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This thesis is aimed at elucidating the structures of two DNA fragments, 

d(CGCïGGCCACCG) (referred to as 'mismatctied' DNA hereafter) and d(CGGTGGC- 

CACCG). The fragment d(CGCTGGCCACCG), if dupiexed, contains two C-C mis- 

matches which an the least efficiently repaired mismatches and are considered a aitical 

structural element in the development offragile X syndrome. The hgment d(CGGTGGC- 

CACCG) which is self-complementary contains the sequence GTGKAC w hich fre- 

quentiy occun in regulatory regions and is related to DNA-protein recognition. 

Small crystals of the DNA fragment d(CGCïGGCCACCG) have k e n  obtained. 

Circular dichmism, W and gel eiectrophoresis techniques have been used with the goal 

of elucidating structural features of the anticipated C-C mismatched DNA in crystallizing 

solutions. The effect of individual crystallizing agents on the conformation of the 'mis- 

matched' DNA fragment has been studied and discussed in detail. There is evidence that 

in the crystailizing solutions the 'mismatched' DNA f o m  a hairpin structure possibly 

with the f h t  and the last four bases in the stem in B-DNA helical form and the central four 

bases in the loop which are partially stacked. Under the same crystallizing condition, the 

self-complementary DNA is duplexed and its heücal type is B-form. Based on the crystal- 

Iizing experiments, stnicniml s u e s ,  and an extensive search of the Iiterature, some sug- 

gestions regarding additional crystallizing conditions for the 'mismatched' DNA are 

made. 

Two kinds of crystals of the self-compiementary DNA sequence d(CGGTGGC- 

CACCG) have been crystallized using BaClz and ZnC12 as salt, respectively. The ce11 

dimensions of crystals from BaClz conditions are a = b = 77 A, c = 40 A, a = P = y = 90°. 



The unit ceii is temgonal. A complete x-ray diffraction intensity data set has been suc- 

cesshilly coliected to a resolution of 2.9 A on a crystal crystallized with ZnC12 This 

appears to be the first oiigonucleotide crystallized using ZnCï2 as no report of a successful 

crystallization with 2n2+ has been published The rhombohedral ceil expressed in hexago- 

nal fonn has dimensions of a = b = 47.3 13 (49) k c = 102.098 (63) k a = = 90.0°, y = 

120.0°, with a volume of 197,925 (418) A3. The intensity statistics indicate the Laue class 

is R h .  
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Chapter 1 

General Introduction 

"Mistakes d u h g  DNA replication cun have disastrous effects 

on an organism, such as genetic diseases or men death. It is 

only by understanding the nature of these mistakes that we will 

be able to mininiize them. "' 



1.1 DNA Structure: backpwd 

Deoxyribonucleic acid @NA) is the 'molecule of Me'. DNA stores and uansmits 

genetic information in living systerns. DNA usually has a double stranded stnicnire, or 

duplex. This duplex consists of two complementary strands interwound in an antiparallel 

fashion to fonn a helut. The two-strand h e h  is held together by hydrogen bonds between 

complementary heterocyclic bases (Figure 1). 

Almost ail ceils contain a complete copy of the organism's genetic information. 

For this information to be utilized, it must be copied or tnuiscnbed into messenger ribonu- 

cleic acid (mRNA). mRNA carries information from DNA to ribosomes where proteins 

are synthesized. Each time an mRNA rnolecule completes its journey through a ribosome, 

a new protein molecule is produced. The central dogma of molecular biology that 'DNA 

rnakes RNA makes proteins' was established in 1950's and has greatiy accelerated the 

development of modem molecular biology. 

DNA is consmicted by four kinds of bases, adenine (A), guanine (G), cytosine (C), 

and thymine O. The genetic infornation within DNA is coded in the form of three letter 

words calied codons. E;sch codon specifies an amino acid. When a ce11 divides, its double- 

stranded DNA spüts into two single strands, each of which acts as a template to direct the 

synthesis of its new complementary strand of DNA. As a result, each new ceU has its own 

complement of duplex DNA. This process is known as replication and it is not perfect. 

The human genome has 3 x 10' base-pairs and inevitably, a few rnistakes are made during 

copying. A single mistake alters one codon and may lead to an incorrect amino acid. Each 

time a protein is synthesized under the direction of DNA with a codon error, a mutant 

rather than a normal protein may be produced. As a consequence the protein may mal- 



function rcsulting in n carastrophic evcnt such iu: a carcinogenic lcsion, it gcnctic discüsc. 

or dcath of the organism1*2. 

Figure 1. The structure of B-DNA. From Ref. 2. 

Because mistalces during replication are usually detrimental, they must be mini- 

rnized. The formation of so-called Watson-Crick G-C and A-T base-pairs during replica- 

tion ensures the fidelity of DNA replication, i.e. that the information contained in the 



parent DNA s m d  can be copied accurately to the daughter strmd, thus preserving the 

integnty of genetic message fiom generation to generation. Neveriheless, mistakes are 

made md mispairkg of bases results. Thete are eight possible base mispah: A-A, G-G, 

A-G, C-C, T-T, C-T, A-C, and G-T. Such mispairs arise as a consequence of genetic 

recombination or as a result of DNA biosynthetic errors or deamination. One of the tasks 

of DNA repair enzymes is to correct these mistaks. Mismatches are not corrected with 

equal frequency. These differences may be due to some mismatches king readily recog- 

nized by the repair machinery, whïie others are not. C-C mismatches are the lest  effi- 

ciently repaired and these mismatches are considered critical structural elements in the 

development offfagile X syndrome3. 

Fragile X syndrome is the most common genetic cause of hentable mental retarda- 

tion in humans. It is so named because of an aberration in a fiagile (dynamicdy mutable) 

gene on the X chromosome4. The mechanisrn causing this chromosomal abnonnality is 

yet unknown. Current thinking is that during the replication of DNA, one strand slips and 

makes multiple copies of small segments of the DNA'. The repeating segment in the frag- 

ile X site is (CCG)d(GGC), triplet repeats. A biological characteristic related to this is 

that the (CCG),-strand shows asymmetric expansion during NI vitro replication. It is 

reported3 that both the C- and G-rich strands can independently form hairpins under phys- 

iological conditions. However, the C-rich strand has a much higher tendency to form haïr- 

pins than the G-rich strands and therefore is more likely to slip and be preferentially 

expanded dunng replication. Under 50 copies of the triplet unit is normal; 230 to several 

thousand copies are found in patients with disease. The individual strands of (CCG), c m  



form hairpin loops and a double helix with every third base-pair being a C-C misrnatch6 

(Figure 2). 

Figure 2. Schematic representation of self-assembled structures of (GGC)5 duplex (A), 
(GGQ hairpin (B), slipped duplex (C) and (GCC)a hairpins @), and blunt 
(GCC)S hairpin (E). From Ref. 3. 

Why are some mismatches less efficiently repaired than others? Several hypothe- 

ses have been reported7* ', two of which are: ( i )  mismatches destabilize the duplex, result 

in local structure differences around the mismatch from that for canonical DNA, and 

therefore induce structural recognition problems for enzymes; (ii) the results from study- 

ing the structures and repair efficiencies of several mismatches indicate that the more a 

misrnatch mimics a Watson-Crick base-pair, the less efficiently it is repaired. The question 



of why a C-C rnismatch is the least efficiently repaired of al1 eight possible mismatches 

remains unknown, 

Determining the structures of DNA sequences with C-C mismatches is important 

from a chernical point of view, i-e. what is the structure of a C-C mismatch, how is it 

accommodated in duplex DNA and how does it a e c t  interactions with other molecules? 

Ail mismatches studied by crystallography, NMR, or circular dichroism have been 

found to be base-paired and stacked within the double-hehcai structure of the DNA frag- 

ment investigated. Results from these studies suggest that minimal perturbation of the 

helix occurs on introduction of a mismatch- 

C-C mismatches undergo scnictural rearrangements as the pH is reducedg" L. The 

C-C pain in low pH solution involve interaction between a protonated cytosine base and a 

neutral cytosine baseL2, which could be of the types proposed by Langridge and ~ i c h ' ~  

and by Gray and cui14 (Figure 3). An additionai hydrogen bond is introduced by the N3- 

protonation of cytosine. 

Figure 3. Types of C-C+ base-pairs proposed by (a) Langridge and Rich and by (b) Gray 
and Cui. The C-C+ base-pair can be accommodated between the antiparailel strands with- 
out requiring the unfavorable syn conformation in one of the strand. From Ref. 13 and 
Ref. 14, respectively. 



This result is consistent with the work of Bhattacharya and  ill le^", who found 

that the reactivity of the C-C mismatch to hydroxylafnine is suppressed at low pH, sug- 

gestkg that a rearrangement of base-pairing occus on protonation. In fact for dl mis- 

matches snidied to date, when non-WattionCrick bases find themselves opposed in 

duplexes, they stack in the helix much as conventional base-pairs, and are frequentiy 

hydrogen bondedI6. 

Detemiining the structures of DNA sequences with C-C mismatches is aiso impor- 

tant fiom a biochemical point of view. It is important to leam how C-C mismatches are 

able to escape recognition by repair systems16. 

If the DNA repair machinery fails to rectify errors in DNA synthesis, the result 

will be the introduction of a mutation into a daughter molecule, with potentially fatal con- 

sequences. The conservation of genetic information requires efficient recognition enzymes 

and post-repücation mismatch repair systems. Correction systems require the means to 

recognize a mispair. Two possibiiities are proposed: direct and indirect sequence readout. 

Direct readout requires that contacts be made simultaneously between the paired bases, 

most probably in the major groove, while indirect readout involves recognition of local 

structure dis tortion around the mismatch. 

To date over 20 misrnatch-containing crystailographic structures have been 

reportedL7. The smaii degree of distortion associateci with the mismatches implies that rec- 

ognition of gross structural perturbation will be difficult, and argues for direct recognition 

of the mispaired bases. In addition to the eight possible mispairings, many observations 

imply that each mismaiched structure is obviously affected by the flanking sequences, 

making it more complicated for the mismatches to be recognized. The following conclu- 



sions have been reached with respect to these problems'8: 

k t ,  al1 mismatches are associated with minimal, not global structural changes. 

second, despite no noticeable helical distortion around the mismatch, the mis- 

pairing of bases can lead to chemical reactivities that are not present in conven- 

tional base-pairs; however, the resulting chemical reactivity fiom mismatches 

can be dependent on the flanking sequences. Thus, even though some of the mis- 

matched base-pairs contain the potentid to be recognized as chemicaily differ- 

ent, this rnay be diminished by sequence context. 

Werntges et studied the relationship between repair efficiency and thermody- 

narnic stability of 16 kinds of mispairs. Their results suggest that the repair efficiencies 

may be thought of in terms of two alternatives. Either the repair enzymes recognize the 

mismatched bases in theu unpaired, Le. locally denatured state, or the mismatch rnay be 

recognized for the repair action when it forms a base-pair of non-Watson-Crick type. They 

found that repair enzymes seemed to check the DNA for ngid local deformations rather 

than local instabilities of the double strand. Perhaps a mismatch made up of two small 

pyrimidines (like CC) is able to escape recognition by the repair system by 'swinging into 

the helix' as Figure 4 suggests. The mismatches are most likely to occur stack inside the 

double strand and therefore behave Lüce regular base-pairs. 

In summary, ali  the shidies concecning C-C mismatches have suggested that single 

base mismatches introduced into a DNA molecule create no detectable change in the glo- 

bal conformation of the DNA molecde, but very specific chemical reactions which are not 

found in Watsoncrick base-pairs may be observed in mismatched bases. Even though tre- 

mendous efforts have been made in studying the effects of C-C mismatches on biological 



wobble type: recognized 

open rnismatch type: not recognized 

Figure 4. Hypothesis to explain the observed correlation between repair efficiency and 
postulated misrnatched structure. From Ref. 18. 

functions, many questions are still unanswered. No crystal structures of DNA containing 

C-C mismatches are available so far. It is important to compare the available results with 

the individual C-C mismatch structures deduced from crystallographic or NMR investiga- 

tions. The crystallographic description of a C-C rnismatch will provide an incomparably 

clear view of its structure and assist us in elucidating its biological functions at a molecu- 

lar level, 



1.2 DNA Struchire: d(CGCTGGCCACCG) and d(CGGTGGCCACCG) 

The sequence dtCGCTGGCCACCG) is psedu-serf-complmentary with two C-C mis- 

matches ifduplexed, while the sequence d(CGGTGGCCACCG) is se~complementary. 

With the development of biotechnological techniques and macmmolecular engi- 

neering, the elucidation of the thtee-dimensional structures of proteins, nucleic acids, and 

macromolecular assernblies has become almost cornmonplace. The most important tech- 

nique used for this purpose is single crystal x-ray crystallography. Diffractionquality 

crystals are essential for x-ray studies. 

The elucidation of structures of nucleic acids remains one of the great challenges 

in structural biology because single crystals of DNA segments are very bard to obtain. 

Examples have shown that the success of crystallization depends particularly on the 

choice of length and sequence of DNA segments. Most DNA oligonucleotide molecules 

that have been studied so far by crystallography range from 4 to 12 nucleotides long and 

have self-complementary ~ e ~ u e n c e s ' ~ ~  *O. This is maïniy due to the fact that molecules 

longer than roughly one helical hm are capable of adopting many conformations, making 

them difficult to crystallize21. A self-complementary sequence is such a sequence that the 

second half of the base sequence is the complement of the first half. Two such identicai 

molecules can form a duplex by typical-Watson-Crick base-pairing and therefore is usu- 

ally selected because a crystallizing solution with an exact 1:1 ratio of each strand is 

readily obtained; such is not the case with non-self-complementary DNA. For a non-self- 

complementary sequence. the strand in sIight excess may act as an impurity which ham- 

pers growth of single crysds, especiaily when the impurity shares a srnichual resem- 

blance to the molecules king crystallized*. 



The sequence d(CGGTGGCCACCG) contains biologically important trimers - GTG/ 

CAC. 

Nucleic acid molecules are able to adopt a wide variety of conformations, which 

are dictated by their base sequence and solution conditions2227. The variability and flexi- 

bility of DNA facilitate its interaction with other molecules to transfer its genetic message. 

Stretches of cytosine-rich, selfcomplementary sequences are frequently located near or 

within regions of functional ancilor regdatory They serve as recognition 

sequences for restriction enzymes2! A clear structural understanding of the DNA frag- 

ments at or around regulatory regions is necessary to elucidate the regdatory mechanisms. 

Therefore, many DNA sequences were designed for stnichual studies as analogs of the 

binding sites of regulatory proteins. With the ultimate goal to visualize the structure of C- 

C rnismatches by x-ray crystailographic techniques, a DNA fragment d(CGCTGGC- 

CACCG), containing C-C mismatches if duplexed, has been selected. The almost self- 

complementary sequence satisfies this requirement with mismatches possible at positions 

3 and 10. 

The GTGKAC trimer is a frequentiy occuning sequence in regulatory regions. 

This trimer may act as a signal to a searching regulatory protein. In previous work com- 

pleted in our lab by T'ad6* 29 on the hexamer, CGGTGGKCACCG (a hagrnent of gal 

operon), signincant structural anomalies from the typical helix conformation were found 

at the GTG site. The A-T is opened or sheared resulting in the T king pushed into the 

major p v e  and A into the minor grmve and becornes a recognizable feature. The ques- 

tion remains as to whether the anomaly is inherent to GTG, or the result of some other 

extemal effects, such as cry stallizing conditions. 



One duplexed self-complementary dodecamer d(CGGTGGCCACCG) comprises 

two copies of the above duplexed hexamer. It has been shown16 that the hexamer crystal- 

iizes with two duplexes related by a two-fold axis (perpendicular to the helix axis) such 

that one duplex stacks on the other. The Merence between two such stacked hexamer 

molecules and one single dodecamer molecule is the covalent Link in the backbone of the 

dodecamer- The goal of studybg d(CGGTGGCCACCG) structure is to check for base- 

pair opening in a similar, but not identical, environment If there exists any A-T opening in 

the dodecamer, it should be seen at both symmetry related sites. The solution of the 

dodecamer d(CGGTOGCCACCG)2 structure wiii provide knowledge of the structure in 

the vicinity of the C-C mismatches in the duplex d(CGCTGGCCACCG)2 and provide an 

excellent basis for the structural cornparison of how C-C mismatches affect helix confor- 

mation- 



Chapter 2 

DNA Dodecamer d(CGCTGGCCACCG): 

Studies of Structure and Properties 

"Completely or partly self-cmplementury sequences in the 

DNA gemme very ofen sewe as recognition sites for regulatory 

proteins Under dgerent coItditiom, these fragments may exist 

in dorcble helk or hairpin f o m  A good uderstunding of the 

formation principles is important to gain further insight into the 

rules goveming the three-dimensio~uzl folding of nucleic 

mi&. m25 



2.1 Crystalüzation 

2.1.1 Introduction 

Single crystal x-ray crystallography is the most powemil technique for visualizing 

the three-dimensional structures of biological macromolecules. This method has k e n  

widely used in the structural anaiysis of DNA oligonucleotides because of (0 the great 

advances in synthetic oligonucleotide chemistry and (ii) the fact that many of the DNA 

fiagrnent crystals difhct x-rays to a resolution better than 3 A. 

In the crystallization of biological macromolecules, the quaiity and quantity of the 

required material is very important Difficdties in crystal growth may be linked to the 

nature or source of the bioiogical materiai. Proper purincation, stabiiization, storage, and 

handling of macromolecules are essentiai prior to crystallization. Normaily, a few rnilli- 

grams should be available for the initial crystallization trials. Following this, additional 

material with at least the sarne quality is needed to improve the quality and size of the 

crystals. Advances in synthetic oligonucleotide chemistry enable us to obtain pure oligo- 

nucleotide molecules of defined sequence in large arnount for crystailization experiments. 

The success of any süucturai work of oligonucIeotides depends cntically on 

whether diffraction-quality crystals can be obtained. Uafominately, the crystallization of 

DNA molecules stül remains at the empincal stage. 

