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Abstract Group II introns are large ribozymes, consisting

of six functionally distinct domains that assemble in the

presence of Mg2+ to the active structure catalyzing a

variety of reactions. The first step of intron splicing is well

characterized by a Michaelis–Menten-type cleavage reac-

tion using a two-piece group II intron: the substrate RNA,

the 50-exon covalently linked to domains 1, 2, and 3, is

cleaved upon addition of domain 5 acting as a catalyst.

Here we investigate the effect of Ca2+, Mn2+, Ni2+, Zn2+,

Cd2+, Pb2+, and [Co(NH3)6]3+ on the first step of splicing

of the Saccharomyces cerevisiae mitochondrial group II

intron Sc.ai5c. We find that this group II intron is very

sensitive to the presence of divalent metal ions other than

Mg2+. For example, the presence of only 5% Ca2+ relative

to Mg2+ results in a decrease in the maximal turnover rate

kcat by 50%. Ca2+ thereby has a twofold effect: this metal

ion interferes initially with folding, but then also competes

directly with Mg2+ in the folded state, the latter being

indicative of at least one specific Ca2+ binding pocket

interfering directly with catalysis. Similar results are

obtained with Mn2+, Cd2+, and [Co(NH3)6]3+. Ni2+ is a

much more powerful inhibitor and the presence of either

Zn2+ or Pb2+ leads to rapid degradation of the RNA. These

results show a surprising sensitivity of such a large mul-

tidomain RNA on trace amounts of cations other than

Mg2+ and raises the question of biological relevance at

least in the case of Ca2+.

Keywords Ribozyme � Self splicing � Group II intron �
Divalent cations � Metal ion inhibition

Introduction

Natural ribozymes, i.e., catalytic RNAs, mostly carry out

phosphodiester cleavage or phosphoryl transfer reactions

[1], but they can potentially be engineered to assume many

more functions [2, 3]. The simplest true ribozyme descri-

bed to date is the trinucleotide UUU, which cleaves the

GAAA tetranucleotide specifically between G and A in the

presence of Mn2+ [4]. This minimal catalytically active

structure provides evidence that even very simple RNAs

can direct specific hydrolysis, using metal ions as their

cofactor.

No RNA molecule can exhibit its function in the

absence of metal ions. Divalent metal ions are crucial to

achieve the folded state and are often implicated to also

participate directly in catalysis in some way [5]. Among

the small ribozymes, a few can also be activated in the

presence of molar concentrations of monovalent ions only

[6–8]. The smallest among these ribozymes, the hammer-

head ribozyme, was identified on the positive strand of the

satellite RNA from the tobacco ringspot virus. Like in all

ribozymes, Mg2+ is considered to be the natural cofactor,

but interestingly the hammerhead ribozyme reaches its

highest activity in the presence of Mn2+ [9]. Co2+, Ni2+,

Zn2+, and Cd2+ also lead to higher in vitro cleavage rates

than Mg2+ [9, 10]. Obviously, the hammerhead ribozyme

is rather flexible in its usage of divalent metal ions, as is

additionally illustrated by its activity in the presence of

Ca2+, Sr2+, and Ba2+. Instead, the hairpin ribozyme that is

found on the negative strand of the same virus and displays

the same overall mechanism only shows efficient catalysis
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in the presence of Mg2+, Ca2+, and Sr2+, but not with

Mn2+ and Co2+ [11].

From the abovementioned examples it is already clear

that ribozymes are very sensitive to the presence of diva-

lent metal ions other than Mg2+. This specific recognition

must be based on charge, size, and coordination prefer-

ences of these metal ions and has been exploited in recent

years by engineering in vitro selected DNAzymes specific

to Mg2+, Ca2+, Zn2+ or even Pb2+ [12–16]. The metal ion

specificity can thereby also be switched from Mg2+ to, e.g.,

Ca2+, as has been shown with the Tetrahymena [17, 18] as

well as the Azoarcus [19] group I introns, which are usually

only active in the presence of either Mg2+ or Mn2+.

Group II introns are the largest naturally occurring

ribozymes apart from the ribosome, consisting of six

domains projecting from a central wheel (Fig. 1). All group

II introns investigated until today require Mg2+ for activ-

ity, although the amount needed differs up to a factor of

1,000 depending on the origin of the intron [20–22].

Folding and domain assembly is in all cases induced by the

addition of Mg2+. Recent studies showed that in the D135

ribozyme derived from the Saccharomyces cerevisiae

group II intron Sc.ai5c, the j–f region within domain 1

(D1) constitutes the nucleation element for folding at low

millimolar Mg2+ concentration, guiding the D1 scaffold to

the correct architecture [23, 24]. At higher Mg2+ concen-

trations, the other domains then subsequently bind to D1,

with domain 5 (D5) coming last and completing the cata-

lytic core [25].

Although Mg2+ is believed to be the natural metal ion

cofactor of group II introns and to be involved directly in

catalysis [26, 27], many other kinds of metal ions have

been applied for different purposes: Mn2+ and Zn2+ [28],

as well as lanthanide(III) and Pb2+ ions revealed metal ion

binding sites [23, 29, 30], and Mn2+, Zn2+, and Cd2+ were

used in nucleotide analogue interference mapping/sup-

pression (NAIH/NAIS) studies to reveal tertiary contacts as

well as to identify coordinating atoms within the catalytic

center via thio-rescue experiments [26, 31–34]. It is obvi-

ous that all of these ions differ in their intrinsic

coordinating properties [35], and their binding pattern

might also be influenced differently by changes in the

electric permittivity within the folded RNA structure [36].

However, despite their general usage, the effect of these

different metal ions on splicing has to the best of our

knowledge not yet been quantified. In addition, in the light

of the above-described accelerating effect of metal ions

other than Mg2+ on the hammerhead function, also the

question arises of whether such an effect is also seen in the

case of group II introns, and whether there is a possible

biological relevance.

