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Abstract 
VCD spectroscopy identifies the three-dimensional coaformation and absolute 

configuration of optically active systems. The primary objectives of this study were 

achieved in that VCD is capable of reveaiing sequence specificity and demonstrating 

conformationai changes accompanying DNA-drug interactions using 

deoxyoctanucleotides with daunorubicin, an anti-tumor drng currently used for the 

treatment of acute leukemia. 

The F W C D  spectra of the deoxyoctanucteotides and theu daunombicin complexes 

were measured in the contïnuous 1750-850 cm" range. The most prominent VCD 

features occur between 1750-1600 cm-' ascriid to dipolar coupling of the carbonyl 

and/or skeletal stretching vibrations of the stacked nucleotide bases, and L 100- 1050 cm-' 

arÏsing fiorn the symmetric PO< stretching viaratons of the sugar-phosphate backbone. 

For the deoxyoctanucleotides with varying sequences the structurai changes were 

monitored by wavenumber shifts and intensity variations in the VCD spectra. î h e  

nucleotide base modes appear to reveal sequence specificity in contrast to the phosphate 

bac kbone vibrations- 

Daunorubicin is an intercaiating drug which inserts itself between two stacked C-G 

base-pairs causing the DNA helix to unwind and lengthen. The DNA topology is thus 

changed and daunorubicin acts as a physical banier that inhibits DNA replication and 

transcription processes thereby stopping ce11 proLiferaton. The VCD spectra of the 

deoxyoctanucleotides upon intercalation with daunorubicin, in some cases, revealed the 

elimination of VCD couplets attributed to the C-G base-pair, which is consistent with the 

DNA sequence preference of daunorubicin according to previous literature. 

The FTIR/VCD spectra of the deoxyoctanucleotides and their daunorubich complexes 

were simulated with the non-degenerate extended coupled oscillator (NECO) model, 

which assumes that the predominant interaction is due to dipolar coupling of the stacked 

iii 



nucleotide bases and the phosphate backbone in the helical orientation. The IR absorption 

positions and the elecoic transition dipole moments, parameters required by the NECO 

model, were deriveci fkom ab initio caicuiatims using the B3-LW procedure with the 

6-5 1G** basis set. The former was adjusteci according to experïmental IR specaa before 

implementation into the NECO modei. For a sirnplistic model, the overaii features of the 

F W C D  spectra of the deoxyoctanucleotides and their daunorubicin complexes were 

simulated adequately. 
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1. Introduction 
Vibrational circular dichroism (VCD) spectroscopy measures the Merential absorption 

of circularly polarized uIfrared radiation, hence VCD is specific to chiral (opticdy 

active) systems. The three-dimensional conformation and absolute configuration of chiral 

molecuies are the key fean~es that can be identified with VCD spectroscopy. In 

cornparison with IR and Raman spectroscopy, VCD spectra by their nature offer 

information and detail additional to their parent spectra. The desire to understand 

DNA-dmg interactions inspired this research project, to investigate whether VCD was 

capable of revealing sequence specificity and subsequently to examine DNA interactions 

with the anti-nimor drug daunorubicin. Currently, daunorubicin is clinicaily used for the 

treatment of acute ieukemia. 

> TO establish systematic relatiomhips between DNA structurai characteristics and 

spectral features arising ftom VCD specwscopy. 

2 To demonstrate the utility of VCD spectroscopy as an analytical method for 

probing conformationai changes accompanying DNA-drug interactions using 

DNA-daunorubicin as an example. 

Since the ultimate objective of this study involves DNAdrug interactions it is necessary 

to take h o  account the fact that most drugs have sequence specificity, and therefore 

base-pairs can successively be varïed with a view to provide deteRniflants for DNA-dnig 

interactions. There are two major categones of DNA-drug interactions (Wilson, 1990), 

each classified by the type of drug and its mode of binding, namely: 



i) Intercaiating dmgs, e.g. anthracycline antibiotics of which daunorubicin is but one 

example, which causes unwInding and Iengtherling of the helix upon binding thereby 

profoundly changing the DNA conformation (Neidle, 1984). These structural changes 

may be monitored by wavmumbers shih andor intensities variations in the VCD 

specua- 

ii) Groove-binding dnrgs, e.g netropsin, which bind to DNA in the minor groove by 

displacing the spine of hydration and reproducing its coordination without greatly 

distortïng the DNA conformation. For VCD memements in this instance it appears 

more appropriate to monitor the dmg rather than the DNA. 

The DNA-dmg interaction can therefore be probed by monitoring the VCD spectnim of 

either the dmg or the DNA. The latter is preferred for our objectives thus advocating 

daunorubicin as the dmg of choice for this study. DNA sequences containhg eigbt 

base-pairs were used to minimize end hying and unwinding of the double helix. The 

molecules selected were systematically varied self-complementary deoxyoctanucleotide 

sequences of the type d(CGNNNMCG).d(CGNNNNCG), where N c m  be adenuie (A), 

cytosine (C), thymine (T) or guanine (G). This specific series was targeted on the basis of 

previously reported structural details, and the fact that it showed sequence variants and 

contained determïnants for daunombicin binding. 

The VCD spectmm in the 17504550 cm-' region has previously been reported for the 

deoxydecanucleotide, d(CGCGCGCGCG).d(CGCûCGCGCG), (Zhong et ai., 1990; 

Gdotta et ai.. 1989). The corresponding deoxyoctaaucleotide is expected to have similar 

characteristics and was therefore chosen as a standard and the principal sequence in this 

study. 



b) d(CGCATGCG).d(CGCATGCG) and d(CGCTAGCG).d(CGCTAGCG) 

The deoxyhexanucIeotides, d(CGATCG).d(CGATCG) and d(CGTACG).d(CGTACG), 

complexed with the antituxnor drug daunorubicin have been characterized by X-ray 

crystailography (Frederick et al.. 1990; Wang et al.. 1987). The corresponding 

deoxyoctanucleotides are expected to behave in a similar fishion. The affects on the VCD 

spectra of substituthg the principal sequence with two A-T base-païrs and switching their 

order shaii also be considered. 

C) d(CGTATACG).d(CGTATACG), d(CGATATCG).d(CGATATCG) and 
d(CGAATTCG).d(CGAATTCG) 

The deoxydodecanucleotides, d(CGCGATATCGCG).d(CûCGATATCGCG) cornplexed 

with netropsin and d(CGCGAATTCGCG).d(CGCGAATTCGCG), have been 

characterized by X-ray crystaiiography (Dickerson, 1990). The corresponding 

deoxyoctanucleotides are expected to behave in a similar fashion. The effects on the VCD 

spectra of substitu~g the principai sequence with four A-T base-pairs and switching 

them will also be considered 

G-T is an example of a transition mismatch base-pair, which has the correct purine but 

inconect pyrimidine. A mismatch (wobble) base-pair is attained by a sideways 

displacement of one base relative to its position in the regular Watson-Cnck geometry. 

The resulting loss of a hydrogen bond leads to a reduced stability which may be 

compensated for by ùnproved base stacking. The effect ofa mismatched G-T base-pair on 

2-DNA has been investigated by X-ray crystallography of the deoxyhexanucleotide, 

d(CGCGTG)-d(CGCGTG), (Ho et al.. 1985). The corresponding deoxyoctanucleotide is 

in the B-conformation and expected to behave differently. The effect on the VCD spectra 

of substituthg the principal sequence with two G-T base-pairs wiii be considered 



Deoxyoctanucleotides cornprising the self-complemenmy sequence d(CGNNNNCG). 

d(CGNNNNCG) where N can be A, T, C or G, were synthesized by using automated 

phosphoramidite chemistry on a DNA synthesizer, purified by the principle of molecular 

weight exclusion, assessed by polyacryiamîde gel electrophoresis and analyzed by 

ultraviolet 0 absorption, electronic circuiar dichroisrn (ECD) and melting temperature 

(Tm) measurements (Chapter 2)- 

Daunorubicin is an anti-tumor drug, that binds to DNA by the process of intercalation. 

The dmg inserts itself between N o  stacked C-G base-pairs thereby unwinding and 

lengthening the DNA helix. Daunorubicin thus creates a physical barrier that inhibits 

DNA replication and transcription processes, hence stopping ce11 proliferation. The 

intravenous administration of daunorubicin induces physiologicai side-effects including 

severe acute toxicities. Daunorubicin exhibits DNA sequence preference as established by 

solution, X-ray cry stallography and theoretical studies (Chapter 3). 

The W absorption and ECD spectra of the selected deoxyoctanucleotides were measured 

in the 3 1250-50000 cm'' range. Particdarly prominent ECD features occur between 

33300-42500 cm-' (300-235 nm), which are ascn'bed to the x + r' electronic transitions 

of the nucleotide bases. The FT-IR absorption and VCD spectra of the selected 

deoxyoctaaucleotides and their &unorubicin complexes were measured in the continuous 

1750-850 cm-' range (Chapter 4). 

in order to extract the desired structurai information, the observed UV/IR absorption and 

ECDNCD spectra were compared with those theoreticdy simulated by an approximate 

model, viz. the non-degenerate extended coupled oscillator (NECO) rnodel. This model 

assumes that the predominant interaction is due to dipolar coupling of the stacked 

nucleotide bases and the phosphate backbone in the helical orientation (Chapter 5). 



The w't,rational transitions are assigned on the basis of ab initio harmonic wavenumbers 

and intensitm while the elecaonic transitions are assigned on the basis of ab Ntitio 

excitation energies. Optimized geometries, hamonic force fields and atomic polar tenson 

(elecmc transition dipole moments) of the nucleotide bases (C, G, A and T), nucleotide 

base pairs (C-G and A-T) and the dimethyi phosphate anion were calculated using density 

functional theory (DFT) with B3-LYP hctionals and the 6-31G** basis set. Atomic 

polar tenson of the nucleotide bases were also calculated using configuration interaction 

singles (CIS) with the 6-31+Gf basis set, for the simulation of the W absorption and 

ECD spectra. The standard B-DNA conformation of the selected deoxyoctanucleotides 

were generated using iMSI's molecular modeling system (Insght 0 95.0, 1995) and were 

modified to incorporate daunorubich at the terminal base-pairs. Accordingly, the 

magnitude and orientation of the relevant electric transition dipole moments required by 

the coupled oscillator model were derived nom ab initio calculations and transformed to 

helical coordinates. 

The two regions of interest, viz. 1750- 1500 cm-' and 1 100-1 050 cm-' were simulated 

concurrently for both the IR absorption and VCD spectra of the selected 

deoxyoctanucleo tides and their daunorubicin complexes, while the UV absorption and 

ECD spectra of the deoxyoctanucleotides were sirnulated in the single region of interest, 

viz. 33 300-42500 cm-'. 



2. Deoxyoctanucleo tides 

DeoXynbonucleic acid @NA) is centrai to life since a single heritable element of DNA 

coostitutes a gene. DNA is a linear polymer comprising nucleotide monomers which are 

constnicted from three components: a deoxynise sugar (see Figure l), a phosphate 

anion (see Figure 1) and a nitrogen heterocyclic base, either purine or pyrimidine. 

Cytosine (C) and thymine (T) are pyrimidines whiie adenine (A) and guanine (G) 

consbtute purines (illustrated in Figure 2). ïhe conventional Watson-Crick nucleotide 

base-pairs include A-T and C-G, with o ~ o  and three hydrogen bonds, respectively (see 

Figure 3), therefore C-G is more stable than A-T (Blackburn, 1 990; Saenger, l984a) . The 

integrity of transmission of the genetic code relies on the specific pairings of A-T and 

C-G bases, nevertheless mispairings do occasiody occur in nature. G-T is an example 

of a transition mismatch base-pair where a purine (G) is paired with an incorrect 

pyrimidine (T) (Ho et al.. 1985; Blackburn, 1990). Nucleotide monomers iinked via 

phosphodiester bonds between the 3' and 5' positions of successive deoxynise sugars 

constitute the primary DNA structure while the double-stranded, base-paired helical DNA 

foms the secondary DNA structure. In a Watson-Crick type double helix the orientation 

of the suma-phosphate backbone of the two strands is directeci opposite, antiparallel, to 

each other. A self-complementary deoxyoctanucleotide foms an eight base-pair, 

double-stranded, antiparallel segment of DNA. 

Polyrnorphism of DNA has been well established, with the relative stability of the DNA 

conformation dependhg upon environmental conditions such as salt concentration, extent 

of hydration, and the base sequence. The two common nght-handed helical 

conformations, viz B-DNA (aqueous conditions) and A-DNA ( les  hydrated aqueous 

 condition^)^ are differentiated by sugar puckering, base tilt relative to the heiix a i s ,  

distance of base pairs fiom the center of the helix and relative dimensions of the major 



and minor grwves. Z-DNA has a lefi-banded heiicai conformation, induced under hi@ 

alcohol or salt conditions, which ciiffers in severai respects fiom the A- and B- 

conformations (Blackburn, 1990; Saenger, 1984%). 

B-DNA is the preferred conformation in Wvo, hence DNA segments with the 

B-conformation were used in this research. In B-DNA there are an average of 10.4 

base-pairs per turn of the helix, corresponding to an average helical-twist (pitch) of 34.6" 

between two base-pairs and their separation dong the helix axis (nse) being 3.4 A. The 

helk a x i s  passes through the center of each base-pair, and the base-pairs are stacked 

perpendicular to the h e h  axis. Hence the major and minor grooves of B-DNA are of 

similar depths with the major gmove king almost twice as wide as the minor groove. 

The C--endo pucker conformation o f  the deoxyriise sugar predominates in B-DNA. In 

this conformation the five membered ~g exists in an envelope fonn in which four of the 

five atorns are coplanar while the 2' atom Lies above the plane (Kennard & Hunter, 199 1 ; 

Blackburn, 1990; Saenger, 1984b). 

A multitude of spectroscopic techniques has been used to investigate DNA conformations 

with X-ray crystallography, nuclear magnetic resonance (NMR), UV absorption and 

electronic circular dichroism (ECD) being the most diagnostic. Spectroscopic arialysis of 

DNA is demanhg since DNA is chiral and expresses its biological activity only in 

solution. 

Detailed information regarchg the arrangement of atoms within the DNA molecuie is 

required to obtain the threeaimensional structure. X-ray crystallography uses the 

interaction of X-rays with electrons within molecules, contained in a well ordered crystal, 

to obtain an electron density map of the molecule, which can then be interpreted as an 

atomic mode1 (Branden & Tooze, 1991). Crystailization of DNA molecules can be 



Dimethyl Phosphate 

Figure 1 
Mode1 for DNA Sugar-Phosphate Backbone 

where an amino group and two methyl groups are appended to the deoxyribose and 

phosphate residues of DNA, respectively, for computational modeling. The encircled 

numbers represent those used for the computation desm'beà in Chapter 5. 



Cytosine (C) Thymine O 

PURINES 

Guanine (G) Adenine (A) 

Figure 2 
Nucleotide Bases in DNA 

where (C) and (T) are pyrimidines while (G) and (A) are purines. ïhe encircled 

numbea represent those used for the computation describeci in Chapter 5.  



Guanine - Cytosine (GC) 

Adenhe - Thymine (A-T) 

Figure 3 
Nucleotide Base-Pairs in DNA 

where C-G and A-T are conventional Watson-Crick base-pairs. The encircled 

numbers represent those used for the computation describeci in Chapter 5. 



difficuit to achieve. Improvements in the methods for the chernical synthesis of DNA 

have recently made it possible to saidy single crystais of short DNA molecules of various 

sequences (Wang & Gao, 1990; Dickerson, 1990). NMR spectroscopy uses the 

magnetic-spin properties of the atomic nuclei within a molecule to obtain a lia of 

distance constraints between atoms in the molecuies, fiom which a three-dimensional 

structure of the DNA molecule c m  be derived. This methoci requires concentrated 

solutions of DNA (Branden & Tooze, 1991). Nucleotides have UV absorpaon spectra 

that are sirnilar to those of theïr constituent bases (A, E 260 nm) because the 

deoxynbose sugar and phosphate show w appreciable W absorbance above 230 nm. A 

prerequisite to DNA helix formation is base stacking, which is accompanied by a 

reduction in UV absorbance (hypochromicity) at 260 nm by vimie of the electronic 

interactions between the bases in DNA. Thus, W constitutes a reliable probe to monitor 

the formation and disruption of double heiices. ECD, a differentid method characterized 

by measuring left vernis right circularly polarized UVNis radiation, is complementary to 

UV and ofien used to monitor conformational transitions in DNA (Sheardy, 1991). UV 

and ECD measurements are commonly utilized to determine temperature dependent 

changes in base stacking and helix-coil transitions (Blackburn, 1990). 

Self-complementary deoxyoctanucleotide sequences were chosen because eight 

base-pairs will minimize end hying and mwinding of the double helix (duplex) 

(Dickerson, 1 990). Seven self-complementary deoxyoctanucleotides, consisting of 

systematically varïed sequences of the type S ' d ( ~ ~ ~ ~ ~ ~ ~ ) ~ ~ . s d ( ~ ~ ~ ~ ~ ) y ,  

where N can be C, G, A or T, were selected. These sequences were assembled by 

systematic base substitutions, as illustrated in Figure 4 and discussed in Chapter 1, to 

evaluate interactions with daunorubicin, an antï-tumor intercalating drug. The following 

self-complementary sequences, whose X-ray crystal structures were reported in the 

literature, were instrumental in the deoxyoctanucleotide sequence selection: 



d(CGATCG) .d(CGATCG)- 2(daunorubicin) (Frederick et aL, 1 99O), d(CGATCG). 

d(CGATCG)-2(dauaorubicin) (Wang et ai.. 1 987), d(CGCGAATTCGCG). 

d(CGCGAATTCGCG) (Dickerson, 1990) a d  d(CGCGTG).d(CGCGTG) (Ho et al.. 

1985). 

Figure 4 
Deoxyoctanucleotide Sequence Seleetion 

where the substitutions in the sequences are indicated with bold-italics 

2.4 DeoxyoctanucleotUle Synthesis, Punfcation and Analys& 

2.4.1 Deoxyoctanucleotide Synthesis 

The seven self-complementary deoxyoctanucleotides (illustrated in Figure 4) weie 

synthesized by using automated phosphoramidite chemistry on a DNA synthesïzer 

(Applied Biosystems, Mode1 380B) in the F a d t y  of Medicine at the University of 



Cdgary. The DNA synthesizer empbys solid-phase synthesis (Canithers, 1985; 

Blackburn & Gait, 1990) which entails a heterogeneous couphg reaction between a 

deoxyribonucieotide derivative in solution and another residue bound to an insoluble 

support. The reaction can be forced to high yield with a large excess of the soluble 

deoxyribonucleotide. The support-bound product dinucieotide can be removed nom the 

excess of reactant mononucleotide by filtration and washing. Other reactions can also be 

carried out heterogeneously and reagents removed similarly. This process is much faster 

than a conventional sepration technique in solution. 

The four essential steps in solid-phase synthesis are: 

: atîachment of the first deoxyribonucieoside to the support 

; assembly of the oligonucleotide chain 

> deprotection and removal of the oligonucleotide fiom the support 

> purification 

Assembly of the protected oligonucleotide chah can be conducted on a very srna11 scaie 

(0.2 pM) with machhery to add solvents and reagents reproducibly to the solid support, 

followed by filtration and purification (Blackburn & Gait, 1990). 

2.4.2 Deoxyoctanucleotide Pudication 

The deoxyoctanucleotide samples were desalted (exchange N'Hic from the synthesis wi th 

~ a + )  and the smaller molecular weight contaminants (mainly aromatics used as protective 

groups in the synthesis) were removed. Samples of deoxyoctanucleotides were dissolved 

in 1.5 ml of 1.0 M NaCI, applied to a Sephadex G-25 packed column (75 x 3 cm) and 

eluted with distilled water. A flow rate of 200 mVh was maintained and a UV detector 

monitored the eluent The deoxyoctanucleotides, present in the eluent, were then 

lyophilized to dryness. A neuaal pH was maintained because acidic conditions result in 

depurination. 



Polyacrylarnide gel electmphoresis was used to anaiyze and assess the pur@ of the 

deoxyoctanucleotides. Verticd polyacrylamide gel electrophoresis was cmied out on a 

1 mm thick gel glass plate sandwich (20 x 20 cm). The gel preparation is descriaed in 

detail elsewhere (Maniatis et al.. 1982). In essence, the cross-linhg of 15% 

polyacrylamide, which containeci 0.75% bis-polyacrylamide, was accomplished by a fiee 

radical reaction. The polyacrylamide denaturing gel aiso containeci 8 M urea, which 

destabilized the double helix. The nuinuig bufEer of the denaturing and native gels were 

66 m M  aisborate (TB) at pH 8.3 together with 0.1 m M  EDTA (IBE), and 15 m M  MgClz 

(TBM), respectively. Concentrations of 0.02 mM and 0.04 mM of the lyophilized 

deoxyoctanucleotides were resuspended in 95% formamide and 20% giycerol, to increase 

the density of the sample, for the denaturing and native gels, respectively. The denaturing 

gel was run at 40 V cm-' for 0.5 h while the native gel was nin at 10 V cm-' for 16 h at 

3OC. 

The deoxyoctanucleotides were allowed to move down 70% of the poiyacrylamïde gel as 

indicated by the marker dye, bromophenol blue, which incidentaily is indicative of a 

deoxyoctanucleotide. The samples were then located on the gels by üV-illumination on a 

TLC plate (Polygram Ce11300 polyethylimine) impregnated with a fluorescent indicator. 

The native gel was stained on ice with 1 M NaCl and 0.5 pg/ml ethidium bromide and 

obsewed under a fluorescent light bulb. The denaniring gel compared the relative purity 

and length of the sequences whereas the non-denaturing gel was indicative of the duplex 

stability. 

2.4.3 Deoxyoctanucleotide Quantification 

The deoxyoctanucleotide concentration was detenained by perchlorate analysis 

(Germann? 1989). This method is based on the s u m  of each mononucleotide's 

contribution to the total e ~ ~ c t i o n  coefficient (E) at a panicular wavelength. It is 

irnperative that the sample is completely denatured therefore a hi& concentration of 



NaC104 was used which destabilizes the duplex while still king opticaily transparent and 

suitable for high temperature measurements. 

An aiïquot of the stock solution was diluted with 5.0 M NaCl04 and 50 mM 

ais(hydroxymetbyl)arninome~e at pH 72. This deoxyoctanucleotide solution was held 

in a seaied cuvette to avoid evaporation losses. The absorbance was measured in triplicate 

at 90°C and 260 nm. The deoxyoctanucleotide concentration was caicuiated fiom the 

theoretical molar extinction coefficient of the denatured form, aven by Equation 1 : 

where a, c, g and t represent the number of A, C, G and T residues and Ac@), C&(r), G&(r) 

and T&(r) are the mononucleotide extinction coefficients at 90°C and 260 nrn, 

respectively (Germann, 1989): 

The calcuiated extinction coefficients per residue of the selected sequences are listed in 

Table 1. These extinction coefficients are used in conjunction with the absorbances 

measured at 90°C and 260 nm to calculate the deoxyoctanucleotide concentrations using 

Equation 2: 

In order to normaiize adequate concentrations for vibratioaal circular dichroism (WD) 

spectroscopy, final duplex concentrations of 2OmM were used for dl seven 

deoxyoctanucleotides. Therefore L .O ml of 2.0 mM duplex deoxyoctanucleotide was 
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lyophilized to dryaess and then resuspetlded in 0.1 ml DzO to give a final concentration 

of 20 m M  duplex deoxyoctanucleotide. 

Table 1 
Caiculated Extinction Coefficienb of Deoxyoctanucleotides 

Deoxyoctanucleotide i Extinction Coefficients (E) 
Sequences ( ~ - l ~ m - ' )  

d(CGCGCGCG).d(CGCGCGCG) i 9090 
. 

