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For decades the direct targeting of KRAS as a driver of non-
small cell lung cancer, colorectal and pancreatic cancers as well
as the inhibition of the RAF-MEK-ERK pathway has shown little
success due to feedback networks that keep the pathway in
control. Inhibiting SOS1, a KRAS activator, has therefore
become a promising escape route to treating KRAS-driven
cancers. The search for SOS1 inhibitors has since gained
momentum although no drug has been approved yet. Owing
to the time-consuming and difficult processes that characterize
the discovery and approval of drugs, natural products have
become useful in addressing the unmet medical needs. In this
study we employed computational techniques to screen South
African natural products for inhibitors with the potential to
inhibit SOS1-KRAS activation. In this study, eight natural
compounds, from plants and marine life, possessing antineo-

plastic activities with good docking and ADMET properties
were identified. These compounds, viz., SANCDB00219,
SANCDB0290, SANCDB00369, SANCDB00416, SANCDB00421,
SANCDB00749, SANCDB00957 and SANCDB001124 exhibited
favorable total free binding energies in complex with SOS1-
KRAScharacterized by conventional and carbon hydrogen
bonds, van der Waals, pi-alkyl and pi-sigma interactions with
the binding site residues. It was further revealed that these
compounds induced conformational stability on the structural
architecture of SOS1-KRAS, and decreased the structural
flexibility of its individual C-α atoms as a mechanism of
inhibition. Upon experimental validation, these compounds
from a natural origin could serve as lead identification of small
molecules to address SOS1-KRAS associated diseases.

Introduction

For decades now the RAS family of GTPases (KRAS, NRAS and
HRAS) have been identified as major oncogenes in cancer
developments among humans and is estimated to account for
up to 20 to 30% of cancers.[1–3] This family of proteins circles
between the active and inactive states thus serving as
molecular switches in cell proliferation, signaling and survival.
RAS proteins become active when bound to GTP and inactive

when bound to GDP.[4] These switching‘ON’ and ‘OFF’ states are
tightly controlled by multi-domain proteins; guanine nucleo-
tide exchange factors (GEFs) and GTPase-activating proteins
(GAPs) respectively.[3] In the deactivation process, GAP down-
regulates the active RAS by catalyzing the weak intrinsic
GTPase activity by up to 5 folds magnitude.[5] However, in
oncogenic RAS mutants, the deactivation activity of GAP is
significantly reduced or impaired leading to constant activation
which conditions oncogenic RAS signaling.[6] As reported,
important RAS signaling pathways such as RAS-RAF-MEK-ERK
and RAS-PI3 K-PDK1-AKT become uncontrollable.[7] With diffi-
culty in direct therapeutic targeting of RAS due to high
picomolar affinity of GTP to the binding site, coupled with its
abundance in the cytosol and lack of deep pockets to
accommodate small molecules, drug developers redirected
their focus to (1) covalently targeting Cys12 of the oncogenic
mutant KRASG12C, (2) RAS-effector interactions to sever down-
stream signaling, and (3) inhibition RAS-GEF interactions to
prevent rebounding of GTP.[1,8,9] Strenuous efforts resulted in
some success in the first two strategies wherein discovered
small molecules are at various stages of clinical trials[10–14],
however this success is limited to a small number of clients
where the cancer is derived by KRAS particularly KRASG12C

mutants.Targeting RAS-GEF interactions, though very challeng-
ing could results in inhibiting all the RAS isoforms including
their mutant forms. As such, every arsenal is being deployed to
break through this critical protein-protein interaction (PPI). PPIs
are estimated to engage in approximately 500,000 interactions
in the human system and are therefore critical for essential
biological processes[15].
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The Son of Sevenless(SOS1 and 2) proteins, SOS1 and SOS2
are the most studied RAS-GEF protein-protein interaction
proteins which are reported to engage in distinct PPIs with
RAS[16–18] with reports suggesting only SOS1 is susceptible to
allosteric inhibition[19] (Figure 1). Several attempts has therefore
been made to inhibit RAS-SOS1 interaction through peptides
and small molecules which resulted in moderate affinity[20–23]

and undesired SOS1activation resulting in biphasic modulation

of RAS signaling through negative feedback on SOS1.[24] None-
theless, the search for RAS inhibitors continuous unabated.

