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DNA-enhanced peroxidase activity of a DNA aptamer-hemin 
complex 
Paola Travascio, Yingfu Li and Dipankar Sen 

Background: In vitro selection (SELEX) previously identified short single- 

stranded DNAs that specifically bound N-methylmesoporphyrin IX (NMM), a 

stable transition-state analogue for porphyrin-metallation reactions. Interestingly, 

iron(lll)-protoporphyrin (hemin) was a good competitive inhibitor for the DNA- 

catalyzed metallation reaction, and appeared to bind strongly to the NMM-binding 

DNA aptamers. We investigated the peroxidase activity of the aptamer-hemin 

complexes to see if the DNA component of the complex, like the apoenzymes in 

protein peroxidases, could enhance the low intrinsic peroxidatic activity of hemin. 

Results: Two porphyrin-binding DNA aptamers bound hemin with 

submicromolar affinity. The aptamer-hemin complexes had significantly higher 

peroxidase activity than hemin alone, under physiological conditions. The Vobs 

of the PS2.M-hemin complex was 250 times greater than that of hemin alone, 

and significantly superior to a previously reported hemin-catalytic-antibody 

complex. Preliminary spectroscopic evidence suggests the coordination of the 

hemin iron in the complex changes, such that the complex more closely 

resembles horseradish peroxidase and other heme proteins rather than hemin. 
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Conclusions: A new class of catalytic activity for nucleic acids is reported. 

The aptamer-hemin complexes described are novel DNA enzymes and their 

study will help elucidate the structural and functional requirements of 

peroxidase enzymes in general and the ways that a nucleic acid ‘apoenzyme’ 

might work to enhance the intrinsic peroxidatic ability of hemin. These aptamer- 

hemin complexes could be regarded as prototypes for redox-catalyzing 

ribozymes in a primordial ‘RNA world’. 

Introduction 
Metalloporphyrins are the active cofactors for a wide 
variety of enzymes and specialized cellular proteins. 
Heme [Fe(II)-protoporphyrin IX] is a cofactor used by 
proteins such as hemoglobin and myoglobin for reversible 
dioxygen binding. Heme also participates in the electron- 
transfer activity of cytochromes. Hemin [Fe(III)-proto- 
porphyrin IX] (Figure la) is the active cofactor for a 
variety of enzymes, such as catalases, which degrade 
hydrogen peroxide, as well as a wide variety of oxidative 
enzymes such as peroxidases and monooxygenases 
(including the cytochrome P450 family) [l]. The iron 
(III) moiety within hemin has a single residual positive 
charge, which is neutralized by an anion, usually coordi- 
nated axially to the iron center. In its crystalline state 
hemin with an axial chloride ligand is generally called 
‘hemin’ whereas the hydroxide form is designated 
‘hematin’. In the solution state however, these terms are 
often used interchangeably [Z-4]. In this paper we use 
the nomenclature of the crystalline state, taking into 
account that the identity of axial ligands to the iron 
centre in solution might change, depending on the pH 
and other variables. 

Peroxidases are enzymes that catalyze the oxidation of 
inorganic and organic substrates at. the expense of an 
assortment of peroxides (ROOH - for example, hydrogen 
peroxide, alkyl hydroperoxides or acyl hydroperoxides 
[5]), according to the following scheme: 

ROOH + AH, $ ROH + A + H,O 

Many peroxidases are heme proteins, and utilize hemin as 
their cofactor. The essential steps of the peroxidatic cycle 
are shown in Figure 2 161. General peroxidase activity has, 
however, been detected in many different heme-proteins 
such as horseradish peroxidase [7], cytochrome c peroxi- 
dase, metmyoglobin, catalase and various cytochrome 
.P45Os (reviewed in [S]). In addition, it has long been 
known that hemin itself, as well as related compounds 
such as deuterohemin or coprohemin, are capable of cat- 
alyzing peroxidation reactions [8,9], although at much 
lower levels than those of hemin-utilizing enzymes, such 
as horseradish peroxidase [lo]. Early studies showed that 
hemin could not only catalyze the decomposition of H,O, 
[ll], but also the oxidation of ascorbic acid [12]. The 
crucial elements of the peroxidation mechanism appeared 
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Figure 1 
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(a) Structure of iron (Ill)-protoporphyrin IX 
(with the iron center capable of axially binding 
two additional ligands). The fifth coordination 
site can be occupied by Cl- or OH-, giving 
respectively hemin or hematin. (b) Structure 
of N-methylmesoporphyrin IX (NMM). 
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to be the formation of primary and secondary complexes 
between hemin and H,O,, which were formed in two con- 
secutive steps. These early kinetics studies were limited 
by complications due to the destruction of the hemin 
through oxidation, however [13-1.51. A further caveat was 
that in aqueous solutions hemin aggregates significantly to 
form dimers and multimers, and that these latter species 
contribute poorly to the overall catalysis [16]. In recent 
years a variety of catalytic species, ranging from ferric salts 
to different metalloporphyrins, have been developed as 
model compounds for peroxidase-like activity. Most 
research has concentrated on horseradish peroxidase 
(HRP) itself (reviewed in [7]), however, and relatively 
little investigation of peroxidase mimics has been made. 
Very recently, an attempt was made to mimic the action of 
protein peroxidases by complexing hemin to amphiphilic 
water-soluble polymers [17]. Two classes of polymer ‘car- 
riers’ were used, of which one, poly(sodium styrene-4-sul- 
fonate-co-Z-vinylnapthalene) (PSSS-N) had, in preliminary 
data, a degree of peroxidase activity (although it behaved 
poorly as a monooxygenase). 

