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The modus operandi of a DNA enzyme: enhancement of 
substrate basicity 
Yingfu Li and Dipankar Sen 

Background: We wished to investigate the mode of catalytic action of a small 

DNA enzyme (DNAzyme), PS5.M, that, when folded into an appropriate tertiary 

structure, catalyzes the insertion of copper and zinc ions into porphyrins such as 

mesoporphyrin IX (MPIX). PS5.M, originally derived from SELEX experiments for 

specific DNA binders of the distorted porphyrin N-methylmesoporphyrin (NMM), 

had enzymatic parameters (k,,/K, = 39,700 M-rmin-l; k,,,/k,,,, = 3,700) that 

rivalled those of an antibody that catalyzed the same reaction. 

Results: We used ultraviolet-visible absorption and fluorescence 

spectroscopy to study the mode of action of PS5.M and related catalytic DNA 

molecules. We found that the MPIX-DNAzyme complexes had absorption 

spectra more closely resembling those of the DNAzymes complexed to NMM 

than to the spectra of MPIX itself, whether MPIX was in its monomeric or 

aggregated form. pH titration experiments revealed that the DNAzyme raised 

the protonation pK for MPIX by 3-4 pH units. 

Conclusions: Our results reveal that PS5.M works by enhancing the basicity 

(and hence the ease of metallation) of the bound porphyrin substrate. Large. 

changes in the porphyrin’s basicity may be brought about through distortion of 

the planar porphinato- core of MPIX to resemble that of the naturally deformed 

porphyrin NMM or through stabilization by a DNA phosphate of the growing 

positive charge in the transition state for porphyrin protonation/metallation or 
through a combination of the two. The catalytic strategy of enhancing substrate 

basicity may also hold true for porphyrin metallation by the recently described 

catalytic RNA and catalytic antibody for this reaction. 
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Introduction 
It has been known since the early 1980s [1,2] that certain 
RNA molecules can catalyze chemical reactions. All of the 
ribozymes found in nature to date catalyze reactions that 
break, transfer or form RNA phosphodiesters (reviewed 
recently in [3,4]), although it has been proposed that RNA 
catalysis is also responsible for the peptidyl transfer activity 
of ribosomes [S]. The recent development, however, of 
powerful technologies for the in vitro selection and amplifi- 
cation of catalytic RNA and DNA molecules from large 
random-sequence libraries (‘SELEX’; reviewed in [6-81) 
has enabled both the modification of catalytic properties of 
pre-existing ribozymes, as well as the derivation of artificial 
ribozymes for the catalysis of novel reactions, ones not 
characteristic of naturally occurring ribozymes. The ratio- 
nale for deriving artificial ribozymes that have novel cat- 
alytic abilities is to determine the catalytic range of RNA. 
This knowledge has importance for the ‘RNA world’ 
hypothesis [9,10], according to which the RNA molecules 
capable of catalyzing self-replication as well as the reac- 
tions of a simple metabolism might have constituted an 
early form of life. Interestingly, DNA has also been shown 
recently to be capable of different kinds of catalysis 

[ll-171. A comparison of the relative abilities of RNA and 
DNA to catalyze a given reaction should provide valuable 
insights into the importance (or lack thereof) of the 2’ 
ribose hydroxyl functionalities of RNA for the formation of 
the appropriately folded structures necessary for catalysis, 
as well as for the catalytic mechanisms themselves. 

A class of enzymes in the heme-biosynthetic pathways of 
different organisms, called ferrochelatases, catalyze the 
metallation of such porphyrins as protoporphyrin IX (PPIX) 
and mesoporphyrin IX (MPIX, Figure 1) by Fez+ and other 
cations. The transition state for this reaction is thought to 
correspond to distorted forms of the normally planar PPIX 
and MPIX [l&19], and evidence for this hypothesis has 
come from the following observations: an N-alkyl por- 
phyrin, N-methylmesoporphyrin (NMM; Figure l), has 
been found to be a strong competitive inhibitor for fer- 
rochelatases [18,20-231; NMM has a bulky methyl substi- 
tution on one of its pyrrole rings and that pyrrole ring is 
bent out of the plane of the porphyrin. This buckling of the 
porphyrin has been shown in a number of X-ray crystallo- 
graphic studies [24-261. Owing to the resulting ease of 
access by metal ions to the lone pair electrons of the bent 
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Figure 1 

The structures of mesoporphyrin IX (MPIX) 
and N-methylmesoporphyrin IX (NMM). 
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pyrrole ring, the metallation rate of an N-alkyl porphyrin is was found to be a good catalyst with enzymatic parameters 
much higher than that of its non-alkylated counterpart (k,,,/K, = 39,700 M-l min-‘; kJk,,,,, = 3,700 for copper 
[‘27-291. On the basis of its above properties, NMM has insertion into PPIX, measured at a fixed copper concentra- 
been thought to mirror the transition state for the metalla- tion of 1mM) that compared well with those of the above- 
tion of planar porphyrins such as PPIX and MPIX. mentioned catalytic RNA and catalytic antibody. 

The notion of NMM being a stable transition state 
analog for the metallation of MPIX was exploited by 
Cochran and Schultz [ 191 to generate catalytic antibodies 
(reviewed in [30]) for porphyrin metallation. Cochran 
and Schultz obtained monoclonal antibodies that cat- 
alyzed the insertion of Zn2+, Coz+, Mn2+ and Cu2+ into 
MPIX (although not into PPIX or other, related, por- 
phyrins). Subsequently, two groups used NMM and 
SELEX strategies to derive nucleic acid molecules that 
also catalyzed this reaction: Schultz and coworkers [31] 
reported a catalytic RNA, while Li and Sen [14] reported 
a catalytic DNA. 

