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The La and the La-related protein (LARP) superfamily is a diverse
class of RNA binding proteins involved in RNA processing, folding,
and function. Larp7 binds to the abundant long noncoding 7SK
RNA and is required for 7SK ribonucleoprotein (RNP) assembly and
function. The 7SK RNP sequesters a pool of the positive transcrip-
tion elongation factor b (P-TEFb) in an inactive state; on release,
P-TEFb phosphorylates RNA Polymerase II to stimulate transcrip-
tion elongation. Despite its essential role in transcription, limited
structural information is available for the 7SK RNP, particularly for
protein–RNA interactions. Larp7 contains an N-terminal La module
that binds UUU-3′OH and a C-terminal atypical RNA recognition
motif (xRRM) required for specific binding to 7SK and P-TEFb assem-
bly. Deletion of the xRRM is linked to gastric cancer in humans. We
report the 2.2-Å X-ray crystal structure of the human La-related
protein group 7 (hLarp7) xRRM bound to the 7SK stem-loop 4, re-
vealing a unique binding interface. Contributions of observed inter-
actions to binding affinity were investigated by mutagenesis and
isothermal titration calorimetry. NMR 13C spin relaxation data and
comparison of free xRRM, RNA, and xRRM–RNA structures show
that the xRRM is preordered to bind a flexible loop 4. Combining
structures of the hLarp7 La module and the xRRM–7SK complex
presented here, we propose a structural model for Larp7 binding
to the 7SK 3′ end and mechanism for 7SK RNP assembly. This work
provides insight into how this domain contributes to 7SK recogni-
tion and assembly of the core 7SK RNP.

RNP structure | RNP assembly | RNA recognition motif |
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The La and the La-related protein (LARP) superfamily is a
diverse class of RNA binding proteins that are involved in

RNA processing, chaperone activity, and function (1, 2). Genu-
ine La proteins contain an N-terminal La module composed of
an La motif and RNA recognition motif (RRM) (3, 4) that act in
concert to broadly bind to RNA Polymerase III (RNAPIII)
transcripts at the single-stranded UUU-3′OH (5–7). In eukary-
otes, except in yeasts, genuine La has a second C-terminal atypical
RRM with features distinct from the canonical RRM fold (8) that
has RNA folding and chaperone activity (9, 10). Although all
LARPs contain an N-terminal La module, the remaining domain
structure diverges significantly among the different LARP families
depending on their substrate RNA and function (1, 2). Members
of the LARP7 family are the closest relatives to genuine La and
like La, contain an N-terminal La module and C-terminal atypical
RRM (xRRM), but unlike genuine La, they bind a single cognate
RNA. In ciliates Tetrahymena thermophila and Euplotes aedicula-
tus and fission yeast, the LARP7 family proteins p65, p43, and
Pof8, respectively, bind telomerase RNA (TER) and pro-
mote hierarchal assembly of the telomerase ribonucleoprotein
(RNP) particle (11–15). In metazoa, the LARP7 family protein
Larp7 binds the 7SK long noncoding RNA (lncRNA) and is
required to protect 7SK from degradation and for hierarchal
assembly of the 7SK RNP (16, 17).
7SK is a highly abundant nuclear lncRNA that regulates

RNAPII transcription, primarily by sequestering and inactivating
the positive transcription elongation factor b (P-TEFb) (18, 19).

P-TEFb, a heterodimer composed of cyclin-dependent kinase
9 and cyclin T1 (20), is an integral component of the super
elongation complex that phosphorylates negative transcription
elongation factors and the C-terminal domain (CTD) of RNAPII
to clear promoter-proximal paused RNAPII complexes and
stimulate productive elongation of mRNA transcripts (21).
P-TEFb assembles onto the 7SK RNP in an inactive state in a
dynamic and reversible equilibrium (18, 19). Although Larp7 and
another protein cofactor, HEXIM1/2 (22, 23), are required to
assemble P-TEFb onto the 7SK RNP (17, 24, 25), multiple protein
cofactors are required to disassemble P-TEFb from the 7SK RNP,
including CTIP2 (26); hnRNPs A, Q, and R (27); HMGA1 (28–
32); KAP1 (33); PPM1G (34); and DDX21 helicase (35). Control
of P-TEFb activity is essential for cell maintenance, and several
diseases are linked to improper P-TEFb regulation, including
cardiac hypertrophy (36), leukemia (37–39), and lymphoma (40).
Furthermore, P-TEFb is an essential host cofactor for HIV rep-
lication (41, 42), where it is hijacked from the 7SK RNP by the
transactivator of transcription protein and recruited to stalled
HIV genomic transcripts (43–47). Beyond regulation of P-TEFb,
7SK also regulates the RNAPII transcription of small nuclear
RNAs (48) as well as enhancer RNAs (49) and interacts with
hnRNP R to regulate its function in axon maintenance (50).
7SK folds into four stem loops (SLs) as identified by foot-

printing and chemical mapping experiments (51, 52) (Fig. 1A),
although only the 5′ SL1 and 3′ SL4 are required for P-TEFb
assembly (24). The methylphosphate capping enzyme (MePCE)
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and Larp7 are constitutively assembled with 7SK and bind the 5′
and 3′ ends, respectively, to form a stable core 7SK RNP (16,
53). In humans, MePCE associates with 7SK and U6 RNA
transcripts in vivo (54) and methylates the 5′ γ-phosphate of 7SK
(52, 53). Larp7 interacts with MePCE in a 7SK-dependent
manner and inactivates its capping activity by an unknown
mechanism (52, 53). Larp7 requires both SL4 and the UUU-3′
OH for binding in vivo (Fig. 1A) (55). Larp7 is essential for 7SK
stability in vivo and the stable association of P-TEFb to the 7SK
RNP (16, 17). Down-regulation of Larp7 results in high levels of
transcriptional activity (17, 56). Consistent with these observa-
tions, mutations resulting in loss of Larp7 expression in humans
are correlated with primordial dwarfism (57–60), cervical cancer
(61), and breast cancer metastasis (56).
Human La-related protein group 7 (hLarp7) comprises an N-

terminal La module, a 256-aa linker, C-terminal xRRM, and a
31-aa CTD (Fig. 1B). The La module, structurally similar to the
La module of genuine La, binds 7SK at the UUU-3′OH (55, 62).
The linker between the La module and C-terminal RRM is
predicted to have low structural complexity (62). The C-terminal
21 amino acids are required for assembly of the 7SK RNP in vivo
(25) but do not bind 7SK (63); rather, these residues seem to be
required for MePCE capping inactivation (52).
The hLarp7 C-terminal xRRM is required for specific recog-

nition of 7SK (25, 55), and mutations resulting in deletion of this
domain are linked to gastric cancer (64, 65). In vivo mutagenesis
(55), chemical footprinting (62), and NMR chemical shift map-
ping (63) experiments showed that this RRM binds to 7SK SL4.
The hLarp7 xRRM structure in the absence of RNA is globally
similar to the xRRMs in genuine La and p65 (8, 63, 66). All three
contain an additional helix α3 that is across the surface of the
canonical β1-α1-β2-β3-α2-β4 β-sheet and lack the RNA binding
RNP1 and RNP2 sequences normally located on β3 and β1, re-
spectively. The structure of p65 C-terminal RRM bound to TER
led to its identification as a new class of RRM named xRRM (66,
67). Rather than bind across the β-sheet surface like canonical
RRMs (68, 69), the xRRM recognizes a combination of single-
stranded and base-paired nucleotides with an RNP3 surface on
β2, conserved Arg on β3, and helix α3 (63, 66, 67). Sequence and
structural homology suggested that other LARP7 family proteins

