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Abstract

Integrins belong to a family of cell adhesion receptors. To better understand an adhesion mechanism of integrins, fragmented
molecular orbital (FMO) method with pair interaction energy decomposition analysis (PIEDA) was applied for integrin:ligand
complexes. Interaction energies were evaluated between the amino acid residues including Mg?* and Ca** ions at ligand-
binding site of ayy,B; integrin and two peptide chains with the Ala-Gly-Asp (AGD)- and the Arg-Gly-Asp (RGD)-binding
motifs, a cyclic peptide (eptifibatide), peptidomimetic ligands (tirofiban and L-739758) and poly(L-lactic acid) chain (PLA).
The results indicate that Mg®* and Ca®* ions together with Asp224A, Asn215B, Asp159A and Lys125B of ayy,3; are the
most important residues for a binding of the peptidic ligands while for the peptidomimetic ligands and PLA, interactions with
Ca’* ions are less significant than those with amino acid residues of ayy,/3;. For all complexes, a dominant part of interaction
energy comes from electrostatic interactions. New developed antagonists of a3 should mimic not only the interactions of
the RGD motif but also the interactions of the backbone of a longer peptidic sequence (RGDV or AGDV) with the focus on
the interactions of the antagonists with the ADMIDAS Ca®* ion. An interaction pattern predicted for PLA was compared
with the native peptidic ligands.

Keywords Integrins - Binding mechanism - Polylactic acid - QM/MM calculations - FMO-PIEDA analysis

Introduction

Integrins, selectins, cadherins, immunoglobulins and mucins
belong to adhesion molecules (Harjunpii et al. 2019; Cho-
thia and Jones 1997; Tvaroska et al. 2023). Integrins are het-
erodimeric molecules containing an a and a f subunit (Hum-
phries 2000; Hynes 2002; Campbell and Humphries 2011)
with large extracellular domains and short cytoplasmic
domains (Springer and Wang 2004; Arnaout et al. 2005).
IThe ligand-binding site is formed in an interface between
the a subunit and the # subunit (Fig. 1). Most integrins bind
a wide variety of ligands (Humphries et al. 2006; Zheng
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and Leftheris 2020). The low affinity state-bent conforma-
tion of the integrins can change to the open active confor-
mation forming the ligand-binding site in the § I domain
(Luo et al. 2007; Zhu et al. 2013; Xiao et al. 2004). The g 1
domain has three metal ion-binding sites, with a Mg>* ion
in the central metal ion-dependent adhesion site (MIDAS)
flanked by two Ca®* ions, one of which is in a site termed
adjacent to MIDAS (ADMIDAS). The other Ca** ion is in
a site termed as the ligand-associated metal ion-binding site
(LIMBS) (Fig. 1).

Molecular dynamics (MD) simulations of integrins’ con-
formational dynamics were reviewed recently (Tvaroska
et al. 2023). The prevailing MD simulations have focused
on understanding activation and transition from bent to
extended conformations initiated by inside-out and out-
side-in signaling (Murcia et al. 2008; Puklin-Faucher and
Vogel 2009; Ghitti et al. 2012; Craig et al. 2004; Mehrbod
et al. 2013; Bidone et al. 2019; Gaillard et al. 2009; Chen
et al. 2011; Puklin-Faucher et al. 2006; Wang et al. 2017).
Recently, molecular dynamics simulations to the bidirec-
tional adhesion signaling pathway of integrin o f; were
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Fig.1 A 3-D structure of oy p; integrin with a bound peptide (with
the AGD motif, green). The B subunit f3 I domain (red) has three
metal ion-binding sites, with a Mg2+ ion (blue ball) flanked by two
Ca?* ions (pink balls). The o subunit p-propeller domain is depicted
in a gray color

performed (Kulke and Langel 2020). From the results, the
most likely mechanism for inside-out and outside-in signal-
ing is the switchblade model with further separation of the
transmembrane helices.

Integrins recognize protein ligands through Arg-Gly-Asp
(RGD) sequence in flexible loop regions (Springer et al.
2008). However, the adhesion mechanism by which integrins
differentiate among proteins with RGD motifs is not well
understood (Dong et al. 2014). Based on available X-ray
structures of RGD-binding integrins (Xiong et al. 2002;
Springer et al. 2008; Dong et al. 2014; Zhu et al. 2008, 2010;
Zheng and Leftheris 2020), a negatively charged carboxylate
side chain of Asp directly coordinates with the MIDAS Mg>*
ion and a positively charged side chain of Arg interacts with
Asp residue of the integrin. Other amino acid residues of the
protein ligand seems to play an important role for specific
binding of the ligand since short peptides with different
amino acid sequences with the RGD motif were not always
effective antagonist for some studied RGD-binding integrins
(Kapp et al. 2017; Kloczewiak et al. 1989). Additionally,
isoDGR was found as a new natural recognition motif of
the RGD-binding pocket of a,f; integrin (Spitaleri et al.
2008, 2011). Molecular dynamics simulations revealed that
isoDGR-containing cyclopeptides are true «,f; antagonists
which block integrin activation (Ghitti et al. 2012).

Fibrinogen binds to integrin a3 on platelets
during hemostasis and thrombosis and both proteins
are mentioned in connection with cardiovascular and
autoimmune diseases (Huang et al. 2019). ay,3; integrin
also plays a role in cancer progression. af; binds to
RGD-lacking C-terminal region [the AKQAGDYV sequence
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with an Ala-Gly-Asp (AGD) motif] of the y subunit of
fibrinogen (Yang et al. 2001) (Fig. 1). On the other hand,
a, 5 integrin binds fibrinogen via a non-terminal RGD
motif in fibrinogen's a subunit. As was found by X-ray
study (Springer et al. 2008), a5 integrin also bound to
a lamprey terminal AKQRGDYV sequence with the RGD
motif. Therefore, development of selective antagonists of
a5 and the closely related a5 integrin was efforted in
past decades (Xiao et al. 2004).

