J Biomol NMR (2015) 63:1-8
DOI 10.1007/s10858-015-9981-0

@ CrossMark

COMMUNICATION

Efficient segmental isotope labeling of multi-domain proteins

using Sortase A

Lee Freiburger'” - Miriam Sonntag"? - Janosch Hennig'? - Jian Li® «

Peijian Zou'*? - Michael Sattler'"*?

Received: 11 May 2015/ Accepted: 24 August 2015 /Published online: 30 August 2015

© Springer Science+Business Media Dordrecht 2015

Abstract NMR studies of multi-domain protein com-
plexes provide unique insight into their molecular inter-
actions and dynamics in solution. For large proteins
domain-selective isotope labeling is desired to reduce sig-
nal overlap, but available methods require extensive opti-
mization and often give poor ligation yields. We present an
optimized strategy for segmental labeling of multi-domain
proteins using the S. aureus transpeptidase Sortase A.
Critical improvements compared to existing protocols are
(1) the efficient removal of cleaved peptide fragments by
centrifugal filtration and (2) a strategic design of cleavable
and non-cleavable affinity tags for purification. Our
approach enables routine production of milligram amounts
of purified segmentally labeled protein for NMR and other
biophysical studies.
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work.

The Sortase A construct can be obtained from the authors upon
request.
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Nuclear magnetic resonance (NMR) spectroscopy provides
unique insight into the structure, dynamics and molecular
interactions of biological macromolecules, such as large
multi-domain proteins and their complexes. To fully
understand their molecular functions it is required to study
full-length proteins and the assembly in molecular com-
plexes. However, studying large multi-domain proteins is
challenging due to fast transverse relaxation which is
associated with line broadening, poor sensitivity, as well as
signal overlap due to the increased number of spins (Gobl
et al. 2014; Riek et al. 2000). A number of these challenges
have been addressed through specific and optimized iso-
tope labeling and deuteration (Gardner and Kay 1998;
Sattler and Fesik 1996; Tugarinov et al. 2006) and opti-
mized pulse sequences (Pervushin et al. 1997; Riek et al.
2000; Sprangers et al. 2007; Tugarinov et al. 2004). One
important and useful approach for analysis of large multi-
domain proteins involves segmental isotope labeling
(Cowburn et al. 2004; Muona et al. 2010; Riek et al. 2002;
Skrisovska et al. 2010; Zuger and Iwai 2005), whereby a
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single domain is labeled specifically with NMR active
nuclei, and the remaining domains are expressed with
NMR inactive nuclei. This approach drastically reduces the
peak overlap as only a single domain in a multi-domain
protein is visible. In order to produce these samples the
differently labeled domains must be produced under dif-
ferent conditions and then linked together. It is the linking
step, which has limited the feasibility of the segmental
labeling technique.

Several methods have been proposed to facilitate
domain ligation such as expressed protein ligation (EPL),
protein trans-splicing (PTS) and native chemical ligation
(Cowburn et al. 2004; Muona et al. 2010; Xu et al. 1999;
Zuger and Iwai 2005). While these methods have been
successfully used in NMR studies, they often suffer from
poor efficiency and a requirement for extensive optimiza-
tion. In the case of in vivo PTS ligation with inteins often
significant cross-labeling is observed, i.e. where isotope
labeling is observed also for the domain which should be
unlabeled due to leaky expression (Muona et al. 2010).

