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A theoretical study of possible metallization sites within polypeptide structures is reported. The

study has involved performing density functional B3LYP calculations in order to describe the

affinities of various amino acids and larger peptide fragments towards copper ions. The results

obtained for small amino acid systems have been used in the theoretical analysis of feasible

metallization sites in large protein segments and in the whole proteins. The goal of this study was

to explain the preferred inner-surface copper metallization of microtubules over outer-surface

metallization. The inner-surface metallization is a new process that yields copper wires of 15 nm in

diameter and may be used for fabrication of molecular interconnects at the nano-device level.

Introduction

Nowadays, one of the most important challenges for the

semiconductor industry is to design and manufacture nano-

sized electronic circuits. The traditional semiconductor tech-

nology and the top-down lithography approach of fabricating

electronic devices with increasingly smaller dimensions

becomes expensive and slowly reaches its limits. In view of

this, it has been proposed that new, bottom-up manufacturing

techniques should be developed and replace the traditional

approaches.1–4 The new techniques must rely on the develop-

ment of a new technology for manufacturing nano-intercon-

nects that may utilize molecular or biomolecular systems as

templates.

Already several biological systems have been proposed as

good candidates for nanosized templates for interconnectors.

Most studies in this area have been performed on DNA

molecules. It has been shown that DNA may be used as a

template to form silver nanowires connecting gold electrodes.5

DNA has also been metallized using palladium,6,7 platinum,8,9

gold,10,11 copper,12,13 and cobalt14 to yield stable nanosized

wires. Others have used different native biological and

biologically-inspired templates, such as viruses,15,16 peptides,17

and peptide nanotubes,18 in nano-wire production. All these

approaches have focused on one-dimensional nanowires,

which may be important elements for the manufacturing of

nanoscale electronic circuits and devices.

Microtubules (MTs) comprise another interesting type of

system that may be a good candidate for designing and

manufacturing electronic nanodevices. MTs are filamentous

intracellular structures responsible for various types of move-

ments in eukaryotic cells. They form long (0.2–20 mm)

cylindrical structures that are 25 nm in diameter with a

15 nm hollow core and are composed of 13 protofilaments.

The building blocks of protofilaments are tubulin dimers

composed of a- and b-tubulins. The structures of microtu-

bules19 and the a–b tubulin dimer20,21 have been recently

described using cryo-electron microscopy and crystallography.

The polarity of microtubules22,23 and their naturally high

chemical specificity inherent in the different natures of their

two ends provide a means of directing and controlling their

attachment to surfaces.24–26 Also, immobilization of MTs on

surfaces and their subsequent metallization offers a number of

possible chemical and biological applications of these systems.

Early experiments on utilizing the MTs had shown that these

biological structures may be efficiently metallized by Ni or Co

to yield nanowires with diameters of 50 nm.27,28 Recently, a

new method of microtubule metallization by Cu has been

introduced.29 In the experiments involving that method, the

MT metallization generated long (several micrometers) copper

nanowires, with diameters equal to the inner diameter of the

nanotube (15 nm). The selective metallization of the inner MT

surface was achieved by a biologically-benign electroless

deposition process with ascorbic acid as the redox reagent.

In this work we present a theoretical study of the selective

metallization of biomacromolecules. We use the density

functional B3LYP theory to describe the affinities of amino

acids towards Cu2+ ions and to build a database on the amino

acid–copper interactions. To account for the structural

flexibility of the protein fragments and to describe how this

effect influences the affinities, we have also calculated affinities

for selected peptides. In addition, we have characterized the

interactions between copper ions and fragments of MTs to find

the most probable metallization sites. This theoretical study

allows us to elucidate the mechanism of selective MT

metallization.

Models and computational details

In this work we have used three different levels of theory to

describe the process of MT metallization by copper ions. In the

first part of the study we have focused on copper–amino acids
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affinities. To save computational effort we have used

simplified molecular models of amino acids that only include

the most important fragments of the amino acid molecules

from the viewpoint of the interactions with Cu2+. Such

simplified models are commonly used in computational studies

and, if the models are chosen correctly, the simplifications

usually have little effect on the results of the calculations.30,31

In this study we have constructed models of all the amino acids

that have high affinity towards the Cu2+ ion, i.e. arginine,

asparagine, aspartate, cysteine, cystine, glutamine, glutamate,

histidine, lysine, methionine, proline, selenocysteine, serine,

threonine, tryptophan, and tyrosine (depicted in Fig. 1).