It is often said that crystal growth of biological macromolecules is more an art than 

a science. This rnay sometimes be tme from a practical point of view because each crystal- 

Luing protocol is unique to a specific macromolecule or a macromolecular fiagrnent. 

However, it is incorrect in principle. In the past twenty years, many efforts have been 

made in understanding the physicai patameters involved in crystallization. To date, more 



than 1,500 macromolecules have k e n  crystallized and their structures solved. The infor- 

mation from these has fafilitated the macromolecular crystallization as well as the under- 

standing of the relationships between the structures and functions and therefore has 

greatly accelerated the advance of biological science. 

Macromolecular crystallizatioa, like any crystaihtion, is a multipararnetric pro- 

cess mainly involving thRe steps: nucleation, growth, and cessation of growth. The signif- 

icant ciifference from small molecules is that macromolecules are extremely complex 

physical-chernical systems whose properties Vary as a function of many environmental 

influences such as temperature, pH, ionic strength, contamùiants and solvent composition, 

and so on. Instead of the precise and reasoned approaches that are commonly applied to 

scientific problems, for the time k ing at least, an empirical methodology has to be 

employed. Macromolecular crystaliization is, thus, a matter of searching the ranges of the 

individual parameters that impact upon crystal formation, finding a set or multiple sets of 

these factors that yield some kind of crystals, and then optimizing the variable sets to 

obtain the best possible crystals for x-ray analysis. This is done by conducting a long 

series, or establishing a vast array of crystallization trials, evaluating the results, and using 

information obtained to improve matters in successive rounds of trials. Because the num- 

ber of trials is so large, and their ranges are so broad, intelligence and intuition in design- 

ing and evaluating the individual and collective trials become essential. 

The conformation of DNA in solution is a hinction of temperature, pH, salt con- 

centration, and solvent. Some special DNA sequences, such as self-complementary and 

pseudo-self-complementary sequences, are capable of adopting different conformations 

under different conditions. Two identical self-complementary molecules can either fotm a 



duplex by typicai-Watson-Crick base-pairing, or one molecule (Le. one strand) rnay twist 

back on itself and form an intramolecularly base-paired structure resembling a hairpin. 

Otigonucleotide duplexes crystallize in right-handed A and B. and left-handed Z confor- 

mations and short selfcomplementary oligonucleotides crystallize mainly as nomial B- 

type duplexes. However, ody one crystallographic study has been reported on a hairpin 

which suggests that hairpinned DNA molecules are extremely hard to crystai- 

lize. 

A hairpin structure is composed of a stem of Watson-Crick base-pairs and a loop. 

Results from some optical and NMR snidies3 [55 indicate that hairpin structures are com- 

mon features not ody of the sequences that can afford a perfect Watson-Crick duplex 

structure, but also of partly selfcomplementary or mismatched sequences. Under suitable 

solution conditions, those kinds of sequences may establish an equilibrium between a 

duplex. a hairpin and random coi1 conformation (Figure 5). 

CGCGAATTCGCG 
CGCGAATTCGCG 
I l I I I i I I I i I l  = 
GCCCTTAACCGC 

GCGCTTAAGCGC 

p-T., 
X T 
'G-c' 

I I 
C-G == 
I l 
G-C 
I I 
C-G 

CGCGAATTCGCG 

(duplex) (coii) (hairpin) (coil) 

Figure 5. Duplex-coil and hairpin-coi1 equilibria occumng in d(CGCGAATTCGCG). 
From Ref. 35. 



Hairpins are present as a dominant secondary structure element in RNA. Stable 

RNA haUpins define nucleatiou sites for folding, determuie temary interactions in RNA 

enzymes, protect mRNAs fiom degradation, and are recognized by RNA-binding proteins. 

The biological importance of DNA haUpins is less obvious. Palindrome and self'omple- 

mentary DNA sequences are fiequently found to form hairpin structures at replication ori- 

gins or operator sequences, which suggests a functionai role of h e i n  s~rucnire in the reg- 

ulation of gene expression 30.36.37 

Because DNA molecules are labile macromolecules, they readüy lose their native 

structures. Hence, the oniy conditions that can support crystai growth are those that cause 

little perturbation of the molecular structwes. Thus DNA molecules can only be crystal- 

Iized from a solution within a narrow range of pH, temperature and ionic strength. Crystal- 

lization is a process that is not reaily controiIed. Many macromolecules are reluctant to 

crystallize, especially hydrophobie membrane proteins, nucleic acids and their 

38-46 complexes - 

Since DNA crystals are very sensitive to their environment and the "winning com- 

bination" of solution conditions may be rather hard to find, one may identify potentially 

important factors by setting up a wide selection of screening trials. However, the screening 

ranges an generally so wide and the parameters afEecting the crystallization are so many 

that the trials are too numerous to be practically performed. Therefore, an efficient, accu- 

rate and complete design is essential in solving such a "needle-in-the-haystack" problem. 

The best experimental method for this purpose is the factorial method. Factorial experi- 

ments help provide answea to a problem in a statistical manner with the emphasis on 

uncovering contributhg factors, not on elucidating the underlying causes leading to the 



experimental resdts, i-e. what factors are important, not why they are important. The 

'contributors' to the crystallization of a DNA molecule are usually a rather small number 

of specific factors. Generally the factors act independently so that no simultaneous adjust- 

rnents on two or more factors are n e c e ~ s a r ~ ~ ~ '  46. A more detailed account of the factorial 

rnethod is giveo in section of 2.1.1.2. 

2.1.1.1 Crystallization Factors 

The formation of DNA crystals depends critically upon several factors such as the 

relative concentrations of the chemicals, rate of diausion, pH value, temperature, and 

purity of the DNA. Usudy, diffiactionquality crystals c m  only be grown from one set of 

conditions, not a range of conditions because DNA conformation is very sensitive to the 

environment Before starting crystallization experiments, it is essential to know some 

details of the main factors involved in crystallization. 

Salts 

Metal ions are required for vimially aU biological processes in which nucleic acids 

are engaged. Positively chargeà ions are essentiai for maintainhg the neutrality of nucleic 

acids in solution. Various metal ions, particularly alkaline earth metal ions, divalent metal 

ions of the transition series, and positively charged organic ions are found to induce or 

contribute to rnacromolecular crystallization and therefore are widely used in crystalliza- 

tion experiments40. 

Magnesium ions have profound effects on DNA conformation. In many cases the 

biological functions of nucleic acids can onLy be observed in the presence of M ~ ~ +  ions. 



Most DNA crystals are obtained in the presence of magnesium. It is thought that posi- 

tively charged magnesium ions bond to the negatively charged phosphates on the back- 

bone to make the heiix rigid and fiditate the regular packing of molecules which will 

lead to ~ r ~ s t a l s ~ ~ .  Other alkaüne earth metd ions üke barhm and strontium can be used to 

replace magnesium and may produce crystais with different lattices4! Some other diva- 

lent cations have aiso been trïed, such as manganese, calcium, cobalt, nickel, and 

mercury 399 47* 48, and as well as complex ions such as cobalt hexa~nmllie~~, with limited 

success in aiding crystaiüzation. Generally, higher magnesium concentrations are used in 

rnismatched DNA crystallization probably because higher ionic strength is required to sta- 

50-57 bilize the deformation induced by mismatches . 

~ a +  ions are also frequently selected in addition to M ~ Z +  to facilitate DNA crystal- 

lization. The facilitating mechanism of Na+ ions is not very clear. Na+ ions c m  increase 

the ionic strength of the solution as welI as stabilize the DNA helices. Such effects can not 

be obtained by simply adding more M ~ ~ .  Na+ only, without M ~ ~ + ,  was used for the crys- 

tailkation of ~(BI?cG)~ in the ~ - f o m ~ !  The structure shows that Na+ ions stabilize the 

DNA helices in a different way fiom M$+ ions by bridging the N7 of guanine G2 on the 

neighboring molecules. 

Orgonic Ions 

Organic cations iike polyamines are found in al l  cells. Polyamines may be impor- 

tant in maintainhg cellular DNA in a compact state, and facilitating packing of DNA in 

viruses. Because of their high positive charge, polyamines exert many of their effects 



through (0 charge-charge interactions, (ii) hydrogen bonds, and (iii) hydrophobic interac- 

59,60 tions with negatively charged DNA and RNA . 

Among the various polyamines found in cells, the most generaüy used in DNA 

crystailization are spermîne ~-(cH~)~-NH~-(cH~)~-NH~~(cH~~-NH~]~+, an essen- 

tially linear molecule with four positive charges at neutrai pH and spermidine mr 

(CH~)~-NH~-(CH~)~-NH~ 13+, an asymmetric molecule with three positive charges at neu- 

mal pH (Figure 6). 

Figure 6. Structurai fomulae for (a) spennine and (b) spermidine. 

The two polyamines can interact strongly with nucleic acids due to their highly 

positive charge. They also have fuoctions sunilar to the metal ions discussed above in the 

crystallization of DNA. In many cases crystals can be obtained only in the presence of 

polyamines, even though very few DNA crystal structures reveal bound spermine mole- 

cules in the final crystd structure29. Where spennine molecules are found, they twist to 



adapt to the surface contour of the helices and fonn hydrogen bonds with DNA molecules 

heIping to "Mt" the molecules together61. 

Precipitating Agents 

Recipitating agents in DNA crystallization are usually nonvolatile organic corn- 

pounds or low molecdar weight polymers. The most commonly used agents are 2-methyl- 

2.4-pentanediol, CH3CEI(OH)CH2C(CH3)@H (MPD) and Iow molecdar weight polyeth- 

ylene glycol (e.g PEG 400, H(OCH2CH2)4m0H). 

nie organic solvent MPD is viscous and is completely miscible with water. In 

DNA crystaliization experiments, a droplet containing crystallizing agents and DNA is 

sealed against a reservoir with a higher concentration of MPD (see Figure 7 for details). 

Even though MPD is abundant in the solution, no MPD molecules have been found in any 

of the crystal structures of nucleic acids3'. Increasing the MPD concentration in the drop 

let will (i) decrease DNA solubiiity, (ii) increase crystal growing speed if the concentra- 

tion gradient of MPD between the droplet and the reservoir remains the same, and (iii) 

produce poor quality crystals if the MPD concentration is too high. Spike-like growth can 

occur from the original crystal surfaces if the growing speed is too h i a .  Sometimes, this 

may appear weeks a€ter the droplet is set up as the MPD concentration in the droplet 

becornes high enough (see Chapter 3). 

The other common precipitating reagent is PEG which is also completely miscible 

with water. It is a polymer produced in various lengths, from several to many hundred 

units. PEG forms a cornplex network in water which contains both water and itself in the 

network structure. This reorganization of solvent molecules results in rnacromolecules 



tending to be excluded and leading to phase ~ e ~ a r a t i o n ~ ~ ~  62. In addition to PEG's volume 

exclusion property, PEG probably cornpetes for water and produces dehydration. 

Bger  

A buffer is important to DNA because native DNA molecules are only stable in a 

proper pH range. The buffer selected should not interact strongly with the DNA. The most 

comrnonly used buffer is an aqueous solution of sodium cacodylate (dirnethyl arsenate) 

(pK, = 6-19), which has a favorable btdkring strength in the range pH 5 to pH 739. 

Sodium cacodylate (abbreviated as NaCac) also has an advantage of preventing bacteriai 

growth which may be a problem where PEG is used as precipitating agent. 

The pH of a crystallization solution can affect molecular packing. DBerent crystal 

f o m  can be produced depending upon the p ~ 4 8 *  63. pH also idluences crystal growth 

kinetics. A slight change in pH, usually 0.5 pH units lower, can accelerate the crystal 

growth39. 

Cytidines are protonated at low pH. At pH 5 crystaliization of the mismatched 

DNA might be promoted by the introduction of an additional hydrogen bond between 

every C-C mispair when there is an accessible cytidine in the sequence3! Since fifty per- 

cent of the bases in the 'mismatched" DNA, d(CGCïGGCCACCG), are cytidine bases, 

taking pH into account in crystallization is important. 

* Referred to as mismatched DNA because of the potentiaI for C-C mismatches in a duplex of two 

such strands. Strictly speaking. a single strand cannot be mismatched. Therefore quotes are used to indicate 

the unconventional usage of the tenn. mismatch, 



2.1.1.2 Facto tid ~ e t h o d ~ ~  

Experiments specificaiiy designed for screening crystal growth conditions cm 
0 

greatiy reduce the number of overall expenmentai icials and produce adequate results with 

less effort and sample. This screening can be accomplished by the factorial method3** 46. 

In factoriai desigus. the crystaliizing factors are varïed and crystallization results are corn- 

pared and evaluated, which leads to the uncovering of some effective crystallizing condi- 

tions or, at least, a useM database for improving crysiallizing conditions. 

A complete factorial design starts with fomulating an experïmental ma& to test 

the effects of different crystallizing factors at different levels at the same time. The total 

number of trials involved in a complete factorial design is mN x NT where nt is the number 

of testing levels for each factor and N is the number of separate factors. For reasons of 

simplicity and efficiency, the levels are often limited to just two, high (+) and low (-), in 

which the optimal values are located by two different experiments in each dimension. The 

total number of trials is then reduced to 2N x N . For example, for four separate factors, 

the number of trials is z4 x 4 = 64. 

For many more than four separate factors, a full factorial design becomes difficult 

to carry out because too many trials are required. Selecting subsets of experiments fiom a 

fuli factorial design matrix is essential. This is done by systematicaliy deleting some of the 

individual experiments. leaving ody  those necessary to identify main effects. This method 

of selecting such subsets is called an incomplete factorial method 

To M e r  simplify the preüminary test, it was assumed in the design that the inter- 

actions between any two factors are very weak, Le. that each factor affects crystallization 

independently even though the other factors are present. Therefore only main effects, no 



interactions, are considered in practice. 

Generaiiy. the working matrix for initial crysîalkation screening by the incom- 

plete factoriai method may be designed as follows: 

A List of possible crystailipng factors that may influence crystal growth is pre- 

pared, and fkom this List a decision on the factors to be screened is made. Nor- 

mally, five separate factors should be considered at the initial stage: 

macromolecule. sait, polyamine, and precipitating agent concentrations, and pH. 

The concentration of the buffer, sodium cacodylate, is kept constant and is not 

considered in a factocial design. 

The number of tests is decided. In general, this number should be somewhat 

more than the number of factors to be screened There is no rigid d e  or short- 

cut However, the number of tests should be manageable in terms of canying out 

and evaluating the dEerent tests. 

The experimental matrix itself is designed. The level of each factor is balanced 

so that there are equal or as nearly equal numbea of tests at each level, Le. equal 

'+'s and '-'s in each column. 

The individual tests as specified by the experimental matrix are carried out. 

The experimental results are exarnined and evaluated by scoring each test. 

Observation is very important during crystallization experiments. Often an arbi- 

trary scale such as that in Table 1 is selected and significant and useful informa- 

tion can be obtained by regression analysis. Scoring is difficult to standardize. 

However, it should be borne in mind that nucleation requires a greater supenatu- 

ration than growth, and that crystallization rates increase when supersaturation 



- - - - - - - - - - - - - - - 

Prisms 
Plates 
Needles 
Spherulites 
Gelatinous or participate precipitates 
Cloudy precipitates 

- - 

Score 

An example of an incomplete factoriai method experimental matrix for the crys- 

tallization screen of the DNA dodecamer d(CûCïûGCCACCG) is designed as shown in 

Table 2. 

A consideration which deserves special attention while designing the experimentd 

matrix is the relative concentrations of spermine, MgC12 and DNA when ai1 these are 

used. For magnesium, a d e  of thumb for the first trials is 0.5 - 2.0 ~ g 2 f  per phosphate; 

for spermine, it is one spermine molecule for every 10 - 12 base-pairs. The relative con- 

centrations of spermine to M~~ aiso needs to be considered; at high M ~ ~ +  concentration, 

high spermine concentration shouid be used. 



Table 2: Incomplete factorial method experime~~tal ma& for the 'mismatched' 
DNA d(CGCTGGCCACCG) cqMahation SC- 

macromoleeuie 1 sait 1 poiyamine 1 precipitating agent 1 pH 

2.1.13 Crystalüzation Methd 

There are many methods to c r y s t a l l h  biological rnacromolecules. Vapor phase 

equilibriurn is the method most favored by ~rystaliogra~hers~~. Sitting and hanging &op 

methods are more popular than the other vapor phase equilibrium methods because they 

are easy to perfonn, requise a small amount of sample, and allow a large amount of flexi- 

bility during screening and optimization. The hanging drop method uses less sample than 



the sining drop method and therefore is the method chosen for crystallization of 

d(CGCTGGCCACCG) and d(CGGTGGCCACCG). In this method, a droplet containing 

DNA and crystallizing agents which usually include sdts, polyamines, precipitating agent, 

and buffer is sealed against a reservoir containing a solution of precipitating agent at a 

higher concentration than the droplet. Over time the cesewoir wili pull water fiom the 

droplet via the vapor phase such that an equilibrium wül exist between the drop and the 

reservoir. During this equilibrium process, the dehydration of water in the droplet leads to 

a shrinkage in dmplet volume. Consequently, the concentration of ai l  constituents in the 

droplet will increase. DNA supersaturation is eventualiy obtained and DNA precipitate or 

microcrystals will corne out of solution. 

2.12 Experimentai 

Materials 

The 'rnismatched' DNA d(CGCI%GCCACCG) was purchased from the Midland 

Certified Reagent Company of Midland, Texas. The molecule was synthesized by phos- 

phoramidite chemistry, purified by reverse-phase high performance Iiquid chromatogra- 

phy, separated by gel fihration, and converted to the axmnonium salt. 

(1 ) DNA crystallization working solution 

The most comrnon method to detenaine DNA concentration is to dilute a srnaII 

amount of DNA with water and measore its W absorbance at 260 nm. Approximately 7.5 

m o l e s  of the dodecamer was diluted with 100 pL of very p m  water (al1 water used in 

preparing solutions for use with DNA and its crystallization is ultra-pure h m  a Banstead 



NANOpure II water purification system) to obtain a concentrated DNA stock solution 

referred to as "DNA stock 1". Approrrirnately 0.5 ~LL  of 'PNA stock 1" was taken and 

diluted a second the with 1.0 rnL of water. The absorbance of this solution is close to I . 