2.4.4 Melting Temperature Measurements 

Melting temperature measurements are used to determine the stability of DNA sequences. 

An increase in temperature can cause the denaturation of DNA, which occurs when al1 the 

hydrogen bonds are broken and the two strands of the double helk separate. This process 

occun over a narrow temperature range and is associated with a hyperchromic effect, i.e. 

the UV absorbante at 260 nm increases due to the breakdown of the double belk The 

midpoint of the temperature range over which the transition nom native double-strand to 

denatured random coi1 DNA occurs, is called the meltbg point and is desigaated Tm 

(Saenger, 1984a). 

Tm measurements were adopted in this work to assess the stability of base substitutions in 

the selected deoxyoctanucleotides. A temperature range of 5 to 75OC was used with 



ramps of 1 "C/min. The system was buffered with 40 m M  sodium cadyia te  (dimethyi 

arsenic acid) and 50 mM NaCl in DzO. A concentration of 0.1 mM de~xyoctanucieotide 

was m e m d  at Azm nm with a pathlength of 1 cm. Melting temperatures were calculatecl 

with the thermal analysis application which operates in conjunction with the Varian-Caxy 

base software on a Cary3 E W N i s  spectrophotometer. 

2.5 Results und Discussion 

The denaturing polyacrylamide gel electrophoresis results corroborate the high p u d y  of 

the selected deoxyoctanucleotides used in this snidy- The alignment of the 

deoxyoctanucleotides evident on the denaturing polyaaylamïde gel (see Figure 5) verifies 

the hi& p e t y  and the equivalent chain length of the seven deoxyoctanucleotides. The 

native gel on the other han& did take up the intercalating dmg, ethidium bromide, which 

is only possible in the presence of a double heiix, thereby confïrming the double heiical 

existence of the deoxyoctanucleotides. 

Melting temperature measurements (see Table 2) are indicative of the relative stability of 

the seven deoxyoctanucleotides. The total stabilizing ewrgy of base-paired DNA helices 

are derived from two components, viz. base-paicing which is composition dependent and 

base-s tacking which is both composition and sequence dependent, with the base-pairing 

being more important. Base-pair stacking and hyhgen-bonding interactions are 

responsible for the cooperative behavior of DNA helix formation and denaturation, i.e. 

melting. Since C-G base-pairs are more stable than A-T pairs, DNA helices with a hi@ 

C-G content are energetically preferred to those rich in A-T. 

The effect of base-stacking energy, associateci with sequence dependence, revealed that 

S'pyrimidine-purine3~ is more stable than pyrimidine 3. (Saenger, 1984a). Tm also 

increases with increased ionic strength of the medium and DNA chah length. However, 

both the ionic strength (50 mM NaCl and 40 mM sodium cacodylate in D20) and the 

deoxyoctanucleotide chah length are constant parameters in this study. 



Figure 5 
D e n a t u ~ g  Polyacrylamide Gel 

where B a bromophenol blue (indicative of a deoxyoctanucieotide) 
1 3 d(CGCATGCG).d(CGCATGCG) 
2 = d(CGCTAGCG).d(CGCTAGCG) 
3 3 d(CGTATACG).d(CGTATACG) 
4 3 d(CGATATCG).d(CGATATCG) 
5 -. d(CGAATTCG) .d(CGAATTCG) 
6 = d(CGCGTGCG).d(CGCGTGCG) 
7 = d(CGCGCGCG).d(CGCGCGCG) 

Therefore the parameters ïdluencing the Tm are the C-G content and the sequence, with 

the following order of stability expected: d(CGCGCGCG).d(CGCGCGCG) > 

d(CGAATTCG).d(CGAATTCG). The expected trend is consistent with experiment, 

except for the mismatch base-pair, d(CGCGTGCG).d(CGCGTGCG), and d(CGAATTCG). 

d(CGAATTCG). The former did not show sharp cooperative melting. Perhaps the G-T 

mismatch base-pair destabilized the duplex to a large extent even though it has a high 

C-G content. The "Drew-type" sequence, (CGAATTCG).d(CGAATTCG) (Dickenon, 

1990)- had a Tm higher than anticipated. 



Table 2 
Melting Tempera~e  (Ta 

LOO-O 

87.5 

75.0 

75.0 

50.0 

50.0 

50.0 

no sharp cooperative melting was observed 

Al1 the deoxyoctanucleotides exist as double helices in aqueous solution (40 m M  sodium 

cacodylate and 50 mM NaCl in D20) as characterized by the usual Tm, U V  and ECD 

measurements- W and ECD measurements are discussed fiuther in Chapter 4. 



3. Daunorubicin 

Daunorubicin, also re fmd to as daunomycin, was isolated fiom Streptomyces peucerius 

in 1963 (Arcamme, 198 la). It is the prototype anthracycline antîiiotic whose structure 

consists of a tetracycline aglycone, daunomycinone, attached to an amino-sugar, 

daunosamine, by a glycosidic linkage (see Figure 6). A prerequisite for activîty in 

daunorubicin is the coupihg of a coplanar hydmphobic region (anthraquinone) with an 

angled hydrophilic structure (OH groups and protonated amino sugars), while the quinone 

and hydroquinone moieties on adjacent rings aiiow them to funftion as electron accepting 

and donating agents. Damorubicin, pharmaceuticaiiy refmed to as Cerubidine, is 

clinically used for the trement of acute Lymphocytic Leukemia. It is an intercaiator with 

complex goove-binding substituents (Pindur et aL. 1993). 

F i i e  6 
Chernical Structure of Daunorubicin 



3.2 Mode of Actio~ 

Daunorubicin binds to DNA by the process of interdation where an anthnuphone 

skeleton (chromophore) inserts between two stacked base-pairs. Optimal intercalation is 

achieved when the intercalator possesses a polarizable planar aromatic chromophore with 

three or four fused rings. The primary and secondary structures of DNA remain 

unchanged upon intercalation, however, the tertiary helical structure is Iengthened and 

concwently unwound in comparison to the original DNA. The average separation 

between base-pairs increases fiom 3.4 to 6.8 A. Daunorubich intercalates via the minor 

groove, with its chromophore aligned almoa perpendicuiar to the long axis of adjacent 

base-pairs. The stability of the complex is enhanced by the hydrogen bonds between the 

phosphate groups and the terminal amino and hydmxyl groups of daunosamine, which 

lies in the minor grwve of DNA, while the rnethoxy group of the chromophore protmdes 

into the major groove. Significant changes occur in DNA duplex conformations in order 

to accommodate daunorubicin, namely, the torsion angles between the sugar-phosphate 

s keleton, sugar puc kerhg, torsions of the glycosidic angle (x) ,  the phosphoric es ter 

angle (p) and the 'iuiwinding" angle of the h e h  (a). Single crystal X-ray structure 

analyses in conjunction with molecuiar calculations have revealed that the major 

contribution to intercalation in DNA ernanate &om electrostatic, van der Waals and, in 

vitro, hydrophobic forces of interaction (Pindur et al.. 1993; Kennard & Hunter, 199 1 ; 

Neidle, 1 984). 

The cationic daunosamine substituent essentially fills the minor groove, displacing water 

molecules and ions from it. Accordingiy, the neighbor exclusion principle attributed to 

both confonnationd and electrostatic forces (McGhee & von Hippel, 1974; Crothers, 

1968) is exhibited by inhibiting the intercalation of a M e r  daunorubicin molecule per 

three base-pairs. Consequently, the selected deoxyoctanucleotides c m  intercalate a 

maximum of two daunonhicin molecules per deoxyoctanucieotide. An anaiytical 

expression which reflects the neighbor exclusion principle permits the convenient 



extraction of the binding constant and the exclusion parameter from experimental data by 

noniinear Ieast-squares finuig procedures, given by Equation 3 (McGhee & von Hippel, 

1974): 

where r denotes the molar ratio of bound drug to total DNA base-pair, Cr the fkee dmg 

concentration, K the binding constant for the interaction of drug with an isolated 

base-pair binding site and n the exclusion parameter. For example, K and n were 

estimated fiom fluorescence and absorbante titration experiments, for the interaction of 

daunombicin with DNA of varying C-G content, iilustrated in Table 3 (Chaires et ai-. 

1987). 

Table 3 
Estimates of Binding Constants and Exclusion Parameters for Interactions of 

Daunorubicin with DNAs of Varying C G  Content 

( % C-G ' K (x 10' M-') f ' n (base-pair) 

Data takea fiom Chaires et al., 1987. 
f Error estimates of 15-20 % have been assigned to values of K. 

* Error estimates of 10 % have been assigned to values of n- 

The thermodynamic profile of the daunorubicin-DNA interaction was obtahed by 

calorirnetric measuremeats where the temperature dependence of the bindiag constant 



was monitored. Enthaipy and entropy contniutions to the binding fke energy were 

deterrnined from the Gibbs fiee energy relation, given by Equation 4: 

Daunorubicin bindùig to DNA was shown to be driven by a large, negative van't Hoff 

enthaipy term, i-e. it is energeticaiiy favored rather than by entropy (Chaires, L!WO). 

Kinetic studies indicate that daunorubicin binding to DNA is slow and complex. The 

lifetime of the daunorubicin-DNA complex was found by stop flow experiments to be 

comparatively long, about 1 s, in keeping with the chical effectiveness of the drug, i-e. 

the complex foms a physical barrier that exists long enough to disrupt DNA replication 

and transcription processes. The kinetic complexity of daunorubicin has been postuiated 

to arise fiom transient intermediates and multiple binding pathways where branched 

mechanisms are preferred, whereas the kiuetic complexity of the binding process was 

suggested to &se from daunorubicin binciing to specific classes of sites that differ in 

sequence or conformation (Chaires, 1990). 

3.3 PhysioIogr*cul Aspects 

The changed DNA topology effected by the intercalation of daunombicin inhibits DNA 

replication and transcription which stops ce11 proiiferation thereby categorizing 

daunorubicin as a cytostatic agent. Topoisornerase II is an e-e responsible for 

cleaving, unwinding and rejoining segments of DNA, which are processes required for 

DNA and RNA synthesis. Daunorubicin is a potent inhibitor of topoisornerase II and 

forms a cleavable ternary complex with the enzyme and DNA. 

Daunorubicin is administered intravenously and metabolized in the liver. Acute toxicities 

include total loss of hair, nausea, vomiting, local tissue necrosis due to leakage of the 

drug from the injection site. A chronic toxicity of dauuorubicùi is cardiomyopathy, 

damage to heart muscle manifesteci by an ofien irreversible decrease in the ability of the 



heart to pump (Krogh, 1995). The metabolimi of the dauwrubicin quinone ring yields 

semiquinone radicd intermediates which rapidly react with oxygen to produce superoxide 

anion radicals. These can generate both hydmgen peroxide and hydroxyl radicais, which 

are highly destructive to cells. Free-radical formation is suggested to contribute to cardiac 

toxicity. There are continued efforts to find structurai analogues of daunorubicin with 

reduced toxicity and a wider spectrum of activity, e.g. epinibicin and mitoxantrone. The 

understanding of structure-activity relationships is therefore imperative (Suarato, 1990; 

M d a i t  et al,, 1984). 

Intercalation and groove-binding constitute the two major categories of anti-nimor h g  

interaction with DNA duplexes. The latter entails the dmg binding directly to the edges of 

base-pairs in either of the minor or major grooves of DNA Intercalating dmgs have 

markedly less bindùig selectivïty than groove-binduig drugs. In a DNA complex the 

intercalation sites at A-T or C-G base-pairs have simiiar interaction potentials, while 

goove-binding dmgs contact more base-pairs dong the groove where the A-T and C-G 

regions are quite distinct (Wilson, 1990). Binding specificity depends on dipole 

interactions with polarizable intercalators, on hybgen bonding interactions, on the sue, 

hydration and electrostatic potential of the grooves. 

Earlier literature on sequence dependence for daunorubicin intercalation was 

contradictory. For exarnple, equilibrium snidies on the interaction of daunorubicin with 

synthetic deoxypolynucleotides revealed a preference for sequences containhg altemathg 

A-T venus C-G base-pairs and for sequences of an altemathg purine-pyrimidine 

structure (Chaires, 1983). The alternating purine-pyrimidine specificity is consistent with 

that revealed by 'H and 3 ' ~  NMR studies of a synthetic deoxypolynucieot.de consistùig of 

altemating A-T base-pairs, complexed with daunombicin (Patel et al.. 198 1 ). More recent 

literature based on the interaction of daunorubicin with a senes of natural DNA samples 



of varying base composition indicates that altemating purine-pyrimidine sequences are 

preferred and the magnitude of the equil'bnurn binding constant (K) increases with 

increasing C-G content (see Table 3), thus implying that daunorubicin intacts 

preferentially with sites containing adjacent C-G base-pairs (Chaires et al., 1987). It has 

also been noted that site preference is complex and involves more than a single base-pair. 

The C-G base-pair preference of daunorubicin is suggested to originate fiom the larger 

intrinsic dipole moment of C-G relative to A-T base-pairs and the subsequent ability of 

C-G base-pairs to induce polarization in the anthraquinone skeieton of àaunombicin 

(Pindur et al., 1993; Wilson, 1990)- 

Computations pedormed on the energetics of daunonibicin intercalation with duplex 

deoxyhexanucleotides of varying sequence revealed that daunorubicin preferentidy 

recognized a triplet sequence in the following descending order: Sr-TCG > S'ACG > 

5'-ATA » 5'-GCG > 5'-GTA (Chen et al., 1985; Chaires, 1990). Footprinting methods 

offer a high resolution procedure for mapping prefened antibiotic-bhding sites on DNA 

in solution. Footprix~ting titration experiments using deoxyribonuclease 1 (Dnase l), an 

enzymatic cieavage ragent, revealed preferential binding of daunorubicin to 5'-TCG, 

5'-ACG, 5'-TGC and 5'-AGC sequences (Chaires et al., 1990). îhe  first two sequences 

are in keeping with the çpecificity predicted by the above mentioned theoretical studies. 

The proposition that dauuorubicin recognkes a triplet sequence is consistent with the 

neighbor exclusion prediction fiom equilirium binding studies where daunorubicin bulds 

to a site containing three base-pairs. The C-G base-pair preference is sustained in the 

most preferred triplet sequences, viz. 5'-TCG and 5'-ACG, which are the identical sites to 

which daunorubicin is observed to be bound in the crystal studies of 

deoxyhexanucleotides (Fredenck et al-. 1 990; Wang et al., 1987), indicating that those 

sites are energetically more favorable than the other available intercalation sites. 



The crystal structures of d(CGTACG).d(CGTACG)-2(&unombicin) at 1.2 A resolution 

(Wang et aL. 1987) and d(CGATCG).d(CGATCG)-2(daunorubicin) at 1.5 A resolution 

(Fredenck et al.. 1990) show two daunorubicin moledes intercalateci, one at each of the 

two terminal C G  sites of each duplex, wdh the amino-sugar lying in the minor groove. 

The C-G base-pairs on either side of daunorubicin undergo increased separahon, are 

displaceci relative to the helix axis in the direction of the minor groove and are 

significantly buckled, not propeuor twisted, in the center of the base-pair. At the 

intercalation site there is no unwindiag of base-pairs h m  the usual 36" helical twist but 

base-pairs at adjacent sites are unwound by 8' with an associated distortion of the 

backbone (Wang et al.. 1987). Such long range induced conformationai changes 

emphasize the flexibility of DNA. 

The deoxyoc~ucleotide-darnombicin complexes are composed of a 2 to 1 ratio of 

daunorubicin to duplex deoxyoctanucleotide. Daunorubicin hydrochloride (90% purity) 

was purchased fiom Calbiochem, and used as provided. Its concentration was determuied 

by rneasuring the absorbance at 475 nm in a 1 cm Quartz cuvette on a Cary3E 

Spectrophotometer, and an extinction coefficient of 9860 ~-'cxn-' at 475 nm was used 

(Jorgenson, 198 1). Daunorubicin, as quoted by one supplier, is lïght sensitive; therefore 

al1 experiments were conducted in the dark A concentration of 40 mM daunorubicin 

buffered with 40 mM sodium cacodylate and 50 mM NaCl in DzO constituted the fke 

dmg solution, whereas an addition of 20 mM duplex deoxyoctanucleotide fonned the 

deoxyoctanucleotide-daunorubicin mixture. The mixture was allowed to stand for 6 hours 

to permit complexation. The reddish colored solutions were then lyophilized and 

resuspended to make a final volume of 0.1 ml in DzO. Six deoxyoctanucleotide- 

daunorubicin complexes were prepared with the deoxyoctanucleotides shown in Figure 4 

on page 12, with the exception of the mismatch sequence. The measurement of the 



IRNCD spectra of the fke daunorubkin and the deoxy~~tanucieotide-daunombicin 

complexes is analogous to that of the k e  deoxyoctanucleotida, descriid in Chapter 4. 

3.6 Discussion 

Solution, X-ray crystailographic and theoretical studies provide a consistent and coherent 

conception of the sequence preference of daunonibicin. The reponed 1 s Wetirne of the 

daunonhicin-DNA compiex suggests that it might be long enough to observe 

intermediates during the IRNCD spectral meaSUTements. However, the possibility of 

separate transition species showing difierent VCD features is unknown at this stage. 

IR and Raman spectra of a closely related antiiiotic, adriamycin, have been reported 

(Suarato, 1990; Pohle & Flemming, 1 985). Strucwally adnarnycin ( 1 4-hydroxyl- 

daunorubicin) differs only slightly from daunombicin but clinically the difference is vast 

(Arcamone, 198 la; Arcamone, 198 lb). One of the primary objectives of this work was an 

investigation of whether VCD measurernents provide any new information on D N A - h g  

interactions that were not feasible by other techniques. Daunorubicin constituted the drug 

of choice for accomplishing this objective because of the Unmense literahve available on 

daunoru bicin and DNA-daunorubicin complexes, and the fact that adriamycïn is a 

denvative of daunorubicin. Consequently, this Chapter focused almost exclusively on 

daunorubicin. 



4. Vibrational Circular Dichroism 

Vibrational circuiar dichroism (VCD) is a relatively new field of molecular spectroscopy 

which is exclusive to chiral molecules. Chiral (asymmetric and dissymmetric) molecules 

are not superimposable on their mirror images. They exhibit a differential interaction with 

lefi and nght cirdariy polarized radiation, thereby r e n d e ~ g  them opticaiiy active. 

Opticai activity originates as a consequence of the three-dimensional arrangement of 

molecular constituents, hence the spectmscopic results correlate directly to the structures 

of the molecules, e.g. enantiomeric (mirmr-image pair) molecules display circuiar 

dichroism (CD) spectra of equal intensity and opposite sign. X-ray aystallography is 

another methoà that provides stereospecific information. However, it is specific to single 

crystals whose conformation can differ markedly fiom those in solution. 

CD, the difference in absorbaoce of lefi vernis right circularly polarized light, can occur 

for both electroaic and vibrational excitations of a chiral molecule. VCD spectra by their 

nature provide more detail ihan their parent absorption spectnun, and also contain new 

information regarding the conformation and absolute molecular configuration (Nafie & 

Freedman, 1987). Electronic cucular dichroism (ECD) is extensively used to derive 

stereochemicd information of proteins and nucleic acids (Sheardy, 1991; Sprecher & 

Johnson, 1977; Bush, 1974). There are a limited number of allowed UV transitions which 

correspond to relatively delocalized excitations of the molecules, ofien resulting in broad 

and overlapping UV spectral bands (Keiderling et al., 1989). VCD bas the potential to be 

a more powerful stereospecific analytkal tool than ECD, since the viirational spectnim 

ideally comprises as many transitions as the 3N-6 degrees of fkeedom to describe a 

molecule. CD arises nom dipolar interactions where the intensity of a CD band depends 

on the magnitudes and relative orientations of the dipole transition moments. Since the 

dipole strengths of electronic transitions may be an order of magnitude greater than those 



of vibrational mitions, their interactions are stronger and extead over greater distances. 

In the case of a deoxypolynucleotide, ECD is capable of monitoring greater lengths than 

VCD. The latter off- the possibility of studying relatively localized regions, a few 

neighboring nucleotides in a typical nucleic acid (Diem, 199 1). 

The theoretical basis for VCD is discussed comprehensively elsewhere (Nafie & 

Freedman, 1987; Rauk, 1991). The foilowing synopsis is denved fkom these references. 

Experimentally one measures the diserence in absorption (mD) of an opticaily active 

moiecule as a hction of wavenumber: 

where AL and AR are the absorbance of the left and nght circularly polarized i n h e d  

radiation, respectively. The VCD measurement is faûLy difficult since the difference 

signal, is approximately t h  to five orders of magnitude lower than eicher AL or AR. 

nie VCD intensity of a fundamental vibrational transition between v = O and L levels of 

the ath normal vibrational mode is detemiined in the hannonic approximation by the 

rotational strength, Ri, : 

where h is Planck's constant; I, refers to the imaginary part of the scalar product; 

(PX, and (~ ) f ,  are the eleceic and magnetic transition ma- elements, respectively, 



polar tensor (APT) and the atomic axial tensor (AAT) elements, respectively. These 

derivatives are calculateci with respect to the normal coordinate of position, Q, , and 

conjugate momentum, Fa . ï h e  electric and magnetic dipole moment operators, and m , 

respectively, are the sums of the electron and nuclear operators: 

and 

where e, m, g ,  and pi, represent the charge, mas ,  position, and momentum of the f' 

electron respectively; Z ,e, M I ,  R, , FI , are the charge, mas ,  position and momentwn of 

the th nucleus, respectively; and c is the speed of Light- 

The conventional infrared absorption intensity for the same vibrational transition is 

detemiined by the dipole strength, Di, : 

where is the angular wavenumber of the aLh nomal mode and A is absorbance of 

unpolarized light. 



Experiment and theory can be compared tbrough the anisotropy ratio (dissymmetry 

factor), given by: 

where E is the extinction coefficient. This ratio defines the intensity and sign of a VCD 

band relative to is parent absorption intensity. The difficulty in measuring the VCD of a 

given band increases as the anisotropy ratio diminishes. 

Conventional IR intensities are proportional to the square of the electric dipole transition 

moments (see Equation 9), while VCD intensities are derived fiom the scalar product of 

the elecaic and magnetic dipole transition moments (see Equation 6). Consequently, 

positive VCD features result when the two transition moments fonn angles less than 90°, 

whereas angles greater than 90" remit in negative VCD features. In achiral molecules 

either one of the moments is zero, both of them are zero or orthogonal to each other and 

no VCD features arise. Knowledge of the relative orientations of the elecmc and 

magnetic dipole transition moments is therefore essentiai for predicting the sign of the 

VCD band for a particuiar vibration. VCD features can be predicted by various 

approximate models or by quantum mechanical, ab initio, methods. These are discussed 

in detail elsewhere (Freedrnan & Nafie, 1987; Rauk, 199 1; Yang Br Rauk, 1996). 

The charactenstic bisignate VCD featwes, i.e. bands with altemathg signs of equivalent 

intensities, suggest a coupled osciilator mechanism (Rauk & Freedman, 1994; Tinoco, 

1963; Hoizwarth & Chabay, 1972), discussed in detail in Chapter 5. In this approximate 

mode1 approach, the in- and out-of-phase vibrations of two identicai, chirally onented 

oscillators give rise to a VCD couplet. Such couplets arise fiom dipolar interactions 

which split the wavenumber of the in- and out-of-phase modes (Nafie & Freedman, 

1987). 



