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Abstract
Ageing and mutations of transthyretin (TTR), the thyroid hormones and retinol transporting

protein lead to amyloidosis by destabilizing the structure of TTR. Because protein structure

is regulated through posttranslational modifications, we investigated the Small Ubiquitin-

like Modifier (SUMO)ylation of TTR. We chose the widely used Ubc9 fusion-directed

SUMOylation system, which is based on a fusion of the SUMOylation substrate of interest

with Ubc9, a sole SUMO conjugating enzyme. Surprisingly, despite our presumptions, we

found that Ubc9 fused to TTR was SUMOylated at a unique set of lysine residues. Three

unknown SUMOylation sites of Ubc9—K154, K18 and K65—were revealed by mass spec-

trometry (MS). The previously reported SUMOylation at K49 of Ubc9 was also observed.

SUMOylation of the lysine residues of TTR fused to Ubc9 was hardly detectable. However,

non-fused TTR was SUMOylated via trans-SUMOylation by Ubc9 fused to TTR. Interest-

ingly, mutating the catalytic residue of Ubc9 fused to TTR did not result in complete loss of

the SUMOylation signal, suggesting that Ubc9 linked to TTR is directly cross-SUMOylated

by the SUMO-activating enzyme E1. Ubc9, TTR or fusion proteins composed of TTR and

Ubc9 specifically affected the global SUMOylation of cellular proteins. TTR or Ubc9 alone

increased global SUMOylation, whereas concomitant presence of TTR and Ubc9 did not

further increase the amount of high-molecular weight (HMW) SUMO conjugates. Our data

suggest that TTR may influence the SUMOylation of Ubc9, thereby altering signalling path-

ways in the cell.

Introduction
Transthyretin (TTR) is an all-beta 55-kDa homo-tetrameric protein [1,2], which binds thyroid
hormones and distributes retinol indirectly via complexing retinol binding protein [2,3]. The
major sources of TTR are the liver and the brain, which supply the serum and cerebrospinal
fluid pools, respectively [4,5]. An increasing number of reports, however, document the pres-
ence of TTR in many other types of cells, including those that apparently do not synthesize
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TTR [4,6–9]. TTR mRNA or TTR protein have been found in retinal pigmented epithelial cells
[10], leukocytes [9], pancreatic islets [11], dorsal root ganglia [12], ependymoma cells [7] and
others [4]. Circulating TTR can also be internalized [7]. A number of reports suggest that TTR
is not a simple hormone-transporting protein. Cryptic proteolytic activity of TTR has been
observed [13], and TTR has been found to participate in diverse intracellular processes, such as
the cleavage of neuropeptide Y [14,15], the modulation of behaviour [16,17], cognition [18],
the regulation of the 14-3-3 protein level and autophagy [19]. TTR also participates in nerve
physiology, accelerates nerve regeneration [12,17] and exhibits protective effects in Alzheimer’s
disease [20,21]. Recently, TTR expression has been shown to be regulated by heat shock factor
1 (HSF1) in neuronal cells in response to stress [22]. Outside of the nervous system, TTR plays
an important role in stimulus-secretion coupling in β-cells [23] and glucose homeostasis in α-
cells of the pancreas [24]. Importantly, the misfolding of wild-type TTR results in senile cardiac
amyloidosis [25]. Moreover, most of the more than 100 mutations of TTR are associated with
pathological phenotypes of familial amyloidotic polyneuropathy [26,27]. These observations
suggest that the intact, higher-order structure of TTR is a prerequisite for protection against
disease [25,27,28]. In protein-misfolding disorders, one of the key factors protecting against
pathogenesis is the proper functioning of the ubiquitin-dependent proteasomal system “cross-
talking” with other post-translational modifications (PTMs) [29]. Proteins that form amyloid
deposits are extensively post-translationally modified [30–32]. Modification of the TTR struc-
ture also strongly affects the process of fibril formation [2,27,28]. Small Ubiquitin-like Modifier
(SUMO)ylation is among the modifications that influence protein structure and function [33–
36]; therefore, we decided to verify whether TTR is modified by SUMO-conjugation. Although
none of the eight lysine residues of human TTR possess the consensus SUMOylation motif
(FKXE, where Fis aromatic, and X is any amino acid) [37], several reports have noted that
SUMOylation also occurs at non-consensus sites [33,34,38].

SUMOylation is a highly dynamic and spatially defined process that regulates multiple cellu-
lar events [33] and requires the coordinated activity of the SUMOylation machinery: activating
enzyme (E1), conjugating enzyme (E2), SUMO ligases (E3) and deSUMOylating isopeptidases
cooperating with SUMO-targeted ubiquitin ligases [33,34]. SUMOylation is difficult to observe
because of its dynamic nature. In addition, only a very small portion of the total pool of the
substrate protein is typically SUMOylated at any particular moment [33,34,39,40]. Therefore,
we decided to investigate the SUMOylation of TTR in a system that facilitates contact between
the sole SUMO-conjugating enzyme (Ubc9) and the substrate protein. This system is called
Ubc9 fusion-directed SUMOylation (UFDS) because the protein of interest is covalently linked
to Ubc9 [41]. We observed that the fusion of TTR with Ubc9 resulted in extensive SUMOyla-
tion. The modification occurred for the SUMO 1 or SUMO 2/3 isoform and depended on the
relative orientation of TTR and Ubc9. Mutation of the lysine residues of Ubc9 and TTR
revealed that most of the SUMO-conjugation occurred on the Ubc9 moiety. Mass spectrometry
(MS) showed that K154 of Ubc9 was the primary SUMOylation site and that K18, K49 and K65
of Ubc9 were also SUMOylated. SUMOylation of the TTR portion was minor and most likely
occurred at K126. However, TTR that was not fused to Ubc9 could be trans-SUMOylated more
efficiently. Surprisingly, fusion proteins composed of TTR and the catalytic site mutant of Ubc9
were also SUMOylated, but the formation of SUMO chains was completely abolished. Prelimi-
nary experiments indicated that TTR modulates general protein SUMOylation, possibly by
influencing SUMO conjugation to Ubc9 lysine residues and, consequently, the substrate speci-
ficity of Ubc9. In conclusion, aiming to analyse the SUMOylation of TTR, we determined the
SUMOylation of Ubc9 fused to TTR and the regulatory effect of TTR on global SUMOylation
of cellular proteins.

TTR and Ubc9 SUMOylation
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Results

SUMOylation of TTR in UFDS
To study the SUMOylation of TTR, we used a system that enables the detection of SUMOyla-
tion products and has been successfully used to study the SUMOylation of other proteins
[42,43]. The protein of interest (in this case, TTR) is fused to Ubc9 and co-expressed with exog-
enous enhanced green fluorescent protein (EGFP)-labelled SUMO-1 (ES1) or SUMO-3 (ES3)
in the human embryonic kidney 293 (HEK293) cell line. SUMOylation is observed as an
upshift in Western blotting (WB) after the separation of cell lysate proteins by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [41]. To ensure that the fusion of TTR
to Ubc9 does not disturb tetramer formation, we first compared the molecular properties of
human recombinant TTR (rTTR) purified from an E. coli bacterial system (S1 Fig) and TTR
fused either to the N-terminus (TTR_Ubc9) or the C-terminus (Ubc9_TTR) of Ubc9 expressed
in a HEK293 cell line, henceforth referred to as fusion proteins. When rTTR was subjected to
sedimentation velocity, the sedimentation profile revealed the dominant species at 3.9430 S
(>99%), which corresponded to a rTTR tetramer of 58.3 kDa, as shown by the fitted molecular
weight (MW) (Fig 1A). In addition, rTTR tetramer molecules were also observed as metastable
conformers in SDS-PAGE followed by WB, unless the samples were heat-denatured prior to
electrophoresis (Fig 1B). Concomitantly, unheated TTR_Ubc9 or Ubc9_TTR migrated with
mobilities equivalent to their tetrameric forms (Fig 1C), suggesting that the fusion of TTR with
Ubc9 does not lead to tetramer dissociation and allows the retention of these proteins’ proper
quaternary structure.

Next, we analysed the SUMOylation of TTR_Ubc9 and Ubc9_TTR using ES1 and ES3 via
WB analysis with anti-TTR or anti-Ubc9 antibodies (Fig 2). All samples were heat-denatured
prior to electrophoresis to ensure the dissociation of tetramers to monomers and enable the
unequivocal identification of the SUMOylation products. Unmodified TTR_Ubc9 or
Ubc9_TTRmonomers, regardless of the arrangement of TTR and Ubc9, migrated in
SDS-PAGE slightly below the 35- or 36-kDa marker, which is consistent with the calculated
MW of 32 kDa. TTR_Ubc9 always migrated slightly faster than Ubc9_TTR (Fig 2A lanes 1–3
versus lanes 5–7 and Fig 2B lanes 1–3 versus lanes 4–6), but the smallest polypeptides were
more abundant for Ubc9_TTR, suggesting that limited proteolysis might occur. Remarkably,
even in the absence of exogenous SUMO, we observed bands with lower mobilities (X conju-
gates in Fig 2) compared with the unmodified proteins, possibly because of modifications of the
fusion proteins by endogenous SUMO or other modifiers of similar MW (11 kDa). The co-
expression of ES1 or ES3 with TTR_Ubc9 or Ubc9_TTR resulted in many other specific bands
detected with anti-TTR (Fig 2A lanes 2–3 and 6–7) and anti-Ubc9 antibodies (Fig 2B lanes 2–3
and 5–6), forming characteristic and highly reproducible patterns corresponding to ES conju-
gates. The anti-Ubc9 antibody generated some weak unspecific bands (Fig 2B lane 7), but detec-
tion with the anti-TTR antibodies was very specific, and no signal was observed when cell
lysates containing EGFP (E) or EGFP-labelled SUMO and Ubc9 were analysed (Fig 2A lane 4
and data not shown). Most of the SUMO conjugates migrated with a mobility corresponding to
a MW ranging from 72 to 95 kDa (Fig 2B lanes 2–3 and 5–6 and Fig 2A lanes 2–3 and 6–7),
suggesting that one molecule of EGFP-labelled SUMO (40 kDa) is attached to the fusion protein
(32 kDa). Interestingly, we observed more than one band in this MW range. The patterns of
ES1-conjugation compared to ES3-conjugation appeared to mainly differ in the intensity rather
than the presence of a particular band (Fig 2A compare lanes 2 to 3 and lanes 6 to 7). These
minor differences suggest that different SUMO isoforms may have different preferences for
lysine residues or that the attachment of SUMO to a particular site may be a priming signal for
unique combinations with other PTMs, including ubiquitination. Alternatively, high-MW
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(HMW) bands (above 116 kDa) (Fig 2A and 2B) represent protein conjugates with two or more
molecules of EGFP-labelled SUMO. It is important to note that the anti-TTR and anti-Ubc9
polyclonal antibodies produced very similar patterns (compare Fig 2A to 2B), although they
both recognized the epitopes, which were differently located in TTR_Ubc9 and Ubc9_TTR.

Fig 1. Quaternary structure of TTR_Ubc9, Ubc9_TTR and recombinant non-fused TTR.Recombinant, non-
fused TTR (rTTR) was expressed in Escherichia coli, purified to homogeneity and subjected to ultracentrifugation
(A). TTR fused to the C-terminus (U_T) or N-terminus (T_U) of Ubc9 was expressed in the HEK293 cell line.
Purified rTTR samples (B) and HEK293 cell lysates (C) were analysed byWB using anti-TTR antibodies (αTTR).
The denaturation time and temperature are indicated at the tops of the blots. M, D and T indicate the expected
MWs of the monomers (32 kDa), dimers (64 kDa) and tetramers (128 kDa) of the analysed proteins, respectively.

doi:10.1371/journal.pone.0160536.g001

TTR and Ubc9 SUMOylation
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Fig 2. SUMOylation patterns of TTR_Ubc9 and Ubc9_TTR. TTR fused to the N-terminus (T_U) or C-
terminus (U_T) of Ubc9 was co-expressed in HEK293 cells with EGFP-labelled SUMO-1 (ES1), SUMO-3
(ES3) or EGFP (E). Cell lysates were analysed byWB using anti-TTR (A) or anti-Ubc9 antibodies (B). The
asterisk indicates truncated SUMOylated proteins. ES conjugates and X conjugates indicate forms of T_U
and U_T modified by EGFP-labelled SUMO or endogenous modifiers, respectively.

doi:10.1371/journal.pone.0160536.g002

TTR and Ubc9 SUMOylation
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The anti-Ubc9 antibody was raised against the 81-amino acid fragment of the N-terminus of
Ubc9, whereas the anti-TTR antibody was raised against full-length TTR. Therefore, we believe
that we observed intact SUMOylated forms of TTR_Ubc9 or Ubc9_TTR, except for the bands
indicated with an asterisk in Fig 2A. These bands were detected with anti-TTR and not with
anti-Ubc9 antibodies only when EGFP-labelled SUMOwas co-expressed with fusion proteins.
Therefore, these bands apparently represent proteolytic fragments of Ubc9_TTR or, to a lesser
extent, TTR_Ubc9, modified by exogenous SUMO. These fragments should contain the TTR
portion of the fusion protein, possibly with a small fragment of Ubc9.

