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 The cleavage factor Im (CF Im), consists of a 25 kDa subunit (CF Im25) and one of three larger subunits (CF 
Im59, CF Im68, CF Im72), and is an essential protein complex for pre-mRNA 3′-end cleavage and polyadenylation. It 
recognizes the upstream sequence of the poly(A) site in a sequence-dependent manner. Here we report the crystal 
structure of human CF Im, comprising CF Im25 and the RNA recognition motif domain of CF Im68 (CF Im68RRM), 
and the crystal structure of the CF Im-RNA complex. These structures show that two CF Im68RRM molecules 
bind to the CF Im25 dimer via a novel RRM-protein interaction mode forming a heterotetramer. The RNA-bound 
structure shows that two UGUAA RNA sequences, with anti-parallel orientation, bind to one CF Im25-CF Im68RRM 
heterotetramer, providing structural basis for the mechanism by which CF Im binds two UGUAA elements within one 
molecule of pre-mRNA simultaneously. Point mutation and kinetic analyses demonstrate that CF Im68RRM can bind 
the immediately flanking upstream region of the UGUAA element, and CF Im68RRM binding significantly increases 
the RNA-binding affinity of the complex, suggesting that CF Im68 makes an essential contribution to pre-mRNA 
binding.
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Introduction

Eukaryotic pre-mRNAs are synthesized and post-
transcriptionally modified in the nucleus, before being 
exported into the cytoplasm to serve as templates for 
protein synthesis. The post-transcriptional modifications 
comprise 5′-end capping, splicing and 3′-end formation 
of the pre-mRNA. The maturation of the 3′-ends of most 
mRNA is catalyzed by multiple protein complexes, and 
requires the endonucleolytic cleavage of primary tran-
scripts and the addition of poly(A) tails to the upstream 
cleavage products.

In mammals, the factors that are required for mRNA 

maturation in vitro include the cleavage and polyade-
nylation specificity factor (CPSF), cleavage stimulatory 
factor (CstF), cleavage factors Im and IIm (CF Im and CF 
IIm), poly(A) polymerase (PAP) and nuclear poly(A) 
binding protein (PABN2). The cleavage reaction requires 
CPSF, CstF, CF Im, CF IIm, and PAP. CPSF binds the 
highly conserved AAUAAA hexamer upstream of the 
cleavage site, and CstF binds the GU/U-rich sequence 
downstream of the cleavage site [1]. CPSF and CstF in-
teract to form a stable complex before binding the pre-
mRNA to recognize the two elements in vivo [2, 3]. CF 
Im binds the pre-mRNA substrate in the vicinity of the 
poly(A) site concomitantly with CPSF. This stabilizes 
the binding between CPSF and the AAUAAA hexamer, 
facilitating pre-mRNA 3′-end processing complex as-
sembly, and therefore enhances the rate and overall effi-
ciency of poly(A) site cleavage in vitro [4-6]. Sequence-
specific binding of CF Im to pre-mRNA directs A(A/U)
UAAA-independent poly(A) addition through interaction 
with the poly(A) polymerase and a CPSF subunit, hFip1 
[7]. After cleavage, CPSF remains bound to the upstream 
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cleavage fragment, and recruits PAP onto the 3′-end of 
pre-mRNA. It also cooperates with PABN2 in the addi-
tion of a 250-nucleotide long poly(A) tail to the upstream 
cleavage fragment [8]. SELEX analysis has shown that 
CF Im recognizes a five-nucleotide element, UGUAN (N 
= A > U ≥ C/G) with high affinity [7]. When added to 
partially purified 3′-end processing factors, recombinant 
CF Im is sufficient to reconstitute poly(A) site cleavage 
activity in vitro (the CF Im complex used in this study 
was a CF Im25-CF Im68 complex, as discussed further be-
low) [5]. Repression of CF Im activity by knocking down 
CF Im25 does not affect HeLa cell viability, but increases 
the usage of the upstream poly(A) site, suggesting that 
CF Im25 has an important role in poly(A) site selection [9]. 

CF Im has been characterized as a heterodimer, con-
sisting of a 25 kDa subunit (CF Im25) and one of three 
larger subunits (CF Im59, CF Im68 or CF Im72) [5]. CF 
Im25, which is also known as NUDT21 or CPSF5, is a 
227-amino acid polypeptide, which is highly conserved 
in metazoan, and which contains a nucleoside diphos-
phate linked to some other moiety, x (NUDIX) hydrolase 
domain (residues 79-203) [10]. CF Im68, a member of the 
SR family of splicing factors, is a 551-amino acid poly-
peptide, which features an RNA recognition motif (RRM) 
domain at its N-terminal region, a central proline-rich 
region, and a C-terminal arginine/serine-rich (RS) do-
main. The RRM domain, which is also known as a RNA-
binding domain (RBD) or ribonucleoprotein domain 
(RNP), is a motif found commonly in all organisms. It 
is characterized by an RNP1 consensus sequence (K/R-
G-F/Y-G/A-F/Y-V/I/L-X-F/Y) and an RNP2 consensus 
sequence (V/I/L-F/Y-V/I/L-X-N/L) formed by aromatic 
and positively charged residues [11-13]. The RS domain 
is required for protein-protein interactions with other RS 
domains [1, 14]. 

In this study, we report the structure of CF Im, com-
prising CF Im25 (residues 34-227) and the RRM domain 
of CF Im68 (CF Im68RRM, residues 78-159), and the 
structure of a CF Im25-CF Im68RRM-RNA complex. The 
structural and mutational data reveals a novel RRM-pro-
tein binding mode, in which two CF Im68RRM molecules 
bind to a CF Im25 homodimer to form a heterotetramer. 
The structure of the CF Im-RNA complex shows that 
two UGUAA RNA sequences, with anti-parallel orienta-
tion, bind simultaneously to one CF Im25-CF Im68RRM 
heterotetramer. Kinetic analyses demonstrate that the 
complex assembly increases RNA-binding affinity, and 
subsequent mutagenesis analyses reveal that CF Im68 in-
teracts with the immediately flanking upstream region of 
the UGUAA element via the L3 loop of the RRM domain 
of CF Im68.

