
THE DETERMINATION OF Cr(III)’S MODE OF BINDING DNA 

 

 

by 

SILAS BROWN 

JOHN B. VINCENT, COMMITTEE CHAIR 

STEPHEN A. WOSKI 

JACK A. DUNKLE 

CAROLYN J. CASSADY 

LAURA REED 

 

 

A DISSERTATION 

 

 

Submitted in partial fulfillment of the requirements  

for the degree of Doctor of Philosophy 

in the Department of Chemistry & Biochemistry 

in the Graduate School of 

The University of Alabama 

 

 

 

TUSCALOOSA, ALABAMA 

 

 

2019 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Silas Brown 2019 

ALL RIGHTS RESERVED 



ii 
 

ABSTRACT 

Chromium(VI) complexes are potent mutagens and carcinogens when inhaled, while the 

potential of these complexes to generate similar effects when taken orally is an area of active 

debate. The focus on this work is to investigate how chromium binds to DNA on a molecular 

level. The exact mechanism(s) of action of this activity is unknown, but potential mechanisms 

can be grouped into two categories.  The first is mechanisms associated with redox chemistry 

during reduction of Cr(VI).  Numerous studies have been focused on studying this potential 

mechanism.  The second mechanism is based on the generated Cr(III) binding to DNA to form 

binary and ternary complexes. Virtually no data on the molecular level structure of these Cr(III)-

DNA complexes exists.  Such studies are complicated by the spectroscopic and magnetic 

properties of Cr(III).  Second, previous studies have used plasmid DNA, DNA polymers, calf 

thymus DNA, or DNA isolated from cultured cells, which because of their size and complexity, 

present numerous potential Cr-binding sites with a range of binding constants.  What is required 

to determine the preferential sites for Cr-binding and to characterize the structure of these sites is 

the use of DNA oligomers significantly smaller in size whose base sequences can be carefully 

designed and which can be synthesized in appreciable quantities.  Results of spectroscopic and 

magnetic studies (1H and 31P nuclear magnetic resonance spectroscopy including 

multidimensional techniques, pulsed electron paramagnetic resonance spectroscopy, and infrared 

spectroscopy) to characterize the binding of Cr(III) to such DNA oligomers indicate that Cr(III) 

as [Cr(H2O)5]
3+ can bind specifically to the guanine N7 position of B-form double stranded DNA 

without direct interaction with the phosphate backbone and resulting in minimal distortions in 
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the structure of the DNA.  A potential Cr(III)-based inter-strand crosslink of DNA has been 

characterized. Preliminary steps to synthesize and characterize ternary Cr(III)-small molecule-

DNA compounds have been investigated. 

 

 

  



iv 
 

DEDICATION 

To my Mom and Dad, Gloria Brown and Richard Brown, and my siblings, who have 

been a constant source of support and love.  

To all my friends who have helped me get to this point. 

 

 

 

  



iv 
 

LIST OF ABBREVIATIONS AND SYMBOLS 

8oxoG 8-oxo-7,8-dihydroguanine 

51Cr Chromium-51 isotope 

31P Phosphorous-31 isotope 

14N Nitrogen-14 isotope 

1D One-dimensional 

2D Two-dimensional 

1H Hydrogen-1 isotope 

Å Angstrom 

ɛ Extinction coefficient 

ʎ Wavelength 

% Percent 

oC Degrees Celsius 

eV Electron volts 

 Gyromagnetic ratio of the proton  

g Electronic g factor 

A Spin exchange constant  

 Bohr magneton 

I 2  times the Larmor frequencies of the nucleus 

S 2  times the Larmor frequencies of the electron 



vi 
 

 Pi  

c Correlation time 

 Approximately  

µL Microliters 

A Adenine 

amu Atomic mass units 

B.M. Bohr magnetons 

(br) Broad signals 

C Cytosine 

CD Cyclic Dichroism 

CID Collison-induced dissociation 

cm-1 Inverse centimeters 

CO Carbon monoxide 

COSY Correlation spectroscopy 

Cr Chromium 

Cr3  [Cr3O(O2CCH2CH3)6(H2O)3]
+ 

Cr3+ Trivalent chromium cation 

Cr(0) Chromium(0) oxidation state 

Cr(III) Chromium(III) oxidation state 

Cr(VI) Chromium(VI) oxidation state 

CW Contentious wave 

D2O Deuterium Oxide 



vii 
 

DCl Deuterium chloride 

DMSO Dimethyl sulfoxide 

DNA  Deoxyribose nucleic acid 

DNA 1 5’-AT AGT TATA ACT AT-3’ 

DNA 2 5’-AT AGG TATA CCT AT-3’ 

DNA 3 5’-AT ACG TATA CGT AT-3’ 

DNA 4 5’-T AGC TATA GCT A-3’ 

EDTA Ethylenediaminetetraacetic acid 

EPR Electron paramagnetic resonance 

Eq. Equivalents 

ESEEM Electron spin echo envelope modulation 

ESI Electrospray ionization 

EtOH Ethanol 

FT-IR Fourier transformed infrared spectroscopy 

G Guanine (when used for DNA) 

G Gauss (when used for EPR) 

g Grams 

GDP Guanosine diphosphate 

Gh Guanidinohydantoin 

GHz Gigahertz 

GTP Guanosine triphosphate 



viii 
 

h Hours 

H2O Water 

HCT High capacity  

HPO4
2- Hydrogen phosphate anion 

HYSCORE Hyperfine sublevel correlation 

ICL Inter-strand cross links 

K Kelvin 

kHz Kilohertz 

M Molar 

(m) Medium strength signal 

m/z Mass-to-charge ratio 

min Minutes 

mmol Millimoles 

mL Milliliter  

MS Mass spectrometry 

mW Milliwatts 

N Nitrogen  

NaCl Sodium chloride 

NaOD Sodium deuteroxide 

NaOH Sodium hydroxide 

NaNO3 Sodium nitrate 

nm Nanometers 



ix 
 

NMR Nuclear magnetic resonance 

NOESY Nuclear overhauser effect spectroscopy 

ppm Parts per millionth 

r Radius 

Ref. Reference 

ROS Reactive oxygen species 

S Electron spin quantum number 

Sp Spiroiminodihydantoin  

T Temperature 

T1 Spin-lattice relaxation time 

Tm Melting temperature 

TOCSY Total correlation spectroscopy 

UV-Vis Ultraviolet visible spectroscopy 

(w) Weak  

 

 

  



x 
 

ACKNOWLEDGMENTS 

I would like to first thank my Advisor, Dr. John B. Vincet, who has been a source of help 

and encouragement throughout my graduate career. I am ever grateful for the opportunity to 

work under his guidance.  

I would Like to thank Dr. Stephen S. Woski for his experience and guidance on how to 

work with DNA and oligonucleotide design.  

I would like to thank Dr. Ken Belmore for his massive amount of help with the NMR. 

Without his teaching and guidance, I would not have been able to run many of the experiments 

that were crucial to my research.  

I would like to thank both Dr. Michael Bowman and his graduate student Molly Lockart. 

They were crucial in the running and interpretation for the EPR experiments in my project.  

I would like to thank Dr. Jack Dunkle for his help and time in setting up crystallization 

experiments.  

I would also like to thank the remaining members of my committee: Dr. Carolyn J. 

Cassady, and Laura Reed. Their support and guidance has been essential for my growth as a 

graduate student.  

I would also like to give my sincere thanks to my fellow current and past group members 

for all of their support and help, including Dr. Zbigniew Krejpcio, Dr. Ge Deng, Pandora E. 

White, Kyle Edwards, Sumner Thomas, Emma Laankford, and Hannah Kim.  

  



xi 
 

CONTENTS 

ABSTRACT  ................................................................................................................................... ii 

DEDICATION  .............................................................................................................................  iv 

LIST OF ABBREVIATIONS AND SYMBOLS  .......................................................................... v 

ACKNOWLEDGMENTS  ............................................................................................................. x 

LIST OF TABLES  ....................................................................................................................... xii 

LIST OF FIGURES  .................................................................................................................... xiii 

CHAPTER 1 INTRODUCTION  ....................................................................................................1 

CHAPTER 2 THE IDENTIFICATION OF CHROMIUM MALATE  ........................................15 

CHAPTER 3 INVESTIGATION OF THE MOLECULAR STRUCTURE OF CHROMIUM 

BINDING TO THE G AND GG SITES OF OLIGONUCLEOTIDES  ...................................... 41 

 

CHAPTER 4 EFFORTS TOWARD INTER-STRAND CROSSLINKS AND TERNARY 

ADDUCTS   .................................................................................................................................. 86 

 

CHAPTER 5 CONCLUSIONS  ..................................................................................................129 

 

 

  



xii 
 

LIST OF TABLES 

2.1 Infrared bands between 1250 and 400 cm-1 for Cr2(mal)3
.6H2O

.0.75[NaNO3] and silver 

malate [20] with assignments. …...……………………………………………..……………......34 

 

3.1 Delay times used in T1 experiments. ……………………………………………………….. 46 

3.2. Peak assignments used for T1 calculations for DNA 1 …………………………………..…50 

3.3 Peak assignment for DNA 2 …………………………………………..…………………….51 

3.4 Selected T1 values (seconds) for DNA 2 as a function of added Cr(III). ……...……………58 

3.5 Selected T1 values (seconds) for DNA 1 as a function of added Cr(III). …………………...59 

3.6 Tm’s of DNA 1 (6.1 M in strands)as a function of added Cr(III). …………………………74 

3.7 Tm’s of DNA 2 (6.3 M in strands) as a function of added Cr(III). …………...……………75 

4.1 Peak assignments used for T1 calculations for DNA 3. ………………………..……….…..95 

4.2 Selected T1 values (seconds) for DNA 3 as a function of added Cr(III). ……...…………..101 

4.3 Tm’s of DNA 1 (6.1 M in strands) as a function of added Cr(III). …….….….…….....….110 

 

 

  



xiii 
 

LIST OF FIGURES 

1.1 Cr(VI) to Cr(III) reduction pathways. ……………….……………..…………………………3 

 

1.2 Guanine and it’s oxidation products. …………………………………………………..……..5 

 

1.3 Previously proposed structures for binary Cr(III)-DNA adducts. ……….…………...…....…8 

 

2.1 Ultraviolet/visible spectrum of chromium malate, Cr2(mal)3
.6H2O

.0.75[NaNO3], in water 

([Cr] = 5.03 mM). ……………………………..…………………..…………………..………...24 

 

2.2 Ultraviolet/visible spectrum of chromium malate, Cr2(mal)3
.6H2O

.1.5[NaCl], in water  

([Cr] = 5.0 mM).  …………………………………....….….….….….….….….….....…….……25 

 

2.3 EPR spectrum of chromium malate, Cr2(mal)3
.6H2O

.0.75[NaNO3], in 50:50 H2O:glycerin 

glass at 77 K. …………………………………………………………………......………….…..29 

 

2.4 EPR spectrum of chromium malate, Cr2(mal)3
.6H2O

.1.5[NaCl], in 50:50 H2O:glycerin  

glass at 77 K. ………………………………………………………………….……...….………30 

 

2.5 Infrared spectrum of chromium malate, Cr2(mal)3
.6H2O

.0.75[NaNO3], as mineral oil mull..32 

 

2.6 Infrared spectrum of chromium malate, Cr2(mal)3
.6H2O

.1.5[NaCl], as mineral oil mull. ......35 

 

3.1 1H NMR spectrum of oligonucleotide duplexes DNA 1 without added Cr(III) (black) or  

with 1 equivalent of Cr(III) per oligonucleotide (red) between ~0.9 and 1.1 ppm.  Asterisks  

mark signals broadened from close proximity to Cr(III) centers. While at it appears that the  

left most peak around 1.3 broadens to nothing it actually shifts to overlap with the peak next  

to it. .......………………………………………………………………………….….…...……...52 

 

3.2 1H NMR spectrum of oligonucleotide duplexes DNA 1 without added Cr(III) (black) or  

with 1 equivalent of Cr(III) per oligonucleotide (red) between ~6.6 and 8.2 ppm. ……..………53 

 

3.3 1H NMR spectrum of oligonucleotide duplexes DNA 1 without added Cr(III) (black) or  

with 1 equivalent of Cr(III) per oligonucleotide (red) between ~0.9 and 8.8 ppm. …….…….....54 

 

3.4 1H NMR spectrum of oligonucleotide duplexes DNA 2 without added Cr(III) (black) or  

with 1 equivalent of Cr(III) per oligonucleotide (red) between ~1.1 and 1.8 ppm.  Asterisks  

mark signals broadened from close proximity to Cr(III) centers. ………………………….……55 

 

3.51H NMR spectrum of oligonucleotide duplexes DNA 2 without added Cr(III) (black) or  



xiv 
 

with 1 equivalent of Cr(III) per oligonucleotide (red) between ~7.0 and 8.4 ppm. ………..……56 

3.6 1H NMR spectrum of oligonucleotide duplexes DNA 2 without added Cr(III) (black) or  

with 1 equivalent of Cr(III) per oligonucleotide (red) between ~1.1 and 8.4 ppm. ……..………57 

 

3.7 showing all the most affected protons in green; the N7 of guanine bases is in blue for  

DNA 1. ……………………......…………………………….…….………………………..……60 

 

3.8 showing all the most affected protons in green; the N7 of guanine bases is in blue for  

DNA 2. 

…...…………………………...…………………………………………………………….…….61 

 

3.9 Region of NOESY NMR spectrum of DNA 2 with no Cr(III) (Black) or 0.4 Cr(III) per 

oligonucleotide (Red).  Note that the cross peaks remain largely unaffected except for those 

arising from each H-8 of the guanines whose relaxation times are altered due to binding to 

Cr(III) to the guanines. ……………………………………………………….…….....…………63 

 

3.10 Overlaid structures of duplex DNA 2 (silver) and duplex of DNA 2 with bound Cr(III)  

at upper G (gold). ……………………………………………………………..…………………64 

 

3.11 Overlaid structures of double helix of DNA 2 (silver) and double helix of DNA 2 with 

bound Cr(III) at lower G (Gold). ………………………………………………..………………65 

 

3.12 Cr(III) binding site with [Cr(H2O)5]3+ unit (Cr3+ in green) coordinated to guanine-5  

of DNA 1 (N-7 is in blue). The structures were minimized using Amber, which identified  

several H-bonds between water and the DNA. …………………………………………………66 

 

3.13 31P NMR spectra of DNA 1 as a function of added Cr(III). Equivalents are 

Cr(III)/oligonucleotide. Arrows mark bands most significantly broadened upon Cr(III)  

addition. …………………...……………………………………………………………………67 

 

3.14 31P NMR spectrum of DNA 2 as a function of added Cr(III).  Equivalents are 

Cr(III)/oligonucleotide. Arrows mark bands most significantly broadened upon Cr(III)  

addition; stacked arrows indicate overlapping bands. …………………………………………68 

 

3.15 FT-IR spectra of DNA 1 in the region of stretches from the bases as a function of  

added Cr(III).  Equivalents are Cr(III)/oligonucleotide. ………………………………………70 

 

3.16 FT-IR spectra of DNA 1 in the region of the phosphate stretches as a function of  

added Cr(III).  Equivalents (Eq) are Cr(III)/oligonucleotide. …………………………………71 

 

3.17 FT-IR spectra of DNA 2 in the region of stretches from the bases as a function of  



xv 
 

added Cr(III).  Equivalents (Eq) are Cr(III)/oligonucleotide. ……………………….….….……72 

 

3.18 FT-IR spectra of DNA 2 in the region of the phosphate stretches as a function of  

added Cr(III). Equivalents (Eq) are Cr(III)/oligonucleotide. ……………………………………73 

 

3.19 3-Pulse ESEEM spectra for DNA 1 with 1.0 equivalent of Cr(III) per oligonucleotide 

added.  The spectra show a weak feature near 15 MHz from 1H in the vicinity of Cr(III)  

with weak hyperfine couplings < 5 MHz.   The features below 6 MHz are from 14N with  

weak hyperfine couplings < 2 MHz, and no 14N with stronger couplings were seen in the  

ESEEM or in the (-+) quadrant of the HYSCORE spectra. The intensities of these spectral 

features depend on the value of tau, as expected.  No evidence of a peak from weakly  

coupled 31P at 6 MHz was ever observed with either duplex. ……………………….….………76 

 

3.20 HYSCORE spectrum (left) and corresponding skyline projection (right) for DNA 2 with  

1.0 equivalent of Cr(III)/oligonucleotide. The features at 2-5 MHz arise from N, while the 

features at 16.5 MHz arise from 1H. The spectra show a weak peak near 15 MHz from 1H in  

the vicinity of the Cr(III) with weak hyperfine couplings <5 MHz. The features below  6  

MHz are from 14N with weak hyperfine couplings much less than 2 MHz, and no 14N with 

stronger couplings were seen in the ESEEM or in the (-+) quadrant of the HYSCORE  

spectrum. The intensity of these spectral features depend on the value of tau, as expected.  

