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Abstract: This study investigates C—H:--O interactions between HTcOa4 and
aromatic amino acids (phenylalanine, tyrosine, and tryptophan) through
quantum-chemical calculations. The interaction energies calculations were
combined with the analysis of Molecular Electrostatic Potentials (MEP) to
understand the ‘nature of these interactions. The strongest interaction was
observed for the HTcO4—tryptophan with an energy minimum of -9.53 kJ/mol at
a distance of 2.1 A. Phenylalanine showed a similarly strong interaction, with a
minimum of -9.49 kJ/mol, while tyrosine exhibited the weakest interaction, with
a minimum of -8.61 kJ/mol. Electrostatic potential maps confirmed the
electrostatic nature of the C—H---O interactions, highlighting the role of the
oxygen atoms in acting as hydrogen bond acceptors. These findings suggest that
the position of the hydrogen atoms relative to the substituents on the aromatic
ring influences the strength of the interactions. The results presented here could
be of great importance for the recognition of new, overlooked noncovalent
contacts between pertechnetic acid and amino acid fragments and a better
understanding of the stability of pertechnetate-peptide complexes.

Keywords: hydrogen bond; pertechnetic acid; ab initio calculations.
INTRODUCTION

Technetium (Tc), particularly its radionuclide isotope technetium-99m (Tc-
99m), is widely used in medicine primarily for diagnostic purposes in nuclear
imaging.! One of the most common applications of T¢c-99m and its compounds like
pertechnetate anion (TcO4") is in detecting and characterizing tumors through
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imaging techniques such as single photon emission computed tomography.?3 Due
to its advantageous characteristics, including a short half-life, a low radiation dose
to patients, and the capability to be integrated into various compounds that target
specific organs or tissues, Tc-99m serves as an excellent agent for diagnostic
imaging. It provides crucial information about organ function and facilitates the
early detection of diseases such as cancer, heart conditions, and bone disorders.
Also, its rapid excretion from the body helps to minimize potential toxic effects.
In addition to its diagnostic capabilities, Tc-99m plays-a role in therapeutic
applications, particularly in targeted radiotherapy. The ability to label peptides and
other biomolecules with Tc-99m enhances their utility in targeting malignant
tissues, thereby improving the efficacy of treatment while minimizing damage to
surrounding healthy tissues.* Beyond its radiopharmaceutical applications, TcO4™
exhibits intriguing noncovalent interactions in metal complexes and biological
systems. As a ligand, TcOs anion forms different noncovalent interactions in
metal complexes, including Tc:--O and Te-O---H-O hydrogen bonds.®> These
contacts are essential for the formation of 1D and 2D supramolecular assemblies,
highlighting the multifaceted role of TcOs+ in both medical and structural
chemistry. Quantum chemical calculations at the PBEO0-D4/def2-TZVP level
determined that the interaction energies for dimers involving Tc---O contacts range
from -6.57 to -10.13 kJ/mol, indicating relatively modest interaction strengths.

On the other hand, noncovalent interactions of Tc-99m and its compounds
within biological systems, particularly with biomolecules, remain less explored
and mainly focused on Tc-binding in labeled peptides.®® Understanding these
interactions-is crucial for elucidating potential reaction pathways and binding
mechanisms. Among these, the study of C—H---O hydrogen bonding offers
valuable insight, especially in systems involving aromatic amino acids. This type
of interaction, often overlooked compared to stronger hydrogen bonds, plays a
significant role in stabilizing molecular assemblies and influencing biological
processes. Previous analysis of protein crystal structures showed that
approximately 25% of all noncovalent interactions in proteins are C-H---O
interactions.°