Results

CF Im68RRM is sufficient for CF Im25 binding
In an in vitro binding assay, the N-terminal region of 

CF Im68 (CF Im68N, residues 1-226) has been shown to 
interact with CF Im25 [15]. The central and C-terminal re-
gions of CF Im68 (residues 209-551) do not interact with 
CF Im25 [15]. We have carried out detailed characteriza-
tion of the region of CF Im68 responsible for CF Im25 
binding. Pull-down assays showed that both CF Im68N 
and CF Im68RRM bind to GST-CF Im25 (Supplementary 
information, Figure S1A). As the molecular weight of CF 
Im68N is similar to that of GST alone, the GST-Rtt106p 
fusion was used as a negative control in binding studies. 
We also tested whether the N-terminal extension (RRMN, 
residues 1-80) or the C-terminal extension (RRMC, resi-
dues 160-226) of CF Im68RRM interacts with CF Im25. 
Immunoblot analysis showed neither His-MBP-RRMN 
nor His-MBP-RRMC binds to GST-CF Im25 (Supple-
mentary information, Figure S1B). These results demon-
strate that the RRM domain of CF Im68 is sufficient for 
CF Im25 binding.

Overall structure of the CF Im25-CF Im68RRM complex
To better characterize CF Im, we attempted to deter-

mine the structure of the CF Im25-CF Im68RRM complex 
using X-ray crystallography (Table 1). Crystals obtained 
from the full-length CF Im25 in a complex with CF Im-

68RRM were not of an adequate quality to allow data 
collection. In the structure of apo-CF Im25, residues 1-20 
were not observed in the electron density map and resi-
dues 21-32 formed an extended loop structure [16]. To 
obtain crystals for high-resolution studies, a truncated 
CF Im25 protein, with residues 1-33 removed, was 
constructed. A crystal, which diffracted to a resolution 
of 2.7 Å, was obtained and the structure was subse-
quently determined (see Materials and Methods for de-
tails). The CF Im25-CF Im68RRM complex was found 
to be a heterotetramer (approximate dimensions of 95 
Å × 75 Å × 60 Å), with a pseudodyad passing through 
the heterotetramer, relating the pair of heterodim-
ers (Figure 1). The heterotetrameric state of the CF 
Im25-CF Im68RRM complex was confirmed by size-
exclusion chromatography, with the complex eluting 
with an apparent molecular weight of around 61.5 kDa 
(Supplementary information, Figure S2B and S2C). As 
the molecular weights of CF Im25 and CF Im68RRM 
are 24 and 10 kDa, respectively, this result suggests 
that the CF Im25-CF Im68RRM complex exists as a 
heterotetramer in solution. The heterotetrameric state is 
also consistent with previous reports that two subunits of 
CF Im form a heterotetramer in solution [17].
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Table 1 Data collection and refinement statistics
Data collection statistics 
 CF Im25-CF Im68RRM CF Im 25-CF Im68RRM-RNA
Space group C2 P21
Cell dimensions  a = 160.44 Å, a = 104.78 Å,
 b = 105.69 Å, b = 129.42 Å,
 c = 147.08 Å, c = 111.16 Å,
 α = γ = 90.00°,  α = γ = 90.00°, 
 β = 112.72°, β = 94.01°,
Wavelength (Å) 1.000 1.000
Resolution (Å)   30.0-2.7 (2.77-2.70)a 50.0-2.9 (2.98-2.90)a

Rmerge (%)c 8.3 (38.2)a 9.1 (22.2)a

I/σ (I)  14.7 (3.1)a 12.4 (3.5)a

Completeness (%) 98.9 (99.3)a 95.92 (74.42)a

Redundancy 3.4 3.0
Refinement statistics 
Resolution (Å)  15.0-2.7 50.0-2.9
Number of reflections 58226 59607
Rwork / Rfree (%)c 21.4/26.5 22.6/27.6
Number of atoms in protein 13257 17768
Number of water molecules 252 69
Rmsd bond (Å) 0.0105 0.006
Rmsd angle (°) 1.326 1.005
B-value (Å2) 36.4 27.8
Most favoured (%) 95.5 97.3
Additional allowed (%) 4.4 2.7
Outlier (%) 0.1  

Figure 1 Overall structure of the CF Im25-CF Im68RRM com-
plex. View of the CF Im25-CF Im68RRM complex in two orienta-
tions. The lower ribbon diagram of the complex is rotated by 90° 
around the horizontal axis relative to the upper one. A CF Im25 
dimer (yellow and magenta) binds two CF Im68RRM molecules 
(green and red) forming a heterotetramer.

Values in parentheses correspond to the highest resolution shell.
a High-resolution shell is shown in parentheses.
b Rmerge = Σ|Ii-<I>|/ Σ|I|, where Ii is the intensity of an individual 
reflection and <I> is the average intensity of that reflection.
c Rwork = Σ||Fobs| − |Fcalc||/Σ|Fobs| for all reflections and Rfree = Σ||Fobs| 
− |Fcalc||/Σ|Fobs|, calculated on the 5% of data excluded from refine-
ment.
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Figure 2 Structure of CF Im68RRM. (A) Structure-based alignment of RRM domains. RNP1 and RNP2 are highlighted in 
cyan and yellow. CF Im68RRM adopts the canonical αβ sandwich structure with a β1α1β2β3α2β4 topology. (B) Structure of CF 
Im68RRM. Four β-strands constitute an anti-parallel β-sheet arranged in the order of β4β1β3β2, from left to right when facing the 
sheet, and two α helices pack against the β-sheet. The mutated residues in Figure 6C are indicated by ball-and-stick repre-
sentation and highlighted. (C) Superimpositions of CF Im68RRM with CBP20 and SXL-RRM2 (Pymol). CF Im68RRM, CBP20 
and SXL-RRM2 are colored in green, yellow and magenta, respectively. Tyr84 and Phe126 of CF Im68RRM, Tyr43 and Phe83 
of CBP20 and Tyr214 of SXL-RRM2 are indicated by ball-and-stick representation and are highlighted.

