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Rapid Labeling in Live Eukaryotic Cells

ABSTRACT: Site-directed spin-labeling (SDSL)—in combination with double electron—electron resonance (DEER) spectros-
copy—has emerged as a powerful technique for determining both the structural states and the conformational equilibria of
biomacromolecules. DEER combined with in situ SDSL in live cells is challenging since current bioorthogonal labeling approaches
are too slow to allow for complete labeling with low concentrations of spin label prior to loss of signal from cellular reduction. Here,
we overcome this limitation by genetically encoding a novel family of small, tetrazine-bearing noncanonical amino acids (Tet-v4.0)
at multiple sites in proteins expressed in Escherichia coli and in human HEK293T cells. We achieved specific and quantitative spin-
labeling of Tet-v4.0-containing proteins by developing a series of strained trans-cyclooctene (sTCO)-functionalized nitroxides—
including a gem-diethyl-substituted nitroxide with enhanced stability in cells—with rate constants that can exceed 10° M~' s™". The
remarkable speed of the Tet-v4.0/sTCO reaction allowed efficient spin-labeling of proteins in live cells within minutes, requiring
only sub-micromolar concentrations of sTCO-nitroxide. DEER recorded from intact cells revealed distance distributions in good
agreement with those measured from proteins purified and labeled in vitro. Furthermore, DEER was able to resolve the maltose-
dependent conformational change of Tet-v4.0-incorporated and spin-labeled MBP in vitro and support assignment of the
conformational state of an MBP mutant within HEK293T cells. We anticipate the exceptional reaction rates of this system,
combined with the relatively short and rigid side chains of the resulting spin labels, will enable structure/function studies of proteins
directly in cells, without any requirements for protein purification.

B INTRODUCTION on both the structural states and the conformational equilibria
of biomacromolecules. By measuring the distance-dependent
magnetic dipole interaction between pairs of spin labels
introduced site-specifically into the protein sequence, DEER
provides the full distribution of distances between the labels in
a protein ensemble.'”"" SDSL of proteins typically relies on
cysteine conjugation using thiosulfonate-, maleimide-, or

Measuring the structures and dynamics of proteins directly
within cells has been a long-standing challenge in structural
biology. The complex and crowded environment of the cell can
impact the energetic landscape of proteins and may contribute
significantly to the molecular mechanisms of protein function
and dysfunction.'™® However, few biophysical techniques are
capable of residue-specific structural information in the cellular
environment.” Site-directed spin-labeling (SDSL), in combi- Received: January 26, 2023
nation with electron paramagnetic resonance (EPR) spectros- Published: June 26, 2023
copy, holds considerable promise for elucidating structural

dynamics in a wide range of proteins and macromolecular

complexes in the cellular context.*” In particular, double

electron—electron resonance (DEER) spectroscopy can inform
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Scheme 1. Conjugation Reaction between Encoded Tet4-Amino Acids and sTCO-Spin Labels
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iodoacetamide-functionalized spin labels; however, site-specific
conjugation within cells requires labeling reactions and
reagents that are bioorthogonal to avoid off-target labeling of
cellular components. Consequently, most in-cell EPR studies
to date have relied on the delivery of in vitro purified and spin-
labeled proteins back into cells by microinjection,'* "
electroporation,”'”'® osmotic shock,'” or other permeation
techniques.”*~>*

The site-specific incorporation of noncanonical amino acids
(ncAAs) by genetic code expansion (GCE) is a powerful
method that has been utilized to introduce novel bioorthog-
onal chemistries into proteins.”* Previous studies using GCE
for spin-labeling have employed ketone condensations, ™ 3
+ 2 azide-alkyne cycloadditions,'”*”*" Suzuki—Miyaura
couplings,‘i’2 quinone methide Michael additions,*® and inverse
electron demand Diels—Alder (IEDDA) cycloadditions.”* ™’
In addition, ncAAs that themselves include the EPR-active spin
probe have been developed, in principle eliminating the need
for subsequent spin-labeling.**~* Despite significant progress
in bioorthogonal spin-labeling methods over the past decade,
their use in in-cell structural studies has been primarily limited
to prokaryotic expression systems and has suffered from low
yields, slow reaction rates, requirements for harsh reaction
conditions or catalysts, and the inherent instability of nitroxide
ncAAs or spin labels in the reducing intracellular environ-
ment 384142

The advancement of site-directed spin-labeling method-
ologies for EPR-based structural studies within cells is reliant
on several prerequisites, namely: (1) extremely rapid
bioorthogonal coupling reactions that can access the high
labeling efficiency needed at the typically low native protein
concentrations (nM to low-uM) in cells and the low spin-
labeling reagent concentrations needed to avoid cellular
toxicity, (2) high bioorthogonal reaction selectivity to
minimize off-target labeling and background interference
from unreacted label, and (3) structurally short and rigid
connectivity between the attached spin label and the protein
peptide backbone to minimize broad distance distributions
that can negatively impact structural interpretation in DEER
spectroscopy. In the case of the most commonly employed
spin labels, nitroxides, the experimental time window from spin
label addition to EPR measurement is also a key experimental
parameter, as nitroxides undergo a time-dependent chemical
reduction in cellular environments.”>** As such, the bio-

orthogonal coupling reaction of nitroxide labels within
mammalian cells must be sufficiently fast to outcompete
cellular nitroxide reduction.

The strain-promoted IEDDA reaction between tetrazines
and cyclic alkenes has recently emerged as a promising
approach for in-cell labeling owing to its fast reaction kinetics
and high chemoselectivity.”~** The reaction proceeds readily
in aqueous solvent in the absence of catalysts, forming highly
stable adducts with the sole byproduct being molecular
nitrogen. In previous work, we developed the first eukaryotic
compatible tetrazine ncAA (Tet-v3.0) GCE encoding system
and demonstrated that these Tet-proteins can react rapidly and
selectively with cyclopropane-fused, strained trans-cyclooctene
(sTCO) reagents with rates as high as 8 x 10* M~ s71.*7°!

Here, we develop a GCE system with faster labeling rates
and shorter linkage between protein and spin label, enabling
SDSL-EPR studies of proteins directly within mammalian cells.
We generated a family of small tetrazine amino acids, which we
call Tet-v4.0 (Tet4), with the reactive tetrazine moiety
appended directly to the amino acid pf-carbon. We then
evolved orthogonal aminoacyl tRNA synthetase (RS)/
tRNAcya pairs capable of site-specifically incorporating Tet4
into proteins using both prokaryotic and eukaryotic expression
systems. The resulting Tet4-incorporated proteins were found
to react ~2- to 15-fold faster with sTCO reagents than our
previously reported tetrazine ncAAs, generating the first site-
specific bioorthogonal protein labeling reaction with rates
exceeding 10° M~" s7.

We exploited the remarkable kinetics of the Tet4/sTCO
reaction for SDSL-EPR by synthesizing three new sTCO-
nitroxide spin labels, including a gem-diethyl-substituted spin
label that provided increased stability toward reduction in the
cellular environment (Scheme 1). These spin labels reacted
rapidly and specifically with Tet4-incorporated proteins in
vitro, in whole-cell lysates, and within live human embryonic
kidney (HEK293T) cells. Quantitative labeling in HEK293T
cells was achieved in minutes with sub-micromolar concen-
trations of spin label added to the growth medium. DEER on
doubly spin-labeled Tet4 constructs of green fluorescent
protein (GFP) and maltose-binding protein (MBP) expressed,
labeled, and measured directly within HEK293T cells agree
well with measurements from their in vitro purified counter-
parts. We further demonstrate that DEER can resolve the
maltose-dependent open and closed conformations of Tet4-
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Figure 1. Tet-v4.0 ncAAs and sTCO-nitroxides: Spin label stability, genetic encoding, and reactivity. (A) Tetrazine amino acid and sTCO-spin
label structures. Rotatable side-chain dihedral angles preceding the tetrazine are illustrated for Tet-v3.0Bu and Tet-v4.0Me, as well as for sTCO-
spin labels. (B) Stability of sTCO-nitroxides (12 M) in diluted HEK293T cytosolic extract at room temperature. EPR signal intensity was
measured as the peak-to-trough amplitude of the X-band CW EPR spectrum (see Figure S29). Each trace is an individual time course from
triplicate measurements. (C) Tet4 incorporation efficiency measured with GFP fluorescence of Escherichia coli co-transformed with GFP150-TAG
and evolved Mb-Pyl-tRNA/RS pairs D4 or E1 in the presence and absence of Tet4 ncAAs (0.5 mM). (D) Reactivity of GFP150—Tet4-Ph/Pyr
monitored by ESI-Q-TOF mass spectrometry. Schematic representation of the IEDDA reaction between GFP—Tet4 and sTCO-OH (top).
Deconvoluted mass spectra of purified GFP150—Tet4-Ph (bottom left) and GFP150—Tet4-Pyr (bottom right) before (black) and after (red)
reaction with sTCO-OH. Cal. Mass of GFP—wt: 27 827.02 Da (avg); GFP150—Tet4-Ph (observed: 27 941.5 Da, expected: 27 940.1 Da);
GFP150—Tet4-Ph + sTCO-OH (observed: 28 065.5 Da, expected: 28 064.1 Da); GFP150—Tet4-Pyr (observed: 27 941.3 Da, expected: 27 941.1
Da); GFP150—Tet4-Pyr + sTCO-OH (observed: 28 066.2 Da, expected: 28 065.1 Da). Asterisks (*) mark peaks corresponding to the loss of N-
terminal methionine. Low-intensity peaks at higher mass are sodium and potassium adducts.

labeled MBP in vitro, and that it can identify the conforma-
tional state of a binding-impaired mutant of MBP directly
within cultured mammalian cells.

