The SCP2-protein is 

also expressed as a pro-protein from an alternate transcription site of the same gene that encodes the 

full-length SCPx-protein [9]. The vertebrate SCP2-thiolase occurs in vivo predominantly as the 46 

kDa dimeric peroxisomal thiolase [2,10,11]. The C-terminal SCP2-domain is needed for the 

targeting of full-length SCPx into the peroxisomes since the peroxisomal targeting signal, type-1 

(PTS1) [12] is located at the C-terminal end of the SCPx-protein. In vitro enzymatic assays and in 

vivo animal studies have indicated that the SCP2-thiolase participates in the -oxidation of very 

long chain fatty acyl-CoA and 2-methyl branched long chain fatty acyl-CoA [2,13]. The latter 

conversion is a critical step in the biosynthesis of bile acids from cholesterol. SCP2-thiolase is also 

proposed to play a role in the degradation of long chain dicarboxylic acids [14]. 

SCP2-thiolase deficiency, caused by a premature stop codon in the thiolase coding region, 

has been reported to cause severe disease symptoms, and in the peroxisomes of the affected patient 

both full-length 58kD SCPx as well as the 46kDa SCP2-thiolase could not be detected, whereas the 

SCP2-domain, having its own promoter, is normally present [11]. Studies of SCPx knockout mice 

revealed similar metabolic changes as observed in this patient [15]. 

Phylogenetic analysis of thiolase sequences encoded by eubacterial and eukaryotic 

genomes [16] have identified two subgroups of SCP2-thiolases. The vertebrate SCP2-thiolases (also 

referred to as the SCP2-thiolase (type-1) have the additional SCP2-domain (Figure 2), whereas the 

other subgroup, without the SCP2-domain, is referred to as the SCP2-thiolase (type-2) [16]. 

Thiolases of the latter subgroup, of trypanosomes (Tb-SCP2-thiolase-2) and leishmania (Lm-SCP2-

thiolase-2), have been characterised [17]. These thiolases occur in the mitochondria and are also 

referred to as the parasitic SCP2-thiolases. Both SCP2-thiolase subgroups have distinct sequences 

(Figure S1). The enzymological characterization of the trypanosomal SCP2-thiolases (type-2) 

revealed that this thiolase is more active in the biosynthetic reaction than in the degradative reaction 

[18]. Indeed, this thiolase is proposed to be involved in the sterol biosynthetic pathway in the 

parasites [18,19]. Vertebrate SCP2-thiolase has low enzymatic activity with short chain 3-ketoacyl-

CoAs [2] but it accepts the bile acid intermediate with the cholesterol end group [2] as a substrate, 

in line with its function [11]. Another thiolase that utilizes 3-keto-steroid-CoA esters as a substrate 
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is the dimeric Mycobacterium tuberculosis FadA5-thiolase [20]. The SCP2-thiolase (type-1) 

substrate, 24-keto-THC-CoA, is much more polar than the substrate (3-oxo-pregn-4-ene-20-acyl-

CoA) of the FadA5-thiolase [21], and in the phylogenetic analysis the FadA5-thiolase is classified 

as a TFEL1-thiolase [16], which is a different thiolase subfamily as compared to the SCP2-

thiolases.  

The thiolase reaction mechanism has been extensively studied by structural 

enzymological approaches using the bacterial biosynthetic tetrameric thiolase [5,22-26]. Four 

catalytic loops have been identified (Table 1) and each of these loops has its own characteristic 

sequence fingerprint [27] (Figure 2). The thiolase reaction mechanism involves a nucleophilic 

cysteine activated by a histidine, a general acid/base cysteine and two oxyanion holes (OAH). The 

nucleophilic cysteine attacks the substrate and becomes covalently modified. In the degradative 

direction (Figure 1) the general acid/base cysteine subsequently provides a proton for the leaving 

propionyl-CoA/acetyl-CoA molecule and in the next step it activates the incoming CoA by 

abstracting a proton. The two OAHs (Table 1) bind and stabilize the negatively charged reaction 

intermediates formed during the reaction cycle. OAH1 [23] binds the CoA-thioester oxygen atom, 

stabilizing the negative charge of the enolate intermediate, whereas OAH2 binds the thioester 

oxygen atom of the acetylated cysteine, stabilizing the negatively charged tetrahedral intermediate 

[27]. 

The high resolution protein crystallographic structures reported here reveal the active site 

geometry of the zebrafish (Danio rerio) dimeric SCP2-thiolase (type-1) (Dr-SCP2-thiolase-1) both 

in its unliganded as well as in its liganded form. The structure of the monomeric form of Dr-SCP2-

thiolase-1 has also been captured in this crystal form, suggesting that the Dr-SCP2-thiolase-1 dimer 

in solution is in equilibrium with its monomer. Native mass spectrometry experiments with Dr-

SCP2-thiolase-1 and with its human homologue (Hs-SCP2-thiolase-1) confirm that the SCP2-

thiolase (type-1) is a weak transient dimer in solution. The protein-protein interactions at the dimer 

interface of this thiolase are compared with those of other dimeric thiolases. 

 

Materials and methods 

 

Generation of the zebrafish SCP2-thiolase-Δ406, zebrafish SCP2-thiolase-Δ413 and human 

SCP2-thiolase-Δ424 expression constructs 

The codon optimized full-length cDNAs of zebrafish SCP2-thiolase (UniProt: Q6P4V5) 

and human SCP2-thiolase (UniProt: P22307) [28] were purchased from GenScript (USA), being 
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inserted between the NdeI and BamHI sites of the pGS21a plasmid. The 5’-end of the designed 

cDNAs encode the MHHHHHHAM-tag and the MHHHHHHAMA-tag of the zebrafish and human 

protein, respectively (the latter M denotes the starting Met of the gene). The pGS21a-ZfSCP2 

plasmid served as a template in PCR for the synthesis of the zebrafish SCP2-thiolase Δ-variants 

lacking the sterol carrier protein 2 (SCP2) domain. The PCR was carried out using the Phusion 

DNA polymerase (Finnzymes) in HighFidelity buffer supplemented with 3% DMSO and 200 µM 

dNTPs in a final volume of 50 µl. T7 forward primer was used as a 5’-primer and 5-

gccgcgatacgggatcctcatcaggaactggtttcc and 5-cgatgatgccgaggatcctcatcacgttgagacggc were used as 

3’-primers for the zebrafish SCP2-thiolase-Δ406 variant (residues 407-538 deleted) and for the 

zebrafish SCP2-thiolase-Δ413 variant (residues 414-538 deleted), respectively. The PCR products 

were digested with the NdeI and BamHI restriction enzymes and ligated into the similarly digested 

pGS21a vector and transformed into Turbo Escherichia coli (New England Biolabs, USA) 

competent cells.  

The pGS21a-HsSCP2 plasmid was used to make the construct of the human SCP2-

thiolase variant. The codon optimized full-length human SCP2-thiolase cDNA had been 

designed to preserve a specific restriction site, which allowed a deletion of the cDNA fragment 

encoding residues Ala363-Leu547 using NheI and BamHI restriction enzymes followed by  ligation 

of a short synthetic cDNA fragment encoding the residues Ala363-Thr424 into the pGS21a-

HsSCPx vector, generating the human SCP2-thiolase-424 variant (residues 425-547 deleted). The 

DNA sequences of the inserts were confirmed by DNA sequencing. 

 

Protein expression of the zebrafish and human SCP2-thiolase Δ-variants 

The zebrafish and human SCP2-thiolase Δ-variants were expressed in the E. coli 

BL21(DE3) strain (Novagen, Merck Millipore, USA) containing the pGro7 (Takara Inc., Japan) 

plasmid encoding the GroEL-GroES complex. Transformed bacterial cells were grown at 37 
o
C in 

M9ZB media supplemented with 34 µg/ml chloramphenicol, 100 µg/ml ampicillin or 50µg/ml 

carbenicillin and 0.3 mg/ml L-arabinose (for induction of the GroEL-GroES complex) until the 

OD600 was 0.5-0.6. IPTG was added to a final concentration of 0.4 mM and the growth was 

continued 4-5 h for the zebrafish SCP2-thiolase Δ-variants and 2 h 30min for the human SCP2-

thiolase-Δ424 variant at 30 
o
C. The cells were harvested by centrifugation at 4 

o
C. The cell pellets 

were suspended in NiNTA-lysis buffer (50 mM NaH2PO4, 0.3 M NaCl, 10 mM imidazole pH 8.0) 

and cell suspensions were stored at -70 
o
C for later use.  

 

Purification of the zebrafish SCP2-thiolase Δ-variants 
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The buffers used in the purification of the zebrafish SCP2-thiolase Δ-variants were 

supplemented with 10% glycerol. The frozen cell suspensions were thawed at room temperature and 

diluted with NiNTA-lysis buffer to give 0.5-1 g of cells/10 ml of buffer. EDTA free protease 

inhibitor cocktail (Roche) and β-mercaptoethanol were added to the final concentration of 20 mM. 

Cells were lysed by 30-45 min incubation with 100 µg/ml lysozyme, 20 µg/ml DNaseI and 2 µg/ml 

RNaseA at room temperature followed by sonication (10 x 10 s pulse, 30 s cooling) and the 

homogenate was cleared by centrifugation at 30000 x g for 1 h at 4 
o
C. The supernatant was mixed 

with Ni
2+

-nitrilotriacetate (NiNTA) matrix (Qiagen GmbH, Germany) and rotated for 1 h at 4 
o
C. 

The NiNTA-matrix was washed with 50-100 bed volumes of NiNTA-wash buffer (50 mM 

NaH2PO4, 0.3 M NaCl, 20 mM imidazole pH 8.0) and the bound proteins were eluted with 7-10 bed 

volumes of NiNTA-elution buffer (50 mM NaH2PO4, 0.3 M NaCl, 250 mM imidazole, pH 8.0). 

