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Abstract

Diabetes mellitus and high levels of resistin are risk factors for COVID-19, suggesting a shared mechanism for
their contribution to the increased severity of COVID-19. Resistin belongs to the family of resistin-like molecules
(RELMs) whose implications for inflammatory and metabolic dysfunctions warrant its study in order to shed light on
the etiology of these concerning pathologies. In this work, our objective is to characterize the structural dynamics of
the reported crystallized resistin-like molecules. We performed molecular dynamics simulations of all-atom solvated
protein at physiological and high temperatures for the three mouse structures reported so far. We found that in all
the structures studied, there is a loss of helicity as a first step of protein denaturation. There is a high stability of
the globular β-sheet domain in resistin protein structures that is not conserved for RELMβ. At high temperature,
we found a partial interconversion of α-helices into β-sheets in all proteins, indicating that this propensity is not only
found during aggregation but also heating. We had been able to identify a largely persistent hydrogen-bond network
shared by all the proteins in the interchain globular domain at room temperature. This network of hydrogen bonds is
conserved considerably at high temperature in resistin structures, but not in RELMβ. These findings may guide future
studies to increase our understanding of the different and shared mechanisms of action of RELMs.

1 Introduction

The family of Resistin Like Molecules (RELMs) are cysteine-rich proteins that are exclusively secreted in mammals. They
contain three domains [1]: i) an N-terminal signal sequence, ii) a variable middle portion, and iii) a highly conserved C-
terminal signature sequence (C-X11-C-X8-CX-C-X3-C-X10-C-X-C-X-C-X9-CC-X3−6-END, where X states for any other
amino acid different from cysteine and the subindices represent the number of amino acids between cysteines). The
members of this family are resistin, RELMβ, RELMα, and RELMγ. Although all the members have been found in
rodents, only resistin and RELMβ homologs have so far been seen in humans. The primary sequence and structure
of representative members of this family are displayed in Figure 1 and Figure 2. The RELMs have been involved in
a wide variety of biological processes, which can be divided into 2 types mainly: i) Inflammatory diseases, including,
liver diseases [2], lung diseases [3], atherosclerosis [4], kidney diseases [5], intestinal diseases [6], cancer [7], cardiovascular
diseases [8], autoimmune diseases [9], and asthma [10]; and ii) Metabolic dysfunctions, including Diabetes Mellitus Type
2 (T2DM) [1], hyperlipidemia [11] and insulin resistance (IR) [12]; among others [13–15]. Recently, resistin was identified
as a causal risk factor of severe coronavirus disease 2019 (COVID-19) [16, 17]. The relationships of the RELMs with this
broad range of pathological environments highlights the important physiological role they play.

One of the first results that attracted attention towards the RELMs was the suggestion of resistin member as a potential
link between obesity and IR, both related to DMT2. This result was supported by the following facts in rodents: i) Resistin
level is increased in genetic and diet-induced obesity, ii) The inhibition or genetic suppression of resistin produced an
increase in insulin sensitivity and glucose homeostasis, and iii) Inverse administration of exogenous or transgenic resistin,
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Figure 1: Structure of mouse RELMs. a) Primary sequence alignment of different RELMs (green box represents the signal
peptide, orange box the conserved cysteines, orange lines represent disulfide bonds and amino acids are represented with
standard one-letter code), b) folding topology (the yellow arrows represent beta-sheet secondary structures, red cilinders
represent helical structures and orange lines represent disulfide bonds) and c) tertiary structure.
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Figure 2: Secondary structure of mouse resistin(PDBID:1rfx,1rgx) and mouse RELMβ(PDBID:1rh7) crystal structures
reported in Protein Data Bank(PDB) [32]. The secondary structure is assigned by DSSP algorithm through ENDscript
2.0 program [33] for Chain A. α-helices are shown above sequence as a squiggle, β-strands are shown as arrows labeled
with β symbol and β-turns are marked by TT letters. Secondary structure assignments for all the chains is presented in
Figure 1 of the SI.

promoted IR [18]. In contrast to the role of resistin in rodents, the main function of this hormone concerning obesity and
IR in DMT2 is controversial in humans. Some studies have confirmed the association [19,20], but others have challenged
this link [21, 22]. A general consensus in studies with mice and humans is that resistin plays an important role in the
promotion of IR, but the specific function and mechanism of resistin are still unknown (for a more extended and state-
of-the-art information about RELMs function the reader is refered to the following references [13, 23–25]). Therefore,
it remains the question whether or not the other members of the RELM family could share the same mechanisms and
functions as resistin and an initial way to address this question is by comparing their structural features.