Here, we apply a well-characterized bipartite system

consisting of the 50-exon covalently linked to D1 and

domains 2 and 3 (exD123) of Sc.ai5c as a substrate and D5

added in trans acting as a catalyst (Fig. 1) [37, 38]. This

setup has been shown to reliably mimic the first step of

splicing and to follow Michaelis–Menten kinetics [37]. We

show that in the presence of 90 mM Mg2+, 10 mM Ca2+,

Mn2+, Ni2+, Zn2+, Cd2+, Pb2+, or [Co(NH3)6]3+ leads to a

substantial inhibition of the first step of splicing, if not even

to unspecific degradation of the RNA. For example, the

reaction rate is reduced to half by Ca2+ in the presence of

100-fold excess of Mg2+. This strong inhibition is sur-

prising as Ca2+ is placed below Mg2+ in the periodic table

of the elements: Ca2+ shows coordinating properties sim-

ilar to those of Mg2+, but usually has a lower intrinsic

affinity towards nucleic acids [35, 39]. It is interesting to

note that mitochondria, in which the cox1 gene carrying

Sc.ai5c resides, act as cellular Ca2+ stores, sequestering

and releasing large amounts of Ca2+ depending on the

metabolic needs of the cell [40, 41], thereby also being

involved in controlled cell death [40, 42]. One could thus

speculate whether a change in local metal ion concentration

Fig. 1 Schematic representation of a group II intron secondary

structure together with the trans-splicing assay used. a The six

functionally distinct domains of the group II intron Sc.ai5c from the

Saccharomyces cerevisiae mitochondrial cox1 gene with catalytic

domain 5 (D5) enlarged are shown. The three tertiary contacts

between domain 1 (D1) and D5 (j–j0, k–k0, f–f0) and the exon/intron

binding interactions (EBS1/IBS1 and EBS2/IBS2), which are respon-

sible for proper alignment of the splice site in the catalytic core, are

indicated. b The single-turnover trans-cleavage assay: the substrate

(exD123) consists of the last 293 nucleotides from the 50-exon,

including the intron binding sites IBS1 and IBS2, the 50-splice site as

well as D1 and domains 2 and 3 from the intron Sc.ai5c (710 nucle-

otides). The catalytic D5 flanked by 22 nucleotides was added in

trans. A solvent water molecule acts as the nucleophile in the first

step of splicing (see also ‘‘Materials and methods’’ and the text). The

reaction is induced by addition of Mg2+ ions (or Mg2+-to-Ca2+

ratios) to yield two products, D123 and the cleaved-off 50-exon. D5 as

a real catalyst is left unchanged during the reaction
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within a cell (compartment) could be used by nature to

regulate and/or switch the activity of a given ribozyme.

Materials and methods

Materials

T7 polymerase was prepared using standard procedures

[43, 44]. Restriction enzymes for plasmid linearization

were purchased from Roche Diagnostics and nucleoside 50-
triphosphates were purchased from Amersham Biosci-

ences, now GE Healthcare (Otelfingen, Switzerland),

except for UTP, which was obtained from Sigma-Aldrich

(Buchs, Switzerland). MgCl2 was utilized as a 1 M solution

in H2O in ultrapure quality from Fluka (Buchs, Switzer-

land). CaCl2 solutions were prepared from ultrapure (better

than 99.5%) CaCl2�2H2O, also from Fluka.

DNA constructs and RNA transcription

The exD123 RNA (1,003 nucleotides in total, containing

293 nucleotides of the 50-exon and domains 1, 2 and 3 from

Sc.ai5c) was transcribed from plasmid pJD30-673 [45]

linearized with HindIII. D5-58 (58 nucleotides in total,

containing D5 flanked by 22 vector-derived nucleotides)

was transcribed from plasmid pJDI50-75 [45] linearized

with HpaII. The shorter D5-36 construct [46] consisting of

the 34 nucleotides of D5 plus one terminal G–C base pair

to improve the transcription yield was transcribed from

fully double stranded DNA templates provided by Mi-

crosynth (Balgach, Switzerland) [44]. Body-labeled

exD123 RNA was transcribed with a-32P-ATP (Amersham

Biosciences) in volumes of 20 or 40 lL, purified by

polyacrylamide gel electrophoresis (PAGE), and visualized

by autoradiography with a Storm 860 phosphoimager

(Amersham Biosciences) [38]. The labeled RNA was

eluted by shaking the crushed gel pieces twice in 2 vol of

10 mM 3-(N-morpholino)propanesulfonic acid (MOPS),

1 mM EDTA, 250 mM NaCl, pH 6.5 for 2 h at 4 �C. The

concentration was calculated via the specific activities from

the scintillation counts obtained with a 22000CA liquid

scintillation analyzer from Canberra Packard. Unlabeled

D5-58 RNA was transcribed in a volume of 2 mL and

purified by PAGE, electroeluted with a Biotrap system

from Schleicher & Schuell (Dassel, Germany), and desal-

ted with Centricon centrifugal filter devices (3000 MWCO)

from Amicon. The concentrations of the nonradioactive

RNA were determined with a Varian Cary 500 Scan UV–

vis–near-IR spectrophotometer, using the extinction coef-

ficient for D5-58 at 260 nm (e260) of 6.4 9 105 M-1 cm-1.

The samples were stored in 10 mM MOPS, pH 6.5, 1 lM

EDTA at -20 �C.

Cleavage of exD123 by D5-58 at various

Mg2+-to-Ca2+ ratios

All trans-cleavage reactions were performed in RNase–

DNase-free 0.5-mL reaction tubes in a total volume of 20 or

40 lL. The reactions were carried out in 40 mM MOPS (pH

7.5) and 500 mM KCl. RNA stock solutions were diluted

individually and preincubated at 95 �C for 1 min to elimi-

nate alternative RNA conformations [38]. The RNAs were

left to cool separately to 45 �C. Only then were substrate

(exD123) and catalyst (D5) mixed and the reaction was

initiated by addition of premixed divalent metal ion stock

solutions to a final total concentration of 100 mM. 32P-

exD123 was provided in a concentration of 1 nM and the

concentration of D5 was varied from 0.05 to 6 lM.