In conclusion, the occurrence of many protein forms with different MWs, which were often
present in sub-stoichiometric amounts and resulted from the exogenous (or endogenous) mod-
ification of fusion proteins by SUMO or other modifiers, suggested that multiple SUMOylation
sites exist in TTR_Ubc9 and Ubc9_TTR.

Site-directed mutagenesis
We used site-directed mutagenesis to determine which lysine residues in the fusion proteins
were SUMOylated. We assumed that SUMO is conjugated to TTR, which is the standard
assumption of the UFDS system [41]. Initially, we evaluated the potential SUMOylation of
eight lysine residues of TTR using bioinformatic tools. However, we obtained contradictory
results: PCI-Sumo software predicted that four lysine residues of TTR would be modified by
SUMO; Sumo sp 1.0 indicated that only K70 of TTR would be SUMOylated; and SUMOplot
found no SUMOylation site in TTR at all (data not shown). Therefore, we obtained the DNA
constructs for fusion proteins with point mutations changing the consecutive lysine to arginine
residues in TTR and subjected them to UFDS analysis as performed for the non-mutated
fusion proteins. A comparison of the SUMOylation patterns obtained for TTR_Ubc9 and
TTRmut_Ubc9 in experiments conducted with S1E or S3E revealed a difference only for mutant
K126R of TTR (TTR126_Ubc9) (Fig 3 and S2 Fig). For this mutant, the electrophoretic mobility
of one band in the MW range of 72–95 kDa was lower in both the ES1 and ES3 patterns (Fig 3
and S2 Fig, lanes 1–4 bands a, a’ and b, b’). However, the K126R mutant of TTR fused to Ubc9
at the C-terminus (Ubc9_TTR126) showed no apparent difference in the intensity or electro-
phoretic mobility of S1E- or S3E-conjugation patterns compared to Ubc9_TTR (Fig 3, lanes
5–8).

The absence of an effect of TTR lysine residue mutations other than K126R on the SUMOy-
lation of TTRmut_Ubc9, as well as the lack of an apparent effect of this mutation in the fusion
protein with a reversed arrangement of TTR and Ubc9 (Ubc9_TTR126) can be explained as fol-
lows: (1) K126 of TTR is inaccessible to SUMO-conjugation in Ubc9_TTR; (2) K126R mutation
alters the position of the SUMOylation site only in TTR126_Ubc9 [40,43]; (3) all analysed fusion
proteins with an opposite arrangement of TTR and Ubc9 have different free N-termini, result-
ing in their distinct localization and, therefore, altering their availability to SUMOylation
machinery; and (4) despite our initial assumption, we observed concomitant or exclusive
SUMOylation of the lysine residues of Ubc9 in fusion proteins, and the K126R mutation of
TTR affects only PTMs of the Ubc9 portion. Some reports have shown that Ubc9 is a substrate
for SUMOylation itself and that SUMOmolecules are transferred to lysine residues of Ubc9
directly by the activating enzyme E1 (cross-SUMOylation) [33,44,45]. Significant SUMOylation
of Ubc9 fused to other proteins, however, has not been generally observed in the UFDS system
[41,43]. To ensure that our data, obtained for Ubc9 fused to TTR, are the result of the specific
influence of TTR on the SUMOylation of Ubc9, we performed a control experiment. TTR was
exchanged with enhanced yellow fluorescent protein (EYFP), and the resulting EYFP_Ubc9
was co-expressed with ES1 or ES3 and analysed using the same methods as for the fusion
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proteins comprising TTR and Ubc9. Only an insignificant amount of the modified form of
EYFP_Ubc9 was observed (data not shown). Therefore, we decided to verify the SUMOylation
of fusion proteins composed of TTR and Ubc9 with mutated lysine residues. In vivo, K14 of
human Ubc9 is a major SUMOylation site [44], but K153 and, later, K49 and K146 have also
been shown to be SUMOylated [38,45]. We changed the major (K14), minor (K153) and non-
SUMOylated (K154) lysines into arginine residues in Ubc9 and fused this K14,153,154R mutant
(Ubc9mut) to the N- or C-terminus of TTR. The SUMOylation patterns of TTR_Ubc9mut or
Ubc9mut_TTR obtained with ES1 or ES3 revealed reduced numbers and intensities of bands
compared to the respective non-mutated fusion proteins (Fig 4). In the mobility range relevant
to the MW of mono-SUMOylated products (ca. 72–95 kDa, between the 66.2- and 116-kDa
markers), one strong- and two moderate-intensity bands were missing for TTR_Ubc9mut (Fig
4A compare lanes 2, 3 to lanes 5, 6), and one strong band was absent for Ubc9mut_TTR (Fig 4B
compare lanes 2, 3 to lanes 5, 6). Moreover, the mobility of the major remaining band repre-
senting the mono-SUMOylated forms of TTR_Ubc9mut (the arrow in Fig 4A lanes 5 and 6) was
subtly different from that of all bands observed for TTR_Ubc9 (Fig 4A lanes 2–3), possibly sug-
gesting a change in the site of SUMO attachment. The number of HMW bands was also lower;
for example, we observed only one, instead of two, bands of approximately 200 kDa when
Ubc9mut_TTR was co-expressed with ES1 or ES3 (Fig 4B, compare lanes 2, 3 to lanes 5, 6). The
intensity and number of bands representing endogenous modifications (X-conjugation) also
decreased (Fig 4A and 4B, compare lanes 1–3 to lanes 4–6). Interestingly, the differences
between the ES1 and ES3 patterns of TTR_Ubc9 were reduced for TTR_Ubc9mut (Fig 4A

Fig 3. K126Rmutation of TTR in TTR_Ubc9 but not in Ubc9_TTR alters the SUMOylation pattern.Non-mutated TTR_Ubc9
(T_U) and Ubc9_TTR (U_T) or the K126Rmutant of TTR in TTR126_Ubc9 (T126_U) or Ubc9_TTR126 (U_T126) were co-expressed in
HEK293 cells with EGFP-labelled SUMO-1 (ES1) or SUMO-3 (ES3). The cell lysates were analysed byWB using anti-TTR
antibodies (αTTR). The letters indicate changes in the mobility of the bands resulting from the K126Rmutation in TTR. ES
conjugates and X conjugates indicate forms of the fusion proteins modified by EGFP-labelled SUMO or endogenous modifiers,
respectively.

doi:10.1371/journal.pone.0160536.g003
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compare lanes 2 to 3 and 5 to 6). The SUMOylation patterns of Ubc9mut_TTR obtained for ES1
and ES3 also did not show major differences (Fig 4B). However, the amounts of both the
SUMOylated full-length fusion proteins and the proteolytic fragments (indicated by asterisks)
were significantly diminished (Fig 4A and 4B compare lanes 2, 3 to lanes 5, 6).

Fig 4. Mutation of the lysine residues of Ubc9 in TTR_Ubc9 and Ubc9_TTR affects the SUMOylation
patterns. TTR fused to non-mutated (U) or the K14,153,154Rmutant of Ubc9 (Umut) located at either the N-
terminus (T_U and T_Umut) (A) or the C-terminus (U_T and Umut_T) (B) was co-expressed with EGFP-labelled
SUMO-1 (ES1), SUMO-3 (ES3) or EGFP (E) in the HEK293 cell line. Cell lysates were analysed byWB using
anti-TTR antibodies (αTTR). ES conjugates and X conjugates indicate proteins modified by EGFP-labelled
SUMO or endogenous modifiers, respectively. The asterisks mark truncated products of SUMOylation. The
arrow indicates the band with altered mobility.

doi:10.1371/journal.pone.0160536.g004

TTR and Ubc9 SUMOylation
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Next, we compared the SUMOylation patterns of consecutive lysine-to-arginine point
mutants of TTR (TTRmut) fused to the K14,153,154R mutant of Ubc9 (Ubc9mut) to those
obtained for wild-type TTR fused to Ubc9mut. Again, a difference was observed only for
TTR126_Ubc9mut in the MW range corresponding to the mobility of mono-SUMOylated prod-
ucts (72–95 kDa) (Fig 5A and data not shown). When SUMOylation was probed with ES1, the
intensities of two bands increased (bands b and c in Fig 5A), and one band was absent (band a
in Fig 5A). SUMOylation of TTR126_Ubc9mut with ES3 resulted in the absence of weak double
band (band e in Fig 5A), and the intensity of the remaining band (band d in Fig 5A) was signifi-
cantly lower compared to the SUMOylation pattern of TTR_Ubc9mut (Fig 5A). Note that all
bands representing the SUMOylated molecules of TTR_Ubc9mut changed because of the K126R
mutation in TTR were considerably fainter than other bands. In contrast, Ubc9mut_TTR126 did
not reveal any significant differences in the SUMOylation patterns obtained with either ES1 or
ES3 compared to the SUMOylation of Ubc9mut_TTR (Fig 5B). Moreover, no impact on the
SUMOylation patterns from the mutation of lysine residues of TTR was observed, except for
K126 (data not shown). The UFDS analysis of the mutants showed that unexpectedly, the
SUMOylation of fusion proteins containing TTR and Ubc9 occurred at the Ubc9 portion, likely
at more than one lysine residue. The SUMOylation of TTR was negligible in UFDS and might
depend on the SUMOylation (SUMO-load) of Ubc9.

To determine whether mutations of Ubc9 lysine residues are reflected in the SUMOylation
patterns of other proteins subjected to UFDS, we decided to use the Drosophila melanogaster
ultraspiracle (Usp). The SUMOylation of Ubc9_Usp has been investigated previously using
UFDS and was shown to be attributed to Usp [43]. The SUMOylation patterns of the
K14,153,154R mutant of Ubc9 fused to Usp (Ubc9mut_Usp) obtained with ES1 or ES3 did not
reveal changes in the intensity or mobility of any particular band relative to Ubc9_Usp (S3
Fig). However, we did observe a decrease in the intensity of all of the bands, corresponding to
both unmodified and SUMOylated molecules of Ubc9mut_Usp, suggesting lower expression or
stronger degradation of Ubc9mut_Usp compared to Ubc9_Usp.

Fig 5. Mutation K126R of TTR alters the SUMOylation patterns of TTR_Ubc9mut. Non-mutated TTR (T)
or K126Rmutant of TTR (T126), fused to either the K14,153,154Rmutant of Ubc9 (Umut) at the N-terminus
(T_Umut and T126_Umut) (A) or the C-terminus (Umut_T and Umut_T126) (B) was co-expressed in HEK293 cells
with EGFP-labelled SUMO-1 (ES1) or SUMO-3 (ES3). The cell lysates were analysed byWB using anti-TTR
antibodies (αTTR). Arrows with letters (a, b, c, d, or e) indicate band differences caused by the K126R
mutation of TTR.

doi:10.1371/journal.pone.0160536.g005
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In conclusion, the SUMOylation of fusion proteins comprising TTR and Ubc9 occurs
mainly at the Ubc9 portion, with possible minor modifications of the TTR moiety. The muta-
tion of the lysine residues of Ubc9, which alters the SUMO-load of Ubc9, influences the
SUMOylation patterns of fusion proteins. This influence depends on the relative orientation of
TTR and Ubc9 and, to a lesser extent than for wild-type Ubc9, on the SUMO isoform.