Additionally we have performed calculations for some model

peptides and on the N-terminus of the protein. To validate the

models we have also performed calculations for selected amino

acids (cysteine, glutamate, histidine, lysine, serine) without

simplifying the structures. We have found out that the energies

obtained using simplified and non-simplified models were

identical within 2 kcal/mol, well below the average error of the

B3LYP method for the transtion metals system.32

In the second part of this work we have focused on steric

and geometrical features of small peptides and how they affect

the Cu2+ ion binding. For this part of the study we have

chosen a tripeptide His-Val-His as a model. This model was

chosen because it has been used before and because it was very

well described using several experimental techniques.33

The last part of this work is devoted to copper metallization

of the entire protein. We have used the MT as a model protein

in the study. Owing to limited computational resources, the

size of the model had to be relatively small and, thus, we have

used the approach employed before in computational studies

of enzymatic reaction mechanisms where similar size limita-

tions also appeared.30,31,34 First, all possible metallization sites

in the MT were examined using the results described in the

previous sections. Next, relatively small models of all the

metallization sites were constructed. All the models contained

the full-atom model of the amino acid with the high affinity

towards copper, as well as full-atom models of all neighboring

amino acid residues located not further than 3.0 Å from

the metallization center. This yielded models containing

40–80 atoms.

All calculations were performed using the density functional

B3LYP method35,36 with the standard 6-31G* basis set. The

preliminary optimizations of the protein-fragment models were

performed using the molecular mechanics method with the

amber96 force-field37 and using the semiempirical PM3

method.38 Calculations have been done for the isolated

systems and for the systems immersed in water. The solvation

was described using the polarizable continuum model

(PCM).39 For the molecular models of the amino acids and

the peptides, full optimization of all geometrical parameters

was performed. In the geometry optimization of the protein,

the coordinates of its backbone atoms were kept frozen to

account for the limited movement of the amino acid residues

resulting from the rigid 3D arrangement of the structure of the

whole protein.30,31,34,40 In all calculations concerning the

isolated and hydrated molecular models of the amino acids

and the peptides, Hessian matrices were calculated in order to

assess whether the predicted equilibrium geometries corre-

sponded to true energy minima. The zero-point energy

corrections, scaled by a factor of 0.96, were added to the final

energies.41 The calculations were performed using the quantum

chemistry package Gaussian 03.42

Results and discussion

Cu2+–amino acid affinity

The binding of Cu2+ to histidine and other amino acids was

first studied in the early 1970s43,44 after the discovery that

many Cu-containing enzymes may have superoxide dismutase

activity.45,46 Since then, a large number of experimental studies

have been performed concerning the Cu2+–amino acid inter-

actions, and different aspects of the copper affinity toward

amino acids have been analyzed.47–53 In most of these studies,

however, the authors concentrated solely on the histidine–

Cu2+ system due to its importance in various applications.

Studies on other amino acids have been scarce. To fill this

void, we have undertaken a comprehensive investigation of the

affinity of the copper(II) ion towards all amino acids and

protein fragments that have at least one heteroatom. To

quantify the affinity of the metal ion towards amino acids, we

have considered the following model reaction:

[Cu(H2O)4]2+ + aa A [Cu(H2O)3(aa)]2+ + H2O (1)

where ‘‘aa’’ stands for the amino acid. Reaction (1) allows us

to determine the relative affinity corresponding to the Cu2+–aa

system with respect to the affinity of copper(II) to water.

The results obtained in the calculations and summarized in

Table 1 suggest that a model that does not include the presence

Fig. 1 Molecular models of amino acids and peptide fragments used

in this work: 1A arginine; 1B aspartate, glutamate or C-terminus of a

protein; 1C cysteine; 1D cystine; 1E histidine; 1F methionine; 1G lysine

or N-terminus of a protein; 1H asparagine, glutamine or peptide bond;

1I deprotonated peptide bond; 1J proline; 1K selenocysteine; 1L serine

or threonine; 1M tryptophan; 1N tyrosine.
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of the solvent fails to properly describe the metal–amino acid

affinities. The calculations without the solvent favor the

electrostatic interactions between the carboxyl group of

aspartate or glutamate and Cu2+ and overestimate the affinity

value. Those calculations also suggest that almost all amino

acids have higher affinities towards copper(II) than water and

are thus able to form stable complexes with this ion. The only

two exceptions are arginine, for which the DFT method

predicts a highly unstable system due to an unfavorable

interaction between the two positively charged species, and

cystine.

