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Genuine La and La-related pro-
teins group 7 (LARP7) bind to
the non-coding RNAs transcribed by
RNA polymerase III (RNAPIII), which
end in UUU-3'OH. The La motif and
RRM1 of these proteins (the La mod-
ule) cooperate to bind the UUU-3'OH,
protecting the RNA from degradation,
while other domains may be important
for RNA folding or other functions.
Among the RNAPIII transcripts is cili-
ate telomerase RNA (TER). p65, a mem-
ber of the LARP7 family, is an integral
thermophila
holoenzyme protein required for TER

Tetrahymena telomerase
biogenesis and telomerase RNP assem-
bly. p65, together with TER and telom-
erase transcriptase (TERT),
form the Tetrahymena telomerase RNP
catalytic core. p65 has an N-terminal

reverse

domain followed by a La module and a
C-terminal domain, which binds to the
TER stem 4. We recently showed that
the p65 C-terminal domain harbors
a cryptic, atypical RRM, which uses
a unique mode of single- and double-
strand RNA binding and is required for
telomerase RNP catalytic core assembly.
This domain, which we named xRRM,
appears to be present in and unique to
genuine La and LARP7 proteins. Here
we review the structure of the xRRM,
discuss how this domain could recognize
diverse substrates of La and LARP7 pro-
teins and discuss the functional implica-
tions of the xRRM as an RNP chaperone.

Introduction

RNAs
RNAPIIT in eukaryotes terminate in a

Non-coding transcribed by
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UUU-3'OH that is recognized by the
ubiquitous La protein, which binds to the
UUU-3'OH to prevent exonucleolytic
degradation (Fig. 1A)." Further processing
of RNAs removes the UUU-3'OH and
hence La is usually not part of the final
RNA-protein complexes (RNPs) of these
RNAs.>? The La protein is replaced in
some non-coding RNAs, including ciliate
telomerase RNA and cellular 7SK RNA,
by the LARP7 class of proteins. LARP7
share the domain architecture of genu-
ine La proteins but have evolved specific
RNA binding and chaperoning func-
tions, in addition to UUU-3'OH binding
(Fig. 1A).>°

In  Tetrahymena, p65, which is a
LARP7, is an integral protein of the telom-
erase holoenzyme. Telomerase is a unique
reverse transcriptase that is responsible for
maintenance of telomere repeat DNA in
most eukaryotes.®> The telomerase holo-
enzyme is an RNP, which has an non-
coding RNA component called telomerase
RNA (TER), a specialized telomerase
reverse transcriptase (TERT) and several
species-specific accessory proteins.”® The
accessory proteins are involved in regula-
tion of holoenzyme biogenesis, assembly,
localization and activity in vivo.” TER pro-
vides a template for telomere repeat syn-
thesis by TERT and also acts as a scaffold
on which the telomerase proteins assemble
(Fig. 1B). A large part of our understand-
ing of telomerase assembly, structure and
function comes from the model organism
Tetrahymena thermophila, a ciliated proto-
zoan. Tetrahymena telomerase is the best
characterized telomerase holoenzyme in
terms of its subunit composition, assembly
mechanism and activity.®?
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Figure 1. hLa and LARP7 proteins and Tetrahymena telomerase RNA. (A) Domain architecture

of hLa, Tetrahymena p65, Euplotes p43 and human 7SK LARP7. Telomerase LARP7 p65 has a
Tetrahymena specific N-terminal domain (in cyan) that is absent in other LARP7 proteins. (B) The
secondary structure and conserved elements in Tetrahymena TER: S1 is stem 1, S2 is stem 2, SL4