Resistin and RELMβ primary sequences are highly conserved, especially in the cysteine rich C terminus [1]. Human
resistin is expressed mainly in leukocytes, macrophages, spleen cells and bone marrow [26, 27], whereas in rodents, it
is expressed almost essentially in adipocytes [18]. RELMβ is predominantly expressed in goblet cells and epithelial
cells in both humans and rodents [13]. These two RELMs are the most studied and their crystalline structures have been
experimentally solved for rodents [28]. However, no exhaustive analysis and comparison of the conformation and dynamical
properties have been performed for such crystal structures. One of the few studies carried out taking advantage of the
crystalline structures is that of Lee and coworkers [29], in which they used the resolved structure of mouse resistin trimer
to predict the pose and binding energy of CAP1-resistin model complex, leading to the experimental confirmation of a new
receptor for human resistin. In another study, Surgarani and coworkers [30] modeled human resistin trimer and hexamer
taking as reference mouse RELMβ, their results pointed to a chaperone-like new function of resistin. Nevertheless, the
short MD simulations performed in these studies do not provide dynamic information about RELMs. A more extended
simulation was performed in our previous work [31] by using mRELMβ crystal structure, however, the goal of that work
was focused on the theoretical design of a set of putative ligands to target this structure and thus the protein dynamic might
have been disturbed by the presence of the ligands, making the dynamic information not necessarily useful for our present
purpose. Then, it is worth to perform further research on the dynamics of resistin and the dynamic differences between
mouse resistin and RELMβ. An atomistic description could shed light on the biological activity and physicochemical
properties of the RELMs, and support our present understanding of these hormones.

In order to have a complete outlook, we should mention that there are a few suggested RELMs receptors. ROR-
1 [34] and decorin [35] are suggested receptors to mouse resistin. TLR4 [36], CAP1 [29] and human decorin [37] are
suggested receptors to human resistin. In contrast, no receptors to RELMβ have been found in humans or rodents [13].
The information about binding domains in RELMs is poor as well: a study suggests that Trp82A, Trp82C, Ser64A and
Ser60C are key residues in the interaction between human resistin trimer and CAP1 SH3 domain model [29]. Another
experimental study suggests that TL4 receptor binds to resistin at the globular domain (amino acids 43–64 in hRes,
equivalent to amino acids 27-46 in mRes) [36]. The study of such binding sites residues could serve as a reference to future
studies and give insight about mechanisms of action and receptors between the different RELMs.

Regarding the dimerization process, a study suggests that Cys6 in resistin and Cys2 in RELMβ are essential for
dimerization and protein stability both in mice and in humans [38]. Also, there are few studies about the effect of
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temperature on the RELMs stability. In the case of human resistin, Aruna and coworkers found that it is stable to
thermal denaturation below 378 K, remaining the question if it is also the case for mouse resistin homolog or other RELM
members like RELMβ. Also, the research of the dynamic behavior of specific cysteine in hexameric and trimer form and
their stability at high temperatures becomes very important to understand RELMs function. Aggregation phenomenon
can occur too, a study suggests that by increasing the human resistin concentration the secondary structure converts from
predominantly α to β conformation. It remains the question if this conformational switch could be related to functional
properties as in the case of prion protein [39]. All the above questions could be better addressed if we study the dynamical
characteristics of the experimental reported RELMs structures.

In this work, our objective is to characterize the dynamics of the crystallized RELMs. In order to thoroughly analyze
and compare them, we perform MD simulations at 300 K and 500 K. Specifically, we evaluate the secondary structure
propensity, Root-Mean-Square Deviation of Cα atoms (Cα RMSD), Solvent Accessible Surface Area (SASA) and the radius
of gyration (Rg) as a function of simulation time for the following structures: murine resistin trimer (ID: 1rfx) crystal
form 1, murine resistin trimer (1rgx) crystal form 2 and murine RELMβ (1rh7) trimer. Our results provide information
on the structural and functional similarities of the RELMs shared between humans and rodents. This information could
be useful in the search for alternative new therapeutic treatments for diabetes, inflammatory and cardiovascular diseases.

2 Methods

Each system was equilibrated by performing a MD energy minimization (EM), followed by a standard MD simulation
in a canonical ensemble (MDNV T ) and a standard isobaric-isothermic MD simulation (MDNPT ). Finally, we performed
Molecular Dynamics (MD) simulation (200 ns). The systems are: 1) murine resistin trimer (ID:1rfx, C2221, mRes1), 2)
murine resistin trimer (ID:1rgx, C2, mRes2) and 3) murine RELMβ trimer (ID:1rh7, mRELMβ-Trim). All systems were
simulated at two temperatures: 300 and 500 K.

During the MD simulations, we observed the evolution on time of: Cα RMSD, secondary structure propensity, Solvent-
Accesible Surface Area (SASA), gyration radio of the protein (Rg), the Root-Mean-Square Deviation (RMSD) of important
residues like Trp82A, Trp82C, Ser64A and Ser60C.

3 Computational details

Missing atoms in the crystal were modeled with Swiss PdbViewer and all molecules that were not in the protein were
removed. Missing residues were added with Modeller. All mRes were completed with the missing residues marked in
the PDB original file (Missing residues 1-5). All calculations: EM, MDNV T , MDNPT and MDprod were performed using
GROMACS 5.1.4 with GPU support [40]. All simulations were done with molecules hydrated. We used the Amber99SB-
ILDN [41] force field for the proteins in all cases.

