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Abstract

Methods that allow labeling and tracking of proteins have been instrumental for understanding
their function. Traditional methods for labeling proteins include fusion to fluorescent proteins or
self-labeling chemical tagging systems such as SNAP-tag or Halo-tag. These latter approaches
allow bright fluorophores or other chemical moieties to be attached to a protein of interest though
a small fusion tag. In this work, we sought to improve the versatility of self-labeling chemical-
tagging systems by regulating their activity with light. We used light-inducible dimerizers to
reconstitute a split SNAP-tag (modified human O%-alkylguanine-DNA-alkyltransferase, hAGT)
protein, allowing tight light-dependent control of chemical labeling. In addition, we generated a
small split SNAP-tag fragment that can efficiently self-assemble with its complement fragment,
allowing high labeling efficacy with a small tag. We envision these tools will extend the versatility
and utility of the SNAP-tag chemical system for protein labeling applications.

INTRODUCTION

Cellular proteins are often highly dynamic, rapidly changing their location and functionality
over space and time. Methods that allow direct tracking and labeling of proteins, such as
fusion to fluorescent proteins (FPs), have been instrumental in elucidating protein function
and dynamics. Standard FPs can be used for tracking localization, while further monitoring
of protein dynamics can be achieved using photoactivatable or photoswitchable FPs, which
can be converted into an alternate fluorescent state upon photoexcitation.:2 Despite their
high utility, FPs do have limitations. Many FPs are derived from oligomeric proteins and
thus can oligomerize or aggregate, disrupting the localization and/or function of the target
protein.3# Monomeric versions of FPs are available that exhibit reduced self-association, but
these have mutations that can also reduce photostability or brightness.3 FPs can alter
function of attached proteins,>8 and are subject to photobleaching.” For studying dynamic
events, photoswitched FPs can be used in imaging studies, but cannot be biochemically
distinguished from their non-photoexcited forms, precluding use with affinity columns or
other biochemical preparations.
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An alternate strategy increasingly used for labeling involves fusion to a protein tag that
reacts with a chemical substrate, allowing conjugation of a chemical label. A number of such
systems allowing direct coupling to proteins have been developed, including SNAP-tag,
CLIP-tag, and Halo-tag technologies.8-10 Since fluorescent labels are not limited to
genetically-encoded proteins, brighter, more photostable organic fluorophores can be used.
In addition to fluorescent tags, proteins can be labeled with a variety of other chemical
moieties, such as biotin or pharmacological compounds,11:12 enabling versatile functional
studies or biochemical analysis. Because the chemical substrate is added to cells at a specific
time, chemical labeling approaches can be controlled temporally with high resolution. While
chemical tagging systems have fine temporal resolution, such methods have limited spatial
resolution. Exceptions to these are methods using photocaged or photocleavable compounds
such as photocaged dyes,13:14 compounds in which the labeling functional group is
photocaged (eg, benzylguanine for SNAP-tag),® or compounds with photocleavable linkers
such as MeNV-HaXS (which links SNAP-tag and Halo-tag).16

To extend the versatility of chemical tagging methods to enable both temporal and spatial
control over protein labeling without use of photocaged compounds, we explored whether
we could regulate the SNAP-tag enzyme with light. SNAP-tag consists of an engineered
variant of the 20 kDa human DNA repair enzyme O8-alkylguanine-DNA alkyltransferase
(hAGT).8 The modified hAGT (ie, ‘SNAP-tag’) reacts specifically with O8-benzylguanine
(BG) derivatives, forming a permanent covalent bond at Cys145.8 A variety of BG-
conjugated chemicals, including fluorophores and biotin,12 are available, with applications
that include protein trafficking studies,1’ protein function analysis,8 protein half-life,1° and
superresolution microscopy.2921 SNAP-tag and the related Halo-tag? technology have also
been used to tether chemical antagonists to the cell surface or other anchored locations,
where they modulate the function of nearby proteins.11:22-24 The ability to spatially control
SNAP-tag activity would allow users to direct chemical labels to specific cells in a tissue, or
even subcellular regions of a cell. Because the SNAP-tag label is permanent once
conjugated, proteins tagged with photostable dyes could be tracked over long periods of
time.

