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Abstract

This thesis is aimed at elucidating the structures of two DNA fragments,
d(CGCTGGCCACCG) (referred to as ‘mismatched’ DNA hereafter) and d(CGGTGGC-
CACCG). The fragment d(CGCTGGCCACCG), if duplexed, contains two C-C mis-
matches which are the least efficiently repaired mismatches and are considered a critical
structural element in the development of fragile X syndrome. The fragment d(CGGTGGC-
CACCG) which is self-complementary contains the sequence GTG/CAC which fre-
quently occurs in regulatory regions and is related to DNA-protein recognition.

Small crystals of the DNA fragment d(CGCTGGCCACCG) have been obtained.
Circular dichroism, UV and gel electrophoresis 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 crystallizing solutions the ‘mismatched’ DNA forms a hairpin structure possibly
with the first 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 helical type is B-form. Based on the crystal-
lizing experiments, structural studies, and an extensive search of the literature, some sug-
gestions regarding additional crystallizing conditions for the ‘mismatched’ DNA are
made.

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

CACCG) have been crystallized using BaCl, and ZnCl, as salt, respectively. The cell

dimensions of crystals from BaCl, conditionsarea=b=77 A,c =40 A, o= =y=90°.
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The unit cell is tetragonal. A complete x-ray diffraction intensity data set has been suc-
cessfully collected to a resolution of 2.9 A on a crystal crystallized with ZnCl,. This
appears to be the first oligonucleotide crystallized using ZnCl, as no report of a successful
crystallization with Zn?* has been published. The rhombohedral cell expressed in hexago-
nal form has dimensions of a=b =47.313 (49) A, c = 102.098 (63) A, a =B =90.0°, v=

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

is R3m.
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Chapter 1

General Introduction

“Mistakes during DNA replication can have disastrous effects
on an organism, such as genetic diseases or even death. It is

only by understanding the nature of these mistakes that we will

be able to minimize them. »l
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1.1 DNA Structure: background

Deoxyribonucleic acid (DNA) is the ‘molecule of life’. DNA stores and transmits
genetic information in living systems. DNA usually has a double stranded structure, or
duplex. This duplex consists of two complementary strands interwound in an antiparallel
fashion to form a helix. The two-strand helix is held together by hydrogen bonds between
complementary heterocyclic bases (Figure 1).

Almost all cells contain a complete copy of the organism’s genetic information.
For this information to be utilized, it must be copied or transcribed into messenger ribonu-
cleic acid (mRNA). mRNA carries information from DNA to ribosomes where proteins
are synthesized. Each time an mRNA molecule completes its journey through a ribosome,
a new protein molecule is produced. The central dogma of molecular biology that ‘DNA
makes RNA makes proteins’ was established in 1950’s and has greatly accelerated the
development of modern molecular biology.

DNA is constructed by four kinds of bases, adenine (A), guanine (G), cytosine (C),
and thymine (T). The genetic information within DNA is coded in the form of three letter
words called codons. Each codon specifies an amino acid. When a cell divides, its double-
stranded DNA splits 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 cell 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 mistakes 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-
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function resulting in a catastrophic event such as a carcinogenic lesion, a genetic disease,

. 2
or decath of the orgamsrn" =

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

Because mistakes during replication are usually detrimental, they must be mini-
mized. 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 strand can be copied accurately to the daughter strand, thus preserving the
integrity of genetic message from generation to generation. Nevertheless, mistakes are
made and mispairing of bases results. There are eight possible base mispairs: 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 mistakes. Mismatches are not corrected with
equal frequency. These differences may be due to some mismatches being readily recog-
nized by the repair machinery, while others are not. C-C mismatches are the least effi-

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

development of fragile X syndrome3.
Fragile X syndrome is the most common genetic cause of heritable mental retarda-

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

gene on the X chromosome*. The mechanism causing this chromosomal abnormality is

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

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

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

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

reported® 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 hair-
pins than the G-rich strands and therefore is more likely to slip and be preferentially
expanded during replication. Under SO copies of the triplet unit is normal; 230 to several

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



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

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

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

ses have been reportcd7' 8 two of which are: () 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; (i) the results from study-
ing the structures and repair efficiencies of several mismatches indicate that the more a

mismatch mimics a Watson-Crick base-pair, the less efficiently it is repaired. The question
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of why a C-C mismatch is the least efficiently repaired of all eight possible mismatches
remains unknown.

Determining the structures of DNA sequences with C-C mismatches is important
from a chemical 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 affect interactions with other molecules?

All mismatches studied by crystallography, NMR, or circular dichroism have been
found to be base-paired and stacked within the double-helical 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 structural rearrangements as the pH is reduced®!!. The

C-C pairs in low pH solution involve interaction between a protonated cytosine base and a
neutral cytosine base!2, which could be of the types proposed by Langridge and Rich!3

and by Gray and Cui'4 (Figure 3). An additional hydrogen bond is introduced by the N3-

protonation of cytosine.

(a) (b)

Figure 3. Types of C-C* base-pairs proposed by (@) Langridge and Rich and by (b) Gray

and Cui. The C-C* base-pair can be accommodated between the antiparallel 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 Lilleyls, who found
that the reactivity of the C-C mismatch to hydroxylamine is suppressed at low pH, sug-
gesting that a rearrangement of base-pairing occurs on protonation. In fact for ail mis-
matches studied to date, when non-Watson-Crick bases find themselves opposed in

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

hydrogen bonded!S.

Determining the structures of DNA sequences with C-C mismatches is also impor-
tant from a biochemical point of view. It is important to learn how C-C mismatches are
able to escape recognition by repair systems!S.

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-replication mismatch repair systems. Correction systems require the means to
recognize a mispair. Two possibilities 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 distortion around the mismatch.

To date over 20 mismatch-containing crystallographic structures have been

reported!’. The small degree of distortion associated 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 mismatched structure is obviously affected by the flanking sequences,

making it more complicated for the mismatches to be recognized. The following conclu-
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sions have been reached with respect to these problems!8:
o first, a/l mismatches are associated with minimal, not global structural changes.
e 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 from mismatches
can be dependent on the flanking sequences. Thus, even though some of the mis-
matched base-pairs contain the potential to be recognized as chemically differ-

ent, this may be diminished by sequence context.

Werntges et al. 18

studied the relationship between repair efficiency and thermody-
namic 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 their unpaired, i.e. locally denatured state, or the mismatch may 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 rigid local deformations rather
than local instabilities of the double strand. Perhaps a mismatch made up of two small
pyrimidines (like C-C) 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 like regular base-pairs.

In summary, all the studies concerning 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 molecule, but very specific chemical reactions which are not
found in Watson-crick 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 mismatch type: not recognized

Figure 4. Hypothesis to explain the observed correlation between repair efficiency and
postulated mismatched 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 mismatch will provide an incomparably
clear view of its structure and assist us in elucidating its biological functions at a molecu-

lar level.
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1.2 DNA Structure: d(CGCTGGCCACCG) and d(CGGTGGCCACCG)
The sequence d(CGCTGGCCACCG) is pseudo-self-complementary with two C-C mis-
matches if duplexed, while the sequence d(CGGTGGCCACCG) is self-complementary.

With the development of biotechnological techniques and macromolecular engi-
neering, the elucidation of the three-dimensional structures of proteins, nucleic acids, and
macromolecular assemblies has become almost commonplace. The most important tech-
nique used for this purpose is single crystal x-ray crystallography. Diffraction-quality
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 hard 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 sequences'®: 20 This is mainly due to the fact that molecules

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

them difficult to crystallize?!. 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 identical
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 slight excess may act as an impurity which ham-

pers growth of single crystals, especially when the impurity shares a structural resem-

blance to the molecules being crystallized?2.
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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 conditions®>?7_ The variability and flexi-
bility of DNA facilitate its interaction with other molecules to transfer its genetic message.

Stretches of cytosine-rich, self-complementary sequences are frequently located near or
within regions of functional and/or regulatory importance?*. They serve as recognition

sequences for restriction enzymes?®. A clear structural understanding of the DNA frag-
ments at or around regulatory regions is necessary to elucidate the regulatory mechanisms.
Therefore, many DNA sequences were designed for structural studies as analogs of the
binding sites of regulatory proteins. With the ultimate goal to visualize the structure of C-
C mismatches by x-ray crystallographic 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 GTG/CAC trimer is a frequently occurring 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 Tari'% 2% on the hexamer, CGGTGG/CCACCG (a fragment of gal
operon), significant structural anomalies from the typical helix conformation were found
at the GTG site. The A-T is opened or sheared resulting in the T being pushed into the
major groove and A into the minor groove and becomes a recognizable feature. The ques-
tion remains as to whether the anomaly is inherent to GTG, or the result of some other

external effects, such as crystallizing conditions.
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One duplexed self-complementary dodecamer d(CGGTGGCCACCG) comprises

two copies of the above duplexed hexamer. It has been shown ! that the hexamer crystal-
lizes with two duplexes related by a two-fold axis (perpendicular to the helix axis) such
that one duplex stacks on the other. The difference between two such stacked hexamer
molecules and one single dodecamer molecule is the covalent link in the backbone of the
dodecamer. The goal of studying 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(CGGTGGCCACCG), structure will provide knowledge of the structure in
the vicinity of the C-C mismatches in the duplex d(CGCTGGCCACCG), and provide an

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

mation.



Chapter 2

DNA Dodecamer d(CGCTGGCCACCG):
Studies of Structure and Properties

“Completely or partly self-complementary sequences in the
DNA genome very often serve as recognition sites for regulatory
proteins. Under different conditions, these fragments may exist
in double helix or hairpin forms. A good understanding of the
formation principles is important to gain further insight into the

rules governing the three-dimensional folding of nucleic

acids.”®

13
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2.1 Crystallization
2.1.1 Introduction

Single crystal x-ray crystallography is the most powerful technique for visualizing
the three-dimensional structures of biological macromolecules. This method has been
widely used in the structural analysis of DNA oligonucleotides because of (i) the great
advances in synthetic oligonucleotide chemistry and (ii) the fact that many of the DNA
fragment crystals diffract x-rays to a resolution better than 3 A.

In the crystallization of biological macromolecules, the quality and quantity of the
required material is very important. Difficulties in crystal growth may be linked to the
nature or source of the biological material. Proper purification, stabilization, storage, and
handling of macromolecules are essential prior to crystallization. Normally, a few milli-
grams should be available for the initial crystallization trials. Following this, additional
material with at least the same 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 amount for crystallization experiments.

The success of any structural work of oligonucleotides depends critically on
whether diffraction-quality crystals can be obtained. Unfortunately, the crystallization of
DNA molecules still remains at the empirical stage.

It is often said that crystal growth of biological macromolecules is more an art than
a science. This may sometimes be true from a practical point of view because each crystai-
lizing protocol is unique to a specific macromolecule or a macromolecular fragment.
However, it is incorrect in principle. In the past twenty years, many efforts have been

made in understanding the physical parameters involved in crystallization. To date, more
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than 1,500 macromolecules have been crystallized and their structures solved. The infor-
mation from these has facilitated 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 crystallization, like any crystallization, is a multiparametric pro-
cess mainly involving three steps: nucleation, growth, and cessation of growth. The signif-
icant difference from small molecules is that macromolecules are extremely complex
physical-chemical systems whose properties vary as a function of many environmental
influences such as temperature, pH, ionic strength, contaminants and solvent composition,
and so on. Instead of the precise and reasoned approaches that are commonly applied to
scientific problems, for the time being at least, an empirical methodology has to be
employed. Macromolecular crystallization 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 function 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 form a
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duplex by typical-Watson-Crick base-pairing, or one molecule (i.e. one strand) may twist
back on itself and form an intramolecularly base-paired structure resembling a hairpin.
Oligonucleotide duplexes crystallize in right-handed A and B, and left-handed Z confor-
mations and short self-complementary oligonucleotides crystallize mainly as normal B-

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

structure39, which suggests that hairpinned DNA molecules are extremely hard to crystal-
lize.
A hairpin structure is composed of a stem of Watson-Crick base-pairs and a loop.

Results from some optical and NMR studies>!33

indicate that hairpin structures are com-
mon features not only of the sequences that can afford a perfect Watson-Crick duplex
structure, but also of partly self-complementary or mismatched sequences. Under suitable

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

duplex, a hairpin and random coil conformation (Figure 5).

AT
FY T
-
CGCGAATTCGCG C[;— i

?Cfﬁ;ﬁﬂr??ﬁ —_ + C—G == CGCGAATTCGCG
GCGCTTAAGCGC | |
GCGCTTAAGCGC cl}—(l:
c—G

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

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



17

Hairpins are present as a dominant secondary structure element in RNA. Stable
RNA hairpins define nucleation sites for folding, determine tertiary interactions in RNA
enzymes, protect mRNAs from degradation, and are recognized by RNA-binding proteins.
The biological importance of DNA hairpins is less obvious. Palindrome and self-comple-
mentary DNA sequences are frequently found to form hairpin structures at replication ori-

gins or operator sequences, which suggests a functional role of hairpin structure in the reg-

ulation of gene expression3°' 36,37,

Because DNA molecules are labile macromolecules, they readily lose their native
structures. Hence, the only conditions that can support crystal growth are those that cause
little perturbation of the molecular structures. Thus DNA molecules can only be crystal-
lized from a solution within a narrow range of pH, temperature and ionic strength. Crystal-
lization is a process that is not really controlled. Many macromolecules are reluctant to
crystallize, especially hydrophobic membrane proteins, nucleic acids and their

complexes38‘46.

