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Cystine Knot Peptides with Tuneable Activity and Mechanism

Choi Yi Li*, Fabian B. H. Rehm', Kuok Yap, Christina N. Zdenek, Maxim D. Harding,
Bryan G. Fry, Thomas Durek, David J. Craik,* and Simon J. de Veer*

Abstract: Knottins are topologically complex peptides
that are stabilised by a cystine knot and have exception-
ally diverse functions, including protease inhibition.
However, approaches for tuning their activity in situ are
limited. Here, we demonstrate separate approaches for
tuning the activity of knottin protease inhibitors using
light or streptavidin. We show that the inhibitory activity
and selectivity of an engineered knottin can be con-
trolled with light by activating a second mode of action
that switches the inhibitor ON against new targets.
Guided by a knottin library screen, we also identify a
position in the inhibitor’s binding loop that permits
insertion of a biotin tag without impairing activity. Using
streptavidin, biotinylated knottins with nanomolar affin-
ity can be switched OFF in activity assays, and the
anticoagulant activity of a factor XIIa inhibitor can be
rapidly switched OFF in human plasma. Our findings
expand the scope of engineered knottins for precisely

controlling protein function. )

Introduction

The design of peptides and proteins with tuneable activity
has paved the way for modulating chemical and biological
processes with deft control. The new possibilities that can be
realised with tuneable peptides and proteins have inspired
several approaches for modulating their activity using light
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via photocaging™ or photoswitching,”' changes in

pH,!"? or competing binding interactions."**! These strat-
egies have been successfully applied to diverse targets,
including enzymes!"*” and transmembrane proteins,*'? as
well as peptides or proteins that modulate the activity of
these targets, such as enzyme inhibitors.'*'® For the latter,
tuneable activity is particularly useful as it can shift the
inhibitor’s influence on its intended target or pathway.!'*'¥l
However, efforts to engineer peptide-based inhibitors with
switchable activity have been largely confined to relatively
short peptides with non-complex topologies.

To generate topologically complex peptides with tune-
able activity, we focused on peptides that feature a cystine
knot—a key structural motif that serves as the cornerstone
in a diverse array of bioactive peptides, including knottins
and cyclotides (cyclic knottins)."”? The cystine knot
comprises three disulfide bonds, where two disulfide bonds
and their adjoining backbone segments form a macrocycle
that is threaded by the third disulfide bond.”® Segments
between adjacent Cys residues form surface loops that
confer biological function. Several knottins function as
inhibitors of hydrolytic enzymes (proteases, amylase), with
the most common enzyme targets for these knottins being
serine proteases.”*!

Knottin protease inhibitors (PIs) bind reversibly to their
targets with high affinity (K; values ~107" to 1072 M),
which derives from their fast (substrate-like) association
rates and slow dissociation rates.”! Knottins also have well-
defined structures, high stability in biological fluids, and
multiple contact loops for optimisation. These properties
have sparked considerable interest in knottin PlIs for
generating pharmaceutical leads or chemical probes.”*>!
For example, the 34-amino acid cyclic knottin, Momordica
cochinchinensis trypsin inhibitor-1I (MCoTI-II),* has been
increasingly used to design new inhibitors for protease
therapeutic targets.”**) However, engineering efforts have
relied solely on the inhibitor’s ancient mode of action, and
the design of knottin PIs with tuneable activity has yet to be
demonstrated. These observations suggest that the potential
of the knottin framework for inhibitor engineering has yet
to be fully explored.