To regulate SNAP-tag with light, we took two approaches. First, we split the protein into N-
and C-terminal fragments, which were then fused to light-induced dimerizers to enable light-
induced reconstitution of protein activity. In a separate approach, we tested whether
tethering a light-sensitive domain (AsLOV2) to the fragments could affect their self-
association in a light-dependent manner. While each of these strategies alone showed modest
light regulation, a combined approach was most successful. In the course of this work we
also developed two new versions of split SNAP-tag, one of which consists of a small (30
residue) peptide fragment that robustly self-assembles with its complementary fragment. We
expect these new tagging reagents will be useful for diverse protein labeling applications
including protein trafficking studies, modulating protein function at user-specified locations,
and reporting intersectional gene expression.
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RESULTS AND DISCUSSION
Reconstituting split SNAP(N) and SNAP(C) fragments with light-induced dimerizers.

To regulate SNAP-tag activity with light, we tested an approach that was previously
successful in our hands: dimerization-dependent split protein complementation.25:26 In this
approach, a protein is split into two fragments that are fused to light-inducible dimerization
domains. The split site is chosen such that in the dark, when dimerization is not induced, the
attached fragments cannot reassemble on their own. Induction of dimerization with light
brings the fragments in proximity and allows activity (Figure 1A). To identify an optimal
site to split SNAP-tag, we tested six solvent-exposed surface loops, at residues 25/26, 55/56,
81/82, 91/92, 108/109, and 123/124 (Figure 1B). Four of the sites (81/82, 91/92, 108/109,
123/124) were at or near locations where SNAP-tag was previously split and reconstituted
using chemical dimerizers;27-28 however in these previous studies the degree of background
(uninduced) assembly of SNAP-tag fragments had not been clearly assessed.

As our goal was to reconstitute SNAP-tag in a light dependent manner, we fused N-terminal
and C-terminal fragments of SNAP-tag (SNAP(N) and SNAP(C), respectively) to
Avrabidopsis cryptochrome 2 (CRY?2) and its binding partner CIBN (a truncated version of
Arabidopsis CIB1), which dimerize in the presence of blue light.2® In parallel, we tested the
same split sites with an alternate dimerizer, the iLID-SspB system. The iLID system is an
engineered photodimerizer system derived from Avena sativa phototropinl that is
engineered to interact with £, co/i SspB in blue light.2%:30 We expressed the SNAP(N) and
SNAP(C) fusion proteins in HEK293T cells and tested labeling using cell-permeable BG-
conjugated Oregon Green. Of six split sites initially tested, three (55/56, 91/92, and 123/124)
showed labeling activity (Supplementary Table 1), but limited or no light/dark differences
(Figure 1C; Supplementary Figure 1).

We chose SNAP-tag split at residues 55/56, which showed slight light/dark differences with
CRY2/CIBN (SNAP(N)-CIBN + CRY2-SNAP(C)) and the highest labeling efficiency with
both CRY2/CIBN and iLID/SspB dimerizer systems, to explore for further testing. As a
control, we verified that the SNAP(C) fragment (residues 56-182) is not enzymatically
active on its own (Supplementary Figure 2). Because prior studies using dimerizers to
reconstitute split protein fragments have shown that the N- or C-terminal orientation can
greatly affect reconstitution,26 we tested other attachment orientations (Supplementary
Figure 3), but these resulted in lower labeling activity. We focused on the iLID/SspB system
(SNAP(N)-IiLID + SspB-SNAP(C)), as it uses a smaller protein (13.1 kDa for SspB
compared with 69.3 kDa for CRY2) fused to the chemically modified SNAP(C) fragment.

Disrupting self-assembly of split SNAP-tag fragments.

Optimal control of split protein reconstitution requires that the split protein fragments
maintain moderate affinity such that they can assemble when brought together by
dimerizers, but their affinity should be low enough such that they do not self-assemble on
their own. The high dark background activity observed with both iLID/SspB and CRY2/
CIBN systems suggested the fragments were of sufficiently high affinity to direct self-
assembly independent of the dimerizers. To test this, we fused the 55/56 split SNAP-tag
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fragments to proteins that do not interact, generating SNAP(N)-iLID and Calmodulin-
SNAP(C) (CaM-SNAP(C)). Use of these constructs resulted in nearly as efficient labeling
(~93%) as observed with an intact SNAP-tag control (SNAP 1-182) (Figure 1D, 1E),
indicating the 1-55 and 56-182 domains efficiently self-assemble. Using the same
iLID/CaM non-interacting pair, SNAP-tag split at 91/92 and 123/124 also showed self-
assembly (54% and 89% labeling compared with intact SNAP-tag, respectively) (Figure 1D,
1E).

