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Abstract: It has been shown that several ribonuclease (RNase) A superfamily proteins serve as ligands of recep-
tor tyrosine kinases (RTKs), representing a new concept for ligand/receptor interaction. Moreover, recent studies 
indicate high clinical values for this type of ligand/RTK interactions. However, there is no structural report for this 
new family of ligand/receptor. In an attempt to understand how RNase and RTK may interact, we focused on the 
RNase1/ephrin type-A receptor 4 (EphA4) complex and predicted their structure by using the state-of-the-art ma-
chine learning method, AlphaFold and its derivative method, AF2Complex. In this model, electrostatic force plays an 
essential role for the specific ligand/receptor interaction. We found the R39 of RNase1 is the key residue for EphA4-
binding and activation. Mutation on this residue causes disruption of an essential basic patch, resulting in weaker 
ligand-receptor association and leading to the loss of activation. By comparing the surface charge distribution of the 
RNase A superfamily, we found the positively charged residues on the RNase1 surface is more accessible for EphA4 
forming salt bridges than other RNases. Furthermore, RNase1 binds to the ligand-binding domain (LBD) of EphA4, 
which is responsible for the traditional ligand ephrin-binding. Our model reveals the location of RNase1 on EphA4 
partially overlaps with that of ephrin-A5, a traditional ligand of EphA4, suggesting steric hindrance as the basis by 
which the ephrin-A5 precludes interactions of RNase1 with EphA4. Together, our discovery of RNase1/EphA4 inter-
face provides a potential treatment strategy by blocking the RNase1-EphA4 axis.
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Introduction

Ribonuclease (RNase) is a large group of 
enzymes in both prokaryotic and eukaryotic 
cells that catalyze the hydrolysis of RNA  
into smaller pieces [1, 2]. RNase can be divid- 
ed into two main classes, endoribonucleases 
and exoribonucleases [3-5]. Endoribonuclease 
RNase1 belongs to the pancreatic RNase A 
superfamily and can be detected in human 
serum/plasma [6, 7]. The studies of RNase in 
the last 50-60 years discovered numerous 
RNase family [8, 9], however, the biological 

function of RNase1 have not yet been com-
pletely defined. Human RNase1 is not only 
essential for RNA clearance, but also involved 
in hemostasis, inflammation and innate im- 
munity [7, 10-13]. Recent studies indicated th- 
at RNase1 could serve as a soluble ligand for 
the receptor tyrosine kinase (RTK) ephrin type-
A receptor 4 (EphA4) in breast cancer [14], 
RNase5 is an epidermal growth factor receptor 
(EGFR) ligand in pancreatic ductal adenocarci-
noma (PDAC) [15], and RNase7 acts as a ligand 
of c-ros oncogene 1 (ROS1) in hepatocellular 
carcinoma (HCC) [16]. These findings uncover a 

http://www.ajcr.us


Prediction of RNase1/EphA4 complex structure

4866 Am J Cancer Res 2022;12(10):4865-4878

non-canonical ligand-receptor relationship and 
the novel role of RNase A superfamily in tumor 
progression [17-19].

Erythropoietin-producing hepatocellular carci-
noma (Eph) receptors are a large family of RTKs 
and are important in embryonic development 
and adult tissue homeostasis [20]. Eph rece- 
ptors bind to their membrane-bound ephrin 
ligands on the neighboring cells to stimulate 
juxtacrine signals [21]. Notably, soluble ephrin-
A ligands generated by metalloprotease have 
been detected in several cancer cell lines such 
as glioblastoma and breast cancer, where they 
activate EphA receptors and downstream sig-
naling [22-25]. In addition, EphA4 is upregu- 
lated by the epithelial-mesenchymal transition 
(EMT) program in breast cancer stem cells 
(CSCs) and the juxtacrine signaling maintains 
the stem cell state through the physical in- 
teraction of tumour-associated monocytes and 
macrophages [26]. CSCs have been reported  
to promote tumorigenicity, invasiveness and 
immune evasion, and are ideal targets for  
cancer treatment [27-30]. Understanding the 
mechanism of autocrine/paracrine signaling 
involved in EphA4 activation through RNase1-
binding may provide a broad vision of Eph re- 
ceptor regulation and reveal therapeutic strate-
gies against CSCs by blocking EphA4 signaling 
[14].

