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ABSTRACT: Herein, we report an intrinsically disordered protein SpyStapler that can catalyze the isopeptide bond formation be-
tween two peptide tags, i.e. SpyTag and BDTag, both in vitro and in vivo. SpyStapler and BDTag are developed by splitting Spy-
Catcher—the cognate protein partner of SpyTag—at the more solvent exposed second loop region. Regardless of their locations in 
protein constructs, SpyStapler enables efficient covalent coupling of SpyTag and BDTag under a variety of mild conditions in vitro 
(yield ~80%). Co-expression of SpyStapler with telechelic dihydrofolate reductase (DHFR) bearing a SpyTag at N-terminus and a 
BDTag at C-terminus leads to direct cellular synthesis of a circular DHFR. Mechanistic studies involving circular dichroism (CD) and 
nuclear magnetic resonance (NMR) spectrometry reveal that SpyStapler alone is disordered in solution and forms a stable folded 
structure (Tm ~55 oC) in the presence of both SpyTag and BDTag upon isopeptide bonding. No ordered structure can be formed in 
the absence of either tag. The catalytically inactive SpyStapler-EQ mutant cannot form a stable physical complex with SpyTag and 
BDTag, but it can fold into ordered structure in the presence of the ligated product (SpyTag-BDTag). It suggests that the isopeptide 
bond is important in stabilizing the complex. Given its efficiency, resilience, and robustness, SpyStapler provides new opportunities 
for bioconjugation and creation of complex protein architectures.  

Peptide/protein tagging offers powerful ways to manipulate 
proteins in various contexts, such as protein purification, trans-
location, topology engineering, and bio-imaging.1-4 The recent 
emergence of “molecular superglue” techniques provides a new 
tagging strategy with essentially infinite affinity, as demon-
strated by the SpyTag/SpyCatcher,5 SnoopTag/SnoopCatcher 
reactive pairs,6 as well as their variants.7-12 They are based en-
tirely on natural amino acids and are thus genetically en-
codable.13-14 Incorporating latent bio-reactive unnatural amino 
acids represents another way to achieve covalent tagging or bi-
oconjugation via proximity-enhanced reaction.15 It can be read-
ily achieved both in vitro and in vivo in various cells, leaving 
only a tiny residue after ligation.16 By contrast, genetically en-
coded peptide-protein reactive pairs often forms a complex af-
ter ligation which may complicate the study of structure-prop-
erty relationship. 

To reduce the sizes of the protein partner (the “Catcher” 
component), a cleavable variant, SpyCatcher-NTEV, has been 
successfully developed via circular permutation with high reac-
tivity.11 By splitting SpyCatcher at the first loop, Howarth and 
co-workers developed a peptide-peptide ligation technique me-
diated by SpyLigase.17 With the addition of excess SpyLigase (> 
1 eq) as well as 1.5 M trimethylamine N-oxide (TMAO) as the 
promoter, it can achieve moderate ligation efficiency (~50%). 
They further developed a second generation, more effective 

SnoopLigase/DogTag/SnoopTagJr system via dissecting the 
RrgA adhesin domain followed by extensive efforts of optimiza-
tion.18 Even in the absence of TMAO, the SnoopLigase system 
can achieve high ligation efficiency (>60% at a 1:1:1 ratio of 
SnoopTagJr, DogTag and SnoopLigase) with certain amounts 
of glycerol. SnoopLigase also shows remarkable resilience to-
ward thermal inactivation at 100 oC. It thus represents an im-
portant addition to the existing bioconjugation toolbox that in-
cludes split intein technology,19 sortase,20-21 butelase 1,22-23 and 
OaAEP1,24 etc. Notably, SnoopLigase was developed by im-
proving its conformational rigidity through structure-guided 
optimization, assuming that a stable folded structure would lead 
to enhanced catalytic efficiency. Nonetheless, its solution state 
remains to be elucidated and its performance in cells remains to 
be demonstrated.  

Intrinsically disordered proteins (IDPs) refer to a unique 
class of proteins without a stable secondary structure under 
physiological conditions.25-27 While most proteins assume a pre-
existing ordered conformation toward specific functions, IDPs 
also turn out to be functional and can serve as active enzymes 
under physiological conditions. It thus prompts scientists to re-
assess the structure-property relationship of proteins and pon-
der on how structure and dynamics modulate function.28-29 Our 
previous works show that unlike wild-type SpyCatcher that is 
folded in solution,30-31 the supercharged SpyCatcher(-)8 and the 
circularly permuted SpyCatcher-NTEV 11 are disordered in solu-
tion and remain reactive with SpyTag, giving a folded complex 
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upon isopeptide bond formation. Hence, we hypothesized that, 
counterintuitively, ligases may not necessarily have to adopt a 
well-folded structure in solution to achieve high ligation effi-
ciency. 

