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ABSTRACT: Reactive functional groups may be incorporated into
proteins or may emerge from natural amino acids in exceptional
architectures. Anhydride formation is triggered by calcium in the
self-processing module (SPM) of Neisseria meningitidis FrpC, which
we previously engineered for “NeissLock” ligation to an unmodified
target protein. Here, we explored bacterial diversity, discovering a
related module with ultrafast anhydride formation. We dissected
this swift SPM to generate a split NeissLock system, providing a
second layer of control of anhydride generation: first mixing N- and
C-terminal NeissLock moieties and second adding millimolar
amounts of calcium. Split NeissLock generated a minimal fusion
tag, permitting binder expression in mammalian cells with complex
post-translational modifications and avoiding self-cleavage while
transiting the calcium-rich secretory pathway. Employing spontaneous amidation between SpyTag003 and SpyCatcher003, we
dramatically accelerated split NeissLock reconstitution, allowing a rapid high-yield reaction to naturally occurring targets. We
established a specific covalent reaction to endogenous Epidermal Growth Factor Receptor using split NeissLock via Transforming
Growth Factor-α secreted from mammalian cells. Modular ligation was demonstrated on living cells through site-specific coupling of
the clot-busting enzyme tissue plasminogen activator or a computationally designed cytokine. Split NeissLock provides a modular
architecture to generate highly reactive functionality, with inducibility and simple genetic encoding for enhanced cellular
modification.

■ INTRODUCTION
Covalent coupling brings new possibilities for robust and long-
lasting assemblies, useful for biotransformation,1 diagnostics,2

vaccines,3 and cell therapies.4,5 Highly reactive electrophiles
such as acid anhydrides and N-hydroxysuccinimides are
regularly used for coupling to proteins, including for
fluorescent labeling and proteomics.6,7 Such classic reactants
produce broad, uncontrolled reaction.6 For covalent coupling
to untagged endogenous proteins with more specificity,
electrophiles of lower reactivity, such as acrylamide,8,9

chloroacetyl,10 or Sulfur(VI) Fluoride Exchange (SuFEx)
probes, are more commonly used.11 Employing these weak
electrophiles to direct protein−protein ligation may be limited
by the cost and complexity of attaching these electrophiles
through a separate reaction (e.g., coupling through cysteine)8,9

or through noncanonical amino acid mutagenesis.12−14 Hence,
we have been exploring ways to incorporate electrophiles into
proteins using only the standard 20 amino acids.15,16 Neisseria
meningitidis FrpC contains a self-processing module (SPM)
that, upon binding calcium, cleaves at the aspartate-proline (D-
P) peptide bond, releasing SPM to reveal an aspartic anhydride
(Figure 1A).15,16 Aspartic anhydride is a highly reactive
electrophile, susceptible to rapid reaction with water.6

Developing control of this anhydride’s reactivity in diverse

contexts would create new opportunities for molecular
engineering.
We previously redirected anhydrides for what we termed

NeissLock coupling17 (Figure 1B), taking advantage of the
feature that any protein can be N-terminal to SPM.16 In
NeissLock, a binding protein that interacts noncovalently with
a target is fused with SPM (Figure 1B). The two components
are then mixed to form a noncovalent complex, before cleavage
at aspartate-proline is initiated with calcium. The resulting
anhydride can then react with nearby nucleophiles on the
target protein, creating an irreversible covalent complex.17

Here, we enhance the NeissLock system by identifying a faster
SPM. We then split the SPM so that NeissLock may be
performed on proteins expressed in mammalian cells. Through
the use of SpyTag/SpyCatcher, we accelerate the reconstitu-
tion of the split SPM system. Then, we demonstrate the
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application of this Spy-accelerated split SPM for covalent
ligation of therapeutic proteins to the unmodified Epidermal
Growth Factor Receptor (EGFR) at the surface of living cells.

■ RESULTS
Identification of a Faster Reacting SPM Homologue.

To advance NeissLock chemistry, here our first step was to
explore whether other bacterial systems could give superior
inducible formation of anhydrides. We bioinformatically
identified a panel of SPMs with varying divergence from N.
meningitidis FrpC (Figure S1). FrpA SPM from N. meningitidis
shows a 98% amino acid sequence identity to FrpC SPM. SPM
of the hemolysin-type calcium-binding protein-related domain-
containing protein from Alysiella filiformis shows 71% amino
acid sequence identity to FrpC. A. filiformis is a nonpathogenic
bacterium that infects pigs.18 SPM of the bifunctional
hemolysin/adenylate cyclase precursor from Kingella negevensis
shows 60% amino acid sequence identity to FrpC. K. negevensis
can be found in the throat of children.19

As a model for NeissLock coupling, we employed the
noncovalent interaction between ornithine decarboxylase
(ODC) and ornithine decarboxylase antizyme (OAZ).17

After calcium activation of NeissLock coupling, previous
mass spectrometry (MS) analysis identified K92 as the primary
cross-linking site on ODC, with additional cross-linking to
other ε-amines proximal to the C-terminus of OAZ including
K121 and K74.17 OAZ was genetically fused to the SPM from
different species. Each version was efficiently expressed solubly
in Escherichia coli. All homologues underwent successful
calcium-induced cleavage, as well as reaction to the ODC
(Figure 1C). FrpA SPM was ultrafast, with 91 ± 0.2% cleaved
after 1 h (Figure 1D, mean ± 1 s.d., n = 3). The few differences
between SPMs of FrpA and FrpC (Figure S2A) have a major
effect on the rate. We compared the time course with
suboptimal conditions of temperature (25 °C) and calcium (1
mM) (Figures S2B and 1E/F). Cleavage and ligation were also
substantially faster for FrpA under these conditions. Nearly
70% FrpA SPM was cleaved in 5 min, while FrpC SPM

Figure 1. Identifying an ultrafast self-processing module (SPM). (A) SPM undergoes autoproteolysis at Asp-Pro, generating an anhydride. POI is
the protein of interest. (B) Schematic of NeissLock. A binding protein genetically fused to SPM docks with a target protein. Upon adding calcium,
an anhydride (marked by the red star) is generated on the binding protein, releasing SPM, and enabling covalent coupling to a nucleophile (e.g.,
lysine, K) on the target. The red line represents an isopeptide bond. (C) Reactivity of SPM homologues. Incubation of different versions of 5 μM
OAZ-SPM with 5 μM ODC for 0 or 16 h was done with 10 mM calcium at 37 °C, before SDS−PAGE/Coomassie analysis. A colon indicates
covalent coupling. (D) Time course for SPM cleavage. 5 μM OAZ-SPM was mixed with 5 μM ODC for varying times with 10 mM calcium at 37
°C, before SDS−PAGE/Coomassie. (E) SPM cleavage rate for FrpA and FrpC with 10 μM of each partner, after adding 1 mM calcium for the
indicated time at 25 °C. (F) Coupling rate was tested as in (E). Plots show mean ± 1 s.d., n = 3.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Article

https://doi.org/10.1021/acschembio.5c00515
ACS Chem. Biol. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acschembio.5c00515/suppl_file/cb5c00515_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.5c00515/suppl_file/cb5c00515_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.5c00515/suppl_file/cb5c00515_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00515?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00515?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00515?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.5c00515?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.5c00515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


required 60 min or longer to reach the same cleavage extent.
Hence, we utilized the ultrafast FrpA SPM for subsequent
engineering. Following calcium addition, the two OAZ species
of differing mobility on SDS-PAGE (Figure S2B) correspond
to a linear species from hydrolysis of the anhydride and a
cyclized species from intramolecular reaction of the anhydride
with a residue on OAZ itself, as previously validated by MS.17

There is also potential for reaction of the anhydride with the
cleaved SPM, but this side-reaction is likely to be less
important since the cleaved SPM will be free to diffuse away
from the OAZ-anhydride. It is unclear how frequently the SPM
side-reaction with the anhydride occurs, since the product will
have the same molecular weight as any OAZ-SPM that fails to
be activated.

