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Much of life’s complexity depends upon contacts between proteins
with precise affinity and specificity. The successful application of
engineered proteins often depends on high-stability binding to their
target. In recent years, various approaches have enabled proteins
to form irreversible covalent interactions with protein targets.
However, the rate of such reactions is a major limitation to their
use. Infinite affinity refers to the ideal where such covalent inter-
action occurs at the diffusion limit. Prototypes of infinite affinity
pairs have been achieved using nonnatural reactive groups. After
library-based evolution and rational design, here we establish a
peptide–protein pair composed of the regular 20 amino acids that
link together through an amide bond at a rate approaching the
diffusion limit. Reaction occurs in a few minutes with both part-
ners at low nanomolar concentration. Stopped flow fluorimetry
illuminated the conformational dynamics involved in docking
and reaction. Hydrogen–deuterium exchange mass spectrometry
gave insight into the conformational flexibility of this split protein
and the process of enhancing its reaction rate. We applied this
reactive pair for specific labeling of a plasma membrane target
in 1 min on live mammalian cells. Sensitive and specific detection
was also confirmed by Western blot in a range of model organ-
isms. The peptide–protein pair allowed reconstitution of a critical
mechanotransmitter in the cytosol of mammalian cells, restoring
cell adhesion and migration. This simple genetic encoding for rapid
irreversible reaction should provide diverse opportunities to en-
hance protein function by rapid detection, stable anchoring, and
multiplexing of protein functionality.

protein engineering | synthetic biology | mechanobiology | cytoskeleton |
nanobiotechnology

Transient protein–protein interactions are the norm in living
systems. However, stronger interactions between proteins cre-

ate exciting opportunities to surpass natural assemblies, such as for
therapeutics, biomaterials, diagnostics, and vaccines (1). Protein–
protein interactions are compared using the equilibrium disso-
ciation constant, Kd. Biologically important protein–protein in-
teractions typically lie in the nanomolar to millimolar range (2,
3). Various approaches have been used to create protein–protein
interactions that have no dissociation, with varying features with
regard to generality and specificity (4–6). However, an inter-
acting pair is much less useful if it takes days to form such an
irreversible complex, when the partners bind and dissociate many
times before reaction occurs. Rapid reaction is important for
time resolution in biological systems, sensitivity in detection, and
also to outcompete other cellular processes such as ligand traf-
ficking or degradation (7). Therefore, Claude Meares introduced
the valuable concept of infinite affinity, where an ideal interac-
tion would be irreversible but would also react at the diffusion
limit (8). This concept was exemplified by an antibody bearing a
nucleophilic Cys binding to an electrophilic small-molecule ligand,
where nucleophile/electrophile proximity drove covalent bond
formation between the antibody and its target (8). We subsequently
established such proximity-driven ligation for a protein–protein

interaction (9). Alternative studies have taken this route for
covalent ligation via posttranslational chemical modification or
unnatural amino acid incorporation (10–12). Nonetheless, such
activated complexes require substantial manipulation. Wide ap-
plication depends upon moving toward infinite affinity for pro-
tein–protein interactions where both partners only contain the
natural 20 amino acids. This requires a challenging balance be-
tween reactivity and specificity.
Here, building on unusual chemistry from Gram-positive bac-

teria (13), evolution, and computational design, we have estab-
lished a genetically encoded interaction between a protein and a
peptide tag that forms a spontaneous amide bond with close to
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diffusion-limited kinetics. We carefully analyze the kinetics of
docking and reaction. Advanced mass spectrometry approaches
enable us to explore the protein dynamics facilitating this rapid
reaction. We further establish the broad applicability of this pair
for rapid and sensitive detection by flow cytometry and Western
blotting in a range of cellular systems. Finally, we apply this
technology in concert with the integrin adapter protein talin within
the cytoplasm, restoring force transmission between integrin and
the cytoskeleton and evaluating the role of interaction stability for
cell adhesion and migration.

Results
Engineering Toward Diffusion-Controlled Protein Coupling. The fi-
bronectin binding protein, FbaB, from Streptococcus pyogenes
contains a CnaB2 adhesin domain. CnaB2 is stabilized by a
spontaneous reaction of Lys and Asp side chains to form an iso-
peptide bond (Fig. 1A) (14, 15). We previously achieved geneti-
cally encoded and covalent peptide–protein interaction by splitting

CnaB2 into the 13-residue SpyTag peptide and the 116-residue
SpyCatcher protein (Fig. 1A) (16). SpyTag/SpyCatcher has pro-
vided a simple, specific, and genetically encodable method to
create a diverse range of biomaterials including hydrogels, vaccines,
and thermally stabilized enzymes (1, 17, 18). However, its rate of
reaction (1.4 × 103 M−1 s−1) is far below the 105 to 106 M−1 s−1

taken to be the onset of diffusion-controlled protein–protein in-
teractions (19). The rate of reaction was improved >12-fold by
phage display selection, yielding SpyTag002 and SpyCatcher002
(see SI Appendix, sequences in SI Appendix, Fig. S1A) (20). With
the goal of a further step change in reactivity toward the diffu-
sion limit, we performed further engineering of both the Tag and
the Catcher partner.
Our design of SpyTag003 started with manual inspection of

the SpyTag:SpyCatcher crystal structure (21), combined with
leads from phage display screening of SpyTag variants (20). We
number Tag and Catcher residues according to the CnaB2 struc-
ture, PDB 2X5P (14). In SpyTag, H112 makes water-mediated
hydrogen bonding interactions with the side chains of SpyCatcher
residues K28 and S30 (21). In SpyTag002, the equivalent residue
(T112) would be unable to make the same interactions, and so
we made the T112H mutation, which enhanced reaction rate (SI
Appendix, Fig. S2A). Going from SpyTag to SpyTag002, addition
of positive charge at the Tag’s C terminus enhanced reaction rate
(20). In the same vein, we explored introducing additional pos-
itive charge at the Tag’s N terminus, which could favor in-
teraction with a patch of negative residues on the Catcher: E20,
E21 (unstructured in PDB 4MLI), D22, and E96. Previous hits
using our phage display of Tag variants (20) found the R108
mutation, while G109 is the parental sequence from the CnaB2
domain. Appending the RG dipeptide at the N terminus of the
Tag also caused a substantial improvement in reaction rate,
giving us SpyTag003 (SI Appendix, Fig. S2A).
The 2 key approaches in the design of SpyCatcher003 were

loop stabilization and increasing surface polarity. Y84 and E85
within SpyCatcher’s long A79 to A89 loop make interactions
with Y119 and K120 of SpyTag (21). Supporting the importance
of these contacts, during Tag evolution the 2 wild-type (WT)
residues at 119 and 120 were preferred (20). We made the A89P
mutation to reduce backbone flexibility in the A79 to A89 loop
(22, 23), as previously employed in SpyDock for SpyTag purifica-
tion (24), and this mutation enhanced reaction speed (SI Appendix,
Fig. S2B). To increase the surface polarity and complement the
increase in positively charged residues on the Tag, we made 4 mu-
tations (T91E, Q97D, N103D, and K108E) from SpyCatcher002.
Q97D and K108E were targeted to improve electrostatic interac-
tions with the N-terminal R of SpyTag003. These charge mutations
increased reaction step by step to give the final SpyCatcher003 (SI
Appendix, Fig. S2B). Sequences are compared in SI Appendix, Fig.
S1A. We mapped the position of SpyCatcher003 mutations on to
the structure of the original SpyCatcher (Fig. 1B).
The rate of isopeptide bond formation was analyzed by ge-

netically fusing SpyCatcher003 to the N terminus of superfolder
GFP (sfGFP) for reaction with SpyTag003-maltose binding
protein (MBP). Fusion to sfGFP enabled the reaction to be
monitored by fluorescence scanning of SDS/PAGE at protein
concentrations (10 nM) too low for Coomassie staining since
sfGFP can remain folded and fluorescent in the presence of SDS
(25). Reaction of SpyTag003/SpyCatcher003 with each partner at
10 nM (Fig. 1C), 100 nM (Fig. 1D), and 10 μM (Fig. 1E) occurred
substantially faster than for the previous generations, SpyTag/
SpyCatcher (16) and SpyTag002/SpyCatcher002 (20). This im-
proved reactivity is most striking at the lowest concentration tested
(10 nM), where SpyTag003/SpyCatcher003 reaction went to >90%
completion in 15 min, during which time only minimal SpyTag/
SpyCatcher reaction occurred. The second-order rate constant
for SpyTag003/SpyCatcher003 (SI Appendix, Fig. S1B) was
5.5 ± 0.6 × 105 M−1 s−1 (mean ± 1 SD, n = 3), ∼400-fold faster