Owing to the expensive and time-consuming processes
involved in drug discovery and development, which normally
take several years to get a drug to the clinic,[25–27] drug
repurposing has become very useful in addressing the unmet
medical needs of patients.[28,29] This provides an efficient
strategy and escape route in medicinal chemistry to avoid
preclinical and optimization shortcomings as well as adverse

Figure 1. Structure of Son of Seveless 1 (SOS1-KRAS)-KRAS complex showing the allosteric binding site (green) on the SOS1-KRAS protein (dark grey), the
protein-protein interaction interface (magenta), and the KRAS protein (light sea green). Insert shows the binding site residues.
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toxicological profiles.[30] Though most repurposing strategy rely
on synthesized compounds, natural compounds equally pro-
vide significant opportunities.[31] Characterized by unique and
favorable properties with notable structural diversity and high
number of pharmacological activities,[32] natural products
present drug rediscovery opportunities wherein therapeutic
activities initially unrelated to their original biological space
could be utilized.[33]

In this study, we utilized South Africa’s natural compounds
database together with computational techniques to identify
potential SOS1 inhibitors that would be useful in addressing
the unmet medical needs of patients suffering from RAS
oncogenic signaling pathway involving SOS1. This database
was chosen because it contains novel scaffolds that have not
been fully exploited for their therapeutic potentials.

Results and discussion

The three-dimensional (3D) X-ray structures of the SOS1-KRAS
(PDB IDs: 7KFZ, 6EPN and 6EPP) were retrieved from the protein
data bank. The 7KFZ structure contained two KRAS chains that
binds to the allosteric and active site. The chain bound to the
allosteric site was deleted to create similarity between the
structures. Ramachandran plots used for validating the struc-
tures showed 99.453%, 98.107% and 98.367% of amino acids
for 7KFZ, 6EPP and 6EPN, respectively were in the favored
region. Qualitative Model Energy Analysis (QMEAN) which
predicts the quality of a crystal structure by its QMEAN Z-score
and QMEAN4 global score was also carried out. The analysis
using Protein Structure Analysis (ProSA) tool gave an overall
model quality with Z-score of � 7.72 (7KFZ), � 7.48 (6EPN) and
� 7.28 (6EPP) indicating the structures are of high quality. The
QMEAN4 global score was 0.84 (7KFZ) and 0.86 for both 6EPN
and 6EPP which fell within the desired range of 0 to 1. The
graphs showing the validation of SOS1-KRAS protein structures
used for docking and MD simulation are presented in the
Supplementary Figure S1.

Structure-based virtual screening

Natural compounds and their peculiar scaffolds are an
important start point for drug discovery.[34] The known
inhibitors showed binding affinities of � 8.5 kcal/mol, � 8.3 kcal/
mol, � 7.9 kcal/mol and � 7.6 kcal/mol for the inhibitors Com-
pound 9, BAY-293, BI-3406 and BI-68BS, respectively. The
docking scores presented by these inhibitors then served as a
basis to select compounds that exhibited similar binding
affinities. The interplay of analyses involving the binding
affinities, the pharmacokinetics, and the compounds’ activities
against cancers in which SOS1-KRAS over expression is
implicated resulted in the identification of the compounds
shown in Table 1. The docking score for natural compounds
and known inhibitors are detailed in Supplementary Table S1
and Table S2.

Hit compound interactions within the binding pocket

The type of interactions a compound engages in within the
binding pocket of a target protein underscores its therapeutic
influence on the protein.[35] After the selection of the com-
pounds, we endeavored to ascertain the interactions that
characterize the binding process. The known inhibitors were
observed to engage in varied interactions involving conven-
tional and carbon hydrogen bonds, van der Waals and pi-
interaction as depicted in Figure 2. The interaction types
between the inhibitors and the site residues varied depending
on the inhibitors’ functional groups. Assessing the interaction
profile of the selected compounds showed similar interaction
types as observed in Figure 2. The selected compounds
interacted with residues VAL861, MET864, ASN865, TYR870,
ASP873, PHE876, GLU877, LYS884, LEU887, GLU888, ALA890,
HIS891, GLU892, and GLU895.