Engineering a Split SPM to Enable NeissLock
Coupling with Mammalian Proteins. It is important for
NeissLock to be compatible with binders expressed in the
mammalian secretory pathway, since many proteins cannot be
functionally expressed in bacteria because of their complex
multidomain topology or obligate post-translational modifica-
tion (e.g., N-linked glycosylation).20 However, we foresaw that
the millimolar calcium within the mammalian endoplasmic
reticulum during secretion21 would likely drive precleavage of
SPM.17 Indeed, when we purified superfolder green fluorescent
protein (sfGFP) genetically fused to FrpA SPM, following
secretion from human-derived Expi293F cells, a substantial
fraction was already cleaved (Figure S3). Aiming to overcome
this challenge, we devised a split protein approach, to allow

Figure 2. Engineering split NeissLock coupling. (A) Schematic of the split NeissLock. A binding protein genetically fused to the N-terminal
fragment of SPM reconstitutes with SPM’s C-terminal fragment, before binding the target protein. Calcium activates anhydride generation,
promoting ligation to the target. (B) AlphaFold 3 model of FrpA SPM, color-coded for regions for initial splitting into N-terminal (mauve, residues
300 to 315) and C-terminal (orange, residues 316 to 543) fragments. The reactive aspartate (D*) is shown in a stick format. Ca2+ ions are shown as
gray spheres. (C) Split NeissLock allows covalent ligation. OAZ-SPMN315 and SPMC316 each at 10 μM were incubated ± 10 μM ODC ± calcium
at 37 °C for 16 h, before SDS−PAGE/Coomassie. (D) Schematic of the different tested SPMN and SPMC fragments. (E) Time course for ligation
using SPMN and SPMC fragments. OAZ-SPMN was premixed with SPMC, before incubating with ODC (each protein at 5 μM) along with calcium
for the indicated times at 37 °C. Reaction was analyzed by SDS-PAGE/Coomassie (mean ± 1 s.d., n = 3).
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efficient gating of protein function.22,23 We designed split FrpA
SPM so that NeissLock binding proteins could be expressed
with a small inactive N-terminal fragment of SPM (SPMN)
(Figure 2A). Only upon mixing with a C-terminal fragment of
SPM (SPMC) should complete SPM be reconstituted, priming
calcium-inducible anhydride generation. We initially split
between residues 315 and 316 of FrpA SPM, to give an 18-
residue N-terminal fragment, to avoid disrupting the central
secondary structure (Figure 2B). The N-terminal portion
comprised residues 298 to 315, with the C-terminal portion
comprising the rest of the SPM. Indeed, we found calcium-
induced cleavage and ligation only upon mixing the two
fragments (Figure 2C).

To optimize reconstitution, we varied split positions, and
constructs are named after their terminal residue (Figure 2D).
Reconstitution was precarious since incubation of SPMN309
with SPMC310 or SPMN312 with SPMC313 gave no coupling
(Figure S4). However, SPMN318 and SPMC322 gave excellent
reactivity, almost twice that of the original SPMN315/
SPMC316 (Figure 2E). The location of 318 and 322 within
a loop of SPM (Figure 2B) is consistent with studies that
splitting within loops is best tolerated.22,23 Surprisingly,
residues 319−321 are absent from the fastest pair. Hereafter,
all experiments were performed with SPMN318 (N-terminal
298−318; 21 residues) and SPMC322 (C-terminal 322−543;
222 residues).

Figure 3. Spy-directed split NeissLock. (A) Schematic of Spy-accelerated split NeissLock. A binding protein fused to SPM’s N-terminal fragment
and SpyTag003 reacts with SPM’s C-terminal fragment fused to SpyCatcher003, to promote SPM reconstitution before calcium activation. (B)
Electrospray-ionization MS of reconstitution and SPM cleavage. OAZ-SPMN-SpyTag003 was incubated with SPMC-SpyCatcher003 and analyzed ±
calcium. (C) Spy-acceleration of split SPM cleavage. 2 μM OAZ-SPMN was incubated with 2 μM SPMC ± SpyTag003/SpyCatcher003 fusion at 37
°C, before adding calcium for the indicated time and SDS-PAGE/Coomassie. (D) Quantification of Spy-accelerated cleavage, based on (C) (mean
± 1 s.d., n = 3). (E) Optimization of the Split Site for Spy-acceleration. Percentage cleavage upon mixing the OAZ-SPMN-SpyTag003 and SPMC-
SpyCatcher003 variants was displayed as a heat map. 2 μM of each fragment was preincubated for 1 h at 37 °C, before calcium for 5 min (mean of
n = 3).
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Spy Ligation Accelerates Split FrpA Cleavage. Despite
optimizing split FrpA, reactions took hours (Figure 2E) that
would take minutes for full-length SPM (Figure 1F). We
hypothesized that inefficient reassembly was limiting cleavage.
The peptide SpyTag003 and its protein partner SpyCatch-
er003 react through a spontaneous isopeptide bond at rates
approaching the diffusion limit,24 thus having the potential to
anchor SPMN to SPMC and facilitate reaction (Figure 3A).
SpyTag003 was fused to SPMN’s C-terminus, both to minimize
the size of the fusion to the binding protein and to minimize
the scar left in the covalent complex between the binding
protein and the target (Figure 3A). SpyCatcher003 was
genetically fused to SPMC’s C-terminus through a short
glycine/serine-containing spacer. When we modeled the
structure of the complex between SPMN-SpyTag003 and
SPMC-SpyCatcher003, AlphaFold 3 predicted the reconstitu-
tion of both the SPMN/SPMC and SpyTag003/SpyCatcher003

moieties (Figure S5). We validated by MS the spontaneous
isopeptide bond formation between the OAZ-SPMN-Spy-
Tag003 and SPMC-SpyCatcher003 (Figure 3B).
OAZ-SPMN was mixed with SPMC with or without

SpyTag003/SpyCatcher003. With Spy-assistance, 53 ± 4.3%
OAZ was cleaved after 5 min and 92 ± 0.7% after 16 h (mean
± 1 s.d., n = 3). Without SpyTag003/SpyCatcher003, 19 ±
3.5% was cleaved in 5 min and only 41 ± 4.0% after 16 h
(Figure 3C/D) (mean ± 1 s.d., n = 3). Hence, Spy ligation
greatly accelerated split FrpA cleavage. We explored different
SPM fragment lengths for further optimization of cleavage
speed, but the same split sites (SPMN318 and SPMC322) were
optimal (Figure 3E, amino acid sequences provided in Figure
S6).

Split FrpA Coupling of Tissue Plasminogen Activator
or Cytokine Domains to the Mammalian Cell Surface.
Covalently attaching therapeutic proteins at the surface of cells

Figure 4. Spy-directed split NeissLock for coupling of model therapeutic domains to EGFR. (A) Covalent ligation of tPA to EGFR’s extracellular
domain. 3 μM tPA-TGFα-SPMN-SpyTag003 was reconstituted with 3 μM SPMC-SpyCatcher003 for 30 min at 25 °C. 1.4 μM amount of sEGFR
(the soluble extracellular region of EGFR) was added for 15 min at 37 °C, followed by Ca2+ for 1 h at 37 °C. Coupling was analyzed by SDS-
PAGE/Coomassie, after PNGase F deglycosylation to simplify banding patterns. (B) Specific coupling of tPA or cytokine domains to EGFR in
living cells. A431 cells were labeled for 10 min with 2 mM calcium and 1 μM tPA or Neo2/15 linked to TGFα for split NeissLock. Covalent
products were detected by Western blot with anti-TGFα. Controls have R42A TGFα to block EGFR binding, DA-mutated SPMN to block
anhydride formation, or hydroxylamine to inactivate the anhydride. Blotting to GAPDH was the sample processing control.
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has the potential for improving therapeutic efficacy and
pharmacokinetics. We selected the well-studied interaction
between Transforming Growth Factor-α (TGFα) and EGFR
for optimizing split NeissLock coupling to cells. We previously
showed that NeissLock could drive covalent ligation of TGFα
to EGFR on A431 cells, a human carcinoma cell line.17 As a
model therapeutic to attach, we chose tissue plasminogen
activator (tPA), which cleaves plasminogen to plasmin to help
degrade fibrin clots as an antithrombolytic treatment for
stroke25 and myocardial infarction.26 Given the importance of
glycosylation of tPA for activity and stability,27 we expressed
tPA-TGFα-SPMN-SpyTag003 in human cells. In this construct,
tPA is the model therapeutic, TGFα is the binding protein
directing the interaction with EGFR, and SPMN-SpyTag003 is
the module for split NeissLock activation. This multimodule
construct was efficiently expressed and purified by SpySwitch
chromatography28 (Figure S7), with glycosylation confirmed
by Peptide N-Glycosidase F (PNGase F) digestion (Figure
S8). For pilot experiments, we first tested coupling to the
soluble extracellular region of EGFR (sEGFR). Previously, we
showed by MS/MS that NeissLock-activated TGFα reacted
with K465 of sEGFR, the closest amine to the C-terminus of
TGFα.17 We employed Spy-directed split FrpA reconstitution
and added sEGFR, before activation with calcium. Using the
recombinant soluble EGFR ectodomain, we observed the
desired formation of the tPA-TGFα-SPMN-SpyTag003:SPMC-
SpyCatcher003 complex, cleavage to release SPMN-Spy-
Tag003:SPMC-SpyCatcher003, and formation of the tPA-
TGFα:sEGFR product (Figure 4A).
We next tested coupling to endogenous EGFR at the surface

