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Abstract 

 

Structural investigations of the group II-intron encoded protein GsI-IIC 

 

Max Edward Rubinson, MA 

The University of Texas at Austin, 2013 

 

Supervisor:  Alan Lambowitz 

 

Group II introns are a class of mobile ribozymes found in bacteria and eukaryotic 

organelles that self-splice from precursor RNAs. The resulting lariat intron RNA can then 

insert into new genomic DNA sites through a reverse splicing reaction. Collectively, this 

process of intron mobility is termed “retrohoming.” Mobile group II introns encode a 

reverse transcriptase (RT) that stabilizes the catalytically active form of the intron RNA 

for both the forward and reverse splicing reactions and also converts the integrated intron 

RNA into DNA. This work aims to elucidate the structure of bacterial group II intron-

encoded RTs and ultimately determine how they function in intron mobility. Although 

efforts to crystallize group II introns RTs have been unsuccessful, small angle X-ray 

scattering studies in conjunction with homology modeling have provided new insights 

into the structure and function of these enzymes. 
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Chapter 1: Introduction 

MOBILE GROUP II INTRONS 

Group II introns are self-splicing RNAs (“ribozymes”) found in bacteria and 

eukaryotic organelles that act as mobile retroelements [Cech 1986 and Cavalier-Smith 

1991]. Characteristics of group II introns, including their structure and splicing 

mechanism, suggest that they are evolutionary ancestors of eukaryotic spliceosomal 

introns and the spliceosome itself [Lambowitz and Zimmerly 2004 and Lambowitz and 

Zimmerly 2010]. Group II introns fold into a highly conserved three-dimensional 

structure containing six distinct helical domains [Michel et al. 2009]. The majority of 

bacterial group II introns contain an open reading frame (ORF) that encodes a 

multifunctional protein with an N-terminal reverse transcriptase (RT) domain that shares 

homology with retroviral RT sequences [Blocker et al. 2005]. Additionally, the intron-

encoded protein (IEP) contains a putative RNA-binding domain that corresponds to the 

RT thumb and is implicated in RNA folding and splicing (“maturase”) activities [Wank 

et al. 1999 and Mohr et al. 1993]. Certain classes of IEPs contain a C-terminal DNA-

binding domain, and others have an additional DNA endonuclease domain [San Filippo 

and Lambowitz 2002]. After splicing, the intron RNA and the IEP function together in a 

ribonucleoprotein (RNP) complex to promote intron mobility. 

MECHANISM OF GROUP II INTRON MOBILITY 

Most of what is known about group II intron retrohoming has come from studies 

of the Lactococcus lactis Ll.LtrB model system [Yao et al. 2013]. Figure 1 diagrams the 

key steps in the retrohoming pathway of a generalized bacterial group II intron. The 

transcribed group II intron precursor RNA consists of the intron sequence flanked by 5’- 

and 3’-exons (E1 and E2, respectively) The intron-encoded protein (denoted IEP) is 
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translated from within the intron and is a multifunctional protein with RT, RNA splicing, 

DNA binding, and DNA endonuclease activities [Matsuura et al. 1997 and Saldanha et 

al. 1999]. The IEP promotes splicing by binding to the intron in the unspliced precursor 

RNA and stabilizing the catalytically active RNA structure [Matsuura et al. 2001]. 

Splicing occurs via two sequential transesterification reactions that are catalyzed by the 

intron RNA, yielding ligated exons and an excised intron lariat RNA. The IEP remains 

tightly bound to the intron lariat in an RNP that can initiate retrohoming by recognizing 

an appropriate DNA target sequence (ligated E1-E2 DNA sequence) via the IEP and base 

pairing of the intron RNA [Guo et al. 2000, Mohr et al. 2000, and Perutka et al. 2004]. 

The intron RNA then inserts between the two DNA exons by reverse splicing into the top 

strand of the DNA, and the IEP cleaves the bottom strand downstream of the intron-

insertion site. After cleavage, the IEP uses the 3’ end of the DNA strand for target DNA-

primed reverse transcription (TPRT) of the newly inserted RNA [Matsuura et al. 1997 

and Saldanha et al. 1999]. Integration of the resulting intron cDNA is carried out by host 

factors in late steps that include RNA degradation, top-strand DNA synthesis, resection 

of DNA overhangs, and DNA ligation [Yao et al. 2013]. 
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Figure 1: Group II intron retrohoming pathway in bacteria. The group II intron-encoded 
protein (IEP) and the spliced intron RNA function together as a ribonucleoprotein (RNP) 
that recognizes and binds a DNA target-site. The intron RNA reverse splices into the top 
strand of the DNA insertion site (IS), and the IEP cleaves the bottom strand at the 
cleavage site (CS) to allow for DNA-primed reverse transcription of the integrated RNA. 
Host factors are responsible for late steps that include RNA degradation and top-strand 
DNA synthesis. Adapted from Yao et al. 2013. 

GROUP II INTRON SPLICING AND RNA STRUCTURE 

Like eukaryotic spliceosomal introns, group II introns splice via two sequential 

transesterification reactions that yield ligated exons and an excised intron lariat with a 2’-

5’ phosphodiester bond (Figure 2) [Lambowitz and Zimmerly 2004]. In contrast with 

spliceosomal introns, the group II intron splicing reaction is catalyzed by the intron RNA 

itself [Lambowitz and Zimmerly 2004]. To allow for splicing, the RNA folds into 
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conserved secondary and tertiary structures that form an active site containing Mg2+ ions 

essential for catalysis [Lambowitz and Zimmerly 2004]. The active site binds the splice 

sites and the branch-point nucleotide A and uses Mg2+ ions to activate the appropriate 

bonds for catalysis [Lambowitz and Zimmerly 2010]. 

 

Figure 2: Group II intron splicing mechanism. Group II intron splicing is catalyzed by the 
RNA itself and occurs via two sequential transesterification reactions. In the first 
reaction, there is a nucleophilic attack of the 5’-splice site by the 2’ OH of a bulged A 
residue in DVI, resulting in cleavage of the 5’-splice site and the lariat intermediate. In 
the second reaction, there is a nucleophilic attack of the 3’-splice site by the 3’ OH of the 
cleaved 5’ exon, yielding ligated exons and the intron lariat with a 2’-5’ phosphodiester 
bond. Adapted from Lambowitz and Zimmerly 2004. 

Group II intron RNA secondary structure is organized into six helical domains DI 

through DVI radiating outward form a central wheel (Figure 3) [Keating et al. 2010]. 

These domains fold into a conserved tertiary structure that brings together distant 

sequences in DI and DV to form the catalytic core [Lambowitz and Zimmerly 2010]. DV 

contains the catalytic triad, DVI contains the branch-point nucleotide (a bulged A 

residue), and DII and DIII contribute to RNA folding and catalysis [Keating 2010 and 

15 Oct 2004 19:27 AR AR230-GE38-01.tex AR230-GE38-01.sgm LaTeX2e(2002/01/18) P1: GCE
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Figure 1 Group II intron RNA splicing mechanism and secondary structure. A. Splic-
ing occurs via two sequential transesterification reactions. In the first, nucleophilic
attack at the 5′-splice site by the 2′ OH of a bulged A-residue in DVI results in cleav-
age of the 5′-splice site coupled to formation of lariat intermediate. In the second,
nucleophilic attack at the 3′-splice site by the 3′ OH of the cleaved 5′ exon results in
exon ligation and release of the intron lariat. B. The conserved secondary structure
consists of six double-helical domains (DI-DVI) emanating from a central wheel, with
subdomains indicated by lower-case letters (e.g., DIVa). The ORF is encoded within
DIV (dotted loop), and DIVa is the high-affinity binding site for the IEP. Greek letters
indicate sequences involved in tertiary interactions. EBS and IBS refer to exon- and
intron-binding sites, respectively. Some key differences between subgroup IIA, IIB,
and IIC introns are indicated within dashed boxes, but additional smaller differences
are not shown (see References 69, 109 for detailed discussion of differences between
group II intron subclasses).
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Lambowitz and Zimmerly 2010]. DIV encodes the intron ORF not necessary for catalysis 

and also contains a high-affinity binding site for the IEP near its 5’ end [Lambowitz and 

Zimmerly 2010]. Critical for folding are the short exon-binding sequences EBS1/2 in DI 

that form base pairs with the intron-binding sequences IBS1/2 in the 5’-exon and the δ 

sequence in DI that forms base pairs with the δ’ sequence in the 3’-exon [Lambowitz and 

Zimmerly 2004]. 

 

Figure 3: Group II intron RNA secondary structure: model of the L. lactis Ll.LtrB intron. 
The predicted secondary structure consists of six double-helical domains I-VI radiating 
out from a central wheel. Dashed lines represent long-range interactions between the 
intron and exons in the unspliced precursor RNA (EBS1-IBS1, EBS2-IBS2, and δ-δ’). 
The ORF in DIV encodes the LtrA protein. Adapted from Perutka et al. 2004. 

GROUP II INTRON-ENCODED PROTEINS 

Although group II intron RNA self-splicing can be observed in vitro, this reaction 

requires non-physiological conditions [Lambowitz and Zimmerly 2004]. In vivo, the 

group II intron-encoded protein is required to help the intron fold into a catalytically 

active structure (“maturase” activity) [Lambowitz and Belfort 1993]. To stabilize the 

excised intron lariat RNA. RNPs initiate mobility
by recognizing a relatively long DNA target site
(30–45 bp), with both the IEP and base-pairing of
the intron RNA contributing to DNA target-site
recognition. The intron RNA then inserts directly
into one strand of the DNA target site by reverse
splicing, while the IEP cleaves the opposite strand
and uses the cleaved 30 end to prime reverse tran-
scription of the inserted intron RNA. The resulting
intron cDNA is integrated into genomic DNA by
cellular recombination or repair mechanisms.
Retrohoming is highly efficient with insertion
frequencies that can approach 100% in both
bacteria and organelles.

The Lactococcus lactis Ll.LtrB intron used in the
present work is shown in Figure 1(a), and its
DNA target site interactions are summarized in
Figure 1(b). The DNA target site corresponds to
the ligated-exon sequence of the L. lactis ltrB gene,
with the intron inserting at the ligated-exon junc-
tion. The region recognized by the intron RNPs
extends from position 226 upstream of the intron-
insertion site in the 50-exon to þ10 downstream in
the 30-exon. Intron RNPs bind DNA non-specifi-
cally and then search for target sites, with the IEP
thought to first recognize a small number of
specific bases in the distal 50-exon region, including
T 223, G 221, and A 220, via major groove
interactions.3–5 These base interactions bolstered
by phosphate backbone and possibly minor groove
interactions along one face of the helix trigger local
DNA unwinding, enabling intron RNA sequences
denoted exon-binding sites 1 and 2 (EBS1 and
EBS2) and d to base-pair to DNA target site
sequences denoted intron-binding sites 1 and 2
(IBS1 and IBS2) and d0 (positions 212 to þ 3). The
same base-pairing interactions between the intron
RNA and 50 and 30-exon sequences occur in the
precursor RNA and are required for RNA splicing
(Figure 1(a)). By using the same base-pairing inter-
actions for both DNA target site recognition and
RNA splicing, the intron insures that it will insert
only at target sites from which it can subsequently
splice, thereby minimizing effects on host gene
expression. After base-pairing to the DNA target
site, the intron RNA inserts itself into the top
strand by reverse splicing between the IBS1 and d0

sequences. Second-strand cleavage occurs after a
lag and requires additional interactions between

Figure 1. The L. lactis Ll.LtrB intron: secondary
structure model, DNA target site interactions, and
donor plasmid for expressing retargeted group II introns.
(a) Secondary structure model. The predicted secondary
structure consists of six double-helical domains (I–VI).
The EBS2/IBS2, EBS1/IBS1 and d–d0 interactions
between the intron and flanking exons in unspliced pre-
cursor RNA are indicated by broken lines. The ORF
encoding the LtrA protein is encoded in intron domain
IV. (b) DNA target site interactions. The DNA target site
for the Ll.LtrB intron is shown from position 226 to
þ10. DNA sequences IBS2, IBS1, and d0 between pos-
itions 212 and þ3 are recognized by base-pairing with
the complementary intron RNA sequences EBS2, EBS1,

and d located in stem-loops Id1 and Id3(ii). Critical
bases recognized by the IEP in the 50 and 30 exons are
circled.3 The intron-insertion site in the top strand and
the IEP-cleavage site in the bottom strand are indicated
by arrowheads. (c) Intron donor plasmid pACD3. The
plasmid contains a 0.9 kb Ll.LtrB-DORF intron with
short flanking exons cloned downstream of a T7lac pro-
moter in a pACYC184-based vector carrying a camR

gene. The LtrA protein is expressed from a position just
downstream of the 30 exon. The location of the IBS1,
IBS2, EBS1, EBS2, d, and d0 sequences are indicated. E1
and E2 denote the 50 and 30 exons, respectively.