We used TIP3P model for water molecules. The molecules were solvated in a box (x=8, y=8 and z=24 nm). Periodic
boundary conditions and sodium and chloride ions were added to neutralize the system.

EM steps were carried out using the steepest descent algorithm. In NVT ensemble simulations, harmonic position
restraints were applied to the solute heavy atoms with a force constant of 1000 kJ mol−1 nm−2. The MD production
runs were carried out using a time step of 2 fs. Pressure coupling uses Berendsen [42] at 1 bar. The temperature was
controlled by Langevin dynamics at 300 K. A cut-off distance of 1.0 nm for Coulomb and Van der Waals neighbor list
was updated according to the Verlet cut-off scheme. The long-range part of the Coulomb interactions was evaluated using
PME [43] method with a relative tolerance of 10−5, order 6 and Fourier spacing of 0.1. All bonds were constrained using
LINCS [44], while SETTLE [45] was used for constraining the water molecules.

In clustering, we used a cut-off in root-mean-square deviations (RMSD) range of 0.18 and the gromos method [46].
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It is important to note that we used as main nomenclature, the PDB numbering of mRes(1-2), residues 1 to 94 without
considering the signal peptide, giving equivalences for mRELMβ when necessary. Equivalent amino acids are considered
when primary sequences are aligned.

4 Results and discusion

4.1 mRes1, mRes2 and mRELMβ

First of all, we compared the MD simulation of murine resistin (1rfx, C2221) trimer crystal form 1 (mRes1), murine resistin
(1rgx, C2) trimer crystal form 2 (mRes2) and murine RELMβ (1rh7) trimer (mRELMβ) at room temperature.

In Figure 3a, we can observe that SASA values follow the decreasing trend mRes1 > mRes2 > mRELMβ during
the simulation. Difference between mRes(1-2) and mRELMβ appears to be related with the total number of aminoacids
(mRELMβ has 81 amino acids while mRes(1-2) have 94 amino acids) and hydrophilic/hidrophobic nature of aminoacids
present in the protein sequences (mRes(1-2) have 54 hydrophilic amino acids and mRELMβ has 48 hydrophilic amino
acids as showed in Figure 4). Difference between mRes1 and mRes2 instead, appears to be related with the compactness
of the globular region in each structure. In Figure 5, it can be seen that in the superimposed crystal structures, mRes1
has slightly more open conformation than mRes2. Figure 6 shows that mRes1 is more open (less compact) in the head
domain than mRes2 and mRELMβ during the simulation at 300 K, as also suggested by Patel and coworkers [28].

In terms of intramolecular interactions, we can see in Figure 3b that mRELMβ form less Hbonds than mRes(1-2),
and mRes1 less than mRes2. Furthermore, Table 1 presents the main interchain Hbonds that stay conserved during
the major part of the simulations ( 90% of the time). We identified a distinctive frequent interaction network that
is common in mRes(1-2) and mRELMβ, which is formed between Arg86A-Val147B (Arg76A-Val124B in mRELMβ),
Arg180B-Val241C (Arg157B-Val205C in mRELMβ) and, Arg274C-Val53A (Arg248C-Val43A in mRELMβ), this means
the interaction network is symetric, as can be seen in Figure 7. We also identified a frequent interaction network in
mRELMβ that is absent in mRes(1-2), this is formed between Thr44A-Thr125B-Thr206C (there are no such equivalent
amino acid in mRes(1-2)). Therefore, we postulate that the former interactions networks might be responsible for the
interchain stability in the globular region of mRes(1-2) and mRELMβ.

Fluctuations of Rg values give an idea of the conformational movements of the whole protein and Rg values of protein
compactness. Rg is presented in Figure 3c, where we can see that Rg values for mRELMβ are lower than those for
mRes(1-2), and values for mRes2 are lower than those for mRes1. The Rg average values in the last 100 ns of simulation
are 2.23, 2.31 and 2.35 nm for mRELMβ, mRes1 and mRes2, respectively.

Since we wanted to compare properties of important residues involved in RELMs interactions with putative receptors,
we monitored SASA values of Trp82A and Trp82C as mentioned before [29]. In Figure 3d-e we can see that Trp82A and
Trp82C conserve similar SASA during the entire simulation, showing similar exposition to water in the three systems.
The mRes1 shows a slightly more SASA than mRes2 and mRELMβ, in part due to the different orientation with respect
to water of Trp amino acid on the different proteins during simulations. About the orientation, mRes1 has a χ1 preference
dihedral angle of -70o which points upwardas in a more water exposed orientation, as shown in Figure 8; mRes2 and
mRELMβ instead, point downwards during all the simulation, in a less water exposed mode. There seems to be a high
energy barrier between the Trp82A states in the two crystal structures reported in the PDB (mRes1 and mRes2). This
last result shows us that special care must be taken when modeling human resistin by using mRes1, mRes2 or mRELMβ
as template. Even the same protein (mRes) but taking different structures (mRes(1-2)) could lead to different sidechain
conformations apparently separated by high energy barriers as in the case of Trp82A and then it is unlikely that the same
receptor interactions can occur.

