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ABSTRACT: Aromatic ring flips in proteins provide a direct probe of local structural
fluctuations, yet their rates are typically too fast for quantitative measurement by NMR
spectroscopy. Here we show that site-specific incorporation of 2,3,4,5,6-pentafluoro-L-
phenylalanine (FsPhe) reshapes the torsional energy landscape of aromatic side chains,
slowing ring flips by over 2 orders of magnitude and shifting them into the slow-
exchange regime accessible by '’F NMR. F;Phe can be genetically encoded with high
fidelity and minimal structural perturbation, as confirmed by high-resolution X-ray
crystallography across multiple proteins. The resulting '’F NMR spectra enable direct,
quantitative measurements of ring-flip kinetics without the need for isotope labeling or
complex multidimensional experiments. Application to a diverse set of proteins
demonstrates that ring-flip rates vary widely even within the same hydrophobic cluster,
revealing highly localized conformational fluctuations rather than global unfolding
events. Pressure-dependent measurements yield small activation volumes, indicating
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that the structural rearrangements enabling ring flips are spatially confined. Ligand binding and protein—protein interactions
modulate ring-flip rates in a site-specific manner, providing a sensitive readout of allosteric effects on local protein malleability. These
results establish fluorinated aromatic amino acids as a general chemical strategy to engineer dynamic observables in proteins,

transforming aromatic ring flips into a broadly applicable probe of local conformational dynamics and allostery.

B INTRODUCTION

Aromatic residues play central roles in protein—ligand
recognition and catalysis due to their conformational rigidity
and well-defined packing interactions." They exhibit distinct
dynamical regimes: solvent-exposed rings undergo near-
continuous rotational diffusion,” whereas buried residues
typically undergo discrete 180° flips about the C’~C” bond.”
Aromatic ring flips thus provide a unique probe of local
structural malleability.

As the start and end states of a ring flip are structurally
indistinguishable, nuclear magnetic resonance (NMR) spec-
troscopy is the only technique capable of measuring flip rates
quantitatively. Classical '"H NMR analyses classify ring flip
dynamics into slow, intermediate, or fast exchange regimes
depending on the relationship between flip rates and chemical
shift differences.”

Quantitative measurements of aromatic ring flips have been
reported for several proteins, but mostly for relatively small
systems.” " This limitation arises both from spectral overlap
in larger proteins and the fact that aromatic ring flips are
typically too fast to measure, even for deeply buried
residues.”"? Although relaxation dispersion experiments can
access fast exchange regimes for some of the more slowly
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flipping rings, they require more complex data acquisition and
analysis.' ' *71¢

Aromatic ring flips are much easier to characterize in the
slow exchange regime.'” However, this regime is usually
accessible only under special conditions, such as the presence
of covalent cross-links or tightly binding ligands, high
pressure,”’ low temperature,'” or in the solid state.'® An
alternative approach is chemical modification. For example,
2,6-difluoro-L-tyrosine residues can slow ring flips sufficiently
to enter the slow exchange regime under physiological
conditions."” This effect has been attributed to steric
interactions between fluorine atoms and the protein backbone.

Fluorination offers additional advantages, including straight-
forward detection by one-dimensional '’F NMR spectroscopy
and minimal structural perturbation due to the geometric
similarity between C—F and C—H bonds. The van der Waals
radius of fluorine (~1.47 A) is only slightly larger than that of
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hydrogen, and carbon-bound fluorine is a weak hydrogen-bond
acceptor,” allowing incorporation into hydrophobic protein
cores. Nonetheless, multiple substitutions may unpredictably
affect protein structure, stability, and dynamics, making site-
specific incorporation desirable.

Genetic encoding systems now enable site-specific incorpo-
ration of fluorinated aromatic amino acids, including tyrosine
and phenylalanine analogues.n_30 Among these, 2,3,4,5,6-
pentafluoro-L-phenylalanine (F;Phe; Figure 1) offers excellent
orthogonality relative to Phe and can be incorporated
efficiently using engineered aminoacyl-tRNA synthetases.”*
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Figure 1. Chemical structure and F NMR spectrum of 2,3,4,5,6-
pentafluoro-L-phenylalanine (F;Phe). The NMR spectrum was
recorded at 25 °C in phosphate-buffered saline at pH 7.4 using a
400 MHz NMR spectrometer. Multiplet fine structures are shown in
expanded views above the spectrum. The assignment (low-field to
high-field) is ortho, para, and meta. The multiplets are broad due to
large ¥Jgp and *Jgp couplings,m with the sum of the couplings adding
to 30, 42, and S1 Hz, respectively.

Previous crystallography studies on the villin headpiece
subdomain indicate that single Phe — F;Phe substitutions are
well tolerated with minimal perturbation of the overall fold and
preserved local side-chain conformations.”” Although the C4Fs
group occupies a larger volume than a phenyl ring (141 A? for
C¢FH versus 106 A’ for C¢Hy), it can be accommodated
within the hydrophobic core with only modest effects on
stability.”**

Here, we demonstrate that single Phe — FPhe substitutions
enable quantitative measurements of aromatic ring flip rates in
proteins by shifting the dynamics into the slow exchange
regime accessible by ""F NMR. We validate this approach
across multiple proteins, assess structural perturbations by X-
ray crystallography, compare genetic encoding systems, and
show that F;Phe residues can serve as minimally invasive
probes of local protein malleability and allosteric effects.