In this study, we demonstrate complementary ap-
proaches for modulating the activity of a synthetic knottin
PI that can be used to install target selectivity, a light-
activated mechanism switch or an affinity tag-based OFF
switch (Scheme 1). We show that a potent but non-selective
knottin can be converted into a selective inhibitor with as
few as two amino acid substitutions. We then modulate the
activity and selectivity of this knottin with light by installing
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Scheme 1. Nature-derived knottin Pls are acyclic (solid line) or cyclic
(dashed line) peptides that bind with high affinity to their targets and
show fast association-slow dissociation rates. In this work, we engineer
selective knottin Pls with minimal modifications, then modulate their
activity with light or an external effector.

a photoreactive amino acid to switch the inhibitor’s mode of
action. By adding an affinity tag (biotin) at a position in the
binding loop that we determined as not interfering with
inhibitory activity, we also show that knottins can be rapidly
switched OFF by adding an external effector (streptavidin).
Using tuneable knottins, we modulate individual enzymes in
activity assays and an enzyme cascade in human plasma,
expanding the potential of knottins for precise temporal
control of protein function.

Results and Discussion

Our approach for designing tuneable knottin PIs was
initially guided by screening libraries of inhibitors with
sequence diversity at one of four positions (P1'-P4’) in the
binding loop. This approach is complementary to previous
studies that identified selective knottins PIs by screening
ribosomally-synthesised libraries via mRNA display or yeast
surface display.’**! The template for generating the syn-
thetic libraries was based on MCoTI-1I, as we anticipated
that this knottin could be used to design backbone cyclic or
acyclic variants. To simplify access to the peptide libraries,
we generated an acyclic MCoTI-II variant (named MCoLib)
that was linearised in loop 6 (between CysVI and CysI), and
selected ten chemically diverse amino acids for substitution
at the P1'-P4’ positions (Figure 1A). Further details on
library design and synthesis are included in the Supporting
Information (Supplementary Results 1).

The resulting 40 knottins were screened against a panel
of serine proteases to identify amino acids compatible with
activity at each position. Proteases screened were human
cationic trypsin and three therapeutic targets inhibited by
MCOTI-IL: factor XIla (FXIIa),"**! matriptase,?** and
kallikrein-related peptidase 4 (KLK4)."” The knottin library
was screened in competitive inhibition assays using a fixed
concentration of inhibitor based on the activity of MCoLib,
which had a low nanomolar (FXIIa: 3.3 nM) or sub-nano-
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molar K; (trypsin: 0.4 nM, matriptase: 0.4 nM, KLK4:
0.07 nM) against each target.

Specificity data revealed that, although the native P1'-
P4’ sequence (ILKK) in MCoTTI-II was broadly favoured, all
positions were amenable to substitution (Figure 1B). Resi-
dues in close proximity to the scissile bond (P1’ and P2") had
greater influence on knottin activity and selectivity. At the
P1’ position, Ile is highly conserved in knottin PIs!'**! and
hydrophobic residues were preferred by trypsin, led by
norleucine (Nle) and Ile (Figure S10). However, a broader
range of amino acids was favoured by other enzymes that
included Phe (FXIIa) and hydrophobic or polar residues
(matriptase and KLK4). At the P2’ position, the most
common residue in nature-derived knottin PIs is Leu,!'**"
which was well-tolerated by all enzymes screened. Trypsin,
FXIla, and KLK4 favoured several additional amino acids,
including Lys (trypsin and KLK4) or aromatic residues
(FXIIa and KLK4). FXIIa appeared to be the only enzyme
that tolerated Glu at the P2’ position. By contrast, the P2’
specificity of matriptase appeared to be relatively narrow,
with only Nle or Leu generating potent inhibitors (Fig-
ure S10).

By comparison, amino acid substitutions at P3’ and P4’
had less influence on knottin activity. For trypsin, each
substitution at P3’ produced little change in activity
compared to Lys (present in MCoTI-II). Similarly, most P3’
residues were well-tolerated by FXIla and KLK4, although
variants with Phe, Asn or Glu showed less potent activity
against FXIIa, and all substitutions except Glu led to slightly
improved activity against KLK4 (compared to Lys). P3’
substitutions had larger effects on matriptase inhibition,
with Lys, Ala, Trp, and Val being preferred, whereas Asn or
Glu produced variants with weak activity. Substituting the
P4’ residue in MCoLib did not lead to marked changes in
activity against any of the proteases screened, although
matriptase and KLK4 showed some degree of amino acid
specificity.

