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Abstract Sample solubility is essential for structural

studies of proteins by solution NMR. Attachment of a

solubility enhancement tag, such as GB1, MBP and thio-

redoxin, to a target protein has been used for this purpose.

However, signal overlap of the tag with the target protein

often made the spectral analysis difficult. Here we report a

sortase-mediated protein ligation method to eliminate

NMR signals arising from the tag by preparing the isoto-

pically labeled target protein attached with the non-labeled

GB1 tag at the C-terminus.

Keywords Sortase � Protein ligation � GB1 � Intein �
INSET � Solubility enhancement

Abbreviations

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis

INSET Isotopically invisible solubility/stability

enhancement tag

Sample solubility is essential for solution NMR studies. A

number of approaches have been developed to address this

problem, with buffer-condition screening and site-specific

mutagenesis (Bagby et al. 1997; Huang et al. 1996) being

widely used. However, these methods rely on a consider-

able amount of trial and error. The attachment of solubility

enhancement tags, such as GB1, MBP and thioredoxin, to

target proteins is one of the solutions that has been applied

to the NMR analysis of less soluble samples (Zhou et al.

2001; Chang et al. 2006; Safadi and Shaw 2007). However,

signal overlap of the tag with the target protein often

complicates the spectral analysis. Therefore, incorporation

of an unlabeled tag into an isotopically labeled target

protein offers a potential solution to this difficulty (Züger

and Iwai 2005).

Intein-mediated protein ligation (Muralidharan and Muir

2006) is useful for this purpose. There are two types of

intein-mediated ligation: one uses a split intein and the

other uses expressed protein ligation (EPL) (Muralidharan

and Muir 2006). They were successfully applied for prep-

aration of segmental isotopically labeled protein for NMR

studies (Yamazaki et al. 1998; Otomo et al. 1999; Cama-

rero et al. 2002; Xu et al. 1999). In both methods, the

target protein should be expressed as a fusion protein with

an intein, eventually resulting in lower expression yield and

lower solubility (Yamazaki et al. 1998; Otomo et al. 1999;

Nyanguile et al. 2003). Moreover, a high concentration of

ligation partners are required when using EPL (Camarero

et al. 2002; Xu et al. 1999). Thus, both intein-based liga-

tion methods possess difficulties to their practical

application.

Sortase, a transpeptidase found in the cell envelope of

many Gram-positive bacteria, anchors surface proteins to

the peptidoglycan cross bridge of the cell wall (Mazmanian

et al. 1999; Novick 2000; Perry et al. 2002). Staphylo-

coccus aureus sortase (Sortase A) catalyzes the

transpeptidation by cleaving the peptide bond between

threonine and glycine at an LPXTG recognition motif and

subsequently joining the carboxyl group of the threonine to
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an amino group of the pentaglycine sequence on the cell

wall peptideglycan (Mazmanian et al. 1999; Novick. 2000;

Perry et al. 2002). Recently, sortase A was used for in vitro

protein ligation (Mao et al. 2004). However, this novel

protein ligation method has not yet been applied to NMR

sample preparation.

Sortase-mediated protein ligation only requires the

attachment of an LPXTG motif to the C-terminus of the

N-terminal fragment. The attachment of this short sequence

does not result in lower expression or lower solubility as

often happens in the intein-mediated ligation system

(Yamazaki et al. 1998; Otomo et al. 1999; Nyanguile et al.

2003). Since sortase and the ligation fragments are sepa-

rately prepared and mixed to start the reaction, the

optimization of ligation efficiency is possible by bio-

chemical approaches.

Here, we applied the sortase-mediated ligation method

to the attachment of a non-labeled GB1-tag to isotopically

labeled target proteins to improve sample solubility. In

order to improve expression level (Huth et al. 1997; Sugase

et al. 2008; Gronenborn et al. 1991) and to avoid the pre-

cipitation of the target protein during purification and

ligation, we expressed the isotopically labeled target pro-

tein fused with a cleavable GB1 tag at its N-terminus

(Fig. 1). After ligation with a non-labeled C-terminal GB1

by sortase-mediated ligation, the N-terminal fused GB1

was subsequently removed. We applied this ligation system

to the structural analyses of Vav C-terminus SH3 (denoted

as VcSH3), which is almost insoluble at physiological pH.

The constructs for VcSH3 and sortase A contained a

hexahistidine-tag, and could be purified by affinity chro-

matography using Ni-NTA followed by gel filtration

chromatography. After purification by affinity chromatog-

raphy using Ni-NTA, the N-terminal hexahistidine-tag of

the GB1 construct was cleaved by Tev protease to expose

N-terminal tri-glycine residues for sortase-mediated protein

ligation (Fig. 1). Protein ligation was carried out at room

temperature for three days in 20 mM Tris–HCl (pH 8.0),

10 mM CaCl2, 150 mM NaCl and 2 mM 2-mercap-

toethanol. The N-terminus fragment, VcSH3, was mixed

with C-terminus fragment GB1 and sortase A at a molar

ratio 1–2 to 0.1 where concentration of N-terminus frag-

ments, VcSH3, was 25 lM.