Trans-SUMOylation of TTR
When we attempted to verify the SUMOylation of non-fused TTR co-expressed with non-fused
Ubc9 and ES1 or ES3 in HEK293 cells, TTR was not detected or was detected inWBwith the
anti-TTR antibodies at a much lower level than that found for any of the fusion proteins (S4 Fig).
Consequently, we were unable to determine unequivocally the presence of the products of TTR
SUMOylation. Interestingly, the co-expression of Ubc9_TTR (S4 Fig, lanes 1–3), as opposed to
non-fused Ubc9 alone or together with EGFP-labelled SUMO (S4 Fig, lanes 4–6), enhanced the
TTR signal inWB, suggesting that Ubc9_TTRmay interact with and stabilize non-fused TTR.
The quaternary structure of TTR is dynamic, which leads to the formation of hybrid tetramers
when different TTRmonomers are available [2,3,46]. Therefore, we assumed that non-fused TTR
might be exchanged with one or more subunits of the Ubc9_TTR tetramer and become SUMOy-
lated when expressed in the same cell. The SUMO-conjugation to the protein occurring because
of the association with its binding partner, which is fused to Ubc9, is called trans-SUMOylation
and has been successfully used previously to investigate protein-protein interactions [47]. The
results of the SUMOylation of non-fused TTR using Ubc9_TTR or Ubc9mut_TTR are shown in
Fig 6 and S5 Fig. Ubc9_TTR (U_T in Fig 6A and S5A Fig) or Ubc9mut_TTR (Umut_T in Fig 6B
and S5B Fig) co-expressed with ES1 or ES3 produced characteristic patterns composed of their
unmodified forms, degradation products (asterisks), endogenous conjugates (X conjugates) and
ES1- or ES3-conjugates (ES conjugates) detected with the anti-TTR antibodies inWB.When
non-fused TTR was co-expressed with Ubc9_TTR (Fig 6A and S5A Fig lanes +HA_TTR) or
Ubc9mut_TTR (Fig 6B and S5B Fig, lanes +HA_TTR), one strong band and one weak band were
observed, identified collectively as ES-TTR (Fig 6 and S5 Fig). The mobility of ES-TTR corre-
sponded to a MW of 55 kDa, in agreement with the calculated MW of TTR (14.7 kDa) and one
molecule of exogenous, EGFP-labelled SUMO (40 kDa). ES-TTR therefore represented SUMOy-
lated, non-fused TTR. Apparently, the trans-SUMOylation of TTR with Ubc9mut _TTR was more
efficient than with Ubc9_TTR because the ES-TTR bands were more clearly visible for
Ubc9mut_TTR than for Ubc9_TTR (Fig 6 and S5 Fig, compare A and B). It must be noted, how-
ever, that the detection of non-fused TTR SUMOylated using Ubc9_TTR is obscured by the more
abundant products of Ubc9_TTR degradation, which have electrophoretic mobilities similar to
that of ES-TTR. When non-fused TTR was co-expressed with fusion proteins possessing TTR
located at the N-terminus (TTR_Ubc9 or TTR_Ubc9mut), we did not observe bands that were
attributable to molecules of SUMOylated, non-fused TTR (data not shown). This inability to sup-
port trans-SUMOylation suggests that the location of Ubc9 at the C-terminus of TTRmay inter-
fere with the process of subunit exchange [3], which is a prerequisite for trans-SUMOylation. The
results of trans-SUMOylation unequivocally confirmed that free TTR (i.e., not fused to Ubc9)
could be SUMOylated. Moreover, this process may depend on the SUMO-load of Ubc9, which
raises the question of whether TTR, in turn, influences cross- or trans-SUMOylation of Ubc9.

Dissecting the cross-SUMOylation and trans-SUMOylation of Ubc9 and
SUMOylation of TTR
To separate the cross-SUMOylation from the trans-SUMOylation of Ubc9 and the SUMOyla-
tion of TTR, which were observed concomitantly in the SUMOylation patterns, we mutated
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the catalytic cysteine 93 to alanine in the wild type and K14,153,154R mutant of Ubc9 and
verified the effect of the C93A mutation on the SUMOylation of their respective fusions with
TTR (UC93A_T and Umut C93A_T) using UFDS analysis (Fig 7). Previously, the C93A muta-
tion was shown to eliminate the ability of Ubc9 to transfer SUMO to substrate proteins

Fig 6. Trans-SUMOylation of non-fused TTR occurs via association with Ubc9_TTR or Ubc9mut_TTR.
TTR fused to the C-terminus of non-mutated (U_T) (A) or the K14,153,154R mutant of Ubc9 (Umut_T) (B) was
co-expressed with EGFP-labelled SUMO-1 (ES1) or SUMO-3 (ES3) in the absence or presence of non-fused
HA-labelled TTR (HA_TTR). The cell lysates were analysed byWB using anti-TTR antibodies (αTTR). The
asterisks indicate truncated SUMOylated proteins. ES conjugates and X conjugates represent proteins
modified by EGFP-labelled SUMO or endogenous modifiers, respectively.

doi:10.1371/journal.pone.0160536.g006
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Fig 7. Dissecting cross-SUMOylation and trans-SUMOylation of Ubc9. TTR (T) was fused to the C-terminus of the
following Ubc9 forms: non-mutated (U_T), K14,153,154Rmutant (Umut_T), catalytic site C93Amutant (UC93A_T) or mutant
harbouring both types of mutations (Umut/C93A_T). It was then co-expressed with EGFP-labelled SUMO-1 (ES1) or SUMO-3
(ES3) in HEK293 cells. The cell lysates were analysed byWB using anti-TTR antibodies (αTTR). (A) Fluorescence scans
and (B) exposure on photographic film.

doi:10.1371/journal.pone.0160536.g007
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(trans-SUMOylation) but did not affect direct SUMO-conjugation to Ubc9 lysine residues by
the activating enzyme E1 (cross-SUMOylation) [45]. Therefore, we expected that the bands
representing the SUMOylation of TTR and the trans-SUMOylation of Ubc9 in the fusion pro-
teins would disappear, whereas the bands representing the cross-SUMOylation of Ubc9 by E1
should be present in the SUMOylation patterns of the C93A mutants of Ubc9 fused to TTR.
Our results revealed that mutating the catalytic cysteine dramatically reduced the SUMO-
chain-formation abilities of both Ubc9 and Ubc9mut (mutant of lowered SUMO-load capac-
ity) because the HMW bands (above 95 kDa) were completely eliminated (Fig 7B, compare
lanes 1, 2 to lanes 4, 5). This effect was stronger than that observed after mutating the lysine
residues of Ubc9 (Ubc9mut) in fusion proteins (compare Figs 4B and 7B). Additionally, two
bands in the MW range of 72 to 95 kDa were significantly weaker than those observed for
Ubc9_TTR. However, all three bands remained present in the SUMOylation patterns of
Ubc9C93A_TTR (Fig 7A compare lane 2 to 4 and lane 3 to 5). The mutation of C93A in
Ubc9mut fused to TTR also reduced SUMOylation (Fig 7, lanes 6–9). The HMW conjugates
were absent, and only one band, in the MW range of 72 to 95 kDa, which represents mono-
SUMOylated Ubc9mut/C93A_TTR, appeared to be present. These data show that the presence
of catalytic C93 of Ubc9 is strictly required for poly- or multi-SUMOylation. Because mono-
SUMOylation occurs even when Ubc9 fused with TTR does not possess catalytic C93, we con-
clude that the lysine residues of Ubc9 are cross-SUMOylated by E1. Interestingly, the patterns
of cross-SUMOylation resemble those obtained for non-mutated fusion proteins (in the MW
range of 72–95 kDa), suggesting that the same lysine residues accept SUMOmolecules from
E1 (cross-SUMOylation) and Ubc9 (trans-SUMOylation). Although this observation also
suggests that SUMOylation occurs mainly at the lysine residues of Ubc9 fused to TTR, the
possibility that a small percentage of SUMO molecules are conjugated to the TTR portion
cannot be ignored. The mobility of the TTR SUMOylation products must then overlap with
the mobility of the fusion proteins SUMOylated at Ubc9 lysine residues. For fusion proteins
composed of TTR and the C93A mutant of Ubc9mut with lower SUMO-load capacity
(Umut C93A_T in Fig 7), only one of two bands in the MW range of 72 to 95 kDa appears to be
present (Fig 7, compare lane 6 to 8 and lane 7 to 9), indicating that one lysine residue of
Ubc9mut is cross-SUMOylated and that another lysine residue of Ubc9mut or lysine residue of
TTR is trans-SUMOylated.

To identify the positions of the SUMOylated lysine residues in the fusion proteins analysed
by UFDS, we employed MS analysis. A T95R mutant of SUMO 1 labelled with EGFP allowed
us to identify a di-glycine motif in MS at the SUMOylation sites after tryptic digestion of
SUMOylated proteins. We analysed the SUMOylation sites in Ubc9_TTR because this fusion
protein displayed the strongest SUMOylation signal in UFDS. The samples were prepared for
MS analysis according to two alternative protocols. The first method consisted of using
SDS-PAGE to resolve the whole cell extracts obtained by UFDS and then cutting out the piece
of gel containing the SUMOylation products in the MW range of 72–95 kDa. The second
approach comprised immunoprecipitating the SUMOylated fusion proteins with anti-TTR
antibodies from the cell extracts obtained by UFDS. MS analysis identified K154 of Ubc9 as the
primary SUMOylation site in Ubc9_TTR, regardless of the sample-preparation mode. When
the MS samples were prepared by SDS-PAGE, we also found peptides corresponding to Ubc9
SUMOylated at K18. The immunoprecipitation method allowed us to identify K49 and K65 as
SUMOylation sites of Ubc9. Interestingly, we did not find peptides SUMOylated at K14 or
K153 of Ubc9, although these sites have been identified as the primary SUMOylation sites in
non-fused Ubc9, with K14 being essential for the SUMOylation specificity of Ubc9 [44,45].
Using MS, we were also unable to identify any peptide with a TTR lysine residue modified with
SUMO.
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The influence of TTR on global SUMOylation
The SUMOylation of the fusion protein composed of TTR and C93A mutant of Ubc9 resem-
bled the SUMOylation of the non-fused C93A Ubc9 mutant in the presence of Rhes, which is a
SUMO ligase for Ubc9 [45]. Moreover, SUMOylation has been found to influence substrate
specificity of Ubc9 [33,44,45] and to play a regulatory role in the SUMO pathway. Therefore,
we aimed to verify whether the impact of TTR on the SUMOylation of Ubc9 has consequences
for global SUMOylation. Thus, we expressed ES1 or ES3 in HEK293 cells and observed the
effect of the co-expression of TTR, Ubc9 or TTR_Ubc9 on SUMO-conjugation to cellular pro-
teins by WB using antibodies directed against the exogenous SUMO tag (EGFP). The signal
intensity was densitometrically determined in each lane with AIDA Image Analyser software,
and plotted against the position relative to the top of the separating gel (Fig 8A–8E). The quan-
tity of HMW SUMO-conjugates of cellular proteins was higher in the presence of TTR co-
expressed with ES1 (Fig 8C and 8F, compare lane 1 to 2) or, to a lesser extent, ES3 (Fig 8D).
We also observed an increase in global SUMOylation induced by Ubc9 (Fig 8C) which agreed
with the previous results obtained using Ubc9 transgenic mice [48]. However, the general
SUMOylation patterns appear to be different for TTR and Ubc9 in terms of not only the profile
shapes but also the effect of the particular SUMO isoform (Fig 8, compare C to D). In our
experimental system, if the expression levels of ES1 or ES3 were moderate, Ubc9 exerted stron-
ger effects than TTR regarding ES3-conjugates with HMW or MW close to 95 kDa (Fig 8D). In
contrast, the increase in ES1-conjugates was slightly stronger, or at least similar, in the presence
of TTR compared to Ubc9, and the overall profiles were quite similar (Fig 8C). Discriminating
between the effects of TTR and Ubc9 could also be achieved by increasing the ES1 expression
level (over twofold) because general SUMOylation was further elevated in the presence of
Ubc9 compared to that resulting from TTR, which appeared to reach saturation (Fig 8F, com-
pare lane 1 to 2 and 5). Interestingly, the SUMO-conjugation to cellular proteins in the pres-
ence of TTR and Ubc9 together was not equal to the sum of the effects induced by TTR and
Ubc9 individually. The co-expression of TTR and Ubc9 did not simply increase the ES1-conju-
gation evoked by Ubc9 (or TTR), and the amount of the HMW conjugates was even slightly
lower than for Ubc9 alone (Fig 8E and 8F, compare lane 5 to 6). The impact of the fusion pro-
tein TTR_Ubc9 on global ES1-conjugation and ES3-conjugation (Fig 8A and 8B) was a unique
combination of the effects observed for non-fused TTR or Ubc9. An even greater increase in
ES1-conjugation was caused by TTR_Ubc9 than by TTR alone, exceeding that exerted by Ubc9
(Fig 8A and 8C). In the case of ES3-conjugation, the SUMOylation profile of TTR_Ubc9 fol-
lowed that induced by Ubc9 except for MWs of approximately 95 kDa (Fig 8B). Interestingly,
TTR seemed to protect ES1 (and, to a lesser extent, ES3) against degradation, as shown by the
levels of free ES1 in Fig 8C (asterisks). This observation may seem counterintuitive, but a
simultaneous increase in the amounts of conjugated and free SUMO has been previously
reported [49]. Our data indicate that TTR regulates general SUMOylation in a complex
manner.

