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In brief

Loopophilic protein coupling is achieved
here by re-engineering a pathogenic
adhesion protein. Many conjugation
approaches only function at exposed
termini. Keeble et al. create DogTag/
DogCatcher for high-yield covalent
labeling. Reactivity is robust to conditions
and maintains protein function for
catalysis, fluorescence and ion
conductance after DogTag loop insertion.

Highlights
e Spontaneous transamidation at internal sites harnessing a
DogTag/DogCatcher pair

e DogCatcher is designed and bred for high solubility and rapid
reaction

e Within protein loops DogTag can clamp on its partner faster
than SpyTag003

e Fast and faithful fluorescent labeling of an ion channel at the
cell surface via DogTag
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SUMMARY

There are many efficient ways to connect proteins at termini. However, connecting at a loop is difficult
because of lower flexibility and variable environment. Here, we have developed DogCatcher, a protein that
forms a spontaneous isopeptide bond with DogTag peptide. DogTag/DogCatcher was generated initially
by splitting a Streptococcus pneumoniae adhesin. We optimized DogTag/DogCatcher through rational
design and evolution, increasing reaction rate by 250-fold and establishing millimolar solubility of
DogCatcher. When fused to a protein terminus, DogTag/DogCatcher reacts slower than SpyTag003/Spy-
Catcher003. However, inserted in loops of a fluorescent protein or enzyme, DogTag reacts much faster
than SpyTag003. Like many membrane proteins, the ion channel TRPC5 has no surface-exposed termini.
DogTag in a TRPC5 extracellular loop allowed normal calcium flux and specific covalent labeling on cells
in 1 min. DogTag/DogCatcher reacts under diverse conditions, at nanomolar concentrations, and to 98%

conversion. Loop-friendly ligation should expand the toolbox for creating protein architectures.

INTRODUCTION

Engineering unnatural protein architectures may contribute to
some of society’s biggest challenges, such as rapid-response
vaccines (Brune and Howarth, 2018; Morris et al., 2019) or
enzyme synergy for agricultural productivity (Qu et al., 2019;
Sweetlove and Fernie, 2018) and pollutant degradation (Knott
et al., 2020). Extensive work has been done to establish post-
translational connection of protein units, including native chem-
ical ligation, split inteins, sortase, and butelase (Banerjee and
Howarth, 2018). However, there has been much less attention
to protein-protein ligation at internal sites, where there is more
steric hindrance and fewer accessible chemistries. N and C
termini of natural proteins are often highly flexible and more
exposed, facilitating reaction (Jacob and Unger, 2007). Internal
loops may adopt diverse structures and there are countless ex-
amples of insertion of a peptide tag in a loop interfering with pro-
tein folding or function (Oesterle et al., 2017). Even antibody
recognition of epitope tags in loops is challenging: common
epitope tags, such as FLAG tag, do not perform well in protein
loops (Fujii et al., 2016). Various cysteine-dependent routes
have been used to ligate proteins, but suffer from competing
homodimerization, as well as folding complications from pre-ex-
isting disulfide bonds (Baneyx and Mujacic, 2004). Recently a
sortase from Corynebacterium diphtheriae was established for
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ligation to lysine at internal protein sites but uses millimolar
substrate peptide (Sue et al., 2020). Branched proteins can be
accessed through protein semi-synthesis, such as with 3-mer-
captolysine, requiring coupling to a thioester and then desulfur-
ization (Jbara et al., 2018). Unnatural amino acids allow click
chemistry functionalization of proteins at diverse sites, but
increase the complexity of protein production (Manandhar
et al., 2021). Transglutaminases are also efficient at labeling of
internal sites but have challenges with specificity (Schneider
et al., 2020). Lysine acylation using conjugating enzymes can
label proteins at internal sites, although this elegant approach
requires the generation of a thioester substrate for conjugation
(Hofmann et al., 2020).

For efficient and genetically encodable protein-protein liga-
tion, we previously developed SpyTag/SpyCatcher, allowing
spontaneous isopeptide bond formation to a peptide tag
(Figure S1) (Zakeri et al., 2012). Through computational design
and directed evolution, our latest pair consists of a peptide
(SpyTag003) that reacts through spontaneous amidation with
its protein partner (SpyCatcher003) at a rate approaching the
diffusion limit (Keeble et al., 2019). More than 800 constructs
have been published with SpyTag/SpyCatcher or its relatives
at terminal sites on proteins, but there is little study of perfor-
mance in protein loops (Keeble and Howarth, 2019). Fusion of
SpyTag in a loop of the multipass membrane protein Orail
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indicated that SpyCatcher reaction was inefficient in this context
(Bae et al., 2021). Probing the utility of SpyTag003 for reaction
in protein loops, we show that SpyTag003 reaction with
SpyCatcher003 was dramatically slowed within loops. There-
fore, here we develop and optimize a reactive pair, DogTag/
DogCatcher, specifically focused on efficient reaction within
loops. We demonstrate the high reactivity of DogTag/
DogCatcher in loops of a fluorescent protein and enzyme. We
also establish the use of DogTag/DogCatcher for rapid loop-
mediated labeling of ion channels in live mammalian cells.

RESULTS

Alternative splitting of RrgA domain 4 to create a Tag-
Catcher pair

RrgA is an adhesin from S. pneumoniae that consists of four
domains. Domain 4 (residues 734-861) forms a spontaneous
intramolecular isopeptide bond by a transamidation reaction be-
tween Lys742 and Asn854, facilitated by proton transfer via
Glu803 (Figure 1A) (Izore et al., 2010). This domain was previ-
ously split and engineered to create the protein-coupling re-
agents SnoopTag (residues 734-748 containing the reactive
Lys742) and SnoopCatcher (residues 749-860 containing
Glu803 and the reactive Asn854) (Figure S1 and S2C) (Veggiani
et al.,, 2016). In common with SpyTag/SpyCatcher, SnoopTag
adopts a single extended B strand upon reaction with
SnoopCatcher (Figure S1) (Li et al., 2014; Veggiani et al.,
2016). However, we hypothesized that the B hairpin of domain
4 (residues 839-860, termed R2Tag, Figures S2A and S2B),
could be an excellent foundation for a loop-friendly Tag/Catcher.
We genetically split the rest of domain 4 of RrgA, giving
R2Catcher (residues 734-838 containing the reactive Lys and
catalytic Glu) (Figures 1A, 1B, S2A, and S2B).

We found that R2Tag and R2Catcher did successfully recon-
stitute and react upon mixing, but the rate was slow (Figure 1D).
We determined a second-order rate constant of 3+ 0.1 M~ " s™"
(mean + 1 SD, n = 3)in PBS, pH 7.4, at 25°C (Figures S3B and
S3C). Building on parallel work in our group on SnoopCatcher
and Snoopligase engineering (Buldun et al., 2018; Veggiani
et al., 2016), we first engineered R2Tag for faster reconstitution.
The flexible Gly at 842 within a  strand was substituted with Thr,
maintaining hydrophilicity and being favored within § sheets.
Asp848 was substituted with Gly to favor tight turn formation
(Figure 1E). Asn847 was substituted with Asp to improve electro-
static interaction with Lys 849 (Buldun et al., 2018). R2Tag with
the mutations G842T, N847D, and D848G (DogTag) improved
the reaction by 10-fold with R2Catcher. The second-order rate
constant for DogTag with R2Catcher was 30 + 2 M~" s~
(mean + 1 SD, n = 3) (Figure 1D).

Rational improvement of Catcher solubility

A major problem for R2Catcher was its limited solubility, when
compared with SpyCatcher (>1 mM) (Li et al., 2014). We intro-
duced the A808P mutation to reduce the conformational flexibility
of a B turn in R2Catcher (Buldun et al., 2018; Fu et al., 2009; Tre-
vino et al., 2007). We had previously optimized SnoopLigase
computationally via PROSS (Goldenzweig et al., 2016) and Ro-
setta (Leaver-Fay et al., 2011), leading to mutations D737S,
D838G, and 1839V (Buldun et al., 2018). However, mutation of
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acidic residues in R2Catcher variants led to highly insoluble pro-
teins at neutral pH. We noticed that the predicted pl of our
R2Catcher construct was close to neutral (6.6), compared with
4.5-4.9 for the very soluble SpyCatcher family (Keeble et al.,
2017,2019; Zakeriet al., 2012). Therefore, we introduced four mu-
tations to make the surface charge of R2Catcher more negative:
N744D, N780D, K792T, and N825D (Figure 1E). Based on Rosetta
prediction for improving fold stability (Leaver-Fay et al., 2011), we
also included D737E and N746T (Figure 1E). This variant, termed
R2CatcherB, showed increased yield of soluble protein following
E. coli purification (Figure S3A). We also compared the solubility
by spin concentrating until the onset of aggregation: R2Catcher
started to aggregate at 0.6 mM, while R2CatcherB could be
concentrated to >2 mM without observed aggregation.

Phage display selection of improved Catcher reactivity
Phage display of protein scaffolds for the first time often runs into
obstacles, including misfolding, degradation in the periplasm,
loss of phage infectivity, and accumulation of frame-shifted or
truncated variants (Beekwilder et al., 1999; Hentrich et al.,
2021; Steiner et al., 2006). Therefore, with the more soluble
R2CatcherB in hand as a starting point for display on phage,
we applied directed evolution to enhance reaction speed with
DogTag. We generated a library of mutations in R2CatcherB
by error-prone PCR (Figure 1C). During conventional phage
display panning, non-covalently bound phage are eluted from
the bait protein by conditions, such as glycine at pH 2.5. In the
current approach, this same wash is used to remove any
non-covalently bound phage, to select only for variants that
allow isopeptide bond formation to occur. Phage are then specif-
ically eluted using TEV protease (Figure 1C). After testing various
library generation strategies and multiple rounds of selection,
our best performing variant, termed DogCatcher, reacted
with AviTag-DogTag-MBP 25-fold faster than R2Catcher
(760 + 20 M~" s~', mean + 1 SD, n = 3) (Figures 1D, S3B, and
S3C). DogCatcher contained three further mutations compared
with R2CatcherB (F8021, A820S, and Q822R) (Figure S2A), which
we illustrate on the structure of the parent domain in Figure 1E.
Overall, DogTag/DogCatcher represents a 250-fold improve-
ment of the rate of reaction over the parent split pair (R2Tag
and R2Catcher) (Figures 1D, S3B, and S3C). We confirmed the
isopeptide bond formation in the DogTag:DogCatcher complex
by electrospray ionization mass spectrometry (Figure S4). Solu-
ble expression of DogCatcher was enhanced over R2CatcherB
(Figure S3A). We did not detect aggregation of DogCatcher in
PBS, pH 7.5, upon spin concentrating until the concentration
reached 1.8 mM.

