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ABSTRACT

Metal ions promote both RNA folding and catalysis, thus being essential in stabilizing the structure and determining the function of
large RNA molecules, including group II introns. The latter are self-splicing metalloribozymes, containing a heteronuclear four-
metal-ion center within the active site. In addition to these catalytic ions, group II introns bind many other structural ions,
including delocalized ions that bind the RNA diffusively and well-ordered ions that bind the RNA tightly with high occupancy.
The latter ions, which can be studied by biophysical methods, have not yet been analyzed systematically. Here, we compare
crystal structures of the group IIC intron from Oceanobacillus iheyensis and classify numerous site-bound ions, which are
primarily localized in the intron core and near long-range tertiary contacts. Certain ion-binding sites resemble motifs observed
in known RNA structures, while others are idiosyncratic to the group II intron. Particularly interesting are (1) ions proximal to
the active site, which may participate in splicing together with the catalytic four-metal-ion center, (2) organic ions that bind
regions predicted to interact with intron-encoded proteins, and (3) unusual monovalent ions bound to GU wobble pairs, GA
mismatches, the S-turn, the tetraloop-receptor, and the T-loop. Our analysis extends the general principles by which ions
participate in RNA structural organization and it will aid in the determination and interpretation of future RNA structures.
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INTRODUCTION

Ions play a central role in all aspects of RNA biochemis-
try (Pyle 2002; Draper 2004, 2013; Leipply et al. 2009).
Magnesium and potassium are the predominant metal ions
bound to RNA molecules in vivo, because of their natural
abundance and chemical properties (Feig and Uhlenbeck
1999). However, RNA can bind many more types of ions, in-
cluding organic ions and alkaline, alkali-earth, and transition
metals (Feig and Uhlenbeck 1999; DeRose 2003; Auffinger
et al. 2011). RNA-bound ions can be studied using many
informative biochemical and biophysical techniques. X-ray
crystallography is useful because it provides simultaneous
high-resolution information on specific ions and on the over-
all structure of the surrounding RNA molecule. To date, 36
different types of metals have been observed to bind RNA
by X-ray crystallography (Auffinger et al. 2011; Schnabl et
al. 2012).

Group II introns are among the largest RNA molecules of
known structure (Toor et al. 2008a; Pyle 2010; Marcia et al.
2013b) and they are highly dependent on metal ions for their
function (Sigel et al. 2000; Gordon and Piccirilli 2001;

Kruschel and Sigel 2008). Magnesium is required for group
II intron folding (Swisher et al. 2002; Su et al. 2003, 2005;
Erat and Sigel 2007) and splicing (Podar et al. 1995;
Gordon and Piccirilli 2001), while monovalent ions also fa-
cilitate these processes (Basu et al. 1998; Conn et al. 2002;
Pyle et al. 2007; Lambert et al. 2009). In addition, monova-
lent ions dictate the splicing reaction pathway (branching
vs. hydrolysis) (Jarrell et al. 1988; Daniels et al. 1996), and
they play a key role in modulating alternative conformations
of the ribozyme (Marcia and Pyle 2012). However, a sys-
tematic structural characterization of intron-bound ions has
been missing due to the limited resolution of available crystal
structures. In addition, the small number of structures solved
in the presence of anomalous scattering ions did not allow for
an unambiguous identification of all metal sites (Toor et al.
2008a, 2010). However, we recently succeeded in obtaining
high-resolution structures of the Oceanobacillus iheyensis
group II intron (OiGIIi) in numerous different ionic combi-
nations that include diverse anomalous scattering ions (Li+/
Mg2+, Na+/Mg2+, K+/Mg2+, Rb+/Mg2+, Cs+/Mg2+, Tl+/Mg2+,
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NH4
+/Mg2+, K+/Ca2+, and K+/Ba2+) (Marcia and Pyle 2012;

Marcia et al. 2013b). Using a combination of crystallographic
techniques, we have identified and characterized numerous
intron-bound ions, thereby providing us with a unique op-
portunity to examine the specificity of ion-binding sites in
a complex RNA tertiary structure.
Descriptions of RNA-bound ions have been reported

previously for other large RNAs. For instance, a study using
Rb+, K+, Na+, and NH4

+ led to the analysis of 204 ions in
the 23S rRNA (Klein et al. 2004). A study using Pb2+, Sm3+,
Gd3+, Yb3+, and Os(III) hexamine characterized 13 ions in
RNase P (Kazantsev et al. 2009), and a study using Yb3+,
Tb3+, Eu3+, Mn2+, and Tl+ analyzed 18 ions in the group I in-
tron (Stahley et al. 2007). By comparison with previous re-
ports, the present study on a group II intron is uniquely
comprehensive. We have utilized a larger series of ions than
previous studies, so the work provides new insights into the
binding specificity of diverse ions within specific RNAmotifs.
Additionally, we solved each of our structures in the presence
of a single monovalent and a single divalent ion type, while
previous work involved complex combinations of ions, which
inevitably translates into amore complex interpretation of the
ion-binding sites and of their occupancies. Perhaps most im-
portantly, unlike previous studies, we selected ions that are
good mimics of the physiological ions potassium andmagne-
sium, as demonstrated by the fact that many of them support
intron splicing (Marcia and Pyle 2012).
Our study is obviously limited to the characterization of

