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Abstract
Endoplasmic reticulum-associated degradation (ERAD) is essential for protein quality control both during stress and at steady state. We found that an E2 ubiquitinconjugating enzyme UBC6e contributes to a new layer of homeostatic control, in
which ERAD activity itself is regulated post-transcriptionally and independently of
the unfolded protein response. Ablation of UBC6e causes up-regulation of active
ERAD enhancers and increases clearance not only of terminally misfolded substrates,
but also of wild-type glycoproteins that fold comparatively slowly. Tuning of ERAD
component level involves a mechanism that is likely distinct from the conventional
ERAD by Hrdl/SEL1L complex.
To better understand how UBC6e is controlled, we developed VHH05, which associates with UBC6e with a low nanomolar dissociation constant. VHH05 enhances
enzymatic activity of UBC6e by binding to a gateway helix on UBC6e (168-186). As
the phosphorylation site S184 is on this gateway loop, we propose that stress-induced
phosphorylation of UBC6e allows binding of a cytosolic factor that enhances UBC6e
activity similarly to VHH05.
We further characterized the binding of VHH05 to UBC6e to identify a 14mer
binding epitope QADQEAKELARQIS. This epitope was translated into a 6e-tag recognized by VHH05. VHH05 specifically retrieves 6e-tagged proteins from a complex
lysate mixture. VHH05 sortagged with biotin or fluorophores can stain 6e-tagged
protein in an immunoblot and in FACS. VHH05 recognizes 6e-tag in the reducing
environment of the cytosol and can be used to target tagged proteins to selective
locations in the cell.
To study the ubiquitination machinery in live cells, we used CellSqueeze technology to deliver epitope-tagged ubiquitin (Ub) to HeLa cells. The delivered Ub
molecules are readily utilized in the cell. Furthermore, kinetics of Ub incorporation
is much faster in lysates than in squeezed cells. Further experiments using E2s pre5

loaded with Ub in the presence of El inhibition showed that E2-Ubs are also utilized
faster in lysates than in squeezed cells. We hope to use this technology to identify
the contribution of E2s to substrate selectivity and characterize interactions between
E3s and E2-Ubs.
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Chapter 1 Introduction
1.1 Endoplasmic reticulum and protein folding
The endoplasmic reticulum (ER) is an organelle that exists in most eukaryotic cells, but not
in red blood cells. It is the first compartment in the protein biosynthetic pathway that
specializes in the folding and processing of secreted and membrane proteins (Caro and
Palade, 1964). The ER is also responsible for lipid synthesis, membrane assembly (Fagone
and Jackowski, 2009), and calcium storage (Koch, 1990). As much as 30% of the proteome
is made up of proteins that are destined for the ER (Palade, 1975). In the ER, nascent
proteins are modified with glycans, folded by chaperones, and oxidized by disulfide bond
formation (Braakman and Hebert, 2013). Only correctly folded proteins are allowed to
leave the ER for further processing by the Golgi apparatus, whereas misfolded proteins are
targeted for degradation (Ellgaard and Helenius, 2003).
Most proteins destined for the ER are imported co-translationally. When a signal sequence
with an exposed hydrophobic region exits from ribosome, it is recognized by signal
recognition particle (SPR)(Walter and Blobel, 1981; Walter et al., 1981). Binding of the SPR
halts protein synthesis until the ribosome carrying the nascent chain is docked onto the
Sec6l translocon (Saraogi and Shan, 2011). Recently, Rapoport and co-workers published
structures of the prokaryotic SecY translocon in complex with the ribosome during
translation initiation (Park et al., 2014), and of the SecY channel in complex with a
translocating substrate (Li et al., 2016) to better understand the molecular mechanisms at
play during co-translational translocation (Rapoport et al., 2017).
As nascent peptides enter into the ER, many of them are modified with Glc3Man9GlcNAc2
(Glc: glucose, Man: mannose, GlcNAc: N-acetylglucosamine) at conserved Asn-Xxx-Ser/Thr
motifs (Ruiz-Canada et al., 2009). Glycans derived from Glc 3 Man 9GlcNAc 2 are known as Nlinked high mannose glycans. Attached glycans assist proteins in folding into their native
conformation by providing handles for recognition by the lectin-like chaperones calnexin
(CNX) and/or calreticulin (CRT) (Helenius, 1997). The presence and time-dependent
processing of glycans also serve as a timer mechanism to mark proteins for degradation by
the ER-associated degradation (ERAD) system if multiple rounds of folding fail (Fagioli and
Sitia, 2001). In Chapter 2, I will discuss how our findings from UBC6e* cells support the
mannose timer hypothesis, since we observed defects in the folding of hard-to-fold
substrates in UBC6e/ cells that up-regulate ERAD.
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Figure 1.1. Schematic of an N-linked oligosaccharide attached to glycoproteins in the ER.
The linkage type and enzymes responsible for trimming at the cleavage sites are indicated.
a and / refer to the chirality of the anomeric carbon and the number represents the
position of the linkage site on the distal sugar. Adapted from (Ellgaard and Frickel, 2003).
Glycoproteins can undergo multiple rounds of folding in the CNX/CRT cycle. After
Glc3Man9GlcNAc2is attached to the N-glycan site, the two distal glucoses on the core glycan
are quickly trimmed off. The monoglucosylated substrates are recognized by CNX and CRT.
In addition to recognizing glycans, CNX and CRT also bind to hydrophobic regions on the
polypeptide to assist in folding by preventing aggregation (Ware et al., 1995; Williams,
2006). ERp57, a glycoprotein-specific thiol-disulfide oxidoreductase that associates with
CNX and CRT, helps to establish disulfide bonds in newly synthesized proteins (Ellgaard
and Frickel, 2003; Zapun et al., 1998). While glycoprotein substrates are associated with
CNX/CRT, glucosidase II (GS-II) trims away the innermost glucose, leading to substrate
release from CNX/CRT. At this stage, if the substrates are properly folded, they are
exported from the ER to the Golgi apparatus for further processing. If the substrates are not
folded, they can be reglycosylated by UDP-glucose glycoprotein glucosyltransferase 1
(UGGT1), which binds to the exposed hydrophobic patches on glycoprotein substrates and
adds a glucose molecule to allow re-binding to CNX/CRT (Caramelo and Parodi, 2008;
Ritter and Helenius, 2000). Once a protein has exhausted the CNX cycle yet failed to fold
17

successfully, the terminal mannose can be trimmed by ER-resident mannosidases, such as
ER mannosidase I, to yield a Mans-6GlcNAc 2 labeled protein, which is then handed off to ER
degradation enhancing alpha-mannosidase-like (EDEM) family proteins for degradation by
the ERAD system (Avezov et al., 2008; Oda et al., 2003). EDEM family proteins can bind to
terminally misfolded substrates on CNX and direct them to ERAD, however, there is no
conclusive evidence that EDEM family proteins are enzymatically active.
UGGTI

CNX
CRT
ERP57

0

e

x

)

(eitfrom CNX

6
ERMan I
EDEM12I3?
,go man or

Calnexin cycle

CNX
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Key
A Glucose
* Mannose
* GlcNAc

N~Protein
NQchain
SFolded
otprotein

Figure 1.2. Schematic of the CNX/CRT/ERp57 folding cycle. GS-I: glucosidase I. GS-I:
glucosidase II. ERMan I: ER mannosidase I. UGGT1: UDP-glucose glycoprotein
glucosyltransferase 1. (1) GS-I trims off first the glucose from Glc3Man9GlcNAc2. (2) GS-II
trims off the second glucose, and the substrate binds to CNX/CRT/ERp57 for folding. (3)
GS-II trims off the innermost glucose, leading to substrate release from CNX/CRT. (4)
UGGT1 can add a glucose to Man9GlcNAc2 on unfolded substrates. (5) Substrates with
Glc3Man9GlcNAc2 bind CNX/CRT/ERp57 for another round of folding. (6) Peptide
substrates leave the CNX cycle through mannose trimming. Mannose can be trimmed by
Golgi-resident mannosidases, ER-resident mannosidases, and possibly by EDEM family
proteins. Adapted from (Ferris et al., 2014).
In addition to the CNX/CRT cycle, immunoglobulin binding protein (Bip), an ER-resident
homolog of Hsp70, also assists in protein folding by binding to hydrophobic regions of
proteins, but it does so independently of glycosylation status (Okuda-Shimizu and
Hendershot, 2007). ER Dnal-like (ERdj) family proteins 1-7 have also been reported to help
with both productive folding and directing terminally misfolded proteins to degradation
(Hagiwara et al., 2011; Lai et al., 2012; Meunier et al., 2002; Shen and Hendershot, 2005;
Ushioda et al., 2008).
1.2 Endoplasmic reticulum associated degradation
Due to errors in translation and time-dependent accumulation of protein damage, proteins
that are terminally misfolded or damaged must be degraded. These proteins are recognized
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by the endoplasmic reticulum-associated degradation (ERAD) system and are
retrotranslocated to the cytosol to be degraded by the ubiquitin-proteasome system (UPS)
or by autophagy. The ERAD system comprises chaperones that recognize proteins destined
for degradation, the retrotranslocation complex which transports unfolded substrates to
the cytosol, and the UPS, which covalently modifies substrates with ubiquitin and targets
them for degradation. Recent studies have also shown that the autophagy pathway can be
activated when ERAD fails to remove misfolded and aggregated substrates (Houck et al.,
2014; Kario et al., 2011; Kroeger et al., 2009).
During my PhD studies I have focused on the ERAD complex centered on the HMG-CoA
reductase degradation 1 protein (HRD1) . This complex includes lectin chaperones
(EDEM1, OS-9, XTP3-B, and SEL1L), the retrotranslocon (HRD1 and SEL1L), components of
the ubiquitin conjugation machinery (UBC6e and HRD1), proteasome components (p97
AAA ATPase and 26S proteasome), as well as accessory proteins (Figure 1.3). The key
components in this complex and their functions are discussed below.

E DEM1

OS-I
Misfolded

substrates
ER lumen
HRD1
Cytosol>

26S--

proteasome
HRD1/SEL1L ERAD machinery
Figure 1.3. Schematic of the role of members of the HRD1/SEL1L ERAD complex. Adapted
from (Hagiwara et al., 2016).

Terminally misfolded glycoproteins can be recognized via their glycans. EDEM family
proteins 1/2/3 are likely responsible for receiving substrates from CNX. Of these three,
EDEM1 is the best studied. Overexpression of EDEM1 increases ERAD activity, and
knockdown of EDEM1 delays ERAD, as measured by the rates of degradation of ERAD
substrates, such as a mutant form of a 1-antitrypsin (AAT) and BACE457, which is a
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pancreatic isoform of human P-secretase (Hosokawa et al., 2001; Molinari et al., 2003).
Overexpressed EDEM1 also interacts with CNX, and accelerates substrate release (Molinari
et al., 2003; Oda et al., 2003). EDEM2 and EDEM3 were later reported to enhance ERAD as
well (Hirao et al., 2006; Olivari et al., 2005). These EDEM family proteins have
mannosidase-like domains, but they do not require enzymatic activity to be functional
(Mast et al., 2005; Olivari et al., 2006). Even though overexpression of EDEM family
proteins accelerates demannosylation of ERAD substrates in vivo, their mannosidase
activities have yet to be demonstrated in vitro. It is thus not clear whether EDEMs recruit
other ER-resident mannosidases to trim off the mannose molecules on glycoprotein
substrates, or are enzymatically active themselves.
After the glycans on ERAD substrates are trimmed to Man7GlcNAc2, they become substrates
for the lectins osteosarcoma 9 (OS-9) and XTP3-transactivated gene B protein (XTP3B)(Groisman et al., 2011; Hosokawa et al., 2009; Satoh et al., 2010; Yamaguchi et al., 2010).
OS-9 was identified as an adaptor protein that binds to both EDEM1 and
suppressor/enhancer of Lin-12-like (SEL1L), and thereby accelerates ERAD by facilitating
substrate transfer from EDEM to SEL1L, which is a core component of an ERAD complex
referred to as the HRD1/SEL1L complex (Christianson et al., 2008; Hosokawa et al., 2009;
Mueller et al., 2008). On the other hand, XTP3-B also binds glycoprotein substrates carrying
a Man7GlcNAc 2 motif, but inhibits ERAD when overexpressed. XTP3-B is therefore
considered to be a negative regulator of ERAD (Fujimori et al., 2013; Hosokawa et al.,
2008).
EDEM family proteins and OS-9 are thought to relay the terminally misfolded glycan
substrates from the CNX cycle to the retrotranslocon, where the substrates are then
dislocated to the cytosol and tagged with ubiquitin for degradation. While the translocon
for co-translational import into the ER has been defined for about 30 years (Deshaies et al.,
1991), much less is known regarding the retrotranslocon(s) responsible for transporting
misfolded polypeptides from the ER back to the cytosol. Many studies in this field have thus
studied ERAD based on another core component, the E3 ubiquitin ligase, which is
responsible for attaching ubiquitins to substrates.
As the name suggested, HRD1 is the central E3 ligase in the HRD1/SEL1L ERAD complex.
HRD1 forms a stoichiometric complex with its essential adaptor protein SEL1L (Lida et al.,
2011; Sun et al., 2014). The HRD1/SEL1L ERAD complex is involved in the degradation of a
variety of substrates, including both endogenous proteins such as 3-hydroxy-3methylglutaryl-CoA reductase (HMG-R) (Hampton et al., 1996) and MHC class I molecule
heavy chain (Burr et al., 2011; Lilley and Ploegh, 2005; Mueller et al., 2006), as well as
ERAD substrates that are mutant proteins unable to achieve their native fold (Bordallo et
al., 1998). The HRD1 homolog in Saccharomyces cerevisiae HRD1p also forms a complex
with SEL1L homolog HRD3. This HRD1p/HRD3 ERAD complex is considered to be
primarily responsible for degrading substrates from the ER lumen (Bays et al., 2000), with
some involvement in the degradation of membrane proteins (Bordallo et al., 1998). Other
known ER-associated E3s include Doa10 (yeast)/Teb4 (Foresti et al., 2013), gp78 (Fang et
al., 2001), and TEM129 (van den Boomen et al., 2014).
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HRD1 contains a N-terminal domain that spans the ER membrane multiple times, and a Cterminal E3 really interesting new gene (RING) domain responsible for ubiquitin ligase
activity (Figure 1.4). It was only recently found that HRD1 is likely responsible for forming
an aqueous channel to act as the retrotranslocon in the context of this complex. Recent
cryo-EM structural analysis of Saccharomyces cerevisiae HRD1p in complex with HRD3
showed 8 transmembrane helices (Figure 1.4 and 1.5)(Schoebel et al., 2017). Rapoport et
al recently reported that autoubiquitination of HRD1p triggers retrotranslocation of
substrates (Baldridge and Rapoport, 2016) and that HRD1p forms an aqueous channel in
the ER membrane (Figure 1.6) (Schoebel et al., 2017), providing support for HRD1's role as
a translocon in retrotranslocating unfolded substrates from the ER back to the cytosol.
ER

RING

Cytosol
Figure 1.4. Topology of HRD1. The N-terminal domain spans the ER membrane 8 times
and HRD1 contains a RING E3 ligase domain. The RING domain is located in the cytoplasm.

Figure 1.5. Transmembrane domain of Saccharomycescerevisiae HRD1p (1-407) published
in (Schoebel et al., 2017). PDB: 5V6P. Green and blue: helices from two different HRD1
molecules.
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Cytosol

Figure 1.6. Cut-away view of a space-filling model of Saccharomyces cerevisiae HRD1p (1407) as published in (Schoebel et al., 2017). Grey: predicted aqueous channel.
HRD1 is a RING-type E3 (Bordallo and Wolf, 1999). RING-type E3s lack catalytic cysteines,
and instead act by forming a complex with E2s to catalyze the ubiquitin (Ub) transfer from
E2 directly to substrates. The HRD1 RING domain was shown to be active in vitro by
enhancing substrate ubiquitination by the E2 ubiquitin conjugating enzyme UBC7 (Kikkert
et al., 2004). However, our lab immunoprecipitated overexpressed HA-SEL1L from HeLa
cells, and identified only the E2 UBC6e, but not UBC7, in association with the HRD1/SEL1L
complex (Mueller et al., 2008). We hypothesize that HRD1 works with multiple E2s with
different affinities and for different ubiquitination reactions. UBC7 dimerizes in vitro and
builds Lys48-linked ubiquitin chains on its active site in the absence of E3 or substrates
(Liu et al., 2014). This Lys48-linked ubiquitin chain elongation activity by UBC7 is also
reported in vivo (Bocik et al., 2011; von Delbruck et al., 2016). Thus, UBC7 might be the E2
that is primarily responsible for elongating ubiquitin chains on substrates for recognition
by the proteasome system.
Derlin family proteins are another set of essential components in the HRD1/SEL1L
complex. _Degradation from the ER protein 1 (Der1p) was identified as an essential
component of ERAD in Saccharomyces cerevisiae(Knop et al., 1996). The mammalian
homologs of Derip are named Der-like domain family proteins (Derlins), and there are
three homologs in mammalian cells. Genetic deletion of Derlin-1 and Derlin-2 in mice are
both embryonic lethal, while Derlin-3-deficient mice appear normal (Dougan et al., 2011;
Eura et al., 2012). Derlin-1 was first found to be essential for MHC-I degradation mediated
by the human cytomegalovirus-encoded glycoprotein US11 (Lilley and Ploegh, 2004; Ye et
al., 2004). Derlin-1 was found to interact with the p97 AAA ATPase, and was thus thought
to mediate a step between translocation and proteasomal degradation (Ye et al., 2004).
US11 initiates MHC-I degradation by bringing the substrate in proximity to Derlin-1 (Cho et
al., 2013; Lilley and Ploegh, 2004). Derlin-1 is also involved in the degradation of various
membrane proteins, such as the epithelial Na+ channel (ENaC), lipidated apolipoprotein B100 (ApoB), and the cystic fibrosis transmembrane conductance regulator (CFTR) (Sun et
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al., 2006; Suzuki et al., 2012; You et al., 2017). Derlin-1 is also thought to recruit the E3
ligase transmembrane protein of ER membrane 129 (TMEM129) to the ER, which functions
in addition to the HRD1/SEL1L ERAD complex (van den Boomen et al., 2014). Derlin-2
functions similarly to Derlin-1 in ERAD, where Derlin-2 binds to both HRD1/SEL1L and
p97 AAA ATPase (Lilley and Ploegh, 2005). In Derlin-2-deficient mouse tissues, constitutive
upregulation of ER chaperones and activation of the unfolded protein response (UPR) was
observed (Dougan et al., 2011).
Other components in the HRD1/SEL1L complex include VCP (p97)-interacting membrane
protein (VIMP), which harbors reductase activity that reduces the disulfide bonds on
substrates as they are translocated back to the cytosol (Christensen et al., 2012). UBX
domain containing protein 8 (UBXD8) was also co-immunoprecipitated with SEL1L
(Mueller et al., 2008), and UBXD8 was later found to be involved in lipid homeostasis
(Loregger et al., 2017; Olzmann et al., 2013; Suzuki et al., 2012). There are also many other
proteins thought to be involved in ERAD that were not recovered during the anti-SEL1L
immunoprecipitation. One example is homocysteine-induced ER protein (HERP), which is
thought to be another adaptor protein that associates with misfolded proteins, especially
non-glycosylated substrates, and facilitates their degradation (Leitman et al., 2014; OkudaShimizu and Hendershot, 2007). Many of these proteins are important for ERAD , but with
the underlying molecular mechanisms still to be elucidated.
1.3 The ubiquitin-conjugating enzyme UBC6e
My thesis focuses on ubiquitin-conjugating enzyme 6e (UBC6e), which is also called
ubiquitin E2 L1 (UBE2J1). We focused on this protein because it was the only E2 that coimmunoprecipitated with SEL1L, which is a core member of the SEL1L/HRD1 ERAD
complex, indicating that it might be the primary E2 in the SEL1L/HRD1 complex (Mueller
et al., 2006). We are interested in the function of this E2 in ERAD. In my thesis, I will discuss
our knowledge of the function of UBC6e as ascertained through studying mouse embryonic
fibroblasts (MEFs) from UBC6e-deficient mice (Chapter 2) and through perturbation of
UBC6e activity with a the variable fragment of a camelid-derived heavy-chain antibody
(VHH) that specifically binds to UBC6e (VHH05) (Chapter 3).
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UBC6e

C91
Figure 1.7 Schematic of the linear sequence of UBC6e. S184: phosphorylation site. TM:
transmembrane helix for tail-anchor to the ER. C91: active site.
In Saccharomycescerevisiae, there are two E2s associated with the ER: UBC6p and UBC7p.
UBC7p and its mammalian homolog UBC7 associate with the ERAD complex through its ER
tail-anchored adaptor proteins CUE1p or CUE domain (Chen et al., 2006; Kostova et al.,
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2009). UBC6p is an ER tail-anchored E2, where a C-terminal transmembrane domain
anchors its E2 enzyme domain to the ER. UBC6 and UBC6e are two mammalian homologs
of UBC6p. Both of these homologs are ER tail-anchored and involved in ERAD (Lenk et al.,
2002). The ER tail anchor is vital to the proper localization and function of UBC6e (Claessen
et al., 2010). Enterovirus 71 cleaves UBC6e from its ER tail-anchor to abolish its activity in
ERAD, in order to attenuate ERAD to benefit its viral replication (Wang et al., 2017).
UBC6e co-immunoprecipitates with SELiL (Mueller et al., 2008). Our lab further
established that UBC6e is indeed an E2 that functions in the HRD1/SEL1L ERAD complex
by showing its involvement in US11-mediated dislocation of MHC I molecules (Mueller et
al., 2008). The involvement of UBC6e in the ERAD of MHC I was confirmed by others (Burr
et al., 2011; Burr et al., 2013). UBC6e has also been reported to complex with a different E3
ligase RING finger protein 5 (RNF5) to contribute to the degradation of CFTR (Younger et
al., 2006).
UBC6e is phosphorylated at Ser184 in response to ER stress (Oh et al., 2006) or inhibition
of protein synthesis (Menon et al., 2013). The function of UBC6e phosphorylation is still not
fully understood, but was proposed to be important for the recovery of cells from stress
(Elangovan et al., 2017). Our lab generated UBC6e-deficient mice, and found that male
UBC6e+ mice suffer from deficiencies in sperm development (Koenig et al., 2014). The
molecular mechanism behind this deficiency is yet to be understood.
Though both are involved in ERAD, the isoelectric points of UBC6 and UBC6e are very
different. Based on the primary sequences, UBC6e is predicted to be positively charged at
pH 7.4 in almost all species examined, while UBC6 is predicted to be negatively charged at
pH 7.4 (Table 1.1). Such charge difference could contribute to their divergence in cellular
functions, as the different charges will inevitably lead to different interactions with other
cellular proteins. However, the details of how these two UBC6 homologs function in ERAD
is still an area where little is known.

24

Table 1.1. Isoelectric points (pls) for UBC6e and UBC6 homologs in different organisms.
Protein
Organism
pI
gi number
UBC6e
Homo sapiens
6.26
giJ37577122
UBC6e
Pan troglodytes
6.26
gi|114608464
UBC6e
Macaca mulatta
6.37
giJ109072028
UBC6e
Canis lupusfamiliaris
6.15
gil545519892
UBC6e
Bos taurus
6.15
giJ329664082
UBC6e
Mus musculus
6.51
giJ31980960
UBC6e
Rattus norvegicus
6.26
giJ157817496
UBC6e
Gallusgallus
8.49
giJ45382103
UBC6e
Danio rerio
5.34
giJ47550809
UBC6e
Caenorhabditiselegans
5.05
giJ115532480
UBC6e
Xenopus tropicalis
5.81
giJ58332036
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6
UBC6

Homo sapiens
Pan troglodytes
Macaca mulatta
Canislupusfamiliaris
Bos taurus
Mus musculus
Rattus norvegicus
Gallusgallus
Danio rerio
Drosophilamelanogaster
Caenorhabditiselegans
Xenopus tropicalis

8.6
8.91
8.8
8.6
8.6
9.07
8.8
8.59
8.81
7.6
8.95
8.6

giJ37577124
giJ410032108
giJ297279166
gil73956479
giJ84000055
giJ85662413
giJ56090425
giJ50759239
giJ148229951
giJ21358599
gil32563946
gi163915229

UBC6p

Saccharomyces cerevisiae

5.81

giJ398364639

Our lab aims to study how UBC6e functions in ERAD, and I will discuss how we have used
tools developed in our lab to accomplish this in the next two chapters.
1.4

VHHs and their uses in biology

Antibodies are useful tools to study the functions of proteins of interest. Depending on how
an antibody interacts with its target, it can activate or inhibit the activity of the target.
Antibodies against cell surface receptors have been used to modulate these receptors to
study their functions (Excler et al., 2014; Wajant, 2015; Wilkinson, 2016). We aimed to
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generate functional antibodies to perturb the activity of our protein of interest, UBC6e, in
order to study its role in the ERAD process. However, conventional antibodies are too large
to penetrate the cell membrane, and they rely on intramolecular and intermolecular
disulfide bonds to maintain their binding affinities, limiting their intracellular applications
and making impossible the assembly of a full immunoglobulin in the reducing environment
of the cytosol. Camelids produce a class of antibodies that lack light chains (HamersCasterman et al., 1993). The single-domain variable fragments of these heavy chain-only
antibodies are termed VHHs or nanobodies. They are the smallest immunoglobulin
domains that retain antigen-binding properties (Figure 1.8). VHHs retain the
immunoglobulin fold shared by antibodies, using three hypervariable loops, CDR1, CDR2
and CDR3, to bind to their targets (Figure 1.9). Many VHHs bind to their targets with
affinities similar to conventional full-size antibodies, but possess other properties superior
to them. Therefore, VHHs are attractive tools for use in biological research and therapeutics
development.
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Figure 1.8. Comparison between conventional antibodies and heavy-chain only antibodies.
scFvs (single chain variable fragments) are the smallest target-binding fragments
obtainable from conventional antibodies, and VHHs are the binding domains of heavychain only antibodies. scFvs are typically -25 kD in size. VHHs are typically 12-15 kD in
size.
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Figure 1.9. Typical structure of a VHH. Green: a typical immunoglobulin fold consists of 4
3 -sheet framework regions; red: CDR1; purple: CDR2; orange: CDR3. Structure adapted
from a torsin/VHH complex from PDB 5J1S.
One major advantage of VHHs over conventional antibodies is that they can be expressed
with yields up to 100-200 mg/L in E. coli (Xu et al., 2017; Zarschler et al., 2013). Their small
size, high solubility, and lack of a requirement for disulfide bonds all contribute to the
observed high yield. The high expression yield in a low-cost organism helps to drive down
costs when VHHs are used in applications typically preformed with conventional
antibodies, such as immunoprecipitation and immunoblotting.
Additionally, most VHHs retain their target specificity in the reducing environment of the
cytosol. While there are cysteine pairs that form disulfide bonds in VHHs, these disulfide
bonds are not necessary to maintain VHH structure or target affinity (Harmsen and De
Haard, 2007). The extra disulfide bonds marginally increase thermostability (AkazawaOgawa et al., 2016; Zabetakis et al., 2014; Zarschler et al., 2013), but labeling these
cysteines with maleimides causes neither folding problems nor affects their binding
affinities or specificities (Pleiner et al., 2015). A VHH expressed intracellularly in yeast
retained its binding properties as it neutralized the toxicity of its target, 15-Acetyldeoxynivalenol (15-AcDON) (Doyle et al., 2009). Researchers rapidly discovered that
intracellular VHHs are highly useful tools to mechanistically characterize cellular processes.
For example, viral life cycles have been characterized by inhibiting steps in the infection
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process using VHHs (Ashour et al., 2015; Hanke et al., 2016; Hanke et al., 2017; Inoue et al.,
2007; Serruys et al., 2009). The properties of metastatic cancer cells can also be
characterized using similar approaches (Inoue et al., 2007). VHHs have also been used to
modulate the enzymatic activity of their targets, for example Huntingtin-associated yeastinteracting protein E (HypE) activity has been modulated with a VHH (Truttmann et al.,
2015). Even VHHs that do not directly affect enzymatic activity have proven to be useful
tools to study the cellular localization of their targets when the VHHs are expressed as a
genetic fusion with green fluorescent protein (GFP), which avoids possible artifacts from
fixation or overexpression of the proteins of interest (Schmidt et al., 2016; Truttmann et al.,
2015). Therefore, VHHs have great potential in assisting biologists to better understand
proteins of interest by either perturbing the normal functions of their targets or allowing
for visualization of endogenous targets in living cells.
VHHs are popular also among crystallographers. Many VHHs have extended CDR3s that
bind deep into a pocket on their targets and help stabilize protein conformations, which
can assist with crystallization (Spiess et al., 2015). This is especially important for the
crystallization of enzymes, where different VHHs could help lock enzymes in specific states,
and even help with understanding mechanisms of inhibition (Ingram et al., 2015; Rudolph
et al., 2016; Schmitz et al., 2013; Spiess et al., 2015). As multiple attempts to crystallize
UBC6e did not yield any structural data, we hope to use VHHs that we have generated that
recognize Ubc6e to assist in crystallization, and to understand how these VHHs might affect
UBC6e activity.
VHHs also have superior properties as imaging and delivery agents compared to
conventional antibodies. The small size of VHHs makes them more tissue-permeable. Our
lab, among others, has conjugated radioactive labels to VHHs to image specific immune cell
types in vivo by positron emission tomography (PET), for example during cancer
progression, where it was found that VHHs could infiltrate and label immune cells in
tumors and in the lymphatics, highlighting their ability to penetrate different tissues
(Bannas et al., 2015; Oliveira et al., 2012; Rashidian et al., 2015a; Rashidian et al., 2015b;
Rashidian et al., 2016). This deep tissue penetration also makes VHHs useful for targeted
delivery of drugs to selected sites. These target sites could be tumors or injured tissues, and
the cargo could range from small molecules to immunotoxins, liposomes, and nanoparticles
(Cortez-Retamozo et al., 2004; Fang et al., 2016; Hu et al., 2017; Li et al., 2017; Pruszynski
et al., 2013; Yu et al., 2017). The targeted delivery of peptide antigens to dendritic cells in
mice using VHHs elicits strong immune responses against the covalently attached peptide
epitope in vivo (Duarte et al., 2016; Fang et al., 2017; Woodham AW et al., 2018). As
researchers develop more VHHs that target biomarkers on different cells, we will have
more tools for the targeted delivery of selected molecules.
The single-domain nature of VHHs greatly reduces the possibility of complications when
multiple antigen-targeting motifs need to be genetically fused for improved therapeutic
properties. Mispairing of V and VL domains complicates the development of bispecific
antibodies and bispecific scFvs, as the pairing of non-cognate VHs and VLS could potentially
lead to the formation of new binding sites that have off-target specificities (Spiess et al.,
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2015). On the other hand, VHHs fused to other targeting domains retain their respective
binding properties without generating additional binding sites. Case in point, our lab has
fused an anti-GFP VHH (named VHH enhancer as it enhances GFP fluorescence upon
binding) to an anti-MHCII VHH, and showed that the bivalent antibody could be used to
stain MHCII-expressing cells upon GFP injection into mice (Witte et al., 2012). Other groups
have fused an anti-ZnO VHH to an anti-GFP VHH to immobilize GFP onto ZnO surfaces
(Hattori et al., 2010).
Most VHHs are identified using phage display libraries encoding the VHH sequences
amplified from lymphocyte cDNAs collected from immunized camelids such as alpacas
(Figure 1.10) (Pardon et al., 2014). In contrast, the process of identifying scFvs from
immunized mice or rabbits is more challenging due to the mispairing between VH and VL
chains that limits library coverage and reduces the success rate (Harmsen and De Haard,
2007). VHHs identified from these phage library screens are monoclonal and their DNA
sequences are ready for subcloning with or without modifications, such as a tag of choice.
Our lab prefers to equip VHHs with a C-terminal LPETGG sortase recognition motif, which
allows us to site-specifically modify recombinantly produced VHHs with triglycineequipped nucleophiles, including, but not limited to, biotin, fluorophores, radiolabels, DNA,
or peptides using previously developed in-house sortagging methods (Popp et al., 2007).
cDNAs

