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Manuscript: Computationally enhanced X-ray diffraction analysis of a gold(III) 

complex interacting with the human telomeric DNA G-quadruplex. Unravelling non-

unique ligand positioning 

Dear Editor, 

I am submitting the above manuscript that I would like you to consider for 

publication in International Journal of Biological Macromolecules as an Article.  

 

It describes the new crystal structure of the Human Telomeric DNA in complex 

with a mononuclear gold(III) complex.  

Among the numerous identified Putative Quadruplex Sequences, relevant in the 

human genome, G-quadruplexes formed by the telomeric DNA sequence play a 

leading role, due to their ability to inhibit the Telomerase enzyme’s activity in 

malignant cell. In this context, structural information of the binding features of this 

target are of primary importance, but achieving this information is very often made 

difficult, or even impossible, due to intrinsic structural disorder. 

The structure we report here has been solved by an innovative approach based on 

MM/QM enhanced crystallographic refinement, specifically developed to take in to 

account structural disorder. This method enabled us to localize the crystallized metal 

complex spread over four different positions in the binding site, obtaining a good 

quality crystal structure from an intrinsically disordered sample.  

As a result of this process, we describe here the binding features of the adduct 

formed by the human telomeric DNA G-quadruplex and a newly synthesized 

gold(III) complex. The interest in metal complexes as quadruplex binders is rapidly 

growing as they can represent a valid alternative in the search for small molecules 

with therapeutic and/or diagnostic purposes. 

For these reasons, we believe that this manuscript is of enough general interest, 

novelty and impact to deserve consideration for publication in International Journal 

of Biological Macromolecules. 

Thank you in advance. 

 

Sincerely Yours,   

                                                                                                                          

Carla Bazzicalupi  
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Abstract 
 

We report on an innovative approach based on joint molecular mechanical (MM)/)quantum 

mechanical (QM) calculations that is used to improve crystallographic solution and refinement 

procedures. In the here obtained crystal structure, the novel [AuL] species (with L = 2,4,6-tris(2-

pyrimidyl)-1,3,5-triazine - TPymT-α) was found to be selectively bound to the human telomeric DNA 

Tel24 G-quadruplex (Tel24 = TAG3(T2AG3)3T) in four equally occupied conformations. The four 

positions of the crystallized [AuL] species were first determined by docking restrained to the 
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crystallographically determined metal ions’ coordinates. The conformations were subsequently 

refined by the quantum refinement method (crystallographic refinement enhanced with quantum 

mechanical calculation). The applied method  enabled us to resolve the poorly defined density around 

the ligands. The occurrence of interaction in solution with the Tel24 G-quadruplex DNA was further 

proved through DNA melting experiments, which showed a slight destabilisation of the quadruplex 

upon adduct formation.  
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Abstract 

We report on an innovative approach based on joint molecular mechanical (MM)/)quantum 

mechanical (QM) calculations that is used to improve crystallographic solution and refinement 

procedures. In the here obtained crystal structure, the novel [AuL] species (with L = 2,4,6-tris(2-

pyrimidyl)-1,3,5-triazine - TPymT-α) was found to be selectively bound to the human telomeric DNA 

Tel24 G-quadruplex (Tel24 = TAG3(T2AG3)3T) in four equally occupied conformations. The four 

positions of the crystallized [AuL] species were first determined by docking restrained to the 

crystallographically determined metal ions’ coordinates. The conformations were subsequently 

refined by the quantum refinement method (crystallographic refinement enhanced with quantum 

mechanical calculation). The applied method  enabled us to resolve the poorly defined density around 

the ligands. The occurrence of interaction in solution with the Tel24 G-quadruplex DNA was further 

proved through DNA melting experiments, which showed a slight destabilisation of the quadruplex 

upon adduct formation.  
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1. Introduction 

In the last decades, the guanine quadruplex (G4) non-canonical folding [1] has been recognized as an 

important element in the control of essential biological processes such as oncogenesis, infectious 

protein control, parasitic and neurodegenerative mechanisms [2]. Compared to the very large number 

of identified Putative Quadruplex Sequences (PQSs – estimated to be ~376,000 in the human genome) 