Structure of CF Im68RRM
Although the sequence identity of CF Im68RRM with 

other RRM domains is less than 30%, CF Im68RRM 
adopts the classical compact αβ sandwich structures 
observed in other RRM domains, with a topology of 
β1α1β2β3α2β4 (Figure 2A). Residues 80-86 (β1), 110-
114 (β2), 127-131 (β3), 155-158 (β4) constitute the four-
stranded anti-parallel β-sheet arranged in the order of 
β4β1β3β2, from left to right, when facing the sheet, and 
two α helices, the α1 helix (residues 94-104) and the α2 
helix (residues 134-146), pack against the β-sheet (Figure 
2B). The RNP1 motif (residues 124-KGFALVGV-131) 
and the RNP2 motif (residues 83-LYIGNL-88) are lo-
cated in the β3 and β1 strands, respectively. CF Im68RRM 
has only 26% and 22% sequence identities with the RRM 
domain of CBP20 [18, 19] and the second RRM domain 
of sex-lethal protein (SXL-RRM2) [20], respectively. 
However, the program DALI [21] revealed that CF Im-

68RRM is structurally similar to both CBP20 (Z score 
= 12.5) and SXL-RRM2 (Z score = 13.1). Superimpo-
sition of CBP20 and SXL-RRM2 with CF Im68RRM 
showed RMS deviations at Cα positions of 1.01 Å with 

52 residues and 1.30 Å with 57 residues, respectively, 
(Figure 2C). Tyr84 and Phe126 in RNP2 and RNP1 mo-
tifs of CFIm68RRM are equivalent to Tyr43 and Phe83 
in CBP20, respectively, and Tyr84 inCF Im68RRM is 
equivalent to Tyr214 in SXL-RRM2.

Interface between CF Im25 and CF Im68RRM
Complex assembly between the CF Im25 dimer and 

one molecule of CF Im68RRM buries a surface area of 
1 200 Å2 (AREAIMOL [22]). The L1 and L3 loops of CF 
Im68RRM interact with the L10 loop of CF Im25 (Figure 
3). This binding interface is strengthened by three hydro-
gen bonds and by more than 10 hydrophobic contacts. 
Tyr158, Tyr160 and His164 of CF Im25 form three hy-
drogen bonds with Arg118, Asn120 and Glu116 of CF 
Im68RRM, respectively. Tyr158 of CF Im25 forms hydro-
phobic contacts with the backbone of Ala119, Asn120 
and Gly121 of CF Im68RRM, and Ala163 of CF Im25 
interacts hydrophobically with the backbone of Trp90 
and Trp91 of CF Im68RRM. His164 of CF Im25 forms 
hydrophobic interactions with the backbone of Ser123 of 
CF Im68RRM. Compared with the previously published 
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structure of apo-CF Im25 [16], the side chain of His164 is 
rotated by 120° and reaches into a hydrophobic pocket, 
which is negatively charged at the top but is hydropho-
bic at the bottom, interacting with many residues of 
CF Im68RRM (Supplementary information, Figure S3). 
These interactions fix the L3 loop of CF Im68RRM in an 
extended conformation. CF Im68RRM also interacts with 
the second CF Im25 molecule of the homodimer via hy-
drophobic contacts (Figure 3). The L1 loop of CF Im68R-
RM interacts with the L5 loop and α4 helix of CF Im25. 
His89 of CF Im25 interacts with Trp91 of CF Im68RRM, 
and Phe199 of CF Im25 interacts with Trp90, Asn120 and 
Gln122 of CF Im68RRM. 

Mutational analysis supports structural model for RRM 
domain binding

To validate the two interfaces observed in the struc-
ture, two mutants of GST-tagged CF Im25 were gener-
ated (GST-mutant1 and GST-mutant2). In GST-mutant1, 
Tyr158, Tyr160 and His164 were substituted and in GST-
mutant2, His89 and Phe199 were substituted. Pull-down 

assays showed that CF Im68RRM efficiently bound to 
GST-tagged wild-type CF Im25 (GST-wtCF Im25), where-
as CF Im68RRM did not bind to either the GST-mutant1 
or the GST-mutant2 (Figure 4A). These results suggest 
that CF Im68RRM interacts with both CF Im25 molecules 
of the dimer, indicating the importance of CF Im25 di-
merization for CF Im68RRM binding.

Although the L10 loop of CF Im25 (residues 151-168) 
is a tortuous loop, it is well ordered in the apo-CF Im25 
structure. Superimposition of the CF Im68RRM-bound 
CF Im25 structure with the apo structure showed that 
the L10 loops of CF Im25 adopt almost the same confor-
mation. The conformation of the L10 loop of CF Im25 
could be important for CF Im68RRM binding. Detailed 
structural analyses revealed that Leu91, Phe199, Tyr202, 
Pro216 and Gln217 of one CF Im25 molecule of the 
dimer hydrophobically interacts with Tyr158, Ala163, 
Pro159 and Tyr160 of the L10 loop of the other CF Im25 
molecule and that these interactions may stabilize the L10 
loop (Figure 4B). Mutagenesis and immunoblot analyses 
were performed to investigate this hypothesis. A mutant 
of CF Im25 (mtCF Im25) was generated, in which Leu91, 
Tyr202, Pro216 and Gln217 were replaced by alanines 
to eliminate the proposed stabilization of the L10 loop. 
Size-exclusion chromatography showed that mtCF Im25 
eluted similarly to the wild-type CF Im25 (wtCF Im25), 
indicating that these mutations do not affect dimerization 
(Supplementary information, Figure S2D). Immunob-
lot analysis showed that wtCF Im25 bound efficiently to 
GST-CF Im68RRM, whereas mtCF Im25 did not (Figure 
4C). Thus, substitution of four of the five residues (Leu91, 
Tyr202, Pro216 and Gln217) markedly impairs CF Im-

68RRM binding, suggesting that conformation of the L10 
loop of CF Im25 is possibly important for CF Im68RRM 
binding. 