mon
VHH

VHH
phagemids
1. Injection with protein-of-interest

2. Blood collection

3. Cloning to phagernid library

VHH

4. Panning on solid surface

6. Expression or
5. Identifying binding VHHs

subcone to other
plasmids

Figure 1.10. Commonly used protocol for identifying VHHs using a phage display library.
(1) A camelid is immunized with a purified protein of interest. (2) Blood containing
lymphocytes coding for heavy chain-only antibodies are collected. (3) cDNAs are retrotranscribed from lymphocytes, and primers for VHH-coding regions are used to amplify
VHH genes and subclone VHHs to a phagemid library. (4) Antigens are immobilized to a
solid surface and phage particles are panned. (5) Enriched clones are sequenced for VHH
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genes. (6) VHHs are expressed in E. coli, subcloned as genetic fusions to other proteins, or
expression in mammalian cells.
There have been many efforts to engineer artificial scaffolds to generate protein binders,
such as affibodies, fibonectin domains, and designed ankyrin repeat proteins (DARPins)
(Frejd and Kim, 2017; Koide and Koide, 2007; Stumpp and Amstutz, 2007). Most of these
artificial scaffolds rely on large libraries to ensure identification of potential binders and
error-prone polymerases to introduce mutations that improve binding affinities and
specificities. On the other hand, VHHs are generated by the immune systems of living
animals, where B cells undergo somatic mutations and selection processes in germinal
centers (Grace and Papavasiliou, 2007; Victora and Nussenzweig, 2012). In this process, B
cells can accumulate point mutations or even add or trim nucleotides from the CDR-coding
regions to generate high levels of VHH-domain diversity. B cells also compete for scarce
antigens for survival as injected antigens are degraded in the animals over time, which
serves as a further selection pressure for increasing antigen affinity. The process of affinity
maturation in vivo, driven by natural selection, is considered a key factor that leads to the
superior performance of VHHs when compared to binders generated from artificial
scaffolds.
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2.1 Introduction
The endoplasmic reticulum (ER) is the cellular compartment where membrane and
secretory proteins are synthesized. Together, these comprise -30% of the cellular
proteome (Palade, 1975). In the ER, these proteins mature and undergo co- and
post-translational modifications. Strict quality control is imposed on newly synthesized
proteins, such that only correctly folded proteins are released to their final destination.
Misfolded or unfolded proteins are distinguished from correctly folded proteins by the
ER-resident quality control apparatus. Proteins that fail to fold correctly are then
segregated from correctly folded proteins: the latter can traverse the secretory pathway.
Misfolded proteins may be directed to the cytosol by means of a protein-conducting
complex, also called the dislocon (Smith et al., 2011). Upon transfer to the cytosol,
aberrant proteins are degraded by the ubiquitin-proteasome system. The combined
action of the sensors that recognize misfolded proteins, and the dislocon with its
connections to the ubiquitin-proteasome system, executes what is now known as ER
associated degradation (ERAD).
For N-linked glycoproteins, their glycans play an important role in monitoring and
controlling folding status (Xu and Ng, 2015) . The ER contains a number of lectins, each
of which recognizes and discriminates among specific N-linked glycans. Calnexin (CNX)
and calreticulin (CRT), lectin chaperones that recognize the GiMan9 (where G is Glucose
and Man is Mannose) form of N-linked glycans, promote productive folding in complex
with the oxidoreductase ERp57 (Ellgaard and Frickel, 2003)., Interactions of newly
synthesized glycoproteins with EDEM-family proteins (EDEMi, EDEM2 and EDEM3),
lectins with mannosidase activity, are diagnostic of incompletely folded, or misfolded,
N-linked glycoproteins. Overexpression of any of the EDEM family proteins eliminates
the lag phase often seen in the degradation of glycoprotein ERAD substrates (Hirao et al.,
2006; Hosokawa et al., 2001; Olivari et al., 2005). This lag phase results from attempts at
productive folding in the course of the CNX cycle. Elimination of the lag phase by
overexpression of EDEM family proteins accelerates ERAD, attributable to premature
release of ERAD substrates from CNX, assisted by the mannosidase activity of
EDEM-family proteins (Molinari, 2003; Oda, 2003). OS-9 is a lectin with a mannose
6-phosphate receptor homology (MRH) domain that can bind to terminally misfolded
glycoproteins in which the N-glycans have been trimmed to the Mans-7 form by
EDEM-family proteins or by ER mannosidase 1 (Satoh et al., 2010). SEL1L receives
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terminally misfolded proteins through a hand-off from lectins that include EDEM1 and
OS-9 (Christianson et al., 2008; Cormier et al., 2009) and serves as a scaffold protein for
a major ERAD component, the HRD1 complex, which establishes a functional connection
with the cytoplasmic ubiquitin-proteasome system (lida et al., 2011).
The ER resolves stress, as caused by accumulation of aberrant proteins, via induction of
the unfolded protein response (UPR) to maintain protein homeostasis. EDEM-family
proteins, OS-9 and SELiL transcripts are upregulated in the course of the UPR, a
pathway activated by ER stressors such as tunicamycin, dithiothreitol (DTT) or
thapsigargin. Such stress leads to accelerated ERAD of misfolded or unfolded substrate
proteins (Yoshida et al., 2003). At steady state, EDEM1, OS-9 and SELiL have relatively
short half-lives (1-2 hours) (Mueller et al., 2006; Reggiori et al., 2010). It was suggested
that EDEM1 and OS-9 undergo lysosomal degradation upon exit from the ER and
segregation into the secretory pathway for delivery to endosomal compartments
(Reggiori et al., 2010), but specific mechanisms of protein recognition and degradation
remain unresolved. Likewise, the factor(s) that contribute(s) to the short half-lives of
ERAD enhancers are unknown.
UBC6e is an E2 ubiquitin conjugating enzyme that localizes to the ER via its tail-anchor.
We identified UBC6e as a protein that interacts with SELiL, and thus is a component of
the larger HRD1 ERAD complex. (Figure 2.1 A) (Mueller et al., 2008). A reduction in the
expression of UBC6e impaired degradation of endogenous Class I MHC heavy chains
(Burr et al., 2011). UBC6e also forms a complex with RMA1, an ER-resident E3 ligase
distinct from the Hrdl complex, and Derlini, hypothesized to be a component of the
dislocon (Lilley and Ploegh, 2004). This complex has been suggested to regulate
degradation of CFTRD508, a commonly used ERAD substrate (Younger et al., 2006).
Mouse embryo fibroblasts (MEFs) generated from UBC6e knockout mice show an
accumulation of EDEM1, OS-9 and SELiL, suggesting a possible role for UBC6e in
controlling ERAD capacity. UBC6e* mice suffer from male sterility and auditory defects.
The molecular causes for these defects remain to be identified (Koenig et al., 2014).
Here we demonstrate that UBC6e down-regulates EDEM1, EDEM3, OS-9 and SEL1L
(ERAD enhancers) in the absence of ER stress. UBC6e's function depends strictly on its
E2 enzymatic activity but not its phosphorylation status. The exact ER membrane
localization of UBC6e and the supramolecular complexes in which UBC6e participates
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determine its activity, and directly control the levels of components essential for ERAD
activity. The absence of UBC6e increases the levels of ERAD enhancers with a
corresponding increase in the rate of clearance of misfolded and/or incompletely folded
substrates. UBC6ef MEFs show accelerated mannose trimming and premature
substrate release from CNX, initiated by ER mannosidase-dependent eviction of
substrate from the CNX cycle. Finally, by deletion of UBC6e, accelerated degradation is
observed in tissue culture and in vivo, not only for canonical ERAD substrates, but also
for folding intermediates of proteins that fold slowly, such as tyrosinase. ERAD activity
is curtailed under normal circumstances to balance productive folding and degradation
of native proteins to avoid the loss-of-function due to premature degradation of proteins
that fold comparatively slowly.

2.2 Results
EDEM1, OS-9 and SeliL enhance ERAD and are upregulated post-transcriptionally in
UBC6e+ cells, independently of the UPR
The HRD1 complex is a multi-subunit protein complex involved in retro-translocation of
misfolded proteins from the ER to the cytosol (Stein et al., 2014). The complex contains
UBC6e, presumed to act as its cognate E2 ubiquitin conjugating enzyme. It further contains
Derlinl/2/3, VIMP, UBXD8, EDEMI, OS-9.1/.2 and XTP3B (Figure 2.1A) (Koenig and Ploegh,
2014) but an accurate definition of its composition remains a challenge, because of the
possible existence of sub-complexes. In UBC6eh mice and their derived embryonic
fibroblast (MEF) lines, we observed up-regulation of select components of the HRD1 ERAD
complex, including EDEM1, OS-9 and SELiL (Figure 2.1B). This up-regulation can be
reversed by reintroduction of wild-type UBC6e, not only when UBC6e is expressed
constitutively (Figure 2.1F and Si) but also when induced for 24 h off a
doxycycline-inducible promoter (Figure 2.4B). Deletion of UBC6e does not affect the level
of the homologous E2, UBC6 (Figure 2.1B). The observed restoration of ERAD enhancer
levels is therefore specific for UBC6e. Notwithstanding the increase in ERAD enhancers
over the course of the UPR, RNA-seq data showed no obvious changes in transcript levels
for ERAD enhancers. Their protein levels must therefore be regulated
post-transcriptionally (Figure 2.1C, Figure 2.S2). We assessed the levels of BiP, Grp170 and
P5 as signature indicators of UPR activity and observed no changes (Figure 2.1D). The
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levels of ERAD enhancers in UBC6e+ cells are thus regulated independently of the UPR.
Homeostasis of SELiL, EDEM1 and OS-9 requires enzymatic activity of UBC6e
UBC6e is class III ubiquitin-conjugating (E2) enzyme, C-terminally tail-anchored in the ER
membrane (van Wijk and Timmers, 2010). We investigated the contribution of its catalytic
activity and phosphorylation status to the observed increase in ERAD enhancer levels in
Ub6e/ cells. We eliminated the enzymatic activity of UBC6e by mutation of its E2 catalytic
cysteine C91S (Lenk et al., 2002). We also mutated the single known phosphorylation site
(Menon et al., 2013) in UBC6e by generating a S184A variant. We also created a
phospho-mimetic variant, S184E (Figure 2.1E). Both S184A and S184E mutants
down-regulated ERAD enhancers as efficiently as did wild-type UBC6e, whereas the C91S
mutant did not (Figure 2.1F). E2 activity of UBC6e is thus essential for attenuation of ERAD
enhancers.
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Figure 2.1. Selective ERAD components are regulated by UBC6e
(A) Model showing the components in the canonical HRD1-containing ERAD complex.
(B) ERAD enhancers are selectively up-regulated in two independently derived UBC6e>
lines of MEFs.
(C) No significant difference is observed for mRNA levels of ER quality control-related
genes in wild-type and UBC6e+ cells. Quantifications of the mRNA expression ratio
(KO/WT) of ER-resident E2s and the genes related to ERAD, UPR, productive folding are
shown.
(D) Levels of the UPR target proteins BiP, P5 and Grp170 do not differ in wild-type and
UBC6e+ cells.
(E) Scheme for UBC6e structure and the mutants used. Mutation in the active site residue
C91 renders the protein enzymatically inactive (Lenk et al., 2002). Phosphorylation
occurs at S184 (Menon et al., 2013).
(F) Up-regulation of ERAD enhancers in UBC6e* MEF cells is reversed by re-introduction
of catalytically active versions of UBC6e. UBC6e+ cells were transduced with UBC6e
variants using pCDH-EF1-CMV-puro vector. Quantifications are normalized to GAPDH.
Error bars represent S.D. (n=3). Phosphorylated UBC6e is referred to as pUBC6e.
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UBC6e+ cells show elevated ERAD activity
UBC6e-/- cells up-regulate ERAD enhancers selectively. Because UBC6e participates in
quality control in the ER, we hypothesized that deletion of UBC6e might attenuate
degradation of ERAD substrates, including misfolded EDEM1, OS-9 and SELiL. However,
the observed selective up-regulation of ERAD enhancers in UBC6e+ cells without UPR led
us to consider an alternative possibility, namely that under normal conditions ERAD
enhancers are actively degraded in a UBC6e-dependent manner to regulate their
participation in ERAD.
We first confirmed by immunofluorescence that excess ERAD enhancers produced in
UBC6e-/- cells are localized correctly. We saw no significant changes in their localization
and did not note formation of any aggregates (Figure 2.2A). We then tested the activity of
ERAD in wild-type and UBC6e-/- cells by transfecting them with a model ERAD substrate,
null Hong Kong (NHK), a variant of the glycoprotein al-antitrypsin bearing a frameshift
mutation that causes a C-terminal truncation of 61 amino acids (Sifers et al., 1988). Indeed,
degradation of NHK was accelerated in UBC6e-/- cells (t1 /2> 120 min in wild-type cells,
tl/2-80min in UBC6e-/- cells; Figure 2.2B). Addition of the proteasome inhibitor ZL 3 VS
blocked the degradation of NHK in both cell lines. The UBC6e loss-of-function mutation
thus produces a gain-of-function with respect to ERAD activity (Figure 2.2B). We confirmed
that the observed increase in ERAD activity applied also to another model ERAD substrate,
R1332. R1332 is a truncated variant of the type I ER transmembrane glycoprotein
ribophorin (RI), containing only the N-terminal 332 amino acids of its luminal domain
(Tsao et al., 1992). We observed acceleration in the rate of degradation of R1332 in UBC6e/
cells (t 1/2> 60 min in wild-type cells, t1/2-45min in UBC6eb cells; Figure 2.2C). Excess
ERAD enhancers produced in UBC6eP cells must therefore be folded correctly and
functional. Conversely, UBC6e is likely involved in a pathway that -in the absence of
obvious stressors- continually degrades otherwise functional ERAD enhancers to control
their levels, and therefore should be considered an ERAD rheostat.
Increased ERAD activity is initiated by early mannose trimming of NHK
We focused on identifying the underlying mechanism for increased ERAD activity in
UBC6e-/- cells. In pulse-chase experiments in UBC6eP cells, we observed a subtle increase
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in the mobility of NHK at later chase periods, as monitored by SDS-PAGE, in comparison
with NHK retrieved from wild-type cells (Figure 2.21B). We repeated the pulse-chase in
UBC6e+ cells rescued with either wild-type or C91S UBC6e. At the 3-hour time point, NHK
showed a noticeable increase in mobility in UBC6ef cells compared to wild-type cells.
Stable expression of wild-type UBC6e reverts this phenotype, but the catalytically inactive
mutant C91S does not. The observed differences in electrophoretic mobility of NHK are
therefore UBC6e-dependent (Figure 2.2D). The observed increase in mobility of NHK must
be due to increased mannose trimming of N-glycans on NHK. In fact, treatment with an
a-mannosidase I selective inhibitor, kifunensine, eliminates both the mobility shift
observed for NHK and the difference in rates of degradation of NHK in wild-type and
UBC6e+ cells (Figure 2.2E). Among EDEM family proteins, EDEM1 and EDEM3 but not
EDEM2 are up-regulated in an UBC6e-dependent manner, suggesting that they are
responsible for the increased mannose trimming in UBC6e+ cells (Figure 2.2F).
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Figure 2.2. UBC6e deletion causes hyperactive ERAD for glycoprotein substrates.
(A) Immunofluorescence of endogenous EDEM1, OS-9 and SELiL in wild-type and UBC6e-b
cells. Cells are stained with anti-HSP47 as an ER marker.
(B) ERAD is enhanced for the Null Hong Kong (NHK) variant of al-antitripsin in UBC6ef
cells. Wild-type and UBC6e+ cells were transfected with a NHK construct for 24 hours.
The cells were starved for 1 hour, labeled with 3sS-Met/Cys for 20 min and chased for
various time periods. Cells were treated with or without proteasome inhibitor ZL3 VS
during the 4 hour chase period. NHK was immunoprecipitated using an al-antitripsin
antibody. Quantifications are normalized to t=Ohr. Error bars represent S.D. (n=3).
(C) The glycoprotein ERAD substrate R1332 is degraded more rapidly in UBC6e* cells.
Wild-type and UBC6e-/- MEFs were transfected with R1332-HA, pulsed for 15 minutes
and chased for the indicated time periods. Cell lysates were immunoprecipitated using
an anti-HA antibody. Quantifications are normalized to t=Ohr. Error bars represent
S.D. (n=3).
(D) NHK is deglycosylated more rapidly in cells that lack catalytically active UBC6e.
Wild-type, UBC6e-+, and UBC6eJ- MEFs stably expressing wild-type or C91S UBC6e
were transfected with NHK. Transfected cells were pulsed for 15 min and chased for 3
hours. NHK was either immunoprecipitated once (upper panel) or
re-immunoprecipitated (lower panel) using an al-antitrypsin antibody.
(E) Kifunensine treatment inhibits the mannose trimming-dependent mobility shift and the
degradation of NHK in both wild-type and UBC6e+ Cells. A pulse-chase experiment as
shown in Figure 2B was performed with or without kifunensine treatment.
Quantifications are normalized to t=Ohr. Error bars represent S.D. (n=3)
(F) EDEM1 and EDEM3, but not EDEM2, are up-regulated in UBC6e-deficient cells.
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Early mannose trimming leads to premature release of NHK from Calnexin (CNX)
In a pulse-chase experiment, wild-type cells degrade NHK more slowly during the first hour
of chase than do UBC6e-> cells (Figure 2.2B). This lag phase has been associated with the
operation of the calnexin (CNX) / calreticulin (CRT) cycle (Molinari, 2003; Oda, 2003). CNX
binds to the GlMang form of N-glycans on folding intermediates and facilitates productive
folding by formation of a complex with the oxidoreductase ERp57. Removal of the
innermost glucose from G1Mang by glucosidase II releases the substrate from CNX.
(UDP)-glucose: glycoprotein glucosyl transferase (UGGT) senses the folding status of
glycoprotein substrates. UGGT monoglucosylates incompletely folded substrates to create
the GlMang form of N-glycans, which then allows the substrate an additional round of the
CNX/CRT cycle. If folding is incomplete even after several attempts, terminally misfolded or
unfolded substrates undergo further trimming of mannose, which then directs the
substrate to the ERAD pathway.
We transfected wild-type and UBC6e-/- cells with NHK and then retrieved CNX by
immunoprecipitation. We observed faster release of NHK from CNX in UBC6e+ cells than in
wild-type controls. Time of release corresponded with that observed for the lag phase that
precedes degradation in wild-type cells (Figure 2.3A, Figure 2.S3A). In UBC6e/ and
UBC6ef cells transduced with C91S UBC6e, we observed faster electrophoretic mobility of
NHK, which we attribute to mannose trimming (Figure 2.3A, 3B and Figure 2.S3B). To the
best of our knowledge, this is the first time that mannose trimming has been observed on
protein substrates bound to CNX.
In UBC6e-/- cells, ERAD substrates are quickly handed over from the CNX cycle to the
ERAD pathway
EDEM1, EDEM3, OS-9 and SEL1L are all up-regulated in UBC6e+ cells, leading to a
corresponding increase in functional interactions. More EDEM1, EDEM3 and OS-9 were
recovered in association with CNX in UBC6e+ cells than in wild-type cells (Figure 2.3C). In
similar fashion we observed increased interactions between SEL1L and OS-9 (Figure 2.3D,
3E). We did not see direct interactions between EDEM1, EDEM3 and SELiL (Figure 2.3D).
These observations lead us to propose a model for the increase in ERAD activity observed
in UBC6e+ cells. In wild-type cells, glycoproteins carrying G 1M 9 bind to CNX to await
folding. However, in UBC6e+ cells, the increase in EDEM1 and EDEM3 allows for prolonged
interactions with CNX, as well as with the protein substrates bound to CNX. These
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interactions accelerate mannose trimming on CNX-bound substrates. The more extensively
mannose-trimmed substrates no longer bind to CNX and are carried over to the
HRD1-SEL1L ERAD complex through interaction with OS-9 (Figure 2.3F).
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Figure 2.3. Deletion of UBC6e leads to pre-mature release of NHK from calnexin
(CNX) and enhances interaction of ERAD enhancers
(A) UBC6e deletion promotes the release of NHK from CNX. Wild-type and UBC6e* cells
were transfected with NHK for 24 hours. Cells were starved for 1 hour, labeled with
35S-Met/Cys

for 20 min and chased for various time periods. Lysates were
immunoprecipitated with an antibody to CNX. For quantification, the amount of labeled
NHK was normalized relative to CNX for each sample. Error bars represent S.D. (n=3)
(B) NHK bound to CNX is deglycosylated in cells that lack functional UBC6e. Wild-type,
UBC6e-/-, and UBC6e-/ MEFs stably expressing wild-type or C91S UBC6e were
transfected with NHK. Transfected cells were labeled for 20 mins and chased for 2
hours. The lysates were immunoprecipitated with a CNX antibody and
re-immunoprecipitated using an al-antitripsin antibody.
(C) More EDEM1, EDEM3 and 0S-9 interact with CNX in UBC6e/ cells. EDEM2 does not
co-immunoprecipitate with CNX in either wild-type or UBC6ef cells.
(D-E) The amount of interacting SELiL and OS-9 increases in UBC6e+ cells.
Co-immunoprecipitation of SELiL and EDEM family proteins is not observed in either
wild-type or UBC6e+ cells.
(F) Model showing the comparison between wild-type and UBC6ef cells for a sequential
pathway that moves ERAD substrates from productive folding in the CNX cycle to ERAD
machineries.
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ER localization and the identity of its transmembrane domain are essential for
UBC6e activity
UBC6e regulates the level of ERAD enhancers in order to attenuate ERAD. To assess the
importance of proper localization of UBC6e and compare its function with that of
mislocalized UBC6e, we generated a cytosolic variant of UBC6e by removal of its C-terminal
tail anchor (ATM); a version in which the tail anchor is replaced with that of MAVS, a
protein targeted to the mitochondria(Seth et al., 2005); and a variant with the
transmembrane segment of the type I membrane protein CD4 (Figure 2.4A). The latter
construct carries the transmembrane segment in opposite polarity to that of native CD4,
yet inserts efficiently into the ER, as shown by glycosylation of an N-linked NXT/S acceptor
sequence introduced into the predicted ER luminal portion (Claessen et al., 2010). Finally,
we attached the E2 domain of UBC6e to the tail-anchor region of UBC6, the ER-localized
and tail-anchored homolog of UBC6e (Figure 2.S6A). Importantly, the E2 domains of all
UBC6e mutants are exposed to the cytosol, as is the E2 domain of wild-type UBC6e. This
allows an evaluation of the importance of cellular localization. We first confirmed that
these variants localize to the respective intended compartments (Figure 2.S5). Upon
doxycycline-induced expression in UBC6e-/- cells, only wild-type UBC6e attenuated ERAD
enhancers to levels seen in wild-type cells (Figure 2.4B and Figure 2.S6B). We saw only
partial down-regulation of ERAD enhancers by UBC6eE2-UBC6TM and UBC6e-CD4, even
when expressed at high levels (Figure 2.4B, Figure 2.S4 and Figure 2.S6). In the absence of
doxycycline, UBC6e-/- cells transduced with wild-type UBC6e still showed almost complete
restoration of ERAD enhancer levels, presumably due to leaky promoter activity that allows
for expression at about 10% of the wild-type level (data not shown).
We further investigated whether the transmembrane domain of UBC6e is important for its
interaction with ERAD enhancers. Only UBC6e with its native transmembrane domain
interacts with OS-9 and SEL1L, while interaction with EDEM1 cannot be detected by
immunoprecipitation (Figure 2.4C, 4D, S6C and S6D). Even though wild-type UBC6e,
UBC6e-CD4 and UBC6eE2-UBC6TM all localize to the ER, UBC6e-CD4 and UBC6eE2-UBC6TM
down-regulate ERAD enhancers only partially, presumably because they were unable to
stably interact with them.
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Figure 2.4. Precise ER membrane localization is important for UBC6e function and
interaction with EDEM1, OS-9 and SELiL.
(A) Scheme of the different transmembrane domain (TMD) mutants of UBC6e.
(B) Correct ER localization is essential for the function of UBC6e. Expression of UBC6e-TM
mutants was induced using doxycycline for 24 hours. Only UBC6eJ cells transduced
with wild-type UBC6e showed down-regulation of ERAD enhancers to the extent seen
in wild-type cells. The other ERAD components, UBXD8 and HRD1, were not affected.
Quantification is normalized relative to PDL Error bars represent S.D. (n=3)
(C-D) The correct transmembrane domain is necessary for UBC6e to interact with the
substrates SELiL and OS-9. UBC6e-/- cells expressing different UBC6e variants were
collected in 2% CHAPS and immunoprecipitated with either antibodies against the
EDEM1, OS-9 or SELiL (C) or rabbit anti-UBC6e (D). Interactions between UBC6e and
OS-9 or SELiL were observed only in cells expressing wild-type or C91S UBC6e. We
failed to observe interaction between UBC6e and EDEM1.
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A. Schematic representation of the tail anchor mutant UBC6eE 2-UBC6TM
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Proper complex formation is essential for UBC6e function
We fractionated various MEF cell lysates on 10-60% linear sucrose density gradients to
study complex formation of UBC6e with its partners. For wild-type UBC6e, -60% of UBC6e
is recovered as monomers and -40% appears in larger complexes (fractions 6-8). However,
we observed a different UBC6e distribution profile in UBC6e-CD4 cells, indicating the
inability of UBC6e-CD4 to fully engage in proper complex formation (Figure 2.5A). This
result is in line with the observation that UBC6e-CD4, despite being localized to the ER,
does not down-regulate ERAD enhancers to the same extent as does wild-type UBC6e
(Figure 2.4B and S4).
When wild-type cell lysates are fractionated, we observe a signal corresponding to a
larger complex (fraction 6-8) that contains UBC6e and ERAD enhancers (Figure 2.5B). This
must be the complex that is essential for UBC6e's function in maintaining proper ERAD
enhancer levels, since these are the only fractions that contain all members of the complex.
We confirmed that UBC6e interacts with OS-9 and SELiL in this complex, as well as the
interaction between OS-9 and SELiL in the same complex (Figure 2.5C).
The enzymatically inactive C91S mutant of UBC6e, when over-expressed, might displace
wild-type UBC6e from the complex and inhibit normal UBC6e function. We transduced
wild-type MEF cells with wild-type or the C91S mutant of UBC6e under the control of a
doxycycline-inducible promoter and titrated the expression of UBC6e. As expected, when
the C91S mutant was overexpressed to levels about 10-fold over the endogenous level,
ERAD enhancers accumulated in a manner similar to that seen in UBC6ef cells (Figure
2.5D). Overexpression of the C91S mutant replaces active UBC6e in the complex and
prevents degradation of its usual substrates. Overexpression of wild-type UBC6e does not
further reduce the levels of ERAD enhancers.
Derlin2 interacts with UBC6e in the complex involved in the regulation of ERAD
enhancers
Having found at least two multi-molecular complexes in which UBC6e participates, we
considered the presence of yet other complexes. We generated Derlin2/ mice and MEF cell
lines (Dougan et al., 2011), and showed that not only ERAD enhancers but also UBC6e itself
was upregulated (Figure 2.S7). Derlin2 might thus be part of the same or a similar complex.
Immunoprecipitation using anti-Derlin2 antiserum confirmed its binding to UBC6e in a
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manner that depends on the identity of the transmembrane domain of UBC6e. Derlin2
levels do not change in UBC6ef cells transduced with any of the UBC6e mutants,
suggesting that it is not a substrate regulated by UBC6e, but is a member of a UBC6e
complex (Figure 2.5E).
UBC6e exists in at least two different configurations: as an apparent monomer and as
part of a complex. Only UBC6e that is part of such complexes controls the levels of ERAD
enhancers (Figure 2.5F).
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Complex
Monomer

CD4 mutant

Figure 2.5. Participation in complex formation is essential for the function of UBC6e.
(A) Wild-type UBC6e and UBC6e-CD4 fractionate differently in a sucrose density gradient.
UBC6e-/- cells transduced with wild-type UBC6e and UBC6e-CD4 were lysed in 2%
CHAPS and fractionated by centrifugation on a 10-60% linear sucrose gradient in the
absence of detergent.
(B) UBC6e and its substrates exist both in monomeric form and in fractions that contain
larger complexes.
(C) UBC6e interacts with its substrates only in fractions containing large complexes.
Lysate fractions in (B) are immunoprecipitated with anti-UBC6e or anti-OS-9 followed
by immunoblot with anti-UBC6e, anti-OS-9 or anti-SEL1L sera.
(D)UBC6e C91S acts as a dominant negative mutant that competes with wild-type UBC6e
for complex formation and antagonizes UBC6e regulation of ERAD enhancers.
Wild-type MEF cells were transduced with wild-type or C91S UBC6e using
doxycycline-inducible pINDUCER20 system and titrated for UBC6e expression.
Statistical analysis was conducted on cells that reach induction saturation for UBC6e
(>10 fold compared to endogenous). Statistical analysis is presented in the inset as
means

SEM, n = 8. *p < 0.05, **p < 0.001, ***p < 0.0001

(E) The UBC6e transmembrane domain is essential for its interaction with Derlin2. Cells
were induced for 24 hours and lysed in 2% CHAPS, immunoprecipitated with
anti-Derlin2 and blotted for the interaction with UBC6e.
(F) Model diagram showing that only UBC6e involved in complex are able to regulate
SELIL, OS-9 and EDEM1.
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Overexpression of EDEM1 accelerates degradation of wild-type tyrosinase.
UBC6e controls the amount of ERAD enhancers in order to attenuate ERAD activity under
normal circumstances. Increased ERAD activity would not be considered harmful to the cell
if only misfolded substrates were subject to accelerated degradation. However, how ER
quality control sensors would distinguish between folding intermediates and unfolded
proteins is not immediately apparent, because at some point in time both carry the same
G1Mang form of N-glycans. We hypothesized that an increase in ERAD activity could be
harmful by eliminating proteins that fold comparatively slowly, before they have had the
chance to attain their native fold.
To investigate this possibility, we chose tyrosinase as a substrate that folds comparatively
slowly. Tyrosinase is a melanocyte-specific type I membrane glycoprotein that catalyzes
the rate-limiting step in the production of melanin (Wang and Hebert, 2006). It folds slowly,
with 6 N-glycosylation sites and 15 cysteine residues poised to make intramolecular
disulfide bonds. Only one-third of tyrosinase attains its properly folded state and is then
exported to melanocytes (Wang and Hebert, 2006). Furthermore, a single mutation, C89R
or A206T, renders the protein unable to fold and results in a complete diversion to the
ERAD pathway (Svedine et al., 2004; Toyofuku et al., 2001). To impose increased ERAD
activity, we expressed EDEM1-HA together with wild-type tyrosinase or the C89R mutant
fused to YFP in HEK293T cells. Both tyrosinase mutants showed decreased accumulation
when co-expressed with EDEM1. The C89R mutant appeared to be more sensitive to
increased EDEM1 levels, underscoring a role for EDEM1 in the recognition of misfolded
glycoproteins (Figure 2.6A). EDEM1 interacted with all tyrosinase-YFP constructs, as did
endogenous EDEM1 (Figure 2.6B and Figure 2.S8). Even in wild type cells, the
EDEM1-mediated ERAD pathway removes a fraction of wild-type tyrosinase.
Increased degradation of tyrosinase in UBC6ei cells
UBC6e/ cells have increased ERAD activity for two model ERAD substrates, NHK and
RI332 (Figure 2.2B and 2C). Would ERAD also affect proteins known to fold comparatively
slowly, such as wild-type tyrosinase? We observed less accumulation of tyrosinase-YFP in
UBC6e/ cells. This phenotype is reversed by expression of wild-type UBC6e but not the
C91S mutant (Figure 2.6C). Similar to the canonical ERAD substrates, in pulse chase
experiments, tyrosinase-YFP showed accelerated degradation in UBC6eP cells, most
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clearly during the lag phase (t1 /2-180 min in wild-type cells, t1/2-90min in UBC6eI- cells;
Figure 2.6D). Inclusion of ZL 3VS stabilizes tyrosinase-YFP, indicating that degradation of
tyrosinase is indeed proteasomal and mediated by the ERAD pathway (Figure 2.6D).
Retrieval of the transfected wild-type tyrosinase-YFP fusion by immunoprecipitation
showed strong interactions with EDEM1, EDEM3 and OS-9 in UBC6ef-equivalent cells
(Figure 2.6E), consistent with the model proposed in Figure 2.3F.
We tracked maturation of tyrosinase by observing its acquisition of EndoH-resistance. Less
endoH-resistant tyrosinase appeared in UBC6e/ cells than in wild-type cells (Figure 2.6F
and Figure 2.S9). Addition of ZL 3 VS increased the amount of EndoH-resistant tyrosinase in

both cell lines, presumably by allowing more tyrosinase molecules the opportunity to
attain an export-competent state (Figure 2.S9). Dislocation of misfolded proteins is
kinetically coupled to their degradation, and therefore stalling proteasomal degradation is
expected to lead to the accumulation of all intermediates upstream of the block, including
those that have yet to leave the ER (Wiertz et al., 1996).
We quantified the fraction of EndoH-resistant tyrosinase for each chase timepoint (Figure
2.6F). There is a slight decrease in the fraction of EndoH-resistant tyrosinase in UBC6e1
cells. While this trend is clear, the difference observed nonetheless fails to reach statistical
significance. This difference is much smaller than the faster degradation rate observed
(Figure 2.6D).
When analyzed under non-reducing conditions, tyrosinase-YFP from UBC6e+ cells had a
more diffuse appearance at the 4-hour time point (Figure 2.S10A). To distinguish between
differences in glycosylation versus redox state of tyrosinase as contributing factors, we
analyzed samples with and without EndoH treatment, followed by separation by
non-reducing SDS-PAGE (Figure 2.S1OB). Treatment with EndoH should remove glycan
modifications on ER-resident tyrosinase. Any remaining differences in mobility might thus
provide an indication of different redox states of tyrosinase. We observed similar redox
states of tyrosinase in wild-type and UBC6e+ MEFs (Figure 2.S10B). Thus the more diffuse
tyrosinase band in UBC6e-/- cells must result from differences in N-linked glycans. Deletion
of UBC6e does not affect the redox state of tyrosinase but rather its N-glycan modifications,
possibly via up-regulation of ERAD enhancers.. Increased turnover concerns the pool of
folding intermediates and is responsible for the reduction of the mature form of tyrosinase.
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Figure 6

