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Abstract

The human enzyme dihydroorotate dehydrogenase (HsDHODH) has been studied for being a 

target for development of new antineoplasic and antiproliferative drugs. The synthetic peptide N-

t(DH) represents the N-terminal microdomain of this enzyme, responsible for anchoring it to the 

inner mitochondrial membrane. Also, it is known to harbor quinones that are essential for enzyme 

catalysis. Here we report structural features of the peptide/membrane interactions obtained by 

using CD and DEER spectroscopic techniques, both in micelles and in lipid vesicles. The data 

revealed different peptide conformational states in micelles and liposomes, which could suggest 

that this microdomain acts in specific regions or areas of the mitochondria, which can be related 

with the control of the quinone access to the HsDHODH active site. This is the first study to report 

on conformational changes of the HsDHODH N-terminal microdomain through a combination of 

CD and DEER spectroscopic techniques.
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INTRODUCTION

The Homo sapiens dihydroorotate dehydrogenase enzyme (HsDHODH - E. C. 1.3.5.2 and 

PDB ID: 1D3H) acts in the “de novo” pyrimidine biosynthesis pathway catalyzing the 

oxidation of the (S)-dihydroorotate to orotate in the only redox step of this pathway.1 The 

global reaction occurs in two half-reactions: the flavin mononucleotide (FMN) prosthetic 

group is reduced and, simultaneously, respiratory quinones are oxidized.2 The latter 

molecules regenerate the flavin groups, thus working as their physiological electron 

acceptors.3 The HsDHODH inhibition decreases pyrimidine production in cells thus 

inhibiting rapid proliferation,4 and turned this enzyme into an attractive drug target for the 

potential treatment of several proliferative diseases, such as cancer and rheumatoid 

arthritis.5,6 HsDHODH belongs to DHODH’s class 2, which are enzymes associated with 

membranes through a conserved N-terminal microdomain.7 Although many studies have 

highlighted the importance of the HsDHODH active site,8,9 the N-terminal region also plays 

a remarkable role in the catalysis: it behaves as an anchor to the membrane, harboring the 

respiratory quinones for the FMN regeneration and serving as a “main entrance” for the 

tunnel that leads to the active site.10 Also, it is essential for the enzyme localization in the 

inner mitochondrial membrane.11 However, details on the N-terminal conformation and 

dynamics upon membrane binding, which could bring new possibilities for the development 

of drugs for the enzyme inhibition, are still not known.12,13

In this work, we studied peptide analogues of the HsDHODH N-terminal microdomain, 

named N-t(DH), representing the sequence from Gly33 to Gly66 of the enzyme N-terminus 

acetyl-GDERFYAEHLMPTLQGLLDPESAHRLAVRFTSLG-CONH2.14 The HsDHODH 

protein structure, solved by Liu et al.,10 showed an N-terminal region containing two alpha-

helices (α1 and α2) connected by a loop, forming a hairpin-like structure. Thus, aiming at 

mimicking that region, we manually synthesized via solid phase peptide synthesis,15 

according to the standard Nα-Fmoc protecting group strategy,16 the N-t(DH) peptide and one 

analogue containing specific alterations that allowed the molecule to be spin labeled for 

pulsed electron spin resonance (ESR) studies. This analogue, named [Cys35MTSL-
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TOAC0]N-t(DH), has the MTSL17 spin label attached to a cysteine added at the C-terminus, 

while the unnatural spin-labeled amino acid TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-

amino-4-carboxylicacid)18 was added at the N-terminus, labeling both peptide extremes. 

The N-t(DH) peptide and the analogue were purified and characterized following the 

standard method described in the Experimental Section.19 The studies were performed in n-

dodecylphosphocholine (DPC) micelles and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) multilamellar vesicles (MLV) as membrane mimetic environments. 

Micelles are the simplest membrane mimetic environment, very well established in the 

literature and used in several studies to evaluate binding and interaction with peptides.20,21 

In the same way, liposomes represent a better membrane model of a lipid bilayer for 

studying interactions between peptide/protein and membranes.22–24 In this work, we used 

circular dichroism (CD) and double electron–electron resonance (DEER) spectroscopic 

techniques to investigate the structural and conformational features of the peptide and its 

spin-labeled analogue in the presence of different membrane mimetics.25–27

EXPERIMENTAL SECTION

The peptide analogues were manually synthesized by solid phase peptide synthesis 

following the standard Nα-Fmoc protecting group strategy. The Rink Amide resin 

(purchased from Synpep) was employed as the synthesis solid support, containing 0.6 mmol 

g−1 of substitution degree. Deprotection of the α-amino group of the resin and amino acids 

was made with 20% piperidine in dimethylformamide (DMF) in order to remove the base-

labile Fmoc protecting group. The amino acid coupling reaction was performed using 

diisopropylcarbodiimide (DIC)/N-hydroxybenzotriazole (HOBt) in methylene chloride 

