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High-resolution crystal structure of human Dim2/

TXNL4B

TXNLA4A (thioredoxin-like 4A) is an essential protein conserved from yeast to
humans and is a component of the pre-mRNA splicing machinery. TXNL4B was
identified as a TXNL4-family protein that also interacts with Prp6, an integral
component of the U4/U6-US5 tri-snRNP complex, and has been shown to
function in pre-mRNA splicing. A crystal structure of TXNL4B was determined
at 1.33 A resolution and refined to an R 0f 0.13 and an Ry of 0.18 with one
native dimer in the asymmetric unit. Residues 1-33 of TXNL4B have previously
been reported to be responsible for its interaction with Prp6. However, this
region extends to the B-sheet core of the thioredoxin-fold structure of TXNL4B.
This suggests that the interpretation of the previously reported GST pull-down
results without considering the structure and stability of TXNL4B is debatable.

1. Introduction

The removal of introns from pre-messenger RNA is an essential step
in the expression of most eukaryotic genes (Toor et al., 2009). After
recognition of the 5" and 3’ ends of the introns, the actual excision of
the introns is catalyzed by the spliceosome, which is one of the largest
molecular complexes in the cell. The spliceosome contains four small
nuclear ribonucleoprotein (snRNP) particles (U1, U2, U4/U6 and
US) and numerous auxiliary proteins (see, for example, Kriamer,
1996; Zhou et al., 2002). Besides the seven highly conserved common
core proteins (B/B’, D1, D2, D3, E, F and G Sm proteins), snRNPs
also contains highly conserved important proteins specific for indi-
vidual snRNP particles (see, for example, Will & Lithrmann, 1997).
Structural information on snRNP proteins is essential in order to
understand many aspects of the pre-mRNA splicing mechanisms. To
date, much has been learned about the interaction and function of
distinct components of the spliceosome by structural investigations.
These include structural studies of the complex of the UIA RNA-
binding domain and part of the Ul snRNA (Oubridge et al., 1994;
Howe et al., 1994), structural studies of the U2B"-U2A’ complex
associated with a fragment of U2 snRNA (Price et al., 1998) and
structural studies of the evolutionally highly conserved U5 snRNP-
specific protein TXNL4A (also known as U5-15kD and human Dim1;
Reuter & Ficner, 1999; Zhang et al., 1999, 2003). However, very little
is known about the structures and interactions of other snRNP
proteins. While we were studying human Dim1/TXNL4A, we iden-
tified a previously undescribed protein Dim2, which is a paralogue of
Diml (Zhang et al., 1999); it has now been named TXNL4B by the
HUGO Gene Nomenclature Committee. Unlike TXNL4A, TXNL4B
could only be identified in human-, mouse- and aspen-expressed
sequence tags (ESTs) at the time of its discovery. Previously, we have
reported that TXNL4A interacts with multiple proteins that are
involved in pre-mRNA splicing as well as alternative splicing (Zhang
et al., 2000). The crystal structure of TXNL4A was reported by
Reuter ef al. (1999) and previous studies indicated that a 14-residue
C-terminal tail of TXNL4A was important for its function but had
little effect on the structure and stability of the protein (Zhang et al.,
2003). A crystal structure of TXNL4B at 2.5 A resolution has also
been reported (Simeoni et al., 2005). In addition, it has been reported
that the first 33 amino acids of TXNL4B are responsible for its
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interaction with Prp6 (Sun er al., 2004). To better understand the
structural and functional differences between TXNL4A and
TXNL4B, we sought to obtain a high-resolution structure of
TXNL4B. Here, we report the crystal structure of TXNL4B at 1.33 A
resolution. Regions of TXNL4B that have previously been reported
as being responsible for its function and its interaction with Prp6 are
also discussed in the light of protein structure and stability.

2. Materials and methods

2.1. Cloning, expression, purification, crystallization, data collection
and processing

The cloning, expression, purification and crystallization of
TXNLA4B have been reported previously (Jin et al., 2005). Since then,
using a crystal obtained under the same conditions, we have collected
a high-resolution data set for TXNL4B which diffracted to 1.33 A.
The new data set was collected at low temperature using the same
cryoprotectant (Jin et al., 2005). The data were collected using a
MAR 300 CCD on the SER-CAT 22ID beamline at the Advanced
Photon Source (APS), Argonne National Laboratory. The distance
between the crystal and the detector was 89 mm and 180 frames were
collected with 1° oscillation and 1s exposure. The diffraction data
were processed using the HKL-2000 suite of programs (Otwinowski
& Minor, 1997).

2.2. Structure determination and refinement

Shortly after we reported the crystallization and crystal char-
acterization of TXNL4B, Simeoni e al. (2005) reported a crystal
structure of Dim2/TXNL4B at 2.5 A resolution (PDB entry 1xbs).
Using the 2.5 A resolution monomeric TXNL4B as a template, a
structural solution for the high-resolution data was derived by
molecular-replacement calculations using the program Phaser
(McCoy et al., 2005; Storoni et al., 2004). Structure refinement was
carried out with REFMACS5 (Murshudov et al., 2011) as implemented
in CCP4 (Winn et al., 2011). The refinement was alternated with
manual model building and model improvement using Coot (Emsley
& Cowtan, 2004).