A key point of interest regarding protein peroxidases 
such as HRP has been: what does the apoenzyme 
(protein) component of such an enzyme contribute 
to make it such a superb catalyst (HRP is a diffusion- 
limited enzyme, with a k,,,/K, value of -lo7 M-‘s-l 
[18])? Known contributions of the apoenzyme can 
be classified as follows. First, the protein supplies a key 
axial ligand to the ferric moiety of the hemin. In 
cytochrome P-450s the axial ligand is a thiolate from cys- 
teine (in the fifth coordination position, with the 
sixth open for peroxide binding) [19-241. Peroxidases, 

however, use the imidazole moiety of a histidine residue 
as the axial ligand at the fifth coordination position 
[25,26]. This is similar to the situation in globins; in con- 
trast to the globins, however, the Fe-N bond in peroxi- 
dases is both shorter and stronger, with the imidazole 
having a pronounced anionic or ‘imidazolate’ character 
and better electron donation properties. Second, the 
protein apoenzyme in peroxidases supplies a specific 
physical environment to the bound hemin. Although the 
hemin-binding site itself is undoubtedly hydrophobic, 
important ionizable residues have been identified on the 
distal side of the hemin, and these are thought to assist 
the heterolysis of the O-O peroxide bond [27]. A mecha- 
nistic hypothesis has been developed in which such ion- 
izable groups are positioned in a precise stereochemical 
arrangement for participation as proton donors and 
acceptors, for neutralization of the developing charge 
density on the hemin, as well as for for stabilization of 
the higher valence states of the hemin iron [S]. Also, a 
distinct, distal histidine residue serves as both proton 
acceptor and donor to the peroxide oxygens, and an argi- 
nine residue stabilizes the negative charge that develops 
in the transition state for O-O heterolysis [25,26]. Such 
contributions are thought to be crucial for the very high 
catalytic efficiency of many peroxidase enzymes. 

The above studies clearly support the idea that the 
protein environment of the hemin moiety in peroxidases 
exerts a specific and multifaceted enhancing role on the 
intrinsic peroxidatic property of the hemin. An interesting 
demonstration of this phenomenon with a non-natural 
hemin-protein complex was made by Cochran and 
Schultz [ZS], who discovered that a catalytic antibody for 
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4 peroxidation cycle, as for horseratlish peroxidase-catalyzed reactions. 

porphprin metallarion [29]: derived for binding 11’ 
methyllllesoporphyrin (a stable transition-state analogue 
for the porphyrin-metdilation reaction) [30], also bound 
hemin with high affinity. This hemin-antibody complex 
was then found to exhibit enhanced peroxidase activity 
relative to hemin itself. More recently, a combinatorial 
approach has been used to mimic the structures of some 
natural heme proteins (four-helix bundles) [31,32]. The 
peroxidatic properties of these novel heme-binding pro- 
teins has not been reported, however. 

%‘e wished to investigate whether a completely different 
biomacromolecuie, such as RNA or DNA, that has very 
different chemical functionalities from those found in pro- 
teins, could nevertheless form stable complexes with 
hemin, in which the nucleic-acid component could 
enhance the peroxidatic properties of the hemin in ways 
analogous to those found in protein peroxidases. There 
were two distinct rationales for carrying out such a study: 
first, to explore generally the mechanistic requirements 
of peroxidase enzymes, to see if functionaiities other 
than those found in proteins could act to enhance the 
peroxidatic activity of hemin. The second point of inter- 
est was that such putative hemin-nucleic-acid com- 
piexes, if possessed of catalytic power greater than that of 
hemin itself, would constitute a novel class of ribozymes 
(or DKAzymes). This is of interest to the ‘RNA world’ 
hypothesis [33,34], which proposes a stage in evolution in 
which RNA molecules functioned as both catalysts and as 
carriers of genetic information. It is conceivable that in an 
&WA world ribozymes catalyzing metabolically important 
redox reactions might have recruited hemin or hemin-like 
molecules as cofactors. 

In a pre\ious study we had identified, using in V&O 
seiection (SELEX), short-sequences of singlestranded 

Table I 

Sequences of DNA aligsmers used. ---__ --_-.-. 

DNA aptamer Sequence - 

PS5. M 5’.GTG GGT CAT TGT GGG TGG GTG TGG-3’ 

fS2.M V-GPG GGT AGG GCG GGT TGG-3’ 

BLD 5’-AAT ACG ACT CAC TAT AGG AAG AGA TGG-3’ 
--_I__y____-_- -- 

DNA which, when folded, bound tightly to a variety of 
porphyrins, including hemin [35]. The selection had been 
carried out for binding to N-methylmesoporphyrin IX 
(NM-M), a bent molecule that behaves as a stable transi- 
tion-state analogue (‘ISA) for porphyrin metallation [30]. 
Like NMM, hemin has an ‘off,-planar’ overall structure, 
with its ferric moiety sitting approximately 0.5 A out of the 
plane of the porphyrin ring [36]. It was formd that hemin 
was a good competitive inhibitor for the metallation reac- 
tion cataiyzcd by one of the NMM-binding DNA 
aptamers [37]. 18/ioreover; bound hemin was useful for 
footprinting a number of the mentioned above PC&J- 
binding aptamers [35]. 

The best characterized porphyrin-binding sequence was 
PS5.A4, a Wnucleotide DNA oligonucleotide. In later 
work, elements of rational design were used to design an 
IS-nucleotide sequence, PSZM, which was an eiren more 

superior catalyst for porphyrin metallation (Y.L. and D.S., 
unpublished observations). Both PSY’.fg/l and PS’Z.M, 
whose sequences are given in Table 1, are guanine-rich. 
They appeared to form specific hemin-binding tertiary 
structures via the formation of intramolecular guanine 
quadruplexes [37,38]. The question we therefore wished 
to ask was: if indeed these single-stranded DNAs were 
able to form specific and tightly bound complexes with 
hemin, could such DNA-hemin ccmplexes catalyze per- 
oxidatic reactions to a greater extent than could hemin 
itself? And, if indeed they could, by what mechanism 
could they do so? 

F&?suits 
Absorption spectra of kernin in the presence af Tritorr X-100 
In order to study the peroxidatic activity of the DNA 
aptamer-hemin complexes, it was necessary first to 
measure the peroxidatic activity of free hemin (by itself, as 
well as in the presence of nonhemin-binding DNA 
oligomers). Iiemin, however, is a highly hydrophobic mol- 
ecule, with poor solubility in neutral and alkaline aqueous 
buffers. A number of studies have shown that the physical 
and chemical properties of aqueous hemin solutions can 
change in a manner consistent with aggregation [39-411. 
In the case of protoporphyrin (the porphyrin moiety in 
hemin), the tendency to aggregation is acute, owing to 
the additionai hydrophobic properties of the peripheral 
vinyl groups [42]. Stacked hemin dimers [40,41] and 
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UV-visible spectra in the range of 320-700 nm of hemin (0.5 PM) with 
increasing detergent concentrations. Triton X-i 00 concentrations 
were: 0, 0.001, 0.005, 0.01, 0.02, 0.03, 0.05, and 0.06 % (w/v) from 
a-h, respectively. Baseline was subtracted from all curves. See the 
Materials and methods section for details. (b) The disaggregation of 
hemin (0.5 PM) as a function of Triton X-l 00 concentration. The CMC 
(critical micellar concentration) of Triton X-l 00 was 0.016% (w/v), and 
is indicated. 

oligomers [43] have poor, if any, peroxidatic activity [16]. 
In addition, in the pH range of 7-13 hemin has the possibil- 
ity of forming ~-0x0 dimers [43], in which the iron centres 
of two hemin molecules are linked by an 0x0 bridge. The 
p-0x0 dimers do not display peroxidatic activity. 

