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The Cu cation binding sites of [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex have been investigated to explain the

[Cu·DNA] biological activity caused by the Cu association to DNA. The structure of [Cu(I)·d(CpG)·d(CpG) –

2H]−1 complex was investigated by electrospray ionization mass spectrometry (ESI-MS). The fragmentation

patterns of [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex were analyzed by MS/MS spectra. In the MS/MS spectra

of [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex, three fragment ions were observed with the loss of d(CpG),

{d(CpG) + Cyt}, and {d(CpG) + Cyt + dR}. The Cu cation binds to d(CpG) mainly by substituting the H+ of

phosphate group. Simultaneously, the Cu cation prefers to bind to a guanine base rather than a cytosine base.

Five possible geometries were considered in the attempt to optimize the [Cu(I)·d(CpG)·d(CpG) – 2H]−1

complex structure. The ab initio calculations were performed at B3LYP/6-31G(d) level.

Key Words : d(CpG), d(CpG)·d(CpG) dinucleotide duplex, [Cu(I)·d(CpG)·d(CpG) − 2H]−1 complex, Mass

spectrometry (MS), MS/MS

Introduction

The influence of metal ions on the DNA characteristics

has been investigated over the past several decades.1-5 Metal

ions are known to have specific effects on the structure and

stability of DNA molecule. Metal ion interactions with DNA

are critical for many biological processes such as respiration,

gene regulation, and photosynthesis.6-8 Metal ions can both

stabilize and destabilize DNA.5,9,10 However, several divalent

metal ions destabilize DNA and decrease the mean temper-

ature of transition (Tm) value of DNA.5 Specifically, there is

a substantial effect of the Cu cation on Tm and on the con-

formation transformation (B-DNA→Z-DNA) of DNA.5,11,12

Interaction of Cu cation with DNA as a part of [metal·DNA]

complex have also been studied extensively using IR,13,14

X-ray,12,15 along with other techniques.16,17 Cu cation prefers

to interact with the backbone phosphate negative groups

through nonspecific electrostatic attraction, which stabilizes

the DNA helix structure.14,18 However, several experimental

results showed that DNA base sites had also been regarded

as preferred binding sites in the formation of the [Cu·DNA]

complex.5,14,18-20 

The effect of the Cu cation on the structure of DNA

was investigated to analyze the structures of dinucleotide

duplex,20 mononucleotide21 and nucleoside,22,23 complexed

with Cu cation. Two different cross-section conformers, glo-

bular geometry and Watson-Crick geometry, were suggested

in the [Cu·d(CpG)·d(CpG)]+1 arrival time distribution (ATD)

observations. It was explained that the soft acids and

borderline acids with d9 (Cu2+) and d10 (Zn2+) shells stabilize

both globular and Watson-Crick geometries while other

alkali and alkali-earth metal cations yield a globular geo-

metry in the [Metal·d(CpG)·d(CpG)]+1 complex. In their

ATD experimental analysis, however, the [phosphate-Cu-

N7(guanine)] binding geometry was not considered, which

was observed in the high Cu cation concentration IR experi-

ments.14,18 The [phosphate-H-N7(guanine)] binding geometry

was also suggested in the [H+d(CpG)]+1 complex, as observed

from the ESI-MS collision-induced dissociation (CID) frag-

ment pattern analysis.24

At high Cu cation concentrations, the Cu cation has been

shown to be associated with DNA base sites.19 Two forms

(Watson-Crick and interstrand forms) have been proposed as

the probable Cu cation binding complex structures in the

spectroscopic experimental results of the [Cu·DNA] com-

plex.12,19,25 Baker et al. also suggested two more structures,

globular and Watson-Crick base pair structures, in their

[Cu(I)·d(CpG)·d(CpG)]+1 complex cross-section analysis.20

Several theoretical research groups have proposed the N7

position of guanine as a binding site of Cu cation (or H+) in the

cytosine-guanine complex.26-30 The N7 position of guanine,

which is an easily accessible site in the major groove of the

DNA double helix structure, is the preferred metal binding

site.25,31 Many other sites, such as N3 of cytosine and N1 of

adenine, were blocked by hydrogen bonding in a [Cu·DNA]

complex.