The DNA concentration can be cdcuiated from Beer's law A = &Cl, where A is absor- 

bance, E is extinction coefficient in mits ofML cm'! C is concentration in M, and Z is the 

ceIl length in cm. The extinction coefficients for olîgomers can be calculated from the tab- 

ulated values of monomer and dimer extinction coefficients with the assumption that 

64.65 absorbance is a nearest neighbor property . 

Approximate extinction coefficients for single-strand oligonucleotides of base 

sequence, DpEpFpGp .. XpL, may be calculated according to the formula 

~ D ~ E ~ F ~ ~ . . . K ~ L  = Z@QE + E E ~ F  + E F ~ G  +O-- + - GE - EF - EG-9- - EK 

This approximation yields extinction coefficients accurate to about 10% for most single- 

strand sequences. 

The relevant measured and calculated extinction coefficients at 260 nm, 25OC and 

neutral pH for single-strand DNA (Vmmol cm) are 

DNA pdA pdC pdG pdT dApdC dCpdA 

&260 15.4 7.4 11.5 8-7 10.6 10.6 

DNA dCpdC dCpdG dCpdT dGpdC dGpdG dTpdG 

€260 7.3 9.0 7.6 8.8 10.8 9.5 

For the single-strand DNA d(CGC'ïGGCCACCG), the molecular weight is 

3580.48 g/mol for the polyanion state. The extinction coefficient was calculated as fol- 

lows: 



~ 2 6 0  2 (9.0 + 7.6 + 10.8 + 7.3 + 10.6 + 9.0 + 8.8 + 9.5 + 8.8 + 10.6 + 7.3) 

- 3 x 11.5 - 5 x 7.4 - 8.7 - 15.4 = 103 (VmmoI cm) = 103,000 (ilmol cm) 

With E = 103,000 M-' cm-*, a path length of the cuvette 1 = 1 cm, and an expimental 

absorbance A = 1.13 11, the single-strand concentration of the DNA in the UV solution 

labelled Cu, was 

and the concentration of "DNA stock 1" was 

lm 5 C = C, x - = 2.20 x 10-~ (M) = 22.0 (mM) 
0.5 

It is worth noting that the concentration obtained by this method is the single- 

strand concentration because DNA is single stranded in pure water and also the single- 

strand extinction coefficient is used in the calculation, Once the concentration of "DNA 

stock 1" is known, 1.5 - 5.0 mM (single-strand concentration) DNA working solution 

"DNA stock 2" for crystallization senips may be accurately prepared. 

(2) stock solvent solutions 

Throughout this thesis, "stock solvent solution" is defined as the solution contain- 

ing ail crystdization chernicals (salts, polyamines. precipitating agent, buffer) other than 



DNA. In order to decrease the concentration errors for chernicals and to ensure that fiirther 

semps based on the sarne protocol are reproducible, 50 - 100 pi, of stock solvent solution 

were prepared- 

Method 

An incomplete factorial method experimental matru< for the crystallization screen 

was designed exactly as show in Table 2. The macromolecule was the 'misrnatched' 

DNA dodecamer d(CGCïGGCCACCG). The source of M? was magnesium chloride. 

Wïth the addition of spemùne, less DNA is needed and the crystallizing time is reduced. 

Therefore spermine was selected as the polyamine in the initial trials. MPD was used as 

the precipitating agent. NaCac and Mg(CH3C00)2 were selected as buffea to keep pH 

values at 69 and 5.5, respectively. 

Some practical considerations when setting up the 'mimatched' dodecamer were: 

( 2 )  @NA] = 0.1 - 1 .O mM (double-stranded concentration) in the droplet. 

(2) mg2+] 1 DNA] = 2 - 30 

(3) [spermine] 1 [DNA] = 0.2 - 6 

(4) [NaCac] = 25 mM and Mg(CH2C00)d = 25 m M  

Stock solvent solutions were prepared according to the designs based on the 

incomplete factorial experimental matrix as shown in Table 2. The stock solvent solutions 

w e n  stored in the refrigerator. However, any DNA stock solutions were stored in the 

Freezer at -20°C and never kept at room temperature for extended periods. 



The procedure for setting up hanging drops on Linbro plates was as follows: 

(1) A standard 24 weii tissue culture plate (Linbro plate, ICN Biomedicals, Inc., 

Cm No. 76033-05) was prepared by greasing the rirn of the well using a IO 

cc syringe filled with high vacuum silicone grease (Dow Corning). 

(2) The reservok solution was obtained by diluting the concentrated MPD with 

water to 50%(v/v). The weli was oIkd with 500p.L of this diluted MPD solu- 

tion as the reservoir. 

(3) 9 pL stock solvent solution was applied to the center of a clean, siliconized 

glas cover slip (22 mm square, Hampton Research, CAT No. HR3-2 15). 

(4) 1 pL DNA working solution was added and the solution was drawn back and 

expelled with the pipet several times to ensure that DNA was quantitatively 

transferred and thoroughly mixed. This step was performed quickly to rnini- 

mize evaporation. 

(5) The cover slip was inverted (resulting in the drop being suspended from the 

underside of the slip) and seaied to the top of the well. 

A sample plate with an array of crystalliwng droplets is shown in Figure 7. 

Usually the total volume of droplets varied from 3-15pL. A smaller volume was 

hard to pipet quantitatively and larger droplets made it difficult to invert the cover slips 

without losing the droplets. 



A 8  
iiiconized cover slip 

hanging &op 

reservoir 
24 weii Linbro plate 

Figure 7. Vapor diffusion method using hanging drops in Linbro plate. 

2.13 R d t s  

Despite extensive efforts to crystaUize this 'mismatched' DNA sequence*, only 

microcrystals have been observed (Figure 8) under the conditions oE 

(1) 0.1 mM DNA, 4.0 - 8.0 xnM MgCl*, 0.25 - 0.50 m .  spermine, 5 - 15% MPD, 

25 mM NaCac, pH 6.9, temperature 4OC, and 50Z(v/v) MPD in the reservoir. 

(2) 0.1 mM DNA, 4.0 - 8.0 mM MgCi*, 0.25 - 0.50 rnM spermine, 5 - L 5% MPD, 

25 mM M~(OAC)~,  pH 5.5, temperature 4*C, and SOC(v/v) MPD in the reser- 

voir. 

* The crystdüzïng conditions with Z n q  (substituting for MgCi2 as the salt) which were success- 

fully used to crystallize the self-complementary DNA d(CGGTGGCCACCG) (see Chapter 3) were also 

tried on this 'mismatched' DNA as weU as on a 1: 1 ratio mismatched: self-comptementary dodecamers. No 

crystais have k e n  obtained thus far. 



Figure 8. Small crystals of the 'misrnatched' DNA dodecamer. 



The crysrals in Figure 8 are too smail for diffraction analysis. The question anses: 

why is the 'mismatched' DNA d(CGCTûGCCACCG) so reluctant to f o m  suitable crys- 

tals even though numemus conditions have been tested? It even seem to have resisted a 

marriage with the strand d(CGGTGGCCACCG) where only one mismatch would occur. 

The answer iikely rests on the fact that crystallizah'on of DNA is a d e r  complicated pro- 

ces. A suitable crystallizuig condition is the condition that is able to pmmote the forma- 

tion of duplexes from single stmds and facilitate the duplexes in packing regularly in 

three dimensions, ie .  to form crystals. The above question prompts the more fixndamental 

query as to whetkr the 'mismatched' DNA fragment is duplex& or more directiy, what 

s t~cture  it possesses in the crystallipng solutions. 

Since DNA molecules can adopt single stranded, hairpinned and duplexed confor- 

mations in solutions and hairpinned DNA molecules are extremely hard to crystallize, it is 

conceivable that under the crystallipng conditions suitable for most DNA hgments, this 

'mismatched' DNA predominantly forms hairpins, not duplexes, which may weli account 

for the diffidty in obtaiaing crystals. Prior to the appearance of the microcrystais shown 

in Figure 8, it was decided that ultraviolet and cucular dichroism spectroscopies, and gel 

electrophoresis experiments would be used to saidy the codonriation of the 'mismatched' 

DNA in solution. It was anticipateci that a better understanding about the conformation of 

the 'mismatched' DNA in the crystallizing solution would provide some insight and con- 

structive suggestions on the feasibility of M e r  crystallization experiments. 



2.2 UV Study 

2.2.1 Introduction 

AU molecules absorb light at some wavelength. However, for any particuiar wave- 

Iength, cenain types of chernical groups usudy dominate the obse~ed spectnim. The 

groups are cded chromophores. Typical chromophores found in nucleic acids absorb 

light only at wavelengths less than 300 nm, Le. in the near ultraviolet range. The strong 

W absorption of nucleic acids resides almost exclusively in the purine and pyrimidine 

bases. The sugar phosphate backbone is insignificant in the UV absorption at wavelengths 

iess than 200 n@. 

Nucleotide chmophores 

AU four bases in DNA, A, G, C, and T are heterocyclic chromophores involving x- 

electrons and are planar. The isolated chromophores are rarely optically active. Chro- 

mophores are made opticall y active b y their asymmetric environment. Optical activity of 

nucleic acids arises from two sources: (3 the presence of the chiral sugar at Cl' which 

destroys the rnirror plane found in the isolated base and (ii) the chirality arising from the 

secondary and teitiary structures. The bases in native DNA are stacked in such a way that 

the strong interactions of their x electrons suppress the absorption of photons. 

Base stacking and hydrogen bonding are the two main double helix stabilizing 

forces. At high temperature, the hydrogen bonds and base stacking in double-stranded 

DNA are dismpted, resulting in two single-stranded random coils. This denaniring process 

is referred to as DNA melting. As the molecules are denahired, the bases become 

unstacked with a concomitant increase of absorption, calied the hyperchromic effect. The 

hypochrornic effect is common to systems with stacked chromophores. 



The melting of DNA is either a cwperative "unzippeting" procedure, i.e. the col- 

lapse of one part of the structure destabilizes the remainderl* 67, or a nonîooperative pro- 

cedure in which the breaking of one base-pair only affects ihe stacking of the nearest 

neighboring b a ~ e s ~ ~ ' ' ~ .  Generally, a sharp increase in absorbance in a few degrees results 

from the cooperative nature of the transition, whereas, a slow increase in absorbance in a 

wide temperature range demonstrates noncwperative meIting. 

Thermal denaturation studies on DNA molecules can be perfomed using a tech- 

nique called ultraviolet melting measurement which is simple, sensitive and reasonably 

accurate. In this experiment the DNA duplex is dissolved in an aqueous buffer and heated 

siowly. The absorbance at a given h is monitored and plotted as  hinction of temperature. 

The temperature corresponding to the idection point of the curve is characteristic of each 

species of DNA and is defined as the melting point 7''. The value of Tm refiects the stabil- 

ity of the D N A ~ ~ ?  73. The absorbance differences between the low and high temperature 

result from (0 the change due to the breakage of the hydrogen bonds between the Watson- 

Crick base-pairs, (ii) the change due to unstacking of the single strands with temperature, 

and (iii) the change accompanying the unstacking of the loop residues if the DNA mole- 

cules form hairpin smi~n i res~~ .  The enthalpy of the overall transition is calculated as the 

summation of all three contributions. 

Generaily, the melting curves for most oiigonucleotides are sigrnoidal and 

monophasic, Le. there is only one transition in the whole melting procedure. The transition 

could be (9 the denaturation of "single-strand helix"7s=n (if the single strand is the only 

species in the solution), which is characterîzed by a very low 'melting' temperature, broad 

''meking" temperature range, and very low hyperchrornicity (roughly six to ten percent for 



digomen); (ii) the transition from hairpin structure to random coil, whic h shows a sharper 

transition, higher melting point, and higher hyperchrornicity (approximately ten to fifteen 

percent for oiigomers); (iii) the transition h m  duplex to random coil, which is distin- 

guished fiom a hairpin to coü transition if the oligomer is able to adopt both hairpin and 

duplex structures in much sharper tnrrisiting, higher melting point, and higher hyperchro- 

micity (ranging fiom fifteen to forty percent depending on the Iength of the oligomer). 

2.2.2 Experimentai 

Materials 

Two DNA dodecamen, 'mismatched' d(CGCTGGCCACCG) and self-comple- 

mentary d(CGGTGGCCACCG), were s ~ d i e d  by the UV experiments. In addition to pure 

water as solvent, four aqueous buHers were prepared: 

(1) water 

(2) MgCl2 (16 mM), and NaCac (25 mM), pH 6.9 

(3) MgCl2 (1 6 mM), NaCac (25 mM), and sperrnhe (1 .O mM), pH 6 9  

(4) MgCl2 (16 mM), NaCac (25 mM), and MPD (2%), pH 6.9 

(5) MgCi2 (16 mM), NaCac (25 mm, spermine (1 -0 mM), and MPD (2%), pH 6.9 

10 pL 1.5 mM (single-strand concentration) DNA was added into each above solution 

respectively, with total volume of 1.2 mL. 

Methods 

Absorption spectra were coilected at 300 nm - 220 nm at different temperatures 

using a Shimam W-2101PC scanning spectrophotometer. The spectrophotometer was 



equipped with a thermostated ce11 holder and the temperature was controlled by a HAAKE 

G water bath and HAAKE DL pump. The scan speed was 'slow' with a dit width of 0.5 

nm and sampling interval of 0.2 nm. Each scan was performed after an incubation of 10 

minutes to ensure that the solution was equilibrated at the desired temperature. The absor- 

bance was found to be constant after 9 minutes. Reference solutions were eitfier buffer or 

water depending on the experiment. 

2.23 Resuits 

Treatment of melting data 

( 1 ) Absorbance normalization 

The UV absorbance at 260 nm was recorded at each experirnentai temperature. 

The normaiized absorbance was obtained by dividing every experimental absorbance by 

the absorbance at 100°C, a value obtained by extrapolation of the experimental absor- 

bances at Iower temperatures. The meking curves were obtained by plotting the normal- 

ized absorbances against the temperatures and these c w e s  are illustrated in Figures 9 to 

16. 

(2) Thermodynamic parameters detennination 

The melting c w e s  for the two DNA molecules in water, Figures 9 and 14, are 

characteristic of a single-strand heiix denaturation. The reaction c m  be expressed as: 

CGCTGGCCACCG w CGCTGGCCACCG 

CGGTGGCCACCGoCGGTGGCCACCG 

(coil) (single-strand helix) 



The melting cuves for the 'mismatched' DNA in the four buffers, Figures 10 to 13, 

exhibit the feanues for the transition from hairpin to random coil. Denaturation of a hair- 

pin structure involves the breakage of the hydrogen bonds on the hairpin stem and the 

unstacking of bases in each s-d to form a random coil. This can be written as 

CGCTGGCCACCG r. CGCTGGCCACCG 

(coii) @airpin) 

For simpiicity, it was assumed that the thermal denaturing of DNA oligomea was 

a two-state equilibrium, Le. the reaction took place in one step. Each temperature point 

represented equilibrium between duplexes and random coils or between hairpins and ran- 

dom coils. At O°C, the oligomer was assumed to be entirely in duplex or hairpin confor- 

mation; at 100°C, it was assumed to be random coils. Both "single-strand helix" to coil 

and haiipin to coi1 transitions are intramolecular ht-order reactions with an equilibrium 

constant K given by 

where f is the hairpin or single-strand helix fraction. 

The themodynamic parameters which characterize the reaction are Tm, the tem- 

peranire where f = 0.5 (K = 1); AH, the enthalpy change of the reaction; AS, the entropy 

change of the reaction. These parameters an obtained from a van't Hoff plot. A van? Hoff 

plot is consmicted by taking the logarithm of the equïlibrium constant at each point and 

1 plotting it against the inverse of the temperature, i.e. 1nK vs. - A least-squares line is cal- T' 



culated to fit the experimental points. The values of AH and AS are related to the dope and 

intercept of the plot according to 

AH 
dope = - AS 

R 
and intercept = - 

R 

At Tm the free energy AG equals O, Le. AG = AH - T,dS = O. Thetefore. the melting point 

Tm is given by 

The melting curve of self-complementary DNA in buffer, Figure L5, manifests the 

typical transition from duplex to random coil. This reaction is an intermoIecular second- 

order reaction which can be expressed as 

2(CGGTGGCCACCG) t, (CGGTGGCCACCG)2 

(single strand) (double strand) 

The equilibrium constant, K, is given by 

where c is the total strand concentration and f is the fraction of strands in the double helix 

state. 

The experimentai data were processed by Mathcad 6.0'~. The data processing 

details are presented in Appendix A. The W rnelting curves and the corresponding van't 

Hoff plots for 'mismatched' DNA are shown in Figures 9 to 13, and for self-complemen- 

tary DNA are s h o w  in Figures 14 and 15. Figure 16 plots dl the melting curves on one 

graph. The thermodynamic parameters are tabulated in Table 3. 



Temperature (OC) 

Figure 9. (a) Melting curve of 'rnismatched' DNA in water. 



Figure 9. (b) van't Hoff plot of the thermal denaturation of 'mismatched' DNA in water. 





Figure 10. (b) van? Hoff plot of the thermal d e n a w o n  of 'mismatchcd' DNA in M m 2  
and NaCac solution. 



Figure 11. (a) Melting curve of 'mismatched' DNA in MgCl*, NaCac, and spermine solu- 
tion. 



Figure 11. (b) van? Hoff plot of the thermal denaturation of 'rnismatched' DNA in MgCI2, 
NaCac, and spemine solution. 



Temperature CC) 

Figure 12. (a) Meltmg cuve of 'mismafched' DNA in MgCl> NaCac, and MPD solution. 



Figure 12. (b) van't Hoff plot of the thermal denaturation of 'mismatched' DNA in 
MgC12, NaCac, and MPD solution. 



