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Abstract

The rapid and selective regulation of a target protein within living cells that contain closely related
family members is an outstanding challenge. Here we introduce genetically directed bioorthogonal
ligand tethering (BOLT) and demonstrate selective inhibition (iBOLT) of protein function. In
iBOLT, inhibitor-conjugate/target protein pairs are created where the target protein contains a
genetically encoded unnatural amino acid with bioorthogonal reactivity and the inhibitor conjugate
contains a complementary bioorthogonal group. iBOLT enables the first rapid and specific
inhibition of MEK isozymes, and introducing photoisomerizable linkers in the inhibitor conjugate
enables reversible, optical regulation of protein activity (photo-BOLT) in live mammalian cells.
We demonstrate that a pan kinase inhibitor conjugate allows selective and rapid inhibition of the
lymphocyte specific kinase, indicating the modularity and scalability of BOLT. We anticipate that
BOLT will enable the rapid and selective regulation of diverse proteins for which no selective
small molecule ligands exist.
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Introduction

Small molecules allow the regulation of protein function, and provide powerful tools for
dissecting biological systems. Small-molecule-mediated regulation is commonly rapid, may
be temporally controlled, is dose-dependent, and allows the inhibition of proteins where
gene disruption is developmentally lethal or leads to adaptive compensation®-2. Small
molecules can modulate a particular function of a protein, such as its catalytic activity, while
maintaining the protein’s other interactions and functions. The phenotypes elicited by small-
molecule regulators may therefore be distinct from those resulting from genetic
perturbation.?

Modern drug discovery approaches have developed some remarkably potent inhibitors and
created new therapeutics®. However, the selective inhibition of a target protein in the cell
with small molecules remains incredibly challenging. Many proteins have closely related
family members with similar sequences and structures, making it difficult to selectively
target the desired protein inside a cell without affecting other members of the protein’s
family. As a result, it is often challenging to dissect the distinct roles that are executed by
closely related proteins using small-molecule regulators. Several approaches have been
developed to address this challenge.

A ‘bump-hole’ strategy* has been used to make selective inhibitors of protein kinases?,
providing a broadly applicable and powerful tool to study signaling®. While this approach
has had a tremendous impact, not all kinases are amenable to this approach®, and extending
it to other protein families has proved challenging.

A strategy that may increase the affinity, and potentially the specificity, of a non-covalent
ligand for its target involves creating molecules like X (Fig. 1a), for covalently tethering
ligands to their targets. The utility of these approaches depends critically on both the
selectivity and rate of the chemical reactions used to target the protein of interest and
therefore on the nature of the chemical groups involved.
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A variety of ligand-reactive group conjugates have been developed to tether ligands to
proteins for distinct purposes, including affinity labeling, traceless protein conjugation,
fragment-based drug discovery and modulation of activity’-%. Because these approaches
commonly employ tethering via reactions with natural amino acid side chain nucleophiles
(commonly cysteine thiols) present on endogenous proteins, the specificity for a target
protein is commonly derived from the intrinsic specificity of the ligand. As a result, these
approaches do not differentially target proteins that are common targets of the parent ligand.

Cysteines may be engineered into protein targets to direct tethered ligand binding0-11 and
engineered cysteine tethering and bump hole approaches have been combined to create more
selective covalent inhibitors12. Tethering ligands, attached through photoswitchable linkers,
to cysteine residues in cell surface receptors has enabled receptor state photoswitching, and
rapid control of protein function3-13, but this approach is limited to cell surface proteins.

Approaches that take advantage of the reactivity of natural amino acid side chains can
increase the fraction of ligand bound to its target®. However, the reactive group that is linked
to the ligand to enable tethering may react with endogenous nucleophiles, including thiols
and cysteines in the proteome, and selectivity for a target protein, which depends on the
relative rates of ligand binding and off-target reactions (Fig. 1b,c) may be low.

Bioorthogonal reactions!® have been reported, with rate constants spanning nine orders of
magnitude (from 107> M~1s71 to 10* M~1s71; refs 17,18). We and others have shown that
bioorthogonal groups, including strained alkenes and alkynes for rapid and specific inverse
electron demand Diels-Alder reactions with tetrazines, can be genetically encoded in
cells®-24, This has enabled the site-specific fluorescent labelling of proteins on the cell
surfacel920 and within cells23 and animals2425, Here we describe genetically encoded
bioorthogonal ligand tethering (BOLT), in which an unnatural amino acid bearing a
bioorthogonal group is directed into a protein of interest and a ligand for the proteins is
connected, via a linker, to a bioorthogonal group (to create a bioorthogonal version of X,
Fig. 1) that can react with the group introduced into the protein. The rate constant for small
molecules binding to target enzymes (k, Fig. 1a) is commonly26 104 to 105 M~1s71 and a
very fast covalent tethering reaction (large k) is therefore required for pathway 1 to
contribute substantially to the rate of formation of D (assuming kg is at least equal to k;)2’.
For most intermolecular bioorthogonal reactions, pathway 2 (Fig. 1a) will be the major
contributor to the formation of D via BOLT (Supplementary Tables 1-3). The formation of
D depends on the rate constant kg, for the irreversible conversion of B to D via a
bioorthogonal reaction. Notably, if we apply the inhibitor conjugate at a concentration much
lower than k-»/k, (Kp, dissociation constant of the inhibitor conjugate) so that most inhibitor
conjugate is not bound to P4, only trace amounts of the non-covalent complex B are formed,
but once B is formed it is irreversibly converted to D and all protein Py is tethered. The
extent of tethered inhibition depends on the intramolecular ligand binding equilibrium (ks/
k_3) between D and A, and the increase in the effective molarity of tethered ligands2829 in
the proximity of the inhibitor binding site may result in complete inhibition for optimal sites
of tethering. Notably, at concentrations of inhibitor much lower than the Kp for P1 only
trace amounts of the inhibitor conjugate will bind P, (a protein that does not have a
bioorthogonal group installed, but may otherwise be identical to Pq, Fig. 1a) and P, will not
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be inhibited, allowing selective inhibition of protein P, without inhibiting protein P,. The
timescale of selective inhibition is critically dependent on k4, which in turn depends on the
rate of the bioorthogonal reaction, and relatively rapid tethered bioorthogonal reactions are
required to achieve selective inhibition on the timescales commonly associated with small-
molecule inhibition (Supplementary Table 1).