DogTag/DogCatcher had different dependence on
conditions to SpyTag003/SpyCatcher003
Having settled on our optimized split pair, DogTag/DogCatcher,
we thoroughly characterized its dependence on reaction condi-
tions (Figure 2). In parallel, we also determined the condition
dependence of SpyTag003/SpyCatcher003 (Figure 3), which re-
acts near the diffusion limit under optimal circumstances (Keeble
et al., 2019) but has not been characterized under diverse
conditions.

DogTag/DogCatcher reacted poorly at pH 4 and 5, with reac-
tivity rising sharply to pH 7 and high reactivity maintained at pH
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Figure 1. Splitting and engineering to create DogTag/DogCatcher

(A) Domain splitting. RrgA domain 4 contains an intramolecular isopeptide bond (shown as spheres; schematic based on PDB: 2WW8). The domain was
genetically split to create R2Catcher and a B hairpin called R2Tag, which, after further engineering, became DogCatcher and DogTag.

(B) Chemistry of amide bond formation between Lys742 of DogCatcher and Asn854 of DogTag.

(C) Phage display evolution of DogCatcher. A library of error-prone Catcher variants was displayed on M13 phage plll and panned for rapid covalent bond
formation to DogTag bait linked to biotin (B).

(D) Enhancement of reaction speed. Amide bond formation rate for R2Tag/R2Catcher (purple trace), DogTag/R2Catcher (cyan trace), or DogTag/DogCatcher
(red trace) in PBS (pH 7.5) at 25°C with 5 uM of each protein. Mean + 1 SD, n = 3 based on SDS-PAGE densitometry. Some error bars are too small to be visible.
(E) Mapping of the mutations (cyan) engineered into RrgA domain 4 (PDB: 2WWS8) to create DogCatcher (green) and DogTag (orange). A second view is shown
with 180° rotation to illustrate residues on the opposite face.

8 and 9 (Figure 2A). In contrast, SpyTag003/SpyCatcher003 re-  (Figure S1) (Veggiani et al., 2016). SpyTag003/SpyCatcher003
acted poorly at pH 9, but retained good reactivity from pH 5to 7  retained similar pH dependence to the previous SpyTag/Spy-
(Figure 3A). The pH dependence of DogTag/DogCatcher was  Catcher series, being high at pH 7 and peaking at pH 6 (Keeble
similar to SnoopTag/SnoopCatcher, from the same RrgA domain et al., 2017; Zakeri et al., 2012). Both DogTag/DogCatcher and
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Figure 2. Condition dependence of DogTag/
DogCatcher reactivity

(A) pH dependence: 2 uM AviTag-DogTag-MBP and
2 uM DogCatcher were reacted for 30 min at 25°C in
SPG buffer at the indicated pH.

(B) Temperature dependence: 2 uM AviTag-Dog-
Tag-MBP and 2 pM DogCatcher were reacted for
30 min in SPG, pH 7.0, at the indicated temperature.
(C) Buffer dependence: 5 uM AviTag-DogTag-MBP
and 5 uM DogCatcher were reacted for 5 min at
25°C, pH 7.5, in the indicated buffer. HBS, HEPES-
buffered saline; TBS, Tris-buffered saline. Mean + 1
SD, n = 3; some error bars are too small to be visible.

reacted (Figure 4C). We aimed to compare
the reactivity of this internal DogTag with
DogCatcher against internal SpyTag003
reactivity with SpyCatcher003. However,
we were not able to obtain soluble expres-
sion of the construct with SpyTag003 in
place of DogTag. Instead, we tried other
protein scaffolds.
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SpyTag003/SpyCatcher had substantial activity at 4°C, along with
high reactivity from 25°C to 37°C (Figures 2B and 3B). DogTag/
DogCatcher showed high reactivity in a range of buffers (HEPES,
PBS, Tris) and was tolerant to chelator (EDTA) or detergent (Fig-
ure 2C). SpyTag003/SpyCatcher003 was highly active in HEPES
or PBS, but interestingly was fastest in Tris buffer (Figure 3C).
EDTA had minimal effect on SpyTag003/SpyCatcher003, while
the detergents Triton X-100 or Tween 20 slightly increased the re-
action rate (Figure 3C). We showed that DogTag/DogCatcher was
also efficient with each partner in the nanomolar range (Figure S5).

DogTag inserted within a loop retained good
DogCatcher reactivity

The Tag/Catcher approach has been used on hundreds of pro-
teins, with the vast majority inserting the Tag at a flexible terminus
of the protein of interest (Keeble and Howarth, 2019, 2020). Given
that DogTag is expected to form a B hairpin to reconstitute the
domain 4 structure (Figure 1A), we hypothesized that constraining
DogTag at a structured internal site of a protein would allow effi-
cient isopeptide bond formation. Therefore, we assayed DogTag
inserted in an a helix in the 42 kDa HaloTag7 protein between res-
idues 139 and 140 (Figure 4A) (Buldun et al., 2018). Comparison
with reaction of a non-constrained DogTag (fused N-terminally
to the MBP domain) revealed that DogTag demonstrated similar
reactivity in these different environments (Figure 4B).

We also wanted to test the ability of the DogTag/DogCatcher
reaction to go to completion. With 2-fold excess of DogCatcher,
98% of HaloTag7SS-DogTag reacted (Figure 4C). Conversely,
with 2-fold excess of HaloTag7SS-DogTag, 98% of DogCatcher
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should ideally allow both high reactivity

with the Catcher protein, as well as retain-
ing the function of the host protein. In the first case, we cloned
DogTag or SpyTag003 flanked on each side by GsS linkers into
loops within superfolder GFP (sfGFP) (Figure 5A), a B barrel pro-
tein previously shown permissible for loop insertions (Pavoor
et al.,, 2009). We were pleased to find that all the variants of
sfGFP were solubly expressed (with DogTag or SpyTag003
and loops A, B, or C).

We found a major difference in reactivity with the Catchers. For
reaction of DogTag within loop A with DogCatcher (Figure 5B),
the second-order rate constant was 1.0 = 0.08 x 10° M~" s~
(mean = 1 SD, n = 3), which is comparable with the rate for a ter-
minal DogTag fusion (Figure S3B). In contrast, the second-order
rate constant for SpyCatcher003 reaction with SpyTag003
in the same loop of sfGFP is 87 + 8 M~' s™' (mean + 1 SD,
n = 3), 6,000-fold slower than for SpyTag003 as a terminal fusion
(5.5 0.6 x 10° M~" s7") (Keeble et al., 2019).

All the loop insertion variants of sfGFP showed comparable
absorption intensity and spectrum to unfused wild-type (WT)
sfGFP (Figure 5C). Similarly, there was minimal change to the
intensity or spectrum of fluorescence emission for any of the var-
iants (Figure 5D). Therefore, insertion of DogTag or SpyTag003
was well tolerated for retention of fluorescent protein function.

DogTag could be inserted into loops within an enzyme
while maintaining catalytic activity

sfGFP is a rigid thermostable B barrel protein, so we wanted to
test an enzyme that must maintain flexibility for efficient function.
The Tag/Catcher reaction has been used for scaffolding of multi-
enzyme complexes and creation of catalytic hydrogels (Bitterwolf
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Figure 3. Condition dependence of Spy-
Tag003/SpyCatcher003 reactivity

(A) pH dependence: 1 uM SpyTag003-MBP and
1 uM SpyCatcher003 were reacted for 15 s at 25°C
in SPG buffer at the indicated pH.

(B) Temperature dependence: 100 nM SpyTag003-
MBP was reacted with 100 nM SpyCatcher003-
sfGFP for 2 min, pH 7.4, at the indicated tempera-
ture.

(C) Buffer dependence: 100 nM SpyTag003-MBP
was reacted with 100 nM SpyCatcher003-sfGFP for
2 min in the indicated buffer, pH 7.5, at 25°C. HBS,
HEPES-buffered saline; TBS, Tris-buffered saline.
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SpyCatcher003, or SnoopTagdr. In
contrast, DogCatcher reacted to comple-
tion with HaloTag7SS-DogTag or Snoop-
Catcher (Figure S6B). DogCatcher reacts
with SnoopCatcher because SnoopCatcher
contains a sequence like DogTag at its C
terminus (with DogCatcher likewise con-
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et al.,, 2019; Liu et al., 2019). The isovaleraldehyde reductase
Gre2p was used with SpyTag/SpyCatcher in this application (Bit-
terwolf et al., 2019) and has a mixed B-a-B Rossmann fold.
We chose three loops within Gre2p away from the active site (Bit-
terwolf et al., 2019) to insert DogTag or SpyTag003 flanked by
GsS linkers (Figure 6A). All the insertions of SpyTag003 or
DogTag allowed soluble enzyme expression. Reduction of isova-
leraldehyde to isoamyl alcohol by Gre2p is nicotinamide adenine
dinucleotide phosphate (NADPH) dependent (Figure 6B). We
used the absorbance change upon NADPH oxidation into
NADP* to follow the reaction of WT or loop-inserted Gre2p vari-
ants. With SpyTag003 or DogTag in each loop, the isovaleralde-
hyde reductase activity was successfully maintained within
2-fold of WT Gre2p (Figures 6C and 6D, Table S1).

For the Gre2p loop B, the second-order rate constant for the
reaction of DogTag with DogCatcher was 850 + 12 M~ s 7.
The reaction here was much slower for SpyTag003 with Spy-
Catcher003 (156 + 14 M~' s~'; mean = 1 SD, n = 3, Figure 6E).

