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ABSTRACT: Fluorine atoms are known to display scalar 19F–19F couplings in nuclear magnetic resonance (NMR) spectra when they are 
sufficiently close in space for non-bonding orbitals to overlap. We show that fluorinated non-canonical amino acids positioned in the 
hydrophobic core or on the surface of a protein can be linked by scalar through-space 19F–19F (TSJFF) couplings even if the 19F spins are in the 
time average separated by more than the van der Waals distance. Using two different aromatic amino acids featuring CF3 groups, O-
trifluoromethyl-tyrosine and 4-trifluoromethyl-phenylalanine, we show that 19F–19F TOCSY experiments are sufficiently sensitive to detect 
TSJFF couplings between 2.5 and 5 Hz in the 19 kDa protein PpiB measured on a 2-channel 400 MHz NMR spectrometer with a regular 
room temperature probe. A quantitative J evolution experiment enables the measurement of TSJFF coupling constants that are up to five times 
smaller than the 19F NMR line width. In addition, a new aminoacyl-tRNA synthetase was identified for genetic encoding of N6-
(trifluoroacetyl)-L-lysine (TFA-Lys) and 19F–19F TOCSY peaks were observed between two TFA-Lys residues incorporated into the proteins 
AncCDT-1 and mRFP despite high solvent exposure and flexibility of the TFA-Lys side chains. With the ready availability of systems for site-
specific incorporation of fluorinated amino acids into proteins by genetic encoding, 19F–19F interactions offer a straightforward way to probe 
the spatial proximity of selected sites without any assignments of 1H NMR resonances. 



 

INTRODUCTION 

The 19F nucleus is attractive for NMR spectroscopy as it has a spin ½ with a high Larmor frequency, and 

19F is the sole naturally occurring fluorine isotope. As a drawback, the large chemical shift anisotropy (CSA) 

associated with 19F causes significant line broadening in macromolecules at high magnetic field strength. 

Nonetheless, as biological systems generally do not contain fluorine, 19F NMR spectra of proteins are devoid 

of background resonances and, therefore, 19F NMR has long been shown to be attractive for protein studies 

following site-selective labeling, either by the incorporation of fluorinated amino acids in lieu of regular 

amino acids or the use of fluorinated ligand molecules.1–9 In addition, fluorine atoms occur in about 20% of 

all commercially available pharmaceutical drugs10 and about half of the most successful contemporary drug 

molecules.11 

An early report of Lactobacillus casei dihydrofolate reductase (DHFR) containing 6-fluorotryptophan 

noted the observation of a through-space scalar 19F–19F (TSJFF) coupling of 21 Hz between two fluorine atoms, 

which came about by a fortuitous contact between Trp5 and Trp133 in the three-dimensional (3D) structure 

of the protein.12 Indeed, through-space scalar couplings are common between 19F spins that are close in 

space.13 They can also be sizeable, as shown by the example of DHFR and, more recently, in a G-quadruplex 

analogue synthesized with fluorinated arabinoguanosine, which displayed a through-space 19F–19F coupling 

of 43 Hz.14 While long-range scalar 19F–19F couplings in small molecules are commonly observed,13 the 

limited size of small molecules allows distinguishing between through-space and conventional through-bond 

effects often only with the help of DFT calculations.15–17 In contrast, it is straightforward to position fluorine 

atoms in a protein such that they are in close spatial proximity yet separated by many covalent bonds. In this 

situation, any 19F–19F couplings can be unambiguously assigned to through-space effects. Notably, through-

space scalar couplings always are a manifestation of orbital overlap, so that the distinction between through-

space and through-bond couplings is operational in character rather than a matter of fundamental difference.  

  The observation of through-space couplings is not limited to 19F–19F interactions and, in proteins, has 

also been reported between methyl protons and p bond systems of carbonyl and aromatic carbons,18 between 

spins connected by H-bonds,19–23 or with heavy metals such as cadmium and mercury.24 In view of the 

popularity of protein labeling with fluorinated amino acids and the common observation of TSJFF couplings 

in small molecules, it is surprising that, to the best of our knowledge, through-space 19F–19F couplings in 

proteins have not been reported since the 1978 publication on DHFR.12 To a large extent, this must be 



 

attributed to the large chemical shift anisotropy associated with 19F spins which, at high magnetic field 

strength, causes substantial line broadening in high-molecular weight systems such as proteins. Although the 

CSA relaxation can be alleviated by positioning the fluorine spins in highly flexible chemical groups, such 

as a CF3 group at the end of a flexible tether,5 and this approach has been very successful in monitoring 

different conformations of integral membrane proteins induced by different ligands,25–27 it doesn’t lend itself 

to the observation of through-space scalar 19F–19F couplings. 

