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Abstract

Site-specific modification of proteins with functional molecules provides powerful tools for
researching and engineering proteins. Here we report a new chemical conjugation method which
photocages highly reactive but chemically selective moieties, enabling the use of protein-inert
amines for selective protein modification. New amino acids FnbY and FmnbY;, bearing photocaged
quinone methides (QMs), were genetically incorporated into proteins. Upon light activation, they
generated highly reactive QM, which rapidly reacted with amine derivatives. This method features
a rare combination of desired properties including fast kinetics, small and stable linkage,
compatibility with low temperature, photo-controllability, and widely available reagents.
Moreover, labeling via FnbY occurs on the B-carbon, affording the shortest linkage to protein
backbone which is essential for advanced studies involving orientation and distance. We installed
various functionalities onto proteins, and attached a spin label as close as possible to the protein
backbone, achieving high resolution in double electron-electron paramagnetic resonance distance
measurements.

INTRODUCTION

Nature uses enzymes to install post-translational modifications onto proteins site-selectively,
dramatically increasing the structural and functional diversity of proteins!. Chemists have
correspondingly developed a range of chemical reactions for site-specific protein
modification, targeting either the canonical amino acids or unnatural amino acids (Uaas)
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bearing bioorthogonal handles23. These site-selective protein conjugation reactions have
enabled the generation of protein-based probes, biomaterials, diagnostics, and therapeutics,
advancing biological research, material sciences, and medicine®°. Most useful protein
modification chemistries targeting natural residues employ electrophiles or redox reagents to
react with nucleophilic groups on proteins, such as the e-amine of Lys, thiol of Cys,
hydroxyl of Tyr, and thiol ether of Met6789, However, it is generally challenging to employ
nucleophiles to directly modify proteins, because electrophilic groups of proteins do not
readily react under biocompatible conditions1. For instance, the carboxyl group of Glu and
Asp needs to be activated for reacting with amine. For chemistries targeting Uaas, initial
efforts have incorporated Uaas bearing ketone, azide, alkyne, or alkene, but the reaction rates
of these functionalities are generally slow under biocompatible conditions!1121314, Fast
kinetics have been achieved in recent years through tetrazole-alkene cycloaddition and
inverse electron-demand Diels-Alder cycloaddition between tetrazine and strained alkenes or
alkynes15161718 byt they generate bulky and long extended linkages keeping the labeled
moiety far away from the protein backbone. The size and length of the conjugation linkage
is an important yet underappreciated consideration for protein modification. While a long or
bulky linkage is sufficient for simple fluorescent tagging of a protein for imaging, advanced
studies involving orientation and distance changes prefer a small linkage to minimize
potential perturbation and require a short linkage to attach the probe as close as possible to
protein backbone so as to minimize errors caused by linker flexibility. These demanding
requirements are generally desired for various sophisticated biophysical techniques such as
NMR, electron paramagnetic resonance (EPR), Forster resonance energy transfer (FRET),
single molecule analysis, and so on1920212223 Moreover, a small, short, and stable linkage is
also important for biotherapeutics to minimize immunogenicity and to reduce undesired
dissociation and degradation24,

Amine derivatives are stable, biocompatible, easy to synthesize, and broadly available.
Amine-based nucleophilic reactions can result in small, stable, and short linkages. However,
as relatively weak nucleophiles, amines cannot be directly applied to proteins for site-
selective modification. In fact, it is a general challenge to efficiently label proteins with
chemical functionalities that are either less reactive or inert to proteins. Quinone methides
(QM) are excellent Michael acceptors for nucleophiles, with reaction rate constants reaching
extremely high 10° to 108 M~157125, They also have a small size comparable to tyrosine,
and their reaction products have small linkages similar to amino acid side chains. QMs have
been mainly used in organic synthesis for conjugation reactions generally in organic
solvents?627. Due to its high reactivity, QM cannot be directly introduced into proteins.

Here we report a photo-controlled approach to site-selective protein modification and
functionalization with amine reagents. Our strategy is to photocage a highly reactive but also
chemically selective species into proteins, release of which /n situwould allow selective
reaction with the protein-inert labeling reagent for site-specific protein modification.
Through expansion of the genetic code2829, we genetically incorporated into proteins two
Uaas FnbY and FmnbY, containing photocaged para-QM (p-QM) and ortho-QM (o-QM),
respectively (Fig. 1). We demonstrate that the QM-based Michael addition could be
extended on proteins in fully aqueous and biocompatible conditions. Upon light activation,
QM was generated in proteins /n situ enabling site-specific conjugation of proteins with
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various amine reagents as well as thiol probes. We report the modification of proteins with
diverse bioorthogonal and click functionalities, biophysical probes, and post-translational
modification mimics. The labeling reaction features a combination of highly desired
properties including fast kinetics (< 10 sec), compatibility with low temperatures (0 °C and 4
°C), widely available reagents, small linkage, and photo-controllability. In addition, FnbY
uniquely enabled modifications to be installed on the p-carbon of the amino acid, resulting
in the shortest linkage for protein bioconjugation. We further demonstrated that the spin
label installed via FnbY provided better resolution in EPR-based distance measurements.
Our strategy of caging and releasing highly reactive but chemically selective moieties in
proteins may enable the use of a broader range of protein-inert functionalities for selective
protein modification.