(DCM)/DMF approximately 1:1 (v/v) for 2 h stirring and with 3-fold excess for all coupling 

reagents and amino acids. If necessary, O-(benzotriazol-1-yl)-N,N,N′,N′-
tetramethyluroniumhexafluorophosphate (HBTU)/diisopropylethylamine (DIEA) in 

DCM/N-methylpyrrolidone (NMP) 1:1 (v/v) were used to improve the coupling reaction. 

The resin was washed with three or four cycle of DCM and DMF for excess reagents and 

subproducts removal. TOAC incorporation in the analogue [Cys35MTSL-TOAC0]N-t(DH) 

was performed with 1.2 mol equiv excess fold, using as acylating reagents 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-pyridiniumhexafluorophosphate-3-

oxide](HATU)/DIEA with 3.0 and 4.0 mol equiv excess, respectively, in DCM/NMP 1:1 

(v:v) solvents over the amino component in the resin. An acetyl group capping was added to 

the N-terminus and, due to the resin functionalization, the peptides had an amidated C-

terminus. The cleavage was performed using trifluoroacetic acid (TFA), triisopropylsilane 

(TIS) and water (95:2.5:2.5, v:v:v, respectively). The sample was treated with cold diethyl 

ether and centrifuged three times. The precipitate was resuspended in an aqueous solution, 

obtaining the crude peptides, which were lyophilizated. The extracted spin-labeled analogue 

was treated with ammonium hydroxide for complete N–O deprotonation, step monitored by 

analytical HPLC. After that, peptides purification were performed by semipreparative HPLC 

Beckman System Gold (Brea, CA) with a reverse phase C-18 column in a linear gradient, 

flow rate 5 mL/min−1, using aqueous 0.02 mol L−1ammonium acetate (pH 5.0) and 90% 

acetonitrile in ammonium acetate solution as solvents A and B, respectively.19 The peptides 

purity were checked by analytical HPLC Varian (Santa Clara, CA), flow rate of 1.0 mL/
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min−1, UV detection at 220 nm, using solvents A (0.045% TFA:H2O) and B (0.036% 

TFA:ACN) with a linear gradient of 5–95% (v/v) of solvent B for 30 min. After purification, 

MTSL attachment was carried out using 5.0 mol equiv excess of the spin label over the 

analogue [Cys35MTSL-TOAC0]N-t(DH) in Tris–HCl 0.01 mol L−1, NaCl 0.01 mol L−1, pH 

7.4 buffer solution for 4 h stirring. After this procedure, the spin-labeled peptide analogue 

was purified again following the protocol described above, in order to obtain pure fractions 

of the molecule. The confirmation of the peptide analogue obtaining was evaluated by 

Electrospray Mass Spectrometry, on a ZMD Micromass model equipment (Milford, MA).

CD measurements were performed at 25 °C on a Jasco Products Company, Inc. J-715 

(Oklahoma City, OK) spectropolarimeter, using a 1 mm path-length quartz cell. Samples 

containing 30 μmol L−1 of peptide analogue were added to a solution containing Tris–HCl 

0.01 mol L−1, NaCl 0.01 mol L−1, pH 7.4 buffer solution and 10 mmol L−1 of DPC micelles 

concentration, previously weighted from a powder lipid (Avanti, Alabaster, AL). The 

liposomes type MLV (Large Multilamellar Vesicles) were prepared using 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) lipid (Avanti, Alabaster, AL) and added into a 

flask tube, in a final molar peptide/lipid ratio of 1:250 (maintaining the peptide 

concentration of 30 μmol L−1) in 300 μL Tris/NaCl buffer solution. The solution was 

equilibrated by repeating at least 10 freeze–thaw-sonication cycles until the sample became 

clear. Spectra were acquired every 0.2 nm from 250 to 190 nm at a scan speed of 50 nm 

min−1, with a 2 nm bandwidth and a response time of 3 s. Each spectrum represents an 

average of 8 successive scans and is expressed as molar ellipticity [θ] (deg cm2 dmol−1).