Discussion
Ongoing intensive research aims to understand the role of PTMs in the molecular pathogenesis
of protein-misfolding diseases [28,30,35,36,50,51]. Accumulating data indicate that proteins
associated with amyloid diseases are subjected to extensive, “cross-talking” PTMs [33,35,39].
Specifically, α-synuclein, tau, huntingtin, amyloid precursor protein, DJ-1 and other amyloido-
genic proteins have been shown to be SUMOylated [30]. Therefore, we decided to verify
whether TTR is also a SUMOylation substrate. We chose UFDS because it facilitates enhanced
detection of SUMOylation products. Moreover, UFDS, by fusing Ubc9 to the investigated
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protein, imitates the natural contact between the substrate and SUMOylation enzymes. Thus,
UFDS seems to be more suitable for investigating SUMOylation than in vivo or in vitro systems
in which the elements of the SUMOylation reaction are separately expressed or added. The
close contact between the enzymes of the SUMOylation machinery and the substrate in vivo is

Fig 8. Non-fused and Ubc9-fused TTR influences general SUMOylation. Each of protein—non-fused TTR (TTR), TTR fused to
the N-terminus of Ubc9 (TTR_Ubc9), and non-fused Ubc9 or EGFP (control)—was co-expressed with EGFP-labelled SUMO-1
(ES1) or SUMO-3 (ES3) in HEK293 cells. The cell lysates were analysed byWB using anti-GFP antibodies. The histograms present
the intensities of the bands measured in the lanes containing the lysates of the cells expressing the indicated proteins. The intensity
of each band is plotted against its distance from the top of the separating gel (marked with 0). The superimposed histograms
represent the samples run on the same gel (A, B and E) or on parallel gels (C and D). The arrows represent the position of the
95-kDa protein marker. The asterisks indicate free ES1 and ES3; the double asterisks show the Ubc9 bands. N marks the region
containing unspecific bands.

doi:10.1371/journal.pone.0160536.g008
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a prerequisite for SUMO-conjugation and, hence, the existence of SUMO ligases and SUMO-
interacting motifs [31,33,34]. It should be noted that the covalent linkage of Ubc9 to the ana-
lysed protein should not induce SUMOylation. Recently, X-ray crystallography revealed the
presence of a Ubc9 homodimer, indicating that Ubc9 molecules interact with each other [52].
Therefore, the specificity of the SUMO-conjugation to the substrate protein should not be
dependent on the homotypic interactions of Ubc9 molecules. Although we cannot entirely
exclude that bringing together Ubc9 moieties through tetramerization of the TTR portion of
fusion proteins facilitates contact between two Ubc9 molecules, the following findings suggest
that our observations have physiological meaning and are not simply induced by Ubc9-Ubc9
interactions: 1. the occurrence of the trans-SUMOylation of non-fused TTR; 2. similar
SUMOylation patterns for Ubc9 and the catalytic site mutant of Ubc9 fused to TTR, differing
mainly in the presence of poly-SUMOylated forms; 3. the unique set of SUMOylated lysine res-
idues of Ubc9 in Ubc9_TTR compared to SUMOylation sites observed for non-fused Ubc9
[38,44,45]; 4. distinct effects exerted on general SUMOylation by TTR, Ubc9 and fusion pro-
teins; and 5. the apparent dependence of SUMOylation of TTR on the SUMO-load of Ubc9.

In vivo, TTR functions as a tetramer, and only a small fraction of its molecules have been
found to dissociate into monomers [2,46], which is considered an initial step in fibrillogenesis
[53]. Our data show that fusion proteins composed of TTR and Ubc9 form tetramers. The
Ubc9 and TTR portions of the fusion proteins are separated by five-amino acid spacers that do
not contain lysine residues. Given that TTR is a dimer of dimers and that both the N- and C-
termini of each monomer are directed outward, two Ubc9 moieties should locate at each side
of the TTR tetramer with no apparent steric hindrance. In Ubc9_TTR, the disordered N-termi-
nus of TTR provides additional freedom to the Ubc9 moiety [2,54,55].

Analysing TTR_Ubc9 and Ubc9_TTR in the UFDS system revealed the formation of multi-
ple exogenous SUMO-conjugates of different MWs ranging from 72 to more than 250 kDa. Up
to twenty bands, which could be attributed to the SUMOylation products, were detected after
probing WB with anti-TTR antibodies, followed by prolonged exposure on photographic film
(S6 Fig). Thus, SUMOylation may have occurred at multiple lysine residues, producing differ-
ently branched polypeptides with distinct electrophoretic mobilities. The sub-stoichiometric
amounts of some protein forms in the SUMOylation patterns suggest the presence of multiple
SUMO acceptor sites that differ in their availability for SUMO-conjugation. Alternatively, sub-
populations of SUMO-modified molecules may be generated as a result of other PTMs. For
example, mixed SUMO-ubiquitin chains or mixed SUMO chains composed of EGFP-labelled
SUMO and endogenous modifiers might be formed. Many other proteins are regulated
through the complex interplay of various PTMs [33–35]. Moreover, SUMOylation and other
cross-talking PTMs may occur at residues other than lysine. In the SUMOylation patterns,
some faint HMW bands were less visible in replicate experiments, suggesting that PTMs might
depend on variations in cell growth [35,56] or the activity of deSUMOylating enzymes.

Our data showed that the arrangement of TTR and Ubc9 in the fusion proteins influenced
the SUMOylation patterns. The observed dissimilarities could result from the fact that
Ubc9_TTR may be more accessible to E1 than TTR_Ubc9 because E1 interacts with the N-ter-
minal ubiquitin fold domain of Ubc9 [57]. Moreover, the accessibility of the N- or C-terminal
sequences to relevant PTMs often depends on protein-protein interactions in the cell; there-
fore, a strong relationship exists between PTMs and protein localization [30,31,35,51]. In par-
ticular, SUMOylation occurs inside the cell in situ (e.g., in promyelocytic leukaemia bodies)
within the functional and structural compartments of the nucleus, the cytoplasm or the mem-
branes [31,34,58,59]. TTR and Ubc9 have distinct predominant localizations: partially similar
and partially dissimilar. Ubc9 can be found in the cytoplasm and the nucleus [60], predomi-
nantly in association with nuclear bodies [58,61,62], the nuclear envelope [60] or the filaments
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of the nuclear pore complex [59]. Ubc9 has also been found within the lumen of the endoplas-
mic reticulum [63]. TTR has been observed in the membrane and the nuclear and mitochon-
drial compartments [10]. In ependymal cells, TTR is localized in the cytoplasm, the cilia and
around the mitochondria, probably associated with the outer mitochondrial membrane [7]. To
perform trans-SUMOylation experiments, we utilized the ability of TTR to combine different
subunits into a complex [3]. We observed SUMO-conjugation to non-fused TTR only when
Ubc9_TTR, and not TTR_Ubc9, was used. Similarly, different localizations of TTR_Ubc9 and
Ubc9_TTR or different cellular partners might result in localization-specific interactions that
inhibit the process of subunits being swapped in the complex, as observed for TTR in the pres-
ence of retinol-binding protein [3].

Our data, which were obtained via site-directed mutagenesis and UFDS analysis, showed that
the mobility of one of three bands in the 72–95 kDaMW range changed only for the K126R
mutant of TTR fused to the N-terminus of Ubc9 (TTR126_Ubc9). However, we did not observe
an effect of the K126R mutation of TTR fused to the C-terminus of Ubc9 (Ubc9_TTR126). K126
may be inaccessible to SUMOylation in Ubc9_TTR. Furthermore, the K126R mutation in
TTR_Ubc9 may alter the position of the sites of SUMOylation or other PTMs in the TTR or
Ubc9 portion of the fusion protein. When the wild-type Ubc9 was exchanged with the
K14,153,154R mutant (Umut) with decreased SUMO-load capacity, we observed that a few weak
bands disappeared from the SUMOylation patterns, suggesting that SUMO-conjugation to TTR
lysine residues can occur in a very small population of molecules. This observation would
explain why we were unable to detected SUMOylated TTR peptides using MS. Mutating K154,
K153 and K14 in Ubc9 fused to TTR strongly affected the SUMOylation patterns, indicating
that the SUMOylation of Ubc9 overcomes the SUMOylation of TTR in the UFDS system. The
MS data showed that Ubc9 fused to TTR is predominantly SUMOylated at K154 (ion score
equal to 84, S7 Fig), in agreement with our site-directed mutagenesis results. Surprisingly, we did
not find SUMOylated peptides at the adjacent, previously identified K153 [45] or at K14, which
has been shown to be the major SUMOylation site in human Ubc9 [44,45]. However, in Ubc9
fused to TTR, we observed the SUMOylation of K49, which has been reported for non-fused
Ubc9 [45]. We also found unique and previously undetected SUMOylation of K18 and K65 of
Ubc9 in Ubc9_TTR. SUMOylation of K18 in Ubc9_TTR is particularly interesting because this
residue is involved in the interaction of Ubc9 with SUMO [64]. Moreover, the ubiquitination of
K18 has been observed in murine Ubc9 [65]. Intriguingly, the SUMOylation of K65 was also
noted; interestingly, the acetylation of K65 was recently shown to determine the substrate speci-
ficity of human Ubc9 [66]. Previously, the substrate preference of Ubc9 toward a sub-set of cellu-
lar proteins was found to depend on the SUMOylation of K14 [44], and mutating K14, K49 and
K153 of Ubc9 to arginine residues significantly reduced the SUMOylation of SP100, resulting in
slight changes in SUMOylation of RanGAP and IκB [45]. We observed that the SUMOylation of
a unique set of lysine residues of Ubc9 depended on fusion with TTR. Two of these residues,
K18 and K65, are located at a crossroads between SUMOylation and other PTMs: K18 may
undergo ubiquitination, and K65 was acetylated in non-fused Ubc9. If TTR determines the pref-
erence for SUMOylation over acetylation at K65 or SUMOylation over ubiquitination at K18 of
Ubc9, it must impose a very strong regulatory effect.

Additionally, the SUMOylation of TTR and Ubc9 appears to be interconnected. We found
that mutating the catalytic cysteine 93 of Ubc9 to alanine resulted in the disappearance of
nearly all HMW species, suggesting that SUMO-chains are formed at Ubc9 or TTR lysine resi-
dues via trans-SUMOylation. In yeast, SUMOylated (SUMO-loaded) Ubc9 has been shown to
exhibit impaired classical SUMO-conjugating activity and instead acts as a scaffold to promote
SUMO-chain formation [67,68]. If a similar relationship occurs in humans, Ubc9 fused to TTR
should be SUMO-loaded, which is in agreement with our MS and site-directed mutagenesis
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results. Consequently, the SUMO-conjugating activity of Ubc9 toward the substrate (TTR)
would be diminished. The SUMOylation of TTR fused to Ubc9, therefore, depends on the
SUMO-load of Ubc9. Moreover, the SUMOylation of lysine residues of Ubc9 influences its
substrate specificity [33,44,45], and the SUMOylation of TTR may be altered and possibly
reduced, which would be in agreement with the clearly visible trans-SUMOylation of TTR by a
Ubc9 mutant with impaired SUMO-load capacity. It is possible that for efficient SUMOylation
of TTR, Ubc9 should not be in the SUMOylated form.

At least part of the observed impact of TTR on global SUMOylation may be attributed to
the influence of TTR on the SUMOylation of Ubc9 and, thus, on the specificity of SUMO-con-
jugation by Ubc9 to cellular proteins. The SUMO-load of Ubc9 strongly affects the SUMOyla-
tion of proteins containing the SUMO Interactive Motif [33,69]. Therefore, TTR may exert a
unique and profound effect on downstream signalling within the cell, influencing SUMOyla-
tion and, consequently, the fate of numerous target proteins. One intriguing question is
whether the regulatory activity of TTR regarding SUMO-conjugation to Ubc9 requires TTR to
be SUMOylated or not. In other words, does the SUMOylation of TTR affect the SUMOylation
of Ubc9 and global protein SUMOylation?