We next explored whether differences in P1'-P4’ specif-
icity could be harnessed to design selective knottin PIs. The
enzyme selected was FXIla, an established target for
developing next-generation anticoagulants®! that was the
subject of a previous MCoTI-II engineering study.* In that
study, the P1'-P4’ segment received little attention, and the
best variant showed modest potency (K;=490nM) and
limited selectivity (a10-fold) over trypsin and plasmin,
despite sequence changes at five positions.*"

In Figure 1, we identified the P1" and P2’ residues as key
activity determinants. Accordingly, we identified substitu-
tions of interest at these positions, then set out to test
chemically similar proteinogenic or non-proteinogenic
amino acids, before synthesising a focused peptide library to
screen all possible combinations of the preferred amino
acids at each position. Details on the design and activity of
these variants are provided in the Supporting Information
(Supplementary Results 2).

Initially, the new variants (1-7) were screened against
FXIIa, trypsin, KLK4, and matriptase to identify potent and
selective leads (Figure S14). We then determined K; values
for 1, 3, and 7 against each enzyme (Figure 2A). The most
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Figure 1. Synthetic knottin libraries for profiling protease specificity. A) Schematic representation of the knottin libraries, where each of the ten

amino acids shown was substituted into the P1" (blue), P2’ (green), P3’ (orange) or P4’ (red) positions. P1 (purple) was fixed as Arg (R).

B) Heat

maps illustrating the inhibitory activity (relative to enzyme activity in the absence of inhibitor) for knottin variants with selected amino acids
(column titles) at a given position (row titles, centre). Inhibitory activity is shown as a gradient from low (blue) to high (green) as indicated in the
key below the heat maps. Residues present in MCoTI-Il are highlighted with a white border (P1" is Ile). Data are from three experiments (mean)
and are shown as bar graphs (mean=+SD) in Figure S10. Nle denotes norleucine.

selective variant (1) retained low nanomolar activity against
FXIlIa (K;=11 nM), which represents only three-fold change
in K; compared to MCoLib. However, changes in activity for
off-target enzymes were substantially higher: 7350-fold for
trypsin, 7075-fold for matriptase, and at least another order
of magnitude (>100000-fold) for KLK4. Inhibition data for
a broader panel of human serine proteases (thrombin, FXa,
FXIa, plasmin, plasma kallikrein, uPA, tPA) further verified
the high selectivity of 1 (Table S7). We also explored the
kinetic basis for the divergent activities of MCoLib and 1
against FXIIa and trypsin by comparing inhibitor dissocia-
tion rates, as described previously.*”! The parent molecule
MColLib is a potent inhibitor of both targets and progress
curves at steady state yielded similar k.; values of 4.8x
107 s and 2.2x107*s™" for FXIIa and trypsin, respectively
(Figure 2B). Calculating k,, using experimentally deter-
mined values for K; (3.3 nM and 0.4 nM, Figure 2A) and kg
indicated that k., was in the order of 10° M~'s™!. For the
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selective inhibitor 1 and FXIla, k. ; was similar to MCoLib
(6.1x107°s™"), but for trypsin the progress curves were
identical after adding 1 prior to, or simultaneously with,
substrate which is consistent with fast on-fast off kinetics."*”

We also examined whether the P1’ and P2’ substitutions
from the backbone acyclic variant 1 could be used to
generate a backbone cyclic inhibitor by restoring loop 6
from MCoTI-II. This peptide was produced by enzymatic
cyclisation of a synthetic precursor™*! using the native
cyclase from Momordica cochinchinensis MCoAEP2.[4!
Although 1 remained a more potent FXIla inhibitor than
the resulting cyclic knottin (K;=99+4 nM), this level of
activity represents a slight improvement on cyclic MCoTI-1I
(K;=12949 nM).*!

