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Abstract: This study investigates C—H---O interactions between HTcO, and
aromatic amino acids (phenylalanine, tyrosine and tryptophan) through quan-
tum-chemical calculations. The interaction energies calculations were com-
bined with the analysis of molecular electrostatic potentials (MEP) to under-
stand 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 dis-
tance 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 arom-
atic ring influences the strength of the interactions. The results presented here
could be of great importance for the recognition of new, overlooked noncov-
alent contacts between pertechnetic acid and amino acid fragments and a better
understanding of the stability of pertechnetate-peptide complexes.
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INTRODUCTION

Technetium, 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 Tc-99m and its compounds like per-
technetate anion (TcO47) is in detecting and characterizing tumors through imag-
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742 BIGOVIC ef dl.

ing techniques such as single photon emission computed tomography.2-3 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 bio-
logical systems. As a ligand, TcO4~ forms different noncovalent interactions in
metal complexes, including Tc---O and Tc—O---H-O hydrogen bonds.> These
contacts are essential for the formation of 1D and 2D supramolecular assemblies,
highlighting the multifaceted role of TcO4~ in both medical and structural chem-
istry. Quantum chemical calculations at the PBE0-D4/def2-TZVP level deter-
mined 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 valu-
able insight, especially in systems involving aromatic amino acids. This type of
interaction, often overlooked compared to stronger hydrogen bonds, plays a sig-
nificant role in stabilizing molecular assemblies and influencing biological pro-
cesses. Previous analysis of protein crystal structures showed that approximately
25 % of all noncovalent interactions in proteins are C—H---O interactions.!0
C-H---O interactions involving aromatic C—H donors have been investigated
in various systems.!1-13 Findings from crystal data analysis indicate that arom-
atic 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.!3 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
crystallographic data showed that bifurcated interactions represent only 3 % of
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HTcO4 INTERACTIONS WITH AMINO ACIDS 743

all C-H---O contacts.!4 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 bond-
ing 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 their biochemical
reactivity and implications for biological systems.

EXPERIMENTAL

Energies of C—H---O interactions were calculated for model systems containing tech-
netium(VII) oxoacid (pertechnetic acid, HTcO,4) and aromatic amino acids—phenylalanine, tyr-
osine 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,4 and the cc-pVTZ basis set!'$ for the amino acids (Tables S-1-S-
-IVof the Supplementary material to this paper). The basis sets for HTcO4 and amino acid
molecules were chosen based on recommendations from previous studies on the interaction
energies of these molecules.®!4 Vibrational frequency calculations were performed for all
optimized geometries (Fig. 1) to ensure that they correspond to true minima on the potential
energy surface, confirmed by the absence of imaginary frequencies.

Phe Tvr 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 software20 to visualize charge distributions and iden-
tify interaction sites. To further investigate the nature of the strongest interaction, Mulliken
charges were calculated for the HTcO,4 species to gain insight into the electron distribution
and the potential electrostatic interactions in the system.

Model systems comprising HTcO,4 and three different aromatic amino acid were cons-
tructed, where the Tc—O-H plane plane is positioned perpendicular to the aromatic ring plane
of each amino acid (Fig. 2) to avoid simultaneous interactions with other parts of aromatic
fragment.
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P2 St Sl

P1

Fig. 2. General scheme of the model systems showing interactions between pertechnetic acid
and the aromatic rings of phenylalanine, tyrosine and tryptophan. The plane PI contains the
Tc—O-H atoms of HTcO,, while plane P2 is the average plane of the aromatic ring. The angle
a represents the angle formed by the Tc—O---H atoms. The distance d denotes the distance
between the oxygen atom of HTcO,4 and the hydrogen atom of the C—H donor.

The angle (o) 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---O interactions between C—H fragment from aromatic hydrogen donor and mole-
cules of R—O-H type.!! The distance (d) between the oxygen atom of HTcO,4 and the hydro-
gen 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 interact-
ions, 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 inter-
action 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 HTcO4—phenylalanine model systems

As mentioned in the Methodology section, the model system involving
HTcO4 and phenylalanine includes three distinct hydrogen atoms, labeled as
H16, H18 and H20, as shown in Fig. 1. The interaction energies between pertech-
netic acid and these specific hydrogen atoms were analyzed in detail to inves-
tigate their contribution to the overall stability of the system. In the HTcO4—Phe
system, the strongest interaction was observed between the oxygen atom of
HTcOy4 and the H16 atom of phenylalanine at a distance of 2.3 A (Fig. 3).