C—H---O interactions involving aromatic C—H donors have been investigated
in various systems.'*"3 Findings from crystal data analysis indicate that aromatic
C—H---O interactions do not strongly favor linear geometries. MP2/cc-pVTZ
calculations report stabilization energies for linear interactions of benzene with
water, methanol, and acetone as -5.36, -6.15, and -6.07 kJ/mol, respectively.*! The
study of C—H---O interactions between nucleic bases and water reveals that
bifurcated interactions are significantly stronger than linear contacts.'® This study
found that the strongest linear interaction occurs with uracil (-15.02 kJ/mol),
followed by other bases, all remaining above -8.37 kJ/mol except for adenine.
However, in the case of aromatic amino acids in proteins, analysis of
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crystallographic data showed that bifurcated interactions represent only 3% of all
C—H---O contacts.’* Analysis of electrostatic potential maps of aromatic amino
acids (phenylalanine, tyrosine, and tryptophan) within the same study showed that
most positive regions in the area of C—H fragments in these amino acids are
positioned in the region of H atom, along the C—H direction.

The main goal of this study is to investigate the potential for hydrogen bonding
between aromatic amino acids and pertechnetate compounds.-Understanding the
ability of pertechnetates to interact with aromatic amino acids residues through C—
H---O contacts could provide valuable insights into its biochemical reactivity and
implications for biological systems.

EXPERIMENTAL

Energies of C-H---O interactions were calculated for model systems containing
technetium (V1) oxoacid (pertechnetic acid, HTcO4) and aromatic amino acids—phenylalanine,
tyrosine, and tryptophan. High-level ab initio calculations were performed using the Gaussian
09 software.!®> Geometry optimizations of monomers employed the MP2 method®® with the
def2-TZVP basis set'” for HTcO. and the cc-pVTZ basis set*® for the amino acids (Tables S1 —
S4). The basis sets for HTcOs and amino acid molecules were chosen based on
recommendations from previous studies on the interaction energies of these molecules.® **
Vibrational frequency calculations were performed for all optimized geometries (Figure 1) to
ensure that they correspond to true minima on the potential energy surface, confirmed by the
absence of imaginary frequencies.

Phe Tyr Trp Pertechnetic acid
Fig 1. Optimized geometries of phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), and
pertechnetic acid. Hydrogen atoms in the aromatic amino acids are labeled to denote potential
interaction sites as C—H donors.

Interaction energies were calculated at the MP2/def2-TZVP level of theory with BSSE
corrections via the counterpoise method™® to ensure accuracy. An electrostatic potential (ESP)
map was generated using the gOpenMol software? to visualize charge distributions and identify
interaction sites. To further investigate the nature of the strongest interaction, Mulliken charges
were calculated for the HTcOs species to gain insight into the electron distribution and the
potential electrostatic interactions in the system.

Model systems comprising HTcO. and three different aromatic amino acid were
constructed, where the Tc-O-H plane plane is positioned perpendicular to the aromatic ring
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plane of each amino acid (Figure 2) to avoid simultaneous interactions with other parts of
aromatic fragment.

P1

Fig 2. General scheme of the model systems showing interactions between pertechnetic acid
(HTcOs4) and the aromatic rings of phenylalanine, tyrosine, and tryptophan. The plane P1
contains the Tc—O-H atoms of HTcOa4, while plane P2 is the average plane of the aromatic
ring. The angle « represents the angle formed by the Tc—O~H atoms. The distance d denotes
the distance between the oxygen atom of HTcOs and the hydrogen atom of the C—H donor.