“site-bound” (or “chelated”) (Draper 2004) ions, which
have been calculated to represent only a fraction of the total
ions bound to an RNA molecule (Draper 2004; Freisinger
and Sigel 2007). It can be expected that many more ions
surround each intron molecule. The majority of these ions,
which are crystallographically invisible, probably associate
with the RNA diffusively and contribute to charge neutraliza-
tion in a nonspecificmanner (Abramovitz et al. 1996; Feig and
Uhlenbeck 1999; Banatao et al. 2003; Draper 2004). In con-
trast, most of the ions observed crystallographically appear
to bind the RNA site-specifically, reflecting high order and oc-
cupancy. Among these ions, those bound to the catalytic site
and involved in splicing include a heteronuclear four-metal-
ion center (Marcia and Pyle 2012; Marcia et al. 2013b) and
other ions that we describe here for the first time. In addition,
the ions bound to peripheral regions include all of the major
RNA metal-binding sites that have been classified previously,
as annotated in the database MeRNA (Stefan et al. 2006),
i.e., GU wobble pairs (Cate and Doudna 1996; Klein et al.
2004), GA mismatches (Pley et al. 1994), magnesium clamps
(Ennifar et al. 1999), AA-platforms (Basu et al. 1998), and G-
phosphates (Klein et al. 2004). Interestingly, within the group
II intron structures, some of these motifs display different
binding selectivity and different geometry from that reported
in other RNA structures. Finally, as observed in other RNAs,
organic ions, such as anionic sulfonate groups (Kieft et al.
2010) and polyamines like spermine (Quigley et al. 1978),

bind to the intron, too. Within the group II intron, it is sig-
nificant that these molecules are clustered at sites predicted
to bind partner proteins, such as the intron-encoded ma-
turase. Taken together, this classification of intron-bound
ions brings new sophistication to our knowledge of metal
ion-binding sites in complex RNAs and helps establish first
principles for understanding the role of metals in RNA
structures.

RESULTS AND DISCUSSION

Ion assignments

All crystals of OiGIIi used in this work grew in space group
P212121, with similar unit cell dimensions (a = 89.3 Å ±
0.6%, b = 95.6 Å ± 0.5%, and c = 225.4 Å ± 0.5%) and reso-
lution of diffraction (∼3 Å, with the exception of crystals
grown in Ba2+, which diffracted to 4 Å), independent of
the construct used (Oi5eD1-5 or OiD1-5) (Marcia and Pyle
2012). Also, the corresponding structures are very similar
to each other, with overall reciprocal RMSD values of <2 Å
(Marcia and Pyle 2012). The structural similarity is indica-
tive of the good adaptability of OiGIIi to the different ionic
combinations used in this study (Marcia et al. 2013a) and
guarantees that the structural comparison is not biased by
differences in crystal packing or in RNA-backbone confor-
mations. Despite the similarity of all structures, interpreting
ion-binding sites at 3 Å resolution is difficult, especially con-
sidering the analogous scattering properties of some solvent
molecules (Holbrook et al. 1978). In our work, we assigned
ions to positive peaks of non-nucleotide electron density in
2Fo-Fc and Fo-Fc Fourier difference maps according to the
following principles.
First, anomalous scattering Fourier difference maps were

calculated as described (Marcia and Pyle 2012) for structures
that contained heavy metals and these were used to assign the
corresponding metal binding sites (Rb+ in PDB id. 4E8P; Tl+

in PDB id. 4E8Q; Cs+ in PDB id. 4E8R; and Ba2+ in PDB id.
4E8V). Based on the position of Tl+ and Rb+, which pos-
sess similar ionic properties to K+ (Auffinger et al. 2011),
and considering that K+ typically displays distances of about
2.8–3.5 Å from coordinating ligands (Harding 2001, 2002;
Mahler and Persson 2012), potassium-binding sites were
assigned in the remaining potassium-containing structures
(PDB id. 4E8K, 4E8M, 4E8T, 4FAQ, 4FAR, 4FAW, and
4FB0). Ammonium-binding sites were assigned using a sim-
ilar rationale in the ammonium structure (PDB id. 4E8N),
considering the similarity of NH4

+ to K+ (Yamada et al.
1998; Auffinger et al. 2011).
After assigning these monovalent ion positions, the re-

maining non-nucleotide electron density peaks in the K+,
Rb+, Tl+, Cs+, and NH4

+ structures were assigned to magne-
sium if the binding sites displayed octahedral coordination
geometry and were located at 2.0–2.4 Å from at least one co-
ordinating ligand (Harding 2001, 2002; Erat and Sigel 2008;
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Auffinger et al. 2011). If these conditions were not met, elec-
tron density peaks were assigned to water molecules when
they were of appropriate intensity and at hydrogen-bonding
distance from suitable coordinating atoms. In all other cases
the sites were left unoccupied. Similar considerations were
used to assign the Ca2+-binding sites in the calcium structures
(PDB id. 4E8K, 4E8T, and 4FAQ). Similarly, the positions of
divalent ions and water molecules were used to assignmagne-
sium and water sites in the Na+ and Li+ structures (4FAX and
4FAU, respectively). The refinement of these latter structures
was then completed by the addition ofmonovalent ionswhere
suitable density peaks remained unoccupied.