This interaction exhibited an energy minimum of —9.50 kJ/mol (Fig. 4),
indicating a relatively strong C—H---O hydrogen bond. In comparison, the inter-
action energy of linear C—H---O interaction between water and benzene molecule
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was calculated to be —5.36 kJ/mol.!! For the H18 interaction, the energy mini-
mum was observed at slightly larger distances of 2.4 and 2.5 A, with an inter-
action 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 and 2.5 A. However, the energy minimum was —5.89
kJ/mol, making it the weakest among the three model systems.

i
(%
Fig. 3. Studied C—H---O interaction sites in the HTcO,—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.
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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-TZVP level of theory.

When comparing the interaction energies, the HTcO4—H16 system demon-
strated the strongest interaction, followed by the interactions with H18 and H20.
This suggests that the position of the hydrogen atom in the phenylalanine struc-
ture critically influences the strength of the C—H---O hydrogen bond. The inter-
action 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
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does not significantly hinder or enhance their interaction with the HTcO4 mole-
cule (Fig. 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 inter-
acting HTcO4 molecule, which facilitates a more favorable environment for the
C—H---O hydrogen bond formation.

Interaction analysis in the HTcO 4—tyrosine model system

The HTcOy4—tyrosine system was analyzed by examining the interactions
involving hydrogen atoms H17 and H19 (Fig. 5).

(a) (b)
Fig. 5. Investigated C—H---O interaction sites in the model system of HTcOa 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 (Fig. 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-TZVP level of theory.
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Interaction analysis in the HTcO 4tryptophan model system

The HTcO4—tryptophan system reveals a diverse range of interaction strengths
and distances, influenced by the positions of hydrogen atoms within the trypot-
phan structure (Fig. 7). The strongest interaction was observed between HTcO4
and H18, with an interaction energy minimum of —9.54 kJ/mol occurring at the
shortest distance of 2.1 A (Fig. 8). This configuration demonstrates a highly
stable hydrogen bond, attributable to the proximity of H18 to the oxygen atom of
HTcO4 and its favorable spatial arrangement.

(d) i E ()

Fig. 7. C—H:--O interaction sites identified in the model system of HTcO,4 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.

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 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 HTcOy4 is marginally less optimal than H18.

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 and 2.5 A. Although the distance is comparable
to that observed for H16, the interaction strength is notably lower, indicating that
the electronic environment and substituent effects around H19 influence its bond-
ing capacity negatively. The interactions with H20 and H21 were the weakest,
with energy minima of —5.56 and —5.48 kJ/mol, respectively, occurring at a dis-
tance 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 HTcOg4
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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 sur-
rounding molecular environment in determining the strength of the hydrogen
bond. The exceptionally strong interaction with H18 and its shorter distance sug-
gests 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 orient-
ation of HTcOy.

2.00
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= ——TRP_H16
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£ —TRP_H18
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w TRP_H19
=]
——TRP_H20
-8.00 -
TRP_H21
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SR el e L S et e e e e i e e o)
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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 and H21 calculated at MP2/def2-TZVP
level of theory.

In comparing the strongest interactions across the three model systems
(HTcO4—phenylalanine, HTcO4—tryptophan and HTcO4—tyrosine), the interact-
ion energies varied, reflecting the differences in atomic positions and the nature
of the interactions. Among all systems, the strongest interaction was observed in
the HTcO4—tryptophan system, with an energy minimum of —9.53 kJ/mol at a
distance of 2.1 A. This was followed by the HTcO4—phenylalanine system, which
displayed an energy minimum of —9.49 kJ/mol at 2.3 A. The weakest interaction
was found in the HTcOy—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, sig-
nificantly 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 (Fig. 9) for pertechnetic acid. Since C—H:--O interact-
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ions are largely governed by electrostatic forces, the map was analyzed to reveal
key regions of negative and positive potentials.

I 0.03
! 0.00

0
i Fig. 9. Electrostatic potential (ESP) map of pertechnetic acid
0.03 with the contour map.

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 Fig. 10.

-0.588
2178 o
0596 Fig. 10. Mulliken atomic charges calculated for HTcO, mole-
cule. The oxygen atom bonded to both Tc and H exhibits a sig-
0389 pificantly more negative charge (—0.787), making it the primary
0.596 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 neg-
ative 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, WAHQIG, YAKZUF). A fragment of the KACWAO crystal struc-
ture is shown in Fig. 11.
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750 BIGOVIC et dl.

