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Tumor necrosis factor (TNF) is a homotrimer that has two spatially distinct binding regions, three lectin-
like domains (LLD) at the TIP of the protein and three basolaterally located receptor-binding sites, the lat-
ter of which are responsible for the inflammatory and cell death-inducing properties of the cytokine.
Solnatide (a.k.a. TIP peptide, AP301) is a 17-mer cyclic peptide that mimics the LLD of human TNF which
activates the amiloride-sensitive epithelial sodium channel (ENaC) and, as such, recapitulates the capac-
ity of TNF to enhance alveolar fluid clearance, as demonstrated in numerous preclinical studies. TNF and
solnatide interact with glycoproteins and these interactions are necessary for their trypanolytic and
ENaC-activating activities. In view of the crucial role of ENaC in lung liquid clearance, solnatide is cur-
rently being evaluated as a novel therapeutic agent to treat pulmonary edema in patients with
moderate-to-severe acute respiratory distress syndrome (ARDS), as well as severe COVID-19 patients
with ARDS. To facilitate the description of the functional properties of solnatide in detail, as well as to
further target-docking studies, we have analyzed its folding properties by NMR. In solution, solnatide
populates a set of conformations characterized by a small hydrophobic core and two electrostatically
charged poles. Using the structural information determined here and also that available for the ENaC pro-
tein, we propose a model to describe solnatide interaction with the C-terminal domain of the ENaCa sub-
unit. This model may serve to guide future experiments to validate specific interactions with ENaCa and
the design of new solnatide analogs with unexplored functionalities.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human tumor necrosis factor (TNF) forms a 51 kD homotrimer,
with three lectin-like domains (LLD) located at the apex of the
molecular structure, one at the tip of each subunit, spatially sepa-
rated from the basolaterally located receptor-binding sites (Fig. 1A,
B) [1–4]. TNF has been described as a ‘‘moonlighting” protein
because it has several physiological functions within the same
polypeptide chain but through different binding sites [5,6]. It was
initially discovered as an anticancer agent, and later, the role of
TNF and its family members in diverse pathologies, including neu-
rologic, metabolic, cardiovascular, pulmonary, and autoimmune
diseases, was characterized [7]. TNF is a pleiotropic cytokine with
cell death-inducing and inflammatory effects on mammalian cells
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Fig. 1. hTNF trimer and the three lectin-like domains. A. The region corresponding to the scaffold used to design the solnatide peptide is highlighted in teal. A schematic
representation of the secondary structure is shown below. B. Superposition of several TNF structures displaying the conformational variability of the loop.
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mediated through binding to two types of receptors [5,8]. TNF
plays a major role in innate defence against bacterial, fungal, par-
asitic and viral infections [6]. Less well-known is its lectin-like
activity, which is completely dissociable from its death-inducing
and inflammatory role. The lectin-like activity of TNF causes acti-
vation of the amiloride-sensitive epithelial sodium channel (ENaC)
in the alveolar epithelium and also in lung microvascular endothe-
lial cells [9–11].

Spatial separation of the functions of TNF into distinct regions in
the molecule might explain the apparent contradictory roles of this
cytokine, which, on the one hand, exacerbates inflammation and
edema formation through its receptor-binding domains and, on
the other hand, activates edema reabsorption through its lectin-
like domain [1,5]. Residues Cys101-Glu116 of wild-type human
TNF (hTIP) participate in the activation of ENaC [3,12]. The
lectin-like activity of TNF (TIP) domain of TNFwasmapped 28 years
ago in view of its trypanolytic effect on purified bloodstream forms
of Trypanosoma brucei brucei [3]. Subsequently, its role in the acti-
vation of amiloride-sensitive sodium transport in mammalian lung
cells [9,10] and its edema-reducing capacity were also identified
[10,13].