Finally, spermine, whichwas an essential component of the
crystallization buffer, was tentatively modeled at two struc-
tural sites that displayed elongated electron density peaks.
While the identity of these molecules cannot be conclusively
assigned, the presence of polyamines at these positions is not
only compatible with the electron density signal, but also
with a characteristic set of hydrogen bonds and ionic interac-
tions with neighboring RNA segments and with data from
other nucleic acid structures (Quigley et al. 1978; Korolev
et al. 2002). Similarly, 2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid (HEPES), which was used to buffer the
crystallization solutions, was tentatively modeled at six sites.
At these sites, weak anomalous scattering Fourier electron
density peaks were present in the Cs+ and/or Ba2+ structures.
Suchpeaks are compatiblewith thepresenceof the sulfur atom
of HEPES because these diffraction data sets were collected at
low X-ray energies (8343 and 8349 eV, respectively) at which
sulfur displays appreciable anomalous scattering ( f ′′ = 0.52
electrons). The distribution of the electrostatic potential at
these sites is also compatiblewith the binding of a zwitterionic
molecule like HEPES, because one can identify regions of
more negative potential that can bind the 2-hydroxyethyl-
piperazin tail, which carries a positive charge on the N1
atom, and regions of less negative potential that can bind the
anionic sulfonate head group, positioning the sulfur atom at
∼3.8 Å from neighboring nitrogen or oxygen atoms in the
RNA. This binding mode resembles the binding of sulfate
ions (Auffinger et al. 2004) or 2-(N-morpholino)-ethanesul-
fonic acid (MES) (Klein and Ferre-D’Amare 2006) observed
in other RNA structures.

After modeling all ions, their occupancy was adjusted
based on evaluation of solvent B-factors and on consistency
with the B-factors of surrounding nucleotides.

Using the above strategy, we identified a total of 74 putative
ion-binding sites (Fig. 1; Supplemental Table S1). Of these
sites, 34 represent divalent metal ion-binding sites (M sites),
32 represent monovalent metal ion-binding sites (K sites),
two are putative polycations (S sites), and six are putative
zwitterions (A sites). Each site is named with an alphanumer-
ic code, in which the letter identifies the ion type (M, K, S, or
A) and precedes an Arabic numeral. We note that among
these 74 sites, 11 display heavy metal binding but do not
show corresponding cognate electron density at the same po-

sitions in structures obtained in Mg2+ and K+ (native condi-
tions). Therefore, these ions were not modeled in the
structures containing native ions. Presumably there is differ-
ential affinity between heavy and native metals at certain
types of sites (Stahley et al. 2007). For this reason, these
ions are not discussed extensively in the text, although they
are reported in Figure 1 and Supplemental Table S1.

Overall ionic distribution

There are trends in the distribution of ion types throughout
the intron structures. Ions bind to every intron domain and
subdomain, resulting in 120 out of 390 intron residues in
direct contact with at least one site-bound ion (Fig. 1A).
However, we observe a different distribution of metallic
vs. organic ions (Fig. 1B). Metallic ions—including both
mono and divalent ions—dominate within the intron core.
They are particularly concentrated within the active site,
which has a high density of negative charges. In this region,
three groups of ions can be identified. Within the active
site, the heteronuclear four-metal ion center M1-M2-K1-
K2 is in direct contact with the reactants and promotes splic-
ing (Marcia and Pyle 2012). Around this center, other ions
(M3, M5, K4, and possibly K3) come in direct contact
with active-site residues, but not with the reactants them-
selves, thereby influencing splicing indirectly (Boudvillain
and Pyle 1998). At a further distance from the active site, a
wider network of ions (M4, M9, M10, M17, M23, K30,
and possibly K22, K24, and K29) bind residues flanking
active site elements, but their involvement in splicing has
not been demonstrated to date. Additionally, mono- and
divalent metal ions are localized near important long-range
tertiary interactions outside the intron core. Interestingly,
divalent ions are localized predominantly in D1 (M7-8,
M11-15, M18-21, M25-27, M29, M32-34). This observation
correlates with the common observation that divalent ions
stabilize formation of tertiary interactions in nucleic acids
and with the fact that D1 is the nucleation point for group
II intron folding (Su et al. 2005; Pyle et al. 2007; Waldsich
and Pyle 2008; Donghi et al. 2013). Monovalent ions are
abundant in peripheral elements, where they interact with
helical stems of D1C, D2, and D4 (K5–8, K11, K13–14,
K16–17, K20, K25, K27–28). Fewer monovalent ions are
also directly involved in long-range tertiary interactions
(K9, K12, K15, K19, K23, and K26). Finally, organic ions
(A and S sites) predominantly bind peripheral regions that
are directly accessible from the bulk solvent and that are clus-
tered on the face of the intron formed by D1A, D1B, and
D1C (Fig. 1). Considering that most of these regions were
shown to crosslink with proteins that are bound by group
II introns (Matsuura et al. 2001; Dai et al. 2008), the organic
ion-binding sites identified here may correspond to RNA
interfaces that evolved to bind proteins. Specific structural
features of all the various sites are discussed in the following
sections.
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Metal ions within the catalytic core

The catalytic core of the group II intron is formed by con-
served motifs that include the catalytic triad (in D5), the
2-nt bulge (in D5), the J2/3 junction (connecting D2 and

D3), and the 5′-splice junction con-
necting the 5′-end of the molecule (in
D1) to the 5′-exon (Fig. 2; Boulanger
et al. 1995; Schmidt et al. 1996; Costa
et al. 2000;deLencastre et al. 2005;deLen-
castre and Pyle 2008; Marcia and Pyle
2012). As described above, metal ions in
and around the catalytic core can be clas-
sified into three groups based on their
distance from the splicing reactants.