contained xRRMs, although this could not be confirmed without
structural information of their RNA–protein complexes.
Despite the central role of 7SK in transcription regulation and its

discovery over 30 y ago (70), relatively little is known at a structural
or mechanistic level about how proteins assemble and disassemble
with 7SK to form a functional 7SK RNP. Structures of individual
7SK RNA or protein components are sparse (62, 63, 71–74), and
the structure of the hLarp7 La module bound to 5′-UUU-3′ is the
only example of a 7SK RNP protein domain in complex with RNA
(62). However, this structure does not reveal the orientation of the
La module on 7SK or explain how hLarp7 specifically recognizes
7SK over other RNAs with UUU-3′OH.
Here, we report the 2.2-Å X-ray crystal structure of the

hLarp7 C-terminal xRRM bound to 7SK SL4. The structure
reveals that the xRRM binds to the SL4 loop and upper stem in a
unique manner, providing insights into the mode of interaction
between these two domains. Mutagenesis of both protein and
RNA residues confirms the importance of the observed inter-
actions for high-affinity binding. We compare the hLarp7 and
p65 xRRMs in complex with their cognate RNAs and propose
how other LARP7 family proteins bind to their cognate RNA.
Combining the structures of the hLarp7 La module (62), 7SK
SL4 RNA (71), and the xRRM–SL4 structure reported here, we
generate a model for the hLarp7–7SK complex using HADDOCK
and propose a mechanism for the association of hLarp7 with
MePCE to assemble the core 7SK RNP.

Results and Discussion
Structure of hLarp7 xRRM Bound to 7SK SL4 RNA. The hLarp7
xRRM and 7SK SL4 domain boundaries were determined using
a combination of EMSAs and isothermal titration calorimetry
(ITC), where the upper stem and loop 4 of SL4 were determined
to be necessary and sufficient for high-affinity binding to the
xRRM (63). Using this information, we designed numerous
protein and RNA constructs for crystallization of a complex of
the hLarp7 xRRM with 7SK SL4. Crystals that diffracted to
2.2 Å were ultimately obtained using a protein with two point
substitutions (E501L and Q504L) in helix α2 to reduce surface
entropy and promote crystal contacts (75) (SI Appendix, Fig. S1).
These mutations did not impair binding to 7SK SL4 (SI Ap-
pendix, Fig. S1). The RNA construct contains two hairpins A and

Fig. 1. Structure of 7SK RNA and hLarp7 xRRM complex. (A) Cartoon schematic of the 7SK RNA with the sequence of SL4 and UUU-3′OH end shown. (Inset) A
and U residues are colored green, G and C residues are colored blue, and residues that are not part of the crystal construct are colored black. (B) Domain
structure of hLarp7 with the secondary structure topology of the C-terminal xRRM. (Inset) Residue numbers reflect the boundary domains for the xRRM and
crystal construct. (C) RNA crystal construct has two identical hairpins. Residues in each hairpin are colored as shown in A, and the designed crystal construct
residues are colored gray. Each hairpin contains the 7SK SL4 5-bp upper stem and loop 4 (residues 306–319 in hairpin A, residues 325–338 in hairpin B), with
U319 substituted with a C to form a G305-C319 base pair. Two additional base pairs (G303-C321 and G304-U320 in hairpin A, G322-C340 and G323-U339 in
hairpin B) were added to stabilize the hairpin. (D) Side view of the xRRM–SL4 complex. RNA is shown in ball and stick view, with protein shown as cartoon.
Helices α1 and α2 and loops are shown in light orange, β-strands are shown in orange, helix α3 is shown in red, and residues that become stabilized on binding
SL4 are shown in maroon. RNA residues are colored as shown in B, with phosphates colored in darker shades of blue (G, C) or green (A, U). (E) Top view of the
xRRM–SL4 complex with SL4 shown as spheres. Helix α3 inserts along the RNA major groove.
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B, identical in sequence, that were designed to form a coaxially
stacked “dumbbell” with two independent protein binding sites
(Fig. 1C and SI Appendix, Fig. S1). In the crystal structure, the RNA
has the expected global fold with one xRRM bound to each RNA
hairpin at loop 4, resulting in symmetric binding sites (SI Appendix,
Fig. S1). Electron density was visible at contour levels up to 2σ for
RNA residues that interact with the xRRM (nucleotides 307–
317 and 326–336) and for xRRM residues 446–545 (SI Appendix,
Fig. S1). Electron density was visible at contour levels up to 1σ for
RNA residues at the stem–stem junction, which do not bind to
protein, and for xRRM C-terminal residues 546–548 (SI Appendix,
Fig. S1). No electron density was observed for N-terminal residues
444–445 and C-terminal residues 549–556.
The hLarp7 xRRM has the expected βαββαβα topology, con-

sistent with the structure of the free hLarp7 xRRM determined
by solution NMR (Fig. 1 B, D, and E) (63). The front face of the
xRRM features a four-strand antiparallel β-sheet composed of
β4 (residues 519–523), β1 (residues 456–461), β3 (residues 492–
497), and β2 (residues 482–486) with helix α3 (residues 526–546)
lying on the surface of β-sheet perpendicular to the β-strand axis
(Fig. 1 D and E). The back of the xRRM consists of helices α1
(residues 468–478) and α2 (residues 500–517), which are under
β2 and β4, respectively. There are five structured loops [β1-α1
(residues 462–467), α1-β2 (residues 479–481), β2-β3 (residues
487–491), β3-α2 (residues 498–499), α2-β4 (residue 518), and β4-
α3 (residues 524–525)] and a structured N terminus (residues
446–455) and C terminus (residues 547–548).
Each hairpin of the SL4 RNA crystal construct comprises a 7-bp

A-form helix (nucleotides 303–309 and 315–321 in hairpin A, nu-
cleotides 322–328 and 334–340 in hairpin B) and a 5-nt loop (resi-
dues 310–314 in hairpin A, residues 329–333 in hairpin B) (Fig. 1 C–
E). The hLarp7 xRRM binds to loop 4 of 7SK SL4, in agreement
with NMR chemical shift mapping (63), in vivo pull-down (55), and
small angle X-ray scattering (62) experiments. Loop residues are
sandwiched between the β-sheet surface at β2 and helix α3 on the
major groove side and the β-sheet surface and helix α1 on the minor
groove side. Helix α3 contacts loop residues and extends down into
the major groove at the top of the stem (Fig. 1E).