In this article, we report SpyStapler, an unstructured ligase 
that recognizes two peptide tags, i.e. SpyTag and BDTag, and 
catalyzes the isopeptide bond formation between the two both 
in vitro and in vivo in high efficiency (Scheme 1, Figure 1). 
SpyStapler is extremely stable in vitro and withstands various in-
activation treatments (such as denaturation by urea or heat in-
activation for extended times). It also enables nearly quantita-
tive protein cyclization inside cells when co-expressed with the 
telechelic protein construct SpyTag-DHFR-BDTag. The CD 
and NMR experiments reveal that the SpyStapler alone is disor-
dered, exemplifying the potential for engineering a functional 
intrinsically disordered ligase. 

 

Scheme 1. SpyStapler-mediated ligationa  

 

a Both SpyTag and BDTag can be fused to the proteins of interest 
(POIs) at the N-terminus, C-terminus, or in the middle of the chain 
for ligation reaction. 

Design of SpyStapler. Previously, Howarth and co-workers 
have demonstrated SpyLigase-mediated ligation between 
SpyTag and KTag, though with relatively low efficiency.17 Struc-
ture-based computational design has subsequently proven use-
ful in improving the efficiency of SnoopLigase based on the 
premise that a stable folded structure is essential for high cata-
lytic efficiency.18 Inspired by the intrinsically disordered Spy-
Catcher variants that remain active toward SpyTag, we envi-
sioned that a pre-existing folded structure might not be essential 
for such ligases. A visual inspection over the crystal structure of 
the SpyTag-SpyCatcher complex (PDB code: 4MLI)32 revealed 
the second loop distal from the catalytic triad as the most malle-
able and plastic region (Figure 1a). We have previously per-
formed circular permutation on SpyCatcher and converted this 
region to the new N- and C-termini of the SpyCatcher-NTEV var-
iant. Given the high efficiency of the SpyTag/SpyCatcher-NTEV 
reaction with a second-order rate constant of ~10 M-1∙s-1,11 we 
speculated that the catalytic domain, corresponding to the seg-
ment from the third strand to the last strand of SpyCatcher (res-
idue 55-116, named SpyStapler), could be designed as a 
standalone catalyst to covalently stitch together SpyTag and the 
remaining reactive fragment of SpyCatcher (residue 27-54, 

named BDTag) (Figure 1b, c). The name “SpyStapler” comes 
from the resemblance of its folded shape within the SpyTag-
SpyCatcher complex to a real stapler (Figure 1b). 

 

 

Figure 1. (a) Topology diagram of the SpyTag-SpyCatcher complex, 
showing the splitting into a SpyTag-BDTag-SpyStapler complex. (b) 
Reaction between the aspartic acid residue of SpyTag and the lysine 
residue of BDTag under the catalysis of the glutamic acid residue of 
SpyStapler. The 3D structure of SpyTag, BDTag and SpyStapler are 
drawn based on the crystal structure of the SpyTag-SpyCatcher 
complex (PDB code: 4MLI). (c) Amino acid sequence alignment of 
SpyCatcher, SpyStapler and BDTag. The SpyTag is colored red, 
BDTag magenta and SpyStapler blue. The aspartic acid, the lysine 
and the glutamic acid are colored yellow. 

Synthesis and Characterization of SpyStapler. The gene of 
SpyStapler was cloned from SpyCatcher into pET28a expres-
sion vector (for sequences, see Figure S1). The plasmid was 
transformed into Escherichia coli (E. coli) BL21 (DE3) strain for 
expression in LB broth. The product could be purified under ei-
ther native or denaturing conditions (~5 mg per liter of culture). 
The SDS-PAGE shows a single band at an apparent molecular 
weight of 8 kDa. LC-MS further confirms the identity of the 
SpyStapler with the correct observed mass of 7864 Da versus the 
calculated value of 7863 Da (Figures 2a). The +178 Da modifi-
cation was caused by the gluconoylation of N-terminal amino 
group. The SEC traces for the samples purified under native or 
denaturing conditions are different. The former exhibits a bi-
modal elution profile and the latter shows only one monomodal 
peak (Figure 2b). Even for the former, both peaks are actually 
identical in SDS-PAGE, indicating that the peak at lower reten-
tion volume may be due to aggregation. Denaturing treatment 
eliminates the aggregation between SpyStapler and gives only 
one single peak in the elution profile.  
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Figure 2. (a) LC-MS spectrum of SpyStapler. (b) SEC overlay of 
SpyStapler purified under native (red) or denaturing conditions 
(blue). (c) SDS-PAGE analysis of the reactions between BDTag-
CFP and YFP-SpyTag (or SpyTag-YFP) mediated by SpyStapler 
(or SpyStapler-EQ as a negative control).  