Fractions containing the -variants were pooled, dialysed over night against 2L of Resource Q 

anion exchange buffer (50 mM Tris-HCl, 5 mM DTT, 2 mM EDTA pH 8.5) at 4 
o
C and applied to a 

6 ml Resource Q (GE Healthcare, USA) column. Bound proteins were eluted with a linear gradient 

of NaCl from 0-10% in anion exchange buffer. Pooled fractions were concentrated and applied onto 

the HiLoad 16/60 prep grade (GE Healthcare, USA) gel filtration column equilibrated with 50 mM 

Tris-HCl, 5 mM DTT, 2 mM EDTA, 100 mM NaCl pH 7.5. For the preparation of the sample for 

mass spectrometry analysis the glycerol was omitted from the gel filtration buffer of the zebrafish 

SCP2-thiolase-Δ406 sample. The protein in the peak fractions was concentrated using Amicon 

Ultra (Merck Millipore Ltd.) centrifugal filters. Protein concentrations were determined by 

absorption at 280 nm with Nanodrop spectrophotometer (Thermo Fisher Scientific) using the 

specific extinction coefficient calculated by Protparam [29] of the ExPASy portal [30]. The purified 

protein samples showed single bands on  SDS-PAGE gels, and were stored in gel filtration buffer at 

-70 
o
C for later use. The specific activity of ZfSCP2-thiolase-Δ406 and ZfSCP2-thiolase-Δ413 in 

the degradative direction was determined at 25 
o
C in 0.5 ml reaction volume using Jasco V-660 

spectrophotometer (Jasco, MD, USA). The degradation of acetoacetyl-CoA was measured by 

detecting the formation of the new thioester bond [31], measured at 232 nm (ε = 4500 M
-1

cm
-1

). 

The reaction mixture consisted of 50 mM Tris-HCl pH 8.1, 60μM CoA, 50 μM acetoacetyl-CoA 

and 2.8 μg of enzyme. The data obtained were analyzed with the Spectra Manager software (Jasco, 

MD, USA). The specific activity for degradation of acetoacetyl-CoA was found to be 0.2 ± 0.1 

µmole min
-1

 mg
-1

. Such low specific activity for this short chain substrate was also reported for the 

mammalian rat SCP2-thiolase (type-2) [2]. 

 

Purification of the human SCP2-thiolase-Δ424 variant 
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For the purification of the human SCP2-thiolase-Δ424 variant, all the buffers, as used for 

the zebrafish SCP2-thiolase Δ-variants were supplemented with 1 mM DTT. The frozen cell 

suspension was thawed and diluted with NiNTA-lysis buffer to yield ~0.5g/10ml buffer. Lysozyme 

was added to a final concentration of 0.1 µg/ml and the cells were disrupted by sonication (6 x 10 s 

pulse and 30 s cooling). The cell lysate was centrifuged at 30000 x g at 4 
o
C for 45 min. NiNTA 

purification was carried out as for the zebrafish SCP2-thiolase Δ-variants. The eluted human SCP2-

thiolase-Δ424 protein was dialysed against 2L of 25 mM Tris-HCl, 1 mM EDTA pH 8.6 over night 

at 4 
o
C. The dialysed sample was loaded onto a 5 ml HiTrap Q (GE Healthcare, USA) anion 

exchange column equilibrated with A-buffer (25 mM TrisHCl, 1 mM EDTA pH 8.6) and eluted 

with a linear gradient of NaCl from 0-40% in A-buffer. Fractions containing the human SCP2-

thiolase-Δ424 were pooled, concentrated using Amicon Ultra centrifugal filter and loaded onto a 

Superdex 16/60 HiLoad preparatory grade gel filtration column equilibrated with 25 mM Tris-HCl, 

0.1 M NaCl, 1 mM EDTA pH 8.6. The purified protein showed a single band  as visualised on 

SDS-PAGE gels. For the preparation of the sample used in the mass spectrometry analysis the 

glycerol was omitted from the gel filtration buffer. The protein samples of the peak fractions were 

pooled and subsequently concentrated and stored in the gel filtration buffer at -70
0
C as described 

above for the zebrafish SCP2-thiolase Δ-variants.  

 

Expression and purification of the trypanosomal SCP2-thiolase (type-2) 

 Tb-SCP2-thiolase-2 (Q57XD5) was expressed and purified as described earlier [32] with 

minor modifications. For the expression, an over night culture was used for inoculation of M9ZB 

media supplemented with 34 µg/ml chloramphenicol, 30 µg/ml kanamycin and 0.3 mg/ml L-

arabinose. Bacterial cells were grown until the OD600 was 0.5-0.6. IPTG was added to a final 

concentration of 0.1 mM and the growth was continued over night at 20 
o
C. The cell pellets were 

suspended in lysis buffer (25 mM Tris-HCl, 0.15 M (NH4)2SO4, 15 % glycerol, pH 7.8). Before 

sonication (6 x 10 s pulse and 30 s cooling), ATP, lysozyme and β-mercaptoethanol were added to 

final concentrations of 5 mM, 0.1 µg/ml and 10 mM, respectively. The cell lysate was centrifuged 

at 30000 x g at 4 
o
C for 60 min. The supernatant was mixed with NiNTA-matrix equilibrated with 

lysis buffer and rotated for 1 h at 4 
o
C. The NiNTA-matrix was washed with 30 column volumes of 

wash buffer (100 mM Tris-HCl, pH 7.8, 0.3 NaCl, 10 % glycerol, 1 mM DTT and 40 mM 

imidazole) and the bound proteins were eluted with elution buffer (100 mM Tris-HCl, 0.1 M NaCl, 

10 % glycerol, 300 mM imidazole, 1 mM DTT, pH 8.5). Protein containing fractions were pooled, 

concentrated and applied onto the HiLoad 16/60 gel filtration column equilibrated with gel filtration 

buffer (25 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, 50 mM DTT, pH 8.5). Protein in the peak 
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fractions was concentrated using Amicon Ultra (Merck Millipore Ltd.) centrifugal filters. Protein 

concentrations were determined by measuring the absorption at 280 nm using the specific extinction 

coefficient calculated by Protparam. The pure protein samples, as seen on SDS-PAGE gels, were 

stored at -70 
o
C for later use.  

 

Mass spectrometry 

Prior to the mass spectrometric measurements, the protein samples were desalted/buffer 

exchanged to 400 mM ammonium acetate pH 7.0 solution, using a PD-10 (Sephadex G-25) column 

(GE Healthcare, Sweden). Protein concentrations of the eluted fractions were determined by UV 

absorbance at 280 nm using the sequence derived extinction coefficient. The eluted fractions were 

pooled and concentrated using Vivaspin-500 5K MWCO centrifugal concentrators (GE Healthcare). 

All the reagents and solvents were HPLC quality. 

All mass spectra were measured using a 12-T Bruker solariX XR Fourier transform ion 

cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics, Bremen, Germany), equipped 

with a dynamically-harmonized Paracell and Apollo-II electrospray ionization (ESI) source, 

operated in the positive-ion mode. The instrument was calibrated externally using sodium 

perfluoroheptanoic acid (NaPFHA) clusters. The instrument was operated and data were acquired 

using ftmsControl 2.0 software, and the mass spectra were further processed and analyzed using 

DataAnalysis 4.4 software. The protein solution, at 40 µM monomer concentration, was directly 

infused into the ion source at a flow rate of 2 µl/min. Coenzyme concentration was 120 µM. Drying 

and nebulizing gas were at 4 L/min and 1 bar, respectively. The ion source temperature was kept at 

200 °C. For native MS measurements, the instrument parameters were optimized for detecting high 

mass protein complexes. The time-of-flight was set to 2.2 ms, and the RF frequencies were set as 

follows: octopole: 5 MHz; collision cell: 2 Mhz; transfer optics: 2 MHz. The Skimmer1 was set to 

50 V. The ions were detected within the mass range of m/z 387–7000. The ion accumulation time 

was set to 0.1 s and for each mass spectrum a total of 256 time-domain transients were summed 

using 1 Mword dataset size and were zero-filled once to obtain the final 2 MWord magnitude mode 

data. No spectra apodization was applied. 

The native thiolase monomers appeared at m/z ~ 2800-3500 and the dimer at m/z ~ 4000-

5000. The isotopic resolution was obtained for the monomer and the most abundant isotopic mass is 

therefore reported. For the dimer, isotopic peaks are unresolvable, and the mass is therefore 

reported as an average mass instead. The Kd values for the protein dimerization were estimated 

based on the equation Kd = [P]0/(2R
2
 + R), where [P]0 is the total protein concentration (expressed 

as monomers) and R = [D]/[M] is a solution concentration ratio of protein dimer (D) and monomer 
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(M). R can be directly obtained from the integrated signal intensities ID and IM using the following 

equation: R = IM/(IM + 2ID), based on the mass balance equation [P]0 = [M] + 2[D] at equilibrium.  

 

 

 

Crystallization of unliganded zebrafish SCP2-thiolase-Δ413 and data collection 

All crystallization experiments (Table 2) were carried out using the sitting drop vapour 

diffusion method with 96-well crystallization plates. Initial screening of the crystallization 

conditions for SCP2-thiolase-Δ413 was carried out using Proplex (Molecular Dimensions, UK), 

JCSG-Plus (Molecular Dimensions, UK), PACT (Molecular Dimensions, UK), Crystal Screen I&II 

(Hampton Research, CA, USA) and in-house Factorial screen [33] at 20 
o
C and 4 

o
C. The 

crystallization condition, which produced crystals in PACT premier screen was further optimized. 

SCP2-thiolase-Δ413 protein was crystallised at room temperature by mixing 3.5 mg/ml protein 

solution (in gel filtration buffer) in an equal volume with well solution containing 100 mM HEPES, 

pH 6.4, 18% PEG3350 and 250 mM sodium acetate trihydrate in a total volume of 2 µl on Corning 

3556 crystallization plate (Corning Incorporated, NY, USA). Crystals appear in a few days. For data 

collection the crystal was transferred directly from the drop to liquid nitrogen and diffraction data 

were collected at the I03 beamline of Diamond Light Source (DLS), using a PILATUS 6M detector. 

