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Swt1 is an RNA endonuclease that plays an important role in quality control of nuclear messenger
ribonucleoprotein particles (mRNPs) in eukaryotes; however, its structural details remain to be
elucidated. Here, we report the crystal structure of the C-terminal (CT) domain of Swt1 from
Saccharomyces cerevisiae, which shares common characteristics of higher eukaryotes and prokaryotes
nucleotide binding (HEPN) domain superfamily. To study in detail the full-length protein structure, we
analyzed the low-resolution architecture of Swt1 in solution using small angle X-ray scattering (SAXS)
method. Both the CT domain and middle domain exhibited a good fit upon superimposing onto the
molecular envelope of Swt1. Our study provides the necessary structural information for detailed analysis
of the functional role of Swt1, and its importance in the process of nuclear mRNP surveillance.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear mRNP quality control is an important step prior to
mRNA export into cytoplasm, a fundamental process for successful
eukaryotic gene expression. Swt1 (synthetically lethal with TREX)
is an RNA endonuclease that associates with both the TREX com-
plex (mRNA transcription and export complex) and the NPC
(nuclear pore complex) in vivo [1]. The main function of Swt1 is
to facilitate the degradation of aberrant pre-mRNAs at the nuclear
periphery, preventing the leakage of defective mRNPs into the
cytoplasm [2]. Analysis of the amino acid sequence as well as the
prediction of the secondary structure of Swt1 from Saccharomyces
cerevisiae (S. cerevisiae) showed that this endonuclease consists of
three domains, namely N-terminal (NT) domain, middle (M)
domain, and C-terminal (CT) domain. The middle domain contains
a PIN (PilT N terminus) domain [3], a domain deemed responsible
for the RNA nuclease activity observed in proteins containing this
functional region. The crystal structures of several PIN domains
of different proteins have been solved [4–10]. The PIN domain of
Swt1 was shown to contain endonuclease activity in vitro, and
appears to be essential for proper functioning of Swt1 in living cells
[2].

In order to understand the precise mechanisms of Swt1 func-
tion in mRNA surveillance, it is important to analyze its molecular
structure at high resolution. However, so far no three-dimensional
structures of Swt1 have been analyzed. Whilst the structure of the
Swt1 PIN domain has been predicted on the basis of its sequence
similarity to other PIN domains [11], the structures of the NT and
CT domains of Swt1 remain to be solved. Here, we report the crys-
tal structure of the CT domain of S. cerevisiae Swt1, which was
determined by using a single-wavelength anomalous dispersion
(SAD) method. Furthermore, the low-resolution architecture of
Swt1 full-length protein in solution was analyzed using small angle
X-ray scattering (SAXS) method, thus providing novel insights into
the domain organization of Swt1.

2. Materials and methods

2.1. Gene cloning, protein expression and purification

The genes encoding Swt1 full-length and truncated proteins
were obtained by polymerase chain reaction (PCR) from S. cerevisi-
ae genomic DNA, including Swt1 full-length (1-458AA), CT domain
(312-458AA), PIN domain (120-315AA), N + M domain (1-315AA)
and M + C domain (120-458AA). The amplified genes were cloned
into vector PET28a and expressed in Escherichia coli strain
BL21(DE3) with an N-terminal 6-His-tag. Cells were harvested by
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Table 1
Data collection and structure refinement statistics.

Data collection Native-C SeMet-L379M-C

Wavelength (Å) 1 0.9791
Space group P 32 2 1 P 32 2 1
Cell dimensions a = b = 61.52 Å,

c = 84.97 Å;
a = b = 90�, c = 120�

a = b = 61.15 Å,
c = 83.42 Å;
a = b = 90�, c = 120�

No. of molecules/asu 1 1
Resolution rangea (Å) 50–2.30 (2.34–

2.30)
50–2.70 (2.75–
2.70)

Unique reflectionsa 8495 (420) 5261 (252)
Mean I/r 61.89 (5.99) 88.17 (8.19)
Redundancya 10.6 (10.4) 41.2 (33.6)
Completenessa (%) 97.9 (100) 100 (100)
Rmerge

a (%) 5.6 (39.5) 6.7 (46.8)

Refinement statistics
Resolution range (Å) 33.22–2.30
Rwork (%) 21.2
Rfree (%) 26.5
No. of protein atoms 1173
No. of water molecules 25
RMSD bond lengths (Å) 0.009
RMSD bond angles (�) 1.141

Ramachandran statistics
Most favored regions (%) 96.27
Allowed regions (%) 3.73

a Values in parentheses are for the highest resolution shell.
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centrifugation, resuspended in lysis buffer (50 mM Tris–HCl pH
8.0, 500 mM NaCl, 12.5% sucrose, 2 mM b-mercaptoethanol) and
sonicated for about 30 min (6 s sonication/25 s pause for each
cycle). Proteins were purified through a Ni2+ affinity fast flow col-
umn, subsequently followed by an anion exchange Q column and a
size exclusion column Superdex200 (GE Healthcare), then concen-
trated to 20 mg/ml in buffer (20 mM Tris pH 8.0, 50 mM NaCl,
2 mM b-mercaptoethanol) for crystallization.