The optimal conditions for the functioning of DNAzymes 
for porphyrin metallation have been examined in some 
depth and have been reported [14,32]. The DNA mol- 
ecule that was both the optimal and the minimal sequence 
for this catalysis (named PS5.M) was only 24 nucleotides 
long (see the Materials and methods section for DNA 
sequences). Its catalytic activity, inserting Cu2+ or ZnZ+ 
ions into MPIX or PPIX, required potassium ions for the 
proper folding of the oligomer. The very guanine-rich 
oligomer probably formed a guanine quadruplex 
(reviewed in [33,34]) for its catalytically active structure. 
The optimal pH for catalysis was found to be 6.2 and the 
optimal temperature was -40°C. Following a series of 
optimization steps taken to enhance its activity, PS5.M 

The optimization steps, however, did not provide any 
information about the mode of catalytic action by PS5.M. 
Although the original selection strategy for the derivation 
of PS5.M [14,35] had sought DNA molecules that bound 
preferentially to NMM (as compared to MPIX) with the 
expectation that such molecules might then catalyze por- 
phyrin metallation by distorting bound MPIX to resemble 
NMM, it was not strictly possible to rule out the possibil- 
ity that PS5.M might catalyze metallation via some other 
mechanism. Evidence of this kind has also been lacking 
for the catalytic RNA and antibody for porphyrin metalla- 
tion mentioned above [19,31]. In this paper, we provide 
direct spectroscopic evidence that PS5.M and its related 
DNA sequences work by enhancing the basicity of bound 
substrate porphyrins. 

Results and discussion 
The effect of nonionic detergents on the solubility and 
ultraviolet-visible absorption properties of MPIX and NMM 
MPIX 
MPIX is a very hydrophobic molecule and has very low 
solubility in water or in buffered solutions around neutral 
pH. As a consequence of its hydrophobic character, MPIX, 
as well as a number of its metallo-derivatives, tends to 
aggregate by forming dimers or polymers in a time-depen- 
dent manner in aqueous solutions [36iFl]. For instance, 
MPIX starts to form dimers at concentrations as low as 
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0.05 l.rM [40]. Experimentally, this problem is, however, 
usually overcome by the inclusion of detergents in the 
assay buffers [42,43]. Such detergents may be anionic 
(e.g., sodium dodecyl sulfate; SDS), cationic (e.g., 
cetyltrimethyl ammonium salts) or nonionic (e.g., deter- 
gents of the Tween and Triton series). Nonionic deter- 
gents such as Triton X-100 and Tween 20 have been 
widely used in ferrochelatase enzyme assays to solubilize 
and render monomeric the hydrophobic porphyrin sub- 
strates [42-45]; our own earlier work on the DNAzymes 
PSS.STl and PS5.M was also carried out in buffers con- 
taining O.l-0.25% Triton X-100 [14,32]. 

We investigated the effect of the nonionic detergent 
Triton X-100 on the absorption properties of MPIX. The 
solubility of MPIX in 40K buffer (buffer lacking any 
detergent - see the Materials and methods section) was 
extremely low. For 2 PM MPIX in 40K buffer, no 
absorption could be detected even in the strongly 
absorbing Soret region (E = 2.5 x lo5 cm-’ M-l, in 
40K + T buffer; see the Materials and methods section) 
after the solution had been centrifuged at 13,000 r.p.m 
for 30 min. The solubility of MPIX increased with 
increasing Triton concentration (reflected, among other 
things, in the fact that higher and higher absorption 
intensities could be measured in t,he supernatants fol- 
lowing the 30 min spin treatments of MPIX-Triton solu- 
tions). Figure 2 shows that the absorption intensities of 
uncentrifuged MPIX- Triton solutions increased with 
progressively higher Triton concentrations in both the 
Soret region (-400 nm) and the visible region (peaks I, 
II, III and IV between 500-700 nm; numbered according 
to Smith [43]). The absorption intensities reached satu- 
ration at a Triton concentration of 0.085%. Correspond- 
ingly, at this Triton concentration, no MPIX precipitation 
could be detected by centrifugation (data not shown). 
The solubility and absorption properties of MPIX were 
also tested in the presence of other nonionic detergents, 
namely, Tween 20, and Nonidet P-40. Both had effects 
essentially indistinguishable from that of Triton X-100 
(data not shown). 

NMM 
Unlike MPIX, A’-methylmesoporphyrin IX (NMM) was 
both more soluble and less prone to aggregation in water 
and in buffered neutral solutions. For instance, no precipi- 
tation was detected in l-5 pM NMM solutions in the 
detergent-free buffer, 40K. Nonionic detergents such as 
Triton X-100 and Tween 20, tested up to 0.1% (w/v), did 
not show a significant effect on either the solubility or the 
absorption of NMM within this concentration range. The 
higher solubility of NMM in the neutral aqueous solutions 
was most probably due to the higher basicity of NMM 
than MPIX [l&43]. At neutral pH, NMM exists mainly in 
a mono-protonated form, with a positively charged center, 
whereas MPIX is not substantially protonated [18,43]. 

Figure 2 
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Absorption spectra of MPIX with increasing detergent concentrations. 
(a) Absorption from 350 to 650 nm; (b) absorption from 500 to 
650 nm. MPIX (2 PM) was titrated in 40K buffer with the following 
Triton concentrations: 0, 0.005, 0.0075, 0.01, 0.0125, 0.015, 0.0175, 

0.02, 0.025, 0.03, 0.035, 0.06, 0.085 and 0.1%. 

The effects of PSB.STl and other DNA oligomers on the 
solubility and absorption properties of MPIX and NMM 
We wished to investigate whether binding to DNAzymes 
such as PS5.STl (a 33 nucleotide sequence precursor of 
PS5.M) affected the ultraviolet (UV)-visible spectra of 
MPIX. Spectral measurements were therefore made at a 
fixed concentration of MPIX (1 PM, in 40K buffer) titrated 
with progressively higher concentrations of PSS.STl, 
ranging from 0 to 366 pM. In the absence of DNA, or at the 
lower DNA concentrations, the MPIX spectrum resembled 
that of the aggregated form of the porphyrin (see Figure 2). 
At the higher DNA concentrations, however, the initially 
broad Soret band sharpened (as in the presence of Triton) 
to a well-defined peak, centered at 399 nm, the intensity of 
which increased with PSS.STl concentrations until a satu- 
ration of intensity occurred around 100 pM PS5.STl. 
Figure 3a shows that this DNA-enhanced Soret peak gener- 
ally resembled in shape and intensity the Soret peak seen 
in the presence of Triton; a slight distinguishing feature 
between the two was that in Triton a small shoulder 
appeared (at 375 nm) on the body of the Soret peak, 
whereas in the PS5.STl samples this was not present. 
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Figure 3 
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Absorption spectra of MPIX in the presence of different DNA oligomers 
MPIX was at 1 PM, and the DNA concentrations were 10 p.M. (a) MPIX 
spectra (in 40K buffer) f!om 350 nm to 650 nm, in the absence of DNA 
oligomers but in the presence of 0.1 o/o Triton; in the presence of the 
control oligomers BLD or OXY4; and in the presence of the catalytic 
sequence PS5STl. (b) The spectral region from 480 nm to 680 nm. 