Genetic incorporation of FnbY and FmnbY

We designed and synthesized two Uaas containing photocaged QM in the side chain, ¢-2-
nitrobenzyl-g-fluoro tyrosine (FnbY) and o-2-nitrobenzyl-3-fluoromethyl tyrosine (FmnbY)
(Fig. 1). Upon light activation, FnbY will generate p-QM while FmnbY will generate o-QM.
The Michael addition reaction occurs at the amino acid p-carbon for p-QM, which is closer
to protein backbone than that for o-QM. This distance difference provides flexibility for
protein labeling needs.

We previously evolved an orthogonal tRNAPY//FnbYRS (a mutant aminoacyl-tRNA
synthetase specific for the Uaa FnbY) from the Methanosarcina barkeri tRNAPY/PyIRS for
genetic incorporation of FnbY into proteins in £. coliand mammalian cells, and
demonstrated that FnbY, upon UV activation, cross-links nucleophilic amino acid residues of
proteins only if the nucleophilic side chain is in contact with the QM30. In the absence of a
contacting nucleophilic side chain, we reasoned that the generated QM could be repurposed
for protein modification by adding small nucleophilic molecules. We aimed to explore the
genetic incorporation of both FnbY and the new FmnbY into proteins for site-specific
protein modification with amine derivatives. However, the tRNAPY//FnbYRS pair could
incorporate FmnbY in very low efficiency only. We then transplanted the mutations of
FnbYRS into the PyIRS of Methanomethylophilus alvus PyIRS3L, and discovered that the
resultant mutant synthetase was able to incorporate both FnbY and FmnbY in excellent
efficiency. We named this synthetase as poQMRS (para- and ortho-quinone methide
synthetase, containing mutations L125F/N166A/V168G, Supporting Information). Co-
expression in £. coli of the tRNAPY/poQMRS with the MBP-Z(24TAG) gene, which
encodes the maltose binding protein (MBP) fused with the Z protein containing a TAG stop
codon at site 24, resulted in the production of full-length MBP-Z fusion protein only when
FnbY (Fig. 2a) or FmnbY (Fig. 2b) was added to the media, demonstrating the incorporation
of FnbY or FmnbY (Table S2). We also incorporated FnbY or FmnbY into ubiquitin (Ub) by
expressing the Ub gene containing a TAG codon at site 6 with tRNAPY/poQMRS in £, coli
(Fig. 2c). The purified Ub proteins were analyzed with electrospray ionization mass
spectrometry (ESI-MS), which confirmed that FnbY and FmnbY were incorporated in high
fidelity (Fig. 2d, 2e, and S1).
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Protein labeling with widely available amine-derivatized functionalities

Amine derivatives are stable, readily accessible synthetically, and widely available from
commercial sources. We therefore focused on investigating amine-QM Michael addition
under aqueous condition for protein labeling.

We genetically incorporated FnbY and FmnbY into Ub separately, labeled the Ub with
various amine derivatives under aqueous condition (50 mM phosphate, 200 mM NaCl, pH
7.5) at RT, and determined amine-QM conjugation efficiency using mass spectrometry. As
shown in Fig. 3, both FnbY and FmnbY mediated efficient amine-QM conjugation of
proteins upon UV light activation. Ub was rapidly conjugated with various amine-
derivatized functional groups, including alkyne, azide, and alkene (Fig. 3a). The labeling
efficiency of FnbY via p-QM was ca. 65% with 50 mM propargylamine, 67% with 50 mM
3-azido-1-propanamine, 67% with 50 mM allylamine (Fig.3a-d, and Fig. S2). FmnbY-
mediated protein conjugation via 0-QM was more robust. With 50 mM 3-azido-1-
propanamine or 50 mM allylamine, the Ub labeling reached almost completion (close to
100%); 90% labeling efficiency was obtained with 50 mM propargylamine (Fig. 3e-g, and
Fig. S2). In comparison to /-QM, 0-QM has higher reactivity32, and is more exposed and
accessible for reaction in proteins, which explains the observed higher conjugation
efficiency of FmnbY than FnbY. In addition to alkyl amine derivatives, aryl amine
derivatives such as aniline could also be efficiently conjugated with Ub (Fig. S11a).