A complex relationship exists between the SUMOylation of Ubc9 and E1. E1 is auto-
SUMOylated on K236 and SUMOylated by Ubc9 on multiple lysine residues [45], which
results in the repression of the SUMO transfer from E1 to the catalytic cysteine of Ubc9 and
then to substrate proteins [70]. This relationship constitutes a negative regulatory loop in the
SUMOylation process [70]. After heat shock, the SUMOylation of E1 is reduced, abolishing the
suppression of SUMO-conjugation [70]. By influencing the SUMOylation of Ubc9 and leading
to a unique set of SUMOylated lysine residues in Ubc9, TTR may serve as a modulator of the
SUMOylation reaction. Similar to TTR, the exogenous expression of Toll interacting protein
(Tollip) activates the SUMOylation of cellular proteins in 293T cells [71]. Tollip is SUMOy-
lated and interacts with proteins involved in the SUMOylation process, including Ubc9, sug-
gesting that Tollip functions as a SUMO ligase. Tollip’s involvement in the PTM system
however, is complex and appears to extend far beyond this activity [71]. Rhes also increases the
cross-SUMOylation of Ubc9 and has been reported to fulfil the criteria for the E3 of Ubc9 [45].
The knockout of Rhes diminished the global SUMOylation in the striatum [45], suggesting
that it positively influences global SUMOylation and confirming the similarity between TTR
and Rhes. In the context of a compromised heat-shock response, TTR was shown to contribute
to controlling neuronal cell death, oedema and inflammation in the brain [72]. Surprisingly,
the brains of TTR(-/-) null mice showed no apparent susceptibility to ischaemic damage. How-
ever, in mice heterozygous for HSF1 (+/-), the knockout of TTR and middle cerebral artery
occlusion (MCAO) induced particularly severe injuries [72]. The unexpectedly profound effect
of TTR depletion in mice partially deprived of the response to oxidative stress may be at least
partially explained by the influence of TTR on the SUMOylation of Ubc9, which should alter
the substrate specificity of Ubc9 toward cellular proteins. The observation that increased
SUMOylation, mainly SUMO-1 but also SUMO-2/3-conjugation, protected the brain against
ischaemia induced by MCAO in Ubc9 knock-in-mice supports this hypothesis [34,48]. How-
ever, although the cerebral ischaemia induced in mice brains was accompanied by a massive
increase in protein SUMO-2/3-conjugation, a transient decrease in the level of Ubc9 was
observed in the cortex [73]. This apparent paradox may result from the presence of a limiting
factor other than Ubc9 able to modulate global protein SUMOylation [73]. TTR is a good can-
didate for being this factor because TTR affects global protein SUMOylation, unlike Ubc9,
exhibits a preference for SUMO-1-conjugation and is distributed throughout the infarct [72].
TTR may be involved in controlling more than just the stress-response because SUMOylation
regulates diverse cellular processes [31,34]. TTR appears to influence both SUMO-3, a major
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stress-induced SUMO isoform, and SUMO-1-conjugation. The SUMO cascade, which is con-
served among all eukaryotes, regulates protein localization, transcription, DNA replication,
and mitosis [34]. TTR may be indirectly engaged in all of these processes by influencing Ubc9
substrate specificity and global protein SUMOylation. An exciting but still unverified discovery
was the interaction of TTR with IKBKAP, a subunit of the α-tubulin acetyltransferase (Elonga-
tor) complex [74]. Correspondingly, the absence of TTR delayed crushed nerve regeneration
due to slower retrograde transport [17]; this effect may be related to the impaired acetylation of
α-tubulin by the Elongator complex and consequent dis-regulation of intracellular transport,
which appears to be the underlying mechanism of various neurological disorders [75].

Although the involved proteins and physiological symptoms are different in particular dis-
eases, the primary source of a range of pathological states, including cancer, appears to be an
imbalance in the folding and degradation pathways, which may be caused by the dis-regulation
of the PTMs of cellular proteins throughout the whole proteome [29,76]. Thus, factors that
control PTMs could influence the wellness of the entire body. The more up-stream a particular
factor functions in the regulatory circuits, the more profound an effect it should exert. TTR, by
influencing the specificity of Ubc9 and regulating the SUMOylation of cellular proteins, is a
good candidate as a wellness-protection factor.

Conclusions
The SUMOylation of TTR in the UFDS system shows multiple SUMOylation sites (Fig 2).
Unusually, SUMOylation occurs mainly at the Ubc9 portion, with possible minor modifica-
tions of TTR (Figs 3–5). Importantly, Ubc9 fused to TTR is SUMOylated at a unique set of
lysine residues, that are distinct from the known SUMOylation sites of the non-fused Ubc9.
Non-fused TTR is SUMOylated via trans-SUMOylation by Ubc9 fused to TTR (Fig 6). Prelimi-
nary experiments indicate that TTR specifically modulates general protein SUMOylation
(Fig 8).

Materials and Methods

Plasmid construction
The cDNAs of wild-type and mutants of TTR devoid of the sequence-coding signal peptide
were amplified by polymerase chain reaction (PCR) and cloned into pcDNA-Ubc9-MCS,
pcDNA-Ubc9mut-MCS, pcDNA-MCS-Ubc9 or pcDNA-MCS-Ubc9mut expression vectors suit-
able for eukaryotic cell lines. Ubc9mut represents the K14,153,154R mutant of Ubc9. Mutants of
TTR were generated using a PCR-based mutagenesis protocol [77]. The constructs coding TTR
non-fused to Ubc9 were obtained by exchanging the cDNA of Ubc9 in the pcDNA-Ubc9-MCS
vector with the cDNA of TTR with a haemagglutinin tag obtained by PCR. The constructs of
ES1, ES3 and EYFP-labelled Ubc9 were described previously [41]. The cDNA of rTTR possess-
ing a C-terminal histidine tag was cloned into the pGEX-2T vector for protein expression in
Escherichia coli.

Cell culture and transfection
HEK293 cells were cultured in Dulbecco's modified Eagle´s medium containing high glucose
and stable glutamine (PAA, E15-883), 10% foetal calf serum (PAA, A15-152), 100-U/ml peni-
cillin and 100-μg/ml streptomycin (PAA, P11-010). Subsequently, 60–80%-confluent HEK293
cells were transfected with polyethylenimine and grown for 24 h. Unless stated otherwise, the
cells were lysed in a Laemmli gel loading buffer [78] with or without heat denaturation for 10
min at 95°C and then stored at -80°C.
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Western blotting
Samples of cell lysate proteins were denatured (typically for 5–10 min at 95°C or at the indi-
cated conditions) immediately before loading on an SDS gel and undergoing separation in a
Laemmli buffer system and transfer to a nitrocellulose membrane (Whatman, 10401196). The
primary antibodies anti-Ubc9 (Santa Cruz, sc-271057), anti-GFP (Clontech, 632376) and anti-
TTR (ProteinTech, 11891-1-AP), the horseradish peroxidase-conjugated secondary antibody
(Jackson ImmunoResearch, 111-035-045) and the chemiluminescence reagents (GE Health-
care, Amersham RPN2232) were used according to the manufacturers’ instructions. The
chemiluminescence intensity was measured using Fluorescent Image Analyser FLA-3000 (Fuji-
film) and AIDA Image Analyser software (Raytest Isotopenmeßgeräte GmbH, Straubenhardt,
Germany) or detected using photographic film (Kodak). The MWwas determined using Pre-
stained Protein Leader Plus (Fermentas, SM1811), PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific, 26616) or Unstained Protein Molecular Weight Marker (Fermentas,
SM043).

In silico analysis
The amino acid sequences of human TTR (UniProtKB, P02766) and Ubc9 (UniProtKB,
P63279) were analysed using the following bioinformatic tools: Sumo sp (http://sumosp.
biocuckoo.org/), Sumo plot (http://www.abgent.com/tools/), and PCI-Sumo (http://bioinf.sce.
carleton.ca/SUMO/start.php).

TTR expression and purification in Escherichia coli
Recombinant TTR (rTTR) fused with glutathione-S-transferase was expressed in the E. coli
BL21 pLys cell line. After inducing protein expression with 1-mM isopropyl β-D-1-thiogalacto-
pyranoside (IPTG), the cells were cultured for 3 h at 37°C, harvested by centrifugation, washed
and suspended in phosphate-buffered saline (PBS) containing 1-mM dithiotreitol (DTT) and
frozen at -80°C. Prior to purification, the cell suspension was thawed, and the cells were lysed
by pipetting. DNase I, RNAse A and phenylmethylsulfonyl fluoride were added to final con-
centrations of 10 μg/ml, 10 μg/ml and 0.2 μg/ml, respectively. The soluble fraction was
obtained by centrifugation for at least 1 h at 18000xg and was loaded on a glutathione-sephar-
ose column equilibrated with PBS. Contaminating proteins were washed out with PBS, and
rTTR was digested out of the glutathione-S-transferase with thrombin (Calbiochem) at room
temperature for up to 24 h. rTTR-containing fractions were collected by washing the column
with PBS, concentrated using a centricon (Millipore), loaded onto a Superdex 200 column (GE
Healthcare, 17-5175-01) and separated using Akta Explorer (Amersham Biosciences).

Sedimentation velocity analysis
Sedimentation velocity experiments were conducted in a Beckman Coulter ProteomeLab XL-I
ultracentrifuge (Software version 6.0, Beckman Coulter Inc.). An-60Ti rotor and cells with sec-
tor-shaped 2-channel charcoal filled Epon1 centrepieces were used. The sample sector was
filled with 400 μl of 0.5-mg/ml TTR in 9-mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesul-
fonic acid (HEPES), and 92-mMNaCl at pH 7.3. The reference sector contained 405 μl of the
same buffer. The experiment was conducted overnight at 42,000 rpm at 20°C. TTR sedimenta-
tion was observed by recording the absorbance at 280 nm.

The data analysis was performed using SEDFIT (available at http://www.analyticalultracent
rifugation.com/). Scans representing the whole sedimentation process were selected for data
analysis. The density (ρ = 1.0027 g/ml) and dynamic viscosity (η = 1.0192 mPa�s) of the buffer
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and the partial specific volume of TTR at 20°C (ῡ = 0.72784 ml/g) were estimated using SEDN-
TERP (available at http://sednterp.unh.edu/). A timestamp correction was made using a func-
tion implemented in SEDFIT [79]. A continuous c(s) distribution model was used to obtain
the values of the sedimentation coefficient (s) and frictional ratio (f/f0). The hydrodynamic
radius (RH) and apparent MW of TTR were also calculated. Maximum entropy regularization
with p = 0.95 was applied [80].

Sample preparation for MS
Protein samples were prepared for MS using two alternative methods. The first method
included SDS-PAGE of the HEK293 cell lysate proteins obtained after UFDS. The gels were
briefly stained with Coomassie blue R250, and the appropriate regions of the gel were cut out,
transferred to the Eppendorf tubes and de-stained with 10% acetic acid and 40% methanol.
Afterwards, a standard procedure for sample preparation for LC-MS/MS analysis was per-
formed [81]. Briefly, proteins were reduced, alkylated, and digested with trypsin and peptides
were extracted from the gel. The second protocol was performed according to [82] with some
modifications. HEK293 cells obtained after UFDS were collected, washed with PBS and lysed
in PBS containing 0.1% NP40 and 20-mMN-ethylmaleimide (Sigma) for 30 min at 37°C. After
centrifugation for 60 min at 20000xg and 4°C, the soluble proteins were incubated with appro-
priate amounts of polyclonal anti-TTR antibodies (Dako, A0002) for 1 h at 4°C. The complexes
of antibodies and TTR-containing fusion proteins were collected by centrifugation for 15 min
at 20 000xg and 4°C, washed at least 3 times with PBS and vacuum dried. Prior to MS analysis,
the protein samples were suspended in 0.1-M ammonium bicarbonate buffer containing 6-M
urea. Proteins were reduced for 15 min in 20-mM DTT and alkylated for 20 min in the dark in
60-mM iodoacetamide. Next, typically, 1 μg of Trypsin/Lys-C Mix (Mass Spec Grade, Pro-
mega, Madison, WI) was added. After 4 h of incubation at 37°C, the samples were diluted with
0.05-M ammonium bicarbonate buffer to a final concentration of 1-M urea, and incubation
was continued overnight at 37°C. Digestion was terminated by adding trifluoroacetic acid
(TFA) to a final concentration of 1%. The peptide mixture was cleaned using reversed-phase
C18 StageTips made in-house [83].