of living human cells. To demonstrate the versatility of the split
NeissLock approach, in addition to tPA, we also tested the
coupling to cells of a second therapeutic, an interleukin-2 (IL-
2) mimetic. IL-2 shows promise as a cancer therapeutic or
antiviral, but life-threatening systemic toxicity has limited its
use.29 We chose to use the computationally designed Neo2/15
protein that retains high affinity for IL-2 receptor βγc chains,
but does not bind IL-2Rα or IL-15α to decrease toxicity.29

Neo2/15 has led to enhanced therapeutic activity in models of
melanoma and colon cancer compared to IL-2.29 We
genetically fused Neo2/15 to TGFα-SPMN-SpyTag003, before
expression in human cells and purification by SpySwitch
chromatography. With split SPM, no precleavage of the Neo2/
15 construct was observed during Expi293F expression (Figure
S9), whereas the equivalent Neo2/15 construct with full-length
SPM was almost completely cleaved by Expi293F cells (Figure
S10). After reconstitution of tPA or Neo2/15 linked to TGFa-
SPMN-SpyTag003 with bacterially expressed SPMC-SpyCatch-
er003 for 1 h at 25 °C, coupling of tPA or Neo2/15 to A431
cells was activated by the addition of 2 mM calcium. Cells were
incubated with the proteins and calcium for 10 min at 37 °C,
before subsequent washes to remove unbound proteins.
Detecting by anti-TGFα Western blot, only one product
band was formed on cells, consistent with the expected
molecular weight of tPA or Neo2/15 fused to TGFα:EGFR,
illustrating the high specificity of split NeissLock coupling
(Figure 4B).
For both tPA and Neo2/15 constructs, the coupling to

EGFR was almost completely abolished where hydroxylamine
quenched the anhydride (Figure 4B). Hydroxylamine is a
strong nucleophile that would outcompete protein nucleo-
philes in reacting with the cyclic anhydride.17 This result
supports the dependence of coupling on the anhydride

formation. Similarly, mutating the reactive Asp in SPM to
Ala (DA) blocked anhydride formation,17 and consequently,
no coupling to EGFR was observed (Figure 4B). Finally,
introducing the R42A mutation to TGFα, which disrupts
binding to EGFR,30 abolished coupling to EGFR (Figure 4B).
This result is consistent with the dependence on initial
noncovalent EGFR binding for directing NeissLock-mediated
coupling.

■ DISCUSSION
In summary, we have established unique characteristics of split
NeissLock for covalent coupling to living cells, based on 3
advances. First, we identified how the SPM from FrpA
provides an ultrafast module for anhydride formation. Second,
we showed how an SPM could be dissected into a short
peptide and protein partner, creating a new layer of inducibility
and enabling eukaryotic expression of complex post-transla-
tionally modified building blocks for anhydride-mediated
ligation. Third, we established the integration of split
NeissLock with the rapid reactivity of SpyTag003/SpyCatch-
er003. Spy-directed split NeissLock is applicable for specific
labeling under cell-compatible conditions within 10 min. Like
SPM, SpyTag003/SpyCatcher003 is released from the final
complex between the binding protein and the target protein
following autoproteolysis. Split NeissLock avoids coupling
methodologies involving ultraviolet light or free radical
generation,31 likely to cause toxicity, and avoids the complexity
of noncanonical amino acid mutagenesis.32 We demonstrated
modularity by NeissLock coupling with an unmodified cellular
receptor using both a therapeutic enzyme and a computation-
ally designed cytokine. There are two regioisomers that can
result from attack on a cyclic anhydride, but the regioselectivity
in NeissLock is very hard to determine. Previous studies on
aspartyl anhydrides showed that attack may occur at either
carbonyl, with regioselectivity highly sensitive to solvent
polarity and nucleophile identity.33

Cell therapy is delivering major impact, following clinical
successes for CAR-T cells34 and stem cells.35 Although CAR-T
cells have been approved for patients with B-cell malignancies
or relapsed and/or refractory multiple myeloma, CAR-T cells
have shown limited efficacy against most solid tumors,
highlighting the need for strategies to enhance CAR-T cell
efficacy so that more patients may benefit.36 One such strategy
is arming CAR-T cells with cytokines like IL-2 or IL-15 to
enhance the potency as well as persistence of CAR-T cells.37,38

To do so, CAR-T cells are usually genetically modified to
express and secrete immunomodulatory cytokines for local
delivery. However, genetic modification adds cost and prolongs
the manufacturing time of CAR-T cells. Since it does not
require genetic modification, we envision using split NeissLock
as a fast and facile way to couple cytokines to CAR-T cells
preinfusion. This could improve the CAR-T cell effector
function, activate the endogenous immune system, and
enhance overall immunotherapy efficacy.
Another possible application of split NeissLock is coupling

therapeutic enzymes to red blood cell carriers as circulating
bioreactors, capitalizing on the ∼120 day circulation time of
red blood cells.39 For instance, tPA coupled to red blood cells
has potential for treating patients with acute ischemic
strokes.40 Alternatively, coupling enzymes to red blood cells
could help patients with orphan diseases like severe combined
immunodeficiency from adenosine deaminase deficiency,41 or
Mitochondrial Neurogastrointestinal Encephalomyopathy
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(MNGIE) from thymidine phosphorylase deficiency.42 Cur-
rently, patients with metabolic deficiencies require regular
intravenous enzyme replacement therapy infusions. By
coupling enzymes to red blood cells, the frequency of the
infusions could be reduced. Currently, few methods are
available to modify the surface of red blood cells while
preserving red blood cell function.39,43 Split NeissLock could
be used to engineer red blood cells to carry therapeutic
enzymes with minimal impact on the integrity of the plasma
membrane. All in all, it is vital to advance the engineering of
highly reactive proteins like split NeissLock to fulfill the
potential of modular cell decoration.
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Materials and Methods 
 

Bacterial strains 

E. coli NEB Turbo cells (New England Biolabs) were used to amplify plasmids and were grown 

in LB medium with antibiotic at 37 °C. Proteins were expressed in E. coli BL21(DE3) RIPL 

(Agilent).  

 

Cell-lines 

Mammalian proteins were expressed in Expi293F cells (Thermo Fisher), maintained 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% (v/v) CO2, rotating at 110 to 125 rpm. A431 cells, a 

human epidermoid carcinoma cell-line from Cancer Research UK, Lincoln’s Inn Fields, were 

grown in complete media [Dulbecco’s Modified Eagle Medium–high glucose (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin/streptomycin (Gibco, 

100 U/mL), and 1× GlutaMAX (Gibco)] at 37 °C, with 5% (v/v) CO2. 

 

Plasmids and cloning 

Plasmids were constructed using PCR-based cloning methods with Q5 High-Fidelity 2× master 

mix (New England Biolabs) or KOD polymerase (EMD Millipore), followed by Gibson 

assembly. Synthetic gene fragments were either codon-optimized for expression in E. coli and 

ordered from Integrated DNA Technologies before cloning into the pET28a backbone for 

bacterial expression, or codon-optimized for expression in mammalian cells before cloning into 

pcDNA3.1 or pENTR4 backbones for mammalian expression. The open-reading frames of all 

constructs were validated by Sanger sequencing (Source Bioscience). 