422 Computer-designed Group II Introns
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active structure, the group II intron IEP binds specifically to the intron RNA, with this 

binding interaction likely mediated by residues in the RT and X (thumb) domains of the 

IEP (Figure 4) [Lambowitz and Zimmerly 2004]. 

The group II intron ORF encoded within DIV of the intron RNA consists of four 

distinct domains denoted RT, X, DNA binding (D), and DNA endonuclease (En) (Figure 

4) [Lambowitz and Zimmerly 2004]. The N-terminal RT domain contains conserved 

sequence blocks RT-1 through RT-7, which correspond to the fingers and palm of 

retroviral RTs, and an upstream RT-0 sequence characteristic of non-long terminal repeat 

(LTR) retrotransposons RTs (Figure 4) [Blocker et al. 2005]. Domain X is located just 

downstream of the RT domain in a position that corresponds to the thumb domain of 

retroviral RTs and has been implicated in maturase activity [Cui et al. 2004]. The RT and 

X domains function together to bind the intron RNA as a substrate for splicing and as a 

template for reverse transcription [Cui et al. 2004]. Based on evidence from molecular 

modeling studies of LtrA, it has been suggested that the evolutionarily conserved 

“insertion” sequences (relative to retroviral RTs) in the RT domain are important for 

mediating interactions with intron RNA [Blocker et al. 2005]. The C-terminal D and En 

domains are not necessary for RNA splicing. However, these domains do function in 

intron mobility [Lambowitz and Zimmerly 2004]. Domain D is not highly conserved in 

sequence, but contains a cluster of basic amino acid residues and a predicted α-helix, 

both of which are functionally important features [San Filippo and Lambowitz 2002]. 

The En domain is responsible for second-strand DNA cleavage during retrohoming and 

consists of motifs characteristics of the H-N-H DNA endonuclease family [San Filippo 

and Lambowitz 2002]. 
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Figure 4: Bacterial group II intron-encoded proteins: schematic of the group II intron-
encoded protein LtrA from L. lactis. LtrA is a multifunctional protein with four distinct 
domains denoted reverse transcriptase (RT), X/thumb, DNA binding (D), and DNA 
endonuclease (En). The N-terminal RT domain consists of conserved sequence blocks 0-
7. Adapted from Dai et al. 2008. 

GROUP II INTRONS FROM GEOBACILLUS STEAROTHERMOPHILUS 

The thermophilic bacterium Geobacillus stearothermophilus was recently found 

to contain 17 copies of a group II intron present at different locations along its genome 

[Moretz and Lampson 2010]. These introns belong to the bacterial group IIC subclass 

(Figure 5) and encode a C-type IEP that lacks an N-terminal En domain [Moretz and 

Lampson 2010 and Lambowitz and Zimmerly 2010]. The GsI-IIC ORF (Figure 6) 

corresponding to one of these genomic sequences encodes a 420-amino-acid, heat-stable 

protein with reverse transcriptase activity referred to as GsI-IIC [Vellore et al. 2004]. 

Additionally, a GsI-IIC fusion protein has been shown to support retrohoming in vivo in 

an E. coli plasmid-based assay developed by our lab [Mohr et al. 2013]. Furthermore, 

GsI-IIC has been predicted to have a relatively high crystallization probability compared 

to other group II IEPs based on its inherent biochemical and biophysical characteristics 

(as determined by the XtralPred-RF server) [Slabinski et al. 2007]. For these reasons, 

GsI-IIC was selected as a candidate for an in depth structural investigation of group II 

IEPs. 

The stem-loop DV is both the catalytic and structural core of
group II ribozymes (Figure 1A). The catalytic face of DV interacts
with the 50 and 30 splice sites, the J2/3 linker, and 3-30, with cat-
alytic metal ions proposed in both the AGC triad and AC bulge of
DV (Figure 1A) (Pyle and Lambowitz, 2006, and references
therein). The opposite (‘‘binding’’) face of DV interacts with DI
through the z-z0 and k-k0 interactions. A minimal ribozyme con-
sisting of DV and DI can catalyze 50 splice site hydrolysis (Koch
et al., 1992); however, the inclusion of DIII increases catalytic ef-
ficiency (Fedorova and Pyle, 2005). DII is less critical for catalysis
but interacts with DVI and DIc1, presumably anchoring these
regions (Costa et al., 1997). Notably, the interaction h-h0 be-
tween DII and DVI (Figure 1A) has been proposed to be dynamic,
being formed between the first and second steps of splicing and
corresponding to movement of the branch site A between the
steps (Chanfreau and Jacquier, 1996).

Virtually all group II introns in bacteria and about half in organ-
elles encode IEPs that promote RNA splicing and/or intron mo-
bility. The IEP is encoded in a ‘‘loop’’ of DIV that extends outside
the intron’s catalytic core (Figure 1A). Canonical group II IEPs,
exemplified by the LtrA protein encoded by the IIA intron Lacto-
coccus lactis Ll.LtrB, have four conserved domains: RT, which
corresponds to the finger and palm regions of retroviral RTs;
X/thumb, which corresponds to the RT thumb region and con-

tributes to RNA splicing (‘‘maturase’’) activity; D, involved in
DNA binding; and En, a DNA endonuclease (Figure 1B). Studies
with the Ll.LtrB intron showed that the RT and X/thumb domains
bind specifically to the ribozyme to stabilize its catalytic structure
for RNA splicing and reverse splicing, while the D and En do-
mains are not required for splicing but interact with DNA target
sites during intron mobility (Lambowitz and Zimmerly, 2004).

The interactions between the IEP and intron RNA are critical
for both RNA splicing and intron mobility. The LtrA protein binds
to a high-affinity binding site in DIVa of the Ll.LtrB intron and
makes additional contacts with core regions to stabilize the ribo-
zyme structure (Matsuura et al., 2001; Wank et al., 1999). After
splicing, the IEP remains tightly bound to the lariat RNA in a ribo-
nucleoprotein (RNP) that promotes intron mobility. The RNP rec-
ognizes DNA targets for intron mobility using both its RNA and
protein subunits. For Ll.LtrB, the IEP recognizes the distal re-
gions of the !35 bp target, while the RNA recognizes the central
region via the IBS1-EBS1, IBS2-IBS2, and d-d0 base pairings (re-
viewed in Lambowitz and Zimmerly, 2004). After base pairing,
the intron RNA reverse splices into the top DNA strand between
IBS1 and d, while the IEP uses the En domain to cleave the bot-
tom DNA strand and then uses the cleaved 30 end as a primer for
reverse transcription of the inserted intron RNA.

Three-dimensional models have proven useful for understand-
ing ribozymes and guiding experimentation. For both RNase P
and group I introns, three-dimensional models with essentially
correct topologies were constructed based on constraints of
crosslinks, pseudoknot pairings, tetraloop-receptor interactions,
and phylogenetic covariations (Harris et al., 1997; Lehnert et al.,
1996). The Harris and Pace model of RNase P, for example, was
based on 14 crosslinks and five pseudoknot constraints in
a !400 nt RNA.

In this study, we adapted the circular permutation and cross-
linking method of Harris and Pace (Harris et al., 1997; Thomas
et al., 2000) to determine 16 intramolecular distances within
the IIA L. lactis Ll.LtrB-DORF intron. By combining these new
constraints with 13 established tertiary interactions and eight
published UV crosslinks, we constructed a complete three-
dimensional model of the ribozyme. Further, we probed the
RNA-IEP interactions using the same circularly permuted (CP)
RNAs in fluorescence quenching and crosslinking assays. The
model provides a structural framework for understanding the
ribozyme activity of group II introns and how the IEP and RNA
interact to promote RNA splicing and intron mobility.

RESULTS

Crosslinking Strategy
Our crosslinking strategy was adapted from that used for RNase
P (Harris et al., 1997; Thomas et al., 2000), in which a photoacti-
vatable azidophenacyl group (APA; crosslinking radius 9 Å) is
attached to the 50 end of CP RNAs. Crosslinking is induced by
UV irradiation, and intramolecular contacts are mapped by
primer extension. To analyze a group II intron, CP sequences
were generated from a plasmid (pKS-tandem) containing tan-
dem copies of the Ll.LtrB-DORF intron separated by a 423 bp ex-
onic linker (Figure 2A). PCR amplification with appropriate
primers resulted in CP sequences preceded by a T7 promoter.

Figure 1. Structure of the Ll.LtrB Group IIA Intron and Its Intron-
Encoded Protein
(A) RNA secondary structure. The intron is indicated by thin black lines and

exons by thick black lines. Sequence elements involved in long-range Wat-

son-Crick and non-Watson-Crick interactions are indicated by gray shading

and boxes, respectively. The ORF is encoded within a ‘‘loop’’ of DIV (dashed

lines).

(B) The group II IEP has four domains: reverse transcriptase (RT) with

conserved sequence blocks 0–7; X/thumb domain; D, DNA binding; and En,

DNA endonuclease.

Molecular Cell

Group II Intron RNA Structure

Molecular Cell 30, 472–485, May 23, 2008 ª2008 Elsevier Inc. 473
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Figure 5: Phylogeny of group II intron ORFs and correspondence with RNA structural 
classes. The major lineages of group II intron IEPs (blue sectors) are denoted chloroplast-
like (CL), mitochondrial like (ML), and bacterial classes (A-F). The RNA structural 
subclasses that correspond to IEP lineages are shown in magenta. All group II lineages 
can be found in bacteria, and those also found in eukaryotic organelles are shown in 
green. The group II introns found in G. stearothermophilus are of the RNA structural 
subclass IIC and they encode a C-type IEP. Adapted form Lambowitz and Zimmerly 
2010. 

  

homologous recombination and sometimes act as matu-
rases to promote RNA splicing (Belfort et al. 2002).
Whether they function similarly in group II intron splicing
and mobility is unknown.

2.5 Group II Intron Lineages

Group II intron ribozymes and IEPs function together as
RNPs, with each IEP binding specifically to the intron
RNA that encodes it. As a result, the intron RNAs and
IEPs have coevolved over long times to form phylogenetic
lineages of mobile introns (Fontaine et al. 1997; Toor
et al. 2001). This situation again contrasts with that of
group I introns, whose IEPs generally act independently
as homing endonucleases and are frequently exchanged
among introns (Belfort et al. 2002). Phylogenetic analyses
identified eight lineages of group II intron IEPs, termed
bacterial classes A-F, ML (mitochondrial-like) and CL
(chloroplast-like), the latter because they are the major
lineages in mitochondria and chloroplasts, respectively
(Zimmerly et al. 2001; Simon et al. 2008) (Fig. 3). Each
IEP lineage is associated with a specific RNA subgroup:
ML with IIA, bacterial class C with IIC, and the remainder
with IIB RNAs. CL IEPs are associated with IIB1 and IIB2
RNAs, while bacterial A, B, D, E, and F IEPs are associated
with less typical IIB structures (Simon et al. 2009). Notably,
bacteria contain all group II intron lineages, while mito-
chondria and chloroplasts contain both ML and CL introns
but not other lineages. This distribution may reflect that
ML and CL introns were present in bacterial endosym-
bionts that colonized eukaryotes and then exchanged
between the two organelles.

3 REACTIONS CATALYZED BY GROUP II
INTRON RNAS

Group II ribozymes catalyze their own splicing via two
sequential transesterification reactions (Fig. 4A). In the
first step, the 2′ OH of the bulged A in DVI acts as the
nucleophile to attack the 5′-splice site, producing an intron
lariat/3′-exon intermediate. In the second step, the 3′ OH
of the cleaved 5′ exon is the nucleophile and attacks the
3′-splice site, resulting in exon ligation and excision of an
intron lariat RNA. Some group II introns self-splice in
vitro, but the reaction is generally slow (kobs¼ 0.2 2 1.0 ×
1022 /min) and requires nonphysiological conditions—
e.g., high concentrations of monovalent salt and/or Mg++

(Jarrell et al. 1988b; Daniels et al. 1996; Hiller et al. 2000),
reflecting that proteins are needed to help fold group II
intron RNAs into the catalytically active structure for
efficient splicing. An important variation of the splicing
reaction, termed “hydrolytic splicing,” involves the use of

water as the nucleophile for the first transesterification
reaction, rather than the 2′ OH of the bulged A of DVI
(Fig. 4B) (van der Veen et al. 1987; Jarrell et al. 1988b).
Some group II introns can splice exclusively via this path-
way in vivo (Podar et al. 1998a; Bonen 2008).