Having identified 1 as a potent and selective FXIIa
inhibitor, in vitro coagulation assays were performed to
assess its anticoagulant activity. Activation of the coagula-
tion system is mediated by two converging protease
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Figure 2. Design of potent and selective FXlla inhibitors via two substitutions. A) Sequence modifications in the binding loop for selected knottin
variants (“Phe denotes 4-fluoro-L-Phe) and K; values (+ standard error) against FXlla, trypsin, matriptase, or KLK4. Data are from three
experiments performed in triplicate, and >10 pM indicates less than 50% inhibition at 10 M. B) Reaction progress curves showing enzyme
activity (y-axis, mOD) after addition of substrate to FXlla or trypsin pre-incubated with inhibitor (orange) or simultaneously with inhibitor (purple).
Enzyme activity in the absence of inhibitor (black) illustrates the control rate. Progress curves used to calculate k. for each enzyme-inhibitor pair
(except trypsin-1) are shown in Figure S15. C) Inhibitory activity of compound (comp.) 1 in coagulation assays using human plasma. Activated
partial thromboplastin time (aPTT) assays measure the FXlla-initiated intrinsic pathway, and prothrombin time (PT) assays measure the FVlla/
tissue factor-initiated extrinsic pathway. Data show mean +SD from n=3, and control indicates clotting time in the absence of inhibitor.

cascades: the intrinsic/contact pathway and the extrinsic/
tissue factor pathway.””’ FXIIa is the lead enzyme in the
intrinsic pathway, and its activation is measured via
activated partial thromboplastin time (aPTT) assays. Inhib-
itory activity is observed as an increase in clotting time
compared to the control without inhibitor. For 1, a
concentration-dependent effect on plasma clotting was
observed (Figure 2C), with the inhibitor concentration
required to double the clotting time (EC,,) calculated as
2.9 uM. To verify the selectivity of 1 for FXIla and the
intrinsic pathway, prothrombin time (PT) assays were
performed to measure clotting via the extrinsic pathway. No
effect on clotting time was observed at 10 uM inhibitor.

In converting the non-selective inhibitor MCoLib into a
selective FXIIa inhibitor 1, we showed that substitutions in
the binding loop led to marked changes in the dissociation
rate for trypsin, but not FXIIa (Figure 2B). By extension,
these findings also suggested that an approach capable of
modulating the dissociation rate could enable tuneable
activity and selectivity —we anticipated that this effect could
be achieved by covalently linking the inhibitor and protease.

Angew. Chem. Int. Ed. 2022, 61, €202200951 (4 of 10)

If the effect could be initiated using an external stimulus
rather than an enzyme-dependent reaction, it would poten-
tially allow both the activity and selectivity of an inhibitor to
be modulated under specific conditions. To test this concept,
we focused on 1 and evaluated two sites for introducing a
photoreactive amino acid (4-azido-L-phenylalanine [AzF],
Figure 3A): either the P4’ position (1X1, X1 denotes cross-
linking position 1), as our library screen indicated that
substitutions at this position were well-tolerated by several
enzymes, or at the N-terminus (1X2), as several nature-
derived knottin PIs have sequence extensions at this
position.*”] Both sites are located more than three residues
from the scissile bond.

The two sites for introducing AzF were evaluated by
comparing the protein crosslinking efficiency and inhibitory
activity for 1X1 and 1X2. Crosslinking assays were per-
formed by incubating FXIIa with inhibitor (1:2 ratio) for
10 min, followed by exposure to UV light (5min) and
analysis of the reaction products by SDS-PAGE (Fig-
ure 3B). For both inhibitors, appearance of a higher
molecular weight band was observed, consistent with