In the visible (480-680 nm) region (Figure 3b), the 
pattern of absorption maxima and the location of these 
maxima were utterly distinctive following titration with 
the DNAzyme. The MPIX-PS5.STl complex showed a 
completely different absorption peak profile (an A-B-C 
pattern) from that found in the presence of Triton or other 
detergents. MPIX-Triton had major absorptions peaking 
at -510 nm (peak IV), -540 nm (peak III), -570 nm (peak 
II), and -630 nm (peak I). The intensity of these peaks 
decreased in the order of: IV > III > II > I (Figure 2). The 
new A-B-C peak pattern had maxima at -540 nm, 
-565 nm and -610 nm, respectively, with intensities in 
the order of B > C > A. 

To determine whether the MPIX spectral changes seen in 
the presence of PSSSTl were mirrored in the presence of 
other catalytic DNA oligomers, and also to investigate 
whether the changes could be observed in the presence of 
any DNA oligomer, spectral titrations of 1 pM MPIX were 

carried out with progressively increasing concentrations of 
several different DNA oligomers. In the presence of 10 PM 
of the catalytic oligomer PS5.M, the spectrum was essen- 
tially identical to that found with PS5.STl. Figure 3 shows 
the absorption spectra (in 40K buffer) of MPIX in the 
absence of DNA, in the presence of 10 yM BLD (a noncat- 
alytic control DNA), and in the presence of IO FM OXY4 (a 
noncatalytic but G-quadruplex-forming DNA sequence 
[32]). BLD and 0x14 had no effect on the ‘aggregated’ 
absorption of MPIX. To demonstrate that MPIX bound to 
and was solubilized by PS5.M and PSS.STl, but not by the 
other two DNA oligomers, we recorded the absorption 
spectra of all the above samples following 30 min centrifu- 
gations at 13,000 r.p.m. Solutions containing either no DNA 
or containing the non-catalytic oligomers BLD or OXY4 
showed essentially no residual absorption in the supernatant 
following the spin. By contrast, approximately 70% of the 
pre-spin absorption intensity persisted in the supernatant of 
the DNAzyme-containing samples. Similar enhancements 
of both MPIX solubility and absorption were observed also 
in the presence of three other catalytic sequences, 
PS19ST1, PS2.M and TM.M’Z (data not shown). 

The effect of Triton on the spectrum of a preformed 
MPIX-PSL.STl complex 
The above DNA-MPIX interaction experiments were 
carried out in 40K buffer. The spectral effect of adding 
detergent to a preformed DNAzyme-MPIX complex was 
now examined. A preformed PS5.STl-MPIX complex 
(consisting of 1 PM MPIX and 10 /.tM DNA) was titrated 
with increasing concentrations of Triton X-100, up to 0.02%. 
Figure 4 shows that the introduction of Triton into the 
PS5STl-MPIX sample resulted in the absorption spectrum 
changing to a pattern characteristic of Triton-MPIX spectra: 
for instance, the shoulder seen at the blue edge of the Soret 
peak appeared (Figure 4a), and a I-II-III-IV peak pattern 
(rather than an A-B-C pattern) was now seen in the visible 
region (Figure 4b). These results indicated that Triton X- 
100 was able to compete favorably with PSSSTl for MPIX 
binding. This result was consistent with our earlier data that 
Triton had a negative effect on the catalyzed rate of metalla- 
tion by PS5.M [32]. The high hydrophobicity of MPIX was 
probably the most relevant factor for the net movement of 
MPIX out of the DNAzyme’s active site (possibly a site of 
reasonable hydrophobicity) into Triton micelles with highly 
hydrophobic interiors. 

The NMM-PS5.STl complex 
The DNA molecules catalytic for porphyrin metallation 
discussed in this paper were originally selected for their 
preferential binding of NMM (and poorer binding of 
MPIX). To study DNAzyme interactions with NMM, we 
recorded, separately, the UV-visible spectra of NMM dis- 
solved in 40K buffer (lacking detergent), in 40K buffer but 
with increasing concentrations of Triton, and in 40K buffer 
in the presence of increasing concentrations of PS5.STl. 
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Figure 4 
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The effect of Triton on the absorption spectra of the MPIX-PS5STl 
complex. (a) The absorption spectra from 350 to 650 nm of preformed 
PSBSTl -MPIX, titrated with different Triton concentrations. PS5STl 
was at 10 PM, MPIX at 1 PM, and Triton was added to 0, 0.005, 0.01, 
0.015 and 0.020% concentrations, respectively. (b) The region of the 
spectra from 450-650 nm. 

In contrast to the case of MPIX, the presence of increasing 
concentrations of Triton (tested up to 0.1% Triton X-100) 
did not significantly change the NMM spectrum (data not 
shown). This was, undoubtedly, related to the greater 
hydrophilic character (and a lesser tendency to aggregation) 
of NMM [46]. The presence of increasing concentrations of 
PSSSTl also had a relatively small effect on the NMM 
absorption in both the Soret and visible regions. The Soret 
peak, in the presence of PSS.STl, shifted approximately 
5 nm to the red, with an accompanying small hypo- 
chromicity. In the visible region, the presence of PS5.STl 
induced a degree of hyperchromicity in the 570 nm and 
615 nm absorbances, but did not grossly change the pattern 
or the positions of the absorption maxima. Overall, these 
observations with NMM offered a marked contrast to the 
various (and significant) spectral changes induced in the 
MPIX absorption by Triton and by PSS.STl. 