[3], up to now only few of them are known to have biologically relevant functions. Among them, G-

quadruplexes that can be formed at the telomeric end of eukaryotic human chromosomes attract much 

interest, as they were found to inhibit the telomerase-based cell immortalization mechanism, present 

in about 85% of cancer diseases [4]. Hence, the need for small molecules of therapeutic and/or 

diagnostic interest, able to bind or even to promote human telomeric G4 formation has remarkably 

grown. In this context, metal complexes [5] can represent an interesting alternative to the more 

explored organic ligands [6], due to the variability deriving from the efficient metal driven assembly 

of building blocks with potentially diverse features. In addition, the positive charge of the metal 

centres conveniently complements the anionic nature of the nucleic acids. 

Despite the growing interest in medicinal applications of transition metal complexes, very little 

structural information is available in the literature concerning the binding of  metal complexes to G4s. 

Indeed, among the numerous references published during the last ten years [7], only ten papers report 

structures solved in atomic detail by X-ray diffraction (Protein Data Bank (pdb) [8] codes: 3QSC, 

3QSF, 5CCW, 5LS8, 6H5R, 6RNL, 6XCL) or solution NMR techniques (pdb codes: 2MCC, 2MCO, 

5MVB, 5Z8F, 5Z80, 6LNZ).  

Notably, most of these studies concern platinum or gold complexes, most likely because these metals 

are intensely  studied due to their large anticancer potential (cf. cisplatin and its analogues carboplatin 

and oxaliplatin, which are in widespread clinical use) [9]. Gold-containing compounds attract 

attention also for their antimicrobial or antiparasitic activities [10]. In addition, the electronic 

configurations, associated with the common oxidation states of both elements, typically lead to 
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square-planar (d8 – Pt2+ and Au3+) or linear geometries (d10 – Au+), which favour DNA binding 

through either intercalation or external stacking.  

With this in mind, we started considering the possibility of using platinum(II) and gold(III) complexes 

of the TPymT-α ligand for medicinal applications (Fig 1). TPymT-α shows peculiar and unique 

coordination chemistry properties: this ligand can in principle coordinate up to three metal ions at 

identical sites through a N3 donor set. However, only a limited number of studies employing this 

ligand have appeared so far owing to its generally poor solubility in common solvents and to the 

facile hydrolysis of the central triazine fragment [11].  

In principle, the TPymT-α ligand is expected to give polynuclear Pt(II) and Au(III) complexes, each 

featuring a wide positively charged planar surface with aromatic character. These structural 

characteristics are known to favour binding toward nucleic acid structures, both in double helix and 

in G-quadruplex (G4) folding. Our efforts were first directed to the synthesis of the corresponding Pt 

complexes, and we succeeded in obtaining the [Pt3(TpymT)Cl3]
3+ species bearing three platinum 

cations coordinated by the N3 donor cavities and a chloride ligand as the fourth ligand, with three 

hydroxide anions as counterions [12]. 

However, solution studies revealed the occurrence of a non-intercalative interaction toward calf 

thymus DNA in the double helix B form, with a preferential external/groove binding [12]. As this 

behavior can be the likely result of a poor match between the wide triplatinum complex and the 

intercalative binding site of the DNA B-form, we decided to check the binding ability of different 

TpymT-α metal complexes toward G4. 

Accordingly, we have carried out the reaction of the TpymT-α ligand with HAuCl4 and characterised 

the resulting products (Figure 1). Afterwards, CD-melting experiments and crystallization screening 

were carried out to characterize the interaction of the obtained gold compounds with a 24-mer human 

telomeric DNA in quadruplex folding. One X-ray data set was good enough to solve the crystal 

structure of the human Tel24 G-quadruplex (Tel24 = TAG3(T2AG3)3T) in complex with the 
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mononuclear [(TpymT-α)AuCl]2+ species, but refinement was difficult owing to the non-unique 

positioning of the complex on the guanine tetrad. 

This kind of issue has been previously reported for several G4/ligand X-ray and NMR structures [13], 

and appears particularly important for metal complexes in square-planar or linear coordination 

geometries [14-16]. In order to better resolve this disorder issue and obtain a more certain and clear 

picture of the overall binding site for [(TpymT-α)AuCl]2+, we decided to test the reliability of the 

quantum refinement method, i.e. crystallographic refinement enhanced with QM calculations, which 

has been successfully applied to resolve issues in protein structures with a poor density around the 

metal atoms [17].  