To include the solvent effects in the model, we have used the

PCM approach that places the investigated molecular model of

the solute inside a cavity formed by a uniform and continuous

solvent whose polarizability is described by a single dielectric

constant. DFT/PCM calculations allowed us to improve the

results obtained using the isolated-molecule approach. In the

case of the Cu2+–amino acid affinities, the results obtained

using the PCM model are in very good agreement with

experimental data. Among all the amino acid and peptide

models considered in the present study, we found that the

deprotonated peptide bond has the highest affinity towards

Cu(II). It should be noted, however, that the peptide bond is

always in the protonated state under physiological conditions,

and the deprotonation may occur only at a high pH. Histidine

(modeled in this work as imidazole) has the second highest

affinity towards Cu(II) and, at neutral conditions, forms the

most stable copper complex. Three other groups also have

relatively high Cu affinity: these are the carboxyl group (which

is a model of either glutamate or aspartate), the CH3-CO-NH2

group (a model of either glutamine, asparagine, or a peptide

bond), and the NH2-CH3 group (a model of lysine or an

N-terminus of a protein). Models of all other amino acids yield

Cu affinity values lower than those for water, which suggests

that in the aqueous environment Cu2+ can form stable

complexes only with Asn, Asp, Gln, Glu, His, and Lys. This

result is also in good agreement with the experimental

results.44

To find out whether the affinity values are additive, we have

considered additional model reactions:

[Cu(H2O)3(aa)]2+ + aa A [Cu(H2O)2(aa)2]2+ + H2O (2)

[Cu(H2O)2(aa)2]2+ + aa A [Cu(H2O)(aa)3]2+ + H2O (3)

[Cu(H2O)(aa)3]2+ + aa A [Cu(aa)4]2+ + H2O (4)

for some selected amino acid models. Reactions (1)–(4) allow

us not only to determine the primary affinity (from reaction

(1)) but also additional affinities (from reactions (2)–(4)),

which we call the second, third, and fourth affinities. If the

values of all four affinities are equal they are additive; this

should be the case for small ligands. On the other hand, large

ligands may have substantially different primary and second-

ary affinities. This may arise due to either sterical hindrances

(leading to lower affinities) or due to the formation of

intermolecular hydrogen bonds (leading to higher affinities).

To analyze this effect we have calculated all the primary

and secondary affinities for two systems, the histidine and

serine/threonine models, and the results of the calculations are

shown in Table 2.

The results demonstrate that the energy of replacing the first

water molecule with an imidazole molecule to form

[Cu(H2O)3(imidazole)]2+ is, according to the PCM calcula-

tions, equal to 212.15 kcal mol21. The gain in energy of

replacing the second water molecule to form

[Cu(H2O)2(imidazole)2]2+ is 211.27, and to replace the third

(to form [Cu(H2O)(imidazole)3]2+) the energy gain is

29.38 kcal mol21. The energy of replacing the last water

molecule to form [Cu(imidazole)4]2+ is only 27.80 kcal mol21.

These results show that the affinity values decrease, which can

be attributed to sterical hindrances and the inability of all four

histidine molecules to attain the most optimal conformation in

the complex corresponding to maximal interaction.

Surprisingly, a similar trend was found in the case of the

serine model. For this complex the first affinity value,

which leads to formation of [Cu(H2O)3(serine)]2+ is equal to

+2.79 kcal mol21. The addition of a second serine molecule

to form [Cu(H2O)2(serine)2]2+ is more endothermic by

1.08 kcal mol21. The value of the third affinity corresponding

to the formation of [Cu(H2O)(serine)3]2+ is equal to

Table 1 Theoretical values of relative Cu2+–amino acid affinities (see
reaction (1)) obtained using different computational approaches (in
kcal mol21)

Molecular modela Isolated complex PCM model

H2O 0.0 0.0
1A 161.14 19.38
1B 2111.11 29.85
1C 20.50 11.25
1D 17.71 44.09
1E 240.99 212.15
1F 211.18 11.65
1G 221.08 28.47
1Hb 232.89 22.34
1Hc 216.56 11.15
1I 2123.75 214.90
1J 255.90 26.05
1K 217.24 6.24
1L 26.29 2.79
1M 226.71 12.46
1N 214.87 8.46
a As in Fig. 1. b Binding through the oxygen atom. c Binding
through the nitrogen atom.

