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Abstract

The Staudinger reduction and its variants have exceptional compatibility with live cells, but can be 

limited by slow kinetics. Here, we report novel small molecule triggers that turn on proteins via a 

Staudinger reduction/self-immolation cascade with substantially improved kinetics and yields. We 

achieved this through site-specific incorporation of a new set of azidobenzyloxycarbonyl lysine 

derivatives in mammalian cells. This approach allowed us to activate proteins until adding a 

nontoxic, bioorthogonal phosphine trigger. We applied this methodology to control a post-

translational modification (SUMOylation) in live cells and using native modification machinery. 

This work significantly improves the rate, yield, and tunability of the Staudinger reduction-based 

activation, paving the way for its application in other proteins and organisms.

Graphical Abstract

Wrestling SUMO onto proteins: We report three genetically-encoded groups to activate protein 

function through an optimized phosphine-based small molecule trigger. We demonstrate rapid and 

tunable control of protein SUMOylation and protein localization.
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Introduction

Conditional control of protein function is essential to study the role that proteins play in the 

dynamic environment of a living cell. Pharmacological inhibitors are commonly used for 

this approach; while they work quickly and are usually reversible,[1] available drugs can 

access only a limited portion of the proteome,[2] typically can only deactivate protein 

function, and often have off-target effects.[1,3] Other techniques, including bump-and-hole 

approaches,[4–6] chemically induced dimerization[7] and dissociation,[8] and controlled 

degradation[9,10] have expanded conditional control over protein function. Here, we present 

an optimized and generally applicable approach that does not require small molecule ligand 

discovery, molecular engineering of the ligand, or protein of interest fusions, while enabling 

rapid OFF to ON switching of protein function with complete specificity.

Taking advantage of recent progress in bioorthogonal chemistry,[11] unnatural amino acids 

(UAAs)[12] have proven to be generalizable, site-specific switches for protein function. The 

UAA mutagenesis approach requires minimal engineering of the protein of interest; when 

the proper orthogonal translational machinery is provided, UAAs are incorporated simply by 

mutating the codon at the desired position to the amber stop codon.[13] UAAs allow 

investigators to site-specifically insert new chemical functionalities into proteins, thereby 

enabling small molecule control in live biological systems.[14–21] For example, palladium 

complexes can trigger protein function using propargylated or allylated lysine[17] and 

allenyl-tyrosine.[18] Additionally, tetrazine-mediated triggering of UAAs masked with trans-

cyclooctene (TCO) moieties provides another clever approach to conditional control over 

protein function.[19] While Pd-catalyzed depropargylation and deallylation is generalizable 

and highly bioorthogonal, modest protein deprotection yields (≤50%) and slow kinetics (2–3 

h)[17,18] limit usability for certain applications.[19] Tetrazine-mediated deprotection of TCOs 

is significantly faster, with rate constants exceeding 105 to 106 M−1 s−1 for optimized 

reagents. TCOs, however, isomerize to unreactive cis-cyclooctenes during storage or in the 

presence of physiologic copper[22] and thiols,[19] though half-lives on the order of hours to 

days are typical under physiologic conditions.[22,23] In a recent report, the Fox group 

demonstrated that faster TCOs could be protected from isomerization by complexation with 

silver nitrate, albeit with slightly reduced bioconjugation yields (possibly due to cellular 

instability of the particular tetrazine tested in this work).[23] Tetrazines face a trade-off 

between fast reaction kinetics and aqueous stability,[24] and thus must be chosen carefully.
[25,26] Overall, while small-molecule triggered protein activation via UAA mutagenesis has 

proven useful, further development of UAAs that provide enhanced biorthogonality and/or 

enhanced activation kinetics while also allowing complete protein activation are needed.

Among bioorthogonal reactions, the Staudinger reduction of aryl azides by phosphines is 

highly compatible with live cells and organisms.[27,28] Both functional groups are abiotic. 

The azide is a soft electrophile that reacts preferentially with soft nucleophiles (e.g., 

phosphines), so the reactive pair is chemically insulated from biotic nucleophiles and 

electrophiles, most of which are hard.[29] Successful use of azides in photocrosslinking 

experiments,[30,31] glycan labeling,[25] and in pharmaceuticals[29] indicates stability and 

nontoxicity in physiological settings. Triaryl phosphines have also proven themselves to be 
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safe for use in live cells and animals,[32] and cytotoxicity of phosphines is negligible below 

~1 mM.[16]

Like all bioorthogonal reactions, however, the Staudinger reduction has its drawbacks. 