Fig. 1. Covalent peptide–protein reaction accelerated by 003 pair. (A)
Spontaneous isopeptide bond formation in Spy CnaB2 domain and engi-
neering to give SpyTag and SpyCatcher. The reactive Lys31 and Asp117 are
shown in stick format based on PDB 2X5P and 4MLI. (B) Location of
SpyCatcher003 mutations. Mutations in SpyCatcher002 to give SpyCatcher003
are marked in green in stick format. The reactive Lys and Asp are shown in
spacefill. SpyTag is marked in red. S49 was mutated to Cys in certain constructs
for dye attachment. Based on PDB 2X5P and 4MLI. (C) Reaction rate at 10 nM.
The 10 nM SpyTag-sfGFP variants were incubated for the indicated time at
25 °C with 10 nM SpyCatcher variants. (D) Reaction rate with each partner at
100 nM, performed as in C. (E) Reaction rate with each partner at 10 μM,
performed as in C. Data are mean ± 1 SD, n = 3; some error bars are too small
to be visible.
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than the 1.4 × 103 M−1 s−1 previously shown for SpyTag/SpyCatcher
(16), and 28-fold faster than the 2.0 × 104 M−1 s−1 for SpyTag002/
SpyCatcher002 (20). The overall large improvement depended
on a series of marginal gains at each mutational step (SI Ap-
pendix, Fig. S2). A sample gel for SpyTag003 reaction is shown in
SI Appendix, Fig. S3A. Considering the size of the reacting species
(45 kDa for SpyTag003-MBP and 31 kDa for SpyCatcher003-
sfGFP), the rate of isopeptide formation for this 003 pair is now
within the 105 to 106 M−1 s−1 range described as the onset for
diffusion-controlled protein–protein interactions (19).
We further characterized that SpyTag003 and SpyCatcher003

were back-compatible with previous SpyTag/SpyCatcher gener-
ations (SI Appendix, Fig. S1 C and D). The enhanced reaction
rate depended upon improvements in both Tag and Catcher
reactivity (SI Appendix, Fig. S1 C and D).

Analysis of the SpyTag003/SpyCatcher003 System. Electrospray
ionization mass spectrometry (MS) confirmed the expected mass
of SpyCatcher003 and of the SpyTag003:SpyCatcher003 adduct,
showing loss of H2O upon isopeptide bond formation (SI Ap-
pendix, Fig. S4). To test for the maximum achievable conversion,
we incubated SpyTag003-MBP and SpyCatcher003, when mixed
with a small excess of the other component, and looked for
unreacted product or side product using SDS/PAGE with Coomassie
staining. This analysis showed >99% completion for SpyTag003
with SpyCatcher003 in excess. Similarly, we found >99% comple-
tion for SpyCatcher003 with SpyTag003 in excess (SI Appendix, Fig.
S5). We were not able to detect side reactions (SI Appendix, Fig. S5)
such as self-reactivity, which occurred with the original SpyCatcher
but which was engineered out when SpyCatcher002 was devel-
oped (16, 20). Size exclusion chromatography-multiple angle
light scattering (SEC-MALS), following Ni-NTA, showed that
nearly all SpyCatcher003 eluted in a peak with a solution mass of
15.8 kDa, closely matching the predicted value of 15.6 kDa based
on the protein’s sequence (SI Appendix, Fig. S6).
Differential scanning calorimetry (DSC) showed that SpyCatcher003

had a thermal stability (Tm) of 48.3 °C, close to that for SpyCatcher
(48.8 °C) and SpyCatcher002 (48.4 °C) (SI Appendix, Fig. S7). The
full width at half maximum (FWHM) for SpyCatcher003 (11.0 °C)
was smaller than for either SpyCatcher (16.1 °C) or SpyCatcher002
(13.1 °C) (SI Appendix, Fig. S7), indicative of more cooperative
protein unfolding. Thus, the improved reactivity of SpyCatcher003
has been achieved with minimal impact on thermal stability. A
dramatic increase in Tm to 95.2 °C was seen upon reconstitution of
the SpyTag003:SpyCatcher003 complex (SI Appendix, Fig. S7).
The initial noncovalent complex between SpyTag/SpyCatcher

was previously estimated to be relatively weak, based upon iso-
thermal titration calorimetry (ITC) on SpyCatcher interaction
with a nonreactive SpyTag with the reactive Asp117 mutated to
Ala (Kd = 200 nM) (16). We tested SpyTag003 DA-MBP binding
to SpyCatcher003 by ITC. ITC showed that the initial binding
was indeed improved, but the affinity was too tight to measure by
ITC since the isotherm had a very high c value (SI Appendix, Fig.
S8 A and B).
We took advantage of the strong noncovalent interaction be-

tween SpyTag003 and a nonreactive SpyCatcher variant (SpyDock)
for affinity purification using the Spy&Go system (24). This enabled
purification of SpyTag003 fusions from cell lysate with 92% purity
(SI Appendix, Fig. S8C).

Dissecting Steps in Rapid Covalent Reaction. To investigate the
process of peptide binding and reaction with its protein partner,
we used stopped-flow Förster Resonance Energy Transfer (FRET)
analysis. Fig. 2A shows the simplest model where SpyTag003 and
SpyCatcher003 form an initial reversible noncovalent interaction
(dot indicates a noncovalent complex) and then react to form an
irreversible covalent complex (colon indicates a covalent complex).
The donor for FRET studies was SpyTag003 linked to the bright