Binding energy landscape of selected compounds

The MMPBSA method of estimating the total free binding
energies of the selected compounds were carried out and
tabulated in Table 2. The results presented similar total free
binding energies of � 36.32�4.23 kcal/mol, � 32.42�4.67 kcal/
mol, � 42.09�3.54 kcal/mol, � 32.23�4.54 kcal/mol, � 30.25�
3.41 kcal/mol, � 30.89�4.56 kcal/mol, � 32.21�4.26 kcal/mol,
and � 35.11�5.98 kcal/mol for SANCDB00219, SANCDB00290,
SANCDB00369, SANCDB00416, SANCDB00421, SANCDB00749,
SANCDB00957 and SANCDB1124 respectively. As observed
SANCDB00369 presented the highest total free binding energy
whiles while SANCDB00290 presented the least. The energies
presented by these compounds suggests the spontaneity,
permeation and a measure of the reaction kinetics that
characterize their complex formation with the SOS1-KRAS
protein.[36] It was also observed that van der Waals, electrostatic
and the gas phase terms contribute favourably to the bind of
the compounds whiles the solvation term opposed them.

General information of identified hit compounds

The 14β-Hydroxybufa-3,5,20,22-tetraenolide compound
(SANCDB ID: SANC00219) is a bufadienolide/steroid that is
extracted from Urginea epigeaand known to possess vascular
myorelaxing activity acting partly through the activation of
soluble guanylyl cyclase.[37,38] Clionamine D with SANCDB ID,
SANC00290, is an aminosteroid extracted from marine life
(Cliona celata), an orange excavating boring sponge and used
as an autophagy-modulator[74] Parviflorone F compound with
SANCDB ID; SANC00369 is a compound that has been used as
an antimalaria drug. It is a terpenoid/diterpene extracted from
the leaves of Plectranthus ecklonii.[39] Cis-3,4-dihydrohamacan-
thin b is an alkaloid/indole compound (SANCDB ID:
SANC00416) which is derived from Topsentia parchastrelloides.-
This compound has been used as an antibacterial agent and
has proved effective in the inhibition of pyruvate kinase in
methicillin-resistant Staphylococcus aureus.[40] Sodwanone R
(SANCDB ID: SANC00421) is an isoprenoid isolated from marine
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sponges of the family axinellidae. The use of this compound is
not yet known.[41] 9(11)-Dehydroagapanthagenin with SANCDB
ID: SANC00749 is a spirostan sapogenin isolated from Agapan-
thus africanus whose medical used is not yet known.[42]

Vismione B is a cytotoxic naphthopyrans compound extracted
from the plant Vismia baccifera(SANCDB ID: SANC00957), whose
medical use is not yet known.[43] Diosgenin is a phenol lipids
compound (SANCDB ID: SANC1124) with cytotoxic activities

Table 1. Docking score of top favorable compounds against SOS1-KRAS with their 2D structures.

Comp. name SANCDB ID Docking score(kcal/mol) 2D structure

14β-Hydroxybufa-3,5,20,22-tetraenolide 00219 � 9.1

Clionamine D 00290 � 9.6

Parviflorone F 00369 � 9.1

Cis-3,4-dihydrohamacanthin b 00416 � 8.9

Sodwanone R 00421 � 8.7

9(11)-Dehydroagapanthagenin 00749 � 8.7

Vismione B 00957 � 8.8

Diosgenin 1124 � 8.9
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extracted from the rhizomes of Elephantorrhiza elephantina. Its
medical use is not yet ascertained.[44]

