Domain structure and three-dimensional model of a group
Il intron-encoded reverse transcriptase

FORREST J.H. BLOCKER,' GEORG MOHR," LORI H. CONLAN,? LI QI,>* MARLENE BELFORT,? and
ALAN M. LAMBOWITZ'

'Institute for Cellular and Molecular Biology, Department of Chemistry and Biochemistry, and Section of Molecular Genetics and
Microbiology, School of Biological Sciences, University of Texas at Austin, Austin, Texas 78712, USA
2Wadsworth Center, New York State Department of Health, Center for Medical Sciences, Albany, New York 12208, USA

ABSTRACT

Group Il intron-encoded proteins (IEPs) have both reverse transcriptase (RT) activity, which functions in intron mobility, and
maturase activity, which promotes RNA splicing by stabilizing the catalytically active RNA structure. The LtrA protein encoded
by the Lactococcus lactis LI.LtrB group Il intron contains an N-terminal RT domain, with conserved sequence motifs RT1 to 7
found in the fingers and palm of retroviral RTs; domain X, associated with maturase activity; and C-terminal DNA-binding and
DNA endonuclease domains. Here, partial proteolysis of LtrA with trypsin and Arg-C shows major cleavage sites in RT1, and
between the RT and X domains. Group Il intron and related non-LTR retroelement RTs contain an N-terminal extension and
several insertions relative to retroviral RTs, some with conserved features implying functional importance. Sequence alignments,
secondary-structure predictions, and hydrophobicity profiles suggest that domain X is related structurally to the thumb of
retroviral RTs. Three-dimensional models of LtrA constructed by “threading” the aligned sequence on X-ray crystal structures
of HIV-1 RT (1) account for the proteolytic cleavage sites; (2) suggest a template—primer binding track analogous to that of
HIV-1 RT; and (3) show that conserved regions in splicing-competent LtrA variants include regions of the RT and X (thumb)
domains in and around the template—primer binding track, distal regions of the fingers, and patches on the protein’s back
surface. These regions potentially comprise an extended RNA-binding surface that interacts with different regions of the intron
for RNA splicing and reverse transcription.
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INTRODUCTION which the intron RNA reverse splices directly into a DNA
target site and is reverse-transcribed by the IEP. The group
IT IEPs that mediate these processes contain an N-terminal
RT domain homologous to retroviral RTs, followed by re-
gions without strong sequence similarity to other RTs.
These include domain X, where mutations affecting RNA
splicing activity have been found, and C-terminal DNA-
binding (D) and DNA endonuclease (En) domains, which
function in intron mobility (Mohr et al. 1993; San Filippo
and Lambowitz 2002). The structural relationship between
group II intron and other RTs and how different regions of
group II IEPs interact with the intron RNA and DNA target

Mobile group II introns encode proteins with both RT ac-
tivity for intron mobility and RNA splicing (“maturase”)
activity (Lambowitz et al. 1999; Belfort et al. 2002; Lam-
bowitz and Zimmerly 2004). The IEP promotes splicing by
stabilizing the active structure of the intron RNA, which
then catalyzes transesterification reactions resulting in li-
gated exons and excised intron lariat RNA. After splicing,
the protein remains bound to the excised lariat RNA to
promote intron mobility by a remarkable mechanism in
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site to promote RNA splicing and intron mobility have
remained unclear.

Studies in our laboratories have focused on the Lactococ-
cus lactis L1.LtrB intron, for which an efficient Escherichia
coli expression system facilitates biochemical and genetic
analysis (Matsuura et al. 1997; Cousineau et al. 1998; Sal-
danha et al. 1999; Cui et al. 2004). LLLtrB is a subgroup IIA
intron belonging to the “mitochondrial” lineage, one of
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eight lineages of mobile group II introns defined by phylo-
genetic analysis of the IEPs and structural features of the
intron RNAs (Toor et al. 2001; Lambowitz and Zimmerly
2004). Figure 1 shows a diagram of the LL.LtrB IEP, denoted
LtrA, with HIV-1 RT shown below for comparison. In LtrA
and other group II IEPs, the RT domain contains conserved
sequence motifs RT1-RT7 found in the fingers and palm of
retroviral RTs, along with an upstream motif RTO charac-
teristic of the RTs of non-LTR-retroelements (Xiong and
Eickbush 1990; Malik et al. 1999; Zimmerly et al. 2001).
Domain X is downstream of the RT domain in the position
corresponding to the thumb and part of the connection
domain of HIV-1 RT, and is followed by the D and En
domains. The En domain, which carries out second-strand
cleavage to generate the primer for reverse transcription of
the intron RNA, contains conserved sequence motifs char-
acteristic of the H-N-H family of DNA endonucleases in-
terspersed with two pairs of conserved cysteine residues,
similar to an arrangement found in phage T4 endonuclease
VII (Gorbalenya 1994; Shub et al. 1994; San Filippo and
Lambowitz 2002). The H-N-H active site in LtrA contains a
single catalytically essential Mg** ion, while the conserved
cysteine pairs help maintain the higher-order structure of
the domain (San Filippo and Lambowitz 2002). The En
domain was likely acquired by a pre-existing IEP to facili-
tate mobility by target DNA-primed reverse transcription
(TPRT) (Martinez-Abarca and Toro 2000; Belfort et al.
2002). RTs have a propensity for acquiring additional do-
mains, including at least two unrelated En domains used for
TPRT by different non-LTR-retrotransposon RTs, and the
RNase H domain of retroviral RTs (McClure 1991; Eick-
bush and Malik 2002; Moran and Gilbert 2002).

The HIV-1 RT, for which X-ray crystal structures have
been determined, is a heterodimer consisting of a p66 sub-
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FIGURE 1. Schematics of the LtrA protein and HIV-1 RT. The LtrA
protein contains an N-terminal RT domain with conserved sequence
blocks RT1-RT7 found in the fingers and palm of HIV-1 RT, an
upstream region containing RTO characteristic of non-LTR-retroele-
ment RTs, and insertions 2a, 3a, 4a, and 7a relative to HIV-1 RT. The
RT domain of LtrA is followed by X, DNA-binding (D), and DNA
endonuclease (En) domains. HIV-1 RT contains conserved RT se-
quence blocks RT1-RT7 in the fingers and palm, followed by thumb,
connection, and RNase H domains. The three a-helices in the HIV-1
RT thumb and the corresponding predicted a-helices in LtrA’s do-
main X are shown above the proteins, and some conserved sequence
motifs are shown below.

unit, comprised of fingers, palm, thumb, connection, and
RNase H domains, and a p51 subunit, which is derived
from p66 by a proteolytic cleavage that removes the RNase
H domain (Kohlstaedt et al. 1992). The fingers and thumb
of p66 form a cleft with the palm at its base containing the
RT active site. The common regions of p51 contain the
same domains as p66, but their relative orientation differs
(Kohlstaedt et al. 1992; Wang et al. 1994; Ren et al. 1995).
The p51 subunit in the dimer has no enzymatic activity, but
is required for the correct folding of p66, and also makes
some contribution to binding the template—primer (Ding et
al. 1997; Huang et al. 1998).

HIV-1 RT is conformationally flexible, with the fingers
and thumb in an “open” conformation upon binding tem-
plate—primer, and the fingers moving down to a “closed”
conformation upon binding dNTP (Ding et al. 1998; Huang
et al. 1998; Peletskaya et al. 2004). X-ray crystal structures
with bound DNA template—primer show that the nucleic
acid interacts primarily with the p66 subunit, binding along
a groove with positively charged walls that extends from the
polymerase active site to the RNase H domain (Bebenek et
al. 1997; Ding et al. 1998; Huang et al. 1998). In both the
open and closed structures, the template—primer undergoes
a transition from A-form to B-form near the RT active site
accompanied by a bend of ~40°, which brings the 5'-over-
hang of the template across the face of the fingers (Ding et
al. 1998; Huang et al. 1998). Farther upstream regions of the
template strand are thought to interact with distal regions of
the fingers (Huang et al. 1998; Peletskaya et al. 2004).

