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ABSTRACT: In this work, perturbed angular correlation (PAC) spectroscopy is used to
study differences in the nuclear quadrupole interactions of Cd probes in DNA molecules
of mice infected with the Y-strain of Trypanosoma cruzi. The possibility of investigating the
local genetic alterations in DNA, which occur along generations of mice infected with T.
cruzi, using hyperfine interactions obtained from PAC measurements and density
functional theory (DFT) calculations in DNA bases is discussed. A comparison of DFT
calculations with PAC measurements could determine the type of Cd coordination in the
studied molecules. To the best of our knowledge, this is the first attempt to use DFT
calculations and PAC measurements to investigate the local environment of Cd ions
bound to DNA bases in mice infected with Chagas disease. The obtained results also
allowed the detection of local changes occurring in the DNA molecules of different
generations of mice infected with T. cruzi, opening the possibility of using this technique
as a complementary tool in the characterization of complicated biological systems.

he detection of hyperfine quantities is the goal of many charge density around the probe nucleus is known from first-

spectroscopic experimental methods, such as Mdossbauer principles calculations, which can, today, be reliably performed
spectroscopy, electron paramagnetic resonance (EPR), per- in the framework of the density functional theory (DFT).
turbed angular correlation (PAC), and nuclear magnetic Because of its high sensitivity, the EFG is a very powerful
resonance (NMR)."> PAC spectroscopy has some advantages parameter that can be used in comparisons between
over other hyperfine interactions techniques, being better experimental and calculated values to investigate local environ-
suited to the study of biomolecules, mainly because it requires ments. In bioinorganic chemistry, the PAC technique is used to
an extremely small amount of sample, which allows experiments measure the hyperfine interactions at a specific metal probe
to be performed under physiological conditions. Further, it can (e.g, Cd, In, Ta, or Hf) bound to key biomolecules, such as
be applied to different physical states, such as samples in vivo, deoxyribonucleic acid (DNA) or proteins, providing structural
samples in solution, frozen samples, etc. Moreover, PAC and dynamic information about the contact site with the
spectroscopy can also explore the dynamics of biomolecules. probe.”
PAC spectroscopy provides information about the local In this work, PAC spectroscopy was used to investigate the
electronic structure at the probe nucleus site via the electric hyperfine interactions at Cd probe nuclei bound to free
hyperfine interaction between the nuclear charge distribution nucleobase (NB) molecules as well as to DNA of different
and the electronic surrounding charge distribution, the so-called mouse strains infected with Trypanosoma cruzi, the protozoan
nuclear quadrupole interaction (NQI). More specifically, in that causes Chagas disease. Differences in the resistance of
terms of the electric contribution, the electric quadrupole people to T. cruzi indicate that the genetic constitution of the
moment Q of the nucleus interacts with the electric field host can significantly influence the development of the
gradient (EFG) at the nuclear site produced by charges outside disease.>® Further, the analysis of mouse strains infected with
the nucleus. The EFG is very sensitive to the electric fields T. cruzi suggests the importance of the genetic constitution on
arising from charges within the first coordination shell around the survival of the host>™’ On the other hand, DFT
the probe nuclei.' Therefore, via the EFG, PAC spectroscopy
can probe an extremely high spatial resolution, within a single Received: December 18, 2013
atomic bond length. On the other hand, because the EFG is a Revised:  April 30, 2014
ground state property, it is also easily calculated as long as the Published: May 6, 2014
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calculations and PAC measurements may be used to provide
details about local structural changes in the DNA formed along
different generations of mouse strains by monitoring the local
structure of the Cd—DNA complexes.

Metal ions can interact with nucleic acids in two distinct
modes of binding: diffuse binding and site binding.® In diffuse
binding, the metal and the nucleic acid retain their hydration
layer and the interaction occurs mainly through water
molecules.” This is a long-range Coulomb interaction in
which the positive metal ions accumulate around the DNA in a
delocalized form. In site binding, on the other hand, the metal
coordinates to specific coordinating atoms in the nucleic acids
(Figure 1). This coordination can be direct at the inner sphere,
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Figure 1. Metal binding sites at the DNA bases (NBs), as suggested by
Hadjiliadis and Sletten,® are denoted with squares linked to arrows.
The green lines denote the hydrogen bonds between base pairs.

after dehydration of both the metal ion and the nucleic acid
binding site. Another possible coordination scenario can arise
when a metal water hydration layer is kept intact, and the metal
ion and the nucleic acid ligands share hydration shells. The
likelihood of metal ions binding to the DNA at the minor
groove is smaller than the likelihood at the major groove.® In
the major groove, a large number of metal ions, including
Cd*,'"*"" prefers to bind at bases or base pairs of the
nucleotides as shown in Figure 1. Cd** ions have multiple
possible DNA binding sites with variable affinities, although
they are not very high in comparison to those of other divalent
ions. According to the literature,'* the N7 position of guanine
seems to be the strongest intrinsic binding site for these ions.
Some reported binding constants of Cd-bound nucleoside
species are 1.53 =+ 0.07 for guanosine (Guo)," 0.91 + 0.07 for
cytidine (Cyd), and 0.64 + 0.03 for adenosine (Ado)."*