As with DNA 1, no evidence of a peak from weakly-coupled 31P at 6 MHz was ever seen  

for DNA 2. ……………….….….………………….….…..………….…………..….….………77 

 

3.21 Predicted binding site near guanine-4 in duplex DNA 2.  Cr(III) in green; Cr(III) in  

binding site near G-5 omitted for clarity. ……………………….....……….….….……..………80 

 

3.22 Predicted binding site near guanine-5 in duplex DNA 2. Cr(III) in green; Cr(III) in  

binding site near G-4 omitted for clarity. ………………………...…………………..….………81 

 

4.1 1H NMR spectrum in the methyl proton region of oligonucleotide duplexes of DNA 3 

without added Cr(III) (black) or with 1 equivalent of Cr(III) per oligonucleotide (red)…...……97 

 

4.2 1H NMR spectrum in base proton region of oligonucleotide duplexes of DNA 3 without 

added Cr(III) (black) or with 1 equivalent of Cr(III) per oligonucleotide (red)…………………98 

 

4.3 1H NMR spectrum of oligonucleotide duplexes of DNA 3 without added Cr(III) (black)  

or with 1 equivalent of Cr(III) per oligonucleotide (red).…………………….……...…….……99 

 

4.4 1H NMR spectra in the base proton region of oligonucleotide duplexes of DNA 3 as a 

function of added Cr(III). Equivalents are Cr(III)/oligonucleotide. Arrows denotate protons  

of interest. 1 represents the 4CH5 proton signal; 2, the 10CH5 proton signal; 3, the 12TH6 

proton signal; and 4, the 8TH6 proton signal. …...……………………………………….……100 

 

4.5 Idealized structure of double helix of DNA 3.  Protons in green are those whose signals  

are most affected upon addition of Cr(III); the N7 of guanine bases is presented in blue ….....102 

 



xvi 
 

4.6 Region of NOESY NMR spectrum of DNA 3 with no Cr(III) (Black) or 1.0 Cr(III) per 

oligonucleotide (Red).  Cross peaks of interest are labeled 1-6 in the format of horizontal 

proton:vertical proton. 1 is 5GH2’’;5GH8, 2 is 11GH2’’;11GH8, 3 is 5GH2’;5GH8, 4 is 

11GH2’;11GH8, 5 is 5/11GH8;4/10CH2’’, 6 is 5/11GH8;4/10CH2’. For cross peaks 5  

and 6 the cross peaks of both G’s show the same pattern and were not separated out into  

two different pairs for clarity of the figure. Note that the cross peaks remain largely  

unaffected except for those arising from each H-8 of the guanines whose relaxation times  

are altered due to binding to Cr(III) to the guanines and that the peaks at 2 and 4 are not as  

diminished suggesting a structural change in addition to the paramagnetic effect. ………...…103 

 

4.7 31P NMR spectra of DNA 3 as a function of added Cr(III). Equivalents are 

Cr(III)/oligonucleotide. Arrow 1 marks the band that is shifted downfield suggesting  

rotation of one of the guanines to hydrogen bond a phosphate. Arrows 2 and 3 mark bands  

most significantly broadened upon Cr(III) addition. ……...……………………….…………..104 

 

4.8 Overlaid structures of duplex DNA 3 (silver) and duplex of DNA 3 with bound Cr(III)  

and rotated 11G (gold with rotated G in pink). ………..……….………………..….…….……105 

 

4.9 Cr(III) binding site with [Cr2(H2O)9(OH)]5+ unit (Cr3+ in green) coordinated to  

guanine-5 of DNA 3 (N7’s are in blue). The structures were minimized using Amber, which 

identified several H-bonds between water and the DNA. ……………………...………………106 

 

4.10 FT-IR spectra of DNA 3 in the base stretch region as a function of added Cr(III).  

Equivalents are Cr(III)/oligonucleotide. …………………………….………....………………107 

 

4.11 FT-IR spectra of DNA 3 in the phosphate stretch region as a function of added Cr(III).  

Equivalents (Eq) are Cr(III)/oligonucleotide. .………………………….….…..…….…...……108 

 

4.12 3-Pulse ESEEM spectra for DNA 1 with 1.0 equivalent of Cr(III) per oligonucleotide 

added.  The spectra show a weak feature near 15 MHz from 1H in the vicinity of Cr(III)  

with weak hyperfine couplings < 5 MHz.   The features below 6 MHz are from 14N with  

weak hyperfine couplings < 2 MHz, and no 14N with stronger couplings were seen in the  

ESEEM or in the (-+) quadrant of the HYSCORE spectra. The intensities of these spectral 

features depend on the value of tau, as expected.  No evidence of a peak from weakly  

coupled 31P at 6 MHz was ever observed. ………………..……………………………………111 

 

4.13 Field Sweep EPR for DNA 1, DNA 2, and DNA 3 shown as A, B, and C respectively.....112 

 

4.14 Hill plot of binding of Cr(III) to DNA 3. …………………………………………………118 

 

4.15 pH titration of trans(Imidazole)-[Cr(histidine)2]
+. ……..…………………….……..……121 

 

4.16 Plot of absorbance maximum vs. pH for titration of trans(Imidazole)-

[Cr(histidine)2]
+..……………………………………………………….….….….…..…………122 



1 
 

CHAPTER 1 

INTRODUCTION 

1.1 Background 

For many decades chromium(VI) exposure has been known to lead to cancer; yet, despite 

chromium(VI)’s recognition as a carcinogen, the route by which chromium(VI) induces cancer is 

still unknown. The aim of this research is to explore one of chromium’s proposed carcinogenic 

pathways on a molecular level. The primary source of exposure to chromium(VI) is via 

inhalation [1,2]. The exposure typically results from either environmental contamination such as 

the chromate found in cigarette smoke and the exhaust of motor vehicles or from occupational 

hazards in industries that use large amounts of chromium such as tanning, welding, and metal 

plating plants [2]. Acute exposure to chromium(VI) dust is dangerous, but chronic exposure to 

lower levels can be dangerous as well because chromium(VI) containing compounds can stay in 

the lung tissue for years. Since the primarily mode of exposure is inhalation, the main form of 

cancer associated with chromium(VI) is lung cancer [2].  

 Three oxidation states of chromium predominate in nature Cr(0), Cr(III), and Cr(VI) [2]. 

Of these three states, Cr(III) and Cr(VI) are of the most interest from a health standpoint. While 

Cr(III) was for years thought to be a micronutrient, Cr(III) has now been shown to not be 

essential, and the previous effects observed from Cr supplementation are believed to be 

pharmacological effects arising from large doses [3]. Cr(III) has no upper tolerable limit (UTL), 

as even extremely large amounts of Cr(III) failed to generate toxic effects in rats [4]. In contrast, 

Cr(VI) exposure has been linked to an increased rate of cancer in animal models and DNA 



2 
 

damage in vitro and in vivo [5-7]. While Cr(VI) has been shown to be the main form that is 

carcinogenic, the mechanism for this carcinogenicity is not known. Two potential hypotheses 

have been proposed [8]. One hypothesis is that as Cr(VI) is reduced in a biological system it 

produces reactive oxygen species (ROS) and free radicals that can damage DNA. The other 

hypothesis is that the final oxidation state of Cr generated from the Cr(VI), which is Cr(III), 

interacts with DNA to cause the damage. Both of these theories will be explored further in the 

following two sections.  

1.2 Cr(VI)-generated ROS and oxidative damage 

 One of the most important things to understand about the toxicity of Cr(VI) is the manner 

in which it enters a cell. Cr(VI) in the form of chromate is isostructural to phosphate (actually 

HPO4
2- at neutral pH) such that it enters a cell through phosphate ion channels [9]. The ability for 

Cr(VI) to pass through these ion channels also allows it to enter the nucleus of eukaryotic cells 

(an ability Cr(III) lacks). Cr(VI) by itself will neither oxidize nor bind with DNA; thus, Cr(VI) 

must react with a biological reducing agent such as ascorbate or a thiol (including cysteine, 

glutamate, or glutathione, see Figure. 1.1) [10-12]. The type of reducing agent affects the 

reduced Cr intermediates that are produced. When thiols are the reducing agent, the reduction 

often leads to the production of Cr(V) species; if ascorbate is the reducing agent, it often 

generates a Cr(IV) species. The relative concentration of the reductants to the Cr(VI) also 

impacts which oxidation state is generated. When the concentration of the reductants are 

significantly less than the Cr(VI) concentration, Cr(VI) will undergo three single-electron (e-) 

steps to form the final product Cr(III). However, when the concentration of reductant is 

significantly greater then the Cr(VI), the first step will be a 2e--reduction leading directly to 

Cr(VI), followed by a single e--reduction to Cr(III) [13]. Both of these pathways produce  
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Figure 1.1 Cr(VI) to Cr(III) reduction pathways.  

  



4 
 

products that damage DNA. Past literature has established that carbon-based radicals generated 

by the reduction of Cr(VI) by organic molecules can lead to mutagenesis [13-15]. Researchers 

have also demonstrated that Cr(V) complexes can induce oxidation of DNA bases; specifically, 

guanine has been shown to be oxidized to 8-oxo-7,8-dihydroguanine (8oxoG) [16]. 8oxoG is 

only mildly mutagenic but can easily be further oxidized to spiroiminodihydantoin (Sp) and 

guanidinohydantoin (Gh), which are both more severe mutagenic lesions (see Figure 1.2) [17].  

1.3 Cr(III) as the cause of DNA damage 

  Another proposed carcinogenic pathway for Cr(VI) is via its final reduction product 

Cr(III). Cr(III) cannot pass through cell membranes easily, while Cr(VI)’s ability to use 

phosphate ion channels allows it to traverse certain membranes. Upon arrival inside the nucleus, 

Cr(VI) can be reduced to form Cr(III). The Cr(III) can then bind to DNA; and once bound, due to 

the slow ligand exchange rate of Cr(III), the Cr(III)-DNA complex could persist for significantly 

long periods of time presenting a potential problem for transcription. As with the other proposed 

mechanisms of Cr(VI) toxicity, Cr(III) binding to DNA is an area of active debate [9]. Two 

binding modes have been proposed. The first is binary adducts, which are comprised of just 

Cr(III) and DNA. The second is ternary complexes, which are comprised of Cr(III), DNA, and a 

third molecule such as a small protein or amino acid. Both modes have also been suggested to 

lead to inter-strand cross links (ICL) of DNA [8]. Of these two structures, the ternary adducts are 

believed to be main cause of mutations. Ternary complexes involving amino acids, glutathione, 

or ascorbate have all been found to be mutagenic, with the ascorbate complex being the most 

mutagenic [18 and references therein].  The major type of mutation involves single base 

substitutions for glutathione and amino acid-adducts [5]; ascorbate adducts lead to similar  
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Figure 1.2 Guanine and its oxidation products. 
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amounts of point mutations and larger genetic changes [6].  Despite the adduct type, single point 

changes occur primarily at G/C pairs leading to G/C→T/A transversions and G/C→A/T 

transitions [5,6,18,19].  However, despite the cursory studies, the exact manner in which Cr(III) 

interacts with DNA on a molecular level is not known and is vital in understanding how Cr(III) 

can lead to mutations. Toward this end, the rest of this chapter will focus on the current state of 

understanding on Cr(III)-DNA interactions, including several proposed experiments to improve 

this understanding.  

1.4 Evidence and proposed models for Cr-DNA complexes  

Cr(III) prefers to bind to six hard ligands, containing oxygen or nitrogen donor atoms, 

and is not particularly susceptible to substituting those ligands once coordinated.  If this binding 

occurs in the proximity of DNA, the chromic center could coordinate to the bases and/or 

phosphate groups of DNA. However, the nature of these interactions at a molecular level has 

been poorly elucidated. The majority of evidence for the binding of Cr(III) to DNA comes from 

isotopically labeled 51Cr(III) allowed to interact with DNA. Gel electrophoresis was then 

preformed on the DNA solution, and the level of the isotopes was measured in the DNA bands 

[5,6,20-27]. The DNA used in these studies was typically composed of mixed sequences derived 

from a variety of sources such as calf thymus, plasmids, or extracts from cultured cells. The wide 

variety of potential binding sites in these DNA sources presents difficulties in probing sites to 

which the Cr(III) binds. The prevailing theory for the mode the Cr(III) binds to the DNA is via 

phosphate groups. An early report noted that the choice of buffers, particularly phosphate 

buffers, could reduce the amount of Cr(III) bound to the DNA; presumably this effect could be 

caused by the buffer binding to chromic ions [24]. However, other coordinating ligands, such as 

EDTA, had similar effects [8]. Treatment of plasmid DNA with Cr(III), Cr(III)-cysteine, Cr(III)-
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histidine, and Cr(III)-glutathione caused blockage of exonuclease activity. However, no patterns 

of blockage related to DNA sequence could be identified, suggesting that Cr(III) bonding was 

random and that phosphate groups could be involved [5].  Also, the ability of high magnesium 

concentrations to block Cr binding to DNA has been demonstrated, which further suggests 

phosphate coordination [8]. While some studies have shown no site preference for Cr(III) 

binding, some studies have suggested a preference, but not absolute preference, for Cr(III) 

binding to guanine [32,44]. The primary evidence is that single point changes occur primarily at 

G/C pairs leading to G/C→T/A transversions and G/C→A/T transitions [19,6,5,18].  The 

prevalence of the G/C point changes indicates that Cr(III) may associate primarily with guanine 

bases, and subsequently three-dimensional structures of such adducts were purposed as depicted 

in Figure 1.3 [18,19]. However, essentially no spectroscopic or other molecular level evidence 

exists in support of any particular structure. The spectroscopic studies that have been carried out 

can be divided into two categories: those that were conducted using nucleotides or those 

conducted using DNA.  

Spectroscopic studies of Cr-nucleotide interactions include FT-IR [33-39] and 31P NMR 

of triphosphate nucleotides [28-31]. The FT-IR studies will be discussed first since they are the 

more prevalent in the literature. FT-IR studies examining simple nucleotides poses limitations 

since the binding of the nucleotides to Cr(III) lacks the structural constraints of nucleotides 

within a double strand of DNA; thus, such studies fail to provide much value in understanding 

how Cr(III) might coordinate to DNA within a cell [6,7,8, 45, 46]. The studies conducted using 

31P NMR examined GDP and GTP complexes [28-31]. Yet, amounts of Cr(III) were in very 

large excess compared to that of the nucleoside such that only broadening and relatively small 

chemical shift changes of free ligand signals were observed; signals from the Cr(III) complexes  
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Figure 1.3 Previously proposed structures for binary Cr(III)-DNA adducts. 
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with the nucleosides  were not observed.  In fact, the effects described could simply arise 

from dipolar through space effects and not provide any evidence for Cr-binding as claimed by 

the authors.  

Spectroscopic studies of Cr-DNA are smaller in number and include FT-IR [32,47], UV 

thermal denaturation (Tm) [40], and a single crystal structure studies [41]. Two articles have 

examined FT-IR spectra of Cr(III) and full length DNA adducts [32,47]. The first FTIR studies 

features in difference spectra were very weak in intensity, presumably due to only being able to 

bind ~1 Cr/15 base pairs before precipitation occurred [32]. Nevertheless, this study pointed 

toward interactions of Cr with the phosphate oxygens and guanine bases. The second FTIR study 

observed no changes at low Cr(III) concentrations and only saw changes in the spectra after 

precipitation occurred, suggesting potential binding of Cr(III) to bases and phosphates at high 

Cr:DNA ratios, which results in aggregation and precipitation [47]. Once the DNA precipitated 

at high Cr:DNA concentrations, the studies usefulness in understanding how Cr(III) interacts 

with DNA in a biological system is greatly decreased. Finally, an X-ray diffraction structure was 

reported for [Cr(H2O)6]
3+ bound to an oligonucleotide with Z-form structure; however, the Cr 

binding site in the Z-form does not exist in native B-form DNA [41].   

1.5 Proposed ways to improve the study of Cr(III) DNA binding 

 Utilization of small synthetic oligonucleotides (of 12-14 base pairs in length) offers a 

unique solution to many of the problems of the previous studies. Small oligonucleotides provide 

a more biologically relevant structure to bind Cr(III), since the structural environment that Cr(III) 

binds to in simple nucleotides could vary greatly from how Cr(III) binds in B-form DNA. This 

approach could also allow for an increase in the signal to noise ratio of the samples by designing 

one potential Cr(III) binding site into each sequence. Past research typically used calf thymus 
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DNA sheared into shorter lengths which potentially contain many diverse Cr binding sites, 

making extraction of  specific structural details that much more difficult.   

The use of small oligonucleotides would also allow the use of 1D and 2D 1H NMR 

spectroscopy to investigate the effect the Cr(III) has on individual protons when binding the 

DNA. The small size of the synthetic oligonucleotides allows the protons signals to be 

unambiguously assigned using NOESY, COSY and TOCSY NMR techniques [42]. The effect 

that the paramagnetic Cr(III) has on T1 relaxation times of the 1H NMR signals could be used to 

determine distances from the protons to the paramagnetic center [43]. These distances could then 

be placed on a model of double-stranded DNA comprised of the oligonucleotide sequence. The 

location of the paramagnetic center could then be identified by determining where these 

distances converge. In addition to NMR, FTIR, and Tm studies could be conducted to further 

characterize the manner in which Cr(III) binds to DNA. Finally, crystals of the Cr(III)-

oligonucleotide complexes  could be grown to further elucidate the binding behavior of Cr(III).  
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CHAPTER 2 

THE IDENTIFICATION OF CHROMIUM MALATE 

2.1 Introduction 

Chromium(III) complexes have been used for over half a century as supplements to treat 

glucose intolerance [1].  Originally believed to be an essential element, Cr(III) at 

pharmacologically relevant doses has been shown to increase insulin sensitivity in healthy 

rodents [2] and rodent models of diabetes [3] and to not have effects at nutritionally relevant 

doses.  While several compounds including chromium chloride, chromium picolinate, chromium 

nicotinate, and Kemtrace Cr (or Cr3) are available commercially [1], new Cr(III) compounds 

continue to be proposed as supplements.  Recently several studies on a compound called 

“chromium malate” have appeared [4-12].   These studies report that “chromium malate” has 

beneficial effects on glucose metabolism in rodent models of diabetes and investigate the 

interactions of the compound with the biomolecules albumin and transferrin.  While the effects 

of the compound on rodents appear to be similar to those of other Cr compounds [1], the detailed 

knowledge of the structure and properties of the compound are important to interpreting these 

previously reported studies.  However, different syntheses of the compound have been described, 

and the complex is rather poorly characterized. The only spectroscopic data are visible and 

infrared studies on material from only some of the preparation methods [4,13].  Herein are 

described efforts to synthesize “chromium malate” and to characterize the product by 

spectroscopic methods, mass spectrometry, and magnetic studies and their implications for the 

interpretation of previous studies on “chromium malate”.   
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2.2 Experimental 

2.2.1 Materials 

All chemicals were used as received.   CrCl3
.6H2O was from Fisher (Fairlawn, NJ); L-

malic acid was from TCI America (Portland, OR); (RS)-malic-2,3,3-d3 acid was from CDN 

Isotopes (Pointe-Claire, Quebec, Canada); and Cr(NO3)3
.9H2O was from Acros (Fairlawn, NJ).  

All manipulations were performed under ambient conditions.   Water was doubly deionized.  

Elemental analyses were performed by Galbraith Laboratories (Knoxville, TN). 

2.2.2 Syntheses of Chromium Malate 

Syntheses was performed following the method of Wu, et al. [4] with minor 

modifications and then by an alternate method starting from Cr(III) nitrate nonahydrate. All 

syntheses were performed by Megan Smart under my supervision.   

2.2.2.1 Cr2(mal)3
.6H2O

.3[NaCl] 

Following Wu et al., aqueous solutions of chromium chloride (CrCl3
.6H2O, 2.59 g (9.72 

mmol) in 50 mL H2O) and L-malic acid (2.03 g (15.1 mmol) in 50 mL H2O) were combined, and 

the pH of the resulting solution was adjusted to 5.0 with 10 M aqueous sodium hydroxide.  The 

mixture was refluxed for 4 h.  During this time, the color of the solution changed from dark 

green to dark blue.  The volume was reduced to 10 mL by heating.  The resulting solution was 

filtered.  Ethanol (50 mL) was added to precipitate the product.  The isolation was modified from 

Ref. [4] where the resulting product was alternatingly stirred in acetone and ethanol and isolated 

by centrifugation. The modification was done as the resulting product was not a solid as 

previously reported.  The resulting viscous blue oil was isolated by filtration.  Acetone was 

added with stirring until the blue oil turned to a blue solid, which was isolated by filtration.  The 

solid was stirred alternatingly in volumes of ethanol and acetone, filtered, and washed with 
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copious amounts of ethanol and acetone and then dried in air.  The yield was ~70% (based on 

Cr).  The product dissolves in water and is slightly soluble in dimethylsulfoxide (DMSO) but 

does not dissolve in dimethylformamide, methanol, ethanol, acetone, acetonitrile, or 

dichloromethane.  Found: C, 18.18; H, 3.24; Cr, 12.6 %. Analytically Calculated for 

C12H24O21Cr2Na3Cl3: C, 18.46; H, 3.10; Cr, 13.3 %.  UV-Vis spectrum in H2O: ʎ, nm (ɛ, M-1cm-

1): 424 (48), 592 (60). IR: cm-1 (intensity): 3555 (br), 2724.2 (m), 2360 (w), 1653 (br), 1306 (w), 

1169 (w), 1077 (w), 975 (m), 889 (w), 849 (m), 722 (s), 668 (w). Mass spectrometry: m/z (2- 

ions) (intensity): 340.3 (100 %), 351.3 (34 %). 

