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ABSTRACT 

Catalytic DNA molecules for porphyrin metallation were derived by utilizing in 
f / 

u r o  selection and transition state  analog(^^^) technologies. DNA clones were isolated 
C 

fronfa random sequence DNA library on the basis of their affinity binding to N- .e 

methylfiesoporphyrin IX (NMM), the proven TSA for porphyrin metallation. Various 

chemical, enzymatic and physical methodologies were used to successfully identify the 
4 

binding motifs within these DNA clones. These guanine-rich binding motifs, in isolation. 

also shoyed high-affinity binding to NMM. 
* 

Two selected DNA clones and their binding motifs were first chosen to test for 

possible metallation activity. The binding site from PS5 was found to be catalytic 

towards the insertion of Cu(I1) and Zn(I1) into different porphyrins. This DNA enzyme 

showed several novel features, such as inhibition by M ~ "  and enhancement by 

potassium. Catalysis was found to be inhibited by NMM, and followed Michaelis- 

Menten kinetics at fixed copper concentrations. Values of kc,, of 13.7 hr-', and KM of 2.9 
, 

mM, and k,,/k,,,.,, of 1400 for mesoporphyrin LX (MPIX) were initially measured. 

.A subsequent thorougbfinvestigation of the properties of this DNA enzyme 

revealed the following: Three related porphyrins were acceptable as the substrates, of 

~vhich protoporphyrin LX (PPIX) was preferred over MPIX; a 24-nucleotide sequence 

(PSS.hl).was both the optimal and' the minimal catalytic unit; and no catalytically relevant 
9 

binding site for copper appeared to exist in the folded structure of the DNAzyme; and, K' 

was the only ion needed to suppon catalysis. This DNAzyme, PSS.M, functioned most 



optimally at pH 6.2. a K' concentration range of 10-50 rnM. and a temperature of 1 5 " ~ .  

Various levels of optimization cumulatively contributed to a dramati6improvement in the 

DNA$yme's catalytic performance in terms of k,.,,, and KM values, and k, ,,/KM as well as 
F- 

kc ,,/kIin, ,,,. these parameters compare those of natural ferrochelatses, as well as 

the artificially derived catalytic RNA using the same TSA. 

Detailed examinations that 25% sequences were 

strongly catalytic, and another 45% sequences were weakly active. The catalytic 

sequences folded in potassium solution to form a unique guanine quadruplex, which * 

could be modelled as being made up of three guanine quartets, four loops and one gap. 

The experimental results suggested that the enzyme active site was possibly located at 

gap region. We propose that a structurally stressed DNA quadruplex deforms the 

porphyrin substrate to accelerate the metallation rate. - . 

Spectroscop~c studies on MPIX-DNA complex revealed that the MPIX-DNAzyme , * 
J 

coiclplex had a U!'-visible spectrum close in many respects to that of the TSA (NMM), 
* 

but significantly different from the spectra of MPlX itself. This seemed to corroborate 

the idea that the DNAzyme likely accelerates the metallation reactiop by distorting the 

ground-htate porphyrln toward the transition state for metallation. 
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Chapter 1. A General Introduction 

. In virro selection of catalytic RNA molecules 
1 

1.1. Discovery of ribozyrnes and theory of "RNA world" 

In the early 1980s the research groups led by Nobel Laureates Thomas Cech and 

Sidney Altman discovered that certain RNA molecules could perform enzyme-like 

functions it1 vivo (Kruger et al., 1982; Guerrier-Takada et al.. 1983). This finding 

unequivocally challenged the predominant conception that only proteins can fulfill the 

t a s k  of biological catalysis. It also brought to light the unique status that RNA seemed to 

hold in the solving of the "chicken and egg" paradox regarding the origin and evolution of 

life on earth. That is, which came first, informational polynucleotides or functional 

polypeptides'? Among the three potentla1 candidates in modem b i o l o g y - - ~ ~ ~ .  RNA, and 

protein, only RNA molecules could fulfill the dual role as both genetic carriers and 

biological catalysts. This was certainly supportive of the notion that RNA molecules 

were the very ancestral 'life' molecules on earth, and had both phenotypic and genotypic 

functions in a stage of evolution now termed the "RNA World". According to this 

* 
h)pothesis, in t h ~ s  "RNA world" (prior to the origin of protein synthesis), life was based 

cntlrely on RNA. Although the notion of an "RNA World" was first originated in the 

I %0i (Qu~s t l e r ,  1963; Woese, 1967; Crick, 1968; Orgel, 1968); i t  was more widely 

accepted only after the finding of catalytic RNA (Sharp. 1985; Lewin. 1986; Gilbert. 

1986: Joyce. 1989). 
1 



However, natural ribozymes have only been found to catalyze a very limited range 

of chemical transformations, using nucleotide compounds as substrates and executing 
*' 

chemical action; almost exclusively at phosphorus centers. This raised fundamental - 
questions for the "RNA world" proponents: could ribozymes catalyze chemical reactions 

beyond the scope of the.extant ribozymes and use non-nucleotide compounds as 

substrates? Clearly, finding evidence for an expanded catalytic repertoire for RNA would 

be critical for making a stronger case for the "RNA world". 

RNA molecules are capable of folding to form complex three-dimensional 

structures. This has been demonstrated magnificently in crystal structures of a select 

number of RNAs, such as tRNA molecules (Kim et al., 1973; Robertus et al., 1974; 

Schevitz et al., 1979; Moras et al., 1980; Woo et al., 1 98O), the hammerhead ribozyme 
4 

(Pley et al., 1994; Scott et al., 1995; 1996), and fragments of a group I ribozyme (Cate et 

a]., 1996). RNA can form innumerable folded structures in the following ways: by 
'4 

chnging the linear sequences of its four nucleotide components, by increasing sequence 

length, and under different folding conditions. Some of the possible folded structures 

could in theory be catalytically active for a particular chemical reaction. How then could 

one find these catalytically active RNA structures? "Rational" selection is, at present, a 

poor choice, for there is an insufficient database of structural information that would 

allow scientists to accurately predict the tertiary folding of any given RNA molecule. It is 

certainly an even more daunting task to design the precise positioning of catalytically 

appropriate functionalities of a nbozyme, and of its substrates, in a three-dimensional 



', 

setting. Clearly, rational design of novel ribozymes is beyond our immediate reqch and 

will only be feasible when ample structural data are available. 

Fortunately, in 1990, a new technology, now generally termed as "in vitro 

selection" or "SELEX", was advanced by researchers in several laboratories (Blackwell et 

al., 1990; Blackwell & Weintraub, 1990; Ellington & Szostak, 1990; Green et al., 1990; 

Kinzler & Vogelstein. 1990; Pollock & Treisman. 1990; ~ o b e n s o n  & Joyce. 1990; 

Thiesen & Bach, 1990; Tuerk & Gold. 1990). Instead of using rati&kd design, 

researchers in the field tried to isolate individual molecules, from an extremely large 

population of RNA or DNA sequences, that could perform a specific task with high 

8 

efficiency. This methodology allows no prior conception of mechanisms by which the 

molecules selected would complete the desired task. As wilj be seen in next a few 

sectiens. this technology (reviewed recently by Szostak. 1993; Joyce. 1994; Gold et al.. 

I 9 9 h o r s c h  & ~zostak.  1996; Breaker, 1996. 1997) has been proven to be successfuI in 
s 

deriving novel ribozymes. 
d 

1.2. In vitro selection using a random RNAIDNA library 

Typically, there are three major stages involved in an in virro selection 

experiment: 1 )  Creation of a random DNA or RNA library with sufficient numbers of 

1,ariants; 2)  Selection--enriching sequences with desired properties through a selection- 

~lmplification process; and 3) Post-selection--the cloning, sequencing, and 

characterization of the enriched sequences obtained (see Fig. 1 - 1 ). 



In a typic &in vitro selection experiment, a random DNA library with 10'"- 1016 

\equerice variants is constructed by chemical synthesis. The library sequences typically 

Creating a random library 

Random library sequence I 
5'-,MMNv- 3' 

constant random cowat 
w o n  r d o n  region 

Enriched pool '$9 

Discarding unsuccessful Coilectlng task-directing 
molecules molecules 

1 

Cloning, 
Sequencing, 
Characterltation 

Fig. 1-1. A scheme for an in vifro selection experiment 



contain three regions (see Fig. 1 - 1 ,  upper right comer): a central random region flanked 

by two defined regions at both 5' and 3' ends. The central random region brings 

complexity to a library, while the two constant-sequence regions serve as the primer 

binding sites for the polymerase chain reaction (PCR) or as RNA transcription promoter 

sites. A completely randomized DNA library can be made directly in an automated DNA 

synthesizer providing that the length of tbe library molecules is no larger than 100 

nucleotides; libraries with longer can be created using enzymes (restriction and 

Iqgation) to join together two or short libraries (Bartel & Szostak. 1993), 

or by the so-called "overlap extension" method (Horton et al., 1989). There has been no 

consensus opinion regarding the optimal length of the random region, though longer 

sequences may be better for creating more complex folded tertiary structures, and hence 
I 

in generating folded molecules better able to fulfill their directed tasks. The disadvantage 

of using long sequence libraries is that not every single sequence.within the total 

"sequence-space" can be explored. For a random-region size of 25 nucleotides (with two 

20-nucleotide constant regions), a complete sequence-space coverage requires that a total 

4" = 1 0 ' ~  molecules be synthesized. This size of library corresponds to 250 pg DNA, 

which is comparable to the amount of DNA typically produced by an automated DNA 

synthesizer in a 0.2 pmole scale synthesis. If the random region is 70 bases, however, the 

amount of DNA required to cover the entire sequence-space (4" = I .4x 10") is - 10" 

kilograms! Obviously, DNA synthesis at this level is not achievable. In other words, for 
# 

a typical 0.2 pmole scale DNA synthesis (200 pg DNA produced) for a library with a 70- 

nucleotide random region and two 20-nucleotide constant regions, only 2 . 2 ~  10." W of the 



total sequence-space can be covered. Typically, for an in virro selection experiment 

aimed at deriving sequences for the performance of completely novel functions, the 

random region length of a library is chosen to be between 50 to 100 nucleotides. In 
- 

addition, mutagenic strategies for the introduction of low level random mutations are 

often incorporated into the amplification steps of the S E L E X ' C ~ C ~ ~  to partially overcome 

the above-mentioned disadvantage associated with long sequence libraries (see discussion 
\ I 

below). 

1.2.2. Selection 

Sequences of interest may be selected for interesting catalytic capabilities, for 

affinity to targeted ligands, or for any other task for which a distinction can be made 

between task-performing molecules and those that are incompetent. In a initial library of 

10" different molecules, there might only be very limite'd numbers of molecules capable 

of performing a specific task, this may range from no sequences at all to thousands of 

different sequences (Gold et al., 1995; Lorsch & Szostak, 1996). This initial low 

abundance. however, can be amplified thousands of times by PCR reactions following 

each screening step, and the resulting enriched pool can be further enriched by simple 

repetition of the selection and amplification procedures until an activity plateau is 

reached. The number of cycles required for reaching this plateau may vary from selection 

to selection, ranging from a few as five cycles (Breaker & Joyce, 1994) to as many as 27 

cycles (Tsang & Joyce. 1994). Typically, about 10 cycles are needed (Gold et al., 1995). 



C 

Random mutations can also be introduced during the amplification steps to create 

a better sequence (Beaudry & Joyce, 1992; Banel & Szostak, 1993). This is especially 

uwful when the library to be investigated h& a random region size longer than 25 

nucleotides. because the original library in these instances can only cover'a limited , 

portion of the sequence-space (see discussion in Section Ic.2.1). 

The final steps in an in r>itro selection experiment consist of the cloning, 

sequencing and characterization of the individual sequences present in the final selection 

pool. At this stage, sequence comparison between individual DNA clones may be made 

to look for consensus motifs; and, to build a secondary structure model for the selected 

wquences. Sometimes, the final selection pool contains a single family of closely related 

\equences (Prudent et a].,' 1994); however, in most cases, the selected sequences fall into 

\e\,eral family categories (Lorsch & Szostak, 1996; Gold et al., 1995). Occasionally, 
I 

\equences from the final pool do not have obvious consensus motifs (see Chapter 2). but ' 

in\tead are able to fold to form a common tertlary structure. such as a guanine-quadruplex 

i we Chdpter 5 1. 

1.3. Selection of catalytic RNA sequences: two approaches 

To ohta~n a catalytic RNA from a random libraay, one must choose an isolation 

\tr;ltt.gy cdpable of successfully separating relatively small abundances of catalytic RNA 

rnolrcule\ from J. I ~t background of cat~~lyt~cally Incompetent sequences. There are two 



general apprsaches to achieve this goal: direct selection (self-modification) and indirect 

4 \election (affinity screening using transition state analogs). 

1.3.1. Self-modification -- "direct selection" techniques 

The first strategy of selecting catalytic RNA sequences o ~ t  of a random pool is the 

* 3  
"self-modificat~~n" approach, often referred to as "direct selection". The idea is as 

follows: in a random RNA pool, there might be individual molecules capable of 

catalyzing a chemical reaction, a catalysis that leads to modifications in their own 

sequences. As a consequence of such self-modifications, these active molecules gain 
J 

home special physical and/or chemical properties which allow their, separation from their 

inactive pool-companions. 

The successful emergence ofmn active molecule using direct selection processes 

relies on the molecule possessing the following inherent property: not only should i t  have 

catalytic capability. but most importantly: it  must integrate its catalytic domain and its 

4ubstrate (such as in a cleavage reaction, see Section 2.1) or one of its substrates (such as 

In the cahe of a ligation reaction, see Section 1.3.1.2) withln a single molecule. This 

rcqulrement may work both as an advantage and as a disadvantage. On the one hand. the 

\election for catalysis is straightforward (as opposed to ihe transition state analog 

Jpproaches, see discussions In Section 1.3.2): the catalytic domain of an RNA sequence 

c.,lt~l\.zes a chttrnlcal reactlon for rnodifylng its own substrate domaln; the modification 

result\ In certain changes of chemlcal or physical propenies of the sequence itself; these 

changed properties b i l l  then be explored for-the separation of the modified molecule , ' 



from those unmodified sequences. On the other hand, the initially selected molecules are 

not true enzymes; they can only accelerate the target chemical reaction for a single 

reaction turnover. Nevertheless, in many reported instances, a self-catalyzing molecule 

can be converted into a true, multiple-turnover, ribozyme by separating the catalytic 

domain from its substrate domain or domains. 

1.3.1.1. Engineering a group I ribozyme to use a DNA substrate 

r .  ' 
Robertson and Joyce ( 1990) reported a s~mple yet very powerful selection scheme 

I ' 

for the selection of group I ribozyme mutants capable of using a DNA substrate. They 

constructed an RNA pool containing only six mutants of the Terrah~mena ribozyme that 

lacked one or more of the stem~loop regions of the wild-type ribozyme, and sought to 

select the best mutant in  using a DNA substrate. The selection was designed such that the 

DNA substrate was annealed to the nbozyme's 5'-end through a siy base-pair stretch. 

-3 
Upon substrate scission, part of the DNA substrate became covalently attached to the 3' 

end of the ribozyme. This "tagged" short DNA sequence then served as the primer 

binding site for the generation of cDNAs of ribozymes so that only those ribozymes that 

cleaved the DNA substrate could be converted into their cDNA and further amplified by 

PCR (see Fig. 1-2a). One mutant (AP9) was selected, which cleaved DNA more 

efficiently than the wild-type nbozyme cleaves RNA, under conditions of high 

temperature (50•‹C) and/or high MgCll concentration i50 mM). 
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Fig. 1-2. Strategies used for the selection of DNA-cleaving ribozymes (left), and for 

the isolation of RNA Ligases (right). 

Joyce and his coworker (Beaudry-& Joyce, 1993) next chose to screen a large 

library of 10" Terrahymena nbozyme mutants with a similar selection scheme to the 

above. Besides starting the selection with a partially randomized Tetrah~mena ribozyme 
-- - 

library, they also introduced low level random mutations during the selection- 
A 

amplification process itself (0.1 70 per base per generation) by performing PCR reactions 

under mutagenic conditions (Cadwell & Joyce, 1992). After 9 generations of selection, 

mutation and amplification, two selected ribozyme mutants cleaved a DNA substrate 100 

tlmes more efficiently than the wild-type enzyme under physiological conditions 

( Beaudry & Joyce, 1993). Later on, Joyce and coworkers further improved the DNA- 

cleacing capability of the selected ribozymes 1000 times more by going through another 

18 stringent selection-ampl~fication cycles (Tsang & Joyce, 1994). Recently. Joyce and 



his coworkers have attempted to develop one of selected sequences into a potential 

therapeutic agent, and have shown that the selected ribozyme can be engineered to 

4pecifically target HIV- I cDNA for cleavage in vir ro (Raillard & Joyce, 1996). 

1.3.1.2. Selection of novel RNA ligases 

Banel and Szostak (1993) set out to search for novel ribozymes for RNA ligation, 

from a large random library, that catalyze RNA ligation. They sought to select the 

r~bozymes that catalyze the ligation of a short RNA substrate onto the selected ribozymes, 

with the incoming RNA substrate displacing the pyrophosphate group from the 5 ' -  

triphosphate on the random RNA sequences. The newly attached short RNA "tag" was 

then used as a tool for these researchers to perform a two-fold selection. The reaction 

mixture was first purified on an oligonucleotide affinity column complementary to the tag 

reglon, followed by a selective PCR of the cDNA with the use of a tag-specific primer 

(Fig. 1-2b). The selection strategy was so successful that they obtained a selected pool -. 
I 

rich in catalytic sequences after only three rounds. In the next phase of selection. the 

f 

.;)\tern was pushed towards a mimicking of Darwinian evolution: Mutagenic PCR 

coupled with selective pressure applied by decreasing ligation times. After a total of ten 

rounds of selection and amplificat~on, the enriched final pool catalyzed the self-ligation 

L C *  efficiently. at a rate 7 x 10'tlmes faster than that of the uncatalyzed template- 
r 

1t1 the work that followed, Bartel and coworkers engineered a multiple turnover 
7 . 

icr4lon of the RUA ligase. which h a  10'-fold improved activity over the initially 



selected ribozymes (Ekland et al, 1995), with a k,.,, at I min-I, which corresponds to a rate 

acceleration of lo9 times over the uncatalyzed template-directed reaction. This 

ribozyme's structure is very complex, with a catalytic domain of -90 bases, 

demonstrating that complex ribozymes can indeed hb i~5laled via in vitro sel&& 

experiments. 

Recently, Ekland and Bartei ( 1996) have reported that their ligase ribozyme can 

also catalyze the template-directed polymerization of mononucleoside 5'-triphosphates 

(NTPs). The catalyzed condensation reaction proceeded not only with high efficiency. 

but also had high fidelity in accordance with Watson-Crick pairing rules. The ribozyme 

was found to be able to add up to six bases to the 3'-hydroxyl group of the directed 

template. with a k,,, of 0.3 mini  for the addition of the first base. This kc., corresponds to 

at least a lo6-fold increase over the rate of the uncatalyzed ligation of two 
3 

oligonucleotides (the real rate acceleration over unoatalyzed template-directing base 

addition was believed to be much higher, as the uncatalyzed rate was too slow to 

measure). This work has been regarded as a significant step toward the isolation of a true 

RIYA enzyme with RNA replicase activity (Joyce, 1996). a type of ribozyme that has been 

huggested to have played a very important role in the "RNA World" 

1.3.1.3. Other examples 

Direct selections have proven very successful in the isolation of novel ribozymes. 

To date. more than a dozen of new ribozymes have been identified, and the number is 
8 

cont~nuing to increase. The catalyzed reactions are diverse in nature, such as the 



polynucleotide kinase reaction (Lorsch & Szostak. 1994a), RNA alkylation (Wilson & 

Szostak, 1995). RNA acylation by an i~ct~vated amino acid (Illangasekare et al., 1995). 

arnide bond formation using aminoacyl RNA substrate (Lohse & Szostak. 1996). 

phosphoanhydride bond formation (Chapman & Szostak, 1995). pb2'-dependent tRNA 

cleavage (Pan & Uhlenbeck. 1992). and RNA self-cleavage (Williams et a1.,1995). 

1.3.2. TSA-binding aptamers - "indirect selection" techniques 

A second major strategy for deriving novel RNA catalysts uses transition state 

analogs (TSAs). This strategy is sometimes termed "indirect selection", to contrast with 

"direct selection". The use of TSAs for the derivation of novel catalytic biomolecules is 

based on the transition btate theory for chemical reactions (Pauling, 1946; Jencks. 1966; 

Lienhard, 1973; Wolfenden, 1972; recently reviewed by Kraut, 1988). The successful 

application of TSAs in the creation of catalytic antibodies (Tramontano et al., 1986; 

Pollack et al.. 1986; and recently reviewed by Schultz & Lerner, 1995) has persuaded 

ribozyme-searching scientists that sequences with a high binding affinity for TSAs might 

3150 ha1.e catalytic activity (Szathmary, 1990; Abelson, 1990; Ellington & Szostak, 1992). 

I n  t h ~ \  \tratrgy, random libraries are screeneduing transition state analogues as the 

binding targets. The isolated tight-binding RNA sequences ("aptamers". Ellington & 

Srostak, 1990) are then assayed for their ability to catalyze the corresponding chemical 

reactions. The advantage of the TSA approach is that the selected catalytic sequences 

\s i l l  d ~ \ a y \ ;  e ~ h ~ b ~ t  multiple-turnover kinet~cs; the disadvantage is reflected in the fact 



that even though a sequence might have a good binding affinity for a TSA. there is no 

absolute guarantee that it will be found to be catalytic. 

\ 

To date, this second approach has been much less successful than the "direct . 

\eIectldnM ap'proach. Only two novel ribozymes (Prudent et al.. 1994; Conn et al.. 1996) 

and one deoxyribozyrne (one of the subjects of this thesis, and also published as Li & 

Sen. 1996) have been identified, although there have been several reported instances in 

which TSA-binding aptamers have failed to catalyze the targeted reactions CLorsch & 

Szostak, 1996; Gold et al., 1995). 

1.3.2.1. Successful examples 

Schultz and coworkers reported the first successfully derived ribozyrne using a 
1 

TSA approach (Prudent et al.. 1994). They screened a library of 10" RNA molecules 

containing a random region of 128 nucleotides, and isolated only a single RNA sequence 

which bound specifically to a TSA for the isornerization of two diasteriorneric biphenyl 

compounds (as 5hou.n in Fig. 1-3). The ribozyrne catalyzed the non-covalent 

~ntercon\wsion of the bridged biphenyl substrate, with a k,.,of 2.8 x 10.' m i n '  and a Ku 

oi -0.5 mX1. The rate acceleration was also very modest--only 88-fold over the 

uncatalyzed reaction. However, the successful derivation of this ribozyme certainly 

ionfirmed prevlous speculations that the TSA approach towards the isolation of novel 

r~bozvmes U . ~ S  a c h ~ e ~  able. 



H 

Transition state analog 

Fig. 1-3. Isomer+tion of RS and SS diasteromers of a bridged biphenyl compound 

and its TSA. 

Schultz and coworkers (Conn et al., 1996) also applied a similar strategy to screen 

a RNA pool of - 10" molecules having a random domain of 50 nucleotides, for RNA 

aptamers which could catalyze porphyrin metallation (see detailed.discussions in Section 

3 of this chapter). After 12 rounds of selection and amplification, several aptamers in the 

final pool exhibited the desired catalytic activity towards metallation of mesoporphyrin 

IX (MPIX). (The results of their experiments will be discussed in Chapter 4 in a 

cornpanson with our own results for catalytic DNA, and also with the data for natural 

t 

ferrochelatases and catalytic atibodies). 

1.3.2.2. Failed cases 

There have been a number of reported failures in using the TSA approach to 

obtain catalytic RNAs. The reactions attempted include a Diels-Alder reaction (Morris et 



al., 1994), ester and carbonate hydrolysis reactions (revealed by Lorsch & Szostak, 1996), 

a trityl cleavage reaction (revealed by Gold et al.. 1995), an intermolecular pericyclic 

reaction (revealed by Lorsch & Szostak, 1996). , No detailed description for those failed 

attempts has been provided except for one case in which RNA aptamers were selected for 

a TSA (Fig. 1-4a) of a Diels-Alder reaction (Morris et al., 1994). The RNA library used 

contained a random region of 80 bases. The selection was performed for 20 rounds, and 

the best aptamer in the final pool had only a weak affinity for the TSA (a Kd of 0.35 mM). 

Even so, the experimenters screened extensively the sequences in the final pool-- nearly 

200 different molecules were assayed for the catalysis of the targeted Diels-Alder 

reaction, and none of them were active. The failure was attributed to the inability of 

obtaining oligonucleotide sequences that bound the TSA more tightly than to the 

substrates, and, also to the modest affinity of the aptamers for the TSA (Gold et a]., 

TSA 

Fig. 1 4 %  A Diels-Alder reaction and its TSA. 



Subsequently, Moms and coworkers applied a similar strategy to identify RNA 

aptamers capable of binding to a TSA for the cleavage of a trityl ether (Fig. 1-4b). This 

time. the RNA sequences selected were claimed to have a much higher affinity for the 

TSA (a Kdof 7 pM). and these had been counter-selected for diminished affinity f& the 
w J 

substrate. In spite of this, no catalysis was found with the isolaled aptamers (revealed by .* 

e 

Gold et al., 1995). 

Fig. l 4 b .  A trityl ethkr cleavage reaction and its TSA. 



The limited success in deriving catalytic RNA molecules by TSA approaches 

raised questions about the effectiveness of the methodology in general. Even in  the three 

successful examples. RNA or DNA molecules most likely played the role of only 
F 

providing binding energy to bend or deform the structures of the substrates; no bond 
-. * / 

formation and bond breakage were likely involved in the transition states of the reactions. 
& 

However, it was believed that difficulties encountered with this approach did not imply 

that RNA molecules lacked capabilities for catalyzing these chemical transformations 

(Gold et al., 1995). Instead, those failures were most likely caused by scientists' inability 

to use either ideal transition state analogs specifically for RNA aptamers to interact with, 

or in deriving RNA aptamers with very high binding affinity and specificity for a given 

TSA. Firstly, any transition state analog is only an approximation, but not a high-fidelity 

representation of the transition state of a reaction. It is believed that TSAs need to be 

specially designed in a way such that strong and specific interactions can be brought 

together between TSAs and RNA molecules (Lorsch & Szostak, 1996). Secondly, no 

RNA aptamers reported this far which could bind to TSAs in the nanomolar and 

picomolar range. and no selection procedures have employed mutational strategies to 

optimize the binding properties of RNA aptamers. Clearly, improved selection strategies 

need to be taken to derive tight-binding and highly specific RNA sequences for any TSA. 

2. Catalytic DNA versus catalytic RNA 

' In  nature, 'RNA molecules have very diversified functions. They not only perform , 

their main duties as genetic messengers (messenger RNAs), amino acid activators and 



carriers for protein synthesis (transfer RNAs), ribosome structure organizers (ribosomal 

RNAs), but also take the role of biological catalysts (catalytic WAS or ribozymes) as 

their minor duties. 

DNA molecules, on the other hand, work exclusively as the genetic material of 
a 

free-living organisms, and lack the functional diversities exhibited by RNA molecules. 

This may be explained by considering the fact that DNA molecules exist almost 

exclusively as double-stranded in nature. which are much less structurally diverse than 

single-stranded RNA in terms of forming complex tertiary structures. 
b 

The 'chemical composition of DNA, however, is not very different from that of 

RNA-the only significant difference lies on their sugar moieties--DNA lacks the 

hydroxyl groups at the 2' position of every sugar moiety. Although double-stranded DNA 

molecules may iae'k tertiary structural diversity, single-stranded DNA molecules 

(ssDNAs) can form structures as complex RNA molecules, and in vitro selection 
~ - 

experiments have shown that single-stranded RNA and DNA can both provide good 

salutlons for solving the same problem in terms of binding to organic and biological 

ligands (Ellington & Szostak, 1990, 1992; Huizenga & Szostak, 1995; Sassanfar & 

Szostak. 1993; Boch et al., 1992). Based on these results, i t  is reasonable to believe that 

\~ngle-stranded DNA molecules may function as non-natural biological catalysts. 

\ 
In. the last three years, several catalytic DNA molecules have been generated 

through in \.itro select~on experlrnents. Besides the catalytic DNA molecules for 

porphjrin metallatton ( w h ~ c h  will be fully described in this thesis), the in rmitro selected 

DNA enzymes described catalyze the following reactions: 1 ) the cleavage of an RNA- 



linkage embedded in a DNA sequence. in the presence of lead (Breaker Clr Joyce. 1994). 

other divalent metal ions (Breaker & Joyce, 1995: Faulhammer & Famulok, 1996), 

.tr~\,alent io-ns (Geyer & Sen. 1997b), and In h e  absence of divalent and hlgher-valent Ions 

(Geyer & Sen. 1997a); 2 )  DNA ligation (Cuenoud & Szostak, 1995); 3 )  DNA oxidative 

cleavage in the presence of Cu(I1) (Carmi et a]., 1996); and 4) RNA cleavage under 
- 

phys~ological conditions (Santoro & Joyce. 1997). 

f 
2.1. DNA enzymes that an internal RNA-linkage phosphate bond 

The first DNAzyme was reported by Breaker and Joyce ( 1994). They started with 

a pool of IO"SSDNA molecules in a search for catalytic DNAs which cut their internal 

R S . 4  linkage at phosphodlester bonds. The library they used contained a random region 

of 50 bases. A special PCR primer was designed and used to finalize the library 

,equences with t ~ b o  ~mportant features: its 5'-end and 3'-end contained a biotin moiety 

m d  a r~bo-nucleotide, respectively. After PCR with this primer, the sequences were 

~mmobll~zed on rl streptav~din column in the double-stranded form. Denaturation with 

milurn hydroxide removed the "antisense" strands, and salt conditions were then 

pro\,~ded to fold the ssDNA molecules immobilized on the column matrix. Those 

~riolecules catalyz~ng the cleavage of their Internal RNA-l~nkage in the presence of lead 

9'-p-' 
I \ ,n\  released themselves from the column. were collected and amplified for the next 

round of \election (Fig. 1 -5a) .  

.After only five rounds of selcct~on. ~b"-dependent RNA-cutting DNA hequencca 

I 
v. ere r ~ c o \ ~ r e d  u ~ t h  a k b I  of - I ?In . which corresponds to a - 10'-fold rate acceleration 



over the uncatalyzed reaction. A secondary structure model was proposed, and based on 

it. the self-cleavage catalytic DNA was engineered into a true enzyme capable of using 

external substrates with multiple turnovers. 

Breaker and Joyce also applied the same methodology to search for RNA-cleaving 

DNA enzymes which could function in the presence of either ~ n " .  ~ n " ,  or M ~ ' '  

( Breaker & Joyce, 1 995). This time, they chose to use random library sequences which 

biased the formation of the secondary structure shown in Fig. 1 -5b: two base-pairing 

stems of six and four bases flanking two bulged regions, one of which was a 40-base 

random region and the other an eight-base region containing the targeted RNA.linkage 

located right in the middle (Fig. I -5b). Five rounds of selection were needed to isolate 

DNA catalysts uslng ~ n ' +  ar cofactors. and six rounds were needed for ~ n "  and M ~ ' + -  

Fig. 1-5. Selection of RNA-cleaving DNA enzymes. ( a )  Scheme of the selection 

strategies. ( b )  The biased pool used for the selection of %Ig(II), Mn(I1). or Zn(Il ) -  

dependent RNA-cleaving D N . l  enzymes. 



dependent DNAzymes. One of thewg'+-dependent enzymes displayed a llihr of 0.002 

min-' and was further optimized by an additional seven rounds of selection on a part~ally 

randomized pool with 15% degeneracy over the originally randomized region of the -. 
y l e c t e d  catalyst. The newly generated catalysts had an improved activity ( a  k,.,,, of 0.0 I 

m i n '  ). representing a 10' times rate acceleration over the uncatalyzed reaction. Once 

again, the self-cleaving catalysts were engineered into a true enzyme that used an external 

\ubstrate, and could carry out cleavage reaction under physiological conditions (Breaker 

& Joyce, 1995). \, 

? 

Recently, Geyer and Sen have produced results showing that this RNA-linkage 

cleavage reaction can be catalyzed by various sets of DNA sequences using different 

metal ion cofactors (Geyer & Sen. 1997a; 1997b). Most surprisingly. one set of DNA 

\equences catalyzed the reaction without using any divalent and higher-valent metal ions 

;ih catalytic "helpers". a phenomenon that is unusual for ribozymes and deoxyribozymes, 

2nd goes against the traditional view that a11 ribozymes have to use divalent or higher 

\ .dent metal ions as catalytic cofactors to perform tasks of catalysis (Yarus, 1993). 

2.2. .A general-purpose RNA-cleaving DNA enzyme 

One goal o t  developing RNA-cleaving DNA enzymes i b  to make them to cleave A 

"true" RUA substrate and use them as therapeutic agents to inactivate viral RNA 

q u e n c e s .  Clearly, the above-described DNA enzymes have little ut i l i ty  In this regard. 

i 'er) recently. Joyce and coworker have taken a step further toward this goal (Santoro & 

Jo)ce. 1997). They b u l b  random l~brary ot' following sequence: 5'-biotin- 



S~,!CGGTAAGCTTGCTTGGCAC-~'. The strategy used to select catalytic DNA 

\t.quences for cleaving the RNA motif was similar to that of Breaker and Joyce (1994). 
i'. 
1 

Two types of DNA sequences have been found to cleave the RNA motif at specific sites. 

One enzyme, termed 10-23, w& found to be highly generalizable with respect to substrate 

-\equences and could cleave any RNA substrate at a purine-pyrimidine site (though AmU 

was most preferred). The enzyme was then used to target any mRNA start codon (AUG). - 

For instance, the translation initiation region of HIV- I gag/pol mRNA (5'-GGAGAG 

,AGAoUGGGWGCG-3') can be specifically cleaved by the DNA enzyme 10-23 under 
J 

5imulated physlologica! conditions. with a k,,,, of 0.15 min-' and K M  of 0.47 nM. These 

parameters compare favorably to those of the known RNA-cleaving RNA enzymes. ' 

When compared to the protein enzyme ribonuclease A, however, the DNA enzyme has a 

much lower k,,,, ( 10' times lower) and a much smaller KM (lo5 times lower). 

This type of RYA-cleaving DNA enzymes could certainly be used as an 

enzymatic tool to cut RYA sequences in the laboratory manipulation of RNA molecules, 

2nd possibly to inactivate cellular RWAs if  in \ , i rw  expression system could be created. 

2.3. DNA ligase - 
Cuenoud and Szostak ( 1995) used the in \-irro selection to derive DNA enzymes 

L,lr~l!z~ng the ligationof two DNA oligomers. A library of 10" ssDNAs were used 

i c  h ~ c h  conr~lned a random re_glon of 1 16, nucleotldes; the substrate was a short DNA 

ol~gomer N ~ r h  a 5'-end b~otln molety and a 3'-terminal phosphorimidazole function. 



Those DNA sequences having the ability of using their 5'-OH groups to replace the 

imidazole group were isolated through a biotin-straptavidin technology. The selection 

was carried out for nine rounds, and one catalyst thus isolated was recast into a system of 

two substrates and one enzyme. The 45-nucleotide ~n"/~u"-de~endent  metallo- 

DNAzym'e catalyzed the ligation of the two substrates with a kc-,, of 0.07 min", 

corresponding to a rate enhancement of -3000 over the template-directed reaction and 
P 

1 . 7 ~  1 o5 over the non-template-directed reaction. 