The active site for the splicing reaction contains at least
two specifically bound Mg++ ions, which appear to be as-
sociated with the AGC triad and AY bulge in DV based on
thio substitution/rescue and metal ion cleavage experi-
ments (Chanfreau and Jacquier 1994; Sigel et al. 2000;
Gordon and Piccirilli 2001; Gordon et al. 2007). For group
I introns, Rp- and Sp-phosphorothioate substitutions at
the splice sites have opposite effects on the two transester-
ification steps, which are simple reversals of each other at
the same active site (McSwiggen and Cech 1989). By con-
trast, group II and spliceosomal introns show strong sensi-
tivity to Rp but not Sp substitutions for both steps (Moore

Figure 3. Group II intron lineages. The major lineages of group II in-
tron IEPs, denoted CL (chloroplast-like), ML (mitochondrial-like),
and bacterial classes A-F, are shown as blue sectors. Notable
sublineages, including four subdivisions of CL and a subclass of
IIC introns that inserts after attC sites, are shown as darker blue sec-
tors within the major lineages. RNA structural subgroups that corre-
spond to IEP lineages are shown in magenta. All group II intron
lineages and RNA types are found in bacteria. Lineages and RNA
types also found in organelles are delineated in green (outer circle).
Note that there may be limited exceptions to the overall pattern of co-
evolution within the CL group, with different sublineages possibly
having exchanged IIB RNA structures (Simon et al. 2009). An alter-
nate nomenclature for group II lineages has been proposed, which
does not distinguish between IEP and ribozyme lineages or take
into account exceptions to their coevolution (Toro et al. 2002).

A.M. Lambowitz and S. Zimmerly

6 Cite as Cold Spring Harb Perspect Biol 2011;3:a003616
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Figure 6: Schematic of the group II intron encoded-protein GsI-IIC from Geobacillus 
stearothermophilus. Like LtrA, GsI-IIC is a multifunctional protein with an N-terminal 
reverse transcriptase (RT) domain that consists of conserved sequence blocks 0-7. GsI-
IIC also contains X/thumb and DNA-binding (D) domains, but lacks a C-terminal 
endonuclease (En) domain.  Adapted from Dai et al. 2008. 

OVERVIEW OF THESIS RESEARCH 

This works aims to develop a structural framework for understanding group II 

intron mobility. Specifically, I seek to provide a detailed description of how group II 

intron-encoded proteins promote intron self-splicing and mobilization to new genomic 

DNA sites. It has been hypothesized that evolutionarily conserved insertion sequences in 

the RT domain of group II intron IEPs are important for mediating interactions with 

intron RNA that promote mobility [Blocker et al. 2005]. Thus, we set out to determine 

the structures of group II intron IEPs with and without bound intron RNA substrates. 

High-resolution structures were to be solved by X-ray crystallography, with small angle 

X-ray scattering (SAXS) experiments providing complementary structural data as well as 

information about conformational changes that occur upon substrate binding and 

catalysis. Unfortunately, attempts to crystallize group II intron IEPs and RNP complexes 

were ultimately unsuccessful. However, SAXS studies in conjunction with homology 

modeling have provided new insights into the structure and function of group II intron 

IEPs. SAXS data were used to generate low-resolution shape reconstructions of GsI-IIC, 

while high-quality homology models were used to propose a mechanism of interaction 

between the IEP and the RNA-DNA hybrid duplex formed during retrohoming. 

The stem-loop DV is both the catalytic and structural core of
group II ribozymes (Figure 1A). The catalytic face of DV interacts
with the 50 and 30 splice sites, the J2/3 linker, and 3-30, with cat-
alytic metal ions proposed in both the AGC triad and AC bulge of
DV (Figure 1A) (Pyle and Lambowitz, 2006, and references
therein). The opposite (‘‘binding’’) face of DV interacts with DI
through the z-z0 and k-k0 interactions. A minimal ribozyme con-
sisting of DV and DI can catalyze 50 splice site hydrolysis (Koch
et al., 1992); however, the inclusion of DIII increases catalytic ef-
ficiency (Fedorova and Pyle, 2005). DII is less critical for catalysis
but interacts with DVI and DIc1, presumably anchoring these
regions (Costa et al., 1997). Notably, the interaction h-h0 be-
tween DII and DVI (Figure 1A) has been proposed to be dynamic,
being formed between the first and second steps of splicing and
corresponding to movement of the branch site A between the
steps (Chanfreau and Jacquier, 1996).

Virtually all group II introns in bacteria and about half in organ-
elles encode IEPs that promote RNA splicing and/or intron mo-
bility. The IEP is encoded in a ‘‘loop’’ of DIV that extends outside
the intron’s catalytic core (Figure 1A). Canonical group II IEPs,
exemplified by the LtrA protein encoded by the IIA intron Lacto-
coccus lactis Ll.LtrB, have four conserved domains: RT, which
corresponds to the finger and palm regions of retroviral RTs;
X/thumb, which corresponds to the RT thumb region and con-

tributes to RNA splicing (‘‘maturase’’) activity; D, involved in
DNA binding; and En, a DNA endonuclease (Figure 1B). Studies
with the Ll.LtrB intron showed that the RT and X/thumb domains
bind specifically to the ribozyme to stabilize its catalytic structure
for RNA splicing and reverse splicing, while the D and En do-
mains are not required for splicing but interact with DNA target
sites during intron mobility (Lambowitz and Zimmerly, 2004).

The interactions between the IEP and intron RNA are critical
for both RNA splicing and intron mobility. The LtrA protein binds
to a high-affinity binding site in DIVa of the Ll.LtrB intron and
makes additional contacts with core regions to stabilize the ribo-
zyme structure (Matsuura et al., 2001; Wank et al., 1999). After
splicing, the IEP remains tightly bound to the lariat RNA in a ribo-
nucleoprotein (RNP) that promotes intron mobility. The RNP rec-
ognizes DNA targets for intron mobility using both its RNA and
protein subunits. For Ll.LtrB, the IEP recognizes the distal re-
gions of the !35 bp target, while the RNA recognizes the central
region via the IBS1-EBS1, IBS2-IBS2, and d-d0 base pairings (re-
viewed in Lambowitz and Zimmerly, 2004). After base pairing,
the intron RNA reverse splices into the top DNA strand between
IBS1 and d, while the IEP uses the En domain to cleave the bot-
tom DNA strand and then uses the cleaved 30 end as a primer for
reverse transcription of the inserted intron RNA.

Three-dimensional models have proven useful for understand-
ing ribozymes and guiding experimentation. For both RNase P
and group I introns, three-dimensional models with essentially
correct topologies were constructed based on constraints of
crosslinks, pseudoknot pairings, tetraloop-receptor interactions,
and phylogenetic covariations (Harris et al., 1997; Lehnert et al.,
1996). The Harris and Pace model of RNase P, for example, was
based on 14 crosslinks and five pseudoknot constraints in
a !400 nt RNA.

In this study, we adapted the circular permutation and cross-
linking method of Harris and Pace (Harris et al., 1997; Thomas
et al., 2000) to determine 16 intramolecular distances within
the IIA L. lactis Ll.LtrB-DORF intron. By combining these new
constraints with 13 established tertiary interactions and eight
published UV crosslinks, we constructed a complete three-
dimensional model of the ribozyme. Further, we probed the
RNA-IEP interactions using the same circularly permuted (CP)
RNAs in fluorescence quenching and crosslinking assays. The
model provides a structural framework for understanding the
ribozyme activity of group II introns and how the IEP and RNA
interact to promote RNA splicing and intron mobility.

RESULTS

Crosslinking Strategy
Our crosslinking strategy was adapted from that used for RNase
P (Harris et al., 1997; Thomas et al., 2000), in which a photoacti-
vatable azidophenacyl group (APA; crosslinking radius 9 Å) is
attached to the 50 end of CP RNAs. Crosslinking is induced by
UV irradiation, and intramolecular contacts are mapped by
primer extension. To analyze a group II intron, CP sequences
were generated from a plasmid (pKS-tandem) containing tan-
dem copies of the Ll.LtrB-DORF intron separated by a 423 bp ex-
onic linker (Figure 2A). PCR amplification with appropriate
primers resulted in CP sequences preceded by a T7 promoter.

Figure 1. Structure of the Ll.LtrB Group IIA Intron and Its Intron-
Encoded Protein
(A) RNA secondary structure. The intron is indicated by thin black lines and

exons by thick black lines. Sequence elements involved in long-range Wat-

son-Crick and non-Watson-Crick interactions are indicated by gray shading

and boxes, respectively. The ORF is encoded within a ‘‘loop’’ of DIV (dashed

lines).

(B) The group II IEP has four domains: reverse transcriptase (RT) with

conserved sequence blocks 0–7; X/thumb domain; D, DNA binding; and En,

DNA endonuclease.

Molecular Cell

Group II Intron RNA Structure

Molecular Cell 30, 472–485, May 23, 2008 ª2008 Elsevier Inc. 473
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Additionally, these structures will serve to increase our knowledge of other non-LTR 

retroelement RTs, an important class of enzymes for which there are no known structures 

and whose properties differ significantly from those of retroviral RTs [Lambowitz and 

Zimmerly 2004 and Lambowitz and Zimmerly 2010]. 
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Chapter 2: Experimental Design and Methods 

SAMPLE PREPARATION 

Expression of group II intron-encoded proteins 

Historically, active group II intron-encoded reverse transcriptases (RTs) have 

been difficult to purify free of bound intron RNA [Mohr et al. 2013]. Consequently, past 

attempts to investigate the structure of these important enzymes have been limited in 

scope. Therefore, it was necessary to develop general methods for the large-scale 

production and purification of group II intron RTs. It had been shown previously that the 

expression and solubility of certain proteins could be improved by fusion of a highly 

soluble protein, like maltose-binding protein (MBP) [Nallamstetty and Waugh 2006]. In 

addition to enhancing protein solubility, MBP tags allow for efficient protein purification 

via amylose-affinity chromatography. 

To test whether group II intron RTs could be expressed and purified as MBP 

fusions, Mohr et al. developed a protocol that includes polyethylenimine (PEI) 

precipitation, amylose-affinity chromatography, and a heparin-Sepharose purification 

step [Mohr et al. 2013]. The PEI-precipitation step removes bound nucleic acids that 

contribute to sample heterogeneity. Preliminary experiments in which the MBP tag was 

fused to the N-terminus of the RT via a tobacco etch virus (TEV) protease-cleavable 

linker allowed for efficient expression and purification of active RTs (Figure 7). 

However, when the MBP tag was removed by protease cleavage, the RTs immediately 

precipitated and degraded readily. This result was unexpected, as proteins generally 

retain their solubility after tag removal [Nallamstetty and Waugh 2006], and suggests that 

group II intron RTs are normally co-expressed with the intron RNA from which they are 

translated, forming an ribonucleoprotein (RNP) complex. 
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To resolve these issues, Mohr et al. tested whether group II intron RTs could be 

stabilized by fusing the MBP tag via a non-cleavable, rigid linker [Mohr et al. 2013]. 

These types of rigid fusions are traditionally used to enhance conformational 

homogeneity for protein crystallization, and they generally contain a short 5-alanine 

linker (Figure 7) [Smyth et al. 2003]. Mohr et al. found that thermostable group II intron 

RTs were readily expressed as MBP rigid fusions and exhibited near wild-type efficiency 

in retrohoming assays, suggesting that they retain all required activities, despite the 

presence of the rigidly fused tag [Mohr et al. 2013]. 

 

Figure 7: Schematic of MBP-GsI-IIC fusion proteins. The maltose rigid fusion MRF-GsI-
IIC construct (top) has an N-terminal maltose binding protein (MBP) tag that is rigidly 
fused via a short, non-cleavable 5-alanine linker. The maltose fusion MBP-GsI-IIC 
(bottom) has an N-terminal MBP tag that is fused via a flexible tobacco etch virus (TEV) 
protease-cleavable linker. 