Preliminary experiments were carried out for 30 min in

the presence of 100 mM MgCl2 or 100 mM CaCl2 only, as

well as different mixtures of MgCl2 and CaCl2 (80:20;

20:80; 50:50; 100:100; all numbers represent concentra-

tions in millimoles per liter). The reaction in the presence

of 100 mM MgCl2 was performed with D5-58 as well as

with the shorter hairpin D5-36 which has been used for the

solution structure determination by NMR [46]. No differ-

ence between the two D5 constructs was detected. Later

experiments were conducted with D5-58 to be able to

compare the data directly with previously obtained results

from trans-cleavage assays in the presence of Mg2+ alone

[38].

To decipher the detailed kinetics of splicing in the

presence of Ca2+, trans-cleavage reactions were carried

out in the presence of 0–5 mM Ca2+, complemented with

Mg2+ to a final divalent metal ion concentration of

100 mM. The following mixed-metal stock solutions were

prepared prior to the reaction: 1 M MgCl2, 990 mM

MgCl2/10 mM CaCl2, 980 mM MgCl2/20 mM CaCl2,

960 mM MgCl2/40 mM CaCl2, and 950 mM MgCl2/

50 mM CaCl2. These stock solutions were diluted 1:10

into the reaction mixture to initiate splicing. Two-micro-

liter aliquots were taken at various times over the whole

course of the reaction and immediately quenched with

denaturing formamide loading buffer (82% formamide,

10 mM EDTA, and xyanole cyanide and bromphenol blue

as dyes). The samples were kept on ice or frozen before

being loaded onto a 5% polyacrylamide gel for analysis.

After electrophoresis, the gels were dried on a Biometra

Maxidry geldryer and visualized by autoradiography. The

bands were analyzed by Image-Quant 5.2 (Amersham

Biosciences).

Single-turnover kinetics

All experiments used for the kinetic analysis were per-

formed using 1 nM 32P-body-labeled exD123 as the
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reaction substrate and an excess of 0.05–6 lM unlabeled

‘‘enzyme’’ D5. To ensure the presence of single-turnover

conditions, an experiment with various subsaturating sub-

strate concentrations (1–3 nM) was carried out. As

expected for a reaction obeying pseudo-first-order kinetics,

no variation in the reaction rate was observed. The reaction

was monitored by the evolving product bands and the

decrease in substrate bands. To minimize the effects of

differential RNA degradation over time, the intensities of

the bands were normalized by multiplication of the raw

counts of the band with the ratio of the total counts of the

three substrate and product bands per lane at t = 0 and the

counts per lane at the time were analyzed. Furthermore,

background counts unique to each lane were subtracted

from the individual bands to account for random degra-

dation. Because the large exD123 RNA undergoes random

hydrolysis over time, only a time up to 80 min was taken

into account. The observed rate constants (kobs) for each

time course were calculated from semilogarithmic plots of

the fraction of the decrease in substrate/precursor,

i.e., 1—increase of product versus time t, with m being the

slope (Eq. 1):

lnðfpÞ ¼ mt þ ln 0:5
m

kobs

þ 1

� �
: ð1Þ

Equation 1 was derived from the basic relationship

between kobs and the half-point of a reaction (s1/2) obeying

single-turnover conditions

kobs ¼
ln 2

s1=2

ð2Þ

and the general formula

y ¼ mxþ a; ð3aÞ

where y : ln (fp) and x : t. Thus, at the half-point of the

reaction, Eq. 3a reads

ln 0:5 ¼ ms1=2 þ a: ð3bÞ

Combination of Eqs. 2 and 3b gives

s1=2 ¼
ln 0:5� a

m
¼ ln 2

kobs

: ð4Þ

Equation 4 is resolved for a and combined with Eq. 3a

to give Eq. 1. Usually, s1/2 is determined first via the slope

in semilogarithmic plots of the fraction of precursor versus

time and is subsequently used to calculate kobs via Eq. 2.

Equation 1 has the advantage that it links the experimental

data directly to kobs.

Final kobs values for each condition were obtained by

taking the weighted mean of the individual values with

their error limits of at least two experiments. The relative

standard error was used for the final kobs values as it was

generally larger than the absolute standard error. Although

variations in the observed rate constants were small for

experiments from the same exD123 transcription per-

formed within a few days, the kinetic parameters were

found to vary up to 1.3-fold for experiments performed

several weeks apart. This phenomenon has been observed

before in studies of ribozyme kinetics using entirely dif-

ferent RNA stocks [38, 47, 48].

According to Michaelis–Menten kinetics, a plot of the

observed reaction rates versus a range of D5 concentrations

could be fitted to Eq. 5 describing a 1:1 bimolecular

association curve, yielding kcat, and KD:

kobs ¼ kcat

exD123½ � þ D5½ � þKDð Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

exD123½ � þ D5½ � þKDð Þ2�4 exD123½ � D5½ �
q

2 exD123½ � ;

ð5Þ

kobs is the observed rate constant (per minute), kcat is the

maximum turnover rate (per minute), [exD123] and [D5]

are the concentrations of the RNA constructs (millimoles

per liter), and KD is the dissociation constant for disso-

ciation of D5 from exD123 [49–51].

trans-Cleavage reactions with other metal ions

The analogous trans-cleavage assay was performed in

the presence of 90 mM Mg2+ and 10 mM Ca2+, Mn2+,

Ni2+, Zn2+, Cd2+, Pb2+, or [Co(NH3)6]3+ as described

(vide supra). The substrate 32P-exD123 was provided in

a concentration of 1 nM and the enzyme D5 at 1 lM to

reach single turnover reaction conditions [38]. Total

aliquots of 3 or 6 lL were taken out either at 0, 30, and

90 min or at 0, 20, 40, and 90 or 105 min and the

reaction was quenched by addition of an equal volume

of formamide buffer dye. The content of these aliquots

was analyzed on a 5% PAGE gel, run at 30–35 W for 4–

5 h, dried and visualized by autoradiography. The bands

were analyzed semiquantitatively by Image-Quant 5.2

(Amersham Biosciences).

Results

The first step of splicing at 100 mM Mg2+

To investigate the effect of different metal ions on the first

step of splicing of the group II intron Sc.ai5c, a cleavage

assay has to be applied that shows a uniform reaction and

can be well characterized. For this purpose we used an

established bipartite trans-splicing assay with the two RNA

components exD123 and D5 [38, 52]. exD123 consists of

293 nucleotides of the 50-exon covalently linked to D1 and

domains 2 and 3 and acts as a reaction substrate (Fig. 1).