In this work, the behavior of static and dynamic NQI at Cd
sites bound to DNA of different mouse lineages (A/], CS7BL/
6, B6AF1, BXAl, and BXA2), infected with the Y-strain of T.
cruzi, has been investigated. PAC spectroscopy was used to
measure the EFG at "'In ("!Cd) and '"M™Cd ("'Cd) nuclei
bound to NBs and DNA. To determine the exact location of
the probe in the DNA or NBs, we conducted DFT calculations
for the NBs. The most probable positions, where Cd ions can
bind to NBs, were investigated, and the obtained EFG values
were compared to the PAC experimental data. In addition, EFG
measurements of Cd in NBs were compared to those in DNA,
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to investigate the EFG behavior in different generations of
mouse strains infected with the Y-strain of T. cruzi.

B COMPUTATIONAL DETAILS

The Car—Parrinello Projector Augmented Wave (CP-PAW)
code'*" was used to perform all the reported calculations. CP-
PAW employs DFT calculations in the Kohn—Sham (KS)
formalism.'” Generalized gradient approximation (GGA)
provided by Perdew, Burke, and Ernzerhorf (PBE) was used
for the exchange-correlation functional to make corrections of
nonhomogeneous effects of the local density approximation
(LDA) with the inclusion of terms of gradient and higher-order
derivatives of the density."® The PAW formalism is an ab initio
k-space all-electron method in which the wave function is
expanded on an augmented plane wave basis. All systems
studied were simulated as isolated molecules using the repeated
super cell approach. A distance of 7 A between periodic images
was used to prevent wave function overlap and a charge
decoupling scheme to avoid the artificial electrostatic
interactions among the other unit cells." The PAW method
is very efficient for metal—organic systems and widely used for
calculations of systems such as those presented here."”
Geometry optimizations were performed using 35 Ry as the
corresponding cutoff energies in the expansions of the wave
functions and 4 X 35 Ry charge densities.

The structure of the NB was obtained considering the
canonical form and the initial atomic positions from the single-
crystal X-ray diffraction data.>*®*' Further, the Cd ion was
included in sites of NBs as proposed in the literature® as shown
in Figure 1. To complete the ion coordination sphere and
because one of the measurements was performed in aqueous
solution, three, four, and five water molecules were inserted
explicitly in the studied systems. The Cd ion has six
coordination sites available in an octahedral structure when it
is bound to NB ligands.zz_24 Nevertheless, other coordination
types were also considered and performed as starting
geometries. All systems studied here were calculated consider-
ing the steady oxidation state of Cd**; i.e., the total charge of
the system was set to +2e.

Cd bound to the N1 adenine site was not simulated because
the N1 site is usually located in the DNA minor groove and is
hydrogen bonded to the thymine. Thus, because of steric
hindrance, the interaction of Cd with water molecules at the N1
site of adenine is more unlikely to occur. The EFG is also
implemented on the CP-PAW code, and further information
can be found elsewhere.”®

B EXPERIMENTAL METHODOLOGY

DNA molecules were obtained from mouse strains A/J,
CS7BL/6, B6AF1, BXA1, and BXA2 from the Multidisciplinary
Center for Biological Research (CEMIB) at University of
Campinas, Brazil, where mice are maintained free from
pathogenic agents (SPF). A/J and CS7BL/6 strains are original
parent strains and are known to differ in susceptibility to more
than 30 traits.2® In particular, A/J and C57BL/6 inbred strains
of mice when they were inoculated with the Y-strain of T. cruzi
behaved as susceptible and relatively resistant, respectively, with
respect to parasitemia when mortality was analyzed.”” Hybrid
B6AF1 mice are offspring of a cross between CS7BL/6 females
and A/J males and show relative resistance to T. cruzi infection
like that of the C57BL/6 parent strain. BXA strains, the 20th
generation of brother—sister inbreeding, were constructed
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using reciprocal crosses between CS7BL/6 (B) and A/] (A)
strains as progenitors. Mice from the BXAI strain show the
same immune response to T. cruzi infection as those from the
CS57BL/6 strain, while mice from the BXA2 strain are
considered to be susceptible to this infection; however, they
remain alive for a longer time than mice from the A/J strain.