The synthetic 17-mer cyclic peptide solnatide, also known as
human TIP peptide or AP301, mimics the LLD of human TNF with-
out having the receptor-binding site responsible for the inflamma-
tory properties of this cytokine [1,3,13]. Solnatide and its mouse
analog mTIP peptide have been shown to improve alveolar fluid
clearance and reduce extravascular lung water in several rodent
models of flooded lungs [1,13], in a rabbit model of endotoxin/
exotoxin-induced lung injury [14], and in a mouse model of pneu-
monia [11]. Solnatide is currently being evaluated in a Phase II clin-
ical trial (EU Clinical Trials Register, EudraCT No. 2017-003855-47;
ClinicalTrials.gov Identifier: NCT03567577) as a novel agent to
study the safety and preliminary efficacy in patients with
moderate-to-severe acute respiratory distress syndrome (ARDS).
Moreover, a completed pilot study of treatment of severe COVID-
19 patients with ARDS with solnatide is currently being evaluated
(EU Clinical Trials Register, EudraCT No. 2020-001244-26). In a
previous ‘‘proof-of-concept” study in patients suffering from acute
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lung injury, the analysis of a subgroup of patients with the highest
sequential organ failure assessment (SOFA) scores revealed
reduced extravascular lung water following treatment with
inhaled solnatide [15]. A recent pilot study in patients with pri-
mary graft dysfunction following lung transplantation who
received inhaled solnatide showed improved gas exchange and
reduced need for mechanical ventilation, thereby bringing about
a shorter stay in the intensive care unit [16].

TNF -through its LLD- and solnatide -a LLD mimic- activate
ENaC, which is expressed at the apical plasma membrane of
epithelial and endothelial cells in various tissues and organs,
including lungs, colon, kidneys [17,18]. This activity has been mea-
sured electrophysiologically as an increase in amiloride-sensitive
sodium current in cells expressing ENaC [11,12,19,20]. ENaC is
the rate-limiting step for Na+ uptake and it plays a critical role in
lung fluid clearance in physiological and disease conditions
[17,21]. The function of ENaC is determined by the number of
channels expressed at the surface membrane (N), which is regu-
lated by membrane insertion, ubiquitination and degradation or
retrieval, as well as on the activity of individual channels, defined
by their open probability Po [22]. TNF/solnatide-dependent ENaC-
activation promotes the channel’s open state, thus affecting the
regulation of Na+ and water homeostasis [10,11,19,23,24]. Na+ ions
passively enter alveolar epithelial cells through apically located
ENaC and are actively removed by the basolaterally located Na+-
K+-ATPase. This unidirectional Na+ transport creates an osmotic
gradient that causes water to flow in the same direction [25]. By
increasing the Po of ENaC, solnatide increases Na+ uptake across
the alveolar epithelium. Water follows the ensuing osmotic gradi-
ent out of the alveolar lumen into the interstitial space, eventually
reaching the blood and lymphatic systems.

ENaC is structured as a heterotrimeric molecule composed of
three subunits (a, b and c), each containing a large extracellular
domain, two transmembrane (TM) regions, and two flexible intra-
cellular N- and C-terminal regions [26,27]. The precise molecular
mechanism by which solnatide interacts with ENaC and increases
its Po is currently unknown, although a combined in vitro-in vivo
study has shown that solnatide binds to the intracellular C-
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terminal domain of the a-subunit of ENaC (ENaCa) [11]. This bind-
ing favors continued expression of ENaCa and the complex forma-
tion between the channel, the myristoylated alanine-rich C kinase
substrate (MARCKS) and phosphatidylinositol bisphosphate (PIP2),
both necessary for maintaining the open conformation of ENaC
[11,23]. Two residues (Val567 and Glu568) at the end of the second
transmembrane region (TM2) of human ENaCa have been postu-
lated to play an important role in solnatide binding because their
mutation to alanine significantly reduces the stimulatory effect
of the peptide on complex formation between ENaC and MARCKS
[23]. Moreover, the capacity of both solnatide and TNF to enhance
amiloride-sensitive sodium current is lost when three essential
residues, namely Thr6/105, Glu8/107 and Glu11/110 (numbers
refer to solnatide and human TNF respectively), are each replaced
by alanine [10,12]. These three residues are also critical for the
edema-reabsorbing properties and trypanolytic effects of the
lectin-like domain [3,10,13].