 

Soaking of a zebrafish SCP2-thiolase-406 crystal with acetoacetyl-CoA and data collection 

For soaking experiments, the zebrafish SCP2-thiolase-Δ406 variant was crystallised at 4 

o
C in 100 mM HEPES, pH 7.0, 15% PEG3350, 250 mM sodium acetate trihydrate by mixing an 

equal volume of 4.5 mg/ml protein solution (in gel filtration buffer) and well solution on a TTP 

Labtech iQ plate (TTP Labtech, UK) in a total volume of 2 µl. For soaking with acetoacetyl-CoA 

(Table 2) the crystals were transferred into a soaking solution containing 100 mM HEPES, pH 6.9, 

300 mM sodium acetate trihydrate, 20% PEG3350, 12% glycerol, 0.7 mM acetoacetyl-CoA for 25 

min at 4 
o
C. In a 0.7 mM acetoacetyl-CoA solution, CoA is also present, as determined using 

Ellman’s reagent corresponding to approximately 40 µM CoA. After incubation for 25 min, the 

crystals were directly transferred into liquid nitrogen. Diffraction data were collected at the I04-1 

beamline of DLS, using a PILATUS 2M detector. 

 

Cocrystallization of zebrafish SCP2-thiolase-Δ406 with substrate mixture and data collection 

For the cocrystallization experiment of zebrafish SCP2-thiolase-Δ406 with a substrate 

mixture (Table 2), 74 nmole of 2E-decenoyl-CoA was converted into 3-ketodecanoyl-CoA by 
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incubating with recombinant rat multifunctional enzyme, type-1 (MFE1) [34] in 50 mM TrisHCl, 

50 mM KCl, pH 8.0 supplemented with 400 nmole of NAD
+
 in a final volume of 50 µl, at room 

temperature for 8 min. MFE1 is a multifunctional enzyme, having two active sites. Its hydratase 

activity will catalyse the hydration of 2E-decenoyl-CoA into 3S-hydroxydecanoyl-CoA and its 

dehydrogenase active site will subsequently catalyze the NAD
+
 dependent dehydrogenation of 3S-

hydroxydecanoyl-CoA into 3-ketodecanoyl-CoA with formation of NADH. The final equilibrium 

mixture will contain NAD
+
, NADH, 2E-decenoyl-CoA, 3S-hydroxydecanoyl-CoA, 3-ketodecanoyl-

CoA and CoA. CoA can be present as an impurity (in the 2E-decenoyl sample) from the beginning 

or can have come from the hydrolysis of the CoA derivatives in the incubation buffers, or both. 

MFE1 was removed from the reaction mix with 25 µl of NiNTA-matrix (Qiagen, Germany) 

equilibrated with the reaction buffer and filtering through 0.2 µm centrifugal filter (Millipore). The 

filtrate (theoretical maximal concentration of 3-ketodecanoyl-CoA is 1.5 mM) was mixed in 1:1.6 

ratio with 11.3 mg/ml zebrafish SCP2-thiolase-Δ406 protein sample (in gel filtration buffer) and 

crystallization experiments were set up at 4 
o
C with the in-house Factorial screen [33], Proplex and 

JCSG-Plus screens with 300 nl drop size with equal ratio of well and protein solution on TTP 

Labtech iQ plate. Crystals appeared in the Factorial screen condition composed of 100 mM MOPS, 

pH 7.0, 10% PEG6000, 20% glycerol and they were transferred directly into liquid nitrogen on the 

fifth day from setting up the crystallization experiments. Diffraction data were collected at the I04 

beamline of DLS, using a PILATUS 6M detector 

 

Data processing and structure determination 

All crystals belonged to the monoclinic C2 space group and the unit cell parameters for 

the unliganded crystal structure are 133.16Å, 81.94Å, 96.81Å, 90.00
o
, 125.81

o
 and 90.00

o
. The 

Matthew’s coefficient, calculated with MATTHEWS_COEF [35,36], which is part of the CCP4 

package [37] is 2.3 Å
3
/Da with two subunits in the asymmetric unit giving 47% solvent content. 

The diffraction data of the unliganded crystal and the reaction mixture cocrystallization 

crystal were processed using the XDS program package [38]. For the acetoacetyl-CoA soaked 

crystal XDSAPP2 [39] was used for diffraction data processing. The data collection statistics of the 

three data sets are summarized in Table 2.  

The structure of the unliganded crystal form was solved by the molecular replacement 

method with PHASER [40] using one subunit of the Leishmania mexicana SCP2-thiolase (PDB 

code 3ZBG) [18] as a search model. Non-conserved amino acids were pruned to the gamma atom 

using CHAINSAW [41] and only the most conserved part of the thiolase fold was used for 

molecular replacement. The molecular replacement software PHASER gave a single solution with 
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reasonable Z-scores (RTF Z-score 4.8 and TF Z-score 5.8 for the first monomer and 11.5 for the 

second monomer). Crystal symmetry generates the classical thiolase dimer from one of these 

monomers whereas the other monomer is not part of a dimer. The molecular replacement solution 

was restrain refined with REFMAC5 applying jelly-body restraints [42]. The refined molecular 

replacement model was autotraced with SHELXE [43], with 0.5 solvent fraction, to give a pseudo-

free correlation coefficient of 71.4% with 26 built peptides consisting of 650 residues. The obtained 

poly-alanine model was refined using REFMAC5 and the phase information of the output reflection 

data file was combined with the amino acid sequence information using the automatic model 

building features of BUCCANEER [44], which uniquely allocated 775 residues to two chains with 

94% completeness. 

 

Structure refinement 

Subsequently, the unliganded structure was completely checked against the electron 

density maps and refined at 1.95Å resolution using COOT [45], REFMAC5, PROCHECK [46] and 

MOLPROBITY [47] via the PHENIX graphical user interface [48]. Waters and solvent molecules 

were added iteratively and the refinement was stopped when the remaining peaks (above 5 sigma) 

in the (Fo-Fc)-maps did not provide significant structural information. The refinement statistics are 

summarized in Table 2. 

The zebrafish SCP2-thiolase-Δ406 unliganded crystal that was soaked in the presence of 

0.7 mM acetoacetyl-CoA diffracted to 1.46Å resolution. The initial structure of the acetoacetyl-

CoA soaked crystal structure, was obtained by refining the unliganded structure without any solvent 

molecules against the new data set. The positive electron density (Figure S2) in the active site was 

modeled, as CoA, as there was no density for the acyl-moiety. This structure will therefore also be 

referred to as the structure with bound CoA. The coordinate set of the idealised structure of CoA 

was obtained from the HIC-Up server [49] and the dictionary files used in the refinement and in 

COOT were generated using the PRODRG2 server [50]. The model building, refinement and 

validation were done as described above for the unliganded structure. The refinement statistics are 

summarized in Table 2. 

The crystal obtained from the reaction mixture cocrystallization experiment of zebrafish 

SCP2-thiolase-Δ406 appeared in a few days in 100 mM MOPS, pH 7.0, 10% PEG6000, 20% 

glycerol condition at 4 
o
C and a 1.73Å resolution data set was collected. The space group and the 

packing of the molecules in the cocrystallization crystal are the same as in the unliganded crystal. 

The initial model of the cocrystallization structure was obtained by the molecular replacement 

method with PHASER using the unliganded structure without any solvent molecules as a search 
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model. The molecular replacement solution was refined with REFMAC5 and waters were added 

before manual fitting of the ligands into the (Fo-Fc) electron density map. The positive electron 

density in the active site was modeled as octanoyl-CoA. The coordinates of the idealised structure 

of octanoyl-CoA were obtained from the HIC-UP server [49] and the dictionary files used in the 

refinement and in COOT were generated using PRODRG2 server [50]. The model was manually 

rebuilt, refined and validated iteratively as described for the unliganded structure. The active site 

ligand eventually was modeled as a double conformation of octanoyl-CoA and CoA (adopting the 

same conformation as observed in the CoA complexed structure) with occupancies of 0.7 and 0.3, 

respectively. This structure will also be referred to as the structure with bound octanoyl-CoA. The 

fit of the active site ligands in the omit electron density map is shown in Figure S3. The refinement 

statistics are summarized in Table 2. 

 

Structure analysis 

The peroxisomal zebrafish SCP2-thiolase (type-1) crystal structures have been compared 

with (i) other dimeric thiolase structures that have an open active site: the peroxisomal AB-thiolases 

of yeast (PDB code 1AFW) [4], of sunflower (PDB code 2WUA) [51], and of Arabidopsis thaliana 

(PDB codes 2WU9 [51] and 2C7Y [52]) and with (ii) the bacterial M. tuberculosis dimeric TFEL1 

FadA5-thiolase (PDB codes 4UBT [21] and 5ONC [53]), which also has an open active site, as well 

as with (iii) the dimeric SCP2-thiolases (type-2) of L. mexicana (PDB codes 3ZBG [18], 5LNQ 

[17]) and of Trypanosoma brucei brucei (PDB code 4BI9 [18]), that have closed active sites. The 

superpositions were carried out with the SSM [54] option in COOT. 

Amino acid sequences of zebrafish and human SCP2-thiolases (type-1) were aligned with 

Clustal O [55]. Secondary structure elements were assigned according to DSSP [56] and amino acid 

sequence alignment was output with ESPript [57].  
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Results 

 

The presence of monomeric and dimeric forms of the zebrafish SCP2-thiolase in the crystal 

and in solution 

Three crystal structures of Dr-SCP2-thiolase-1 have been obtained and refined, 

respectively, to 1.95Å (the unliganded crystal structure), to 1.46Å (with bound CoA; soaked) and to 

1.73Å (with bound octanoyl-CoA; cocrystallised) (Table 2). In each of these three structures the 

crystal packing of the protein molecules is the same. There are two chains in the asymmetric unit, 

referred to as chain A and chain B. Chain A exists as a monomer, whereas chain B forms the 

classical thiolase dimer with its crystallographic symmetry mate. Despite having tested a wide range 

of other crystallization and cocrystallization conditions, no other crystal forms were obtained. The 

crystals were grown in hanging drops in which the initial protein monomer concentration varied 

between 1.7 mg/mL and 3.5 mg/mL (38 M and 78 M (of the monomer), respectively). The 

crystals appeared in HEPES, HEPES and MOPS buffer, pH 6.4, pH 7.0 and pH 7.0 in the presence 

of 18%PEG3350, 20%PEG3350, and 10%PEG6000, respectively (Table 2). In all structures the N-

terminal and C-terminal residues are disordered, such that the built models start from Asn6 and 

extend to Pro401 (Figure 2), except in the soaked crystal structure where chain A ends at Phe400. 

