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When mRNAs lack stop codons, errors in gene expression and coding of aberrant proteins that are harm-
ful in cells can result. In Saccharomyces cerevisiae, a 180-kDa E3-ubiquitin ligase, Ltn1 has been known to
associate with ribosomes and marks translationally-arrested aberrant nascent polypeptides for proteaso-
mal degradation. Here, we demonstrate the Ltn1 E3-ubiquitin ligase directly binds to the nonstop pro-
teins and efficiently ubiquitylates them. The middle domain of Ltn1 is responsible for recognizing the
polylysine residues of the nonstop protein with an affinity of 2-3 pM. This biochemical characterization
of Ltn1 expands our knowledge regarding the fundamental process that removes aberrant nascent poly-

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Proteins are continuously monitored by quality control pro-
cesses from the time they emerge from ribosomes until they are
finally targeted for degradation [1-4]. Across all organisms, mes-
senger RNA lacking stop codons, “nonstop mRNA,” can generate
errors in gene expression and subsequently encodes aberrant pro-
teins [5]. If the aberrant proteins cannot be cleared properly by the
chaperons or proteases inside the cell, the gene expression quality
control turns to deleterious mechanisms [3,6]. In prokaryotes,
these aberrant proteins are tagged by ssrA/tmRNA, which conducts
its degradation by a subset of ATP-dependent proteases [7]. The
ssrA-tagged substrates are recognized by the CIpAP protease
machinery or delivered to CIpXP by the SspB (Stringent starvation
protein B) for efficient degradation [8-11]. Specifically, the C-ter-
minus of “nonstop proteins” is tagged with the ssrA sequence,
AANDENYALAA [5,12]. Then, the SspB protein enhances the deliv-
ery of ssrA-tagged substrates to the CIpXP complex, which per-
forms the final degradation of the protein [12,13].

Abbreviations: DLS, dynamic light scattering; GFP, green fluorescent protein;
IPTG, isopropyl B-p-thiogalactoside; K12, twelve lysine residue repeat; MBP,
maltose binding protein; M-domain, middle domain of Ltn1 (residues 477-1265);
NALtn1, N-terminal (residues 1-476) of deleted Ltn1; PCR, polymerase chain
reaction; SEC-MALS, size-exclusion chromatography with multi-angle light scatter-
ing; SPR, surface plasmon resonance; SspB, Stringent starvation protein B; Ub,
ubiquitin.
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Unlike the well-established tmRNA/ssrA mechanism in bacteria
[11,14-16], the degradation of nonstop proteins in the eukaryotic
system has been mysterious for long time. The translation of a
poly(A)-tail encodes polylysine residues at the C-terminus of aber-
rant proteins [17], and that causes ribosomes to stall and subse-
quently results in proteasomal degradation [18-22]. Only
recently, a 180-kDa E3 ubiquitin ligase, Ltn1 in Saccharomyces cere-
visiae, has been shown to associate with ribosomes and mark
translationally-arrested aberrant nascent polypeptides for prote-
asomal degradation [19]. The Ltn1 from yeast consists of 1562
amino acid residues and shares sequence similarity with only
13-15% of Ltn1 homologs from other species [19,23]. Nevertheless,
the N-terminal region (residues 18-322), which selectively binds
to the 60S ribosomal subunit, and the C-terminal region (residues
1266-1562), which contains the catalytic RING domain, are evolu-
tionarily well-conserved [19,23]. Ribosome stalling during mRNA
processing occurs when a nonstop protein containing polylysine
residues, encoded by the poly(A)-tail, leads to Ltn1 recruitment
to the ribosome exit site [6]. However, how the aberrant polypep-
tides are ubiquitylated is currently unknown due to the lack of bio-
chemical characterization of the Ltn1 E3 enzyme. Recently, the
overall architecture of Ltn1 in yeast was reported using the elec-
tron microscopic technique [23] and it was determined that the
Ltn1 is a highly flexible molecule with three distinct domains; a
large central domain, hereafter the M-domain (residues 477-
1265) plus the aforementioned N- and C-domains. The exact role
for the M-domain is not clear, although it has been proposed that
its HEAT/ARM repeat structure [23] may be involved in protein-
protein interactions.
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To elucidate the molecular mechanism of Ltn1, we overexpres-
sed and purified the full-length Ltn1 or its fragment (NALtn1: N-
terminal residue with residues 1-476 removed) in S. cerevisiae by
flag tagging its N-terminus. Here, we demonstrate that the Ltn1
E3 ubiquitin ligase directly binds via its M-domain to a model non-
stop protein containing a stretch of more than twelve sequential
lysines at the C-terminus and efficiently ubiquitylates them. Based
on this finding, we are able to propose that the polylysine tail of
aberrant polypeptide chains plays a critical role not only in stalling
the ribosome, but also through its recognition by Ltn1 via its M-
domain. This finding expands our knowledge regarding the funda-
mental process that removes aberrant nascent polypeptides in
eukaryotes.