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 are generally so wide and the parameters affecting 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 answers to a problem in a statistical manner with the emphasis on

uncovering contributing factors, not on elucidating the underlying causes leading to the
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experimental results, 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-

ments on two or more factors are necessary>> 46. A more detailed account of the factorial

method is given 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 diffusion, pH value, temperature, and
purity of the DNA. Usually, diffraction-quality crystals can 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 virtually all biological processes in which nucleic acids
are engaged. Positively charged ions are essential for maintaining the neutrality of nucleic
acids in solution. Various metal ions, particularly aikaline earth metal ions, divalent metal
ions of the transition series, and positively charged organic ions are found to induce or

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

tion experiments*0.
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 Mg?* ions.
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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 helix rigid and facilitate the regular packing of molecules which will

lead to crystals”. Other alkaline earth metal ions like barium and strontium can be used to

replace magnesium and may produce crystals with different lattices*!. Some other diva-

lent cations have also been tried, such as manganese, calcium, cobalt, nickel, and

39, 47, 48

mercury , and as well as complex ions such as cobalt hexammine*?, with limited

success in aiding crystallization. Generally, higher magnesium concentrations are used in
mismatched DNA crystallization probably because higher ionic strength is required to sta-
bilize the deformation induced by mismatches®®57.

Na* ions are also frequently selected in addition to Mg2* to facilitate DNA crystal-
lization. The facilitating mechanism of Na* ions is not very clear. Na* ions can increase
the ionic strength of the solution as well as stabilize the DNA helices. Such effects can not
be obtained by simply adding more Mg?*. Na* only, without Mg?*, was used for the crys-

tallization of d(BrSCG)3 in the Z-form8. The structure shows that Na* ions stabilize the

DNA helices in a different way from Mgz"' ions by bridging the N7 of guanine G2 on the

neighboring molecules.

Organic lons
Organic cations like polyamines are found in all cells. Polyamines may be impor-
tant in maintaining 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
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through (i) charge-charge interactions, (i) hydrogen bonds, and (i) hydrophobic interac-
tions with negatively charged DNA and RNA: 60,

Among the various polyamines found in cells, the most generally used in DNA
crystallization are spermine [NHj-(CHy)3-NH,~(CH,)4-NH,-(CH,)3-NH3]*, an essen-
tially linear molecule with four positive charges at neutral pH and spermidine [NH3-
(CH,)3-NH,-(CH,),-NH;]**, an asymmetric molecule with three positive charges at neu-

tral pH (Figure 6).

(a)

-+
+
H3N\/\/ NH,
\/WH
3
(b)
Figure 6. Structural formulae for () spermine and (b) spermidine.

The two polyamines can interact strongly with nucleic acids due to their highly
positive charge. They also have functions similar 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 crystal structure?’. Where spermine molecules are found, they twist to



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

helping to “knit” the molecules togetherﬁl.

Precipitating Agents
Precipitating agents in DNA crystallization are usually nonvolatile organic com-
pounds or low molecular weight polymers. The most commonly used agents are 2-methyl-
2,4-pentanediol, CH;CH(OH)CH,C(CH3),OH (MPD) and low molecular weight polyeth-
ylene glycol (e.g. PEG 400, H(OCH;CHj)40oOH).
The organic solvent MPD is viscous and is completely miscible with water. In
DNA crystallization 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 acids®?. Increasing the MPD concentration in the drop-
let will (i) decrease DNA solubility, (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 high. Sometimes, this
may appear weeks after the droplet is set up as the MPD concentration in the droplet
becomes 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 complex network in water which contains both water and itself in the

network structure. This reorganization of solvent molecules results in macromolecules



tending to be excluded and leading to phase separation45' 62 In addition to PEG’s volume

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

Buffer

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
commonly used buffer is an aqueous solution of sodium cacodylate (dimethyl arsenate)
(PK, = 6.19), which has a favorable buffering strength in the range pH 5 to pH 7°°.
Sodium cacodylate (abbreviated as NaCac) also has an advantage of preventing bacterial
growth which may be a problem where PEG is used as precipitating agent.

The pH of a crystallization solution can affect molecular packing. Different crystal
forms can be produced depending upon the pH48’ 63, pH also influences 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 crystallization 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 sequence®. Since fifty per-

cent of the bases in the ‘mismatched’” DNA, d(CGCTGGCCACCG), are cytidine bases,

taking pH into account in crystallization is important.

* Referred to as mismatched DNA because of the potential 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 term, mismatch.



2.1.1.2 Factorial Method>% 46
Experiments specifically designed for screening crystal growth conditions can

greatly reduce the number of overall experimental trials and produce adequate results with

less effort and sample. This screening can be accomplished by the factorial method38- 46.
In factorial designs, the crystallizing factors are varied and crystallization results are com-
pared and evaluated, which leads to the uncovering of some effective crystallizing condi-
tions or, at least, a useful database for improving crystallizing conditions.

A complete factorial design starts with formulating an experimental matrix 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 m¥ x N, where m 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 2¥ x N . For example, for four separate factors,

the number of trials is 2* 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 from a
full factorial design matrix is essential. This is done by systematically deleting some of the
individual experiments, leaving only those necessary to identify main effects. This method
of selecting such subsets is called an incomplete factorial method.

To further simplify the preliminary test, it was assumed in the design that the inter-
actions between any two factors are very weak, i.e. that each factor affects crystallization

independently even though the other factors are present. Therefore only main effects, no
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interactions, are considered in practice.

Generally, the working matrix for initial crystallization screening by the incom-

plete factorial method may be designed as follows:

1.

A list of possible crystallizing factors that may influence crystal growth is pre-
pared, and from 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, salt, polyamine, and precipitating agent concentrations, and pH.
The concentration of the buffer, sodium cacodylate, is kept constant and is not
considered in a factorial 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 rule or short-
cut. However, the number of tests should be manageable in terms of carrying out
and evaluating the different tests.

The experimental matrix itself is designed. The level of each factor is balanced
so that there are equal or as nearly equal numbers of tests at each level, i.e. equal
‘+’s and ‘-’s in each column.

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

The experimental results are examined 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 bome in mind that nucleation requires a greater supersatu-

ration than growth, and that crystallization rates increase when supersaturation



increases.
Table 1: Crystal quality scale®®
Resuit Score
Prisms 6.0
Plates 5.0
Needles 4.0
Spherulites 3.0
Gelatinous or participate precipitates 20
Cloudy precipitates 1.0

An example of an incomplete factorial method experimental matrix for the crys-
tallization screen of the DNA dodecamer d(CGCTGGCCACCG) is designed as shown in
Table 2.

A consideration which deserves special attention while designing the experimental

matrix is the relative concentrations of spermine, MgCl, and DNA when all these are
used. For magnesium, a rule of thumb for the first trials is 0.5 - 2.0 Mg2* per phosphate;
for spermine, it is one spermine molecule for every 10 - 12 base-pairs. The relative con-

centrations of spermine to Mg2* also needs to be considered; at high Mg?* concentration,

high spermine concentration should be used.



Table 2: Incomplete factorial method experimental matrix for the ‘mismatched’
DNA d(CGCTGGCCACCG) crystallization screen

trial No. | macromolecule salt polyamine | precipitating agent | pH
1 + + + + +
2 + + + + -
3 + + + - +
4 + + + - -
5 + - - +
6 + - - -
7 + - - - +
8 + - - - -
9 - + + +
10 - + + + -
11 - + + - +
12 - + + - -
13 - - - + +
14 - - - -
15 - - - - +
16 - - - - -

2.1.1.3 Crystallization Method

There are many methods to crystallize biological macromolecules. Vapor phase

equilibrium is the method most favored by crystallographers”. Sitting and hanging drop
methods are more popular than the other vapor phase equilibrium methods because they
are easy to perform, require 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
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the sitting 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 salts, 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 reservoir will pull water from the
droplet via the vapor phase such that an equilibrium will exist between the drop and the
reservoir. During this equilibrium process, the dehydration of water in the droplet leads to
a shrinkage in droplet volume. Consequently, the concentration of all constituents in the
droplet will increase. DNA supersaturation is eventually obtained and DNA precipitate or

microcrystals will come out of solution.

2.1.2 Experimental
Materials

The ‘mismatched’ DNA d(CGCTGGCCACCG) 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 liquid chromatogra-

phy, separated by gel filtration, and converted to the ammonium salt.

(1) DNA crystallization working solution

The most common method to determine DNA concentration is to dilute a small
amount of DNA with water and measure its UV absorbance at 260 nm. Approximately 7.5
umoles of the dodecamer was diluted with 100 puL of very pure water (all water used in

preparing solutions for use with DNA and its crystallization is ultra-pure from a Barnstead
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NANOpure II water purification system) to obtain a concentrated DNA stock solution
referred to as “DNA stock 1. Approximately 0.5 pL. of “DNA stock 1 was taken and
diluted a second time with 1.0 mL of water. The absorbance of this solution is close to 1.
The DNA concentration can be calculated from Beer’s law A = eCl, where A is absor-
bance, € is extinction coefficient in units of M™! cm™., C is concentration in M, and [ is the
cell length in cm. The extinction coefficients for oligomers can be calculated from the tab-
ulated values of monomer and dimer extinction coefficients with the assumption that
absorbance is a nearest neighbor property®* 6.
Approximate extinction coefficients for single-strand oligonucleotides of base
sequence, DpEpFpGp...KpL, may be calculated according to the formula
€DpEpFpGp...KpL = 2(EDpE + EEpF + €FpG +--- + EkpL) - €E - €F - €G- - €K
This approximation yields extinction coefficients accurate to about 10% for most single-
strand sequences.
The relevant measured and calculated extinction coefficients at 260 nm, 25°C and
neutral pH for single-strand DNA (I/mmol cm) are
DNA pdA pdC pdG pdT dApdC dCpdA
€260 154 74 115 8.7 10.6 10.6
DNA dCpdC dCpdG dCpdT dGpdC dGpdG dTpdG

€260 73 90 76 88 108 95

For the single-strand DNA d(CGCTGGCCACCG), the molecular weight is
3580.48 g/mol for the polyanion state. The extinction coefficient was calculated as fol-

lows:
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8.8 9.5 8.8 10.6 7.3
f | bl T | I
dCpdGpdCpdTpdGpdGpdCpdCpdApdCpdCpdG
L | L 1 ] | I 1 L 1
9.0 7.6 10.8 73 10.6 9.0

€60=2(000+76+108+73+106+9.0+88+95+88+106+723)
-3x11.5-5x74-8.7-154=103 (/mmol cm) = 103,000 (/mol cm)

With & = 103,000 M! cm’l, a path length of the cuvette [ = 1 cm, and an experimental
absorbance A = 1.1311, the single-strand concentration of the DNA in the UV solution

labelled C,,,, was

A _ 11311

Cwv=51 = 103000 % 1

= 1.098 x 10-5 (M)

and the concentration of “DNA stock 1’ was

1000.5

55 = 220x 1072(M) = 22.0 (mM)

C=C, X

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 setups may be accurately prepared.

(2) stock solvent solutions
Throughout this thesis, “stock solvent solution” is defined as the solution contain-

ing all crystallization chemicals (salts, polyamines, precipitating agent, buffer) other than
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DNA. In order to decrease the concentration errors for chemicals and to ensure that further
setups based on the same protocol are reproducible, 50 - 100 pL of stock solvent solution

were prepared.

Method
An incomplete factorial method experimental matrix for the crystallization screen

was designed exactly as shown in Table 2. The macromolecule was the ‘mismatched’

DNA dodecamer d(CGCTGGCCACCG). The source of Mg?* was magnesium chiloride.
With the addition of spermine, 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(CH3COOQO), were selected as buffers to keep pH
values at 6.9 and S.5, respectively.

Some practical considerations when setting up the ‘mismatched’ dodecamer were:

(1) [DNA] = 0.1 - 1.0 mM (double-stranded concentration) in the droplet.

(2) Mg?*]/ [DNA] =2 - 30

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

(4) [NaCac] = 25 mM and [Mg(CH,COO),] = 25 mM

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

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

(1)

)

3

“

©))

A standard 24 well tissue culture plate (Linbro plate, ICN Biomedicals, Inc.,
CAT No. 76-033-05) was prepared by greasing the rim of the well using a 10
cc syringe filled with high vacuum silicone grease (Dow Corning).

The reservoir solution was obtained by diluting the concentrated MPD with
water to 50%(v/v). The well was filled with SOOUL of this diluted MPD solu-
tion as the reservoir.

9 uL stock solvent solution was applied to the center of a clean, siliconized
glass cover slip (22 mm square, Hampton Research, CAT No. HR3-215).