Nucleobases, adenine (CiH;Nj), cytosine (C,H;N;0),
thymine (C;H¢N,O0,) (all >99% pure), and guanine
(CsH(N;O) (98% pure), used in this work were commercially
purchased from Sigma-Aldrich and used as received. In PAC
measurements, a small amount (0.1 mol) of each DNA base
was dissolved in 100 mL of deionized water or buffer solution,
up to a concentration of 1 X 107® mol/uL, and stored at room
temperature until each sample was used. DNA samples of
different mouse lineages infected with the Y-strain of T. cruzi
used in this work were extracted from mouse tails and ear
punches and stored at 4 °C until the samples were used. DNA
samples as well as samples of DNA bases were directly marked
by coordinating to '''In from '"'InCly or ""'™Cd from '"'™Cd-
(NO;), solutions. The carrier free ''!InCl, solution was
purchased from MS Nordion, Canada. The '''™Cd(NO;),
solution was obtained by the irradiation of S mg of Cd metal
in the IEA-R1 research reactor at IPEN for 2 h, in a thermal
neutron flux of ~5 X 10"* N em™2 s™. After irradiation, the Cd
metal was dissolved in 0.3 mL of 1 M nitric acid, which was
completely evaporated. The resulting salt was then dissolved in
0.5 mL of deionized water, resulting in a Cd(NO;),
concentration of 1 X 1077 mol/uL containing the ''™Cd
probe nuclei. Samples of an aqueous solution of DNA or NBs
with radioactive '''In were prepared from an aliquot of 50 uL
of a solution of '''InCly containing ~10 uCi of the radioactive
MIh, so that the In:biomolecule concentration ratio was
L:infinity (1:00). Samples of aqueous solutions of NBs with
"mCd were prepared by mixing an aliquot of SO uL of NB
stock solutions with S yL of a Cd(NOj;), solution containing
the ""™Cd probe nuclei, resulting in a Cd:NB molecule
concentration ratio of 1:100. Samples of NBs in buffer solution
(0.01 M) were prepared by dissolving 0.1 mol of NB in 100 mL
of a phosphate buffer solution (pH ~7.0). An aliquot of 50 uL
of this solution was mixed with S uL of a Cd(NOs;), solution
containing the '"™Cd probe nuclei, resulting in a Cd:NB
molecule concentration ratio of 1:100. Samples of NBs in the
solid state were prepared by adding ~1 pL of the solution
containing the probe nuclei to 0.01 M NB solution, which was
subsequently dried under infrared light. Aqueous solutions of
probe nuclei were prepared simply by adding ~1 uL of a
nCl, solution or ~5 ul of a *'™Cd(NO;), solution to 50
UL of deionized water. ""'™Cd (*''Cd) probe nuclei in a buffer
solution was prepared by adding ~S uL of a '""™Cd(NO,),
solution to 50 uL of a buffer solution. The concentration of the
"n (M!'Cd) probe in these samples is much lower than the
concentration of DNA or NBs in the final solution, so that an
infinite dilution was considered.*®

PAC measurements were taken in a spectrometer with four
BaF, detectors that generate 12 coincidence spectra W(6t).
These spectra were analyzed by TDPAC software, which yields
the spin rotation R(t) curve, given by the combination of the
coincidence functions W(0,t):

W(180°, t) — W(90°, t)
W(180°, t) — 2W(90°, t)

R(t) = A, Gy(H) =

(1)

where
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4
w(180°, 1) = /[ c(1s0°, ¢)
i=4

and

w(90°, 1) =+ ] c(90°, 1)

C/(6,t) terms are the coincidence spectra for all different
combinations of two detectors at angles (6) of 90° and 180°
after subtraction of the effects of unwanted accidental
coincidences C,(t): C(6,t) = C(0,t) — C,(t). From the R(t)
curve, it is possible to obtain @,, the transition frequencies
corresponding to the splitting of the intermediate energy level
in the y cascade of the probe nucleus due to the presence of an
electric field §radient that originated from the electronic
neighborhood. ™" In the case of static electric quadrupole
hyperfine interaction, the perturbation factor G',(t), which
contains detailed information about the interaction, can be
written as

)

3
Gp(t) = Sy + z S, cos(w,t) eXP(_wnZTRZ/Z)

n=1

X exp(—a)nzéztz/Z) 3)

where amplitudes S,, and frequencies @, depend on the nuclear
quadrupole frequency wq = (eQV,,)/41(2I — 1)h, where e is
the electron charge, Q is the electric quadrupole moment of the
probe nucleus, which for the 245 keV sate of '''Cd is 0.83(13)
b,*! 7 is Planck’s constant, and I is the nuclear spin quantum
number. The EFG is a traceless symmetric tensor with
components denoted Vj, defined by the second derivative of
the Coulomb potential V(r) at the nuclear site. The EFG tensor
is traceless (V,, + V,, + V,, = 0) in the principal axis system,
Viw V,y, and V_, being the diagonal elements. The usual choice
is to define IV,,| < IV,| < IV; hence, V is the largest
eigenvalue of the EFG tensor. Instead of specifying three of the
diagonal elements, usually V_, and the asymmetry parameter 7
= (V,, = V,,)/ V..l are reported; the largest component of the
EFG tensor, V,, is usually termed the EFG. The terms
exp(—w,’7x*/2) and exp(—,*5*t*/2) account for effects of the
finite time resolution 7y of the detectors and the distribution of
the quadrupolar frequency around a mean value with a width 6,
respectively. The measured perturbation function of poly-
crystalline samples is modeled by

R(t) = AyGy(t) = Ay, ZﬁGizz(f)
i (4)

where Ay, is the unperturbed angular correlation coeflicient and
fi values are the fractional site populations that take into
account the fact that the probe nuclei can occupy different sites
in the samples with a corresponding G'5,(t).