Here we demonstrate that inhibition via BOLT (iBOLT) can be used to selectively inhibit
either MEK1 or MEK2 in live mammalian cells. Although the parent inhibitors are non-
selective between the two MEK isozymes, inhibition of the targeted protein by the inhibitor
conjugate proceeds without inhibition of the other isozyme. We demonstrate that iBOLT is
exquisitely selective and is sensitive to inhibitor structure, linker and amino acid tether, and
that inhibition is rapid and quantitative. Introduction of a photoswitch into the inhibitor
conjugate linker enables the activity of the protein to be reversibly toggled on and off with
light (photo-BOLT) in live mammalian cells. Furthermore, defining amino acid positions
that can be targeted by iBOLT with a pan kinase inhibitor in MEK isozymes enables LCK, a
protein kinase that contains just 26% sequence identity to MEKZ, to be targeted, indicating
that the strategy we develop is scalable and modular.

Design of MEK inhibitor-tetrazine conjugate

MEKZ1 and MEK?2 are key kinases in the MAP kinase signalling pathway, which regulates
growth and development. Misregulation of this pathway is observed in 30% of human
tumors, including melanoma and Hodgkin lymphoma30-32, Selective inhibition of MEK1 or
MEKZ2 by small molecules has not been achieved, and is challenging because the two
kinases share 82% sequence identity33. Knockout of MEK1 is embryonic lethal®* and
knockdown of MEK1 takes 16 h, enabling the cell to adapt and compensate for the loss3®.
Efforts to generate inhibitor-sensitive alleles of MEK1 by the ‘bump-hole’ strategy
abolished its kinase activity®.

Our first task was to design and synthesize an inhibitor conjugate for iBOLT
(Supplementary Fig. 1). Many of the MEK1/2 inhibitors reported to date do not compete
with adenosine triphosphate (ATP) binding3®, and several have structures that are similar to
2 (Fig 1)%’. Inhibitor 2 has an 1Csq (concentration of inhibitor where activity goes to half of
its maximal value) of 44 nM against MEK 138 and inhibits the activity of both MEK1 and
MEK?2 with comparable potency in cell culture (Supplementary Fig. 2). Inhibitor 2 binds
MEK1 with the amide moiety facing the opening of the binding pocket38, suggesting that
this would be a good position to attach a linker for iBOLT (Fig. 2a). We therefore designed
and synthesized inhibitor conjugate 3 (Fig. 1). Compound 2 completely inhibits MEK1 at 10
UM, but compound 3 does not inhibit it at the same concentration (Supplementary Fig. 3).
Thus, the changes between 2 and 3 lead to a decrease in the potency in untethered inhibitor.

Identifying active MEK1(XXX-1) variants

Our next task was to discover MEK1 variants that incorporate unnatural amino acid 1 (Fig.
1) and retain activity (Supplementary Fig. 1). We identified 22 solvent-exposed amino acid
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residues that are within 40 A of the carbonyl group of the amide in the structure of inhibitor
2 bound to the kinase (Fig. 2a)38 as targets for substitution by 1. We transiently expressed
MEKZ1(XXX-1) variants in human cells, where XXX refers to each of the positions
identified. We discovered ten MEK1(XXX-1) variants that retain the ability to
phosphorylate EGFP-ERK2 (Fig. 2a and Supplementary Fig. 4a), an EGFP tagged version
of the MEK substrate ERK. Both the expression of these variants in cells containing
MEKZL1(XXX-TAG) and the BCNRS/tRNAca pair, and the resulting EGFP-ERK2
phosphorylation, were strictly dependent on the addition of 1 to cells (Supplementary Fig.
4b).