In another striking departure from the case of MPIX, pre- 
formed NMM-PS5.STl complexes did not dissociate in 
the presence of concentrations of added Triton (up to O.l%, 
data not shown). Undoubtedly, this was again a reflection of 

a significantly higher binding affinity of the DNAzyme for 
NMM (compared with MPIX). To determine the affinities 
of the DNAzyme for the two porphyrins, we initially 
obtained absorption spectra from separate titrations of 
MPIX and NMM with catalytic DNA sequences to obtain 
dissociation constants (K,). The absorbances, A, for both 
NMM and MPIX (in the presence of defined concentra- 
tions of DNA) were plotted as functions of the DNAzyme 
concentration. For NMM titrated with the catalytic DNA 
sequences PS5.M and TM.MZ, A versus DNA concentra- 
tion gave plots characteristic of very tight binding modes 
[47], whereas MPIX gave evidence of much weaker 
binding. Figure 5a shows the data for the MPIX titrations. 
Using a formalism described by Wang eta/. [48], a K, value 
of 6.9 FM f 0.2 FM was calculated for the MPIX-PS5.M 
complex. In the case of NMM, to obtain interpretable data, 
absorbance could not be used. We therefore measured the 
K, for the NMM-PS5.M complex using fluorescence (F), 
with a very low concentration of NMM (25 nM, the lowest 
possible concentration of NMM consistent with accurate 
fluorescence measurements) and DNA concentrations 
between 0 and 600 nM. Figure 5b shows these data: the 
NMM-PS5.M complex had a K, value 5 7.2 nM f 0.2 nM. 
Cumulatively, these data indicated that under solution con- 
ditions favoring both optimal binding and optimal catalysis 
(i.e., 40K buffer [32]) the NMM-binding affinity of PS5.M 
was -lOOO-fold stronger than its affinity for MPIX. 

DNAzyme-bound MPIX has an absorption spectrum closely 
resembling those of NMM and the NMM-DNAzyme complex 
In comparing the various absorption spectra described 
above, a most interesting observation was made. Figure 6 
shows a superimposition of the spectra of the monomeric 
MPIX (in Triton solution), the MPIX-PSS.STl complex, 
and the NMM-PS5STl complex. The spectrum of the 
MPIX-PS5.STl complex, while very different from that 
of either MPIX alone (i.e., in the aggregated form) or the 
MPIX-Triton solution, closely resembled the spectrum of 
the NMM-PS5.STl complex across the Soret and visible 
regions. In the Soret region (Figure 6a), the spectra of the 
two complexes differed in intensity but were indistin- 
guishable in every other respect - the Soret peaks, with 
overlapping maxima, were both symmetric peaks with no 
observable shoulders. In the visible region (Figure 6b), 
the affinities were even more striking, with the 
MPIX-PS5STl complex showing an A-B-C peak pattern 
(like the NMM-PS5.STl complex) rather than the 
I-II-III-IV pattern of MPIX-Triton. 

The difference in the visible spectra of NMM (the A-B-C 
pattern, see above) and of MPIX (the I-II-III-IV pattern, 
also above) is fundamentally related to their protonation 
states at neutral pH [43], in that NMM is substantially 
mono-protonated at this pH, whereas MPIX is not proto- 
nated [43]. Generically, neutral porphyrins are both very 
weak acids (both pKa, and pKa, for etioporphyrin, in the 
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Figure 5 
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Binding curves of MPIX (via absorbance data) and of NMM (via 
fluorescence data) to the DNAzyme, PS5.M. (a) Absorbance of MPIX 
(1 pM) when titrated by O-150 ~.LM PS5.M, in 40K buffer. Absorbance 
was measured at 399 nm. (b) The fluorescence intensity of NMM 

(25 nM) when titrated by O-200 nM PS5.M, in 40K buffer. Excitation 
was at 397 nm. Emission was measured at 610 nm. The measured K,, 
values were 6.9 f 0.2 pM (MPIX) and 7.2 + 0.2 nM (NMM). 

scheme shown below, have been estimated at -16 [43]). 
Porphyrins are also weak bases. A free-base porphyrin 
(PH,) may therefore accept two protons to its imine-type 
nitrogen atoms to form monocations (PH,+) and dications 
(PH4z+), as shown below: 

pb PKa, pKa2 p% 
PH,2+ _ PH,’ _ PH2 _ PH- _ Pa- 

The metallation process (i.e., the coordination of the posi- 
tively charged metal ion to the neutral porphyrin), in the 
uncatalyzed reaction, is related to the second step (the first 
protonation event of the neutral porphyrin, with pKa,) in 
the scheme above (reviewed in [18]). The uncatalyzed 
rate-determining step does not involve the PH- or the Pa- 
species (which have very high pK values, around +16) [43], 
nor does it involve the loss of liganded waters from such 
ions as copper (II) and zinc or the formation of outer sphere 
complexes between porphyrin and metal [18]. Also, in a 
prior study, we had shown that the PS5.M-catalyzed metal- 
lation reaction had a very similar pH profile to that of the 
uncatalyzed reaction (both rates peaking at pH -6.2) [32]. 
We can therefore deduce with some confidence that the 
DNAzyme-catalyzed reaction and the uncatalyzed reaction 
share the same rate-determining step. We can now define a 
quantity ‘pKm’, or ‘metallation pK’, as being equivalent to 

the quantity pKa, above. A number of investigators have 
studied the absorption spectra of the different protonated 
forms of porphyrins, and found that many porphyrins have 
generalized and predictable absorption peak patterns for 
their neutral (PH,), morioprotonated (PH,+) and diproto- 
nated (PH4z+) forms [43,49-521. Fundamentally, the visible 
absorption of the PH, form has a I-II-III-IV (four peaks) 
pattern, the. PH,+ form has an A-B-C (three peaks) 
pattern, whereas the PHdZ+ species has an X-Y (two peaks) 
pattern. The existence of these distinct patterns of peaks 
for the different protonated forms of porphyrins facilitates 
the measurement of the various pKa values via pH titration 
experiments. 