D5 binds to D1, completing the catalytic core, and is

unchanged during the reaction because a water molecule
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acts as the nucleophile for the phosphodiester cleavage.

The substrate concentration was kept constant at 1 nM,

whereas D5, being the ‘‘enzyme,’’ was added at increasing

concentrations of 0.05, 0.1, 0.5, 1, 3, and 6 lM. Under

these conditions, all substrate molecules are bound to the

catalyst and the single-turnover reaction follows Michae-

lis–Menten kinetics.

In the presence of 100 mM MgCl2 (and 0.5 M KCl),

exD123 is almost entirely cleaved within 120 min into its

50-exon and the intronic fragment D123 (Fig. 1). As

observed previously [38], the intronic fragment is subse-

quently cleaved within D2, yielding secondary cleavage

products of 560 and 150 nucleotides in length (Fig. 2).

This secondary cleavage is much slower than splicing, and

hence the splicing kinetics is not hampered. Combining the

two secondary product bands with the D123 band, we find

that the kinetic profile is interchangeable with the profile

obtained from the 50-exon evolution and the exact inverse

of the disappearance of the substrate. These curves inter-

sect at 50% of the reaction (Fig. 3).

The reaction rate kobs for a given D5 concentration was

calculated by fitting the experimental data in the linear

range of the reaction with Eq. 1 (Fig. 3b, Table 1; see

‘‘Materials and methods’’). As expected for Michaelis–

Menten behavior, kobs increases with higher D5 concen-

tration, approaching a maximal turnover rate kcat. To obtain

kcat and the apparent dissociation constant KD of D5

binding to exD123, the kobs values were plotted as a

function of D5 concentration (Fig. 4a) and fitted with Eq. 5

(see ‘‘Materials and methods’’) reflecting 1:1 binding

behavior [38, 49]. In the linear range of the reaction

(Fig. 3b), exD123 is saturated with D5, i.e., single-turnover

conditions are present and product release is not an issue. It

is known that no rate-limiting conformational change

occurs in the enzyme–substrate complex [24, 25], and kcat

therefore reflects neither binding nor product release but is

considered equal to the rate of the chemical step kchem. The

values we obtained—kcat = 0.045 ± 0.002 min-1 and

KD = 169 ± 30 nM (100 mM Mg2+, pH 7.5)—are in

good agreement with previously reported results

(kcat = 0.041 ± 0.001 min-1, KD = 270 ± 25 nM [38]).

Metal ions other than Mg2+ inhibit the trans-cleavage

reaction

Metal ions other than Mg2+ are known to either inhibit or

accelerate the reactions catalyzed by different ribozymes.

Here, we chose to investigate the effect of a variety of

metal ions that are commonly used in biochemistry and

structural biology, i.e., Mn2+, Ni2+, Zn2+, Cd2+, Pb2+, and

[Co(NH3)6]3+, on the first step of splicing of Sc.ai5c
(Fig. 5). In the presence of 90 mM Mg2+ and 10 mM

concentration of each divalent metal ion (at a background

of 0.5 M KCl), the same trans-splicing reaction as

described in the previous section was carried out and

compared with the Mg2+-only reaction. Hence, all M2+

conditions had the same ionic strength (I = 0.8), except for

the case of [Co(NH3)6]3+, where I = 0.83 and thus is

slightly higher. All reactions were repeated at least three

times and aliquots of the reaction mixture were quenched

with formamide buffer at either 0, 30, and 90 min or 0, 20,

40, and 90 or 105 min. PAGE analysis revealed the

familiar band pattern (Fig. 2) with decreasing intensities of

the substrate exD123 and concomitantly increasing inten-

sities of four product bands (Fig. 5).

As can be seen in Fig. 6, Mn2+ has the least influence on

the trans-splicing reaction: After 40 min, 82% of the sub-

strate exD123 has been cleaved, compared with 88% in the

presence of Mg2+ only. Ca2+ and Cd2+ both exhibit a

comparable effect, with about 70% of substrate being

cleaved. trans-Splicing in the presence of 10 mM

[Co(NH3)6]3+ also works quite well, as still 64% cleavage

occurs within 40 min. In all of these cases, no enhanced

unspecific cleavage of the RNA could be detected (Fig. 5).

This is different for Ni2+, Zn2+, and Pb2+, which all show

a strong inhibitory effect. For example, in the case of Ni2+,

an 80% decrease in the intensity of the substrate band over

the course of the reaction is observed, but no simultaneous

increase in the product D123 was detected at any time

Fig. 2 Gels of the time course (up to 120 min, see also Fig. 3) of two

trans-cleavage assays with 1 nM exD123 and 0.1 lM D5. a Reaction

in the presence of 100 mM Mg2+ only, giving an observed rate

constant kobs = 0.016 ± 0.001 min-1. b Reaction in the presence of

5 mM Ca2+ and 95 mM Mg2+ (kobs = 0.008 ± 0.001 min-1). In

addition to the decreasing substrate band (exD123) and the increasing

intensity of the primary products D123 and 50-exon, also the two

secondary cleavage bands (D123a and D123b) with lengths of 560

and 150 nucleotides can be seen. As D123a and D123b evolve only

after the first splicing event, they do not interfere with the rate of the

first step of splicing
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(Fig. 5). Hence, the decrease in substrate is solely due to

unspecific degradation. A similar observation is made with

Zn2+, whose presence leads to the complete degradation of

the substrate exD123 within the first 30 min. Again, no

specific cleavage, i.e., splicing, was detected at any time in

the course of the reaction. The addition of 10 mM Pb2+

also does not result in any specific splicing, but again leads

to complete unspecific degradation of the substrate. In

addition, a white precipitate could be observed after

10 min of incubation consisting most likely of lead–hy-

droxo species. Both Zn2+ and Pb2+ are well known to

promote phosphate–diester hydrolysis. These two examples

illustrate that the ability of a metal ion to activate a

nucleophile and accelerate cleavage is not the sole

requirement in group II intron splicing.