To compare an interaction pattern between oy, 35 integrin
and the peptides with these two motifs, and better under-
stand chemical nature of a complex ligand-binding site of
ampf; consisted of the three metal ions, quantum mechanics
calculations were performed in this study using the two-
body fragmented molecular orbital (FMO) method (Kitaura
et al. 1999; Fedorov and Kitaura 2009; Fedorov et al. 2012).
Due to available X-ray structures (Springer et al. 2008; Xiao
et al. 2004), the calculations were also performed for oy f;
complexes with peptidomimetic antagonists (eptifibatide,
tirofiban and L-739758 ligand) (Fig. 2). Eptifibatide is
a cyclic L-peptide with the homoarginine-Gly-Asp sequence,
and together with tirofiban, they are used in treatment of
thrombosis. Both eptifibatide (IC5,=2.44 nM) and tirofiban
(IC5y=1.3 nM) are nanomolar antagonist of oy f; (Kapp
et al. 2017). L-739758, structurally similar to tirofiban, is
an effective antagonist of a; #;. The FMO-PIEDA calcula-
tions for these antagonists of ayf; will allow us to com-
pare their interaction patterns with those of native peptidic
ligands of a5 and help better to understand their nanomo-
lar biological activities. The calculations will show whether
the synthetic antagonists mimic interactions of the native
peptidic ligands or interact with oy, B specifically. In addi-
tion, FMO-PIEDA calculations were also performed for a
complex of oy, B; with a poly(L-lactic acid) (PLA) chain in
two conformations (Fig. 3). In one conformation, mimicking
terminal C-region of fibrinogen, PLA chains was modeled
with its terminal carboxylate coordinated with the MIDAS
Mg?" ion, while in the other conformation it interacted with
an integrin ligand-binding groove and MIDAS by polyester
groups as they were predicted by molecular docking calcula-
tions (mimicking the binding of a non-terminal region of a
peptidic ligand). PLA is a thermoplastic polyester often used
as medical implants in different forms (Suzuki and Ikada
2010). To improve cell adhesion properties of polymers,
the integrin-targeting proteins were integrated in different
polymeric scaffolds and implant materials (Zhao et al. 2020;
Shekaran and Garcia 2011; Kim and Park 2006; Dhavalikar
et al. 2020). The FMO-PIEDA calculations for the PLA:
a3 complexes will show how well the polyester backbone
of PLA mimics the interactions of the peptidic ligands of
aqpP; and which modifications of the structure of PLA could
improve its adhesion properties for binging to integrins.
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Fig.2 Structures of ligands used for FMO-PIEDA calculations. Pro-
tonation forms of carboxylate and amino groups, as used in the calcu-
lations, are shown

Results and discussion

aLfs:peptide(GAKQAGDYV). The complex of the
integrin(ayy,f;):peptide (GAKQAGDV) was used in this
study as a template structure for comparison of AE;,; )
with other complexes. The geometry of an X-ray structure
(PDB ID: 2VDP) (Springer et al. 2007b) was firstly opti-
mized at the DFT-QM/MM level. Then the FMO-PIEDA
calculations were performed at both DFT (wB97X-D) and
ab initio MP2 levels (Tables 1 and 2). Firstly, we wanted
to understand which amino acid residues of oy 5 are most

important for binding a native peptide with the AGD motif
(Table 1). Then, we also wanted to see which amino acid
residues of the peptide (the GAKQAGDV sequence) are
the most important for the binding (Table 2). The FMO-
PIEDA results of this complex are compiled in Fig. 4 and
only results calculated at the MP2/6-31G(d) level are dis-
cussed. (The results calculated at the DFT-wB97X-D/6-
31G(d) gave similar energy trends and are also given in
Tables 1 and 2.) The calculations have revealed that the
most significant interactions are between the peptide ligand
and the Mg>" ion (AE y,°" =— 350.2 kcal mol™"), the
Ca®" ion (ADMIDAS) (AEL ¢ apmias)” =— 158.9 ke
al mol™!), the Asp224A (AE;, ApA= 90.5 kcal mol™!
), the Ca**(LIMBS) ion (AE| .c,qmps)" =— 75.8 keal m
ol™"), the Asn215B (AE[ . sqp15p=— 55.3 kcal mol™"), the
AspI59A (AE pgpisoa=— 52.1 keal mol 1), the Lys125B
(AEp 1258 =— 49.2 kcal mol™') and the Arg214B (A
E} prgr14p=— 43.7 kecal mol™ 1. Thus, the most important
interactions come from charged fragments of the integrin
except for Asn215B. On the other hand, most severe repul-
sions come from negatively charged amino acid residues,
namely Glu220B, Asp251B and Asp119B. These amino acid
residues are directly coordinated with Mg** and both Ca®*
ions, and in the FMO calculations, they were modeled as the
separate fragments. Thus, their predicted high repulsion with
the peptide ligand is supposed to be overestimated, and in
real chemical microenvironment, their negative charges are
stabilized by coordination with the highly positive Mg** and
Ca”" ions, and the repulsion with the ligand is decreased.
The FMO-PIEDA analysis (Table S1 of ESI) of energy terms
(AEqs AE o, AE ;mixs AEgisp) of AE} g a4 confirmed this
trend where the electrostatic energy term, AE,, was the
most significant part of the interaction energy. To under-
stand which amino acid residues of the peptide are the most
important for the binding to ayy,3; the FMO-PIEDA analy-
sis was also evaluated for every amino acid of the GAKQ-
AGDV sequence (Table 2). AE| 4.z energies between
appP; and the residues of the bound peptide decrease
(weaken) in order: Asp410 (— 251.8 kcal mol™!) > Lys406
(= 193.5 kcal mol™") > Val411 (- 92.8 kcal mol™!)> GIn407
(— 62.1 kcal mol™")> Gly409 (— 48.0 kcal mol~!) > Ala408
(= 20.0 kcal mol™!)> Gly404 (— 5.3 kcal mol™!) > Ala405
(4.0 kcal mol™!). The three most significant resi-
dues (Asp410, Val411l and Lys406) interact with the
MIDAS Mg2+ ion (Asp410, AE; 0. M; =- 301.
7 kcal mol™!), with the ADMIDAS Ca* jon (Val411,
AE| vasi1:caapmmas) T =— 107.7 keal mol™") and with
Asp224A (Lys406, AE; | yuo6:R-Asp224a =— 127.9 kcal m
ol™!). Val411 is the C-terminal residue terminated with
negatively charged carboxylate. Thus, on both sides, on the
integrin [Mg?*(MIDAS), Ca’*(ADMIDAS) and Asp224A]
and on the peptide (Asp410, Val411 and Lys406), the highly
polar amino acid residues and the metal ions seem to play
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Fig.3 a Schematic representa-
tion of interactions between
o,P; integrin (green) and the
peptide with the AGD motif; b
and PLA interacted via terminal
carboxylate with Mg?* ion
bound at the MIDAS site (PLA-
01 or PLA-02 models); ¢ and
PLA interacted via backbone
polyester groups (PLA-03
model) with the MIDAS,
ADMIDAS and LIMBS sites
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the most important role for a strong binding of the ligand.
The importance of the terminal carboxylate of Val411 for
the binding was also confirmed by additional FMO-PIEDA
calculations where in C-terminal Val411 of the bound
peptide the charged carboxylate (GAKQAGDV-COO™)
was substituted by N-methyl amido group (GAKQAGDV-
CONH-CHj,). In such peptide, interaction energy for Val411-
CONH-CHj fragment was decreased to — 6.5 kcal mol™
(from — 92.8 kcal mol™! found in GAKQAGDV-COO™,
AEy,411.r)- One of the reasons may be a repulsion between
the Val411-CONH-CH; and the ADMIDAS Ca** ion (A
Eyasi1:caapmipas) T =20.4 keal mol™"), which on the other
hand is the major contributor of the interaction energy for
the peptide with Val411-COO™ (AEy,y4).caADMIDAS)
=—107.7 kcal mol_l). Indeed, the importance of the free
carboxylate group of the C-terminal residue Val411 for an
interaction with the ADMIDAS Ca’* ion was demonstrated
by experiments where yC peptides with the carboxylate sub-
stituted by amide blocked fibrinogen binding to oy, 35 (Kloc-
zewiak et al. 1989). Moreover, a substitution of Val411 by
cysteine, tyrosine or leucine led to a dramatic decreasing of
the binding properties of the ligand, while the substitution
with phenylalanine maintained the activity of yC peptides