We initially performed the protein ligation by batch

method (Fig. 2a, lane 2), and found that the reaction effi-

ciency was less than 20% and most of the VcSH3 was in

unligated state. Mao et al. (2004) mentioned that the

reaction efficiency was quite low in protein-protein liga-

tion. To improve the efficiency of the sortase-mediated

ligation, we tried dialysis of the reaction mixture during

ligation to remove the GLEHHHHHH by-product. This by-

product also has N-terminus Gly, which may compete with

the ligation reaction of the INSET (isotopically invisible

solubility enhancement-tag). In fact, a previous report
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HRV3C digestion
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Fig. 1 Schematic

representation of the protocol

for the preparation of the

INSET-attached target protein.

Isotopically labeled and non-

labeled regions are colored gray

and white, respectively
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showed that the single Gly at the N-terminus was sufficient

for the sortase-mediated protein ligation (Mao et al. 2004).

Protein ligation was carried out at room temperature for

three days in 20 mM Tris–HCl (pH 8.0), 10 mM CaCl2,

150 mM NaCl and 2 mM 2-mercaptoethanol dialyzed with

the same solution using BioDesignDialysis Tubing 3500

MWCO (BioDesign Inc.). Our experiment revealed that

ligation efficiency was markedly improved over that

observed in the batch method when dialysis was applied

(Fig. 2a, lane 3) and most of the VcSH3 was ligated with

GB1. Using dialysis method, we prepared 13C/15 N-labeled

VcSH3 attached with the INSET. Figure 2b shows the

results of SDS-PAGE for sortase-mediated protein ligation

of VcSH3. Three days after the start of the reaction (lane 1),

ligation efficiency reached more than 90%, as judged from

the residual amount of unligated VcSH3 construct (lane 2).

During the reaction, VcSH3 was not precipitated due to GB1

fusion at N-terminus, but was precipitated within several

hours when the N-terminal GB1 was cleaved by HRV3C

protease (data not shown). The ligation product was purified

by affinity chromatography using Ni-NTA, followed by

HRV3C protease digestion (lane 3) and final purification by

gel filtration chromatography (lane 4). The final product was

concentrated to 0.6 mM in 20 mM MES (pH 7.0), 2 mM

DTT and 150 mM NaCl in 90% H2O/10% 2H2O, and was

used for NMR analysis. All the NMR experiments were

carried out at 25�C on a Varian Inova 800 MHz, 600 MHz

or 500 MHz NMR spectrometer as described previously
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Fig. 2 a SDS-PAGE of sortase-mediated protein ligation of VcSH3.

Lane 1, before sortase reaction; lane 2, by batch method after reaction

for three days; lane 3, by dialysis method after reaction for three days.

b SDS-PAGE analysis of sortase-mediated protein ligation, and

purification of INSET-attached VcSH3. Lane 1, before sortase

reaction; lane 2, after reaction for three days; lane 3, after ligation,

dialysis and Ni-NTA purification; lane 4, after further purification by

gel filtration. c The 1H-15 N HSQC spectrum of 13C/15 N-labeled

INSET-attached VcSH3. d The 1H-15 N HSQC spectra of uniformly
15 N-labeled GB1-VcSH3. Signals enclosed by rectangle in c and d
are due to Trp indoles. Asterisk in d denotes indole signals from GB1.

e Overlay of the twenty NMR structures of 13C/15 N-labeled INSET-

attached VcSH3 (left) and ribbon representation (right)
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(Kobashigawa et al. 2007a, b). The solubility of VcSH3 was

enhanced more than 10 fold by the attachment of the INSET.

Figure 2c and d show the 1H-15N HSQC spectra of the

INSET-attached 13C/15N-labeled VcSH3 domain and the

uniformly 15N-labeled GB1-VcSH3 fusion protein, respec-

tively. We observed signals derived from VcSH3 alone, but

did not observe any GB1 signals (Fig. 2c) in comparison to

the GB1-fusion protein (Fig. 2d). For example, we could

observe only three signals in the Trp indole region enclosed

by rectangle of Fig. 2c, while five peaks were observed in

Fig. 2d. In fact, VcSH3 possesses three Trp residues while

two in GB1. We determined the solution structure of the

VcSH3 domain. The well-defined structure was obtained

due to attachment of the INSET (Fig. 2e), confirming that

the INSET is a useful solubility enhancement tag that does

not complicate the NMR spectrum.