SpyStapler Mediates SpyTag-BDTag Ligation. To test the ef-
ficiency of the reaction, we designed four telechelic proteins 
based on cyan fluorescent protein (CFP) and yellow fluorescent 
protein (YFP) by fusing the tags at either N- or C- terminus. 
They are BDTag-CFP, CFP-BDTag, SpyTag-YFP, and YFP-
SpyTag, respectively (see Figure S1 for sequences). Their iden-
tities were confirmed by LC-MS (Figure S2). The reactions 
were run in different combinations with equimolar amounts of 
reactants in the presence of two equivalents of SpyStapler for 8 
hours at 4 oC. The SDS-PAGE clearly shows a new band at much 
higher position and the densitometry analysis reveals a typical 
yield of ~80% (Figures 2c and S3). Remarkably, it was achieved 
without TMAO or glycerol. The control experiments without 
SpyStapler or with the catalytically inactive EQ mutant of 
SpyStapler (SpyStapler-EQ, see Figure S1 for sequence) show 
no product formation (Figure 2c), confirming the catalytic role 
of SpyStapler. Although the yields seem to vary slightly depend-
ing on the location of the reactive sequences, the effect is rela-
tively minor. We proceeded with BDTag-CFP and YFP-SpyTag 
as the model reactants to examine the effects of various condi-
tions on the reaction, including temperature, pH, TMAO con-
centration, and the SpyStapler stoichiometry (Figure 3). 

 

 

Figure 3. Effects of various conditions on the SpyStapler-mediated 
ligation between BDTag-CFP and YFP-SpyTag (10μM each): (a) 

temperature (2 eq. SpyStapler, 8 hours); (b) solution pH (2 eq. 
SpyStapler, 3 hours, 4 oC); (c) TMAO concentration (2 eq. SpySta-
pler, 3 hours) at 4 oC and 37 oC respectively; (d) stoichiometry of 
SpyStapler (4 oC, 8 hours). The experiments were run in triplicates. 

SpyStapler is Robust under Various Conditions. Unless oth-
erwise noted, the reactions were run at concentrations of 10 μM 
each with 2 equivalents of SpyStapler in PBS (pH 7.4) at 4 oC for 
8 hours. It turned out that the reactions were efficient at lower 
temperatures (4 and 16oC), but were discouraged above 25 oC 
(Figure 3a, Figure S4). The solution pH value has only moder-
ate influence on the ligation efficiency. The yields fluctuates 
around 80% at pH < 7.0, but drop at higher pH values (Figure 
3b, Figure S5). With TMAO, the reactions were so fast that they 
already reached equilibrium at 8 hours. To differentiate the ef-
fects of different TMAO concentration, the reactions were run 
for as short as 3 hours at 4 and 37 oC, respectively. The results 
show that the addition of TMAO can promote the reactivity 
even further and enhance the performance of SpyStapler at 
higher temperature, which would be extremely useful for ma-
nipulating the reactivity in vitro (Figure 3c, Figure S6). It is 
worth noting that within 3 hours, the reaction at 4 oC already 
achieved a decent yield of 62%. Finally, Figures 3d and S7 show 
that when the stoichiometry of SpyStapler is lower than 0.6, the 
yields are generally higher than the stoichiometry of SpyStapler, 
indicating a limited turnover number per catalyst; at higher stoi-
chiometry, the yields level off at ~80%, representing only minor 
improvement and suggesting potential product inhibition simi-
lar to that in the SnoopLigase system.  

 

 

Figure 4. (a) Time course of the FRET signal for the reaction be-
tween BDTag-CFP and SpyTag-YFP in PBS (pH=7.4) at 4 oC over 
a period of 13 h. (b) SDS-PAGE analysis following the time course 
of the reaction between BDTag-CFP and YFP-SpyTag. (c) Plot of 
1/[BDTag-CFP] vs time.  

Kinetics of SpyStapler-Mediated Ligation. Once conjugated, 
the two model fluorescent proteins can undergo Főrster reso-
nance energy transfer (FRET), which offers a convenient way to 
monitor the progress of reaction. To shed light into the kinetics 
of the SpyStapler reaction, we followed the FRET signal for the 
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reaction between BDTag-CFP and SpyTag-YFP with SpySta-
pler and compared it to that without SpyStapler or with SpySta-
pler-EQ (Figure 4a). No increase in FRET signal was observed 
in the latter cases as expected. In particular, it suggests that 
SpyStapler-EQ could not even form a stable physical complex to 
bring the two components closer. The steady increase of FRET 
signal thus only represents the isopeptide bond formation.  

