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Abstract: ORF7b-2 is an accessory protein of the SARS-CoV-2 virus of only 43 amino acids. It has been
implicated in various functional hypotheses, some of which predict its involvement as a trans-membrane
protein. In this study, ORF7b-2 has often been compared to ORF7b-1 of the SARS virus to highlight differences
and similarities with a protein that should have a similar biological role. Structural analysis of ORF7b-2 and its
electrostatic characteristics show a polypeptide with both ends negatively charged and a diffuse negative
charge over the entire structure. Therefore, its behavior in solution is like that of a weak negative
polyelectrolyte, more precisely a polyanion with a net charge of — 4 at neutral pH. Its structure was modeled
with two different modeling systems, one of which was ab initio. The two best models are similar, as confirmed
by the Ramachandran plot, and show a central alpha-helical structure with two disordered and mobile ends.
A normal mode analysis characterized the low-frequency dynamic aspects of the protein. The analysis of the
structural shows a rigid central segment with mobile and fluctuating extremities, involved in a conformational
equilibrium of the helix < coil type. The calculation of the dipole moment shows its vector is not aligned with
the main axis of the structure with an outward tilt of 24°. Molecular dynamics simulations were also conducted
and the one in water is in good agreement with the previous results. While, the simulation performed by
inserting a pre-oriented dimer (OMP) into a solvated lipid showed the low tendency of the protein to solvate
in the apolar environment of the membrane. ORF7b-2 also shows a widespread distribution of negative
surfaces that dynamically adjust to changes in structural organization. The BioGrid platform's [Biological
General Repository for Interaction Datasets] through the BioGrid COVID-19 Coronavirus Curation Project
shows a very large number of experimentally proven physical interactions unique to ORF7b-2, some of them
with cytoplasmic proteins. These features of ORF7b-2, evaluated together, suggest a remarkable propensity of
ORF7b-2 to interact with multiple molecular partners on both an electrostatic and hydrophobic basis. All this
makes it unreasonable that the only biological function of this protein should be that exerted as an
intramembrane protein.

Keywords: ORF7b; SARS-CoV-2; COVID-19; 3D-structure; molecular dynamics; dipole vector;
electrostatic properties of alpha-helix

1. Introduction

ORF7b, an accessory protein of SARS-CoV-2 [UniProtKB Accession: PODTDS-1], is made from
43 amino acid residues [1], one residue less than the orthologous protein of SARS-CoV [Table 1]. Both
proteins [described here as ORF7b-1 and ORF7b-2, from SARS and SARS-CoV-2, respectively] share
85.4% identity and 97.2% sequence similarity, but they show different charged amino acid
compositions [1-3] [Table 2]. Accessory proteins are considered not essential for viral replication but
involved in pathogenesis, thus, many structural and functional hypotheses for ORF7b-2 have been
made by in vitro studies on model cell systems or by invoking a structural similarity with ORF7b-1
[3-5]. One study found that ORF7b-2 is related to the endoplasmic reticulum [ER] region [6], others
have located ORF7b-1 in the Golgi compartment [7-9], and identified a leucine zipper sequence
within the trans-membrane segment [7]. On this basis, a report has hypothesized that ORF7b-2 too is
a trans-membrane protein localized in the Golgi apparatus [10].

The biological success of the virus is based on its exceptional ability to neutralize the host
organism's defenses through its set of proteins. In particular, many of them counteract cellular
defensive responses, such as interferon production or immune suppression. The author of an atlas
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on SARS-CoV-2 proteins [11] suggests that 21 viral proteins concur in blocking the interferon immune
response and among them inserts ORF7b based on the information in a preprint [12]. In this preprint,
Forgeon et al. hypothesized that ORF7b-2 might interfere with cellular processes. The protein, by
interacting through a leucine-zipper, should form multimers. The protein was treated in the various
steps of preparation, also with surfactants. The pellets show an M.W. of about 6 KD [M.W. from the
sequence is 5.175] while in the presence of various surfactants it appears as a dimer of about 11-12
KD. But it shows high M.W. complexes when switched to cyclodextrin. Cyclodextrins are a well-
known complexing agent for proteins and show a large internal cavity [diameter 0.60-0.65 nm and
height 0.78 nm] with a rigid toroidal-shaped structure, which makes them ideal neutral complexing
agents [13]. The effect of increasing cyclodextrin concentrations is to increase the number of
complexed protein molecules, but it is difficult to establish without specific experiments whether the
multimers are artifacts of the cyclodextrin or aggregates or the natural self-association form of
ORE7b2. NMR experiments on ORF7b2 [3] with the protein in surfactants showed weak and
uninterpretable spectra because of the interference of the detergent. These authors found a strict
dependency on detergents for its follow-up. Thus, because of the necessity of the solubilizing agent
and its tendency to produce oligomers, they stated that structure determination is challenging with
the need to undertake other forms of investigation.

Therefore, there is still no clear experimental evidence on the protein structure or its possible
multimeric organization. However, the most likely data on the protein's structural organization is
functional and indirect.

Toft-Bertelsen et al., [14] identified ORF7b-2 as a novel viroporin. They used electrophysiological
techniques on the Xenopus laevis [X. laevis] oocyte expression system to look for potential ion channel
activity for the protein and found that a viroporin inhibitor drug dampened the electrical signal. This
observation suggested that ORF7b-2 might act as an ion channel. Summing up, while some authors
have shown that ORF7b-1 is a membrane protein localized in the Golgi complex, only indirect clues
exist that ORF7b-2 is related to the ER. This also means that the influence of SARS-CoV-2 on host
metabolism has yet to be fully understood.

An AP-MS analysis identified 332 high-confidence protein interactions between SARS-CoV-2
proteins and human proteins [98]. This means that each viral protein could interact with at least 11
human proteins on average. Therefore, to get an effective physical interaction in a highly crowded
environment such as the cell, we need that the two interacting molecules to have not only a great
affinity and good quantitative ratios but also similar space-time characteristics. The picture that can
be perceived is that every single viral protein might interact with many molecular partners, therefore,
at least a part of them should have structural characteristics such as to satisfy these multiple needs.

ORF7b-2 should also be subject to this rule. Unfortunately, we know very little about its structure
and nothing about its function. Thus, understanding the physic-chemical properties of sequence and
the structural determinants of this protein should be helpful because the architecture of a protein
drives the function. However, the structural properties of mini-proteins such as ORF7b-2 are often
elusive, so it will be mainly its physicochemical properties to play a fundamental role in driving its
structure-function behavior. The aim of this study is to understand what potential structural roles we
can attribute to ORF7b-2 from an analysis of its sequence, physicochemical and electrostatic
properties, corroborated by an analysis of low-frequency normal structure modes and molecular
dynamics simulations, all performed on a complete structural model of the protein.

2. Results

2.1. Sequence

The 3D structure of ORF7b-2 has not yet been experimentally determined, nor is its function
fully known. Data analysis, when there are deficiencies in the knowledge and complexity of the
system, is often useful by sharing protein data of other coronaviruses.. This has often prompted
various researchers to compare ORF7b-2 to ORF7b-1 [15] assuming a localization of the two proteins
in similar cell environments to perform corresponding functions. However, despite the remarkable


https://doi.org/10.20944/preprints202304.0522.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0522.v1

similarity in composition and primary structure [Tables 1 and 2], the two proteins show some
differences that change their respective physicochemical properties and, therefore, the structure-
function relationships.

Table 1. - Amino acid composition.

ORF7b-2* ORF7b-1**
. . Number of Percentage Number of Percentage
Amino acid ) )
residues % residues %

Ala[A] 2 4.7 1 2.3
Asn [N] 1 2.3 1 2.3
Asp [D] 2 4.7 2 45
Cys [C] 2 47 2 45
GIn [Q] 1 2.3 1 2.3
Glu [E] 3 7.0 4 9.1
His [H] 2 4.7 - -

Ile [1] 5 11.6 5 11.4
Leu [L] 11 25.6 11 25.0
Lys [K] - - 1 2.3
Met [M] 2 4.7 2 4.5
Phe [F] 6 14.0 6 13.6
Pro [P] - - 1 2.3
Ser [S] 2 4.7 1 2.3
Thr [T] 1 2.3 2 4.5
Trp [W] 1 23 1 2.3
Tyr [Y] 1 2.3 1 2.3
Val [V] 1 2.3 2 4.5

In red the negative residues, in blue the positive ones. *Total number of negatively charged residues [Asp + Glu]:
5, and of positively charged residues [Arg + Lys]: 0. Instability index [99,104] is computed to be 50.96, this
classifies the protein as unstable. ** Total number of negatively charged residues [Asp + Glu]: 6, and of positively
charged residues [Arg + Lys]: 1. Instability index is computed to be 39.77, this classifies the protein as stable.
Data computed by ProtParam — Expasy - https://web.expasy.org/protparam/. Chemical parameters from Swiss-
Prot or TrEMBL. https://www.uniprot.org/.

Table 2. — Protein Sequence.