We found that attachment of the INSET by sortase-

mediated protein ligation is an efficient and convenient

method for the preparation of solubility enhanced protein

conjugates without complicating the NMR spectrum. We

also found that ligation efficiency was markedly increased

by dialysis method. Moreover, it was found that the

N-terminus GB1 fusion tag that was ultimately cleaved was

useful in preventing precipitation of the target protein

during the purification and protein ligation processes.

For wide use of the INSET and the sortase-mediated

protein ligation method to NMR studies, establishment of

the strategy for optimization of the reaction is helpful.

Sortase-mediated protein ligation is a simple enzymatic-

reaction, for which the optimization of reaction conditions

can be possible to improve ligation efficiency. To confirm

this, we monitored ligation efficiency under various

experimental conditions using the VcSH3 ligation system.

For convenience, ligation efficiency was estimated by

monitoring time-dependent decrease in the band of VcSH3

in the SDS-PAGE. Since after longer reaction time, slight

degradation of VcSH3, sortase A or ligation product was

observed in the SDS-PAGE band, ligation efficiency

should be taken as an apparent value. Protein ligation was

carried at 12, 25 and 35�C in 20 mM Tris-HCl (pH 8.0),

10 mM CaCl2, 150 mM NaCl and 2 mM 2-mercap-

toethanol dialyzed with the same solution by using micro

dialyzer TOR-3 K (Genetics). We dialyzed 200 ll of the

reaction solution to the 25 ml of the reaction buffer

(20 mM Tris-HCl (pH 8.0), 10 mM CaCl2, 150 mM NaCl

and 2 mM 2-mercaptoethanol) for seven days at 12 and

25�C, and for five days at 35�C. We first tested the effect of

protein concentration on ligation efficiency (Fig. 3a and

Supplementary Fig. 2). While maintaining the molar ratios

of VcSH3, the GB1 construct and sortase A at 1:2:0.1, the

concentration dependence of VcSH3 was tested at 10, 20

and 50 lM. The ligation efficiency was enhanced with

increases in protein concentration. Next, we studied the

dependence of ligation efficiency on sortase A concentra-

tion (Fig. 3b and Supplementary Fig. 3). We fixed the

concentration of VcSH3 and GB1 construct at 20 and

40 lM respectively and studied the ligation efficiency at

sortase A concentration of 2, 5 and 10 lM. The ligation

efficiency was improved with increase in sortase concen-

tration. Since sortase A was shown to be active under 37�C

(Mao et al. 2004), we studied the effect of temperature on

the ligation reaction at 12, 25 and 35�C (Fig. 3c and

Supplementary Fig. 4). We fixed the concentration of

VcSH3, GB1 construct and sortase A at 20, 40 and 2 lM

respectively. The ligation reaction became efficient at

higher temperature and after four days, the apparent reac-

tion efficiency reached at 80% at 35�C. This value is

similar to the sortase A concentration of 5 lM at 25�C

(Fig. 3b). Thus, at 35�C, the concentration of sortase A

could be reduced to less than half that used at 25�C. From

these results, we concluded that the ligation efficiency can

be optimized by biochemical considerations. Finally, we

tested whether ligation proceeded under the lower tem-

perature. We studied ligation efficiency at 12�C with

various sortase A concentration (Fig. 3d and Supple-

mentary Fig. 5). We fixed the concentration of VcSH3

and the GB1 construct to 20 and 40 lM respectively at the

sortase A concentration of 2, 5, 10 and 25 lM. After

seven days, most of the initial VcSH3 disappeared at

25 lM sortase A concentration. This is similar to 5 lM

sortase A at 25�C after seven days reaction (Fig. 3b). We

confirmed that the ligation proceeds at lower temperature

with higher sortase concentration. The ligation condition

could be optimized under various temperature range

depending on the sortase concentration. Lower tempera-

ture together with increases in enzyme concentration

might allow for application of sortase-mediated protein

ligation to unstable samples.

In this paper, we described the INSET approach using

sortase-mediated protein ligation. It provided a convenient

method to prepare soluble NMR samples for structural

studies. In particular, the cleavable N-terminus GB1-tag

was effective in preventing precipitation of the target

protein during purification and ligation. We showed that

the dialysis method markedly enhanced the ligation effi-

ciency. These approaches would enable us to apply sortase-

mediated protein ligation to less soluble proteins and to

determine their structures using solution NMR. We also

showed that the ligation reaction could be optimized

straightforward by biochemical approaches. The present

study provides a strategy to optimize the reaction condition

for higher ligation efficiency in the sortase-mediated sys-

tem. The present study will be also helpful for preparation

of the segmental labeled proteins. Although the general

applicability has yet to be demonstrated, we believe that

the sortase-mediated protein ligation method is a
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convenient, efficient and powerful tool for the preparation

of segmental labeled proteins in sufficient quantity and

purity. Accordingly, the application of NMR can be

extended to proteins of larger molecular weight.
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