Interlacing xRRM−RNA Contacts Define the Binding Interface. In
loop 4, A310 and U311 stack on the 5′ side of the RNA helix.
The backbone makes an S turn about G312, U313, and G314,

and these residues are flipped out of loop 4 to interact with the
protein. A key feature of the xRRM–RNA binding interface is a
five-residue stacking interaction composed of alternating protein
and RNA residues on the 3′ side of the loop (Fig. 2 A and B).
Loop 4 residues G312 and G314 are both oriented toward β2;
G312 inserts between helix α3 and β2, and G314 is in the same
plane as the xRRM β-sheet (Fig. 2A). U313 is oriented per-
pendicular to G312 and G314. To determine the contribution of
protein–RNA interactions to formation of a stable xRRM–

SL4 complex, we performed point substitutions for both pro-
tein and RNA residues and determined the equilibrium disso-
ciation constant (Kd) using ITC (Table 1).
β2, containing the RNP3 motif, has extensive hydrogen bonding

(H bonding) and stacking interactions with loop 4 residues G312,
U313, and G314 (Fig. 2 A–D). RNP3 residue Y483 stacks between
G312 and G314, and its hydroxyl group H bonds to the
U313 phosphate OP1 (Fig. 2 A and D). A Y483A substitution
resulted in a fourfold reduction in binding (Kd = 498 nM) (Table 1
and SI Appendix, Fig. S3). In contrast, the more conservative
Y483F substitution did not reduce binding compared with the
wild-type xRRM (Kd = 150 nM) (Table 1 and SI Appendix, Fig.
S3). Sequence alignment of Larp7 proteins shows that Y483 is
95% conserved, and other residues at this position are usually His
and Phe (SI Appendix, Fig. S4), suggesting that residues that retain
π–π stacking between G312 and G314 are important for RNA
recognition. Other RNP3 residues V484 and D485 H bond to the
Watson–Crick (WC) faces of G314 (Fig. 2 A and E) and G312
(Fig. 2 A and C), respectively. On β3, R496 has two H bonds to the
Hoogsteen (HG) face of G312 (Fig. 2C) and one H bond to the
U313 base O4 (Fig. 2D). R496A substitution resulted in a sev-
enfold reduction in binding to SL4 (Kd = 920 nM) (Table 1 and SI
Appendix, Fig. S3). Consistent with its contribution to high-affinity
binding to RNA, R496 is 100% conserved among Larp7 proteins
(SI Appendix, Fig. S4).
Of helix α3 residues that are across the surface of the β-sheet

(residues 526–537), Y532 and I536 contact loop 4 residue G312.
Y532 has one H bond to the imino of G312 (Fig. 2C), and
I536 stacks on G312 (Fig. 2A). Helix α3 has extensive interac-
tions with loop 4 at the C-terminal end (residues 538–546),
where helix α3 is over G312, U311, and A310 and inserts in the
major groove of the RNA helix (Figs. 1E and 2A). The two
amino acids following helix α3 are in the RNA major groove, and

Fig. 2. hLarp7 xRRM recognition of 7SK loop 4. (A) Overview of the protein–RNA binding interface shows that the mode of interaction features interlacing
protein and RNA residues. Protein is shown in cartoon view, with residues that interact with RNA shown as sticks. RNA is shown in ball and stick view and
colored by element (nitrogen is blue, oxygen is red, phosphorus is yellow, carbon is blue for G and C or green for A and U). Italicized residues indicate point
substitutions. (B) Cartoon schematic of RNA–protein interactions. H bonds are shown as dashes, and stacking interactions are shown as solid bars. (C–F)
Protein recognition of individual loop 4 residues shows an extensive interaction network for residues (C) G312, (D) U313, and (E) G314 by the xRRM. (F)
K543 inserts in loop 4 and has H bonds to U311, U313, and G314.
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R548 has two H bonds to the HG face of G308 (Fig. 2A).
D539 and R540 splay over G312 and H bond to its WC face and
phosphate OP1, respectively (Fig. 2C). The stacked A310 and
U311 on the 5′ side of loop 4 create a pocket on the 3′ side of
loop 4, where K543 inserts and H bonds to the U311 ribose 2′
OH, U313 phosphate OP2, and G314 OP2 (Fig. 2 A, D, and F).
Although A310 does not have any direct interactions with the
xRRM, an A310C substitution reduced the binding affinity
threefold (Kd = 322 nM) (Table 1 and SI Appendix, Fig. S2). This
substitution sequesters G314 in a base pair (SI Appendix, Fig.
S5), turning the pentaloop into a triloop and requiring this base
pair to be broken for G314 to flip out and interact with the
xRRM and K543 to insert in the loop. In addition to the H bond
between the U311 ribose 2′OH and K543, U311 stacks between
A310 and L544 (Fig. 2 A and F). U311 is the least conserved
residue in loop 4 but is highly conserved to be a pyrimidine (76–
78). However, a U311G substitution did not disrupt binding to
the xRRM (Kd = 121 nM), and surprisingly, a U311A sub-
stitution improved the binding affinity 2.5-fold (Kd = 51 nM)
(Table 1 and SI Appendix, Fig. S2). Substitution from a pyrimi-
dine to a purine may increase stacking between A310 and
L544 and would not disrupt the H bond between the ribose 2′OH
and K543.
On the 3′ side of loop 4, G312 forms extensive interactions

with xRRM residues in β2, β3, and helix α3 (Fig. 2 B and C).
G312 stacks between I536 (α3) and Y483 (β2) (Fig. 2A). There
are three H bonds on its WC face to D485 (β2) and to Y532 and
D539 (α3), two H bonds on the HG face to R496 (β3), and one H
bond between the phosphate OP1 and R540 (α3) (Fig. 2C).
Nearly all H-bond donor/acceptor sites are occupied, explaining
why a G312C substitution reduces the binding affinity to the
xRRM fivefold in vitro (Table 1) and abolishes binding to
hLARP7 in vivo (55, 62, 63). In contrast to the G312C sub-
stitution, no change in Kd was observed with a G312U sub-
stitution (Kd = 113 nM) (Table 1 and SI Appendix, Fig. S2). A
G312C substitution would eliminate every H bond, except the
single H bond between its phosphate OP1 and R540, and the

substitution of the O6 carbonyl to an NH2 would result in an
electrostatic repulsion with R496 (β3). However, a G312U sub-
stitution would be able to maintain H bonding to R496 (β3),
Y532 (α3), and R540 (α3), although H bonding to D485 (β2) and
D539 (α3) would be abolished.
There is a kink in the phosphate backbone at U313, which is

stabilized by H bonds to Y483 (β2) and K543 (α3) (Fig. 2 D and
F). The U313 base is oriented perpendicular relative to G312,
Y483, and G312, and the U313 O4 has an H bond to R496 (β3)
(Fig. 2D). Neither U313A nor U313C substitutions had a dele-
terious effect on binding to xRRM, and surprisingly, U313A had
an approximately twofold higher binding affinity compared with
the wild type (Kd = 74 nM) (Table 1 and SI Appendix, Fig. S2).
The adenine base could potentially have two H bonds to the
R496 sidechain compared with the single H bond to uridine.
However, in vivo, a U313A substitution resulted in an ∼50% loss
of binding to hLarp7 (55), indicating that the in vivo reduction in
7SK–hLARP7 association is due to factors other than binding
affinity. The G314 base stacks between Y483 (β2) and R468 (α1)
and has two H bonds between its WC face and the V484 back-
bone, one H bond between the base O6 and R472 (α1), and an H
bond between the ribose 2′OH and R468 (α1) (Fig. 2E). An
R472A substitution, which would disrupt the single H bond to
the G314 O6, did not affect binding (Kd = 91 nM) (Table 1 and
SI Appendix, Fig. S3).
In summary, we find that the highly conserved xRRM β-sheet

residues Y483 (RNP3) and R496 (β3) as well as the 7SK
SL4 residue G312 make up the core of the xRRM–RNA binding
interface and contribute the most significantly to RNA–protein
complex formation. Helix α3 is across loop 4, and K543 inserts
into loop 4 to stabilize the S turn in the RNA backbone.