4.3 Literotirre Survey 

VCD spectroscopy bas been very successful for d organic molecules, both 

experimentdy and computationdy (Rauk, 1991; Yang & Rauk, 1996). This new insight 

has encourageci the application of VCD to molecules of biologicd interest, which has 

proven effective for detecting conformational changes and for characterizhg secondary 

structures in polypeptides, proteins and nucleic acids in solution. Several empirical and 

theoretical studies are reported in the Literature (Keiderluig & Pancoska, 1993; Zhong 

et al. 1990; Gulotta et al.. 1989). Most peptide investigations are conducted in the amide 

A (WH stretch), amide I (C=O stretch) and amide II (mixture of C-N stretch and H-N-C 

bend) regions. The bisignate amide A bands are consistently opposite in sense to that of 

the amide 1 for right-handed a-helices in non-aqueous solution but these modes are not 

observed for samples in aqueous solution (LaI & Nafie, 1982). The sense of these 

bisignate couplets reflect the handedness of the a-helix and not the configuration of the 

constituent amino acid cesidues. The amide 11 band exhibits monosignate VCD featues 

which are also diagnostic for a-helical structures (Sen & Keiderling, 1984). 

Biochemical research has been directed towards tbe resolution of the secondary structure 

and folding of proteins in solution- A preliminary requirement is the detemination of the 

protein composition in tenns of a-helix, p-sheet and random-coi1 content. Since VCD 

features of large molecules (like proteins) are overlappeà, statisticai approaches are 

adopted to cornelate the spectra with the structure (Pancoska et aL. 1991; Pancoska & 

Keiderling, 1991). This approach utilizes the VCD spectra of polypeptides containing 

a-helices, P-sheets or random-coils exclusively, as bais sets which are linearly combined 

to fit the observed VCD spectrum of a protein. The resulting coefficients of the basis set 

infer the structural composition of the protein. 

A theoretical and experimentai VCD study of a cyclic pentapeptide (Wyssbrod & Diem, 

1992) disclosed characteristic VCD signatures which were indicative of the p-tum 



containeci in fractiom of the molecule. VCD coaformatiod studies of a cyclic 

hexapeptide and its complexes with cations me & Diem, 1995) showed that VCD is a 

p0werfb.i confonnational probe for d peptides in solution, thereby emphasizing the 

diagnostic ability of VCD for biomoleniles. VCD resuits, in comparison to ECD, also 

exhibit enhanced sensitivity to various globuiar protein conformations (Pancoska et al-. 

1989). 

The application of VCD to proteins has b e n  extended to nucleic acids. A comparative 

study of ribonucleic acids (RNA) in aqueous solution (Annamaiai & Keiderling, 1987) 

revealed that mononucleotides gave no significant VCD in comparison to the polymers 

which genedy displayed larger, bisignate VCD signals in the 1750-1550 cm-' region 

associated with carbonyl stretching modes. Variations in the VCD magnitude and band 

shape were correlated with base stacking, base-pairing and the degree of order. A VCD 

study of the thermal denaturation of double-stranded poiy(rA).poly(rU) (Yang & 

Keiderling, 1 993) showed a helix-to-coi1 transition at temperames p a t e r  than 54"C, 

with the r e s u i ~ g  single-strand (coil) retaining some local order to 80°C. The results were 

qualitatively explained with dipolar coupling between relatively isolated bases thus 

sipifjing the immense capability of VCD for studying confonnational transitions of 

biopolymers. 

VCD studies of the A to B confonnational transition in DNA (Wang & Keiderling, 1992) 

in the 1700-1550 cm-' spectral region showed subtle changes in the VCD signal. The 

B-fom showed broader, less intense VCD bands than the A-form, Le. a B to A 

conformational transition is accompanied by an intensifying and sharpening of the VCD 

band in the carbonyl stretchiag region. This VCD occurrence is sequence dependent, C-G 

versus A-T content, in contrast to ECD where a much smailer difference in the bandshape 

is observed. VCD displays more sensitivity to sequence than ECD since the VCD 

spectrum reflects the coupling of local oscillators, particularly the C=O stretches, which 



differ for each base, whereas the ECD specmim senses coupling of the n-eiectron 

systems, which have kainsic similarities among the bases (Pancoska et al-. 1989; Wang 

& Keideriing, 1992). VCD characteristics of the A-fom of DNA is consistent with those 

of RNA due to the similarity of their structures (Wang & Keideriing, 1992). 

The B to Z phase transition in deoxyoiigonucleotides (Gulotta et al., 1989; Keiderling 

et nL. 1989; Diem, 1991) revealed a sign change in the VCD signal, as predicted when 

the sense of the helices change. Thus the B to Z transition in DNA is more pronounced 

than the A to B transition (Wang & Keiderhg, 1992) in the carbonyl stretching region, 

both experimentdy and computatiody using the coupled oscillator model. This 

inversion is also evident in the VCD spectra of the POY stretching region 

(1300-1000 cm") (Wang et al., 1994b), which is representative of the change in the 

helical sense of the nucleic acid backbone. The VCD spectra of the symmetric PO< 

stretching vibration (1 150-1000 cm-') is invariant to base sequence in conûstst to that 

found for the C=O metching and other skeletal modes of the bases, an effect displayed by 

NMR spectroscopy. 

Experimentai and theoretical VCD results for B-famiy polymers (Piong et al-, 1990) 

allowed quantitative hterpretation of the carbonyl stretching region in tenns of the 

coupled oscillator model. Triple-helical pyrimidine-purine-pyrimidine nucleic acids were 

detected and characterized with VCD in the carbonyl stretching region (Wang et al., 

1994a), where the VCD spectra of the triplexes differed from their conesponding 

duplexes. The VCD spectra of deoxydinucleotides containing C and G were observed 

(Birke & Diem, 1995). Their qualitative agreement with calculated VCD spectra 

suggested that the deoxydinucleotides occur in a solution conformaton that correspond to 

d(CG).d(CG) and d(GC).d(GC) sequences in poly(dG-dC).poly(dG-dC)- VCD spectra 

have also been obtained for self-complementary deoxyte~ucleotides, 

d(CGCG).d(CGCG), d(GCGC). d(GCGC), d(CCGG).d(CCGG) and d(GGCC).d(GGCC) 

(Birke et al.. 1 993). 



It should also be pointed out at this stage that there has ken  extensive work done on the 

IR and Raman of DNA (Wang et ai.. 1987; Nishimura & Tsuboi, 1986; Taillandier er al.. 

1985; Tsuboi et al.. 1973; Tsuboi, 1974) and DNAanig complexes (Broyde et al-. 198 1; 

Manfait & Theophanides, 1986; Missailidis & Hester, 1995; Manfait et al., 198 1 ; Manfait 

et aL. 1984). This work is acknowledged but a fiterature review in this regard is beyond 

the scope of this thesis. 

4.4 Specîroscopy Eqerinients 

4.4.1 FT-VCD Instrument 

Experimenral techniques for measuring VCD spectra of biopolymers were reviewed in 

recent publications (Keiderling, 1990; Keideriing & Pancoska, 1993; Freedman & Nafie, 

1993). VCD can be rnea~u~ed with either a dispersive or a Fourier Transfonn instrument. 

The latter is unique for measuring continuous regions in the IR spectmm, e-g. 

1750-850 cm-' in this study. 

In our laboratory we use a Bomem MBlOO interferometer as the basic instrument, 

equipped with the additional cornponents necessary for VCD measurements (Tsankov 

et al.. 1995) as illustrated in Figure 7. Beginning with the optical components of the VCD 

instrument, light leaves the FTIR interferometer through the side port and consecutively 

passes through a linear polarizer, a ZnSe photoelastic moddator (Hinds International), the 

sample contained in a cooling jacket, a ZnSe Lens (which focuses the light ont0 the 

detector window), an optical filter (Optical Coating Laboratory, hc.) and a 

Mercury-Cadmium-Tellm (MC?) detector (Bevlov Technology). The MCT detector 

selected for improved sensitivïty is cooled with liquid nitrogen. The electronic 

components of the VCD instrument are encountered when the signal, upon 

preamplification, is split into two pathways. The first pathway conveys the conventional 

infiared transmission, designated dc, and the second the differential transmission, 

designated ac. The ac signal is demodulated with a lock-in amplifier operathg at the PEM 
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fkequency of 37 Electronic nIters demodulate the Fourier fieqgency fkom the 

modulateci fkequency. The ac and dc transmission spectra are coilected and stored 

separately, then ratioed to give the VCD spectra - (Y)- 
The intensity of the experimental VCD spectm is given by (Nafie & Diem, 1979): 

where the factor 2.4 [a , (~) ]  accounts for the efficacy of the modulator to produce 

circularly polarized radiation at various wavenumbers. The angle a,(~) corresponds to 

the maximum retardation amplitude achieved by the modulator at a given wavenumber 

during the course of its oscillation cycle. The value of J,[~,(v)] can be detemiined by 

calibration measurements descnbed elsewhere (Tsankov et al.. 1 995). 

The TT-VCD instrument described has the capability of successfùlly measuring VCD 

spectra in the continuous 1750-850 cm-' region. The impediments to recording VCD 

spectm outside this region are iacmed by cutoffs of the ZnSe lens and PEM at 800 cm-', 

the optical Nter which prevents detector saturation and the PEM transmission envelope at 

1750 cm-', and the detector at 750 cm? 

The selected deoxyoctanucleotide sampies at 20 mM duplex in D-Okacodylate buffer 

solution, at pD 7.3, were contained in a 25 p B& liquid celi (International Crystal 

Laboratones, Inc.) and maintained at a constant temperature of 4OC in a variable 

temperature chamber. For these experirnents 7500 ac scans were acquired in 165 min and 

ratioed against 750 dc scans, both at a resolution of 4 cm-'. The resulting VCD spectra 

were corrected for polarization artifacts by subtracting the spectra of the solvent (40 mM 



sodium cacodyiate and 50mM NaCi in &O), r e c d d  with the same instrumentai 

conditions. The noise estimitt, which gives the nliability of the VCD signai, wss 

obtained by subtrachg two ~ v c l y  rscorded VCD spcctra of the same sampIe 

(solvent-subtracted) and diviciing the d t h g  baclcgmund by two (Mabmj et al-, 1995). 

r i 7  
OpticaI and Electmdc Compoaents of the VCD instrument 

4.43 W/ECD of Deosyoctmucleotides 

The d6oxy0~t811uclleotide saupies at 0.02 mM &plex in &O/c8codylate bder  dution, 

at pD 7.3, were containeci in a 5 mm Quartz cuvette, and maintaineci at a constant 



temperature of 4OC. The UV meastuements were conducted on a Cary3E 

spectrophotometer, while a Jasco J-715 spectropolarimeter was used for the ECD 

measurements. 

4.4.4 IRNCD Deoxyoc~nucleotid~Daanombicia Complexes 

Daunorubicin at 40 mM in DzO/cacodylate buffer solution and the dwxyoctanucleotide- 

daunorubicin complexes at a 2 to 1 ratio (40 m M  daunombicin and 20 mM duplex) in 

DzO/cacodylate buffer solution, at pD 7.3, were contained in a 25 pm B a  liquid ce11 

(Inrernational Crystal Laboratories, Inc.) and maintained at a constant temperature of 4OC 

in a variable temperature chamber. These experiments, apart h m  being canied out in the 

dark, were identical to those of the 6ree deoxyoctanucleotides. 

4.5 Results and Discussion 

The IR absorption&?'-VCD spectra of daunorubicin, the selected deoxyoctanucleotides 

(Figure 4, page 12) and their daunorubicin complexes were measured in D20 bufYered at 

pD 7.3 with sodium cacodylate in the region of 1750 to 850 cm-'. The W 

absorptionECD spectra of the seiected deoxyoctanucleotides were also measured in &O 

buffered at pD 7.3 with sodium cacodylate in the region of 25OOO to 55000 cm-' and these 

spectral results are discussed in conjunction with their simulated counterpaxts in 

Chapter 5. 

This work demonstrates the h t  successful aaempt at recording FT-VCD of 

deoxyoctanucleotides and their daunorubicin complexes in the continuous region of 

1750-850 cm-'. While the spectra are generally complex with broad and overlapping 

bands especially for absorption, the advantage of VCD is clearly evident with positive 

and negative features that enhance resolution as well as identify specific vibrational 

modes. The infrared absorption and the VCD spectm generaliy correspond to one another. 



Characteristic VCD bands witb hi& signal-to-noise ratios are indeed observed in both the 

selected deoxyoctanucleotides (see Figure 8, page 44 to Figure 14, page 50) and the 

deoxyoctanucleotide-daunorubicin complexes (see Figure 16, page 55 to Figure 21, 

page 60) but not in daunonibicin (see Figure 15, page 51). The remarkably good noise 

estimates suggest tbat even the smd VCD features are reliable. However, in the region of 

solvent (90) absorption the large noise estimates result fiom low energy reaching the 

detector. The most prominent features occur between 1750-1 600 cm'', arising f3om 

carbonyl andlor skeletal stretching vibrations of the nucleotide bases. Minor peaks in the 

region of l 6 O O - M O  cm-' of deoxyoctanucleotides, assumed to result nom the nucleotide 

bases, have not been reported previously. The PO< symmetric stretching vibration of the 

phosphate backbone which occurs between 1 100-1 050 cm-', constitutes the second most 

prorninent features. Conversely, the PO2- antisymmetric stretching vibration is obscured 

by D20 absorbance. The VCD spectra dso huit at the C-O stretchùig of the deoxyribose 

below 1050 cm-', however it is not clear enough to be diagnostic. 

The nucleotide base modes appear to reveal sequence specificity in contrast to the 

phosphate backbone vibrations (Maharaj et al., 1995). The two most prominent regions 

show bisignate VCD couplets, with negative VCD bands at higher wavenumber and 

positive VCD bands at lower wavenumber denotiug a right-hded helix. The VCD 

intensity of the carboayl and/or skeletal stretching viirations of the nucleotide bases, in 

the region of 1 750- 1600 cm-', decreases and the bisignate VCD couplet diminishes with 

increasing base substitutions of the principal sequence, d(CGCGCGCG). 

d(CGCGCGCG). 

4.5.1 Experhental LWVCD Spectra of Deoxyoctanucleotides 

The followhg qualitative cornparisons are performed on the premise that the selected 

deoxyoctanucleotides have eight base-pairs with concentrations normalized to 20 mM: 



a) d(CGCGCGCG).d(CGCGCGCG) (Figure 8, page 44) 

The IR absorption and VCD spectra of the principal sequence, d(CGCGCGCG). 

d(CGCGCGCG), are the most intense of aii  the selected deoxyoctanucleotides in the 

1 750- 1500 cm-' region. The IR absorption band at 1683 cm-' and the corresponding VCD 

couplet at L692(-)/ l678(+) cm" dominates in both spectra. Its assignment to the carbonyl 

andior skeletal stretching vibrations of the C-G base-pair is assured by cornparison wirh 

the deoxypolynucleotide, poly(dG-âC).poly(dG-dC) (Zhong et al.. 1990) and the 

deoxyteuanucleotide, d(CGCG) .d(CGCG) (Birke et al.. 1 993) with their IR absorption 

bands at 1685 cm-' and theü respective VCD couplets at l700(-)/l670(+) and 

1694(-)/1679(+) cm". The deoxytetranucleotide has an additional IR absorption band at 

1652 cm-' with an associated VCD couplet at 1658(-)/1650(+) cm-' (Birke et al.. 1993), 

which is similar to the deoxyoctanucleotide, d(CGCGCGCG).d(CGCGCGCG), whose IR 

absorption band at 1650 cm-' gives rise to a VCD couplet at L655(-)/1647(+) c d .  VCD 

couplets of interest in the deoxyoctanucleotide also include those at l57O(+)/ 1555(-), 

1 508(+)/1498(-) and 1089(-)/1 O72(+) cm-', which correspond to IR absorption bands at 

1 564, 1 504 and 1 O87 cm-', respectively. The last mentioned VCD couplet is attriibuted to 

the symmetric POz- metching vibration in the sugar-phosphate backbone of the 

deoxyoctanucleo tides (Wang et al., 1 994b). 

b) d(CGCGTGCG).d(CGCGTGCG) (Figure 9, page 45) 

The IR absorption and VCD spectra of d(CGCGTGCG).d(CGCGTGCG) are similar to 

those for d(CGCGCGCG).d(CGCGCGCG) discussed in (a), except for the broadening of 

the IR absorption band at 1650 to 1658 cm-' and the developrnent of a discernible VCD 

couplet at 1645(-)/1633(+) cm'', which may be atmbued to the presence of thymine. The 

smdy of d(CGCGTGCG).d(CGCGTGCG) was penpheral to attaining the overaii 

objective of monitoring DNA-drug interactions and in view of the minor changes in the 

IRNCD spectra, it was not subjected to fiuther investigation in this work. 



C) d(CGCATGCG).d(CGCATGCG) (Figure 10, page 46) and 

d(CGCTAGCG).d(CGCTAGCG) (Figure 1 1, page 47) 

The d(CGCATGCG).d(CGCATGCG) and d(CGCTAGCG).d(CGCTAGCG) sequences 

have the most intense VCD couplets at 1692(-)11674(+) and 1089(-)/1 O72(+) cm'' 

conesponding to IR absorption bands at L 68 1 and 1 O87 cm-', respectively, which are 

essentiaily the same positions as in the principal sequence. This occurrence, in addition to 

the IR absorption bands at 1564 and 1504 cm'' affiliateci with the VCD couplets at 

1 5 XI(+)/ 1 555(-) and 1 508(+)/ 1 498(-) cm-', respectively, are comparable to those of 

d(CGCGCGCG).d(CGCGCGCG) discussed in (a), perhaps as a consequence of the high 

C-G base-pair content (75%). 

d(CGCATGCG).d(CGCATGCG), in contrast to d(CGCTAGCG).d(CGCTAGCG), 

constiniting a regular altemating 5'pyrimidine-purine sequence with a less intense VCD 

couplet at 1692(-)/1674(+), a sharper IR absorption band at 1648 cm-' with a 

corresponding VCD couplet at 1 6S3(+)/ 1644(-) cm", a possible shoulder at 

1 699(-?) cm-', a less noticeable VCD couplet at 1 SO7(+)/ MW(-) cm-', and apparently 

better resolved VCD feanues at about 1 MO(+) cm-'. VCD couplets at 1675(-)/1650(+), 

1640(+)/1625(-) cm-' and a (-)/(+) couplet centered at about 1700 cm-' have been reponed 

for the altemating poly(dA-dT).poly(dA-dQ and the homologous poly(dA).poly(dT), 

which does not contain the last mentioned couplet (Zhong et aL, IWO). These reported 

VCD couplets cannot be identified uniquely in the either of these deoxyoctanucieotides. 

d) d(CGATATCG).d(CGATATCG) (Figure 12, page 48) and 

d(CGTATACG).d(CGTATACG) (Figure 13, page 49) 

nie  d(CGATATCG).d(CGATATCG) and d(CGTATACG).d(CGTATACG) sequences 

have the most intense VCD couplets at 1699(-)/1667(+), l639(+)/1 6 1 7(-) and 

1 O89(-)/1 O72(+) cm'' corresponding to IR absorption bands at 168 1, 1623 and 1 O87 cm-', 



respectively. The positions of the first two VCD couplets in addition to the VCD couplet 

at 1578(-)/ l562(+) cm-' associated with the IR absorption band at 1573 cm", differ nom 

those of d(CGCGCGCG).d(CGCGCGCG), perhaps as a consequence of the reducad C-G 

base-pair content (50%). Furthemore, the IR absorption band at 1087 cm-' together with 

its affiliated VCD couplet at 1089(-)11072(+) cm" has a much higher intensity rhan the 

p ~ c i p a l  sequence and those sequences with two A-T base-pair substitutions, discussed 

in (c). 

d(CGTATACG).d(CGTATACG), in contrast to d(CGATATCG).d(CGATATCG), 

constituting a regular aitemating S*pyrimidine-Purine3~ sequence with a more intense IR 

absorption band at 1681cm-', a sharper IR absorption band at 1650 cm", a possible 

shoulder in the VCD specmim at 1690(-?), a visuaily less discerniile VCD couplet at 

1 507(+)/1497(-) cm-' and apparently better resolved VCD features at about 1 O60 cm-'. 

The reported VCD couplet at l64O(+)/l62S(-) cm-' attnauted to the A-T base-pair (Zhong 

et aL. 1990) discussed in (c), Likely concuis with those at L639(+)/ 16 1 7(-) evident in both 

of these deoxyoctanucleotides. 

e) d(CGAATTCG).d(CGAATTCG) (Figure 14, page 50 ) 

This sequence is discussed separately, even though it has the same number of C-G and 

A-T base-pairs as those discussed in (d), because of its uniqueness in both the IR 

absorption and VCD spectra. d(CGAATTCG).d(CGAATTCG) has the weakest VCD 

specûum OC ail the selected deoxyoctanucleotides in the 17504500 cm-' region, however 

the IR absorption band at 1086 cm-' corresponding to the VCD couplet at 

109 1 (-)/1070(+) cm-' have high intensities which are equivalent to those discussed in (d) 

for the analogous featws. The other apparent VCD couplets of interest hclude 

1 702(-)/ 1 684(+), 1675(-)/ 1 665(+) and 1 636(+)/ 16 19(-) cm" corresponding to IR 

absorption bands at 169 1, 1664 and 1623 cm-', respectively. The 1s t  rnentioned VCD 

couplet is also evident in the sequences discussed in (d), and hence appears to agree with 



the reported VCD couplet at 1640(+)/1625(-) cm-' attnbuted to the A-T base-pair (Zhong 

et al .  1990), discussed in (c). In contrast to d(CGATATCG).d(CGATATCG) and 

d(CGTATACG).d(CGTATACG) the 1 507(+)/1497(-) cm-' VCD couplet associated with 

the IR absorption band at 1503 cm" is very weak and there is no evïdence of a VCD 

couplet corresponding to the IR absorption band at 1575 cm-'. 

1.5.2 Experimental IRNCD Spectra of Daunombicin 

Daunorubicin at the same concentration as in the deoxyoctanucleotide-daunombicin 

complexes exhibits a reasonably strong absorption specaum with no apparent VCD 

features (see Figure 15, page 5 1) even though it has six chllal centers. The IR absorption 

band of daunorubicin at 1706 cm-' can probably be attriied to the ketone, whereas the 

absorption band at 16 17 cm-' may be assigneci to the antisymmetric stretching viirations 

of the quinone carbonyi groups at C(n and C(lu (see Figure 6, page 20) which are 

polarized in plane perpendicular to the long axis of daunonibicin, while the bands at 

1587 cm" and 1557 cm-' c m  be amibuteci to the resonance structures (Suarato, 1990). 

4-53 Experimental LRnTCD Spectra of Deoxyoctanucieotide- 
Daunorubicin Complexes. 

AI1 deoxyoctanucleotide IR and VCD spectra appear to have somewhat reduced intensity 

upon intercalation of daunorubicia In fact, the negative VCD features of the 

deoxyoctanucleotide-daunorubicin complexes show decreased intensity in the 

1 750- l6OO cm-' region when cornpared to the &ee deoxyoctanucleotides . 

The effects on the IR absorption and VCD spectra upon intercalation with daunorubicin 

shail be discussed in the fonn of a qualitative cornparison of the spectra of the fiee 

deoxyoctanucleotides and their daunorubicin complexes, as follows: 



Wavenumber (cm-' ) 

Erperlnentai IWVCD Spectra a ~(cGc,GCGCG).~(CGCGCGCG) 
Expaimentai IR absarption (A) and VCD (B) spcca  with the noise estimate (C). 



Wavenum ber (cm-' ) 

Eqxîmental IR absorption (A) and VCD (B) spectca with the noise estimate (C). 



Solvent 

Wavenumber km" 

Experimental IR absorption (A) and VCD (B) spectxa with the noise -te (C). 



Wavenumber (cm;' ) 

ExpeiImental W C D  Spectra of ~(cccTAGCG).~(CGCTAGC~) 

Experimental IR absorption (A) and VCD (B) spectni with the noise estimate (C). 



Wavenumber (cm-' ) 

Erperimentaî IWVCD ~pectra of ~(CGATATCG).~(CGATATCG) 

Experimental IR absorption (A) and VCD (B) spectm with the noise estimate (C). 