Endogenous thiols may reduce certain alkyl-[33] and aryl-azido[34] UAAs, though 

ambiguities remain about whether this occurs in cells or during purification and analysis.[34] 

Phosphines, on the other hand, are susceptible to air oxidation (and possibly metabolic 

oxidation[29]),[35] particularly when exposed to light (UV-Vis).[36] Despite these limitations, 

our group recently developed the protected lysine derivative OABK as a means of using the 

Staudinger reduction to turn on proteins.[16] OABK converts to lysine via self-

immolation[37,38] through a 1,4-elimination-decarboxylation sequence once the phenyl azide 

is reduced to an aniline (Figure 1). This reaction, however, is slow (rate constants for the 

rate-determining[16] 1,4-elimination step are typically 10−4 to 10−3 s−1), and we observed 

persistence of the aniline species after the Staudinger reduction via LC-MS. Indeed, we 

observed a t½ value of 67 min for deprotecting OABK under biologically-relevant 

conditions, and t½ values for activating protein function in live cells were 98–118 min using 

this approach.[16] Slow kinetics represent a significant disadvantage of this initial work, 

which limited our ability to study proteins that act on a minute timescale.

Thus, we developed second-generation protected lysine analogs with improved elimination 

kinetics, and we demonstrate that these analogues deprotect much faster and in several fold 

higher yield than OABK. In mammalian cells, these new UAAs reduce the time needed to 

conditionally trigger nuclear translocation via the Staudinger reduction by up to 81%. 

Furthermore, we applied these UAAs to the small molecule-control of SUMOylation, an 

important post-translational modification, which allowed us to visualize the functional 

consequences of the modification in live cells.

Results and Discussion

We hypothesized that we could improve on OABK’s deprotection kinetics by making two 

changes: (1) relocating the azide from the ortho to the para position, which has been 

reported to accelerate the self-immolation reaction of related substrates,[38,39] and (2) 

methylating the benzylic position to stabilize a transient (partially) positive charge here by 

increasing the electron density at this position.[38,40] We expected that combining these two 

modifications would further accelerate the amino acid deprotection and thereby protein 

activation. The corresponding UAAs PABK, MOABK, and MPABK (Figure 1A) were 

prepared by coupling Fmoc-Lysine to the appropriate NHS carbonates, followed by removal 

of the Fmoc group (see Supporting Information Schemes S1–S3). We determined the 

deprotection yield and kinetics of each UAA by LC-MS (Figure S1). Fmoc-protected 

analogues of each UAA (100 μM) were treated with stoichiometric amounts of 2-

(diphenylphosphino)benzamide (2DPBM) in 8:2 PBS:DMSO (v/v) at room temperature.[41] 

2DPBM, in our hands, activates OABK[16] and other aryl azides[42] the fastest and with the 

highest yield, as we determined by screening a panel of phosphines. All three second-

generation UAAs deprotected in approximately 10-fold improved yield over OABK, and t½ 

values of 10.5, 17.7, and 30.0 min were observed for MPABK, PABK, and MOABK, 

respectively (Figure S1B). These results suggest that moving the azide to the para position 
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has a stronger effect than benzylic methylation, and combining both modifications further 

improves the kinetics. Consumption of starting material occurred at similar rates in each 

case (Figure S1A), which is consistent with self-immolation and not the Staudinger 

reduction itself as the rate-limiting step.[16] As expected, the aniline intermediate was 

observed in high levels for OABK throughout the experiment. Moderate levels of this 

intermediate were observed for MOABK (which leveled off as the reaction progressed), 

while only trace levels were detected for the para-substituted isomers (data not shown). 

Because of the stoichiometric conditions used in this assay, a small amount of phosphine 

oxidation prevented full consumption of starting material. This was easily overcome in 

cellular experiments by using excess phosphine.

To genetically encode the UAAs, we screened a panel of pyrrolysyl-tRNA synthetase 

(PylRS) mutants in E. coli (see Supporting Information Table S2) using an sfGFP-Y151TAG 

reporter to identify mutants accepting the UAAs as substrates (Figure S2). The Y271A-

Y349F double mutant (previously termed OABKRS)[16,43–45] was the most efficient 

synthetase for incorporating MPABK (Figure S2A). This is one of the most versatile PylRS 

mutants for incorporating sterically demanding lysine derivatives;[16,43–45] the Y349F 

mutation increases aminoacylation kinetics and yield,[43] while Y271A exposes a deep 

hydrophobic pocket in the PylRS catalytic site that accommodates benzyl carbamates.[43,45] 

This synthetase incorporated MOABK as well (Figure S3), but produced only modest 

protein yields with PABK (Figure S2A).[46] A PylRS mutant with L274A, C313A, and 

Y349F mutations was significantly more efficient at accepting PABK as a substrate (Figure 

S2B) and was termed PABKRS.[15] OABKRS prefers ortho- and meta-substituted Nϵ-Cbz-

Lys derivatives over para-substituted substrates;[46] PABK was no exception to this rule 

(Figure S2A). To better understand OABKRS’s efficient incorporation of MPABK, as well 

as the binding modes of PABK, MOABK, and MPABK to their respective synthetases, we 

conducted a docking study using AutoDock Vina (see Supporting Information). Modeling 

revealed that MPABK’s side chain is kinked such that the benzylic methyl group fits into a 

space at the top of the tunnel, and the para-azido substituent is accommodated facing 

outward in the pocket toward D373 (Figure S4A and D), nearly identically to the azide in a 

published co-crystal structure of meta-azido-Nϵ-Cbz-Lys in OABKRS.[46] PABK’s azide 

group is positioned similarly. For MOABK, however, the azide group is not accommodated 

in this highly charged portion of the pocket and instead projects upward (Figure S4B and E). 