DogTag/DogCatcher orthogonality testing

SnoopTagJr/SnoopCatcher (Figure S1) is orthogonal to the Spy-
Tag/SpyCatcher family of Tag/Catchers (Veggiani et al., 2016).
We tested for cross-reactivity of DogTag/DogCatcher with
SnoopTagJr/SnoopCatcher or SpyTag003/SpyCatcher003. Dog-
Tag only reacted with DogCatcher (Figure SE6A), even after 24 h
at high protein concentrations. DogCatcher only reacted
with DogTag-containing Tag/Catcher constructs (Figure S6B).
Consequently, DogCatcher did not react with SpyTag003,

taining a sequence like SnoopTag at its N

0‘19 terminus, Figure S2).
«*‘Q’@
o\ DogCatcher reacted specifically with
an ion channel at the mammalian cell
surface

Various cell-surface proteins lack N or C

termini accessible at the plasma mem-

brane (Oberai et al., 2006). Therefore, covalent labeling with
exogenous probes could be facilitated by loop-mediated liga-
tion. Transient receptor potential canonical 5 (TRPC5) is an ion
channel permeable to Na* and Ca?* and involved in various con-
ditions, including anxiety, kidney disease, and cardiovascular
and metabolic disease (Minard et al., 2018; Wang et al., 2020).
Both termini of TRPCS5 are on the cytosolic side of the membrane
and so we genetically inserted DogTag into the second extracel-
lular loop between residues 460 and 461, at a site distant from
the pore (Figure 7A) (Wright et al., 2020). The bright and rapidly
maturing yellow fluorescent protein SYFP2 was fused to the C
terminus, which allows imaging of the distribution of total
TRPCS5 but does not highlight the active surface pool (Bauer
et al., 2020; Minard et al., 2019). To test the functionality of the
DogTag insertion, we performed intracellular calcium measure-
ments in transiently transfected HEK293 cells, stimulating
TRPC5 opening with the sesquiterpinoid activator (—)-englerin
A (Akbulut et al., 2015). We found that the DogTag fusion formed
functional channels with efficient agonist response (Figure 7B).
We then tested the efficacy of DogCatcher recognition at the cell
surface, adding biotin-DogCatcher-MBP to COS-7 cells express-
ing TRPC5-DogTag-SYFP2. We blotted whole-cell lysate with
streptavidin-HRP, after GFP-Trap pull-down of the SYFP2 fusion.
There was rapid reaction of DogCatcher with TRPC5-DogTag-
SYFP2, detectable after only 1 min incubation, with minimal signal
onthe negative control cells lacking DogTag fusion (Figure 7C). We
further tested the functionality of TRPC5 in HEK293 cells after la-
beling with biotin-DogCatcher-MBP. DogCatcher labeling had
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Figure 4. DogTag/DogCatcher reacted close
to completion when DogTag was internal

(A) Site of DogTag insertion in red in HaloTag?7 (gray,
PDB: 5Y2Y).

(B) DogCatcher reaction rate with the internal
DogTag in HaloTag7SS (gray trace) was similar to
the unconstrained DogTag in AviTag-DogTag-MBP
(blue trace). Each protein was at 5 uM in PBS, pH
7.5,at25°C. Mean = 1 SD, n = 3; some error bars are
too small to be visible.

(C) Testing DogTag/DogCatcher reaction to
completion. DogCatcher was incubated with
HaloTag7SS-DogTag in PBS, pH 7.5, for 200 min
at 25°C, before SDS-PAGE with Coomassie
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no effect on TRPC5-mediated calcium influx into these cells stim-
ulated by (—)-englerin A (Figure 7D). To visualize the surface-
exposed TRPC5 pool, we first introduced a unique cysteine at
the N terminus of DogCatcher and coupled maleimide-Alexa Fluor
647, to give DogCatcher-647. DogCatcher-647 allowed selective
staining of TRPC5-DogTag-SYFP2 in COS-7 cells, compared with
the controls lacking DogTag, with receptor visualization by
confocal fluorescence microscopy. We saw DogCatcher staining
as early as 1 min after addition, with optimal staining at 10 min (Fig-
ure 7E). Overall, DogTag/DogCatcher allowed rapid and selective
covalent labeling of an ion channel at the surface of different
mammalian cell types.

DISCUSSION

In this work we have established the DogTag/DogCatcher pair for
efficient covalent protein-protein reaction in diverse protein loops.
DogTag/DogCatcher showed a number of features that make the
system easy to apply. Both partners are genetically encodable
from the regular 20 amino acids, with reaction tolerant to a range
of conditions (4°C-37°C, pH 6-8, detergents, or different buffers).
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Reaction can proceed to ~98% conversion
without detectable side products and
leaves an amide bond that is anticipated
to have high stability. Neither DogTag nor
DogCatcher contains cysteine, so coupling
can be performed on proteins requiring
reducing or oxidizing conditions.

We demonstrated efficient reaction for
DogTag at the terminus of a protein, or
with DogTag inserted internally in predom-
inantly o-helical, a+p or predominantly
sheet proteins. We also showed mainte-
nance of good fluorescence characteris-
tics when inserted in different loops of
sfGFP and good catalytic activity in
different loops of Gre2p. In the case of Hal-
oTag, DogTag was inserted within a sec-
ondary structure element.

For the generation of Tag/Catcher pairs, the work here fits with
the literature that initial designs of split proteins often successfully
reconstitute (Shekhawat and Ghosh, 2011). However, it is a
considerable challenge to obtain Tag/Catcher pairs with rapid
and high-yielding reaction. The majority of Tag/Catcher pairs in
the literature require high micromolar concentration and days
for substantial coupling (Bonnet et al., 2017; Proschel et al.,
2017; Veggiani et al., 2016; Wu et al., 2018; Zakeri and Howarth,
2010; Zhang et al., 2018). Therefore, substantial protein engineer-
ing effort is required to achieve rapid spontaneous intermolecular
isopeptide bond formation. SpyTag003/SpyCatcher003 has
received such devoted optimization, enabling reaction at close
to the diffusion limit with SpyTag003 at protein termini (Keeble
etal., 2019). It was encouraging that protein function was retained
with SpyTag003 inserted in these constrained loop environments.
However, it is striking how reaction may be decreased with
SpyCatcher003 by three orders of magnitude when SpyTag003
is in different internal loops. Therefore, the application here of
DogTag, based on a § hairpin, with DogCatcher led to a preferred
pairing for reaction with various loops. This difference in target
conformation is consistent with results on epitope tags. The
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Figure 5. DogTag functioned well within the 8
barrel domain of sfGFP and reacted faster
than SpyTag003

(A) Structure of sfGFP (PDB: 2B3P) showing the
three loops chosen for tag insertion.

(B) Second-order reaction plot comparing the re-
action speed of DogCatcher with DogTag in sfGFP
loop A (red trace), relative to SpyCatcher003 reac-
tion with SpyTag0083 (purple trace) in PBS, pH 7.5, at
25°C. Mean + 1 SD, n = 3. Some error bars are too
small to be visible.

(C) Comparison of the absorbance spectra of sSftGFP
(WT) or variants with SpyTag003 or DogTag at the
indicated loop.

(D) Comparison of the fluorescence emission of
sfGFP (WT) or variants with SpyTag003 or DogTag at
the indicated loop upon excitation at 488 nm. cps,
counts per second.

loop flexibility, increase in surface negative
charge to enhance solubility, and phage
display evolution. As is often found with
directed evolution (Bloom and Arnold,
2009), phage selection identified mutations
in DogCatcher distant from the site of direct
interaction with DogTag. The increased re-
action speed of DogCatcher following this
optimization may be important for time res-
olution in cell biology and coupling to low
abundance partners (Keeble et al., 2019).
DogTag/DogCatcher reacts faster and at
lower protein concentrations than the
related SnoopTag/SnoopCatcher pair,

which also requires stabilizing chemicals,
such as 1.5 M trimethylamine N-oxide for
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MAP tag forms a hairpin in its complex with an antibody: proteins
with a MAP tag inserted at internal loops displayed good retention
of activity of the fused protein and efficient antibody detection
(Fujii et al., 2016; Wakasa et al., 2020). We found that the rate
of DogTag/DogCatcher reaction was comparable at a terminal
site or a loop site. This similarity may reflect a balance between
increased accessibility at the terminus, versus preformation of
DogTag’s reactive conformation increasing the reactivity at a
loop site. It is beyond our scope here to perform biophysical anal-
ysis of the conformational flexibility of these DogTag insertions,
but further fusion constructs may illuminate this question. Our
optimization led to a 250-fold increase in reaction rate. Adding
to the challenge, we need to take a different strategy for the opti-
mization of DogCatcher compared with optimizing SnoopLigase
peptide-peptide ligation (Buldun et al., 2018), suggesting that
these two proteins faced different challenges for efficient recon-
stitution. The slow reaction of SnoopLigase (~48 h to reach
completion) (Buldun et al., 2018) limits its application, especially
in cellular systems. We achieved increase in DogCatcher’s solu-
bility and reaction rate based upon proline-based reduction in

Wavelength (nm)

optimal reaction (Veggiani et al., 2016).
Therefore, DogTag/DogCatcher represents
a highly loop-friendly technology. Disad-
vantages of DogTag/DogCatcher include
the size (23 and 104 residues) and the anticipated immunoge-
nicity based on the bacterial origin (Rahikainen et al., 2020). How-
ever, fewer people had pre-existing antibodies to SnoopTag/
SnoopCatcher (created from an alternative splitting of RrgA
domain 4) than SpyTag/SpyCatcher (Rahikainen et al., 2020).
Numerous proteins are not amenable to fusion at termini,
including those with termini key for function (Huh et al., 2003)
or buried at interprotein interfaces (e.g., QP virus-like particles)
(Golmohammadi et al., 1996). Many membrane proteins have
both termini on the intracellular side of the plasma membrane,
including most ABC transporters, the major facilitator superfam-
ily, bacterial outer membrane porins, and tetraspanins (Oberai
et al., 2006). Here, we have shown that DogTag can be inserted
in an exposed loop of the ion channel protein TRPC5 and can
react with DogCatcher without apparent disruption of function,
based on agonist-induced activation of calcium influx.
DogCatcher allowed rapid and specific labeling of TRPC5 at
the mammalian cell surface, based on western blotting and fluo-
rescence microscopy. It has proved challenging to generate an-
tibodies to the extracellular region of TRPCS5, like many other
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¢? CellPress

OPEN ACCESS

Isovaleraldehyde

(9]

SpyTag003 D 5.
—WT £16 -
—Loop A =
—Loop B
——Loop C

1
1
1
1

1

Absorbance @ 340 nm

i
ovrProw®m-2Nho®
.

Ab.
o
)

NADPH + H*

O
D

NADP*

Isoamyl alcohol

Cell Chemical Biology

Figure 6. Tag reactivity and enzyme activity
after loop insertion

(A) Structure of Gre2p showing the three loops
chosen for tag insertion (PDB: 4PVD). NADPH is
shown as spheres.

(B) Schematic of the reaction catalyzed by Gre2p.
(C) SpyTag003 loop insertion had little effect on
enzyme activity. Comparison of isovaleraldehyde
reductase activity of the Gre2p variants, assayed by
the decrease in absorbance at 340 nm as NADPH is
converted into NADP*. Data represent the mean of
three biological replicates.

(D) DogTag loop insertion had little effect on enzyme
activity, assayed as in (C). Data represent the mean
of three biological replicates.