Pharmacokinetics and PASS analysis of hit compounds

Since most drug failures occur at the clinical stage due to
undesired pharmacokinetics, the selected compounds were
then subjected to ADME analysis. The effectiveness of natural
compounds against a particular disease depends on their

bioactivities and the pharmacokinetic properties. The absorp-
tion, distribution, metabolism excretion and toxicity (ADMET) of
the selected compounds are presented in Table 3. These
properties were analyzed in accordance with traditional drug-
like laws at the early stage of drug development. Lipinski’s rule
of five (RO5) was therefore employed as the basis for the
analysis and subsequent elimination of some compounds.
According to this rule, a compound’s drug-likeness and use as
a likely orally active drug in humans depends on itsability to

Figure 2. (A) 2D molecular interactions of known inhibitors within the binding site of the SOS1-KRAS allosteric binding site and (B) 2D molecular interactions of
the hit compounds within the binding pocket of the SOS1-KRAS allosteric binding site.

Table 2. Binding energy profile of hit compounds.

System Energy components (kcal/mole)
DEvdw DEele DGgas DGsol DGbind

SANCDB00219 � 29.77�5.09 � 8.90�4.87 � 38.67�6.03 16.42�3.84 � 36.32�4.23
SANCDB00290 � 29.94�5.18 � 131.76�24.02 � 161.71�24.29 140.69�23.38 � 32.42�4.67
SANCDB00369 � 36.40�3.55 � 50.19�7.53 � 86.60�7.27 44.51�5.41 � 42.09�3.54
SANCDB00416 � 33.53�3.99 � 166.36�12.61 � 199.89�14.37 175.96�12.83 � 32.23�4.54
SANCDB00421 � 34.42�3.34 � 3.36�5.23 � 37.78�5.97 10.53�4.87 � 30.25�3.41
SANCDB00749 � 33.11�4.17 � 16.52�7.06 � 49.63�7.43 21.74�4.53 � 30.89�4.56
SANCDB00957 � 31.90�3.38 � 16.77�9.82 � 48.67�10.41 25.44�9.24 � 32.21�4.26
SANCDB1124 � 34.85�5.19 � 7.68�4.59 � 42.53�7.53 13.41�2.9 � 35.11�5.98
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satisfy the following conditions: molecular weight (MW) �500
Daltons; logP�5; Hydrogen bond acceptors (HBAs) �10 and
Hydrogen bond donors (HBDs) �5.All selected compounds
were predicted to possess high gastrointestinal absorption and
good permeability. Though compound SANCDB00290,
SANCDB00369, SANCDB00429 and SANCDB00749 were pre-
dicted as lacking the ability to cross the blood brain barrier
(BBB), they presented good antineoplastic activities from the
PASS analysis suggesting optimization and modifications could
improve efficacy. Moreover, the therapeutic potentials of these
compounds are targeted at non-small cell lung cancer,
pancreatic cancer, colorectal cancer, and lung cancer which
does not need BBB permeation. A significant percentage of
these cancer types have been reported to result due to active
KRAS inability to revert to its inactive state which is controlled
by SOS1-KRAS-KRAS. Toxicity prediction as displayed in Table 3
showed SANCDB00749 and SANCDB1124 are non-toxic when
administered orally whiles SANCDB00290, SANCDB00369,
SANCDB00421, SANCDB00416 and SANCDB00957 showed
moderate toxicity. SANCDB00219 was predicted to be very
toxic when administered orally. However, these compounds
were all considered for further analyses with the hypothesis
that modification and optimization could lead to less toxicity
and tolerance. As presented in Table 4, the compounds all

showed Pa greater Pi in more than one of the above-
mentioned diseased environments. These results show the
compounds possess antineoplastic potentials worth harvesting.
Having ascertained the physicochemical and antineoplastic
properties of the compounds, their impact on the conforma-
tional dynamics of SOS1-KRAS was determined through 200 ns
molecular dynamics simulation.

Hit compounds’ stability consequentially stabilizes SOS1
active binding site

Bioactive compounds at the site of a protein engage in
interactions with the residues within the site thus influencing
changes that consequentially result in an activation or inhib-
itory effect of the protein.[45,46] The nature of the interactions
involved in turn influences the stability of the compounds
within the pocket. This phenomenon has been exploited by
drug developers to curtail certain diseases including cancer.
Interactions that underscored the differential compounds
impact on the binding site are presented inFigure 3. The effect
of the interactions on the stability of the compounds and the
resultant effect on the binding site stability was therefore
investigated through computing the root-mean square devia-
tion of the atoms and C-α atoms of the compounds and site

Table 3. Predicted physicochemical properties and toxicities of selected compounds.