MOABK’s less snug fit within the enzyme likely explains the lower incorporation efficiency 

observed for this UAA (Figure S3A). For both OABKRS substrates, the α-carboxylate 

group is tucked into the tunnel away from ATP’s α-phosphate group, which is a known 

binding mode for Nϵ-Boc-Lys,[43] a highly efficient PylRS substrate.[47,48] PABKRS, in 

contrast to OABKRS, contains a C313A mutation toward the far end of the active site tunnel 

and an L274A mutation instead of OABKRS’s Y271A mutation at the rear of the distal 

hydrophobic pocket. The C313A mutation, which has been evolved for encoding other Nϵ-

Cbz-Lys derivatives with electron-withdrawing para-substituents,[49] creates space in the 

back of tunnel so the side chain can contort backward to once again position the azide in the 

anterior portion of the hydrophobic pocket (Figure S4C and F). The L274A mutation 

appears to be an alternative to OABKRS’s Y271A mutation for expanding this pocket to 

accommodate the sterically-demanding benzyl substituent.[43] Overall, our docking study 
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shows that the second-generation azidobenzyl lysine analogues in this work are likely to 

bind their respective PylRS mutants via well-validated binding modes, ultimately affording 

unnatural proteins in practical yields.

Using OABKRS, sfGFP-Y151MPABK was produced in 5.6 mg L−1 yield using standard 

LB media, while sfGFP-Y151MOABK expression had a lower yield of 1.4 mg L−1 culture 

(Figure S3A). PABKRS enabled production of sfGFP-Y151PABK at a yield of 8 mg L−1 

culture (non-modified sfGFP was produced in 27 mg L−1 culture yield under identical 

conditions). Negligible protein expression was observed in the absence of the UAA using 

either synthetase. Successful incorporation of all three UAAs was confirmed by ESI-MS, 

which showed neither free lysine nor reduction to the aniline intermediate (Figure S3B).
[33,34]

We next tested incorporation of these UAAs into proteins in mammalian cells. MOABK was 

surprisingly found to be highly cytotoxic (data not shown), and was excluded from further 

analysis as its activation kinetics were also inferior to the para-azido analogs (Figure S1B) 

and its incorporation efficiency was lower as well (Figure S3A). Thus, PABK and MPABK 
were selected for further study. We doubly-transfected HEK293T cells with two plasmids 

containing (1) the PylRS mutants and four copies of PylT, and (2) an mCherry-TAG-EGFP-

HA reporter (Figure 1B).[16] Epifluorescence imaging of cells transfected with these 

plasmids showed UAA-dependent EGFP expression, whereas the truncated protein 

(mCherry alone) is expressed in both the presence and absence of UAAs (Figure 1B). UAA-

dependent expression of the full-length fusion construct was confirmed by detecting the HA 

epitope tag by Western blot (Figure 1C). As in bacteria, incorporation efficiency in 

mammalian cells was higher for PABK than for MPABK, as observed from the higher 

EGFP:mCherry fluorescence ratio (Figure 1B) and higher HA:β-actin density ratio (Figure 

1C). Negligible protein was produced in the absence of MPABK.

Having established that MPABK and PABK can be genetically encoded in mammalian 

cells, we next tested how rapidly these UAAs could control biological processes in live cells. 

To this end, we monitored nuclear translocation using a validated fluorescent reporter.[16,50] 

This reporter comprises a nuclear localization sequence (NLS) derived from SATB1 that 

contains an amber stop codon for the crucial lysine residue (K29)[51] and is flanked by two 

fluorescent proteins, N-terminal EGFP and C-terminal mCherry (Figure 2). We incubated 

cells transfected with this reporter with MPABK, PABK, and OABK (0.5 mM) for 40 h, 

then removed the excess UAA with a 1 h wash step using fresh media. After acquiring 

baseline images, cells were treated with 2DPBM at the limit of solubility in aqueous media 

(100 μM), and imaged for 205 min. Translocation was complete after 50 min, 75 min, and 

195 min for MPABK, PABK, and OABK, respectively, with t½ values of 18.0, 26.7, and 

94.4 min. Nuclear translocation was markedly faster for the new small molecule switches 