The mildest procedure for rendering hemins monomeric 
and soluble in aqueous buffers is to include low concen- 
trations of non-ionic detergents, such as Triton X-100. 

Triton X-100 has, in fact, been widely used in studies of 
hemins in vitro [44]. We initially wished, therefore, to 
determine the minimal concentration of Triton X-100 that 
would satisfactorily disaggregate and solubilize low con- 
centrations of hemin. Figure 3a shows the changes in the 
absorption spectra of 0.5 FM hemin in 40K buffer (see the 
Materials and methods section), in the presence of increas- 
ing concentrations of Triton X-100. Each experiment was 
repeated a number of times, and the spectra recorded only 
when equilibrium had been reached (in terms of stable, 
unchanging spectra) for specific hemin-Triton X-100 mix- 
tures. Broadly, the spectra seemed to fall into two distinct 
regimes: with Triton X-100 concentrations from O-0.01%, 
the spectra changed without any isosbestic points, consis- 
tent with the presence of multiple oligomeric species of 
hemin in the solution. At Triton X-100 concentrations 
higher than O.Ol%, however, a clear isosbestic point 
appeared at 420 nm, suggesting that now two species 
existed in equilibrium - probably the monomeric and 
dimeric forms of hemin. Support for this hypothesis came 
from the observation that around 0.05% Triton X-100, the 
spectra did not increase any further, consistent with this 
absorbance reflecting a terminal, monomeric species. 
Figure 3b plots the measured absorbance at 398 nm as a 
function of Triton X-100 concentration. It can be seen that 
the absorption value began to plateau at Triton X-100 con- 
centrations close to the critical micellar concentration 
(CMC) [45] for Triton X-100 (although decreases in 
absorbance were seen at very high Triton X-100 values). At 
around 0.05% Triton X-100, the absorbance of hemin had a 
molar extinction coefficient of &398 = 8.0 x lo4 M-lcrn-l 
(this value compared well with that reported for fully dis- 
aggregated hemin by Simplicio and Schewenzer [44] 
(cdoO = -6.5 x lo4 M-lcm-l). A slight red shift (2-3 nm) was 
noted for the detergent-disaggregated hemin. 

The effect of PS5.M on the solubility and UV-visible spectra 
of hemin 
The interaction of hemin with the DNA oligomer PS5.M 
(see Table 1) was now examined using absorption spec- 
troscopy. Experiments were carried out in 40K buffer. 
Figure 4a shows the results of titrating 0.5 FM hemin (in 
the presence of 0.05% Triton X-100) with O-l.5 PM 
PS5.M DNA. The presence of increasing concentrations of 
PS5.M was characterized by a sharp hyperchromism of the 
hemin Soret band, which also red shifted slightly from 
398 nm to 404 nm at saturation (significantly, titration 
with a nonhemin-binding DNA oligomer, BLD [see 
Table I] did not show these effects). The leveling off, or 
saturation, of the PSS.M-induced hyperchromism of the 
hemin Soret band was used to calculate the extinction 
coefficient for the DNA-hemin complex, which had a 
value of E404 = 1.9 x lo5 M-‘cm-l. Scatchard analysis of the 
PSS.M- hemin interaction (data not shown) gave a v value 
(moles of hemin bound per mole of DNA) of 0.77 + 0.20, 
indicating.a probable 1:l binding stoichiometry. 
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Unlike the Triton X-100 data shown in Figure 3a, the 
spectroscopic transition from Triton X-100~h’emin to 
PSS.M-hemin showed a monotonic hyperchromicity of the 
Soret band, with a well defined isosbestic point at 420 nm. 
This suggested that detergent-hemin and DNA-hemin 
complexes were the only two species involved in this equi- 
librium. When the same experiment was carried out in the 
absence of Triton X-100, no isosbestic point was seen, and 
the saturating absorbance of the Soret band was lower 
(Q,,~ = -1.5 x lo5 M-‘cm-l; data not shown). These results 
suggested that low concentrations of detergent actually 
favoured the complexation of hemin with PSS.M, presum- 
ably because of a greater availability of monomeric hemin 
for complexation by the DNA. The data in Figure 4a were 
analyzed to determine the affinity between PS5.M and 
hemin, using the formalism described by Wang et al. [46] 
(see also the Materials and methods section). The value for 
the K, obtained was 7 f 2 nM. Hemin concentrations lower 
than 0.5 pM could not be used to obtain reliable absorption 
data, however. Moreover, iron porphyrins are known to be 
radiationless, so that fluorescence measurements with 
lower concentrations of hemin could not be made [47]. 
Therefore, the K, value must be stated as being > 0.5 PM 
(although the real value was probably a great deal lower). 
The oligomer PS2.M appeared to bind hemin comparably 
well (data not shown). 

Hyperchromicity of the Soret band has been considered to 
be an indicator of the hydrophobic nature of the hemin- 
binding site [48]. Presumably, this is also the case in the 
present system, with regard to the hemin-binding site 
within the folded PS5.M. Further discussion of the probable 
nature of the hemin-binding site in PS5.M is given below. 