Breaker and coworkers (Carmi et al., 1996) used a selection scheme similar to that 

shown in Fig. 1-5a to search for catalytic DNA molecules that cleaved themselves by a 
%. 

redox-dependent mechanism. Beginning with a DNA pool of -2 x 10') sequences 

randomized over central 50 bases region, they performed an in virro selection experiment 

in the presence of CuClz and ascorbate for seven rounds. Sequence analysis revealed '. 
\ 

several classes of self-cleaving DNA enzymes. One class, termed CA3, was most 

efficient and performed self-cleavage at one specific site with a k , b ,  of 0.14 min-I under 

conditions of 10 pM each of Cu(LI) and ascorbate; the sequence could still execute the 

elf-cleav~ng reaction in the presence of 10 pM Cu(I1) only, but the reactivity was much 

lower, with a kOb, of 8x10.' min-I. A mutagenized CA3 pool was created with 15% 

degeneracy over the onginal random region, and subjected for an additional five rounds 

of selection usmg I0 pM CU" as the sole cofactor. The re-selected pool displayed an 

improved activity of nearly 100 times using Cu(I1) as the sole cofactor, with a kOh, of the 



7 

individual sequences between 0.03-0.05 min-' ,  corresponding at least 10'-fold rate 

enhancement over the uncatalyzed reaction. 

3. >Iy research project 
i 

When this project was conceived in 1992, the in \nitro selection methodology was 

still in its debut phase. Encouraged by the experiments of Ellington & Szostak ( 1990. 

l992), which successfully selected RNA and DNA sequences for the binding of small 

organic ligands, we decided to develop catalytic DNA sequences using TSA approaches. 

By screening a large random DNA library for binding to certain transition state analogs 

that had proven to be successful in eliciting catalytic antibodies;we considered that i t  

m~ght  be feasible for us to isolate catalytic DNA molecules 

There have been many successful examples of the use of TSAs to develop 

catalytic antibodies. Theoretically, all of these TSAs dould be used to search for catalytic 

DNA or RNA sequences. But at a time when there were many technical uncertainties and 

Jiificulties regarding this new technology, and no examples of DNA catalysis, we 

Jec~ded to challenge potential DNA aptamers to carry out the catalysis in a simple way--  

hy stabilizing transition states through structural bending or deformation of substrates. 

There is an excellent reaction that falls in this category-porphyrin metallation. 

This important metabolic reaction ~nvolves the i n x ~ t i o n  of a metal ion into a porphyrin 

ring. In  I I L  ing cells. proteln enqmes ,  called ferrochelatases, provide catalys~s for this 

rcdcrlon. Babed on results from studies on the catalysis of ferrochelatases and their 
# 

~ n h ~ b ~ t i o n  by a unlque class of porphyr~n compounds-N-alkylporphyrins. Cochran and 



Schultz proposed N-methylmesoporphyrin IX (NMM) to be a transition state analog for 

the metallation of mesoporphyrin IX (MPIX). They then successfully derived catalytic 

antibodies for the reaction by the use of NMM. We chose to see whether the same TSA 

could be used to derive catalytic DNA sequences for the same reaction. 

3.1. Porphyrins and their metallation 

Porphyrins and metalloporphyrins are found widely in nature and are utilized by 

organisms as cofactors for a variety of enzymes and other specialized proteins. 

Metalloporphyrins are extraordinarily versatile, and participate in oxygen transport, 

electron transfer. photosynthesis, and a variety of redox chemistries, such as those 

associated with catalases, peroxidases, and monooxygenases. 

Iron is added into porphyrin rings in the final step of the biosynthesis of hemes. 

Previous studies have shown that ferrochelatases (protoheme ferrolyase. EC 4.99.1. I ) ,  

'1 provide catalysis for the insertion of Fe(1l) into protoporphyrin IX (PPIX) (Reviewed by 

, Lavallee, 1988). The enzymes provide binding sites for both the porphyrin and metal ion 

\ubstrates. bringing them into close proximity. Besides using PPIX and Fe(I1) as 

\ubstrates. ferrochelatases are able to utilize other porphyrin substrates such as IMPIX, 

deuteroporphyrin IX (DPIX), hematoporphyrin (HPIX); and other metal ions, such as 

Co( 11).  and Zn(I1). Table I - 1 shows the structure, names and side chains of various 

purphyrins; and Fig. 1-6 ~llustrates the porphyrin metallation reaction scheme, as well as 

the \tructure of ShIM--the proposed TSA. 



Table 1-1. Porphyrins tested as substratesa 

Porphyrin R1 R2 R3 R4 R5 R6 R7 R8 

Mesoporphyrin IX Me Et Me Et Me pH pH Me 
( M P W  

Protoporphyrin IX Me V Me V Me pH pH Me 
( P P W  

Deuteroporphyrin IX Me H Me H Me pH pH Me 
( D P W  

Hematoporphyrin tX Me CH(0H)Me Me CH(0H)Me Me .pH pH Me 
( H P W  

Coproporphyrin III Me pH Me pH Me pH pH Me 
( CPtII) 

Uropor$yrin III AH pH AH pH P' pH AH 
(L'PIII) 

Names, abbreviations, and side-chain ( R l - R S ) .  Side-chain abbreviations: Me = Methyl; Et = Ethyl; 

V = Vinyl; f = CH2CHzCOOH; = CHZCOOH. Side chains for R6  and R7 =f for all 

porphyrins. 



3.2. Reaction mechanism for porphyrin metallation. 

Porphyrin metallation was believed to have a general reaction mechanism as 

shown in Fig. 1-7 (Hambright & Chock. 1974; Bain-Ackerman & Lavallee. 1979; 

Funahashi et al., 1984). 

Protoporphynn lX R =  Vmyl 

Mesoporphynn IX 

Deuteroporphynn IX H 

TSA: N-methylmesoporphyrtn IX 

Fig. 1-6. Porphyrin metallation and its TSA. The c e n t h  macrocycle is often called 

porthinato core (Smith, 1975). There are four nitrogen atoms in the porphinato core: two 

pyrrole-type (with the attached hydrogen) and two imine-type (with lone-pair electrons). 

The imine-type nitrogens could accept protons for protonation (see Chapter 6). 

Porphyrin distortion was proposed as one of the most important steps of any 

porphyrin metallation. In the ground state, porphyrin compounds are expected to have a 

planar configuration with all four pyrrole rings in the same plane, but the planar porphyrin 

ring can be distorted. For instance, temperature-jump studies on tetrakis(N-methyl-4- 

pyridyl )porphyrin have shown that the free energy difference between planar and 



distorted states is not too large, at about 8 KJImol (Pasternak et al.. 1976). This ring 

distortion was also evident in some X-ray crystal structures (Fleischer, 1970). 

The distortion of the porphyrin ring had a significant consequence for porphyrin 

metallation: i t  made the reaction proceed at a much faster rate (Lavallee, 1985, 1988). 

This conclusion came from the studies of N-alkylporphyrins. These porphyrins had a 

permanently distorted ring structure, as shown in X-ray crystal structure studies 

(Goldberg & Thomas, 1976; Lavallee, 1982; Mclaughlin, 1974). which exposed nitrogen 
! 

lone-pair electrons to an incoming metal ion. Thus, N-alkylporphyrins bound metal ions 

10'- 10' times more rapidly than their corresponding planar counterparts (Shah et al.. 

197 1 ; Bain-Ackerrnan & Lavallee. 1979; Funahashi et al., 1984). These porphyrins were 

believed to be still aromatic, as reflected in their absorption maxima being very close to 

those of their planar analogs (with - 10 nm red shift), and their extinction coefficients 

being as high as or higher than that of their planar analogs. The bond lengths of both 

z 

groups were also similar (Lavallee. 1987). 

Outer-sphere complexation was proposed as the second step in metallation of 

porphyrin compounds. I t  was believed to be a rapid process (Lavallee, 198.5). and 

parameters 5uc.h as charge, size, and fhe polarity of the medium affected the magnitude of 

th15  equ~libriurn. 

The third step of the above mechanism was the loss of two ligands from the outer- 

hphere complex and the formation of the two nitrogen-metal bonds. This process was 

f 
thought to be concomitant to the porphyrin-metal bond formation, occurring at the w n e  

tlmr uhen the metal-lisand bonds were being broken down (Lavallee, 1988). 



Porphyrin deformation 

H2P - H ~ P '  

Outer-sphere complexation 

2+ ML6 + H2p* [ML6 . H2P1 1 

Ligand dissociation and first metal-nitrogen bond formation 

[ML6 H ~ P '  1 2 +  - [ MLf-- L--- H2P* 1 2 +  - L ~ M - H ~ + *  + L 

Second metal-nitrogen bond formation 

LSM-H2P2+ - L , M = H ~ P  2' + ( 5 - n ) L  

Metalloporphyrin formation (proton release) 

L , , M = H ~ P ~  - M P  + n L  + 2H+ 

Fig. 1-7. A general reaction mechanism for porphyrin metallation. 

The final step was the loss of two protons from the porphyrin-metal complex. 

Lavallee and Onady ( 198 1 ) provided the data showing that this step was not a rate- 
P 

determining step because no rate difference was observed for a porphyrin with protons or 

deuterons bound to the pyrrole nitrogens (H~TPPS~"  and D~TPPS.'), respectively. 

A non-enzymatic metallation process can be viewed as follows: a metal-ligand , 

coniplex in which a iigand has begun to detach and a porphyrin molecule that is 

\ubstantially deformed collide and form an outer-sphere complex. If the lone-pair 

electrons from a porphyrin nitrogen are at the appropriate geometry to occupy the vacant I 

\Ite by the leav~ng ligand, then the first metal-nitrogen bond is formed. Up to this point, ' 

the reaction proceeds in a reversible way; the formation of second metal-nitrogen bond 



brings the reaction to completion; then two protons are released from the newly formed # 
complex. 

An enzyme mechanism was proposed as follows (Dailey & Fleming. 1983; 

Dailey, 1988): The enzyme first binds the divalent iron with the concomitant release of 

two protons from the enzyme, followed by the binding and distortion of PPIX. Iron 

insertion into the porphyrin macrocycle occurs with the exchange of the two pyrrolic 

protons to the enzyme. Then, the enzyme'releases the metallation product from its active 

site. and initiates a new cycle. The ferrochelatases w.ere believed to catalyze the reaction 

in two ways: prqviding binding sites for both substrates and bringing them to close 

proximity; and stabilizing the transition state of the porphyrin deformation step. 

3.3. NMXI as the TSA for porphyrin metallation 

As stated above, the protein enzymes (ferrochelatases) were believed to catalyze 

porphyrin metallation by the stabilization of the transition state of porphyrin substrate 

distortion (Lavallee. 1988). The postulation of such a transition state for porphyrin 

metallat~on was drawn from the following lines: I )  N-methylprotoporphyrin was a very 

potent cornpet~tive inh~bitor for ferrochelatase enzymes (De Matteis et al., 1980; Tephly 

ct dl . .  1979; Ortiz de Montellano,et al., I98 1 ; Dailey & Fleming, 1983; Lavallee, 1988). 
* 

7 )  Thwnique feature of N-alkyl porphynns, compared to non-alkyl substituted 

porphyrins, is that the pyrrole ring substitution forces one or two of the pyrrole rings to be 

bent out of the plane shared by the other pyrrole rings. This buckling of the pyrrole rings 

l i , ~ b  been shown In a number of X-ray cr)stallographic stud~es (Goldberg & Thomas. 



1976; Lavallee. 1982; .Mclaughiin. 1974). 3) Owing to the easy access by metal ions to 

the lone-pair electrons of the nitrogen on the bent pyrrole ring, the metallation rate of a N- 

alkyl porphyrin is much higher than its non-alkylated counterpart (Bain-Ackerman & 

Laviillee, 1979: Matsushima & Sugata. 1979: Funahashi et al.. 1984; Shah et al., 197 I ) .  

Therefore, i t  was believed that in the transition state of the re'action, one pyrrole ring was 

distorted out of macro-porphyrin plane, exposing the lone-pair electrons of that pyrrole 

nitrogen to an incoming metal ion so that the metallation was accelerated (Cochran & 

Schultz, 1990). 

This property was taken advantage of by Cochran and Schultz ( 1990) to generate 

catalytic antibodies (reviewed by Schultz & Lerner, 1995) that mimicked ferrochelatases. 

Cochran and Schultz obtained monoclonal antibodies by immunizing mice with NMM; 

two of these antibodies were then found tocatalyze the insertion of ~ n " .  CO". ~ n " ;  and 

cu2' into MPIX. 

Subsequently, Schultz and coworkers used the same TSA to derive a novel 

ribozyme to catalyze the same reaction (Conn et a]., 1996). using an in vitro selection 

rnsthociology. At the same time. we showed that a similar strategy could be applied to 

obtain catalytic DNA sequences as well for the same reaction. 

3.1. Thesis overview 

In  t h ~ s  thesis. I will give a full  description of the creation. optimization, and 

h t r u i t u r ~ t l  determ~nat~on of several catalbtlc DNA molecules derived from an in r*itro 



selection experiment using NMM as the binding target (some of our results have also 

been published in the following papers: Li et al., 1996; Li & Sen. 1996. 1997). 

In Chapter 2, I will first describe the in vitro selection experiment towards the 

isolation of NMM-specific DNA aptamers from a random DNA library, followed by a 

description of detailed studies carried out on the interaction of the selected aptamers with 

various porphyrins, including NMM (the TSA of the target reaction), MPIX (the 

reactant), and several metalloporphyrins (the products). 

Chapter 3 will report the results of our findings that the short oligomer PS5.ST1, 

the binding domain from a parent aptamer, PS5, catalyzes the insertion of Cu(I1) and zinc 

- 
ions into MPXX, and other related porphyrins. 

In Chapter 4, I will describe the thorough investigation on the optimization of the 

catalytic properties of PS5.STI and its even shortened version--PS5.M. I will also make 

a comparison of some key catalytic parameters of all types of enzymes. 

A guanine quadruplex model is presented in  Chapter 5. The model is based on 

our catalytic and DMS-footprinting data on PSS.STI, its mutated sequences or structure 

variants. The model is supported by the other catalytic sequences from the final selection 

pool. I w ~ l l  also describe our efforts in modifying the thrombin aptamer into a catalytic 

structure for porphynn metallation, and in convertingsome non-catalytic aptamers in the 

final selection pool into catalytic ones. 

Chapter 6 summarizes some preliminary spectroscopic data on interaction of 

SXlM, MPIX *ith PS5.ST I and various other catalytic and non-catalytic sequences, with 

the ernphasls on the finding that after binding to PS5.S.TI or other catalytic sequences. 



MPIX gives a visible spectrum close in many aspects to that of NMM but not to that of 

monomeric MPIX itself. We further found that the DNAzyme increased the basjcity of 
A 

the imine-type nitrogen (for protonation) of M P ~  by 2 to 3 pH units. This observation is 
, . 

interpreted as the consequence of the defonnatim of MPIX by the catalytic DNA ' 

sequences. 



Chapter 2. Selection and Characterization of NMM-binding 

,,) DNA Aptamers 

1. Introduction 

To realize our goal of finding DNA sequences catalytic for porphyrin metallation 

using a TSA approach, we wanted to isolate DNA sequences with high and specific 

affinity for NMM. the TSA for the targeted metallation of MPIX. 

Although a var~ety of protein-porphyrin complexes and conjugates exist in nature, 

no functional role in L ' ~ L ' O  has yet been attributecl to porphyrin-nucleic acids complexes. 

Indeed, naturally occurring anionic porphyrins such as NMM and MPIX have not been 

found to associate with double-helical DNA, either in rqir~o or under experimental 

conditions in 1.itro. However, that porphyrins have the potential to interact with nucleic 

a c ~ d s  has been demonstrated by the studies on a class of synthetic cationic porphyrins, 

~ncluding meso-tetra-(4-N-methylpyridy1)porphine. containing two or more positive 

chaiges. which have been found to bind double-helical DNA (reviewed by Fiel, 1989; 

G ~ b b s  et d l . ,  1988; .Marzilli, 1990). 

li'e te3ted first whether ~t was possible to isolate NMM-binding ssDNAs through 

l r l  \ [ f r o  select~on experiments. Bes~des being successfully used to derive catalytic nuclelc , 

L ~ C I ~  sequences I see text In Chapter 1 ) .  in 1,itro selection techn~ques have also been 

t . ~ t e n \ ~ ~ e l y  u d  to  sola ate RNA and DNA sequences that b ~ n d  a variety of target 

molecule\ ( r t . \ .~eued recently by Gold et al, 1995; Osbone & Ellington, 1997). The 

tLtrSet3 ~nclude \mall molecules 4uch as d)eh r Ellington & Szostak. 1990. 1992): amino 



acids (Famulok & Szostak. 1992; Connell et H I . ,  1993): cofactors such as cyanocobalarnin 

(Lorsch & Szostak. 1994b). flavin and nicotinamide (Lauhon & Szostak, 1995); bases and 

nucleotides (Swanfa r  & Szostak, 1993; Jenison et al., 1994; Huizenga & Szostak, 1995); 

ah well as proteins (Tuerk & Gold, 1990; Tuerk et al., 1992; Bock et al., 1992, Jellinek et 

al.. 1993, 1994). The specifically binding aptamers have been found in a number of 

instances to bind their targets with sub-micromolar and nanomolar affinities (Gold et al.. 

1995). The large, aromatic, ring structures of porphyrins should make them attractive 

targets for binding by specific DNA secondaryltertiary structures. The first published 

reports on DNA and RNA aptamers had, in fact, described the isolation of molecules that 

bound polycyclic dyes (Ellington & Szostak. 1990; 1992). 

I f  indeed anionic porphyrin-binding DNA aptamers could be isolated, would these 

dptamers be able to distinguish between homologous porphyrins with subtle structural 

differencesc? This directly relates to the question of whether sdected NMM-binding 

aptamers could successfully catalyze porphyrin metallation. According to the transition 

,tate theory, enzymes catalyze chemical reactions by providing much higher affinities for 

transit~on states than for ground state substrates. Applying this principle to the case of 

porphynn metallat~on. we have to make sure that the selected DNA aptamers have high 

- ,tit'inity for NMM (the TSA) and weak affinity for MPIX (the substrate). Fortunately, the 

1 1 ,  ~ , i f r o  selection technologies used to obtain nucleic acid aptamers are unique in the 

;c'n>e that DNA or RNA molecules can be selected in a positive sense for binding to a 

g11c.n tJr,uet ~ ,uch  as NXIhI In this case), then subjected to4negative selections for 

dirn~ni\hing h ~ n d ~ n g  ~ t f ~ n ~ t ~ e \  for clo4ely related molecule$ (\uch as MPIX In our c ~ s e )  - 



That aptamers can be highly discriminating for recognition of closely related structures 

has been notably demonstrated with RNA molecules that discriminate between caffeine 

and theophylline (Jenison et al.. 1994). Since then, other examples have been reported. 

Given this, i t  is possible to pose the question that if discriminati k aptamers could 

be isolated, which bound with higher affinity to NMM than to MPIX, whether such 

aptamers would then show chelatase-like activity 

In this chapter, I will first describe the in ~ i t r o  selection experiments carried out 

by us for the isolation of NMM aptamers from a random DNA library; then I will 

describe the data from various chemical, enzymatic, and physical studies on interactions 

of the selected NMM aptamers with NMM. MPIX. and various metalloporphyrins 

(potential products of porphyrin metallation) 

2. Materials and methods 

2.1. >laterials 

Porphyrins were purchased from Porphyrin Products (Logan, Utah) and used. 

D 
\+ lthout further pur~fication. hvidin-conjugated agarose beads and oxirane-acrylic beads 

\+ere from Sigma. Deoxynucleotide triphosphates (dNTPs) and the T7 Sequencing Kit 

Liere from ~harmacia ;  [ y - " ~ ] ~ ~ ~  (3(>00Ci/mol) from Amersham; T1 polynucleotide 

h~nabe. T1 D N A  I~gasr.  BmzHI. HindII.  P\,ltII, and DNaseI from BRL; Bun1 and 

from Yew England Biolabs; Taq DNA polymerase from Perkin Elmer; Bluescript M 13+ 

plahm~d and \IC 106 1 competent E. coli here gifts of  Dr. C. Boone at Simon Fraser 



University; the "random" DNA oligomers (R 1 ,  R2) and the biotinylated oligonucleotide 

primers were synthesized at the University Core DNA Services at the University of 

Calgary. 

2.2. DNA library 

The random-sequence DNA library used in this work was constructed according 

to the method of Bartel and Szostak (1993), with minor modifications. Two synthetic 

polynucleotides, R 1 : 5'-TTGATCCGGTCGGCACC-N76-CC'ITGGGTCATTAGGCGA; 

and, R2: 5'-CGGGACTCTGACCTTGG-N76-GGCACCTGTCCACGCTC, were each 

.rendered double-stranded by PCR. Rl was divided into two pools and restriction- 

digested-- one pool with Ban1 (cutting at GGCACC) and the other with Sty1 (cutting at 

CC?TGG); R2 was digested with both enzymes. A two-fold ligation was then carried out 

with T4 DNA ligase, to give duplexes of the form RI-R2-RI, containing a total of 228 

random base-pairs. 540 pg of ligated product was obtained, corresponding to 1.8 x 10'' 

different molecules. This library was then amplified with a large-scale (500 ml) PCR, 

using the primers R 1 PI -biotin (5'-biotin-TCGCCTAATGACCCAAGG) and RLS (5'- 

GGATCI-I-I-I'TGATCCGGTCGGCACC). 

Single-stranded DNA was punfied from these amplified sequences by allowing 

the biotinylated duplexes to bind to avidin-agarose beads (avidin : biotin = 10: I ) .  After 

u,ashing with 15 volumes of avidin column buffer (50 mM Tris. pH 7.4, 200 rnM NaCI, 

0.1 mLI EDTA) to remove non-biotinylated duplexes, the unbiotinlyated strand of bound 

duplexes was recovered w~th 3 column volurnes of 0.2 M NaOH. The eluant was 



neutralized immediately with 0.2 M HCI + 0.5 M Tris, and the DNA recovered by ethanol 

precipitation. A total of 7.14 mg of ssDNA was obtained, corresponding to -26 library 

equivalents. 

The final. 283-nucleotide, single-stranded DNA had the sequence: 

5'-GGATCTT??TGATCCGGTCGGCACC-NflCTTGG-N76-GGCACC-N76- 

CCTTGGGTCATTAGGCGA. 

2.3. Selection columns 

NMM selection columns were prepared by the derivatization of oxirane acrylic 

beads with NMM. The beads were allowed to react with NMM in 0.1 M phosphate 

buffer (pH 4.0) for 48 hours in the dark at room temperature. The disappearance of 

NMM with time was monitored by HPLC. After 48 hours, the NMM was attached 

quantitatively to the beads (10 column volume washes with 0.2 M NaOH washed off less 

I 

than 2% of NMM from the column). After the completion of the attachment reactio~, the 

column was washed with 1 M Tris (pH 8.0) and incubated for a further 48 hours with 4% 

mercaptoethanol to inactivate unreacted epoxy groups. Finally, the column was 

equilibrated with SB buffer (100 mM Tns acetate, 200 mM sodium acetate, 25 mM 

potassium acetate, 10 mM magnesium acetate, 0.5% Triton X-100, and 5% dimethyl 

iulfoxide, final pH 7.1 ) .  Columns treated in this way were found to have very low non- 

spec~fic binding of single-stranded DNA (< 1 %). 



To obtain blocked column material for negative selections, the oxirane beads were 

allowed to react with excess mercaptoethanol at pH 8.0 for 48 hours, and then assayed for 

thcir level of non-spec~fic ssDNA binding. This was also found to be low ( < I ? c ) .  

2.4. Selection protocols 

The NMM columns were washed and pre-equilibrated in SB buffer. To  further 

reduce the non-specific binding of single-stranded DNA molecules to the column matrix, 

an initial negative select~on was carried out on a "negative column", which contained 

oxirane-acrylic beads inactivated with mercaptoethanol (as above). For a given round of 

selection, 5'-end labeled ssDNA was denatured in TE buffer at 90•‹C for 5 minutes, then 

allowed to cool slowly (over an hour) to room temperature. The solution was 

subsequently made up to SB buffer. 

The folded DNA ("P-labelled) samples in SB were treated to a 100 pI negative 

column (containing no attached NMM); the DNA was allowed to equilibrate with the 

column for 30 minutes, following which the unbound DNA was washed directly onto a 

400 pI N M M  column with three volumes of SB buffer, and incubated with the NMM 

column for 2-3 hours at room temperature. Unbound DNA was washed away with SB 

hutfer until no more radioactiv~ty could be detected in the washes. 

In round 1. a total of 3.0 mg DNA was applied to a 4 ml NMM column; in rounds 

-1 2nd 3. - 100 pg of DNA was used; from the 4th to the 12th rounds. 20-50 pg of DNA - 
LL;IS appl~ed.  W h ~ l e  in the first three rounds, TE' buffer ( 10 mM Tris, pH 7.4, I0 mM 

EDTX) had been u4ed to elute the specifically bound D N A  molecules from the N;LI;Ll 



column, in rounds 4-6, high concentrations of free NMM (2.1 KIM) were used to compete 

t 
the DNA away from column-bound NMM (.the column NMM concentration = 0.5 mM). 

In round 6, the DNA was applied to NMM columns twice in succession; in  rounds 7- 12, a 

"negative" elution with free MPIX (0.1 mM) was used on the bound DNA prior to 

"positive" elution with free NMM, as above. This was done to eliminatehose NMM- 

binding DNA molecules that also bound with high affinity to MPIX. 

2.5. PCR 

PCR was carried out in the following buffer: 10 mM Tris, pH 8.3-9.3, 50 mM 

KCI, 2.5- 10 rnM MgCI?, 0-5'31 glycerol, 0.2 rnM of each dNTP, 1 uni t  of Taq polymerase, 

I pM of each primer (RLS and R 1 P1 -biotin), and 0.01 -0.05 pM 5'-"P-labeled RLS, for 

each 100 pl of the PCR solution. Reactions were usually carried out in 100-300 pI 

volumes. In  the later rounds of selection, PCR yields were consistently low, owing 

'presumably to the formation of strong secondary structures in the DNA molecules being 

enr~ched; therefore the PCR conditions were re-optimized before each new round. 

generally by changing one of three parameters: buffer pH, MgClz concentration. and 

glycerol concentration. The amplified DNA was phenol/chldrofom extracted, ethanol 

precipitated, and bound to avidin columns for the generation of single-strands (see 

above). In most rounds, the single-stranded DNA obtained was further purified by 

preparative gel-electrophoresis before being subjected to a new round of selection. 

d 



2.6. Cloning and sequencing 

Following the completion of 12 rounds of selection on NMM columns, the DNA 

pool was amplified for cloning by PCR amplification with the following two "cloning" 

primers: RLC: 5:-CTTGTCTGCAGGGATCCTTTTGATCCGGTCGGC-3' ; and, 

R I PIC: 5'-GATATCAAGCTI'CTCGAGTCGCCTAATGACCAAGG-. The 

highlighted sequences show BamHI and Hind11 sites, respectively. The PCR products 
/ 

1 

were gel-purified, digested with the above enzymes, and gel-purified again prior to 

ligation to the BamHI and HindIII-digested and gel-purified large piece of the Bluescript 

M 13+ plasmid. MC 106 1 competent cells were transformed with the ligation mixtures. 

Sixty recombinant clones were picked for the long sequences (P series) and fifty that 

contained the shorter sequences (PS series; see Results). Twenty-four clones of the PS 

series and 24 of the P series were sequenced (the P clones in both directions) by the 

dideoxy method, using a T7 Sequencing kt (Pharmacia). 

2.7. Dissociation constant determinations 

The binding affinities of different aptamers to NMM and, indirectly, to other 

porphyrins, were measured using the methodology of ~ d n n e l ~  et a].( 1993). "P-labeled 

D N A  was applied in SB buffer to a 0.1 rnl NMM column, allowed to equilibrate for 30 

mlnutes, then qu~ckly washed with a few column volumes of SB buffer until the unbound 

DNA had been washed away. Speclfic elutions were then camed out with solutions of 

100 p,M N M M  as well as solutions of other porphyrins, in SB. Kd was calculated 

according to the formalism: Kd = L ( ( V r L  - Vn)/  (Ve - VeL))  (Connell et a]., 1993), where 

e 



L was the concentration of the free ligand in solution, VeL the elution volume in the 

presence of free ligand in solution, V, the buffer elution volume in the absence of free 

ligand, and V, the void volume of the column (taken to be 70% of the volume of the 

packed column). 

2.8. Footprinting 

Final DNA concentrations used in all footprinting experiments were between 1-3. 

ng/pI. Reactions were carried out in SB buffer at room temperature, unless otherwise 

specified. Single-stranded aptamer DNAs were 5'-end-labeled with polynucleotide kinase 

and [ y - 3 ' ~ ] ~ ~ ~ .  and gel-purified. The DNA was denatured and then allowed to fold in 

SB buffer, as above. Porphyrins were prepared as stock solutions in SB buffer. Final 

+$ DNA-porphyrin complexes were made up by combining appropriate aliquots of the DNA 

and porphyrin stocks, which were then made up with SB buffer to final volumes of 15 pl 

(for DMS methylation), and 10 pI (for heminK02 and DNase I cleavages). 

2.8.1. Methylation protection 

Aliquots (0.8 p1) of a freshly ma* 2% dimethyl sulfate (DMS) in double distilled 
1 

water were added to 15 p1 DNNporphyrin solutions. Samples were incubated at room 

temperature for 30 minutes, then ethanol precipitated. The pellets were washed and 

treated with piperidine using standard Maxam-Gilbert protocols, and the cleaved DNA 

analyzed in 10-20% denaturing polyacylamide gels. 



2.8.2. Hemin/KOz footprinting 

Aliquots (2.5 pi) of a freshly made solution of 150 mM KO;! in SB were added to 

10 P I  DNAIporphyrin samples. These were incubated at 37•‹C for 30 minutes. and the 

reaction quenched by adding 6 p1 of formamide gel-loading buffer and heating at 85•‹C 

for 3 minutes (Ward et al., 1986). One-fifth portions of the samples were analyzed in 10- 

15% denaturing polyacrylamide gels. 

For the aptamer PS5, the herninIKO;! footprinting was carried out within gel 

fragments containing the aptamer. Separate samples of end-labeled PS5, with added 

hemin (0.5 mM) and without, were run in a non-denaturing gel. The gel bands containing 

the aptamer were cut out, crushed, and pre-incubated with 50 pl of 1 rnM hemin in SB for 

30 minutes at room temperature. 50 pI of 30 mM KO;! in SB was then added, and 

incubated for 30 minutes at 37•‹C. Finally, the DNA was eluted from the gel slices and 
43 

ethanol precipitated prior to running in a 15% denaturing gel. 

2.8.3. DNase I footprinting 

These were carried out under conditions similar to the hemin/K02 experiments, 

except that 1 pI of DNase I (from a 0.02 unittpl stock) was added to each 10 p1 

DNA/NMM solution in SB buffer. 

2.9. Gel mobility shift studies 

Single-stranded aptamers were denatured and re-folded as above, then either 

~ncubated or not incubated with 100 pM NMM for 30 minutes before loading in a non- 



denaturing polyacrylamide gel run at 4•‹C in 50 mM Tris-Borate + 10 mM KC1 + 5 mM 

MgClz buffer. 

2.10. Spectroscopic studies 

2.10.1. UV-visible spectroscopy 

The concentration of DNA used for UV-visible spectrometry was 5 pM; and, 

measurements were carried out in a dual-beam Cary 3E UV-Visible Spectrophotometer. 

PS2 DNA was allowed to fold in SB buffer in the sample cuvette. This DNA solution (as 

well as DNA-free SB buffer in a separate cuvette) were then made progressively to 0, 1,  

3, 5, 10, 15,20, and 30 pM of NMM and scanned from 300 to 700 nm (spanning the 

Soret and visible absorption regions of the porphyrin) in comparison with a cuvette 

containing only buffer, following each addition. 

2.10.2. Circular dichroism spectroscopy 

Circular dichroism measurements were carried out in a J-700 CD-spectrometer. 3 

p.M folded aptamer (PS2, PS2.STl) in SB buffer was first scanned in the absence of 

d d e d  NMM. Then, I ,  3 , 5 ,  10, 15,20, and 30 pM of NMM were introduced, and CD 

hpectra taken for both the DNA absorption regions (200 to 300 nm) and the Soret and 

\.isible absorption regions of the NMM (300 to 550hm). 



3. Results 

3.1. Selection 

Selection was carried out for a total 12 rounds, and the percentage of NMM- 

binding DNAs from each selection pool versus selection round is presented in Fig. 2- 1 .  

There was very little DNA bound to NMM from the selection pools 1-3, but the binding 

percentage increased as the selection was in progression. By round 6, -1.5% of the 

sequences in the pool could bind to NMM. In order to obtain the sequences with higher 

affinity for NMM than for MPIX, a "counter-selection" strategy was applied. in which the 

Selection round 

Fig. 2-1. Results of in vitro selection for N3131-binding DNA aptamers. Gray bars 

indicate selection rounds without counter-selection for MPIX while dark bars 

represent selection rounds with pre-elution of 3lPIX. 



elution with the MPIX solution was carried out before the elution with the NXIM 

solution. The data in Fig. 2- 1 (p.46) shows that most of the NMM-binding DNA 

\equences in pool 6 could bind to MPIX as well. However, the counter-selection strategy 

hhowed its effectiveness in diminishing this MPIX-binding affinity of the further enriched 

pools. By round 1 1 ,  the pool DNAs bound quite specifically to NM ut not strongly to 

MPIX. The binding percentage was leveled off at round 12, and DNA aptamers in this 

pool were cloned and sequenced. 

3.2. Appearance of a "small" porphyrin-binding DNA library 

Dur~ng the selection procedure on the 283-nucleotide DNA library, particularly in 

the later rounds of selection, a significantly smaller-sized DNA began to appear in large 

amounts following PCR amplifications of recovered DNA. In general, two sizes of DNA 

PCR products were always to be seen with this particular random-sequence library: One 
y r  

the normal sized 283 nucleotides, and the other approximately 120 nucleotides long. By 

the third selection. the small-sized DNA was the dominant product after 20 rounds of 

PCR amplification, arising, presumably. from mispriming by the primers RLS and RI PI-  

blotin off the two 51.u-nucleot~de constant regions (CCTTGG and GGTGCC) separating 

the three random regions. To  correct for this situation. a separate primer, RLT, was 

4. nthesized to replace RLS (RLT lacked the last five nucleotides of RLS at the 3' end). 

This Improved the ye ld  of the full-sized 283 nucleotides somewhat. However. in the 

later rounds of selection, ~t became increasingly difficult to amplify the 283-nucleotide 

product. e \ en  w h e n  ?e l -pur~i~cat~on used to e l ~ m ~ n a t e  the smaller product prlor to 



\ 
each new selection. Beyond round 10, the "small" and "Large" aptamers were subjected 

to separate selection and PCR cycles and were cloned as distinct populations of aptamers. 

The "PS" family of clones described in  this paper refers to the small aptamers and the "P" 

family to the full-sized ones. 

