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Abstract

A multi-pronged approach with help in all forms possible is essential to completely

overcome the Covid-19 pandemic. There is a requirement to research as many new

and different types of approaches as possible to cater to the entire world population,

complementing the vaccines with promising results. The need is also because SARS-

CoV-2 has several unknown or variable facets which get revealed from time to time.

In this work, in silico scientific findings are presented, which are indicative of the

potential for the use of the LL-37 human anti-microbial peptide as a therapeutic

against SARS-CoV-2. This indication is based on the high structural similarity of LL-

37 to the N-terminal helix, with which the virus interacts, of the receptor for SARS-

CoV-2, Angiotensin Converting Enzyme 2. Moreover, there is positive prediction of

binding of LL-37 to the receptor-binding domain of SARS-CoV-2; this is the first

study to have described this interaction. In silico data on the safety of LL-37 are also

reported. As Vitamin D is known to upregulate the expression of LL-37, the vitamin

is a candidate preventive molecule. This work provides the possible basis for an

inverse correlation between Vitamin D levels in the body and the severity of or sus-

ceptibility to Covid-19, as widely reported in literature. With the scientific link put

forth herein, Vitamin D could be used at an effective, medically prescribed, safe dose

as a preventive. The information in this report would be valuable in bolstering the

worldwide efforts to eliminate the pandemic as early as possible.
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1 | INTRODUCTION

The world is plagued with the peculiar and daunting problem that a

vast population of humans does not mount an effective innate

immune response against SARS-CoV-2.1 World-wide efforts have

come/are coming to fruition for the development of vaccines and

drugs. Yet, there could be challenges to surmount, confounded by the

nature and behavior of SARS-CoV-2.2 Even with the promising results

of vaccines developed in the world, it is well recognized that the need

for additional modalities is essential, due to the sheer enormity of the

problem. It could take a long time before Covid-19 is wiped from

the face of Earth in totality. Also, by now, it is known that the virus is

notoriously dynamic and also that there are several unknowns. SARS-

CoV-2 has hypervariable genomic hotspots, evolves rapidly by muta-

tions, and there is variability in epidemiologic and clinical attributes.

The picture is not fully known about the human immune response to

the virus and neither are its clinical manifestations completely under-

stood.3 Thus, to minimize the period of suffering and bring the ulti-

mate goal closer, there should be research in the direction of as many

different types of approaches that can be thought of, including non-
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typical approaches. In this work, a different possibility is presented, in

the form of the human anti-microbial peptide LL-37 as a therapeutic,

the reasoning for which is collated and elucidated below.

SARS-CoV-2 attaches to the cell surface receptor Angiotensin

Converting Enzyme 2 (ACE2) by the binding of the Receptor Binding

Domain (RBD) of its Spike protein to ACE2. The N-terminal helix

(NTH) of the peptidase domain of ACE2 is mainly responsible for the

interaction with the RBD.4 The Receptor Binding Motif (RBM) within

the RBD, forms a concavity into which the NTH fits in. Most of the

residues of ACE2 that form interactions with the RBD are present in

the N-terminal helix. A stretch of ACE2 from Ser19 to Asn53 com-

prises the NTH.5

LL-37, a 37 amino acid peptide, produced from the cleavage of an

18 kDa polypeptide, hCAP18, is an anti-microbial peptide (AMP) pre-

sent in humans.6 It is produced not only by multiple immune cells like

NK cells, B cells, mast cells, and so forth, but also by epithelial cells

present in the skin and the respiratory tract.7 LL-37 is majorly present

extracellularly.8 Within cells, it is present in its proform in granules.

LL-37 can get internalized into human macrophages where it can act

in clearance of intracellular pathogens.9 LL-37 is internalized by

human mast cells which it induces to release nucleic acids.10 Besides

the action of LL-37 in destabilizing membranes of pathogens, LL-37

has also been reported to be a cell-penetrating peptide (CPP).11 The

physiological concentration of LL-37 is known to be in the range of

2–5 μg/ml. However, in case of infection its concentration could rise

up to 20 μg/ml.12 LL-37 also exhibits antiviral activity against several

viruses by interacting with and destabilizing the viral envelopes.13 LL-

37 has also been found to interfere with the replication of several

single-stranded enveloped RNA viruses similar to SARS-CoV-2, such

as Respiratory Syncytial Virus, Influenza A hepatitis C virus, Dengue

virus, HIV-1 and Vaccinia Virus.14 Furthermore, LL-37 has been found

to inhibit viral binding to host cells. LL-37 inhibits Dengue virus type

2 from entering cells by binding to the E protein of the virus.15 Bind-

ing of Respiratory Syncytial Virus to epithelial cells is diminished by

LL-37.16 LL-37 also had an inhibitory effect on the binding of non-

enveloped Enterovirus 71 to U251 cells.17 A metabolite of Vitamin

D3, 1α,25-dihydroxy vitamin D3 (1,25D3), is known for its role in

transcriptional regulation of many genes of the immune system.18

Genes regulated by 1,25D3 also code for anti-microbial peptides.

Human antimicrobial peptide hCAP-18/LL-37 gene is one such gene

which is upregulated by Vitamin D.19

Moving on to the logic of this study, a large collection of evidence

has mounted that there is a correlation between Covid-19 and Vita-

min D. In PubMed, there are numerous articles reporting or discussing

such correlation. To give an example, in an Israeli population-based

analysis involving 7807 people, 10% individuals who were Covid-19

positive had lower 25(OH) Vitamin D levels in the plasma than the

individuals who were tested negative and the finding was statistically

significant.20 In another work, which is most relevant to our study, the

binding of LL-37 to enveloped viruses and their consequent disable-

ment has been described and it has been postulated that Vitamin D

deficiency manifests as aggravated Covid-19 through consequent low

expression of cathelicidin.14 Besides severity of disease, a recent

study21 implicates an increased risk of contracting Covid-19 when

there is deficiency of Vitamin D. Also, several studies have found Vita-

min D deficiency to be linked with greater risk of viral respiratory tract

infections.22 In our study, the question was asked—Could this associa-

tion be something that could be tapped for developing a potential

therapy? LL-37 is known to have a helical structure23 as depicted in

Figure 1 (Panel I). The actual part of ACE2 that the RBD binds to is

the N-terminal helix (NTH) (Figure 1, Panel I) of ACE2.