Ca2+ actively inhibits the trans-splicing reaction

In subsequent experiments we concentrated on the effect of

Ca2+ on the splicing reaction, as this divalent metal ion

occurs also freely in the cell, though tightly regulated.

Experiments analogous to those described in the previous

section were carried out in presence of various amounts of

CaCl2. Using 1 nM exD123 and 3 lM D5, we detected no

product formation in either 100 mM CaCl2 alone or 1:1

mixtures of MgCl2 and CaCl2 at either 50 or 100 mM

concentration each (data not shown). Ribozyme constructs

of Sc.ai5c are known to be correctly folded and active in

vitro at 50 mM Mg2+ alone [53]. Hence, these results

already illustrate that Ca2+ cannot substitute Mg2+ in order

to reach the active fold. Furthermore, Ca2+ obviously

interferes with Mg2+ binding either during folding or in the

active complex, thereby completely inhibiting the first step

of splicing under these conditions.

To gain further information on the competition between

Mg2+ and Ca2+ binding and the effect on splicing of the

group II intron Sc.ai5c, we performed a series of

trans-cleavage assays at lower Ca2+ concentrations, i.e.,

1–5 mM CaCl2. The ionic strength of the reaction mixtures

was kept constant by complementing 100 mM M2+ with

MgCl2. In this way, the kinetic profiles of the reactions

with different Ca2+ concentrations can be directly com-

pared with each other. Under all Ca2+ concentrations

applied (1–5 mM), the splicing reaction still obey pseudo-

first-order kinetics up to at least 60 min. At later times,

deviation from linearity is observed because random

hydrolysis becomes significant as has also previously been

described with Mg2+ only [38]. Using the data points in the

linear range of each experiment, we calculated the

observed rates kobs and s1/2, the half-time of the reaction

(Eqs. 1, 2, Fig. 3b). Irrespective of the Mg2+-to-Ca2+ ratio

applied, the reaction becomes faster with increasing D5

Fig. 3 Calculation of the observed rate constants kobs for the

cleavage of 1 nM exD123 by 1 lM D5 in the presence of Mg2+

and Ca2+. a Time course for the cleavage of exD123 (diamonds) into

D123 (squares) and 50-exon (triangles) in the presence of 99 mM

MgCl2 and 1 mM CaCl2. The plots intersect at 50% of the reaction at

s1/2 = 20 min. b ln (fp) (with fp being the fraction of precursor)

versus time for the splicing reaction in the presence of 100 mM

MgCl2 (open circles) as well as 99 mM MgCl2 and 1 mM CaCl2
(filled circles). Ca2+ clearly lowers the observed reaction rate kobs.

kobs was calculated from the linear regression according to Eq. 1. c
Active replacement of Mg2+ by Ca2+. The splicing reaction is

initiated with 95 mM Mg2+ only. Addition of 5 mM Ca2+ after

30 min results in an immediate loss of the observed rate as is evident

from the kink in the data profile. kobs values before and after the

addition of Ca2+ are comparable to the ones observed when the full

time course was carried out in the presence of 95 mM Mg2+/5 mM

Ca2+ or 100 mM Mg2+ only, respectively (Table 2)
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concentrations as is expected for a Michaelis–Menten

behavior. The experimental data obtained for the different

Mg2+-to-Ca2+ ratios were evaluated analogously to those

for the Mg2+-only case described in the previous section,

yielding kcat and KD values (Fig. 4). The dissociation

constants KD for D5 binding to exD123 vary between 120

and 560 nM, which is in a range of values published before

for the Mg2+-only case [38, 52]. No obvious dependence of

KD versus Ca2+ concentration (Table 1) was observed,

indicating that the presence of Ca2+ does not directly

interfere with the binding of D5 to D1.

In contrast, the maximum turnover rate kcat exhibits a

strong dependence on the Ca2+ concentration. This rate

decreases steadily with increasing amounts of Ca2+

(Fig. 4b, Table 1). For example in the presence of only

5 mM Ca2+ (and 95 mM Mg2+), kcat is reduced to about

50% (kcat = 0.023 ± 0.01 min-1) compared with the

situation in 100 mM Mg2+ (kcat = 0.045 ± 0.02 min-1).

Upon further increase of the Ca2+ concentration, kcat fur-

ther decreases and in the presence of 10 mM Ca2+ no

splicing product can be detected anymore up to 20 min.

This finding shows that at least one high-affinity binding

site for Ca2+ must be present within the three-dimensional

architecture of the exD123-D5 complex that interferes

directly with catalysis.

Ca2+ inhibits the early steps of folding

The trans-splicing assays in the presence of Ca2+ reveal

one further interesting fact. At the beginning of the trans-

splicing reaction, product formation was retarded consid-

erably, i.e., none was observed for the first 10 min

(Fig. 3b). Such a delayed start of the reaction has also

been observed by us and others [38, 54, 55] if only Mg2+

is present, although not to such a large extent. This initial

phase of slower kinetics is indicative of the folding of D1

and/or docking of domains 2 and 3 and D5 to this scaffold.

All these processes are induced by the addition of divalent

metal ions and take place prior to the splicing reaction.

The initial collapse of D1 is the rate-limiting step of the

folding pathway, with kfold & 1 min-1 [56]. The slow

start of the cleavage reaction can be prevented by prein-

cubation of the individual components with Mg2+ (or a

corresponding Mg2+/Ca2+ mixture, respectively) for

10 min at 45 �C (data not shown). The reaction rates kobs

calculated from the linear phases of the experiments with

and without preincubation are the same within the error

limits for all Mg2+-to-Ca2+ ratios applied. As a side

effect, preincubation with divalent metal ions at 45 �C

strongly accelerates random degradation of the RNA to an

Table 1 Observed first-order rate constants kobs, reaction half-times

s1/2, and maximal turnover rates kcat for the trans-cleavage experi-

ments of 1 nM exD123 with 0.1 lM D5 for the Mg2+-to-Ca2+ ratios

indicated. The dissociation constants KD for D5 binding to exD123

for each Mg2+-to-Ca2+ ratio are given in the last column

Mg2+-to-Ca2+ ratio (mM) kobs (min-1) s1/2 (min) kcat (min-1) KD

100:0 0.016 ± 0.001 43.3 ± 2.7 0.045 ± 0.002 168.7 ± 29.7

99:1 0.012 ± 0.001 57.8 ± 4.8 0.044 ± 0.002 348.2 ± 65.0

98:2 0.013 ± 0.001 53.3 ± 4.1 0.041 ± 0.005 291.1 ± 162.0

96:4 0.011 ± 0.002 63.0 ± 11.4 0.031 ± 0.002 122.2 ± 44.4

95:5 0.008 ± 0.001 86.6 ± 10.8 0.023 ± 0.001 154.2 ± 43.6

Fig. 4 Determination of kcat and KD. a kobs values versus D5

concentration fitted to a 1:1 bimolecular association curve (Eq. 5).

