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The expression, isolation, and purification of peptides and pro-
teins are the crucial initial steps for investigation of their struc-
tures and functions. In recent years, many reports have shown
strong progress in efficient expression and isolation of pep-
tides and proteins by use of fusion technology with the aid of
a variety of expression and solubility tags: GST, MBP, NusA,
thioredoxin, ubiquitin, SUMO, GB-1, etc."

In the majority of these applications the fusion tag is re-
moved by proteolytic or chemical cleavage, and only the puri-
fied peptide/protein is used for further investigations. In cases
of proteins and peptides that show a tendency to aggregate,
however, the removal of the fusion tag can cause severe prob-
lems with solubility, preventing investigation with methods
that require higher concentrations, such as NMR spectroscopy
or isothermal titration calorimetry (ITC). For peptides, because
of their small sizes relative to proteins, removal of a fusion tag
can lead to further problems with regard to their detection
and purification and to reaching sufficient concentrations.

To overcome this unfavorable situation, it could be beneficial
to keep the fusion tag attached during the investigations,
although this requires that the structural and functional prop-
erties of the protein or peptide not be changed. The concept
of such non-cleavable solubility-enhancement tags (SETs) for
studies of “poorly behaved” proteins by solution NMR was in-
troduced by Zhou et al.*® More than 30 proteins based on the
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small highly soluble protein GB-1™ were successfully studied
structurally.”) However, the idea of SETs can be significantly ex-
tended for broader usage with alternative “universal” SETs, and
can be implemented by combining expression, solubility, and
stability enhancement tags in a single leading protein.

In this work we have tried to design a “universal” tag, which
could be useful for most biophysical and biochemical applica-
tions and could be implemented both for in vitro and for in
vivo studies of peptides/proteins and their interactions. We
have tested the application of a designed ubiquitin-based (Ub-
based) tag in structural and functional studies of a number of
target peptides and proteins. In contrast with the “non-inter-
acting” GB-1 tag most commonly used so far, Ub is known for
its ability to interact nonspecifically with almost all proteins
with K; >0.3 mMm. The wild-type Ub possessing an N-terminal
His tag has already been successfully used as an expression
and solubility tag in several studies.” The major drawbacks of
these fusion constructs were lower solubility enhancement
than with the SUMO or NusA tags® and a spontaneous degra-
dation of the fused construct in bacteria,”” which is connected
to the Ub-fold recognition and nonspecific cleavage of the
Ub—GG—X bond by the ElaD protease.”’ In order to overcome
these problems, we have redesigned the Ub sequence to shift
the isoelectric point of the leading part containing a Hisg tag
and Ub from 7.1 to 5.4 and simultaneously to increase the
thermodynamic stability of the resulting protein with the aid
of reported data.” Additionally, we have positioned the His
tag behind the Ub sequence in order to use the enhanced ex-
pression level provided by the Ub 5-mRNA sequence (see
Scheme 1A and Figure S1 in the Supporting Information for
details). The purpose of the presence of a TEV cleavage site is
to enable additional protein purification steps by reverse purifi-
cation if necessary. The reasons for the choice of a TEV cleav-
age site are the broad usage of this protease in research
groups and the potential to use a range of protease inhibitors
simultaneously with TEV cleavage. The substitution of the two
C-terminal Gly units at positions 75 and 76 in Ub with Ser and
Ala, respectively, reduced the spontaneous cleavage of the
fusion constructs (Ub3, Scheme 1A) in E. coli. However, to
allow for in vitro and in vivo cleavage of the Ub tag with de-
ubiquitination enzymes for various functional applications, we
also created one version of our expression plasmid (Ub2) that
still possesses the Ub-GG-X linkage. Two of our Ub fusion con-
structs (Scheme 1B and C) contain internal His,, purification
tags inserted into loop regions either between Pro19 and Ser
20 (Ub19 constructs) or between Glu63 and Lys64 (Ub63 con-
structs). These constructs are designed to increase Ni-NTA af-
finity (ten vs. six His units), to reduce the length of the linker
between Ub and the target protein/peptide, and to provide
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Ubwt M1-..-R42-..-R72-L73-R74-G75-G76-(His,-TEV)'-
Ub2  M1-..-E42-...-Q72-L73-E74-G75-G76-(His,-TEV)'~
Ub3  MA1-..-E42-...-Q72-L73-E74-A75-S76-(His,~TEV)'-