is stem-loop 4, S4 is stem 4, TBE is template boundary element, PKis pseudoknot and TRE is tem-
plate recognition element. The secondary structure and nucleotide sequence of the S4 construct
used in this study is shown in the inset. The native nucleotides are in blue with numbering from
full-length TER and the two (non-conserved) G-C base pairs at the bottom and terminal G(UUCG)
Cloop at the top are in gray. (C) The structure of p65 xXRRM2 domain (PDB ID 4EYT). All the second-
ary structure elements are marked. The positions of the 46 residue 32-83 loop and the unstruc-
tured C-terminal tail are marked. The RNP3 residues Y407 and D409 on 32, and conserved R465
on B3 are marked. (D) Structure of hLa RRM2 structure (PDB ID 10WX). All the secondary structure
elements are marked. The non-canonical helix a3 is in red. (E) Schematic representation of a
canonical RRM with the position of RNP1 and RNP2 shown. (F) Schematic representation of xRRM
with position of RNP3, conserved R465 and helix a3x shown. Residues of RNP3 in p65 xRRM2 (Y-X-

Although in vitro only TER and TERT
are required to reconstitute telomerase cat-
alytic activity, in vivo the RNP catalytic
core contains p65 in addition to TER and
TERT.*" The p65 interacts with stem 4
(§4), UUU-3'OH and possibly stem 1 of
TER, which are distinct from the TERT
binding sites (Fig. 1B)."' The interaction
of p65 with TER is essential for catalytic

1011 and enhances

core assembly in vivo
assembly and activity in vitro.!'>*" An
extensive network of biochemical inter-
actions has been established between the

three RNP catalytic core components,
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p65-TER-TERT, which contribute to dif-
ferent aspects of telomerase RNP assembly
and function.'®'"'>!® Some mutations in
TER and TERT that abrogate or decrease
activity in telomerase assembled in vitro
from TERT and TER are rescued when
p05 is present, which further underscores
the essential role of p65 in the biogenesis
and assembly of the telomerase holoen-
zyme.””” The interaction of p65 with
TER is discussed next in detail.

p65 is a telomerase catalytic core
protein. Genetic depletion of p65 in
Tetrahymena leads to decreased levels of
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both TER and TERT, indicating its criti-
cal role in Tetrahymena telomerase biogen-
esis and assembly.®!*!! p65 consists of four
domains: N-terminal domain, La motif,
RRMI1 and C-terminal domain (Fig. 1A).
We recently showed that this C-terminal
domain is a novel RRM, named xRRM."?
The N-terminal domain is predicted
to have a helical fold (data not shown);
however, its precise role in p65 function
is not clear. The La motif and RRMI
together constitute a La module, which
is a conserved module in genuine La and
La-related proteins (Fig. 1A).%%'® In all La
family proteins, the La module has been
implicated in initial recognition and bind-
ing to the UUU-3'OH sequence of various
RNAPIII transcripts (and some interme-
diate RNA Polymerase II transcripts in
yeast).>*"® Hence, the p65 La module is
implicated in recognition of TER UUU-
3'OH, protecting it from exonuclease
degradation. p65 C-terminal xRRM2
binds with high affinity and specificity to
the TER S4, including the conserved GA
bulge nucleotides (Fig. 1B)."*"* The struc-
ture of the xRRM in complex with TER
S4 RNA and other studies of this domain
have shown that it is necessary and suf-
ficient for inducing a conformational
change in TER required for assembly of
TERT with p65-TER to form the p65-
TER-TERT ternary catalytic core.!®>!

The other known proteins belonging
to the LARP7 family are p43 from ciliate
Euplotes telomerase and the human 75K
RNP protein hLARP7 (Fig. 1A). p43 is
a telomerase assembly protein in Euplotes
homologus to p65 in Tetrahymena.”
hLARP?7 binds the 3' end of 7SK RNA and
helps in its folding, stability and subsequent
recognition of positive transcription elon-
gation factor b (P-TEFb)."*?*?! The 7SK
RNP plays an essential role in regulation
of transcription of all RNA polymerase 11
mRNA transcripts by sequestering P-TEFb
in the RNP, thereby limiting the amount
of active free P-TEFD in the cell.?? P-TEFb
is a cyclin-dependent kinase that plays an
essential role in transcription regulation by
RNA polymerase II.