iBOLT of MEK1 (XXX-1) variants by 3

We tested the inhibition of the ten active MEK1 variants by tetrazine-inhibitor conjugate 3
(1 uM) in cells (Fig. 2b, full blots for all Figures in Supplementary Fig. 5). We observed
clear inhibition of EGFP-ERK2 phosphorylation for six MEK1 variants (73-1, 76-1, 103-1,
104-1, 156-1, 261-1), and for three of these MEK1 variants (76-1, 104-1, 261-1) we detected
little or no phosphorylated EGFP-ERK2. Neither wild-type MEK1 nor wild-type MEK2
were inhibited by 3 (1 uM), indicating that the presence of the unnatural amino acid 1 at the
genetically defined site is critical for inhibition. Furthermore, an analogue of 3 in which the
tetrazine is replaced by a phenyl group (4) (Fig. 1) did not inhibit wild-type MEK1/2 or any
MEKZ1(XXX-1) variant tested (Fig. 2b), indicating that the tetrazine moiety is also essential
for inhibition.

iBOLT of MEK1(76-1) by 3 is selective, quantitative, and rapid

We observed substantial inhibition of MEK1(76-1) by 100 nM 3 (Fig. 2c, See
Supplementary Fig. 6 for quantification). In contrast, 10 pM 3 (the solubility limit) does not
inhibit either wild-type MEK1 or MEK2 (Fig. 2c), indicating that 3 selectively inhibits
MEKZ1(76-1) over wild type MEK1/2 by a factor of at least 100. The parent inhibitor (2)
completely inhibits MEK1 at 10 uM (Supplementary Figs 2 and 3a), but 3 does not inhibit
MEK?1 at 10 pM (Fig. 2c and Supplementary Fig. 3a). The specificity of 3 for MEK1(76-1)
results from a decrease in inhibition of wild-type MEK1 by 3 (with respect to 2) and more
potent inhibition of MEK1(76-1) by 3, than MEK1 by 2.

To demonstrate that the attachment of 3 to MEK1(76-1) is quantitative and correlated with
inhibition, we labelled the lysate from cells containing MEK1(76-1), and the lysate from
cells containing MEK1(76-1) treated with 3, with tetrazine fluorophore 13 (Fig. 1). Lysates
from cells expressing MEK1(76-1) were strongly labelled with 13 (Fig. 2d, lane 3, and
Supplementary Fig. 7A). In contrast, when we incubated lysates from cells expressing
MEKZ1(76-1) that had been treated with inhibitor 3, with 13 we did not observe fluorescent
labelling of MEK1(76-1) (Fig. 2d, lane 9) and the extent of labeling and inhibition are
correlated (Supplementary Fig. 7b). Control experiments demonstrate that wild-type MEK1
is not labelled by 13 (Fig. 2d, lanes 1 and 2) and that lysates from cells expressing
MEK1(76-1) treated with 4 are efficiently labelled with 13 (Fig. 2d, lane 8). These
experiments demonstrate that the quantitative attachment of 3 to MEK1(76-1) leads to its
inhibition by BOLT and that this inhibition is specific, quantitative and requires both the
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genetically directed incorporation of 1 into MEK1 and the presence of the tetrazine reaction
partner in the inhibitor conjugate 3.

One key advantage of small-molecule-mediated inhibition over genetic methods is the speed
of inhibition (Supplementary Fig. 3c). On adding 3 (1 uM) to cells we observed complete
inhibition of MEK1(76-1) within 30 minutes (Fig. 2e, Supplementary Figs 3d and 8 for
quantification). These data indicate that the inhibition of MEK1(76-1) by 3 is rapid and is
consistent with the rate constants for labelling 1 on proteins with similar tetrazines (k; of
~10%2 M~1 s71), and kinetic simulations of iBOLT inhibition (Supplementary Table 1).

MEKZ1(76-1) is selectively labeled with respect to the proteome of mammalian cells

Potential considerations for BOLT, as well as other approaches that use unnatural amino
acid incorporation at the amber stop codon to selectively label a target protein in the cell, are
(1) the selectivity of the bioorthogonal reaction and (2) the extent to which the unnatural
amino acid is incorporated in response to the amber stop codons of endogenous genes and
leads to labeling of off-target proteins.

Labeling lysates from cells expressing MEK1(76-TAG) and the BCNKRS/tRNAcya pair
fed 1 with 13 led to strong fluorescent labelling of MEK1(76-1) with 13, but minimal
background fluorescence from the rest of the lysate (Supplementary Fig. 7a). MEK1(76-1) is
not detectable as an overexpressed band in the lysate, and is therefore expressed at a level
comparable to many endogenous proteins, demonstrating that the selective labelling reflects
the selectivity of the chemical reaction rather than protein overexpression. These data
demonstrate that the fluorescent labelling we observe results from the selective
incorporation of the unnatural amino acid into the protein of interest and its labelling in a
bioorthogonal reaction that is selective with respect to the soluble proteome. The minimal
labelling of endogenous proteins, some of which are encoded by genes that terminate in
amber stop codons (Supplementary Fig. 7a), is similar to previous observations in
Escherichia colil?, while the selectivity of tetrazine labeling with respect to the proteome
(Supplementary Fig. 7a) is consistent with previous reports3°.