2.2.2.2 Cr2(mal)3
.6H2O

.1.5[NaCl] 

An alternative method was developed to attempt to remove the NaCl from the blue 

product.   Aqueous solutions of chromium chloride (CrCl3
.6H2O, 2.59 g (9.72 mmol) in 50 mL 

H2O) and L-malic acid (2.03 g (15.1 mmol) in 50 mL H2O) were combined, and the pH of the 

resulting solution was adjusted to 5.0 with 10 M aqueous sodium hydroxide.  The mixture was 

refluxed for 4 h.  The volume was reduced to 10 mL.  Ethanol (50 mL) was added to produce a 

blue oil, which was isolated by filtration.  The oil was dissolved in 5 mL of DMSO.  Then, 

alternatingly, 5 mL of ethanol and 5 mL of acetone were added to produce a flocculent white 

solid.  The white solid was removed by decanting and pipetting any remaining liquid from the 

blue material.  This cycle was repeated until no formation of white solid was observed.  The blue 

solid was then isolated by filtration and dried under a stream of air.  The yield was ~20 % (based 

on Cr). Found: C, 20.43; H, 3.70; Cr, 15.5 %. Analytically Calculated for C12H24O21Cr2Na1.5Cl1.5: 

C, 20.71; H, 3.47; Cr, 14.9 %.  UV-Vis spectrum in H2O: ʎ, nm (ɛ, M-1cm-1): 423 (45), 586 (57). 

Mass spectrometry: m/z (2- ions) (intensity): 340.1 (100 %), 351.4 (53 %). 

2.2.2.3Cr2(mal)3
.6H2O

.0.75[NaNO3] 



18 

 

An alternate procedure was developed to replace the side product NaCl of the reaction 

with NaNO3, which is considerably more soluble in EtOH.  Cr(NO3)
.9H2O (3.90 g, 9.74 mmol) 

was dissolved in 50 mL water.  L-malic acid (2.00 g, 14.9 mmol) was dissolved in 50 mL water.  

The solutions were combined, and the pH of the product was adjusted to 5.0 with 10 M NaOH.  

The violet solution was refluxed for 4 h, during which time the color of the solution changed 

from violet to deep blue.  The volume was reduced to ~10 mL with continued heating.  After 

allowing to cool, 50 mL ethanol was added, producing a deep blue oily solid and nearly colorless 

liquid.  The mixture was filtered to isolate the blue oil/oily solid.  The blue material was stirred 

in 200 mL of ethanol followed by filtering the mixture to recover a blue solid; this procedure was 

repeated 7 more times with the time intervals of stirring increasing from one hour in the initial 

procedure to 9 days in the final procedure.  The change in mass was minimal in the final 

procedures.  The yield was 75 % (based on Cr).  Found: C, 20.61; H, 2.86; N, 1.01; Cr, 15.5 %. 

Analytically Calculated for Cr2C12H24N0.75O24.25Na0.75: C, 21.44; H, 3.60; N, 1.56; Cr, 15.5 %.  

UV-Vis spectrum in H2O: ʎ, nm (ɛ, M-1cm-1): 422 (45), 585 (55). IR: cm-1 (intensity): 3400 (br), 

1646, (s,br), 1560 (sh), 1258 (sh), 1260 (m, sh), 1205 (w), 1077 (m), 1041 (w), 983 (m), 950 (w), 

888 (w), 853 (w), 830 (w), 735 (sh), 721 (s), 659 (w), 603 (w), 542 (w), 493 (w). Mass 

spectrometry: m/z (2- ions) (intensity): 340.3 (100 %), 351.4 (41 %).  If only one ethanol 

extraction is performed, the product possesses a single equivalent of sodium nitrate, 

Cr2(mal)3
.9H2O

.NaNO3: Found: C, 18.82; H, 2.95; N, 1.56; Cr, 13.4 %. Analytically Calculated 

for Cr2C12H30NO27Na: C, 19.29; H, 4.05; N, 1.87; Cr, 13.9 %.   

2.2.3 Mass Spectrometry 

Electrospray ionization (ESI) mass spectra were obtained on a Bruker (Billeria, MA, 

USA) HCT Ultra high capacity ion trap mass spectrometer.  The samples were dissolved in 
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50:50 water:acetonitrile before analysis.  The ESI source uses a drying gas of nitrogen, which 

was heated to 300 oC.   Collison-induced dissociation (CID) was performed in the ion trap using 

helium as the collision gas.  Collision energies were in the low energy range from 0-100 eV. The 

mass spectrometry experiments and were performed by Dr. Qiaoli Liang 

2.2.4 Spectroscopy 

A Beckman Coulter DU800 spectrophotometer (Brea, CA) was used to obtain 

ultraviolet/visible spectra.  1H Nuclear Magnetic Resonance (NMR) spectra were collected on a 

Bruker AM-360 spectrometer (Billeria, MA) at approximately 23 oC.  Chemical shifts are 

reported on the    scale (shifts downfield are positive) using the solvent proton impurity signal 

as a reference.  The Evans NMR method [14] was utilized to acquire solution magnetic 

susceptibility measurements, employing methyl protons of methanol as the reference peak.   

Infrared (IR) spectra (as mineral oil mulls) were recorded using a Jasco FT/IR-4100 (Easton, 

MD). Continuous wave (CW) Electron Paramagnetic Resonance spectra were measured on a 

Bruker ELEXSYS E540 X-band spectrometer (Billeria, MA) with an ER 4102 ST resonator. CW 

spectra were measured at 9.78 GHz with a microwave powers of 0.1055 mW by using a 

magnetic field modulation frequency of 100.00 kHz with an amplitude of 30.00 G. Spectra were 

taken at liquid nitrogen temperatures with a quartz insertion Dewar.  Samples were prepared in a 

50:50 water:glycerin solution. The UV-VIS, NMR, and FT-IR spectroscopy samples were 

prepared and spectra were collected by Megan Smart under my direction. I collected the data for 

some of the longer NMR experiments. The EPR CW spectra were collected by Molly Lockart. 

2.3 Results and Discussion: 

2.3.1 Synthesis 
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While the synthesis of chromium malate at first appearance seemed straightforward, a 

detailed examination of the synthetic procedure revealed several issues.  First, two different 

syntheses have been presented [4,7].  While Ref. [7] indicates that the synthetic method being 

used is from Ref. [4], the method described is significantly modified in terms of quantities of 

starting materials, volumes of solvents, pH’s, concentrations of NaOH solutions, temperatures, 

and reaction times.  Unless specifically noted, the procedure of Ref. [4] will be under discussion.   

The reaction involves the combination of aqueous solutions of chromic chloride and 

malic acid (1.0: 1.5 mol ratio) and adjusting the pH of the resulting solution to 5 with aqueous 

NaOH.  This product is heated to 60 oC for 8 minutes, followed by refluxing for 4 h at the same 

temperature.  As aqueous solutions boil at temperatures in excess of 100 oC, this conflict is 

obviously problematic. (The method of Ref. [7] requires heating a solution at pH 4.5 at 80 oC for 

6-8 hours).  Hence, as part of the current work, the effects of temperature were examined using 

60 oC for 4 h and 8 min, using 60 oC for 8 min followed by refluxing for 4 h, and 80 oC for 8 h 

(for solutions at pH 4.5 and 5).  No effects on the properties of the resulting product were 

identified, so that as long as a solution of chromic chloride and malic acid adjusted to pH 4.5-5 is 

heated until the solution turns a dark blue color the same product appears to result. 

 As described previously, after heating, the volume of the mixture is reduced, and EtOH is 

added to produce a precipitant that is collected by centrifugation.  Under all conditions examined 

by the current laboratory, the product was never a solid as described but was always a viscous, 

dark blue oil.  However, if this oil is vigorously stirred in acetone, a dark blue solid is generated.  

Perhaps the washing steps using EtOH and acetone of Ref. 4 subsequently generate a solid, and 

the step at which the solid was generated was incorrectly described.  However, simply washing 

the oil with EtOH and acetone did not produce a solid when syntheses were performed by the 
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current lab; although as the volumes used in the washing were not reported, generating a solid 

might be possible.  How crystals were obtained as mentioned in Ref. 7 is unknown because 

following the full procedure of Ref. [7] in the current laboratory’s hands yielded the dark blue 

oil. 

A larger issue is associated with the NaCl concentration of the aqueous solution and 

subsequent addition of EtOH.  When the aqueous solution of chromic chloride and malic acid are 

mixed and the pH is adjusted to 4.5 to 5 by the addition of NaOH, one carboxylic acid group of 

the malic acid is deprotonated, while the second is deprotonated to a significant extent (pKa’s 3.4 

and 5.11).  Thus, as the Cr(III) and malic acid are added in a 1:1.5 molar ratio, over 1.5 

equivalents of NaCl should be generated per Cr(III).  When this quantity of NaCl is dissolved in 

10 mL of water and 50 mL of EtOH is added, nearly all the NaCl precipitates from solution.  

Thus, the blue oil that is produced is a mixture of Cr-malate species and NaCl.  As NaCl is not 

particularly soluble in EtOH or acetone, washing the dark blue product with the solvents should 

remove virtually none of the salt.  Yet, elemental analysis of the blue product in Ref. [4] does not 

reveal the presence of any NaCl; this lack of NaCl is chemically impossible assuming that the 

experimental procedures presented previously for “chromium malate” are correct.  

When the product of the reaction was examined by elemental analysis by the current 

laboratory, the product had nearly the same composition as that reported in Refs. [4] and [7], i.e., 

Cr2(mal)3(H2O)5, except that a substantial amount of NaCl was present, Cr2(mal)3
.6H2O

.3[NaCl].  

Thus, one equivalent of salt was found for each malate dianion, while the number of hydrate 

molecules also differed.  Of common laboratory solvents tested, the dark blue product is only 

soluble to an appreciable extent in water and DMSO where it is extremely soluble in the former 

and slightly soluble in the latter.  A procedure was developed to reduce the amount of NaCl 
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present using DMSO because the addition of EtOH or acetone to a DMSO solution results first in 

the precipitation of a white solid (presumably NaCl) followed by formation of blue oil.  Thus, an 

equal volume of ethanol was slowly added to a DMSO solution of the blue material, resulting in 

the formation of a fine white solid over blue solid or oil; the white solid was removed by 

decanting the process was repeated using acetone rather than EtOH.   Then, the whole sequence 

was repeated until no white solid was observed.  This process resulted in a large loss in yield and 

still failed to remove the majority of the NaCl as elemental analysis revealed than the formula of 

the resulting product was Cr2(mal)3
.6H2O

.1.5[NaCl]. 

To completely eliminate NaCl, chromic nitrate was tested as a Cr(III) source in the 

reaction.  The reaction behaved in an identical fashion when Cr nitrate was used to replace Cr 

chloride.  However, whereas, NaCl is very slightly soluble in EtOH, 1 g of NaNO3 dissolves in 

~125 mL of EtOH, such that EtOH should be able to extract NaNO3 from the dark blue product.  

In fact, the NaNO3 byproduct on the scale used in this work should dissolve in less than 300 mL 

of EtOH.  Yet, stirring the product repeatedly for hours or days in 200-mL volumes of EtOH 

failed to remove all NaNO3; in fact, a significant amount remained suggesting that sodium ions 

may be tightly associated with the product. 

The amorphous nature of the dark blue solids Cr2(mal)3
.6H2O

.1.5[NaCl] and 

Cr2(mal)3
.6H2O

.0.75[NaNO3] and their lack of solubility in all but the most polar solvents 

suggest that “chromium malate” may be a polymeric material of irregular structure.  This 

behavior would be reminiscent of Cr nicotinate.  This compound is an amorphous, water-

insoluble solid with a complex, irregular structure based on [Cr2(OH)2]
4+ units and the general 

formula “Cr2(nic)2(OH)2(H2O)x” [15,16].  Hence, based on the elemental analysis, the structure 

of polymeric “chromium malate” could be based on “Cr2(mal)3(H2O)x” units where the malic 
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acid has been doubly deprotonated, presumably by loss of both carboxylic acid hydrogens.  

However, the hydrogens could be distributed differently so that some of the water molecules may 

be deprotonated to give bridging hydroxide or oxide ligands, as is borne out by spectroscopic 

studies described below.  The oxygen atoms of Cr-malate-anion framework could provide 

ligands and pockets for incorporation of sodium. 

2.3.2 Electronic spectra 

The preferred geometry of Cr(III) complexes is octahedral or pseudo-octahedral (if all 6 ligands 

are not identical).  The visible region of the electronic spectra of octahedral complexes of Cr(III) 

exhibit two dominant bands. These bands arise from the spin-allowed 4A2g→
4T2g and 

4A2g→
4T1g(F) d-d transitions.  (Additionally, a third spin-allowed d-d transition is expected in 

the UV region but normally cannot readily be resolved from more intense ligand →* and 

similar ligand-based transitions.)  The energy of the lower energy 4A2g→
4T2g transition 

corresponds to 10 Dq. A series of weaker transitions corresponding to formally spin-forbidden 

transitions results in bands occurring at lower energies.  Regardless of the method of synthesis 

and the presence of NaCl or NaNO3, the spectrum of aqueous solutions of chromium malate 

contains two distinct bands with maxima at 423 and 586 nm corresponding to the expected d-d 

transitions (Figures 2.1 and 2.2).  In addition, a distinct shoulder can be observed at ~700 nm 

resulting from spin forbidden transitions.  This observation is not consistent with previous 

literature reports that the visible spectrum contains two dominate bands with maxima at 391 and 

565 nm [4].  The same maxima were reported earlier in a patent by the same research group 

covering the synthesis of chromium malate.  Yet, the patent also contains a figure displaying the 

visible spectra of chromic chloride and chromium malate and indicates the maxima for CrCl3 in 

water are at 422 and 594 nm [13]. Estimating the maxima from the figure gives values of 416   
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Figure 2.1 Ultraviolet/visible spectrum of chromium malate, Cr2(mal)3
.6H2O

.0.75[NaNO3], in 

water ([Cr] = 5.03 mM). 
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Figure 2.2 Ultraviolet/visible spectrum of chromium malate, Cr2(mal)3
.6H2O

.1.5[NaCl], in water 

([Cr] = 5.0 mM). 
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and 585 (+/- 4 nm) for chromium malate, somewhat similar to the values found in the current 

study (423 and 586 nm) and 412 and 572 (+/- 4 nm) for the solution of CrCl3. CrCl3, actually 

trans-[CrCl2(H2O)4]Cl, dissociates over time in water generating [CrCl(H2O)5]Cl2 and 

[Cr(H2O)6]Cl3.  The latter two have maxima at 450 and 635 nm and 407 and 575 nm, 

respectively [17], making the maxima calculated from the figure reasonable for a mixture of 

these two species in water.  Thus, the values of the electronic maxima for chromium malate have 

been repetitively reported incorrectly in the literature, while the spectrum presented in the figure 

in the patent is correct.  The energies of the maxima for chromium malate are consistent with the 

Cr(III) centers being in a field of six oxygen-based ligands, whereas the previous literature 

values would be more appropriate for a mixture of nitrogen- and oxygen-based ligands. 

 For some multinuclear Cr(III) complexes containing bridging oxo or hydroxo ligands, 

such as the trinuclear basic Cr(III) carboxylates of the general formula [Cr3O(O2CR)6L3]
+ where 

L is generally water or pyridine, antiferromagnetic coupling between the Cr(III) centers can 

result in some allowed character to mix into the formally spin forbidden transitions at ~700 nm 

so that their intensity is greater than in mononuclear Cr(III) complexes.  Such an increase in 

intensity is not observed for the spectra of the various forms of chromium malate, suggesting a 

symmetric Cr3O does not exist in chromium malate. 

2.3.3 Mass spectrometry 

ESI MS provides a gentle method of transferring pre-existing ions from the solution to 

the gas phase and of generating gas-phase ions. None of the materials display any significant 

signals in positive ion mode experiments.  However, in negative ion mode, every material, 

regardless of the amount of salt present or whether the anion was chloride or nitrate, gave rise to 

two intense features in their mass spectra with m/z at 340.3 and 351.4.  The spacing between the 
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multiple adjacent peaks attributable to ions of different isotopic compositions was 0.5, indicating 

the features at 340.3 and 351.4 arise from dianions with masses of approximately 680.6 and 

702.8 Da, respectively.  The difference of 22 Da suggests the two differ by replacement of a 

sodium ion with a proton.  The similar spectra from the materials containing NaCl or NaNO3 

indicates, no nitrate or chloride is contained in the species.  A formula for the lower m/z signal 

consistent with these results would be [Cr3(doubly deprotonated malate)2(triply deprotonated 

malate)2]
-, with a mass of 682 Da.  Loss of a hydrogen by this species would yield a dianion of 

molar mass 681 and an m/z of 340.5.  Exchange of the remaining exchangeable hydrogen with a 

sodium ion would yield a species with an m/z of 351.5.  A 3 Cr:4 malate ratio from the mass 

spectrometry is strikingly different from the 2 Cr:3 malate ratio obtained from the elemental 

analyses.  This observation would be consistent with the compounds being polymers, where 

polymer fragments during the mass spectrometric experiment into the observable ions with the 3 

Cr:4 malate ratio. 

 Frankly, observing any mass spectral signal in the presence of the quantity of salt 

released from the materials when dissolved in water (or the water:acetonitrile mixture) is quite 

surprising.  The salt is certainly suppressing the observation of addition ions in the mass spectra; 

thus, if the salt could have been removed, mass spectrometry might have been a more valuable 

tool in characterizing these compounds.  

 CID of the signals at 351.5 or 340.5 gives rise to similar results regardless of the form of 

chromium malate.  For the 351.5 feature, the major products are at 329.2 and 307.2.  These are 2- 

ions resulting from loss of one or two CO2 molecules, respectively.  For the 340.5 feature, 

products could be identified at 318.2, 309.2, 300.2, and 291.2 and at 549.7.  The first four 

features arise from 2- ions generated by loss of CO2 accompanied by loss of no, one, two, three 
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water molecules.  The feature at 549.7 is a 1- ion, resulting from loss of either malate or four 

equivalents of  CO2. 

2.3.4 Electron Paramagnetic Resonance Spectroscopy and Magnetic Susceptibility 

Measurements 

Octahedral Cr(III) complexes have a spin = 3/2 ground state as a result of the t2g
3 electron 

configuration.  In contrast, trinuclear chromium(III) basic carboxylates (solution glass or 

powder) possess broad asymmetric X-band EPR signals at g = ~2 at liquid helium temperature 

(~4.2 K) to liquid nitrogen temperature (~77 K) [18,19] as a result of possessing a S = 1/2 

ground state.  However, as the temperature increases over this range, signals from excited states 

grow in as the excited states start to be populated. As a frozen water:glycerin glass, chromium 

malate (Cr2(mal)3
.6H2O

.0.75[NaNO3]) has an EPR spectrum that is dominated by a signal at g = 

~2 with minor features probably arising from population of higher energy higher spin states 

(Figure 2.3).  The spectrum of Cr2(mal)3
.6H2O

.3[NaCl] is virtually identical (Figure 2.4).  The 

spectrum is very similar to those of trinuclear Cr(III) basic carboxylates. These results suggests 

that chromium malate possesses an antiferromagnetically coupled multinuclear assembly 

composed of an odd number of Cr(III) centers, as would be required to generate a spin ½ ground 

state. 