For a quantitative assessment, we proceeded to determine 
the rate constant of the reaction by SDS-PAGE analysis (Figure 
4b, c). Since BDTag-CFP and YFP-SpyTag are better resolved 
in SDS-PAGE than the other pairs, quantification by densitom-
etry analysis is supposed to be more accurate in this case. They 
were thus chosen as the pair for determining the kinetics. The 
apparent second order rate constant was measured at a given 
concentration of reactants (10 μM each) and fixed amount of 

SpyStapler (20 μM). The calculated second-order rate constant 
is (36 ± 2) M-1 ∙ s-1. This value is comparable to that of Spy-
Catcher-NTEV (~10 M-1 ∙ s-1),11 a little slower than supercharged 
SpyCatcher(-) (~110 M-1 ∙ s-1),8 and around two orders of mag-
nitude lower than the wild-type SpyCatcher (~103 M-1 ∙ s-1).5 By 
saying so, one should keep in mind that SpyStapler does not 
turn over to a significant level and this is a three-component re-
action. Therefore, this value is only relevant to this specific re-
action condition at the very early stage of reaction. Nonetheless, 
the results still suggest that SpyStapler is a fast ligase, with effi-
ciency comparable to most “click” reactions.33 The results are 
encouraging for pursuing more challenging targets, such as the 
“in-chain” reactions and the applications in cells.  

 

 

Figure 5.  SpyStapler-mediated “in-chain” ligation toward four-arm star ELP. (a) Scheme for the reaction between ELP-SpyTag-ELP and 
ELP-BDTag-ELP in vitro. (b) SDS-PAGE analysis of the reaction with or without TMAO. (c) SEC overlay of SpyStapler (blue), ELP-SpyTag-
ELP (red), ELP-BDTag-ELP (magenta), and the reaction mixture containing mainly the 4-arm star ELP (black). (d) MALDI-TOF mass 
spectra of ELP-SpyTag-ELP (red) and ELP-BDTag-ELP (magenta). (e) MALDI-TOF mass spectrum of the ligation product, 4-arm star ELP.

SpyStapler Enables Ligation between Internal Reactive Sites. 
When the reactive sequences (i.e. SpyTag and BDTag) are 
placed in the middle of the chain, the neighboring protein do-
mains may exert considerable steric hindrance for binding and 
reaction, especially when the neighboring domains have ran-
dom-coil-like conformation with a large hydrodynamic volume. 
Hence, few ligases could work on internal reactive sequences to 
date. Transglutaminase is an exception. It catalyzes the isopep-
tide bond formation between free amine groups and acyl groups 
at any sites with no sequence specificity and leads to extensive 
crosslinking.34 Other natural enzymes such as sortase A and 
butelase 1 only recognize specific amino acid sequences locat-
ing at the termini of a protein, but not the internal ones. Both 
SpyLigase and SnoopLigase exposed their limitation when the 

ligation reactions involved internal sites between or within pro-
tein domains. It is therefore highly desired to have a protein lig-
ase that can robustly stitch together the peptides even when 
they are inserted into the middle of a protein construct, or even 
in the loop region of a protein domain.35 Hence, we challenged 
the catalytic capability of SpyStapler for its activity on two 
telechelic proteins based on elastin-like polypeptide (ELP) with 
reactive sequence in the middle of the chain, namely ELP-
SpyTag-ELP and ELP-BDTag-ELP (see Figure S8 for se-
quences) (Figure 5a). 

The ELP is an unstructured protein.36-38 The large excluded 
volume effect is expected to impose considerable steric hin-
drance. Considering the tremendous entropy penalty, we antic-
ipate that it would be difficult for SpyStapler to recognize two 
individual tags buried in the middle of the random coils, bring 
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them close in space, and staple them together with isopeptide 
bond. Indeed, the reaction under normal conditions (PBS, pH 
= 7.4, 4 oC, SpyTag: BDTag: SpyStapler = 10 μM:10 μM:20 μM) 
only gives a compromised yield of 27%. To enhance the reaction, 
we used 3 equivalents of SpyStapler (30 μM), the yield could be 
improved to ~60% (Figure 5b). The addition of 1.5 M TMAO 
further improved the ligation efficiency to 83% (Figure 5b). The 
MALDI-TOF mass spectra of the starting materials and the final 
product demonstrate the ligation between two components 
(Figure 5d and 5e). The SEC overlay clearly shows that there is 
only minor residual starting material as well as the remaining 
catalyst SpyStapler (Figure 5c). This is consistent with the re-
sults by SDS-PAGE analysis, which suggests that SpyStapler is 
indeed a robust ligase, even for “in-chain” ligation. 