Even if the three systems show similar SASA in some amino acids, the average environment around these amino
acids could be dissimilar, for instance, in Figure 9, the environment around Trp82A in mRes1 is slightly hydrophilic
meanwhile in mRELMβ it is mostly hydrophobic. The estimated hydrophilic environment of Trp82 is in agreement with
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Figure 4: Classic Kyte & Doolittle hydropathy plot [47] of mRes1 and mRELMβ proteins. mRes1 has 54 hydrophilic
amino acids and mRELMβ has 48 hydrophilic amino acids. Window = 1.

Figure 5: Murine resistin (1rfx,C2221) trimer crystal form 1 (mRes1) and murine resistin (1rgx,C2) trimer crystal form 2
(mRes2) superimposed structures. mRes1 is colored in blue and mRes2 in red.
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Figure 6: The perimeter of the triangle formed by 3 Trp amino acids (amino acids 65, 159 and 263 in mRes(1-2) and
amino acids 55, 136 and 217 in mRELMβ) in the globular part of proteins as shown in the figure inset. a) simulations at
300 K and b) simulations at 500 K.

Figure 7: Residues in globular area of mRes2 and mRELMβ superimposed structures showing an important network of
frequently formed interchain Hbonds. External network is formed in mRes(1-2) as well as in mRELMβ, internal network
is only possible in mRELMβ due to the fact that Thr44 is missing in mRes(1-2) structures and instead, there is a Lys
amino acid.
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Table 1: Interchain hydrogen bond occupancy for mRes1, mRes2 and mRELMβ during the simulation time. Only
occupancies above 90% are shown.

Chains Donor Acceptor Occupancy (%)
mRes1

A-B Arg86-Side-NH2 Val147-Main-O 90.12
B-C Ser252-Side-OG Cys152-Main-O 99.30
B-C Arg180-Side-NE Val241-Main-O 98.30
B-C Ser252-Side-OG Cys152-Main-C 97.41
B-C Arg180-Side-NH2 Val241-Main-O 95.91
B-C Cys152-Main-N Gly251-Main-O 92.51
B-C Trp176-Side-CZ2 Gln264-Side-OE1 81.24
A-C Arg274-Side-NE Val53-Main-O 99.60

mRes2
A-B Ser158-Side-OG Cys58-Main-O 100.00
A-B Ser158-Side-OG Cys58-Main-C 98.70
A-B Trp159-Main-N Ser57-Side-OG 98.00
A-B Gly157-Main-N Ala61-Main-O 96.41
A-B Arg86-Side-NE Val147-Main-O 90.02
B-C Ser252-Side-OG Cys152-Main-O 100.00
B-C Arg180-Side-NE Val241-Main-O 99.40
B-C Ser252-Side-OG Cys152-Main-C 98.20
B-C Trp253-Main-N Ser151-Side-OG 97.60
B-C Arg180-Side-NH2 Val241-Main-O 96.71
A-C Ser64-Side-OG Cys246-Main-O 99.50
A-C Arg274-Side-NE Val53-Main-O 99.20
A-C Trp65-Main-N Ser245-Side-OG 99.10
A-C Ser64-Side-OG Cys246-Main-C 96.61
A-C Arg274-Side-NH2 Val53-Main-O 93.91
A-C Ser245-Side-CB Trp65-Side-CE2 90.32

mRELMβ
A-B Arg76-Side-NE Val124-Main-O 100.00
A-B Ser135-Side-OG Cys48-Main-O 99.70
A-B Ser135-Side-OG Cys48-Main-C 98.71
B-C Arg157-Side-NE Val205-Main-O 100.00
B-C Ser216-Side-OG Cys129-Main-O 95.52
B-C Thr125-Side-OG1 Thr206-Main-O 93.53
B-C Gly215-Main-N Gly132-Main-O 93.13
B-C Arg157-Side-NH2 Val205-Main-O 92.33
B-C Ser216-Side-OG Cys129-Main-C 92.13
A-C Arg238-Side-NE Val43-Main-O 100.00
A-C Thr206-Side-OG1 Thr44-Main-O 98.80
A-C Ser54-Side-OG Cys210-Main-O 95.72
A-C Thr206-Side-OG1 Thr44-Main-C 95.12
A-C Cys210-Main-N Gly53-Main-O 95.12
A-C Gly53-Main-N Gly213-Main-O 93.82
A-C Arg238-Side-NH2 VAal43-Main-O 93.43
A-C Ser54-Side-OG Cys210-Main-C 92.03
A-C Gly53-Main-N Gly213-Main-C 91.63

the experimentally reported partially polar environment of this same tryptophan in recombinant hRes [39]. In the case of
Ser60 and Ser64 we can observe a similar trend for all proteins (except for mRELMβ laking Ser60 amino acid). Regarding
the segment between 27 and 46 amino acids, we can observe that hRes and mRes show a similar trend, meanwhile
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Figure 8: Trp82A on mRes1(green), mRes2(blue) and mRELMβ(pink).

mRELMβ does not have an equivalent first half part of the segment and present a different environment pattern in the
second half part of the segment, being mostly hydrophobic compared to the hydrophilic environment of mRes1 and hRes.