Phylogenetic analyses, based on conserved RT sequences,
show that retroelements can be divided into two major
classes: LTR—containing retroelements, such as retroviruses
and related LTR-containing transposons (e.g., yeast Tyl el-
ements); and non-LTR-retroelements, a diverse group that
includes non-LTR-retrotransposons (e.g., human LINE el-
ements and insect R2 elements), mobile group II introns,
bacterial retrons, retroplasmids, and telomerase RTs (Xiong
and Eickbush 1990; Malik et al. 1999). The non-LTR-ret-
roelement RTs are thought to be evolutionary ancestors of
retroviral RTs (Eickbush and Malik 2002). They use a num-
ber of different mechanisms to prime reverse transcription,
but a common feature is that the cDNA initiation site is
determined primarily by the specific binding of the RT to
the template RNA, rather than by base-pairing of a primer
as for retroviral RTs (Chen and Lambowitz 1997).

The RTs encoded by non-LTR-retroelements are gener-
ally larger than retroviral RTs and have an additional, con-
served N-terminal motif, referred to as RTO, proposed to be
part of an extended fingers region involved in the specific
binding of the template RNA for initiation of reverse tran-
scription (see Fig. 1; Chen and Lambowitz 1997; Bibillo and
Eickbush 2002). The non-LTR-element RTs also have
longer connecting regions between RT2 and RT3, denoted
2a, and between RT3 and RT4, denoted 3a, and some group
IT intron RTs also have a longer connecting region between
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RT4 and RT5, denoted 4a (Xiong and Eickbush 1990; Malik
et al. 1999; Zimmerly et al. 2001). Whether these insertions
are nonconserved expansion loops or have specific func-
tions is not known. The region downstream of the RT do-
main, denoted domain X in group II intron RTs, has no
strong sequence homology among RTs from different types
of retroelements, and it has remained unclear whether or
not domain X is evolutionarily related to the retroviral RT
thumb (Mohr et al. 1993).

Here, we investigated the domain structure of group II
intron RTs by partial proteolysis and computational analy-
sis. Our results show major proteolytic cleavage sites within
RT1 and between the palm and domain X. Domain X and
the corresponding region of non-LTR-retrotransposon RTs
have three predicted a-helices, whose characteristics and
spacing are similar to those of the thumb of retroviral RTs,
consistent with a common evolutionary origin. Our model
provides an initial structural framework for understanding
how group II intron RTs function in RNA splicing and
intron mobility.

RESULTS AND DISCUSSION

Controlled proteolysis of the LtrA protein
in the presence or absence of LI.LtrB RNA

Controlled proteolysis can provide insight into structure—
function relationships and protein domain structure. Figure
2 shows experiments in which the LtrA protein was treated
with either trypsin or Arg-C, which cleave after arginine and
lysine, and after arginine residues, respectively. Digestion
was allowed to proceed for up to 60 min, and the cleavage
products were analyzed by SDS-PAGE. With both prote-
ases, most of the cleavage occurred within the first 10 min
and generated bands in the 60-, 43-, 33-, and 27-kDa size
ranges (Fig. 2A,B). With both enzymes, some of these bands
appeared as doublets, triplets, or quadruplets.

Arg-C routinely generated a faint band of 10 kDa, which
was not visible in the trypsin digests (Fig. 2B). Arg-C was
therefore used for characterization of the protein fragments,
by a combination of HPLC and mass spectrometry, and/or
N-terminal sequencing by Edman degradation (Table 1).
These analyses allowed identification of the proteolysis
products, pointing to two major cleavage sites, one in RT1
and the other between RT7 and domain X. Cleavage at the
first major site in RT1 yielded a 10-kDa N-terminal frag-
ment containing RT0 (M1-R85) and a 60-kDa band tenta-
tively identified as RT1/7-X-D-E (R86-K599) (Table 1).
Cleavage at the second major site, between RT7 and domain
X, produced bands of 43 kDa, corresponding to RT0/7
(M1-R364); 33 kDa, corresponding to RT1/7 (R86-R364);
and 27 kDa, corresponding to X-D-E (R365-K599 or S372—
K599). Edman degradation sequencing showed that two
bands in the X-D-E triplet correspond to digestion products
between amino acids 360 and 381 (Fig. 2A). The first frag-
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FIGURE 2. Controlled proteolysis of LtrA protein with trypsin and
Arg-C. (A) Map of LtrA protein with sequences shown at major cleav-
age sites in RT1 and between RT7 and domain X. Filled arrowheads
represent potential Arg-C digestion sites, arrows indicate mapped di-
gestion sites, and open arrowheads represent potential trypsin diges-
tion sites. A schematic representation of the Arg-C digestion products
shown in panel B is presented below the map of LtrA. For details, see
Table 1. (B) Limited proteolysis of LtrA with trypsin and Arg-C.
Proteolysis products were separated by SDS-PAGE, and the gel was
stained with Coomassie blue. Fragment assignments at the right were
determined from Arg-C-digested LtrA, as shown in Table 1. The 10-
kDa band is faint in this figure, but clearly and reproducibly present
on stained gels, and its identity was verified by mass spectrometry. (C)
Limited proteolysis of LtrA in the presence and absence of intron lariat
and tRNA. LtrA was incubated with intron RNA or tRNA, then di-
gested with trypsin. Proteolysis products were separated by SDS-
PAGE, and the gel was silver-stained. Asterisk indicates an unidenti-
fied band in LtrA preparations. Nonspecific protection of an exposed
region can be seen for the 33- and 27-kDa digestion products.

ment is 27.4 kDa, consistent with digestion at R365. The
second fragment is 26.7 kDa, starting at S372. The third
band in the triplet likely results from digestion at R378.
These results contrast with a previous report, in which
complete digestion of LtrA was observed after trypsin ad-
dition, leading to the suggestion that the free protein lacks
conformational stability (Rambo and Doudna 2004). This
difference is likely attributable to trypsin concentration,
where these authors used >5-fold higher concentrations
(12.5 ng/pL) than we used. We observed partial proteolysis
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TABLE 1. Characterization of Arg-C digestion products

Mass spec®
MW
Edman degradation Domain

Band Amino acids Est. Meas. N-term composition
60 kDa Arg 86 to Lys 599° 60,282 — — RT1/7-X-D-E
43 kDa Met 1 to Arg 364 42,788 42,792 1-MKPTM RTO/7
33 kDa Arg 86 to Arg 364 32,890 — 86-RMIYA RT1/7
27 kDa Arg 365 to Lys 599 27,392 — 365-RSGTI X-D-E-1

Ser 372 to Lys 599 26,762 — 372-SGKVK X-D-E-2
10 kDa Met 1 to Arg 85 9915 9914 — RTO

Described in Figure 2A and text.

*Mass spectrometry. (Est.) Estimated from protein sequence; (Meas.) measured by mass spec-

trometry; (MW) molecular weight.

PAssignment tentative, based on molecular weight (MW) estimates from SDS-PAGE.

at 1.9 ng/pL trypsin after 16 min, but complete LtrA deg-
radation at 3.8 ng/pL trypsin by 2 min. Furthermore, our
proteolysis results were similar over a range of salt concen-
trations (100-450 mM NaCl) and temperatures (25°-37°C)
(data not shown), suggesting that LtrA has a stable confor-
mation even in the absence of RNA.

The LtrA protein binds tightly to excised intron lariat
RNA in vitro (Saldanha et al. 1999). The tryptic digest in
Figure 2C shows that addition of intron lariat RNA had
relatively little effect on the proteolytic digestion, with only
a small decrease in the amounts of the 33-kDa (RT1/7) and
27-kDa (X-D-E) fragments. We confirmed by filter-binding
experiments that addition of lariat RNA resulted in RNP
formation, and assays measuring reverse splicing, endo-
nuclease cleavage, and RT activity demonstrated that the
RNPs were active (data not shown). Again, these proteolysis
results were independent of salt concentration or tempera-
ture, and whether the protection was performed with pu-
rified lariat, or with products of an in vitro splicing reaction
(see Materials and Methods). Similar slight protection was
also observed in the presence of tRNA (Fig. 2C). Together,
these data indicate that proteolytic cleavage is relatively un-
affected by intron RNA binding and provide no evidence
that binding of the intron RNA produces substantial con-
formational changes in the protein, although such changes
could occur in regions not probed by proteolytic digestion.
These conclusions again contrast with those of Rambo and
Doudna (2004), who interpret their observed protection
against proteolysis of LtrA upon RNA binding as a major
protein conformational change. While RNA binding un-
doubtedly has some protective effect at high trypsin con-
centrations, caution needs to be exercised in interpreting
these results as major conformational changes. However,
we agree with these authors on proteolytic cleavage between
the RT and X domains, with our data showing the
susceptibility of the RT-X junction to multiple proteolytic
cleavages, and some protection of this exposed junction by
RNA.