In the present study, an innovative approach based on (joint molecular mechanical (MM)/)quantum 

mechanical (QM) calculations was used to improve the crystallographic refinement for the adduct 

formed by Tel24 with [(TpymT-α)AuCl]2+, where the metal complex in the binding site is spread 

over four symmetry non-equivalent positions. 

2. Experimental 

2.1. Materials  

The human telomeric DNA sequence d[TAG3(T2AG3)3T] (Tel24) was purchased from Jena 

Bioscience as lyophilized material. Analytical grade reagents and ultra-pure water obtained through 

a Millipore S.A.670120 Mosheim apparatus were employed. 

2.2 Synthesis 

In a 50 mL flask, 5 mL of EtOH, 88 mg (0.28 mmol) of TpymT- ligand and 1.7 mL of an aqueous 

solution of HAuCl4 (339.8 mg/mL) were added. Subsequently, 82 mg of NaHCO3 were added and 

the resulting mixture was stirred at 55 °C. After 2 h, the suspension was dried under reduced pressure 

and the remaining solid was suspended in 1.5 mL of H2O. The suspension was filtered of a sintered 

glass funnel and the collected yellow solid was washed with water, diethyl ether and dried at reduced 

pressure. After desiccation, 188 mg of product (I) were collected.  
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2.3 DNA melting experiments 

A UV-2450 SHIMADZU double-beam UV-vis spectrophotometer (Kyoto, Japan) was used for 

melting experiments. The instrument has a jacketed cell holder providing temperature control within 

±0.1 °C. To avoid signal saturation, all spectra were recorded using 500 µL quartz cuvettes with an 

optical path of 2 mm. The thermal denaturation curves of Tel-24 G-quadruplex (G4) samples 

containing the investigated product (I) or the TPymT-α ligand, in a 1:3 molar ratio, were measured 

at increasing temperatures ranging from 25 °C to 65 °C following the absorbance changes at 290 nm. 

All the experiments were performed in 0.1 M ammonium acetate solution, pH 7.0. The percentage of 

absorbance change was plotted against temperature and defined as follows: 

%A change = 100 × (A(T) – A°)/(A∞ × A°) 

where A(T) is the absorbance read at each temperature T (°C), A° the absorbance corresponding to 

the initial plateau and A∞ the absorbance of the final plateau. In this way, a sigmoidal curve could be 

obtained. The melting temperature was calculated as the maximum of the first derivative of the 

sigmoidal curve. 

2.4 Computationally enhanced X-ray diffraction analysis  

Product (I) was dissolved in DMSO to a total 10 mM concentration, while the Tel24 sequence was 

dissolved in 20 mM potassium cacodylate pH 6.5 and 50 mM KCl up to a concentration 1 mM, and 

annealed to allow G-quadruplex formation by heating to 90 °C for 15 min and then slowly cooling to 

RT overnight. The stock DMSO solution was added to the DNA annealed solution in 1:1 product 

(I):DNA molar ratio and the resulting solution was incubated at 25 °C for 20 min. Crystallization 

trials were set up by mixing 1 μL DNA–drug complex solution with 1 μL crystallization solution. 

Crystals of [(TpymT-α)AuCl]2+ / Tel24 suitable to SC-XD analysis were obtained at 296 K using the 

sitting drop vapor diffusion method from a solution containing 20% v/v isopropanol, 50 mM 

potassium cacodylate pH 6.5, 50 mM Li2SO4, 50 mM MgSO4, on the basis of a reported screening 

[18]. Drops were equilibrated against the same solution (100 μL).  
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The [(TpymT-α)AuCl]2+ / Tel24 complex crystallizes in the monoclinic system, space group C2 (a = 

36.78 Å, b = 71.53 Å, c = 26.24 Å, β = 92.42°). Data collection was performed using synchrotron 

light (λ = 0.87313 Å, ID23-1 Beamline, ESRF Grenoble). Data were collected at 100 K, using the 

crystallization solution added with glycerol up to 30% v/v as cryoprotectant. Data were integrated 

and scaled using the program XDS [19]. The structure was solved by the Molecular Replacement 

technique using the program MOLREP [20] and the coordinates of the Tel24 G-quadruplex structure 

PDB-6H5R [16], without all the heteroatoms, as a search model. The model was refined with the 

program Refmac5 [21] from the CCP4 program suite [22]. Manual rebuilding of the model was 

performed using the program Coot [23]. For the T24 residue, only the phosphate group was clearly 

visible in the electron density map, thus only those coordinates were refined. The model obtained at 

this step of refinement consisted of the overall DNA coordinates, potassium ions, and a gold ion, 

spread over four sites (0.25 occupancy factor each).  