The broad range of amine-derivatized functional molecules readily available together with
the rapid amine-QM protein conjugation demonstrated here will allow the facile installation
of various functional groups onto proteins via FnbY/FmnbY, facilitating applications
requiring different functionalities or reagents. FnbY and FmnbY thus can serve as a general
handle of proteins for quick chemical conversion. In addition to bioorthogonal functional
groups described above, we also conjugated aryl sulfonyl fluoride onto proteins (25 mM 4-
aminobenzene-1-sulfonyl fluoride, 90% efficiency, Fig. 3h), which is a major functionality
for Sulfur Fluoride Exchange (SUFEX) reaction, the new generation of click chemistry33,
thus enabling SUFEX reaction to be performed on proteins3435. Therefore, the QM-amine
reaction via FnbY/FmnbY can serve as a platform to rapidly install onto proteins various
bioorthogonal functionalities and click chemical handles with tuned size, hydrophobicity,
and chemical reactivity.

Protein functionalization with probes and post-translational modification mimics

To further investigate the general applicability of amine-QM for protein modification, we
conjugated FnbY/FmnbY-incorporated proteins with amino derivatives of biophysical probes
and post-translational modification mimics. We first incubated MBP-Z(24FnbY') protein
with amine-derivatized fluorophore Cyanine 3 (Cy3-amine, 3 mM) and activated the
reaction with UV light (365 nm) (Fig. 4a). The reaction mixture was separated on SDS-
PAGE and imaged for Cy3 fluorescence. Strong Cy3 fluorescence was detected on MBP-
Z(24FnbY) activated by UV light only, but not on WT MBP-Z or in the absence of UV light
(Fig. 4b and Fig. S3), indicating successful Cy3 conjugation to MBP-Z protein through
amine-p-QM reaction. Similarly, MBP-Z (24FmnbY) could also undergo Cy3-amine (3
mM) conjugation through amine-0-QM reaction in a photo-triggered fashion (Fig. 4c).
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We next incubated MBP-Z(24FnbY) or WT MBP-Z with 10 mM biotin-(PEG),-amine with
or without UV light (365 nm) activation (Fig. 4d). Again, as shown in Western-blot with
anti-biotin antibody (Fig. 4e), MBP-Z(24FnbY) reacted with biotin-(PEG),-amine only
under UV activation. In a similar manner, MBP-Z(24FmnbY) was also conjugated with
biotin-(PEG),-amine (10 mM) through photo-controlled amine-0-QM reaction (Fig. 4f).

To confirm the amine-QM conjugation reaction and to determine the conjugation efficiency,
we analyzed the conjugated protein products with mass spectrometry. In the absence of
amine nucleophiles, UV activation of Ub(6FnbY) alone in aqueous buffer resulted in
hydrolysis of the released £-QM, as confirmed by the intact masses of Ub(6FnbY) after UV
exposure (Fig. 4g), consistent with water reacting with QM. In the presence of 10 mM
biotin-(PEG),-amine and UV light, Ub(6FnbY) conjugated with this biotin probe was
detected by MS, together with a small portion of hydrolysis product (Fig. 4h). Based on the
intensities of these species, the conjugation efficiency was 85%. Under similar conditions,
MS analysis of biotin-(PEG),-amine conjugation with Ub(6FmnbY) also confirmed the
reaction of amine probe with the photo-released 0-QM, and the labeling efficiency was over
95% (Fig. 4i), which is consistent with the higher reactivity of o-QM over p-QM. These
results together indicated that the amine probe was able to compete with H,O for reaction
with the photo-released QM on proteins, generating the desired protein conjugation
products. In addition, biotin bearing with a stronger nucleophilic alpha effect amine, biotin-
hydrazide (1 mM), was also tested for conjugation with Ub(6FnbY) and Ub(6FmnbY), and
47% and 84% labeling efficiency was achieved for Ub(6FnbY) and Ub(6FmnbY),
respectively (Fig. S4). The working concentration of the more nucleophilic hydrazide could
be lowered to 1 mM without compromising the labeling efficiency for FmnbY.

Since FmnbY mediated amine-QM labeling is more robust, we next tested labeling FmnbY-
containing proteins expressed on £. coli cell surface. FmnbY was incorporated into an outer
membrane protein eCPX (enhanced circularly permuted outer membrane protein OmpX) in
E. colito display the FmnbY residue on the cell surface. These £. coli cells were incubated
with 0.1 mM Alexa Fluor 488 hydrazide, or 5 mM biotin-hydrazide with and without UV
light activation for 1 min, followed by a thorough wash to remove labeling molecules. For
biotin-hydrazide labeled £. coli cells, Western blot analysis of the cell lysate clearly showed
biotin conjugation to the target protein (Fig. S5a) in UV-activated cells. For Alexa Fluor 488
hydrazide labeled E. coli cells, the cell lysate was separated by SDS-PAGE and imaged for
Alexa Fluor 488 fluorescence. A fluorescent band corresponding to the target protein was
clearly detected in UV-activated cells (Fig. S5b—c). We also imaged Alexa Fluor 488 labeled
E. coli cells with a fluorescence microscope (Fig. 4j). Alexa Fluor 488 fluorescence was
observed on cells with UV activation. These results together indicate successful labeling of
FmnbY-containing protein on £. coli cell surface.