How does complex formation with the oligomers PS5.M 
and PS2.M affect the peroxidatic activity of hemin? 
The peroxidatic activity of the PSS.M-hemin and PSZ.M- 
hemin complexes (referred to hereafter as the ‘catalyzed 
reaction’) were tested, relative to the activity of hemin in 
the presence of equivalent concentrations of a nonheme- 
binding DNA oligomer, BLD (the ‘background reaction’). 
Experiments were initially carried out in 40K buffer, 
which has a pH of 6.2 (40K was the optimal buffer for 
catalysis by PS5.M of the quite distinct porphyrin-metalla- 
tion reaction [38]). Initial rates were measured by follow- 
ing absorbance at 414 nm (AC = 3.6 x lo4 M-‘cm-l), the 
absorption maximum for the ABTS radical cation 
(ABTS+). The data are shown in Figure 5. It can be seen 
that even under these unoptimized conditions the 
PSZ.M-hemin and PSS.M-hemin complexes gave higher 
initial rates of ABTS oxidation than hemin in the presence 
of BLD. Both the background (in the presence of the BLD 
oligomer) and the DNA-catalyzed reactions were found to 
be zero order in ABTS concentrations (data not shown). 
As shown in Figure 5, however, both showed equivalent 
saturation behaviors with respect to hydrogen peroxide 

Figure 4 
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(a) Absorption titration of hemin (0.5 PM hemin, in the presence of 
0.05% Triton X-l 00) with increasing concentrations of PS5.M, in the 
range of 320-700 nm. PS.5.M concentrations were: 0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6, 0.8, 1 .O, and 1.5 PM from a-l, respectively. (b) Visible 
spectra of free hemin in the presence of a nonbinding DNA, BLD 
(trace a) and the PS5.M-hemin complex in the absorption region of 
480-700 nm (trace b). Samples a and b contained 0.5 PM hemin, 
0.05% Triton X-l 00 and 1 .O PM DNA (whether BLD or PShM). 

concentration. The k,,, and K, values for all of the above 
reactions were calculated using GraphPad PrismT” 2.0 
software. The background reaction had a k,,, value of 
50 * 2 min-1 and a K, of 3.0 IO.3 mM (data points 
obtained from parallel sets of each experiment were 
found to agree within j-8%). The K, value was in good 
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Michaelis-Menten plots for initial rates of peroxidation in the presence 
of different DNA oligomers. fS2,A&hemin catalyzed (0); 
R%.A+hemin catalyzed (0); the hemin background reaction, in the 
presence of the oligomer BLD (+). 

agreement with that reported for deuterohemin-peroxide 
complexes (3.4 mM) [9]. The PsS.M- and PSZ.M-cat- 
alyzed reactions also fit well to the Michaelis-Menten for- 
malism, and gave K, values similar to the background 
(2.6 f 0.5 mM and 2.9 + 0.5 mM, respectively), but 
enhanced k,,, values. Under these unoptimized condi- 
tions, however the DNA-catalyzed rates were only approx- 
imately sixfold faster than the background. Even so, this 
rate acceleration was important given that these DNA- 
hemin complexes had not been selected for their peroxi- 
datic activity, but rather for their ability to catalyze 
porphyrin metallation [3.5]. 

The above data are consistent with a kinetic scheme for 
H202-dependent peroxidation also described for other 
hemin-catalyzed peroxidations [9,12]. It involves a rapid 
pre-equilibrium between hemin and H,O, that precedes 
the rate-determining formation of the activated peroxi- 
datic complex (O=Hemin”): 

J-h k, 
Hemin + H,O, $ (hemin.HaOJ + 

O=Hemin” kz > hemin + oxidized product 
+ZAHa 

An interesting observation was made about catalyzed and 
background reactions, namely that at H,O, concentrations 

0.1 0.2 0.3 0.4 
Concentration of Triton X-l 00 (%,w/v) 
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Dependence of the observed rates for peroxidation as functions of 
Triton X-l 00 concentration. PSP.A&hemin catalyzed (0); 
PSS.Whemin catalyzed (+); the hemin background reaction, in the 
presence of the oligomer BLD (III). 

higher than -3.6 mM the background (catalyzed by hemin 
alone) oxidized ABTS absorbances levelled off early, pos- 
sibly due to the destruction and/or inactivation of the 
active hemin by excess H,O,. In the presence of the 
DNAzyme, however, initial rates curves were stable even 
at H,O, concentrations exceeding 6 mM. It appeared 
likely that the hemin-binding site within the DNAzyme 
provided a degree of protection against the oxidative 
destruction of hemin [13]. 

We wished to determine whether the relatively low 
DNAzyme-catalyzed rates compared to the background 
rate, when measured in 40K buffer, could be enhanced 
under different conditions. We systematically examined, 
therefore, both the necessity for different buffer con- 
stituents, and the optimal concentrations of such compo- 
nents. Parameters such as pH and detergent concentration 
were also examined. 

The effect of Triton X-100 on the background and DNA- 
catalyzed reactions 
The presence of Triton X-100 was crucial to all our per- 
oxidation assays, presumably to minimize the aggre- 
gation of hemin in our aqueous buffers. The need for 
Triton X-100 was especially critical for the measurement 
of the background rates. Figure 6 shows that the inclu- 
sion of detergent above its CMC (0.016%) dramatically 
stimulated both the background (in the presence of the 
DNA oligomer BLD) and the DNAzyme (PS2.M or 
P5’5.M)-catalyzed peroxidations. The optimal Triton 
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X-100 concentrations in all cases appeared to be in the 
range 0.03-0.05% (w/v). Below 0.03% the background 
rates were found to be significantly variable - under- 
standable in terms of hemin aggregation. By contrast, the 
DNAzyme-catalyzed reactions were stable and repro- 
ducible at all Triton X-100 concentrations. Hemin dimers 
exhibit very low peroxidase activity relative to monomers 
[16]. Therefore, Triton X-loo-mediated shifts of the 
dimer-monomer equilibrium towards the monomer were 
probably responsible for the initial stimulatory effect of 
the detergent observed for both background and DNA- 
catalyzed reactions. 

Interestingly, above 0.05% Triton X-100, the rates of 
both the catalyzed and background reactions declined 
with increasing detergent concentration. The decrease in 
the background initial velocities might be due to struc- 
tural changes in the Triton X-100 micelles, which could 
lead to altered modes of interaction with bound hemin. 
As for the DNA-catalyzed reaction, although, as reported 
above, PS.5.M's affinity for hemin was much stronger 
than that of the detergent; very high Triton X-100 con- 
centrations could begin to compete for and remove 
bound hemin from the DNA-bound complex. In support 
of this idea we found that the absorption profile of the 
DNA-hemin complex, as a function of Triton X-100, did 
show a progressive decrease above 0.05% Triton X-100, 
more or less mirroring the Vobs profile shown in Figure 6. 

pH Dependence 

Figure 7 shows the pH dependences of the background 
and PSZ.M-catalyzed peroxidation reactions. The most 
notable pH sensitivity for both reactions was seen 
between pH values of 6.5 and 10. There was an approxi- 
mately bell-shaped pH dependence for the background 
velocity, which peaked around pH 9. The pH trend fol- 
lowed by the PS?.M-hemin complex was similar, except 
that the bell-shaped dependence was much sharper, and 
peaked at pH 8.5. At this pH (8.5), optimal for the 
PSZ.M--hemin complex, the complex-catalyzed reaction 
was measured to be -20-fold faster than the background 
reaction. At pH 8.0 there was an even more optimal ratio 

of Lt~background (-SO-fold). The trend followed by the 
PSS.f-hemin complex was similar, except that its rates 
were somewhat lower than those for the PSZ.M-hemin 
complex. Given the above, the remainder of our experi- 
ments were carried out at pH 8.0. 