Four pulse DEER experiments were collected using a Bruker ELEXSYS E580 spectrometer 

equipped with a SuperQ-FT pulse Q-band system with a 10 W amplifier and EN5107D2 

resonator, located at the Ohio Advanced EPR Laboratory. All DEER samples were prepared 

at a spin concentration around 100 μmol L−1. Deuterated glycerol (30% w/w) was used as 

the sample cryoprotectant. The sample solution was loaded into a 1.1 mm inner diameter 

quartz capillary (Wilmad-LabGlass, Buena, NJ) and assembled into the sample holder 

(plastic rod), which was inserted into the resonator cavity. DEER data were collected using 

the standard four pulse sequence [(π/2)ν1 − τ1 − (π)ν1 − t − (π)ν2 − (τ1 + τ2 − t) − (π)ν1 − τ2 

− echo]28 at Q-band with a probe pulse width of 10/20 ns, pump pulse width of 24 ns, 80 

MHz of frequency difference between probe and pump pulse, shot repetition time 

determined by spin–lattice relaxation time (T1), 100 echoes/point, and 2-step phase cycling 

at 80 K collected out to ~2.0 μs for overnight data acquisition time. DEER data were 

analyzed using DEER Analysis 2013.29 The distance distributions P(r) were obtained by 

Tikhonov regularization30 in the distance domain, incorporating the constraint P(r) > 0 under 

DEER Analysis 2013. A homogeneous three-dimensional model for micelles and a 

homogeneous two-dimensional model for liposomes were used for background correction. 

The regularization parameter in the L-curve was optimized by carefully examining the best 

fit of the time domain.

RESULTS AND DISCUSSION

CD spectroscopy was performed to study the secondary structure of the peptide in a DPC 

micelle and in a lipid bilayer (liposomes). Previous work on the N-t(DH) peptide in aqueous 
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solution has indicated a predominantly disordered structure.14 In DPC micelles (Figure 1), 

the peptides exhibited a spectrum attributed mainly to an α helix structure (negative peak at 

208 and 222 nm and positive peak near 195 nm). Interestingly, when compared to spectra 

measured in POPC liposomes (Figure 1), it is clear the amount of α helix that peptide N-

t(DH) acquired in this environment has changed, increasing the percentage of nonhelical 

disordered structures. The shifted bands of the peptides in liposomes near 205 nm were 

already observed in the literature and can be described as partially helical or short α-helical 

structures.31,32 In our case, we believe that the band is also a contribution of random 

structures from a nonbinding portion of peptide N-t(DH) in POPC liposomes. Previous 

studies with N-t(DH) peptide described a direct transition from a random coil in solution to 

an α-helical type of structure in SDS and LPC micelles,14 which can explain the partial 

structuration of peptide N-t(DH) in POPC liposomes.

To further analyze these structural differences due to the environment on the studied peptide, 

the molar ellipticities ratios at 222 and 208 nm ([θ]222/[θ]208)33 of the peptide CD curves in 

both membrane mimetic were evaluated. In DPC micelles, this ratio is higher than 1 (i.e., 

1.13), which indicates that the peptide could present a coiled-coil structure-like profile or the 

helices are close to each other.34,35 In addition, in POPC liposomes, the CD spectra of the 

peptide indicated a lower [θ]222/[θ]208 ratio (0.69), which excludes a coiled coil formation 

and indicates that this membrane mimetic stabilizes a more extended structure of the 

peptide.

The different CD spectra of the peptide in either micelles or liposomes indicate that distinct 

conformations are adopted by the peptide when incorporated into these environments. The 

difference in the structures could be caused either by environmental-induced changes or by 

peptide aggregation, with the latter possibility being excluded due to the confirmed peptide/

micelles interaction, demonstrated in a previous study,14 and the lower [θ]222/[θ]208 ratio 

found for the CD spectra of the peptide. The smaller curvature of the phospholipids in 

liposomes could promote a lower stabilization of the α helix structure of the peptides and 

indicated an increase of disorder in the peptide sequence when compared to micelles, as 

suggested by the CD data.

To confirm and further explore the conformational changes evidenced by the CD data, 

double electron–electron resonance (DEER)28 spectroscopy was performed with samples 

containing the peptide/membrane mimetic systems. In this case, the dual labeled 

[Cys35MTSL-TOAC0]N-t(DH) peptide was used and the distances between the two spin 

labels in that peptide analogue were determined. The CD spectra for the peptide N-t(DH) 

and for the labeled analogue were similar in both membrane mimetic employed, suggesting 

that there is no significant structural perturbation due to the site specific attachment of 

