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ABSTRACT: The SpyCatcher/SpyTag protein conjugation system has recently exploded in popularity due to its fast kinetics and
high yield under biologically favorable conditions in both in vitro and intracellular settings. The utility of this system could be
expanded by introducing the ability to spatially and temporally control the conjugation event. Taking inspiration from photoreceptor
proteins in nature, we designed a method to integrate light dependency into the protein conjugation reaction. The light-oxygen-
voltage domain 2 of Avena sativa (AsLOV2) undergoes a dramatic conformational change in its c-terminal Ja-helix in response to
blue light. By inserting SpyTag into the different locations of the Ja-helix, we created a blue light inducible SpyTag system (BLISS).
In this design, the SpyTag is blocked from reacting with the SpyCatcher in the dark, but upon irradiation with blue light, the Ja-helix
of the AsSLOV2 undocks to expose the SpyTag. We tested several insertion sites and characterized the kinetics. We found three
variants with dynamic ranges over 15, which were active within different concentration ranges. These could be tuned using
SpyCatcher variants with different reaction kinetics. Further, the reaction could be instantaneously quenched by removing light. We
demonstrated the spatial aspect of this light control mechanism through photopatterning of two fluorescent proteins. This system
offers opportunities for many other biofabrication and optogenetics applications.

Within the past decade, SpyCatcher/SpyTag has emerged conjugation,”**? the low solubility of intein fusions makes

as a powerful bioconjugation system for biofabrication them nonideal for biofabrication.

and synthetic biology applications because of the ability to We intend to fill this gap by creating a synthetic
form a spontaneous isopeptide bond upon complementa- photoreceptor to regulate the SpyCatcher/SpyTag conjugation
tion."”” This reaction is efficient in a broad range of solution (Figure 1A). The light oxygen voltage 2 domain from Avena
conditions, enabling rapid intracellular bioconjugation.3 More- sativa (AsSLOV2) is particularly attractive.’® It is smaller than
over, the SpyCatcher reaction is irreversible and has no other photoreceptors and can be functionally expressed in E.
sequence identity sensitivities when compared to sortase A- or coli.>! Further, blue light induces unfolding of the C-terminal
intein-based approaches.””® While the original pair is capable Jarhelix, lending itself to the insertion of forei n peptides,
of providing fast kinetics, variants have been engineered to which can be hidden in the folded, dark state.” ™

improve the overall conjugation rate by up to 400-fold.”” The peptide insertion point within the Ja-helix and
Despite these attributes, conditional SpyTag/SpyCatcher pairs mutations that affect caging and photocycle half-life can%?lter
have not been reported to allow bioconjugation at the required the degree of switching over a range of concentrations.” As

the SpyCatcher/SpyTag isopeptide bond formation is
irreversible, we took advantage of the highly blocked
AsLOV2 iLID variant,>* which was shown to have tight
blocking of the caged SsrA peptide to the SspB binding partner
in the micromolar range, as a base for the insertion of SpyTag.

Peptides have been inserted as far in as residue 537;
however, 1539 is highly conserved and required for docking the
Ja-helix in the dark state.’’ As the original SpyTag (ST)
contains an isoleucine, we were able to create a 537 ST variant
(Figure 1B). We additionally chose sites 540—544 for insertion
of both ST and the kinetically faster SpyTag002 (ST002). To
provide finer control over the dynamic range of switching,
different combinations of a slower catcher AN,AC, (SC)*’

spatial and temporal resolution.

Light is a valuable tool for fabrication as well as in the
synthetic biology space.”'’ Photoactivation can provide
noninvasive, spatiotemporal control over reaction chemistries
and cellular processes down to micrometer-scale resolu-
tion.'"'* While light-sensitive chemistries have been used for
> and degradation'® of hydrogels as well as
patterning the capture and release of biomolecules, """ most
of these chemistries are not site-specific, resulting in a
stochastic collection of protein orientations. Such uncontrolled
functionalization often leads to protein unfolding and loss of
activity. Other photochemistries require UV activation and are
not compatible for eliciting cellular responses. In contrast,
photoreceptors require only visible light to perform reversible
assemblies,” and these optogenetic photoreceptors are being Received: March 25, 2021
exploited within biomaterials for the spatial and temporal Published: June 2, 2021
control of mechanical properties'®™>* and photopattern-
ing.”*"*’ None of the current photoreceptor tools, however,
can create irreversible covalent bonds on their own. While
conditional split inteins have been used for light-responsive

the formation'
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Figure 1. BLISS for conditional protein conjugation. (A) AsLOV2 variants with either
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SpyTag or SpyTag002 conditionally react with