Protein Sequence
5 10 15 20 25 30 35 40
ORF7b-2 MIELSLIDEYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCHA
ORF7b-1 MNELTLIDFYLCFLAFLLFLVLIMLIIFWFSLEIQDLEEPCTKV

The residues in red have a significant statistical propensity for the alpha-helix, those in green for
the coil, and those in blue for the extended beta structure [105]. The 20 underlined residues (from 9
to 29) are those supposed to be transmembrane. In the whole molecule only 46% of the residues have
a helical propensity and, in the helix, shown as trans-membrane, out of 20 residues only 9 have a
helical propensity. The two proteins show an identical 9-29 sequence. A visual analysis of the N-
terminal sequences of both shows the lack of any signal sequences [translocon sequence]. Signal
sequences are N-terminal extensions of the nascent polypeptides [pre-proteins] of secretory and
membrane proteins. They are of about 15-30 amino acid residues and comprised a positively charged
N-terminal region with the cleavage site for signal peptidase [Ala-X-Ala motif at the C-terminal end
of the signal peptide]. Both proteins do not show these features [101], essential for entering the ER.

A comparison between the two proteins is useful to understand how similar they really are
structurally and, ultimately, how similar their functional behavior may also be. Comparing
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compositions and sequences, we note the lack of positively charged residues and proline in ORF7b-
2, while ORF7b-1 possesses both proline and a positive charge. In both tails of ORF7b-2 we found
residues with high propensity for disorder [16], such as T, A, D, H, Q, S, E in C-term and E, S, D in
N-term, while D is known helix disruption residue [17]. These are not weightless differences, as the
particular compositions of the tails could affect the structural organization. Everything leads us to
predict that the terminal segments should be very mobile and, with an improbable or reduced local
helical organization. For instance, the instability index reported in Table 1 is an estimate of the overall
stability of a protein [18,19]. It is 50.96 and 39.77 for ORF7b-2 and ORE7b-1, respectively, predicting
ORF7b-2 more stable than ORF7b-1.

2.2. Electrostatic properties

Before any three-dimensional consideration, it is important to evaluate the physico-chemical
properties of both proteins, among which the electrostatic effects are of particular interest when
hypothesizing interactions with membranes. Rohit Pappu has developed [20,21] an analysis for small
peptides and proteins that provides a series of parameters to help evaluate, with a good basic
approximation, the conformations that molecules can have in solution and, among the calculated
parameters, there is also an evaluation of the electrostatic properties [22].

The analysis of the charge distribution of the two proteins [Table 3, Figures 1 and 2] shows
rather similar negative values of the net-charge distribution per residue [NCPR], but different values
of the charged residue fractions [FCR] with a more asymmetrical distribution for ORF7b-1. These
values allow to characterize the organizational tendency of a polypeptide in solution by classifying
it in a State Diagram. The diagram [Figure 1] shows that both proteins are in region 1, characterized
by globular or extended structural organizations [globule/tadpole conformation], thus in solution,
they behave as globule-like.

Table 3. - Charge distribution analysis of ORF7b-1 and ORF7b-2.

Physical-
chemical ORF7b-1 ORE7b-2 Notes
parameters
Number of residues
N [MW] 44 [5301.51] 43 [5179.31] and MW,
f- 0.13636 0.11628 Fraction of negative residues
f+ 0.02273 0.00000 Fraction of positive residues
FCR 0.15909 0.11628 Fraction of charged residues
NCPR -0.11364 -0.11628 Net charge per residue
Sigma 0.08117 0.11628 Charge asymmetry
K 0.35577 0.25372 Charge patterning parameter
Delta 0.03182 0.01706
Max Delta 0.08945 0.06725
pl 3.72 4.32 Isoelectric point
AH -0.83 -0.98 Average hydrophilicity
Phase. Plot 1 1 [see State diagram]
Region
Phase P,IOt Globule/Tadpole Globule/Tadpole Prolate elongated structures
Annotation
Polymeric Polyanion
State Weak polyampholyte (Weak negative
polyelectrolyte)

The charge distribution of the protein was evaluated according to Das and Pappu [20,21]. In
particular, the fraction of charged residues, as FCR = | f+ + f-, and the net charge per residue [NCPR]

= |f+ - f-1, are calculated. In this context, f and f- represent the fraction of positive and negative
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charges, respectively. Sigma, 0 = [f+- f-]/[f++ f-], where f. and f. refer to the fraction of negative and
positive residues across the entire sequence and sigma their distribution symmetry.

Kis specific to a sequence, ranging from 0 to 1. At 0, the charges are randomly distributed, while
at 1 they are totally separated into two distinct groups. It describes, in a non-linear way, the extent of
mixing of charged amino acid clusters along the sequence. Values between 0.2 and 0.3 are significant
of a diffuse distribution. These calculated values allow the classification of the behavioral tendency
in solution of the segmental sequences of protein into distinct regions of the Diagram of States for
IDPs. plis attributed according to Lukasz et al., [99]. AH according to Kyte and Doolitle [100].

According to the model used in this analysis [20,22], the globular organization is preferred when
there are electrostatic attractions between opposite charged residues, while the extended structure is
favored by the free hydration energies of the similarly charged residues which repel each other.
While, a low net charge per residue with high fractions of positively and negatively charged residues
characterizes polyampholytes [23]. Therefore, the behavior of ORF7b-2 in solution should be that of
a negative weak polyelectrolyte [FCR <0.3] and should behave as an extended-like system with
negative charges asymmetrically arranged in both terminal segments [Figure 2]. The negative charge
is significant and distributed over the entire protein (K = 0.25372) with an average net-charge per
residue of -0.1163 and, in solution, the protein shows a negative net-charge [Figure 3] strongly
dependent on pH, between 4.3 and 10. Instead, ORF7b-1 behaves like a weak polyampholyte because
of the positive charge, with a more asymmetrical charge distribution than ORF7b-2 [Table 3] but a
similar mean value of NCPR. This characteristic drives a dependence of the net charge on the pH
similar to that of ORF7b2.

This result opens to careful consideration of the trans-membrane hypothesis of ORF7b-2 because
both sides of the phospholipid bilayer, where lipid heads are located, show a negative charge at
physiological pH, similar to that shown by protein tails. [24-26]. Unfortunately, these important
electrostatic characteristics were rarely highlighted in the structural papers on ORF7b-2, as well as in
those on ORF7b-1, because only the central part of the protein is discussed as a trans-membrane helix
[7,10,12,14]. In doing so, any structure-function consideration of these proteins could be distorted.

2.3. 3D structure

The 3D structure of ORF7b-2 and ORF7b1 are available only through modeling. A typical model
of ORF7b2 is that from ModBase [University of California San Francisco-UCSF]. [Fig 1S]. The model,
like others, shows only the 3D structure of the region between Leu4 and His37, predicted as a helix,
but all terminal residues are missing.

In Figure 4, we can see the complete models of the two proteins got through two different
platforms, PHYRE2 [27] and PEP-FOLD3 [28], with similar results. Each platform produced several
dozen models and the overall reliability of the best models is 88% for both proteins. The central helical
residues were modeled referring to specific templates [Table 1S and 25], while the outer segments,
C- and N-terminal [in green], were modeled ab initio. The charge distribution analysis (Figure 2)
demonstrated an asymmetric distribution of the negative electric charge on proteins. Three-
dimensional models reflect these effects. Both proteins show terminal segments with a three-
dimensional organization detached from the compact one of the central helices. In particular, the C-
terminal extremes have many more differently organized residues than the N-terminal extremes. The
C-terminals are very long, between 14 and 16 residues, and should protrude into the cytoplasm, while
the N-terminals of 5 and 7 residues should be luminal. If we observe [Fig 2S] the length of the central
helices [TM] we can see that while that of ORF7b-1 appears adequate to the standard thickness of the
membrane [about 32 A], that of ORF7b-2 is overall 44 A, therefore longer. The two platforms,
although they reach similar general conclusions, are differently affected by the algorithms. For
example, in ORF7b-2, both PHYRE2 and PEP-FOLD3 predict 12 differently organized terminal
residues, where PHYRE2 predicts a small helix and PEP-FOLD3 only disorganized residues. A
similar situation occurs for N-terminal residues.

Ramachandran plots support this view [29]. The diagram shows which dihedral angles are best
suited for a a-helix and possible steric conflicts. Both models have many terminal residues with
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angles ® and W not suited for an alpha helix. Figure 5 A and B, shows the residues in the anomalous
areas. We can see that many of these residues are involved in the terminal segments of both proteins.
This justifies the non-helical organization of the tails but does not explain why one algorithm sees
some in the helix while the other sees the same residues in an extended conformation. From Table
3S to Table 6S we can see the Ramachandran statistics for the PHYRE2 and PEP-FOLD3 protein
models.

Summing up, from the charge distribution analysis, we do not expect the tails of both proteins
to be helical and immersed in the membrane. Even modeling systems confirm a not helical
organization, likely mobile and fluctuating. The ® and W angles of the Ramachandran graphs support
this general view with non-helical residuals. It remains to understand the different modeling of the
terminal segments.