(E) DogTag/DogCatcher (red trace) reacted faster
than SpyTag003/SpyCatcher003 (purple trace) in
loop B of Gre2p. Second-order reaction plot in PBS,
pH 7.5, at25°C. Mean + 1 SD, n = 3. Some error bars
are too small to be visible.

tags have been validated for fusion to
the N terminus or C terminus of protein
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targets. In this work we have focused
on reaction at internal sites in proteins,
which are often more challenging. We
previously established spontaneous
isopeptide bond formation to allow

.......... >I< rapid covalent reaction between Spy-

Tag003 and its protein partner Spy-
Catcher003. Here, we have genetically
split the Streptococcus pneumoniae ad-
hesin RrgA to give an orthogonal Tag/
Catcher pair, DogTag and DogCatcher.
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proteins with short exposed surface loops, and such antibodies
will have limited stability in their recognition, compared with the
covalent DogCatcher reaction. In contrast to covalent modifica-
tion with DogCatcher, antibodies generated against TRPC5’s
longer third extracellular loop inhibit TRPC5 function (Xu et al.,
2005). Many other ion channels also do not have surface-
exposed termini, including voltage-gated potassium, sodium,
and calcium channels (Anderson and Greenberg, 2001), so this
route to covalent derivatization could have broad application
for ion channel analysis. Even when termini are a possible fusion
site, loop fusion may still be preferred to control protein orienta-
tion, such as in diagnostics, multi-enzyme complexes, or vac-
cine conjugates (Akiba et al., 2020; Brune and Howarth, 2018;
Sweetlove and Fernie, 2018). Therefore, DogTag/DogCatcher
should be a significant addition to the toolbox for synthetic
biology.

SIGNIFICANCE

Peptide tags enable powerful generic approaches for pro-
tein detection and modification. The majority of peptide
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T Through structure-based design and
20 phage display evolution, we were able
to increase the reaction rate by 250-
fold and establish high solubility of
DogCatcher. We found that DogTag/DogCatcher reacted
efficiently in a broad range of conditions and was tolerant
of a range of buffers, temperatures, and pH values. To test
the performance of tags in loops, we inserted DogTag or
SpyTag003 at various sites in a fluorescent protein or an
enzyme. Fluorescence brightness or enzyme activity was lit-
tle changed by these fusions. SpyTag003/SpyCatcher003
gave much faster reaction than DogTag/DogCatcher when
the tag was fused to a protein terminus. However, in
loops of a fluorescent protein or enzyme, we found that
DogTag/DogCatcher reacted a lot faster than SpyTag003/
SpyCatcher003. We then evaluated reactivity at the surface
of mammalian cells. In common with a range of membrane
proteins, the ion channel TRPC5 has no termini exposed to
the outside of the cell. The fusion of DogTag in a TRPC5
extracellular loop led to normal calcium flux and we de-
tected specific covalent labeling on cells in 1 min using
DogCatcher. DogTag and DogCatcher are genetically en-
codable, using only the normal amino acids, and so their
efficient reaction opens up a simple and scalable route to
irreversible modification at internal sites of proteins.
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Figure 7. Specific targeting of an ion channel using DogTag/DogCatcher

(A) Schematic of TRPCS5, with the insertion site (pink) of DogTag in the second extracellular loop marked on a topology diagram and a crystal structure (PDB:
B6YSN, each chain of the tetramer in a different color). A, ankyrin repeat domain; P, TRP domain.

(B) DogTag insertion had minimal effect on ion channel opening. Representative intracellular calcium measurements (Ca2*) from one 96-well plate (mean = 1 SE,
n = 4) showing activation of TRPC5-SYFP2 (red trace) or TRPC5-DogTag-SYFP2 (teal trace) in HEK 293 cells by 30 nM (—)-englerin A (present during the period
marked with a horizontal line). No calcium response was induced by (—)-englerin A in empty vector-transfected cells (black trace).

(C) Rapid labeling by DogCatcher at the cell surface. COS-7 cells expressing TRPC5-DogTag-SYFP2 or TRPC5-SYFP2 control were incubated with 5 pM biotin-
DogCatcher-MBP for the indicated time at 25°C. Cell lysates were immunoprecipitated with GFP-Trap before blotting for either biotin (top panel) or fluorescent
protein (bottom panel).

(D) DogCatcher reaction had minimal effect on ion channel opening. Representative intracellular calcium measurements (Ca®*) from one 96-well plate
(mean = 1 SE, n = 6) showing activation of TRPC5-DogTag-SYFP2 in HEK293 cells by 10 nM (—)-englerin A (present during the period marked with a horizontal
line), with (red trace) or without (black trace) 30 min pre-treatment with 5 pM biotin-DogCatcher-MBP.

(E) DogCatcher labeled specifically at the cell surface: 5 uM DogCatcher-647 was incubated for varying times at 25°C with live COS-7 cells expressing TRPC5-
DogTag-SYFP2 or TRPC5-SYFP2, before fixation and confocal microscopy. Images represent confocal slices, with SYFP2 in yellow and DogCatcher-647 in red.
Scale bar, 50 um.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GFP Abcam Cat# ab1218, RRID:AB_298911

Rabbit anti-Mouse 1gG (H+L) Secondary Antibody,
horseradish peroxidase

Thermo Fisher

Cat# A16160,RRID: AB_2534831

Bacterial and virus strains

E. coli BL21 (DE3) RIPL Agilent Cat#230280
E. coli XL1-Blue Agilent Cat#200236
E. coli K12 ER2738 Lucigen Cat#60522-1
R408 helper phage Agilent Cat#200252
E. coli NEB Turbo New England Biolabs C2984H
E. coli C41 (DE3) A gift from Anthony Watts, N/A
University of Oxford

Chemicals, peptides, and recombinant proteins
Alexa Fluor 647 C2 Maleimide Thermo Fisher Cat#A20347

CAS:541-59-3
Biotin-Binder Dynabeads Thermo Fisher Cat# 11047
Bovine serum albumin (BSA) Merck Cat#A9418

CAS:9048-46-8
Dimethylsulfoxide (DMSO) Merck Cat#D8418

CAS:67-68-5
DL-Dithiothreitol (DTT) Merck Cat#D9779 CAS: 3483-12-3
Dulbecco’s Modified Eagle Medium Thermo Fisher Cat#31966047
(—)-Englerin A PhytolLab Cat#82530 - 10MG; CAS 1094250-15-3
Fetal Bovine Serum Merck Cat#F9665-500ML

Fura-2, AM, cell permeant

GFP-Trap agarose

InstantBlue Protein Stain
Isopropyl-B-D-thiogalactoside (IPTG)
Isovaleraldehyde

jetPRIME® DNA and siRNA transfection reagent

Nicotinamide adenine dinucleotide phosphate (NADPH)
tetrasodium salt

B-mercaptoethanol
Paraformaldehyde, 4% in PBS
Penicillin-Streptomycin (10,000 U/mL)
Pierce ECL

Phenylmethylsulfonyl! fluoride
Pluronic acid (Pluronic® F-127)
Polyethylene glycol 8000

ProLong™ Gold Antifade Mountant

cOmplete mini EDTA-free protease inhibitor cocktail tablets
Pierce™ Protease Inhibitor Mini Tablets, EDTA-free
Restore™ Western Blot Stripping Buffer

Sephadex G-25 resin

Thermo Fisher

Chromotek
Expedeon
Fluorochem
Merck

VWR
Santa Cruz Biotechnology

Merck

Alfa Aesar
Thermo Fisher
Thermo Fisher
Thermo Fisher
Merck

Fisher Scientific

Thermo Fisher
Roche
Thermo Fisher
Thermo Fisher
Merck

Cat# F1221
CAS:108964-32-5

Cat# gta-10
Cat#ISB1L
Cat# M02726-25G CAS: 367-93-1

Cat#146455

CAS: 590-86-3

Cat#114-07

Cat# sc-202725 CAS:2646-71-1

Cat#M6250

Cat# J61899.AK
Cat#15140122

Cat#32209

Cat#36978; CAS:329-98-6
Cat#P2443

Cat#10407773
CAS: 25322-68-3

Cat# P36934

Cat# 11836170001
Cat#A32955

Cat# 21059

Cat# G2580 CAS: 9041-35-4

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Streptavidin-horseradish peroxidase

Thermo Fisher

Cat#43-4323

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP HCI) Fluorochem Cat# M02624-10G

CAS: 51805-45-9
Triton™ X-100 Merck Cat#T8787 CAS:9002-93-1
Tween-20 Merck Cat#7949 CAS:9005-64-5
jetPRIME® DNA and siRNA transfection reagent VWR Cat#114-07
Critical commercial assays
GeneMorph Il Random Mutagenesis kit Agilent Cat# 200550
Q5® Site-Directed Mutagenesis Kit New England Biolabs E0554S
Pierce™ BCA Protein Assay Kit Thermo Fisher Cat#23227
Deposited data
pDEST14-SpyCatcher Zakeri et al., 2012 GenBank JQ478411
pDEST14-DogCatcher This paper GenBank MZ365292
pDEST14-SpyCatcher003 Keeble et al., 2019 GenBank MN433887

pET28a-SpyTag003-MBP
pET28-AviTag-DogTag-MBP
pET28a-HaloTag7SS-DogTag
pET28-Gre2p-SpyTag003 Loop A
pET28-Gre2p-SpyTag003 Loop B
pPET28-Gre2p-SpyTag003 Loop C
pET28-Gre2p-DogTag Loop A
pET28-Gre2p-DogTag Loop B
pET28-Gre2p-DogTag Loop C
pET28-sfGFP-SpyTag003 Loop A
pET28- sfGFP-SpyTag003 Loop B
pET28-sfGFP-SpyTag003 Loop C
pET28-sfGFP-DogTag Loop A
pET28- sfGFP-DogTag Loop B
pET28-sfGFP-DogTag Loop C
pET28-MBP-sTEV
pET28-SnoopCatcher
pET28-AviTag-DogCatcher-MBP
pDEST14-Cys-DogCatcher
pJ404-SpyCatcher003-sfGFP
pJ404-DogCatcher-sfGFP
pcDNA4-TRPC5-SYFP2
pcDNA4-TRPC5-DogTag-SYFP2
Crystal structure of the pilus adhesin RrgA
Crystal structure of HaloTag
Crystal structure of a superfolder green fluorescent protein

Crystal structure of yeast isovaleraldehyde reductase
Gre2 complexed with NADPH

Crystal structure of the SpyTag/SpyCatcher complex

Crystal structure of the Streptococcus pyogenes
fibronectin binding protein Fbab-B

Crystal structure of human TRPC5

Keeble et al., 2019
This paper

Buldun et al., 2018
This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Veggiani et al., 2016
This paper

This paper

Keeble et al., 2019
This paper

Minard et al., 2019 This paper
This paper

Izore et al., 2010
Kang et al., 2017
Pedelacq et al., 2006
Guo et al., 2014

Li et al., 2014
Oke et al., 2010

Wright et al., 2020

GenBank MN433888
GenBank MZ365293
GenBank MZ365294
GenBank MZ365295
GenBank MZ365296
GenBank MZ365297
GenBank MZ365298
GenBank MZ365299
GenBank MZ365300
GenBank MZ365301
GenBank MZ365302
GenBank MZ365303
GenBank MZ365304
GenBank MZ365305
GenBank MZ365306
GenBank MZ365307
GenBank KU500646
GenBank MZ365308
GenBank MZ365309
GenBank MN433889
GenBank MZ365300
GenBank MZ223439
GenBank MZ223440
PDB 2WW8