Table 2 Theoretical values of relative Cu2+–amino acid affinities (see
reactions (1)–(4)) obtained using different computational approaches
(in kcal mol21)

Affinity Isolated complex PCM model

H2O 0.0 0.0
Model 1Ea

1st affinity 240.99 212.15
2nd affinity 233.44 211.27
3rd affinity 227.40 29.38
4th affinity 223.26 27.80
Model 1La

1st affinity 26.29 2.79
2nd affinity 25.53 3.87
3rd affinity 25.05 3.34
4th affinity 24.92 4.08
a As in Fig. 1.
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+3.34 kcal mol21, while the last one (to form [Cu(serine)4]2+ is

+4.08 kcal mol21. In this last case, however, unfavorable

interactions between the serine molecules represented in the

calculations by simplified models should not be a factor.

Cu2+–peptide affinity

The results obtained in the first section of this work allowed us

to quantify the Cu2+–amino acid affinities, albeit using very

simple molecular models. These models take into account the

most important structural features of the amino acids crucial

to the interactions between peptides or proteins and metal

ions, but are lacking in some other aspects. In a peptide or a

protein, the amino acids are not allowed to move freely and

independently of each other since there are constraints

resulting from a common backbone. These constraints may

prevent some of the amino acids from attaining the most

optimal configuration in interacting with the metal ion, thus

effectively lowering the affinity of the system towards the ion.

To elucidate this effect, we took the His-Val-His tripeptide

and calculated its interaction with Cu2+ in an aqueous

environment. The His-Val-His tripeptide is an important

system since it occurs in active centers of several enzymes,

e.g. superoxide dismutase54 and lysyl oxidase,55 where it

complexes copper ions. Because of this, there is much

experimental evidence concerning the formation of stable

1 : 1 complexes of this system with Cu2+.33

In this part of the work we have constructed eight molecular

models representing different binding interactions of the Cu2+

ion with the His-Val-His peptide, depicted in Fig. 2. Models

2A and 2B represent bidentate binding of copper(II) by a -NH2

group, by an imidazole moiety or by a carboxyl group, and by

two water molecules. Models 2C and 2D involve a tridentate

Cu2+ binding through one -NH2 group, an imidazole group, a

second imidazole or a carboxyl group, and one water molecule.

Finally, systems 2E and 2G are models of tetradentate binding

of a copper ion by two peptide bonds, by an imidazole, and by

either a second imidazole or a carboxyl group. In this case,

however, the imidazolic nitrogen of the N-terminus histidine

may be either protonated or unprotonated,56–58 which results

in two additional models, 2F and 2H, respectively.

Results of this part of the study, presented in Table 3, allow

us to gain insight into the geometrical features of the peptide–

copper bonding. As suspected, the relative affinity of copper

ions in models 2A and 2B is low due to the fact that only two

water molecules are replaced by ligands with higher affinities.

The same argument may be applied to models 2C and 2D in

which three water molecules of the first coordination sphere of

Cu2+ are replaced by other ligands. Here, however, a different

effect may also come to play. In these two systems the peptide

has to adopt a specific, not energetically favorable conforma-

tion to coordinate a copper ion, which imposes constraints and

effectively lowers the affinity value.

The four other models (2E, 2F, 2G, 2H) are predicted to

have high affinities towards copper ions. All four systems

adopt an almost perfectly square-planar conformation around

the copper ion. Additionally, the Cu2+ ion is chelated in all

four systems by deprotonated peptide bonds, which in the

previous section were predicted to have high metal affinities.

There is also another feature responsible for the high copper

affinities in 2E, 2F, 2G, and 2H. In the presence of copper

ions, the conformations of these systems are stabilized by

electrostatic interaction between the ion and the peptide

bonds. However, if no divalent ions are present in the solution,

the two deprotonated peptide bonds located next to each other

form an unfavorable arrangement leading to higher energy.

Cu2+–protein affinity

The goal of the final part of this study has been to explain

the selective metallization of the inner side of MTs. Since the

size of the MT system is very large (y1 000 000 atoms) and

the size of a single tubulin dimer is still relatively large

(y13 200 atoms), DFT calculations on the whole system

Fig. 2 Eight different modes of Cu2+ binding by His-Val-His

tripeptide.