Although three RNase A superfamily proteins 
RNase1, RNase5 and RNase7 were reported as 
the respective ligand of EphA4, EGFR and 
ROS1, respectively [14-16], the structural infor-
mation of these ligands/receptors complex is 
still awaiting to answer many important ques-
tions, such as the RNase-binding region on the 
receptor and the competition between the 
RNase and the canonical ligand. Moreover, the 
structural information could help us to design 
or find inhibitors to block the RNases/RTKs 
interactions in various of cancer cells, such as 
breast CSCs, PDAC and HCC in the future.

With the development of deep-learning neural 
networks, DeepMind made public an artificial 
intelligence (AI) tool called AlphaFold [31, 32]. 
AlphaFold has been trained on hundreds of 
thousands of protein structures and sequences 
in structure database (i.e. Protein Data Bank) 
and genetic database. As we input a new 
sequence, it first searches homolog sequenc- 
es in databases, suggesting the new sequence 
and homolog sequences are spatially close. 

This algorithm provides a distinctive way to es- 
timate the distance of amino-acid pairs in the 
new sequence. Next, it repeatedly adjusts the 
3D model based on the homolog sequence 
clues, continually updating its prediction. To 
evaluate the result, local-distance difference 
test (pLDDT) is used for per-residue accuracy, 
and usually pLDDT > 70 is confident and > 90 is 
highly confident [31-33].

A few months after AlphaFold publications [31, 
32], AF-Multimer was released for multime- 
ric proteins complex prediction [34]. Besides, 
several teams aim to extend the usage of 
AlphaFold. ColabFold offered accelerated pre-
diction of protein and complex structures by 
combining fast homology search [35]. AF2- 
Complex optimized the algorithm by using mul-
tiple test sets and without using paired se- 
quence alignments, significantly improved the 
AF-Multimer [36].

In this study, we took advantage of the struc-
tural prediction breakthrough of AlphaFold to 
analyze the possible RNase1/EphA4 interface 
and compared the ligands/receptor interfaces 
of RNase1 and ephrin to EphA4. We found the 
electrostatic force contributes to the RNase1/
EphA4 association and the RNase1-binding 
region is close to the ephrin-binding pocket. 
Lastly, this structure may provide a platform  
for designing EphA4 inhibitors specific for 
RNase1 in the future.

Materials and methods

AlphaFold analysis

Prediction of human, mouse and horse RNa- 
se1/EphA4 LBD complexes as well as KYL pep-
tide (KYLPYWPVLSSL)/EphA4 LBD complex 
were accomplished by AlphaFold version 2.1.2 
[31, 34], ColabFold [35] and AF2Complex ver-
sion 1.2.2 [36] with default settings. The top 
pLDDT model from all predictions was analyz- 
ed in this study. The buried interface area and 
interface details of the complex were analyzed 
by PISA [37]. All protein structure graphic fig-
ures were made by PyMOL version 2.3 (Sch- 
rödinger, LLC).

Cloning, expression and purification of recom-
binant RNase1

We produced recombinant human RNase1  
protein from E. coli by using a similar protein 
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expression protocol referred to published stud-
ies [14]. The mutations R39A and R85A were 
introduced into pET15b-RNase1 wild type (WT) 
plasmid through site-directed mutagenesis by 
polymerase chain reaction (PCR). All constructs 
were verified by DNA sequencing. Briefly, the 
proteins were expressed in E. coli BL21 (DE3) 
strain by growing the cells in 1 L LB medium at 
37°C until reaching an OD600 of 0.6-0.8 fol--0.8 fol-0.8 fol-
lowed by induction with 0.5 mM isopropyl β-D-
1-thiogalactopyranoside (IPTG). The cells were 
then allowed to grow overnight at 16°C before 
harvest. The cells were lysed by sonication in 
buffer (20 mM Tris, 300 mM NaCl, pH 8.0) and 
the lysate spun down at 30,000 g on an Avanti 
J-26XP centrifuge (Beckman-Coulter, USA). The 
supernatant was loaded onto Ni-NTA resin 
(Qiagen, USA) pre-equilibrated with the loading 
buffer and eluted with the same buffer contain-
ing 250 mM imidazole. The purity of samples 
was checked with use of Coomassie-blue-
stained sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and was > 
90%.