Structure of the CF Im25-CF Im68RRM-UGUAA complex
We determined the crystal structure of the CF Im25-

CF Im68RRM-UGUAA complex (Table 1). The UGUAA 
element binds to CF Im25 in a positively charged cavity 
formed by the NUDIX domain (Figure 5A). As the elec-
tron density map for the chain S of the UGUAA sequenc-
es is the best (Figure 5B), the chain S is taken to describe 
the interactions between CF Im25 and the UGUAA ele-
ment. The RNA strand twists by about 90° after U3, flip-
ping A4 out of the binding cavity, and twists back right 
after A4 (Figure 5A). The main chains of Tyr208 and 
Gly209 make hydrophobic contacts with the uracil base 
of U1, whereas Phe103 stabilizes the guanine base of 
G2 through a base-stacking interaction (Supplementary 
information, Figure S4A). The N3 and O2 of U1 form 
hydrogen bonds with the main chain carbonyl and amino 

Figure 3 The interfaces between the CF Im25 dimer and CF 
Im68RRM. The L10 loop of CF Im25 (yellow) interacts with L1 
and L3 loops of CF Im68RRM (green). The L5 loop and α4 helix 
of the other CF Im25 molecule (magenta) of the dimer interacts 
with the L1 loop of CF Im68RRM. The residues involved in these 
contacts are indicated by ball-and-stick representation and are 
highlighted.
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groups of Phe104, respectively, (Supplementary informa-
tion, Figure S4A). The O4 and N3 of U3 form hydrogen 
bonds with the N2 group of the side chain of Arg63 and 
main chain carbonyl of Ser58, respectively (Supplemen-
tary information, Figure S4A). A5 interacts with Leu99 
and Gly100 via hydrophobic contacts (Supplementary 
information, Figure S4B). The N6 and N1 of A5 form 
hydrogen bonds with the N3 group of G2 and O4* group 
of the sugar ring of U3, respectively, (Supplementary 
information, Figure S4B). A4 does not interact with CF 
Im25. 

Yang et al. [17] reported the structure of the CF Im25-
UGUAAA complex, which showed that the RNA hex-
amer was bound by one molecule of the CF Im25 dimer 
and partially by an adjacent molecule in the crystal 
(Figure 5C). In addition, the authors found that the CF 
Im25 dimer can bind two UGUA elements in solution. 
Consistent with this observation, our structure shows that 
two UGUAA elements bind simultaneously, in an anti-
parallel orientation, to one CF Im25 dimer (Figure 5D). 
Superimposition of these two structures showed RMS 
deviations of Cα positions of 0.344 Å with 175 residues 
(Supplementary information, Figure S4C). The first three 
nucleotides (U1, G2 and U3) of UGUAA and UGUAAA 
adopt the same conformation and are recognized by 
CF Im25 in a similar, but not identical manner. Arg63, 
Phe103, Phe104, Y208 and G209 interact with the first 
three nucleotides of both UGUAA and UGUAAA. In 
the CF Im25-CF Im68RRM-UGUAA complex, UGUAA 
interacts with Ser58, whereas in the CF Im25-UGUAAA 
complex, UGUAAA interacts with Glu55, Asp57, Glu81, 
Thr102 and Leu106. The Glu81-U1 and Thr102-U1 in-
teractions require a glycerol molecule. In our studies, no 
glycerol was added, and accordingly, no Glu81-U1 or 
Thr102-U1 interactions were observed. The conforma-
tion of the 3′-ends of UGUAA and UGUAAA is differ-
ent. U3, A4, A5 and A6 of UGUAAA form a larger U 
shape, and A4 and A5 are located in the RNA-binding 

Figure 4 The CF Im25 dimerization is important for CF Im68RRM 
binding. (A) Coomassie blue-stained protein SDS gel shows 
that GST-wtCF Im25 can efficiently bind to CF Im68RRM, but 
GST-mutant1 and GST-mutant2 does not, suggesting that CF 
Im68RRM interacts with both CF Im25 molecules of the dimer. (B) 
The other CF Im25 molecule of the dimer hydrophobically inter-
acts with the L10 loop. The L10 loop is shown in magenta and the 
other CF Im25 molecule is shown in yellow. Residues involved in 
hydrophobic contacts are indicated by ball-and-stick representa-
tion and are highlighted. (C) Immunoblot analysis shows that 
the wild-type CF Im25 (wtCF Im25) efficiently binds to GST-CF 
Im68RRM, whereas mtCF Im25 does not. Neither wtCF Im25 nor 
mtCF Im25 binds to the GST tag.
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pocket of the adjacent dimer. In the CF Im25-UGUAAA 
complex, Glu55 and Thr102 interact with A4, whereas in 
the CF Im25-CF Im68RRM-UGUAA complex, A4 does 
not interact with CF Im25 and A5 interacts with Leu99 
and Gly100. 