B RESULTS AND DISCUSSION

Tet-v4.0 ncAA and sTCO-Spin Label Design and
Synthesis. To achieve highly efficient spin-labeling of
expressed proteins in live cells, we sought to develop an
encodable, bioorthogonal system with the fastest possible
reaction kinetics. Moreover, we sought to limit the size and
flexibility of the resulting spin-labeled side chains, as spin labels
with long and flexible linkers are known to broaden the
distance distributions obtained with DEER spectroscopy and
negatively impact structural interpretation. In previous work,
we demonstrated that tetrazine amino acids can be site-
specifically encoded into proteins where they are highly stable
and show s?eciﬁc, rapid, and irreversible reactivity with sSTCO
reagents.*”*>* We therefore chose to build on this initial work
to design the Tet4 family of ncAAs (Figure 1A), in which the

14610

reactive tetrazine group is directly appended to the amino acid
P-carbon. We generated three ncAAs—differing only in the
functional group at the tetrazine 6-position—that we predicted
would be stable in cells and display fast reaction kinetics with
sTCO reagents. 6-methyl and 6-phenyl groups were chosen for
their stability over a 6-position hydrogen, and the electron-
withdrawing pyridyl variant was additionally included as it was
predicted to display increased IEDDA reaction rates.*>>* All
Tet4 ncAAs were synthesized from a common Boc-protected
P-cyano alanine intermediate, generated in 4 steps from serine
(Scheme S1). Substituted Tet4 ncAAs were obtained in 30—
55% overall yield via nickel triflate-catalyzed nitrile coupling,
using commercially available nitriles, followed by oxidation and
deprotection.

As expected, Tet4 ncAAs reacted readily with sTCO
reagents in aqueous buffer. Reaction rates with sTCO—alcohol
(sTCO-OH)—determined by monitoring the loss of tetrazine
absorbance at 270 nm with stopped-flow absorbance spectros-
copy—rvielded second-order rate constants of 1.1, 2.4, and 8.6
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x 10* M™" s7! for methyl, phenyl-, and pyridyl-substituted
Tet4 ncAAs, respectively (Table 1 and Figure S1). As

Table 1. Second-Order Reaction Rate Constants (k,) of
Tetrazine ncAAs with sTCO-OH

reaction rate (X10* M~ s71)“

tetrazine amino acid  free amino acid ~ GFP-incorporated (TAG site)

Tet-v3.0Bu 2.1 + 0.06 7.8 + 0.30 (N150)

Tet-v4.0Me 1.1+ 0.14

Tet-v4.0Ph 2.4 + 0.20 22 + 1.3 (N150)
20 + 1.1 (L222)

Tet-v4.0Pyr 86+ 12 120 + 7.3 (N150)

“Second-order rate constants (k,) were obtained from plots of
measured, pseudo-first-order rate constants (k') against sSTCO-OH
concentration (see Figures S1 and S6).

predicted, the strongly electron-withdrawing pyridyl group of
Tet4-Pyr yielded an ~4-fold increase in reaction rate relative to
the 6-methyl and 6-phenyl Tet4 ncAAs, as well as to the best-
performing Tet-v3.0 ncAA, Tet-v3.0-butyl (Tet3-Bu) (Table
1).

In addition to the extraordinarily fast and selective reaction
kinetics with tetrazines, sTCO reagents have also demon-
strated good bioavailability while showing minimal degradation
during the in-cell reaction timescale.””* To exploit these
properties for use in SDSL-EPR, we synthesized three new
sTCO-nitroxide spin labels (Figure 1A and Scheme 1). Aiming
to minimize the linker length of the spin labels, we directly
coupled sTCO-carboxylic acid to amino-functionalized nitro-
xides in which the amino group was situated as close to the
nitroxide ring as possible (Scheme S3). We chose to explore
three different nitroxide head groups: the 6-membered
“TEMPO” nitroxide (tM6), and two S-membered pyrroline/
pyrrolidine (PROXYL) groups—one having the standard
tetramethyl groups flanking the nitroxide (tMS) and the
other containing tetraethyl substitutions (tES). The tetraeth-
yl—also known as gem-diethyl—substitutions have been
shown to protect the nitroxide from chemical reduction to
the EPR-silent hydroxylamine, which can occur in reducing
environments such as those inside cells.">*¥**°°™>% Indeed,
incubation of these sTCO-nitroxides in cytoplasmic extract
from HEK293T cells revealed a strongly protective effect of the
tetraethyl substitutions, with a 2-fold prolonged half-life of
sTCO-tES compared with tetramethyl-substituted sTCO-tMS,
and a nearly 8-fold improvement in comparison to the 6-
membered ring sTCO-tM6 (Figure 1B).

Synthetase Selection for GCE with Tet-v4.0 ncAAs. To
engineer a system for the genetic incorporation of Tet4 that
would be compatible with both prokaryotic and eukaryotic
expression systems, we focused on the pyrrolysyl-tRNAcy,/
aminoacyl-tRNA synthetase pair (Pyl-tRNA/RS) from Meth-
anosarcina barkeri (Mb), as this system demonstrated efficient
encodin§ of our previously developed Tet-v3.0 family of
ncAAs.” Two Mb-Pyl-RS libraries—with $ sites mutated to all
20 amino acids (3 X 10° total variants)—were evaluated for
the ability to accommodate Tet4-Me and Tet4-Ph (see the
Supporting Information for details). Standard life/death
selection procedures involving two rounds of positive selection
in the presence of 0.5 mM Tet4 ncAA and negative selection in
the absence of ncAA were performed. The surviving synthetase
variants were further evaluated for the ability to suppress an
amber codon substituted at residue N150 of green fluorescent

protein (GFP150-TAG). In total, four unique synthetases were
identified that could express full-length GFP in the presence—
but not in the absence—of Tet4-Ph, with two synthetase
variants, D4 and E1, demonstrating high-fidelity incorporation
and good yields for GFP150-TAG (~55 to 60 mg/L) (Figures
1C and S2). Our screen yielded no synthetases capable of
efficiently encoding Tet4-Me.

To incorporate Tet4-Pyr, we performed permissibility tests
using the same four unique synthetases identified in our Tet4-
Ph screen and found that only synthetase D4 was able to
selectively incorporate Tet4-Pyr into GFP150-TAG with
reasonable yields (~40 mg/L) (Figures 1C and S3). The
site-specific incorporation efficiency and fidelity of the E1
synthetase (for Tet4-Ph) and D4 synthetase (for Tet4-Pyr)
were further verified by mass spectrometry of C-terminally
6xHis-tagged GFP150-TAG constructs purified from Escher-
ichia coli. Deconvolutional analysis of the ESI-Q-TOF mass
spectra yielded the expected masses confirming the sub-
stitution of the native asparagine with Tet4-Ph or Tet4-Pyr,
respectively (Figure 1D and Table S1). These results
collectively demonstrate that evolved synthetases E1 and D4
can efficiently encode Tet4-Ph and Tet4-Pyr ncAAs,
respectively, in E. coli. We therefore employed these two
synthetases for all subsequent work.

Reactivity of Protein-Encoded Tet-v4.0. To test the
accessibility and reactivity of Tet4 ncAAs toward sTCO
reagents once incorporated into proteins, we incubated
purified samples of GFP150—Tet4-Ph/Pyr with sTCO-OH
and monitored the labeling reaction by mass spectrometry.
Analysis of the ESI-Q-TOF data revealed apparently
quantitative labeling as evidenced by mass increases of 124
Da for both GFP150—Tet4 proteins, consistent with the
expected sSTCO-OH cycloaddition product and concomitant
loss of N, (Figure 1D and Table S1). We also verified the
labeling of GFP—Tet4-Ph/Pyr using a more general SDS-
PAGE mobility shift assay based on reaction with PEGylated
sTCO reagents (sTCO-PEGSk/10k).>> GFP150—Tet4-Ph
displayed a near complete mass shift of ~5 kDa upon 10
min incubation with 10-fold excess sTCO-PEGSk, indicating
that virtually all protein contained the tetrazine and was
quantitatively conjugated with sTCO-PEGSk (Figure S4A). A
similar shift was observed for GFP150—Tet4-Pyr but with a
small percentage of unreacted protein remaining, suggesting
that some full-length GFP either did not contain Tet4-Pyr at
residue 150—most likely from the insertion of a canonical
amino acid by way of near-cognate suppressionéo—or were
otherwise unreactive, for example, due to tetrazine degrada-
tion. However, unreacted or degraded proteins were not
detected by mass spectrometry, suggesting their abundance is
low. We suspect that further synthetase optimization through
more rigorous selections in the presence of Tet4-Pyr would
generate a more robust synthetase and eliminate potential
problems arising from near-cognate suppression.

DEER studies on proteins lacking intrinsic spin centers
generally require the introduction of spin labels at two sites in
the primary sequence. To verify that we could successfully
encode Tet4 at two sites, we generated GFP constructs
containing dual amber codon (TAG) substitutions at residues
N150 and L222. Mass spectral analysis of purified GFP150/
222—Tet4-Ph confirmed the correct mass for doubly Tet4-Ph-
incorporated GFP at residues 150 and 222, and subsequent
reaction with sSTCO-tES spin label revealed a mass increase of
690 Da, corresponding to the addition of two sTCO-tES spin
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labels minus 2 equiv of molecular nitrogen (Figure SSA and
Table S1). Dual labeling of GFP150/222—Tet4-Ph was
additionally confirmed by SDS-PAGE gel-band shift after
reaction with sTCO-PEGSk (Figure S4A). Together these
experiments demonstrate near-quantitative reactivity of singly
and doubly Tet4-incorporated proteins.

Next, we determined the IEDDA reaction rates of Tet4
ncAAs incorporated at residue 150 of GFP. Tetrazine amino
acids are known to partially quench GFP fluorescence when
incorporated near the protein chromophore.*”**°" Subsequent
reaction of the tetrazine to form the 1,4-dihydropyridazine
product removes this quenching effect and provides a sensitive
measure of the reaction progress. We measured the time-
dependent dequenching (increase in fluorescence) of purified
GFP150—Tet4-Ph/Pyr upon reaction with sTCO-OH. Plots of
pseudo-first-order rate constants (k') against sTCO-OH
concentration revealed second-order rate constants (k,) of
2.2 x 10° and 1.2 X 10° M™" 57! for phenyl and pyridyl variants
of Tet4, respectively (Table 1 and Figure S6). These represent
the fastest reaction rates reported to date for genetically
encoded tetrazine amino acids. We then measured rate
constants (k,) for all three sTCO-nitroxides (Figure 1A) in
reaction with GFP150—Tet4-Ph. The observed reaction rates
for sTCO-tM6, sTCO-tMS, and sTCO-tES were ~2 to 4 X
10° M™! s71, consistent with rates measured for sTCO-OH
(Table 2 and Figure S7). The magnitude of these reaction rates

Table 2. Reaction Rates of GFP150—Tet-v4.0Ph with
sTCO-Nitroxides

sTCO-label reaction rate (X10* M~ s71)“
sTCO-tM6 23 £2.0
sTCO-tMS 24+ 13
sTCO-tES 43+ 1.8
sTCO-OH 22 + 1.3