Cloning of expression plasmids 

The pMalE-GsI-IIC construct contains the GsI-IIC open reading frame (ORF) 

(from Mohr et al.) with an N-terminal MBP tag cloned behind the tac promoter in pMal-

c2t (derived from pMal-c2x; New England BioLabs) [Mohr et al. 2013 and Kristelly et 

al. 2003]. pMalE-GsI-IIC was constructed by PCR amplifying the ORF from Geobacillus 

stearothermophilus strain 10 genomic DNA (obtained from Greg Davis, Sigma-Aldrich) 

and cloning the PCR products into pMal-c2t. GsI-IIC is a group IIC intron found in 

multiple copies in the G. stearothermophilus genome (Moretz and Lampson 2010).  The 

Figure:(Schema.c(of(full4length(fusion(
proteins(

4AAAAA4(MBP( GsI4IIC(

44444TEV44444(MBP( GsI4IIC(
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cloned GsI-IIC ORF corresponds to one of these genomic sequences and has three amino 

acid sequence changes compared with a related RT ORF cloned by Vellore et al. [Vellore 

et al. 2004]. 

The pMRF-GsI-IIC construct contains the GsI-IIC ORF with an MBP tag linked 

in frame with the N terminus of the ORF via a rigid fusion. It was derived from the 

corresponding pMalE plasmids by replacing the TEV protease-cleavable linker 

(TVDEALKDAQTNS3N10LENLYFQG) with a rigid linker (TVDAALAAQTAAAAA) 

by using QuikChange PCR mutagenesis with Accuprime polymerase (Life Technologies) 

[Mohr et al. 2013 and Makarova et al. 2000]. 

Protein expression and purification 

Group II intron-encoded fusion proteins MBP-GsI-IIC and MRF-GsI-IIC were 

expressed in E. coli Rosetta 2 (EMD Chemicals). E. coli were transformed with the 

expression plasmid and grown at 37ºC in 500-mL TB medium in 2.5-L Ultrayield flasks 

(Thompson Instrument Company) or 1-L LB medium in 4-L Erlenmeyer flasks. 

Expression was induced by adding isopropyl β-D-1-thiogalactophyranoside (IPTG; 1 

mM final) to mid-log phase cells (OD600 = 0.8) Cells were induced at 22ºC for 5 h, 

pelleted by centrifugation, resuspended in buffer A (20 mM Tris-HCl [pH 7.5], 0.5 M 

KCl, 1 mM EDTA, 1 mM dithiothreitol [DTT]), and frozen at -80ºC. 

Fusion proteins were purified by a procedure that involves cell disruption by 

freeze-thawing and sonication; polyethylenimine (PEI) precipitation of nucleic acids; 

amylose-affinity chromatography; and heparin-Sepharose chromatography. The cell 

suspension was thawed, treated with lysozyme (1mg/mL; Sigma) for 30 min on ice, then 

subjected to three cycles of freeze-thawing on dry ice, followed by sonication (Branson 

450 Sonifier, amplitude 60% on ice; six 15-sec burst with 10-sec in between bursts). 
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After centrifugation to pellet cell debris, nucleic acids were precipitated by adding PEI to 

a final concentration of 0.4% and centrifugation at 15,000g for 15 min at 4ºC (J16.25 

rotor; Avanti J-E centrifuge; Beckman Coulter). The resulting supernatant was loaded 

onto an amylose column (Amylose High-Flow; New England BioLabs; 12-mL column 

equilibrated in buffer A, which was then washed with five column volumes each of 

buffer A containing 0.5 M KCl, and eluted with buffer A containing 10 mM maltose. 

Protein fractions were pooled and purified further by heparin-Sepharose chromatography 

(5-mL column; GE Healthcare Biosciences). The heparin-Sepharose column was 

equilibrated and the samples were loaded in 20 mM Tris-HCl (pH 7.5), 500 mM KCl, 1 

mM EDTA, 1 mM DTT, 10% glycerol. The proteins were applied to the column in the 

same buffer and eluted with 40-column volume KCl gradient from the loading 

concentration of 2 M. Peak fractions of the RTs, which eluted at ~800 mM KCl, were 

pooled and dialyzed against 20 mM Tris-HCl [pH 7.5], 0.5 M KCl, 1 mM EDTA, 1 mM 

DTT, and 10% glycerol. The proteins were further purified to homogeneity by gel 

filtration (GE Healthcare) or flash frozen in liquid N2 and stored at -80ºC. 

 Protein concentrations were determined either by using Bradford assay [Bradford 

1976] with bovine serum albumin (BSA) as a standard or by using the Qubit fluorescent 

assay according to manufacturer’s instructions (Life Technologies). A unit of RT activity 

is defined by the amount of enzyme required to polymerize 1 nmol of dTTP in 1 min at 

60ºC, using poly(rA)/olig(dT)42 as template, as described by Mohr et al. [Mohr 2013]. 

All protein preparations were >95% pure, and the yields of MBP-GsI-IIC grown in TB 

medium in Ultrayield flasks were 5-10 mg/L. 
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Group II intron ribonucleoprotein preparation 

Purified group II intron precursor RNAs were incubated with purified IEPs at 

various temperatures in Buffer A to promote splicing and in vitro assembly of 

ribonucleoproteins (RNPs) for crystallization and small angle X-ray scattering 

experiments. The RNPs were further purified to homogeneity by gel filtration (GE 

Healthcare) and immediately frozen with liquid N2 and stored at -80ºC for SAXS 

experiments or stored at 4ºC for crystallization trials. The G. stearothermophilus group II 

introns used for RNP complex formation lack the 1414 nucleotide ORF of Domain IV 

(DIV), and this construct is described in Figure 8. 

In vitro synthesis of group II intron precursor RNA 

Precursor RNAs containing group II introns (Figure 8) were synthesized using in 

vitro run-off transcription by phage T7 RNA polymerase and purified by gel filtration 

chromatography as described by McKenna and colleagues [McKenna et al. 2007]. For 

this procedure, the template plasmid pUC19-GsI-IIC was transformed into E. coli DH5α 

competent cells (Life Technologies) and a single colony was used to inoculate a 50-mL 

LB culture that was grown for 12 hours at 37ºC. The 50-mL culture was diluted into 3 L 

of fresh LB medium and grown for 18 h at 37ºC in a 4 L flask. The template plasmid was 

purified using a commercially available kit according to manufacturer’s instructions 

(QIAGEN) and were stored at -20ºC. The template was linearized by exhaustive digest 

with BamHI, and complete linearization was confirmed by 1% agarose gel 

electrophoresis. 3 M sodium acetate [pH 5.2] was added to the digestion reaction to a 

final concentration of 300 mM. Plasmid DNA was precipitated by adding a fourfold 

volume of cold ethanol. Linearized plasmids were pelleted by centrifugation at 35,000g 

for 30 min at 4ºC. The supernatant was discarded and the pellet retained and washed with 

10 mL of cold 70% ethanol. Excess liquid was removed and the pellet was allowed to dry 
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before being resuspended in 1 mL of deionized water. It was then diluted to 500 μg/mL 

and stored at -20ºC. 

Small-scale (50 μL) transcription reactions were prepared in a 1X transcription 

buffer (400 mM Tris-HCl pH 8.1, 10 mM spermidine, 0.01% (wt/vol) Triton X-100 and 

100 mM DTT), 8 mM NTPs (ATP, GTP, CTP, UTP; 2 mM each) and 2.5 μg of 

linearized template brought to a final volume of 50 μL in deionized water. T7 RNA 

(produced in house) polymerase was included at 0.5, 1.0, or 2.0 μL per 50 μL reaction. 

For increasing amounts of T7 RNA polymerase, the concentration of MgCl2 was adjusted 

inclemently from 5 to 50 mM. Trial transcription was performed at 37º C for 1 h. To 

assess transcription levels, 10 μL aliquots were assayed by denaturing polyacrylamide gel 

electrophoresis. The gel was stained with 0.1% toluidine blue solution for 5 min and then 

destained. Transcripts synthesized from the template that had been completely linearized 

ran as a single band. 

This reaction was scaled up to 10 mL (in a 50 mL conical vial) and transcription 

was performed for 1 h at 37ºC. Pyrophosphate was removed by centrifugation at 3000g 

for five minutes at room temperature. The supernatant was retained and EDTA was added 

to a final concentration of 50 mM to chelate magnesium. An equal volume of 

phenol/chloroform 1:1 was added to quench the reaction, and the tube was inverted and 

centrifuged at 3000g for 10 min at room temperature. The aqueous phase was retained 

thus removing T7 RNA polymerase and BamHI. The extraction was repeated two more 

times to ensure efficient removal of contaminating enzymes. 

Transcripts were desalted on a 10-DG column (BioRad) equilibrated in a buffer 

containing 10 mM sodium phosphate pH 6.6 and 100 mM KCl (RNA buffer). 3 mL of 

the aqueous phase was loaded onto the column, and the column was drained. 1 mL of the 

RNA buffer was loaded and drained. The RNA was then eluted with 5 mL of RNA buffer 



 17 

until all of the aqueous phase was consumed. The desalted transcripts were then loaded 

onto a size exclusion column (GE Healthcare) to separate the RNA from template DNA 

and any abortive transcripts. Purity was assayed by native gel electrophoresis and RNA 

concentrations were measured using a NanoDrop 1000 according to manufacturer’s 

instructions (Thermo Scientific). Purified RNAs were then stored at 4ºC. 

Cloning of RNA template plasmids 

The pUC19-GsI-IIC construct contains the GsI-IIC intron sequence, lacking the 

ORF encoded within DIV, and flanked by shorter than wild type (WT) exons, cloned 

behind a T7 promoter in pUC19 (New England BioLabs) with primers that append a 

BamHI restriction site to the end of the 5’ exon. This construct was used as a DNA 

template for in vitro transcription of group II intron precursor RNA. The pUC19-GsI-IIC 

plasmid was constructed by PCR amplifying the appropriate sequences from G. 

stearothermophilus strain 10 genomic DNA (obtained from Greg Davis, Sigma-Aldrich) 

and cloning the PCR products into pUC19 (New England BioLabs). This construct 

contains shorter than WT exons, as these lengths (35 and 45 nts for the 5’ and 3’ exons, 

respectively) have been shown to promote efficient splicing in vitro [Qin et al., 

unpublished work]. 
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Figure 8: Model of the GsI-IIC intron and schematic representation of the precursor RNA 
construct used for RNP complex formation. The predicted secondary structure of the GsI-
IIC intron (top left) contains six double-helical domains. The RNA construct used for 
RNP complex formation (bottom) lacks the GsI-IIC ORF in DIV. The remaining portion 
of DIV is shown in the top right. 

Synthetic substrate mimics 

Synthetic DNA/RNA heteroduplexes (Figure 9) designed to promote RT active 

site closing served as artificial RT substrates for crystallization trials and SAXS 

experiments. Methods for forming closed RT complexes are described in Figure 9. To 

assemble the heteroduplexes, synthetic oligonucleotides (Integrated DNA Technologies) 

were re-suspended in sterile TE buffer (QIAGEN) to 2 mM and annealed by heating to 

95ºC for 1 minute and cooling to room temperature over 1 h in a thermal cycler 

(Eppendorf). Freshly prepared MRF-GsI-IIC (~150 μM) was incubated with a molar 

excess of annealed heteroduplex, 2 mM MgCl2, and 2 mM nucleotides for 10 min at 

T7' 5’'Exon' Intron' 3’'Exon'
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25ºC, spin filtered (Millipore), and purified by gel filtration (GE Healthcare). Individual 

fractions were frozen with liquid N2 and stored at -80ºC for SAXS. For crystallography, 

the cleanest fractions were pooled, concentrated to ~15 mg/ml, and stored at 4ºC for 

crystallography. Samples for SAXS experiments were further concentrated just before 

data collection to obtain buffer blanks and check for any concentration-dependent 

scattering effects. 

