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Tyrosine (Tyr) is involved in the synthesis of neurotransmitters, catecholamines, thyroid hormones, etc. Multiple

pathologies are associated with impaired Tyr metabolism. Silver nanoclusters (Ag NCs) can be applied for

colorimetric, fluorescent, and surface-enhanced Raman spectroscopy (SERS) detection of Tyr.

tyrosine  silver nanoclusters  aromatic amino acid detection  amino acid complexes with metals

binding energy

1. Introduction

Subnanometer metal nanoclusters (NCs) have gained increasing attention in the last decade due to their

applicability in biocatalysis, bioimaging, and biosensing. Noble metal NCs possess high biocompatibility, chemical

stability, low toxicity, and low photobleaching . This set of properties allows them to be used both in vitro and in

vivo. Obviously, it is possible to use Ag NCs for biosensor determination of Tyr in aqueous solutions by colorimetric,

luminescent, and surface-enhanced Raman spectroscopy (SERS) methods.

Thus, absorption spectra of the ligand and NC are transformed upon the attachment of metal NCs, which can be

used for detection of the complex . The same is true for fluorescence spectra . When interacting with

metals, vibrational and Raman spectra undergo certain changes, usually called chemical enhancement, which is

exploited by SERS . These types of detection are widely exploited by biosensors . Biosensing surpasses

more traditional methods, for example, high-performance liquid chromatography (HPLC), infrared spectroscopy,

and bioluminescence, because of its higher selectivity, accuracy, and cost-effectiveness . Biosensors for

various analytes are in great demand nowadays. Biosensors exploit the unique properties of metal nanoclusters

and nanoparticles: sensitivity, chemical stability, low toxicity, low photobleaching, intense luminescence, etc .

Tyrosine is formed in vivo through hydroxylation of phenylalanine by the phenylalanine-hydroxylase (PAH) enzyme.

The significance of tyrosine biosynthesis is huge since it is one of 20 α-proteinogenic amino acids. Tyrosine is also

involved in biosynthesis of DOPA, neurotransmitters, catecholamines (dopamine, adrenaline, norepinephrine),

thyroid hormones, melanins, etc. (Figure 1) . There are a number of pathologies associated with impaired

tyrosine metabolism: phenylketonuria, hypothyroidism, tyrosinemia, alkaptonuria, and vitiligo . This means that

precise determination of Tyr concentration in biological fluids is extremely important .
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Figure 1. Metabolic pathways of tyrosine oxidation and their biological role (EC stands for enzyme commission).

Vitiligo, for example, is characterized by the appearance of depigmented skin patches. Due to the lack of

tyrosinase activity and low 3,4-dioxophenylalanine (DOPA) concentration in melanocytes, melanin synthesis can be

disrupted . The etiology of vitiligo is still unknown, but its relationship with the metabolism of aromatic amino

acids (Phe, Tyr, DOPA, Trp) is known for certain . Redox reactions of Tyr and DOPA , as well as their

interplay with pterin photoreactions  are of great importance for melanogenesis and vitiligo

etiology/treatment . In this regard, biosensors based on metal NCs can be used for cost-effective

diagnostics of vitiligo and other Tyr metabolism-related diseases. In particular, silver NCs can help to detect

tyrosine in biological fluids and cellular homogenates with high selectivity and sensitivity. We suppose that a cluster

should interact with all functional groups of Tyr: amine, carboxyl, and phenol.

Usually, metal NCs are synthesized in solution on biopolymer templates: nucleic acids or proteins .

However, the synthesis is also possible on low molecular weight compounds: thiolates, organophosphates, and

amino acids . As is known, Tyr is able to reduce Ag  . We have demonstrated that twice deprotonated

tyrosine (Tyr ) can serve as a template for silver NC synthesis in an aqueous solution with an alkaline pH even

without the addition of any reducing agent . In this regard, the ability of silver NCs to be synthesized on Tyr can

be used for the development of new Ag NC-based Tyr biosensors.

Theoretical studies of amino acid–Ag interactions are not as numerous as they should be. Investigations of silver

interactions with histidine , glycine, and cysteine  were made by Zahra Jamshidi’s group; this research mainly
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concerned three atomic Ag cluster complexes. Roland Mitric’s group conducted a study of silver NC interactions

with tryptophan and histidine . Our previous studies were mostly about diatomic Ag clusters and a complete

set of amino acids . Thus, there is a lack of systematic theoretical studies of amino acid interactions with

silver clusters of different sizes and charges. Only a theoretical study of cysteine interactions with silver NCs n = 2–

10 has been published recently .