Western blotting

BT549 breast cancer cells were serum-starv- 
ed overnight and stimulated with/without 1 µg/
ml of RNase1 proteins for 15 min. The cells 
were then harvested and 30 µg of total protein 
was used for immunoblotting. In brief, the  
protein lysates were separated by SDS-PAGE 
and transferred to a polyvinylidene difluoride 
(PVDF) membrane. After blocking with 5% of 
skim milk for 30 min, the membranes were 
probed with the primary antibodies against 
EphA4 (sc-365503, Santa Cruz Biotechnology), 
EphA4-pY799 (EP2751, ECM biosciences) and 
α-Tubulin (#2144, Cell Signaling Technology). 
Following overnight incubation with the primary 
antibodies at 4°C, the membranes were incu-
bated with the horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 hour at 
the room temperature. The signals were visual-
ized with the Trident Western HRP Substrate 
(GeneTex) and detected by using the iBright 
FL1500 Imaging System (ThermoFisher Sci- 
entific).

Results

Electrostatic force contribution to RNase1-
EphA4 complex formation

In order to predict the unbiased RNase1-EphA4 
complex structure, we used AlphaFold [31], 

ColabFold [35] and AF2Complex [36] and com-
pared the results parallelly. All of the predic-
tions showed that RNase1 binds to the ligand-
binding domain (LBD) of EphA4, so we input 
EphA4-LBD sequence together with RNase1 
and predict the complex again. The output from 
AF2Complex gives the highest average pLDDT 
score, 83.64 (Figure 1A, right). In this model, 
81.7% of residues are predicted to be confident 
(pLDDT > 70), except the H1 of EphA4 (residues 
156 to 161), which was reported as a loop in 
many EphA4 structures (Protein Data Bank 
(PDB) ID: 2WO1, 3CKH and 4BK4) [38-40]. The 
overall structures of individual RNase1 and 
EphA4 are highly conserved with the previous- 
ly resolved atomic-resolution structures (root-
mean-square deviation (RMSD) values are clo- 
sed to 0.5 Å) in the Protein Data Bank (Figure 
1B). And the buried interface area between 
RNase1 and EphA4 is 933 Å2 as calculated with 
PISA [37], which is close to 12% of the total 
solvent-accessible area.

Electrostatic force contributes mainly to the 
RNase1/EphA4 complex formation. RNase1 
surface possess a continuous basic patch 
(Figure 1C, left), which is suitable for the pro-
longed acidic patch on the EphA4 surface 
(Figure 1C, right). Four positively charged resi-
dues K7, R39, R85 and H119 of RNase1 form 
salt bridges with EphA4 negatively charged 
residues E42, E51 and E55 (Figure 1D). Most 
of these salt bridges observed in our model are 
highly conserved in mammals (K7, R85 and 
H119 in RNase1; E42, E51 and E55 in EphA4) 
(Figure 2A, 2B). Notably, R39 of the RNase1 is 
not conserved (S39 in mouse/rat and W39 in 
horse), indicating the salt bridge R39/E55 may 
be replaced by other types of non-covalent 
interaction in other species. To rule out this 
possibility, we predicted the mouse RNase1/
EphA4 as well as horse RNase1/EphA4 by 
using AF2Complex. The alignment of the mouse 
and horse complexes shows that their interfac-
es are similar to human RNase1/EphA4 (Figure 
2C, left). The S39 of mouse RNase1 forms a 
hydrogen bond with Q71 of EphA4, and W39 of 
horse RNase1 binds to hydrophobic residue 
V57 of EphA4 (Figure 2C, right), suggesting th- 
at the salt bridge R39/E55 is replaced by a 
hydrogen bond or hydrophobic interaction lead-
ing to variants of the interface. Nevertheless, 
the rest of the salt bridges are still present in 
the mouse and horse RNase1/EphA4 interface 
to stabilize the complex. In conclusion, RNase1 
has potentiality as the ligand of EphA4 in other 
mammals with similar binding interface.
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To validate the salt bridges observed in the pre-
diction, we generate single mutation R39A or 
R85A of RNase1 to test if these mutations lost 
its EphA4-stimulating ability in breast cancer 
cells (Figure 1E). The result showed that WT 