To demonstrate the broad applicability of SpyStapler-medi-
ated ligation, we also explored the catalytic capability of SpySta-
pler for its activity on AffiHER2-SpyTag-AffiHER2 (see Figure 
S8 for sequence) and ELP-BDTag-ELP or BDTag-CFP. Affi-
HER2 is one kind of affibody that binds with high affinity to 
HER2 (an important tyrosine kinase cancer antigen).39 Affi-
HER2 is folded and comprised of a bundle of three helixes. 
Again, reaction under normal conditions is low yielding even af-
ter 20 hours (Figure S9). However, with the addition of 1.5 M 
TMAO and slight excess of the SpyTag component, the reaction 
could be driven almost to completion, thus promising a broad 
scope for SpyStapler-mediated ligation.  

 

 

Figure 6.  SpyStapler-mediated macrocyclization of SpyTag-DHFR-BDTag in vitro. (a) Scheme for the cyclization reaction. (b) SDS-PAGE 
analysis of l-DHFR (lane 1), reaction mixture (lane 2), and the purified c-DHFR (lane 3). (c) SEC overlay of SpyStapler (red), l-DHFR (black), 
the reaction mixture (blue), and the purified c-DHFR (magenta). (d) LC-MS spectrum of l-DHFR. (e) LC-MS spectrum of c-DHFR. PDB 
code: 4NX6 for DHFR.

SpyStapler Possesses Cyclase Activity Both in vitro and in 
vivo. Macrocyclization has been commonly used to evaluate the 
efficiency of bioconjugation.23-24, 30, 40 We designed a telechelic 
DHFR bearing SpyTag at N-terminus and BDTag at C-terminus 
(named SpyTag-DHFR-BDTag or l-DHFR, see Figure S10 for 
sequence) to test the cyclization efficiency of SpyStapler (Fig-
ure 6a). After reaction under optimized condition for 12 hours, 
the reaction mixture was analyzed by SEC and SDS-PAGE. As 
shown in Figure 6c, the SEC elution profile of the reaction mix-
ture (blue) contains mainly three fractions: the fraction F1 at 
retention volume of ~13 mL (which is supposedly chain-ex-
tended products), the fraction F2 with similar retention volume 

(~15 mL) to the starting material (which is probably the cy-
clized SpyTag-DHFR-BDTag, or c-DHFR), and the fraction F3 
at the retention volume of ~ 17 mL (which is the excess SpySta-
pler). The assignment is corroborated by the SDS-PAGE analy-
sis (Figure 6b) where lane 1 is the starting material l-SpyTag-
DHFR-BDTag, lane 2 is the reaction mixture and lane 3 is frac-
tion F2 in SEC, the purified c-DHFR. It is impressive that the 
monomers almost exist exclusively in the cyclic form. In addi-
tion, c-DHFR appears in a slightly lower position than l- DHFR, 
which is consistent with the compact conformation and fast mo-
bility associated with the cyclic topology. There are also certain 
amounts of dimers in the reaction mixture, which is not surpris-
ing considering the competition between chain extension and 
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cyclization. The reaction concentration was set at a relatively 
low value (10 μM) so as to favor cyclization. This is further 
helped by the close proximity of the N- and C-termini of DHFR 
in space.41 The LC-MS spectra of l-DHFR and c-DHFR are 
shown in Figure 6d and 6e, respectively. Within range of error, 
their mass difference is consistent with the loss of one H2O mol-
ecule upon cyclization. Hence, we concluded that the SpySta-
pler-mediated macrocyclization of DHFR is very effective with 
almost quantitative conversion of the monomers in vitro. 

While in vitro cyclization is routinely performed using a vari-
ety of enzymes like sortase, butelase 1, and OaAEP1, their appli-
cations in cells in vivo are often plagued by the difficulties asso-
ciated with the heterologous expression of catalytically active 
forms of ligase, the relatively poor catalytic activity, or the re-

versible nature of certain ligases. The complex cellular environ-
ment is characteristic of a very crowded, heterogeneous mixture 
where millions of biological processes occur simultaneously. It 
would be very challenging for a ligase to find each component 
efficiently, bind them selectively, and perform the ligation effec-
tively in cells. To test the activity of SpyStapler in cellular envi-
ronments, we designed the co-expression of SpyTag-DHFR-
BDTag and SpyStapler based on the pACYCDuet-1 vector (Fig-
ure 7a). The genes for two proteins are arranged in tandem se-
quence and express sequentially in cells under the control of T7 
promoter. The expression temperature was set to be 16 oC at 
which SpyStapler exhibits excellent in vitro activity and the rate 
for cell growth and protein production is reasonably fast to en-
sure proper yield. The expression time was set to be 20 hours so 
as to ensure complete reaction. 