The results showing substantial self-assembly of SNAP-tag split at 91/92 and 123/124 stand
in contrast to several previous studies, which suggested that SNAP-tag split at these sites
could be used to detect protein-protein interactions.2’28 SNAP(N)(1-91) was previously
reported to assemble with SNAP(C)(92-182) only when fused to interacting proteins (for
example, Fos and Jun). However, the control experiments used in these studies only tested
interaction of the SNAP(1-91) and SNAP(92-182) fragments expressed on their own, rather
than as a fusion with non-interacting proteins. In our hands, we found that both SNAP(1-91)
and SNAP(92-182) are unstable when expressed on their own (Supplementary Figure 4) but
are stably expressed in fusions with other proteins such as mCherry or calmodulin. When
expressed as a fusion, the 91/92 split fragments show robust labeling with non-interacting
proteins (Figure 1D, 1E). Our results suggest that use of these fragments to detect protein-
protein interactions may yield false positive interaction results, although expressing at much
lower levels may help to mitigate self-assembly.

Based on previous studies with self-assembling split proteins,2® we hypothesized that we
could identify point mutations along the SNAP(1-55)/(56-182) fragment interface that
would reduce affinity sufficiently to disrupt self-assembly, but allow for the recovery of
activity with dimerization. Analysis of the structure (PDB:3KZY) identified 15 polar and
hydrophobic amino acid residues along the SNAP(N)/(C) interface, which we targeted for
mutation to alanine (Figure 2A). Ten of these mutants showed reduced self-assembly using
the mismatched dimerizer pair SNAP(N)-iLID and CaM-SNAP(C) (Supplementary Table 2).

We focused on SNAP(N)(L16A)-iLID, which expressed equivalently to wild-type
SNAP(N)-iLID but showed significantly reduced labeling when paired with CaM-SNAP(C)
(from 94% to 23%) (Figure 2B). Leul6 forms a hydrophobic pocket along the N and C
interface with five other hydrophobic residues (F70, 1141, V164, W167, and L168)
(Supplementary Figure 5). We hypothesize that mutating Leul6 to Ala destabilizes the
hydrophobic pocket and reduces self-assembly and enzymatic activity. When we tested
activity of the iLID/SspB-fused SNAP-tag fragments with the L16A mutation in SNAP(N),
we observed significantly reduced dark background activity (6% labeling compared to 66%
with wild-type SNAP(N)) (Figure 2C, 2D). Labeling in light was also reduced, but only
about half compared with wild-type (26.5% with L16A compared to 60% with wt
SNAP(N)).

Sterically blocking the SNAP-tag fragment interface with AsLOV2.

Our initial strategy using photodimerizers to reconstitute split SNAP-tag fragments showed
promise, but light-induced labeling activity was still much lower that than seen with intact
SNAP-tag (~25% as shown in Figure 2C). One inherent limitation of the split protein
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complementation approach is that the dynamic range of the system is limited by the
dimerizer binding affinities in light and dark. As an alternative approach to generate a more
robust labeling system, we tested a different photocontrol strategy: steric blocking of split
wild-type fragment self-assembly using the AsLOV2-Ja photosensory domain. In the dark, a
Ja-helix at the C-terminus is tightly bound to the core of the AsLOV2 protein, which can
sterically prevent fused proteins or peptides from interacting with binding partners. With
light, dissociation of the Ja.-helix from the AsLOV2 core creates a configuration that can be
more permissive for interaction.3! This conformational change has been used to regulate
binding of peptides to their partners,22:32:33 as well as to regulate assembly of split intein
protein fragments in a light-dependent manner.34

To test a steric-blocking approach to regulate fragment self-assembly, we attached AsLOV2-
Ja at the N-terminus of SNAP(N)(1-55) and SNAP(C)(56-182) fragments (Figure 3A). The
SNAP-tag fragments were attached to the Ja-helix at residue 542, a location previously
successful 35 Cells treated with light for 2 hrs showed a modest light/dark difference of 1.6-
fold (24% of intact protein labeling in dark; 38% in light) but high background, indicating
inefficient steric blocking in the dark (Figure 3B). To improve the system, we truncated the
first four residues of SNAP(N), which appear unstructured (PDB:3KZY), to bring SNAP(N)
in closer proximity to the AsLOV2-Ja helix for more efficient blocking of activity. This
version, LOV2-SNAP(N)(AN), showed reduced dark activity, but the light/dark fold change
was still fairly low (10% labeling in dark; 30% in light) (Figure 3B).