MPABK and PABK over OABK. Comparing MPABK and PABK in the 15–50 min range 

shows a statistically significant enhancement in case of MPABK, recapitulating the trend 

observed in the aforementioned LC-MS assay (Figure S1). Importantly, the fusion protein 

translocated completely to the nucleus, demonstrating that 2DPBM treatment leads to 

quantitative deprotection of protein in live cells. Based on literature reports, multiple pulses 

of excess phosphines may be necessary for complete Staudinger reduction to release 
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prodrugs in cell culture,[52] but this appears to be unnecessary for our present optimized 

pairs (2DPBM and (M)PABK). Overall, PABK and MPABK offer a 61–81% improvement 

in t½ compared to OABK. The kinetics of both MPABK and PABK activation with 

2DPBM rivals optical triggering of nuclear import, and these UAAs are a suitable alternative 

for controlling highly dynamic cellular processes.[16] Overall, MPABK and PABK have 

improved the kinetics of small molecule triggering via the Staudinger reduction beyond the 

best previously available tool. Though both are faster than existing tools, these UAAs face a 

trade-off between speed (where MPABK excels) and incorporation efficiency (PABK), and 

the proper UAA should be selected based on the research question. After this initial 

comparison of the UAAs, we tested a range of 2DPBM concentrations with PABK (Figure 

2D). Concentrations as low as 10 μM induced a detectable translocation response. Further, 

both the rate and extent of nuclear translocation were tunable by varying the 2DPBM 
concentration in the 10–100 μM range. The t½ can be varied from 27–181 min using this 

system, allowing for tuning of temporal control over nearly an order of magnitude. Thus, 

this approach gives a high degree of control over protein function and can be used as a finely 

tuned dial instead of a mere OFF to ON switch.

After establishing that our second-generation UAAs enable rapid, tunable triggering of 

protein function in live mammalian cells, we sought to evaluate them as tools for controlling 

post-translational modifications. To this end, we chose to study Small Ubiquitin-Like 

Modifier (SUMO), which has been implicated in cancer, neurodegeneration, and the 

response to oxidative stress and heat shock.[53] Despite only sharing 18% sequence 

homology with ubiquitin, NMR structures of SUMO1 and ubiquitin are nearly identical,[54] 

though the surface charge distribution differs significantly.[55] SUMOylation affects protein 

function in a variety of ways, including localization and stability.[55] While several 

approaches for site-specifically SUMOylating proteins have arisen,[28,56–60] and several 

investigators have globally controlled SUMOylation[61,62] or turned it off at specific sites by 

mutating the acceptor lysine to arginine,[62–64] conditional turn-on of native SUMOylation 

sites in live cells with wild-type (WT) SUMO1 has not been reported to the best of our 

knowledge.

We chose Ran GTPase Activating Protein 1 (RanGAP1),[65] a key player in nucleocytosolic 

transport, as a proof-of-concept target. RanGAP1 exists in the cytosol in its unmodified 

form,[66] but is rapidly and efficiently SUMOylated,[67,68] inducing translocation to the 

nuclear pore complex (NPC), where it forms a ternary complex with RanBP2 and 

Ubc9[65,69–71] and participates in nuclear protein import.[66] Mutating the substrate lysine 

(K526 or K524 in the murine and human homologs, respectively[63]) to arginine blocks 

SUMOylation (Figure S5).[66,72] We hypothesized that the K526PABK mutation will block 

SUMOylation, but upon deprotection to lysine, rapid SUMOylation will occur.

We probed RanGAP1 SUMOylation using a 20 kDa C-terminal domain of murine 

RanGAP1 (RanGAP1ΔN or “RGΔN”; residues 400–589). This fragment is both 

SUMOylated and targeted to the NPC,[66] and therefore serves as a convenient means of 

assessing SUMOylation via Western blot. RGΔN-K526PABK was successfully expressed in 

a PABK-dependent manner (Figure 3B, lanes 1 and 2). Upon treatment with 2DPBM (100 

μM, 12 h), unmodified FLAG-RGΔN is no longer detected (Figure 3B, lane 3). Instead, we 
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observed SUMOylated RGΔN as a 37 kDa complex by Western blot using HA-tagged 

SUMO1ΔC4,[73] the mature form of SUMO1[66] (Figure 3C, lane 3). Though SUMO1 

nominally has a mass of 11 kDa, the 15–17 kDa gel shift observed here is consistent with 

SUMOylation[59,74] and closely matches the shift seen when wild-type RGΔN is expressed 

in the presence of HA-SUMO1ΔC4 (Figure 3D). Taken together, these results suggest that 

after PABK deprotection, cells modify native FLAG-RGΔN with SUMO1. Further, it is 

unnecessary to overexpress SUMO1 for unmodified RGΔN-K526PABK to vanish after 

2DPBM treatment (Figure 3B, lane 3), suggesting that cells modify the deprotected protein 

with endogenous SUMO1. Wild-type FLAG-RGΔN cannot be detected unless the K526R 

mutation[66] is made (Figure S5) due to rapid and quantitative SUMOylation of the substrate 

lysine.[67,68] Overall, our approach gives investigators a chemically-triggered “on-switch” 

for temporal control of a natural SUMO1 modification in mammalian cells.