Figure 2.6. Hyperactive ERAD in UBC6ei- cells accelerates degradation of the
slow-folding substrate tyrosinase and inhibits maturation of tyrosinase
(A) Overexpression of EDEM1 accelerates degradation of both wild-type tyrosinase and
C89R mutant. HEK293T cells were transfected with plasmids encoding EDEM1-HA and
tyrosinase-YFP for 24 hours. The cells were lysed and immunoblotted for accumulation
of tyrosinase-YFP. Error bars represent S.D. (n=3)
(B) Wild-type and mutant tyrosinases interact with endogenous EDEM1. HEK293T cells
were transfected with wild-type, C89R or A206T tyrosinase-YFP fusion. Cells were
lysed and immunoprecipitation with anti-GFP or anti-EDEM1.
(C) Wild-type tyrosinase accumulates less in cells that lack functional UBC6e. Wild-type,
UBC6e+ and UBC6e-/- stably expressing wild-type or C91S UBC6e are transfected with
tyrosinase-YFP for 24 hours and analyzed for tyrosinase accumulation. Error bars
represent S.D. (n=3)
(D) Degradation of wild-type tyrosinase is accelerated in UBC6e* MEFs. Cells transfected
with tyrosinase-YFP were pulsed for 30 min with 3 5S-Met/Cys and chased for the
indicated periods. Cell lysates were immunoprecipitated with anti-GFP. ZL 3 VS
treatment blocks degradation of the fusion protein. Quantifications are normalized to
t=Ohr. Error bars represent S.D. (n=3)
(E) More EDEM1, EDEM3 and OS-9 co-immunoprecipitated with transfected
tyrosinase-YFP in UBC6e+ cells.
(F) Tyrosinase maturation and export to the post-ER compartments is inhibited by deletion
of UBC6e. Cells were treated as in (D) and tyrosinase-YFP was immunoprecipitated
with anti-GFP. The recovered samples were treated with Endoglycosidase H (EndoH).
The fraction of EndoH-resistant tyrosinase-YFP in each chase time point was quantified.
Error bars represent S.D. (n=3).
The statistical results are presented as means
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SEM, n = 4. **p < 0.001, ***p < 0.0001
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Deletion of UBC6e affects the maturation of newly synthesized tyrosinaseWT
Cells expressing tyrosinaseWT were pulse labeled with 35S-Met/Cys for 30 min
and chased for the indicated time. Cell lysates were immunoprecipitated with anti-GFP
for tyrosinase. The immunoprecipitated tyrosinaseWT was treated with EndoH.
ZL 3VS treatment increased the levels of EndoH resistant tyrosinase in both cell lines.
Quantifications are normalized by the total signal of tyrosinaseWT at t=Ohr.
Error bars represent S.D. (n=3). **p < 0.001
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UBC6e+ mice have reduced skin tyrosinase levels
ERAD activity in an UBC6e+ environment affects not only artificial substrate degradation,
but also the maturation of wild-type tyrosinase in MEFs, as shown above. To examine
whether this finding applied also in vivo, we assessed the level of endogenous tyrosinase in
the mouse epidermis, as this organ is the site of highest tyrosinase expression. We collected
skin lysates from a wild-type mouse, a heterozygous UBC6e+/- mouse and two UBC6e>
mice. Endogenous tyrosinase levels in UBC6e/ mice are quite low as assessed by
immunoblotting (Figure7A). We therefore used skin lysates in a first round of
immunoprecipitation to enrich for tyrosinase, followed by immunoblotting to detect the
recovered tyrosinase. We observed a clear reduction in tyrosinase levels only in samples
from UBC6e-/- mice (Figure 2.7B). The reduction in total tyrosinase levels correlate with
our observations made in cell lines (Figure 2.6C) and correlated with the up-regulation of
ERAD enhancers in UBC6e+ skin lysates. UBC6e+/- and wild-type samples showed
comparable results, even with a significant reduction in UBC6e levels in the UBC6e+/sample (Figure 2.7C).
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Figure 2.7. UBC6e regulates ERAD activity through ERAD enhancers to curtail
premature destruction of proteins that fold comparatively slowly.
(A) Immunoblot of endogenous tyrosinase in skin samples from UBC6e+/+, UBC6e+/- and
UBC6e+ mice failed to yield detectable signal. Epidermis of individual mice was
homogenized and lysed in 1% NP40. Post-nuclear supernatants were used as the source
of skin lysates. 15 pg total protein were separated on SDS-PAGE and immunoblotted for
tyrosinase and GAPDH.
(B) UBC6e+ mice show reduced level of endogenous tyrosinase. 500 A g skin lysate in (A)
were immunoprecipitated with antibody to tyrosinase. The recovered tyrosinase was
then detected by immunoblotting using the same antibody.
(C) ERAD enhancers are selectively up-regulated in skin lysates from UBC6e+ mice.
(D) UBC6e deletion does not affect the overall secretion of glycoproteins. Two
independently derived wild-type and UBC6e+ MEFs were pulse-labeled with
3 5S-Met/Cys for 10 min and chased for the indicated periods. Cell lysates and media
were precipitated with Concanavalin A sepharose beads to recover the bulk of
glycoproteins. The recovered samples were examined by SDS-PAGE/fluorography. The
percentage of secreted glycoproteins was calculated by dividing the signal intensity in
the media by the total signal in both the cells and media at that time point.
(E) Model on how UBC6e fine-tunes ERAD activity to achieve a balance between productive
folding and degradation. In UBC6e+ cells, the UBC6e-dependent pathway that
constantly downregulates ERAD enhancers is shut off and ERAD enhancers accumulate.
The high-mannose glycans on substrates captured by CNX/CRT are more rapidly
trimmed off by the excess ER mannosidases, EDEM1 and EDEM3. After formation of
MANs-7-carrying glycans, the substrates are released from the productive folding cycle
on CNX, transferred to OS-9, and then SELiL in the HRD1 complex for ubiquitination
and degradation. The decreased time spent in a productive folding cycle may not affect
the proteins that fold regularly, but could be detrimental to those that fold
comparatively slowly, leading to their loss-of-function.
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2.3 Discussion
ER quality control serves to remove misfolded proteins and distinguishes between fully
functional, folded proteins, which are spared from degradation, and terminally misfolded
proteins, which are destroyed (Koenig and Ploegh, 2014; Smith et al., 2011). Only few cases
are known in which an otherwise fully functional protein is degraded in the ER. A
physiological example is the regulation of HMG-CoA-reductase (HMGR) by the intracellular
levels of lanosterol. HMGR and lanosterol levels are inversely correlated, with excess HMGR
being degraded by the ERAD pathway (Hampton and Garza, 2009). Pathogen-specific
events can also control protein levels in the ER: the US2, US3 and US11 glycoproteins
encoded by human cytomegalovirus (HCMV) co-opt the ERAD pathway to degrade Class I
MHC heavy chains (Morito and Nagata, 2015). Our findings suggest a new layer of
homeostatic control, in which ERAD activity itself is regulated by controlling the levels of
select components through the action of UBC6e. The targets of this regulation are EDEM1,
EDEM3, OS-9 and SELiL (ERAD enhancers). Ablation of UBC6e causes up-regulation of
active ERAD enhancers and so enhances clearance not only of terminally misfolded
substrates but also of wild-type glycoproteins that fold comparatively slowly, such as
tyrosinase.
ERAD enhancers are relatively short-lived proteins at steady state. Their mode of
degradation and the molecular features that help explain their rather short half-life
remained to be characterized. The present work on UBC6e provides insight into the
underlying mechanisms. Deletion of UBC6e results in accumulation of ERAD enhancers
without overt activation of the UPR (Figure 2.1B and ID). This increase depends on the E2
enzymatic activity of UBC6e, its exact localization and on proper engagement in complex
formation in its ER environment (Figure 2.1F, 4B and S6B). SELiL is a possible candidate as
the primary target for UBC6e-dependent degradation. However, UBC6e is an E2
ubiquitin-conjugating enzyme and E2s are not commonly considered to directly recognize
their targets. The associated E3s, or the E2/E3 complexes are usually viewed as the
elements responsible for substrate recognition. The identity of the E3 (or E3s) responsible
for the observed down-regulation of EDEM1, OS-9 and SeliL by UBC6e remains to be
established.
Overexpression of catalytically inactive UBC6e in wild-type MEFs causes a dominant
negative effect, whereas overexpression of wild-type UBC6e did not affect ERAD enhancer
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levels (Figure 2.5D). Deletion of UBC6e (Figure 2.2F) does not change EDEM2 levels,
suggesting that EDEM2 activity is presumably independent of ERAD activation. Careful
regulation of the degradative capacity of these ERAD factors therefore operates at steady
state in the absence of obvious stressors. When we replaced the C-terminal segment of
UBC6e with that of the integral membrane protein CD4 or that of the tail-anchored protein
UBC6, these chimeras were less active in normalizing ERAD enhancer levels in UBC6e+
cells. The CD4 and UBC6 chimeras did not interact with OS-9 or SELiL. The activity of such
UBC6e complexes, which help establish the ERAD capacity of the ER, may thus have been
compromised.
Even expression at -10% of the endogenous level of UBC6e in UBC6e-/- cells re-establishes
ERAD enhancer levels to those seen in wild-type cells: apparently very little UBC6e suffices
to properly regulate them. Knock-down of UBC6e by means of siRNA delayed degradation
of CFTRAF508 and Class I MHC heavy chains (Burr et al., 2011; Younger et al., 2006).
Knock-down mediated by siRNA or shRNA is rarely complete, yet may have been sufficient
to examine the role of UBC6e in canonical ERAD, but would not have achieved the
reduction required to observe control of ERAD enhancer levels by UBC6e. UBC6e-/- cells
up-regulate selective ERAD-related factors with a concomitant increase in ERAD activity.
The HRD1 ERAD complex may accept multiple E2s for degradation of terminally misfolded
substrates, whereas degradation of folding-competent ERAD enhancers apparently
requires only UBC6e as the functional E2 responsible.
Even if the ER engages in normal rates of cell type-appropriate protein synthesis and if
overloading with misfolded proteins can be avoided, mechanisms of quality control should
still apply at steady state and under normal conditions of growth, because errors in protein
synthesis and protein folding cannot be avoided completely. Dysregulated ERAD activity as
the result of deletion of key ERAD components such as HRD1 or SELiL showed embryonic
lethality in mice (Sun et al., 2014; Yagishita et al., 2005). MEFs deficient in HRD1 or SELiL
tend to accumulate canonical ERAD substrates and show activation of the UPR (Kaneko et
al., 2010). In contradistinction, exaggerated ERAD activity may lead to loss-of-function
through premature degradation of potentially functional proteins that have yet to attain
their final and stable conformation (Noack et al., 2014). It has been difficult to test this
notion experimentally due to the inability to initiate a more active ERAD pathway in the
absence of triggering the UPR. The precise sequence of steps that control the mammalian
ERAD pathway remains to be established and further adds to the challenge.
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Here we addressed this question by exploring the mechanism of increased ERAD activity
mediated by increased levels of ERAD components, as brought about by the ablation of
UBC6e (Figure 2.7E). Our observations support the 'mannose timer hypothesis' (Fagioli,
2001; Helenius et al., 1997). In the course of the CNX/CRT cycle, terminally misfolded
substrates are not distinguishable by any presently known criterion from folding
intermediates, since both can carry the same G1Mang N-glycan(s). EDEM2 and the other
EDEM family proteins are functionally distinct, as inferred from cells that lack EDEM2
(Ninagawa et al., 2014). Glycoproteins whose N-linked glycans showed advanced mannose
trimming could no longer attain their native structure, and were targeted for degradation.
They could no longer productively engage the CNX/CRT cycle, nor could they serve as
substrates for the folding sensor UGGT. Up-regulation of OS-9 and SEL1L facilitates the
transfer of ERAD substrates from CNX to the HRD1-centered ERAD machinery and so
enhances overall ERAD activity. We have shown that ERAD of glycoproteins is indeed
regulated in a UBC6e-dependent manner. The non-glycoprotein ERAD pathway is far less
well understood, presumably differs from the pathway we explored here and merits a
separate and detailed analysis.
Under normal conditions and in the absence of obvious stressors, ERAD also promotes the
degradation of proteins that fold comparatively slowly, such as proteins with many
disulfide bonds and/or with many transmembrane segments (Guerriero and Brodsky,
2012). The folding intermediates of proteins that fall into these categories require
prolonged engagement of the CNX/CRT cycle to allow completion of correct folding. We
hypothesized that the increases in ERAD activity seen upon ablation of UBC6e might
interfere with normal maturation of these slow-folding proteins and would thus
compromise their function by reducing their levels. Indeed, tyrosinase showed accelerated
degradation and failed to mature in both UBC6ef cells in tissue culture and in the skin of
mice. Deletion of UBC6e does not affect the overall secretion of glycoproteins as assayed in
vitro (Figure 2.7D and S11). Therefore, deletion of UBC6e showed only a minor effect in
mice, compared with the ablation of other key ERAD components.
Transcription is usually considered the main contributor to the regulation of the ER quality
control machinery. Regulation of ER homeostasis under the agency of ATF6, PERK and
Irela in the course of the unfolded protein response (UPR) are well-established examples
(Hetz et al., 2015), the manipulation of which usually requires the use of chemical stressors
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such as thapsigargin, tunicamycin or DTT. How the activity of ERAD is controlled at steady
state and in the absence of any ER stressors therefore remains an important question. We
show that ERAD accelerators are members subject to quantity control in the ER by a novel
UBC6e-dependent degradation pathway. The male sterility and auditory defects seen in
UBC6e- mice might result from premature degradation of slow-folding proteins that
participate in these processes. Post-transcriptional control of the ERAD machinery
uncovered here is yet another means of homeostatic ER quality control.
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2.4 Experimental Procedures
Plasmids, Antibodies, and Reagents
Plasmids, antibodies, and reagents are described in the Supplemental Experimental
Procedures.
Cell Culture and Transfection
Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
inactivated fetal bovine serum with or without 0.0007% v/v P-mercaptoethanol. Transient
transfections were performed using Lipofectamine 2000 for HEK293T cells, Lipofectamine
3000 for MEFs according to the manufacturer's instructions (Invitrogen). Further
experiments were performed 24 h after transfection.
Lentiviral Infection
Lentiviruses were generated in HEK293T cells. MEFs stably expressing various UBC6e
mutants were created by lentiviral infection, followed by selection with geneticin or
puromycin. See the Supplemental Experimental Procedures for details.
Mouse Experiments
All mouse experiments were performed in compliance with the protocols approved by the
Massachusetts Institute of Technology Committee on Animal Care.
Fluorescence Microscopy
Images captured by confocal microscopes were viewed and processed by a PerkinElmer
confocal system and Velocity software. Images were captured using a confocal microscope
with a 63'- 1.40 N.A. of the Carl Zeiss Plan Apo oil objective. See the Supplemental
Experimental Procedures for detail.
Immunoprecipitation and Western Blot
Cells were lysed in lysis buffer and subjected to immunoprecipitations with primary
antibody. Immuno complexes were subjected to SDS-PAGE and analyzed by immunoblot.
For details of detergents, conditions and antibodies used, see the Supplemental
Experimental Procedures.
Pulse-Chase Analysis and Glucosidase Digestions
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For pulse-labeling experiments, cells were starved for 45-60 min in
methionine/cysteine-free DMEM at 37 'C, and labeled for 15-30 min at a concentration of
0.1mCi/ml of [35S] methionine/cysteine, followed by incubation in complete MEF medium
during the chase periods. Cell lysates were subjected to immunoprecipitation, followed by
SDS-PAGE and examined by fluorography analysis. An EndoH digestion of radiolabeled
substrates was performed after immunoprecipitation according to the manufacturer's
instructions (New England Biolabs). See the Supplemental Experimental Procedures for
details.
Sucrose Density Gradient Fractionation
Post-nuclear supernatants were applied to a 10%-60% linear sucrose gradient and
centrifuged at 160,000 g for 16 hr. Fractions were collected from the top and used for
further analysis.
Statistical Analysis
Welch's t-test was used for statistical analysis. P value less than 0.05 were considered
statistically significant.
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3.1 Introduction
Most secretory proteins in mammalian cells are folded and modified in the Endoplasmic
Reticulum (ER) before export and secretion. However, many proteins are unable to reach
their natively folded state despite multiple rounds of chaperone-assisted folding cycles, and
need to be degraded. Misfolded proteins and/or unfolded proteins may be transported
back into the cytosol to be degraded by the proteasome. This process is termed ERassociated degradation (ERAD). There are many components involved in the ERAD process,
including the sensor proteins that recognize the unfolded substrates, the dislocon that
transports substrates from the ER back to the cytosol, the ubiquitination machinery that
poly-ubiquitinates the substrates for degradation, as well as the proteasome that finally
degrades the substrates.
HRD1 is a well-studied E3 ubiquitin ligase that is considered central to ERAD. It has been
implicated in the degradation of both endogenous proteins such as 3-hydroxy-3methylglutaryl-CoA reductase (HMG-R) (Hampton et al., 1996) and MHC class I heavy
chains (Burr et al., 2011a), as well as ERAD substrates such as mutants that are unable to
achieve their native fold (Bordallo et al., 1998). HRD1 acts as a part of the machinery that
transports substrates from the ER lumen to the cytosol. Rapoport et. al have reported that
auto-ubiquitination of HRD1 triggers retrotranslocation of substrates(Baldridge and
Rapoport, 2016) and recently reported a cryo-EM structure of Saccharomyces cerevisiae
HRD1 in complex with Hrd3, in which HRD1 formed an membrane-embedded aqueous
channel (Schoebel et al., 2017). HRD1 also contains a RING-H2 domain, which allows it to
act as an E3(Bordallo and Wolf, 1999). E3 enzymes require collaboration with E2 ubiquitin
conjugating enzymes to ubiquitinate substrates. Human HRD1 has in vitro ubiquitination
activity in conjunction with the E2 UBC7(Kikkert et al., 2004). In addition, E2 UBC6e, also
known as UBE2J1, has been implicated -together with HRD1- in the degradation of MHC
class I molecules (Burr et al., 2011b; Mueller et al., 2008; Mueller et al., 2006).
In mammalian cells HRD1 requires stoichiometric association with its adaptor protein
Hrd3, also known as SELL, to be stable and functional(lida et al., 2011; Sun et al., 2014).
The HRD1-SEL1L complex has been implicated in the immune response, where it is
required for B cell development through its involvement in the degradation of pre-BCR
complex (Ji et al., 2016). Deletion of HRD1 also inhibits T cell proliferation (Xu et al., 2016)
and diminishes expression of MHC II molecules in dendritic cells. (Yang et al., 2014) The
importance of ERAD for operation of the immune system underscores a role not only in
quality control, but also for targeted degradation of select molecules when needed.
Immunopurification of HA-TEV-SEL1L was performed to identify the members of HRD1SELiL complex, and showed UBC6e to be the predominant co-immunoprecipitated E2
(Mueller et al., 2008). This led to the proposal that UBC6e was the E2 acting in concert with
HRD1. However, knockout of UBC6e led to an accumulation of functional chaperones
involved in targeting folding intermediates for ERAD, and therefore an increase in ERAD
activity (Hagiwara et al., 2016). UBC6e may thus be involved in fine-tuning of ERAD
activity. We therefore sought to better understand how this E2 is functionally controlled.

96

UBC6e is one of the two ER tail-anchored E2 that are mammalian homologs of the
Saccharomyces cerevisiaeE2 UBC6p (Lenk et al., 2002; Lester et al., 2000). Both homologs,
UBC6 and UBC6e, are implicated in ERAD, as expression of catalytically inactive, dominantnegative mutants delays the degradation of ERAD substrates (Lenk et al., 2002). The ER
membrane tail anchor is essential for the proper function of UBC6e, as overexpression of
ATM mutant does not restore the function of UBC6e in UBC6ef cells (Hagiwara et al.,
2016). UBC6e is cleaved by Enterovirus 71 3Cpro in its C-terminal region to be released
from ER, and therefore perturbs normal ERAD during viral infection (Wang et al., 2017).
Genetic knock-out of UBC6e is not lethal in mice, but causes sterility in UBC6e-/homozygous males (Koenig et al., 2014).
There is a known stress-sensitive phosphorylation site Ser184 on UBC6e. During ER stress,
protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) is thought to
phosphorylate UBC6e(Oh et al., 2006); during inhibition of protein synthesis, Mitogenactivated protein kinase 2 (MK-2) has been reported to be the kinase responsible. (Menon
et al., 2013) (Menon et al., 2013) However, the functional role of phosphorylation remains
unclear. Phosphorylation may affect the rate of ubiquitin (Ub) loading onto UBC6e as well
as the rate at which it is degraded by the proteasome (Elangovan et al., 2017; Oh et al.,
2006).
VHHs, also known as nanobodies, are the binding domain of heavy-chain only antibodies
found in camelids. They retain the binding affinities and specificities of conventional
antibodies, but do not require the formation of disulfide bonds or glycosylation to be active.
They are usually between 10 to 15 kDa in size, and can be recombinantly expressed in high
yields, both in the cytosol and in the periplasm in E. coli. VHHs can bind to their targets in
mammalian cytosol. We have used VHHs to block nuclear import of nuclear protein (NP)
during influenza infection(Hanke et al., 2016), protect cells from VSV infection(Hanke and
Schmidt, 2017), as well as to track the formation of formation of Asc filaments during
inflammasome activation(Schmidt et al., 2016). (Schmidt et al., 2016). In the current study,
we aimed to generate VHHs that can target UBC6e so as to allow us to study the function of
UBC6e.
We generated 7 VHHs that can bind to UBC6e, with one VHH (VHHO5) exhibiting
nanomolar binding affinity. VHHO5 enhances the enzymatic activity of UBC6e in vitro, and
blocks stress-induced phosphorylation of UBC6e when expressed in cells. VHHO5 may
serve as a tool to study the function of phosphorylation and allosteric control of E2 enzyme
activity.
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3.2 Results
Identifying VHHs that specifically recognize UBC6e
We immunized an alpaca with purified recombinant UBC6e (1-234) protein to elicit an
antibody response in the animal. UBC6e (1-234) was produced using the same construct
used to generate a polyclonal rabbit serum (Mueller et al., 2008). A strong antibody
response was elicited in the animal after immunization (Figure 3.1a). The VHH-coding
regions were selectively amplified from lymphocyte cDNA library and inserted into a pD
phagemid plasmid. After two rounds of panning, 7 VHHs with distinct CDR regions were
identified. Among all VHHs identified, only VHHO5 exhibits low nanomolar affinity for
UBC6e, and therefore we chose to focus on this VHH for subsequent studies (Table 3.1).
VHHO5 immunoprecipitated recombinant UBC6e, but was inefficient in the
immunoprecipitation of the UBC6e homolog UBC6, the other ER-related E2 UBC7 and the
other E2s tested (Figure 3.1b). We then modified VHHs equipped at the C-terminus with
the sortase LPETGG motif and a hexahistadine tag with G3-biotin, using previously
developed methods and used them for immunoblots (Popp and Ploegh, 2011). While many
previously reported VHHs, like VHH "enhancer", specific for GFP (Kirchhofer et al., 2010),
only recognize their targets in their native conformations, VHHO5 can be used to detect
UBC6e after SDS-denaturation (Figure 3.1c).
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Figure 3.1a. An antibody response was elicited in the alpaca immunized with purified
recombinant UBC6e(1-234). The pre- and post-immunization serum were used in a 1:1000
dilution to blot for purified UBC6e, UBC6 and UBC7 and SUMO protease Ulpi. UBC6(1-197)
and UBC7 were injected together with UBC6e during alpaca immunization. SUMO protease
Ulpi was not injected. The alpaca developed antibody response against UBC6e(1-234) and
UBC6(1-197), but not for UBC7.
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Table 3.1. Dissociation constants for the 7 unique VHHs identified.
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Figure 3.1b. VHH 6E05 specifically immunoprecipitates recombinant UBC6e. Purified
proteins were incubated with sepharose beads conjugated with VHHO5 or anti-GFP VHH
enhancer (Kirchhofer et al., 2010). In: Input. *: cleaved SUMO from expression as a SUMO
fusion. #: VHH 6E05 and VHH enhancer.
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Figure 3.1c. VHH 6E05 immunoblots for UBC6e after SDS denaturation. Purified proteins
were blotted with VHHO5-biotin or VHH enhancer-biotin. Strepatavidin-HRP was used as
the secondary antibody for detection.
In contrast to conventional antibodies, VHHs do not require the formation of stable
disulfide bonds between heavy chain and light chain to fold and function. They can be
expressed in good yield in the reducing environment of the cytosol of E. coli, and when
purified, retain their binding properties. Therefore, VHHs should also be able to bind to
their targets in the reducing environment in the cytosol of mammalian cells. To test the
function of these VHHs in the cytosol, we expressed the indicated VHHs equipped with HA
tags in mouse embryonic fibroblasts (MEFs), and immunoprecipitated with anti-HA beads.
Endogenous UBC6e was co-immunoprecipitated with expressed VHHQ5-HA (Figure 3.1d).
The other VHHs were not able to enrich for UBC6e in this manner, possibly due to their
lower affinities.
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Figure 3.1d. When expressed in cytosol, HA-tagged VHH 6E05 can co-immunoprecipitates
endogenous UBC6e. Mouse embryonic fibroblasts (MEFs) were transduced with VHHs
listed in Table 3.1. Lysates were collected in 1% NP-40 in HBS and immunoprecipitated
with HA antibody-conjugated sepharose beads. WT: wild type. KO: UBC6e/- cells.

100

VHH05 accelerates the E2 loading of UBC6e and E3-catalyzed UBC6e-Ub hydrolysis
E2 ubiquitin-conjugating enzymes, interposed beween El and E3-type activities, execute a
key step of ubiquitination pathway. Ubiquitin-activating enzyme El activates the Cterminus of free ubiquitin and forms a thioester between ubiquitin and the active site
cysteine on El. This ubiquitin is then transferred onto a ubiquitin-conjugating enzyme, E2,
to form a second thioester. The loaded E2 can either transfer its ubiquitin onto a HECT type
E3 ubiquitin ligase in thioester linkage and subsequently onto the substrates, or be
recruited by a RING-type E3 to the substrate and directly transfer the ubiquitin from the E2
onto the substrates (Figure 3.2a).
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Figure 3.2a. Schematic representation of ubiquitin pathway.
The loading of ubiquitin onto UBC6e can be achieved using purified recombinant proteins,
and the UBC6e-Ub thioester is stable upon FPLC purification and non-reducing SDS-PAGE
analysis. Because UBC6e (1-234) migrates as two distinct bands on SDS-PAGE, a new
truncation (1-197) was designed based on the construct used for the crystallization of its
homolog UBC6 (pdb: 2F4W) (Sheng et al., 2012). Both the UBC6e (1-197) and (1-234)
constructs can be loaded with ubiquitin by recombinant El (Figure 3.2b and 3.2c). Upon
addition of VHHO5, the rate of loading is accelerated by approximately 3-fold. The
acceleration is achieved with UBC6e-specific VHHO5, but not with VHH enhancer, which is
specific for GFP. VHHOS has no effect on the loading of UBC6e homolog UBC6 or UBC7 with
Ub (Figure 3.2d).
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Figure 3.2b. VHHO5 enhances the rate of formation of UBC6e (1-197)-Ub. 3 pLM of purified
recombinant UBC6e (1-197) was incubated with 200 nM purified recombinant mE1, 10 IM
HA-Ub in the presence of 50 mM Tris pH 7.4,2 mM ATP, 5 mM MgCl2 and 200 [LM DTT at
370 C. VHHs were added at 10 tM concentration. Samples were quenched with 2x SDS
sample buffer with no reducing agents. Quantification was conducted by normalizing the

band intensity of UBC6e-Ub band to that of UBC6e (1-197) at t=0 minutes. Error Bars
represent standard deviation (n=3).
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Figure 3.2d. VHH05 does not affect the rate of formation of UBC6-Ub or UBC7-Ub. 3 pIM of
purified recombinant UBC6(1-197) or UBC7 was loaded and characterized as described in
Figure 3.2c. Only the E2-Ub bands from SDS-PAGE are shown in this panel.
We then investigated whether the hydrolysis of UBC6e-Ub is likewise accelerated in the
presence of VHH05. UBC6e-Ub is sufficiently stable in pH 7.0 phosphate buffer to be
purified using size exclusion FPLC. However, addition of RING domains from E3 enzymes
has been reported to significantly increase the hydrolysis of many E2-Ub thioesters
(Stewart et al., 2016). We therefore used recombinant GST-HRD1 RING domain (272-343)
to explore thioester hydrolysis. The molecular weight of GST-HRD1 RING is very close to
that of UBC6e-Ub, leading to an overlap in bands. To observe the behavior of UBC6e-Ub
without such interference, we expressed UBC6e (1-197) with a sortase-compatible LPSTGG
motif and labeled it with G 3 -TAMRA. We could successfully load this TAMRA-labeled UBC6e
with ubiquitin at rates and with yields similar to the unlabeled counterpart (data not
shown). In the absence of GST-HRD1 RING, addition of VHH05 has little effect on the rate of
hydrolysis of UBC6e-Ub (Figure 3.3a). There is a slight increase in the formation of UBC6e
with 2 ubiquitins attached, and a slight increase in the formation of DTT-resistant UBC6eUb, products which we attribute to auto-ubiquitination of Ubc6e on a lysine residue. On the
other hand, addition of GST-HRD1 RING significantly enhanced the rate of UBC6e-Ub
hydrolysis. Addition of VHH05 further increased the rate of disappearance of UBC6e-Ub
(Figure 3.3b). Formation of UBC6e with 2 ubiquitins was abolished upon addition of GSTHRD1 RING (data not shown). We suggest that VHH05 binding to UBC6e may allow
opening of its active site, thus accelerating both E2 loading and unloading. Addition of 4
different control VHHs (anti-CD38 VHH, VHH enhancer, anti-MHCII VHH7 and anti-Flu NP
VHH68) all delayed the hydrolysis of UBC6e-Ub in the presence of HRD1 RING (Data not
shown). Since E2/E3 interactions are usually too weak to be purified (Stewart et al., 2016),
inclusion of irrelevant proteins might interfere with their binding.
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Figure 3.3a. VHHO5 does not affect the rate of hydrolysis of UBC6e-Ub in the absence of
GST-HRD1 RING. Approximately 3 pM of purified UBC6e(1-197)-Ub was incubated in TBS
at 37*C. VHHs were added at 10 ptM concentration. Samples were quenched in 2x SDS
sample buffer with no reducing agent and analyzed with 15% SDS-PAGE. Gels were imaged
for absorbance at 555 nm. Quantification was conducted by normalizing the band intensity
of E2-Ub band to that at t=0 minutes. Error Bars represent standard deviation (n=3).
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Figure 3.3b. VHHO5 enhances the rate of hydrolysis of UBC6e-Ub in the presence of GSTHRD1 RING. Approximately 3 pM of purified UBC6e(1-197)-Ub was incubated in TBS at
37*C. VHHs were added at 10 p.M concentration. Samples were quenched in 2x SDS sample
buffer with no reducing agent and analyzed by 15% SDS-PAGE. Gels were imaged for
absorbance at 555 nm. Quantification was conducted by normalizing the band intensity of
the E2-Ub band to that at t=0 minutes. Error Bars represent standard deviation (n=3).
VHH05 binds to both UBC6e and E2-loaded UBC6e-Ub
For VHHO5 to have an effect on the hydrolysis of UBC6e-Ub, it must bind to it. We have
confirmed this by immunoprecipitation. UBC6e(1-197) and UBC6e(1-197)-Ub both bind to
VHHO5 but not VHH enhancer, while neither UBC7-Ub nor UBC7 binds to VHHO5 or VHH
enhancer (Figure 3.4a).
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eluted in 100 mM DTT, therefore the thioester has been partially hydrolyzed.
VHH05 binding induces structural changes in UBC6e
Multiple attempts to crystallize UBC6e (1-197), both in the presence and absence of VHHO5,
failed to yield crystals. We therefore turned to NMR analysis of ' 5 N-labeled UBC6e. UBC6e
(1-197) is not stable in solution for prolonged periods, forming aggregates that lead to
signal loss over time. Therefore, we were unable to determine the complete structure of
UBC6e. However, when non-labeled VHH05 was added to 1 5 N-labeled UBC6e in solution, a
significant change in the distribution of N-H peaks was observed, indicating that there is a
structural change upon binding of VHHO5 (Figure 3.4b).
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Figure 3.4b. Addition of VHH05 induces structural changes in UBC6e. HN-TROSY-HSQC
spectrum of 0.2mM 15 N-labeled UBC6e (1-197), 20mM NaPO4, pH7.5, with 50mM NaCl and
10mM DTT, 10% D2 0 in the absence (shown in black) or presence of 0.22mM unlabeled
VHH05 (shown in red). Data acquired on Bruker Avance III 800Mhz spectrometer at 25 2 C.
Data were collected with 16 scans per FID, 1024 complex points in direct 1H dimension,
and 50 complex points in indirect 1 5 N dimension for UBC6e alone, and 256 scans per FID,
1024 complex points in direct 1H dimension, and 116 complex points in indirect 5 N
dimension for UBC6e with VHH05.