Combined strategy for achieving light control combining steric blocking and dimerization.

While the dimerization and AsLOV?2 steric blocking strategies each resulted in light-dark
differences, on their own these differences were fairly modest (between 3 and 4.4-fold
change in light vs dark). We hypothesized that a combined strategy, using AsLOV2-Ja and
the L16A point mutation to prevent undesired self-assembly of the fragments in dark, then
inducing fragment assembly in light through dimerization, could be effective. We fused
LOV2-SNAP(N)(AN,L16A) to iLID and tested light-induced dimerization and reconstitution
of activity with SspBmicro-SNAP(C) (Figure 3C). This combined approach, which we named
‘Photo-SNAP-tag,” gave the best results so far. When used in the cytosol, we observed high
activity in light (38% labeling) and minimal labeling in dark (2.5%), a 14.4-fold change
(Figure 3D). A version anchored at the plasma membrane also showed low dark activity and
good labeling in light (6.8-fold increase in light vs dark) (Figure 3E). We tested if we could
improve labeling further by altering the ratio of expressed SNAP(N) and SNAP(C)
fragments or generating a bicistronic vector using a P2A cleavable peptide to equalize split
fragment expression (Supplementary Figure 6). The changes had minor effects on dark
background, but overall did not improve light/dark dynamic range of labeling activity.

While generating ‘Photo-SNAP-tag,” we also explored other design strategies to improve
dynamic range. As previous studies have shown that different truncations of AsLOV2-Ja
can have different effects on activity of fused proteins,32:33:35 we tested truncations at sites
other than Ala542, finding low dark background using a truncation at Asp540. Although
light-induced activity was also low, when combined with a higher affinity SspB-iLID pair
(SspByt-iLID) and wild-type SNAP-tag (rather than L16A), we could achieve similar
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labeling as with Photo-SNAP-tag (~7% labeling in dark; ~45% in light) (Supplementary
Figure 7). We refer to this version as ‘Photo-SNAP-tagV2’.

Spatial control over SNAP-tag labeling.

A main advantage of light is the capacity for spatial control, allowing users to steer light to
cells to regulate activity in select locations. To examine spatial control of protein labeling,
we generated mitochondrial-anchored versions of Photo-SNAP-tag, both original and V2
(‘Photo-SNAP-tagpto’ and “‘Photo-SNAP-tagV2pmto’) (Figure 4A). We fused the
SNAP(C) component (SspBmicro-SNAP(C) or SspB,+-SNAP(C) with V2) to Tom20, which
localizes to the outer mitochondria membrane, and added a mCherry tag to the SNAP(N)
fragment, to allow tracking of recruitment kinetics. Using the V2 version and global
illumination, we observed robust recruitment of up to 35% of soluble SNAP(N) to
mitochondria within 0.5-1 min after after light addition, resulting in a 11-fold light/dark
difference in BG-Oregon Green labeling (Supplementary Figure 8).

To test spatial control of labeling, we added 1 uM BG-Oregon Green to cells expressing
each version of Photo-SNAP-tagn o, then used a digital mirror device to steer blue light
(488 nm, 150 ms pulse every 30 s (original system) or every 3 min (V2) to select cells. With
both systems, cells exposed to blue light showed mitochondrial labeling specific to the
illuminated areas after 20—30 min of light treatment (Figure 4C). We could observe initial
labeling after ~10 min (not shown), but optimal labeling required >20 min. Minimal labeling
was observed in unilluminated neighboring cells. These results indicate that Photo-SNAP-
tag can be used to label proteins at user-defined sites in cells or tissues.

Split SNAP-tag as an intersectional reporter.