The N-terminal and C-terminal ends are at the back side of the thiolase dimer, far away from the 

active sites that are located at its front side (Figure 3). In all three structures, the electron density is 

not visible for the disordered region at the beginning of the loop-domain of both chains. In chain B 

6, 8 and 7 residues are disordered starting at Arg119, Glu118 and Arg119, respectively in the 

unliganded, soaked and cocrystallised structures. In chain A 13, 14 and 13 residues are disordered, 

starting at Arg119, Glu118 and Glu118, respectively in the unliganded, soaked and cocrystallised 

structures. The Nβ3-Nα3 loop is well ordered in chain B of each of the three structures, whereas in 

chain A it is a high B-factor loop and in the unliganded structure Gly90 of this loop has not been 

modeled. The other region with high B-factors, near Arg237, is in the helical part between Nβ5 and 

Cβ1, at the back side of the molecule, of each of the chains in each of the structures.  

The existence of monomeric and dimeric Dr-SCP2-thiolase-1 in the same crystal form 

suggests that the protein also exists both as monomer and as dimer in solution, which is typical for 

so-called weak transient dimers [58]. Native MS was therefore used to determine the oligomeric 

state of Dr-SCP2-thiolase-1 in solution. The native mass spectrum of 40 M (of the monomer) Dr-

SCP2-thiolase-1 measured in 400 mM ammonium acetate (pH 6.9) clearly indicates the presence of 

both monomeric and dimeric protein forms (Figure 4) with an approximate Kd of 38 M, calculated 
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on the basis of the monomer-dimer intensity ratio (see Materials and Methods for details). This 

solution behaviour of Dr-SCP2-thiolase-1 explains why its monomeric and dimeric structures have 

been captured in this crystal form. Furthermore, the native mass spectrum of Dr-SCP2-thiolase-1 

measured in the presence of 120 M CoA showed that both the monomer and the dimer are able to 

bind the ligand, the dimer having a slightly higher affinity (Figure 4) and that the ligand binding 

does not shift very much the monomer-dimer equilibrium. The CoA binding affinity is estimated to 

be in the high micromolar range. Since the protein is a mixture of monomers and dimers and both 

protein forms are able to bind the ligand, it was not attempted to further determine the ligand 

binding affinities, for example by titration experiments,.  

 

The presence of monomeric and dimeric forms of human SCP2-thiolase (type-1) and 

trypanosomal SCP2-thiolase (type-2) in solution 

The observation that Dr-SCP2-thiolase-1 occurs as a weak transient dimer prompted us to 

investigate also the possible dimerization of two other thiolases from the SCP2-thiolase family. The 

native mass spectrum of Hs-SCP2-thiolase-1 (having 72 % sequence identity with Dr-SCP2-

thiolase-1) measured at 40 M protein concentration showed clear signals for both monomeric and 

dimeric species suggesting weak transient dimer formation (Figure 5A). However, the dimeric 

fraction was significantly higher, which indicates stronger dimeric association as compared to Dr-

SCP2-thiolase-1. The estimated Kd of the Hs-SCP2-thiolase-1 dimer is 0.8 M. In contrast, Tb-

SCP2-thiolase-2 showed practically complete dimerization at 40 M, suggesting a very stable dimer 

(Figure 5C). Similar to Dr-SCP2-thiolase-1, each of the forms of human and trypanosomal SCP2-

thiolase were observed to bind CoA (Figures 5B and 5D).  

 

The competent active site is located at the dimer interface 

Chain B forms in the crystal the classical thiolase dimer [4] with a neighboring chain B, 

because of a crystallographic two fold axis. The overall structure of the dimer is shown in Figure 3 

and movie S1. The two active sites of the thiolase dimer are at the dimer interface. Nevertheless, the 

catalytic residues of each active site are provided by the same monomer, but the residues at the N-

terminus of Nα2 of the other subunit also contribute to the shape of the substrate specificity pocket. 

The center of this dimer interface is formed by the two Nβ3 -strands (Asn82-Val83-Asn84), which 

are running antiparallel to each other, being related by the nearby dimer two fold axis (Figure 6). 

The N3-strand is the edge -strand of the -sheet of the N-terminal core domain of each monomer 

and these interactions therefore generate an extended β-sheet of -strands coming from both 
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subunits. The Nβ3-strand continues in the Nβ3-Nα3 loop, which provides the nucleophilic cysteine. 

Other extensive monomer-monomer hydrophobic and hydrogen bond protein-protein interactions 

are “above” and “below” (Figure 6) the N3 antiparallel -strands.  The latter interactions are 

formed by the C-terminal regions of the Nα3 helices of both monomers (residues 96 till 106, which 

are at the back side of the molecule, far away from the active site. The former interactions are 

formed by the N2’-helix of the opposing chain and the N3-N3 loop at the active site. All these 

interactions are direct protein-protein interactions, not mediated via waters. Near the active site the 

hydroxyl group of Ser62’ (the ʼ indicates that this residue belongs to the opposing subunit) located 

just before the Nα2’ helix, is hydrogen bonded to OD1(Asn84) and the main chain N(Asn86) in the 

Nβ3-Nα3 loop. Gln66’ in Nα2’ is also interacting with the Nβ3-Nα3 catalytic loop and also with the 

nearby Cβ4-Cβ5 catalytic loop, forming hydrogen bonds with its NE2 group to OD1(Asn85) as well 

as to Gly389(O). Arg67’ in Nα2’ forms a salt bridge with Asp134 at the beginning of the Lα(134-

144)-helix of the loop-domain. Tyr70’, located immediately after the Nα2’ helix, forms with its OH 

group hydrogen bonds to Gly389(O) in the Cβ4-Cβ5 loop and OD2(Asp255) and NH(Asp255) in 

the Cβ1-Cα1 loop (Figure 6, Figure S4). The side chains of Tyr70’ and Leu75’ are in van der Waals 

contact with Phe260 of the Cβ1-Cα1 loop region (Figure S4). The residues involved in these 

interactions are very well conserved in the vertebrate SCP2-thiolase sequences (Figure S1). Other 

interactions of side chains of the opposing subunit with residues near the active site region concern 

Arg129’ (just before the Lα(134-144) helical region of the loop-domain) that interacts with the 

main chain of  Lys116 (beginning of the loop-domain).  

 

Properties of the active site of the dimer, complexed with CoA and with octanoyl-CoA 

The crystal structures with bound CoA and with bound octanoyl-CoA were determined 

using, respectively, a soaking protocol and a cocrystallization protocol (Table 2). Both protocols 

result in the same crystal form as was also obtained for the unliganded Dr-SCP2-thiolase-1. In the 

soaking protocol the crystal was transferred into a mother liquor that includes 0.7 mM acetoacetyl-

CoA for 25 min, before cryo-cooling. In this incubation mixture CoA also is present. The electron 

density map shows that CoA is bound in the dimer active site of chain B (Figure S2). In the 

cocrystallization experiment Dr-SCP2-thiolase-1 is cocrystallised with a reaction mixture that is 

made by incubating 2E-decenoyl-CoA with MFE1 and NAD
+
. This reaction mixture, which 

includes NAD
+
, NADH, 2E-decenoyl-CoA, 3S-hydroxydecanoyl-CoA, 3-ketodecanoyl-CoA and 

CoA, after removal of MFE1, was mixed with Dr-SCP2-thiolase-1, which then can catalyse the 

thiolytic cleavage of 3-ketodecanoyl-CoA to acetyl-CoA, resulting in an enzyme with the octanoyl-

group attached to the nucleophilic Cys87. However, a covalent modification of the catalytic 
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cysteine was not seen in the final electron density maps. The positive density in the active site 

(Figure S3) could best be modeled as a double conformation of CoA (occupancy 0.3) and octanoyl-

CoA (occupancy 0.7). It is possible that the zebrafish SCP2-thiolase has catalyzed the first step of 

the thiolase reaction cycle and produced acetyl-CoA and octanoylated cysteine. Subsequently the 

octanoyl moiety is transferred to CoA and the octanoyl-CoA remains bound. Alternatively, or both, 

2E-decenoyl-CoA is bound but the terminal two carbon atoms are disordered. In the soaked and in 

the cocrystallization structures the ligand is only bound in the active site of chain B. Soaking of the 

unliganded crystals with acetoacetyl-CoA does not disrupt the crystal packing nor does the 

cocrystallization with substrate cause any conformational differences in the molecules and/or 

rearrangement of the molecules in the crystal lattice. The latter observation indicates that  in the 

presence of CoA and these acyl-CoA molecules the dimer is also in equilibrium with the monomer. 

The CoA complexed structures show that the CoA moiety is bound in a binding pocket 

that is completely open to the bulk solvent (Figure 3), and which is mainly formed by residues of 

the loop-domain, as also described previously [59]. The adenine moiety is wedged between Leu214, 

Leu215 and Phe193, Pro219 (Figure 7, Figure S5) and the phospho groups interact with Arg206 and 

Lys20. Ala152, Phe156 of L2, Phe300 (of the HDCF loop) and Cys218 (of the pantetheine loop, 

just before N4) point towards the pantetheine moiety (Figure 7). The acyl-moiety of octanoyl-CoA 

is bound in such a way that it points away from the catalytic pocket, being bent towards its 

pantetheine moiety as well as to Glu118 (end of Nβ4) and Pro150 at the beginning of Lα2 (Figure 

6). The fatty acyl tail has only van der Waals interactions with the protein but the thioester oxygen 

is hydrogen bonded to OH(Tyr59). The substrate specificity pocket is also completely solvent 

exposed. Its precise shape is unknown as the loop residues Arg119-Gly120-Ser121-Leu122-Ser123-

Ser124-Lys125, just after Nβ4, are disordered. Such disorder at the beginning of the loop-domain 

has not been observed in any other thiolase structure. These disordered loop residues line the 

substrate specificity pocket, which is completed by residues of the Lα(134-144)-helix and the Lα2-

helix (Figure 6), plus residues of the N3-N3 loop as well as by the Nβ2-Nα2 loop of the other 

subunit of the dimer (Figure 6). Ser62’ of the latter loop interacts with Asn84 and Asn86 of the 

NNN-sequence motif (residues 84-86) of the Nβ3-Nα3 loop, just before the nucleophilic cysteine, 

Cys87. The sequences of these two loops are conserved in the sequence alignment of the vertebrate 

SCP2-thiolases (Figure S1). 