“Second-order rate constants (k,) were obtained from plots of the
measured, pseudo-first-order rate constants (k') against sSTCO-OH or
sTCO-nitroxide concentration (see Figures S6 and S7).

reveals that spin-labeling is complete in seconds to minutes,
even at sub-micromolar concentrations, and suggests that rapid
and complete labeling of dilute protein solutions should be
possible using stoichiometric amounts of sTCO-spin label.
As we previously described, tetrazine amino acids incorpo-
rated into proteins react ~3 times faster with sSTCO reagents
than they do as free amino acids, presumably owing to the
greater hgfdro}ohobicity of the protein surface relative to
buffer.*”*%°*%> Our results on GFP150—Tet4 indicate a much
larger rate increase of roughly 10-fold between protein-
incorporated and free Tet4 (Table 1 and Figures S1 and
S6). We hypothesize that the increased relative rate for the
shorter Tet4 ncAAs compared to earlier Tet-v2.0 and Tet-v3.0
ncAAs could be a general effect arising from the closer
proximity of the tetrazine group to the hydrophobic environ-
ment of the protein surface. However, it is also possible that
the increased difference in relative rate observed for Tet4
stems from specific interactions dictated by the local
environment. To test for site-specific effects on the Tet4
reaction rate, Tet4-Ph was encoded at position L222 of GFP
which, in contrast to the positively charged environment
surrounding GFP150, has a largely neutral electrostatic
environment (Figure S8). The reaction of GFP222—Tet4-Ph
with varying concentrations of sTCO-OH yielded a second-

order rate constant of 2.0 X 10° M~" s™!, very similar to that of
GFP150—Tet4-Ph (2.2 X 10° M™' s7'), suggesting that local
electrostatics do not play a significant role in the rate
enhancements observed for protein-incorporated Tet4 ncAAs
(Table 1). Taken together, our results demonstrate that the
smaller Tet4 ncAAs can be efliciently encoded into proteins
expressed in E. coli, either at a single site of interest or at two
protein sites, where they can be selectively and quantitatively
spin-labeled with sTCO-nitroxides. Moreover, the spin-labeling
reaction proceeds with unprecedented speed, an important
prerequisite for in situ labeling of proteins in mammalian cells.

In Vitro EPR and DEER. To investigate the utility of Tet4
incorporation for site-directed spin-labeling, we chose maltose-
binding protein (MBP) as a model. MBP undergoes a well-
characterized clamshell closure that is stabilized by the binding
of maltose and other maltodextrin ligands. The structures and
energetics of this conformational change have been subject to
extensive study using numerous biophysical techniques,
including DEER,°**® NMR,°*®” FRET,**™"' and X-ray
crystallography.”””> We selected four residues in the MBP
sequence (S211, E278, K295, and E322) for mutation either to
cysteine—for labeling with the thiol-specific spin label
MTSL—or to Tet4 ncAA for labeling with sTCO-spin labels.
In addition, we generated double-mutants with site-pairs 211/
295 and 278/322 to probe the maltose-dependent conforma-
tional change of MBP using DEER (Figure 2A). Owing to the
superior expression yields, we chose the Tet4-Ph ncAA
incorporated with synthetase Mb-PylRS El for use in all
spin-labeling studies.

Single and double cysteine and Tet4-Ph mutants of MBP
were purified from E. coli and labeled with MTSL or sTCO-
labels, respectively. The reaction of doubly Tet4-Ph-incorpo-
rated MBP constructs with sTCO-tES showed quantitative
dual labeling by mass spectroscopic analysis (Figure SSB and
Table S1). Likewise, the reaction with sSTCO-PEG10k showed
two-site labeling efficiencies of 85—90% by SDS-PAGE
mobility shift assay (Figures S4B and S9). In corroboration,
labeling efficiencies of sTCO-nitroxides—as determined by
double integration of the continuous-wave (CW) EPR
spectra—were estimated to be >75% for all MBP—Tet4-Ph
sites studied (Figure S10). CW EPR spectra recorded at room
temperature revealed that the side chains of MBP—Tet4-Ph
proteins labeled with sTCO-tM6 or -tMS are significantly
more rigid than cysteines labeled with MTSL at equivalent
residues, as evidenced by their larger spectral widths and
correspondingly larger absolute-value first moments (IAHI)
(Figures 2B and S11).”* This reduced rotational mobility is not
surprising given the relatively bulky macrocyclic side chain of
spin-labeled Tet4 and the small number of rotatable bonds.
MBP—Tet4-Ph sites labeled with sTCO-tES display more
mobile EPR spectra, similar to MTSL-labeled MBP (Figure
2B). We attribute this increased mobility relative to sTCO-
tM6 and -tMS spin labels to the additional methylene group—
and hence, the extra rotatable bond—between the sTCO and
pyrroline rings of sTCO-tES stemming from the amino-tES
starting material used in our synthesis (Scheme $3).>

Next, we examined the ability of doubly spin-labeled MBP—
Tet4 constructs to report intramolecular distances and ligand-
dependent conformational changes in MBP with DEER
spectroscopy. Crystal structures of apo and maltose-bound
MBP indicate a decrease in C4—Cj distance between residues
S211 and K295 of ~8 A upon binding of maltose and closure
of the clamshell. Conversely, the C4;—Cj; distance between
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Figure 2. Tet-v4.0 SDSL-EPR and DEER on maltose-binding protein. (A) Surface rendering of maltose-bound MBP (lanf) with labeling sites
indicated in color. For doubly labeled constructs 211/295 (blue) and 278/322 (orange), the change in Cj distance between apo (dashed gray
arrows) and holo (solid black arrows) conformations is indicated. (B) Room-temperature X-band CW EPR spectra of purified MBP 211/295-Cys
spin-labeled with MTSL (gray) and MBP 211/295-Tet4-Ph spin-labeled with sTCO-tM6 (black), -tMS (red), or -tES (blue). (C—F) Background-
corrected DEER time traces and distance distributions for doubly spin-labeled MBP constructs 211/295 and 278/322. Maltose-free data are shown
in black and data from samples recorded in the presence of 1 mM or S mM maltose are shown in red. Cysteine mutant constructs (C, E) were
labeled with MTSL, and Tet4-Ph constructs (D, F) were labeled with sTCO-tES. The oscillation period of the long-distance components is
indicated with triangles in (F) to highlight the shift in modulation frequency. Shaded distributions are predictions from in silico rotameric modeling
based on available structures of apo (pdb lomp; gray) and maltose-bound (pdb lanf; pink) MBP.

E278 and E322—Tlocated on the opposite surface of MBP
(back side of the clamshell)—increases slightly (~3 A) in the
maltose-bound structure (Figure 2A). Indeed, 4-pulse DEER
on MTSL-labeled MBP211C/295C clearly revealed the
expected decrease in intramolecular distance in the presence
of 1 mM maltose relative to the maltose-free sample (Figure
2C). Likewise, DEER revealed the small increase in distance
expected upon maltose binding for MBP278C/322C labeled
with MTSL (Figure 2E). To test if our Tet4-based spin-
labeling system was capable of discerning the maltose-driven
clamshell conformational change, we recorded DEER on
doubly Tet4-Ph-encoded MBP constructs spin-labeled with
sTCO-nitroxides, both in the presence and in the absence of
maltose (Figures 2D,F, S12, and S13). Distance distributions
obtained for apo and maltose-bound MBP211/295—Tet4-Ph
labeled with sTCO-tES were in reasonable agreement with
predictions from in silico rotameric modeling’> and displayed
significantly broader distributions compared to the MTSL-
labeled constructs (Figure 2D). Nevertheless, a clear shift
toward shorter interspin distances was observed in the sample
containing S mM maltose, consistent with the maltose-induced
closure of MBP.

Surprisingly, DEER on sTCO-tES-labeled MBP278/322—
Tet4-Ph revealed a pronounced bimodal distance distribution
both in the presence and absence of maltose, with only one
distance mode displaying the expected increase in interspin
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distance in response to maltose (Figure 2F). In silico spin label
modeling using apo and maltose-bound MBP structures
suggests that this multimodality stems from restricted
conformational sampling of the spin labels owing to the
relatively bulky and rigid macrocyclic adduct being close to the
protein surface. Our rotameric models suggest that steric
clashes with neighboring residues may “trap” spin labels in
distinct clusters of closely related conformations, giving rise to
multimodal distance distributions (Figure S14). Indeed,
multimodal distance distributions were also observed for
tM6- and tMS-labeled MBP—Tet4-Ph constructs (Figure S13).
Altogether, these results show that DEER on in vitro spin-
labeled Tet4-encoded proteins can reveal ligand-induced
conformational changes giving rise to DEER distance changes
as small as a few angstroms; however, multimodal DEER
distributions, likely arising from spin label rotameric
restrictions, may be problematic at some protein sites and
potentially complicate structural interpretation.

Tet-v4.0 Encoding and Spin-Labeling in Mammalian
Cells. Next, we explored the compatibility of the Tet4 system
with mammalian cells. Specifically, we examined the ability of
Tet4 to be incorporated into proteins expressed in HEK293T
cells, an immortalized human embryonic kidney cell line. As
with previously reported Tet-v3.0,>” we found that Tet4-Ph
and Tet4-Pyr ncAAs were well-tolerated by HEK293T cells
when supplemented into the growth medium at concentrations
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Figure 3. Encoding and reactivity of Tet-v4.0 in mammalian cells. (A) Suppression efficiency of GFP150-TAG with Tet4-Ph and Tet4-Pyr amino
acids measured by flow cytometry of cultured HEK293T cells, in comparison with Tet3-Bu. (B) Reactivity of GFP150—Tet4 in whole-cell
HEK293T lysate verified by mobility shift of GFP detected by SDS-PAGE upon incubation with sTCO-PEGSk. (C) In-cell labeling of GFP150—
Tet4-Ph/Pyr in HEK293T cells with sTCO-JF646 as monitored by fluorescent imaging of SDS-PAGE gel. (D, E) Quantitative analysis of
GFP150—Tet4-Ph (D) and GFP150—Tet4-Pyr (E) labeling in live HEK293T cells with sTCO-JF646 using 2D single-cell fluorescent flow
cytometry (red: 100 nM sTCO-JF646; black: 0.1% DMSO; 30 min). (F) Concentration dependence of in-cell spin-labeling of HEK293T cells
expressing MBP322—Tet4-Ph with sTCO-TEP assessed by pulse-chase with sTCO-JF646. MBP322—Tet4-Ph molecules not labeled with sTCO-
tES but subsequently labeled with excess sTCO-JF646 were quantified by in-gel fluorescence of whole-cell lysates. Points indicate individual
experiments with mean JF646 fluorescence from triplicate experiments given by bars. (G, H) Live-HEK293T cell labeling of GFP150—Tet4-Ph
with sSTCO-ES spin label. (G) Epifluorescence micrographs of HEK293T cells expressing GFP150—Tet4-Ph at various times before and after
perfusion with 1 4uM sTCO-tES. (H) Time course of GFP fluorescence increase of HEK293T cells expressing GFP150—Tet4-Ph upon perfusion
(at t = 0) with 1 uM sTCO-tES in DMEM + 10% FBS. Data are mean cell fluorescence divided by mean fluorescence at t = 0. Gray bars are mean
+ standard error of the mean.

and S20), and in purified proteins by mass spectrometry
(Figure S21 and Table S1).