The xRRM–RNA Binding Pocket Is Preorganized to Bind Loop 4.
Comparison of the free (63) and bound structures of the
hLarp7 xRRM shows that it does not undergo large conforma-
tional changes on binding 7SK SL4 (all-atom rmsd of 1.6 Å for
residues 445–546) (Fig. 3 A and B). In the absence of RNA,

Table 1. Thermodynamic parameters for binding of hLarp7 to
7SK SL4 by ITC

Construct Kd (nM) N

xRRM
WT* 129 ± 29 1.0 ± 0.01
F451A 120 ± 70 0.7 ± 0.03
R472A 91 ± 0.6 1.1 ± 0.08
R496A 920 ± 200 1.0 ± 0.1
Y483A 498 ± 95 1.0 ± 0.02
Y483F 150 ± 43 1.1 ± 0.07

7SK SL4
A310C 322 ± 69 0.9 ± 0.2
U311A 51 ± 33 1.0 ± 0.1
U311G 121 ± 69 1.1 ± 0.3
G312C* 607 ± 130 1.5 ± 0.3
G312U 113 ± 33 1.0 ± 0.01
U313A 74 ± 26 0.9 ± 0.1
U313C 125 ± 53 1.0 ± 0.07

hLarp7
1–582 6.6 ± 4 1.1 ± 0.1
1–190 230 ± 83 1.6 ± 0.08
445–582* 97 ± 13 0.8 ± 0.02

All protein constructs contained residues 445–561. SL4 RNA contained
residues 300–325, with a U326C substitution and additional G-C base pair
added (sequence and secondary structure are shown in Fig. 5). hLarp7 do-
main constructs are full-length 1–582, La module (1–190), and xRRM-CTD
(445–582). The isolated xRRM domain (445–561) is labeled WT.
*Values have been previously reported in ref. 63.

Fig. 3. hLarp7 xRRM binding pocket is preformed. (A) Solution NMR en-
semble of the 20 lowest-energy states of the free xRRM (PDB ID code 5KNW)
shows that helix α3 becomes increasingly mobile near the C terminus. Resi-
dues 545–548, shown in maroon, are unstructured. (B) In complex with RNA,
helix α3 is on the β-sheet surface and contains an additional two residues
(545–546; shown in maroon) that were disordered in the absence of RNA. (C)
Overlay of free (gray) and bound (orange) xRRM shows similar orientations of
sidechains involved in RNA recognition, particularly Y483 and D485 in the
conserved RNP3 and Y532 (α3) that contact G312. Helix α3 is closer to the
β-sheet in the RNA-bound xRRM structure and has minor sidechain rear-
rangements compared with the free xRRM.
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residues 541–544 at the C-terminal end of helix α3 are in-
creasingly disordered in the solution NMR structural ensemble,
with helix α3 ending at residue 544 (Fig. 3A). On binding to SL4,
helix α3 is stabilized and reorients ∼14°, positioning it closer to
the β-sheet (Fig. 3C). In complex with RNA, helix α3 is extended
half a turn, ending at residue 546, with additional electron
density to residue 548 (Fig. 3B). In the RNA binding pocket,
sidechains of RNP3 residues Y483 and D485 (β2) and Y532 (α3)
that interact with loop 4 are in similar orientations when free or
bound to RNA (Fig. 3C). In contrast, the sidechains of R496 (β3)
and K543 (α3) move on binding SL4 (Fig. 3C).
Some of the largest differences between the free and bound

xRRM structures occur at the N terminus. In the solution NMR
structure of the free hLarp7 xRRM, N-terminal residues 446–
454 are flexible (63), but in the X-ray crystal structure of the
xRRM bound to SL4, these residues are structured (Fig. 1E).
Chemical shift perturbation experiments to map the RNA–pro-
tein interface showed large chemical shift changes for N-terminal
residues Q450 and F451, although they were predicted to be far
from the RNA binding site, and heteronuclear NOEs showed
reduced motions for the N terminus in the xRRM–RNA com-
plex compared with free, indicating that it is stabilized on binding
RNA (63). Comparison of the 1H-15N heteronuclear single
quantum coherence (HSQC) spectra of the xRRM and a con-
struct with an F451A substitution shows chemical shift differ-
ences in α3, β3, and β2, indicating that this residue may affect
helix α3 positioning on the β-sheet (SI Appendix, Fig. S6). In the
crystal structure of the RRM–RNA complex, F451 stacks with
W533 (α3), which may explain why the loss of this interaction in
the F451A substitution results in chemical shift changes across
the β-sheet and helix α3 (SI Appendix, Fig. S6). Although the
xRRM N terminus is flexible, F451 is positioned close to W533 in
the solution NMR structural ensemble (SI Appendix, Fig. S6).
However, the F451A substitution does not impair RNA binding
(Kd = 120 nM) (Table 1 and SI Appendix, Fig. S3). In summary,
the xRRM binding pocket is preorganized to bind 7SK SL4. On
RNA recognition, helix α3 is extended and stabilized, and the N
terminus becomes structured.

Loop 4 Is Flexible and Has Large Conformational Changes on Binding
xRRM. Comparison of the structure of SL4 in our hLarp7 xRRM−
SL4 complex with a previously reported solution NMR struc-
ture of SL4 (71) shows that there are significant differences in
the conformation of loop 4 (Fig. 4). We note that the NMR
structure of SL4 was solved in the presence of arginine, which
binds to the C320, U321 (CU) bulge but does not contact or
affect the structure of loop 4. While in both structures, loop
residues A310 and U311 stack on the 7SK SL4 stem and G312,
U313, and G314 are flipped out (71) (Fig. 4A), the backbone
conformations of G312, U313, and G314 are strikingly different
(Fig. 4 A and B). In the protein-free loop 4, the backbone turns
about the G312 phosphate, while in the xRRM–RNA complex,
the loop 4 backbone is more compact and makes an S turn (79,
80) about U313 (Fig. 4 A–C). This turn is stabilized by four H
bonds: U313 phosphate OP1 and Y483 (β2), U313 phosphate
OP2 and K543 (α3), G314 OP2 and K543 (α3), and U311 ribose
2′OH and K543 (α3) (Fig. 2). After the turn at U313, the
backbone turns again at G314. G312 and G314 bases are flipped
out in the anti conformation and interact extensively with the
xRRM. However, in the NMR structure of the free loop 4,
G312 and G314 bases are in the syn conformation (Fig. 4B),
suggesting that the bases of these residues rotate about the gly-
cosidic bond to bind xRRM. In addition to distortions in the loop
4 backbone, the upper three base pairs in the stem have a wid-
ened major groove compared with SL4 in the absence of xRRM
(Fig. 4C), likely due to the insertion of helix α3.
To gain insights into the dynamic properties of the 7SK SL4 at

pico- to nanosecond timescales, we measured longitudinal (R1)

and transverse (R2) carbon relaxation data for nucleobase C2,
C5, C6, C8, and ribose C1′ moieties using 2D 13C spin relaxation
R1 and R1ρ NMR experiments (SI Appendix, Table S3) (81). The
measured R1 and R2 values were used to calculate a relative
order parameter (S2rel) for each residue, an internally normal-
ized parameter that describes the relative degree of order within
a molecule with values ranging from zero to one representing
minimum and maximum order, respectively. Residues in the
SL4 stem have the expected S2rel values of approximately one
except for the 2-nt bulge in the middle of the stem, which has
reduced S2rel values for the CU bulge but S2rel values greater
than one for the ribose of base pairs adjacent to the bulge, in-
dicating chemical exchange contributions to R2 (Fig. 4D) (82).
We note that, in the solution NMR structure of SL4 with argi-
nine, C320 forms a base triple with the G303-C323 base pair
(71). The base triple is likely stabilized by the arginine, which
stacks on C320, and this would explain the chemical exchange
observed here for the SL4 riboses adjacent to C320 and U321 in
the absence of arginine.
In loop 4, residue A310 has a similar degree of order to paired

residues (S2rel ∼ 1) in agreement with the solution NMR struc-
ture where it stacks on the stem (Fig. 4 B and D). U311 has
reduced base and ribose S2rel values, indicating that it is mobile
in solution. However, in the solution NMR structure, U311
stacks on A310 (Fig. 4B); in the absence of the xRRM, U311 may
fluctuate between stacked and unstacked conformations. G312,

