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SUMMARY

Phosphorus Fluoride Exchange (PFEX), recently debuted in small molecules, represents the
forefront of click chemistry. To explore PFEX’s potential in biological settings, we developed
amino acids PFY and PFK featuring phosphoramidofluoridates and incorporated them into
proteins through genetic code expansion. PFY/PFK selectively reacted with nearby His, Tyr,
Lys, or Cys in proteins, both /n vitroand in living cells, demonstrating that proximity enabled
PFEXx reactivity without external reagents. The reaction with His showed unique pH-dependent
properties and created thermally sensitive linkages. Additionally, Na,SiO3 enhanced PFEX
reactions with Tyr and Cys. PFEX, by generating defined covalent P-N/O linkages, extends the
utility of phosphorus linkages in proteins, aligning with nature’s use of phosphate connectors in
other biomolecules. More versatile and durable than SUFEXx, PFEX in proteins expands the latent
bioreactive arsenal for covalent protein engineering and will facilitate the broad application of this
potent click chemistry in biological and biomedical fields.

eTOC blurb

Phosphorus Fluoride Exchange (PFEX) is a cutting-edge click reaction recently developed in
small molecules. In this work, we expanded PFEX to proteins by genetically encoding two latent
bioreactive amino acids, PFY and PFK, in £. coliand mammalian cells. PFY/PFK reacts with Tyr,
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His, Lys, and Cys in proteins through proximity-enabled PFEX reaction, creating specific P-N/O
linkages in vitro and in vivo. The introduction of PFEX into proteins paves the way for its broad
applications in biological and biomedical research.

INTRODUCTION

Click chemistry has revolutionized the synthesis of functional molecules and found wide
applications in biomolecular research and engineering.12:3 Phosphorus Fluoride Exchange
(PFEX) has recently been developed and heralded as the new frontier of click chemistry.*
Catalyzed by Lewis base and in the presence of silicon additive, the P(V)-F bonds are
exchanged with incoming nucleophiles to produce stable tetrahedral P(V)-O and P(V)-N
linked products in PFEX reactions. PFEX stands out for its highly chemoselectivity towards
alcohols and amines, and its orthogonality to other click chemistries like Copper-catalyzed
Azide-Alkyne Cycloaddition (CUAAC) and Sulfur Fluoride Exchange (SUFEXx), enabling
successive reactions on a single molecule. Previously, P(V)-F containing compounds have
also been synthesized and employed in activity-based protein profiling, especially for serine
hydrolases, though they often exhibit cytotoxicity.>—8 The expansion of click chemistry
from small molecules to biomacromolecules has significantly transformed our research,
manipulation, and engineering of biomolecules and their functions, as demonstrated by the
profound impact of CUAAC and SuFEx on biological studies.®10 Having just debuted in
small molecules and showing potential for generating intricate structures,* PFEX is now
poised to make significant strides in the realm of proteins and other biomolecules.

Introducing new covalent bonding capabilities into proteins is significantly advancing
protein research, engineering, and applications.1! This innovation is achieved through
incorporation of latent bioreactive unnatural amino acids (Uaas) into proteins via genetic
code expansion.12.13 These Uaas react with nearby target natural amino acid residues
through proximity-enabled reactivity, creating covalent linkages within or between proteins
and various biomolecules.1415 Such covalent modifications have introduced novel properties
to proteins,13.16.17 helped identify elusive biomolecular interactions,®18-22 and contributed
to the development of covalent protein therapeutic candidates.23-26 While various
functionalities have been explored for latent bioreactive Uaas,27-36 challenges remain in
complex biological settings, especially regarding cytotoxicity and biocompatibility.3” To
date, SUFEx-based latent bioreactive Uaas have shown promising biocompatibility across

a range of proteins and applications.20:23.24.34.38 However, these Uaas are limited in their
ability to form stable linkages with Cys, Ser, or Thr in proteins, and the linkages they

form with other residues generally lack responsiveness to environmental changes.340

New biocompatible functional groups and chemistries are increasingly sought after to

meet the growing demands of targeting a diverse range of biological entities, enhancing
detection sensitivity, and improving the specificity and effectiveness of therapeutics.
Phosphoramidofluoridates, utilized in small molecule PFEX reactions, exhibit thermal
stability and resistance to hydrolysis under biological conditions,*® positioning them as
promising candidates for latent bioreactive applications. PFEX is unique in its creation

of phosphorus-based linkages, akin to those naturally occurring in biomolecules, offering
potential enhanced biocompatibility, a feature not achievable with existing latent bioreactive
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functional groups. Additionally, the versatility of PFEX in reacting with various nucleophiles
could allow for targeting multiple amino acid residues, broadening its scope for multi-target
applications. The emergent nature of PFEX reactions and the resulting linkages present
opportunities for innovative covalent manipulation in biochemical research. However, the
current methodology for PFEX in small molecules, requiring a strongly basic catalyst and a
water-insoluble silicon additive,* poses challenges for its direct application to proteins and
other biological settings.