green fluorescent protein mClover3 (Fig. 2B). We introduced a
unique Cys into SpyCatcher003 through the S49C mutation (Fig.
1B) for labeling using Alexa Fluor 555-maleimide as the fluores-
cence acceptor. FRET upon interaction of these partners was best
observed by the ∼35% decrease in the donor (mClover3) peak
fluorescence intensity (Fig. 2C). Donor quenching was used to
monitor the kinetics of SpyTag003-mClover3 binding and reacting
with SpyCatcher003 under pseudofirst-order conditions (with
SpyCatcher003 in excess). Comparison of quenching speed clearly
showed that the original and 002 pair interacted much slower than
the 003 pair (Fig. 2D). Further dissecting the time course of in-
teraction of the 003 pair, the data were best fit by a triphasic
quench (Fig. 2D and SI Appendix, Fig. S9A). This quenching con-
sisted of a rapid first phase (kobs1 0.54 ± 0.03 s−1, mean ± 1 SD, n =
4 for 500 nM SpyCatcher003-555), increasing with protein con-
centration that accounted for ∼24% of the quench. In addition,
there were 2 slower phases: kobs2 0.016 ± 0.001 s−1, mean ± 1 SD,
n = 4 for 500 nM SpyCatcher003-555, 64% of the quench and kobs3
0.004 ± 0.0008 s−1, mean ± 1 SD, n = 4 for 500 nM SpyCatcher003-
555, 12% of the quench. kobs2 was the spectroscopically dominant
process and increased from 0.013 to 0.028 s−1 across the con-
centration range tested. With increasing pseudofirst-order con-
centrations of SpyCatcher003-555, the first phase showed linear
concentration dependence and represented the bimolecular as-
sociation of SpyTag003/SpyCatcher003 with an association rate
constant (kon) of 6.2 ± 0.5 ×105 M−1s−1 (mean ± 1 SD, n = 4) (SI
Appendix, Fig. S9B). This fluorescence change did not depend
upon isopeptide bond formation, based upon repeating the ex-
periment using nonreactive SpyTag003 DA-mClover3 with
SpyCatcher003-555 (SI Appendix, Fig. S10 A and B). Here a
rapid phase, this time spectroscopically dominant, with a similar
rate constant (kon = 6.8 ± 0.5 ×105 M−1 s−1, mean ± 1 SD, n = 4)
was observed. The subsequent steps (kobs2 ∼ 0.08 s−1 and kobs3 ∼
0.004 s−1) did not have a detectable concentration dependence.
The second-order rate constant for SpyTag003/SpyCatcher003
isopeptide bond formation approaches the value for kon, sup-
porting that this reaction is close to diffusion-controlled. These
experiments also revealed that the dissociation rate constant (koff)
for the noncovalent SpyTag003•SpyCatcher003 complex was
0.26 ± 0.05 s−1 (mean ± 1 SD, n = 4), assuming that dissociation
from SpyCatcher003 is faster than subsequent conformational
changes (SI Appendix, Fig. S10B) (26). However, the koff for the
SpyTag003 DA•SpyCatcher003 complex is at least 10-fold slower
(koff = 0.03 ± 0.01 s−1) (SI Appendix, Fig. S10B).
To accompany the fluorescence analysis, we analyzed the ki-

netics of isopeptide bond formation between SpyCatcher003 and
SpyTag003-sfGFP (Fig. 2E) under the same buffer, temperature,
and protein concentrations as those used in the stopped-flow
experiment in Fig. 2D (mClover3 had brighter fluorescence but
was less resilient during in-gel analysis than sfGFP). This com-
parison showed a time course very similar to that of the 2 slow
phases in the stopped-flow experiment, with a faster phase
leading to the majority (∼80%) of the isopeptide bond forma-
tion, followed by a slower phase leading to the remainder of the
bond formation. The presence of a minor and slowly reacting
form likely explains why, even at high protein concentrations
(i.e., 10 μM), SpyTag003/SpyCatcher003 constructs take up to
2 min to react to completion (Fig. 1E), far longer than expected
from the fast isopeptide bond formation rate observed here (i.e.,
∼12 s from extrapolation of kobs2). Since FRET depends on angle
and distance, the fluorescence time courses indicate that the struc-
ture of the noncovalent SpyTag003-mClover3•SpyCatcher003-
555 complex is likely to change upon isopeptide bond forma-
tion. Since isopeptide bond formation is a terminal process with
only 1 bond per molecule and no further reaction possible, our
data suggest that there are at least 2 conformations of the
noncovalent SpyTag003-mClover3•SpyCatcher003-555 complex.

Keeble et al. PNAS | December 26, 2019 | vol. 116 | no. 52 | 26525
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We performed stopped-flow fluorescence with SpyTag003
DA-mClover3 to gain further insight on the heterogeneity of the
noncovalent complex with SpyCatcher003-555. Not only are the
association kinetics described by more than 1 exponential (SI
Appendix, Fig. S10 A and B), but so are the dissociation kinetics
(SI Appendix, Fig. S10 C and D). Dissociation kinetics were
measured by chasing a 10-fold excess of SpyTag003-MBP in to a
preformed complex of SpyTag003 DA-mClover3•SpyCatcher003-
555 and monitoring the loss of FRET as a result of SpyTag003
DA-mClover3 dissociation (SI Appendix, Fig. S10 C and D). The
biphasic dissociation has rate constants of 0.009 ± 0.001 s−1 (90%
of signal change) and 0.002 ± 0.0005 s−1 (10% of signal change)
(mean ± 1 SD, n = 4). The presence of more than 1 step on
dissociation is a consequence of more than 1 complex conforma-
tionally interchanging; thus, the complex has more than 1 dissoci-
ation route (27, 28). Hence, this analysis provides further support
that the SpyTag003•SpyCatcher003 complex can adopt more than
1 conformation. The presence of such dynamics of the bound state
of a complex has previously made calculation of kinetically derived
Kd values challenging (28). However, with the 2 dissociation rate
constants and the bimolecular value of kon (6.8 ± 0.5 ×105 M−1s−1),
this analysis yields estimated Kd values of 3 and 13 nM for each
version of the SpyTag003 DA-MBP•SpyCatcher003 complex.
DSC revealed a large increase (46 °C) in Tm of SpyCatcher003

upon reaction with SpyTag003 (SI Appendix, Fig. S7), consistent

with a substantial structural rearrangement coupled to binding/
reaction. The significant change in FRET coupled to the con-
version of the initial bimolecular SpyTag003•SpyCatcher003 complex
as it reacts to form the covalently linked SpyTag003:SpyCatcher003
complex is consistent with this structural change. Since the
conformational changes occur with the same kinetics as the those
of isopeptide bond formation (Fig. 2D), they are likely to be on-
pathway induced fit-like conformational changes. An alternative
mechanism of conformational selection is possible, involving off-
pathway structural changes. Here SpyCatcher003, for example,
slowly interconverts between a reactive and an unreactive con-
former. The observed 2 slow phases (SI Appendix, Fig. S9A) make
it unlikely that these phases can solely be explained by conforma-
tional selection. Conformational selection also cannot explain the
dissociation of the SpyTag003 DA•SpyCatcher003 complex being
biphasic (SI Appendix, Fig. S10 C and D), which is readily com-
patible with induced fit. Induced fit and conformational selection
can be further distinguished by the number of phases when that
partner is in excess (29). With induced fit, the same number of
phases are observed with either partner in excess (since the bi-
molecular complex rearranges). However, the phases reporting
on conformational selection disappear when the partner under-
going rearrangement is in excess since there is sufficient reac-
tive conformer present. When we repeated the stopped flow in
SI Appendix, Fig. S9 (SpyCatcher003-555 in excess), with excess

Fig. 2. Mechanistic analysis of enhanced binding and reaction. (A) Simplest kinetic scheme for the association and reaction of SpyTag003 with Spy-
Catcher003. (B) Scheme of FRET constructs to monitor binding and reaction. After excitation, mClover3 may emit fluorescence or transfer by FRET to Alexa
Fluor 555. (C) Steady-state fluorescence spectra of FRET constructs. Emission spectrum upon excitation at 480 nm; SpyTag003-mClover3 and
SpyCatcher003-555 were mixed for >1 h, to equilibrate before analysis. The gray arrows indicate the quenching of mClover3 in the presence of the
acceptor. cps, counts per second. (D) Rapid-mixing fluorescence analysis for each Tag/Catcher pair. Quenching of mClover3 fluorescence was monitored
upon mixing of 100 nM Tag-mClover3 with 400 nM Catcher-555. V, voltage. (E ) Comparison for SpyTag003/SpyCatcher003 of stopped-flow fluorescence
(green trace) with gel-based reaction (% unreacted SpyTag003) at various times after mixing (black circles, mean ± 1 SD, n = 3). Some error bars are too
small to be visible.
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SpyTag003-mClover, the presence of 3 phases is retained (SI
Appendix, Fig. S11), suggesting that induced fit is occurring.