2. Materials and methods
2.1. Cloning, expression, and purification of Ltn1

The DNAs coding for full length Ltn1 or NALtn1 were amplified
by a polymerase chain reaction (PCR), with forward and reverse
primers containing the restriction sites Bglll and Xhol, and geno-
mic DNA from S. cerevisiae S288C used as a template. The PCR
product was cloned into a modified YEpTOP2PGAL1 vector and
the resultant plasmid for expressing N-terminal TLAG-tagged
Ltn1 was transformed into the haploid (type a) yeast strain
BCY123. After transformation, yeasts were plated on uracil dropout
synthetic media agar plates [0.81 g/L CSM-URA with 40 mg/L ADE
(MP), 1.7 g/L YNB without ammonium sulfate (MP), ammonium
sulfate (Sigma)] supplemented with 2% agar (USB) and 2% glucose
(Sigma). Colonies took 2-3 days to appear, were continuously inoc-
ulated in uracil dropout synthetic media containing 2% glucose.
The cells were then switched to a uracil dropout synthetic media
containing 2% glycerol (USB) and 1.5% lactic acid (Sigma). When
the ODggg reached approximately 0.4, the media were changed to
the uracil dropout synthetic media containing 2% galactose (Sigma)
which activated transcription of the N-terminal flag-tagged Ltn1
gene from the GAL1 promoter. The yeast cells were further cul-
tured at 30°C for 14 h. Cells were harvested by centrifugation,
resuspended in PBS buffer containing 10% glycerol, 1% Triton X-
100, 0.1% Nonidet P-40, and 2 mM TCEP, and subsequently dis-
rupted by liquid nitrogen grinding. The cell lysate was centrifuged
and then the supernatant was applied to flag-tag affinity beads
(Sigma). Further purification was performed by size exclusion
chromatography (Superdex 200 10/300 GL, GE Healthcare) with a
PBS buffer containing 0.05% Nonidet P-40, and 1 mM TCEP. Eluents
from the columns were analyzed by SDS-PAGE and the protein was
visualized by staining the gel with Coomassie brilliant blue R-250.

2.2. Dynamic light scattering and size-exclusion chromatography with
multi-angle light scattering

Dynamic light scattering (DLS) data was obtained using a Dyn-
aPro Titan (Wyatt), which operates as a “batch” instrument using a
micro cuvette. Before it is loaded into the cuvette, the Ltn1 protein
sample was filtered through 0.22 um centrifuge tube filters
(Costar). Data was acquired and analyzed using DYNAMICS soft-
ware. Size-exclusion chromatography with multi-angle light scat-
tering (SEC-MALS) experiments were performed using a FPLC
system (GE Healthcare) connected to a Wyatt MiniDAWN TREOS
MALS instrument and a Wyatt Optilab rEX differential refractome-
ter. A Superdex 200 10/300 GL (GE Healthcare) gel-filtration col-
umn pre-equilibrated with PBS buffer containing 0.05% Nonidet
P-40 and 1 mM TCEP was calibrated using a BSA protein standard.
Prepared Ltn1 protein was injected at a flow rate of 0.5 ml/min.
Data were evaluated using the Zimm model for static light-scatter-

ing data fitting and graphed using EASI Graph with a UV peak in
the ASTRA V software (Wyatt).