Figure 13. (a) Melting c w e  of 'mismatched' DNA in MgQ, NaCac, spemine, and 
MPD soi ut ion^ 



Figure 13. (b) van? Hoff plot of the thermal denaturation of 'mismatched' DNA in 
M a ,  NaCac, spermine, and MPD solution; 



Temperature ( O C )  

Figure 14. (a) Melting curve of seif'mplementary DNA in water. 



Figure 14. (6) van't Hoff plot of the thermal denaturaüon of self-complementary DNA in 
water. 
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Temperature ( O C )  

Figure 15. (a) Melting m e  of seif-complementaq DNA in MgC12, NaCac, v n n i n e ,  
and MPD solution. 



Figure 15. (b) van? Hoff plot of the thermal denatumion of seIfamplementary DNA in 
Mm2, Na-, spennine, and MPD solution. 



Figure 16. Melting c m e s  of 'mismatcbed' DNA dodecamer in solutions: (1) &O; (2) 
MgCl? and NaCac solution; (3) Mm2,  NaCac, and spermine solution; (4) MgCl?, NaCac, 
and MPD solution; (5) MgC12, NaCac, spemitle7 and MPD solution. Melting c w e s  for 
self-complementary DNA dodecamer in solutions; (6) H20; (7) MgCI2, NaCac, spennine, 
and MPD solution. 



Table 3: Thermodynamic parameters for d(CGCTGGCCACCG) and 

d(CGGTGGCCACCG) denaturations in dinerent sotutions 

Solution 
Tm 

(OC) 

1 (4) MgCIZ, NaCac, MPD 1 1 25 1 80 

d(CGCTGG 

-ccAccG) 

1 (5) MgC12, NaCac, spennine, MPD 1 44.9 1 28 1 88 

AH 

(kcd moi") 

The foilowing observations may be made from Figure 16 and Table 3: 

( 2 )  Curve 1 and curve 6 are melting curves for the 'mismatched' and self-comple- 

mentary DNA in water. respectively. It can be seen that the melting temperatures are low, 

'melting' ranges are quite broad. and enthalpy changes are very small. The results indicate 

that the DNA molecuies in water are unstable and flexible (indicated by the gradua1 con- 

formationai changes in a wide temperature range). 

(2) Curve 2, which is the melting curve of 'mismatched' DNA in MgC12 and 

AS 

(cal mo~' K-'1 

(1) Hz0 
1 

(2) M g 2 ,  NaCac 

NaCac solution, suggests that adding counter ions (M& and buffer (NaCac) can stabi- 

lize DNA as exhibited by the narrower melting range and higher enthaipy change. If sper- 

mine (only 1 mM) is added into the solution, a significant increase in Tm by 8.2 degrees is 

observed as shown in curve 3. 

(3) Curve 4 reveals that the melting range is broadened and the melting tempera- 

- 
39.7 

17 

23 

54 

73 



Nre is lowered drastically by adding onIy 2% MPD into the MgCl*, NaCac. 'mismatched' 

DNA solution. Such a small amwnt of MPD almost offsets the stabilizing effect of MgCi2 

and NaCac and the mlting c w e  is similar to curve 1 which is for 'mismaîched' DNA in 

water. This undcrmining effkct of MPD is confirmed by curve 5 which corresponds to 

'mismatched' DNA in the M g q ,  NaCac, spermine. and MPD solution in which MPD 

decreases the Tm by 3 de- compared with curve 3. 

(4) Curve 7 is the melting curve for self-complementary DNA in M g q ,  NaCac, 

spermine, and MPD solution. Curve 7 is a typical DNA double strand melting curve in 

that it shows a sharp increase in absorbante in a very narrow range. a high hypochromic 

effect, a much higher enthalpy change as well as a much higher melting point than its 

'mismatched' counterpan 



2.3 Cimular Dichroism Study 

23.1 intniduction 

While a W study can only indicate an extensive stacking interaction between the 

bases in the hek ,  a circular dichcoism (CD) study is able to pcovide more details on DNA 

conformations. Nearly dl molecules synthesized by üving organisms are opticaliy active. 

The optical activity arises from the presenœ of chiral stmctures. A chiraI structure is a 

structure that is not superimposable on its mirror image. DNA molecules anz chiral maidy 

due to the helicity. Chiral sûuctures can be distinguished and charackrized by plane polar- 

ized light (PPL). Plane polarized light can be viewed as the superposition of right c h u -  

lady polarized light (RCPL) and Ieft cUcuiarly polarized light beams (LAPL). A medium 

with a chiral molede  interacts differently with the left and right circuiarly polarized light. 

After the PPL passes through the sample, each component remab  polarized, but the 

radius of the RCPL circle is different from that of the LCPL circle. This phenornenon is 

called circular dichroism When these two opposite cucularly polarized Light waves are 

combinai, the result will be an eiiiptically polarized light. If the right circularly polarized 

light is absorbed more stmngiy than the left circularly polarized light, the spectnim shows 

a negative band; if the left circuiarly rotateci iight is absorbed more strongly than right cir- 

cularly rotated Light, the spectrum shows a positive band 

CD data are usually expressed in eIlipticity (8) values: 

Q (degrees) = 2.303 (AL - AR) 18+/ 4% = 3298(eLlC - E&) = 32.98WC 

when 8 is the ellipticity in degrees, A is the absorbaace, E is the extinction coefficient in 

units of M-' cm-', 1 is the cell length in cm, C the is the optically active rnolecule concen- 

tration in M- 



Molar eilipticity is defined as [8] = 1008 1 K. and therefore 

[e] = 3298(~t  - E ~ )  

Circular dichroism is an appropriate method for investigating coaformational dif- 

ferences of Merent forms of nucleic acids in solutions. It is extremely sensitive even to 

s m d  changes in relative orientation of the neighboring bases in a polynucleotide. In gen- 

eral, the magnitude of the molar eliipticity [û] reflects the degree of the helicity, or the 

extent of base stacking; the better the bases stacked, the higher the eilipticity. The differ- 

ences between the low and high temperature circular dichroism spectra are due to the con- 

formational changes originating mainiy fiom (0 the breakage of hydrogen bonds between 

the Watson-Crick base-pairs, (ii) the unstacking of the single strands with temperature, 

67.73 and (iiz') the unstacking of the Loop residues . 

2.3.2 Experimental 

Materials 

Two dodecamers, 'mismatched' and self-complernentary, were studied by CD 

experirnents. Four buffers were prepared: 

( 1) MgC12(1 6 mM), and NaCac (25 mM), pH 6.9 

(2) MgCI2(16 mM), NaCac (25 mM), and spennine (1 -0 mM), pH 6.9 

(3) MgC12(16 mM). NaCac (25 mM). and MPD (2%). pH 6.9 

(4) MgCI2(1 6 mM), NaCac (25 mM), spennine (1 .O mM), and MPD (2%), pH 6.9 

An experimental solution for CD was prepared by diluting 6.0 pL of 1 .O mM DNA (dou- 

ble-stranded) into 114 p.L, of each above bufier. 



Method: 

The CD experiments were perfomed on a Jasco J500A spectropolarimeter. Sam- 

ple temperatures were controlled by a thermostated ceil holder which was connected to a 

HAAKE G water bath and HAAKE Dl pump. The scan range was 220 nm - 300 nrn and 

the chart speed was 2 cm minmin'. The wavelength expansion was 5 nm cm-', and therefore 

the scan speed was 2 x 5 = 10 nm min-'. 

The corresponding buffer scan (Le. blank) was perfonmd at the room temperature 

before each DNA sample run and was rescanned at the room temperature after ail the 

DNA spectra from the same sample had been collected. The sample was incubated at each 

experimental temperature for ten minutes before collecting spectntm to ensure that the 

DNA solution temperature had themally equilibrated. The temperature reading on the 

thermometer in the water bath was recorded as the temperature of the solution. Ai1 the 

expenments were started at room temperature. The CD spectra were measured at six tem- 

peratures spanning from room temperature to 70°C. 

2.3.3 ResuIts: 

AU the blank scans of buffen showed that they were transparent fiom 220 nm to 

300 nm (data not shown). The blank scan of the buffer was subtracted from every CD 

spectrum. The recorded experimental data were voltage readings. Every voltage value was 

converted into ellipticity 8 (in millidegrees) by multiplyiag a factor 41.24 (conversion 

factor obtained by calibration) and multiplying the sensitivity of the equipment for that 

specific scan. Molar ellipticity [e] was calculated by [QI = - "" and al1 the spectra 
IC 

were plotted as 181 vs. k. Al1 the voltage-wavelength data from the experiments were pro- 



cessed by Mathcad 6.0~~ (see Appendix B for details). The spectra for the 'mismatched' 

DNA are shown in Figures 17 to 20 and the spectra for the self-complementary DNA are 

in Figure 21. 

Figure 17 is the CD spectra of 'mismatched' DNA in MgCl*, NaCac solution. It is 

clear that the molar ellipticity on both negative and positive bands decreases as the solu- 

tion temperature increases, indicating the gradua1 loss in helicity. The generai helicity is 

maintained in the range of 20°C to 37OC. The shape of the spectnim at 41°C is somewhat 

Merent from that at 37OC which irnplies some change occumd in secondary structure. 

The shape of the spectrum at 55OC is quite dinerent fimm that at 370C as almost all mole- 

cules are single stranded at 5S°C and therefore the spectnim is for the single strands. Fur- 

ther inaeasing the temperature to 70°C results in a decrease in ellipticity for the negative 

band. 

Figure 18 shows the effect of spennine on DNA ellipticity. It can be seen bat Fig- 

ure 18 is quite similar to Figure 17 except that the large change in ellipticity occurs at 

higher temperature, between 4I0C to 5S°C. 

Figure 19 shows the effect of adding MPD on eilipticity. The remarkable change in 

ellipticity in a wide tempefahue range refers to the significant conformation change of 

DNA in the same range. The elliptical intensity changes are large for the negative band but 

small for the positive band. For the negative band, the eliipticity decreases consistently as 

the temperature increases except for the abnofmality seen at 37OC. However, for the posi- 

tive band, the ellipticity incnasa as the temperature incnascs h m  23OC, ceaches a max- 

imum at 3PC and then decreases to a minimum ai 4i°C and then increases again. It 

should be wted that at 70°C the ellipticity for the positive band is high, but very low for 



the negative band. 

Figure 20 is the CD spectra of '~matched' DNA in MgC12. NaCac, spemiine, 

and MPD solution. Both spermine and MPD effects on DNA stabilization are revealed in 

this figure. Compared with Figure 18. spermine dirninishes the signifiant ellipticd 

decrease for the negative band especiaiiy before the DNA is melted (melting point 

44.7'C). However, the positive band still shows the same trend as shown in Figure 19. 

This experiment was repeated five times with the same or independently prepared samples 

(data not shown) and consistent results were obtained, as iiiustrated in Figure 20. 

Figure 21 is the spectra of self-complementary DNA in MgC12, NaCac. spemùne, 

and MPD solution. The result is fairly straightforward. Only very smali ellipticai changes 

are observed which are consistent with the UV experiment (melting point 72.7OC) in that 

the DNA molecule remains in its intact double-stranded heIical conformation in the over- 

d l  experimental temperature range. 



Wavelength (nm) 

Figure 17. CD spectra as a function of temperature for 'mismatcbed' DNA in MgClz and 
NaCac solution. 



Figure 18. CD spectra as a function of temperattue for 'mismatched' DNA in MgC12, 
N a m ,  and spennine solution. 
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Figure 19. CD spectra as a function of temperature for 'mismatched' DNA in MgCl*, 
NaCac, and MPD solution. 
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Figure 20. CD spectra as a function of temperature for 'mismatched' DNA in MgCI2, 
N a m ,  specmine, and MPD solution. 



Figure 21. CD spectra as a hction of temperature for selfcomplementary DNA in 
MgCl*, NaCac, spermine, and MPD solution. 



2.4 Gel Eleetrophoresis Shidy 

2.4.1 Introduction 

Macromolecules with dinerent charge densities and conformations genedy  have 

different mobilities in an electric field Electrophoresis is a technique that rnakes use of the 

charged propeq of macromolecules to analyze or separate the molecules. The most popu- 

lar type of electrophoresis is gel electrophoresis. The gel is a three-dimensional network 

of  the constituent polymers formed when the gelation takes place. It exists as random dis- 

tributions of solid material and open spaces, or pores and can be thought of as a sieve that 

retards large molecules relative to s m d  molecules. DiEerent extents of polymerization of 

the gel correspond to different resistances to mobility. The resistance also varies with the 

size and shape of the rnacromolecule. In polyacrylamide gel electrophoresis (PAGE), gels 

are made by the polymerization of acrylamide and N,N7-methylene bisacxylamide. The 

pore size of the gel, which can be made of molecular dimensions, is controiied by the pro- 

portion of polyacrylamide in the gel, ranging fiom 3.5 to 30 percent, depending on the size 

of the fragments of interest. Negatively charged DNA molecules wül move between the 

buffer-filled pores of the gel from the negative to the positive electrode. The ability of 

DNA to squeeze through the small-pore regions of the gel depends on the length and con- 

formations of the molecules. The Longer the DNA molecule, or the bukier if the DNA 

molecules have the same length. the slower the migrating speed. Urea is able to dismpt 

hydrogen bonds and is therefore often added into the gel when it is necessary to maintain 

DNA in single-strmded form. High concentrations (7 - 8 M) of urea are required to disso- 

ciate hydrogen bonds. 

Electrophonsis of DNA is done almost exclusively with continuous-buffet sys- 



tems. Tris-borate electrophonsis b a e r  W E )  is used for DNA polyacrylamide gel elec- 

trophoresis. Formamide, Iürt urea, disrupts hydrogen bonding and is sometims used as a 

denaturant for DNA rno~ecules~~. 

2.4.2 Experimentai 

Each DNA sample for gel electrophoresis was prepared by dissolving 10 pg of 

DNA in 20 pL of 20 mM MgC12 and 25 mM Na- (pH 7.0) buSer. Tùe mixture of a 1: 1 

ratio (moles) of IWO single-stranded hexamem. d(CGGTGG) and d(CCACCG), was care- 

M y  made with total amount of 20 pL and total mas of 10 pg. 

The DNA samples were nui in two Merent gels, a nondenaturing and a denatur- 

ing gel, respectively. The nondenaluring gel ( 8 x 10 x 0.15 cm3) was prepared and mn as 

follows: 

( 2 )  Two stock solutions were prepared: 

5x me times concmtruted) Tris-bomte eIectrophoresis b@er (TBE) 

Tris base 27 g 

bric acid 13.75 g 

Na2EDTA 233 g 

dihite to 500 mL with Hfl 

10% ammonium persulfate ( U S )  

ammonium persulfate 1 g 

H20 10 mL 

(2) Two clean glas plates which were held apart by spacers and sealed with tape 

almg the two sides and bottorn were prepared for pouring the gel. 



(3) 2.9 g acrylamide, 1.0 g N, N'-methylene bisacrylarnide, and 2 mL of 5x TBE 

were diluted to 9 9  mL with H20. This solution was mixed with 1 0  pL 10% 

APS and 30 pl., TEMED (N, N, N', N' tetramethylethylene diamide). The 

mixture was poured imrnediately into the space between the glass plates. An 

appropnate comb was inserted and the gel was allowed to polymerize at 

room temperature for two hours. The comb was removed and the gel together 

with the glass plates were attached to the elechophoresis tank 

(4) 200 mL 5x TBE was diluted with 800 mL H20 and was used to fil1 the reser- 

voir of the tank. The air bubbles trapped in the weiis were removed with a 

pasteur pipet. The DNA samples and dyes were loaded using a plastic 

micropipet. The sarnples Ioaded were as foliows*: 

lane 3 40 pL 0.05% bromophenol blue (fast blue) and 0.05% xylene 

cyan01 (slow blue). 

Iane 5 20 pL 1 : 1 mixture (moles) of d(CGGTGG) and d(CCACCG) 

+ 20 p L  40% sucrose 

lane 6 20 pL 'mismatched' dodecamer d(CGCTGGCCACCG) 

+ 20 pi, 40% sucrose 

lane 7 20 pL self-complementary dodecarner d(CGGTGGCCACCG) 

+ 20 pL 40% sucrose 

(2) The electrophoresis was perlormed at room temperature and run at a voltage 

of 100 At the end of the mn, the plates were detached fkom the tank and 

* Lanes 1,2, and 4 were not used. 



the two g l a s  plates were removed A photograph of the gel was taken under 

W Iight (Figure 22(0)). 

The denattuîng gel (20 x 35 x O. 15 cm3) was prepared and run as follows: 

(1) and (2) are the same as the above. 

(3) 19.0 g acrylamide, 1.0 g N, N'methylene bisacrylamide, 46 g urea, and 20 

mL of 5x TBE were diluted to 100 mL with &O. This solution was mixed 

with 500 pL 10% A P S  and 150 pL, TEMED. The gel was poured imrnedi- 

ately. 

(4) The DIVA samples were heated to W°C for two minutes and were cooled 

quickly in ice water. 

(5) 200 mL 5x TBE was diiuted with 800 mL H20 and used to €iii the reservoir 

of the tank. The air bubbles trapped in the wells were removed with a pasteur 

pipet The DNA samples and dyes were Ioaded using a plastic micropipet. 

The DNA samples were redissolved in one of the solutions, ( i )  deionized for- 

mamide + 10 m M  EDTA, and (ii) 4û% sucrose. The samples loaded were as 

follows: 

iane I 20 pL 'mismatched' dodecamer d(CGCTGGCCACCG) 

+ 20 pL solution (i) 

lane 2 20 pL  'Lmismatched' dodsamer d(CGCTGGCCACCG) 

+ 20 pL solution (ii) 

lane 3 20 pL 1 : 1 mixture (moles) of d(CGGTGG) and d(CCACCG) 

+ 20 mL solution (3 



Iane 4 20 pi, single-stranded hexamer d(CGGTGG) + 20 pL solution (i) 

Iane 5 20 jL single-strmded hexamer d(CCACCG) + 20 pL solution ( f i  

lane 6 40 pL 0.05% bromophenol blue 

(6) The electrophoresis was perfomed at rwm temperature and run at a voltage 

of 400 At the end of the nui, the plates were detacbed from the tank and 

the OHO glass plates were removed A photograph of the gel was taken under 

U V  light (Figure 22(b)). 