TNF and solnatide interact specifically with N,N’-diacetyl chito-
biose and high mannose-containing carbohydrate groups of glyco-
proteins, and this interaction is necessary for their trypanolytic and
ENaC-activating effects [3,9,28]. Interestingly, a linear form of the
hTIP peptide still binds to N,N’-diacetylchitobiose, indicating that
cyclization is not necessary for the peptide-carbohydrate interac-
tion [29]. The mutated variant of solnatide containing the three
essential residues 6, 8 and 11 replaced with alanine retains the
capacity to bind to N,N’-diacetlychitobiose but shows greatly
reduced affinity compared to solnatide [29].

These binding results with ENaCa and N,N’-diacetlychitobiose
suggest that solnatide (hTIP peptide, AP301) has different binding
sites to exert its polyvalent function in cells. However, the lack of
structural information regarding the conformational ensemble
populated by the peptide in solution has prevented the research
community from proposing structure-based hypotheses to
describe its binding properties. To bridge this knowledge gap and
to open up the possibility of docking studies with targets and
designing new analogs with unexplored functionalities, we set
out to study solnatide folding properties in solution by NMR. The
conformational ensembles determined allowed us to identify three
regions as potential binding platforms to interact with different
targets. We compared these sites to the LLD in hTNF described in
available crystal structures, thereby revealing conserved and dis-
tinct features that are essential for the bioactivity of the peptide.
Based on the conformational properties of solnatide, we also pro-
pose how it might interact with sugars and with ENaCa through
hydrophobic and electrostatic interactions. These hypotheses will
pave the way for designing new experimental approaches to
unveiling the activation mechanism of ENaC by solnatide, elucida-
tion of solnatide’s lectin-like properties, as well as its role in
enhancing edema reabsorption in patients.
2. Material and methods

2.1. Peptide synthesis

Solnatide (a.k.a. TIP peptide, AP301) was prepared using a linear
stepwise solid-phase peptide synthesis and following the Fmoc/
tBu strategy, essentially as previously described [30–32]. Chain
elongation was achieved by repetitive cycles of Fmoc removal
and amino acid coupling. The completeness of each coupling was
checked by the Kaiser (Ninhydrin) and/or Chloranyl tests. The
crude peptide was obtained after acidolytic treatment and subse-
quent oxidation. Finally, the crude product was purified by prepar-
ative reverse-phase HPLC and counter-ion exchanged to obtain the
final product in the acetate form. Finally, the product was isolated
by lyophilization and stored at �20 �C. The cyclic 17-residue pep-
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tide showed a purity of 99.5%, as determined by a validated HPLC
protocol.

2.2. NMR methods

NMR experiments were recorded on a Bruker Avance III 600-
MHz spectrometer (IRB Barcelona) equipped with a quadruple
(1H, 13C, 15N, 31P) resonance cryogenic probe head and a z-pulse
field gradient unit at 290 K using a 1 mM solution of peptide. 1D
proton spectra were recorded with a sweep width of 12,000 Hz
and 32 k data points. A total of 16 scans were accumulated with
an acquisition time of 2.05 s. A Watergate w5 composite pulse
was used to suppress the water signal. Presaturation was used in
samples dissolved in D2O. 2D-TOCSY and NOESY experiments were
carried out in 90% H2O/10% D2O and in 100% D2O and used to
assign the spin systems corresponding to the peptide resonances,
as previously described [33,34]. For the 2D-NOESY experiments,
mixing times of 200 and 100 ms were used to minimize the impact
of spin-diffusion in the NOE assignments. Spin-locking fields of
8 kHz and 50 ms mixing time were used for the 2D-TOCSY exper-
iments. All 2D spectral widths were 8000 Hz. The data size was 512
points in F1, indirect dimension, and 2048 points in F2, direct
dimension. For each F1 value, 48 and 32 transients were accumu-
lated in the NOESY and TOCSY experiments, respectively. Data
were processed with a combination of exponential and shifted
sine-bell window functions for each dimension, followed by auto-
mated baseline and phase correction using TopSpin 3.5 (� Bruker
2020). The 512 � 2 k data matrices were zero-filled to 2 k � 2 k
(NOESY and TOCSY).