2.3. Preparation of nonstop protein substrates

To prepare the nonstop proteins, which have C-terminal polyly-
sine residues, firstly, a C-terminal coding 12 lysine residues was
synthesized and cloned into a modified pMAL-C2X (NEB) expres-
sion vector, and then transformed into Escherichia coli DH5a cells.
The transformed cells were cultured in LB medium containing
50 um/ml ampicillin at 37 °C until they reached an OD600,, of
0.5. Expression was induced by adding isopropyl B-p-thiogalacto-
side (IPTG) to a final concentration of 0.2 mM at 37 °C for 3 h. Cells
over-expressing the nonstop protein, N-terminal maltose binding
protein (MBP) fused with C-terminal 12 lysine residues (MBP-
K12), were harvested by centrifugation. The resultant pellet was
resuspended in PBS buffer and subsequently disrupted by ultra-
sonication. The cell lysate was centrifuged, and then supernatant
was applied to an amylose resin (NEB). The MBP-K12 was eluted
with a PBS buffer containing 10 mM maltose. Further purification
was carried out by a successive anion exchange (mono Q, GE
Healthcare) and size exclusion (Superdex 75 10/300 GL, GE
Healthcare) chromatography. For green fluorescent protein (GFP)
fused with C-terminal 12 lysine residues (GFP-K12), the DNA cod-
ing the polylysine residues was cloned into a pET-GFP vector with
an N-terminal six-histidine tag. The remaining procedures were
essentially the same with the preparation of MBP-K12, except a
nickel-chelating column was used instead of amylose affinity
chromatography.

2.4. Assays for interaction between Ltn1 and nonstop protein

The MBP pull down assay and the surface plasmon resonance
(SPR) were used to observe the interaction between Ltn1 and
MBP-K12. For the MBP-pull down assay, the amylose resin was
rinsed with PBS buffer and then the purified Ltn1 protein and
MBP-K12 were incubated with the equilibrated amylose resin for
1 h with gentle mixing at 4 °C. After capturing the protein, the
unbound protein was removed by washing several times with
the PBS buffer, and complex was eluted with 10 mM maltose in
PBS buffer.

The SPR was performed using the SR7500DC system (Reichert).
The Ltn1 protein in PBS buffer was immobilized on a gold slide PEG
chip (Reichert) by the amine coupling method. Nonstop protein in
injection buffer (20 mM HEPES, pH 7.7, 150 mM NacCl, 0.5 mM
TCEP, 0.007% NP40) was injected to be trapped on the chip through
the immobilized Ltn1 protein. Evaluation and calculation of the
binding parameters were carried out according to the Scrubber2
software.

2.5. Preparation of ubiquitin, Ubal and UbcHS5 for ubiquitylation assay

Human ubiquitin (Ub) was cloned into a modified pET-28a
expression vector (Novagen). Transformed BL21 (DE3) E. coli cells
were cultured in LB medium containing 50 pm/ml kanamycin at
37 °C until reaching an OD600,,,, of 0.5. Expression was induced
by adding IPTG to a final concentration of 0.3 mM at 22 °C for
20 h. The cells were harvested by centrifugation, the pellet was
resuspended in 50 mM ammonium acetate (pH 4.5), and subse-
quently disrupted by ultrasonication and then centrifuged once
again. The supernatant was incubated at 70 °C for 7 min to dena-
ture all E. coli proteins and then centrifuged. The supernatant
applied to a cation exchange (Hitrap SP, GE Healthcare) and size-
exclusion chromatography (HiLoad Superdex 75 16/60 pg, GE
Healthcare) was performed with 50 mM Tris—-HCl pH 8.0,
100 mM NacCl, and 1 mM DTT. The virus that results in a His-tagged
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Fig. 1. Biochemical characterization of Ltn1. (A) Overexpression and purification of Ltn1. Lane M is LandMark™ Broad Range Prestained Protein Marker (dual color). It is a
mixture of 10 purified and prestained polypeptides whose molecular weights are well-adjusted, ranging from 7 to 240 kDa. Lane 1 is the soluble fraction, which shows the
expression after galactose induction. Lane 2 is the purified N-terminal flag-tagged Ltn1 with a molecular weight of 180 kDa. (B) The MBP pull down assay between Ltn1 and
the nonstop protein MBP-K12 or MBP protein only. Lane M is a protein size marker, the same as in panel (A). The Ltn1 protein was successfully pulled down by MBP-K12
containing 12 C-terminal lysine residues (Lane 1). Lane 2 is the negative control showing that MBP protein by itself cannot pull down the Ltn1 protein. The images show 4-
12% (w/v) Bis-Tris polyacrylamide gels electrophoresis stained with Coomassie blue. (C) Dynamic light scattering data of Ltn1 acquired using DYNMICS software. The
analyzed diameter was 12.3 nm, which is in the range of the actual size of Ltn1 [23]. (D) Size exclusion chromatography with multi-angle light scattering data. The elution
position at 10.3 mL, using Superdex 200 10/30 GL (GE Healthcare) and the absolute molecular weight of Ltn1 (180 kDa) prove that it is a monomer in solution. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mouse, Ubal, was obtained from Prof. Chin Ha Chung at Seoul
National University, Korea. Harvested cells were resuspended in
50 mM Tris-HCI pH 8.0, 100 mM NaCl, and 5 mM B-mercap-
toethanol, and then disrupted by ultrasonication. The cell lysate
was centrifuged and then the supernatant was applied to a
nickel-chelating Sepharose (GE Healthcare) column. Further purifi-
cation was carried out by successive anion exchange chromatogra-
phy (Hitrap Q, GE Healthcare). Human UbcH5, a homolog protein
of yeast Ubc4, which is a specific E2 enzyme of Ltn1, was pur-
chased (BostonBiochem, Inc.)