3.3. Comparison of aptamer sequences 

Twenty four clones were sequenced'from each size class of aptamer, to determine 

whether a common sequence (and therefore folded structure) motif was responsible for 
I 

the binding of NMM. Fig. 2-2 (p49) shows the random sequences from twenty four each 

of the smaller (PS) and normal size (P) classes of aptamers. The most notable feature of 

these sequences is the presence of at least one highly guanine-rich motif (underlined and 
3 .  I 

~taliclzed) In each sequence. The pool of the larger class of aptamers (the P class) had 

similar motifs, and in some cases (such as i n  P3, described later) more than one of these 

motifs in a given aptamer. A'rigorous comparison of the sequences using the FASTA 

program revealed the highest degree of homology to be present, in fact, in the guanine- 

rich regions, which were typically 15-30 nucleotides- long. From this collection of clones, 

two small aptamers. PS2 and PS5, and three large apamers, P3. P7, and P9, were 

randomly selected for a more in-depth study of their properties. Most of our studies 

focused on PS2, which gave the mosidefined footprints.-At a later stage (described 

belob), a short ol~gomer. PS2.ST1, corresponding to the-guanine-rich region of PS2, was 

a150 5)ntheslzed for study. 



Fig. 2-2. NTIITII-binding sequences from generation 12. The random regions of 

twenty-four short (PS family) and the large (P family) aptamers. Each aptamer 

appeared to have a single. very guanine-rich motif (the motifs containing between 

55% and 78% guanine, with the balance being overwhelmingly thymine). No 

unambiguous consensus could be found between these sequences in terms of the 

positioning and number of contiguous guanines. The large family sequences 

contained similar guanine-rich motifs, with at least one such motif per aptamer. 



B PS series 
ps2 TTGCC TAACC GTGAA GGTAA AACGA TITAG TCAAA CGTGG GAGGG CGGTG GTGlTGACTG ATCGA 

l T ? T A  TTCCA ( 65% G) 

ps3 AWT TGATC MCTA G GGTAGTCGG GAGGT GGTGG GGCTT G ~ G  TGTCA GCCTG CAGTG GACM 

C T C r r  A A T a  G ( 68% G) 

p5-l A G G ~ G  TTATC ATTCA ~ C A  CTGAA GGAGG C ~ A G  GTTCG TTCAG G T G ~  ~ C A G  GGAAA ~ C C G  

CGGTG CTTA (56% G) 

psS GTGTC GAAGA TCGTG'GCTCA lTGTG GGTCG GTGTG GCTGG TCCGA TCCGC GATCT GCTGA CGCTG 

C'ITAG GT (66% G )  

ps6 ATCTG GCTAT GTTAG T C n A  TCACC ATGAC CGGAT GCCCC AAAAG GTGGG TGGGT GGCGG TAGAA 

TITTG GTGTG T 175% G )  

, ps7 GAGCC TCTGA T C M T  TAAAC ATTGT GTTAC TGGTG GG777ATGCA GGTGG GTGGG AACCA GCAAC 

ACTAT GTCCA (56% G) 

ps8 ATAGG TTlTG CTCCG GTACG GAGGT GGGCG GATW TAGTG G T W C  TGCCC CAGGA W T  TACGG 

GCGAT GTCCA (62 % G) 

ps9 ATCTA T G C l T  ATTCG CCAAG AGTCG AATAA GCTGA TTCGGG T A W  CGGGC G W C  AAlTA TTCGA 

CCTCG CTI?T (73% G )  

pslO AATTG TGCAC ACCAG GACCG AATIT TTGAC TCGGT GGGGC CATGG CGGGT GGGGC GGAGA A A m  

psl3,ClTCG TCATT AGGCG AAGTA CCGGG GAGCG AACTA CGGGC GGTGG GTACG G G M  GATTG ITCTG 

TAGTG ATGGT C (68% G )  

~ S I J  A ~ C  GAGAG AGTAC G G G ~  m ~ r r  TGGGC AGGAT AACAG m w  TCCTC TCTCG'AITAT GCCGA 

TGCCG CCC (61 % G )  

ps16 TGATT GAACA CAATT CTGCA GACTC TGAW M G G G  TATCG G G m  TTGAC GGGTG TrGGTC GGCGG 

T.AACC TACAT C (67% G) 

ps17 TAGAT TTGTA CCCGG GVGG CGGGT G G T ~  GTMG -A CAAM TCATG TGGGT AGTCT TTCTG 

C m G  CCTGC AA (60% G )  

ps18 ATITC GAGGG AGTAC GGG77 GGGT7 TGGGC A W A T  AATAG I T N X  TGCTC T C l T G  AAGTA TGCCG 

T G C C  GC13T (57% G) 

ps19 ATTAC AACAT AGTCA GCTTA TAGGG CGGGA GGGTG GTACA ACTCG CATTG T A M T  AGACG GATGC 

T G T T  GACTC (79% G )  

ps24 TAATC CTATG G T T I T  TGCGA CTCGC CAATT CGTAA HGGG AGGGT GG7Y;G AGATA CGTAT GCTAG 

CTCAC GCGTA (71 % G) 

ps2l ATITC GAGAG AGTAC GGGTA CX&lT TGGGC AGGAT AATAG l l T G G  GTCTC TCTGG M G T A  TGCCG 

ATCCC GCA (61 8 G )  

ps22 G A I T 4  GCGGG TTAGT GCCAT T CGCT GCTGA GGGGT GGGAG G77GG ATAAA 'ITGCG AATCC CATTA 

L4AGA TCC (71% G )  

p s t l  AGGAT CGAGA ACUT GACCA TGMT GGM CATAE AGGTG GGTGG TT~TTAGTGG G ~ G C  A ~ A  

T C r n  ACATA C (54% G )  

- ps25 GGTCC ATTCG CCTAT CCAGA CGGGA GGGTG MTGG Al7GG ACACT TATGA ATCGA CCCTG CCCCC 

TTTCA TGTGC t 68% G I  



(Continued from last page) * 
ps26 ATCAT TAGGT AACTC GACGG CG7TG GGTCC GGGCG GTAGG TTGAG T'ITCC ATAAA ATCCG GTGAC 

GAlTA lTATG A (64% G)  . 
ps30 ATAGG 'ITTTG CTGGG GTACG GAGGT CGTCG GATGG TAGAG GTGCC TGGCC CAGGA AkQAT TAGGG 

CCGAT GTCCA (61% G) 

P series 
p l  ACCAT TAATA GATGT TAAAC TAGAG G m A  GGGTG GGATG GGAGG AGCCT TGGGG TTACA TCATT 

4TGCG GTGTT CGTTA TATCC GTGGA ClTAT ACAAC AGCGT CTATC ATGGG TCGTG TCCTC GGGTG 

AGGGA GGAAA CCCAT TAGTA ACACC GTCCG TGATG AAGTT GTTAA CGGCA CCTCG TCCAC TAAGA 

ATGTC CGTlT A'T~TA TCTAG GAGGA AGTGG TTCCG GCCTA TCGTA AGCCT TlTAT GTACC (64% G) 
w 

p2 CCCCC TGTGG AAGAG CGAT A GTGCC TlTAA TAGTT GACGC CGAAG TGACA GTClT CCCTG AGCTT 

T C C l T  CCTTG GTATA TTACC ATATA AGCCT CTTGG lTGTG TATAA TAATG ACCTA GAAGT CGATT GAACT 

CATAG GCACC TAACG CGCCA TAAAG GCAAT ClTGT GGACA CGAGA CGGGG TCGGA GGGTTGACTG ATTGT 

GT (65% G) 

p3 TCCAA TGCGG 'ITAGT TATCG CGGAC GGGGC AGAGG GATGT ACAAG ACTTG TTGGG TGGTCATGTG CGTGG 

lTATT CCTTG GATAT CACAG TTGTC TGGCA TlTGG TAACT TCCIT CTCAC CTCGT GAAAG TITGC ATCAT 

AGCCA GAlTC TGGGT GGCCA CCTTG CAAAC T'ITCA CAAGG TTGAG GATlT GCTGA CCCGG ACTCG 

CACGT A A m  TCCIT TGCAA ACATT ACGCT AGA (65% G and 57% G) 

p4 ATTCC GAGAG TATGT ACGGG TTGGG 77TGG GCAW ATAAT AGTTT GGCGC TCTCT ATAAG TATGC 

CGATG CCGCG CCCTT GGTCA TTAGG CGAAC CTTGG TCATT AGGCG AATAC M G C G  TCGTT AATAA 

CCGGA TCI?T TGATC CGTCG G A T M  TAGTT GGCGC TCTCT A T M G  TATCG ATGCC CGCCC C'ITGG TCATT 

AGGCG AACCT TGGTC ATTAG G C G M  T A G M  GCGTG GlTAA TAACG GATCT lTZTG (61% G) 

pS CAGAC CCGAA CAAGA GTTGA ACAGA GAATG GTCAG CCGGA G T G m  ACGTC G M G T  GTTCT TAGCA 

ACCGA ATCCT TGGTG CAACT ACAGC GACCG GATTC TGTAG ACCIT ATGAT CGCTA TGTGA CAGCT 

CCACG ATCTA TGGCA C C M G  CAGAG TGCAG TGGTC GAGGT G G G a m  AlTZT ATGAT CCTTG GGTCA 

CAATG AATGT GGAGT TTCCA CCCTT GGTCA TTAGG CGAC (67% G) 

p6 CTGGA T m  TTGAT CCCCT CGCAC CAATA GGATC GGGGC AGGCT CTCGC TTCCA CAGGT AAAAC 

(;ATGG A C G G C  GTGGG A m  TTGTA GAGCG TTGTT C m G  G M G  CGGGA TGCCG GGCCC AACCG TGTGG 

TCTAC ATTGT CACGT AACGC AAGGA GATAA ACTGT AATCT GGGCA CCTAG CCGGT TAGTG CATTG TCAAC 
-\ 

GCGCT GTTGC ACTAT TAGAC AACCC TGCTA ACAAG GCAAA CCACT ATTGT (73% G) 

p7 GCATC CGTCG ACCAA AGCGT CGTTG T'ITGC TCTTA TGGTC AGGAC GGTCT GTCGT G G M G  TCATG 

4.ACCT TGGCG CAGGA TACGG GTITG CATAT TGCGT GCAlT AATAT GGGM GGTKATGGC GGGCG G n G G  

(;T TATGT AACGG CACCT GTCCG GTACT TAATA GTGCG CTAGG ACATG CCCGT CTATA GCCCT GAAGG 

.AGCM CGATC lTACT CGTCA TCTTA (62% G) 

p8 ATA'IT ACCTT GGTCA TTAGG C G M C  GTGGA TCTTT TTGAT CCGGT CGGCA CCTTG GTCAT TAGGC 

GATGG ATAAT TCTCT GGGTG GGCTG TGGTT GGAGA AGTAT CCGGA GCTGT CCCCT TGGTC ATTAG G C G M  

TATGC CTTGG TCATT AGGCG M T A T  GCCTT GGTCA TTAGG CGGAT ATGCC TTCGT CATTA GGCGA ATTAG 

(;C'(;AC CACGC A T C T  TTTGA TCCGG TCCGT A (62% G) 

p9 (;(;C;<;A GACAG AATCT AGACT CCTAC TACGC TTGTG ATTGG TTGTT ATTAT TTGCG T G C M  AAAAT 

TT.ATT AATTC CTAGG AAGGT GGCTT GATCG GCAGG GGATG TGGTG GGTAT CGGCC GACGG GCACC TATCA 

(;.ATCT CACGC M C T A  T C G M  ATCAT CTGGC ACCTA TAGCA ACTGA GTlTGC G m C  TCGAT TGTAT AT 

159% <;) 



(Continued from last page) 
p10 CTTGG TCATT AGGCG ACCAG GGATC TITIT GATCC GAACG GCATG GATCT TITTG ATCCG GTCGG 

CACCT TGCTC ATTAG GTGAA TGGAT (-r?TT TGATC CGGTC GGCAC CAATA TAGGA GTATG TGCAA CTTCT 

GGACA TATTG CGGTG GGAAG GGAATAGCGG TGGCA CTCCC A (74% G)  

pl 1 GAAAT AGATC 'ITITA C l T l T  CGATG CCAGA CAClT ATGTT CCCTC TAGCG AGGCT GCGGA TlTCT 

TTGAA GTAGA TCCTT GGCTT AGGGA GGGAG GGTGG AAGAA GGACT CTACT GACAA TCCGT ACATG AGTAA 

ACCGT ATCAT CGGGC ACCAT ACCTG m C C  AGGAC TAAGT ATACA CAGTT AATGA CTGGC ITTGC AGTGT 

GATTG TTTCA CAGAT CAATC CTAC (67% G) 

p13 AAGAA AATGC AGGGT TTCAA CGGGA TGTGT TGGGT CGGAA TCGGG TGGCA ATAGC GGTGA AGTAC 

I T l T C  TTCTC TCCTT G G m  CGAAG ATACT CCGTG GATAC TTGAA CATCT CTCTC TTGGA GGACG n C G A  

AGGGA TAGCG TCAAT GTAAT CAGGC ACCAT CCGAC TGTAG TATCG ATGGT GCTCA AGTAA GCACG 

GGAAT GCATC GTGAA CTATC TGTCT CGTTG CTTAA TCAA (59% G) 

pl4 AGACC CGAAG TGCAC GGAGA CCCGG TTATT CTTAG GCCAG TATGG GAGGG ATGGG AGGCT GCCTT 

AGTAT AACCT TGGTC ATTAG GCAAG TGGAT C T l T T  TGATT CCGGT CCGGC ACCAT TTCGA GAGAG T A C E  

G77GG G777G GGCAG GATAA TAGTT TGGTG CTCTC TGGAA GTATC GGATG CCGGC CCClT GTCAT TAGGC 

GAAGT GCA (73% G, and 61 % G) . 

pl5 CTATG GTCTA CAGCG AACCC TGCAT TAACT CGGGA GTTGT GGTGT GGTGG GCGW ATTCT GTCGA 

ATGTG AATGA ACCZT GCCAA TGTGG TAATC AAGGT ACATT GTTCG CCCTC GCTlT TCGTT TGCCT CGGCA 

AGTGG TGTCA AGAAA TGTAG GCACC TGAAT AGCAC TCGAC GCCTC TGGAT ATCGA CGCTC ACTCT 

CTAAG TCATT G A T T A - A ~ C A  CAGCA GTTCT TGTCT c (67% G) 

pl6 TTGTC ATTAG GCGAA GTATT CCAGG GTGGA GGTW m C A  ATGTA CTCAA TACGC CCGTC ClTGG 

TCATT AGACG AGGCT CGATC TITIT GATCC GGTCG TCACC CCTTG GTCAT TAGGC GAACA ACAAA TACCA 

C C m  GGTCA TAGGC TAAGG TCGAT ClTlT TGATC CGGTC GCACC ATATA (75% G) 

pl7 GGACG GAAGT GAACC ATTGT ACAAT CATTG TCGGC TGGCA AAAlT ATTAA G m G T  TCGTA AAAAT 

GAGGT TAGGC C7TGG GGTCG GAGGT T M G G  ACGAT TTAGG ACTAT A C K C  ATCGA ATGTT 

GCTAG TCCGA CTTAT TATAT A'ITIT GTCAC Mz C GTGCG CFAGA GG'ITT GATGT GCCCA G'ITIT TTATT 

C17TA GATCT ACATG GTACG CCTTG TACAT ATTGT GTA (57% G) 

p19 GGAGA AGAAG AGCCT TGGTC ATTAG GCGAG CATGG ATCIT m G A  CCGGT CGTAC CTTGG TCATT 

AGGCG AACTA ATCCT TGGTC ATTAG GCGAG CTGGA T(-7TT TTGAT CCGGT CCGCA CCCTT CAGCG ATAAA 

GG77G GGGTG GGTM G T G N  E A M G  G m A  ATITT GTTAC TCCCT G M G G  CCCTT GATCA T (67% G) 

p20 GCGCC .UTCG GCAAT TGATT m C C  TClTA CCGGA AAGCC GCATC CCATT GGCTC TGATT CGGTT 

ACCCC ITGCA AATAT GTClT GTCGT AGGAG ACTAT AAGGG M T T A  CT?TG ACCGT GG7TG GATGG 77GG4 

-A AGTAC TTCCC GGCAC C T G M  TGATC T A M G  T C W  TCGGT AGACT CACTT ACCAA GAGCG C G m  

TAGAT AATAT TATCT CTACT CGATT T (59% G)  

p2l TGTCT CTACT CACCA ACTGA CATGG GCGTT ' I T I T A  TATAT TCZT-GG GTATG GGTTG TGGAT 

C T A A A  M C T  CACCA TCCCA CATAT CCCGG ATACA TCACA CCCTG G M C T  C M C G  G m A  TTGCG CCCTC 

TCTTC GCACC TCAGT GTATG ATACA C A A ~  TCTCT GGGTA A C G ~  G ~ T A T  CACTG ACCTT T C G ~  ACATT 

GCCTC ACAAC TCTAA A (63% G) 

p23 ATCGA G M C A  ATGAC CATGA ATGGA AACAT AGAGG TGGGT G m  TTAGT GCGTG GCATA TATGT 

m . 4 C . i  CACCT TGGTC ATTAG GCGAA GTATT CTAGG GTGGA GGTGG T m C A  ATGTA TCTGA ATACG 

CCCT(73S G ;  and 7 1 5  G) 



(Continued from last page) 
pZ4 GCATC GGTCG ACCAA AGCGT CGTTG lTTCC TClTA TGGTC ACCAC GTTGT GTClT GGAAG TCAGG 

AACCT TGCCG CACCA TACCC GTG'IT CATAT TGCGT GCAIT AATAT GGGAA GGTGC ATGGC CGGCG GTTGG 

GTGCT TATGT AACGG CACCT GTCCG GTACT TAATA GTGCG CTACC ACATG CCCGT CTATA GCClT GAAGC - 
AGCAACGATC ITACT CGTCA TGITA (62% C )  

p27 CGITG CGGAG TGCTC TCGAT ATCTA GAAGC CTAAT GClTC TACTA GAGAT TGACT TTGTA TAGTG 

TCCAT CGAAG GTCCT TGTTG GGTGG TGGGT GGTTT GATGT GAGAG GGCAA TATTA ITGTA A ~ C A  CCCGC 

AATCC ClTGA GGATA AGGTC GTGCA TTGTA TGCIT CTCCG TCATC CAGAT CAAAG GATCA TTCAG CTGlT 

GTA (61% G) 

p29 AGGCG ACCCG ATTGA ACCTG 'IT'ATT GGGAA ACACG TGClT CGTAA GGACT TAAAA CCTAT CATAA 

GTCGG TCCAC TCCTT GGATC ACATG ACTTC CTGGG CTAGC CCATA TCATA TClTC CTGGA GGGTG GTGGG 

TGGTI' TTGTA GAGAT GCTTG CTACG GCACC TGCAA AGTAG CTGGG AAATA l7TM TGGCC TITGG TTCTA - 
CGTTC ACTCG 'ITACT CTCGA GGTCC GTGCG TA (75% G) 

p30 TTTGC TTGAG GAGAC CGCGG GGCGC GGCGG TTGGG AAAAG GTCTC CTAGC ClTlT TTAAT TGTGC 

C m G T  GGTCC AGATT TAATT TGTAA CAATC CCCTC AATCT AACTG CTTCG TAGTA TGGCA CCTAG AGATA 

GAACG GGGCC AAACG TTCAT l7TAA CATGA GGCCC ATGTA TATGG TAAAG CTAGC TTACC GCCGC CA 

(68% G) 



* 
3.4. Binding Affinities 

In order to determine whether the selection scheme had succeeded in enriching for 

DNA aptamers that preferentially bound to NMM, the binding affinities of the different 
- 

DNA clones for NMM and, indirectly, for other porphyrins, were measured, using the 

methodology of Connell et a1.(1993). The equilibrium distribution of aptamer molecules 

between column-bound ligand and free ligand in solution were used to compute 

dissociation constants. Table 2- 1 shows the dissociation constants measured for clones 

PS2 and P7, and the oligomer PS2.ST I ,  for binding to different porphyrins. Separate 

measurements were taken in a number of instances, to gauge the accuracy of the K,, 

measurements (found to be within 80-100% accuracy). All three aptamers bound to 

NMMswith submicromolar affinity, whereas their binding affinities to MPIX were 

Table 2-1. Dissociation constantsa 

- - -  -- 

NMM MPIX Fe(1II)MPIX hemin Ni(1I)-MPIX Zn(I1)-MPIX 

b In micromolar; ND = Not determined 



reproducibly lower (by three to eight-fold), as were their affinities for a number of 

metalloporphyrins derived from MPIX (as well as hemin). These data indicate that the 

\election strategy used to enrich for these aptamers (with negative selection against MPIX 
C1 

t'ullowed by positive selection against NMM) was successful, to a point, in enriching for 

/' 

aptamers with differences in affinity for the two porphyrins. However, the discrimination 

between MPIX and NMM is not very large. To what upper limit these differences in 

affinity can be enhanced will be the subject of future investigations. 

3.5. Footprinting of aptamer-porphyrin complexes 
1 
-4 

The precise binding sites of NMM and related porphyrins within the folded 

aptamers were investigated using footprinting experiments. Three approaches were 

attempted: methylation protection using dimethyl sulfate (DMS), which reveals the 

involvement of specific guanine N 7  nitrogens in hydrogen-bonding or in metal binding. 

The other two techniques were partial digestion by DNase I and DNA strand cleavage by 

bound hemin or mesohemin moieties in the presence of superoxide (KO.). The data 

shown In Table 3- 1 confirmed that MPIX, anumber of its metallo-derivatives, as well as 

hcrnln [Fe(III)-protoporphyrin IX] did bind to PS2 and to the other aptamers tested. albeit 

LL ~ t h  a lower affln~ty than did NLIM. Fec 111)-porphyrins, such as hemin or mesohemin. in  

the presence of strong oxidizing agents such as superoxide, are able to generae lesions in 

DNA, ivhich lead to strand sc~ssion. We therefore reasoned that hemin (or mesohemin), 

bound to the aptamers. could be used to generate footprints in situ, and help define 



Fig. 2-3. Footprinting results for PS2. 

( A  1. Jlethylation protection of aptarner PSZ, under different buffer conditions, 

and in the presence and absence of NMM. (Lane 1) in TE buffer with no added 

NIL1.M; (lane 2 )  in SB buffer with no added NMM; (lane 3) in SB with 50 phl  

NILIM; (lane 4) as in lane 2; (lane 5 )  in SB with 1rnM NMM; (lane 6)  in SB' buffer 

[50 rnM potassium cacodylate (pH7.0). 10 rnM MgCII, and 5% DIMSO] with 100 

p31 NM.1IC.I; (lane 7) in SB' buffer with 1rnM NMM; (lane 8) in SB' + 100 rnM NaCl 

with 100 pM NMM; (lane 9) in SB' + 100 rnM NaCl with 1 rnM NMM. The 

extreme left-hand lane shows a 10 b.p. ladder (with the 100 b.p. band darker than 

the others). 

( B ) .  DNaseI, hemin/I(02, and rnesohemin/K02 footprinting of PS2. (Lane G )  

Jlaxarn-Gilbert guanine-ladder of PS2; (lane 0): PS2 without hernin treated with 

KO2; (lanes 1-3) PS2 in the presence of hemin (30, 100, and 400 ~IM, respectively), 

treated with KOz; (lane 4): PS2 in the presence of rnesohemin (400 pM), treated 

with KOz; (lane 5 )  PS2 without NMM treated with DNase I; and (lane 6 )  PS2 in the 

presence of NM%l ( 100 pM), treated with DNase I. 





Fig.2-3A (p55) shows the methylation protection patterns of PS2 in different 

buffers, both in the presence and absence of NMM. When PS2 was methylated in either 

TE or SB buffers (lanes 1 & 2), all of its guanines were reactive. However, methylation 

In the presence of 50 p M  NMM in SB buffer gave a clear footprint (lane 3) ,  with certain 

guanines (indicated by arrows) fully protected. and others (indicated by arrowheads) 

enhanced. A very high concentration of NMM ( 1  mM, lane 5) appeared to protect a11 but 

the 3'-most and 5'-most guanines in the aptamer. Arguably, under these conditions, the 

DNA-porphyrin interaction was qualitatively different, and possibly, non-specific. Lanes 

6-9 show footprints in the presence of 50 pM NMM but in buffers that lacked one or 

more components of SB [such as SB': 50 rnM potassium cacodylate (pH7.0). 10 mM 

,LlgCI,, and 5% DMSO; and SB'+100 rnM NaCI]. In all of these cases, there was a 

pan~al  footprint. with some of the guanines protected in lane 3 protected here, and others 

not. The arrowc next to lane 9 indicate the two most protected guanines in that lane, 

although the o~.erall  pattern is similar to that shown in lane 3. The pattern in  Iane 9 

rndksb the interesting point that PS2 is able to fold and form its NMM binding site in a 

L 

magnesium-independent manner. 

Fig. 2-3B (p.55). lanes 0-3. show PS2 footprints generated by hemin and KO, 

I lane 0 contained no hemin; lanes 1-3: 30, 100. and 300 p M  hemin. respectively). and by 

rnswhern~n dnd KO2 I Iane 4 conta~ned mesohemin at 400 p M ) .  Whereas in the absence 

o i  bound hsmin (lane 0)  there 1s only a background DNA breakage pattern by KO?: lanes 



1-3 show the progressive appearance of a defined zone of cleavage, which superimposed 

well upon the methylation protected zone (Fig.2-3A). Interestingly, the mesohemin 

cleavage zone(lane 4 )  is consistent with that of hemin (lane 3), but the cutting is much 

less. 

Fig. 2-3B, lanes 5 and 6, show partial DNase I digests of PS2, in the absence (lane 

5) and the presence (lane 6) of bound NMM. Whereas there is broad agreement between 

the methylation protection and hemin/K02 cleavage zones, the DNase pattern differences 

4 

between lanes 5 and 6 extend for tens of nucleolides beyond the borders of the putatively 

binding domain, indicating a significant tertiary structure change in the aptamer following 

the binding of NMM. . 
Fig. 3-4A (p.58) shows DMS as well as K02/hemin footprints for the aptamer 

PS5. PS5 is unlike PS2 (above) in that the aptamer itself, in SB buffer at room 

temperature. sflows strong variation in the DMS-reactivity of individual guanines in its G-  
* 

rich motif (lane 1 ;  G-rich motif indicated by a bracket). This suggests that these partially 

protected guanines were involved in hydrogen-bonding with their N7 positions, and that 

the G-rlch motif of PS5 (unlike PS2) was possibly folded into a modestly stable 

\ t . c o n d a r y / t e r t  structure in SB buffer. The binding of NMM, in progressively higher 

added concentrations ( b e s  2-4). however, did not simply enhance the pre-existing 

guanine protection pattern, but altered this pattern in several ways, including enhancing - 
the reactivity of certain guanines and further protecting others. Thus, in the ab?ence of 

S>l>l. the mutlf'showed the following reactivity pattern: gtgGGtgGGtgtGgctGgt, where 

cuanlnes \hewn In the upper case were less reactive. The presence of N M M .  however. 
L 

g ; ~ ~ e  rlse to a more comprehensive protection pattern, with effectively all guanlnes i n  the 



Fig. 2-4. Footprinting results for PS5, P3, W, P9 clones. 

(A). Methylation protection and heminn<Oz footprints of aptamer PSS. (Lane 1): 

- methylation p ~ t t e m  in SB buffer, in the absence porphyrin; (lane 2-41: methylation 

pattern in SB buffer, in the presence of NMM (10,100, and 300 pM,respectively); 

(lane 5): as lane 1; (lanes 6,7) in SB buffer with hemin and KOz, treated with the 

DNA trapped within gel fragments: in lane 6, showing DNA recovered with no 

bound hemin, and in lane 7, with bound hemin (see Materials and methods). 

(B). ,Methylation protection patterns of aptamers P3, W, and P9. (lane 0): in SB * 
buffer, in the absence of NMM; (lane 1): in SB buffer, in the presence of W M ;  and 

(lane 2): in SB buffer lacking magnesium chloride, and in the presence of AM. 
The protected regions in lanes 1 and 2 are indicated with brackets. 





motif underreacting; however, at a finer level. s.ome guani'ne reactivities decreased. while 

others remained the same or were enhanced (one guanine withig the motif. underliped 

above; another is located beyond the 3' edge of the motifl. 

Fig. 2-3B (p.58) shows the methylation protection patterns of the 

P3, P7, and P9, in the absence and presence of 50 pM NMM. Single ar;, 

larger aptamers 

as of protection 

(shown by brackets) were seen for each aptamer (Fig. 2-4B). The most notable feature of 

these footprints is that none of the these larger aptamers had complete protection of their 

binding site guanines, although partial protection was observed in all cases (lanes 1 ). 

Addition of progressively higher concentrations of NMM, up to 800 pM, to P3, still did 

not give a total protection of any guanine (data not shown). An interesting difference 

among these three aptamers was that while P7 appeared to require magnesium in the 

binding buffer in order to footprint with bound NMM (lane 2, showing incubation in SB 

buffer without magnesium), aptamers P3 and P9 gave footprints with NMM regardless of 

the presence (lanes 1 ) or absence (lanes 2) of magnesium in their binding buffers (vide 

PS2 versus PS5. above). An additional feature of the pattern for P3 is the following: the 

aptamer has at least two highly guanine-rich regions of comparable size and guanine- 

content: frepl positions 35 to 55 (GcGGacGGGGcaGaGGGatG) and from 65 to 85 

(GttGGGtGGtcatGtGGGtGG). However, the latter is the only motif that footprints (the 

35-55 region, with no footprint, is not shown in Figs. 2-4B), suggesting that it is not a 

\utficient condition simply to have a guanine-rich motif in order to generate an NMM- 

bind~ng \ite. Similar conclus~ons can also be drawn about P7 and P9. 



Fig. 2-5 (p.61) shows the DNase I and hemin/K02 footprints for P3. P7. and P9. 

i 
There were strong tiemin/KO1 footprints in all three cases (lanes 2), e'ssentially coinciding 

\vith the zones identified by methylation protection. Treatment of all three aptamers with 

KO, only, in the absence of bound hemin, gave low, background cleavages (lanes 1 ) .  
< P *  ' 

DNase footprinting of the aptamers in the presence and absence of NMM showed only 

modest differences, however, for all three aptamers; the few differences were located i~ 

the same general area as the other two classes of footprints. The modest DNase I 

cleavage differences for these large aptamers stand in marked contrast with the case of 
I 

I " . , 

PS2 (Fig. 2-3B). 

3.6. Interactions of PS2 with porphyrins, metalloporphyrins, and ATP 

We investigated whether porphyrins such as MPIX, as well as a host of 

metalloporphyrins derived from MPIX, gave footprinting patterns comparable to or 
IP 

different from that of NMM. Fig. 2-6 (p.63) shows the DMS footerinting patterns of 

dptamer PS2 In the presence of a variety of porphyrins, metalloporphyrins, as well as 

ATP (which has been proposed recently to have a guanine quartet-containing binding 

motif iormed by DNA. Huizenga & ~zos tak .  1995). Footprints in the presence of three 
. GG ' .  . 

different concentrations of M M  (50, 5, andc0.5 pM NMM, respectively, in lanes 2-4) 

. - 
indicate 'hat the lowar concen tkons  gave partial footprints; whereas their final form was 

reach;d'only in the 50 pM incubation (the protected a&a is indicated with a bracket). + 

~emir-i .  MPIX. and the Fe(II1)-:Zn(II)-. Ni(I1)-, and Cu(1I)- deriyatives . . - of M P N  did not 

footprint at all at 50 pM incubations of the vari0.k porphyrins. Only Co(111)-MPIX 
,, 

'c 



Fig. 2-5. Hernin/K02 and DNase I footprints of aptarners P3, W ,  and P9. (Lanes 
" G ): Jlaxam-Gilbert guanine-ladders; (lanes 1 ): aptarners without hernin treated 

witbK02; (lanes 2) aptarners in the presence of hemin (4W pM), treated with KO2; 
I 

(lanes 3): aptarners without NMM treated with DNase I: and (lanes 4) aptamers in 
, $5; I 

the presence of NMM (100 pM), treated with DNase I. 





showed a general and comprehensive protection of guanines in the bindingmotif 
*c 

(including those guanines that were not protected by 50 pM NMM; although resembling 

the pattern found with 1 rnM NMM-- Fig. 2-3A). It is conceivable that Co(II1)-MPm, 
% 

like NMM at high concentrations, shows a non-specific mode of binding, one which 
.I * ,  

protects all of the guanines in the binding motif from methylation. As in Fig. 2-3A, 

NMM in SB' buffer gave a significant protection, and this was found even in the 

magnesium-free TE buffer. This is an interesting point of difference between PS2 and 

PS5, in that the former seems to fold to produce the NMM-binding site even in the 
1 

absence of magnesium, whereas PS5 requires magnesium. 

ATP, even at high concentrations (0.5 mM), did not give a footprint. 
i 

3.7. A small DNA aptamer 

Both the methylation protection and hemidKO* footprinting data on the five 
.7 
.L 

clones examined indicate that short, well-defined G-rich domains (a single, contiguous - 
sequence of nucleotides in each aptarner) are responsible for binding porphyrins. The 

DNase I digestion data, however, at least in the case of PS2, indicates that changes in 

conformation and accessibility to the enzyme can extend well beyond the domains 

defined by the other two footprinting techniques. It is therefore interesting to test whether 

an isolated G-rich domain (as defined by the 5' and 3' limits established by the 

hemin/KOz and metbylation protection cleavages on PS2), shorn of its neighbouring 

sequences, could still bind NMM. 

A short. 25-nucleotide oligomer, PSZ.ST1, encompassing the G-rich domain of 

PS2. with the sequence 5' AACGT GGGAG GGCGG TGGTG TTGAA3', was 



Fig. 2-6. Methylation-protection patterns induced in PS2 by porphyrins and 

metalloporphyrins. Fromleft: PS2 in SB buffer in the absence of porphyrins; in SB 

buffer in the presence of 50,5, and 0.5 pM NMM, respectively; in SB with 50 pM 

each of MPM; hemin; Fe(III)-MPM; Co(1II)-MPM; Zn(I1)-MPMf Ni(I1)-MPIX; 

and Cu(I1)-MPIX; in TE buffer with 50 pM NMM; in SB' buffer with 50 pM 

NMM; in SB with 50 and 500 pM ATP, respectively; and, in SB withoh porphyrins. 

The extreme right-hand lane shows a 10 b.p. ladder. 





synthesized. Dissociation constants of different porphyrins with PS2.STI were measured, 

and methylation protection and KO2 cleavages carried out in the presence and absence of 

o porphyrins. The results indicated that PS2.STI was competent to bind porphyrins almost 

as strongly as the parent aptamer PS2 (Table 2-I), but not in an identical manner. 

Fig. 2-7A (p65) shows the methylation protection patterns of PS2.STI with different 

porphyrins; the arrows on the left indicate those guanines that were protected in the 

presence of 50 pM NMM (whereas arrowheads indicate guanines that were enhanced). 

Comparison of Fig. 2-7A with Fig. 2-3A indicates that the PS2.STI pattern had fewer 

protected guanines (and each guanine protected to a lesser extent) than the PS2 pattern. 

However, like PS2, PS2.ST I was not footprinted by incubations with 50 pM MPIX, 

mesohemin [Fe(III)-MPIX], or hemin. In addition, CoIII-MPIX induces a wholesale 

protection of all but the outermost guanines of PS2.ST1, as it  did in PS2. 

Treatment of PS2.STI with hemin/K02 showed cleavage of the entire oligomer 

(data not shown), as expected. 