Human ornithine decarboxylase 1 (ODC) was cloned as pET28a-His6-ODC-Ctag 

(GenBank MW364944, Addgene plasmid #163614) and previously described1. Residues 95-

219 of human OAZ (UniProt P54368) with sequence numbering based on OAZ/ODC crystal 

structure (PDB 4ZGY)2 was used. Residue numbers for the FrpC self-processing module 

(SPM) span amino acid residues 414–657 of FrpC from N. meningitidis serogroup B (strain 

MC58) (UniProt Q9JYV5)3. This FrpC SPM was cloned as pET28a-AviTag-His6-OAZ-GSY-

SPM-Ctag with a mutation (C175A) in OAZ to minimize disulfide-based aggregation1. This 

construct formed the basis for the cloning of alternative SPM domains. pET28a-AviTag-His6-

OAZ-SPM(FrpA)-Ctag (GenBank PX255652, Addgene plasmid #246646) was cloned using 

the FrpA SPM based on position 298-543 of FrpA from Neisseria meningitidis serotype C 

(UniProt P55126). pET28a-AviTag-His6-OAZ-SPM(A. filiformis)-Ctag (GenBank  PX255653) 

was cloned using the SPM based on residues 231-476 of hemolysin-type calcium-binding 

protein related domain-containing protein from Alysiella filiformis (GenBank: SOD68839.1). 

pET28a-AviTag-His6-OAZ-SPM(K. negevensis)-Ctag (GenBank PX255654) was cloned using 

the SPM based on residues 190-434 of the bifunctional hemolysin/adenylate cyclase precursor 

from Kingella negevensis (GenBank: SNB83338.1). The native -1 and -2 residues relative to 

the cleavable Asp-Pro bond were retained in these constructs to promote efficient activity1. 

Split FrpA SPM N-terminal variants were cloned from pET28a-AviTag-His6-OAZ-

SPM(FrpA)-Ctag with differing lengths to the SPM (C-terminal deletions) and with the C-tag 

deleted. Constructs pET28a-AviTag-His6-OAZ-SPM(FrpA 298-315), pET28a-AviTag-His6-

OAZ-SPM(FrpA 298-318), and pET28a-AviTag-His6-OAZ-SPM(FrpA 298-321) were cloned 

in a similar manner, with the numbers referring to the residues of the N-terminal part of the 

SPM retained in the construct. Constructs pET28a-AviTag-His6-OAZ-SPM(FrpA 298-316)-

GSG-SpyTag003, pET28a-AviTag-His6-OAZ-SPM(FrpA 298-317)-GSG-SpyTag003 and 

pET28a-AviTag-His6-OAZ-SPM(FrpA 298-318)-GSG-SpyTag003 (GenBank PX255655, 
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Addgene plasmid # 246647) contain an extra GSG spacer followed by a SpyTag003 at the C-

terminus. C-terminal variants were cloned from pET28a-AviTag-His6-OAZ-SPM(FrpA)-Ctag 

with differing lengths to the SPM (N-terminal deletions) and retained C-tag. Constructs 

pET28a-SPM(FrpA 315-543)-Ctag, pET28a-SPM(FrpA 316-543)-Ctag, pET28a-SPM(FrpA 

317-543)-Ctag, pET28a-SPM(FrpA 319-543)-Ctag, and pET28a-SPM(FrpA 322-543)-Ctag 

were cloned with the numbers referring to the residues of the C-terminal part of the SPM 

retained in the construct. Variants with SpyCatcher003 domains following the C-terminal 

variants were cloned from these plasmids with the arrangement SPM(FrpA C-term portion)-

GSGAM linker-SpyCatcher003-GSSGSGSG-Ctag. Constructs pET28a-SPM(FrpA 315-543)-

SpyCatcher003-Ctag, pET28a-SPM(FrpA 316-543)-SpyCatcher003-Ctag, pET28a-

SPM(FrpA 317-543)-SpyCatcher003-Ctag, and pET28a-SPM(FrpA 322-543)-SpyCatcher003-

Ctag were cloned in this manner. pET28a-His6-SUMO-SPMC-SpyCatcher003-Ctag (GenBank 

PX255656, Addgene plasmid # 246648) was cloned from pET28a-SPM(FrpA 322-543)-

SpyCatcher003-Ctag. pENTR4-sEGFR-His6, encoding a soluble fragment of the extracellular 

domain of human EGFR (UniProt P00533, residues 25–525), has been described1. pOPINE 

His6- SUMO protease Ulp1 has been described4. pcDNA3.1 AP-His6-sfGFP-SPM was cloned 

with the domain organization: tPA signal peptide, AviTag biotinylation peptide-His6-sfGFP-

FrpA full-length SPM. pcDNA3.1 tPA-TGFα-SPMN-SpyTag003 (GenBank PX255657, 

Addgene plasmid # 246649)  was cloned with the organization: tPA signal peptide, Kringle 

domain of human tPA, protease domain of human tPA containing the mutations found in 

Tenectaplase (K296A, H297A, R298A and R299A) that result in enhanced resistance to the 

plasma inhibitor PAI-15, GSS linker, TGFα (residues 40–89 of human protransforming growth 

factor alpha), SPM(FrpA 298-318), GSG linker, SpyTag003. pcDNA3.1 tPA-TGFα (R42A)-

SPMN-SpyTag003 was cloned from pcDNA3.1 tPA-TGFα-SPMN-SpyTag003 with mutation of 

Arg42 of the TGFα sequence to alanine6. pcDNA3.1 tPA-TGFα-SPMN DA-SpyTag003 was 

cloned from pcDNA3.1 tPA-TGFα-SPMN-SpyTag003 with mutation at the aspartic acid 

residue that forms the anhydride. pcDNA3.1 Neo2/15-TGFα-SPMN-SpyTag003 (GenBank 

PX255658, Addgene plasmid # 246650) was cloned with the following organization: tPA signal 

peptide, Neo2/157, GSS linker, TGFα (residues 40–89 of human protransforming growth factor 

alpha), GSY, SPM(FrpA 298-318), GSG linker, SpyTag003. pcDNA3.1 Neo2/15-TGFα 

(R42A)-SPMN-SpyTag003 was cloned from pcDNA3.1 Neo2/15-TGFα-SPMN-SpyTag003 

with mutation of Arg42 of the TGFα sequence to alanine6. pcDNA3.1 Neo2/15-TGFα-SPMN 

DA-SpyTag003 was cloned from pcDNA3.1 Neo2/15-TGFα-SPMN-SpyTag003 with mutation 

at the aspartic acid residue that forms the anhydride. pcDNA3.1 Neo2/15-TGF-SPM-His6 was 

cloned from pcDNA3.1 Neo2/15-TGFα-SPMN-SpyTag003 by cloning FrpA SPM-His6 in place 

of  SPMN-SpyTag003. 

 

Bacterial protein expression and purification 

Bacterial expression was in E. coli BL21(DE3) RIPL cells. After transformation of the plasmids 

into the growth strain, the cells were recovered on LB agar plates + 50 µg/mL kanamycin 

overnight at 37 °C.  Single colonies were picked into starter cultures of 10 mL LB containing 

25 μg/mL kanamycin and grown for 16 h at 37 °C with shaking at 200 rpm. Expression cultures 

were inoculated with 1/100 dilution of the saturated starter in 1 L LB + 0.8% (w/v) glucose [for 

expressions in BL21(DE3) RIPL] supplemented with 25 μg/mL kanamycin in ultra-yield 

baffled flasks (Thomson Instrument Company). Cultures were grown at 37 °C with shaking at 

200 rpm until A600 0.5 and protein expression was induced with 0.42 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) with shaking at 200 rpm at 25 °C  for 18 h. Cells were harvested 

by centrifugation and processed immediately or stored at -80 °C. 

For proteins without His6-tags but containing C-tags, cells were resuspended in ice-cold 

bacterial lysis buffer [30 mM Tris-HCl pH 7.4, 200 mM NaCl, 5% (v/v) glycerol, cOmplete 
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mini EDTA-free protease inhibitor cocktail, 1 mM phenylmethylsulfonyl fluoride (PMSF), 

1 mg/mL lysozyme (Merck) and 2 U/mL benzonase (Merck)]. Cells were lysed by sonication 

on ice, with the cells sonicated 3–4 times for 1 min at 50% duty cycle with 1 min rest periods. 