Fig. 4. 7SK loop 4 changes conformation on binding hLarp7 xRRM. Loop
4 residues of 7SK SL4 (A) in the crystal structure bound to hLarp7 and (B) in
the solution NMR structure (PDB ID code 2KX8) not bound to protein shown
in stick view. RNA is colored as shown in Fig. 1D. (C) Cartoon representation
of free (2KX8, transparent) and bound (solid) 7SK SL4 upper stem and loop 4.
(D) 13C spin relaxation shows that loop 4 and 2-nt bulge are flexible in the
absence of protein. (Left) Sequence of 7SK SL4 construct. Loop 4 residues are
shown in color, with the upper stem shown in gray and CU bulge and lower
stem residues shown in black. (Right) Relative order parameters (S2rel) of
nucleobase (C2, C5, C6, C8) and ribose (C1′) moieties from 13C spin relaxation
R1 and R1ρ experiments.
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U313, and G314 also have reduced base and ribose S2rel values,
consistent with these residues being flipped out in the solution
NMR structure. The 13C spin relaxation data show that loop
4 residues U311, G312, U313, and G314 are flexible in solution.
These residues form the most extensive contacts with the xRRM,
and their flexibility may assist in hLarp7 recognition, possibly
through a conformational selection mechanism.

The xRRM Is a Conserved Motif in the LARP7 Family. The xRRM was
first identified in Tetrahymena p65, with sequence and predicted
structural homology suggesting that other members of the
LARP7 family may contain an xRRM (66, 67). Compared with a
canonical RRM, the xRRM has an additional helix α3 that is
across the surface of the β-sheet, where RNA binds to canonical
RRMs; lacks conserved RNP1 and RNP2 sequences on β3 and
β1, respectively; and has conserved [(F/Y/W)–X–(D/Q/E/N)]
residues (RNP3 motif) on β2 and Arg on β3. In complex with
RNA, a binding pocket between β2 (including the RNP3 motif)
and helix α3 interacts with unpaired nucleotides and residues at
the C-terminal end of helix α3, which extend beyond the β-sheet,
become ordered (helix α3x), and interact with RNA. The struc-
ture of the hLarp7 C-terminal RRM in the absence of RNA and
binding determinants to 7SK SL4 RNA showed that it was an
xRRM with features expected for an xRRM (63). Details of the
protein–RNA interactions observed in the complex support the
proposal that a C-terminal xRRM, first observed for p65, is a
general feature of LARP7 family proteins. In particular, the
RNP3 motif and helix α3-α3x interact with the RNA as predicted,
although we note that the extension of α3 is shorter than for p65.
hLarp7 and p65 xRRMs have nearly identical binding pockets

(Fig. 5 A–D). A single-stranded G residue (G312 in 7SK, G121 in
TER) fits within a cleft between a conserved RNP3 Tyr on the
β-sheet and Ile on helix α3 (Fig. 5 A–D). A conserved RNP3 Asp
and helix α3 Tyr H bond to the WC face of this G residue, and a
conserved Arg in β3 H bonds to its HG face. Both hLarp7 and
p65 xRRMs interact with the single-stranded RNA residue after
this conserved G (U313 in 7SK, A122 in TER), which is per-
pendicular to the G (Fig. 5 A–D). A residue on helix α3 (K543 in
hLarp7, F521 in p65) encloses the essential G residue in the

xRRM binding pocket and packs alongside the residue preceding
the single-stranded G residue (U311 in 7SK, C120 in TER) to
stabilize the sharp turn in the RNA backbone (Fig. 5 A and B).
The hLarp7 xRRM binds an additional G residue (G314) that fits
within a cleft between the β-sheet and helix α1 (Fig. 5 A and C).
Despite the similarities in recognition of single-stranded RNA

nucleotides, hLarp7 and p65 xRRMs recognize highly divergent
RNA secondary structure motifs (Fig. 5 C–F). The hLarp7
xRRM binds at the apical loop of an SL, while p65 binds at a 2-nt
bulge (Fig. 5 C–F). For both xRRMs, helix α3 inserts in the
major groove of the RNA, although the hLarp7 helix α3 is along
the 5′ strand and down the helical axis, while the p65 helix α3 is
across the helical axis (Fig. 5 C and D). hLarp7 and p65 have a
high degree of sequence homology in the first 12 residues of helix
α3, which are across the β-sheet and interact with the conserved
G residue. However, the C-terminal residues of helix α3, in-
cluding α3x, differ significantly in both sequence and stability.
The hLarp7 helix α3 has 5.5 turns and is increasingly mobile
approaching the C terminus, and it is extended by half a turn
(α3x) and stabilized on binding RNA (Fig. 3 A and B) (63). In
contrast, the p65 helix α3 has 4.5 turns in the absence of RNA
and is extended by four turns (α3x) on binding RNA (Fig. 5D). In
the hLarp7 xRRM, helix α3 ends at the helical turn of the 7SK
SL4 and is likely to be sterically restricted from having a long α3x
like p65. Helix α3-α3x in the p65 xRRM is enriched in aromatic
residues that insert in between the G-C base pair on either side
of the GA bulge and roll open the RNA (SI Appendix, Figs.
S7 and S8). In contrast, helix α3-α3x in the hLarp7 xRRM is
enriched in polar and basic residues and contains no aromatic
residues. Differences in the sequence composition of the C-
terminal end of helix α3 may confer a recognition preference
for RNA secondary structure motif.
Other LARP7 proteins are predicted to contain xRRMs, al-

though the precise mode of RNA recognition remains to be de-
termined. In Euplotes, p43 binds to a two-way junction in stem 4 of
TER and is proposed to have an xRRM. However, the C-terminal
end of helix α3 of Euplotes p43 resembles the hLarp7 xRRMmore
than the p65 xRRM and has charged residues at the putative
RNA binding interface rather than aromatic residues (SI Appen-
dix, Figs. S7 and S8). While both Tetrahymena p65 and Euplotes
p43 bind to stem 4 of TER, the stem 4 two-way junction differs
significantly between these two ciliate species. Tetrahymena TER
stem 4 has a 2-nt bulge (sequence GA), while Euplotes TER stem
4 has a 10-nt bulge (sequence UGAAAACCCC) and a second
9-nt bulge (83). The G and first A residue in the 10-nt bulge are
protected from RNase cleavage when bound to p43 (84), in
agreement with RNA residue requirement for xRRM recognition.
In Tetrahymena, binding of the p65 xRRM to stem 4 bends the
RNA to position loop 4 to contact the telomerase reverse tran-
scriptase (TERT) protein, promoting hierarchal assembly of the
telomerase RNP (66). In Euplotes, the significantly larger bulge
likely has a greater degree of intrinsic flexibility and can sample a
larger conformational space. The p43 helix α3 likely does not
require aromatic residues to insert in the bulge but rather, can
stabilize an existing bent conformation, positioning the TER
SL4 for favorable contacts with TERT. Another LARP7 family
protein, Pof8, was recently identified in fission yeast and shown to
bind TER and promote RNP assembly, although its binding site
has not been determined. Sequence alignment of the Pof8 CTD
with other LARP7 proteins suggests that it contains an xRRM,
although Pof8 has a short helix α3 compared with p65 and hLarp7
(SI Appendix, Figs. S7 and S8).
Despite the above differences in cognate RNA sequence and

secondary structures, for both hLarp7 and p65, the xRRM is
essential for RNP assembly and function. In metazoa, the xRRM
in hLarp7 is required for specific binding to 7SK RNA as well as
assembly with P-TEFb (25). In ciliates, the xRRM in p65 and the
putative xRRM in p43 are required for assembly of TER with