We can observe in Figure 10a that mRes1, mRes2 and RELMβ have a similar percentage of structured amino acids and
in Figure 10b that RELMβ has slightly more percentage of coiled amino acids as a result of an extended nonhelical neck
region non present in mRes(1-2) [28]. In Figure 10c-d, it can be seen that RELMβ has slightly more content of β-Sheet and
less content of α-Helix than mRes(1-2), the latter in agreement with a shorter coiled-coil region, comprising only four turns
of helix from each protomer, compared with the six turns in mRes(1-2) [28]. It was confirmed the predominantly β-sheet
structure of mRes, in contrast with the reported majority content of α-helices in hRes [26,39]. In the case of recombinant
mRes there is also a report [48] that suggests a majority of α-helix structure content, so it remains controversial. We
can observe a loss in α-Helix content in both mRes during the first 50 ns of simulation, probably due to the effect of the
unstructured 6 amino acids in the tail.

Secondary structure maps in Figure 11a show that in mRELMβ, α-helices are prone to convert into a turn or 3-Helix
through the simulation, being chain B the chain most importantly affected. In general, it can be seen a more disordered
region between α-Helix and the first β-Sheet in this protein compared with mRes(1-2). In the case of mRes1 in Figure 11b,
the α-helices are prone to convert into a turn, bend or 3-Helix through the simulation, being chain A the most importantly
affected. In more detail, chain A losses α-helix structure after 30 ns between amino acids 10 and 20, chain B after 20
ns around amino acid 120, chain C after 15 ns around amino acid 215 and chain C after 180 ns around amino acid 200.
This protein has a 3-Helix structure between α-Helix and the first β-Sheet, mostly in chain A. We can observe that the
third β-Sheet of chain B (around amino acid 150) tends to be lost during an extended part of the simulation. In the case
of mRes2 in Figure 11c, the α-helices are prone to convert into a turn, bend, 3-Helix or 5-Helix through the simulation,
being chain B the most importantly affected. In more detail, chain A losses α-helix structure after 5 ns between amino
acids 20 and 30, and chain B after 30 ns between amino acids 110 and 130. This protein also has a 3-Helix structure
between α-Helix and the first β-Sheet in all chains. We can observe that the third β-Sheet of chain B (around amino acid
150) tends to be lost.

Figure 12a shows that the RMSD of Cα is more stable for mRes1 and mRELMβ than for mRes2. This could imply
that mRes1 and mRELMβ adopt more similar conformations over the dynamics, while mRes2 visits a second important
conformation different from the initial one (details of RMSD distributions in Figure 13) or that mRes2 has a longer
equilibration period. In order to detect the protein segments with important position fluctuations, the Root mean square
fluctuations (RMSF) of all protein atoms was measured and presented in Figure 14a-b, showing the expected high fluc-
tuation around the beginning and end of each chain and also high RMSF values after the fifth β-strand ( amino acid 76
of each chain) in mRes1 and mRes2; for mRELMβ, on the other hand, besides the beginning and end of the chains, high
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Figure 9: Classic Kyte & Doolittle hydropathy plot of mRes1, hRes and mRELMβ proteins [47]. The residues involved in
interactions with putative receptors reported in the literature are in shadows [29,36]. In order to present aligned sequences
of the structures, glycine was used instead of insertions at the beginning of the sequence of RELMβ.

RMSF fluctuations were found in the α-helical region (first 20 amino acids of each chain). Trp82A has from mRes2 and
mRELMβ has similar RMSD in mRes2 and mRELMβ but in mRes1 it has a broader range of RMSD values, as shown in
Figure 12b. Trp82C has similar behavior in the three systems, as shown in Figure 12c. Ser64A in mRes2 and mRELMβ
has a similar pattern of RMSD values in mRes1 and mRes2 as shown in Figure 12e, while in mRes1 it seems to adopt a
second most visited conformation, as shown in Figure 12d. Ser60 has a similar pattern In Figure 12e, while mRELMβ
does not have an equivalent residue in its sequence. We speculate that mRes2 and mRELMβ have higher probability of
having similar environment and sharing interactions mechanisms that includes Trp82A and Ser64A.

4.2 mRes1 at 300 and 500 K

We analize and compare the conformational space of murine resistin (1rfx,C2221) trimer crystal form 1 (mRes1) at 300
and 500 K.

In Figure 15a we can observe that mRes1 tends to lose SASA at high temperature after 100 ns. According to
Figure 15b, mRes1 at 300 K form less Hbonds than at 500 K after 100 ns. Here we checked the Hbond network persistence
at elevated temperature, we observed a reduced occupancy in Hbonds formed between Arg86A-Val147B, Arg180B-Val241C
and, Arg274C-Val53A for mRes1, going between 56% and 73% of occupancy, giving rise to a new important interaction
between Arg274C and Glu70A and the equivalent residues in the other chains. Rg is showed in Figure 15c, it increases
in mRes1 at 500 K. Finally in Figure 15d-e we can see that Trp82A and Trp82C conserve similar SASA during the entire
simulation, showing slightly less exposition to water at 500 K.