In the present study, we have focused our attention on the

formation and fragmentation pattern analysis of gas-phase

[Cu(I)·d(CpG)·d(CpG) − 2H]−1 complex using ESI-MS and

tandem mass spectrometry (MS/MS) methods. Complexes

of [Cu(I)·d(CpG)·d(CpG) − 2H]−1 were formed in solution

and electrosprayed onto the quadrupole ion guide with N2

gas. ESI-MS was supposed to produce an intact gas-phase

[Cu(I)·d(CpG)·d(CpG) − 2H]−1 complex ions from molecules

in solution.15-17 The interaction sites between the Cu and

[d(CpG)·d(CpG) − 2H]−1 complex were investigated in aque-

ous solution. Ab initio calculation was performed to explain

the [Cu(I)·d(CpG)·d(CpG) − 2H]−1 complex ion geometries
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and the stabilization energies.

Experimental

The gas-phase [Cu(I)·d(CpG)·d(CpG) − 2H]−1 complex ion

was formed using the ESI-MS method. The experimental

MS and MS/MS data of the fragmentation pattern analysis

were obtained using a Thermo Finnigan LTQ mass spectro-

meter (Thermo Electron Corporation, San Jose, CA, USA).

LTQ Mass Spectrometer Conditions. All spectra were

acquired in the negative ion mode over a range of m/z 250-

2000 by averaging 60 scans. The heated capillary temperature

was set at 200 oC in order to facilitate efficient complex

formation. The electrospray needle voltage was set at 3.1-3.3

kV. Nitrogen was used as the sheath gas (flow, 20 units) and

auxiliary gas (flow, 1 unit) in the ESI region. The samples

were introduced into the electrospray interface by a direct

infusion method using a microsyringe pump (SGE, Australia)

at a flow rate of 5 μL/min. The MS/MS spectra were

acquired with experimental conditions that consisted of an

isolation width of 1 m/z, an activation time of 10 ms, and qz

of 0.25. In the MS/MS mode, the parent ion molecules were

manually selected one by one, and each was subjected to the

CID process.

Reagents. d(CpG) (CG 100%, Sigma-Aldrich Korea),

CuCl2 (99.999%, Sigma-Aldrich Korea), and H2O (HPLC

grade, Merck & Co.) were used in these experiments.

d(CpG) was dissolved in H2O in order to make a 4 × 10−5

M solution. Metal (CuCl2) was dissolved in H2O in order

to prepare a 4 × 10−4 M solution. The [d(CpG) + Metal]

solutions were mixed together prior to obtaining the mass

spectra.

Computational Methods. Ab initio calculations were

performed with 6-31G(d) basis sets to determine optimized

structures and energies. Density functional theory (DFT) at

the B3LYP level was carried out using the Gaussian0932

series program. DFT was chosen because DFT is less

computationally demanding than other computational

methods with a similar accuracy in a ground-state energy

calculation.33 Vibrational frequencies were also calculated

at the B3LYP level to confirm the optimized geometries

corresponding to true minima on the potential energy

surface.

Results and Discussion

MS and MS/MS spectra of the [Cu(I)·d(CpG)·d(CpG) −

2H]−1 complex were used for the investigation of the Cu

binding site without a DNA backbone. The gas-phase m/z

555 [d(CpG) − H]−1, m/z 1111 [d(CpG)·d(CpG) − H]−1, and

m/z 1173 [Cu(I)·d(CpG)·d(CpG) − 2H]−1 complexes were

observed as stable complex ions in the various electrospray

source-conditions. The low-energy CID MS/MS results of

three complexes are summarized in Table 1.

ESI-MS and MS/MS Spectra of d(CpG) Solution. The

ESI mass spectrum of the d(CpG) solution showed two

peaks at m/z 555 and 1111 that corresponded to [d(CpG) –

H]−1 and [d(CpG)·d(CpG) – H]−1, respectively, as shown in

Figure 1(a). The [d(CpG) – H]−1 peak intensity was the highest

intensity because of the deprotonation of phosphate group in

the d(CpG) molecule. In Figure 1(b) MS/MS spectrum,

[d(CpG) – H – Cyt]−1 and [d(CpG) – H – Cyt – dR]−1 frag-

ment ions were observed as the typical fragment ions of the

parent [d(CpG) – H]−1 ion. As a result of this MS/MS frag-

ment ions, the weak bond of the [d(CpG) – H]−1 ion was

thought to be located at the N1(cytosine)-glycoside bond

between cytosine base and deoxyribose (dR). In the MS/MS

spectrum (Figure 1(c)), the [d(CpG) – H]−1 fragment ion was

observed as the main fragment ion of the parent [d(CpG)·

d(CpG) – H]−1 ion. The weak bond of the parent [d(CpG)·

d(CpG) – H]−1 duplex ion was thought to be located between

two mononucleotides. The [d(CpG) – H – Cyt]−1 (m/z 444)

and [d(CpG) – H – Cyt – dR]−1 (m/z 346) fragment ions were

also observed with the low intensity peaks in Figure 1(c).