B RESULTS

Calculations Predict Slower Ring Flips in FsPhe than Phe

The C¢F; group of the F;Phe amino acid is expected to rotate
more slowly than the phenyl ring of Phe due to greater steric
hindrance. Modeling the side chain with fixed bond geo-
metries, the ring rotation brings the ortho fluorine atoms as
close as 1.6 A of the H* atom, within 2.3 A of the H” atoms,
and within 2.2 A of the C* atom. These distances are shorter

than the sum of the respective van der Waals radii. The ring
rotation of Phe generates similarly short distances (within 0.1
A), but the smaller van der Waals radius of hydrogen reduces
the severity of the steric clashes. Different backbone
conformations potentially create further steric clashes during
the ring rotation (Figure S1).

A quantitative assessment of the energy potential of aromatic
ring rotations is afforded by density functional theory (DFT)
calculations of ethylbenzene and pentafluoroethylbenzene
(Figure 2). Proximity of a fluorine atom to the methyl group
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Figure 2. DFT calculations of the energy barrier for rotation of the
phenyl ring in ethylbenzene (blue points) and the pentafluorophenyl
ring in 1-ethyl-2,3,4,5,6-pentafluoroethylbenzene (orange points)
relative to the energy for 7 = 90°. The dihedral angle 7 refers to
the C—C—C—C fragment centered on the Ph—C bond in
PhCH,CH;. It corresponds to the y, angle in phenylalanine. The
inset illustrates the conformation for 7 = 90°.

(r = 0°) presents a notably greater energy penalty than
proximity to the hydrogen atoms of the CH, group (7 = 60°).
Therefore, side chain conformations near y, = 0°, which are
already infrequent for Phe residues,”” are further disfavored for
FiPhe residues. The difference in barrier heights, AE, implies
that the flip rate of the C4F; group at 25 °C intrinsically is
about 60-fold slower than that of the phenyl ring based on
proportionality to exp(—AE/RT), where R is the gas constant
and T the temperature.

Genetic Encoding of FsPhe

Several systems have been established for the genetic encoding
of FiPhe in Escherichia coli.”*™>" To compare their relative
performance in terms of protein yield and orthogonality with
regard to canonical amino acids, we used red fluorescent
protein (REP) Gpreceded by the T7 bacteriophage gene 10
expression tag,3 a His, tag, and the site for the noncanonical
amino acid defined by an amber stop codon (Table S1). The
best performing systems were the pyrrolysyl-tRNA synthetase
mutants derived from Methanosarcina barkeri (Mb)*® and the
methanogenic archaeon 1S04-G1,” for which intact protein
mass spectrometry confirmed excellent orthogonality with
respect to canonical amino acids (Figure S2). In the present
work, we used the ISO4-G1 variant 09 to generate all FsPhe
mutants. Although protein yields varied (Table S2), full
orthogonality was maintained (Figure S3).

Stability of Proteins Containing a Single FsPhe Residue

The present work explored the ring flip rates of FsPhe residues
in seven different proteins, in total probing 14 different
phenylalanine sites (Table S1), including protein—ligand
complexes for six systems. For single-domain proteins, we
determined melting temperatures to probe the effect of the Phe
— F;Phe substitution on protein stability. Table 1 shows that
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the presence of an FsPhe residue can be either destabilizing or
stabilizing, consistent with previous observations.””

Table 1. Melting Temperatures T, of Wild-Type Proteins
and F;Phe Mutants

protein site of FsPhe (residue number) T,, (°C)
PpiB wild-type 519520
F4 46
F27 43¢
F98 474
GB1 wild-type 817
F30 53"
F52 63"
Arc-NL wild-type 67"
F267 67"
F271 73"

“Determined by differential scanning fluorescence (DSF; Figure S4).
Determined by CD spectroscopy (Figure SS). “From Tan et al
(2024).%” From Tan et al. (2025).>*

Structural Conservation of the Conformations of F;Phe
Residues

To assess structural perturbations caused by FsPhe, crystal
structures were determined for two proteins. In E. coli
peptidyl—prolyl cis—trans isomerase B (PpiB), substitution of
residue F4 by F;Phe preserves the local structure (Figures 3a
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Figure 3. Comparisons of single crystal structures of wild-type
proteins (wheat) and F;Phe mutants (gray) illustrating the structural
conservation in the vicinity of the F;Phe residue. The C—F bonds of
the F;Phe residues are colored cyan. (a) Site of F4 in PpiB (PDB IDs
2NUL?? and 26A0). (b) Site of F267 in Arc-NL in complex with the
nanobody H11 (PDB IDs 8QF4® and 26AP).

and S6a) with only minor changes in the ¥, and y, angles
(<14°). Despite the predicted energy penalty for this
conformation (y, = —28°; Figure 2), the structure is essentially
conserved, demonstrating that the C¢Fs group is well
accommodated despite the predicted energy penalty of ~8
kJ/mol relative to y, = 90°.