PDB 5Y2X

PDB 2B3P

PDB 4PVD

PDB 4MLI
PDB 2X5P

PDB 6YSN

Experimental models: cell lines

COs-7
HEK 293

ATCC
ATCC

Cat#CRL-1651
Cat#CRL-1573
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Oligonucleotides
Primer: pFabVec-fwd: forward primer: This paper N/A
5’-GGATCCAGTGGTAGCGAAAACCTCTAC
Primer: pFabVec-rev: This paper N/A
5’-CATGGCGCCCTGATCTCGAGG
Primer R2CatIns-fwd: This paper N/A
5’-GACCTCGAGATCAGGGCGCCATG
Primer R2CatIns-rev: This paper N/A
5’-GAAGTAGAGGTTTTCGCTACCACTGGATC
Recombinant DNA
pDEST14-R2Catcher This paper N/A
pDEST14-SpyCatcher Zakeri et al., 2012 Addgene Cat#35044
pFab5cHis-R2CatcherB-glll This paper N/A
pDEST14-R2CatcherB This paper N/A
pDEST14-DogCatcher This paper Addgene Cat#171772
pDEST14-SpyCatcher003 Keeble et al., 2019 Addgene Cat# 133447
pET28a-Hiss-MBP Keeble et., 2017 N/A
pET28-AviTag-R2Tag-MBP This paper N/A
pET28a-SpyTag003-MBP Keeble et al., 2019 Addgene Cat#133450
pET28-AviTag-DogTag-MBP This paper Addgene Cat#171773
pET28-AviTag-DogTag NA-MBP This paper N/A
pET28a-HaloTag7SS-DogTag Buldun et al., 2018 Addgene Cat#171775
PET28-SpyTag003-sfGFP Keeble et al., 2019 Addgene Cat#133454
pET28-Gre2p This paper N/A
PET28-Gre2p-SpyTag003 Loop A This paper N/A
pET28-Gre2p-SpyTag003 Loop B This paper N/A
pET28-Gre2p-SpyTag003 Loop C This paper N/A
pET28-Gre2p-DogTag Loop A This paper N/A
pPET28-Gre2p-DogTag Loop B This paper N/A
pET28-Gre2p-DogTag Loop C This paper N/A
pPET28-sfGFP-SpyTag003 Loop A This paper Addgene Cat#171776
pET28- sfGFP-SpyTag003 Loop B This paper Addgene Cat#
171777
pET28-sfGFP-SpyTag003 Loop C This paper Addgene Cat#
171778
pET28-sfGFP-DogTag Loop A This paper Addgene Cat#
171779
pET28- sfGFP-DogTag Loop B This paper Addgene Cat#
171780
pET28-sfGFP-DogTag Loop C This paper Addgene Cat#
171781
PET28-MBP-sTEV This paper Addgene Cat#
171782
pPET28-SnoopCatcher Veggiani et al., 2016 Addgene Cat#72322
PET28-Affi-SnoopCatcher This paper N/A
PET28-SnoopTagJr-AffiHer2 Buldun et al., 2018 N/A
pET28-AviTag-DogCatcher-MBP This paper Addgene Cat#
171928
pDEST14-Cys-DogCatcher This paper Addgene Cat#
171929

pJ404-SpyCatcher003-sfGFP

Keeble et al., 2019

Addgene Cat# 133449

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pJ404-DogCatcher-sfGFP This paper Addgene Cat#
171930

pGEX-2T-GST-BirA Fairhead and Howarth, 2015 N/A

pcDNA4-TRPC5-SYFP2 Minard et al., 2019 This paper N/A

pcDNA4-TRPC5-DogTag-SYFP2 This paper N/A

Software and algorithms

SoftMax Pro 7 software (Version 7.0.3; for Flexstation 3)
GeneSys software (Version 1.7.2.0; for Syngene

G:BOX imager)

Fiji (ImagedJ Version 1.53c)

Zen Black 2010

CamSol

FluorEssence V3.5

Image Gauge version v4.21

Image Lab 5.2.1

MassHunter Quantitative Analysis software version 7.0

MOLPROBITY
ProtParam

PyMOL version 2.0.6
Rosetta 3 suite

V-550 Spectra Manager

Molecular Devices
Syngene

Imaged
Carl Zeiss Ltd.
Sormanni et al., 2015

Horiba-Yvon
Fuijifilm
Bio-Rad
Agilent

Lovell et al., 2003

Gasteiger et al., 2005

Delano Scientific/Schrodinger
Rosetta Commons

Jasco

https://www.moleculardevices.com/

https://www.syngene.com/support/
software-downloads/

https://imagej.net/Fiji

https://www-cohsoftware.ch.cam.
ac.uk/index.php

https://www.horiba.com
https://www.fujifilm.com
https://www.bio-rad.com

https://www.agilent.com/en/product/
software-informatics/mass-spectrometry-
software

http://kinemage.biochem.duke.edu
https://web.expasy.org/protparam/
https://pymol.org/2/
https://www.rosettacommons.org/
https://jascoinc.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mark

Howarth (mark.howarth@bioch.ox.ac.uk).

Material availability

Requests for plasmids generated in this study which are not deposited in Addgene (listed here in the key resources table) should be
directed to the Lead Contact, Mark Howarth (mark.howarth@bioch.ox.ac.uk), except for enquiries for TRPC5 reagents, which should
be directed to r.bon@leeds.ac.uk.

Data and code availability

The sequences of relevant constructs are available in GenBank as described in the Key Resources table. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

See Method Details below to find details on mammalian cell culture and bacterial culture conditions.

METHOD DETAILS

Bacterial strain

Plasmids used in the present study were amplified using either E. coli NEB Turbo cells or E. coli K12 ER2738 cells which were grown
in LB medium at 37°C. Proteins were expressed in E. coli BL21 (DE3) RIPL or E. coli C41 (DE3) cells, which were grown in LB

medium +0.8% (w/v) glucose. Phage production for phage display selections were carried out using E. coli K12 ER2738 cells grown
in 2YT media.
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Cell lines

HEK 293 and COS-7 cells (both from ATCC, Teddington, UK) were maintained in Dulbecco’s Modified Eagle Medium (Thermo
Fisher), supplemented with 10% fetal bovine serum (Merck) and 100 units/mL penicillin with 100 pg/mL streptomycin (Thermo
Fisher), in a humidified incubator at 37°C in 95% (v/v) air and 5% (v/v) CO,.

Cloning of constructs
PCR-based cloning and site-directed mutagenesis were carried out using Q5 High-Fidelity Polymerase (NEB) or KOD polymerase
(EMD Millipore) and Gibson assembly. pDEST14-R2Catcher was derived by cloning residues 734-838 of the RrgA adhesin from
Streptococcus pneumoniae TIGR4 (GenBank AAK74622), with numbering based on PDB ID 2WWS8 (Izore et al., 2010) into the back-
bone from pDEST14-SpyCatcher (Zakeri et al., 2012). Mutations D737E, N744D, N746T, N780D, K792T, A808P and N825D were
overlaid on to R2Catcher to form pDEST14-R2CatcherB by Gibson assembly. Phagemid vector pFab5cHis-R2CatcherB-glll was
derived from pFab5cHis-SpyCatcher-glll (Keeble et al., 2017). pDEST14-DogCatcher (Figure S2A) was derived from pDEST14-
R2CatcherB by inclusion of the F802l, A820S and Q822R mutations by Gibson assembly. pDEST14-SpyCatcher003 has been
described (Keeble et al., 2019). pET28a-Hisg-MBP, encoding a Hisg-tag linked to E. coli maltose binding protein (MBP) was described
previously (Keeble et al., 2017). pET28-AviTag-R2Tag-MBP (Figure S2B) was derived from pET28a-SpyTag003-MBP (Keeble et al.,
2019). pET28-AviTag-DogTag-MBP (Figure S2B) was derived from pET28a-SpyTag003-MBP (Keeble et al., 2019). pET28-AviTag-
DogTag NA-MBP (the non-reactive N854A mutant) was derived from pET28-AviTag-DogTag-MBP by Gibson assembly. pET28a-
HaloTag7SS-DogTag, with DogTag inserted in HaloTag7 between residues D139 and E140 and C61S and C261S mutations in
HaloTag7 to block disulfide bond formation was previously described (Buldun et al., 2018). pET28-Gre2p was derived from
pET28-SpyTag003-sfGFP (Keeble et al., 2019) by inserting the Gre2p isovaleraldehyde reductase from Saccharomyces cerevisiae
(as a synthetic gene block with codons optimized for expression in E. coli B strains) in place of sfGFP by Gibson assembly.
pET28-Gre2p-SpyTag003 loop insertions were derived from pET28-Gre2p by insertion of spacer-SpyTag003-spacer (sequence
GGGGSRGVPHIVMVDAYKRYKGGGGS) between residues Lys140 and Ser141 (pET28-Gre2p-SpyTag003 Loop A), Glu229 and
Asp230 (pET28-Gre2p-SpyTag003 Loop B), or Ser297 and Thr303 (pET28-Gre2p-SpyTag003 Loop C) by Gibson assembly.
pET28-Gre2p-DogTag loop insertions were derived from pET28-Gre2p by insertion of spacer-DogTag-spacer (sequence GGGGSDI-
PATYEFTDGKHYITNEPIPPKGGGGS) between residues Lys140 and Ser141 (pET28-Gre2p-DogTag Loop A), Glu229 and Asp230
(PET28-Gre2p-DogTag Loop B), or Ser297 and Thr303 (pET28-Gre2p-DogTag Loop C) by Gibson assembly. pET28-sfGFP was
derived from pET28-SpyTag003-sfGFP (Addgene plasmid ID 133454) (Keeble et al., 2019) by deletion of the N-terminal SpyTag003
by Gibson assembly. pET28-sfGFP-SpyTag003 loop insertions were derived from pET28-sfGFP by insertion of spacer-SpyTag003-
spacer (sequence GGGGSRGVPHIVMVDAYKRYKGGGGS) between residues Val22 and Asn23 (pET28-sfGFP-SpyTag003 Loop A),
Asp102 and Asp103 (pET28-sfGFP-SpyTag003 Loop B), or Asp173 and Gly174 (pET28-sfGFP-SpyTag003 Loop C) by Gibson as-
sembly. pET28-sfGFP-DogTag loop insertions were derived from pET28-sfGFP by insertion of spacer-DogTag-spacer (sequence
GGGGSDIPATYEFTDGKHYITNEPIPPKGGGGS) between Val22 and Asn23 (pET28-sfGFP-DogTag Loop A), Asp102 and Asp103
(PET28-sfGFP-DogTag Loop B), or Asp173 and Gly174 (pET28-sfGFP-DogTag Loop C) by Gibson assembly. pGEX-2T-GST-BirA
was a gift from Chris O’Callaghan, University of Oxford. pET28-MBP-sTEV is a modified TEV protease construct with the domain
arrangement MBP-Hisg-TEV protease-Args, modified from a kind gift of Stephen Bottomley, Monash University, but with no internal
TEV cleavage site between the MBP and TEV protease. The TEV protease domain contains the following solubility/stability mutations
(numbers refer to the standard TEV protease numbering scheme): C19V L56V C110V C130S S135G and S219D (Cabrita et al., 2007;
Correnti et al., 2018; Kapust et al., 2001). pET28 Affi-SnoopCatcher was created by cloning an anti-HER2 affibody on to the N-ter-
minus of pET28 SnoopCatcher (Veggiani et al., 2016). pET28-SnoopTagdr-AffiHer2 was previously described (Buldun et al., 2018).
pET28-AviTag-DogCatcher-MBP was derived from pET28-AviTag-DogTag-MBP and pDEST14-DogCatcher by Gibson assembly.
pDEST14-Cys-DogCatcher was derived by Gibson assembly from pDEST14-DogCatcher by insertion of a cysteine between the
TEV cleavage site and the DogCatcher portion. pJ404-DogCatcher-sfGFP was derived by incorporating DogCatcher in place of
SpyCatcher003 in pJ404-SpyCatcher003-sfGFP (Keeble et al., 2019).