2.3. Structure calculation

We identified the characteristic spin system of each residue in
the sequence using the 2D TOCSY experiment. Each spin system
was connected to the following one via NOEs observed from the
side-chain of a given residue (i) to the amide proton of the follow-
ing residue (i + 1), as well as from the amide proton of (i) to the
amide of (i + 1), as previously described [35,36]. Full spin analysis
and NOE assignment were carried out manually using CARA soft-
ware [37]. Distance restraints derived from the NOESY experi-
ments were used for the NMR-based model building of the
peptide in solution using unambiguously assigned peaks exclu-
sively and the program CNS 1.2 (Crystallography and NMR system)
[38,39]. The protocol consisted of implicit water-simulated anneal-
ing of 200 structures using 8,000 cooling steps, followed by an
explicit water refinement during 1200 steps, essentially as
described [32,40]. The top 40 models were further refined using
the Rosetta package, with the FastRelax protocol with all NMR con-
straints and the cst_fa_weight parameter set to 2 [41]. All structures
were represented using Chimera version 1.13 [42].

2.4. Docking

RosettaDock r280[43] was used to dock the minimum-energy
NMR conformer of solnatide to the ENaCa helix predicted by
AlphaFold_v2 (residues 563–595). Both structures were prepacked
using the Rosetta docking_prepack_protocol r280 with the default
settings to perform side chain optimization of each component of
the complex. No preferred starting orientation was selected. As
the docking protocol was run without using a lipidic membrane,
all simulations in which the solnatide molecule was bound at the
hydrophobic side of the helix were discarded and the complex with
the lowest energy bound to the polar face of the helix was selected
(Fig. 5b). The docking protocol was as follows: -dock_pert 3 8 -ex1 -
ex2aro -score:docking_interface_score 1 -nstruct 10,000 -randomize2
-uniform_trans 200 -spin. The energy values for that structure were:
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Total_score: �45.542; I_sc: �9.546. According to the RosettaDock
documentation, the optimal values for I_sc are in the range of �5
to �10.

3. Results

3.1. Peptide synthesis and previous knowledge of the lectin-like (TIP)
domain

Solnatide is a cyclic peptide that mimics the lectin-like (TIP)
domain of human TNF cytokine. The TNF protein folds as a homo-
trimeric molecule, where the monomers adopt an edge-to-face
packing (Fig. 1A) [44]. The 17-residue solnatide sequence is based
on the native Pro100-Glu116 fragment of hTNF (UniProt code,
P01375). In the TNF structure, this region belongs to a fragment
between b strands e and f (Fig. 1B). In solnatide, the hTIP sequence
[3] was altered by replacing Pro100 and Glu116 with Cys, and
Cys101 with Gly. The Cys residues introduced were used to gener-
ate a head-to-tail cyclic peptide via a disulfide bond.