 

Figure 9: Synthetic substrates mimics. Hybrid duplexes used for synthetic complex 
formation consist of one ssDNA strand (black) annealed to either a 17, 25, 35, or 45 nt 
RNA strand (red). The DNA strand in (1) contains a 3’ dideoxy nucleotide and should 
bind along with dGTP at the active site of GsI-IIC to promote active site closing as the 
RT stalls in an attempt to add nucleotides to the 3’ end of the DNA strand. The DNA 
strand in (2) lacks a 3’ dideoxy nucleotide and should bind the active site of GsI-IIC, 
which can add two dG nucleotides to the 3’end of the DNA strand and then stall in a 
closed conformation after the incorporation of ddC. 

X-RAY CRYSTALLOGRAPHY 

The full-length GsI-IIC crystallography construct was fused to MBP to allow for 

streamlined affinity column chromatography purification and to maintain sample 

solubility [Smyth 2003]. The MBP tag was retained for crystallization experiments as a 

1. Use dideoxy nucleotide in DNA strand 

2. Let RT add 2 Gs and then stop elongation with ddC 

Alternate RNA strand lengths 

ddC!
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method for promoting crystal growth, as large affinity tags had previously been shown to 

help direct the formation of crystal contacts in fusion proteins [Smyth et al. 2003 and 

Moon et al. 2010]. In these constructs, the IEP was rigidly fused to MBP via a non-

cleavable linker that is shorter than the original linker in the pMAL-c2x vector from New 

England BioLabs. This modification was made to maintain sample rigidity for 

crystallization, and these MBP tags have also been engineered such that their overall 

surface entropy is reduced relative to the WT protein [Moon et al. 2010]. These tags have 

been used to solve the structures of three unrelated proteins [Smyth et al. 2003]. 

Purified MRF-GsI-IIC fusions and RNP complexes dialyzed into a buffer 

containing 20 mM Tris-HCl [pH 7.5], 250 or 500 mM KCl, and 10% glycerol were to be 

crystallized by common vapor diffusion methods as previously described [Del Campo et 

al. 2009]. Briefly, initial screening was done by hanging-drop methods in 96-well plates 

at 22ºC with commercially available kits from Hampton Research (Crystal Screen HT, 

Index HT, PEG/ION HT, Salt Rx HT, and PEG Rx HT). For each screen, the 

concentration of protein was varied form 5 to 20 mg/mL and the reservoir contained 50 

μL of the screening buffer. Optimization of crystallization conditions was to be 

performed by sitting-drop methods, and improved single crystals were to be flash frozen 

with liquid N2. X-ray diffraction data was to be collected at a synchrotron source. 

Surface entropy reduction 

In an effort to increase the probability of crystallizing the MRF-GsI-IIC fusion 

protein, several alternative constructs were engineered to reduce the conformational 

entropy of GsI-IIC. In these constructs, several large hydrophilic surface residues are 

mutated to alanine, a small nonpolar amino acid. These mutations enhance the likelihood 

of crystal lattice formation, by reducing conformational entropy at the protein surface 
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[Goldschmidt et al. 2007]. To identify suitable sites for mutating specific surface residues 

in GsI-IIC, the ORF was submitted to the online surface entropy prediction (SERp) server 

developed by Goldschmidt et al. The server assigns a score to each residue in the 

sequence and identifies those most favorable for mutation [Goldschmidt et al. 2007]. 

These results were used to engineer a set of five alanine mutant constructs (Table 2). 

These pSER-GsI-IIC constructs were derived from the pMRF-GsI-IIC plasmid by 

mutating selected residue(s) to alanine using QuikChange PCR mutagenesis according to 

manufacturer’s instructions (Agilent Technologies). The mutagenic primers used for this 

procedure are summarized in Table 1. 

 
Mutations Primers 

E186A 
E187A 

Forward: 5’-AAGGGGTGAAGGTGCAGACGGCTGCTGGGACGCCGCAAGGCGG-3’ 
Reverse: 5’-CCGCCTTGCGGCGTCCCAGCAGCCGTCTGCACCTTCACCCCTT-3’ 

E212A 
K213A 

Forward: 5’-GATTTAGACAAGGAATTGGCCGCGCGAGGATTGAAATTCTGC-3’ 
Reverse: 5’-GCAGAATTTCAATCCTCGCGCGGCCAATTCCTTGTCTAAATC-3’ 

E256A 
E257A 

Forward: 5’-CAAACTCAAAGTAAACGCGGCGAAAAGTGCGGTGGACCG-3’ 
Reverse: 5’-CGGTCCACCGCACTTTTCGCCGCGTTTACTTTGAGTTTG-3’ 

K258A Forward: 5’-AAAGTAAACGAGGAGGCTAGTGCGGTGGACCGC-3’ 
Reverse: 5’-GCGGTCCACCGCACTAGCCTCCTCGTTTACTTT-3’ 

Table 1: Mutagenic primers used for generating pSER-GsI-IIC constructs. 

SMALL ANGLE X-RAY SCATTERING 

In small angle X-ray scattering experiments, monochromatic X-rays are 

elastically scattered by a solution of macromolecules (Figure 10A) [Lipfert and Doniach 

2007]. The observed scattering intensity is the sum of the scattering intensity from the 

randomly oriented molecules that populate the solution [Lipfert and Doniach 2007]. 

Unlike scattering by a crystal, there is no constructive interference of X-rays scattered by 

adjacent molecules [Lipfert and Doniach 2007]. The intensities of the scattered rays (I) 
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are recorded as a function of the scattering angle (2θ), and the resulting scattering profile 

contains information on the size and shape of the molecules in solution (Figure 10). 

Recently, I collected synchrotron radiation X-ray scattering data from MRF-TeI4c 

and MRF-GsI-IIC at the Advanced Light Source SIBYLS beamline and the Advanced 

Photon Source 12-ID-C beamline as previously described [Mallam et al. 2011]. The data 

were recorded with a two-dimensional charge coupled device detector. Twenty separate 

one-second exposures were acquired for each sample at a sample-to-detector distance of 

~2.0 m over a range of momentum transfer ~0.005 < q < ~0.30 Å-1, where q = 4πsin(θ)/λ, 

and λ is the X-ray wavelength. Scattering data were radially averaged to produce one-

dimensional profiles of scattering intensity (I) versus momentum transfer (q). Data were 

collected for buffer blanks and increasing protein concentrations to check for 

concentration-dependent scattering effects such as aggregation and inter-particle 

interference. The zero-angle scattering intensity (I(0)) was calibrated against known 

concentrations of bovine serum albumin standards. 

Figure 10B shows typical background-subtracted scattering intensities plotted as a 

function of momentum transfer in IGOR-Pro (WaveMetrics). Information about particle 

size and sample homogeneity can be extracted from the low-resolution data [Lipfert and 

Doniach 2007]. Linearity in the Guinier plot (ln[I(q)] versus q2) at low q values indicates 

a monodisperse sample free from aggregation (Figure 10C) [Jacques and Trewhella 

2010]. Using the ATSAS software suite (version 2.4), the radius of gyration (Rg) can be 

calculated from low-resolution data using the Guinier approximation [Jacques and 

Trewhella 2010]. The radius of gyration is defined as the root mean square average of the 

distance of the scattering elements within the particle from the center of the particle, and 

this value provides an estimate of particle size [Lipfert and Doniach 2007]. To properly 

estimate the radius of gyration, Rg must be calculated as a function of concentration and 
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then extrapolated to infinite dilution to ensure that there is no inter-particle scattering 

[Lipfert and Doniach 2007]. 

 

Figure 10: SAXS experimental set up and data collection. (A) In a SAXS experiment, 
monochromatic X-rays are scattered by a solution of macromolecules. (B) Scattering 
intensity is plotted as a function of the momentum energy transfer q = 4πsin(θ)/λ, where 
2θ is the scattering angle and λ is the X-ray wavelength. Adapted from Mallam et al. 
2010. (C) In a Guinier plot, the natural log of the scattering intensity is plotted as a 
function of q2. 

From the scattering curve it is possible to directly calculate a distance distribution 

function P(r) (Figure 11). This function is a Fourier transform of the scattering data and 

describes the probability of finding an electron separated by a distance r from another 

electron in the object [Lipfert and Doniach 2007]. The hypothetical distance distribution 

functions for a spherical particle of 30 Å and a particle containing two spherical domains 

of 30 Å each separated by a long linker are shown in Figure 11B. These figures serve to 

illustrate the meaning of the distance distribution function and how information on 

near the substrate. However, the ability of C-tails to bind separate
sites on nucleic acid substrates and the degree of flexibility
between the C-tail and the helicase core upon RNA binding have
not been determined for these or any other DEAD-box protein.

Here we use small-angle X-ray scattering (SAXS) to obtain
solution structures of full-length Mss116p and CYT-19 and a ser-
ies of deletion mutants both in the open and closed states. Our
results reveal the locations of the NTE and the C-tail; enable us
to visualize the conformational changes that occur upon binding
of RNA and adenosine nucleotide; and indicate a mechanism in
which the C-tail flexibly tethers the core to large, physiological
RNA substrates.

Results
Experimental Strategy. For both Mss116p and CYT-19, we col-
lected SAXS data for full-length proteins and for constructs
lacking the basic C-tails (Fig. 1A). Additionally, for Mss116p we
used versions that lack the NTE, which is much smaller and not
conserved in CYT-19. All of these truncations retain the helicase
core and CTE regions present in the previous X-ray crystal struc-
tures of Mss116p (Fig. 1B). Below, we first present data for
Mss116p by itself and in complex with nucleic acid substrates
(Fig. 1C), and then we present corresponding data for CYT-19.

SAXS Reconstructions Reveal the Spatial Organization of Full-Length
Mss116p.The SAXS profiles of Mss116p constructs in solution are
shown in Fig. 2A. Particle molecular weights were estimated from
the scattering intensity at zero angle (Ið0Þ) when calibrated against
protein and RNA standards and indicated that all of the constructs
are monomeric and free from aggregates under these solution con-
ditions (Table S1). Values for the radius of gyration (Rg) ranged
from 32.8 Å for the minimal Mss116p∕ΔNTEþ ΔC-tail construct

to 38.0 Å for full-length Mss116p (Table S1) and were in good
agreement with the hydrodynamic radii of the proteins measured
by size-exclusion chromatography (SEC) (Table S2).

The scattering profiles can be represented in real space by a
distance distribution function, PðrÞ, revealing two maxima for each
protein construct (Fig. 2B). This pattern indicates the presence of a
dumb-bell-like scattering macromolecule, as expected for the two
separated helicase core domains in the open state (3). The first
maximum, at approximately 30 Å for each construct, corresponds
to the size of the domains, and the second at approximately 50 Å
corresponds to their separation (23). Estimates of the maximum
particle diameter, Dmax, for the different constructs vary from
115–135 Å (Table S1) and suggest that, in the absence of ligands,
Mss116p adopts an elongated conformation in solution.

To obtain more specific information on solution structures of
the helicase core and to evaluate the positions of the C-tail and
NTE, we generated particle envelopes from the SAXS data using
DAMMIN and GASBOR (24, 25) and atomic models using
BUNCH (26) (Fig. 2, Fig. S1A, and Table S3). For the latter
method, we used the domain structures determined by X-ray crys-
tallography and modeled the C-tail and NTE as unstructured
extensions, as predicted from their sequences (14) and supported
by far ultraviolet circular dichroism (far-UV CD) spectra (Fig. S2
and Table S4). Reconstructed envelopes for all of the protein
constructs revealed well-separated lobes corresponding to the
two domains of the helicase core (Fig. 2), and the scattering data
were well-described by single molecular models calculated using
BUNCH (χ ¼ 0.67–2.13; Fig. 2A and Table S3).

In addition to the core domains, the SAXS envelope for full-
length Mss116p included two clear protrusions that were not seen
in the NTE and/or C-tail deletion mutants (Fig. 2C). The loca-
tions of these protrusions indicate that the C-tail extends outward
from domain 2 and the NTE extends from domain 1 on the

Fig. 1. DEAD-box proteins Mss116p and CYT-19 and nucleic acid substrates.
(A) Schematic representations of the domain architectures of Mss116p,
CYT-19, and deletion mutants. Mss116p consists of a mt targeting sequence,
which is cleaved in vivo and absent in the constructs used here (white); an
N-terminal extension, which corresponds to the N-terminus of the mature
proteins (NTE; dark blue); a helicase core of two RecA-like domains (domain
1 and domain 2; light blue and green, respectively), which are joined by a
flexible linker (gray); a structured C-terminal extension (CTE; orange); and
a basic hydrophilic tail (C-tail; red). CYT-19 consists of the same elements
but with a shorter NTE. (B) The crystal structure of the closed-state helicase
core and the CTE of Mss116p [Protein Data Bank (PDB) ID code 3I6I (22)]
with domains colored as in A. The bound single-stranded U10-RNA and
the ATP-analogue ADP-BeF3

− are shown in yellow and black, respectively.
(C) Schematic representations of nucleic acid substrates. RNA and DNA
nucleotides are shown in yellow and gray, respectively, and nucleic-acid sec-
ondary structure was predicted using RNAfold (http://rna.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi).