Thus, a hypothesis was made that LL-37, could be binding to RBD

and if true, this could be one of the most effective way in which LL-

37 could interfere with SARS-CoV-2 by binding to the receptor-

binding domain (RBD) of the virus. Therefore, in this work, in silico

studies were undertaken, mainly to test the hypothesis put forth and

to unearth the possibility, if any, of binding of LL-37 to RBD. A great

value of this approach to develop a treatment would be that a mole-

cule that is already present in the body's circulation could be used as a

therapeutic, as the safety criteria for the therapeutic would be more

likely to be met than extraneous peptides or those not already present

in the circulation.

The Spike protein RBD is amply glycosylated24 and the glycan

moieties are considered to be steric hindrances for neutralizing anti-

bodies to bind—a mechanism of immune evasion by the virus. The

RBD gets exposed when the virus is about to bind to ACE2; this is

referred to as the “UP” state of the RBD, as against the unavailable

“DOWN” state, these states being alternated by the control of gly-

cans.25 The development of neutralizing antibodies as a therapeutic

depends on the “Open” or available state of the RBD as against its

“closed” state.26 So, in the UP or Open state of the RBD, LL-37 could

also bind to it.

2 | METHODS

2.1 | Retrieval of 3-D structures and their
preparation

The secondary structure of the N-terminal helix (NTH) of ACE2 was

obtained by extracting residues 19–53 of hACE2 from PDB ID 6LZG

from the Protein Data Bank (PDB) of the Research Collaboratory for

Structural Bioinformatics (https://www.rcsb.org/), using the Maestro

software (Schrödinger Release 2020-2: Maestro, Schrödinger, LLC,

New York, NY, 2020). The NMR structure of human LL-37 and two X-

ray crystal structures of SARS-CoV-2 Receptor-Binding Domain (RBD)

in complex with its receptor, that is, human ACE2 (hACE2) were

retrieved from the PDB database (https://www.rcsb.org/) with PDB

ID: 2K6O,27 6LZG,28 and 6M0J,4 respectively. Another three peptides

that are structurally similar to LL-37 have been used as “controls.”
The basis for selection of these three peptides is explained in the

Structural Alignment Results section. The three-dimensional

structures of these three peptides viz. Pituitary adenylate cyclase-

activating peptide-38 (PACAP-38) (PDB ID: 2D2P),29 Amylin endo-

crine hormone (PDB ID: 2KB8)30 and Glucagon-like peptide-2 (GLP-2)

(PDB ID: 2L63)31 were retrieved from the PDB database. The
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sequences of NTH and the peptides are given in Table 1(A) and their

structures are shown in Figure 1 (Panel I). The Schrödinger's Protein

Preparation Wizard tool32 (Schrödinger Release 2020-2:

Protein Preparation Wizard, Schrödinger, LLC, New York, NY, 2020)

was used to prepare the downloaded PDB structures for structural

correctness with respect to optimization of H-bonds and energy mini-

mization of heavy atoms by using OPLS-2005 force field, resulting

into high-confidence structures for further molecular docking studies.

2.2 | Quantitative assessment of NTH structure
similarity with LL-37, PACAP-38, amylin, and GLP-2

Firstly, the four peptide sequences were compared with the NTH

sequence using BLASTP (National Center for Biotechnology Informa-

tion, U.S. National Library of Medicine). To assess the structural simi-

larity between N-terminal Helix (NTH) of hACE2 with LL-37, and the

three control peptides, the quantitative assessment of protein struc-

ture similarity was carried out using TM-Align online server33 (https://

zhanglab.ccmb.med.umich.edu/TM-Align/). The TM-Align program

produces the optimized residual alignment between two structures

depending on their structural similarity followed by structural super-

imposition and gives the TM-score which is a measure of the struc-

tural similarity. TM-score gives the values in between 0 and 1, where

0 indicates the given structures are structurally different while

1 indicates perfect alignment and implies that both the structures are

identical to each other. If the TM-score is higher than 0.5, then it sig-

nifies that similar structural folds are present in both the structures

and a score < 0.3 indicates random structural similarity. Further, a

greater value for TM-score signifies stronger structural similarity.34

CATH (Database based on Class, Architecture, Topology, and Homol-

ogous superfamily) and SCOP (Structural classification of Proteins

database) are commonly used standards for comparison and classifica-

tion of protein structures.35 For CATH, a TM-score of 0.5 means that

it is 37% probable that the two structures fall into to the same topol-

ogy family; when the TM-score is 0.6, this probability elevates to

80%. When TM-score is <0.4, it means that are nearly zero protein

pairs in the same SCOP Fold family. When the TM-score is >0.6, the

probability of the two proteins being in the same SCOP Fold is raised

to >65%. TM-Align also classifies the alignment of amino acid pairs

according to a distance cut-off “d,” distinguishing the pairs with

d < 5.0 Å from those with d > 5.0 Å, the former being the better

aligned pairs than the latter.

2.3 | Macromolecular or protein–protein docking

For the macromolecular docking of given structures, we used the

HDOCK online server for blind docking (http://hdock.phys.hust.edu.

cn/) to predict their binding complexes with binding affinity. HDOCK

F IGURE 1 Panel I: Secondary
structures of NTH and peptides used
in the study (A) The secondary
structure of NTH was obtained by
extracting residues 19–53 of hACE2
using Maestro from PDB ID 6LZG
from https://www.rcsb.org/. (B) The
structure of the LL-37 peptide
(2K6O) from https://www.rcsb.org/.

(C) The structure of the PACAP-38
peptide (2D2P) from https://www.
rcsb.org/. (D) The structure of the
Amylin endocrine hormone (2KB8)
from https://www.rcsb.org/. (E) The
structure of the GLP-2 peptide
(2L63) from https://www.rcsb.org/.
Panel II: Structural alignment of
hACE2 NTH with (A) hACE2 NTH,
(B) LL-37, (C) PACAP-38, (D) Amylin
and (E) GLP-2. The structure of
hACE2 NTH is represented in blue
color and aligned peptides are shown
in red color
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predicts the intermolecular interactions at the interface of two pro-

teins in binding complexes through a hybrid algorithm.36 The HDOCK

algorithm executes rigid docking by considering both the receptor and

ligand as rigid molecules. We performed macromolecular docking of

LL-37 (PDB ID: 2K6O) with RBD of SARS-CoV-2 (from PDB ID: 6LZG

and 6MOJ). For this, we separated the RBD-ACE2 complex structures

using Maestro software and used only RBD structural coordinates for

docking. Then, these docking results were compared with positive and

control dockings. Positive control docking, that is, docking of SARS-

CoV-2 RBD with its receptor hACE2 was done by taking the 6LZG

PDB complex, separating the two protein structures and then docking

them. For control dockings, the three control peptides were docked

with SARS-CoV-2 RBD (from 6LZG). Also, as a different type of con-

trol, LL-37 was docked with the Spike protein region from residue

96 to residue 318, which is adjacent (immediately upstream) to RBD

by extracting the structure of this region from the full spike protein

structure of SARS-CoV-2 (PDB ID: 6Z97),37 using Maestro software.