3.2. Chemical shift assignment of the solnatide peptide

For structural studies by solution NMR, we prepared the 17-
residue solnatide sequence using standard Fmoc/tBu solid-phase
peptide synthesis (as described in the Methods section). To explore
the conformational ensemble of solnatide in solution, we per-
formed 2D 1H–1H TOCSY and NOESY and 1H–13C HSQC experi-
ments to obtain the full 1H and 13C assignment. To determine the
folding properties, we acquired several NOESY experiments cover-
ing a range of mixing times in H2O and D2O. The well-dispersed
signals in the 2D TOCSY/NOESY experiments allowed us to identify
all residues, which were sequentially connected by the presence of
unambiguous sequential and medium-range NOEs following stan-
dard protocols [36]. The presence of the internal disulfide bond
was confirmed by the characteristic Cb chemical shifts of the two
Cys residues observed in the 2D HSQC experiment [45]. The mono-
meric properties of the peptide were corroborated by its molecular
weight determined by Mass Spectrometry and by the pattern of
NOEs, consistent with a cyclic peptide structure, with the N- and
C-termini in close proximity (Fig. 2A-D).
Fig. 2. Characteristic chemical shifts and NOEs observed for solnatide. A. HSQC displaying
are highlighted. The chemical shifts corresponding to all residues are included in Su
configuration. C and D. NOEs observed between the aromatic rings of Trp15 and Tyr16

2085
The analysis of the NMR datasets allowed us to collect a set of
sequential and medium range restraints to calculate an ensemble
of conformations sampled by the peptide in solution. Only six resi-
dues (Arg4, Thr6, Lys13, Pro 14, Trp15 and Tyr16) participate in
side-chain to side-chain interactions. For instance, we detected a
set of NOEs between the aromatic ring of Trp15 and Tyr16 with
Lys13 and Pro14 side-chains and also between Trp15 and Tyr16
aromatic rings and between Tyr16 and Arg4. Thr6 also showed
weak NOEs to Trp15. The contacts between the two aromatic rings
are probably enhanced by the cyclic nature of the peptide, which
somehow introduces a turn after residue 16 to form the Cys1-
Cys17 disulfide bond. We observed that the two proline residues
(at position 7 and 14) populate cis/trans configurations, with trans
being the most abundant (Fig. 2B).
3.3. Conformational ensemble of solnatide in solution using NMR
restraints. Comparison to TNF structures

The conformational ensemble of the peptide was determined
through the combination of the Crystallography & NMR system
software suite (CNS) and Rosetta, using all experimentally derived
NMR restraints during both processes. We observed that the addi-
tional refinement step with Rosetta yields more accurate NMR
ensembles than those using standard refinement protocols only,
as previously described for other protein systems [41,46].

We first generated 400 structural models using the experimen-
tal data and CNS with a refinement step in the presence of explicit
solvent [38,39,47]. After this calculation, we ranked the generated
models based on energy values and on the absence of restraint vio-
lations. The top 40 models were further refined using the Rosetta
package, guiding this refinement process with the requirement to
fulfil the assigned experimental constraints. The unrefined and
refined structural ensembles are very similar but the latter display
a clear improvement of backbone dihedral angles and side-chain
rotamers (as determined by PROCHECK [48]). In solution, the con-
formational ensemble adopted by solnatide reveals a global fold
that resembles that of the hairpin in the native TNF context, as
shown by the overlays of the top 20 conformers representing
selected or all the side-chains, (Fig. 3A, B). The family of conforma-
tions have two distinct sections according to the flexibility: resi-
the aliphatic region of the peptide. The characteristic resonances of the oxidized Cys
pplementary Tables 1 and 2. B. Characteristic NOE pattern of the Proline trans
with Thr6 (weak) and with Lys13 and Pro14.