With regard to substantially planar porphyrins such as 
MPIX, an interesting observation has been made that in 
aqueous solution (containing nonionic detergents), only 
the neutral (PH,) and the diprotonated species (PH42+) are 
readily observed [43,49,53]. Thus, only a single, and sur- 
prisingly low, pKa value of -2 (pKa, + pKaJ was measured 
for the dimethyl ester of MPIX [43,49,53]. The failure to 
observe the mono-protonated species has been attributed 
to the difficulty of protonating the sterically crowded 
cavity (with two hydrogens present already) of structurally 
flat porphyrins such as MPIX. The initial protonation 
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Figure 6 Figure 7 
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Similarities between the absorption spectra of the DNAzyme-MPIX 
and DNAzyme-NMM complexes. (a) The spectra from 350 to 650 nm 
and (b) the visible region of the spectra. 

event (to give PH,+), however, is thought to distort the 
porphyrin away from the planar and to facilitate a rapid 
second protonation [Y&53]. Crystal structures of mono- 
and diprotonated porphyrins have, in fact, shown that 
these porphyrins do have bent structures, with one pyrrole 
unit being tilted -15” away from the plane of the mono- 
protonated species and -30” of the plane of the diproto- 
nated species [53,54]. In concordance with this notion, 
naturally non-planar porphyrins (such as the N-alkyl por- 
phyrins, including NMM) undergo protonation with a sig- 
nificantly greater facility than do planar porphyrins (such 
as MPIX). Owing to their distorted structures, the basicity 
of iV-alkyl porphyrins is significantly greater, and the pKa 
values for their first protonation are typically 3-S pH units 
higher than those of corresponding non-alkylated, planar 
porphyrins. The pKa values for the second protonation, 
however, are not significantly different between the two 
groups, as expected [l&46]. 

The effect of DNAzyme-binding on the pKm values of NMM 
and MPIX 
We carried out pH titration experiments to determine the 
pKm values of NMM and of MPIX under our experimental 

L 

q Iy NMM-No Triton 

0 2 4 6 8 10 12 14 
OH 

\ \ 
slope = -1 .l 

PH Chemistry & Biolog) 

(a) Normalized pH titration curves for MPIX-Triton, MPIX-PS5.M, 
NMM-Triton and NMM in the absence of both Triton and PS5.M. 
A’: all absorbances were normalized, with a value of 1 .O at the higher 
pH end and 0 at the lower pH end. MPIX was at 1 PM, NMM at 3 pM, 
Triton X-l 00 at 0.1 Vo and PS5.M at 20 pM (where applicable). 
MPIX-Triton (blue; + at 500 nm, and n at 397 nm); MPIX-DNAzyme 
(red; + at 500 nm and A at 604 nm); NMM-Triton (green; 0 at 
397 nm, and x at 568 nm); NMM-no Triton (brown; 0 at 397 nm, and 
A at 560 nm). (b) Plots of log [(A, - A,)I(A- A,) - 11 versus pH for 
samples shown in (a). The MPIX-Triton points were from the 397 nm 
data (see above), the MPIX-DNAzyme from the 500 nm data; 
NMM-Triton from 397 nm, and NMM-no Triton from 397 nm. Data 
from measurements made at the other wavelengths for each sample 
gave straight lines in excellent agreement with those shown. 

conditions, in both the presence and absence of saturating 
concentrations of the DNAzyme PS5.M. Absorbance 
changes, monitored at different wavelengths (see legend for 
Figure 7) were measured as functions of pH for NMM 
alone (in water and in 0.1% Triton solution), for MPIX 
alone (in 0.1% Triton solution), as well as for the two por- 
phyrins bound to PS5.M. The absorbance changes (normal- 
ized to a scale of O-1.0) are shown in Figure 7a. The pKm 
values (the midpoint pH values for the various sigmoidal 
curves) can be accurately determined by plotting the quan- 
tity log [(A,-A,)/(A- A,) - l] as a function of pH. These 
plots are shown in Figure 7b (the pKm of NMM bound to 
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Table 1 Figure 8 

pKm values for MPIX and NMM in various solutions. 
a) 1,200,000 

Porphyrin In 0.1% Triton . No detergent PS5.M 
i ( 

1 ,ooo,ooo 
MPIX 

(UV-visible) 

(fluorescent) 

NMM 

1.8* N/A 6.6 

1.8* 2.8 6.4 

800.000 i 

pi-l 2.2-9.6 

pH 0.7-l .3 

0 
‘ii; 
5 600,000 
c i 

(UV-visible) 8.7 

*Value for pKa, and pKa,. 

10.8 >lO 

PS5.M could not be obtained since the folded structure of 
the DNAzyme could not be preserved above pH 10) and 
the pKm values obtained (the x intercepts in Figure 7b) are 
listed in Table 1. The PSS.M-MPIX complex had a pKm 
of 6.5, which was vastly higher than that of MPIX in Triton 
solution (1.8), but closer to that of NMM, whether in Triton 
solution (8.6) or in water (10.8). This unexpected result 
indicated that a measurable consequence of interaction 
with the DNAzyme was a strong enhancement of the basic- 
ity of MPIX to a value closer to the basicity of the distorted 
porphyrin NMM. 