The advent of mutant aminoacyl-tRNA synthetases has made it possible to install a single non-canonical 

amino acid at a specific site of a protein in response to an amber stop codon.28,29 With the installation of two 

fluorinated amino acids, it is possible to detect their proximity by inter-residual 19F–19F NOEs. For example, 

19F–19F NOEs were recently demonstrated for two para-pentafluorsulfanyl phenylalanine (SF5-Phe) residues 

incorporated in the 19 kDa E. coli protein cis-trans prolyl-isomerase B (PpiB).30 SF5 groups, however, are 

very bulky, which could affect the protein structure, and display large intraresidual 19F–19F couplings in the 

19F NMR spectrum, which limit the spectral resolution. This prompted us to investigate the interaction 

between the CF3 groups of two para-trifluoromethyl-phenylalanine (CF3-Phe) or O-trifluoromethyl-tyrosine 

(CF3-Tyr) residues. Aminoacyl-tRNA synthetases for amber suppressor-tRNA have been described 

previously for both amino acids.31–33 These aminoacyl-tRNA synthetases are highly efficient and the 

incorporation of multiple copies of CF3-Phe residues has been demonstrated.34 

In the following, we show that the 19F NMR resonances of two CF3-Phe or CF3-Tyr residues in PpiB are 

significantly narrower than those of SF5-Phe residues, and those of solvent-exposed TFA-Lys residues are 

even narrower. Remarkably, through-space scalar 19F–19F couplings produced readily observable cross-peaks 

in 19F–19F DQF-COSY and TOCSY spectra recorded on a 400 MHz NMR spectrometer equipped with a 

conventional room temperature probe. 19F–19F TOCSY cross-peaks were observed even for couplings much 

smaller than the 19F NMR line width and their signal to noise ratio was competitive with 19F–19F NOESY 

cross-peaks. Crystal structures of PpiB mutants containing either two CF3-Tyr or CF3-Phe residues provide 

insight into the structural perturbation elicited by the CF3 groups and suggest that TSJFF couplings are readily 

observable for 19F–19F distances that, in the time average, are greater than the sum of the van der Waals radii. 

The finding is underlined by the observation of 19F–19F TOCSY cross-peaks between two solvent-exposed 

TFA-Lys residues in the 27 kDa protein AncCDT-135 and the 25 kDa monomeric red fluorescent protein 

(mRFP).36 



 

 

RESULTS 

Site-specific incorporation of CF3-Tyr and CF3-Phe 

The amino acids CF3-Tyr and CF3-Phe were incorporated into the protein PpiB by replacing Phe27 and 

Phe98 with the respective non-canonical amino acids, producing the samples PpiB CF3-Tyr(27,98) and PpiB 

CF3-Phe(27,98), respectively. As Phe4 is close to both residues in position 27 and 98,37 and to provide more 

space for the CF3 groups, two more samples were prepared that contained the mutation Phe4Ala in addition 

to the CF3 residues in positions 27 and 98. In the following, we refer to these samples as PpiB F4A/CF3-

Tyr(27,98) and PpiB F4A/CF3-Phe(27,98), respectively. Finally, a version of PpiB was produced with three 

CF3-Tyr residues, yielding PpiB CF3-Tyr(4,27,98). The mutant proteins were produced with the help of a 

previously published aminoacyl-tRNA synthetase, tfm-Phe2.31 A recently published aminoacyl-tRNA 

synthetase selected for incorporation of SF5-Phe, SF61,30 proved to be poly-specific with regard to the 

incorporation of CF3-Tyr and CF3-Phe, but the incorporation efficiencies of this enzyme were not 

significantly enhanced over those achieved with tfm-Phe2 (Figure S1). Therefore, tfm-Phe2 was used for all 

subsequent work. The mutant samples of PpiB were obtained in good yield (typically 35 mg and 19 mg 

purified protein per liter of cell culture for the double and triple mutants, respectively) and purity as confirmed 

by mass spectrometry (Figures S2, S3 and Table S2). The 1D 19F NMR spectra recorded on a 400 MHz NMR 

spectrometer (magnetic field strength 9.4 T) showed two well-separated lines with widths at half-height of 

14 and 18 Hz for PpiB CF3-Tyr(27,98) and PpiB CF3-Phe(27,98), respectively (Figure 1). A corresponding 

spectrum recorded on a 700 MHz NMR spectrometer displayed a line width of 25 Hz for PpiB CF3-