Buffer effects 

An analysis was made, at a fixed pH of 8.0, of the roles of 
different buffers on the PSZ.M-catalyzed versus back- 
ground reactions. These results are shown in Table 2. 
Both the catalyzed and background rates were found to 
be influenced by the nature of the buffer species. In 
general, nitrogenous buffers (with the exception of imi- 
dazole) appeared to support peroxidation, whereas 

Figure 7 
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Dependence of the observed rates for PS2.Whemin catalyzed (0) 
and hemin-catalyzed background (0) peroxidations on pH. See the 
Materials and methods section for details. 

certain oxyanion buffers appeared to have an inhibitory 
effect. Similar effects have been observed in the reac- 
tions of hemin with hydroperoxides [49,50] and with 
catalase and peroxidase enzymes [51,52]. The inhibitory 
effect of imidazole could be due to the very strong affin- 
ity of this compound for both axial positions of hemin. In 

Table 2 

Dependence of rate parameters for PS2.M-hemin and 
Triton X-100 hemin peroxidations on buffers. 

Relative activity (o/o) = 

“‘“PS2.M.HepesNH40H x ‘00 

Buffer V cot V llnclt 

Hepes-NH,OH* 100 0.9 

Hepes-NaOH* 50 1.4 

Tricine-NH,OH* 76 2.8 

Tricine-NaOH* 48 1.7 

Tris-HCI* 83 4.8 

Tris-MES* 85 4.7 

Tris-MES 72 2.4 

Na,HP04-NaH,PO,* 20 0.3 

Imidazole-HCI* -0 -0 

Imidazole-H,SO,* -0 -0 

*Experimental conditions, pH = 8, 0.05% (w/v) Triton X-l 00, lo/o (v/v) 
DMSO, 20 mM KCI. +Experimental conditions, pH = 8, 0.05% (w/v) 
Triton X-l 00, 1 Q/o (v/v) DMSO, 20 mM KOAc. 
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Figure 8 Table 3 

0.0 -w$qg 4 , 8 , I I , 8 ? 0 I j Y 3 I I 1 B 
0 20 40 60 80 100 120 140 160 180 200 

K+ concentration (mM) Chemistry & Biology 

Peroxidation initial rates as functions of K+ concentration. 
RS2.Whemin catalyzed reactions in the presence of KCI (0) and 
KOAc (+). Hemin (background) reactions with KCI (0) and KOAc (7). 

fact, the equilibrium constant for the formation of 
hemin-imidazole is lo-loo-fold larger than those of 
many other nitrogenous bases. Thus, it could be that, 
under our experimental conditions, mono-ligand com- 
plexes formed with most nitrogenous bases whereas a bis- 
ligand complex was formed by imidazole. We found that 
in a HEPES-NH,OH buffer (Table 2) the Vcat/Vbackground 
ratio was maximized. This buffer was, therefore, used for 
subsequent optimization experiments. 

Cation dependence 
We investigated the effects of different cations, by them- 
selves or in combination, on the DNAzyme-catalyzed and 
background reactions. In previous studies carried out on 
the porphyrin metallation activity of PS5.M [38], it had 
been found that K+ was absolutely required for catalysis. 
Background and PZ?.M-catalyzed peroxidations were 
therefore carried out in Tris-HCl, pH 8.0, containing vari- 
able concentrations (O-ZOO mM) of K+. Figure 8 shows 
that at zero K+ the DNAzyme (PG’.M)-mediated and 
background rates were essentially the same. The presence 
of as little as lo-20 mM K+ enormously enhanced the 
DNAzyme-catalyzed reaction, whereas the background 
reaction changed very little. In fact, K+ concentrations in 
the range of lo-25 miV1 appeared to be optimal for the 
P$Z.M-catalyzed peroxidation reaction. These data were 
consistent with our earlier finding that K+ was required for 
the correct secondary and tertiary folding of these 
guanine-rich DNAzymes into specific guanine-quadruplex 
structures, capable of binding porphyrins. 

By contrast, in the presence of 20 mM Na+ (in the absence 
of all K+) as well as, separately, 0.1 mM MgZ+, PS2.M was 
found, respectively, to be only 5% and 8% as active as 
in 20 mM K+. The similarity in requirement for K+ as 

Dependence on Na+ concentration (at fixed 20 mM K+) of rate 
parameters for PS2.M-hemin and Triton X-lOO-hemin- 
mediated peroxidations. 

Na+ concentration (mM) Vcat’Vuncat 

0 105 

4 64 

12 80 

20 97 

40 95 

60 130 

100 250 

200 > 250 

opposed to Na+ for the DNA-catalyzed metallation as well 
as DNA-catalyzed peroxidation reactions by PS5.M and 
PS2.M suggested that the same folded DNA structure was 
‘active’ for the two quite different reactions. 

Although K+ was expected to play a specific structural role 
in stabilizing the active DNA conformations of the 
DNAzymes, we carried out titrations with Na+ (with K+ 
concentrations fixed at 20 mM), to see if there was a non- 
specific salt optimum for the DNA-catalyzed peroxida- 
tion. Table 3 summarizes that the presence of increasing 
concentrations of Na+ in solution reduced both the cat- 
alyzed and background rates. The inhibitory effect 
appeared to be stronger on the background rate, so that 

the Lcmxkgro”“d ratio increased to > 250 at 200 mM Na+. 
Because it was known that changes in the ionic strength 
could influence the extent of porphyrin dimerization and 
aggregation [53], we checked the absorption spectra of 
hemin through the entire range of Na+ used (O-ZOO mM), 
to see if aggregation was in fact responsible for the decline 
seen in the background rate. We found, however, that the 
hemin spectra remained unchanged (and remained charac- 
teristic of the hemin monomer) throughout this Na+ con- 
centration range, indicating that the decrease in the rate of 
the background reaction at higher Na+ levels was not a 
consequence of porphyrin aggregation (data not shown). 