All docked complexes were downloaded from the HDOCK server and

their intermolecular interaction patterns were analyzed using

Maestro.

2.4 | Explicit MD simulation and MM/GBSA

To analyze the binding strength of LL-37, NTH and control peptides

with SARS-CoV-2 RBD, 100 ns molecular dynamic (MD) simulations

were implemented with the help of Desmond software.38 These

docked complexes were prepared for MD simulation using the system

TABLE 1 (A) The amino acid sequences of NTH and the peptides used in this study. (B) Quantitative assessment, using TM-Align server, of
hACE2 NTH Structural Similarity with peptides from RCSB (https://www.rcsb.org/) selected on the basis as described in the Results. The
reference protein was NTH of ACE2. The descriptions are from (https://www.rcsb.org/)

Panel A

Structure Amino acid sequence

NTH STIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTN

2K6O (LL-37) LLGD FFRKSKEKIGKEFKRIVQRIKDFLRNLVP RTES

2D2P HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNKX

2KB8 KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

2L63 HADGSFSDEMNTILDNLAARDFINWLIQTKITD

Panel B

Structure
Peptide
length

TM-
score

RMSD
(Å)

Aligned
length Description

N-terminal

helix

35 1 0 35 N-terminal helix of ACE2 (from 6LZG)

Strict search

2K6O (LL-37) 37 0.68037 1.5 32 Anti-microbial peptide

2D2P 38 0.56736 1.62 34 Pituitary adenylate cyclase activating polypeptide-38

1GOE 42 0.51713 2.61 33 Corticotropin releasing hormone

1G09 42 0.52615 2.61 33 Corticotropin releasing hormone

2RMY 34 0.55258 1.52 27 N-BAR domain

2KB8 37 0.54169 1.87 31 Amylin endocrine hormone

2N7I 37 0.59781 2.33 32 Prolactin receptor transmembrane domain

2LAT 37 0.69158 0.94 31 Human minimembrane protein Ost4

Relaxed search

2L63 33 0.44354 1.8 23 Glucagon-like peptide-2

6ITH 35 0.55154 1.64 32 Trans-membrane domain of syndecan-2

1R02 33 0.32949 2.35 22 Orexin-A: Regulator of Appetite and Wakefulness

2L77 39 0.49377 2.2 25 PAP248-286

2RND 34 0.51577 1.16 25 N-terminal BAR peptide

5NAO 35 0.54347 1.41 28 TLR4 transmembrane domain (624–657)

6AHZ 35 0.59246 1.58 29 Polysialyltransferase Domain (PSTD) in Polysialyltransferase

ST8siaIV

6F46 32 0.39864 1.43 22 Transmembrane helix of BclxL

Abbreviation: RMSD, root mean square deviation of the alignments.
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builder of a panel of Desmond software. All the complex systems

were immersed in a solvated cubic box of size 10 Å using explicit sol-

vent, that is, the TIP3P water model. The suitable counter ions (Na+/

Cl�) were added to the solvated system to neutralize the absolute

charge of the complex system. The steepest descent energy minimiza-

tion method was utilized during 100 ns MD simulation along with the

OPLS-2005 force field.39 Also, all the systems were simulated using

NPT (N/number of atoms, P/pressure, T/temperature) ensemble at

300 K temperature and 1 bar pressure. The Martyna-Tobias-Klein

barostat method and Noose-Hoover chain thermostat method were

used to control the pressure and the temperature during the 100 ns

MD simulation. The short-range interactions, that is, columbic interac-

tions were maintained at 9.0 Å cut-off radius, and to integrate the

equations of motion leap-frog algorithm was used with 2 fs time step.

During the time of 100 ns MD, structural changes in RBD were

monitored by comparing with docked complex conformation. Also, the

binding strengths of NTH and peptides were analyzed through

MM/GBSA (Molecular Mechanics, The Generalized Born Model, and

Solvent Accessibility) using the Prime40 module of Schrodinger soft-

ware. Prime MM/GBSA works with the following equation by calculat-

ing the number of energies including polar solvation energies, non-polar

solvation energies, and potential energies of the complex system.

ΔGbind ¼Gcomplex� GproteinþGligand

� �

where Gcomplex represents the protein-ligand complex energy, Gprotein

represents the unbound (free) protein energy and Gligand symbolizes

the free ligand energy.

3 | RESULTS

3.1 | Structural alignment of LL-37, PACAP-38,
amylin, and GLP-2, with NTH

BLASTP gave the result “No significant sequence similarity” (to NTH)

for all peptides. The validation of the TM-Align server was done by

giving the same hACE2 NTH structure as structure one and structure

two inputs to the server. The resulting TM-score of this alignment

was 1, with root mean square deviation (RMSD) 0 Å and this con-

firmed the accuracy of the TM-Align server. Structural similarity

searches were performed in the RCSB PDB to make the study more

stringent by finding structures similar to LL-37 under (a) strict and

(b) relaxed criteria. From the searches, structures that were isolated,

that is, not in complex or as dimer/tetramer, and so forth, as that

could change their native structure; in the range 37 plus/minus five

residues so that they are closer to LL-37; and those that were Solu-

tion NMR structures (as solution NMR gives the structure in native

state) were selected. Structural alignment of each was done with NTH

of ACE2. The results are tabulated in Table 1(B). The score for LL-37

was 0.68037, so it falls under the high similarity category according to

CATH and SCOP. It shows that LL-37 has a significantly higher score

than all (except 2LAT), even when compared with structures that were

already similar to itself.