CF Im25 and CF Im68RRM cooperate to bind RNA
Human PAPOLA pre-mRNA (encoding poly(A) 

polymerase α, PAPα) has a canonical poly(A) site and 
multiple copies of the UGUAA element upstream of 
the AAUAAA element. CF Im binds to the UGUAA 
elements of PAPOLA pre-mRNA and promotes 3′-end 
processing [7]. To validate whether CF Im assembly 
contributes to RNA binding, two RNA segments de-
rived from human PAPOLA pre-mRNA, comprising the 
UGUAA element at the 3′-end were synthesized and 
used in surface plasmon resonance (SPR) assays. The 
two RNA segments are 5′-GCUAUUUUGUAAACA-3′ 

(RNA1) and 5′-CUAUUUUGUAA-3′ (RNA2). CF Im25 
bound to RNA1 and RNA2 with Kds of 46 and 10 µM, 
respectively, whereas the CF Im25-CF Im68RRM com-
plex bound with Kds of 170 and 100 nM, respectively, 
(Figure 6A and 6B). Consistent with previous studies [15], 
CF Im68RRM alone showed almost no binding to RNA 
(Supplementary information, Figure S5A). These results 
reveal that the CF Im25-CF Im68RRM complex assembly 
significantly enhances RNA-binding affinity.

Superimposition of the CF Im25 dimer with the CF 
Im25-CF Im68RRM complex shows that CF Im68RRM 
binding does not change the overall conformation of the 
CF Im25 dimer, and Dettwiler et al. [15] have shown that 
CF Im25 binding enables CF Im68RRM to bind RNA. 
Thus, CF Im68RRM may directly interact with RNA to 
enhance RNA-binding affinity. The anti-parallel β-sheet 
of the RRM domain is the major RNA-binding surface, 
and the highly conserved aromatic and positively charged 

Figure 5 Structure of the CF Im25-CF Im68RRM-RNA complex. (A) The UGUAA element is located in a positively charged 
cavity of CF Im25, with the exception of A4. Red represents positive charges and blue represents negative charges. (B) View 
of the UGUAA element covered with a 2Fo – Fc electron density map contoured at 0.9 σ. The UGUAA element is illustrated as 
a ball-and-stick scheme. (C) Structure of UGUAAA-CF Im25 complexes (PDB entry 3MDI). The RNA hexamer, UGUAAA, is 
bound by one molecule of CF Im25 dimer (yellow) and partially by an adjacent molecule (cyan) in the crystal. (D) View of the 
CF Im25-CF Im68RRM-UGUAA complex. Two RNA molecules with anti-parallel orientation bind to the same sites of the CF 
Im25-CF Im68RRM heterotetramer.



pre-mRNA recognition by CF Im

1046

npg

 Cell Research | Vol 21 No 7 | July 2011

residues from RNP1 and RNP2 motifs are generally 
involved in interactions with consecutive RNA bases. 
The β-sheet of CF Im68RRM is exposed to solvent, sug-
gesting that CF Im68RRM may bind the RNA substrate 
via this region. To validate this hypothesis, mutagenesis 
analysis was performed. Point mutations of selected resi-
dues of CF Im68RRM were generated and these mutants 
were co-purified with CF Im25 for RNA-binding tests. 
As shown in Figure 6C, the mutants, N117A, N120A and 
K124A, showed reduced RNA-binding affinities, where-
as the mutants, Y84A, N87A and F115A, showed similar 

RNA-binding affinities compared with the wild-type pro-
tein. We also generated a mutant in which the aromatic 
residue in the RNP1 motif, F126, was replaced by an 
alanine, but this mutant could not be obtained as a stable 
protein for kinetic analysis. Y84 and F115 are located 
in the β-sheet, indicating that, unusually for an RRM 
domain, the β-sheet of CF Im68RRM is not involved in 
RNA recognition. N117, N120 and K124 are located in 
the L3 loop of CF Im68RRM, suggesting that the L3 loop 
of CF Im68RRM not only interacts with CF Im25 but may 
also interact with RNA. 

Discussion

Comparison with other RRM-protein structures
Biochemical and structural studies have revealed that 

RRM domains are involved in protein-protein interac-
tions as well as in RNA recognition [23, 24]. Previous 
studies have shown that CF Im68 interacts with CF Im25 
via the RRM domain and that the substitution of two 
residues within the RNP2 motif (G86V, N87V) abolished 
interaction with CF Im25 [15]. We initially speculated 
that CF Im68RRM might interact with CF Im25 via its 
β-sheet. Interestingly, the structure of the CF Im25-CF 
Im68RRM complex shows that CF Im68RRM interacts 
with CF Im25 via its L1 and L3 loops, leaving the β-sheet 
exposed to solvent. To date, about 10 structures of RRM 
domain-protein/polypeptide complexes have been deter-
mined. The recognition mechanisms of proteins by RRM 
domains are very diverse, and no general mechanism 
has emerged. The RRM domain interacts with other pro-
teins through its β-sheet [25-28], or α-helices [29, 30], 
or α-helices and L4 loops [18, 19, 31]. To date, only one 
RRM-protein complex structure has been reported in 
which the L3 loop is involved in interactions with other 
protein (the Mago-Y14-PYM complex [26]). Compari-
son of the CF Im25-CF Im68RRM complex with the Ma-
go-Y14-PYM complex shows that CF Im68RRM binds 
to CF Im25 in a different manner. In the Mago-Y14-PYM 
complex, Y14 interacts with PYM through part of its L3 
loop and interacts with Mago through the entire β-sheet. 
In the CF Im25-CF Im68RRM complex, the β-sheet is not 
involved in protein recognition and the entire L3 loop is 
involved in RRM-protein interaction. The novel structur-
al information presented here demonstrates the diversity 
of protein recognition mechanisms, which underlie RRM 
domain binding.