The angle (¢) formed between technetium, oxygen, and hydrogen atoms was set at 120°,
since earlier study of C—H-<-O-interactions showed that this geometry is most common in the
case of C-H:--Q interactions between C—H fragment from aromatic hydrogen donor and
molecules of R-O-H type.!* The distance (d) between the oxygen atom of HTcO. and the
hydrogen from the C—H donor was systematically varied from 2.0 to 2.9 A. In the structures of
phenylalanine, tyrosine, and tryptophan, multiple C—H---O interactions are possible due to the
presence of different hydrogen atoms. Phenylalanine can form three distinct C-H---O
interactions, tyrosine two, and tryptophan five. These interactions are determined by the
position of hydrogen atoms within the aromatic systems of the amino acids, each offering
unique interaction sites. Different interactions were systematically analyzed to understand the
role of these hydrogen donors in stabilizing complexes with pertechnetic acid. The Cambridge
Structural Database (CSD)? was searched for all crystal structures containing X—H---O-Tc
fragment containing tetracoordinate Tc atom. The H~O distance was set to be less than 2.9 A,
and the C-H---O angle values were set to be between 110° and 180°, in accordance with
previously established criteria for this type of interactions.*

RESULTS AND DISCUSSION
Interaction energy analysis in the HTcO.—Phenylalanine model systems
As mentioned in the Methodology section, the model system involving HTcO.
and phenylalanine includes three distinct hydrogen atoms, labeled as H16, H18,
and H20, as shown in Figure 1. The interaction energies between pertechnetic acid
and these specific hydrogen atoms were analyzed in detail to investigate their
contribution to the overall stability of the system. In the HTcO+—Phe system, the
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strongest interaction was observed between the oxygen atom of HTcO4 and the
H16 atom of phenylalanine at a distance of 2.3 A (Figure 3).

2, B
AL

Fig 3. Studied C-H---O interaction sites in the HTecO+—Phe model system: (a) interaction with
the hydrogen atom labeled H16, (b) interaction with the hydrogen atom H18, and (c)
interaction with the hydrogen atom H20.

This interaction exhibited an energy minimum of -9.50 kJ/mol (Figure 4),
indicating a relatively strong C—H---O hydrogen bond. In comparison, the
interaction energy of linear C—H---O interaction between water and benzene
molecule was calculated to be -5.36 kJ/mol.1! For the H18 interaction, the energy
minimum was observed at slightly larger distances of 2.4 A and 2.5 A, with an
interaction energy of -6.19 kJ/mol. Although weaker than the interaction with H16,
it remains significant. Similarly, the interaction involving the H20 atom occurred
at the same distances of 2.4 A and 2.5 A. However, the energy minimum was -5.89
kJ/mol, making it the weakest among the three model systems.

When comparing the interaction energies, the HTcO.—H16 system
demonstrated the strongest interaction, followed by the interactions with H18 and
H20. This suggests that the position of the hydrogen atom in the phenylalanine
structure critically influences the strength of the C—H:--O hydrogen bond. The
interaction energies for H18 and H20 are similar, likely due to the comparable
spatial positions of these hydrogen atoms relative to the aromatic ring substituent,
which does not significantly hinder or enhance their interaction with the HTcO4
molecule (Figure 3). In contrast, the stronger interaction with H16 can be attributed
to the proximity of the substituent on the aromatic ring to both H16 and the
interacting HTcO4 molecule, which facilitates a more favorable environment for
the C—H:---O hydrogen bond formation.
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Fig 4. Potential energy curves for the HTcO+—Phe model system, showing the interactions
with hydrogen atoms H16, H18, and H20 calculated at MP2/def2-TZV/P level of theory.

Interaction analysis in the HTcO.—Tyrosine model system
The HTcO.—tyrosine 'system was analyzed by examining the interactions
involving hydrogen atoms H17 and H19 (Figure 5).

(a) (b)
Fig 5. Investigated C—H:--O interaction sites in the model system of HTcO4 and tyrosine: (a)
interaction with hydrogen atom denoted as H17, and (b) interaction with hydrogen atom H19.

The interaction with H19 exhibited the strongest interaction energy, with a
minimum of -8.61 kJ/mol at a distance of 2.4 A (Figure 6).

This suggests a relatively strong C—H:--O hydrogen bond. In comparison, the
interaction with H17 was slightly weaker, showing an energy minimum of -8.45
kJ/mol at a slightly longer distance of 2.5 A.
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Fig 6. Potential energy curves for the HTcO.—Tyr model system, showing the interactions
with hydrogen atoms H17 and H19 calculated at MP2/def2-TZV/P level of theory.