Room temperature (294 K) solution magnetic susceptibilities indicate that chromium 

malate (Cr2(mal)3
.6H2O

.1.5[NaCl]) has a magnetic moment per Cr of 3.52 B.M., significantly 

lower than the spin-only magnetic moment of a S = 3/2 Cr(III) center (3.87 B.M.). (The magnetic 

moment is slightly lower in the sample with the greater NaCl content, 3.39 B.M.)  The chromium 

malate made from Cr nitrate (Cr2(mal)3.6H2O.0.75[NaNO3]) had a magnetic moment of 3.52 

B.M..   
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Figure 2.3 EPR spectrum of chromium malate, Cr2(mal)3
.6H2O

.0.75[NaNO3],  in 50:50 

H2O:glycerin glass at 77 K. 
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Figure 2.4 EPR spectrum of chromium malate, Cr2(mal)3
.6H2O

.1.5[NaCl],  in 50:50 

H2O:glycerin glass at 77 K. 
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These results also indicate that chromium malate possesses a multinuclear assembly in 

which the chromic centers are antiferromagnetically coupled.  Room temperature (290–298 K) 

magnetic moments per Cr for trinuclear Cr(III) basic carboxylate assemblies are generally in the 

range of 3.1–3.5 B.M. [18], reflecting antiferromagnetic coupling with a coupling constant (J) of-

10 cm-1 (H = -2JS1.S2).  Thus, given the S = 1/2 spin ground state and similar room temperature 

magnetic moments, chromium malate appears to possess a trinuclear assembly with coupling  

similar to that of trinuclear Cr(III) basic carboxylate assemblies, suggesting the presence of a 

Cr3-3-O moiety, although other possibilities exist.  The repeating unit of the polymer being 

based on a trinuclear unit would be consistent with the mass spectral results. 

2.3.5 Infrared Spectroscopy 

Inspection of the infrared spectrum of  Cr2(mal)3
.6H2O

.0.75[NaNO3] (Figure 2.5) readily 

reveals that all the carboxylate groups of malic acid (with (COO) above 1,700 cm-1) are 

deprotonated because (COO) is shifted to ~1650 cm-1.  This band is extremely broad, with a 

shoulder at ~1560 cm-1, suggesting the existence of carboxylate groups in a variety of 

environments.   

 The broad intense band with a maximum at 3,400 cm-1 is consistent with the presence of 

water molecules. The position of the maximum is at the same energy as the (OH) of hydrogen-

bonded CHOH hydrogen of L-malic acid [20], although this result may be coincidental rather 

than indicating that the alcoholic OH group is protonated and not coordinated to Cr(III).  A 

greater knowledge of the hydrogen-bonding of the water molecules would be required to make 

definite assignments.  The nitrate anion provides a broad intense feature just under 1,400 cm-1, 

which appears as a shoulder on the mineral oil feature at ~1375 cm-1. For trinuclear Cr(III) basic 

carboxylate assemblies, the vibrational modes of the central Cr3O unit have been investigated.   
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Figure 2.5 Infrared spectrum of chromium malate, Cr2(mal)3
.6H2O

.0.75[NaNO3], as mineral oil 

mull. 
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Assuming D3h symmetry for the trinuclear core of these symmetric complexes, the planar Cr3O 

unit should give rise to four fundamental vibrational modes. The highest in energy of these is 

doubly degenerate, E’. For the basic carboxylate assemblies, this band has been assigned to a 

strong transition at 640-660 cm-1 [18,21-23].  This band does not occur in the IR spectra of 

chromium malate, indicating the symmetric Cr3O unit is not present and the trinuclear Cr(III) 

unit of chromium malate does not possess a symmetric Cr3O unit.  Reduction of symmetry from 

D3h would result in the E’ band splitting into two bands.  The IR spectrum of silver L-malate has 

been assigned [20].  Comparison of the spectrum with that of silver malate [20] in the region 

1250-400 cm-1 is helpful (Table 1).  Over the range 400-800 cm-1 where Cr-O vibrations might 

be expected, two vibrations are found in the spectrum of chromium malate that do not occur in 

that of silver malate: a strong feature at 721 cm-1 and a weak feature at 602 cm-1.  The average 

energy of these two bands is ~660 cm-1, a value in the expected range for the C’ band of a 

symmetric Cr3O unit.  If chromium malate possessed an unsymmetrical Cr3O core, then these 

two bands could result from the splitting of the degenerate E’ band. Thus, the presence of an 

unsymmetrical Cr3O unit might be suggested, but further efforts to investigate the presence of 

such stretches in the IR spectra of chromium malate would require isotopic labeling of the 

ligands.  However, the intensity of the unique, strong band at 721 cm-1 should probably be 

assigned to some type of Cr-O vibration.  This band is also strong in intensity in the spectrum of 

Cr2(mal)3
.6H2O

.3[NaCl] (Figure 2.6). 

2.3.6 Nuclear Magnetic Resonance Spectroscopy 

Cr(III) complexes have historically not been characterized by NMR studies as the 

chromic ion has an electronic spin of 3/2. For such a d3 ion, zero field splittings are small with 

the result that the electronic spin–lattice relaxation time, T1e, is very long; this long relaxation  



34 

 

 

Table 2.1 Infrared bands between 1250 and 400 cm-1 for Cr2(mal)3
.6H2O

.0.75[NaNO3] and silver 

malate [20] with assignments. 

 

Bands       Assignment 

Cr2(mal)3
.6H2O

.0.75[NaNO3]  Silver malate  

1205 (w)    1193 (w)   (CH2)twist, (CH2)rock  

1077 (w,br)    1092 (w)   (CH2)wag,  (OH) 

1041 (w)    1044 (w)    (CH) of CHOH 

983 (m)     

951 (w)    963 (w)    (C-C),  (CH) 

888 (w) 

850 (w)    866 (w)    (C-C),  (C-O) 

830 (w)    833 (w)    (C-CH2),  (C-H) 

     793 (w)    (CH2),  (COO) 

735 (sh)    750 (w)    

721 (s)         Cr-O(?) 

660 (w)    672 (m)    (C-H),  (C-CH2) 

602 (w)        Cr-O(?) 

541 (w)    545 (w)    (C-H),  (CCO) 
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Figure 2.6 Infrared spectrum of chromium malate, Cr2(mal)3
.6H2O

.1.5[NaCl], as mineral oil 

mull. 
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time results in poorly resolved NMR spectra. Thus, NMR spectra of Cr(III) complexes display 

greatly broadened and shifted resonances, particularly for the atoms of aromatic ligands where 

the half- occupied t2g orbitals are oriented at the pi clouds of the ligands. Hence, knowledge of 

the structure of the complex is often required to interpret the spectra, rather than the reverse.  

Unfortunately, over a 1H NMR window of +/- 100 ppm, no paramagnetically broadened or 

shifted 1H signals from solutions of Cr malate in D2O could be observed, regardless of the 

amount or nature of the associated salt.  Only signals from traces of L-malic acid and ethanol 

could be observed, along with the protio impurity of the D2O.  (The ethanol and malic acid 

signals were unambiguously identified by spiking a sample with these species).  This observation 

was surprising as, for example, the methylene protons adjacent to a bridging carboxylate group 

in trinuclear chromium(III) basic carboxylates give rise to distinct, but very broad 1H NMR 

signals at ~+40 ppm [23-25].  As IR studies suggested that both the carboxylate groups of the 

malate are deprotonated and probably bound to Cr, this arrangement may lead to delocalization 

of enough electron density into the malate ligand to broaden signals beyond detection.  By using 

2H NMR, signals in a given environment should be narrower than the corresponding 1H NMR 

signal by up to 2
H/2

D = 42.5, where  H and  D are the gyromagnetic ratios of the proton and 

deuteron, respectively.  A deuterium-labelled malic acid ((RS)-malic-2,3,3-d3 acid) is 

commercially available, and the synthesis of Cr2(mal)3
.6H2O

.3[NaCl] was repeated using the 

substituted malic acid.  The 2H and 1H NMR of solutions of the product in H2O and D2O, 

respectively, simply revealed added complexity from the presence of traces of multiple forms of 

free malic acid. 

2.4 Conclusion 
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The results of the current study indicate that the synthesis of chromium malate as 

described previously cannot yield the reported product with the basic formula 

Cr(III)2(malate)3
.xH2O, which is free of sodium chloride.  In addition, irregularities appear in the 

previously reported spectroscopic properties of chromium malate.  Magnetic and spectroscopic 

studies of chromium malate made from either Cr(III) chloride or Cr(III) nitrate suggest that the 

compound is a polymer of repeating antiferromagnetically coupled Cr(III)3, although insufficient 

data to predict a three-dimensional structure could be generated.  Given the concerns arising 

from the previous reported synthesis and characterization of chromium malate, other previous 

studies using chromium malate, including studies of its use as a nutritional supplement, should 

be viewed with caution. 
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CHAPTER 3 

INVESTIGATION OF THE MOLECULAR STRUCTURE OF CHROMIUM BINDING TO 

THE G AND GG SITES OF OLIGONUCLEOTIDES 

3.1 Introduction 

Despite decades of research, the mechanism by which chromium(VI) causes mutations 

and cancer remains unclear.  Part of the difficulty lies in the number of potential mechanisms for 

damaging chromosomal DNA. While thermodynamically unstable, the most common Cr(VI) 

species, chromate and dichromate (which interconvert as a function of pH), are kinetically quite 

stable and do not oxidize purified DNA [1].  However, in the presence of biological reducing 

agents such as ascorbate and thiols, the Cr(VI) is rapidly reduced in a series of one- and two-

electron processes to Cr(III), the stable form of chromium in the presence of air and water [2-4].  

During the reduction of Cr(VI), a number of potential DNA-damaging species are generated, and 

the Cr(III) product can also potentially be deleterious.  Cr(III) forms almost exclusively 

octahedral complexes, generally with hard oxygen- and nitrogen-based ligands.  The Cr3+ center, 

possessing a d3 (t2g
3) electron configuration, is considered substitutionally inert (although 

substitution reactions can occur at meaningful rates under the correct conditions) [20].  Thus, 

cellular nucleic acids could provide numerous coordination sites for Cr(III) generated in close 

proximity. This process could produce primary lesions on base and phosphate sites, intra- and 

interstrand crosslinks, and ternary complexes with other biomolecules. Once formed, these 

complexes could have long lifetimes due to Cr(III)’s slow rates of substitution. Understanding 

the relative significance of the formation of chromium-DNA adducts versus redox processes is
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 important to determining the major pathways(s) leading to mutations and ultimately 

cancer from chromium exposure. 

Most studies of Cr binding to DNA have examined the addition of Cr(VI) and a reducing 

agent or Cr(III) to plasmid DNA in buffered solution or to cultured cells.  Structures for Cr-DNA 

adducts have been proposed [5], but these are based on essentially no spectroscopic or other 

molecular level evidence.  Only three papers report spectroscopic characterization of DNA 

reacted with Cr(III), and these are problematic.  For example, in an FTIR study, all useful 

features in the difference spectra were very weak in intensity, presumably due to only being able 

to bind ~1 Cr/15 base pairs before precipitation occurs [6]. Nevertheless, this study pointed 

toward interactions of Cr with the phosphate oxygens and guanine bases. A vibrational CD and 

FTIR study no observed changes until high Cr:DNA ratios produced precipitation, suggesting 

potential binding of Cr(III) to bases and phosphates [7].  Finally, an X-ray diffraction structure 

was reported for [Cr(H2O)6]
3+ bound to an oligonucleotide duplex with Z-form structure; 

however, the observed Cr-binding site does not even exist in native B-form DNA [8].   

Rather than using large, mixed-sequence DNAs from plasmid or chromosomal sources, 

the Woski and Vincent groups decided to examine the utilization of small oligonucleotide 

duplexes as potential ligands for Cr(III).  Because guanines appear to be preferred coordinating 

bases, self-complementary 14-mer oligonucleotide sequences containing only one or two of these 

residues were hypothesized to form discreet double-helical DNA-chromium complexes 

amenable to spectroscopic characterization.  Thus, the addition of Cr(III) from CrCl3·6H2O to 

the self-complementary oligonucleotides 5’-AT AGT TATA ACT AT-3’ (DNA 1) and 5’-AT 

AGG TATA CCT AT-3’ (DNA 2) has been studied here.  Upon hybridization to form duplexes, 

two symmetry-equivalents sites are available for Cr(III) binding.  The latter sequence was 
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designed to contain the putative preferred adduct-forming site, RGG [9]. Changing the 3’-

guanine to thymine in DNA 1 further limits the potential Cr(III) binding sites in the 

corresponding DNA 1 to a single pair of equivalent guanines. Titration of the annealed 

oligonucleotide duplexes at neutral pH with Cr(III) (0.1-4 Cr:oligonucleotide) has been followed 

by FTIR, UV thermal denaturation, 1- and 2-D 1H NMR, 31P NMR, EPR, ESEEM (electron spin 

echo envelope modulation) and HYSCORE (hyperfine sublevel correlation) EPR, and mass 

spectrometry.   

3.2 Experimental 

3.2.1 Chemicals 

All chemicals were used as received. CrCl3•6H2O was from Fisher (Fairlawn, NJ), D2O 

was from Cambridge Isotope Laboratories, Inc. (Andover, MA), DCl was from Acros Organics 

(Morris Plains, NJ), NaOD was from Acros Organics (Morris Plains, NJ).  Oligonucleotide 

DNAs were synthesized by GenScript (Piscataway, NJ). The DNA was stored in a -20 oC freezer 

before use. 

3.2.2 DNA Solution Preparation 

The oligonucleotides were dissolved in either D2O or Millipore H2O. The pH of the 

solutions were then adjusted to 7.0 (±0.1). To determine the pD for the D2O solutions, a value of 

0.4 was added to the measured pH [18].  The final concentrations of the oligonucleotides were 

determined using the absorbance of solutions at 260 nm.  For DNA 1, an extinction coefficient of 

164,200 M-1cm-1 was used for the single-stranded oligonucleotide; and for DNA 2, an extinction 

coefficient of 159,000 M-1cm-1 was used for the oligonucleotide. These extinction coefficients 

were calculated by multiplying the number of each base in the sequence by their average 

extinction coefficient: 15,400 M-1cm-1 for adenine, 8,800 M-1cm-1 for thiamine, 11,700 M-1cm-1 
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for guanine, and 7,300 M-1cm-1 for cytosine [21]. T he solutions were then separated into 300 µL 

or 500 µL aliquots. The aliquots were flash frozen in liquid nitrogen and stored in a -20 oC 

freezer. Prior to use, aliquots were allowed to thaw at room temperature. They were then 

annealed on a Fischer Scientific dry bath incubator by heating at 95 oC for 5 minutes and then 

allowed to cool to room temperature over the course of 4 hours. For the experiments requiring a 

Cr source in D2O, a 1 M Cr(III) solution in D2O was prepared by dissolving CrCl3•6H2O in D2O.  

This solution was heated to dryness and then reconstituted by the addition of D2O; this cycle was 

repeated three times.  

3.2.3 NMR Spectroscopy 

Experiments with DNA 1 were performed at 283 K, while experiments with DNA 2 were 

performed at 294 K. Solutions for NMR and other studies were allowed to sit for 24 hours after 

the addition of Cr(III) (0-4 equivalents Cr(III) per oligonucleotide) before being used in the 

subsequent experiments. One-dimensional 1H spectra were collected on both Bruker AM-600 

and AM-500 spectrometers (Billeria, MA) using the zg pulse program with 128 scans.  31P 

spectra were collected on the AM-500 spectrometer using the zgpg30 pulse program with 2400 

scans. The data was then processed in Topspin 3.5pl7 using a Gaussian method.  Correlation 

Spectroscopy (COSY) spectra were collected on the AM-600 spectrometer using the cosygpqf 

(256 experiments). Nuclear Overhauser Effect Spectroscopy (NOESY) spectra were collected on 

the AM-600 spectrometer using the noesyph pulse program. For the DNAs without added 

Cr(III), 512 experiments with 64 scans were collected; and for the samples with added Cr(III), 

256 experiments with 32 scans were collected.  2D Total Correlation Spectroscopy (TOCSY) 

spectra were acquired on the AM-600 spectrometer using the pulse program dipsi2esgpph (512 

experiments). Four different delay times were used: 60 ms, 120 ms, 180 ms, and 240 ms.  T1 



 45  
 

measurements were conducted using the 1800-inversion recovery method on the AM-600 

spectrometer. The T1ir pulse program was used with 31 time points as listed in Table 3.1. The 

data collected was then processed on Topspin 3.5pl7. Data were fit using Sigma Plot 11 (SPSS, 

San Jose CA); T1 values are listed in Tables 3.2 and 3.3.  

The manner in which the longitudinal relaxation rate, T1, of a proton is affected by a 

paramagnetic species at a distance r is given by the Solomon-Bloembergen equation: 

1/T1 = (2/15)[S(S + 1)2g22f(c)]/r
6 + (2/3)[S(S + 1)A2c]/[h

2(1 + S
2c

2)]  Eq. (1) 

and 

f(c) = 3c/(1 + Ic
2) + 7c/(1 + Sc

2)      Eq. (2) 

where S is the electron spin quantum number,  is the gyromagnetic ratio of the proton, g is the 

electronic g factor, A is the spin exchange constant, and  is the Bohr magneton.  I and S (= 

657 I) are 2  times the Larmor frequencies of the nucleus and the electron, respectively, while 

c is the correlation time [12].  The second term in the equation accounts for through-bond 

interactions.  Thus, the T1 values for protons on the guanine bases were not used in determining 

the position of the chromic centers so that this term could be ignored and 1/T1   1/r6.   

3.2.4 FT-IR Spectroscopy 

Samples were prepared in both D2O and Millipore H2O. Both solvents are needed 

because the solvent peak for H2O is in the 1600 cm-1 region which is where the in plane base 

double bonds stretching is located. By using D2O in addition to H2O, the full spectrum can be 

collected. Cr(III)/oligonucleotide ratios were 0, 0.3, 0.7, 1.0, 2.0, and 3.0.  For DNA 1 in D2O, 

the oligonucleotide concentration was 2.16 mM at a pD of 6.99. For DNA 1 in H2O, the 

oligonucleotide concentration was 2.24 mM at pH of 6.95.  For DNA 2 in D2O, the  

 



 46  
 

 

 
Table 3.1 Delay times used in T1 experiments.  

Delay  

number 

Delay 

time (s) 

Delay 

number 

Delay 

time (s) 

1 0.001 32 10.3 

2 0.01 33 10.8 

3 0.05 34 11.3 

4 0.13 35 11.8 

5 0.22 36 12.3 

6 0.34 37 12.8 

7 0.50 38 13.3 

8 0.68 39 13.8 

9 0.88 40 14.3 

10 1.1 41 14.8 

11 1.4 42 15.3 

12 1.7 43 15.8 

13 2.3 44 16.3 

14 2.8 45 16.8 

15 3.3 46 17.3 

16 3.8 47 17.8 

17 4.3 48 18.3 

18 4.8 49 18.8 

19 5.0 50 19.3 

20 5.3 51 19.8 

21 5.8 52 20.3 

22 6.0 53 20.8 

23 6.3 54 21.3 

24 6.8 55 21.8 

25 7.3 56 22.3 

26 7.8 57 22.8 

27 8.3 58 23.3 

28 8.8 59 23.8 

29 9.3 60 24.3 

30 9.8 61 24.8 

31 10 62 25.0 
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oligonucleotide concentration was 1.83 mM at a pD of 7.02. For DNA 2 in H2O, the 

oligonucleotide concentration was 1.91 mM and a pH of 7.10. FT-IR spectra were collected on a 

Jasco FT/IR-4100 (Easton, MD). An International Crystal Laboratories (Garfield NJ) SL-2 

model CaF2 fluid cell with a path length of 0.0524 mm was utilized. The scan width was 800 cm-

1 to 2500 cm-1 with a resolution of 2 cm-1; 4098 scans were collected per sample. First, an air 

background was collected; this was subtracted from every subsequent spectrum. Spectra of H2O 

or D2O were also collected and then subtracted from the spectra as appropriate for the choice of 

solvent. The spectra were then baseline corrected using a 2nd order polynomial using Matlab 

R2017b (MathWorks, Natick MA).  