Wavenumber (cm" ) 

Experimentai IRNCD Spectra of d(CGTATACG).d(CGTATACG) 

Experhental IR absoiption (A) and VCD (B) spectra with the noise estimate (C). 



Wavenumber (cm" ) 

Experimental IR absorption (A) and VCD (B) spectra with the noise estimate (C). 



Solvent 

Wavenumber (cm" ) 

Experimentai IR abmption (A) and VCD (B) spectra with the noise estimate (C). 



a) d(CGCGCGCG).d(CGCGCGCG)-2~aunorubicin) (Figure 16, page 55) 

The IR absorption and VCD spectra of the principal sequence, d(CGCGCGCG). 

d(CGCGCGCG) (see Figure 8, page 44), are still the most intense of the selected 

deoxyoctanucleotides in the 1750-1 500 cm'' region, a f k  intercalation with daunorubicin. 

The VCD couplet of highest intensity at 1687(-)/1668(+) cm-' associateci with the IR 

absorption band at 1679 cm-' has shified to lower energy when compared to the VCD 

couplet at 1692(-)/1678(+) cm-' corresponding to the IR absorption band at 1683 cm-' in 

the fiee deoxyoctanucleotide. The IR absorption band at 1647 cm" increased in uitensity 

giving rise to a VCD couplet at 165 1(-)/1641(+), which ciiffers significantly f?om the 

VCD couplet at 1655(-)/1647(+) cm-' corresponding to the IR absorption band at 

1 650 cm-' in the fiee deoxyoctanucleotide. Some of the VCD couplets that are retained 

upon intercalation include those at 1568(+)/1556(-), 1 SM(+)/ MW(-) and 

1 090(-)/ 1 Oî6(+) cm-' corresponding to IR absorption bands at 1562, 150 1 and 1 O87 cm-', 

respectively . 

b) d(CGCATGCG).d(CGCATGCG)-2(Dauno~bicin) (Figure 17, page 56) 

The IR absorption and VCD couplets in the 1700-1 600 cm-' region have shifted to lower 

energy upon intercalation with daunorubicin. The most prominent VCD couplet at 

1692(-)/1674(+) cm-' arising fiom the IR absorption band at 168 1 cm-' in the fiee 

deoxyoctanucleotide has shified to 1687(-)/ l667(+) cm" corresponding to the IR 

absorption band at 1674 cm-', with a broader, less intense negative VCD feature. The 

couplet at l653(+)/1644(-) cm-' centered at 1648 cm-', on the other hand, has increased in 

intensity and shified very slightly to 165 1(-)/1641(+) cm-' corresponding to the IR 

absorption band at 1646 cm-' upon intercalation with daunorubicin . IR absorption bands 

at 1087, 1562 and 1501 cm-' affiliated with the VCD couplets at 1089(+)/1074(+), 

i 57O(+)/ 1 555(-) and 1504(+)/1497(-) cm-', are retained and more discem%le than in the 

fiee deoxyoctanuc1eotide. The VCD features at about 1060(+) cm-' appear to be slighdy 



better resolved in d(CGCTAûCG).d(CûCTAGCG)-2(Daunombicin) than those in 

d(CCCATGCG).d(CGCATGCG)-2@aunorubicin). 

C )  d(CGCTAGCG).d(CGCTAGCG)-2(Daunombich) (Figure 18, page 57) 

Upon intercalation with daunombicin the most prominent VCD couplet in the free 

deoxyocranucleotide, 1692(-)11674(+) cm-' corresponding to the IR absorption band at 

168 1 cm-', has shified to lower energy 1682(-)/1665(+) cm-' associated with the IR 

absorption band at 1673 cm-', with a sharper, more intense negative VCD feature than 

that of ~(CGCATGCG).~(CGCATGCG)-~@~UI~ON~~C~~). A VCD couplet, not evident 

in the fiee deoxyoctanucleotide, has emerged at 1649(+)/1642(-) cm-' corresponding to 

the IR absorption band at 1646 c d .  IR absorption bands at 1087, 1562 and 150 1 cm-' 

corresponding to the VCD couplets at 1 OgO(+)/l O72(+), l568(+)/l Sa(-)  and 

1 5M(+)/ 1497(-) cm", respectively, are retained with the 1 S68(+)/ 1 Sa(-)  cm" couplet 

being more discemible than in the free deoxyoctanucleotide. 

b) d(CGATATCG).d(CGATATCG)-2(Daunorubicin) (Figure 19, page 58) and 

d(CGTATACG).d(CGTATACG)-2(Daunombicin) (Figure 20, page 59) 

Upon intercalation with daunorubicin, the fiee deoxyoctanucleotides, d(CGATATCG). 

d(CGATATCG) and d(CGTATACG).d(CGTATACG) appear to have lost their VCD 

couplet at 1 699(-)/ 1 667(+) cm" comesponding to the IR absorption band at 1 68 1 cm-' and 

a new couplet seems to have emerged at significantly lower energy, viz. 

1676(-?)A 659(+) cm-' associated with the IR absorption band at 1666 cm-'. It thus 

appears that the 1699(-)/1667(+) cm-' couplet (see Figure 8, page 4 4 ,  assigned to the 

C-G base-pair (Zhong et al.. 1 WO), has disappeared upon intercalation thereby suggesting 

a markedly reduced contribution fiom the C-G base-pair. The VCD couplet at 

1578(-)/ 1 562(+) cm-' centered at 1573 cm-' in the fiee deoxyoctanucleotides are also 

replaced by a couplet at 1564(+)/1554(-) cm-' afnliated with an IR absorption band at 



1564 cm-'. The IR absorption specm to be somewhat better resolved upon 

intercalation. Conversely, the VCD couplet at 1636(+)/1618(-) cm-' corresponduig to the 

IR absorption band at 1621 cm*' is retained and probably concurs with that repo~ed at 

1640(+)/1625(-) cm-' attributed to the A-T base-pair (Zhong et al., 1 WO), the 

l504(+)/1496(-) cm-' couplet centered at 1500 cm-' has reduced intensity and the VCD 

coupler at 109q-)/1 O72(+) cm-' centered at 1 O87 cm-' also has decreased intensity even 

though the IR absorption inteasity is unchged. The VCD features at about 1060(+) cm-' 

appear to be better resolved in ~(CGATATCG).~(CGATATCG)-~(D~UI~ON~~~~~) than in 

d(CGTATACG) . d(CGTATACG)-2@aunorubicin). 

b) d(CGAATTCG).d(CGAATTCG)-2@aunombicin) (Figure 2 1, page 60) 

ïhis sequence is unique in its manifestation of significantly varied intensities of the 

various VCD couplets rather than replacing couplets with lower energy ones in the 

1700-1600 cm" regiou, as a result of daunombicin intercalation. The VCD couplet at 

1704(-)/1686(+) cm-' corresponding to the IR absorption band at 169 1 cm" has 

substmtiaily diminished in intensity, the couplet at 1673(-)/166 1 (+) cm-' amliateci with 

the IR absorption band at 1664 cm-' has slightly shifted to lower energy but considerably 

increased in intensity anci the VCD couplet at 1636(+)/l6 19(-) cm-' corresponduig to the 

IR absorption band at 1623 cm-' diminished in intensity- The diminution of the fkst 

mentioned couplet assigned to the C G  base-pair (Birke et al. 1993), suggests a 

considerably reduced contribution fiom the C-G base-pair, whereas the 

1 636(+)/ 16 1 9(-) cm-' couplet probably concurs with that reported at l64O(+)/ 1 625(-) cm'' 

attributed to the A-T base-pair (Zhong et al., 1990). The VCD couplet at 

1090(-)/1074(+) cm-' corresponding to the IR absorption band at 1087 cm" is retained 

with an equivaient magnitude to that of the fkee deoxyoctanucleotide, whereas VCD 

couplets at 1 SM(+)/ 1 554(-) and 1 SM(+)/ 1497(-) cm-' affiliated the IR absorption band at 

1564 and 1500 cm-', respectively, are not definitive. 



Wavenumber (cm" ) 

~lgiire 16- 
Experimentai IR/VCD Spectra of 

~(CGCGCGCG).~(CGCGCGCG)-~(D~MO~I~~~~~) 

Experimental IR atmqtioa (A) and VCD (B) specba with the mise estimate (C). 



Wavenu m ber (cm" ) 

Expairnenid IR absorption (A) and VCD (B) spectra with the noise estimnte (C). 



Wavenumber (cm" ) 

EXpenmental IR absorption (A) and VCD @) spcctra with the noise estimate (C). 



Wavenumber (cm" ) 

Figure 19 
Experimentai IRnfCD Spectra of 

d(CGATATCG).d(CGATATCc)-2@.unombida) 

Eqerimentai IR absorption (A) and VCD @) spectra with the mise estiniate (C). 



Soivent 1 \1 : CA> 

Wavenumber (cm" ) 

Experimentai IR absorption (A) and VCD (B) spcctra with the noise estimate (C). 



Wavenumber (cmo1 ) 

Experimental IR absoiption (A) and VCD (B) spcctra with the noise tstimate (C). 



4.5.4 Experimental Merence VCD Spectra 

The difference VCD spectra (ülustrated in Figure 22, page 63), deoxyoctanucleotide- 

daunombicin complex minus deoxyocmucleotide, rdec t s  the deoxyoctanucleotide 

conformational changes upon intercalation with daunorubicin- Since VCD spectra are 

insensitive to contributions Eom daunorubicin conformational changes, the changes in 

the difference VCD spectra mua be due to binding. 

The discussion that foliows is purely conjecnired at this stage and can only be confirmed 

by M e r  experimental and computational developments. The difference VCD spectra 

(see Figtue 22, page 63) show a canceilation of the phosphate backbone features in the 

region of 1 100- 1050 cm-' and an apparent sequentiai splitting of the negative features, in 

the 1600- 1 700 cm-' region, conespouding to increased base substitution of the principal 

sequence. This trend is in keeping with the tripiet sequence preference of dauwrubicin, 

viz. 5'-KG 2 Y-ACG > 5'-ATA » 5'-GCG > S'&TA (Chaires, 1990). Figure 22 on 

page 63 displays one negative VCD feature for "~(CGCGCGCG)~~.~~(CGCGCGCG)~, 

"~(CGCATGCG)~=~'~(CGCATGCG)~* and S ' d ( ~ ~ ~ ~ ~ ~ ~ ~ ) 3 ~ . S ' d ( ~ ~ ~ ~ ~ ~ ~ ~ ) y ,  

which possess the 5'-GCG triplet, and two negative VCD f-es for '~(CGATATCG)~~. 

"~(CGATATCG)~*, 5 ' d ( ~ ~ ~ ~ ~ ~ ~ ~ ) 3 ? d ( ~ ~ ~ ~ ~ ~ ~ ~ ) 3 ~  and %(CGAATTCG)~' . 
''~(cGAATTCG)~. which contain the 5'-TCG, 5'-ACG (and 5'-GTA) and 5'-TCG 

5' triplets, respectively. '~(cGAATTcG)~'. d(CGAATTCG)3p also hints at a possible third 

negative VCD feature, but this is not definitive. 

Consequently, complexes containing the more preferred triplet sequences for 

daunorubicin recognition confer more observable changes in the difference VCD spectra, 

thereby suggesting that deoxyoctanucleotides containing the most prefemed triplet 

sequences of daunorubicin experience greater coriformational changes upon intercalation 

of daunorubicin. 



The deoxyocrm~c~eotides, 4CGATATCG)-d(CGATATCG), d(CGTATACG).d(CGîATACG) 

and d(CGAATTCG).d(CGAATTCG), contain the most preferred damorubicin triplet 

sequences. Upon intercalation with daunombicin these sequences revealed matkedly 

diminished C-G base-pair contriiutions in the VCD spectra, thus suggesting that the 

dipolar couphg between the terminal C-G base-pairs is extcnsively disnrpted, which is 

consistent with daunorubicin intercalating between the temiinal C-G base-pairs, with a 

triplet sequence prefmence as reporteci by previous X-ray crystaiîography, solution and 

theoretical literature (Chaires, 1990; Chen et al,, 1985; chaires et al., 1990; Frederick et 

oL, 1990; Wang et al.. 1987). In tems of the information that ernerges h m  VCD versus 

the standard uifrared absorption spectra it may be of interest to compare the above results 

with those deduced in a ment study of deoxyhexanucleotide duplexes complexed with 

nogalamycin (Missailidis & Hester, 1995). The obsened difference in the absorption 

bands are subtle and difficuit to quanti@. 



Wavenumber (an" ) 

Deoxyoctanucleotide-Daunorubich Complex minus Deoxyoctanucleutide VCD Spectra 
(A) 3 d(CGCGCGCG).d(CGCGCGCG) 
(B) 3 d(CGCATGCG)-NCGCATGCG) 
(C) d(CGa'AGcG).a(CGCI:AGcG) 
@) - d(CGATATCG).d(COATATCG) 
(E) 3 d(CGTATACG).d(CGTATACG) 
(F) a d(CGMTTCG).d(CGAATTCG) 



5. Computations 

In order to extract the desired structurai information, the observai W/IR absorption and 

ECDNCD spectra must be compared with those theoreticaiiy simulated by suitable 

calculations. Ab initio calculations are most desirable, however they are cinrently feasible 

for relatively small molecules only and are beyond the scope of the large molecules of 

interest in this work. instead, an approximate modei, v i z  the non-degenerate extended 

coupled osciiiator (NECO) model, was used for simulating the spectra of 

deoxyoctanucleotides and deoxyoctanucleotide-daunombich complexes. This mode1 

exhibits classic coupling of oscillaton within chromophores distnbuted in space. The 

magnitude and orientation of the electric transition dipole moments within the 

chromophores are requireà by the NECO mode1 and have been derived by ab initio 

calculations on the deoxyocbnucleotide components. 

5.1.1 Literature Survey 

An overwhelming number of Raman and infiared citations on biological molecules exist 

in the literature (Wang et aL. 1987; Nishimura & Tsuboi, 1986; Taillandier, 1990; 

Taillandier et ai.. 1985). Literature relevant to this work include computations based on 

DNA nucleo tide bases, base-pairs and the DNA sugar-phosphate backbone. Ab initiu 

predictions at the Hartree-Fock m / 6 - 3  1G** level of theory have been reponed for the 

infiared absorption wavenumbers of C (Gould et al.. 1992), G (Gould et al.. 1993), T 

(Les et ai-, 1992) and A (Nowak et al., 1994), together with their vibrational assignments. 

The amino groups of C, G and A were shown to be non-planar at the HF level with the 

6-3 1 G* basis set, and for C also at the MP2/6-3 IG* level (Leszcyaski, 1992). More 

recently the computed infrared and Raman spectra of the C-G base-pair, together with 

vibrational assignments were reported at the HFI6-31G* level of theory (Florian & 

Leszczynski, 1999, whereas literature on the A-T base-pair at an ecpivalent level of 

theory is non-existent at this stage. IR and Raman wavenumbea of the dimethyl 

phosphate anion derived fiom the B3-LYP/631G* procedure have also been reported 



with vibrational assignments (Florian et al., 1996), while computed absorption 

wavenumbers of deoxyri'bose have wt been reported previously. 

5.1.2 Procedure 

Energy-minimized geometries, harmonic force fields and atomic polar tenson of the 

nucleotide components, viz. the deoxyriise sugar residue (in the form of 

1 -amino-deoxyriise) iliustrated in Figure 1, page 8; the phosphate cesidue (in the fom 

of dunethyl phosphate anion) exemplified in Figure 1, page 8; the nucleotide bases (Gy C, 

A and T) shown in Figure 2, page 9; and the nucleotide base-pairs (C-G and A-T) 

illustrated in Figure 3, page 10, were calculated with the B3-LYP procedure (Becke, 

1993), a hybrid Hmee Fock (HF) - Density fuactionai theory @FT) method, and the 

6-3 1G** bais set using the Gaussian 94 programs (Gaussian 94 Revision B.3, 1995). Al1 

experimental measurements were conducted in deuterium oxide, therefore the nucleotide 

components used for IR computations have exchangeable hydrogen atoms nibstituted 

with deuterium. The standard geometry coordinates of the nucleotide components are 

listed in Appendk 1. To obtain the electric transition dipole moments for simulating the 

W E C D  spectra, the nucleotide bases were also calculated with the configuration 

interaction singles (CIS) approach, a single point calcuiation used for modeling excited 

States such that the distribution of al1 the electrons is descri'bed by al1 possible single 

excitations (Raulc, 1994), and the 6-3 1+G* basis set using the Gaussian 94 programs 

(Gaussian 94 Revision B.3, 1995). 

Cs symrnetry was assumed for the nucleotide bases and base-pairs. The standard 

keto-tautornenc forms were used for the nucleotide bases, since there is no spectroscopie 

evidence for the existence of en01 tautomers greater than O.Ol%, at physiological pH 

(B lackbum, 1 990)- However, the possibility of isomerkation cannot be excluded. The 

four torsion angles of 1 -amino-deoxyrhse, C(rrC(4i-N(21-&i ,, H( 14)-0( 12)-C( I I-C(I 

O( I 8&( I 61-C( I 01-0(91 and H(201-0( I &fi &IO), and the dimethy1 phosphate anion, 

P,4~0(3,-C(2)-H( I ,, O(n-P(41-0(3&), C(a-O(n-P(4)-0(3) and H(n-C(&n-P(.o (sec Figure 1, 

page 8) , were constrained to the values corresponding to the standard B-DNA helices, 

generated for the selected deoxyoctanucleotides using MSI's molecuiar modeling system 



(1-t 11 95.0, 1995), shown in Figure 23, page 67 for d(CGAATTCG). 

d(CGAATTCG). 

The B3-LYP method ernployed with the 6 3  1G** basis set systematically overestimates 

vibrational wavenumbers by about 5% (Rauhut & Pulay, 1995). Hence calculated 

wavenumbers of ail normal modes were scaled by a factor of 0.95. Vibrational mode 

analysis was carried out in order to rnake tentative vi'brationa.1 assignments. The internal 

and local symmetry coordinates were defineci as usual (Fogarasi & May, 1985). The 

nomal coordinate analyses were carried out by programs descnbed elsewhere @OUT & 

Keiderluig, 1993). The definitions of the internal valence and local symmetry coordinates 

used for the nucleotide bases can be found in Appendix 2 and those used for the 

base-pairs are listed in Table 4 and Table 6. Potential energy distribution (PED) 

contributions for both the deuterated and undeuterated nucleotide bases (see Appendix 2), 

the undeuterated base-pairs (see Appendix 2) and the deuterated base-pairs (see Table 5 

and Table 7) include wavenurnbea corresponding to the experimental spectral range of 

1 750-850 cm-'. PED contributions less than 10 % are excluded. 

The IR absorption wavenumbers were caiculated for the undeuterated nucleotide 

components with the B3-LYP/6-3 1 Ge* procedure (see Appendk 2), so as to establish 

reliability of these computationai resuits by cornparison with those reported previously. 

The undeuterated nucleotide bases calculated with the B3-LYPl6-3 LG** procedure (iisted 

in Appendix 2) agree largely with those reported in the literature for C (Gould et al-, 

1992), T (Les et aL, 1992), G (Gould et al-, 1993) and A (Nowak et al., 1994) at the 

HW6-3 lG* level of theory. C, G and A possess amino gmups which were shown to be 

non-planar with ab initio EW6-3 1 G* and MW6-3 1 G* studies (Leszczynski, 1992). 

Accordingly, the imaginary wavenumbers evident at Iow energy for C, G and A in this 

study are due to the Cr symmetry imposed for the nucleotide base calculations. The 

absorption wavenumbers of the undeuterated C-G base-pair calculated with the 

B3-LYP/6-3 1 G** procedure (see Appendix 2) compare satisfactorily with those derived 

fiom ab initio HFl6-3 1G* (Florian & Leszcynski, 1995). However, they do differ in the 



Figure 23 
Deoxyoctanucleotide: d(CGAATTCG).d(CGAA'l"îCG) 



Table 4 
Intemal and Symmetry Cooràhates of Cytosinffiuanine Base-Pair 

N-H m t c h  

C-H m t c h  
C-N stretch 

C-C stretch 
C=O stretch 
C=N stretch 

C=C stretch 
N-H stretch 

C-H stretch 

C-N stretch 

C-C stretch 
C=Ostretch 
C=Nstretch ! 
C=C stretch 
H-O stretch i 
H-N stretch 
B O  stretch j 
H-N-H bend f 

233 f C-N-H i/p bend ; 
236 
z37 ; 
338 
3 9  NC-Hiip bend 
240 i CC-H ilp bend 
241 f C=C-H ilp bend i 
3 2  i 
343 f N=C-N i/p bend i 
3 4  1 CC-N i/p bend 1 
Z45 j N-C=O ilp bend 

description ' 

N(13) - H(I5) 
N(13) - H(l6) 
N(12) - H(14) 
N( 1) - H( 4) 
C( 2) - H( 8) 
C(10) - N(13) 
C( 9) - N(I2) 
C(I0) - N(12) 
C( 3) - M  7) 
a 3 1  -N( 1) 
C( 2) - N( 1) 
C( 6) - N( 5) 
C( 6) - C( 9) 
C( 9) - O(11) 
C(W -N( 7) 
a 2) - N( 5) 
a 3) - C( 6) 

N(23) - H(27) 
N(3t) - H(28) 
N(20) - H(25) 
C(24) - H(29) 
C(22) - H(26) 
C( 18) - N(23) 
C( 19) - N(20) 
C(24) - N(20) 
C(19) - N(17) 
C( i 8) - C(22) 
C(l9) - O(2 1) 
C(l8) - N(17) 
C(24) - C(22) 
H(27) - O(11) 
H(14) - N(l7) 
H(15) - O(21) 
a(27-23-28) 
a (  1 8-23 -27) 
a( 1 8-23-28) 
a (  19-20-25) 
a(24-20-25) 
a(20-24-29) 
a (  18-22-24) 
a(24-22-26) 
a(22-24-29) 
a (  1 7- 1 8-23) 
a(22- 18-23) 
a(20- 19-2 1) 

GI i -Mi2 asym smtch f 
G2 -N&symstretch 
G3 - N ( 1 2 w ~ t c h  i 
G4 E -N(I jH stretch f 
GS f =C-Hsaetch i 
G6 f -C-N(&) stretch i 
G7 -C(O+N- s~e t ch  f 
G8 / <-N-s<Rtch f 
G9 -C(+N=stretch i 
GIO i =C(C)-N-stret~h 
G l l  f <(C jN--ch t 
G12 i =C(C)-N= 
G13 i =C(C)-C(O) i 
G14! C-Ometch 
Gl S f -C(N)=N- ~ t c h  j 
G16 i -C=N- stretch ! 
G17; C=C-stretch f 
Cl8 - m a ~ y m m e t e h  
Cl9 i - I U & ~ y m ~ t c h  
C20 1 -N-Hstreth 
C2 1 =C-H asym stretch f 
C22 X-H sym metch t 
C U  f -C-N(i+J~tch ] 
C24 -C(O)-N- stretch f 
C25 j =C-N(C)- m t c h  f 
i26 i -C(O)-N= ~ t c h  / 
-27 i =C-C=smtch f 
2 8  f C - O m t c h  f 
229 i -C=N- -ch i 
:30 / €4- saetch i 
33 1 f H-O sym stretch i 
132 t H-O asym smtch j 
433 H-N~mtch 
334 -C-N(Hd i/p wag i' 
Z35 i H-N-H scis 
:36 1 H-N-Hrock 
Z37 i N-H i/p bend i 
Z38 f =C-H asym bend f 
Z39 f =C-H sym bend 
240 i -Ca i/p wag 
:4 1 f 6-ring defonÜ ( l ~ ' ~ ) ( 2 + ~ 2 - 5  1 -4t9+2*47-48-50) 
:42 1 6-ring deform f (6-IR)(52-5 1+49-47+48-50) 
:43 f &ring deform f (2-')(49-5 1 +5048) 
i44 / C-N(H3 i/p wag i (2*1R)(64-6~) 
i45 f H-N-Hîci~ I (6-IQ)(2*53-54-55) 
;46 -- ! H-N-Hrock i (2-'Q)(54-55) 