Comparison of Rapid Reaction Kinetics of the Different Peptide/
Protein Generations. To provide further insight into the molecu-
lar basis of the rate improvements in Fig. 1, we compared the
rapid reaction kinetics of SpyTag003/SpyCatcher003 with those
of SpyTag002/SpyCatcher002 and SpyTag/SpyCatcher (Fig. 2D).
Only for SpyTag002/SpyCatcher002 was the initial rapid phase
also of sufficient amplitude to accurately measure the association
rate constant (for formation of the noncovalent complex) under
the conditions tested. SpyTag002/SpyCatcher002 kon was 4.2 ±
0.5 × 105 M−1 s−1 (mean ± 1 SD, n = 4), only slightly slower than
SpyTag003/SpyCatcher003 (6.2 ± 0.5 ×105 M−1 s−1). Instead, the
most striking difference between the 3 generations was in the
slow phases, where the structural changes are coupled to isopeptide
bond formation. The relative pattern of the curves measured here
with 100 nM SpyTag-mClover3 variant and 500 nM SpyCatcher-
555 variant closely resembles that seen when isopeptide bond
formation was followed in Fig. 1D (100 nM of each partner). Thus,
the faster 003 reaction mainly arises from improvements in the
speed of conformational changes coupled to isopeptide bond for-
mation, rather than simply improving how the Tag and Catcher
dock in the first place.

Hydrogen–Deuterium Exchange Analysis of Rapid Reaction of a Split
Protein. To investigate how the mutations affected the structural
dynamics of the split proteins, Hydrogen–Deuterium exchange (HDX)
experiments were carried out on SpyCatcher and SpyCatcher003.
Here proteins are incubated for varying times in D2O at neutral
pH, and the more exposed main-chain NH groups exchange their
hydrogen with the solvent faster. Samples are then shifted to acidic
pH and cooled, slowing exchange and facilitating subsequent anal-
ysis by MS. We focused on SpyCatcher and SpyCatcher003 since
they were the start and end points for the development of im-
proved reactivity. The time course for HDX was measured at
4 time points (10, 60, 600, and 3,600 s) for SpyCatcher and
SpyCatcher003. The overall results are shown in Fig. 3A, with
mass spectra shown in SI Appendix, Fig. S12. HDX makes clear
that the structure of SpyCatcher003 is stabilized compared to
SpyCatcher, with the biggest structural difference (17 deuterons)
at 10 s. Hence, this time point was selected for high-resolution
analysis. Online electron transfer dissociation (ETD) fragmen-
tation of intact SpyCatcher variants (top-down approach) was
used to characterize the exchange behavior at the amino acid
level at the 10-s time point. The mass spectra of representative
ETD fragments, along with the spectra of the intact proteins, are
shown in SI Appendix, Fig. S13. Although the intact Spy-
Catcher003 shows a much smaller shift compared to intact
SpyCatcher, ETD fragments from the first 22 N-terminal resi-
dues of the expressed proteins (c9, c17, and c22 in SI Appendix,
Fig. S13) show very little difference. Since these are not part of
the SpyCatcher proteins themselves but are N-terminal exten-
sions included for purification purposes and have the same se-
quence for the 2 proteins, they were expected to have no
structural differences between the proteins. In contrast, fragment
c54 (SI Appendix, Fig. S13), which includes part of the Spy-
Catcher domain itself, shows a clear difference in the change of
deuteration between SpyCatcher and SpyCatcher003. Thus, this
smaller shift for SpyCatcher003 in the fragments as well as the
intact proteins shows that the difference in HDX is specific to
structural differences in the SpyCatcher domain.
We used a combined top-down and middle-down approach,

involving digestion of the proteins under conditions that quenched
any further HDX (30) to get the fullest coverage of the SpyCatcher
variants. This approach was required because of poor ETD
cleavage of peptides lacking basic residues. The combined results,
representing the averages of 3 experiments, compare the amide

deuteration levels for the individual residues in SpyCatcher and
SpyCatcher003 (Fig. 3B). Since the uncertainties on the deute-
rium incorporation of each amide were within ±0.1 (with these
boundaries shown in Fig. 3 B, Bottom), we classed only residues
with a difference in amide deuteration level (ΔD) larger than
0.1 to be substantially different. In general, where there are differences
in the amide deuteration levels, they are lower in SpyCatcher003,
implying that there are localized structural differences in
SpyCatcher003, possibly through improved local stability. The
localized nature of the structural stabilization may explain the
observation by DSC that although the Tm values are similar for
SpyCatcher and SpyCatcher003, the FWHM is much smaller for
SpyCatcher003 (SI Appendix, Fig. S7). Together these results
suggest that SpyCatcher003 is a more stably folded protein than
the original SpyCatcher.
To simplify interpretation of the current results, we then

grouped the residues into 3 classes: 1) residues more stable in
SpyCatcher than SpyCatcher003 (blue in Fig. 3 C and D), which
comprised only 1 residue (at position 9 where Ser was mutated to

Fig. 3. HDX analysis of SpyCatcher and SpyCatcher003. (A) Time course of
deuterium uptake by SpyCatcher (blue) and SpyCatcher003 (orange) after
mixing with D2O at 25 °C, determined by mass spectrometry. (B) Combined
top-down and middle-down MS analysis of deuterium uptake at the single-
residue level for SpyCatcher (Top) and SpyCatcher003 (Middle). Bottom shows
the difference in deuteration (ΔD) from SpyCatcher minus SpyCatcher003
values. The dotted lines represent ±0.1 errors in deuteration. (C) Difference in
deuterium exchange from B compared with amino acid sequence for SpyCatcher
and SpyCatcher003. Blue shows the 1 residue more stable in SpyCatcher than
SpyCatcher003. Orange shows residues with 0.1 to 0.2 extra stability in
SpyCatcher, and red shows those with >0.2 difference. (D) Difference in
deuterium exchange mapped on the domain structure (based on PBD 2X5P),
color-coded as in C. SpyTag residues are shown in purple.
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Gly); 2) residues with a positive ΔD between 0.1 and 0.2 (a little
more stable in SpyCatcher003), which were colored orange
(residues 23, 57 to 65, and 83 to 92); and 3) residues with a
positive ΔD greater than 0.2 (red in Fig. 3 C and D). The crystal
structure of SpyTag:SpyCatcher is disordered for residues 1 to
21 and 103 to 113 (21). Therefore, for structural mapping of the
residues, we used the crystal structure of the parental CnaB2
domain truncated at the end of the SpyCatcher domain (residue
113) with the position of the SpyTag overlaid (colored purple)
(Fig. 3D). This mapping showed that the structural stabilization
is clustered in 2 areas. The more weakly stabilized area is clus-
tered around the C terminus of SpyTag and involves loops of the
SpyCatcher that make key interactions with SpyTag (Fig. 3D).
Specifically, these are residues immediately adjacent to K37
(mutated to R37 in SpyCatcher003) and include L39 and the
loop involving Y84 (the end of this loop has the A89P mutation
in SpyCatcher003), which together with Y119 of SpyTag make a
network of nonpolar and polar interactions (SI Appendix, Fig.
S14A). The more strongly stabilized area involves residues at
SpyCatcher’s N terminus (residues 1 to 4, 13 to 14, and 24 to 27)
and C terminus (residues 90 to 113), which become colocalized
in the folded protein (Fig. 3D) and are the regions disordered in
the SpyCatcher crystal structure. I90 and F92 make key nonpolar
interactions with I113 and M115 of SpyTag. I90 and F92 are also
adjacent to A89 and T91 that are mutated in SpyCatcher003 (SI
Appendix, Fig. S14A). This also includes the region containing
mutations (Q97D, N103D, K105E, and K108E) involved in the
rate enhancement of SpyCatcher to SpyCatcher003 (Fig. 1B) as
well as regions (24–27) close to where the N-terminal mutations
in SpyTag003 (especially the N-terminal R108) are likely to in-
teract. We compared the HDX differences with the CnaB2 do-
main B factors, showing that the regions most stabilized by the
SpyCatcher003 mutations show some colocalization with the
most flexible regions of SpyCatcher (SI Appendix, Fig. S14 B and
C). Thus, we suggest that partial prerigidification of SpyCatcher003
reduces the entropic penalty to Tag binding, while favoring pro-
ductive conformational changes during reaction with SpyTag.