1 uL 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 mini-
mize evaporation.

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

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

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

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

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

without losing the droplets.



CEPY Ay e

o ALV

(5%
"~

lsiliconized cover slip
2\

hanging drop

reservoir
24 well Linbro plate

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

2.1.3 Results
Despite extensive efforts to crystallize this ‘mismatched’ DNA sequence*, only
microcrystals have been observed (Figure 8) under the conditions of:

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

25 mM NaCac, pH 6.9, temperature 4°C, and 50%(v/v) MPD in the reservoir.

(2) 0.1 mM DNA, 4.0 - 8.0 mM MgCl,, 0.25 - 0.50 mM spermine, 5 - 15% MPD,

25 mM Mg(OAc),, pH 5.5, temperature 4°C, and 50%(v/v) MPD in the reser-

voir.

* The crystallizing conditions with ZnCl, (substituting for MgCl, 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 well as on a 1:1 ratio mismatched: self-complementary dodecamers. No
crystals have been obtained thus far.
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Figure 8. Small crystals of the ‘mismatched’ DNA dodecamer.




The crystals in Figure 8 are too small for diffraction analysis. The question arises:
why is the ‘mismatched” DNA d(CGCTGGCCACCG) so reluctant to form suitable crys-
tals even though numerous conditions have been tested? It even seems to have resisted a
marriage with the strand d(CGGTGGCCACCG) where only one mismatch would occur.
The answer likely rests on the fact that crystallization of DNA is a rather complicated pro-
cess. A suitable crystallizing condition is the condition that is able to promote the forma-
tion of duplexes from single strands and facilitate the duplexes in packing regularly in
three dimensions, i.e. to form crystals. The above question prompts the more fundamental
query as to whether the ‘mismatched’ DNA fragment is duplexed, or more directly, what
structure it possesses in the crystallizing 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 crystallizing conditions suitable for most DNA fragments, this
‘mismatched’ DNA predominantly forms hairpins, not duplexes, which may well account
for the difficulty in obtaining crystals. Prior to the appearance of the microcrystals shown
in Figure 8, it was decided that ultraviolet and circular dichroism spectroscopies, and gel
electrophoresis experiments would be used to study the conformation of the ‘mismatched’
DNA in solution. It was anticipated 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 further crystallization experiments.
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2.2 UV Study
2.2.1 Introduction

All molecules absorb light at some wavelength. However, for any particular wave-
length, certain types of chemical groups usually dominate the observed spectrum. The
groups are called chromophores. Typical chromophores found in nucleic acids absorb
light only at wavelengths less than 300 nm, ie. in the near ultraviolet range. The strong
UV 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

less than 200 nm®S.
Nucleotide chromophores

All four bases in DNA, A, G, C, and T are heterocyclic chromophores involving -
electrons and are planar. The isolated chromophores are rarely optically active. Chro-
mophores are made optically active by their asymmetric environment. Optical activity of
nucleic acids arises from two sources: (i) the presence of the chiral sugar at C1* which
destroys the mirror plane found in the isolated base and (ii) the chirality arising from the
secondary and tertiary structures. The bases in native DNA are stacked in such a way that
the strong interactions of their &t 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 disrupted, resulting in two single-stranded random coils. This denaturing process
is referred to as DNA melting. As the molecules are denatured, the bases become
unstacked with a concomitant increase of absorption, called the hyperchromic effect. The

hypochromic effect is common to systems with stacked chromophores.
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The melting of DNA is either a cooperative “unzippering” procedure, i.e. the col-
lapse of one part of the structure destabilizes the remainder’ %7, or a non-cooperative pro-
cedure in which the breaking of one base-pair only affects the stacking of the nearest
neighboring bases®®-72. 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 noncooperative melting.

Thermal denaturation studies on DNA molecules can be performed 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
slowly. The absorbance at a given A is monitored and plotted as function of temperature.
The temperature corresponding to the inflection point of the curve is characteristic of each

species of DNA and is defined as the melting point 7,,,. The value of T}, reflects the stabil-

ity of the DNAZ> 73, The absorbance differences between the low and high temperature
result from (i) 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 structures’%. The enthalpy of the overall transition is calculated as the
summation of all three contributions.

Generally, the melting curves for most oligonucleotides are sigmoidal and
monophasic, i.e. there is only one transition in the whole melting procedure. The transition
could be (i) the denaturation of “single-strand helix”73-77 (if the single strand is the only
species in the solution), which is characterized by a very low ‘melting’ temperature, broad

“melting” temperature range, and very low hyperchromicity (roughly six to ten percent for
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oligomers); (ii) the transition from hairpin structure to random coil, which shows a sharper
transition, higher melting point, and higher hyperchromicity (approximately ten to fifteen
percent for oligomers); (iii) the transition from duplex to random coil, which is distin-
guished from a hairpin to coil transition if the oligomer is able to adopt both hairpin and
duplex structures in much sharper transiting, higher melting point, and higher hyperchro-

micity (ranging from fifteen to forty percent depending on the length of the oligomer).

2.2.2 Experimental
Materials

Two DNA dodecamers, ‘mismatched” d(CGCTGGCCACCG) and self-comple-
mentary d(CGGTGGCCACCG), were studied by the UV experiments. In addition to pure
water as solvent, four aqueous buffers were prepared:

(1) water

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

(3) MgCl, (16 mM), NaCac (25 mM), and spermine (1.0 mM), pH 6.9

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

(5) MgCl, (16 mM), NaCac (25 mM), spermine (1.0 mM), and MPD (2%), pH 6.9
10 uL 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 collected at 300 nm - 220 nm at different temperatures

using a Shimazu UV-2101PC scanning spectrophotometer. The spectrophotometer was



38

equipped with a thermostated cell holder and the temperature was controlled by a HAAKE
G water bath and HAAKE D1 pump. The scan speed was ‘slow’ with a slit 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 either buffer or

water depending on the experiment.

2.2.3 Results
Treatment of melting data
(1) Absorbance normalization
The UV absorbance at 260 nm was recorded at each experimental temperature.

The normalized 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 lower temperatures. The melting curves were obtained by plotting the normai-
ized absorbances against the temperatures and these curves are illustrated in Figures 9 to

16.

(2) Thermodynamic parameters determination
The melting curves for the two DNA molecules in water, Figures 9 and 14, are
characteristic of a single-strand helix denaturation. The reaction can be expressed as:
CGCTGGCCACCG «» CGCTGGCCACCG
and CGGTGGCCACCG & CGGTGGCCACCG

(coil) (single-strand helix)
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The melting curves for the ‘mismatched’ DNA in the four buffers, Figures 10 to 13,
exhibit the features 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 strand to form a random coil. This can be written as
CGCTGGCCACCG « CGCTGGCCACCG
(coil) (hairpin)

For simplicity, it was assumed that the thermal denaturing of DNA oligomers 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 0°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 hairpin to coil transitions are intramolecular first-order reactions with an equilibrium

constant K given by
I ( AH A_S)
K=1="r* %
AH AS
or inK = -ﬁ,'l'—i

where fis the hairpin or single-strand helix fraction.

The thermodynamic parameters which characterize the reaction are T, the tem-
perature where f= 0.5 (K = 1); AH, the enthalpy change of the reaction; AS, the entropy
change of the reaction. These parameters are obtained from a van’t Hoff plot. A van’t Hoff

plot is constructed by taking the logarithm of the equilibrium constant at each point and

plotting it against the inverse of the temperature, i.e. InK vs. % A least-squares line is cal-
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culated to fit the experimental points. The values of AH and AS are related to the slope and
intercept of the plot according to

_ AH . _AS
slope = =z and intercept = R

At T,,, the free energy AG equals 0, i.e. AG = AH - T,,;AS = 0. Therefore, the melting point
T, is given by

AH
AS

I,=
The melting curve of self-complementary DNA in buffer, Figure 15, manifests the
typical transition from duplex to random coil. This reaction is an intermolecular second-

order reaction which can be expressed as

2(CGGTGGCCACCG) ¢« (CGGTGGCCACCG),

(single strand) (double strand)

The equilibrium constant, K, is given by

N S (_ﬁ é_S.)

K= et~ "I * %
or AH AS

an-~ﬁ+-E—

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

state.

The experimental data were processed by Mathcad 6.0"%

. The data processing
details are presented in Appendix A. The UV melting 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 shown in Figures 14 and 15. Figure 16 plots all the melting curves on one

graph. The thermodynamic parameters are tabulated in Table 3.
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Figure 9. (a) Melting curve of ‘mismatched’ DNA in water.

41



M A+ A

T T T T T T

2 -

1 -

n- o
o
=

-1 -

-2~ -

sE Uit T T3S
T (K

Figure 9. (b) van’t Hoff plot of the thermal denaturation of ‘mismatched’ DNA in water.
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Figure 10. (a) Melting curve of ‘mismatched’ DNA in MgCl, and NaCac solution.
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Figure 10. (b) van’t Hoff plot of the thermal denaturation of ‘mismatched’ DNA in MgCl,
and NaCac solution.
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Figure 11. (b) van’t Hoff plot of the thermal denaturation of ‘mismatched’ DNA in MgCl,,
NaCac, and spermine solution.
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Figure 12. (a) Melting curve of ‘mismatched’ DNA in MgCl,, NaCac, and MPD solution.
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Figure 12. (b) van’t Hoff plot of the thermal denaturation of ‘mismatched’ DNA in
MgCl,, NaCac, and MPD solution.
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Figure 13. (a) Melting curve of ‘mismatched’ DNA in MgCl,, NaCac, spermine, and
MPD solution.
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Figure 14. (a) Melting curve of self-complementary DNA in water.
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Figure 15. (a) Melting curve of self-complementary DNA in MgCl,, NaCac, spermine,
and MPD solution.
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Figure 16. Melting curves of ‘mismatched’ DNA dodecamer in solutions: (1) H,O; (2)
MgCl, and NaCac solution; (3) MgCl,, NaCac, and spermine solution; (4) MgCl,, NaCac,
and MPD solution; (5) MgCl,, NaCac, spermine, and MPD solution. Melting curves for
self-complementary DNA dodecamer in solutions; (6) HyO; (7) MgCl,, NaCac, spermine,
and MPD solution.



Table 3: Thermodynamic parameters for d(CGCTGGCCACCG) and

d(CGGTGGCCACCG) denaturations in different solutions

Tn AH AS
Sample Solution
°C) | (kcalmol)) | (cal mol'l K
d(CGCTGG | (1) H,0 - 17 54
-CCACCG) | (2) MgCly, NaCac 39.7 23 73
(3) MgCl,, NaCac, spermine 479 20 63
(4) MgCl,, NaCac, MPD 403 25 80
(5) MgCl,, NaCac, spermine, MPD | 44.9 28 88
d(CGGTGG | (1) H,0 - 29 88
-CCACCG) | (5) MgCl,, NaCac, spermine, MPD | 72.7 63 210

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

(1) 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 molecules in water are unstable and flexible (indicated by the gradual con-

formational changes in a wide temperature range).

(2) Curve 2, which is the melting curve of ‘mismatched’” DNA in MgCl, and

NaCac solution, suggests that adding counter ions (Mgz") and buffer (NaCac) can stabi-

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

mine (only 1 mM) is added into the solution, a significant increase in T, 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-



ture is lowered drastically by adding only 2% MPD into the MgCl,, NaCac, ‘mismatched’
DNA solution. Such a small amount of MPD almost offsets the stabilizing effect of MgCl,
and NaCac and the melting curve is similar to curve 1 which is for ‘mismatched’ DNA in
water. This undermining effect of MPD is confirmed by curve 5 which corresponds to
‘mismatched’ DNA in the MgCl,, NaCac, spermine, and MPD solution in which MPD
decreases the T, by 3 degrees compared with curve 3.

(4) Curve 7 is the melting curve for self-complementary DNA in MgCl,, NaCac,
spermine, and MPD solution. Curve 7 is a typical DNA double strand melting curve in
that it shows a sharp increase in absorbance 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’ counterpart.
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2.3 Circular Dichroism Study
2.3.1 Introduction

While a UV study can only indicate an extensive stacking interaction between the
bases in the helix, a circular dichroism (CD) study is able to provide more details on DNA
conformations. Nearly all molecules synthesized by living organisms are optically active.
The optical activity arises from the presence of chiral structures. A chiral structure is a
structure that is not superimposable on its mirror image. DNA molecules are chiral mainly
due to the helicity. Chiral structures can be distinguished and characterized by plane polar-
ized light (PPL). Plane polarized light can be viewed as the superposition of right circu-
larly polarized light (RCPL) and left circularly polarized light beams (LCPL). A medium
with a chiral molecule interacts differently with the left and right circularly polarized light.
After the PPL passes through the sample, each component remains polarized, but the
radius of the RCPL circle is different from that of the LCPL circle. This phenomenon is
called circular dichroism. When these two opposite circularly polarized light waves are
combined, the result will be an elliptically polarized light. If the right circularly polarized
light is absorbed more strongly than the left circularly polarized light, the spectrum shows
a negative band; if the left circularly rotated light is absorbed more strongly than right cir-
cularly rotated light, the spectrum shows a positive band.