If the electric quadrupole frequency (vq) is known, the V.
value can be obtained from the equation

eQV..
h (s)

PAC measurements of DNA and NB samples in solution
were taken at room temperature (295 K) and at the liquid
nitrogen temperature (77 K) in a conventional fast-slow
coincidence setup with four conical BaF, detectors. A detailed
description of experimental method can be found elsewhere.*”

I/Q=

dx.doi.org/10.1021/bi401680h | Biochemistry 2014, 53, 3446—3456



Biochemistry

At 295 K, the solution was liquid and, therefore, the presence of
the rotational diffusion effect is expected. This effect is
characterized by the rotational correlation time 7., which
describes changes in the spin orientation of the probe nucleus
due to a random change in its environment. The larger the 7,
the slower the molecular motion. In the case of fast
reorientation, the perturbation function becomes>>

Gy(t) = ™ (6)

where 4, is a typical relaxation constant that is proportional to
the square of the spin-independent quadrupole frequency vq
and 7¢. For the spin of the intermediate level of the g-cascade I
= 3/,, which is the case for both probe nuclei used in this work,
the relaxation constant is**®

A, = 2.49DQ2(1 +n*/3)7¢ @)

The influence of the dynamic interaction is stronger when
vqtc ® 1, and as a consequence, the effect on the PAC
spectrum is a fast damping of the anisotropy. There are two
other possible situations. (1) When the quadrupole interaction
fluctuation is fast (vq7c < 1), because the fluctuation time is
small compared with the time scale of the quadrupole
interaction characterized by vq, the nucleus loses the phase
coherence and the perturbation function becomes an
exponential decay as described by eq 6. (2) When the
quadrupole interaction fluctuation is slow (vqzc > 1), the
fluctuation time here is long, compared with the time scale of
the quadrupole interaction, and the effect is a slow damping of
the anisotropy. In the limit where 7o — oo, the interaction is
purely static. Only in this case is it possible to determine
simultaneously the quadrupole frequency vq and the
asymmetry parameter 7, as well as the hyperfine parameters
related to the local structure around the probe nucleus in the
biomolecule.*® Such a situation is expected for the measure-
ments at 77 K, when the solution is frozen.

B RESULTS AND DISCUSSION

Experimental Results. PAC spectra measured with '''In
(*''Cd)/DNA samples at 77 K were fit with a model given by
eqs 3 and 4 for static interactions, considering two fraction
sites. The major fraction was characterized by abundances f ~
55% with a v of ~135 MHz, for A/J, C57BL/6, and B6AF1
samples, and f ~ 65% with a v of ~200 MHz, for BXAI and

Table 1. Hyperfine Parameters Measured at 77 K with PAC
Spectroscopy Using '''In (*''Cd) as Probe Nuclei and the
Corresponding EFGs (V,,)

vq (MHz) n V,, (x10* V/m?)
nucleobase
adenine 142 £ 7 0.6 + 0.1 7.1 £07
adenine powder 140 + 9 04 +0.1 7.0 £ 0.8
cytosine 148 +£ 8 0.6 + 0.1 74 + 08
guanine 18§+ 9 04 + 0.1 7.7 £ 08
thymine 145 £ 9 0.7 £ 0.1 72 + 08
DNA strain
A/] 136 £ 9 0.6 + 0.1 6.8 + 0.7
CS7BL/6 133+ 7 02 + 0.1 6.6 + 0.6
B6AF1 130 £ 9 05+ 0.1 6.5+ 0.8
BXAl 222 +£ 8 0 11.1 + 0.8
BXA2 196 + 7 0 9.8 + 0.6
aqueous solution 86 + 4 0.6 + 0.1 43 + 04
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Figure 2. PAC spectra of DNA samples of different mouse lineages
measured with ''In (*"'Cd) probes at 77 K.
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Figure 3. PAC spectra of the nucleobases measured with '''In (''Cd)
probes at room temperature (left) and 77 K (right).

BXA2 samples. The hyperfine parameters for the major
fractions produced by the fits are listed in Table 1. All
frequencies were found to be broadly distributed (5 ~ 40%) as
shown in Figure 2, which shows spectra for all samples,
measured at 77 K. The minor fraction was also characterized by
broadly distributed frequencies with higher values (in the ~270
MHz to ~350 MHz range). Frequencies for both minor and
major fractions are quite different from the quadrupole
frequency vq = 86(3) MHz (6 = 20%), obtained when the
"n (M'Cd) probe in aqueous solution (*''InCl; dissolved in
deionized water) was used. Therefore, we concluded that
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Figure 4. PAC spectra measured with '''™Cd (*''Cd) probes at 77 K for indicated nitrogenous bases in aqueous solution (left). Spectra for adenine
samples in a buffer solution, in an aqueous solution (same as left panel), and as a powder are also shown in the right panel.