We can observe in Figure 16 that mRes1 at 500 K has less percentage of structure than at 300 K, and more percentage
of coil content. Content of β-Sheet is less in mRes1 at 500 K in the first half of simulation, but in the second half they
have similar content. We can observe a loss in α-Helix content in mRes1 at 500 K.

In Figure 17 we can observe that the RMSD of Cα in mRes1 at 300 K is smaller than at 500 K. At 300 K the simulation
converge from the first nanoseconds, while at 500 K until after the first half of the simulation. RMSD of Cα in mRes1 at
300 K is around 0.4 nm. RMSD of Cα in mRes1 at 500 K is around 2 nm. Trp82A RMSD at 500 K has values around
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Figure 10: Secondary structure content of mRes(1-2) and mRELMβ. a) Protein Structure = α-Helix + β-Sheet + β-Bridge
+ Turn, b) Coil, c) β-Sheet, d) α-Helix. T= 300K. Trimer form. AA states for amino acid.
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Figure 11: Secondary structural fluctuations of a) mRELMβ, b) mRes1 and c) mRes2. T= 300K. Trimer form.

0.14 ns in conjunction with shorter periods of values around 0.02 nm. Trp82A RMSD at 300 K has values around 0.02 nm
during the entire simulation. Trp82C RMSD at 500 K shows similar behaviour. Ser64A RMSD at 300 and 500 K shows
a dual behaviour around 0.02 and 0.07 nm. Ser60C RMSD at 300 and 500 K has values around 0.03 nm in conjunction
with shorter periods of values around 0.07 nm.

The time course evolution of the secondary structure at two temperatures is shown in Figure 18. At 300 K the protein
retains its secondary structure. At 500 K the protein loses great part of its A-helix structure, which tends to convert into
a turn or β-Sheet form.

At 500 K, mRes1 loses most of their secondary structure as can be seen in Figure 19. In general, we can observe that
the simulation reaches equilibrium after the first 100 ns. The first zone to lose its structure is the α-helical tail segment.
There is a helical part particularly stable around amino acids 15-17 in chain A. There are two segments that originally
form part of the helical part that convert into β-sheet around 91-93 and 201-206 of chain A and C, respectively.

4.3 mRes2 at 300 and 500 K

We analize and compare the conformational space of murine resistin (1rgx) trimer crystal form 2 (mRes2) at 300 and 500
K.

In Figure 20 we can observe that mRes2 tends to mantain SASA at high temperature during simulations. mRes2 at
500 K form less Hbonds than at 300 K during the whole simulations. Here we checked the Hbond network persistence at
elevated temperature, we observed a reduced occupancy in Hbonds formed between Arg86A-Val147B, Arg180B-Val241C
and, Arg274C-Val53A in mRes2, going between 23% and 80% of occupancy, giving rise to a new important interaction
between Arg274C and Glu70A and the equivalent residues in the other chains. Rg decreases in mRes2 at 500 K. Trp82A
and Trp82C conserve similar SASA during the entire simulation.
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Figure 13: RMSD distribution of Cα in the different proteins and a representative structure of each distribution. T= 300K.
Trimer form.
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Figure 18: Secondary structural fluctuations of mRes1 at a) 300 K and b) 500 K. Trimer form.

Figure 19: Snapshots every 50 ns of the simulation at 500 K for mRes1.
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Figure 20: mRes2 characteristics at two temperatures. a) Protein SASA, b) Hbonds, c) protein compactness, d) Trp82A
SASA and e) Trp82C and SASA. Trimer form.
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We can observe in Figure 22 that mRes2 at 500 K has less percentage of structure than at 300 K, and more percentage
of coil content. Content of β-Sheet is less in mRes2 at 500 K from the first nanoseconds of the simulation. We can observe
a lost in α-Helix content in mRes2 at 500 K.

RMSD of Cα in mRes2 at 300 K is smaller than at 500 K: RMSD of Cα in mRes2 at 300 K is around 0.5 nm. RMSD
of Cα of mRes2 at 500 K is around 1.5 nm. Trp82A RMSD at 500 K has values around 0.14 ns in conjunction with shorter
periods of values around 0.02 ns. Trp82A RMSD at 300 K has values around 0.02 during the entire simulation. Trp82C
RMSD at 500 K has similar behaviour. Ser64A RMSD at 300 shows a behaviour around 0.02 and a dual behaviour at
500K around 0.02 and 0.07 nm. Ser60C RMSD at 500 K has values around 0.02 nm in conjunction with periods of values
around 0.07 nm, meanwhile at 300 K the RMSD value is around 0.02 nm.

The time course evolution of the secondary structure at two different temperatures of mRes2 is shown in Figure 23.
At 300 K the protein retains its secondary structure. At 500 K the protein loses great part of its α-helix structure, which
tends to convert into a turn or β-Sheet form.