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.!0 The C-H---O angle is 145.24°, falling within the
typical range for such interactions (110-180°).10 A similar interaction was obs-
erved in the other extracted crystal structures. The analysis of geometric para-
meters 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 inter-
actions between pertechnetic acid molecule and aromatic amino acids: phenylal-
anine, 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 HT¢O4— phenylalanine (-9.49 kJ/mol at 2.3 A)
and HTcO4—tyrosine (-8.61 kJ/mol at 2.4 A) systems. Compared to similar sys-
tems 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 HTcO4 molecule. Mul-
liken population analysis showed that the most negative oxygen atom is the one
in the O—H fragment of HTcO4, making it the most likely candidate for hydrogen
bond 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 find-
ings 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—-HTcO4 adducts.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13222, or from the correspond-
ing author on request.
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H3BO[J

KBAHTHOXEMHUJCKO ITPOYUABAIGE C-H---O UHTEPAKIIUJA U3MEBY HTcO4+ U
APOMATUYHHUX AMHUHOKHCE/INHA

MW/bAH BUTOBUR!, UBAHA C. BEJbKOBUR?, JEJIEHA ITIETPOBUR® u IYIIAH )K. BE/BKOBUR!
"TTpupogno mamemamuuru Gaxynivein Ynusepsuimema Lipre Tope, Mogiopuya, LIpra Fopa, Ynueep3uiiei y
Beoipagy — Huciauityw 3a xemujy, TexHonoiujy u memanypiujy — Unciuutuyw og Hayuonanuoi suauaja 3a
Peuydnuxy Cpdujy, Beotpag, *Lienmap 3a HyKkneapry MEGUUUHY ca H03UTAPOHCKOM EMUCUOHOM
womoipagpujom, Yrnusepsuttiedicku knunuuxu yeniap Cpouje; Yrnusep3suitiei y Beoipagy, Meguyuncku
¢axynimewm, Beoipag u *Ynusepsuwiew y Beoipagy — Xemujcku Qaxyninet, Beoipag

Y oBom papy cy mpoyuyaBane C—H---O untepaxuuje usmehy HTcO, 1 apoOMaTHYHUX aMH-
HoOKkucenvHa ((peHunananul, THPO3UH U TpUnTodaH) KopuinhemeM KBAHTHOXEMH]jCKUX TTpopa-
yyHa. Pesynratu npopauyHa eHepruje MHTepakudja Cy KOMOMHOBAHM Ca aHaIM30M MOJIEKYI-
CKHMX €JIEKTPOCTaTUUKUX NoTeHuUjana (MEP) pagy osber pasymeBama IPUPOJIE OBUX MHTEpaK-
uuja. Hajjaua uHTEpakuyja je uspauyHata y cuctemy HTcO,—Tpuntodan ca MUHUMYMOM OF
—9,53 kJ/mol Ha pactojamy oxn 2,1 A. deHunamaHuH je MOKA3a0 CTMYHY jAUMHY HHTEpAKIHje
(-9,49 kJ/mol), mok THpo3uH uMa Hajcrnadujy uHTepakuujy (8,61 kJ/mol). AHanusza mare
€JIEKTPOCTaTUYKOT NOTEHIIKjasl je OTBpAuIa enekrpocTatiuky npupony C—H---O uHTepaxuyja,
Har/auasajyhu ynory atoma KUCEOHHMKA Kao aKlenTopa BOJIOHUKA Y BOJOHUYHUM Be3aMa. OBU
pesynTaTy Npyxajy 3HauajaH yBuj y ynory C—H--O uvHTepakuuja y MONEKYJICKOM INpeNno3Ha-
Balky W IM33jHy (PYHKUHMOHAIHHMX MaTepHjaja ca MEPTEXHETATCKUM jefMHHMLama. JodujeHu
pe3yniTaTH ykasyjy Aa MOoj0oaj aToMa BOLOHHKA Y OFHOCY Ha CyNCTHTYEHTe Ha apOMaTHYHOM
MPCTEHY YTUYE Ha €HEPIHjy OBUX MHTepakuuja. OBM pesynTaTd MOry OUTH Off BEIHMKOT 3Hauaja
3a Tperno3HaBambe HOBHUX HEKOBAJIEHTHMX KOHTakaTa M3mMehy NepTeXHULHjyMOBE KUCEIWHe U
(pparmeHata aMMHO KMCEIMHA, Kao U 3a DOJbe pasyMeBame CTaDMIHOCTH KOMIUIEKCA IIepTexHe-
TaTa ¥ MenTuza.

(TTpumssero 25. janyapa, pesunupaHo 4. dhedpyapa, mpuxsaheno 7. hebpyapa 2025)
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