CD data are usually expressed in ellipticity (©) values:

S (degreesj =2.303 (AL - AR) 180° 4m = 32.98(gIC - £4lC) = 32.98A¢lC
where © is the ellipticity in degrees, A is the absorbance, € is the extinction coefficient in
units of Mt em™, 1 is the cell length in cm, C the is the optically active molecule concen-

tration in M.



Molar ellipticity is defined as [©] = 1000 / [C, and therefore
[©] =3298(g;. - &)

Circular dichroism is an appropriate method for investigating conformational dif-
ferences of different forms of nucleic acids in solutions. It is extremely sensitive even to
small changes in relative orientation of the neighboring bases in a polynucleotide. In gen-
eral, the magnitude of the molar ellipticity [©] reflects the degree of the helicity, or the
extent of base stacking; the better the bases stacked, the higher the ellipticity. The differ-
ences between the low and high temperature circular dichroism spectra are due to the con-
formational changes originating mainly from (i) the breakage of hydrogen bonds between
the Watson-Crick base-pairs, (ii) the unstacking of the single strands with temperature,

and (iii) the unstacking of the loop residues$”- 3.

2.3.2 Experimental
Materials

Two dodecamers, ‘mismatched’ and self-complementary, were studied by CD
experiments. Four buffers were prepared:

(1) MgCl,(16 mM), and NaCac (25 mM), pH 6.9

(2) MgCl,(16 mM), NaCac (25 mM), and spermine (1.0 mM), pH 6.9

(3) MgCl,(16 mM), NaCac (25 mM), and MPD (2%), pH 6.9

(4) MgCl,(16 mM), NaCac (25 mM), spermine (1.0 mM), and MPD (2%), pH 6.9
An experimental solution for CD was prepared by diluting 6.0 uL of 1.0 mM DNA (dou-

ble-stranded) into 114 L of each above buffer.
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Method:

The CD experiments were performed on a Jasco J500A spectropolarimeter. Sam-
ple temperatures were controlled by a thermostated cell holder which was connected to a
HAAKE G water bath and HAAKE D1 pump. The scan range was 220 nm - 300 nm and
the chart speed was 2 cm min™!. The wavelength expansion was 5 nm cm™, and therefore
the scan speed was 2 x5 = 10 nm min!.

The corresponding buffer scan (i.e. blank) was performed at the room temperature
before each DNA sample run and was rescanned at the room temperature after all the
DNA spectra from the same sample had been collected. The sample was incubated at each
experimental temperature for ten minutes before collecting spectrum to ensure that the
DNA solution temperature had thermally equilibrated. The temperature reading on the
thermometer in the water bath was recorded as the temperature of the solution. All the

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

peratures spanning from room temperature to 70°C.

2.3.3 Results:
All the blank scans of buffers showed that they were transparent from 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 © (in millidegrees) by multiplying a factor 41.24 (conversion
factor obtained by calibration) and multiplying the sensitivity of the equipment for that
1000

specific scan. Molar ellipticity [©] was calculated by [@] = Tc and all the spectra

were plotted as [@] vs. A. All the voltage-wavelength data from the experiments were pro-
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cessed by Mathcad 6.078 (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 gradual loss in helicity. The general helicity is
maintained in the range of 20°C to 37°C. The shape of the spectrum at 41°C is somewhat
different from that at 37°C which implies some change occurred in secondary structure.
The shape of the spectrum at 55°C is quite different from that at 37°C as almost all mole-
cules are single stranded at 55°C and therefore the spectrum is for the singie strands. Fur-
ther increasing the temperature to 70°C results in a decrease in ellipticity for the negative
band.

Figure 18 shows the effect of spermine on DNA ellipticity. It can be seen that Fig-
ure 18 is quite similar to Figure 17 except that the large change in ellipticity occurs at
higher temperature, between 41°C to 55°C.

Figure 19 shows the effect of adding MPD on ellipticity. The remarkable change in
ellipticity in a wide temperature 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 ellipticity decreases consistently as
the temperature increases except for the abnormality seen at 37°C. However, for the posi-
tive band, the ellipticity increases as the temperature increases from 23°C, reaches a max-
imum at 37°C and then decreases to a minimum at 41°C and then increases again. It

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

Figure 20 is the CD spectra of ‘mismatched’ DNA in MgCl,, NaCac, spermine,
and MPD solution. Both spermine and MPD effects on DNA stabilization are revealed in
this figure. Compared with Figure 18, spermine diminishes the significant elliptical
decrease for the negative band especially 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 illustrated in Figure 20.

Figure 21 is the spectra of self-complementary DNA in MgCl,, NaCac, spermine,
and MPD solution. The result is fairly straightforward. Only very small elliptical changes
are observed which are consistent with the UV experiment (melting point 72.7°C) in that
the DNA molecule remains in its intact double-stranded helical conformation in the over-

all experimental temperature range.
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Figure 17. CD spectra as a function of temperature for ‘mismatched’ DNA in MgCl, and
NaCac solution.
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Figure 18. CD spectra as a function of temperature for ‘mismatched’ DNA in MgCl,,
NaCac, and spermine 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 MgCl,,
NaCac, spermine, and MPD solution.
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Figure 21. CD spectra as a function of temperature for self-complementary DNA in
MgCl,, NaCac, spermine, and MPD solution.



68

2.4 Gel Electrophoresis Study
2.4.1 Introduction

Macromolecules with different charge densities and conformations generally have
different mobilities in an electric field. Electrophoresis is a technique that makes use of the
charged property 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 small molecules. Different extents of polymerization of
the gel correspond to different resistances to mobility. The resistance also varies with the
size and shape of the macromolecule. In polyacrylamide gel electrophoresis (PAGE), gels
are made by the polymerization of acrylamide and N,N’-methylene bisacrylamide. The
pore size of the gel, which can be made of molecular dimensions, is controlled by the pro-
portion of polyacrylamide in the gel, ranging from 3.5 to 30 percent, depending on the size
of the fragments of interest. Negatively charged DNA molecules will 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 bulkier if the DNA
molecules have the same length, the slower the migrating speed. Urea is able to disrupt
hydrogen bonds and is therefore often added into the gel when it is necessary to maintain
DNA in single-stranded form. High concentrations (7 - 8 M) of urea are required to disso-
ciate hydrogen bonds.

Electrophoresis of DNA is done almost exclusively with continuous-buffer sys-
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tems. Tris-borate electrophoresis buffer (TBE) is used for DNA polyacrylamide gel elec-
trophoresis. Formamide, like urea, disrupts hydrogen bonding and is sometimes used as a

denaturant for DNA molecules’®.

2.4.2 Experimental

Each DNA sample for gel electrophoresis was prepared by dissolving 10 ug of
DNA in 20 pL of 20 mM MgCl, and 25 mM NaCac (pH 7.0) buffer. The mixture of a 1:1
ratio (moles) of two single-stranded hexamers, d(CGGTGG) and d(CCACCG), was care-
fully made with total amount of 20 pL and total mass of 10 yg.

The DNA samples were run in two different gels, a nondenaturing and a denatur-
ing gel, respectively. The nondenaturing gel ( 8 X 10 x 0.15 cm?) was prepared and run as

follows:
(1) Two stock solutions were prepared:

5% (five times concentrated) Tris-borate electrophoresis buffer (TBE)

Tris base 27g
boric acid 13.75¢g
Na,EDTA 233¢g
dilute to 500 mL with H,0O

10% ammonium persulfate (APS)
ammonium persulfate lg
H,0 10 mL
(2) Two clean glass plates which were held apart by spacers and sealed with tape

along the two sides and bottom were prepared for pouring the gel.
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(3) 2.9 gacrylamide, 1.0 g N, N’-methylene bisacrylamide, and 2 mL of 5x TBE
were diluted to 9.9 mL with H,O. This solution was mixed with 100 uL. 10%
APS and 30 pL. TEMED (N, N, N’, N’ tetramethylethylene diamide). The
mixture was poured immediately into the space between the glass plates. An
appropriate 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 electrophoresis tank.

(4) 200 mL 5x TBE was diluted with 800 mL H,O and was used to fill the reser-

voir of the tank. The air bubbles trapped in the wells were removed with a
pasteur pipet. The DNA samples and dyes were loaded using a plastic
micropipet. The samples loaded were as follows*:
lane 3 40 pL 0.05% bromophenol blue (fast blue) and 0.05% xylene
cyanol (slow blue).
lane 5 20 uL 1:1 mixture (moles) of d(CGGTGG) and d(CCACCG)
+ 20 pL 40% sucrose
lane 6 20 uL ‘mismatched’ dodecamer d(CGCTGGCCACCG)
+ 20 uL. 40% sucrose
lane 7 20 puL self-complementary dodecamer d(CGGTGGCCACCG)
+ 20 pL 40% sucrose
(5) The electrophoresis was performed at room temperature and run at a voltage

of 100 V. At the end of the run, the plates were detached from the tank and

* Lanes 1, 2, and 4 were not used.
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the two glass plates were removed. A photograph of the gel was taken under

UV light (Figure 22(a)).

The denaturing gel (20 x 35 x0.15 cm?) 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 H;O. This solution was mixed
with 500 uL 10% APS and 150 uL. TEMED. The gel was poured immedi-

ately.

(4) The DNA samples were heated to 90°C for two minutes and were cooled
quickly in ice water.

(5) 200 mL 5x TBE was diiuted with 800 mEL H,O and used to fill the reservoir
of the tank. The air bubbles trapped in the wells were removed with a pasteur
pipet. The DNA samples and dyes were loaded using a plastic micropipet.
The DNA samples were redissolved in one of the solutions, (i) deionized for-
mamide + 10 mM EDTA, and (ii) 40% sucrose. The samples loaded were as
follows:
lane 1 20 pL ‘mismatched’ dodecamer d(CGCTGGCCACCG)

+ 20 puL solution (i)
lane 2 20 uL ‘mismatched’ dodecamer d(CGCTGGCCACCG)
+ 20 pL solution (it)
lane 3 20 pL 1:1 mixture (moles) of d(CGGTGG) and d(CCACCG)

+ 20 mL solution (i)
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lane 4 20 pL single-stranded hexamer d(CGGTGG) + 20 pL solution ()
lane 5 20 pL single-stranded hexamer d(CCACCG) + 20 uL solution (i)
lane 6 40 pL 0.05% bromophenol blue

(6) The electrophoresis was performed at room temperature and run at a voltage
of 400 V. At the end of the run, the plates were detached from the tank and
the two glass plates were removed. A photograph of the gel was taken under

UV light (Figure 22(b)).

2.4.3 Results

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 UV melting curve (data not
shown) indicates that at room temperature, about 25% of the duplexed d(CGGTGGY)/
d(CCACCG) has melted to single strands. Consequently, it is concluded that the faint
band corresponds to the slower migrating 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(aq) lane 6 is for the ‘mismatched’ DNA. It is clear that the
migrating speed of this dodecamer is closer to the duplexed hexamer than to the duplexed
self-complementary dodecamer* (lane 7). If the ‘mismatched’ DNA were duplexed, it

should comigrate with duplexed self-complementary dodecamer. The mobility difference

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

roorm temperature.
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cannot be explained by the ‘mismatched’ DNA being a single-strand because it has a melt-
ing curve and shows its T,,, is about 39.7°C.

The two bands in lane 3 of Figure 22(b) are of almost equal intensities indicating
that no hexamer duplexes are formed. By comparing lane 3 with lanes 4 and 5, it is con-
cluded that the faster migrating strand is d(CCACCG) while the slower migrating strand is
d(CGGTGG). That almost no difference 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 migrating strand
of the hexamer, d(CGGTGG). A striking result is that and the migration difference
between the ‘mismatched’ DNA (lane 1) and the slow strand of the hexamer,

d(CGGTGQG) is less than that observed between the two hexamer strands (lane 3).



(a) (b)
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Figure 22. Electrophoretic mobilities in (a) nondenaturing polyacrylamide gel. 0.05% bromophenol blue (fast blue) and 0.05%
xylene cyanol (slow blue) (lane 3); 1:1 mixture (moles) of d(CGGTGG) and d(CCACCG) (lane 5); ‘mismatched’ dodecamer
d(CGCTGGCCACCG) (lane 6); self-complementary dodecamer d(CGGTGGCCACCG) (lane 7), and (b) denaturing 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(CCACCQG) + formamide (lane 3); single-stranded hexamer d(CGGTGG) + formamide
(lane 4); single-strand hexamer d(CCACCG) + formamide (lane 5); 0.05% bromophenol blue (lane 6).

e
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2.5 Discussion

A striking difference in enthalpies between the ‘mismatched’ and self-complemen-
tary DNA in the solution of MgCl,, NaCac, spermine, and MPD indicates a large differ-
ence in their conformations. All the CD spectra for these two molecules show two bands.