For the experiment shown (99 mM MgCl2 and 1 mM CaCl2), the

maximal turnover rate at D5 saturation kcat = 0.044 ± 0.002 min-1

and a dissociation constant of D5 towards exD123 KD =

348.2 ± 65 nM were obtained. b Decrease of kcat with increasing

concentrations of Ca2+ in the reaction mixture. A concentration of

only 5 mM Ca2+ in excess of 95 mM Mg2+ slows the rate of the

trans-cleavage reaction down to about one half
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extent that only a time span up to 40 min could be used

for the kinetic analysis. For this reason we did not rou-

tinely preincubate the individual components before the

reaction.

The extended time that exD123 and D5 need to

assemble to the active species in the presence of small

amounts of Ca2+ strongly indicates that Ca2+ also inter-

feres with the folding pathway. Considering that the KD

values for D5 binding to exD123 show no dependence on

Ca2+ concentration, it seems likely that the interference of

Ca2+ occurs earlier, i.e., during the collapse of D1.

Ca2+ competes actively with Mg2+ for its binding site

In the previous sections we have shown that Ca2+ interferes

with both catalysis and folding, when added simultaneously

with Mg2+ to the reaction mixture containing exD123 and

D5. Obviously, in such an experimental setup, both alkaline

earth metal ions have a priori the same chance to bind to any

metal ion binding site within the active three-dimensional

exD123/D5 complex. Mg2+ is always present in excess,

which means that Ca2+ must bind more strongly to at least

one certain site. It is an open question whether Ca2+ binds to

a site(s) unoccupied by Mg2+ or replaces Mg2+, or both.

However, in order to both slow down folding and inhibit

catalysis, it is most likely that several Ca2+ ions are

involved in the process.

To examine whether the inhibiting Ca2+ ion(s) needs to be

incorporated during the folding process, or if Ca2+ can

actively displace Mg2+ from the crucial binding site(s) once

the ribozyme has folded, we performed an ‘‘on-pathway’’

inhibition experiment. The splicing reaction was initiated in

the presence of 95 mM Mg2+ only. At a specific time (12 or

30 min after the start), 5 mM CaCl2 was added to the reac-

tion mixture. Plotting product formation versus time reveals

a sharp kink at the time when 5 mM Ca2+ was added to the

reaction mixture (Fig. 3c). Separate analysis of the data

before and after Ca2+ addition yielded two different kobs

values. At a concentration of 0.1 lM D5 and addition of

Ca2+ 30 min after the start of the reaction, kobs/30a =

0.19 min-1 (before addition of Ca2+) and kobs/

30b = 0.007 min-1 (after addition of Ca2+) were obtained

(Table 2). Both values agree surprisingly well within their

error limits with the respective kobs values determined in the

presence of Mg2+ only and a 95:5 mixture of the two divalent

metal ions (0.16 and 0.008 min-1, respectively). Similar

values were obtained from experiments where Ca2+ was

added after 12 min (Table 2). This result clearly shows that

Ca2+ is able to actively displace Mg2+ from its binding site

even within the core of the folded ribozyme.

Discussion

Mg2+ is an essential cofactor for the large group II intron

ribozymes, being necessary for folding into the active

tertiary structure as well as for catalysis [21, 53, 56–59].

Although the effect of metal ions on catalytic RNA has

been studied extensively with ribozymes other than group

II introns [5, 9, 29, 35, 60–66], it is still not known in detail

how divalent metals influence the catalytic efficiency of

these molecular machines.

Fig. 5 trans-Cleavage assays in

the presence of 90% Mg2+ and

10 mM of another metal ion.

Shown are the cleavage patterns

at reaction times of 0, 30, and

90 min each. The control lane

(c) contains only exD123 and

lane 2 exD123, 500 mM KCl,

and 40 mM MOPS (pH 7.2), but

no divalent metal ions

Fig. 6 Percentage of exD123 spliced after 40 min of the trans-

cleavage reaction in the presence of 90 mM Mg2+ and 10 mM Ca2+,

Mn2+, Ni2+, Zn2+, Cd2+, Pb2+, or [Co(NH3)6]3+. In the case of Ni2+,

Zn2+, and Pb2+, exD123 degrades without the appearance of product

bands at any time (marked with an asterisk), i.e., these three metal

ions completely inhibit splicing

1032 J Biol Inorg Chem (2008) 13:1025–1036

123



Here we studied the effect of various metal ions on

group II intron splicing, choosing Sc.ai5c as one of the best

characterized ribozymes of this class. We thereby focused

on the effect of Ca2+ because Sc.ai5c resides in the mito-

chondria, one of the cell’s main Ca2+ storage sites. Ca2+ is

a physiologically very important metal ion, e.g., playing

roles in homeostasis of the cell in general, in Ca2+ sig-

naling [67, 68], enzyme activation [69], and energy

production [70]. Thus, concentrations of Ca2+ in living

cells are strictly regulated. Mitochondria sequester and

release Ca2+ with high efficiency [67, 68, 71–74]. Apart

from its role in Ca2+ homeostasis, mitochondrial Ca2+ also

seems to be important in cell apoptosis: overexpression of

antiapoptotic Bcl-2, which is preferentially located in

mitochondria, leads to a greatly increased Ca2+ uptake

capacity of such cells [42, 67, 75]. Furthermore, release of

cytochrome c from the mitochondrial intermembrane

compartment is thought to activate caspases and eventually

lead to apoptosis of the cell [76]. Although the role of

cytochrome c in apoptosis is thought to be independent of

its respiratory function, it is striking that Sc.ai5c, whose

self-splicing activity can be impaired by Ca2+ in vitro,

resides in the yeast cytochrome c oxidase gene I [77],

suggesting a potential role in apoptosis in vivo.