Tyr(27,98), highlighting the impact of CSA relaxation on the 19F NMR line width and sensitivity. Therefore, 

all subsequent spectra were recorded at 9.4 T. The spectra were recorded without 1H decoupling as 3JHF and 

4JHF couplings in phenyltrifluoromethane are only about 0.5 Hz13 and CF3-Tyr did not display resolved JHF 

couplings either. Large changes in 19F chemical shifts observed for the F4A mutants may be attributed to 

aromatic ring currents generated by Phe4 as well as the well-known sensitivity of 19F nuclei with regard to 

changes in the chemical environment (Figure 1). In all spectra, each CF3 group is characterized by a single 

chemical shift, indicating that rotation of the CF3 groups is fast on the chemical shift time scale. 

 



 

 

Figure 1. 1D 19F NMR spectra of PpiB with two CF3-Tyr or CF3-Phe residues. Spectra recorded on a 400 MHz NMR spectrometer 
with an acquisition time of 67 ms. (a) Bottom panel: CF3-Tyr in positions 27 and 98, PpiB CF3-Tyr(27,98). Upper panel: sample 
with the additional mutation Phe4Ala. (b) Bottom panel: CF3-Phe in positions 27 and 98, PpiB CF3-Phe(27,98). Upper panel: 
sample with the additional mutation Phe4Ala.  

 

Observation of through-space scalar JFF couplings 

To explore the presence of scalar through-space TSJFF couplings, we recorded a 19F–19F DQF-COSY 

spectrum of PpiB CF3-Tyr(27,98). Weak cross-peaks were observed but, despite the double-quantum filter, 

the diagonal peaks were considerably more intense and of mixed-phase appearance (Figure 2). Simulating 

the spectrum using the program Spinach37 confirmed these observations and indicated that the mixed-phase 

appearance of the diagonal peaks can be attributed to cross-correlation between dipolar and CSA relaxation 

within each CF3 group. While it proved difficult to produce a quantitative agreement between the 

experimental and simulated spectra without knowledge of the exact CSA tensors of the individual 19F spins 

in a CF3 group, the simulations confirmed that sizeable cross-peaks can be expected only if the two CF3 

groups are connected by scalar couplings. 



 

 

 

Figure 2. Experimental and simulated 19F–19F DQF-COSY spectra of 1 mM PpiB CF3-Tyr(27,98). (a) Experimental spectrum 
recorded in 4 h, using t1max = 64 ms and t2max = 128 ms. (b) Spectrum simulated with a scalar coupling of JFF = 2.5 Hz, using the 
program Spinach.38 The simulation attributed an axially symmetric CSA tensor magnitude of D = 25 ppm to each CF3 group along 
with dipolar 19F–19F relaxation. 

 

TSJFF couplings depend on orbital overlap and the 19F spins involved may thus be expected to be sufficiently 

close to allow the observation of 19F–19F NOEs. A 19F–19F NOESY spectrum indeed revealed weak NOE 

cross-peaks (Figure 3a). As the chemical shifts of the 19F NMR signals are well separated, the spectrum could 

be recorded with a very short acquisition time in the indirect dimension. This also made it much easier to 

probe for the existence of the TSJFF couplings by 19F–19F TOCSY than COSY experiments, which need long 

evolution times to generate sizeable cross-peaks. 19F–19F TOCSY cross-peaks were readily observable within 

half an hour (Figure 3b). In a series of TOCSY spectra with different mixing times, the most intense cross-



 

peaks were observed for a mixing time of about 55 ms. The 19F–19F interactions were easier to observe in 

TOCSY than NOESY spectra, as illustrated by the cross-sections shown in Figure 3. 

 

 

 

 

Figure 3. 19F–19F NOESY and 19F–19F TOCSY spectra of 0.6 mM PpiB CF3-Tyr(27,98). Additional diagonal peaks of low 
intensity increased with time and indicate beginning sample degradation after two days at 25 oC. (a) NOESY spectrum recorded 
in 1 h with a mixing time of 200 ms and t1max = 6 ms, t2max = 80 ms. (b) TOCSY spectrum recorded in 0.5 h with 41 ms DIPSI-2 
mixing, using t1max = 5.1 ms, t2max = 80 ms. 1D cross-sections through the low-field diagonal peaks in the respective spectra are 
shown in the panel above.  