Inhibitor potency and linker length affect iBOLT

To further investigate how the precise structure of the inhibitor impacts on the potency of
the tetrazine inhibitor conjugate we varied the halogen pattern of 3 to create compounds 5-7
(Fig. 1). Based on the reported 1Csq values for derivatives of 2 bearing the same halogen
patterns as those found in 5-7, which are 50-1,000-fold less active than the parent
inhibitor40, the potency of the inhibitors should decrease in the order 3> 5> 6> 7.
MEK1(73-1), MEK1(103-1) and MEK1(156-1), for which we observed partial inhibition by
3, showed a clear decrease in inhibiton level in going from inhibitor 3 to inhibitor 7 (Fig. 3a
and Supplementary Fig. 9a). These data indicate that the level of inhibition observed for
iBOLT can be exquisitely sensitive to the precise structure of the inhibitor and that
structure-activity relationships determined for the parent inhibitor qualitatively translate to
iBOLT. This provides additional evidence that the mode of tethered inhibitor binding is very
similar to the mode of parent inhibitor binding. In contrast, we observed complete inhibition
of MEK1(76-1), MEK1(104-1) and MEK1(261-1) with 1 uM 3, 5, 6, and 7, consistent with
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the increase in potency provided by tethering outweighing any weakening of the inhibitor
complex as a result of alterations in the inhibitor structure.

To investigate the effect of linker length on inhibition we synthesized several derivatives of
7, which is the weakest tetrazine-containing inhibitor in the n = 4 series (Fig. 1) and may
therefore be the most sensitive to linker length. The derivatives, 8-11, have the same halogen
substitution pattern as 7 and linker lengths up to n = 10. We find that shorter linkers are
always as good or better than longer linkers, and that the n = 10 linker leads to a decrease in
inhibition with many MEK1(XXX-1) variants (Fig. 3b and Supplementary Fig. 9b). This
observation may result from an increased entropic cost of binding the ligand with a long
linker as there is no observable difference in tethering 7-11 to MEK1(76-1) (Supplementary
Fig. 9c).

Reversible optical switching of kinase activity in live mammalian cells by photo-BOLT

Inhibition of MEK1 by iBOLT is sensitive to the position of tethering, linker length and the
potency of the inhibitor. Based on these observations, we investigated whether the
introduction of a photoisomerizable group into the linker in compound X (Fig. 1a), to create
photo-X (Fig. 4a) might enable the reversible switching of the tethered linker between
isomeric forms and enable the activity of the protein to be reversibly toggled on and off in
response to light of distinct wavelengths.

We designed an azobenzene containing linker, as azobenzenes have a defined trans/cis
geometry, exhibit good photostability (making them switchable over many cycles), display
high extinction coefficients and quantum yields*!, and have been used as photocontrol
elements in a range of biological systems!415. 4243 \We synthesized compound 12 (Fig. 1)
in which the carbon linker of compound 3 is replaced by an azobenzene-containing linker,
and tested its photophysical properties in vitro. The UV-Vis spectra of trans-12 shows a
maximum peak of absorption at 373 nm (Supplementary Fig. 10a) which disappears after
irradiation and isomerization to cis-12 with UV light (360 nm) (Supplementary Fig. 10b).
Irradiation of cis-12 with blue light (440 nm) leads to the recovery of the UV spectra of
trans-12. In the absence of illumination, cis-12 also thermally relaxes at room temperature to
trans-12 in 3.5 h (Supplementary Fig. 10c).

We screened the active MEK1(XXX-1) variants for inhibition by trans-12 in cells. We
identified six kinase variants, MEK1 (73-1, 76-1, 103-1, 104-1, 261-1 and 269-1) that were
inhibited by trans-12 (data not shown). For one of these variants, MEK1(104-1), we were
able to reversibly toggle kinase activity in mammalian cells with light (Fig. 4b,c, see
Supplementary Fig. 11 for quantification). The addition of 12 to HEK293ET cells
expressing MEK1(104-1) led to inhibition of EGFP-ERK2 phosphorylation (state E, Fig.
4b,c). lllumination of the cells at 360 nm re-established EGFP-ERK2 phosphorylation (state
F, Fig. 4b,c), consistent with the isomerization of 12 from transto cis relieving inhibition by
the tethered inhibitor. Subsequent illumination of cells at 440 nm converted the tethered
cis-12 to trans-12 (state G, Fig. 4b,c), re-establishing inhibition of EGFP-ERK2
phosphorylation. Additional illumination of cells at 360 nm relieved inhibition of EGFP-
ERK2 phosphorylation by the tethered inhibitor (state H, Fig. 4b,c). Finally, thermal
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relaxation of state H to state| restored inhibition of EGFP-ERK2 phosphorylation within 3
h. These data demonstrate that photo-BOLT enables the reversible toggling of protein
activity in live mammalian cells.