ESI-MS and MS/MS Spectra of (Cu + d(CpG)) Solu-

tion. The ESI mass spectrum of the (Cu + d(CpG)) solution

showed two peaks at m/z 555 and 1173 that corresponded to

[d(CpG) – H]−1 and [Cu(I)·d(CpG)·d(CpG) – 2H]−1, respec-

tively, as shown in Figure 1(d). The [Cu(I)·d(CpG) – 2H]−1

(m/z 617), [Cu(I)·d(CpG) – 2H – Cyt]−1 (m/z 506), and

[Cu(I)·d(CpG) – 2H – Cyt – dR]−1 (m/z 408) fragment ions

were observed as the typical fragment ions in the MS/MS

spectrum of the parent [Cu(I)·d(CpG)·d(CpG) – 2H]−1 ion

(Figure 1(e)). No differences were observed in the MS/MS

fragmentation patterns between two parent ions ([d(CpG)·

d(CpG) – H]−1 and [Cu(I)·d(CpG)·d(CpG) – 2H]−1 ion).

Three dissociation channels ((1) d(CpG) loss, (3) {d(CpG) +

Table 1. Fragment ions in the MS/MS spectra of Figure 1(b), 1(c) and 1(e)

Parent ion Fragment ion (m/z) Assignment Dissociation channel

Figure 1(b),
[d(CpG) – H]−1 m/z 555

444 [d(CpG) – H – Cyt]−1

346 [d(CpG) – H – Cyt – dR]−1

Figure 1(c),
[d(CpG)·d(CpG) – H]−1

m/z 1111

555 [d(CpG) – H]−1

444 [d(CpG) – H – Cyt]−1

346 [d(CpG) – H – Cyt – dR]−1

Figure 1(e),
[Cu(I)·d(CpG)·d(CpG) –2H]−1

m/z 1173

617 [Cu(I)·d(CpG) – 2H]−1 (1)

555 [d(CpG) – H]−1 (2)

506 [Cu(I)·d(CpG) – 2H – Cyt]−1 (3)

408 [Cu(I)·d(CpG) – 2H – Cyt – dR]−1 (4)



1234     Bull. Korean Chem. Soc. 2013, Vol. 34, No. 4 Yu-Jin Im et al.

Cyt} loss, and (4) {d(CpG) + Cyt +dR} loss channels) were

observed as the common dissociation channels (Figure 1(c)

and 1(e)). Because of the observation of two fragment ions

(m/z 408 and m/ 506, dissociation channel (3) and (4)) in

Figure 1(e), Cu cation is not thought to be bound at cytosine

base area of the d(CpG)·d(CpG) molecule even though Cu

cation could have a possibility to interact freely with N3 or

N4 atom of cytosine base in the d(CpG)·d(CpG) molecule.

Structure and Energy Analysis of [Cu(I)·d(CpG)·d(CpG)

– 2H]−1 Complex. From the five possible input geometries

(Figure 2), the five output geometries of the [Cu(I)·d(CpG)·

d(CpG) – 2H]−1 complex were optimized. Three geometries

(“a”–“c”) for the Watson-Crick complex form and two geo-

metries (“d” and “e”) for the interstrand complex form are

shown. Cu cation binds to the negatively charged phosphate

group (Figure 2(a)), or the N7 of the guanine and phosphate

group of same strand (Figure 2(b)), or O2 of the cytosine and

N2 of the guanine (Figure 2(c)) which does not disrupt the

C–G Watson-Crick triple hydrogen bonds. In the “b” geo-

metry, it was necessary that the phosphate group and guanine

base were not at the same nucleotide. In the interstrand

complex form as shown in Figure 2(d), Cu cation chelates

with the N7 and O6 of guanine on one strand and N3 and O2

of cytosine on the complementary strand. Further, as shown

in Figure 2(e), Cu cation chelates with the O2 of cytosine

and O6 of guanine on one strand and with O2 of cytosine

and O6 of guanine on the complementary strand like a

globular structure as reported by Baker et al.
20 The “d”

geometry was optimized as the most energetically favorable

structure at B3LYP/6-31G(d) level quantum chemistry cal-

culations (Table 2). Relative energies and optimized geo-

metric parameters are summarized in Table 2 and 3. Among

the four-coordination structures, two square-planar geometries

Figure 2. Five input geometries for [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex ion. (a) “a” (b) “b” (c) “c” (front view) (d) “d” (e) “e” (f) “c”
geometry (back view).