Liquid chromatography and tandemMS (LC-MS/MS)
MS analysis was performed by LC-MS/MS on a Q-Exactive MS instrument (Thermo Fisher
Scientific) equipped with a Digital PicoView 550 nanospray source (New Objective) coupled to
an UltiMate 3000RS LC nanoSystem (Thermo-Dionex). Peptides were injected into a C18 pre-
column (AcclaimPepMap100, 2 cm x 75 μm inner diameter, C18, 3 μm, 100 Å) using 2% aceto-
nitrile with 0.05% TFA as the mobile phase and further separated on an analytical column
(AcclaimPepMapRLSC, 15 cm × 75 μm, C18, 2 μm, 100 Å) with a 2–40% ACN gradient in
0.05% formic acid for 60 min. In the first run, the instrument was operated in data-dependent
mode with an inclusion list of selected precursors, and in the second run, it was operated in tar-
geted mode (tMS2 mode). The list of precursors derived from the possible Ubc9_TTR peptides
with a GlyGly-tagged lysine was generated by the ProteinProspector tool (http://prospector.
ucsf.edu/prospector/mshome.htm). The MS/MS spectra were acquired in the Orbitrap mass
analyser with a resolution of 35,000 at m/z 200 with an isolation window of 1.2 m/z, a target
value of 5.00E+05 and a maximum injection time of 120 ms.

MS data analysis
The RAW files were processed by the Proteome Discoverer platform (v. 1.4, Thermo Fisher
Scientific) and searched against the cRAP database (132 sequences) with a Ubc9_TTR
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protein sequence The searches were performed using an in-house MASCOT server (v. 2.5.1,
Matrix Science) with the following parameters: enzyme, trypsin; maximum number of missed
cleavages, 2; fixed modification, carbamidomethylation (C); variable modifications, oxidation
(M) and GlyGly-tagged (K); peptide mass tolerance, ±10 ppm; and fragment mass tolerance,
±20 mmu. The mass spectrometry proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE [84] partner repository with the dataset identifier
PXD004515.

Supporting Information
S1 Fig. Purity of recombinant TTR. The sample containing 10 μg of recombinant TTR pos-
sessing a C-terminal histidine tag (rTTR), purified as described in the Materials and Methods,
was heated in Laemmli gel loading buffer for 30 min at 95°C and loaded on 12% SDS gel. After
electrophoresis the gel was stained with Coomassie blue R250.
(TIF)

S2 Fig. K126R mutation of TTR in TTR_Ubc9 alters the SUMOylation pattern. Non-
mutated TTR_Ubc9 (T_U) or the K126R mutant of TTR in TTR126_Ubc9 (T126_U) were co-
expressed in HEK293 cells with EGFP-labelled SUMO-1 (ES1) or SUMO-3 (ES3). The cell
lysates were analysed by WB using anti-TTR antibodies (αTTR). The outlined areas have been
enlarged. The letters indicate changes in the mobility of the bands resulting from the K126R
mutation in TTR. ES conjugates and X conjugates indicate forms of the fusion proteins modi-
fied by EGFP-labelled SUMO or endogenous modifiers, respectively.
(TIF)

S3 Fig. Mutating the lysine residues of Ubc9 in Ubc9_USP does not affect the SUMOylation
patterns. Drosophila melanogaster Ultraspiracle protein (USP) fused to non-mutated (Ubc9)
or to the K14,153,154R mutant of Ubc9 (Ubc9mut) located at the C-terminus (Ubc9_USP and
Ubc9mut_USP) was co-expressed with EGFP-labelled SUMO-1 (ES1), SUMO-3 (ES3) or EGFP
(E) in the HEK293 cell line. Cell lysates were analysed by WB using anti-Ubc9 antibodies
(αUbc9). ES conjugates and X conjugates indicate proteins modified by EGFP-labelled SUMO
or endogenous modifiers, respectively.
(TIF)

S4 Fig. The Ubc9_TTR fusion protein enhances the stability of non-fused TTR.Non-fused
HA-labelled TTR (HA_TTR) was co-expressed with EGFP-labelled SUMO-1 (ES1), SUMO-3
(ES3), EGFP (E) or EYFP-labelled Ubc9 (Y_U) in the absence or presence of TTR fused to the
C-terminus of Ubc9 (U_T). The cell lysates were analysed by WB using anti-TTR antibodies
(αTTR). ES conjugates and X conjugates indicate forms of the fusion proteins modified by
EGFP-labelled SUMO or endogenous modifiers, respectively.
(TIF)

S5 Fig. Trans-SUMOylation of non-fused TTR. Exposure on photographic film of (A) the
WB presented in Fig 6A and (B) WB performed using equivalent samples of the same transfec-
tion experiment as presented in Fig 6B. TTR fused to the C-terminus of non-mutated (U_T)
(A) or the K14,153,154R mutant of Ubc9 (Umut_T) (B) was co-expressed with EGFP-labelled
SUMO-1 (ES1) or SUMO-3 (ES3) in the absence or presence of non-fused HA-labelled TTR
(HA_TTR). The cell lysates were analysed by WB using anti-TTR antibodies (αTTR). The
asterisks indicate truncated SUMOylated proteins. ES conjugates and X conjugates represent
proteins modified by EGFP-labelled SUMO or endogenous modifiers, respectively.
(TIF)
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S6 Fig. The Ubc9_TTR fusion protein is extensively SUMOylated in UFDS. TTR fused to
the C-terminus of Ubc9 (U_T) was co-expressed in HEK293 cells with EGFP-labelled SUMO-
1 (ES1), SUMO-3 (ES3) or EGFP (E). Cell lysates were analysed by WB using anti-TTR anti-
bodies (αTTR). (A) Fluorescence scans and (B) exposure on photographic film.
(TIF)

S7 Fig. Fragmentation spectra of the SUMOylated peptide of Ubc9_TTR. Annotated MS/
MS spectra of the precursor ion atm/z 962.955 (2+) correspond to peptide k(GG)FAPSEFGG
GGPTGTGESK. The peptide was assigned to the MS/MS spectrum with a MASCOT ion score
of 84. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD004515.
(TIFF)

Acknowledgments
We are grateful to Dr. Rainer Niedenthal fromMedical School, Hannover, Germany for pro-
viding the UFDS system and invaluable support and to Dr. Anders Olofsson from the Depart-
ment of Medical Biochemistry and Biophysics, Umeå University, Sweden, for providing the
human TTR cDNA. We are also grateful to Dr. Agnieszka Dziedzic-Letka, Dr. Piotr Dobrys-
zycki and Dr. Grzegorz Rymarczyk for their critical reading of the manuscript.

We thank American Journal Experts (AJE) for English-language editing.

Author Contributions

Conceptualization: EW.

Data curation: EW SKK UJ KS.

Formal analysis: RH EW SKK UJ.

Funding acquisition: AO.

Investigation: EW SKK KS UJ RH JS.

Methodology: EW AO.

Project administration: EW.

Resources: AO.

Supervision: EW AO.

Validation: EW SKK UJ.

Visualization: EW SKK RH.

Writing - original draft: EW SKK RH.

Writing - review & editing: EW AO RH JS.

References
1. Blake CC, Swan ID, Rerat C, Berthou J, Laurent A, Rerat B. An x-ray study of the subunit structure of

prealbumin. J Mol Biol. 1971; 61: 217–224. PMID: 5146194

2. Hamilton JA, Benson MD. Transthyretin: a review from a structural perspective. Cell Mol Life Sci. 2001;
58: 1491–1521. PMID: 11693529

TTR and Ubc9 SUMOylation

PLOS ONE | DOI:10.1371/journal.pone.0160536 August 8, 2016 23 / 27

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160536.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160536.s007
http://www.ncbi.nlm.nih.gov/pubmed/5146194
http://www.ncbi.nlm.nih.gov/pubmed/11693529


3. Hyung SJ, Deroo S, Robinson CV. Retinol and retinol-binding protein stabilize transthyretin via forma-
tion of retinol transport complex. ACS Chem Biol. 2010; 5: 1137–1146. doi: 10.1021/cb100144v PMID:
20845945

4. Richardson SJ. Evolutionary changes to transthyretin: evolution of transthyretin biosynthesis. FEBS J.
2009; 276: 5342–5356. doi: 10.1111/j.1742-4658.2009.07244.x PMID: 19725882

5. Aleshire SL, Bradley CA, Richardson LD, Parl FF. Localization of human prealbumin in choroid plexus
epithelium. J Histochem Cytochem. 1983; 31: 608–612. PMID: 6341455

6. Dwork AJ, Cavallaro T, Martone RL, Goodman DS, Schon EA, Herbert J. Distribution of transthyretin in
the rat eye. Invest Ophthalmol Vis Sci. 1990; 31: 489–496. PMID: 2180844

7. Kuchler-Bopp S, Ittel ME, Dietrich JB, Reeber A, Zaepfel M, Delaunoy JP. The presence of transthyretin
in rat ependymal cells is due to endocytosis and not synthesis. Brain Res. 1998; 793: 219–230. PMID:
9630636

8. Cavallaro T, Martone RL, Dwork AJ, Schon EA, Herbert J. The retinal pigment epithelium is the unique
site of transthyretin synthesis in the rat eye. Invest Ophthalmol Vis Sci. 1990; 31: 497–501. PMID:
1690688

9. Andersen MM. Leucocyte-associated plasma proteins. I. Plasma proteins in supernatants and cell pel-
lets during successive washings of human blood cells. Scand J Immunol. 1982; 15: 399–407. PMID:
7048510

10. Getz RK, Kennedy BG, Mangini NJ. Transthyretin localization in cultured and native human retinal pig-
ment epithelium. Exp Eye Res. 1999; 68: 629–636. PMID: 10328977

11. Jacobsson B, Collins VP, Grimelius L, Pettersson T, Sandstedt B, Carlstrom A. Transthyretin immuno-
reactivity in human and porcine liver, choroid plexus, and pancreatic islets. J Histochem Cytochem.
1989; 37: 31–37. PMID: 2642294

12. Fleming CE, Mar FM, Franquinho F, Saraiva MJ, Sousa MM. Transthyretin internalization by sensory
neurons is megalin mediated and necessary for its neuritogenic activity. J Neurosci. 2009; 29: 3220–
3232. doi: 10.1523/JNEUROSCI.6012-08.2009 PMID: 19279259

13. Liz MA, Faro CJ, Saraiva MJ, Sousa MM. Transthyretin, a new cryptic protease. J Biol Chem. 2004;
279: 21431–21438. PMID: 15033978

14. Nunes AF, Saraiva MJ, SousaMM. Transthyretin knockouts are a newmousemodel for increased neu-
ropeptide Y. FASEB J. 2006; 20: 166–168. PMID: 16263939

15. Liz MA, Fleming CE, Nunes AF, Almeida MR, Mar FM, Choe Y, et al. Substrate specificity of transthyre-
tin: identification of natural substrates in the nervous system. Biochem J. 2009; 419: 467–474. doi: 10.
1042/BJ20082090 PMID: 19138167

16. Sousa JC, Grandela C, Fernandez-Ruiz J, de Miguel R, de Sousa L, Magalhaes AI, et al. Transthyretin
is involved in depression-like behaviour and exploratory activity. J Neurochem. 2004; 88: 1052–1058.
PMID: 15009661

17. Fleming CE, Saraiva MJ, Sousa MM. Transthyretin enhances nerve regeneration. J Neurochem. 2007;
103: 831–839. PMID: 17897357

18. Sousa JC, Marques F, Dias-Ferreira E, Cerqueira JJ, Sousa N, Palha JA. Transthyretin influences spa-
tial reference memory. Neurobiol Learn Mem. 2007; 88: 381–385. PMID: 17698379

19. Vieira M, Saraiva MJ. Transthyretin regulates hippocampal 14-3-3zeta protein levels. FEBS Lett. 2013;
587: 1482–1488. doi: 10.1016/j.febslet.2013.03.011 PMID: 23523922

20. Schwarzman AL, Gregori L, Vitek MP, Lyubski S, Strittmatter WJ, Enghilde JJ, et al. Transthyretin
sequesters amyloid beta protein and prevents amyloid formation. Proc Natl Acad Sci U S A. 1994; 91:
8368–8372. PMID: 8078889

21. Buxbaum JN, Ye Z, Reixach N, Friske L, Levy C, Das P, et al. Transthyretin protects Alzheimer's mice
from the behavioral and biochemical effects of Abeta toxicity. Proc Natl Acad Sci U S A. 2008; 105:
2681–2686. doi: 10.1073/pnas.0712197105 PMID: 18272491

22. Wang X, Cattaneo F, Ryno L, Hulleman J, Reixach N, Buxbaum JN. The systemic amyloid precursor
transthyretin (TTR) behaves as a neuronal stress protein regulated by HSF1 in SH-SY5Y human neuro-
blastoma cells and APP23 Alzheimer's disease model mice. J Neurosci. 2014; 34: 7253–7265. doi: 10.
1523/JNEUROSCI.4936-13.2014 PMID: 24849358