Cell lysate was clarified for 30 min by centrifugation in a JA25−50 rotor (Beckman) at 30,000–

35,000 g at 4 °C. The clarified lysate was incubated with CaptureSelect C-tagXL Affinity 

Matrix (Thermo Fisher) resin pre-equilibrated with C-tag binding/wash buffer (30 mM Tris-

HCl pH 7.4, 200 mM NaCl) in a Poly-Prep gravity column and mixed by rotation for 30-60 

min at 4 °C. The column was drained, the resin washed with binding/wash buffer, and proteins 

eluted in 50 mM HEPES plus 2 M MgCl2, pH 7.4, with all washes and elution steps at 4 °C. 

Protein concentrations were determined from A280 using the extinction coefficient from 

ExPASy ProtParam. Typical yields were 8-15 mg/L culture. 

For proteins purified by His6-tag, cells were resuspended in ice-cold bacterial lysis 

buffer supplemented with 10 mM imidazole, pH 7.4. Cells were lysed by sonication on ice, 

with the cells sonicated 3–4 times for 1 min at 50% duty cycle with 1 min rest periods. Cell 

lysate was clarified for 45 min by centrifugation in a JA25−50 rotor (Beckman) at 30,000–

35,000 g at 4 °C. The clarified lysate was incubated with Ni-NTA resin (Qiagen) pre-

equilibrated with Ni-NTA binding/wash buffer (30 mM Tris-HCl, 200 mM NaCl, 10 mM 

imidazole pH 7.4) in a Poly-Prep gravity column and mixed by rotation for 30-60 min at 4 °C. 

The column was drained and the resin was washed with binding/wash buffer, before eluting in 

30 mM Tris-HCl pH 7.4, 200 mM NaCl, plus 200 mM imidazole at 4 °C. When purifying ODC 

or OAZ variants, 5 mM 2-mercaptoethanol was supplemented in wash and elution buffers. 

Typical yields were 8-15 mg/L culture. 

After either His6-tag or C-tag purification, eluted proteins were concentrated using a 

Vivaspin centrifugal concentrator with 10 or 30 kDa cut-off (GE Healthcare) and centrifuged 

at 4,000 g at 4 °C. A HiLoad 16/600 Superdex 200 pg column (GE Healthcare) was connected 

to the ÄKTA pure 25 fast protein liquid chromatography (FPLC) system (GE Healthcare) for 

size-exclusion chromatography (SEC). The column was pre-equilibrated with running buffer 

[50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP)] for gel 

filtration of OAZ and ODC. When purifying ODC variants, the running buffer was 

supplemented with an additional 0.02 mM pyridoxal phosphate (Sigma-Aldrich) as co-factor. 

Proteins samples were loaded at 1 mL/min and isocratic elution was carried out with 1 mL 

fractions collected. Based on the A280 peak, fractions of interest were collected and the purity 

of the fractions was verified by SDS-PAGE/Coomassie. Fractions containing the protein of 

interest were concentrated to ~500 μL using a Vivaspin centrifugal concentrator with 10 or 30 

kDa cut-off (GE Healthcare). Long-term storage of the proteins was at -80 °C. 

For SUMO domain removal, His6-SUMO-SPMC-SpyCatcher003-Ctag was dialyzed 

into TBS pH 7.5 (50 mM Tris-HCl pH 7.5, 150 mM NaCl) and concentrated using a Vivaspin 

centrifugal concentrator with a 10 kDa cut-off (GE Healthcare). SUMO protease Ulp14 was 

added at 1:50 molar ratio, followed by 45 min incubation at 25 °C. Remaining His6-tagged 

proteins (SUMO and Ulp1) in a volume of 800 L were incubated with 200 L Ni-NTA 

(Qiagen) with rotation for 1 h on a tube rotor at 25 °C, followed by application to a Polyprep 

column and collection of the column flow-through containing the SPMC-SpyCatcher003-Ctag.   

 

Mammalian protein expression and purification 

Neo2/15-TGFα-SPMN-SpyTag003 variants, tPA-TGFα-SPMN-SpyTag003 variants, and  

sEGFR-His6 were expressed by transient transfection in Expi293F cells (Thermo Fisher). Cells 

were grown in a humidified Multitron Cell incubator (Infors HT) at 37 °C with 8% (v/v) CO2, 

rotating at 95 rpm to 3.0 × 106 cells/mL in Expi293 expression media supplemented with 50 

U/mL penicillin/streptomycin (Thermo Fisher). Cells were transferred into Expi293 expression 

media with no antibiotics present and transfected with plasmid using the ExpiFectamine 293 
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Transfection Kit (Thermo Fisher). Plasmid DNA (1 μg per mL of culture) was incubated with 

ExpiFectamine 293 reagent for 20 min and then added dropwise to the Expi293F cells. Cells 

were grown for 20 h before addition of ExpiFectamine 293 Transfection Enhancers 1 and 2. 

When expressing sEGFR, kifunensine (Sigma-Aldrich) was added to the culture concurrent to 

transfection to a final 5 μM to promote homogeneous glycosylation. Proteins were harvested 

4-8 days post-transfection. 

Proteins containing a His6-tag were purified by Ni-NTA (Qiagen). The cell supernatant 

was harvested and then we added 1/10th volume of 10× Ni-NTA binding buffer, mixed protease 

inhibitors (cOmplete mini EDTA-free protease inhibitor cocktail, Roche) and imidazole to a 

final 10 mM. Resin was pre-equilibrated with Ni-NTA binding/wash buffer (30 mM Tris-HCl, 

200 mM NaCl, 10 mM imidazole, pH 7.4) and incubated with the cell supernatant in a Poly-

Prep gravity column and mixed by rotation for 30-60 min at 4 °C. The column was drained, 

the resin was washed with Ni-NTA binding/wash buffer, and proteins were eluted in 30 mM 

Tris-HCl, 200 mM NaCl, 200 mM imidazole, pH 7.4 at 4 °C.  

Proteins containing SpyTag003 but no His6-tag were purified by SpySwitch8. The cell 

supernatant was harvested and 1/10th volume of 10× SpySwitch buffer (500 mM Tris-HCl pH 

7.5 + 3 M NaCl) was added, supplemented with mixed protease inhibitors (cOmplete mini 

EDTA-free protease inhibitor cocktail, Roche). Resin was pre-equilibrated with SpySwitch 

binding buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl) and incubated with the cell supernatant 

in a Poly-Prep gravity column, with mixing by rotation for 30-60 min at 4 °C. The column was 

drained and the resin was washed with SpySwitch buffer at 4 °C. Proteins were eluted with 1.5 

column volumes of SpySwitch elution buffer (50 mM acetic acid/sodium acetate pH 5.0, 

150 mM NaCl) at 4 °C and the elution was collected into a microcentrifuge tube containing 

0.3 column volumes of 1 M Tris-HCl pH 8.0, with the microcentrifuge tube mixed by inversion 

to minimize time spent at an acidic pH. Typical yields of proteins were 4-8 mg/L culture. 

 

Polyacrylamide gel electrophoresis 

SDS-PAGE was performed using 7-14% polyacrylamide gels in an XCell SureLock system 

(Thermo Scientific). Electrophoresis was carried out at 180-200 V in 25 mM Tris-HCl pH 8.5, 

192 mM glycine, 0.1% (w/v) SDS. For 7% Tris-Acetate gels, electrophoresis was carried at 

180 V in 50 mM Tricine, 50 mM Tris base, pH 8.24, 0.1% (w/v) SDS. Gels were stained with 

Brilliant Blue G-250 and destained with Milli-Q H2O, prior to imaging on a ChemiDoc XRS+ 

imager. ImageLab 6.1.0 software (Bio-Rad) was used for densitometric quantification. For 

imaging on an iBright FL1500 imaging system (Thermo Fisher), analysis was performed using 

iBright Analysis Software Versions 5.0.1 and 5.2.0 (Thermo Fisher). On gels, a colon between 

proteins indicates conjugates that are hypothesized to be covalently coupled. 