pcDNA4-TRPC5-SYFP2 with human TRPC5 fused to SYFP2 has been described (Minard et al., 2019). For pcDNA4-TRPC5-
DogTag-SYFP2, DogTag (underlined), flanked by a glycine-serine linkers (GGGGSDIPATYEFTDGKHYITNEPIPPKGGGGS) was
introduced between Y460 and N461 of human TRPC5 by site-directed mutagenesis with Q5 High-Fidelity DNA polymerase
(NEB). All constructs were verified by sequencing.

Protein expression and purification

R2Catcher, DogCatcher variants, AviTag-R2Tag-MBP, DogTag-MBP fusions, SpyTag003-MBP, SpyCatcher003-sfGFP and
Hisg-MBP were expressed in E. coli BL21 DE3 RIPL (Agilent). SpyCatcher003 was expressed in E. coli C41 DE3 (a gift from Anthony
Watts, University of Oxford). Single colonies were inoculated into 10 mL LB containing either 100 pg/mL ampicillin (SpyCatcher003,
SpyCatcher003-sfGFP, R2Catcher or DogCatcher variants) or 50 pg/mL kanamycin (Hisg-MBP, SpyTag003-MBP, AviTag-R2Tag-
MBP and DogTag fusions) and grown for 16 hr at 37°C with shaking at 200 rpm. For secondary culture, 1/100 dilution of the saturated
overnight culture was inoculated in 1 L LB + 0.8% (w/v) glucose with appropriate antibiotic and grown at 37°C with shaking at 200 rpm
in ultra-yield baffled flasks (Thomson Instrument Company) until an ODggg of 0.5, followed by induction with 0.42 mM IPTG at 30°C
with shaking at 200 rpm for 4 hr. Cells were harvested and then lysed by sonication on ice in Ni-NTA buffer (50 mM Tris-HCI pH 8.0
containing 300 mM NaCl) and 10 mM imidazole with mixed protease inhibitors (cOmplete mini EDTA-free protease inhibitor cocktail,
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Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF), followed by clarification by centrifugation in an JA25—50 rotor (Beckman) at
30,000-35,000 g for 30-40 min at 4°C. The clarified lysate was incubated with Ni-NTA resin (Qiagen). After addition of the resin/lysate
slurry to a Poly-Prep gravity column, the resin was washed with 30 column volumes of Ni-NTA buffer containing 10 mM imidazole,
followed by elution using N-NTA buffer containing 200 mM imidazole (Fairhead and Howarth, 2015). Proteins were dialyzed into PBS
(137 mM NaCl, 2.7 mM KClI, 10 mM Na,HPQO,4, 1.8 mM KH,PO,) pH 7.5 using 3.5 kDa molecular weight cut-off dialysis tubing (Spec-
trum Labs). MBP-sTEV was expressed and purified as described above except without protease inhibitor cocktail tablets. Protein
concentrations were determined from OD.gq using the extinction coefficient from ExPASy ProtParam.

GST-BirA was expressed in E. coli BL21 DE3 RIPL as above and purified using glutathione Sepharose (Fairhead and Howarth,
2015). Variants of sfGFP were expressed in E. coli BL21 DE3 RIPL and purified as above, except after induction the culture was grown
at 22°C for 18 hr. Variants of Gre2p were expressed in E. coli BL21 DE3 RIPL and purified as above, except after induction the culture
was grown at 25°C for 18 hr and proteins were dialyzed into 100 mM potassium phosphate pH 7.4 [formed by mixing 100 mM
solutions of monobasic (KH,PO,4) and dibasic (K;HPO,) potassium phosphate solutions]. Proteins were quantified using the Pierce
bicinchoninic acid (BCA) Protein assay kit (Thermo Fisher) according to the manufacturer’s instructions, with the modification that
sfGFP variants were incubated for 1 hr at 60°C in the assay solution before reading the absorbance, to ensure complete denaturation.

Typical protein yields per L of culture were: R2Catcher 4 mg, DogCatcher variants 6-8 mg, Tag-MBP fusions 20-25 mg, sfGFP
fusions 15-35 mg, Gre2p fusions 12-24 mg.

AviTag biotinylation with GST-BirA was performed as described (Fairhead and Howarth, 2015): a master mix was made of 100 puM
target protein in 952 pL PBS, 5 uL. 1 M MgCly, 20 puL 100 mM ATP, 20 pL 50 pM GST-BirA and a final concentration of 1.5 mM biotin.
The reaction was incubated for 1 hr at 30°C with shaking at 800 rpm. An additional 20 uL 50 uM GST-BirA was added, followed by a
further 1 hrincubation. Finally, the sample was dialyzed in PBS pH 7.5 at 4°C. We established complete biotinylation by a streptavidin
gel shift assay (Fairhead and Howarth, 2015).

R2CatcherB WT phage production

We chose two different cell-lines to identify better conditions for R2CatcherB phage production, since R2CatcherB initially displayed
poorly on the phage surface. R2CatcherB phagemid was transformed into E. coli XL1-Blue (Agilent) or E. coli K12 ER2738 (Lucigen)
and grown at 18, 25 or 30°C for 16 hr for phage production. The ER2738 strain was preferred, giving increased functionality of phage
for the selection. Transformed cells were grown in 50 mL 2YT with 100 pg/mL ampicillin, 10 png/mL tetracycline and 0.2% (v/v) glycerol
at 37°C, 200 rpm until ODggg = 0.5 (~2-3 hr). Cells were infected in log phase with 10'2 R408 helper phage (Agilent) and incubated at
80 rpm at 37°C for 30 min. Expression of R2CatcherB-plll was induced with 0.1 mM IPTG and cells were incubated for 18-20 hr at
200 rpm at 18, 25 or 30°C. Phage were harvested using one volume of precipitation buffer [sterile 20% (w/v) PEG8000, 2.5 M NaCl]
per 4 volumes of supernatant (Keeble et al., 2017). Briefly, the supernatants were mixed with the precipitation buffer and incubated at
4°C for 3—-4 hr. Phage were pelleted by centrifugation at 15,000 g for 30 min at 4°C and the supernatant was removed. Phage pellets
were resuspended in PBS (2 mL per 100 mL culture) and centrifuged at 15,000 g for 10 min at 4°C to clear any residual cells, before
the supernatant was transferred to a new tube. The mixture was precipitated again as previously, but this time resuspended in
0.25 mL PBS per 100 mL culture. Samples were centrifuged at 15,000 g for 10 min at 4°C and phage were precipitated a third
time and resuspended in a final volume of 0.25 mL PBS per 100 mL culture. Samples were stored short-term (1-2 weeks) at 4°C,
or long-term at —80°C with 20% (v/v) glycerol as cryoprotectant. Phage were quantified by plating serial dilutions after re-infection.

Phage library generation

To create the randomized mutagenesis library, pFab5cHis-R2CatcherB-glll phagemid was used as a template in PCR reactions. The
vector was amplified using KOD polymerase (EMD Millipore) with oligonucleotide primers (forward primer: 5-GGATCCAGTGGTA
GCGAAAACCTCTAG; reverse primer: 5'-CATGGCGCCCTGATCTCGAGG). The insert was amplified with forward primer 5'- GACC
TCGAGATCAGGGCGCCATG and reverse primer 5'- GAAGTAGAGGTTTTCGCTACCACTGGATC using GeneMorph Il Random
Mutagenesis kit (Agilent) according to the manufacturer’s protocol. Dpnl was added following thermal cycling, incubated at 37°C
for 1 hr, and heat-inactivated at 80°C for 20 min. The amplified fragments were separated by agarose gel electrophoresis and
DNA bands for the vector and insert were purified by gel extraction (Thermo Scientific). Ligation was performed at the optimized vec-
tor:insert molar ratio of 1:3 with ~500 ng of DNA in a total volume of 20 uL. Equal volume of 2 x master mix Gibson (NEB) was added to
the insert-vector mixture and incubated at 50°C for 16 hr. DNA was concentrated on a spin-filter (Wizard PCR clean up kit; Promega)
and 3 pL (~700 ng) of DNA was transformed into 50 pL electrocompetent ER2738 amber stop codon suppressor cells (Lucigen) by
electroporation in Bio-Rad 2 mm electroporation cuvettes in a Gene Pulser Xcell (Bio-Rad) with a 2.5 kV voltage setting. Transform-
ants were recovered by addition of 950 uL SOC medium at 37°C for 1 hr and then further grown in 50 mL 2YT media, containing
100 pg/mL ampicillin and 10 png/mL tetracycline for 16 hr at 37°C. Transformation efficiency was determined by plating serial dilutions
of 1 mL rescue culture on an agar plate with 100 ng/mL ampicillin and 10 pg/mL tetracycline. Aliquots were flash-frozen and stored
at —80°C. To harvest the library, 1 mL of overnight culture was added to 250 mL 2YT media with 100 pg/mL ampicillin and 10 ng/mL
tetracycline and 0.2% (v/v) glycerol and grown at 37°C at 200 rpm until ODggg 0.5 (~2-3 hr). Cells were infected with 10" R408 helper
phage (Agilent) and incubated at 80 rpm at 37°C for 30 min. Expression of R2CatcherB-plll library was induced with 0.1 mM IPTG and
incubated for 18-20 hr at 200 rpm at 18°C. Cells were removed by centrifugation at 15,000 g for 10 min at 4°C and phage were purified
as described above.
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Phage selections

Biotinylated AviTag-DogTag-MBP was used as bait to react with the R2CatcherB phage library. The non-reactive bait variant
(biotinylated AviTag-DogTag NA-MBP) was included in parallel selections to assess the efficiency of the panning. Reactions were
carried outin PBS pH 7.5 at 25°C with 3% (w/v) BSA (BSA, Merck A9418) and supplemented with 25 uM Hisg-MBP (to counter-select
for any DogCatcher variants that bind to MBP). In the first round of selection, 10" phage were mixed with 0.5 uM bait and reacted for
18 hr. Three subsequent selection rounds were carried out with increasing stringency (0.2 uM bait and 60 min reaction in round 2;
0.1 uM bait and 15 min reaction in round 3; 0.05 uM bait and 10 min reaction in round 4). Reaction was stopped by adding
100-fold excess bait without an AviTag (DogTag-MBP).