An explanation can be got if we analyze the weight of the conformational probabilities of each
residue in the two proteins. This analysis, performed by PEP-FOLD3, is based on the concept of
structural alphabet [30] and determines the mean weight of each elemental conformation that each
residue uses in determining the conformation of the protein. The figure 6 shows the set of
conformational information by residue, namely the weighted population of all conformations for
residue [30,31], for both proteins. From the conformational point of view, the two proteins have a
compact helical core of 11 - 12 residues, insufficient for the structural needs of a trans-membrane
helix, which are of about twenty residues.

A last, but no less important observation, derives from the set of conformations per residue that
characterizes the terminal segments of the two helices. We can observe the weighted composition of
the conformations for both N-terminus. The elongated and spiral conformations [green and blue in
the figure] together have a considerable percentage weight, with the greatest weight for the extended
one. Also, the two C-terminals show a similar condition, but with a different conformational
incidence of the coil and of the extended structure. Roughly from the residue 26 to 33, we have a
preponderance of extended conformation (green), and from 33 to the end coil (blue). Both tails
degrade into an increasingly less organized and flexible segment, with a probable coil/extended
dynamic inter-conversion. The N-terminal segment seems also flexible but with a greater propensity
for extended organization. In fact, the terminal segments experience non-helical organizations, where
the residues are likely to undergo continuous conformational changes.

The picture that is taking shape is that ORF7b2, regardless of the characteristics possessed by
ORF7b-1 with which we have compared it until now, has many structural aspects that are not always
compatible with those of a trans-membrane protein. The perplexity increases when one considers
that both terminal segments of ORF7b2 are disorganized, charged, and suggested rather mobile. C-
terminal instability is consistent with the previously reported result from generalized ensemble
simulations of poly-Ala peptides [32,33].

2.4. Dynamic properties of ORF7b-2

Most of the functional activities of a protein fall within a wide temporal scale of movements.
There are the very rapid ones of intra-molecular vibrations to the slower ones of conformational
transitions along the structural hinges. Thus, proteins can sample many conformations [or also
equilibrium fluctuations] in the neighborhood of their native conformation [34].

Normal mode analysis [NMA] is a helpful method for characterizing these various dynamic
aspects of proteins [35]. In particular, NMA is very useful in evaluating the dynamic properties of
helical peptides. In small molecules, we frequently evaluate only the Ca atoms because the backbone
motions are all that is necessary for characterizing the lowest-frequency normal modes [36]. NMA is
based on elastic network models and ORF7b2 was analyzed to calculate atomic fluctuations and
displacements and superposition and correlation, showing the correlations between the motions of
the C-alpha atoms of the backbones. Two Web-servers, eINémo, Network Elastic Model [37,38] and
HINGE-Prot [39], were used for the automated computational analysis of the low-frequency normal
structure mode.
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NMA is performed through low-frequency movements with simplified mechanical models and
provides a detailed description of the dynamics of small polypeptides by allowing the localization of
relatively rigid segments and more flexible regions [40]. It is a suitable method for calculating
vibrational modes and protein flexibility as the independent motion of atoms in a molecule relative
to any of the other modes.

Table 4 reports hinge residues with the best score, calculated from the conformational models
that describe the fluctuations of residues from the average structure in the principal directions of
motion. Models were calculated with the Gaussian network model [GNM] and anisotropic network
model (ANM) [41] by HINGE-Prot.

Table 4. — ORF7b-2 HINGE RESIDUES.

Slowest mode 1

Rigid Part No Residues Score Hinge residues
1 1-20 0.88 20
2 21-43 0.9 20
Slowest mode 2
Rigid Part No
1 1-9 0.68 9
2 10-32 0.82 32
3 33-43 0.85 32

The table shows the best hinge residues in the ORF7-b2 structure and the reliability of the result
as calculated by HINGE-Prot [the score varies between 0 and 1]. These residues represent twist angles
or points of rigidity around which the movement of the entire structure is organized (see also Figure
7).

The movement of the hinge is characterized by large changes in the twist angles of the main-
chain that occur at residues 9, 20, and 32. The conformational fluctuations that drive the twisting of
each residue generate these movements. A close view of ORF7b-2 motions is shown in Figure 7. The
figure shows some motion sequences around the 3 hinge residues of ORF7b-2. As seen from different
views, the protein is mobile and flexible [see also fig 5S and fig 6S].

An overview is presented in Figure 8, where the 9 normal modes calculated by eINémo for
ORF7b-2 are collectively represented. In the supplements [Figure 3S and 4S], we have calculated the
calculated values of ORF7b-2 fluctuations and displacements. All these data show that the protein
has significant segmental motions at both ends. Greater stability of the a-helical conformation is
found in the middle of the polypeptide chain than in the terms. However, the surprising lack of gly
in the helix induces a loosely packed backbone with a strain amplitude of about 12 A, which is shared
between bending and torsion. Its overall flexibility can be explained in terms of collective flexible
movements of the structure that can be resolved in individual strain modes, such as physical, flexural
and torsional strains along the principal axis and with torsional strains at both segmental a-helix
terms. These additional degrees of freedom increase the entropy of the protein, favoring the decrease
in free energy towards greater stability. However, the dynamic patterns of normal mode analysis
[NMA] on the behavior of a-helices as deformable bodies appear similar between transmembrane,
extra-membrane and soluble protein a-helices [42], because the deformations of the a-helix are
independent of cell location [102]. Thus, this approach describes the dynamic of the local
deformabilities of the helix structure but does not show which protein category the helix belongs to.
It should only be noted that a transmembrane helix should be stiff on average.

Finally, the knowledge of the magnitude of the helix macro-dipole is also of fundamental interest
in understanding ORF7b-2 structure. The helix macro-dipole has been often implicated in function
and in stabilizing structural motifs containing helices. The strength of the helix dipole is given by the
sum of the microscopic dipole moments [43,44], arising from the individual peptide bonds. They vary
with the charge, orientation and position of residue; therefore, it is necessary to have also a
satisfactory dipolar model of ORF7b-2.

doi:10.20944/preprints202304.0522.v1
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The three-dimensional structure got by PHYRE2 was used for the calculation on the server at
http://bip.weizmann.ac.il/dipol [45]. The server calculates the dipole moment and displays the dipole
vector superimposed on a protein ribbon backbone [Figure 9]. There is no obvious relationship
between a protein's dipole moment and its function, but, in this case, we may gain more insight into
the ability of ORF7b-2 to be incorporated into a membrane, because of the peculiar electrostatic
properties of this protein. The calculated dipole for ORF7b-2 is 488 Debye, lower regarding the
average value for similar helical proteins [45] that is 542.66 D. In the figure, we can see the ribbon
diagram of the protein with its dipole and mass moment vectors displayed, thus allowing the dipole
moment to be appreciated in relation to the overall protein structure. The server also calculated a
Radius of gyration [Rg] of 10.91 A. Rg is one measure of the size of the shape which polymers adopt
in solution and an indicator of protein structure compactness. It describes the equilibrium
conformation of the total system. An ideal a-helix of 43 aa should have a Rg around 19-20 A [103].
The lower value of Rg [10.91 A = 50% less] found for ORF7b-2 means that this helix behaves in
solution as a globule-like or more compact helix than the ideal reference helix, because more flexible.
Thus, the shape of ORF7b-2 should be a prolate ellipsoid with the electric moment not parallel to the
major axis. In fact, the calculated dipole vector points outward, as shown by the angle between helix
and vector. This angle is 24°.

This means that this helix, inserted in a membrane, will be distorted or inclined, both because it
is longer [39.7 A] than the distance between the outer sheets of the membrane [about 32 A], and
because the dipole will seek its orientation regarding the helix body.

To have more details on the insertion of the protein into the membrane, we performed molecular
dynamics experiments in water, as a single molecule, and in the membrane, as a dimer.

2.5. Molecular dynamics of ORF7b-2 in explicit water.

The best model of ORF7b-2 was subjected to minimizations and molecular dynamics simulations
in explicit water at neutral pH and 300 °K (details in Materials and Methods). The protein, being a
small peptide, rapidly reached equilibrium in about 25 ns. (Figure 10). The trend of various molecular
parameters over time (Hydrogen bonds, Radius of gyration, Percentage of helicity, RMS fluctuation,
Solvent accessible surface, and Area per residue over the trajectory) are reported in the Supplements
(Figure 10S). Figure 10 shows the trend of the root-mean-square deviation (RMDS) of atomic
positions over time. The RMSD value of about 1 nm (10 A) at equilibrium agrees with the values of
low-frequency molecular vibrations found in the normal mode analysis. Also, the other molecular
parameters found in the dynamics show a good agreement with what has already been seen in silico.
ORF7b-2 is a small molecule whose behavior in solution appears driven mainly by its
physicochemical characteristics. During the dynamics, the protein is subjected to conformational
changes which, even without generating unfolding phenomena, involve structural variations in
which parts of the protein rearrange regarding others (see, for example, the trends of percentage of
helicity, hydrogen bonds, area per residue, and gyration radius). Since it is a rather mobile small
protein, the variation of the distribution of its electrostatic surfaces is an interesting parameter. Figure
10 shows the variations of the surface electrostatic distribution during the simulation for every 10 ns.
The surface electrostatic potentials were calculated with the DelPhi program, which also incorporates
the effects of ionic strength to evaluate the Poisson-Boltzmann equation (details in Material and
Methods).