We envisioned that amine-QM conjugation could also be used for facile installation of
certain post-translational modification mimics for modulating protein properties.
Conjugation of peptide or protein drugs with glycan is a viable strategy to improve the
drug’s pharmacological efficacy, such as cell penetration, bio-distribution, and half-
life36373839 o this end, we incubated Ub(6FmnbY) with a commercially available D-
galactosamine (50 mM), which contains an amine group. UV light activation resulted in
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ready conjugation of this sugar onto protein in 80% efficiency, as confirmed by intact MS
(Fig. 4k). In contrast, similar treatment of Ub(6FmnbY) with 500 mM D-glucose, which has
no amine group, resulted in no conjugation (Fig. 41), confirming the amine-QM conjugation
mechanism. Through FmnbY the sugar was conjugated at the ort/10 position of tyrosine
hydroxyl group. Whether it has similar effect as O-glycosylation of tyrosine awaits
additional studies, but further glycan extension through glycosyltransferases should mitigate
this difference.

Taken together, the genetically encoded FnbY and FmnbY could both be used for facile and
rapid introduction of protein modifications through photo-controlled amine-QM conjugation
with high efficiency. Higher concentration and stronger nucleophilicity of the amine
derivatives generally lead to higher conjugation efficiency due to more effective competition
with water hydrolysis.

Protein conjugation with thiol reagents

Due to its lower pKa and higher nucleophilicity, thiol reacts with QM 102 to 103 times faster
than primary amine2®. However, thiol derivatives are prone to oxidation, have short shelf
life, and are usually expensive?0. Treating proteins with thiols may oxidize exposed
cysteines to form scrambled disulfide bonds during long incubation. Since our QM-based
conjugation is fast and efficient (usually completed within a few minutes or 30 s, see the
following section), such side reactions of thiol reagents can be minimized. Also due to the
stronger reactivity of thiol than amine, a lower concentration of labeling molecule can be
employed. Therefore, when thiol derivative is preferred, we thought that thiol-QM addition
could also be used for protein conjugation. We incubated Ub(6FmnbY) with 1 mM or 10
mM 1-thio-B-D-glucose. Mass spectrometric analysis of the reaction products indicate that
1-thio-p-D-glucose was conjugated to Ub almost quantitatively, nearly 100% conversion
efficiency under both conditions (Fig. 4m and S6). As mentioned above (Fig. 41), no
conjugation was detected when 500 mM D-glucose was similarly used. We also incubated
an thiol derivative of cytotoxic Mertansine (DM1, 0.75 mM) with Ub(6FmnbY), and found
it was conjugated to Ub in quantitative conversion in 30 s (Fig. 4n), which can be useful for
preparing antibody-drug conjugates®!. To test if concentrations of the protein and the
labeling reagent could be further lowered, we incubated 10 pM Ub(6FmnbY) with 0.1 mM
2-Mercaptoethanol (10 x equivalents), at elevated pH 9. Mass spectrometric analysis of the
reaction product also showed nearly 100% labeling efficiency (Fig. S7).

Fast reaction controllable by light intensity

QM s are highly reactive. The half-life of p-QM in water is only a few seconds*23243 and o-
QM is reported more reactive than p-QM in aqueous solution32. The nucleophile thiourea
reacts with ,-QM at a second order rate constant of 3.95 x 107 M~1s71, thiolate reacts with
0-QM at 2.8 x 108 M~1s71 and amine reacts with 0-QM on the order of 10° M~1s7125,
Therefore, the rate limiting step for amine-QM protein conjugation should be photo-
releasing of QM from FnbY or FmnbY.

We first used a UV lamp commonly found in chemistry or molecular biology labs, the
3UV-38 UV lamp made by UVP, which has a low irradiance output of 1.5 mW/cm? at 365
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nm. Biotin labeling on MBP-Z (24FnbY) was assayed using this lamp to activate the
reaction for different time duration (Fig. 5a). A clear band that correlated with biotin
conjugation was detected within 2 min, and the labeling reaction reached saturation after 10
min. We next increased the light intensity by using a UV lamp (Omnicure S1000) with an
irradiance output of 5.3 W/cm? at 365 nm. Activated by this lamp, the reaction of
Ub(FmnbY) with 5 mM biotin-hydrazide was completed in 10 s, while WT Ub incubated
with 5 mM biotin-hydrazide did not show any labeling even when exposed to the same light
wavelength and intensity for 2 min, as demonstrated by Western blot analysis using a biotin-
specific antibody (Fig. 5b). We further characterized the Ub labeling at different time
duration using mass spectrometry. Intact MS revealed that 36% of Ub(FmnbY’) was labeled
with biotin in 1 s, and the labeling was completed in 10 s, while WT Ub was not labeled at
all and remained intact after UV illumination for 1 min (Fig. 5c, Fig. S8), consistent with
Western blot analysis. These data indicate that light-mediated amine-QM protein
conjugation is specific and extremely fast.