Table 4 (cont) 
- 

h t e d  Valence Coordinates 
no.' definition i description 

C47 C-N-C ring bend a(l9-20-24) 
C48 i N-C-N ring bend a(20-19-17) 
C49 C=C-N ring bend j a(20-24-22) 
CS0 i C=N-C ring bend / o(l9-17-18) 
CS 1 ! C=C-C ring bend i a(24-22-18) 
C52 N=C-C ring bend a(17-18-22) 
G53 f H-N-Hbend f a(l5-13-16) 
G54 C-N-H i/p bend ! =(IO-13-13 
GSS ; a(1O-13-16) 
G56 a (  9-12-14) 
G57 i a(l0-12-14) 
GS8 a(2-1-4) 
G59 i i a(3-1-4) 
G60 NC-H i/p bend j a(1-2-8) 
G6 1 N=C-H i/p bend a(5-2-8) 
G62 N-C=O i/p bend a( 12-9-1 1) 
G63 ; C-C=O i/p bend i a(6-9-11) 
G64 N-C-Ni/pbend a(l2-10-13) 
G65 N=C-N i/p bend / a(7-10-13) 
G66 CC-N ring bend a(6-9- 12) 
G67 ! N-C-N ring bend i a(9-12-10) 
G68 C-N-C ring bend a(2- 1-3) 
G69 / C=C-N ring bend i a(6-3-7) 
G70 i N=C-N ring bend i a(7- 10- 12) 
G71 ! a(5-2-1) 
G72 C=N-C ring bend i ~~(10-7-3) 
G73 i a(2-5-6) 
G74 ! C=CC rkg  bend a(3-6-9) 
G75 f C( IO)-N(l2) ring r(7- IO-12-9) 
G76 N(12)-C(9) ring 1 ~(10-12-9-6) 
G77 i C(9)-C(6) C@ / ~(12-9-6-5) 
G78 C(6)-N(5) ~g ~(9-6-5-2) 
579 i N(S)=C(î) ~g f r(6-5-2- 1) 
280 C(2)-N(1) ~g i t(5-2-1-3) 
68 1 N(1)-C(3) ring f r(2-1-3-7) 
582 C(3)-N(7) riag ~(1-3-7-10] 
583 i N(7)=C(lO) ring f r(3-7-10-12) 
384 i N(13)-H torsion j ~(7-10-13-16) 
585 i ~(12-10-13-15) 
3 6  C(19)-N(l7) ring f r(20-19-17-18) 
387 f N( 17)=C(l8) ring ( r(19-17-18-22) 
288 C(18)-C(22) rulg j r(17-18-2-24} 
389 C(22)=C(24) ring / r( 18-22-2420) 
f90 f C(24)-N(20) ring i ND-24-20- 19) 
Z9 1 N(20)-C(19) ring 1 ~(24-20- 19- 17) 
192 N(23)-H torsion i r( 17- 18-23-27) 
J93 i i ~(22- 18-23-28) 
394 / C-C-O-H torsion r(6-9-11-27)- .--- 

' N(12)-H üp knd f (2-1R)(56-57) 
N(l)-H i/p bend j (2-E)(58-59) 
-C-Hi/pbend f ~ ~ ~ 6 0 - 6  1) 
-C=û ilp wag (2-1fi)(62-63) 
6-ring defom f : (12-'E)(2*6674-69+2*72-70-67 
6-ring deforni t (6-IR)(66-74+69-72+70-67) 
64ngdefonn ; (2-'~69-74+67-70) 
5-ring deform i (2-Iz)(73 -68) 
5-ringdeform i (6-1E)(2*7 1-68-73) 

H-N-H sym torsion 84-85 
H-N-H asym tomon 84+85 

6 4 %  bend ( 1 ~'%2*75-76-80+P8 1-82-83 
&ring i (6-IR)(75-76+80-8 1 +82-83) 

&ring twist (2-')(go-76+83-82) 
5-ring twist (2-'n)(77-79) 
5-ring bend (6-IE)(2*78-77-79) 

butteffly f (f')(75+77+79+8 1) 
6-ring bend (12.'~)(2*8687-88+2*89-90-9 1 

6-ring (6“%86-87+88-8~~90-9 1) 
6-ruigtwist (2-'~88-87+9 1 -90) 

H-N-H sym tosion f (2-IR)(92-93) 
H-N-H asym torsion j (2'12)(92+93) 

H-O sym torsion ! (2-'")(94+96) 
H-0 asym torsion (2-Ic)(94-96) 

H-N torsion i 95 
N-H o/p bend i 98 

C-H asym o/p bend f (riC)(99- 1 00) 
C-H sym o/p bend j (2-'z)(99+ LOO) 
C=O o/p bend 10 1 

H-N-H inversion i 97 
N(12)-H o/p bend t 103 
N( 1 )-H o/p bend j 104 
C-H o/p bend i 105 
Cto o/p bend i 106 
H-N-H inversion i 102 



Table 4 (cont) 

no? i definition description 

H95 j CC-N-H torsion r(22- 18- 17- 14) 
H96 N-C-O-H torsion ~(20-19-21-15) 
C97 i N-& inversion ~(18-27-28-23) 
C98 j N( 1)-H o/p bend ~(25 -  19-24-20) 
C99 C-H o/p bend f y(29-20-22-24) 
Ci00 i y(26-24- 1 8-22) 
Ci01 f C=ûo/pbend j y(21-20-17-19) 
G102 KH2ïnversÏon ! dLO-15-16-13) 
G 103 j N( 12)-H o/p bend i y(14-9- 10-12) 
G 1 O4 N( 1 )-H oip bend j y(4-2-3- 1) 
G 105 C-H olp bend y(8-1-5-2) 

" Intenial valence coordinate numbers where C, G aad H refer to cytosine, guanine and 

the hydrogen bond, respectively. 

i/p = in-plane, o/p = out-of-plane. 

Atom numbers of C and G in parenthesis see Figure 3, page 10; a = bending-in-plane, 

y = bending-out-of-plane, r = rwisting. 

Local symmetry coordinate numbers where C, G and H refer to cytosine, guanine and 

the hydrogen bond, respectively. 

/ s y m  = symmetrïc, asym = antisymmetric, scis = scissors 

Normalization constants followed by interna1 valence coordïnate numbers (both in 

par enthesis). 



Table 5 
Potentiai Energy Distribution of Deuterated CytosineGumllc Base-Pair 

Calculated B3-LYPl6-3 1G** 

l7(C26), l4(C28), 13(C42), 12(C43) 
U(H3 l), lS(G Id), 1 I(C42), 1qG53) 

B(C4 I), l7(C3O), 13(C29) 
42(G53),10(G7), 1 O(G6) 

27(G9), l8(G 17), 14(G52), 14(G44) 
l8(CZ), 1 ï(C42), 14(C29) 

20(G8), 17(G44), 13(G52), lo(G53) 
38(C29), 20(C34), l8(C43) 

36(G8), 16(G44) 
30(G8), 24(G44), 16(G 17) 

27(C34), 19(C29), IZ(C40), 1 1 (C38) 
25(G50), 17(G51), 13(G7), 12(G8), lO(G44) 

23(C40), 1 8(Cî6), 16(C34), lO(C25) 
26(G17), 21(G7) 

43(C26), 16(C4O), 15(C29) 
35(G8), 3 1 (G7) 

25(G44), 2 1 (G7), lS(Gg), 1 S(G8) 
28(C40), U(C26), 13 (C42) 
40(G7), 22(H33): l7(GSO) 

34(G52), 20(H33), 20(G7), 1 î(GSO) 
39(C42), 24(C39), 14(C40) 

40(GSO), 18(G53), l8(H.3), 13(G7) 
34(C40), 32(H33), 14(C34) 

24(G8), 13(G44), 12(H33), 1 l(G7) 
42(H33), 42(C42) 
76(C73), 1 I(C65) 

35(H33), 22(G17), 13(G53), lO(G10) 
3O(H33), 23(C42), 22(C34), 1 l(C40) 
47(H33), 1 1(G44), 1 1(G50), lO(G8) 

" Q(cg) represenis the normal modes of the deuterated C-G base-pair. 

Wavenumbers calculated with the B3-LYP/6-3 1 G** procedure. 

' Intensities caiculated with the B3-LYW6-3 1G** pmcedure. 

'Local symmetry coordinates defined in Table 4. 



Table 6 
Interad and Symmetry Coordinates of Adenine-Thymine Base-Pair 

defintion description 

4 N-Hsûetch i N(1)-H(4) 
'42: N(I1) - H(14) 
A3 N(l1)-H(15) 
A4 C-Hrntch C( 2) -H(8)  
A5 C(l0) - H(13) 
A6 i C-N saetch C(9) - N(I1) 
A7 i C(3)-N(7) 
A8 i C(10)-N(12) 
A9 C(6)-N(5) 

A10 i C(3)-N( 1) 
ALI i C(2)-N( 1) 
A12 C-C~tfetch C(6)-C(9) 
A 1 3 :  C=Nst~tch C(2)-N(5) 
A14 i C(9)-N(l2) 
A15 i i C(I0)-N(7) 
A16 f C=C metch [ C( 3) - C( 6) 
T 1 7 /  N - H ~ t c h  i N(16)-H(L9) 
Tl8 : N(2 1) - H(25) 
Tl9 ! C-H metch f C(24) - H(27) 
T20 i C(26) - H(28) 
T21 j i C(26) - H(29) 
T21 1 C(26) - H(30) 
T23 C-N sûetch f C(l7) - N(2I) 
T23 / C(24) - N(2 1 ) 
T25 C(17) -N(16) 
T26 C(18)-N(l6) 
T27 C-C ~ t c h  C(22) - C(18) 
T28 i C(22) -C(26) 
T29 C=O stretch C(17) - O(20) 
T30 ! C(18) - O(23) 
T31 C=C ~ t c h  C(24) - C(22) 
H32 H-O metch H(14)-q23) 
H33 ; H-N stretch H(19)-N(I2) 
H34 t H-O m t c h  H(13)-O(20) 
T35 H-C-H bend i a(28-26-30) 
T36 H-C-H bend f a(28-26-29) 
T37 j HC-H bend f a(29-26-30) 
T38 i C-N-B i/p bend a(l8-16-19) 
T39 j a(17-16-19) 
T40 i a(17-2 1-25) 
T41 i ~(24-2 1-25) 
T42 i N-C-H i/p bend a(21-24-27) 
T43 j C=C-H i/p bend ; a(22-24-27) 
T44 f N-C=O i/p bend j a( L6- 18-23) 
7-45 i a (  16- 17-20) 
T46 
--.-.-*--i----- 

a(21-17-0) 

d no. designation ' Uitemal cootdinate combinaaon ' 
- N - H ~ t ~ t c h  

-NHza~ym=tch 
-MI2 symstretch f 

X-Hs~retcti 
=C-Hsnetch ; 

-C-N(I&)smtch i 
=C(C)-N=stretch f 

=C-N=stretch ; 
=C(C)-N=stmch 
=C(C)-N-stretch 

=C-N-stretch i 
=C(C)-C(NHd metch i 

-c(N)=N-smtch i 
-C(C)==N- ~ a e t c h  i 
-C(N+N-=tch 

-C<-~ae t~h  j 
- N - H ~ t c h  f 
-N-H-tch j 
=C-Hstretch 

-CH3asym!metch : 
-Cs asym stretch 
-CHi sym metch 
C ( 0 )  -N- stfetch 
=GN(C)- stretch 
-C(O)-N- stretch i 
<(O)-N-sûetch 
SC-C(0) -<ch f 
= C - C H 3 ~ t c h  

€=O r 

<=O 
-C=C- * 

H-O ~ t c h  
H-N stretch 
O-H sûetch 

-C-H(Me)asym ; 
-C-H(Me) asym 

C-H (Me) sym defom 
-N-H ilp bend i 
-N-H i/p bend ; 
=C-H i/p bend 
-c=oi/pwag i 
-c=Oi/pwag i 
X-CH3wag i 
-CH3 i/p rock 



Table 6 (conk) 
Inteml Valence Coordinates 

defioition description 

C-C=O a(2î-18-23) 
C-C-C a(18-22-26) 
CX-C i a ~~(24-22-26) 

CC-H (Me) bend i 42-26-28) 
a(22-26-29) 
a(22-26-30) 

C-N-C ring bend ; a( 17-21-24) 
a(17-16-18) 

N-C-N ring bend ; a(2 1 - 1% 16) 
C=C-N ring bend a(22-24-21) 
C=C-C ring bend 1 a(24-22-18) 
C-C-N ring bend a(22- 18- 16) 

H-N-Hbend i. ~(14-11-15) 
C-N-H ilp bend a(9- 1 1-14) 

a(9-11-15) 
i a(2-1-4) 
I a(3-1-4) 

N-C-H i/p bend i a([-2-8) 
~(12-10-13) 

N=C-H ilp bend i a(5-2-8) 
a(7-10-13) 

N=C-N i/p bend i a(l2-9- 1 1) 
C-C-N i/p bend i a(6-9- 1 1) 
C-N-C ring bend a(2- 1-3) 
C=C-N ring bend a(6-3-7) 
WC-C ring bend a(12-9-6) 
N=C-N ring bend a(7- 10- 12) 

a(5-2-1) 
C=N-C ring bend a(2-5-6) 

a(10-7-3) 
a(9-12-10) 

C=C-C ring bend a(3-6-9) 
C-C-O-H torsion ; r(22-18-23- 14) 
CC-N-H torsion i t(6-9- 12- 19) 
WC-O-H torsion ~((11- 17-20- 13) 
C(lO)=N(l2)ring r(7-10-12-9) 
N( 12)-C(9) ring i r( 10- 12-9-6) 
C(9)=C(6) ~g i t( 12-9-6-5) 
C(6)-N(5) ring 1 r(9-6-52) 
N(5)=C(2) ring t(6-5-2- 1) 
C(2)-N( 1) ring t(5-2- 1-3) 
N( 1)-C(3) ring t(2- 1-3-7) 
C(3)=N(7) ring ; r( 1-3-7- 10) 
N(7)-C( I O) ring t(3-7- 10- 12) 
N(11-)-H torsion ! t(6-9- 1 1- 15) 

t(12-9-11-14) 
C(17)-N(16) ring r(21-17-16-18) 
N( 1 6)=C( 1 8) ~g ! T( 1 7- 16- 18-22) 

Local Symmetry Coordinates 
designation ' intemal coordinate combinationl 

&ring deform j (6-")(58-57+5653+55-54) 
6-ringdefonn i (r1)(56-57+54-55) 

C - N ( H ù i / p ~ g  f (~ '~)(68-69)  
H-N-fI SC& (6-'fi)(2*59-60-6 1) 
H-N-H rock t (2-ln)(60-6 1 ) 
N-H i/p bend (2-'%62-63) 

=C(2)-H iIp beûd (2-U1)(64-a6) 
=C(10)-H üp bend j (2-IE)(65-67) 

&ring deform (l2-")(2*'12-78-7 l+2*16-73-17) 
&ring defonn f (6-'P)(72-78+'1 1 -76+73-77) 
6-ring deform f (2-')(7 1-78+77-73) 
5-ring defoxm j (2-In)(75-70) 
5-ring deform (6-Ia)(2*74-70-75) 
6-dg bend j ( 1 ~'~)(2*82-83-87+2*88-89-90) 

6-ring pseudorotatïon (6-'n)(82-83+87-88+89-90) 
&ring twist (2-')(87-83+90-89) 
5-ring twist ~ ' ~ ) ( 8 4 8 6 )  
5-ring bend (6-'c)(2*85-84-86) 

butterfly , (T1)(82+84+86+88) 
H-WH sym torsion 9 1-92 
H-N-H asym torsion i 91+92 

6-ring bend ( 12-'")(2*93-9495+2*96-97-98) 
6-ring pseudoraotation / (6''E)(93-94+95-96+97-98) 

6-ring twist 
H-C-H (Me) torsion 

C-C-û-H torsion 
C-C-O-H torsion 
N-C-0-H torsion 
c m 3  o/p bend 
N-H o/p bend 
N-H o/p bend 
C-H o/p bend 
C=û o/p bend 
C a  o/p bend 
N-H olp bend 
C-H o/p bend 
C-H o/p bend 
H-N-H inversion 
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Table 6 (coati) 

Intenial Vaience Coordinates 
no.= deunition description 

Tg5 C( 1 8)-C(22) riOg ) ~(16- 18-22-24) 
T96 C(ZZ)=C(24) ring T(18-22-24-21) 
T97 C(24)-N(2 1) a 1 ~(22-24-2 1-17) 
T98 N(21)-C(17)ring t(24-21-17-16) 
Tg9 i C-H3 torsion ; t(24-22-26-28) 

t(18-22-26-29) 
~(24-22-26-30) 

Tl00 C-CH3 o/p bend y(26-24-18-22) 
T 1 O i j N-H olp bend / ~(25- 17-24-21) 
Tl02 j y(19-17-18-16) 
T 1 O3 C-H o/p bend f y(27-2 1-22-24) 
Tl04 C=O o/p bend y(20-21- 16-17) 
Tl05 ~(2.3- 16-22- 18) 
A 106 t N-& inversion t -@-l4- 15-1 1) 
Al  O7 f N-H olp bend j H4-2-3- 1) 
A lO8 C-H 01p knd  .1(8- 1-5-2) 

" Interna1 valence coordinate numbers where A, T and H refer to adenine, thymine and the 

hydrogen bond, respectively. 

i/p = in-plane, o/p = out-of-plane. 

Xtom numbers of A and T Li parenthesis see Figure 3, page 10; a = bending-in-plane, 

= bending-out-of-plane, r = twisting. 
d Local symmetry coorduiate numben where A, T and H refer to adenine, thymine and 

the hydrogen bond, respectively. 

/ s y m  = symmeaic, asym = antisymmetric, scis = scissors 

' Normalization constants followed by intemal valence coordinate numbers 00th in 

parenthesis). 



- 
Mode " 
- 
Q 12(at) 
Q 13W 
Q 1 qat) 
Q 1 S(at) 
Q 16(at) 
Q I7(at) 
Q 18(at) 
Q I9(at) 
Q W N  
Q2 1 (al) 
Q22(ar) 
Q Z  (at) 
Q24(at) 
QZS(at) 
Q26(at) 
Q27(at) 
Q28(at) 
?29(at) 
?30W 
23 1 (at) 
?32(at) 
233W 
3 3 4 w  
J35(at) 
2Wat) 
237W 
238W 
239W 
2 4 0 w  
24 1 (at) 
2 4 2 w  
243(at) 
2Wat) 

Table 7 
Potentrm Energy Distribution of Adenine-Thymine Basepair 

- Calcuiated B3-LW6-3 1G8* 
v (cm-') x 0.95 A mol'') ' 

4703 11, ~ g m o )  
l7(Al2), 1 S(A6), 13(A54), 1 S(A%) 
24(A7), 19(A57), l3(A 14), lO(A49) 

36(AS4), 12(A6), 12(H34) 
tS(A13), 19(A54)? lO(A58) 
46Cn6), 15(T35lT10(T44) 

69(T35), 23(T36) 
26(T48), 14(T26), 13(T41) 
43(A54), 21(H34), 1 l(A16) 

89W7) 
38(A54), 38(H34) 

22(T42), 22(-), 12(T40) 
33(A8), 1S(A14), 14(A9), lO(A16) 

36(H34), 1 6(A%), 12(A 15) 
=cm 

1 ?(Al L), 1 S(A8), I2(A53) 
38(T26). 17(T24), 14(T25). lO(T38) 

24(H34), 1 7(A 1 1 ), 1 Z(A54) 
l8(T42), 16(T47), f3(lï8), 12(T25) 
24(H33), 2 l(A49), 12(A14), 10(A8) 

39(A50), 22(A56) 
23(T4l), 21(T26), 12(T38), IO(T42) 

2 1 (A%), 1 O(A 1 O), lû(A49) 
73(T45) 

44Cr44), 1 1 (T45) 
37(A83), 36(A60), 2qA65) 
19(T39), l6Cr44), 1 l(T24) 

39(A59), lI(AI1) 
49(H33), Z(A56) 

83(T78) 
2 1 (T47), 2NA56) 

" Q(at) represents the normal modes of the deuterated A-T base-pair. 

Wavenumbers calculated with the B3-LYP/6-3 1 G** procedure. 

' Intensities calculated with the B3-LYP/6-3 1G** procedure. 

Local symrnetry coordinates defined in Table 4. 



Table 8 
CdcaJated wavenumbers for the DNA Sugar-Phosphate Backbone 

Dimethyl Phosphate Anion 
Mode a Calcuiated B3-LYPf6-3 IG** 

7 (cm-') x 095 " mol-') 
1443 3 

" Q(d) and Q(dmp) represent the no& modes of 1-amino-deoxyriise and dimethyl 

phosphate, respec tively- 

Wavenumbers caiculated with the B3-LYP/6-3 1G** procedure. 

Lntensities caiculated with the B3-LYP/6-3 1G** procedure. 



vibrational assignments which could be due to the ciifference in intemal valence 

coordinate dennitions. This work reveals more mïxing between the C and G nucleoade 

base components in the C-G base-pair which can be considered to be more accurate since 

the B3 -LYP procedure incorporates Becke's three parameter hybrid hctional that 

consists of HF plus non-local exchange and correlation parts (Sponer et uL, 1996). The 

results of the dimethyl phosphate anion calnilateci with the B3-LYP/6-3 lG** method 

(see Table 8) compare favorably with those of the sod ium dimethyl phosphate reported 

with B3-LYP/6-3 IG* snidies (Florian et aL. 1996). At this level of theory, there is no 

Literature available for a cornparison of the 1-amino-deoxyrï'bose (see Table 8) and the 

A-T base-pair. However, the efficiency of B3-LYP in evaluating molecuiar structure, 

vibrational wavenumbers and IR intensities (Sponer et al.. 1996) and the favorable 

correspondence with previous Literature consolidates the reliability of cdculations in this 

study. 

5.13 Simulation of Infkared Absorption spectra 

Due to the size of the deoxyoctanucleotide molecuiar systems, a component approach was 

adopted as a first approximation to generate the absorption spectra of the selected 

deoxyoctanucleotides which entailed summing the ab initio computed spectra of the 

separate nucleotide components, i.e. fourteen phosphate residues, sixteen deoxyribose 

residues and the appropriate number of nucleotide bases or base-pairs. 

The wavenumbers labehg absorption positions in the calculated IR absorption spectra 

(see Figure 24, page 79 to Figure 27, page 82) have been picked with the Labcalc (Lab 

Caic C2.24, 1992) computer program, hence they may not correspond precisely with 

those calculated (see Table 5, page 71; Table 7, page 75 and Table 8, page 76). The above 

mentioned tables also list the wirational assignments of the various fundamental modes. 

Certain deoxyoctanucleotides have an equivalent composition even though they Mer in 

sequence. For example d(CGCATGCG).d(CGCATGCG) and d(CGCTAGCG). 

d(CGCTAGCG) (see Figure 25, page 80) produce indis~guishable simulated IR 

absorption specna when calculated with the component approach. Similariy 

d(CGATATCG).d(CGATATCG), d(CGTATACG). d(CGTATACG) (see Figure 26, 



page 81) and d(CGAATTCG).d(CGAAn%G) (see Figure 27, page 82) possess identical 

simulated IR absorption spectra. The last mentioned deoxyoctanucleotide is disphyed 

separately because its experimental IR absorption spectmm mers signincantly fiom the 

other two. 