Fig. 2. SAXS analysis of Mss116p in the open state without substrates. SAXS
data are shown for full-length Mss116p (dark blue), Mss116p/ΔC-tail (light
blue), Mss116p/ΔNTE (green), and Mss116p∕ΔNTEþ ΔC-tail (red). (A) Scatter-
ing profiles, which are displaced along the logarithmic axis for visualization,
are shown as the logarithm of the scattering intensity, I (black dots), as a func-
tion of the momentum transfer, q ¼ 4π sinðθÞ∕λ, where 2θ is the scattering
angle and λ is the X-ray wavelength. The solid curves overlaying the SAXS
data are the expected scattering profiles of the corresponding BUNCH mod-
els (see below). (B) Normalized distance distribution functions calculated
from the scattering profiles using the program AUTOGNOM (27). (C–F) Ab
initio and rigid-body SAXS reconstructions of the open state of full-length
Mss116p (C), Mss116p/ΔC-tail (D), Mss116p/ΔNTE (E), and Mss116p∕ΔNTEþ
ΔC-tail (F). Low-resolution envelopes calculated by DAMMIN are shown se-
parately (Upper) and superposed onto atomic models determined by BUNCH
(Lower). In this and other figures, protein domains are colored as in Fig. 1 and
views are rotated by 90 ° about the vertical axis for each model.
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particle shape can be extracted from SAXS data. The distance distribution function in 

Figure 11A was calculated with the GNMO algorithm from Semenyuk and Svergun using 

the program AUTOGNOM [Jacques and Trewhella 2010 and Petoukhov et al. 2007]. 

Implementing this program also provides the maximum particle dimension Dmax and a 

value for Rg calculated from the whole scattering profile (real-space Rg). 

 

Figure 11: The distance distribution function. (A) The distance distribution function is a 
Fourier transform of the scattering curve. Adapted from Mallam et al. 2011. (B) Two 
hypothetical distance distribution functions illustrate how information on particle shape 
can be extracted from SAXS data. 

It is also possible to generate three-dimensional reconstructions of the SAXS data 

using ab initio modeling methods. These low-resolution envelopes are constructed by 

simulated annealing procedures using the programs DAMMIN and GASBOR [Svergun 

1999 and Svergun and Petoukhov 2001]. The DAMMIN procedures start with a dense, 

spherical package of beads that constitute an initial search volume for generating a 

dummy atom protein model [Svergun 1999]. GASBOR uses a chain-like assembly of 

dummy residues for shape reconstruction. This method ensures that the reconstructed 

model maintains peptide-like properties [Svergun and Petoukhov 2001]. These analyses 

must be run several times independently until a reproducible result is achieved. The 

constructions are then averaged using DAMAVER [Volkov and Svergun 2003]. This 

procedure provides a quantitative measure of the similarity between reconstructions of 

near the substrate. However, the ability of C-tails to bind separate
sites on nucleic acid substrates and the degree of flexibility
between the C-tail and the helicase core upon RNA binding have
not been determined for these or any other DEAD-box protein.

Here we use small-angle X-ray scattering (SAXS) to obtain
solution structures of full-length Mss116p and CYT-19 and a ser-
ies of deletion mutants both in the open and closed states. Our
results reveal the locations of the NTE and the C-tail; enable us
to visualize the conformational changes that occur upon binding
of RNA and adenosine nucleotide; and indicate a mechanism in
which the C-tail flexibly tethers the core to large, physiological
RNA substrates.

Results
Experimental Strategy. For both Mss116p and CYT-19, we col-
lected SAXS data for full-length proteins and for constructs
lacking the basic C-tails (Fig. 1A). Additionally, for Mss116p we
used versions that lack the NTE, which is much smaller and not
conserved in CYT-19. All of these truncations retain the helicase
core and CTE regions present in the previous X-ray crystal struc-
tures of Mss116p (Fig. 1B). Below, we first present data for
Mss116p by itself and in complex with nucleic acid substrates
(Fig. 1C), and then we present corresponding data for CYT-19.

SAXS Reconstructions Reveal the Spatial Organization of Full-Length
Mss116p.The SAXS profiles of Mss116p constructs in solution are
shown in Fig. 2A. Particle molecular weights were estimated from
the scattering intensity at zero angle (Ið0Þ) when calibrated against
protein and RNA standards and indicated that all of the constructs
are monomeric and free from aggregates under these solution con-
ditions (Table S1). Values for the radius of gyration (Rg) ranged
from 32.8 Å for the minimal Mss116p∕ΔNTEþ ΔC-tail construct

to 38.0 Å for full-length Mss116p (Table S1) and were in good
agreement with the hydrodynamic radii of the proteins measured
by size-exclusion chromatography (SEC) (Table S2).

The scattering profiles can be represented in real space by a
distance distribution function, PðrÞ, revealing two maxima for each
protein construct (Fig. 2B). This pattern indicates the presence of a
dumb-bell-like scattering macromolecule, as expected for the two
separated helicase core domains in the open state (3). The first
maximum, at approximately 30 Å for each construct, corresponds
to the size of the domains, and the second at approximately 50 Å
corresponds to their separation (23). Estimates of the maximum
particle diameter, Dmax, for the different constructs vary from
115–135 Å (Table S1) and suggest that, in the absence of ligands,
Mss116p adopts an elongated conformation in solution.

To obtain more specific information on solution structures of
the helicase core and to evaluate the positions of the C-tail and
NTE, we generated particle envelopes from the SAXS data using
DAMMIN and GASBOR (24, 25) and atomic models using
BUNCH (26) (Fig. 2, Fig. S1A, and Table S3). For the latter
method, we used the domain structures determined by X-ray crys-
tallography and modeled the C-tail and NTE as unstructured
extensions, as predicted from their sequences (14) and supported
by far ultraviolet circular dichroism (far-UV CD) spectra (Fig. S2
and Table S4). Reconstructed envelopes for all of the protein
constructs revealed well-separated lobes corresponding to the
two domains of the helicase core (Fig. 2), and the scattering data
were well-described by single molecular models calculated using
BUNCH (χ ¼ 0.67–2.13; Fig. 2A and Table S3).

In addition to the core domains, the SAXS envelope for full-
length Mss116p included two clear protrusions that were not seen
in the NTE and/or C-tail deletion mutants (Fig. 2C). The loca-
tions of these protrusions indicate that the C-tail extends outward
from domain 2 and the NTE extends from domain 1 on the

Fig. 1. DEAD-box proteins Mss116p and CYT-19 and nucleic acid substrates.
(A) Schematic representations of the domain architectures of Mss116p,
CYT-19, and deletion mutants. Mss116p consists of a mt targeting sequence,
which is cleaved in vivo and absent in the constructs used here (white); an
N-terminal extension, which corresponds to the N-terminus of the mature
proteins (NTE; dark blue); a helicase core of two RecA-like domains (domain
1 and domain 2; light blue and green, respectively), which are joined by a
flexible linker (gray); a structured C-terminal extension (CTE; orange); and
a basic hydrophilic tail (C-tail; red). CYT-19 consists of the same elements
but with a shorter NTE. (B) The crystal structure of the closed-state helicase
core and the CTE of Mss116p [Protein Data Bank (PDB) ID code 3I6I (22)]
with domains colored as in A. The bound single-stranded U10-RNA and
the ATP-analogue ADP-BeF3

− are shown in yellow and black, respectively.
(C) Schematic representations of nucleic acid substrates. RNA and DNA
nucleotides are shown in yellow and gray, respectively, and nucleic-acid sec-
ondary structure was predicted using RNAfold (http://rna.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi).

Fig. 2. SAXS analysis of Mss116p in the open state without substrates. SAXS
data are shown for full-length Mss116p (dark blue), Mss116p/ΔC-tail (light
blue), Mss116p/ΔNTE (green), and Mss116p∕ΔNTEþ ΔC-tail (red). (A) Scatter-
ing profiles, which are displaced along the logarithmic axis for visualization,
are shown as the logarithm of the scattering intensity, I (black dots), as a func-
tion of the momentum transfer, q ¼ 4π sinðθÞ∕λ, where 2θ is the scattering
angle and λ is the X-ray wavelength. The solid curves overlaying the SAXS
data are the expected scattering profiles of the corresponding BUNCH mod-
els (see below). (B) Normalized distance distribution functions calculated
from the scattering profiles using the program AUTOGNOM (27). (C–F) Ab
initio and rigid-body SAXS reconstructions of the open state of full-length
Mss116p (C), Mss116p/ΔC-tail (D), Mss116p/ΔNTE (E), and Mss116p∕ΔNTEþ
ΔC-tail (F). Low-resolution envelopes calculated by DAMMIN are shown se-
parately (Upper) and superposed onto atomic models determined by BUNCH
(Lower). In this and other figures, protein domains are colored as in Fig. 1 and
views are rotated by 90 ° about the vertical axis for each model.
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sites on nucleic acid substrates and the degree of flexibility
between the C-tail and the helicase core upon RNA binding have
not been determined for these or any other DEAD-box protein.

Here we use small-angle X-ray scattering (SAXS) to obtain
solution structures of full-length Mss116p and CYT-19 and a ser-
ies of deletion mutants both in the open and closed states. Our
results reveal the locations of the NTE and the C-tail; enable us
to visualize the conformational changes that occur upon binding
of RNA and adenosine nucleotide; and indicate a mechanism in
which the C-tail flexibly tethers the core to large, physiological
RNA substrates.

Results
Experimental Strategy. For both Mss116p and CYT-19, we col-
lected SAXS data for full-length proteins and for constructs
lacking the basic C-tails (Fig. 1A). Additionally, for Mss116p we
used versions that lack the NTE, which is much smaller and not
conserved in CYT-19. All of these truncations retain the helicase
core and CTE regions present in the previous X-ray crystal struc-
tures of Mss116p (Fig. 1B). Below, we first present data for
Mss116p by itself and in complex with nucleic acid substrates
(Fig. 1C), and then we present corresponding data for CYT-19.

SAXS Reconstructions Reveal the Spatial Organization of Full-Length
Mss116p.The SAXS profiles of Mss116p constructs in solution are
shown in Fig. 2A. Particle molecular weights were estimated from
the scattering intensity at zero angle (Ið0Þ) when calibrated against
protein and RNA standards and indicated that all of the constructs
are monomeric and free from aggregates under these solution con-
ditions (Table S1). Values for the radius of gyration (Rg) ranged
from 32.8 Å for the minimal Mss116p∕ΔNTEþ ΔC-tail construct

to 38.0 Å for full-length Mss116p (Table S1) and were in good
agreement with the hydrodynamic radii of the proteins measured
by size-exclusion chromatography (SEC) (Table S2).

The scattering profiles can be represented in real space by a
distance distribution function, PðrÞ, revealing two maxima for each
protein construct (Fig. 2B). This pattern indicates the presence of a
dumb-bell-like scattering macromolecule, as expected for the two
separated helicase core domains in the open state (3). The first
maximum, at approximately 30 Å for each construct, corresponds
to the size of the domains, and the second at approximately 50 Å
corresponds to their separation (23). Estimates of the maximum
particle diameter, Dmax, for the different constructs vary from
115–135 Å (Table S1) and suggest that, in the absence of ligands,
Mss116p adopts an elongated conformation in solution.

To obtain more specific information on solution structures of
the helicase core and to evaluate the positions of the C-tail and
NTE, we generated particle envelopes from the SAXS data using
DAMMIN and GASBOR (24, 25) and atomic models using
BUNCH (26) (Fig. 2, Fig. S1A, and Table S3). For the latter
method, we used the domain structures determined by X-ray crys-
tallography and modeled the C-tail and NTE as unstructured
extensions, as predicted from their sequences (14) and supported
by far ultraviolet circular dichroism (far-UV CD) spectra (Fig. S2
and Table S4). Reconstructed envelopes for all of the protein
constructs revealed well-separated lobes corresponding to the
two domains of the helicase core (Fig. 2), and the scattering data
were well-described by single molecular models calculated using
BUNCH (χ ¼ 0.67–2.13; Fig. 2A and Table S3).