At 500 K, mRes2 loses most of their secondary structure as can be seen in Figure 24. In general, we can observe that
the simulation reaches equilibrium after the first 50 ns of simulation. The first zone to lose its structure is the α-helical
tail segment. There is a helical part particularly stable around amino acids 100-106/114-116 in chain A and 207-211 in
chain C. There are two segments that originally form part of the helical part that convert into β-sheet around 26-29 in
chain A.

4.4 mRELMβ at 300 and 500 K

We analize and compare the conformational space of murine RELMβ (1rh7) trimer at 300 and 500 K.

In Figure 25 we can observe that mRELMβ tends to mantain SASA fluctuation between 120 and 150 nm2 during
simulations at high temperature. mRELMβ at 500 K forms similar number of Hbonds than those at 300 K during the
whole simulations. Here we checked the Hbond network persistence at elevated temperature, we observed a strongly
reduced occupancy in Hbonds formed between Arg76A-Val124B, Arg157B-Val205C and, Arg248C-Val43A for mRELMβ,
going between 6% and 16% of occupancy. Rg decreases in mRELMβ at 500 K. Trp82A and Trp82C conserve similar
SASA during the entire simulation.

We can observe in Figure 27 that mRELMβ at 500 K has less percentage of structure than at 300 K, and more
percentage of coil content. Content of β-Sheet is less in mRELMβ at 500 K since the first nanoseconds of the simulation,
eventually at the end of the simulation it returns to a similar content of β-Sheet. We can observe a lost in α-Helix content
at 500 K.

RMSD of Cα in β-Sheet at 300 K is smaller than at 500 K: RMSD of Cα in β-Sheet at 300 K is around 0.3 nm. RMSD
of Cα of mRes2 at 500 K is around 2 nm. Trp82A RMSD at 500 K has values around 0.14 ns in conjunction with shorter
periods of values around 0.02 ns. Trp82A RMSD at 300 K has values around 0.02 during the entire simulation. Trp82C
RMSD at 500 K shows similar behaviour. Ser64A RMSD at 300 K shows a behaviour around 0.02 and a dual behaviour
at 500 K around 0.02 and 0.08 nm. Ser60A RMSD at 500 K has values around 0.03 nm in conjunction with periods of
values around 0.14 nm, meanwhile at 300 K the RMSD value is around 0.03 nm and sometimes around 0.12 nm.

The time course evolution of the secondary structure of mRELMβ at two different temperatures is shown in Figure 28.
At 300 K the protein retains its secondary structure. At 500 K the protein loses great part of its α-helix structure, which
tends to convert into a turn, coil or β-Sheet form.

At 500 K, mRELMβ loses most of their secondary structure as can be seen in Figure 29. In general, we can observe
that the simulation reaches equilibrium after the first 100 ns of simulation. The first zone to lose its structure is the
α-helical tail segment but rapidly also the three stranded β-sheet jelly roll structure is being afected as also shown in
Figure 6b, finally the three chains separate from each other. There is a helical part particularly stable around amino acids
21-24/174-180 in chains A and C, respectively.
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Figure 22: mRes2 at two temperatures. a) RMSD of Cα, b) Trp82A, c) Trp82C, d) Ser64A and e) Ser60C. T= 300K.
Trimer form.
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Figure 24: Snapshots every 50 ns of the simulation at 500 K for mRes2.
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Figure 25: mRELMβ characteristics at two temperatures. a) Protein SASA, b) Hbonds, c) protein compactness, d) Trp82A
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Figure 26: mRELMβ at two temperatures. a) Protein Structure = α-Helix + β-Sheet + β-Bridge + Turn, b) Coil, c)
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Figure 27: mRELMβ at two temperatures. a) RMSD of Cα, b) Trp82A, c) Trp82C, d) Ser64A and e) Ser60C. T= 300K.
Trimer form. Here, AA means amino acid.
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Figure 29: Snapshots every 50 ns of the simulation at 500 K for mRELMβ.
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4.5 Conclusions

Acording to estimations, mRes1 is the structure with the largest average SASA value throughout the simulations, followed
by mRes2 and finally mRELMβ.

The two crystal structures reported in PDB for mourine resistin share the same primary sequence but different sec-
ondary structure. Here, we found that mRes1 present a more open globular domain that is preserved the majority of the
200 ns at 300 K, compared with mRes2 or its homologue mRELMβ.

The propensity to interconvert α-helices into turns, 3-5-Helix or coil parts is common to the mRes(1-2) and mRELMβ
at 300 K and it affects different chains in different proteins.

We found that in all the RELMs studied here, there is a lost of helicity as a first step of denaturation. There is a high
stability of the globular β-sheet domain in resistin protein that does not appears in RELMβ protein.

At 500 K we found a partially interconversion of α-helices into β-sheets in all proteins, indicating that this propensity
is not only found during agregation but also during heating.