In this study, we have developed two latent bioreactive Uaas: phosphoramidofluoridate
tyrosine (PFY) and phosphoramidofluoridate lysine (PFK). Demonstrating exceptional
biocompatibility, these Uaas have been successfully incorporated into proteins in both £.
coli and mammalian cells through genetic code expansion. Utilizing proteins integrated
with PFY and PFK, we established that PFEX can be activated within proteins solely
through proximity effects, obviating the need for external reagents. This intrinsic activation
enables the formation of covalent phosphorus linkages between interacting proteins, a
process we have demonstrated effectively /n vitro and, more excitingly, directly within
living cells. Impressively, PFEx extends its targeting capability to include amino acid
residues Lys, His, Tyr, and Cys, and exhibits unique pH and thermal sensitivities.
Additionally, the water-soluble Na,SiO3 was found to enhance PFEX reaction with Tyr
and Cys residues. These characteristics of PFEx greatly enhance its utility for the versatile
covalent manipulation of biomacromolecules, offering new prospects to advance research
and engineering applications.

Design, synthesis, and genetic incorporation of PFY into proteins in E. coli and
mammalian cells

We designed PFY as a tyrosine analog to contain a phosphoramidofluoridate (Figure

1A), because phosphoramidic difluorides decompose at room temperature in several

hours while phosphoramidofluoridates are bench stable.#41 We hypothesized that the
phosphoramidofluoridate side chain of PFY would react with nucleophilic side chains of
natural amino acid residues via PFEx when they are brought into close proximity, effect of
which would be able to activate the PFEX reactivity of PFY (Figure 1B).

To synthesize PFY, the dimethylphosphoramidic difluoride 2 was first prepared from 1
through fluoride-chloride halogen exchange,* and was then directly used for PFEx reaction
with a protected tyrosine 3 followed by deprotection to give PFY in overall yield of 57%
(Figure 1C, Supplementary information). To evaluate PFY’s cytotoxicity, we added different
concentrations of PFY to £. colior mammalian cells. The growth of £. coliwas not affected
by 4 mM of PFY in the growth media (Figure S1A), and cell viability assay showed

that HEK-293T cells could tolerate 2 mM PFY well (Figure S1B), suggesting no obvious
toxicity of PFY to both bacterial and mammalian cells.

To genetically encode PFY into proteins in £. coli, we identified a mutant pyrrolysyl-tRNA
synthetase (PyIRS) specific for PFY to pair with the pyrrolysyl-tRNA (tRNAPY! for PFY
incorporation through genetic code expansion via amber suppression. As PFY is similar
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to Uaas NpY,*2 FSY,3* and mFSY38 in structure, we tested if synthetases specific for

these Uaas could incorporate PFY. Using a GFP-based fluorescence assay we found that
synthetases evolved for NpY and mFSY both were able to incorporate PFY, and the mFSY-
specific synthetase showed higher incorporation efficiency (Figure S2). We thus used this
synthetase for subsequent experiments and named it PFYRS for clarity.

To evaluate the incorporation specificity of PFY by the tRNAPY/PFYRS pair in £. coli, we
expressed the Zgp, affibody (Afb) gene containing a TAG codon at site 36 (Afb-36TAG)
together with the tRNAPY//PFYRS genes in £. coli. No full-length Afb was detected

when PFY was not added in the cell culture; in the presence of 2 mM PFY, full-length
Afb36PFY protein was produced in the yield of 5.0 mg/L (Figure 1D). We then purified

the Afb(36PFY) protein, digested it with proteases, and analyzed with tandem mass
spectrometry (MS) (Figure 1E). A series of b and y ions clearly indicated that PFY was
incorporated at the TAG-specified position 36, but the dimethylamino group of PFY was
hydrolyzed. This observation is consistent with the known hydrolysis of phosphoramidate
group under acidic conditions used in liquid chromatography (LC) during MS analysis, and
was also confirmed by subjecting the amino acid to LC-MS analysis conditions (Figure
$3).42 To further verify PFY incorporation, we used the tRNAPY/PFYRS pair to incorporate
PFY into another protein, ubiquitin (Ub), at sites 51 and 54, respectively. The Ub proteins
were purified and analyzed using electrospray ionization time-of-flight MS (ESI-TOF-MS).
For the Ub(51PFY) intact protein (Figure 1F), a peak observed at 9530 Da corresponds to
Ub containing intact PFY at site 51 (expected 9530.7 Da); the other peak observed at 9503
Da corresponds to Ub containing PFY at site 51 but with the dimethylamino group of PFY
hydrolyzed (expected 9503.6 Da); no peaks corresponding to Ub containing other amino
acids at site 51 were observed. Similar results were also obtained for the Ub(54PFY) intact
protein, in which PFY was incorporated at a different site 54 (Figure S4). The data obtained
from SDS-PAGE, Western blot, and intact MS collectively indicate that the fidelity of

PFY incorporation in E. coli exceeded 99.9%. These results demonstrate that the identified
tRNAPYI/PFYRS pair incorporated PFY into proteins with high efficiency and specificity in
E. coli.

We further evaluated PFY incorporation in mammalian cells. The tRNAPY/PFYRS genes
were co-transfected with the EGFP gene containing a TAG stop codon at the permissive site
182 [EGFP(182TAG) gene] into HEK-293T cells. Only when PFY was added to the growth
media did cells show green GFP fluorescence, suggesting the expression of full-length GFP
by incorporating PFY at the TAG codon (Figure 1G); Western blot analysis of the cell lysate
further confirmed full-length GFP expression only in the presence of PFY (Figure 1H).
These cells were next analyzed by flow cytometry. The percentage of GFP-positive cells
increased with PFY concentration and incubation time (Figure 11). The total fluorescence
intensity in cells also increased with PFY concentrations, showing significant increases of
472-fold at 0.1 mM, 1194-fold at 0.5 mM, 1770-fold at 1.0 mM, and 2526-fold at 2.0 mM
(Figure 1J). Based on the results from Western blot analysis and flow cytometry, the fidelity
of PFY incorporation in mammalian cells was found to exceed 99.9%. These results indicate
that the tRNAPY/PFYRS pair was able to incorporate PFY in mammalian cells efficiently
and specifically.
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PFY reacts with His, Tyr, Lys, and Cys in proteins through proximity-enabled PFEX reaction