While our focus in these studies was on a method to spatially control SNAP-tag, our results
showing strong self-assembly of wild-type SNAP(1-55) and SNAP(56-182) fragments
(Figure 1D) led us to investigate other applications. We tested whether wild-type SNAP(N)
and SNAP(C) fragment could act as intersectional reporters marking cells expressing both of
two different genes. Such an application would be useful when construct size is an issue,
such as when working with viral vectors that have size limitations. In addition, use of a
single conjugated fluorophore to mark the expression of two plasmids would free up a
fluorescent channel for other purposes.

To evaluate use of split SNAP-tag as an intersectional reporter, we attached SNAP(N) to
mCherry and SNAP(C) to Halo-tag,19 allowing independent monitoring of expression of
each plasmid construct. 82% of cells expressing both constructs, indicated by co-expression
of mCherry and a far-red Halo-tag JF646 dye, were labeled with BG-Oregon Green. In cases
where mCh/far-red signals did not overlap with Oregon Green, the mCh or far-red
expression level was very low. In comparison, a mCherry-Intact SNAP-tag control showed
89% of cells expressing mCherry labeled with Oregon Green, while cells expressing either
mCherry or Halo-tag alone were not Oregon Green labeled (Figure 5A and 5B).

In a further test, we examined use of split SNAP-tag to mark cells expressing both
components of a two plasmid photoactivatable split Cre system.36 SNAP(N)-iLID or
SNAP(C) was inserted upstream of an IRES element, with each half of the photoactivatable
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Cre recombinase expressed downstream of the IRES (ie, SNAP(N)-iLID-IRES-CIB1-Cre(C)
and SNAP(C)-IRES-CRY?2(L348F)-Cre(N)). In this way, we could use the SNAP-tag label
as a proxy to quantify the total number of transfected cells expressing both Cre fragments.
When cells were transfected sparsely with a dsRed Cre reporter, use of the split SNAP-tag
resulted in more accurate quantification of Cre efficacy compared with a single transfection
reporter (EGFP-IRES reporter on one of the two Cre plasmids) that would be expected to
underestimate activity (Figure 5C).

A 30-residue peptide tag for SNAP labeling applications.

We explored whether we could reduce the size of the SNAP(1-55) fragment to generate a
smaller peptide tag that would self-assemble with SNAP(C), similar to approaches taken
with EGFP (self-assembling GFP1-10/11 system)37 and S. pyogenes FbaB (eg., SpyTag/
SpyCatcher).38 A smaller tag could be used to label proteins that do not tolerate larger
fusions. For example, yeast Pmal is incorrectly trafficked when fused to GFP at the C-
terminus, but can be properly localized if first fused to a small SpyTag peptide.39 After
trafficking, induction of GFP-SpyCatcher binds SpyTag and allows labeling of the correctly
localized Pmal.

To identify a minimal SNAP fragment, we truncated residues 1-4 of SNAP(1-55), which we
previously found dispensable (Figure 3B), as well as residues 36-54, which form an
unstructured linker (PDB:3KZY) that we hypothesized could be removed without affecting
function. We fused the SNAP(5-35) peptide at the C-terminus of the endoplasmic reticulum
(ER) transmembrane protein STIM140 (with mCherry at the N-terminus) and examined
localization in COS-7 cells. mCh-STIM1-SNAP(5-35) expressed well and was localized at
ER (Figure 6A). When coexpressed with SNAP(C), we observed Oregon Green labeling that
colocalized with mCherry at the ER (Figure 6B). These results show that residues 36-55 of
SNAP-tag are dispensable for activity, and that SNAP(5-35) can reconstitute with its
complementary SNAP(C) fragment to label proteins of interest.

Summary and Future Directions.

In these studies, we tested two different optogenetic strategies for regulating activity of the
split SNAP-tag enzyme: a light-induced dimerization strategy and a strategy using steric
blocking of self-assembling fragments. On their own, each strategy showed a light-
dependent difference, but was only modestly effective. A combined approach was ultimately
most successful, showing tighter light regulation and greater dynamic range than either
system alone. We named this system Photo-SNAP-tag and demonstrated use of light to label
mitochondria with an Oregon Green fluorophore at user-specified locations.