A Leu379Met mutation at the CT domain was introduced for
preparing a selenomethionine-substituted (SeMet) derivative.
SeMet-L379M-C domain was expressed in BL21(DE3) with seleno-
methionine supplemented in M9 medium. The expression and
purification procedure for SeMet-L379M-C was the same as that
for full-length protein.

2.2. Crystallization and data collection

All of Swt1 full-length and truncated proteins have been
screened for crystal growth. Crystals were obtained for the Swt1
CT domain by using the sitting drop vapor diffusion method. A vol-
ume of 1 ll protein solution was mixed with an equal volume of
reservoir solution containing 0.1 M NaAc (pH 4.6), 2 M Na Formate,
and equilibrated against 100 ll reservoir solution. Crystals
appeared after about 2 weeks of growth at 18 �C. The crystalliza-
tion conditions for the SeMet-L379M-C domain were identical to
that used for the native CT domain. X-ray diffraction data were col-
lected by adding saturated LiCl to the reservoir buffer as cryopro-
tectant. Crystal diffraction data of both native CT domain and
SeMet-L379M-C domain were collected at the Beijing Synchrotron
Radiation Facility (BSRF).

2.3. Structure determination and refinement

Diffraction data were processed and scaled using HKL-2000
[12]. The structure of SeMet-L379M-C domain was solved using
the SAD method. Selenium sites were located using SHELX [13].
The initial phase was solved using the Autosol program embedded
in the PHENIX software suite [14]. 80% of all residues were built
with the program Autobuild [15]. The remaining residues were
built manually using COOT [16], and the model was refined using
the diffraction data in phenix.refine [17]. The SeMet-L379M-C
domain structure was used as the search model to solve the native
CT domain structure with PHASER using the molecular replace-
ment method [18]. The final Rwork and Rfree for the refined model
were 21.2% and 26.5%, respectively. The stereochemical quality of
the CT domain structure was checked with the program PROCHECK
[19]. A summary of data collection and structure refinement statis-
tics is listed in Table 1. Figures were prepared using Pymol [20].
The DALI server was used for comparison of protein structures
[21]. The structure was deposited into the protein data bank
(PDB: 4PQZ).

2.4. Structure prediction

Swt1 full-length sequence was put into the website of Phyre2
(http://www.imperial.ac.uk/phyre/) to predict the three-dimen-
sional structure of Swt1 [11]. The analysis revealed that the PIN
domain of Swt1 (Lys129–Lys276) could be predicted using hSMG6
PIN domain structure (PDB: 2HWW) as a template. The confidence
in the produced model was 100%.

2.5. SAXS measurement and data processing

Synchrotron radiation SAXS data were collected on the beam-
line 1W2A of the BSRF using a MARCCD detector. The scattering
signal was recorded in the range of the momentum transfer
0.02 < s < 0.18 Å�1, where s = (4psinh)/k, 2h is the scattering angle,
and k = 1.54 Å is the X-ray wavelength. The measurements were
carried out in a cuvette with an exposure time of 200 s. The scatter-
ing curves were primarily processed using PRIMUS [22]. To avoid
protein concentration impacting on the interactions of the protein
macromolecules in solution, a series of protein concentrations (2, 3
and 4 mg/ml of Swt1 full-length) in solution buffer (20 mM
Tris–HCl, pH 8.0, 50 mM NaCl, and 2 mM DTT) were prepared
and measured. After subtracting buffer scattering, the data were
averaged and extrapolated to zero concentration. The resultant
curve was used for all calculations as well as for the modeling.
Distance distribution functions p(r) and maximal diameter of the
scattering object Dmax were calculated from experimental data
using GNOM [23]. The ab initio modeling of low-resolution shapes
of the protein in solution was performed using GASBOR [24]. Ten
models were calculated, and the most universal model was chosen
as typical.