CF Im25 dimerization is crucial for UGUAA recognition 
and complex assembly

Recently, CF Im has been shown to be a heterotetramer 
in solution [17]. Our structure confirms that CF Im25 

Figure 6 RNA binding analysis. Dissociation constants (Kds) 
were derived using the 1:1 binding model. (A) CF Im25 bound 
to RNA1 and RNA2 with Kds of 46 and 10 µM, respectively. (B) 
The CF Im25-CF Im68RRM complex bound to RNA1 and RNA2 
with Kds of 170 and 100 nM, respectively. (C) Summary of the 
binding properties of site-directed mutants of CF Im68RRM. Mu-
tants of CF Im68RRM were co-purified with CF Im25.
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and CF Im68RRM forms a heterotetramer, induced by 
CF Im25 dimerization. Whether this dimerization of CF 
Im25 is important for the activity of CF Im is of interest, 
and our studies indicate that this dimerization of CF Im25 
is important for complex assembly. The structural and 
mutational data presented here show that CF Im68RRM 
interacts with both molecules of the CF Im25 dimer and 
that CF Im25 dimerization may stabilize the conformation 
of the L10 loop of CF Im25, which is important for CF 
Im68RRM binding. CF Im25 dimerization also enables the 
simultaneous binding of two UGUAA elements to the CF 
Im25 dimer. Yang et al. [17] observed that the CF Im25 
dimer bound RNA containing two separated UGUAA el-
ements with 100-fold higher affinity than RNA contain-
ing only one UGUAA element. The minimum distance 
between the two UGUA elements, which is required to 
observe this gain in affinity is five nucleotides. Unlike 
the structures of the UGUAAA- and UUGUAU-CF Im25 
complexes, which show CF Im25 dimer binding with 
only one RNA molecule in the crystals [17], our struc-
ture shows that two UGUAA RNA sequences, with anti-
parallel orientation, bind to one CF Im25-CF Im68RRM 
heterotetramer, providing structural evidence to support 
the simultaneous binding of two UGUAA elements to the 
CF Im25 dimer. The anti-parallel positioning of the two 
UGUAA elements and the discontiguous RNA-binding 
surfaces confirm the importance of the separation by a 
certain number of bases of the two UGUAA elements.

 
CF Im25 enables CF Im68 to bind RNA through stabiliza-
tion of the L3 loop of CF Im68

UV-crosslinking experiments showed that CF Im68 
binds to pre-mRNA substrate very weakly, but can ef-
ficiently bind to RNA upon complex formation with CF 
Im25 [15]. Our studies therefore suggest that CF Im25 
may enable CF Im68 to bind RNA. Although the β-sheet 
of CF Im68RRM contains the conserved RNP1 and RNP2 
motifs found in other RRM domains (Figure 2A) and is 
accessible for RNA, our studies show that it is not in-
volved in RNA binding. Y84, N87 and F115 are located 
in the β1 strand, L1 loop and β2 strand, respectively. The 
Y84A, N87A and F115A mutants showed similar RNA-
binding affinities to the wildtype, suggesting that the 
β-sheet does not interact with RNA. This observation 
is supported by the recently determined structure of the 
CF Im25-CF Im59RRM complex (PDB entry 3N9U). The 
structure of the CF Im25-CF Im59RRM complex shows 
that the β-sheet is buried by a helix formed by the C-
terminal extension of the RRM domain (Supplementary 
information, Figure S6). As CF Im59 and CF Im68 have 
highly homologous amino acid sequences, the β-sheet 
of CF Im68RRM is possibly also buried by a helix and is 

inaccessible to RNA. Substitutions of N117, N120 and 
K124, which are located in the L3 loop, reduce RNA-
binding affinities, suggesting the L3 loop of CF Im68RRM 
may bind to RNA. This observation is particularly inter-
esting. In SXL-RRM2 [20] and PABP RRM1 [32], the L3 
loops interact with RNA but not with protein, whereas in 
the Mago-Y14-PYM complex, the L3 loop interacts only 
with protein. To our knowledge, the RRM domain of CF 
Im68 is the first example of an RRM domain that binds 
to both protein and RNA via the L3 loop. Without CF 
Im25 binding, the L3 loop of CF Im68RRM is thought to 
be more flexible, which may affect RNA binding. Upon 
complex formation with CF Im25, the L3 loop of CF Im-

68RRM is extended and accessible for RNA binding. CF 
Im25 may enable CF Im68 to bind RNA in this manner.

CF Im68 makes an essential contribution to RNA binding
The CF Im25-CF Im68RRM complex binds to RNA1 

and RNA2 much more efficiently than CF Im25 alone 
(270-fold for RNA1 and 100-fold for RNA2), indicating 
that the large subunit, CF Im68, makes an essential con-
tribution to pre-mRNA recognition. Point mutation and 
kinetics analyses show that the L3 loop of CF Im68RRM 
may be involved in RNA binding. As the UGUAA ele-
ment orientates opposite to CF Im68RRM from the 5′ to 
3′-end, the L3 loop of CF Im68RRM may bind the imme-
diately flanking upstream region of the UGUAA element. 
Complex assembly places the L3 loop of CF Im68RRM 
and the NUDIX domain of CF Im25 together, forming a 
large and continuous RNA-binding platform (Supple-
mentary information, Figure S7A). We observed that 
CF Im25 binds to RNA1 much more weakly than RNA2 
(about fivefold). The program UNAFold [33] indicated 
that RNA1 folds into a hairpin structure (Supplementary 
information, Figure S7B). The U-A and G-C intramo-
lecular interactions bury the UGUAA element, impairing 
the binding of CF Im25. Pre-mRNA processing, such as 
splicing, is influenced by the secondary structure of the 
pre-mRNA [34]. Most proteins involved in splicing regu-
lation recognize single-stranded, rather than base-paired 
RNA. The hairpin structure of RNA reduces the bind-
ing of CF Im25 by about fivefold but has a much smaller 
impact on the CF Im25-CF Im68RRM complex (less than 
twofold), suggesting that CF Im68 binding helps CF Im25 
to recognize the UGUAA element, besides promoting a 
higher binding affinity.