Structure-based sequence alignments
of LtrA and HIV-1 RT

Figure 3 shows a sequence alignment comparing the pre-
dicted secondary structure of LtrA with the X-ray crystal-
lographically determined and predicted structures of the
p66 and p51 subunits of HIV-1 RT. The secondary structure
of LtrA was predicted by using the JPred server, which
reports 76.4% accuracy (Cuff et al. 1998; Cuff and Barton
2000; see Materials and Methods). As shown in Figure 3,
JPred accurately predicted the secondary structure of HIV-1
RT without relying on HIV-1 RT X-ray crystal structures.
The alignment between the RT domains of LtrA and HIV-1
RT was based on matches to conserved RT sequences, while
domains X and D of LtrA were aligned with the thumb and
connection domains of HIV-1 RT by using the predicted
secondary structure and manual adjustments to maximize
sequence similarity.

Aligned as shown, the predicted secondary structure
throughout LtrA’s RT and X domains agrees well with the
crystallographically determined structures of the RT and
thumb domains of the p66 and p51 subunits of HIV-1 RT
(Ding et al. 1998; 2HMI.pdb). The major differences in
LtrA are the previously discussed N-terminal extension,
which includes RTO, and the longer connecting regions be-
tween the conserved RT sequence blocks (see Introduction).
Although it is unknown if these nonhomologous regions
were gained by non-LTR-retroelement RTs or lost by ret-
roviral RTs, for convenience, we refer to them as insertions,
denoted 2a, 3a, 4a, and 7a according to the RT motif they
follow. Domain X, which is located in the position corre-
sponding to the thumb and upstream part of the connec-
tion domain of HIV-1 RT, contains three predicted a-he-
lices, which potentially correspond to a-helices aH, al, and
oJ in the HIV-1 RT thumb (see also below). The spacing
between al and «J is similar to that in HIV-1 RT, while the
spacing between aH and al is ~16 residues longer, an in-
sertion we refer to as “ti.”
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FIGURE 3. Sequence alignment of LtrA and HIV-1 RT. The HIV-1 RT (HIV) sequence is from GenBank accession no. P03366, and the LtrA
sequence is from accession no. Q57005. Structural data for the HIV-1 RT p66 and p51 subunits (lines 2 and 3) are from the X-ray crystal structure
of Ding et al. 1998 (2HMI.pdb). The JPred lines show secondary-structure predictions generated by JPred (http://www.compbio.dundee.ac.uk/
~www-jpred/submit.html). In both the determined and predicted structures, a-helices (H) are highlighted in red and B-strands (E) in yellow.
Conserved sequence blocks RT0-RT?7, as defined by Xiong and Eickbush (1990) and Zimmerly et al. (2001), are indicated by gray boxes. Gaps
in the sequence alignment are indicated by dashes. Protease-cleavage sites are indicated by arrows pointing to the LtrA sequence. Residues that
are identical or similar in the two proteins are shown in blue, with similar amino acids defined as hydrophobic, L, I, V, M, F, W, Y, A; acidic,
D, E; basic, R, K; and polar, S, T (Henikoff and Henikoft 1992). Some key amino acid residues discussed in the text, including HIV-1 RT K374
and LtrA A39, S462, K483, and Y529, are shown in red. Amino acid residues in the RT and thumb domains of HIV-1 RT that interact with the
template—primer (Ding et al. 1998) are underlined.
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The predicted secondary-structure similarities continue
between HIV-1 RT’s connection domain and LtrA’s D do-
main. The latter was shown previously to consist of an
upstream region containing basic amino acid residues (LtrA
positions 499-502), followed by a predicted a-helix (LtrA
positions 524-538; San Filippo and Lambowitz 2002). Both
regions are functionally important, and although not
strongly conserved in sequence, can be found in other
group II IEPs (San Filippo and Lambowitz 2002). The pre-
dicted o-helix in domain D of LtrA aligns with oK in the
connection domain of HIV-1 RT. In the latter, aK forms
part of the dimerization interface between p66 and p51 and
includes some residues that are close to the template—
primer, for example, 3.95 A for K374 in p66 (Ding et al.
1998; 2HMI.pdb). It will be pertinent below that HIV-1 RT
K374 aligns with LtrA Y529, the site of a mutation (Y529A)
that specifically inhibits second-strand DNA cleavage (these
and other key amino acid residues discussed in the text are
highlighted in red in Fig. 3; San Filippo and Lambowitz
2002). In the En domain, the program fails to predict a
C-terminal o-helix that, based on the structure of other

H-N-H endonucleases, is expected to be part of the H-N-H
active site (see San Filippo and Lambowitz 2002). In the
three-dimensional model below, the En domain was mod-
eled independently based on the X-ray crystal structure of
the H-N-H region of phage T4 endonuclease VII (Raaij-
makers et al. 2001; 1EN7.pdb).

RT domain insertions

To assess the validity of the predicted secondary structures
of LtrA’s N-terminal extension and RT domain insertions,
we compared them with predicted secondary structures for
the same insertions in a collection of non-LTR-retroele-
ment RTs (Drosophila jockey, mouse L1, and Bombyx mori
R2Bm) and representative group II intron RTs (Fig. 4). The
latter were selected from different group II intron RT lin-
eages, including the mitochondrial (LtrA and the yeast all
and al2 IEPs), bacterial classes A-E, and chloroplast lineages
(Martinez-Abarca and Toro 2000; Zimmerly et al. 2001).
Residues conserved in >50% of the aligned group II IEPs
are shown in blue.

Class [ RTO

I RT2a

RV HIV 1
RTP  Dm Jockey 410 YNYAPESLCRQVEEYLESPFQMSLPLSAVTLEEVKN
RTP  Mm Line 432 NLDEMDKFLDRYQVPKLNQDQVDHLNSPI f
RTP Bm R2Bm 360 DAPGPTPEALHALGRAEWHGGNRDYTQ
mt Ll LtrA 1 MKPTM' ILERISKNSQENIDEVFTRLYR!! 3

mt Sc all 228 STSDL EFEK V/DNMN-EEN NNNLLS KNVD . |
mt Sc aI2 260 NTTDFSELNK MENNHNKTET NTRILK SDIR
ba Ec Int4 1§
bB cd IEP
bC Pp MatPl
bD Sm RmIntl
bD Ec Int2
bD Ma Int5
bE Sm retA
cp Cs Calxl R
cp Av AVERT 28 RRVRG VR ’xmnngwnq-!mgw,

KLPLKK-APG

) RSPI?R AT

cp Ec Int5 29 REVRR' 'AR 'K TREGKHGK KS OW THSFSGR | TE-NS KRTPV‘-UDI:-QT'»'SSBPEVKMIII'LI”RG\K—- [43] --TADQR!

PISPIETVPVKL-KP:--MDGPKVKQP--LTEEK

LDDTADG-F SEEK KK 'QSLKDGTYY [44]

[64] [34]
[55] . LOHGTP Q/ HR VNF LEAM- [34]
[55] PGMOGHEMERKS ENVEHTINK
[50] 'LDA

TLETLDGG NMM ' NK SNELGTGKFK [43]
NNITLDGG NIS  NK SKDINTNMFK [43]
VNKTMEQARL ' ELQLRDELI/SGH [45]
NKRT1IDVGEENP QL QYVONRFNNF [44)
MT/ADL GHVKQYWP LKARL'AGE [44]
OT' EIT EKD AN 'KIWNR SSG [46] =-LFLPD
QS ADD DKR DN 'KIWNR SSG [46] --HFLAD.
EN| AA- ESD TNN KIWNR SSG [46] --LFHPD
IR/ MD- AGNMKNN TDLHRR HQG [48] --DFMGF:
[43] --KFEPN
[43] --TADRN

cp So petD 33 RWLENK ES 'CAKREGNIVL EK AQE | 'NSSFGR ' OT As- RSPGLSRESFKTTNENY MM TLEQITSNPH [46] --VADLS

cp Ns alr7120 60 RDLFR URR | K'VOAGNKRK RF Q'  KSKAGR | ' SQLUNACI VKSLDD NGR ELE TLKOSSGNWH [43] --TFHAR! TGRA! xuhne FSN SSE--

cp Eg ycfl3 22 RLLFK RR 'K SYIHDKKN YE O  OSNC R ' E /TOLSFNRRI KTTLNN' LER ELNE LRENWNNWK [42] --FFHPFNF YNVP YK 00 'LLN SNIS- [32]
Class RT3a RT4a RT7a

RV HIV SINN- ETP [36] DI [56] HPDKWIVQPIVLPEKD-—-—--—-—— 250
RTp Dm Jockey P@IVLI'KS!LEERT/HVSVDGYKS [36] DE EDV [83] DRKL 761
RTp Mm Line KA USKPVANIKVNGEKL [36] IKGIQIG KEEV [78] TREV 784
RTp  Bm R2Bm EQ CG |AH! YDTASTTL! [36] YRLEM: ELV [87] EASG 712
mt L1 LtrAa MK SQ ¥ TGy [36] KFDRESPERITPEYHRELHNEIKRI!