Restrained docking calculations were carried out to obtain a preliminary positioning of the overall 

ligand spread over the four sites. The model was prepared using the Protein Preparation Wizard tool 

implemented in the Schrödinger suite [24]. The energy minimization protocol with a root mean square 

deviation (RMSD) value of 0.30 Å was applied using the OPLS3e force field. The Au ion complex 

was submitted to quantum mechanics geometry optimization (B3LYP/LACVP**+) and ESP charge 

calculation with Jaguar [24a]. Standard precision (SP) docking experiments were carried out using 

the software Glide [24b] and the QM charges. Four grids were prepared, each centred on one of the 

Au3+ ions. A positional constraint for the ligand was set on the Au3+ ion to be docked within 0.5 Å of 

the metal ion position detected experimentally. The highest docking score criterion was used to select 

a single pose per gold ion out of a maximum of five docking outcomes. 

The docked structure was then used as the starting structure for quantum refinement [17a,b]. Quantum 

refinement is standard crystallographic refinement in which the empirical restraints (used to ensure 

that the final structure gives reasonable bond lengths and angles) are replaced by more accurate 

quantum mechanical (QM) calculations for a small, but interesting part of the structure. This approach 
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was recently extended to allow for multiple conformations in the QM system [17c]. In the present 

study, it was further extended to four conformations in the QM system, by simply performing four 

separate QM calculations for each conformation. Further details of the implementation are given in 

the ESI. The calculations were performed with the ComQum-X software [17a]. which is a 

combination of Turbomole [25] and the crystallography and NMR system (CNS), version 1.3 [26]. 

The full Tel24 G-quadruplex was used in all calculations, including all crystal-water molecules. For 

the DNA, we used the standard CNS force field (dna-rna_rep.param, water_rep.param and 

ion.param). The wA factor (determining the relative weight between the crystallographic data and the 

empirical potential, cf. Eqn. 2 in the ESI) was the default value suggested by CNS, 4.153. The wMM 

weight was set to 1/3 as in all our previous studies [17a,c]. For the crystallographic target function, 

we used the standard maximum-likelihood function using amplitudes (mlf) in CNS [27]. 

The QM system involved four copies of the (TpymT-α)AuCl complex (we tested also OH– instead of 

Cl– coordinated to the Au ion, but the fit to the crystallographic data was worse). Calculations were 

performed for the triplet and (closed-shell) singlet states, but the singlet was found to be lowest in 

energy by ~60 kJ/mol and will only be discussed in the following. The QM calculations were 

performed at the TPSS/def2-SV(P) level of theory (including a 60-electron relativistic effective core 

potential for Au) [28]. The calculations were sped up by expanding the Coulomb interactions in an 

auxiliary basis set, the resolution-of-identity (RI) approximation [29]. Empirical dispersion 

corrections were included with the DFT-D3 approach [30] and Becke–Johnson damping [31]. 

Finally, a few refinement cycles were performed with the software Refmac5 [21] in order to obtain 

final refinement statistics. These values as well data collection information are reported in Table S2, 

supporting information.† Final coordinates and structure factors have been deposited with the Protein 

Data Bank (PDB accession number 7QVQ). 

3. Results and Discussion  

3.1 Synthesis of gold(III) complexes of the TpymT-α ligand 
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By analogy with the previously synthesised [Pt3(TpymT)Cl3]
3+ complex we aimed to prepare the 

corresponding trinuclear complex where three gold atoms are coordinated by the TpymT-α ligand. 