Table 3 Theoretical values of relative Cu2+–[His-Val-His] affinities
obtained using different computational approaches (in kcal mol21)

Molecular modela Isolated complex PCM model

H2O 0.0 0.0
2A 291.72 225.97
2B 2246.74 232.63
2C 276.01 213.32
2D 2211.95 25.13
2E 2224.58 2100.42
2F 2434.56 297.72
2G 212.40 299.84
2H 2583.10 2107.43
a As in Fig. 2.
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would be impossible with current computers. In view of this,

we had to rely on the results obtained in the calculations on

both the Cu2+–amino acid and Cu2+–peptide systems and

combine them with additional calculations on selected frag-

ments of MTs to describe the inner MT metallization.

Our results presented in the two previous sections suggest

that histidine moieties most effectively bind Cu2+ ions. A

tubulin dimer consists of 877 amino acid residues, but among

them there are only 23 histidine residues, mostly located on the

surface of the protein.20,21 For a single dimer they all are good

candidates to bind copper(II) ions. However, when an MT is

formed, some of the histidines become buried inside the MT

structure. A visual analysis of the MT model19 presented in

Fig. 3 reveals that there are 11 histidine moieties in every

tubulin dimer of MT, which have at least a part of the

imidazole ring exposed to the solution. Five of them are

located on the inner surface of the MT; these are 28A, 61A,

283A, 37B, and 229B (with names according to the naming of

1JFF model in the PDB database).20 The remaining six—

309A, 393A, 406A, 192B, 309B, and 406B—are located on the

outer surface of the MT (see Fig. 4).

After selecting 11 possible metallization sites, the following

procedure was used to create molecular models for describing

the histidine metallization:

N select all amino acids within 3.0 Å of the histidines to yield

moderate size models;

N replace amino acid side-chains located relatively far from

the histidine moiety by hydrogens;

N add all other missing hydrogen atoms and optimize their

positions using the molecular mechanics method with the

amber96 force-field;

N optimize the geometry of the whole system using the same

method, with the positions of the backbone atoms kept frozen;

and,

N perform additional geometry optimization using the

semiempirical PM3 method, with the positions of the back-

bone atoms kept frozen.

This procedure yielded 11 molecular models of possible

metallization sites, ranging from 40 to 70 atoms in size. Next, a

Cu2+ ion and additional water molecules were added to each

model to complete the coordination sphere around the copper

ion (see Fig. 5 and 6). In the next step, the structures of all the

Fig. 3 A model of one MT ring consisting of 13 tubulin dimers. Dark

grey colour denotes histidine residues.

Fig. 4 Visualization of surface histidines (dark grey) exposed to the

solution. There are five inner-surface histidines (28A, 61A, 283A, 37B,

229B) and six outer-side histidines (309A, 393A, 406A, 192B, 309B,

406B).

Fig. 5 Molecular models of the five inner-surface metallization sites

complexing Cu2+: A 28A, B 61A, C 283A, D 37B, E 229B.
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models were optimized using the DFT/B3LYP method and the

copper affinities were determined for the models using the

same procedure as for the Cu2+–amino acid and the Cu2+–

peptide systems.

The equilibrium DFT/B3LYP geometries of the models

allowed us to analyze some geometrical features of all 11

metallization sites. Using the results described in the previous

sections of this work, each metallization site was divided into

fragments with known affinities towards copper(II) (see

Table 4). The results of this analysis show that five of the 11

metallization sites (28A, 61A, 393A, 406A, 406B) do not have

any relevant amino acid side chains in the vicinity of the

imidazole. In those metallization sites, the Cu2+ ion is

complexed by only one imidazole moiety and by three water

molecules. The geometrical analysis suggests, in these cases, a

low affinity value. Four other metallization sites (283A, 309A,

229B, 192B) allow for Cu2+ complexation by both the

imidazole moiety and the CO-CH3-NH2 moiety. These sites

should have higher affinity values according to the results

obtained in the first section of this work (see Table 1). The last

two metallization sites (37B, 309B) have structures involving

an imidazole moiety positioned close to a carboxyl group,

which should also yield strong Cu2+ binding.