 

Structural relationship of CF3 groups in PpiB CF3-Tyr(27,98) 

To probe the chemical environment of the CF3 groups, we recorded a heteronuclear 1H–19F NOESY 

(HOESY) spectrum. In the crystal structure of the wild-type protein (PDB ID: 2NUL 37), the side chain of 

Phe4 intercalates between the side chains of Phe27 and Phe98. If this structure is conserved in PpiB CF3-

Tyr(27,98), the CF3 groups would be expected to be similarly separated by Phe4 and each CF3 group would 

be near different methyl groups of leucine and isoleucine residues. The heteronuclear 1H–19F NOESY 

spectrum indeed displayed cross-peaks with protons in the aromatic and methyl regions (Figure 4). In the 

aromatic region, they appeared at the same 1H chemical shift for both CF3 groups, as expected for close 

proximity to Phe4, whereas they contacted different methyl groups, again as expected from the crystal 



 

structure of the wild-type protein. 1H–19F NOESY experiments of proteins are low in sensitivity,39 which is 

corroborated by the present results. 

The 19F–19F NOESY spectrum showed a ratio of cross-peak to diagonal peak intensities of 1:24. For two 

19F spins rigidly positioned in a protein with 9 ns rotational correlation time, this suggests a 19F–19F distance 

of about 3.6 Å, which is greater than twice the van der Waals radius of fluorine (1.47 Å). As this estimate 

ignores the contributions from the additional 19F spins in the CF3 groups, which would be expected to enhance 

the NOE, it may be concluded that the actual minimal separation between the two different CF3 groups is 

slightly longer. The cross-peak to diagonal peak ratio did not change, when the NOESY experiment was 

conducted with a 19F inversion pulse in the middle of the mixing time to suppress spin-diffusion via nearby 

protons.40  

 

 

Figure 4. 1H–19F NOESY spectra of PpiB CF3-Tyr(27,98) without and with the additional Phe4Ala mutation. The spectra were 
recorded with a mixing time of 200 ms, using t1max = 7.3 ms and t2max = 135 ms. Positive and negative peaks are plotted with black 
and red contour lines, respectively. Negative cross-peaks appear at the 1H chemical shift of the water resonance. (a) 0.1 mM PpiB 
CF3-Tyr(27,98). Spectrum recorded in 29 h. (b) 0.8 mM PpiB F4A/CF3-Tyr(27,98). Spectrum recorded in 10 h.  

 

To gain more insight into the distance between the CF3 groups, we determined the crystal structure of PpiB 

CF3-Tyr(27,98). Crystallographic data and refinement statistics are provided in Table S3. The crystal 

displayed two different conformations in the asymmetric unit. In the first structure (chain A in Figure 5), the 



 

shortest inter-residual F–F distance is 5.6 Å. In the other structure (chain B in Figure 5), the side chain of 

Phe4 has moved aside and the CF3 groups come as close as 2.8 Å of each other. This close contact explains 

the observation of scalar TSJFF couplings, although the degree with which this conformation is populated in 

solution is unclear.  

 

 

Figure 5. 2.0 Å crystal structure of PpiB CF3-Tyr(27,98) (PDB ID: 7N3J), illustrating the positions of the CF3 groups in the two 
conformations observed in the crystal (chains A and B). The CF3O-groups are highlighted in cyan and red. The 2mFO-DFC 
electron density map of the side chains of Phe4 and the CF3-Tyr residues (labeled CFY27 and CFY98) is shown as a mesh 
contoured at 1.0 s. The CF3 groups were modeled into the mFO-DFC difference density map (generated through omitting the CF3 
groups from the model), indicated by the green surface contoured to 3 s. Side chains of nearby hydrophobic residues are shown 
in a stick representation.  

 

Phe4Ala mutant of PpiB CF3-Tyr(27,98) 

To eliminate interference from the side chain of Phe4, we produced the Phe4Ala mutant, PpiB F4A/CF3-

Tyr(27,98). Figure 6 compares 19F–19F NOESY and 19F–19F TOCSY spectra. Both the NOESY and TOCSY 

cross-peaks were more intense relative to the diagonal peaks than in PpiB CF3-Tyr(27,98), indicating that the 

CF3 groups had moved closer to each other and the scalar TSJFF coupling between them had increased, 

suggesting a greater population of the conformation B. The 1H–19F NOESY spectrum showed no evidence 

of cross-peaks to 1H spins common to both CF3 groups.  

Interestingly, negative cross-peaks appeared at the 1H NMR frequency of the water resonance, indicating 

the presence of rapidly moving water molecules in the cavity created by the Phe4Ala mutation (Figure 4B). 