Thus, the TpymT-α ligand was reacted with an excess of tetrachloroauric acid and a solid product 

obtained as described in the experimental section. The obtained product (I) was subsequently 

characterized by a variety of biophysical methods including 1H NMR, IR spectroscopy, and elemental 

analysis. Based on these analytical determinations, we realized that the obtained product is indeed a 

mixture of two main species, i.e. [Au2L] and [AuL] (charges and coordinated anions omitted here and 

in the following). More precisely, the CHN analysis suggested that the two species [(TpymT-

)AuCl]Cl2 and [(TpymT-)Au2Cl2]Cl4 (Table S1 – supporting material) are present in nearly equal 

amounts. 

Unfortunately, all attempts to separate the two species [(TpymT-)AuCl]Cl2 and [(TpymT-

)Au2Cl2]Cl4 failed. For this reason, the whole mixture was used as such for the subsequent studies. 

From the inspection of the IR spectrum of (I) (see Figure S1 in supporting material), three main bands 

were detected at 358 cm-1, 318 cm-1, and 230 cm-1 attributable to the Au-Cl, N-Au-Cl and Au-N 

modes, respectively [32] providing additional evidence for the presence of chloride as the fourth 

ligand of the gold(III) center. Product (I) is poorly soluble in water, while manifesting a greater 

solubility in DMSO.  

3.2 DNA melting experiments 

Spurred by the aforementioned evidence and upon considering the ligand structure and the likely 

planar structure of the gold(III) complexes contained in the product (I), we started investigating the 

interaction of this product with the Tel24 G-quadruplex that is known to manifest a preference for 

planar compounds containing aromatic groups. DNA melting studies were first performed to 

demonstrate the occurrence of a sufficiently tight interaction in solution. Tel24 G-quadruplex and the 

product (I) or the TpymT- ligand were thus reacted at room temperature in a molar ratio Cproduct 

(I)/CG4 = Cligand/CG4 = 3. An excess of the reactive molecules with respect to the DNA structure was 
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used both to ensure a sufficient amount of the possible formed adducts that could be observed by this 

analysis, and also to provide a suitable amount of the reacting molecule for all the possible 

biomolecule’s binding sites. Results of the melting experiments are shown in Figure 2 and in Table 

S3. From inspection of these data, it emerges that product (I) is able to significantly modify the 

melting profile of the Tel24 G quadruplex. In detail, binding of (I) results in a small but clear 

destabilisation of the Tel24 G quadruplex by around 2 °C. We interpret this decrease of the melting 

temperature as the indication of the occurrence of a direct interaction between the Tel24 G quadruplex 

and product (I). 

3.2 Computationally enhanced X-ray diffraction analysis  

Crystals suitable for X-ray diffraction analysis were obtained upon incubation of the telomeric DNA 

sequence Tel24 with the product (I) under the crystallization conditions described in the Experimental 

section. The electron density map clearly shows monomolecular DNA G-quadruplexes arranged in 

columns growing along the c axis (Figure 3a). The G4 structures assume the expected all parallel 

conformation, characterized by three stacked G-tetrads at 3.4 Å inter-planar distance, and potassium 

ions in the internal channel (2.6–3.1 Å apart from the guanine O6 atoms). In each column, pairs of 

G4 units, symmetry-related by two-fold rotation axis, stack on one another forming dimers stabilized 

by the presence of a potassium ion at the interface between 5’-end G-tetrads in each couple of adjacent 

quadruplexes.  

Similar G4 couples, stabilized by potassium [8,14,33] or strontium ions [16], have previously been 

reported. The G4 dimers expose their 3’-end guanine tetrads, which constitute the ligand binding site. 

Actually, the 3′-end G-tetrads from symmetry-related dimers repeating along the c axis, lie about 10 

Å apart from one another. In the resulting cavity, eight prominent peaks were evident in the electron 

density map, which can be split in two groups and overall assigned to two symmetry-related gold 

ions, each spread over four almost coplanar positions. A similar disordered binding mode was 

previously found for the bis carbene gold(I) complex [Au(1-butyl-3-methyl-2-ylidene)2]
+ in adduct 

with a propeller telomeric quadruplex [16], where two symmetry-related disordered gold complexes, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



each spread over four approximately coplanar positions, were suggested to be present in the binding 

site.  