KG- JDLUYE LAl
KG (DY

mt Sc aTll

mt Sc a2 [36]

} [36] LYNK-GKV=mm=m=m KKQHPTYKK

K LEGEE-AKVLLEYQEKRKRLPTLPCTSQTNKVL. [60] RVRRSGTIKRSGKVKKRTLNGSVELL 387
3 LELHKERAKG----PTFIYNDPNFKR! [60] SITPLKRMPTVTKTIRGKTIRSRNTT 603
KLKLIRLRDHY-~--QRNMGSDKSFKR" [60] KVIPWEKRPYRMIKKGDNFIRVRHHT 639

ba Ec Int4 G [36] SGKARKDRWYWNNSIQRGR AVRENWOWKPAY [60] IRKRSHYGEMRVVS-—-——meeeeee 347
bB cd IEP G [35] GFPTKRKYSSLLSK DSIRKYSNLKE! [60] KVKKGKANGYTNRSRMCD- 357
bC Pp MatPl P [34] G H [58] SMHQOQPRL-——————m—mmmm 334
bD Sm RmIntl : [36] P DL [68] RPRRVANTQRDEFFCGYT--- 309
bD Ec Int2 G [36] P KV [68] RRRVVENVKRNSLFVSFT-—- 306
bD Ma Int5 G [35] HR YN [68] RPRRSKNKYGKH-FINFT-—- 305
bE Sm retA G [38] RRYATG NV [67] ISGKDRNGRFML-—————cm—m—mme 378
cp Ccs Calxl : [36] SQRG-GKVKNQ NST [68] KQYKVGKNDSGKLSNGKKLGYKTL-- 360
cp Av AVERT C [36] QRNTKASYKT KU [59] HKYGDKLLIK————=-——————————m 340
cp Ec Int5 5 [36] KRT VNP KV [59] RKYGGHMLIK-- - 342
cp So petD [36] N [61] RKVYRRNRKR-- - 353
cp Ns alr7120 -G mmrc'r [35] NQRI ESDIRY [58] IVQSNGKFNCT--— - 379
cp Eg ycfl3 -N ELG F  E - [29] VHNC V [55] KFSEKVRNGISAI-————————o——n 322

FIGURE 4. Predicted secondary structures for the N-terminal extension and RT domain insertions in non-LTR-retrotransposon and group II
intron RTs. Retrotransposons (RTP) are the Drosophila melanogaster jockey element (Dm Jockey, accession no. JT0396), Mus musculus LINE1L
element (Mm Line, GNMSLL), and Bombyx mori R2Bm (Bm R2Bm, T18197). Group II IEPs belong to the mitochondrial (mt); bacterial A, B,
C, D, and E (bA, bB, bC, bD, bE, respectively); and chloroplast (cp) lineages. Accession numbers are: Lactococcus lactis LtrA (Ll LtrA, Q57005);
Saccharomyces cerevisiae all and al2 (Sc all and al2, NP_009310 and NP_009309, respectively); Escherichia coli intron 4 (Ec Int4, BAA84894);
Clostridium difficile IEP (Cd IEP, X98606); Pseudomonas putida matP1 (Pp MatP1, AF101076); Sinorhizobium meliloti RmIntl (Sm Rmlintl,
NP_438012); E. coli intron 2 (Ec Int2, S50828); Methanosarcina aromaticovorans intron 5 (Ma Int5, AAMO07961); Serratia marcescens marll (Sm
marll, AF027768); Calothrix species CalX1 (Cs CalX1, CAA50529); Azotobacter vinelandii I-AvERT (Av AVERT, AAL25965); E. coli O157:H7
intron 5 (Ec Int5, T00245); Scenedesmus obliquus petD (So petD, P19593); Nostoc species PC7120 alr7241 (Ns alr7120, BAB78325); Euglena gracilis
ycf13 (Eg ycf13, NP_041894). a-Helices are highlighted in red, and B-strands in yellow. Conserved residues found in >50% of the group II IEPs

are shown in blue.
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The alignments show that an N-terminal extension con-
taining RTO is present in both the non-LTR-retrotranspo-
son and group II intron RTs, but is variable in length, being
shortest in the bacterial class D group II intron IEPs (Fig. 4).
In all cases, the N-terminal portion of RTO forms a pre-
dicted a-helix, which contains a conserved alanine (LtrA
A39) surrounded by predominantly apolar/hydrophobic
amino acids, while the C-terminal portion contains addi-
tional conserved residues and immediately precedes a pre-
dicted a-helix that aligns with an a-helix near the N ter-
minus of HIV-1 RT. In those group II intron RTs with
longer N-terminal extensions, RT0 is generally preceded by
a region containing two predicted a-helices, which are not
predicted for the corresponding region of non-LTR-retro-
transposon RTs.

Insertions 2a and 3a also have conserved features in both
non-LTR-retrotransposon and group II intron RTs. In all
cases, insertion 2a is predicted to consist of an N-terminal
loop and a C-terminal a-helix. In the group II intron RTs,
the loop contains a strongly conserved sequence motif
SYGFRPX(K/R)S (LtrA residues 130-138) (Figs. 3, 4),
which is present in shorter form in the non-LTR-retrotrans-
poson RTs. Insertion 3a in all the proteins consists of a
predicted N-terminal a-helix followed by a variable length
loop region, which contains small predicted B-strands in
several cases. The a-helix in 3a contains well-conserved
arginine and lysine residues and is followed by conserved

sequence AG(hydrophobic),(acidic)X,,G in the group II in-
tron RTs (LtrA residues 184-202; Figs. 3, 4).

By comparison to the above, insertions 4a and 7a are
more variable. Insertion 4a is longest in the mitochondrial
lineage group II intron RTs, and within that lineage has
sequence and predicted secondary-structure similarities not
shared by the other proteins. Insertion 7a, the linker be-
tween the RT and X/thumb domains, is of variable length,
being longest in the three mitochondrial lineage and one
chloroplast lineage IEPs (Calothrix). It is generally rich in
basic amino acids, and its N-terminal part is predicted to
form B-strands in a number of proteins.

The finding that the N-terminal extension and other in-
sertions have conserved sequence and predicted secondary
features in diverse non-LTR-retroelement and group II in-
tron RTs suggests that they are not simply expansion loops
and that some or all may be functionally important.

Predicted secondary structure of domain X

Figure 5 shows the predicted secondary structures of the
domain X region for the same collection of non-LTR-ret-
rotransposon and group II intron RTs as in Figure 4. A
sequence logo for domain X based on the group II IEP
alignment is shown below. Strikingly, in each protein, the
predicted secondary structure for domain X has three pre-
dicted a-helices, which potentially correspond to a-helices