In direct contact with the reactants,
M1, M2, K1, and K2 form the catalytic
heteronuclear metal center that was
described previously (Marcia and Pyle
2012). In this center, M1 and M2 form
the binding platform for the RP non-
bridging phosphoryl oxygen of the scis-
sile phosphate and they play a key role
in the chemistry of splicing. K1 modu-
lates the toggling between active and in-
active intron conformations throughout
the splicing cycle. K2 bridges the 5′-end
of the intron and the 2-nt bulge (A376

in D5) and it interacts with the hydro-
lyzed 5′-phosphate of the intron after
the first step of splicing (Marcia and
Pyle 2012).

Surrounding this core, an important
set of additional ions is in contact with ac-
tive site residues, but not with reactants.
For example, M3 is located near the co-
ordination and κ loops, and is clamped
between the RP phosphoryl oxygen of
A181 (EBS1, D1d2) and the SP phosphoryl
oxygen of A223 (EBS3, D1d1), as de-
scribed previously (Toor et al. 2008b;
Supplemental Fig. S1). In this way, M3
may provide favorable stabilization for
the two primary exon-binding sites (EBS1
and EBS3) perhaps enabling them to
stack and orient themselves for reaction
within the active site. K4 is a very dehy-
drated site that forms a dinuclear center
with K2, sharing U4 and A376 as common
ligands. K4 connects the 5′-end of the in-
tron (O4 of U4, ɛ) with nucleotides in the
Z-anchor (O6 of G107, ɛ′, D1C) and in the
2-nt bulge ofD5 (O2′ andO3′ ofU375, and
the RP nonbridging phosphoryl oxygen of
A376). M5 forms a magnesium clamp be-
tween the SP phosphoryl oxygen of C360

(catalytic triad) and the RP phosphoryl oxygen of G374 (λ).
Together, K4 and M5 may contribute to the stabilization
of the characteristic elbow shape adopted by D5 around
the 2-nt bulge, which is essential for active site formation

FIGURE 1. Site-bound ions in O. iheyensis group II intron. (A) Secondary structure map of the
crystallization construct adapted from Pyle (2010) to indicate the site-bound ions described in
this work. D6 is included for completeness, but it was not present in the crystallization construct
and its structure is currently undetermined. E1 indicates the four nucleotides of the 5′-exon. (B)
Overall crystal structure in which all site-bound ions are represented as spheres. M sites are yellow,
K sites violet, S sites blue, and A sites red. Each intron subdomain is depicted in a different color.
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(Fig. 2). Finally, K3 is also localized within the catalytic core,
but its identity and functional role are less evident (Marcia
and Pyle 2012). K3 displays anomalous signal for Rb+, Tl+,
and Cs+ and is in contact with the RP phosphoryl oxygen of
C358 (catalytic triad), with O5′ and the SP phosphoryl oxygen
of C377 (2-nt bulge), and with O3′ of A376 (2-nt bulge). K3 is
also close to A287 (J2/3 junction, γ), C289 (J2/3 junction),
and K1. Considering that the γ–γ′ interaction forms during
the second step of splicing, K3 may play a particularly impor-
tant role near the end of the splicing cycle (see Supplemental
Fig. S2 in Marcia and Pyle 2012).

Moving outward from the catalytic center, a number of
ions appear to interact with nucleobases that flank active
site residues (M4, M9–10, M17, M22–23, M28, K22, K24,
K29, and K30) (Supplemental Table S1).

A common feature of ions within the catalytic core (M1,
M2, M3, M5, K1, K2, and K4) is that they are all present,
with good occupancy, in both the pre- and the post-hydrolyt-
ic splicing steps (structures 4FAQ/4E8K and 4FAR/4FAW,
respectively). This is consistent with previous phosphoro-
thioate and NAIM interference experiments on the group
II ai5γ intron, which revealed a network of functional ligands
for these same ions, such as the RP phosphoryl oxygen
atoms of G374 and of A376 (Boudvillain and Pyle 1998).
These structural and functional observations strongly sug-
gest that, in addition to the M1-M2-K1-K2 metal center,
the concerted actions of M3, M5, K4, and possibly K3,
play a decisive role in determining group II intron reactivity.
In contrast, in structures that represent the toggled interme-
diate state, which is hypothesized to occur between the two

steps of splicing (structures 4FAX and 4FAU) (Marcia and
Pyle 2012), M1, M2, M3, M5, K1, K2, and K4 are not
occupied.

Cations bound to helical motifs

Metal ions are often bound to helical stems within RNA
structures, in which they either bridge phosphate groups of
consecutive nucleotides or interact with nucleobases. Such
interactions occur primarily in the major groove, which typ-
ically has a large, negative electrostatic potential (Chin et al.
1999; Klein et al. 2004). In the group II intron, cations are
bound to helical motifs at a number of locations (M6–7,
M16, M24, M30–31, K5, K10–11, K13, K15, K17, K20,
K22, K28, and K31–32).
Among these sites, some of the K-sites bound to GU wob-

ble pairs and GA mismatches exhibit particularly interesting
properties. Ions K5, K11, K15, K17, K22 (see above), and K23
interact with GU wobble pairs. K5, K11, K17, and K23 adopt
an arrangement identical to that of other monovalent ion-
binding sites in 23S rRNA (Klein et al. 2004). For example,
these ions are located in the plane of a GU wobble that is
flanked by a GC pair and forming contact with O6 and O4
of the wobble nucleotides, and with O6 of the neighboring
GC guanosine. In contrast, K15 and K22 bind GU wobble
pairs that are not flanked by GC pairs and therefore adopt
a different geometry, forming contact with only one of the
wobble residues.
Finally, K6 binds in an unusual way to an imino GA mis-

match in D2 (G270-A283), which is significant given the im-
portance of GA motifs (Traub and Sussman 1982). More
commonly, GA mismatches interact with multivalent metal
ions (Heus et al. 1997; Rüdisser and Tinoco 2000; Villescas-
Diaz and Zacharias 2003). For instance, sheared GA mis-
matches form inner-sphere contactswith partially dehydrated
Mg2+ (Cate and Doudna 1996; Szep et al. 2003), and imino
GA mismatches bind fully hydrated Mg2+ (Rüdisser and
Tinoco 2000). In contrast, within the group II intron, the
GA pair at K6 tolerates a diversity of different ions, including
Tl+ (anomalous different Fourier density peak at 5.7σ), Rb+