Negative NOESY cross-peaks are expected when the correlation time tc of the dipolar interaction between 

the 19F spins of the CF3 group and the 1H spins of the water molecules is short. For a 2-spin system comprising 

one 1H and one 19F spin, the common equation for the NOE41 predicts the sign change for tc = 0.46 ns on a 

400 MHz NMR spectrometer.  

 



 

 

Figure 6. 19F–19F NOESY and 19F–19F TOCSY spectra of 0.8 mM PpiB F4A/CF3-Tyr(27,98). The spectra were recorded using 
t1max = 4 ms and t2max = 135 ms. (a) NOESY spectrum recorded in 1 h with a mixing time of 200 ms. (b) TOCSY spectrum recorded 
in 0.5 h with 41 ms DIPSI-2 mixing, using half the number of scans per FID compared to the NOESY spectrum. 1D cross-sections 
through the low-field diagonal peaks are shown in the panel above. 

 

Quantitative measurements of TSJFF couplings 

To measure the magnitude of the TSJFF couplings more quantitatively, we designed a quantitative J 

evolution experiment that determines the amount of in-phase magnetization remaining after a spin-echo delay 

implemented either with or without inversion of the coupling partner in the middle of the delay (Figure 7). 

The pulse sequence is based on an experiment reported previously for measuring small 1H–113Cd coupling 

constants24 and was adapted for the homonuclear case of two resonances by using jump-return elements42 to 

achieve selective excitation and inversion in the shortest time possible. As the CF3 groups rotate, the TSJFF 

couplings are averaged to a single value between all inter-CF3 couplings, leading to an attenuation of the in-

phase product operator term by cos3pJt, where J is the coupling constant and t the total spin-echo delay. The 

experiment included a 90o pulse at the end of the spin-echo delay to select only in-phase magnetization for 

detection. Fitting the data indicated TSJFF couplings of 2.5 Hz for PpiB CF3-Tyr(27,98) and a larger coupling 

(about 5.8 Hz) for PpiB F4A/CF3-Tyr(27,98), in agreement with the larger 19F–19F TOCSY cross-peaks 

observed in the latter sample (Figure 8). A control experiment using the immunoglobulin-binding domain of 

protein G, GB1, with Trp43 replaced by 7-fluorotryptophan confirmed that the experiment reliably indicates 

the absence of JFF couplings in a protein containing only a single 19F spin (Figure S5). 



 

We hypothesized that the larger TSJFF coupling might be observable in the multiplet fine structures of the 

1D 19F NMR spectrum of PpiB F4A/CF3-Tyr(27,98), if the FID is processed with strong resolution 

enhancement. Although we could not fully resolve the multiplet fine structures, the spectrum indicates the 

1:3:3:1 quartet fine structure for each of the CF3 groups, including the expected roof effect and a splitting in 

agreement with the coupling constant measured by the quantitative J evolution experiment (Figure 9). 

 

 

Figure 7. Pulse sequence for the quantitative J evolution experiment for measuring homonuclear coupling constants in an NMR 
spectrum with two resonances. Solid and open bars represent 90° and 180° pulses, respectively. ν denotes the frequency difference 
in Hz between the resonances of the coupling partners. The carrier frequency is set to the frequency of one of the resonances. The 
pulses with phases f1 and f2 form a jump-return element42 with 90° excitation of the coupling partner and the pulses separated by 
1/2ν form a 180° jump-return element. t is the spin-echo delay for coupling evolution. Phase cycle: f1={x,-x}, f 2={-x,x}, f3={x,x,-
x,-x}, and frec={x,-x,x,-x}. (a) Experiment with active coupling evolution during the spin-echo delay. The delay 1/[2n ln(2)] aims 
to account for the additional relaxation occurring in the reference experiment during the 180° jump-return element. (b) Reference 
experiment with refocusing of the TSJFF couplings. Pulsed field gradients (not shown) were applied at the start and end of the t 
delay in both experiments with a pulse length of 1 ms and field strength of 15 G cm-1. 

 

 



 

Figure 8. Relative peak intensities observed in a quantitative J evolution experiment conducted with and 

without refocusing of J couplings during the spin-echo delay. The relative peak intensities observed in 

experiments a and b of Figure 7 are plotted versus the spin echo delay t. The TSJFF coupling was determined 

by fitting the function cos3pJt. The uncertainty bars were derived from the level of white noise. Uncertainties 

in fitted coupling constants were estimated by Monte Carlo simulation with 1000 iterations. For each 

iteration, noise sampled from the spectrum was added to the peak intensities and a coupling constant was 

fitted. The final uncertainty was captured by the standard deviation in fitted coupling constants over all 

iterations. The best fitting TSJFF values are given in each plot. (a) Signal at -57.5 ppm in PpiB CF3-Tyr(27,98). 