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. A photoreactive knottin with light-controlled activity. A) Location of the AzF residue in 1X1 or 1X2, and reaction scheme for
photoactivation of AzF via formation of a reactive nitrene that can directly insert into C—H or N—H bonds, or undergo ring expansion to form a
dehydroazepine intermediate. B) Crosslinking of 1X1 or 1X2 to FXlla (5 min UV exposure) analysed by SDS-PAGE (C=complex, P=protease,
K=knottin). Control is a 1 variant that lacks a photoreactive amino acid. C) Data from competitive inhibition assays comparing the activity of 1X1
or 1X2 against FXlla before (grey) or after (blue) UV crosslinking. Data (mean = SD) for each condition are normalised to controls (FXlla without
inhibitor) with or without UV exposure. D) Apparent ICs, values for 1X1 or 1X2 against FXlla before or after UV crosslinking.

formation of a covalent FXIla-knottin complex. Band
intensities indicated higher crosslinking efficiency for 1X2,
with the complex-to-protease ratio similar to a previous
study on EETI-II bearing a photo-methionine residue at the
P2’ position.*! This approach was also used in a recent study
to generate photoactive knottins that target a voltage-gated
sodium channel.™ We also assessed changes in FXIIa
inhibition before and after UV crosslinking (Figure 3C,D).
Competitive inhibition assays before crosslinking revealed
that both inhibitors maintained activity against FXIla
(ICsy,=84nM and 54 nM for 1X1 and 1X2, respectively).
After crosslinking 1X2 and FXIIa, we observed a 7.7-fold
improvement in apparent 1Cs),, whereas no gain in activity
was observed for 1X1 under the same conditions.

Since 1X2 emerged as the best variant, we performed
further experiments to verify formation of the crosslinked
complex and that the improved activity was due to cross-
linking within the active site. MS analysis of the FXIIa-1X2
complex revealed a mass shift of +3421 Da compared to
non-crosslinked FXIIa, corresponding to attachment of a
single 1X2 molecule to FXIIa (Figure S17). Additionally,
control assays where 1X2 was exposed to UV light prior to
adding FXIIa revealed only a small shift in ICs, (Fig-
ure SI8A), confirming that improved activity required
exposure of both 1X2 and FXIla to UV light. We also
examined crosslinking in the presence of a high-affinity
competing ligand (7, K;=2.5 nM) to demonstrate that cross-
linking occurred within the active site. Pre-incubating FXIIa
with 7 led to a marked decrease in levels of the covalent
FXIIa-knottin complex (Figure S17). Additionally, no com-
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plex was observed when FXIIa and 1X2 were mixed, but not
exposed to UV light (Figure S17).

We next examined whether 1X2 could be crosslinked to
trypsin and, thus, overcome the rapid dissociation of the
parent molecule 1, which is a weak trypsin inhibitor. These
assays were performed using a range of UV exposure times
(30's to 5 min) to track the shift in apparent ICs,. For FXIIa,
improved inhibition was observed with increasing UV
exposure times, with maximum effects observed after 2-
Smin exposure (Figure 4). For trypsin, 1X2 was a weak
inhibitor without UV exposure (19 % inhibition at 10 uM).
However, exposure to UV light for 30 s was sufficient to
substantially shift the inhibitor’s activity against trypsin
(apparent IC5,=510 nM), and 5 min UV exposure lowered
the IC, further to 220 nM. To explore whether this effect
extended to other proteases, we performed similar assays
with matriptase and KLK4 where the ICs, for 1X2 also
exceeds 10 uM. Only slight changes in activity were
observed for matriptase (Figure S18), which may be attribut-
able to inefficient crosslinking. However, for KLK4, 30s
exposure to UV light produced a marked shift in activity
(apparent ICs,=2.5 uM), with further improvement ob-
served after Smin UV exposure where the ICy, reached
920 nM. These findings demonstrate that knottin PIs with
dual modes of action can be generated by installing a
photoreactive amino acid, which enables the inhibitor to be
switched ON against an expanded set of targets using light.