We then explored the prospect of in situ spin-labeling Tet4-
incorporated proteins in living HEK293T cells. Several sTCO-
functionalized fluorescent probes have previously been shown
to permeate cell membranes and successfully label intracellular
and we reasoned that our

up to 0.3 mM, whereas higher concentrations resulted in
cytotoxicity (Figure S15). We cloned the genes for Tet4 El
and D4 synthetases with a terminal nuclear export sequence
into the eukaryotic expression Pyl-tRNA/RS vector pAcBacl,
as described previously.”® Pyl-tRNA/RS pairs were then co-

transfected with pAcBacl-GFP150-TAG into HEK293T cells
49,50,52

and incubated either in the absence of ncAA, or with various
concentrations of Tet4 ncAAs, and suppression efficiencies
were assessed using flow cytometry (Figures 3A and S16—
S19). Tet4-Ph and Tet4-Pyr were incorporated into GFP
~50% as well as the most efficient Tet-v3.0 system, Tet3-Bu.
As with Tet4 incorporation into E. coli-expressed proteins, the
highest suppression efficiencies in HEK293T cells were
obtained with Mb-PylRS synthetase E1 and Tet4-Ph ncAA.
Selective incorporation and reactivity of GFP150—Tet4
proteins were verified in whole-cell HEK293T lysates using
sTCO-PEGSk-induced SDS-PAGE mobility shifts (Figures 3B
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tetrazine-bearing proteins,
small sTCO-nitroxides might also be cell-permeable. We first
tested the reactivity of Tet4-encoded proteins in HEK293T
cells by exposing cells expressing GFP150—Tet4-Ph or Tet4-
Pyr to the cell-permeable fluorophore sTCO-JF646.”> Cells
were then washed, lysed, and analyzed by SDS-PAGE with
fluorescence detection of both GFP and JF646 (Figures 3C
and S23). These results verified the conjugation of JF646
exclusively at GFP, with undetectable labeling of off-target
proteins. We further explored the reactivity of GFP150—Tet4
in HEK293T cells by exposing cultured cells to sSTCO-JF646 at
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Figure 4. CW EPR and DEER in HEK293 cells. (A) Room-temperature X-band EPR spectra of HEK293T cells transfected with GFP150-TAG
and Tet4 Mb-PylRS/tRNA in the presence of 150 uM Tet4-Ph ncAA (top). Cells were spin-labeled with 200 nM sTCO-tES (10 min, r.t.) and
spectra were recorded 1 h post-labeling. EPR spectra of labeled cells lacking either the Mb-PyIRS/tRNA pair (middle) or Tet4-Ph ncAA (bottom)
are displayed on identical scales. (B) Structural model of GFP150/222—Tet4-Ph labeled with sTCO-tES displaying estimated rotameric
distributions as mesh surface. Spin-labeled side chains were modeled with the chiLife package in Python. (C) 4-pulse DEER time traces (top) and
distance distributions (bottom) for GFP150/222—Tet4-Ph-tES recorded from in vitro purified protein (black) and in intact HEK293T cells (blue).
Experimental modulation depths (A) are indicated. In-cell DEER acquisition time was 224 h. Error bands on the distributions estimated from Long
distances are shown but are similar to the linewidth. The simulated distance distribution from rotameric modeling is shown in gray shade.

two different concentrations—100 nM and 1 gM—for 30 min
before quantifying GFP and JF646 fluorescence of individual
cells using flow cytometry. The strong linear relationship
between GFP and JF646 signals indicates that efficient, GFP-
specific in-cell labeling occurred at 100 nM sTCO-JF646 with
very little nonspecific labeling (Figure 3D,E). At 1 uM sTCO-
JF646, eflicient GFP labeling was also achieved; however,
significant background JF646 fluorescence was observed which
suggests off-target association of the label with other cellular
components (Figures S24 and S25). These experiments
demonstrate that the fast reaction kinetics of Tet4-encoded
proteins with sTCO reagents permits stoichiometric labeling in
live eukaryotic cells, even at low concentrations of both label
and protein.

Next, we exploited the in-cell labeling properties of sTCO-
JF646 to assess the permeability and reactivity of our sTCO-
spin labels in live HEK293T cells using a pulse-chase assay.
HEK293T cells expressing MBP322—Tet4-Ph were incubated
with various concentrations of the reduction-resistant spin
label sTCO-tES for 30 min, after which the reaction was
quenched with excess sTCO-JF646 (0.5 uM, 30 min, r.t.).
Cells were then lysed, and lysates were analyzed using SDS-
PAGE with fluorescence detection (Figures 3F and S26). 100
nM sTCO-tES reduced the JF646 fluorescence 2-fold,
indicating that roughly half of the available Tet4-Ph-
incorporated MBP had been spin-labeled, whereas application
of 250 nM sTCO-tES or higher led to complete spin-labeling
of all available MBP—Tet4 in the cell.

To further examine the time course of sTCO-tES labeling of
HEK293T cells expressing GFP150—Tet4-Ph, we incubated
the cells in culture medium containing 1 M sTCO-tES while
imaging GFP fluorescence with epifluorescence microscopy. As
STCO-tES entered cells and reacted with GFP150—Tet4-Ph,
the quenching effect of Tet4 on GFP fluorescence was relieved
and an increase in fluorescence intensity was observed (Figure
3G,H). Under these conditions, the in-cell spin-labeling

reaction appeared complete within 2 min. It should be noted
that the labeling kinetics observed in this experiment are a
product not only of the concentration-dependent IEDDA
reaction rate but also of the perfusion and mixing times, as well
as the time required for sTCO-tES to diffuse across the cell
membrane. These experiments suggest that intracellular Tet4-
incorporated proteins can be quantitatively spin-labeled with
our sTCO-nitroxides—directly within living cells—in a matter
of minutes, using sub-micromolar concentrations of spin label.

In-Cell EPR and DEER. To assess the possibility of
detecting spin-labeled Tet4 proteins in mammalian cells by
EPR, we incubated HEK293T cells expressing GFP150—Tet4-
Ph in medium supplemented with 200 nM sTCO-tES for 10
min, after which we removed the labeling medium, transferred
the cells into a quartz EPR tube, and recorded CW EPR
spectra of the pelleted cells at ambient temperature (Figure 44,
top). The EPR spectrum, recorded 1 h after first exposure to
spin label, reveals a slow-motional spectrum very similar to that
of GFP150/222—Tet4-Ph purified from E. coli and spin-
labeled with sSTCO-tES in vitro (Figure S27). This EPR signal
was significantly reduced in spin-labeled cells in which the
plasmid encoding the PylRS/tRNA pair was omitted from the
transfection or where expression was carried out in the absence
of Tet4-Ph ncAA (Figure 4A, middle and bottom). Similar
synthetase-dependent in-cell CW EPR signals were also
obtained from sTCO-tES-labeled MBP295—Tet4-Ph and
MBP322—Tet4-Ph (Figure S28). Although greatly reduced,
there was still a notable slow-motion EPR spectrum in spin-
labeled cells grown in the presence of Tet4-Ph, but lacking the
plasmid encoding the PylRS/tRNA pair (see Figure 4A,
middle). This likely stems from residual free Tet4-Ph ncAA in
the cells being conjugated with sTCO-tES and highlights the
importance of thoroughly washing free ncAA from the cells
prior to exposure to sTCO reagents. Together these results
demonstrate the ability of the reduction-resistant nitroxide
sTCO-tES to site-specifically label proteins harboring Tet4
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Figure S. Conformation of MBP W340A in mammalian cells by DEER. (A) Structural model and schematic of the MBP construct used for in-cell
DEER. Residues substituted with Tet4-Ph are indicated in blue. The maltose-binding pocket with Trp-340 highlighted is shown as zoomed inset.
(B) Stability of the nitroxide radical in spin-labeled MBP211/295-Tet4-Ph-tES in HEK293T cells at room temperature determined by 9.8 GHz
CW EPR (see Figure S29). A single-exponential fit to the data is shown as a black solid line, and time courses for cell labeling and sample
preparation are indicated. (C) DEER time domain (left) and distance distributions (right) for MBP211/295-Tet4-Ph-tES purified from E. coli and
labeled in vitro (top), MBP(340A)211/295-Tet4-Ph-tES purified from HEK293T cells and labeled in vitro (middle), and MBP(340A)211/295-
Tet4-Ph-tES within HEK293T cells (bottom). In-cell DEER acquisition time was 264 h. DEER time traces are background-corrected and scaled to
the same modulation depth. Uncertainties in the distance distributions are shown as shaded error bands. Dashed lines centered at the maximum of
the in vitro apo (black) and maltose-bound (red) distributions are shown for ease of comparison.

within living mammalian cells, generating EPR signals that
persist for at least 1 h at ambient temperatures with minimal
background labeling.

To test whether accurate intramolecular protein distances
could be measured by DEER in mammalian cells using the
bioorthogonal Tet4/sTCO-nitroxide system, we generated
GFP constructs for both bacterial and mammalian cell
expression containing dual amber codon (TAG) substitutions
at residues N150 and L222 (Figure 4B). We chose GFP for
our initial in-cell DEER experiments because it is a small, well-
structured protein devoid of large-scale conformational
changes, thus allowing interpretation of the distance
distribution without interference from conformational hetero-
geneity contributed by protein dynamics. Indeed, 4-pulse
DEER of doubly Tet4-Ph-incorporated GFP purified from E.
coli and subsequently spin-labeled with sTCO-tES yielded a
mono-modal distance distribution centered at ~25 A, in
reasonable agreement with the simulated distance distribution

14616

predicted by rotameric modeling (Figure 4C). The large
modulation depth (~50%) observed in the DEER time-
domain data is again indicative of highly eflicient spin label
conjugation at both Tet4 sites.