3.2.5 UV Thermal Denaturation (Tm) 

Samples were prepared in 10 mM Hepes buffer, pH 7.00, containing 40 mM NaCl. 

Except for the blank sample, an oligonucleotide concentration of 6.1 µM or 6.3 mM was used for 

DNAs 1 and 2, respectively. Samples were prepared containing 0, 0.5, 1.0, 2.0, and 3.0 

equivalents of Cr(III) per oligonucleotide.  Data were collected on a Beckman Coulter DU800 

spectrophotometer (Brea, CA), with a Beckman Coulter high performance temperature controller 

using a 6-well Tm Microcell holder and quartz cuvettes. The experiments were performed in a 

N2-flushed compartment to prevent condensation.  The temperature range was from 10 oC (DNA 

1) or 20 oC (DNA 2) to 75 oC with a ramp rate of 0.5 oC/min, with the absorbance measured 

every 0.5 min.  Measurements were collected in both the forward and reverse direction. The data 

was then transferred to Sigmaplot 11 and fit via regression to a four-parameter sigmodal curve to 

determine the Tm values.  

3.2.6 EPR Spectroscopy 
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Electron spin echo envelope modulation (ESEEM) spectra of DNA 1 and hyperfine 

sublevel correlation spectroscopy (HYSCORE) spectra of DNA 2 were measured using an 

ELEXSYS E680 EPR spectrometer (Bruker-Biospin, Billerica, MA) equipped with a Bruker 

Flexline ER 4118 CF cryostat.  Spectra were recorded with a nominal microwave frequency of 

9.76 GHz at 4.5 K for HYSCORE measurements and 10 K for ESEEM measurements. ESEEM 

measurements were made at 3415 G (314.5 mT) and consisted of a three-pulse sequence, 

π/2−τ−π/2−T−π/2−τ+T−echo repeated at a rate of 2 kHz, where π/2 and π represent pulses 16 

and 32 ns long, respectively, and T and τ represent delays between the pulses.  The parameter τ 

was optimized for detection of nuclear modulation for each sample by maximizing the signal and 

the nuclear modulation. Spectra were processed in the Xepr software (Bruker Biospin, Billerica 

MD).  HYSCORE measurements were made at 3700 G (370.0 mT) using the four pulse 

sequence, π/2−τ−π/2−T1−π−t2−π/2−τ−echo repeated at a rate of 2 kHz, where π/2 and π 

represent pulses 16 and 32 ns long, respectively.  The T1, t2, and τ represent delays between the 

pulses. The parameter τ was set to 100 ns, and the times T1 and t2 were varied independently to 

create the two axes of the HYSCORE spectrum. HYSCORE spectra were processed in 

MATLAB (MathWorks, R2018a).  Plots were made using Origin2018 (OriginLab, 

Northhampton MA). All of the EPR spectroscopy and processing of data was carried out by 

Molly Lockart of the Bowman group. 

3.2.7 Structure Modeling 

For each DNA, an idealized structure of the B-form double helix was created using 

Chimera 1.12 (UCSF, San Francisco, CA). The energy of the idealized structure was then 

minimized using the AMBER (ff99) molecular mechanics routine within Chimera.  A 

[M(H2O)5]
3+ unit was then placed at the location of the Cr center as established from the T1 
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NMR experiments, and a sixth bond between the metal center and nearby N7 of guanine was 

created.  The energy of the resulting structure was minimized. 

3.2.8 Evans Method 

The Evans NMR method [17] was utilized to acquire solution magnetic susceptibility 

measurements, employing the use of a 4% methanol spike to the sample. The methanol methyl 

peak was then used as the reference peak.  

3.3 Results and discussion 

3.3.1 NMR Spectroscopy 

Using a combination of NOESY, COSY, and TOCSY NMR, about 90% of the non-

exchangeable proton NMR signals have been assigned for each DNA (see Tables 3.2 and 3.3).  

The data confirm that the duplexes of the oligonucleotides take a B-form structure, because the 

pattern of interactions between protons observed in the NOESY spectra are unique enough to 

allow for the differentiation of each form of DNA.  The addition of paramagnetic Cr(III) results 

in a change to the T1 of the protons, which is manifested as both a general broadening of the 

majority of NMR peaks (Figures 3.1 and 3.2) and a more pronounced effect on certain peaks. 

The general broadening is expected when introducing a paramagnetic species to a NMR solution, 

but the observation that certain peaks are more strongly affected then others indicates that certain 

locations are binding Cr(III) selectively. The T1 values for protons with the greatest reduction in 

T1 are presented in Tables 3.2 and 3.3 for DNAs 1 and 2, respectively.  These protons are all 

located in the major groove of the DNA in the vicinity of the guanine bases as shown in Figures 

3.3 and 3.4, which suggests that the Cr(III) is binding in this general location. A likely place for 

Cr(III) to bind to the oligonucleotide would be the N7 of the guanines as metals often bind to N7 

of guanine bases of DNA.   Comparison of the 2-D NMR spectra of the DNAs in absence and   
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Table 3.2. Peak assignments used for T1 calculations for DNA 1  

[ppm] Proton 

5.4457 11CH1' 

5.4573 12TH1' 

5.5506 6TH1' 

5.6117 4GH1' 

5.6456 9AH1' 

5.6811 5TH1' 

5.757 10AH1' 

5.8107 3AH1' 

5.8215 14TH1' 

5.9073 7AH1' 

5.9453 1AH1' 

6.0081 13AH1' 

6.8792 8TH6 

6.9255 5TH6 

6.9387 11CH6 

6.9783 14TH6 

7.0353 12TH6 

7.0989 2TH6 

7.117 6TH6 

7.231 ??? 

7.3103 ??? 

7.3672 4GH8 

7.6901 ??? 

7.8049 10AH8 

7.899 9AH8 

7.9164 1AH8 

7.9651 3AH8 

8.0295 13AH8 

8.065 7AH8 

 

[ppm] Proton 

0.9316 5TCH3 

1.0751 8TCH3 

1.1049 2TCH3 

1.208 14TCH3 

1.2725 12TCH3 

1.2959 6TCH3 

1.619 11CH2'  

1.7431 8TH2'  

1.7657 12TH2'  

1.7907 5TH2'  

1.8511 14TH2'/2''  

1.8688 2TH2'  

1.9341 6TH2'  

2.0929 8TH2'' 

2.134 11CH2'' 

2.163 2TH2'' 

2.1936 12TH2'' 

2.2218 4GH2'  

2.2645 5TH2'  

2.2847 6TH2'' 

2.3081 10AH2'  

2.3629 7AH2'' 

2.3862 1AH2'' 

2.4007 9AH2'' 

2.4467 4GH2'' 

2.4725 13AH2'' 

2.4878 3AH2'' 

2.5291 10AH2'' 

2.5691 1AH2'' 

2.6091 13AH2'' 

2.62 9AH2'' 

2.6269 3AH2'' 

2.6344 7AH2'' 

5.1865 8TH1'/11CH5 

5.2641 2TH1' 
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Table 3.3 Peak assignment for DNA 2 

 

 

 

[ppm] Proton 

1.1973 6TCH3 

1.2918 8TCH3 

1.3555 2TCH3 

1.4583 14TCH3 

1.5569 12TCH3 

1.9449 11CH2' 

1.9513 12TH2' 

1.9608 12TH2' 

2.0051 10CH2' 

2.0233 2TH2' 

2.051 6TH2' 

2.0629 14TH2'/2'' 

2.2853 2TH2' 

2.3368 10CH2'' 

2.3399 12TH2'' 

2.343 11CH2'' 

2.3479 5GH2' 

2.3534 8TH2'' 

2.4326 6TH2'' 

2.4595 4GH2' 

2.5329 7AH2' 

2.5505 1AH2' 

2.5518 4GH2'' 

2.5584 9AH2' 

2.6161 5GH2'' 

2.6258 3AH2' 

2.6674 13AH2' 

2.7012 1AH2'' 

2.7525 1AH2'' 

2.7557 13AH2'' 

2.7896 3AH2'' 

2.8196 7AH2'' 

3.6854 1AH5' 

3.9332 14TH4' 

3.9704 3AH5' 

4.0268 11CH4' 

4.0789 12TH4' 

4.0921 8TH4' 

4.1095 3AH4' 

4.1154 10CH4' 

4.1191 6TH4' 

4.1621 1AH4' 

4.2748 5GH4' 

4.2909 4GH4' 

4.3038 13AH4' 

 

[ppm] Proton 

4.3081 7AH4' 

4.6269 11CH3' 

4.6355 12TH3' 

4.6545 10CH3' 

4.7103 5GH3' 

4.7567 2TH3' 

4.7625 1AH3' 

4.7709 6TH3' 

4.7776 8TH3' 

4.8555 4GH3' 

4.8965 7AH3' 

4.904 9AH3' 

4.9158 13AH3' 

4.94 3AH3' 

5.0933 10CH5 

5.3168 11CH5 

5.4843 2TH1' 

5.5387 8TH1' 

5.5622 4GH1' 

5.6693 6TH1' 

5.6811 12TH1' 

5.702 10CH1' 

5.7196 11CH1' 

5.8057 5GH1' 

5.9379 3AH1' 

6.0009 14TH1' 

6.0624 9AH1' 

6.104 1AH1' 

6.1289 7AH1' 

6.1995 5GH1' 

7.0661 8TH6 

7.1319 6TH6 

7.1802 10CH6 

7.1914 14TH6 

7.268 12TH6/2TH6 

7.3626 11CH6 

7.3779 5GH8 

7.5194 4GH8 

7.8601 1AH2 

8.0599 1H8 

8.0946 3AH8 

8.113 9AH8 

8.1701 7AH8 

8.1908 13AH8 
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Figure 3.1. 1H NMR spectrum of oligonucleotide duplexes DNA 1 without added Cr(III) (black) 

or with 1 equivalent of Cr(III) per oligonucleotide (red) between ~0.9 and 1.1 ppm.  Asterisks 

mark signals broadened from close proximity to Cr(III) centers. While at it appears that the left 

most peak around 1.3 broadens to nothing it actually shifts to overlap with the peak next to it.  
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Figure 3.2. 1H NMR spectrum of oligonucleotide duplexes DNA 1 without added Cr(III) (black) 

or with 1 equivalent of Cr(III) per oligonucleotide (red) between ~6.6 and 8.2 ppm. 
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Figure 3.3. 1H NMR spectrum of oligonucleotide duplexes DNA 1 without added Cr(III) (black) 

or with 1 equivalent of Cr(III) per oligonucleotide (red) between ~0.9 and 8.8 ppm. 
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Figure 3.4 1H NMR spectrum of oligonucleotide duplexes DNA 2 without added Cr(III) (black) 

or with 1 equivalent of Cr(III) per oligonucleotide (red) between ~1.1 and 1.8 ppm.  Asterisks 

mark signals broadened from close proximity to Cr(III) centers.    
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Figure 3.5 1H NMR spectrum of oligonucleotide duplexes DNA 2 without added Cr(III) (black) 

or with 1 equivalent of Cr(III) per oligonucleotide (red) between ~7.0 and 8.4 ppm.   
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Figure 3.6 1H NMR spectrum of oligonucleotide duplexes DNA 2 without added Cr(III) (black) 

or with 1 equivalent of Cr(III) per oligonucleotide (red) between ~1.1 and 8.4 ppm.   
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Table 3.4 Selected T1 values (seconds) for DNA 2 as a function of added Cr(III).  

Proton 0.0 Cr(III)/ 

oligonucleotide 

0.1 Cr(III)/ 

oligonucleotide 

0.4 Cr(III)/ 

oligonucleotide 

8TCH3 2.25 1.40 0.20 

6TH1' 2.46 1.79 0.50 

8TH1' 2.62 1.66 0.42 

4GH1' 2.46 1.69 0.35 

5GH1' 2.42 1.75 0.57 

3AH1' 2.29 1.48 0.31 

8TH6 2.52 1.80 0.37 

6TH6 3.31 2.27 0.37 

5GH8 2.05 1.53 0.71 

3AH2 4.03 2.95 0.51 

4GH8 3.48 2.88 0.71 

1AH8 2.33 1.98 0.89 

3AH8 2.20 1.39 0.38 

7AH8 2.30 1.74 0.37 
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Table 3.5 Selected T1 values (seconds) for DNA 1 as a function of added Cr(III).   

Proton 
0 Cr(III)/ 

oligonucleotide 

0.1  Cr(III)/ 0.2 Cr(III)/  0.4 Cr(III)/  

oligonucleotide oligonucleotide oligonucleotide 

5TCH3 1.18 0.36 0.17 0.09 

8TCH3 1.47 0.49 0.25 0.15 

6TCH3 1.59 0.80 0.49 0.35 

6TH1' 1.35 0.52 0.12 0.31 

4GH1' 0.98 0.60 0.46 0.26 

5TH1' 0.99 0.80 0.48 0.29 

3AH1' 1.38 0.93 0.54 0.41 

7AH1' 0.80 0.46 0.03 0.02 

8TH6 0.68 0.49 0.15 0.16 

5TH6 1.21 0.69 0.36 0.26 

6TH6 1.26 0.78 0.41 0.32 

4GH8 0.96 0.24 0.23 0.14 

9AH8 1.12 0.37 0.07 0.07 

3AH8 1.07 0.14 0.09 0.07 

7AH8 1.25 0.51 0.26 0.14 
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Figure 3.7 The idealized structure of DNA 1 showing all the most affected protons in green; the 

N7 of guanine bases is in blue. 

5’ 

5’ 3’ 

3’ 
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Figure 3.8 The idealized structure of DNA 2 showing all the most affected protons in green; the 

N7 of guanine bases is in blue. 

3’ 

3’ 

5’ 

5’ 
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presence of Cr(III) showed little difference other than the disappearance of cross signals 

involving the proton signals most broadened by the interaction with the Cr(III) centers; this 

indicates that the binding of Cr(III) generated no significant perturbations to the overall structure 

of the duplex DNA’s (see Figure 3.5, 3.6, and 3.7). If  a pronounced structurally change in the 

structure of the duplex, several cross peaks would fade away as their distance became too great 

for the Nuclear Overhauser Effect (NOE’s) to transfer, and other cross peaks could show up as 

protons become close enough to interact.  

     For DNA 1, 31P NMR spectroscopic data showed that two of the signals were broadened; this 

broadening indicates that two P atoms are in proximity to the Cr(III) centers. No contact shifts 

for the signals are observed, indicating that these phosphates are not directly bound to the Cr(III).  

These results are consistent with the structure for DNA 1 shown in Figure 3.8 where two 

phosphates are within ~7 Å of the Cr(III) centers. A slight shift occurs in in the spectra for DNA 

1 upon the first addition of Cr(III), this results from a slight pH shift to which the 31P NMR is 

very sensitive, no further shift is seen upon later addition of Cr(III).  For DNA 2, three signals 

are broadened. Again, no contact shifts were evident (Figures 3.9 and 3.10). This is consistent 

with what would be expected since each guanine binding site should effect two phosphates, the 

one corresponding to the base and the one immediately to the 3’ side of the base. Since the 

guanines are adjacent, only three phosphates will be affected since one guanine phosphate will 

be affected by both bindings sites. When a titration of Cr(III) added to deoxy ribose guanine 

monophosphate (dGMP) a noticeable upfield shift of roughly 0.3 ppm was seen which differs 

greatly from the slight shift and broadening seen in the for DNA 1 and 2.  

3.3.2 FT-IR Spectroscopy 
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Figure 3.9 Region of NOESY NMR spectrum of DNA 2 with no Cr(III) (Black) or 0.4 Cr(III) 

per oligonucleotide (Red).  Note that the cross peaks remain largely unaffected except for those 

arising from each H-8 of the guanines whose relaxation times are altered due to binding to 

Cr(III) to the guanines. 
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Figure 3.10 Overlaid structures of duplex DNA 2 (silver) and duplex of DNA 2 with bound 

Cr(III) at upper G (gold). 

 

 

 

5’ 3’ 

5’ 3’ 
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Figure 3.11 Overlaid structures of double helix of DNA 2 (silver) and double helix of DNA 2 

with bound Cr(III) at lower G (Gold). 
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Figure 3.12 Cr(III) binding site with [Cr(H2O)5]3+ unit (Cr3+ in green) coordinated to guanine-

5 of DNA 1 (N7 is in blue). The structures were minimized using Amber, which identified 

several H-bonds between water and the DNA.  
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Figure 3.13 31P NMR spectra of DNA 1 as a function of added Cr(III). Equivalents are 

Cr(III)/oligonucleotide. Arrows mark bands most significantly broadened upon Cr(III) addition.  
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Figure 3.14 31P NMR spectrum of DNA 2 as a function of added Cr(III).  Equivalents are 

Cr(III)/oligonucleotide. Arrows mark bands most significantly broadened upon Cr(III) addition; 

stacked arrows indicate overlapping bands. 
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The proposed locations for the bound Cr’s are also consistent with FTIR experiments that show 

no changes in the energies of the phosphate group vibrations (which are located  around 225 cm-

1) or C=O stretches of the bases (located in the region 1640 cm-1 to 1690 cm-1) of either duplex 

until large Cr:oligonucleotide ratios are reached where condensation and precipitation start to 

occur.  (See Figures 3.11-3.14). The changes seen for DNA 1  are a lowering or a peak at 1698 

cm-1  and a increase of peaks at 1662 cm-1. For DNA 2 peaks at 1688 cm-1, and 1678 cm-1 

decreased in intensity, and peaks at 1664 cm-1, and 1660 cm-1 increased in intensity. This effect 

can be explained by the shifting of the peaks down by 20 to 30 wavenumbers. These results are 

consistent with those of Ref. [6] because the changes were found at physiologically irrelevant 

high metal:DNA ratios, where aggregation and precipitation occurs. At these higher 

concentrations the Cr(III) may begin to bind in other ways that have no bearing on its 

carcinogenic nature.  

3.3.3 UV Thermal Denaturation (Tm) 

Tm’s are listed in Tables 3.6 and 3.7.  The addition of Cr to DNA 1 has no effect on the 

melting temperature up to 3 equivalents of Cr per oligonucleotide.  For DNA 2, the melting 

temperature may decrease slightly on the addition of Cr. This suggests that no large structural 

changes are occurring when the Cr(III) binds the DNA. Previous studies that have explored the 

effect Cr(III) binding has on the Tm of calf thymus DNA have reported and effect of +3.5 oC for 

a Cr(III) to base ratio of 1:10, which is larger then our effect seen at Cr(III) to base ratio of 1:14 

which were +0.3 oC for DNA 1 and -1.4 oC for DNA 2. 

3.3.4 EPR Spectroscopy 

Two sets of features of note occur in ESEEM spectra (Figures 3.15 and 3.16): peaks 

below 6 MHz and peaks around the 15 MHz regions. The peaks below 6 MHz correspond to  
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Figure 3.15 FT-IR spectra of DNA 1 in the region of stretches from the bases as a function of 

added Cr(III).  Equivalents are Cr(III)/oligonucleotide. 
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Figure 3.16 FT-IR spectra of DNA 1 in the region of the phosphate stretches as a function of 

added Cr(III).  Equivalents (Eq) are Cr(III)/oligonucleotide. 
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Figure 3.17 FT-IR spectra of DNA 2 in the region of stretches from the bases as a function of 

added Cr(III).  Equivalents (Eq) are Cr(III)/oligonucleotide. 
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Figure 3.18 FT-IR spectra of DNA 2 in the region of the phosphate stretches as a function of 

added Cr(III). Equivalents (Eq) are Cr(III)/oligonucleotide. 
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Table 3.6 Tm’s of DNA 1 (6.1 M in strands)as a function of added Cr(III). 