Similarly, in the cocrystal of the N-lobe of Arc (Arc-NL)
with the nanobody HI11, substitution of F267 by FiPhe
preserves both side-chain conformation (y; and y, changes
<4°) and local environment (Figures 3b and S6b). These
results show that single F;Phe substitutions cause minimal
structural perturbation.

9F NMR Spectroscopy of FsPhe Residues in Proteins

The ""F NMR spectrum of the free FsPhe amino acid (Figure
1) spans 20 ppm and shows fast ring rotation, resulting in
averaged ortho and meta fluorine signals. Five '°F resonances
are expected in the slow exchange regime, with exchange
broadening affecting the ortho and meta signals but not the
para fluorine. T,("’F) relaxation times in proteins were about
300 ms. To maximize sensitivity, we typically used recovery
delays of 0.5 s.

FsPhe in PpiB

PpiB is a 19 kDa protein containing 12 Phe residues, making
their resonance assignment challenging without isotope
labeling. To probe aromatic ring flips in a buried hydrophobic
cluster, F4, F27, and F98 in PpiB were individually replaced by
F¢Phe (Figure 4a). The 'F NMR spectra show chemical shift
dispersion of up to 30 ppm (Figure 4b).

FsPhe in position 4 displays three signals, indicating fast ring
flips. In contrast, positions 27 and 98 show five signals,
consistent with slow exchange. Position 27 also exhibits peak
shoulders, indicating conformational heterogeneity.

["F,"F]-NOESY spectra confirm assignments, with the
central resonance corresponding to the para fluorine (Figure
4c). No exchange cross-peaks are observed for position 27,
indicating very slow flipping (<0.1 s™'), whereas position 98
shows cross-peaks corresponding to ~150 s™".

To compare with the wild-type protein, 4F-Phe was
introduced at the same sites. "H—'F correlation spectra reveal
single resonances for the 'H* spins (Figure S7), consistent with
fast ring flips. A narrower line width for position 4 indicates the
fastest rotation, in agreement with the F;Phe results.

FsPhe in GB1

To probe a protein with known flip rates of canonical Phe
residues, we investigated F;Phe in the protein G B1 domain
(GB1). F30 and FS2 form part of the hydrophobic core with
little access to solvent (Figure Sa). ['H,'H]-NOESY spectra of
the F;Phe mutants confirmed conservation of the protein fold.
The 1D ""F NMR spectra show five resonances characteristic
of the slow exchange regime. The para fluorines show much
narrower signals than the ortho and meta fluorines, confirming
exchange broadening by ring flips rather than other
phenomena. ['F,'’F]-NOESY spectra, recorded with mixing
times sufficiently short that the exchange cross-peaks were
significantly weaker than the diagonal peaks, indicate flip rates
of 60 and 800 s~ in positions 30 and 52, respectively (Figure
5). At the same temperature (25 °C), much faster flipping has
been reported for the wild-type protein, i.e., 20,000—40,000 s™*
for F30 and 20,000—70,000 s~ for F52.'**

FsPhe in the Arc-NL/H11 Complex

To measure changes in '°F chemical shifts and flip rates in a
protein—protein complex, we investigated F;Phe in the Arc-
NL/H11 complex. Biolayer interferometry (BLI) experiments
confirmed that H11 retained full affinity to the Arc-NL F;Phe
mutants in positions 267 and 271 (Figure S8, Table S5). F267
is buried in the hydrophobic core of Arc-NL, whereas F271 is
located at the protein—protein interface (Figure 6e). The '°F

https://doi.org/10.1021/jacs.6c10121
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Figure 4. "’F NMR spectra of PpiB with F;Phe replacing F4, F27, or F98. (a) Structure showing the sites of the F;Phe mutations. (b) 1D 'F NMR
spectra recorded at 25 °C on a 600 MHz NMR spectrometer and processed with 10 Hz line broadening (c) ['°F,'”F]-NOESY spectra recorded on
a 400 MHz NMR spectrometer. The spectra are annotated with the mixing time used and the site of FsPhe incorporation. Acquisition parameters

are provided in Table S4.
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Figure S. Ring flips of FsPhe in positions 30 or 52 of GBI are in the
slow exchange regime at 25 °C. (a) Structure of GB1 (PDB ID
2QMT)*" showing the sites of the FsPhe mutations. (b) [*F,'F]-
NOESY spectrum of FsPhe in position 30. The mixing time is
indicated in the spectrum and the 1D 'F NMR spectrum is shown
above. (c) Same as (b) but for position 52. Narrow signals at —142.6,
—156.0, and —162.5 ppm correspond to traces of denatured protein.