We evaluated the effect of UV exposure under the labeling conditions on £. colisurvival and
growth rate. Labeling with the low power UV light for 6 min did not result in significant
change of £. colisurvival rate, while labeling with the high power UV light for 10 s led to
9% decrease in colony forming unit. UV exposure of both labeling conditions did not
significantly affect £. coli growth in liquid media (Fig. S9).

Compatibility with low temperature

We tested the temperature effect on the amine-QM labeling reaction under low and high
intensity UV light. MBP-Z(24FnbY) was labeled with Cy3-amine and generated the QM
using the low power UV lamp at 0 °C, 4 °C, and room temperature (RT). Fluorescence
imaging showed that the labeling reaction was equally robust at these three temperatures
(Fig. 5d). We then labeled MBP-Z(24FmnbY) with biotin-hydrazide and generated the QM
using the high-power UV lamp at these temperatures. Again, Western blot detection of biotin
showed that the labeling reached similar level for three temperatures (Fig. 5¢). MS analysis
of the biotin-hydrazide labeled Ub(6FmnbY) at three temperatures further revealed that the
labeling reached almost completion for each temperature when activated by the high power
UV lamp for 10 or 30 s (Fig. 5f, Fig. S10). We further characterized the labeling kinetics of
Ub(6FmnbY) with biotin-hydrazide at 0 and 4 °C activated by the low power UV lamp for
different time duration (Fig. 5g, Fig. S11). Mass spectra showed that labeling reached 85%
in 6 min, with no significant difference between 0 and 4 °C (Fig. 5h). The excellent
compatibility of the amine-QM labeling reaction at low temperature will be beneficial for
preserving unstable proteins during protein conjugation.

Linkage stability

A stable protein conjugation linkage is essential for downstream biological applications. To
evaluate the stability of amine-QM linkage, we incubated the aniline or allylamine
conjugated Ub at RT for 24 h and 48 h in aqueous solution at pH 7.5, followed by MS
characterization. The mass spectra of the conjugated Ub did not change along the time of
incubation, indicating that the linkage was stable in aqueous solution (Fig. S12a-12f). We
also incubated the allylamine conjugated Ub in pH 5, pH 9, or pH 7.5 but with strong
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reducing agent (50 mM DTT) for 24 h. MS analyses of these samples again showed no
change (Fig. S12g-12i). These data demonstrate that the N-C bond resulting from amine-
QM conjugation is stable under aqueous buffer condition, resisting to acidic or basic change
as well as strong reducing condition common in protein processing.

pH, salt, and solvent effect

The nucleophilicity of amine is pH dependent, and more deprotonated amine will be
available for amine-QM conjugation at higher pH. We thus labeled MBP-Z(24FmnbY’) with
biotin-amine at pH 5.0, 7.5, and 9.0. Western blot analysis using anti-biotin antibody showed
that, in comparison to pH 7.5, pH 5.0 prevented biotin labeling, while pH 9.0 greatly
accelerated the labeling (Fig. S13). We also evaluated the labeling in the presence of 2.5 M
NaCl, 10% methanol, 10% DMSO, and 10% DMF. Western blot results showed that all
these did not significantly affect the labeling, indicating excellent compatibility of amine-
QM protein conjugation with conditions of high salt and organic solvents commonly present
in labeling reactions and protein research.

Narrow inter-spin distance distribution enabled by the shortest linkage between spin label

and protein

Site-directed spin labeling (SDSL) of proteins in combination with EPR/DEER
measurement affords a powerful tool to study the structure, dynamics, and interaction of
proteins. SDSL can be achieved through labeling of natural amino acids, bioorthogonal
labeling of incorporated Uaas, or direct incorporation of spin labels as Uaas into
proteins*4214546 A major challenge of existing labeling methods is the high flexibility of the
traditional nitroxide side chain, which leads to diffuse electron spin densities and thus
DEER-based distance distributions with relatively broad peaks*’. A unique feature of FnbY
is that the reaction point is at the B-carbon of tyrosine, which enables the conjugation of a
spin label to be as close as possible to the protein backbone (Fig. 6a). Such a short linkage
will greatly reduce the flexibility of the spin label and thus simplify the resulting inter-spin
distance distributions.