@ Springer
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(Kloczewiak et al. 1989; Kapp et al. 2017). We conclude
that the interaction of a3 with the backbone of Val411
is more significant compared with its side chain. In case
of the substitution with cysteine, tyrosine or leucine, the
structure of their side chains may be more important for a
tight binding to the ADMIDAS Ca’" ion and subsequent
strong interactions of their backbones with oy, 35 and the
ADMIDAS Ca** ion itself.

The bound peptide does not directly coordinate
with the ADMIDAS Ca?* ion and interacts (via termi-
nal carboxylate of Val411) with it via a water molecule
[Peptide-Val411-COO™-H,0(254)-Ca**(ADMIDAS),
Fig. 4]. To see a role of the water molecule for the bind-
ing of the peptide, AE; p50(254) ad AEcyADMIDAS):H20(254)
were also analyzed. Both FMO-PIEDA interac-
tion energies (AE}.yy00s4y= — 37.3 keal mol~! and
AE ¢y ApMIDAS):H20(254) = — 35.8 kcal mol™") are with
significant values; thus, they are significant contributors
to a total interaction energy between the peptide and the
ADMIDAS Ca*" ion (AE] ¢y ADMIDAS)“ =—158.9 kcal m
ol™!, Table 1). Similarly as it was for the ADMIDAS Ca**
ion, the LIMBS Ca?* ion is not in a direct contact with
the bound ligand. Despite the larger distance between the
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Table 1 Calculated total interaction energies (AE;, ), in kcal mol~") between the bound ligand (L) and ayy,5; (Receptor, R) at the ab initio
MP2/6-31G(d) and DFT-wB97X-D/6-31G(d) (in parentheses) levels

— 2+ 2+ 2+
AE i .ry=AE g +AELc,” (apMas) F AELca imBs) H AEL R Asp224a + AEL R Asp1s0a T AEL R Asn215B + AEL R ys1258 + AELR X

Ligand AEint(L:R) AEL:Mg2+ AEL:Ca2+ AEL:Ca2+ AEL:R-Asp224A AEL:R—Asp159A AEL:R-AanISB AEL:R-LysIZSB AEL:R-X
MIDAS  ADMIDAS LIMBS

GAKQAGDV-COO™ -708.6 —3503  —158.9 =758 -90.5 -52.1 -55.3 —49.2 123.5
(=702.3) (=343.5) (=185.1) (=108.9) (—88.6) (=50.1) (=53.3) (—47.3) (174.5)

GAKQAGDV-CONCH; -618.8 —275.1 -392 -29.9 —105.3 -69.2 -47.0 =221 -31.0
(-675.5) (—268.8) (=68.9)  (=63.3) (=103.0) (-66.7) (=45.1) (=20.9) (-38.8)

AKQRGDV-COO™ -736.0 -3520 -1694 -75.6 -63.7 -25.7 -52.6 —49.2 522
(=795.7) (=346.3) (=196.1) (—=109.2) (-62.4) (=274) (—50.4) (—474) (43.5)

Eptifibatide -505.6 —-2652 32 —-42.3 -103.1 -17.0 =377 -19.6 239
(=524.0) (=261.6) (=334)  (=557) (=105.1) (-67.4) (—44.9) (=20.9) (- 65.0)

Tirofiban —415.6 —248.4 =513 —34.8 -99.2 —11.5 -36.9 -21.8 88.3
(—419.5) (=2429) (-51.3) (—48.8) (-96.1) (=11.0) (—34.9) (=21.1) (86.6)

L-739758 —-482.7 —-2655 —-56.4 =275 -112.0 -33.7 -36.5 =237 72.6
(—422.7) (=249.1) (-485) (—443) (-110.9) (=35.1) (=31.9) (—19.8) (116.9)

AEL:R»Tyr122B AEL:R-LyleSB AEL:R»AanISB AEL:R-LyleSB

PLA-01 -266.2 —290.7 —46.8 —43.6 -22.4 -25.8 —41.4 -258 230.3
(=265.4) (=282.7) (=763)  (=75.5) (=17.8) (=25.1) (-43.7) (=25.1) (280.8)

PLA-02 -272.1 —292.0 =73.1 -60.3 -21.3 —28.7 —43.0 —28.8 275.7
(—259.9) (—284.9) (-72.8) (=912) (=204 (=27.7) (—41.1) (—27.8) (306.0)