Physiochemical propertie Hit compounds

MW 219 290 369 416 421 749 957 1124
Chemical formula C24H30O3 C24H35NO4 C27H30O6 C20H16Br2 N4O C30H46O4 C27H42O5 C21H22O5 C27H42O3
Molecular weight (g/mol) 366.49 401.54 450.52 488.18 470.68 446.62 354.40 414.62
Number of heavy atoms 27 29 33 27 34 32 26 30
Number of aromatic heavy atoms 6 0 6 18 0 0 10 0
Number of rotatable bonds 1 0 4 2 3 0 1 0
Number of H-bond acceptors 3 5 6 2 4 5 5 3
Number of H-bond donors 1 1 3 4 0 3 2 1
TPSA (Å2) 50.44 78.62 104.06 72.71 60.44 79.15 75.99 38.69
Molar Refractivity 107.45 109.59 126.11 120.95 138.34 123.96 100.44 121.59
LogPO/W 4.28 3.47 4.07 3.45 5.38 3.37 3.17 5.02
Blood brain barrier permeability Yes No No Yes No No Yes Yes
GI absorption High High High High High High High High
Toxicity profile
LD50 (mg/kg) 5 5000 5000 313 6400 8000 500 8000
Toxicity class 1 5 5 4 5 6 4 6

Table 4. Results of PASS ONLINE calculations for hit compounds.

Antineoplastic activity

Compound Antineoplastic Antineoplastic (non-
small lung cancer)

Antineoplastic (lung
cancer)

Antineoplastic (color-
ectal cancer)

Antineoplastic (pan-
creatic cancer)

Pa Pi Pa Pi Pa Pi Pa Pi Pa Pi
Clionamine D 0.659 0.033 – – 0.396 0.024 0.205 0.062 0.354 0.030
14β-Hydroxybufa-3,5,20,22-tetraenolide 0.804 0.011 0.233 0.048 0.661 0.007 0.407 0.021 – –
Parviflorone F 0.456 0,085 – – 0.299 0.040 0.123 0.111 – –
Cis-3,4-dihydrohamacanthin b – – 0.190 0.093 – – – – 0.224 0.142
Sodwanone R 0.917 0.005 – – 0.387 0.025 0.685 0.006 – –
9(11)-Dehydroagapanthagenin 0.847 0.007 0.222 0.056 0.593 0.009 0.456 0.016 0.570 0.004
Vismione B 0.867 0.005 – – 0.216 0.063 0.208 0.061 – –
Diosgenin – – 0.246 0.041 0.538 0.012 0.345 0.029 0.705 0.003
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residues respectively. The results obtained indicate the eight
compounds were stabilized throughout the 200 ns simulation
time. Generally, the compounds exhibited average RMSD
values below 2.0 Å. The three different resolutions of the
protein showed a correlated trend; however, higher stability
was observed among the protein with the higher resolution
(7KFZ) and presented in the Figure 4. It was further observed
that SANCDB00369 displayed the highest stability with an
average RMD value of 0.47 Å. Investigation of the binding site
showed that the compounds induced stability of the binding
site. This was evidenced by the reduction in the deviations of
the C-α atoms of the residues relative to the unbound protein
and the global values (Supplementary Table S3, S4, S5, S6, S7,
S8, S9 and S10). Average site values of 1.63�0.20 Å, 1.77�
0.19 Å, 1.89�0.26 Å, 1.58�0.20 Å, 1.85�0.17 Å, 1.80�0.18 Å,
1.83�0.17 Å, 1.72�0.19 Å and 2.03�0.22 Åwere shown for
SANCDB1124,SANCDB00219, SANCDB00290, SANCDB00369,
SANCDB00416, SANCDB00421, SANCDB00749, SANCDB00957
occupied sites and the Apo, respectively. The binding site
residues exhibited a general RMSD values below 2.0 Å
compared to the apo and global protein values of 2.03 Å and

4.0 Å, respectively. The protein of the PDB ID 7KFZ was
observed to present the most stable binding site. Again,
SANCDB00369 induced the highest binding site stability.