Selective inhibition of MEK2 by iBOLT

To investigate whether the strategy we have developed for selective MEKZ1 inhibition can be
extended for selective MEK2 inhibition we created ten MEK2(XXX-1) variants
(Supplementary Fig. 12a), where XXX represents positions in MEK1(XXX-1) that lead to
activity (we use MEK1 numbering for all MEK2 positions to aid comparison between
experiments). We tested the inhibition of MEK2(XXX-1) variants by 3 in cells (Fig. 5). For
most MEK2(XXX-1) variants we observed inhibition of EGFP-ERK2 phosphorylation and
two of these MEK?2 variants (76-1 and 104-1) were effectively inhibited by 3. Tethering of 3
to MEK2(76-1) is quantitative (Supplementary Fig. 7a) and 1 uM 3 inhibits MEK2(76-1)
within 30 minutes (Supplementary Fig. 12b,c). Comparing the inhibition of MEK1 and
MEK?2 variants by 3 (Figs 2b and 5) reveals that tethering 3 at positions 76 and 104 lead to
effective inhibition of both MEK1 and MEK2, while tethering 3 at position 270 or 273 leads
to partial inhibition of MEK2, but not MEKZ1. Interestingly, a major site of sequence
difference between MEK1 and MEK?2 is in the kinase insert domain from residues 260 to
308 (ref. 33) and the distinct sequence of the two proteins in this region may explain the
distinct effects of tethering 3 at position 270 or 273 on the function of the two proteins.

iBOLT of MEK1 and MEK2 with 15

To further extend the scope of iBOLT we designed and synthesized a new conjugate (15,
Fig. 1) in which the clinically approved ATP competitive pan kinase inhibitor sunitinib
(SU011248, 14) is linked to a tetrazine** at a position on the inhibitor that protrudes from
the well-conserved ATP binding pocket of protein kinases.*

Neither sunitinib tetrazine conjugate 15 nor unmodified sunitinib (14) inhibited wild-type
MEKZ1/2 at the solubility limit (10 uM) (Supplementary Fig. 13a). However, 15 (1 uM)
inhibited several MEK1(XXX-1) and MEK2(XXX-1) variants (Fig. 6). We observed
differences in inhibition profile between 3 and 15. For example, we observed near-complete
inhibition of MEK1(156-1) and MEK2(156-1) by 15, although they are only partially
inhibited by 3. In contrast, MEK1(103-1), which was partially inhibited by 3, shows no
inhibition by 15. Interestingly, MEK1(76-1) and MEK2(76-1) are inhibited by both 3 and
15. This is consistent with the proximity of position 76 to both the binding site for 2 (the
parent compound for 3) and the ATP binding site, bound by sunitinib (14). Fluorescent
labeling of cell lysates with 13 indicate that 15 is quantitatively tethered to MEK1(76-1) and
to MEK2(76-1) upon addition to cells (Supplementary Fig. 7a). Inhibition of MEK1(76-1) is
rapid, and complete inhibition is observed after 30 minutes (Supplementary Fig. 13b).
Additional experiments demonstrate that the 1,3-disubstituted cyclopropene containing
amino acid 16 (ref. 24; Fig. 1) can be site-specifically incorporated into MEK1(XXX-TAG)
variants and used to direct rapid and selective iBOLT with 3 and 15 (Supplementary Fig.
14).
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Inhibition of lymphocyte specific kinase (LCK) with BOLT

We next asked whether the approach developed to selectively inhibit isozymes of the
threonine, tyrosine kinase MEK, can be extended to inhibit a distinct protein kinase. We
chose the lymphocyte specific kinase LCK, a T-cell-specific, SRC family tyrosine kinase
that initiates signalling from the T-cell antigen receptor (TCR) complex at the plasma
membrane of T cells*®47 as a target for inhibition. LCK can phosphorylate the TCR at the
plasma membrane?’, leading to binding of an otherwise cytoplasmic tyrosine kinase
ZAP70% which is phosphorylated by LCK. LCK has only 26% sequence identity to MEK1,
and therefore provides a stringent test of the scope and potential scalability of iBOLT.

Superposition of the structures of MEK1 and LCK revealed that position 250 of LCK
corresponds to position 73 in crystal structures of MEK1 (Supplementary Fig. 15). We asked
whether LCK(250-16)-GFP, like MEK1(76-16), can be inhibited by 15. Expression of
LCK(250-16) and ZAP70-mCherry in human cells that express the TCR (HEK-TCR) led to
phosphorylation of both the TCR and ZAP70-mCherry. Similar results were obtained for
other LCK(XXX-16) variants (Supplementary Fig. 15b,c). Phosphorylation of both TCR and
ZAP70-mCherry by LCK(250-16)-GFP was inhibited by 1 uM conjugate 15 in HEK-TCR
cells (Fig. 7a), and control experiments demonstrate that 15 does not inhibit wild-type LCK
(Fig. 7a and Supplementary Fig. 16). Inhibition was rapid, with TCR phosphorylation
disappearing within 20 minutes and ZAP70-mCherry phosphorylation disappearing within
30 minutes (Supplementary Fig. 17). LCK(250-16)-GFP and ZAP70-mCherry had the
expected localization at the plasma membrane (Fig. 7b), and upon addition of 15, we
observed re-localization of ZAP70-mCherry from the plasma membrane to the cytosol of
cells as a result of LCK(250-16)-GFP inhibition by BOLT (Fig. 7b,c, Supplementary Movie
1). These data clearly demonstrate that the strategies we have described for one kinase can
be extended to rapidly and selectively inhibit other distantly related kinases in mammalian
cells.

Conclusion

We have exemplified BOLT with genetically directed competitive and non-competitive
inhibitors (iBOLT). We have realized the rapid and selective inhibition of specific isozymes
of MEK in live mammalian cells. Identifying parameters for selectively inhibiting one
member of an enzyme family enabled the selective inhibition of both a closely related
family member and a kinase with low sequence identity to MEK. These results demonstrate
that BOLT is a modular and scalable approach to generate highly selective inhibitor-protein
pairs. By introducing photoswitchable linkers we demonstrate the first optical toggling of
protein function for tethered ligands (photo-BOLT) in live mammalian cells.