During 3′-end processing, CF Im binds to pre-mRNA 
concomitantly with CPSF to stabilize the binding of 
CPSF to the AAUAAA hexamer at an early stage of pro-
cessing complex assembly [5, 6]. It binds to the UGUAN 
element upstream of the poly(A) site in a sequence-
dependent manner [4, 35]. The CF Im25 dimer simultane-
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ously binds to two UGUA elements within one molecule 
of pre-mRNA (termed as two UGUAA elements binding 
mode) [17]. In addition, CF Im25 and CF Im68 cooper-
ates to bind the UGUAA element and the immediately 
upstream flanking region, respectively, for higher affin-
ity (termed as synergistic binding mode). Bioinformatic 
analyses revealed that the two modes are both func-
tionally important for pre-mRNA recognition by CF Im 
(Table 2). Approximately 43.6% of human mRNAs (a 
total number of 44 563) contain A(A/U)UAAA elements 
immediately upstream of the poly(A) site and UGUAN 
elements upstream of A(A/U)UAAA and 29.3% contain 
multiple copies of UGUAN elements. We also analyzed 
the mRNAs from Mus musculus, Danio rerio, Gallus 
gallus and Xenopus laevis and found that the propor-
tions are 42.8% and 28%, 38.6% and 28.9%, 27.8% and 
19.7%, and 65.9% and 50.7%, respectively (Table 2). 
These results show that CF Im binds to about half of all 
pre-mRNAs, of which the majority contain at least two 
copies of UGUAN elements and the minority contain 
only one copy of the UGUAN element. CF Im may bind 
to pre-mRNAs containing at least two copies of UGUAN 
elements via both the two UGUA element-binding and 
the synergistic-binding modes. For the pre-mRNAs con-
taining only one copy of the UGUAN element, which is 
the case for about 10% of all mRNAs, CF Im binds the 
pre-mRNA via the synergistic binding mode to ensure ef-
ficient binding.

Materials and Methods

Protein expression and purification
The cDNAs of CF Im25 (residues 34-227) and CF Im68RRM 

(residues 78-159) were cloned into the vector pET22b. Cys159 
of CF Im68RRM was replaced by an alanine to prevent disulfide 
bond formation. GST or GST proteins were cloned into the pGEX-
4T-2 vector. His-MBP-tag proteins were cloned into the modified 
pET32a vector, the products of which contain His-MBP-tags in the 
N-terminal of the recombinant proteins. Proteins were expressed 

in Escherichia coli Rosetta (DE3) (Novagen). Mutations were in-
troduced using PCR by designing mutated residues in primers with 
the MutanBEST kit (TAKARA). All plasmids were confirmed by 
DNA sequencing. CF Im25 and CF Im68RRM were co-purified by 
Ni2+ ion-affinity chromatography, and further purified by Super-
dex-200 gel filtration and monoQ ion exchange chromatography 
(GE Healthcare). Finally, the CF Im68-CF Im68RRM complex was 
concentrated by centrifugal ultrafiltration (Millipore, 5 kDa cutoff) 
to approximately 8 mg/ml, as estimated using the BCA Protein 
Assay Kit (Pierce), in 2 mM Tris (pH 8.0), and 100 mM NaCl for 
crystallization assays.

Crystallization and data collection
The CF Im25-CF Im68RRM complex was crystallized at the 

concentration of approximately 8 mg/ml by hanging-drop vapor 
diffusion at 10 ºC with the reservoir solution containing 16% 
PEG3350, 5% dioxane and 0.1 M sodium citrate, pH 5.0. The 
2.7 Å diffraction data was collected at beamline 3W1A of Bei-
jing Synchrotron Radiation Facility (BSRF). The CF Im25-CF 
Im68RRM complex was incubated with twofold excess of UGUAA 
(TAKARA) on ice for 0.5 h, with a final concentration of approxi-
mately 6 mg/ml. The CF Im25-CF Im68RRM-UGUAA complex 
was crystallized by sitting-drop vapor diffusion at 10 °C with the 
reservoir solution containing 15% PEG3350, 9% dioxane and 0.1 
M sodium citrate, pH 5.0. The 2.9 Å diffraction data was collected 
at beamline BL17U of Shanghai Synchrotron Radiation Facility 
(SSRF). The data were processed and scaled with the HKL2000 
package [36].

Structure determination
The CF Im25-CF Im68RRM crystals belong to space group C2 

with the cell parameters: a = 159.77 Å, b = 105.51 Å, c = 146.53 
Å, and α = γ = 90.00°, β = 112.58°. Each asymmetric unit contains 
three copies of a 2:2 CF Im25-CF Im68RRM complex. The phase 
was determined by molecular replacement using Molrep [37] 
and Phaser [38]. First, six CF Im25 subunits were found using the 
structure of apo CF Im25 (PDB entry 2cl3) as the search model and 
then fixed. Then six CF Im68RRM subunits were found using the 
structure of RBMY protein RRM domain (PDB entry 2FY1) as the 
search model. The model completeness was carried out in COOT 
[39] and the refinement was performed by REFMAC5 [40] with 
non-crystallographic symmetry (NCS) restraints and CNS [41]. 
The NCS restraints were tight in earlier stages and completely re-

Table 2 Bioinformatics analyses of the UGUAN elements of mRNAs from multiple vertebrate organisms
Organisms Homo sapiens Mus musculus Danio rerio Gallus gallus Xenopus laevis
Total number of mRNAsa  44563 (100.0%) 41910 (100.0%) 28699 (100%) 19131 (100%) 8549 (100%)
(relative percentage)b

Number of mRNAs containing 19413 (43.6%) 17905 (42.8%) 11087 (38.6%) 5319 (27.8%) 5638 (65.9%)
UGUAN upstream of A(A/U)UAAAc

