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Abstract: The Prostate cancer (PC) is a major problem all over worldwide and this is the second
highest cancer-related mortality rate after lung cancer all over worldwide. At least 299,010 likely
cases in men were reported in the US in 2024 and about 35,250 deaths are reported. The overexpres-
sion of prostate-specific membrane antigen (PSMA) is a key factor in the progression of prostate
cancer and contributes to metastasis in lymph nodes, soft tissues and bones metastasis. The numer-
ous studies have reported that, Glu-ureido-based molecules exhibit high binding affinity for PSMA.
The earliest imaging agents developed from this structure were labeled with radioactive halogen
isotopes and demonstrated nanomolar binding affinity, leading to exceptional imaging properties.
Hence the Glu-ureido chemical moiety is a very important template as inhibitor of PSMA. In this
study to explore the chemical structural and electronic features of Glu-Ureido structure with the aid
of quantum chemistry computer simulations. In this study, first optimized the structure of this
chemical structure using the B3LYP 6311-G (++, d, p) basis set. In this study investigated the maximal
quantity of electronic charge transfer (Nmax), chemical hardness (1), electrostatic potential, chemical
potential (1) and electrophilicity (w). By the using Natural Bond Orbital (NBO) analysis, the exam-
ination shows that the molecule’s chemically active regions m-electron-electron delocalization
within the molecule that contribute to its stability.

Keywords: Glu-ureido; DFT; prostate cancer; PSMA

1. Introduction

The (((R)-5-amino-1-carboxypentyl)carbamoyl)-D-glutamic acid (Glu-Ureido), is a
synthetic chemical of glutamic acid derivatives, which is the site-specific chemical moiety
for prostate cancer patients [1]. This template features a distinct structure characterized
by the presence of an R-configured amino carboxypentyl group attached to the carbamoyl
moiety of D-glutamic acid (Table 1) [2]. The Glu-Ureido is particularly notable for its po-
tential applications in radiopharmaceutical research as an imaging agent as well as ther-
apy in prostate cancer patients, where it serves as a key intermediate in the synthesis of
Prostate Specific Membrane Antigen (PSMA) based molecular architectures and bioactive
compounds [3]. The Glu-Ureido scaffold serves as the foundation for a variety of PSMA-
based inhibitors due to its high affinity and specificity for PSMA, facilitating the progress
of advanced diagnostic and therapeutic agents for prostate carcinoma [2-6].

The PSMA is a cell surface enzyme overexpressed in prostate adenocarcinoma, mak-
ing it a critical biomarker and therapeutic target [9]. The active part of the Glu-Ureido
scaffolds that participates in inhibiting PSMA are primarily the urea linkage of lysin and
glutamic acid [6,7]. The glutamic acid portion mimics the natural substrate of PSMA, en-
abling the scaffold to bind effectively to the enzyme’s active site. The urea linkage plays a
crucial role in enhancing the binding affinity and specificity of the inhibitor by providing
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additional interactions with the enzyme [8]. This strategic combination allows the Glu-
Ureido scaffold to engage in key interactions with the amino acid residues within the
PSMA active site. These interactions typically include hydrogen bonding, electrostatic in-
teractions and hydrophobic contacts, which collectively contribute to the high binding af-
finity and inhibitory potency of the scaffold [8-10]. In this article to apply the DFT to better
understand behaviour with the receptor by the physical property of the Glu-Ureido chem-
ical moiety.

Table 1. Chemical properties of Glu-Ureido chemical structure.

HO OOO OH

o
(((R)-5-amino-1-carboxypentyl)carbamoyl)-D-glutamic acid
Critical Critical Critical Gibbs

](SKP) 1\(4K1)) Temp. Pres. Vol  Energy LogP tPSA CLogP LogS pKa
(K) (bar) (cm?3/mol) (KJ/mol)

3.29,

1157.4 978.4 1067.7 27.5 859.5 -889.7 -21 179.05 -3.49 -0.59 4.30,

3.36

A computer quantum mechanical modeling technique, DFT is used to look into mol-
ecules’ electrical structures, particularly useful in studying complex bioactive compounds
like Glu-Ureido linkage. Applying DFT to Glu-Ureido enables researchers to understand
its electronic properties reactivity and interaction mechanisms with PSMA. Through DFT
calculations, one can gain insights into the compound’s molecular orbitals, electron den-
sity distribution and potential energy surfaces. This information is crucial for optimizing
the design of PSMA inhibitors, as it allows for the prediction of how modifications to the
Glu-Ureido scaffold might affect its binding affinity and inhibitory potency. By leveraging
DFT, scientists can streamline the development process of PSMA-targeted therapies, en-
hancing their efficacy and specificity in prostate cancer treatment. As ab-initio studies con-
tinues to evolve, more accurate and detailed models of Glu-Ureido interactions with
PSMA can be developed. This study will enable a deeper understanding of the electronic
and structural factors that govern binding affinity and specificity.