With the component approach IR absorption specm can be calcuiated in two ways, Le. on 

the basis of nucleotide base or base-pair components being added to the sugar-phosphate 

backbone components as illustrated in Figure 24, page 79 to Figure 27, page 82. The 

summation of the base-pairs rather than the single bases reproduce the experimencal IR 

absorption spectra more accurately for ail the deoxyoctanucleotides. This emphasizes the 

significance of taking into account the mechanicd coupling between the nucleotide bases 

in a base-pair (chromophore), because there are several intense transition dipole moments 

in the base-pair which are close together and couple in a compiicated manner. When 

applying the purely elecaostatic NEC0 mode1 for shulating IRNCD spectra of 

deoxyoctanucleotides and their daunorubicin complexes, transition dipole moments 

between base-pairs rather than within base-pairs are coupled 

The A-T base-pair gives rise to a band at 17 18 cm" in the calcuiated IR absorption 

spectra which is shifted in the experimentai IR absorption spectra (see Figure 24, page 79 

to Figure 27, page 82). This could probably be attriibuted to solvent effects in the 

experimental IR spectra, which cause the 171 8 cm" peak to shift to a lower wavenumber, 

suggesting that the carbonyl group, C(l@noi, in the A-T base-pair (see Figure 3, 

page 10) is hydrogen-bonded in the deoxyoctanucleotides. While gas phase calculations 

are not ideal for solution studies, for the most part IR spectra in the 1750-850 cm" region 

are relatively insensitive to environment. However, hyàrogen bonds do cause 

wavenumbers to shifi to lower energy but we assume that the electric transition dipole 

moments are transferable- 



Wavenumber (cm" ) 

FIyca 
Experlmentai and Calcuhfed IR Absorption S p e c m  of 

d(CGCGCGCG)-d(CGCGCGCG) 

Experimental IR absorption specûa (A) and calculateci with base-pairs (B) and bases (C). 



Wavenumber (cm" ) 

-2s 
Experimentai and Caicdated IR Absorption Spcetr~ of 

d(CGCTAGCG).d(CGCTAGCG) and d(CGCATGCG).d(CGCATGCG) 

Experhental IR absorption spectra d(CGCïAGCG).d(CGCTAûCG) (A), 

d(CGCATGCG).d(CGCATûCG) (B) and calculafed with base-pairs (C) and bases @). 



Wavenumber (cm" ) 

m-26 
Expecimentai and Cdcplrited IR Absorption Spectra of 

d(CGTATACG).d(CGTATACG) and d(CGATATCG).d(CGATATCG) 

Experimental IR absorption spectra d(CGTATACG).d(CGTATACG) (A), 

d(CGATATCG).d(CGATATCG) (B) and calculami with base-pairs (C) and bases @). 



Wavenumber (cm" ) 

Figivc 27 
Erperinaenfal and Cdcniateà IR Absorption Spectra of 

d(CGAA'ITCG).d(CGAATI'CG) 

Experimental IR absorption speani (A) and calculated with base-pais (B) and bases (C). 



The IRRN absorption and VCDECD spectra are cdcuiated using the approximate 

non-degenerate extended coupled oscillator (NECO) model. The coupled oscillator mode1 

and its modifications are dacribed in detail elsewhere (Rauk & Freedman, 1994; Xiang 

et al.. 1993). The model was used to determine the optical activity of biopolymers 

consisting of degenerate or near degenerate chromophores Wang et al., 1993). The 

underlying theory is based on the exciton mode1 where the excited state of a polymer is 

delocalized over aii the monomers. This delocalized excitation is referred to as an 

"exciton". The excited state wavefiinction was written in terms of the dipolar interactions 

(Moffitt, 1956), and relevant equations were then appiied to derive expressions for the 

dipole and rotational strengths for two and infinitely many interacting dipoles (Tinoco, 

1963). The fim application of the coupled oscillator method to VCD was dernonmted 

with diketopiperazînes, fonned by cyclic dimerization of amiw acids (HoInvarth & 

Chabay, 1972)- 

Each fundamental vibrational mode of a monomer gives rise to an oscillator which can in 

principle couple intramolecularly with d l  other dipole oscillators in the polymer. This 

coupling depends on the separation and angles between the oscillators, and their relative 

magnitudes. It is essential, therefore, to know the magnitude and orientation of the 

transition dipole vecton explicitiy. A non-linear, non-planar arrangement gives rise to 

magnetic dipole transition moments which are used to calculate rotational strengths. The 

NECO model was adopted in the more recent fiteranire of nucleic acid VCD simulations 

(Gulotta et al.. 1989; Xiang et aL. 1993) and was therefore implemented in this snidy. 

5.2.1 NECO Theory 

In the NECO description of N interacting dipoles, the absorption intensities can be 

obtained fiom the dipole swngth D pebye2], for the kth exciton comportent (1 < k W ,  

defined by: 



where cc are the eigenvector components of the dipolar interaction matnx, Vij [cm-']: 

where Q represents the dielectric constant. 

'i, [A] is the distance vector between the electrïc dipole transition moment vectors 

fi [Debye] and F [Debye], 

and Xi [A] is the coordinate of the midpoint of oscillator i, with dipole transition moment 

F, P b y e l -  

The CD intensitïes c m  be obtained nom the rotational strengths R pebye2], defined by: 

where c [A s-'1 is the velociîy of iight. The position vectors, X [A], of the dipoles are 

weighted by the fkequency, v [s''], of the particdar oscillation. 

5.2.2 NEC0 Computational Details 

The standard B-DNA helical geometry of the selected deoxyoctanucleotides was adopted 

as the best approximation to the mue molecular geometry since geometry rehement 

using empincal force fields led to severe structural changes and IWVCD spectra 

calculated &om these large systems bore liale resemblance to the experimental spectra. 

The parameters for a standard B-DNA helk (Inîght Z I  95.0, 1995) include a N e  of 3.4 À 

and an unwinding angle of -36O, assigned with this convention for technical rasons 

(Insight 11 95.0, 1995). Vibrationai transitions were assigned on the bais of ab initio 



hannonic wavenumben and intensities, whiie electronic transitions were assigneci on the 

basis of ab initio excitation energies. 

IR and VCD spectra of the deoxyoctanucleotides and their daunombicin complexes were 

simulated using the elecaic transition dipole moments corresponding to the three most 

intense IR absorptions of the dimeîhyl phosphate anion and the fïrst seven consecutive 

wavenumbers of the nucleotide base-pairs in Table 5, page 71 and Table 7, page 75, 

which invariably containeci the most intense IR absorptions, of which the most intense is 

illustrated in Figure 28. The W and ECD specoa of the dcoxyoctanucleotides, on the 

other hand, were simulated using the elecnic transition dipole moments correspondhg to 

the most intense UV absorption(s) of the nucleotide bases (illusaated in Figure 29). In 

total, three electric transition dipole moments were chosen for dimethyl phosphate, seven 

for each of the C-G and A-T base-pairs (see Table 1 1, page 107) , one for C, T and A, and 

two for G (see Table 10, page 92). Coordinates of these electric transition dipole 

moments were transformed to the standard B-helical deoxyoctanucleotide orientation, 

illustrated for d(CGAATTCG) .d(CGAATTCG) in Figure 23, page 67. 

For the deoxyoctanucleotide-dauno~bicin complexes, the standard B-DNA stnictures of 

the deoxyoctanucleutides were adjusted to incorporate the intercalatecl daunorubicin 

molecules. As a starting point, the parameters of the X-ray crystal structure of 

d(CGTACG).d(CGTACG)-2(daunorubicin) (Wang et al.. I987), discussed in Chapter 3, 

were employed The terminal two base-pairs on either end of the helix constitute the 

intercalation sites. At these sites the distance between the two terminal base-pairs fiom 

the adjacent base-pair was fixed at 6.8 A and the unwinding angle of -3 6" was unchangeci 

fiom the standard B-DNA geometry, whereas the base-pairs adjacent to the intercalation 

sites were unwound by S0 per daunorubicin (Wang et al.. 1987). Accordingly, the 

unwinding angle of one base-pair adjacent to the intercalation site had to increase or 



Cytosine-Guuiine base-pair (CG) 

Adenine-Thymhe base-pair (A-T) 

F i r e  28 
Nucleotide Base-Pairs with Electric Transition Dipole Moments 

Anows represent the most intense electric transition moments which occur at 

167 1 cm-' for C-G and 17 19 cm-' for A-T. 



Guanine Cytosine 

Adenine Thymine 

F i e  29 
Nucleotide Bases with Electric Transition Dipole Moments 

Arrows represent the most intense electric transition moments wbich occur at 

40650 cm-' for G; 37453 cm-' for C; 38388 cm-' for A and 37807 cm-' for T. 



decrease by 8' to give unwinding angies of -44' and -2g0, respectively. ûn the other 

hand, the unwinding angles of two base-pairs adjacent to the intercalation site had to 

ïncrease or decrease by 4" each, resuIting in unwlnding angles of 40° and -32'. The 

deoxyoctanucleotide-daunombicin complex VCD spectra were simulated with the above 

mentioned unwinding angles. Those with unwinding angies less than - 4 4 O  producd 

negative VCD feahires at higher wavenumbers than those evident in the experimental 

VCD spectra. Hence, an unwinding angle of -44" for the base-pair adjacent to the 

intercalation site reproduced the experimental spectra moa satisfâctorily. Even though 

-44" represents a winding of the helix which is contrary to the intercalation process, it 

should be emphasued that a concomitant shortenhg of the helix with winding is 

eliminated in these calculations by v h e  of the distances between the base-pain being 

fixed at 3.4 A and 6.8 A for the terminai base-pairs at the intercalation site. Therefore, the 

effect of rotating the base-pair(s) adjacent to the intercalation site is being modeled and 

not the associated lengthening of the helut with unwiuding. 

The mode1 was tested M e r  for various other attriiutes reported in the X-ray crystal 

structures of deoxyhexanucleotide-daunorubicin complexes (Frederick et ai., 1990; Wang 

et aL. 1987). These attributes uiclude buckling, tilting and unwinding of the terminal 

base-pairs at the intercalation site. The effects of base-pair unwinding, buckiing and 

tilting were tested by varyïug the terminal base-pairs unwinding, incline and tilt angles, 

respectively, in the ranges of -28 to -70" for unwindhg and O to 20" for both buckling and 

tilting. These changes appeared to have no effect on the calculatecl VCD spectra of the 

deoxyoctanucleotide-daunorubicin complexes. Perhaps the large separahon of the 

terminal base-pairs at the intercalation sites diminished the coupled oscillator interaction 

to a Iarge extent. 

Daunorubicin was examined for electric transition dipole moments that could appreciably 

contribute to the absorption and VCD spectra of the deoxycctanucleotide-daunombicin 

complexes. The band at 1706 cm-' apparent in the daunorubicin absorption spectrum 

(illustrated in Figure 15, page 51) appears not to be coupling with the 

deoxyoc tanucleotides since the deoxy0ctanucImtide-daunombich complex spectra (see 



Figure 16, page 55 to Figure 21, page 60) show no coupling-induced splitting at 

1706 cm-', as indicated by the absence of bands at wavenumbers greater than 1706 cm''. 

The 16 17 cm'' band of daunorubicin cm be assigneci to the antisymmetric stretching 

vibrations of the carbonyl groups at Co and C(12, (see Figure 6, page 20) which are 

polarked in-plane perpendicdar to the long axis of daunorubicin, whiie the bands at 

1587 cm-' and 1557 cm-' may be attributed to resonance structures (Suarato, 1990). 

Daunorubicin exhibits a comparable extinction coefficient at 1617 cm-' to that of the 

deoxyoctanucleotides on a per base-pair basis hence suggesting that daunorubicin 

possesses a signifiant transition dipole moment at 1617 cm-'. The magnitude of this 

transition dipoie moment was realized by integrating the area under the 16 17 cm-' peak in 

the daunorubicin absorption specmun. Incorporation of the daunorubicin transition dipole 

had no effect on the results of the calculateci IWVCD specaa of the 

deoxyoctanucleotide-damorubicin complexes. Nonetheless, it was retained in the 

calculation. 

For [RNCD and UVECD spectral simulations, wavenumbers of the base-pairs were 

adjusted according to the experimental IR absoqtion spectra (see Table 1 1, page 107) of 

the selected deoxyoctanucleotides and previously reporteci experimentai UV absoxption 

spectra (see Table 9) of the nucleotide bases (Sorber, 19701, respectively. The partial 

resolution of the IR absorption spectra made it difficult to resolve wavenumber 

contributions fkom C-G and A-T base-pairs separately. For example, the appearance and 

the intensity of the IR absorption band at 1683 cm-' in the deoxyoctanucleotides is 

maintained with A-T base-pair substitution (see Figure 36, page 10 1 to Figure 41, page 

1 06). Therefore, the theoretical prediction of 167 1 cm-' for the C-G base-pair and 

1719 cm-' for the A-T base-pair (see Table 5, page 71 and Table 7, page 75) were both 

adjusted to 1683 cm" (see Table 11, page 107). The large shifi of the 1719 cm-' band to 

lower energy could probably be accounted for by the presence of a hydrogen-bonded 

carbonyl group in the A-T base-pair C(17)=OtN)) (see Figure 3, page 10) as a result of 

solvating the deoxyoctanucleotides. The simulated spectra assumed Lorentzian band 

shapes of 12 cm-' haif-width-at-hdf-height for WVCD and 2600 cm-' for UV/ECD 

spec tra. 



5.23 Assumptioas in the NECO Mode1 

The foliowïng assumptions were made Ui the computations: 

nie electnc transition dipole moments are predicted acnnately h m  ab inilio 

calculations- 

; The predominant interaction contributhg to the ECD and VCD spectra are due to 

the coupled osciilator mechanism. 

The interactions between the helix backbone and the nucleotide vi'brational modes 

are negligible. 

> The nucleotide bases and base-pairs have a distance dependent dielectrïc of 4d, 

where d is the distance (A) between chromophores, in contrast to the phosphate 

backbone which has the dielectric of bulk water because it is directly exposed to 

an aqueous environment. 

5.2.4 Intrinsic Chiraiity of Base-Pairs 

The VCD signals in the NECO computations originate fiom the interaction among 

base-pairs, rather than solely from intrinsic chuality. However, the base-pairs are never 

idedly planar in naturai DNA sequences. The base-pairs show a propellor twist, caused 

by the bases rotating clockwise relative to their hydrogen bonded partner around the long 

axis, C8 of the purine and C6 of the pyrimidine, see Figure 3 on page 10. In many mode1 

crystailine oligonucleotides, a deviation fiom plaxmity was found in the range of 5" to 

25", with a slightly greater variance for A-T than for C-G base-pairs (Blackburn, 1990). 

MSI's molecular modeling system (Imght l? 9S.O,I995) generates a B-DNA helix with a 

propelior twist of 3 O  to 5'. 

5.2.5 Simulation of WECD Spectre of Deoxyoctanueleotides 

Three factors inspired the measurement of the UVlECD spectra of the selected 

deoxyoctanucleo tides : 

a) to confirm the right-handed confornation of the deoxyoctanucleotides 



b) to illustrate that VCD spectra give more detail than ECD spectra 

c) to validate the NEC0 mode1 hplementation 

The UV absorption and ECD spectra of the selected deoxyoctanucleotides were measured 

in the 31250-50000 cm" range. Particularly prominent ECD f-s occur between 

3330042500 cm-', which are ascribed to the rc + n' electronic transitions of the 

nucleotide bases (Bush, 1974). The bisignate couplets present in the experimental ECD 

specaa, suggest the effect of a coupled oscillator mechanism rather than intrinsic 

chirality. In order to aid interpretation of the experimental UVIECD spectra, previously 

reported experimental UV wavenumbers and extinction coefficients of the nucleotide 

bases at pH 7.0 are listed in Table 9 (Sorber, 1970). 

Table 9 
Eqerimentai UV wavenumben and Extinction Coefficients 

of Nucleotide Bases at pH 7.0 

Cytosine 267 1 37453 i 6.1 

Thymine 264.5 37807 7.9 

Guanine 246 40650 10.7 

Guanine j 276 36232 I 8.15 

i 260.5 38388 Adenine - 13.4 

: Experimental W absorption wavenurnben and extinction coefficients of nucleotide 

bases at pH 7.0 (Sorber, 1970). 

The electnc transition dipole moments of the nucleotide bases calculated with the CIS 

approach and the 6-3 1 +G* basis set are Iisted in Table 10 and employed for simulahg 

UVECD spectra of the deoxyoctanucleotides. The perturbation of the magnitude and 

orientation of an oscillator by the complementary base, included as point charges, in the 

base-pair was found to be negligible. The dipole contriiutions of the nucleotide bases 

differ in calculation (oscillator strengths) and experiment (extinction coefficients), with 



adenine and thymine having the stmngest experimental and calculated dipole 

contributions, respectively. This difference is probably due to some combination of error 

in the predicted orientation and separation of the osciliators. 

Table 10 
Elecnic Transitiom Dipole Moments Employcd for UV/ECD Simulntions 

Nucleotide Bases V (cm-') " x y b  z b  f(AN 

cytosine 37453 0,577 0.920 0.000 0,1749 

thymine ' 37807 0-3 12 -1.674 0.000 0-4482 

guanine 40650 -1.396 -0.735 0.000 0.3959 

guanine 36232 -0-349 1.344 0-000 0-2859 

adenine ' 38388 -1.658 0.249 0.000 0-4279 

" Experimental UV wavenumbers of nucleotide bases at pH 7.0 (Sorber, 1970). 

Coordinates of the calculated electn'c transition moments , with reference to standard 

onenration (see Appendix l), used to simulate UV/ECD spectra. 

Electric transition dipole moments i l l~~uated in Figure 29, page 87. 

Calculated oscillator strengths (in atomic units) of nucleotide bases. 

Al1 the deoxyoctanucleotides display a bisignate ECD couplet with the negative ECD 

band at higher wavenumber and the positive ECD band at lower wavenumber (see Figure 

30, page 94 to Figure 35, page 99) characterizhg a nght-handed conformation. The 

experimental negative ECD features are more intense than the positive ECD features. The 

NEC0 mode1 reproduces the overail features of the UV/ECD spectra. 

W and ECD bands are inherently broad with overlapping bands thus causing details to 

be less evident in cornparison to IWVCD (see Figure 36, page 10 1 to Figure 41, 

page 106). For example switching the order of nucleotide bases in the 

deoxyoctanucleotide sequences cause subtle wavenumber shih in the UVlECD spectra. 

Nonetheless, the extent to which bases contribute most to various regions of the UVtECD 

spectra can be derived by taking into account the magnitudes (extinction coefficients) and 

positions of the transition dipole moments which in turn provide information regarding 



their interaction. The thnist of this research, however, is the study of W C D  spectra and 

as such a detailed analysis of the UWECD spectra is beyond the scope of this work 

5.2.6 Simulation of I W C D  Spectra of DeoxyoctanucIeotides 

The NECO model reproduces the overail features of the LWVCD spectra (see Figure 36, 

page 101 to Figure 41, page 106). However, as the bisignate couplet diminishes in the 

1700- 1600 cm-' region of the experimental VCD spectra upon increasing substitution of 

the principal deoxyoctanucleotide, the NECO mode1 simulates these spectra with less 

success. This is not surprising in view of the assumption that the coupled oscillator 

mechanism is the predominant interaction in the NECO model, which is not exclusively 

so according to the experimental results. 

The simulated VCD spectra of the various deoxyoctanucleotides exhibit similar 

wavenumbers but vastly varying intensities, which constitute the distinguishing f a e s  

arnong the selected deoxyoctanucleotides. The correlation between experimentd and 

calculated IRNCD features and their assignments (see Table 12, page 108 to Table 17, 

page 1 13) are tentative and based on the correspondence of experimental wavenumbers. 

For example, in Table 12 on page 108 the experïmental IR abso~tion band at 1683 cm-' 

correspondhg to the observed VCD couplet at 1692(-)/1679(+) cm-' is assigned to the 

simulated IR absorption band at 1686 cm-' afltiliated with the VCD couplet at 

1697(-)/1686(+) cm-', in an attempt to match wavenumbers. However, if one were to 

match intensities then the corresponding simulated VCD couplet should be assigned to 

1 6 76(-)/ 1 65 1 (+). The fact that the experimental VCD couplet, 1 692(-)/ 1 679(+) cm*', is 

not centered at 1683 cm-' suggests that contributions other than those exclusively 

attributed to the coupled oscillator mechanism are invoived, or perhaps intrinsic chirality 

is responsible considering that dl the selected deoxyoctaaucleotide sequences are chiral. 

An interesting observation in the case of d(CGCGCGCG).d(CGCGCGCG) for example 

(see Figure 36, page 101) is that the most intense simulated IR absorption band at 

1686 cm-' results in a weak VCD couplet at 1697(-)/1686(+) mi'.  The largest oscillator 



Wavenumber (cm" ) 

Fbiirc 30 
Erperimenbl and Calctûated UV Absorp#on and ECD Spectra of 

d(CGCGCCCG).d(CGCGCGCc) 

Experimmtal UV absorption (A), caiculated W absorption (B), caicuïatad ECD (C) and 



A3000 40000 35û00 

Wavenumber (cm" ) 

Flyc 31 
Esperimeitai and Cdcuiated W Absorpston and ECD Speetri of 

d(CGCATGCG).d(CGCATGCc) 



Wavenumber (cmœ1 ) 

F m  32 
Esperimentai and Calcuiated UV Absorption and ECD Spcetri of 

d(CGCTAGCG).d(CGCTAGCG) 

Experiment.1 W absorption (A), caiculated W absorption (B), calcuhted ECD (C) and 



Wavenumber (cm" ) 

Experimental and Cdcuiated W Absorption and ECD Spectm of 
d(CGATATCG).d(CGATATCG) 

Experimental W absorption (A), calcuiatai W absorption (B), dCU18ted ECD (C) and 

npaimatal  EcD w-= 
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45000 40000 35000 

Wavenumber (cm" ) 

Experhentaï and Crrlcaiated W Mwrp$on aad ECD Spectm of 
d t C G T A T A C c )  

Expimental W absorption (A), calculatsd W absorption (B), calcuiated ECD (C) and 

experimentat ECD @) spectra. 



Wavenumber (cm" ) 

Figure 35 
Esperlmentil and Cakukted W Absorption and ECD Specm of 

d(CGMTïCG).d(CGMcc) 

Experimatd w -ti011 (A), dcuhted W absoqtion @), d d a t e d  ECD (C) and 

arpaime-1 @) spscea. 



in the C-G base-pair (su Table 11, page 109 at 1683 cm" with a caiculatcd intensity of 

13 10 km mol-' is theotetically cxpectd to give rise to the stmngcst VCD couplet, since 

the average angle (pitch) and distanœ (k) between ail the base-pairr of the 

deoxyoct811ucleotides in standard B-DNA confbmation are nxed at 3.4A and -36O, 

respeaively (Iwght 11 95.0, 1995). The contradiction to this predicticm in the simuiated 

spectra indiates thu the primary osdîator is not coupiing with itself on adjacent 

base-pairs but couphg with a mhor o d k t o r  whm the a o ~ s  moments are closer to 

90". The tendency of the most intense simtlJIltrA IR abBolption band comsponding to a 

weak VCD coup1et is evident in aU the simuiated dwnybct8nucleotide qpcîra (sa Figure 

36, page 101 to Figure 41, page 106). 

Minor oscillators with relsrtively weak caiculated intensities, in the region of 

1600-1400 cm'', were included in the NEC0 mode1 to iavestigate whether the smaller 

experimeatai VCD coup1ets did meal thanselves in the simulated specaa but as 

anticipatecl they did not The 1635(+)/1620(-) ad and Io(-)/1072(+) cm" coupIets in 

the simulatecl VCD spectra are consistent for aU the selected deoxy~~ta~lucleotides and 

the latter is attriiuted to the symmebcic sbretcbg vi'bration of the Pa' in the sugar- 

phosphate backbone of the deoxyoctanucleotides. 