Fig. 3. NMR ensemble of solnatide. A. NMR ensemble of the peptide (violet) superimposed to the corresponding region of the native TNF protein (blue). Two selected
conformations are shown superimposed to the TNF TIP region. Conserved side-chains are indicated (numbers refer to solnatide). B. The lowest energy conformation with all
side-chains shown. The peptide is colored N->C Rainbow starting with blue, till red. C. Conformational variability of the 20 best structures of solnatide determined here (PDB
ID: 7qlf). D. Similar analysis of seven TNF structures (PDB ID: 3l9j, 3wd5, 4g3y, 1a8m, 4twt, 1tnf, 5m2i, 5m2m). The first eight residues are more flexible than the last five
because the latter are located at beta strand f. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dues close to the disulfide area (residues 1 to 5 and 16 to 17) are
less ordered than the middle region comprising the TPEGAEA
sequence (residues 6–11). This different behavior in terms of flex-
ibility is corroborated by the D2O exchange rate observed when the
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lyophilized peptide is directly dissolved in D2O. Whereas the
amides of the 1–5 and 16–17 regions are immediately exchanged,
those corresponding to the central part are partially protected from
exchange, thereby indicating that these amide groups participate
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to some extent in hydrogen bonds. The backbone orientation of
this central portion adopts a b-hairpin conformation, similar to
that of the native protein (Fig. 3B). The similarity is extended to
the preferred side-chain orientations of the Thr6, Glu8 and
Glu11, which are essential for the alveolar fluid clearance capacity
of the lectin-like domain of TNF, and whose similar orientation
probably accounts for the capacity of the peptide to mimic the pro-
tein function. The conformational ensemble displayed by the pep-
tide in solution (Fig. 3C) recapitulates the significant differences in
Phi and Psi values observed when comparing the TIP region in
seven X-ray structures of the hTNF cytokine (Fig. 3D). These differ-
ences suggest that the crystal structures of hTNF have trapped
some conformational flexibility present in the context of the native
protein, which is essential for recognizing various targets.

Given that 35% of solnatide residues are polar, we also studied
the charge distribution of the peptide in solution. As shown in
Fig. 4A, there are two observable electrostatic charged poles: a neg-
atively charged site, centered at the b-hairpin defined by Glu8 and
Glu11, and a positively charged one, defined by Arg4 and Lys13
side-chains. The negatively charged patch is also present in the
TIP region of the hTNF cytokine (Fig. 4B). We also observed that
the peptide shows a small semi-hydrophobic core (Fig. 4A), with
the aromatic ring of Trp15 populating several orientations, defined
by the interactions with neighbouring residues and by the turn
introduced by the cyclic structure. In the native TNF structure, this
turn is not present and these residues adopt an alternating orien-
tation since they are located in the bf strand (Fig. 1A). The presence
of the peptide core does not compromise its solubility and might
even strengthen the interactions with the natural binders in a cel-
lular context. These interactions could involve the stacking of sugar
molecules against the planar face of Trp and Tyr, as observed in
other proteins [49], interactions that can be further stabilized by
hydrogen bonding partners such as the Gln3 and Glu5 side-
chains located in close proximity.
3.4. Modeling solnatide-ENaCa interactions

The heterotrimeric ENaC channel has a large, well-structured
extracellular region [26], a narrow transmembrane domain com-
posed of two transmembrane helices per subunit, named TM1
and TM2, and a flexible C-terminal cytoplasmic domain [18]. In
vitro, the solnatide binding site in ENaCa has been mapped to
involve the region after transmembrane motif 2 (TM2), in the cyto-
plasmic face of the channel and in the C-terminal domain, in the
proximity of residues 567 and 568 [11,23] and before the PPxY
Fig. 4. Electrostatic surfaces of hTNF and solnatide. A. Charge distribution for the hTNF h
conformer shown in Fig. 3B. Two views related by a 180 rotation are represented. The n
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motif (Fig. 5A). This motif interacts with the WW domains [50]
of the ubiquitin ligase Nedd4L, which labels ENaCa for degradation
[51].