We envision that Photo-SNAP-tag could be used in similar ways as photoactivatable
fluorescent proteins, but should provide additional benefits, including the ability to
conjugate to a broader range of dyes, as well as to chemicals other than dyes, and the ability
to permanently label a protein. This method is compatible with live cell imaging, thus light
can be steered to individual cells or cell regions to selectively label targets. In this manner,
proteins or organelles in specific subcellular locations could be labeled then tracked, or
select cells in a tissue could be labeled (for example using BG-biotin) then biochemically
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separated. Such reagents would be useful for studying protein trafficking in large polarized
cell types, such as neurons. Photo-SNAP-tag could also be used to increase the subcellular
concentration of a drug to modulate the function of a protein or an organelle at a user-
defined location, similar to strategies that have been taken with intact SNAP-tag, which for
example has been used to target a kinase inhibitor to a specific subcellular location.1 Photo-
SNAP-tag could expand on the utility of these existing approaches by providing spatial
control. For example, light could be used to tag a subset of mitochondria with a drug that
impacts mitochondrial function.

In addition to work developing Photo-SNAP-tag, we also identified split versions of SNAP-
tag that undergo self-assembly. We demonstrate use as intersectional reporters to mark the
expression of two plasmids. A split GFP 1-10/11 system has been used for intersectional
applications, as well as other applications such as tagging endogenous proteins via CRISPR/
Cas9, visualizing contact sites between different organelles, and sensing protein aggregation.
41-44 gplit FPs have also been used to map neuronal connections at synapses (eg., GFP
Reconstitution Across Synaptic Partners or GRASP).#° Self-assembling SNAP-tag could be
used in similar ways, but offers the versatility of chemical labeling, providing access to other
fluorophores that are brighter, more stable, and are far-red shifted, activated by light that can
penetrate more deeply in tissue.

We identified a minimal 30 residue peptide, SNAP(5-35), that self-assembles with its
complementary SNAP(56-182) fragment and can be used to tag and label proteins at
different subcellular locations. We expect this peptide can be used with proteins of interest
that do not tolerate fusion to larger fluorescent proteins, or for tagging endogenous proteins
using CRISPR methods, which are more efficient with smaller peptide tags.*2

While we believe the Photo-SNAP-tag approach shows high potential, we acknowledge
several limitations. One limitation is that the degree of reassembly is dependent on the level
of expression of the two fragments. Because the SNAP-tag enzyme also serves as substrate,
the degree of labeling is also dependent on expression of the C-terminal SNAP-tag fragment.
For other photoactivatable split enzymes such as photoactivatable Cre recombinase,36 where
a single enzyme can act on multiple substrates, only a small amount of enzyme may be
required for high activity. In such cases, background activity can be reduced by reducing
enzyme expression level, without impacting activity in the induced state. In contrast,
because the Photo-SNAP-tag system acts to enzymatically modify itself, reducing
expression of the enzyme also reduces the amount of substrate available for labeling.
Because of these issues, it was challenging to maintain a high degree of labeling in light
with minimal dark background. Even with these limitations, by altering the site of fusion
with AsLOV2 and tuning the dimerizer and split fragment binding affinities, we were able to
optimize two different Photo-SNAP-tag systems (original and V2, Figures 3D and
Supplementary Figure 7A). While Photo-SNAP-tagV2 performed comparably and was not
improved over the original version, these results highlight the different engineering
modalities that could be further tuned to enhance function in future work.

A second limitation of Photo-SNAP-tag is the slow kinetics of labeling activity, as it
required tens of minutes of light application to achieve visible cellular labeling (20 min in
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Figure 4B). The minutes-long time required to achieve labeling limits the spatial resolution
of the approach. Our results showing rapid recruitment of a cytosolic SNAP(N) fragment to
SNAP(C) anchored at mitochondria suggest that the slow kinetics of the process is due to a
later step after the initial light-triggered heterodimerization, either due to slow self-assembly
of the split fragments or poor enzymatic activity, requiring minutes to accumulate sufficient
levels of tagged product for visualization. Another engineered optogenetic system, the
FLARE system that uses TEV protease activity to mark light and calcium flux in neurons,
has a similar limitation: its temporal resolution is limited by the cleavage kinetics of the
enzyme.*6 However, a recent study used yeast-based directed evolution to improve the
temporal kinetics of FLARE.#’ We envision a similar approach could be taken to evolve
intact SNAP-tag and/or Photo-SNAP-tag to improve the labeling kinetics, allowing for
greater subcellular resolution in future studies.

MATERIALS AND METHODS

Cloning and

Cell Culture

Mutagenesis.