Discussion 
What then was the mechanism of the DNA-enhanced 
catalysis? We have provided evidence that it was not 
simply a matter of the DNAzyme offering a binding site 
for hemin and therefore shifting the dimerization and 
oligomerization equilibria of hemin towards the 
monomeric (and catalytically active) form. Cochran and 
Schultz [28] reported a catalytic antibody for porphyrin 
metallation, which, when complexed with hemin, exhib- 
ited enhanced peroxidase activity. Their spectroscopic 
evidence (hyperchromicity of the Soret band) indicated 
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similar, and probably hydrophobic, binding sites for hemin 
in the antibody as in the DNAzymes reported here. The 
Vobs value they reported for their abzyme-hemin complex 
was, however, only -twofold higher that for hemin itself 
[28]. The difference in the respective Vobs values of the 
abzyme-hemin and DNAzyme-hemin complexes could 
reflect differences in the outer sphere environment 
encountered by the bound hemin in the two cases. 

A question could be posed as to whether the DNAzymes 
contributed anything more than a secure and hydrophobic 
binding site for the hemin. In an enzyme such as horserad- 
ish peroxidase (HRP), there are three major contributions 
of the protein apoenzyme to the catalytic power of the 
holoenzyme: firstly, a hydrophobic hemin-binding site. As 
indicated above, the DNAzymes appear to be able to 
supply such a site. Secondly, the protein component of 
HRP donates an axial ligand to the hemin iron, at the fifth 
position, via a histidine residue. This axial ligand is crucial 
in donating electron density to the iron [Zl]. In the case of 
the DNAyzmes, is it conceivable that a guanine residue 
could be acting as a ligand? Further mutagenesis experi- 
ments and experiments involving chemical interference 
procedures will have to be used to answer this question. 
Thirdly, in HRP, a third major contribution of the protein 
is to the distal side of the hemin (the side of the porphyrin 
ring on which the 0x0 complex forms). This face of the 
hemin-binding pocket in HRP is quite polar, and there are 
several potential hydrogen-bond acceptors and donors. In 
the case of the DNAzymes, such a function is also con- 
ceivable. Very likely the hemin intercalates, to a degree, 
between two guanine quartets. Although the surface of a 
guanine quartet is, on the whole, hydrophobic, both the 
interior of the quartet and the sugar-phosphate backbones 
of the DNA would present polar environments (reviewed 
in [54]) that could carry out the above functions. 

In support of the above points, we were able to draw 
certain preliminary conclusions by comparing the absorp- 
tion spectra of hemin and the P5’5.Khemin complex with 
spectra taken in earlier studies on two other porphyrins: 
mesoporphyrin IX (MPIX), N-methylmesoporphyrin IX 
(NMM), and their respective DNAzyme complexes 
155,561. MPIX was both poorly soluble and aggregation- 
prone, as, indeed, was the case for hemin. The spectra of 
MPIX fully dispersed in Triton X-100, however, as well as 
spectra of MPIX fully bound to PSS.M, were found to 
have very similar absorption intensities in the Soret region 
(-400 nm). NMM was both more soluble and less aggre- 
gated than either hemin or MPIX. Furthermore, it bound 
to PS5.M with nanomolar affinity (like hemin, but unlike 
MPIX, which bound with micromolar affinity). It was 
found nevertheless that the spectra of NMM in the 
absence of Triton X-100, in the presence of Triton X-100, 
as well as when bound to the DNAzyme, were all compa- 
rable to one another in terms of the intensity and shape of 

the Soret band (although the complex had a slight red 
shift relative to free NMM). 

In contrast to the above, the intensity of the Soret band 
for the PSS.M-hemin complex was enhanced by as much 
as twofold relative to hemin disaggregated fully by 
Triton X-100 (see Figure 4). It is well known that the 
interaction of the metal centre in metalloporphyrins with 
axial ligands has a profound impact on the chemical and 
physical properties of the metalloporphyrins. In a series 
of studies, Corwin et al. 1571 showed that both the visible 
and near-visible electronic transitions of hemin were 
affected by stereoelectronic interactions between ligands 
bonded to the metal and the porphyrin 7c electrons. It was 
found that the Soret band maximum shifted to longer 
wavelengths and increased in intensity as a consequence 
of the metalloporphyrin metal center interacting with 
strong ligands. The red-shift and hyperchromicity 
observed in the Soret band in the PS5.M-hemin inter- 
action (above) are intriguing; it is still premature, 
however, to suggest that this might indicate an axial 
ligand supplied by the DNA to the metal center of the 
bound hemin. Further experiments will have to be 
carried out to investigate this possibility. 

With regard to the spin and overall coordination character- 
istics of the hemin iron centre, it was interesting to 
examine the differences between the spectra of hemin in 
Triton X-100, and when bound to the DNAzyme. The 
visible spectra (480-700 nm), shown in Figure 4b, were 
particularly informative, because the pattern and the loca- 
tion of the absorption maxima were utterly distinctive in 
the two cases. Table 4 summarizes this information. Basi- 
cally, an a‘-B’ pattern of peaks of hemin in Triton X-100 
(identifiable with the a and p bands typical of free metal- 
loporphyrins [SS]) transformed to a more complex pattern 
of E-G- B-D (nomenclature adopted from Saunders et al. 
[SS]) in the presence of increasing concentrations of 
PS5.M. Bands D and E usually occur together and are 
characteristic of ferric hemoproteins; these peaks are gen- 
erally accepted to reflect ligand-to-metal charge transfer 
transitions. Therefore, the new E-a-B-D peak pattern for 
PSS.M, distinct from a‘-B’, indicated a different kind of 

Table 4 

Absorption parameters of hemin complexes in the visible 
region. 

Hemin a, nm P, nm D, nm E, nm Spin 
Complex (EM) (EpJ) (EM) (EM) 

Triton X-l 00 600 560 LS 
(1.1 x 104) (1.1 x 104) 

PS.5. M 580 530 625 500 HS 
(6.0 x 1 03) (1 .O x 1 04) (1 .O x 1 04) (1.5 x 1 04) 
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Table 5 such as BLD, no catalvsis above that of hemin itself was 

Comparison of absorption parameters of different hemin 
complexes. 

observed. Moreover, the DNA-mediated catalysis was 
absolutely dependent on the hemin-binding DNA 
oligomers (PS2.M and PSS.M) forming specific folded 

Enzyme Soret 
- - _ 

E band D band structures. In the absence of solution conditions favouring 
Soinl such folded structures (such as the absence of K+ but the 

HRP 

h bm) EM h (nm)h (nm) sM Coord. presence of compensating concentrations of Na+) PS2.M 

402 1.05x lo5 497 645 0.28 x lo4 HS/5C 
and PS5.M did not show any catalysis above the back- _. _ 
ground level. 