We assessed whether PFY could react with natural amino acid side chains in proteins
through proximity-enabled PFEX reaction. The Afb-Z protein pair was used, which binds

in moderate affinity (Ky 6 uUM). To place PFY and target residue in proximity upon Afb-Z
binding, we incorporated PFY in Afb at site 36 and mutated different amino acids at site

6 of the Z protein on the basis of the Afb-Z complex structure (Figure 2A).43 Considering
that the phosphoramidofluoridate in PFY is a weak electrophile, we decided to test amino
acid residues with nucleophilic side chains. Maltose binding protein (MBP) was fused to the
N-terminus of the Z protein to better separate the Afb and Z proteins of similar molecular
weights. The purified Afb(36PFY) and MBP-Z(6X) proteins were incubated in PBS buffer
for 16 hours and then analyzed by SDS-PAGE and Western blot under denatured conditions
(Figure 2B, 2C). Among 12 amino acid residues tested, Lys and Cys showed relatively
weak crosslinking, while His and Tyr showed strong crosslinking. To validate the crosslink,
the cross-linked protein samples were analyzed by tandem MS. Covalently crosslinked
peptides of Afb(36PFY) and MBP-Z(6X) were clearly identified, and fragmented ions
unambiguously indicate that the incorporated PFY specifically cross-linked with the target
His, Tyr, Lys, or Cys placed in proximity (Figure 2D, 2E and Figure S5).

To show PFEX reactivity in a different protein context, we incorporated PFY into a
nanobody SR4 that binds the Spike protein of SARS-CoV-2. Based on the crystal structure
of the SR4-Spike complex,*4 we incorporated PFY at site 57 of SR4 to target a proximal
Tyr505 of the Spike protein. As a control, PFY was separately incorporated at site

54 of SR4, which is further away from Tyr505. Indeed, SR4(57PFY) cross-linked the
Spike protein efficiently, while SR4(54PFY) did not, confirming that PFY reactivity was
proximity-driven (Figure S6).

Besides /n vitro cross-linking, we further evaluated PFY reactivity in proteins directly in
mammalian cells. We incorporated PFY into E. coli glutathione transferase (ecGST), a
homodimeric protein, at its dimer interface and expressed the mutant ecGST in HEK-293T
cells to test PFY’s ability to crosslink ecGST into a covalent dimer in a mammalian cellular
environment. Specifically, in light of the structure of ecGST (Figure 2F),*> we incorporated
PFY at site 103 of ecGST to target the proximal His106 in the other monomer. The nearby
Lys107 was mutated to Ala so that His106 was the only reachable target. His106 was also
mutated to Tyr, Lys, or Cys for testing, and to Ala as the negative control. The mutant
ecGST was expressed in HEK-293T cells, and cell lysates were analyzed by Western blot to
detect ecGST dimeric cross-linking (Figure 2G). As expected, no dimeric cross-linking was
observed for Ala. Strong dimeric cross-linking was observed for His and Tyr, while weak
dimeric cross-linking was observed for Lys and Cys, consistent with what was observed in
the Afb-Z protein system. Together, these results indicate that PFY was able to react with
His, Tyr, Lys, and Cys placed in proximity in proteins both /n vitroand in cells.

Opposing pH effects: PFY reaction with Tyr vs. His

We next studied the effect of pH on PFY reaction in proteins. Purified Afb(36PFY)
was incubated with MBP-Z(6X) at pH 7.4 or 8.8 overnight, followed by SDS-PAGE
analysis (Figure 3A). The cross-linking efficiency of the two proteins was determined by
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densitometric measurement of the crosslink band and the MBP-Z band. The cross-linking
efficiency between PFY and Lys or Cys did not change significantly upon pH change. The
cross-linking efficiency between PFY and Tyr increased from 33.7% to 44.5% when pH
was shifted to basic (Figure 3B), which may be explained by the enhanced deprotonation

of the phenol side chain of Tyr. Unexpectedly, the cross-linking efficiency between PFY
and His decreased from 35.3% to 21.3% when pH was increased to 8.8 (Figure 3B). To
determine whether the PFY-His linkage becomes unstable at pH 8.8, Afb(36PFY) was
initially crosslinked with MBP-Z(6H). Subsequently, aliquots of the crosslinked protein
were separately exposed to pH 7.4 or 8.8 for 16 hours. The percentage of crosslinked
product remained consistent across these pH levels (Figure S7), indicating that the PFY-His
linkage was stable when shifting from pH 7.4 to 8.8. We also monitored the MBP-Z(6His)
protein under these pH conditions using circular dichroism (CD) spectroscopy and found
that these pH levels had a negligible impact on its secondary structures (Figure S8). These
results suggest that the reduced crosslinking efficiency observed at pH 8.8 was likely due to
a less efficient reaction under basic conditions, rather than instability of the PFY-His linkage
or MBP-Z-(6His). Therefore, PFY reaction with His showed an opposite pH-dependent
effect compared to PFY reaction with Tyr in proteins.