2.4.3 R d t s  

There are two bands in Figure 22(a) lane 5. The fast band is faint while the slow 

band is dark The slow migrating band corresponds to duplexed hexamer d(CGGTGG)/ 

d(CCACCG) which is the main species in the solution. The W melting curve (data not 

shown) indicates that at room temperature, about 25% of the duplexed d(CGGTGG)/ 

d(CCACCG) has melted to single suands. Consequently, it is concluded that the faint 

band corresponds to the slower migratîng species of the two single strands, d(CGGTGG) 

(see the results for Figure 22(b) below). The faster migrating single strand has migrated 

into the bottom buffer and is not visible. 

The band in Figure 22(a) Iane 6 is for the 'rnismatched' DNA. It is clear that the 

migrating speed of this dodecamer is closer to the duplexed hexamer than to the duplexed 

self-complementary dodecame+ (lane 7). If the 'mismatched' DNA were duplexed, it 

should cornigrate with duplexed self-complementary dodecamer. The mobility ciifference 

* From the UV melting curve, it is known that the self-compIementay dodecamer is duplexed at 

room tempemure. 



cannot be explained by the 'misrnatched' DNA k i n g  a single-suand because it has a melt- 

ing cuve and shows its Tm is about 39.7OC. 

The two bands in lane 3 of Figure 22(b) are of almost equai intensities indicating 

that no hexamer duplexes are fomied. By comparing Iane 3 with lanes 4 and 5, it is con- 

cluded that the faster migrating strand is d(CCACCG) while the slower migrating s-d is 

d(CGGTGG). That almost no differeace between lanes 1 and 2 indicates that the 'mis- 

matched' DNA molecules adopt the same conformations under these two conditions. The 

migrating speed of the 'mismatched' DNA is close to that of the slower rnigrating strand 

of the hexamer, d(CGGTGG). A striking result is that and the migration difference 

between the 'mismatched' DNA (iane 1) and the slow strand of the hexamer, 

d(CGGTGG) is less than that observed between the hwo hexamer strands (lane 3). 



Figure 22. Electrophontic mobilities in (a) nondenaturing polyacrylamide gel. 0.05% bromophenol blue (fast blue) and 0.05% 
xylene cyanol (slow blue) (lane 3); 1 9  mixture (moles) of d(CGGTGG) and d(CCACCG) (lane 5) ;  'mismatched' dodecarner 
d(CGCTGGCCACCG) (lane 6); self-complementary dodecamer d(CGGTGGCCACCG) (lane 7), and (b)  denaniring gel. 'mis- 
matched' dodecamer d(CGCTGGCCACCG) + formamide (lane 1 ); 'mismatched' dodecamer d(CGCTGGCCACCG) + sucrose (lane 
2); 1 : 1 mixture (moles) of d(CGGTGG) and d(CCACCG) t fonnamide (lane 3); single-stranded hexamer d(CGGTGG) + formamide 
(lane 4); single-strand hexamer d(CCACCG) + formainide (lane 5); 0.05% brornophenol blue (lane 6). 



2.5 Discussion 

A sttiking ciifference in enthalpies between the 'mismatched' and self-complernen- 

tary DNA in the solution of MgC12, NaCac, spemine, and MPD indicates a large differ- 

ence in theû conformations. AU the CD spectra for these huo molecules show two bands. 

The negative and positive bands are h o s t  centrosymmetric about 256 nm, which means 

the two DNA dodecamers adopt B-type conformationsa0* If the 'mismatched' DNA 

were duplexed. the only difference between such a duplex and the selfcomplementary 

one would be the C-C mismatches at positions 3 and 10. Even if the fewer hydrogen bonds 

and geometry change on neighboring bases are considered, the effects are stiil not signifi- 

cant enough to produce such a large variation in AU. One explanation for the large AH dif- 

ference is that 'mismatched' DNA is hairpinned, while the self-complementary DNA is 

duplexed. 

This explanation is consistent with the results of the gel electrophoresis experi- 

ments. Cornparison of the mobilities of the duplexed self-complementary DNA, the 'mis- 

matched' DNA and the duplexed hexamer clearly suggests that the 'mismatched' DNA is 

hairpimed under the nondenaturing conditions. The length of a hairpinned 'mismatched' 

dodecamer is about half that of a duplexed self-complementary dodecamer and is closer to 

the length of a duplexed hexamer. The slower mobiIity of the hairpin structure compared 

to that of the duplexed hexamer as shown in Figure 22(a) is due to the buüq loop that the 

hairpin structure possesses leadhg to a lower charge density. The migrating difference 

between the 'mismatched' DNA and the slow single strand of the hexamer, d(CGGTGG) 

in Figure 22(b) is also due, mostly, to charge density ciifferences, the former king less 

dense and consequently moving slower. The mobüity difference between the two single 



strands of hexamer can be explained by simila arguments; d(CGGTGG) is bulkier due to 

a high proportion of purine bases than in d(CCACCG). The fact that the migrating differ- 

ence between the 'mismatched' DNA and the single strand d(CGGTGG) is less than that 

observed between the two hexamer single strands in Figure 22(b), suggests that even 

under the denaturing condition. the 'rnismatched' DNA is stiil hairpinned. 

How do individual crystallizing agents affect the 'mismatched' DNA conforma- 

tions in aqueous solutions? Water surmunding DNA interacts strongly with the molecule 

and hydrophobic force is mainly responsible for the stabilization of secondary and tertiary 

structures. The high dielectric constant of water and hydrated countenons dirninish the 

phosphate-phosphate electrostatic repulsion. The bases in DNA can stack on top of each 

other to form a helical structure largely due to hydrophobic forces. The degree of hydra- 

tion of DNA plays an important role in its conformation. If salts or organic solvents are 

added into an aqueous DNA solution, the activity of the water is changed and water mole- 

cules are withdrawn from the outer hydration shell. High relative hurnidity favors B-form 

DNA. Reduced humidity or increased ionic strength leads to a transition from the B-form 

to other f o m ,  such as A- and 2-forms 23* 'O* 'l. A schematic presentation of the CD spec- 

tra for A- and B- fom of DNA is shown in Figure 23. 

DNA double helices are stabüwd u d d y  by base stacking which is a consequence 

of the hydrophobic interactions between the bases. While hydrogen bonds are required for 

the fidelity of replication, they contribute little to the double helix stability2 =. Adding a 

relatively nonpolar alcohol into a DNA solution strengthens hydrogen bonds between the 

complementary bases, while dismpting the hydrophobic effects of the base stac king2. 

Many studies concening the alcohol effects on DNA c o n f o n n a t i ~ n s ~ ~ - ~ ~  have shown that 



Figure 23. Schematic presentation of the CD spectra for the A- and B-fom DNAs. The 
dotted lines are drawn through the absorption maximum. From Ref. 8 1. 

at low alcohol concentrations DNA molecules change conformation due to the corre- 

sponding destruction of the binding water. At high alcohol concentrations, changes in sec- 

ondary structure were observed such as the transition from B-DNA to A-DNA. When the 

alcohol concentrations were very high. the condensation of DNA was observed which 

may not be accompanied by any changes in secondary structure. 

The procedure of DNA 'melting' in water is the unstacking of its component resi- 

dues. A broad 'melting' range is due to the lack of cooperativity in the single-strand helix- 

to-coi1 transition (not an dl-or-none transition). There exist other conformations between 

the helix and coi1 States, i.e. many possible intermediate conformations accompanying the 

denaturation process. The enthaipy change dunng such a denaturation equals the total 

stacking energy. 

Curves 1 and 6 in Figure 16 demonstrate that the DNA mo1ecules in water are sin- 

gle-stranded. The hydrogen bonds between the complementary bases of the two strands no 



longer exist. The adjacent bases on the single strands are partially stacked upon one 

another and the whole molecule is arranged in a helical fashion, which was designated 

"single-strand h e W  by ~~rschkefs and Appleby et a1.f6. The single-strand helix is rela- 

tively stable at low temperature. As the temperature inmeases, the helical chah gradually 

becomes more and more flexible and finally the whole strand becomes a random coi1 

(maximum unstacked state). 

The relatively sharper increase in absorbante, higher hypochromic effect, and a 

melting point around in curve 2 of Figure 16 indicate that addition of MgC12 and 

NaCac into the solution stabilizes the helix and promotes the formation of a double strand. 

M ~ Z +  ions bind to the negatively charged phosphate group in DNA and shield the negative 

charge and thus attenuate the charge repulsion. Many saidies reveal that the increase in 

melting temperature depends on the logarithm of the M~'+ and Na+ ion concentrations. 

MF ions stabilize helicd structures very effectively at concentrations several orders of . 
magnitude lower than the effective concentration of NaC ionsM. In the corresponding CD 

spectra (Figure 17). the empticity change between 37'C and 4I0C implies some change in 

secondary structure, which is consistent with the melting point of 39.7'C. The large differ- 

ence between the CD spectrum at 37OC and at 5S°C c m  be explained by DNA king  

hairpinned at 37OC and while at 5S°C it is single-stranded The decrease in ellipticity from 

55OC to 70°C is due to the unstacking of the single strands. The very weak but nonzero 

ellipticity at 70°C supports the previous result fiom NMR studiesg7* 88 that even at very 

high temperature some base stacking still remains. 

The UV and CD results veriw the significant charge effects of spermine on DNA. 



The steeper melting profile and higher Tm in curve 3 of Figure 16 indicate that a more rigid 

helix is fomed on the introduction of spennine. Spermine has been shown to cause an 

increase in the melting temperature of DNA, which is dependent approximately upon the 

logarithm of the spermine concentration but independent of DNA c~ncentration*~. The 

most likely explanation for this is the effective charge neutrahation of the phosphate 

group by fonnùig a DNA-sperrnine cornplex, which results in an increase in the van der 

Waals' and hydrogen-bonding interaction. The effectiveness even at low spermine con- 

centration signifies the high affinity of spermine for DNA, although there are relatively 

few quantitative measurements of this afinity. It is also possible that spermine might sta- 

bilize DNA by cross-linkage, but the Iack of dependence of DNA concentration on Tm 

makes this less likely. It can be seen fiom the corresponding CD (Figure 18) specmrn that 

the large change in ellipticity occurs at higher temperature between 41°C to 55OC com- 

pared to Figure 17, which is dso consistent with the UV result indicating that DNA melts 

at 47.g°C in this solution. Furthermore. the DNA helices become more rigid and more 

resistant to thermal denaturation as srnailet elliptical changes are noticeable before and 

after the melting temperature. In another words, the denaturation is more cooperative. 

Therefore, the CD experiment provides the same conclusion that spermine stabilizes the 

DNA by increasing its melting point 

MPD is a di-alcohol with a very weak polarity. The W melting curve (Figure 16, 

curve 4) demonstrates that even 2% MPD could strongly destabilize this 'mismatched' 

DNA as shown by the Iower meking temperature and the broad melting range. This is due 

to MPD molecules displacing water molecules and diminishing the hydrophobic force and 

hence, weakening the base stacking. The higher the temperature, the easier the replace- 



ment, and the more flexible the DNA molecules. The cytosine bases in the 'rnismatched' 

region are not able to fonn normai Watson-Crick hydrogen bonds. The distonion induced 

by the C C  mismatch may a e c t  the hydrogen bonding and stacking of the neighboring 

normal Watson-Crick base-pain in the double-smded hairpin stem. Consequently, the 

whole stem is not a rigid double helix. The existence of a C-C mismatch lessens the inter- 

actions between the two strands and the bases may readjust their geometry more easily as 

the temperature inceases. 

The fact that the UV melting curve for the 'rnismatched' DNA in solution with 

MgCl2. NaCac, and MPD (curve 4 in Figure 16) is similar to the curve for DNA in water 

(curve 1 in Figure 16) indicates that the hydrogen bonds between the DNA hairpin stem is 

very weak. The corresponding CD (Figure 19) results can be interpreted to mean that as 

the temperature increases the DNA undergoes a change from B- to an A-type conforma- 

tion in the presence of MPD. The increasing temperature promotes the displacement of 

water. This gradua1 dehydration of DNA molecules is similar in effect to reducing the 

hurnidity by increasing the alcohol concentration. The increase in the positive band and 

decrease in the negative band as the temperature increased in the CD spectra clearly indi- 

cate the transition from B- to A-form. The spectrum at 70°C is quite similar to that of A- 

form DNA (Figure 23). The decrease in the positive band at 41°C and the abnormality in 

the negative band at 37OC are very likely a result of the breakage of the hairpin duplexed 

stem (Tm = 40.4OC). 

Figure 20 is the CD spectra of 'mismatched' DNA in MgCi2, NaCac, spermine, 

and MPD solution. Both the stabilizing effect of spermine and destabilizing effect of MPD 

on DNA are revealed in this figure. Simply stated, the stabilizing effect of spermine is 



revealed by the elliptical change in negative band, whereas, the destabilizing effect of 

MPD is revealed by the efiptical change in positive band The positive band still shows 

the same trend as that the eilipticity increases as the temperature increases below the melt- 

ing point with a sharp decrease during melting and increases again as the temperature is 

M e r  inmased The large change in spectral shape between 41°C and 5S°C is due to the 

transition fiom hairpin to single-strand which is also predictable from the W melting 

point (Tm = 44.g°C). 

Haïrpin conformations have been studied in a number of non-palindrornic oligonu- 

cleotides where duplex formation is very difficulp* 89-92. Detailed structural information 

was obtained in some cases since these hairpins can be formed in large concentration. 

DNA hairpin loops of four to five nucleotides were shown to have higher stability than 

smaller or larger loops. In B-fonn DNA, the minimum phosphate-phosphate distance 

occurs across the minor groove after two to thRe nucleotides are stacked in helical fashion 

on the 5' side of the stem. Thus, ioops of four to five nucleotides in DNA could maximize 

stacking interactions while satiming steric constraints. Bolrnmer er aLg3 have pointed out 

that the hairpin with a four bases loop (L1 - L4) may be stabilized by formation of an extra 

base-pairllig between L1 and LA. This was claimed to be possible in loops consisting of a 

-Pu sequence, but not in a PuL2L3Py sequence as is the case of the 'mismatched' 

DNA. Thus, the most likely structure for this 'mismatched' dodecamer d(CGCTGGC- 

CACCG) is a hairpin consisting of a B-DNA stem of three Watson-Crick base-pain, one 

C-C mispair and a loop formed by the four remaining central bases which are partially 

stacked (Figure 24). 

As three hydrogen bonds are formed between a G-C base-pair while only two 



C-G-C-T G L2 

Figure 24. Possible hairpin structure of the 'mismatched' D 
CACCG). 

INA dodecamer d(CGCfGGC- 

between a A-T base-pair, it is likely that the melting of the hairpin wüi start with the open- 

ing of the A-T base-pair followed by the opening of C-G base-pairs at the end of the stem. 

The question remains, why does the self-complementary DNA favor the duplex to 

the hairpin structure under the same solution conditions? There is no clear answer at this 

point. The UV melting curves of some nucleotides exhibit biphasic behavior in contrast to 

the monophasic melting at low salt concentrations 3s* 68-70, ie .  there are two transitions 

during a whole melting procedure. The transition at the low temperature (transition I) 

which corresponds to duplex to hairpin is sharp, while the transition at high temperature 

(transition II) corresponding to hairpin to coi1 is relatively broad (Figure 25). It can 

The predominant structural h of DNA molecules in solution will depend partly 

on both the DNA and salt concentrations. M e n  the DNA concentration is constant, the 

meking curve shows a biphasic to monophasic transition with increasing salt concentra- 

tions (Figure 25, from curve 2 to 3). For 'mismatched' DNA molecules, such a transition 

happens at a much higher salt concentration than that for self-complementary DNA mole- 

cules. It is possible that the melting curves for the 'rnismatched' DNA are actudly bipha- 



Figure 25. A schematic representation of normalized melting curves as a function of NaCl 
concentrations when the DNA concentration is constant. (1)  0.00 1 M (2) 0.0 1 M (3) 0. L M 
(4) 1 M 

sic as the curve 1 in Figure 25; however, the curves obtained are only the transition II sec- 

tion (transition I is not achievable). Under the same solution condition. the melting behav- 

ior of self-complementary DNA d(CGGTGGCCACCG) is monophasic as depicted by 

curve 3 or 4 in Figure 25 where only two species are availableduplexes at Iow tempera- 

ture and single strands at high temperature. 



2.6 Conclusion 

The CD, UV and gel electrophoresis studies of d(CGCTGGCCACCG) and 

d(CGGTGGCCACCG) were undertaken to elucidate the structure of C-C 'mismatched' 

DNA in crystallizllig solutions. The re&Its suggest that under the conditions of the crys- 

tailizing solutions the 'mismatched' DNA fomis a hairpin structure. possibly, with the first 

and the heast four bases in the stem in B-DNA helical fonn and the central four bases par- 

tially stacked in the loop. Under the same crystaIliPng conditions, the self-complementary 

DNA is duplexed in B-fonn. 



2.7 Suggested Furthet Studies 

Since hairpin crystals are difficult to obtain, efforts should be made on setting up 

crystallizing experiments under conditions in which duplex DNA will be the predominant 

species. From Figure 25, it is known that DNA duplexes can be obtained either by lower- 

ing the experirnentai temperature if the melting is biphasic as seen in c w e s  1 and 2, or 

adjusting the components in the crystabing solution to obtain monophasic melting as 

seen in c w e  3 and 4 where there are only two species, duplexes and single suzuids in 

solution. Inspection of the previous results reveais some important tre~~ds which will favor 

the formation of duplex relative to hairpin: 

(1) High DNA concentration 

Tm1 (melting point of transition I) increases linearly with DNA concentration 

as the DNA concentration is increased, while Td (melting point of transition 

II) is independent of DNA concentration. If the DNA concentration is high 

enough, only the duplex-to-singlestrand transition (curve 3 or 4 in Figure 

25) is observed, 

(2) High salt concentrations 

TmI increases linearly with the logarithm of the cation concentration. This is 

true for both hdg2+ and Na+ ions. M ~ Z +  ions have an effect at concentrations 

of several orders of magnitude lower than the effective concentration of ~ a +  

ions8? However, very high salt concentrations will condense DNA. 