Our mixed metal ion studies reveal an inhibitory effect

of Ca2+ on self-splicing already at a concentration of

1 mM on a 99 mM Mg2+ background. At a Ca2+ con-

centration of 5 mM, the turnover rate kcat is reduced by one

half from 0.045 ± 0.02 min-1 at 100 mM Mg2+ to

0.023 ± 0.01 min-1 (Table 1). A reduction in cleavage

rate solely due to the lower concentration of Mg2+ can be

excluded for the following reason: upon addition of Mg2+,

Sc.ai5c folds directly to the active state with a midpoint of

40–50 mM Mg2+ [25]. Hence, above 90 mM Mg2+ a

change in concentration should only have very small

effects. Indeed, the rates measured at 100 and

95 mM Mg2+ correspond to each other within error limits

of three standard deviations (Table 2).

Intriguingly, even if Ca2+ is added to the reaction

mixture at a later time, this metal ion clearly inhibits

product formation as is evident by the sharp kink in the

semilogarithmic plot of the decrease of the precursor

fraction versus time (Fig. 3). All these results are a clear

indication that Ca2+ is able to actively replace Mg2+ from

at least one of its binding sites and consequently inhibit

splicing. Evidently such an exchange of the two alkaline

earth ions can only take place if the affinity of Ca2+ to the

binding site is higher than that of the naturally applied

Mg2+. The amount of increased Ca2+ affinity at this site

can be estimated: a 50% reduction in the catalytic rate kcat

is achieved in the presence of a 20-fold excess of Mg2+

over Ca2+. Assuming that the binding of Ca2+ at a specific

site leads to a total (i.e., 99%) loss in activity, its affinity

must be about 2,000 times higher than that for Mg2+ at the

site of displacement.

How do these findings compare with the ligand binding

properties and known affinity constants of these two metal

ions to nucleotides? Both alkaline earth metal ions prefer

oxygen donor ligands over the softer nitrogen, but being

below Mg2+ in the periodic table, Ca2+ has an ionic radius

which is about 40% larger (100 pm, compared with 72 pm;

Table 3) [78, 79]. Consequently, the cation-to-ligand dis-

tance is also longer (237 vs. 204 pm) [80]. Owing to the

difference in size also the coordination numbers differ

slightly: whereas Mg2+ is generally octahedral, Ca2+ often

binds eight donor atoms [79]. On the basis of these different

coordinating properties, it is expected that Ca2+ forms

weaker complexes. Indeed, the measured stability constants

for the M(AMP) complexes (AMP2- is adenosine 50-mono-

phosphate) log KMg

MgðAMPÞ ¼ 1:60� 0:02 and log KCa
CaðAMPÞ ¼

1:46� 0:02 [81] or the M(ATP)2- complexes (ATP4- is

adenosine 50-triphosphate) logKMg

MgðATPÞ ¼ 4:29� 0:03 and

logKCa
CaðATPÞ ¼ 3:91� 0:03 [82] illustrate the different

coordinating strengths. Similar differences are found for

related nucleotides and derivatives thereof [39, 83, 84].

Table 2 Observed rates kobs for the trans-cleavage reaction with

1 nM exD123 and a series of D5 concentrations carried out in

95 mM Mg2+ with 5 mM Ca2+ added after 12 and 30 min, respec-

tively. The plot of ln (fp) versus time shows a sharp kink at the time of

Ca2+ addition (Fig. 3c). Before Ca2+ addition (kobs/12a and kobs/30a),

the observed rate constants kobs are comparable to the ones measured

in 100 mM Mg2+ kobs/100 (columns 2–4). After Ca2+ addition (kobs/12b

and kobs/30b), the reaction slows down to rates close to the ones

measured for the trans-cleavage assays in 95 mM Mg2+ and 5 mM

Ca2+, i.e., kobs/95 (columns 5–7). D5 concentrations are given in

micromoles per liter and the rates in per minute, with errors

corresponding to at least one standard deviation

D5 kobs/100 kobs/12a kobs/30a kobs/95 kobs/12b kobs/30b

0.05 0.012 ± 0.001 –a 0.012 ± 0.001 0.007 ± 0.001 0.008 ± 0.001 0.006 ± 0.001

0.10 0.016 ± 0.001 0.013 ± 0.001 0.019 ± 0.001 0.008 ± 0.001 0.008 ± 0.001 0.007 ± 0.001

1.00 0.037 ± 0.005 0.041 ± 0.002 0.041 ± 0.001 0.022 ± 0.001 0.033 ± 0.001 –a

a These rates could not be determined with good enough accuracy because of either too slow a reaction (kobs/12a) or not enough time in the linear

phase of the splicing reaction (kobs/30b)
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The ligand-exchange rate of Ca2+ is about 1,000-fold

faster than that of Mg2+ (109 vs. 106 s-1; Table 3), sug-

gesting that Ca2+ binds faster to the RNA during the

folding process and later on is removed by Mg2+ owing to

the difference in binding affinity. If such a mechanism of

inhibition takes place, one should observe only an initial

decline in rate. Indeed, the initial folding process upon

addition of Mg2+ ions is inhibited by Ca2+, as, e.g., in the

presence of 1% Ca2+ product formation can only be

detected after 10 min (Fig. 3b). However, as soon as all

Ca2+ ions have been replaced by Mg2+, the full rate of

splicing should be reconstituted. In contrast, we find that

Ca2+ inhibits the splicing reaction itself even in a large

excess of Mg2+. This suggests the presence of at least one

crucial binding pocket that is ‘‘optimized’’ for Ca2+, pos-

sibly by being too large for Mg2+ and by offering more

donor sites for Ca2+. The presence of a specific binding site

for Ca2+ is corroborated by the observation that addition of

Ca2+ to the ongoing splicing reaction of the folded ribo-

zyme slows down the reaction immediately. A specificity

for Ca2+ over Mg2+ is already known from low molecular

weight complexes as well as certain proteins: e.g., the

ligand Bistris forms an approximately 80 times more stable

complex with Ca2+ than with Mg2+ (logKMg

MgðBistrisÞ ¼

0:34� 0:05 and logKCa
CaðBistrisÞ ¼ 2:25� 0:02) [85] and

certain sites in the protein calbindin D9k do not bind Mg2+

even in absence of Ca2+ [86].