Table 2. Hyperfine Parameters for Nitrogenous Bases in Aqueous Solutions (AS), in Buffer Solutions (BS), and as Powder
Samples (PW) Measured at 77 K via PAC Spectroscopy Using '"'™Cd ("''Cd) as Probe Nuclei and the Corresponding EFGs

(Vz2)
nucleobase vq, (MHz)

adenine AS 87 + 4
adenine BS 85 + 4
adenine PW -
cytosine AS 81+3
cytosine BS 81 +4
cytosine PW -
guanine AS 90+ 5
guanine BS 83 +4
guanine PW -
thymine AS 79+ S
thymine BS 83 +
thymine PW -
aqueous solution 85 + 4
buffer solution 87 +5

m
0.49 + 0.0
0.61 + 0.05
0.58 + 0.05
0.55 + 0.0
0.48 + 0.06
0.53 + 0.07

0.53 + 0.06
0.60 + 0.0S
0.54 + 0.05
0.54 + 0.05

V.., (X10*' V/m?) Vg, (MHz)
43 +02 145 + 3 0.10 + 0.06
42 +02 126 + 3 0.95 + 0.06
131 +2 0.51 + 0.04
4.1 147 + 2 0.17 + 0.06
4.1 149 + 3 0.51 + 0.05
- 120 + 2 1
4.5 125 +£2 0.33 + 0.04
4.1 124+ 3 0.67 + 0.05
- 118 +2 0.34 + 0.03
4.0 + 0. 126 + 3 0.49 + 0.03
41+ 02 132 +3 0.84 + 0.04
- 123 + 4 0.73 + 0.05
43 + - -
4.3 - -

V.., (X10*' V/m?)

72+ 0.5
63+ 05
6.5 + 04
7.3 £04
74 + 0.5
6.0 + 0.6
62 + 0.5
62 + 0.5
59 £0.6
63 £ 0.5
6.6 + 0.4
6.1 £0.6

0 50 100
Time (ns)

Figure 5. PAC spectra of DNA samples measured with ''In ("''Cd)

probes at 295 K.
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Table 3. Relaxation Constants Extracted from the Fits to
Experimental Data Measured with "'In (*'!Cd) at 295 K*

nucleobase
adenine
cytosine
guanine
thymine

DNA strain
A/]
CS7BL/6
B6AF1
BXAl
BXA2

aqueous solution

/17_(1) (MHZ)

74+ 13
9.1 £18

10.0 + 1.6
87 20

122 + 1.9
13.0 £ 0.9
114 + 1.3
11.8 £ 1.9
124 + 1.0

0.15 + 0.01

7c (X107 5)

133 £ 2.5
151 £ 24
159 £ 2.5
14.6 £ 2.6

237 £ 4.1
29.1 + 3.5
25.1 £ 4.0
9.6 £ 2.7
13.0 £ 2.5

0.73 £ 0.20

/17_(2) (MHZ)

248 + 16
253 £ 29
163 + 21
172 =+ 1§

98 + 18
141 + 26
93 + 24
63 + 21
166 + 31

“Also shown, the calculated rotational correlation time (7).

almost all probe nuclei are bound to DNA molecules and very
little, if any, probe nuclei are bound to only water molecules.
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Table 4. Adenine, Thymine, Cytosine, and Guanine EFG
(V,.) Results with "'In (*''Cd) as Probe Nuclei and the
Corresponding Cd Coordination

V,, (x10*! V/m?)

Cd coordination (CP-PAW)
nucleobase
adenine 5(N,0,") 9.6
6(NO™r) 74
cytosine 6(NO;™) 52
6[NO]O, e 83
(binding to O,)
guanine 4(NO,;*™) 11.7
6(NO™=) 438
6[NOJO, = 5.8
thymine 6(00™™) 7.1
base pair
guanine and 6[NQ]guanine(Q,water 7.6
cytosine
6[N] guanineoswater 8.4
adenine and G[IN]pdenine water 7.2

thymine

To investigate the positions at the DNA molecules to which
"In (""'Cd) probes are bound, we conducted analogous PAC
measurements on adenine, thymine, guanine, and cytosine, the
DNA nitrogenous bases, at 77 and 295 K, and compared the
results with those obtained from DFT calculations. PAC
measurements with '"'In (*''Cd) at 77 K showed a major
fraction site occupation for all NB samples with abundances f >
90% and v values within the range of 140—155 MHz, which
was assigned to '''Cd probes bound to NB molecules. Results
for this fraction are listed in Table 1, where the corresponding
principal component of the EFG tensor (V,,) is also displayed.
The Q value of 830 + 13 mb for Cd was used to obtain the V,,
measurements.”>* Because the observed frequency distribu-
tion for all samples is wide (5 ~ 40%), one can consider that
the frequencies and asymmetry parameters as well as the
corresponding V. obtained for all NBs are practically equal.
The minor fractions with small abundances are probably due to
probe nuclei bound to water molecules. PAC spectra for all
nucleobases at 295 and 77 K are shown in Figure 3.