 

SPM cleavage and protein conjugation assays 

Reactions were carried out at 37 °C (except when otherwise stated) in HEPES-buffered saline 

(HBS: 50 mM HEPES pH 7.4, 150 mM NaCl), supplemented with 2 mM TCEP when ODC 

proteins were included. Cleavage of SPM was initiated by addition of pre-warmed reaction 

buffer containing calcium chloride to the required concentration. Reactions were incubated for 

the desired time and quenched by addition of EDTA, to chelate Ca2+, in 5× SDS-loading buffer 

[0.19 M Tris-HCl pH 6.8, 20% (v/v) glycerol, 100 μM bromophenol blue, 0.19 M SDS] with 

EDTA at 15 mM and heating at 95 °C for 5 min in a C1000 Touch Thermal Cycler (Bio-Rad). 

The degree of SPM cleavage and coupling was assessed by SDS-PAGE/Coomassie 

densitometry. Assays were run in triplicate and the percentage cleavage/coupling expressed as 

the mean ± 1 S.D. from n=3. 

Cleavage and coupling reactions of ODC with SPM homologs were carried out with 5 

μM ODC pre-mixed with 5 μM OAZ-SPM variants in HBS + 2 mM TCEP at 37 °C. Reaction 
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was activated by addition of a final concentration of 10 mM CaCl2. Reaction aliquots were 

sampled across a range of time-points. 

Detailed comparison of the cleavage and coupling reactions between ODC and FrpC or 

FrpA SPMs was repeated with modified conditions. 10 μM ODC was pre-mixed with either 

OAZ-SPM(FrpC) or OAZ-SPM(FrpA) in HBS + 2 mM TCEP at 25 °C and reaction was 

activated by addition of a final concentration of 1 mM CaCl2. Reaction aliquots were sampled 

across a range of time-points. 

Initial comparison of the split FrpA calcium-induced cleavage and coupling to ODC 

was carried out with 10 μM of OAZ-SPM-N terminal variant incubated with 10 μM of SPM-

C terminal variant with or without 10 μM ODC and 10 mM Ca2+ in HBS + 2 mM TCEP, at 37 

°C for 16 h. Time-courses for the conjugation to ODC with different split variants were repeated 

with activation by 10 mM Ca2+ in HBS + 2 mM TCEP at 37 °C, but with 5 μM OAZ-SPMN 

terminal variant incubated with 5 μM SPMC terminal variant and 5 μM ODC before Ca2+ 

activation. Reaction aliquots were sampled across a range of time-points.  

For comparison of the impact of proximity labeling with SpyTag003/SpyCatcher003 

on Ca2+-induced cleavage of the optimized split FrpA SPM, the two half-proteins were mixed 

and incubated in HBS at 37 °C for 1 h. In parallel experiments 2 μM OAZ-SPMN318 was 

incubated with 2 μM SPMC322, whilst 2 μM OAZ-SPMN318-SpyTag003 was incubated with 

2 μM SPM C322-SpyCatcher003. 10 mM Ca2+ was then added to initiate cleavage and reaction 

aliquots were sampled across a range of time-points. 

For coupling of SPM-reconstituted Neo2/15-TGFα-SPMN-SpyTag003 and tPA-TGFα-

SPMN-SpyTag003 with sEGFR, reactions were carried out in HBS. In parallel reactions, 3 μM 

SPMC-SpyCatcher003-Ctag was incubated with 3 μM Neo2/15-TGFα-SPMN-SpyTag003 and 

tPA-TGFα-SPMN-SpyTag003 for 30 min at 37 °C. 1.54 μM sEGFR was then added and 

equilibrated for 30 min at 37 °C, before activation with a final 2 mM Ca2+ for 1 h. Control 

reactions without Ca2+ or sEGFR were also carried out. Post-reaction samples were digested 

with Peptide:N-glycosidase F (PNGase F) under denaturing conditions. Glycoprotein 

Denaturing Buffer (10× stock, NEB) was added to a final concentration of 1×, and samples 

were heated for 10 min at 100 °C. After cooling to 25 °C, Glycoprotein Buffer 2 (NEB) was 

added to 1×, NP-10 (NEB) was added to 10% (v/v), and PNGase F (NEB) was added to 

50,000 U/mL. Samples were then digested for 1 h at 37 °C before SDS-PAGE.  

 

Calculation of SPM cleavage and coupling 

The percentage SPM cleaved was calculated using Equation 1. 

                          % 𝐶𝑙𝑒𝑎𝑣𝑎𝑔𝑒 = (1 − (
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑃𝑀 𝑏𝑎𝑛𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑃𝑀 𝑏𝑎𝑛𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 0
)) × 100       Equation 1 

The percentage of ODC coupled was calculated using Equation 2. 

                          % 𝑂𝐷𝐶 𝑐𝑜𝑢𝑝𝑙𝑒𝑑 = (1 − (
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑂𝐷𝐶 𝑏𝑎𝑛𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑂𝐷𝐶 𝑏𝑎𝑛𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 0
)) × 100    Equation 2 

The relative conjugation between ODC and OAZ was calculated in Equation 3 as the band 

intensity of the OAZ:ODC conjugate divided by the band intensity of OAZ:ODC at 22 h for 

the most efficient reaction for the different versions of the split FrpA reacted together. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 % 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 =  (
𝑂𝐴𝑍: 𝑂𝐷𝐶 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝑀𝑎𝑥 𝑂𝐴𝑍: 𝑂𝐷𝐶 𝑎𝑡 22ℎ
) × 100 

                                                                                                                                     Equation 3 

 

Coupling of SPM proteins to EGFR on live cells 

A431 cells were seeded in a 6-well plate at 5 × 105 cells/well and incubated at 37 °C with 5% 

(v/v) CO2 in complete growth media for 24 h. Cells were then washed twice with 4 mL washes 
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of FBS-free complete media. A431 cells were grown serum-starved for a further 24 h at 37 °C 

with 5% (v/v) CO2. Cells were then washed twice with 2 mL HBS-Mg (50 mM HEPES pH 

7.4, 150 mM NaCl, 5 mM MgCl2, sterile-filtered). In parallel reactions, 150 μL 2 μM Neo2/15-

TGFα-SPMN-SpyTag003 and tPA-TGFα-SPMN-SpyTag003 were each reconstituted with 2 μM 

SPMC-SpyCatcher003-Ctag for 1 h at 25 °C in HBS-Mg. These were then added to a well, with 

or without hydroxylamine (Sigma-Aldrich) dissolved to a final 5 mM in 2% (v/v) 

dimethylsulfoxide (DMSO) in HBS-Mg. Coupling was activated by the rapid subsequent 

addition of 150 μL 4 mM CaCl2 in HBS-Mg, with or without hydroxylamine dissolved to final 

5 mM. The cells were incubated with the SPM-containing proteins and 2 mM CaCl2 for 10 min 

at 37 °C with 5% (v/v) CO2, before removal of the protein solution. The cells were then 

incubated in FBS-free complete media containing 2% (v/v) DMSO, with or without 5 mM 

hydroxylamine for 1 h. After removal of the media, A431 cells were lysed by addition of 150 

μL ice-cold modified RIPA buffer [20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM NaF, 1% 

(v/v) Triton-X-100, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate], supplemented with 

cOmplete protease inhibitor mix, 1 mM PMSF and 1 mM sodium orthovanadate and scraping 

of the cells from the plate, followed by incubation for 20 min at 4 °C. The cell lysate was 

pipetted from the plates and the cleared lysate was produced by centrifugation at 12,000 g for 

20 min at 4 °C. 

 

Western blotting 

Aliquots of cleared lysates were mixed with 6× SDS loading buffer containing 10 mM 

dithiothreitol and heated at 95 °C for 5 min in a C1000 Touch Thermal Cycler (Bio-

Rad), before running on 7% Tris-Acetate SDS-PAGE for detection of TGF-containing bands. 

After electrophoresis, gels were incubated in 20% (v/v) ethanol for 20 min. Proteins were 

transferred at 15 V for 13 min when using the iBlot 2 Dry Blotting System (Thermo Fisher). 