Full sequences of the constructs used in this manuscript and the primers used in cloning are
provided in Supplementary Table S3. Additional cloning details are provided in the
Supplementary Information.

Experiments.

HEK293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO». To quantify
SNAP-tag labeling, HEK293T cells were seeded onto coverslips in 24-well plates and
transfected with 500 ng of plasmid DNA using standard calcium phosphate transfection
methods. For plasma membrane labeling experiments, 80 ng each of p1700 (mCh-LOV2-
SNAP(N)(AN,L16A)-iLID(V4161)) and p1720 (SspBmicro-SNAP(C)-CAAX) were
transfected into HEK293T. For the mitochondrial global cell labeling, 300 ng of p1726
(mCh-LOV2(540)-SNAP(N) (AN)-iLID(wt)) and 300 ng of p1725 (TOMZ20-SspB,:-
SNAP(C)) were transfected into HEK293T. For ER localization experiments, COS-7 cells
were seeded onto coverslips in 24-well plates and transfected with 200 ng of the specified
plasmid DNA using Lipofectamine 2000 (ThermoFisher) following the manufacturer’s
protocol.

Cells were wrapped in aluminum foil after transfection and kept in the dark until the
following day. For the iLID-SspB systems, 1 s light pulses every 30 s were delivered (unless
otherwise noted); for CRY2-CIBN systems, 2 s pulses were delivered every 3 min (461 nm
delivered from custom-built LED arrays, 7-18 mW/cm?2). Dark samples were kept in the
dark the entire experiment. Light samples were pretreated with light for 1 hr before adding
SNAP Oregon Green (New England Biolabs), and light treatment was continued during the
1 hr labeling reaction. Cells were labeled with 5 uM SNAP Oregon Green for 30 min,
washed 3x with media, left for 30 min, then washed a final time. After the labeling reaction,
coverslips were washed in 1x phosphate buffered saline (PBS), fixed in 4%
paraformaldehyde, and mounted on a glass slide. Fixed cells were imaged on an Andor
Dragonfly 301 spinning disc imaging system with Olympus 1X73 base. Images were taken
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using a 60x UplanSApo 1.35 NA oil objective and collected on a 1024 x 1024 pixel Andor
iXon EM-CCD camera. Data was acquired using Fusion or iQ3 (Andor).

Immunoblotting.

For immunablotting, cells were harvested 24 hrs after transfection, washed with 1x PBS, and
lysed in 2x Laemmli sample buffer with boiling. Proteins were separated by gel
electrophoresis on a SDS-PAGE gel and transferred to nitrocellulose membranes followed
by probing with primary (anti-HA, BioLegend #901501) and secondary (donkey anti-mouse
IR-Dye 800CW, LiCOR 926-32212) antibodies. An Odyssey FC Imager (Li-COR) was used
to visualize labeled immunoblots.

Image Analysis.

All images from fixed slides were quantified using ImageJ. For all images, Z-stacks were
compiled into a maximal projection. To quantify SNAP-tag labeling, individual cells were
manually selected and average fluorescence of the mCherry and Oregon Green channels
were quantified. The background fluorescence was determined by measuring the
fluorescence of each channel in untransfected cells, then subtracted from the mCherry and
Oregon Green average fluorescence. For each cell, the Oregon Green labeling was
normalized to the mCherry fluorescence in the same cell and multiplied by 100. The
mCherry normalized Oregon Green labeling was then normalized to the Oregon Green
labeling of cells expressing an intact SNAP-tag positive control within each experiment.
Within each experiment, at least 30 cells were quantified per experimental condition.
Reported data shows the average and error (S.E.M.) of three biological replicates performed
independently, or in indicated graphs, average and range of two biological replicates.

Live Cell Imaging and Labeling.