The negative and positive bands are almost centrosymmetric about 256 nm, which means

the two DNA dodecamers adopt B-type conformations®® 81, If the ‘mismatched’ DNA
were duplexed, the only difference between such a duplex and the self-complementary
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 still not signifi-
cant enough to produce such a large variation in AH. 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. Comparison of the mobilities of the duplexed self-complementary DNA, the ‘mis-
matched’ DNA and the duplexed hexamer clearly suggests that the ‘mismatched’ DNA is
hairpinned 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 mobility of the hairpin structure compared
to that of the duplexed hexamer as shown in Figure 22(a) is due to the bulky loop that the
hairpin structure possesses leading 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 differences, the former being less

dense and consequently moving slower. The mobility difference between the two single



strands of hexamer can be explained by similar 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 ‘mismatched’ DNA is still hairpinned.

How do individual crystallizing agents affect the ‘mismatched’ DNA conforma-
tions in aqueous solutions? Water surrounding 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 counterions diminish 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 humidity favors B-form

DNA. Reduced humidity or increased ionic strength leads to a transition from the B-form

to other forms, such as A- and Z-forms 23-80-81_ A schematic presentation of the CD spec-
tra for A- and B-forms of DNA is shown in Figure 23.
DNA double helices are stabilized mainly 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 stability? 3. Adding a

relatively nonpolar alcohol into a DNA solution strengthens hydrogen bonds between the
complementary bases, while disrupting the hydrophobic effects of the base stacking?.

Many studies concerning the alcohol effects on DNA conformations®2-8 have shown that
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Figure 23. Schematic presentation of the CD spectra for the A- and B-form DNAs. The
dotted lines are drawn through the absorption maximum. From Ref. 81.

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-coil transition (not an all-or-none transition). There exist other conformations between
the helix and coil states, i.e. many possible intermediate conformations accompanying the
denaturation process. The enthalpy change during such a denaturation equals the total
stacking energy.

Curves | and 6 in Figure 16 demonstrate that the DNA molecules in water are sin-

gle-stranded. The hydrogen bonds between the complementary bases of the two strands no
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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 heiix” by Porschke” and Appleby et al.’s. The single-strand helix is rela-
tively stable at low temperature. As the temperature increases, the helical chain gradually
becomes more and more flexible and finally the whole strand becomes a random coil
(maximum unstacked state).

The relatively sharper increase in absorbance, higher hypochromic effect, and a
melting point around 40°C in curve 2 of Figure 16 indicate that addition of MgCl, and
NaCac into the solution stabilizes the helix and promotes the formation of a double strand.
Mg?* ions bind to the negatively charged phosphate group in DNA and shield the negative
charge and thus attenuate the charge repulsion. Many studies reveal that the increase in
melting temperature depends on the logarithm of the Mg?* and Na* ion concentrations.
Mg2+ ions stabilize helical structures very effectively at concentrations several orders of
magnitude lower than the effective concentration of Na* ions¥. In the corresponding CD
spectra (Figure 17), the ellipticity change between 37°C and 41°C 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 37°C and at 55°C can be explained by DNA being
hairpinned at 37°C and while at 55°C it is single-stranded. The decrease in ellipticity from
55°C 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 from NMR studies®” 8 that even at very
high temperature some base stacking still remains.

The UV and CD results verify the significant charge effects of spermine on DNA.
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The steeper melting profile and higher T}, in curve 3 of Figure 16 indicate that a more rigid

helix is formed on the introduction of spermine. 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 concentration®6. The
most likely explanation for this is the effective charge neutralization of the phosphate
group by forming a DNA-spermine complex, 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 affinity. It is also possible that spermine might sta-

bilize DNA by cross-linkage, but the lack of dependence of DNA concentration on 7,
makes this less likely. It can be seen from the corresponding CD (Figure 18) spectrum that

the large change in ellipticity occurs at higher temperature between 41°C to 55°C com-

pared to Figure 17, which is also consistent with the UV result indicating that DNA melts

at 47.9°C in this solution. Furthermore, the DNA helices become more rigid and more
resistant to thermal denaturation as smaller 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 UV melting curve (Figure 16,
curve 4) demonstrates that even 2% MPD could strongly destabilize this ‘mismatched’
DNA as shown by the lower melting 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-
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ment, and the more flexible the DNA molecules. The cytosine bases in the ‘mismatched’
region are not able to form normal Watson-Crick hydrogen bonds. The distortion induced
by the C-C mismatch may affect the hydrogen bonding and stacking of the neighboring
normal Watson-Crick base-pairs in the double-stranded 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 increases.

The fact that the UV melting curve for the ‘mismatched’ DNA in solution with

MgCl,, 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 gradual dehydration of DNA molecules is similar in effect to reducing the
humidity 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 37°C are very likely a result of the breakage of the hairpin duplexed
stem (7,,, = 40.4°C).

Figure 20 is the CD spectra of ‘mismatched’ DNA in MgCl,, 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
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revealed by the elliptical change in negative band, whereas, the destabilizing effect of
MPD is revealed by the elliptical change in positive band. The positive band still shows
the same trend as that the ellipticity increases as the temperature increases below the melt-

ing point with a sharp decrease during melting and increases again as the temperature is

further increased. The large change in spectral shape between 41°C and 55°C is due to the

transition from hairpin to single-strand which is also predictable from the UV melting

point (T,,, = 44.9°C).

Hairpin conformations have been studied in a number of non-palindromic oligonu-
cleotides where duplex formation is very difficult®> 892, 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-form DNA, the minimum phosphate-phosphate distance
occurs across the minor groove after two to three nucleotides are stacked in helical fashion

on the 5’ side of the stem. Thus, loops of four to five nucleotides in DNA could maximize

stacking interactions while satisfying steric constraints. Bolmmer et al.?? have pointed out
that the hairpin with a four bases loop (L1 - L4) may be stabilized by formation of an extra
base-pairing between L1 and I4. This was claimed to be possible in loops consisting of a
PyL2L3Pu 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-pairs, 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
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Figure 24. Possible hairpin structure of the ‘mismatched’ DNA dodecamer d(CGCTGGC-

CACCG).

between a A-T base-pair, it is likely that the melting of the hairpin will 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

35.68-70_ ;e there are two transitions

the monophasic melting at low salt concentrations
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 IT) corresponding to hairpin to coil is relatively broad (Figure 25). It can

The predominant structural form of DNA molecules in solution will depend partly
on both the DNA and salt concentrations. When the DNA concentration is constant, the
melting 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 ‘mismatched’ DNA are actually bipha-
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Figure 25. A schematic representation of normalized melting curves as a function of NaCl
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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 available—duplexes at low tempera-

ture and single strands at high temperature.
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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 crystallizing solutions. The results suggest that under the conditions of the crys-
tallizing solutions the ‘mismatched’ DNA forms a hairpin structure, possibly, with the first
and the last four bases in the stem in B-DNA helical form and the central four bases par-
tially stacked in the loop. Under the same crystallizing conditions, the self-complementary

DNA is duplexed in B-form.



2.7 Suggested Further 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 experimental temperature if the melting is biphasic as seen in curves 1 and 2, or

adjusting the components in the crystallizing solution to obtain monophasic melting as

seen in curve 3 and 4 where there are only two species, duplexes and single strands in

solution. Inspection of the previous results reveals some important trends which will favor

the formation of duplex relative to hairpin:

)

)

3)

High DNA concentration

T,,,; (melting point of transition I) increases linearly with DNA concentration
as the DNA concentration is increased, while 7,,,, (melting point of transition
II) is independent of DNA concentration. If the DNA concentration is high
enough, only the duplex-to-single-strand transition (curve 3 or 4 in Figure
25) is observed.

High salt concentrations

T,,; increases linearly with the logarithm of the cation concentration. This is
true for both Mg?* and Na* ions. Mg2* ions have an effect at concentrations
of several orders of magnitude lower than the effective concentration of Na*
ions86. However, very high salt concentrations will condense DNA.

High spermine or spermidine concentrations

T,,; increases linearly with the logarithm of the spermine and spermidine

concentration. Spermine is about ten times effective than spermidine. Still,
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very high polyamine concentrations will cause DNA condensation.
Low temperature
Transition I 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 from the previous reports, it is

proposed the ‘mismatched” DNA dodecamer be crystallized according to the following

principles:

)]

)

3

)
&)

High DNA concentration in the droplet
Practically it may be in the range from 0.5 mM to 2.5 mM.
High salt concentrations, especially 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 al.?? have reported that mismatches con-
taining cytosine destabilize the duplex more than any other mismatches. At
neutral pH, a C-C mispair may form only one hydrogen bond. This type of
mismatch may significantly distort the phosphate backbone of the duplex.
The stabilization of such distorted backbone would require high salt concen-
trations (~300 mM or greater).

Relatively high polyamine concentrations

The practical concentrations should be tested with care.

Low MPD concentration due to its destabilizing effect

Initial pH of 6.0 to 5.0

Even though low pH will aid in forming one more hydrogen bond between
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12, it is unclear

one protonated cytosine and one unprotonated cytosine
whether lowering pH could induce some detrimental effects on the crystalli-
zation.

Low temperature
Many DNA crystals can only be obtained at 4°C because the melting points

are very low, e.g. the hexamer crystal d(CGGTGG)/d(CCACCG) obtained

before in this lab.
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Chapter 3

Self-Complementary DNA Dodecamer
d(CGGTGGCCACCG): Crystallization

and Determination of Cell Parameters

“The pursuit of a structure is rather like hunting: it requires

some skill, a knowledge of the victim's habits, and a certain

amount of low cunning. »94
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3.1 Introduction

There are numerous physical chemical approaches that yield information regard-
ing macromolecular structures. Some of these methods, such as CD, NMR and molecular
dynamics, are becoming incn‘:asingly valuable in defining detailed protein structure, par-
ticularly for low molecular mass proteins. However, few techniques offer more basic
structural information about biological macromolecules than the x-ray single crystal dif-
fraction analysis method which provides a detailed and precise description of the struc-
tures of macromolecules. X-ray diffraction analysis is unique in its ability to determine
atomic positions in a crystal lattice and hence define molecular conformation which
enables one to explain biological processes at molecular level. The insights derived 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 higher resolution of crystallography shows an impressive conformational
diversity at the level of individual nucleotide units within A-, B-, and Z-form DNA fami-
lies. The conformations observed in crystals result from interactions both within the
duplex and between duplexes and other species in the extended crystal structure.

Computers of extraordinary speed and capacity as well as advanced computer
graphic systems are common tools in crystallographic studies. The question is then, what
prevents the full utilization and exploitation of this enormously powerful approach? The
answer is that for application of the method to a particular macromolecule, the molecule
must first be crystallized. Not only must crystals be grown, but they must be diffraction-

quality crystals, i.e. crystals suitable for a high-resolution x-ray diffraction analysis.



90

3.1.1 Fundamentals of X-ray Diffraction Analysis

The fundamental principles of x-ray diffraction are well established. X-rays are
electromagnetic radiation of short wavelength (0.1 - 100 A) and are generated by the sud-
den deceleration of high speed electrons at a target material. X-rays in the wavelength
range 0.5 - 2.5 A are used in crystallographic study because the distance between adjacent
atoms in crystalline solids are on the same scale. X-rays impinging on crystalline solids
will give rise to observable diffraction patterns as the x-rays are scattered coherently from
the electrons of the constituent atoms of the solid substances.

A crystal is a substance with a very high degree of internal 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 three-dimensional 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. All lattice 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 fundamental translations that characterize the lattice (Figure 26(a)). A unit cell is
the basic parallelepiped repeating unit in a crystal. It contains a complete representation of
the contents of the repeating unit of the crystal and is always chosen as the ensemble of
lattice points comprising the smallest box with the highest symmetry. Thus, any crystal
may be regarded as being built up of regularly stacked unit cells in three dimensions (Fig-
ure 26(b)). As each unit cell has identical contents, the structure determination of a crystal

is reduced to the determination of the spatial arrangement of atomns within a single unit
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cell. If the unit cell has some internal symmetry, i.e. only a portion of it is unique, the work
is further reduced to the determination of this unique portion called an asymmetric unit.
The parameters that define a unit cell are axial lengths a, b, c, and interaxial angles a., B, v.
Once the crystallographic axes are chosen, the set of planes that have intercepts a/h, b/k, ¢/
I, where h, k, | are integers, along the x, y, z axes respectively, can be expressed in Miller
indices as (hkl) (Figure 26(c)).

In addition to the crystal lattice in real 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 taking normals to all possible direct lattice planes (hkl) and terminating

each normal at a point at a distance 1/dyy;, where dyy; is the perpendicular distance

between planes of the set (hkl). The set of points so determined constitutes the reciprocal
lattice (Figure 27). The larger a real cell is, the smaller its reciprocal cell will be. There-
fore, large molecules, like DNA, have correspondingly small reciprocal cells. An x-ray
diffraction pattern recorded by photographs visualizes the general geometry and symme-
try of the reciprocal lattice.