2.6. In vitro ubiquitylation assay

Purified human Ub, purified mouse Ubal protein as an E1 acti-
vating enzyme, UbcH5 protein as an E2 conjugating enzyme, and

purified yeast Ltn1 protein as an E3 ligating enzyme were used
for the in vitro ubiquitylation assay. MBP-K12 or GFP-K12, two
nonstop proteins were used as substrates for the in vitro ubiquity-
lation assay. Approximately 20 ng of E1, 40 ng of E2, and 5 pg of Ub
were added to the reaction mixture with variable amounts of E3
ligase and substrate. Reactions were carried out at 20 °C for 2 h.
The reactions were stopped by adding SDS sample buffer, boiling
for 5 min, and then probed by Western blotting.

3. Results
3.1. Biochemical characterization of Ltn1

Initial attempts to produce full-length yeast Ltn1 using E. coli
were not successful, and it was overexpressed as a soluble form
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Fig. 2. The surface plasmon resonance (SPR) assay. (A) Kinetic analysis between Ltn1 and nonstop MBP-K12 protein. The binding affinity was measured using Reichert
SR7500DC system with PEG chip (Cat#: 13206061). The concentration of MBP-K12 varies from 0.3125 to 10 puM. The flow rate of the analyte was 30 pl/min, and the
association and dissociation times were 4 and 3 min, respectively. The k, and kq values were 9.5 x 10% and 0.02, respectively and thus, Kp was calculated to be 2.36 pM. (B)
Equilibrium analysis between Ltn1 and nonstop protein regarding (A). The value of Kp was 2.96 uM under this process.

using the same host, S. cerevisiae. The affinity purification using flag
beads removed most of the intrinsic yeast proteins in a single step
and then they were further purified by size-exclusion chromatog-
raphy (Fig. 1A). The Ltn1 from Baker’s yeast possesses an exact
molecular weight of 180,186 Da by calculating its amino acid res-
idues. The expected elution volume of a 180-kDa protein in size-
exclusion chromatography using Superdex 200 10/300 GL column
is around 13 ml, however it eluted at 10.3 ml, suggesting that Ltn1
exists as an oligomer in solution. In order to determine its exact
oligomeric state, we performed the DLS and SEC-MALS experi-
ments. The results of the diameter of Ltn1 protein from the DLS
data is around 15 nm (Fig. 1C) and the absolute molecular weight
of the Ltn1 protein by SEC-MALS was approximately 180,000 Da
(Fig. 1D), confirming that the Ltn1 protein is a monomer in solu-
tion. Ltn1 is known as an E3 ubiquitin ligase for nonstop proteins
containing polylysine residues at the C-terminus [19] and there-
fore, it was reasonable to determine whether it interacts with the
substrate directly.