The membrane was incubated in blocking solution of 5 % (w/v) milk (Sigma-Aldrich) in TBS-

T [50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% (v/v) Tween 20] for 1 h at 25 °C. When 

blotting for TGFα, the anti-TGFα antibody (MF9, Novus Biologicals) was added at 1:1,000 in 

the blocking solution and the membrane was incubated for 20 h at 4 °C. The membranes were 

then washed 4 × 5 min in TBS-T, before addition of the secondary antibody. Goat anti-mouse 

horseradish peroxidase (HRP) (A4416, Merck) was diluted to 1:1,000 in the blocking solution 

and the membranes were incubated with the antibody for 1 h at 25 °C, before another 4 × 5 min 

washes in TBS-T. Proteins were detected using SuperSignal West Pico PLUS 

Chemiluminescent Substrate (Thermo Fisher), measuring chemiluminescence on an iBright 

FL1500 imaging system (Thermo Fisher) with analysis using iBright Analysis Software 

Versions 5.0.1 and 5.2.0 (Thermo Fisher).  

When detecting glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a sample 

processing control, aliquots of cleared lysates were mixed with 6× SDS loading buffer 

containing 10 mM dithiothreitol and heated at 95 °C for 5 min in a C1000 Touch Thermal 

Cycler (Bio-Rad) before running on a 14% Tris-glycine SDS-PAGE. After electrophoresis, 

transfer of bands to the membrane and blocking in TBS-T + 5 % (w/v) milk was performed as 

described above. GAPDH was detected using 1:1,000 mouse anti-GAPDH GA1R (Thermo 

Fisher) (20 h at 4 °C) and 1:2,000 Goat-anti-mouse-HRP (A4416, Merck) (1 h at 25 °C) both 

in 5% (w/v) skimmed milk in TBS-T. Proteins were detected as described above. 

 

Mass Spectrometry 

Purified protein constructs were analyzed with a jet-stream electrospray ionization intact 

protein mass spectrometry experiment, using a RapidFire 365 jet-stream electrospray ion 

source (Agilent) coupled to a 6550 Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) 

(Agilent) mass spectrometer in positive ion mode. 10 μM protein samples were injected and 
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acidified to 0.9 % (v/v) formic acid. Samples were aspirated for 0.3 s before they were adsorbed 

onto a C4 solid-phase cartridge for extraction. Washes using 0.1% (v/v) formic acid were 

carried out for 5.5 s before elution onto the detector for 5.5 s. Data were analyzed using Mass 

Hunter Qualitative Analysis software B.07.00 (Agilent). Protein ionization was deconvoluted 

using the maximum entropy algorithm. Expected molecular weights for full-length proteins 

were calculated using ExPASy ProtParam, with the N-terminal fMet (bacterial expression) 

removed. For constructs where a SpyTag003 and SpyCatcher003 reacted with one another, 

isopeptide bond formation occurs releasing a water molecule, which was taken into account 

when calculating the expected molecular weight.  

 

Graphics and structure analysis 

Structures were visualized in PyMOL version 2.0.6 (DeLano Scientific), with FrpA split sites 

guided by the nuclear magnetic resonance structure of the Ca2+-bound FrpC SPM (PDB 

6SJW)9. The sequence alignment of the SPM variants was created using Clustal Omega. The 

model structure of the Ca2+-bound FrpA SPM, comprising residues 298-543 of FrpA from N. 

meningitidis serotype C (UniProt P55126), was generated using AlphaFold 310 with the 

expected 4 Ca2+ ions selected to be included in the model. The model of the SPMN-ST3:SPMC-

SC3 complex was generated using AlphaFold 310 using the finalized sequences for the 

constructs in Figure S6. The expected 4 Ca2+ ions were also included in the model.   

 

Statistics and reproducibility 

No statistical method was used to pre-determine sample sizes. No data were excluded from our 

analyses. Experiments were not randomized. The investigators were not blinded to allocation 

during the experiments and assessment of outcome. 

 

Data availability 

Sequences of key constructs are found in GenBank, as described in the section “Plasmids and 

cloning”.  Plasmids from this study have been deposited in the Addgene repository 

(https://www.addgene.org/Mark_Howarth/), as described in the section “Plasmids and 

cloning”. Further information and request for resources and reagents should be directed to and 

will be fulfilled by the lead contact, M.R.H. 

 

REFERENCES 

 

(1) Scheu, A. H. A.; Lim, S. Y. T.; Metzner, F. J.; Mohammed, S.; Howarth, M. NeissLock 

Provides an Inducible Protein Anhydride for Covalent Targeting of Endogenous Proteins. 

Nat. Commun. 2021, 12, 717. https://doi.org/10.1038/s41467-021-20963-5. 

(2) Wu, H.-Y.; Chen, S.-F.; Hsieh, J.-Y.; Chou, F.; Wang, Y.-H.; Lin, W.-T.; Lee, P.-Y.; Yu, Y.-

J.; Lin, L.-Y.; Lin, T.-S.; Lin, C.-L.; Liu, G.-Y.; Tzeng, S.-R.; Hung, H.-C.; Chan, N.-L. 

Structural Basis of Antizyme-Mediated Regulation of Polyamine Homeostasis. Proc. 

Natl. Acad. Sci. U.S.A. 2015, 112 (36), 11229–11234. 

https://doi.org/10.1073/pnas.1508187112. 

(3) Osicka, R.; Prochazkova, K.; Sulc, M.; Linhartova, I.; Havlicek, V.; Sebo, P. A Novel 

“Clip-and-Link” Activity of Repeat in Toxin (RTX) Proteins from Gram-Negative 

Pathogens. Covalent Protein Cross-Linking by an Asp-Lys Isopeptide Bond upon 

Calcium-Dependent Processing at an Asp-Pro Bond. J. Biol. Chem. 2004, 279, 24944–

24956. https://doi.org/10.1074/jbc.M314013200. 

(4) Assenberg, R.; Delmas, O.; Graham, S. C.; Verma, A.; Berrow, N.; Stuart, D. I.; Owens, 

R. J.; Bourhy, H.; Grimes, J. M. Expression, Purification and Crystallization of a 

https://www.addgene.org/Mark_Howarth/


9 
 

Lyssavirus Matrix (M) Protein. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 

2008, 64, 258–262. https://doi.org/10.1107/S1744309108004557. 

(5) Zhu, A.; Rajendram, P.; Tseng, E.; Coutts, S. B.; Yu, A. Y. X. Alteplase or Tenecteplase 

for Thrombolysis in Ischemic Stroke: An Illustrated Review. Res. Pract. Thromb. 

Haemost. 2022, 6 (6), e12795. https://doi.org/10.1002/rth2.12795. 

(6) Lazar, E.; Vicenzi, E.; Van Obberghen-Schilling, E.; Wolff, B.; Dalton, S.; Watanabe, S.; 

Sporn, M. B. Transforming Growth Factor Alpha: An Aromatic Side Chain at Position 38 

Is Essential for Biological Activity. Mol. Cell. Biol. 1989, 9 (2), 860–864. 

https://doi.org/10.1128/mcb.9.2.860-864.1989. 

(7) Silva, D.-A.; Yu, S.; Ulge, U. Y.; Spangler, J. B.; Jude, K. M.; Labão-Almeida, C.; Ali, L. 

R.; Quijano-Rubio, A.; Ruterbusch, M.; Leung, I.; Biary, T.; Crowley, S. J.; Marcos, E.; 

Walkey, C. D.; Weitzner, B. D.; Pardo-Avila, F.; Castellanos, J.; Carter, L.; Stewart, L.; 

Riddell, S. R.; Pepper, M.; Bernardes, G. J. L.; Dougan, M.; Garcia, K. C.; Baker, D. De 

Novo Design of Potent and Selective Mimics of IL-2 and IL-15. Nature 2019, 565 

(7738), 186–191. https://doi.org/10.1038/s41586-018-0830-7. 

(8) Vester, S. K.; Rahikainen, R.; Khairil Anuar, I. N. A.; Hills, R. A.; Tan, T. K.; Howarth, 

M. SpySwitch Enables pH- or Heat-Responsive Capture and Release for Plug-and-

Display Nanoassembly. Nat. Commun. 2022, 13 (1), 3714. 

https://doi.org/10.1038/s41467-022-31193-8. 

(9) Kuban, V.; Macek, P.; Hritz, J.; Nechvatalova, K.; Nedbalcova, K.; Faldyna, M.; Sebo, P.; 

Zidek, L.; Bumba, L. Structural Basis of Ca2+-Dependent Self-Processing Activity of 

Repeat-in-Toxin Proteins. mBio 2020, 11 (2), e00226-20. 

https://doi.org/10.1128/mBio.00226-20. 