The catalytic site, at the bottom of the binding pocket of the acyl-moiety is formed by the 

four catalytic loops: the Nβ3-Nα3 loop (CxS/T motif), the Cβ4-Cβ5 loop, the Cβ2-Cα3 loop (HDCF 

motif) and the Cβ3-Cα3 loop (the GHP loop) (Figures 6 and 7). These loops provide the hydrogen 
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bond donors of the two oxyanion holes and also the nucleophilic cysteine (Cys87 of the CxS/T 

motif) and the acid/base cysteine (Cys300 of the HDCF motif). The hydrogen bond donors of 

OAH1 are the NE2 atoms of the histidine side chains of the HDCF and GHP loops, like in the 

parasitic SCP2-thiolases Lm-SCP2-thiolase-2 and Tb-SCP2-thiolase-2. Similar to these parasitic 

SCP2-thiolases both histidine side chains are anchored via hydrogen bond networks to their ND1 

moieties [17]. A water molecule has been modeled in OAH1 in each of the three structures. The 

hydrogen bond donors of OAH2 are N(Cys87) and N(Leu387) (Figure 6). Leu387 is in the Cβ4-

Cβ5 loop, like in the parasitic SCP2-thiolases, but the sequence fingerprint of this loop [27] (Table 

1) and its conformation is not conserved. In the unliganded crystal structure the nucleophilic 

cysteine, Cys87, is fully oxidized to its sulfenic acid derivative. In the CoA complexed structure 

Cys87 is partially oxidised to its sulfenic acid derivative. In both cases the hydroxyl group of the 

sulfenic acid group points into OAH2. In the octanoyl-CoA complexed structure Cys87 of chain B 

appears not to be oxidized and a bound water molecule is modeled in OAH2. Cys87 of chain A is 

not oxidized in any of the three structures. 

 

The structural differences between the folds of the single monomer and the dimerised 

monomer of the zebrafish SCP2-thiolase 

The over all structures of the single monomer and the monomer complexed in the dimer 

are the same but there are striking differences in the regions involved in the dimer interface (Figure 

8). In both monomers the beginning of the loop-domain is disordered. There are four loop regions 

that undergo major conformational changes, being (i) Nβ3-Nα3 (residues Val83 till Thr92), (ii) 

Cβ4-Cβ5 (residues Asn384-Ala390) (Figure 8), (iii) Cβ1-Cα1 (residues Asp255-Ser264) and (iv) 

Nβ4-Lα2, (the beginning of the loop-domain, Met117-Pro150). The Nβ3-Nα3 loop, the Nβ4-Lα2-

region and the Cβ4-Cβ5 region also generate the geometry of the active site. In the dimer these 

loops interact with the Nβ2’-Nα2’ loop of the opposing monomer, but only small conformational 

changes are observed for the latter loop when comparing the single monomer and the dimerised 

monomer. Also the residues 96 till 106 at the C-terminal regions of the N3-helices, at the back 

side of the molecule (Figure 6), which have significant intra dimer interactions with each other, do 

not show conformational changes.  

The conformational differences between the monomeric chain A and the dimerised chain 

B can be described as follows. (i) The N-terminus of the Nα3 helix (Gly89-Gln102) unfolds and the 

region Asn83 to Ser92 of the active site Nβ3-Nα3 loop (CxS/T motif) rotates outwards, away from 

the compact thiolase core domain. The Nα3 helix (Leu93-Gln102) in chain A is four residues 

shorter than in chain B (Gly89-Gln102). The nucleophilic cysteine (Cys87), located in this loop, 
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points to the bulk solvent in chain A, together with Asn86. In chain A the residues Ser88-Gly90 

adopt a more extended conformation with high B-factors (60-70Å
2
 vs 30Å

2
) compared to chain B 

where the OG(Ser88) side chain points inwards, having hydrogen bonds with O(Asn85) and 

O(Ala390). (ii) In the Cβ4-Cβ5 loop the cis-peptide bond of Gly388-Gly389 in chain B flips into a 

trans-peptide bond in chain A and residues Gly386-Leu387-Gly388 rotate outwards in a concerted 

movement with the movement of the Nβ3-Nα3 loop (Figure 8, Movie S2). (iii) The small helix of 

Leu256 to Glu261 of the Cβ1-Cα1 loop in chain B (unique for the vertebrate SCP2-thiolase) has 

adopted in chain A an extended unstructured conformation pointing into bulk solvent, being 

stabilised by crystal contacts. (iv) In chain B residues Lys125 to His136 are involved in interactions 

at the dimer interface and residues Asp134 to Tyr144 fold into an α-helix, referred to as the Lα(134-

144)-helix. The latter helix is via a short linker region connected to the next helix of the loop-

domain, being Lα2(150-165). In chain A, the region, Asn131-Pro150 has rotated as a rigid body 

towards the ligand binding site, away from its position at the dimer interface. A major rotation 

happens at Pro150 (a unique, conserved residue in vertebrate SCP2-thiolases, Figure S1) just at the 

beginning of Lα2. The torsion angle of N(Pro150)-Cα-C-N(Ala151), ψ(Pro150), is 157
o
 in the 

dimeric form and -32
o
 in the monomeric form. Also the residues in the linker region between 

Lα(134-144) and Lα2(150-165) show altered phi/psi angles. The C of Gly145 (at the C-terminal 

region of the Lα(134-144)-helix) moves over a distance of 23Å between the two conformations. In 

both chains the conformation of this region is well defined by its electron density. In chain B the tip 

of this region, near Leu146-Ala147, anchored by hydrogen bond interactions to the side chain of 

Gln154 of Lα2 (Figure 8), points into bulk solvent. In chain A these two tip residues are buried, 

having main-chain main-chain hydrogen bond interactions with Cys218 and Thr220 of the 

pantetheine binding loop, just before Nβ5. In addition the side chains of these two tip residues, 

Leu146 and Ala147, in chain A make hydrophobic interactions with side chains that shape the 

pantetheine binding pocket.  

 

Structural differences between the active sites of the single monomer and the complexed 

monomer of the SCP2-thiolase dimer  

Considering the four catalytic loops it can be noted that there are no conformational 

changes for the Cβ2-Cβ3 loop (HDCF loop) and the Cβ3-Cα3 loop (the GHP loop), however the 

architecture of the A-chain catalytic site is remarkably different from the B-chain catalytic site due 

to the concerted conformational changes of the Nβ3-Nα3 and Cβ4-Cβ5 loops (Figure 8, movie S2). 

The HDCF loop and the GHP loop form OAH1 and therefore, OAH1 is still intact in chain A and a 

water molecule has been built at this site in some of its structures. However, due the conformational 
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changes of the Nβ3-Nα3 and the Cβ4-Cβ5 loops OAH2 is disrupted and the nucleophilic cysteine, 

Cys87, of the Nβ3-Nα3 loop is now pointing away from the catalytic site, towards bulk solvent. The 

structure of the active site of the monomeric thiolase, chain A, as captured in this crystal form, is 

not in a catalytically competent conformation, because (i) the pantetheine binding pocket interacts 

with the Leu146-Ala147 region just after the L(134-144)-helix, blocking therefore the binding of 

the CoA-moiety of the substrate. In addition (ii) the side chain of the nucleophilic cysteine points 

away from the catalytic site, and (iii) OAH2, shaped by Nβ3-Nα3 and Cβ4-Cβ5, is not formed. 

 

Discussion 

 

The interconversion between the two states of Dr-SCP2-thiolase-1 

The characterization of Dr-SCP2-thiolase-1 has shown that it forms a weak transient 

dimer, having a Kd of approximately 38M and therefore it exists in two states, being the dimeric 

and monomeric state. In two other dimeric thiolases two different states have also been 

characterized. It concerns thiolases of different subfamilies, being the plant peroxisomal AB-

thiolase [51,52] and the bacterial FadA5-thiolase of M. tuberculosis [53]. In both examples the two 

states are dimers, being in a catalytically competent state and an inactive state. In both inactive 

states the nucleophilic cysteine becomes involved in an SS-bridge. In the plant peroxisomal thiolase 

the SS-bridge is with another cysteine located in the loop-domain of the same subunit. This SS-

bridge formation is the result of a conformational change in the beginning of the loop-domain 

yielding a wider cleft between the two thiolase monomers. In the oxidized FadA5-thiolase the 

conformational changes of the catalytic loops allow for the formation of disulfide bonds between 

the nucleophilic Cys93 and the acid/base Cys377 as well as between Cys59 and Cys91 [53] within 

the same subunit. Such an SS-bridge formation between the two catalytic cysteines was recently 

also reported for a tetrameric thiolase [60]. In these three examples the dimeric, respectively the 

tetrameric, assembly remains intact and it was shown in these cases that the equilibrium between 

the oxidized and reduced forms is regulated by the redox potential of the protein buffer. In the 

oxidized forms intra chain SS-bridges are formed, which need to be reduced to achieve conversion 

into the competent, catalytically active dimer or tetramer, respectively. In the SCP2-thiolase (type-

1) the conversion between dimer and monomer does not involve the breaking/formation of SS-

bridges. It is not known if the latter interconversion between the two forms is a fast or a slow 

process. In any case it requires the interconversion between the cis-peptide Gly388-Gly389 (in 

chain B) and the corresponding trans-peptide (in chain A).  
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Structural comparisons with other dimeric thiolases  

The dimeric SCP2-thiolases have been divided into two classes, type-1 (vertebrates) and 

type-2 (parasitic) [16]. The vertebrate Dr-SCP2-thiolase-1 crystal structure shows that its catalytic 

site is bulk solvent exposed (Figure 3), whereas in the parasitic Lm-SCP2-thiolase-2 the active site 

is shielded from bulk solvent by a helical region at the beginning of the loop-domain. Another 

difference between the vertebrate and parasitic SCP2-thiolases concerns the disordered region at the 

beginning of the loop-domain (just after N4) of Dr-SCP2-thiolase-1 (Figure 6), which is well 

ordered in other thiolases. The sequence identity between Dr-SCP2-thiolase-1 and the parasitic T. 

brucei and L. mexicana SCP2-thiolases (type-2) is 22% and 23%, respectively. The latter thiolase is 

proposed to catalyse the Claisen condensation reaction for the synthesis of acetoacetyl-CoA from 

two molecules of acetyl-CoA in the sterol biosynthesis pathway in parasites [19], whereas the 

substrate of the SCP2-thiolase (type-1) is the bulky, polar 24-keto-THC-CoA (Figure 1) [2]. The 

SCP2-thiolase (type-2) is predicted to accept only short chain substrates [17], which correlates well 

with its tight, buried catalytic site. 