We further compared the pH effects on the reactions of PFY and FSY with His in proteins.
Uaa FSY reacts with His through proximity-enabled SuFEXx click chemistry.34 Purified
MBP-Z(6His) protein was incubated with either Afb(36PFY) or Afb(36FSY) at various
pHs overnight, followed by SDS-PAGE analysis (Figure 3C). The cross-linking efficiency
between FSY and His increased from pH 6.0 to 7.4 and plateaued at 8.8, while the cross-
linking efficiency between PFY and His had the opposite trend, plateauing from pH 6 to 6.5
and then decreasing from pH 6.5 to 8.8 (Figure 3D). These data indicate that the reaction of
PFY with His demonstrates a pH effect that is also opposite to that of the FSY reaction with
His. Together, these results demonstrate that PFY’s reaction with His exhibited atypically
increased reactivity at acidic pHs.

Contrasting thermostability: PFY-Tyr and PFY-Cys vs. PFY-His linkages

We discovered unexpectedly that the reaction products of PFY with Tyr and His showed
divergent thermostability. We first incubated Afb(36PFY) with MBP-Z(6Tyr) or MBP-
Z(6His) at 37 °C for 16 hours to allow cross-linking. Aliquots of samples were treated

with or without 95 °C heating for 10 minutes followed with SDS-PAGE (Figure 4A, 4B).
MBP-Z(6Tyr) demonstrated strong cross-linking with Afb(36PFY) regardless the heating,
showing 27.5% for the sampled heated 95 °C and 26.8% for the sample maintained at 37

°C (Figure 4C), indicating that the resultant P(V)-O linkage was thermostable under the

test condition. In contrast, MBP-Z(6His) exhibited strong cross-linking, yielding 37.4% in
the absence of heat treatment. However, when exposure to 95 °C, there was a significant
reduction in the cross-linked product, dropping to 5.0% (Figure 4D). This outcome indicates
that the associated P(V)-N linkage was unstable at 95 °C. Further, we subjected the
Afb(36PFY)/MBP-Z(6His) cross-linking product to various temperatures for durations of

5 and 10 minutes. We observed appreciable breakage of the P(V)-N linkage at 50 °C for 5
minutes, with increased breakage noted with longer exposure times and higher temperatures
(Figure 4E). We then tested incubation of Afb(36PFY) with MBP-Z(6His) or MBP-Z(6Tyr)
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at 4 °C for 16 hours followed with SDS-PAGE analysis without heating the samples. At

this low temperature, both His and Tyr were capable of forming crosslinks with PFY,

but His showed greater efficiency (21.4%) in comparison to Tyr (5.3%) (Figure 4C, 4D).
Therefore, His reacted with PFY efficiently at low temperature 4 °C but its P(V)-N linkage
was unstable at temperature higher than 50 °C, while Tyr needed higher temperature 37 °C
to react with PFY efficiently and its P(V)-O linkage remained stable at 95 °C. Using another
protein pair which afforded robust cross-linking of PFY with Cys, we confirmed that the
P(V)-S linkage was also stable at 95 °C (Figure S9).

Enhanced durability of PFY compared to FSY in proteins

The durability of the latent bioreactive Uaa’s reactivity in proteins is important for their

in vivo applications, particularly in covalent protein therapeutics. To evaluate and compare
the durability of PFY and FSY, we incubated Afb(36PFY) or Afb(36FSY) in PBS buffer
(pH 7.4) at 37 °C. Aliquots of samples were taken out at different incubation times and
cross-linked with MBP-Z(6His) protein to determine the Afb protein’s remaining reactivity.
As shown in Figure 4F, the reactivity of Afb(36FSY) decreased significantly over time, with
its cross-linking efficiency dropping from 60.2% on day 0 to 47.7% on day 1, 27.5% on day
3, and 17.9% on day 5. In contrast, Afb(36PFY) maintained its reactivity well throughout
the incubation period.

Varied effects of Na,SiO3: PFY reaction with Tyr and Cys vs. His

We further explored potential reagents to catalyze the PFEX reaction in proteins.

PFEX reactions among small molecules require a catalyst, for which 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) has been reported to be most efficient, and the presence
of the silicon-containing additive hexamethyldisilazane.? Using Afb(36PFY) cross-linking
with MBP-Z(6X) and MBP-Z(24PFY) cross-linking with Afb(7X), we found that TBD

had no catalytic effect for PFY reactions in proteins (Figure S10), possibly because the
solvent for proteins has to be aqueous while that for small molecules is mainly the aprotic
acetonitrile. The additive hexamethyldisilazane is insoluble in water and thus cannot be used
for proteins. We reasoned that the water soluble Na,SiO3 might function similarly as SiO; is
often used to scrub fluoride.

Indeed, when Na,SiO3 was added to the reaction of MBP-Z(24PFY) with Afb(7X) (Figure
5A), we found that Na,SiO3 significantly enhanced the cross-linking between PFY and Cys
(Figure 5B). The cross-linking efficiency rose from 2.3% to 9.6% with 1 mM NaySiOs3,
reached 34.7% with 2 mM Na,SiOs3, and remained at 34.5% with 5 mM Na,SiO3. However,
further increasing Na,SiO3 to 10 mM resulted in decreased cross-linking. A similar trend
was observed for the cross-linking between PFY and Tyr: efficiency increased from 2.2%
to 8.7% with 1 mM Na,SiO3z and to 11.7% with 2 mM Na,SiO3, while further increasing
Na,SiO3 to 5 mM reduced the efficiency to 3.8% (Figure 5C). Notably, the addition of
Na,SiO3 reduced the cross-linking efficiency between PFY and His (Figure 5D): efficiency
declined from 29.3% to 18.9% with 1 mM Na,SiO3 and further to 9.0% with 2 mM
NaySiOs. In this protein context, the effect of Na,SiO3 on PFY reaction with Lys was

not pronounced, possibly because these two sites were not optimal for their crosslink.