(10) Abramson, J.; Adler, J.; Dunger, J.; Evans, R.; Green, T.; Pritzel, A.; Ronneberger, O.; 

Willmore, L.; Ballard, A. J.; Bambrick, J.; Bodenstein, S. W.; Evans, D. A.; Hung, C.-C.; 

O’Neill, M.; Reiman, D.; Tunyasuvunakool, K.; Wu, Z.; Žemgulytė, A.; Arvaniti, E.; 

Beattie, C.; Bertolli, O.; Bridgland, A.; Cherepanov, A.; Congreve, M.; Cowen-Rivers, A. 

I.; Cowie, A.; Figurnov, M.; Fuchs, F. B.; Gladman, H.; Jain, R.; Khan, Y. A.; Low, C. M. 

R.; Perlin, K.; Potapenko, A.; Savy, P.; Singh, S.; Stecula, A.; Thillaisundaram, A.; Tong, 

C.; Yakneen, S.; Zhong, E. D.; Zielinski, M.; Žídek, A.; Bapst, V.; Kohli, P.; Jaderberg, 

M.; Hassabis, D.; Jumper, J. M. Accurate Structure Prediction of Biomolecular 

Interactions with AlphaFold 3. Nature 2024, 630 (8016), 493–500. 

https://doi.org/10.1038/s41586-024-07487-w. 

 

 

 



Figure S1: Amino acid alignment of SPM homologs. Kingella negevensis
SPM is based on the bifunctional hemolysin/adenylate cyclase precursor.
Alysiella filiformis SPM is based on the hemolysin-type calcium-binding protein
related domain-containing protein. FrpC SPM is shown from N. meningitidis
serogroup B (strain MC58). FrpA SPM is from N. meningitidis serotype C.

K. negevensis DPLILDLDGKGIQTLAPSSI-SARFDHNADGIATATGWAAAGNGILALDLDNNGKIDSGK 58
A. filiformis DPLALDLDGNGIQTTATAGFSGSLFDHNKDGIRTATGWVASGDGLLVRDLNGNGIIDNGG 59
FrpC (Neisseria)    DPLALDLDGDGIETVATKGFAGSLFDHTNNGIRTATGWVSADDGLLVRDLNGNGIIDNGA 59
FrpA (Neisseria)    DPLALDLDGDGIETVAAKGFAGALFDHRNQGIRTATGWVSADDGLLVRDLNGNGIIDNGA 59

*** *****.**:* *  .: .: ***  :** *****.::.:*:*. **:.** **.* 

K. negevensis EIFGNHSVLSNGTAAAHGYAALAELDSNADGIISALDDTFSSLKVWQDINQDGISQSNEL 118
A. filiformis ELFGENTLLADGTLAQHGYAALAELDSNADGVVDANDAAFATLRVWQDKNQDGISQADEL 119
FrpC (Neisseria)      ELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGISQANEL 119
FrpA (Neisseria)      ELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGISQANEL 119

*:**::: *::*: * ************.*.::.* * :* :*:**** *******::**

K. negevensis FTLQALGIQSLNLEHQENSKDLGNGNRLTHIGSYTKTDGTTGEMGDVEFASNSLYSRYTD 178
A. filiformis HTLADLGIQSLNTAYEDVNQDLGNGNSIAQLGSYTKTDGSTAEMADLLFHNDHLYSRFAE 179
FrpC (Neisseria)      RTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKD 179
FrpA (Neisseria) RTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKD 179

**  ******:  ::: .::***** ::: ********:*.:*.*: :  : *:**: :

K. negevensis TIELTPEQLQAPNLHGTGRLRDLREAAALSTGLAEILKQYSAAQTKEEQTALLSELVAKW 238
A. filiformis RIELTAEQSRAANLSGIGRVRDLREAAALFGDLSATLQSYSQADTKQVQMALLDKLVQKW 239
FrpC (Neisseria)     KVELTAEQAKAANLAGIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKW 239
FrpA (Neisseria)      KVELTAEQAKAANLAGIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKW 239

:*** ** :* ** * **:*********  .*:  *: ** *:**: * ***.:*: **

K. negevensis GATD 242
A. filiformis AETD 243
FrpC (Neisseria)      AETD 243
FrpA (Neisseria)      AETD 243

. ** 

* = fully conserved
: = strongly similar
. = weakly similar
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Figure S2: FrpA has faster protein-protein ligation than FrpC. (A) AlphaFold
3 model of FrpA SPM, with calcium as gray spheres. The FrpA residues where
there are sequence differences in FrpC are shown in stick format. D* shows the
aspartate in stick format where reaction occurs. (B) Reaction of 10 μM ODC with
OAZ-SPM for FrpC (left) or FrpA (right) for varying times at 25 °C, analyzed by
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Figure S3: Premature cleavage of AP-His6-sfGFP-SPM after purification 
from mammalian cells. AP-His6-sfGFP-SPM, targeted for secretion, was purified 
from the supernatant of Expi293F cells by Ni-NTA after transient transfection. 
Fractions are analyzed by SDS-PAGE under reducing conditions with Coomassie 
staining. S supernatant; FT flow-through; W1-W4 column washes; E1-E4 elution 
fractions. The band corresponding to the molecular weight of full-length AP-His6-
sfGFP-SPM is marked, as well as the band corresponding to AP-His6-sfGFP 
where SPM has been cleaved. 
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Figure S4: Example N-terminal (OAZ-SPMN) and C-terminal (SPMC) split 
FrpA constructs that do not reconstitute for reaction. Different 5 M N-
terminal (OAZ-SPMN) and 5 M C-terminal (SPMC) split FrpA constructs were 
incubated with 5 M ODC and activated with 10 mM Ca2+ for the indicated time at 
37 oC. No product formation was observed even after 16 h reaction, based on 
SDS-PAGE with Coomassie staining.
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Figure S5: AlphaFold 3 model of the reconstituted SPMN-ST3:SPMC-SC3 
complex. This model shows the form with calcium ions bound, representing the 
state before reaction at the aspartate (D*), whose side-chain is shown in stick 
format. SPMN in purple; ST3 in cyan; SC3 in dark blue; SPMC in orange; linkers in 
gray; C-tag in red; Ca2+ as a gray sphere.
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Figure S6: Amino acid sequences of finalized split NeissLock pair compared 
to parental FrpA SPM. Residue numbers are based on the full-length SPM. 
SPMN in purple; ST3 in cyan; SC3 in dark blue; SPMC in orange; linkers in black; 
C-tag in red.
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Figure S7: Effective purification of tPA-TGF-SPMN-ST3 after secretion from 
mammalian cells. tPA-TGF-SPMN-ST3 was purified from the supernatant of 
Expi293F cells by SpySwitch affinity purification after transient transfection. 
Fractions were reduced with DTT and analyzed by SDS-PAGE with Coomassie 
staining. M marker; S supernatant; FT flow-through; EL concentrated elution 
fractions.
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Figure S8: tPA-TGF-SPMN-ST3 is glycosylated when expressed using 
Expi293F cells. Purified tPA-TGF-SPMN-ST3 with or without PNGase F 
digestion was analyzed by SDS-PAGE with Coomassie staining. M is the 
molecular weight marker. 
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Figure S9: Effective purification of Neo2/15-TGF-SPMN-ST3 after secretion 
from mammalian cells. Neo2/15-TGF-SPMN-ST3 was purified from the 
supernatant of Expi293F cells by SpySwitch affinity purification after transient 
transfection. Fractions were reduced with DTT and analyzed by SDS-PAGE with 
Coomassie staining. M = marker, S = Cell supernatant, FT = column flow-through, 
EL = concentrated elution fractions
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Figure S10: Premature cleavage of Neo2/15-TGFα-SPM-His6 after 
purification from mammalian cells. Neo2/15-TGFα-SPM-His6 purification from 
the supernatant of Expi293F cells by nickel-based affinity purification after 
transient transfection. Fractions are analyzed by SDS-PAGE with Coomassie 
staining. FT = column flow-through. Minimal full-length Neo2/15-TGFα-SPM-His6

was detected but there was a strong band consistent with the cleaved SPM-His6

product.
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