Crystal structures are also known of dimeric thiolases of two other subfamilies, being of 

the peroxisomal AB-thiolases (such as the yeast thiolase [61] and of the bacterial TFEL1 FadA5-

thiolase [21]. The sequence identity between Dr-SCP2-thiolase-1 and the yeast and bacterial 

dimeric thiolases is 13 % and 13 %, respectively. The substrates for both of these thiolases have 

bulky acyl moieties, being long chain linear fatty acids (AB-thiolase) and acyl chains with a steroid 

moiety at its -end (the FadA5-thiolase). As seen in the Dr-SCP2-thiolase-1 structure, also in these 

structures the catalytic site is bulk solvent exposed. These structural comparisons highlight the 

structural variability of the N-terminal region of the loop-domain, immediately after the N4 loop 

and before the L2-helix (Figure 9). This loop region is near the catalytic site (Figure 6) and it 

determines the shape of the substrate specificity binding pocket for the acyl chain. The structure of 

the subsequent L2-L3 region of the loop-domain is well conserved. However the subsequent 

regions of the loop-domain  that form the binding pocket of the CoA moiety (from L3 till the 

pantetheine loop, just before N5), also adopt different structures in different thiolases, with the 

consequence that the mode of binding of the ADP-part of the CoA moiety is not conserved (Figure 

9). In the Dr-SCP2-thiolase-1 structure the adenine ring is almost totally buried, whereas in the Lm-

SCP2-thiolase-2 and FadA5-thiolase structures the adenine ring is much more bulk solvent exposed. 

 

Properties of the thiolase protein-protein dimer interfaces 
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The importance of transient protein-protein interactions for the function [58,62] and 

consequently for the evolution [63,64] of proteins has been reviewed recently. Transient protein-

protein interactions can be divided into strong and weak interactions [58]. Weak transient 

interactions have been suggested to play a role in biochemical pathways for example for facilitating 

the transfer of unstable intermediates between active sites [65], as well as to provide a mechanism 

to regulate the enzymatic function such as (i) the formation of inactive oligomers from active 

monomers [66] or (ii) the formation of active dimers from inactive monomers [67,68]. Several 

properties of protein-protein interfaces that contribute to their stability, such as size, polarity and 

shape complementarity, have been studied [63,69-71]. 

In the thiolase dimer the center of the dimer interface is formed by the edge N3-strands 

(Figure 6, Figure 8) of both subunits, forming two antiparallel-strands of a mixed -sheet that 

extends from one subunit to the second subunit. The length of the N3-strand is shorter in Dr-

SCP2-thiolase-1, as compared to any other dimeric thiolase (Table 3). Various properties that 

characterize the dimer interface have been calculated for the available dimeric thiolase structures 

with the PISA program [69]. The size of the surface area of the Dr-SCP2-thiolase-1 dimer interface 

is similar as in any of the other dimeric thiolases, being 2555Å
2
. The surface area is more polar than 

the dimer interface of any other thiolases, as is quantified by the number of interface hydrogen 

bonds (70, whereas in the other thiolases this number is 52 or less) as well as by its p-value of the 

solvation free energy gain (Gi), which is 0.27. For the other dimer interfaces the value is less than 

0.18. The p-value is calculated by PISA and it is a measure of the relative hydrophobicity for the 

given interface (compared to surfaces in contact with bulk solvent), being lower for more 

hydrophobic surfaces, and indeed the calculated solvation free energy of the SCP2-thiolase 

interface, Gi, (-15.3 kcal/mol) is less favorable than for any of the other interfaces, being -17.4 

kcal/mol or lower (Table 3). With the SURFNET program [72] the volumes of the gap-region at the 

dimer interface, as well as its “roughness” were calculated (Table 3), showing that these two 

properties are within the same range as calculated for the other thiolase dimer interfaces.  

 The number of interface salt bridge hydrogen bond interactions of the thiolase dimer 

interface is highly variable (Table 3). In Dr-SCP2-thiolase-1 there are two salt bridges, between the 

side chains of Arg67 (in Nα2) and Asp134 (located in the mobile Lα(134-144)-helix) and between 

their corresponding two-fold related residues. The occurrence of hydrophobic, polar and charge 

atoms at interfaces has been studied using the YRB-coloring scheme [73]. In Dr-SCP2-thiolase-1 

the salt bridges occur at the rim of the dimer interface (Figure 10A), whereas in Lm-SCP2-thiolase-

2 a salt bridge is observed in the middle of the dimer interface (Figure 10B). Salt bridges are also 
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found at the center of the dimer interface of the yeast AB-thiolase (Figure 10C), whereas in the 

FadA5-thiolase (Figure 10D) a charged residue (Asp90) interacts with a nearby main chain peptide 

NH-group of the adjacent subunit as well as with water molecules buried at the dimer interface.  

 

Concluding remarks 

In this crystal form of Dr-SCP2-thiolase-1 the structures of its monomeric and dimeric 

forms have been captured. These structures show that the assembly of the inactive monomers into 

the catalytically competent, mature dimer causes striking structural rearrangements. Native mass 

spectrometry studies with Hs-SCP2-thiolase-1 and Dr-SCP2-thiolase-1 have shown that in solution 

these thiolases are weak transient dimers. The cell biological studies on human SCPx have shown 

that the truncated form that has been studied here, is also predominantly present in vivo in the 

peroxisome [11]. The structural comparisons of the monomeric and dimeric forms show that four 

loop regions at the dimer interface, which are well defined in the dimeric form, adopt completely 

different conformations in the monomeric form. Each of these loops are near the active site. One of 

those regions, the -N3 loop becomes a high B-factor loop in the structure of the monomeric 

form. The mass spectrometry solution binding studies with CoA show that CoA binds to the 

monomeric form, suggesting that the conformation of the region of the swapped-out Lα(134-144)-

helix (Figure 8, Movie S2), as captured in the chain A structure, is flexible in solution, allowing for 

the binding of CoA. In any case, crystal contacts stabilize the observed, swapped-out conformations 

of the Lα(134-144)-helix and the C1-C1 loop of chain A. Two of the four loop regions of 

changed conformation (N3-N3 and C4-C5) generate in the dimeric form the OAH2 oxyanion 

hole, which is critically important for catalysis. Clearly dimerization is required to shape a 

catalytically competent active site. In two other dimeric thiolases it has been found that the 

formation of the catalytically competent dimeric form is regulated by the redox potential of the 

protein buffer [51,53] and it is suggested that this property is of functional importance in vivo. For 

these thiolases only the reduced form is competent for catalysis. For the SCP2-thiolase (type-1) it is 

not known if in vivo the dimer (active) or monomer (inactive) form is predominantly present and 

how its monomer-dimer equilibrium could be regulated. Since the active site is at the dimer 

interface it is possible that the binding of the 24-keto-THC-CoA substrate, having a bulky acyl 

chain, shifts this equilibrium towards the active dimeric form. It is known that the nucleophilic 

cysteine in the thiolase competent active site is sensitive to oxidation, being frequently observed in 

thiolase crystal structures in its sulfenic acid oxidation state. Since the peroxisomal milieu can be 

highly oxidative [74], the nucleophilic cysteine can become oxidized in its dimeric form, whereas in 
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its monomeric form this cysteine is much less reactive and therefore less sensitive for oxidation. 