Although the P4’ position was not amenable to cross-
linking (1X1), we speculated that this site might be useful
for peptide functionalisation where interaction with the

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. A photoreactive knottin with light-controlled selectivity. Graphs show data (mean=+SD, three experiments in duplicate) from competitive
inhibition assays comparing the activity of 1X2 against FXlla, trypsin or KLK4 with or without exposure to UV light. Exposure times are indicated in
the key below the graphs. Data for each exposure time are normalised to controls (protease without inhibitor) exposed to UV light for the same

time. 1Cs, values calculated for each exposure time are shown below the key. For trypsin and KLK4, exposure times of 1-3 min were not performed

(N.D.=not determined).

target protease is not essential but benefits from proximity
to the interacting residues. To explore this concept, we
labelled 1 by incorporating a biotin tag on the side chain of
a Lys residue at P4’. Since all modifications in the new
inhibitor (1B) are N-terminal to CysIl, we examined
whether modified knottins could be assembled by ligating a
labelled peptide thioester to the knottin core using native
chemical ligation,™ followed by oxidative folding in a one
pot reaction. This approach has been successfully demon-
strated using Boc SPPS,*>! and we explored whether it
could be extended to Fmoc SPPS by synthesising the nine-
residue N-terminal fragment as a peptide hydrazidet
separate to the C-terminal knottin core. The purified
peptide hydrazide was converted to a peptide thioester via
an acyl pyrazole intermediate,” followed by overnight
ligation after adding the 20-residue C-terminal fragment and
adjusting to pH 7. The crude ligation products were diluted
1:50 in 0.1 M ammonium bicarbonate pH 8.3 containing
3 mM GSSG to promote formation of the cystine knot, and
the desired knottin 1B was isolated after a single HPLC
purification (yield=42%). This type of approach may be
beneficial for rapidly generating knottin variants, or for
sequences and labelling applications that would otherwise
present synthetic challenges.

Having generated the labelled knottin 1B, we assessed
its activity against FXIIa in competitive inhibition assays. 1B
remained a potent FXIIa inhibitor (K;=12 nM) with equi-
potent activity to its non-labelled counterpart 1 (K;=
11 nM), indicating that the biotin tag at P4’ does not have a
detrimental effect on activity. We then expanded our label-
ling study to MCoLib. This knottin is a potent inhibitor of
four protease targets (Figure 2A), enabling a broader

Angew. Chem. Int. Ed. 2022, 61, €202200951 (6 of 10)

analysis of whether P4’ labelling diminishes inhibitory
activity. The labelled analogue LibB remained a potent
inhibitor of all four targets, with K; values in the low to sub-
nanomolar range (Figure 5A). These findings verify that,
even with high affinity inhibitors, biotin labelling at P4’ is
compatible with potent inhibition.

Successfully installing an affinity tag within the protease
binding loop suggested that it might be possible to switch
OFF an inhibitor by adding an external tag-binding effector.
We anticipated that a biotin-labelled knottin could bind to
either a protease or streptavidin, but not both simultane-
ously as interaction with streptavidin would obstruct the
protease binding loop (Figure 5B). For reversible inhibitors,
sequestering free inhibitor using streptavidin would shift the
equilibrium between free and protease-bound states, ulti-
mately recovering enzyme activity.

We tested this concept by incubating FXIIa with 1B then
adding varying concentrations of streptavidin (Figure 5C).
Initially, we incubated FXIIa with 1B for 10 min, then added
streptavidin (0.25-1 equiv relative to 1B) and incubated for
10 min prior to adding substrate and monitoring activity.
Adding streptavidin (four biotin binding sites per molecule)
led to a concentration-dependent recovery in FXIla activity,
with 95% activity recovered after adding 0.5 or 1 equiv
streptavidin (Figure 5C). By contrast, adding streptavidin to
FXIIa incubated with the non-labelled inhibitor 1 did not
recover FXIIa activity. We then explored whether streptavi-
din could switch OFF the higher affinity inhibitor LibB
against an expanded set of protease targets (Figure 5D). As
with 1B, we observed a concentration-dependent recovery
in enzyme activity that reached 80-95 % for matriptase,
trypsin, and FXIIa after adding 1 equiv streptavidin 10 min