2. Isolated Silver Nanoclusters

First, we analyzed isolated Ag  (n = 1–8, q = 0–2) nanoclusters. Ag  has not been realized due to Coulomb

repulsion. The Ag–Ag distance is equal to 2.59 Å and 2.72 Å for Ag  and Ag , respectively, according to PBE-D3.

Ag  (q = 0, +1, +2) clusters have two types of geometry: linear (D  symmetry) and triangular (D ). The triangle is

the most stable system for q = 0–1, whereas the linear structure is the most energetically favorable for q = +2

(Figure 2). Two bonds of the Ag  NC are 2.67 Å, whereas the third bond equals 2.96 Å. Each bond of the Ag

cluster is 2.7 Å. Ag  possesses bond lengths equal to 2.84 Å. It should be mentioned that the Ag–Ag bond

distance increases with the growth of cluster charge, which is observed for all the clusters with n = 2–8.
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Figure 2. The most stable isomers for isolated Ag  (n = 3–8, q = 0–2) nanoclusters.

Two geometries are the most feasible for the isolated Ag  (q = 0–2) clusters: D  diamond (Ag  and Ag ) and T

tetrahedron (Ag ).

Free Ag  clusters have different structures depending on the charge. C  plane trapezoid is the most favorable

form of Ag . Ag  is also characterized by plane 2D geometry (D ). However, the Ag  dicationic cluster

possesses a 3D trigonal bipyramid D  structure (Figure 2).

Ag  clusters also have different geometries depending on the charge. Isolated Ag  is a 2D system with a triangular

shape (D ). The most stable isomer of Ag  is a 3D tetragon pair with a shared bond and an edge (C  symmetry).

The most energetically favorable geometry of Ag  is three-dimensional (D ).

All Ag  NCs possess the same D  symmetry (Figure 2). Apparently, this pentagonal bipyramid structure is very

stable for silver NCs, and even the charge does not play a significant role in this case.

Neutral and positively charged Ag  NCs have different geometries. The Ag  cluster, which is often called a magical

system , possesses T  geometry. Both Ag  and Ag  NCs have D  symmetry.

Therefore, the structure of isolated silver NCs strongly differs depending on the cluster charge. Presumably,

clusters can change geometry upon interaction with Tyr. Isolated neutral silver clusters remain two-dimensional

with up to six atoms. Ag  clusters are also subjected to 2D–3D transformation at n = 6. Dicationic Ag  clusters

transform from linear to three-dimensional geometry, starting from n = 4. The established results are in agreement

with previously reported studies on isolated silver NCs, both theoretical and experimental .

3. Interaction of Ag NCs with Tyrosine

We have performed calculations for the Tyr complexes with silver NCs Ag  (n = 1–8, q = 0–2). Previously, we have

shown that silver NCs are most effectively synthesized on tyrosine in an aqueous solution at pH 12.5 , which

means that the synthesis occurs with the participation of twice deprotonated tyrosine Tyr . It is also known that

tyrosine can reduce Ag , forming a semiquinone (SemiQ) . In this regard, the calculations have been done for

three forms of tyrosine: Tyr , Tyr , and SemiQ. At an alkaline pH, SemiQ is singly deprotonated; for this reason,

we have performed calculations for SemiQ .

We have started the analysis of silver–Tyr interactions by placing Ag atoms near the active sites of Tyr . Four sites

of Ag attraction have been established: carboxylate (COO ), hydroxyl, phenyl, and amino group. We have found

that the most stable complex is between Ag and COO .

Additionally, we have found the atoms responsible for Tyr  binding with silver ions. We have established five sites

of Ag  attraction: carboxylate, hydroxyl, phenol ring, amino group (all four are monodentate), carboxylate, and

phenol simultaneously (bidentate).
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The most stable complex for each Agnq–Tyr-1 system (n = 1–8, q = 0–2) is demonstrated in Figure 3. Neutral NCs

primarily interact with the carboxylate. However, the second site of attraction for Ag20 is the hydroxyl (the premiere

Ag–O bond length is 2.17 Å, Ag–H distance is 2.56 Å), and for Ag80 is the amino group (the Ag–O bond length is

2.46 Å, Ag–N distance is 2.34 Å). Additionally, π-interactions are observed for some complexes (for example, in the

Ag40–Tyr-1 complex, the distance between Ag and one of the carbon atoms of the phenol is measured to be 2.42

Å). The predominance of Ag–O over Ag–N bonding is not typical for silver cluster complexes of guanine  and

pterin , but is normal for amino acid complexes with silver .