p65 C-terminal domain contains
an atypical, cryptic RRM similar to
hLa RRM2. Recently, we determined
the solution and crystal structures of
the C-terminal domain of Tetrahymena
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telomerase p65 (Fig. 1C)."* This is the
first structure of the C-terminal domain
of any LARP7. The structure consists of
an atypical RRM fold of BaBRaf'Ba
topology with a novel binding mode that
we identified as a new class of RRM, the
xRRM (see below). The RRM is one of
the most abundant domains in proteins
of the eukaryotic genome.?*?** A canoni-
cal RRM has a BapBap topology with
two conserved sequence motifs: RNPI
on B3 [sequence (R/K)-G-(F/Y)-(G/A)-
(F/Y)-(I/L/V)-X-(F/Y)] and RNP2 on
B1 [sequence (I/L/V)-(F/Y)-(I/L/V)-X-
N-L] (Fig. 1E).>**® The four B-strands
form a B-sheet and two o-helices are
packed on the “back side” of the B-sheet
forming a compact fold. The conserved
RNPI and RNP2 residues located on
the solvent exposed “front face” of the
B-sheet generally contribute to specific
recognition of single-stranded RNA.?1
Usually, additional solvent exposed resi-
dues on the B-sheet and/or the loops are
also involved in specific recognition of
single-stranded RNA.? In contrast, the
p65 RRM2 has the atypical RRM fea-
tures of hLa RRM2, including the pres-
ence of an additional B4', absence of the
canonical RNP1 and RNP2 sequences
and presence of a non-canonical helix a3
lying across the B-sheet (Fig. 1D)."** The
p65 xRRM2 has two additional unusual
features: an unusually long flexible loop
(~45 residues) between the B2-B3 strands
(B2-B3 loop) and an intrinsically disor-
dered C-terminal tail (Fig. 1C). The pres-
ence of the unusually long $2-3 loop in
the middle of the domain made it “cryp-
tic” and explains why it was not predicted
as an RRM fold."”” The long 32-B3 loop
appears to be unique to Tetrahymena
telomerase p65, as it is not present in the
homologous Euplotes telomerase protein
p43.”

Identification of xRRM: An RRM
with extended a3 upon RNA binding.
The crystal structure of p65 xRRM2 in
complex with TER S4 provided the first
structure of an RRM2 from any La or
LARP7 protein in complex with RNA
(Fig. 2A and C).” This novel RRM
interacts with both single- and double-
stranded RNA using the B-sheet surface
and the C-terminal tail, which forms a
helical extension of a3 (a3x) that binds

www.landesbioscience.com

Free SL4

p65 XxRRM2 bound SL4

Figure 2. The p65 xRRM2 and its interaction with RNA. (A) The structure of p65 xXRRM2 domain in
the RNA-bound state. All the secondary structure elements are the same as in Figure 1C. The C-
terminal residues that form a helix upon binding to the double-stranded RNA are marked as a3x.
The position of the key RNP3 residues Y407 and D409, and conserved R465 in the bound state are
marked. A curved arrow depicts the movement of Y407 side-chain upon stacking on G121 of TER
S4. (B and C) Conformational change in TER SL4 upon p65 XRRM2 binding. (B) Free structure of
SL4 of Tetrahymena TER (based on PDB ID 2FEY).? (C) Model of TER SL4 bound to p65 xXRRM2. The
model is based on p65 xRRM2 bound to TER S4 (PDB ID 4ERD)," the loop 4 is taken from the solu-
tion structure (PDB ID 2M21)"” and placed on the distal stem 4.

to the RNA major groove. We named this
domain xRRM, for atypical RRM with
extended a3 (xRRM2) (Fig. 2A). Binding
of xRRM2 to the conserved GA bulge and
the major groove results in a large (105°)
roll between the two conserved G-C base
pairs flanking the GA bulge (Fig. 2B and
C). Comparison to the free TER stem-
loop 4 (SL4) shows the dramatic confor-
mational change, from a relatively straight
RNA to the highly bent RNA in complex
with p65 xRRM2."*2¢ The structure pro-
vided insight into the structural basis for
Tetrahymena telomerase catalytic core
assembly."