NMR spectrum of the F267/F;Phe mutant indicates ring flips
in the slow exchange regime, which slow further in the complex
with H11 (Figure 6a). In the free protein, the difference in line
widths of the ortho and meta fluorines compared with the para

32647

fluorine (~550 Hz) indicates a flip rate of ~1700 s™', which
slows about 100-fold in the complex with H11 (16 s™'; Figure
6d). This suggests rigidification of the Arc-NL structure in the
complex.

In contrast, H11 affects the ring flip in position 271 much
less (Figure 6b), showing that the nanobody—antigen interface
retains motional flexibility. In the complex, the difference in
line widths (~200 Hz) indicates a ring flip rate of ~600 s™".

FPhe in position 70 of H11 is in the fast exchange regime
both in the free protein and the complex with Arc-NL. All
three '°F resonances respond to the binding of Arc-NL with
significant chemical shift changes, despite F70 being more than
10 A from the nearest atom of Arc-NL. The FiPhe residue
hidden in the core of H11 thus acts as an allosteric sensor of
the remote antigen—nanobody interaction.

FsPhe in FKBP-12, Maltose Binding Protein, and a
Flaviviral Protease

To further assess the potential of allosteric sensing by buried
FPhe residues, we incorporated FsPhe residues in the FK506
binding protein 12 (FKBP-12; ligand rapamycin), E. coli
maltose binding protein (MBP; ligand maltose), and the
dengue virus (serotype 2) NS2B—NS3 protease (DENV;
ligand aprotinin). In wild-type FKBP-12, all Phe and Tyr
residues are in the fast exchange regime'® and exchange
broadenings observed for F48 and F99 have been attributed to
a tautomer equilibrium of H87 rather than ring flipping."> In
the complex with rapamycin, "H NMR at 10 °C observed F48
in the intermediate and F99 in the slow exchange regime (flip
rate ~ 16 s').'"” The F;Phe mutants showed much slower flip
rates, with slow exchange in position 48 already in the free
protein (flip rate ~ 11 s™') and even slower exchange in the
complex with rapamycin (Figures 7a and S9a). Position 99 is
in the fast exchange limit in the free protein (Figure 7a) while
the complex with rapamycin showed no exchange cross-peaks
in the ["F,"”F]-NOESY spectrum (flip rate < 3 s™*). These
results confirm that rapamycin greatly rigidifies the structure of
FKBP-12."
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Figure 6. Nanobody—antigen interactions alter the '°F chemical shifts and ring flip rates of F;Phe residues. (a) 1D '°F NMR spectra of free Arc-NL
F267/FsPhe and the 1:1 complex with H11. Spectra recorded at 25 °C on a 400 MHz NMR spectrometer. Upper panel: free protein. Spectrum
processed with 50 Hz line broadening. Lower panel: 1:1 complex with H11. Spectrum processed with 70 Hz line broadening. (b) Same as (a), but
for the Arc-NL F271/F;Phe mutant. (c) Same as (a), but for the H11 F70/F;Phe mutant and Arc-NL added in small excess. Spectra processed
with 30 Hz line broadening. (d) ['°F,'’F]-NOESY spectrum of the Arc-NL F267/F;Phe mutant in complex with H11. The mixing time is indicated
in the spectrum. (e) Cartoon representation of the Arc-NL/H11 complex (PDB ID 8QF4).*
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Figure 7. 1D '’F NMR spectra of FsPhe mutants of FKBP-12 and MBP. (a) FKBP-12 with F;Phe in positions 48 or 99. The spectra were recorded
on a 400 MHz NMR spectrometer and processed with S0 Hz line broadening. Due to precipitation at 25 °C, the samples were measured at 10 °C.
Lower panel: free protein. Upper panel: spectrum of the complex with rapamycin. The cartoon (PDB ID 1FKB)* shows the locations of F48 and
F99 in blue and green, and rapamycin in yellow and red. (b) MBP with F;Phe in positions 61 or 258, with and without a 2-fold excess of maltose
measured at 25 °C. The F61/F;Phe mutant was recorded on a 400 MHz NMR spectrometer. Processed with 50 Hz line broadening. The F258/
F;Phe mutant were recorded on a 500 MHz NMR spectrometer with a cryoprobe. Processed with 40 Hz line broadening. The cartoon drawing
(4MBP)** shows the locations of the mutation sites, and maltose in yellow and red.

F NMR of selectively '°F labeled proteins readily detects
minor conformational species as indicated by the additional
small peaks observed by position 99 in the FKBP-12/
rapamycin complex (Figure 7a). Another example for addi-
tional small peaks is the F116/F;Phe mutant of the NS2B—
NS3 protease from the dengue virus serotype 2 (DENV;
Figure S10). Minor species are common in flaviviral NS2B—
NS3 proteases and attributed to slow flips of tryptophan side
chains.”* F;Phe produces more homogeneous spectra than
singly or doubly fluorinated Phe residues installed at the site of
F116,” suggesting lesser structural perturbation by FPhe.