Binding effect of hit compounds on protein-protein
interaction interface of SOS1

The ultimate aim of SOS1-KRAS inhibition is the interjection of
its activation of oncogenic KRAS. The activation occurs through
the PPI interface where SOS1 engages KRAS.[47] Thus, the
impact of the compounds on this interface is crucial in
determining their therapeutic effects. As such, we determined
the conformational changes that characterized the SOS1-KRAS
interface. The stability (RMSD) and the surface area available for
solvent interaction (SASA) was determined. This offers an
insight into the folding/unfolding of the interface and
repositioning of the interacting residues towards the hydro-
philic/hydrophobic core of the binary proteins. As presented in
Figure 5, the binding of the compounds induced a reduction in
the C-α atoms deviations of the residues relative to the
unbound (apo) protein. They presented average RMSD values

Figure 3. 2D interactions of hit compounds with SOS1 active binding site residues. Snapshots depicts interactions at 100 ns and 200 ns.
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of 1.82�0.24, 1.91�0.20, 1.53�0.12, 1.70�0.16, 1.47�0.12,
2.09�0.16, 2.10�0.29, 1.56�0.15, and2.14�0.15 for
SANCDB1124, SANCDB00219, SANCDB00290, SANCDB00369,
SANCDB00416, SANCDB00421, SANCDB00749, SANCDB00957
and Apo, respectively.

This effect corroborated with the solvent accessibility sur-
face area, wherein the surface area of the residues accessible to
the aqueous environment was reduced relative to the unbound
protein. These further suggest the residues realigned towards
the hydrophobic regions of the respective proteins thus
reducing their contact which could resultantly sever the
activation of oncogenic KRAS. Among the compounds,
SANCDB00369 was observed to effect the most reduced SASA
values.

Due to the distinguished effects of SANCDB00369 among
the other compounds on the protein as observed in the
investigations above, we further performed dynamic cross-
correlation and principal component analysis on the
SANCDB00369 complex.

SANCDB00369’s bound complex shows correlated motions of
switch I and II residues of KRAS

Probing further on the influence of SANCDB00369 on upon
binding to the SOS1 active site, the variations in internal
correlation motions relative to the unbound (Apo) protein was
analyzed by cross-correlation matric of the C-α atom fluctua-
tions. Figure 6 depicts the plots of the investigated regions and
the binary complex proteins. Highly negative regions (blue-
black) and highly positive regions (yellow-red) correlate with
strong anti-correlated movements and strong correlated move-
ments, respectively. Generally, the SANCDB00369 bound com-
plex showed a more correlated motion among the residues of
the switch I and switch II of KRAS. This is evidenced by the
degree of positive regions (red) on the bound complex
compared to the apo. A relatively lower correlated motions
(cyan-yellow) was observed between residue 35–38 and residue
30–32 in switch I. Switch II also exhibited similar pattern of
correlated intensity upon SANCDB00369 binding wherein
relatively lower correlation (cyan-yellow) was observed be-
tween residues 63–78 and 58–62. Focusing on the global
protein (SOS1-KRAS binary complex), the KRAS protein which

Figure 4. Comparative stability of the compounds within the active binding site of SOS1 and their impact on the stability of the site residues. A) Shows the
active binding site residues of SOS1 with a bound hit compound. B) Depicts the active binding site stability of SOS1 upon compounds’ binding. C) Shows the
stability of the compounds upon binding to SOS1 over the 200 ns simulation.
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corresponds to residues 480–647, exhibited the most positive
correlated residues motions in the SANCDB00369 complex
compared to the Apo. Also, the SANCDB00369 complex protein
was further observed to display lesser correlation among the
residues 1–180 compared to the Apo. Theses residues corre-
sponds to the Ras Exchanger Motive (REM) domain of SOS1.[17]

However, the CDC25 domain showed a similar correlation
pattern among the bound and the apo (residues 180–479).