Next, we expressed GFP150/222—Tet4-Ph in HEK293T
cells. After incubation with 250 nM sTCO-tES for 10 min, cells
were washed once with PBS buffer before loading into an EPR
tube and snap-freezing in liquid nitrogen for DEER measure-
ment. The echo modulation obtained for the in-cell sample was
significantly smaller than for the in vitro purified sample,
indicating a high percentage of singly spin-labeled molecules
that do not contribute to echo modulation. These lone spins
likely result from several sources: (1) chemical reduction of the
nitroxides in the cell will increase the proportion of proteins
having only one or zero active spin centers; (2) proteins
truncated at the second amber codon will produce peptides
having only one Tet4-Ph side chain available for spin-labeling;
and (3) spin labels either free in solution or conjugated to
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residual tRNA-loaded or unincorporated Tet4-Ph will also
result in a nonmodulated DEER echo, decreasing the
experimental modulation depth. Nevertheless, the resulting
distance distribution obtained from intact HEK293T cells is
very similar to the distance distribution obtained from purified
protein, with distances of maximum probability—24.4 A (in
vitro) and 25.5 A (in-cell)—differing by 1.1 A (Figures 4C and
S31). The in-cell DEER distribution does, however, contain a
lower probability peak centered around 50 A that is not
present in the in vitro distribution. Given that the time-domain
data were only collected out to ~1.8 us, probabilities in this
distance range are often unreliable and are likely attributable to
uncertainties in the DEER background separation. However,
we cannot rule out GFP dimerization, higher-order oligome-
rization, or partial unfolding in the cellular environment as
sources of this distance component.

Having shown that accurate distance distributions could be
obtained in HEK293T cells with the Tet4/sTCO-tES system,
we asked whether we could use Tet4 incorporation and in vivo
spin-labeling to determine the conformational state of a
multistate protein directly within the cellular environment.
Here we turned again to MBP as a model protein; however,
precise control of the cellular dextrin content—and, by
extension, the MBP open-to-closed equilibrium—was not
feasible. Previous FRET studies have suggested that an
unidentified component of the HEK293T cytoplasm, perhaps
glycogen, can bind MBP and bias the equilibrium toward the
closed conformation.”” We therefore chose to introduce a
mutation (W340A) within the maltose-binding pocket of MBP
known to lower the affinity for maltodextrin ligands by about 2
orders of magnitude (Figure 5A).”® We reasoned that this
mutation would preclude the binding of endogenous dextrins
or other small molecules from the HEK293T cytoplasm and
drive the conformational equilibrium of MBP toward the fully
open structure.

Our in vitro DEER experiments on doubly sTCO-tES-
labeled MBP211/295 showed a clear shift in the distance
distributions between apo and maltose-bound samples (see
Figure 2D), and we therefore chose to introduce the 211TAG
and 295TAG mutations—along with W340A—into our
mammalian MBP expression construct for in-cell DEER
measurements. MBP211/29STAG (W340A) was co-trans-
fected with PylRS/tRNA El into HEK293T cells in the
presence of 100 uM Tet4-Ph ncAA and the cells were spin-
labeled with sTCO-tES in the same manner as described for
the GFP DEER construct. CW EPR spectra were recorded
from spin-labeled whole cells as a function of time. The spectra
show a gradual decay of the nitroxide EPR signal over the
course of a few hours, ~2-fold faster than was observed with
free STCO-tES spin label in diluted cell extract (Figures SB
and S29). The lineshape of the CW EPR spectra recorded
from cells was nearly identical to that obtained from the same
construct purified from E. coli or HEK293T cells and spin-
labeled in vitro (Figure S27). The distance distribution
obtained from DEER of the intact cells revealed a primary
peak centered at ~39 A, consistent with the apo (clamshell
open) conformation of MBP measured from in vitro purified
protein, in agreement with the expected effect of the W340A
mutation (Figures SC and S31). While the in-cell distance
distribution is again quite broad, this result provides a proof-of-
principle example that genetically encoded Tet4—in combi-
nation with in situ spin-labeling with sTCO-nitroxides—can
provide information regarding protein conformations in their

native environment within mammalian cells, without any
protein purification or delivery steps. In-cell DEER using this
system can potentially report on protein conformational
equilibria, athough the significant widths of the resulting
DEER distributions may limit this utility to proteins with large
or well-defined conformational changes. Tet4 spin-labeling and
DEER spectroscopy may also prove useful for studying
protein—protein interactions and protein oligomerization in
the native cellular environment. We note that the delivery of
genetic components in this work was achieved by transient
transfection of HEK293T cells. We anticipate that more
efficient methods of gene delivery, including viral transduction
and stable cell line development, will likely improve the
sensitivity of in-cell DEER using the Tet4 system.

B CONCLUSIONS

In summary, we have developed a new family of tetrazine
amino acids that can be efficiently encoded into proteins at a
variety of sites using both prokaryotic and eukaryotic
expression systems. The relatively small size and limited
flexibility of the Tet-v4.0 family are desirable attributes for
label-based distance measurement techniques such as DEER
and FRET, where excessive probe length and flexibility can
complicate structural interpretation and potentially obscure
detection of protein conformational changes. We found that
Tet4 ncAAs incorporated into proteins are site-specifically
labeled by sTCO reagents with unprecedented speed. The
reaction of GFP150—Tet4-Pyr with sTCO-OH, for instance,
was found to proceed with a second-order rate constant of 1.2
x 10 M™! s7!, which is—to our knowledge—the fastest
genetically encoded bioorthogonal protein conjugation reac-
tion reported to date. The tetrazine/sTCO IEDDA reaction is
known to be accelerated by hydrophobic effects,””** and the
rate enhancements we observe here for Tet4 relative to
previously developed tetrazine-bearing ncAAs are likely due to
the closer proximity of the Tet4 tetrazine group to the protein
surface.

We harnessed the remarkable reaction kinetics of the Tet4/
sTCO reaction for use in SDSL-EPR by developing a series of
sTCO-functionalized nitroxides—all of which displayed rapid
and specific spin-labeling of Tet4.0-incorporated GFP and
MBP. DEER spectroscopy demonstrated that although
distance distributions obtained from sTCO-spin-labeled
proteins were significantly broadened compared with the
gold standard cysteine-reactive spin label MTSL, Tet4-based
spin labels were nevertheless able to report ligand-induced
conformational rearrangements in MBP. We observed efficient
incorporation and labeling at all six GFP and MBP residues
studied—encompassing both a-helical and pf-sheet struc-
tures—indicating that Tet4 should be broadly applicable for
bioorthogonal spin-labeling of surface-exposed protein resi-
dues. Although multimodal distance distributions were
observed in several data sets that appeared to depend on the
specific spin label and mutation site, rotameric modeling was
able to predict this multimodality in some cases, suggesting
that computational modeling may be useful for selecting
favorable sites for Tet4 incorporation. We anticipate that
further spin label and tetrazine ncAA design will help identify
the key determinants leading to broad or multimodal distance
distributions and will guide the development of improved
ncAA/spin label pairs.

Lastly, we established rapid and selective spin-labeling of
Tet4-incorporated proteins within live HEK293T cells using
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sub-micromolar concentrations of sTCO-nitroxides applied
directly to the cell culture medium. In-cell DEER measure-
ments revealed interspin distance distributions of doubly
labeled GFP— and MBP—Tet4 constructs and reported on the
in-cell conformation of a binding-site mutant of MBP. We
anticipate that SDSL-EPR studies—and DEER spectroscopy in
particular—using the Tet4/sTCO-nitroxide system will help
understand the nanoscale structures and conformational
equilibria of proteins in their native cellular environments. In
addition, this approach may prove useful for targeted dynamic
nuclear polarization (DNP)-enhanced NMR studies and may
help provide increased sensitivity of in-cell NMR measure-
ments in the solid state.””””®

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c00967.

Materials and methods and 'H and "*C NMR spectra
and ESI-MS spectrum (Schemes S1—S3, Figures S1—
S31, and Table S1) (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Stefan Stoll — Department of Chemistry, University of

Washington, Seattle, Washington 98195, United States;
orcid.org/0000-0003-4255-9550; Email: stst@uw.edu

Ryan A. Mehl — Department of Biochemistry and Biophysics,
Oregon State University, Corvallis, Oregon 97331, United
States; ® orcid.org/0000-0003-2932-4941;
Email: Ryan.Mehl@oregonstate.edu

Authors

Subhashis Jana — Department of Biochemistry and Biophysics,
Oregon State University, Corvallis, Oregon 97331, United
States

Eric G. B. Evans — Department of Chemistry, University of
Washington, Seattle, Washington 9819S, United States;
Department of Physiology & Biophysics, University of
Washington, Seattle, Washington 98198, United States

Hyo Sang Jang — Department of Biochemistry and Biophysics,
Oregon State University, Corvallis, Oregon 97331, United
States; ® orcid.org/0000-0003-0460-9924

Shuyang Zhang — Department of Chemistry, University of
Nebraska, Lincoln, Nebraska 68588-0304, United States

Hui Zhang — Department of Chemistry, University of
Nebraska, Lincoln, Nebraska 68588-0304, United States

Andrzej Rajca — Department of Chemistry, University of
Nebraska, Lincoln, Nebraska 68588-0304, United States;

orcid.org/0000—0002-8856—1536

Sharona E. Gordon — Department of Physiology & Biophysics,
University of Washington, Seattle, Washington 98195, United
States

William N. Zagotta — Department of Physiology & Biophysics,
University of Washington, Seattle, Washington 98195, United
States; ® orcid.org/0000-0002-7631-8168

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c00967

Author Contributions
1SJ. and E.G.B.E. contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was funded in part by the GCE4All Biomedical
Technology Development and Dissemination Center sup-
ported by the National Institute of General Medical Science
grant RM1-GM144227 as well as National Institutes of Health
grant 1RO1IGM131168-01 (to R.A.M.) and National Science
Foundation grant NSF-2054824 (to R.A.M.). Additional
National Institutes of Health and National Science Foundation
research support came from NIGMS grant GM125753 and
NSF grant CHE-2154302 (to S.S.), NIGMS grant
R35GM145225 (to S.E.G.), National Eye Institute grant
RO1EY010329 and NIGMS grant ROIGM12732S5 (to
W.N.Z.), NIGMS grant RO1GM124310-01, NSF grant CHE-
1955349 (to A.R.), and NIH training grant T32-EY007031 (to
E.GB.E.). The authors thank Drs. Galen Flynn and Maxx
Tessmer (University of Washington) for invaluable technical
support and advice. Protein mass spectrometry was carried out
at the Oregon State University Mass Spectrometry Center on
the Waters Ion Mobility ToF Mass Spectrometer supported by
NIH grant 1S10RR025628-01. The EPR spectrometer was in
part supported by NIH grant S100D021557 (to S.S.).