RNase1 do stimulate EphA4 Y799 phosphory-
lation in BT549 cells as previously reported 
[14]. Mutation R39A obviously decreased the 
EphA4 phosphorylation level comparing to the 
WT, indicating the important role of salt bridge 

Figure 1. AF2Complex prediction of RNase1/EphA4 LBD complex. A. Overall structures are colored by chains (or-
ange: RNase1; green: EphA4 LBD) and pLDDT score (spectrum, ranged from 35 to 98). B. Superimposition of 
published RNase1 and EphA4 structures, respectively. Crystal structures of RNase1, PDB ID: 1DZA (cyan) and 2E0J 
(magenta) are superimposed to AlphaFold predicted RNase1 (orange). Crystal structures of EphA4 LBD, PDB ID: 
2WO1 (pink) and 3CKH (light blue) are superimposed to AlphaFold predicted EphA4 LBD (green). C. Surface charge 
distribution of RNase1 and EphA4 shows the basic patch (blue) and acidic patch (red), respectively. Residues 
forming salt bridges are shown in sticks. D. Detailed map of RNase1 (orange)-EphA4 LBD (green) interaction. Salt 
bridges are listed in the panel. E. Phosphorylation of EphA4 Y799 stimulated by RNase1 WT, R39A and R85A in 
BT549 breast cancer cells. F. Surface representation of EphA4 showing RNA-binding residues of RNase1 are closed 
to the surface. Residues involving in RNA-binding (orange) and active site (red) are shown in sticks.

Figure 2. Residues forming salt bridges in the 
RNase1/EphA4 LBD complex are highly conserved. 
(A) Multiple sequence alignment of RNase1 among 
mammals. Sequences from UniProt [51] are RNS1_
HUMAN (P07998), RNS1_RAT (P00684), RNS1_
MOUSE (P00683), RNS1_BOVINE (P61823), RNS1_
SHEEP (P67927), RNS1_GOAT (P67926), RNS1_PIG 
(P00671); RNS1_HORSE (P00674); RNS1_GIRAFFE 
(P00662) and RNS1_HIPPO (P00672). Sequence 
alignment produced by Clustal W [52] and drawn 
with ESPript [53]. Identities are boxed in red. Simi-
lar residues are written with black bold characters 
and boxed in yellow. Residues number 7, 39, 85 and 
119 that are involved in EphA4-binding are labeled 
in red. (B) Multiple sequence alignment of EphA4 
among mammals. Sequences from UniProt are 
EPHA4_HUMAN (P54764), EPHA4_RAT (D3ZZK3), 
EPHA4_MOUSE (Q03137), EPHA4_BOVINE (E1B-
ER5), EPHA4_SHEEP (W5QGB9), EPHA4_GOAT 
(A0A452G0A9), EPHA4_PIG (F1SR66) and EPHA4_
HORSE (F7AJ26). Sequence alignment is generated 
and labelled as in (A). Residues number 42, 51 and 
55 that are involved in RNase1-binding are labeled in 
red. (C) AF2Complex prediction of mouse (cyan) and 
horse (magentas) RNase1/EphA4 LBD complexes. 
Superimposition of three complexes showing the salt 
bridge (R39/E55) in human (orange) is replaced by 
the hydrogen bond (S39/Q71) and hydrophobic inter-
action (W39/V57) in mouse and horse, respectively.
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R39/E55. In addition, mutation R85A decrea- 
sed the EphA4 phosphorylation level slightly. 
We speculate this is because of the basic pat- 
ch selection. RNase1 surface possesses two 
basic patches (Figure 1C, left). K7, H119 and 
R39 are located in the larger basic patch and 
R85 in the smaller one. R39A disrupts the larg-
er basic patch, which contributes to stronger 
electrostatic force, resulting in weaker ligand-
receptor association and leading to the loss of 
activation.