The structural alignments generated from the TM-Align server

are shown in Figure 1 (Panel II). It can be seen that LL-37 even shares

a similar bend in the helix as NTH, and this could help in fitting of LL-

37 into the concavity of RBD. Also, although the peptide Amylin has

aligned with NTH with a score a little greater than 0.5, it can be seen

from the figure that there is a clear bifurcation of the two structures

toward the N-terminus. This study suggests that the reported human

anti-microbial peptide LL-37 is structurally very close to hACE2 NTH

and this feature could facilitate its binding to RBD. For each peptide,

the amino acids that aligned with those of NTH are shown in Figure 2

(Panel I). It can be seen that LL-37 and PACAP-38 have a greater num-

ber of aligned residues with d < 5.0 Å, and hence, better alignment

than Amylin and GLP-2. Now, those structures with alignment

RMSD > 2.0 Å and/or those that are not found as free peptides in the

circulation (which includes 2LAT), were eliminated. Thus, 2D2P, 2KB8,

and 2L63 were selected as control peptides for docking studies.

F IGURE 2 Panel I: The amino acids participating in the structural
alignment of the different peptides with NTH. In each case, the top
sequence is of NTH. The bottom sequence is of the following
peptides (A) NTH (B) LL-37 (C) PACAP-38 (D) Amylin (E) GLP-2. Two
dots between a pair of aligned residues indicates d < 5.0 Å as
explained in the Methods. A single dot shows other aligned residue
pairs and dashes mean no structural alignment. Panel II: Depiction of
the binding positions of NTH (extracted from ACE2 of PDB ID 6LZG
complex) and docked LL-37 (PDB ID 2K6O) across the surface of the
receptor binding motif (RBM) of the RBD from PDB ID 6LZG

LOKHANDE ET AL. 1033



3.2 | Intermolecular interactions between hACE2
and RBD (positive control)

The already determined crystal structure of SARS-CoV-2 RBD com-

plexed with hACE2 (PDB ID: 6LZG) was used for docking analysis. The

complexed structure was split into separate SARS-CoV-2 RBD and sep-

arate hACE2 structure and subjected to macromolecular docking calcu-

lations. The docking results gave a structurally very similar complex as

compared to the crystal structure (PDB ID: 6LZG) with a docking score

of �334.45. Intermolecular interactions between these docked com-

plexes are summarized in Table 2(A). The N-Terminal Helix of hACE2 is

exposed toward the Receptor Binging Motif (RBM) of SARS-CoV-2

RBD and this interface makes a very stable complex by forming

15 different interactions comprising of nine hydrogen bond interactions,

four aromatic hydrogen bonds, and two salt bridges. From the table, it

can be seen that nine of the interactions predicted by our docking were

common with the RBD-ACE2 interactions in the experimentally deter-

mined RBD-ACE2 complex structures.4,41,42 This indicates the validity

of the docking method used in this work.

3.3 | Intermolecular interactions between LL-37
and RBD (Test)

The docked complexes of LL-37-RBD6LZG and LL-37-RBD6M0J

gave docking scores of �253.75 and �238.18, respectively

TABLE 2 (A) Detailed intermolecular
interaction analysis of the hACE2-SARS-
CoV-2 RBD complex. Interactions which
were common with the RBD-ACE2
crystal structure determined by Shang
et al,41 are in Green. The interaction
common with the RBD-ACE2 crystal
structure reported by Lan et al4 is in Red,
and the one common with RBD-ACE2
cryo-electron microscopy structure
described by Yan et al42 is in Blue.
Interactions not found in any of these
three reports are in Black. (B) Detailed
intermolecular interaction analysis of the
complex of NTH alone with RBD of
SARS-CoV-2

Panel A

Interacting residues (�334.45)a

hACE2 (PDB ID: 6LZG) SARS-CoV-2 RBD (PDB ID: 6LZG) Bond type
Bond distance
(Å)

Ser19 Ala475 HB 2.70

Tyr83 Asn487 HB 2.22

Tyr83 Asn487 Ar-HB 3.20

Phe28 Tyr489 Ar-HB 3.51

Lys31 Glu484 Salt-Bridge 3.79

Thr27 Phe456 Ar-HB 2.94

Asp30 Phe456 Ar-HB 3.03

Asp30 Lys417 Salt-Bridge 2.30

Asp30 Lys417 HB 1.36

Glu35 Gln493 HB 1.93

Gln42 Gly446 HB 1.66

Lys353 Gly496 HB 1.69

Gln42 Gln498 HB 2.17

Lys353 Gln498 HB 1.80

Lys353 Gly502 HB 2.10

Panel B

Interacting residues
(�224.14)a

NTH (PDB
ID: 6LZG) RBD (PDB ID: 6LZG) Type of bond

Bond distance
(Å)

Ile21 Gln498 HB 2.74

Phe28 Tyr449 Ar-HB 2.67

Phe32 Gln493 Ar-HB 2.54

Phe32 Arg403 Pi-cation 5.58

Asn33 Tyr505 HB 1.82

Ser47 Tyr421 HB 1.88

Leu39 Phe456 Ar-HB 2.33

Asn51 Ser459 HB 1.70

Abbreviations: Ar-HB, aromatic hydrogen bond; HB, hydrogen bond.
aDocking score.
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(a more negative value indicates stronger binding and stable com-

plex). The intermolecular interactions between LL-37 and SARS-

CoV-2 RBD from 6LZG and 6M0J PDB are illustrated in Figure 3

(Panel I). In the LL-37-RBD (RBD from PDB ID: 6LZG) complex,

there are eight interactions including three hydrogen bonds, three

aromatic hydrogen bonds, and two salt bridges and the detailed

interaction analysis is summarized in Table 3(A). In the LL-37-RBD

(RBD from PDB ID: 6M0J) complex also, eight interactions were

observed at the interface including two hydrogen bonds, four aro-

matic hydrogen bond interactions and two salt bridges. In Figure 2

(Panel II), the positions of NTH (extracted from ACE2 of 6LZG)

and LL-37 docked with the RBD from 6LZG, across the surface of

the receptor binding motif (RBM) of the RBD from 6LZG are

shown. From this figure, it is apparent that LL-37 could hinder the

binding of RBD to ACE2 by occupying the region where NTH

interacts with RBD.