AEL:R—ASpZ24A AEL:R—AsplSQA AEL:R—ArgZMB AEL:RfAsp217B

PLA-03 -127.1  —15.24 -1.0 6.24 -17.1 -20.1 -14.0 -14.0 -51.9

(=1372) (=147) (-12) 5.4 (—16.6) (=194 (—15.2) (=12.9) (—62.6)

Also interaction energies (AEL:Mg2+

. AEL coapmimas) + and AEp g vps)’ ") between the ligand and the MIDAS (Mg**), the ADMIDAS (Ca’™),

the LIMBS (Ca”") ions and other amino acid residues of the integrin with significant AE; 4 are also compiled. AE;  x presents interaction
energy between the ligand and the remainder of amino acid fragments of the receptor

Table 2 Interaction energies
(AE} _par- in kcal mol™)
between the amino acid
residues of the bound peptides
(Ligand, L)and ayy,f; integrin
(Receptor, R) calculated at the
ab initio MP2/6-31G(d) and
DFT-wB97X-D/6-31G(d) (in
parentheses) levels

ligand and the Ca> ions (> 4.5 A), their interactions were
significant. The PIEDA analysis (Table S1 of ESI) showed
that the main contributor to total interaction energy
between the ligand and the Ca* ions is the electrostatic

Peptides GAKQAGDV-COO™ GAKQAGDV- AKQRGDV Eptifibatide
CONCH,
AE; Gyur  —528 —5.00 AE Gaoar AE Gir —-24.9
(—4.48) (=7.21) (=25.74)
AE, pusr  3.96 4.85 AE; ajosp  —12.66 AE ppr  —202.89
(4.64) (0.69) (- 14.04) (=227.08)
AE, xuer  —193.49 —20556  AE, gier —33.33 AE o 4474
(—183.09) (—208.13) (=35.12) (—24.96)
AE qupr  —62.10 ~61.99 AE qirr  —50.44 AE, pin  —3.98
(—54.62) (—58.48) (- 52.57) (—33.43)
AE; as03r —20.01 —21.08 AE| paosr  — 183.66 AE; cs5r 14.46
(=17.54) (—23.76) (—189.14) (—23.64)
AE, Guon  —48.03 ~50.00 AE, gion  —44.88 AE, jrer  —198.81
(—43.72) (—49.18) (—45.06) (—200.3)
AE paor  —251.75 —234.96 AE paor  —246.71
(=262.13) (=255.36) (=269.17)
AE viw  —92.83 —6.46 AE yiix  —127.13
(—144.74) (=74.13) (—183.3)
energy term (AE™" .., apmipas)”” =— 202.5 kcal mol™!
of AE|.cyapmipas)’ T =— 158.9 kcal mol™'; and AE®
2 _ -1 2
SL:Ca(LIMBS) T =—116.7 kcal mol™" of AEL:Ca(ADMIDAS) *

=-75.8 kcal mol™}).

@ Springer
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Fig.4 FMO-PIEDA interaction energies (AE;g s, in kcal mol™!)
between the peptide with the AGD motif (GAKQAGDV-COO™) and
the amino acid residues of oy,B; calculated at the ab initio MP2/6-
31G(d) level. The attraction terms of AE, g, present AE; g oo With

The AGD motif of the native ligand of ayy,; contains
the glycine residue. Glycin does not contain a side chain
and may be most flexible part of the backbone of the pep-
tides and proteins. Thus, it is important in conformational
changes and folding in proteins. Here in the peptide: oS,
complex, Gly409 of the peptidic ligand, seems also to play
an important role for the binding. Its interaction energy
with a5 was predicted with a significant value of
— 48.0 kcal mol™! (AEGy400.r- Table 2). It should be noted

@ Springer

Tyr190A

Ca”(LIMBS)

Asp224A Mg [[Ca®(ADMIDAS)

the negative values, while repulsion terms are with the positive val-
ues. The amino acid residues with the most significant AE} .z o, are
visualized (tube representation, gray) as well as the bound peptide
(ball-and-stick representation, green)

that a FMO fragmentation technique with the shifted back-
bone definition was used in this study (Sladek and Fedorov
2022). It means that the Gly409 fragment includes the
amide bond consisted of amine group of Gly409 and car-
bonyl group of Ala408. Detailed analysis of the FMO
results showed that this backbone amide bond (Ala408-
Gly409) interacts with Ala218B (AE} gy409:R-Ala2188 = —
8.5 kcal mol_l), three water molecules, two of them via
carbonyl oxygen (AE| _gjy409.n200201) = — 13.9 kcal mo
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17, AE;_Giya091200257)= — 14.5 keal mol™") and one via
amide group (AE|_giy409:1200258)=— 9.5 keal mol~') and
the LIMBS Ca®" ion (AE_gy400.caivps) = — 7.5 keal mo
171). Similarly, as it was for Val411 of the peptidic ligand,
the interaction of the Ala408-Gly409 backbone with oy, f3;
seem to play an important role for the binding of the pep-
tide with the AGD motif.