Ub19 MA-...P19H,)*-§20-...-E63-K64-...-E68-...-E72-...-E76-(TEV) -
Ub63 MA1-...-E63-(H, )’~K64-...-E68-...-E72-L73-Q74-N75-E76-(TEV)’-

Ub19nc M1-...-P19-(H,,)*-820-...-E63-K64-...-E68-...-E72-...-E76-Loop -
Ub63nc M1-...-E63-(H,,)’-K64-...-E68-...-E72-L73-Q74-N75-E76-Loop’-

Scheme 1. Representations of the designed Ub constructs. A) Ub2 and Ub3
constructs. B) Ub19 and Ub63 TEV-cleavable constructs. C) Ub19nc and
Ub63nc TEV™ constructs. The most important features and differences within
protein sequences are indicated. (Hiss-TEV)': SGSGHHHHHHSAGENLYFQGA.
(His,()*: GSAHHHHHHHHHHAGS. (TEV)?: TQSATSDASGGENLYFQGA. (Loop)*:
TQSATSDASA.

a more restricted orientation of the targets coupled to Ni-NTA
chips for surface plasmon resonance experiments. Through the
positioning of the His,, tag in a loop region close to the N ter-
minus of Ub, the Ub 5-mRNA sequence that is important for
high expression yields remains intact.

The expression levels of the Ub19 and Ub63 fusion con-
structs remain similar to those of Ub2 and Ub3, and their abili-
ties to bind to the Ni-NTA matrix and their TEV cleavage rates
are indistinguishable as well. Products of TEV cleavage could
be purified by reverse Ni-NTA chromatography. According to
NMR and CD spectroscopy, Ub19 and Ub63 have structural
and thermodynamic features equivalent to those of wild-type
Ub.

To test the increases in expression achievable by use of
these constructs we fused them with several proteins and pep-
tides. The expression levels of all our targets fused to these
new Ub tags were enhanced, with a few exceptions (Table 1).
The final yields of the purified targets were higher in all cases,
however, because of the fast and efficient isolation/purification
scheme enabled by these constructs (Table 1 and Figure S2).
With these constructs we achieved expression of different pep-
tides with molecular weights ranging from 1.1 to 4.0 kDa for
interaction studies with their specific receptor proteins. A typi-
cal yield of a Ub-peptide fusion construct was 100-150 mgL™"
of LB medium, which corresponds to 10 to 20 mg of the pure
peptide. Such yields allowed us to optimize the peptide isola-
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Table 1. Expression yields of ubiquitin-fused proteins and peptides.

Target Target MW [kDa] Yield® [mgL™"] Yield increase (times)
LC3A 13.8 35 3bd
LC3B 13.6 25 5lbd
GABARAPL-1 137 35 1204
TBK1_ULD 2.9 8 3
RcsF 14.2 n.d. n.d.
A30 RcsF 10.9 20 21
Gao 40.3 30 -
p62-LIR 1.075 120 -
NBR1-LIR 1.524 10 -
NIX-W140 1.846 120 -
optineurin-LIR ~ 1.716 110 -
Goloko1 4016 80 -

[a] Protein yields were calculated from pure NMR quality fractions. Com-
parisons are given for those proteins that have already been expressed in
other fusion constructs (GST-[b] or NusA-[c]), where available. Peptide
yields were calculated for the pure fractions of the Ub-fused constructs
after Ni-NTA chromatography; n.d.: not determined.

tion and purification protocol in order to obtain NMR samples
for structure determination of ~90% pure peptide within 24 h
(Figure S3). In cases of proteins fused to our Ub constructs, the
yields depend on the stabilities of the target proteins and their
tendencies to aggregate and to be degraded in the cells (Fig-
ure S2), varying from 5 to 50 mg of purified proteins per liter
of M9 medium.

The use of Ub-fused proteins was a crucial step in our struc-
tural, thermodynamic, and functional studies of several pro-
teins. Below we compare the results obtained with several bio-
physical methods for purified proteins and their Ub-fused
forms.