3.2. Direct interaction between Ltn1 and nonstop protein

To check the in vitro interaction between Ltn1 and its substrate,
we prepared a MBP-K12 model nonstop protein. Using the MBP
pull down assay, we checked whether the nonstop protein, MBP-
K12, and Ltn1 co-precipitated with amylose beads. Indeed, we
found that Ltn1 was pulled down with the amylose bead, and were
even able to visualize it with Coomassie blue staining (Fig. 1B). To
conduct a negative control experiment, we used MBP without its C-
terminal polylysine residues, and we found that the Ltn1 protein
did not pull down at all. To confirm the direct interaction further,
the SPR experiment was applied. Ltn1 was immobilized on a gold
slide PEG chip, where it only trapped the nonstop protein, not
the maltose binding protein, a similar result to the MBP-pull down
assay. The association constant (k,) of MBP-K12 on the immobi-
lized Ltn1 was 9510 and the dissociation constant (kq) of the
immobilized Ltn1 was 0.02245(9) (Fig. 2A). Therefore, the equilib-
rium dissociation constant (Kp = kq/k,) is 2.36(3) uM, and the value



646

A Anti-Ub B Anti-Ub
1 2 3 4 5 6 1 2 3 4 5 6
Et O X 0O 0 O O Et O X O O O O
E2 0 O X 0 O O E2 0O O X O O O
E3 0O O 0O X O O E3 O O O X O O
Sub O O O O X O Sb O O O O X O
Ub O O O O O X Ub O O O O O X

Ub—>

Cc

E1

E2

E3
Sub
Ub

K.H. Sung, H.K. Song/Biochemical and Biophysical Research Communications 453 (2014) 642-647

Anti-GFP D  Anti-GFP
1 2 3 4 5 6 1 2 3 4 5 6
O X O 0O 0O O El O X O O O O
O O X 0O O O E2 O O X O O O
O O 0O X O O E3 O O O X O O
O O O O X O Sub O O O O X O
O O O 0O O X Ub O O O O O X
|
.
-
e = wwme W <GFP

Fig. 3. The Ltn1 ubiquitylates GFP-K12 in vitro. (A) Ubiquitylation was detected using a Western blot with an anti-ubiquitin (anti-Ub) antibody. Lane 1 includes the E1, E2, and
E3 enzymes, GFP-K12 as a substrate, and Ub. Lanes 2-6 had the same conditions as lane 1, except E1, E2, E3, the substrate and Ub were each omitted, respectively. Lanes 1 and
5 showed the ubiquitylated products. (B) The same reaction as in panel (A), except the NALtn1 mutant was used as the E3 ubiquitin ligase. The NALtn1 mutant shows almost
the same results as the full-length Ltn1. (C) The same reaction as in panel (A), except detection was with an anti-GFP antibody. Only lane 1 showed the ubiquitylation of GFP-
K12 substrate, suggesting that the Ltn1 or NALtn1 auto-ubiquitylate themselves. (D) The same reaction as in panel (B), except detection was with an anti-GFP antibody. The
ubiquitylated GFP-K12 substrate was detected, although the ubiquitylation activity of NALtn1 might be lower than that of full-length Ltn1.
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Fig. 4. The Ltn1 cannot ubiquitylate MBP-K12 in vitro. (A) Ubiquitylation was
detected using a Western blot with an anti-Ub antibody. Lane 1 includes the E1, E2,
and E3 enzymes, MBP-K12 as the substrate, and Ub. Lanes 2-6 are the same as lane
1, except one of E1, E2, E3, substrate, and Ub, was omitted in each lane, respectively.
Lanes 1 and 5 show the ubiquitylated products, suggesting that Ltn1 or NALtn1
auto-ubiquitylate themselves. (B) The same reaction as in panel (A), except
detection was performed using an anti-MBP antibody. There is no ubiquitylated
product of MBP-K12, suggesting that the spatial orientation of the substrate against
the RING domain of Ltn1 might also be critical.

obtained from the equilibrium analysis, 2.98(2) uM, is also very
similar (Fig. 2B). The binding affinity is within the sub-micromolar
range, which is not strong.