Phage were purified from unreacted biotinylated bait by PEG-NaCl precipitation. The pellet containing the phage-biotinylated bait
adduct was resuspended in PBS pH 7.5 with 0.1% (v/v) Tween 20. 200 pL phage were mixed with 20 pL Biotin-Binder Dynabeads
(Thermo Fisher) in a 96-well low bind Nunc plate that had been pre-blocked for 2 hr at 25°C with 3% (w/v) BSAin PBSpH 7.5+ 0.1%
(v/v) Tween 20. The beads were pre-washed four times with 200 ulL/well of PBS pH 7.5 + 0.1% (v/v) Tween 20. Phage-biotinylated bait
adduct was incubated with beads in the microtiter plate for 1 hr at 25°C with shaking at 800 rpm in an Eppendorf Thermomixer. To
remove weakly bound phage, beads were washed once with 150 uL glycine-HCI pH 2.2 at 25°C, then four times with 150 puL
TBS (50 mM Tris-HCI + 150 mM NaCl, pH 7.5) with 0.5% (v/v) Tween 20 at 25°C. Phage were eluted from beads with 100 puL
0.72 mg/mL MBP-sTEV at 34°C for 2 hrin 50 mM Tris-HCI pH 8.0 with 0.5 mM ethylenediamine tetraacetic acid (EDTA). Eluted phage
were rescued by infection of 10 mL mid-log phase (ODggpo = 0.5) cultures of ER2738 cells. Cells were grown at 37°C at 80 rpm for
30 min and then transferred into 200 mL 2YT supplemented with ampicillin (100 pg/mL), tetracycline (10 ng/mL), 0.2% (v/v) glycerol
and grown at 37°C at 200 rpm for ~2 hr until ODggo = 0.5. Cultures were infected with 10'2 R408 helper phage and incubated at 80 rpm
at 37°C for 30 min. Expression of R2CatcherB-plll was induced with 0.1 mM IPTG and cells were incubated for 18-20 hr at 200 rpm at
18°C. The number of phage eluted was quantified by plating serial dilutions from 10 mL rescue culture.

Isopeptide bond formation assays

Reactions were generally carried out at 25°C in PBS pH 7.5 (Keeble et al., 2017). Reactions were analyzed by SDS-PAGE on 16%
(w/v) polyacrylamide gels using the XCell SureLock system (Thermo Fisher) at 180 V. The reaction was quenched by addition of 6x
SDS-loading buffer [0.23 M Tris-HCI, pH 6.8, 24% (v/v) glycerol, 120 uM bromophenol blue, 0.23 M SDS] and heating at 95°C for
5 min in a Bio-Rad C1000 thermal cycler. Proteins were stained using InstantBlue (Expedeon) Coomassie. Band intensities were
quantified using a Gel Doc XR imager and Image Lab 5.0 software (Bio-Rad). Percentage isopeptide bond formation was calculated
by dividing the intensity of the band for the covalent complex by the intensity of all the bands in the lane and multiplying by 100.

The second-order rate constant for covalent complex formation when reacting 5 pM AviTag-DogTag-MBP and 5 uM Catcher
protein was determined by monitoring the reduction in the relative intensity of the band for R2Catcher or DogCatcher, to give
the change in the concentration of the unreacted Catcher variant. Time-points were analyzed during the linear portion of the
reaction curve. 1/[Catcher variant] was plotted against time and analyzed by linear regression using Excel (Microsoft) and Origin
2015 (OriginLab Corporation), including calculation of the s.d. for the best fit. The data represent the mean +1 s.d. from triplicate
measurement.

Temperature-dependence of DogTag:DogCatcher isopeptide bond formation was carried out in succinate—-phosphate—glycine
(SPG) buffer (12.5 mM succinic acid, 43.75 mM NaH,PO,, 43.75 mM glycine; pH adjusted to 7.0 using NaOH) with 2 uM of
AviTag-DogTag-MBP and DogCatcher with the 15 min time point assessed at 4, 25 or 37°C in triplicate.

The pH-dependence of DogTag:DogCatcher isopeptide bond formation was carried out in SPG buffer with 2 uM each for AviTag-
DogTag-MBP and DogCatcher with the 30 min time point assessed at pH 4, 5, 6, 7, 8, or 9 in triplicate.

The buffer-dependence of DogTag:DogCatcher isopeptide bond formation was carried out in a range of buffers all at pH 7.5 with
5 uM AviTag-DogTag-MBP and 5 uM DogCatcher with the 5 min time point assessed. Buffers used were PBS, PBS +1 mM dithio-
threitol (DTT), PBS +1 mM EDTA, PBS +1% (v/v) Triton X-100, PBS +1% (v/v) Tween 20, HBS (50 mM HEPES +150 mM NaCl), TBS
(50 mM Tris-HCI + 150 mM NacCl), or Tris (50 mM Tris-HCI).

Condition-dependence of SpyTag003/SpyCatcher003 was determined as follows. For the temperature-dependence assay,
100 nM SpyCatcher003-sfGFP and SpyTag003-MBP were reacted for 2 min in PBS pH 7.4 supplemented with 0.2% (w/v) BSA at
4, 25, 30 or 37°C. For the buffer-dependence assay, 100 nM SpyCatcher003-sfGFP and SpyTag003-MBP were reacted for 2 min
at 25°C in PBS pH 7.4, PBS pH 7.4 + 1 mM EDTA, PBS pH 7.4 + 1% (v/v) Triton X-100, PBS pH 7.4 + 1% (v/v) Tween 20, HBS
(20 mM HEPES pH 7.4 + 150 mM NacCl), or TBS (20 mM Tris-HCI pH 7.4 + 150 mM NaCl). Each buffer was supplemented with
0.2% (w/v) BSA. For the pH-dependence assay, 1 uM SpyCatcher003 and 1 uM SpyTag003-MBP were reacted in SPG buffer
at 25°C.

DogCatcher and DogTag reaction toward completion was tested with 10 or 20 uM DogCatcher reacting with 10 or 20 pM Halo-
Tag7SS-DogTag in PBS pH 7.5 at 25°C for 200 min. 5 uM DogCatcher was reacted with either 5 UM HaloTag7SS-DogTag or
AviTag-DogTag-MBP in PBS pH 7.5 at 25°C, to compare the reaction of DogTag constrained in a loop (HaloTag7SS-DogTag) or
free from this constraint (AviTag-DogTag-MBP).

Reaction of loop variants for sfGFP or Gre2p was carried out in PBS pH 7.5 at 25°C with 5 uM loop variant reacted with 5 M
DogCatcher or SpyCatcher003.

Reaction at low concentration was carried out with 100 nM DogCatcher-sfGFP and 100 nM HaloTag7SS-DogTag in PBS pH
7.5 + 0.2% (w/v) BSA (Merck) at 25°C. Reactions were analyzed by SDS/PAGE on 16% polyacrylamide gels using the XCell
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SurelLock system (Thermo Fisher) at 180 V. The reaction was quenched at 50°C for 5 min after addition of one-sixth the volume
of 6x SDS-loading buffer 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. % Product
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.

Cross-reactivity of DogCatcher (15 uM) and HaloTag7SS-DogTag (10 uM) was tested with Affi-SnoopCatcher, SnoopTagJr-
AffiHer2, SpyCatcher003, SpyTag003-MBP (all at 10 uM for testing DogCatcher reactivity; with Affi-SnoopCatcher and
SpyCatcher003 at 15 uM for reaction with HaloTag7SS-DogTag) in PBS pH 7.5 at 25°C for 24 hr.

Protein yield and solubility determination
During purification from E. coli (carried out in duplicate), R2Catcher, R2CatcherB or DogCatcher was eluted in Ni-NTA buffer con-
taining 200 mM imidazole and centrifuged for 30 min at 17,000 g at 4°C. The concentration of the supernatant was measured by
Asgo. The proteins were dialyzed three times into PBS pH 7.5 at 4°C using 3.5 kDa molecular weight cut-off dialysis tubing (Spectrum
Labs). A further 30 min centrifugation at 17,000 g at 4°C was carried out and the concentration of the supernatant was determined
by Aogo.

Proteins in PBS pH 7.5 were concentrated in a Vivaspin 6 (5,000 Da molecular weight cut-off, Cytiva) at 25°C at 4,000 g in a bench-
top centrifuge with a swing-out rotor. The protein concentration was monitored periodically by Aogo, with the onset of aggregation
determined by the solution becoming visibly cloudy.

DogCatcher dye labeling

Dye labeling took place with tubes wrapped in foil, to minimize light exposure. Alexa Fluor 647-maleimide (Thermo Fisher) was
dissolved in DMSO to 10 mg/mL. Cys-DogCatcher was dialyzed into TBS pH 7.4 and reduced for 30 min at 25°C with 1 mM
TCEP [tris(2-carboxyethyl)phosphine)]. 100 uM Cys-DogCatcher was incubated with a 3-fold molar excess of dye:protein and
reacted with end-over-end rotation at 25°C for 4 hr. After quenching the unreacted maleimide with 1 mM DTT for 30 min at 25°C,
samples were centrifuged at 16,000 g for 5 min at 4°C to remove any aggregates. Free dye was removed using Sephadex G-25 resin
(Merck) and dialyzing thrice each time for at least 3 hr in PBS pH 7.4 at 4°C.