To assess how the concentration of Na,SiO3 affects protein stability, we conducted CD
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spectroscopy on Afb(7X) proteins at various Na,SiO3 levels (Figure S11). The structure

of Afb proteins consists of three a-helices, whose denaturation is detectable via CD. We
found that 1 mM Na,SiO3 had a negligible impact on Afb(7H), whereas 2 mM NaySiO3

led to increased unfolding. Concentrations of 5 and 10 mM Na,SiO3 caused significant
denaturation in both Afb(7H) and the variants Afb(7Y) and Afb(7C). To assess the impact of
Na,SiO3 on the stability of the PFY-His linkage, MBP-Z(24PFY) was first crosslinked with
Afb(7H), and aliquots of this crosslinked protein were treated with varying concentrations
of Na,SiO3. Analysis revealed that the percentage of crosslinked product remained relatively
unchanged regardless of Na,SiO3 exposure (Figure S12), indicating that Na,SiO3 did

not significantly affect the stability of the PFY-His linkage. Consequently, the reduced
crosslinking efficiency at higher Na,SiO3 concentrations (5-10 mM) appears to be linked

to protein unfolding. Notably, at a lower concentration of 1 mM Na,SiOg, there was an
increase in the crosslinking efficiency of Afb(7C) and Afb(7Y), but a decrease for Afb(7H).

We next added Na,SiO3 to the reaction of Afb(36PFY) with MBP-Z(6X) (Figure 5E). In
this protein context, PFY reaction with Lys or Cys was suboptimal, and thus the effect of
Na,SiO3 was similarly not obvious. Contrastingly, for Tyr and His which yielded robust
cross-linking with PFY, we found that the cross-linking efficiency between PFY and Tyr also
increased from 24.7% to 45.7% when 1 mM NaySiO3 was added (Figure 5F); consistently,
the same concentration of Na,SiO3 reduced the cross-linking efficiency between PFY and
His from 36.9% to 18.8% (Figure 5G). Collectively, these results indicate that Na,SiO3
could boost the PFY reaction with Tyr and Cys but diminish the PFY reaction with His.

Design, synthesis, and genetic incorporation of PFK with a flexible long side chain

PFY was designed as a Tyr analog with a rigid side chain and length close to those

of canonical amino acids. To provide flexibility and longer reaction radius, we designed
PFK by installing the phosphoramidofluoridate onto the Lys backbone, resulting in an
extension of the final side chain length (Figure 6A). We synthesized PFK starting from
dimethylphosphoramidic dichloride through fluoride-chloride halogen exchange, direct
PFEX reaction with a protected 4-hydroxybenzoic acid, and conjugation to the protected
Lys followed with deprotection (Supplemental Information).

To genetically encode PFK into proteins, we reasoned that FSKRS, the synthetase specific
for a structurally similar Uaa FSK,20 should be able to incorporate PFK. When the tRNAPYY
FSKRS gene was co-transformed with a nanobody mNb6 gene8 containing an amber

stop codon at site 54 [MNb6(54TAG)] in E. coli cells, full-length mNb6 protein was
produced when 1 mM of PFK was added to the growth media (Figure 6B), indicating

PFK incorporation. To evaluate PFK incorporation in mammalian cells, we co-expressed

the tRNAPY/FSKRS gene and the EGFP(182TAG) gene in HEK-293T cells. Western blot
analysis of the cell lysates showed that full-length EGFP was produced only when PFK was
added to cell culture (Figure 6C). We further transfected the tRNAPY//FSKRS gene into the
HelLa-GFP(182TAG) reporter cell line that contains the genome-integrated GFP(182TAG)
gene.*” Flow cytometric analysis of these cells showed that the total fluorescence intensity
in cells increased 380 fold when 1 mM PFK was added (Figure S13). Based on Western blot
and flow cytometric analysis, the fidelity of PFK incorporation in mammalian cells exceeded
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99.7%. These results indicate that the tRNAPY!/FSKRS pair was able to incorporate PFK
into proteins in both £. colifand mammalian cells. We renamed FSKRS to PFKRS for
clarity.

PFK expands protein cross-linking unreachable by PFY in vitro and in cells

To confirm that PFK could react with target residue unreachable by PFY, we first
incorporated PFK into nanobody mNb6 to evaluate the /n vitro cross-linking of mNb6

with its binding target — the Spike protein of SARS-CoV-2. Based on the structure of
mNb6-Spike complex (Figure 6D),*6 we decided to incorporate PFK into mNb6 at sites
50-59 individually to target Tyr351 of the Spike protein’s receptor binding domain (RBD).
PFK-incorporated mNb6 mutant proteins were purified and incubated with the Spike RBD
followed with Western blot analysis. Robust cross-linking of mNb6 with the Spike RBD
was detected when PFK was incorporated at site 54 but no other sites (Figure 6E). Tandem
MS analysis of the cross-linked proteins confirmed that PFK reacted with the target Tyr351
as expected (Figure 6F). This site-specific cross-linking indicated that PFK-based PFEx
reaction was also proximity-driven and non-random. In contrast, when the shorter PFY was
incorporated at site 54, no cross-linking of mMNb6 with the Spike RBD was detected (Figure
6G).