It’s worth noting that RNase1 uses its RNA-
binding interface to associate with EphA4. As 
the model shows, several RNA-binding residues 
are close to the EphA4 surface, such as K7, 
K66, R85 and H119 (Figure 1F), but the active 
site H12 is far from the EphA4 surface (about  
6 Å), unlikely to participate in the EphA4-
binding. In our previous study, the mutation 
H12A causes a catalytically inactive RNase1, 
but still binds to EphA4 and has the tumor-initi-
ating capability [14]. This observation further 
supports our model, which shows H12 does not 
directly interact with EphA4.

Surface charge distribution of the RNases 
plays the key role in RTK receptor recognition

The overall architectures of RNase A superfam-
ily are similar. We superimposed the structures/
predictions from RNase1 to RNase13 and the 
RMSDs between these thirteen RNases are 
less than 1.0 Å (Figure 3A), showing high struc-
tural conservation of the RNase A superfami- 
ly. Although the overall structures within the 
superfamily are conserved, the surface charge 
distributions are variable (Figure 3B). The sur-
faces of the canonical RNases 1-8 contain con-
tinuous basic patches, except of RNase5, whi- 
ch exhibits extremely weak RNase enzymatic 
activity [41]. On the other hand, non-canonical 
members of the human RNases 9-13 harbor 
neither long basic patch nor RNase activities 
[6], indicating that both of the surface basic 
patch and the active site residues are impor-
tant for enzymatic activity. Because RNase1, 
RNase5 and RNase7 can specifically bind to 
target RTKs (i.e. EphA4, EGFR and ROS1, 
respectively), the surface charge distribution 
among RNase A superfamily would play the key 
role for receptor-selection in different type of 
cells.

Finally, the sequence alignment within human 
RNase A superfamily (RNases 1-13) shows that 

residues involving in EphA4-binding (except 
H119, the active site proton donor) are not  
conserved with other RNase A superfamily pro-
teins (Figure 3C). R39 of RNase1, for example, 
can be histidine (H), proline (P), serine (S), thre-
onine (T) or aspartic acid (D) in other RNases. 
We mutate R39 to five variant amino acids in 
the model to see if variants can still bind to 
EphA4 (Figure 3D). H39 may provide weaker 
electrostatic interaction because the distance 
to E55 of EphA4 is 5.7 Å. P39, S39, T39 and 
D39 may have van der Waals interaction with 
V57 and the distances ranged from 3.3 Å to  
5.7 Å. These R39 variants may contribute weak 
to none interaction, denoting this key residue is 
important for corresponding EphA4 recogni- 
tion.

RNase1- and ephrin-A5-binding site on EphA4 
are partially overlapping

Several EphA4 and ephrin complex structures 
have been solved by using X-ray crystallogra-
phy. Alignment of ephrin-A5/EphA4 LBD com-
plex (PDB ID: 4BKA) and ephrin-B3/EphA4 LBD 
(PDB ID: 4BKF) complex shows that ephrin-A5 
and B3 binding to the conserved pocket of 
EphA4 (Figure 4A) [40]. Next, to compare the 
binding sites of RNase1 and ephrin on EphA4, 
we superimposed the RNase1/EphA4 LBD 
model to the ephrin-A5/EphA4 LBD structure 
(Figure 4B). There is a steric hindrance region 
between RNase1 (residues 27-42 and 85-97) 
and ephrin-A5 (residues 36-39, 61-65 and 
116-121) (Figure 4C) as they bind to EphA4, 
indicating that RNase1 and ephrin-A5 are exclu-
sively complexed with EphA4. This structural 
information explains the ephrin-A5 precludes 
interactions of RNase1 with EphA4 [14]. 