3.3. Ubiquitylation of nonstop protein by Ltn1

Ubiquitylation is a post-translational modification carried out
by E1-activing, E2-conjugating, and E3-ligating enzymes. As previ-
ously described, Ltn1, a RING-domain-type E3 ubiquitin ligase,
confers Ub to the nonstop protein containing C-terminal polylysine
residues, marking it for proteasomal degradation. We performed
an in vitro ubiquitylation assay using Ubal as E1, UbcH5 as E2,
Ltn1 (or NALtn1) as E3, and nonstop proteins as substrates. The

result of the assay confirmed that Ltn1 as an E3 ligase enzyme
mediates the transfer of Ub to nonstop proteins through recogniz-
ing the C-terminal polylysine residues. As found in many E3
ligases, Ltn1 also ubiquitylates itself. As shown in lane 5 of
Fig. 3A, Ltn1 protein is self-ubiquitylated clearly, and even the
NALtn1 mutant ubiquitylates itself, as shown in lane 5 of Fig. 3B.
The same ubiquitylation pattern of Ltn1 was also obtained in pres-
ence of different substrate, MBP-K12 (Fig. 4A). To confirm that the
nonstop substrate is specifically ubiquitylated, we blotted the reac-
tion mixtures with an antibody of the substrate, anti-GFP (Fig. 3C).
Clearly, the GFP-K12 substrate is ubiquitylated, but not heavily. It
should be noted that we performed the ubiquitylation assay with
two different model substrates, MBP-K12 and GFP-K12, but we
found that only GFP-K12 works, whereas MBP-K12 was not ubiqui-
tylated by the Ltn1 E3 ligase (Fig. 4B).

4. Discussion

The 180 kDa Ltn1 protein can be divided into three functional
domains; the N-terminal ribosome-binding domain, the uncharac-
terized large middle M-domain, and the C-terminal RING domain
[19,23]. The monomeric behavior of Ltnl in solution was con-
firmed by SEC-MALS experiments (Fig. 1D). The expectation of oli-
gomer formation due to the faster migration in size exclusion
chromatography might be due to its flexible and elongated shape,
which was recently visualized by EM data [23]. The role of the M-
domain was not clear, but the HEAT/ARM repeats of this domain
suggest that it may be the protein-protein interaction region.
Indeed, our experiments show that a region within this middle
domain specifically recognizes the twelve lysine chain attached
at the C-terminus of nonstop proteins, which was encoded by the
translation of a poly(A)-tail sequence [17]. The MBP-pull down
and the SPR assays fully showed the direct interactions between
Ltn1 and nonstop proteins (Figs. 1B and 2). In addition, an
in vitro ubiquitylation assay in the presence of E1 and E2 enzymes
confirmed that our purified Ltn1 properly acts as an E3 ligase
enzyme that ubiquitylates the nonstop proteins, marking their pro-
teolysis. Two model substrates, MBP-K12 and GFP-K12, were used
for the ubiquitylation assay, but only GFP-K12 acted as a substrate.
It is intriguing that although the 12 lysine residues in both proteins
were recognized by the M-domain of Ltn1, only GFP-K12 was mod-
ified. This result suggests that not only the recognition of the C-ter-
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minal polylysine residues, but also the spatial location of the target
lysine residues for poly-ubiquitylation must be critical in nascent
polypeptides. Most likely, this is governed by the spatial orienta-
tion between the middle substrate recognition domain and the
C-terminal RING domain in Ltn1.

Previously, it was shown that the C-terminal polylysine resi-
dues of nonstop proteins play a critical role in stalling the ribosome
[17,24]. Then, Ltn1 E3 ligase is recruited to the 60S ribosome, most
likely through its N-terminal domain [23]. Subsequently, the C-ter-
minal RING domain of Ltn1 actually ubiquitylates the properly
oriented lysine residue(s) on the surface of aberrant polypeptides.
During the process, the 80S ribosome dissociates into the 40S and
60S subunit, and a synthesizing polypeptide chain is released from
the ribosome exit site [6]. Based on our biochemical data, the
polylysine residues at the C-terminal region of an aberrant
polypeptide probably play another role in the interaction with
the M-domain of Ltnl. Therefore, our finding provides an addi-
tional step in a mechanism of aberrant nascent polypeptide
removal, which is the actual recognition of a translation product
of the poly(A)-tail by the M-domain of Ltn1. The atomic details
regarding how Ltn1 recognizes polylysine residues will require a
high-resolution complex structure analysis between Ltn1 and non-
stop proteins containing polylysine tails. However, the data pre-
sented here expands our knowledge regarding the fundamental
process that removes aberrant nascent polypeptides in eukaryotes.
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