During the simulation, the 3D electrostatic surfaces shown above are always centered on the
same side view of ORF7b-2. As we can see, the protein shows how the charge distribution on its
surface varies continuously, even for relatively small conformational changes, as shown by the
changes in helicity (Figure 10S). The equilibrium model at 40 ns shows a diffuse positive charge on
an entire side. This suggests that the protein is also stable in aqueous solution and the response to its
conformational changes is expressed through variations in the distribution of its surface charge,
which drives its interactions with the solvent. This electrostatic behavior could allow it to guide the
search for different molecular partners with electrostatically based interactions. A more detailed view
of the conformation at 40 ns is shown in figure 11. In the cartoon model (in green), the evidence shows
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that from L17 to W21, the protein is rigid and this segment is the pivot for slight bending of the
surrounding parts. But if we look at the distribution of electrostatic potentials on the protein surface,
in the top right model, one whole side of the protein surface is negatively charged (in red), while with
a 180° rotation, the other side shows the charges positioned on the two tails and an uncharged, i.e.,
apolar surface, appears. Obviously, this is a static view but useful to get an idea of the position of the
lysines of which the protein is rich. A lysine zipper was used to support the transmembrane
localization of ORF7b-1 [7] from which to hypothesize that of ORF7b-2 as similar in behavior [12]. As
regards ORF7b-2, the strip proposed (Lys 4, 11, 18, 25) by Forgeon et al. [12] is ideal and does not
consider the structural and chemical-physical characteristics of the protein. These lysines do not form
a zip on the same apolar side of the protein, but are dispersed along the structure even on
electrostatically charged surfaces. For example, Lys 4 is in the N-terminus, in a charged region highly
mobile by helix-coil inter-conversion, while 11 and 18 are on the other side of the molecule, embedded
in a large molecular surface with diffuse negative charge. Figure 11S clearly illustrates these
discrepancies. These results should not surprise because ORF7b-2 is a polyanion and, being small,
the surface charge density is quite high. Thus, the electrostatic properties associated with its intrinsic
mobility heavily influence its structural behavior.

2.6. Molecular dynamics of ORF7b-2 in membrane.

The ability of ORF7b-2 to form multimers in the membrane remains poorly understood. Thus,
one way to test this experimentally is through the molecular dynamics of a dimeric structure of
ORF7b-2 in a lipid bilayer surrounded by water. The dimer represents the minimal structural
organization of ORF7b-2 that should exist stable in a membrane. To reduce the equilibration times, a
dimer was simulated by HDOCK and its best model (fig 12S, left side) was then pre-oriented in a
Golgi membrane using the Orientations of Proteins in Membranes (OPM) database (fig 12S, right
side). This new model was used for molecular dynamics in POPC lipid bilayers for a 100 ns long
simulation (details in Methods). The system reaches equilibrium in about 60 ns. Figure 12 shows the
key features of this simulation. As we can see, the two components of the dimer change their mutual
positions during the simulation. Between 35 and 50 ns, the dimer exhibits structural relaxation, as
shown by the increase in RMSD and decrease in total helicity, with a concomitant change in the
relative positions between the monomers. At 100 ns, the complex seems stable but the monomers are
distorted, partially unwound, with an overall decrease in alpha helical organization. In another
experiment, the simulation time was brought to 200 ns with no appreciable variation (result not
shown). This result should not surprise, because, in a lipid bilayer, the formation of a dimer between
two similar molecules can occur both by interaction through apolar surfaces and through surfaces
with opposite charges. ORF7b-2 has a limited apolar surface on structurally similar sides of the
molecule (see Figure 11). The rest of the molecular surface has a broad distribution of negative charge,
which does not favor any interaction with an apolar medium. Indeed, if the molecules interacted with
the apolar patches, the entire external surface of the resulting system would be diffusely negative and
with no possibility of existence in an environment with a dielectric constant around 2. We must not
forget that the peptide is a polyanion. The pH dependence on water and in the membrane is obviously
different. While in water, each acid-base residue can be easily protonated-deprotonated as the pH
changes, in a non-aqueous environment with a low dielectric constant, the protonable/deprotonable
groups have no possibility of exchanging or transferring protons. This crystallizes the charges already
present and induces distortions in the molecule.

Ultimately, the most favored structural organization in an apolar environment should be the one
that is energetically constrained to expose as many apolar residues as possible. But this solution
seems to involve a rather destructive reorganization of the system. If even a biological activity could
be associated with this reorganization, it is difficult to establish in this context of studies, in which
the structural characterization aims to highlight the most important chemical-physical properties that
guide the behavior of ORF7b-2. In the supplements, the various structural organizations of the dimer
in the membrane at different simulation times are also shown (fig 14S). Also, in these cases, the
dominant influence on the behavior of the molecules in the apolar bilayer is exerted by the


https://doi.org/10.20944/preprints202304.0522.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0522.v1

10

electrostatic characteristics of the molecular system which, attracted towards the more polar zones of
the membrane, undergoes structural deformations.

All the results tell us that ORF7b-2 is a small alpha-helical macromolecular polyanion with a
prolate ellipsoidal shape and endowed with high structural mobility, in particular at the ends. A
strong net charge of - 4 at neutral pH, distributed over a relatively small surface, and an electric
moment not parallel to the major axis of the molecule, give a peculiar behavior to its electrostatic
surfaces, very sensitive even to small conformational changes caused by perturbations
environmental. These perturbations result in significant changes in the surface electrostatic
distribution. This peculiarity also suggests a potential electrostatic interaction with different
molecular partners. The molecular dynamics experiments, in excellent agreement with the chemical-
physical and structural data, show that these characteristics are probably inadequate to produce self-
association effects such as the formation of multimers in an apolar environment. These conclusions,
while not supporting the formation of ORE7b-2 oligomeric systems in membranes, do not exclude
that ORF7b-2 may have hitherto unconsidered molecular partners.

2.2. Figures

Diagram of states

=
=)

T

Weak polyampholytes & polyelectrolytes:
Globules & tadpoles

Janus sequences:

Collapsed or expanded - context dependent
Strong polyampholytes:

Coils, hairpins, & chimeras

Negatively charged strong polyelectrolytes:
Swollen coils

Positively charged strong polyelectrolytes:
Swollen coils

o
o

Fraction of negatively charged residues

0'8. 0.2 04 0.6 0.8 1.0
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Figure 1. — The State Diagram shows ORF7b-2 (black) and ORF7b-1 (yellow). ORF7b-2 is a weak
polyelectrolyte, negatively charged, with values of FCR < 0.25 and NCPR < 0.25, while ORF7b-1 is a
weak polyampholyte, with values of FCR < 0.25 and NCPR < 0.25. Both are in region 1 demonstrate a
propensity for ensembles of globules and tadpoles [20,21,81].
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Figure 2. — Distribution of electrical charges of ORF7b-2 (Top) and ORF7b-1 (Bottom). NCPR, net
charge distribution per residue [positive in blue and negative in red], and FCR, the fraction of charged

residues. The proteins have a widespread negative surface charge, with fractions of charged residues

[FCR] in both terminal segments. Both proteins show a remarkable asymmetry in their charge

distribution, with both terminal segments negatively charged. The intensity of the charge distributes

a widespread negative charge over the entire structure.
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Figure 3. - The dependence of the net charge [Z] on pH. The figure shows that ORF7b-1 and ORF7b-
2 are negatively charged at neutral pH (Z = - 4.08 and — 3.90, respectively). Both remain negatively

charged between about pH 4 and 10.
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Figure 4. - The figure shows the best results got from two different platforms for predicting structures,
PHYRE2 and PEP-FOLD3. Both use templates for the prediction of the central helical segments [in
red] and ab initio methods for the terminal segments [in green]. Experimental details in the
Supplements. Folding is presently assumed for neutral pH. [see supplements for details]. The
structures have been treated by PyMol (https://pymol.org/2/).
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Figure 5. A — Ramachandran plots of the two 3D models of ORF7b-2. The many residues with
anomalous angles in the "extended" zone are all in the terminal sequences. The two modeling systems
report similar results. Correct alpha-helical residues are concentrated in the alpha zone [® -60° and
W -50°]. 3 Glu (top) and 20 Leu (low) are outlier residues. B — Ramachandran plots of the two 3D
models of ORF7b-1. We can see residues with anomalous angles are quite spread out, and many are
in the terminal sequences. Residues in red are outliers.
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Figure 6. - The graph shows a graphical representation of the conformational probabilities (0 - 1) for
each residue of the two proteins. PEP-FOLD3 is based on the concept of structural alphabet [30], i.e.
an ensemble of elementary prototype conformations able to describe the whole diversity of protein
structures. The graphical representation shows the probabilities [vertical axis] at each position of the
sequence [horizontal axis]. Note that residues correspond to the average of 4 residue. The profile uses
the following color code: red: helical, green: extended, blue: coil. The graphs show in conformational
terms the effect of the charges on the terminal residues of the two proteins, where at C- level is
abundant the extended structure while at N-term level the coil formation.
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Figure 7. — Dynamics around the hinge residues of ORF7b-2 [see Table 4]. The hinge position on the
model is shown with the residue number. The figures show snapshots of motions from three different