The fragment used to determine the cryoEM structure of the
ENaCa subunit ends after the TM2 helix, but the folded part ends
early, the ENaCa region proposed to bind the solnatide peptide
being absent. Although the structural properties of the C-
terminal region await adequate experimental support, secondary
structural prediction using JPred4 [52] and also AlphaFold_v2
[53], reveal that the region after the TM2 helix that was described
as solnatide binding site (�30 residues) has a high propensity to
adopt a helical secondary structure. To represent these structural
features, we overlapped the cryoEM structure of ENaC heterotri-
mer to the ENaCa model generated by AlphaFold_v2, including
the predicted SB helix (highlighted in dark brown, in Fig. 5A).
Moreover, this helical segment (SB helix, residues 563–595), has
an amphipathic character as predicted by HELIQUEST [54], which
is reflected by the segregation of hydrophobic and hydrophilic/
charged residues occupying opposite faces of the helix, as shown
in Fig. 5A,B.

In addition, in the helical conformation, charged residues are
also separated as a small dipole, with negatively and positively
charged residues clustered at the N and C ends of the helix, respec-
tively. Since solnatide also has positively and negatively charged
patches and a small hydrophobic core, it is tempting to hypothe-
size a binding process driven by complementary electrostatic and
hydrophobic interactions between both molecules. To explore
these potential interactions, we used RosettaDock r280, the SB
helix predicted by AlphaFold_v2 and the minimum-energy NMR
conformer of solnatide. As explained in the methods, we did not
select any preferred starting orientation for the molecular docking.
However, since the protocol was run without using a lipidic mem-
brane, all simulations that oriented the peptide at the hydrophobic
side of the helix were discarded. The complex with the lowest
energy indicates that solnatide can interact with both positively
and negatively charged patches of the SB helix oriented towards
the cytoplasm (Fig. 5b), suggesting a possible binding mechanism
of ENaCa recognition. Of note, although the C-terminal domain
of the ENaCa subunit is less conserved than the extracellular
domain and the transmembrane helices, the negatively charged
residues surrounding the TM2 helix and the positively charged
region in the SB helix are highly conserved in vertebrates [18].
eterotrimer. The region similar to solnatide is circled. B. Charge distribution of the
egatively and positively charged areas and the hydrophobic pole are labeled.



Fig. 5. Proposed model of solnatide interaction with the C-terminal helix of the ENaCa. A. ENaC heterotrimer as observed in the cryoEM structure. The cytoplasmic helical
segment after the TM2 domain is shown in dark brown. This region is not present in the cryoEM structure but has been predicted by AlphaFold [53]. B. Expanded view of the
cytoplasmic helical segment predicted by AlphaFold. A possible scenario for the recognition of the C-terminal helix and solnatide, obtained using RosettaDock. The presence
of two charged patches at the SB helix and solnatide suggests that these areas could contribute to target recognition through electrostatic interactions via electrostatic
complementarity. Binding to the positively charged patches (residues Arg585-Arg589) should be also satisfied by TNF native protein.
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4. Discussion

Peptide therapeutics represent a well-defined area in the phar-
maceutical industry. There are currently more than 80 approved
peptide drugs on the market in the US, Europe and Japan, 150 in
clinical development, and twice as many in preclinical studies
https://www.fda.gov, [55,56]. Examples include numerous
venom-derived peptides, with direct therapeutic applications for
chronic pain, diabetes, stroke, and autoimmune diseases and can-
cer [57]. Other examples include insulin [58] and modifications
of native hormones to optimize analogs with improved stability
and specificity, like somatostatin, octreotide, leuprolide, and icati-
bant, to name a few. Some of these improvements have been made
possible by exploring the conformational space sampled by the
native peptides in solution [30,32,59,60].