At this point one may speculate what the local effect of

Ca2+ in the group II intron Sc.ai5c might be: the replace-

ment of Mg2+ by Ca2+ at a specific site may lead to a local

geometrical change and thus interrupt a crucial tertiary

interaction, or even alter the catalytic core itself.

Considering the fast and large changes in Ca2+ concen-

tration within mitochondria, a possible effect on splicing of

Sc.ai5c in vivo is an interesting possibility.

Similarly to Ca2+ also other divalent metal ions lead to

an inhibition of the splicing reaction (Fig. 6). Mn2+ seems

to be the best substitute for Mg2+ in group II introns, as the

trans-cleavage reaction is hardly inhibited. Mn2+ is slightly

larger than Mg2+ (83 vs. 72 pm; Table 3) but has the same

preference for an octahedral coordination sphere [78, 79].

According to the Irving–Williams series [87] its complexes

are in general slightly more stable than those of Mg2+. The

hammerhead ribozyme [10], the Tetrahymena ribozyme

[88], and ribonuclease P [89] have been shown to be active

or sometimes even accelerated in the presence of Mn2+. It

is therefore no surprise that a certain portion of the Mg2+

needed for the splicing reaction of Sc.ai5c can be replaced

by Mn2+.

It is interesting to note that exD123 is spliced in the

presence of [Co(NH3)6]3+, albeit more slowly than with

Mg2+ alone. Because of its inert NH3 ligands, [Co(NH3)6]3+

may replace Mg2+ without much distortion of the local RNA

structure only at binding sites which require an exclusively

outer-sphere coordination mode of Mg2+. At sufficiently

high concentrations of Mg2+, [Co(NH3)6]3+ will thus coor-

dinate only to outer-sphere binding sites, whereas partly

inner-sphere binding sites can still be occupied by

[Mg(H2O)m]n+.

Interestingly, Cd2+, having an ionic radius comparable in

size to that of Ca2+, slows down the splicing reaction to

about the same extent. However, Cd2+ has a much higher

affinity towards nitrogen ligands than Ca2+ and is expected

to replace Mg2+ only very selectively, i.e., only if inner-

sphere coordination to a N7 position of a purine nucleobase

Table 3 Comparison of some physicochemical properties of Mg2+,

Ca2+, Mn2+, Ni2+, Zn2+, Cd2+, and Pb2+ in aqueous solution. Given

are the ionic radii [78] and the preferred coordination number (CN) of

the M2+ ions, the enthalpy of hydration (DHhydr) [80], the distance

between the metal ion and a coordinated water molecule [80, 94], the

acidity constant pKH
MðH2OÞ6

of a water molecule in the hexa-aqua

complex [95], as well as the ligand-exchange rate from the first

coordination sphere of the metal ion (kexch) [96–99]

Mg2+ Ca2+ Mn2+ Ni2+ Zn2+ Cd2+ Pb2+

Ionic radius (pm) 72 100 (112)a 83b 69 74c 95 119

CN 6 6 (8)a 6 6 4 6 –d

Preferred ligands O O O/N N/O N/O N/O O

DHhydr (kJ mol-1) 1858 1570 (1,657)a 1762 1950 1871 1640 1431

M���OH2 (Å) 2.04 2.37 (2.48)a 2.18 2.12 2.15 2.35 2.60

pKH
MðH2OÞ6

(25 �C) 11.44 12.85 10.59 9.86 8.96e 10.2 7.8

kexch (s-1) 6.7 9 105 &109 2.1 9 107 3.2 9 104 4.1 9 108 6.8 9 108 1.0 9 1010

a The numbers in parentheses refer to CN = 8
b High-spin electron configuration
c For CN = 6
d Pb2+ has no really preferred coordination number. It can be 4, 6, 7, 8, or 9. The value given refers to CN = 6 [79]
e With other liganding sites present in the coordination sphere of Zn2+, the pKa value for hydrolysis is shifted towards the neutral pH range [100]
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residue can take place [35]. These results therefore underline

the notion that besides a reasonably high affinity of a given

metal ion also its individual coordinating properties as well

as the accessibility of certain binding sites play an important

role in the specific metal ion binding within group II introns.

The remaining metal ions examined exhibit a different

effect (Fig. 6): Zn2+ and Pb2+ lead to a fast nonspecific

degradation of the substrate (Fig. 5). Indeed, both metal

ions have a high affinity for phosphate residues and a

significant tendency to form hydroxo complexes. Thus,

they are ideal cations to activate water for nucleophilic

attacks in the physiological pH range and Zn2+ is for such

a purpose also found in nucleases [90, 91]. Hence, the

observed nonspecific degradation effects are not too sur-

prising. Ni2+ fits into the same picture, having a

comparable phosphate affinity but in addition a more pro-

nounced affinity towards nitrogen sites and a smaller

tendency to form hydroxo complexes [92]. Indeed, also in

the presence of Ni2+ a nonspecific cleavage is observed but

with a lower effectiveness than Zn2+ and Pb2+ (Fig. 5).

In the cases of the P4–P6 domain of the Tetrahymena

group I intron [93] and the hammerhead ribozyme [9], it

has been shown that the effect of different metal ions on

folding and catalysis, respectively, follows to a large extent

the Irving–Williams series. In the case of Sc.ai5c, no such

trend following the Irving–Williams series [87] or the

stability ruler of Martin [79] can be observed. It thus

appears that in group II introns, or most likely in large

RNAs in general, specific binding pockets exist, which

bind metal ions other than Mg2+ much more tightly and

more selectively. Whether such a selectivity and specificity

has evolved on purpose, i.e., providing the organism with a

means to fine-tune the reactivity of a given naturally

occurring ribozyme, or if the resulting acceleration or

inhibition happens by chance remains to be seen.
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