Class aH ti al ad
RV HIV 251 -SWTVNDI QK 'GK! NW/ SQIY PGIKVRQ! SK!|LRGTKALTEV I P--LTEE/ ELE| AENREI KEPVHGVYYDPSKDLIAEIQKQGQGOWT 338
RTP Dm Jockey 762 --TFSRH TN QQA'  TK! ARMSWLIA----—- PRNKLSLGCKVN | 'KS LAPCLF/GLQ 'YGIA---AKSHLNK R ' QAKT!/RISGAPWYMRTRDIERDLKV ————-— 855
RTP Mm Line 785 KDLYDKN | S'KKE! ED RRWKDL-—-————-——— PCSWIGRIN ‘KM ILPRAT RFN IPT-———-- KIPTQ FNE EG CR WNNKKPRIAKSLLKDKRTSGGIT 878
RTP Bm R2Bm 713 CVTLEHS SS | NN SR PLKPQORLE RAHLIPRFQHGF!! GN'S—---DDRLR D QO RK GQ PA--DVPKAYYHAAVODGGLA 799
mt Ll LtrA 'FDK'  QKKDSSWF----PVHRKYLIRSTDLE TI |SE | AS--NFNQL“: J\! VEYSCL T .smr\-cm.«xnsup DGSGSWG 490
mt Sc aIl RPIINAP| ‘D' NK ATNGYCKHNKNGRMGVPTRVGRWTYEEPRT NN KA G « 1L 711
mt Sc aI2 640 SLVVNAP| S MK NKHGYCSHGILGK---PRGVGRLIHEEMKT MH LA A TY 744
bA Ec Int4 -'r:mnx.:,nm \ASLTALLSGNYSE 439
bB cd IEP I 445
bC Pp MatP1l 425
bD Sm RmIntl 401
bD Ec Int2 A 398
bD Ma Int5 ,Y---xsz_mc (KH'NRAI T/ :LxL-stm-x “RR RY 397
bE Sm marIl i 472
cp Cs Calxl 451
Ccp Av AVERT 429
cp Ec Int5 \AYHQHIV--RAKVA NK DNE w " ‘*ﬂHP--NKGKmRKNTP‘HQQGA 431
cp So petD ICGY | 'Rr\H-TSGYV §S GY | KQ HC /'T' --DKFD ANHT NEI LS 447
cp Ns alr7120 380 ——Psnmrr':-'xéf'anx\.' /| 'HR®CD-MSGSR' SL| ' LSKRTHT FNKET ND--HE SIKL Q' PKUPC 468
cp Eg ycfl3 323 --PSLNN QF NR nv /NNSN. N RE HKYSD-LRSLS SL ' VRKHAFS FNSESiQD--FY S RL F/ SFrLVSES 411
3_.
2
(/2]
—
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FIGURE 5. Predicted secondary structure of the domain X region in non-LTR-retrotransposon and group II intron RTs. The corresponding
regions of the thumb and connection domain of HIV-1 RT are shown above. The alignment was made by positioning the JPred predicted
secondary-structure elements and then adjusted manually to maximize homology. Abbreviations, accession numbers, and symbols are as in
Figures 3 and 4. The sequence logo (Schneider and Stephens 1990; Crooks et al. 2004) shows the information content (3 bits = no degeneracy)
for each position in domain X of the group II IEPs. Amino acids are colored according to properties: hydrophobic, green (P, L, I, V, M, F, W,
Y, and A); basic, blue (R, K, and H); acidic, red (D and E); polar, yellow (N, Q, S, and T); and black (G and C).
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aH, oI, and «f in the thumb of HIV-1 RT. The sizes of
these helices and the spacing between them are similar to
that in HIV-1 RT, except that the somewhat longer spacing
previously noted between aH and ol in LtrA (insertion ti)
is also found in the other mitochondrial lineage IEPs. Fur-
thermore, in all the proteins, the predicted aH and al he-
lices have conserved hydrophobic residues at a spacing of
~3.5 residues, placing them on one side of the helix. The
two most strongly conserved motifs in domain X,
RGWXNYY (LtrA residues 437-443) and R(K/R)XK (LtrA
residues 469-472), are found at or near the C termini of ol
and a], respectively.

The domain X region of group II intron RTs extends
downstream of oJ into the region corresponding to the
connection domain of HIV-1 RT (Mohr et al. 1993). This
downstream region contains a conserved lysine residue at
domain X position 103 (K483 in LtrA) (Fig. 5), along with
a number of moderately conserved residues and is predicted
to form an a-helix in most proteins, LtrA being one of the
exceptions. In HIV-1 RT, this region of the connection
domain begins a three-stranded -sheet, which is part of the
dimerization interface.

A

Together, these findings suggest that there is conserved
structural similarity between the domain X regions of group
II intron RTs, the corresponding regions of non-LTR-ret-
rotransposon RTs, and the thumb of HIV-1 RT, consistent
with a common evolutionary origin of the thumb in all
these RTs.

Three-dimensional model of LtrA

The sequence homology between LtrA and HIV-1 RT en-
abled us to construct a three-dimensional model of LtrA by
threading the aligned amino acid sequence of the RT, X,
and D domains onto X-ray crystal structures of HIV-1 RT
(Fig. 6). LtrA is a homodimer (Saldanha et al. 1999), but
there are indications that it is monomeric in solution with
dimers assembling on the intron RNA (Rambo and Doudna
2004). Thus, it is possible that the two subunits adopt dif-
ferent tertiary structures dictated by asymmetric interac-
tions with the intron RNA and/or the other subunit. For the
modeling, we made the likely assumption that one subunit
of LtrA (subunit A) has a structure analogous to that of the
active p66 subunit of HIV-1 RT. The second subunit (sub-

B

FIGURE 6. Three-dimensional model of LtrA and comparison with HIV-1 RT. (A) X-Ray crystal structure of HIV-1 RT (Ding et al. 1998;
2HMI.pdb). The p66 subunit is white with the RNase H domain in green, and the p51 subunit is light cyan. Amino acid residues involved in
binding template—primer DNA (Ding et al. 1998; 2HMI.pdb) are shown in yellow with side chains. (B) LtrA model. Subunits A and B
corresponding to HIV-1 RT p66 and p51 are white and light cyan, respectively. Insertions in LtrA relative to HIV-1 RT are red and named
according to the insertion number, followed by a subscript A or B denoting the subunit. Cognate amino acids in the RT and X domain that align
with those involved in template—primer binding in HIV-1 RT are shown in yellow with side chains. The matrix used was that of Henikoff and
Henikoff (1992; see legend Fig. 3), plus D or K=N, R=Q, Q=K, and N =S (Yeerassamy et al. 2003). Palm (P), fingers (F), thumb (T) in both
proteins, and DNA-binding domain (D) in LtrA are indicated, with subscripts A or B denoting subunits A (p66) or B (p51), respectively. The
N termini of HIV-RT p66 and p51 and the modeled regions of LtrA subunits A and B (N, and Ny, respectively) are indicated with spheres. R85

and R364 are amino acid residues at the major proteolytic cleavage sites.
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unit B) could be structurally similar to HIV-1 RT’s p66 or
p51 subunits, or it could have some variation of these struc-
tures. To enable us to model dimers based on HIV-1 RT
X-ray crystal structures, subunit B of LtrA was threaded
onto the structure of the p51 subunit. This is an equivocal
assumption, but necessary since the HIV-1 RT is at present
the only available RT dimer structure. For threading, we
used both the HIV-1 RT “open” structure in the presence of
bound template—primer (Ding et al. 1998; 2HMI.pdb) and
the “closed” structure with the fingers shifted down to bind
the incoming dNTP (Huang et al. 1998; 1RTD.pdb). LtrA
threads equally well on both structures, and only the model
based on the open structure is shown.

Figure 6 shows ribbon diagrams comparing the LtrA
model with the HIV-1 RT structure (Ding et al. 1998;
2HMI.pdb). Insertions in LtrA relative to HIV-1 RT are red;
shown in yellow with side chains are amino acid residues
that interact with the template—primer in HIV-1 RT and
similarly situated cognate residues in LtrA’s RT and X do-
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mains (see below). Figure 7 shows three views of the LtrA
model rendered as surface diagrams, with panels A—C dis-
playing electrostatic surface potential, and panels D-F high-
lighting the most highly conserved regions in unigenic evo-
lution analysis of splicing-competent LtrA variants (Cui et
al. 2004).

LtrA fits very well onto the core tertiary structure of
HIV-1 RT, with subunit A folding into fingers, palm, and
thumb (Fig. 6). The dimerization interface between the p66
palm and the p51 fingers of HIV-1 RT is maintained in the
LtrA model. However, the dimerization interface between
the connection domains of p66 and p51 differs significantly,
reflecting that most of the HIV-1 RT connection domain is
replaced in LtrA by the D and En domains, whose contri-
bution to dimerization is unknown. In the model, the pre-
dicted a-helices in the D domains of the two subunits of
LtrA are placed at this interface in the same orientation as
the oK helices in the two subunits of HIV-1 RT. In both
HIV-1 RT and the LtrA model, these helices present long

180° RGWXNYY, Fa l: "
1;', *R(KIR) { Il
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FIGURE 7. LtrA model showing electrostatic surface potential and regions conserved in splicing-competent LtrA variants in unigenic evolution
analysis. (A-C) Surface diagram colored according to electrostatic potential. The computationally set cutoffs are negative charge (red) —1, neutral
(white) +5, and positive (blue) +11. (D-F) Translucent surface diagrams in the same orientations as A—C, highlighting regions that were
hypomutable in unigenic evolution analysis of splicing-competent LtrA variant selected from a library with random mutations. Residues that fall
within a 25-amino-acid sliding window with mutability values = —0.25 are red, and those with scores > —0.25 are white or light cyan for subunits
A and B, respectively (see Cui et al. 2004 for an explanation of mutability values). The side chains of key amino acids $462, K483, R(K/R)XKA,
and RGWXNYY can be seen at or beneath the surface, while insertions ti and 3a are shown as ribbons beneath the surface. The views in panels

A and D are similar to those in the ribbon diagram of Figure 6B.
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hydrophobic surfaces that interact with distal regions of the
other subunit. The third dimerization interface between the
p51 thumb and the p66 RNase H domain in HIV-1 RT is
not present in LtrA, but also appears to be the least impor-
tant, since p51/p51 homodimers lacking this interface are
partially functional (Wang et al. 1994). Weaker dimeriza-
tion interactions could account for the finding that LtrA
appears to dimerize only on RNA binding (Rambo and
Doudna 2004).