Like PS2 (but unlike PS5), PS2.ST1, in the absence of porphyrin, did not show 

much variation in the DMS-reactivity of its individual guanines (lane SB, Fig. 2-7A) in 

SB buffer at room temperature. However, guanine-rich telomeric oligomers similar in 

sequence to PS2.STI have been shown to form intramolecularly-folded G-G base pair- 
s% 

and guanine-quartet-containing structures under conditions of high salt andlor low 

temperature (Henderson et al., 1987; reviewed recently by Williamson, 1993, 1994). We 

therefore tested whether PS2.STI at 0•‹C (comparably to PS5 at room temperature), gave 
A 

a modulated G-reactivity pattern with dimethyl sulfate , and whether the binding of NMM 



Fig. 2-7A. Footprinting results for PS2.STl. (Left) Methylation protection pattern 
I. 

of the short aptamer PS2.STlwith different porphyrins, and (Right) comparison of 

guanine reactivity in the absence of NMM at O•‹C, relative to its presence; also at 

0•‹C. Left panel: PS2.ST1 (1) in SB in the absence of porphyrins: (2) 4 t h  added 
% 

NMM; (3) hemin; (4) mesohemin [Fe(III)- MPIX); ( 5 )  Co(II1)- MPIX; and (6) 

MPIX itself. The complete arrows indicate protection of guanines in lane 2 as 

compared to lane 1; arrowheads indicate enhancements of guanines. Right panel: 

(7) as in lane 1; (8) as in lane 1, but probed at O•‹C; and (9) as in lane 2, but probed 

Fig. 2-78. Gel mobility test for PS2 and PS5. Tbe non-denaturing gel was run at 

J•‹C in TBbuffer + 10 mM KC1 + 5 mM hlgC12. Lane 1: PS2 in TE buffer; 2: PS2 

folded in SB buffer; 3: PS2 folded in SB and treated with 100 pM NMM; 4: PS5 

folded in SB; 5: PS5 folded in SB and treated with 100 pM NMM. The extreme left 

lane shows a double-stranded DNA marker (48 b.p.). 





simply intensified this pattern or gave rise to a different methylation protection pattern (as 

in the case of PS5). Comparison of the SB20•‹ and SBOO lanes in Fig. 2-7A shows that at 

0•‹C some guanines were indeed under-reactive compared to the situation at 20•‹C; 

however, methylation in the presence of NMM at 0•‹C gave a pattern different from both 

of the others (arrows indicate protections induced by NMM, and arrowheads, 

enhancements). 

These mutually consistent data from PS2 and PS2.STl indicate, therefore, that it 

is probably not the case that NMM binds to a preexisting higher-order structure formed 

by the G-rich motif of PS2; rather, the presence of NMM appears to induce distLnctive 

folding patterns for PS2. For clone PS5, i t  appears that a pre-folded structure does exist, 

and the binding of NMM causes certain changes to the structure. 

3.8. Gel-mobilities of aptamer-NMM complexes 

The footprinting/protection experiments above indicated that NMM-binding 

influenced the overall folded structure of a number of aptamers. This was indicated not 

only by changes in the methylation patterns of guanines within the binding motifs, but 

changes in the DNase I cutting patterns, which often (as in the case of PS2) extended 

significantly beyond the binding motif in both the 5' and 3' directions. We ran the 

aptamers PS2 and PS5, with added and no added N-MM, in a non-denaturing, magnesium- 

containing gel, to see if there would be any gross differences in gel mobility of the 

aptamers i.n the presence versus the absence of NMM. Fig. 2-7B.(p65) shows that both 
8 ' 

aptamers showed a discernibly slower mobility in the presence of added NMM (NMM 



added to the relevant samples before loading, but not present in the gel buffer). The 

larger aptamers also showed this shift, although to a lesser extent. NMM itself would be 

expected to contribute 1-2 negative charges from its carboxylic acid side-chains to the 

aptamer-NiMM complexes; however, the mobility differences observed were conceivably 

too large to be explained simply in terms of an increase in the overall negative charge of 

the complexes, from 120 to 12 1 or 122. It therefore appeared that NMM-binding gave 

rise to a moderate change in the overall tertiary structure of the binding aptamers, which 

w 
was reflected in altered gel mobilities. 

Interestingly, PS2.STI showed a relative gel shift in the presence of NMM that 

was not much larger than that of the parent aptamer PS2 (data not shown). PS2.STl is 

unusual in that it has no extraneous nucleotides other than the porphyrin binding site, so 

my  structural changes induced by porphyrin binding are inherently 'local'_rather than 

potentially 'global', as in the case of PS2. 

3.9. A sequence consepsus for the structure of the binding site 

Fig. 2-8 summarizes the methylation and DNase I footprinting data for the five 
* 

aptamers we have examined in detail. Guanines shown in upper case are those that are 

found to be less reactive to dimethyl sulfate in the presence of NMM than in its absence 

(although, as stated earlier, in the case of PS5, some guanines shown to be 'unaffected' by 

the presence of NMM in Fig. 2-8 (p68) were already underreactive in the absence of 

NMM, Fig. 2-4A). Fig. 2-8 shows that a reasonable alignment of four separate stretches 

of 1-3 guanlnes each can be made. However, this possibly does not represent a 



structurally meaningful onsensus". It is conceivable that there are a number of closely P 
related tertiary structures formed by the guanine-rich sequences, any of which can 

constitute a reasonable binding site for NMM. More detailed structural work revealed 

that for a sequence to have good catalytic activity for porphyrin metailation, 12 guanines 

are needed and they have to be arranged in the following way: G-N,-GGG-N,-GGG-N-. 

GGG-N,-GG, in which, N is any nucleotide but in favour of T, x, y,  z are between 1-7. I 

will describe such results in Chapter 5. 
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Fig. 2-8. Comparison of the methylation protection patterns of PS2, PS5, P3, W, 
9 

and P9. The guanines that show a greater level of protection in the presence of 

NM31 are shown in upper case, whereas those that are not, shown in lower case. 

The underlined regions indicate zones defined by footprinting with hemin and KO2. 

3.10. Spectroscopic studies of aptamer-NMM complexes 

We ~nvestigated the mode of binding of NMM to the folded aptamers 

ultra~.iolet-visible absorption and circular dichroism spectroscopy. 



3.10.1. UV absorption spectroscopy 

Fig. 2-9 shows the ultraviolet-visible absorption spectra (from 325 to 625 nm and 

showing the Soret and visible absorption regions of NMM) of 1 pM NMM in the 

presence ( g ~ a y  line) and absence (dark line) of 5 pM PS2. The presence of the excess 

aptamer induced a - 10% hypochromicity in the ~ o r e t  absorptioi! but an almost negligible 

shift (- 1 nm towards the red) of the absorption maximum. The visible bands appeared 

not to be significantly affected, in terms of both hypochromicity and position(s) of the 

absorption mawima. This overall pattern is significantly different from those seen in .my 

of the proposed three modes of binding of  cation^^ porphyrins to double-stranded DNA 

(Carvlin et a]., 1983). 

J 

325 375 425 475 525 575 625 - 
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Fig. 2-9. Ultraviolet-visible absorption spectra of 1 pM NMM, in the presence (gray 

line) and in th6 absence (dark Line) of PS2 (5 pM). 



3.10.2. Circular dichroism~pectroscopy 

The CD spectra in the presence and absence of NMM were examined for the 

small aptamer PS2.ST I and for PS2. In the DNA absorption region, PS2.ST 1 did not 
il 

give a significant CD signal, even at 0•‹C. suggesting that it is essentially non-helical in 

terms of its secondary and tertiary folding. The presence of added NMM, however:did 

not induce a spectrum in the DNA absorption region. undoubtedly, PS2.STI bound to ' . 

NMM is more structured than it is in the absence of NMM; however, the overall helical 

content for this small DNA molecule may not be very great, even in the presence of 

NMM. PS2 gave a standard B-DNA CD spectrum on its own. and this did not 

substantially change in  the presence of NMM. Undoubtedly, folded PS2 has elements of 

double-helix within it ,  although these regions may not be relevant to NMM-binding. In 

both the Soret and visible absorption regions for the porphyrin, neither PS2 nor PS2.STl 

Q 
gave rise to induced CD spectra. 

4. Discussion 

4.1. DNA sequences that bind NMM ' 

I t  w& not yet clear, at this stage orour research, whether the "sequence 

consensus" denved from the sequence comparisons and from methylation protection 

studies, shown in Fig. 2-8, has more than a very general relevance to the folded structure 

actually;esponsible for binding NMM. This possibility was raised by the inspection of 

the methylat~on-protected guanines of the individual aptamers. While the derived 



consensus sequence did incorporate a high proportion of th&e protected guanines, in each 
. . 

case there existed a number of others that sit outside of the consensus region. The 

existenceof this array of very diverse but all guanine-rich sequences in the final selection 

pool may be explained in two ways. The first explanation is that theie do exist quite 
. e 

many forms of G-quartet mediated structures capable of NMM binding; and the other is 

/ that all the selected sequences could form very similar tertiary structures or .NMM- , 

binding pockets. This'sequence diversity may further point to the extreme.possibility that 

any guanine-quartet containing complex would bind NMM and the other porphyrins. 

However, more detailed work at later stages indicated that guanine-quadruplex structures 

formed by sequences unrelated to this selection experiment did not significantly bind to 

NMM and perform catalysis for porphyrin metallation. Most in terangly,  there may . ' 

have been many different G-rich sequences capable of NMM-binding, but, all c.utd?.tic 

sequences are unique in the sense that they seemed to be able to fold into a very spec;& 

guanine quadruplex structure to carry out the catalysis. Those results will be presented in 

detail in Chapter 5. 
h 

4.2. Mode of NMM-binding 

How might NMM bind to folded DNA structures that possibly contain one or 

more guanine quartets? Both porphyrins and guanine-quar twe  large and substantially 

planar aromatic systems; i t  might be expected that the two might interact via the 

~ntercalation of porphyrins between successive guanine quartets. 



- 
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~'nu"mBer 6f changes in physical and spectroscopic properties associated with the 

binding of ligands by double-stranded DNA have been recognized as defining for an 

intercalative mode of binding (reviewed in Pasternack et al., 1983; Chaires, 1990). These 

include: DNA helix stabilization against thermal denaturation, helix unwinding, and 

increase in solution viscosity as a consequence of the DNA lengthening. These, 

unfortunately, are not properties that can be tested with single-stranded aptamers. Other 
-9 

expected features o orphyrin intercalation are: substantial hypochromicity and red-shifts 
6 

of DNA ultraviolet absorption bands as well as that of the Soret absorption of the 

porphyrin; and, induced optical activity in the visible region for the porphyrin, as well as 

changes in the ellipticity of DNA in the near ultraviolet. Thus, Carvlin & Fiel (1983) 

reported for the intercalation of rneso-tetra(3-N-methy1pyridyl)porphine *to calf thymus 

DNA a substantial red-shift of the porphyrin visible band, from -416 nm to -433 nm, and 

a large hypochromicity of -47%. I 

As discussed earlier, i t  is likely that the porphyrin binding site (at least when 

NMM is bound) contained one or more guanine quartets. The interaction of DNA- 

binding drugs with guanine-quartets has been studied in one single instance, the binding 

of ethidium bromide to the parallel tetraplex formed by the self-association of dT4G4 

(Guo et a]., 1992). In that study, ethidium was found to intercalate in a classical manner 

between G-quartets (giving rise to a red-shift of -35 nm and hypochromicity of -20% for 

the-ethidium visible absorption band). An intercalative mode of binding between 

adjacent G-quartets is therefore theoretically possible for porphyrins. 
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We measured UV-visible absorption and circular dichroism spectra for NMM in 

theabsence and presence of excess aptamer PS2, and found a - 10% hypochromicity in 

the porphyrin Soret absorption, and a very small fed shift ( < I  nm). The visible absorption 

of the porphyrin appeared largely unchanged. In addition, no significant change in the 

circular dichroism spectrum of the DNA, and no induced CD spectrum around the Soret 

and visible absorption regions of the porphyrin were found. These observations seemed 
@' 

to suggest that the interact~on of NMM with the aptamer PS2 was not by a classic 
-- 9 

~ntercalation mechanism suggested for the associatioo6f"e~iter-soluble cationic 

porphyrins with double-helical DNA. However, our latest results indicated that 

detergents, which has to be used in the assay buffer, have dramatic impact on both visible 

absorption of the hydrdphobic porphyrin compounds tested in this work and their binding 

to-the selected aptamerf (see Chapter 6 ) .  It did n6t seem appropriate to simply use UV- 

visible absorption data to rule out the intercalation as the binding mode of the selected 

aptamers with those porphyrins. As I will discuss later in chapter 5, our catalytic 

sequence data seemed to be better explained if an intercalating mode is actually 

responsible for the porphyrin-DNAzyme interaction. 

.- .- 

1.3. Relevance to the RNA-world 

The definition of a binding site within folded single-stranded DNA for a naturally 

occurring anionic porphyrin has important theoretical connotations. Ribozymes that have 

been found to date in nature are relatively narrow in the range of their catalytic activities, - 

and extant ribozymes probably represent a vestige of a previously much larger group of 



t 
c n ~ . ~ m e s .  which catalyzed a broad range'of chemical react;ons connected with 

metabolism, in the so-called "RNA world". The lack of a diversity of functional groups 

ivithin RNA (and DNA) as compared to prot;ins has been noted (White. 1976; Gilbert. 

. . 
1986; Benner et al., 1989). It is therefore of interest that DNA is able to form high- 

affinity and specific binding sites for naturally occurring anionic porphyrins and their 

metallo-derivatives, for the latter currently constitute a large and versatile class of 

cofactors and prosthetic groups. It  is conceivable that in such an "fWA world", RNAs 

catalyzing metabolically important redox reactions might have recruited porphyrins or 

porphyrin-like molecules as cofactors. It is therefore of interest that DNA is able to form 

high;affinity and specific binding sites for such porphyrin compounds. 

5. Summary and next stage of experimentation 

In this chapter, I have descri,bed the selection and charaterization of NMM 

aptamers from a large random DNA' library. T h h e  aptamers bound to NMM with sub- 

micromolar affinity but bound to MPIX as well as various metallo-derivatives of MPIX 

with lower affinity. Footprinting experiments with DMS, DNase I, and bound hemin 

molecules activated by superoxide identified a series of short guanine rich motifs to be 

the binding sites for porphyrins. One clone, PS2, examined in depth, gave a 

footprint with bound NMM but not with bound MPIX nor with a number of 

methylation 

rnetalloporphyrins. The binding domain of PS2, synthesized as a short oligonucleotide, 

itself showed high-affinity binding to NMM. The binding sequences from different 



clones were loosely homologous, and the footprinting data were consistent with their 

one or more guanine quartets in the presence of NMM. 

The isolation of DNA aptmers that bind to NMM with a high affinity and to 

other, related porphyrins with lesser affinity, will permit us t~~examine whether such 
" .  

- :a&-,- 

. aptamers can carry out a similar catalytic function as the antibodies described by Cochran 

& Schultz (1990), that of inserting metal ions into the porphyrin MPIX. Detailed studies 

. P 
indicated chelatase activity for a number of our clones, and I w~ll  describe the results in 

next Chapter. C 
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Chapter 3. Catalysis of Porphyrin Metallation by NMM Aptamers 

1. Introduction 

In Chapter 2, I described the successful isolation of NMM aptamers by the in vitro 
a 

selection methodology; we alsorarried out detailed studies on the interaction of some of 

the selected aptamen with NMM (the TSA of the t ige t  metallation,.see chapter I ) .  

MPIX (the substrate of the reaction), and various metallopo~hyrins (the reaction 

products) by various chemical, enzymatic, and physical methods. The high affinity of the 

selected aptamers for NMM'and lower affinity for MPIX as well as various 

metalloporphyrins bodes well for the catalysis of metallation by those NMM aptamers. 
k, 

~b test this, single stranded DNA from aptamers PS2 and PS5 as well as oligomers 

corresponding to their NMM-binding sites PS2.ST2 and PSS.STl(Fig. 3-I), were chosen 

a l  random to test for their ability to catalyze the insertion of ~ n "  and C U ' ~  ihto MPIX. 

The short oligomer PS5.STI was found to have a significant catalytic activity, with a 

peasured kc,, of 13.7 per hour, and a KM0f 2.9 mM for the insertion of Cu(I1) into MPIX 

(with the copper concentration fixed at I mM) at conditions initially chosen for the 

selection experiment. At a later stage, we have examined extensively the catalytic 

behaviors of the binding motifs from PS family sequences (see Chapter 2). and found. 
d 

among them, 25% of aptamer fragments have strong activity, 45% have weak activity, 

and 30% have no activity. .In this chapter, we will describe such findings. 
< . 



2. &laterials and methods 

2.1: DNA oligomers 

The single-ktranded aptamers PS2 and PS5 were obtained by PCR and avidin 

column as described in  chapter 2; their approximate binding sites PS2.ST2 and PS5.STI 
' 

as well as other oligomers were obtained through automated DNA synthesizer, purified 

by denaturing.polyacrylamide geis and recovered by ethanol precipitation. Sequence 
:* 

REP2 (independent of the selection) and a quartet-forming sequence 0 X Y 4  (Williamson 

et al., 1989) were used as control oligomers. Fig. 3- l'gives the sequences of all DNA ' 

oligomers tested in this study. 

PS2 (1 17): GGATC TMTT GAT'CC GGTCG GCACC TTGCC TAACC GTGAA GGTAA 
AACGA TITAG TCAAA CGTGG GAGGG CtiGTG GTG'lT GACTG ATCGA TTITA 
TTCCA CCTTG GTCAT TAGGC GA 

PS2.ST2 (42): GATIT AGTCA AACGT GGGAG GGCGG TGGTG TTGAC TGATC GA 

PS5 (1 12): GGATC TITIT GATCC GGTCG GCAGT GTCGA AGATC GTGGG TCATT 
GTGGG TGGGT GTGGC TGGTC CGATC CCCGA TCTGC TGACG CTGGT TAGGT 
CCTTG GTCAT TAGGC GA 

PSS.STl(33): TCGTG GGTCA n G T G  GGTGG GTGTG GCTGG TCC 

REP2 (40): AATAC GACTC ACTAT AGGAA GAGAT G u m  TTCCA TCTCT 

OXY4 (32): TITTG GGGTT TTGGG G m  GGGGT TITGG GG 

Fig. 3- 1. Sequences of the DNA molecules tested for the catalysis (with sizes given in 

parentheses). The underlined sections in PS2 and in PSS indicate the sequences of 

PSZ.ST2 and PSS.ST1, respe&ively. REPt is a control oligomer, not derived from - .- 

the aptamer selections; O W 4  is a guanine-rich telomeric sequence. 



2.2. ~eac t ion  conditions 

Reactions were carried out in SB buffer (100 mM Tris acetate, 200 mM sodium 

acetate, 25 mM potassium acetate, 10 rnM magnesium acetate, 0.5% Triton X- 100; 5% 

# 

dimethyl sulfoxide; final pH7. I ) ,  at 25"C, if not otherwise specified. The reaction 

mixtures contained 1 rnM copper acetate, 33 pM MPIX, and 5 pM of relevant DNA 

oligomer. The reactions were monitored by HPLC (a Waters 600E Multisolvent Delivery 

System with a Waters 991 Photodiode Array Detector). The column used-was a 

pBondapak C 18 10 pm, and the mobile phase was 85% methanol and 15% 1M 

ammonium acetate (pH 5.2). Ni(I1)-MPIX was used as an internal standard. One volume 

of each kaction mixture was mixed with one volume of Ni(I1)-MPIX in the same buffer. 

and the mixture injected directly into the C18 column. The Zn(LI)-MPIX peak was !' 

monitored at 400 nm, and the Cu(LI)-MPIX peak at 390 nm; and they were both verified 

by co-injecting with the pure compounds. Individual points in Fig. 3-2 showed ~ 1 0 %  

variation when duplicated 

2.3. Lineweaver-Burk plot 

Rates of metaljation in the presence of both the catalytic PS5.STI and non- 

catalytic REH were assayed at 30. 70. 100. 186. 250. 369.450, and 500 pM 

concentrations of MPIX, respectively. all at a fixed CU" concentration of I rnM and 

DNA concentration of 5 pM. Assay methods were identical to those described in the last 

section. For initial rate measurements, good linear relationships hetween the product 

formation and time were found in each case at <15% reaction completion. 



2.4. Salt-dependence and inhibition experiments 

For the magnesium-dependence measurements (shown in Fig. 3-5a), the catalyzed 

lnitial rates were measured in SB buffer at 25OC. but containing varying concentr&ons of 

bIg2'. All reactions contained 5 pM PS5.ST 1. 33 pM MPIX. and 1 mM Cu(OAc)?. For 
Q 

the general cation-dependence experiments (shown in Fig. 3-5b and 3-5c), the 

experiments were carried out in SB' buffer [I00 rnM Tris, pH7.1(final), 5% DMSO. 0.5% 
, 

Triton X-100, and 1 rnM CU(OAC)~], to which other salts were added, as shown in Fig. 3- 

5b and 3-5c. For the inhibition studies with NMM and with various metalloporphyrins 

(Table 3- 1 ), experiments were carried out at 5 pM PS5.STl and 100 pM MPIX 

concentrations in SB buffer. Inhibitors were present at concentrations indicated in the 

I 

Table 3- I .  

- C 

- 
, ** 

Results and discussion 

1. Catalysis of metallation of MPIX by PSS.ST1 

Fig. 3-2a and 3-2b show time-courses for CU" and ~ n "  insertion into MPIX in 

the absence of DNA, with 5 pM of oligomers REP2 or 0XY4 (non-aptamer controls), 

and 5 pM each of various aptamers. REP2 and the guanine-rich telomeric oligomer, 

OXY4, showed no rate enhancement over the background, whereas low-level rate 

,enhancements were seen with PS5 and PS2.ST2. A relatively high metallation rate. 

pan~cularly w ~ t h  cu2+, was seen with PS5.STl. 



t (hours) t (hours) 

Fig. 3-2. Cu(II) and Zn(I1) insertion into MPM in the presence of various DNA 

oligomen. Timedependence plots for the formation of Cu (11)-MPIX (lefi pa@) 

and ~n(11)-MPM (right panel) in the absence of DNA (open circle ), in the presence 

of the non-aptamer control REF2 (open square), and, respectively, the aptamers 

PS5 (open triangle), PSZST2 (fffled triangle), and PSS.ST1 (fffled square); and, the 

telomeric oligomer 0XY4 (flied circle). 

To test whether metallation with PS5.STI showed the saturation kinetics typified 

by many enzymes, the initial velocities of CU" insertion (at a constant cu2' concentration 
a 

of 1 rnM) as a function of MPLX concentration were measured. Fig. 3-3a shows that at 

our experimental DNA concentrations (5 pM), the uncatalyzed reaction rate (in the 

presence of 5 pM REP2) was a significant fraction of the total rate. The data indicated 

- 
mixed-order kinetics, which could be modelled, in the presence of the catalytic oligomer 

PSS.STI, i s  v , , , ~  = k; [MPIX] + k,, [ M P I X ] ~  + kc,, [E-MPLX]. That is, the hnetics can be 

.L 

modelled as containing three components: an enzyme-catalyzed reaction (k,.,, [E-MPIX]), 



. '8 

\ 

a porphyrin-catalyzed reaction (k,, [MPLY]~), and an uncatalyzed rea~tionfk, [MPIX]. 
- 4  

where k, = kuncu,). The rate law in the absence of PS5.STl (but in the presence of REPZ) 
C 

could likewise be modelled as ~ b ~ ~ t ~ ~ , ~ d  = kt [M-PIX] + k,, [MPIX]~. 

Fig. 3-3. Cu(I1) insertion into MPIX catalyzed by PSS.ST1. w 

(a). Initial rates ( v )  of Cu (11)-MPIX formation plotted against MPIX concentration. 

lMeasurements from two separate experiments are sbown for the observed total 

rates, v&, (open square and diamond), and for the uncatalyzed rates, v,, (in the 

presence of REP2) (open circle uad triangle). Data points in filled square show the 

catalyzed rate, v,,, obtained by subtracting the mean v,, value for each substrate 

point from the corresponding mean v, value. , 

(b). Lineweaver-Burk plot of Uv,, versus UMPIX]. Eacb data point represents 

the mean of at least two sets of independent measurements. 

The net enzyme rate, v,,,, shown in Fig. 3-3a, equalled v,,d - Vboc-tRrnund = kcur [E- 
# 

MPIX]. The Michaelis-Menten equation was then used to calculate kc.,,, and KM. Fig. 3- 

3b shows a Lineweaver-Burk plot of these data. A straight line%as obtained. Analysis 
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of the data with the GraFit 3.0 program gave k,,, and KM values of 13.7 + 3.5 hour' and 

3 
2.9 + 0.9 rnM, respectively. The uncatatyzed rate (Fig. 3-34 was not purely first order 

with respect to MPIX concentration, but appeared to contain a secpnd order component as 

well. At low Mm Concentrations, however, the uncatalyzed rate was approximately 
- 

first-order, and a k,,,.,,, of 0.0096 hour-' was calculated tat 1 mM cu2' concentration). 

e rate enhancement (kcuJkuncu,) was therefore -1400. The corresponding k,.,, and 

catalytic efficiency reported for the catalytic antibody for this reaction were 8.7 hour-' and 

7 
1700 (Cochran & Schultz, 1990), respective'ly (k,,,,, in the two studies were both 

a*:. 
4 -8 

measured at I mM CU". but under somewhat different buffer conditions). The efficiency 

of substrate usage by the two catalysts, though, were strikikgly different (the antibody KM 

was 50 pM, Cochran & Schultz, 1990). 

3.2. Assays for catalytically relevant Cu(I1)-binding site on PSS.ST1 

Porphyrin metallation is a two-substrate reaction, involving both a porphyrin and 

a relevant metal ion. Protein enzyme ferrochelatases have binding sites for both 
* 

porphyrin and metal ion substrates, and bring them into close proximity (Lavallee, 1988). 

However, the in vitro selection sCheme used by us focused.primarily on the porphyrin as 

i t  might appear in the transition state (Chapter 2), no driving force has been provided in 

the selection scheme to generate a catalytically relevant metal ion binding site. On the 

other hand, there are many metal ions bound either to negative charged DNA backbone or 

to bases. ~t u s  not inconceivable if the catalytic sequence PS5.STI provides such a 

binding site for copper; and if s a  the observed catalysis with PS5.STl would be in part or 



wholly due to the presence of a copper binding site close to the porphyrin binding site, 

which could serve to increase the effective copper (II) concentration in the vicinity of the - 
porphyrin substrate. Enzyme activity was therefore measured as a function of copper 

concentrations between 0.05 and 2.5 mM (with MPIX concentration fixed at 33 pM, and 

enzyme at 5 pM); however, no saturation of the catalyzed rate with increasing copper 

concentration was found (Fig. 3-4). These data were consistent with the absence of a 

catalytically relevant strong copper-binding site (KM at < 2.5 mM), However, the 

existence of a weak copper-binding site could not be ruled out, for saturation kinetics 

\ 

might be observable at higher copper concentrations (which, however, may have 

perturbed the folded structure of the enzyme). We will investigate these possibilities in 

the next chapter. 

4 r 

D Fig. 3-4. Enzyme rate versus copper concentration. The DNA concentration was at 

5 p,M, MPIX at 33 pM. The reaction was performed at 2S•‹C in SB buffer. 



3.3. Inhibition studies using NMM and mefalloporphyrins 

TSAs are effective competitive inhibitors of the catalyzed reaction. Table 3- 1 . 

shows the effect of added NMM, as well as of various metalloporphyrins [including the \ 

products, Cu(I1)-MPIX and Zn(II)-MPIX, of the experiments described above] on the 

catalyzed rates. NMM was indeed m efficient inhibitor; at 1: 1 and 1:3 ratios of the 

enzyme to NMM, the catalytic activity was reduced by 26% and 48% respectively [the 

catalytic antibody (Cochran & Schultz, 1990) was inhibited by 40% and 100% 

respectively]. 

Table 3-1. Results of inhibition studies using NMM and various metalloporphyrins* 

Porphyrin , 
concentration 5% I 5% I % I 

( 1 :  1 )  (3: 1 )  (6: 1 ) 
NMM 2 6 4 8 8 1 

*Inhibition experiments were carried out at 5 pM PSS.ST1 and 100 pM MPXX 

concentrations in SB buffer. All other conditions were as in Fig. 3-2. The concentrations of 

the inhibitors used wen: S pM ("1:1"), 15 pM ("3:l") and 30 pM ("6:l"). Individual data 
1 

points varied <lo% on duplication. Catalytic initial rates wen  calculated by subtracting the 

uncatalyzed rates from the corresponding total rates, both determined in the presence of 

inhibitors. Percentage inhibition (1% ) was calculated as follows: 1% = (vr v,) lv,,, where vo 

was the catalytic initid rate without inhibitor, and v, the catalytic initial rate with inhibitor. 



' Cu(I1)-MPIX and Zn(L1)-MPIX; up to 30 pM concentrations,-did not significantly 

inhibit catalysis. However, Fe(II1)-MPLX and its protoporphyrin'analog (hernin) were 

good inhibitors. N-alkylporphyrins have much bigger basicity than non-alkylated 

porphyrip (see Chapter I ) ,  so at the pH condition used in the studies, NMM was 

protonated and has a positively charged center. Metalloporphyrins with more positive 
g-- 

charge density at the metal center. such hemin, may mimic more closely to NMM *. 

(Cochran & Schultz. 1990), and will have inhibitory effects. Our inhibition results agree 

well with those described for the catalytic antibody (Cochran & Schulti. 1990). 4 
. t 

3.4. Metal ion requirements 

Ribozymes, in general, require divalent or higher-valent cations in order to fold to 

their active teqiary structures (Yams, 1993). Fig. 3-5a shows the influence of 

magnesium concentration on catalysis by PS5.STl. Although the selection process for \ 

) NMIM-binding had been carried out in the presence of 10 mM magnesium, the catalysis 
I 

by PS5.STI was found to be Inversely corrected with magnesium concentration (with 

other buffer components being held constant). A complete absence of magnesium gave 

the maximal catalysis (at 180% of the rate measured in the selection buffer). Thus, it 

appears that PSS.ST1, unlike other ribozymes, can be catalytic in the absence of divalent 
f 

or higher-valent cations. 

We therefore examined for possible requirements,for either sodium or potassium 

- 
or both In the reaction buffer. Fig. 3-5b shows that PS5. ,was fully functional in 225 

-- 
A' 7.. 

mM potasslum acetate but was not at all catalytic in 225 mM sodium acetate. This 



Fig. 3-5. Metal ion requirements for the formation of Cu(11)-MPM catalyzed by 

PSS.ST1. a ( .  

(a) Histogram of the PSS.ST1-catalyzed rates of Cu (11)-MPM formation in SB 

buffer, but containing varying magnesium concentrations. The whte  bar (10 rnM 

M ~ & )  represents the rate in standard SB buffer, and was taken to be the standard 

against whicb the other rates were measured. The reaction conditions and sampling 

procedures were as in Fig. 3-2. Individual data points varied ~ 1 0 %  on duplication. 

(b) Histogram of the PSS.ST1-catalyzed rates of Cu (11)-MPM formation (witb 

;sped to the catalyzed rate in SB buffer) under different salt conditions. SB' 

buffer consisted of 100 mM Tris (pH 7.4). 5% dimethylsulfoxide, 0.5% Triton X- 

100, and 1 mM of Cu(0Ac)~.  The conditions for the experiment were as in Fig. 3-2. 

Individual data points varied 4 0 %  on duplication. 
i; 

(c) Histogram of the PSS.ST1-catalyzed rates of Cu (11)-MPM formation (with 
€P 

respect to the catalyzed rate in SB buffer) in the absence of sodium and magnesium 

and in the presence of different concentrations of potassium. Reactions were 

carried out in SB' buffer (as above), suppiementd with the potassium acetate 

concentrations indicated. The two data points for eacb potassium concentrabion 

show independent experiments. The conditions for the experiments were &$ Fig. 
-rs. 

3-2. 
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potassium-sodium switch, and the strongly guanine-rich sequence of PS5.ST1, were 

powerfully suggestive of the presence of guanine-quartets (which are strongly stabilized 

by potassium but not by sodium; Williamson et a]., 1989; Sundquist & Klug, 1989; Sen 

& Gilbert, 1990) in the enzyme's folded structure. Fig. 3-5c shows that in the absence of 

both sodium and magnesium, 25-50 rnM potassium gave the optimal catalysis. 

3.5. Substrate discrimination 
0 

The catalytic antibody reported for porphyrin metallation (Cochran & Schultz, 

1990) was highly discriminating in terms of substrate; thus, PPIX was not a substrate for 

the catalytic antibody. PPIX, however, was an excellent substrate for PS5.STl; the 

observed catalytic ratio (v,,, + ,,,, 1 v,,,,,) at 100 pM PPIX concentration was 9.5 a 

(compared to 4.5 at 100 pM MPIX concentration). QPIX therefore appeared to be a better 
i 

substraie for metallation by PS5.STI than MPIX. the substrate for which it was selected. 

(More detailed work in Chapter 4 confirmed this preliminary finding). 

3.6. Other catalytic aptamers from the final selection pool 

As we reported before, after 12 rounds of the in virro selection using random 

DNA library, we have cloned, isolated and sequenced 24 PS-series aptamers (Chapter 2).  

Among them. PS2 and PS5 were randomly selected initially to test for their catalytic 

abilities towards the metallation of M P R .  Questions remained as regard to how many 

c~talytic clones existed in  the final selection pool and how efficient the selection scheme 

H.S. Therefore, i t  is important for us to examine extensively the catalytic behavior of the 



binding sites from all clones. Twenty new short oligomers corresponding to the G-rich 

binding site of every sequence (PS 14, 18, 21 are almost identical clones) were 

synthesized and their chelating activity was assayed. We found that, among them, 30% 

sequences were not catalytic (catalytic rates < 0.1 pWmin, assayed in 40KB buffer which 
# 

is the optimized buffer condition for the catalysis, see chapter 4), 45% were,weakly 

active (catalytic rates at 0.1 pM/min to 0.3 pWmin, data not shown), and 25% were 
/- 

strongly active. Table 3-2 shows the sequences of those catalytic oligomers and their 

catalytic rates. 

Table 3-2. Catalytic G-rich sequences derived from small aptamers 

Oligomer Sequence Sequence Activity 

name length pMlmin . 

BLD 4b 0.05 

\ 

Clearly, the data in Table 3-2 indicate that catalysis by PS5.STl was not a one 

time oddity. Interestingly, the initially randomly picked sequence PS5.ST I was actually 
* 

the best sequence from the selection pool. Once again, the inspection of the above active 

sequences did not reveal any apparent consensus,alignment except that they are all very 

G-rich and have good potentials to form guanine-quadruplex structures. So do the 
b 



weakly active and non-active sequences. Detailed work in later stage, however, did 

- indicate that the above five sequences could all form a class of quadruplex structures, 

which have very unique features different from quadruplex structures formed by those 
9 

non-NMM-binding but G-rich sequences. I will describe the results in Chapter 5. 

4. Summary and next stage of experimentation - 4 @ %. 

In summary, we found that DNA is competent to catalyze porphyrin metallation, 

with a maximal efficiency comparable to that of a catalytic antibody for the same 

reaction. The derivation of this catalytic DNA broadens our conception of the - 

chemistries that nucleic acid catalysts could have catalyzed in a prebiotic world. This 
I 

DNAzyme (the fourth catalytic DNA reported) is small (33 nucleotides), and is 

' maximally active in the presence of potassium. Its successful derivation based on the 

preferential binding of its parent aptamer, PS5, to NMM, confirms NMM to be a TSA for 

porphyrin metallation. Most importantly, it showed once again that the strategy of 

selecting novel catalytic nucleic acids via TSA-affinity binding is achievable. 