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Switching OFF biotin-labelled knottins using an external effector. A) K; values (+standard error) for the biotin-labelled inhibitor LibB
compared with its non-labelled counterpart MColLib. Data are from three experiments performed in triplicate. B) Schematic illustrating the concept
of an affinity tag OFF switch based on knottin labelling at P4’ that introduces overlapping binding sites for streptavidin and the target protease.

C) Recovery of enzyme activity (y-axis) after adding 0.25-1 equiv streptavidin (x-axis) to FXlla incubated with 1B (& 1:20 ratio FXIla:1B). Activity
data are expressed as a % relative to controls with FXlla and substrate only (mean = SD from three experiments). No recovery of activity was
observed for the unlabelled inhibitor 1. D) Recovery of enzyme activity after adding streptavidin to FXlla (purple), trypsin (blue), matriptase (green)

or KLK4 (orange) incubated with LibB.

prior to adding substate. Recovery of KLLK4 activity was less
pronounced, which may reflect the higher affinity of LibB
for KLK4 (K;=50pM). No recovery of activity was
observed for the non-labelled inhibitor MCoLib (Fig-
ure SE). We also explored whether a biotin tag could be
added to 1X2 to generate a labelled knottin (1X2B) that has
light-controlled activity. Exposure to UV light led to
improvements in 1X2B activity against FXIIa and trypsin
that were similar to 1X2, and forming crosslinked complexes
diminished the effect of streptavidin on recovering activity
(Supplementary Results 3).

The binding kinetics of knottin PIs and substantial
recovery of activity for FXIIa, trypsin, and matriptase after
adding streptavidin suggested that this system could enable
rapid, fine-tuned control over an enzymatic reaction in
progress. To demonstrate this concept, we started reactions
by mixing FXIIa with a chromogenic substrate, then added
1B to stop the reaction after 5 min, followed by 1 equiv
streptavidin to restart FXIIa activity after a further 5 min.
Progress curves (Figure 6A) show that adding 500 nM 1B (I)
was sufficient to rapidly stop the reaction. Subsequently
adding 500 nM streptavidin (IT) to switch OFF the inhibitor
enabled ~95% recovery of FXIIa activity, whereas near-
complete inhibition was maintained in reactions without
streptavidin (Figure 6A). These findings demonstrate that,
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E) No recovery of activity was observed for the non-labelled inhibitor MCoLib.

with 1B and streptavidin, we could start, stop, then restart
an enzymatic reaction in the space of 15 min. To explore
whether additional stop-start cycles are possible, we re-
peated the experiment shown in Figure 6A, then added
2 uM 1B at 17 min, followed by 2 pM streptavidin at 22 min.
Progress curves (Figure S21) revealed that we could success-
fully re-stop the reaction by saturating the streptavidin
present with additional 1B, then restart activity by adding
streptavidin to counterbalance the excess 1B.