To test this idea, we first conjugated the spin label 4-amino-TEMPO (30 mM) to
Ub(6FnbY). The conjugation was verified with MS, and a labeling efficiency of 81% was
determined (Fig. S14). We also conjugated this spin label to Ub(6FmnbY) and confirmed the
conjugation with MS, yielding 87% labeling with 1.5 mM and 100% labeling with 50 mM
of 4-amino-TEMPO (Fig. S15-S16). We next moved onto FnbY-mediated spin labeling to
take advantage of its shorter linkage and to achieve less rotamer conformations of the spin
label. T4 lysozyme (T4L), a model protein extensively characterized by EPR, was chosen
for evaluation. For DEER measurements on site-specifically labeled T4L with two TEMPO
spin labels, we genetically incorporated FnbY into sites 9 and 131 of T4L simultaneously,
followed by conjugation with 4-amino-TEMPO (Fig. 6b). The continuous-wave (CW) EPR
spectrum of the double-labeled T4L showed restricted nitroxide motion, suggesting
successful labeling of TEMPO onto the protein (Fig. 6¢ and 6d). The DEER experiment was
performed to measure the resulting distance distribution between the two spin labels (Fig.
6e). This distance distribution revealed a sharp peak at a distance of 30.4 angstroms between
the two nitroxides (Fig. 6f). The full width at half maximum (FWHM) was 3.9 angstroms.
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Additional peaks can arise from different rotamers or most likely represent artifacts from
data processing. To the best of our knowledge, this result provides the narrowest distance
distribution among Uaa-based SDSL#44548 highlighting the advantage of using FnbY to
afford a short linkage. For comparison with distance distributions obtained with other
common spin labels, distributions for T4L with either R1 or V1 side chains at positions 9
and 131 are shown in Fig. 6g, indicating that the FnbY-TEMPO approach is close to the
narrow distribution obtained with the V1 label. To further corroborate the labeling and EPR/
DEER measurements, we crystallized the double-labeled T4L protein and solved its
structure at the resolution of 1.5 A (PDB entry: 6V51). The crystal structure showed a
tyrosine residue with the spin label conjugated at the B-carbon position of residue 9 and 131,
respectively (Fig. 6h, 6i), confirming FnbY incorporation and 4-amino-TEMPO labeling via
the amine-QM mechanism. The electron density for 4-amino-TEMPO is not as well-defined
as the Tyr side chain, most likely due to flexibility of the TEMPO moiety and incomplete
labeling with TEMPO, which may explain the low modulation depth of the DEER signal.
Despite rotation and various conformers of the 6-membered ring, the nitroxide remains in a
relatively small volume element, which corresponds with a narrow DEER distance
distribution. The distance between the two spin labels measured by DEER fits with the
distance observed in the crystal structure, i.e. the distance between the average location of
the free electrons sitting on two N—O bonds in both TEMPO nitroxides. These results
demonstrate that FnbY-mediated SDSL with 4-amino-TEMPO provides a relatively rigid
linkage to the protein backbone making it a valuable approach for further DEER
applications.

DISCUSSION

We developed a general and versatile protein conjugation method, which reversed the
common paradigm to directly use weak electrophilic amine reagents for protein modification
and functionalization. Although conventional photo-crosslinkers (such as aryl azides and
benzophenone) are photocaged highly reactive species, the released radicals or nitrenes are
chemically nonspecific and thus cannot be used for selective protein conjugation. Our
strategy is to photocage the highly reactive QM species that is also chemically selective; this
double requirement uniquely enabled the photo-controlled selective protein modification
with a class of most common chemical reagent amine, which cannot be directly applied to
protein modification hitherto. Our strategy should inspire future development of photo- or
chemical-caged species in proteins for selective modification with a broader range of
protein-inert and biocompatible functionalities.

The FnbY/FmnbY-based protein modification features a rare combination of desired
properties addressing unmet challenges: (1) Genetically encoding of FnbY and FmnbY
ensures site-specificity of the labeling and compatibility with various proteins. No harsh
chemical components or reaction conditions are involved, ensuring biocompatibility. (2) The
labeling reaction has fast kinetics and is usually completed within 10 s, which will be
valuable for labeling low abundant proteins and pulse-tracing dynamic protein changes with
high temporal resolution. (3) The reaction is controlled by UV light (365 nm), offering
spatiotemporal resolution for future studies. Conventional photo-crosslinking Uaas such as
p-azido-phenylalanine and p-benzoyl-phenylalanine can be used for crosslinking proteins
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only but not for protein labeling. FnbY and FmnbY are unique in that they could be used for
both protein crosslinking and protein labeling. For protein crosslinking, FnbY/FmnbY
should be incorporated at sites that have direct contact with the target nucleophilic residue3?;
at sites where there is no such direct contact, FnbY/FmnbY is suitable for protein labeling.
(4) Amine derivatized probes and functional molecules are widely available from
commercial sources and readily synthesizable, making this method easily accessible to non-
specialists. The ready synthesis of amine probes is especially important for the conjugation
of radioactive probes with short half-lives such as 18F (< 2 h) onto proteins for in vivo
biomedical imaging. (5) The labeling is equally efficient at low temperatures (0 and 4 °C),
which is beneficial for preserving proteins which are unstable at room temperature after
purification. (6) The labeling moiety (amine or thiol) and resultant linkage are both small in
size, minimizing the perturbation to target protein and the interference with the biological
process under study. The stability of the amine reagents and label linkage also afford robust
conjugation, reducing complications of label dissociation or degradation for downstream
applications. (7) Conjugation via FnbY occurs on the p-carbon, which uniquely places the
labeled molecule as close as possible to the protein backbone. Such a short linkage is
especially valuable for advanced studies demanding distance and orientation, as
demonstrated here in the SDSL and DEER experiments. It would also be highly valuable for
NMR, dynamic nuclear polarization (DNP), FRET, single molecule analysis, and so on.
Lastly, due to the presence of nucleophiles inside cells, this QM-based labeling method is
more suitable for /n vitroand cell surface labeling instead of intracellular labeling.