F IGURE 3 Panel I: Intermolecular interactions and binding mode of LL-37 (green color) with (A) SARS-CoV-2 RBD from 6LZG PDB (cyan

color); (B) SARS-CoV-2 RBD from 6M0J PDB (cyan color). Hydrogen bonds, aromatic hydrogen bonds and salt bridges are represented by dashed
black, blue and pink colored lines respectively. Panel II: Diagrammatic representation of molecular docking of LL-37 to RBD. Sequence: RBD
sequence (319 to 541 of UniProt ID PODTC2 common to 6MOJ and 6LZG); Red sequence: RBM sequence; Large font bold residues: Contacted
by LL-37; Blue bar: Contact region covered by LL-37. (A) LL-37 bound to RBD of 6MOJ (Test1); Black/red residues: Common with LL-37_RBD of
6LZG docking; Green residue: Not common with LL-37_RBD of 6LZG docking; (B) LL-37 bound to RBD OF 6LZG (Test2); Black/red residues:
Common with LL-37_RBD of 6MOJ docking; Green residue: Not common with LL-37_RBD of 6MOJ docking. Numbers below residues: Number
of mutations in 3564 SARS-CoV-2 genomes
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TABLE 3 (A) Detailed intermolecular interaction analysis of the LL-37-SARS-CoV-2 RBD complex. (B) Detailed intermolecular interaction
analysis of the complexes of PACAP-38, Amylin, GLP-2 with SARS-CoV-2 RBD, and LL-37 with the region adjacent (immediately upstream)
to RBD

Panel A

Interacting residues

Bond type Bond distance (Å)LL-37 (PDB ID: 2K6O) SARS-CoV-2 RBD (PDB ID: 6LZG) (�253.75)a

Asn30 Asn501 HB 1.67

Phe27 Gly496 Ar-HB 2.75

Asp26 Tyr505 Ar-HB 2.73

Arg23 Tyr505 HB 2.48

Arg23 Glu406 Salt Bridge 4.12

Glu16 Lys417 Salt Bridge 3.18

Glu16 Lys417 HB 2.53

Glu16 Tyr421 Ar-HB 1.75

LL-37 (PDB ID: 2K6O) SARS-CoV-2 RBD (PDB ID: 6M0J) (�238.18)a

Asp26 Tyr505 Ar-HB 2.96

Phe27 Gly496 Ar-HB 2.82

Arg23 Tyr505 HB 2.74

Arg23 Glu406 Salt Bridge 3.25

Glu16 Phe456 Ar-HB 3.38

Glu16 Lys417 Salt Bridge 3.09

Glu16 Tyr421 Ar-HB 2.25

Glu16 Tyr421 HB 1.94

Panel B

Interacting residues

Bond type Bond distance (Å)PACAP-38 (PDB ID: 2D2P) SARS-CoV-2 RBD (PDB ID: 6LZG) (�230.30)a

Lys15 Leu455 HB 1.56

Arg12 Phe456 Ar-HB 2.63

Tyr13 Tyr489 Pi-Pi 5.46

Arg30 Gln498 2 HB 1.71, 2.08

Amylin (PDB ID: 2KB8) SARS-CoV-2 RBD (PDB ID: 6LZG) (�229.10)a

Phe23 Gly446 Ar-HB 2.63

Phe23 Tyr449 Ar-HB 3.55

Ser19 Tyr449 HB 1.90

Asn14 Tyr505 Ar-HB 2.37

Asn14 Arg403 HB 2.09

Lys1 Asp420 Salt Bridge 4.27

Lys1 Asn460 HB 1.15

GLP-2 (PDB ID: 2L63) SARS-CoV-2 RBD (PDB ID: 6LZG) (�202.59)a

Phe22 Asn450 Ar-HB 2.85

His1 Asn343 HB 2.23

His1 Glu340 Ar-HB 3.28

LL-37 (PDB ID: 2K6O)
(PDB ID: 2K6O)

SARS-CoV-2 region adjacent to RBD (PDB ID:
6LZG) (�209.74)a

Phe17 Phe238 Pi-Pi 4.80

Arg7 Asp138 Salt Bridge 3.13

Abbreviations: Ar-HB, aromatic hydrogen bond; HB, hydrogen bond; Pi-Pi, non-covalent interaction between aromatic rings.
aDocking score.

1036 LOKHANDE ET AL.



From this docking study, it is clear that the residues from LL-37,

viz., Glu16, Arg23, Asp26 and Phe27, also residues from SARS-CoV-2

RBD, viz., Glu406, Lys417, Tyr421, Gly 496, and Tyr505 are very

important residues for binding as these interactions were observed in

both the Test complexes. The regions of RBD spanned by LL-37

in each case are shown diagrammatically in Figure 3 (Panel II). Thus,

five residues of RBD contacted by LL-37 were found reproducible

between the two test dockings. This finding also demonstrates that

LL-37 binding to RBD appears to be specific. The presence of two salt

bridges in both the Test complexes predicts thermostability of the

binding of LL-37 to RBD. Comparing the docking of LL-37 with RBD

and hACE2 with RBD, hACE2 forms a very stable complex with

RBD (�334.45 docking score), as not only the N-terminal helix but

other secondary structure elements of hACE2 are exposed to the sur-

face binding site of SARS-CoV-2 RBD. Despite the weaker binding

energy of the LL-37-RBD complex, the stability of this complex is very

similar to the stability of the hACE2-RBD complex because the scor-

ing function of any docking program not only considers the number of

interactions but also takes into consideration the Van der Waals' and

electrostatic interactions, the decrease in entropy which occurs when

the ligand binds, the hydrogen bonds and solvation factor. As seen in

Table 2A, not only the NTH of hACE2 contributed in the binding but

other residues are also involved in the binding with SARS-CoV-2 RBD

resulting in a lower binding energy as compared to LL-37-RBD com-

plex. LL-37 consists of only a helix for docking with RBD, therefore

the docking score for this complex was �253.75. To validate this

point, only the NTH was extracted from the ACE2 of 6LZG and was

docked with the RBD of 6LZG. The docked model which showed the

binding position of NTH similar to the NTH position when the entire

ACE2 binds to RBD as in determined structures (Figure 2, Panel II)

was analyzed, and its docking score was �224.14. The detailed inter-

actions are given in Table 2(B), from which it is seen that the interac-

tions are mostly not common with the experimentally determined

interactions. This would be due to the NTH alone docking in a similar

but not perfectly the same position as when in the entire ACE2, due

to the surrounding influences of ACE2.