Fig. 5. LARP7 family proteins contain a conserved xRRM that binds diverse
RNA secondary structure motifs. (A) The hLarp7 xRRM binds loop 4 UGUG
nucleotides, and (B) p65 xRRM (PDB ID code 4ERD) binds CGA nucleotides.
(C) The hLarp7 xRRM binds loop 4, and helix α3 inserts along the RNA major
groove. (D) The p65 xRRM binds the 2-nt bulge, and helix α3-α3x inserts
across the RNA major groove. (E) Human 7SK SL4 sequence, with loop 4 and
the terminal base pair colored as in Fig. 1. (F) Tetrahymena TER S4 sequence,
with the 2-nt bulge and adjacent base pairs colored as in Fig. 1.
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TERT (12, 85, 86). In fission yeast, the putative xRRM pro-
motes assembly of telomerase (13–15). Overall, the xRRM
seems to be a required domain in the LARP7 family that
promotes RNP assembly.

A Model for hLarp7 and MePCE Assembly on 7SK. hLarp7 is consti-
tutively assembled on 7SK and is essential for 7SK stability, with
a direct correlation between hLarp7 expression levels and 7SK
RNA levels in vivo, and it binds 7SK as its only target (16, 17). To
model hLarp7 in complex with 7SK, we docked together and re-
fined available structures of 7SK SL4 [nucleotides 300–331; Pro-
tein Data Bank (PDB) ID code 2KX8], the hLarp7 La module
bound to UUU (PDB ID code 4WKR), and hLarp7 xRRM
bound to loop 4 (Fig. 6A) using HADDOCK (87, 88). In the
20 lowest-energy models, the xRRM stably associates with SL4,
and R548 remains in contact with the SL4 stem (SI Appendix, Fig.
S9). Steric hindrance by the RNA upper stem restricted the ori-
entation of the hLarp7 CTD to point away from SL4 (Fig. 6A and
SI Appendix, Fig. S9).
In contrast to the xRRM, the La module docked on the

flexible UUU-3′OH with a wide range of conformations largely
due to conformational sampling of the UUU-3′OH. The
20 lowest-energy models can be clustered into three conforma-
tions, where the orientation of the La module differs with respect
to SL4 (SI Appendix, Fig. S9). The majority of the lowest-energy
conformations, including the lowest-energy model, cluster into
conformation 1, in which the RRM1 helix α1 is in the major
groove of SL4 near the 2-nt bulge (SI Appendix, Fig. S9). The
bulge forms a C320-G303-C323 base triple when bound to ar-
ginine (71), and R143 in helix α1 is positioned near C320 in the
lowest-energy model. In conformations 2 and 3, the La module is
positioned distal to SL4, although conformation 2 places the
RRM1 β2-β3 loop near the SL4 2-nt bulge (SI Appendix, Fig. S9).
Conformation 3 is similar to a model proposed previously based
on footprinting experiments (62), in which the La motif is oriented
underneath the back side of the xRRM and the RRM1 β2-β3 loop
is underneath SL4 (SI Appendix, Fig. S9). In this model, both the
RRM1 α1 and β2-β3 loop are available for interactions with other
RNAs. The RRM1 β2-β3 loop has been proposed to interact with
the 7SK 5′ end (62); however, MePCE binds the 5′ end and is a
required component of the 7SK RNP, suggesting a different RNA
binding site for the RRM1 β2-β3 loop in conformation 3.
The hLarp7 31-aa CTD, which has been proposed to bind and

inactivate MePCE capping activity through its methylphosphate
capping enzyme inactivating domain (MID) (52), contains an
α-helix (63). The MID, SL4 2-nt bulge, and La module are all
required to inactivate MePCE capping (52). Consistent with these
data, in the lowest-energy structural models from HADDOCK,

these three elements are all on one side of the complex, sug-
gesting a putative MePCE binding surface that would be both
RNA and hLarp7 dependent (Fig. 6A).
To determine the contributions of individual RNA binding

domains in hLarp7 to binding 7SK, we used ITC to measure the
binding of the La module, xRRM, and full-length hLarp7 to an
SL4 construct including the 3′ end UUU-3′OH (named SL4u;
residues 299–331) (Fig. 1A, Table 1, and SI Appendix, Fig. S10).
The La module alone (residues 1–190) binds to SL4u with a Kd
of 230 nM, similar to the binding affinity of the La module of
human genuine La to UUU-3′OH measured by ITC (9), al-
though higher affinities have been reported measured by EMSA
using pretRNA or a 9-nt substrate (89, 90). Full-length hLarp7
bound to SL4u with a Kd of 6.6 nM: 19-fold lower than the
xRRM and 35-fold lower than the La module (Table 1). Binding
of hLarp7 to 7SK can be approximated as a bivalent model,
where the La module and xRRM independently bind to the 7SK
substrate. Assuming this model, it is apparent that there is an
additive effect for the overall RNA binding affinity by linking the
La module and xRRM covalently with a long linker. However,
the Gibbs free energy barrier of full-length hLarp7 binding to the
7SK 3′ end vs. the individual binding events can be calculated
using the equation Δg = ΔGFL − (ΔGLa + ΔGxRRM), where Δg
reflects the collective enthalpy (Δh) and entropy (Δs) penalties
as obtained by applying the Gibbs–Helmholtz relationship and
ΔGFL, ΔGLa, and ΔGxRRM are the free energies of 7SK SL4u
binding hLarp7, La module, and xRRM, respectively (SI Ap-
pendix, Table S6) (91). In a bivalent model, an important factor
that contributes to Δg is the translational and rotational entropy
loss by covalently linking two binding domains (92). For hLarp7,
the Δh is −7 kcal/mol [Δh = ΔHFL − (ΔHLa + ΔHxRRM)], in-
dicating a favorable enthalpy for full-length hLarp7 binding to
SL4u. However, the Δg is +7.4 kcal/mol, indicating a significant
entropy penalty. One explanation could be that the linker may
become partially structured on the N-terminal La module and C-
terminal xRRM by binding to the 7SK 3′ end, although it is
predicted to have low structural complexity in the free protein
(62). The linker contains several basic regions and may bind RNA,
consistent with the favorable enthalpy observed on binding full-
length hLarp7.
In addition to binding the 7SK 3′ end, hLarp7 interacts with

MePCE to assemble a stress-resistant ternary complex (52, 53,
93). hLarp7 does not bind MePCE in the absence of RNA (53,
55, 93). Taking these data and the literature into account (16, 52,
53, 55, 93, 94), we can propose a model for 7SK ternary complex
formation (Fig. 6B). MePCE, which is concentrated at the 7SK
promoter (53), binds and caps the nascent 7SK 5′ transcript.
Genuine La protein is associated with a small population of 7SK