Rapid Reaction of Mammalian Cells Displaying SpyCatcher003. Hav-
ing established rapid reaction of the 003 pair as purified proteins,
we tested their performance in a cellular context. We displayed
SpyCatcher003 on the plasma membrane of human Expi293 cells
using a transferrin receptor-sfGFP-myc tag fusion (Fig. 4A).
Plasma membrane display of the construct was tested by staining
for the myc tag by flow cytometry. As a control for the specificity
of the SpyTag003/SpyCatcher003 reaction, we analyzed the
SpyCatcher003 E77A mutant, preventing reaction with SpyTag
constructs (24). Sample dot-plots are shown in SI Appendix, Fig.
S15. We found similar strong cell surface expression of SpyCatcher,
SpyCatcher003, and SpyCatcher003 EA (Fig. 4B). The interac-
tion of cell surface constructs with SpyTag variants fused to
the red fluorescent protein mKate2 was analyzed by flow
cytometry (Fig. 4C). SpyTag/SpyCatcher gave a signal only just
above background and substantially less than with SpyTag003/
SpyCatcher003 (Fig. 4C). We analyzed the speed of this staining
by quenching the reaction at different time points with excess
nonfluorescent SpyCatcher003, that acts to compete off non-
covalently bound SpyTag variants from the cell. Clear staining of
SpyCatcher003 was found at the plasma membrane after only
1 min and occurred far more rapidly than for SpyTag/SpyCatcher
(Fig. 4D and SI Appendix, Fig. S15). Although SpyCatcher003
EA expressed at the cell surface at similar levels to SpyCatcher003
(Fig. 4B), minimal increase in SpyTag003-mKate2 was observed over
time (Fig. 4 C and D) supporting that specific interaction of
SpyTag003 and SpyCatcher003 occurred in the cell surface context.

Application of SpyCatcher003 to Western Blotting. To test further
the specificity of SpyTag003:SpyCatcher003 interaction, we used

Western blotting against lysates from a range of common model
organisms. SpyCatcher003 S49C was site-specifically labeled using
a maleimide linked to the near-infrared fluorophore DyLight680.
We blotted against cell lysate from Escherichia coli, human cells
(the Expi293 cell-line), Saccharomyces cerevisiae, and Drosophila
melanogaster. As a positive control, each of these cell lysates was
doped with a low amount (3 pmol) of a SpyTag003-fusion (31). For
each species we saw efficient recognition of the SpyTag003-fusion
and minimal cross-reactivity with endogenous cellular proteins
(Fig. 4E). The anti-glyceraldehyde-3-phosphate dehydrogenase
(α-GAPDH) loading control showed some differential binding to
the GADPH between species but equivalent staining with or
without the SpyTag003-fusion (Fig. 4E).

Fig. 4. Rapid cell surface labeling with 003 pair. (A) Construct for cell surface
display of SpyCatcher variants, with Transferrin Receptor (TfR) cytosolic region
and transmembrane-helix, sfGFP (PDB 2B3P), a myc-tag, and the SpyCatcher
variant (PDB 4MLI). (B) Similar surface expression of different SpyCatcher var-
iants. Expi293 cells were untransfected or transfected with the construct in A
bearing SpyCatcher, SpyCatcher003, or SpyCatcher003 EA. Cells were stained
for surface expression with an antibody to the myc tag for flow cytometry. (C)
Enhanced reactivity of surface SpyCatcher003. SpyCatcher-expressing cells were
reacted for 1 min with SpyTag-mKate2, while SpyCatcher003 or SpyCatcher003
EA cells were reacted with SpyTag003-mKate2 for 1 min before flow cytometry.
(D) Quantification of surface staining by flow cytometry, after incubation for
various times with SpyTag variants as in C (mean ± 1 SD, n = 3). Some error bars
are too small to be visible. (E) Testing SpyCatcher003 specificity by Western
blotting. Cell lysate from Drosophila melanogaster, Escherichia coli, human
Expi293 cells, or Saccharomyces cerevisiae was blotted simultaneously with
SpyCatcher003-680 (Left) and anti-GAPDH as a loading control (detected with a
secondary antibody at a distinct fluorescence wavelength; Center). The merge
of these 2 signals is shown in Right. In + lanes, 3 pmol SpyTag003-MBPa was
doped into the lysate as a positive control.
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Intracellular Coupling of Split Talin Fragments Reconstitutes Cell Spreading
and Mobility. To test the application of SpyTag003/SpyCatcher003
in the mammalian cytoplasm, we explored whether they can be
used to reform a split protein. Rather than using a split-protein
biosensor such as split-dihydrofolate reductase or split-GFP, we
chose to split a protein where there was an important functional
cellular phenotype and mechanical force transduced through the
protein. Talin is a scaffold protein in integrin-mediated cell ad-
hesion, bridging the β-integrin tail domains with the actin cyto-
skeleton, being required for the mechanical connection between a
cell and its surroundings (32–35). Talin also interacts with at least
15 adhesion proteins and coordinates their recruitment and re-

lease from the adhesion complex (32, 36). Many of these inter-
actions are regulated by the mechanical forces transmitted
through the talin protein, making talin a finely regulated cell ad-
hesion mechanosensor (37). Because of the critical role of talin in
the regulation of adhesion complex function, alterations in talin’s
structural properties can dramatically affect adhesion complex
formation, cell attachment, and cell migration (32, 33). To test the
recoupling ability, talin was split into its β-integrin–binding head
region and actin-binding rod region, with each part genetically fused
with either SpyCatcher003 (EGFP-Talin head-SpyCatcher003) or
SpyTag003 (SpyTag003-Talin rod-mCherry) (Fig. 5A). We used a
mouse embryonic fibroblast (MEF) talin-knock-out strain (deleting

Fig. 5. SpyTag003/SpyCatcher003 reconstitution of cell adhesion. (A) Schematic of talin constructs. (B) SpyTag003/SpyCatcher003 reconstituted cell adhesion.
Confocal microscopy (maximum intensity projection of z stack) of talin knock-out mouse embryonic fibroblasts transfected with different talin constructs.
mCherry is shown in grayscale in Left and magenta in the overlay. EGFP is shown in grayscale in Center and green in the overlay. Magenta/green overlay is
displayed as white in Right. (Scale bar, 20 μm.) EGFP-Talin head-SpyCatcher003 was cotransfected with SpyTag003 DA variant-Talin rod-mCherry for rows
marked with an arrow; Kd for DA variants binding SpyCatcher003 is shown as mean ± 1 SD, n = 3. (C) Spreading of cells. Quantification of area by microscopy,
with each analyzed cell as a dot (mean ± 1 SE, n = 17 to 21 cells from 2 independent experiments). (D) Quantification of cell circularity by microscopy with each
cell as a dot (mean ± 1 SE, n = 17 to 21 cells, from 2 independent experiments). (E) Quantification of cell migration in 7 h by microscopy with each cell as a dot
(mean ± 1 SE, n = 20 to 28 cells from 2 independent experiments). ***P < 0.001, **P < 0.01.
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both of the talins, 1 and 2) (32, 38) with confocal fluorescence
microscopy, to investigate the phenotypes induced by various ex-
pression constructs. Talin knock-out cells are rounded and im-
mobile, unable to achieve functional adhesion to the extracellular
matrix (32, 38). As a negative control, we cotransfected EGFP-
Talin head and SpyTag003-Talin rod-mCherry, which still led to
rounded cells (Fig. 5B). However, cells cotransfected with EGFP-
Talin head-SpyCatcher003 and SpyTag003-Talin rod-mCherry
were restored in their adhesion, producing well-formed lamellipodia
similar to cells transfected with WT Talin-mCherry (Fig. 5B). We
quantified cell adhesion in terms of cell area and observed statisti-
cally significant increase in cell area from the split talin allowing
SpyTag003/SpyCatcher003 interaction (P < 0.001, ANOVA with
Bonferroni correction, from 17 to 21 cells per group) (Fig. 5C). To
understand further the cell morphology, we also quantified cell
circularity, we also quantified cell circularity, which showed that
SpyTag003/SpyCatcher003 increased cell polarization (Fig. 5D). The
knock-out MEFs have no coordinated cell migration, but efficient
motility was restored in cells coexpressing the SpyTag003 and
SpyCatcher003 split-talin constructs (Fig. 5E).
To test whether Tag/Catcher covalent bond formation was