More recently, the transpeptidase Sortase A (SrtA), an
enzyme responsible for anchoring proteins to the cell wall
in gram positive bacteria, has been introduced for the
ligation of two separately expressed protein fragments
(Kobashigawa et al. 2009; Levary et al. 2011; Mao et al.
2004). Sortase mediated protein ligation involves the
expression and purification of two separate protein chains,
one with specific isotope labeling (i.e. ISN, 13 C, ZH), and
the other unlabeled. The two chains are ligated through the
use of recombinantly produced SrtA. The Staphylococcus
aureus SrtA enzyme specifically recognizes a Leu-Pro-
Xxx-Thr-Gly (LPXTG) motif on the N-terminal domain
and then ligates a peptide with an N-terminal glycine (Mao
et al. 2004; Mazmanian et al. 1999). As each domain is
expressed and purified separately each domain can be
differentially isotope-labeled without additional optimiza-
tion. The Sortase-mediated ligation does not require
cofactors such as ATP or any non-natural modifications of
the linked domains and is performed under mild conditions.
Only the recognition motif (LPXTG) is required for liga-
tion and there is no restriction for the amino acid sequence
outside this region.

SrtA-mediated ligation has been used for many appli-
cations which include N- and C-terminal site-specific
labeling (Guimaraes et al. 2013; Williamson et al. 2014),
immobilization (Clow et al. 2008), and multi-domain
ligation (Levary et al. 2011). Previously published proto-
cols describe methods to label proteins with probes such as
fluorophores or biotin. The protocol presented here can
achieve the ligation of two large, structured domains.

Previously, the final purified yield of the ligated protein
has been reported as ~40 % after 72 h reaction time
(Refaei et al. 2011). For the preparation of highly

@ Springer

optimized (and costly) isotope labeled samples these yields
are not sufficient. There have been other reports of Sortase-
mediated ligations with greater yields under optimized
conditions. However, the high yields were determined by
monitoring the time-dependent disappearance of the pre-
cursor bands in gels (Kobashigawa et al. 2009; Levary et al.
2011). Moreover, the optimized conditions mentioned above
include long reaction times (up to 3 days) or high temper-
atures (3742 °C). Such conditions can lead to unfolding or
proteolytic degradation of the protein product, especially
when intrinsically disordered regions are present. It is
therefore desirable to significantly improve the reaction
yields and reduce the reaction time and temperature.

To introduce glycine as a first residue in the C-terminal
ligation domain we usually express the C-terminal frag-
ment as a fusion protein, which is connected to the C-ter-
minal domain by a recognition motif for tobacco etch virus
(TEV) or small ubiquitin-like modifier (SUMO) proteases.
After cleavage, these proteases leave glycine as first resi-
due in the C-terminal fragment. The fusion protein is
chosen to enhance solubility and for affinity purification to
aid in the initial purification of the component. A challenge
with applying the Sortase strategy has been to obtain high
yields due to the complete reversibility of the ligation
reaction. Upon ligation, a small peptide fragment is
cleaved, which is able to back react to produce the original
reactants. We have overcome this limitation through
modifications of the reaction protocol as detailed below.

Two critical optimizations to the Sortase protocol enable
highly efficient segmental isotope labeling of multi-domain
proteins (detailed protocols are provided in the Supporting
Information):

1. The reaction is set up to remove the cleaved peptide
fragment throughout the reaction by transferring the
reactants to a centrifugal concentrator with a molecular
weight cut-off that allows separation of the cleaved
fragment (Fig. la). Continuous concentration and
replacement of the buffer thereby allows for efficient
removal of the fragment while retaining all other
components. Centrifugal concentration is employed
between 1250 and 2000 g to avoid that proteins are
concentrated too quickly and thus might precipitate.
Moreover, the ligation reaction is performed at room
temperature as many proteins are unstable at higher
temperatures.

2. The ligated product is purified by the strategic use of
cleavable and non-cleavable His-tags (Fig. 1b). For
this purpose, the N-terminal domain is designed with
His-tags at both the N- and C-terminus. Initial
purification with a Ni-NTA column separates the
N-terminal domain and the ligated product from the
other components, which lack a His-tag. The
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Fig. 1 Schematic a

representation of the improved
ligation protocol. a Sortase
ligation reaction. The N- and
C-terminal domains are
incubated in the presence of
SrtA in a centrifugal
concentrator with a molecular
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N-terminal His-tag is then removed by cleavage with
TEV protease followed by purification with a second
Ni-NTA column. The C-terminal His-tag is not
cleavable by TEV but is removed during the ligation
reaction. Therefore, the non-ligated N-terminal domain
will still retain a His-tag at the C-terminus and thus be
separated from the ligated product at this stage. This
approach allows straightforward purification of the
desired ligated protein with high efficiency.