views [A, B, and C] and the arrows show the series. Top: Twist movements around residues 9 and 32.
Bottom: The backbone shows clear bending movements around residue 21.
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Figure 8. — Local dynamics of ORF7b-2 - The superimposition of the normal modes shows us the set
of local low frequency molecular movements of ORF7b-2. In the upper figure, we have a side view,
while in the lower figure we have a view along the major axis of the molecule. The central body of the
molecule vibrates [displacement of about 12A] but remains quite organized, although it deforms, and
also shows clear bending at the tails. In the bottom figure, both terminal segments show large
fluctuations and displacements of the residues of a few tens of angstroms. We underline that the
structural stability of transmembrane proteins relies on a Gly-driven tight packing of the
transmembrane helices. A sequence property of ORF7b2 is that it does not exhibit Gly, thus its helix
has a low tendency to compact, as confirmed by the dynamic properties of its helix in this normal-
mode analysis.
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Figure 9. - The ribbon diagram of ORF7b-2 shows two views from which we can appreciate the strong
distortion of the dipole (red) and mass moment (greenish) vectors. The dipole vector is not parallel to
the main axis of the protein and points outwards with a tilt of 24°. Both vectors begin at the center-of-
mass origin of the protein. The origin of the red dipole line corresponds with the net negative charge
and the far end with the net positive charge of the dipole moment. Since the dipole is equivalent to a
charge of +0.5 at the N term and -0.5 at the C term, missing positively charged residues at or near the
C-cap end with the helix dipole suggests a destabilizing effect because of the lack of favorable
interactions with negatively charged residues. This should make stable insertion into a membrane
quite difficult. The distances stated in the figure approximate a central helix of 39.07 A and the C-
terminal movable element of 17.04 A. Both segments will generate solids of rotation which will
converge into the global prolate ellipsoid of the molecule.
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Figure 10. - The figure shows the trend of the ORF7b-2 molecular dynamics simulation in water.
Around 25 ns is when the Protein comes to equilibrium. The simulation shows that the protein is
stable in an aqueous environment and the conformational adaptation towards the structural
organization at equilibrium shows that the gradual conformational changes of settlement generate
electrostatic surfaces very different from each other in terms of charge and extension. The electrostatic


https://doi.org/10.20944/preprints202304.0522.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0522.v1

18

surfaces were calculated with DelPhi (see Methods). The small dimensions of the molecule show how
even minimal conformational changes are easily reflected in electrostatic variations of its surface.

Figure 11. - The figure shows the main structural features of the ORF7b-2 model got from molecular
dynamics in water at neutral pH. The helix extends from L6 to W29 demonstrates bending centered
on residues L17 and W21. The representation of its surface shows that the two opposite sides of the
protein possess different electrostatic characteristics. One side is covered by a diffuse negative charge
(in red) while the other side shows both charged ends (the positive charge in blue is that of the NH3+
terminal) with the central surface predominantly hydrophobic. Electrostatic surfaces were calculated
by DelPhi and shown through PyMol.
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Figure 12. - The figure shows the trend of the molecular dynamics of the dimer in the membrane. For
greater clarity, the structures at the various times are shown without the membrane (we showed
structures inside the membrane in the Supplements). The graph contains as an inset the evolution of
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the total helicity during the 100 ns of simulation. The two graphs show in the same time interval (35
- 55 ns) a transition, quite super-imposable, which suggests a sudden change of structural
organization with a concomitant loss of total helicity and an increase in the average distance between
the atoms of the global system. In a single experiment, the dynamics were forced up to 200 ns with

no variation.

3. Discussion

ORF7b-2, although tiny and essentially believed to be a trans-membrane helix, is a protein with
a unique fold. Baruah et al., [46] noted that, in matching 2413 structures to the sequence of ORF7b-2
to predict its 3D structure, the most similar structural folds showed between 11 and 16% structural
identity, endorsing the structural uniqueness of this protein. Other authors have also reached similar
conclusions, i.e., that ORF7b-2 has no matching structures [72]. The protein was compared to the
ORF7b-1 as far as possible, but there are various differences. The main one is that ORF7b-1 is a
polyampholytes, while ORF7b-2 is a tiny macromolecular polyanion with a central helix. ORF7b-2
has also an asymmetrical electrostatic distribution. The entire structure is characterized by a diffuse
negative charge [NCPR = - 0.1163] also on the residues of the central backbone but with a greater
weight on both end segments [FCR =0.2 and 0.4 for N- and C-terms, respectively]. These electrostatic
characteristics are reflected in the entire system inducing a strong net negative charge of - 3.90 at pH
7.0 and a pl of 4.32, very low and uncommon among the proteins. Electrostatic surface analysis also
supported these results. All of this generates a behavior similar to that of a polyelectrolyte, more
precisely, a polyanion. [fig 3]. In the cell, various macromolecular entities possess polyanionic
character, such as proteoglycans, lipid bilayer surfaces, tubulin and its microtubules, actin and its
filaments. Nor are polycationic macromolecular entities lacking. Because of the specific functional
properties of these natural polyelectrolytes, they have attracted much interest from the
pharmacological and biotechnology industries.

Macromolecular polyanions are involved in protein structure stabilization and destabilization
[47]. It has been experimentally showed on cationic model proteins, such as chymotrypsinogen A,
ribonuclease A, cytochrome c, and lysozyme, that polyanions with negatively charged groups on
their chain induce relatively minor structural destabilization, while the hydrophobic part of the
polyanion handles protein unfolding. In these protein-polyanion complexes, protein stability
inversely depends on charge-related electrostatic properties of proteins, such as isoelectric point and
surface charge density, while hydrophobic polyanions have perturbed both tertiary and secondary
structures of cytochrome c, even at neutral pH and at room temperature [48,49]. The full ability of
polyanions to interact with proteins depends on their minimum length associated with a high net
charge of the protein surface at neutral pH, which leads to a high diffuse charge density on the
structure [50]. It is important to emphasize that the complexation between proteins and polyanions
is modulated by various other factors, such as the surface charge and hydrophobicity distribution
and the flexibility/stiffness of their structure [51]. These proteins form protein-polyelectrolyte
complexes through a 1:1 stoichiometric binding between oppositely charged groups [52,53]. At acidic
pH, the net charge zeros with a gradual lack of electrostatic repulsion and promoting hydrophobic
interactions. This could also lead to the hypothesis that ORF7b-2 may work in a rather acidic, aqueous
environment. However, whatever our structural view of ORF7b-2, it is a small biological object, a
nano-particle if we want, with the properties of a polyanion. The results support this view. What
functional roles it may play is cannot be defined with these data. The data show only a great potential
of ORF7b-2 to interact.

The results also show that the ORF7b-2 sequence has the central segment 9 — 29 quite fluctuating
in amplitude (10.2 A), with a high helical tendency, but which corresponds to less than 50% of the
total residues. This rather mobile, and diffusely negatively charged, helical core should be the major
contributor to ORF7b-2 as a transmembrane protein. Many experimental observations have revealed
that the central apolar nucleus of membranes has the tendency to become overpopulated with non-
polar side chains, and to be under-populated with polar side chains and even more with charged side
chains [54]. This implies that, in an apolar environment, these domains are oriented to maximize the
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sum of the distances of the charged residues from the central plane of the membrane [55] and to
minimize the sum of the inclination angles of the helices [54]. As a result, charged residues, both basic
and acidic, are often found around the lipid surface of the extracellular side than on the periplasmic
side. This charge asymmetry is thought to be related to better partitioning of charged residues in the
more hydrophilic outer leaflet of the outer membranes [57]. Thus, besides driving the orientation of
proteins in the membrane, because of their strong preference for the carbonyl and glycerol regions of
the lipid head groups, charged residues of the chain are also important for the positioning of
membrane proteins along the membrane. In this activity, they are helped by Trp and Tyr, who prefer
the same regions [57]. It has also been observed that the helix changes its angle of inclination to favor
the movement of charges out of the non-polar nucleus [58]. Consequently, TM proteins must exist in
the highly anisotropic environment of the lipid bilayer, hydrophilic at the edges and highly
hydrophobic at the core. This requires both that the TM proteins are structurally adequate, but also
that the non-polar environment is carefully balanced to accommodate them. In conclusion, if the
charged side chains react with the lipid head groups, this favors all those movements of the helix and
of the extended structures towards the membrane-water interface to adapt energetically to the
environment. Evidently the electrostatic attraction plays a predominant role which, in the physical
reality of the movement through the membrane, is transformed into structural distortions of the
protein.