3.4 | Intermolecular interactions between other
peptides and RBD (Control)

The docked complex of 2D2P-RBD6LZG gives a docking score of

�230.30. Five interactions including three hydrogen bonds, one aro-

matic hydrogen bond, and Pi-Pi interaction were detected at the inter-

face of the 2D2P-RBD complex, and the detailed interaction analysis

is summarized in Table 3(B). The docked complex of 2KB8-RBD6LZG

gives �229.10 as docking score. Seven interactions were observed at

the interface including three hydrogen bonds, three aromatic hydro-

gen bond interactions, and one salt bridge. 2L63 forms only three

interactions (two aromatic hydrogen bonds and one hydrogen bond)

with RBD of SARS-CoV-2 and gives a docking score of �202.59. No

salt bridges are formed. The intermolecular interactions between

2D2P, 2KB8, 2L63 and SARS-CoV-2 RBD from 6LZG PDB are

illustrated in Figure 4 (Panel I). There was no commonality between

RBD residues interacted with by NTH and by any of the Test or Con-

trol peptides. Figure 4 (Panel II) diagrammatically shows the align-

ments of the regions of RBD spanned by the control peptides. We

also explored the binding stability of LL-37 peptide toward the region

which is immediately adjacent and upstream to SARS-CoV-2 RBD.

This docking result gives a docking score of �209.74 by forming two

interactions at the interface of this complex (Table 3(B), Figure 4

(Panel I)). Thus, LL-37 showed poor binding to a region adjacent to

RBD and this also is indicative of the specificity of LL-37 binding

to RBD.

From these docking studies, we can conclude that, in silico, LL-37

shows a binding affinity and relative stability of binding toward the

RBD of SARS-CoV-2. Now, with a lower structural alignment (with

NTH) TM-score, visually poorer alignment with a bifurcation, and

lesser number of aligned residue pairs with d < 5.0 Å; 2 KB8 has

shown almost comparable docking as LL-37. This would be attributed

to the amino acid sequence of 2 KB8 which must have amino acids at

appropriate positions so that they could dock with RBD. But, even so,

the chances of LL-37 binding to RBD are greater than 2 KB8, because

LL-37, with its better structural attributes, would first more easily

enter and fit into the binding region, and then only the amino acid

interactions would take place.

3.5 | Conformational changes (RMSD) and free
energy calculations (MM/GBSA)

The binding stability of protein-ligand (RBD-Peptides) complexes in a

fully solvated system were studied using RMSD in the C-α atoms of

the RBD after binding with NTH, LL-37 and control peptides in this

study. The RMSD calculations were performed on 1000 trajectories/

conformations retrieved during the 100 ns MD simulations and were

compared with the initial confirmation (docked pose) of their respec-

tive complex.

Figure 5 shows the RMSD plot for SARS-CoV-2 RBD upon bind-

ing of peptides. The values indicated that the RMSD values for RBD

from 6LZG and 6M0J upon binding to LL-37 deviate <5.00 Å with

mean RMSDs of 3.75 ± 0.56 Å and 3.74 ± 0.82 Å, respectively, and

the RMSD is <4.00 Å during the first 40 ns. The control peptides viz.

2D2P and 2L63 complexed with RBD6LZG, also LL-37 complexed

with region adjacent to the RBD6LZG shows RMSD values ranging

from >5 Å to 8 Å during 100 ns MD simulation with mean RMSDs of

6.10 ± 1.30 Å, 5.64 ± 1.26 Å, and 5.95 ± 1.39 Å, respectively.

Whereas the 2KB8_RBD6LZG complex shows larger deviation during

50 ns to 84 ns with mean RMSD of 4.27 ± 1.00 Å. Only in the initial

phase (0-40 ns) and last phase of 100 ns (84–100 ns) simulation time

the complex equilibrates within 4 Å and shows complex stability. In

the case of the NTH_RBD6LZG complex, the equilibration was seen

during initial 63 ns, later this complex deviates up to 6 Å with mean

RMSD of 4.12 ± 1.32 Å.

Likewise, the Prime MM/GBSA energies for all the complexes

were computed to reveal the strength of the docked complexes
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during 100 ns MD simulation and the results are provided in Table 4.

Remarkably, the peptide LL37 used in this study gives a stronger bind-

ing affinity toward the RBD6LZG of SARS-CoV-2. The complexes

LL37_RBD6LZG and LL37_RBD6M0J exhibited �144.50 kcal/mol and

�118.98 kcal/mol binding free energies, respectively. Also, NTH

extracted from the ACE2 of 6LZG complexed with RBD6LZG shows

�112.26 kcal/mol binding free energy, which is also stronger when

compared with the other peptides used as a control in this study.

The control peptides binding to RBD, viz., 2D2P_RBD6LZG,

2 KB8_RBD6LZG, and 2 L63_RBD6LZG give �91.80 kcal/mol,

F IGURE 4 Panel I: Intermolecular interactions and binding mode of (A) PACAP-38 with SARS-CoV-2 RBD, (B) Amylin with SARS-CoV-2 RBD,
(C) GLP-2 with SARS-CoV-2 RBD, and (D) LL-37 with SARS-CoV-2 region (96–318) which is adjacent to RBD. Hydrogen bonds, aromatic
hydrogen bonds, Pi-Pi stacking and salt bridges are represented by dashed black, blue, sky blue and pink colored lines respectively. Panel II:
Diagrammatic representation of molecular docking of control peptides to RBD. Sequence: RBD sequence (319 to 541 of UniProt ID PODTC2
common to 6MOJ and 6LZG); Red sequence: RBM sequence; Large font bold residues: Contacted by the peptide; Blue bar: Contact region
covered by the peptide. (A) PACAP-38 binding to RBD OF 6LZG (Control 1); (B) Amylin binding to RBD OF 6LZG (Control 2); (C) GLP-2 binding
to RBD of 6LZG (Control 3)
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�82.14 kcal/mol, and �88.12 kcal/mol binding energies, respectively.

LL-37 complexed with the region adjacent to RBD6LZG had an energy

of �93.38 kcal/mol. Collectively, from the MD simulation and

MM/GBSA calculations, we can consider that the LL-37 shows stron-

ger binding affinity toward RBD of SARS-CoV-2 as it shows the mini-

mum deviation and favorable binding free energies compared to other

peptides (controls) 2D2P, 2KB8 and 2L63 and validates the macromo-

lecular docking protocol.