Table 2. SCF energies of the five optimized [Cu(I)·d(CpG)·d(CpG)
– 2H]−1 complex ions in B3LYP/6-31G(d) calculations

SCF Energy

B3LYP/6-31G(d)
(hartree)

Δ
a

(kcal/mol)

“a” -6180.82127936 46.3

“b” -6180.89510491 0.0

“c” -6180.86176138 20.9

“d” -6180.92229972 -17.1

“e” -6180.90429726 -5.8
aEnergy difference = Energy (“n”) − Energy (“b”)

Figure 1. (a) ESI-MS spectrum of the d(CpG) solution in H2O; (b)
ESI-MS/MS spectrum of m/z 555 [d(CpG) – H]−1 parent ion, and
(c) of m/z 1111 [d(CpG)·d(CpG) – H]−1 parent ion; (d) ESI-MS
spectrum of (Cu + d(CpG) solution in H2O; (e) ESI-MS/MS
spectrum of m/z 1173 [Cu(I)·d(CpG)·d(CpG) – 2H]−1 parent ion.



Structural Analysis of Cu Binding Site in [Cu(I)·d(CpG)·d(CpG)−2H]−1  Bull. Korean Chem. Soc. 2013, Vol. 34, No. 4     1235

and a tetrahedral geometry were considered for the geometry

optimization. The five atoms (Cu cation, O2, N2, O2, N2) of

the “c” geometry are not located in the same plane (Figure

2(c)). While the five atoms(Cu cation, N7, O6, N3, O2) of

the “d” geometry are located in the same plane (Figure 2(d)).

In the four-coordination “e” geometry, the five atoms (Cu

cation, O2, O6, O2, O6) were optimized to a tetrahedral

structure as shown in Figure 2(e).

The “a” and “b” geometries were thought to be suitable for

two dissociation channels (1 and 2, m/z 617 and m/z 555)

that were observed in the MS/MS spectrum of the parent

[Cu(I)·d(CpG)·d(CpG) – 2H]−1 ion (Figure 1(e)). Between

“a” and “b” geometries, “b” geometry was thought to be suit-

able for the [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex because

of −46.3 kcal/mol relative energy difference in the B3LYP/

6-31G(d) calculations (Table 2). The [Cu(I)·d(CpG) – 2H–

Cyt]−1 (dissociation channel 3, m/z 506) and [Cu(I)·d(CpG) –

2H – Cyt – dR]−1 (dissociation channel 4, m/z 408) fragment

ions could be also considered to originate from the “b”

geometry under our low-energy CID condition. As a result,

the “b” geometry is regarded as a main complex geometry

for the [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex formation. It

also seemed that the “c” geometry was not suitable for the

observation of the [Cu(I)·d(CpG) – 2H]−1 fragment ion (dis-

sociation channel 1, m/z 617) in Figure 1(e). The bond

breakages of two metal-ligand (Cu-O and Cu-N) and two

triple hydrogen bonds are needed to observe the [Cu(I)·

d(CpG) – 2H]−1 fragment ions from the “c” geometry com-

plex. However, two breakages of triple hydrogen bonds are

enough to observe the [Cu(I)·d(CpG) – 2H]−1 fragment ions

Table 3. Optimized geometric parameters of [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex ions in B3LYP/6-31G(d) calculations

Geometry Bond distance (Å)

“a”
O1-Cu
(1.966)

O2-Cu
(1.967)

“b”
O1-Cu
(1.857)

O2-Cu
(2.948)

N7(Gua1)-Cu
(1.848)

“c”
O2(Cyt1)-Cu

(2.211)
N2(Gua1)-Cu

(1.962)
O2(Cyt2)-Cu

(2.215)
N2(Gua2)-Cu

(1.963)

“d”
N7(Gua1)-Cu

(1.825)
O6(Gua1)-Cu

(3.151)
N3(Cyt2)-Cu

(1.844)
O2(Cyt2)-Cu

(2.804)

“e”
O2(Cyt1)-Cu

(2.145)
O6(Gua1)-Cu

(2.034)
O2(Cyt2)-Cu

(2.054)
O6(Gua2)-Cu

(1.957)