MBP has a molecular weight of 40.7 kDa and the
assignments of the aromatic side chains are incomplete.
Available information for F61 and F258 indicates ring flips in
the fast exchange limit.*> FiPhe in position 61 displays fast
exchange and position 258 a slow flip rate of 45 s~' (Figures 7b
and S9b). Crystal structures of MBP with and without maltose
show high structural conservation for F61 and its environ-
ment.***® Nonetheless, maltose changes the chemical shifts in
position 61 despite the fluorine atoms being over 8 A from the
nearest maltose atom. For F258, the crystal structures show
significant changes in the environment induced by maltose and
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the '”F NMR spectrum of the F258/F;Phe mutant collapses
into three main signals, suggesting accelerated ring flips
(Figure 7b). A ["F,"”F]-NOESY spectrum of the complex
(Figure S9b) shares its cross-peak pattern with the
corresponding spectrum of the PpiB F4/F;Phe mutant (Figure
4c), suggesting that the meta signal is unexpectedly weak,
which may be explained by the broad peak at —157 ppm
(Figure 7b) representing a second environment. The peak
widths signal a heterogeneous environment exchanging in the
slow to intermediate time regime.

Criteria for Ring Flips in the Slow Exchange Regime

To predict whether an F;Phe residue flips in the slow motional
regime, we modeled the Phe — F;Phe substitution by
replacing the corresponding C—H bonds in the protein
structure by C—F bonds and visualized severe steric clashes
using the program PyMOL. The cutoffs used were sufficiently
stringent to exclude the intraresidual F—C® distance associated
with y, = 0° as a clash (2.46 A; Figure 2). By these criteria, the
starting conformations accommodated the fluorine atoms, but
ring rotation led to steric clashes (Figure 8). No consistent
correlation was observed between the magnitude of the van der
Waals violations and the ring flip rate, irrespective of whether
hydrogen coordinates were included.

(a) (b)

Fo8 [: .
1

/\

\

98

Figure 8. Ring rotation model of the PpiB mutants F4/F;Phe and
F98/FPhe based on the crystal structure 2NUL.*’ Color code:
backbone atoms and FPhe residue in green (fluorine in cyan), Phe
side chain in yellow. The positions of the ortho and meta fluorine
atoms during rotation about the C’~C” bond (changing y, in steps of
5°) are marked by blue spheres. The figure was produced with the
program PyMOL,"” which highlights severe steric clashes of the
fluorine positions (distances dpo < 2.00 A, dpy < 2.05 A, dpc < 2.10 A,
dgg < 2.35 A) by drawing unphysical bonds.

The number of predicted steric clashes proved a useful
indicator for slow ring flips as exemplified by the three FiPhe
mutants of PpiB (Table 2). In the case of FKBP-12, however,
seven clashing atoms are not sufficient to bring the F99/F;Phe
mutant into the slow exchange regime, which can be explained
by the solvent accessible surface area (SASA) of the phenyl
ring at this site as solvent-exposed side chains are in a
structurally more flexible environment. Other examples of
partially solvent exposed side chains are F30 and F52 in GB1
(slow ring flip), F116 in the DENV NS2B—NS3 protease (fast

ring flip), and F258 in free MBP (slow ring flip). Among these,
the fewest clashing atoms are predicted for the DENV
protease, which shows fast ring flips.

Intraresidual clashes with backbone atoms seem to exert a
particularly efficient brake on ring rotations. Indeed, all slow
ring flips observed in the present work are hindered by
intraresidue clashes with backbone atoms (highlighted in bold
in Table 2). The only exceptions are the slow ring flips in
position 30 of GB1 and in position 258 of MBP. In both cases,
the ring rotation causes clashes with many atoms. In the apo
structure of MBP, F258 is hemmed in between two rigid
tryptophan side chains (Figure S11).

Altering Activation Volumes by Complex Formation

According to Eyring transition state theory, the increase in
volume of the transition state, AV¥, can be determined from
measurements of the aromatic ring flip rates k as a function of
pressure p using the relationship

Slnk/Sp = —AVF/k,T (1)

where kg is the Boltzmann constant and T the temperature.’
Figure 9a)b shows pressure-dependent NMR spectra of the
Arc-NL F267/F;Phe mutant recorded in the absence and
presence of the nanobody H1l. The measurements were
performed at S °C to improve the spectral resolution and guard
against unfolding. The ring flip rate decreased with increasing
pressure, most pronounced at higher pressures (Figure 9¢c). A
linear fit to all data points yields an activation volume of 29 + 4
A%, but only 12 + 13 A’ if the pressure range is limited to 1
kbar and below. These volumes are notably smaller than the
volume swept by the rotating aromatic ring, which is about
twice as large as the volume of the C4F5 group itself.

In the complex with the nanobody H11, Arc-NL is more
stable toward unfolding and position 267 displays five resolved
peaks at 25 °C. The pressure dependent ring flip rates
correspond to an increased activation volume of 68 + 3 A3
(Figure 9c). This indicates that the nanobody blocks the usual
reaction path for the ring flip in the free protein in favor of a
path characterized by a larger activation volume.