We next incorporated PFK into ecGST expressed in mammalian cells to verify its reactivity
and compare with PFY in cells. At the dimer interface of ecGST, we incorporated PFK at
site 103 to target Cys10 of the other monomer (Figure 6H).%°> The Ca-Ca distance between
site 103 and site 10 is 4.2 A longer than that between site 103 and site 106, which was

used to test PFY cross-linking earlier. Nearby His106, Lys107 and Tyr157 were mutated to
Ala so that Cys10 was the only target residue in proximity for PFK103. After expressing
this mutant ecGST(103PFK) in HEK-293T cells, we analyzed the cell lysate via Western
blot, revealing substantial dimeric ecGST cross-linking with a dimer to monomer (D/M)
ratio of 29.6% (Figure 61). Substituting Cys10 with His resulted in strong dimeric ecGST
cross-linking, evident from a D/M ratio of 52.4%. Conversely, mutating Cys10 to Tyr led

to a modest D/M ratio of 4.1% for dimeric cross-linking, and no dimeric cross-linking

was observed when Cys10 was replaced with Ala in the negative control. These findings
confirmed that PFK was able to react with Cys, His, and Tyr when placed in proximity in
mammalian cells. Furthermore, substituting PFK with PFY at site 103 yielded varied results:
no ecGST dimeric cross-linking for Cys, considerably weaker dimeric cross-linking for His
(D/M ratio 11.6%), and notably stronger cross-linking for Tyr (D/M ratio of 13.6%) (Figure
61, 6J). This variation in cross-linking efficiency can be attributed to the difference in side
chain lengths of PFK and PFY. Within the fixed distance between sites 103 and 10, the
longer PFK could reach the shorter side chains of His and Cys, whereas the shorter PFY
was better suited to the longer side chain of Tyr. Taken together, these results indicate that
PFK, due to its long and flexible side chain, was able to react with protein residues that are
unreachable by PFY. Consequently, PFY and PFK act complementarily, targeting residues at
varying distances in proteins.
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DISCUSSION

We investigated whether PFEX could be introduced in proteins and function in
biocompatible conditions to generate new covalent linkages in proteins. Through designing,
synthesizing, and genetic encoding latent bioreactive amino acids PFY and PFK that contain
phosphoramidofluoridate, we succeeded in introducing the new click PFEX reaction into
proteins. We demonstrated that PFY or PFK, once incorporated, could target nearby His,
Tyr, Lys, or Cys residues in proteins through proximity-enabled PFEX reactivity, enabling
precise covalent cross-linking of interacting proteins both /n vitro and in cells, without
needing external reagents.

PFEXx reaction has recently been developed for small molecules only,* and our study

has expanded this new click reaction into proteins for the first time. In small molecule
context, PFEx showed chemoselectivity for alcohols and amines, especially phenols.*
Consistently, in proteins, we observed robust cross-linking with Tyr (phenol side chain)

and His (imidazole side chain) using PFY and PFK. Lys, with its primary amine side chain,
also showed reliable but weaker cross-linking. PFEX also tolerated various functional groups
in small molecules including amides,* a feature we confirmed in the protein context as
PFY/PFK did not react with the protein backbone or other tested amino acids.

Our findings reveal intriguing aspects of PEFx click chemistry in a protein context. The
recent report on small molecule PFEX reactions describes the use of the polar aprotic organic
solvent acetonitrile, typically requiring a strongly basic catalyst TBD and a silicon additive,
hexamethyldisilazane, to accelerate the reaction.* However, both acetonitrile and TBD can
denature proteins,*8 and hexamethyldisilazane, being water-insoluble, is not suitable for
aqueous protein solutions. Our results demonstrate that PFEX in proteins is feasible in
protic aqueous solvents and even within the complex cellular environments, paving the
way for its potential in biological applications. Moreover, the PFEX reaction in proteins
proceeded without an external catalyst, suggesting that mere proximity of reactants was
sufficient for activation, similar to our previously reported SUFEX reaction in proteins.3*
Interestingly, a water-soluble silicon reagent, Na,SiO3, boosted the PFEX reaction between
PFY and Cys/Tyr in proteins, but reduced it between PFY and His. This differential effect
merits further investigation. Additionally, Cys reliably cross-linked with PFY, particularly
with Na,SiO3 assistance, indicating that thiol groups, previously unmentioned in small
molecule PFEXx studies,* could be viable targets for PFEx in small molecules as well.
Interestingly, among the ten consecutive sites of nanobody mNb6, only site 54 facilitated
the cross-linking of PFK with the Spike protein (Figure 6E). Apart from protein binding
and side chain interactions, it is possible that specific environmental factors at site 54 in the
binding interface — whether involving electrostatic or electric field effects — contributed to
the promotion of PFK reactivity. This possibility is akin to the “Sleeping Beauty” effect, a
unique trait of folded proteins originally observed by Sharpless et al. in their SUFEX studies
with small molecules and proteins.9:50

PFEx in proteins offers more versatility and functionality compared to the existing SUFEX.
It introduces P-N/O linkages, preferred in native biomacromolecules, as opposed to the
S-N/O linkages characteristic of SUFEx. While SUFEX targets Lys/His/Tyr, PFEX expands
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this range to include Cys, enhancing its versatility as a proximity-enabled chemistry. PFEx
also enables thermally reversible P-N linkages, a feature not present in SUFEX. At low
temperatures, efficient His cross-linking with PFY was observed, which was reversible at
higher temperatures. This thermal sensitivity provides reversible linkage options, potentially
opening innovative applications. Unlike SuFEx and other nucleophilic reactions that are
more reactive at basic pH, PFEx with His showed higher reactivity at acidic pHs. This
unique pH behavior could offer a novel approach for targeting acidic microenvironments,
such as the tumor microenvironment, with high selectivity. Lastly, PFY demonstrated
enhanced durability in proteins compared to FSY, its SUFEX counterpart, a property
beneficial for in vivo applications.