Since the product (I) is an almost equimolar mixture of mononuclear [(TpymT-)AuCl]Cl2 and 

binuclear [(TpymT-)Au2Cl2]Cl4, we have to take into account the possibility that the mononuclear 

complex alone, the binuclear one or a combination of the two could have been cocrystallized with the 

DNA. An investigation of the Cambridge Structural Database [34] revealed that in the bi- and 

trinuclear complexes of TpymT-, containing second- or third-row transition metal ions, 

intramolecular intermetallic distances are 6.5–7 Å. This data led us to eliminate the hypothesis that 

only the binuclear complex could have been cocrystallized with DNA. In fact, among the three longest 

inter-metallic distances between the four coplanar gold ions in the crystal structure of the binding site 

(about 5, 6 and 7 Å), only one of them is compatible with the expected intramolecular intra-gold 

distance of a binuclear complex. On the other hand, the hypothesis of a mixture of [(TpymT-

)AuCl]/DNA and [(TpymT-)Au2Cl2]/DNA in 2:1 molar ratio was discarded, as almost the same 

amount of electrons was associated to each of the four peaks, leading to equally populated gold 

positions. Thus, two symmetry-related mononuclear gold complexes, each one spread over four 

approximately coplanar positions, seem to fit the crystallographic data best. 

Unfortunately, the residual electron density did not allow a clear localization of the lighter atoms (C 

and N). Thus, the four metal complexes in the asymmetric unit were firstly located on the 3’-end 

tetrad by molecular docking and then refined, with fractional occupation factors (0.25), against the 

observed structure factors by the ComQumX-4QM method [17]. The QM calculations ensure 

chemically reasonable structures of the (TpymT-)AuCl complexes and provide structures that are 

an optimal compromise between the crystallographic raw data and the QM calculations. The resulting 

structures are shown in Figure 3b-e and in Figure S2 and S3, supporting material. Each [(TpymT-

)AuCl] molecule is found at π–π stacking distance from the nearest 3’-end G-tetrad (3.3 Å), and at 
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even closer interplanar distance (about 3.1 Å) from the symmetry-related [(TpymT-)AuCl] 

molecules (Figure S2). 

As shown in Figure 3, the TpymT- moieties match the guanine tetrad well. In [(TpymT-)AuCl]-C 

(Figure 3b), [(TpymT-)AuCl]-E (Figure 3d) and [(TpymT-)AuCl]-F (Figure 3e), the triazine ring 

is placed over the G4 central channel, and all the three pyrimidine rings give π-stacking interaction 

with an equivalent number of guanine residues. The gold(III) metal ion is placed in close proximity 

(3.4–3.7 Å) to the carbonyl oxygen and the N7 nitrogen of G5 and G11 ([(TpymT-)AuCl]-C and 

[(TpymT-)AuCl]-E, respectively), or to the O6 and N7, and the N1 and N2 heteroatoms of G23 and 

G17, respectively ([(TpymT-)AuCl]-F). The position of the fourth complex ([(TpymT-)AuCl]-D, 

Figure 3c) shows distinct binding features, with the gold center placed above the potassium channel. 

The π-stacking interaction involves mainly a pyrimidine group and the triazine unit of the ligand, and 

only two guanines in the 3’-end tetrad (G5 and G11). The non-coordinated pyrimidine is placed above 

the G11 ribose, giving a slight loss of planarity of the overall TpymT-moiety. No water molecules 

were found in the binding site at contact distance with the coordinated chloride or the free pyrimidine 

nitrogens. 

Thus, despite the disorder affecting the binding site, in our opinion this crystal structure evidences 

the binding preferences of Au(III)-TpymT- toward the telomeric G-quadruplexes, as in three out of 

four observed ligand positions, the metallodrug gives almost the same kind of interactions. Actually, 

the good conformational match between the three pyrimidines and the guanines residues seems to be 

the main driving force for the binding of the Tpymt ligand, and the resulting π–π stacking provides 

an important contribution to the stability of the adduct. Moreover, it is likely that in [(TpymT-