Figure 3. The established complexes of Ag  (n = 1–8, q = 0–2) NCs and Tyr  (PBE-D3 optimization); the point

group of a cluster is written in brackets.

For cationic clusters, the COO  group is also the most favorable for the interaction with Ag NCs (Figure 3). In

addition, Ag  clusters reveal π-binding with the phenol ring: to a greater (Ag : length of Ag–C distance equals

2.42 Å) or lesser extent (Ag : d(Ag–C) = 2.84 Å). The NH  and OH groups are inactive in Ag  binding with Tyr ,

whereas in the case of the pterin–Ag  complexes, Ag–N bonding predominates .

Tyr  binds to dicationic NCs like a tridentate chelating agent; it forms bonds with carboxylate, amino group, and

phenol. Interactions of Ag with Tyr become more intense since more functional groups are involved in the growth of

the cluster charge (Figure 3).

In most cases (Ag , Ag , Ag ), the cluster geometry does not change upon the interaction with Tyr . However,

in some cases (Ag , Ag , Ag , and Ag ), it changes significantly (see Figure 2 and Figure 3 for comparison).

With the attachment of Tyr , Ag  alters the geometry from linear (D ) to triangular (D ). Ag  changes its

geometry from D  to C  upon the interaction with Tyr . Ag  changes the symmetry point group from T  to C ,

and Ag  alters geometry from D  to C .
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The situation with the geometry of the Tyr  complexes is similar to that of the Tyr  systems except that Ag NCs

form an additional Ag–O  bond with the Tyr  phenol. All clusters have the same symmetry point group, as in the

case of the Ag –Tyr  complexes.

Regarding SemiQ  and silver clusters, isolated Ag  changes the symmetry from T  to C  upon the addition of

SemiQ , whereas Ag  changes the geometry from D  to C . As in other cases (Tyr  and Tyr ), Ag

changes the geometry from linear to triangular upon the interaction with the ligand. It should be mentioned that

SemiQ  forms Ag–O bonds using the quinone similar to Tyr  and phenol.

Therefore, the change of cluster geometry during the interplay with Tyr can be used for the experimental detection

of Tyr, but generally, the structure of silver NCs does not change significantly with attachment of Tyr , Tyr , or

SemiQ .

4. Binding Energies

The PBE-D3/6-31G(d,p),LANLTZ method has shown sufficient precision in the estimation of Ag-amino acid binding

energy . The PBE-D3/6-31G(d,p) method is also efficiently used for guanine–Ag interactions . For this

reason, we have used this approach in our investigation.

We have established the geometry of 66 tyrosine–silver complexes (3 forms of Tyr and 22 nanoclusters).

Obviously, the binding energy between Ag NCs and Tyr increases upon H  detachment (Figure 4); with the

increment of Tyr charge from −1 to −2, electrostatic interactions between Ag NCs and Tyr increase. The highest

interaction energy is observed for the tyrosine complexes of Ag  NC; the binding energy is equal to −115.1,

−122.8, and −146.5 kcal mol  for SemiQ , Tyr , and Tyr , respectively.
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Figure 4. The binding energy between tyrosine and silver nanoclusters Ag  depends on the cluster size (n) and

charge (q).

Cationic and dicationic silver clusters form much more stable complexes with Tyr  than the neutral NCs (Figure

4), and for this reason, they should be regarded more precisely. The Ag  cluster is of particular interest due to its

highest interaction energy with tyrosine among the clusters with charges of 0 and +1. For SemiQ , Tyr , and

Tyr , the energy of interaction with Ag  equals −69.5, −70.2, and −87.3 kcal mol , respectively. The binding

energies of SemiQ  and Tyr  are more or less similar for Ag  and Ag  clusters (Figure 4).

The increase in the binding energy for the Ag  systems continues up to the number of atoms equal to 8.

Obviously, the most stable Ag  NC complex with Tyr  possesses n(Ag) > 8. The attachment of Ag  to Tyr  (Ag

changes symmetry from Td to C ) is characterized by an interaction energy equal to –56.5 kcal mol . The biding

energies of Ag  with Tyr  and SemiQ  are also the highest among neutral NCs: −69.7 and −44.9 kcal mol ,

respectively.

Therefore, the Ag  cluster possesses the highest binding energy with all three ligands. The Ag  NC systems are

the most stable among clusters, with a charge equal to 0 or +1. The Ag  and Ag  clusters are the most

prospective for experimental synthesis from a theoretical viewpoint and should be regarded as perspective tools for

Tyr biosensor development.
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