3.6 | Sequence variation in geographical isolates
of SAR-CoV-2

For analyzing the variations in the sequence of SARS-CoV-2 isolated

from different geographical regions we used the “Latest Global Analy-
sis” tool of the “nextstrain.org” database,43 wherein we downloaded

the analyzed sequences of 3564 genomes of different geographical

isolates of SARS-CoV-2 reported from December 2019 to 9th

November 2020. Subsequently we analyzed the mutations of amino

acid residues which are observed to participate in the interaction with

LL-37 in our docking. As shown in Figure 3 (Panel II), the number of

mutations of these residues in 3564 SARS-CoV-2 genomes is only

1 or 0 and hence these amino acids are well conserved, which is a plus

point for LL-37 as a therapeutic.

3.7 | Cell-penetrating peptide activity of LL-37

Two prediction servers were used. The SkipCPP-Pred tool44 (http://

server.malab.cn/SkipCPP-Pred/Index.html) predicted LL-37 to belong

to the cell-penetrating class with a prediction confidence of 0.806. The

MLCPP algorithm45 (http://www.thegleelab.org/MLCPP/) predicted LL-

37 to be a CPP with a probability score of 0.68. The uptake efficiency

was predicted as Low with a probability score of 0.45. Additionally, LL-

37 is found deposited as a CPP in the database CPPsite 2.0.46,47

3.8 | Safety analyses of LL-37

It is recognized that peptides, even including LL-37, could have adverse

effects when used as therapeutics.48 For possible delivery of LL-37

through the inhalatory route, LL-37 was assessed for allergenicity. Tak-

ing an example of a human polypeptide which is used by inhalation in

clinical practice, namely insulin, it has been reported that allergic reac-

tions can occur although insulin is an innate protein.49,50 The algorithm

AllergenFP v.1.051 predicted LL-37 to be a “probable non-allergen.”
Using the server AllerCatPro52 LL-37 as a query gave the result “No
Evidence” for allergenicity. AllergenFP v.1.0 predicted human Insulin

(UniProt sequence ID P01308) to be a “probable allergen” and

AllerCatPro gave the result “Strong Evidence” for insulin as an allergen.

The software program ToxinPred53 predicted LL-37 to be a Non-Toxin

by all Support Vector Machine methods available on the server. For pre-

diction of hemolytic activity, the tool HAPPENN, which employs neural

networks method was used.54 LL-37 was predicted to have very low

hemolytic scores of 0.073, 0.089, and 0.09 by the three methods avail-

able in the tool, degree of hemolytic activity increasing from 0 to 1.

4 | DISCUSSION

In summary, based on our in silico findings, we propose that LL-37

could be used as a therapeutic for Covid-19. Besides the known

F IGURE 5 The SARS-CoV-2 RBD Root Mean Square Deviation (RMSD) upon binding with NTH and selected peptides in this study

TABLE 4 Binding free energies (Prime MM/GBSA) for RBD-
peptide complexes during 100 ns MD simulation

SARS-CoV-2 RBD_Peptide complex ΔG bind (kcal/mol)

LL37_RBD (PDB ID: 6LZG) �144.50

LL37_RBD (PDB ID: 6M0J) �118.98

2D2P_RBD (PDB ID: 6LZG) �91.80

2 KB8_RBD (PDB ID: 6LZG) �82.14

2 L63_RBD (PDB ID: 6LZG) �88.12

LL37_Region Adjacent to RBD (PDB ID: 6LZG) �93.38

NTH_RBD (PDB ID: 6LZG) �112.26
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action of LL-37 against enveloped viruses, we provide in silico data

for the binding of LL-37 to the RBD of SARS-CoV-2 itself. The very

good structural alignment of LL-37 with the NTH suggests that LL-37

could stop RBD from binding ACE2 even by simply occupying the

space intended by the virus for NTH. Also, from analysis of the dock-

ing studies (Figure 3, Panel II), it can be seen that LL-37 spans a con-

siderable stretch of RBD, from Glu407 to Tyr506 in both the Test

dockings which includes the entire Receptor Binding Motif. This again

is indicative of the potential for effective blocking of the RBD.

Although the docking energy of LL-37 is not comparable to that of

ACE2, if present at sufficient concentration in the body, due to its

structural similarity to NTH, LL-37 could also simply create a physical

hindrance for the virus binding to ACE2. It may be noted that the

interactions of the peptide PACAP-38 with RBD span a much shorter

region of RBD than LL-37. Also, although the interactions of GLP-2

span a long region of RBD, the RBM is almost completely missed out

by this peptide. Amylin spans the RBD well, but as explained above,

NTH is more likely to bind to RBD than Amylin. Besides, PACAP-38,

Amylin, and GLP-2, based on their normal function in the body, are

unsuitable to use as therapeutic peptides, unlike LL-37. Now, it is of

noteworthy importance that, following our previous report of in silico

binding of LL-37 to RBD,55 it has been demonstrated in vitro that LL-

37 does bind to RBD.56 This corroborates our prediction as sound,

and also highlights the value of in silico studies. In the pages of scien-

tific literature, ours was the very first study describing the binding of

LL-37 to the RBD of the virus causing an epic pandemic, and the value

this could have. From the RMSD plots (Figure 5), a clear difference

can be seen between the profiles of LL-37 and those of the negative

control peptides, which strengthens the validity of the docking scores.

It should be noted that LL-37 has been put through a very stringent

test, because peptides as similar to LL-37 as possible have been

selected as the controls, in spite of which there is a difference

between LL-37 and the controls. The plot of LL-37 is close to that of

NTH. With respect to binding free energies, the percentage difference

between LL-37:RBD binding and Other peptide:RBD binding ranges

from 25.78% to 55.03%, which are most conclusive figures. The bind-

ing energy of LL-37 is close to that of NTH. The possible binding of

LL-37 to RBD and consequent inhibition of viral binding to cells ech-

oes other such examples mentioned in the Introduction.

This finding of LL-37 binding to RBD also provides a boost for

the use of Vitamin D at an effective, medically prescribed dose

for protection against SARS-CoV-2, especially as LL-37 is expressed in

the respiratory epithelial cells also, and Vitamin D elevates LL-37

levels. The European Food and Safety Authority advise 4000 IU/day

and the Endocrine Society, 10 000 IU/day of Vitamin D, as an upper

limit for safety.57 A randomized controlled trial involving 373 healthy

adults having normal Vitamin D levels, reported similar safety data for

Vitamin D doses up to 400, 4000, and 10 000 IU/day.58 In the future,

it would be helpful to design a water-soluble derivative of Vitamin D

to avoid the adverse effect of hypervitaminosis.