To demonstrate control over SUMOylation in live cells, we imaged RanGAP1 translocation 

to the NPC in response to activation of K526 using a phosphine trigger. When imaging 

expression of a human RanGAP1-RFP fusion protein harboring a K524R mutation that 

permanently blocks SUMOylation,[63] the protein accumulates exclusively in the cytosol 

(Figure 3E, top left), as reported for the murine homolog.[66,72] By contrast, the wild-type 

protein is trafficked to the nucleus and accumulates on the nuclear rim (Figure 3E, top right).
[66,72] A discontinuous ring of perinuclear fluorescence consistent with association to the 

cytosolic filaments of NPCs[71] was observed; accumulation in the cytosol — presumably 

once the NPCs were saturated[72] — occurred in cells with high transgene expression. Next, 

we incorporated PABK into this protein at K524. After a one-hour washout in fresh media to 

remove excess PABK, cells were treated with 2DPBM (100 μM) or DMSO for 16 h. In the 

absence of 2DPBM, the fusion protein (RanGAP-K524PABK-RFP) was localized 

exclusively in the cytosol (Figure 3e, bottom left), matching the negative control phenotype. 

After 2DPBM treatment, diffuse fluorescence in the nucleoplasm and bright, punctate signal 

on the nuclear lamina was observed, with only weak signal remaining in the cytosol, 

consistent with the positive control phenotype and with formation of RanBP2/Ubc9/

RanGAP1-SUMO1-RFP complexes at the NPC. No fluorescence was observed for 

transfected cells grown in the absence of PABK (data not shown), indicating that all visible 

RFP fluorescence originated from unnatural protein expression. As the protected protein was 

still visualized at high levels 16 hours after UAA washout, unmodified RanGAP1 persists 

well beyond the 4 h lifespan previously confirmed with global translation inhibition by 

cycloheximide treatment.[75,76] The deprotected fusion protein is expressed at similar levels 

and with identical subcellular distribution to endogenous RanGAP1.[76]

While small molecules,[76] siRNAs,[76,77] proteins,[78] and genetic approaches[61,79] have 

been validated to turn off RanGAP1 SUMOylation with varying degrees of specificity, 

approaches for selective SUMOylation turn-on[28,56–60] remain rare and require either 

SUMO overexpression,[58] mutations to the SUMO modifier,[28,59] or may only be carried 

out in test tubes as opposed to in live cells.[49,59,60] We addressed this methodology gap 

through development of small molecule-triggered SUMOylation via the endogenous 

conjugation machinery, an approach that is applicable to other prost-translational 

modifications (PTMs) as well. Further, the RanGAP1 studies pave the way to applying this 
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technique to the thousands of proteins that are conditionally SUMOylated in live cells.[80] 

Given the plasticity observed in SUMOylation of consensus sequences,[81] our approach will 

enable chemical control of SUMOylation anywhere a consensus sequence is present on a 

protein’s surface, thereby providing a tool to dissect the functional consequences of the 

PTM.

Conclusions

Variants of the Staudinger reduction are some of the most bioorthogonal reactions reported 

to date, and have shown the ability to function in complex biological systems where other 

reactions cannot.[27,29,82–84] We have demonstrated simple structural alterations to 

genetically encoded lysine protecting groups that rapidly accelerate deprotection via a 

Staudinger reduction/self-immolation sequence, thus overcoming the most significant 

limitation — slow kinetics[29] — while also improving deprotection yield. These UAAs are 

readily synthesized and incorporated into protein and have shown the fastest kinetics yet 

achieved in conditionally triggered nuclear translocation. Furthermore, they enabled us to 

externally control a native protein SUMOylation site in mammalian cells and follow the 

functional consequence of that activation. This approach allowed us to control protein 

subcellular localization via multiple mechanisms (controlling NLS function and controlling 