Based on the p65 xRRM2-TER S4
complex, hLa RRM2 structures and the
sequence analysis of 33 La and LARP7
proteins, we predicted that the xRRM
motif might be found in the RRM2 of
other La and LARP7 family proteins.

RNA Biology

Examination of the sequences of La and
LARP7 showed that all La and LARP7
have a predicted secondary structure of an
atypical RRM lacking RNPI and RNP2
sequences, contain a helix a3 and residues
C-terminal to a3 that could potentially
form a helix a3x upon binding to RNA."**
From this analysis we also identified a new
RNP3 sequence (F/Y/W)-X-(D/Q/E/N)
on B2 and a conserved Arg (R465) on
B3, which could recognize single-strand
RNA nucleotides (see below), as they do
for the GA bulge in TER S4 (Fig. 1F).”
Interestingly, the conserved Arg lies at the
position on B3-strand where the canoni-
cal RNP1 motif is located (Fig. 1E and
F). Elucidation of the exact mode of RNA
binding for these predicted xRRMs awaits
future structural studies.”

Unique features of the xRRM2 but
not the long B2-B3 loop are important
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Figure 3. Isothermal titration calorimetry (ITC) data and analysis of xRRM2 mutants with TER S4.
(A) TER S4 and p65 xRRM2-Y407A mutant (from RNP3). (B) S4 and p65 xRRM2-R465A (conserved
R465 in 33). (C) TER S4 and p65 xRRM2(A416-456). (D) TER S4 and p65 xRRM2(A413-450). The K s of

for RNA recognition. The structure of
the complex of p65 xRRM2 with RNA
revealed specific interactions between resi-
dues of the proposed RNP3 on 32 and the
conserved R465 on B3 for recognition of
single-stranded RNA (the GA bulge) and
the C-terminal a3x for binding to the
major groove of double-stranded RNA.
We previously tested the importance of
these interactions by individual alanine
substitution of interacting residues and
deletion of residues of a3x, by measuring
K, using the crystal structure constructs
of xRRM2 (xRRM2A413-459), in which
the unusually long $2-83 loop was com-
pletely deleted.” Here, we compare those
results to the same mutations in the context
of the WT xRRM2 (no B2-B3 loop dele-
tion). The conserved RNP3 residue Y407

356

stacks on the G121 of the conserved GA
bulge and its hydroxyl group has poten-
tial hydrogen bonds to the backbone at
G121. Mutation of Y407A results in TER
S4 interaction with K of 389 + 78 nM
(Fig. 3A) and 375 + 27 nM" for xRRM2-
Y407A and xRRM2(A413-459)-Y407A,
respectively, which is an ~11-fold decrease
for both compared with WT xRRM2.
The conserved R465 of p65 xRRM2 rec-
ognizes both G121 and A122 of TER S4
by forming specific hydrogen bonds to the
Hoogsteen edge of these bases. Mutation
of R465A results in TER S4 interaction
with K of 730 + 64 nM (Fig. 3B) and
639 + 47 nM"® for xRRM2-R465A and
xRRM2(A413-459)-Y407A, respectively,
which is ~20-fold decrease for both com-
pared with WT xRRM2 (Fig. 3A and B).

RNA Biology

These results show that the contacts in the
crystal structure construct are equally rel-
evant in the context of the full-length WT
xRRM2.