Even when the RBD is in the UP state, it might be difficult for the

immune surveillance mechanism of neutralizing antibodies to reach

the RBD, and hence the efficient immune evasion by the virus. Also, it

is reasonable to conjecture that a small peptide like LL-37 would more

easily access the RBD in its UP state, than large molecules like neu-

tralizing antibodies. The prediction that LL-37 is a cell-penetrating

peptide raises the interesting possibility of LL-37 intracellularly bind-

ing to the Spike protein of SARS-CoV-2 as the protein is produced in

the infected cells and then, following viral particle assembly, release

of virions from the cells which already have the RBD blocked by LL-

37 and hence cannot infect new cells.

Regarding the safety of using LL-37 as a therapeutic, it has been

cautioned that there could be adverse effects including cell

membrane-destabilization above critical concentrations of LL-37.48 A

clinical trial testing the safety of LL-37 in the treatment of non-healing

leg ulcers demonstrated that topical LL-37 application was safe.59

Now, LL-37 has been approved for Phase II clinical trials (https://

clinicaltrials.gov; ClinicalTrials.gov Identifier: NCT04098562) for its

anti-microbial action in the management of diabetic foot ulcers.48

There is also approval for a clinical study of intratumoral injection of

LL-37 for the condition of melanoma (ClinicalTrials.gov Identifier:

NCT02225366). At high concentrations in vitro, LL-37 has been found

cytotoxic to different eukaryotic cells,60 but when human serum is

present, the cytotoxic activity of LL-37 is inhibited, and this could be

the reason why LL-37 is not cytotoxic in the body. Indeed, the cyto-

toxicity of LL-37 secreted into the blood is negated by the binding of

LL-37 to plasma proteins such as apolipoprotein A-I.61 It is well eluci-

dated how the cytotoxic effects of LL-37 are counteracted by its bind-

ing to apolipoprotein A-I.62 The KD of the binding is such that

apolipoprotein A-I at its physiological concentration in plasma, can

render inactive (including cytotoxic activity) 90% of the LL-37 mole-

cules present at concentrations which would be toxic to the body's

cells. This still leaves sufficient free LL-37 molecules for antimicrobial

action. Data is also indicative that eukaryotic cells are more resistant

(than prokaryotic cells) to the cytotoxicity of LL-37 due to the expres-

sion of heparan sulfate by eukaryotic cells and the structure and com-

position of their membranes.11 A very recent report describes a

cooperation between LL-37 and Human Neutrophil Peptide-1 that

shields mammalian plasma membranes from lysis.63 Now, it has been

reported that excision of the N-terminal hydrophobic residues from

LL-37 reduces its cytotoxicity.61 From Figure 2(Panel I,B), it can be

seen that the first three N-terminal amino acids (LLG) of LL-37 do not

align with the NTH residues. Also, from the docking data, these three

amino acids do not form interactions with RBD. This means that, for

the development of LL-37 as a therapeutic, the option of removing

two-three amino acids from the N-terminus is available.

The predicted non-allergenicity of LL-37 can mean that LL-37

could be administered to patients through the respiratory tract route,

which would have more immediate efficacy in treating the disease.

Also, this would greatly improve the deliverability to large populations

in a shorter time, due to ease of administration compared to an inject-

able. If administered intravenously, being a peptide, LL-37 could

migrate from the circulation to the infected regions in the lungs. Pep-

tide therapeutics enter the tissues from the vasculature by diffusion

or convective extravasation, and transfer from the circulation to the

tissues also depends on the properties of specific peptides.64 In
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relation to the lungs, as respiratory epithelial cells express hCap-18,

LL-37 has been found to be present in the bronchial alveolar lavage

fluid,65 and increased levels have been detected in tracheal aspirates

during infection. In the lungs, the normal role of LL-37 is to provide

innate immunity against bacterial infections. In the case of Covid-19,

SARS-CoV-2 infects the respiratory epithelial cells,66 the hCap-18

expression system of which could hence be adversely affected, which

anyway is upregulated in response to bacterial infection. Thus, as we

have shown that there could be a binding connection between LL-37

and RBD, it could be advocated that external administration of LL-37-

directly into the lungs would be beneficial in the treatment of

Covid-19. Besides, the epithelial cells yet unaffected by the virus, can

be stimulated to produce LL-37 by the use of Vitamin D. Caution

would have to be exercised if LL-37 is to be used as a therapeutic,

because it is reported to contribute to inflammatory processes in the

lungs. At the same time, LL-37 is also involved in wound repair involv-

ing skin epithelial cells.65 This role of LL-37 may have (positive) impli-

cations for Covid-19. It has been reviewed that Vitamin D could have

a protective effect against Covid-19 severity through its upregulation

of cathelicidin, which in turn results in decrease in the levels of pro-

inflammatory cytokines and increase in anti-inflammatory cytokines.67

Consequently, the cytokine storm associated with Covid-19 could be

controlled. The development of LL-37 as a therapeutic for Covid-19

will have to be in the context of the various roles and effects of the

molecule. But the fact that LL-37 is a molecule already present in

the human circulation, and LL-37 as a therapeutic has received

approval for clinical trials could help in paving the way for its use in

the case of Covid-19. LL-37 as a therapeutic, which would need only

peptide synthesis, would also be relatively cost-effective.

Further experimental studies, in addition to the in vitro work

mentioned above,55 would be required to evaluate in detail the bind-

ing of LL-37 with the RBD. If such studies confirm the finding of our

in silico studies, then LL-37 has a good potential to be developed as a

therapeutic. As it is a molecule native to the human body, its develop-

ment up the regulatory pathway could be of shorter duration. To mini-

mize the morbidity until the developed/upcoming vaccines become

available to all people in the world, Vitamin D administration in a safe

range to the entire population could be advocated by authorities. Our

findings add significant weight to a similar recommendation made,68

based on the association of Vitamin D deficiency with heightened risk

of getting Covid-19 infection. It could be the simplest prophylaxis to

implement, and worldwide Vitamin D supplementation could be advo-

cated, as only possible benefit could come out of it, when consumed

within a safe limit as advised by authorities.
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