Interestingly, the '"F chemical shifts changed greatly with
hydrostatic pressure (Figure 9ab). For comparison, the 'H
chemical shift of water changes by less than 0.03 ppm between
1 and 2000 bar.’' The similar magnitude in chemical shift
changes observed for free and H11-bound Arc-NL indicates
that the equilibrium structure of Arc-NL responds to pressure
in the same way in both states.

B DISCUSSION

Probing Ring Flip Rates Using F;Phe

The BioMagResBank reports degenerate chemical shifts for the
vast majority of Phe and Tyr rings, indicating rapid ring flips at
ambient temperature.'” Even in the case of aprotinin (BPTT),
which is a protein stabilized by multiple disulfide bonds, ring
flip rates could be determined quantitatively for only 3 of 8
aromatic residues,’” a finding that also holds at subzero
temperatures.17

Fluorination slows ring flip rates, greatly facilitating their
measurement as reported previously by Li and co-workers for
Tyr residues.'” F;Phe has multiple advantages for probing
aromatic ring flips. (i) Phenylalanine is less hydrophilic than
tyrosine and therefore more easily buried in the hydrophobic
core, where the impact of an F;Phe residue on the surface
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Table 2. Steric Clashes Predicted in Models of Ring Rotation of F;Phe Residues and Experimentally Observed Ring Flip

Rates”

protein, PDB ID, and
residue

PpiB (2NUL)
F4
F27

F98
GBI (2QMT)
F30
FS2

Arc-NL/HI1 (8QF4)
F267 (Arc-NL)

atoms contacting F

none

F,,C'/0,
FIBCbZ/CyZ/Ci
F,N/C'/O

L,CP/C7/C?, A0
F30C52/ Cs'z’ Y45C§1,
F,,N

1242C§1) F267C ’ /07

atoms contacting F*

FgeCe'/C*
Cy S

F,C%/C¢

K,C’, L{N/CF, T ,CP/C

E,,N/C%/CP,
C//Cél/csl

IMZC}/Z) F271 C/}

KoesN
F271 (Arc-NL) L,,,C®, ch FyyC?2/C2, $,,CF/O7
F271
F70 (H11) VCP/CM, MgsCOCT MgsCP/CY/S?
FKBP-12/rapamycin
(1FKB)
F487 F,C?, E,N/C'/0, C,CP/S, Wi, C?
M49N V C!
F99¢ G,sCY, ) FaC’
W59N€1/C€2/C52,
VpsC'/O
MBP (10MP)
Fé61 1,,C%, I, C’ LyoC%, T49C%, AygsCP
F258 M;;3,C” WISSC’/C‘“/N‘I/C‘Z
M336C W’HOC”
MBP/maltose (4MBP)
Fé61 1,,C%, 8,6;0 Ay, CF
F258 WisCo/NEL My oC7 W o N#L/C2/CE, Py, C°
DENV protease
(2FOM)®
F116 Fyi6N, 2115C/o V,6C"?
Tl)ﬁc
protease/aprotinin
(250)°
F116 VorausmC% AsC LgCP AN

total number of SASA 1
clashing atoms” (A% (degrees) experimental ring flip rate

2 0 —24 fast

6 0 64 very slow (<0.1 s7%)

5 0 83 slow (150 s7")

8 6 -35 slow (60 s™*)

9 9 80 slow (800 s71)

6 0 72 intermediate (1700 s™"), slow in
complex (16 s7)

8 0 74 intermediate, little slower in
complex (600 s™")

4 0 16 fast

9 0 =79 slow (11 s7'), very slow with
rapamycin (<1 s™"

7 11 87 fast, very slow with rapamycin
(<3 s~

S S 84 fast

7 0.1 —60 slow (45 s71)

3 6 86 fast

7 —38 fast, broad lines indicating
complex dynamics

S 62 83 fast

4 0.4 14 n/a

“Indicating the Phe residue substituted by F¢Phe. Steric clashes were predicted by changing the y, angle of the F;Phe residue in steps of 5° and
using PYMOL to report unduly short interatomic distances as bonds, considering heavy atoms only (Figures 8 and S11). Intraresidual clashes of the
C¢F; ring with backbone atoms are highlighted in bold. The experimental ring flip rate is reported as fast, intermediate or slow dependlng on the
appearance of the '"F NMR spectrum, showing either three lines, strongly broadened lines, or five resolved lines, respectively. Excludmg
intraresidual contacts with C” “Solvent accessible surface area of the phenyl ring in the crystal structure. “Measured at 10 °C. “The structure
2FOM*® shows the NS2B—NS3 protease in an inactive open conformation. The active closed conformation is represented by the homologous

protein from the West Nile virus.*”*°

structure and activity of the protein is minimal. The
fluorination of Phe changes no side chain pK, values whereas
fluorination promotes ionization of the OH group of tyrosines.
(ii) FsPhe combines increased space requirement and moment
of inertia to create slow flip rates. The energy barrier imposed
by the intraresidual C*H and C”H, groups significantly hinders
the rotation. (iii) Measuring ring flip rates in the slow exchange
regime is straightforward as exchange cross-peaks and diagonal
peaks are readily resolved in a single 2D NOESY experiment.
In contrast, ['H,'H]-NOESY spectra rarely display resolved
diagonal peaks. Furthermore, comparison with the signal of the
para fluorine, which is unaffected by ring flips, allows
attributing the line broadenings of the ortho and meta fluorines
to ring flips rather than alternative exchange phenomena. (iv)
Altered ring flip rates demonstrate allosteric effects associated
with ligand binding. (v) Efficient genetic encoding systems
deliver F;Phe mutants site-selectively and in high purity,