Cyt c Perox 408 1 .O x 1 O5 505 645 0.3x lo4 HS15C 

Heme-ox 

Met Hb 

Met Mb 

404 1 .65m105 500 631 1.1 x104 HSIGC The PSZ.M-hemin complex defines a new kind of cofac- 

405 1.79x 105 500 631 0.44 x lo4 HS/GC tor-utilizing catalytic nucleic acid, in which the nucleic 

408 1.88x lo5 502 630 0.4 x lo4 HS/GC 
acid moiety utilizes hemin to catalyze oxidative 
chemistries. Above, we have provided evidence that the 

PS5. M 404 1.9x105 500 625 1.0x 104 HSIGC 

See [601 for protein parameters. 

axial coordination for hemin in the PS5.M complex. Inter- 
estingly, comparison of the full absorption spectra of the 
PSS.M-hemin complex with those of MetHb.(H,O) and 
MetMb.(H,O) (assumed to ligate via histidine) [59,60], as 
well as that of heme-heme oxygenase [61] indicated that 
both the peak positions and the extinction coefficients 
were remarkably similar (see Table 5). These heme pro- 
teins are known to be six-coordinate high-spin species 
(bands at -500 and 620-630 nm are considered typical of 
high-spin ferric state [62]). We therefore postulate that the 
iron(II1) moiety in the DNAzyme-hemin complex (mea- 
sured at pH 6.2) is also in the high-spin state. 

As to whether the ferric moiety has a fivefold or sixfold 
ligand coordination, the Soret band again provides some 
preliminary information. From studies carried out on met- 
myoglobin [63] and yeast cytochrome c peroxidase [64], a 
generalized spectroscopic characterization of penta- and 
hexa-coordinated high-spin ferric proteins has been for- 
mulated. Two major features appear to be: hexa-coordi- 
nated compounds exhibit intense Soret bands with 
extinction coefficients of >1.2 x lb5 M-lcm-l; and the D 
bands are blue-shifted, along with increases in intensity. 
Table 5 summarizes the known data for a number of heme 
proteins. Using this preliminary analogy, the DNAzyme- 
hemin complex appears to be hexa-coordinated. At this 
point in our studies, however, we can only speculate about 
the nature of the two putative ligands. At least one of the 
two positions might be occupied by water. The observed 
pH dependence of the DNA-catalyzed peroxidation might 
provide support for such a water ligand, and this is an area 
that we are currently investigating with a range of spectro- 
scopic and other experiments. 

nucleic acid ‘apoenzyme’ contributes significantly to 
enhance the intrinsic catalytic capability of the cofactor. 
These data provide new insight into our conception of the 
‘RNA world’, by adding redox reactions to the repertoire 
of nucleic-acid-catalyzed reactions. 

Significance 
In this paper we report a new category of nucleic-acid 
enzyme. We report that DNA aptamers complexed 
tightly to hemin show peroxidase activity two orders of 
magnitude higher than that of hemin (whether aggre- 
gated or monomeric), and also significantly greater 
than that of a previously described catalytic 
antibody-hemin complex. We provide evidence that a 
nucleic acid ‘apoenzyme’ can thus contribute signifi- 
cantly to improve the intrinsic catalytic capability of the 
hemin cofactor. Preliminary spectroscopic evidence 
indicates that in our DNAzymes the DNA host might 
be contributing in more than one way to the enhance- 
ment of the catalytic rate. These data provide new 
insight into the concept of a primordial ‘RNA 
world’, by adding redox reactions to the repertoire of 
nucleic-acid-catalyzed reactions. 

Materials and methods 
Porphyrins 
Porphyrins [iron(lll)protoporphyrin IX and mesoporphyrin IX] were pur- 

chased from Porphyrin Products (Logan, UT), and used without further 
purification. Stock solutions (5 mM) were prepared by dissolving accu- 
rately weighed amounts of porphyrin in 1 ml of dimethylsulfoxide 

(DMSO) and shaking until fully dissolved (the dissolution was moni- 

tored by centrifugation and by absorbance checks as functions of 
time). Diluter stock solutions (100 PM), were made up in DMSO and 
frozen in the dark at -20°C. These diluter stocks were found to be 

stable for approximately one week (as assayed by absorbance) 
[65,661. For the experiments described in this paper, final aqueous 
solutions (containing 0.1-0.5 uM porphyrin) were prepared freshly for 

each experiment, by diluting appropriate volumes from the 100 uM 
stocks into the appropriate aqueous buffers. 

The data presented above demonstrated, first, that the Hydrogen peroxide 3% (w/v), in stabilized form, was purchased from 

DNA-catalyzed peroxidation reaction was contingent on 
VWR Canlab. 2,2’-azinobis(3-ethyIbenzothiozoline)-6sulfonic acid 

the specific binding of hemin to specific DNA oligomers. 
(ABTS) was obtained as the diammonium salt from Sigma, and used 
without further purification. Triton X-l 00 was from Sigma. All chemicals 

In the presence of nonhemin-binding DNA oligomers, used were of reagent grade. 
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DNA oligomers 
DNA oligomers were synthesized at the University Core DNA Service 
at the University of Calgary. Synthesized DNA sequences were size- 
purified in preparative polyacrylamide gels, following which eluted DNA 
was re-purified on Spice Cl8 columns (Rainin). Following lyophiliza- 
tion, purified DNA oligomers were dissolved in TE buffer (10 mM Tris, 
pH 7.5; 0.1 mM EDTA) and stored at -20°C. The concentrations of the 
DNA oligomers were determined from absorbance measurements at 
260 nm (with 1 O.D. taken to be 35-40 kg/ml DNA, depending on the 
oligomer). The sequences of the DNA oligomers used in this study are 
shown in Table 1. 

Spectroscopy 
Absorption spectra were recorded in a dual-beam Cary 3E UV-Visible 

Spectrophotometer, at 20” * 1 “C. 