SUMOylation) and allowed us to target proteins to different subcellular locations. The 

methodology demonstrated here is generally applicable to other proteins, cell types,[85] and 

model organisms.[12,82] In contrast to light as another fast trigger of protein function,[86] our 

small molecule-triggered system does not require specialized equipment, is not affected by 

tissue opaqueness, and does not interfere with fluorescent reporters.[1] Further, it is 

orthogonal to visible light, potentially allowing for multiple biomolecules to be controlled in 

the same experiment. In choosing the appropriate tool for the research question, researchers 

may choose PABK when high protein yields are desired and may choose MPABK for the 

fastest possible activation. Although these UAAs have significantly closed the gap between 

the rate of small molecule triggering and optical triggering,[16] phosphines require additional 

time for diffusion or delivery into cells or animals. This could induce a delay in the decaging 

reaction compared to light stimulation, which may be pronounced in fast cellular processes, 

such as signal transduction As an added advantage, however, in addition to providing control 

over protein function via the Staudinger reduction, the azide-containing UAAs reported here 

may be activated with other reagents (such as TCOs[15] and Ru(II) complexes[87]). Further, 

they may function as vibrational reporters for IR spectroscopy,[15,88] may reveal transient or 

weak protein-protein interactions via photocrosslinking,[30,31,46] and could serve as handles 

for bioconjugation via cycloaddition reactions.[15,27] Thus, these next-generation azido-

lysine derivatives serve as multifunctional, efficiently-incorporated handles for activating 

and probing protein structure and function in mammalian cells.

Experimental Section

Incorporation of UAAs into protein in HEK293T cells for imaging.

HEK293T cells (American Type Culture Collection, Manassas, VA) were seeded at 20,000 

per well into 96-well plates (Greiner Bio-One, Frickenhausen, Germany) coated with poly-
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D-lysine hydrobromide (MP Biomedicals, Santa Ana, CA). Cells were grown for ~24 h 

(37 °C, 5% CO2) in Dulbecco’s Modified Eagle’s Medium (DMEM; GE Life Sciences, 

Logan, UT) supplemented with fetal bovine serum (FBS, 10% (v/v), Sigma-Aldrich, St. 

Louis, MO), penicillin (100 U mL−1, Corning Cellgro, Corning, NY), and streptomycin (100 

μg mL−1) until reaching ~70% confluency. To transfect HEK293T cells, 1 mg mL−1 linear 

polyethylenimine (LPEI, Polysciences, Warrington, PA) was diluted to 0.33 mg mL−1 with 

prewarmed Opti-MEM media (Gibco Life Technologies, Waltham, MA). The resulting 

solution (2 μL) was added to solutions of plasmid DNA (200 ng total, with equal amounts of 

each plasmid) in Opti-MEM media (18 μL). pPB220PA-1-(U6-PylT*)4/EF1α-PABKRS was 

used for PABK and pPB220PA-1-(U6-PylT*)4/EF1α-OABKRS for MPABK. An mCherry-

TAG-EGFP-HA reporter plasmid with an additional two copies of PylT (pMCherry-TAG-

EGFP-HA-U6H1-PylT2) was used (described in the Supporting Information). The mixture 

was pipetted up and down five times, and was incubated for 10–15 minutes at ambient 

temperature. Cell culture media was replaced with 180 μL of prewarmed DMEM 

supplemented with FBS (10% (v/v)) and UAA (mM) or vehicle. The transfection reagent was 

added dropwise to each well by dispensing a small droplet of the reagent onto the pipette tip, 

then gently touching it to the surface of the media. The cells were grown for 48 h (37 °C, 5% 

CO2). Media was removed and replaced with prewarmed sterile HEPES-buffered saline 

(0.9% (w/v), pH 7.4). The fusion protein was visualized by epi-fluorescence microscopy 

(Zeiss Axio Observer Z1, 20x objective, numerical aperture 0.8 Plan-Apochromat M27) for 

mCherry (excitation (ex); BP550/25, emission (em), BP605/70) and for EGFP (ex, 

BP470/40; em, BP525/50 filter cubes).

For SATB1 nuclear translocation imaging, the cells were transfected with pCDH-EGFP-

K29TAG-SATB1-mCherry (reported as eGFP-OptoNLS-SATB1-mCherry in Engelke et al., 

2014)[50] and pAG-OABKRS-PylT4 (for OABK and MPABK) or pAG-PABKRS-PylT4 (for 

PABK) by the same method. After 36 h of incubation in DMEM supplemented with FBS 

(10% (v/v)) and the UAA (0.5 mM), media was changed to DMEM (high glucose, phenol 

red-free, HyClone Laboratories, GE Life Sciences, Logan, UT), and cells were incubated for 

1 h to remove excess UAAs. The cells were placed on a WSKM Stage Top Incubator (Tokai 

Hit, Fujinomiya, Shizuoka Prefecture, Japan) and maintained at 37 °C in a 5% CO2 

atmosphere. After acquiring baseline images, media was replaced with a freshly-prepared 

solution of DMEM (high glucose, phenol red-free) supplemented with 2DPBM (10–100 μM, 

prepared by adding a 50 mM (500 ×) stock solution of 2DPBM in degassed DMSO); this 

was performed on the microscope stage to avoid having to reposition the plate (since 

contamination was not an issue on the timescale of this experiment). Images were acquired 

every 5 min for 205 min. Quantification was performed as described below (see 

Quantification of fluorescence measurements in the Supporting Information).

Western Blot.