CD studies of the fusion constructs

The small size of Ub and its extraordinary thermal stability
under biologically relevant conditions (around pH 7) are crucial
advantages for this system over the NusA or GST tags in CD
studies. The CD contribution of a target protein is proportional
to the molecular weight target/leader ratio, which is more fa-
vorable in the case of a Ub leader than for the larger NusA or
GST tags. Therefore, deconvolution of CD spectra into partial
secondary structure elements is more precise (Figure S4), pro-
viding more accurate information on the secondary structure
composition of the target under given conditions. Indeed, pre-
viously reported data indicate that even a Ub-interacting
moiety (yeast VPS27 ubiquitin-interacting motif, residues 258-
279) can be analyzed by this approach with an error of less
than 10%."” When subjected to thermal unfolding monitored
by CD, the Ub-fusion constructs each show a single thermal
transition—that of the target protein (Figure S4), because the
melting temperature of Ub is >100°C (90.0° at pH 4.0)."
Thus, through the use of intact Ub-target fusion constructs,
one can easily estimate the secondary structure contents and
the stabilities of targets and follow the influence of target mu-
tations on these parameters.
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ITC studies of the fusion constructs

ITC experiments can provide important information on the
thermodynamics of protein-ligand interactions. The accuracy
of the results, however, depends on the absence of protein ag-
gregation and on the ability to determine the precise concen-
trations of peptides even without Trp/Tyr residues. In order to
test whether the Ub-fusion constructs could be used directly
for ITC experiments in place of isolated and purified (or synthe-
sized) peptide targets, we compared thermodynamic parame-
ters of the interaction of the human autophagy modifiers''?
LC3A and LC3B with peptides spanning a LC3-interaction
region (LIR) of the autophagy receptors p62 (residues 333-343)
and NBRT1 (residues 722-739). These peptides were used either
as Ub fusion constructs or as synthetic peptides (Figure S5). In
all cases the discrepancies between thermodynamic parame-
ters did not exceed the concentration errors (Table S1), sug-
gesting that the Ub leader has a negligible influence on these
interactions. The measured K;, values ranged from 1 to 100 um
and were confirmed by NMR titrations."*' The results indicate
that this class of interactions can be studied without removal
of the expression tags.

NMR studies of the fusion constructs

The SET approach has been successfully used for structural
studies of a number of “badly behaving” proteins.”! We fused
the Ub-like domain (ULD) of TANK binding kinase 1 (TBK1) to
Ub in order to protect this target from aggregation. Unlike Ub,
TBK1-ULD has such a strong tendency to aggregate that the
NMR study of this domain was only possible at concentrations
of less than 200 pum, so only backbone resonances could be
assigned."™ Once fused to Ub, TBK1-ULD showed significantly
better stability as well as less aggregation due to solubility
enhancement and could be further characterized with NMR
methods both structurally and functionally (Figure S6A). We
have not observed significant chemical shift perturbations
(CSPs) on comparing the HN resonances of free TBK1-ULD and
of TBK1-ULD fused to Ub. NMR titration experiments also
showed the same CSP pattern for commercially synthesized
and for expressed Ub-fused peptides (Figure S6B). As well as
time and cost benefits in relation to peptide synthesis, Ub-
fused peptides additionally provide full buffer control and the
potential to determine the exact concentration of a peptide
moiety without internal Trp or Tyr residues.

Direct detection of protein—peptide interactions in cell
lysates

The structural and biophysical characterization of many pro-
teins is limited by the problem of their degradation and aggre-
gation. The high expression levels of the Ub-fused targets ena-
bled us to investigate '>C,"°N-labeled proteins/peptides directly
in the cell lysates without any isolation, purification, and/or
concentration enhancement steps. In vivo, in the cellular envi-
ronment, many proteins interact nonspecifically with other cel-
lular components, supported by the high level of molecular
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crowding."® After cell lysis, crowding is significantly decreased,
often enabling the direct detection of the overexpressed pro-
tein in the cell lysate. For a standard HSQC experiment we
have found that 1-3 mL of isotope-enriched cell culture were
enough to visualize all detectable resonances. For 3D experi-
ments 7.5-20 mL were necessary (Figure 1). The “cell lysate”
NMR sample can utilize up to 100 mL M9 cell culture without
significant loss of spectral quality due to crowding. Although
detection of proteins and peptides in lysates solves the prob-
lem of nonspecific interaction, this method also suffers from
proteolytic degradation and the instability of the cell lysate
itself. Detailed analysis showed that the redox equilibrium
plays the most important role in the instability of cell lysate
conditions.