In conclusion, introducing PFEX in proteins is a significant advancement for biological and
biomedical research. Site-specific incorporation of PFY or PFK in proteins enabled us to
generate defined covalent crosslinks between interacting proteins, both /n vitroand in living
cells. This extends the use of phosphorus linkages in proteins, paralleling nature’s preference
for phosphate connectors in various biomolecules.?! The remarkable chemoselectivity and
unique properties of PFEx, compared to established click reactions,* will significantly
expand our capabilities in covalent protein engineering, a field with vast potential in
chemical biology and therapeutics.3”:11 Analogous to the transformative effects of CUAAC
and SuFEXx click chemistry in protein studies,310 the introduction of PFEX into proteins is
poised to open new pathways in biological research, synthetic biology, and biotherapeutics.

EXPERIMENTAL PROCEDURES
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Bigger Picture

Click chemistry has transformed the synthesis of small molecules and the manipulation
of large biomolecules, significantly impacting both chemistry and biology. At the
forefront of this innovation is Phosphorus Fluoride Exchange (PFEX), recently developed
for in vitro use with small molecules. We have now expanded PFEX’s potential

into biological applications by introducing two novel amino acids embedded with
phosphoramidofluoridates into proteins through genetic code expansion. These amino
acids enable the formation of precise covalent linkages in proteins via the PFEX reaction,
exhibiting unique properties and proving effective both in vitro and in live cells. This
advancement not only facilitates covalent protein engineering using nature’s preferred
phosphate connectors but also lays the groundwork for PFEX’s wider application in
biological and biomedical research, which can deepen our understanding of biological
processes and open up new therapeutic possibilities.
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Highlights

Bioreactive Uaas PFY and PFK are genetically encoded in E. coli and
mammalian cells

PFY and PFK react with His, Tyr, Lys, and Cys via proximity-enabled PFEXx
reaction

PFEXx reaction with His results in unique pH and thermal properties

Na,SiO3 enhances PFEX reactions with Tyr and Cys
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Figure 1. Design, synthesis, and genetic incorporation of PFY into proteins in E. coli and
mammalian cells.

(A) Structure of PFY.

(B) PFY to react with nucleophilic residues in close proximity via proximity-enabled PFEXx
reactivity.

(C) Chemical synthesis of PFY.

(D) SDS-PAGE and Western blot analysis of PFY incorporation into Afb(36TAG) by the
tRNAPY/PFYRS in E. coli.

(E) Tandem MS spectrum of the Afb(36PFY) tryptic peptide containing residue 36 verifying
PFY incorporation at site 36.

(F) ESI-TOF-MS spectrum of intact Ub(51PFY) protein verifying PFY incorporation. The
peak at 9530 Da corresponds to the incorporation of intact PFY at site 51; the peak at

9503 Da corresponds to PFY incorporation at site 51 but with its dimethylamino group
hydrolyzed.
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(G) Bright field and fluorescence microscopic images of HEK-293T cells. The cells were
transfected with the tRNAPY//PFYRS and the EGFP(182TAG) gene, and grown in the
absence and presence of PFY. Scale bar, 100 yum.

(H) Western blot analysis of HEK-293T cells in (G).

(1) Flow cytometric analysis of HEK-293T cells, which were transfected with the tRNAPY!/
PFYRS and the EGFP(182TAG) gene and grown in the presence of various concentrations
of PFY for 24 hand 48 h.

(J) Flow cytometric quantification of the total fluorescence intensity of the HEK-239T cells
in (1) incubated with PFY for 48 h.

See also Figures S1-S4.
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Figure 2. PFY reacts with proximal His, Tyr, Lys, and Cys in proteins through PFEX.
(A) Structure of the Afb-Z complex (PDB code: 1LP1) showing D36 in Afb for PFY

incorporation and N6 in Z protein for mutation to different residues.

(B) Western blot analysis of Afb(36PFY) protein incubation with Z(6X) protein. X
represents mutated residues.

(C) SDS-PAGE analysis of Afb(36PFY) protein incubation with Z(6X) protein.

(D) Tandem MS spectrum of Afb(36PFY) cross-linking with Z(6His).

(E) Tandem MS spectrum of Afb(36PFY) cross-linking with Z(6Tyr).

(F) Structure of ecGST (PDB code: 1A0F) showing residue T103 in one monomer for PFY
incorporation and the proximal residue H106 in the other monomer for mutations.

(G) Western blot analysis of ecGST dimeric cross-linking in HEK-293T cells.
ecGST(103PFY/106X) was expressed in HEK-293T cells and the cell lysate was probed
with anti-Hisx6 antibody to detect the Hisx6 tag appended at the C-terminus of ecGST.
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See also Figures S5-S6.
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Figure 3. Divergent pH effects on PFY-His cross-linking compared to PFY-Tyr and FSY-His.
(A) SDS-PAGE analysis of Afb(36PFY) cross-linking with MBP-Z(6X) at pH 7.4 and pH

8.8.