Identification of the VHH05 epitope on UBC6e
VHHO5 can be used to detect SDS-denatured UBC6e by immunoblot, indicating that it might
recognize a peptide epitope rather than a 3-dimentional conformational epitope in the
target protein (Figure 3.1c). Furthermore, VHHO5 can recognize construct UBC6e (1-197)
but not UBC6e 1-165 both by immunoprecipitation and immunoblot (Figure 3.5a and 3.5b).
The construct UBC6e (1-165) was produced in an attempt to identify a minimal construct
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for crystallization by running homology analysis to other crystallized E2s. In addition,
VHHO5 no longer affects the rate of E2-Ub loading for UBC6e (1-165) (Figure 3.5c). We
therefore inferred that the epitope probably resides between residues 166 to 197 in UBC6e.
The amino acid sequence for this region is GSGSSQADQEAKELARQISFKAEVNSSGKTIA,
where the underlined serine was mutated to glycine to create a GGG sortag motif. This
peptide was sortagged to EGFP-LPSTGG and the chimeric product was tested for its binding
to VHHO5. EGFP-UBC6e (168-197), but not EGFP-LPSTGG-His 6 , was recovered on VHH05conjugated Sepharose beads (Figure 3.5d). Biotinylated EGFP-UBC6e (168-197) exhibited a
binding affinity (Kd at 7 2 nM) similar to that of UBC6e (1-197) as measured using Octet
(Table 3.2), showing that the epitope is indeed within the region grafted.
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Figure 3.5a. Immobilized VHH05 can only immunoprecipitate UBC6e(1-234) and UBC6e
(1-197), but not UBC6e (1-165). Band identities are indicated by the labels on the right.
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Figure 3.5b. VHHO5-biotin recognizes UBC6e (1-234) and UBC6e (1-197), but not UBC6e
(1-165). 2 ptg of each protein was loaded (Coomassie-stained gel on the left), and 30 ng of
each protein was loaded for the blot on the right. UBC6e (1-165) co-migrates with SUMO on
15% SDS-PAGE. The identity of UBC6e (1-165) was confirmed by LC-MS (data not shown).
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Table 3.2. Binding constants of constructs carrying various lengths of UBC6e fragments.
Kd (nM)
Immobilized construct
UBC6e (1-197)-LPSTGGG-biotin

16

EGFP(biotin)-LPSTGGG-(168-197)

7

2

Biotin-LPET-GGGSSQADQEAKELARQISFK (168186)

9

2

4

Further analysis of the UBC6e(168-197) sequence, using online secondary structure
prediction software Jpred4, suggested that the region between residues 172 and 183 might
be helical (Figure 3.5e)(Drozdetskiy et al., 2015). A shorter truncated peptide containing
GGG-UBC6e(168-186) was synthesized and sortagged onto EGFP-LPSTGG or Arl3-LPSTGG
to see whether it still conferred binding to VHH05. Arl3 (ADP-ribosylation factor-like
protein 3) is an irrelevant protein with no homology to E2s, and is used as a second carrier
protein. While neither EGFP nor Arl3 bind to VHHO5, the chaemeric proteins sortagged
with peptide (168-186) are recovered on immobilized VHHO5 (Figure 3.5f). GGGUBC6e(168-186) was biotinylated by sortagging to biotin-LPETGG, and VHHO5 exhibited
an affinity for the peptide measured at 9 2 nM, comparable to the measurement for
UBC6e (1-197) and EGFP(biotin)-LPSTGGG-(168-197)(Table 3.2). We thus concluded that
the epitope of VHH 6E05 is within the predicted helical region UBC6e(168-186).
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Figure 3.5e. Secondary structure prediction on UBC6e (165-197). H: helical. E: sheets. Jnet:
Jnet overall prediction. Jhmm: Jnet hmm profile prediction. Jpssm: Jnet PSIBLAST pssm
profile prediction. Jnet Rel: confidence level range from 0 to 9. Higher number means
higher confidence.
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with UBC6e fragment (168-186) as evaluated by SDS-PAGE.

Recognition by VHH05 is not affected by phosphorylation state.
UBC6e can be phosphorylated on Ser184, which occurs both during ER stress and protein
synthesis inhibition. PERK has been reported to be responsible for ER stress-induced
UBC6e phosphorylation, and MK2 has been reported to phosphorylate UBC6e during
inhibition of protein synthesis.(Menon et al., 2013; Oh et al., 2006) In addition, we observed
high levels of UBC6e phosphorylation within 40 minutes of B cell activation (Muller, 2009).
Based on the epitope identified for VHHO5, the site of phosphorylation (Serine 184) lies
very close to, if not within the binding site of VHH05.
We first tested whether VHH05 distinguished between phosphorylated and nonphosphorylated UBC6e. We recombinantly expressed a phosphomimetic mutant, S184E, of
UBC6e and tested whether VHHO5 still binds to the phosphomimetic mutant. Immobilized
VHH05 recovered UBC6e (S184E) to a similar extent as observed for UBC6e(1-197). We
then non-specifically biotinylated UBC6e(S184E) using biotin-NHS and measured its
affinity to VHHO5 using Octet. The Kd for the interaction between VHH05 and UBC6e
(S184E) was 15 10 nM, similar to that measured for UBC6e(1-197)-biotin produced with
biotin-NHS (14 8 nM) and UBC6e(1-197)-LPETGGG-biotin (16 4 nM) produced by
sortagging. In addition, the loading of UBC6e(S184E) with Ub is also similar to that of
UBC6e(1-197), both in the presence or absence of VHH05.
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We further established that the binding of VHH05 does not depend on the phosphorylation
state of the epitope by synthesizing the phosphorylated peptide
(GGGQADQEAKELARQIS*FKAEVNS, where S* is phosphoserine). We site-specifically
modified this peptide with biotin at the N-terminus via sortagging using biotin-LPETGG and
measured the affinity of VHH05 for immobilized, biotinylated peptide using Octet to be 2
0.2 nM, representing slightly tighter binding than that measured for Biotin-LPETGGGSSQADQEAKELARQISFK (168-186) (9 2 nM).
Inhibition of protein synthesis strongly induces UBC6e phosphorylation (Menon et al.,
2013). We tested whether VHHO5 could immunoprecipitate phosphorylated UBC6e
induced by cycloheximide (CHX) treatment. VHHO5 indeed immunoprecipitates both nonphosphorylated UBC6e and phosphorylated UBC6e, supporting the hypothesis that binding
of VHHO5is independent of the phosphorylation state of its epitope.
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Figure 3.6c. Immobilized VHHO5 immunoprecipitates both UBC6e and phosphorylated
UBC6e. HeLa cells were treated with 50 ptM cycloheximide for 30 minutes before lysates
were collected in 1% NP-40 in HBS. The lysates were incubated with sepharose beads
functionalized with VHHO5 overnight at 4 *C, and the beads were washed 3 times in 1%
NP-40 in TBS before elution in 2x SDS sample buffer with 100 mM DTT. Lysate and IP
samples were immunoblotted with 1:3000 polyclonal rabbit anti-UBC6e serum. pUBC6e:
phosphorylated UBC6e.
VHH05 does not affect intracellular UBC6e or OS-9 levels when expressed in
mammalian cells
We showed that VHH05 forms a complex with endogenous UBC6e when expressed in MEF
cells (Figure 3.1d). We also wanted to check whether expression of VHH05 leads to changes
in endogenous UBC6e levels. MEFs and HeLa cells were transduced with VHHO5 or control
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VHH anti-Flu NP VHH68 using the pINDUCER20 system (Meerbrey et al., 2011).
TheVHHO5 epitope UBC6e (165-186) is conserved between mouse and human. We
observed no consistent and obvious differences for UBC6e levels in either MEF cells or
HeLa cells that express VHHO5. There is also no significant change in OS-9 levels, which is
up-regulated in UBC6e+ cells (Hagiwara et al., 2016; Koenig et al., 2014).
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Figure 3.7a. VHHO5 expression does not result in changes on UBC6e levels or OS-9 levels.
Human UBC6e migrates slightly faster than mouse UBC6e on SDS-PAGE. Experiments were
repeated 3 times. Numbers listed correspond to the identity of the VHH expressed
intracellularly.
VHHOS inhibits UBC6e phosphorylation in cells
We then tested whether intracellularly expressed VHHO5 affects phosphorylation of UBC6e
in response to stress. Cytosolic expression of VHHO5 inhibits phosphorylation of UBC6e
induced by cycloheximide (CHX, protein synthesis inhibitor), dithiothreitol (DTT, reducing
agent and ER stressor), thapsigargin (Tg, Ca 2+channel inhibitor and ER stressor) or
MN7243 (El inhibitor), while the control VHH68 that targets the hemagglutinin of
influenza virus has no effect (Figure 3.7b). Consistent with previous observations, protein
synthesis inhibitor cycloheximide induced the strongest UBC6e phosphorylation (Menon et
al., 2013).
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Figure 3.7b. Expression of HA-tagged VHHO5 inhibits phosphorylation of UBC6e during
protein synthesis inhibition and induction of ER stress. Treatment conditions: DMSO (1%,
30 minutes), CHX (50 [tM, 30 minutes), DTT (10 mM, 1 hour), Tg (100 [LM, 2 hours) and El
inhibitor (25 lM, 1 hour). 05: HeLa cells expressing VHH05. 68: HeLa cells expressing
control VHH68.
We then analyzed the changes in the fraction of UBC6e that is phosphorylated at different
time points following cycloheximide treatment. Cycloheximide treatment leads of
phosphorylation of -80% UBC6e within an hour, and this modification is then slowly
reversed. Cytosolic expression of VHH05 delays phosphorylation of UBC6e to peak at 2
hours, and decreases maximum phosphorylation to -60% (Figure 3.7c). These results
indicate that VHHO5 not only was able to bind to its target UBC6e in the reducing
environment of cytosol, but also that it interferes with normal protein-protein interactions
involving UBC6e and the kinases responsible for stress-induced phosphorylation (in the
case of protein synthesis inhibition: MK2).
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Figure 3.7c. Expression of VHHO5 both delays and dampens UBC6e phosphorylation
induced by inhibition of protein synthesis. Quantification was calculated for the fraction of
phosphorylated UBC6e at each time point. Error bars represent standard deviation (n=3).

Expression of VHH05 accelerates degradation of ERAD substrate NHK
We have shown that binding by VHHO5 allosterically enhances UBC6e activity (Figure 3.2b
and 3.3b). To investigate whether this enhanced UBC6e activity accelerates ERAD, we
expressed VHH05 and VHH68 in WT MEF cells stably expressing an ERAD substrate: the
misfolded null Hong Kong mutant of ac-antitrypsin (NHK)(Sifers et al., 1988). Cells were
starved for 10 minutes, pulsed with 3 5S-labeled Met/Cys for 30 minutes and chased with
complete media for the indicated times. In MEF cells transduced with VHHO5, we observed
a faster clearance of NHK compared to untransduced cells, or cells transduced with the
control VHH, VHH68 (Figure 3.8a). As Ubc6e phosphorylation is sensitive to protein
synthesis inhibition, we verified that we did not induce significant UBC6e phosphorylation
during our pulse chase (Figure 3.8b).
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Figure 3.8a. Cytosolic expression of VHHO5 accelerates degradation of NHK-HA Signals
were normalized to t = 0. WT MEF cells untransduced or transduced with VHHO5 or VHH68
were starved for 10 minutes, labeled with 35S-labeled Met/Cys for 30 minutes and chased
for the indicated times. Detergent lysates were immunoprecipitated with sepharose beads
functionalized with an antibody against the HA tag and analyzed by SDS-PAGE. Error bars
represent standard deviation (n=3).
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Figure 3.8b. Starvation conditions used in pulse-chase did not induce significant UBC6e
phosphorylation. Cells were starved in DMEM without Met/Cys for 40 minutes and chased
in complete MEF media for the indicated times to mimic the conditions during 3 5S-Met/Cys
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3.3 Discussion
ERAD machinery is important for keeping the ER functional by removing misfolded
proteins before they form aggregates that may be toxic. During ER stress, in which an
excess of unfolded protein accumulates in the ER, an extensive unfolded protein response

(UPR) is activated through three different branches: PKR-like ER kinase (PERK), Inositol
Requiring Enzyme 1 (IRE1), and Activating Transcription Factor 6 (ATF6) (Gong et al.,
2017; Oslowski and Urano, 2011; Walter and Ron, 2011). Activation of PERK results in
phosphorylation of elF2a and subsequent shut down of protein synthesis (Shi et al., 1998).
Stress-activated IRE1 splices X-box Binding Protein 1 (XBP1) mRNA, and XBP1 protein
transcribed from the spliced mRNA, XBP1s stimulates expression of UPR related genes (Lee
et al., 2003; Walter and Ron, 2011). During ER stress, ATF6 is released into the Golgi
compartment, cleaved from the membrane and enters the nucleus to activate transcription
of XBP1, ER resident chaperones, as well as ERAD components (Bravo et al., 2013). HRD1

and SELiL are overexpressed during ER stress, which is mediated by the IRE1 and ATF6
pathways respectively (Kaneko et al., 2002; Kaneko et al., 2007; Yamamoto et al., 2008).
Each of the ER-associated E2s, UBC6, UBC6e and UBC7, is upregulated during the UPR
(Hampton, 2000; Oh et al., 2006).
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Such transcription-mediated responses take hours, yet there is substantial evidence that
cells mount responses to misfolded proteins more rapidly. It is only logical that the cell
would activate ERAD as quickly as possible to meet an increased demand for protein
disposal. Our study confirms that UBC6e has the capacity to be activated during stress, and
we propose that this activation is likely mediated by phosphorylation on Ser184 during
stress.
We have used a newly discovered VHH as a tool to identify a region that allosterically
regulates the enzymatic activity of UBC6e. VHHO5, which binds to a region of UBC6e
predicted to be helical (168-186), with a dissociation constant in the low nanomolar range,
enhances the rate of Ub loading on UBC6e by approximately 3-fold (Figure 3.2b). Inclusion
of VHHO5 also increases the rate of UBC6e-Ub hydrolysis in the presence of HRD1 RING
domain (Figure 3.3b). While we were unable to obtain high-resolution structural
information for UBC6e with or without VHHO5, NMR analysis of 15N-labeled UBC6e shows a
significant change in the chemical environments of N and H atoms upon VHH05 binding
(Figure 3.4b). This data supports our hypothesis that binding to UBC6e (168-186) by
VHH05 induces a significant change in UBC6e structure, likely promoting a more accessible
active site. In addition, cytosolic expression of VHH05 leads to faster clearance of ERAD
substrate NHK (Figure 3.8a). Thus, the observed increase in UBC6e enzymatic activity in
vitro applies to intact mammalian cells, and enhances ERAD.
Allosteric regulation of enzymatic activity has been reported for many E2s. Binding of E3
RING domains allosterically enhances E2 reactivity for transferring their Ubs to substrates
(Pruneda et al., 2012). For example, UBCH5b activity is enhanced upon binding to multiple
E3s (Das et al., 2009; Ozkan et al., 2005). In line with these precedents, we also observed an
enhanced rate of UBC6e-Ub hydrolysis upon inclusion of HRD1 RING domain (Figure 3.3a
and 3.3b). Precedent for non-RING domain-mediated allosteric regulation of E2s has also
been reported. UBC7 is allosterically activated by a non-RING domain on its cognate E3
ligase gp78 (Das et al., 2013; Das et al., 2009). An E2 (UBCH5B)-Ub-RING E3 complex can
be activated by a non-covalently associated ubiquitin (Buetow et al., 2015). Aside from
binding on allosteric sites, phosphorylation of "gateway residues" in E2s has also been
reported to open the active site and enhance enzymatic activity for CDC34 (Ub-loading),
UBC3B (substrate degradation) and UBE2A (substrate ubiquitination) (Papaleo et al., 2011;
Semplici et al., 2002; Shchebet et al., 2012; Valimberti et al., 2015). Since phosphomimetic
S184E UBC6e is loaded with kinetics similar to wildtype in vitro, Ser184 on UBC6e is
unlikely to be a gateway residue. However, we propose that UBC6e (168-186) is a gateway
helix that -when engaged- leads to opening of the active site. VHH05 binds to this helix and
enhances UBC6e activity. Ser184 phosphorylation could induce binding by phosphoserinebinding proteins, thus similarly enabling allosteric enhancement of UBC6e activity.
The phosphorylation site Ser184 falls within the epitope recognized by VHH05. VHH05
binds to both phosphorylated and non-phosphorylated epitopes with similar affinities,
showing that Ser184 is not essential for VHH05 binding. However, cytosolic expression of
VHH05 inhibited phosphorylation of UBC6e induced by protein synthesis inhibition. This
suggests that VHHO5 binding competes with intracellular binding of kinases to the target
site, implying that the VHH epitope is adjacent to this Ser184 phosphorylation site. We
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propose that phosphorylation of Ser184 could facilitate interaction with intracellular
phosphoserine binding domains, which could in turn activate UBC6e as observed with
VHH05.
Phosphorylation of UBC6e is induced both by ER stress and protein synthesis
inhibition(Menon et al., 2013; Oh et al., 2006). Therefore, UBC6e might not only be
activated by unfolded proteins in the ER, but could also be activated to enhance ERAD in
response to severe cellular stress that accompanies protein synthesis inhibition.
Interestingly, UBC6e phosphorylation is induced by TLR agonists such as LPS (TLR4), CpG
(TLR9), Imiquimod (TLR7), Malp2 (TLR2/6), and Pam3CSK4 (TLR1/2) within 40 minutes
(Mtiller, 2009). Since the kinase MK2 is also activated in TLR-activated dendritic cells
(McGuire et al., 2013; Zaru et al., 2015), and activated MK2 induces strong
phosphorylation of UBC6e, it is likely that MK2 is responsible for TLR-induced UBC6e
phosphorylation. Since MK2 is activated during many cellular processes, phosphorylation
of UBC6e may provide a mechanism by which the condition of cellular stress can be
conveyed to the ER, where ERAD can be pre-emptively activated in preparation for the
impact of cytosolic stress on the ER environment.
We previously reported that UBC6e is involved in the post-translational control of levels of
ERAD enhancers, such as OS-9, EDEM1 and SELiL (Hagiwara et al., 2016). In the current
study, we observed that OS-9 levels, which are up-regulated in UBC6e deficient cells, are
not significantly changed when VHHO5 was expressed (Figure 3.7b). OS-9 was restored to
similar levels by re-introduction of wildtype, phosphomimetic S184E or phosphorylationdeficient S184A UBC6e into UBC6e* cells, and is not affected by overexpression of UBC6e
(Hagiwara et al., 2016). This finding suggests that the level of OS-9 expression is not
controlled by Ser184 phosphorylation or the interaction of binding partners with
phosphorylated UBC6e (168-186). As we have previously proposed, the mechanism by
which UBC6e down-regulates OS-9, EDEM1 and SELiL is likely distinct from conventional
ERAD mediated by HRD1. This difference must account for the observation that upon
cytoplasmic expression of VHHO5, NHK degradation is accelerated, whereas OS-9 levels are
unchanged. Future experiments will determine how UBC6e is involved in both
mechanisms.

3.4 Materials and Methods
Antibodies and reagents
OS-9 (monoclonal rabbit; Abcam), GAPDH (Horseradish peroxidase (HRP)-conjugated
monoclonal rabbit ;Cell Signaling Technology), Rabbit anti-UBC6e(1:3000) (Mueller et al.,
2008) was produced in our laboratory).
Secondary antibodies for immunoblotting: Horseradish peroxidase (HRP)-conjugated goat
anti-mouse, -rabbit antibody (Southern Biotech), HRP-conjugated rabbit anti-goat antibody
(Southern Biotech). High sensitivity streptavidin-HRP (Pierce, MA) were all used at
1:10,000 dilutions.
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Cycloheximide and Doxycycline (Clontech) were purchased. Protein G Sepharose-4 Fast
Flow, rProtein A Sepharose 4 Fast Flow were purchased from GE Healthcare.
Plasmids, Protein expression and purification
pCMV-CDH-EFl-puro UBC6e constructs were previously described (Hagiwara et al., 2016).
VHHs were amplified from cDNA library generated from alpaca lymphocytes and subcloned
into pD vector. VHHs enriched after 2 rounds of panning were then subcloned to pHEN6
vector for expression in E. coli and to pINDUCER20 vector for expression in mammalian
cells(Meerbrey et al., 2011).
UBC6e constructs were expressed using Champion pET SUMO system (Thermo Scientific).
Plasmids coding for SUMO-UBC6e(1-234), (1-197) or (1-165) were transformed into
LOBSTER BL21(DE3) E. coli. (Andersen et al., 2013) An overnight starter culture was
prepared in LB media with 70 iig/ml kanamycin and 50 tg/ml chloramphenicol. Bacteria
were grown in TB media at 37 'C until OD 60o reached 0.5, and protein expression was
induced with 1mM IPTG at 30 'C overnight. Bacterial pellets were collected by spinning
down at 6000 rpm for 15 minutes. The pellet from a 1L culture was resuspended in 50 ml
PBS, cooled on ice for 30 minutes, and lysed by sonication for 60 seconds 3 times. Lysed
bacteria were spun down at 17000 rpm for 1 hour to remove cell debris. His-tagged SUMOUBC6e was purified by binding to Ni-NTA beads, washed with 10 mM imidazole in PBS, and
eluted with 250 mM imidazole in 50mM Tris, 500 mM NaCl, pH 8.0. 50 [Ig of SUMO protease
was added to the eluent to cleave off SUMO, and the mixture was dialyzed into 50 mM Tris,
150 mM NaCl, pH 7.4 overnight. SUMO and uncleaved SUMO-UBC6e was then removed by
passing through fresh Ni-NTA beads, and the beads were washed with 20 mM imidazole in
50 mM Tris, 500 mM NaCl. UBC6e protein in flow through and 20 mM wash was pooled and
further purified with an S75 column (GE Healthcare, UK). A typical yield is 5-10 mg per 1L
culture.
GST-hmHRD1 RING (272-343) was expressed using pGEX-6P-1 plasmid. (Kikkert et al.,
2004) Bacterial lysates were collected as described above and the lysates were incubated
with 1 ml Glutathione Sepharose 4B (GE Healthcare, UK) at 4C for 1 hour. The beads were
washed 3 times with 10 ml PBS, and GST-HRD1 RING was eluted with 10 mM reduced
glutathione in TBS. The eluted protein was further purified by S75 FPLC column.
VHHs were expressed using pHEN6 vector. Plasmids coding for PelB-VHH-LPETGG-His6
were transformed into WK6 E.coli bacteria. Bacteria were grown in TB media with 100
[ig/ml ampicillin at 37 'C until OD 60 o reached 0.5, and protein expression was induced with
1mM IPTG at 30 'C overnight. Bacteria pellets were collected by spinning down at 6000
rpm for 15 minutes, and pellet from a 1L culture was resuspened in 15 ml TES buffer (50
mM Tris, 650 p.M EDTA, 2 M sucrose) to prepare for osmotic shock. After incubating for 2
hours at 4 'C, 75 ml distilled H20 was added and the bacteria was further incubated
overnight at 4 0C. His-tagged VHHs were purified by binding to Ni-NTA beads, washed with
PBS, and eluted with 250 mM imidazole in 50mM Tris, 500 mM NaCl, pH 8.0. The eluent
was further purified with an S75 column. A typical yield is 20-40 mg per 1L culture.
Cell Culture
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Wildtype(WT) and UBC6e-/- MEF cells were previously described(Hagiwara et al., 2016).
MEF cells were maintained in Dulbecco's modified Eagle's medium (DME) supplemented
with 10% IFS and 0.0007% v/v b-mercaptoethanol (MEF medium) in humidified air
containing 5% C0 2 at 370 C. HeLa cells were maintained in Dulbecco's modified Eagle's
medium (DME) supplemented with 10% IFS.
Immobilization of VHHs to CNBr-activated sepharose beads
200 mg of CNBr-activate sepharose beads (Sigma-aldrich) were washed twice with 20 ml of
1 mM HCI, and neutralized with 100 mM NaHCO 3 , 500 mM NaCl, pH 8.3. 2 mg of each VHH
(VHH6EO5, VHH enhancer or VHH MHCII07) in PBS was added to beads in 20 ml of 100
mM NaHCO 3, 500 mM NaCl, pH 8.3 and reacted overnight at 4 *C. The beads were blocked
with 50 mM Tris, 500 mM NaCl, pH8.0 for 2 hours at room temperature, and then TBS
containing 1% BSA overnight before use.
Immunoblotting and immunoprecipitation (purified protein)
Unless otherwise stated, 30 ng (as measured by nanodrop) of each protein was loaded for
immunoblot. VHH-biotin (VHHO5-biotin and VHH enhancer-biotin) was used at 1 Ig/ml in
5% milk in TBST. High sensitivity HRP-Conjugated Streptavidin (Pierce, MA) was used as
1:10,000 dilution.
For immunoprecipitation using immobilized VHHOS and VHH enhancer, 50 d of beads
(approximately 100 ptg VHHs) and 50 pg of target protein was used. Immunoprecipitations
were conducted in TBS containing 1% BSA. Beads were washed with TBS for 3 times before
boiled in 2x sample buffer with 100 mM DTT for elution.
Generation of stable cells using lentiviral transduction
Lentivirus was produced with HEK293 cells. HEK cells were plated in 6-well plate and
grown until 70% confluency, and transfected with 1.5 pg of plasmids containing gene of
interest (backbones in pINDUCER20 or pCDH-CMV-MCS-EF1-Puro), 0.65 pg psPAX2 and
0.35 pg pMD2.G. Media containing lipofectamine 2000/plasmids complex were removed
after 6 hours of tranfection, and HEK cells were grown in DMEM containing 10% heatinactivated FBS for 2 days. Virus particles were harvested by spinning down the HEK cell
pellet, and passing the media through a 0. 45 pm filter. The media containing virus particles
were mixed 1:1 with fresh media and used to transduce MEF or HeLa by incubating for 6
hours. The cells were grown in regular media overnight and selected with 500 pg/ml
geneticin for pINDUCER20-transduced cells and 2 pg/ml puromycin for pCDH-CMV-MCSEF1-Puro-transduced cells.
Immunoblotting and immunoprecipitation (lysates)
Cultured cells were lysed in HEPES-buffered saline (HBS) with 1% NP-40 supplemented
with protease inhibitor cocktail (complete protease inhibitor cocktail tablets; Roche
Applied Science) on ice for 20 minutes. Cell debris were removed by spinning at 13,000
rpm for 20 minutes at 4'C. Protein content was determined using a BCA protein assay
(Thermo Fisher Scientific, Inc.). Proteins were denatured in SDS sample buffer containing
0.1 M DTT, resolved by SDS-PAGE, transferred to PVDF membranes and immunoblotted
using standard procedures.
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All immunoprecipitate procedures were performed at 40 C or on ice. Cell lysates were
collected in HBS with 1% NP-40 and incubated with CNBr-activated sepharose beads
conjugated with VHHO5 (50 tg bead volume, 30 ptg VHH-LPETGG-His6) or anti-HA agrose
beads (Thermo Scientific) overnight. The beads were washed for 3 times with TBS with 1%
NP-40 and resuspended in SDS-PAGE sample buffer with 0.1M DTT.
Pulse chase
Cells transduced with pCDH-EF1-CMV-NHK-HA and pINDUCER-VHHO5-HA or
pINDUCER VHH68-HA were starved in DMEM lacking methionine and cysteine for 10
minutes and pulse labeled with Expre35S35S protein labeling mixture (PerkinElmer Life
Sciences) for 30 minutes at a concentration of 0.18 mCi/ml. After pulse labeling, pulse
medium was diluted with chase medium containing 5 mM met/cys was added and
aspirated immediately to prevent further incorporation of label. The cells were then
incubated in complete MEF medium supplemented with 5 mM Met/Cys and 10 mM HEPES
for the indicated chase periods. Pulse chase was stopped by transferring dishes to ice and
replacing chase media with stop media (ice cold PBS + 20 mM NEM). Cells were lysed with
1% Triton X-100 in MNT buffer (20 mM Mes, 30 mM Tris, 100 mM NaCl pH 7.8). Cell
lysates were centrifuged at 18,000 g for 10 minutes at 4'C to remove nuclei. NHK-HA was
immunoprecipitated with 50 il of anti-HA sepharose beads, -0.4mg/ml loading, overnight
at 4 'C. Beads were washed twice in a buffer containing 20 mM Tris pH 8.0, 300 mM NaCl,
0.1% SDS and 0.05% Triton X-100. Samples were analyzed by reducing 10% SDS-PAGE.
Dried gels were then exposed either to Kodak BioMax MR films or phosphor screens (GE
Life Sciences) for visualization. Phosphor screens were scanned using a typhoon FLA-9000
imager and quantifications performed using ImageQuant TL 8.1 (GE Life Sciences).
Peptide Synthesis and purification
Peptides were synthesized using flow-based solid-phase peptide synthesizer using Fmoc
chemistry as previously described(Simon et al., 2014). Peptides were conjugated to Rinkamide linker resin to produce C-terminal amides. Phospho-serine was incorporated on
solid phase using Fmoc-L-Ser(HPO3Bzl)-OH (Chem Impex). Following synthesis beads
were air-dried and peptides were cleaved from resin and deprotected in 92.5%
trifluoroacetic acid, 5% H20, and 2.5% TIPS. Peptides were precipitated into cold diethyl
ether, air-dried, and purified using reverse phase C18 HPLC using 10-50%
Acetonitrile/H20 gradient.
Sortase reactions
VHH-LPETGG-His 6, eGFP-LPSTGG-His6 or biotin-LPETGG were incubated with 500 kM of
GGG-peptides in the presence of 5 [M HeptMutSrt-His6 at room temperature for 1 hour or
4'C overnight. Unreacted substrates and sortase were removed by incubating with Ni-NTA
beads, and excess peptides were removed using P10 column for VHHs and eGFP, and HPLC
for biotin. A typical yield is 50% after purification.
E2 loading reactions and UBC6e-Ub hydrolysis reactions
For analytical E2-loading reactions, 3 p.M of purified E2 (UBC6e, UBC6 or UBC7) was
incubated with 10 [tM HA-UB and 100 nM purified His6-mouse El in 100 mM Tris with 2
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mM ATP, 5 mM MgCl and 200 piM DTT at 37'C, in the presence or absence of 10 IM VHHs.