Further investigation into the conformational motions
characterizing SANCD00369 and the Apo through principal
component analysis (PCA) was performed. This matric offer
considerable insights into the nature of the conformational
changes that occur in protein structures during the simulation
process in which large and concerted motions and underlying
fluctuations are identified.[48,49] The main components of
correlated motions of the structures were produced from
covariance matrix diagonalization of the C-α atoms. The
conformational behavior of SANCDB00369 bound complex and
the Apo were therefore projected along the first two principal
components or eigenvectors (ev1/PC1 vs ev2/PC2) direc-
tions.The projections are presented in Figure 7. The plots
showed distinct conformational movements in the essential
subspace along the two principal components. The bound
proteins showed clear motion along the first principal

component compared to the Apo. The structure of a protein is
related to its function thus changes in the structure and
intricacies of a protein alters its function.[50,51] As such any
influence on the structural and conformational dynamics of the
binary protein complex beyond the native threshold by a small
molecule could disrupt its functions. Thus, the observed
differentials in the residues’ movements in the bound and the
unbound complexes could underscore the therapeutic poten-
tials of the compounds.

Conformational dynamics of SOS1-KRAS binary complex
upon compounds’ binding

The binding of a bioactive compound to its target protein often
induces conformational changes on the secondary and tertiary
structure of the protein which results in influencing the basal
functionalities of the protein.[52] These conformational and
structural changes condition the therapeutic basis of the
compounds. Thus, having ascertained the impact of these
compounds at the regional levels, we further sought to
determine their impact on the global proteins and the binary
proteins. We first evaluated their stability and then the
flexibility of the individual proteins through root mean square
fluctuation (RMSF). As such, the computation of the RMSD and

Figure 5. Comparative plots of the impact of the hit compounds on the protein-protein interaction interface (PPI) between the SOS1 and KRAS. A)
Superimposition of the binary complexes of the Apo (violet) and the SANCDB00369 bound (blue). Green indicates KRAS, while Orange shows the PPI interface.
Black balls represent SANCDB00369. B) Shows zoning of the PPI interface. C) Shows the stability of the interface upon hits compounds binding over the period
of simulation. D) Shows the solvent accessibility surface area (SASA) of the PPI over the simulation period.
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the RMSF of the C-α atoms of the SOS1-KRAS proteins upon
the binding of the selected natural compounds revealed they
induced a stable and less flexible protein. The estimation
showed average RMSD values of 2.68�0.23 Å, 2.79�0.39 Å,
2.90�0.33 Å, 3.13�0.56 Å, 3.76�0.63 Å, 3.63�0.76 Å, 2.47�
0.44 Å, 2.52�0.37 Å and 3.73�0.57 Å for SANCDB00219,
SANCDB00290, SANCDB00369, SANCDB00416, SANCDB00421,
SANCDB00749, SANCDB00957, SANCDB1124 and the Apo,
respectively. This matric which is informative on the stability of
the proteins via the C-α atoms deviation from the initial
starting structure through the period of simulation. As

observed in Figure 8, all the natural compounds except
SANCDB00421 (3.76 Å) induced a more stable SOS1-KRAS
protein compared to the Apo (unbound) while SANCDB00957
was observed to induce the most stable protein. The overall
presentation of the RMSD matric of the system is also indicative
of system convergence during the period of simulation.
Further, the RMSF of the C-α atoms also presented 10.46�
4.11 Å, 11.36�4.28 Å, 9.15�3.45 Å, 11.43�4.25 Å, 11.51�
3.96 Å, 9.98�4.05 Å, 10.41�3.7 Å, 12.59�4.9 Å and 14.10�
6.12 Å as average values for SANCDB00219, SANCDB00290,
SANCDB00369, SANCDB416, SANCDB421, SANCDB00957,

Figure 6. Cross-correlation matrices of the fluctuations of coordinates of C-α atoms of the switches around their mean positions during 200 ns simulation. A
and A1 show the cross-correlation of the switch I and switch II of the unbound protein (Apo), respectively. B and B2 show the cross-correlation of switch I and
switch II of KRAS of the SOS1-KRAS binary complex upon SANCDB00369 binding, respectively. C and C1 show the global binary complex cross-correlation of
the Apo and SANCDB00369 bound, respectively.
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Figure 7. PCA projections of C-α atoms motions of the Apo and SANCDB00369 constructed by plotting the first two principal components (PC1 and PC2) in
conformational subspace. A) Shows the construct of the residual fluctuations of the unbound (Apo) binary complex. B) Shows the construct of the residual
fluctuations of the SANCDB00369 complex.