necessary for restored talin function, we tested the nonreactive
SpyTag003 DA mutant. Indeed SpyTag003 DA was capable of
restoring adhesion and motility similar to WT Talin (Fig. 5 B–E).
SpyTag003 DA:SpyCatcher003 still represents a high-affinity
interaction: its affinity was too strong to measure by ITC (SI
Appendix, Fig. S8B), so we used surface plasmon resonance
(SPR) to obtain a Kd = 21 ± 4 nM (SI Appendix, Fig. S16). To
further dissect the importance of this interface in talin recon-
stitution, we then established a series of SpyTag003 DA variants,
varying 50-fold in affinity for SpyCatcher003 (SI Appendix, Fig.
S16). Peptide mutants with ∼200 nM affinity gave a partial res-
cue of cell adhesion and motility, whereas mutants with 690 or
1,140 nM affinity gave minimal restoration (Fig. 5 B–E). These
findings demonstrate the application of 003 components for as-
sembly of proteins in living cells, generating a complex able to
support integrin/talin-mediated mechanotransmission. The ex-
periments also provide a panel of peptides for binding a given
protein (SpyCatcher003) with either covalent or broadly tunable
noncovalent interaction.

Discussion
We have established a peptide–protein interaction approaching
infinite affinity through optimization of both docking and re-
action of a split protein. Amide bond formation between an
amine and a carboxylic acid here occurs without any activating
groups, and half-time for reaction is less than 30 s with 10 μM of
each partner. However, even with each partner at a thousand-
fold lower concentration, the reaction half-time is less than
5 min. Therefore, this covalent reactivity can be harnessed for
the study of proteins over a range of cellular concentrations.
There is limited information on the rate of intramolecular iso-
peptide bond formation in parent Gram-positive adhesins be-
cause of the difficulty in separating folding from reaction. Thus,
this rate provides insight into the potential speed of natural
spontaneous isopeptide formation (13). Other important features
of our reactive pair include the absence of Cys in either partner,
lack of side reactions, and specificity in a range of cellular systems.
Previous iterations have shown broad tolerance of reaction con-
ditions and versatility in the sites of fusion (16, 20, 39).
Interestingly, the 003 mutations were able to improve both the

noncovalent association rate and the rate of reaction following
this noncovalent docking. Stopped-flow fluorescence illuminated
the complexity of the split protein reconstitution, with multiple
states and different pathways to reaction. Mutations were dis-
tributed around the structure, and all were well separated from
the site of reaction. HDX showed that SpyCatcher003 was less
dynamic than SpyCatcher at more than 50 of its residues, indicating

a widespread reduction in flexibility as split protein reconstitution
was accelerated. These areas of flexibility were not well correlated
to high B factors in the parent domain structure, emphasizing the
importance of structural analysis by HDX of the dynamic Catcher
portion. Nevertheless, the cooperative unfolding transition by
DSC was similar for SpyCatcher and SpyCatcher003. This suggests
that the increased dynamics in SpyCatcher are distinct from the
structural transitions which would lead to complete unfolding of
the domain, indicating how Tm alone gives a limited picture of
conformational flexibility.
A range of elegant chemistries have been used for amide bond

formation to connect proteins (1). The 2 most widely used
methods are sortase or split intein coupling. Sortase coupling has
the advantage of small recognition peptides, although application
to low-abundance proteins has been limited by the high micro-
molar Km and the range of peptides able to act as N-terminal
substrates (4, 40). The recently engineered sortase CdSrtA3M al-
lows coupling to internal lysines and achieved >95% coupling at
24 h with 100 μM enzyme and 300 μM of each substrate (41). Any
approach requiring collision of 3 components for reaction will
struggle to reach the same efficiency as one requiring only bi-
molecular interaction. Along these lines, peptide partners to be
ligated by isopeptide bond formation needed to be present at
10 μM for SpyLigase (42), and Km values were ∼10 μM for
SnoopLigase (43). Split intein coupling has the advantage of being
potentially traceless, but the latest accelerated inteins were ana-
lyzed using ∼10 μM of each partner and do not proceed to
quantitative yield (5). Therefore, the efficient reaction we see for
SpyTag003/SpyCatcher003 in 10 min using 1,000-fold lower con-
centrations may assist ligation in diverse experimental situations.
SpyTag/SpyCatcher has been referred to as a genetically

encodable click chemistry (44), so it is helpful to compare the
rate constant for SpyTag003/SpyCatcher003 (5.5 × 105 M−1 s−1)
to widely used chemical reactions. The prototypic click re-
action, CuI-catalyzed reaction of an azide with an alkyne, has a
typical rate constant of 10 to 100 M−1 s−1 (45). Strain-promoted
alkyne-azide cycloadditions have a rate constant of ∼10−3 to
1 M−1 s−1 (46). Fast rates have been obtained by inverse elec-
tron demand Diels–Alder reactions between tetrazine and trans-
cyclooctene (1 to 106 M−1 s−1), but challenges have been faced in the
stability of the fastest reacting variants to storage or side reaction
(45), apart from the logistical challenge of incorporating these
2 groups in proteins of interest (47, 48). Native chemical ligation may
allow traceless protein coupling (49), but the rate constant is ∼10−1
M−1 s−1 (50). The Tag/Catcher system overcomes the low intrinsic
reactivity of the reacting species (amine and carboxylic acid) through
a large interaction surface to drive apposition and an environment
with shuffling of protons to promote reaction (15). For all protein
ligation systems, this study should point to how to evaluate progress
on the path to infinite affinity. This work also supports the use of
SpyTag003 to enhance the range of applications of a fused protein.
Proteins linked to SpyTag and its variants are empowered for
Spy&Go affinity purification (24), irreversible anchoring (on
magnetic beads or biomaterials) (17, 42, 51), or oligomerization
(on coiled-coils or vaccine scaffolds) (24, 48). SpyTag fusion also
facilitates multiplexing of function, such as modular linkage of anti-
bodies to fluorophores, toxins, or enzymes, or assembly of polyproteams
to stimulate synergistic cell signaling (52, 53). SpyTag variants ad-
ditionally empower proteins for mechanical analysis by atomic force
microscopy (16), optical tweezers (54), or magnetic tweezers (55).
Taking Spy interaction toward infinite affinity through this work will
further increase these opportunities to extend protein function.