It will be possible to apply BOLT to other classes of proteins for which no selective small-
molecule modulators exist, to enable selective inhibition, activation or optical modulation of
protein function with tethered ligands in cells. We note that it will be possible to
spatiotemporally control the optical toggling of protein activity by photo-BOLT, allowing
the specificity of BOLT to be combined with a level of spatial control over regulation not
commonly achieved by small molecules. The combination of increasingly efficient methods
for site-specifically incorporating unnatural amino acids into proteins in mammalian cells*?
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and genome engineering® may allow the introduction of ‘phenotypically-silent’,
bioorthogonally reactive unnatural amino acids mutants into genomically encoded proteins.
This will enable the selective and rapid modulation of protein function by BOLT, providing
a route to selectively and rapidly dissect the functions of proteins for which no specific
small-molecule modulator exists.

Detailed procedures for the synthesis of all compounds and their characterization, as well as
details of plasmid construction procedures, are provided in the Supplementary Information.
Blots show a representative of at least two replicates.

Expression and inhibition

HEK?293ET cells were grown at 37 °C in a 5% CO, atmosphere in DMEM + GlutaMAX
medium (Gibco) supplemented with 10% fetal bovine serum (FBS) for 24 hours before
transfection. All MEK constructs include the S218D and S222D mutations (unless otherwise
noted). These mutations (referred to herein as DD mutations) mimic phosphorylation by
RAF rendering MEK1 constitutively active5!. Endogenous MEK1/2 has minimal activity in
low serum media without external stimulation by epidermal growth factor (EGF). For
expression of MEK1 or MEK?2 mutants, the growth media from HEK293ET cells was
replaced with fresh DMEM (0.5 ml for 24-well, 2 ml for 6-well plate) supplemented with
0.1% FBS and 0.5 mM 1 or 0.1 mM 16, as indicated. Cells (2x105/well, 24-well plate; 106/
well, 6-well plate) were transiently transfected with the relevant MEK1 or MEK2 plasmid
(PEF1a-MEK1 (XXX_TAG)-218D222D-HA-4xU6-PyITY25C| the corresponding MEK?2
variant or control plasmids that do not contain the amber stop codon), pEFla-FLAG-
MbBCNRS-4xU6-PylITY25C and pCMV-EGFP-ERK2 plasmids using Lipofectamine 2000
(Life Technologies) according to the manufacturer’s protocol. Cells were grown for 24 h
before analysis. For inhibition assays, cells were washed with media (0.5 ml for 24-well, 2
ml for 6-well plate; DMEM with 0.1% FBS) four times (3 x 1 min, 1 x 30 min) before the
addition of inhibitor conjugates. Inhibitor conjugates were used as 200x stock solutions in
DMSO. For photo-BOLT, cells were incubated with 12 for 45 min and washed twice (1 x 1
min, 1 x 15 min) with media (0.5 mL, phenol red free DMEM with 0.1% FBS) before
illumination at 360 nm (3 x 30 s, 15 min incubation between each illumination, 80 mW
cm~2) to isomerize 12 from transto cis relieving inhibition by the tethered inhibitor
conjugate. Subsequent illumination of cells at 440 nm (120 s, 20 min incubation, 20 mW
cm™2) converted the tethered cis-12 to trans-12, re-establishing inhibition of EGFP-ERK2
phosphorylation. HEK TCR cells were handled as HEK293ET cells, except that the DMEM
contained 10% FBS throughout. Cells were transiently transfected with the relevant LCK
plasmid, pEF1a-FLAG-PyIRS-4xU6-PyITY25C and pHR-ZAP70-mCherry (where indicated)
using GenelJuice (Merck Millipore) according to the manufacturer’s protocol. Inhibition
assays were performed as described above. Imaging experiments were performed using a
spinning-disk confocal microscope?’.
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Western blot