2. Materials and Methods
Ab Initio Computational Calculation

The (((R)-5-amino-1-carboxypentyl)carbamoyl)-D-glutamic acid (Glu-Ureido) chem-
ical structure was first drawn in ChemDraw software and saved as a .cdx file format. The
three-dimensional models was constructed using Chem3D software. Subsequently, the
structure was pre-optimized by the universal force field (UFF) in the Avogadro program
[11]. The Glu-Ureido quantum chemical calculations were carried out by DFT using
B3LYP and 6311-G (++, d, p) basic in Gaussian 09W programme suite [12-16]. The
Gaussview 6.0 software [15,16] was used to determine molecular electrostatic potential
surfaces, UV-spectra and optimized geometrical parameters. The electric dipole moments
(W), first-order hyperpolarizability () and polarizability («) values were calculated on the
previously optimized geometries by using the finite field method (FF) [17-19].



Chem. Proc. 2024, 6, x FOR PEER REVIEW 3 of 10

3. Results and Discussion
3.1. Optimized Chemical Skeleton Parameters

The determining a computationally feasible theory level is a critical step in molecular
modeling in order to explain the physical features results in good equilibrium geometries,
which align with the molecular geometries obtained experimentally for a potent scaffold
targeting a specific site. In this sense, the present work decided to evaluate the physical
properties by using DFT. Using this theory in relation to the basic functions 6311-G
(++,d,p) in order to perform the calculations for molecular optimization. The geometric
features of the Glu-Ureido chemical structure were reasonably characterized by this fun-
damental set combination (Figure 1).

Figure 1. Optimized Glu-Ureido Chemical Structure View.

The Table 2 shows the theoratical data of bond lengths, bond angles and dihedral
angle values of the Glu-Ureido chemical moiety theoretically calculated by a given basic
set. The Glu-Ureido structure shows C1 point group symmetry. Figure 1 indicates the op-
timized Glu-Ureido molecular structure, while Table 2 lists the bond parameter values
(theoretically).

Table 2. bonds parameter of the optimized Glu-Ureido skeleton.

Bond Length (A°) Bond Angle (°) Dihedral Angle (°)

Atoms Connectivity B3LYP Atoms Connectivity B3LYP Atoms Connectivity B3LYP
C2C1 1.526 03C1C2 113.506 04C1C203 123.448
03C1 1.345 04C1C2 123.043 C5C2C103 -128.212
04C1 1.205 C5C2C1 110.661 N6C2C1C5 113.209
C5C2 1.544 N6C2C1 112.374 C11IN6C2C1 139.891
N6C2 1.457 C1IN6C2 121.104 C7C5C2C1 66.365

C11N6 1.362 C7C5C2 113.593 C8C7C5C2 174.749
C7C5 1.527 C8C7C5 112.885 09C8C7C5 176.801
C8C7 1.511 09C8C7 111.262 010C8C709 122.74
09C8 1.35 010C8C7 125.998 N12C11IN6C2 -170.56

010C8 1.207 N12C11N6 116.468 0O13C11IN6N12 122.231

N12C11 1.362 O13C11N6 121.299 C14N12C11N6 -165.519
013C11 1.247 C14N12C11 124.945 C20C14N12C11 -70.661
C14N12 1.472 C20C14N12 113.469 C15C14N12C20 111.687
C20C14 1.543 C15C14N12 112.893 C16C15C14N12 171.736
C15C14 1.545 C16C15C14 113.794 C17C16C15C14 -175.901
C16C15 1.533 C17C16C15 112.325 C18C17C16C15 -179.36
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C17C16 1.532 C18C17C16 113.117 N19C18C17C16 -177.917
C18C17 1.529 N19C18C17 110.733 022C20C14N12 53.82
N19C18 1.472 022C20C14 117.038 021C20C14022 121.537
022C20 1.332 021C20C14 121.364 H23C2C1C5 107.029
021C20 1.21 H23C2C1 105.817 H25C5C2C7 109.987
H23C2 1.093 H25C5C2 107.477 H26C5C2C7 110.19
H25C5 1.091 H26C5C2 108.129 H27N6C2C11 119.479
H26C5 1.091 H27N6C2 117.913 H28C7C5C8 107.378
H27N6 1.008 H28C7C5 111.811 H29C7C5C8 107.167
H28C7 1.095 H29C7C5 111.113 H31N12C11C14 115.574
H29C7 1.095 H31N12C11 118.302 H32C14N12C15 108.495
H31IN12 1.008 H32C14N12 105.154 H33C15C14C16 110.047
H32C14 1.089 H33C15C14 109.476 H34C15C14C16 109.514
H33C15 1.093 H34C15C14 106.803 H35C16C15C17 109.366
H34C15 1.095 H35C16C15 109.414 H36C16C15C17 109.284
H35C16 1.097 H36C16C15 110.013 H37C17C16C18 109.011
H36C16 1.095 H37C17C16 109.306 H38C17C16C18 108.609
H37C17 1.098 H38C17C16 110.075 H39C18C17N19 107.759
H38C17 1.096 H39C18C17 109.197 H40C18C17N19 113.323
H39C18 1.096 H40C18C17 109.033 H2403C1C2 179.702
H40C18 1.102 H2403C1 108.026 H3009C8C7 179.545
H2403 0.971 H3009C8 107.559 H41N19C18C17 177.261
H3009 0.97 H41N19C18 109.427 H42N19C18H41 105.495
H41N19 1.016 H42N19C18 109.132 H43022C20C14 -5.235
H42N19 1.017 H43022C20 110.328 - -