Methods
Plasmids and cloning, protein expression and purification, SEC-MALS, Elec-
trospray Ionization MS, ITC, DSC, SPR, fluorophore conjugation, Western
blotting, Spy&Go, and structure visualization are described in SI Appendix,
SI Methods.
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Isopeptide Bond Formation Assays. Reactions were carried out at pH 7.0
and 25 °C in succinate–phosphate–glycine buffer (12.5 mM succinic acid,
43.75 mM NaH2PO4, 43.75 mM glycine; pH adjusted to 7.0 using NaOH) (20).
Reactions were analyzed by SDS/PAGE on 16% polyacrylamide gels using the
XCell SureLock system (Thermo Fisher) at 180 V. The reaction was quenched
at 50 °C for 5 min after addition of 6× SDS-loading buffer (0.23 M Tris·HCl,
pH 6.8, 24% [vol/vol] glycerol, 120 μM bromophenol blue, 0.23 M SDS) in a
Bio-Rad C1000 thermal cycler to retain the fluorescence of sfGFP. sfGFP
fluorescence in gels was quantified using a Fluorescent Image Analyzer FLA-
3000 (FujiFilm) and ImageGauge version 5.21 software.

For measuring the concentration-dependent rates (Fig. 1 and SI Appendix,
Fig. S1B), SpyCatcher-sfGFP, SpyCatcher002-sfGFP, and SpyCatcher003-sfGFP
were reacted with SpyTag-MBP, SpyTag002-MBP, or SpyTag003-MBP with
both partners at 10 nM, 100 nM, or 10 μM. sfGFP fusions enabled reactions
to be analyzed at concentrations as low as 10 nM. Percentage isopeptide
product formation was calculated by dividing the intensity of the band for
the covalent complex by the intensity of all of the bands in the lane and
multiplying by 100. In order to correct for differential photobleaching of the
sfGFP at different time points, the second-order rate constant for covalent
complex formation was determined by monitoring the reduction in the
relative intensity of the band for the SpyCatcher-variant-sfGFP to give the
change in the concentration of the unreacted SpyCatcher-variant-sfGFP.
Time points were analyzed during the linear portion of the reaction curve.
1/[SpyCatcher variant] was plotted against time and analyzed by linear re-
gression using Excel (Microsoft) and Origin 2015 (OriginLab Corporation),
including calculation of the SD for the best fit and the square of the cor-
relation coefficient (R2) for line of best fit to the data. Experiments were
carried out in triplicate, and the data represent the mean ± 1 SD.

For measuring the reaction of 100 nM SpyCatcher003 with 400 nM
SpyTag003-sfGFP in PBS (137 mMNaCl, 2.7 mM KCl, 10 mMNa2HPO4, 1.8 mM
KH2PO4), pH 7.4 (Fig. 2E), at 25 °C, experiments were carried out as described
above, but the data were plotted as percent SpyTag003-sfGFP remaining.
sfGFP was used in place of mClover3 because of sfGFP’s improved resilience,
required for SDS/PAGE.

For measuring the completion of SpyCatcher003 and SpyTag003-MBP
reaction (SI Appendix, Fig. S5), experiments were performed in succinate–
phosphate–glycine buffer at pH 7.0 for 1.5 h at 25 °C, with one partner at
2 μM and the other partner at 2 or 4 μM as indicated. The reaction was
quenched at 95 °C for 5 min after addition of 6× SDS-loading buffer in a Bio-
Rad C1000 thermal cycler. The gel was stained with InstantBlue (Expedeon)
and analyzed with Gel Doc XR imager and Image Lab 5.2 software (Bio-Rad).
Percentage completion was determined from the depletion in the band
intensity of SpyCatcher003 in the presence of excess SpyTag003-MBP or the
depletion in the band intensity of SpyTag003-MBP in the presence of
excess SpyCatcher003.

Steady-State Fluorescence. Spectra were collected at 25 °C in PBS, pH 7.4,
using a Horiba-Yvon Fluromax 4 with an excitation wavelength of 480 nm
and fluorescence emission collected between 500 and 660 nm using a
monochromator. SpyTag003-mClover3 and SpyCatcher003-555 were each
individually measured at a concentration of 200 nM. The spectrum of the
SpyTag003-mClover3:SpyCatcher003-555 complex was collected after mixing
together 200 nM of each protein for at least 1 h at 25 °C.

Stopped-Flow Fluorescence. Experiments were carried out using an Applied
Photophysics SX20 stopped-flow spectrofluorimeter in 1:1 mixing mode at
25 °C in PBS, pH 7.4, using an excitation wavelength of 480 nm, and all
fluorescence was monitored above 515 nm through the use of a 515-nm
long-pass filter and 2.3-nm slit widths. For association experiments, the fi-
nal concentration of the SpyTag variant-mClover3 was 100 nM with in-
creasing pseudofirst-order concentrations of SpyCatcher variant-555 from
400 to 1,000 nM.

Data were analyzed using a combination of ProDataSX (Applied Photo-
physics), Excel (Microsoft), and Origin 2015. Experimental data were fitted to
single (Eq. 1), double (Eq. 2), or triple (Eq. 3) exponential equations:

F = ΔF1   expð-kobs1tÞ+ Fe, [1]

F = ΔF1   expð-kobs1tÞ + ΔF2 expð-kobs2tÞ+ Fe, [2]

F = ΔF1   expð-kobs1tÞ + ΔF2   expð-kobs2tÞ + ΔF3   expð-kobs3tÞ+ Fe, [3]

where F is the observed fluorescence; ΔFn is the fluorescence amplitude for
the nth step; kobsn is the observed pseudofirst-order rate constant for the nth
step, which is equivalent to the inverse relaxation time (1/τ); and Fe is the

end-point fluorescence. Fitting of the linear concentration dependence of
kobs1 to Eq. 4 yields the bimolecular association rate constant (kon), under the
conditions that koff > kforward for subsequent conformational changes:

kobs1 = kon½SpyCatcher  variant− 555� + koff. [4]

In the dissociation experiments (SI Appendix, Fig. S10), 400 nM SpyTag003
DA-mClover3 and 500 nM SpyCatcher003-555 in PBS, pH 7.4, were mixed for
at least 1 h at 25 °C. Then 6 μM SpyTag003-MBP was added, and fluorescence
was monitored at 25 °C. The resulting biphasic fluorescence enhancement
was fitted to Eq. 2. R2 was calculated in Excel.

HDX. HDX samples were prepared by mixing SpyCatcher variants (150 μM in
PBS, pH 7.4) with D2O (Cambridge Isotope Laboratories) at a ratio of 2:8
(vol/vol), and the resulting solutions were incubated at 25 °C; 20 μL aliquots
were taken out at 10 s, 1 min, 10 min, and 1 h and were quickly quenched by
adding 50 mM sodium dihydrogen orthophosphate, pH 2.4 (pH had been
adjusted using phosphoric acid). These samples were flash-frozen in liquid
nitrogen and stored at −80 °C. For middle-down liquid chromatography-
mass spectrometry (LC-MS) experiments, the protein aliquots were quickly
thawed and digested at 0 °C with 3 mg/mL pepsin (Sigma-Aldrich) for 1 min,
and the sample was injected into the HPLC flow so that the enzyme and
peptides/protein were separated. This step also stopped the digestion (56).
No pepsin was added for top-down experiments.