The final structure was refined to 1.33 A resolution and the final
model was checked using PROCHECK (Laskowski et al., 1993) and
MolProbity (Chen et al., 2010). The structure model was also checked

Phe73/B

Figure 1

Table 1

Summary of data-collection, structure-determination and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection
Wavelength (A) 1.000
Space group P2,
Unit-cell parameters (A, °) a=39.33,b=063.64,c=5115,
B=9229
30.57-1.33 (1.38-1.33)
56401 (5177)

Resolution (A)
No. of unique reflections

Completeness (%) 97.0 (89.6)
Average multiplicity 3.6 (32)
(Do () 209 (4.4)
Molecules per asymmetric unit 2

Matthews coefficient (A® Da™") 1.88

Solvent content (%) 34.6

Ruerget 0.042 (0.210)

Structure refinement

Resolution range (A) 30.57-1.33 (1.36-1.33)

Ryork/ Rerect 0.13/0.18

No. of residues/protein atoms 282/2439

No. of water atoms 382

No. of ligand atoms 23

Average B factor (A%) 20.1

Overall B (from Wilson plot) (A%) 12.1
MolProbity scores

All-atom clashscore 10.1

Bad rotamers (%) 0.78

Ramachandran outliers (%) 0.0

Ramachandran favored (%) 99.3
R.m.s.d. from ideal geometry$

Bond lengths (A) 0.022

Bond angles (°) 22

T Rumerge = Yt i M (RKD) — (I(hkD) />0 2 1:(hkl), where I(hkl) is the ith observa-
tion of reflection hkl and (I(hkl)) is the weighted average intensity for all observations i
of reflection hkl. % 4% of the reflections from thin shells in the center of ecach reflection
bin were used to calculate Rp... § Empirical ideal geometry parameters are those
derived by Engh & Huber (1991).

using a shake-and-omit protocol by introducing random errors of up
to 0.3 A into the coordinates of the final refined structure using the
program PDBSET distributed with CCP4 (Winn et al., 2011). For
each region to be checked, the concerned region of the shaken
structure was manually omitted and 20 cycles of restrained refine-
ments were carried out using REFMACS (Murshudov et al., 2011).
This was followed by inspecting the F, — F. map together with the
final refined structure. The coordinates and structure factors of
TXNL4B have been deposited in the Protein Data Bank (Berman et
al., 2002) with accession code 4in0.

A stereoview of a shake-and-omit F,, — F electron-density map contoured at 0.3 e A3 The map was calculated with Leul28 and Ile129 from protomer A and Tyr72 and
Phe73 from protomer B omitted. The omitted residues in the final structure are shown in a stick representation with the CPK coloring scheme.
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Structure-based sequence alignment and corresponding structural
superpositions were carried out using the program MUSTANG
(Konagurthu et al., 2006), and root-mean-square deviations (r.m.s.d.s)
were calculated using FAST (Zhu & Weng, 2005). Molecular graphics
were prepared using the programs RasMol (Sayle & Milner-White,
1995), MolScript (Kraulis, 1991) and Raster3D (Merritt & Murphy,
1994).

3. Results and discussion
3.1. Structure quality

The best TXNL4B crystals diffracted to 1.33 A resolution and a
complete diffraction data set was collected from one crystal (Table 1).
A structural solution was readily obtained by molecular replacement.
The structure of the initial solution contained most of the backbone
fitted in the electron density and the refinement was carried out
without much difficulty. The final refined structure of TXNL4B
adopted a typical thioredoxin fold. It gave R and Ry, values of 0.13
and 0.18, respectively, for all data to 1.33 A resolution (Table 1 and
Fig. 1). The r.m.s.d.s from ideal empirical values (Engh & Huber,
1991) were 0.022 A for bond lengths and 2.2° for bond angles, with no
main-chain bond length or bond angle deviating from the ‘ideal’
small-molecule values by more than six times the standard deviation.
All residues were in the allowed regions of the Ramachandran plot
calculated with MolProbity (Chen et al., 2010) and 99.28% of all
residues were in favored regions. In the final refined structure there
were two TXNL4B molecules in the asymmetric unit. It included 282
protein residues, 382 water molecules and one sucrose molecule.
For both monomers, residues Glyl and Asp143-Ile149 could not be
located in the electron-density map and were not included in the
refined structure. The last residue is Tyr142 for both chains and the
main-chain atoms plus C# could be located in the map. All atoms in
residues 2-141 were included in the final structure, except for Phe2 of
chain B, for which side-chain atoms beyond C” could not be located.