Fig. 6. Model of hLarp7 recognition of the 7SK 3′
end and mechanism of assembly of core 7SK RNP. (A)
Cartoon representation of the lowest-energy HADDOCK
model of the hLarp7 La module (PDB ID code 4WKR),
xRRM, and CTD bound to the 7SK SL4u modified
from the solution NMR structure of SL4 (PDB ID code
2KX8). RNA is colored gray, La motif is colored blue,
RRM1 is colored cyan, xRRM is colored as shown in
Fig. 1, and CTD containing the MID is colored green.
The hLarp7 interdomain linker is shown as a black
dashed line, and the 7SK 5′ linker is shown as a gray
dashed line. (B) Proposed mechanism of 7SK ternary
core RNP formation. MePCE (purple) binds to the
nascent 7SK transcript and caps the 5′ end. Genuine
La, colored blue, binds 7SK and is replaced by hLarp7
(colored the same as in A). On binding 7SK, hLarp7
is able to assemble with MePCE to form the core
7SK RNP.
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in immunoprecipitation experiments, and it is proposed to bind
nascent 7SK transcripts and subsequently, be replaced by Larp7
(16, 94). Binding of hLarp7 to 7SK may bring the MePCE binding
elements in close proximity to each other, forming an interface
where hLarp7 can stably bind MePCE and assemble into a stable
core ternary complex. This model is consistent with the observa-
tion that hLarp7 bound to 7SK can bind to MePCE, even when
7SK lacks the MePCE binding site, but MePCE cannot recruit
hLarp7 to 7SK when 7SK lacks the hLarp7 binding site (55).
In summary, the structure of the hLarp7 xRRM bound to 7SK

SL4 provides seminal insights into the unique recognition of 7SK
RNA by Larp7 and provides a working model for how hLarp7 in-
teracts with MePCE to promote assembly of P-TEFb on the
7SK RNP.

Materials and Methods
Sample Preparation for Crystallography. hLarp7 xRRM crystal constructs (Gene
ID 51574; residues 445–556) were prepared as described previously (63). A
modified construct was used with a tobacco etch virus (tev) protease
cleavage site (ENLYFQS) between the His6 tag and xRRM start site. Two point
substitutions (E501L and Q504L) were made to helix α2 to reduce surface
entropy and promote crystal contacts (75). Briefly, Escherichia coli BL21 (DE3)
cells were grown at 37 °C in M9 minimal media to an OD of 0.6–0.8, trans-
ferred to 18 °C, and grown for 18–20 h. Cells were pelleted, resuspended with
buffer R (20 mM Tris, pH 8, 750 mMNaCl, 1 mM Tris(2-carboxyethyl)phosphine
(TCEP), 0.002% sodium azide, 5% glycerol) and lysozyme, and sonicated. Cell
debris was separated from lysate by centrifugation, and protein was purified
by HisTrap HP nickel affinity column (GE Healthsciences). Eluted protein was
dialyzed (20 mM Tris, pH 7, 50 mMNaCl, 1 mM TCEP) with 1 mg tev protease at
room temperature for 1–2 h. After tev cleavage, the protein was run again on
the nickel affinity column to separate His6-tagged from cleaved protein.
Cleaved protein in the flow through was concentrated and further purified on
an S75 column attached to an AKTA FPLC (GE Healthsciences). Fractions con-
taining pure protein were pooled, buffer exchanged into xRRM–SL4 complex
buffer (buffer C: 20 mM Hepes, pH 7, 50 mM KCl, 1 mM TCEP) using a 3-kDa
molecular mass cutoff Amicon (EMD Millipore), and concentrated to 0.5–
1 mM.

A construct with two additional mutations (L475M, L521M) was used to
prepare selenomethionine-labeled samples for phase determination by
multiple-wavelength anomalous dispersion (MAD). These mutations did not
affect RNA binding (SI Appendix, Fig. S1). E. coli BL21 (DE3) cells were grown
at 37 °C in M9 minimal media to an OD of 0.3. An amino acid mix containing
100 mg lysine, 100 mg phenylalanine, 100 mg threonine, 100 mg seleno-
methionine, 50 mg isoleucine, 50 mg valine, and 50 mg leucine was added to
the bacterial culture, and cells were grown at 37 °C to an OD of 0.9. The
amino acid mix was added again along with Isopropyl β-D-1-thiogalactopyr-
anoside (IPTG) to a final concentration of 0.5 mM. The culture was transferred
to 18 °C and grown for 18–20 h. Protein was purified as described above. The
presence of selenomethionine was confirmed by comparing the masses of
purified native and selenomethionine-labeled protein using MALDI-TOF
mass spectrometry.

The 7SK (Gene ID 125050) SL4 RNAs used for crystallization trials were in
vitro transcribed using T7 RNAP (P266L mutant) (95) and chemically syn-
thesized DNA templates (Integrated DNA Technologies) following estab-
lished protocols (63). Briefly, the transcription reaction (40 mM Tris, pH 8;
25 mM MgCl2; 1 mM spermidine; 0.01% Triton X; 2.5 mM DTT; 2 mM each
rATP, rCTP, rUTP, and rGTP; 0.5 μMDNA template) was incubated at 37 °C for
4–6 h. Transcribed RNA was purified by 15–20% denaturing PAGE, the band
containing RNAwas visualized by UV shadowing and excised from the gel, and
RNA was electroeluted into 1× TBE (Tris, boric acid, EDTA) from the gel pieces
using an Elutrap device (GE Waters). The RNA was buffer exchanged into
ddH2O, supplied with counterions by addition of high-salt buffer (1.5 M KCl),
and briefly buffer exchanged into ddH2O before being annealed by heating to
95 °C for 3 min followed by incubation on ice for 1 h. RNA was then buffer
exchanged into buffer C using a 3-kDa molecular mass cutoff Amicon con-
centrator device and concentrated to 0.4–1 mM. The RNA construct that
crystallized is given in Fig. 1 and includes SL4 residues 305–319.

Sample Preparation for NMR and ITC Experiments. The 7SK SL4 RNA hairpin
(called SL4, residues 299–327), modified by substituting the terminal G-U
base pair with a G-C base pair and adding a terminal G-C base pair (Fig.
5), was in vitro transcribed and purified as described above. For 13C/15N-
labeled RNA samples, uniformly labeled 13C/15N rNTPs (Cambridge Isotope

Laboratories) were used in the transcription reaction. After electroelution,
RNA was further purified by ion exchange chromatography using a DEAE
column (GE Healthcare) and eluted into 10 mM sodium phosphate, pH 7.6,
1 mM EDTA, and 1.5 M KCl. RNA was diluted to <100 μM in ddH2O and
annealed by heating to 95 °C for 3 min followed by incubation on ice for 1 h.
RNA was then buffer exchanged into appropriate buffer using a 3-kDa mo-
lecular mass cutoff Amicon and concentrated to 0.4–1 mM. For NMR studies,
the RNA was exchanged into protein–RNA complex NMR buffer (Buffer N:
20 mM sodium phosphate, pH 6.05, 50 mM KCl, 1 mM TCEP). For ITC studies,
the RNA was exchanged into ITC buffer (20 mM Tris, pH 7, 50 mM NaCl).