oy B3:AKQRGDYV peptide. Whereas ligands with the
RGD motif binds to eight different integrins, the fibrino-
gen yC peptide with the AGD motif binds only to o f;.
In contrast, the A408R mutation of the native yC peptide,
which produced the RGD motif, did bind to a5 (Springer
et al. 2008). In the X-ray structure (PDB ID: 2VDR)
(Springer et al. 2007a), this arginine substitute a 3-D posi-
tion of Lys406 and interacts with Asp224A of ay,3; while
Lys406 interacts with Aspl159A of ay,f; We calculated
a FMO-PIEDA energy profile for the ay/f;:peptide com-
plex to see how presence of Arg408 and 3-D reorganiza-
tion of the peptide change interactions with the integrin.
The FMO-PIEDA results for every amino acid of the
AKQRGDYV sequence of the peptide are compile in Table 2,
and for the most important amino acid residues of o/,
the results are in Table 1. AE| 4.z between the residues
of the peptide and ay, 35 integrin decreases (weakens) in
the following order: Asp410 (— 246.7 kcal mol~!)> Arg408
(- 183.7 kcal mol™ ') > Valdll
(- 127.13 kcal mol~') > GIn407
(— 50.4 kcal mol™!)> Gly409 (— 44.9 kcal mol~") > Lys406
(- 33.3 kecal mol™!) > Ala405 (— 12.7 kcal mol™"). Thus,
the order of significance is almost the same, as for the
native peptide with the AGD motif, with an exception of
Arg408, which now is a better contributor to total AE;, g,
as Val411 and Lys406 (Figure S1 of ESI). Again, as it was
for the peptide with the AGD motif, the three most signifi-
cant residues (Asp410, Arg408 and Val411) interact with
the MIDAS Mg** ion (Asp410, AE; sguiome T =— 30
0.6 kcal mol™"), with the ADMIDAS Ca** ion (Val411,
AE| vaa11:caapmipas). T =— 116.0 keal mol™") and with
Asp224A (Argd08, AE[ pea08:r Asp224a = — 105.4 keal mo
171). Thus, both the AKQAGDV and AKQRGDV sequences
present an optimal 3-D structure for specific binding of y
subunit of fibrinogen to ay,fB;. The total AE;, g, for
the peptide with the RGD motif is stronger (AE;, . .r)=
— 736.0 kcal mol™") compared with that for the peptide with
the AGD motif (AE;,q.gy= — 708.6 kcal mol ™) (Fig. 5).
This supports the finding that the substitution of Ala408
by Arg in human fibrinogen yC chain (dodecapeptide yC
400—411) led to gain 6 times on binding potency (Klocze-
wiak et al. 1989; Timmons et al. 1989). A similar result was
obtained by Ruggeri et al., where the ICs, for yC 400411
was 48—180 pM and only 14.5 pM for the A408R mutant
(Ruggeri et al. 1986). Indeed, lamprey and xenopus, in

Tirofiban

1 pPLA-03

10.0 4

— AGD-COO-NCH3
f— Eptifibatide
F— L-739758

—

-190.0 1

_— AGD'COO‘

|

-390.0 1

-590.0

-790.0 4
kcal/mol = AE(L:R)
AE[L:Ca(ADMIDAS)2+]

W AE(L:Mg2+)
AE[L:Ca(LIMBS)2+]

Fig.5 FMO-PIEDA interaction energies (AE;,q.g) in kcal mol %,
blue) between the bound ligands and oy, 35 calculated at the ab initio
MP2/6-31G (d) level. Also interaction energies (AEL:Mg(MIDAS)2+3 red;
AE coapmipas) - gray; and AE|c,qvps) > yellow) between the
ligand and the MIDAS Mg>*, ADMIDAS Ca** and LIMBS Ca’* ions
are also compiled

contrast to human, yC sequences of fibrinogen contain the
RGD motif (Springer et al. 2008).

The most important contributors of ay,f; to AE; g, are
the MIDAS Mg** ion (AEp eumas)” T =— 352.0 keal mo
17", the ADMIDAS Ca** ion (AE .c,apmipas) T =— 169
4 kcal mol™), Asp224A (AE} Asproan=— 63.7 keal mol ™!
), the LIMBS Ca®* ion (AE .cyqvps)” " =75.63 keal mol™
1), Asn215B (AE| og0155 =— 52.6 keal mol™!), Asp159A
(AEy pspison=25.7 keal mol™), Lys125B (AE; ;58 =—
49.2 kcal mol™!) and Arg214B (AE} Argr145=— 42.2 keal
mol~!) (Fig. 6). The detailed PIEDA analysis showed that
electrostatic interactions are a dominant part of AE;(; g,
(Table S2 of ESI).

Complexes oy, f;:peptidomimetic ligands. Based on
available X-ray structures (Springer et al. 2008; Springer
et al. 2007c, e, d), complexes of ayB; with cyclic peptide
eptifibatide, nanomolar blocker tirofiban and the L-739758
ligand FMO-PIEDA interaction patterns were calculated
(Figs. 7, 8 and 9) and compared with the results of the com-
plexes of oy, B; with the previously discussed peptides with
the AGD and the RGD motifs. For these three ligands, the
interactions with the MIDAS Mngr ion, the ADMIDAS
Ca* jon and the LIMBS Ca’" ion are dominant except
for eptifibatide. For this ligand only interactions with the
MIDAS Mg?* ion and the LIMBS Ca®" ion are significant
[AE vgvipas) T =— 265.2 keal mol™" and AEy ¢, vps)’
* =— 42.3 kcal mol™!], in opposite, with the ADMIDAS
Ca’* ion are repulsive (AEL.cy ADMIDAS)2+ =3.2 kcal mol™
1. The detailed analysis of the PIEDA energy contributors

@ Springer
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Fig.6 FMO-PIEDA interaction energies (AE;g s, in kcal mol™!)
between the peptide with the RGD motif (AKQRGDV-COO™) and
the amino acid residues of oy,B; calculated at the ab initio MP2/6-
31G(d) level. The attraction terms of AE, g, present AE; g oo With

has showed that although AEelSL:Ca( ADMID AS)2+ is attractive
(= 26.1 kcal mol™"), AEdiSPL:Ca( ADMIDAS)2+ is strongly repul-
sive (31.7 kcal mol™!). This finding is also supported by
steered molecular dynamics (SMD) simulations where the
ADMIDAS Ca*" ion had the lowest effect on SMD force
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Asp224A

AL

H,0-311-312
H,0-315-316
H,0-319-320

Ca”(LIMBS)

Mg”| ca*(ADMIDAS)

the negative values, while repulsion terms are with the positive val-
ues. The amino acid residues with the most significant AE} .z o are
visualized (tube representation, gray) as well as the bound peptide
(ball-and-stick representation, green)

profiles of the unbinding of eptifibatide from oy f; (Murcia
et al. 2008).