From the previous studies, the binding affinity 
of RNase1/EphA4 is 92.4 nM [14] and ephrin-
A5/EphA4 is 5.6 nM [14, 42], showing 16.5-fold 
higher binding constant of ephrin-A5 to EphA4. 
To demonstrate the binding affinity disparity, 
we compared the interface area of RNase1/
EphA4 with that of ephrin-A5/EphA4 by using 
PISA [37]. The interface area of RNase1/EphA4 
LBD is 933 Å2 as described previously while 
that of ephrin-A5/EphA4 LBD is 1,204 Å2. 
Moreover, the number of residues in the inter-
face are 25 in RNase1/EphA4 LBD and 38 in 
ephrin-A5/EphA4 LBD, respectively. The inter-
face analysis shows the higher binding affinity 
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Figure 3. Surface charge distribution of the RNases is related to its enzymatic activity and plays the key role in RTK 
receptor recognition. A. Superimposition of published crystal structures of RNase1 (PDB ID: 1DZA), RNase2 (PDB ID: 
1HI2), RNase3 (PDB ID: 1DYT), RNase4 (PDB ID: 1RNF), RNase5 (PDB ID: 1ANG), RNase6 (PDB ID: 4X09), RNase7 
(PDB ID: 2HKY), RNase8 (AlphaFold model), RNase9 (AlphaFold model), RNase10 (Phyre2 [54] model), RNase11 
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(Phyre2 model), RNase12 (AlphaFold model) and RNase13 (AlphaFold model). The highly conserved secondary 
structures are labeled. B. Surface charge distribution from RNase1 to RNase13 shows the positively- (blue) and 
negatively-charged (red) residues. Models are aligned to the same orientation. C. Multiple sequence alignment 
of human RNases 1-13. Sequences from UniProt are RNS1 (P07998), RNS2 (P10153), RNS3 (P12724), RNS4 
(P34096), RNS5 (P03950), RNS6 (Q93091), RNS7 (Q9H1E1), RNS8 (Q8TDE3), RNS9 (P60153), RNS10 (Q5GAN6), 
RNS11 (Q8TAA1), RNS12 (Q5GAN4) and RNS13 (Q5GAN3). Sequence alignment is generated and labelled as in 
Figure 2A. Residues number 7, 39, 85 and 119 that involved in EphA4-binding are labeled in red. D. Comparison 
of the R39 of RNase1 (orange) and variants H39, P39, S39, T39 and D39 interact to E55 or V57 of EphA4 (green), 
respectively. The distance between two interactive residues is labelled.
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Figure 4. RNase1- and ephrin-A5-binding site on EphA4 are partially overlapping. A. Superimposition of published 
structures of ephrin-A5/EphA4 (PDB ID: 4BKA) and ephrin-B3/EphA4 (PDB ID: 4BKF) shows ephrin binding to the 
conserved ligand-binding pocket. Ephrin-A5, ephrin-B3 and EphA4 LBD are colored in yellow, orange and green, 
respectively. B. Superimposition of ephrin-A5/EphA4 (PDB ID: 4BKA) and RNase1/EphA4. The steric hindrance 
between ligands RNase1 and ephrin-A5 is indicated by red circle dashed. Ephrin-A5, RNase1 and EphA4 LBD are 
colored in light blue, orange and green, respectively. C. Details of the steric hindrance of RNase1 (orange) and 
ephrin-A5 (light blue). Ephrin-A5 sequence numbers are labelled as in PDB ID: 4BKA. D. Multiple sequence align-
ment of EphA4 from residue 51 to 77, involving β3-β4, are entirely conserved (red box). Sequences from UniProt 
are the same as Figure 2B.