We therefore optimized the protocol for cell lysate prepara-
tion (see the Supporting Information for methods and proto-
cols). These modifications increased the cell lysate NMR sample
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Figure 1. NMR spectroscopy of Ub-fused peptides in cell lysate. A) 'H,"*N
HSQC spectrum of the Ub2_p62-LIR fusion construct in cell lysate from M9
medium (2 mL). B) Slices of an HNCACB spectrum of the Ub2_p62-LIR fusion
construct in cell lysate from M9 medium (7.5 mL). HNCACB correlations for
R54-N60 of the Ub2 moiety are indicated by dashed lines. C[3 resonances
are shown as dotted lines.
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lifetime from an initial 6 h at 25°C to three days at 30°C (Fig-
ure S7). The combination of the optimized protocols for cell
lysate preparation, non-uniform sampling (NUS),"” and hyper-
dimensional (HD)"® NMR methods allowed us to use 10-15 mL
of M9 cell culture for the automated assignment!” of the
backbone and side-chain resonances of the Ub3_NBR1-LIR
fusion construct with the aid of an NMR dataset recorded
during two days (see related paper by Tikole et al.*).

An additional application of the Ub-fused peptide expres-
sion coupled with NMR spectroscopy in cell lysate is direct
screening for interaction partners or functional activity of the
target proteins without time-consuming purification steps. We
have investigated the interaction of the LC3(A,B,C) autophagy
modifiers with peptides containing so-called LIR motifs (pep-
tides with the aromatic amino acid-X-X-hydrophobic amino
acid basic sequence). In the most effective LIRs the position of
the aromatic residue is occupied by Trp (Figure 2, left).

There is no Trp residue present in the designed Ub tag, so
the only Trp residue in the Ub-LIR-peptide fusion protein is
directly involved in LC3 binding. The single Trp side-chain reso-
nance in the 'H,”"N HSQC spectrum is a reporter signal for
monitoring the protein—peptide interaction. Indeed, upon titra-
tion of the cell lysate containing *C,"°N-labeled Ub3_p62-LIR
with unlabeled LC3B protein, we observed a distinct titration
profile for this resonance. The experiments indicated a slow-
exchange mode of interaction with a K value in the low-um
range, which corresponds to the published value for titration
of BC,”*N-labeled LC3B with synthetic non-labeled p62-LIR pep-
tide.'" For p62-LIR (and potentially for most peptide targets
containing a single Trp residue), 1D NMR is enough for obser-
vation of the state of this residue, which makes these fusion
constructs amenable for fast screening of binding events for
structural studies.

In conclusion, the Ub tag described in this work combines
properties for expression and solubility enhancement, like stan-
dard tags such as NusA, GST, SUMO or GB1, but with better ef-
ficiency. Whereas most of the tags have to be cleaved for fur-
ther studies of the protein/peptide targets, we have shown the
designed Ub fusion construct to be suitable for CD, ITC, and

®*ChemPubSoc
X Europe

NMR experiments without tag removal. We have thus shown
that protein—protein interaction, structural, and functional
studies can be performed with the aid of target protein/pep-
tide fused to Ub with the same results as with the “pure” pro-
tein/peptide but without loss of material over numerous purifi-
cation steps. Moreover, proteins that could not be expressed
and characterized by use of “traditional” tags could be studied
efficiently as Ub fusions due to stabilization of the target fold
and polypeptide chain integrity, presumably through unspecif-
ic interactions with Ub. This feature can be exploited for struc-
tural and functional investigations of targets without any isola-
tion and purification in minimal experimental times (in cell
lysate). Further improvements of the Ub tag and the design of
other efficient expression tags should warrant study for even
better functionality and universality.
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