The wavenumbers calcuiated by tht B3-LYP procedure f a  the base-pairs, were UIUfOrmly 

scaled by 0.95 and as such were in the CO- d e r y  .so that the most intense calcuiated 

wavenumbers could be adjusted to the most intense expcrimcntal wavenumbers. 

However, the correct assigrment of gas phase calcuiations to paroally resolved IR 

absorption spectra is extrcmely diffidt,  'Ibis is evidcnt in the impafect correlation 

between the acperimental and caicuiated IR absorption spcctra of al l  the 

deoxyoctanucleotides. There is slso a danger in myhg s e v d  parameters in order to 

match simulated spectra with experimenta.1 since this & result in the loss of the ab initfo 

information, 



Wavenumber (cm-' ) 

Figure 36 
Experimentaï and Caïcuïateù IR Absorption and VCD Spectra of 

d(CGCGCGCG)~d(CGCGCGCG) 

ExPmmental IR W t i m  (A), caldateci IR absorption (B), caîCu18ted VCD (C) and 
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Fibiue 37 
Experimentai and Cdcuiated IR Absorption .ad VCD Spectra of 

d(CCCATGCG).d(CGCATGCG) 

Experimental IR absorption (A), calcuiaîed IR absorption (B), caicubd VCD (C) and 



Wavenum ber (cm" ) 

Experimental and Caicuiated LR Absorption and VCD Spectra of 
d(CGCïAGCG).d(CGCTAGCc) 

Expimental IR absorption (A), caiculatcd IR absorption (B), caicuiated VCD (C) and 

experimentai VCD @) spectra 
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Wavenumber (cm" ) 

Ekperimentai and CalCPIOfcd IR AbsorpaOn and VCD Spectra of 
d(CGATATCG).d(CGATATCG) 

Experimental IR absorption (A), caidated IR absorption (B), caiculated VCD (C) and 

atperim=avcD (Dl speçtra. 



Wavenumber (cm" ) 

Esperimentai and Calculated Absorption and VCD Specm of 
d ( C G T A T A C c )  

E m e n t a l  IR absorption (A), caicuiateû IR absaption (B), CalCUlILtCd VCD (C) and 



Wavenumber ( c d  ) 

Experlnentil and Clilcdated ÏR ~bmrptioi and VCD Spectm of 
d(CGAA'rrCG).d(CGMTTCG) 

EAperimena IR absaption (A), calcubd IR absorption (B), caicuiated VCD (C) and 

nrpaimmtal v a  @) Jpecea 



Table 11 
Electric Transition Dipole Moments Used for W C D  Simulations 

Assignments " ï7 (cm-') 7 (cm-') x Y z d  A (km mol-')' 

cytosine-guanine 
1683 36.184 0.574 

1659 7,674 10.957 
1650 1.343 -23.632 

1627 -11.854 21.073 
1580 -0.594 1.536 
1564 -5.647 4.902 
1504 7.826 -2-140 

adenine- thvmine 
1683 21.816 0,211 

1659 -16.044 18.382 
1650 4.701 -1.368 
1623 17.150 10.802 
1574 -1.095 7.863 
1540 4.652 -3.224 
1503 6.227 -2.886 

dimethvl ~homhate anion 
1280 -8.832 -1.475 
1086 -12.256 11.653 
1056 6.660 13.700 

" Vibrational assignments see Table 5, page 71; Table 7, page 75 and Table 8, page 76. 
6 Wavenumbers calculated by the B3-LYP/6-3 1G** procedure and scaied by 0.95. 

Wavenumbers scaled according to experhental FTIR absorption spectra and 

irnplemented in the NEC0 model. 

Coordinates o f  the calculated electric transition dipole moments, with reference to 

standard orientation (see Appenduc l), used to simulate IRNCD specm. 

' Electric transition dipole moments iiiustrated in the Figure 28, page 86. 

Calcuiated intensities listed in Table 5, page 71; Table 7, page 75 and Table 8, page 76.. 



Table 12 
Calculated and Experimentd wavenumbers of IR Absorption and VCD of 

d(CGCGCGCG).d(CGCGCCCG) 

' Tentative ' &ne"rnenai ' I%culatcd ' VcD~a~~u~attd ' VCDamimapl 
Assignments (*') (cm-') (cm-') (cm-' 

i Refer to Table 5, page 7 1 ; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 36, page 10 1. 



Table 13 
Calculateà and ErperlmentaI wavenumbers of IR Absorption and VCD of 

d(CGCATGCG).d(CGCATCcc) 

t Refer to Table 5,  page 7 1 ; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 37, page 102. 



Table 14 
Calculated and Experimental wavenumbers of IR Absorption and VCD of 

d(CGCTAGCG).d(CGCTAGCG) 

f Refer to Table 5, page 71; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 38, page 103. 



Table 15 
Calculated and Experimental wavenumbers of IR Absorption and VCD of 

d(CGATATCG).d(CGATATCG) 

t Refer to Table 5,  page 71; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 39, page 104. 



Table 16 
Caiculated and Experimentai wavenumben of IR Absorption and VCD of 

d(CGTATACG).d(CGTATACG) 

f Refer to Table 5,  page 71; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 40, page 105. 



Table 17 
Calcuiated and Experimental wavenumbers of IR Absorpüoa and VCD of 

d(CGAATïCG).d(CGAATTCG) 

t Refer to Table 5, page 71; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 4 1, page 1 06. 



5.2.7 Simulation of W C D  Spectta of Dcaryoctanucleoode- 
Daunoru bicin Complexes 

As in the case of the fiee deoxyoctanucleotide, the NECO model reproduces the overaii 

features of the IRNCD spectra (see Figure 42, page 116 to Figure 47, page 121). 

Experimental VCD spectra of deoxyoctanucleotide-damombich complexes with 

increased substitution of the principal sequence exhibit less intense bisignate couplets if 

any, thus suggesting the breakdown or reduction of the coupled oscillator mechanism in 

cornparison to other contri'butions, as h the case of the fiee deoxyoctanucleotides. 

The correlation between experimental and calculated IRNCD feahues and theu 

assignments (see Table 18, page 122 to Table 23, page 127) are tentative and based on the 

correspondence of wavenumbers. Visually, however, the simulated VCD couplet at 

1 6 78(-)/ 165 1 (+) cm-' compares with the d(CGCGCGCG).d(CGCGCGCG)- 

2(daunorubicin) experimental couplet at 1692(-)/1679(+) cm-' more convincingly than the 

couplet chosen on the bais  of wavenumber matching. Nonetheless, the prominent VCD 

couplets with their correspondhg IR absorption bands for both the experimental and 

simulated IRNCD spectra of the deoxyoctanucleotide-daunorubicin complexes, and their 

tentative assignments are listed in Table 18, page 122 to Table 23, page 127. Similar to 

the fiee deoxyoctanucleotides, the most intense simulated IR absorption band does not 

correspond to a strong VCD couplet in al1 the deoxy~~tânucleotide-damombicin spectra. 

The more informative variations in the simulated IRNCD spectra of the selected 

deoxyoctanucleotides (see Figure 36, page 10 1 to Figure 4 1, page 106) upon intercalation 

with daunorubicin (see Figure 42, page 116 to Figure 47, page 121) shall now be 

qualitatively discussed. 

The simulated IR absorption band at 1686 cm" correspondhg to the VCD couplet at 

1 697(-)/1686(+) cm-l in the fiee d(CGCGCGCG).d(CGCGCGCG) is significantly 

diminished upon intercalation with daunorubicin. However, the associated shift of the 

most intense VCD couplet to lower energy is not reproduced by the NECO model. A 

consequence of intercalation in d(CGCATGCG).d(CGCATGCG) is the broadenhg of the 

negative VCD feahire in the most intense couplet, which is repmduced by the NECO 



model. Daunorubicin intercalation of d(CGATATCG).d(CGATATCG) experimentally 

results in the loss of the 1699(-)/1667(+) cm*' VCD couplet. The simulated VCD spectra 

changes substantiaiiy and somewhat resembles the overail VCD features of the 

experimental specaum (-)/(+)/(-)/(+)/(O) with exaggerated intensities. Intercalation with 

daunorubicin appears to have reduced the intensity of the VCD couplet at 

1702(-)11687(+) cm-' and rearranged the intensity of the other VCD features in the 

experimental d(CGAATTCG).d(CGAATTCG) spectnim . The simulated VCD spectnim 

reproduces the experimental spectnim very satisfactorily. The simulated IR absorption 

band at 1 O86 cm-' corresponding to the simulated VCD couplet at 1095(-)/1080(+) cm-' 

remains virtually unchanged in ali the intercalateci deoxyoctanucleotides and retains their 

wavenumber and band shape upon intercalation with damorubicin. 

The NEC0 model simulated the deoxy~~tanucleotide-daunombicin complexes with 

greater success than the fke deoxyoctanucleotides. ïhïs may be in part attributed to the 

end hying effects experienced by the deoxyoctanucleotides in solution, which cause the 

pitch and rise of the terminal base-pairs to be different from the other base-pairs in a more 

prorected environment. For the calculations, a constraiaed standard B-geometry was 

irnposed on the deoxyoctanucleotides where the pitch and rise of al1 the base-pairs were 

treated equivalently. In the case of the deoxyoctanucleotide-daunorubicin complexes, the 

standard B-geometry of the deoxyoctanucleotides were rnodified to accommodate the 

dnig, by increasing the rise of the terminal base-pairs and the pitch of the base-pair 

adjacent to the intercalation site. This scenario probably resembles that in solution more 

closely therefore the simulated spectra exhibit better correspondence with the 

expenmental spectra of the dmxyoctanucleotide-damombicin complexes than the fiee 

deoxyoctanucleo tides. 



Wavenumber (cm-' ) 

Experimental and Caicuïated ÏR Absorption and VCD S m  of 

Experimental IR absarption (A), calcuiated IR absorption (B), caiculated VCD (C) and 

arpaime-1 VCD @) spectra 



Wavenumber (cm" ) 

Figaue 43 
Experimentai and Caicuîateâ IR Absorption and VCD Spectra of 

d(CGCATGCG).d(CGCATGCG)-2@amombidn) 

Experimental IR -tien (A), caldatai IR absorption (B), caïculated VCD (C) and 
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Experimemtal and Caicuiated ÏR Absorption tad VCD Spectri of 
~(CGCTAGCG).~(CGCTAGC~)-~@~MO~~~~~) 

Expriment& IR absorption (A), caîCu18ted IR aôsorption (B), caïCu18ted VCD (C) and 



Wavenumber (cm-' ) 

Figure 45 
Expertmentai and Caicuïated lR Absorption and VCD Spectra of 

~(CGATATCG).~(CGATATC~)-~(D~P~~O~H~~~~) 

Experimental IR absorption (A), caldateci IR absorption (B), caicuiated VCD (C) and 



Wavenumber (cm" ) 

Experlmentd and Calcuiated IR Absorption and VCD Spectra of 
d(CGTATACG).d(CGTATACc)-2@aunorubidi) 

IR abm~ti011 (A), d d a t e ù  IR absorption (B), dcuiated VCD (C) and 
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Experimental and Calcuïated ÏR Absorption and VCD Spectra of 
d(CGM'iTCG).d(CGM'lTCc)-2~amombidn) 

Experimental IR absorption (A), dcuiateü IR abmption (B), calcuitmi VCD (C) and 
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Table 18 
Calculated and Erperimentd wavenumben of IR Absorption and VCD of 

d(CGCGCGCG).d(CGCGCGCG)-t(Daunombicin) 

f Refer to Table 5, page 7 1, Table 8, page 76 and Table 1 1, page 107. 

: See Figure 42, page 1 16. 



Table 19 
Calcuiated and Experimentai wavenumbecs of IR Absorption and VCD of 

d(CGCATGCG).d(CGCAT~c)-2(Daunom bicin) 

t Refer to Table 5, page 71, Table 7, page 75, Table 8, page 76 and Table 1 1, page 107. 

: See Figure 43, page 1 17. 



Table 20 
Cdcuiated and ExperimentPl wrivenumbers of IR Absorption and VCD of 

+ Refer to Table 5,  page 7 1; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 44, page 1 18. 



Table 21 
Caiculated and Experimentaî wavenamben of IR Absorption and VCD of 

d(CGATATCG).d(CGATATCG)-t@amorubicin) 

Refer to Table 5,  page 71 ; Table 7, page 75; Table 8, page 76 and Table 1 1, page 107. 

: See Figure 45, page 1 1 9. 



Table 22 
Calculateà and Experimentai wavenuaben of IR Absorption and VCD of 

d(CGTATACG).d(CGTATACG)-2(Daunombicin) 

t Refer to Table 5,  page 71; Table 7, page 75; Table 8, page 76 and Table 11, page 107. 

: See Figure 46, page 120. 



Table 23 
Caiculated and Experimentil wavenumbers of IR Absorption and VCD of 

d(CGAATTCG).d(CGAATTCG)-Z@aunom bicin) 

i- Refer to Table 5, page 71 ; Table 7, page 75; Table 8, page 76 and Table l 1, page 107. 

: See Figure 47, page 12 1. 



6. Summary and Future Work 

6.1 Sumrnary 

Vibrational circular dichroism (VCD) spectmscopy identifies the three dimensional 

conformation and absolute configuration of opticaily active systerns for it is a ciifferenad 

measwement of circularly poiarized ùIfrared radiation. VCD spectra by their nature offer 

information and detail additionai to their parent IR spectra. The desire to understand 

DNA-dnig interactions inspired this research pmject, to investigate whether VCD was 

capable of revealing sequence specificity in the selected self-complementary 

deoxyoctanucleotides of the type d(CGNNNNCG).d(CGNNNNCG) where N could be A, 

C ,  G or T, and subsequently to examine interactions with the ami-tumor dmg 

daunonibicin. Currently, daunonibicin is clinically used for the treatment of acute 

leukemia. 

The primary objectives of this study were achieved, v iz  

a) Systematic relationships between deoxyoctanucleotide structural characteristics and 

spectral features arising from VCD spectroscopy were established. 

b) The utility of VCD spectroscopy as an analytic method for probing confomational 

changes accompanying deoxyoctanucleotide-daunorubicin complexes interactions 

were demonstrated. 

The selected deoxyoctanucleotides were synthesized by using automated p hosphoramidite 

chemisîry on a DNA synthesizer, purifiecl using the principle of molecular weight 

exclusion, assessed by polyacryiamide gel electrophoresis and analyzed by ultraviolet 

(UV), elecwnic circular dichroism (ECD) and melting temperature (Tm) measurements. 

Daunorubicin is an ami-tumor intercalating drug which inserts itself between two stacked 

C-G base-pain. In order to accommodate the daunonibicin the DNA helix unwinds and 



lengthens, hence proformdly changing the DNA topology which inhibits DNA rephcation 

and transcription processes, thereby stopping ceil pmliferation. Daunorubicin does exhibit 

DNA sequence preference as reported previously in the literature. 

The W absorption and ECD spectra of the selected deoxyoctanucIeotides were measured 

in the 3 125040000 cm-' range. Particularly prominent ECD features occur between 

33300-42500 cm-' (300-235 nm) and are ascribed to the n + lr' eiectronic transitions of 

the stacked nucleotide bases. The TT-IR absorption and VCD spectra of the selected 

deoxyoctanucleotides and their dauuorubicin complexes were measured in the contiauous 

1750-850 cm-' range, which has not ken reported previously. The most prominent VCD 

feahires occur between 1 750-1 600 cm-', resulbing fiom the dipolar coupbg of carbonyl 

and/or skeletal stretching vibrations of the stacked nucleotide bases, and 1 100- 1050 cm-' 

due to the symmetric POz- stretching vibratons of the sugar-phosphate backbone. For the 

deoxyoctanucleotides with varying sequences the structural changes were monitored by 

shified wavenumbers and varied intensities in the VCD spectra. The nucleotide base 

modes appear to reveal sequence specificity in contrast to the phosphate backbone 

vibrations, which show the handedness of the helix. VCD features seem to give more 

detailed sequence speci ficity compared to conventionai IR absorption and ECD spectra. 

Upon intercalation with daunorubicin, deoxyoctanucleotides containhg the most 

prefemed daunorubicin triplet sequences revealed markedly diminished C-G base-pair 

contributions in the VCD spectra, thus suggesting that the dipolar coupling between the 

C-G base-pairs is extensively disrupted whic h is cousis tent with daunorubicin 

intercalating between the C-G base-pairs, according to previous literature. 

An approximate computational method, viz. the non-degenerate extended coupled 

oscillator (NECO) mode1 was used to simulate the two regiom of interest concurretltly for 

both the FTIR-/VCD spectra of the selected deoxyoctanucleotides and their daunorubicin 

complexes, and the single region of interest for the W E C D  spectra of the 

deoxyoctanucleotides. The NEC0 mode1 assumes that the predomiaant interaction is due 



to dipolar coupling of the stacked nucleotide basa and the phosphate backbone in the 

helical orientation. The vibrational transitions are assigned on the basis of ab initio 

harmonic wavenumben and intensities whiie the electronic transitions are assigned on the 

basis of ab initio excitation energies. OpMiized geometries, hannonic force fields and 

atomic polar tensors (electric transibon dipole moments) of the nucleotide bases (C, G, A 

and T), nucleotide base pairs (C-G and A-T) and the dimethyl phosphate anion w a e  

calculated using density fhctional theory @FT) with B3-LYP functionals and the 

6-3 1G** basis set Atomic polar tensors of the nucleotide bases were also caiculated with 

single point calculations using configuration interaction singles (CIS) with the 6-3 1+G* 

basis set, for simulating UV/ECD spectra of the deoxyoctanucleotides. The standard 

B-DNA conformation of the selected deoxyoctanucleotides were generated using MSI's 

molecular modeiing system and were modified to incorporate daunorubicin at the 

terminai base-pairs. Accordingly, the parameters required by the NECO model, viz. the 

vibrational wavenumbers and the electrk transition dipole moments (magnitude and 

orientation), were derived from a6 initio calculations and the latter was transformeci to 

helical coordinates while the former was adjusted according to experimental IR spectra 

before irnplementation into the NECO model. 

For a simplistic model, the NECO mode1 simulates the o v d l  features of the FTZRNCD 

spectra of the deoxyoctanucleotides and their daunorubicin complexes adequately. The 

overall feames of ECD spectra agree teasonably well with those simulated by the NECO 

mode1 for the deoxyoctanucleotides. 

6.2 Future Work 

The study of DNA with VCD spectroscopy constitutes a relatively new field and it 

therefore appeared most approptiate to consider prominent occurrences rather than 

subtleties, which are not considered trivial, but less informative without the broader 

pictue. 



6.2.1 Variations in Environmental Conditions 

DNA conformation is known to be susceptible to environmental conditions, e-g. salt 

concentration, extent of hydration and temperature (Blackburn, 1990). 

DNA structure changes with pH hence deoxyoctanuclwtïdes at physiological pH wiii 

reproduce in vivo occurrences moa appropriately. The fact that protonation and 

deprotonation of nucleotide bases occur within 2 pH units from neutrality (Saenger, 1984) 

in conjunction with the knowledge that VCD exhibits pH sensitivity (Zuk et ai., L989), 

suggests that the pH range between 5 and 9 could prove useful in identifying VCD 

features. 

Varying sait concentrations, dehydrating (alcohol) conditions and temperature are 

associated with the different phase transitions in DNA. The sait concentration required 

for a particdm transition depends upon the type of sait useci, e-g. NaCl, MgC12 and 

MnClz require successively lower salt concentrations for the B- to 2- transition of DNA. 

The first row transition metais can induce 2-conformations of poly(dG-dC).poIy(dG-dC) 

at submillimolar concentrations and in the absence of a dehydra~g solvent (van de 

Sande et al.. 1982). It has been suggested than bInt" reacts with the ione pairs on the 

nitrogen atom of bases, vïz. N7 of G, in addition to the phosphate group which is the 

major reaction site of monovalent and divalent cations (excluding the first row transition 

metals). This can be substantiated by the major groove detenninants of G (including N7) 

in Z- but not B-DNA being completely exposed to the environment. A dehydrahng 

solvent (alcohol) causes a B- to A- or Z-DNA phase transition (Blackburn, 1990), 

wbereas heat generally accelerates the DNA phase transitions. 

The eflects of the enWonmmta1 conditions, namely pH, ionic (salt concentration), 

dehydration and temperature, can therefore be investigated. 



A-, B- and Z-DNA duplexes pssess the antiparaiiel orientation of the complementary 

strands and the exclusive occurrence of Watson-Crick type base-pairing. ParaIIel- 

stranded (PS) strucwal compoaents originate as a prerequisite ui triple- and tetra- 

s m d e d  nucleic acid helices (Gemiann et a!.. 1995). The ability of ce* DNA 

sequences to form PS duplexes with A-T base-pairing in which both strands have the 

same 5% 3' orientation is well established (Rippe & JO*, 1992). îhe  spectroscopie, 

thermodyaamic and biochemical properties of PS-DNA differ fkom those of conventional 

antipardlel (APS) B-DNA, nonetheless the former are remarkably stable under 

phy si0 logi cal conditions. 

Stable PS-DNA were f o d  with sequences containing reverse Watson-Crick A-T 

base-pairs, whose hydrogen bonding potential is analogous to the convenuonal Watson- 

Crick structure. The incorporation of C-G base-pairs, on the other hanci, resuits in a 

reduced stability of the PS duplex structure due to the loss of at least one hydrogen bond 

per reverse Watson-Crick C-G base-pair (van de Sande et al., 1988). However, an 

a-anomerïc nucleotide inserted into an APS-DNA sequence in a p d l e l  orientation via 

3% 3' and 5% 5' phosphodiester bonds exhibit normal Watson-Cnck type base-pairing 

and as such displays the coexistence of PS- and APS-DNA (Aramini et al.. 1996). Apart 

From A-?' and C-G base-pairs, homo base-pairs such as G-G and A A  have also been 

incorporated into nucleotide sequences to form stable PS-DNA (Rippe et al.. 1992). 

Initially, PS-DNA structures were formed firom DNA haixpins containing the 

homooligomeric sel f-complementary sequence d(AAAAAAAAAA).d(mTTTTTTT), 

connected by a four-nucleotide hairpin loop (either C or G) with either 3'+ 3' or a 5'- 5' 

phosphodiester linkage which served to selectivel y stabilize intmmolecular PS-DNA 

formation (van de Sande et al., 1988). Such structural constrahts were not prerequisite as 



conventional deoxyoligonucleotides with appropriate sequence homology could also form 

PS-DNA (Germann et al-, 1 988). 

Melting temperature measurements of various PS- ami conventional APS-DNA duplexes, 

with and without hairpin loops revealed that both, PS- and APS-DNA, underwent a 

themally induced h e k  to coil transition, but the Tm for the PS-DNA was 22O lower 

(Gennann et al.. 1988). The minor groove binding d g ,  Hoechst 33258, which requires 

approximateIy four A-T base-pair determinanu, showed a reduced d h i t y  for the 

homooligomeric PS dA.dT bahpin due to the difference in groove dimensions and the 

presence of thymine methyl groups at the binding site (Zhou et al.. 1993). Replacement of 

the methyl group with hydrogen, Le. thymine substituted with uracil, exhibited an 

approximately two-fold stronger Hoechst 33258 binding to the homooligomeric PS 

dU.dT hairpin, whereas the binding affinity was similar for both APS dA.dT and APS 

dA.dU hairpins (Gemann et al.. 1 996). 

A VCD investigation of PS- versus APS-DNA with A-T base-pairs (homooligomeric 

vernis alternating), the introduction of C-G base-pairs to examine the destabilization of 

the PS-DNA helices, and the incorporation G-G and A-A homo base-pairs, should prove 

to be most fascinating. Ti1 addition, the coexistence of short PS- and APS-DNA in the 

presence of a-anomeric nucleotides cm be considered, which has potemiai relevance in 

the area of antisense therapy (Aramini et al.. 1996). 