The interaction of x-rays with a crystal is a complex process. Although strictly
speaking it is a combined scattering and interference effect, this process is often described
as a diffraction phenomenon. Bragg’s treatment gives a clear and accurate picture of a dif-
fraction pattern, 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 6 will show maximal constructive interference if the path difference

8 = 2dsin@ is equal to an integral number of wavelengths, i.e. when 2dsin® = nA is
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Figure 26. (a). Three-dimensional lattice, showing unit cell (heavy line). From Ref. 95. (b)
Unit-cell nomenclature. The reference axes X, y, z are right-handed. The length of the unit-
cell edge parallel to each reference axis is respectively a, b, ¢, and the interaxial angles are
denoted a, B, v. From Ref. 96. (c) The planes corresponding to Miller indices (2,1,2) are a

series of lattice planes which cut the unit cell h times along a, k times along b, and | times
alongc.
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satisfied (Figure 28). If Bragg’s law is considered in the form of sin6 = '%( 5) , it is seen

-

that sin® is inversely proportional to d. Since 0 is half the angular deviation of the dif-

fracted beam from the direct beam, the structures with large d will exhibit compressed dif-

fraction patterns, which is just the case of macromolecules.

z* axis

Figure 27. Direct and reciprocal lattices: (@) monoclinic P, as seen in projection along b,
showing three families of planes. (b) corresponding reciprocal lattice. From Ref. 97.

Figure 28. Detailed geometry of x-ray reflection. The path difference between the two typ-
ical rays reflected from successive planes is (QA; + A,R), and is equal to 2d sin®. From

Ref. 97.
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The scattering power of a given atom from a given reflection is known as its scat-
tering factor (f;;). When an incident x-ray impinges on the atoms in a unit cell, all the
scattered wavelets will add together and interfere with one another, and thus the total scat-
tering from an object is sensitive to its internal structure. The structure factor F(hkl)
= |F (hkl)|exp (i®) expresses the combined scattering of all the atoms:in a unit cell com-
pared to that of a single electron. Since only the intensity of scattering which is propor-

tional to the square of the structure factor, I(hkl) o |F(hkl)|?, can be measured, the
phase ¢ which is required for structure determination is lost in x-ray experiments. This is
the phase problem.

There are two different problems involved in the collection of diffraction data. The
first is to locate the position of various reflections, from which the size, shape and symme-
try of the reciprocal and therefore the real lattices may be calculated. The second is the
determination of the intensity at every point in the reciprocal lattice, i.e. to every reflecting
plane in the real lattice. The intensity is ultimately related to the distribution of electron
density in the unit cell, i.e. the molecular structure.

Bragg's law states that each value of 20 at which a diffraction maximum is
observed is a function only of the cell dimensions and the wavelength of the x-rays. Thus,
the unit cell dimensions can be determined from the 20 angles with the aid of a four-circle
diffractometer (Figure 29). In a diffractometer, the crystal is centered in the incident beam,
and the detector can move in a plane parallel to the instrument base (referred to as the
equatorial plane) which contains the crystal and the incident and diffracted x-ray beams.
The value of 20 may be then measured from the position of the incident beam and the

position of the maximum of the diffracted beam. Crystals can be rotated about three axes
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Figure 29. Diffractometry. From Ref. 98.

The crystals to be measured on a diffractometer are selected under a microscope
because the crystal quality is critical to the success of a data collection. Normally, the
external forms of crystals manifest their internal integrity. Therefore the crystals with reg-
ular faces, sharp edges and shiny surfaces are favored. Furthermore, crystals must extin-
guish polarized light properly.

Once a crystal has been 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
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important. Dehydrated crystals will not diffract properly, and in some cases not at all.
Therefore, macromolecule crystals used in diffraction experiments are usually 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 fragile and must be handled

with extreme care 3%,

A polaroid photograph of the diffraction 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 small 20 angles, i.e. the diffraction pat-
tern is concentrated around the center of the photograph. Once the coordinates of the

reflection spots are available, the cell parameters can be determined by the index routine

of the diffractometer control software!®. An alternative for obtaining initial reflections is
the search routine. The search routine locates and centers the reflections by a search of
reciprocal lattice. Before starting data collection, a better cell based on high angle reflec-
tions is essential because high angle cell parameters have smaller standard deviations and
therefore are more precise.

The Laue routine is generally performed after obtaining the high angle cell to
ensure that the crystal system which is the basis for the following 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 potentially equivalent reflections,
measuring the corresponding intensities, and statistically evaluating the goodness of fit.

Values of the four corresponding angles (%, ¢, ®, 28) for all possible reflections
can be calculated based on the best unit cell. The angles for a particular reflection are set

by a computer, the intensity of the reflection is measured with the detector and recorded,
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together with the measurements of the background intensity near the reflection. A whole
data set collection is normally processed by advancing incrementally through the Miller
indices. In this way a systematic scan of all desired reflections is done completely and
automatically. .

The intensity data collected are only the raw intensities. In most cases they repre-
sent all the information that will be obtained from physical measurements on the crystal,
and the subsequent solution of the structure will depend on the skillful extraction of the
information contained within the intensities. The procedure for converting the measured

intensity data to a form suitable for further calculation is called data reduction.

3.1.2 Macromolecular Crystallography

The analysis of any crystal by x-ray diffraction requires every unit cell be identi-
cal. Any reduction in the extent of order will result 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
arise from different sources. (i) Some molecules may occupy positions that vary slightly
from lattice points. The displacement is enhanced by the relatively large spaces between
the adjacent molecules. (i) The number of bonds in a macromolecule are much greater
than a conventional small 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. (iif) Macromolecule

crystals normally contain a very high solvent content, from twenty to seventy percent by
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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 comparison with small molecule crystals, macromolecules are
very soft, crush easily, disintegrate if allowed to dehydrate, and diffract x-rays poorly.
Conventional diffraction measurements encounter extreme challenges to techno-
logical limits when they are applied to macromolecular crystals. A more powerful x-ray
beam is required for macromolecule diffraction because of the weak intensity of reflec-
tion. Furthermore, a longer data collecting period, typically from a couple of days to even
a week, is essential because there are as many as several tens of thousands of reflections to
be collected. Thus, macromolecular crystals 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 greater than 1.5 A and frequently no better

than 2.0 A resolution!0!.

Crystallographic structure determination of a macromolecule entails a sequence of
experimental and analytical operations. The route to solution of a macromolecular crystal
structure.is: (i) crystallization of the macromolecule; (ii) x-ray diffraction data collection;

(iif) phase evaluation; (iv) synthesis of an electron density map; (v) establishment of an

atomic model; (vi) refinement of the model to an optimal match with the observations!%3.
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3.2 Crystallization
3.2.1 Initial Trials

The most critical step in determining a structure is acquiring diffraction-quality
crystals. A great deal of labor, patience and ingenuity are essential to carry out a system-
atic search of crystallization conditions, and at least a little luck. Both the size of the crys-
tal and the regularity of the molecular packing are essential to the success of analysis.

Obtaining diffraction-quality crystals usually proceeds in two steps. The first is the
screening of the crystallization 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 from an incomplete factorial method (see Chapter 2) and grid
screening. An incomplete factorial method was first tried 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 matrix design. The factors involved were
DNA, MgCl,, spermine, and MPD concentrations. The experimental matrix is shown on
Table 4.

Some practical considerations when setting up the self-complementary dodecamer

were:

(1) [DNA] = 0.1 - 1.0 mM (double stranded concentration) in the droplet.

(2) Mg?*]/ [DNA] =0.5 - 32

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

(4) [NaCac] = 10 - 40 mM (it has been observed that changing the [NaCac] in this
range does not make a noticeable difference in crystallization.)

(5)pH =69
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Table 4: Incomplete factorial method experimental matrix for the self-
complementary DNA d(CGGTGGCCACCG) crystallization screen

Trial No. DNA . MgCly spermine MPD
1 + + + +
2 + + + -
3 + + - +
4 + + - -
5 + - +
6 + - -
7 + - - +
8 + - - -
9 - + +
10 - + -
il - + - +
12 - + - -
13 - - + +
14 - - + -
15 - - . +
16 - - - -

Figure 30 is a schematic phase diagram for a macromolecule showing its solubility
as a function of precipitating agent concentration. The most important region on the dia-
gram is the supersaturated 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 only 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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high. However, the probability of spontaneous and uncontrolled nucleation is also

enhanced.
A
labile region—stable nuclei

g spontaneously form and grow
.é R — — -~ -

I metastable region— ~ ~

Q . ~

g stable nuclc.u grow supersaturated

o] but do not initiate region

.g N

3 AN

3 \

S unsaturated region— \

Q solid phase dissolve

=

—-

Precipitating Agent Concentration

Figure 30. A phase diagram of a macromolecule describing its solubility as a function of
precipitating agent concentration.

Usually, precipitate appeared in some droplets within a day 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 growing speed. However, if a lot of precipitate was present,
the concentration of macromolecule was decreased to half of the original trial amount, not
only to save sample, but also to bring the droplets closer to the supersaturated region.

Decreasing the precipitating agent concentration also worked well.
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3.2.2 Optimization of Crystallizing Conditions
Grid screening

If the crystals obtained are not large enough for x-ray diffraction analysis, the first
option to consider is varying the MPD concentration and/or the DNA concentration in the
droplet to shift the droplet from the labile region to the supersaturated region as suggested
by the phase diagram. A more refined 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 31). In the crystallizing experiments of the self-complementary
dodecamer, no crystals appeared from the droplets set up according to the incomplete fac-
torial design. However, grid screening was performed 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 irregular and no sharp external edges were
observed. The crystals did not extinguish under the polarized light. The crystalline mate-
rial actually was at best composed of irregularly packed short-ordered DNA aggregates.
They are known as spherulites. The presence of such aggregates indicated that it may be
possible to grow larger crystals by adjusting the crystallizing conditions.

The first available crystal 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 external irregular surfaces.
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repeat until optimal conditions achieved

——p increasing concentration of Y

——— increasing concentration of X

Figure 31. Schematic for successive narrowing of optimal conditions for crystallization.
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A second kind of crystal was obtained from the droplet with MPD as the precipi-
tating agent (Table 5, condition ¢ and Figure 32(c)). Unfortunately, this condition was not
reproducible, probably because the condition was close to the of boundary of the metasta-
ble region. The difficulty in nuclei formation was where the problem existed, but once
nuclei were formed they could grow steadily.

The protocol leading to the first diffraction-quality crystal was modified from the

24-condition matrix for the crystallization of nucleic acid fragments reported by Berger ez

al®!. 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 diffraction-quality crystals were obtained
by adjusting the crystallizing factors based on all those 18 conditions. During the optimi-

zation of the crystallization conditions, it was found that BaCl, worked as well as MgCl,,

and so it was the case with KCI and NaCl (at least the crystals were indistinguishable
under the microscope).

Initially, attention was focused on optimizing the DNA and MPD concentrations as
suggested by the phase diagram. If the DNA concentration alone was increased from 0.17
mM to 1.67 mM, a lot of small 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 23.3%, 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 significantly. As yet, these crys-
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tals are still not large enough for data collection on a sealed tube diffractometer. However,
some preliminary results have been obtained from a couple of these small crystals on the
Brookhaven National Laboratory’s synchrotron.

If the MPD concentration was further increased to about 30%, crystal growth
directions spiked out from the original crystal surfaces due to the high growing speed
(Table 5, condition f and Figure 32(f)) which indicated the droplet was at the far labile
region. Sometimes, the same multidirectional growth occurred in crystals 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 external shape were also obtained from a rel-
atively high salt solution (Table 5, condition g and Figure 32(g)). Unfortunately, those
crystals are still too small 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 ZnCl, in

place of MgCl, and simultaneously adjusting the other crystallizing factors. There is no

published work reporting the crystallization of an oligonucleotides with Zn?* as a
counterion. Therefore, 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 hours
(Table 5, condition 4 and Figure 32(h)). The crystal in Figure 32(i) (Table S, condition i) is
a side view (parallel to a 3-fold axis) of the crystal which yielded the whole data set col-
lected locally and Figure 32()) is the end view (down a 3-fold axis) of a different crystal

obtained from the same crystallizing condition as (). The impressive external 3-fold sym-
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metry of Figure 32(j) just reflected its internal 3-fold symmetry which was later found by

x-ray analysis.
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Figure 32. Crystals obtained under the conditions of (a) and (b) in Table 5.
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Figure 32. Crystals obtained under the conditions of (¢) and (d) in Table 5.

1Y




3P WA Nl ST T

At

Figure 32.

Crystals obtained under the conditions of (e) and (f) in Table 5.
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Figure 32. Crystals obtained under the conditions of (g) and (&) in Table 5.
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Figure 32. Crystals obtained under the conditions of (f) and () in Table S.
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3.2.3. Special Techniques
The following special techniques were consistently tried in crystallizing experi-

ments to improve the crystal quality.

Changing the concentration of the reservoir

If crystals are small and stop growing because the equilibrium between the droplet
and reservoir has been reached, the concentration of the precipitating agent in the reservoir
may be increased in order to establish a new equilibrium. 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 required and the cover slip resealed to the reservoir. This
procedure must be completed as fast as possible to prevent the droplet from drying out,
especially when the volume of the droplet is small. The technique has been shown to be

effective in increasing the crystal size.