Solnatide, the 17-residue synthetic cyclic peptide, is based on
the native human TNF sequence and has lectin-like activity, i.e.,
it binds to specific carbohydrate groups on protein target mole-
cules. The use of TNF to treat cancer has been hampered by its high
hepatotoxicity and systemic toxicity [61] but the lectin-like
domain of TNF, which is spatially distinct from the receptor bind-
ing sites, might have applications in reducing the formation of pul-
monary edema associated with cancer treatment [6]. The function
of the lectin-like domain of TNF has been preserved in the syn-
thetic cyclic peptide solnatide, which contains the sequence of
residues corresponding to the lectin-like domain of human TNF,
constrained by a disulfide bond between the N- and C- termini.
The ability of both solnatide and TNF to reabsorb edema and the
trypanolytic effects of the lectin-like domain are lost when resi-
dues Thr6/105, Glu8/107 and Glu11/110 (solnatide and TNF num-
bering respectively), are each replaced by alanine [3,10,12,13]. In
contrast to the considerable number of structural studies available
for TNF proteins in the literature [2,44], the folding properties of
solnatide have not been explored to date.

This lack of conformational information has not only limited the
capacity to describe the mechanism of action of solnatide but also
compromised efforts to improve its stability and/or membrane and
ENaC association properties through chemical modification. Here
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we found that solnatide has retained 3D features of the lectin-
like domain of TNF required for function. In fact, the analysis of
the conformational ensembles displayed by solnatide shows how
the peptide recapitulates the main structural features previously
identified as relevant for the ENaC-activating effect of the lectin-
like domain of TNF [12,13], namely the critical role of the triad of
residues in solnatide/hTNF: Thr6/105, Glu8/107 and Glu11/110,
the hydrophobic region comprising three consecutive residues
Pro14/113, Trp15/115 and Tyr16/115, and the presence of a
charged dipole, all of which are observed in the peptide. The mid-
dle region of solnatide, represented by the sequence TPEGAEA, is
ordered, shows H-bonding capacity, and adopts a backbone confor-
mation similar to that of the native protein.

Two residues (Val567 and Glu568) at the C-terminal region of
human ENaCa play an important role in solnatide binding
in vitro. This conclusion is based on the observation that mutation
of these residues to alanine significantly reduces the stimulatory
effect of the peptide on the interaction between ENaC and the
myristoylated alanine-rich C kinase substrate MARCKS. These
mutations also affect ENaCa activation in H441 cells by hTNF [23].

Based on the conformational studies and in the analysis of
charge distribution of the peptide surface reported here, we pro-
pose a model to describe how solnatide may interact with the cyto-
plasmic C-terminal domain of the ENaCa subunit via electrostatic
complementarity. Remarkably, both the amphipathic helix and sol-
natide have positively and negatively charged patches. Assuming
that the hydrophilic face of the SB helix interacts with the mem-
brane and that the polar surface is oriented to the cytoplasm, this
polar face would be accessible to interact with solnatide through
complementary electrostatic interactions, involving binding to
the negatively and positively charged patches (residues Glu568,
Glu571 and Asp575 and Arg585-Arg589). Our model generated
with RosettaDock supports the implication of a slightly larger area
of the SB helix than previously thought, including a short patch of
positively charged residues located at the C-terminal part of the SB
helix. This hypothesis still needs further experimental validation,
but if confirmed, it may help the future development of new gen-
erations of solnatide analogues to enhance the capabilities of this

https://www.fda.gov
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scaffold and/or to acquire new properties including the formation
of dimers or trimers to mimic the native trimeric TNF structure.
In addition, a technical application of the peptide-SB interaction
may be used as a tool for structural determination of the cytoplas-
mic region of ENaC, which has been invisible in the cryo-EM struc-
tures until now. In this context, the addition of the peptide during
the protein reconstitution for structural studies might help restrict
the orientation of the otherwise dynamic SB helix, thereby facili-
tating its observation in these models.

We are confident that the conformational properties of sol-
natide gained through the present study paves the way for further
studies addressing the differences observed between the peptide
and its parent molecule TNF with respect to ENaC activation char-
acteristics [24] and might allow a glimpse into the evolutionary
mechanisms that led to a moonlighting protein like TNF.

5. Coordinates and NMR assignments

PDB ID 7QLF, BMRB ID 34697.
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