Reactions were quenched at different time points with equal volume of 2x SDS sample
buffer with no reducing agents. Samples were analyzed with non-reducing 15% SDS-PAGE
gels.
For the preparation of UBC6e(TAMRA)-Ub, 4 mg of SUMO-UBC6e-LPSTGG in 2 ml TBS was
SUMO cleaved with 100 pig of SUMO protease, followed by exposure to 5 jiM HeptMutSrtHis6 and 500 p.M of G 3-TAMRA. The sortase reaction mixture was directly used for E2loading reaction without purification. To the reaction mixture, 10 p.M HA-UB and 100 nM
purified His6-mouse El in 100 mM Tris with 2 mM ATP, 5 mM MgCl2 and 200 p.M DTT was
added, and the E2 loading reaction was allowed to proceed at 37*C for 45 minutes. The
reaction mixture was spun twice at 13000 rpm for 3 minutes at 4*C to remove insoluble
debris, and directly loaded to S75 FPLC column (GE healthcare, UK) for purification. The
peak corresponding to UBC6e(TMR)-Ub was pooled and concentrated. The product
contains about 50% of unloaded UBC6e (TAMRA), both from incomplete purification and
subsequent hydrolysis during purification. The yield was about 20%.
To analyze the hydrolysis of UBC6e(TAMRA)-Ub, 2 [tM UBC6e(TAMRA)-Ub was incubated
with 10 piM GST-HRD1 RING(272-343) and 10 iM various VHHs in TBS. Reactions were
quenched with equal volume of 2x SDS sample buffer with no reducing agents at indicated
time points, and analyzed using 15% non-reducing SDS-PAGE. The gel was imaged for
absorbance at 546 nm for visualization of TAMRA-labeled UBC6e-Ub and UBC6e.
Octet measurements
All Octet experiments were conducted at Biophysical Instrumentation Facility at MIT using
the Octet RED96 Bio-Layer Interferometry. The target of interest is biotinylated either
through sortagging or labeled with (+)-Biotin N-hydroxysuccinimide ester (Sigma-aldrich).
For NHS labeling, 2-fold molar excess of biotin-NHS was used for labeling at room
temperature for 1 hour in PBS. Excess biotin-NHS was removed using ZeBa columns (7K
MWCO, Thermo Fisher). All octet measurements were taken in 1% BSA in PBS with 1%
Tween. 10 ng/ml of biotin-labeled target were loaded on Dip and Read' Streptavidin (SA)
Biosensors (Pall Fortebio) until the reading excess 1 nm. These sensors were then dipped
into wells containing different concentrations of VHH05, ranging from 50 nM to 8 pM.
Average and standard deviations were taken for at least 3 measurements.
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4.1 Introduction
Epitope tags are useful tools in molecular biology. Proteins of interest are often tracked
with an antibody that specifically recognizes them. Antibodies can be used to quantify a
target from a complex mixture (i.e. immunoblotting or enzyme-linked immunosorbent
assay ELISA), to pull down proteins from a mix of proteins (immunoprecipitation; IP), and
to stain cells or tissues carrying the protein of interest (immunofluorescence or
immunohistochemistry). However, it takes at least a few months for immunization, and it is
not always straightforward to generate a specific antibody with good affinity for every
protein of interest. Biologists therefore often tag their proteins of interest with epitope tags
where a good antibody has already been developed. Examples of commonly used epitope
tags include the hemagglutinin (HA) tag derived from influenza hemagglutinin amino acid
98-106, and the Myc-tag derived from c-Myc transcription factor (amino acids 410-419)
(Kimple et al., 2004). Epitope tags allow researchers to study their proteins of interest
without having an applicable antibody to the endogenous protein. Thus, they have been
shown to be important tools for biology.
Nanobodies, also known as VHHs, are the target-recognizing domain of heavy-chain only
antibodies. They have attracted attention in the last decade because of their small size, high
expression in both E coli and mammalian cells, and ability to act as crystallization
chaperones. While many VHHs have been identified and used to stabilize proteins for
crystallization, few have been shown to recognize peptide epitopes, and even fewer have
been used as tool for corresponding epitope tags. As of 2016, a nanobody that recognizes a
12-amino acid peptide on P-catenin has been published, and this peptide sequence can be
used as an epitope tag (Braun et al., 2016). While a nanobody against the 4 amino acid tag
EPEA has been published (Pardon et al., 2013), many proteins contain the EPEA motif, thus
making it difficult for in vivo studies without the risk of broad cross reactivity. Chromotek, a
company specialized in alpaca antibodies, recently made a Myc-specific nanobody available.
While scientists in nanobody research have been working to identify VHHs that recognize
simple linear epitopes, only a few have been published thus far.
We have previously reported identification of a VHH against UBC6e, called VHHO5 or VHH
6E05, which recognizes amino acid 168-168 in UBC6e at low nanomolar affinity. UBC6e
(168-186) can also be sortagged to irrelevant proteins and result in recognition by VHH05.
In the current study, we would like to investigate the potential of using the described
epitope as a tag appended to expressed proteins of interest. Beyond the use this VHHO5epitope pair as a mere substitute for conventional antibodies, we would also like to explore
the added benefit of VHHs -specifically their lack of need for stable disulfide bonds and
compatibility with intracellular environment - and as tagged proteins could be targeted to
specific membranes by VHH05s carrying signal sequences.
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4.2 Results
Identifying the minimal epitope tag
In the previous chapter, where VHH05 was used to help the study the functions of its target
UBC6e, we showed that the epitope of VHH05 was within an 18-amino acid region that is
predicted to be helical in structure. To find the minimal epitope, we synthesized various
truncations of this 18-amino acid region with an N-terminal G 3 motif, and conjugated them
onto EGFP-LPSTGG or Bio-LPETGG via a sortase reaction for analysis. We
immunoprecipitated EGFP-peptide constructs with VHH05 or VHH "enhancer" specific for
GFP. Peptides as short as 10 mer can still bind to VHH05, even though we observed that
sequences shorter than the 14mer QADQEAKELARQIS showed reduced binding (Figure
4.1). We compared the recovery using VHHO5 to that of VHH enhancer. For EGFP carrying a
14mer or 16mer peptide, VHH05 can recover more protein than VHH enhancer (Table 4.1).
On the other hand, VHH05 can only recover 80% of total EGFP-peptide as compared to
VHH enhancer. We used Octet to measure the affinity of VHH05 to biotin-LPETGG-peptides.
Surprisingly, the 14mer peptide has the highest affinity, even higher than the 16mer
construct. However, trimming beyond the 14mer reduced the affinity, by significantly
increasing the observed koffs. These increased koffs are consistent with the observed lower
recovery of the EGFPs carrying peptides shorter than 14mer.
EGFPGGG
Enh 05

EGFPSS-16m

EGFPSS-14m

EGFP14mer

Enh 05 Enh 05

Enh 05
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Figure 4.1. Identification of the minimal peptide epitope. Different fragments of the 18
amino acid region identified in the previous chapter were synthesized with a sortase
recognition motif and conjugated onto EGFP. These EGFP constructs were
immunoprecipitated with immobilized VHH enhancer or VHH05 in TBS (50 mM Tris, 150
mM NaCl, pH 7.4). Samples were eluted with 2x SDS sample buffer to ensure complete
recovery.
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Table 4.1. Affinities of peptide fragments to VHHO5.

Immobilized Construct
(SS-16mer) Biotin-LPETGGG-SSQADQEAKELARQISFK

Biotin-LPETGGG- - - QADQEAKELARQIS

(N-12mer) Biotin-LPETGGG ----(C-12mer)

DQEAKELARQIS

Biotin-LPETGGG- - - QADQEAKELARQ

kf, (s9')

54)

9.4

0.6 x 104 8.13

0.5 x104

110%

0.6

0.1

1.03

0.06 x 106 5.6

0.9 x104

107%

3.3

0.6

1.7

0.2 x 106

5.7 0.5 x104

114%

5

2.2

0.4 x10

5

0.5

2.8

0.4 x105

2.8 0.3

4.6

0.3 x105

4.1

20
10.0

(C-10mer) Biotin-LPETGGG- - - QADQEAKELA

k.(M 4

1

9

(SS-14mer) Biotin-LPETGGG-SSQADQEAKELARQIS
(I4mer)

(nM)

Kd

% recovery by
VHH05
compared to
VHH
enhancer

8.9

0.5

4

81%

x10-3

77%

0.5 x0-3

80%

4 2 x10

(C-9mer)

Biotin-LPETGGG- SSQADQEA

N.A

NA

NA

1%

(N-9mer)

Biotin-LPETGGG------

N.A

N.A

NA

1%

QEAKELAR

The 6e tag can be used for affinity purification
Based on all peptide fragments tested, the 14mer tag QADQEAKELARQIS currently serves
as our best tag with the highest affinity. The 16mer tag QADQEAKELARQISFK was also
analyzed to examine how the difference in binding affinities contributes to the property of
this tag.
EGFP was expressed with an N-terminal 14mer or 16mer tag in E. coli. Transformed E. coli
cells were grown in Terrific Broth (TB) overnight at 37*C without induction with IPTG. The
EGFP constructs expresses very well when induced, with more than 80% of cytosolic
protein being the target protein (Data not shown). To show that VHHO5 can be used to
purify tagged proteins from a more complex mixture, I decided to use uninduced E. coli for
a lower expression level. From uninduced E. coli lysates, 14mer-EGFP and 16mer-EGFP are
both recovered on CNBr-activated beads modified with VHH enhancer or VHH05, but not
with the non-specific anti-MHCII VHH07 (Figure 4.2). With the same amount of lysate and
similar amounts of VHHs used, VHHO5 can immunoprecipitate much more 14mer-EGFP
and 16mer-EGFP than VHH enhancer. Untagged EGFP is only immunoprecipitated by VHH
enhancer, not VHH05, showing that its specificity persists even in a complex environment
such as a bacterial lysate.
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Figure 4.2. 14mer-EGFP and 16mer-EGFP are both specifically recovered by immobilized
VHHO5. E. coli lysates were collected by sonication. Beads were washed 3 times before
samples were eluted using 2x SDS sample buffer. Enh: anti-GFP VHH enhancer. 07: antiMHCII VHH07. 05: anti-UBC6e VHHO5.

For affinity purification, it is very important to be able to elute the samples collected under
mild conditions. The 6e tagged protein is readily eluted by incubating the beads with a
small volume of 1mM peptide YGQADQEAKELARQIS in TBS for 30 minutes at room
temperature. 83 6 % of 16mer-EGFP was eluted using peptide, while only 60 10 % of
14mer-EGFP was eluted (Figure 4.3, n=3). This discrepancy can be partially explained by
the differences in the observed in Kdvalues, where the 14mer tag has a higher binding
affinity than that of the 16mer tag. Though giving a slightly lower yield was observed, the
proteins eluted with 1 mM peptide are markedly cleaner with fewer contaminants than
those eluted with 2% SDS sample buffer.
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Figure 4.3. 14mer-EGFP and 16mer-EGFP can be eluted from VHHOS beads using 1 mM
YGQADQEAKELARQIS peptide in TBS.
The 6e tag can be used for ELISA and sandwich ELISA
The enzyme-linked immunosorbent assay (ELISA) has been widely used for specific
detection and quantification of proteins of interest. Since VHHO5 was identified using
ELISA-based high-throughput screening, we know it can recognize purified UBC6e
immobilized on ELISA plates. We first tested the detection limit of immobilized UBC6e,
EGFP-LPSTGG-14mer, and EGFP-LPSTGG-16mer using VHH05-biotin. Various amounts of
the protein constructs were directly immobilized to ELISA plates, and 1 ptg/mL of VHH05biotin was used to detect the immobilized constructs. The response between 3 ng to 50 ng
of immobilized antigen is close to a linear response. Under these conditions, we can detect
as little as 3 ng of UBC6e and 6 ng of EGFP-14mer/16mer constructs
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Figure 4.4a. VHH05-biotin can be used to detect purified UBC6e, EGFP-14mer, and EGFP16mer via ELISA. Streptavidin-HRP and TMB were used for the detection of bound VHH05biotin.
Sandwich ELISA is an economic, fast, and quantifiable method to detect small amounts of
specific analytes in a complex mixture. It is a method that has been widely used in
diagnostics such as in pregnancy and HIV infection tests. For sandwich ELISA, an antibody
is first immobilized to a surface. When samples are incubated on this surface, the first
antibody selectively captures the analyte. A second antibody that binds to a different
epitope can then be used to detect and quantify the analyte of interest. We immobilized
VHHO5 to ELISA plates to test whether it can specifically capture tagged-EGFPs from
solution. We could indeed capture purified EGFP-LPSTGG-14mer and generate a clean and
reproducible standard curve (Figure 4.4b, n=2). We also aimed at quantifying the amount
of tagged EGFP in crude E. coli lysate through ELISA. We made serial dilutions of the E. coli
lysate in PBS, and using the results within the linear range of 0.5-2 absorbance units, we
found the concentration of 14mer-EGFP in E. coli lysate to be 130 60 pg/mL (n=4) and
the concentration of 16mer-EGFP in E. coli lysate to be 200 60 ptg/mL (n=4).
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Figure 4.4b. VHH05 can be immobilized to ELISA plates to capture tagged protein from a
complex mixture for sandwich ELISA quantification. Sortagged EGFP-14mer was used as a
standard. ELISA was conducted in 5% milk in TBST (TBS with 0.1% Tween-20). EGFP was
detected using polyclonal rabbit anti-GFP (Abcam Ab290) and HRP-conjugated anti-Rb
secondary antibody.
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Figure 4.4c. 14mer-EGFP and 16mer-EGFP can be captured from E. coli lysates and
quantified. Dilutions with readings between 0.5-2 absorbance units were used to calculate
for the concentrations of tagged EGFPs in the lysates.
The 6e tag can be used to tag proteins in mammalian cells
While epitope tags have been used for purification of recombinant proteins in E. coli, they
are much more commonly used for expression in mammalian cells for overexpression of
proteins of interest. We transduced 6e-tagged proteins to mammalian cells to test whether
VHHO5 could be used to detect their expression in immunoblots, FACS and
immunoprecipitation. We expressed EGFP, N-terminal tagged 14mer-EGFP, or 16mer-EGFP
in HeLa and UBC6e* MEF cells using lentiviral transduction using pCDH-CMV-EF1-puro
plasmid for constitutive expression (Figure 4.5a). We collected the lysates and performed
immunoprecipitations with VHHO5 or anti-MHCII VHH07. When blotting with 5 ptg/mL
VHHO5-biotin, both 14mer-EGFP and 16mer-EGFP are visible on the blot. There is a
prominent non-specific band at ~37kD (labeled with *) in the lysates that are also visible
on the immunoblot. These non-specific targets are not immunoprecipitated by immobilized
VHHO5, and they are not UBC6e since they are present in UBC6e/ MEF cells, and are not
recognized by polyclonal rabbit anti-UBC6e (Figure 4.5b). The immunoprecipitated taggedEGFP can be blotted with VHHO5-biotin, anti-GFP, and anti-UBC6e. In UBC6e+ MEF cells,
only tagged EGFP can be detected while the endogenous protein can also be observed in
HeLa cells. The tagged protein is specifically immunoprecipitated only by VHHO5, but not
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by anti-MHCII VHH07 used at similar concentration.
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Figure 4.5a. Constructs used for expressing 6e tagged EGFPs in mammalian cells. These
constructs were inserted into pCDH-CMV-EF1-puro plasmids using NheI and BamHI sites
with a GCCACC Kozak sequence immediately in front of the ATG start codon.
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Figure 4.5b. VHH05-biotin can detect tagged proteins in an immunoblot in mammalian cell
lysates. VHH05 immunoprecipitates 6e-tagged proteins and endogenous UBC6e from cell
lysates. *: non-specific bands
In order the test whether VHHO5 labeled with Alexa647 can be used to detect expressed
6e-tagged EGFP, we trypsinized, fixed, and permeablized cells, and used 5 ptg/mL VHH05LPETGG-Alexa647 to stain these cells. The stained cells were then analyzed by FACS. Since
we observed strong non-specific signals when mammalian cell lysates were
immunoblotted, we first wanted to examine the intensity of non-specific signals. Even for
UBC6e-/- MEF cells, there was a 103-104 increase in fluorescence when cells were stained
with VHHO5 (Figure 4.5c). A similar increase in fluorescence was also observed for HeLa
cells, where endogenous UBC6e is present for specific staining. However, when we
compared cells that express the 6e-tagged EGFP proteins, we still observed a further shift
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that we attribute to the tagged protein (Figure 4.5d). The Alexa647 signal also correlates
well with GFP signal observed, indicating that we can use VHHO5-Alexa647 to monitor
protein expression in mammalian cells.
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Work in Progress: using VHH05 to target 6e-tagged proteins to desired locations in
the cell
A significant benefit of VHHs over traditional antibodies is that they do not require
disulfide bonds to maintain their binding properties. We have also previously shown that
cytoplasmically expressed VHHO5-HA co-immunoprecipitates with endogenous UBC6e.
This antibody-antigen interaction is both specific and tight, thus we should be able to
engineer new protein-protein interactions. To test our hypothesis, we first asked whether
VHHO5 could be used to target tagged constructs to selective intracellular compartments.
VHHO5 is tagged with different tail-anchor targeting motifs, and we express them using a
deoxycycline-inducible system to target the tagged protein-of-interest to selective
membranes. We tagged VHHO5 with the transmembrane domain of UBC6e for targeting to
the ER membrane, as well as the MAVS motif, which should target VHHO5 to the outer
membrane of mitochondria (Seth et al.) (Figure 4.6a).
HA tag

VHHO5

HA tag

VHH5

HA tag

VHH05

TM

UBC6e transmembrane fragment
(285-318)

_

Mitrochondria targeting motif
(Seth et al., 2005)

MAVS

Figure 4.6a. Constructs used for targeting VHHO5 to the ER (UBC6e transmembrane
domain) or mitochondria (MAVS).
Work in Progress: obtaining a crystal structure of the VHH05-peptide complex
A crystal structure should allow us to observe the molecular interactions between VHHO5
and its target. While crystallization of UBC6e has been difficult even in the presence of
VHH05, we turned to crystallization of VHHO5 with only the peptide epitope it recognizes.
The peptide we chose was YGQADQEAKELARQIS, where an A280-sensitive Tyr was
appended to the 14mer that measured the lowest Kd. The first crystal was obtained by
incubating expressed tag-free VHH05 with the HPLC purified synthetic peptide, followed by
purification of the presumptive complex by size exclusion. However, the structure obtained
contained two VHHO5 molecules domain swapped to form a stable dimer and no peptide.
Currently we are co-expressing VHHO5 with SUM0-tagged peptide epitope, where the tag
was removed to allow for collection of only the VHH05-peptide complex.
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Figure 4.7a. Crystal structure of apo VHH05 dimers that showed extensive domain swap.
The map has 1.3 A resolution. Purple: residues from chain A. Orange: residues from chain B.
Red: residues involved in CDR1, CDR2 and CDR3, the three loops that usually contribute
most to binding to target.
4.3 Discussion
We have shown that the UBC6e-specific VHHO5 recognizes its 14mer epitope in the
absence of the remainder of UBC6e. This 14mer epitope can be used to tag proteins-ofinterest and thus can be used as a nanobody-peptide tag system.
While peptide epitope tags have been widely used with conventional antibodies, only a few
tag-specific nanobodies have been described. Nanobodies present a range of advantages
over conventional antibodies. First of all, VHHs can be easily expressed in E. coli in good
yield, which drastically reduces their production costs. In addition, we routinely express
our VHHs with a LPETGG sortag motif, with which we can easily site-specifically install
biotin molecules to be used with Streptavidin-HRP or magnetic Streptavidin beads,
fluorescent molecules for FACS analysis, and even radioactive isotopes for PET imaging
(Rashidian et al., 2015).
When conventional antibodies are used for immunoprecipitation, we usually cannot use
the same antibodies for detection. The excess antibody heavy chain (-50kD), light chain
(-20kD) and heavy-light chain dimer (-75kD) react with secondary antibodies and affect
the signal-to-noise ratio. Conformation-specific secondary antibodies that only recognize
the native antibodies have been used to solve this, but they are usually not as sensitive and
specific as the conventional ones. Since VHHs are usually much smaller than their targets,
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and are directly conjugated to CNBr-activated sepharose beads without biotin, the
immunoprecipitated samples can be directly analyzed by the same VHH that is labeled with
biotin. They can also be analyzed with conventional antibodies for co-immunoprecipitated
targets with no interference, making them perfect alternatives for IP-immunoblot analysis.
In conclusion, we have shown that the 14mer peptide fragment recognized by the UBC6especific VHHO5 can be used as an epitope tag that can be grafted onto other proteins of
interest and retain binding affinity. This epitope tag can be used similarly to a conventional
antibody in immunoblots, immunoprecipitations, FACS and ELISA. In addition, expressed
VHHO5 can be used to target tagged constructs to different locations within the cell. We
have shown that VHHs that recognize short peptide fragments have the potential to be
developed into useful tools to study protein functions by introducing new stable proteinprotein interactions.
4.4 Material and Methods
Antibodies and reagents
GAPDH (Horseradish peroxidase (HRP)-conjugated monoclonal rabbit; Cell Signaling
Technology), GFP (polyclonal rabbit; Abcam) were purchased. Rabbit anti-UBC6e(1:3000)
(Mueller et al., 2008) were produced in our laboratory. Secondary antibodies for
immunoblotting: HRP-conjugated goat anti-rabbit antibody (Southern Biotech) was used at
1:10,000, High sensitivity streptavidin-HRP (Pierce, MA) was used at 1:5,000 dilutions.
Doxycycline was purchased from Clonetech. CNBr-activated Sepharose 4B were purchased
from Sigma-Aldrich.
Plasmids, Protein expression and purification
pCMV-CDH-EF1-puro UBC6eATM and UBC6e(1-197) constructs were cloned from
previously described pINDUCER UBC6e plasmids (Hagiwara et al., 2016). pET 30b(+) and
pCMV-CDH-EF1-puro 14mer- and 16mer-EGFP plasmids were cloned from pET SUMO
EGFP-LPSTGG-His 6 previously described (Ling et al., 2012) using extending primers coding
for the 14mer and 16mer region. pINDUCER VHHO5 with different C-terminal targeting
motifs were cloned from geneblocks (IDT technologies).
Plasmids coding for pET30b(+) 14mer, 16mer EGFP, or EGFP only were transformed into
Rosetta BL21(DE3) E. coli. An overnight starter culture was prepared in LB media with 70
ptg/mL kanamycin and 50 ptg/mL chloramphenicol. Bacteria were grown in TB media at
37'C overnight without induction. Bacteria pellets were collected by spinning down at
6000 rpm for 15 minutes. Pellet from a 100 mL culture was resuspended in 5 mL PBS,
cooled on ice for 30 minutes, and lysed by sonication for 60 seconds 3 times. Lysates were
collected as supernatants after spinning down at 13,000 rpm for 20 minutes.
VHHs were expressed using the pHEN6 vector. Plasmids coding for PelB-VHH-LPETGG-His 6
were transformed into WK6 E.coli bacteria. Bacteria were grown in TB media with 100
pLg/mL ampicillin at 37*C until the OD60o reached 0.5, and protein expression was induced
with 1 mM IPTG at 30*C overnight. Bacteria were collected by spinning down at 6000 rpm
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for 15 minutes, and pellet from a 1 L culture was resuspened in 15 mL TES buffer (50 mM
Tris, 650 iM EDTA, 2M sucrose) to prepare for osmotic shock. After incubating for 2 hours
at 4'C, 75 mL distilled H 2 0 was added and the bacteria was further incubated overnight at
4'C. His-tagged VHHs were purified by binding to Ni-NTA beads, washed with PBS, and
eluted with 250 mM imidazole in 50 mM Tris, 500 mM NaCl, pH 8.0. The eluent was further
purified with an S75 column. A typical yield is 20-40 mg per 1 L culture.
Cell Culture
Wildtype(WT) and UBC6e-/- MEF cells were maintained as previously described (Hagiwara
et al., 2016). Briefly, MEF cells were maintained in Dulbecco's modified Eagle's medium
(DME) supplemented with 10% IFS and 0.0007% v/v b-mercaptoethanol (MEF medium) in
humidified air containing 5% CO 2 at 370 C. HeLa cells were maintained in DME
supplemented with 10% IFS.
Immobilization of VHHs to CNBr-activated sepharose beads
200 mg of CNBr-activate sepharose beads (Sigma-Aldrich) were washed twice with 20 mL
of 1 mM HCl, and neutralized with 100 mM NaHCO 3 , 500 mM NaCl, pH 8.3. 2 mg of each
VHH (VHH 6E05, VHH enhancer, or VHH MHCII07) in PBS was added to beads in 20 mL of
100 mM NaHCO 3, 500 mM NaCl, pH 8.3 and reacted overnight at 4'C. The beads were
blocked with 50 mM Tris, 500 mM NaCl, pH8.0 for 2 hours at room temperature, and then
TBS containing 1% BSA overnight before use.
Generation of stable cells using lentiviral transduction
Lentivirus was produced in HEK293 cells. HEK cells were plated in 6-well plates and grown
until 70% confluency, and transfected with 1.5 g of plasmids containing the gene of
interest (backbones in pINDUCER20 or pCDH-CMV-MCS-EF1-Puro), 0.65 [Ig psPAX2 and
0.35 tg pMD2.G. Media containing lipofectamine 2000/plasmid complexes were removed
after 6 hours of transfection, and HEK cells were grown in DMEM containing 10% heatinactivated FBS for 2 days. Virus particles were harvested by spinning down the HEK cell
pellet, and passing the media through a 0. 45 [im filter. The media containing virus particles
were mixed 1:1 with fresh media and used to transduce MEF or HeLa by incubating for 6
hours. The cells were grown in regular media overnight and selected with 500 pg/mL
geneticin for pINDUCER20-transduced cells and 2 kg/mL puromycin for pCDH-CMV-MCSEF1-Puro-transduced cells.
Immunoblotting and immunoprecipitation
Cultured cells were lysed in HEPES-buffered saline (HBS) with 1% NP-40 supplemented
with protease inhibitor cocktail (complete protease inhibitor cocktail tablets; Roche
Applied Science) on ice for 20 minutes. Cell debris was removed by spinning at 13,000 rpm
for 20 minutes at 4'C. Protein concentration was determined using a BCA protein assay
(Thermo Fisher Scientific, Inc.). Proteins were denatured in SDS sample buffer containing
0.1M DTT, resolved by SDS-PAGE, transferred to PVDF membranes, and immunoblotted
using standard procedures in 5% milk in TBST. Specifically, GFP and UBC6e were detected
with respective rabbit primary antibodies, followed by anti-rabbit IgG HRP. 6e-tagged
constructs were detected with 5 pg/ml VHHO5-biotin, and then Streptavidin-HRP.
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All immunoprecipitation procedures were performed at 4C. Mammalian cell lysates
collected in HBS with 1% NP-40 and incubated with CNBr-activated sepharose beads
conjugated with VHH05 (50 jig bead volume, 30 ptg VHH-LPETGG-His 6 ) or anti-HA agarose
beads (Thermo Scientific) overnight. The beads were washed 3 times with TBS with 1%
NP-40 and resuspended in SDS-PAGE sample buffer with 0.1 M DTT. For E. coli lysates,
incubation and washing was conducted without detergent.
Peptide Synthesis and purification
Peptides were synthesized using flow-based solid-phase peptide synthesizer using Fmoc
chemistry as previously described(Simon et al., 2014). Peptides were conjugated to Rinkamide linker resin to produce C-terminal amides. Phospho-serine was incorporated on
solid phase using Fmoc-L-Ser(HPO3Bzl)-OH (Chem Impex). Following synthesis beads
were air-dried and peptides were cleaved from resin and deprotected in 92.5%
trifluoroacetic acid, 5% H 20, and 2.5% TIPS. Peptides were precipitated into cold diethyl
ether, air-dried, and purified using reverse phase C18 HPLC using 10-50%
Acetonitrile/H20 gradient.
Sortase reactions
VHH-LPETGG-His 6 , eGFP-LPSTGG-His6, or biotin-LPETGG were incubated with 500 pM of
GGG-peptides in the presence of 5 gM HeptMutSrt-His6 at room temperature for 1 hour or
4C overnight. Unreacted substrates and sortase were removed by incubating with Ni-NTA
beads, and excess peptides were removed using P10 column for VHHs and eGFP, and HPLC
for biotin. A typical yield is 50% after purification.
Octet measurements
All Octet experiments were conducted at Biophysical Instrumentation Facility at MIT using
the Octet RED96 Bio-Layer Interferometry. The target of interest is biotinylated through
sortagging with Biotin-LPETGG. All Octet measurements were taken in 1% BSA in PBS with
1% Tween. 10 ng/mL of biotin-labeled target were loaded on Dip and ReadT " Streptavidin
(SA) Biosensors (Pall Fortebio) until the reading exceeds 1 nm. These sensors were then
dipped into wells containing different concentrations of VHH05, ranging from 50 nM to 8
pM. Average and standard deviations were taken for at least 3 measurements.
4.5 References
Braun, M.B., Traenkle, B., Koch, P.A., Emele, F., Weiss, F., Poetz, 0., Stehle, T., and Rothbauer,
U. (2016). Peptides in headlock--a novel high-affinity and versatile peptide-binding
nanobody for proteomics and microscopy. Scientific reports 6, 19211.
Hagiwara, M., Ling, J., Koenig, P.A., and Ploegh, H.L. (2016). Posttranscriptional Regulation
of Glycoprotein Quality Control in the Endoplasmic Reticulum Is Controlled by the E2 UbConjugating Enzyme UBC6e. Molecular cell 63, 753-767.

146

Kimple, M.E., Brill, A.L., and Pasker, R.L. (2004). Overview of Affinity Tags for Protein
Purification. In Current Protocols in Protein Science, p. Unit 9.9.
Ling, J.J., Policarpo, R.L., Rabideau, A.E., Liao, X., and Pentelute, B.L. (2012). Protein thioester
synthesis enabled by sortase. Journal of the American Chemical Society 134, 10749-10752.
Mueller, B., Klemm, E.J., Spooner, E., Claessen, J.H., and Ploegh, H.L. (2008). SEL1L nucleates
a protein complex required for dislocation of misfolded glycoproteins. Proceedings of the
National Academy of Sciences of the United States of America 105, 12325-12330.
Pardon, E., Steyaert,
(Google Patents).

J., and Wyns, L.

(2013). Epitope tag for affinity-based applications

Rashidian, M., Keliher, E.J., Bilate, A.M., Duarte, J.N., Wojtkiewicz, G.R., Jacobsen, J.T.,
Cragnolini, J., Swee, L.K., Victora, G.D., Weissleder, R., et al. (2015). Noninvasive imaging of
immune responses. Proceedings of the National Academy of Sciences of the United States of
America 112, 6146-6151.
Seth, R.B., Sun, L., Ea, C.-K., and Chen, Z.J. Identification and Characterization of MAVS, a
Mitochondrial Antiviral Signaling Protein that Activates NF-kB and IRF3. Cell 122, 669-682.
Simon, M.D., Heider, P.L., Adamo, A., Vinogradov, A.A., Mong, S.K., Li, X., Berger, T., Policarpo,
R.L., Zhang, C., Zou, Y., et al. (2014). Rapid flow-based peptide synthesis. Chembiochem : a
European journal of chemical biology 15, 713-720.