To determine the efficiency of the ligation reaction we
measured the final protein concentration by UV absorbance
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and compared it to the initial concentration of our limiting
protein component. We have developed and successfully
tested this protocol using the optimized variant of Sortase
A from S. aureus reported previously (Chen et al. 2011).
Notably, we obtained final purified yields of up to 70 %
compared to the initial amount of the limiting protein
component. The optimized protocol consistently provides
40-100 % more ligated protein compared to the dialysis
method under otherwise identical conditions as shown
below. To demonstrate the improvements of our protocol
we applied this to two multi-domain proteins that are
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Fig. 2 Monitoring the reaction of the ligation by SDS-PAGE. The
reaction times are given in hours on top. a An attempted ligation of
TIA-1 using dialysis to remove the cleaved fragment. The appearance
of the product is slow and the reaction does not reach completion.
After 24 h degradation of the ligated product starts. b Ligation reaction
of TIA-1 using the concentration method. The reaction reaches

representative for typical application of segmental labeling
(1) the splicing factor T cell-restricted intracellular antigen-
1 (TIA-1) and (2) the heat shock protein Hsp90. These two
proteins exhibit very distinct features with large differences
in size and charge.

TIA-1 consists of three RNA recognition motif (RRM)
domains, which are connected by short 10-11 amino acids
flexible linkers (Wang et al. 2014). In order to dissect the
contribution of the individual RRM domains for RNA
binding and study the structure of this multi-domain pro-
tein we prepared segmentally labeled samples where either
RRM1 (N-terminal domain) or RRM2-RRM3 (C-terminal
domain) are selectively isotope labeled and linked together
via SrtA to a final size of 31.6 kDa (Fig. 2a, b). We have
also demonstrated the utility of our segmental labeling
protocol for Hsp90 (Lorenz et al. 2014) by ligating the
N-terminal (NTD) and middle (MD) domains using dif-
ferential segmental isotope labeling for a final protein
product of 60 kDa molecular weight (Fig. 2c). Both
domains of Hsp90 are relatively large, 25 and 32 kDa,
respectively, and are connected by a long highly charged
linker. The NTD precursor also contains a MBP fusion
protein which thus corresponds to a molecular weight of
60 kDa in the ligation reaction. The final ligated product
therefore has a molecular weight of ~90 kDa before TEV
cleavage. The availability of two complementary domain-
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completion within 3-4 h. ¢ SDS-PAGE analysis demonstrating
successful ligation of the NTD and MD domains of Hsp90 using
SrtA. The first lane is a negative control for the N- and C-terminal
fragments without the addition of SrtA. Upon addition of SrtA product
can be observed after a short time and almost a complete disappear-
ance of the N-terminal domain precursor occurs between 4 and 6 h

selectively isotope-labeled proteins, i.e. H,"’N-NTD, 'H-
MD and 'H-NTD, ?H,">N-MD was crucial to identify and
map the interaction site of Hsp90 with a client protein. This
system demonstrates that this protocol can be used with
very large systems, consisting of multiple independent
domains.