6.2.3 DNA-Drug Interactions 

Upon bhding intercalating dmgs cause unwinding and lengthening of the DNA helix 

whereas groove-binding dmgs displace the spine of hydration in the DNA minor groove 

and reproduce its coordination, hence the fomer changes the DNA conformation more 

profoundy than the latter upon binding. Since daunorubicin has been extensively stuâied 

in this research it could provide a guideiïne for the VCD investigation of other 

intercaiating dmgs such as nogalamycin, an anthracycline antibiotic used as a cytostatic 



agent, whose intercalation with deoxyhexanucleotides has recently been reported with 

FTIR spectroscopy (Missailidis & Hester, 1995). It will be of interest to examine the type 

of information, if any, that arises h m  VCD spectroscopy regardhg the effecu of 

groove-bindiag dmgs such as netropsin and distamycin on DNA. 

Parallel-stranded DNA h g  interactions (e.g. Hoechst 33258) wiil definitely be worth 

investigating for both the 1 100-1050 cm-' region attributed to the PO2- symmetric 

stretching vibration and the l7SO-l6ûû cm-'region arising h m  carbonyl andior skeletal 

stretching vibrations of the nucleotide bases wiU be affected in cornparison to the 

conventional antiparallel-smded DNA. 

6.24 Computations 

Purely ab intio computations are ideally desired, however, the cornputer limitations make 

such calculations impossible for the large systems used in this snidy. The viironic 

couphg theory (VCT) and the magnetic field perturbation (MFP) constitute 

non-empirïcal caicuiahons which have successfully simulated IR and VCD spectra 

(Freedman & Nafie, 1994), however they are exclusive to small molecules. Empincai 

parameters are therefore used in conjunction with ab initio computed components, for 

large moIecular systems. As an example, the empincal parameter of the NEC0 model 

was the adjusmient of ab initio cornputed base-pair wavenumbers (in the gas-phase) to 

experiment (in solution), which is extmnely challenging when making assignments nom 

partially resolved IR absorption spectra. Adopting more parameters in order to fit 

calcdated results with experiment, has the danger of losing ab initio information. 

However, correct frequency analysis of a large system like the deoxyoctanucleotides is 

possible if one were to derive reasonable harmonie force fields built fkom smaller 

subunits (Bour et al., 1996). The fiinire of calculating deoxyoctanucleotides and their 

daunorubicui complexes might raide in a combined quantum mechanical and molecular 

mechanical (QM/MM) approach . 
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Appendices 

Appendix 1: Standard Geometry Coordinates 

Table 24 
Standard Geometry Coordinates of the Purines 

Guanine 

No. Atom x Y z 

-2.153 0.126 0.000 

NO. Atom 1 Y z 

N 2,176 0.728 0.000 



TabIe 25 
Standard Geometry Coordhates of the Pyrimidines 

Cytosine 

No. Atom x Y z 

1 N - 1207 -0,992 0.000 

2 C -1325 0,438 0-000 

3 C -0.067 -1,725 0.000 

3 H -2-1 18 -1.429 0-000 

5 O -2308 0.999 0.000 

6 N 0.000 1.057 0.000 

7 C 1.141 -1,102 0.000 

8 H -0.177 -2,805 0.000 

9 C 1.108 0340 0.000 

IO H 2.067 -1.66 1 0.000 

1 1  N 2.283 1.022 0.000 

12 H 2.242 2.029 0.000 

13 H 3.173 0.557 0,000 

Thymine 

No. Atom x Y 2 

1 N 0,149 -1.667 0,000 



Table 26 
Standard Geometry Coordinates of the Nucleotide Base-Pairs 

Cytosine-Guanine Adeniiie-Thymine 

No, Atom x Y z 

N -2,664 



Table 27 
Standard Geometry Coordinates of the Sugar-Phosphate Backbone Components 

1-Amino-Deoryribose 

No. Atom x Y z 

-3.168 -1.407 -0,419 

Diaethyl Phosphate 
No. Atom x Y z 

1 H -2.923 1.263 -0,409 

2 C -1.881 1.227 -0.061 

3 O -1,194 0239 -0.801 

4 P 0.008 -0.625 0.002 

5 O 0.813 0.664 0.736 

6 C 1.938 1.184 0-057 

7 H 1.776 1.266 -1.025 

8 H -1.897 0-997 1.01 1 

9 H -1.429 2322 -0.194 

10 O 0.879 -1309 -1.069 

11 O -0.618 -1.391 1-128 

12 H 2,149 2-183 0,465 

13 H 2.827 0.554 0202 



Appendix 2: Potential E~nergy Distributions 

- 
No. 
- 

I 
7 - 
3 
4 
5 
6 
7 
8 
9 

1 O 
Il 
12 
13 
11 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 -- 

Table 28 
Interna1 and Symmetry Coordinates of Adenine 

interna1 Valence Coordinates 
definition ' 
N-H stretch 

C-H stretch 

C-N ~ t c h  

C-C !jfretch 
C=N stretch 

C=C suetch 
H-N-H bend 

C-N-H i/p bend 

N-C-H i/p bend 

N=C-H i / p  bend 

N=C-N i/p bend 
C-C-N i/p bend 
C-N-C ring bend 
ZC-N ring bend 
IrT=C-C ring bend 
U=C-N ring bend 

2=N-C ring bend 

C=C-C ring bend 
Z( 1 O)=N( 12) ring 
N( 1 l)-C(g) mg 
C(9)--C(6) h g  
C(6)-N(5) ring 
N(5)=W) r*g 
C(2)-N( 1) ring_ ----- 

designation * 

-N-H stretch 
-NH, asym e t c h  
-IV& sym stretch 
=C-H stretch 
SC-H stretch 

-C-N(H2) stretch 
X(C)-N= e t c h  

=C-N= stretch 
=C(C)-N= stretch 
=C(C)-N- stretch 

=C-N- stretch 
=C(C)-C(NHI) suetch 

-C(N)=N- stretch 
-C(C)cN- stretch 
-CCN)=N- mtch 

-C<- saetch 
N-H i/p bend 

=C(2)-H i/p bend 
=C(lO)-H i/p bend 

&ring defonn 
&ring deform 
&ring defonn 
6-ring bend 

&ring pseudomtation 
6-rnig twist 

5-ring defonn 
5-ring deform 
5 - ~ g  twist 
5-ring bend 

bune ffl y 
N-K o/p bend 
C-H o/p bend 
C-H o/p bend 

-C-N(K9 i/p wag 
H-N-H scis 
H-N-H rock 

H-WH inversion 
H-N-H sym torsion 
H-N-H asym torsion 

interna1 coordinare combination ' 





- 
Mode " 

- 
46 
47 
Q8 
Q9 

QI0 
QI 1 
412 
Q 13 
Q 14 
QI5 
Q 16 
Q 17 
Q 18 
QI9 
Q20 

Table 30 
Potentiai Enetgy Distribution of Deuterated Adenine 

(cm-') x 095 
1572 
1552 
1470 
1444 
1378 
1330 
1308 
1283 
1270 
1187 
1157 
1130 
1044 
925 
899 

" Q represents the normal modes of the adenine base. 

Wavenunbers calculated with the B3-LYP16-3 1 G** procedure. 

Intensities caiculated with the B3-LYP/6-3 1 G** procedure. 

*Local symmetry coordinates defined in Table 28, page 145. 



Table 3 1 
Internal and Symmetiy Coordiutes of Guanine 

k m a l  Vpence Coordioates 
definition description ' 

N-H mtch 

C-H ~ttetch 
C-N stretch 

C-C stretch 
C=O stretch 
C=N stretch 

C=C stretch 
H-N-H knd 
C-N-H i/p bend 

N-C-H i/p bend 
N=C-H i/p bend 
N-C=O i/p bend 
C-C=O i/p bend 
N-C-N i/p bend 
N=C-N i/p bend 
C-C-N ring bend 
N-C-N ring bend 
C-N-C Nig bend 
C=C-N ring bend i 
N=C-N ring bend 

C=N-C ring bend 

C=C-C ring bend ! 
C( 10)-N(12) ring i 
N( 12)-C(9) ring j 
C(9)-C(6) ring j 
C(6)-N(5) ring f 
N(S)=C(2)ring- -- 

designaaon inter~& coordinat~ combination ' 

-= ~SYUI stretch 
-EJH2 sym stretdl 
-N( 12)-H -ch 
-N(l)-H saet& 
=C-H stretch 

-C-N(Hi) saetch 
<(O)-N- saetch 
=Ca- ~aetch 

-C(C)-N= mtch 
=C(C>-N- suetch 
=C(C)-N- stretch 

=C(C)-N= 
=C(c)-c(O) 
€4 stretch 

-CCN)-N- ssetch 
€=N- saetch 
€4- stretch 

N(12)-H i/p bend 
N(1)-H ifp bend 
=C-H ilp bend 
-Ca ilp wag 
&ring deform 
6-ring defom 
k ing  defom 
6-Ng bend 

&ring twist f 
5-ring defom i 
5-ring deform 
ÉnngLWist ; 

N(l2)-H o/p bend 
N(1)-H o/p bend i 

C-H o/p bend 
C=û o/p bend f 

S-N(Hd i/p wag f 
H-N-HSC& 
H-N-Hrock f 

H-N-H inversion 
H-N-H sym torsion I 
H-N-H asym torsion 

! 



Table 31 (cont) - 
No. 
- 
45 
46 
47 
48 
49 
50 
51 
52 
53 
51 
55 - 

; interna1 Valence Coordinates 
debition i descriptionC 

C(2)-N( 1) ~g ~(5-2-1-3) 
N( 1 )-C(3) ring i dc(2-I -3-7) 
C(3)-N(7) ring j r( 1-3-7- 10) 

N(7)=C(lO) ring t(3-7-10-12) 
N(l1)-Htorsion j r(7-10-13-16) 

t(12-10-13-15) 
N-H2 inversion ; y(1O- 15-16- 13) 
N( 12)-H o/p bend ~(14-9-10- 12) 
N( 1)-H o/p bend / y(4-2-3- 1) 

C-H o/p bend y(8- 1-5-2) 
C=û olp bend y( 1 1-6-12-9) 

" Interna1 valence and local symmetry coordùiate numbers 
h i/p = in-plane; o/p = out-of-plane. 

Atom nurnbers of guanine in parenthesis see Figure 2, page 9; a = bending-in-plane; 
y = bending-out-of-plane; s = oKisting 
d s y m  = symmetric; asym = antisymmemc; scis = scissors. 

Norrnalization constants followed by intemal valence coordinate numbers (both in 
parenthesis). 

Table 32 
Potentid Energy Distribution of Undeuterated Guanine 

Caiculated ~3-LYP/~-3  1 ~ * *  
(cm-') x 0.95 A (km mol-') 

1738 583 



Table 33 
Potentiel Energy Distribution of Deuterated Guanine 

Calculated B3-LYP/6-3 1 Ga* 
(cm") x 0.95 A (km mol-') ' 

173 1 569 
1546 796 
152 1 74 
1486 140 
1446 10 
1360 44 
1298 19 
1269 9 
1231 5 
1177 14 
1112 30 
1 066 42 
1018 7 
918 17 
895 1 

" Q represents the normal modes of the guanine base. 

Wavenumbers calculated with the B3-LYP/6-3 1G** procedure. 

' Intensities calculated with the B3-LYPf6-3 1 G** procedure. 

Local symmetry coordinates defined in Table 3 1, page 148. 



Table 34 
Internai and Symmetry Coordioates of Thymine 

internai V p c e  Coordinates 
definition description 

N-H mtch i N( 6) - H(l1) 
N( 1)-H(4) 

C-H stretch i C( 3) - H( 8) 
f C(1O) - H(13) 
i C(I0) - H(14) 
C(l0) - H(l5) 

C-N st~tch ! C( 2) - N( 1) 
C(3)-N( 1) 

i C(2)-N(6) 
! C(9)-N(6) 

C-C'mtch C( 7) - C ( 9 )  
f C( 7) - C(I0) 

C=O stretch ! C( 2) - O( 5) 
C(9)-O(12) 

C< saetch ! C( 3) - C( 7) 
H-C-H bend ~(13-10-15) 
H-C-H bend ! a(13- 10-14) 
H-C-Hbmd a(14-lû-15) 
C-N-H i/p bend i a(9-6- 1 1) 

i ~(2-6-11) 
i a(2-14) 

a(3-14) 
N-C-H i/p bend i a(1-3-8) 
C=C-H ilp bend a(7-3-8) 
N - C d  ilp bend i a(6-9- 12) 

a(6-2-5) 
i a(1-2-5) 

C-C-4 ~(7-9-12) 
C G C  i a(9-7-10) 
C=C-C a(3-7-10) 

C-C-H (Me) bend a(7- 10- 13) 
i a(7-lû-14) 

a(7-10-15) 
C-N-C ring bend i a(2- f -3) 

i a(2-6-9) 
N-C-N ring bend i a( 1-2-49 
C=C-N ring bend i a(7-3- 1) 
C=C-C ring bend / 43-7-9) 
C-C-N ringbend i a(7-9-49 
C(2)-N(6) ring T( 1 -2-6-9) 
N(6)=C(9) ring 1 r(2-6-9-7) 
C(9)-C(7) ring ~(6-9-7-3) 
C(I)--C(3) ring ~(9-7-3- 1) 
C(3)-N( 1) ring r(7-3- 1 -& - 

I a p a l  Svm""'", coordinates 
desimation inteniai coordinate combination ' 

-N-H stretch 
- N e  mtch 
=C-H stretch 

-cH3uymsmtch ; 
- ~ a s y m m t c h  
-CH3 symstretch i 
-C(O)-N-stretch ! 
=C-N(C)-stretcb i 
€(O jN- stretch f 
-C(O)-N - mtcb 
-(O) saetch ; 
= C a 3  saetch ; 

<=O 
-C=O 
-Ce- * 

€-H (Me) asym deform i 
-C-H (Me) asym deform i 
-C-H (Me) sym deform 

-N-H i/p bend i 
-N-Hi/p bend 
=C-H i/p bend i 
-Ca i/p wag 
-Ca i/p wag 

I 

* - C H 3  m g  
-a irp rock 
CH, 0ïp rock 
&ring deforpi 
&ring deform 
6-ring defomr 
&ring bend 

&ring pseudorotation 
6-ring twist 

H-C-H (Me) torsion 
C-CH3 olp bend 
N-H o/p bend 
N-H olp bend 
C-H o/p bend 
C a  o/p bend 
C=û o/p bend 



Table 34 (cont) 

" Intemal valence and local symmetry coordinate numbers 
h i/p = in-plane; o/p = out-of-plane. 

internai Valence Coordinates 
definition f description 

N(I)-C(2) - r(3-1-26) 
C-H3 torsion i T(3-7-10- 13) 

/ r(9-7-10-14) 
r(3-7- IO- 15) 

C-CH3 oip bend 1 -A 10-3-9-7) 
W H  o/p bend y@-2-3- 1) 

y(1l-2-9-6) 
C-H o/p bend y(8- 1-7-3) 
C=û o/p bend f y(5-1-62) 

y(12-6-7-9) 

Atom numbers of thymine in parenthesis see Figure 2, page 9; a = bending-in-plane; 
y = bending-out-~~plane; s = twisthg 

>C 

j sym = symmemc; asym = antisymmetric; scis = scissors. 

Nonnalization constants foiiowed by intemal valence coordinate numben @oth in 
parenthesis). 

Table 35 
Potentid Energy Distribution of Undeuterated Thymine 

CalcuIated B3-LYP/d-3 1G** 
(cm") x 0.95 A (km mol-') 



Mode 

Q7 
Q8 
Q9 
Q 10 
Q I  1 
Q 12 
413  
Q 14 
Q 15 
Q 16 
Q I 7  
QI8 
QI9 
420 
42 1 
022 

Table 36 
Potentiai Energy Distribution of Deutemted Thymine 

Calculated B ~ - L Y % % ~ ~ G * ~  
(cm-') x 0.95 A (km mol-') 

" Q represents the normal modes of the thymine base. 

Wavenumbers calculated with the B3-LYPl6-3 1G** procedure. 

Intensities calculated with the B3-LYP/6-3 1 G** procedure. 

Local symmetfy coordinates defined in Table 34, page 15 1. 



Table 37 
Intemal and Symmetry Coordinates of Cytosine 

interna1 Valence Coordinates 
definition 

N-H stretch 

C-H stretch 

C-N ~ee tch  

C-C stretch 
C=O stretch 
C=N stretch 
C=C stretch 
H-WH bend 

C-N-H i/p bend 

N-C-H i/p bend 
C-C-H i/p bend 
C=C-H üp bend 

WC-N i/p bend 
C-C-N i/p bend 
N-C* Vp bend 

C-N-C ring bend 
N-C-N ring bend 
C=C-N ~g knd 
C=N-C ~g bend 
C S - C  ring bend 
N-C-C ~g bend 
C(2)-N(d) ring 
N(d)=C(9) ring 
C(9)-C(7) ring 

description 

N(11) - H(l2) 
N(11) - H(13) 
N( 1) - H( 4) 
C( 3) - H( 8) 
C( 7) - H( 10) 
C( 9) - N(1I) 
C( 2) - N( 1) 
C( 3) -N( 1) 
C( 2) - N( 6) 
C( 9) - C( 7) 
C( 2) - O( 5)  
C( 9)  - N( 6) 
C( 3) - C( 7) 
a(12-11-13) 
a(9- 1 1 - 12) 
a(9-11-13) 
a(2- 1 -4) 
a(3- 1-4) 
a(1-3-8) 
a(9-7- 10) 
a(3-7- 10) 
a(7-3-8) 
a(6-9- 1 1) 
a(7-9- 1 1) 
a( 1-2-5) 
a(6-2-5) 
a(2- 1-3) 
a( 1-2-6) 
a( 1-3-7) 
a(2-6-9) 
a(3-7-9) 
a(6-9-7) 
T( 1-2-6-9) 
r(2-6-9-7) 
t(6-9-7-3) 

C(WC(3)  ring r(9-7-3- 1) 
C(3)-N(1) ring ! i(7-3- 1-2) 
N( 1 )-C(2) ring i T(3- 1-2-6) 
N( 1 1 )-H torsion i ~(6-9- 1 1 - 12) 

t(7-9- 1 1-13) 
N-H2 inversion f y(9- 12- 13- 1 1) 
N(1)-H o/p bend j y(4-2-3- 1) 
C-H o/p bend i y(8-1-7-3) 

i ./(IO-3-9-7) 
C=O o/p bend j y(5- 1-6-2) 

Lqcal Symmetry Coordinates 
desldeslgnation internai coordinate combination ' 

-N&asymstretch i qiRx 1-2) 
-Mi,symstretch : (+")( 1 + 2) 

-N-Hmwh 3 
=C-Hasymstretch F (2-In)(4 - 5) 
=C-H sym stretch f (2-lR)(4 + 5) 
-C-N(fI2)stretch ; 6 
-C(O)-N-=tch 7 
=C-N(C)-mtch 8 
-C(O)-N-st~tch f 9 

=C-C=stretch 10 
CIQstretch 11 
-GN- stretcb 12 
- G C - m t c h  f 13 
N-Hi/p bend j (2-'")( 17- 18) 

=C-H asym bend ; (2-')( 19-Z!+2 1 -20) 
=C-H sym bend (fi)( 19-22-2 1 +20) 
- C = O i ( p ~ a g  j (2-V2)(25-26) 
&ring defoxm / ( 1 2-'c)()(2*32-3 1-29+2*27-28-30) 
6 - ~ g  Qfom (6-IR)(32-3 1~29-27~28-30) 
&ring deform (~-')(zs-3 1 +3û-28) 
&ring bend (12-")(2*33-34-35+2*36-37-38) 

&ring pseudorotation (6'1P)(33-34+3 5-36+3 7-3 8) 
6-ring twist (T '~35-34+3 8-37) 
N-R o/p bend 42 

C-H asym olp bend ; ( r i  "~43-44) 
C-H sym olp bend (2-")(43+44) 

C=û olp bend j 45 
42-N(H2) i/p wag j (Tfn)(23-24) 

H-N-H scis (6'IC)(2* 14-15-16) 
H-N-Hrock (2-In)( 1 5- 16) 

H-N-H invasion f 41 
H-EI-H sym torsion j (2-Ic)(3 940) 
H-N-H asym torsion ; (2'[")(3 9+40) 



- 
Mode " 
- 
46 
47 
Q8 
Q9 

QI0 
Q I  1 
Q 12 
Q 13 
4 1 4  
QI5 
Q 16 
417 
QI8 
Q 19 - 

Mode " 

46 
4 7  
Q8 
Q9 

QI0 
Q I  1 
Q 12 
QI; 
4 1 4  
Q15 
QI6 
Q 17 
O 18 

Table 38 
Potential Energy Distri biition of Undeuterated Cytosine 

CalcuIated B3-LYPi6-3 1G+* 
(ad) x 0.95 h (km mol-') 

1728 617 
1620 464 
1558 156 
1497 16 1 
1443 99 
1373 80 
1297 . 34 
1202 33 
1157 42 
1074 4 
1029 . 4 1 
938 0-02 
908 D 03  
874 4 

% (Local Symmetq Coordinate) 

Table 39 
Potential Energy Distribution of Deuterated Cytosine 

Calculated B3-LYP/d-3 1G** 
(cm-') r 0.95 A (km mort) 

1720 630 
1613 36 I 
1480 175 
1463 26 1 
1338 132 
1276 t 22 
1207 33 
Il16 . 16 
1086 1 1  

" Q represents the noxmai modes of the cytosine base. 

Wavenurnbers calculated with the B3-LYP/6-3 1 G** procedure. 

Intensities caiculated with the B3-LYPl6-3 1G** procedure. 

JLocal symmetry coordinates defined in Table 37, page 154. 



Table 40 
Potentïal Energy Distribution of the Undeuteratcd Cytosine-Gaanine Base-Pair 

Mode " Calculated B3-LYPf6-3 IG** 
(cm-') x 0.95 A A mol-') 

a Q(cg) represents the normal modes of the undeuterated C-G base-pair. 

Wavenumbers calculated with the B3 -LYP/6-3 1 G* * procedure. 

Intensities calculated with the B3-LYP/6-3 1 G** procedure. 

JLocal symmetry coordinates defined in Table 4, page 68. 



Table 41 
Potentiai Energy Distribution of the Undeuterateci Adenhe-Thymine Base-Pair - 

Mode " 
- 
Q iZ(at) 
Q 13(aO 
Q 14(aO 
Q 1 S(at) 
Q 1 6 W  
Q 1 7(at) 
Q 18(aO 
Q 19(at) 
Q?O(at) 
42  1 (a0 
Q l ( a t )  
Q23(at) 
QWaO 
Q25(at) 
Q26(at) 
Q27(at) 
QWat) 
Q29(at) 
Q3OW 
4 3  Uat) 
Q32(at) 
Q33(at) 
Q 3 4 W  
Q35(at) 
?36W 
?37(at) 
?38(aO 
?39(at) 
340(aO 
34 1 (a0 
3 4 W )  
243(at) 
W ( a 0  
2 4 W )  
2 4 6 m  - 

Cd~ulated B3-LYPI6-3 lGf * 
(cm-') x 0.95 A (lm mol-') 

" Q(at) represents the nomal modes of the undeuterated A-T base-pair. 

Wavenumbers calculated with the B3-LYP/6-3 1 G** procedure. 

' Intensities calculated with the B3-LYP/6-3 I G** procedure. 

Tocal symmetry coordinates defined in Table 6, page 72. 



Appendix 3: Conversion of Units 

Dipole s trength[m2 cm'] = 
1 

~[m- ' ]  - (1.088 x 1 03') & E('G~M-' cm-'] a; 

Rotational strength[m2 cm'] = 1 AE(V~M-' cm-'] fi 

where the integral is obtahed by integrathg the intensity of the VCD band at 

wavenurnber V fiom a plot of A&@) versus V. 