We had been able to identify a largely persistent hydrogen-bond network shared by all the proteins in the interchain
globular domain at room temperature. This hydrogen-bond network is considerably conserved at elevated temperature in
mRes(1-2) but not in mRELMβ.
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[31] L América Chi and M Cristina Vargas. In silico design of peptides as potential ligands to resistin. Journal of molecular
modeling, 26(5):1–14, 2020.

[32] Helen M Berman, John Westbrook, Zukang Feng, Gary Gilliland, Talapady N Bhat, Helge Weissig, Ilya N Shindyalov,
and Philip E Bourne. The protein data bank. Nucleic acids research, 28(1):235–242, 2000.

[33] Xavier Robert and Patrice Gouet. Deciphering key features in protein structures with the new endscript server.
Nucleic acids research, 42(W1):W320–W324, 2014.

[34] Beatriz Sánchez-Solana, Jorge Laborda, and Victoriano Baladrón. Mouse resistin modulates adipogenesis and glucose
uptake in 3t3-l1 preadipocytes through the ror1 receptor. Molecular endocrinology, 26(1):110–127, 2012.

[35] Alexes C Daquinag, Yan Zhang, Felipe Amaya-Manzanares, Paul J Simmons, and Mikhail G Kolonin. An isoform of
decorin is a resistin receptor on the surface of adipose progenitor cells. Cell stem cell, 9(1):74–86, 2011.

[36] Andrej Tarkowski, Jan Bjersing, Andrey Shestakov, and Maria I Bokarewa. Resistin competes with lipopolysaccharide
for binding to toll-like receptor 4. Journal of cellular and molecular medicine, 14(6b):1419–1431, 2010.

[37] Hiroshi Onuma, Yasuharu Tabara, Ryoichi Kawamura, Jun Ohashi, Wataru Nishida, Yasunori Takata, Masaaki
Ochi, Tatsuya Nishimiya, Ryuichi Kawamoto, Katsuhiko Kohara, et al. Plasma resistin is associated with single nu-
cleotide polymorphisms of a possible resistin receptor, the decorin gene, in the general japanese population. Diabetes,
62(2):649–652, 2013.

[38] Ronadip R Banerjee and Mitchell A Lazar. Dimerization of resistin and resistin-like molecules is determined by a
single cysteine. Journal of Biological Chemistry, 276(28):25970–25973, 2001.

[39] Battu Aruna, Sudip Ghosh, Anil K Singh, Shekhar C Mande, V Srinivas, Radha Chauhan, and Nasreen Z Ehtesham.
Human recombinant resistin protein displays a tendency to aggregate by forming intermolecular disulfide linkages.
Biochemistry, 42(36):10554–10559, 2003.

[40] David Van Der Spoel, Erik Lindahl, Berk Hess, Gerrit Groenhof, Alan E Mark, and Herman JC Berendsen. Gromacs:
fast, flexible, and free. Journal of computational chemistry, 26(16):1701–1718, 2005.

[41] Kresten Lindorff-Larsen, Stefano Piana, Kim Palmo, Paul Maragakis, John L Klepeis, Ron O Dror, and David E
Shaw. Improved side-chain torsion potentials for the amber ff99sb protein force field. Proteins: Structure, Function,
and Bioinformatics, 78(8):1950–1958, 2010.

31



REFERENCES REFERENCES

[42] Herman JC Berendsen, JPM van Postma, Wilfred F van Gunsteren, ARHJ DiNola, and JR Haak. Molecular dynamics
with coupling to an external bath. The Journal of chemical physics, 81(8):3684–3690, 1984.

[43] Tom Darden, Darrin York, and Lee Pedersen. Particle mesh ewald: An nlog (n) method for ewald sums in large
systems. The Journal of chemical physics, 98(12):10089–10092, 1993.

[44] Berk Hess, Henk Bekker, Herman JC Berendsen, and Johannes GEM Fraaije. Lincs: a linear constraint solver for
molecular simulations. Journal of computational chemistry, 18(12):1463–1472, 1997.

[45] MSKP Settle. An analytical version of the shake and rattle algorithm for rigid water molecules. J. Comput. Chem,
13:952–962, 1992.

[46] Xavier Daura, Karl Gademann, Bernhard Jaun, Dieter Seebach, Wilfred F van Gunsteren, and Alan E Mark. Peptide
folding: when simulation meets experiment. Angewandte Chemie International Edition, 38(1-2):236–240, 1999.

[47] Jack Kyte and Russell F Doolittle. A simple method for displaying the hydropathic character of a protein. Journal
of molecular biology, 157(1):105–132, 1982.

[48] Chi-Chang Juan, Lou-Sing Kan, Cheng-Chih Huang, Shih-Shih Chen, Low-Tone Ho, and Lo-Chun Au. Production
and characterization of bioactive recombinant resistin in escherichia coli. Journal of biotechnology, 103(2):113–117,
2003.

32


	Introduction
	Methods
	Computational details
	Results and discusion
	mRes1, mRes2 and mRELM
	mRes1 at 300 and 500 K
	mRes2 at 300 and 500 K
	mRELM at 300 and 500 K
	Conclusions
	acknowledgments