B REFERENCES

(1) Theillet, F.-X.; Binolfi, A.; Frembgen-Kesner, T.; Hingorani, K;
Sarkar, M.; Kyne, C.; Li, C.; Crowley, P. B.; Gierasch, L.; Pielak, G. J;
et al. Physicochemical Properties of Cells and Their Effects on
Intrinsically Disordered Proteins (IDPs). Chem. Rev. 2014, 114,
6661—6714.

(2) Kénig, L; Soranno, A.; Nettels, D.; Schuler, B. Impact of In-Cell
and In-Vitro Crowding on the Conformations and Dynamics of an
Intrinsically Disordered Protein. Angew. Chem., Int. Ed. 2021, 60,
10724—10729.

(3) Zotter, A,; Biuerle, F.; Dey, D. Kiss, V.; Schreiber, G.
Quantifying enzyme activity in living cells. J. Biol. Chem. 2017, 292,
15838—15848.

(4) Schlesinger, A. P.; Wang, Y.; Tadeo, X,; Millet, O.; Pielak, G. J.
Macromolecular Crowding Fails To Fold a Globular Protein in Cells.
J. Am. Chem. Soc. 2011, 133, 8082—8085.

(5) Dedmon, M. M.; Patel, C. N; Young, G. B.; Pielak, G. J. FlgM
gains structure in living cells. Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
12681—12684.

(6) Yang, Y.; Chen, S.-N.; Yang, F.; Li, X.-Y.; Feintuch, A.; Su, X.-C,;
Goldfarb, D. In-cell destabilization of a homodimeric protein complex
detected by DEER spectroscopy. Proc. Natl. Acad. Sci. U.S.A. 2020,
117, 20566—20575.

(7) Plitzko, J. M.; Schuler, B.; Selenko, P. Structural Biology outside
the box—inside the cell. Curr. Opin. Struct. Biol. 2017, 46, 110—121.

(8) Bonucci, A.; Ouari, O.; Guigliarelli, B.; Belle, V.; Mileo, E. In-
Cell EPR: Progress towards Structural Studies Inside Cells.
ChemBioChem 2020, 21, 451—460.

(9) Goldfarb, D. Exploring protein conformations in vitro and in cell
with EPR distance measurements. Curr. Opin. Struct. Biol. 2022, 75,
No. 102398.

(10) Jeschke, G. DEER Distance Measurements on Proteins. Annu.
Rev. Phys. Chem. 2012, 63, 419—446.

(11) Schiemann, O.; Heubach, C. A.; Abdullin, D.; Ackermann, K.;
Azarkh, M.; Bagryanskaya, E. G.; Drescher, M.; Endeward, B.; Freed,
J. H; Galazzo, L.; et al. Benchmark Test and Guidelines for DEER/
PELDOR Experiments on Nitroxide-Labeled Biomolecules. J. Am.
Chem. Soc. 2021, 143, 17875—17890.

(12) Collauto, A.; Billow, S.; Gophane, D. B; Saha, S.; Stelzl, L. S.;
Hummer, G.; Sigurdsson, S. T.; Prisner, T. F. Compaction of RNA
Duplexes in the Cell. Angew. Chem., Int. Ed. 2020, 59, 23025—23029.

https://doi.org/10.1021/jacs.3c00967
J. Am. Chem. Soc. 2023, 145, 14608—14620


https://pubs.acs.org/doi/10.1021/jacs.3c00967?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c00967/suppl_file/ja3c00967_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Stoll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4255-9550
https://orcid.org/0000-0003-4255-9550
mailto:stst@uw.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+A.+Mehl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2932-4941
mailto:Ryan.Mehl@oregonstate.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subhashis+Jana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+G.+B.+Evans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyo+Sang+Jang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0460-9924
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuyang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrzej+Rajca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8856-1536
https://orcid.org/0000-0002-8856-1536
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sharona+E.+Gordon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+N.+Zagotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7631-8168
https://pubs.acs.org/doi/10.1021/jacs.3c00967?ref=pdf
https://doi.org/10.1021/cr400695p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400695p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202016804
https://doi.org/10.1002/anie.202016804
https://doi.org/10.1002/anie.202016804
https://doi.org/10.1074/jbc.M117.792119
https://doi.org/10.1021/ja201206t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.202331299
https://doi.org/10.1073/pnas.202331299
https://doi.org/10.1073/pnas.2005779117
https://doi.org/10.1073/pnas.2005779117
https://doi.org/10.1016/j.sbi.2017.06.007
https://doi.org/10.1016/j.sbi.2017.06.007
https://doi.org/10.1002/cbic.201900291
https://doi.org/10.1002/cbic.201900291
https://doi.org/10.1016/j.sbi.2022.102398
https://doi.org/10.1016/j.sbi.2022.102398
https://doi.org/10.1146/annurev-physchem-032511-143716
https://doi.org/10.1021/jacs.1c07371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202009800
https://doi.org/10.1002/anie.202009800
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c00967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(13) Karthikeyan, G.; Bonucci, A.; Casano, G.; Gerbaud, G.; Abel,
S.; Thomé, V.; Kodjabachian, L.; Magalon, A.; Guigliarelli, B.; Belle,
V.; et al. A Bioresistant Nitroxide Spin Label for In-Cell EPR
Spectroscopy: In Vitro and In Oocytes Protein Structural Dynamics
Studies. Angew. Chem., Int. Ed. 2018, 57, 1366—1370.

(14) Qi, M.; Gro, A.; Jeschke, G.; Godt, A.; Drescher, M. Gd(III)-
PyMTA Label Is Suitable for In-Cell EPR. J. Am. Chem. Soc. 2014,
136, 15366—15378.

(15) Igarashi, R.; Sakai, T.; Hara, H.; Tenno, T.; Tanaka, T.; Tochio,
H.; Shirakawa, M. Distance Determination in Proteins inside Xenopus
laevis Oocytes by Double Electron—Electron Resonance Experiments.
J. Am. Chem. Soc. 2010, 132, 8228—8229.

(16) Lawless, M. J.; Shimshi, A.; Cunningham, T. F.; Kinde, M. N.;
Tang, P.; Saxena, S. Analysis of Nitroxide-Based Distance Measure-
ments in Cell Extracts and in Cells by Pulsed ESR Spectroscopy.
ChemPhysChem 2017, 18, 1653—1660.

(17) Kucher, S.; Elsner, C.; Safonova, M.; Maffini, S.; Bordignon, E.
In-Cell Double Electron—Electron Resonance at Nanomolar Protein
Concentrations. J. Phys. Chem. Lett. 2021, 12, 3679—3684.

(18) Yang, Y.; Yang, F,; Gong, Y.-J; Bahrenberg, T.; Feintuch, A,;
Su, X.-C; Goldfarb, D. High Sensitivity In-Cell EPR Distance
Measurements on Proteins using an Optimized Gd(III) Spin Label. J.
Phys. Chem. Lett. 2018, 9, 6119—6123.

(19) Martorana, A.; Bellapadrona, G.; Feintuch, A.; Di Gregorio, E.;
Aime, S.; Goldfarb, D. Probing Protein Conformation in Cells by EPR
Distance Measurements using Gd3+ Spin Labeling. . Am. Chem. Soc.
2014, 136, 13458—13465.

(20) Dunkel, S.; Pulagam, L. P.; Steinhoff, H. J.; Klare, J. P. In vivo
EPR on spin labeled colicin A reveals an oligomeric assembly of the
pore-forming domain in E. coli membranes. Phys. Chem. Chem. Phys.
2015, 17, 4875—4878.

(21) Ovcherenko, S. S.; Chinak, O. A, Chechushkov, A. V.
Dobrynin, S. A,; Kirilyuk, I. A.; Krumkacheva, O. A,; Richter, V. A;;
Bagryanskaya, E. G. Uptake of Cell-Penetrating Peptide RL2 by
Human Lung Cancer Cells: Monitoring by Electron Paramagnetic
Resonance and Confocal Laser Scanning Microscopy. Molecules 2021,
26, 5442.

(22) Galazzo, L.; Meier, G.; Timachi, M. H; Hutter, C. A. J.; Seeger,
M. A; Bordignon, E. Spin-labeled nanobodies as protein conforma-
tional reporters for electron paramagnetic resonance in cellular
membranes. Proc. Natl. Acad. Sci. U.S.A. 2020, 117, 2441—2448.

(23) Galazzo, L.; Meier, G.; Januliene, D.; Parey, K.; De Vecchis, D.;
Striednig, B.; Hilbi, H.; Schifer, L. V.; Kuprov, L; Moeller, A; et al.
The ABC transporter MsbA adopts the wide inward-open
conformation in E. coli cells. Sci. Adv. 2022, 8, No. eabn6845.

(24) Shandell, M. A, Tan, Z.; Cornish, V. W. Genetic Code
Expansion: A Brief History and Perspective. Biochemistry 2021, 60,
3455—3469.

(25) Fleissner, M. R.; Brustad, E. M.; Kalai, T.; Altenbach, C,;
Cascio, D.; Peters, F. B.; Hideg, K; Peuker, S; Schultz, P. G;
Hubbell, W. L. Site-directed spin labeling of a genetically encoded
unnatural amino acid. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 21637—
21642.

(26) Spevacek, A. R.; Evans, E. G. B;; Miller, J. L.; Meyer, H. C;
Pelton, J. G.; Millhauser, G. L. Zinc Drives a Tertiary Fold in the
Prion Protein with Familial Disease Mutation Sites at the Interface.
Structure 2013, 21, 236—246.

(27) Evans, E. G. B.; Millhauser, G. L. Genetic Incorporation of the
Unnatural Amino Acid p-Acetyl Phenylalanine into Proteins for Site-
Directed Spin Labeling. In Methods in Enzymology; Qin, P. Z.;
Warncke, K., Eds.; Academic Press, 2015; Chapter 19, pp 503—527.