For segmental isotope labeling of TIA-1, we initially
attempted an intein-based approach using protein trans-
splicing (PTS) in vivo (Muona et al. 2010). However, we
were unable to optimize conditions to obtain sufficient
amounts of appropriate segmentally labeled protein.
Moreover, leaky expression lead to undesired cross-label-
ing of the different domains. We then attempted ligation
using SrtA, where the two fragments to be ligated are
expressed and purified separately so that cross-labeling can
be safely excluded. An advantage of this approach is also
that previously optimized expression and purification pro-
tocols for individual domains can be employed. Initially we
eliminated undesired fragments and side products via
dialysis as was proposed previously (Kobashigawa et al.
2009; Refaei et al. 2011). This approach was in principle
functional (Fig. 2a), however the final yields of the purified
ligated product were not satisfying. We tried to enhance the
ligation yield by optimizing the ligation time and concen-
tration of the precursors. In order to determine the optimal
ligation time, we incubated all three reactants up to 2 days.
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Plotting the normalized intensity of the ligated protein band
over the ligation time (Supplementary Fig. 3) showed, that
the intensity of the ligated product band increases within
the first 24 h of ligation starting 30 min after incubation.
Incubating the reactants longer than 24 h results in
hydrolysis of the ligated product band by SrtA (Mao et al.
2004; Ton-That et al. 2000), indicated by the drop in
intensity of the ligated product band. Hydrolysis of the
LPXTG motif by SrtA in the absence of an amino group
nucleophile leads to a dead end product containing only an
LPXT motif. After 6 h of ligation, we observed degrada-
tion of the precursor bands for TIA-1 (Fig. 2a). Therefore,
all subsequent ligation reactions were quenched between 5
and 6 h to yield sufficient amounts of ligated product but
prevent degradation of the precursors. Screening different
precursor concentrations and molar ratios of the reactants
showed that the ligation works best with 1:1:2 molar ratios
for the N-, C-terminal domain and Sortase A, respectively,
at 25 pM concentration of the N-terminal domain (Sup-
plementary Fig. 1). Increasing the ligation temperature as
suggested by Levary et al.(2011) resulted in degradation of
the precursors. Therefore, we performed all subsequent
ligation reactions at room temperature.

We then introduced the two critical optimizations
mentioned above. One challenge with TIA-1 is the fact that
the C-terminal fragment has a molecular weight compa-
rable to SrtA. Although, following the reaction by moni-
toring the disappearance of the C-terminal fragment is not
possible, one can clearly observe the appearance of a new
prominent protein band at around 50 kDa after 1 h
(Fig. 2b). We observed the same pattern as for the dialysis
approach suggesting similar ligation kinetics (Supplemen-
tary Fig. 3). Within the first 24 h of ligation the intensity of
the ligated protein band increases before it starts to
decrease. We also observe degradation of the precursors
starting after 6 h of ligation. Therefore, all subsequent
reactions were stopped after 5-6 h to yield sufficient
amounts of ligated product and prevent degradation. We
repeated these reactions at least three times for both sys-
tems. Final yields of the purified ligated product of up to
70 % were obtained. A direct comparison of the dialysis
and concentrator approach with TIA-1, where otherwise
identical conditions and concentrations were used shows
that final purified ligation yields are increased by 43 %
using our optimized protocol (Supplementary Fig. 2a, b).
Moreover, the direct comparison shows that the ligation
reaction is significantly faster when using the concentrator
approach (Supplementary Fig. 3).

When applying the improved protocol for segmental
isotope labeling to Hsp90 (Supplementary Fig. 2c, 4) we
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Fig. 3 a 'H,">N HSQC spectra of RRM1 (black) and b RRM2,3
(black) of TIA-1 compared to the respective segmentally labeled
RRM1,2,3 (red and green, respectively). ¢ Spectra overlay of
segmentally labeled RRM1 (red) and RRM2,3 (green) to uniformly
labeled TIA-1 RRM1,2,3 (black). The NMR spectra of the segmen-
tally labeled proteins superimpose closely to the corresponding
individual domains and full length protein. This confirms successful
ligation both N- and C-terminal domain labeling and indicates that the
structural integrity is not affected
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typically obtain purified product yields between 45 and
60 % and occasionally up to 70 %. In case of Hsp90, we
observe a significant reduction of the limiting component
in under 6 h. In all tested cases the purified ligation yields
were increased by approximately twofold when using the
concentrator approach compared to the dialysis method
(Supplementary Fig. 2c, 5). The reduction in reaction time
minimizes the risk of dead end side product production and
thus increases the efficiency of the ligation reaction and
simplifies the purification. We have observed this protocol
to be robust and consistently obtain high yields from our
ligation reactions.