147

Chapter 5 Work in Progress: Delivery of recombinantly
expressed proteins into mammalian cell cytosol
5.1 Introduction
While macromolecules like antibodies have shown good properties as therapeutic agents,
their uses have been limited to extracelullar targets. Cell surface membranes are
impermeable to macromolecules, including proteins, and delivery of proteins from
extracellular environment into the cytosol has always been a challenge in the field.
During my PhD, I have attempted using two different methods to deliver recombinant
protein molecules into the cell: (1) utilizing a bacterial toxin that naturally transfer one of
its domains into cytosol as a carrier for our proteins of interest; (2) utilizing a platform
termed CellSqueeze developed in the Langer and Jensen lab, where cells were squeezed
through a microfluidic device to allow temporary disruption of their membranes (Sharei et
al., 2013). We are focusing on delivering HA-tagged ubiquitin (HA-Ub) and HA-Ub loaded
E2s into the cells. We aim to understand the substrate control by E2s, the kinetics where
HA-Ub are utilized by different ubiquitin pathways, as well as tools to understand E2-E3
co-operativity.
5.2 Utilization of diphtheria toxin(DT) as a tool for protein delivery
Advisor: Professor Bradley L. Pentelute

5.2.1 Introduction
Diphtheria, the infectious disease caused by a gram-positive pathogenic bacteria
Corynebacteriumdiphtheriae,had been a wide-spread disease that caused many childhood
deaths. While mass immunization program has eradicated the disease in most developed
countries, there still have been some small outbreaks since the 1990s. The bacteria usually
only colonize in surface epithelial cells in human body, such as skin and the respiratory
tract. The direct cause of disease and death is usually from diphtheria toxin (DT), which is
an exotoxin secreted by the bacteria, circulated in bloodstream and causes multiple organ
failures (Collier, 1975). Wild-type DT is very toxic to sensitive species, such as human,
primates, guinea pigs, rabbits, and many birds, with killing doses of 50-100
ng/kg.(Pappenheimer, 1977) However, rodents are resistant to the damage of DT. Given
the high cytotoxicity of DT, I mostly work with an E148S mutant that is about 800-fold less
toxic than the wild-type under federal regulation. (Barbieri and Collier, 1987)
Diphtheria toxin is synthesized by Corynebacterium diphtheriaeas one single polypeptide
with an N-terminal signal sequence that targets the protein for secretion via the Sec
system.(Greenfield et al., 1983) The signal sequence is cleaved after secretion, leaving the
mature DT with 535 amino acids that is composed of three domains: catalytic domain (1-
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193), translocation domain (194-386), and receptor-binding domain (387-535). An
alternative system describes the catalytic domain as the A fragment (DTA) while the
translocation domain and receptor-binding domain are collectively called the B fragment
(DTB) (Figure 5.2.1a). Eisenberg's group has solved the crystal structure of dimeric DT in
1994 (Figure 5.2.1b).(Bennett et al., 1994) Though many active site residues are conserved
and the overall fold of the DT catalytic domain is similar to other ADP-ribosylating bacterial
toxins, such as exotoxin A, there is little sequence homology among the members of the
ADP-ribosylation enzyme family.(Wilson and Collier, 1992; Yates et al., 2006)
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Figure 5.2.1. (a) Linear construct of diphtheria toxin (DT). (b) Crystal structure of DT (pdb
lddt). Blue: catalytic domain. Green: translocation domain. Pink: Receptor-binding domain.
DTA is the catalytic domain that inhibits protein synthesis on ribosome by enzymatically
ADP-ribosylating elongation factor-2 (EF-2).(Collier, 1975) The site of ADP-ribosylation is
on diphthamide, a conserved post-tranlationally modified histidine (H715 in mammalian
and H699 in yeast) across eukaryotic EF-2s. The reaction catalyzed by DTA is shown in
Figure 5.2.2. The equilibrium for this reaction lies very much to the right with the
equilibrium constant K estimated to be 6.3 x 10-4 M, meaning more than 99.99% EF-2s will
be ADP-ribosylated in cytosolic concentrations.(Collier, 1975) Yamaizumi et al. shows that
one molecule of DTA introduced into the cell through erythrocyte ghost fusion is enough to
kill a mouse L-cell when monitored after 7 days.(Yamaizumi et al., 1978) For wild-type
DTA, the measured Km for NAD+ is about 10 ptM and the Km for EF-2 is about 1 iM. The kcat
is about 60-70 min-. For the E184S mutant I am working with, the measured Km for NAD+
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is about 9 pM and the Km for EF-2 is about 2 pM. The kcat is about 0.2-0.5

min-'.(wilson et al.,

1990)
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Figure 5.2.3. Molecular mechanism of DTA entry into cells. (1) Binding to receptors (hbEGF) on target cells. (2) Furin cleavage at R193. (3) Clathrin-mediated endocytosis. (4)
Acidification of endosome and insertion of DT T domain into membrane. In the process, the
N-terminus of DT T domain has been observed to translocate across membrane, possibly
bringing the C-terminus of DTA covalently attached by disulfide bond. (5) Translocation of
catalytic domain across endosome membrane into cytosol. The translocation could occur
by DTA passing through the pore formed T domain from C terminus to N terminus, or by
chaperone activity of T domain. The process has been observed to be mediated by T
domain alone and reported to require cytosolic factors. Once DTA accesses the cytosol, the
disulfide bond between DTA and DTB is reduced by cytosolic glutathione and DTA is
released from the endosome. C: catalytic domain (DTA). T: translocation domain. R:
receptor-binding domain.
DTA needs to access the cytosol for ADP-ribosylation of EF-2, causing inhibition of protein
synthesis and eventually killing the cell. DTA enters into eukaryotic cells with assistance of
receptor-binding domain (R domain) and translocation domain (T domain) (Figure 5.2.3).
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First, the receptor-binding domain binds to the receptor on target cells. In 1978, Leppla's
group measured the number of receptors on the very sensitive vero cells by measuring the
amount of radiolabelled diphtheria toxin bound to cells.(Middlebrook et al., 1978) They
determined that there were about 200,000 binding sites per cell. They also showed that the
more radiolabelled DT bound to the cells, the more sensitive the cell-line is to DT
cytotoxicity. The resistance comes from defect in toxin entry, and is attributed to defect in
receptor binding. The receptor was finally identified in 1992 by cloning a monkey cDNA
library into non-sensitive mouse L-M cells and looking for the gene that conferred
sensitivity.(Naglich et al., 1992) The receptor is a membrane-bound precursor of heparinbinding EGF-like growth factor (hb-EGF). This precursor can be processed into mature
heparin-binding EGF-like growth factor, which is a mitogen that encourages cell division.
The binding affinity between DT and the receptor has been reported to be 10-109 M with
a stoichiometry of 1:1.(Mitamura et al., 1995),16 Crystal structure of DT bound to it's the
extracellular fragment of its receptor has been reported, which shows mostly hydrophobic
interactions between the two, with a burial area of -1100 A2 (Figure 5.2.4).(Louie et al.,
1997) It was later found that rodent hb-EGF, though 80% similar to human and monkey
homolog, does not bind to DT. The >16,000-fold difference in toxin sensitivity has been
attributed to differences in 3 amino acids.(Cha et al., 1998)

Figure 5.2.4. Crystal structure of DT R domain (pink) bound to a fragment of its receptor
hb-EGF (gray) (pdb 1xdt).
DT needs to be enzymatically cleaved between DTA and DTB to allow release of DTA into
the cytosol after translocation. There is a flexible loop 186-201 that does not show up in
crystal structures. A RVRR (190-193) furin site is contained within this loop, which can be
nicked by furin on cell surface, or by trypsin (Figure 5.2.1a). This nicking breaks the amide
bond between DTA and DT-B, leaving these two fragments bonded together only by a
disulfide bond between C186 and C201. This disulfide bond can be reduced by cellular
glutathione once DTA is translocated across phospholipid membrane of endosome and
allows for release of DTA into the cytosol. It should be noted that nicking could happen
before, during and after endocytosis.
DT enters the cell by clathrin-mediated endocytosis after receptor binding. Electron
microscope studies with DT-gold clearly show gold particles in clathrin-coated endocytic
vesicles and their movements into cells.(Morris et al., 1985)
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Early experiment suggest lysosomal involvement because DT toxicity can be inhibited by
addition of NH 4 Cl, which inhibits lysosome
Cacidification.(Draper and Simon, 1980) Later Olsnes' group
N
found that after binding of DT to cells, brief exposure of cells
to pH 4.5-5.5 media allows for cell-surface translocation of
DTA into the cytosol.(Moskaug et al., 1988; Sandvig and
Olsnes, 1980) DT has been found to be able to insert into
membrane at acidic pHs and form an ion-conducting
pore.(Donovan et al., 1981) The pore-forming activity has
been attributed to T domain. Among the 9 helices in T
domain, TH8 and TH9 have been identified by deletion
screening to be the minimal construct for pore formation
(Figure 5.2.5).(Silverman et al., 1994) When fluorescent and
EPR-sensitive labels are incorporated into this region,
spectrometric changes indicated that they were buried into
Figure 5.2.5. Crystal
membrane.(Ladokhin et al., 2004; Zhan et al., 1995) Olsnes'
structure of DT T domain
group, through cell surface translocation and formation of DT
showing TH8 (blue) and
pore in radioactive 22 Na+ labeled media, showed that
TH9 (purple) (pdb Iddt).
monovalent cations, such as Na+ and K+, passes through the
pore readily. (Sandvig and Olsnes, 1988) Another bilayer study shows that PEG1500 can
pass through the pore, suggesting that the pore size is 18-20 A.(Kagan et al., 1981)
Though the domain responsible for translocating DTA across the membrane is known,
there is still much debate about how the translocation happens.(Oh et al., 1999) It remains
unclear whether the T domain alone is enough to translocate the catalytic domain across
the membrane (Oh et al., 1999), or other host molecules, such as Hsp90 and COPI complex,
are required.(Ratts et al., 2003) Additionally, though the cation-selective pore is observed
after the catalytic domain has been translocated to the cytosol, there has not been any
account showing DTA blocks the channel formed by DT-T. It could be conceived as the
formation of the pore is concerted with initiation of translocation, therefore no pore is
observed until the translocation is complete, or that the pore is formed after translocation
but is not directly involved in the process of translocation. In the case that DTA passes
through a pore, it appears that translocation is initiated from the C-terminus of DTA, since
Finkelstein's group observed that the N-terminus of DTB is translocated across the
membrane in bilayer studies and the translocation of DTA possibly initiates from the loop
region connecting DTA and T domain.(Finkelstein et al., 2000) In terms of DTA's folding
state during translocation, London's group have shown that T domain can interact with
molten-globule-like proteins when it is inserted into membrane, suggesting that it could
have some chaperone activity to help DTA unfold into a molten-globule like state during
translocation.(Ren et al., 1999)
Olsnes and Stenmark's group have shown that cargos on the N-terminus of diphtheria toxin
can be translocated into the cytosol. The cargos they tested includes various peptides of 1230 amino acids and proteins such as an extra DTA domain or a 124 amino acid fragment
apolipoprotein that forms amphipathic helices.(Madshus et al., 1992; Stenmark et al., 1991)
However, they had not been able to establish a structure-function relationship on the cargo
requirements for translocation. Another report by Wu et al. claims that, with a fusion
between myoglobin and DT T domain, they see myoglobin translocation through pore
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formed by DT T domain in bilayer studies.(Wu et al., 2006) They claim that the myoglobin
is folded during translocation because it has been incubated with hemin that stabilizes
myoglobin fold. I personally do not think the translocation of hemin-bound myoglobin is
enough evidence to claim myoglobin was folded when it was translocated. Most people in
the field think there is at least some degree of unfolding of the cargo during translocation.
Diphtheria toxin was one of the first bacteria toxins used to develop immunotoxins. In
1980s, many scientists started developing immunotoxins based on naturally occurring
bacterial toxins to specifically kill target cells. When the receptor domain of DT is either
mutated to abolish its normal function or completely removed, and a desired receptorbinding domain is appended, the receptor specificity of DT can be changed and the new
molecule can be used to specifically kill cells bearing the corresponding receptor. ONTAK
(DAB389IL-2) developed by Murphy is one of those immunotoxins that has been approved
by FDA to treat CD25 positive refractory cutaneous T cell lymphoma. Through these
immunotoxins, we can also learn some properties of DT. Though it appears that the
catalytic, translocation and receptor-binding domains are independent from each other in
crystal structures, it has been found that immunotoxins with R domain deletion is about
100-fold less active than the ones made with the whole DT, suggesting that the R-domain
does facilitate translocation in addition to binding to DT receptors.(Greenfield et al., 1987)
Additionally, they found that certain mutations in R-domain reduce receptor binding but
not translocation efficiency, indicating that the receptor-binding and translocation function
of R-domain can be separated.
To study whether DT can be systematically used to deliver macromolecule cargos,
specifically proteins of interest across cell membranes into cytosol, I have first developed a
sortagging strategy where cargos were expressed with a C-terminal LPSTGG motif to be
sortagged onto the N-terminus of Gs-DT. I have tested that the cargo-DTA(E148S) were
successfully translocate into the cytosol through protein synthesis inhibition assays and
western blots. However, the translocation efficiency is significantly reduced upon protein
cargo attachment. DT is thus not an appropriate tool to deliver significant amounts of
protein cargos into the cytosol.
5.2.2 Results
Expression of cargo proteins
To conjugate cargo proteins onto DT and study the effect of cargos on intoxication of DT to
vero cells, I expressed several cargo molecules with LPSTGG motif at their C-termini. The
protein cargos I have chosen are shown in Figure 5.2.6. Among them, affibody (AB),
immunoglobulin G-binding domain 1 (pGB1), and tenth fibronectin type 3 domain (FN3)
are small protein scaffolds that can be engineered to bind to protein targets and can
interfere with protein-protein binding. LFN is the N-terminal, protective antigen binding
domain of anthrax toxin lethal factor that does not have any enzymatic activity of lethal
factor. Previously Madshus et aL. have conjugated wild-type DTA to E148S DT and showed
that they can get similar activity as wild-type DT, and therefore concluded that DT can
carry an extra DTA as a cargo protein during translocation.(Madshus et al., 1992) I
repeated this experiment to show that fusion proteins conjugated by sortagging behaves
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similarly to recombinantly expressed ones in DT cell assay. All cargo proteins are
expressed as SUMO fusions and purified with more than 20 mg yield per liter LB.
Affibody

pGB1

Fibronectin 3

DT-A

1q2n

1pgb

1ttf

Idtp

eGFP

2yOg

Lethal Factor N-domain

lj7n

Figure 5.2.6. Crystal structures of cargo proteins conjugated to DT(E148S).
Synthesis of analogs
To study the effect of cargo molecules on intoxication of vero cells by diphtheria toxin, I
synthesized DT (E148S) variants with different cargo proteins through sortagging reaction
(Figure 5.2.7a). Sortagging reaction was chosen because it allows us to modularly change
the cargo that is appended to diphtheria toxin, and is a reaction that can be carried out in
native condition without using reducing agents.
The sortagging reaction is catalyzed by sortase A, an enzyme made by Staphylococcus
aureus that is responsible for ligating surface proteins to the cell wall. Sortase A recognizes
an LPXTG motif and cleaves between the threonine-glycine bond, forming a thioester
intermediate on C184 in the active site. The thioester intermediate is primed to react with
the N-terminus of an oligoglycine moiety and forms back an amide bond, thus covalently
linking the two reactants. In 2011, Chen et aL. reported an evolved sortase A
(P94S/D16ON/K196T, SrtA*) with improved enzymatic kinetics.(Chen et al., 2011) All my
experiments are conducted with SrtA*.
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This reaction has been previously used in our lab to conjugate cargo molecules to the Cterminus of anthrax toxin lethal factor N-domain (LFN) and study the translocation through
protective antigen pore. The sortagging protocols have been re-optimized for sortagging on
the N-terminus of Gs-DT.
For most proteins, reaction proceeds to about 50% yield within 30 minutes with 75 or 100
kM Gs-DT and 150 or 200[pM cargo-LPSTGG in the presence of 5 p.M SrtA*, with the
exception of SUMO-pGB1-LPSTGG, which needs 100 [M SrtA* for effective sortagging
within an hour. The conjugate product can be separated from the reactants on size
exclusion column (SEC). For small cargo proteins, SUMO fusion (13kD) is used to help with
separation on SEC, and the SUMO fusion is cleaved after separation. I am able to obtain
pure cargo-DT conjugates with 5-15% isolated yield. A sample reaction between LFNLPSTGG and Gs-DT is shown (5.2.7b-d). Other cargo-DT constructs can be prepared to a
similar purity (Figure 5.2.7e).
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Vero Cell Protein Synthesis Inhibition Assay
The intoxication effect of DT is studied by incubating vero cells with serial dilutions of
cargo-DT conjugates and measuring the extent of 3 H-Leu incorporation after treatment.
When a critical amount of cargo-DTAs are translocated into cells to ADP-ribosylate all the
EF-2s in the cells, protein synthesis will be stopped and little 3H-Leu will be incorporated
into cells.
For AB-DT, LFN-DT, DTA-DT and LFN-DTA-DT, significant protein synthesis inhibition is
observed, where the observed ECsos are all below 1 nM (Figure 5.2.8a); while there is no
significant protein synthesis inhibition observed for pGB1-DT, FN3-DT and eGFP-DT,
where ECsos appears to be greater than 100 nM, the maximum concentration tested (Figure
5.2.8b). It is important to note that for LFN-DTA-DT and DTA-DT constructs, we attached a
wild-type DTA that is about 800-fold more active than DTA(E148S) expressed, therefore
the apparent EC5o is decreased. The DTA(wt)-DT(E148S) I synthesized through sortagging
shows similar protein inhibition curve to that reported by Madshus et aL(Madshus et al.,
1992)
b
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Figure 5.2.8. Protein inhibition assay for cargo-DTs in vero cells. Vero cells are treated
with various concentrations of cargo-DT for 24 hours and then incubated with 3 H-Leu
media for 1 hour. The amount of radioactivity the cells incorporated are measured and
used to quantify amount of protein synthesis. (a) Protein synthesis inhibition curve for
cargo-DT variants with significant intoxication of vero cells. (b) Protein synthesis
inhibition curve for cargo-DT variants that does not show significant intoxication with 100
nM variants. Each data point represents the average of triplicated experiments at the
specific concentration. Data is normalized to cells that are not treated with DT.

From this cell assay, it can be observed that the cargo proteins that translocate effectively
are rich in a-helices, while the ones that do not show significant translocation all have
significant P-sheet structures. However, the difference in translocation efficiency can also
be attributed to the differences in the melting temperatures (Tm), as the latter proteins
generally have higher Tm (Table 5.2.1).
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Table 5.2.1. Observed ECso for cargo-DT in vero cell and Ts of isolated cargo proteins
Protein
Observed ECso
Tm (*C)
AB
50 40 pM
75 (Grimm et al., 2012)
FN3
>100nM
88
pGB1
> 100 nM
85 (Barakat et al., 2007)
eGFP
> 100 nM
>80 (Stepanenko et al.,
2004)
LFN
140 40 pM
Not reported
DTA(wt)
0.8 0.4 pM
44 (Ramsay et al., 1989)
LFN-DTA(wt)
2.0 0.2 pM
Not reported
Western blots for translocated constructs After vero cells have been treated with 50 nM
of cargo-DTs for 24 hours, the cells are collected and lysed with 0.5% digitonin to avoid
extracting microsomes. Cell lysates are run on SDS-PAGE, transferred to nitrocellulose
membranes and then blotted with antibody against DTA. During translocation, DTA
translocates together with the cargo, leaving DTB and untranslocated DT molecules to be
degraded by the lysosome. When cargo-DTA is translocated into the cytosol, we expect to
see a band at a different molecular weight than G 5 -DTA. Indeed, we observed bands at
expected molecular weight for DTA(wt)-DT, LFN-DT and LFN-DTA(wt)-DT into vero cells
(Figure 5.2.9). However, bands for LFN-DT and LFN-DTA(wt)-DT are very weak comparing
that that of DTA(wt)-DT, indicating that the translocation of DT cargo might be optimal for
DTA through natural selection.
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M

Figure 5.2.9. Western Blot for translocated cargoDTA(E148S) into vero cells. Vero cells are treated for
24 hours before washed and lysed. The lysates are run
on SDS-PAGE and transferred to nitrocellulose
membrane. The membrane is blotted with antibody to
DTA and then a secondary antibody to image.
1: DTA(wt)-DTA(E148S).

-

-74kD

GAPDH

4: LFN-DTA(wt)-DTA(E148S).

From the first few experiments with
5.1.3. Discussion
I have shown that I can successfully covalently attach protein cargos to the N-terminus of
G 5 -DT through sortagging. These cargo-DTs can be purified from unreacted Gs-DT using
size exclusion chromatography to more than 90% purity. However, not all the cargos can
be effectively translocated by DT. DTA(wt) was translocated well into the cytosol, cargos
rich in a-helical structure with lower Tm can be translocated less well, while cargos rich in
P-sheet structure with very high Tm are translocated very poorly.
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It is possible that attachment of non-DTA cargos adversely affects the receptor-binding of
DT. Madshus et al. previously reported that a number of their DT fusion proteins are unable
to bind to receptors on vero cells. Though we attempted to minimize the effect by attaching
the cargos to recombinantly expressed, folded DT on the N-terminus, which has significant
distance from the receptor binding domain located at the C-termnius both in primary
sequence and crystal structure, we could still affected the property of receptor binding
domain in solution.
It is also possible that attachment of cargo affect DTA activity. DTA has been reported to be
at least partially unfolded during the process of translocation, and the cargo-DTA probably
needs to refold after it accesses the cytosol. While DTA has been designed by nature to
refold promptly, the cargo appended could impede refolding, resulting in insoluble DTA or
misfolded DTA that does not have enzymatic activity. Alternatively, it is possible that the
cargo molecule inhibits DTA activity, rendering the fusion protein inactive. Indeed, Auger et
aL. recently reported N-terminal fusions to DTA significantly reduces DTA activity (Auger et
al., 2015). They have shown successful delivery of ubiquitin molecules and amylases into
the cells and detected intracellular enzymatic activity.
The cargo-DTA translocated could also have a shorter half-life than that of DTA molecules
on their own. Due to the long treatment time needed for adequate DTA (E148S) activity, if
the cargo-DTA is degraded before they have enough time to ADP-ribosylate all the EF-2s,
we would not observe either protein synthesis inhibition or bands in lysate.
In general, while I have not been able to detect a significant amount of cargo-DTA in the
cytosol of cells, other labs have shown that enzymes can be delivered into cells as a fusion
to DT and be active in the cytosol. Further work should focus on working out how much
protein can be delivered using the DT system and to use the DT system to deliver enzymes
or protein binders with high affinity so that the amount of delivered molecule are
appropriate for the phenotype expected.
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5.3 Work in Progress: Using CellSqueeze technology (SQZ) to deliver epitope-tagged
Ub and tagged-Ub loaded E2s into cells
in collaboration with Dr. Ross Cheloha with equal contribution

5.3.1 Introduction
Ubiquitin (Ub) is a small protein that is appended to cellular protein targets either as a
single copy or in the form of Ub chains. Ubiquitination of proteins affects many aspects of
protein function. The best-characterized function of ubiquitin conjugation is to tag
substrates and direct them to the proteasome for degradation. Ubiquitin is conjugated to
proteins through the sequential action of three classes of enzymes known as ubiquitinactivating enzyme or Els, ubiquitin-conjugating enzyme or E2s, and ubiquitin ligase or E3s,
while deubiquitylating enzymes (DUbs) can remove attached ubiquitin tags (Figure 5.3.1).
Dysfunction of the ubiquitin conjugation machinery has been linked to a variety of disease
states. There is therefore much interest in understanding how E2s and E3s selectively
target their substrates (Corn, 2007; Lim and Tan, 2007; Tsuchida et al., 2017; Upadhya and
Hegde, 2007). Ub can be covalently linked using different lysine residues, and these
different linkages determine how the substrates are processed (Jacobson et al., 2009;
Miranda and Sorkin, 2007). The Ub chains with different linkage types can be probed
through use of mutant versions of Ub that lack one or more Lys residues used in chain
building.
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Figure 5.3.1. Scheme of ubiquitin(Ub) pathway in cells. Free ubiquitin is activated by El
ubiquitin conjugating enzyme at the Ub C-terminus, converting the carboxylic acid into a
thioester with the active site Cys on El. The ubiquitin thioester is then transferred to an E2
conjugating enzyme. Finally, E2 and E3 ligases work together to transfer ubiquitin onto the
substrate, to target it for degradation, translocation etc. Deubiquitylases remove ubiquitin
from the substrates, to recycle Ub and to allow the attenuation of ubiquitin-induced
responses.
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While there are only 2 known Els, there are -40 E2 enzymes, >600 E3 enzymes and -100
DUbs that regulate the process. Even though most of the ubiquitination pathway can be
reconstituted with purified proteins in vitro, the reconstituted reactions do not necessarily
represent what happens inside a cell and only give limited information on the specificity of
the ubiquitination reactions. We hope to better understand the ubiquitination process in
the complex environment of the cytosol. How the specificity of the two Els for downstream
E2s is determined remains to be clarified. Specifically, how do the Els decide which E2 to
load during in times of need? In addition, the 40 E2s serve more than 600 E3s. E2s
contribute to both substrate specificity and the identity of Ub chains formed (Stewart et al.,
2016). We have little knowledge about the factors that contribute to the selection of
particular E3s by Ub-loaded E2s. The binding between E2-Ub and E3 is apparently too
weak and transient for co-immunoprecipitation to be successful. Overexpression,
knockouts and siRNA-mediated knockdowns of selected E2s can give us information on
how E2 levels might affect cellular functions. However, there is still much to be learnt
about how each step in the pathway is controlled. In addition, E2-Ub conjugates comprise a
thioester bond, which cannot be specified by genetic encoding and requires completion of
several enzymatic reactions instead. It has not been possible to directly produce an E2-Ub
adduct of interest in vivo and characterize its substrates. Furthermore, efforts to
characterize the use of ubiquitin via inducible genetic expression of epitope-tagged
ubiquitin does not allow resolution of ubiquitination events on timescales likely operative
in vivo, due to the delay inherent in transcription and translation to arrive at the product(s)
of interest.
Some of these limitations can be addressed by CellSqueeze, (hereafter: SQZ) technology,
which enables transient permeabilization of the cell membrane and concomitant delivery
of protein-sized cargo into the cytoplasm following brief mechanical constriction of cells in
a microfluidic device (Figure 5.3.2) (Sharei et al., 2013). Cell membrane repair involves the
ESCRT III complex and starts within 1.5 minutes post-squeeze, enabling highly efficient
delivery and maintenance of cell viability (Ding et al., 2017; Jimenez et al., 2014). SQZ
technology allows rapid delivery of chemically modified macromolecules into living cells,
thus enabling the study of biological processes at adequate kinetic resolution in the context
of an intact cell.

Squeeze
Intact cell
Membrane disruption Resealed cell
Figure 5.3.2. SQZ technology allows delivery of macromolecules into cells. Intact, living
cells are squeezed through microfluidic channels with a diameter smaller than that of the
cells. This causes mechanical deformation and transient disruption of the cell's plasma
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membrane. Macromolecules can thus diffuse from the environment into the cells prior to
membrane repair..

We have begun to use the SQZ platform to deliver HA epitope-tagged ubiquitin (HA-Ub)
and recombinantly expressed E2s loaded with HA-Ub into the cytosol of mammalian cells.
By doing so, we hope to better understand the kinetics and specificity of HA-Ub utilization
when it is delivered into the ubiquitin pool or when it is delivered as a thioester adduct
with a particular E2.
5.3.2 Results
HA-Ub can be delivered to squeezed cells and incorporated into the ubiquitin
pathway
To assess whether we could deliver proteins into mammalian cells, we squeezed
recombinantly expressed HA-Ub into HeLa cells. If HA-Ub is delivered into the cytosol, it
should be utilized by the endogenous ubiquitination pathway and incorporated covalently
into protein substrates. We optimized the squeeze conditions for HeLa cells and found that
when cells are forced through the microfluidic device at 80 psi N 2 pressure using a 10/7
microfluidic chip (channels are 10 pm long by 7 tm wide and 20 Itm deep), more than 80%
of HeLa cells survive, with more than 80% live cells labeled with the fluorescent dextran in
solution (Data not shown). Cells were suspended in Opti-MEM media containing 10 IM HAUb and squeezed under the conditions mentioned above. We tracked the formation of
substrates labeled with HA-Ub over time in order to explore the kinetics of ubiquitin
utilization in the cell.
We observed strong signals corresponding to HA-Ub-conjugated proteins at molecular
weights above 37 kD in immunoblotting using an anti-HA antbody (Figure 5.3.2). Since we
included 100 mM DTT in the lysis mixture to reduce and therefore eliminated thioesters,
such as El-Ub thioesters as well as E2-Ub thioesters, these observed high molecular weight
bands must be HA-Ub-tagged substrates. The high molecular weight HA-containing bands
are strongest at 5 and 15 minutes after squeezing, and slowly decrease in intensity
thereafter. This result shows that HA-Ub is quickly used by the ubiquitin pathway upon
delivery via cell squeezing. HA-Ub can be transferred from El to substrates in as short as 5
minutes.
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Figure 5.3.3. Recombinantly expressed HA-Ub can be delivered to squeezed cells and
incorporated into substrates. Numbers represents minutes post-squeeze. 5 x 105 cells in
100 [tL were sequeezed in each experiment, transferred into DMEM containing 10% IFS
after 90s, and incubated at 37 'C until they were pelleted, washed, and lysed in 2x SDS
sample buffer with 100 mM DTT. Endo: cells are exposed to 10 ptM HA-Ub for the indicated
time but not squeezed. Time 0: Cells were exposed to 10 pM HA-Ub and collected at the
beginning of the experiment. *:Irrelevant polypeptide recognized by the HA antibody.
30% of 10 pM HA-Ub is delivered into HeLa cells during squeeze
We sought to quantify the efficiency of HA-Ub delivery by SQZ, and to determine the
corresponding cytoplasmic HA-Ub concentration in HeLa cells. To achieve this, we needed
to prevent HA-Ub from being used once introduced into the cytoplasm of the cell. We
treated HeLa cells with an El inhibitor, MLN7243, prior to squeezing to prevent HA-Ub
from entering the ubiquitin pathway (Misra et al., 2017). It is noteworthy that high
molecular weight HA-containing adducts are not formed following pretreatment with El
inhibitor, indicating that the adducts formed following introduction of HA-Ub in untreated
cells result from Ub attachment to cellular substrates by the endogenous conjugation
machinery (Figure 5.3.2). Based on the signal from dilution of a purified HA-Ub solution
used as a standard, we estimated the amount of HA-Ub in the cells to be about 4 1 ng HAUb in 10s squeezed HeLa cells (Figure 5.3.3). Assuming that 1 million HeLa cells take up 1
pL (Fujioka et al., 2006) and that all HA-Ub recovered was delivered to the cytosol, we
estimated the cytosolic concentration of HA-Ub to be 3.2 0.8 [M following squeezing in
the presence of 10 pM HA-Ub. This number represents a delivery efficiency of 30% for HAUb, which is comparable to the efficiency observed using other kinds of cargo
(Kollmannsperger et al., 2016; Sharei et al., 2013). Each HeLa cell contains about 1.5 x 108
ubiquitin molecules, which corresponds to approximately 250 pM in molar concentration
(Carlson and Rechsteiner, 1987). The amount of HA-Ub introduced is much less than that
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naturally found in the cell, and we therefore do not anticipate major disruptions in the
ubiquitin pathway due to the transient spike in ubiquitin concentration.
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Figure 5.3.4. Quantification of HA-Ub delivered to 10s HeLa cells. HeLa cells were treated
with 20 pM El inhibitor MLN7243 for 1 hour before being trypsinized for squeezing. 106
cells were squeezed in 100 pl OptiMEM containing 10 ptM HA-Ub. Cells were washed 3
times with PBS and lysed in 2x SDS sample buffer with 100 mM DTT. 10% of lysates were
loaded for analysis.
Ub utilization efficiency and kinetics differ for cell lysates and squeezed cells
We compared the kinetics of HA-Ub utilization following addition of HA-Ub into HeLa cell
lysates or in squeezed HeLa cells. We prepared cell lysates by sonicating 5 x 106 HeLa cells
in PBS with Ca 2+/Mg2 +on ice and collecting the soluble fraction. We added 10 jM of HA-Ub
into the lysates and incubated the mixture at 37 *C. The samples were quenched using 2x
SDS sample buffer with 100 mM DTT for analysis, as performed for squeezed cells. For
comparison, an equivalent number of HeLa cells was used per sample for lysates or
squeezed cells.
We compared the intensity and pattern of HA-tagged protein signals for the two
experiments and found the outcome to differ substantially when HA-Ub was added to
lysates instead of delivered into HeLa cells by SQZ (Figure 5.3.4). The signals for high MW
HA-Ub conjugates are much stronger in lysate samples than in squeezed cell samples. This
observation can possibly be explained in part by the lower concentration of HA-Ub present
in HeLa cells during SQZ (Figure 5.3.3). However, the lysate volume is >200x of that of the
volume occupied by cells, and therefore all cellular components are substantially more
dilute in lysates than in living cells, which we expect should delay incorporation of HA-Ub.
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We therefore conclude that disruption of HeLa cell integrity in the course of lysate
preparation leads to loss of control in the ubiquitination pathway, causing higher levels of
ubiquitination than in intact cells.
The more striking difference is seen in the kinetics of HA-Ub incorporation and removal. At
5 minutes, there are already significant amounts of HA-Ub-labeled substrates in squeezed
cells, equivalent or greater to levels seen at that timepoint in lysates. These HA-Ub
conjugates are quickly resolved, either by deubiquitylating enzymes (DUbs) or by
components of the proteasome or autophagy system. On the other hand, in lysates, HA-Ublabeled high MW conjugates accumulate over time without obvious signs of degradation.