(3.3σ), and Cs+ (4.9σ), which all form six inner-sphere con-
tacts with A268, G269, andG270 and two interactionswithwater
molecules from the bulk solvent. Ba2+ also binds to this site
(4.7σ), albeit with different geometry (three inner-sphere
contacts to G269, G270, and U271 and outer-sphere contacts
withA268, G269, G270, andG284mediated by awatermolecule).
In the presence of physiological ions (i.e., 4E8K, 4E8T, 4FAQ,
4FAW), K6 forms the same type of interactions as the heavy
monovalent ions described above and it forms distances of
2.7–3.4 Å with its coordinating atoms, which is typical of
potassium (Fig. 3). On the basis of these observations, we
have chosen to interpret K6 as an unusual example of GAmis-
match that has particular affinity for monovalent ions.
However, the selectivity of G270-A283 for monovalent ions is
not entirely clear-cut, because in one structure (4FAR) shorter

FIGURE 2. K4 and M5 bind the 2-nt bulge and the Z-anchor. M-sites
are depicted as yellow spheres, K-sites as violet spheres, and the intron
residues as sticks, color-coded by structural motif. The λ–λ′ and the ɛ–ɛ′
interactions are indicated. Anomalous difference Fourier electron den-
sity map at the K4 site is shown as a green mesh at 4.0 σ for Tl+ (PDB
id. 4E8Q). At theM5 site, an anomalous difference Fourier electron den-
sity peak is visible for Ba2+ (PDB id. 4E8V, data not shown), but not for
any monovalent ions. The M1-M2-K1-K2 catalytic center is indicated
for reference. Inner-sphere coordination bonds are shown for K4 and
M5 as black dashed lines and the corresponding distances are indicated
in angstroms.
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distances (2.2–2.4 Å) compatible with magnesium binding
were observed.

Metal ions involved in long-range tertiary interactions

Tertiary interaction motifs are crucial for the stabilization
and specification of RNA tertiary structures (Butcher and
Pyle 2011). Many of these motifs, such as the tetraloop–re-
ceptor interaction, require metal ions for stabilization or
proper architectural organization, but a comprehensive
analysis of metal requirements for most motifs has not
been conducted. Thus, it is valuable to consider the metal
ion occupancies and specificities of tertiary interactionmotifs
within the group II intron.

The five-way junction and the T-loop motif

The five-way junction is an elaborate motif at the center of
D1 that establishes the location for all of the main D1 stems
(D1A, D1B, D1C, D1d1, and D1(ii)), orienting them in the
proper direction to form requisite long-range inter- and
intradomain contacts. This motif contains a T-loop (D1A),
a sharp backbone kink of 57° at position U26 (D1(ii)-D1A
junction), a ribose zipper, and a type-I A-minor motif (D1
(ii)-D1C interface) (Toor et al. 2010). The five-way junction
region contains five M-sites (M11, M15, M20, M26, and
M33) and two K-sites (K9 and K12).
The K12 ion (Fig. 4) lies just beneath A245 (D1d1), which is

the base that intercalates into the T-loop (Toor et al. 2010).
Binding of monovalent ions to this site of the T-loop may

FIGURE 3. K6 binds an unusual GA imino mismatch in D2. (Left) Coordination of K6. The ion-binding site and the intron residues are colored as
described in Figure 2. Inner-sphere coordination and hydrogen bonds are shown as black dashed lines for K6 and for the G270A283 imino mismatch
and the corresponding distances are indicated in angstroms. Two water molecules completing the inner solvation sphere of K6 are also visible in the
electron density and are represented here as cyan spheres (W1 andW2). Anomalous difference Fourier electron density map at the K6 site is shown as a
greenmesh at 4.0 σ for Tl+ (PDB id. 4E8Q). (Right) Electrostatic surface potential around K6. The color scale is indicated at the bottom in units of kT/e.

FIGURE 4. K12 and S2 bind the T-loop. (Left) The ion-binding sites and the intron residues are colored as described in Figure 2. Inner-sphere co-
ordination bonds are shown as black dashed lines for K12 and S2 and the corresponding distances are indicated in angstroms. Anomalous difference
Fourier electron density map at the K12 site is shown as a green mesh at 6.0 σ for Tl+ (PDB id. 4E8Q). The N-terminal polypeptide of ribosomal
protein S19 (rpS19) is shown in semitransparent cyan sticks (PDB id. 1J5E). Gray dashed lines indicate contacts between the amino acids of
rpS19 (Ser4-Lys6-Lys7) and nucleobases of 16S rRNA analogous to the intron T-loop (C1314-U1315-G1316, which correspond to G30-U31-G32, respec-
tively). The 16S rRNA residues are not shown for clarity, but they superpose precisely over the intron T-loop residues (RMSD = 1.4 Å). (Right)
Electrostatic surface potential around K12 and S2. The color scale is indicated at the bottom in units of kT/e.
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represent an idiosyncratic feature of group II introns, possi-
bly related to the fact that this region is involved in crystal
packing. Analogous structural sites in T-loops of different
RNA structures (Krasilnikov and Mondragon 2003) possess
affinity for multivalent metal ions. For instance, Pb2+ binds
at an analogous position in the S-domain of bacterial ribo-
nuclease P (Krasilnikov et al. 2003), while Mg2+ occupies a
similar position in the 23S rRNA (Klein et al. 2001). Such
comparisons indicate that T-loops may not be selective for
ionic charge, but require site-bound metals in their region
of maximal backbone curvature (Fig. 4).