(28) Evans, E. G. B.; Pushie, M. J.; Markham, K. A,; Lee, H-W.;
Millhauser, G. L. Interaction between Prion Protein’s Copper-Bound
Octarepeat Domain and a Charged C-Terminal Pocket Suggests a
Mechanism for N-Terminal Regulation. Structure 2016, 24, 1057—
1067.

(29) Hahn, A.; Reschke, S.; Leimkiihler, S.; Risse, T. Ketoxime
Coupling of p-Acetylphenylalanine at Neutral pH for Site-Directed

Spin Labeling of Human Sulfite Oxidase. J. Phys. Chem. B 2014, 118,
7077—7084.

(30) Kucher, S.; Korneev, S.; Tyagi, S.; Apfelbaum, R.;; Grohmann,
D.; Lemke, E. A; Klare, J. P.; Steinhoff, H.-J.; Klose, D. Orthogonal
spin labeling using click chemistry for in vitro and in vivo applications.
J. Magn. Reson. 2017, 275, 38—4S.

(31) Widder, P.; Berner, F.; Summerer, D.; Drescher, M. Double
Nitroxide Labeling by Copper-Catalyzed Azide—Alkyne Cyclo-
additions with Noncanonical Amino Acids for Electron Paramagnetic
Resonance Spectroscopy. ACS Chem. Biol. 2019, 14, 839—844.

(32) Kugele, A.; Braun, T. S.; Widder, P.; Williams, L.; Schmidt, M.
J.; Summerer, D.; Drescher, M. Site-directed spin labelling of proteins
by Suzuki—Miyaura coupling via a genetically encoded aryliodide
amino acid. Chem. Commun. 2019, 55, 1923—1926.

(33) Liy, J; Cheng, R; Van Eps, N.; Wang, N.; Morizumi, T.; Ou,
W.-L,; Klauser, P. C.; Rozovsky, S.; Ernst, O. P.; Wang, L. Genetically
Encoded Quinone Methides Enabling Rapid, Site-Specific, and
Photocontrolled Protein Modification with Amine Reagents. J. Am.
Chem. Soc. 2020, 142, 17057—17068.

(34) Kugele, A.; Silkenath, B.; Langer, J.; Wittmann, V.; Drescher,
M. Protein Spin Labeling with a Photocaged Nitroxide Using Diels—
Alder Chemistry. ChemBioChem 2019, 20, 2479—2484.

(35) Kugele, A.; Ketter, S.; Silkenath, B.; Wittmann, V.; Joseph, B.;
Drescher, M. In situ EPR spectroscopy of a bacterial membrane
transporter using an expanded genetic code. Chem. Commun. 2021,
57, 12980—12983.

(36) Domnick, C.; Hagelueken, G.; Eggert, F.; Schiemann, O.; Kath-
Schorr, S. Posttranscriptional spin labeling of RNA by tetrazine-based
cycloaddition. Org. Biomol. Chem. 2019, 17, 1805—1808.

(37) Mayer, S. V. Expanding the Chemical Biology Toolbox: Site-
Specific Incorporation of Unnatural Amino Acids and Bioorthogonal
Protein Labeling to Study Structure and Function of Proteins, Thesis;
Technischen Universitit Miinchen: Germany, 2019.

(38) Schmidt, M. J.; Borbas, J.; Drescher, M.; Summerer, D. A
Genetically Encoded Spin Label for Electron Paramagnetic Resonance
Distance Measurements. J. Am. Chem. Soc. 2014, 136, 1238—1241.

(39) Cornish, V. W,; Benson, D. R; Altenbach, C. A;; Hideg, K;
Hubbell, W. L.; Schultz, P. G. Site-specific incorporation of
biophysical probes into proteins. Proc. Natl. Acad. Sci. US.A. 1994,
91, 2910—2914.

(40) Wang, Y.; Paletta, J. T.; Berg, K.; Reinhart, E.; Rajca, S.; Rajca,
A. Synthesis of Unnatural Amino Acids Functionalized with Sterically
Shielded Pyrroline Nitroxides. Org. Lett. 2014, 16, 5298—5300.

(41) Widder, P.; Schuck, J.; Summerer, D.; Drescher, M. Combining
site-directed spin labeling in vivo and in-cell EPR distance
determination. Phys. Chem. Chem. Phys. 2020, 22, 4875—4879.

(42) Braun, T.; Drescher, M.; Summerer, D. Expanding the Genetic
Code for Site-Directed Spin-Labeling. Int. J. Mol. Sci. 2019, 20, 373.

(43) Kirilyuk, I. A,; Bobko, A. A.; Grigor’ev, I. A.; Khramtsov, V. V.
Synthesis of the tetraethyl substituted pH-sensitive nitroxides of
imidazole series with enhanced stability towards reduction. Org.
Biomol. Chem. 2004, 2, 1025—1030.

(44) Bobko, A. A,; Kirilyuk, I. A,; Grigorev, 1. A.; Zweier, J. L;
Khramtsov, V. V. Reversible reduction of nitroxides to hydroxyl-
amines: Roles for ascorbate and glutathione. Free Radical Biol. Med.
2007, 42, 404—412.

(48) Oliveira, B. L.; Guo, Z.; Bernardes, G. J. L. Inverse electron
demand Diels—Alder reactions in chemical biology. Chem. Soc. Rev.
2017, 46, 4895—4950.

(46) Lang, K; Davis, L; Wallace, S.; Mahesh, M;; Cox, D. J;
Blackman, M. L.; Fox, J. M,; Chin, J. W. Genetic Encoding of
Bicyclononynes and trans-Cyclooctenes for Site-Specific Protein
Labeling in Vitro and in Live Mammalian Cells via Rapid Fluorogenic
Diels—Alder Reactions. J. Am. Chem. Soc. 2012, 134, 10317—10320.

(47) Nikic, L; Plass, T.; Schraidt, O.; Szymanski, J.; Briggs, J. A. G;
Schultz, C.; Lemke, E. A. Minimal Tags for Rapid Dual-Color Live-
Cell Labeling and Super-Resolution Microscopy. Angew. Chem., Int.
Ed. 2014, 53, 2245—-2249.

https://doi.org/10.1021/jacs.3c00967
J. Am. Chem. Soc. 2023, 145, 14608—14620


https://doi.org/10.1002/anie.201710184
https://doi.org/10.1002/anie.201710184
https://doi.org/10.1002/anie.201710184
https://doi.org/10.1021/ja508274d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508274d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja906104e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja906104e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.201700115
https://doi.org/10.1002/cphc.201700115
https://doi.org/10.1021/acs.jpclett.1c00048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5079392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5079392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CP05638H
https://doi.org/10.1039/C4CP05638H
https://doi.org/10.1039/C4CP05638H
https://doi.org/10.3390/molecules26185442
https://doi.org/10.3390/molecules26185442
https://doi.org/10.3390/molecules26185442
https://doi.org/10.1073/pnas.1913737117
https://doi.org/10.1073/pnas.1913737117
https://doi.org/10.1073/pnas.1913737117
https://doi.org/10.1126/sciadv.abn6845
https://doi.org/10.1126/sciadv.abn6845
https://doi.org/10.1021/acs.biochem.1c00286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0912009106
https://doi.org/10.1073/pnas.0912009106
https://doi.org/10.1016/j.str.2012.12.002
https://doi.org/10.1016/j.str.2012.12.002
https://doi.org/10.1016/j.str.2016.04.017
https://doi.org/10.1016/j.str.2016.04.017
https://doi.org/10.1016/j.str.2016.04.017
https://doi.org/10.1021/jp503471j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503471j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503471j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmr.2016.12.001
https://doi.org/10.1016/j.jmr.2016.12.001
https://doi.org/10.1021/acschembio.8b01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.8b01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.8b01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.8b01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC09325C
https://doi.org/10.1039/C8CC09325C
https://doi.org/10.1039/C8CC09325C
https://doi.org/10.1021/jacs.0c06820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201900318
https://doi.org/10.1002/cbic.201900318
https://doi.org/10.1039/D1CC04612H
https://doi.org/10.1039/D1CC04612H
https://doi.org/10.1039/C8OB02597E
https://doi.org/10.1039/C8OB02597E
https://doi.org/10.1021/ja411535q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja411535q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja411535q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.91.8.2910
https://doi.org/10.1073/pnas.91.8.2910
https://doi.org/10.1021/ol502449r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol502449r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP05584C
https://doi.org/10.1039/C9CP05584C
https://doi.org/10.1039/C9CP05584C
https://doi.org/10.3390/ijms20020373
https://doi.org/10.3390/ijms20020373
https://doi.org/10.1039/B400252K
https://doi.org/10.1039/B400252K
https://doi.org/10.1016/j.freeradbiomed.2006.11.007
https://doi.org/10.1016/j.freeradbiomed.2006.11.007
https://doi.org/10.1039/C7CS00184C
https://doi.org/10.1039/C7CS00184C
https://doi.org/10.1021/ja302832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201309847
https://doi.org/10.1002/anie.201309847
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c00967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(48) Peng, T.; Hang, H. C. Site-Specific Bioorthogonal Labeling for
Fluorescence Imaging of Intracellular Proteins in Living Cells. J. Am.
Chem. Soc. 2016, 138, 14423—14433.

(49) Blizzard, R. J.; Backus, D. R;; Brown, W.; Bazewicz, C. G.; Lj,
Y.; Mehl, R. A. Ideal Bioorthogonal Reactions Using A Site-
Specifically Encoded Tetrazine Amino Acid. . Am. Chem. Soc.
2015, 137, 10044—10047.

(50) Jang, H. S.; Jana, S.; Blizzard, R. J.; Meeuwsen, J. C.; Mehl, R.
A. Access to Faster Eukaryotic Cell Labeling with Encoded Tetrazine
Amino Acids. J. Am. Chem. Soc. 2020, 142, 7245—7249.

(51) Taylor, M. T.; Blackman, M. L.; Dmitrenko, O.; Fox, J. M.
Design and Synthesis of Highly Reactive Dienophiles for the
Tetrazine—trans-Cyclooctene Ligation. J. Am. Chem. Soc. 2011, 133,
9646—9649.

(52) Bednar, R. M,; Jana, S.; Kuppa, S.; Franklin, R.; Beckman, J.;
Antony, E.; Cooley, R. B.; Mehl, R. A. Genetic Incorporation of Two
Mutually Orthogonal Bioorthogonal Amino Acids That Enable
Efficient Protein Dual-Labeling in Cells. ACS Chem. Biol. 2021, 16,
2612—-2622.