A simple analysis of the geometrical features of the 11 model

structures suggests that the two best candidates for metalliza-

tion sites within the tubulin dimer are histidine moieties 37B

(located on the inner surface of MT) and 309B (on the outer

surface of MT). Such an analysis is, however, somewhat

inaccurate since it does not take into account the interactions

between the chemical groups complexing the Cu2+ ion and the

rigidity of the protein backbone. To obtain more precise

absolute and relative affinity values, a set of the six potentially

most effective metallization sites was selected, and a computa-

tional approach described earlier was used to calculate their

affinities towards the copper ion.

Four of the six selected sites (283A, 309A, 192B, 229B) with

Cu2+ chelated by a histidine residue, a peptide bond, and two

water molecules have similarly low affinities. As expected, the

two other sites (37B, 309B), where Cu2+ is chelated by a

histidine residue, a glutamate or aspartate residue, and one

water molecule, have much higher affinities than the 283A,

309A, 192B, and 229B sites. At the same time the affinity of

the 37B site is much higher than the affinity of the 309B site. In

the former system the backbone of the protein allows the

chelating groups to adopt the most optimal conformation

around the copper ion. For the latter site, the conformation of

the chelating groups is far from optimal due to structural

constraints and this results is a lower affinity.

Conclusions

The metallization of the inner surface of microtubules may

become a powerful technique in constructing nanoscale

interconnectors and possibly other nanoelectronic devices.

To explain the selectivity of the metallization process we have

performed DFT computational studies of the Cu2+ binding to

different molecular fragments of MTs. The results provided a

detailed description of the energetic and geometrical features

of the biocomplexes formed by copper ions. The results of this

work also provide an explanation of why electroless plating of

Fig. 6 Molecular models of the six outer-surface metallization sites

complexing Cu2+: A 309A, B 393A, C 406A, D -192B, E 309B, F 406B.

Table 4 Theoretical values of relative Cu2+–tubulin fragments
affinities obtained using different computational approaches (in
kcal mol21)

Molecular modela Geometryb Isolated complex PCM model

H2O — 0.0 0.0
Inner surface of MT
28A 1E + 3H2O — —
61A 1E + 3H2O — —
283A 1E + 1H + 2H2O 297.65 2150.22
37B 1E + 1B + 1H2O 2237.57 2187.94
229B 1E + 1H + 2H2O 2189.61 2151.12
Outer surface of MT
309A 1E + 1H + 2H2O 2151.61 2152.53
292A 1E + 3H2O — —
406A 1E + 3H2O — —
192B 1E + 1H + 2H2O 293.09 2150.19
309B 1E + 1B + 1H2O 2217.30 2172.07
406B 1E + 3H2O — —
a As in Fig. 4. b The amino acid fragments (as in Fig. 1) in the first
coordination sphere of Cu2+ ion.
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microtubules by copper leads to inner-tube copper deposition.

In the search for this explanation, we have identified 11

molecular sites within a tubulin dimer that are good candidates

for the metallization sites. Based on simple amino acid analysis

of the sites, we have chosen five sites with expected high

affinities towards Cu2+ ions. The results of the calculations

suggest that site 37B, found on the inner side of the MT, has

the highest affinity towards copper ions and is, therefore, the

most probable target for the metallization. Moreover, this site

has another advantage over the metallization sites located on

the outer surface of the MT. In general, the number of

metallization sites per tubulin dimer on the inner side of the

MT is nearly equal to the number of sites on the outer side, but

their density per unit volume is higher due to the smaller

surface of the inner MT side in comparison to the outer side. It

must be noted, however, that the uptake of copper ions by the

inner side of the MT should not be attributed only to the high

affinities toward copper ions of individual metallization sites.

There are other factors that may affect this process, with

diffusion likely being the most important one. Unfortunately,

these phenomena cannot be described by the approach used in

this work.

Additionally, this study provided a systematic theoretical

investigation of the affinities of various Cu2+–amino acid

systems and the equilibrium structures of these systems. In

future work, the investigation will be extended to other metal

ions, as well as other fragments of biosystems (i.e. fragments of

DNA or RNA). Theoretical calculations of this kind have

frequently been a useful prerequisite to experimentation. This

includes experiments concerning development of the metalliza-

tion technology at the nano scale. The computational

approach proposed in this work may become a useful tool

for predicting the metallization sites for not only copper but

also other metals and other biomolecules. A relatively fast, yet

accurate, computational approach may guide experimental

efforts concerning metallization by predicting possible best

metallization sites and their affinities towards different metals.
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