2.6. Assays for nuclease activity in vitro

Analysis for testing nuclease activities of the purified proteins
on fluorescence-labeled 49-nt poly(A)+ RNAs was performed at
30 �C in the buffer containing 10 mM Tris–HCl (pH 7.6), 50 mM
NaCl, 2 mM DTT, 0.8 U/ll RNasin, 5% glycerol and 2.5 mM MnCl2.
Proteins were added to the reaction buffer containing 0.6 pmol of
the fluorescence-labeled RNA substrate, and the total volume of
10 ll reaction mixtures were incubated at 30 �C for 30 min. Subse-
quently, the reactions were stopped by adding 10 ll 2� formam-
ide-containing RNA loading buffer and heated for 10 min at
70 �C. Reaction products were analyzed on a denatured 12% poly-
acrylamide/8 M urea gel and visualized using a Typhoon FLA
7000 (GE Healthcare).

3. Results and discussion

3.1. Overall structure of the S. cerevisiae Swt1 CT domain

The crystal of the Swt1 CT domain belongs to space group
P3221, and contains only one molecule per asymmetric unit. The
crystal structure of Swt1 CT domain was solved at 2.3-Å resolution.

http://www.imperial.ac.uk/phyre/
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Residues Pro323 to Thr458 could be traced. The structure of the CT
domain is composed exclusively of a helices, including three long
antiparallel helices (a1, a5 and a6), two shorter helices (a2 and
a4) that stack at a slight angle to the long helices, and another
shorter a helix (a3) forming a helix-loop-helix motif with helix
a2 at an angle of about 90 degrees. Embedded in between the
a-helices are two 3(10)-helices (g1, g2), one being located between
helices of a1 and a2, and the other between helices a3 and a4
(Fig. 1A). The topology of the CT domain structure is shown in
Fig. 1B. A disulfide bond is formed by two residues of Cys391 in
the two adjacent molecules, which are symmetric with each other
via a crystallographic twofold rotation axis (Fig. 1C). The electro-
static potential surface of the CT domain of Swt1 is shown in
Fig. 1D.

3.2. Sequence similarity of Swt1 protein family

Multiple sequence alignment showed that Swt1 proteins from
different species are highly conserved. Apart from the conserved
residues in the NT and the middle domains, the conserved residues
in the CT domain of Swt1 include Gly354, Tyr362, Thr368, Trp381,
Val384, Phe385, Leu416, Phe419, Leu427 and Leu442 (Supplemen-
tary Fig. 1A). Residues of Tyr362 and Thr368 are located on the
loop between g1 and a2, and residues of Trp381, Val384 and
Phe385 are located on the loop between helix a2 and a3 to form
the right-angled kink of the two helices (Fig. 1E), and most of the
remaining conserved residues are located on a helices.

3.3. Structural comparison of the Swt1 CT domain to the superfamily of
HEPN domains

After analysis of the crystal structure of the CT domain, we
found that this conserved domain shares common characteristics
Fig. 1. Structure of the CT domain of S. cerevisiae Swt1. (A) Crystal structure of Swt1 CT d
molecules; (D) electrostatic potential surface of the CT domain. The surface is colored fro
D3xR motif in the a1 helix and the conserved amino acid residues in the loop between the
the reader is referred to the web version of this article.)
with other proteins of the HEPN domain superfamily. For example,
the residue’s number of the CT domain is 136, which is close to the
size of the originally defined HEPN domain (approximately
100–120 amino acids long). It is composed exclusively of a helices,
four of which (a1, a2, a5, a6) form an up-and-down helical bundle.
The core of this fold is comprised of a-hairpins, with the N- and
C-termini spatially juxtaposed (Fig. 2A). Several helical elements
(a3, g2, a4) are found inserted in between the long a helices, with
the sequence of this insert being poorly conserved (Supplementary
Fig. 1A). The partly conserved Ex3[KR] motif (x is any amino acid)
containing a conserved acidic residue in HEPN domain is present as
Dx3R in the CT domain of yeast Swt1 (Fig. 1E). This motif is found
conserved as a Ex3K motif in its human Swt1 homologue
(Supplementary Fig. 1A). Taken together, these characteristics sug-
gest that the CT domain of Swt1 is a member of the HEPN domain
superfamily, which is in agreement with an earlier prediction using
computational methods [25].