(53) Row, R. D.; Prescher, J. A. Constructing New Bioorthogonal
Reagents and Reactions. Acc. Chem. Res. 2018, 51, 1073—1081.

(54) Selvaraj, R.; Fox, J. M. trans-Cyclooctene—a stable, voracious
dienophile for bioorthogonal labeling. Curr. Opin. Chem. Biol. 2013,
17, 753—760.

(55) Murrey, H. E.; Judkins, J. C.; am Ende, C. W,; Ballard, T. E.;
Fang, Y,; Riccardi, K; Di, L.; Guilmette, E. R;; Schwartz, J. W.; Fox, J.
M.; Johnson, D. S. Systematic Evaluation of Bioorthogonal Reactions
in Live Cells with Clickable HaloTag Ligands: Implications for
Intracellular Imaging. J. Am. Chem. Soc. 20185, 137, 11461—11475.

(56) Teucher, M.; Zhang, H.; Bader, V.; Winklhofer, K. F.; Garcia-
Séez, A.J.; Rajca, A,; Bleicken, S.; Bordignon, E. A new perspective on
membrane-embedded Bax oligomers using DEER and bioresistant
orthogonal spin labels. Sci. Rep. 2019, 9, No. 13013.

(57) Saha, S.; Jagtap, A. P.; Sigurdsson, S. T. Site-directed spin
labeling of 2’-amino groups in RNA with isoindoline nitroxides that
are resistant to reduction. Chem. Commun. 2018, 51, 13142—13145.

(58) Paletta, J. T.; Pink, M.; Foley, B,; Rajca, S.; Rajca, A. Synthesis
and Reduction Kinetics of Sterically Shielded Pyrrolidine Nitroxides.
Org. Lett. 2012, 14, 5322—5325.

(59) Bleicken, S.; Assafa, T. E.; Zhang, H.; Elsner, C; Ritsch, L;
Pink, M.; Rajca, S.; Jeschke, G.; Rajca, A.; Bordignon, E. gem-Diethyl
Pyrroline Nitroxide Spin Labels: Synthesis, EPR Characterization,
Rotamer Libraries and Biocompatibility. ChemistryOpen 2019, 8,
1057—1065.

(60) Beyer, J. N.; Hosseinzadeh, P.; Gottfried-Lee, L; Van Fossen, E.
M.; Zhu, P.; Bednar, R. M,; Karplus, P. A.; Mehl, R. A;; Cooley, R. B.
Overcoming Near-Cognate Suppression in a Release Factor 1-
Deficient Host with an Improved Nitro-Tyrosine tRNA Synthetase.
J. Mol. Biol. 2020, 432, 4690—4704.

(61) Seitchik, J. L.; Peeler, J. C.; Taylor, M. T.; Blackman, M. L.;
Rhoads, T. W.; Cooley, R. B.; Refakis, C.; Fox, J. M;; Mehl, R. A.
Genetically Encoded Tetrazine Amino Acid Directs Rapid Site-
Specific in Vivo Bioorthogonal Ligation with trans-Cyclooctenes. J.
Am. Chem. Soc. 2012, 134, 2898—2901.

(62) Rideout, D. C.; Breslow, R. Hydrophobic acceleration of Diels-
Alder reactions. J. Am. Chem. Soc. 1980, 102, 7816—7817.

(63) Wijnen, J. W.; Zavarise, S.; Engberts, J. B. F. N.; Charton, M.
Substituent Effects on an Inverse Electron Demand Hetero Diels—
Alder Reaction in Aqueous Solution and Organic Solvents: Cyclo-
addition of Substituted Styrenes to Di(2-pyridyl)-1,2,4,5-tetrazine. J.
Org. Chem. 1996, 61, 2001—2005.

(64) Tessmer, M. H.; Canarie, E. R; Stoll, S. Comparative
evaluation of spin-label modeling methods for protein structural
studies. Biophys. J. 2022, 121, 3508—3519.

(65) Selmke, B.; Borbat, P. P.; Nickolaus, C.; Varadarajan, R.; Freed,
J. H; Trommer, W. E. Open and Closed Form of Maltose Binding
Protein in Its Native and Molten Globule State As Studied by
Electron Paramagnetic Resonance Spectroscopy. Biochemistry 2018,
57, 5507—-5512.

14620

(66) Tang, C.; Schwieters, C. D.; Clore, G. M. Open-to-closed
transition in apo maltose-binding protein observed by paramagnetic
NMR. Nature 2007, 449, 1078—1082.

(67) Evenis, J.; Tugarinov, V.; Skrynnikov, N. R; Goto, N. K;
Muhandiram, R; Kay, L. E. Ligand-induced structural changes to
maltodextrin-binding protein as studied by solution NMR spectros-
copy. J. Mol. Biol. 2001, 309, 961—974.

(68) Zagotta, W. N,; Sim, B. S.; Nhim, A. K.; Raza, M. M.; Evans, E.
G. B.; Venkatesh, Y.; Jones, C. M.; Mehl, R. A, Petersson, E. J.;
Gordon, S. E. An improved fluorescent noncanonical amino acid for
measuring conformational distributions using time-resolved transition
metal ion FRET. eLife 2021, 10, No. 70236.

(69) Gordon, S. E; Munari, M.; Zagotta, W. N. Visualizing
conformational dynamics of proteins in solution and at the cell
membrane. eLife 2018, 7, No. e37248.

(70) Yu, X;; Wy, X;; Bermejo, G. A,; Brooks, B. R.; Taraska, J. W.
Accurate High-Throughput Structure Mapping and Prediction with
Transition Metal Ion FRET. Structure 2013, 21, 9—19.

(71) Kim, E.; Lee, S.; Jeon, A;; Choi, J. M.; Lee, H.-S.; Hohng, S.;
Kim, H.-S. A single-molecule dissection of ligand binding to a protein
with intrinsic dynamics. Nat. Chem. Biol. 2013, 9, 313—318.

(72) Sharff, A. J.; Rodseth, L. E.; Spurlino, J. C.; Quiocho, F. A.
Crystallographic evidence of a large ligand-induced hinge-twist
motion between the two domains of the maltodextrin binding protein
involved in active transport and chemotaxis. Biochemistry 1992, 31,
10657—10663.

(73) Quiocho, F. A.; Spurlino, J. C.; Rodseth, L. E. Extensive
features of tight oligosaccharide binding revealed in high-resolution
structures of the maltodextrin transport/chemosensory receptor.
Structure 1997, S, 997—1015.

(74) Marsh, D. EPR moments for site-directed spin-labelling. J.
Magn. Reson. 2014, 248, 66—70.

(75) Tessmer, M. H; Stoll, S. chiLife: An open-source Python
package for in silico spin labeling and integrative protein modeling.
PLoS Comput. Biol. 2023, 19 (3), No. e1010834.

(76) Martineau, P.; Szmelcman, S.; Spurlino, J. C.; Quiocho, F. A;
Hofnung, M. Genetic approach to the role of tryptophan residues in
the activities and fluorescence of a bacterial periplasmic maltose-
binding protein. . Mol. Biol. 1990, 214, 337—350.

(77) Rogawski, R; Sergeyev, 1. V,; Zhang, Y.; Tran, T. H; Li, Y,;
Tong, L; McDermott, A. E. NMR Signal Quenching from Bound
Biradical Affinity Reagents in DNP Samples. J. Phys. Chem. B 2017,
121, 10770—10781.

(78) Lim, B. J.; Ackermann, B. E.; Debelouchina, G. T. Targetable
Tetrazine-Based Dynamic Nuclear Polarization Agents for Biological
Systems. ChemBioChem 2020, 21, 1315—1319.

https://doi.org/10.1021/jacs.3c00967
J. Am. Chem. Soc. 2023, 145, 14608—14620


https://doi.org/10.1021/jacs.6b08733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201844c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201844c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.1c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.1c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.1c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cbpa.2013.07.031
https://doi.org/10.1016/j.cbpa.2013.07.031
https://doi.org/10.1021/jacs.5b06847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-019-49370-z
https://doi.org/10.1038/s41598-019-49370-z
https://doi.org/10.1038/s41598-019-49370-z
https://doi.org/10.1039/C5CC05014F
https://doi.org/10.1039/C5CC05014F
https://doi.org/10.1039/C5CC05014F
https://doi.org/10.1021/ol302506f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol302506f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/open.201900119
https://doi.org/10.1002/open.201900119
https://doi.org/10.1002/open.201900119
https://doi.org/10.1016/j.jmb.2020.06.014
https://doi.org/10.1016/j.jmb.2020.06.014
https://doi.org/10.1021/ja2109745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2109745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00546a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00546a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9518563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9518563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9518563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2022.08.002
https://doi.org/10.1016/j.bpj.2022.08.002
https://doi.org/10.1016/j.bpj.2022.08.002
https://doi.org/10.1021/acs.biochem.8b00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.8b00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.8b00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature06232
https://doi.org/10.1038/nature06232
https://doi.org/10.1038/nature06232
https://doi.org/10.1006/jmbi.2001.4695
https://doi.org/10.1006/jmbi.2001.4695
https://doi.org/10.1006/jmbi.2001.4695
https://doi.org/10.7554/eLife.70236
https://doi.org/10.7554/eLife.70236
https://doi.org/10.7554/eLife.70236
https://doi.org/10.7554/eLife.37248
https://doi.org/10.7554/eLife.37248
https://doi.org/10.7554/eLife.37248
https://doi.org/10.1016/j.str.2012.11.013
https://doi.org/10.1016/j.str.2012.11.013
https://doi.org/10.1038/nchembio.1213
https://doi.org/10.1038/nchembio.1213
https://doi.org/10.1021/bi00159a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00159a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00159a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0969-2126(97)00253-0
https://doi.org/10.1016/S0969-2126(97)00253-0
https://doi.org/10.1016/S0969-2126(97)00253-0
https://doi.org/10.1016/j.jmr.2014.09.006
https://doi.org/10.1371/journal.pcbi.1010834
https://doi.org/10.1371/journal.pcbi.1010834
https://doi.org/10.1016/0022-2836(90)90165-I
https://doi.org/10.1016/0022-2836(90)90165-I
https://doi.org/10.1016/0022-2836(90)90165-I
https://doi.org/10.1021/acs.jpcb.7b08274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b08274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201900609
https://doi.org/10.1002/cbic.201900609
https://doi.org/10.1002/cbic.201900609
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c00967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