Two aspects of detailed studies will be pursued after the initial findings of 

catalysis by NMM aptarners for porphyrin metallation. Based on the fact that the 

catalysis can be inhibited by magnesium and has no requirement for sodium which are 

' both present in the selection buffer, it is necessary for us to systematically examine the 
S 

effects on the DNAzyme's catalytic capability by each and every buffer components, as 

well as by reaction parameters such as temperature and pH. We also wanted to 

investigate usage range of porphyrin substrates by PSS.STI, to derive the minimal and 



optimal catalytic sequence from clone PS5: to check whether there is a weak catalytically 

relevant coppebinding site on the catalytic DNA sequence, and to determine possible. 

effects on the DNAzyme's stability by copper ion (a known denaturant for double helical 

DNA). The results will be described in next chapter (Chapter 4). i c 

~ e v e r h ~  lines of evidence supboned our speculation that the catalytic DNAryme 

PS5.ST I folds to form a G-quadruplex-related structure. We wanted to produce more 

results to confirm this speculation. If indeed th'e DNAzyme folds into a quadruplex 
P. 

htructure, we would like to know whether the quadruplex core is actually the enzyme's 

active site or i t  only functions as a supporting structural foundation to hold the catalytic 

active site: I will describe those results in Chapter 5.  



Chapter 4. Optimization of the Catalytic Properties of PS5.STl 

1. Introduction 

In Chapter 3, I described a small DNA oligomer, PS5.STl (33 nucleotides), which 

catalyzed the insertion of Cu(I1) and Zn(I1) into MPIX. This DNA enzyme exhibited a 

k,., of 13.7 per hour, a KM of 2.9 mM, and a catalytic ratio (kc.& ,,,,,) of - I400 for the 

formation of Cu(I1)-MPIX at a fixed copper concentration of 1 mM. The k,.Jk,,,.,, value 
/ 

was comparable to that of a catalytic antibody derived using the same transition state 

analog (Cochran & Schultz ,1990). The DNAzyme, however, was much less efficient at 

binding and processing MPIX compared to the catalytic antibody as well as a number of 

naturally occurring ferrochelatases (Lavallee, 1988). On the other hand, we have shown 

that the DNAzyme could use porphyrin substrates other than MPIX, for which the DNA 

enzyme was derived. This w q  contrary to the antibody which only recognized MPIX as 

Y*% 
the substrate (Cochran & Schulp, 1990). but similar to the ferrochelatases which could 

use several porphyrins as fheir substrates, including PPLX (the natural substrate), MPIX. 

DPIX and HPIX (Lavallee, 1988). In  this chapter, we firstly investigated the scope of 

hubstrates recognizable by our DNA enzyme (for the structures of the above porphyrins, 

w e  Table 1 - 1 of Chapter 1 ). 

The sequence of PSS.ST1 was chosen on the%asis of footprinting studies carried 

out on its parent sequence. PS5 (see Chapter 2).  PSS.ST1 might not be the precise 

reprc\entatIon of the best catalytic sequence from within clone PS5. Therefore, we were 



interested in finding out both the optimal and the minimal sequences responsible for the 

catalysis. 

$or our selection experiment, we had used a buffer that contained the same 

components for the studies carried out on the catalytic antibody (Cochran & Schultz, 

1990), with the addition of 10 rnM MgC12 (Mg2+ is frequently used to fold DNA or RNA 

sequences). Our initial findings that Mg2' was inhibitory towards the enzyme activity and 

that Na' was not required for &e catalysis, made us think it necessary to investigate how 

the catalytic ability of the DNA enzyme was affected by the other buffer components, as 

well as by such experimental parameters as pH and temperature. In other words, we were 

interested in establishing an optimal condition for the catalytic DNA to perform its best 

catalysis,, by a thorough examination of the effects imposed on the catalysis by the buffer 

components and other reaction parameters. 

The roles of M ~ ' +  and K' were quite well understood in our previous study 
* 

(Chapter 3). but that of sodium was not well defined except the understanding that it was 

not required for catalysis. The fact that potassium enhanced the enzyme activity, along 

with the G-rich nature of PS5.STI and the results of our DMS probing experiment on 

PS5 (Chapter 2 ) ,  suggested that the folded form of PS5.STI probably contained guan.ine 

quartets. Sodium is known to have the ability to promote and stabilize the formation of 

G-quanets. althoughit is much less efficient than potassium (Sen & Gilbert, 1990). 

Therefore i t  was interesting to know whether high concentrations of sodium would 

9r 

support the catalysis by PS5.STI. 



i In addition to the above, we carried out experiments to investigate the existence of 
I 

a catalytically relevant copper-binding site within the DNAzyme as well as possible 

, denaturation effects of copper(I1) ions on the DNAzyme. 

Finally, we made appropriate comparisons of the catalytic properties of various 

r protein, DNA and RNA catalysts that now exist for porphyrin metallation. 

.. 
2. Materials and methods 

2.1. Materials 

Porphyrins were purchased from Porphyrin Products (Logan, UT) and used 
, 

without further purification, except that in the sodium dependent catalysis experiments 

(section 3.9) MPIX was washed extensively with double-distilled water to remove any 

possible metal ion contaminants. High concentration stock soludons of the various 

porphyrinslvere made by directly dissolving the porphyrins in the appropriate buffer 

solution in which the enzyme activjty was going to be assayed. Theh  stocks were s t o r d  

in the dark at 5•‹C. All porphyrin concentrations were quantitated by standard 

.\pectroscopic methods (Smith, 1975; Gunter et al., 1989). Under these conditions, the 

MPIX stock solution was found to be stable for weeks without decomposition or 

precipitation; stocks of PPIX, however, needed to be made up fresh daily, for the 

solutions showed a significant decomposition with prolonged storage (assayed by HPLC, 

data not shown) (Dinello & Chang, 1978). 
1 



2.2. Purification and treatment of DNA oligomers 

DNA oligomers were synthesized at the University Core DNA Services at the 
-4 

University of Calgary. Synthesized DNA sequences for DNAzyme assays were purified 

as follows: the oligomers were size-purified in preparative polyacrylamide gels; the gel 

slices containing the DNA were eluted with TE buffer (10 rnM Tris, pH 7.4.0.1 rnM 

EDTA) overnight. The eluants were then passed through Spice C 18 (Rainin) columns, 
/. 

and the retained DNA washed with water and eluted with 30% acetonitrile. DNAs 

purified in this way were lyophilized and dissolved in 10 rnM Tris acetate, pH 7.4, and 

stored at -20•‹C. It was important to avoid all salt solutions during the C 18 purification 

procedure because metal ions (M~" .  Na'. K*, and possibly, others) had significant effects 

on the catalytic rates (see Results and discussion section). For the metallation assays, the 

DNAzyme oligomer was denatured in 10 m M  Tris acetate buffer at 90" for 5 minutes and 

allowed to cool slowly (over 1 h) to room temperature. 

2.3. General assay protocols 

For the HPLC analysis of all metallation reactions, Ni(I1)-MPIX. was used as an 

internal standard. 

For accuracy in the making up of the final reaction mixtures, each of MPIX, 

copper, and Triton, were assembled from 2x to 20x stock solutions made up in the j 
. 

1 

appropriate buffer solutions. The order of addition of the different reaction components 

was particularly important. DNA was preincubated with MPIX at the assigned reaction 

temperature, for 10-20 minutes, then combined with appropriate volumes of the same 



solution containing the copper acetate (all stock buffers were brought to the reaction 

temperature first). For the HPLC analysis, aliquots of the reaction mixture were 

withdrawn at a given time, quenched with 200 rnM Tris, pH 9.0 and 15 rnM EDTA, 

mixed with a fixed volume of buffer containing the internal standard, and injected into 

the HPLC column. Initial rates were calculated from the linear portions (at . - less that 10% 

product formation, at least five time points taken for this portion and no end-point 

correction made) of product concentration versus time plots. The initial rate 
-. r) 

measurements were duplicated (with < I  5% variation), and average value&&ere taken. 

Once quenched, as above. the reaction mixtures were very stable [with the ratio of 

~~(11)-MPIX:MP& remaining vinually unchanged for at least one week after quenching. 

at 25•‹C storage]. The reactions were analyzed by HPLC (a Waters 600E Multisolvent 

System with a Waters 99 1 photodiode Array Detector), at 2S•‹C. The column used was a 

8 10 pm, and the mobile phase was 85% methanol and 15% 1 M 

pBondapal; 8 
ammonium acetate. pH 5.2. I 

2.4. Protocols for individual experiments 

2.4.1. Substrate usage 

The metallation reactions were carried out in SB buffer [I00 rnM Tris. pH 7.1 

t note: all pH values in this chapter were for the final solution, and measured at 20•‹C), 

200 mM NaOAc, 25 rnM KOAc, 10 mM M ~ ( O A C ) ~ ,  5% DMSO, 0.5% Triton X-1001. 

PS5.STI was at 5 pM. and the CU" and porphyrin ([S]) concentration !!? were as indicated 



in Table 4- 1 .  The reactions were allowed to proceed at 25OC. HPLC conditions used to 

separate and analyze the different porphyrins and their product metalloporphyrins are 

\ummarized in Table 4-2. 

2.4.2. Sequence optimization 

The reaction was carried out at 25•‹C in 225KB buffer ( 100 mM Tris, pH 7.1, 225 

mM KOAc, 5% DMSO, and 0.5% Triton X-loo),  with 33 pM of MPIX and 5 pM DNA. . 
* 

All the DNA oligomers had been gel-purified and recovered by ethanol precipitation. 

2.4.3. pH dependence 

The reactions were carried out under conditions similar to those described for the . 
sequence optimization experiments, except that the buffers were as follows: For the 

buffers at pH 2 7.0, I00 rnM Tris was used; for pH 5.5-7.0, 100 mM MES was used; for 

pH 4.0-5.6, 50 mM potasslum acetate buffer was used (the MES and acetate buffers also 

contained 100 mM Tris acetate). Each buffer also contained 50 rnM potassium acetate, 

5% DMSO, and 0.570 Triton X- 100. Individual buffers were made up as 2x stocks, and 

their pH was adjusted by titrating with 10% acetic acid. The MES buffers (containing 

T r ~ i  acetate) appeared to buffer their specified pH stably. 

2.4.4. Temperature dependence 

The reactions were performed in a thermal cycler (utilized as a constant 

temperature bath). The buffer used was the MES-Tris buffer 5OKB ( 100 mM MES, pH 
-s 



6.2. 50 mM KOAc, 100 rnM Tris acetate. 5% DMSO, and 0.5% Triton X-100). with 

DNA at 5 pM, MPIX at 33 pM, and Cu(OAc)? at 1 mM. Metallaiion initial rates were 
C 

measured at 0,  5. 15, 20, 25, 35,30,35, 55. and 65•‹C. 

2.4.5. DNA concentration dependence and,$u@A~)~ concentration dependence 
a 

These were both carried out at 1 5 " ~ :  under the same conditions as described for 

the temperature dependence experiments, except for that the DNA concentrations and 

Cu(I1) concentrations were varied, respectively. For the copper ion concentration assays. 

the DNA was incubated first with MPIX, for 10-20 minutes, followed by the addition of = 

the copper acetate to start the reaction. The reactions in which the copper was added first 

gave unpredictable and irregular results. 

The DNA preincubation experiments in the presence of copper were carried out as 

foilows: The DNAzyme samples, in 50KB buffer, had copper acetate added to them to 

t in31 concentrations of 2 .  10, and 20 miM, respectively. After an appointed per~od of pre- 

~ncubation, aliquots were withdrawn and mixed with anequal volume of 66 pM MPIX 

(7x h1PIX) in the same buffer, and the. metallation reactions allowed to proceed for 20, 3, 

2nd 1 minutes, respectively. The analysis of product and substrate was carried out by 

HPLC. as usual. 

To monitor for the precipitation of the DNA following the copper pre~incubations. 

. . 
'-P-labeled PS5.M was used. and the simples spun in a microfuge at l3,OOO rpm. The 

counts remaining In solution were monitored by scintillation counting. 



2.4.6. DMSO and Triton X-100 concentration dependence ' B 

The xperimental conditions were as described for the temperature dependence a 

e,xperiments. at 15OC. except that the DMSO and, separately. Triton X- 100 concentrations 

of the buffer were varied. DMSO concentrations (vlv%) of 0, 0.8, 2.5, 5, 10, 20 %I, were 

assayed; as were Triton X- 100 concentrations of O.O8,0.25,0.5, l .O, and 2.5% (wlv). 
- N . 

2.4.7. Buffer effects 
4 

These were tested with 2.5 pM DNA. 33 pM MPIX. 50 rnM KOAc. 0.25% Triton 

X-'100. and 1% DMSO held constant. The buffers used were made up as described in the 

pH dependence section. 

2.4.8. Sodium and potassium dependence 

They were carried out at 25•‹C. in 50 mM Tris, pH 7.3, 1 %  DMSO, and 0.25% 

Triton, with variat~ons in the concentrations of either sodium (at 0, 5, 10, 25, 50, 100, 

225, 500 mM) or potassium (at 0.1, 1 ,  10, 25, 50, 100, 200 mM). 

2.4.9. kc, and KM measurements for !PIPIX and PPIX 

These wer; carried out at 15OC. In JOKB buffer. with DNA at 1.5 pM and 

Cu(OAc)? at 1.0 mM. The initial rates were determined for both enzymatic and 

background reactions at 10, 15, 20, 30, 45, 70, and 100 pM of MPIX and, separately, at 

7 . 5 ,  5.0. 7.0. 10.0. 14.0. and 20.0 pM of PPIX, respectively. The k, , ,  and Ku values were 
4 

calculdted uslng the Grfi i t  3.0 program. 



3. Results and 'discussions . 

3.1. Substrate range of PSS.ST1 

Although PS5.ST 1 had been derived to have MPIX as its expected substrate (on 

the basis of the fact that PS5 had been selected for binding to methylated MPIX, i.e., 

NMM), our previous study (Chapter 3) had indicated that the porphyrin PPIX was 

possibly an even better substrate for PS5.STl than MPIX. We therefore examined six 

different porphyrins to see i f  they were acceptable as substrates by PSS.ST1, for copper 

insertions. Table 1 -  1 of Chapter 1 (p27) summarizes their names'and structures. 

Experiments were carried out i n  SB buffer, at 25OC, in the presence of either 5 pM of 

PSS.STI, or 5 pM of a non-catalytic oligbmer, REP2 (see Fig. 3- 1 of Chapter 3, p77). 

Table 4- 1 (p  100) shows the results for both the enzymatic and nonenzymatic 

reactions. The acceptable substrates for PS5.STl are MPIX, PPIX, and DPIX, whereas 

the other porphyrins are not. The three substrate porphyrins are closely related to one 

another in structure; however HPIX (which differs from MPIX in the replacement of one 

secondary hydrogen atom from each of the two ethyl groups, at positions 2 and 4, by a 

hydroxyl group) is not a substrate. Thus, the acceptable functionalities at positions 2 and 
-J 

4 of the porphyrin ring may be vinyl or ethyl or hydrogen; however, the presence of the 

hydroxyl groups in HPIX abolished the catalysis, The experiments above do not reveal 

whether HPIX simply does not bind to PSS.ST1, or whether, having bound, i t  is not 

amenable to the structural distortion necessary for catalysis. Conceivably, the hydroxyl 

groups could interfere with binding into the active site by being sterically larger than the 



hydrogen atoms they replace, or by introducing polar entities into what might be a 

hydrophobic region of the active site. Future experiments with other porphyrins, and 

mutagenesis of PS5.STI. should clarify these findings. 

Table 4-1 Rate parameters for DNAzyme-catalyzed and background (noncatalyzed) 
metallations of different porphyrins 

Por'Phyrin [Sl, /JM [CNII)I, mM V[,l[,~, pM/hr V n  M / h  Vt,l[~JVuncut 

MPtX 100 1 3.7 1 0.82 4.5 

PPIX 100 1 10.55 1.06 9.9 

DPIX 100 1 20.25 5.5 1 3.7 

HPIX 100 1 -95 -95 1 

CPIII 50 0.2 -600 -600 1 

UPIII 50 0.2 -1200 -1200 1 

The finding that CPILI and UPIII were not the substrates for PS5.STl could be 

rationalized in terms of their divergent structures, and the high degree of steric clash their 

extra carboxylic groups might encounter in the active site, and electrostatic repulsion 

between the highly negatively charged DNA and the carboxylates. 

In  terms of substrate usage, PS5.STI shows both similarities and differences with 

natural ferrochelatases (from various sources), in that both appear to act on MPLX, PPIX 

and DPIX (Taketani & Tokunaga, 198 1 ,  1982; Dailey & Smith, 1984; Lavallee, 1988), 

but not on CPIII (Taketani & Tokunaga, 198 1 ,  1982). However, the ferrochelatases also 

use hematoporphyrin as a substrate, at the same level as protoporphyrin (Taketani & 

Tokunaga, 1982; Dailey & Smith, 1984; Lavallee, 1988). And, by contrast to both the 



Table 4-2. HPLC conditions for the analysis of metallation by dif'ferent porphyrins 

Porphyrin Flowjate Retention time for Retention time for Wavelength for 

(mllmin) substrate (min) product (min) monitoring (nm) 

.MPIX 2.0 6.2 15.6 390 

PPIX 2.0 7.1 16.5 400 

DPIX 1.5 4.7 l0:O 390 

HPIX 1 .O 4.1 5.8 390 

CPIII 1 .O 3.6 4.7 390 

UPIII 1.5 3.1 5.2 400 

DNAzyme and the ferrochelatases, the catalytic antibody for porphyrin metallation 

(Cochran & Schultz, 1990) accepts only MPIX as substrate. No data on substrate usage 

have been reported for a recently described catalytic RNA for porphyrin metallation 

(Conn et al., 1996). Although tlie high substrate-specificity of the catalytic antibody was 

consistent with the properties of many protein active-sites and binding-sites in general, 

recent papers have also reported highly specific bindings of small organic ligands by 

RNA aptaqers (Famulok & Szostak, 1992; Jenison et al., 1994; Geiger et a]., 1996). The 

nature of interactions between active sites and substrates in the different DNA, RNA, and 

protein catalysts for metallation remains. therefore, an important area for investigation in 

the future. 



3.2. Optimally catalytic fragment of aptamer PS5 -~ , . . . 

The 5' and 3' boundaries of the PS5.STI fragment of the 1 12-nucleotide, and 

NXIM-binding. aptamer PS5 (chapters 7 and 3), had been chosen initially on the basis of 

footprinting studies carried out on PS5 (in the presence of bound NMM and hemin, see 

Chapter 2). Those data had indicated that the first G-motif (underlined. below) within 

PS5.STI (5'-TCGTG GGTCA TTGTG GGTGG GTGTG GCTGG TCC-3'). was not 

footprinted (whereas the guanines in the sequence not underlined did footprint). 

However, the 5' motif, being directly adjacent to the footprinted region within PS5, had 

been included in the design of PS5.STI. To determine whether the motif was required 

after all, and to pinpoint the most optimal catalytic sequence within PS5, a number of 

oligomers centered around the footprinted region were synthesized (Fig. 4- 1 ,  p103). and 

tested for their ability to catalyze metallation. T k  results are summarized in Fig. 4-1. 

Even the deletion of TCG from the 5' end (as in PS5.A) resulted in a 56% Poss in activity, 

whereas the deletion of the entire 5'-most motif (as in PS5.B) essentially abolished 

catalyt~c activity. By contrast, the 3'-most G-motif (italicized above), which footprinted 

In the presence of NMM in PS5 (Chapter 2) ,  appeared not to be important for catalysis. 

The opt~nial (and minimal) catalytic sequence therefore corresponded to the 24- 

nucleotide, very guanine-rich ( I4 guanines out of 24 bases) oligomer PS5.M (shown In 

bold type above), and this was the sequence chosen for the further studies described 

Tuo  points o i  interest are raised by the above results: ( a )  that the N M M -  

nted reglon w i t h ~ n  PS5. and the catalytic sequence, overlap but do not coincide; 
v 



and ( b )  that the relatively low catalytic activity of the parent sequence,-PS5. compared to 

those of the fragment PS5.STI (and PS5.M). may be connected with somehow different 

tolding patterns for the two. Regarding point (a), i t  is conteivable that the guanines 
+G ' - 

identified by methylation protection in PS5 participated purely in the DNA folding (i.e.. 

that the footprint reflects intra-DNA interactions, rather than DNA-NMM interactions). 

If so, some residues that did not footprint could yet be involved in NMM binding, and 

therefore required for catalysis. As for point ( b )  it may be that the PS5 and PS5.M 

sequences fold similarly but not identically, leading to differences in catalytic activity; or 

else. that the non-catalytic elements of PS5 interfere with the diffusion of substrate 

DNA sequence Relative 
activity 

PS5.STl 5'-TCGTG GGTCA TTGTG GGTGG GTGTG GCTGG TCC-3' 100 
PS5.A 5'-TG GGTCA TTGTG GGTGG GTGTG GCTGG TCC-3' 44 
PS5.B 5'-TCA TTGTG GGTGG GTGTG GCTGG TCC-3' 1 
PS5.D 5'- TTGTG GGTGG GTGTG GCTGG-3' 15 
PS5.E 5'- TG GGTGG GTGTG GCTGG T-3' 4 
PS5.F 5'-TCGTG GGTCA TTGTG GGTGG GTGTG GCTGG T-3' 78 
PS5.G 5'-TCGTG GGTCA TTGTG GGTGG GTGTG GCT-3' 117 
PS5.H 5'-TCGTG GGTCA TTGTG GGTGG GTGT-3' 4 
PS5.J 5'-TGG GTGTG GCT-3' 0 
PS5.K 5'-GAAGA TCGTG GGTCA TTGTG GGTGG GTGTG GCT-3' 106 
PS5.L 5'GTGTC GAAGATCGTG GGTCA TTGTG GGTGG GTGTG GClh3' 11 1 
PS5.J! 5'- TG GGTCA TTGTG GGTGG GTGTG G-3' . 4 137 

4 

0T.A 5'-TTTTG GGGTT TTGGG GTTTT GGGGT T'lTGG GG-3' 0 
REP2 5'-AATAC GACTC ACTAT AGGAA GAGAT G G T l T  TTCCA TCTCT 0 
BLD 5'-AATAC GACTC ACTAT AGGAA GAGAT GG-3' 0 

Fig. 4-1. Sequences of DNA molecules used to determine the optimal catalytic 

sequence within the aptamer PS5. REP;? and BLD were control oligorners; OXY4 

was a guanine-rich telorneric sequence. The relative activity was defined as follows: 

Relative Activity = 100 (v 'v~u) / (v~SSST/ 'V~~) ,  in which V~SJ.ST~, vbu, and v are the initial 

rates for PSj.ST1, BLD (reference DNA) and other oligorners, respectively. 



molecules into the active site. Detailed studies to resolve these possibilities have 

confirmed our speculations and the results will be discussed in Chapter 5. 

3.3. Optimal pH for catalysis 
p. 

The effectiveness of catalysis by PS5.M in the pH range of 4-8 was examined. 

Fig. 4-2 shows the velocities for the PS5.M-catalyzed and the uncatalyzed (in the 

presence of the control oligomer BLD, see Fig. 4- 1 ) reactions. For our original 

experiments carried out around neutral pH (in SB buffer), Tris had been the buffer used. 

However, preliminary measurements carried out at non-neutralLpHs, using other buffering 

agents (such as MES), showed sharp, and buffer-specific, changes in the background 

reaction rates. We found that the inclusion of a certain concentration of Tris (as Tris 

acetate) in the MES-buffered acidic solutions appeared to counter this effect (discussed in 

detail in a later section on buffer-specific effects. see Section 3.8). Therefore, for pH 

values > 7.0, I00 rnM Tris was used for buffering; whereas below pH 7.0. I00 mM MES 

(between pH 5.5 and 7.0) or potassium acetate (between pH 4.0 and 5.5) were used (in 

each case, containing 100 rnM Tris acetate, in addition to the other metallation reaction 

components such as potassium acetate, DMSO, and Triton X- 100). 

Fig. 4-2 ( p  105) shows that both the PS5.M-catalyzed and the background rates 

peaked at around pH 6.2. The DNA-mediated catalysis mechanism appeared to retain the 

pH-dependence of the uncatalyzed reaction. The bell-shaped profiles for both the 

catalq zed and background rates could reflect a number of events, including the 

t'olluwlng: The Increase In rates from pH 7.6 to 6.2 correlated with progressively lower 



concentrations of the unprotonated Tris base [Tris base is reported to 'chelate weakly with 

CU" ions (Hall et al.. 1971; Bai & Manell, 1969)]. In  addition, at the basic end of the 

\pectrum, the copper complexes become resistant to loosing water (necessary for 

Fig. 4-2: pH profiles of the DNAzyrne-catalyzed and background (noncatalyzed) 

rnetallations. (left panel) v,, plotted against pH for the PS5.M-catalyzed reaction 

(filled circle), and (right panel) v,,,, plotted against pH for the uncatalyzed reaction, 

in the presence of the control oligomer BLD (tilled triangle). The experimental 

protocols are described in Materials and methods. 

metallation) by virtue of becoming hydroxyl complexes [the first pKa of cu2'-bound 

Lcdter is at - 6-7 (Burgess, 1978)]; and this, too, might be reflected in the overall 

rnetallation rate. On the other side of the curve, the drop in rate from pH 6.2 to 4.2 may 

retlect the protonution of a pyrollic nitrogen atom of the porphyrin (Smith, 1975). The 



slope of log(V) vs. pH is only -0.3, far smaller than I ,  and this suggests that no proton 

transfer was taken place in the transition state. 

Interestingly, a pH of approximately 8.0 was found to be optimal for catalysis by 

the ferrochelatases [utilizing as substrates MPIX and zn2' (Li et al., 1987), MPIX and 

CO" (Roberts. 1987). as well as MPIX and/or PPD( with ~ e ~ '  (Taketani & T-okunaga. 

I98 1 ; Labbe & Hubbard, 1960; Goldin & Little, 196% Porra & Jones, 1963; Krueger et 

al., 1956)l. However, none of these studies reported the pH profiles for the background, 

uncatalyzed reactions, leaving i t  uncertain whether the pH had a direct influence on the 

structure and activity of these enzymes. Separate studies on the nonenzymatic formation 

of mesoheme [Fe(II)-MPIX] reported pH optima of 9.5 (Kassner & Walchak, 1973), and 

8.8 (Taketani & Tokunaga, 1984). respectively', under similar experimental conditions as 

used for the ferrochelatase studies. Thus, it was conceivable that the reported pH optima 
0 

of 8.0 for the ferrochelatases did reflect attributes of the enzymes themselves. 

On the base of our own finding of a pH optimum of 6.2 for metallation (under our 

experimental conditions), this pH was used for all subsequent optimization experiments. 

3.4. Catalyzed rate vs temperature 

We investigated the rates of metallation of MPIX by copper at different 

temperatures, in the presence of PS5.M, or of the control oligomer BLD. Fig. 4,-3a (p107) 
+ 

plots rate as a function of temperature for both the total (background plus catalyzed) 

reaction, and for the background reaction itself. Fig. 4-3b shows the net catalyzed rate, 

L~,,,, [obta~ned by subtracting the background rate, v,,,,,, measured in the presence of BLD. 



from the total rate, v ,,,,, , (equal to v,.,, + v,,,.,,), measured in the presence of PSS.M]. The 

background rate increases exponentially with temperature (Fig. 4-3a). whereas the net 

catalyzed rate (Fig. 4-3b) shows an approximately bell-shaped profile, with a maximum at 

0 20 40 60 

Temperature, 'C Temperature, 'C 

Fig. 4-3. Temperature profdes of the DNAzyme-catalyzed and background 

(noncatalyzed) metallations. (a) v,& (filled square, in the presence of 5 pM PS5.M) 

and v,,, (open triangle, in the presence of 5 pM BLD) versus temperatures. (b) v,, 

(filled circle; v,, = v ,  - v,,) vs temperature. The experimental conditions are 

outlined in Materials and Methods. 

40•‹C. The bell-shaped catalyzed rate profile may be modelled as,a balance of two 

opposed tendencies: the natural temperature dependent increase of the catalyzed rate, 

combined with a progressive instability, and tendency to denaturation, of the folded 



PS5.M. In addition, G-quadruplex structures are highly polymorphic class of structures, 

which are able' to interconvert with changes in conditions (Williamson, 1994). A 

a. 
preliminary melting curve of PS5.M (data not shown) appears to be consistent with this 

4 

notion. Interestingly, the ratio v,-,/v,,,,, reaches a maximum at 15•‹C. For our remaining 

experiments, we piqked 15"Ca.s the reaction temperature (at which temperature it was 
' @. 

also possible to measure accurately a number of very fast catalyzed reactions, described in 
' I - a. 

later sections). 

3.5. Catalyzed rate as a function of enzyme concentration 

An important test for the catalytic behavior of any putative enzyme is that at 

constant substrate concentrations (and with all other parameters remaining unchanged), 

the rate of the catalyzed reactionjs directly proportional to the concentration of the 

enzyme. Fig. 4-4 shows the catalyzed (total minus background) initial rates for different . ' 

concent~ations of PS5.M, measured at two different, and fixed, MPIX concentrations: 33 

and 100 pM. Linear relationships between rates and DNAzyme concentrations were 

o b t a i n e b  both cases, demonstrating unequivocally the catalytic aspect of PS5.M. 
8 

* 

In carrying out these experiments, we observed anomalous results if the DNA had 

been purified in a certain way. Thus, at the higher DNA concentrations in particular, 

residual M ~ ' +  ions from ethanol precipitations were found to have an inhibitory effect on 

the catalysis. Elimination of the ethanol precipitation steps entirely (and the purification 

of the synthetic DNA oligomers on a desalting G-50 column, followed by water elution 

and vacuum lyophilization) led to the data reported above. 
P 



Fig. 4 4 :  v,, (catalyzed initial rates) as a function of PSS.M concentration. The v,, 

values were obtained at fured MPIX concentmtioas of 33 pM (fiUed triangle); and, 

100 pM (filled square). The reaction conditions are detailed in the Materials and 

Methods section. 

3.6. Is there a binding site for copper at the active site of PSS.M? 

An important question that had remained unresolved in the previous chapter 

concerned the existence or not of a catalytically relevant binding site for cbpper ion at the 

DNAzyme's active site. The dependence of the rate of the reaction, at a constant MPIX 

concentration, on copper concentration up to 2.5 mM had given a straight line plot, with 

no evident sign of saturation. This appeared to indicate that there was no strong, 

catalytically relevant copper binding site in the DNAzyme (as with the catalytic antibody, 



but unlike the ferrochelatases). However. the possibility that a copper binding site, with a 

K,,, value larger than 2.5 mM, could not rigorously rule out. 

r -  

Time, min 

Fig. 4-5. Cu(I1) effect on the catalysis and stability of PS5.M. (a): Metallation rates 

as functions of C u ( 0 A c ) ~  concentrations. The metallations were carried out with a 

fixed MPIX concentration of 33 pM, and 5 pM of either PS5.M (fffled circle) or  

BLD (open triangle). Other conditions a n  detailed in tbe Materials and Methods. 

(b):  The enzymatic activity of PS5.M after pre-incubation with coppec ions. The 

preincubations w e n  carried out witb Cu(0Ac)Z at 2 mM (filled diamond), 10 mM 

(filled square), and 20 mM (fded triangle), respectively, for the times indicated. 

Metallation reactions were carried out with PS5.M at  5 pM, and MPIX at  33 pM. 

The detailed protocols are given in the Materials and Methods section. 

We therefore carried out metallation experiments in 50KB buffer (100 mM MES, 

pH 6.2, I00 mM Tris acetate, 50 rnM potassium acetate, 5% DMSO, and 0.5% Triton X- 

lo), and varied the copper ion concentration from zero up to 20 mM. Initial rates for the 



metallation of MPIX (itself at a fixed concentration of 33 pM) were then measured. 

During the initial rate measurements it was found that for copper concentrations up to 10 

mM. the formation of Cu-MPIX was reliably linear with time usually below 10% 

conversion levels of substrate (for both the enzymatic and the non-enzymatic reactions). 

With copper above 10 mM, linear initial rates could not measured at all, for the formation 

curves levelled off even before 5% of the substrate had been converted to product. 

FigP -5a (pl  10) shows the plots of the initial rates for both the PS5.M-catalyzed 
J' 

and the background (in the presence of the oligomer BLD) reactions; the rate of the 

tf 

* 

catalyzed reaction was linear with copper concentration up to 5 mM copper, beyond 

which there appeared signs of a gradual saturation of rate, indicating that there might be a 

catalytically relevant but weak copper binding site in PS5.M. However, copper ions have 

been shown, in the absence of other salts, to be potent denaturants of double-stranded 

b N A  (Eichhorn & Shin, 1968), and the "saturation kinetics" seen in Fig. 4-5a would also 

be consistent with the destruction of the active enzyme at high copper concentrations. 

To distinguish between the two possibilities, we carries out experiments in which 

we   re incubated the folded DNAzyme in buffer containing copper ions at 2, 10, and 20 

mM, respectively, with each of these preincubations being carried out for a number of 

different time points. Following each pre-incubation, one volume of the copper- and 

PS5.M-containing solutions (in reaction buffer) were mixed with one volume of reaction 

buffer containing 66 pM MPIX (to give final MPIX concentrations of 33 pM). The 

measured initial rates of the various preincubated samples, as a function of the time of 

pre~ncubation, are shown in Fig. 3-5b (pl  10). Enzyme samples preincubated in 2 mM 



" 

copper gave approximately the same initial rate, regardless of the length of the pre- 

incubation; however, in the 10 rnM preincubations, the enzyme activity (as indicated by 

initial rates of the catalyzed re&tion)>dropped to 50% after as little as 20 minutes of 

preincubation. With the 20 mM copper samples, the initial rates dropped to 50% after 

only 2 minutes of pre-incubation. 

These data demonstrated that the higher concentrations of copper clearly had a 

destructive effect on the active form of the DNAzyme. It was therefore likely that the 

"saturation" of rate seen in Fig. 4-5a did not reflect a real saturation of a binding site for 

copper in the DNAzyme, but was, rather, the consequence of a time dependent 

inactivation of DNAzyme in the high concentration copper samples. Clearly, saturation 

kinetics could not be used in this case tb test for the copper binding site. Other 

experiments need to. be designed to detect whether such a binding site does in fact exist. 

To test whether the DNA w,as in fact precipitated in these samples, the samples 

(containing "P-labeled PS5.M) were centrifuged in a microfuge for extended periods. 

However, no radioactive pellet was detected. Therefore, the suspected DNA-copper 

Aggregates, if indeed formed, were not sufficiently insoluble to precipitate. Another 

possibility is that, instead of forming DNA-copper aggregates, copper may destroy the 

catalytically active DNA folding by competing for essential hydrogen bonding site on the 

DNA. 

9 
As an interesting note, it was observed that the prior addition of the substrate 

MPIX to the DNAzyme (before the addition of copper) substantially preserved the 

DNAzyme from denaturation (data not shown). I t  was therefore a good practice for the 

P 



study of the metallation reactions (particularly at high copper concentrations) to incubate 

the D,NAzyrne first with MPIX, for 10 to 20 minutes to allow the formation of DNA- 

porphyrin complexes, prior to initiating the reaction by introducing copper. 