Interestingly, whilst S. cerevisiae is a lower eukaryote, the
HEPN domain superfamily is present primarily in higher eukary-
otes and prokaryotes. In order to investigate similarities between
these domains, we compared the structure of the CT domain
with those of HEPN domains from bacteria as well as higher
eukaryotes [26,27]. For instance, a comparison of the crystal
structures of the Swt1 CT domain (Fig. 2Aa) and the HEPN
domain protein from the bacterium Thermotoga maritime (PDB:
1O3U, Fig. 2Ab) resulted in a Z score of 4.3, with an RMSD of
2.6 Å (Fig. 2B). In addition, when comparing the crystal structure
of Swt1 CT domain with that of the human sacsin HEPN domain
(PDB: 3O10, Fig. 2Ac), the Z score was 3.9, with an RMSD of
2.8 Å in Dali server (Fig. 2C). Together, these results suggest that
the 3D-structure of the Swt1 CT domain closely resembles those
of HEPN domains. Interestingly, the sequence identities of HEPN
domains can be less than 10% [21].
omain. (B) Topology diagram of the CT domain. (C) The disulfide bond between two
m blue to red for positively to negatively charged regions. (E) The partly conserved
a2 and a3 helices. (For interpretation of the references to color in this figure legend,



Fig. 2. Structural comparison of the CT domain of Swt1 with other HEPN domains. (A): a, Structure of Swt1 CT domain from S. cerevisiae (PDB: 4PQZ, magenta); b, Structure of
HEPN domain protein from Thermotoga maritime (PDB: 1O3U, cyan); c, Structure of human sacsin HEPN domain (PDB: 3O10, green). (B) Structural alignment of 4PQZ to 1O3U.
(C) Structural alignment of 4PQZ to 3O10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Structure prediction of the PIN domain

S. cerevisiae Swt1 can be subdivided into three domains, accord-
ing to its primary sequence and the prediction of its secondary
structure (Fig. 3A). In order to understand the structural details
of Swt1, we used the program Phyre2 to predict the structure of
its PIN domain. The predicted structure of the PIN domain included
residues Lys129 to Lys276, and used the structure of the hSMG6
PIN domain as a template (Supplementary Fig. 1B). As shown in
Fig. 3B, analysis of the superimposition revealed four highly con-
served acidic residues (aspartate or glutamate), as well as a single
polar residue (serine) in the PIN domain of Swt1, all of which were
proposed to represent the putative active sites for nuclease
activity.

3.5. SAXS analysis of the low-resolution structure of Swt1

To identify the entire contour of full-length Swt1, and to under-
stand the domain organization of this protein, we analyzed the
low-resolution envelope of Swt1 in solution using SAXS method,
which predicts the intact structural conformation of proteins.
Experimental scattering patterns of Swt1 in solution were aver-
aged and extrapolated to zero concentration (Fig. 3C, curve 1).
Ten independent GASBOR models were generated, and the one
with the smallest normalized spatial discrepancy (NSD) value
was chosen as a typical model (NSD = 1.311). This model provided
a good approximation to the experimental data, with a discrepancy
value of v = 0.86 (Fig. 3C, curve 2). The protein structural model
was represented by an ensemble of dummy residues equal to the
residual number of Swt1, and the envelope of Swt1 was found to
resemble a ‘‘W’’ shape (Fig. 3D).

The radius of gyration (Rg) of Swt1 calculated by Guinier
approximation was identified as 35 Å. Computational analysis of
the molecular mass (MM) by SAXS resulted in a mass of approx.
50 kDa, which is in agreement with the MM of the Swt1 monomer
in solution. The maximum diameter Dmax of the particle was 105 Å;
in addition, the protein exhibited a flexible and extended confor-
mation in solution. Structural analysis of the SAXS-generated
Swt1 model revealed three protein domains, together with flexible
linkers (resulting from the secondary structural prediction) con-
necting the adjacent domains [28]. The surface of the predicted
PIN structure is of cubic shape, with a length of the diagonal line
of approx. 40-Å (Fig. 3Ea). In comparison, the surface of the crystal
structure of the CT domain exhibits the shape of an extended,
triangular pyramid, with a width of 30-Å and a height of 50-Å
(Fig. 3Eb). In order to provide a better understanding of the overall
domain organization of Swt1, the rigid structures of the PIN
domain and the CT domain were placed into the low-resolution
envelope of Swt1 manually. Our analysis revealed that both
domains fit well into the GASBOR model of full-length Swt1
(Fig. 3Ec).