Streak seeding

One of the most frustrating aspects in crystallization is that often one can obtain
small 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-
cumstances.

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 wiciocrystals are gently uncovered. The hair is drawn along the surface
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of the droplet containing microcrystals, dipped into the reservoir to remove excess crys-
tals, and then streaked along the middle of the seeding droplet. Both droplets are then
sealed against the reservoirs as soon as possible.
Some difficulties in performing streak seeding are:
(i) determination of the degree of supersaturation for seeding is not easy.
The solution to be seeded should be only slightly undersaturated so that con-
trolled, slow growth will occur. This is usually done by simultaneously reduc-
ing the MPD and DNA concentrations in the droplet, and MPD concentration
in the reservoir to ensure that the desired state of supersaturation will be
reached more slowly. Normally, the seeding solutions are allowed to equili-
brate for 3 - 5 days against the reservoir before the subsequent seeding. How-
ever, if the concentration is still too low, the seed crystals dissolve; if the
concentration is too high, numerous additional small crystals appear.
(i) The number of nuclei induced is difficult to control. Seeding solutions contain-

ing too many seeds yield showers of microcrystals.

F eeding3 9

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 uL works well.

Feeding is done by pipetting 1 - 2 pLL “DNA stock 2” and uncovering the cover
slip of the droplet to be fed. The feeding DNA solution is gently expelled from the pipet

and is kept on the outside of the pipet tip. The tip is then lowered close to the droplet to be
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fed and the feeding solution is allowed to slide down the tip into the droplet. This must be
done very carefully 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, crystals grow larger by feeding. The feeding technique has been shown to be

more successful than the other special techniques mentioned above.
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3.3 X-ray Diffraction Analysis

The crystal to be tested on the diffractometer was mounted into a capillary by the

following procedure:

)

@)

€)

“@)

)

Thin-walled capillaries of 0.2 to 1.0 mm (Charles Supper Company), epoxy
resin (MC LePage Limitee), paper wicks (Hampton Research, CAT No. 100-
9271), a sharp razor blade, a goniometer head, a brass pin, some clean glass
slides and some sheets of Kimwipes (Kimberly-Clark) were assembled near
the microscope.

The size of the crystal was assessed under the microscope and a capillary
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 trimmed to
be relatively even to prevent damage to the crystal when drawing it into the
capillary. The capillary was connected to a tygon tubing that is terminated
with a large plastic pipet tip as a mouthpiece.

The cover slip of the droplet was removed and 5 - 1SuL of its reservoir was
added to the droplet to prevent the crystal 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 capillary was gently blown out by mouth

drop by drop. If necessary, a paper wick was stuck into the capillary end to
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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 first because of surface ten-
sion, and then it might come out in a rush, requiring a little back pressure.
This frequently 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 syringe. 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 also prevent the crystal from being blown out the end.
A clean and dry paper wick was dipped into the reservoir and then taken out.
The soaked tip was squeeze-dried 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 insufficient solution present, the crystal 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.

The capillary was then cut at the other end within 1 cm of the crystal.
Both ends of the capillary were sealed with epoxy resin.
The sealed capillary was mounted onto a pin and fixed with epoxy resin. Its

height was adjusted on a goniometer head before the epoxy resin was com-
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The whole mounting procedure is described in Figure 33.

—
@
e——
a capillary of proper diameter
—
~—_
cut end of the capillary

A=

the open end of the capillary approaching the crystal

|

the crystal with excess liquid in the capillary

o

wicking away excess mother liquor

@ =

= @

one drop of mother liquor in the capillary and ends sealed with epoxy

resin

Figure 33. Crystal mounting and drying stages illustrated.
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3.3.1 Tetragonal and Monoclinic Crystal Cell Parameters

Two needle-like crystals of dimensions of 0.3 x 0.04 x 0.04 mm? 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 synchrotron, the decay of the crys-
tals was significant. The effective data collection time was about 600 seconds. Therefore
only limited information was obtained.

The cell dimensions of the two crystalsare () a=b=77A,c=40A, a=B=y=
90°, for the tetragonal cell, and (i) a=93.56 A, b= 1682 A, c =48.15 A, a=90°, B =
113°, ¥y = 90°, for the monoclinic cell.

For the tetragonal cella=b =77 A, c =40 A, o= =v=90°% and a volume per
base-pair of about 1,225 A3 (average value obtained from some orthorhombic cells)mz, a
DNA dodecamer duplex will have a volume of 1,225x 12 = 14,700 A3. Using these

77 x77x40

13,700 = 16. Since most of the

values, the number of molecules in a unit cell is

chiral tetragonal space groups have eight symmetry equivalent positions, the sixteen
duplex molecules are likely to be accommodated in the cell as pairs of duplexes per asym-

metric unit.



3.3.2 Trigonal Crystal
3.3.2.1 Data Collection

Two crystals A (crystallized from 0.73 mM DNA, 7.1 mM ZnCl,, 28.4 mM NaCl,
4.26 mM spermine, 14.2 mM NaCac, 2.8% MPD, pH 7.0, and reservoir 17.5% MPD) and

B (crystallized from 0.87 mM DNA, 8.5 mM ZnCl,, 34 mM NaCl, 5.1 mM spermine, 17

mM NaCac, 1.7% MPD, pH 7.45, and reservoir 10% MPD) were tested. A lot of prelimi-
nary crystallographic information was obtained from crystal A and crystal B yielded the

whole data set. The the cell dimensions for crystal A were calculated from 25 reflections
including some Friedel mates and with 20 well distributed from 6.8° to 14.1°. The dimen-
sions are a = b = 46.167 (38) A, c = 101.064 (42) A, o = B = 90.0°, y=120.0°, and vol-
ume = 186,547 (311) A3.

X-ray data collection was performed on a RIGAKU AFC6S four-circle diffracto-

meter at room temperature using the crystal in Figure 32(7) which had dimensions of 0.7 x

0.38 x0.38 mm>. The crystal 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 measured manually and indices (hkl) were then calculated by the
computer. The cell dimensions were determined by using three shortest non-coplanar
reciprocal vectors and the orientation matrix (the orientation of the reciprocal cell relative
to the diffractometer axial system) was calculated.

A random “zig-zag” search routine was then executed automatically in order to

obtain additional reflections with higher 20 angles. The search scan type was an @ scan
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with 20 between 10° and 21°. Figure 34 is an m scan profile of the reflection which was
later selected as the standard reflection for monitoring crystal decay during data collection.
The quality of the crystal was very good as demonstrated by the narrow peak. Because the
initial cell obtained at the low 20 angles was not very precise and therefore some peaks
found by the search were poorly centered, frequently the refinement of those peaks failed
in the refine routine. Therefore, the menu center routine was used to successfully refine the

angular settings of the peaks. As additional high 20 angle reflections became available, a

better cell was calculated using fifteen reflections with 20 between 10.4° and 20.8°. These
included some Friedel mates and were well distributed in the reciprocal space. The stan-
dard deviations of the cell dimensions were minimized by least-squares refinement of the
crystal orientation matrix and the lattice constants with hexagonal symmetry constrains.

The unit cell defined was hexagonal, with the dimensions of a = b = 47.313 (49) Ac=

102.098 (63) A, a.= P =90.0°, y=120.0°, and volume = 197,925 (418) A3. The orienta-
tion matrix 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 (006), (007), and etc. were scanned. The (006)
peak was well centered and properly collected. 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 cell dimensions of this hexagonal system. Experimentally, the scan of (007)
actually included half the profile of (006) and was flagged as asymmetric even though the-
oretically the intensity of (007) 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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Profile is for reflection index h k =
2theta = 10.797 omega = = phi ~-89.021
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Figure 34. @-scan of the standard reflection (2 2 9).



detector could not separate those kinds of peaks. In another words, it must be very clear
which was which.

The Laue routine was done to check the intensity symmetry in reciprocal lattice.
The 6-fold rotation axis parallel to ¢ which is a Laue symmetry element for hexagonal sys-
tem was checked and the result showed that the only a 3-fold, not a 6-fold symmetry
existed, indicating the crystal system should not be described as hexagonal.

In order to derive the correct cell system from the intensity symmetries, ten strong
reflections, together with the corresponding equivalent reflections were scanned by input-
ting reflection indices to check the 3-fold inversion axis (expressed as 3-axis) and a mirror
plane which are the Laue symmetry elements for the trigonal system, the only other possi-
bility consistent with the cell dimensions. For each (hkl) reflection, there were six equiva-
lent reflections related by the 3-axis, and six related by the mirror plane.

3-axis (. k, 1), (, k, 1), (k. bk, 1), (k, bk, D), (a+k, b, D), (h+k, b, 1)

mirror plane k. h, D, (&, b, D, h, b+k, D), (0, h+k, 1), (h+k, k, D), (h+k, K, 1)

By comparing the integrated intensities, it was concluded that both the 3-axis and
the mirror plane existed. Therefore the Laue symmetry was concluded to be R3m and the
crystal belonged to the trigonal class. Once the unit cell was transformed from the hexago-
nal to the trigonal, the overlap problem did not exist any more. The (006) in the hexagonal
cell was indexed (402) and the (007) in the hexagonal cell was not a peak position in the
trigonal cell.

. In order to minimize the data collection time, data were collected from a unique

portion of the reciprocal sphere (an quadrant) with the limits 0 < h, 0 <k, and no restric-

tion on |, from 5° to 30° on 26. Data were collected in shells starting from high to low res-
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olution shells. The collection was carried out with @-scans and scan widths of 0.63 +

(0.14) tan® degrees. The base scan width of 0.63° was calculated based on the peak widths
found from the initial search reflections, and the (0.14)tan® term compensated for peak
broadening as a function of 0. The scan speed was 4 degrees/minute. The F/ o(F) ratio was
10.0 and the weak reflections could be rescanned until the F/ 6(F) ratio was obtained or up
to five times in order to obtain better counting statistics, which was analogous to scanning
the weak reflections at a slow speed. One standard (Z, Z, 9) was measured after every
200th reflection throughout the whole data collection procedure to monitor the crystal
decay. It showed that crystal B was amazingly 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)'9% was used to process the data. Some important statistical data

derived from the intensities are:

Percentage out
of total refl.
Number of general reflections (excluding standards) 2514 100%
Number of reflections between 0 and 1 o(l) 713 28%
Number of reflections between 1 and 2 o(I) 186 7.3%
Number of reflections between 2 and 3 o(I) 127 5.1%
Number of reflections greater than 3 o(I) 464 19%
Number of reflections with negative intensity 1024 41%

The Laue class is R3m. The crystal system is trigonal. The unit cell is R-centered.

The suggested space group number is #155 and space group symbol is R32. There are 18
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symmetry equivalent positions in the unit cell. Therefore the possible number of mole-

cules in one unit cell is either 9 or 18. The approximate volume per base-pair102 in trigonal

cell is about 1,650 A3 and a dodecamer has a volume of 1, 650 x 12 = 19,800A3. The vol-

ume of a unit cell is known to be 186,547 A3. The maximum number of molecules in a

186, 547

unit cell is W

= 9 , i.e. there are 9 molecules in a unit cell and one strand, or alter-

natively six base-pairs in an asymmetric unit. One molecule occupies two adjacent asym-
metric units related by 2-fold symmetry. The average change in intensity for the standard
reflection (decay) is -22.3%. No absorption and Lorentz polarization corrections were

applied.
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3.4 Discussion
The reflection overlap problem in the hexagonal cell arose from the fact that a trig-
onal system is generally described in terms of the same unit cell as that for a hexagonal

system. The trigonal system is characterized by the presence of an inverse triad which is

parallel to the z axis of the unit cell and the x and y axes are 120° apart in the plane per-
pendicular to the z axis. While a trigonal system can be expressed in the more common
hexagonal axial system, a trigonal system has its own unit cell description. This is the unit

cell illustrated in Figure 35(a); it has its x, y, and z axes equally inclined to the triad with a

=b=c, and o =B =Y < 120°. This kind of cell is called rhombohedral. This is the only
conventional unit cell in crystallography in which all the symmetry axes are necessarily
non-parallel to its reference axes. Because of its inconvenient geometry, the thombohedral
unit cell is rarely used for the description of trigonal crystals and the hexagonal cell is gen-
erally preferred. The relationship between a hexagonal unit cell and a rhombohedral unit

cell is described in Figure 35(b).

Figure 35. (a) A rhombohedral unitcell: a=b=c, o= =v#90° 120°. From Ref. 99.
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Figure 35. (b) Rhombohedral and hexagonal unit cells in 2 rthombohedral lattice. From
Ref. 104.