Experiment was also carried out to determine whether the inactivation by copper 

was reversible--whether catalytic activity could be recovered by decreasing the copper ion 

concentration. Our result (data not shown) indicated that the inactivation was 

irreversible. Future experiments will focus on establishing the mode of copper-mediated 

inactivation of the DNAzyme, i.e., whether it is the result of DNA denatuation, or of a 

copper-mediated free radical destruction of the DNA, or both. 

e 

3.7. Effects of dimethyl sulfoxide and of detergent on catalysis 

All the buffers described this far for the assaying of catalysis, contained 5% 

DMSO and 0.5% of the non-ionic detergent, Triton X-100. The reason for their inclusion 

was the presumption that they would help increase the overall solubility of the sparingly 

soluble substrate, MPIX. In addition, Triton X- 100 and other non-ionic detergents have 

been widely used in kinetic studies of metallation reactions (Cochran and Schultz, 1990; 

Tdetani & Tokunaga, 1981, 1984; Li qt  al.. 1987; Roberts, 1987; Labbe & Hubbard, 

1960; Goldin & Little, 1969; Porra & Jones, 1963; Krueger et al., 1956; Kassner & 

Walchak, 1973). mainly because they were found to reduce the background metallation 

rate. and helped prevent the aggregation of the dissolved hydrophobic porphyrins (Li et 

a].. 1987). In  the course of these studies. we observed that the presence ofthe 5% DMSO 



could be dispensed with as long as the porphyrin stocks were made directly in a Tris- 

acetate buffer. 

We therefore investigated the effect of the 5% DMSO, and the presence of DMSO 

in general, upon catalysis by PS5.M. Fig. 4-6 shows the k,,b, values for,metallation at 

various DMSO concentrations, for both the DNA-catalyzed and the background reactions 

carried out in 50KB buffer, pH 6.2. Even though DMSO had little effect on the 

[DMSO], % 

\ 

Fig. 4-6. The observed rate constant for metallation, kd,, plotted as a function of 

DMSO concentration. kd, for metallation reactions was obtained at various DMSO 

concentrations, in the presence of 2.5 pM of PS5.M (filled circle), and of BLD (open 

triangle). The detailed reaction conditions are outlined in the Materials and 

Methods section. 

background reaction, its impact on the catalytic activity of PS5.M appeared profound. At 

20% DMSO. the catalysis was only - 10% as effective as found at 1 % DMSO, which, 



rather surprisingly, gave the highest level of catalysis. The progressive denaturation of 

folded nucleic acid structure in the presence of increasing concentrations of ethanol and 

other organic solvents has been exhaustively documented. The decrease of the 

DNAzymeSs activity at higher DMSO concentraiions might be due to this, or due to 
b 

changes in solvation of the DNA, the porphyrin, and the copper ions. It is interesting to 

note here, however, that even at 20% DMSO. the catalysis by PS5.M is not totally 

abolished; it is therefore conceivable, that with a greater stabilization of the DNAzyme's 

folded structure (by changes in sequence, or by other means), catalysis of metallation may 

be observable at quite high concentrations of DMSO and other organic solvents. 

We also tested the effect of increasing concentrations of Triton X- 100 on catalysis 

(data not shown). Increasing detergent concentrations (above 0.25%) appeared to reduce 

both the catalyzed and background rates exponentially. Below 0.25% Triton, however, 

the background reaction appeared to be unaffected; therefore, k,,b,(catalyzed) l 

k,,b,(uncatalyzed) was at a theoretical maximum with the detergent completely removed. 

However, the complete removal of detergent was not practical, owing to its requirement 

for substrate solubilization. Therefore, 0.25% Triton, as well as 1 %  DMSO, were 

retained in buffers for our further investigations. 

3.8. Buffer effects on catalysis 

In  the section on the pH optimization of catalysis (above) we discussed the- 

importance of Tris to porphyrin metallation, as carried out under our experimental 

conditions. Tris, which buffers effectively between pH 7 and 9, has also been used 



widely for the study of ferrochelatase enzymes. In our own rate versus pH measurements 

(above), we found that the presence of > 50 mM Tris acetate in otherwise MES-buffered 

acidic solutions preserved the 'regular', or monotonic, behavior of the measured initial 

rates for both catalyzed and background metallations of MPIX with copper. Fig. 4-7 

( p l  17, 119) illustrates the behavior of initial rates in a solution buffered by 100 mM 

MES, pH 6.2, as compared to one buffered by 100 mM MES, pH 6.2, but containing in 

addition. 50 mM Tris acetate (the effective buffering capacity of MES lies between pH 

5.5 and 6.8). Fig. 4-7a (p117) shows the catalyzed rates in both buffers (which both also 

contained potassium acetate and the other buffer components) as functions of time; and 

Fig. 3-7b (p l  17) shows the background rates. These figures show that in the MES-only 

buffer, the background rate was much slower and curved off earlier than that in the MES 

buffer containing Tris acetate; whereas, the catalyzed reaction in the MES-only buffer 

experienced an early burst up to 10% conversion of the substrate to product, and then 

,lowed drarnat~cally, to the polnt where the metallation reaction had virtually stopped. In  

MES buffers containing Tris acetate at any level above 50 mM, by contrast, both the 

enzymatic and nonenzymatic reactions proceeded smoothly with time, and appeared to go 

on to completion. 

Tris base h2s the ability to chelate c u 2 +  in aqueous solution with modest 

cqu~librium constants (with logK values of -3-4) (Hall et al., 1971; Bai & hiartell, 1969). 

I t  15 therefore likely that in the presence of Tris, the cu2+ ion exists substantially as cu2+- 

T r ~ s  complexes. Because of the relatively modest complexing constant, such complexes 

would st111 d~ssoc~ate  relatively easily to give hydrated copper ions, which in turn could 



be chelated by the porphyrins [the formation constants for the porphyrin metallation 

reactions are, by contrast, very high; for example, logK/> 25for HPIX with Zn(OAc)?, at 
* - 

25•‹C (Smith, 1975)l. It has been reported that MES; too, forms coordination complexes 

with copper (11) ions, but with a smaller formation constant (logK = 1.39) (Balikugeri, 

1989). Therefore, in MES-only buffers, the hydrated copper ions may begin to chelate 

- 
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Fig. 4-7: Buffer effects. Percentage conversions of substrate to product, measured 

in different buffer solutions, and plotted as functions of time. (a) Time dependence ',, 

plots for PS5.M-catalyzed metallations in 100 mM MES, pH6.2, + 50 mM Tris 

acetate (filled circle); and in 100 mM MES, pH 6.2 (open triangle). (b)  Analogous 

time dependence plots for tbe backg'round (noncatalyzed) metallations in the MES- 

Tris buffer (filled square); and, in the MES-only buffer (open square). Detailed 

reaction conditions are given in the MateFials and Metbods section. 



instead with the carboxylate groups of the porphyrin, to form aggregated complexes (we 

observed a discernible colour change of the dissolved porphyrin in these situations). 

Assuming that the kinetics of the formation of such porphyrin-copper aggregates was not 

instantaneous, we would still observe experimentally the initial burst of the catalyzed 

reaction, seen in  Fig. 4-7a, during the first few minutes of the reaction. The presence of 

relatively high concentrations of Tris in the buffer, on the other hand, and the formation 

of Tris base-CU" complexes, might preclude the formation of such porphyrin-copper 

aggregates. 

Of course, the chelation of copper ions by Tris base might be expected to slow - 
'-, 

down the overall metallation reaction. We examined the effect on metallation rate of 

raising Tris concentrations in purely Tris buffers (pH 7.3) containing the usual potassium 

acetate and DMSO and Triton X- 100. Figs. 4-7c and 4-7d (pl19) show data for the 

catalyzed and background reactions, respectively; both rates decrease exponentially with 

increases in Tris concentration. Interestingly, replotting the rates as reverse functions of 
pl 

the anticipated concentration of free Tris base in these buffers ( v  vs l/[Tris base]) shows 

straight-line (data not shown), suggesting that the chelation of copper by Tris base was in 

fact a factor in the kinetics of the metallation. 
4= 

By contrast, increasing MES concentrat-ions in MES-buffered solutions at pH 6.2 

(all solutions also containing Tris acetate, at 50 mM) did not significantly change the 

metallation rates. 



In summary, our data suggested that Tris played two roles in  the porphyrin 

metallation reactions (in both the catalyzed and background versions). First, it chelated 

copper ions and reduced the formation of presumptive "unproductive" copper-and- 

porphyrin aggregates; and, second, it reduced the overall metallation rates. 

[Tris], mM 
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Fig. 4.7. Buffer effects (continued). Tris effects on metallation rates. (c): v,, 

(filled diamond); and (d): v,,, (filled reverse triangle) of metallations carried out in 

Tris-only buffers (pH 7.3), as functions of Tris concentration. Detailed reaction 

conditions are given in the ,Materials and Metbods section. 

3.9. Contrasting effects of sodium and potassium ions on catalysis 

In  Chapter 3, I had reported data that sodium and potassium ions had contrasting 

roles in the catalysis by PS5.STI: K' was absolutely ne(essary for catalysis whereas Na'. 

even up to 225 mM concentrations, was ineffective in supporting catalysis. We also 



found that ~n the absence of sodium and magnesium, 25-50 rnM K' was optimal for 

catalysis. This striking difference in the requirements for potassium and sodium, the 

heavily guanine-rich sequence of the DNAzyme, as well as methylation protection 

evidence from the parent aptamer, PS5 (Chapter 2), had cumulatively suggested that the 

folded and active form of the DNAzyme might contain guanine-quartets [which are 

significantly better stabilized by potassium ions than by sodium ions (Sen & Gilbert, 

1990; Williamson et al., 1989; Sundquist & Klug, 19891. 

Na' ions, however, do support the formation and stabilization of G-quartets, 

except that significantly higher concentrations are needed than K' ions required for a 

comparable task (Sen & Gilbert, 1990). The free energy difference for quadruplex 

formation by d(G3T4G3)* in 100 mM NaCl and 100 mM KC1 has been reported -4.2 

kcaYmol at 25•‹C (Scaria et al., 19921, corresponding to an equilibrium constant in  excess 

of lo3. Besides, there is considerable evidence for the formation of different G- 

quadruplex structures by the same oligomer in potassium solutions versus sodium w 

solutions (Sen & Gilbert, 1990; Venczel & Sen, 1993). In measuring catalytic rates of 

PS5.M across a large sodium concentration range (0, 5, 10, 25, 50, 100, 225, 500 mM), 

we found catalysis at no higher than 10- 15% above the background rate (data not shown). 

This appeared to confirm our original conjecture (in Chapter 2 and 3) that the folded 

htructure of the DNAzyme contained probably two or fewer complete G-quartets, which 
\ 

could be stabilized only in the presence of potassium ions. The other possibility is, of 

course, that in sodium-only solutions. PS5.M may form a folded structure different from 

the catalytically active one. 



We wished to test whether the optimal K' concentration required for catalysis had 

changed after the various steps taken above for the optimizati6 of catalysis. In  addition. 

we would like to establish how little potassium was needed to support a significant 

ccrtiilysis. Reactions were therefore carried out in 50 mM Tris-acetate, pH 7.3, 1 C7c 

DMSO, 0.25% Triton, and varying concentrations of potassium acetate. Fig. 4-8 shows 

the PS5.M-catalyzed and background rates as functions of potassium concentrations up to 

2OOdmM. The DNAzyme appeared to function well even at very low ( -  10 mM) 

Fig. 4-8: %letallation rates plotted against potassium ion concentrations. kDbr for the 

catalyzed (in the presence of 2.5 pM PS5.M. filled circle); and, background (in the 

presence of 2.5 p%l BLD, open triangle) reactions. 

pota55ium concentratlons. and the optimal activity extended at least to 50 mM K'. At the 

lower end. In a\ little as 0. I mM K', the enzyme activity was 7070 above the background; 



K'. i t  had increas to 480%, and at 10 rnM K', up to 1400%. At higher than 50 d 
the catalytic activity began to decrease, but more slowly than the pace of its rise 

at lower potassium concentrations. 

3.10. Optimized enzymatic parameters for the utilization of MPIX and PPIX as 

substrates 

The above process of optimization of the various parameters connected with the 

catalytic reaction dramatically changed the observed v,,,,,,,,, / v,,,,, ratio from 4.5 in SB 
* - _ 1  

buffer (100 mM Tris, pH 7.1, 200 mM sodium acetate, 25 mM potassium acetate, 10 mM 

magnesium acetate, 0.5% Triton X-100, 5% DMSO, at 25OC. see Chapter 3) to a ratio of 

- I00 in 40KB buffer ( 100 mM MES, pH 6.2,40 mM potassium acetate, 50 m M  Tris 

acetate. 0.25% Triton X- 100, 1 % DMSO, at 15OC). It could therefore be expected that 

the kinetic parameters, kc,, and KMl for the DNAzyme would also have changed. 

Experiments were therefore carried out to determine kc-,, and KM for the utilization of both 

MPlX and PPIX by PS5.M, in 40KB buffer, at 15•‹C (with 1.5 pM PS5.M and 1 mM 

copper acetate). 

Figs. 4-9a and 4-9b (p123) show the catalyzed velocities of copper insertion into 

VPIX and PPIX, respectively, as functions of the concentrations of those porphyrins. 

These data were analyzed with the program GraFit 3.0, and the kinetic parameters 

obtained are shown in Table 4-3 (p124). 

With MPIX as the substrate, the optimized conditions gave rise to a moderate, -6- 

fold increase in k,,,, but a dramatic, 70-fold decrease in  the KM compared to those derived 



in SB buffer (Chapter 3).  Overall, these parameters combined to give a large, 400-fold 

increase in the DNAzyme's catalytic efficiency, k, , /KM.  The major change in KM implied 

Fig. 4-9: Initial rates of metallation plotted against substratt porphyrin (MPIX, and 

PPM) concentrations. (a) PS5.M-catalyzed rates (v,,, equal to v , ~  - v,,) for Cu- 

MPIX formation, plotted against [MPIX], in the presence of 1.5 pM PS5.M (fdled 

circles). (b) Analogous plot for the formation of CU-PPIX (filled squares). 

that the optimization process had worked significantly to improve the DNAzyme's 

affinity for its substrate, MPIX, presumably by eliminating or reducing detrimental 

conditions found in our initial selection buffer (SB buffer). On the other hand, the kc,, 

increase was probably not due to an increase in the robustness of the DNAzyme itself, for 

the background rate constant, k,,,,,, also improved under the optimized conditions to 

almost the same extent (up -7-fold, from 0.0096hr-' to 0.065hr-' ). Thus. the catalytic 

a 
"gain", k, , /X, , , , , ,  remained essentially unchanged through the optimization process. 



Table 4-3 shows further that the KeV value for PPIX as substrate was superior to 

that for MPIX. the "intended" substrate for PS5.M. The k , , , f i , , , , ,  for PPIX, too, was 

three-fold larger than that for MPIX. confirming our preliminary results (Chapter 3)  that 

PPIX was in fact a superior substrate for this DNAzyrne. 

Table 4-3. Kinetic parameters for metallation of MPIX and PPIX prior to 
optimization (in SB buffer) and following optimization (in 40KB buffer). 

Substrate k,.,, min" K M ,  CCM k,- , /KM, M - I  min'l kt.,& ,,,,, 

MPlX in 40KB 1.30 f 0.07 39.7 f 4.9 3.25 X 10 1200 

PPIX in 40KB 0.49 + 0.06 12.3 f 2.9 3.97 X 10 ' 3700 

MPIX in SB 0.23 f 0.06 2906 % 900 79 1400 

3.1 1. Ferrochelatases and the "artificial" biocatalysts for porphyrin metallation 

Ferrochelatases are the protein enzymes that catalyze the insertion of ~ e ' +  ions 

Into PPIX in the final step of heme biosynthesis (Lavallee, 1988). A number of studies 

have e\tablished that the N-methylporphyrins were a class of potent and reversible 

* ~rihibitors of the enzymes (De Matteis et a].. 1980; Tephly et al., 1979; Ortiz de 

lL1ontellano et al.. 1981; Dailey & Fleming, 1983), probably because these methylated 

porphyrins were close structural representations of the transition state for porphyrin 

rnetallation (Cochran & Schultz, 1990). This notion was successfully made use of by 

Cochran 2nd Schultz , who immunized mice with NMM, and successfully derived 

~ n t ~ b o d l r \  ~ ~ 1 t ~ l l b t 1 ~  for porphyr~n metallat~on (Cochran & Schultz. 1990) A j ~ m l l ~ a r  



technology for isolating DNA and RNA sequences that bound specifically to NMM led 

eventually to the discovery of catalytic and RNA (Conn et a]., 1996) and DNA molecules 

for this reaction. 

On rhe basis of the fact that the catalytic antibody, DNA, and RNA, are all derived 

, . using the same transition state analog (NMM) for the same chemical reaction. it may be 

reasonable to make an initial assumption that they catalyzed the porphyrin metallation 

with similar mechanisms (which might in turn mirror those of ferrochelatases). 

Table 4-4 (p126) summarizes the key kinetic parameters for all of these enzymes. 

As such, a detailed comparison of the individual properties of these catalysts is of limited 

util i ty,  for the expenmental conditions [such as particulars of pH, temperature, substrate 

metal ion (cu", ~ n " ,  or ~ e " )  concentrations, as well as the concentrations of individual 

buffer components] were different in each case. Nevertheless, a perusal of the data 

summarized in Table 4-4 indicates that, qualitatively, all of the artificial enzymes are 

comparable in terms of their catalytic functions, having similz a%ni+ies for their 
-4 .= - 

porphyrin substrates, and similar catalytic efficiencies in terms of their respective kc,,/ KM 

and k,./k,,,,-,, values. The k,.,, of the ferrochelatase enzymes apFars to be higher than that 

of the artificial enzymes, but under their particular assay conditions (50 pM zn2'.>or 100 

p41 ~ e " ) ,  the ferrochelatases were already at saturation (vide Ku values, below) in terms 

of their binding capacity for the substrate metal ions, whereas the artificial enzymes (at 

l e ~ \ t  the antibody, and the DNAzyme) do not appear to have strong substrate metal ion 

binding sltes (for the DNAzyme the K,w value would have to be higher than 10 mM 

copper ion concentration tested for data above). 



Table 4-4. Comparison of key kinetic parameters of ferrochelatases, and catalytic 
antibody, DNA, and RNA. 

porphyrins, ions, pM M-' min-' 

Ferrochelatase V . 9 6  ( ~ e " ) '  12.5 (MPIX and I 1.8 (2n2+) 76800' N/A 

7.2 (2n2') ' PPIX) 6.7 ( ~ e " )  576000' 

Antibody 0.14 (cu") ' 50 (MPIX) No binding 2900 ' 1 700 

1.3 (2n2')' slte 26800' 2600 

DNA ' 1.3 (cu". MPIX) 30 (MPIX) No or weak . 32500 1 200 

0.39 (cu", PPIX) 12.3 (PPIX) binding site 39700 3 700 

RNA " 2.0 (Cu2') 16 (MPIX) N/ A 1 25000' 460 

Experiment conditions: 
a. 100 m M  Tris-HCI, p H  8.0,0.1% Tween 20, 25 pM zinc acetate o r  100 pM i r on  citrate, 
37 '~ (0kuda  et al., 1994). 
b, 90 mlM Tr is  acetate, p H  8.0,0.5% (wlv) T r i t on  X-100,5% (vlv) DMSO, 1 m M  copper acetate o r  
zinc acetate, 2 6 ' ~  (Cochran & Schulk,  1990). 
c, 50 mM Tr is  acetate, 100 rnM MES, p H  6.2,0.25% (wlv) T r i t on  X-100, 1 %(v/v) DMSO, 40 m M  
potassium acetate, 1 m M  copper acetate, 1 5 ' ~ .  
d, 20 mM Tr is  acetate, p H  8.0, 100 mM sodium chloride, 200 mM potassium chloride, 0.5% Tr i ton  
'k-100, 10% DMSO, 3 m M  copper acetate, 2 5 ' ~  ( C o r n  et al.,'1996). 
e, the values shown were calculated using the data in the cited references. 

Unlike the artificial enzymes, ferrochelatases ha&% high affinities for their 
d 

,/ 

metal Ion hubstrates ( I I .8 pM for ~ n " ;  6.7 pM for 6'') (Okuda et al., 1994). and this is 

the most striking difference between the ferrochelatases, on the one hand, and the 

clit.alytic antibody and DNA, on the other. The lack of such binding sites in the artificial 

c;ltalysts probably stems from the fact that 'no specific"driving force (comparable to the 

u\t .  of the transitton state analog, NMLM, for creating li blnding site for the substrate 

porphyrin) u;15 bu~lt  Into the selection procedures to induce metal-ion binding.sites in the 

c;ltalyt~c ~ n t ~ b o d y  and D N A  and RNA. 



- 
The two recently.reported nucleic acid (DNA and RNA) catalysts for porphyrin 

metallation share a number of common features: they were both selected out of their 

respective random libraries for binding to the same transition state analogue, NMM; both 

were cloned after 12 cycles of binding, elution, and amplification; now, as we report in 

this paper, their catalytic capabilities appear to be very similar. Most interesting, 

however, is the almost identical size of their optimally functiohing units (24 nucleotides 

for the DNAzyme PS5.M; 25 nucleotides in the conserved RNA loop) and the significant 

homology that appears to exist between the two G- and T (or U)-rich sequences. The G- 
t 

richness of the catalytic RNA, and the fact that it was selected, as well as assayed, in a 

buffer containing a high concentration of potassium (Conn et al., 1996), suggest that as in 

the case of PS5.M. there may be guanine-quartets in its folded structure. The overall 

similarity of the two enzymes raises the interesting questi~n: would a RNA version of our 

DNA sequence, or vice versa, also have catalytic properties? These, and other questions, 

will be the subjects for future investigation in our laboratory. 
3 

4. Summary 

I n  this chapter, I reported a thorough investigation of the properties of the 

porphyrin-metallating DNAzyme. We have established that a 24-nucleotide sequence 

(PSS.M), from within PSS.STI, is both the minimal and most optimal catalytic unit. We 

have found that three related porphynns are acceptable as substrates by this DNAzyme, of 

wh~ch PPIX is preferred as a substrate over the expected substrate, MPLX. We have 

determined that i t  is unlikely that a strong, catalytically relevant binding site for copper 



ions exists in the DNAzyme, and that high concentrations of copper destroy the active' 

DNAzyme. This enzyme, whose folded structure likely contains guanine-quanets, 

requires potassium ions for activity; we have shown that aslittle as 1 rnM potassium is 

sufficient for its catalytic robustness, whereas as much as 0.5 M sodium still will not 

support catalysis. As a consequence of various steps of optimization, we now have a 

vastly improved DNAzyme, one whose enzymatic parameters compare well both with 

those of natural ferrochelatases, as well as with those of artificially derived chelatases, 

composed of protein (a catalytic antibody .), and RNA. The existence of this array of 

biocatalysts for porphyrin metallations allows one-to-one comparisons of the ways in 

which different biopolymers solve a given catalytic problem. 

w 



Chapter 5. A Guanine-Quadruplex Model for the Structure of A 

Porphyrin-Metallating DNAzyme 

1. Introduction 

I have described a DNA sequence, PSS.ST1, that has catalytic activity towards 

porphyrin metallation (Chapter 3 and 4). PS5.STl is the binding site of PS5 (Chapter 2 ) .  

ected from a random DNA library, which has high affinity for NMM--a 

analog for porphyr~n metallation (Cochran & Schultz, 1990). This short 

oligomer is 33-nucleotide long and has the sequence T.2C-lGIT2G3GsG5T6C~A8T9Tlo 

GIITIZGI&I&ISTI~ Gi7GiuGi9 T z o G z I T ~ ~ G z J G u C ~ S T Z ~ G ~ ~  GZB T29C3oC3i. Previous 

experimental results suggested that PS5.STI most likely folds to form a guanine 

quadruplex as its active structure, based on the following observations: 1 )  The sequence 

of PS5.STI is very guanine-rich, containing 16 guanines out of 33 nucleotides. This type 

of guanine-rich sequence has a great tendency to form guanine quadruplex structures 

[Reviewed by Williamson ( 1994)J. 2 )  This DNA enzyme can only function effectively in  

the presence of potassium ions (Chapter 2 and 3). This agrees with the previous findings 

that potassium was much more effective in stabilizing guanine-quartets (Sen & Gilbert, 

1090). 3) Methylation protection with DMS on its parent sequence PS5 clearly indicated 

that most guanines in this binding site region were fairly under-reactive (Chapter 2 ,  p58). 

J phenomenon usociated with the formation of guanine-quartets. 

Guanine quadruplex structures have often been found to be the folded structures 

for a number of aptamers obtained from selections using DNA libraries. For example, 



. 
uuanine quadruplexes have been selected to bind to thrombin (Boch et al., 1992) and ATP C 

(Huizenga & Szostak. 1995). Also, many guanine-rich short oligomers, either DNA or 

RNA, are able to form various classes of guanine-quadruplex structures (Williamson, 

1994). Nevertheless, as we reported earlier, other G-rich DNA sequences such as OXY4. 

which has been shown to form quadruplex structures, did not catalyze porphyrin 

metallation (Chapter 3 and 4). Therefore, the questions left for us are: Does PS5.STl 

indeed fold to form a guanine quadruplex as its active structure'? If so, what kind of 

guanine quadruplex does this oligomer form and how does the folded active structure 

achieve its catalysis? What unique features does this quadruplex have, to differentiate i t  

from other guanine quadruplexes for the catalysis of porphyrin metallation? Could we 

convert those other, noncatalytic, guanine quartet sequences, such as the thrombin 

binding aptamer, into catalytic sequences? In addition, there are some unsolved questions 

in our previous studies: 1 )  Why PS5.ST1, the binding site of PS5, was strongly catalytic 

for porphyrin metallation, while its parent sequence, PS5, only had a weak activity 

(Chapter 3)? 2 )  Why the binding site from PS2, another aptamer from the same selection. 

could bind to NMM (Chapter 2). but had only very weak activity for porphyrin 

rnetdlutlon (Chapter 3)' '  Would it  be possible to make this sequence highly catalytic'! 

In this chapter, I will address these questions. ' 

2. \laterial and methods 

,411 DNA oligomers were obtained by automated DNA synthesis and were 

purlfied in polyacrylamide gels as described in Chapter 4. Their sequences are given In 



TCGTGGGTCATTGTGGGT~GGTGTGGCTGGTCC 
TGGGTCATTGTGGGTGGGTGTGGCTGGTCC 
TC ATTGTGGGTGGGTGTGGCTGGTCC 
TTGTGGGTGGGTGTGGCTGGT 
TCGTGGGTCATTGTGGGTGGGTGTGGCT 
TCGTGGGTCATTGTGGGTGGGTGT 
GTGGGTCATTGTGGGTGGGTGTGG 
GTGGGTCATTGTGGTTGGGTGTGG 
GTGGGTCATTGTGGGTTGGTGTGG 
GTGTGTCATTGTGGGTGGGTGTGG 
GTGGGTCATTGTGGGTGTGTGTGG 
GTGGGTCATTGTGGGTGGTTGTGG 
ATGGGTCATTGTGGGTGGGTGTGG 
GGTGTGGGTGGGTGTTACTGGGTG 
GTGGGTGTTACTGGGTGGGTGTGG 
GGTGTGGGTGGGTCATTGTGGGTG 
GTGGGTGTGGGTGGGTCATTGTGG 
GGTGmACTGGGTGGGTGTGGGTG 
GTGGGTGTGGGTGGGTGTTACTGG 
GGTCATTGTGGGTGGGTGTGGGTG 
GTGGGTTTGGGTGGGTGTGG 
TGGGTCATTGTGGGTGGGTGTGGG 
GTGGGTCATTGTGGG'ITTGGGTGTGG 

. GTGGGTCAAGCA 
TGCTTGTGGGTGGGTGTGG 
GTGGGTGGGTGGGTGG 
GGTGATTCGGGTAGGGCGGGCGGT * 

GAGG'ITTGGGGAAGGGTCGGTGGG 
AGGTTATAGGGCGGGAGGGTGGT 
GAGGGGTGGGAGGGTTGG 
AACGTGGGACGGCGGTGGTGTTGAG 
GTGGGTAGGGCGGGTTGG . 
GGTTGGTGTGGTTGG 
GGGTTGGGTGTGGGTTGGG 
GTGGGTTGGGTGTGGGTTGG 
GTGGGTTGGGTGGGnGG 

Fig. 5-1.  Sequences of DNA oligorners tested in this Chapter. The guanine 

underlined in each sequence corresponds to the guanine in the footprinting gel 
0 

labelled with an arrowhead. 
& .  

C 



Fig. 5- 1 ( p  13 1 ). Enzyme activity assays were performed in 40KB buffer (50  mM Tris 

acetate, 100 mM MES, 40 rnM potassium acetate, 1% DMSO, 0.25% Triton X- 100. final 

pH 6.2), with DNA at 5 pM and MPIX at 33 pM, and other procedures were as described 

in Chapter 3. The DMS footprinting assays were performed in 40KB buffer with OKB , 

buffer as the control (OKB buffer contained all buffer components of 40KB but lacked 

potassium). The procedures were the same as those described in Chapter 2. 

3. Results and discussions 

3.1. DMS footprinting and enzyme activity assays on PSS.ST1 and its related 

oligomers 

Fig. 5-3, panel I (p134) shows methylation protection patterns of PSS.ST1 in OKB 

buffer (lane A )  and in 40KB buffer (lane B). The guanine residues at positions 3 , 4 ,  5 ,  

13. 14. 15, 17, 18, 19, 2 1 ,  23, and 24 were protected from the methylation by DMS. The 

protection pattern could be most simply explained i f  PS5.ST1 folded to form an 

intramolecular guanine quadruplex structure as shown in Fig. 5-2 ( ~ 1 3 3 ) .  In this 

\tructure, guanines at 1 ,  3, 15, 17 form the first guanine quartet (Quartet A),  guanines at 

4, 1-4, 18, 24 form the second quartet (Quartet B), and guanines at 5, 13, 19, 23 form the 

third quartet (Quartet C). There are four loops as the connecting units in the structure: 

Loop I and Loop 2 are both one-T loops (T2 and T16, respectively); Loop 3 is made up 
= L, 

vb- 

c)f three bajej (T20. GZ 1 ,  T22); and Loop 4 &a7-base loop (T6, C7, A8. T9, T10, GI 1 .  

and T 12) .  There is a gap separating the top G-quartet (Quartet A)  from the other two G -  



quartets (Quartet B and C). I term this gap as "Gapl-24'' because it separates Quartet A 

and B at GI  and G24. The unique feature of this proposed structure is that a G-quartet 

"cap" sits on a foundation made of the other two G-quartets. 

a b 

1 9  I ., 

2 1 H H 

Fig. 5-2. A guanine quadruplex model for PSS.ST1. (a)  The model is made up of 

three guanine quartets, four connecting loops, one gap between G1-G24. ll@ 

sequence shown in bold is the essential sequence (PS5.M). The arrows indicate the 

sequence orientation. ( B )  Hydrogen bond arrays in a guanine quartet. 

The protections of all guanine bases except GI in the quadruplex core in 

the methylat~on reaction by DMS can be seen in the denaturing gels. Although i t  

could not be determined whether GI  was protected (because i t  runs too close to 

the 5'  end of the ol~gomer in sequencing gels), i t  is most likely that GI  was indeed 

~n~-olvcld In the quartet formation. The deletion of this guanine from the sequence 

( a \  in PS5.A) resulted in  a 64% activity decrease and significant loss of 



I 

'd 
Figure 5.3. DlClS methylation results on PSS.ST1 and its deletion sequences. Panel I 

Ianes'A and B: PSS.ST1 in OKB buffer and 4OKB buffer, respectively. Panels 11, 

111. IV, V,  and VI are for PS5.A. PS5.G. PS5.B. PS5.H. and PS5.M. respectively. 

The guanine labeled with an arrowhead in each panel corresponds to the guanine 
4 

underlined in the sequence given in Fig. 3-1 ( ~ 1 3 1 ) .  





protection on all other guanine bases (Fig. 5-3, panel 11, p134). On the other hand, that 

sequence A still maintained 36% activity of PS5.STI suggested that guanine interactions 

(hydrogen bonds) in Quartet A were possibly weak; and that Quartet A was possibly 

loosely constituted, compared to the other two quartets. 

The above structural model was supported by other experiments carried out on 

deletion sequences of PS5.STI. (The names, sequences and enzymatic activity of the 

deleted mutants are given in Fig. 4- 1 of Chapter 4, p 103). The deletion of motif G27 GZ8 

T29C30C31 (as in the sequence PS5.G) had no effect either on the catalytic activity or the 

methylation protection pattern (Fig. 5-3, panel 111, p134), but deletion of the motif 

T.&G1T2G3G4G5 (as in the sequence PS5.B) or motif G23G24C2ST26G27 G28 

T29CMC31 (as in the sequence PS5.H) resulted in a complete loss of both 

enzymatic activity and protection from DMS methylation, as expected (Fig. 5-3, 

panel IV and V, p134). 

As described in Chapter 4, results on various sequences that had deleted bases 

trom both ends of PSS.ST1 had led to the finding that G1 and G24 are the boundaries of 

contained 24 nucleotides. and had superior catalytic activ~ty (-20% activity increase over 

PSS.ST1) as well as a stronger protection for the guanines in the quadruplex core (Fig. 5- 
C 

3. panel VI, pI34), indicating that the bases to the 5'of GI  and 3' of G24 were not 

n s c e s q  for the proper folding and enzymatic functioning of this DNAzyme 



G2 I was also seen to be protected from DMS methylation on the sequencing gels 

for the three catalytic sequences PS5.STI. PS5.G, and PS5.M (Fig. 5-3, panels I. 111, and 

VI, p134). However, we think that this guanine base was probably not involved in the 

quadruplex core formation sincejbquences lacking this base(such as PS5.MlN. and 

PE2.M, discussed in later sections) could still function catalytic 

- \ 
/ 

3.2. Evidence from the sequences mutated around the G-quadruplex core 
\ 

If the above structure model was correct, we reasoned that when a G -+ T 

mutation was introduced at various positions in the guanine quadruplex core, one or a11 

guanine quartets could be destroyed; and, as a consequence of this, the catalytic activity 
L 

of the mutated sequence would be severely reduced or abolished. 
I 

Using PS5.M as the reference sequence, sequences were designed that introduced 

a single mutation from G -, T at different locations around the quadruplex core. The 

various mutations made were (see the structure in Table 5- I ,  p 137): Mutations on 

Quartet A: G 15 T I 5  (PSSM.MTt), and G I 7  + TI7  (PS5M.MT2); mutations on 

Quartet B: G4 + T4 (PSSM.MT3), and G 18 T 18 (PS5M.MT4); mutations on Quartet 

C: G 19 + T 19 (PSSM.MT5). Both catalytic activity assays and methylation 

cuper~rnents with DMS were then carried out on these mutated sequences. The results are 

\hewn in Fig. 5-4 (p  138) and in Table 5-  1 (p137). 

.A\ shown in Table 5 -  1 .  all five mutants were completely devoid of catalytic 

x t i v i t y  or had L.ery weak activ~ty. In the methylation protection experiment, the mutated 

q u e n c e s  had either no protection for guanines [in the case of PSSM.MT2 (data not 



\hewn). PS5M.MT3 (Fig. 5-4, panel 11. p138), PSSM.MTJ(data not shown)]. or much 

weakened protection (in PS5.MT5, there was no protection on the 3'-most four Gs, see 

Fig. 5-4, panel 111, p138). Only in the PS5.MTl mutant did all guanines seem to be 

strongly protected (Fig. 5-4, panel I). 