The broad 6 values observed at 77 K can be in part due to
the after-effects, which are caused by the electron capture
process when 'In decays to '"'Cd. More details about how the
after-effect can disturb the PAC measurements in biomolecules
can be found elsewhere.?® The after-effect, therefore, results in
a dynamic process that, for the static interaction at 77 K, can
contribute to the decrease in the amplitude of the PAC spectra
over time. As a consequence, an additional contribution to the
frequency distribution makes the uncertainty in the quadrupole
values large. To eliminate the influence of the after-effects in
the quadrupole frequency measurements, we have used Hmeg
(''Cd) probes to measure v at 77 K in NB samples. Because
HImcd js formed at one of the excited states of ''Cd, which
decays to the ground state via the 245 keV intermediate state,
this probe does not produce after-effects during PAC
measurements and the uncertainty in the measured quadrupole
frequency tends to be smaller than that for ''In ('''Cd)
probes. Consequently, we conducted PAC measurements at 77
K using "'™Cd (*''Cd) probes in NBs in aqueous solution, in
buffer solution at pH 7, and in powder samples. The resulting
spectra for all NBs in aqueous solutions are shown in the left
part of Figure 4, which also shows, in the right part, the
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corresponding spectra for adenine in a buffer solution and as a
powder sample.

The PAC spectra for NB samples measured with '''™Cd
(*M'Cd) at 77 K were fit with two fraction sites. The results for
the observed hyperfine parameters obtained from the fit to
experimental spectra are listed in Table 2 along with the
corresponding V,, values. For NBs in aqueous solution or in
buffer solution, the major fraction (f ~ 85%) was characterized
by vq values in the range from ~80 to ~90 MHz and a
frequency distribution 6 ~ 20%. The minor fraction observed
for these samples was characterized by well-defined (5 < 5%)
frequencies in the range from ~125 to ~150 MHz. Results for
PAC measurements in NB powder samples of adenine
indicated almost a single fraction (f > 95%) with a well-
defined v of 131(2) MHz and an # of 0.51(2), as shown in
Figure 4. Results for the other NB powder samples show a
significant fraction (f ~ 30%) with a vq of ~120 MHz, but for a
large fraction, an unperturbed (vq ~ 0) function was observed,
which means that the major fraction of probe nuclei did not
bind to the NB molecules. This observation can be explained by
the supposition that the binding of Cd ions to NB molecules is
probably more efficient when it is mediated by water.

In Table 2, values of V,, for all NBs in aqueous solution or
buffer solution are around 4 X 10*! V/m? for the fraction with a
higher abundance, which was assigned to probe nuclei bound to
water molecules, because measurements with '''™Cd (*''Cd) in
water and in buffer solution produce the same V. This site
fraction occupation is quite different from that observed for
measurements with '"'In ("''Cd), which is explained by the
concentration of Cd (including the radioactive '''™Cd) being
much higher than the concentration of radioactive '"'In used in
the solutions. Consequently, the probability that '''™Cd nuclei
bind to water molecules is higher than that for '"'In. V,, values
for the fraction of probe nuclei bound to NB molecules are all
in the range from ~6 X 10*' to ~7 X 10*' V/m? which
indicates that the local environment of the probe nuclei bound
to each NB molecule is practically the same. The lowest values
were obtained for powder samples of NBs, indicating that water
molecules have some influence on the measured V, for NBs in
aqueous solutions.

Considering the frequency distribution and the experimental
uncertainty in the V_, values for all NBs in aqueous solution
measured with both "'In (*!Cd) and ''™Cd (*''Cd) probe
nuclei, listed in Tables 1 and 2, respectively, we can infer that
the V, is almost the same for both probes.

The dynamic behavior of DNA and NB molecules were
monitored experimentally by the determination of the
relaxation constant 4, by PAC measurements of the aqueous
solutions at 295 K. Using eq 7 with the measured vq and 4,, it
was possible to calculate the rotational correlation time 7, used
to characterize the dynamic behavior of the studied molecule.
PAC spectra for the DNA samples measured with the '''In
(*''Cd) probe at 295 K are shown in Figure S.

As one can easily observe in the PAC spectra for DNA
samples at 295 K, the model given by eq 6 will not fit to the
experimental data because of a non-zero baseline at times after
~200 ns, which correspond to an unperturbed fraction due to
unbound probe atoms or some light molecules containing the
probe atoms. Therefore, experimental data obtained with the
"in (M'Cd) probe at 295 K could only be appropriately
modeled by the following function, in which two relaxation
constants and a parameter ay, which takes into account the
unperturbed fraction, are considered:*®
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Figure 6. Geometry optimizations and Cd coordination in (a) adenine and guanine and (b) thymine and cytosine systems.