Figure 8. Comparative C-α RMSD and RMSF plots showing the degree of stability and individual residue fluctuation of the SOS1-KRAS protein upon binding of
the hit compounds. A) Shows the RMSD plots of the SOS1-KRAS which indicate the compounds induced relative stability of the SOS1-KRAS protein upon
binding. B). Shows the RMSF plots indicating all compounds binding the residual fluctuations of the KRAS protein. C) Insert highlights the reduction in KRAS
fluctuation compared to the Apo.

ChemistrySelect
Research Article
doi.org/10.1002/slct.202300277

ChemistrySelect 2023, 8, e202300277 (11 of 14) © 2023 Wiley-VCH GmbH

Wiley VCH Donnerstag, 22.06.2023

2324 / 306561 [S. 297/300] 1



SANCDB1124 and the Apo, respectively. As observed, all the
compounds bound proteins presented lower values compared
to the unbound SOS1-KRAS. The general lower results of the
compounds indicate the compounds upon binding reduce the
conformational flexibility of the SOS1-KRAS protein. The
reduction in flexibility could result in severing the interaction
between the SOS1 protein and the KRAS protein via the folding
of the interaction interface, hence moderating their therapeutic
prowess.

Conclusion

Traditionally, natural compounds have been a source of
therapeutic agents for the treatment of a wide variety of
diseases such as cancer. In this research, we utilized the South
African natural compounds database and computational tools
to identify natural compounds with inhibitory potentials
against SOS1-KRAS interactions. After screening 1,132 natural
compounds, 58 compounds were initially selected via their
docking scores. Subsequent analysis of the compounds
through ADMET and PASS online activity assessment finally led
to the selection of 8 compounds with good pharmacokinetics
and antineoplastic activities. These eight compounds were
then subjected to 200 ns molecular dynamics simulation, and
their total free binding energies calculated over 10,000 snap-
shots. The compounds showed favorable total free binding
energies indicative of their spontaneity in complexing with the
SOS1-KRAS protein. Further analysis on the global impact of
the compounds on the SOS1-KRAS protein showed the
compounds induced a stable SOS1-KRAS protein with reduced
flexibility of the C-α atoms. These findings suggest the
compounds could be considered as potential drug-like com-
pounds in the inhibition of SOS1-KRAS interactions. The
biological potential of these compounds could further be
confirmed through experimental studies. This study will there-
fore be useful in the design of specific drugs for therapeutic
inhibition of SOS1-KRAS.

Supporting Information Summary

This section contains the Materials and methods Section,
Figure S1 and Tables (Table S1 to S10).Figure S1. Graphs
showing the validation of SOS1-KRAS protein structures used
for docking and MD simulation. A and A1 show the Ramachan-
dran plot and the overall QMEAN4 global quality graph of 7KFZ
respectively. B and B1 show the Ramachandran plot and the
overall QMEAN4 global quality graph of 6EPP respectively and,
C and C1 show the Ramachandran plot and the overall
QMEAN4 global quality graph of 6EPN, respectively.Table S1.
First selected compounds from structure-based virtual screen-
ing, Table S2. Docking results for known inhibitors, Table S3.
GLOBAL (SOS1-KRAS binary complex) RMSD (Å) data, Table S4.
Global (SOS1-KRAS binary complex) RMSF (Å) data, Table S5.
Ligand (Hit compound) RMSD (Å) data, Table S6. SOS1 binding
site RMSD (Å) data, Table S7.KRAS RMSD (Å) data, Table S8.
KRAS RMSF (Å) data, Table S9. SOS1 RMSD (Å) data, Table S10.
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