 

Figure 7. SpyStapler-mediated cyclization of SpyTag-DHFR-BDTag in cells. (a) Gene construct on pACYCDuet-1 for co-expression of 
SpyTag-DHFR-BDTag and SpyStapler in E. coli. (b) SDS-PAGE analysis of the crude product from co-expression (lane 2, E), the fractions 
F1 (lane 3) and F2 (lane 4) from SEC, and the linear SpyTag-DHFR-BDTag (l-DHFR) as a control (lane 5). (c) SEC overlay of the crude 
products from co-expression after affinity purification (blue), the purified fraction F2 (c-DHFR, black), and the control l-DHFR (red). (d) 
LC-MS spectrum of fraction F1 which is the dimer (DHFR)2. (e) LC-MS spectrum of fraction F2 which is c-DHFR. 

From the SDS-PAGE analysis of crude lysate and noninduced 
samples (Figure S11), there is only low level of target protein 
overexpression, which is probably probably due to the low plas-
mid copy number of the pACYCDuet-1.42 Since only the 
SpyTag-DHFR-BDTag construct was designed with a His-Tag 
at N-terminus, affinity purification with Ni-NTA resin would 
presumably only pick up the components containing DHFR. Af-
ter affinity purification, the crude product was analyzed by SEC 
chromatography and SDS-PAGE. In SEC, there are considera-
ble amounts of high molecular weight products and two major 
peaks at larger retention volumes referred to as fractions F1 and 

F2, respectively (Figure 7c). The SDS-PAGE analysis confirm 
the presence of oligomers and verify that fraction F1 is mainly 
the dimer and F2 is the monomer (Figure 7b). It suggests that 
the reaction proceeds effectively in cells, but with much less 
control than the in vitro experiment. The lack of control could 
probably be explained by the relatively slow reaction rate as 
compared to the protein expression rate, which leads to the ac-
cumulation of reactive proteins over time. At later stages, the 
high intracellular telechelic protein concentration favors chain-
extension over cyclization. Fraction F1 is the pure dimer 
(DHFR)2. The LC-MS spectrum shows the loss of two water 
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molecules, confirming that both tags were reacted (Mcalcd. = 
54300 Da vs Mobsd. = 54301 Da) (Figure 7d). Considering the ge-
ometry of the tags, it is probably a cyclic dimer, rather than pro-
tein catenanes.43-44 Fraction F2 is the pure cyclic monomer, c-
DHFR. It appears at a lower position in SDS-PAGE than the lin-
ear counterpart, which is consistent with the previous macrocy-
clization experiments in vitro. The LC-MS spectrum further 
confirmed the structure (Figure 7e). It was quite remarkable 
that the monomer exists almost exclusively in cyclic form, indi-
cating high cyclization efficiency in vivo. The high reactivity is 
also evidenced by the significant amounts of oligomers due to 

intermolecular reactions. In fact, the performance of SpyStapler 
in cells is almost comparable to that of the SpyRing system.30, 40  

One interesting observation is that, even though SpyStapler 
does not have a His-Tag, it was also observed in the crude prod-
ucts (Figure S11). It suggests that SpyStapler may form a com-
plex with the ligated product and small amounts of SpyStapler 
may co-elute with the product. While residual SpyStapler may 
not necessarily be a problem, it could be removed, if desired, by 
means of extensive wash on resin with competing peptide lig-
ands or denaturing buffers, as previously demonstrated by 
Howarth and coworkers in similar SnoopLigase system.18 

 

Figure 8. (a) CD spectra of SpyStapler (red) and the complex of SpyStapler+SpyTag+BDTag (black). (b) Temperature dependence of molar 
ellipticity of the complex of SpyStapler+SpyTag+BDTag at the wavelength of 230 nm. (c) HSQC NMR spectrum of SpyStapler. (d) Overlay 
of HSQC NMR spectra of SpyStapler+SpyTag (black) and SpyStapler+BDTag (magenta). (e) HSQC NMR spectrum of the complex of 
SpyStapler+BDTag+SpyTag. (f) HSQC NMR spectrum of the mixture of SpyStapler-EQ+SpyTag+BDTag. 