Table 5-1. Catalytic activity of G to T (A)  mutants around quadruplex core. 

* 

I 

Quartet Mutation Sequence Rate Relative 

mutated position' name (@Wmin)' activity 

None None PS5.M 2.50 100 

A GI 5 to T15 PS5M.MTI 0.07 0 

X G 17 to T17 PS5M.MT2 0.05 0 

B G4 to T4 PS5M.MT3 0.10 2 

B G I 8  toT18 PS5M.MT4 0.1 1 2 

C G 1 9 t o T l 9  PS5M.MT5 0.18 5 

,A GI to A1 PS5.M.MT6 0.93 3 5 

Ref. DNA BLD 0.05 0 

1 )  see the reference structure at the top; 2) assayed in JOKB buffer at 

15"C, ~ i t h  J1PIX at 33 p%1 and DNA at 5 pM. 



Figure 5-4. DXlS methylation on modified sequences of PS5.M. panels I, 11,111 are 

for mutants PSS31.%lTl, PS5M.XlT3, and PS5M.MT5, respectively; Pane1s.W. V, 

and V I  for PSS.%l4. PSS.%IR, PS5.M4R, respectively. Lane A in each panel was 

carried out in OKB buffer, while lane B in 4OKB buffer. 





b 

It has been reported recently that adenine is able to form "mixed" quartets with 

guanines (Harada & Frankel, 1995). Therefore we designed an oligomer in which G 1 

u a s  mutated to A 1 (PSSM.MT6). We found that an adenine at this position could not 

adequately replace the guanine. The activity level of PS5.MT6 (-36570 activity of PSS.M, 

Table 5- 1, p137) was almost the same as that of PS5.A (-30% of PS5.M). in which GI  
5. 

was completely eliminated. PS5.MT6 also had a similar methylation protection pattern as 

PS5.A (data not shown). rn 

3.3. Evidence from structural manipulations within the quadruplex'core 

The main feature of the proposed model is that i t  has two standard G-quartets at 

b 

the bottom part of the structure and a G-quartet "cap" which separates G I  and G24. In 

addition, the proposed structure is highly symmetrical at the region of the guanine 

quadruplex core. We reasoned that if this structure was correct, the above features would 

permit us to test certain structural manipulations. The first would be to generate a 

reversed sequence of PSS.M, that should also be able to form a similar quadruplex 

itructure and might be catalytic as well. Here, the wording "forward" and "reverse", as 

- t 
used. ha\,e the following meaning: For PSS.M, the "forward" sequence means that the 

q u r n c e  reads 5'-GTGGG TCATf GTGGG TGGGT GTGG-3'; while the "reverse" 

,ctquence means that the original 5' end and the 3' end of the "forward" sequence have 

been su~tched.  The reversed sequence, termed PSS.MR, reads 5'-GGTGT GGGTG 

GGTGT TCATG GGTG-3' (also see Fig. 5-5, on next page). 



Fig. 5-5. Illustration of some structural manipulations for PS5.iM (the middle structure). Reversing 

the 3' end and the 3' end of PS5.M gives the sequence PSSMR. Closing the gap a t  G I 4 2 4  and 

opening a new gap at G17-G18. a t  GI4-GIs,  or  at G3-G4 gives PSS.MZ, PSS.M3, and PS5.M4 (and 

their reversing sequences, structures not shown), respectively. All base numbering is in reference to 

the numbering of PS5.M. 



A second kind of structural manipulation was carried out by sequence . 
permutation, in which the "gap" in the folded structure of PS5.M was moved around the 

quadruplex. For example, the gap between G 1 and G24 could be closed, and a new gap 

opened between G 17 and G 18; between G 15 and G 14; or between G3 and G4 (see Fig. 5- 

5 for demonstration, p140). Of course, every time a new gap is opened, the resulting 

permuted sequences can be synthesized in either the "forward" or the "reverse" 

orientations. For consistency, the "forward" orientation of a given sequence was always 

the one starting with S'GTGGG---- and ending with ----TGG3'. Therefore, the above 

sequence manipulations gave rise also to seven other structural isomers of the wild-type 

PS5.M. All these molecules should in principle be able to form structures similar, though 

not identical, to that of the wild type PS5.M. I f  indeed similar quadruplex structures 

could form, they might be catalytic as well, and would help to reinforce our original 

iolded model for PS5.M. 

We synthesized all eight oligomers and carried out enzymatic activity assays and 

DMS methylation experiments on them. The results are given in Table 5-2 (p142) and 

Fig. 5-4 ( ~ 1 3 8 ) .  As expected from the proposed model, the forward sequences, generated 

by openlng the gap at different G connections. all had good metallatioh activity, though 

the htructures with gaps between G 1 and G24 (PSS.M), and between G 17 and G 18 

(PS5.M2), were more efficient than the ones with the gap between G I 4  and G15 

i PS5.M3), or between G3 and G4 (PS5.M4). The relative activities of these oligomers 

had the follow~ng order: PSS.,M > PS5.M2 > PS5.M3 > PS5.M4 (Table 5-2. pl42).  



In  the footprinting experiments with DMS on the above four sequences, a11 

wanines in the putative quadruplex cores showed protections against methylation, as 
w 

illustrated in PS5.M (Fig. 5-3, panel VI, p134) and PS5.M4 (Fig. 5-4, panel IV, p138). 

The data indicated that they all indeed formed G-quadruplex structures, as expected. 

Once again, these data supported the folded structural model we proposed in Fig. 5-2 

Table 5-2. Catalytic activity of sequences derived by structure manipulation within 

quadruplex (see Fig. 5-5) 
- - -  - ~ 

Gap Sequence Sequence name Rate Relative 
position* orientation (~Mlmin)  activity 
G 1 -G24 forward PS5.M 2.50 100 

G 1 -G24 reverse PS5.MR 0.78 2 9 

G17-GI8 forward PS5.M2 2.20 86 

G17-GI8 reverse PS5.M2R 0.53 19 

G15-G14 forward PS5.M3 0.85 32 

G I s - G I 4  reverse PS5.M3R 0.1 1 2 

G3-G4 forward PS5.M4 0.68 25 

G3-G4 reverse PS5.M4R 0.05 0 

Rt. ference BLD 0.05 0 

DNA 

*These positions are in reference to the numbering of PS5.M 

Among the reverse sequences. PS5.MR and PS5.M2R had reasonably good 

enzymatic activity (Table 5 - 2 ) .  and had strong guanine protection against methylation 

xound the guanine quadruplex core (Fig. 5-4. panel V for PSS.MR, p 138). However. 



PS5..M3R and PS5.MJR were both inactive (Table 5-2). The lack of catalytic activity of 

these two sequences was possibly due to their inability to form stable quadmplex 

htructures. For instance, no significant protection from methylation had been observed 

for any guanine base of PS5.M4R (Fig. 5-4, panel VI, p138). We do not know at this 

point why these seguences were not be able to form the expected ~ - ~ u a d r u ~ i e x  

.r 

structures. 

3.4. Structural modifications at the gap and loop regions 

3.4.1. The "Gap 1-24" 

,, 
The most notable feature of the proposed structural model for PS5.M (see the 

htnrcture of PS5.M shown below) is-e existence of Gap 1-24. To assay the importance 

of this gap, an oligomer PS5 was synthesized in which the original GI  in PS5.M 

was separated from T2 but connected with G24 (see Fig. 5-6). Therefore, the new 

sequence PS5M.BK. 1 was expected to form a quadruplex structure without the original ' 

With the gap closing, the catalytic activity of PS5M.BK. 1 was significantly 

decreased, i t  had only 25% of the activity of PS5.M. Methylation protection data 

indicated that PS5M.BK. 1 formed the expected quadruplex structure, as all the guanines 

In the quadruple~core were protected from methylat~on (Fig. 5- 10, p 148). The data were 
* & 

&& 

\ 

not only supportive of our proposed structural model, but also showed the Importance of 
P 

the eulhtence of the "Gap 1-24". 



Gap closing 

 break GI-T2 
connect GI-(;?a) 

Relative actlvlty: PS5.M: 100 
PS5M.BKI: 26 

Fig. 5-6. The structure manipulation of PS5.M: The closing of "Gap 1-24". 

3.4.2. The loops 

In  the proposed model of PSS.M, there are four loops: Loop I and Loop 2 rue 

both one-T loops; Loop 3 have three bases (TGT); and Loop 4 is the biggest, which 

contains 7 bases. How important are these loops? Might the sizes of these loops be 

changed without loss of metallation activity? To address these questions, we synthesized 

and tesred a series of short DNA oligomers. The following summarizes our findings: 

( ! )  The optimized size of loop 4 is not necessarily 7 bases. With the deletion of 

four bases (C7, A8, T10, G1 1 ,  as in PS5M.Short: structure shown in Fig. 5-7, p145), the 

c~talvt ic  act~vity increased by 20%. 

( 2 )  Both loop 3 and loop 4 could be shortened even further, into one-T loops. 

The s s u l t ~ n g  16-nucleotide sequence PS5.LMIN could still function as an effective 

idt l t l~st  for porphy r in  metallation, having an activity level comparable to that of PS5.1hl 

(-40% of PS5.M). This finding completely ruled out the possibility that the enzyme's 

active \ite m~ght be located at these two big loop regions., 



____) 

Deleting T6, 
T12, T20, T211 

Fig. 5-7. Structural modifications at loop 3 and loop 4 of the model for 

PS5.M. 

b ( 3 )  The one base Loop 2 in the proposed model of PS5.M appears to be very 

critical for the enzyme activity. It can not, for example, be changed into a loop of larger 

\ize. For instance, if this loop was changed to a TTT loop, the activity of the resulting 

wquence (Three-T.loop, 2s shown In Fig. 5 - 8 )  dropped very sharply. 

Changing Loop 2 
from T to T I T  

Relative activity: 
PS5.M : 100 

Three-T.loop : 11 

Fig. 5-8. Jlodification of Loop 2 of the proposed PS5.M structural model. 



3.5. A quadruplex structure made up of two G-rich molecules 

All DNA molecules we have tested this far were the sequences designed to form 

unimolecular quadruplex structures. We were interested in determining whether PS5.M 
t 

could be broken into two molecules that together formed an intermolecular quadruplex 

structure. To do so, we designed two oligomers by breaking Loop 3 of PS5.M at A8 and 

T9 and by adding four more bases (AGCA) after A8 and three more bases (TGC) before 

T9. so that a stem of 6 base-pairs could form in theory to bring the two molecules 

together in a structure as shown in Fig. 5-9. 

Fig. 5-9. Putative quadruplex structure formed by PSS.PI (shown in italic) and 

P S 5 . n  (shown in bold). The numbering is in reference to the numbering'of PS5.M. 

The data In Table 5-3 (next page) and Fig. 5-10 (panel IV and V. pl48) clearly 

,houed that the two broken p m s  did form the putative structure as shown in Fig. 5-9. and 

k 

t h ~ t  this b~molecular quadruplex did maintain some catalytic activity--though this was 

t ' ; l ~ r l  ~ ~ e a k .  The catalysis and strong guanine protection could only be realized when the 

t ~ i o  \ubun~ts of the htructure uere comb~ned. Due to the fact that the format~on of the 



enzyme structure was a bimolecular association process, both ~ncubation time and 

oligomer concentration had direct effects on the enzyme activity: The activity increased 

with increases in both the pre-incubation time and of the DNA concentrations (Table 5- 

3 ) .  The catalytic activity, however, levelled off at -0.25 pMImin, which is much smaller 

than that of the unimolecular structure of PS5.M (2.5 pM/min). 

Table 5-3. Catalytic study on the intermolecular quadruplex structure formed by 

PS5.Pl and PS5.P2. 

Concentration of Concentration of Incubation time V (pM/min) 

PSS.Pl(pM) PS5.P2 (pM) (hours) 

The data shown In Table 5-3 are consistent with the DMS protection results 

z h o u n  In Fig. 5 -  10. panel IV and V ( ~ 1 3 8 ) .  PS5.PI and PS5.P2 by themselves did not 

\hob htrong suanlne protsctlons, but the mixture of the two molecules gave ful l  

protection tor the guanines in the putati1.e quadruplex core. 



Figure 5-10. DlLIS footprinting on PS5M.BK.l. PS9.ST1, PS19.ST1, PSS.Pl, and 

PS5.P2. Panels I, 11, and 111 are for PSSM.BK.1, PS9.ST1, and PS19.ST1, 

respectively. For each panel, lane A is the DMS methylation performed in OKB 

buffer, lane B in 4OKB buffer. Panel IV for PS5.P1, lane A PS5.Pl in OKB, lane B 

PS5.Pl plus PS5.P2 in OKB, lane c PS5.Pl plus PS5.P2 in 40 KB (PS5.PI was "P- 

labeled but PS5.P2 was not). Panel V for PS5.P2, lane A PSS.P2 in OKB, lane B 

PS5.P2 plus PS5.Pl in OKB, lane C PS5.E plus PS5.Pl in 4OKB (PS5.E was ''P- 

labeled but PS5.PI was not). The guanine labeled with an arrowhead in each panel 

corresponds to the guanine underlined in the sequence given in Fig. 5-1 (p131). 
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3.6. 0ther.catalytic aptamers from the final selection pool 

We have described earlier that among the binding site sequences from the PS 

f u n ~ l y  of clones, 30% of the sequences were not catalytic (catalytic rates at <O. 1 

pM/min): 45% were weakly active (from 0.1 pM/min to 0.3  pM/min, data not shown); 

and only 25% were strongly active. Table 3-3 of Chapter 3 (p88) gives the sequences of 

' those catalytic oligomers and their catalytic rates. 

Interestingly, footprinting data suggested that all these active sequences could fold 

into guanine quadruplex structures similar to that of PS5.M. Fig. 5- 1 1 shows the putative 

guanine quadruplex structures for PS9.STl (left structure) and PSl9.ST1 (right structure); 

their DMS protection patterns are given in Fig. I0 (panels I1 and 111, pl48). However, 

these structures do show some variations in the region of Loops 1 ,  3 and 4, which regions 

have already been shown to be less important than Loop 2, which has to be a one-base 

loop. These data again supported the model proposed in Fig. 5-3 (p133). 

Fig. 5-1 1 .  The structure models for PS9.STl and PS19.STl. The DbtS methylation 

results are given along the structures. One filled circle: medium protection towards 

DJ1S methylation; two filled circles: strong protection. 
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The fact that the binding sites of all the selected catalytic clones are very G-rich 

and fold to form guanine quadruplexes as their active structures raises the question of 

whether the catalytic DNA sequences for porphyrin metallation need exclusively to be G- 

quadruplexes. or whether other, non-quadruplex, catalytic sequences may exist but may 

f 

not get selected'under conditions in which G-quadruplex structures are favored during 

helection (especially in the presence of potassiumions). This would be an interesting 

subject for future investigation. 

3.7. Converting non-catalytic aptamers and the thrombin gptamer into catalytic 

DNA sequences , - a% 

. - 
PS2.STI and PS5.ST1, derived as the porphyrin-binding sites of clones PS2 and 

PS.5. respectively, showed a sharp contrast among one another: PS2.STl was very 

weakly active whereas PSS.ST1 was strongly catalytic (see Chapter 3). Nevertheless, . 

-., 

PS2.STI has been shown to bind NMM wjth submicromolar affinity (Chapter 2, p53). 

Why could PS2.STI bind NMM but not be able to catalyze porphyrin metallation? This 

same question could also be raised for other noq-catalytic aptamers. 

When we tried to fi t  the PS2.STI sequence-to the model shown in Fig. 5-3'(p133). 

we realized that i t  only can at'best form Quartets A and B, but not Quartet C (as shown in 

Fig. 5- 12, p 15 I .  left structure), because i t  lacked one guanine base necessary for the 
1 

formation of the bottom quartet. We'reasoned that if this G was now incbuded, the ~ 

R 

result~ng new hequence should be catalytic. h new oligomer. named PS2.M. was 

5)ntheslrsd. in which this crucial G was introduced, along with the introduction of one T 



each for Loops 3 and 4 (to make these two loops more stable), such that the resulting 

sequence might form a quadruplex structure as shown in Fig. 5-12 (right structure). The 

catalysis data are given underneath each structure and the DMS protection on guanines 
\ -. 

are also indicated by dots alongside each structure (the actual footptinting data are also 

shown in Fig. 5- 14, panel I and 11, p 155). 

No protection 
0.1 1 pM/min 

Fig. 5-12. Converting the noncatalytic sequence PS2.STl into the catalytic sequence 

PS2.M. The rates given underneath each structure were obtained in 40KB buffer. 

One filled circle: partial protection towards DMS methylation; two f - e d  circles: 

strong protection. 

With these modifications, the catalytic, activity changed dramatically; i t  went up 
0 

from almost no activity for PS2.ST 1 (0.1 1 pM/min, 0.05 pM/min for background) to a 

5, 
h~gh level of catalys~s by PS2.M ( 1.25 pM/mm), a react~vity jump of 20 tjmes. 



As for the DMS protection experiments, we had reported earlier that in both - ' 

% 

.<;, PS2.STI and its parent sequence PS2, some guanine bases only got protected in  the 

'presence of NMM (see Chapter 2); whereas without NMM, there was no sign of 
a 

protection on any guanine of PS2.STl (Fig. 5-14, panel 1, p155). But in the case of 

PS2.M (Fig. 5- 14, panel 11) as well as all of the other catalytic oligomers described in this 
-. 

work, the quadruplex structures were always pre-folded, without any help of NMM (the 

only promoter for structure formation being the potassium ion). Therefore, I would like 

to propose here that the pre-fotding of the quadruplex structure is requisde for the 

eventual catalytic activity of an oligomer ($though not all pre-folded quadruplexes are 

c'atalytic, such as 0XY4 and other telomeric sequences). I propose that only a catalytic 

sequence like PS5.M. with a pre-folded active quadruplex structure and with its active 

site ready for action, readily takes a porphyrin substrate into the binding site, deforms it ,  

and turns i t  into a product after an effective collision with a copper ion. 

'4s for sequences like PS2.ST1, they can not f o m  stable quadruplex structures by 

themselves. Instead, NMM has to be present to initiate DNA folding. In other words, the 

presence of NMM induces the folded structure formation by those sequences (as seen in 

Chapter 2 ) .  However, a planar porphyrin like MPLX, sufficiently different structurally 

from NMM, can not work as a structure "inducer" for those sequences. Significantly, 

there is also not much stable quadruple structure formation (as defined by DMS 
# 

protection) for these sequences in  the presence of MPIX (see Chapter 2).  Therefore these 

sequences could not function as a catalyst for porphynn metallation. 



We also focused our attention on the "thrombin aptamer". This 15-nucleotide G- 

rich sequence (named TM in this thesis), was obtained by Boch et a1.(1992), through an 
I C 

in 1.itro selection experiment from a random DNA library. TM bound protein thrombin 

with nanomolar affinity . X-ray and NMR studies have shown that TM forms an 

f 
intramolecutar quadruplex structure (shown as the first structure in Fig. 5- 13). However, 

Thrombin aptamer 
TM 

Modifled thrombin aptamcr 

TM 1 
Slodlfled thrombtn aptamer Modlfled thrombln aptarner 

TM.Ml TMM2 

Fig. 5-13. Converting the noncatalytic thrombin aptamer TM into the catalytic 

sequenceTMM2. The rates given underneath each structure were obtained in 

4OKB buffer. One filled circle: partial protection towards DMS methylation; two 

filled circles: strong protection. 

b 
when tested for the catalysis of porphyrin metallation, this sequence did not'show any 

catalytic'activity. We reasoned that TM's lacking the catalytic activity for porphyrin 

metallation was due to the following: I )  I t  has only two layers of guanine quartets but not 

three layers; 2 )  i t  does not have two crucial features on the top portion of the structure 

(compared to the structure of PS5.M): the gap, and the one-T loop (Loop 2). Schultze et 

a1 ( 1994) have made a modified sequence of the thrombin aptamer, in which four more 



guh ines  were incorporated so that the resulting sequence could form a structural analos 
P 

-- of the original thrombin aptamer but with three layers of guanine quartets. The formation 

o f  theexpected structure (shown as the second structure in Fig. 5-13) has been confirmed 
L .a 

by the NMR data (Schultze et a]., 1994). This modified thrombin sequence (named TM2 
8 

. by this author) only showed very weak catalytic activity for prophyrin metallation (Fig. 5- 

13). In our first modification, we synthesized a sequence, named TM.M I :that had a gap 

between the top quartet and the bottom two quartets (shown as the third structure in Fig. 

5- 13). With this small modification, the catalytic activity indeed increased, but not 

dramatically (TM.M 1 was twice as active as TM2, and 9 times as TM). In our second 

modification, we changed the top TGT loop (corresponding to Loop 2 of PS5.M) to a 

pz 
one-T loop. The resulting sequence, named TM.M2, showed a strong catalytic activity 

for porphyrin metallation, with a rate jump of 40 times over the original thrombin 

apcamer. Our DMS methylation data, too, clearly indicated that TM.M2 formed the 

expected quadruplex structure (shown as the fourth structure in Fig. 5- 13, p153; and its 

methylation patterns shown in Fig. 5-14, panel III on page 155). 

The successful derivation of an effective catalytic sequence ( e g  TM.M2) from 

the thrombin aptamer not only supported our structural model proposed for PS5.M 

(hhown in Fig. 5-2 ,  p133), but most importantly, the structural information obtained on 

the thrombin aptamer by X-ray and NMR studies (Schultze et al., 1994; Macaya et al., 

1993: Padmanabhan et al., 1993; Wang et al., 1993) helped us to elucidate the 

catalj~t~cally active quadruplex structure in a more detailed way (see Section 3.10). 



Fig. 5-14. DXlS methylation data for PS2.ST1, PS2.34, TMM2, PSS.ST1, and 

PS5.D. Panel I, 11, 111, and V are for PSZ.ST1, PS2.M. TM.MII, and PS5.D. 

respectively. Lane A is in OKB buffer, lane B in 40KB. Panel IV is for PSS.ST1, 
- lane A is in OKB buffer, lane B in 40KB buffer, lanes C and D also in 4OKB buffer 

but containing 50 phl NMM and 50 pM ,MPIX, respectively. 
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3.8. DMS Footprinting of PS5.M with and without the presence of NMM and MPIX 
i 

As pointed out above (p  152), quadruplex formation by PS5.M and other cutal?tic 

wquences is mediated by potassium ions and without any help by NMM or MPIX. It is 

useful, however. to examine how NMM and MPIX affect the formation i sd  stability of 

the'folded structure. Therefore, DMS methylation experiments were carried out to detect 

guanine protection patterns of PS5.ST1, with and w~thout the added NMM and MPIX. 

The result is shown in Fig. 5-14, panel IV (p 155). j., 

The methylation pattern of PS5.STl did not change significantly with the Input of 

e~ther NMM and MPIX. However, there were some noticeable changes in the 

methylation patterns of PS5.STI by the added NMM or MPIX. A few guanines (such as 

G4, G 14, G 16) gained extra protection from methylation, whereas protections on 

guanines at 3, 5, 13;15, 17 were reduced (compared to the footprints obtained in the 

absence of the added porphyrins). We will discuss these results later in Section 3.10. 

i 

3.9. The activity of PSS.ST1 versus that of its parent sequence PSS--a structural 

explanation 

We have reported that though PS5.ST1 had strong catalytic activity for porphyrin 

metallation, its parent sequence PS5 had only weak activity (<I0 % of PSS.STI, see :. t 
7c 

Chapter 2 ) .  We have suggested in Chapter 4 (p102) that the differences in catalytic 

capability by PS5.STI and PS5 may be due to the following two reasons: 1 ) PSS.STl&nd 

PS5 may fold differently to give guanine quadruplex structures that are not identical to 

each other; or 2 )  the sequences outside of the PS5.STl domain within PS5 may prevent 



this catalytic domain from functioning catalytically. By carefully examining the sequence 

of PS5, we hypothesized that PS5 could have two folding patterns, as shown in Fig. 5- 15. 

For the parent sequence PS5, type I1 folding has to be dominant, because this type of 
I 

folding will result in a structure not only containing a guanine quadruplex domain, but 

also having a long continuous stem region ( 1  2 b.p.); whereas in the type I folding this 

. {tern region is reduced to 5 base-pairs. Therefore, type I1 folding would give a more 
4 

stable structure for the whole molecule of PS5. Our methylation data on PS5 were 

Typo Il folding < 
,$$*-GI 1Wg% t= 

12 b* m 1 . m  mqha h C@E#)+TAGA GCTGTGAC 

49 GATCL'CCCATCT TGACGCTG 
f < q,----  GC 

/ 

Fig. 5-15. Two folding patterns of G-rich region of PS5. Both patterns can give rise 

to a quadruplex structure which bind to NMM, but only Type I folding,results in a 

structure highly catalytic for porphyrin metallation. 



with the type I1 folding since G3, G4. G5 were not protected while G27 and G28 were 

protected (along with other guanines in the quadruplex core, see Fig. 2-4, p58). On the . 

other hand, PS5.STI adopted type I folding, as suggested by its DMS methylation data 

P 
(Fig. 5-3. panel I ,  p 134), which showed that G27 and G28 were not'protected. The fact 

that PS5.STl adopted the type I folding suggested that the guanine quadruplex portion in 

type I folding was more stable than that in type I1 folding. 

The proposed type I-type I1 folding patterns for PS5 were also consistent with the 
d 

catalytic data on the other deletion mutants of PS5, such as PS5.M, PS5.K, PS5.L, 

PS5.Cut. and PS5.D. PS5.M, PS5.K and PS5.L could only adopt type I folding (due to 

the deletion of G27 and G28, Fig. 5-16), and their activities were at the same level of 
S 

PS5.STl. On the other hand, PS5.D could only adopt type I1 folding (Fig. 5- l6), which 

showed only low level of catalytic activity. As expected, sequence PS5.Cut behaved very 

much like its parent sequence PS5, and had only very weak activity (Fig. 5-16). and the 

guanines in the putative stem region were not protected from methylation. 

To confirm that theguanine quadruplex portion of the type I1 folding are indeed 

capable of porphyrin binding, PS5.D (a 2 1 mer, which corresponds to the quadruplex 

region of PS5 in the type I1 folding, see Fig. 5- 16) was tested for its affinity for MPIX and 

NMM. Although catalytically, PS5.D was much poorer (see above), its porphyrin- 

bind~ng ability was as effective as PS5.M (suggested by our UV-visible absorption data, 

1 

\\ hich will be discussed in Chapter 6). Also, our data from DMS methylation 

experiments were clearly supportive of the idea that PS5.D formed a stable guanine 

quadruplex structure (Fig. 5- 14, panel V, p 155). ' 



1?oT9*s 

T C C  

Relative activity: 

Typc I: 

PSSSTI: 100 
PS5.M: 137 
PS5.K: 106 
PS5.L: 111: 

Typc U: 

PSS: 8 
PSS.Cut: 10 
PS5.D: IS 

Fig. 5-16. Structures of PSS.,M, PSS.K, PSS.L, PSS.Cut, and PS5.D. 

3.10. A discussion on stabilization of the transition state of porphyrin metallation 
J 

by the guanine-quadruplex structure of PS5.M 

Four guanines can form a G-quartet (as shown in Fig. 5-2b, p133; Sen & Gilbert, 

1988, 1990: Williamson et al., 1989; Sundquist & Klug, 1989), in which guanines 

abbociate with each other by hydrogen-bonding in a circular manner. Both porphyrins and 

zuanlne-quartets are large and aromatic systems. A G-quartet has an estimated planar 
L. 

area of - 1 0 )  A' (estimated by the data of Kang et al. 1990) and a central cavity area of 

1 6 ~ ~ ~  r ccntral non-aromatic area); the porphinato core of porphyrins has an estimated area 

of -50A2 and an area of - 8 ~ '  between the four central nitrogens (estimated by the data of 

Sni~th. 1978). Clearly, the porph~nato core of a porphyrinstructure has good potential to 



interact with guanine-quartets via aromatic stacking (n orbital interaction). This sort of 

intercalation has in fact been reported between cationic porphyrins and double helical 

DNA [Reviewed in Pasternack et a]. (1983) and Chaires (1990)], and between ethidium 

bromide and a guanine quadruplex (Gao et a]., 1992). Therefore, it would not be 

wrprising if porphyrins and guanine-quartets interacted via intercalation of a porphyrin 

between two successive guanine-quartets--that is, one porphyrin molecule sitting between 

two layers of guanine-quartets, forming a sandwich-like arrangement. The formation of 

this structure could be driven by n-orbi tal interaction betwen quartet and porphyrin ring. 

Nevertheless, the porphyrin configuration in the transition state of its metatlation 

is not planar, but instead is deformed, with one of the pyrrole rings bent out of the plane 

shared by the other three pyrrole rings (see Chapter I for discussion). 

In order for a quadruplex structure to stabiljze this "bent" transition state. simple 

intercalation is obviously not enough; instead, I would argue that the quadruplex structure 
<- 

has to arrange its guanine~ in a special "deformed" manner, similar to that of the bent 

porphyrin. In other words, two quartet layers sandwiching the porphyrin molecule would 

have to adopt a conformation such that three guanines share one plane but the fourth one 

buckles out of that plane. In this way, six guanines on two parallel quartet planes (three 

on each layer) interact with three pyrrole rings in the porphinato plane, and the two 

buckling guanines Interact with the bent pyrrole ring. The question is: Do guanine-rich 

wquences ha\.t: the ability to form a quadruplex structure with this sort of buckling 



In fact in G-quadruplexes, i t  is a general phenomenon for one or more guanines to 

buckle out of the planes shared by other guanines (Kang et al., 1992; Wang, et al., 1993 a 

& b; Macaya et al.. 1993; Padmanabhan et a!., 1993; Schultze et al.. 1994). For instance, 

X-ray crystallography study on the quadruplex structure formed by 

d(GGGGTTTTGGGG) showed that one guanine is buckled roughly 25 degree from the 

plane of the three other guanine residues (Kang et al., 1992). For the thrombin aptamer, 

X-ray study shows that for the G2-G5-G11-G 1.1 quartet (see Fig. 5- 13, p 153), G 1 1 and 

G 14 are buckled about 15 degree out of the plane of other two guanines (Padmanabhan et 

a]. ,  1993). In an NMR study of the same aptamer, a similar buckling phenomenon was 

- ,  

found for a few guanines on both layers of quartets (Macaya et al., 1993; Schultze et al.. 

1994). Therefore, i t  is reasonable to assume the PS5.M forms guanine quartet structure 

with one or more buckling guanines in i t .  

By assaying the catalytic activity of various short DNA sequences, correlated with 

the DMS methylation data obtained on them, we have concluded that PS5.M folds to 

form a guanine quadruplex structure a s  shown in Fig. 5-2 (p133). We would like to use 

- 1 

the data further to make the following speculations about the structure of the DN.Azyme: 

1 ) The binding site is located between Quartets A and B, and that a porphyrin 

\ubstrate molecule diffuses into this active site by taking the advantage of this "nick" 

c which may also help product molecule to diffuse out of the active site easily). Closing 

r h ~ s  gap u~ll result in the activity loss (as observed in PS5M.BK. I ) .  

7 )  G 17 and G 18 (or G 14 and G 15) are buckled from the planes of Quartets A and 

t 

B,  respectively, but still parallel to each other. The tilting of these two guanines is mainly 



* 

caused by Loop 2. One-base Loop 2 is absolutely conserved in all the sequences having 

strong catalytic activity, such as PS5.5T1 (and its shortened sequences), TM.MII, PS2.M, 

PS9, PS 19. The release of the stress at this portion will lead to the severe loss of the 

enzymatic activity, as we have observed in such sequences as Three-T.loop. TM.M 1, 

PS5, PS5.D, and some of our weakly active clones (such as PS 18, data not shown). This 

one-base loop is not necessarily T-based, as  A (as in PS 19.ST 1 ) and C (as in PS2.M and 

PS9.STI) have also been obsewed at this position. 

3) Loops 1 ,  3 and 4 play the roles of structural and catalytic "helpers", and 
# 

therefore are less crucial. The sizes of these loops can be varied, and they have been seen 

containing only one base to containing up to seven bases. The extreme case is that all 

four loops are one-T loops (as in PS5.MIN). However, PS5.M seems to have the best 

combination of these loops as it is the best catalytic sequence for porphyrin'metallation, 

derived from the final selection pool. 

4) The binding mode between the DNAzyme and the porphyrin substrate is 

~ntercalation. I t  is most likely driven by K-sr interactions (base-stacking) between guanine 

bases ( i n  Quartets A and 8) andfour pyrrole rings (in the porphinato core). This may 

explain the differences of the DMS methylation patterns of PS5.STI in the presence and 
@ .  

absence of NMM and MPIXT A s  discus-xd earlier. with the presence of NMM br MPLX;. 

cenam guanines have gained the extra protection while others have lost some protection. 

This indicates that after the porphyrin bindin the strength of the hydrogen bonds in the . -h - 
r) 

original quadruplex core has been A c t e d .  From the.studies of the, DNA inteicaliiing 
8 1 

a. 

drugs buch as dpnomycln and ethldlurn with double-helical DNA, i t  has been found that 
1 

8 



the intercalation of those drugs unwinds the DNA helices and causes the separation of 

base-pairs and the lengthening of double helices. For instance, by intercalating 
/ .  

Jaunomycin into the oligomer d(CGTACG), the C:G intercalation site'is opened by 3.4A 

and base-pairs st adjacent sites are unwound by 8 degree, shown by X-ray crystallography 

(Wang et al.. 1987). The changes of th'ose helical parameters are not significant by 

I 

groove-binding drugs. Although there was no report of similar structural studies on the 

intercalating drugs and G-quadruplex, it is not unreasonable to assume that similar 

phenomena also exist for guanine quartet structures, that is, the intercalation of big 

aromatic compounds into a quadruplex structure will most likely result in the following 

structure changes: space opening of the intercalation site, backbone distortions, as well as 

partial unwinding of quadruplex helices. These changes will most likely affect the 

strength of some hydrogen bonds between guanines in the quadruplex core. For instance. 

for a hypothetical guanine quartet made of Gl-G2-G3-G4 (G4 also H-bonds to GI) ,  if the ~ 

intercalation of a porphyrin molecule makes G2 and G3 move a little closer to each other 

while m k e s  G 1 and G4 move away somewhat from each other, the hydrogen bonds 

between G2 and G3 could be stronger due to a shorter distance between G2-G3, whereas 

tho\e hydrogen bonds between G1 and G4 may be weakened due to the distance increase 

between GI -G4. (The free energy loss caused'by this. If there is any, can be compensated 

by the energy gain from the base stacking.). Reflecting in DMS methylation experiment, 

G11 (or G3, dependent on which guanine u s e s ' ~ 7  in the hydrogen bond formation for this 

(32433 pur )  could gain extra protection while GI (or G4) would lose some protection. 



i .  

This, I would like to suggest. is the reason for D m  protection pattern changes of, 
e- i 

PS5.STl when it binds to MPIX or NMM. . - 

With the &ove speculations, we propose a three-dimensional model for the 

guanine quadruplex core of PS5.M, as showh very.schematically in Fig.5-17 ( ~ 1 6 5 ) .  