  

Cr(III)/oligonucleotide Tm (oC) SE 

0.0 31.1 0.1 

0.5 31.5 0.1 

1.0 31.4 0.1 

2.0 32.1 0.1 

3.0 31.7 0.2 
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Table 3.7 Tm’s of DNA 2 (6.3 M in strands) as a function of added Cr(III). 

  

Cr(III)/oligonucleotide Tm (oC) SE 

0.0 40.6 0.1 

0.3 39.1 0.1 

0.6 40.6 0.1 

0.9 39.2 0.2 

1.5 39.5 0.2 

2.0 40.8 0.1 

3.0 40.8 0.1 

 



 76  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 3-Pulse ESEEM spectra for DNA 1 with 1.0 equivalent of Cr(III) per 

oligonucleotide added.  The spectra show a weak feature near 15 MHz from 1H in the vicinity of 

Cr(III) with weak hyperfine couplings < 5 MHz.   The features below 6 MHz are from 14N with 

weak hyperfine couplings < 2 MHz, and no 14N with stronger couplings were seen in the ESEEM 

or in the (-+) quadrant of the HYSCORE spectra. The intensities of these spectral features 

depend on the value of tau, as expected.  No evidence of a peak from weakly coupled 31P at 6 

MHz was ever observed with either duplex.   
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Figure 3.20 HYSCORE spectrum (left) and corresponding skyline projection (right) for DNA 2 

with 1.0 equivalent of Cr(III)/oligonucleotide. The features at 2-5 MHz arise from N, while the 

features at 16.5 MHz arise from 1H. The spectra show a weak peak near 15 MHz from 1H in the 

vicinity of the Cr(III) with weak hyperfine couplings <5 MHz. The features below  6 MHz are 

from 14N with weak hyperfine couplings much less than 2 MHz, and no 14N with stronger 

couplings were seen in the ESEEM or in the (-+) quadrant of the HYSCORE spectrum. The 

intensity of these spectral features depend on the value of tau, as expected. As with DNA 1, no 

evidence of a peak from weakly-coupled 31P at 6 MHz was ever seen for DNA 2 . 
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Cr(III) coupling to a 14N. The coupling to nitrogen strongly resembles that observed in 

[Cr3O(O2CCH2CH3)6(imidazole)3]+, supporting Cr(III) binding to the N7s of the guanines. 

The peaks around 15 MHz correspond to Cr(III) coupling to 1H. Unfortunately, the experiment 

was unable to distinguish between 2H and 1H interactions, when the DNA’s were analyzed in 

D2O. The inability to distinguish between these two types of atoms prevented the distinction of 

exchangeable and nonexchangeable protons coupled to the Cr(III).  Another important feature of 

the ESEEM studies (Figures 3.19) is the lack of a Cr(III) 31P interaction. These interactions 

would show up at 6 MHz in the ESEEM spectra. One problem with 3pESEEM measurements is 

that peaks tend to overlap, which could cause the 15N peak to overlap with the 31P peak. To 

address this, hyperfine sublevel correlation spectroscopy (HYSCORE), which is a 2D technique 

that is able to separate peaks that overlap in the 1D experiments were used. The value of tau 

(where tau is the time delay between pulses and is optimized for modulation for each sample) 

was chosen in the HYSCORE experiment so that both 1H and 31P would have intense peaks if 

they were present. The HYSCORE spectrum (Figure 3.20) of DNA 2 shows intense peaks below 

5 MHz, which are from 14N, and peaks near 15 MHz, which are from protons. It lacks an intense 

peak near 6 MHz, which is where the 31P would show up if it were coupled to the Cr(III). 

Together, the ESEEM and HYSCORE experiments demonstrate coupling to nitrogen and 

protons and lack coupling to 31P. Taken together, this data points to a Cr(III) interaction where 

the metal is binding to the N7’s of guanines and not directly bound to the phosphate back bone; 

this is contrary all previously proposed models for Cr(III) binding to DNA. 

3.3.5 Structure Modeling 

The models of DNA 1 and DNA 2 shown in (Figures 3.8, 3.17 and 3.18) were created 

using minimization via molecular dynamics. In all of these figures, the [Cr(H2O)5]
3+ ion can be 
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clearly seen to bind through the N7 of the guanine and hydrogen bonding through five water 

molecules. These data exclude the proposed binding model where guanosine acts as a bidentate 

ligand through coordination of both N7 and the 5’-phosphate group [11].  The model was based 

on comparative reactivity studies of Cr(III) with dGMP vs. deoxyguanosine [12], illustrating the 

value of spectroscopic experiments directly probing the structures of DNA adducts.   

The effect of hydrogen bonding from the waters bound to the Cr(III) on the surrounding 

DNA is also important. Although the distortion of the DNA strand from binding to [Cr(H2O)5]
3+ 

is minor (as seen in Figures 3.6, and 3.7), even small shifts in distance can have major effects on 

the T1’s of protons. This is best illustrated in DNA 2 in regards to the T1’s of 6TCH3 and 

8TCH3. While the 6TCH3 is closer to the N7 of guanine in the idealized structure of DNA 2 

without added Cr, an almost equal effect occurs for T1’s of 6TCH3 and 8TCH3. When the 

hydrogen bonding from the Cr(III) bound H2O is taken into account, 6TCH3 is shifted away 

from the Cr(III) center slightly, while the 8TCH3 is shifted toward the Cr(III) center. The 

hydrogen bonding of the Cr(III) bound waters also prevents a second  [Cr(H2O)5]
3+ ion from 

binding after the first [Cr(H2O)5]
3+ ion is bound to either of the N7’s of the guanines in DNA 2. 

To test for the possibility of a single Cr(III) ion bridging both guanines, a model was set up with 

the Cr(III) bound to both sites; but upon minimization via molecular dynamics, the Cr(III) would 

drift to bind to one guanine or the other.  

The T1’s measured previously were then used to confirm the predicted structures. Due to 

through-space interactions with paramagnetic Cr(III) atoms, the T1’s of nearby nuclei are 

proportional to r1/6 where r is the distance from the proton to the metal center [10], as described 

by the first term in Eq. 1. To avoid any effects of through bond orbital overlap interactions, the 

T1 values for protons on the guanine bases were not used in determining the position of the  
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Figure 3.21 Predicted binding site near guanine-4 in duplex DNA 2.  Cr(III) in green; Cr(III) in 

binding site near G-5 omitted for clarity. 
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Figure 3.22 Predicted binding site near guanine-5 in duplex DNA 2. Cr(III) in green; Cr(III) in 

binding site near G-4 omitted for clarity. 
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chromic centers, i.e.  the second term in Eq. 1. was ignored. T1 data for neighboring residues was 

used as a ruler to triangulate the locations of the Cr(III) ions. For DNA 1, the site for Cr(III) 

interacting with the DNA’s was identified, approximately within a Cr-N bond length (~2 Å) of 

the N7 of the guanine as shown in Figure 3.8. For DNA 2, this was also the case for either 

guanine.   

3.3.6 Evans Method 

 Evans method magnetic susceptibility measurements for DNAs 1 and 2 with 1 equivalent 

of added Cr yield magnetic moments per Cr of 3.63 BM and 3.84 BM, respectively. This is near 

the spin-only value of 3.87 BM, indicating that only mononuclear Cr centers are bound to the 

DNA [19]. 

3.4 Conclusion 

          The current study conclusively demonstrates at relatively low Cr(III):DNA ratios, the 

binding mode of Cr(III) to DNA 1 and DNA 2 involves the N7’s of guanine. Hydrogen bounds 

are found between water ligands and the surrounding DNA structure including the phosphate 

backbone. The Cr(III) does not bind directly to the phosphate backbone, as shown by the lack of 

Cr(III) 31P coupling in the ESEEM and HYSCORE spectra and the 31P NMR data where no 

noticeable shift occurs with any of the peaks, which  contrasts with the binding of Cr(III) to 

guanine 5’-monophosphate where a marked upfield shift of the P signal indicates that the 

phosphate group is bound to Cr. This mode of binding is novel and does not fit any of the 

previously proposed models of Cr(III) DNA interactions as was discussed in Chapter 1 (see Fig. 

1.3) [16]. While some of the previously proposed structures suggested both direct binding of the 

Cr(III) to the N7 of guanine and hydrogen binding of the waters bound to the Cr(III), none of the 

previous models show the Cr(III) hydrogen bound to the oxygen of the phosphate back bone, in 
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fact the previously reported models all share a common feature of the Cr(III) always being bound 

to the oxygen of the phosphate backbone. This has led to the prevalent idea that the main mode 

of binding of Cr(III) to DNA is via the phosphate backbone, which is not supported by the 

current study.  
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CHAPTER 4 

EFFORTS TOWARD INTER-STRAND CROSSLINKS AND TERNARY ADDUCTS 

4.1 Introduction 

 In Chapter 3, the manner by which Cr(III) binds to DNA to form binary adducts was 

studied, and the results revealed Cr(III) binds to the N7 of guanines while five Cr(III)-bound 

water molecules hydrogen bond to the surrounding duplex DNA. However, binary adducts of 

Cr(III) and DNA have been suggested to be less mutagenic than either inter-strand crosslinks 

(ICL) of Cr(III) and DNA or ternary adducts (Cr(III), DNA, and a third species) [1,2,3].  Similar 

to binary complexes of Cr(III) and DNA, the structures of these inter-strand crosslinks and 

ternary complexes are unknown.  Thus, efforts were made to attempt to prepare and characterize 

inter-strand crosslinks and ternary complexes.  To study the ability of Cr(III) to form ICL, small 

synthetic oligonucleotides were designed with the sequences 5’-AT ACG TATA CGT AT-3’ 

(DNA 3) and 5’-T AGC TATA GCT A-3’ (DNA 4). Examination of models of B-form DNA 

had suggested that the only DNA sequence likely to be able to form an inter-strand crosslink 

using guanines to bind to Cr was 5’-CG-3’.  Herein are described efforts to characterize the 

binding of Cr(III) to an oligonucleotide containing the sequence 5’-CG-3’ and to a 

oligonucleotide with the sequence 5’-GC-3’as a control. 

 Ternary complexes of DNA are reported to be formed between DNA, Cr(III), and 

ascorbate or thiols (and their oxidation products), amino acids, and peptides.  Previous studies by 

other groups have demonstrated the facile formation of ternary complexes by the addition of 
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Cr(III) and ligands to DNA [1].  However, the products were not characterized at a molecular 

level.  In fact, multiple products may well have been produced, rather than a single type of 

ternary adduct in each case.  Selectively synthesizing these ternary complexes may prove to be a 

challenge as binary adducts might also be produced in the process along with multiple types of 

ternary adducts.  Initial efforts towards synthesizing ternary adducts in a controlled fashion will 

be described. 

4.2 Experimental 

The experimental methods used were similar to those previously described in Chapter 3. 

All of the work conducted using DNA 4 was carried out by Sydney Marchi with assistance from 

Silas Brown.  

4.2.1 Chemicals 

All chemicals were used as received. CrCl3•6H2O and Cr(NO3)3•9H2O were from Fisher 

(Fairlawn, NJ); D2O was from Cambridge Isotope Laboratories, Inc. (Andover, MA); DCl, 

NaOD, and histidine were from Acros Organics (Morris Plains, NJ); and NaOH was from VWR 

(Radnor, PA). Oligonucleotide DNAs were synthesized by GenScript (Piscataway, NJ). The 

reason for DNA 4 being a 12-mer not a 14-mer is that 12-mer’s should more readily form 

crystals for X-ray diffraction studies.  Studies using a 12mer of DNA 3 where the nucleotide at 

each end of the sequence is not present will be examined in the future by the Vincent group.  The 

DNA was stored in a -20 oC freezer before use.  Doubly deionized water was used throughout. 

4.2.2 DNA Solution Preparation 

The oligonucleotides were dissolved in either D2O or H2O. The pH of the solutions were 

then adjusted to pH of 7.0 (±0.1) with HCl, DCL, NaOH and NaOD. The final concentrations of 

the oligonucleotides were determined using the absorbance of solutions at 260 nm.  For DNA 3, 
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an extinction coefficient of 159,000 M-1cm-1 was used for the single-stranded oligonucleotide; 

and for DNA 4, an extinction coefficient 134,800 M-1cm-1 was used for the oligonucleotide. 

These extinction coefficients were calculated by multiplying the number of each base in the 

sequence by their average extinction coefficient: 15,400 M-1cm-1 for adenine, 8,800 M-1cm-1 for 

thiamine, 11,700 M-1cm-1 for guanine, and 7,300 M-1cm-1 for cytosine. Solutions were annealed 

on a Fischer Scientific dry bath incubator by heating at 95 oC for 5 minutes and then allowed to 

cool to room temperature over the course of 4 hours. For the experiments requiring a Cr source 

in D2O, a 1 M Cr(III) solution in D2O was prepared by dissolving CrCl3•6H2O in D2O.  This 

solution was heated to dryness and then reconstituted by the addition of D2O; this cycle was 

repeated three times. 

4.2.3 NMR Spectroscopy 

Experiments with DNA 3 were performed at 283 K, while experiments with DNA 4 were 

performed at 278 K to prevent the sequence from unwinding while the experiments were 

conducted. Solutions for NMR and other studies were allowed to sit for 24 hours after the 

addition of Cr(III) (0-4 equivalents Cr(III) per oligonucleotide) before being used in the 

subsequent experiments. One-dimensional 1H spectra were collected on both Bruker AM-600 

and AM-500 spectrometers (Billeria, MA) using the zg pulse program with 128 scans.  31P 

spectra were collected on the AM-500 spectrometer using the zgpg30 pulse program with 2400 

scans. The data was then processed in Topspin 3.5pl7 using a Gaussian method.  Correlation 

Spectroscopy (COSY) spectra were collected on the AM-600 spectrometer using the cosygpqf 

(256 experiments). Nuclear Overhauser Effect Spectroscopy (NOESY) spectra were collected on 

the AM-600 spectrometer using the noesyph pulse program. For the DNAs without added 

Cr(III), 512 experiments with 64 scans were collected; and for the samples with added Cr(III), 
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256 experiments with 32 scans were collected.  2D Total Correlation Spectroscopy (TOCSY) 

spectra were acquired on the AM-600 spectrometer using the pulse program dipsi2esgpph (512 

experiments). Four different delay times were used: 60 ms, 120 ms, 180 ms, and 240 ms.  T1 

measurements were conducted using the 180o-inversion recovery method on the AM-600 

spectrometer. The T1ir pulse program was used with 31 time points as listed in Table 3.1. The 

data collected was then processed on Topspin 3.5pl7. Data were fit using Sigma Plot 11 (SPSS, 

San Jose CA). 

4.2.4 FT-IR Spectroscopy 

Samples were prepared in both D2O and Millipore H2O. Cr(III)/oligonucleotide ratios 

utilized were 0, 0.3, 0.7, 1.0, and 2.0.  For DNA 3 in D2O, the oligonucleotide concentration was 

2.40 mM at a pD of 7.03. For DNA 3 in H2O, the oligonucleotide concentration was 2.40 mM at 

pH of 7.03.  FT-IR spectra were collected on a Jasco FT/IR-4100 (Easton, MD). An International 

Crystal Laboratories (Garfield NJ) SL-2 model CaF2 fluid cell with a path length of 0.0524 mm 

was utilized. The scan width was 800 cm-1 to 2500 cm-1 with a resolution of 2 cm-1; 4098 scans 

were collected per sample. First, an air background was collected; this was subtracted from every 

subsequent spectrum. Spectra of H2O or D2O were also collected and then subtracted from the 

spectra as appropriate for the choice of solvent. The spectra were then baseline corrected using a 

2nd order polynomial using Matlab R2017b (MathWorks, Natick MA).  

4.2.5 UV Thermal Denaturation (Tm) 

Samples were prepared in 10 mM Hepes buffer, pH 7.00, containing 40 mM NaCl. An 

oligonucleotide concentration of 6.1 µM was used for DNA 3. The temperature range was from 

10 oC (DNA 3) to 75 oC with a ramp rate of 0.5 oC/min; the absorbance measured every 0.5 min.  

Data were collected on a Beckman Coulter DU800 spectrophotometer (Brea, CA), with a 
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Beckman Coulter high performance temperature controller using a 6-well Tm Microcell holder 

and quartz cuvettes. The experiments were performed in a N2-flushed compartment to prevent 

condensation.  The temperature range was from 10 oC (DNA 1) or 20 oC (DNA 2) to 75 oC with 

a ramp rate of 0.5 oC/min, with the absorbance measured every 0.5 min.  Measurements were 

collected in both the forward and reverse direction. The data was then transferred to Sigmaplot 

11 and fit via regression to a four-parameter sigmodal curve to determine the Tm values. 

4.2.6 EPR Spectroscopy 

Spectra were recorded with a nominal microwave frequency of 9.76 GHz at 10 K for 

ESEEM measurements.  ESEEM spectra of DNA 3 were measured using an ELEXSYS E680 

EPR spectrometer (Bruker-Biospin, Billerica, MA) equipped with a Bruker Flexline ER 4118 CF 

cryostat.  ESEEM measurements were made at 3415 G (314.5 mT) and consisted of a three-pulse 

sequence, π/2−τ−π/2−T−π/2−τ+T−echo repeated at a rate of 2 kHz, where π/2 and π represent 

pulses 16 and 32 ns long, respectively, and T and τ represent delays between the pulses.  The 

parameter τ was optimized for detection of nuclear modulation for each sample by maximizing 

the signal and the nuclear modulation. Spectra were processed in the Xepr software (Bruker 

Biospin, Billerica MD).  Plots were made using Origin2018 (OriginLab, Northhampton MA).  

ESEEM experiments were carried out by Molly Lockart. 

4.2.7 Structure Modeling 

For DNA 3, an idealized structure of the B-form double helix was created using Chimera 

1.12 (UCSF, San Francisco, CA). The energy of the idealized structure was then minimized 

using the AMBER (ff99) molecular mechanics routine within Chimera.  Initially, [M(H2O)5]
3+ 

units were placed at the locations of the Cr centers suggested from the T1 NMR experiments, and 

a sixth bond between the metal centers and the nearby N7’s of the guanines were created.  When 
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this was minimized, a satisfactory structure could not be obtained.   Rotation of the guanine base 

of the 11G nucleotide was rotated 180O along the glycosidic bond (Connecting the base and the 

deoxyribose sugar ring). This new structure was then minimized. This placed the two Cr centers 

in close proximity suggesting the formation of a binuclear unit.  Both [M2(H2O)9(-OH)]5+ and 

[M2(H2O)8(-OH)2]
4+ units were used to attempt to generate satisfactory structures.  However, 

only the [M2(H2O)9(-OH)]5+ unit produced a structure with reasonable bond lengths while 

maintaining a bond between one the Cr centers and N7 of 11G.  This required, however, only 

having a hydrogen bond between a water molecule bound to the other chromium center and N7 

of 5G.  The resulting structure was then minimized.   