The model based on HIV-1 RT places the N termini of
LtrA subunits A and B in proximity to each other on the
same side of the protein. The N-terminal 36 residues of
LtrA were not modeled, while the remainder of the N-
terminal extension, including RT0, was modeled on the
HIV-1 RT structure based on the alignment of the a-helix
upstream of RT1 (see Fig. 3). The model places most of the
insertions in LtrA’s RT domain on the back of the hand and
behind the thumb, oriented away from the palm and finger
domains, so as not to interfere with the formation of the RT
active site (see Materials and Methods for details of how the
insertions were modeled).

Domain X models well on the tertiary structure of the
HIV-1 RT thumb, with the three predicted «-helices,
corresponding to aH, al, and oJ, packing together in the
same relative orientation as in HIV-1 RT. The small inser-
tion, ti, between aH and al protrudes on the side farthest
away from the fingers and the DNA-interaction sites (Fig.
6B). The domain X sequence RGWXNYY (residues 437—
443), which is conserved in group II IEPs (see Fig. 5), is
situated near the tip of the thumb in both subunits (Fig. 7),
while the conserved sequence R(K/R)XK (residues
469-472), which is near the end of aJ, is located on the
surface in subunit B, but is buried in a hydrophobic pocket
at the base of the thumb in subunit A (Fig. 7). The region
of domain X downstream of «J, which includes the con-
served residue K483 (see Fig. 5), lies on the exterior of the
protein in both subunits (Figs. 6, 7). K483 is completely
solvent-accessible on the surface of the protein, while S462,
a site of mutations affecting maturase activity (Moran et al.
1994; Cui et al. 2004), is located in a small hydrophobic
pocket (Fig. 7).

Domain D is modeled on the aligned region of the con-
nection domain of HIV-1 RT, with the predicted a-helix in
domain D taking the place of aK (Fig. 6). In subunit A, this
a-helix lies almost parallel to the wall of the nucleic acid-
binding track, while in subunit B, the domain D a-helix is
perpendicular to that in subunit A, with its N terminus near
the nucleic acid-binding track. As mentioned previously,
oK of HIV-1 RT forms part of the dimerization interface
between the connection domains and includes some resi-
dues that could potentially interact with the template—
primer (Ding et al. 1998; Huang et al. 1998). Although there
is no experimental evidence that the predicted domain D
a-helix is functionally equivalent to oK of HIV-1 RT, the
position of the domain D helix in the model raises the

possibility that it functions in both DNA-binding and
dimerization.

The model readily accounts for the major proteolytic
cleavage sites (see positions R85 and R364 in Fig. 6). In both
subunits, the Arg-C cleavage site in RT1 (R85) is located in
a solvent-exposed loop immediately preceding a small
B-strand, and the Arg-C and trypsin cleavage sites at R364,
R371, and R378 are located in the 3-sheet between the palm
and the thumb (see also Fig. 3). The latter cleavage sites are
analogous to two protease-sensitive sites found in the linker
between the palm and thumb of MMLV RT (Georgiadis et
al. 1995). In HIV-1 RT, a protease cleavage site was found
in the same B-sheet in RT7 after partial denaturation with
SDS (Lowe et al. 1988). With the exception of R371, which
is in the middle of a predicted B-strand, all the cleavages in
LtrA are predicted to be in loops preceding B-strands (see
also Fig. 3).

Potential nucleic acid-binding regions

The template—primer binding track of HIV-1 RT is a posi-
tively charged groove that extends from the polymerase ac-
tive site to the RNase H domain (Bebenek et al. 1997; Ding
et al. 1998; Huang et al. 1998). In both the open and closed
structures, contacts with the template—primer are made by
the p66 template grip (RT2 and RT4), YMDD in RTS5,
primer grip (RT7), aH and al in the thumb, parts of the
p66 and p51 connection domains, and the RNase H domain
(Ding et al. 1998; Huang et al. 1998; Morris et al. 1999).
In the LtrA model, the fingers, palm, and thumb form a
putative template—primer binding track analogous to that of
HIV-1 RT. In the electrostatic surface potential diagram,
this track is seen as a ribbon of positive charge (blue) that
extends along the groove formed by the fingers and thumb
of subunit A, passes over D, and into subunit B (Fig. 7A).
In subunit A, the track includes regions corresponding to
the HIV-1 RT template-grip (RT2 and RT4), RT-5, and
primer-grip (RT7), as well as a-helices aH and ol of the
thumb/domain X, which interact with the minor groove of
the template—primer duplex (Ding et al. 1998; Huang et al.
1998). Furthermore, many of the residues that contact the
template-primer in the HIV-1 RT and thumb domains have
similarly situated identical or cognate residues in LtrA—12
of 23 using the similarity matrix of Henikoff and Henikoff
(1992) and 17 of 23 using a more relaxed matrix with D or
K=N, R=Q, Q=K, and N=S§ (Veerassamy et al. 2003;
residues are underlined for HIV-1 RT in Fig. 3 and shown
in yellow with side chains in Fig. 6). Interestingly, parts of
two conserved insertions in LtrA, 2a, and 3ag, lie near
residues potentially involved in template—primer binding
(Fig. 6B). We note that LtrA is considerably more basic than
HIV-1 RT (pIs 9.60 and 8.69, respectively, as calculated by
the algorithm ProtParam; Wilkins et al. 1999), and the scale
of the electrostatic potential diagram has been appropriately
adjusted to highlight the track (see Fig. 7 legend).
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Recently, we used unigenic evolution to identify regions
of LtrA that are highly constrained (“hypomutable”) in
splicing-competent LtrA variants isolated from a library
containing random mutations (Cui et al. 2004). These stud-
ies together with additional biochemical analysis of mutant
proteins showed that the N terminus of the RT domain is
required for interaction with the high-affinity binding site
in intron subdomain DIVa, while other regions of the RT
and X domains may interact with conserved regions of the
intron’s catalytic core. In Figure 7D-F, portions of LtrA that
were highly constrained regions in the unigenic evolution
analysis (mutability values = —0.25 calculated across a 25-
amino-acid residue sliding window) are red. These regions
potentially comprise an extended RNA-binding surface
consisting of parts of the RT and X domains in and around
the template—primer binding track, distal regions of the
fingers, including all of insertion 3a, and patches on the
back of the molecule, including all of thumb insertion ti.
Indeed, insertions 3a and ti were among the most highly
constrained sequences in the unigenic evolution analysis,
arguing for their functional importance (Cui et al. 2004).
S462 and the sequence R(K/R)XK in the thumb fall within
the highly constrained regions (Fig. 7D-F), while K483 and
RGWXNYY were also constrained in the unigenic evolution
analysis (Cui et al. 2004), but are not part of larger regions
that meet the statistical or length criteria to be colored red
in Figure 7D-F. Additionally, the constrained regions in the
nucleic acid-binding track and the back of the hand overlap
with the most positively charged regions in the electrostatic
potential diagram (Fig. 7D-F). Nucleic acid binding on the
back of the hand has been found in T7 RNA polymerase
(Tahirov et al. 2002; Yin and Steitz 2002, 2004) and sug-
gested in a model for HIV-1 RT binding of the tRNA;""*
primer (Isel et al. 1999). The highly constrained regions in
and around the nucleic acid-binding track in the LtrA
model suggest that there could be some overlap in protein
regions that bind the intron RNA for RNA splicing and
those that later bind the cleaved target DNA for initiation of
reverse transcription. If so, the high-affinity binding of
DIVa to the N-terminal fingers region and/or other sites on
the back side of LtrA may be critical for maintaining contact
with the intron RNA, when weaker RNA contacts in the
template—primer binding track are displaced by DNA for
initiation of reverse transcription.