Further studies are required to establish if the intraperoxisomal in vivo conditions also favor the 

presence of a similar dimer-monomer equilibrium as observed in these studies and how this 

equilibrium is regulated.  
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Table 1. The six human thiolases 

Class CT-thiolase T1-thiolase T2-thiolase TFE-thiolase AB-thiolase SCP2-thiolase 

(type-1) 

Functional properties 

Location cytosol mitochondria mitochondria mitochondria peroxisomes peroxisomes 

Assembly tetramer tetramer tetramer dimer dimer dimer 

Function biosynthetic 

 

biosynthetic/ 

degradative 

 

biosynthetic/ 

degradative/ 

 

degradative degradative degradative 

Physiological 

substrates 

2 molecules 

of acetyl-CoA 

2 molecules of 

acetyl-CoA/ 

CoA and long 

chain, 

unbranched 3-

ketoacyl-CoA  

2 molecules of 

acetyl-CoA/ 

CoA and 2-

methyl 

branched or 

unbranched 3-

ketobutyryl-

CoA 

CoA and long 

chain, 2-methyl 

branched or 

unbranched 3-

ketoacyl-CoA 

CoA and long 

chain, 

unbranched 3-

ketoacyl-CoA 

CoA and long 

chain 2-methyl 

branched or 

unbranched 3-

ketoacyl-CoA 

or  

24-keto-THC-

CoA 

Sequence fingerprints of the four active site loops 

N3-N3 CxS/T CxS/T CxS/T CxS/T CxS/T CxS/T 

C2-C2 NEAF NEAF NEAF HEAF NEAF HDCF 

C3-C3 GHP GHP GHP GHP GHP GHP 

C4-C5 CxG CxG CxG CxA CxG xxx 

Active site properties 

Nucleophile C(CxS/T) C(CxS/T) C(CxS/T) C(CxS/T) C(CxS/T) C(CxS/T) 

Acid/base  C(CxG) C(CxG) C(CxG) C(CxA) C(CxG) C(HDCF) 

Activation of 

nucleophile 

H(GHP) H(GHP) H(GHP) H(GHP) H(GHP) H(GHP) 

OAH1 hydrogen 

bond donors 

Wat,  

H(GHP) 

Wat,  

H(GHP) 

Wat,  

H(GHP) 

H(HEAF), 

H (GHP) 

Wat,  

H(GHP) 

H(HDCF), 

H(GHP) 

 

OAH2 main chain 

NH hydrogen 

bond donors 

 

N(N3-N3), 

N(C4-C5) 

 

N(N3-N3), 

N(C4-C5) 

 

N(N3-N3), 

N(C4-C5) 

 

N(N3-N3), 

N(C4-C5) 

 

N(N3-N3), 

N(C4-C5) 

 

N(N3-N3), 

N(C4-C5) 

PDB codes 

PDB codes of 

structures of  

human thiolases  

1WL4 [75] 

 

4C2J [76] 2IBW [77] 

  

5ZQZ [78] 

 

2IIK 

(unpublished) 

6HRV, 6HSJ, 

HSP  

(these studies) 

PDB codes of 

corresponding 

structures 1) 

    1AFW [4], 

2WUA [51], 

2WU9 [51], 

2C7Y [52] 

 

1) Other structures that have been used for comparisons are the dimeric Mycobacterium tuberculosis TFEL1 FadA5-thiolase 

structures 4UBT [21] and 5ONC [53], as well as the dimeric parasitic SCP2-thiolase (type-2) structures 3ZBG[18], 5LNQ [17] and 

4BI9 [18]. 
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Table 2. Crystallization conditions, crystal handling and statistics of data collection, data 

processing and refinement 

Data set Unliganded With CoA bound 

(soaking) 

With octanoyl-CoA 

bound 

(cocrystallization) 

Crystallization    

Crystallization well 

solution 

100 mM HEPES, pH 

6.4, 18% PEG3350 

250 mM sodium acetate  

100 mM HEPES, pH 

7.0, 15 % PEG3350, 

250 mM sodium acetate 

100 mM MOPS, pH 7.0, 

10 % PEG6000, 20% 

glycerol 

Soaking - 100 mM HEPES, pH 

6.9, 300 mM sodium 

acetate trihydrate, 20% 

PEG3350, 12% 

glycerol, 0.7 mM 

acetoacetyl-CoA 

- 

Cocrystallization - - In the presence of the 

reaction cocktail of 2E-

decenoyl-CoA and 

NAD
+
 incubated with 

MFE1  

Cryo-cooling Direct transfer in liquid 

N2 

Direct transfer in liquid 

N2 

Direct transfer in liquid 

N2 

Data collection    

Beamline DLS I03 DLS I04-1 DLS I04 

Detector PILATUS 6M PILATUS 2M PILATUS 6M 

Wavelength (Å) 0.9763 0.9174 1.2822 

Data processing
 a
    

Space group C2 C2 C2 

a, b, c (Å) 133.16 81.94 96.81 132.96 80.88 96.47 132.18 81.32 96.63 

α, β,  (
o
) 90.00 125.81 90.00 90.00 126.29 90.00 90.00 126.08 90.00  

Resolution (Å) 29.64-1.95 (2.05-1.95) 47.59-1.46 (1.56-1.46) 42.88-1.73 (1.83-1.73) 

Rmerge(%)
b 

5.2 (42.4) 11.0 (67.9) 9.1 (63.0) 

Rpim (%) 3.2 (22.2) 4.0 (19.4) 5.7 (38.1) 

CC1/2 (%) 99.9 (87.1) 99.9 (85.6) 99.6 (40.3) 

I/I)
c 15.7 (2.9) 13.7(2.9) 8.4 (1.3) 

Completeness (%) 98.4 (99.3) 98.2 (98.2) 99.1 (97.6) 

Redundancy 3.4 (3.4) 7.5 (7.5) 3.2 (2.6) 

Observed reflections 205110 1055865 273378 

Unique reflections 60799 140415 85694 

Wilson B-factor (Å
2
) 34.8 18.4 28.0 

Refinement    

Rwork
d
/Rfree

e 
(%)

 
16.94/20.70 15.65/17.42 19.01/22.73 
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Number of atoms    

Protein atoms in chain 

A/B 

2896/2964 2941/3015 2914/2965 

CoA/octanoyl-CoA 

(in chain B) 

-/- 48/- 48/57 

Waters 242 556 225 

Average B-factor (Å
2
)    

Protein atoms in chain 

A/B 

34.1/35.1 15.4/13.5 35.1/32.9 

CoA/octanoyl-CoA  

(in chain B) 

-/- 46.2/- 131.5/55.0 

Waters 37.0 25.1 38.3 

RMS deviations    

Bond lengths (Å) 0.012 0.009 0.013 

Bond angles (
o
) 1.50 1.6 1.6 

Ramachandran plot
f 

   

Favored region (%) 98.8 98.8 98.7 

Allowed region (%) 1.2 1.2 1.3 

Outlier region (%) 0.0 0.0 0.0 

PDB code 6HRV 6HSJ 6HSP 

a
Values in parentheses refer to the highest resolution shell. 

b
Rmerge= (ΣhklΣi|Ii(hkl) - < I(hkl)>|)/ΣhklΣiIi(hkl), where Ii(hkl) is the intensity of the i

th 
measurement 

of reflection (hkl) and < I(hkl) > is its mean intensity. 

c
I is the integrated intensity and σ(I) is its estimated standard deviation. 

d
Rwork = (Σhkl|Fo-Fc|)/ΣhklFo where Fo and Fc are the observed and calculated structure factors, 

respectively. 
e
Rfree is calculated as for Rwork but from a randomly selected subset of the data (5%), which were 

excluded from the refinement calculations. 
f
Calculated by PROCHECK [46] 
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Table 3. Properties
&

 of the dimer interface of dimeric thiolases 

PDB 

code$ 

Nres Surface 

area 

(Å2) 

ΔiG 

kcal/

mol 

ΔiG 

p-

value 

NHB NSB Gap-

volu

me 

(Å3) 

Gap- 

index 

(Å) 

Planarity 

(Å) 

Percentage of side chain (SC) and 

main chain (MC) mediated 

hydrogen bonds 

NHB 

/100Å2 

 

SC-SC MC-MC SC-MC 

6HRV 63/62 2555 -15.3 0.27 70 8 1793 0.7 4.4 28.6 11.4 60.0 2.7 

3ZBG 70/70 2325 -18.7 0.17 45 6 1915 0.8 4.2 24.4 26.7 48.9 1.9 

1AFW 67/70 2388 -25.5 0.07 39 8 2412 1.0 5.1 35.9 25.6 38.5 1.6 

2WUA 74/72 2586 -26.2 0.15 52 18 1426 0.6 4.9 38.5 23.1 38.5 2.0 

2WU9 69/68 2508 -24.3 0.18 48 15 1646 0.7 4.6 37.5 25.0 39.6 1.9 

4UBT^ 72/70 2330 -17.4 0.14 28 2 2688 1.2 4.2 28.6 28.6 42.9 1.2 

 

&
These properties have been calculated by PISA [69], except for the Gap-volume, the Gap-index 

and the Planarity, which have been calculated by SURFNET [72,79]. Gap-index is the Gap-volume 

divided by the surface area. Planarity has been calculated as the root mean square deviation (rmsd) 

of the interface atoms from the least squares plane fitted through these atoms; a high rmsd identifies 

a more “rough” interface. Nres: number of residues of the two chains involved in dimer interactions, 

respectively; NHB: the number of hydrogen bonds; NSB: the number of hydrogen bonds involved in 

salt bridges. 

$
6HRV, Dr-SCP2-thiolase-1 (these studies: the B/B dimer interface has been used). 3ZBG, Lm-

SCP2-thiolase-2; 1AFW, yeast Saccharomyces cerevisiae AB-thiolase; 2WUA, sunflower 

Helianthus annuus AB-thiolase; 2WU9, plant Arabidopsis thaliana 3-ketoacyl-CoA AB-thiolase; 

4UBT, Mycobacterium tuberculosis TFEL1 FadA5-thiolase: in each of these analyses the A/B 

dimer interface has been used. 

^Expression tag residues from chain A and chain B were removed before doing the structural 

analysis. 
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Figure legends 

 

Figure 1. The SCP2-thiolase reaction. (A) The overall reaction catalyzed by SCP2-thiolase (type-

1). Only the main intermediate complexes of the reaction cycle are shown. The substrates are 24-

keto-THC-CoA and CoA, and they are converted into propionyl-CoA and choloyl-CoA. The 

conserved sequence fingerprints of the active site loops (Table 1) indicate that Cys87 is the 

nucleophilic cysteine and Cys300 is the acid/base cysteine, whereas His348 activates the 

nucleophilic cysteine. (B) The covalent structure of the steroid moiety of 24-keto-THC-CoA. 