Geometry Bond angle ( ° )

“a”
O1-Cu-O2

(90.0)

“b”
Cu-O1-O2

(80.2)
N7(Gua1)-Cu-O1

(159.6)

“c”
O2(Cyt1)-Cu-N2(Gua1)

(101.7)
N2(Gua1)-Cu-O2(Cyt2)

(83.6)
O2(Cyt2)-Cu-N2(Gua2)

(101.5)
N2(Gua2)-Cu-O2(Cyt1)

(83.7)

“d”
Cu-N7(Gua1)-O6(Gua1)

(74.1)
N7(Gua1)-Cu-N3(Cyt2)

 (167.5)
Cu-N3(Cyt2)-O2(Cyt2)

(85.0)

“e”
O2(Cyt1)-Cu-O6(Gua1)

(96.6)
O6(Gua1)-Cu-O2(Cyt2)

(108.9)
O2(Cyt2)-Cu-O6(Gua2)

(123.4)
O6(Gua2)-Cu-O2(Cyt1)

(112.5)

Geometry Dihedral angle (° )

“a”
O1-Cu-O2-P

(-2.1)

“b”
Cu-O1-P-O2

(-39.2)
N7(Gua1)-Cu-O1-O2

(-29.9)

“c”
N2(Gua1)-O2(Cyt1)- 

N2(Gua2)-Cu
(-9.3)

N2(Gua2)-O2(Cyt2)- 
N2(Gua1)-Cu

(-9.3)

O2(Cyt1)-N2(Gua2)- 
O2(Cyt2)-Cu

(28.9)

O2(Cyt1)-N2(Gua2)-
O2(Cyt2)-N2(Gua1)

(39.8)

“d”
O6(Gua1)-N7(Gua1)-

O2(Cyt2)-Cu
(3.9)

O2(Cyt2)-N3(Cyt2)-
O6(Gua1)-Cu

(-2.9)

O6(Gua1)-N7(Gua1)-
O2(Cyt2)-N3(Cyt2)

(-7.5)

“e”
O2(Cyt1)-O6(Gua1)- 

O2(Cyt2)-Cu
(-41.3)

O2(Cyt2)-O6(Gua2)
O2(Cyt1)-Cu

(-22.9)

O6(Gua1)-O2(Cyt2)-
O6(Gua2)-Cu

 (38.4)
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from the “b” geometry complex.

The other two interstrand geometries (“d” and “e” geo-

metries) have strong metal-ligand bonds between Cu cation

and two bases in the [Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex.

These two geometries were not suitable for the explanation

of MS/MS spectrum as observed in Figure 1(e), even though

the “d” geometry was calculated as the most stable geometry

in B3LYP/6-31G(d) energy calculations (Table 2). If the

[Cu(I)·d(CpG)·d(CpG) – 2H]−1 complex had one of these

two geometries, the {d(CpG) + Gua} loss and {d(CpG) +

Cyt} loss fragment ions had to be observed as an equal

probability because of the symmetric [Cu(I)·d(CpG)·d(CpG)

– 2H]−1 complex structure. However, the {d(CpG) + Gua}

loss (or {d(CpG) + Gua + dR} loss) fragment ions were not

observed in the MS/MS spectrum of the parent [Cu(I)·

d(CpG)·d(CpG) – 2H]−1 ion (Figure 1(e)). Therefore, these

two interstrand geometries (“d” and “e”) were not thought to

be the principal complex forms in our experimental condi-

tion.

Conclusions

It has been demonstrated through ESI-MS analysis that

guanine base (rather than cytosine base) was the preferred

Cu cation binding site in a [Cu(I)·d(CpG)·d(CpG) – 2H]−1

complex without a DNA backbone. No differences were

observed in the MS/MS fragmentation patterns between two

[d(CpG)·d(CpG) – H]−1 and [Cu(I)·d(CpG)·d(CpG) – 2H]−1

parent ions, with the common observation of three fragment

ions due to loss of d(CpG), {d(CpG) + Cyt}, and {d(CpG) +

Cyt + dR}. Therefore, the Cu cation binding sites were

proposed to be the N7 of the guanine and phosphate group of

the same strand, as shown in the “b” geometry. This struc-

ture had the most stable geometry among the three Watson-

Crick forms at B3LYP/6-31G(d) level energy calculations.

Two optimized interstrand geometries of the [Cu(I)·d(CpG)·

d(CpG) – 2H]−1 complex ion were also reported.
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