Model with double-stranded DNA target site

The RNP complex initiates mobility by recognizing DNA
target sites, using a mechanism in which both the IEP and
base-pairing of the intron RNA contribute to the recogni-
tion of DNA target sequences (Singh and Lambowitz 2001).
The first step in DNA target site recognition is thought to
involve major groove interactions between the IEP and
nucleotide residues in the distal 5'-exon region, including
T-23, G-21, and A-20 (Singh and Lambowitz 2001). These
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base interactions bolstered by phosphate-backbone interac-
tions lead to local DNA unwinding, enabling the intron
RNA to base pair to target site positions between positions
—12 and +2 (EBS/IBS and 3-8’ interactions). Bottom-
strand cleavage between positions +9 and +10 occurs after
a lag and requires additional interactions between the IEP
and 3'-exon, the most critical being recognition of T+5
(Mohr et al. 2000; Singh and Lambowitz 2001).

We wished to use the LtrA model to visualize how group
IT IEPs might interact with the DNA target site during in-
tron mobility. It seemed most instructive to consider the
bottom-strand cleavage step. This step requires both the
initial IEP contacts with the 5’'-exon and additional contacts
with the 3'-exon (see Mohr et al. 2000; Singh and Lam-
bowitz 2001), but it is not known whether the contacts with
the 5’-exon precede those with the 3'-exon or whether the
two sets of contacts occur simultaneously.

To incorporate the bottom-strand cleavage step, a mod-
eled En domain (red) and a docked LL.LtrB target DNA
(green and yellow for top and bottom strands, respectively)
were added to the LtrA dimer model (Fig. 8). The En do-
main was modeled on the phage T4 endonuclease VII struc-
ture (Raaijmakers et al. 2001; 1EN7.pdb), with the H-N-H
active site positioned to cleave the scissile phosphate in the
target DNA, as in the X-ray crystal structure of colicin E7
with bound DNA substrate (Hsia et al. 2004; 1PT3.pdb).
The N terminus of the En domain is 35 A from the C
terminus of monomer A and 54 A from that of monomer B,
but is left unattached to either subunit. Attachment would
require unfolding ~5 amino acids at the C terminus of
domain D and ~15 amino acids at the N terminus of the En
domain at little cost to the integrity of the model, since
these 20 residues are already in an unstructured conforma-
tion. The attachment would be easier for monomer B, since
there is no intervening protein or DNA, but would require
restructuring of intervening protein regions for mono-
mer A.

The trajectory of the DNA backbone was modeled based
on the HIV-1 RT model structure described in Peletskaya et
al. (2004; 1ROA.pdb), which adds a 5'-extension to the
DNA template strand in the crystal structure of Huang et al.
(1998; 1RTD.pdb). This structure includes a 40° bend with
a change from B-form to A-form DNA 5 bp to the primer
side of the RT active site. Such a bend is commonly found
for template—primer DNA bound to RTs, RNA polymer-
ases, and some DNA polymerases (Ding et al. 1997). The
template (top) strand (green in Fig. 8) continues around the
back of the fingers (Peletskaya et al. 2004) and is extended
as B-form duplex DNA from position —14 to —30, a region
known to be double-stranded in complex with LLLtrB
RNPs (Singh and Lambowitz 2001). Although the modeled
DNA is clearly a simplification of the actual structure in
which the intron RNA is base-paired to the top strand be-
tween positions —12 and +2 (Singh and Lambowitz 2001),
it provides insight into distance considerations.
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FIGURE 8. LtrA dimer model with the En domain docked to the DNA target site for the
bottom-strand cleavage step. (A) Stereoviews of the LtrA model with docked DNA. The protein
is shown as a ribbon diagram, with the DNA backbone in space-filling representation. The
protein model has a translucent surface representation superimposed on the ribbon and space-
filling representation to make it easier to see where the protein boundaries fall relative to the
DNA. The En domain (red) is modeled on the structure of phage T4 endonuclease VII
(Raaijmakers et al. 2001; 1EN7.pdb), with its active site positioned to interact with the scissile
phosphate between bottom-strand positions +9 and +10 of the LL.LtrB DNA target site, as in
the structure of colicin E7 with bound DNA substrate (Hsia et al. 2004; 1PT3.pdb). The
backbone structure of the DNA is based on that in the HIV-RT model structure of Peletskaya
et al. (2004; 1R0A.pdb) extended on both ends as canonical B-form helix and with its sequence
changed to match the LL.LtrB DNA target sequence (panel C). The top and bottom strands of
the DNA are green and yellow, respectively with bottom-strand position +9, top-strand posi-
tions —23, —21 and +5, and the intron-insertion site (IS) between top-strand positions —1 and
+1 labeled. Monomers A and B are white and light cyan, respectively. (B) Amino acid sequence
alignment of LtrA’s En domain with endonuclease VII (accession no. P13340). JPred-predicted
and X-ray crystallography determined secondary structures are shown below. a-Helices and
B-strands are highlighted in red and yellow, respectively. Identical and similar amino acid
residues, defined as in Figure 3, are shown in blue. (C) LLLtrB target sequence. The intron-
insertion site (IS) and bottom-strand cleavage sites (CS) are indicated. Asterisks indicate the
T-23, G-21, and T+5 nucleotide residues recognized by the IEP.

As indicated above, the initial con-
tacts with T—23, G—21, and A—20 in the
distal 5'-exon region of the DNA target
site are required for both reverse splic-
ing and bottom-strand cleavage. In the
model, top-strand position —21, the
most critical residue in the distal 5'-
exon region, is approximately one half-
turn on the back side of subunit A near
the back of the fingers. If the DNA were
modeled as straight B-form helix
throughout, position —21 would be even
farther out of the range of the protein.
Thus, in order to contact G—21 and T+5
simultaneously, the DNA would have to
be bent backward. An audacious possi-
bility is that the bend could be sharp
enough for G-21 to contact domain D
on the back side of the protein. Alter-
natively, positions —21 and +5 may be
contacted at different times (e.g., if the
protein binds first to the distal 5'-exon
region for the initial reverse splicing
step, then binds to +5 to catalyze sec-
ond-strand cleavage), or the two sub-
units of the dimer may be oriented dif-
ferently than in HIV-1 RT, so that the D
domains of different subunits are on op-
posite sides of the molecule.

Finally, we note that mutant LtrA
proteins deleted for the En domain or
with mutations in its conserved se-
quence motifs retain maturase activity,
but lack RT activity (San Filippo and
Lambowitz 2002). These findings sug-
gest that the En domain is not required
for the formation of the core structure
or dimerization, both of which are pre-
sumably required for maturase activity,
but might at some stage of the reaction
interact with and activate the RT do-
main. Such an interaction could well oc-

Despite the considerable uncertainties in the model, it is
remarkable that with the En active site placed at bottom-
strand position +9, the top strand T+5, which is critical for
bottom strand cleavage, is positioned within 4 A of domain
D, residue Y529, a site of mutations that specifically inhibit
second-strand cleavage (San Filippo and Lambowitz 2002).
Further, the intron-insertion site (IS) between top-strand
positions —1 and +1 falls near the subunit A fingers facing
out. From the latter position, the intron RNA, which is not
shown in the model, could continue to interact with po-
tential RNA-binding sites in distal regions of the fingers and
the back of the hand. Insertions 2a, and 3ay are close to the
3’-end of the priming (bottom) strand.

cur after the bottom-strand cleavage step modeled in Figure
8, concomitant with the repositioning of position +10 to the
RT active site to initiate reverse transcription. Recent stud-
ies have provided evidence that a potentially analogous in-
teraction with HIV-1 integrase is required for initiation of
reverse transcription by HIV-1 RT (Zhu et al. 2004).

Summary

Together, our results suggest that the RT and X domains of
group II IEPs are structurally homologous to the RT and
thumb domains of HIV-1 RT, except for an N-terminal
extension and several insertions that are present in group II

www.rnajournal.org 25



Blocker et al.