Spectroscopic measurements of sfGFP

Emission spectra of 0.5 uM sfGFP variants were collected at 25°C in PBS pH 7.5, using a Horiba-Yvon Fluoromax 4 with an excitation
wavelength of 488 nm. Fluorescence emission was collected between 500 and 660 nm using a monochromator, with data collected
with polarizers set to the magic angle (54.7°). Absorbance spectra of 10 uM sfGFP variants were collected at 25°C in PBS pH 7.5
using a Jasco V-550 UV/VIS Spectrophotometer. Data were collected every nm from 250 nm to 600 nm with a scanning speed of
200 nm/min, a fast response, and a bandwidth of 2.0 nm. The data represent the mean of biological triplicates.

Mass spectrometry

30 uM DogCatcher was reacted with 15 uM DogTag peptide (GDIPATYEFTDGKHYITNEPIPPK; solid-phase synthesized by Activotec
at >95% purity) for 2 hrin PBS pH 7.5 at 25°C, to enable pre- and post-reacted DogCatcher to be compared in a single experiment.
Reaction was analyzed by SDS-PAGE with Coomassie staining. Mass spectrometry was performed using an Agilent RapidFire
(RF365) fitted with high-throughput sampling robotic platform coupled to an Agilent 6550 Accurate-Mass Quadrupole Time-of-Flight
(Q-TOF) mass spectrometer in positive ion mode, utilizing a jet-stream electrospray ion source (Agilent). 10 uM protein in 50 puL was
prepared in a 384-well polypropylene plate (Greiner Bio-One) and then acidified by addition of 5 uL 10% (v/v) formic acid. Samples
were aspirated from the plate under vacuum for 400 ms and loaded onto a C4 solid-phase extraction cartridge. The cartridge was
washed with 0.1% (v/v) formic acid at 1.5 mL/min for 5.5 s. Proteins were eluted into the mass spectrometer using 85% (v/v) aceto-
nitrile, 15% (v/v) deionized water containing 0.1% (v/v) formic acid at 1.25 mL/min for 5.5 s, with water used to re-equilibrate the car-
tridge for 500 ms. Nitrogen drying gas was operated at 13 L/min and 225°C. The jet stream sheath gas was 350°C and 12 L/min. The
nozzle voltage was 1,500 V. MassHunter Quantitative Analysis software version 7.0 (Agilent) was used with the maximum entropy
algorithm. Predicted mass was based on ExPASy ProtParam with removal of the initiating formyl methionine and loss of 17 Da
upon formation of an isopeptide bond.

Gre2p activity assay

50 nM Gre2p variant was incubated with 1.5 mM isovaleraldehyde (Merck) and 0.25 mM reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH) (ChemCruz) in 100 mM potassium phosphate pH 7.4 [formed by mixing 100 mM solutions of
monobasic (KH,PO,) and dibasic (K;HPO,) potassium phosphate solutions] + 0.1% (w/v) BSA +1 mM DTT at 25°C. Reaction
was initiated by pipetting 100 uL 15 mM isovaleraldehyde in 100 mM potassium phosphate pH 7.4 into the reaction mixture and
the progress was measured at 25°C by the decrease in Az4, measured using a Jasco V-550 UV/VIS Spectrophotometer with a
medium response and 5.0 nm bandwidth. Data were collected every second for 200 s and represent the mean of 3 biological
replicates. Specific activity was calculated by converting the change in absorbance with time to change in moles of NADPH with
time, using an extinction coefficient for NADPH of 6,220 M~'cm™~'. Values shown are the mean +1 s.d. from three biological
replicates.
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Intracellular calcium measurement

HEK 293 cells were plated onto a 6-well plate at 0.8 x 10° cells/well for 24 hr prior to transfection. Cells were transfected with 2 ug
DNA for either pcDNA4/TO (empty vector), TRPC5-SYFP2, or TRPC5-DogTag-SYFP2 using jetPRIME transfection reagent (VWR).
24 h after transfection, cells were plated onto black, clear-bottomed 96 well plates (Greiner) at 60,000 cells per well and left to
adhere for 16-18 hr. For intracellular calcium recordings, media was removed and replaced with SBS containing 2 uM Fura-2
AM (Thermo Fisher) and 0.01% (v/v) pluronic acid. SBS contained (in mM): NaCl 130, KCI 5, glucose 8, HEPES 10, MgCl, 1.2,
CaCl, 1.5, titrated to pH 7.4 with NaOH. Cells were then incubated for 1 hr at 37°C. After incubation, Fura-2 AM was removed
and replaced with fresh SBS. Cells were incubated at 25°C for 30 min. SBS was then replaced with recording buffer [SBS with
0.01% (v/v) pluronic acid and 0.1% (v/v) DMSO, to match compound buffer]. For experiments to determine the effect of
DogCatcher labeling on TRPC5 function, cells were washed twice with SBS after Fura-2 AM incubation. SBS with or without
5 uM biotin-DogCatcher-MBP was added and cells were incubated at 25°C for 30 min. The buffer was then replaced by recording
buffer. Intracellular calcium was measured by use of a FlexStation3 (Molecular Devices), using excitation of 340 nm and 380 nm,
with emission of 510 nm. Recordings were taken for 5 min at 5 s intervals. At 60 s, the agonist (—)-englerin A (PhytoLab) was added
from a compound plate containing compound buffer [SBS with 0.01% (v/v) pluronic acid and (—)-englerin A] to a final concentration
of 30 nM (Figure 7B) or 10 nM (Figure 7D).

GFP-trap and Western blot

The protocol is an adaptation of a previous photoaffinity labeling/GFP-Trap/Western blot workflow (Bauer et al., 2020). COS-7
cells were plated onto 6-well plates at 0.15 x 10° cells per well for 24 hr prior to transfection. Cells were transfected with 2 pg
pcDNA4/TO (empty vector), pcDNA4-TRPC5-SYFP2, or pcDNA4-TRPC5-DogTag-SYFP2 using jetPRIME transfection reagent
(VWR). After 4 hr, transfection media was replaced with fresh media. Experiments were carried out 24-48 hr after transfection.
Media was removed and cells were washed once with PBS containing 1 mM CaCl,. For the time course, biotin-DogCatcher-
MBP was diluted to 5 uM using PBS containing 1 mM CaCl, and cells were incubated with biotin-DogCatcher-MBP for 1, 3, 10
or 30 min at 25°C on a rocker. Cells were washed three times with PBS containing 1 mM CaCl, and then lysed in lysis buffer
[10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% (v/v) NP-40, supplemented with Pierce Protease Inhibitor Mini Tablets
(Thermo Fisher)], for 30 min at 4°C. Lysates were centrifuged (12,000 g, 4°C, 10 min), and protein in supernatants was quantified by
BCA assay (Thermo Fisher). Equal amounts of protein and lysis buffer were diluted in Dilution buffer (10 mM Tris-HCI pH 7.5,
150 mM NacCl, 0.5 mM EDTA) to 400 pL, and 30 pL was then removed for input blots. Washed GFP-Trap agarose (20 uL per re-
action; Chromotek) was added to diluted lysates and incubated for 1 hr at 4°C on a rotator. GFP-Trap agarose was then washed
three times with Dilution buffer and proteins were eluted with Novex Tris-Glycine loading buffer (2 x; Thermo Fisher) supplemented
with 10% (v/v) B-mercaptoethanol (Merck) at 95°C for 10 min. Prior to SDS-PAGE, GFP-Trap samples were centrifuged briefly to
pellet the beads. GFP-Trap samples were separated on 7.5% pre-cast gels (Bio-Rad) and transferred to polyvinylidene difluoride
(PVDF, Millipore). Membranes were blocked with 5% (w/v) milk in PBS supplemented with 0.1% (v/v) Tween 20 (PBS-T),
before incubation with primary antibody (anti-GFP, Abcam ab1218; 1:5,000) overnight at 4°C. Following washing with PBS-T
(6 x 5 min, 25°C) membranes were incubated with anti-mouse IgG-horseradish peroxidase (Thermo Fisher) for 1 hr at 25°C.
Membranes were then washed with PBS-T (6 x 5 min, 25°C) and blots were imaged with Pierce ECL (Thermo Fisher) and a
G:BOX imager with Syngene software. GFP-Trap membranes were then stripped with Restore Stripping Buffer (Thermo Fisher)
and blocked in 5% (w/v) BSA in PBS-T, before incubation with streptavidin-horseradish peroxidase (1:5,000; Thermo Fisher)
for 16-18 hr at 4°C. Blots were washed with PBS-T and imaged as above.

Fluorescence microscopy

COS-7 cells were plated onto sterile 13 mm glass coverslips at 40,000 cells per well in a 24 well plate. The next day, cells were trans-
fected with 500 ng TRPC5-SYFP2 or TRPC5-DogTag-SYFP2 using jetPRIME transfection reagent (VWR). Transfection media was
replaced with fresh media 4 hr after transfection. 24 h after transfection, cells were washed once with PBS containing 1% (w/v)
BSA and incubated with 5 uM DogCatcher-647 in PBS for 1, 3, or 10 min at 25°C on a rocker in the dark. Cells were washed three
times with PBS and fixed in 4% (w/v) paraformaldehyde (Alfa Aesar) in PBS for 10 min at 25°C, before being washed once in
PBS +0.1 M glycine, pH 7.4. Cells were then incubated in fresh 0.1 M glycine in PBS at pH 7.4 for 10 min at 25°C. Cells were
then washed three times with PBS and mounted with ProLong Gold (ThermoFisher Scientific). Imaging was carried out on a
LSM710 confocal microscope (Zeiss) using a 63%/1.4 oil objective. SYFP2 was excited by a 514 nm Argon laser and Alexa Fluor
647 by a 633 nm HeNe laser. Fluorescence was detected using Zeiss photomultiplier tubes with wavelength ranges of 524-
583 nm for SYFP2 and 660-718 nm for Alexa Fluor 647. Images were exported to Fiji ImageJ) for final processing. The images repre-
sent confocal slices. All images were collected and analyzed using the same settings.

Structure visualization

Protein structures were rendered in PyMOL version 2.0.6 (DeLano Scientific), based on PDB 2WWS8 (Izore et al., 2010), 5Y2X (Kang
et al., 2017), 2B3P (Pedelacq et al., 2006), 4PVD (Guo et al., 2014), 4MLI (Li et al., 2014) or 6YSN (Wright et al., 2020). pl values for
DogCatcher variants were predicted using ProtParam (Gasteiger et al., 2005).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Isopeptide bond formation assay measurements (rates and product yield at fixed time points) were means and standard deviations of
triplicate experiments calculated using Excel (Microsoft) and Origin 2015 (OriginLab Corporation). Gre2p assay time courses and
sfGFP spectra were means of triplicate biological replicates calculated using Excel (Microsoft). Gre2p assay rates were means
and standard deviations of triplicate experiments calculated using Excel (Microsoft). The statistical details of experiments can be
found in the Figure legends and STAR Methods.
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