A 
‘A 

400,000 
\ 

200,000 

1 b 

1 

( b) 500,000 , 

It is interesting to note also from Figure 7b that the nega- 
tive of the slope for log [(A,-A,)/(A-A,) - l] as a function 
of pH (see Calculations in the Materials and methods 
section) was -2 for the MPIX samples in Triton solution, 
whereas the others gave values of approximately -1. The 
slope of -2 was fully consistent with that protonation 
event having two protons added to the neutral MPIX, as 
discussed above. MPIX bound to DNAzyme, however, 
acquired a single proton. 

c) 140,000 

120,000 

1 

Prior to attempting an analysis of the data presented above, 
it was necessary to investigate the possible perturbation of 
porphyrin pKm values by the detergent (0.1% Triton) 
present in the buffers used for the measurements on MPIX 
in the absence of added DNAzyme (this was the only 
absorbance sample which, owing to the poor solubility of 
MPIX, required detergent). A direct absorbance measure- 
ment of the pKm of MPIX dissolved in water without 
detergent could not be made, owing to the poor solubility 
and tendency of MPIX to aggregate in detergent-free 
buffers. We therefore made pH titrations using fluores- 
cence, at very low (10 nM) MPIX concentrations, to directly 
determine the pKm of detergent-free MPIX. Figure 8a-c 
shows the fluorescence spectra across broad pH ranges of 
MPIX in a 0.1% Triton solution (Figure 8a), MPIX in a 
water solution without any Triton (Figure 8b), and MPIX in 
the presence of 1 PM PS5.M (a lOO-fold molar excess over 
the porphyrin, to assure full binding of the porphyrin - 
Figure 8~). That the detergent-free solution of MPIX at 
this low porphyrin concentration was indeed a true solution 
was confirmed first by the persistence of fluorescence 

sr .?z 

: 

80,000 

E 60,000 

i 

Fluorescence emission spectra as functidns of pH, (a) MPIX in a 0.1% 
Triton solution; (b) MPIX in solution without Triton; (c) MPIX 
complexed to the DNAzyme PS5.M. MPIX concentrations in all 
samples were 10 nM; PS5.M concentration in (c) was 1 PM. The 
excitation wavelength in each case was 397 nm. 

intensities in this sample following the high-speed spin for 
30 min (which, as described above, successfully pelleted 
undissolved porphyrin), and second by the essential similar- 
ity of the spectra in the absence as well as in the presence of 
Triton. It is interesting to note, in this context, that the 

0 
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DNAzyme-MPIX complex had a qualitatively differently 
spectrum from the other two MPIX spectra, especially in 
the low pH regime. Undoubtedly, this reflected our earlier 
finding (above) that MPIX by itself underwent a double 
protonation event, with a single pK value, whereas MPIX 
bound to the DNAzyme acquired only a single proton. 

Our above conjecture could be checked, as well the indi- 
vidual pKm values we desired obtained, from a plot of log 
[(F, - F,)/(F - F,) - l] as a function of pH. Figure 9 shows 
that the plots of MPIX (in water solution and in Triton 
solution) had slopes of -2, indicating double protonation 
events whereas the slope of the DNAzyme-MPIX 
complex had a slope of -1. Second, it can. be seen that the 
‘true’ pKm of MPIX, in the absence of Triton, was 2.8 
(approximately one pH unit higher than in the presence of 
the detergent). The pKm change caused by the 
DNAzyme binding to MPIX was 6.5 - 2.8 = 3.7 pH units. 
In other words, the DNAzyme appeared to contribute to 
an enhancement of the basicity of MPIX by between 
three and four pH’ units. 

How does the DNAzyme enhance MPIX basicity by -3.7 pH 
units? 
How might the DNAzyme influence the basicity of bound 
porphyrins? There are three possible means: first, by pro- 
viding a binding environment for the porphyrin with a 
dielectric constant different from that of the surrounding 
water; second, by positioning a negative charge close to 
the porphyrin binding site in order to stabilize the positive 
charge developing in the porphyrin core as it is being pro- 
tonated or metallated; and third, by distortion of the 
planar porphyrin to make more accessible to protons (or to 
metal ions) one or more set of pyrrole nitrogen lone pairs. 
It is likely that the DNAzyme’s binding site does supply a 
significantly hydrophobic environment to the bound por- 
phyrin; however, such an environment would, if anything, 
make a porphyrin less basic, as the charge of the monopro- 
tonated porphyrin would find poorer solvation in such an 
active site than in the bulk water. If the first possibility 
might thus be eliminated, how might it be possible to dis- 
tinguish between the other two? 

Micelles formed from an anionic detergent such as SDS 
provide a potentially interesting model system for the 
above problem, for they should in principle be capable of 
supplying to MPIX molecules bound to them both a 
hydrophobic environment as well as proximal negative 
charges. SDS, when packed into a regular and tightly 
packed structure such as a micelle, should display the 
characteristics of a polyanion, with each SDS molecule 
contributing one full negative charge per 250 Da molecu- 
lar weight (whereas DNA contributes one full negative 
charge per 300-330 Da). Additionally, one might expect 
that binding to such micelles would not distort the pla- 
narity of the porphyrin. SDS micelles therefore might 

Figure 9 
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MPIX-DNAzyme 
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Plots of log [(F, - F,)/(F - F,) - 11 versus pH for samples shown in 
Figure 8. 

i 

provide a simple model system for testing the relative 
effects of porphyrin structural distortion (the third possi- 
bility, above) and of active-site environmental effects (the 
second possibility) on the basicity of bound porphyrins. 
pKm measurements were therefore made of 1 FM MPIX 
fully dissolved in a solution of 1% SDS (35 mM SDS, sig- 
nificantly higher than the ‘critical micelle concentration’ 
for the formation of SDS micelles in our buffers). The 
pKm value was 5.6. This value, although significantly 
higher than the value of -2.8 for MPIX dissolved in buffer 
in the absence of any detergents, was nevertheless lower 
than the value of 6.5 for the MPIX-PS5.M complex. 
Although it would be rash to overinterpret the above data, 
it does appear that saturation binding to SDS micelles 
does not enhance the basicity of MPIX quite as well as its 
binding to the DNAzyme. 

The above data, as well as the strikingly preferential 
binding of NMM by the DNAzyme (three orders of mag- 
nitude better than MPIX binding), allow us to formulate a 
hypothesis that the increase in basicity (and hence also the 
ease of metallation) observed for MPIX bound to the 
DNAzyme may be due to a distortion of the planar struc- 
ture of MPIX by the enzyme. However, we’ cannot rule 
out at this stage the possibility that the catalytic effect of 
PS5.M. may arise in whole or in part from a strategic posi- 
tioning of negatively charged phosphate group(s) that sta- 
bilize the incipient positive charge of the protonation (or 
metallation) transition state. 