In addition to the core domains, the SAXS envelope for full-
length Mss116p included two clear protrusions that were not seen
in the NTE and/or C-tail deletion mutants (Fig. 2C). The loca-
tions of these protrusions indicate that the C-tail extends outward
from domain 2 and the NTE extends from domain 1 on the

Fig. 1. DEAD-box proteins Mss116p and CYT-19 and nucleic acid substrates.
(A) Schematic representations of the domain architectures of Mss116p,
CYT-19, and deletion mutants. Mss116p consists of a mt targeting sequence,
which is cleaved in vivo and absent in the constructs used here (white); an
N-terminal extension, which corresponds to the N-terminus of the mature
proteins (NTE; dark blue); a helicase core of two RecA-like domains (domain
1 and domain 2; light blue and green, respectively), which are joined by a
flexible linker (gray); a structured C-terminal extension (CTE; orange); and
a basic hydrophilic tail (C-tail; red). CYT-19 consists of the same elements
but with a shorter NTE. (B) The crystal structure of the closed-state helicase
core and the CTE of Mss116p [Protein Data Bank (PDB) ID code 3I6I (22)]
with domains colored as in A. The bound single-stranded U10-RNA and
the ATP-analogue ADP-BeF3

− are shown in yellow and black, respectively.
(C) Schematic representations of nucleic acid substrates. RNA and DNA
nucleotides are shown in yellow and gray, respectively, and nucleic-acid sec-
ondary structure was predicted using RNAfold (http://rna.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi).

Fig. 2. SAXS analysis of Mss116p in the open state without substrates. SAXS
data are shown for full-length Mss116p (dark blue), Mss116p/ΔC-tail (light
blue), Mss116p/ΔNTE (green), and Mss116p∕ΔNTEþ ΔC-tail (red). (A) Scatter-
ing profiles, which are displaced along the logarithmic axis for visualization,
are shown as the logarithm of the scattering intensity, I (black dots), as a func-
tion of the momentum transfer, q ¼ 4π sinðθÞ∕λ, where 2θ is the scattering
angle and λ is the X-ray wavelength. The solid curves overlaying the SAXS
data are the expected scattering profiles of the corresponding BUNCH mod-
els (see below). (B) Normalized distance distribution functions calculated
from the scattering profiles using the program AUTOGNOM (27). (C–F) Ab
initio and rigid-body SAXS reconstructions of the open state of full-length
Mss116p (C), Mss116p/ΔC-tail (D), Mss116p/ΔNTE (E), and Mss116p∕ΔNTEþ
ΔC-tail (F). Low-resolution envelopes calculated by DAMMIN are shown se-
parately (Upper) and superposed onto atomic models determined by BUNCH
(Lower). In this and other figures, protein domains are colored as in Fig. 1 and
views are rotated by 90 ° about the vertical axis for each model.
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the same resolution. The averaged reconstruction can then be refined using DAMMIN or 

GASBOR to produce a low-resolution model that fits the experimental data [Volkov and 

Svergun 2003]. 

MOLECULAR MODELING 

Ultimately, we would like to have solved the crystal structure of a group II intron-

encoded RT. In lieu of a crystal structure, the best we can do is to develop a structural 

model of group II intron RTs. Computational methods for predicting three-dimensional 

protein structures are generally divided into three categories, comparative modeling, 

threading methods, and ab initio modeling [Roy et al. 2010]. Alternatively, there are 

composite approaches that allow for better modeling. The iterative threading assembly 

refinement (I-TASSER) method is one such composite approach to structure modeling 

and has been consistently ranked as the best method for high-quality, automated protein 

structure prediction [Zhang 2008 and Roy et al. 2010]. The I-TASSER server is an online 

platform for protein structure and function prediction developed by the Zhang Lab at the 

University of Michigan. When a user submits an amino acid sequence, the I-TASSER 

server generates a three-dimensional (3D) atomic model based on multiple threading 

alignments and iterative fragment assembly simulations [Zhang 2008 and Roy et al. 

2010]. The biological function of the protein is then predicted by structurally matching 

the model to proteins of known function [Zhang 2008 and Roy et al. 2010]. The accuracy 

of this prediction is determined from the confidence score of the modeling procedure 

[Zhang 2008 and Roy et al. 2010]. The I-TASSER method can be divided into four 

general steps (Figure 12), and a brief description of each step (adapted from Roy et al. 

2010) is provided here. 
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In the first step of the I-TASSER protocol, a user-submitted sequence is matched 

to a database, in order to identify any evolutionarily related sequences. Next, a sequence 

profile is generated based on multiple sequence alignment of the identified homologs 

[Roy et al. 2010]. Using this sequence profile, secondary structure predictions are made. 

Taking this information into account, a locally installed meta-threading server 

(LOMETS) threads the query sequence through a representative database of known 

protein structures. This threading procedure identifies template proteins form the Protein 

Data Bank (PDB) structure library that have similar structural motifs as the query 

sequence [Roy et al. 2010]. LOMETS relies on ten different threading programs, and hits 

from each individual program are ranked using several sequence-based and structure-

based scoring techniques. The top hits from each program are selected for further analysis 

[Zhang 2008] 

In the second step, fragments from the selected threading alignments are isolated 

form the template structures. These fragments are used to assemble structural 

conformations for well-aligned sections, while unaligned sections are constructed by ab 

initio modeling [Zhang 2008]. This fragment assembly procedure uses a modified Monte 

Carlo simulation technique [Roy et al. 2010]. In order to identify low free-energy states, 

the generated conformations are clustered. Then, cluster centroids are calculated by 

averaging the 3D coordinates of the clustered structures [Zhang 2008]. 

In the third step, fragment assembly simulations are carried out a second time, 

beginning with selected cluster centroids. However, these simulations are subject to 

additional constraints from the PDB templates that are structurally similar to the cluster 

centroids [Roy et al. 2010] Structurally similarity is determined using TM-align [Zhang 

2008]. This second round of simulations serves to remove steric clash. The conformations 

generated during this iteration are clustered, and the lowest free-energy states are used to 
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generate final structural models with optimized hydrogen bonding networks [Roy et al. 

2010]. 

In the fourth and final step, the function of the query protein is determined by 

structurally matching the 3D model to proteins of known structure and function from the 

PDB. To estimate the accuracy of the prediction, a confidence score (C-score) is given 

that allows users to assess the quality of the final model [Roy et al. 2010]. The I-

TASSER server output includes full-length secondary and tertiary structure predictions as 

well as functional annotations. 

 

Figure 12: Schematic representation of the I-TASSER protocol. Adapted from Roy et al. 
2010. 
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recognition and family assignment33,34, which  
in many cases can be directly used to infer 
function21,36. However, it is increasingly 
recognized that the relationship between 
structure and function is not always straight-
forward, as many protein folds/families are 
known to be functionally promiscuous37, 
and different folds can perform the same 
function38. When the global structures are 
not similar, functional similarity may arise 
owing to the conserved local structural motifs  
that perform the same biochemical function,  
although in different global structural frame-
works. In a recent development of I-TASSER 
(Roy, A., Kucukural, A., Mukherjee, S., Hefty, 
P.S. & Zhang, Y., unpublished observations), 
the methodology was extended for anno-
tating the biological function using the 
predicted protein structures, based on a 
combination of local and global structural 
similarities with proteins of known function. Using this method, 
the biological functions (including ligand-binding sites, Enzyme 
Commission (EC) numbers and Gene Ontology (GO) terms) of a 
substantial number of protein targets were correctly identified based 
on similarities to nonhomologous proteins, which otherwise could 
not have been inferred from sequence or profile-based searches5.

The success of the I-TASSER method in the blind CASP experi-
ments17,19 and the large-scale benchmarking tests10,34,39,40 makes it a 
useful tool for automated protein structure and function annota-
tion. In the past 24 months, the online I-TASSER server has gene-
rated  > 30,000 full-length structure and function predictions for 
over 6,000 registered biologists from 82 countries. Compared with 
a number of other useful online structure prediction tools41–49, the 
uniqueness of the I-TASSER server is in the significant accuracy and 
reliability of full-length structure prediction for protein targets of 
varying difficulty and the comprehensive structure-based function 
predictions. Especially, the inherent template fragment reassembly 
procedure has the power to consistently drive the initial template 
structures closer to the native structure10,13,15. For example, in CASP8, 
the final models generated by the I-TASSER server had a lower RMSD 
to the native structure than the best threading template for 139 out of 
164 domains, with an overall RMSD reduction by 1.2 Å (on average  
from 5.45 Å in templates to 4.24 Å in the final models)19. Here, one 
purpose of this protocol is to provide detailed guidelines to help 
the biologists to use the I-TASSER server in designing their online 
structure and function prediction experiments. Meanwhile, as the 
I-TASSER system is based on the general sequence-to-structure- 
to-function paradigm, the described protocol can be valuable to  
the developers of other similar bioinformatics systems.

I-TASSER server
Detailed descriptions of the I-TASSER methodology for protein struc-
ture and function prediction have been provided elsewhere10,19 (Roy, A.,  
Kucukural, A., Mukherjee, S., Hefty, P.S. & Zhang, Y., unpublished 
observations). For the sake of completeness, here we give a brief outline 
of the method, which is divided into four general stages (Fig. 1).

Stage 1: threading. Threading refers to a bioinformatics procedure 
for identifying template proteins from solved structure databases 
that have a similar structure or similar structural motif as the query 

protein sequence. In the first stage of I-TASSER, the query sequence 
is matched against a nonredundant sequence database by posi-
tion-specific iterated BLAST (PSI-BLAST)5, to identify evolution-
ary relatives. A sequence profile is then created based on multiple 
alignment of the sequence homologs, which is also used to predict  
the secondary structure using PSIPRED50. Assisted by the sequence 
profile and the predicted secondary structure, the query sequence is 
then threaded through a representative PDB structure library using 
LOMETS51, a locally installed meta-threading server combining  
seven state-of-the-art threading programs (FUGUE52, HHSEARCH44, 
MUSTER53, PROSPECT54, PPA10, SP3 (ref. 55) and SPARKS56). In  
the individual threading programs, the templates are ranked by 
a variety of sequence-based and structure-based scores. The top 
template hits from each threading program are then selected for 
further consideration. The quality of the template alignments (and 
therefore the difficulty of modeling the targets) is judged based on 
the statistical significance of the best threading alignment, i.e., the 
Z-score, which is defined as the energy score in standard deviation 
units relative to the statistical mean of all alignments.

Stage 2: structural assembly. In the second stage, continuous 
fragments in threading alignments are excised from the template 
structures, and are used to assemble structural conformations of 
the sections that aligned well, with the unaligned regions (mainly 
loops/tails) built by ab initio modeling10,12. To improve the effi-
ciency of conformational search, I-TASSER adopts a reduced model 
to represent the protein chain, with each residue described by its 
C  atom and side-chain center of mass. Because the regions not 
aligned during the threading process usually have a lower modeling  
accuracy, the structure modeling in these regions is confined to a 
lattice system of grid size 0.87 Å12, which helps to reduce the entropy 
of conformational search. Although this grid size may introduce 
considerable uncertainty of conformational representations in CM 
(which usually has an error range of 1–2 Å), it does not generate 
observable effect in the ab initio modeling, as it often has an error 
range of 4–6 Å. The threading-aligned regions usually have a higher 
accuracy. The modeling in these regions is therefore off lattice  
and the template fragments are kept rigid during the simulations, 
which helps to maintain the fidelity of the high-resolution struc-
tures in these regions. The fragment assembly is performed using 
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Figure 1 | A schematic representation of the I-TASSER protocol for protein structure and function 
predictions. The protein chains are colored from blue at the N-terminus to red at the C-terminus.
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Chapter 3: Results and Discussion 

SAMPLE PREPARATION 

To date, we have successfully purified large quantities of GsI-IIC RT, a group II 

intron-encoded protein from the thermophilic bacterium Geobacillus stearothermophilus. 

The full length GsI-IIC protein was expressed as an maltose binding protein (MBP) rigid 

fusion (MRF-GsI-IIC) and purified to homogeneity by affinity chromatography and gel 

filtration (Figure 13). These methods have significantly improved yields of catalytically 

active group II IEPs (approximately 6 mg/L of cell culture). Additionally, large quantities 

of precursor RNAs containing the GsI-IIC group II intron have been transcribed in vitro 

and purified by gel filtration. To inhibit hydrolytic intron self-splicing that occurs during 

transcription, the concentration of free Mg2+ in these reactions was reduced significantly. 