Deletion of a3x from xRRM2 abol-
ished the binding to TER $4, and deletion
of a3x in the full-length p65 decreased
binding to full-length TER and abolished
the hierarchical assembly of TERT with
p65-TER.? Interestingly, deletion of the
conserved GA bulge in S4 decreases but
does not completely abolish binding (K
= 2985 + 220 nM vs. 36 + 4 nM, -80-
fold decrease).”” This indicates that p65
xRRM2 interacts with duplex RNA,
probably via insertion of a3x into the
major groove of RNA.

p65 xRRM2 has an unusually long
B2-B3 loop that we deleted for the
structural  analysis. Although both
domain folding and RNA binding were
observed for p65 xRRM2 when the loop
was deleted, we note that B2-B3 loops
have been shown to be important for
RNA or protein interactions for other
RRMs.232427.28 \We tested the importance
of the B2-B3 loop, which was partially
(A422-442) and completely (A413-459)
deleted in the NMR and crystal struc-
tures, respectively, for RNA binding.
We have previously reported that p65
xRRM2 binds TER $4 RNA with a K
of 36.4 £ 3.6 nM." Partial B2-B3 loop
deletion in xRRM2(A422-442) does not
decrease binding significantly (< 2-fold
with K = 50.3 + 7.1 nM); however,
complete deletion of 32-B3 loop residues
in xRRM2(A413-459) decreases RNA
binding by about 3-fold (K, = 101 =
21.2 nM). Comparison of the position
of the B2 and B3 strands in the solution
structure of xRRM2(A422-442) (partial
loop deletion) and crystal structure of
xRRM2(A413-459) (complete loop dele-
tion) showed small positional differences
in the B2 and B3 strands, likely due to
steric restraints from complete deletion of
the loop. The positions of the B2 and B3
strands in the solution structure of the free
crystal structure of xRRM2(A422-442)
are closer to their positions in the
xRRM2-84 complex than those for
free xRRM2(A413-459). We therefore
attribute the 3-fold decrease in bind-
ing to RNA by xRRM2(A413-459) vs.

xRRM2 to the consequent requirement
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for the B2 and B3 strands to move posi-
tions to interact with the RNA in the
complex. To further test the importance
of B2-B3 loop residues or length on
RNA binding, we made two more loop
truncation mutants xRRM2(A416-456)
and xRRM2(A413-450), with six and
nine 32-B3 loop residues remaining,
respectively, and measured their bind-
ing to RNA by ITC. The K _of inter-
action of xRRM2(A416-456) and
xRRM2(A413-450) for TER S4 was
70 + 8 nM and 75 = 11 nM, respec-
tively (Fig. 3C and D). These values are
< 2-fold weaker compared with native
xRRM2, similar to the result with
xRRM2(A422-442) (15 residue B2-B3
loop).”* Hence, we conclude that the
B2-B3 loop does not play a significant
role in RNA binding or domain folding.
The B2-B3 loop has an overall slightly
negative charge, an observation that is
consistent with a potential role in protein
rather than RNA binding. We previously
showed that deletion of the B2-B3 loop
has no effect on hierarchical assembly
of the Tetrahymena telomerase catalytic
core, indicating that there is no essential
interaction with TERT. Sequence align-
ment of p65 with other La and LARP7
proteins did not predict an unusually
long B2-B3 loop in other proteins.”
Thus, a long B2-B3 loop is not a con-
served feature of the xXRRM.

Possible mechanism of RNA binding
by xRRM2 of La and LARP7 proteins.
The region C-terminal to the La module
in genuine La and LARP7 proteins has
been implicated in RNA chaperone and/
or folding functions.!>*?! This part of
the protein contains what we have iden-
tified as the xXRRM2 (Fig. 1A)."**' How
the xRRM2 interacts with RNA and
whether its RNA folding functions are
associated with the La module in genuine
La and LARP7 proteins in general is not
clear. The C-terminal extension includes
important functional elements in hla
protein, such as the nuclear localization
signal (NLS), a short basic motif (SBM),
a nuclear retention element (NRE) and
several phosphorylation sites.»* Recently,
in an in vitro FRET based assay, the
C-terminal region of hLa, which contains
the predicted xRRM2 and additional
residues was shown to have RNA strand

www.landesbioscience.com

xRRM

Figure 4. Proposed binding modes for recognition of different RNAs by the xRRM. (A) Cartoon de-
piction of XRRM, the B-sheet is shown in orange oval and helix 3 (a3+a3x) is shown in red cylinder
based on p65 XxRRM2. (B) Cartoon depiction of p65 xRRM2 and TER S4 interaction. (C-E) Different
scenarios of single- and double-strand RNA interaction mode for xRRM2 of La and LARP7 protein.

annealing and strand dissociation activity
associated with RNA chaperones.?”’