In conclusion, if the charged side chains react with the lipid head groups, this should favor all
those movements of the helix and of the extended structures towards the membrane-water interface
to adapt energetically to the environment. Here, the electrostatic attraction should play a role which,
in the physical reality of the movement through the membrane, is transformed into structural
distortions of the protein. This also means that the TM sequences and their physical properties must
be optimized for insertion and function in the residence membrane [59].

Although ORF7b-2 possesses a helical core that might appear to be suitable for insertion into an
ER membrane, the protein lacks a key feature that distinguishes proteins that must move into the
Golgi membrane, or ER. The primary constraint on all TM domains that enter the ER is that they must
be partitioned out of the translocon into the ER membrane during synthesis [60,61]. ORF7b-2, as well
as ORF7b-1, do not show this feature.

We know that approximately 40% of nascent proteins in humans are translated by ribosomes on
the surface of the ER [62]. The ER is the entry site to the endomembrane system of the Golgi
apparatus, also for peroxisomes and lipid droplets [63—-65]. To be inserted into the membrane, both
ORF7b-1 and ORF7b-2 should interact in the inner channel of the translocon with a segment of at
least 15-30 residues. Translocon is a hetero-trimeric protein complex [Sec61] that transports nascent
polypeptides, through a targeting signal sequence, into the interior space of the ER from the cytosol,
or to integrate nascent proteins into the membrane itself. This process is necessary for the protein to
cross the lipid bilayer. If the transfer is co-translational, the protein should have the signal sequence
that targets the proteins to the mammalian ER. But, both ORF7b-2 and ORF7b-1 are too small to cross
the ER membrane co-translationally, via translocon, nor have a suitable signal sequence, which seems
missing in their Opening Reading Frames, nor positive charges at N-terms.

A sequence signature is the most conserved region in a sequence pattern that occurs repeatedly
in a group of related or homologous sequences [66]. According to this definition, a sequence signature
could be a functional site, or any conserved region, even if of unknown function, but always in a
protein family or group. Therefore, although the actual physical manifestation of a signature may
vary [66], if ORF7b-2 does not possess homologous proteins [46] or does not belong to a protein
group, it means that the signal-sequence is missing.

However, the translocation is not obligatorily co-translational, it may also be post-translational
through a gate or pore that enables insertion of the substrate into the lumen or membrane of the
desired organelle [67].

Ribosomes must ensure that the native states of viral proteins are generated thermodynamically
stable. The early stages of folding during the release of the nascent chain are critical to stability and
function. But these steps can also produce aggregates or poorly folded shapes, because during
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ribosomal translation [68], at least 30-40 residues of the nascent proteins must act as a signal. They
interact with the ribosomal channel, to undergo co-translational compaction.

Therefore, this process involves a consistent part of the nascent protein. But with very short
proteins, such as ORF7b-2, a substantial portion of the chain must fold post-translationally. ORF7b-
2, because of the limited length of its sequence, cannot process the number of residues needed as a
co-transactional signal, because the signal is longer than the entire ORF7b-2 sequence. So, it should
be prone to aggregation upon release from the ribosome. However, the ribosome, the nascent protein,
and molecular chaperones, such as Hsp70, should work together to overcome aggregation
propensities and achieve a well-folded and stable native state [69].

In particular, the molecular chaperone Hsp70 [70] controls the solubility and structural accuracy
of newly synthesized protein chains, assisting their protein folding, refolding of misfolded proteins,
and protein trafficking. With ORF7b-2, the role of Hsp70 seems crucial because it has to promote
ORF7b-2 solubility by preventing the formation of soluble and insoluble aggregates. 99% of the
"Hsp70-cured-proteins" were found to contain at least one Hsp70 binding site, where the number of
Hsp70 binding sites is directly proportional to the size of the bound protein [71,72]. Hsp70 chaperones
have been implicated in assisting protein folding of newly synthesized polypeptide chains, refolding
of misfolded proteins, and protein trafficking. For these functions, the chaperones need to exhibit a
significant promiscuity in binding to different sequences of hydrophobic peptide stretches. For these
purposes, the chaperone has developed the ability to bind heptad sequences of peptides in both
orientations in the substrate binding cleft with comparable energy without rearrangements of the
protein [71].

Thorough tests on ORF7b-2 by Limbo-Switch-lab Server [72] for "Best sequence", "High
specificity prediction” (few past positive), and High sensitivity prediction (more true binders)
demonstrated (Figure 155) that ORF7b-2 had, at position 24-30, a statistically significant binding site
for Hsp70 (with a high score of 23.17), a canonical heptad sequence (MLIIFWF) for binding to the
chaperone.

This suggests that the protein is not directly inserted into the membrane through the translocon,
but, aided by Hsp70, does not aggregate and is soluble in the cytoplasm.

Molecular dynamics in water showed the structural stability of the protein in a medium with a
high dielectric constant, at neutral pH and 300 °K. The trans-bilayer helices possess many glycines
and large hydrophobic amino acids for a better packing [73]. ORF7b-2 does not possess glycine and
the mean HV product value (Figure 65) is rather low, suggesting a widespread presence of small-
volume residues and low hydrophobicity in the central segment of ~20 amino acids, which instead
should be strongly hydrophobic for a TM.

If we use the values of the hydrophobicity scale reported by Hessa [60,61], for transferring
protein residues from the cytoplasm into the ER membrane, we can calculate the change as free
energy of transfer. Even if the calculation is crude without some minor corrections, transferring
hydrophobic/apolar residues and polar/charged residues from the cytoplasm to the membrane,
respectively, can be estimated at - 3.17 kcal/mole and +6.66 kcal/mole. From which, the total free
energy of transfer is + 3.49 kcal/mole. Basically, the "solubilization" of the ORF7b-2 sequence in the
apolar environment of the membrane is not thermodynamically favored.

The second constraint is the "internal positive rule" reported by von Heijne [74,75], which
postulates the preferential presence of positively charged residues as a topological determinant of
TMs (lysine and arginine). This rule is valid for almost all helical membrane proteins, regardless of
the organism and the membrane system. It is a powerful determinant of membrane protein topology,
where "topology" refers to how one helical chain intertwines or interacts with similar helical chains
in the membrane.

Here we have that the positive inside rule is not applicable both because of the mere presence of
aspartic acid and glutamic acid residues which disfavor protein-lipid interactions, and because
OREF7b-2 is diffusely negative.

This generates an additional constraint. In our case, an ORF7b-2 self-association should form
multimers with the ability to create pores for the substrate. The dimerization test performed by
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molecular dynamics in the bilayer suggested that ORF7b-2, under the experimental conditions used,
does not self-associate, most likely because of electrostatic repulsion. ORF7b-2 is not an ampholyte,
it has no positive charges; it is a negative polyelectrolyte, a polyanion, with the charge spread over
the structure. A negatively charged TM protein in a membrane is thermodynamically disadvantaged
because of the very low dielectric constant of the membrane environment. Whatever the structural
organization of ORF7b-2, reciprocal remodeling of the membrane and protein is difficult. Molecular
dynamics simulations have highlighted these difficulties, showing a disorganization of the system
with no dimer formation.

ORF7b-2 dimerization should be the side-to-side self-association of two similar molecules. In the
membrane, oligomerization is understood as the lateral association of domains that are
hydrophobically coupled to the bilayer [76]. It is likely that these specific associations giving rise to
unique structures should show a rather detailed steric adaptation of the surfaces. Therefore, the side-
to-side association of helices is a crucial event in the stability of many membrane complexes [77]. In
our case, molecular dynamics simulation revealed that we have no lateral association between the
two trans-bilayer helices. Nor we have observed specific associations giving rise to unique structures
by a detailed steric fit of surfaces. Rather, we have observed steric clashes at helix-helix interfaces that
are expected to act against interactions between helices [77]. The presence of so many constraints
does not seem to support a function of ORF7b-2 as a transmembrane protein. The same structural
organization with the terminal parts both negatively charged and fluctuating, with a dipole moment
not aligned with the main structural axis, makes it difficult to conceive its involvement in a
membrane.

Apparently, both the composition and structure of this tiny helical protein by itself contain little
or no information about its ability to penetrate and associate in the membrane. Its behavior is mainly
determined by the modification of the negative charge distribution on the surface of ORF7b-2. The
ability of the protein to adapt its surface electrostatic distribution to environmental changes or even
to small conformational variations is remarkable. This suggests a peptide with great possibilities of
interaction with different molecular partners.

It is well known that viruses employ an evolutionary strategy to keep their genome size small
[78,79]. This results in viruses that often encode tiny proteins, less than 50 amino acids long and not
homologous to cellular proteins [80]. Because these proteins are very short, their open reading frames
are often overlooked or considered very late. However, some of them are short transmembrane
proteins, but many others bind variously to peripheral proteins on the outer surface of the membrane,
changing their activity [81]. This second group of proteins is characterized by much more basic
residues, which are prone to interact to the peripheral membrane proteins [82].