In the top-down approach, SpyCatcher proteins were analyzed by LC-MS
using a C4 analytical column (2.0 mm × 30 mm, Phenomenex). Protein elution
was conducted at −20 °C using the subzero temperature technology de-
veloped previously, which can reduce the back-exchange to as low as 2%
(30). The Ultra-Performance Liquid Chromatography system was coupled to
an Orbitrap Fusion mass spectrometer equipped with ETD capability (Thermo
Fisher). The instrumental parameters for the Orbitrap were spray voltage
3,500 V (positive), transfer tube temperature 275 °C, vaporizer temperature
275 °C, sheath gas 25, auxiliary gas 10, S-lens radiofrequency 60. The auto-
matic gain control target was set at 2 × 105, while the ETD reagent target
value was 3 × 105. Online ETD experiments were done by selecting 1 charge
state (16+) of the SpyCatcher variants in 1 LC-MS run, with an isolation
window of 5 m/z units in the quadrupole. The column, accessories, injector,
and extensively coiled solvent delivery lines were embedded in an ice bucket
to minimize H/D back-exchange. The syringe used for injection was chilled
on ice as well. The mobile phase was 0.1% (vol/vol) formic acid (A) and
99.9% (vol/vol) acetonitrile/0.1% (vol/vol) formic acid (B). The proteins were
eluted by 15 to 50% B in a 10-min binary solvent gradient with a flow rate of
200 μL/min. Detection of the intact proteins in the LC-MS experiments was
performed over an m/z range of 300 to 2,000. In the ETD experiments, flu-
oranthene radical anions (Thermo Fisher) were introduced into the ion trap
over 50 ms, and the ETD reaction time was 10 ms. ETD fragment ions were
detected in the Orbitrap using a scan range of 150 to 2,000. In the peptide-
based bottom-up LC-MS experiments, peptides were separated by 5 to 70%
B in a 12-min gradient. The MS survey scan was carried out with a mass
resolution of 120,000 FWHM. The Orbitrap detection was calibrated to
be <3 parts per million (ppm) error using Pierce FlexMix Calibration Solution
(Thermo Fisher) (30).

LC-MS and ETD data were processed using Xcalibur 2.0 software (Thermo
Fisher), and the generated ETD peak lists were searched against the sequence of
SpyCatcheror SpyCatcher003using Protein Prospector (http://prospector.ucsf.edu/
prospector/cgi-bin/msform.cgi?form=msproduct) with a 10-ppm fragment
tolerance. Matched ions were also checked by manual inspection. Peptide
LC-MS/MS data were searched against a custom-generated FASTA database
which contained the targeted protein sequences. The mass shift of the
peptides and intact proteins and the deuteration status of individual amides
were determined based on their centroid m/z values before and after H/D
exchange, according to the method developed previously (30, 57). All HDX
data were normalized to 100% D2O content (80% D exchange-in buffer for
all of the time points). Percent deuterium incorporation values were obtained
by comparing the number of acquired deuteriums to the total number of
amide hydrogens contained in the peptide/protein.

Mammalian Cell Expression of SpyCatcher. TfR-sfGFP-myc tag-SpyCatcher
variants were expressed in suspension Expi293 cells (Thermo Fisher) cul-
tured in Expi293 Expression media (Thermo Fisher) supplemented with
50 U/mL penicillin/streptomycin (Thermo Fisher). Cells were grown in a
humidified Multitron Cell incubator (Infors HT) at 37 °C with 7% CO2,
rotating at 110 to 125 rpm. Cells at a density of 3.0 × 106 cells/mL were
transfected with 2.7 μL ExpiFectamine 293 Reagent per 1 μg of plasmid
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DNA. ExpiFectamine transfection enhancers (Thermo Fisher) were added
16 to 22 h after transfection. Cells were grown for 48 h and then analyzed.

Flow Cytometry. Cells were washed twice in FACS buffer (PBS, pH 7.5, 1 mM
EDTA, 1% BSA, 0.1% [wt/vol] sodium azide) by centrifugation at 300 g at 4 °C
for 3 min. For labeling cells with anti-myc-Alexa Fluor 647 antibody (Thermo
Fisher), 0.5 to 1 × 106 cells were incubated with the antibody at 5 μg/mL for
20 min on ice in FACS buffer, followed by washing twice in FACS buffer;
20 nM SpyTag variant-mKate2 was incubated with 0.5 to 1 × 106 cells in 2 mL
FACS buffer on ice for 1, 5 or 10 min. Reaction was stopped by adding 10 μM
unlabeled SpyCatcher003, followed by washing the cells twice in FACS
buffer. SI Appendix, Fig. S15B, represents cells stained for 1 min. Cells were
maintained at 4 °C before analysis. Cells were analyzed on a BD Fortessa X20,
gating on live cells using forward-scatter, side-scatter, and DAPI staining.
Settings were 405 nm laser and 450/50 nm emission filter for DAPI, 488 nm
laser and 530/30 nm emission filter for sfGFP, 561 nm laser and 610/20 nm
emission filter for mKate2, and 640 nm laser and 670/30 nm emission filter
for Alexa Fluor 647. Data were analyzed using FlowJo version 9.0. Experi-
ments were carried out in triplicate. Data represent the mean ± 1 SD.

Immunostaining and Microscopy for Talin Cell Experiments. The Tln1−/−Tln2−/−

MEF cell line has been previously described (38). Cells were maintained in
high-glucose Dulbecco’s Modified Eagle Medium supplemented with 10%
(vol/vol) FBS and 1% (vol/vol) GlutaMax (Thermo Fisher) in a 37 °C, 5% CO2

incubator. Tln1−/−Tln2−/− MEF cells were transfected with expression con-
structs using the Neon Transfection System electroporator (Thermo Fisher)
according to the manufacturer’s instructions. Cells were plated on Zeiss high-
performance 170-μm-thick coverslips coated with 10 μg/mL sterile-filtered
fibronectin (purified from human plasma using a gelatin-affinity column)
in PBS, pH 7.4, at 37 °C for 1 h and washed with PBS, pH 7.4. After 24 h,
nontransfected cells were removed by washing twice with PBS, pH 7.4, and
cells were either used for time-lapse imaging or fixed with 4% (wt/vol)
paraformaldehyde in PBS, pH 7.4, for 20 min at 25 °C. Fixed cells were
washed twice with PBS, pH 7.4; mounted with ProLong Diamond (Thermo
Fisher) with DAPI; and stored at 4 °C until imaging. Cells were imaged with
25× or 63× oil immersion objectives and a LSM780 or LSM800 confocal unit
(Zeiss); 488- and 568-nm lasers were used for exciting EGFP and mCherry.
Emission filters were 499 to 579 nm for EGFP and 585 to 712 nm for mCherry.
Zeiss Zen Black software, ImageJ 1.50e, and FIJI were used in image analysis
(58). Quantification was only performed on transfected cells, showing EGFP
and/or mCherry signal above background.

Time-lapse images were taken with Cell IQ (CM technologies) equipped
with 37 °C and 5% CO2 incubator, with 20× objective, for 20 h and with
8-min intervals. The resulting image stacks were analyzed with ImageJ (58)
and MTrackJ plugin (59). Cell morphology was analyzed from the bright-
field image by cell area (a region of interest was drawn manually on the cell
boundaries). Circularity was analyzed by 4π × [Area]/[Perimeter]2, with a
value of 1.0 indicating a perfect circle and lower values indicating an in-
creasingly complex shape. Imaging parameters were kept constant for all
samples within each experiment. Statistical analysis was performed by
ANOVA with Bonferroni correction in GraphPad Prism 5. Area and circularity
were quantified from 17 to 21 cells per condition from 2 independent ex-
periments. Migration was determined from 20 to 28 cells per condition from
2 independent experiments.

Data Availability. Amino acid sequences of each version of SpyTag and
SpyCatcher are available in SI Appendix, Fig. S1A. Amino acid sequences of
other constructs are available in GenBank as described in SI Appendix, SI
Methods, Plasmids and Cloning. Plasmids encoding pDEST14 SpyCatcher003,
pJ404-SpyCatcher003-sfGFP, pDEST14-SpyCatcher003 S49C, pET28a-SpyTag003-
MBP, pENTR4-TfR-sfGFP-myc tag-SpyCatcher003, pET28-SpyTag003-mKate2,
pET28-SpyTag003-sfGFP, pET28-SpyTag003-mClover3, pEGFP-C1 EGFP-Talin
head-SpyCatcher003, and pEGFP-C1 SpyTag003-Talin rod-mCherry were de-
posited in the Addgene repository (https://www.addgene.org/Mark_Howarth/).
Further information and request for resources and reagents should be directed
to and will be fulfilled by the lead contact, M.H.
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