3.2. Electronic Properties

The molecular boundary orbitals, or HOMO and LUMO, are known to be significant
plays in chemical reaction activity. During a chemical reaction, the Lowest Unoccupied
Molecular Orbital (LUMO) acts as an electron density acceptor and the Highest Occupied
Molecular Orbital (HOMO) primarily roles as an electron donor. The difference between
the HOMO and LUMO energies is known as the frontier energy gap, indicated by AEgap,
and describes a molecular system’s hardness or softness, kinetic stability, optical polar-
izability and chemical reactivity. In general, low kinetic stability and high chemical reac-
tivity (soft electronic systems) are linked to low values of the HOMO-LUMO gap (AEgap).
Because of soft molecules have lower polarizability and higher excitation energies, hard
molecules are more likely to display Nonlinear Optical (NLO) activity. Furthermore, a
molecule is more likely to have electronic transitions when AE is minimal. Theoretically,
Glu-Ureido was dissolved in dichloromethane for UV-Vis electronic spectrum investiga-
tions. To applying B3LYP/6-311G(++,d,p) basis set, the TD-DFT method was employed to
analyze the electronic spectrum. The primary Glu-Ureido contributions are displayed in
Table 3 together with their oscillator strengths (f), excitation energy (E), and wavelengths

).

Table 3. Theoretical absorption wavelength A (nm) and excitation energies E(eV) of Glu-Ureido em-
ploying 6-311++g(d,p) basis set and B3LYP functional.

Electronic Transitions (Molecular Oscillatory Calculated Amax in nm
Orbitals Involved) Strength (f) (B3LYP)
01 HOMO — LUMO 5.91 0.0036 222.68
02 HOMO-1 — LUMO 6.42 0.0036 222.68

Energy (eV)
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03 HOMO-2 - LUMO 7.07 0.0036 222.68
04 Urea 7.36 -- -
05 2M4NA (2-methyl-4-nitroaniline) 6.36 -- --

The HOMO-LUMO gap values of the Glu-Ureido are listed in Table 3 and compared
with the corresponding 2M4NA and urea energy(eV) values, which are used as references.
The HOMO and LUMO graphs were plotted and shown in Figure 2. The Table 3 predicts
that, the first transition of the HOMO-LUMO energy gap will occur at 5.91 eV and exhibits
higher chemical stability in comparison to the standard. The value of Glu-Ureido chemical
moiety is considered to exhibit lower values than urea (7.36 eV) and 2M4NA (6.36 eV)
which indicate that most reactive from the electronic point of view. In HOMO-LUMO
plots, the positive phases are displayed in yellow, and the negative phases are shown in

green.

AEgq= 5.91eV

AEg4p= 6.42eV

""""" EHO.\'IO =-6.74 eV

EHO.\‘IO-lz -7.25 eV

AEgyy= 7.07eV

EHO.\'IO-) =-7.90 eV

Figure 2. Molecular orbitals (HOMO—LUMO, HOMO-1-LUMO and HOMO-2—LUMO) of Glu-

Ureido at the BBLYP/ 6-311++g(d,p) basis set.