Inhibitor conjugate mediated inhibition was followed by western blot. Cells (2 x 105/well of
a 24-well plate) were washed with 0.5 ml phosphate buffered saline (PBS), then lysed with
RIPA buffer (0.1 mL per well, Sigma, R0278) supplemented with protease inhibitor (Roche,
11873580001) and phosphatase inhibitor (1%, Sigma, P5726) at 4°C for 10 min. The lysates
were pelleted (20,000g, 10 min, 4 °C), and the supernatant was added to LDS sample buffer
(Life Technologies). The samples were heated (95 °C, 10 min), loaded on NUPAGE 4-12%
bis-tris protein gel (Life Technologies) and transferred to a nitrocellulose membrane (iBlot2,
Life Technologies). Each membrane was incubated (4°C, overnight) with a primary rabbit
anti-p-ERK1/2(pT202/pY204) antibody (Cell Signaling, #4370, 1:1,000 dilution) and a
primary rat anti-HA antibody (Roche, #12158167001, 1:4,000 dilution) in 20 ml PBST (PBS
with 0.1% Tween 20) supplemented with 5% milk powder. The membrane was washed
three times (20 ml PBST, 5 min per wash). All subsequent washing steps use this procedure.
A secondary anti-rabbit antibody (Cell Signaling, #7074, 1:2,000 dilution) was incubated
(23 °C, 1 h), the membrane was washed and the signal was developed by the addition of 1
ml Luminata Forte Western HRP substrate (Millipore). After imaging on a Bio-Rad
ChemiDoc XRS+ system, the membrane was washed and incubated (23 °C, 1 h) with
secondary anti-rat antibody (Santa Cruz Biotech, sc-2032, 1:2,000 dilution). The membrane
was washed again, the signal developed and imaged as described above. A second
membrane loaded with the same sample was incubated with rabbit anti-ERK1/2 antibody
(Cell Signaling, #4695, 1:1,000 dilution) and incubated (4°C, overnight) before washing. A
secondary anti-rabbit antibody (Cell Signaling, #7074, 1:2,000 dilution) was incubated (23
°C, 1 h), before being washed and processed as described above. For some experiments
membranes were washed and re-probed with a second primary antibody. Procedures for
LCK experiments were analogous to those described above for MEK, but LDS buffer was
also supplemented with 1 mM dithiolthreitol (DTT). Three membranes were prepared. The
first was incubated with primary rabbit anti-ZAP70(pY319) antibody (Cell Signaling,
#2717, 1:1,000 dilution), the second with rabbit anti-LCK(pY394) (Cell Signaling, #2101,
1:1,000 dilution) and the third was cut in two pieces. The top half of this membrane was
incubated with mouse anti-GFP antibody (Roche, #11814460001, 1:2,000 dilution) and the
bottom half with mouse anti-p-TCR antibody (BD Biosciences, #558402, 1:2,000 dilution).
The blots were developed as described above.

Fluorescence imaging

Tethering of inhibitor conjugates to MEK1/2(XXX) variants was determined by treating
cells with a fluorescent tetrazine conjugate. Fluorescent labelling is inhibited if the tetrazine
is ligated to the inhibitor conjugate. HEK293ET cells (10%/well, 6-well plate) expressing the
relevant MEK1/2(XXX) variant and previously treated (or not) with an inhibitor conjugate
were washed with PBS (2 ml), then lysed in PBS containing 0.1% Triton X-100 (0.2 ml per
well, 4 °C, 10 min). The lysate was pelleted (20,000g, 10 min, 4 °C) and the supernatant
collected in an amber tube (Eppendorf, 0030120.191). TAMRA-tetrazine conjugate 13 was
added to a final concentration of 10 uM. The mixture was incubated (4 °C, 4 h) before the
addition of 4x LDS sample buffer (Life Technologies), heated (95 °C, 10 min) and loaded
onto a to NUPAGE 4-12% bis-tris protein gel (Life Technologies). Fluorescent images were
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obtained by using a Typhoon Trio Variable Mode Imager (GE Healthcare Life Sciences)

W
ni

ith excitation at 532 nm (0580 filter). The proteins were then transferred to a
trocellulose membrane (iBlot2, Life Technologies), and incubated with Ponceau S (Santa

Cruz Biotech, sc-301558) to visualize total protein content, before MEK expression was

Vi

sualized as described above by anti-HA western blot.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pathwaysfor tethering aligand conjugate to a protein, and the structures of
compounds used in this study

a, A protein P; may bind a ligand conjugate X through two pathways. In the first pathway,
an intermolecular chemical reaction first takes place between X and protein Py to form
adduct A; non-covalent binding of the tethered ligand to its binding site then occurs. In the
second pathway, the ligand first binds reversibly to protein P4 to form the non-covalent
complex B; a tethered chemical reaction then takes place between the protein P, and X to
form the covalently tethered ligand bound complex D. The relative contributions of these
pathways to the formation of D depend on the indicated rate constants. Protein P has an
identical ligand binding pocket to Pq but does not have the reactive group. At inhibitor

conjugate concentrations where C is minimally populated, D may be formed and inhibit P;.

b, Off-target ligand binding of the ligand conjugate to other biomolecules (Px) decreases
specificity. ¢, Off-target reaction of the reactive group on the ligand conjugate with other
biomolecules (Py) decreases specificity. d, Unnatural amino acids 1 and 16. e, MEK1/2
specific inhibitor 2 and its derivatives 3-12. f, TAMRA tetrazine conjugate 13. g, Sunitinib
14 and its tetrazine derivative 15.
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Figure2.iBOLT of MEK1(XXX-1) variantshy 3
a, Sites targeted for site-directed mutagenesis to amino acid 1 in MEK1. Permissive (green

with black labels) and non-permissive (red) sites are highlighted. ATP and inhibitor 2 are

shown as yellow and blue spheres, respectively. The figure was created using Pymol

Page 16

(www.pymol.org) and PDB ID 3ZLS. b, Several MEK1(XXX-1) variants can be selectively

inhibited by 3, but not 4 in HEK293ET cells. Cells were incubated with the indicated
inhibitor (INH) for 3 h before western blot analysis. ¢, Concentration dependence of

MEKZ1(76-1) inhibition by 3 after 3 h. d, Fluorescent labeling of cell lysates by TAMRA
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tetrazine conjugate 13 is consistent with the quantitative formation of iBOLT product. e,
Following inhibition of MEK1(76-1) by 1 pM 3 as a function of time. EGFP-ERK2 is
detected by immunablot (IB) for ERK and phosphorylated EGFP-ERK2 is detected by
immunoblot for pERK. All MEK variants are human influenza hemagglutinin (HA) tagged,
contain DD mutations making them constitutively active, and are detected by immunoblot
for HA.