Overall, the interactions of the ligands with the MIDAS
Mg?* ion calculated in this study are the most significant
(Fig. 5). The dominant part of AEL:Mngr is an electrostatic
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Fig.7 FMO-PIEDA interaction energies (AEj.g s, in kcal mol™!)
between the eptifibatide and the amino acid residues of oy p; cal-
culated at the ab initio MP2/6-31G(d) level. The attraction terms of
AE; R, present AE; p 45 With the negative values, while repulsion

term (AE™ yomipas)’ T =— 254.5 kcal mol™" of
AIEL:Mg(MIDASZ)Z" =— 265.2 kcal mol~! for eptifibatide; AE

“LMgovipas) | =~ 235.2 keal mol ™" of AEL;Mg(MIDAS)2+
= — 248.4 kcal mol~! for tirofiban; and AEelsL;Mg(MIDAS)
** =—250.3 keal mol™" of AE \,ampas)’™ =— 265.5
kcal mol~! for the L-739758 ligand). As it was for the
peptides, Asp224A, Asn215B, Tyr122B, Lys125B and

Tyr190A of ap,p; (Table 1, Figs. 6, 7 and 8) are also the

Arg214B

Tyr122B

Lys125B

Asp232A

Ser225A
Ca”(ADMIDAS)

2

Asp163A

1 l
T T T v
[ [
H,0-224
Tyr190A

H,0-193
H,0-195

Ca”(LIMBS)

Asp224A Mg™

terms are with the positive values. The amino acid residues with the
most significant AE| . 54 are visualized (tube representation, gray) as
well as the bound peptidomimetic ligand (ball-and-stick representa-
tion, green)

most important contributors to total AE;, . g, for the oyy,f5
complexes with the peptidomimetic ligands In conclusion,
eptifibatide, tirofiban and the L-739758 ligand interact
with oy B; with similar interaction patterns as native pep-
tidic ligands of ayp,f;. These may explain why they bind
aq,P5 at the nanomolar level (Kapp et al. 2017).
Complexes oy B3:PLA. The PLA chains with a terminal
carboxylate group (the PLA-COO™ configuration) as well

@ Springer
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Fig.8 FMO-PIEDA interaction energies (AEj.p s, in kcal mol™!)
between the tirofiban and the amino acid residues of oy, 5 calculated
at the ab initio MP2/6-31G(d) level. The attraction terms of AEj,q g,
present AE; . aa With the negative values, while repulsion terms are

as with a terminal methyl ester group (the PLA-COOCH;
configuration) were docked into the ligand-binding site
of o3 The PLA-COO™ chain was found to bind with
terminal carboxylate to the MIDAS Mg** ion [d(PLA-
COO~:Mg?")=2.13 A] and with the polyester chain bound
along a groove flanked by Asp159A, Asp224A and Ser226A
on the one side and Arg214B, Tyr122B, Asn215B and
the MIDAS Mg?* ion on the other side (Fig. 10, PLA-01
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Tyr190A
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Asp224A

with the positive values. The amino acid residues with the most sig-
nificant terms of AE; oA are visualized (tube representation, gray)
as well as the bound peptidomimetic ligand (ball-and-stick represen-
tation, green)

model). PLA-COOCH; bound in a similar conformation,
however, interacting with the MIDAS Mg?* ion [d(PLA-
COOCH3:Mg2+) =3.66 A] with one of the ester groups at a
middle of its chain, and with the terminal methyl ester group
positioned at a hydrophobic groove flanked by Val156A and
Met180B (Fig. 11, PLA-03 model). This groove was not
filled by any conformations with the PLA-COO™ configura-
tion. For the subsequent QM/MM geometry optimizations
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Fig.9 FMO-PIEDA interaction energies (AE;g s, in kcal mol™!)
between the peptidomimetic ligand (L-739758) and the amino acid
residues of oy P; calculated at the ab initio MP2/6-31G(d) level. The
attraction terms of AE; . ) present AE; g 4o With the negative val-

and FMO-PIEDA calculations, two conformations with the
best docking scores (PLA-01 and PLA-02) with the PLA-
COO™ configuration and one conformation (PLA-03) with
PLA-COOCHj; were selected. The FMO-PIEDA results
are compiled in Figs. 12, 13 and S3 and Table 1. The total
AE;, 1y for the complexes with the PLA chain was 2-5
times weaker compared with the complexes with the native
peptides or peptidomimetic ligands (Fig. 5). For example,

| |

Asp163A

T |

M gh
Tyr190A |Sera26A

Ca”(LIMBS)

Ca”(ADMIDAS)

Asp224A Mg” (MIDAS)

ues, while repulsion terms are with the positive values. The amino
acid residues with the most significant AE| .z 5, are visualized (tube
representation, gray) as well as the bound peptidomimetic ligand
(ball-and-stick representation, green)

AE; g (PLA-01) = — 272.1 kcal mol~! or AE; ) (PLA
-03)=— 127.1 kcal mol™" versus AE;,; x(GAKQAGDV
peptide) =— 708.6 kcal mol~!. One of the reasons for the
weakening of the interaction energy is in weaker interactions
of the PLA chain with the MIDAS Mg?" ion, the ADMIDAS
Ca** ion and the LIMBS Ca”" ion (Fig. 5). This is mainly
evident for the PLA chain without the terminal carboxylate
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Fig. 10 Superposition of the PLA-01 ligand (yellow) with the pep-
tide (the GAKQAGDYV sequence, green) at the ligand-binding site of
aypP3 (QM/MM optimized integrin:ligand complexes)
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Fig. 11 Superposition of the PLA-01 ((PLA-COO™, yellow) with the
PLA-03 ligand ((PLA-COOCHj;, magenta) at the ligand-binding site
of a3 (QM/MM optimized ligand:integrin complexes)

group (PLA-03). Therefore, the adhesion of PLA surface
on a cell may be more efficient when free carboxylates are
available on polymer surfaces in repeated intervals. This
conclusion is clearly evident from FMO-PIEDA analysis
comparing the PLA-01 (or PLA-02) and PLA-03 interac-
tion patterns (Fig. 12, 13 and S3 of ESI). For PLA-03, key
interactions with amino acid residues of a3 (Asp159A,
Phel60A, Tyr190A, Arg214B and Asp224A) are diminished
compared with those found for the peptides, peptidomimetic
antagonist and PLA-01 and PLA-02. This indicates that the
ligand-binding site of ayyf; is structurally design to bind a
C-terminal peptide with two negatively charged carboxylate
groups positioned close to each other (approximately 6 A a
distance between carboxylate of Val411 and Asp410 of the
native yC peptide), while in PLA-01 (or PLA-02) is only one
terminal carboxylate group and in PLA-03 no free carboxy-
late or a negatively charged group.
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Conclusion