(3) High spermine or spermicike concentrations 

Tm] increases linearly with the logarithrn of the spermine and spemidine 

concentration. Spermine is about ten times effective than spemidine. Still. 



very high polyamine concentrations will cause DNA condensation. 

(4) Low temperature 

Transition 1 occurs at Lower temperature than transition II. Therefore, the 

chance for obtaining duplexes is higher at low temperature. 

Based on the results of the studies above and those Erom the previous reports, it is 

proposed the 'mismatched' DNA dodecamer be crystallized according to the foliowing 

High DNA concentration in the droplet 

Practically it may be in the range From 0.5 m M  to 2.5 rnM. 

High salt concentrations, especiaily when the sequence contains mismatches 

A DNA segment which contains C-C mismatches can form a duplex at pH 

values less than 6.2. Aboul-ela et alP3 have reported that mismatches con- 

taining cytosine destabilize the duplex more than any other mismatches. At 

neutrd pH, a C-C mispair may form only one hydmgen bond. This type of 

rnismatch may significantly distort the phosphate backbone of the duplex. 

The stabiüzation of such distorted backbone would require high salt concen- 

trations (-3ûû mM or greater). 

Relatively high polyamine concentratioas 

The practical concentrations should be tested with care. 

Low MPD concentration due to its destabilizing effect 

Initiai pH of 6.0 to 5.0 

Even though low pH wiil aid in fonming one more hydrogen bond between 



one protonated cytosine and one unprotonated cytosineL2. it is unclear 

whether lowering pH couid induce some detrimental effects on the crystaili- 

zation- 

(6) Low temperattue 

Many DNA crystals can ody be obtained at 4OC because the melting points 

are very low, e-g- the hexamer crystai d(CGGTGG)/d(CCACCG) obtained 

More in this lab. 



Chapter 3 

Self-Complementary DNA Dodecamer 

d(CGGTGGCCACCG): Crystallization 

and Determination of Ceil Parameters 

"The pursuit of a structure is rather like hunting: it requires 

some skiZZy a knowledge of the victim 's habits, and a certain 

mount of ~ o w  cunning. 



3.1 ~ ~ ~ O C ~ O I I  

Thae are numemus physical chernical approaches that yield Information regard- 

ing maaomolecuiar structures. Some of these methods, such as CD, NMR and molecdar 
b 

dynamics. are becoming increasingiy vaiuable in deftning detailed pmtein stmcture. par- 

ticularly for low molecuiar mass proteins. However, few techniques offer more basic 

structurai information about biological macromolecuies than the x-ray single clystai dif- 

fraction analysis method which provides a detaiIed and pRgse description of the sûuc- 

iures of macmmolecdes. X-ray diffraction analysis is unique in its ability to determine 

atomic positions in a crystal lattice and h e m  define molecular coofomation which 

enables one to expiain biological processes at molecular level. The insights deriveci from 

the x-ray studies have had a profound impact on the advances in molecular biology. 

The crystallographic results of DNA parallel those obtained in solution and from 

fibers, but the higber resolution of crystallography shows an impressive conformational 

diversity at the level of individual nucleotide uni& within A-, B-, and Z-form DNA fami- 

lies. The coaformations obsemed in crystals result from interactions both within the 

duplex and between duplexes and other p i e s  in the extended crystal structure. 

Cornputers of extraordinary speed and capacity as well as advanced cornputer 

graphic systems are common tools in crystailographic snidies. The question is then. what 

prevents the full utilization and exploitation of this enocxnously powerful approach? The 

answer is that for application of the method to a particular mammolecule, the molecule 

must first be crystallized. Not only must crystais be grown, but they must be diffraction- 

quality crystals, i-e. crystals suitable for a high-resolution x-ray ciiffiaction analysis. 



3.1.1 Fundamentab of X-tay Diffraction Anaiysis 

.The fundamental principles of x-ray diffraction are well established X-rays are 

electrornagnetic radiation of short wavelength (0.1 - 100 A) and are generated by the sud- 

den deceleration of high speed electrons at a target matenal. X-rays in the wavelength 

range 0.5 - 2.5 A are used in crystallographic study because the distance between adjacent 

atoms in crystallioe solids are on the same scale. X-rays impioging on crystalline solids 

will give rise to observable difhaction patterns as the x-rays are scattered coherently from 

the electrons of the constituent atoms of the solid substances. 

A crystai is a substance with a veiy high degree of intemal order in three dimen- 

sions. Atoms, molecules, ions. or a complex assembly of molecules of which a crystal is 

composed are arranged in a regular way such that it may be regarded as being built up by 

continuing threedmensional translational repetition of some basic structural pattern. If 

the detailed structure of the comprising objects is ignored. each repeated unit can be sim- 

ply represented by a point, called a lattice point. AU lanice points have the same environ- 

ment and each is indistinguishable from any other. A crystal lattice is an infinite set of 

lattice points that may be generated from a single starting point by infinite repetition of a 

set of fundamentai translations that characterize the lattice (Figure 26(a)). A unit ce11 is 

the basic parallelepiped repeating unit in a crystal. It contains a cornplete representation of 

the contents of the repeating unit of the crystal and is always chosen as the ensemble of 

lattice points comprising the srnailest box with the highest symmetry. Thus. any crystal 

may be regarded as king built up of regularly stacked unit cells in t h e  dimensions (Fig- 

ure 26(&)). As each unit cell has identical contents, the structure determination of a crystal 

is reduced to the determination of the spatial arrangement of atoms within a single unit 



cell. If the unit ce11 has some intemal symrnetry, i.e. only a portion of it is unique, the work 

is furttier reduced to the determination of this unique portion cdied an asymmetric unit. 

The parameters that define a unit ceU are axial lengths a, b, c, and interaxial angles a, P, y. 

Once the crystallographic axes are chosen, the set of planes that have intercepts ah, bk,  d 

1. where h. k, 1 are integers, dong the x. y. z axes respectively, can be expressed in Miller 

indices as (Idcl) (Figure 26(c)). 

In addition to the crystal lanice in reai space, there is a second, related to the first, 

called the reciprocal lattice. The reciprocal lattice is constructed from the same origin as 

the real lattice by t a h g  nomals to al l  possible direct lattice planes (hkl) and temünating 

each normal at a point at a distance I/dW, where dhkl is the perpendicular distance 

between planes of the set (hkl). The set of points so determined constitutes the reciprocal 

lanice (Figure 27). The larger a real celi is, the smaller its reciprocal ce11 will be. There- 

fore, large molecules, like IINA, have correspondingly smdl reciprocal cells. An x-ray 

diffraction pattern recorded by photogmphs visuaiizes the general geometry and symrne- 

try of the reciprocal lanice. 

The interaction of x-rays with a crystal is a complex process. Although strictly 

speaking it is a combined scattering and iuterference effect, this process is often described 

as a diffraction phenornenon. Bragg's treatment gives a clear and accurate picture of a dif- 

fiaction patten, even though it is an oversimplification of the complete process. Bragg's 

law States that an x-ray beam incident on a pair of parallel planes with interplanar spacing 

d at an angle 0 will show maximal constructive interference if the path difference 

6 = Zdsinû is equal to an integral number of wavelengths, Le. when 2dsinB = n h is 



(2, 1.2) or (2, i, z) planes 

Figure 26. (a). Three-dimensional lattice, showing unit cell (heavy line). From Ref. 95. (6)  
Unit-ce11 nomenclature. The reference axes x. y, z are right-handed. The length of the unit- 
ce11 edge paralle1 to each reference axis is respectively a, b, c, and the interaxial angles are 
denoted a, P, y. From Ref. 96. (c) The planes corresponding to Miller indices (2,1,2) are a 
series of lattice planes which cut the unit ce11 h times dong a, k times dong b, and 1 tirnes 
dong c.  



satisfied (Figure 28). EBragg's law is considered in the fom of sine = -(A), it ir seen 
2 d 

that sinû is inversely proportional to d- Since 0 is half the angular deviation of the dif- 

fracted beam from the direct bearn, the structures with large d will exhibit cornpressed dif- 

fraction patterns, which is just the case of macromolecules. 

Figure 27. Direct and reciprocal lattkes: (a) monoclinic P, as seen in projection dong b, 
showing three families of planes. (b) corresponding reciprocal lattice. From Ref. 97. 

Figure 28. Detailed geornetry of x-ray refiection. The path difference between the two typ- 
i d  rays reflected from successive planes is (QAî + A2R). and is equal to 2d sine. From 
Ref. 97. 



The scattering power of a givm atom from a given retiection is known as its scat- 

tering factor When an incident x-ray impinges on the atoms in a Mit  ceIl, ai l  the 

scattered wavelets will add together and interfere with one another. and thus the total scat- 

tenng from an object is sensitive to its internai structure. The structure factor F(W) 

= IF(hkI) 1 exp (icp) expresses the combined scattering of all the atomsin a unit ceil com- 

pared to that of a sui& electron. Since only the intentity of scattering which is propor- 

tionai to the sqan of the structure factor, I(hk1) a IF(hkl) 1 2 ,  can be measured. the 

phase cp which is nquirrd for structure determination is lost in x-ray experiments. This is 

the phase problem. 

There are two dinerent problems involved in the collection of diffraction data The 

fiat is to locate the position of various re0ections. h m  which the size, shape and symme- 

try of the nxiprocal and therefore the reai lattices may be calculateci. The second is the 

determination of the intensity at every point in the reciprocal lattice. Le. to every reflecting 

plane in the real lattice. The intensity is ultimately related to the distribution of electron 

density in the unit c d .  i-e. the molecular structure. 

Bragg's law States that each value of 20 at which a diffraction maximum is 

observed is a fiaction only of the ce11 dimensions and the wavelength of the x-rays. Thus, 

the unit cell dimensions c m  be determined from the 20 angles with the aid of a four-circle 

diffractometer (Figure 29). In a diffractometer, the crystai is centered in the incident beam, 

and the detector can move in a plane paralle1 to the instrument base (iefemd to as the 

equatorial plane) which contains the crystai and the incident and diffiacted x-ray beams. 

The value of 20 may be then measured fiom the position of the incident beam and the 

position of the maximum of the diffracted beam. Crystals can be rotated about three axes 



( x ,  9, and a) independently, and a fourth angle 28 which is concentric with o. 

Figure 29. Diffractometry. From Ref. 98. 

The ciystais to be measured on a diffractometer are selected under a microscope 

because the crystd quality is critical to the success of a data collection. Nonnally, the 

extemal forms of crystals manifest their intemal integrïty. Therefore the crystals with reg- 

ular faces, sharp edges and shiny surfaces are favored. Furthemore, crystals must extin- 

guish polarized Iight properly. 

Once a crystai has k e n  chosen, it is mounted in a sealed capillary. An obvious dif- 

ference between macromolecule crystals and small molecule crystals is the high solvent 

content in the former. Maintaining the solvent content during data collection is very 



important- Dehydrated crystals will not dEract properly, and in sorne cases not at dl. 

Therefore. macromolecule crystals used in diffraction experiments arr usudy mounted in 

sealed capillaries containing a drop of mother liquor from which the crystals were grown. 

Because DNA crystals contain a lot of solvent, they are very fiagile and must be handled 

38,99 with extreme care . 

A poIaroid photograph of the Waction pattern taken after centering the crystal 

records the positions of some strong reflections as white spots. Most reflections of macro- 

molecular crystals detectable on photographs have small28 angles, Le. the diffraction pat- 

tern is concentrated around the ceater of the photograph. Once the coordinates of the 

reflection spots are available. the ceil parameters can be deterrnined by the index routine 

of the dihctorneter control software'00. An alternative for obtaining initial reflections is 

the search routine. The search routine Iocates and centea the reaections by a search of 

reciprocal lattice. Before starting data collection, a better ce11 based on high angle reff ec- 

tions is essential because high angle ceil parameters have smaller standard devjations and 

therefore are more precise. 

The Laue routine is genedly perfomed after obtaining the high angle ce11 to 

ensure that the crystal system which is the basis for the foliowing data collection is cor- 

rect. This routine is designed for checking the intensity symmetry in the reciprocal lattice. 

The check is carried out by generating the indices of potentialiy equivalent reflections, 

measuring the comsponding intensities, and statisticaliy evaluating the goodness of fit. 

Values of the four corresponding angles (x, $, a, 28) for al1 possible reflections 

can be calcuiated based on the best unit cell. The angles for a particular reflection are set 

by a cornputer, the intensity of the reflection is measured with the detector and recorded, 



together with the rneasurements of the background intensity near the ieflection. A whole 

data set collection is nomaliy processed by advancing incremntaiiy through the Miller 

indices. In this way a systematic scan of ail desired refiectioas is done completely and 

automatically. 

The intensity data coilected are ody the raw intensities. Tii m s t  cases they repre- 

sent ail the information that will be obtained from p h y s i d  measurements on the crystal, 

and the subsequent solution of the structure wiii depend on the slDllful extraction of the 

information contained within the intensities. The procedure for converthg the measured 

intensity data to a fom suitable for fiirther caicdation is called data reduction. 

3.12 Macromolecdar Crystallography 

The d y s i s  of any crystal by x-cay diffraction requires every unit cell be identi- 

cal. Any reduction in the extent of order WU remit in a decrease of information in the dif- 

fraction pattern. Macromolecule crystals are strikingly different from small molecule 

crystals although they are optically indistinguishable. Macromolecule crystals suffer many 

sources of statistical disorder in addition to their weak reflection magnitude. Disorder may 

aise From different sources. ( i )  Some molecules may occupy positions that vaiy slightly 

from lattice points. The displacement is enhanced by the relatively large spaces between 

the adjacent molecules. (io The number of bonds in a macromolecule are much greater 

than a conventional smali molecule. Since it is intermolecular as well as intramolecular 

interactions (salt, hydrogen, hydrophobic. etc.) that maintain the integrity of the crystal, 

the enormous conformational possibilities are responsible in large part for the difference 

in ordered properties between small and macromolecule crystals. (iiii) Macromolecule 

crystals normally contain a very high solvent content, from twenty to seventy percent by 



volume. The solvent usually occupies large channels in the crystals. Generally, those sol- 

vent molecules weaken the intermolecular interactions and exert a destabilizing influence 

on the crystal lattice. By cornparison with smaii molecule crystals, rnacn>molecules are 

very soft, cmsh easily, disintegrate if ailowed to dehydrate, and c i i fk t  x-rays poorly. 

Conventionai diffraction rneasuternents encounter extreme challenges to techno- 

Iogical limits when they are applied to macromolecuiar crystals. A more powerful x-ray 

beam is required for macromoIecule diffraction because of the weak intensity of refiec- 

tion. Furthemore, a longer data coLIectbg period, typicaily from a couple of days to even 

a week, is essential because there are as many as severai tens of thousands of reflections to 

be collected Thus, macromolecular crystais undergo serious damage due to prolonged 

exposure to x-ray radiation. Usually a number of crystals are needed to complete a struc- 

tural analysis and the levels of detail are no pa te r  than 1.5 A and frequently no betier 

than 2.0 A re~olution'~'. 

Crystallographic structure determination of a macromolecule entails a sequence of 

experimentai and analytical operations. The route to solution of a macromolecular crystai 

structure is: ( i )  crystallization of the macromolecule; (ii) x-ray diffraction data collection; 

(iii) phase evaluation; (b) synthesis of an electron density map; (v) establishment of an 

atomic model; (vz] refinernent of the model to an optimal match with the obser~ations'~~. 



3.2 CrystPUization 

3.2.1 Initiai ltials 

The most critical step in detennining a structure is acquiring diffraction-quaiity 

crystals. A great deal of labor, patience and ingenuity are essential to carry out a system- 

atic search of crystaiüzation conditions, and at lest  a little luck. Both the size of the crys- 

ta1 and the regularity of the molecular packing are essential to the success of aaalyçis. 

Obtaining diffraction-quaiïty crystais usually proceeds in two steps. The first is the 

screening of the crystaiiization conditions to obtain the initial crystals; the second is the 

optimization of these conditions to improve crystal size and quality. The discovery of ini- 

tial crystals can be obtained h m  an incomplete factorial method (see Chapter 2) and grid 

screening. An incomplete factorial method was fint eied in the crystallization experi- 

ments of the self-complementary DNA d(CGGTGGCCACCG). The pH was kept at 6.9 

and therefore was not considered as a factor in ma& design. The factors involved were 

DNA, Mg% spermine, and MPD concentrations. The experimentd matrix is shown on 

Table 4. 

Some practical considerations when setting up the self-complementary dodecamer 

were: 

(1) [DNA] = 0.1 - 1 .O mM (double stranded concentration) in the droplet. 

(2) [Nlg27 / PNA] = 0.5 - 32 

(3) [spennine] / [DNA] = 1 - 6 

(4) [NaCacl = 10 - 40 mM (it has been observed that changing the [NaCacl in this 

range does not make a noticeable ciifference in crystallization.) 

(5) pH = 6.9 



Tabk 4: Incomplete factoriai mdkd eqmhœatai ma* for the d- 
compkmntary DNA d(CGGTGGCCACCG) ergsEsDlPtion semm 

Figure 30 is a schematic phase diagram for a mrromolecule showing its solubility 

as a function of  precipitating agent concentration. The most important region on the dia- 

gram is the supersaturateci region which supports the formation of stable nuclei as well as 

the crystal growth. The metastable region supports the crystal growth, but not the forma- 

tion of stable nuclei. Diffraction-quality crystals can ody grow from these two regions. In 

the labile region, the probability of both nuclei formation and the speed of growth are 
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Figure 30. A phase diagram of a macromolecule describing its solubiiity as a function of 
precipitating agent concentration. 

Usually, precipitate appeared in some droplets within a &y or so after the droplets 

were setup. Based on the knowledge of the phase diagram, it was deduced that the droplets 

were at the far side of the labile region. Showers of microcrystals may have resulted From 

this condition due to the high growhg speed. However, if a lot of precipitate was present, 

the concentration of macromolecule was d e c d  to halfof the original tnal amount, not 

only to Save sample, but atso to bring the droplets closer to the supersaturated region. 