IEPs, but not in retroviral RTs. Furthermore, partial prote-
olysis is consistent with the modeled structure, and a major
protease-sensitive stretch is coincident with prominent
cleavage sites in retroviral RT. An important observation
from our studies is that the N-terminal extension and in-
sertions 2a and 3a appear conserved structurally in other
group II intron and non-LTR-retrotransposon RTs, while
insertions 4a, 7a, and ti are conserved structurally only in
some lineages of group II intron RTs (Fig. 4). The conser-
vation of these insertions in different RTs as well as unigenic
evolution analysis, which shows that insertions 3a and ti are
highly constrained in splicing-competent LtrA variants (Cui
et al. 2004), suggests that they are functionally important.
One possibility is that the N-terminal extension and some
of the insertions contribute to the specific binding of the
RNA template, which determines the cDNA initiation site
in group II intron and non-LTR-element RTs (see Intro-
duction). If so, these regions may have been lost during the
evolution of retroviral RTs, concomitant with the stream-
lining of the ¢cDNA initiation mechanism to use a base-
paired RNA primer.

Another major conclusion from our results is that do-
main X of group II IEPs and the corresponding region of
non-LTR-retroelement RTs appear structurally homolo-
gous to the thumb of retroviral RT. In all cases, this region
is predicted to contain three a-helices, whose size and spac-
ing are similar to those of the three a-helices in the HIV-1
and MMLV RT thumbs (Fig. 5). Furthermore, as in retro-
viral RTs, we find that a major site of proteolytic cleavage is
between RT7 and the thumb/domain X (see also Rambo
and Doudna 2004), presumably reflecting similar protein
folds that leave the junction exposed. Together, these find-
ings are consistent with a common evolutionary origin for
the thumb of all these RTs, with divergence and acquisition
of a role in RNA splicing in the case of group II IEPs.
Domain X in group II IEPs contains an additional con-
served region that is located downstream of the three pre-
dicted a-helices and may also contribute to RNA splicing.
Additionally, domain X of LtrA and other mitochondrial
lineage IEPs contains a small insertion, ti, which is highly
constrained in splicing-competent LtrA variants (Culi et al.
2004) and could be a recent structural adaptation for RNA
splicing in these IEPs.

The three-dimensional model of LtrA suggests that at
least one LtrA subunit likely has a structure analogous to
that of the active p66 subunit of HIV-1 RT, with a tem-
plate—primer binding track that contains appropriately po-
sitioned cognates of many of the amino acid residues in-
volved in template—primer binding in HIV-1 RT (Fig. 6). By
using the model to display the results of unigenic evolution
analysis, we found that regions that are highly constrained
in splicing competent LtrA variants are located in and
around the template—primer binding track, in the extended
fingers region, and on the back of the hand, with the sites in
the template—primer binding track and the back of the hand
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overlapping the most basic regions of the protein. These
findings suggest an extended nucleic acid-binding surface
that could interact with different regions of the intron RNA
to stabilize the active RNA structure. Finally, the docking of
target DNA to the LtrA model indicates that LtrA is likely
too small to simultaneously contact nucleotide residues in
the distal 5'-exon and 3'-exon regions of the DNA target
site, unless the target DNA is bent. Thus, the model frames
specific questions about DNA and RNA binding that can
now be addressed experimentally.

MATERIALS AND METHODS

Protein purification and RNP formation

LtrA was expressed in E. coli BL21(DE3) from pImp-1P, and un-
spliced precursor and lariat RNA were made from pGMAOREF, as
described (Saldanha et al. 1999). RNPs were formed with 2 uM
LtrA (0.4 mg/mL) and 5 uM gel-purified intron lariat (2 mg/mL),
so that all protein molecules are potentially bound. In addition to
standard conditions, RNP formation was also done at 450 mM
NaCl. Prior to the reaction, 14-28 pM intron RNA (5.6-11 mg/
mL) was renatured in 100 mM NaCl, 5 mM MgCl,, 10 mM Tris-
HCI (pH 7.5). The mixture was heated to 65°C and slowly cooled
to room temperature. Then, 2.8 uM LtrA (0.5 mg/mL) was added,
and the buffer conditions were adjusted to either 100 or 450 mM
NaCl, 5 mM MgCl,, 20 mM Tris-HCI (pH 7.5), and 5 mM 3-mer-
captoethanol. The RNA and LtrA were incubated at 25°C for 45
min to allow for complex formation. LtrA was incubated with 2
mg/mL yeast tRNA (Invitrogen) in the same protocol used for
RNP formation with purified lariat RNA.

Protease digestion and identification
of proteolysis products

LtrA, in the absence of RNA, or in the presence of lariat or pre-
cursor RNA, was digested with trypsin (Promega) or Arg-C
(Roche) at a final concentration of 1.9-3.8 ng/puL in 100-pL reac-
tions containing 0.4 mg/mL LtrA in Tris-HCI (pH 8). Reaction
mixtures were incubated at 37°C or at room temperature for 60
min. Aliquots (20 pL) were removed at different times and
quenched by adding SDS-PAGE loading dye. Proteolysis products
were separated by 15% SDS-PAGE.

LtrA proteolysis products were analyzed to determine fragment
sequences by mass spectrometry or N-terminal sequencing. HPLC
and mass spectrometry were performed as described by Derbyshire
et al. (1997). For microsequencing, the protein was blotted from
the gel, and Edman degradation was performed as described by
Yao et al. (1996).

Sequence alignments
and secondary-structure predictions

Protein sequences were aligned using conserved sequences in RTO0,
1, 2a, 4, 5, and 7, and alignments were refined manually based on
predicted secondary structures and multiple sequence alignments
of HIV-1, group II intron, and non-LTR-retroelement RTs. Sec-
ondary-structure predictions were made by the JPred server
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(http://www.compbio.dundee.ac.uk/~www-jpred/submit.html; Cuff
et al. 1998; Cuff and Barton 2000). This server first uses PSI-
BLAST to scan a filtered SWISS-PROT/TRMBL database for re-
lated sequences and uses them to generate multiple sequence
alignments. PSI-BLAST and HMMPSSM profiles extracted from
the alignment are then used as input for Jnet, two connected
neural networks trained on a set of 480 known protein structures.
The first predicts the propensity for coil, a-helix, or B-sheet at
each position using a 17-residue sliding window, and the second
uses the output of the first to refine the prediction at each position.

Three-dimensional structural modeling

A three-dimensional model of LtrA was constructed by threading
the aligned primary sequence onto X-ray crystal structures
of HIV-1 RT (Ding et al. 1998; 2HMI.pdb; Huang et al. 1998;
IRTD.pdb). Threading was done using the alignment interface
tool of Swiss Model (Schwede et al. 2003). The threading program
automatically models insertions relative to HIV-1 RT by searching
the database for similar sequences of known tertiary structure and
places them in situ by reducing steric and electrostatic clashes. The
secondary structures of the insertions as modeled by Swiss Model
were altered manually when necessary to fit the JPred prediction
(see above) by adjusting the ¢/ backbone angles, while main-
taining the original placement and orientation of the insertions.
The model was energy minimized by 400 steps of steepest descent
using the GROMOS96 force field with a 9 A nonbonded cutoff
(Scott et al. 1999). The two subunits of LtrA dimers were docked
by aligning the modeled monomers to the a-carbons of the HIV-1
RT dimer structure.

LtrA’s En domain was modeled on T4 phage endonuclease VII
(Raaijmakers et al. 2001; 1EN7.pdb). Swiss Model failed to thread
the En domain directly on the T4 endonuclease VII structure
because of insufficient sequence homology. Instead, the model was
constructed by using the amino acid backbone coordinates of
endonuclease VII, and changing the side chains to match the En
domain of LtrA. Two small insertions in the En domain (Fig. 8B)
were added manually as loops and then energy-minimized. Then
the whole structure was energy-minimized using the GROMOS
force field. The En domain was positioned on the docked target-
site DNA so that the active site interacts with the scissile phosphate
between bottom-strand positions +9 and +10, based on the X-ray
crystal structure of colicin E7 with bound DNA substrate (Hsia et
al. 2004; 1PT3.pdb). Finally, the model was energy minimized with
400 steps of steepest descent minimization using the GROMOS96
force field (Scott et al. 1999).

The target-site DNA was docked to the LtrA model based on the
HIV-1 RT model structure described in Peletskaya et al. (2004;
1R0A.pdb), which adds a 5'-extension of the template strand to
the template—primer DNA in the crystal structure of Huang et al.
(1998). The DNA was extended farther along the same trajectory
by adding straight B-form DNA created in InsightIl (Accelrys
Inc.), and its sequence was changed to match that of the LtrA
target site.
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