The FMO-PIEDA calculations were performed to
add, beside available structural and biochemical data,
next physicochemical properties of two peptidic, three
peptidomimetic ligands and the poly(L-lactic acid) chain
bound to oyp,P; integrin. The predicted interaction profiles of
the integrin:ligand complexes may be described by several
basic features: (i) dominant interactions are electrostatic,
including interactions of the ligands with the MIDAS
Mg?*, the ADMIDAS Ca?* (except for eptifibatide in which
dispersion repulsion was dominant) and the LIMBS Ca*
ions; (ii) all three ions at the ligand-binding site of ayf;
are key contributors to total interaction energy; (iii) terminal
free carboxylate of Val411 and side chain carboxylate of
Asp410 play an important role for the strong binding of the
yC peptidic ligand; thus, for effective adhesion of fibrinogen
to aqp,p; two free carboxylate groups at the end of the
ligand are necessary; (iv) Asp224A, Asn215B, Asp159A
and Lys125B of a5 are the most important amino acid
residues for binding of the C-terminal octapeptide part
of fibrinogen; and (v) both the KQAGDV and KQRGDV
peptidic sequences are structurally and chemically adopted
to bind effectively ;. The reason why some peptides
with the AGD or RGD motif did not bind to ayf3; is in
structural and chemical nature of the C-terminal amino acid
residue (X) in the AGDX or RGDX sequence rather than
the AGD (or RGD) structure itself (e.g., AGDV or AGDF
bind to a3 while AGDC or AGDY not) (Kloczewiak et al.
1989).

From the X-ray structures of ayp,,#; with the non-peptidic
tirofiban and the L-739758 ligand it is evident that these
antagonists mimic interactions of arginine and aspartic acid
residues of the RGD motif of the peptidic ligands (contacts
of tirofiban and L-739758 ligand with Asp224A and Mg**
ion). Other hidden interactions were revealed by the FMO-
PIEDA calculations in this work. As it was for the peptides,
the MIDAS Mg?* ion, the ADMIDAS Ca’* ion, the LIMBS
Ca?* ion, Asp224A, Asn215B, Tyrl122B, Lys125B and
Tyr190A of apf; are the most important contributors to
total AE; g for the ay,3; complexes with the antagonists.
In conclusion, new synthetically developed antagonists of
aypf3 should mimic not only the interactions of the RGD
motif but also the interactions of the backbone of a longer
peptidic sequence (RGDV or AGDV) with the focus on the
interactions of the antagonists with the ADMIDAS Ca** ion

The FMO-PIEDA calculations of the complexes of
anpB; with the poly(L-lactic acid) chain indicate that a
terminal carboxylate or a free carboxylate on the PLA
surface are essential to mimic the adhesion process of the
RGD-binding integrins. The PLA ester groups themselves
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Fig. 12 FMO-PIEDA interaction energies (AE} .z A, in kcal mol ™)
between the PLA-0O1 ligand (PLA-COO™) and the amino acid resi-
dues of o5 calculated at the ab initio MP2/6-31G(d) level. The
attraction terms of AE; g, present AE; p 4o With the negative val-

are not chemically so appropriate ligands for interactions
with either Mg?* and Ca* ions or amino acid residues at
the ligand-binding site of ay,P;. In general, the adhesion
of PLA surface on a cell may be more efficient when free
carboxylates are available on polymer surfaces in repeated
intervals.

Ca™(LIMBS)
Ca”'(ADMIDAS)

MgZ+

ues, while repulsion terms are with the positive values. The amino
acid residues with the most significant AE| .z s, are visualized (tube
representation, gray) as well as the PLA-01 ligand (ball-and-stick rep-
resentation, green)

Methodology

Structural models and molecular docking. The X-ray
structures (Springer et al. 2008) of oy,p5 integrin with
bound ligands (an octapeptide with the GAKQAGDV
sequence, PDB ID: 2VDP (Springer et al. 2007b); a
heptapeptide with the AKQRGDV sequence, PDB ID:
2VDR (Springer et al. 2007a); a cyclic peptide eptifibatide
with the (HR)CCPWGDG sequence, PDB ID: 2VDN

@ Springer



Chemical Papers

AE o
(kcal/mol)

90 ] e
80 T f
. 1SS, B
60 1
50 1
40 1
30
20 ¢
10

| Asp217B |

Ca”(LIMBS)
1

0 »
] Y |
10T F ”Asp2178
-20 Asp159A Arg214B

20 1 Phe160A
-40 1

-50 +

-60 4

Fig. 13 FMO-PIEDA interaction energies (AE g aa, in kcal mol™)
between the PLA-03 (PLA-COOCHj;) ligand and the amino acid
residues of oy P; calculated at the ab initio MP2/6-31G(d) level. The
attraction terms of AE; g, present AE; g 4o With the negative val-

(Springer et al. 2007¢); peptidomimetic tirofiban, PDB ID:
2VDM (Springer et al. 2007e) and the L-739758 ligand;
PDB ID: 2VC2 (Springer et al. 2007d)) were used as 3-D
structural models for QM/MM geometry optimizations and
subsequent FMO-PIEDA calculations. The complex integrin
aypfs:poly(L-lactic acid) (C;H,0,),_; was built based on the
X-ray structure of ayy 3 with the octapeptide with the AGD
motif, PDB ID: 2VDP (Springer et al. 2007b)). The peptide
and most water molecules were removed and a PLA chain
was added to the ligand-binding site using of molecular
docking. PLA was docked either in a charged form (with
free terminal carboxylate, PLA-COQO™) or in a neutral form
(with terminal methyl ester group, PLA-COOCHj;). Then,
two bound conformations of PLA-COO™ in ay,3; (PLA-0O1
and PLA-02) and one of the PLA-COOCH; (PLA-03) were

@ Springer
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Tyr190A 5o
Asp224A Mg

ues, while repulsion terms are with the positive values. The amino
acid residues with the most significant AE| .z s, are visualized (tube
representation, gray) as well as the bound PLA-03 ligand (ball-and-
stick representation, green)

selected based on a docking score for subsequent QM/MM
and FMO-PIEDA calculations. The conformations PLA-01
and PLA-02 mimic the binding of a terminal C-region of
fibrinogen to oy, A5 (Fig. 3). In these conformations terminal
carboxylate of PLA was predicted to coordinate with the
MIDAS Mg** ion. In the case of PLA-03 the docked chain
mimics the binding of a non-terminal region of a peptidic
ligand along a ligand-binding groove and MIDAS (Fig. 3).
Molecular docking was performed with the GLIDE
program, version 7.0 (Friesner et al. 2004), of the
Schrodinger package. For prediction of protonation states
of the amino acid residues of oy f;, the Propka version 2
empirical program (Li et al. 2005; Bas et al. 2008) was used
(pH=7.4). The receptor box with a size of 39 x39x39 A
was centered at the Mg?" ion at MIDAS of a3, using
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OPLS2005 partial atomic charges (Kaminski et al. 2001).
Flexible docking in standard (SP) precision was used. The
potential for nonpolar parts of the ligands was softened by
scaling the Van der Waals radii by a factor of 0.8 for atoms
of the ligands with partial atomic charges less than specified
cutoff of 0.15. For 10 ligand poses with the best docking
score the post-docking minimization was performed.