Decreasing the precipitating agent concentration also worked well. 



3.2.2 Optimization of Crystalüzirig Conditions 

Grid screenrirg 

If the crystals obtained are not Iarge enough for x-ray diffraction analysis, the first 

option to consider is varying the MPD concentration andhor the DNA concentration in the 

droplet to shift the droplet nom the labile region to the nipersaturated region as suggested 

by the phase diagram. A more re6ned screen can then be set up and searched in the neigh- 

borhood of the initial promising condition. a process referred to as grid screening. The ini- 

tial stage is to design a screen bracketing the reagent conditions which produced the 

crystals (Figure 3 1). In the ciystallizing expriment5 of the self-complementary 

dodecamer, no crystals appeared from the droplets set up according to the incomplete fac- 

tonal design. However, grid screening was perforxned on some of the promising condi- 

tions and microcrystals appeared after one week by only increasing the MPD 

concentration from 10% to 22%. 

Some 'crystalline' particles were first observed as shown in Figure 32(a) (Table 5, 

condition a). The shape of the particles was imgular and no sharp extemal edges were 

observed. The crystaIs did not extinguish under the polarized light. The crystalline mate- 

rial actuaily was at best composed of imgularly packed short-ordered DNA aggregates. 

They are known as sphenùites. The presence of such aggregates indicated that it may be 

possible to grow larger crystais by adjusting the crystaiiizing conditions. 

The first avaiiable crystai which extinguished polarized light properly was from 

the droplet using PEG400 as the precipitating agent (Table 5. condition b and Figure 

32(b)). However, it was clear that the quality of the crystal was not good simply judged by 

the extemai irregular surfaces. 



repeat until optima conditions achieved 

? 
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Figure 31. Schematic for successive namwing of optimal conditions for crystailization. 



A second b d  of crystal was obtained fiom the droplet with MPD as the precipi- 

tating agent (Table 5, condition c and Figure 32(c)). Unforhmateiy, this condition was not 

reproducible, probably because the condition was close to the of boundacy of the metasta- 

ble region. The difficulty in nuclei formation was where the problem exîsted, but once 

nuclei were formed they could grow steadily. 

The protocol leading to the first difftactioaquality crystal was modified from the 

24-condition matrix for the crystallization of nucleic acid fragments reported by Berger et 

aL4'. The first 18 out of 24 conditions were tried on the dodecamer and no crystals 

appeared in the first two and a half months. The diffractionquality crystals were obtained 

by adjusting the crystallizing factors based on al1 those 18 conditions. Dunng the optimi- 

zation of the crystallization conditions, it was found that BaCI2 worked as well as MgCl*, 

and so it was the case with KCI and NaCl (at l e s t  the crystals were indistinguishable 

under the microscope). 

Initially, attention was focused on optimiung the DNA and MPD concentrations as 

suggested by the phase diagram. If the DNA concentration alone was increased from O- 17 

mM to 1.67 mM, a lot of srnall but very good quality crystals appeared in a day due to the 

fast nucleation and growing speed (Table 5, condition d and Figure 32(d)) which meant 

the droplet was in the labile region. If the MPD concentration alone was increased from 

6.67% to 23.396, very good quality crystals appeared the next day and usually only Limited 

nuclei were formed (Table 5, condition e and Figure 32(e)) which suggested that the drop- 

let was in the supersaturated region. Even though the initial growing speed of such crys- 

tals was fast, it obviously slowed down after a month. The following tuning of the 

crystallization conditions did not improve the crystal size signincantly. As yet, these crys- 



tals are still not large enough for data collection on a sealed tube diffractometer. However, 

some prediminary results have been obtained fiom a couple of these srnail crystais on the 

Brookhaven National Laboratory's synchrotron. 

If the MPD concentration was m e r  increased to about 30%, crystai growth 

directions spiked out from the original crystai surfaces due to the high growing speed 

(Table 5, condition f and Figure 32V)) which indicated the droplet was at the far labile 

region. Sometirnes, the same multidjrectional growth occmed in q s t a l s  crystallized by 

condition e some weeks after the droplet was set up as the MPD concentration in the drop- 

let became high enough. Crystals of different extemal shape were also obtained fiom a rel- 

atively high salt solution (Table 5, condition g and Figure 32(g)). Unfortunately, those 

crystals are stili too srnall to determine if they are different types of DNA or simply only 

the same DNA form with different lattices. 

The crystal which yielded a complete data set was obtained by using ZnCll in 

place of MgCl* and simultaneously adjusting the other crystallizing factors. There is no 

pubiished work reportiiig the crystallization of an oügonucleotides with 2n2+ as a 

counterion. Thedore, this appears to be the first example of such a crystallization. 

The crystal had sharp edges and extinguished the polarized light perfectly at every 90 

degrees. Each crystal was prismatic with an equilateral triangular cross-section. The crys- 

tals appeared in 24 hours and stopped growing after a period of an additional 60 houn 

(Table 5, condition h and Figure 32(h)). The crystal in Figure 32(0 (Table 5, condition i) is 

a side view (parallel to a 3-fold axis) of the crystal which yielded the whole data set col- 

lected localiy and Figure 3203 is the end view (down a 3-fold axis) of a different crystal 

obtained from the same crystallizing condition as (0. The impressive extemal 3-fold sym- 



rnetry of Figure 3201 just reflected its internai 3-fold symmetry which was Iater found by 

x-ray analysis. 





Figure 32. Crystals obtained under the conditions of (a) and (b) in Table 5. 



Figure 32. Crystals obtained under the conditions of (c) and (d) in Table 5. 



Figure 32. Crystals obtained under the conditions of (e) and V) in Table 5. 



Figure 32. Crystais obtained under the conditions of (g) and (h) in Table 5. 



Figure 32. Crystals obtained under the conditions of ( i )  and (j) in Table 5. 



3.2.3. Specid Techniques 

The following special techniques were consistently tried in crystallizing experi- 

men& to improve the crystal quality. 

Changhg the concenhation of the reservair 

If crystals are smaü and stop growing because îhe equil'brium between the droplet 

and reservoir has ken  reached, the concentration of the precipitating agent in the reservoir 

may be increased in order to establish a new equiliirium. This increase can be accom- 

plished by gently rotating the cover slip, lifting it from one side. removing the reservoir 

contents entirely using a pipet, and replacing it with a more concentrated solution. The 

grease rim may be mended if requirrd and the cover slip resealed to the reservoir. This 

procedure must be completed as fast as possible to prevent the droplet from drying out, 

especiaily when the volume of the droplet is small. The technique has been show to be 

effective in increasing the crystal size. 

S t m k  seeding 

One of the most fnistrating aspects in crystailization is that ofien one can obtain 

smail crystals, but can not increase the size of the crystals by simply changing the concen- 

trations of the components. The streak seeding method may be employed under such cir- 

cumstaaces. 

A segment of clean, thick human hair about 5 cm long is prepared for use as a sim- 

ple streak seeding tool. Both the cover slips of the seeding droplet and the droplet in which 

there exist many iiiciocrystals are gently uncovered. The hair is drawn dong the surface 



of the droplet containing microcrystals, dipped into the reservoir to remove excess crys- 

tals, and then streaked dong the midde of the seeding droplet. Both droplets are then 

sealed against the reservoirs as soon as possibIe. 

Some difnculties in performùig streak seeding are: 

(0 determination of the degree of supersaturation for seeding is not easy. 

The solution to be seeded should be only slightly undersaturated so that con- 

tmlled, slow growth will occur. This is usudy done by simultaneously reduc- 

ing the MPD and DNA concentrations in the droplet, and MPD concentration 

in the resemoir to ensure that the desired state of supersaturation will be 

reached more slowly. Norrnally, the seeding solutions are allowed to equili- 

brate for 3 - 5 days against the reservoir More the subsequent seeding. How- 

ever, if the concentration is still too low, the seed crystals dissolve; if the 

concentration is too high, numerous additional srnail crystals appear. 

(ii) The number of nuclei induced is difncult to control. Seeding solutions contain- 

ing too many seeds yield showers of microcrystals. 

~ e e d i n d ~  

When crystallization has reached equilibrium, a small aliquot of DNA solution is 

fed to the droplet. The concentration of DNA used for feeding is the same as that used for 

setup. A volume of 1 - 2 pL works well. 

Feeding is done by pipemg 1 - 2 pi, "DNA stock 2" and uncovering the cover 

slip of the âroplet to be fed. The feeding DNA solution is gently expelled fmm the pipet 

and is kept on the outside of the pipet tip. The tip is then lowered close to the droplet to be 



fed and the feeding solution is allowed to slide down the tip into the droplet. This must be 

done very carehily never allowing the pipet tip to touch the droplet being fed, otherwise 

the droplet may experience a mechanical shock and this perturbation may adversely affect 

crystal growth or even worse existing crystals may be destroyed Under most circum- 

stances, crystais grow larger by feeding. The feeding technique has k e n  shown to be 

more successfu1 than the other speciai techniques mentioned above. 



3.3 X-ray Diffraction Analysis 

The crystal to be tested on the diffractometer was mounted into a capillary by the 

following procedure: 

Thin-wailed capillaries of 0.2 to 1.0 mm (Charles Supper Company), epoxy 

resin (MC LePage Limitee), paper wicks (Hampton Research, CAT No. 10- 

9271), a sharp razor blade, a goniorneter head, a brass pin, some clean glas 

slides and some sheets of Kimwipes (Kimberly-aark) were assembled near 

the microscope. 

The size of the crystal was assessed under the microscope and a capülary 

about 0.2 mm wider in diameter was selected. The sealed end of the capillary 

was removed with a sharp razor blade. The jagged end was then tnmmed to 

be relatively even to prevent damage to the ctystal when drawing it into the 

capiilary. The capillary was connected to a tygon tubing that is tenninated 

with a large plastic pipet tip as a mouthpiece. 

The cover slip of the droplet was removed and 5 - 15pL. of its reservoir was 

added to the droplet to prevent the crystai from dehydrating during the 

manipulation. 

The cover slip was placed under the microscope. The position of the open 

end of the capillary was adjusted to approach the crystal and a gentle mouth 

suction was given to pick the crystal up into the capillary. 

The open end of the capillary was pointed against a glass slide and at the 

same time the excess solution in the capiiiary was gently blown out by mouth 

drop by drop. If necessary, a paper wick was stuck into the capillary end to 



suck out the excess solution. 

It required some practice to get the knack of the removing excess 

solution operation. The Liquid tended to stick at b t  because of surface ten- 

sion, and then it migtit corne out in a rush, requinng a Little back pressure. 

This frequentiy required blowing liquid gently back and forth. Instead of 

mouth pressure, a syringe could be used to blow out the Liquid. However, it 

was harder to control the synnge. When using a syringe, a paper wick was 

always put at the exit end of capillary because the wick can not only absorb 

the excess Liquid but aiso prevent the crystal from king blown out the end. 

(6) A clean and dry paper wick was dipped into the reservoir and then taken out. 

The soaked tip was squeeze-dned with a Kimwipe to reduce its absorption 

capability. The damp wick was inserted into the capillary to suck out a small 

amount of solution. The wick was pulled out and squeeze-dried again with a 

Kimwipe. These squeezing and wicking procedures were repeated several 

times and the amount of liquid left between the crystal and the capillary was 

adjusted. If there insufncient solution present, the cqstal may be dehydrated 

during data collection; if it is too much, the crystal may move. One drop of 

solution was left far from the crystal to keep the vapor equilibrium in the 

capillary. 

(7) The capillary was theo cut at the other end within 1 cm of the crystal. 

(8) Both ends of the capiilary were sealed with epoxy resin. 

(9) The sealed capillary was mounted onto a pin and fixed with epoxy resin. Its 

height was adjusted on a goniorneter head before the epoxy resin was com- 



pletely hardened. 

The whole mounting procedure is descnid in Figure 33. 

a capillary of proper diameter 

cut end of the capillary 

the open end of the capillary approaching the crystal 

the crystal with excess liquid in the capillary 

-L- 1 ( 
wicking away excess mother üquor 

one drop of mother liquor in the capillary and ends sealed with epoxy 
resin 

Figure 33. Crystal mounting and drying stages illustrated. 



3.3.1 Tetragonal and Moaoellliic Crystal Cell Parameters 

Two needle-like crystals of dimensions of 0.3 x 0.04 x 0.04 mm3 crystallized from 

the condition e of Table 5 were tested on the synchrotron at the Brookhaven National Lab- 

oratory in New York. Under the intense radiation of the spchrotron, the decay of the crys- 

tals was significant. The effective data collection time was about 600 seconds. Therefore 

only limited information was obtained. 

The ce11 dimensions of the two crystals are ( i )  a = b = 77 A, c = 40 A, a = P = y = 

90°, for the tetragonal c d ,  and (in a = 93.56 k b = 16.82 A, c = 48.15 & a= 90°, B = 

1 13O, y= 90°, for the monoclinic cell. 

For the tetragonal ce11 a = b = 77 A, c = 40 A, a = P = y = 90°, and a volume per 

base-pair of about 1,225 A3 (average value obtained from some orthorhombic ~ e l l s ) ~ ~ * ,  a 

DNA dodecamer duplex will have a volume of 1,225 x 12 = 14,700 A3. Using these 

values, the nurnber of molecules in a unit ceII is 77 " 40 = 16. Since rnost of the 
14,700 

chiral tetragonal space groups have eigbt symmetry equivalent positions, the sixteen 

duplex molecules are likely to be accommodated in the ce11 as pairs of duplexes per asym- 

metric unit. 



33.2 aigond Crystal 

3.3.2.1 Data CoUection 

Two crystals A (crystaliizeà h m  0.73 mM DNA, 7.1 m M  ZnC12, 28.4 m M  NaCl, 

4.26 mM spermïne, 14.2 m M  NaCac, 2.8% MPD, pH 7.0, and reservoir 17.55 MPD) and 

B (crystaiIized fiom 0.87 rnM DNA, 8.5 mM Zn% 34 mM NaCl, 5.1 m M  spermine, 17 

mM NaCac, 1.746 MPD, pH 7.45, and reservoü 10% MPD) were tested. A lot of prelirni- 

nary crystallographic information was obtained From crystal A and crystal B yielded the 

whole data set. The the ceil dimensions for crystal A were calculated from 25 refiections 

including some Friedel mates and with 28 well distributed from 6.8' to 14.1'. The dimen- 

sions are a = b = 46.167 (38) A, c = 101.064 (42) & a = = 90.0°, y= 120.0°, and vol- 

ume = 186,547 (3 11) A3. 

X-ray data collection was performed on a RIGAKU AFC6S four-circle diffracto- 

meter at room temperature using the crystal in Figure 32(9 which had dimensions of 0.7 x 

0.38 x 0.38 mm3. The crystai was mounted and centered manually with the aid of an opti- 

cal microscope. The power settings for collection were 2 kW (50 kV and 40 mA) with 

copper as the target material (A = 1.54 A). 

From a photograph taken with an exposure time of 1 hour, the coordinates of the 

reflection spots were measund manually and indices (hkl) were then caiculated by the 

cornputer. The cell dimensions were determined by using three shortest non-coplanar 

reciprocal vectors and the orientation matrix (the orientation of the reciprocal ce11 relative 

to the diffractometer axial system) was caiculated. 

A random "zig-mg" search routine was then executed automatically in order to 

obtain additional refiections with higher 20 angles. The search scan type was an o scan 



with 20 between 10' and 21°. Figure 34 is an scan profile of the refiection which was 

later selected as the standard reflection for m o n i t o ~ g  crystal decay during data collection. 

The quality of the crystal was very good as demonstrated by the n m w  peak. Because the 

initial ceU obtained at the low 28 angles was not very precise and therefore some peaks 

found by the search were poorly centered, frequeatly the refinement of those peaks failed 

in the refie routine. Thecefore, the menu center routine was used to successfdly refine the 

angular settings of the peaks. As additional high 28 angle reflections became available, a 

better ceil was calculated using fifteen reflections with 20 between 10.4' and 20.8O. These 

included some Friedel mates and were well distributed in the reciprocal space. The stan- 

dard deviations of the ceii dimensions were minimized by least-squares refinement of the 

crystal orientation matrix and the lanice constants with hexagonal symrnetry constrains. 

The unit ce11 defined was hexagonal, with the dimensions of a = b = 47.3 13 (49) A, c = 

102.098 (63) A, a = = 90.0°, y = 1 20.0°, and volume = 197,925 (4 18) A3. The orienta- 

tion manix that yielded this cell was used to locate reflections during data collection. 

During the search routine, a serious peak overlap problem was found when the 

reflections perpendicular the c axis, such as (ûû6), (007), and etc. were scanned. The (006) 

peak was weil centered and properly coilected. However, the scan range for (007) over- 

lapped with peak (006) because the two peak centers were so close due to the very small 

reciprocal ce11 dimensions of this hexagonal system. Expenmentdy, the scan of (007) 

actually included half the pronle of (006) and was flagged as asymmetric even though the- 

oreticaily the intensity of (ûû7) was zero. If the cell were hexagonal, this would be an 

inherently unsolvable problem. Before starting any data collection, this problem had to be 

solved. Otherwise, the data collection would be useless for solving the structure if the 
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Figure 34. oscan of the standard Mection (z Z 9). 



detector could not separate those kinds of peaks. In another words. it must be very clear 

wbich was which. 

The Loue routine was done to check the intensity symmeuy in recipracal lattice. 

The 6-fold rotation axis pardel to c which is a Laue symmetry elernent for hexagonal sys- 

tem was checked and the result showed thaî the oaly a 3-fold, not a 6-fold symmetry 

existed, iadicating the crystai system shouid not be described as hexagonal. 

In order to derive the correct ceil system Corn the intensity symmetries, ten strong 

reflections, together with the corresponding equivalent teflections were scanned by input- 

ting reflection indices to check the 3-fold inversion axis (expressed as Taxis) and a mirror 

plane which are the Laue symmetry elements for tht trigonal system, the only other possi- 

biiity consistent with the cell dimensions. For each (hkl) refiection, there were six equiva- 

lent reflections relateci by the %axis, and six nlated by the rnirmr plane. 