3.2. Monomer structure

Dim2/TXNLA4B has been reported to be a homodimer in solution
(PDB entry 1xbs; Simeoni et al., 2005). In this study, the TXNL4B
crystals belonged to space group P2; and the asymmetric unit
contained a biological dimer. The two monomers of Dim?2 are largely
superimposable (with an r.m.s.d. of 1.17 A calculated using the

Figure 2

A ribbon-diagram presentation of a TXNL4B dimer. The secondary-structure
elements in monomer B as assigned in the RasMol output file for MolScript input
are labeled « for o-helices and B for B-strands and are numbered from the
N-terminus to the C-terminus.

program FAST; Zhu & Weng, 2005). Fig. 2 shows a ribbon diagram
of the TXNL4B homodimer in a unit cell. Simeoni and coworkers
obtained Dim2/TXNL4B crystals in space group P4,2,2 and reported
a crystal structure determined at 2.5 A resolution with one TXNL4B
molecule in the asymmetric unit with residues Asn138-Ile149 missing
(PDB entry 1xbs; Simeoni et al., 2005). That study also reported a
biological unit for TXNL4B which contained two monomers and a
similar monomer—-monomer interface as observed in the dimer in the
asymmetric unit in the present study. The r.m.s.d. between monomer
A of this study and PDB entry 1xbs is 0.85 A and the r.m.s.d. between
monomer B of this study and PDB entry 1xbs is 0.77 A.

Previously, Sun and coworkers performed GST pull-down experi-
ments using GST fusions of different deletion mutants of DLP/
TXNL4B and concluded that the amino-terminal 33 residues of
TXNL4B were responsible for its interaction with Prp6 (Sun et al,
2004). In light of the structure, however, deleting the first 33 residues
could have destroyed the native structure of TXNL4B as this involves
removing a whole strand at the center of the B-sheet core of the
protein (Fig. 3). Thus, the effect of the deletion on the pull-down
experiment was most likely to be because the TXNL4B deletion
mutant was unable to fold into a structure with a surface similar to
that of the native protein without the deleted region. Mapping the
Prp6 interaction to this region based on the GST pull-down results
may be misleading.

3.3. Comparison of TXNL4B with TXNL4A

The r.m.s.d. between monomer A of TXNL4B in this study and the
reported structure of TXNL4A (PDB entry 1qgv; Reuter & Ficner,
1999) is 1.34 A and the r.m.s.d. between monomer B and TXNLAA is
135 A. Although the percentage sequence identity is only 38%, the
overall structures of TXNL4A and TXNL4B are conserved (Fig. 4).
However, the region connecting strands B2 and B3 forms a more
stable a-helix («3) in TXNL4B, while this region is generally dis-
ordered in TXNL4A (Zhang et al., 2003). The C-terminal tail of the
TXNL4 proteins after the last o-helix contains a short B-strand.
However, deleting this tail did not change the structure, stability or

C

Figure 3

Monomer of Dim2/TXNL4B. A ribbon diagram of monomer A of the asymmetric
unit is shown with the N- and C-termini of the structure indicated. a-Helices are
shown in red and green and S-strands are shown in blue, except for residues 2-33
which have been reported to be responsible for the interaction of Dim2/TXNL4B
with Prp6 and are shown in magenta.
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Figure 4

Comparison between TXNL4A and TXNLA4B. (a) Sequence alignment based on structure superposition by MUSTANG. Single-letter amino-acid codes are used. Red
indicates identical residues in the two proteins. Rather than structural alignment, blue indicates amino acids that were not located in the electron-density maps. Secondary-
structure elements as assigned by STRIDE (Heinig & Frishman, 2004) are shown above the sequence for TXNL4B and below the sequence for TXNL4A. S-Strands are
shown as arrows and «-helices are shown as cylinders. They are numbered from the N-terminus of the proteins, except for two strands in TXNL4B that consist of only two
residues, which are numbered separately. These two short strands are not shown as strands in (b). (b) Structure comparison between TXNL4A and TXNL4B. Each structure
is represented as a ribbon diagram, with monomer A of TXNL4B shown in red and TXNL4A shown in blue, except for residues Leu129-Thr138 (shown in magenta) which
are within the functionally important 14-residue tail of TXNL4A, the removal of which is known to result in a dominant negative form of the protein.

cellular localization of TXNL4A (Zhang et al., 1999, 2003), although
this region is functionally important and its removal resulted in a
dominant negative form of the protein (Zhang et al, 1999).
Compared with TXNL4A, TXNL4B extends this tail by seven more
amino acids. Sun and coworkers showed that removing this region
does not abrogate interaction between TXNL4B and Prp6. Based on
structural alignment, this region in TXNL4B is not likely to affect the
structure or the stability of the protein. Whether it is functionally
important remains to be investigated.

X-ray diffraction data were collected on the Southeast Regional
Collaborative Access Team (SER-CAT) 22-ID beamline at the
Advanced Photon Source (APS), Argonne National Laboratory. Use
of the APS was supported by the US Department of Energy, Office of
Science, Office of Basic Energy Sciences under Contract W-31-109-
Eng-38. The mention of trade names or commercial products in this
publication is solely for the purpose of providing specific information
and does not imply recommendation or endorsement by the US
Department of Agriculture.
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