SpyCatcher(AN;AC,) or SpyCatcher2.1 to create tunable reaction kinetics. (B) BLISS variant C-terminal sequences aligned with AsSLOV2 and
iLID.** The black highlight identifies sequence similarities with ASLOV2, and the gray highlight identifies sequence similarities with iLID. The
green text highlights the SsrA peptide in the iLID. The blue text highlights the SpyTag (ST). The purple text highlights SpyTag002 (ST002).
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Figure 2. BLISS variants and SpyCatchers reacted for 1 h, each at 10 uM concentrations. The bars show the average percent BLISS reacted with
the standard deviation from three replicates shown as error bars. (A) BLISS(ST) variants reacted with SC. (B) BLISS(ST) variants reacted with
SC2.1. (C) BLISS(ST002) variants reacted with SC. (D) BLISS(ST002) variants reacted with SC2.1.

and a faster catcher, SpyCatcher2.1 (SC2.1)** with a slow tag
(ST)? and a faster tag (ST002)” were evaluated (Figure 1A).
All SpyCatcher constructs were expressed as C-terminal

fusions to a Z-domain elastin-like polypetide (Z-ELP)

biopolymer for simple purification.

39,40

The blue light inducible SpyTag system (BLISS) variants
were initially evaluated at 10 yM concentrations for 1 h to

determine the best insertion locations (Figure 2 and S1). All
the BLISS(ST) variants showed good blocking in the dark
state; however, with the exception of 537, they showed
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Figure 3. Time course studies for BLISS;;,ST reacting to SC. (A) Coomassie stained SDS-PAGEs of light and dark reactions. (B) The SDS-PAGE
gels were analyzed via densitometry to calculate the percent BLISS;;,(ST) reacted at each time point. The average of three replicates is presented
along with the standard deviation in error bars. The fitted second order rate equation is plotted as the solid lines. (C) Light pulses show the
BLISS;;,(ST)/SC reaction can be quickly quenched by removing light. Three 10 min light pulses were applied (blue) with consecutive recovery in

the dark for 15 min (gray).

minimal reactivity in the light state (Figure 2A and S1A). The
537 insertion exhibited good switching and reactivity in the
light state (52% reacted) with relatively low background (4.8%
reacted) in the dark. While slightly higher activities were
detected by reacting to SC2.1 (Figure 2B), the overall trend
remained similar. An increase in reactivity was observed at 100
UM while maintaining excellent blocking, indicating the
window of switching is in a higher micromolar range (Figure
S2A and S2B).

While higher reactivity was observed for all BLISS(ST002)
variants (Figures 2C and 2D and S1C and S1D), only variant
540 showed a high level of switching. Variants 541 and 544
exhibited no apparent blocking, and lowering the concen-
tration did not dramatically change the switching behavior
(Figure S2C and S2D), indicating there may be sequence
related violations preventing the Ja-helix from docking in the
dark state.

We next performed time course studies for the
BLISSs3;(ST) variant at fixed equimolar concentrations to
determine the second order rate constants for the light and
dark reactions (Figure 3). SDS-PAGE samples were taken over
S h and analyzed using densitometry (Figure 3A). The
reactions reached 84% completion in the light and only 22% in
the dark. The extent of reaction was used to fit a second order
rate model (Table S1). The second order rate equation model
fit the data well, with R* values of 0.99 for the light and dark
data (Figure 3B).

The light-responsive nature of AsLOV2 provides the
opportunity to reversibly modulate the SpyCatcher/SpyTag
reaction by blue light. This possibility was examined using
BLISS;3;(ST) with SC by irradiating with 10 min light pulses
followed by 15 min of quenching in the dark (Figure 3C).
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Upon removal of light, the reaction rate quickly flattened
within seconds, and the reaction resumed with no delay upon
light exposure. This observation is in good agreement with the
fast photocycle half-life of the AsLOV2 on the order of
seconds.”’ The ability to turn on-and-off bioconjugation
instantaneously using light allows precise spatial and temporal
control of protein immobilization as well as labeling at the
cellular level.

The ON reaction kinetics for the other BLISS variants and
SpyCatcher combinations were also evaluated (Table SI).
Overall, switching from SC to SC2.1 increases the rate
constants by twofold. There are no trends in reactivity for
either SpyTag with an insertion site, which seems to indicate
that the identity of the SpyTag residues in certain positions
plays more of a role in dictating reaction rate; although, the
extent of overlap with the original ASLOV2 sequence (Figure
1B) does not appear to make any difference. Compared to an
unblocked ST-ELP control, the BLISS system is slower in the
light state, showing the AsLOV2 does partially block binding
even when the Ja- helix is unfolded (Figure S3 and Table S1).

While trends in reactivity with insertion site are not apparent
(Table S1), there are trends for the dynamic range. The ratio
of light to dark rate constants increased the further the SpyTag
is inserted into the Ja-helix (Figure 4). This is consistent with
other reports, where the longer truncations are less able to cage
the peptide within the dark state.”> The insertions with the
highest ratio are 537 followed by 540; although,
BLISS,,,(ST002) has a similar ratio to BLISSs;,(ST). While
the reactivity is lower, the ST version exhibits better switching
than SpyTag002.