 

Figure 2. The zebrafish and human SCP2-thiolase (type-1) sequences. (A) The domains of 

zebrafish (UniProt: Q6P4V54) and human (UniProt: P22307) SCPx . The ordered part of the 

structure of the zebrafish SCP2-thiolase (type-1) (Dr-SCP2-thiolase-1) is colored yellow. The 

domain borders of the SCP2-domain of the human SCPx are as proposed previously [8]. (B) The 

sequence alignment of Dr-SCP2-thiolase-1 and human SCP2-thiolase (type-1) (Hs-SCP2-thiolase-

1). The secondary structure elements of chain B of Dr-SCP2-thiolase-1 are indicated above the 

sequences. The N-domain, the loop-domain and the C-domain secondary structure elements are 

labeled in green, orange and red, respectively. The N-terminus and the C-terminus of the ordered 

part of Dr-SCP2-thiolase-1 are labelled with a > (Asn6) and a # (Pro401), respectively. The C-

termini of the three constructs used in these studies are identified as ¤ (Ser406), *(Thr413, Thr424). 

The sequence fingerprints of the four catalytic loops (Table 1) are identified below the sequences. 

The CxS/T loop provides the nucleophilic cysteine, Cys87 and the HDCF loop provides the 

acid/base cysteine, Cys300. His348 of the GHP loop activates the nucleophilic cysteine. The CxG 

loop contributes to OAH2. 

 

Figure 3. The structure of the zebrafish SCP2-thiolase dimer, complexed with octanoyl-CoA.  

Top view, along the dimer two folds axis, being identified as a black oval. In this view both active 

sites are in the front, whereas the N- and C-termini are at the back side (furthest from this point of 

view). The octanoyl-CoA molecules are shown as grey (green subunit) and blue (brown subunit) 

sticks. Tyr144 marks the C-terminal region of the Lα(134-144)-helix of the green subunit. The * 

marks the hinge region (at Pro150, at the beginning of the L2-helix) of the movement that rotates 

the C-terminal tip of Lα(134-144) towards the pantetheine binding pocket (labeled as “p”). The 

locations of the active sites with respect to the dimer interface are also visualized in movie S1. 
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Figure 4. ESI FT-ICR mass spectra of Dr-SCP2-thiolase-1. (A) In denaturing solution 

conditions (MeCN/H2O, 1:1 v/v + 4% HOAc; protein concentration 10 M). (B, C) In native 

solution conditions (400 mM NH4OAc, pH 7.0; protein concentration 40 M) in the absence (B) 

and presence (C) of 120 M CoA ligand. The numbers denote different protein ion charge states, 

and M and D refer to protein monomer and dimer, respectively.  

 

Figure 5. ESI FT-ICR mass spectra of Hs-SCP2-thiolase-1 (A, B) and Tb-SCP2-thiolase-2 (C, 

D). In native solution conditions (400 mM NH4OAc, pH 7; protein concentration 40 M), in the 

absence (A, C) and presence (B, D) of 120 M CoA ligand. The numbers denote different protein 

ion charge states, and M and D refer to protein monomer and dimer, respectively. 

 

Figure 6. The dimer interface of the zebrafish SCP2-thiolase dimer, complexed with octanoyl-

CoA. Top view (stereo), along the two fold axis. The interactions with the N2’ helix of the other 

subunit (brown) are highlighted. (A) The N3-N3 loop (including Asn84 and Asn87) is at the 

center of the monomer-monomer interactions of the dimer interface. The mode of binding of 

octanoyl-CoA is shown in grey sticks. (B) Zoomed-in view of the active site. The mode of binding 

of octanoyl-CoA (CO8) with respect to the four catalytic loops, being the CxS/T loop (87-89), the 

HDCF loop (298-301), the GHP loop (347-349) and the CxG loop (386-389), is visualised. Also 

shown is the L2-helix (Ala151, Phe156). Cys87 is the nucleophilic cysteine. Cys300 is the 

acid/base cysteine. OAH1 is formed by the NE2 atoms of His298 and His348 and OAH2 is formed 

by N(Cys87) and N(Leu387). 

 

Figure 7. The mode of binding of CoA. Top view. The adenine ring is buried and wedged 

between Phe193, Leu214 and Pro219. The phospho groups interact with Lys20 and Arg206. The 

pantetheine moiety interacts with Phe156 (of L2), Phe301 (of the HDCF motif) and Cys218 (of 

the pantetheine loop). Also shown are residues of the four catalytic loops, labeled as CxS/T, GHP, 

HDCF and CxG. The pantetheine loop is labeled with “p”. The red sphere is the water molecule 

bound in OAH1, shaped by the NE2 atoms of His298 (of the HDCF motif) and His348 (of the GHP 

motif). 

 

Figure 8. Structural differences between the folds of the single monomer and the dimerised 

monomer of the zebrafish SCP2-thiolase (type-2). Stereo view, rotated about the vertical axis 

with respect to Figure 6. (A) Comparison of the superimposed chain B (green) and chain A (grey). 
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Key residues are labeled in both chains to identify the loops that change conformation, being Cys87 

(after N3), Met117 (end of N4), Tyr144 (C-terminal region of L(134-144), Phe260 (after C1) 

and Leu387 (after C4). (B) The rotation of L(134-144) from the dimer interface (green) to the 

monomer conformation (gray). Viewed from the center of the other subunit. “p” identifies the 

pantetheine loop (residues Cys217-Thr220), just before N5. The hydrogen bond interactions of the 

Gln154 side chain with the two conformations of the L(134-144)-helix are visualized by dotted 

lines. These structural differences are also visualized in movie S2. 

 

Figure 9. Comparison of the loop-domain structures. Top view, like Figure 3. Superposition of 

the loop-domain of zebrafish SCP2-thiolase (type-1) (orange) complexed with octanoyl-CoA and 

(A) leishmania SCP2-thiolase (type-2) (grey), complexed with acetoacetyl-CoA (5LNQ), and (B) 

Mycobacterium tuberculosis FadA5-thiolase (cyan), complexed with CoA and a steroid product 

(3G6)(4UBT) and (C) yeast peroxisomal AB-thiolase (blue), complexed with 2-methylpentane-2,4-

diol (MPD)(1AFW). The ligands are shown as sticks. Met117 (N4) and Thr220 (N5) identify the 

beginning and end of the loop-domain, respectively. Residues Ala152 and Thr186 identify the 

beginning of L2 and the C-terminal region of L3, respectively. It can be noted that the structures 

of the L2 and L3 helices are well conserved. Asp134 is at the beginning of the L(134-144)-

helix.  

 

Figure 10. Properties of the dimer interface surface. Viewed from the center of the other subunit, 

like in Figure 8B. The YRB-coloring code [73] is used, such that the hydrophobic atoms are in 

yellow, the polar, uncharged atoms are in grey, whereas the charged oxygen atoms of glutamate and 

aspartate are highlighted in red and the charged nitrogen atoms of arginine and lysine are 

highlighted in blue. (A) The YRB-colored surface of the dimer interface of the B-chain of Dr-

SCP2-thiolase-1. (B) The YRB-colored surface of the dimer interface of Lm-SCP2-thiolase-2 

(3ZBG). (C) The YRB-colored surface of the dimer interface of the yeast peroxisomal thiolase 

(1AFW). (D) The YRB-colored surface of the dimer interface of the Mycobacterium tuberculosis 

FadA5-thiolase (4UBT). 























SUPPLEMENTARY MATERIAL 

 

The peroxisomal zebrafish SCP2-thiolase (type-1) is a weak transient dimer as 

revealed by crystal structures and native mass spectrometry 
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Figure S1. Sequence alignment of SCP2-thiolases (type-1) and SCP2-thiolases (type-2). Fully 

conserved residues are given as white on black background. The sequences of the linker region and 

the SCP2-protein (of the vertebrate SCPx proteins) are not included. The sequences of the type-1 

SCP2-thiolases are from Danio rerio, Homo sapiens, Rattus norvegicus, Bos taurus, Sus scrofa and 

Mus musculus. The sequences of the type-2 SCP2-thiolases are from Trypanosoma cruzi, 

Leishmania infantum, Leishmania major, Leishmania braziliensis, Leishmania mexicana and 

Trypanosoma brucei. The amino acid sequences were aligned using PROMALS3D [1] using the 

PDB coordinates of D. rerio and T. brucei SCP2-thiolases (PDB code 4BI9) as constraints. 

  



 

Figure S2. Omit density for CoA of the crystal structure obtained by soaking with acetoacetyl-

CoA. The electron density map is the (Fo-Fc) omit map calculated after 10 cycles of omit 

refinement (without the active site ligand). The map is contoured at 2.5 sigma. 

  



 

 

Figure S3. Omit density for CoA and octanoyl-CoA of the crystal structure obtained by 

cocrystallization with the reaction mixture. The electron density map is the (Fo-Fc) omit map 

calculated after 5 cycles of omit refinement (without the active site ligands). The map is contoured 

at 2.0 sigma. 

  



 

 

Figure S4. The interactions of the N3-N3 loop with the N2’ helix of the opposing subunit. 

The N2’ helix of the second subunit is colored brown and its hydrogen bond interactions (dotted 

lines) with residues of the first subunit (colored green) are shown. The side chains of residues 

Ser62’, Gln66’ and Tyr70’ are hydrogen bonded to the N3-N3, C4-C5 and C1-C1 loops of 

the first subunit. Also shown is the Asp134-Arg67’ salt bridge. Similar view as in Figure 8. 

  



 

 

Figure S5. The mode of binding of CoA.  Stereo view, similar as in Figure 7. The adenine ring is 

buried and wedged between Phe193, Leu214 and Pro219. The phosphates interact with Lys20 and 

Arg206. The pantetheine moiety interacts with Phe156 (of L2), Phe301 (of the HDCF motif) and 

Cys218 (of the pantetheine loop). Also shown are residues of the four catalytic loops, labeled as 

CxS/T, GHP, HDCF and CxG. The pantetheine loop is labeled with “p”. The red sphere is the water 

molecule bound in OAH1, being shaped by the NE2 atoms of His298 (of the HDCF motif) and 

His348 (of the GHP motif). 

  



 

Movie S1. The two active sites of the zebrafish SCP2-thiolase (type-1) are near its dimer interface. 

The mode of binding of CoA and octanoyl-CoA to the active sites is shown (top view, along the 

dimer two fold axis).  

 

Movie S2. The structural rearrangements of the four loop regions located at the dimer interface on 

dissociation of the dimer into monomers are shown (view from the center of the opposing subunit). 
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