3.6. Analysis of nuclease activity of Swt1 in vitro

In vitro, Swt1 full-length protein degrades RNA given the
presence of manganese ions (Mn2+). In order to analyze nuclease
activity in vitro, several truncations of Swt1 were expressed and
purified, including N + M domain, M + C domain, M (PIN) domain
and CT domain. Our in vitro results showed that the PIN domain
possesses RNA endonuclease activity of Swt1, whereas the CT
domain displayed no such activity (Fig. 4A and B). In order to inves-
tigate the influence of the CT domain on endonuclease activity, we
tested RNA degradation activity by deleting either NT or CT
domains. Our in vitro results showed that deleting the CT domain
slightly decreased the RNA degradation efficiency (Fig. 4A and C).
In addition, we tested Nuclease activity as a function of time. As



Fig. 3. The low-resolution structural model of Swt1 solved by SAXS method. (A) Three domains of yeast Swt1. Numbers on top indicate the amino acids of Swt1. (B) The
predicted structure of the PIN domain (Lys129–Lys276), with the conserved residues as putative active sites indicated in sticks. (C): a, Experimental scattering curve of Swt1
full-length in solution and subsequent model reconstruction; 1, experimental scattering curve extrapolated to zero concentration; 2, scattering pattern calculated from the ab
initio model; b, The distance distribution functions p(r) calculated using GNOM. (D) GASBOR model of Swt1 in solution. (E): a, Surface of the predicted structure of the PIN
domain; b, surface of the crystal structure of the CT domain; c, docking of PIN and CT domains into the GASBOR model.
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shown in Fig. 4D, deletion of the Swt1 CT domain reduced the rate
of RNA degradation relative to that of the full-length protein.

The CT domain of Swt1 shares most common features of HEPN
domains, most of which in bacteria possess RNA nuclease activity
[29,30]. However, our analysis of RNA degradation activity in vitro
indicates that the HEPN-like domain of S. cerevisiae Swt1 does not
possess endonuclease activity. This observation is probably due to
the fact that the CT domain of S. cerevisiae Swt1 lacks a conserved
Rx4-6H motif. In HEPN domains, this motif is primarily responsible
for metal-independent nuclease activity [25]. Although the



Fig. 4. Nuclease activity of Swt1 proteins on single-stranded 49-nt poly(A)+ RNA. (A) Nuclease activity assays of Swt1 full-length, M + C, N + M, M and CT domains in the
presence of Mn2+ at 5, 2.5 and 0 mM concentrations. 20 pmol of each protein were added to the total 10 ll reaction buffer containing 0.6 pmol fluorescence-labeled RNA, and
were incubated for 30 min at 30 �C. (B) and (C) Nuclease activities of the middle PIN domain, CT domain, Swt1 full-length, N + M and M + C domains of yeast Swt1. 50, 20, 5,
0 pmol of proteins were added to the total 10 ll reaction buffer, containing 0.6 pmol fluorescence-labeled RNA in the presence of 2.5 mM Mn2+, incubated at 30 �C for 30 min.
(D) Nuclease activities of Swt1 full-length, N + M and M + C domains at different time points. 100 pmol of proteins were added to the 50 ll reaction buffer containing totally
3 pmol fluorescence-labeled RNA in the presence of 2.5 mM Mn2+ at 30 �C, each of 10 ll reaction sample was taken out and the reaction was stopped at the indicated time
points of 0, 5, 15, 30 and 60 min.
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HEPN-like domain of Swt1 could slightly influence the nuclease
activity in vitro, the specific function of this domain remains to be
identified. Thus, we can only speculate that the HEPN domain might
function as a non-catalytic domain responsible for sensing or recog-
nizing unspliced mRNPs, which are specifically targeted by Swt1.
Moreover, Swt1 from Candida dubliniensis contains the conserved
Rx4H motif in the g2-a4 insert as shown by multiple sequence
alignment (Supplementary Fig. 1A). We therefore cannot exclude
the possibility that this HEPN-like domain of Swt1 may play a role
as RNA endonuclease in other species.
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We reveal here for the first time the crystal structure of the CT
domain of S. cerevisiae Swt1, which is a conserved domain in Swt1
protein family and belongs to the HEPN domain superfamily. Since
the HEPN domain has not been reported in lower eukaryotes
before [31,32], our study provides evidence that the family of
HEPN domains is widespread in prokaryotes, both lower and
higher eukaryotes; however, its function needs to be further inves-
tigated. The low-resolution structural model of Swt1 obtained by
SAXS was primarily reported, which revealed the most likely
domain organization of Swt1. Our results presented here reveal
for the first time that in S. cerevisiae Swt1, the HEPN domain is
adjacent to the C-terminal of the PIN domain. Since both the PIN
domain and the HEPN domain are common toxin domains in
different bacterial toxin–antitoxin systems, we speculate that
these two domains may have been acquired simultaneously and
modified throughout eukaryotic evolution. Our experimental
results presented here should provide important structural infor-
mation required for further clarification on how Swt1 functions
in mRNA quality control at the nuclear periphery in living cells.
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