4.2.8 Evans Method 

The Evans NMR method was utilized to acquire solution magnetic susceptibility 

measurements, employing the use of a 4% methanol spike to the sample. The methanol methyl 

peak was then used as the reference peak.  

4.2.9 Binding constant of Cr to DNA 

 Binding constants for the binding of Cr(III) to the double-stranded DNA were determined 

using an ultrafiltration method.  DNA 3 was utilized at a concentration of 1.50 (+/- 0.02) mM. 

The solution was divided into 700 µL aliquots; to these aliquots 0.1, 0.5, 1.0, or 2 equivalents of 

Cr(III) were added. Once the DNA and Cr(III) solutions were mixed, they were allowed to sit for 

24 hours at ~4 oC. At the beginning of the experiments, a sample (50 µL) was removed from 

each solution.   Most of the solutions were then passed through an Amicon Ultracel 0.5 mL 

centrifugal filter with a 3,000 molecular weight cutoff using a Fisher Scientific Micro7 

micocentrifuge.  Samples (50 µL) were then removed from both the filtrate and supernatant. The 

amount of Cr(III) was then determined via colorimetric assay; samples were diluted with doubly 
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distilled water as necessary to keep the results of the colorimetric assay on scale.  Experiments 

were performed in triplicate. 

 The colorimetric assay used to determine the Cr concentration has been described 

previously [4].  To 500 µL of the sample solution, 10 µL of 3 M NaOH, 30 µL of 30 % H2O2, 

and 50 µL of a solution of diphenyl carbazide (10 g diphenol carbazide dissolved in 10 mL of 

ethanol) was added in order. Finally, 10 µL of concentrated sulfuric acid was added. The 

absorbance of the solution was then measured at 540 nm.  A standard curve is required with 

every set of assays.  Cr binding studies were performed by Charles Sumer Thomas under the 

direction of Silas Brown. 

 Procedures to fit the data to obtain binding constants are described below in the Results 

and Discussion section.  Data were fit using SigmaPlot 11. 

4.2.10 Synthesis of trans(Imidazole)-[Cr(III)(histidinate)2]
+ and Cr(III)-histidine solution 

 trans(Imidazole)-[Cr(III)(histidinate)2]
+ was prepared following the literature method of 

Ref. 1 by Emma Lankford under the supervision of Silas Brown.  For the pH titration of 

trans(Imidazole)-[Cr(III)(histidinate)2]
+, concentrated HCl was added to an aqueous solution of 

the compound.  Ultraviolet/visible spectra were obtained with a Beckman Coulter DU800 

spectrophotometer (Brea, CA). 

The Cr-histidine solution used by Zhitkovich and coworkers [5] for making Cr(III)-

histidine-DNA ternary adducts was prepared as described previously except the concentrations 

of Cr(III), histidine, and buffer were increased tenfold.   Ultraviolet/visible spectra were obtained 

as described above. 

4.3 Results and Discussion 

4.3.1 Inter-stand Crosslinks 
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At low ratios of reducing agent to Cr(VI), interstrand DNA crosslinks have been reported 

to be formed in vitro [6-8].  Using ascorbate [6,7] or cysteine [8,9] as reductants, the yield of 

crosslinks is strongly dependent on Cr concentration. The formation of Cr oligomers which bind 

DNA has been proposed to account for this dependence [9].  Initial studies of Cr adduct 

formation underestimated the amount of this type of crosslink as it is extremely sensitive to 

EDTA.  Yet, these crosslinks may constitute less than 10% of Cr-DNA adducts.  Simply put by 

O’Brien et al, “At this point in time there is simply not enough information available to afford 

speculation on the exact stereochemistry of Cr-ICLs.  Much more work is needed to understand 

the exact base-specificity of these lesions and how the phosphate backbone is incorporated into 

Cr-ICLs” [10].  Curiously ~10% of these crosslinks are heat stable, and ~10% are magnesium 

insensitive, suggesting these lesions are heterogeneous.  While these differences could suggest 

the involvement of guanine in the more resistant crosslinks, this is again not supported by any 

spectroscopic or related evidence.  Thus, efforts to make inter-strand crosslinks using the small 

oligonucleotide approach described in Chapter 3 were undertaken.   

Given that Cr(III) appears to bind to DNA first in the major groove at N7 of guanine, 

how an inter-strand crosslink could form is less than obvious at first glance as the site of Cr(III)-

binding is well isolated from potential binding atoms on a second strand of DNA.   Using models 

of DNA, the closest apparent approach of two guanine nucleotides on different strands of DNA 

required a sequence 5’-CG-3’ be present in an oligonucleotide. Thus, the binding of Cr(III) to an 

oligonucleotide containing this sequence (DNA 3) was examined in a fashion similar to those of 

DNA 1 and DNA 2 as described in Chapter 3. 
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4.3.1.1 NMR Spectroscopy  

Using a combination of NOESY, COSY, and TOCSY NMR, about 90% of the non-

exchangeable proton NMR signals were assigned for DNA 3 (see Table 4.1).  The data confirm 

that the duplexes of the oligonucleotides take a B-form structure, because the pattern of 

interactions between protons observed in the NOESY spectra are unique enough to allow for the 

differentiation of each form of DNA.  The addition of paramagnetic Cr(III) results in a change to 

the T1’s of the protons, which is manifested as both a general broadening of the NMR peaks 

(Figures 4.1, 4.2, and 4.3) and a more pronounced broadening effect on certain peaks. As 

described in Chapter 3, the general broadening is expected when introducing a paramagnetic 

species to a NMR solution, but the observation that certain peaks are more strongly affected then 

others indicates that certain locations are binding Cr(III) selectively. For example, the signal 

from 8TH6 broadens significantly at low Cr:oligonucleotide ratios (Figure 4.4).  

In addition, other changes in the 1H NMR spectrum were observed in the base region 

(Figure 4.4) when Cr(III) was added for DNA 3.  No effects similar to these were observed for 

DNA 1 or 2, suggesting that something different was happening for DNA 3.  Most notably the 

signals from 10CH6, 4CH6, and 8TH6 shift throughout addition of Cr. A possible explanation 

for these effects would be rotation of 11G base by ~180O around the base-sugar bond (vide 

infra).     

The T1 values for protons for DNA 3 with the greatest reduction in T1 are presented in 

Table 4.2.  These protons are all located in the major groove of the DNA in the vicinity of the 

guanine bases as shown in Figure 4.5, which suggests that the Cr(III) is binding in this general 

location. A likely place for Cr(III) to bind to the oligonucleotide would be the N7 of the guanines 

as metals often bind to N7 of guanine bases of DNA.  However, in this case, triangulation of the 
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Table. 4.1 Peak assignments used for T1 calculations for DNA 3. 

ν(F1) [ppm] Annotation 

4.4371 14TH3' 

4.3463 3AH4' 

4.1098 6TH4' 

4.1006 2TH4' 

4.0694 10CH4' 

3.9559 14TH4' 

2.8367 7AH2'' 

2.7923 3AH2'' 

2.7704 13AH2'' 

2.7469 9AH2'' 

2.7264 1AH2'' 

2.6772 5GH2'' 

2.6661 13AH2' 

2.646 3AH2' 

2.6336 11GH2'' 

2.5759 7AH2' 

2.5639 1AH2' 

2.5451 9AH2' 

2.4792 5GH2' 

2.4685 11GH2' 

2.407 6TH2'' 

2.3569 2TH2'' 

2.3442 8TH2'' 

2.2874 12TH2'' 

2.2564 4CH2'' 

2.2423 10CH2'' 

2.0876 2TH2' 

2.0721 14TH2' 

2.0378 6TH2' 

1.9565 8TH2' 

1.931 4CH2' 

1.9064 10CH2' 

1.8701 12TH2' 

1.4588 14TCH3 

1.3767 12TCH3 

1.3664 2TCH3 

1.345 6TCH3 

1.31 8TCH3 

 

ν(F1) [ppm] Annotation 

8.2115 3AH8 

8.1919 7AH8 

8.1853 13AH8 

8.116 9AH8 

8.077 1AH8 

7.7134 5GH8 

7.7063 11GH8 

7.2972 2TH6 

7.2067 14TH6 

7.1661 4CH6 

7.1337 10CH6 

7.1142 6TH6 

7.0766 12TH6 

7.0667 8TH6 

6.2113 13AJ1' 

6.1483 3AH1' 

6.1343 7AH1' 

6.1223 1AH1' 

6.0527 9AH1' 

6.0212 14TH1' 

5.8431 5GH1' 

5.812 11GH1' 

5.6515 12TH1' 

5.6126 6TH1' 

5.5247 2TH1' 

5.5165 8TH1' 

5.4854 4CH1' 

5.4734 10CH1' 

5.1474 4CH5 

5.092 10CH5 

4.9519 3AH3' 

4.92 9A/13AH3' 

4.9155 7AH3' 

4.8368 11G/5GH3' 

4.7826 2TH3' 

4.78 6TH3' 

4.7789 1AH3' 

4.7731 8TH3' 

4.76 12TH3' 
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proton-Cr(III) distances based on the T1 values indicated that the Cr(III) centers were not located 

in the major groove of DNA, but directed toward the inside of the double helix. Comparison of 

the 2-D NMR spectra of the DNAs in absence and presence of Cr(III) showed little differences 

other than the disappearance of cross signals involving the proton signals most broadened by the 

interaction with the Cr(III) centers (see Figure 4.6).  This indicates that the binding of Cr(III) 

generated no significant perturbations to the overall structure of the duplex DNA’s. If  a 

pronounced structurally change in the structure of the duplex, several cross peaks would fade 

away as their distance became too great for the Nuclear Overhauser Effect (NOE’s) to transfer, 

and other cross peaks could show up as protons become close enough to interact. This is 

consistent with the results reported in Chapter 3 for DNAs 1 and 2.   

For DNA 3, 31P NMR spectroscopic data (see Figure 4.7) showed that one of the signals was 

shifted downfield, which potentially is explained by the changes in hydrogen bonding from the 

rotation of 11G.  If this is correct, then the most upfield P signal corresponds to the P of the 

phosphodiester bridging 10C and 11G.  Two signals were selectively broadened by Cr(III) 

addition; this broadening indicates that the two P atoms are in close proximity to the Cr(III) 

centers. These results are consistent with the structure for DNA 3 shown in Figures 4.8, and 4.9, 

where two phosphate P’s are within ~8 Å of the Cr(III) center; these are the P’s of the 

phosphodiesters  bridging between 3A and 4C and between 4C and 5G. 

 4.3.1.2 FT-IR Spectroscopy  

Similar to the FTIR spectra for DNA 1 and 2 discussed in Chapter 3, no significant 

changes were observed in FTIR spectra of DNA 3  as a function of added Cr(III) (see Figures 

4.10, and 4.11). These results are consistent with no large structural changes occurring upon  

 



97 
 

 

Figure. 4.1 1H NMR spectrum in the methyl proton region of oligonucleotide duplexes of DNA 

3 without added Cr(III) (black) or with 1 equivalent of Cr(III) per oligonucleotide (red). 
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Figure. 4.2 1H NMR spectrum in base proton region of oligonucleotide duplexes of DNA 3 

without added Cr(III) (black) or with 1 equivalent of Cr(III) per oligonucleotide (red). 
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Figure. 4.3 1H NMR spectrum of oligonucleotide duplexes of DNA 3 without added Cr(III) 

(black) or with 1 equivalent of Cr(III) per oligonucleotide (red). 
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Figure. 4.4 1H NMR spectra in the base proton region of oligonucleotide duplexes of DNA 3 as 

a function of added Cr(III). Equivalents are Cr(III)/oligonucleotide. Arrows denotate protons of 

interest. 1 represents the 4CH5 proton signal; 2, the 10CH5 proton signal; 3, the 12TH6 proton 

signal; and 4, the 8TH6 proton signal. 

  

1 2 
3 
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Table. 4.2 Selected T1 values (seconds) for DNA 3 as a function of added Cr(III). 

 

Proton T1 with Cr 
(s) 

10CH1' 0.4492 

4CH1' 0.5047 

8TH1' 0.7176 

6TCH3 0.3248 

8TCH3 0.3119 

8TH6 0.6564 

6TH6 0.5156 

10CH6 0.4991 

9AH8 0.4267 

4CH6 0.3457 

12TCH3 0.961 
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Figure. 4.5 Idealized structure of double helix of DNA 3.  Protons in green are those whose 

signals are most affected upon addition of Cr(III); the N7 of guanine bases is presented in blue. 

5’ 3’ 

3’ 5’ 
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Figure. 4.6 Region of NOESY NMR spectrum of DNA 3 with no Cr(III) (Black) or 1.0 Cr(III) 

per oligonucleotide (Red).  Cross peaks of interest are labeled 1-6 in the format of horizontal 

proton:vertical proton. Peak 1 is 5GH2’’;5GH8, 2 is 11GH2’’;11GH8, 3 is 5GH2’;5GH8, 4 is 

11GH2’;11GH8, 5 is 5/11GH8;4/10CH2’’, 6 is 5/11GH8;4/10CH2’. For cross peaks 5 and 6 the 

cross peaks of both G’s show the same pattern and were not separated out into two different pairs 

for clarity of the figure. Note that the cross peaks remain largely unaffected except for those 

arising from each H-8 of the guanines whose relaxation times are altered due to binding to 

Cr(III) to the guanines and that the peaks 2 and 4 are not as diminished suggesting a structural 

change in addition to the paramagnetic effect. 

  

1 2 
3 4 5
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104 
 

 

Figure. 4.7 31P NMR spectra of DNA 3 as a function of added Cr(III). Equivalents are 

Cr(III)/oligonucleotide. Arrow 1 marks the band that is shifted downfield suggesting rotation of 

one of the guanines to hydrogen bond a phosphate. Arrows 2 and 3 mark bands most 

significantly broadened upon Cr(III) addition.  

  

2 
1 
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Figure. 4.8 Overlaid structures of duplex DNA 3 (silver) and duplex of DNA 3 with bound 

Cr(III) and rotated 11G (gold with rotated G in pink). 

  

5’ 3’ 
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Figure. 4.9 Cr(III) binding site with [Cr2(H2O)9(OH)]5+ unit (Cr3+ in green) coordinated to 

guanine-5 of DNA 3 (N7’s are in blue). The structures were minimized using Amber, which 

identified several H-bonds between water and the DNA. 

  

3’ 
5’ 
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Figure. 4.10 FT-IR spectra of DNA 3 in the base stretch region as a function of added Cr(III).  

Equivalents are Cr(III)/oligonucleotide. 
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Figure. 4.11 FT-IR spectra of DNA 3 in the phosphate stretch region as a function of added 

Cr(III).  Equivalents (Eq) are Cr(III)/oligonucleotide. 
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Cr(III) binding the DNA.  Given the rotation of the one guanine base suggested by the NMR 

experiments, the lack of more observable changes in the FT-IR spectra is surprising. 

4.3.1.3 UV Thermal Denaturation (Tm)  

The Tm’s for DNA 3 as a function of added Cr(III) are listed in Table 4.3.  The addition 

of Cr to DNA 3 only caused the melting temperature to decrease slightly on the addition of Cr. 

This further shows that no large structural changes are occurring upon Cr(III) binding to the 

DNA.  

4.3.1.4 EPR Spectroscopy 

Two sets of features of note occur in ESEEM spectra (Figure 3.12): peaks below 6 MHz 

and peaks around the 15 MHz regions. The peaks below 6 MHz correspond to Cr(III) coupling to 

a 14N. The coupling to nitrogen strongly resembles that observed in 

[Cr3O(O2CCH2CH3)6(imidazole)3]
+ and that for DNA 1 and 2 with added Cr(III), supporting 

Cr(III) binding to the N7s of the guanines. The peaks around 15 MHz correspond to Cr(III) 

coupling to 1H.  Another important feature of the ESEEM studies is the lack of a Cr(III)-31P 

interaction. These interactions would show up at 6 MHz in the ESEEM spectra. The ESEEM 

experiments demonstrate coupling to nitrogen and protons and a lack of coupling to 31P. This all 

points to a Cr(III) interaction where the metal is binding to the N7 of at least one guanine and not 

directly bound to the phosphate backbone; this is consistent with the results for DNA 1 and 2 as 

discussed in Chapter 3.   

X-band EPR of the binary chromium DNA adducts of DNAs 1, 2, and 3 

(Cr:oligonucleotide ratio 1:1) are shown in Fig. 4.13.  All display broad signals at ~3,300 G 

(g~2).  The signal for DNA 3 is decidedly sharper than those for DNA 1 and DNA 2.  Similar 

behavior has been observed for the EPR spectra of dinuclear [Cr2(-OH)2(histidine)2] compared  
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Eq. CrIII/ssDNA Tm 

(oC) 

Std. Error 

0 50.8 0.1 

0.5 49.6 0.2 

1 48.6 0.2 

2 49.6 0.1 

3 49.6 0.2 

 

Table. 4.3 Tm’s of DNA 1 (6.1 M in strands) as a function of added Cr(III). 
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Figure. 4.12 3-Pulse ESEEM spectra for DNA 1 with 1.0 equivalent of Cr(III) per 

oligonucleotide added.  The spectra show a weak feature near 15 MHz from 1H in the vicinity of 

Cr(III) with weak hyperfine couplings < 5 MHz.   The features below 6 MHz are from 14N with 

weak hyperfine couplings < 2 MHz, and no 14N with stronger couplings were seen in the ESEEM 

or in the (-+) quadrant of the HYSCORE spectra. The intensities of these spectral features 

depend on the value of tau, as expected.  No evidence of a peak from weakly coupled 31P at 6 

MHz was ever observed. 
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Figure. 4.13 Field Sweep EPR for DNA 1, DNA 2, and DNA 3 shown as A, B, and C 

respectively.  

A 

B 

C 
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to the spectra of mononuclear trans(imidazole)-[Cr(histidine)2]
+ and trans(carbosylate)-

[Cr(histidine)2]
+ [11], suggesting that DNA 3 might possess a hydroxo-bridged binuclear Cr(III) 

unit. 

4.3.1.5 Evans Method  

Evans method magnetic susceptibility measurements for DNAs 3 with 1 and 2 

equivalents of added Cr yield the same magnetic moments per Cr of 3.78 BM. This is near the 

spin-only value of 3.87 BM for an S=3/2 center such as Cr(III).  This indicates that either the Cr 

are only mononuclear centers or the coupling between the Cr centers is weak so that it is difficult 

to detect near room temperature. Unfortunately working in aqueous solution limits the 

temperature to which the solutions can be cooled without freezing; this makes the window for 

temperature dependent studies of the magnetic moment too small for obtain meaningful results.   

The coupling constants for hydroxo-bridged binuclear Cr(III) assemblies vary greatly depending 

on the geometry of the hydroxo bridges [12-14].  Using the convention H = -2JS1
.S2, the known 

values of the coupling constant J varies from ~-20 to ~+1 cm-1 [12], although almost all 

compounds possess antiferromagnetic coupling (J<0) between the Cr centers.  Thus, at near 

room temperature. The coupling between the Cr centers of a hydroxo-bridged binuclear Cr(III) 

assembly could be so small as to lead to an undetectable change in the molar magnetic moment.  

4.3.1.6 Structure Modeling  

Initially [M(H2O)5]
2+ units were placed on the structure of DNA 3 in similar locations to 

those were [M(H2O)5]
2+ were found to bind to DNA 1 and 2, bonded to the N7 of the guanines,  

However, the location of the metal centers was not consistent with the location of the metal 

centers predicted from using the T1 data: the predicted locations were closer to the center of the 

DNA.  Thus, Cr binding to DNA 3 appeared to somehow be distinct from that was observed for 
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DNAs 1 and 2.  Next, the structure of DNA 3 with the bound [M(H2O)5]
2+ units was minimized.  