Figure 5. EphA4 inhibitors blocks ephrin and RNase1. A. Linear peptide KYL (red) and circular peptide APY (black) 
occupied the ephrin-binding site of EphA4 (AlphaFold model in green and crystal structure, PDB ID: 4W50, in pink). 
The extended region of the KYL peptide is indicated by yellow square. B. Superimposition of ephrin-A5/EphA4 LBD 
and KYL/EphA4 LBD. Surface representation of EphA4 (green) showing the KYL peptide (red) occupied the ephrin-
A5 (light blue)-binding pocket. The KYL peptide blocks the β6-β7 loop as well as β5 of ephrin-A5. C. Superimposi-
tion of RNase1/EphA4 LBD and KYL/EphA4 LBD. The KYL peptide (red) blocks the hydrogen bond between R91 of 
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of ephrin-A5/EphA4 is consistent to the struc-
tural feature.

The ligands overlapping region on the EphA4 
surface is located in β3 and β4 (residues 55 to 
72). And the sequence of this region is entirely 
conserved among mammals (Figure 4D), indi-
cating β3-β4 is essential for ligand-binding, 
including both ephrin and RNase1. The muta-
tion or blocking of β3-β4 has a potential to 
inhibit EphA4 in multiple ligand-dependent 
pathways.

KYL peptide blocks both RNase1 and ephrin-
A5

The linear KYL peptide (KYLPYWPVLSSL) is a 
well-established EphA4 inhibitor, which specifi-
cally occupies the ligand-binding pocket of 
EphA4 and blocks the binding of ligands such 
as ephrin-A5 [43, 44]. In our previous study, 
KYL also prevents the RNase1 binding to Eph- 
A4 [14]. To date, limiting structural information 
is available for studying KYL inhibition. More 
recently, the structure of a cyclic peptide antag-
onist, APY (APYCVYRGSWSC) complexed with 
EphA4 was solved by using X-ray crystallo- 
graphy [45] and another cyclic peptide TYY 
(CTYYWPLPC) docking to EphA4 was also ana-
lyzed by using Autodock4 program [46]. How- 
ever, the sequence variation of these cyclic 
peptides may not well-explain the binding mode 
of KYL.

Here, we used AlphaFold to predict KYL/EphA4 
LBD complex and demonstrated how the KYL 
inhibits EphA4 from ligands association. In this 
model, the KYL peptide occupies the same 
ligand-binding pocket of EphA4 (Figure 5A); 
nevertheless, the KYL peptide occupies larger 
surface (893 Å2) than APY (662 Å2) and creates 
additional steric hindrance on β5 (residues 101 
to 105) of ephrin-A5 (Figure 5B, top).

As the KYL peptide binding to EphA4, the  
conformational change of β3-β4 disrupts the 
hydrogen bond between R91 of RNase1 and 
N64 of EphA4 and may also disrupt the salt 
bridge R39/E55, where E55 locates on the β3 
(Figure 5C). However, comparing to ephrin-A5/
EphA4 LBD complex, the KYL peptide blocks 
the majority of the ephrin-A5-binding region, 
which is a long loop between β6 and β7 of eph-
rin-A5 (Figure 5B, bottom). This structural in- 
formation is consistent with our previous stu- 
dy that KYL could only partially compete with 
RNase1, but strongly abolish ephrin-A5 binding 
[43, 44].

Discussion

In this study, we present the prediction of the 
RNase1/EphA4 LBD complex, showing the 
interface between the ligand-receptor is con-
tributed mainly by four salt bridge pairs and 
hydrogen bonds (Table 1). We proved the R39 
of RNase1 is the key residue for EphA4-bind- 
ing and activation. R39A mutation disrupt a 
basic patch, which contributes to an essential 
electrostatic force, resulting in weaker ligand-
receptor association and leading to the loss of 
activation. From the sequence alignment re- 
sult, residues involved in electrostatic interac-
tion for both the ligand and receptor are highly 
conserved among mammals, suggesting this 
novel ligand-receptor interface between RNas- 
es and RTKs could extend to other species. 
Besides, we found that the EphA4-binding site 
on RNase1 is highly overlapped with its RNA-
binding site, indicating this basic patch is bi- 
functional in both RNA clearance and tumori-
genesis. In our model, the active site proton 