In summary, our insight into the modus operandi of this very 
small but catalytically efficient DNAzyme helps broaden 
our insight into the sophistication of sites within nucleic 
acids for the binding of small molecules and, by extension, 
of active sites within nucleic acid enzymes. From our 
results, it appears likely that a pronounced and measurable 
enhancement of substrate basicity by the DNAzyme is, in 
fact, the means by which it accomplishes its catalytic task. 
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The physical bask for this basicity increase is more diffi- PS2.M (18 nucleotides): 

cult to be certain about at this stage, and will probably have GTGGG TAGGG CGGGT TGG 

to await high-resolution structural data on the enzyme- TM.M2 (18 nucleotides): 

substrate complex. Efforts at crystallization of the MPIX- GTGGG TTGGG TGGGT TGG 

DNAzyme complex are currently underway. OXY4 (32 nucleotides): 

Significance 
TTTTG GGGTT TTGGG GTTTT GGGGT TTTTGG GG 

Here we provide experimental evidence regarding the 
BLD (27 nucleotides): 

modus operandi of a small but efficient DNA enzyme AATAC GACTC ACTAT AGGAA GAGAT GG 

(DNAzyme), PS5.M, that catalyzes the metallation of Porphyrins. The porphyrins (MPIX and NMM) were purchased from 
mesoporphyrin IX (MPIX) by copper and zinc ions. Porphyrin Products (Logan, Utah), and used without further purifica- 

The MPIX-DNAzyme complex has an absorption tion. Their concentrations in aqueous solutions were determined using 

spectrum resembling not so much those of the free por- standard methods [43]. 

phyrin MPIX (in its .solution-aggregated and its 
monomeric forms) but rather that of the DNAzvme 

Spectroscopy 
UV-visible absorption measurements on both MPIX and NMM were 

enhances the basic&v (and hence the ease of metalla- 

complexed to a distorted porphyrin, N-methylmesopor- 
phyrin (NMM). NMM is recognized as a stable transi- 
tion state analog for the metallation reaction. pH 
titration experiments reveal that the DNAzyme 

carried out in a dual-beam Cary 3E UV-Visible Spectrophotometer, at 

detergents 

20°C. Fluorescence measurements were carried out in a Photon Tech- 
nology International (PTI) Spectrofluorimeter. 

Titration of MPIX and NMM absorptions with nonionic 

tion) of the substrate, MPIX, by 3-4 pH units. The 
DNAzyme may cause this basicity enhancement by dis- 
tortion of the planar porphinato- core of MPIX to 
resemble that of the naturally deformed porphyrin, 
NMM, or by stabilization by a DNA phosphate of the 
growing positive charge in the transition state for por- 
phyrin protonationlmetallation, or by a combination of 
the two. This catalytic strategy of enhancing substrate 
basic&y may also hold true for the recently described 
catalytic RNA and catalytic antibody for porphyrin met- 
allation. Our results serve to illuminate a strategy by 
which primordial nucleic acid enzymes in an RNA 
world might have catalytically generated this important 
class of enzymatic cofactors - the metalloporphyrins. 

Materials and methods 
Materials 
DNA oligomers were synthesized at the University Core DNA Services 
(University of Calgary). Synthesized sequences for DNAzyme assays 
were purified as follows: the oligomers were first size-purified in denatur- 
ing polyacrylamide gels. The eluted DNA (in TE buffer: 10 mM Tris, pH 
7.4; 0.1 mM EDTA) was then passed through Spice Cl8 (Rainin) 
columns. The bound DNA was released from these columns with 30% 
acetonitrile. Following lyophilization, the purified DNA oligomers were dis- 
solved in 10 mM Tris acetate, pH 7.4, and stored at -20%. All salt solu- 
tions were avoided during the above purification procedure because the 
presence of metal ions (including Mg *+, Na+ and K+) was found to affect 
the catalytic rates of the DNAzymes. For the experiments described in 
this paper, all DNA oligomers were first heat denatured in 10 mM Tris 
acetate buffer (see above) at QO”C, for 5 min, and then allowed to cool 
slowly to room temperature. The sequences of the various DNA 
oligomers studied are given below: 

PSS.STl (33 nucleotides): 

TCGTG GGTCA TTGTG GGTGG GTGTG GCTGG TCC 

PS5.M (24 nucleotides): 

GTGGG TCATT GTGGG TGGGT GTGG 

PSl QSTI (23 nucleotides): 

AGGTT ATAGG GCGGG AGGGT GGT 

MPIX solutions [2 FM diluted from a 100 FM stock solution in 40K+T 
buffer (100 mM MES, 50 mM Tris, 40 mM potassium acetate, 0.25% 
Triton X-l 00, 1% DMSO, final pH 6.2)] were individually made in 40K 
buffer (which contained all the components of 40K+T 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 300 to 700 nm. Various concentra- 
tions for each detergent were tested to determine the detergent con- 
centration at which MPIX started to give saturated absorption profiles. 

Porphyrin absorption in the presence of various DNA oligomers 
The comparison of the effects of different DNA oligomers on the absorp- 
tion spectra’of MPIX was carried out using solutions containing 1 PM 
MPIX and 10 PM DNA, in 40K buffer, at 20%. For UV-visible absorption 
spectra of MPIX titrated with increasing concentrations of PS5.M, the 
MPIX concentration was fixed at 1 FM while the PS5.M concentrations 
were at, variously, 0, 1, 3, 5, 7, 9, 12, 15, 20, 30, 50, 75, 100, 150, 200, 
250, 300 and 366pM. The solutions were prepared as follows: DNA 
was first incubated in 40K buffer for 20 min, to allow proper folding of 
the oligomer; then MPIX was introduced (from 100 PM stocks in 40K+T, 
containing 0.25% Triton X-l 00). The mixtures were incubated for 10 min 
before their spectra were recorded. For the titration by PS5.M of NMM 
UV-visible absorption, a fixed concentration of 1 KM NMM was used, 
and DNA concentrations were varied up to 20 FM. 