The K9 and M33 ions bind close to the five-way junction,
along the D1A stem. These ions are proximal to the tight kink
in U26 mentioned above.

Finally, the ribose zipper that joins the base of D1C (U66

and A67) with the base of D1(ii) (U24) (Toor et al. 2010) con-
tains two divalent ion sites, M15 and M20 (Supplemental
Fig. S3). Interestingly, the latter forms a G-phosphate binding
site near A67/G68 reminiscent of similar motifs found in
23S rRNA (Klein et al. 2004), but involving N7 of G68, rather
than O6. Supported by its interactions with M15 and M20,
the ribose zipper ejects A67 out of the D1C helix, enabling
it to form a type I A-minor motif (Strobel 2002) with G248-
C23 in D1(ii). At the same structural locus, the D1C strand
opposite to A67 (A120/A121) comes close to G239 in D1d1
(ω), where D1C is effectively sandwiched between the D1
(ii) and the D1d1 stems. M11 and M26 appear to glue the
sandwich together (Supplemental Fig. S3), as M11 forms a
magnesium clamp bridging the two SP oxygen atoms of res-
idues C119 and G239 (D1d1, ω) and M26 is bound to the SP
oxygen atom of A120.

The Z-anchor

The Z-anchor is a series of five nucleotides within the central
loop of D1C (nucleotides 106–111) that form critical inter-
actions with the catalytic center (Toor et al. 2008a). The
Z-anchor includes the highly conserved interaction λ–λ′

(Boudvillain et al. 2000), which forms between A106 and
G374 (D5), and ɛ–ɛ′ (Michel and Ferat 1995), which forms be-
tween G107 and U4 (5

′-end). Tb3+-cleavage assays had previ-
ously predicted the presence of metals bound to the Z-
anchor (Sigel et al. 2000). In agreement with that work, four
ions can be identified at this position in our structures: M8,
M13, K4 (see above and Fig. 2), and K25 (specific for Cs+).
M8 and M13 bind the two SP phosphoryl oxygen atoms of
G107 and A105, respectively. In this way, the ions may contrib-
ute to the stabilization of the 80° backbone kink formed by the
two phosphate groups that flank A106. This backbone distor-
tion projects the adenosine moiety of A106 (λ) towardD5 (λ

′).

The θ–θ′ region

The θ–θ′ interaction (Costa et al. 1997) joins a tetraloop in
D1C (G90 to A93) with a receptor in D2 (base pairs C272-

G281 and U273-A280) throughminor groove contacts (Supple-
mental Fig. S4). These residues form a minimized tetraloop-
receptor motif, which lacks base stacking interactions and the
AA-platform typical of other structures (Toor et al. 2010),
but which surprisingly preserves the ion-binding pattern.
In general, tetraloop-receptor motifs are observed to bind
divalent and monovalent ions (Basu et al. 1998; Davis et al.
2007). In the group II intron, most ions near θ–θ′ are selec-
tive for monovalent cations, i.e., K7, K8, K14, and K16.
Themost important ion of this set is K7, which binds the θ′

receptor in D2 (O4 of U273 and O6 of G274). K7 corresponds
to potassium site 2 (P2/P8 tetraloop-receptor) in the struc-
ture of Azoarcus sp. BH72 group I intron (PDB id. 1U6B)
(Adams et al. 2004) and to a potassium site near the L5b-
J6a/6b motif in the structure of Tetrahymena thermophila
ribozyme P4-P6 (Basu et al. 1998). This site can also be re-
placed by divalent ions, i.e., Mn2+ (Davis et al. 2007) or
Ba2+ (this work, PDB id. 4E8V).
K14 and K16 also resemble tetraloop-bound ions in other

RNA structures. K14 binds in a position identical to cobalt
hexammine in group I intron tetraloops (Rüdisser and
Tinoco 2000), coordinating phosphate oxygen atoms of the
tetraloop and the base of a neighboring guanosine. Instead,
K16, specific for Cs+ and Ba2+, binds the O6 atoms of two
consecutive guanosines (G89 and G90), thus occupying a po-
sition identical to that of K+

1017 in the P2/P8 tetraloop-recep-
tor of Azoarcus sp. BH72 group I intron (PDB id. 1U6B)
(Adams et al. 2004). The different sequences of the tetraloops
in group I and II introns may be responsible for the different
metal-binding selectivity.

The ω–ω′ ribose zipper and the EBS1 site

The ω–ω′ interaction is a ribose zipper between the first stem
of D1d1 (ω) and a loop in D1d2 (ω′) (Toor et al. 2008a). This
particular subclass of ribose zipper is specific to group IIC in-
trons such as OiGIIi (Toor et al. 2008a). This motif positions
exon binding site 1 (EBS1, located downstream ω′ in D1d2)
near the five-way junction and consequently near the intron
active site (Toor et al. 2008a). The ω–ω′ interaction and
EBS1 bind six ions (M12, M18, M19, K15, K21, and K23;
Supplemental Fig. S5).