A well-known and characterized tar-
get of hla is hepatitis C virus (HCV)
IRES mRNA.3*% Recently, it was shown
that the C-terminal half of hLa in con-
cert with La module is required for HCV
domain IV binding.*® Both single-strand
as well as structured duplex sequences
were required for the association of hLa
with RNA and the xRRM2 was shown
to be critical for RNA binding, but
the exact RNA sequence and structure
requirements are still not clear. It appears
that in genuine La proteins, the xRRM2
is important for RNA chaperoning activ-
ity; however, this function of xRRM2 in
genuine La appears to be dependent on
the La module.

Based on all these observations and
the structure of p65 xRRM2:TER S4
complex, we predict that other La and
LARP7 xRRM2 will interact with RNA
targets containing single-stranded RNA
linked to double-stranded RNA. In all
cases, the single-stranded RNA would
be predicted to interact with the “front
face” of the B-sheet using residues from
RNP3 and the conserved Arg and other
possible solvent-exposed residues and the
a3x will bind a widened major groove
near the single-stranded region (Fig. 4).
Like the RNP1 and RNP2 on canonical
RRMs, we predict that the RNP3 [(F/Y/
W)-X-(D/Q/E/N)] on xRRM will be
important for binding to one or more of
the substrate nucleotides. The F/Y/W

RNA Biology

residue potentially provides stacking
interactions and the D/Q/E/N residue
provides hydrogen bonds to RNA nucle-
otides, analogous to Y407 and D409 in
p65 xRRM2. This combined single- and
double-strand RNA-binding mode of
interaction by xRRM2 of genuine La
and LARP7 proteins can be employed
for diverse RNA substrates. Asymmetric
or symmetric internal loops, apical loops
or single-strand overhangs could provide
the single-strand RNA for interaction
with the B-sheet surface and the a3x
could bind the double-strand RNA near
the single stranded regions (Fig. 4B-E).
Thus, just as canonical RRMs can rec-
ognize diverse lengths and sequences of
single-stranded RNA, the xRRM can be
specific for a variety of secondary struc-
tures combining single- and double-
strand RNA. Future studies of predicted
xRRMs from other LARP7 and genu-
ine La proteins are required to test this
hypothesis.

Does RRM1 in La and LARP7 have
RNA chaperone activities similar to
xRRM2? Although the La module is
involved in UUU-3'OH recognition, this
interaction leaves the canonical RNA
binding “front face” of RRMI available
for RNA interaction (Fig. 5).>*% The
hLa RRM1 is an atypical RRM with
only partial conservation of RNP1 and
RNP2 motifs and an &3 at its C terminus.
However, the a3 does not lie across the
surface of the upper half of the 3-sheet, but
rather protrudes out almost perpendicular
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\J
hLa RRM1

Figure 5. Structure of the hLa RRM1 (PDB ID
2VOP). All the secondary structure elements
are marked. RNP1 and RNP2 residues 114 and
155, respectively, and non-canonical helix a3
are marked.

to the B-sheet (Fig. 5).1*%3¢ It has been
proposed that the RRMI1 of La and
LARP7 proteins may have RNA chaper-
one functions, in addition to UUU-3'OH
recognition, which may be analogous to
the p65 xRRM2 RNA binding and fold-
ing functions. Some recent studies support
this hypothesis. In the recent FRET-
based study, the authors reported that the
N-terminal half of hLa that includes the
La module also had a robust RNA chap-
erone activity independent of its UUU-
3'OH binding function and of xRRM2.%
The non-canonical helix a3 after the
RRMI was shown to be critical for the
RNA chaperoning functions. Fusion of
RRMI a3 to UlA protein imparted an
RNA chaperoning function to the chime-
ric UTA-a3 protein.”” In the same paper,
the authors showed that mutation of the
conserved RNP2 (B1) residue Y114A and
RNP1 (B3) residue F155A resulted in loss
of RNA chaperone functions.”? These
key residues in both human and yeast La
protein had previously been shown to be
important for tRNA binding and rescue
of tRNA-mediated suppression.'®