Fluorescence measurements 
The emission spectra of both NMM and MPIX were recorded with the 
excitation wavelength set at 397 nm. The emission spectral scan range 
was between 500 nm and 720 nm. The spectra were taken at room 
temperature (22°C). 

Binding constant measurements 
IMP/x Absorption experiments were carried out to obtain the binding 
constant of MPIX to PS5.M. A series of MPIX-PS5.M solutions, in 40K 
buffer, were prepared. All solutions contained 1 PM MPIX; but, con- 
tained PS5.M at concentrations of 0, 1, 3, 5, 7, 10, 15, 20, 25, 40, 50, 
100 and 150 PM, respectively. These solutions were incubated for 20 
min at room temperature and their absorption spectra were taken in the 
350 to 650 nm range. The absorbance versus PS5.M concentration 
dependence obtained was fitted to the following equation described by 
Wang et al. [481: [DNA], = K, (A -A,)/(A_ -A) + [PI, (A -A,)/(A, -A,), 
where [DNA], and [PI, are the initial concentrations of PS5.M and 
MPIX, respectively. A, A_ and A, are, respectively, the absorbance read- 
ings of the MPIX-PS5.M sample at different DNAzyme concentrations; 
the fully-bound MPIX; and the totally free (DNAzyme-unbound) MPIX. 
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/Vll/m/1. Fluorescence experiments were carried out to obtain the binding 
constant of NMM to PS5.M, in 40K buffer. The NMM concentration 
was fixed at 25 nM; to this solution were added pre-folded PS5.M (in 
40K buffer), to give final DNAzyme concentrations of 2, 7, 13, 25, 35, 
45, 55, 65, 75, 85, 95, 105, 125, 145, 165, 185 and 205 nM. 
Samples were excited at 397 nm, and emission spectra were recorded 
from 580 to 700 nm. The fluorescence intensities obtained were incor- 
porated into the above equation to derive the K, value. 

pH titrations using absorbance 
Buffer solutions with different pH values were made as follows (using 
standard procedures): pH 1.0-2.0 solutions were buffered with HCI- 
NaCI; pH 2.0-3.6 with glycine-HCI; pH 3.7-5.6 with sodium (or potas- 
sium) acetate-acetic acid; pH 5.8-8.0 with Na,HPO,-NaH,PO, (or their 
potassium salts); pH 7.0-9.0 with Tris-HCI; pH 8.6-10.6 with glycine- 
NaOH (or KOH); pH 11.0-12.0 with Na,HPO,-NaOH; and 
pH 12.0-13.0 with NaOH-NaCI. All buffer solutions contained either 
100 mM K+ or 100 mM Na+. Potassium ions had to be used for PS5.M 
(for the formation of the catalytically active folded structure of PS5.M see 
1321) while sodium ions had to be used for solutions containing SDS 
(SDS precipitates in the presence of even low concentrations of potas- 
sium). While the porphyrin-Tritqn or the porphyrin-SDS solutions were 
tested for the entire pH range from 1 .O to 13.0, porphyrin-PS5.M solu- 
tions were tested only in the range of pH 4.0 to pH 10.0. For these experi- 
ments the NMM concentration was fixed at 3 PM; the MPIX concentration 
(where relevant) at 1 PM; PS5.M at 20 uM (to provide approximately 80% 
binding of 1 uM MPIX); and, where relevant, Triton X-l 00 at 0.1% (suffi- 
cient, again, to solubilize the 1 yM MPIX); and SDS at 1%. 

pH titrations using fluorescence 
Fluorescence titration experiments were carried out to derive the pKa 
value of MPIX in solution containing neither Triton nor DNAzyme, in a 
solution containing 0.1% Triton only, and in a solution containing 1 uM 
PS5.M. In all of these, MPIX concentration was fixed at 10 nM. The 
excitation wavelength used was 397 nm. 

Calculations 
A porphyrin sample at a specific pH may contain proportions of both 
the neutral (P) and mono-protonated (PH+) forms of the porphyrin. The 
ionization equilibrium, of course, is simply described by: 

Ka 
PH+ - H++P 

Therefore, K,= [H+][P]/ PH+] and, log K,= log [H+] + log ([P]/[PH+]}. 
If the total porphyrin concentration equals c, {c = [PH+] + [PI), we can 
define [PI as x. Then, [PH+] = c-x. Therefore, [PH+]/[P]= (c-x)/x= 
(c lx) -1. 

Now, if A is the absorbance of a porphyrin sample (containing both 
protonated and unprotonated forms, PH+ and P) at a given pH, and 
two quantities, A, and A,, are defined such that they represent the sat- 
urating absorbances of the porphyrin sample at, respectively, the basic 
and acidic ends of the titration spectrum for that porphyrin, we can 
write the following relationship: 

cIx=(As-A,)I(A-A,) 

Therefore: 

log k, = log [H+] - log [(A, - A,)/(A - A,) - l] 

Therefore: 

log [(A, - A,)/(A - A,) -11 = - log k, + log [H+] = pK, - pH (1) 

For the situation where the porphyrin can undergo two protonation 
events, we have the equlibria: 

K al K a2 
PH,*+ _ H+ + PH+, and PH+ _ H+ + P 

In the case of porphyrins such as MPIX, where these two protonation 
events are essentially concurrent (two protonation events, but a single 
effective pK, for protonation), K,, = K,, = ‘K,‘. In this instance, Equation 
1 (above) would be modified to give: 

log [(A, - A,)/(A - A,) -1 I = 2pK, - 2pH (2) 

To generalize this notion, if there are multiple (n) concurrent protona- 

tion events (n protonation events, but a single effective pK,), Equation 
2 would take the following form: 

log [(A, - A,)/(A - A,) -11 = n pK, - R pH (3) 

In other words, a plot of log [(A2 - A,)/(A - A,) -11 versus pH should 
give a straight line with a slope equal to -n, and the intercept on the x 
axis at the pK, value. 

Essentially identical formalisms can be derived for data consisting of 
fluorescence (rather than absorbance) measurements. 
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