)AuCl]-C, [(TpymT-)AuCl]-E and [(TpymT-)AuCl]-F (Figure 3b,d,e), triazine ring does not 

only play the role of linker group, but it also contributes itself to the overall binding. In fact, triazine, 

being an electron-poor heteroaromatic ring, is known to possess an inverted molecular quadrupole 

moment compared to benzene and other electron-rich aromatic groups. The inversion of the 
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quadrupole moment is connected to the accumulation of positive charge towards the ring centre, while 

the periphery of the ring becomes negative. This phenomenon turns the electron-poor aromatic system 

into a π-acid, known to be able to give attractive interactions with anions and lone-pair bearing atoms 

[35]. Notoriously, the central G-quadruplex channel is characterized by the carbonyl oxygens, locally 

accumulating negative charge neutralized by the alkali ions. Thus, when placed over the G4 central 

channel, triazine likely exerts an analogous charge–charge neutralizing action, thereby contributing 

to the overall stabilization of the system.  

In addition, interesting comparisons can be made with the gold(I) complexes, [Au(1-butyl-3-methyl-

2-ylidene)2]
+ and [Au(9-methylcaffein-8-ylidene)2]

+, complexed with telomeric DNA quadruplex, 

whose crystal structures have been previously reported [14,16]. In these structures, the gold(I) ions 

are never found at the central channel, but they always interact with guanines and are placed at about 

3.5 Å from N1 nitrogens. Thus, despite the high oxidation state of gold in [(TpymT-)AuCl], which 

should favour the metal ion being at the central channel, the bulky TpymT- structure disfavours this 

placement, and the binding preferences of this metallodrug are due to a combined effect of pyrimidine 

stacking, metal–guanine interactions and charge–charge neutralizing actions of triazine’s inverted 

quadrupole moment.   

Conclusions  

The reaction of the ligand 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine (TpymT-α, L) with an excess of 

tetrachloroauric acid yields a product (I) that turned out to be a nearly equimolar mixture of the mono 

and bis gold(III) complexes [AuL] and [Au2L]. Both these species  bear tetracoordinate square planar 

gold(III) centers with chloride as the fourth ligand. Melting experiments provided evidence for the 

formation of an adduct between product (I) and human telomeric DNA Tel24 G-quadruplex. 

Structural results were obtained applying crystallographic refinement enhanced with QM calculation, 

which enabled us to resolve issues with poor electron density due to the spreading of the mononuclear 

complex [(TpymT-)AuCl] over four equally populated positions, stacked at the 3’-end G-tetrad of 
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the telomeric quadruplex. The structural results document the occurrence of a fishing-like 

crystallization process, for which only the [AuL] species is selectively bound to the telomeric G-

quadruplex. Analysis of the obtained crystal structure revealed that the binding preferences of this 

metallodrug arise from a combined effect of pyrimidine stacking, metal–guanine interactions and 

charge–charge neutralizing action of triazine’s inverted quadrupole moment. 
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Captions to illustrations 

 

Figure 1. Chemical structure of the gold(III) complexes obtained by reaction of the TpymT-α 

ligand. Both complexes coordinate exogenous chloride ligands. 

Figure 2. Melting plot of G4 alone (■) (CG4 = 9.90×10-6 M) and G4 with product (I) (●), or 

TpymT- ligand (▲), Cproduct (I)/CG4 = Cligand/CG4 = 3, Nh4OAc 0.1 M, pH = 7.0. 

Figure 3. a) Column of stacked G-quadruplexes in the crystal packing of the Tel24/[(TpymT-

)AuCl] crystal structure. K+ ions are shown as purple spheres; b-e) Details of each single position 

of the [(TpymT-)AuCl] gold-complex stacked on the 3’-end G-tetrad. Color code for the carbon 

atoms of the four approximately coplanar disordered [(TpymT-)AuCl] molecules stacked on the 

3’-end G-tetrads defining the binding site: [(TpymT-)AuCl]-C (by element), [(TpymT-)AuCl]-D 

(green), [(TpymT-)AuCl]-E (orange red), [(TpymT-)AuCl]-F (orange), symmetry related 

[(TpymT-)AuCl] molecules (black). 
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 G4 can be characterized by non-unique positioning of ligands on the guanine tetrad  

 crystallographic refinement enhanced with QM/MM calculations 

 mononuclear gold complex stacked at the 3’-end G-tetrad of the human telomeric DNA   
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