HEK?293T cells were seeded onto a 35 mm glass bottom culture dish and transfected with
150ng of p1701 (MCh-LOV2-SNAP(N)(AN,L16A)-iLID(wt)) or p1726 (mCh-LOV2(540)-
SNAP(N)(AN)-iLID(V4161)) and 250ng p1717 (TOMZ20-SspBmicro-SNAP(C)) or p1725
(TOM20-SspB,,-SNAP(C)) for mitochondrial labeling experiments using calcium
phosphate methods. The V416l mutation in iLID in p1700 and p1726 was included to
lengthen the photocycle half-life from 30 s to 3 min, to enable treatment with less frequent
light pulses.32 Cells were incubated in dark, wrapped in foil, with all manipulations
performed under a red safe light. 12 to 24 hrs after transfection, cells were moved to Hanks
Balanced Salt Solution (1.26 mM CaCl,, 0.41 mM MgSQOy, .49 mM MgCl,, 5.33 mM KCL,
138 mM NaCl, 0.44 mM KH,POQy, 0.34 mM NayHPQOy4, 4.17 mM NaHCO3, 5.56 mM D-
glucose, and 20 mM HEPES) for live cell imaging. 1 uM BG-Oregon Green was also added.
Live cell imaging was performed at 34°C on the Andor Dragonfly confocal system. For
mitochondrial labeling experiments, regions of interest were locally stimulated with 488 nm
light using a Mosaic digital mirror device (Andor), 150 ms every 30 s for 20 min for Photo-
SNAP-tag, and 150 ms every 3 min for 30 min for Photo-SNAP-tagV2. Cells were washed
5x with imaging buffer (maintaining the position on the microscope), rested for 30 min,
washed then imaged.
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Cre recombinase experiments.

HEK?293T cells were seeded on coverslips in 24-well plates and 250 ng of p1704 and 500 ng
of p1714 were transfected using Lipofectamine 2000. The following day, cells were labeled
with SNAP-Oregon Green and 3 pM Halotag JF646 dye, then fixed and imaged. To
determine Cre recombinase activity, cells were seeded in 96-well plates and transfected with
125 ng of each construct (p1705 and p1706, or p1134 and p970) and a floxed DsRed Cre
reporter® (Addgene 13769), using Lipofectamine 2000. Cells were kept in the dark for 24
hrs then treated with a 4 s pulse of blue light. 24 hrs after light treatment cells were imaged
to quantify reporter fluorescence. Quantification of Cre recombinase activity was carried out
in live cells using a Leica DM IL LED Fluo microscope with L5 ET and TX2 ET filters.
Images were taken with an iPhone7 (Apple) equipped with an iDu microscope adapter (iDu
Optics) and visualized using ImageJ. The percent of transfected cells (determined by either
SNAP-Oregon Green labeling or EGFP expression) showing DsRed reporter activity was
quantified from images by manual count and is indicated in graphs as ‘% Cre
recombination’.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of strategy to control interaction of SNAP(N) and SNAP(C) with AsLOV2. B)
Quantification of labeling, comparing initial AsLOV2-fused version (left), and improved
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Spatial control of Photo-SNAP-tag at the mitochondria. A) Schematic of constructs. B,C)
HEK?293T cells were incubated with 1 uM BG-Oregon Green for 20 min (Photo-SNAP-
tagmiTo) (B) or 30 min (Photo-SNAP-tagVV2y1o) (C). The boxed regions were focally
stimulated with 488 nm light. Scale bars, 10 pm.
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Split SNAP(N)/(C) as intersectional reporter. A) Representative images of cells expressing
mCherry and Halo-tag, or only mCherry, with BG-Oregon Green. Scale bars, 10 um. B)
Quantification of BG-Oregon Green labeling of cells expressing both mCherry and Halo-tag,
only one construct, or a mCh-fused intact SNAP-tag control. Data represents a single
experiment, 21-45 cells quantified each condition. C) Use of split SNAP-tag to quantify
efficiency of a two-component split photoactivable Cre system. Cells were transfected with
SNAP(N)-iLID-IRES-CIB1-Cre(C)/SNAP(C)-IRES-CRY2(L348F)-Cre(N) or CIB1-Cre(C)/
EGFP-IRES-CRY2(L348F)-Cre(N), along with a floxed dsRed Cre reporter. Recombination
efficiency was calculated using the split SNAP-tag, or a single transfection marker (EGFP-
IRES upstream of the Cre recombinase fragment). Graph shows average and range of two
biological replicates.
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Figure 6.
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STIM1-SNAP(5-35) showing mCherry localized to the ER and no Oregon Green labeling.
B) Cell expressing mCh-STIM1-SNAP(5-35) and soluble SNAP(C) showing mCherry and
Oregon Green labeling at the ER. Fluorescence intensity profiles at the white line are shown
below. Scale bars, 10 pm.
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