Interaction analysis in the HTcO.—Tryptophan model system

The HTcOs—tryptophan system reveals a diverse range of interaction strengths
and distances, influenced by the positions of hydrogen atoms within the tryptophan
structure (Figure 7). The strongest interaction was observed between HTcO. and
H18, with an interaction energy minimum of -9.54 kJ/mol occurring at the shortest
distance of 2.1 A (Figure 8). This configuration demonstrates a highly stable
hydrogen bond, attributable to the proximity of H18 to the oxygen atom of HTcOa
and its favorable spatial arrangement.

The interaction with H16, though slightly weaker than H18, also represents a
significant stabilization with an energy minimum of -9.41 kJ/mol. The distance for
this interaction ranged between 2.3 A and 2.4 A, slightly longer than for H18. This
suggests that while H16 is capable of forming a strong C-H---O bond, its
geometric positioning relative to HTcOa4 is marginally less optimal than H18.
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Fig 7. C-H---O interaction sites identified in the model system of HTcO4 and tryptophan: (a)
interaction with the hydrogen atom H16, (b) interaction with H18, (c) interaction with H19,
(d) interaction with H20, and (e) interaction with H21.
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Fig 8. Potential energy curves for the HTcO4+—Trp model system, showing the interactions
with hydrogen atoms H16, H18, H19, H20, H21.calculated at MP2/def2-TZV/P level of
theory.

Moving to interactions with H19, H20, and H21, a progressive weakening of
the interaction energy was noted. For H19, the energy minimum was measured at
-6.60 kJ/mol at distances of 2.4 A and 2.5 A. Although the distance is comparable
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to that observed for H16, the interaction strength is notably lower, indicating that
the electronic environment and substituent effects around H19 influence its
bonding capacity negatively. The interactions with H20 and H21 were the weakest,
with energy minima of -5.56 kJ/mol and -5.48 kJ/mol, respectively, occurring at a
distance of 2.5 A. These interactions, while still indicative of C—H:--O hydrogen
bonding, are substantially weaker, likely because the substituent on the aromatic
structure of tryptophan is positioned further away from the interacting HTcOx
molecule, reducing its capacity to enhance the interaction through proximity
effects. The observed hierarchy in interaction strengths (H18 > H16 > H19 > H20
> H21) underscores the critical role of hydrogen atom positioning and the
surrounding molecular environment in determining the strength of the hydrogen
bond. The exceptionally strong interaction with H18 and its shorter distance
suggests a synergistic interplay of steric and electronic factors. On the other hand,
the interactions with H20 and H21 reflect weaker hydrogen bonding, potentially
constrained by the aromatic system’s substituent effects and the spatial orientation
of HTcOa.

In comparing the strongest interactions across the three model systems
(HTcOs—phenylalanine, HTeOs—tryptophan, and HTcOa—tyrosine), the interaction
energies varied, reflecting the differences in atomic positions and the nature of the
interactions. Among all systems, the strongest interaction was observed in the
HTcO+—tryptophan system, with an energy minimum of -9.53 kJ/mol at a distance
of 2.1 A. This was followed by the HTcO.—phenylalanine system, which displayed
an energy minimum of -9.49 kJ/mol at 2.3 A. The weakest interaction was found
in the HTcQs-tyrosine system, with a minimum energy of -8.61 kJ/mol at 2.4 A.
These results demonstrate that the position of the hydrogen atom and the spatial
arrangement of the substituents in each amino acid significantly influence the
strength of the C—H---O hydrogen bonding interactions.

Molecular Electrostatic Potential Surfaces (MEPS)

To further understand the strengths of the interactions, we calculated the
electrostatic potential map (Figure 9) for pertechnetic acid. Since C-H---O
interactions are largely governed by electrostatic forces, the map was analyzed to
reveal key regions of negative and positive potentials.