RNase1 (orange stick) and N64 of EphA4 LBD (gray stick). This steric hindrance changed the conformation of β3-β4 
of EphA4 and may also disrupt the salt bridge R39/E55. D. Docking the RNase1 (orange)/EphA4 LBD complex to 
the ephrin-A5 (light blue)/EphA4 extracellular region (ECR) complex (PDB ID: 4M4R) on the basis of the EphA4 LBD 
to demonstrate the role of RNase1 in paracrine/autocrine signaling. EphA4 ligand binding domain (LBD), cysteine-
rich domain (CRD), fibronectin type III repeat 1 (FN1) and fibronectin type III repeat 2 (FN2) are colored in green, 
gray, magenta and pink, respectively. 

Table 1. Interactional residues of RNase1 
with EphA4

Type RNase1 residue 
(atom)

EphA4 residue 
(atom)

Salt bridge K7 (NZ) E51 (OE2)
Salt bridge R39 (NH2) E55 (OE2)
Salt bridge R85 (NH2) E42 (OE2)
Salt bridge H119 (ND1) E51 (OE1)
Hydrogen bond P42 (O) R68 (NH2)
Hydrogen bond N67 (O) S48 (OG)
Hydrogen bond L86 (O) R68 (NH2)
Hydrogen bond R91 (NH2) N64 (O)
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acceptor H12 does not interact with EphA4; 
therefore, the catalytically inactive mutation 
H12A does not affect RNase1 to promote in 
vitro oncogenic transformation [14]. This find-
ing is consistent to the fact that the oncogenic 
activities of all of the reported RNases (i.e. 
RNase1, RNase5 and RNase7) are ribonucleo-
lytic activity-independent [14-16].

We also found that RNase1 and ephrin-A5 are 
exclusively complexed with EphA4 due to the 
steric hindrance, and the interface area buried 
in ephrin-A5/EphA4 LBD complex is 30% larger 
than that in RNase1/EphA4 LBD complex, lead-
ing to a 16.5-fold higher binding affinity [14]. 
However, the low binding affinity ligand like 
ephrin-B2 still plays an important role in ne- 
ural development through EphA4 [38, 47, 48]. 
Moreover, weak affinity EGFR ligands such as 
epiregulin and epigen induce weaker EGFR 
dimerization, leading to cell differentiation rath-
er than proliferation [49]. This evidence sup-
ports that ligands with low binding affinity can 
still have significant function.

To better understand the role of RNase1-me- 
diated paracrine/autocrine signaling of EphA4, 
we dock the RNase1/EphA4 LBD complex to 
the ephrin-A5/EphA4 extracellular region (ECR) 
complex [50] on the basis of the EphA4 LBD 
(Figure 5D). Elevated serum RNase1 binds to 
EphA4 and triggers EphA4 activation in para-
crine/autocrine manner in breast tumor cells, 
and then promotes the activity of breast tumor 
initiation [14]. On the other hand, classical eph-
rin ligands interact with EphA4 in a cell-cell  
contact and juxtacrine manner [21]. Thus, RNa- 
se1 and ephrins function in different settings, 
and RNase1 may play a critical role in breast 
cancer development and normal mammary tis-
sue homeostasis due to its secretable nature.

Moreover, the structural basis of RNases and 
RTKs complexes may provide platforms for 
designing/finding inhibitors to block RNases/
RTKs axes. Therefore, the study of structure of 
RNases/RTKs would lead novel therapeutic 
strategies against human malignancies. In 
addition, RNase1, 5 and 7 are natively secre-
tory ligands, which can be developed to non-
invasive diagnosis serum biomarkers for preci-
sion medicine as they are enriched in serum.
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