The coordination and κ loops

The coordination and κ loops are twomotifs in D1d1 that en-
able D1 to dock with D5 near the catalytic site and to align the
two exon-binding sites (EBS1 and EBS3) for efficient exon li-
gation (Boudvillain and Pyle 1998; de Lencastre et al. 2005;
Hamill and Pyle 2006). To ensure proper docking, the coor-
dination and κ loops adopt highly unusual structures that in-
volvemultiple kinks (i.e., a backbone angle of 60° at U152) and
narrow spaces between backbone chains (i.e., the phosphates
of A134 and C145 are only 5.4 Å apart) (Toor et al. 2010). These
regions were predicted to bind multivalent ions based on
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Tb3+, Mn2+, and Zn2+-induced cleavage assays (Sigel et al.
2000; Hertweck and Mueller 2001). Our structures confirm
these predictions and reveal the presence of at least five M-
sites: M3 (discussed above), M14, M21, M25, and M34
(Supplemental Fig. S1). Notably, one of the divalent ions
near the κ loop (possibly M14 or M34) may correspond to
the magnesium-binding site recently identified in an NMR
study and shown to regulate the first step of group II intron
folding (Donghi et al. 2013).

The S-turn

In D3, a canonical and highly conserved S-turn forms a flat
platform that reinforces interactions with coaxially stacked
elements of D1 and D2 (Pyle 2010). At the D3 S-turn, K19
is located ∼3.2–3.5 Å from neighboring atoms O6, N7, the
RP phosphoryl oxygen of G320, N1 of A297, and O6 of G321

(Fig. 5), just upstream of the AA parallel interaction (A299-
A319) (Leontis and Westhof 1998). Replacement with heavy
ion analogs (Supplemental Table S1) reveals that K19 repre-
sents a highly dehydrated monovalent ion-binding site. Thus,
K19 resembles an ion-binding site in the S-turn of the hairpin
ribozyme (Walter et al. 2000; Ditzler et al. 2009). In the in-
tron, K19 may enable G320 to stack with A268 near the base
of D2 (Toor et al. 2010). K19 also interacts with G321, which
is involved in stabilizing the toggled intermediate (Marcia
and Pyle 2012). Given its location, K19 may play an impor-
tant role in molding the architecture of D3, and its functional
role in splicing should be investigated.

Organic ion-binding sites

Polycation-binding sites

Two putative polycations (S1 and S2) were identified in prox-
imity to long-range tertiary interactions involving D1A and
D1B. S1 is proximal to the α–α′ interaction (Fig. 6), which

is a phylogenetically conserved kissing loop between the α-
loop sector (D1B) and the α′-loop (D1d2) (Michel et al.
1989). The α region adopts a sharp kink at its terminus, re-
sulting in a backbone angle of 81° at phosphate G51 (Pyle
2010) and a concave cavity where S1 is located.
S2 is proximal to the T-loop, where it binds G32/A33/G34

along the extended major groove of the D1A stem, thus being
located on the opposite side of K12 (Fig. 4; see above).
Binding of amine groups to the face of the T-loop is interest-
ing because this interaction pattern resembles the binding of
basic amino acids to T-loops in certain ribonucleoproteins.
For instance, the N-terminal polypeptide of ribosomal pro-
tein S19 binds similarly to a T-loop in 16S rRNA, establishing
S2-like interactions (PDB id. 1J5E). Based on this similarity
and on previous crosslinking experiments (Dai et al. 2008),
the S sites may indicate positions of interaction between in-
tron RNA and side-chains of encoded maturase proteins.

Zwitterionic ion-binding sites

Six putative sites (A1–6) compatible with the binding of
HEPES molecules were also identified. At these positions,
the RNA major groove displays patches of negative electro-
static potential, flanked by more positive regions (Supple-
mental Fig. S6). At these sites, low anomalous scattering
signal can be detected in the Cs+ or Ba2+ structures, which
is consistent with the presence of a heavy atom-like sulfur.
The putative HEPES molecules, which are zwitterionic at
the pH of the crystallization experiment (7.0), orient them-
selves such that their 2-hydroxyethyl-piperazine tails and
their sulfonate head groups are positioned appropriately to
bind the patches of negative and positive electrostatic surface
potential along the RNA groove. As a result, the sulfur atom is
located ∼3.8 Å from neighboring oxygen or nitrogen atoms
of the RNA, as observed previously (Auffinger et al. 2004;
Klein and Ferre-D’Amare 2006).