OM/MM geometry optimizations. For the protein
complexes (ay,B5:ligand), geometry optimizations at the
QM/MM level were applied (BP86/LACVP*:0PLS2005)
(Becke 1988; Wadt and Hay 1985; Kaminski et al. 2001)
using the QSite (Murphy et al. 2000) program of the
Schrodinger package. The QM part (more than 280
atoms) of the system included Mg?* ion, Ca®* ions and
their coordinated ligands (amino acid residues and water
molecules). The rest of the molecular system was calculated
at the MM level described by the OPLS2005 force field
(Kaminski et al. 2001). The QM/MM methodology (an
additive scheme) with hydrogen caps on boundary QM
atoms was used. Between the QM and MM regions,
electrostatic treatment using Gaussian charge distributions
was employed. The piperidine and carboxylate groups of
tirofiban and the L-739758 ligand were modeled in ionized
forms (as depicted in Fig. 2) according to the pK, Propka
calculations (Li et al. 2005; Bas et al. 2008).

FMO-PIEDA calculations. For the protein:ligand
complexes, the two-body FMO method together with the
pair interaction energy decomposition analysis (PIEDA)
was used (Kitaura et al. 1999; Fedorov and Kitaura 2009;
Fedorov et al. 2012). In FMO method, a biomolecular system
is partitioned into fragments (with a fragment size—one
amino acid residue). For modeling of the covalently bounded
amino acids, the hybrid orbital projection operator (HOP)
technique was applied. In the case of the peptidic ligands,
the following two types of the fractioning were used in the
FMO calculations: (i) the peptidic ligand was one large
fragment consisted of all amino acid residues (i.e., for the
octapeptide ligand with the AGD motif the fragment consists
of 8 amino acid residues. The results are compiled in Table 1
and Figs. 4,5, 6,7, 8,9, 12, 13); and (ii) the peptidic ligand
was fragmented into separate amino acid residues according
to a default FMO fragmentation technique with the shifted
backbone definition (results in Table 2)(Sladek and Fedorov
2022). The QM/MM optimized structures of complexes
(oqp,P5:ligand) were reduced to ligand-binding site clusters
consisted of more than 260 structural fragments (amino acid
residues, Mngr and Ca®* ions, structural water molecules
and ligand. The cluster includes amino acid residues which
are positioned in radius of 18 A around Mg?* ion. Detailed
information about amino acid fragments can be found in
pdb files included in ESI). The Facio program was used to
prepare inputs for the FMO calculations (Suenaga 2008).
The second-order Mgller—Plesset theory (MP2) (Mgller

and Plesset 1934; Frisch et al. 1990) and density functional
theory (DFT) wBP97X-D method (Becke 1997) with
Grimme’s empirical dispersion correction (Grimme 2006)
were used with the 6-31G(d) basis and the conductor-
like polarizable continuum model (C-PCM (PCM < 1>,
keywords IFMO =-1, IEF=-10, SOLVNT = WATER)
(Fedorov 2019). The Gamess package (Barca et al. 2020;
Schmidt et al. 1993) [version 30 June 2021 (R1), linux
version] was employed. The pair interactions between
the two structural fragments of the molecular system
were predicted within the electrostatic potential of the
surroundings. In our case the interactions between the
fragments of the ligand (L) and the fragments of the receptor
(R) were predicted. The FMO-PIEDA method separates the
interaction energy into physically interpretable terms (1):

Al = B+ +ABI™ + AETS + AEDT + A,
ey

The electrostatic energy AE; " presents Coulomb-
like interactions between the fragments. AE, g ™
approximates polarization which originates from the charge
transfer and the mixing part. The exchange energy AE; ;"
grows for fermion particles, the electrons and answers for
the Pauli repulsion of electrons between the fragments.
Dispersion energy AE; x®*P arises from fluctuations of
dipoles on the fragments due to electron correlation. AGg 1 **!
is solute—solvent solvation free energy. FMO-PIEDA was
successfully used in various proteins complexes (Lim et al.
2019; Sogawa et al. 2020; Anan et al. 2019; Sladek et al.
2017, 2018; Takaya et al. 2020; Kalnik et al. 2023; Mironov
et al. 2022).

To better understand a role of amino acid residues of the
peptidic ligands with AGD and RGD motifs in the integrin-
binding process and compare differences in an interaction
pattern, the peptides with the GAKQAGDV and AKQRGDV
sequences, and eptifibatide were divided into amino acid
fragments [Ligand, L-AA(#n)] in similar manner as amino
acids of alIbp3 [Receptor, R-AA(m)]. Then, interaction
energies between the ligand and the receptor will be marked
as AE; _a(n) with total AE; gy

AEiyw:r) = AEL_aa:r(D) + AEL_pnr(2) + ... + AEL_jp:r(D)

@
where n=38 is for the GAKQAGDYV sequence, n=7 is
for the AKQRGDV sequence and n =6 is for eptifibatide.
Then, the FMO-PIEDA analysis was also performed for
a fragmentation scheme with the ligand as one structural
fragment (Ligand, L) to see roles of amino acid residues of
amP; [Receptor, R-AA(m)] on the ligand binding. Then,
interaction energies between the ligand and the receptor will
be marked as AE}  5(m) with total AE; 1 ry:

@ Springer
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AEj gy = AELR-aA(D) + AE g an(D) + ... + AE g sa(m)

3)
where m is number of amino acid fragments of the receptor
aypBs- This FMO-PIEDA scheme was applied for all ligands
calculated in this work.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-023-02910-4.
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