The monoclinic cell witha=93.56 A, b=16.82 A, c=48.15 A, a=90°, B = 113°,

Y =90°, is less reliable due to the fact that the shortest dimension of this cell is only 16.82
A which is shorter than the shortest dimension of a dodecamer molecule, viz 20 A. This
can not be a duplex DNA dodecamer cell because a duplexes molecule will not fit. Fur-
thermore, little confidence is placed in this cell as the diffraction from the crystal was
extremely weak, even under synchrotron collection conditions. The likelihood of error in
determining the cell dimensions from the limited number of reflection is very high. No
further consideration was given to this cell.

| DNA crystals are wealéer scatterers than most other kinds of macromolecular crys-
tals and B-form DNA is the weakest among all forms of DNA. Furthermore, some B-form
DNA crystals do not diffract at all, even though these crystals often have uniform external

shapes. The intensity statistics from the data collection show that the present DNA crystal
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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-form DNA.

Zinc is one of the most important heavy metals in biological systems. The total
concentration of zinc in the body is 3 g/70 kg. Tightly bound zinc ions play important

structural and functional roles in a number of enzymes of nucleotide and nucleic acid
metabolism?3. This DNA dodecamer d(CGGTGGCCACCG) appears to be the first oligo-

nucleotide crystallized using ZnCl, as salt. The mechanism of Zn2* facilitating DNA crys-

tallization, i.e. stabilizing DNA helices, is unclear at this stage. MgZ* ions can stabilize the

DNA helical structure by cross linking phosphate groups. Zn?* ions do not behave in such
a clear-cut manner; they selectively stabilize some structures, while destabilizing others,
depending on the amount of electrolyte present and the sequence of DNA!%S,

Metal ions exhibit different effects because they are able to bind to both phos-
phates and heterocyclic bases. In solution studies of the series MgZ*, Co?*, Ni%*, Mn?*,

Zn**, Cd?*, Cu?*, the affinity for base complexation relative to phosphate binding
increases from the left to right due to each metal ion possessing a different relative affinity

for these two sites!0>.

Even though there are only two crystal structures for zinc-nucleic acid complexes
available, Zn(5’-IMP) and Zn(5’-CMP), they show a clear view of the binding sites of
zinc atoms. The x-ray investigation of Zn(5’-IMP)!% has shown that the crystal contains
polymeric chains of composition [Zn(5’-IMP)],, 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-
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ure 36). This structure is unusual in that there are no water molecules associated with the

metal ion.

Figure 36. Stereoscopic pair of drawing a fragment of the chain structure of [Zn(5’-IMP)],,
viewed perpendicular to the screw diad axis running centrally along the chain. (The largest

circles represent zinc atoms). From Ref. 106.
The complex Zn(5’-CMP) is a two-dimensional polymer. 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)!%7. Both results show that Zn?* ions possess fairly strong affin-

ities for both the nucleotide bases and the phosphates. |



Figure 37. Principal features of the structure of the Zn(5’-CMP) complex, indicating the
zinc atom coordination and partial base stacking. Broken lines represent weak interaction
between the zinc atom and O(2) of the pyrimidine. From Ref. 107.
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3.5 Conclusion

The self-complementary DNA dodecamer d(CGGTGGCCACCG) was crystal-
lized using MgCl,, BaCl, and ZnCl, as salts. The cell dimensions crystallized with BaCl,
area=b=77A,c=40 A, 0. = B == 90°. The unit cell is tetragonal with sixteen mole-
cules in each cell.

The crystal which finally yielded the complete data set was crystallized using

ZnCl,. There is no published work reporting the crystallization of an oligonucleotide with
Zn?* as a counterion. Therefore, this appears to be the first example of such a crystalliza-
tion. The crystal system is trigonal. The unit cell is R-centered and expressed as a hexago-
nal cell, with the dimensions of a = b =47.313 (49) A, c = 102.098 (63) A, . = B=90.0°
¥ = 120.0°, and volume = 197,925 (418) A3. The Laue class is R3m. 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 being 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 = 10%] kcal = 4.18-kj
degC=s1
Constants  Gas constant R 21.987-10" 3-kcal-mol K~ !

A matrix AA is constructed with the first column being the temperature
readings and the second column being the corresponding absorbance
readings.

115 1.1573
295 1.1744
8 1.1971
455 1238
AA =|510 1.2629
515 1.2931
66 1.3073
725 1.3166
805 1.318 |

Define a range variabie i

i=0,1.8
This definition indicates that i takes on the values 0, 1, 2 .. B.

Extract each column from the matrix AA as T1 and A1, respectively.
Al = AA<1> Tt = AA<0>
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The genfit function solves a nonlinear problem 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
returns an n + 1 element 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 sigmoidal feature of the melting curves. Four parameters
ug. Uy, Up, and us, respectively, are defined to make the best fit.

] <—The first element contains the
uytanh(uy-x - Ug) ~ Uy function to be fitted. There are a
{ ; r unknown parameters,
Uy-sech(u;-x + ug)-sech(upX =~ Ug) = U, ::;?;%‘;fou unknown parameters

F(x,u) =| uyx-sech(u;x - up)-sech(uy;-X = Ug) + Uy
1 <——The others contain the partial
derivatives.

tanh(u,-X + ug) = Uy

Define the range variable r for the fitting function. Choose 109C above and
below the max. and min. experimental points respectively. 10¢C is the first

value taken by the range variable r. The step size is two degrees and 90°C
is the last value in the range. By defining the range, r, the experimental

points are to be fitted from 10°C to 90°C by the fitting function.

r:=10,12..90

Make a vector of guess values of ug to us. Ug is associated with the melting
temperature (T,,); the higher the Ty, the lower the ug, and uq should be
always negative as T, is always positive; uy is associated with the
sharpness of the melting curve, the sharper the curve, the lower the uy;

u, is approximately the corresponding absorbance value at the Tr,;

and ug is associated with the total percent increase in absorbance; the
higher the percentage increase, the larger the uz.

[ -3 <-—Ug

vg = 0.1 < Uq
1.2 < U2

101 <-=-ug
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Define temperature and absorbance readings with global definitions as
T2 and A2, respectively. Global definitions are exactly like local definitions
except that they are evaluated before any local definitions.

[17.5 [ 1.1573 ]
25 11744
38 1.1971
455 1.238
T2=|510 A2=]1.2629
575 1.2931
66 1.3073
125 1.3166
| 80.5 | 1.318 |

Define a vector P containing the parameters that make the function of x, i.e. F(x,u)
and the four parameters ug, U,, U,, and u, best approximate the data in T2 an A2.

P =genfit(T2,A2,vg,F) g(r) =F(r,P),

Display the calculated vector P.

{-2_933]
0.064 |
=[ 1.237 |

0.083 |

Define the absorbance values at temperatures of 02C and 100°C (labeled
tand s below) as f1 and 12, respectively. f1 and 12 are used as the lower
and upper limits to calculate the hairpin fraction and to normalize the
absorbances.

t=0
f1 = 1.237 + 0.083-tanh(t-0.064 - 2.938) f1 =1.154
s = 100
f2 = 1.237 + 0.083-tanh(s-0.064 - 2.938) 2 =132



Calculate the equilibrium 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 normalized absorbance. Then, display A, u, and
p values.

Al -f1 1
G EoR, A SR 7] pi = In(K;)
s -3940 Al
( ) {2 Al = '?2—
A Y; P;
0.877 3.442-10°3 -4.049
—0_39_ 3.306-10 21'2095737
m 3.215-1 0-3 0.027
VK¢ 3.14-107 0.644 |
098 3.086-10°3 1645
gfgg; 3.026-10° %:g%'r
0.59 2.95-10° [4489
2.894-10°3
2.829-1073

Define a least-squares line to fit the points on a van't Hoff's plot. Calculate
the slope and intercept of the line.
p; = slope(u,p)-y; - intercept(u,p)

a = slope(u.p) a =-1.411-10*
b = intercept{u,p) b =4441

Calculte the AH and AS by using the slope and intercept values above.

AH =a-(-1)-R AS =b-R

Calculate the melting point Tm (Kelvin)and convert it into T, (degrees Celsius).

AH
Tm = 35 Tm =(Tm - 273.15)-degC

Display the AH, AS, and T, values.

AH = 28.035-kcal-mol™! AS = 88.099-K '-cal-mol™" T m = 4455 -degC

135



2. Plotting the melting curve and van't Hoff plot.
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Figure A1. Melting curve of ‘'mismatched’ DNA in MgCl,, NaCac, MPD, and
spermine solution.
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Figure A2. Van't Hoff plot for ‘mismatched’ DNA in MgCl,, NaCac, MPD, and
spermine solution.



Appendix B
Procedure for Processing CD Data and Producing Plots
1. Processing data

Example: ‘mismatched’ DNA in MgCl,, NaCac, Spermine, and MPD solution—
reference actual Figure 20 in text.
Data from the CD experiment are obtained in terms of voitages that must be converted

in order to be expressed as molar ellipticity values. The conversion factor is calculated
from the equation [8] = 100 * &/IC.

[61 =100 O/ IC = 100*voltage reading*41.24*sensitivity*10-3//C (degree M/cm)

With the equipment sensitivity of 1, the pathlength 0.099 cm, and the molar
concentration of the DNA sampie 0.05 mM, the conversion factor is calculated as

100-41.24-1-10°3

—_—— =8.331-10°
0.05-10"%.0.099

The factor of 83.31 is used in subsequent equations to convert to molar ellipticity
in units of 104 degree M/cm.

The final CD curve is to be plotted from 300 - 220 nm. There are 321 voltage
readings in this range. The file buf1 is the data file associated with the first buffer
‘blank’ scan. buf1 is read into a matrix BUFF1. This is a 421x2 matrix with the
original experimental data ranging from 340 - 220 nm. Since CD plots will only
include the range 300 - 220 nm, a subset of BUFF1 is required. Buf1 is a 321x2
submatrix of BUFF1 including data in the range 300 - 220 nm.

j is the number of points to be plotted; x is the wavelength in increments of 1/4 nm.

j=0,1..320 xi.=300--;-

The data file buf1 is read into the matrix BUFF1, with the first column of the
BUFF1 being the voltage readings and the second being the corresponding
wavelength readings.

BUFF1 .=READPRN(buf1)

The voltage readings now in BUFF1 are converted to molar ellipticity by the factor
83.31 and then input into matrix BUF1 .

BUF1 =BUFF1 ! >83.31
A submatrix 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.

Buf1 =submatrix( BUF1,160.480,0,0)



Process the second buffer ‘blank’ scan in the same manner as above.
BUFF2 .=READPRN{ buf2)
BUF2 =BUFF2 ! >83.31
Buf2 :=submatrix{ BUF2, 160,480.0,0)

It was found that the spectropolarimeter had different nonzero readings for
each scan. This nonzero ‘spectrum’ was obtained by choosing 3 readings
from 340 nm to 337 nm 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.

BUFF1, , + BUFF1g , + BUFF1 g |

con = 3 83.31

The buffer baseline was found to drift during the experiment. drift is defined
as the total change during the experiment and is assumed to be linearly
dependent on time.

drift -=8UF2 - BUF1

At is the data file associated with the spectrum obtained at 20°C. READPRN(AT1)
reads a structured data file a1 and returns a matrix A.

A =READPRN(A1}

The datain 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.

a> Mimhsihg,

7 83.31) - (BUF1 ~ con)

aa .=(83.31—A

Each scan was carried out from 340 - 220 nm. For plotting the data from 300 -
200 nm, a submatrix al was defined which contains the data from 300 - 220 nm.

al =submatrix({ aa, 160,480.0,0)

There are a total of six scans (data A1 through F1, corresponding to 20°C, 30°C,

389C, 419C, 55°C, and 70°C, respectively) and thus five scan intervals. At each
interval, the baseline is considered to drift one-fifth of the total drift. Thus the
following spectrum should subtracte from it an additional amount of drift’S more
than the previous scan.

B .=READPRN(B1)

By,y+ 85,4+ 8 drift
5

bb =|83.31-8° >. ; 10.1.83.31 ) - (BUF1 - con) -

b1 =submatrix( bb, 160,480,0,0)

("7}
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C =READPRN(C1)

e (sam-c“ > gypr - 1" c‘;" "G 33.31) ~con- 2"'5'"‘
c1 :=submatrix{ cc, 160,480,0,0)
0 =READPRN(D1)
ad = (34.71—0" >, gur1- 0L 05; "l 83.31) ven- 300
d1 -=submatrix{ dd, 160, 480,0,0)
E =READPRN(E1)
ee =[83.31-E" >. BUF1- (M%ﬂ)-asm} +eon- "'{;"

e1 .=submatrix{ ee, 160,480,0,0)

F =READPRN(F1)

ft ~=[83 3£ - BUF1 - (mF°" “Foar
' 3

f1 = submatrix{ tf, 160,480,0.0)

)- 83.31 I + con — drift

A range variable k is defined for the smoothing function. The smoothing function

supsmooth is used to smooth the experimental spectra.
k; =300 - X
3 =supsmooth(k,al}
b =supsmooth(k,b1)
¢ =supsmoath(k,cl)
d =supsmoath{k,d1)
e =supsmoath(k.el)

f =supsmooth(k, f1}
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Figure B1. CD spectra of ‘mismatched’ DNA in MgCl;, NaCac, spermine, and
MPD solution. a: 20°C  b:30°C ¢:38°C d:419C e:55°C f: 70°C
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