Full-length hLarp7 (1–582) was cloned into a pETDuet vector containing
fusion proteins Maltose Binding Protein (MBP) at the N terminus with tev
cleavage sites between MBP and hLarp7. Protein was expressed and purified
as described above with the following exception: after tev cleavage and
dialysis, hLarp7 was run on a 5-mL HiTrap Heparin HP column (GE) to sep-
arate MBP and GFP fusion proteins from hLarp7. As a final purification step,
hLarp7 was run on an S200 column attached to an AKTA FPLC (GE Health-
sciences). Fractions containing pure protein were pooled, buffer exchanged
into ITC buffer, and concentrated to 100–300 μM using a 10-kDa molecular
mass cutoff Amicon device. The hLarp7 La module (1–190) was cloned into a
pet30 Xa/LIC vector with an His6 tag and modified to remove the intervening
sequence between the tag and La module. Protein was expressed as de-
scribed for full-length hLarp7 and purified by lysis, sonication, pelleting, and
nickel affinity column as described above. Protein was further purified by
heparin column, run on an S75 column with fractions containing pure pro-
tein pooled, buffer exchanged into ITC buffer, and concentrated to 100 μM
using a 3-kDa molecular mass cutoff Amicon device.

Crystallization. EMSA was used to determine the optimal stoichiometry of
xRRM to RNA for sample preparation (SI Appendix, Fig. S1A). Trays that
contained a 2.7:1 ratio of xRRM to SL4 crystal construct gave the best dif-
fracting crystals. Samples were prepared by adding the xRRM and RNA un-
der dilute conditions into buffer C and concentrating to 8 mg/mL using a
10-kDa molecular mass cutoff Amicon concentrator device. The crystallization
was performed using the hanging drop vapor diffusion method by mixing
xRRM–RNA complex with crystallization buffer (20 mM sodium cacodylate,
80 mM magnesium acetate, 24% PEG 4000) in a 1.3:0.7 ratio of complex to
buffer. A reservoir solution of 0.7 M sodium chloride solution yielded the
best diffracting crystals. Rod-shaped crystals grew to 50–100 μm in 1–2 d at
ambient temperature (SI Appendix, Fig. S1).

Data Collection and Crystal Structure Calculation. xRRM–SL4 complex datasets
(SI Appendix, Table S1) were collected at the Advanced Photon Source at
Argonne National Laboratory on beamline 24-ID-C (NE-CAT). Datasets were
collected at three different wavelengths for peak, inflection, and high re-
mote. The crystal decayed rapidly, and only the peak and inflection data
were used in molecular phasing. These data were processed with Rapid
Automated Processing of Data (necat.chem.cornell.edu/). Macromolecular
phasing was performed using HKL2MAP (96) using MAD. The resulting
phases were improved using SHARP, and a preliminary protein model was
built using autoSHARP (97). At this point, we refined the partial model
against a dataset merged from two crystals, both collected at the peak
wavelength. These data were indexed, integrated, and scaled using XDS
(98). This dataset was anisotropic, with diffraction limits of 2.4 Å along the
a* and c* directions but 2.2 Å along the b* direction. For this reason, an
anisotropic scale factor was applied along with −10 Å2 B-factor correction
using the University of California, Los Angeles–US Department of Energy Lab
Diffraction Anisotropy Server (99). RNA was manually modeled using Coot
(100). There are two molecules in the asymmetric unit. Final iterative rounds
of model building and refinement were performed using Coot and PHENIX
with TLS refinement (101), noncrystallographic symmetry restraints, simu-
lated annealing, and RNA H-bonding restraints. Final data collection, phas-
ing, and refinement statistics are presented in SI Appendix, Tables S1 and S2.

NMR Experiments. NMR experiments were performed at 298 K on AVANCE
600- and 800-MHz Bruker spectrometers equipped with an HCN cryoprobe.
NMR data were collected using Topspin (Bruker), processed using NMRPipe
(102), and analyzed using NMRView or Sparky 3.110 (103). Additional NMR
methods can be found in SI Appendix. 13C spin relaxation experiments (81)
were performed at 298 K at 600 MHz using uniformly 13C/15N-labeled SL4
RNA. The following delays, spinlock powers, and offsets were used: C1′ {R1

(20 ms, 600 ms × 2), R1ρ (4 ms, 60 ms, 80 ms × 2), spinlock power 2,244 Hz,
offset 2,000 Hz}, C5 {R1 (20 ms, 540 ms × 2), R1ρ (4 ms, 48 ms, 60 ms × 2),
spinlock power 3,484 Hz, offset −1,750 Hz}, C2 C6 C8 {R1 (20 ms, 540 ms × 2),
R1ρ (4 ms, 48 ms, 60 ms × 2), spinlock power 3,484 Hz, offset 1,700 Hz}. R1
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and R2 values were computed using in-house software and are reported in SI
Appendix, Table S3. Relative order parameters were calculated by normal-
izing (2R2–R1) to either U307 (C5, C6, C1′) or A317 (C8, C2). Additional NMR
methods can be found in SI Appendix.

ITC. The binding dissociation coefficient (Kd) for binding of hLarp7 xRRM
constructs to 7SK SL4 constructs was determined using a MicroCal 200 ITC
instrument (GE). RNA and protein were individually exchanged into ITC
buffer. Protein at concentrations of 100–250 μM was titrated into 5–10 μM
RNA at 295 K. Calorimetric data were fit using ORIGIN 7 (MicroCal). The
binding parameters stoichiometry (N), entropy (ΔS), enthalpy (ΔH), and as-
sociation constant (K) were kept as floating variables during each fit. Ex-
periments were performed in duplicate or triplicate, with each experiment
fit individually and binding parameters averaged.

HADDOCK Modeling. The model of the SL4u–La module–xRRM complex was
generated using HADDOCK 2.2 (87, 88). Each calculation generated 1,000/
200/200 models for the rigid body docking, semi- and fully flexible simulated
annealing, and explicit solvent refinement, respectively. Input structures of
the three components were protein coordinates from (i) the crystal structure
of the La module in complex with 5′-CUUUU-3′ nucleotides (PDB ID code
4WKR; residues 29–189), (ii) the solution NMR structure of SL4 bound to
arginine (PDB ID code 2KX8; nucleotides 300–331), and (iii) protein and RNA
coordinates from the crystal structure of the xRRM (residues 445–548) in
complex with SL4 (nucleotides 305–319) in this work. First, a model for the
7SK RNA SL4u (nucleotides 300–331) including the UUU-3′OH tail was cre-
ated in PyMol by superimposing the helical stems between the RNA coor-
dinates of crystal structure in this work and the NMR structure of SL4. After
superimposition, coordinates were combined into one molecule. Second, a
model of the hLarp7 C-terminal end including the xRRM and CTD (residues
445–582) was created in Coot, where residues 560–570 were modeled as an
α-helix as previously determined (63). A model of this construct bound to
SL4u (nucleotides 300–331) was generated in HADDOCK using unambiguous

distance restraints determined from the complex crystal structure in this
work and additional RNA base pairing H-bond restraints (SI Appendix, Table
S4). 7SK nucleotides 327–331 and hLarp7 residues 545–582were defined as fully
flexible to sample spatial conformations and apply dihedral angle restraints,
respectively. The 20 lowest-energy models of the SL4u–xRRM complex were
used as input structures to model the ternary SL4u–xRRM–La module complex.
All of the restraints used in SL4u–xRRM modeling were maintained, and ad-
ditional distance restraints between La module and SL4u were determined
from the crystal structure (SI Appendix, Table S4). Cluster analysis results of the
final 200 models with rmsd cutoff of 15 Å are given in SI Appendix, Table S5.

Supporting Information. Supplemental information includes additional meth-
ods, X-ray crystal structure data collection and refinement statistics, electron
density maps, representative ITC plots, NOESY spectra of 7SK RNA constructs,
13C spin relaxation R1 and R2 values, hLarp7 and LARP7 family sequence
alignments, HADDOCK statistics table, and HADDOCK lowest-energy struc-
tural ensemble information and can be found in SI Appendix.
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