Squeezed

Lysate
Time(min) 0

5 15 30 60 120 0

Endo

5 15 30 60 120 120
-250
-150
--100

*

4

-75

-50

-37

S

-25
-20
Figure 5.3.5. The kinetics of HA-Ub incorporation in HeLa lysate differ from those in
squeezed cells. Identical numbers and concentrations of HeLa cells were loaded for lysates
and for squeezed cells. Lysates were prepared by sonicating in PBS with Ca 2 +/Mg2+
followed by centrifugation to remove insoluble material and subsequent addition of HA-Ub.
SQZ experiments were performed in HA-Ub containing OptiMEM. For 0 minute timepoint in
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the squeeze experiments, HeLa cells were exposed to HA-Ub, but not squeezed and
collected at the beginning of experiments. *: Irrelevant polypeptide recognized by the HA
antibody
Proteasome inhibition and autophagy inhibition delay degradation of HA-Ub labeled
adducts
We treated HeLa cells with either proteasome inhibitor or autophagy inhibitor prior to cell
squeezing to explore the reasons for decay of HA-Ub tagged material. Proteasomal
degradation and autophagy are two major pathways via which ubiquitinylated substrates
are degraded. We observed stronger high MW HA signals for both proteasome inhibitortreated cells and autophagy inhibitor-treated cells (Figure 5.3.5). However, neither
inhibitor was able to completely abolish the disappearance of high molecular weight
adducts. This is not surprising, as both mechanisms are responsible for clearing proteins
tagged for degradation, and shutting down only one branch will not result in a complete
shutdown of protein degradation. The autophagy inhibitor appears to have a stronger
effect, a finding that may be related to a connection to the stress experienced during
squeezing/membrane repair and possible induction of autophagy. In contrast, HeLa lysates
were centrifuged to collect only the supernatant, removing membrane-bound organelles
and therefore minimizing the impact of autophagy on Ub consumption and removal in
lysate experiments.
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Figure 5.3.6. Both the proteasome inhibitor and the autophagy inhibitor delayed the
disappearance of high molecular weight HA-Ub adducts. HeLa cells were treated with
proteasome inhibitor (PI) bortezomib (25 pM) or autophagy inhibitor wortmannin (5 [IM)
for 3 hours prior to trypsinization and squeezing in OptiMEM medium containing 10 iM
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HA-Ub. E: endocytosis control. NC: no contact control. All samples were analyzed on the
same blot.
HA-Ub E2-Ub thioesters can be delivered to HeLa cells
After squeezing HA-Ub into HeLa cells, we investigated the use of a closely related group of
molecules in living cells: Ub-loaded E2 thioesters. E2 enzymes are important participants in
the ubiquitination pathway. These enzymes are not only responsible for delivering Ub to
E3s, but are also involved in determining substrate specificity as well as the type of
ubiquitin linkages installed (Stewart et al., 2016). However, E2s are active only after being
loaded with Ub, and the E2-Ub thioester cannot be genetically encoded, as it is produced
post-translationally by action of the El enzyme. We therefore sought to study how E2
identity contributes to substrate specificity in living cells. We chose two E2s for initial
studies: Ubiquitin conjugating enzyme E2 L3 (UBE2L3) and Ubiquitin conjugating enzyme
UBC7. UBE2L3 is an E2 linked to many autoimmune diseases and functions with the HECT
and RING-in-between-RING (RBR) classes of E3 ligases(Eldridge et al.; Fu et al., 2013;
Lewis et al., 2015). UBC7 is an E2 that is recruited to the ER membrane by interaction with
an ER-membrane localized anchor protein, CUE1, and is reported to work with HRD1 RING
type E3 and gp78 involved in ER associated degradation (Bazirgan and Hampton, 2008;
Cohen et al., 2015; Kikkert et al., 2004).
Both UBE2L3 and UBC7 can be expressed in active form in E. coli, purified using standard
Ni purification protocols, and can be loaded with Ub in vitro. Loading is performed with HAUb in vitro using recombinantly expressed El. UBE2L3-Ub and UBC7-Ub were purified
from other components in the reaction mixture using S75 size exclusion chromatography
(Figure 5.3.6a). The purified constructs were immediately concentrated and flash frozen to
minimize thioester hydrolysis and auto-ubiquitination.
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Figure 5.3.7a. Purification of UBE2L3-Ub by S75 16/600 size exclusion column. 45 pM
UBE2L3 was loaded with 50 pM HA-Ub and 200 nM mEl in 100 mM Tris pH7.4, 2 mM ATP,
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5 mM MgCl2 and 200 iM DTT at 37*C for 30 minutes. Flow rate: 1 ml/min. Fraction size: 1.3
ml.
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Figure 5.3.7b. Purification of UBC7-Ub by S75 16/600 size exclusion column. 8 pM
UBE2L3 was loaded with 10 pM HA-Ub and 200 nM mEl in 100 mM Tris pH7.4, 2 mM ATP,
5 mM MgCl2 and 200 pM DTT at 37*C for 30 minutes. Flow rate: 1 ml/min. Fraction size: 1.3
ml.
We first squeezed UBE2L3-Ub into HeLa cells and analyzed the formation of HA-tagged
adducts over time using immunoblotting. We treated cells with El inhibitor prior to
introduction of the E2-Ub conjugates by SQZ to prevent any recycling of HA-Ub following
conjugation and deconjugation to substrates. Unlike HA-Ub, for which an initial peak was
observed shortly after squeezing, HA adducts accumulated over a 2-hour period in cells
exposed to UBE2L3-Ub (Figure 5.3.6c). Again, we observed much stronger signals in lysates
than in squeezed cells, possibly due to a loss of the machinery responsible for destruction
of ubiquitinated proteins during cell lysis. We compared blots from a shorter exposure of
lysate to a longer exposure for squeezed cells, and observed that the banding patterns of
HA adducts differ depending on the method of UBE2L3-Ub introduction. In lysate
experiments, most of the signal is observed in the range of 50-100 kD, whereas in squeezed
cells, more signal accumulates >150 kD. We propose that in cells, UBE2L3-Ub labels
substrates that have accumulated longer ubiquitin chains than the substrates labeled in
lysate. This difference may be a consequence of the loss of regulation in ubiquitinated
protein production and destruction caused cell lysis, as discussed above.
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Figure 5.3.7c. Pre-loaded UBE2L3-Ub can be delivered into HeLa cells and transfer HA-Ub
onto substrates. Identical numbers and concentrations of HeLa cells were used in lysate
and squeezing conditions. HeLa cells were treated with 20 [M El inhibitor MLN7243 for 1
hour before being trypsinized for sonication or for squeezing. Lysates were prepared by
sonicating in PBS with Ca 2 +/Mg2 + followed by centrifugation to remove insoluble material
and subsequent addition of UBE2L3-HA-Ub. Squeeze experiments were performed in OptiMEM containing 10 pM UBE2-L3-HA-Ub. (1) Comparison at the same exposure time. (2)
Comparing lysate signal at a briefer exposure time to SQZ signal. *: non-specific band. EG:
endocytosis control where cells were exposed but not squeezed. NC: no contact control.
We then squeezed UBC7-HA-Ub into HeLa cells pre-treated with El inhibitor and compared
it by immunoblotting to addition of UBC7-HA-Ub directly to the lysate. UBC7 has been
reported to form dimers and build ubiquitin chains on its active site in vitro, even in the
absence of E3 ligases or substrates (Liu et al., 2014). We observed that the purified UBC7Ubs had multiple Ubs covalently attached (multiple bands at time = 0 and when UBC7-Ub
was run separately). The UBC7-nUb adducts disappear after UBC7-Ub are added to lysates
or squeezed into cells, indicating that these UBC7-Ubs are utilized or degraded in both
lysate and squeezed cells over time (Figure 5.3.6d). For UBC7-Ub, there is still a significant
difference in the rate of HA-tagged adduct formation for squeezed cells and cell lysates, but
differences in the banding pattern in lysate and squeezed cells are less pronounced than
observed for UBC2L3.
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Figure 5.3.7d. Pre-loaded UBC7-Ub can be delivered into HeLa cells and transfer its
attached HA-Ub onto substrates. Lysate collection and SQZ were conducted as described in
Figure 5.3.6c. SQZ experiments were performed in OptiMEM containing 10 tM UBC7-HAUb. (*: non-specific band. EO: endocytosis control where cells were not exposed but not
squeezed. NC: no contact control.

5.3.3 Discussion and Future Directions
We have shown that SQZ technology can be used to deliver both HA-Ub and HA-Ub-loaded
E2s into the cytosol of HeLa cells. The delivered HA-Ub molecules are used by the
endogenous ubiquitin conjugation machinery and attached to substrates within 5 minutes
of squeezing. HA-Ub delivered as thioesters carried by select E2s are also attached to
substrates in an El-independent manner. The identity of the E2s that carry the Ub moiety
has a substantial impact on the kinetics of Ub use and the pattern of HA-tagged adducts
formed.
While epitope-tagged ubiquitins have been expressed by transfection in cells and even in
animals to study the ubiquitination process, we have not been able to resolve the kinetics
of Ub conjugation in the context of an intact cell. Even with an inducible tagged-Ub
expression system, the timescale for ubiquitin production following transcription and
translation is on the order of hours. On the other hand, it is possible to obtain kinetic
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information from experiments conducted in HeLa lysates, but these results do not
represent what happens in an intact cell. The SQZ platform allows us to deliver a suitable
amount of material, such as tagged-Ub, into the cytosol in the timeframe of 1-2 minutes.
Since we can remove most HA-Ub in the media and thereby stop delivery by simple
centrifugation, we can expose cells to HA-Ub for as short as 3 minutes and then chase them
as long as is required. This method has thus allowed us to examine ubiquitination events
that occur as rapidly as within 5 minutes in the context of a semi-intact cell, which to the
best of our knowledge has not been possible with previous methods.
In addition, the SQZ platform allowed us to introduce E2 thioesters into the cytosol. Since
E2-Ub thioesters are produced post-translationally by the action of Els, simple genetic
expression of such adducts is impossible. While overexpression of E2s has been used, E2
loading with Ub is regulated by factors within the cell. We have not observed significant
levels of E2s loaded with Ub in cells prepared under non-reducing conditions in SDS
sample buffer (data not shown). Delivery of pre-loaded E2 allows us to overcome possible
regulatory and feedback mechanisms that would complicate interpretation of E2
overexpression and directly observe the contribution of E2 identity to the collection of
cellular proteins targeted.
In addition to the naturally occurring E2 thioesters, there are alternative non-natural
chemically modified Ub analogs that we can now deliver into cells. Various chemical
modifications on Ub can be applied to label proteins involved in the
ubiquitin/deubiquitination cascade. A recently published Ub-based probe is the E1-E2-E3
cascading probe Ub-dehydroalanine (Dha), which can be used to label components of the
ubiquitin pathway (Mulder et al., 2016). When loaded by an El, about 50% of Ub-Dha
reacts with the El active site cysteine as a thioester, while the remainder forms a thioether
bond that cannot be transferred to an E2. In similar fashion, 50% of E2-Ub-Dha exists as
thioesters, while the remainder yield the non-hydrolysable thioether. When HA-Ub-Dha is
loaded onto a selected E2 as a thioester in vitro and subsequently delivered to cells, it
should label any interacting E3s with an active site cysteine using HA-Ub-Dha thioether,
which would allow us to immunoprecipitate for the HECT or RBR E3 ligases that interact
with the target E2. Our lab has also developed Ub analogs that selectively label
deubiquitinases (DUbs). These probes are comprised of a C-terminally truncated ubiquitin
protein functionalized at the C-terminus with electrophiles: ubiquitin vinyl sulfone (UbVS)
and Ub vinylmethylester (UbVME) have been used in lysates to label such DUBs
(Borodovsky et al., 2001; Love et al., 2009). As an extension of these results we can now
deliver these DUb probes into cells to identify the active DUbs in the context of intact cells
There is still a limited understanding of the extent to which cells are stressed during SQZ,
and the duration and mechanism of recovery. Since the process of cell squeezing must
cause mechanical stress, with might include a corresponding activation of the ubiquitin
conjugation machinery, our results must be interpreted with this possibility in mind.
Future work should include a characterization of the cellular response to membrane
disruption.
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5.3.4 Material and Methods
HA (Horseradish peroxidase (HRP)-conjugated monoclonal rat 3F10, Sigma Aldrich;
Horseradish peroxidase (HRP)-conjugated monoclonal mouse sc-7392, Santa Cruz
Biotechnology; HA rabbit polyclonal sc-805, Santa Cruz Biotechnology), GAPDH
(Horseradish peroxidase (HRP) -conjugated monoclonal rabbit; Cell Signaling Technology),
Horseradish peroxidase (HRP) -conjugated goat-anti-rabbit secondary antibody (Cell
Signaling Technology)
Plasmids, Protein expression and purification
HA-Ub, UBC7 and UBE2L3 were expressed using a pET SUMO plasmid cleaved at the NheI
and HindIII site to remove the SUMO fusion but retaining the N-terminal His tag and the
thrombin cleavage site. Murine El is expressed using a plasmid provided by Addgene
(#32534). Proteins were expressed using BL21(DE3) E. coli in terrific broth (TB), with
overnight 1 mM IPTG induction at 30 'C. Bacteria were collected by centrifugation, resuspended in 50 ml PBS with 10 mg lysozyme and 1 protease inhibitor pellet (Roche),
sonicated for 60 seconds three times and spun at 17000 rpm for 1 hour at 4 'C to collect
lysate. His6-tagged proteins were purified by Ni-NTA column, washed with 10 mM
imidazole, 500 mM NaCl, 50 mM Tris pH 7.5, and eluted in 250 mM imidazole, 500 mM
NaCl, 50 mM Tris pH 7.5. All proteins were further purified with S75 size exclusion column
(GE healthcare) into TBS.
Cell Culture
HeLa cells were maintained in Dulbecco's modified Eagle's medium (DME) supplemented
with 10% IFS in humidified air containing 5% C0 2 at 370 C.
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Chapter 6 Conclusions and Outlook
During my PhD, I have used UBC6e-deficient cells and VHHs to study the function of UBC6e
in ERAD. We have found that UBC6e is involved in at least two processes: general ERAD for
the degradation of misfolded substrates; and a process in which ERAD components EDEM1,
OS-9 and SELiL are down regulated. In addition, we found that the epitope of VHH05,
located within residues 168-186 of UBC6e, might be a gateway helix that regulates activity.
Stress-induced phosphorylation of Ser184 possibly allows binding by cytosolic factors to
enhance UBC6e activity.
The study of ERAD complexes has frequently centered on the E3 ubiquitin ligases, but
much less is known about the roles of E2 ubiquitin conjugating enzymes in the process.
There are about 10 known E3s that localize to the ER, while there are only three known ERlocalized E2s. These three E2s need to co-operate with different E3s for different cellular
processes. Our studies in UBC6e-deficient cells indicate that, in a similar manner, E3 ligases
can work with multiple E2s. How is E2/E3 complex formation controlled? How do E2s
contribute to substrate specificity? These are some of the questions that, if answered,
would contribute to our understanding of the ERAD process.
During ER stress, the unfolded protein response (UPR) is activated to increase production
of ER chaperones and ERAD components to resolve ER stress. However, transcription and
translation can take hours, so there must be mechanisms that take less time to enact. Our
data supports the hypothesis that UBC6e plays a role in enhancing ERAD without
transcriptional activation. Stress-induced UBC6e phosphorylation occurs within 30
minutes, and the phosphorylation site is on a gateway helix, which when bound, enhances
UBC6e enzymatic activity. We would like to identify the cellular factors that bind to
phosphorylated UBC6e to induce activation, and further understand how this pre-UPR
response contributes to resolving ER stress.
E2s need to be loaded with ubiquitin by El activating enzyme to become active. Since E2Ub thioesters cannot be genetically coded, scientists lack the tools to study functional E2Ubs in the cell. We have recently employed SQZ technology developed by the Langer and
Jensen Labs to deliver purified E2s loaded with epitope-tagged ubiquitins in vitro. We hope
to better understand how E2-Ub complexes contribute to substrate selection, and to
understand how E2-Ubs interacts with different E3s by using ubiquitin analogs that allow
for E2/E3 cross-linking.
We have also developed VHH05, which specifically targets UBC6e (170-184). We have used
this VHH to perturb UBC6e function both in vitro and in vivo. Because the epitope of VHH05
is a linear peptide in UBC6e, we further explored the use of this epitope as a tag for
proteins of interest. We have shown that VHH05 sortagged with different labels can
specifically immunoprecipitate, immunblot and immunofluorescently label tagged proteins.
We hope to use this VHH to intracellularly target tagged proteins to selected compartments.
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translocate cargo proteins into the cell that either contained an "thioester or a D-polypeptide segment linking
two protein domains.

ABSTRACT: Proteins containing a C-terminal thioester
are important intermediates in semi-synthesis. Currently
there is one main method for the synthesis of protein thioesters that relies upon the use of engineered inteins. Here
we report a simple strategy, utilizing Sortase A, for routine preparation of recombinant proteins containing a Cterminal 'thioester. We used our method to prepare two
different anthrax toxin cargo proteins: one containing an
"thioester and another containing a D-polypeptide segment situated between two protein domains. We show that
both variants can translocate through protective antigen
pore. This new method to synthesize a protein thioester
allows for interfacing of sortase-mediated ligation and
native chemical ligation.

Sortases are a class of thiol-containing transpeptidases
that anchor proteins to the bacterial cell wall.' 3 SrtA recognizes a C-terminal LPXTG sequence and cleaves the
threonine-glycine bond to form a thioacyl-linked intermediate.1 4 This intermediate is primed to react with the Nterminal amino group of an oligoglycine motif. Recent
effort has shown that sortases can be co-opted for the site5
modification of proteins at the N or C-terminus.1
specific
2 This sortagging, transpeptidation reaction has been used
extensively to attach virtually any water-soluble molecule
to a protein of interest. Sortagging reactions are executed
in calcium containing aqueous buffer (pH 7-8.5) at nano24
molar to micromolar concentration of SrtA. To carry out
the sortagging reactions in water the N-terminal membrane spanning region of SrtA is removed.

Chemical tailoring of proteins is a powerful approach to
investigate structure function relationships and the role of
post-translational
modifications.'Protein
semisynthesis4 ' 7 and total synthesis' are commonly used to
introduce novel functionalities into proteins. Both approaches rely on native chemical ligation (NCL)-a
chemoselective amide forming reaction between an "thioester and an N-terminal cysteine moiety. 9 When protein
thioesters are generated from engineered inteins and then
modified with NCL the process is referred to as expressed
protein ligation. 0-12 Inteins are protein self-splicing elements that can be engineered to generate protein thioesters after self-cleavage in the presence of small molecule
thiol. 0 -12 Despite a number of new methods for the chemical synthesis of peptide thioesters, intein mediated synthesis of protein "thioesters is the only direct route to generate this important functionality needed for semisynthesis.
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We prepared variants of an oligoglycine "thioester and
carried out model studies with peptide KLPETGG. During the initial stages of our studies Chen et al. reported an
evolved SrtA (SrtA*) that had improved enzymatic kinetics.26 Once we confirmed SrtA* and SrtA gave similar
product yield in model peptide studies, we chose to work
exclusively with SrtA* because it substantially shortened
reaction time. Reactions with SrtA* were complete in 30
minutes as opposed to 2 hours with SrtA (Figure Sl-S2).
The analytical RP-HPLC traces for a model reaction between KLPETGG and G 5F-COSR in the presence of
SrtA* are shown in Figure 1. We used RP-HPLC to purify
the sortagged reaction product (6.9 mg, 54% yield) and
then performed an NCL reaction under standard conditions. After purification, the NCL product was isolated
(83 % yield, 2 mg) and characterized by high resolution

Here we report a sortase-mediated approach for the facile synthesis of protein "thioesters (Scheme 1). We show
that the calcium dependent enzyme sortase A (SrtA) from
Staphylococcus aureus can be used to attach synthetic
oligoglycine 'thioesters to a number of different proteins
with good yield and efficiency. In addition, this approach
allowed us to prepare two different model cargo proteins
and probe their translocation through anthrax toxin protective antigen. We found that the anthrax toxin pore can
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LCMS (Figure lb-d). We conducted additional sortagging
studies to investigate two aspects of the oligoglycine "thioester: varying the C-terminal amino acid (Xaa) or varying the number of glycine residues. It has been demonstrated that the reactivity of a peptide "thioester is dependent upon the identity of the C-terminal amino acid; Gly is
more reactive than Leu, for instance.'
Product yields
determined from analytical RP-HPLC ranged from 54-68
% with SrtA (Table Si) and 74-84 % with SrtA* (Table
1) suggesting the C-terminal amino acid Xaa does not
significantly affect the reaction yield. We next investigated the relationship between reaction yield and the number
of N-terminal glycine residues. The best yields were obtained when three or more glycines were used (Table 2).

mM G 5F-COSR, 500 pM KLPETGG, 5 pM SrtA*, SrtA*
buffer, pH 7.5. (c) Native chemical ligation (NCL) with sort-

Table 1. SrtA*-mediated ligation reaction yields with
different G 5-Xaa-COSR to model peptide

Reagents and conditions: 500 jM KLPETGG was reacted
with 1 mM Gn-COSR for 30 min in the presence of 5 RM

agged thioester reaction product. (d) Analytical RP-HPLC of
purified NCL reaction product. Reaction conditions are reported in the supporting information. All analytical RPHPLC signals are measured at 214 nm. A: impurity peak.
Table 2. SrtA*-mediated ligation reaction yields with
increasing number of glycines in G,-COSR to model peptide.

Gly

Phe

Ser

Leu

Yield (%)

76(2)

84(3)

74(3)

75(2)

SML reaction t = 0 min

reaction

t

=

KLPSTGF-COSR

4

6

8

SrA*

obs. 1285.7
ca. 1285.7

10

12

14

KLPETG 0F-COSR + CFRALKAA -*

16

18

22
o
Time [min)

KLPETG 5F-CFRALKAA

46(8
)

68(6
)

69(3
)

70(1
)

59(8
)

62(1)
*

DTA is the catalytic domain from diphtheria

We first investigated, by use of high resolution LCMS,
whether SrtA* could tag thioesters onto our three different model proteins and found that protein thioester products are readily formed in 30 minutes (Figure S4). We
then proceeded to prepare protein thioesters on milligram
scale using the approach shown in Figure 2a. In particular,
a one-pot method was employed whereby we first removed the N-terminal SUMO tag with SUMO protease
and subsequently added SrtA*, Ni-NTA agarose beads,

and oligoglycine 'thioester peptide. After completion of

obs. 1880.0 0.1

NCL reaction product

Yield(%
)

removal of SUMO.

0.1

KLPETG5FCFRALKAA

d

6

toxin and catalyzes the ADP-ribosylation of elongation
factor-2 within the cytosol thereby halting protein synthe13 2
LFN and LFN-DTA are
sis and causing cell death.' ,
moieties used to probe the molecular basis of anthrax
33
We prefer to express protoxin protein translocation.
teins as SUMO-protein fusions because expression yields
are enhanced and the native N-terminus is generated after

-2

5

DTA). "

5

30 min

4

With the ability to sortag oligopeptide 'thioesters to
peptides bearing a C-terminal acceptor sequence, we carried out investigations with three different model proteins.
We prepared variants of eGFP, lethal factor N-terminal
domain (LFN) from anthrax toxin,29 and lethal factor Nterminal domain fused to diphtheria toxin A-chain (LFN-

KLPETGF-COSR

SML

3

as the nucleophile. The yield represents the sum of both reac-

GF COSR

KLPETGG

2

tions.

Reagents and conditions: 500 jM KLPETGG was reacted
with 1 mM G 5-Xaa-COSR for 30 min in the presence of 5
pM SrtA* and SrtA* buffer (10 mM CaCl 2 , 50 mM Tris, 150
mM NaCI) pH 7.5. The thioester R group was -CH2 -CH 2 -LR-CONH 2. Standard deviations are shown in parentheses.

b

1

SrtA* and SrtA* buffer, pH 7.5. +: Both KLPETGG-COSR
and KLPETG-COSR were formed when G-COSR was used

Xaa

a KLPETGG+ GF-COSR SrA-

Number
of Gly

the SrtA*-mediated ligation (SML) reaction, pure protein

ca. 1880.0

thioester was isolated by simple filtration and concentration because all unreacted material remained bound to the
Ni-NTA agarose beads. We obtained good yields of pure
protein 'thioester and observed minimal amounts of SrtAmediated hydrolysis when analyzed by high resolution

LCMS (Figure 2b-d). Our isolated yields for the three
0

2

4

0

12

14

16

18

26

i2

Time [mini

Figure 1. LC data for peptide "thioester synthesis using
SrtA* followed by NCL. (a) SrtA*-mediated ligation (SML)
of model peptide. (b) Analytical RP-HPLC of crude SML
reaction for t = 0 min and t = 30 min. Reaction conditions: 1

182

different model protein thioesters ranged from 40-80%
(Table S3), which is consistent with prior reports for
SML. When we monitored the sortagging reaction by
SDS-PAGE and LCMS, we found some product still
bound to the Ni-NTA agarose beads for LFN and LFNDTA but not eGFP (Figure S5) suggesting the reaction

yields are in part determined by the intrinsic properties of
the protein. For eGFP-COSR we carried out NCL with the
model peptide CFRALKAA under standard conditions
(pH 7, TCEP, MPAA catalyst) and obtained 0.8 mg product (98% yield) (Figure S6).34
a
H-SUMO-(rin)LPSTGG-H 8 + G 5F-COSR 1) -SUMO
2) SrtA*

(

-LPSTG5F-COSR

w/ Ni-NTA

obs 31686.8
ca. 31686.6

We also prepared LFN-L-linker-DTA using the same approach to serve as a control in our translocation assays
(Figure S7). By comparing the translocation efficiency of
LFN-D-linker-DTA against the L-amino acid variant, we
were able to evaluate the stereochemical requirement for
successful translocation through the pore.
a
LPSTGG-H,

(

GsGreIerG-COSR

+

0.4

SrtA*, w/ Ni-NTA

b

IJLPSTGsGrelerG-COSR

+ Cys

f

LFN-COSR
NCL

LPSTGesGreerGC-

(

(D-linker)

320

3=00

mass

obs.

ca.

b

obs.

53234.7 0.4

ca.

53234.5

LPSTG,sGrelerGC(D-linker)

52947.5
52947.2

0.4

t

C

LFN-DTA-COSR

51000 53000
1

obs.
d

ca.

28109.1
28109.7

25

27

0.4

1

3

5

mass

'

'
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9

11

13

15

17

19

21

23

29
Time

31

[min]

Figure 2. LCMS data for protein thioester synthesis using
SrtA*. (a) SML of model proteins. (b)-(d) LCMS and deconvoluted MS (inset) of the main component for LFN, LFNDTA and eGFP thioesters. Reaction conditions: (1) SUMO
cleavage: I pg SUMO protease per I mg protein for 90 min
at room temperature. (2) SML: 500 pM G5 F-COSR, 100 pM
protein-LPSTGG, 5 jiM SrtA*, 75 pl Ni-NTA agrose slurry
per mg protein, SrtA* buffer, pH 7.0, 30 min. LCMS traces
are shown as total ion current.
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Figure 3. Installing a D-peptide segment between LFN and

With our modified LFN-DTA variants in hand, we tested if they could translocate through PA.2 9 In this protein
translocation assay, anthrax toxin PA and LFN-DTA were
added to CHO-KI cells and the amount of LFN-DTA delivered to the cytosol was inferred by measuring protein
synthesis via 3H-Leu incorporation into the cellular proteome. 30 33 Once LFN-DTA accesses the cytosol it inhibits
protein synthesis. The protein synthesis levels for the
variants are shown in Figure 4. We found all variants to
translocate at levels similar to wild-type LFN-DTA.
1.4
1.2

One of the proteins we have chosen to work with in
these studies is LFN-DTA. This chimera serves as an excellent model cargo protein to probe translocation through
the anthrax toxin protective antigen (PA) pore. Having
facile chemical access to this molecule allows for the incorporation of non-natural moieties to further elucidate
the mechanisms in which this protein enters the cell
through the PA pore. To begin these investigations, we
aimed to study the translocation of LFN-DTA-COSR and
LFN-D-linker-DTA, where "D-linker" refers to a small Dpeptide tether between LFN and DTA. The preparation of
these synthetic constructs is simplified by our new approach to generate protein thioesters. We prepared LFND-linker-DTA using the approach shown in Figure 3a.
The synthetic approach involves first sortagging an ohgoglycine thioester containing D-amino acids to LFN fOllowed by NCL to ligate on the C-terminal DTA domain.

1.0
EC50 (pM)
ci 0.8

-@LF D-DTA-COSR
_iker-DTA
-.- LFN-L-iinker.DT

0.4

-y-LFN-D-linker-DTA
-+-LFN-DTA no PA

0-

.

LL

30 6
17 2
33 4
24 3

--a-LFN-DTA

0.6

f

0.2
0.0-15

-14

-10
-9
-12
-11
-13
Log [Promin Concentration (M)l

-8

-7

-6

Figure 4. Translocation of LFN-DTA variants into CHO-KI
cells. Cells were incubated with LFN-DTA, LFN-DTACOSR, LFN-L-linker-DTA, or LFN-D-linker-DTA at different concentrations in the presence or absence of 10 nM PA
for 30 minutes. The media was then replaced with leucine-
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-F-_

5

DTA. (a) Synthetic strategy used to modify the linker region
(lower case = D-amino acid). (b) LCMS and deconvoluted
MS (inset) for LFN-D-linker-DTA. The reaction conditions
are reported in the supporting information. LCMS traces are
shown as total ion current.

eGFP-COSR

' '

3

free medium supplemented with 1 tCi/ mL 'H-Leu, and incubated for 1 hour. After incubation, the cells were washed
three times with cold PBS, scintillation fluid was added, and
incorporated 3H-Leu was determined by scintillation counting. Each data point represents the average of three trials at
the specified concentration.