Blue color represents regions of negative potential, which are located around
the oxygen atoms, indicating their role as hydrogen bond acceptors. In contrast,
red represents positive potential, which is observed around the hydrogen and metal
atoms. This distribution supports the concept that the oxygen atoms are potential
hydrogen bond acceptors in these interactions.

To quantitatively describe the distribution of charges, Mulliken population
analysis was performed and calculated Mulliken charges are given in Figure 10.
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Fig 9. Electrostatic potential (ESP) map of pertechnetic acid (HTcO.) with the contour map.
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Fig 10.-Mulliken atomic charges calculated for HTcO4 molecule. The oxygen atom bonded to
both Tcand H exhibits a significantly more negative charge (-0.787), making it the primary
site for strong C—H---O interactions with aromatic C—H donors.

Distribution of Mulliken charges shows that oxygen atoms connected only to
the Tc atom have similar values of Mulliken charges (from -0.596 to -0.588), while
oxygen atom connected to both Tc and H atom has significantly more negative
value of Mulliken charge (-0.787), due to the polarization effects resulting from its
dual bonding to Tc and H. These results confirm that the interacting oxygen atom
is indeed the most likely to form the strongest C—H:--O interaction with aromatic
C-H donors from studied amino acids.

Analysis of crystal structures

The Cambridge Structural Database was searched for all crystal structures
containing X—H---O-Tc interactions involving tetracoordinated Tc species. Four
crystal structures met the criteria used in the CSD search (KACWAO, KACWES,
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WAHQIG, YAKZUF). A fragment of the KACWAO crystal structure is shown.in
Figure 11.

Fig 11. C-H---O-Tc interaction identified in a fragment of the KACWAO crystal structure.

In this crystal structure, a C—H---O interaction involving an aromatic C—H
donor and an oxygen atom bonded to Tc was detected. The distance between the
interacting O and H atoms is less than 2.9 A, which is consistent with expected
values for C-H---O contacts.’® The C-H:--O angle is 145.24°, falling within the
typical range for such interactions (110-180°).2° A similar interaction was
observed in the other extracted crystal structures. The analysis of geometric
parameters  in these structures confirms that C—H---O interactions between
aromatic C-H donors and the O-Tc fragment indeed occur in experimentally
determined crystal structures.

CONCLUSION

The goal of this study was to investigate and characterize C—H---O interactions
between pertechnetic acid (HTcO.) molecule and aromatic amino acids:
phenylalanine, tyrosine, and tryptophan. Interaction energies, calculated at the
MP2/def2-TZVP level, confirmed strong linear C—H---O interactions, with the
strongest observed for the HTcO4—tryptophan system (-9.53 kJ/mol at 2.1 A). Very
strong interactions were also observed in HTcO.— phenylalanine (-9.49 kJ/mol at
2.3 A) and HTcOx-tyrosine (-8.61 kJ/mol at 2.4 A) systems. Compared to similar
systems involving nucleobases, and aromatic molecules, the interactions between
HTcO4 and aromatic amino acids as C—H donors are among the strongest known.
The molecular electrostatic potential analysis revealed that there are areas of strong
negative potential around all oxygen atoms in the HTcOs molecule. Mulliken
population analysis showed that the most negative oxygen atom is the one in the
O-H fragment of HTcOa, making it the most likely candidate for hydrogen bond
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acceptors in C-H---O interactions. The analysis of geometric parameters confirms
that C-H---O interactions between aromatic C—H donors and the O-Tc fragment
are present in experimentally determined crystal structures. These findings
highlight the role of C—H---O contacts in systems containing pertechnetate species
and aromatic amino acids. Also, presented results can be significant for the
recognition of often-overlooked weak hydrogen bonds in protein-HT¢Ox adducts.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/13222, or from the corresponding
author on request.
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U3BO O