SpyStapler is Disordered in Solution and Forms an Ordered 
Complex with the Ligated Product. Previously, engineering lig-
ases often assumes a well-folded structure for activity optimiza-
tion.45-46 The crystal structure of transglutaminase, sortase A, 
and OaAEP1 have been elucidated, which facilitates structure-
based design and engineering.24, 47 Along this line, Howarth and 
co-workers used computer simulation to stabilize the Snoop-
Ligase and optimize its activity.18 In our case, however, the CD 
spectrum of SpyStapler revealed an unstructured polypeptide 
(Figure 8a, red). It was further verified by the 2D 1H-15N HSQC 
NMR spectrometry. Indeed, the HSQC spectrum of SpyStapler 
obtained in PBS buffer (pH=7.4) at 4 oC (Figure 8c) shows clus-
tered peaks at the chemical shift of 7~9 ppm for 1H and 120~125 
ppm for 15N NMR, which is typical for disordered proteins. The 
addition of either SpyTag or BDTag alone does not induce or-
dered structure formation even after incubation for 8 hours at 4 

oC (Figure 8d). Only in the presence of both tags, a well-dis-
persed spectrum could be observed (Figure 8e, S12), indicating 
that SpyStapler is folded upon reaction. The spectrum is similar 
to that of the CnaB2 domain.48 The NH signal of the isopeptide 
bond was not observed because the bond is formed between the 
unlabeled SpyTag and BDTag. The formation of a complex is 
also evidenced by the CD spectrum of the mixture of SpyTag, 
BDTag and SpyStapler (Figure 8a, black). It differs from that of 
SpyStapler in that the minimum shifts from 200 nm to 195 nm 
and there appears a bump at ~230 nm characteristic of the β-
turn structure.48 The spectrum resembles that of the CnaB2 do-
main or the SpyTag-SpyCatcher complex.48  

To determine the stability of the complex, we followed the 
temperature dependence of the signal at 230 nm. With increas-
ing temperature, the signal decreases and there is a clear transi-
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tion (Figure 8b). The Tm was thus determined to be ~55 oC, sug-
gesting that the complex is relatively stable. By comparison, the 
ancestor CnaB2 domain actually resists unfolding by boiling at 
100 oC48 and the parent SpyTag-SpyCatcher complex has a Tm of 
~85 oC.49 It is not surprising to see further reduced stability in 
the SpyTag-BDTag-SpyStapler complex. Hence, it is also rea-
sonable to assume that the complex is dynamic and may exist as 
an equilibrium between the associated and unassociated forms 
depending on temperature (Figure 9). It also explains the fact 
that cellularly synthesized c-DHFR contains a small amount of 
SpyStapler. 

 

 

Figure 9. (a) SpyStapler could not form stable complex with either 
SpyTag or BDTag but could form a physical complex in the pres-
ence of both tags and transform into a stable complex upon isopep-
tide bond formation. Dissociation into free SpyStapler and the co-
valent product, SpyTag-BDTag, may occur. (b) SpyStapler-EQ 
could not form stable complex with SpyTag, BDTag, or both, but 
could form a stable physical complex with the ligated product 
SpyTag-BDTag.  

To probe the role of covalent bond in the complex, we fur-
thered looked into the interaction between the catalytically in-
active SpyStapler-EQ and the tags, as well as the ligated product 
of SpyTag-BDTag. The SpyTag-BDTag conjugate was prepared 
by SpyStapler-mediated ligation and purified by high perfor-
mance liquid chromatography (HPLC). As shown by the HSQC 
NMR spectra, SpyStapler-EQ is unfolded in solution and could 
not become structured upon interaction with SpyTag, or 
BDTag, or both tags (Figure 8f, S13). However, it does form a 
stable complex with the SpyTag-BDTag conjugate (Figure S14). 
The overlay of the NMR spectra of SpyStapler and SpyStapler-
EQ in the complex with the SpyTag-BDTag shows very minor 
differences that are probably due to the residues at or near the 
mutation site. It indicates that mutation in SpyStapler-EQ does 

not weaken the binding to the product. Therefore, it is clear that 
covalent bonding plays a critical role in stabilizing the complex 
(Figure 9).  

The mechanistic study also improves our understanding on 
the stoichiometry-dependence of the reaction (Figure 3d).  We 
envisioned that when SpyTag and BDTag are fused to other pro-
teins, the resulting complex in the ligated product may experi-
ence more steric hindrance from the neighboring proteins and 
it is more likely to undergo dissociation after covalent bond for-
mation. Indeed, when SpyStapler is present in less than 0.5 
equivalence, it shows considerable turnover and the yields were 
generally higher than the stoichiometry. Increasing SpyStapler 
stoichiometry could push the reaction further toward comple-
tion. However, significant product inhibition may arise with in-
creasing amounts of the ligated product, leading to the plateau 
of yield at around 80%. After all, the reaction system is an equi-
librium among the three components, the ligated product, and 
the complex. For SpyStapler-EQ, the absence of covalent bond-
ing fails to push the equilibrium to the product side and thus it 
could not form any order complex with SpyTag and BDTag, 
even though it retains the capability to bind the ligated product 
SpyTag-BDTag and fold. 