Formation of actively folded DNA molecules 
DNA oligomers from frozen stock solutions (above) were thawed, 
heated at 95°C for 5 min (in TE buffer), and then slowly cooled back to 
ambient temperature. The DNA was now made up to final buffer salt 
concentrations, and allowed to sit for 30 min at room temperature to 
allow proper folding. Where a porphyrin was to be added it was done 
so from 100 FM stocks in DMSO (see above). The added porphyrin 

was allowed to complex with DNA over a 20 min incubation (deemed 
by absorbance changes to be a sufficient time for complex formation). 
Peroxidation and other assays were carried out subsequent to this 
complex formation. 

Binding assays 
Titration of hemin with Triton X-700: Hemin 0.5 pM was freshly diluted 
from a DMSO stock into a number of tubes containing 40K buffer 

(50 mM MES, pH 6.2; 100 mM Tris acetate, 40 mM potassium acetate, 
1% [v/v] DMSO), but containing different concentrations of Triton 
X-100 (diluted from a 5% ,w/v, stock solution). The solutions were 
allowed to equilibrate for 1 O-l 5 min, and their spectra were recorded 
over the wavelength range of 320-700 nm. It was particularly 
important to make up each hemin-Triton solution separately; attempts 
to titrate a single solution of hemin by sequential additions of detergent 

led to spectra that were noisy. The above procedure, by contrast, gave 
consistently reproducible spectra. 

Titration of hemin with DNA oligomers: Different concentrations of 
DNA oligomers were first incubated individually in the 40K+T buffer 
(40K buffer containing 0.05% Triton X-l 00 - a sufficient Triton X-l 00 
concentration to retain hemin in its monomeric form). All solutions were 

then made up to 0.5 pM hemin (see above), and spectra were 
recorded in the range of 320-700 nm. 

Calculation of binding constants 
DNA oligomers: The saturation curve for the complexing of hemin 
to folded DNA oligomers was determined by plotting absorbance 

changes in the Soret band. (at 404 nm) as a function of DNA 
concentration. The dissociation constant (Kd) was obtained by fitting 

the saturation plot with the following equation described by Wang 
et al. [46]: 

[DNA], = K, (A-A,) / (A--A) + [PO1 (A-A,) I (A--A,) 

Where [DNA], is the initial concentration of DNA; [P,] is the initial con- 
centration of monomeric hemin; and A,, and A, represent hemin 
absorbances at, respectively, saturating DNA concentrations, and in 
the absence of DNA but in the presence of a saturating concentration 
(-0.05%) of Triton X-l 00. 

Kinetic measurements: Kinetics were followed by monitoring the 
appearance of the ABTS radical cation (ABTS’+) at 412 nm, using a 
dual-beam Cary 3E UV-visible spectrophotometer thermostatted at 
20” _+ 1 “C. The AE value used was 36,000 M-’ cm-’ [67]. Sample 

cuvettes (1 ml) contained buffer, hemin (or the DNA-hemin complex), 

ABTS, and Triton X-l 00 or salts. Reactions were initiated by the addi- 
tion of H,O,, and increases in absorbance at 414 nm were measured 
as a function of time. Some of the kinetic measurements were 
repeated using two different kind of blanks: in one, the reference 
cuvette contained buffer and catalyst (hemin or DNA-Hemin) but no 
ABTS; in the other, the reference cuvette contained buffer and ABTS 
but no catalyst. In both instances, the addition of H,O, gave identical 
observed catalyzed rates. These results suggested that ABTS was 

oxidized only very slowly by H,O, in the absence of a catalyst, and 
that such a catalyst-free oxidation did not contribute significantly to 
the overall oxidation rate measured in the presence of either catalyst 

(either hemin or a hemin-aptamer complex). 

For kinetics studies carried out at pH 6.2, the rate of change of A,,, 
was linear over 5 min for both the DNA-hemin ‘catalyzed’ and the 
‘background’ (hemin-catalyzed) peroxidations. At pH 8.1, however, 
the radical cation could not be monitored reproducibly for times longer 

than 1 min, owing to further transformations of the radical cation 
[49-681. Therefore, for background rates at pH 8.1, measurements 
were taken within the regime of linear absorbance change seen during 
the first minute of reaction whereas for DNA-catalyzed reactions the 
initial rates were calculated from the slope of the initial linear portion of 

the increase in absorbance. Most experiments were repeated at least 
two times, and were found to agree within & 5-l 0%. 

Protocols for peroxidation experiments 
Effect of T&on X-700: Peroxidation reactions were carried out at 
20”+ 1°C in 40K buffer (with various concentrations of Triton X-100 

added -see below), wiiir 5 mM ABTS, 0.1 PM catalyst (hemin or 
DNA-hemin complex) and 600 pM H,O, (from stock). Reactions were 
initiated by addition of H,O,. Triton X-l 00 concentrations in the 40K 
buffer were varied from 0%-0.4%. 

pH dependence: The reactions were carried out at 20°C rt l°C in 
buffers at different pH values (but containing invariably 40 mM KOAc, 
necessary for DNA folding). All buffers also contained 0.05% Triton 

X-l 00, 1% DMSO, 5 mM ABTS and 0.1 pM catalyst. The reactions 
were initiated with H,O, added to 600 l.rM (final). Buffer materials of 
highest purity available were used. Glycine-HCI was used for pH 
range 3.0-3.6; sodium acetate buffer for pH 4.0-5.5; sodium phos- 
phate buffer for pH 6.0-7.0; Tris-HCI for pH 7.5-9.0; and glycine- 
NaOH for pH 9.0-l 0.0 [55]. 

Cation dependence: Potassium-dependence reactions were carried 
out in Tris-HCI buffer (25 mM Tris, pH 8.0, 0.05% Triton X-l 00, and 
1% DMSO), with 0.1 PM catalyst, and 5 mM ABTS. Reactions were 
initiated with the addition of H,O, to 600 pM (final). Reactions 
carried out in Na+ (O-200 mM), or in magnesium (O-l mM), were 
carried out under similar conditions, except that the buffer used was 
25mM HEPES-NH,OH, pH 8.0. For the above experiments, the 
common anion used was chloride. For the K+ dependence experi- 
ments, however, parallel measurements were carried out with both 
chloride and acetate anions. 

Buffer dependence: The reaction rates were measured in the pres- 
ence of several different buffers, all at pH 8.0. The solutions con- 
tained, respectively, 25 mM Tris, Tricine, HEPES, imidazole and 
phosphate. In addition, the reaction cocktail contained 0.05% Triton 
X-l 00, 1% DMSO, 0.1 +M catalyst, 5 mM ABTS, 600 pM H,O, and 
20 mM KCI (necessary for the active folding of DNA), except where 
specified otherwise. 
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