Number of mRNAs containing multiple  13069 (29.3%) 11732 (28.0%) 8280 (28.9%) 3768 (19.7%) 4336 (50.7%)
copies of UGUAN
aAll the mRNA sequences were derived from the Refseq database of NCBI. Refseq database provides a multiple organism, non-redundant 
database of mRNA sequences.
bThe total number of mRNA of each organism was set to 100%, respectively.
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laxed in later stages. Water molecules were added to the model by 
inspection of 2Fo – Fc and Fo – Fc density maps in the final stages. 
The final refined model has an R factor (Rfree) of 21.4% (26.5%). 
The quality of model was checked using the program Molprobity 
[42]. The Ramachandran plot reveals that 95.5% of the residues 
are in the most favored region, with an additional 4.4% in the 
additionally allowed region. One residue is in the outlier region, 
which is Pro113. The CF Im25-CF Im68RRM-RNA crystals be-
long to space group P21 with the cell parameters: a = 104.78 Å, 
b = 129.42 Å, c =111.16 Å, and α = γ = 90.00°, β = 94.01° . Each 
asymmetric unit contains four copies of CF Im25-CF Im68RRM 
heterotetramer. The phase was determined by molecular replace-
ment with Phaser [38]. Seven RNA molecules can be traced in the 
electron density map within the cavities of the CF Im25 subunits, 
whereas no electron density for RNA was observed within the 
same region of the remaining CF Im25 subunit. Thus, seven RNA 
chains (termed chain Q, R, S T, U, V and W, respectively) were 
manually added with the guidance of 2Fo – Fc and Fo – Fc density 
maps in Coot [39]. Chain Q contains U1 and the guanine base of 
G2, chain R contains all the five nucleotides with the exception 
of the adenine base of A4 and the phosphate group of A5, chain 
S contains all the five nucleotides, chain T contains the first three 
nucleotides and A5 with the exception of the phosphate group of 
A5, chain U contains the first three nucleotides and the adenine 
base of A5, chain V contains the first three nucleotides and chain 
W contains U1. The refinement was performed by REFMAC5 [40]. 
Finally, water molecules were added to the model by inspection of 
2Fo – Fc and Fo – Fc density maps. The translation-libration-screw 
(TLS) model was applied near the end of refinement. The final 
refined model has an R factor (Rfree) of 22.6% (27.6%) and was 
validated using Molprobity [42]. The Ramachandran plot revealed 
that 97.3% of the residues are in the most favored region, with an 
additional 2.7% in the additionally allowed region. Structural fig-
ures were prepared with Pymol (http://www.pymol.org).

Glutathione S-transferase pull-down assays
Small-scale pull-down assays were performed. GST-proteins 

or GST tag (150 µg) from the soluble fraction of E. coli cell lysate 
was incubated with 75 µl of glutathione agarose beads (GE Health-
care) for 30 min at room temperature. After washing three times 
with binding buffer, beads were incubated with 150 µg of purified 
recombinant proteins for 1 h at 16 °C. After incubation, the beads 
were washed three times with binding buffer to remove unbound 
proteins. Bound proteins were eluted from the beads by boiling in 
SDS sample buffer and resolved on SDS-PAGE.

Immunoblot analysis
An aliquot containing 50 µg of protein from the soluble frac-

tion of E. coli cell lysate expressing GST or GST-proteins was 
incubated with 20 µl of glutathione agarose beads (GE Healthcare) 
for 20 min at room temperature. After washing four times with 1× 
PBS, beads bound with GST or GST-proteins were incubated with 
50 µg of the recombinant His-MBP-tagged or His-tagged proteins 
in 0.25 ml HNTG-buffer (20 mM Hepes-KOH, pH 7.5, 100 mM 
NaCl, 0.1% Triton X-100, and 10% glycerol) for 1 h at 4 °C. After 
incubation, the beads were washed six times with 1 ml HNTG buf-
fer to remove unbound proteins. Bound proteins were eluted from 
the beads by boiling in SDS sample buffer and detected by immu-
noblot analysis.

Size-exclusion chromatography assay
The size-exclusion chromatography assays were performed 

with a Superdex 200 column (10/300 GL) (GE Healthcare). The 
protein sample or molecular mass standards were applied to the 
Superdex 200 column (10/300 GL) and eluted with 50 mM Tris, 
pH 8.0 and 200 mM NaCl. Standard proteins (GE Healthcare) 
were thyroglobulin (669.0 kDa), ferritin (440.0 kDa), albumin (69.0 
kDa), ovalbumin (43.0 kDa), ribonuclease A (13.7 kDa). The void 
volume was determined with blue dextran (GE Healthcare).

Surface plasmon resonance measurement
All SPR studies were performed with a Biacore 3000 instru-

ment (Biacore AB, Uppsala, Sweden). The RNA segment with the 
same sequence found upstream of the human PAPOLA pre-mRNA 
poly(A) site (5′-GCUAUUUUGUAAACA-3′ (−63 to −49) or 
5′-CUAUUUUGUAA-3′ (−62 to −42)) was immobilized on a SA 
chip via a biotin at the 3′-end, and solutions containing wild-type 
proteins and mutants at different concentrations were passed over 
the chip at 10 μl/min and washed by 50 mM NaOH. All experi-
ments were carried out at 25 °C in binding buffer (20 mM Tris, 
pH 8.0, 150 mM NaCl). The binding curves were fitted according 
to a one-site binding model using Origin software (http://www.
originlab.com). The raw sensorgrams data obtained with different 
concentrations of proteins are provided as Supplementary informa-
tion, Figure S5.

Accession codes
The coordinates and structure factors have been deposited with 

accession number 3P5T (for the CF Im25complex-CF Im68RRM 
complex) and 3P6Y (for the CF Im25-CF Im68RRM-UGUAA com-
plex).
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