Finally, we explored whether streptavidin could switch
OFF a labelled knottin in human plasma. In standard aPTT
clotting assays, incubating citrated plasma with phospholipid
and kaolin facilitates activation of FXII to FXIla, which
initiates a positive feedback loop with plasma kallikrein and
enables activation of FXI to FXIa (Figure 6B). Activation of
downstream coagulation enzymes requires plasma recalcifi-
cation. Therefore, we designed an assay where an initial
incubation (1) was performed after adding phospholipid and
kaolin to plasma with 10 uyM 1B to allow inhibition of
FXIIa-mediated activation events, then repeated this incu-
bation (2) after adding streptavidin (to enable recovery of
FXIlIa activity) or buffer, before adding CaCl, and measur-
ing the clotting time. Compared to typical aPTT assays,
faster clotting times are observed due to the incubation time
prior to adding CaCl, being extended. In this modified
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Figure 6. Streptavidin rapidly switches OFF a biotin-labelled knottin in kinetic assays and in human plasma. A) Progress curves showing substrate
cleavage by FXlla (y-axis, OD). Reactions were initiated by adding FXlla (5 nM) to substrate (150 pM). At 5 min (l), 1B (500 nM) was added to stop
the indicated reactions (blue circles or open circles). At 10 min (II), streptavidin (500 nM, blue circles) or an equivalent volume of buffer (open
circles) was added. Recovery of FXlla activity after adding streptavidin was ~95 % relative to controls without 1B (black circles). Data show
representative curves from one of three experiments. B) Modified aPTT assay for switching OFF 1B in human plasma. Adding phospholipid (PL)
and kaolin (1) to citrated plasma initiates activation of factor XII (FXII), which subsequently activates plasma kallikrein (PK) and factor XI (FXI).
CaCl, is required for activation of downstream enzymes: factor IX (FIX), factor X (FX), and thrombin (Th). Adding 1B during the first incubation (1)
allows inhibition of FXlla, which can be switched OFF in the second incubation (2) by adding streptavidin. Clotting times are shown in C). For
controls (black bars), buffer was added in the first incubation and buffer or streptavidin in the second. 10 pM 1B was added in the first incubation
for the remaining conditions, followed by buffer (open bar) or 0.5-1 equiv streptavidin (blue bars) in the second. Data show the mean £ SD from

n=A4.

clotting assay, adding 1B without streptavidin increased the
clotting time by more than two-fold, whereas adding
streptavidin without 1B had no effect (Figure 6C). Strik-
ingly, adding 1B to inhibit FXIIa, then adding 0.5 or 1 equiv
streptavidin to switch OFF 1B enabled recovery of FXIIa
activity, such that the clotting time (38s) approached the
control (33 s) where the inhibitor is absent. These findings
demonstrate that applications of the affinity tag-based OFF
switch extend from a simple kinetic assay with purified
components to a complex biological setting that involves
modulation of an enzyme cascade in human plasma.

Conclusion

Tuneable peptides and proteins have broad applications for
modulating chemical or biological processes. Our study has
revealed separate approaches for tuning the activity of
knottin PIs, a class of cystine knot peptides that have
evolved as reversible serine protease inhibitors. Using a
photoreactive knottin, we demonstrate that the activity and
selectivity of a cystine knot peptide can be modulated with
light, which allows the inhibitor to be switched ON against
an expanded set of targets. This approach pairs the generally
rapid association rates of knottin PIs with a mechanism
switch that facilitates crosslinking of the inhibitor to the
protease. We also demonstrate that knottin PIs can be
switched OFF when a biotin affinity tag is installed to
introduce overlapping binding sites for the protease and
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streptavidin. This approach relied on identifying a site for
labelling that does not interfere with inhibitory activity,
which we showed by labelling P4 Lys with biotin. Adding
streptavidin allowed us to tune the influence of a labelled
knottin on an enzymatic reaction, such that we could rapidly
switch OFF an inhibitor in kinetic assays and in human
plasma. These approaches were guided by specificity data
from a knottin library screen, which identified model
peptides and potential sites for functionalisation, and
provide new insights into sequence tolerance at key binding
determinants.

Knottin PIs, and cystine knot peptides more broadly, are
becoming increasingly recognised as valuable scaffolds for
designing pharmaceutical leads or molecular probes. We
anticipate that the approaches developed in this study will
be applicable to other cystine knot peptides, including those
with functions beyond enzyme inhibition. The degree to
which individual peptides can be switched ON or OFF will
rely on the specific interactions that confer activity, as well
as the association and dissociation kinetics that underpin
binding. Our findings reveal that these topologically com-
plex peptides can be engineered to allow fine-tuned control
over target activity, which dramatically expands their scope
for modulating protein function.
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