FIGURE 5. K19 binds the S-turn motif and the AA parallel interaction in D3. (Left) The ion-binding site and the intron residues are colored as de-
scribed in Figure 2. Inner-sphere coordination and hydrogen bonds are shown as black dashed lines for K19 and for the A299A319 parallel interaction.
The corresponding distances are indicated in angstroms. Anomalous difference Fourier electron density map at the K19 site is shown as a green mesh
at 9.0 σ for Tl+ (PDB id. 4E8Q). (Right) Electrostatic surface potential around K19. The color scale is indicated at the bottom in units of kT/e.
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Specifically, the A-sites are located near consecutive
Watson-Crick GC pairs (Fig. 1), which are known binding
sites for sulfate ions (Auffinger et al. 2004) and sulfonic acid
molecules (Klein and Ferre-D’Amare 2006). Thus, the A-sites
resemble anionic-binding sites observed in other RNA struc-
tures, such as the Cricket Paralysis Virus intergenic region in-
ternal ribosome entry site domain 3 RNA, the P4–P6 domain
of the Tetrahymena thermophila group I intron and the glmS
ribozyme (Auffinger et al. 2004; Klein and Ferre-D’Amare
2006; Kieft et al. 2010). As anion-binders, consecutive GC
pairs are known to possess affinity for the carboxylate groups
of aspartate and glutamate in ribonucleoproteins (Kieft et al.
2010). Interestingly, the consecutive GC pairs in intron D1C
are evolutionarily conserved and were identified as binding
sites for the intron-encoded maturase, a protein that pro-
motes intron folding and splicing (Matsuura et al. 2001; Dai
et al. 2008). Therefore, while binding of zwitterions to RNA
is typically of questionable physiological relevance, the A-sites
in D1C of the O. iheyensis group II intron may represent sites
of interaction with intron-encoded maturases. This hypothe-
sis would be consistent with the colocalization of the A-sites
in a region that is known to form an interface with protein
in homologous introns from other organisms (Matsuura
et al. 2001; Dai et al. 2008).

CONCLUSIONS

In conclusion, our comparison of group II intron structures
shows that the intron interacts extensively and specifically
with diverse ions. While the majority of ions are likely to sta-
bilize the intron by binding weakly and in a delocalized man-
ner, 74 ions bind tightly and with high occupancy, thus being
visible in our crystal structures. Among these well-ordered

ions, some suggest novel principles of RNA structural stabi-
lization. For instance, we have described unusual ion binding
properties of a GA mismatch, a T-loop, a tetraloop-receptor,
and an S-turn. Interestingly, we have also revealed a role
for organic ions that are bound to regions of the structure
that had been previously predicted to interact with proteins.
Finally and most importantly, we have extended our previous
description of the catalytic heteronuclear metal center of
the group II intron (Marcia and Pyle 2012), having identi-
fied and classified two additional groups of ions that have
high occupancy and appear to support the architecture of
the active site. These groups of ions may play important roles
in positioning the active site and in aligning the reactants for
catalysis.
Certainly, more questions remain and will be addressed by

future biochemical and crystallographic work. The functional
relevance of highly occupied and well-ordered ions observed
in crystallographic structures must be proven by genetic
and biochemical experiments.While the role in intron folding
and splicing has already been established for some of the ions
that we describe, our crystallographic investigations set the
stage for amuch broader functional investigation ofmany ad-
ditional ions. Moreover, obtaining structures of the intron
that include D6 would unveil the roles played by ions during
the first step of splicing by transesterification and during the
second step of splicing. Despite these open questions, the
classification of the group II intron ion sites presented in
this work, together with previous studies that mapped site-
bound ions in RNAse P (Kazantsev et al. 2009), group I in-
tron (Stahley et al. 2007), and ribosomal subunits (Klein
et al. 2004), reveals the existence of common principles in
RNA structural organization, which will be essential for de-
termining and interpreting future RNA structures.

FIGURE 6. Ionic network at the α–α′ interaction. (Left) The ion-binding sites and the intron residues are colored as described in Figure 2 in the main
text. The α–α′ interaction is indicated. Inner-sphere coordination and hydrogen bonds are shown as black dashed lines, with distances in angstroms.
The interaction between K26 and O6 of G203 formed only in the presence of Cs+ is colored gray. The simulated annealing Fo–Fc electron density omit
map is shown around the sperminemolecule as a bluemesh at 3.0 σ. (Right) Electrostatic surface potential around S1. The color scale is indicated at the
bottom in units of kT/e.
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MATERIALS AND METHODS

Transcription, purification, crystallization,
and structure determination

The constructs used in this work were cloned, transcribed in vitro,
and purified in a native form, following protocols described previ-
ously (Toor et al. 2008a,b; Marcia and Pyle 2012). The structures
were solved as described previously (Marcia and Pyle 2012;
Marcia et al. 2013a). The positions of the anomalous scattering at-
oms were identified on the basis of anomalous difference Fourier
electron density maps calculated using SFall and FFT in CCP4
(Ten Eyck 1973; Agarwal 1978). Electrostatic calculations were
performed by solving a nonlinear Poisson-Boltzmann equation
with APBS (Baker et al. 2001) as described previously (Kazantsev
et al. 2009). Briefly, we treated the RNA as a low dielectric medium
(ɛ = 2) (Misra and Draper 2001), and the surrounding solvent as a
high dielectric continuum (ɛ = 78.5). We selected the volume en-
closed by its water-accessible surface using a probe radius of 1.4
Å. We assigned atomic radii and charges with pdb2pqr (Dolinsky
et al. 2004) according to AMBER force field parameters. We applied
cubic B-spline discretization and nine-point harmonic averaging
to the surface-based dielectric and ion-accessibility coefficients.
Finally, we set Dirichlet boundary conditions using multiple
Debye–Huckel functionality (Baker et al. 2001). The figures depict-
ing the structures were drawn using PyMOL (DeLano 2009).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article. A table listing all
ion-binding sites and their corresponding occupancies, and figures
representing ion binding at the coordination loop, at GU wobble
pairs, at the 5-way junction, at the θ–θ′ and ω–ω′ interactions,
and at conserved GC pairs, are provided as a single separate file.
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