R(t) = ag + aje 0" 4 g,e~h0! (8)

Results of the fit to experimental spectra using the model
given by eq 8, and listed in Table 3, produced two fractions
with quite different relaxation constant values: one major
fraction (a, > 65%) with 4, values in the range from ~7 to 13
MHz and another fraction with higher A, values and smaller
abundance. This latter fraction might represent the '''In—
molecule complex in a transient state after the decay of '''In
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into "'Cd when the electric quadrupole interaction rapidly
changes because of the chemical rearrangement of the complex.

The rotational correlation time (z) for each molecule was
calculated for the observed major fraction [characterized by
Ay(1) values in Table 3], with values of v and # taken from
Table 1. An extremely slight damping of anisotropy was
observed in the results of PAC measurements at 295 K for an
aqueous solution of carrier free '''In (''Cd) due to a dynamic
interaction characterized by a relaxation constant of 0.15 X 10°
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Figure 7. Geometry optimizations and Cd coordination for base pair systems studied herein.

s™!, which corresponds to a '"'In (*''Cd)—hydroxyl complex at
pH ~3.0.°

The rotational correlation time describes the mobility of the
molecule in a solution and can be estimated by the Stokes—
Einstein relation: 7. = 47a°¢/(3ksT) = VE/(ksT), where kg is
Boltzmann’s constant and depends on the viscosity (&),
temperature (T), and volume of the molecule (V = 47a®/3),
which is considered a sphere of radius a. As all measurements
were taken at the same temperature, and the viscosity of the
solution was not expected to appreciably change once all
samples had been prepared in aqueous solution, the value of 7
was, therefore, directly proportional to the volume of the
molecules. Values of 7o for NB molecules vary from 13.3 X
107! s for adenine to 15.9 X 107 s for guanine, which are all
within a relative narrow range, as expected. Results of 7 for
DNA molecules of A/J, C57BL/6, and B6AF1 strains, the
original parents and the crossed offspring, are on the same
order of magnitude with values in the range from ~24 x 107"
to ~29 X 107" s, which are, however, quite different from the
values for the DNA of the 20th generation of brother—sister
inbreeding, ~10 X 107" and 13 X 107" s for BXA1 and BXA2,
respectively. According to the Stokes—Einstein equation, these
results suggest that there is a considerable difference in the
volume of DNA molecules for these two sets of molecules.
However, according to 7 values listed in Table 3, the volume
of BXA1 and BXA2 molecules would be similar to the values of
the nucleobases, which is unrealistic. Therefore, the model
expressed by such an equation, which considers the molecule as
a sphere, does not properly describe the rotational correlation
time observed for DNA molecules. Consequently, other effects
must be taken into account such as the shape of the molecule,
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important for long molecules, and the coordination of the Cd
probe in the molecules (see the next subsection).

Geometry and EFG Calculations of the Cd—NB
Complexes. Ab initio calculations were used to investigate
the possible structures of the Cd—NB systems to correlate
these structures with the EFG values at each Cd ion site.
Tetrahedral, trigonal bypiramidal, and octahedral Cd coordi-
nation were considered as initial structures for the geometry
relaxation. Because most of the measurements were performed
in aqueous solutions of NBs, all models were simulated
including water molecules to complete the first coordination
sphere of the Cd ion. In Table 4, the notation used was BA"*,
where B is the coordinating atom of the NB molecule and A"
is the oxygen atom of the water molecule that is coordinated to
Cd ions. Figures 6 and 7 show the geometry optimization for
the isolated NB and for base pair systems, respectively. These
situations are described in Table 4.

In the case of the Cd—adenine complex, two optimized
geometries were obtained: one with a distorted trigonal
bypiramidal conformation (pentacoordination, N,0;"*") and
another with a distorted octahedral conformation (hexacoordi-
nation, NO*). In both configurations, the Cd ion was
inserted by binding at N7. The Cd ion can also be coordinated
at N6 of adenine, only in the N,O;"™ configuration (Figure
6a).