This low concentration of Mg2+ sacrifices transcriptional efficiency but ensures sample 

homogeneity. Unfortunately, the purification of concentrated RNP samples (assembled in 

vitro) in sufficient quantities for crystallography and SAXS experiments has proven 

difficult, as the resulting complexes are highly insoluble. Presently, we are working to 

find suitable reaction conditions that promote efficient splicing and maintain sample 

solubility at protein concentrations greater than 2 mg/mL. Despite this initial set back, we 

have successfully purified MRF-GsI-IIC bound to synthetic heteroduplexes designed to 

promote RT active site closing. Crude gel shift assays indicate complex formation, and 

this result has been further verified by gel filtration (Figure 13). 
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Figure 13: Gel filtration chromatogram. Purified MRF-GsI-IIC elutes from a gel filtration 
column as a single peak (green curve). Purified MRF-GsI-IIC bound to a synthetic 
heteroduplex elutes as a single peak, demonstrating complex formation (red curve). The 
small peak at 17 mL corresponds to excess, unbound heteroduplex and the larger peak at 
20 mL corresponds to excess, unbound dGTP.  

X-RAY CRYSTALLOGRAPHY 

Crystallization trials with MRF-GsI-IIC with and without bound nucleic acid 

substrate have not yielded any crystals with desirable qualities for X-ray crystallography. 

Recently, the online surface entropy reduction prediction (SERp) server was used to 

identify suitable sites for mutating specific unstructured surface residues in GsI-IIC that 

likely inhibit the formation of a crystal lattice [Goldschmidt et al. 2007]. These results 

were used to generate a set of alanine mutant constructs with lower conformational 

entropy for further crystallization trials (Table 2). We are also developing alternative 

fusion constructs to promote crystallization. 
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Construct Sequence 

1 

 
MALLERILARDNLITALKRVEANQGAPGIDGVSTDQLRDYIRAHWSTIHAQLLAGTYRPA 
PVRRVEIPKPGGGTRQLGIPTVVDRLIQQAILQELTPIFDPDFSSSSFGFRPGRNAHDAV 
RQAQGYIQEGYRYVVDMDLEKFFDRVNHDILMSRVARKVKDKRVLKLIRAYLQAGVMIEG 
VKVQTEEGTPQGGPLSPLLANILLDDLDKELEKRGLKFCRYADDCNIYVKSLRAGQRVKQ 
SIQRFLEKTLKLKVNEEKSAVDRPWKRAFLGFSFTPERKARIRLAPRSIQRLKQRIRQLT 
NPNWSISMPERIHRVNQYVMGWIGYFRLVETPSVLQTIEGWIRRRLRLCQWLQWKRVRTR 
IRELRALGLKETAVMEIANTRKGAWRTTKTPQLHQALGKTYWTAQGLKSLTQRYFELRQG 

 

2 

 
MALLERILARDNLITALKRVEANQGAPGIDGVSTDQLRDYIRAHWSTIHAQLLAGTYRPA 
PVRRVEIPKPGGGTRQLGIPTVVDRLIQQAILQELTPIFDPDFSSSSFGFRPGRNAHDAV 
RQAQGYIQEGYRYVVDMDLEKFFDRVNHDILMSRVARKVKDKRVLKLIRAYLQAGVMIEG 
VKVQTEEGTPQGGPLSPLLANILLDDLDKELEKRGLKFCRYADDCNIYVKSLRAGQRVKQ 
SIQRFLEKTLKLKVNEEKSAVDRPWKRAFLGFSFTPERKARIRLAPRSIQRLKQRIRQLT 
NPNWSISMPERIHRVNQYVMGWIGYFRLVETPSVLQTIEGWIRRRLRLCQWLQWKRVRTR 
IRELRALGLKETAVMEIANTRKGAWRTTKTPQLHQALGKTYWTAQGLKSLTQRYFELRQG 

 

3 

 
MALLERILARDNLITALKRVEANQGAPGIDGVSTDQLRDYIRAHWSTIHAQLLAGTYRPA 
PVRRVEIPKPGGGTRQLGIPTVVDRLIQQAILQELTPIFDPDFSSSSFGFRPGRNAHDAV 
RQAQGYIQEGYRYVVDMDLEKFFDRVNHDILMSRVARKVKDKRVLKLIRAYLQAGVMIEG 
VKVQTEEGTPQGGPLSPLLANILLDDLDKELEKRGLKFCRYADDCNIYVKSLRAGQRVKQ 
SIQRFLEKTLKLKVNEEKSAVDRPWKRAFLGFSFTPERKARIRLAPRSIQRLKQRIRQLT 
NPNWSISMPERIHRVNQYVMGWIGYFRLVETPSVLQTIEGWIRRRLRLCQWLQWKRVRTR 
IRELRALGLKETAVMEIANTRKGAWRTTKTPQLHQALGKTYWTAQGLKSLTQRYFELRQG 

 

4 

 
MALLERILARDNLITALKRVEANQGAPGIDGVSTDQLRDYIRAHWSTIHAQLLAGTYRPA 
PVRRVEIPKPGGGTRQLGIPTVVDRLIQQAILQELTPIFDPDFSSSSFGFRPGRNAHDAV 
RQAQGYIQEGYRYVVDMDLEKFFDRVNHDILMSRVARKVKDKRVLKLIRAYLQAGVMIEG 
VKVQTEEGTPQGGPLSPLLANILLDDLDKELEKRGLKFCRYADDCNIYVKSLRAGQRVKQ 
SIQRFLEKTLKLKVNEEKSAVDRPWKRAFLGFSFTPERKARIRLAPRSIQRLKQRIRQLT 
NPNWSISMPERIHRVNQYVMGWIGYFRLVETPSVLQTIEGWIRRRLRLCQWLQWKRVRTR 
IRELRALGLKETAVMEIANTRKGAWRTTKTPQLHQALGKTYWTAQGLKSLTQRYFELRQG 

 

5 

 
MALLERILARDNLITALKRVEANQGAPGIDGVSTDQLRDYIRAHWSTIHAQLLAGTYRPA 
PVRRVEIPKPGGGTRQLGIPTVVDRLIQQAILQELTPIFDPDFSSSSFGFRPGRNAHDAV 
RQAQGYIQEGYRYVVDMDLEKFFDRVNHDILMSRVARKVKDKRVLKLIRAYLQAGVMIEG 
VKVQTEEGTPQGGPLSPLLANILLDDLDKELEKRGLKFCRYADDCNIYVKSLRAGQRVKQ 
SIQRFLEKTLKLKVNEEKSAVDRPWKRAFLGFSFTPERKARIRLAPRSIQRLKQRIRQLT 
NPNWSISMPERIHRVNQYVMGWIGYFRLVETPSVLQTIEGWIRRRLRLCQWLQWKRVRTR 
IRELRALGLKETAVMEIANTRKGAWRTTKTPQLHQALGKTYWTAQGLKSLTQRYFELRQG 

 

Table 2: GsI-IIC SER constructs. The online SERp server was used to identify suitable 
sites (bold text) for mutating unstructured surface resides in GsI-IIC that may interfere 
with the formation of a crystal lattice. In the GsI-IIC SER constructs, residues colored red 
are mutated to alanine in order to lower conformational entropy and promote the 
formation of a crystal lattice. 
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SMALL ANGLE X-RAY SCATTERING 

Preliminary data from light scattering experiment indicate that the MRF-GsI-IIC 

rigid fusion samples exhibit monodispersity and are free of aggregates. Initial inspection 

of SAXS scattering curves reconfirms sample monodispersity. From the background 

subtracted curves (Figure 14), the zero-angle scattering intensity I(0) and the radius of 

gyration Rg were calculated for MRF-GsI-IIC using the Guinier approximation [Jacques 

and Trewhella 2010]. The Guinier plots exhibit linearity and further confirm sample 

monodispersity. The molecular weights were estimated from I(0) and are in good 

agreement with values calculated from the amino acid sequence and as estimated by size 

exclusion chromatography (hydrodynamic radius, RH). The data were then analyzed with 

the program AUTOGNOM to obtain the distance distribution function P(r), a maximum 

particle dimension Dmax, and a real-space value for Rg [Petoukhov et al. 2007]. Ab initio 

reconstructions of the three-dimensional shapes were calculated using two different 

computational methods (DAMMIN and GASBOR), and the independently reconstructed 

envelopes are in good agreement [Svergun 1999 and Svergun and Petoukhov 2001]. The 

low-resolution solution structure generated using the program GASBOR is shown in 

Figure 14. 
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Figure 14: MRF-GsI-IIC SAXS scattering profile and GASBOR shape reconstruction. 

Sample 
MW 

(sequence) 
[kDa] 

Abs I(0)/c 
[cm2mg-1] 

MW 
(SAXS) 
[kDa] 

Rg 
(Guinier) 

[Å] 

Rg 
(GNOM) 

[Å] 

Dmax 
[Å] 

 
BSA 

 
66 0.0026 ---- 33.8 ---- ---- 

 
MRF-GsI-IIC 

 
90 0.0025 88 44.2 44.3 142.7 

Table 3: MRF-GsI-IIC structural parameters calculated from SAXS data. The molecular 
weight (MW) of GsI-IIC based on its amino acid sequences is in good agreement with the 
MW derived from SAXS data. The radius of gyration (Rg) derived in the Guinier analysis 
is in good agreement with the real-space value calculated using AUTOGNOM. Dmax is the 
maximum particle dimension obtained from the distance distribution function. 

 
Sample 

 
RH [Å] Rg [Å] 

 
MRF-GsI-IIC 

 
40.2 39.8 

Table 4: Hydrodynamic and gyration radii. The estimated size of MRF-GsI-IIC as 
determined by gel filtration chromatograph (RH) is in good agreement with the radius of 
gyration (Rg) derived from SAXS data. 
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MOLECULAR MODELING 

The iterative threading assembly refinement (I-TASSER) server was used to 

generate a high-quality, three-dimensional (3D) model of GsI-IIC based on its amino acid 

sequence (Figure 15). The 3D model was constructed from multiple threading alignments 

and iterative fragment assembly simulations [Roy et al. 2010]. In this model, the RT and 

X/thumb domains of GsI-IIC form a central cavity, with the short, C-terminal DNA-

binding domain attached via a flexible linker. In order to suggest possible orientations of 

maltose binding protein (MBP) and GsI-IIC in the MRF-GsI-IIC construct, the I-

TASSER model of GsI-IIC and the crystal structure of MBP were positioned within the 

GASBOR shape reconstruction generated from the SAXS scattering profile (Figure 16). 

 

Figure 15: Homology model of GsI-IIC generated by the I-TASSER server. 
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Figure 16: Predicted orientation of maltose binding protein (blue) and full length GsI-IIC 
(red) positioned within the GASBOR ab initio shape reconstruction of MRF-GsI-IIC. 

 

The primary template used in modeling simulations was the crystal structure of 

the active Tribolium castaneum telomerase catalytic subunit, TERT, bound to an RNA-

DNA hairpin designed to resemble the TERT substrate (Figure 17). Like group II intron 

IEPs, telomerase is a specialized RNA-directed DNA polymerase, or reverse 

transcriptase. In the TERT structure, the RNA-DNA hybrid adopts a helical structure and 

is docked in the interior cavity of the TERT ring [Mitchell et al. 2010]. Contacts between 

the RNA template and the enzyme position the solvent-accessible RNA bases close to the 

enzyme active site for nucleotide binding and selectivity [Mitchell et al. 2010]. These 

associations between TERT and its hybrid nucleic acid substrate suggest a possible 

mechanism of interaction between group II intron IEPs and their RNA-DNA hybrid 

duplex substrates. It is likely that during the initiation of reverse transcription in 
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retrohoming, the integrated intron RNA binds to the interior cavity of the IEP. These 

interactions are strikingly similar to those observed for retroviral RTs [Mitchell et al. 

2010], suggesting a common mechanism of reverse transcription between all three 

enzyme families. 

 

Figure 17: T. castaneum telomerase catalytic subunit, TERT bound to a hybrid RNA-
DNA duplex substrate mimic (PDB accession 3KYL) [Mitchell et al. 2010]. 
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