Nat Chem. Author manuscript; available in PMC 2016 January 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Tsai et al.

(a)

(b)

MEK1 73-1 76-1
INH(1TyM) - 3 5 6 7 - 3 56 7
IB: p-ERK '™ —-——
IB: HA i'.."-“---

|

B: ERK |40 w0 4w o o o o o

MEK1 73-1 76-1

INH(1uM) - 8 9 7 10 11 -8 9 7101
IB: p-ERK ™ - W . - -
IB: HA LA A A A A B B R R

B:ERK WD - -

Figure 3.iBOLT issensitiveto inhibitor potency and linker length in inhibitor tetrazine
conjugates

a, Inhibition of MEK1(73-1), but not MEK1(76-1), depends on the potency of the inhibitor.
b, Inhibition of MEK1(73-1) and MEK1(76-1) depends on the linker length in the inhibitor
conjugate. Cells were incubated with the indicated inhibitor (INH) for 3 h before western
blot analysis. EGFP-ERK?2 is detected by immunoblot (IB) for ERK and phosphorylated
EGFP-ERK?2 is detected by immunoblot for pERK. All MEK variants are HA tagged,
contain DD mutations making them constitutively active, and are detected by immunoblot
for HA. Results of other MEK1 variants are shown in Supplementary Fig. 9.
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Figure 4. Reversible optical toggling of protein function in live mammalian cellsvia photo-BOLT
a, General mechanism for toggling the activity of a target protein with light by photo-BOLT.

In the inhibitor conjugate the reactive group and the ligand are connected via a
photoswitchable linker. After incubation with photo-X the activity of the target protein may
be inhibited. Illumination with light at one wavelength (11) changes the linker geometry and
leads to recovery of function. Further illumination at a second wavelength (1) or thermal
relaxation (kgT) restores the original geometry, allowing reversible control of protein
activity. While we depict the trans-state as inhibitory and the cis-state as activated, other
permutations are possible. b, The sequential illuminations implemented in c. ¢, HEK293ET
cells expressing MEK1(104-1) were incubated with 12 for 1 h to achieve state E. The cells
were then illuminated with light (11 = 360 nm) to achieve state F. Cells were illuminated (1,
=440 nm) to achieve state G. Cells were further illuminated (4, = 360 nm) to achieve state
H. Cells were incubated for an additional 3 h at 37°C without illumination to allow thermal
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relaxation to state |. HEK293ET cells expressing wild-type MEK1 were treated under
identical conditions to those described for MEK1(104-1), leading to the corresponding
states: E/, F/, G/, H” and I”. EGFP-ERK?2 is detected by immunoblot (IB) for ERK and
phosphorylated EGFP-ERK2 is detected by immunoblot for pERK. All MEK variants are
HA tagged, contain DD mutations making them constitutively active, and are detected by
immunoblot for HA.
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Figure5.iBOLT of MEK2(XXX-1) variants

Cells were incubated with 3 for 3 h before western blot analysis. EGFP-ERK?2 is detected by
immunoblot (IB) for ERK and phosphorylated EGFP-ERK2 is detected by immunoblot for

pERK. All MEK variants are HA tagged, contain DD mutations making them constitutively
active, and are detected by immunoblot for HA.
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Figure 6. Inhibition of MEK 1(XXX-1) and MEK2(XXX-1) variantswith sunitinib tetrazine
conjugate 15

Cells were incubated with 15 for 3 h before western blot analysis. EGFP-ERK2 is detected
by immunoblot (IB) for ERK and phosphorylated EGFP-ERK2 is detected by immunoblot
for pERK. All MEK variants are HA tagged, contain DD mutations making them
constitutively active and, are detected by immunaoblot for HA.
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Figure7.iBOLT of L CK(250-16)-GFP using conjugate 15 inhibits ZAP70-mCherry and TCR
phosphorylation and elicitsrapid ZAP70-mCherry dissociation from the membrane

a, Inhibition of LCK(250-16)-GFP by conjugate 15. Wild type LCK-GFP and LCK(XXX-
TAG)-GFP variants were expressed in the presence or absence of 16 in HEK-TCR cells.
Cells were then incubated with 1 pM 15 for 3 h before western blot analysis. b, Confocal
microscope images of ZAP70-mCherry dissociation from the membrane upon addition of 1
UM 15 to HEK-TCR cells expressing LCK(250-16)-GFP. ¢, Membrane fraction of ZAP70-
mCherry after addition of 1 pM 15 into HEK-TCR expressing LCK(250-16)-GFP. The red
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curve shows the mean data (+ standard error of mean) from six analysed cells. Data for
individual cells are plotted in grey lines. The fraction of membrane bound ZAP70-mCherry
before adding 15 and after 20 minutes is normalised between 1 and 0, respectively, to allow
comparison between datasets.

Nat Chem. Author manuscript; available in PMC 2016 January 01.