Chem. Proc. 2024, 6, x FOR PEER REVIEW 6 of 10




Chem. Proc. 2024, 6, x FOR PEER REVIEW 7 of 10

3.3. Molecular Electrostatic Potential Surface (MESP)

Molecular electrostatic potential surfaces (MESP) have been utilized to identify and
explain the regions of nucleophilic and electrophilic. To elucidate the colour changes be-
tween the electron-poor and electron-rich regions, the MESP of the Glu-Ureido chemical
structure has been generated. The Glu-Ureido’s MESP is colour-coded between -0.102 and
0.102 a.u. The strongest electron attraction is shown by the blue regions in Figure 3,
whereas the electron repulsion is indicated by the red regions. The figure illustrates that
the blue areas are electron-poor zones, especially those surrounding the hydrogens in the
urea linkage. In contrast, the red regions indicate electron-rich areas developing around
the oxygen atoms of the carboxylic group.

Figure 3. Molecular electrostatic surface potential (MESP) analysis of Glu-Ureido chemical moiety.

3.4. Global Reactivity Descriptors

The terms used to explain the global reactivity descriptor are global hardness (1),
electronegativity (x), chemical potential (i) and electrophilicity index (w) etc. These are
utilized in the computation of the molecular systems’ chemical reactivity and site selec-
tivity by DFT calculation. The global reactivity descriptors values can be calculated by
using Koopman’s theorem by HOMO and LUMO energies using the following formula
and listed in Table 4 [20-24].

lonization potential (IP) =—&,0v0 (1)
Electron affinity (EA) =—& 0 )
. 1
Electronegativity (y) =— 5 (€Lumo T Enomo) 3)
1
Global hardness () = 3 (eLumo — Enomo) (4)
. : 1
Chemical potential (¢)=-y = 5 (€Lumo * Enomo) (5)

2

Electrophilicity index (w) = ;’— (6)
n
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(aN ) = % @)

Table 4. Global reactive descriptor values for Glu-Ureido chemical moiety.

| Compound SN ENW ISEVRSSRW R0

Glu-Ureido -6.74 -0.83 5.91 6.74 0.83 3.78 2.95 -3.78 242 1.28

3.5. Nonlinear Optical Properties

The high-potential components of non-linear optical (NLO) features, which have
many uses in physical chemistry. A molecule can be distinguished by its dipole moment,
polarizability and hyperpolarizability in an applied electric field. The total static dipole
moment ([ot), mean first-order hyperpolar-izability ((tt), and average linear polarizabil-
ity (awot) are defined using the x, y and z components and define as follows:

dipole moment (i) = (4, + 4, + 1*,)"? ®)
o 1
polarizibality (« ) = 3 (ay t+a, +a,) )
hyperpOIarizabi“ty (ﬂtot) = [(ﬂxxx + ﬂxyy + ﬂxzz)2 + (ﬂyyy + ﬂyxx +:Byzz)2 + (ﬁzzz +:Bzxx +leyy)2]1/2 (10)

Therefore, the whole molecule polarizability (atot) and its components, the total mo-
lecular dipole moment (pt) and the first-order hyperpolarizability (prwt), were computed
to determine the NLO behaviour of the Glu-Ureido chemical moiety. It was discovered
that the electronic dipole moment (puwot) was 2.54 Debye and polarizability was found
137.927 esu whereas first hyperpolarizability value of Glu-Ureido was found to be 144.328
esu. The high hyperpolarizability value of the system indicates a relationship between
intramolecular charge transfer and its NLO property (Table 5).

Table 5. Dipole moment (o), polarizability (atotat) and hyperpolarizability (Botal) of Glu-Ureido.

Dipole Moment Polarizability Hyperpolarizability
Jx 1.290 Otxx 224.385 [Brocx -3.811
My 0.674 Oty 1.813 Byyy -17.940
Mz -2.083 Otzz 187.583 [Bzzz 104.721

ot(D) 2.54 Otxy 1.360 PBryy 33.355
Otxz 5.798 [Bxxy 24.754

Otyz 166.295 Brocz 43.385

o (esu) 137.927 [Bxzz -33.447

PByzz 20.029

Byyz -6.349

Bxyz -71.173

Bo (esu) 144.328

4. Conclusions

This study explores the structural and electronic properties of the Glu-Ureido chem-
ical moiety using quantum chemistry simulations based on DFT calculations. To assess
it'’s chemical stability, HOMO-LUMO plots were analyzed, revealing the energy gap be-
tween the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO), which indicates the reactive sites within the Glu-Ureido template.
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The MESP surfaces were employed to identify electronic-poor and electronic-rich regions,
providing insights into the surface morphology. The small energy gap between HOMO
and LUMO confirmed charge transfer, suggesting that the compound has lower kinetic
stability and higher chemical reactivity, making it more likely to exhibit NLO activity.
Additionally, the calculated first-order hyperpolarizability and dipole moment values fur-
ther supported the active NLO behavior of the Glu-Ureido moiety.
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