This highly stressed quadruplex structure, with G 17 and G 18 significantly buckled out of 

Quartets A and B, may provide the means for the DNAzyme to bend the porphyrin 

substrate to the transition state of the metallation reaction. and accblerate the metallation 

rate. 
7 



Fig. 5-17. A schematic drawing of the three dimensional m ~ d e l  proposed for the 

guanine quadruplex core of PS5.M. All guanines in t b  core are shown as a block, 

and the porphyrin substrate, shown as a square structure between the top two 

layers of G-quartets, is in its transition state for the porpliyrin metallation. 





Chapter 6. Spectroscopic Studies on DNA-NMM 

or DNA-MPIX Complexes 

1. Introduction 

In Chapter 5, I proposed a structural model for the porphyrin-metallating 

DNAzyme, on the basis of the kinetic and chemical probing data of PS5.STI and its 

related sequences. We suggested in Chapter 5 that the porphyrin substrate MPIX, when 

bound to the enzyme's active site, was bent by the DNAzyme and forced into a 

conformation resembling the deformed transition state for porphyrin metallation. In other 

words, in the DNAzyme-MPIX complex, MPIX might have a deformed porphinato ring 

structure with different properties from that of the normal planar structure of MPIX (but 
0 

similar to the permanently bent structure of NMM). Investigation of physical properties 

of the DNAzyme-MPIX and D N A Z ~ ~ W N M M  complexes, therefore, seems necessary, 

for i t  might provide useful information regarding the possible mechanism of the catalysis 

. by the DNA enzyme. 
. 

We sought to study and compare the spectroscopic properti& of these complexes. 

Advantageously, porphyrin compounds have very strong ultraviolet (UV)-visible 

d 

absorption as well as fluorescence emission properties. These simple yet ve.ry sensitive 

\pectroscopic methods have been used widely by porphyrin researchers. 

I n  this chapter, I will present some preliminary results on the spectroscopic studies 

of DNA-MPIX, and DNA-NMM complexes. The most interesting finding from these 
b 

\tudies 1s that the DNAzyme-,MPIX complex has a UV-visible spectrum close to that of 



the DNAzyme-NMM complex, but significantly different from that of uncomplexed 
. , a " 

MPIX itself. Further, we four~d that this similarity is the result of an increased basicity of 

-,MPIX. when bound to the DNAzyme. These new findings are consistent with our 

previous hypothesis that the DNAzyme works to deform the planar porphyrin substrates 

for the rate acceleration of their metallation. 
.$  

C 

2. Material and methods 

All ultraviolet-visible absorption measurements for both MPIX and NMM were 

carried out in a dual-beam Cary 3E UV-Visible Spectrophotometer, at 20•‹C. 

Fluorescence measurements were carried out in a SLM 4800C Spectrofluorometer, at 
. > 

room temperature. 0 

2.1. Titration of MPIX and NMM absorptions with nonionic detergents 

2 p M  MPIX solutions [diluted from 100 pM stock solution in 40KB buffer (100 

rnM MES. 5 0 h ~ ' ~ r i s .  40 mM potassium acetate. 0.25% Triton X- 100. I % DMSO. final 

pH 6.2)] were individually made in 30l@n buffer (which contained all the components of 
6 

4OKB buffer except the Triton and the DMSO) containing different concentrations of 

either Triton X- 100, Tween 20, or Nonidet P-40. These solutions were scanned over the 

wavelength range of 300 to 700 nm. Various concentrations for e k h  detergent were 

rested to determine the detergent concentration at which MPIX started to give their 

saturated absorpt~on profiles. 



2.2. Porphyrin absorption in the presence of various DNA oligomers j 

Experiments for the comparison of the effects of various DNA oligomers on the 

absorption spectra of MPIX were carried out using solutions containing 1 pM MPIX and 

lo ~ M D N A .  

For the titration bf MPIX absorption by increasing concentrations of PS5.M. the 

MPIX concentration was fixed at I pM while the PS5.M concentrations were at 0, 1 .  3, 5, 

7, 9, 12, 15, 20, 30, 50, 75, 100, 150, 200, 250, 300, and 366 pM. The solutions were 

prepared as follows: DNA was first incubated in 40KBn buffer for 20 minutes, then 

MPIX was introduced (from 100 pM stocks in 4OKB). The mixtures were incubated for 
\ 

- 10 minutes before the.measurements were taken. MPIX was added last to minimize its 

dimerization in water. 

For the titration of NMM absorption by PS5.M. DNA concentrations were tested 

up to .20 pM while NMM was fixed at I pM. 

2.3. pH titration 
* * 

Buffer solutlo~s with'different pH values were made as follows (using the 

\tan.dard methods): pR 1 .O-2.8 were buffered by HCI-NaCI; pH 2.0-3.6 by glycine-HCI; 

pH 3.7-5.6 by sodium (or potassium) acetate-acetic acid; pH 5.8-8.0 by Na2HP04- 

NaH2P04 (or their potassium salts); pH 7.0-9.0 by Tris-HCI; pH 8.6- 10.6 by glycine- 
c 

NaOH (or KOH): p ~ ' ~  1 .O- 12.0 by Na2HP04-NaOH; and pH 12.0- 13.0 by NaOH-NaCI. 

All the buffet solutions contained either I00 rnM K' or 100 mM Na'. Potassium ions had 

to be used for PS5.M (for the structural folding of PSS!M), while sodium ions had to be 



. fl 

used for SDS solutions (SDS precipitates in the presence of low potbsium 

concentrations). While the porptjyrin-Triton or the porphyrin-SDS solutions were tested - t 

for the entire pH range from 1.0 to 13.0, porphyrin-PS5.M solutions weie only tested at 

the range from pH 4.0 to pH 10.0. .NMM concentration was at 3 pM, MPLX 

concentration at .I pM, PS5.M concentration at 20 pM (80% binding saturation for 1 plM 

MPIX), Triton X- 100 at 0. I %, and SDS at 1 %. 

3. Results and discussions 

3.1. Detergent effects on the solubility and UV-visible absorption properties of 

'&!PIX and NMM 

3.1.1, MPIX 

MPIX is a very hydrophobic molecule, and has very low solubility in water or in 

buffered solutions around neutral pH. In addition to the low solubility, MPLX and other 

, hydrophobic porphyrins and their metallo-derivatives tend to aggregate by forming 

d~mers or polymers in aqueous solutions (Brown & Shillcock. 1976; Brown & 

Hutzikonstantinou.1978: ~ r o w i  et al.. 1980: Kams et a].. 1979: Margalit & Rotenberg, 

1983; Mazumdar & Mitra, 1990). For instance, MPLX starts to form dimers at 

.wncentrations as low as 0.05 pM (Margalit & Rotenberg, 1984). However, these 

2 
problems have been overcome by the inclusion of detergents in  assay buffers (Falk, 1964; ' 

4 

1. Smith, 1975 

,/' 

). The detergents can be anionic (such as sodium dodecyl sehate--SDS 

/ 

?3 

*. 



cationic (e.g. cetyl trimethyl ammonium salts), and nonionic (e.g. the Tween and Triton 

series). As discussed in Chapter 4, nonionic detergents such as Triton X- 100 and Tween 

20 have been widely used in ferrochelatase assays to solubilize and monomerize 

hydrophobic porphyrin substrates (Pora and Jones, 1963; Falk, 1964; Smith, 1978; Li et 

al., 1987). 

We investigated the effects of the nonionic detergent Triton X- 100 on the 

absorption of MPIX. The solubility df MPK in 40KBn buffet (see Material and methods 

section) was extremely low. For 2 ~ M ' M P I X  in 40KBn buffer, no absorption could be 

detected even at the Soret region after the splution had been centrifuged at 13,000 rpm for 

30 minutes. The solubility of MPIX increased with increasing Triton concentrations - 
(reflected. among other things, by the fact that higher and tkiher absorption intensities 

could be measured for the supernatants following 30-minute spin of MPIX-Triton 

mixtures). Fig. 6- 1 (p171) shows that the absorption intensity of MPa-Triton solutions 

increased w~th  the Triton concentration in both the Soret region (-400 nm) and the visible 

region (peaks I-11-111-IV between 500-700 nm; these peaks were named according to 

Smith. 1975). The absoiption intensities reached saturation at a Triton concentration of 

0.085%; and at this concentration; also no MPlX precipitation (detected by 

centrifugation) was  observed (data not shown). 

We also tested the solubility and the absorption of MPIX with other nonionic 

detergents: Tween 20 g ~ d  Nonidet P-40. Both had the similar effect as seen with Triton 

X-  100 (data not shown). 
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Fig. 6-1. Absorption spectra of bfPIX with increasing detergent concentrations. ( a )  

Absorption spectra from 350 to 650 nm; (b) the region from 500 to 650 nm. MPIX 
/ 

( 1  pM) was titrated in 40KBn buffer with the following Tri)on conce'ntrations:D, 



3.1.2. NMM 

Unlike MPIX, NMM is both more soluble and less aggregated in water and in 
.,, 

buffered neutral solutions. For instance, no precipitation was detected in the 40 KBn 
4 

solution containing 1-5 i~ NMM. Nonionic detergents such as Triton X-100 and Tween 

20, tested up to 0.1% (wlv), showed no significant effect on either the solubility or the 

ad;6rption of NMM within this concentration ringe (data not shown). The higher 

solubility of NMM in the neutral aqueous solutions is most likely due to the increased 

basicity of NMM compared to that of MPIX (see Chapter 1 and also discussion below). 

At neutral pH, NMM exists mainly in a monoprotonated form and has a positively 

charged center. The protonated NMM interacts more strongly with water, and this results 

in an increased solubility of NMM over MPIX. B 

3.2. Effects of PSS.ST1 and other DNA oligomers on the solubility and absorption 

of MPIX and NMM 

3.2.1. MPIX with PSS.ST1 and control DNA oligomers 

Fig. 6-2 (p173) shows the absorption spectra of MPIX alone and in the presence 

of I0 pM of PS5.STI (the catalytic DNA); BLD (a noncatalytic control DNA): and % 

OXY4 (a noncatalytic but G-quadruplex-forming DNA sequence, see Chapter 3) in 

4OKBn Buffer (which contained no detergent).' While BLD and 0XY4 had no effect on 

the absorpt~on of M P R ,  PS5.ST 1 signif' antly enhanced the intensity of the Soret band f 
of MPIX. suggesting that P S S . S T I ~ ~ S  a strong and specific interaction with MPIX. To 
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Fig. 6-2. Ab,sorption spectra of XIPIX as affected by the presence\of different DNA 

oligomers. ( a )  The absorption spectra (in 4 0 ~ ~ n )  from 350 to 650 nm in the 

absence of DNA oligomers, in the presence of the control oligomers BLD and OXY4, 

and in the presence of the catalytic sequence PS5.STl (for the sequences of those 

oligomers, please refer to Fig. 4-1 of Chapter 4, p103). (b) The region from 480 to 

680 nm. MPIX was at 1 pM, DNA concentration was at 10 pM. 
# 



demonstrate that MPIX bound to PS5.STI. we rechecked the absorption spectra of all the 

samples following a 30-minute centrifugation at 13,000 rpm. Solutions containing either 

no DNA or ihe control DNA (BLD and OXY4) had no Bbsorption after the spin. For 

-* 

contrast, - 70% absorption intensity (compared to that before the centrifugation) 

remained in the solution containing PS5.STI. We also observed similar enhancement for 

the solubility and the absorption intensity of MPIX by the other catalytic sequences, such 

as PS 19.ST1, PS2.M, TM.M2 (data not shown, for their sequences, see Chapter 5). 

In addition to the intensity change in the Soret region, we also observed spectral 

shape changes, in both the Soret and the visible regions of MPIX-PSS.STI, compared to 

the spectrum of MPIX iftetf. In the Soret region, the MPIX suspension ( in  the absence of 

detergent, whether alone or in the presence of the control DNA oligomers BLD and 

OXY4), had a broad peak between 370 to 500 nm (possibly due to the dimerization or 

aggregation), while the PS5.STI-MPIX complex had a distinct absorption maximum at 

399 nm. In the visible region, the MPIX absorption spectra in the presence of either no 

DNA or the control DNA sequences had no differences, whereas the MPIX-PSS.ST1 
, 

complex gave a completely different absorption pattern (an A-B-C pattern, qamed by this 

1 
,~uthor). These data helped to support two conclusions we had made in previous chapters 

of this thesis, that the catalytic DNA sequences (such as PS5.STI) have highly specific 
C 

~nteractqns with porphyrin substrates; and that not every guanine quadruplex structure is 

* 
cdpable of catalyzing porphyrin metalhtion. 

Interestingly, the MPIX-PS5.STIspectrum also differed significantly from that of 

J1PIX-Triton solution. I n  the Soret region, MPIX-Triton had a maximum absorption at 9 



.+\ 
.*'. 

I 

399 nm and a smaller shoulder peak at 375 nm, while PS5.STI-MPIX solution had only 

one single peak at 399 nm, with no shoulders. In the visible absorption region, MPIX- 

Triton had peaks at -5 10 nm (Peak IV), -540 nm (Peak III), -570 nm (Peak II), and -630 

nm (Peak I). The intensity of these peaks decreased in the following order: IV > 111 > I1 > 

I (see Fig. 6- 1 ,  p 17 1 ). All of these peaks were significantly changed for PS5.ST I -MPIX, 

which a distinct A-B-C peak pattern was observed (Fig. 6-2, p173). These new peaks 

appeared either at new wavelength posi'tions,or with different intensities (for a direct 

comparison of the two patterns, see Fig. 6-6 in Section 3.3, p181). 

Fig. 6-3 (p176) shows the absorption spectra of 1 pM MPIX titrated with various 

concentrations of PS5.M. It shows very convincingly that PS5.M had a profound 

influence on the absorption of MPlX in both the Soret and the visible regions. In the 

Soret region (Fig. 6-3a), the broad peak of MPIX formed a distinct peak at 399 nm, 

whose intensity increased with PS5.M concentration. This Soret band reached a complete. 

saturation of intensity at a PS5.M concentration of 100 pM (also see Fig. 6-9b). In the '' 

visible (480 to 650 nm) region (Fig. 6-3b), the pattern of absorption peaks completely 

changed. 

Interestmgly, the changed absorption pattern of MPIX after binding to PS5.STI 

(or to PS5.M) was very similar to that of the NMM-PS5.STl complex (or of NMM 

alone). This similarity will be discussed in Section 3.3. 
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Fig. 6-3. 11PIX absorption spectra titrated with increasing PS5.M concentrations. . 
( a )  The absorption spectra (350 to 650 nm) of MPIX (1  ph l )  in 40KBn buffer a t  

PS5.%1 concentrations of 0, 1,3, 5 ,7 ,9 ,  12, 15, 20,30,50,75, 100, 150, 200, 250, 300, 

and 366 p%1. ( b )  The 450 to 650 nm region. For simplicity, only the spectra at 

PS5.%l concentrations of 0. 1, 3 ,5 ,7 ,  12, 20, and 50 ph are  shown. 



3.2.2. MPIX with PSS.ST1 plus Triton 

Experiments were performed to assay the effect of Triton X- 100 on the absorption 

spectra of PS5.STI -MPIX complex, in which the absorption of MPIX-PS5.STl complex 

was titrated at various concentrations of Triton X-100 (Fig. 6-4,p178). With t h e  

introduction of Triton into PS5.ST I/MPIX solu!ion. the absorption spectra changed to the a 

\ 

pattern characteristic of Triton-MPIX spectra: A hhaller shoulder peak appeared at the 
\ 

left hand side of the Soret maximum, and a I-II-III-IV peak pattern was seen in the visible 

region (see Section 3. I ) .  These results indicated that Triton X- 100 molecules compete 

with PS5.STI for MPIX binding, and was consistent with our earlier kinetic data that 

Triton had the negative effect on the catalytic rate of metallation (see Chapter 5). The 
\ 

high hydrophobicity of MPIX is probably responsible for the transfer of MPIX from the 

DNAzyme's active site (less hydrophobic) to the Triton miqlles (more hydrophobic). 

3.2.3. NMM-PSS.ST1 complex 

Fig. 6-5 (p179) shows the spectra of NMM and the NMM-PSS.STI complex. 

PS5.STI had also affected the absorption of NMM. In the Soret region, the peak 
F 

maximum shifted about 5 nm to the red, with the small intensity change. However, there 

was a noticeable change at the left hand side of the Soret band. A shoulder peak from the 

NM,M spectrum disappeared in the PS5.STI-NMM complex. In the visible region, we 

observed that PSS..STl enhanced the intensity of the maximal absorbance at 570 nrn and 

6 15 nm. butadid not change the peak patterns from those of NMM alone. This stands in a 

marked contrast to the pattern change of MPIX absorption by PS5.STI. 
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Fig. 6-4. Triton effects on the absorption spectra of MPIX-PSI.SI'1 complex. ( a )  

The absorption spectra of PSI.ST1-31PIX. from 350 to 650 nm, titrated at different 

Triton concentrations. PSS.ST1 is at 10 pM, MPIX at 1 pM, and Triton at 0.0.005. 

0.01, 0.015, and 0.020%. ( b )  The region from 450 to 650 nm. 



Fig. 6-5. Absorption spectra of NMM with and without PS5.STl. ( a )  The spectra 

from 350 to 650 nrn. (b )  The 450 to 650 nm region. The scans were carried out in' 

4OKBn buffer with 10 p31 PSS.ST1 and 1 p3I NMX1. 



Also unlike in  the case of the MPIX-PS5.STl complex. Triton did not show any 

4ignlficrtnt effect OR the spectrum of the NMM-PS5.STI complex (tested up to 0. ICc 

Triton X-100, data not show'n). possibly due to the fact that PS5.STI interacts more 

btronely L with YMM than with MPIX; and that NMM is less hydrophobic than MPIX 

because of its increased basicity and the protonation on one of its two imine-type 
u 

nitroge4ls in neutral solutions. 

3.3. MPIX-DNAzyme complex has an absorption spectrum closely resembling that 
* 

of NMM-DNAzyme complex (or NMM alone) 

Fig. 6-6 ( p i 8  1 ) shows the spectra of the monomeric MPIX (in Triton solution); of 

the MPIX-PS5.ST 1 complex; and of the NMM-PS5.ST 1 complex. The spectrum of the 

LIPIX-PS5.STI complex, while very different from that of either MPIX alone and the 

,MPIX-Triton solution, closely resembles the spectrum of the NMM-PSS.ST1 complex in 

L---" ,' 

both the Soret and the visible regions. In the Soret region, the sepectra of both complexes 

were the same. with no shoulder peak observable. In the visible region, the two spectra 

were ;llmost identical. 

Why do the spectra of MPIX-PS5.STI and NMM-PS5.STI resemble each other'? 

b'hrlt are the molecular or structural bases for this spectral similarity'? The answer we 

ivould like to give is that the DNAzyme has indeed done the job being demanded of: 
8 

Bending the ground-state planar porphyrin structure and forcing the porphyrin substrate 

Into transition state. I t  is'because the forced transition state of MPIX is structurally 
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Fig. 6-6. Similarities between absorption spectra of DNAzyme-MP1X and 

DNAzyme-N%IIII. ( a )  The absorption spectra of PSS.ST1-MPIX. PS5.STl-N%1M, 

and 31PIX-Triton, all taken in 40KBn buffer. ( b )  The region from 450 to 650 nm. 

N3131 apd 31PIX were both at 1 pXl, PS5.STI at 10 phl, Triton at 0.025%. 
e 



similar to NMM that the DNAzyme-MPLX complex has an absorption spectrum similar 
* 

6 .  

to that of NMM. 

The above experimental observation is significant in two respects: Not only does 

the data confirm that NMM is indeed a good transition state analog for the metallation of 

! 
MPIX, but most importantly, a direct evidence is observed of an enzyme acting on a 

ground-state substrate and forcing the substrate to change towards the transition state of a 

reaction. These notions are consistent with Pauling's conception that an enzyme catalyzes 

a chemical reaction by interacting more strongly with the transition state than with the 
, 

ground state substrates so that the transition state is stabilized by an enzyme (Pauling, 

One consequence of this proposed bending of MPIX by the DNAzyme is that the 

basicity of the deformed MPIX should increase significantly, a phenomenon paralleling 

that observed in the cases of N-alkylated porphyrins (with permaently bent porphinato 

cores) as opposed to their unsubstituted analogs (with planar porphinato cores) (Lavellee, 

From the examination of the literature, we realized that the spectra of NMM. 

NhIM-PSS.ST1 and MPIX-PSS.ST1 had the exact peak patterns of porphyrin compounds 

protonated at one of the two imine-type nitrogen atoms (the so-called monoprotonated 

porphynn species, see below), while MPIX in the Triton solution had the precise peak 

pattern expected for non-protonated porphyrins This pointed to the possibility that the 

DNAzyme may help increase the pKa value for the monoprotonated of MPIX (this pKa 



value is termed pKm in this thesis). Therefore, we decided to study the pH dependences 

of the different spectral patterns. 

3.4. pH effects on the absorption of NMM, MPIX, and MPIX-PS5.M complex 

3.4.1. Porphyrin protonations and their pKa measurements 

A free base porphyrin (pH2) may accept two protons to its imine-type nitrogen 

atoms to f o p  monocations (PHI') and dications (PJ&"); they could also lose two 

pyrrole-type protons to produce the monoanion (PH-) and dianions (PH' ), as indicated 

by the following scheme: 

P K ~  = ~ K a s  ( p h  : pKa for monoprotonation) 

Neutral porphynns are very weak acids, being reflected by the fact that only very 

htrong bases such as sodium alkoxides are able to remove the two pyrrole protons. Both 

the pKal and pKal were estimated to be at - 16 for etioporphynn (Smith, 1975). 

Porphyrins are weak bases, relatively easy to dissolve in dilute inorganic acids. However, 

measuring the basicity of hydrophobic porphyrins (such as MPIX) in purely aqueous 

solution is not achievable because of the poor solubility of the hydrophobic porphyrins 



and their tendency to aggregate. Instead, pH measurements were made in aqueous * 
detergent solutions.- 

Spectroscopic titration was the main method used for the pKa measurements of 

porphyrin compounds. The absorption spectra of a typical porphyrin has been shown to 

have generalized peak patterns for its neutral (pH2), monoprotonated (PHI') and , 
diprotonated ( p h 2 3  forms. As shown in Fig. 6-7, the PH2 form has a I-II-III-Iv ( four 

peaks) pattern, the P H ~ '  form has an A-B-C (three peaks) pattern, while and P&" has an 

X-Y (two peaks) pattern. The existence of these distinct patterns of peaks for different 

protonated forms of porphyrins makes the pKa measurement by pH titration not only 

possible, but also accurate. 

Fig. 6-7. Generalized absorption peak patterns for non-protonated, rnonoprotonated, and 

diprotonated forms of porphyrin compounds. (Reproduced from Dempsy et a]., 1961) 



For a hydrophobic porphyrin like MPIX, it has been reported that in nonionic and 

cationic detergents, only the neutral and the diprotonated species can be observed when 

the pH was changed (Dempsy et al., 1961 ). For instance, only one apparent pKa value of 

-2 (pKa3 + pK*) was observed for MPIX dimethyl ester. The failure to observe the 

monoprotonted porphyrin species, and the fact of one apparent pKa (pKa3 + p K a )  in 

cationic and nonionic detergents. were attributed to the inability of the micelles in 
3 

stabilizing the positively charged monoprotonated porphyrin forms (Dempsy et al., I96 1 ). 

However, by using an anionic detergent such as SDS. all three species P&", 

pH3', pH2 can be observed (Dempsy et a]., 1961 ; Falk, 1964; Caughey et al., 1966). 
t 

Thus, a pKal of 5.8 and a p K a  of 2.1 were obtained for MPIX dimethyl ester (cited from 

Smith, 1978). The observation of a monoprotonated species in anionic detergent solution 

was attributed to the stabilization of monoprotonated porphyrin forms by the negatively 

charged micelles (Dempsy et al., 1961). b 

AS discussed in Chapter 1 ,  for N-alkylated porphyrins, the alkyl substitution 

distorts the porphyrin pyrrole ring permarfently. The distortion of N-alkyl porphyrins 

exposes the lone-pair electrons on the tilting'pyrrole ring to either metal ions (for 

porphyrin metallation) or protons (for protonation, Lavallee. 1987). Due to the distortion, 
6 

the basicity of N-alkylated porpbynns increased significantly. The pKa values for 
i 

monoprotonated forms of the distorted porphyrins (pKm = pKaz in the following scheme) 

i 

were about several units (typically 3-5, depends on the structures) higher than that of their 

corresponding planar porphyrins, though the pKa values for diprotonated forms (pKa3 in 

the following scheme) were not significantly affected (Lavallee, 1987) 



3.4.2. pKm values of NMM and MPIX under our experimental conditions 

We carried out pH titration experiments to determine the pKrn values of both 

NMM and MPtX since no reported values have been found in literature. 

In order to assay the effect of PS5.M on the pKm of MPIX, we need to obtain 

comparable sets of pKm values of MPIX in the absence and presence ~ ~ P s s . M .  

However, experimentally we faced the following dilemma: without the detergents such as 

Triton, the pKm of MPIX could not be measured, owing to the solubility and 

dimerization of MPIX; whereas in the presence of detergent, the formation of the 

DNAzyme-MPIX complex was severely affected (see Section 3.2.2.) .  Given that the 
4 

pKm for the MPIX/DNAzyme complex has to be measured in the absence of detergents, 

we had to find an indirect way to derive the pKm value for MPIX in the absence of any 

detergent. 

Experimentally, we could determine the pKrn values for the solutions of NMM 

~tself (containing no detergents), NMMISDS, N M m r i t o n ,  MPIWSDS, and 

MPIWriton (all at the same buffer conditions). From the complete set of pKm data of 

N M M ,  the effects of SDS or Triton on NMM's pKm could be determined. With the 

assumption that SDS and Triton have the similar effects on the pKm values of both NMM 



and MPIX, we then can estimated the pKm value of MPlX in the non-detergent solution. 

Fig. 6-8 (p188) shows several of the nmal ized  titration curves from our experiments, 

r 
and Table 6- 1 summarizes the measured pKm values of NMM and MPLX under various 

solution conditions. 

Table 6-1. pKm values for MPIX and NMM in various solutions 

Porphyrin In 0.1 % Triton No detergent In 1 % SDS PS5.M 

MPLX 1.8' NIA' 5.8 6.9 

NMM 8.8 10.9 12.4 >10 

I )  for pKal and pKa4; 2 )  estimated at 3.9-4.3 us~ng  the set of NMM data as reference. 

Both SDS and Triton affected the pKm value of NMM. In 0.1% Triton solution, 

the pKm was lowered by -2 units, while 1 % SDS solution shifted the value upward by at 

least 1.5 unit (NMM absorption in the SDS solution had not reached a complete 

saturation at pH 13). The pKrn changes in detergent solutions may be due to the different 

abilities of these detergents in solvating and stabilizing the protonated NMM. SDS gave 

the highest pKm value since SDS micelles can provide a negatively charged shield to 

\tabilize the pos~tive charge on protonated NMM. Triton rnicelles, on the other hand, are 

not capable of providing this charge-charge stabilization. In addition, Triton molecules 

might affect the ability of water molecules in solvating the positively charged NMM. In 
i 

other words. in Triton solutions, protonation equilibrium was driven towards the side of 

the nonprotonated NMM, and substantial protonation could only occur when tbe pH of 
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Fig. 6-8. The normalized pH titration curves for MPIXITriton, MPI S5.MY NXlXl/Triton, b 
. 3  

NMhl/No Triton. A': normalized absorption readings, with 1 as the saturated absorption 

readings at the higher pH end and 0 as the saturated absorption readings at the lower pH end: 

\IPIX in Triton at 500 (+ )  and 397nm (B); II1PIX-DNAzyrne at  500 (+) and 6Wnm (A) ;  Nhl31 

in Triton at 397 ( 5 : )  and 560nm ( ); N M M  without detergent at  397 (0 )  and 5Hlnm (A).  XIPIX 

was at 1 p31. NMM at 3 pM. Triton X+OO at 0.1 %, PS5.M at  20 phl (where appliable). Other 

conditions are given in >laterial and methods. 



the solution was decreased. y here fore. the pKm of NMM was smaller in the presence of 

Triton. 

Based on the observation that the pKm of NMM, in the absence of detergents, was 

located between that of NMMri ton  and NMMJSDS, we think that i t  is reasonable that 

the pKm of MPIX in the absence of detergents might also lie between those of the pKm 

values of MPIX in the two detergent solutions. In support of this assumption was our 
i 

finding that for NMM. there were 3.6 pH units separating the pKm value of the Triton 

solution from that of the SDS solution, whereas foj MPIX this separation was an almost 

equal 4 units. Given this, we deduce that the true pKm value of MPIX (e.g. in aqueous 

solutions in the absence of detergents) lies between 3.9-4.3. 

3.4.3. PS5.M increases the basicity of MPIX by 2 to 3 units 

The DNAzyme-NMM complex had a pKm of 6.9 (Table 6-1). With the above 

assumption for the estimation of the t g e  pKm value of MPIX (between 3.9-4.3), the 
d 

porphyrin-metallating DNA enzyme seemed to increase the basicity of MPIX 2.6 to 3 

units. This basicity increase is consistent with our earlier suggestion that the DNAzyme 

bends the structure of the planar MPLX. It  is not a surprise to us that the DNA enzyme 

ubes this bending strategy to catalyze the porphyrin metallation. First of all, we showed 

that the selection strategf applied by us succeeded in deriving DNA sequences which 

could recognize the subtle structural differences between the bent NMM and the planar 

MPIX (Chapter 2 ) .  Secondly, the guanine-quadruplex model proposed by us also pointed 

to the possibility that unique guanine quartets, containing buckled guanines in the 



r 

structure, could deform MPIX to allow a maximal K-Jr: interaction between MPIX and 

guanine bases. 

Nevertheless, we do not have direct evidence to allow us to either confirm or rule 

out simple charge-charge contributions for the observed increase of the pKm of MPIX by 

the DNAzyme. This will be an interesting point for future investigation. 

One interesting point raised by the pH titrauon studies is that the pKm of MPIX 

bound to DNAzyme is still a few units lower than that of NMM. This may suggest that 

PS5.M is still not the best possible catalyst for this reaction. It would be inte;esting to 

? 
explore whether a better DNA catalyst could be derived, that could increase the basicity 

of MPlX further towards that of NMM, and therefore show much larger rate - 

enhancements for porphyrin metallation. 

? 

3.5. Catalytic D N A ~  showed much stronger binding to NMM than MPIX 

We sought to measure dissociation constants ( K d ' 5 )  of the DNAzyme-NMM and 
B 

DNAzyme-MPIX comple/xi:s by spectroscopic titration methods. Fig. 6-9 (p  19 1 ) shows 

the changes of absorbance (A-Ao) of both NMM (Fig. 6-9a) and MPIX (Fig. 6-9b) as 

functions ? h h e  concentration of the appropriate DNA sequences. at selected 
'- 

wavelengths. 

For the catalytic DNA sequences PS5.M and TM.M2. A-Ao-vs [DNA] gave a plot 

characteristic of very tight binding mode (van Holde, 1985). The data showed that there 
' 

%.ere two contrasting states of NMM's absorbance change with increasing concentrations 

of the DNAzymes (a t  a fixed NMM concentration of 1 p M )  The first was a pre- , 
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Fig. 6-9. Absorbance change (A-Ao) of NMXl and MPIX versus the concentration of 

various DNA oligomers. ( a )  A-A. (at 380 nm) of NMM (at 1 pM) vs the 

concentration of PS5.31 (+). TX1.512 (a), BLD (A), TM ( X  ). (b) A-A0 (at 399 nrn) 

of 3IPIX (at 1 p\1) vs. the concentration of PS5.M (0 & 01, BLD ( X  ) and Thl (A) .  



saturation state, where A-A. varied linearly with the concentration of either DNAzyme 

(PS5.M or TM.MZ); and. the second, a state of saturation, in which the increase of the 

DNAzyme concentration had no further effect on the absorbance of NMM. In contrast. 

noncatalytic DNA sequences such as TM (thrombin aptamer) and BLD (a purine-rich 

sequence, see Table 4-1, p103) either showed no binding to NMM (in the case of BLD) or 

weak binding ( in  the case of TM). 

Interestingly, A-A. vs [DNAzyme] reached the saturation at [NMM]/[DNAzy(ne] ' 

. . = 2:  I .  A similar conclusion could be drawn from a fluorescence study of the NI&- ' 

PS5.M complex (data not shown). These results tentatively indicated that there might be 

two porphyrin molecules bound per DNAzyme. It would not be a big surprise to us if this 

is indeed the case. The guanine quadruplex structure we proposed could certainly have 
B 

the ability to bind two porphyrin substrates via an intercalation mode, because the 

structure has three layers of guanine quartets. However, more detailed work needs to be 

carried out to confirm this 2:  1 mode of binding. First of all, the quantitation of the 

concentration of the DNA oligomers needs to be assessed meticulously (we used a 

\tandad of 1 OD = 40 pg of single-stranded DNA for the DNA concentration calculation 

for every DNA oligomer). The actual amount of pg DNA per OD most likely varies 

between 30 and 40. This means that the actual molar DNA concentration used would be 

h~gher than that calculated. Secondly. ~t is not likely that every molecule of PS5.M or 

T,LI.,LIZ will fold to form the active structure for NMM-binding. This could lead to 

b~gn~ficunt decreases of the actual DNA concentrations available for porphyrin binding. 



Therefore, we need to precisely quantitate the actual DNA concentration for NMM- 

binding. 

The plot of (A-&) of MPIX versus DNA conceqtration is shown in Fig. 6-9b 

(p  19 1 ). The control oligomers BLD and TM showed no binding to MPIX, while PS5.M 

showed its affinity for MPIX. However, the shape of the binding curve was very different 

from that of PS5.M to NMM. The data indicated that MPIX bound to PS5.M much more 

weakly than to NMM. To have some idea on the affinity difference of PS5.M for NMM 

and MPIX, we fit the data to the following equation developed by Wang et al (1997): 

where [DNAIo and [PIo are the initla1 concentrations of PS5.M and porphyrins (NMM or 

MPIX), and A, Am, A. are the absorbance readings of the sample, totally bound NMM (or 

hIPIX), and totally free NMM (or MPIX). From the curve-fitting, we obtained a Kd of 

5.2 nM k 2.0 nM for the NMM-PS5.M complex, and 6.9 pM f 0.2 pM for the MPIX- 

PS5.M complex. These data suggested that the binding affinity of PS5.M for MPIX and 

NhIhI differed by over a thousand-fold. However, I should point out that these Kd values 

x e  more meaningful qualitatively rather than quantitatively, because the above equation 

is derived for the 1 :  1 binding mode. Nevertheless, the large difference between these two - 
KJ's at least qualitatively suggested that PS5.M had a much higher affinity for NMM than 

for .MPIX. 



- 
4. Summary 

In this chapter. I have described that the MPN-DNAzyme complex exhibits an 

absorption spectrum closely resembling that of the NMM-DNAzyme complex, while 

being significantly different from that of monomeric MPIX itself. We further conclude 
/ 

that this spectral similarity is the result of a pKm increase of MPIX by the DNAzyme, by 

a factor of 2 to 3 units. These data are certainly supportive of our proposal that the 

DNAzyme works by bending the planar MPIX towards its transition state for metallarion, 

in which MPIX has a deformed porphinato core similar to that of NMM. Also, the 

absorption titration data for NMM and MPIX by PS5.M showed that PS5.M bound to 

NMM much more strongly than to MPIX, with a tentative 2: 1 binding mode (two 

porphyrin mececules per DNAzyme). 
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