However, it should be noted that the utility of sortagging is limited to ligations in which introduction of the
LPXTGn moiety does not significantly alter protein structure. In cases when the LPXTGn segment may alter the
properties of the protein, other ligation methods should be
considered. Despite this limitation, sortagging has been
used in numerous instances to modify proteins for biological study.
In our case, the LPSTG5 linker did not
affect the translocation of our LFN-DTA constructs. One
way to overcome this limitation would be to evolve sortase to recognize different and possibly shorter sequences.
Recently, Piotukh et al. evolved SrtA to recognize
FPXTG or APXTG motif, suggesting this may be possible.39

The translocation of LFN-DTA-COSR suggests that the
amide bond can be replaced with a thioester without affecting passage through the pore. We plan to explore the
possibility of using the thioester functionality to capture
translocated proteins and their possible binding partners in
the cytosol.
Our findings indicate that a model cargo protein containing non-natural modifications in the linker region is
capable of translocation through the PA pore. Successful
translocation of LFN-D-linker-DTA demonstrates that the
stereochemical constraints on PA-mediated translocation
are minimal, provided that requirements for prepore binding and translocation initiation are met. This finding is inline with a prior report investigating replacement of the
N-terminus of LFN with a D-peptide segment. 5

In summary, we have developed a SrtA-mediated ligation approach for the synthesis of recombinant protein
thioesters. Protein thioesters are generated in 30 minutes
with good yields, and pure products are isolated without
elaborate purification steps.
Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org."

This method to generate an "thioester provides flexibility for covalent modification of proteins by interfacing
key ligation approaches. The termini or linker regions of
proteins can be site-specifically modified in a modular
manner by the use of sortase-mediated ligation and native
chemical ligation. Linker regions between two protein
domains can be easily modified with natural or unnatural
moieties by synthesizing various peptide thioesters. We
demonstrated the utility of this approach by preparing a
variant of LFN-DTA in containing a D-peptide segment in
the linker region. To the best of our knowledge, this is the
first time that a D-peptide fragment has been installed
between two recombinantly expressed protein domains.
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Our method of protein thioester generation could be
used to overcome solubility limitations of sortagging reactions. We have found that sortagging efficiency directly
parallels oligoglycine nucleophile concentration. Hydrolysis of LPXTG is a competing side-reaction for sortagging endeavors.
We found that optimal concentrations
of oligogylcine needed to be 300 LM and above; at lower
concentrations, we observed significant LPSTGG hydrolysis (Figure S8). However, some oligoglycine peptides
and proteins are insoluble at these concentrations. Our
approach could be used to overcome this solubility limitation because short oligoglycine peptide thioesters tend to
be highly soluble in aqueous solution. Moreover, if a given peptide thioester is still found to be insoluble it can be
further modified to increase solubility by installing an Arg
tag on the thioester leaving group.'8 After sortagging with
a peptide 'thioester, native chemical ligation can be carried out in solvents and buffers that denature sortase but
solubilize the coupling partners. Common solubilizing
agents that can be used in native chemical ligation reactions include denaturants (urea or guanidinium), detergents, and organic solvents.

Supporting Information Available: Details of the peptide
synthesis and purification, model SrtA and SrtA* reactions,
protein construct preparation, and anthrax toxin cells assay.
This material is available free of charge via the internet at
http://pubs.acs.org.
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Model Peptide Studies
Materials
2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and a-Boc
protected L-amino acids (Chem-Impex International, IL and Peptide Institute, Japan). MBHA
resin was obtained from Anaspec, CA. N,N-Dimethylformamide (DMF), dichloromethane
(DCM), diethyl ether, HPLC-grade acetonitrile, and guanidine hydrochloride were from VWR,
PA. Trifluoroacetic acid (TFA) was purchased from NuGenTec, CA and Halocarbon, NJ. All
other reagents were purchased from Sigma-Aldrich, MO and Invitrogen, CA, or as otherwise
indicated.
Solid phase peptide synthesis
All model peptides were synthesized on a 0.2 mmol scale on 4-methylbenzhydrylamine (MBHA)
resin using manual SPPS in situ neutralization Boc chemistry protocols'. Peptide thioesters were
prepared as described above and thioester formation relied upon a mercaptopropionic acid (MPA)
strategy 2. Side-chain protection for L-amino acids were as follows: Arg(Tos), Cys(4-MeBzl),
Glu(OcHex), Lys(2-ClZ), and Thr(Bzl). The resins were washed with DCM and air dried after
completion of stepwise SPPS. The peptides were simultaneously cleaved from the resin and sidechain deprotected by treatment with 10% (v/v) p-thiocresol and 1 0%(v/v) p-cresol in anhydrous
HF for 1 hr at 0 'C. Peptides were then triturated with cold diethyl ether, dissolved in 50% H 2 0:
50% acetonitrile containing 0.1% TFA and lyophilized. These same solvent compositions were
used in most experiments and will be referred to as A: 0.1 % TFA in H20 and B: 0.1 % TFA
in acetonitrile.
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Peptide purification
The crude peptides were dissolved in 95 % A: 5 % B and purified by preparative RP-HPLC
(Agilent Zorbax SB C18 column: 21.2 x 250 mm, 7 tm, linear gradient: 1-41% B over 80 min,
flow rate: 10 mL/min). HPLC fractions were spotted with MALDI matrix alpha-cyano-4hydroxycinnamic acid (CHCA) in 50 % A: 50% B and checked for correct molecular masses.
The purity of fractions was confirmed by analytical RP-HPLC (Agilent C 18 Zorbax SB column:
2.1 x 150 mm, 5 pm, gradient: 1-51% B over 12 min, flow rate: 0.5 mL/min). Analytical HPLC
UV absorbance traces in this work were measured at 214 nm. Model peptides used in this
investigation are as follows:
Sequence

Observed (Da)

Calculated (Da; Mono.)

GGGGG-G-MPA-LR-CONH

2

716.4

0.5

716.33

GGGGG-F-MPA-LR-CONH

2

806.6

0.5

806.38

GGGGG-S-MPA-LR-CONH

2

746.8

0.5

746.35

GGGGG-L-MPA-LR-CONH

2

773.0

0.5

772.40

GGGGG-MPA-LR-CONH 2

659.3

0.5

659.31

GGGG-MPA-LR-CONH 2

602.8

0.5

602.29

GGG-MPA-LR-CONH

546.0

0.5

545.27

489.2

0.5

488.25

432.3

0.5

431.23

GG-MPA-LR-CONH

2

2

G-MPA-LR-CONH 2
GGGGG-SGRELERG-MPA-LL-CONH
GGGGG-sGrelerG-MPA-LL-CONH

2

2

1500.8

0.1

1500.74

1500.8

0.1

1500.74

KLPETGG-CONH 2

700.1

0.5

699.40

CFRALKAA

878.8

0.5

878.48

GGGGGLRL-CONH 2

684.1

0.5

684.80

MPA: 3-mercaptopropionic acid. Lower case letters represents d-amino acids.
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Model sortase reaction with wildtype (WT) SrtA
Yield analysis with different G5-Xaa-COSR
50 pM WT SrtA

500 tM

+

KLPETG5-Xaa-COSR

G,-Xaa-COSR

1 mM

10 mM CaC 2
50 mM Tris,
150 mM NaCI,
pH 7.5,
30 mins

,

KLPETGG

Xaa= Gly, Phe, Ser or Leu

For wild type (WT) sortase-mediated ligations, the substrate KLPETGG (500 pM) was incubated
with G,-Xaa-COSR (1 mM) in the presence of 50 pM WT sortase A (SrtA) in sortase buffer (10
mM CaCl 2 , 50 mM Tris, 150 mM NaCl), pH 7.5 for 2 hours at room temperature. The reaction
mixture was then quenched with equal volume of 50 % A: 50% B. The crude product yield was
analyzed using RP-HPLC (Agilent Zorbax SB C18 column: 2.1 x 150 mm, 5 pm, linear
gradient: 1-61% B over 15 min, flow rate: 0.5 mL/min. The same analytical HPLC method
has been used to analyze peptide sortagging reaction unless otherwise stated). The yield was
calculated by manual integration of area under the curve for KLPETGG (tR: 7.2min). All
experiments were performed in triplicate.
Table S1. Percentage yield for WT SrtA mediated ligations for G5 -Xaa-COSR thioesters (Xaa
Gly, Phe, Ser or Leu) with 500 pM KLPETGG.
Xaa

Gly

Phe

Ser

Leu

Yield (%)

54(4)

69(3)

67(3)

68(1)

Kinetic analysis of WT SrtA

The substrate KLPETGG (500 pM) was incubated with G5F-COSR (500 pM) in the presence of
50 pM WT SrtA at room temperature in sortase buffer, pH 7.5. The reaction mixture was
quenched with 20 pl of 50 % A: 50% B at time (in minutes) = 1, 5, 10, 15, 20, 30, 40, 50, 60, 80,
100, and 120. The formation of product was analyzed using RP-HPLC via manual integration to
obtain area under curve for the product peak (tR: 12.6 min).
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Figure Si. Rate of product formation in the presence of WT SrtA.
Kinetic analysis of SrtA*

The substrate KLPETGG (500 [M) was incubated with G 5F-COSR (500 pM) in the presence of
5 pM SrtA* at room temperature in sortase buffer, pH 7.5. The reaction was quenched with 20 gd

of 50 % A: 50% B at time (in minutes) = 1, 5, 10, 15, 20, 30, 40, 50, and 60. The product yield
was analyzed using RP-HPLC and then manually integrated to obtain area under curve for the
product peak (tR: 12.6 min).
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Figure S2. Rate of product formation in the presence of SrtA*.
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60

Sortase reaction followed by NCL with model peptide
SrtA* mediated ligation followed by purification
5 pM SrtA*
KLPETGG

+

KLPETG 5F-COSR

G5F-COSR

7.0 mg
7.5 pmol
500 pM

17.2 mg
15 pmol
I mM

10 mM CaCl,,
50 mM Tris,
150 mM NaCl,
pH 7.5,
30 mins

6.9 mg
4.0 pmol
54% yield

KLPETGG (7.0 mg, 7.5 ptmol, 500 jM) was reacted with G5F-COSR (17.2 mg, 15 [tmol, 1 mM)
with 5 ptM SrtA* at room temperature for 30 minutes in sortase buffer, pH 7.5. The reaction was

quenched with an equal volume of 95 % A: 5% B. The product KLPETG 5 F-COSR was purified
by preparative RP-HPLC (Agilent Zorbax SB C18 column: 21.2 x 250 mm, 7 ptm, gradient: 1-41%
B in 80 min, flow rate: 5 mL/min). Preparative RP-HPLC fractions were analyzed using MALDI
mass spectrometry, analytical RP-HPLC (Agilent Zorbax SB C 18 column: 2.1 x 150 mm, 5 ptm,
linear gradient: 1-51% B over 12 min, flow rate: 0.5 mL/min) and LCMS (Agilent Zorbax
300SB C 3 column: 2.1 x 150 mm, 5 ptm, linear gradient: 1-61% B' over 15 min, flow rate: 0.4
mL/min. For LCMS we used solvent A': 0.1% formic acid in H 20 and solvent B': 0.1%
formic acid in acetonitrile. This same solvent system was used for all LCMS performed
during the course of this work. Fractions containing the purified target peptide were combined
and lyophilized to give 6.9 mg, 4.0 pimol of product (54% yield). The observed mass was 1374.7
0.1 Da (calculated monoisotopic mass: 1374.71 Da).
Native chemical ligation
KLPETG 5F-COSR
2.2 mg
1.2 pmol
4.0 mM

+

KLPETG 5F-CFRALKAA

CFRALKAA
1.8 mg
1.5 pniol
4.7 mM

6 M Gn-HCI,
20 mM TCEP*HCI,
50 mM MPAA,
0.2 M phosphate,
pH 6.9,
2 hours

2.0 mg
1. 1 pmol
83% yield

KLPETG5 F-COSR (2.2 mg, 1.2 pimol, 4.0 mM) was reacted with CFRALKAA (1.8 mg, 1.5
pmol, 4.7 mM) for 2 hours at room temperature in 6 M guanidine hydrochloride (GneHC), 20
mM tris(carboxyethyl)phosphine hydrochloride (TCEPeHCl), 50 mM 4-mercaptophenylacetic
acid (MPAA), 0.2 M potassium phosphate, at pH 6.9. The reaction mixture was quenched with
an equal volume of 95 % A: 5 % B. The product KLPETG 5F-CFRALKAA was purified using
preparative RP-HPLC (Agilent Zorbax SB C 18 column: 21.2 x 250 mm, 7 pim, linear gradient: 161% B over 120 min, flow rate: 5 mL/min). Preparative RP-HPLC fractions were then analyzed
using MALDI mass spectrometry, analytical RP-HPLC (Agilent Zorbax SB C 1 8 column: 2.1 x
150 mm, 5 jim, linear gradient: 1-51% B over 12 min, flow rate: 0.5 mL/min) and LCMS
(Agilent Zorbax 300SB C 3 column: 2.1 x 150 mm, 5 pim, linear gradient: 1-61% B' over 15 min,
flow rate: 0.4 mL/min). Fractions containing the purified target peptide were combined and
lyophilized to give 2.0 mg, 1.1 pimol (83% yield). The observed mass for product is 1879.0 0.1
Da (calculated monoisotopic mass: 1879.04 Da).
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Protein Studies
Construction of plasmids
pET SUMO His 6-SUMO-eGFP-LPSTGG-His 6 was prepared by use of the Champion pET
SUMO protein expression system (Invitrogen, CA). AccuPrime Taq DNA polymerase
(Invitrogen, CA) was used to PCR amplify eGFP and the LPSTGG tag was added by using 5'ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGG-3' (forward)
5'and
CTAATGGTGGTGGTGGTGGTGGCCGCCGGTGCTCGGCAGCTTGTACAGCTCGTCCAT
GC-3' (reverse) primers. The product was confirmed by 1% (w/v) agarose gel electrophoresis
and subsequently PCR purified by the QlAquick PCR purification kit (Qiagen, Netherlands). The
PCR product was then cloned into pET SUMO by an overnight ligation at 15 'C with 6 ng PCR
product, 25 ng pET SUMO vector, and 0.5 pl T4 DNA ligase. 2 p1 of the ligation product was
transformed into One Shot Machl-Ti competent cells and plated on 30 jtg/mL kanamycin plates
and incubated overnight at 37 'C. Colonies were grown in LB media containing 30 ptg/mL
kanamycin. The plasmid DNA was isolated using the Qiaprep spin miniprep kit (Qiagen,
Netherlands). Glycine at position 2 in SUMO vector was mutated to isoleucine in all model
proteins in order to prevent SrtA*-mediated intramolecular cyclization. These mutations were
introduced using QuikChange Lightening Multi Site-Directed Mutagenesis Kit (Agilent, CA)
with a 5'-GAAGGAGATATACATATGatCAGCAGCCATCATCATCATC-3' primer. The
SrtA5 9-206 construct employed in this study is a truncated version of naturally occurring SrtA in

which the N-terminal membrane-spanning domain has been removed. The remaining portion of
SrtA exhibits greater solubility in aqueous solution as consequence of membrane-spanning
domain excision yet retains full catalytic activity.3 SrtA* (P94S/D160N/K196T), evolved by
Chen et a1 4 ., was prepared from WT SrtA in a pET 21 vector using a QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent, CA). The following primers were used for the
QuikChange:
P94S:
5'-CCAGGACCAGCAACAtccGAACAATTAAATAGAGGTG-3',
5'-GTATAAAATGACAAGTATAAGAaacGTTAAGCCAACAGATGTAGAAG-3'
D160N:
K196T: 5'-GACAGGCGTTTGGGAAaccCGTAAAATCTTTGTAG-3'
Protein Expression
Recombinant His 6 -SUMO-LFN-LPSTGG-His 6 , His 6-SUMO-LFN-DTA(C186S)-LPSTGG-His 5
and His 6 -SUMO-Cys-DTA(C186S) were expressed at New England Regional Center of
Excellence/Biodefense and Emerging Infectious Diseases (NERCE). His 6 -SUMO-eGFPLPSTGG-His 6 was overexpressed in E. coli BL21 (DE3) cells. Approximately 10 g of cell pellet
was lysed by sonication in 50 ml of 50 mM Tris, 150 mM NaCl, pH 7.5 buffer containing 30 mg
lysozyme, 2 mg DNAase I, and 1 tablet of Roche protease inhibitor cocktail. The suspension was
centrifuged at 17,000 rpm for one hour to remove cell debris. The supernatant was loaded onto a
5 ml HisTrap FF crude Ni-NTA column (GE Healthcare, UK) and washed with 50 mL of 40 mM
imidazole in 20 mM Tris, 150 mM NaCl, at pH 8.5. The protein was eluted from the column
with buffer containing 500 mM imidazole in 20 mM Tris, 150 mM NaCl, pH 8.5. Imidazole was
removed from proteins using a HiPrep 26/10 Desalting column (GE Healthcare, UK) into 20 mM
Tris, 150 mM NaCl, pH 8.5. Purified proteins were analyzed using an Any kD Mini-PROTEAN
TGX Precast Gel (Bio-Rad, CA).
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Figure S3. Coomassie stained SDS-PAGE gel of protein constructs. Lane 1: Invitrogen
Seeblue@plus2 protein standard. Lane 2: SrtA*-HiS 6 . Lane 3: GB1-His 6 -SrtA. Lane 4: His6
SUMO protease. Lane 5: HiS 6 -SUMO-LFN-LPSTGG-HiS 6 . Lane 6: HiS 6 -SUMO-LFN-DTALPSTGG-His 5 . Lane 7: His6 -SUMO-eGFP -LPSTGG-His 6

In addition, the proteins were analyzed by LCMS to confirm their purity and molecular weight
analyzed via high-resolution ESI-QTOF MS (Agilent 6520) (Table S2). The charge-state series
of the species were deconvoluted using Agilent MassHunter Bioconfirm using maximum entropy
setting (Agilent Zorbax 300SB C 3 column: 2.1 x 150 mm, 5 pm, linear gradient: 5-35% B' over
6 min, 35-45% B' over 20 min, 45-65% B' over 3 min, flow rate: 0.4 mL/min).

Table S2. Observed molecular masses of protein constructs when analyzed by LCMS.
Protein

Observed MW (Da)

Calculated MW
(auaeage
(Da; average)

SrtA*-His 6
19214.6 0.4
19214.5
3
GB1-His 6-SrtA
25218.5 +0.4
25218.2
His6 -SUMO-LFN-LPSTGG-His 6
45289.3 + 0.4
45289.8
66700.1
66700.0 + 0.4
His6 -SUMO-LFN-DTA-LPSTGG-His 5
20840.1
20840.1 + 0.4
Cys-DTA
41710.9
41711.7 0.4
His6 -SUMO-eGFP-LPSTGG-His 6 *
-*: The eGFP mass was first calculated from the native primary sequence and then 20 Da was subtracted
for peptide backbone cyclization and oxidation to form the chromophore.
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Sort-tagging of peptide thioesters to proteins containing C-terminal LPSTGG
All the reactants and products were analyzed via high-resolution ESI-QTOF MS (Agilent 6520)
following protocol outlined in the previous section.
5 pM SrtA*
Protein-LPSTGG
100 pM

+

G, 1-COSR
500 M

Protein-LPSTGn-COSR
10 mM CaCI,,
50 mM Tris,
150 mM NaCI,
pH 7.5,
30 mins

His6 -SUMO-Protein-LPSTGG-His 61 / proteins (100 jM) were incubated with Gn-COSR (500 pM)
with 5 pM SrtA* for 30 min at room temperature (10 mM CaCl 2 , 50 mM Tris, 150 mM NaCl,
pH 7.5). The reaction mixture was then quenched with an equal volume of 50 % A: 50% B. The
reaction was analyzed using LCMS (linear gradient: 5-35% B' over 6 min, 35-45% B' over 20
min, 45-65% B' over 3 min, flow rate = 0.4 mL/min). All experiments were performed in
triplicate. For all experiments, product formation was observed, but we were unable to determine
the yield because the starting material and product co-eluted on LCMS. In addition, similar to
peptide studies, for G-COSR, both protein-G-COSR and protein-GG-COSR were observed in
products formed.
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Figure S4. Sample LCMS data for crude SrtA*-mediated ligation (SML) using G6 -COSR with
the following model proteins: a) EGFP-COSR, b) LFN-COSR and c) LFN-DTA-COSR. The
reactions were done in the absence of SUMO protease and Ni-NTA agarose. The total ion
current chromatogram is displayed and the inset is the protein mass from the major peak after
deconvolution. A: impurity in eGFP starting material.
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One-pot SrtA* mediated preparation of protein thioesters
500 pM G5-linker-COSR
5 yM SrtA*
150 pl Ni-NTA agrose

2 pg
SUMO protease

H1s6-SUMO-Protein-LPSTGG-His 6
10 mM CaCL,
2 rng

100

Protein-LPSTG 5 linkerCOSR

50 mM Tris,
150 mM NaCI,
pH 7.5,

pM in SML reaction

30 mins

-

SUMO cleavage and SrtA* mediated ligation were conducted using a one-pot method. In
particular, His 6 -SUMO group on His 6-SUMO-protein-LPSTGG-His 6 /5 was cleaved first by
incubating with 1 tg SUMO protease per mg protein at room temperature for 90 mins. The
resultant mixture containing protein-LPSTGG-His 6 /5 (100 pM) was reacted with G 5F-COSR, G5
SGRELER-COSR or G 5-sGreler-COSR (500 pM) in the presence of 5 pM SrtA* and 150 d of
Ni-NTA slurry (Qiagen, Netherlands) for 30 min in buffer containing 10 mM CaCl 2 , 50 mM Tris,
150 mM NaCl, pH 7.0. The His-tag free, ligated product (protein-LPSTG5 -linker-COSR) does
not bind to Ni-NTA beads and was obtained by isolation of supernatant after centrifuging NiNTA agarose beads at 13,000 rpm for 1 min. Ni-NTA agarose beads were washed 3 times with
20 mM Tris, 150 mM NaCl, pH 7.0 buffer to capture residual product. The product was then
concentrated using a Millipore centrifugal filter unit (10K) and washed 3 times with 20 mM Tris,
150 mM NaCl, pH 7.0 buffer to remove unreacted peptide thioesters. Yields are summarized in
Table 3. We detected a small amount of thioester hydrolysis when the reactions were conducted
at pH 7.5. The hydrolysis was eliminated when the experiments were performed at pH 7.0.

Table S3. Yield for SrtA* mediated synthesis of protein thioesters.
Protein

Thioester used

Starting Material (mg)

Protein-thioester (mg)

Yield (%)

eGFP
LFN-DTA
LFN
LFN
LFN

G 5F-COSR
G 5F-COSR
G 5F-COSR
G 5-L-linker-COSR
G 5-d-linker-COSR

4.2
2.0
2.3
2.3
4.6

2.3
0.7
0.6
0.7
1.4

81
40
50
50
40
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Figure S5. Coomassie stained SDS-PAGE analysis of SrtA* mediated ligation in the presence
of Ni-NTA agarose beads and SUMO protease. Lane 1: Invitrogen Seeblue@plus2 protein
standard. Lane 2, 4, 6: LFN-G 5F-COSR, LFN-DTA-G 5 F COSR and eGFP- G 5F-COSR. Lane 3, 5,
7: elute using 500 mM imidazole in 20 mM Tris, 150 mM NaCl, pH 8.5.

eGFP-COSR
0.81 mg
0.028 pimol
28 pM

+

Native chemical ligation with eGFP thioester
CFRALKAA
0.5 mg
0.4 pmol
4 mM

0
20 mM TCEP-HCI,
10 mM MPAA,
0.2 M phosphate,
pH 7.0,
3 hours

eGFP-CFRALKAA
0.80 mg
0.028 pimol
98% yield

eGFP-LPSTG 5 F-COSR (0.81 mg, 0.028 pmol, 28 pM) was reacted with CFRALKAA
(0.5 mg,
0.4 pimol, 4 mM) for 3 hours in 20 mM TCEP*HCl, 10 mM MPAA, 0.2 M phosphate, pH 7.0.
After 3 hours, the reaction mixture was concentrated with a Millipore centrifugal filter unit (10K)
and washed three times with buffer (20 mM Tris, 150 mM NaCl, pH 7.0) to remove small
molecule reactants (0.80 mg, 0.028 timol, 98% yield).
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Figure S6. LCMS data for native chemical ligation products of EGFP-CFRALKAA. The total
ion current chromatogram is displayed and the inset is the protein mass from the major peak after
deconvolution.

Native chemical lig ation with LFN-L-linker-COSR and LFN-D-linker-COSR to CysDTA
'NH2

LF.-L-Iinker-COSR
0.5 mg
0.2 mM

+ C ys-DTA
I14m

LFN-L-linker-Cys-DTA
20 mM TCEP*HCI,
10 mM MPAA,
0.2 M phosphate,
pH 7.0,
7 hours

1
LFN-L-finkcr-Cys-DTA
10 mM bromoacetamide,
0.16 mg
0.2 M phosphate,
24 nmol
pH7.0,
17 mins
20% yield

LFN-SGRELER-COSR (0.5 mg, 15 nmol, 0.2 mM) was reacted with Cys-DTA (1.4 mg, 66 nmol,
1 mM) for 7 hours in 20 mM TCEP*HCl, 10 mM MPAA, 0.2 M phosphate, pH 7.0. After 7
hours, the reaction mixture was diluted 5 times with 0.2 M phosphate buffer and 10 mM
bromoacetamide was added to alkylate Cys on LFN-L-linker-Cys-DTA. The alkylation reaction
was quenched with 100 mM sodium 2-mercaptoethanesulfonate after 17 mins. LFN-L-linkerDTA was isolated from the reaction mixture using HiLoad 26/600 Superdex 200 prep grade size
exclusion chromatography column (GE Healthcare, UK) in 20 mM Tris, 150 mM NaCl, pH 7.5
buffer. Fractions containing pure product were concentrated with a Millipore centrifugal filter
unit (10K). 0.16 mg of LFN-L-linker-DTA (24 nmol, 20% yield) was obtained.
The D-peptide analogue LFN-sGreler-COSR (0.6 mg, 18 nmol, 0.2 mM) was reacted with CysDTA (1.4 mg, 66 nmol, 1 mM) under the same conditions as the L-peptide variant presented
above. 0.065 mg of LFN-D-linker-DTA (15.8 nmol, 7% yield) was obtained after size exclusion
chromatography purification.
Through monitoring in LCMS, we observed near quantitative NCL reaction (Figure S7). The
unexpected low isolated yield has been attributed to loading a very small amount of protein on
size exclusion column with 320 ml capacity, which lead to loss of product during purification.
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Figure S7. LCMS data for native chemical ligation reaction between LFN-L-linker and Cys-DTA.
(a) at t = 0 hr. (b) at t = 5 hr. (c) purified alkylated LFN-L-linker-DTA. The total ion current
chromatogram is displayed. LCMS conditions: for (a) and (b), linear gradient: 5-65% B' over 15
min, flow rate = 0.4 mL/min. for (c), linear gradient: 5-35% B' over 6 min, 35-45% B' over 20
min, 45-65% B' over 3 min, flow rate: 0.4 mL/min. The NCL reaction between LFN-L-COSR
and Cys-DTA is 80% complete after 5 hours. The NCL reaction for LFN-D-linker-DTA precedes
the same as LFN-F-linker-DTA.

Evaluation of LPSTGG hydrolysis at varying concentrations of G5 nucleophile
To investigate the effect of G5 nucleophile concentration on the extent of hydrolysis byproduct
formation during the sortagging reaction, eGFP-LPSTGGHis 6 (50 pM) was incubated with
G 5LRL (0, 10, 30, 50, 100, 300 or 500 jM) and 7.35 jiM SrtA* for 30 min at room temperature
(10 mM CaCl 2, 50 mM Tris, 150 mM NaCl, pH 7.5). The reaction mixture was then quenched
with an equal volume of 50 % A: 50% B and analyzed via LCMS (linear gradient: 1-61% B'
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over 15 min, flow rate = 0.4 mL/min). Formation of a hydrolysis byproduct was noticeable at G5
concentrations lower than 300 tM. Selected LCMS traces are shown in Figure S8.
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Figure S8. LCMS data for hydrolysis analysis at varying G5 nucleophile concentrations. (a) 50
pM G5LRL. (b) 500 pM G5LRL. Both 300 and 500 pM G5 nucleophile showed minimal
hydrolysis byproduct and proceeded with high yield. The traces above show total ion current
chromatograms.

+

Translocation of LFN-DTA-COSR, LFN-L-linker-DTA and LFN-D-linker-DTA into
cells using anthrax protective antigen
LFN-DTA, LFN-L-linker-DTA, LFN-D-linker-DTA and LFN-DTA-LPSTG 5F-COSR were
prepared at varying concentrations in 50 pL of F-12 media supplemented with 10 % (v/v) fetal
bovine serum, then 50 ltL of F-12 media containing 10 nM protective antigen (PA83 ) was added
and mixed. Then 100 pl samples were added to CHO-KI cells in 96-well plate and incubated for
30 minutes at 37 'C and 5 % CO 2 . The medium was then removed, washed 3 times with PBS,
replaced with leucine-free F-12 medium supplemented with 1 pCi/ mL 3 H-Leu, and incubated
for 1 hr at 37 C 5% CO 2 . The cells were washed 3 times with PBS and then 150 p.L of
scintillation fluid was added. The inhibition of protein synthesis by LFN-DTA was determined by
measuring 3H-Leu incorporation into cellular proteins. The scintillation counts were normalized
to control value with PA only in the media. Each experiment was done in triplicate. The data
were then plotted using Origin8 using Sigmoidal Boltzmann Fit using equation y = A2
A1-A2
AI-A where xo represents the logEC5 o values.
1+e dn

References

199

Schnolzer, M.; Alewood, P.; Jones, A.; Alewood, D.; Kent, S. B. H. Int. J. Pept.
(1)
Protein Res. 1992, 40, 180.
Hackeng, T. M.; Griffin, J. H.; Dawson, P. E. Proc. Natl. Acad. Sci. U.S.A. 1999,
(2)
96, 10068.
Kobashigawa, Y.; Kumeta, H.; Ogura, K.; Inagaki, F. J. Biomol. NMR 2009, 43,
(3)
145.
Chen, I.; Dorr, B. M.; Liu, D. R. Proc. Natl. Acad Sci. U.S.A. 2011, 108, 11399.
(4)

200

Appendix 2 Publication List

Woodham AW, Cheloha RW, Ling J, Rashidian M, Kolifrath SC, Mesyngier M,
Duarte JN, Bader JM, Skeate JG, Da Silva DM, Kast WM, Ploegh HL. Nanobodyantigen conjugates elicit HPV-specific anti-tumor immune responses. Pending
publication in Cancer Immunology Research.
Fang, T., Van Elssen, C., Duarte, J.N., Guzman, J.S., Chahal, J.S., Ling, J., and
Ploegh, H.L. (2017). Targeted antigen delivery by an anti-class II MHC VHH
elicits focused alphaMUCl(Tn) immunity. Chemical science 8, 5591-5597.
Chahal, J.S., Fang, T., Woodham, A.W., Khan, O.F., Ling, J., Anderson, D.G.,
and Ploegh, H.L. (2017). An RNA nanoparticle vaccine against Zika virus elicits
antibody and CD8+ T cell responses in a mouse model. Scientific reports 7, 252.
Hagiwara, M., Ling, J., Koenig, P.A., and Ploegh, H.L. (2016). Posttranscriptional
Regulation of Glycoprotein Quality Control in the Endoplasmic Reticulum Is
Controlled by the E2 Ub-Conjugating Enzyme UBC6e. Molecular cell 63, 753767.
Li, L., Park, E., Ling, J., Ingram, J., Ploegh, H., and Rapoport, T.A. (2016).
Crystal structure of a substrate-engaged SecY protein-translocation channel.
Nature 531, 395-399.
Fang, T., Duarte, J.N., Ling, J., Li, Z., Guzman, J.S., and Ploegh, H.L. (2016).
Structurally Defined alphaMHC-II Nanobody-Drug Conjugates: A Therapeutic and
Imaging System for B-Cell Lymphoma. Angewandte Chemie (International ed in
English) 55, 2416-2420.
Spokoyny, A.M., Zou, Y., Ling, J.J., Yu, H., Lin, Y.S., and Pentelute, B.L. (2013).
A perfluoroaryl-cysteine S(N)Ar chemistry approach to unprotected peptide
stapling. J Am Chem Soc 135, 5946-5949.
Ling, J.J., Policarpo, R.L., Rabideau, A.E., Liao, X., and Pentelute, B.L. (2012).
Protein thioester synthesis enabled by sortase. J Am Chem Soc 134, 1074910752.

201