HEK293T cells (American Type Culture Collection, Manassas, VA) were seeded at 160,000 

per well into 6-well plates (Greiner Bio-One, Frickenhausen, Germany) and grown for ~24 h 

(37 °C, 5% CO2) to ~80% confluency in Dulbecco’s Modified Eagle’s Medium (DMEM; 

HyClone Laboratories, GE Life Sciences, Logan, UT) supplemented with fetal bovine serum 

(FBS, 10% (v/v), Sigma-Aldrich, St. Louis, MO), penicillin (100 U mL−1, Corning Cellgro, 
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Corning, NY), and streptomycin (100 μg mL−1). To transfect the cells, 1 mg mL−1 linear 

polyethylenimine (LPEI, Polysciences, Warrington, PA) was diluted to 0.33 mg mL−1 with 

prewarmed Opti-MEM media (Gibco Life Technologies, Waltham, MA). The resulting 

solution (10 μL) was added to solutions of plasmid DNA (1.5 μg each) in Opti-MEM media 

(200 μL). pAG vectors were used to provide PylRS mutants and PylT (4 copies) for all 

experiments.[16,86] MPABK and PABK were both incorporated into pMCherry-TAG-EGFP-

HA. For the SUMO/RanGAP Western blots, pcDNA3-HA-SUMO1,[73] pcDNA3FLAG-

RanGAPdeltaN[89] containing K526R or K526TAG mutations, and pAG-PABKRS-PylT4 

were used. In all experiments, cell culture media was replaced with DMEM supplemented 

with FBS (10% (v/v)) and the appropriate UAA (0.5 mM) or DMSO just before transfection. 

After 24 h, cells were cooled on ice and washed with ice-cold PBS (2 × 1 mL). The cells 

were lysed in mammalian protein extraction buffer (250 μL) (GE Life Sciences, Logan, UT) 

supplemented with Halt Protease Inhibitor Cocktail (Thermo Scientific, Waltham, MA) on 

ice with orbital shaking for 20 min. The lysed cells were scraped from the plates and 

pipetted into microcentrifuge tubes, and were clarified by centrifugation (21,000 rcf, 20 min, 

4 °C).

For the immunoblots, supernatants were mixed with Laemmli sample buffer and heated to 

95 °C for 5 min. They were loaded into 1.5 mm 10% polyacrylamide gels alongside 

PageRuler molecular weight marker (Thermo Scientific, Waltham, MA) or dual color 

Precision Plus Protein Prestained Ladder (Bio-Rad, Hercules, CA). Gels were run at 60 V 

for 20 min followed by 120 V for 70 min. Proteins were transferred to polyvinylidene 

fluoride (PVDF) membranes (Immobilon-P, EMD Millipore, Burlington, MA) for 2 h, 45 

min at 75 V at 0 °C. The membrane was blocked with 5% (w/v) powdered nonfat milk in 

TBS-T for 1 h. Membranes were rinsed with TBS-T (3 × 5 min) and incubated in anti-

GAPDH (Santa Cruz Biotechnology, Dallas, TX, sc-365062, mouse mAb, diluted 1:2,000 in 

5% (w/v) milk in TBS-T), anti-β-actin (Santa Cruz Biotechnology, Dallas, TX, mouse mAb, 

diluted in 5% (w/v) milk in TBS-T)) anti-HA (Cell Signaling Technology, Danvers, MA, 

C29F4, rabbit mAb, diluted 1:1,500 in 5% (w/v) BSA in TBS-T) antibody solutions 

overnight at 4 °C. Membranes were washed with TBS-T (5 × 5 min) and incubated with 

secondary antibodies for 1 h at ambient temperature (1. goat anti-mouse IgG-HRP, Santa 

Cruz Biotechnology, sc-2005, diluted 1:20,000 in TBS-T; 2. goat anti-rabbit IgG-HRP, Santa 

Cruz Biotechnology, 7074S, diluted 1:5,000 in TBS-T). Membranes were washed with TBS-

T (5 × 5 min) and were imaged with West Pico Chemiluminescence Substrate (Thermo 

Scientific, Waltham, MA) using a ChemiDoc XRS+ system with Image Lab 6.0 software 

(Bio-Rad, Hercules, CA).

Incorporation of UAAs into RanGAP in NIH 3T3 cells.

pDsRed1-N1-RanGAP and the K524R mutant was used in these experiments. For UAA 

mutagenesis, the K524TAG mutant was co-transfected with optimized synthetase plasmid 

pPB220PA-1-(U6-PylT*)4/EF1α-BhcKRS(IPYE) (see Supporting Information for a 

description of the molecular cloning procedures). NIH 3T3 cells (American Type Culture 

Collection, Manassas, VA) were plated at 20,000 per well on black 96-well plates (Greiner 

Bio-One, Frickenhausen, Germany) coated with poly-D-lysine hydrobromide (MP 

Biomedicals, Santa Ana, CA). When cells were ~80% confluent (approximately 18 h later), 
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media was changed to 100 μL of DMEM (no antibiotics) supplemented with 10% FBS. For 

the UAA mutagenesis experiments, PABK (0.5 mM) or DMSO (0.5% (v/v)) was added. 