To date, membrane channel activities have not been conclusively associated with characteristic
biological functions [83,84]. While protein-protein and protein-phospholipid interactions have been
associated with specific biological activities [84]. Indeed, it should be noted that as research
progresses, less and less interest is being paid to the involvement of these tiny proteins in membrane
channels and more to the many other biological functions they perform [84]. On this basis, we could
hypothesize that ORF7b-2 may belong to a protein class that provides a versatile mechanism for
regulating a broad range of cellular activities through interactions.

There is evidence that many macromolecular polyanions and polycations act in the body and
control important biological functions. For example, there is growing evidence that several
polyanions have a procoagulant nature in blood [85]. This has aroused many pharmacological
interests. Polyanionic biopolymers have also been discovered that can hinder blood clotting, for
example, heparin and heparin mimics. They are antithrombotic, but with many side effects. But in
the body, there are also many cationic proteins, very well studied (e.g., protamines), which neutralize
the biological activity of heparins to balance their hemorrhagic effects [86]. With viral infections, the
interest is greater because it is associated with the eosinophilic antiviral response against respiratory
viruses, in vitro and in vivo [87,88], involving these cationic proteins. Eosinophil tissue cells can
release some cationic proteins, such as major basic protein 1 (MBP1; also known as MBP and PRG2],
eosinophil cationic protein (ECP; also known as RNase3), eosinophil-derived neurotoxin (EDN; also
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known as RNase2) and eosinophil peroxidase (EPX; also known as EPO). The great interest in these
proteins lies in their biological properties and activities in the cellular functions of eosinophils.
Eosinophils are strongly involved as effector cells in host defense and, in particular, in the mediation
of inflammatory responses in human viral diseases and cationic proteins are part of these defensive
mechanisms [110]. Some authors [11,12] reported that ORF7b-2 is involved in counteracting the
immune defense mechanisms of the host cell. These contrasts are very often implemented through
direct protein-protein or protein-complex molecular interactions, both in the cytoplasm and in the
peripheral areas of the membrane. The chemical-physical and above all polyanionic characteristics of
ORF7b-2 are very specific precisely in the management of interactions. The presence of cationic
proteins in the defense against viruses suggests multiple roles for ORF7b-2.

Although all these results do not give us the opportunity to show a physical insertion of ORF7b-
2 into membranes, as hypothesized by others, the protein has clearly shown to possess remarkable
aptitudes to interact electrostatically with other molecular partners. This study alone does not
support which functional activities can be accounted for by the remarkable structural properties and
capabilities shown.

Some molecular partners of ORF7b-2 are known, albeit with different reliability and statistical
significance, regardless of the knowledge of the spatiotemporal characteristics of where, how and
when they perform their interactions and functions [111]. The project by BioGrid curators could shed
some light.

BioGRID, the Biological General Repository for Interaction Datasets, is the platform that collects
and takes care of all the physical interactions of the proteins of the human genome, with each other
and with those of other organisms [89]. As part of the BioGRID COVID-19 Coronavirus Curation
Project, the physical interactions between SARS-CoV-2 proteins with those of humans were
experimentally detected and biophysically defined. The techniques used are eminently physical, such
as Affinity Capture-MS or Proximity Label-MS. Of course, not all the physical interactions identified
for ORF7b-2 develop into functional interactions that express a specific function, some are random.
However, these data represent an important and concrete starting point. The BioGRID's curated set
of data for SARS-CoV-2 has been updated to include interactions, chemical associations, and post-
translational modifications [PTM], and in these protein sets we also find the physical interactions
related to ORF7b-2 with the human proteome [https://thebiogrid.org/4383871/summary/severe-
acute-respiratory-syndrome-coronavirus-2/ORF7b.html]. BioGrid reports 1599 unique physical
interactors for ORF7b-2, who are involved in 2458 interactions. BioGrid curators classified the
interactions into 5 levels of significance. Physical interaction means that two proteins meet and react
by binding to each other, more or less strongly. We are considering a huge number of interactions
that are scattered in different places of the complex human cellular organization. Many of these
proteins are cytoplasmic. Briefly summarized, the protein has the central alpha-helix residues in
common with membrane proteins. But all its chemical-physical characteristics seriously question this
hypothesis, also supported by the vast number of cytoplasmic proteins with which it interacts
experimentally, as reported by BioGrid.

Overall, the results, and the considerations made, show that the structural characterization of
ORF7b-2 is an absolutely necessary prerequisite to understand its behavior, both in solution and in
membrane, but also to understand the functional potential that this protein can exert. However,
ORF7b-2 is also a protein with too many molecular partners, although the functions resulting from
these interactions are still unknown. Thus, we need to find its targets to discover its many functional
aspects and, eventually, to characterize them (manuscript in preparation). One way to get answers
capable of untangling this functional dilemma is through interactomics analysis [90,91]. If we possess
the human molecular interactors of this protein, as we have them in BioGrid, we can also extract the
hidden functional relationships in the human proteome through a PPI network. This is an analysis
indispensable for ORF7b of SARS-CoV-2.
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4. Materials and Methods

Electrostatic properties - The charge distribution of the proteins was evaluated in agreement
with Das and Pappu [20-23]. Particularly, we calculated the fraction of charged residues, as FCR = |{-
+£_I, and the net charge per residue, as NCPR = |f+-{_|. In this context, f- and f_represent the fraction
of positive and negative charges, respectively. These calculated values allow one to classify the
protein sequences into distinct regions of the Diagram of States for IDPs: [22] (i) weak
polyampholytes and polyelectrolytes named as Region 1 with values of FCR<0.25 and NCPR<0.25
and propensity for ensembles of Globule and Tadpole; (ii) a boundary region or Region 2 between 1
and 3 characterized by 0.25 < FCR < 0.35 and NCPR < 0.35 values; (iii) strong polyampholytes (Region
3) with FCR > 0.35 and NCPR <0.35, and propensity for ensembles of Coils, Hairpins, and Chimeras;
and (iv) strong polyelectrolytes (Region 4) where FCR > 0.35 and NCPR > 0.35, with a propensity for
ensembles of Swollen Coils.

Finally, we have calculated the parameter k to distinguish between different sequence variants
based on the linear sequence distributions of oppositely charged residues [20-22). The overall charge
asymmetry was calculated as o = (f+ - £_)?/(f+ + f_). For each sequence variant, we calculated k by
partitioning the sequence into Nblob overlapping segments of size g. For each g residue segment, we
calculated oi = (f+ - f_)%/(f+ + f_)i, which is the charge asymmetry for the sequence of interest. We
quantified the squared deviation from o as

0 = L > (ei— r}')n_} /Nblob.
~ Li=1—Nblob i

In particular, has been used g =5 and hypothesized different sequence variants on which were
evaluated different values of 6. Hence, the maximal value dmax for an amino acid composition was
used to define k = (5/0max).

Net Charge Calculation - The net charges of proteins at a given pH are based on the formula
below:

Z =Y1Ni [10pKai/(10pH + 10pKai)] - Yj Nj [10pH/(10pH + 10pKaj)]

Where Z is the Net charge of the peptide sequence. Ni: Number of arginine, lysine, and histidine
residues and the N-terminus; pKai, pKa values of the N-terminus and the arginine, lysine, and
histidine residues; Nj, Number of aspartic acid, glutamic acid, cysteine, and tyrosine residues and the
C-terminus; pKaj, pKa values of the C-terminus and the aspartic acid, glutamic acid, cysteine and
tyrosine residues pH: pH values. The pKa values used for: cysteine (pKa = 8.33), aspartic acid (pKa =
3.86), glutamic acid (pKa = 4.25), histidine (pKa = 6.0), lysine (pKa = 10.53), arginine (pKa = 12.48),
tyrosine (pKa = 10.07), the N-terminal (pKa = 9.69) and C-terminal (pKa = 2.34). The isoelectric point
is the pH at which the peptide Z shows zero value. Formulas and pKa value from Biochemistry text
books.

Dipole moment - The dipole moment, in Debyes, is calculated as the magnitude of the dipole
vector D = 4.803*Lriqi, summing over all atoms 'i', where 4.803 converts from Angstrom-electron-
charge units to Debyes. The mass moment vector of the protein is calculated as Rx =Xxi2, Ry=Xyi2,
and Rz=Xzi2, and the associated mean radius RM = [(Rx + Ry + Rz)/3]1/2 is a measure of the overall
protein size. The server at the following address was also used for the calculations:
http://bip.weizmann.ac.il/dipol

CIDER (Classification of Intrinsically Disordered Ensemble Regions) is a web-server developed
by the Pappu lab [22], at Washington University in St. Louis. CIDER allows for the calculation of
many parameters associated with any protein sequences. It is very specific for small proteins. The
server is at the address, http://pappulab.wustl.edu/CIDER/analysis/ The calculation of the average
hydrophilicity of a peptide is based on the data from Hopp&Woods [91].