In a last step, we confirmed the final segmentally labeled
protein using NMR spectroscopy. Superposition of 'H, °N
correlation spectra of ligated proteins with '*N-labeling in
either RRM1 or RRM2-RRM3 with a corresponding
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spectrum of uniformly labeled full-length protein shows
almost identical chemical shifts thus confirming the
effectiveness of the ligation for TIA-1 (Fig. 3). For Hsp90
NMR spectra of the NTD alone and in the Hsp90 NTD-MD
segmentally labeled protein show some notable chemical
shift differences, while spectra of the MD compared to the
Hsp90 NTD-MD segmentally labeled protein shows a high
degree of overlap with a few peaks showing a reduction in
intensity (Fig. 4). This indicates that there are some effects
from the ligation of the NTD-MD indicating that the NTD
and MD may interact.

Our improved protocol is not only useful for the efficient
production of segmentally isotope-labeled proteins for
NMR studies, but for a wide range of additional biophys-
ical experiments, such as small-angle neutron scattering
(SANS), electron paramagnetic resonance (EPR) or
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fluorescence-based methods. Reducing the number of iso-
tope-labeled amino acids by segmental labeling greatly
simplifies NMR spectra. This can allow for the residue-
specific analysis of NMR parameters, which may be
obscured by signal overlap in a uniformly isotope-labeled
sample. The method will be most useful when working
with large multi-domain systems, i.e. where flexible linkers
connect structurally independent domains.

The potential for the efficient preparation of segmentally
H-labeled proteins opens also novel opportunities for
SANS. It has been demonstrated that combining SANS
data with NMR data can provide unique complementary
information for structural analysis of large multi-domain
proteins (Hennig et al. 2013, 2014; Lapinaite et al. 2013;
Madl et al. 2011). A unique information is provided by
SANS experiments when using contrast matching experi-
ments where deuterated and non-deuterated proteins can be
discriminated by adjusting the D,O concentration of the
measurement buffer. Thereby, it is possible to render
specific components invisible depending on their isotope
composition. As the contrast match point is different for
protonated and deuterated proteins segmental deuteration,
i.e. of individual domains, can thus provide information
about relative domain arrangements in a multi-domain
protein. SANS contrast matching has been employed in a
number of recent studies involving differentially deuterated
multi-protein complexes (Hennig et al. 2014; Lapinaite
et al. 2013; Ramakrishnan 1986). The efficient segmental
isotope-labeling protocol presented here will enable SANS
analysis of single chain multi-domain proteins in the future.

The improved protocol will also be useful for the
introduction of domain-selective labeling for other bio-
physical methods, which require the attachment of a
chemical probe to specific residues or regions in a protein
often via a cysteine residue. For residue-specific labeling
only a single reactive cysteine residue should be available.
Therefore, typically all other native cysteine residues have
to be replaced by alanine or serine using site-directed
mutagenesis. However, this may perturb the structural
integrity of the protein. With segmental labeling, one
domain can be specifically modified with the probe,
whereas other domains remain unmodified. Given the
importance of these methods to characterize the interac-
tions and conformational dynamics of (large) proteins in
solution, the availability of an efficient segmental labeling
protocol will enable and greatly enhance such studies in the
future.

The optimized protocol presented here increases the
purified ligation yield at least up to 40 % and reduces
reaction times down to 6 h. In all cases tested we observed
a substantial increase in ligated protein yield compared to
that of the standard dialysis method. The protocol is robust
and straightforward to implement and does not require

extensive optimization. It routinely enables the production
of segmentally labeled protein with excellent yields and
quality and therefore greatly expands the application and
utility of NMR and other biophysical methods that benefit
from protein ligation to more complex systems.
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