Yeast genuine La (Lhplp) does not have
a C-terminal RRM2 domain; however, it
has a C-terminal unstructured extension
after RRMI that is required for several
Lhplp functions."* This region of the pro-
tein gets structured and protease resistant
upon binding to certain structured non-
coding RNA precursors, including pre-
tRNA.> Based on these observations, it
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[pB5-TER]

[p65-TER-TERT]
catalytic core

Figure 6. Model of assembly of Tetrahymena telomerase catalytic core. The known and proposed
binding sites for different domains of p65 to TER are shown. Facilitation of TERT binding to p65-
TER complex leading to hierarchical catalytic core assembly is shown. The conserved secondary
structural elements of TER are marked in Figure 1B.

appears that the single RRM of Lhplp
may be an xRRM and play a dual role
in protecting RNA from degradation by
binding the UUU-3'OH and as a chap-
erone for folding structured RNAs in a
manner similar to p65 xRRM2. Further,
it is possible that hLa has RNA chaperone
functions associated with both an xRRM-
like RRM1 and xRRM2.

Role of telomerase La family protein
p65 in telomerase biogenesis and assem-
bly. LARP7s are distinct from genuine
La proteins in that besides UUU-3'OH
binding, they have distinct and specific
RNA binding and chaperone activities and
they are stable components of the target
RNPs.2? p65 is thought to bind the UUU-
3'OH of TER as soon as it is transcribed by
RNAPIII, protecting it from exonucleolytic
degradation (Fig. 6). Since Tetrahymena
TER is not further processed to remove the
UUU-3'OH, p65 remains associated with
TER, where it plays an essential role in vivo
in RNDP assembly. A model for hierarchical
assembly of p65-TER-TERT catalytic core
is shown in Figure 6. Based on the exist-
ing literature and our work we propose that
p65 will bind the TER 3' AUUUU tail in a
manner similar to hLa and 3' UUU-3'OH
interactions. This will position xRRM2
to bind the GA bulge in the SL4. Binding
of xRRM2 to SL4 causes conformational
changes in TER, which organize the RNA
for TERT binding."®

Materials and Methods
RNA and protein preparation. xRRM?2

loopdeletion mutantsxRRM2(A422-442)
and xRRM2(A413-459) and RNP3

RNA Biology

mutants xRRM2-Y407A and xRRM2-
R465A were made using side-directed
mutagenesis as per the vendor instructions
(Agilent Technologies). Mutations were
verified by DNA sequencing. Both pro-
tein and S4 RNA were prepared as previ-
ously described."” S4 is the minimal stem
4 TER RNA construct that contains four
base pairs on either side of the GA bulge
and is capped by a UUCG tetraloop. S4
was used in our previous structural stud-
ies.”” The integrity and purity of proteins
and RNA were checked on denaturing
polyacrylamide gels (PAGE) and by NMR
(data not shown).

Isothermal calorimetry (ITC) titra-
tion. Interaction between xRRM2 mutants
and TER S4 RNA was measured by ITC
using a MicroCal Omega VP-ITC sys-
tem (MicroCal). Both RNA and protein
were dialyzed against 20 mM NaH_PO,,
50 mM NaCl, pH 7 buffer prior to titra-
tion. Five micromolar RNA in the cell
was titrated with 225 wM protein using
VP-ITC machine (MicroCal). Data was
analyzed using ORIGIN v5.0 (MicroCal).
The binding parameters AH, association
constant K and n were kept floating during
the fits. The average heat change from the
last four injections was subtracted from the
data to account for the heat of dilution.
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