- 
3-axis a, k, I), G, E ii, ( l ~  i»% 1). OT, h+k. B, ch& h, 0, @+k h 1) 

mimr plane (k, h, b, (k, h, 1), (h g+E ï), (Ti, h+k ï), (h+k, k, 1). (h+k, k 1) 

By comparing the integrated intensities, it was concluded that ùoth the %xis and 

the mimc plane existed. Therefore the Laue symmetry was concluded to be Brn and the 

crystal beloaged to the trigond class. Once the unit ceil was transformed from the hexago- 

nal to the trigonal, the overlap problem did not exist any more. The (006) in the hexagonal 

ce11 was indexed (a-) and the (OW) in the hexagonal ce11 was not a peak position in the 

trigonal cell. 

, In order to minimize the data collection time, data were coilected from a unique 

portion of the r e c i p d  sphere (an quadrant) with the limits O S h, O 5 k, and no restric- 

tion on 1, from 5* to 30' on 20. Data were collected in shells stax-ting from high to low res- 



olution sheils. The collection was carried out with ~ s c a n s  and scan widths of 0.63 + 

(0.14) tane degrees. The base scan width of 0.63' was calculated based on the peak w idths 

found fiom the initiai search reflections, and the (0.14)tanB term compensated for peak 

broadening as a function of 0. The scan speed was 4 degmdmuiute. The FI u(F) ratio was 

10.0 and the weak reflections could be rescanned until the FI ratio was obtained or up 

to five times in order to obtain better counting statistics, which was analogous to scanning 

O O 

the weak reflections at a slow speed One standard (2, 2, 9) was measured after every 

200th reflection throughout the whole data collection procedure to monitor the crystal 

decay. It showed that crystal B was arnazingly robust compared to most macromolecular 

crystals. The entire data collection was completed on one crystal over a period of eight 

days. 

3.3.2.2 Data Reduction 

teXsan (95)lo3 was used to process the data Some important statistical data 

derived fiom the intensities are: 

Percentage out 1 1 oftotalrefl. 

Number of reflections between O and 1 aO 1 7 1 3  1 28% 

Number of reflections between 1 and 2 a(I) 1 186 1 7.3% 

Number of reflections between 2 and 3 a(I) 1 127 1 5.1% 

Number of reflections greater than 3 a(I) 1 464 1 19% 

Number of ~flections with negative intensity 1 1 0 2 4 1  41% 

The Laue class is am. The crystal system is trigonal. The unit ce11 is R-centered. 

The suggested space group number is #155 and space group symbol is R32. There are 18 



symrnetry equivaient positions in the unit ceil. Therefore the possible number of mole- 

cules in one unit ce11 is either 9 or 18. The approxirnate volume per b a ~ e - ~ a i r ' ~ ~  in trigona1 

ce11 is about 1,650 A3 and a dodecamer has a volume of 1,650 x 12 = 19,800A3. The vol- 

ume of a unit ceii is known to be 186,547 A3. The maximum number of molecules in a 

unit ce11 is 1869 547 = 9 , i.e. there are 9 molecules in a unit ce11 and one strand, or alter- 
19,800 

natively six base-pairs in an asymrnetric unit. One molecule occupies two adjacent asym- 

metric uni& related by 2-fold symmetry. The average change in intensity for the standard 

reflection (decay) is -22.3%. No absorption and Lorentz polarkation corrections were 

applied. 



3.4 Discussion 

The refiection overlap problem in the hexagonal ceil arose From the fact that a trïg- 

onal system is generaily described in ternis of the same unit ce11 as that for a hexagonal 

system. The uigonal system is characterized by the presence of an inverse triad which is 

parailel to the z axis of the unit ce11 and the x and y axes are 120' apart in the plane per- 

pendicular to the z axis. While a mgonai system can be expressed in the more cornmon 

hexagonal axial system, a trigonal system has its own unit ce11 description. This is the unit 

ce11 illustrated in Figure 35(a); it has its x. y, and z axes equally inclined to the viad with a 

= b = c, and a = f3 = y < 120'. This kind of ce11 is cailed rhombohedral. This is the only 

conventionai unit ce11 in crystallography in which al1 the symmetry axes are necessarily 

non-parallei to its reference axes. Because of its inconvenient geometry, the rhombohedral 

unit cell is rarely used for the description of trigond crystals and the hexagonal ce11 is gen- 

erally preferred. The nlationship between a hexagonal unit ce11 and a rhombohedrai unit 

ce11 is described in Figure 35(b). 

Figure 35. (a) A rhornbohedral unit ceII: a = b = c, a = = y # 90'. 120'. From Ref. 99. 



Figure 35. (6) Rhombohedral and hexagonal unit œiis in a rhombohcdral lanice. From 
Ref. 104. 

The monoclinic ceIl with a = 93.56 b = 16-82 c = 48-15 AT a= 90°, = 1 13O, 

y = 90°, is less diable due to the fact that the shortest dimension of this ce11 is only 16-82 

A which is shorter than the shortest dimension of a dodecamer molecule, vit 20 A. This 

can not be a duplex DNA dodecatner ceU because a duplexes molecule will not fit Fur- 

themore, little confidence is plaad in this ceii as the diffraction fiom the crystal was 

extremely weak, even under syncbtotron collection conditioos. The likelihood of error in 

determining the ceil dimensions h m  the limiteci number of reflection is very high. No 

fuaher consideration was given to this ceil. 

DNA crystals are weakec scatterers than most other Iands of macromolecuiar crys- 

tals and B-fom DNA is the weakest arnong ai i  f o m  of DNA Furthemore, some B-fonn 

DNA crystais do not dinract at aii, even though these crystals often have uniforrn extemal 

shapes. The intensity statistics from the data collection show that the present DNA crystal 



is a very weak scatterer, a characteristic of B-DNA. Based on these results and the crystal- 

lization condition, it is deduced that the DNA dodecamer d(CGGTGGCCACCG) crystal 

is B-fonn DNA. 

Zinc is one of the most important heavy metais in biologicd systems. The total 

concentration of zinc in the body is 3 g/70 kg. Tightiy bound zinc ions play important 

structural and fuactional roles in a number of enzymes of nucleotide and nucleic acid 

rnetaboli~m~~. This DNA dodecamer d(CGGTGGCCACCG) appears to be the first oligo- 

nucleotide crystallized usiog ZnC12 as sak  The mechanism of 2n2+ facilitating DNA crys- 

tallization, i.e. stabilizing DNA helices, is unclear at this stage. MP ions can stabilîze the 

DNA helical structure by cross linking phosphate groups. 2n2+ ions do not behave in such 

a clear-cut manner; they selectively stabiiïze some structures, while destabilizing others, 

depending on the arnount of electrolyte present and the sequence of DNA"'. 

Metai ions exhibit different effects because they are able to bind to both phos- 

phates and heterocyclic bases. In solution studies of the series s fi, co2+, hIi2+, ~ n ~ + ,  

2n2+, cd2+, cu2+, the affinity for base complexation relative to phosphate binding 

increases from the left to right due to each metai ion possessing a different relative affinity 

for these two sites los. 

Even though there are only two crystal structures for zinc-nucleic acid complexes 

available, Zn(5'-lMP) and Zn(ST-m).  they show a clear view of the binding sites of 

zinc atoms. The x-ray investigation of Z~(S'-IMP)'~~ has shown that the crystal contains 

polymeric chains of composition [Zn(S'-W)], in which each zinc atom is bonded to the 

N(7) position on the base and to phosphate oxygens from three other 5'-IMP groups (Fig- 



ure 36). This structure is unusual in that there are no water molecules associated with the 

metai ion. 

Figure 36. Stereoscopic pair of drawing a fragment of the chah structure of m(5'-IMP)], 
viewed perpendicuiar to the screw diad axis Nnning centrally dong the chah. m e  largest 
cûcles represent zinc atoms). From Ref. 106. 

The complex Zn(S'-CMJ?) is a twodimensionai polywr. The zinc atoms are tetra- 

hedrally coordinated to N(3) of the pyrimidine, to two phosphate oxygen atoms and to one 

water molecule. The zinc atoms also form weak intramolecular interactions with O(2) of 

the pyrimidine (Figure 37)'". Both results show that Zr?+ ions possess fairly strong affin- 

ities for both the nucleotiâe bases and the phosphates. : 



Figure 37. Principal features of the structure of the Zn(5'-CMP) complex, indicating the 
zinc atom coordination and panid base stackhg. Broken lines represent weak interaction 
between the zinc atom and O(2) of the pyrimidine. From Ref. 107. 



3.5 Conclusion 

The self-complementary DNA dodecamer d(CGGTGGCCACCG) was crystai- 

Iized using MgCi2, Ba(& and %CI2 as salts. The cell dimensions crystallued with BaClz 

are a = b = 77 & c = 40 & a = B = y= 90°. The unit ce11 is tetragonal with sixteen mole- 

cules in each cell. 

The crystal which 6ndy yielded the complete data set was crystallized using 

ZnClz. There is no published work reporthg the crystallization of an oligonucleotide with 

Zn2+ as a counterion. Therefore, this appears to be the first example of such a crystailiza- 

tion. The crystal system is tngonal. The unit cell is R-centered and expressed as a hexago- 

nal cell, with the dimensions of a = b = 47.3 13 (49) c = 102.098 (63) & a = = 90.0°, 

y = 120.0°, and volume = 197,925 (418) A3. The Laue class is mm. The suggested space 

group number is #155 and space group symbol is R32. There are 9 molecules in the unit 

cell. The solution of the structure is currently king attempted in this laboratory. 



Appendix A: 

Processing of UV Experimental Data with Mathcad 6.0 

1. Processing of UV Experimental Data 

Units: j joule mol mole kj = 103- j kcaIr4.18-kj 

degC 3 1 

Constants Gas constant R 1.987 t 0- 3- kcal- rnor '- K- ' 

A rnatrix AA is constnrcted with the first column being the temperature 
readings and the second column being the conesponding absorbante 
readings. 

AA = 

Define a range variable i 

i = 0,1..8 

fhis definition indicates that i takes on the values 0, 1.2 .. 8. 

Extract each column from the matrïx AA as T l  and A l ,  respectively. 
AI .= AAC" = AACO) 



The genfit function solves a nonlinear problern by iteration, The genfit 
function needs a good choice of the function to be fitted, f (x, u), and 
a vector of guess values. vg, as an argument. F (x. u) is a function that 
retums an n + 1 etement vector containing f and its partial derivatives 
with respect to its n parameters. The function to be fitted is chosen as 
tanh(x) due to the sigrnoidal feature of the melting cunres. Four parameters 
uo, ul. u2, and u3, respectively, are defined to make the best fit. 

<-The first elernent contains the 
f u3-tanh(ul-x - uo) + u2 1 function to be fitted. There are a 

1 1 <-The others contain the panial 
i derivatives. l tanh(u,-x - uo) a u2 1 

F(x .u) 

Define the range variable r for the fitting function. Choose 100C above and 
below the m a .  and min. experimental points respectively. 10% is the first 
value taken by the range variable r. The step site is two degrees and 90% 
is the last value in the range. By defining the range, r, the expen'mental 
points are to be fitted frorn 10QC to 900C by the fitüng function. 

Make a vector of guess values of uo to us. uo is associated with the melting 
temperature CT,); the higher the Tm, the lower the uo. and uo should be 
always negative as Tm is always positive; u l  is associated with the 
sharpness of the melting curve, the sharper the cunre, the lower the u 1; 
u2 is approxirnatefy the corresponding absorbance value at the Tm; 
and us is associated with the total percent incnase in absorbance; the 
higher the percentage increase, the larger th8 u3. 

u,-sech (ul-x 7 uo)~sedi(u,-x + uo) - uz 

u,-xsech(u,-x - uo)-sech[u,-x u0) u2 

total of four unknown parameters, 
uo to u3- 

- -  
10.1 

vg 1 1 2  

c-u* 
c- U1 

c- u2 



Define temperature and absorbance readings with global definitions as 
12 and A2, respectively. Global definitions are exactiy like local definitions 
except that they are evaluated before any local definitions. 

Define a vector P containing ttie parameters that rnake the function of x, i.e- F(x,u) 
and the four parameters u,, u,, u,, and u, best approximate the data in 12 an A 2  

Display the calculated vector P. 

Define the absorbance values at temperatures of O°C and 1 OO°C (labeled 
t and s below) as f l  and 12, respectively. f l  and f2 are used as the lower 
and upper limits to calculate the hairpin fraction and ta norrnalize the 
absorbances- 



Caiculate the equilibrïum constant K. Define u as the inverse of the 
temperature (Kelvin). p the logarithm of K. S(r) the normalized fitting 
function. and A the nomialized absorbance. Then. display A, u . and 
p values. 

Define a least-squares lin8 to fit the points on a van't Hoff s plot Calculate 
the slope and intercept of the line- 

pi = sIope(u ,pl-ui intercepth .p) 

a = slope(u,p) a = -1.411-104 

b = intercept ( u , p ) b = 44.41 

Calculte the AH and AS by using Ihe dope and intercept values above. 

AH .= a-(-1)-R AS -= b-R 

Calculate the melting point Tm (Kelvinland convert it into Tm (degrees Celsius). 

AH Tm = -  AS T .= (Tm - 273.15 1-degC 

Display the AH, AS, and Tm values. 

AH = 28.035- kcal- mol- ' 



2. Plotting the melting cuive and van? Hoff plot. 

Figure Al .  Melting curve of 'misrnatched' DNA in MgCl*, NaCac, MPO, and 
spermine solution. 



Pi 
o a a  

Figure A 2  Van't Hoff plot for 'mismatcheb DNA in MgCI2, NaCac, MPD. and 
spermine solution. 



Appendix B 

Procedure for Processing CD Data and Producing Plots 

1 . Processing data 

Example: 'mismatched' DNA in NaCac* Spemine. and MPD solution- 
reference actual FÏgure 20 in texL 

Data from the CD expeflrnent are obtained in ternis of voltages that must be converted 
in order to be expressed as rnolar ellipticity values. The conversion factor is calculated 
from the equation 100 * 8fIC. 

101 = 100 01 IC = 1 OOtvoltage reading*41.24*sensitivity*l O-3tIC (degree Mlcrn) 

With the equipment sensitivity of 1, the pathfength 0.099 cm, and the rnolar 
concentration of the DNA sample 0.05 mM, the conversion factor is calculated as 

The factor of 83.3 1 is used in subsequent equations to convert to rnolar eliipticity 
in units of 1w degree Mlcm. 

The final CD curve is to be plotted from 300 - 220 nm. There are 321 voltage 
readings in this range, The file but1 is the data file associated with the first buffer 
'blank' scan. bufl is read into a rnatrix BUFF1. This is a 421x2 matrk with the 
original expedmental data ranging from 340 - 220 nm. Since CD plots will only 
include the range 300 - 220 nm, a subset of BUFFl is mquired. Bufl is a 321x2 
submatnx of BUFF1 including data in the range 300 - 220 nm. 

j is the number of points ta be plotted; x is the wavelength in incrernents of 114 nm. 

The data file bufl is read into the rnatrix BUFF1, with the first column of the 
BUFFl being the voltage readings and the second being the corresponding 
wavelength readings. 

The voltage readings now in BUFFl are converted to rnolar ellipticity by the factor 
83.31 and then input into rnatrix BUF1 . 

A subrnatrix But1 containing the ellipticity values from 300 - 220 nm is obtained 
by taking the readings from the 160th to the 480th rows of column 1. 

Bufl =submatrix( BUFI, 160.480.0.0) 



Process the second buffer 'blank' scan in the same rnanner as above. 

BUFF2 = RFADPRNt buf2) 

BUF2 =BUFF2 " '83.31 

Buf2 := subrnatri. BUF2,160,480.0.0) 

It was found that the spectropolarimeter had different nonzero readings foi 
each scm. This nonzero 'spectrum' was obtained by choosing 3 readings 
frorn 340 nm to 337 nrn where it should show zero ellipticity calculated by 
taking the average of three ellipticity readings in that range. con is defined 
as the nonzero value for the first buffer scan. 

The buffer baseline was found to drift duting the experiment, drift is defined 
as the total change during the experiment and is assumed to be linearly 
dependent on time. 

drift : = BUF2 - BUFt 

Al iç the data file associated with the specûum obtained at 20%. READPRN(A1) 
reads a structured data file al and returns a matrix A. 

The data in A are reduced by the nonzero reading for this scan and then 
the data are converted into molar ellipticity by multiplying the conversion factor 
of 83.31. The buffer scan and buffer nonzero reading are subtracted. 

Each scan was carried out from 340 - 220 nm. For plotting the data from 300 - 
200 nrn, a subrnatrix al was defined which contains the data from 300 - 220 nm. 

al =submatrix( aa, 160,480.0,O) 

There are a total of six scans (data A l  thraugh FI, conesponding to 20°C, 30% 
3a°C, 4 1 C  55%. and fOOC, respectively) and thus five scan inte~als. At each 
intewal, the baseline is considered !O drift one-ftfth of the total drift. Thus the 
foilowing spectrum should subtracte from it an additional amount of dnfU5 more 
than the previous scan. 

a i B  B i  ) drift 
3 

83.31 - (RUFI - con] - - 
5 



cl :=submatru( cc. 160,480,0,0) 

d l  .=submatrïx( dd, t60,480808Q} 

F = READPRN( F I )  

A range variable k is defined for the srnoothing function. The srnoothing function 
supsmooth is used to smooth the experimental spectra. 

ki ~ 3 0 0 - 4  

a =supsmaath(k,al) 

b =supsmooth(k.bl) 

c =supsmaoth[k.cl) 

d =supsmooth(k,dl) 

e = supsmooth(k. e l  ) 

f = supsmoath(k,fl) 



2. Plotting CD spectra 

X. 
1 

Wavelengt h (nm) 

Figure 61. CD spectra of misrnatched' DNA in MgCI2, NaCac, spmine, and 
MPD soiution. a: 20oC b: W C  c: 38W d: 4loC e: 550C t 7WC 
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