Then, DNA (200 ng total, or 100 ng of each plasmid for double transfections) was diluted in 

Opti-MEM media (5 μL/well), and P3000 reagent (0.2 μL/well) was added. Lipofectamine 

3000 (0.2 μL/well, Invitrogen, Life Technologies, Carlsbad, CA) was diluted in Opti-MEM 

media (5 μL/well). The diluted DNA solution was added to the diluted reagent solution, 

pipetted up and down several times to mix, incubated for 10–15 min at room temperature, 

and added to wells (10 μL/well) by dispensing small droplets onto the pipette tip and 

touching them to the surface of the media one at a time, then gently swirling the plate. The 

cells were incubated for 48 h. For UAA experiments, media was changed to DMEM (high 

glucose, phenol red-free, 100 μL) 1 h before imaging to wash away excess UAAs. The 

fusion protein was visualized by widefield fluorescence microscopy (Zeiss Axio Observer 

Z1, 20x objective, numerical aperture 0.8 Plan-Apochromat M27) for mCherry (excitation 

(ex); BP550/25, emission (em), BP605/70). After acquiring baseline images, media was 

changed to DMEM (high glucose, phenol red-free, 100 μL) supplemented with 2DPBM 
(100 μM, prepared by adding a 50 mM (500 ×) stock solution of 2DPBM in degassed 

DMSO). For single-transfection experiments, 3T3 cells were plated on 8-well chamber 

slides (Cellvis, Mountain View, CA); the cell density and volumes of all media and reagents 

used for these transfections was doubled from the 96-well plate experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
UAAs for improved Staudinger reduction-triggered protein activation in HEK293T cells. A) 

Structures of UAAs and the small molecule trigger 2DPBM, and a schematic of the 

phosphine-triggered protein activation. B) Fluorescence microscopy demonstrating UAA-

dependent incorporation of PABK and MPABK (both 0.5 mM) into the mCherry-TAG-

EGFP-HA reporter in HEK293T cells. C) UAA-dependent expression of the full-length 

protein construct was further confirmed by Western blot using an anti-HA antibody.
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Figure 2. 
A) 2DPBM-triggered activation of the SATB1 NLS fused to EGFP and mCherry. B) Images 

of a representative cell expressing mCherry-SATB1-K29PABK-EGFP. At baseline, the full-

length fusion construct is completely excluded from the nucleus, but it rapidly and 

quantitatively translocates to the nucleus upon phosphine treatment. Truncated protein 

(EGFP-SATB1ΔC, as the result of incomplete stop codon suppression) is small enough to 

diffuse through nuclear pores spontaneously and labels the entire cell. C) Nuclear 

translocation kinetics for mCherry-SATB1-EGFP with SATB1-K29 mutated to OABK, 
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PABK, and MPABK. At t = 0, media was changed to DMEM containing 2DPBM (100 μM), 

and nuclear mCherry signal intensity (In) as a fraction of total mCherry intensity (nuclear + 

cytosolic, In + Ic) was quantified every five minutes. Mean ±SD (n = 3; from different fields 

of view) is shown along with four-parameter logistic curve models. *, significant difference 

between MPABK and PABK (2-way repeated measures ANOVA with Tukey’s post-hoc 

test, α = 0.05). D) Concentration-dependent activation of SATB1-mediated nuclear import 

with 2DPBM demonstrated that the kinetics and the extent of nuclear translocation are 

tunable. Mean ±SD (n = 3; from different fields of view) is shown.
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Figure 3. 
A) Phosphine-triggered SUMOylation of RanGAP1 and subsequent nuclear pore 

localization of the complex. B) RanGAP1ΔN-K526PABK is detected at ~20 kDa, but 

cannot be observed at this molecular weight after treatment with 2DPBM due to 

modification with endogenous SUMO. C) HA-SUMO1-RanGAPΔN is detected at 37 kDa 

by probing for the HA epitope tag after treatment with 2DPBM (100 μM, 12 h). D) A similar 

37 kDa RGΔN-HA-SUMO1 complex is observed when wild-type RGΔN is co-expressed 

with HA-tagged SUMO1. E) NIH 3T3 cells expressing RanGAP-K524-RFP mutants show 
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cytosolic protein for the negative control K524R mutant, whereas the wild-type RanGAP1-

SUMO1-RFP (positive control) translocates to the nuclear pore complexes. The K524PABK 
mutant (bottom panels) matches the negative control phenotype in the absence of a 

phosphine trigger, but translocates to the nuclear membrane after treatment with 2DPBM, 

recapitulating the positive control phenotype.
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