(b) Same as (a), but for the peak at -58.8 ppm. (c) Signal at -58.15 ppm in PpiB F4A/CF3-Tyr(27,98). The 

small difference in chemical shifts between the 19F NMR signals in this mutant resulted in an intensity ratio 

of 0.93 instead of 1.0 for the first point. Consequently, all points were divided by 0.93 prior to fitting. (d) 

Same as (c), but for the peak at -58.35 ppm.  

 

 

Figure 9. 1D 19F NMR spectrum of PpiB F4A/CF3-Tyr(27,98) processed with Lorentz-Gauss multiplication for resolution 
enhancement to visualize the 1:3:3:1 multiplet fine structure. The quantitative J evolution experiment measured the TSJFF coupling 
as close to 6 Hz. The scale bar corresponds to 5 Hz. 

 

Larger TSJFF couplings are expected to facilitate the observation of 19F–19F DQF-COSY cross-peaks. 

Indeed, the spectrum recorded of PpiB F4A/CF3-Tyr(27,98) showed a simpler appearance than that of PpiB 

CF3-Tyr(27,98), with less dominant effects from CSA–DD cross-correlated relaxation (Figure 10).   

  



 

 

Figure 10. Experimental and simulated 19F–19F DQF-COSY spectra of 0.8 mM PpiB F4A/CF3-Tyr(27,98). (a) Experimental 
spectrum recorded in 2.7 h, using t1max = 68 ms and t2max = 135 ms. (b) Spectrum simulated with a scalar coupling of JFF = 6.0 Hz, 
using the program Spinach38 and the same CSA parameters as in Figure 2. 

 

CF3-Phe mutants 

Instead of providing more space for the OCF3 groups by mutating Phe4 to alanine, we also explored 

reducing the space demands of the non-canonical amino acids by making CF3-Phe mutants. Figure 10 shows 

the 19F–19F NOESY and TOCSY spectra of PpiB CF3-Phe(27,98). The spectra confirmed the close proximity 

of the CF3 groups and presence of TSJFF couplings (Figure 11), but the sample was prone to precipitation. 

Attributing the lesser stability of the protein to the less flexible positioning of CF3 compared with OCF3 

groups, we also produced the mutant  PpiB F4A/CF3-Phe(27,98). This mutant proved to be much more stable 

against precipitation. The appearance of the 19F–19F NOESY and TOCSY spectra was similar to those 

obtained for PpiB CF3-Phe(27,98) (Figure S4). The quantitative J evolution experiment indicated a TSJFF 

coupling of about 3.5 Hz for both samples (Figure S6).  

 



 

 

Figure 11. 19F–19F NOESY and TOCSY spectra of 0.5 mM PpiB CF3-Phe(27,98). The spectra were recorded using t1max = 6 ms 
and t2max = 135 ms. (a) NOESY spectrum recorded in 7 h with a mixing time of 200 ms. (b) TOCSY spectrum recorded in 50 
minutes with 41 ms DIPSI-2 mixing, using 8 times fewer scans per FID than in the NOESY spectrum. The top panel shows cross-
sections through the low-field diagonal peak. 

 

Assuming that the PpiB F4A/CF3-Phe(27,98) construct would populate a single conformation, we 

determined its single-crystal X-ray structure. Crystallographic data and refinement statistics are provided in 

Table S3. The asymmetric unit indeed revealed a single conformation (Figure 12), with the shortest F–F 

distance between the CF3 groups being 3.4 Å. This is more than twice the van der Waals radius of fluorine 

(1.47 Å), suggesting that observable TSJFF couplings either require little inter-residual overlap of fluorine 

orbitals or transient F–F contacts occur due to rotation of the CF3 groups or conformational variability of the 

protein in solution.  

 



 

 

Figure 12. 1.35 Å crystal structure of PpiB F4A/CF3-Phe(27,98) (PDB ID: 7RFD), illustrating the positions of the CF3 groups, 
which are highlighted in cyan. The 2mFO-DFC electron density map of the side chains of Ala4 and the CF3-Phe residues (labeled 
CFF27 and CFF98) is shown as a mesh contoured at 1.2 s. The CF3 groups were modeled into the mFO-DFC density (generated 
by omitting the CF3 groups from the model), indicated by the green surface contoured to 3.5 s. Side chains of nearby hydrophobic 
residues are shown in a stick representation.  