PHYRE2, Protein Homology/analogY Recognition Engine V 2.0, is a web portal for protein
modeling, prediction and analysis at Structural Bioinformatics Group, Imperial College, London,
UK.. (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index )
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PEP-FOLD3 is a de novo approach aimed at predicting peptide structures from amino acid
sequences through a series of 100 simulations. Each simulation samples a different region of the
conformational space (prediction is limited to an amino acid sequence between 5 and 50 residues in
FASTA format). It returns an archive of all the models generated by the detail of the clusters and the
best conformation of the 5 best clusters. Once complete, a Monte Carlo procedure refines the peptide
structure. (https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/ )

MEMEMBED 1.15 (Bioinformatics Group — University College London) Membrane Protein
Orientation Predictor
(https://mybiosoftware.com/memembed-1-15-membrane-protein-orientation-predictor.html )
accurately orientates and refines both alpha-helical and beta-barrel membrane proteins within the
lipid bilayer using a genetic algorithm and knowledge-based statistical potential. The Workbench
provides a range of protein structure prediction methods. The site can be used interactively via a web
browser or programmatically via our REST APL

PEPPI (Pipeline for the Extraction of Predicted Protein-protein Interactions)
(https://seq2fun.dcmb.med.umich.edu/PEPPI/) is a computational program for protein-protein
interaction (PPI) prediction. It is a whole-proteome protein-protein interaction prediction through
structure and sequence similarity, functional association, and machine learning.

HINGEProt (http://bioinfo3d.cs.tau.ac.il/HingeProt/hingeprot.html ) is an Algorithm For
Protein Hinge Prediction Using Elastic Network Models [95]. HingeProt makes use of both Gaussian
Network Model (GNM) decomposes the fluctuations of N residues of a structure into a series of N-1
nonzero modes, given the Cartesian coordinates of Ca atoms [96]. The eigenvectors corresponding to
the slowest first and second modes are extracted. The square of these vectors describes the mean-
square fluctuations (the autocorrelations) of residues from equilibrium positions along the principal
coordinates (first and second modes here). Minima of mean square fluctuations at a mode describe
the flexible joints of the structure, i.e. the hinge regions, which connect the rigid units and mobile
loops. The hinge regions are the mechanistically informative regions of the structure and are of
importance in mediating cooperative motions that have functional importance. GNM calculates the
mean-square fluctuations and the correlation between the fluctuations of residues in the most
dominant (slowest two) modes, which were shown to overlap with known protein motions. These
suggest hinge regions and the cooperation between them. ANM provides the direction of the
fluctuations in the corresponding modes. GNM fluctuations being isotropic by definition, the
directions of fluctuations are characterized by ANM. ANM predicts the fluctuations of N residues in
the x, y and z directions from the average structure (X-ray or NMR) in 3N-6 ANM nonzero modes
[97]. After mapping the ANM modes to GNM modes by comparing the square fluctuations between
the resulting modes in the two models, the directions of the fluctuations of residues in the slowest
first and second modes of GNM are got by ANM analysis. As the fluctuations are symmetric
regarding the equilibrium positions, ANM predicted deformed structures could be got by adding
and subtracting the fluctuations of each residue to/from its equilibrium position.

Molecular Dynamics - The best model of ORF7b-2 was subjected to molecular dynamics (MD)
simulations by the GROMACS software (v4.5.6) [92,93] using GROMOS43al all-atom force field at
neutral pH. In a recent paper of ours [94], this force field has been evaluated among the most suitable
to simulate the folding of short peptides. In particular, the model was put into a cubic box with sides
of 862 A and covered with 21329 SPC216 water molecules. Initially, 2000 steps of energy
minimization and 25000 steps of position restrains were executed to equilibrate the protein and to
balance the water molecules around the protein, respectively. The complete 3D structure of ORF7b-
2 was subjected to MD simulations for 40 ns in explicit water setting the time step at 2 fs, the
temperature at 300 K and the time constant at 0.1 ps, pH 7.0.

A second set of experiments was performed in a solvated lipid bilayer under similar
experimental conditions in the presence of a dimeric 3D structure of ORF7b-2. This structure was
modeled using HDOCK. For this purpose, we prepared a lipid bilayer composed of 130 POPC
(phosphatidylcholine) molecules by 'VMD membrane builder' plugin and placed the dimeric model
of ORF7b-2 in the membrane based on not only the hydrophobicity of its residues but using the model
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pre-oriented by the 'Orientations of Protein in Membranes (OPM)' database
(http://opm.phar.umich.edu) to provide a rigorous way, based on energetic and thermodynamic
properties, of how the helix may be embedded in the membrane.. The OPM model is shown in
Supplements (Figure 125). When the correctly oriented helix was inserted into the membrane, all the
system was solvated in a box of 10985 water molecules, also ionized using VMD and processed
according to three steps: (i) equilibration and melting of lipid tails, (ii) minimization and equilibration
with constrained protein and (iii) equilibration with released protein. After these three steps, the
entire system was subjected to MD simulation for 100 ns, at 300 K and neutral pH.

Molecular dynamics (MD) analysis - The trajectories, which contain the information about the
coordinates in terms of time evolution of all the atoms making up the system, were analyzed using
different GROMACS routine utilities, which include the root-mean-square deviation (RMSD),
gyration radius (Rg), root-mean-square fluctuations (RMSF), helicity, total solvent accessible area,
ASA and so forth. Relevant functional motions were calculated by Principal Components Analysis
(PCA). The number of H-bonds, and interactions with their closest atoms (IAC) were calculated using
the Protein Interactions Calculator (PIC),55 HBPLUS56 and COCOMAPS57 tools.

(ORF7b-2-ORF7b-2) Docking - HDOCK server (http://hdock.phys.hust.edu.cn/), a web server
for protein-protein docking based on a hybrid strategy [106], was used to model ORF7b-2
dimerization in silico. The information entered for receptor and ligand molecules was the best ORF7b-
2 Phyre2-model. The server automatically predicts their interaction through a hybrid algorithm of
template-based and template-free docking. Data input that accepts both sequence and structure is the
first step of the process. The second step of the workflow is a sequence similarity search. Given the
sequences from input or converted from structures, a sequence similarity search is conducted against
the PDB sequence database to find the homologous sequences for both receptor and ligand molecules.
The third step compares PDB codes and a common template will be selected for both receptor and
ligand. If there is no overlap between two sets of homologous templates, the best templates will be
selected for the receptor protein and/or the ligand protein from two sets of templates, respectively. If
multiple templates are available, the one with the highest sequence coverage, the highest sequence
similarity and the highest resolution will be selected. With the selected templates, models are built
using MODELLER, in which the sequence alignment is conducted using ClustalW. The last step is
traditional global docking. Here, HDOCKIite, a hierarchical FFT-based docking program, is used to
sampling putative binding orientations. The top 10 docking models are interactively provided to
users through a web page.

Orientations of Proteins in Membranes (OPM) database - OPM provides spatial arrangements
of membrane proteins regarding the core of the lipid bilayer [107]. OPM provides preliminary results
of a computational analysis of transmembrane a-helix binding in experimental structures for dimeric
proteins. On PPM3 server, proteins are positioned in a bilayer of adjustable thickness and curvature
to minimize their transfer energy from water to the membrane. Each protein is considered as a rigid
body floating in a hydrophobic slab of adjustable thickness. In our experiment, a membrane with a
Golgi-like composition with a thickness of 29.4 + 2.7 A was settled. Orientation of the proteins was
determined by minimizing its overall transfer energy to — 28.8 kcal/mole regarding variables in a
coordinate system whose axis Z coincides with the bilayer normal. Longitudinal axes of TM proteins
are calculated as vector averages of TM segment vectors. The resulting tilt angles were 13 + 2°, and
15 + 2.5° for the two monomers.

The reason for using the OPM server is to pre-orient probable transmembrane proteins in a lipid
sheet system. In this way, a reduction of the equilibration times is got in the simulations of molecular
dynamics in the membrane. The results of the orientation are shown in Figure 12S.

Charge distributions and electrostatic potential calculations. Charge distributions and
electrostatic potential were calculated by DelPhi [108] using a finite difference solution to the Poisson-
Boltzmann equation. DelPhi is an electrostatics simulation program that can investigate electrostatic
fields in a variety of molecular systems, including proteins. It is possible for DelPhi to take as input a
coordinate file. DelPhi includes solutions to the nonlinear form of the Poisson-Boltzmann equation,
which provides more accurate solutions for highly charged proteic systems. Many other features
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enhance the speed and versatility of DelPhi to handle complicated systems and finite difference
lattices of extremely high dimension. We ran the DelPhi executable on a server with Fortran and C
compilers. The program can be downloaded at this address:

https://honiglab.c2b2.columbia.edu/software/cgi-bin/software.pl?input=DelPhi. at Columbia
University. The input pdb file should be in PQR format, which includes atomic radii and atomic
charges. For this purpose, it was used PDB2PQR [109], a Python software package that automates
many of the common tasks of preparing structures for continuum electrostatics calculations,
providing a platform-independent utility for converting protein files in PDB format to POR format.
For the result, analysis are required to read out and display the potentials. The options were to output
a potential map that could be read and contoured into the PyMol (or even Biosym) program. A utility
has been provided to facilitate this.
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