TOAC and MTSL in the analogue. Figure 2 shows the four pulse DEER data for the peptide 

analogue [Cys35MTSL-TOAC0]N-t(DH) and shows the experimental spectra and theoretical 

fits of the time domain DEER traces. The insets of each graph present the distance 

distributions obtained from Tikhonov regularization.30

The time domain DEER data before background correction along with the background used 

for the correction and L-curve are included in Supporting Information (see Figures S1 and 
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S2). Inspection of the time domain data in Figure 2, parts A and B, suggest that there is a 

significant difference in the two data sets. The DEER modulation drops down much faster 

for the peptide in DPC micelles, when compared to POPC liposomes. Thus, indicating 

significant conformational changes are adopted by the peptide in these two different 

membrane environments. However, there is initial decay in the time domain of Figure 2B 

close to the modulation depth of ~1.5%—which is similar to the decay in Figure 2A—

indicating that some minor population of peptide in liposomes may adopt the conformation 

similar to the micelles. Further analysis of the DEER data of the spin-labeled peptide 

analogue revealed a significant difference in the spin–spin distances in the two membrane 

mimetic environments. The average distances between the two spin labels are significantly 

shorter in micelle (32 Å), when compared to liposome (48 Å). The uncertainty of the 

distances is approximately ±4 Å. The full widths of distribution at half maxima (fwhm) are 

~16 Å for micelle sample and ~13 Å for the major liposome sample peak. These wider 

distance distributions may be due to the multiple rotameric conformation of the MTSL spin 

label and the flexibility of the peptides.27,36–38 The distance distribution plot in Figure 2B 

also revealed some minor populations close to the distance distribution obtained in Figure 

2A. The minor distance peaks observed in the DEER distance distribution plot may be due 

to the contribution of a more disordered peptide structure and/or may be some contribution 

from the peptide having conformation similar to that of the micelle sample.

The major distance peak observed in the liposome sample is at approximately ~48 Å, which 

is close to the DEER detection limit of the liposome samples.29 The distance distribution is 

greatly dependent on the background correction function used in the data analysis program. 

A two-dimensional background function was used for the liposome sample following the 

method previously published in the literature17,27,28,39 and the instruction manual for the 

DEER data analysis program.29 Since the two spin labels used in this study have different 

motional/dynamic environments (MTSL being more mobile whereas TOAC being more 

rigid), the use of single spin labeled DEER data as background would not be very helpful. In 

addition, we also examined the regularization parameter close to the turning points in the L-

curve. The uncertainty in these distances was estimated by examining the regularization 

parameter in the L-curve, background functions and the reproducibility of the sample 

preparation.

CONCLUSIONS

The differences in the peptide structural organization as indicated by the CD data in micelles 

and liposomes (Figure 1) along with the differences in the distance distribution observed for 

the peptide analogue via DEER (Figure 2) suggest that the peptide mimicking the 

HsDHODH N-terminal microdomain adopts conformations that are membrane environment 

specific. As the N-terminal microdomain presents two helices, α1 and α2, the difference in 

the distances between the two spin labels, located in helices, could indicate different 

conformations of the helices between micelles and liposomes. This could suggest that this 

microdomain would recognize specific and more ordered regions of the mitochondria 

membrane, thus probably adopting a more open conformation that, in turn, could be related 

to facilitate the quinone access to the HsDHODH active site.
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In conclusion, we successfully demonstrated the existence of conformational changes in the 

HsDHODH N-terminal microdomain using peptide analogues in micelles and liposomes. 

These differences in the secondary structures were further explored with DEER 

spectroscopic technique and clearly confirmed by the distinct distances in the different 

model membranes examined. Micelles are considered simplistic membrane mimetic 

environments that are reasonable for demonstrating small secondary structures in peptides. 

Alternatively, liposomes represent a more complete and real model of membranes for large 

domain interactions.40 To the best of our knowledge, this is the first study to report on 

conformational changes on the HsDHODH N-terminal microdomain as evidenced by the 

combination of CD and DEER spectroscopic techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CD spectra comparison of the peptide N-t(DH) (in black) and the doubly labeled analogue 

[Cys35MTSL-TOAC0]N-t(DH) (in red) in DPC micelles (concentration at 10 mmol L−1) 

(solid lines) and POPC MLV liposomes (dotted lines) at 1:250 peptide/lipid ratio.
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Figure 2. 
Four pulse Q-band DEER data for the peptide analogue [Cys35MTSL-TOAC0]N-t(DH), 

representing the background-subtracted dipolar evolutions of the spins. Inset, the distance 

probability distributions from Tikhonov regularization are indicated for (A) DPC micelles 

(concentration at 10 mmol L−1) and (B) POPC liposomes at 1:250 peptide/lipid ratio.
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