 

A 1H–19F NOESY spectrum of PpiB F4A/CF3-Phe(27,98) showed negative NOE cross-peaks at the 1H 

chemical shift of the water resonance, confirming the occurrence of rapidly moving water molecules in the 

cavity produced by the Phe4Ala mutation (Figure S8). The crystal structure showed no distinct electron 

density for these water molecules, as expected for highly disordered water. 

 

PpiB CF3-Tyr(4,27,98) 

The crystal structure of wild-type PpiB contains voids in the hydrophobic core of the protein large enough 

to house water molecules although they appear empty in the crystal structure. This explains why the 

additional OCF3 groups can be accommodated in PpiB CF3-Tyr(27,98) without major structural adjustments 

of the polypeptide backbone. To explore the limits of this structural accommodation, we also substituted 

Phe4 by CF3-Tyr in the triple-mutant PpiB CF3-Tyr(4,27,98). The 1D 19F NMR spectrum of this mutant 

showed three main peaks as expected. Two of them were at very similar chemical shifts as in the double-

mutant PpiB CF3-Tyr(27,98), assigning the new resonance at -55.9 ppm to CF3-Tyr4. A 19F–19F TOCSY 

spectrum recorded with 41 ms mixing time showed cross-peaks between all three 19F NMR signals, indicating 

TSJFF couplings between all three spins and providing independent evidence that the CF3 groups of residues 

27 and 98 are in similar proximity of residue 4 (Figure 13). As the cross-peaks with CF3-Tyr4 are three to 



 

four times smaller than the cross-peaks between residues 27 and 98, the TSJFF coupling constants of CF3-Tyr4 

are probably less than 2 Hz.  

 

 

Figure 13. 19F–19F TOCSY spectrum of a 0.5 mM solution of PpiB CF3-Tyr(4,27,98). Mixing time 41 ms, t1max = 5.1 ms, t2max = 82 
ms, total recording time 24 h. The 1D 19F NMR spectrum displayed at the top was recorded of the fresh sample prior to the 2D 
experiment.  

 

Additional signals in the 1D 19F NMR spectrum of PpiB CF3-Tyr(4,27,98) (Figure 13) indicated the 

presence of alternative conformations, which increased in intensity during the NMR measurements. 

Furthermore, the protein precipitated heavily within a day. A second freshly prepared sample reproduced the 

heterogeneous 1D 19F NMR spectrum. A 19F–19F NOESY spectrum (mixing time 200 ms) recorded with this 

sample yielded barely detectable NOE cross-peaks between residues 27 and 98, and the sensitivity was 

insufficient to observe cross-peaks with residue 4. This result shows that TSJFF interactions between CF3 

groups can be easier to detect than 19F–19F NOEs.  

 

Optimal 19F–19F TOCSY mixing times 

The small magnitude of the TSJFF couplings explains why peak splittings are generally not resolved in the 

1D 19F NMR spectra of proteins containing CF3 groups. As 19F–19F TOCSY proved the most sensitive 

experiment for confirming the interaction between the CF3 groups, we sought to identify the mixing time for 

most sensitive detection of the TOCSY cross-peaks. Simulations of DIPSI-2 mixing with the program 



 

Spinach36 suggested an optimal mixing time of 45 ms for PpiB CF3-Tyr(27,98). Experimentally, a series of 

TOCSY spectra recorded with different mixing times showed a good match with the prediction (Figure S9). 

Simulations performed without relaxation indicate that achieving complete transfer of magnetization between 

CF3 groups by TOCSY mixing is not as easy as between single 19F spins (Figure S10). 

 

19F–19F TOCSY cross-peaks between trifluoroacetyl-L-lysine residues 

 To demonstrate the potential of 19F–19F TOCSY for the detection of contacts between CF3 groups 

installed in aliphatic amino acids, we incorporated two N6-(trifluoroacetyl)-L-lysine (TFA-Lys) residues 

(Figure 14a) into the protein AncCDT-1. The structure of this protein comprises two domains with a binding 

site for a basic amino acid (arginine or lysine) between them. The crystal structure in the bound state (PDB 

ID 5T0W)35 positions the Ca atoms of residues 68 and 162 within 12.5 Å (Figure 14b). Both residues are 

solvent exposed and we hypothesized that the CF3-groups of TFA-Lys residues incorporated in positions 68 

and 162 can form contacts across the domain interface, which may be manifested by cross-peaks in 19F–19F 

NOESY or TOCSY spectra.  