In summary, we expect that this labeling strategy with advantageous characteristics of site-
specificity, fast kinetics, photo-controllability, compatibility with low temperature, minimal
perturbation, shortest linkage, and widely available reagents will be an accessible and
valuable tool for protein research as well as biological and biomedical studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Amine-QM Michael addition: Rapid conjugation (10-30 s); Light control;
Compatibility with low temperature; Small and stable linkage; Reagents widely accessible.

Fig. 1. Protein labeling through amine-QM Michael addition.
Scheme showing the labeling mechanism. FnbY or FmnbY was genetically incorporated

into proteins via genetic code expansion. Upon UV light activation, both amino acids
generated the highly reactive QM, which rapidly reacted with amine derivatives.
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Fig. 2. Genetic incorporation of FnbY and FmnbY into proteins.
a-b, SDS-PAGE analysis of MBP-Z protein purified from £. coli cells expressing the MBP-

Z(24TAG) gene with tRNAPY/poQMRS in the presence or absence of 1 mM FnbY (a) or 1
mM FmnbY (b). ¢, SDS-PAGE analysis of purified Ub(6FnbY) (Ub protein with FnbY
incorporated at position 6, lane 1) and Ub(6FmnbY) (Ub protein with FmnbY incorporated
at position 6, lane 2). d, Deconvoluted ESI-MS spectrum of intact Ub(6FnbY). Expected,
9575.8 Da; measured, 9575.1 Da. e, Deconvoluted ESI-MS spectrum of intact Ub(6FmnbY).
Expected, 9589.8 Da; measured, 9590.1 Da.
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Fig. 3. Rapid protein labeling with various amine-derivatized functionalities.
a, Scheme showing the conjugation procedure. b, Mass spectrum of Ub(6FnbY’) conjugated

with propargylamine. Expected, 9475.8 Da; measured 9475.0 Da. ¢, Mass spectrum of
Ub(6FnbY) conjugated with 3-azido-1-propanamine. Expected, 9520.8 Da; measured
9520.2 Da. d, Mass spectrum of Ub(6FnbY) conjugated with allylamine. Expected, 9477.8
Da; measured 9477.1 Da. In spectra b-d, the peak observed at 9440 Da correspond to water
hydrolysis of the photoactivated FnbY; the peak observed at 9422 Da correspond to F loss
from the photoactivated FnbY, suggesting possible intramolecular Michael addition by
nearby nucleophilic amino acid residue. e, Mass spectrum of Ub(6FmnbY) conjugated with
propargylamine. Expected, 9489.8 Da; measured 9489.6 Da. f, Mass spectrum of
Ub(6FmnbY) conjugated with 3-azido-1-propanamine. Expected, 9534.8 Da; measured
9534.8 Da. g, Mass spectrum of Ub(6FmnbY’) conjugated with allylamine. Expected, 9491.8
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Da; measured 9491.2 Da. h, Mass spectrum of Ub(6FmnbY’) conjugated with 4-
aminobenzene-1-sulfonyl fluoride. Expected, 9609.9 Da; measured 9609.4 Da.
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Fig. 4. Site-specific protein conjugation with biophysical probesthrough amine-QM addition.