23. Refai E, Dekki N, Yang SN, Imreh G, Cabrera O, Yu L, et al. Transthyretin constitutes a functional com-
ponent in pancreatic beta-cell stimulus-secretion coupling. Proc Natl Acad Sci U S A. 2005; 102:
17020–17025. PMID: 16286652

24. Su Y, Jono H, Misumi Y, Senokuchi T, Guo J, UedaM, et al. Novel function of transthyretin in pancreatic
alpha cells. FEBS Lett. 2012; 586: 4215–4222. doi: 10.1016/j.febslet.2012.10.025 PMID: 23108050

TTR and Ubc9 SUMOylation

PLOS ONE | DOI:10.1371/journal.pone.0160536 August 8, 2016 24 / 27

http://dx.doi.org/10.1021/cb100144v
http://www.ncbi.nlm.nih.gov/pubmed/20845945
http://dx.doi.org/10.1111/j.1742-4658.2009.07244.x
http://www.ncbi.nlm.nih.gov/pubmed/19725882
http://www.ncbi.nlm.nih.gov/pubmed/6341455
http://www.ncbi.nlm.nih.gov/pubmed/2180844
http://www.ncbi.nlm.nih.gov/pubmed/9630636
http://www.ncbi.nlm.nih.gov/pubmed/1690688
http://www.ncbi.nlm.nih.gov/pubmed/7048510
http://www.ncbi.nlm.nih.gov/pubmed/10328977
http://www.ncbi.nlm.nih.gov/pubmed/2642294
http://dx.doi.org/10.1523/JNEUROSCI.6012-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19279259
http://www.ncbi.nlm.nih.gov/pubmed/15033978
http://www.ncbi.nlm.nih.gov/pubmed/16263939
http://dx.doi.org/10.1042/BJ20082090
http://dx.doi.org/10.1042/BJ20082090
http://www.ncbi.nlm.nih.gov/pubmed/19138167
http://www.ncbi.nlm.nih.gov/pubmed/15009661
http://www.ncbi.nlm.nih.gov/pubmed/17897357
http://www.ncbi.nlm.nih.gov/pubmed/17698379
http://dx.doi.org/10.1016/j.febslet.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23523922
http://www.ncbi.nlm.nih.gov/pubmed/8078889
http://dx.doi.org/10.1073/pnas.0712197105
http://www.ncbi.nlm.nih.gov/pubmed/18272491
http://dx.doi.org/10.1523/JNEUROSCI.4936-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.4936-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24849358
http://www.ncbi.nlm.nih.gov/pubmed/16286652
http://dx.doi.org/10.1016/j.febslet.2012.10.025
http://www.ncbi.nlm.nih.gov/pubmed/23108050


25. Westermark P, Sletten K, Johansson B, Cornwell GG III. Fibril in senile systemic amyloidosis is derived
from normal transthyretin. Proc Natl Acad Sci U S A. 1990; 87: 2843–2845. PMID: 2320592

26. Sousa MM, Cardoso I, Fernandes R, Guimaraes A, Saraiva MJ. Deposition of transthyretin in early
stages of familial amyloidotic polyneuropathy: evidence for toxicity of nonfibrillar aggregates. Am J
Pathol. 2001; 159: 1993–2000. PMID: 11733349

27. Nuvolone M, Obici L, Merlini G. Transthyretin-associated Familial Amyloid Polyneuropathy—Current
and Emerging Therapies. 2012; 8: 24–32.

28. da Costa G, Gomes RA, Guerreiro A, Mateus E, Monteiro E, Barroso E, et al. Beyond genetic factors in
familial amyloidotic polyneuropathy: protein glycation and the loss of fibrinogen's chaperone activity.
PLoS One. 2011; 6: e24850. doi: 10.1371/journal.pone.0024850 PMID: 22053176

29. Choi HS, Liew H, Jang A, Kim YM, Lashuel H, Suh YH. Phosphorylation of alpha-synuclein is crucial in
compensating for proteasomal dysfunction. Biochem Biophys Res Commun. 2012; 424: 597–603. doi:
10.1016/j.bbrc.2012.06.159 PMID: 22776201

30. Sarge KD, Park-Sarge OK. Sumoylation and human disease pathogenesis. Trends Biochem Sci. 2009;
34: 200–205. doi: 10.1016/j.tibs.2009.01.004 PMID: 19282183

31. Zhao J. Sumoylation regulates diverse biological processes. Cell Mol Life Sci. 2007; 64: 3017–3033.
PMID: 17763827

32. Del Monte F, Agnetti G. Protein post-translational modifications and misfolding: new concepts in heart
failure. Proteomics Clin Appl. 2014; 8: 534–542. doi: 10.1002/prca.201400037 PMID: 24946239

33. Wilkinson KA, Henley JM. Mechanisms, regulation and consequences of protein SUMOylation. Bio-
chem J. 2010; 428: 133–145. doi: 10.1042/BJ20100158 PMID: 20462400

34. Andreou AM, Tavernarakis N. SUMOylation and cell signalling. Biotechnol J. 2009; 4: 1740–1752. doi:
10.1002/biot.200900219 PMID: 19946876

35. Gu B, ZhuWG. Surf the post-translational modification network of p53 regulation. Int J Biol Sci. 2012; 8:
672–684. doi: 10.7150/ijbs.4283 PMID: 22606048

36. Dorval V, Fraser PE. Small ubiquitin-like modifier (SUMO) modification of natively unfolded proteins tau
and alpha-synuclein. J Biol Chem. 2006; 281: 9919–9924. PMID: 16464864

37. Rodriguez MS, Dargemont C, Hay RT. SUMO-1 conjugation in vivo requires both a consensus modifi-
cation motif and nuclear targeting. J Biol Chem. 2001; 276: 12654–12659. PMID: 11124955

38. Hsiao HH, Meulmeester E, Frank BT, Melchior F, Urlaub H. "ChopNSpice," a mass spectrometric
approach that allows identification of endogenous small ubiquitin-like modifier-conjugated peptides.
Mol Cell Proteomics. 2009; 8: 2664–2675. doi: 10.1074/mcp.M900087-MCP200 PMID: 19721078

39. Miteva M, Keusekotten K, Hofmann K, Praefcke GJ, Dohmen RJ. Sumoylation as a signal for polyubi-
quitylation and proteasomal degradation. Subcell Biochem. 2010; 54: 195–214. doi: 10.1007/978-1-
4419-6676-6_16 PMID: 21222284

40. Costa MW, Lee S, Furtado MB, Xin L, Sparrow DB, Martinez CG, et al. Complex SUMO-1 regulation of
cardiac transcription factor Nkx2-5. PLoS One. 2011; 6: e24812. doi: 10.1371/journal.pone.0024812
PMID: 21931855

41. Jakobs A, Koehnke J, Himstedt F, Funk M, Korn B, Gaestel M, et al. Ubc9 fusion-directed SUMOylation
(UFDS): a method to analyze function of protein SUMOylation. Nat Methods. 2007; 4: 245–250. PMID:
17277783

42. Jakobs A, Himstedt F, Funk M, Korn B, Gaestel M, Niedenthal R. Ubc9 fusion-directed SUMOylation
identifies constitutive and inducible SUMOylation. Nucleic Acids Res. 2007; 35: e109. PMID: 17709345

43. Bielska K, Seliga J, Wieczorek E, Kedracka-Krok S, Niedenthal R, Ozyhar A. Alternative sumoylation
sites in the Drosophila nuclear receptor Usp. J Steroid BiochemMol Biol. 2012; 132: 227–238. doi: 10.
1016/j.jsbmb.2012.05.011 PMID: 22676916

44. Knipscheer P, Flotho A, Klug H, Olsen JV, van Dijk WJ, Fish A, et al. Ubc9 sumoylation regulates
SUMO target discrimination. Mol Cell. 2008; 31: 371–382. doi: 10.1016/j.molcel.2008.05.022 PMID:
18691969

45. Subramaniam S, Mealer RG, Sixt KM, Barrow RK, Usiello A, Snyder SH. Rhes, a physiologic regulator
of sumoylation, enhances cross-sumoylation between the basic sumoylation enzymes E1 and Ubc9. J
Biol Chem. 2010; 285: 20428–20432. doi: 10.1074/jbc.C110.127191 PMID: 20424159

46. Pettersson T, Carlstrom A, Jornvall H. Different types of microheterogeneity of human thyroxine-binding
prealbumin. Biochemistry. 1987; 26: 4572–4583. PMID: 3117103

47. Srivastav RK, Schwede S, Klaus M, Schwermann J, Gaestel M, Niedenthal R. Monitoring protein-pro-
tein interactions in mammalian cells by trans-SUMOylation. Biochem J. 2011; 438: 495–503. doi: 10.
1042/BJ20110035 PMID: 21675959

TTR and Ubc9 SUMOylation

PLOS ONE | DOI:10.1371/journal.pone.0160536 August 8, 2016 25 / 27

http://www.ncbi.nlm.nih.gov/pubmed/2320592
http://www.ncbi.nlm.nih.gov/pubmed/11733349
http://dx.doi.org/10.1371/journal.pone.0024850
http://www.ncbi.nlm.nih.gov/pubmed/22053176
http://dx.doi.org/10.1016/j.bbrc.2012.06.159
http://www.ncbi.nlm.nih.gov/pubmed/22776201
http://dx.doi.org/10.1016/j.tibs.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19282183
http://www.ncbi.nlm.nih.gov/pubmed/17763827
http://dx.doi.org/10.1002/prca.201400037
http://www.ncbi.nlm.nih.gov/pubmed/24946239
http://dx.doi.org/10.1042/BJ20100158
http://www.ncbi.nlm.nih.gov/pubmed/20462400
http://dx.doi.org/10.1002/biot.200900219
http://www.ncbi.nlm.nih.gov/pubmed/19946876
http://dx.doi.org/10.7150/ijbs.4283
http://www.ncbi.nlm.nih.gov/pubmed/22606048
http://www.ncbi.nlm.nih.gov/pubmed/16464864
http://www.ncbi.nlm.nih.gov/pubmed/11124955
http://dx.doi.org/10.1074/mcp.M900087-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19721078
http://dx.doi.org/10.1007/978-1-4419-6676-6_16
http://dx.doi.org/10.1007/978-1-4419-6676-6_16
http://www.ncbi.nlm.nih.gov/pubmed/21222284
http://dx.doi.org/10.1371/journal.pone.0024812
http://www.ncbi.nlm.nih.gov/pubmed/21931855
http://www.ncbi.nlm.nih.gov/pubmed/17277783
http://www.ncbi.nlm.nih.gov/pubmed/17709345
http://dx.doi.org/10.1016/j.jsbmb.2012.05.011
http://dx.doi.org/10.1016/j.jsbmb.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22676916
http://dx.doi.org/10.1016/j.molcel.2008.05.022
http://www.ncbi.nlm.nih.gov/pubmed/18691969
http://dx.doi.org/10.1074/jbc.C110.127191
http://www.ncbi.nlm.nih.gov/pubmed/20424159
http://www.ncbi.nlm.nih.gov/pubmed/3117103
http://dx.doi.org/10.1042/BJ20110035
http://dx.doi.org/10.1042/BJ20110035
http://www.ncbi.nlm.nih.gov/pubmed/21675959


48. Lee YJ, Mou Y, Maric D, Klimanis D, Auh S, Hallenbeck JM. Elevated global SUMOylation in Ubc9
transgenic mice protects their brains against focal cerebral ischemic damage. PLoS One. 2011; 6:
e25852. doi: 10.1371/journal.pone.0025852 PMID: 22016779

49. Shrivastava V, Pekar M, Grosser E, Im J, Vigodner M. SUMO proteins are involved in the stress
response during spermatogenesis and are localized to DNA double-strand breaks in germ cells. Repro-
duction. 2010; 139: 999–1010. doi: 10.1530/REP-09-0492 PMID: 20385780

50. Krumova P, Meulmeester E, Garrido M, Tirard M, Hsiao HH, Bossis G, et al. Sumoylation inhibits
alpha-synuclein aggregation and toxicity. J Cell Biol. 2011; 194: 49–60. doi: 10.1083/jcb.201010117
PMID: 21746851

51. Maltsev AS, Ying J, Bax A. Impact of N-terminal acetylation of alpha-synuclein on its random coil and
lipid binding properties. Biochemistry. 2012; 51: 5004–5013. doi: 10.1021/bi300642h PMID: 22694188