Similarly, three different final optimized geometries were
obtained for the Cd—guanine complex. The Cd ion is bound
only at N7 of guanine in NO;"* and NO;"™* coordination
with distorted tetrahedral and distorted octahedral coordina-
tion, respectively. On the other hand, in the [NO]O,"**
configuration, the Cd ion is bound at N7 and also O6 of

dx.doi.org/10.1021/bi401680h | Biochemistry 2014, 53, 3446—3456
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Figure 8. Summary of experimental and theoretical results. The red circles are the theoretical results and the black squares PAC measurements. The
blue rectangles denote Cd tetra- and pentacoordination. The green rectangles denote hexacoordination.

guanine. The structure obtained for the Cd—thymine complex
included the Cd ion bound to O4 of thymine, in an octahedral
distorted coordination (Figure 6b). Finally, the fourth NB
studied was the Cd—cytosine complex. Figure 6b shows two
possible geometries for the Cd—cytosine species (NO;***" and
[NO]O,*™). In the [NOJO,* complex, the Cd ion is
coordinated at N3 and O2 of cytosine, and in the NO"
complex, the Cd ion is coordinated at N3 of the cytosine. Apart
from the isolated Cd—NB models studied, the Cd ion bound to
the base pairs of cytosine and guanine (C-G) and adenine and
thymine (A-T) was also investigated. The Cd ion coordination
sphere was only simulated in the C-G and A-T base pair sites of
the major groove region, with explicit coordinated water
molecules. To provide meaningful structures, two observations
were considered in these configurations: the steric hindrance
due to the hydrogen atoms from methyl and amino groups and
the intermolecular hydrogen bonding that restrains the
interaction of the Cd ion with metal binding sites. The two
most likely configurations for the Cd ion and G-C base pairs
were then analyzed. In both configurations, the Cd ion is
coordinated to N7 of guanine, as shown in Figure 7. In the case
of the [NO]8*""*Q,"**" geometry (Figure 7a), the Cd ion is
also coordinated to O6 of guanine. Only one configuration was

3454

obtained for the Cd ion at A-T pairs (Figure 7b), in which Cd
ion has six coordination sites and is bound to N7 of adenine.

Table 4 shows the corresponding V_, values for each NB and
base pairs. The calculated V, values for all NBs are in the same
range, corroborating the data observed in PAC measurements
at 77 K (see Table 1). As expected, Cd ions with an octahedral
coordination environment show V,, values (range of 7.0—8.0 X
10*! V/m?) are in better agreement with PAC measurements
for DNA and NBs, as shown in Tables 1 and 4. Moreover, the
V,, values obtained from calculations with base pairs (Table 4)
remained on the same order of magnitude as the V,, values
observed for the single NB molecules.

In Figure 8, we show a compilation of both PAC and DFT
calculation results, according to the Cd coordination. An
interesting point observed from the comparison between
experimental V,, values of different strains of mice infected
with T. cruzi and DFT calculations for NBs is that V, values for
DNA molecules of A/J, C57BL/6, and B6AF1 strains, which
are the original parents and the crossed offspring, respectively,
are consistent with Cd hexacoordination, as shown in Figure 8.
On the other hand, DNA molecules of the 20th generation of
brother—sister inbreeding (BXAl and BXA2) showed V,,
values in good agreement with those of the systems that have
Cd with tetra- or pentacoordination. Therefore, the observed
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difference in the dynamic behavior of the DNA molecules can
be correlated to the V,, values.

Bl CONCLUSIONS

Values of V,, obtained from measurements with both '''In
(*"'Cd) and "'™Cd (*"'Cd) probe nuclei in NBs are in good
agreement with the theoretical data provided by CP-PAW
calculations proposed here. Comparison of experimental PAC
results for NBs in aqueous solution with those for probe nuclei
in water as well as comparison with DFT calculations in NBs
indicates that the Cd ion is bound to NBs and DNA molecules
and the coordination environment around the probes is almost
the same for all NBs. Although the parent nuclei of '''In
(*'Cd) and 'mCd (!Cd) are different, comparison of
experimental data with DFT calculations also showed that both
probes exhibit the same environment for all NBs. This may be
explained by the fact that although '"'In and '""™Cd could be
bound to different sites of NB molecules, after the decay of
""n by electron capture, a very fast rearrangement in the '''In
(*'Cd)—NB complex occurs, and therefore, the *'Cd nuclei
show the same environment as the '''™Cd (!'!Cd) probe
nuclei. Measured values of V,, for each NB are practically the
same, and consequently, they do not indicate the exact location
of the Cd ion when it is bound to DNA. However, some
important conclusions can be reached on the basis of
observations that emerge from the PAC measurement results.
First, by DFT calculations in different environments, it was
verified that experimental values of V, for DNA molecules of
A/], CS7BL/6, and B6AF1 strains infected with T. cruzi (the
original parents and the crossed offspring, respectively) are in
good agreement with calculated results considering Cd ions
hexacoordinated by the bases. Second, experimental values of
V., for the DNA of the 20th generation of brother—sister
inbreeding (BXAl and BXA2) agree with calculations
considering tetra- or pentacoordination geometry around the
Cd ions. Moreover, results of dynamic interactions indicated
that molecules for these two groups of DNA (original parents
and first generation, and 20th generation) have quite different
dynamic behavior. These observations provide an indication
that a significant change in the local DNA structure occurs,
considering these two groups of mice infected with T. cruzi.
These results also open up the possibility of using PAC and ab
initio calculations of hyperfine parameters as important tools in
the characterization of these complicated biological scenarios.
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