a, Scheme showing the conjugation of MBP-Z (24FnbY) with a fluorescent amine
derivative, Cy3-amine. b-c, SDS-PAGE and fluorescent detection of MBP-Z(24FnbY)-Cy3
conjugation (b) and MBP-Z(24FmnbY)-Cy3 conjugation (c). d, Scheme showing the
conjugation of Ub(6FnbY) with biotin-PEG2-amine. e-f, SDS-PAGE and Western blot
analysis of biotin-PEG2-amine conjugation with MBP-Z(24FnbY) () and with MBP-
Z(24FmnbY) (f). An anti-biotin antibody was used for detection of biotin conjugation. g,
Mass spectrum of Ub(6FnbY) photoactivated in aqueous solution in the absence of added
nucleophiles. The calculated mass of Ub(6FnbY) after photoactivation followed by
conjugation with H20 was 9438.7 Da, and a peak at 9439.1 Da was observed. The peak at
9422.0 Da corresponds to loss of F, suggesting possible intramolecular Michael addition of
nucleophilic residue to QM. h, Mass spectrum of Ub(6FnbY’) conjugated with biotin-PEG2-
amine. Expected, 9795.2 Da; measured 9794.1 Da. Two small peaks at 9439.8 and 9421.9
were also observed, as explained in (g). i, Mass spectrum of Ub(6FmnbY) conjugated with
biotin-PEG2-amine. Expected, 9809.2 Da; measured 9809.3 Da. j, Fluorescence imaging of
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E. coli cells expressing eCPX(5FmnbY) and labeled with 0.1 mM Alexa Fluor 488
hydrazide with or without UV light (365 nm) activation. k, Mass spectrum of Ub(6FmnbY)
conjugated with D-galactosamine. Expected, 9613.9 Da; measured 9613.7 Da. The peak at
9452.5 Da corresponds to water hydrolysis of photoactivated FmnbY. |, Mass spectrum of
Ub(6FmnbY) conjugated with D-glucose (500 mM). Expected, 9614.9 Da; Not observed.
The peak at 9452.3 Da corresponds to water hydrolysis of photoactivated FmnbY, and the
peak at 9434.0 Da corresponds to loss of F. m, Mass spectrum of Ub(6FmnbY) conjugated
with 1-thio-B-D-glucose (1 mM). Expected, 9630.9 Da; measured 9630.8 Da. n, Mass
spectrum of Ub(6FmnbY) conjugated with Mertansine. Expected, 10173.0 Da; measured,
10171.9 Da.
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Fig. 5. Effect of light intensity and temperature on amine-QM conjugation reaction.
a, Western blot analysis of MBP-Z(24FnbY) conjugation with 10 mM biotin-PEG2-amine,

activated by low power UV lamp for indicated time duration. b, Western blot analysis of
MBP-Z (24FmnbY) conjugation with 1 mM hydrazide-biotin, activated by high power UV
lamp for indicated time duration. ¢, Mass spectra of Ub(6FmnbY) conjugated with 1 mM
biotin-hydrazide with the reaction activated by the high-power UV lamp for 15,10, 30 s,
and 60 s, respectively. Expected 9693.0 Da; measured 9692.8 Da. d, Fluorescent SDS-PAGE
analysis of MBP-Z(24FnbY) conjugation with Cy3-amine (3 mM) under different
temperatures. Reaction was activated by low power UV lamp for 10 min. e, Western blot
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analysis of MBP-Z(24FmnbY’) conjugation with biotin-hydrazide (5 mM) under different
temperatures. Reaction was activated by high power UV lamp for 30 s. f, Mass spectra of
Ub(6FmnbY) conjugation with biotin-hydrazide (5 mM) at 0 °C, 4 °C, and room
temperature, respectively. Reaction was activated by high power UV lamp for 30 s. g, Mass
spectra of Ub(6FmnbY) conjugation with biotin-hydrazide (5 mM) at 0 °C with the reaction
activated by low power UV lamp for indicated time duration. h, Labeling efficiency of
samples in g and comparison to those of aliquot samples labeled at the same conditions
exceptat 4 °C.
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Fig. 6. Site-specific spin labeling via FnbY.
a, Scheme showing photo-controlled site specific labeling of 4-amine-TEMPO to proteins
via FnbY. Note the labeling site is on the B-carbon. b, Ribbon diagram of T4 lysozyme
(PDB 3LZM) showing sites Ile9 and Val131 for FnbY incorporation and spin labeling.
Residues 12—67 of the structure are not shown for clarity. ¢, CW-EPR spectrum of 4-amine-
TEMPO. d, CW-EPR spectrum of T4L with sites 9 and 131 both labeled with 4-amine-
TEMPO through reacting with FnbY. e, Background corrected dipolar evolution function of
the double spin labeled T4 lysozyme (black dotted trace) with a fit to the data shown in red.
f, Derived interspin distance distribution of the double spin-labeled T4L (blue). The main
peak in the distribution was fit with a gaussian function with a full width at half maximum
(FWHM) of 3.9 A. Ticks on the x-axis of the plot show the upper distance limits for
reliability of peak shapes (black tick) and peak position (gray tick) as obtained by the
program LongDistances (see methods). g, For comparison, distance distributions normalized
to the area under the curves are shown for T4L containing spin label side chains R1 (black)
or V1 (red) at positions 9 and 131 (data replotted from Ref. 47). h,i, 2F, — F.electron
density map contoured at 1.0o of spin-labeled FnbY-incorporated T4L at residue 9 and 131,
respectively, as determined by x-ray crystallography. Two rotamers are modeled for position
9.
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