52. Alontaga AY, Ambaye ND, Li YJ, Vega R, Chen CH, Bzymek KP, et al. RWDDomain as an E2 (Ubc9)-
Interaction Module. J Biol Chem. 2015; 290: 16550–16559. doi: 10.1074/jbc.M115.644047 PMID:
25918163

53. Groenning M, Campos RI, Hirschberg D, Hammarstrom P, Vestergaard B. Considerably Unfolded
Transthyretin Monomers Preceed and Exchange with Dynamically Structured Amyloid Protofibrils. Sci
Rep. 2015; 5: 11443. doi: 10.1038/srep11443 PMID: 26108284

54. Blake CC, Burridge JM, Oatley SJ. X-ray analysis of thyroid hormone binding to prealbumin. Biochem
Soc Trans. 1978; 6: 1114–1118. PMID: 744368

55. Hamilton JA, Steinrauf LK, Braden BC, Liepnieks J, Benson MD, Holmgren G, et al. The x-ray crystal
structure refinements of normal human transthyretin and the amyloidogenic Val-30—>Met variant to
1.7-A resolution. J Biol Chem. 1993; 268: 2416–2424. PMID: 8428915

56. Yang XJ, Seto E. Lysine acetylation: codified crosstalk with other posttranslational modifications. Mol
Cell. 2008; 31: 449–461. doi: 10.1016/j.molcel.2008.07.002 PMID: 18722172

57. Wang J, Taherbhoy AM, Hunt HW, Seyedin SN, Miller DW, Miller DJ, et al. Crystal structure of UBA2
(ufd)-Ubc9: insights into E1-E2 interactions in Sumo pathways. PLoS One. 2010; 5: e15805. doi: 10.
1371/journal.pone.0015805 PMID: 21209884

58. Van Damme E, Laukens K, Dang TH, Van Ostade X. A manually curated network of the PML nuclear
body interactome reveals an important role for PML-NBs in SUMOylation dynamics. Int J Biol Sci.
2010; 6: 51–67. PMID: 20087442

59. Zhang H, Saitoh H, Matunis MJ. Enzymes of the SUMOmodification pathway localize to filaments of
the nuclear pore complex. Mol Cell Biol. 2002; 22: 6498–6508. PMID: 12192048

60. Lee GW, Melchior F, Matunis MJ, Mahajan R, Tian Q, Anderson P. Modification of Ran GTPase-activat-
ing protein by the small ubiquitin-related modifier SUMO-1 requires Ubc9, an E2-type ubiquitin-conju-
gating enzyme homologue. J Biol Chem. 1998; 273: 6503–6507. PMID: 9497385

61. Kuwata T, Nakamura T. BCL11A is a SUMOylated protein and recruits SUMO-conjugation enzymes in
its nuclear body. 2008; 13: 931–940. doi: 10.1111/j.1365-2443.2008.01216.x PMID: 18681895

62. Ihara M, Stein P, Schultz RM. UBE2I (UBC9), a SUMO-conjugating enzyme, localizes to nuclear speck-
les and stimulates transcription in mouse oocytes. Biol Reprod. 2008; 79: 906–913. doi: 10.1095/
biolreprod.108.070474 PMID: 18703419

63. Zhang YQ, Sarge KD. Sumoylation of amyloid precursor protein negatively regulates Abeta aggregate
levels. Biochem Biophys Res Commun. 2008; 374: 673–678. doi: 10.1016/j.bbrc.2008.07.109 PMID:
18675254

64. TathamMH, Kim S, Yu B, Jaffray E, Song J, Zheng J, et al. Role of an N-terminal site of Ubc9 in
SUMO-1, -2, and -3 binding and conjugation. Biochemistry. 2003; 42: 9959–9969. PMID: 12924945

65. Wagner SA, Beli P, Weinert BT, Scholz C, Kelstrup CD, Young C, et al. Proteomic analyses reveal
divergent ubiquitylation site patterns in murine tissues. Mol Cell Proteomics. 2012; 11: 1578–1585. doi:
10.1074/mcp.M112.017905 PMID: 22790023

66. Hsieh YL, Kuo HY, Chang CC, Naik MT, Liao PH, Ho CC, et al. Ubc9 acetylation modulates distinct
SUMO target modification and hypoxia response. EMBO J. 2013; 32: 791–804. doi: 10.1038/emboj.
2013.5 PMID: 23395904

67. Klug H, Xaver M, Chaugule VK, Koidl S, Mittler G, Klein F, et al. Ubc9 sumoylation controls SUMO
chain formation and meiotic synapsis in Saccharomyces cerevisiae. Mol Cell. 2013; 50: 625–636. doi:
10.1016/j.molcel.2013.03.027 PMID: 23644018

68. Watts FZ. Starting and stopping SUMOylation. What regulates the regulator? Chromosoma. 2013; 122:
451–463. doi: 10.1007/s00412-013-0422-0 PMID: 23812602

69. Kim ET, Kim KK, Matunis MJ, Ahn JH. Enhanced SUMOylation of proteins containing a SUMO-interact-
ing motif by SUMO-Ubc9 fusion. Biochem Biophys Res Commun. 2009; 388: 41–45. doi: 10.1016/j.
bbrc.2009.07.103 PMID: 19635459

TTR and Ubc9 SUMOylation

PLOS ONE | DOI:10.1371/journal.pone.0160536 August 8, 2016 26 / 27

http://dx.doi.org/10.1371/journal.pone.0025852
http://www.ncbi.nlm.nih.gov/pubmed/22016779
http://dx.doi.org/10.1530/REP-09-0492
http://www.ncbi.nlm.nih.gov/pubmed/20385780
http://dx.doi.org/10.1083/jcb.201010117
http://www.ncbi.nlm.nih.gov/pubmed/21746851
http://dx.doi.org/10.1021/bi300642h
http://www.ncbi.nlm.nih.gov/pubmed/22694188
http://dx.doi.org/10.1074/jbc.M115.644047
http://www.ncbi.nlm.nih.gov/pubmed/25918163
http://dx.doi.org/10.1038/srep11443
http://www.ncbi.nlm.nih.gov/pubmed/26108284
http://www.ncbi.nlm.nih.gov/pubmed/744368
http://www.ncbi.nlm.nih.gov/pubmed/8428915
http://dx.doi.org/10.1016/j.molcel.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/18722172
http://dx.doi.org/10.1371/journal.pone.0015805
http://dx.doi.org/10.1371/journal.pone.0015805
http://www.ncbi.nlm.nih.gov/pubmed/21209884
http://www.ncbi.nlm.nih.gov/pubmed/20087442
http://www.ncbi.nlm.nih.gov/pubmed/12192048
http://www.ncbi.nlm.nih.gov/pubmed/9497385
http://dx.doi.org/10.1111/j.1365-2443.2008.01216.x
http://www.ncbi.nlm.nih.gov/pubmed/18681895
http://dx.doi.org/10.1095/biolreprod.108.070474
http://dx.doi.org/10.1095/biolreprod.108.070474
http://www.ncbi.nlm.nih.gov/pubmed/18703419
http://dx.doi.org/10.1016/j.bbrc.2008.07.109
http://www.ncbi.nlm.nih.gov/pubmed/18675254
http://www.ncbi.nlm.nih.gov/pubmed/12924945
http://dx.doi.org/10.1074/mcp.M112.017905
http://www.ncbi.nlm.nih.gov/pubmed/22790023
http://dx.doi.org/10.1038/emboj.2013.5
http://dx.doi.org/10.1038/emboj.2013.5
http://www.ncbi.nlm.nih.gov/pubmed/23395904
http://dx.doi.org/10.1016/j.molcel.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23644018
http://dx.doi.org/10.1007/s00412-013-0422-0
http://www.ncbi.nlm.nih.gov/pubmed/23812602
http://dx.doi.org/10.1016/j.bbrc.2009.07.103
http://dx.doi.org/10.1016/j.bbrc.2009.07.103
http://www.ncbi.nlm.nih.gov/pubmed/19635459


70. Truong K, Lee T, Chen Y. SUMOmodification of the E1 Cys domain inhibits its enzymatic activity. J
Biol Chem. 2012.

71. Ciarrocchi A, D'Angelo R, Cordiglieri C, Rispoli A, Santi S, Riccio M, et al. Tollip is a mediator of protein
sumoylation. PLoS One. 2009; 4: e4404. doi: 10.1371/journal.pone.0004404 PMID: 19198660

72. Santos SD, Lambertsen KL, Clausen BH, Akinc A, Alvarez R, Finsen B, et al. CSF transthyretin neuro-
protection in a mouse model of brain ischemia. J Neurochem. 2010; 115: 1434–1444. doi: 10.1111/j.
1471-4159.2010.07047.x PMID: 21044072

73. YangW, Sheng H, Warner DS, PaschenW. Transient global cerebral ischemia induces a massive
increase in protein sumoylation. J Cereb Blood Flow Metab. 2008; 28: 269–279. PMID: 17565359

74. Stelzl U, Worm U, Lalowski M, Haenig C, Brembeck FH, Goehler H, et al. A human protein-protein inter-
action network: a resource for annotating the proteome. Cell. 2005; 122: 957–968. PMID: 16169070

75. Nguyen L, Humbert S, Saudou F, Chariot A. Elongator—an emerging role in neurological disorders.
Trends Mol Med. 2010; 16: 1–6. doi: 10.1016/j.molmed.2009.11.002 PMID: 20036197

76. Akerfelt M, Morimoto RI, Sistonen L. Heat shock factors: integrators of cell stress, development and life-
span. Nat Rev Mol Cell Biol. 2010; 11: 545–555. doi: 10.1038/nrm2938 PMID: 20628411

77. Ko JK, Ma J. A rapid and efficient PCR-basedmutagenesis method applicable to cell physiology study.
Am J Physiol Cell Physiol. 2005; 288: C1273–8. PMID: 15659713

78. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227: 680–685. PMID: 5432063

79. Zhao H, Ghirlando R, Piszczek G, Curth U, Brautigam CA, Schuck P. Recorded scan times can limit
the accuracy of sedimentation coefficients in analytical ultracentrifugation. Anal Biochem. 2013; 437:
104–108. doi: 10.1016/j.ab.2013.02.011 PMID: 23458356

80. Schuck P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation
and lamm equation modeling. Biophys J. 2000; 78: 1606–1619. PMID: 10692345

81. Kozik A, Karkowska-Kuleta J, Zajac D, Bochenska O, Kedracka-Krok S, Jankowska U, et al. Fibronec-
tin-, vitronectin- and laminin-binding proteins at the cell walls of Candida parapsilosis and Candida tropi-
calis pathogenic yeasts. BMCMicrobiol. 2015; 15: 197-015-0531-4.

82. Heegaard NH, Hansen MZ, Sen JW, Christiansen M, Westermark P. Immunoaffinity chromatographic
and immunoprecipitation methods combined with mass spectrometry for characterization of circulating
transthyretin. J Sep Sci. 2006; 29: 371–377. PMID: 16544878

83. Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment, pre-fractionation and
storage of peptides for proteomics using StageTips. Nat Protoc. 2007; 2: 1896–1906. PMID: 17703201

84. Vizcaino JA, Deutsch EW,Wang R, Csordas A, Reisinger F, Rios D, et al. ProteomeXchange provides
globally coordinated proteomics data submission and dissemination. Nat Biotechnol. 2014; 32: 223–
226. doi: 10.1038/nbt.2839 PMID: 24727771

TTR and Ubc9 SUMOylation

PLOS ONE | DOI:10.1371/journal.pone.0160536 August 8, 2016 27 / 27

http://dx.doi.org/10.1371/journal.pone.0004404
http://www.ncbi.nlm.nih.gov/pubmed/19198660
http://dx.doi.org/10.1111/j.1471-4159.2010.07047.x
http://dx.doi.org/10.1111/j.1471-4159.2010.07047.x
http://www.ncbi.nlm.nih.gov/pubmed/21044072
http://www.ncbi.nlm.nih.gov/pubmed/17565359
http://www.ncbi.nlm.nih.gov/pubmed/16169070
http://dx.doi.org/10.1016/j.molmed.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/20036197
http://dx.doi.org/10.1038/nrm2938
http://www.ncbi.nlm.nih.gov/pubmed/20628411
http://www.ncbi.nlm.nih.gov/pubmed/15659713
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1016/j.ab.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23458356
http://www.ncbi.nlm.nih.gov/pubmed/10692345
http://www.ncbi.nlm.nih.gov/pubmed/16544878
http://www.ncbi.nlm.nih.gov/pubmed/17703201
http://dx.doi.org/10.1038/nbt.2839
http://www.ncbi.nlm.nih.gov/pubmed/24727771