32650

rendering additional experiments for resonance assignment
unnecessary. This is important for large proteins. (vi) The
incorporation of single versus multiple F;Phe residues
minimizes the potential for structural and functional
perturbations of the target protein. (vii) The chemical shift
dispersion of the '’F NMR signals of FsPhe residues is large.
The resulting spectral resolution enables measurements in
large proteins without expensive isotope labeling. (viii) Due to
their different properties, including size, electrostatic polarity,
hydrophobicity, and polarizability, the ring-flip rates of CgF;
groups and corresponding phenyl rings in the wild-type protein
do not correlate quantitatively, as illustrated by the data
obtained for GB1. Nonetheless, in all examples of the present
work, ring flips reported to be slow in the wild-type protein
were also slow for the corresponding FsPhe residues.
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Figure 9. Hydrostatic pressure attenuates the ring flip in the Arc-NL
F267/F;Phe mutant more strongly in the complex with H11 than in
the free protein. (a) ['°F,'’F]-NOESY spectrum of free Arc-NL at §
°C. The spectral region shown contains the diagonal and exchange
cross-peaks of the ortho '°F resonances plotted with a factor of 1/2
between subsequent contour levels. The black and magenta spectra
were recorded at atmospheric pressure and 1000 bar, respectively. (b)
Same as (a) but for Arc-NL in complex with H11 at 25 °C. (c)
Logarithmic plot of the flip rate, k (in's™'), of FsPhe in position 267 of
Arc-NL in the free protein at S °C (blue points) and in the complex
with H11 at 25 °C (red points). The linear fits shown correspond to
activation volumes of 29 + 4 A’ and 68 + 3 A® respectively. In the
complex, measuring the very slow exchange rates at pressures >2000
bar or lower temperature (S °C) was compromised by competition by
YF—1F NOEs. For the free protein, irreversible unfolding at high
pressure required recording at 5 °C, while ring flip rates remained
sufficiently fast for precise measurement.

Effects of FsPhe on Protein Structure and Stability

FiPhe residues are compatible both with hydrophobic and
hydrophilic environments. FsPhe is commonly considered as
more hydrophobic than Phe,”” although a revised hydro-
phobicity scale put FsPhe in the vicinity of tyrosine.”* In
practice, Phe — FsPhe substitutions are tolerated both in
hydrophobic and solvent-exposed environments. The CgF;

ring lacks prominent electrostatic dipole moments that could
destabilize a protein.

The effect of FsPhe on the folding energies of small proteins
and peptides has previously been found to be small (<4 kJ/
mol) and both destabilizing and s'cabilizing.33’55_57 The energy
differences are similar in size as those reported for uniform
substitutions of canonical aromatic residues by singly
fluorinated analogues.”>*” Similarly, the present work observed
cases of destabilization and stabilization (Table 1).

Protein crystal structures show that aromatic amino acid side
chains favor y, angles near 90° (corresponding to 7 = 90° in
Figure 2).>> Based on the DFT calculations of Figure 2, this
bias should be slightly stronger for C¢F; rings. Nonetheless, the
crystal structure of the PpiB F4/F;Phe mutant confirms that y,
angles different from 90° are well tolerated, resulting in
negligible structural impact of the FsPhe residue on the protein
structure (Figure 3a). In all examples of the present work, the
proteins retained their capacity to bind ligands and other
proteins.

GB1, FKBP-12, and Arc-NL showed evidence of slow
irreversible protein unfolding but longevity was improved at
lower temperatures. The remarkable capacity of bacterial
protein synthesis to produce correctly folded proteins in vivo
despite destabilizing mutations has been attributed to
cotranslational folding on the ribosome favoring the fold of
the wild-type protein.”’

Ring Flip Rates as a Measure of Protein Malleability

Aided by large differences in '"F chemical shifts, the
intrinsically slower ring flips of fully buried FiPhe residues
often display '"F NMR spectra in the slow exchange regime,
which greatly facilitates the quantitative measurement of the
flip rates. Combining solvent exposure and the number of
expected clashes during ring rotation, especially with intra-
residual backbone atoms, the chances of observing ring flips in
the slow time regime can be predicted from crystal structures
of the wild-type proteins. '’F NMR measurements in the slow
time regime cover flip rates differing by up to 3 orders of
magnitude.