Proposed Free Energy Landscape of SpyStapler-Mediated 
Ligation. The above analysis reveals the important role of cova-
lent bonding and its interplay with folding. We did attempt to 
characterize the thermodynamics of SpyStapler-mediated liga-
tion by isothermal titration calorimetry. However, little exo-
thermic or endothermic effect were observed when mixing the 
SpyTag or BDTag with SpyStapler. Increasing concentration of 
the peptide tags led to aggregation and precipitation that fur-
ther plagued the characterization. Combined with CD and 
NMR results, we deduced that SpyStapler probably exists as a 
molten globule in solution and its interaction with either 
SpyTag or BDTag has little enthalpic effect. Even in the pres-
ence of both SpyTag and BDTag, the three components can 
barely form a stable ordered complex before the covalent bond 
formation. However, this transient complex is catalytically ac-
tive and the isopeptide bond formation could dramatically 
change the free energy landscape for folding and create a ther-
modynamic sink to stabilize the complex. The lifetime of the 
folded complex is long enough to be detected by NMR tech-
niques (Figure 8e). Nonetheless, disassociation of the folded 
complex could still occur occasionally upon thermal fluctuation, 
thus regenerating SpyStapler and releasing the ligated product. 
Based on these arguments, we tentatively proposed a reaction 
energy profile for the SpyStapler-mediated ligation (Figure 10).  

This process is unique in that it couples assembly with reac-
tion. The catalyst, SpyStapler, is unstructured by itself, yet 
could assemble with SpyTag and BDTag to reconstitute the 
structural domain for the catalytic formation of isopeptide bond. 
Moreover, after ligation, SpyStapler could disassociate from the 
complex to regenerate the active catalyst, though product inhi-
bition is inevitable at high SpyStapler stoichiometry (Figure 3d). 
This is an excellent example of “the synergy between molecular 
assembly and chemical reaction”.50 It is reasonable to speculate 
that in nature, many intrinsically disordered proteins may adopt 
similar modes of action for enzymatic activities. It also makes 
SpyStapler quite resilient toward various denaturing treatments. 
For example, SpyStapler can also be purified under denaturing 
conditions in the presence of 8 M urea without losing activity 
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once buffer-exchanged to the normal buffer. Even after SpySta-
pler is boiled at 100 oC for extended times (for example, 20 min), 
there is no aggregation or precipitation and SpyStapler remains 
catalytically active (Figure S15). 

 

 

Figure 10. Postulated free energy profile for the SpyStapler-medi-
ated ligation. 

To sum up, we report a powerful and unstructured ligase 
SpyStapler that catalyzes the isopeptide bond formation be-
tween SpyTag and BDTag both in vitro and in vivo. We show that, 
although disordered in solution, SpyStapler enables efficient li-
gation between SpyTag and BDTag regardless of their relative 
positions within protein molecules (N-, C-terminus, or in the 
middle of the chain), even in the absence of promoters like 
TMAO or glycerol. The typical second order rate constant of 
SpyStapler-mediated ligation (~36 ± 2 M-1 ∙ s-1) is comparable to 
most bioorthogonal “click” reactions. High coupling efficiency 
further facilitates the applications in cells, such as the macrocy-
clization of DHFR during expression. Detailed study by CD and 
NMR spectrometry further shed light into the possible mecha-
nisms by which SpyStapler binds SpyTag and BDTag for isopep-
tide bond formation. The disordered nature of SpyStapler 
makes it highly resilient toward various inactivating treatments 
such as denaturation in 8 M urea or boiling at 100 oC for ex-
tended time without losing activity. We believe that this tool 
would be of broad interest to researchers in the field of protein 
engineering, biomaterials, chemical biology, and synthetic biol-
ogy. The interplay between covalent bonding and protein fold-
ing also suggests that chemical reaction can be programmed and 
coupled with protein-protein interactions for mutual reinforce-
ment to enhance protein functions and impart resilience. 

Supporting Information.  
Full amino acid sequence of the telechelic proteins, SDS-PAGE, 
LC-MS spectra of the telechelic protein and the NMR spectra. This 
material is available free of charge via the Internet at 
http://pubs.acs.org. 
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