Using the rate constants, we simulated the dark and light
state switchability of three highest switching variants over a

https://doi.org/10.1021/jacs.1c03198
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Figure 4. Ratio of light to dark rate constants for BLISS variants
reacting to SC and SC2.1. The bars show the average percent BLISS
reacted with the standard deviation from three replicates shown as
error bars. (A) BLISS(ST) variant rate constant ratios. (B)
BLISS(ST002) variant rate constant ratios.

range of concentrations (Figure S34). BLISSs3,(ST) offers the
highest differences within the 10—100 pM range (Figure
$34C), making it useful for many applications. Faster reaction
at low micromolar concentrations is possible using SC2.1
(Figure S34D), and the BLISSs,o(ST002) switches at even
lower micromolar concentrations (Figure S34E and S34F).
The slowest variant, BLISSs,,(ST), exhibits the highest
switching above the micromolar range (Figure S34A and
S4B) and is useful to achieve a small degree of conjugation
without background.

We next demonstrated the use of BLISSs3,(ST) for spatial
control of protein conjugation onto a solid surface though
photopatterning. We bound BLISS;;,(ST) to nickel-coated
glass slides, where 20 mm diameter well silicone isolators were
adhered to the surface to contain the liquid in both the BLISS
binding step and SpyCatcher exposure step. For a mask, three
strips of 2—3 mm wide, opaque, black electrical tape were
adhered to the other side of the slide. After BLISS;,(ST)
binding, the surface was washed and exposed to mRuby2-SC
and blue light for S min. Slides were washed and scanned
(Figure SA). The striped photomask was clearly defined,
demonstrating precise spatial control over protein conjugation.
A corresponding line profile of the slide also demonstrated
highly specific, light-activated mRuby conjugation with low
background in the dark region (Figure SSA). The low
background mRuby2 signal is consistent with the low-level
quantified from a similar nickel-coated 96-well plate (Figure
S5C).

Sequential protein patterning onto the same surface was
demonstrated using GFP-SC as our second fluorescent protein.
A diagonally stripped mask was adhered to first conjugate
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mRuby2 print, Cy3 Filte

mRuby2 print, Cy3 Filte
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Expected overlay Merged images

Figure S. Photopatterned nickel coated slides. The wells are 20 mm in
diameter. (A) Scan of photopatterned stripes of mRuby2-SC on a
nickel coated glass slide. The slide was exposed to 5 M of mRuby2-
SC for S min. (B) mRuby2 and GFP were sequentially printed onto
glass slides, creating red and green perpendicular stripes. The Cy3
filter detects the red mRuby2 stripes, while the Cy2 filter detects the
green GFP stripes. An overlay of the two shows a cross-hatched
pattern.

mRuby2-SC (Figure SB). While defined mRuby2 stripes were
still observed, the overall patterning has less resolution and a
higher background (Figure SSB). This is likely due to higher
light deflection through the thinner stripes using our current
light source. After washing, the mask was rotated 90° before
being exposed to GFP-SC to print GFP stripes perpendicular
to the mRuby2 stripes. Defined GFP patterns were detected
primarily at areas where the green and red stripes did not
overlap (Figure SB and SSB). Only a low level of GFP was
detected at sites that were already patterned with mRuby?2,
suggesting most BLISS proteins have already been conjugated
with mRuby2 (Figure SSB). Collectively, these data demon-
strate good spatial and temporal control of protein patterning.

In conclusion, we developed the first photoactivated
SpyCatcher/SpyTag bioconjugation system, BLISS, where
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the AsSLOV2 photoreceptor was used to provide spatiotempo-
ral control over intermolecular isopeptide bond formation.
Both the original SpyTag and SpyTag002 could be inserted
into the Ja-helix and undergo light-dependent switching. The
insertion location dictated both the dynamic range of the
BLISS variant as well as the concentration ranges in which the
switching could be observed. The further upstream locations
provided the greatest ratio between light and dark kinetics,
while the residue identity within certain positions influenced
the reaction rate. The kinetics could be further shifted by
swapping the SpyCatcher partner. Consistent with the fast
photoresponsive nature of the LOV2 domain, the BLISS
strategy offers instantaneous switching in SpyCatcher/SpyTag
conjugation between the light and dark state. This exquisite
switchability allows precision photopatterning of two fluo-
rescent proteins onto a surface in a spatially controlled manner.

While we demonstrated the BLISS strategy only for in vitro
biofabrication purposes, the capability of genetically encoding
both conjugation components would enable the potential use
for intracellular optogenetics applications. Unlike the majority
of optogenetic tool sets, particularly in the blue light
wavelengths, which quickly revert in the dark, the ability to
form a stable attachment could expand the applications of
using light for localization tracking and other genetic circuits.
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