The minimization attempted to rotate the guanine base of 11G around the base-sugar bond.  

Assuming that the molecular mechanism algorithm was hinting toward the correct structure, the 

guanine was rotated 180o around this bond, and the structure was minimized again.  This resulted 

in placing the Cr bound to 11G close to the location predicted from the T1 data, between the 

DNA strands.  However, the location of the second Cr center was still not agreement with the T1 

data, which suggested that the Cr was too far from 5G to be bonding to its N7.  When the metal 

center was placed in the location predicted by the T1 data, also between the DNA strands, it was 

in close proximity to the metal center bound to 11G, suggesting the possibility of the formation 

of a binuclear metal center.  As discussed above, the presence of a binuclear Cr(III) unit would 

be consistent with the low temperature EPR spectra and ESEEM data, as long as at least one Cr 

was bond to a guanine nitrogen.  To explore this possibility, models of DNA 3 were constructed 

with either a [M2(H2O)8(-OH)]5+ or [M2(H2O)6(-OH)2]
4+ present.  Both [Cr(III)2(-OH)]5+ and 

[Cr(III)2(-OH)2]
4+ units are well known in Cr(III) coordination chemistry.  Upon minimization 

of the structure with the [M2(H2O)6(-OH)2)]
4+ unit, this unit was ruled out because the distances 

between the M centers did not fit the T1 data and the [M2(H2O)6(-OH)2)]
4+ was pulled apart 

during the minimization. In contrast, the minimization of the structure containing the binuclear 

unit with a single bridging hydroxo ligand maintained the binuclear unit and keep the metal 

centers in locations close to the predicted locations from the T1 data.   Further manipulations 

adjusting the location of the binuclear unit and minimizing the resulting structures, provided a 

model consistent with the spectroscopic data.  This model of DNA 3 shown in Figures 4.8 and 

4.9. In both of these figures, one of the Cr’s in the  [Cr2(H2O)9(-OH)]5+ ion can be observed to 

bind through the N7 of the 11G, while one of the waters bound to the other Cr center is hydrogen 
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bound to the N7 of 5G. The remaining eight waters in this complex form hydrogen bonds to the 

surrounding double DNA duplex. As with the structure of DNA 1 and 2 with bound Cr(III), the 

hydrogen bonding from the waters bound to the Cr(III) to the surrounding DNA are probably 

essential in stabilizing the resulting structure.  In this final structure, the location predicted by the 

triangulation using distances predicted from the T1 data for the Cr(III) interacting with the N7 of 

11G and the minimized location was ~ 1.1 Å.  For the Cr is bound to a water molecule that 

hydrogen bonds to the N7 of 5G, this difference in distance was found to be ~0.5 Å.   Obtaining 

a X-ray structure of DNA 3 with the bound Cr(III) is necessary to confirm (or refute) the 

proposed structure.  Efforts to grow crystals have not yielded X-ray structure quality crystals to 

date. 

NMR studies (including T1 data) by Sydney Marchi on DNA 4 revealed that a Cr(III) 

appears to bind through the N7 of both guanines in the DNA in a mononuclear fashion similar to 

that seen for DNA 1 and DNA 2.  For example, while signals in the base region of the 1H NMR 

spectra  broadened as Cr(III) was added, no shifting of the base proton signals was observed as 

with DNA 3. 

4.3.1.7 Cr Binding Constant 

To establish whether the binding of Cr(III) to DNA is physiologically relevant, the 

binding constants for DNA need to be determined.  An ultrafiltration method was developed to 

determine the amount of free and DNA-bound Cr(III) to allow binding constants to be 

determined.   

For oligonucleotides with a single G and thus two Cr(III) binding sites per double helical 

DNA, two Cr(III) binding sites are present. At a given pH, effective equilibrium constants can be 

written such that 
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K1 = [Cr-DNA]/([Cr][DNA])         Eq.(1)  

and 

K2 = [Cr2-DNA]/([Cr][Cr-DNA])        Eq. (2) 

where [Cr] represents the concentration of all chromium not bound to DNA, [DNA] represents 

the concentration of DNA without bound Cr, [Cr-DNA] represents the concentration of DNA 

with a single bound Cr, and [Cr2-DNA] represents the concentration of DNA with two bound Cr. 

Based on these equations, the total concentration of Cr and of DNA becomes 

[Cr]total = [Cr]+K1[Cr][DNA]+2K1K2[Cr]2[DNA]      Eq. (3) 

and 

[DNA]total = [DNA]+K1[Cr][DNA]+K1K2[Cr]2[DNA]    Eq. (4) 

For the self-complementary DNA, K1 should be equal to K2, allowing simplification of Eq. 3 and 

4.  For oligonucleotides with two guanines, the corresponding DNA can bind four equivalents of 

Cr.  In this case, the formation constants for the resulting complexes are given by 

K1 = [Cr-DNA]/([Cr][DNA])         Eq. (5) 

K2 = [Cr2-DNA]/([Cr][Cr-DNA])                   Eq. (6) 

K3 = [Cr3-DNA]/([Cr][Cr2-DNA])                   Eq. (7) 

and 

K4 = [Cr4-DNA]/([Cr][Cr3-DNA])                   Eq. (8) 

where [Cr3-DNA] is the concentration of DNA with three equivalents of bound Cr and [Cr4-

DNA] is the concentration of DNA with four equivalents of bound Cr.  The total amount of 

chromium in the experiment is given by 

[Cr]total = [Cr]+[Cr-DNA] + 2[Cr2-DNA] + 3[Cr3-DNA] + 4[Cr4-DNA]   Eq. (9) 

Using Eq. 5-6, the [Cr]total becomes 
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[Cr]total = [Cr] + K1[Cr][DNA] + 2K1K2[Cr]2[DNA] + 3K1K2K3[Cr]3[DNA] + 

4K1K2K3K4[Cr]4[DNA]                  Eq. (10) 

and the [DNA]total is 

[DNA]total = [DNA](1 + K1[Cr] + K1K2[Cr]2 + K1K2K3[Cr]3 + K1K2K3K4[Cr]4)    Eq. (11) 

Solving Eq. 11 for [DNA] and substituting into Eq. 10 gives 

[Cr]total = [Cr]+{[DNA]total/(1+K1[Cr]+K1K2[Cr]2 + K1K2K3[Cr]3 + K1K2K3K4[Cr]4)} x 

(K1[Cr]+ 2K1K2[Cr]2+3K1K2K3[Cr]3+ 4K1K2K3K4[Cr]4])               Eq. 

(12) 

Eq. 12 can be simplified by assuming given the self-complimentary nature of the 

oligonucleotides by assuming K1=K2 and K3=K4. 

As a test case, data were collected first on DNA 3.  Given that DNA 3 has been proposed 

to bind Cr in multinuclear site, the data first were treated by the method of Hill [15] for the 

binding of multiple ligands (in this case chromic ions) to a macromolecule (DNA 3). This 

method uses the average binding number y defined as 

y =Kf[Cr]n/(1+Kf[Cr]n)                   Eq. 

(13) 

where Kf is the binding or formation constant and n is the Hill constant (and a measure of the 

degree of cooperativity between binding sites) such that 

log[y/(1-y)] = logKf + nlog [Cr]                  Eq. 

(14) 

A Hill plot (Fig. 4.14) assuming 4 binding sites gives a linear curve with values of logKf  and n of 

10.3 and 2.73, respectively.  The Hill constant with a value near 2 suggests the binding of Cr is 

cooperative and is consistent with formation of binuclear Cr assemblies.  Kf is 2.1 x 1010 M-4. 
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Figure. 4.14 Hill plot of binding of Cr(III) to DNA 3. 
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Given the limited number of data points, attempts were made to fit the data on DNA 3 to 

Eq. 12 starting with the assumption that a single equilibrium constant (i.e., K1=K2=K3=K4) might 

provide a suitable fit.  Insufficient data were present to generate a fit with even with just the one 

variable.  Future research will include collecting more data points on the binding of Cr to DNA 3 

and collecting data on DNAs 1, 2, and 4 and fitting the data to Eq. 3 and 12 as appropriate and 

the Hill equation. 

4.3.2 Towards ternary complexes 

Ternary adducts are stronger inhibitors of replication in plasmids transfected into human 

cells than binary adducts [16,17], and their mutagenicity and carcinogenicity appears to arise by 

their inappropriate processing by mismatch repair (MMR) proteins [18-21].   To begin to 

understand the mechanism of action of tertiary complexes, determining whether the sites of 

formation are the same as those for binary lesions is important.   

Several free amino acids (most notably cysteine, glutamate, glutamine, and histidine), 

peptides (such as glutathione), proteins, and other small biomolecules such as ascorbic acid form 

ternary complexes with Cr and DNA in vitro and in treated cells [22-27].  One study has used 

39-mer oligonucleotides with randomized sequences to examine cysteine binding in the presence 

of Cr(III) and Cr(VI) [26].  Only the quantity of cysteine associated with the DNA after a 2-hr 

incubation was determined; results varied on chromium source and whether it was pre-incubated 

with cysteine.  The data were interpreted to suggest that Cr binds to phosphate groups; but no 

direct evidence for this was presented.  A role for phosphate in binding Cr has also been 

proposed based on the prevention of Cr(VI)-induced ascorbate-DNA crosslinks in calf thymus 

DNA or 40-mer single-stranded oligonucleotides by phosphate buffer [28].  However, other 

coordinating ligands such as EDTA had similar effects.  Treatment of plasmid DNA with Cr(III), 
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Cr(III)-cysteine, Cr(III)-histidine, and Cr(III)-glutathione causes blockage of exonuclease 

activity; however, no patterns of blockage related to DNA sequence could be identified [29], 

suggesting that Cr(III) bonding was random and that phosphate groups could be involved.   

4.3.2.1 Cr(III) and Histidine 

 Studies of Cr-DNA ternary complexes have focused primarily on the small molecules 

cysteine, ascorbate, and amino acids, primarily histidine [5].  Efforts were made to synthesize 

chromium complexes of cysteine and ascorbate; however, NMR spectra of the products failed to 

display resolvable any signals from the ligands, as a result of broadening effects from the 

paramagnetic Cr(III) centers.  Hence, attention was turned to histidine.  

  The reaction of Cr(III) sources and histidine generates a variety of products including 

trans(imidazole)-[Cr(histidinate)2]
+, trans(carboxylate)-[Cr(histidinate)2]

+, and isomers of 

[Cr2(-OH)2(histidinate)2] [30,11].  The best characterized of these is trans(imidazole)-

[Cr(histidinate)2]
+, which possesses a distinct orange color that contrasts with the red color of 

trans(carboxylate)-[Cr(histidinate)2]
+ and the purple color of the dimers.   

To attempt to prepare Cr-histidine complex that could be added in a controlled fashion to 

DNA to form ternary adducts, the generation a Cr-histidine complex with exchangeable ligands 

such as aquo ligands is desired.  The acid hydrolysis of trans(imidazole)-[Cr(histidinate)2]
+ 

should generate the species [Cr(histidinate)(H2O)3]
2+. 

   The titration of trans(imidazole)-[Cr(histidinate)2]
+ with concentrated HCl was 

followed by UV/visible spectroscopy (Fig 4.15).  The titration reveals two isobestic points 

indicating the presence of two species in solution.  The visible maximum shifts from 494 to 528 

nm over the course of the titration.  Fitting the position of the maximum wavelength as a 

function of pH yields a pKa for the conversion of 1.68 (Fig 4.16). The shift in the maximum to  
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Figure. 4.15 The UV-Vis spectra of the pH titration of trans(Imidazole)-[Cr(histidine)2]
+ with 

HCl. 
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Figure 4.16 Plot of absorbance maximum vs. pH for titration of trans(Imidazole)-

[Cr(histidine)2]
+ with HCl. 
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longer wavelength is consistent with the loss of nitrogen-based ligation and replacement 

with oxygen-based ligation and the formation of [Cr(histidinate)(H2O)3]
2+. In the future, this 

solution can then be neutralized and mixed with oligonucleotides to study the potential formation 

of ternary adducts.   

Efforts have been made to further characterize trans(imidazole)-[Cr(histidinate)2]
+ in 

order to find a way to monitor whether a ternary complex is formed.  The lipophilicity of 

trans(imidazole)-[Cr(histidinate)2]
+ was also examined.  However, when examining the ability of 

the cation is distribute between water and octanol solution, the cation was found to be insoluble 

in octanol.  The 1H NMR spectrum of a saturated D2O solution of trans(imidazole)-

[Cr(histidinate)2]
+ with an expanded window of 0 + 50 ppm revealed two very broad, but readily 

observable features.  Unfortunately, when the sample was diluted to the millimolar concentration 

range necessary if it were to be used in DNA binding studies, the 1H NMR signals could no 

longer be observed.  However, the corresponding deuterons might be observable by 2H NMR.  

2H NMR signals are approximately 40-fold sharper than 1H NMR signals (based on the relative 

squares of the gyromagnetic ratio of the two nuclei).  A procedure has been developed for 

synthesizing crystals of trans(imidazole)-[Cr(histidinate)2]
+ on a scale affordable using L-

histidine-d3 (α-d1, imidazole-2,5-d2.    

Zhitokovitch and coworkers have reported that the addition of histidine or cysteine to 

DNA-bound Cr(III) does not yield ternary adducts [5].  However, they produced what they 

believed were ternary adducts by the addition of Cr(III) pre-reacted with histidine to DNA; (a 

ternary adduct was identified by the co-localization of [3H]histidine with DNA).  However, the 

pre-treated Cr(III) and histidine mixture was not characterized.  The mixture was made by 

mixing 50 M CrCl3
.6H2O and 500 M histidine in 10 mM MES buffer (pH 6.1) at 50 oC for 5 h 
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[5].  The experiment was repeated, but the concentrations of Cr(III) and histidine were increased 

by 10-fold so that visible absorbance spectra of suitable intensity could be measured on the 

resulting solution.  The visible spectrum after the solution was heated for 5 h and allowed to cool 

revealed that the solution was composed primarily of trans(carboxylate)-[Cr(histidinate)2]
+ with 

minor amount of trans(imidazole)-[Cr(histidinate)2]
+ and/or [Cr2(-OH)2(histidine)2].  Given the 

difficulty of hydrolyzing histidinate from trans(imidazole)-[Cr(histidinate)2]
+ begs the question 

of how susceptible this compound would be to losing a histidinate ligand and the resulting 

fragment binding to DNA, rather than, for example, the cationic trans(imidazole)-

[Cr(histidinate)2]
+ intercalating into the DNA.  This points out the need for careful spectroscopic 

and magnetic studies of the products of the addition of DNA and Cr(III) to obtain structural 

information at a molecular level.  Future studies will be aimed at examining the addition of 

Cr(III) and histidine and pre-formed Cr-histidinate complexes to DNA. 

4.4 Conclusions 

          The current study demonstrates at relatively low Cr(III):DNA ratios the binding mode of 

Cr(III) to DNA 3 involves the N7’s of guanine base of 11G but also causes a structural change of 

the 11G rotating 180o about the base-sugar bond.  A second Cr appears to be in close proximity 

to the Cr bound to 11G such that a hydroxo-bridged binuclear Cr center may be present.  

Hydrogen bounds are found between water ligands and the surrounding DNA structure including 

the phosphate backbone. The Cr(III) does not bind directly to the phosphate backbone, as shown 

by the lack of Cr(III) 31P coupling in the ESEEM spectrum. This mode of binding is novel and 

does not fit any of the previously proposed models of Cr(III) DNA interactions as was discussed 

in Chapter 1 (see Fig. 1.3) [16]. While the binding of the Cr to the GN7 is consistent with the  
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results of Chapter 3, the rotation of the 11G is novel.  A Hill plot indicates cooperative binding 

of Cr, supporting the hypothesis that the Cr binds in a binuclear unit. The ability to form a Cr(III) 

L-histidine complex with exchangeable aquo ligands may help to prepare ternary complexes.  
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CHAPTER 5 

 CONCLUSIONS 

5.1 Results of Chromium Malate Experiments  

 Chapter 2 demonstrated using a variety of spectroscopic and magnetic techniques 

(combined with elemental analyses) that the proposed formula of the potential nutritional 

supplement “chromium malate” was incorrect.  The results of these techniques ultimately 

revealed that “chromium malate” possessed a complex structure containing some type of 

trinuclear Cr(III) unit(s). 

5.2 Results of Cr-DNA Experiments  

 The use of multiple spectroscopic and magnetic techniques was extended in Chapters 3 

and 4 to probe the binding of Cr(III) to DNA, forming binary adducts.  The results in Chapter 3 

conclusively demonstrated at relatively low Cr(III):DNA ratios that the binding mode of Cr(III) 

to DNA 1 and DNA 2 involves the N7’s of guanine. Modeling shows hydrogen bonds between 

water ligands and the surrounding DNA structure including the phosphate backbone. The Cr(III) 

does not bind directly to the phosphate backbone, as shown by the lack of Cr(III)-31P coupling in 

the ESEEM and HYSCORE spectra.  Extension of application of these techniques to the DNA 

sequence predicted to be the best candidate to be able to form an interstand crosslink with Cr(III) 

in Chapter 4 again demonstrated at relatively low Cr(III):DNA ratios the binding mode of Cr(III) 

to DNA involves the N7 of guanine, even though a structural change of the 11G rotating 180o 

about the base-sugar bond was strongly implicated. The results also suggested an unanticipated



130 
 

 formation of a hydroxo-bridged binuclear Cr(III) bridging between two strands of DNA, even 

though the attachment to one guanine occurs through hydrogen bonds with coordinated water.   

For all the DNA’s examined in both chapters, Cr(III) did not bind directly to the phosphate 

backbone of the DNA, contradicting previously proposed structures for binary DNA adducts; 

this clearly demonstrates the importance of obtaining molecular level data on the structure of 

metal-biomolecule complexes.  

5.3 Future Directions 

Now that the use of NMR and other spectroscopic and magnetic techniques have been 

demonstrated to be effective tools in the understanding of Cr(III) DNA interactions, they can be 

applied to study the formation and structure of ternary Cr(III)-DNA-small molecule complexes. 

Along with these studies, X-ray crystallography studies will be required to confirm the structures 

proposed using the other techniques.  Ultimately, the Cr(III)-DNA adducts formed from the 

reduction of chromate in the presence of DNA will need to be determined.  Having a collection 

of spectroscopic signatures for the types of binary and ternary adducts that can be formed will be 

essential to identifying the resulting Cr(III)-DNA adducts.  This is particularly important as 

preliminary studies in the Vincent lab have shown that a variety of products with and without 

bound Cr(III) are likely to be formed. 

While the structures can be elucidated, the biological relevance of these structures need to 

be established.  Hence, measuring the binding constant for Cr(III) binding to particular DNA 

sequences is necessary to determine whether the binding of Cr)III) to DNA should be significant 

at physiologically relevant concentrations of Cr(III).  The technique developed in Chapter 4 

should allow for such studies to be performed.  Additionally, the potential mutagenicity and 

toxicity of these Cr(III)-DNA adducts needs to be assessed.  DNA duplexes of oligonucleotides 



131 
 

with carefully designed sequences and well established Cr(III) adducts or Cr(III)-small molecule 

adducts need to be incorporated into some type of biological system.  For example, they could be 

incorporated into reporter DNA to test DNA replication fidelity in a cell-based assay.   