As shown by PpiB, different rings of the same hydrophobic
cluster can flip with very different rates. This shows that the
minimal protein dynamics opening the space required for the
ring flip are bespoke for individual residues and thus highly
localized events. If the ring flips were governed by an unfolding
event that impacts an entire protein subdomain, different sites
would be expected to appear more similar. Fast ring flips
occurring despite clashes predicted with multiple other atoms
thus indicate high local protein malleability. In contrast,
immobilized aromatic rings indicate structural rigidity and by
themselves constitute a rigid structural element.

Gaining an atomic resolution picture of the structural
changes required for the flip of buried aromatic rings is
challenging because the time scales involved exceed conven-
tional molecular dynamics simulations. Recent metadynamics
calculations applied to the small and disulfide-rich protein
aprotinin suggested that aromatic ring flips are aided by
changes in 7..°" Evidence for this could be expected to be
found in increased activation volumes.

Activation volumes of aromatic ring flips can be derived
from the pressure dependence of flip rates. Published
activation volumes of canonical aromatic residues range from
44 to 84 A3>7'>** Based on the larger volume of C4F; groups,
correspondingly larger activation volumes would be expected
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for FsPhe residues. The experimentally determined activation
volumes of FsPhe in position 267 of Arc-NL, however, were
small: 29 A? in the free protein and 68 A® in the complex with
the nanobody. We speculate that the larger activation volumes
reported previously for canonical amino acids arise from
unusually stringent structural restraints required to establish
the slow exchange regime. Interestingly, the activation volume
of FsPhe in position 267 of Arc-NL increases in the complex
with the nanobody HI11, showing that protein rigidification
changes the dynamics required to open the void for the ring
flip.

Aromatic ring flip rates are commonly interpreted by
Eyring’s transition state theory, which assumes an energy
potential culminating in a single transition state. If multiple
amino acid side chains need to give way for a ring flip to
proceed, however, a more adequate description would involve
multiple successive energy barriers and multiple pathways. This
view is the basis of Kramers’ theory,”* which uses viscosity and
a set of different activation enthalpies to describe diftusive
processes associated with internal high-friction events in
proteins.* Without the time resolution required to detect
intermediates in the aromatic ring flip pathways, the Eyring
transition state theory offers a simplifying interpretation. As the
activation volumes obtained are system parameters, small
activation volumes can arise from a mere redistribution of
preexisting small void volumes in the protein.®®

Allosteric Effects Detected by Fs;Phe

When flip rates and '°F chemical shifts of buried aromatic rings
change in response to ligand binding at a remote site, this
constitutes signaling in an allosteric manner. Interestingly, the
nanobody H11 affected the flip rate in position 267 of Arc-NL
much more than in position 271, despite the latter being closer
to the interface (Figure 6e). In contrast, the chemical shift
changes were more pronounced in position 271 (Figure 6a,b).
This demonstrates that local malleability is a parameter
complementary to the average structure governing the
chemical shifts.

As globular proteins bind other proteins and ligands via
surface residues, it is ideal if sensors can be installed in the core
of the protein to leave the protein surface unaltered. For
example, it has been shown that proteins can be endowed with
visible fluorescence by substituting a tryptophan residue in the
protein core by a 4-cyanotryptophan residue.”® Depending on
the protein structure, however, the cyano group can introduce
significant steric clashes. Fluorinated aromatic rings are
structurally less intrusive and the exceptional sensitivity of
F chemical shifts renders them highly suitable as allosteric
reporters. In the case of the Arc-NL/HI11 complex, the °F
chemical shift of FsPhe in position 70 of H11 reports the
ligand interaction even though all fluorine atoms are more than
10 A from the nearest atom of Arc-NL. The simultaneous
observation of at least three resonances in the 'F NMR
spectrum helps to detect subtle allosteric effects. Importantly,
the binding affinity of the Arc-NL/HI11 complex was
unperturbed by the incorporation of FsPhe residues.

B CONCLUSIONS

We demonstrate that site-specific incorporation of FsPhe
enables quantitative measurement of aromatic ring-flip kinetics
in proteins by shifting them into the slow-exchange regime
accessible by '’F NMR. This approach provides a direct probe
of local protein malleability, revealing highly localized

conformational fluctuations and enabling detection of minor
conformational species that may be associated with cryptic
binding pockets.

F;Phe residues can be introduced with minimal structural
perturbation and yield '"F NMR spectra of exceptional
sensitivity and resolution without isotope labeling, making
the method applicable to proteins of substantial size. Changes
in ring-flip rates and chemical shifts further provide a sensitive
readout of allosteric effects arising from ligand binding and
protein—protein interactions.

Together, these results establish fluorinated aromatic amino
acids as a general strategy for engineering dynamic observables
in proteins by modifying their energy landscapes. This
approach should be broadly applicable for probing local
conformational dynamics, mapping allosteric communication,
and identifying functionally relevant conformational states in
complex biomolecular systems. Site-specific incorporation of
FPhe is inexpensive. To encourage uptake of this technology,
the requisite plasmid for the aminoacyl-tRNA synthetase has
been submitted to the Addgene plasmid repository (Water-
town, MA, USA; plasmid no. 259751).
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