(B) Cross-linking efficiency between Afb(36PFY) and MBP-Z(6His) or MBP-Z(6Tyr) at
pH 7.4 and pH 8.8. The line and error bar represent mean + SEM; n = 6 independent
experiments. **p < 0.01; ****p < 0.001; unpaired ~test.

(C) SDS-PAGE analysis Afb(36PFY) or Afb(36FSY) cross-linking with MBP-Z(6His) at
various pH.

(D) Changes in cross-linking efficiency with varying pH for reaction of Afb(36PFY) or
Afb(36FSY) with MBP-Z(6His). The line and error bar represent mean + SEM; n=5
independent experiments.

See also Figures S7-S8.
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Figure 4. Temperature effects on PFY-generated linkages and PFY durability in proteins.
(A) Scheme showing how Afb(36PFY) was incubated with MBP-Z(6X) and then treated at

different temperature.

(B) SDS-PAGE analysis of Afb(36PFY) cross-linking with MBP-Z(6X) under different

incubation and treatment temperatures.

(C) Cross-linking efficiency of Afb(36PFY) with MBP-Z(6Tyr) at different temperatures

measured from (B) using densitometry.

(D) Cross-linking efficiency of Afb(36PFY) with MBP-Z(6His) at different temperatures
measured from (B) using densitometry. For C-D, the line and error bar represent mean +
SEM; n = 6 independent experiments. ns, not significant; ****p < 0.0001; unpaired #test.
(E) Thermal sensitivity of the P(V)-N linkage resulting from PFY reaction with His. Top:
SDS-PAGE analysis of the Afb(36PFY)/MBP-Z(6His) cross-linking product after it was
subjected to various temperatures for durations of 5 and 10 minutes. Bottom: The cross-
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linking efficiency of Afb(36PFY) with MBP-Z(6His) was evaluated after their cross-linked
product was exposed to various temperatures for 5 and 10 minutes. The line and error bar
represent mean = SEM; n = 3 independent experiments.

(F) PFY exhibited enhanced durability compared to FSY in proteins. The figure shows

the remaining reactivity of Afb(36PFY) and Afb(36FSY) after incubation at 37 °C for the
indicated number of days. The cross-linking efficiency of Afb(36PFY) and Afb(36FSY)
with MBP-Z(6His) was measured to quantify their remaining reactivity. The line and error
bars represent mean £ SEM; n = 8 independent experiments.

See also Figure S9.
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Figure 5. NapSiO3 increases PFY reaction with Tyr and Cys but decreases PFY reaction with
His.

(A) Structure of the Afb-Z complex (PDB code: 1LP1) showing E24 in Z protein for PFY
incorporation and K7 in Afb for mutation to Cys, Tyr, or His.

(B-D) SDS-PAGE analysis (top panel) and quantification of MBP-Z(24PFY) cross-linking
with Afb(7X) (bottom panel) in the presence of different concentration of Na,SiO3. (B)
Afb(7Cys); (C) Afb(7Tyr); (D) Afb(7His).

(E) Structure of the Afb-Z complex (PDB code: 1LP1) showing D36 in Afb for PFY
incorporation and N6 in Z protein for mutation to Tyr, or His.

(F-G) SDS-PAGE analysis (top panel) and quantification of Afb(36PFY) cross-linking with
MBP-Z(6X) (bottom panel) in the presence of different concentration of Na,SiOs. (F)
MPB-Z(6Tyr); (G) MPB-Z(6His).

The line and error bar represent mean + SEM; n = 6 independent experiments. ns, not
significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; unpaired ~test.

See also Figures S10-S12.
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Figure 6. Genetic incorporation of PFK expands protein cross-linking unreachable by PFY in
vitro and in cells.

(A) Structure of PFK.

(B) Western blot analysis of PFK incorporation in mNb6(54TAG) in E. coli cells.

(C) Western blot analysis of PFK incorporation in EGFP(182TAG) in HEK-293T cells.
(D) Structure of nanobody mNb6 binding with the Spike protein of SARS-CoV-2 (PDB code
7TKKL). Sites 50-59 for PFK incorporation are colored in purple. R54 in mNb6 and the
target residue Y351 in the Spike are shown in stick.

(E) Western blot analysis of cross-linking between the Spike protein’s receptor binding
domain (RBD) and mNb6 mutants with PFK incorporated at the indicated sites.

(F) Tandem MS spectrum of mNb6(54PFK) cross-linking with the Spike protein’s RBD,
confirming that PFK reacted with Y351.

(G) Western blot comparison between mNb6(54PFK) and mNb6(54PFY) for cross-linking
with the Spike protein’s RBD.
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(H) Structure of ecGST (PDB code: 1A0F) showing residue T103 in one monomer for
PFK/PFY incorporation and the proximal residue C10 in the other monomer for mutations.
(I) Western blot analysis of HEK-293T cell lysate of cells expressing ecGST mutants with
PFK/PFY incorporated at site 103 and different mutations at site 10.

(J) Quantification of the cross-linked dimer to monomer ratio of ecGST in (1), showing the
difference between PFK and PFY in cross-linking His, Tyr, and Cys. The line and error bar
represent mean + SEM; n = 4 independent experiments. **p < 0.01; ***p < 0.001; unpaired
ttest.

See also Figure S13.
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