KBAHTHOXEMHMIJCKO IMTPOYYABAE C-H---O UHTEPAKLIMJA USMERY HTcO, U
APOMATHUYHHUX AMUHOKHCEITNHA

MWJbAH BUTOBUR', UBAHA C. BEJbKOBUR?, JEJTEHA ITETPOBUR® U IYILIAH X. BEJbKOBUR"
Tpupogno matiemamuury paxynen Ynusepsuitiema Lipne Tope, ITogiopuya, Lipua Topa, 2Ynusepsutie y
Beoipagy — Hucwiuiily i 3d XeMujy; WiexHomoIujy u metwanypiujy — Huciutayw og Hayuonannol 3nauaja 3a
Petntyonuxy Cpoujy, Beotpag, Cpouja, >Llentap 3a HyKkaeapHy MeGUUURY ca HO3UTAPOHCKOM EMUCUOHOM
womoipadujom, Yuueepsutiewicku knunuuku yenimap Cpouje; Ynusepsuiieii y beoipagy, Meguyuncku
Qaxyniuein, beoipag, Cpduja, u *Ynusepsuiueii y Beoipagy — Xemujcku axyniein, beoipag, Cpouja.

Y oBom pamy cy npoyuyaBaHe C—H--O wunHrepakuuje msmehy HTcO, u apomatmunmx
aMuHOKuceMHa  (peHnnanaHvH, TMPO3MH K TpUNTO(aH) KOpUIIhEeHmEeM KBaHTHOXEMHjCKHX
npopauyHa. PesynaTaTé mpopadyHa e€Heprdje HMHTepaklifja Cy KOMOMHOBAaHM Ca aHa/lIW30M
MOJIEKYJICKHAX eTeKTPOCTAaTHYKUX moTeHnujana (METI) panu Somer pasymeBamwa MPUpOLIe OBHX
uHTepakuuja. Hajjaua uHTepakuyja je uspadyHara y cucremy HTcO,—TpuntodaH ca MUHUMYyMOM
04,-9,53 kJ/mol Ha pactojamy of 2,1 A. deHunananuH je mokasao CIMYHY ja4MHy HHTEpaKIHje (-
9,49 kJ/mol), nox TUpO3MH KMMa Hajcnabujy uHTepaxkuujy (-8,61 kJ/mol). Ananusza mamne
€JIeKTPOCTaTUYKOT TIOTEeHLWjasl je MOTBpAUIa efleKTpocTaTuuky npuponsy C—H--O unTepaxuyja,
Harauasajyhu ynory atoMa KMCeoHHKa Kao akllerTopa BOJOHHUKA y BOLOHWYHUM Be3ama. OBU
pe3yinTaT npy»Kajy 3Ha4yajaH yBun y yiory C—H--O uHTEpaKnmja y MOIEKyICKOM MPENO3HaBamby
U JM3ajHy QYHKIIMOHAIHUX MaTepHjaia ca NepTeXHeTaTCKUM jemuHuLama. JJobujeHu pesyiraTu
yKa3yjy fa M0JI0XKaj aToMa BOGOHHUKA Y OMHOCY Ha CYyTICTUTYEHTE Ha apOMaTHYHOM IPCTEHY YTHUY
Ha EHEPIUjy 0BUX UHTepakuuja. OBY pe3ynTaTd MOry OUTH Off BEJIMKOT 3Hauaja 3a IPENo3HaBambe
HOBUX HEKOBAJIEHTHUX KOHTaKaTa U3Mely nepTexXHULIMjyMOBe KHUCEIUHe U pparmMeHaTta aMUHO
KHCEJIMHA, Kao U 3a Hosbe pasyMeBame CTadUTHOCTH KOMIUIEKCa NepTexHeTaTa U enTuza.

(ITpumsero 25. janyapa; pesuaupaso 4. dhedpyapa; npuxsaheno 7. pebpyapa 2025.)
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