 An aminoacyl-tRNA synthetase for genetic encoding of TFA-Lys has been published previously,43 

but the protein expression yields reported were low. We therefore selected a new synthetase for TFA-Lys 

from our library based on the pyrrolysyl-tRNA synthetase derived from the methanogenic archaeon ISO4-

G1,44 using a recently established fluorescence activated cell sorting (FACS) protocol (see SI Section 3 for 

details).45 The enzyme identified from this selection incorporates TFA-Lys with high specificity in response 

to amber stop codons, provided that the amino acid is present in high concentration. The 19F NMR spectrum 

of AncCDT-1 with Pro68 and Asn162 mutated to TFA-Lys, in the following referred to as AncCDT-1 TFA-

Lys(68,162), displayed two signals separated by 0.17 ppm. Indeed, a 19F–19F TOCSY spectrum displayed 

clear cross-peaks, whereas we were unsuccessful to detect the interaction in a 19F–19F NOESY experiment 

(Figure 14, c and d). AncCDT-1 has a greater molecular weight than PpiB (27 versus 19 kDa), yet the line 

widths of the 19F NMR signals of AncCDT-1 TFA-Lys(68,162) are much narrower than those of the CF3 

groups in the PpiB mutants of Figure 1 (about 7 Hz versus 14–17 Hz), indicating significantly increased 

mobility of CF3 groups at the end of a solvent-exposed aliphatic amino acid versus the CF3 groups of buried 

aromatic residues. Remarkably, the mobility of the TFA-Lys side chains did not prevent the buildup of readily 

observable inter-residual TOCSY cross-peaks via TSJFF interactions. 



 

 

 

Figure 14. Fluorine–fluorine contacts between solvent-exposed CF3 groups detected by 19F–19F TOCSY. (a) Chemical structure 
of N6-(trifluoroacetyl)-L-lysine (TFA-Lys). In a fully extended conformation, the distance between the Ca atom and the CF3 
group is about 9.2 Å. (b) Cartoon representation of AncCDT-1 (crystal structure 5T0W35) with TFA-Lys residues 
modeled at sites 68 and 162 (numbering as in the crystal structure) shown in a stick representation. (c) 19F–19F NOESY 
spectrum recorded of 150 µM AncCDT-1 TFA-Lys(68,162) in 24 h with a mixing time of 200 ms, using t1max = 40 ms and t2max = 
68 ms. The cross-section through the low-field diagonal peak is shown above the 2D spectrum. (d) 19F–19F TOCSY spectrum 
recorded in 9.5 h with 100 ms DIPSI-2 mixing. All other parameters as in (c).  

 



 

 

Figure 15. Transient fluorine–fluorine contacts between CF3 groups detected by 19F–19F TOCSY. (a) Crystal structure 2QLG46 
of mRFP (cartoon drawing) with TFA-Lys residues (stick representation) modeled in position 192 and at the C-terminus 
(position 225). The double-headed arrow points at the CF3 groups. (b) 19F–19F TOCSY spectrum recorded of a 1.6 mM solution 
of the protein, using a mixing time of 400 ms and a total recording time of 25 minutes. The 1D 19F NMR spectrum is plotted above.  

 

To further test the scope of detecting small TSJFF couplings between flexible TFA-Lys residues, we 

installed a TFA-Lys residue in mRFP at position 192 and a second TFA-Lys residue at the C-terminus at 

position 225 (Figure 15a). Despite the high mobility of both TFA-Lys residues (there is no electron density 

for the C-terminal amino acid, Ala225, in the crystal structure), their respective 19F NMR resonances could 

be resolved in the 1D 19F NMR spectrum with a chemical shift difference of 0.025 ppm and a linewidth at 

half height of about 3.5 and 2 Hz. The slow relaxation rates allowed recording a 19F–19F TOCSY spectrum 

with a very long mixing time, which revealed a cross-peak (Figure 15b). In this way the experiment confirmed 

that the C-terminus of mRFP is in general proximity of the position 192.   

 

DISCUSSION 



 

The wide-spread adoption of high-field NMR spectrometers in the past decades has made the detection of 

through-space scalar 19F–19F couplings more challenging as the line widths in the 19F NMR spectrum increase 

with increasing magnetic field strength due to CSA relaxation. On our 9.7 T NMR instrument, the full line 

widths at half height (14 Hz and 17 Hz for the PpiB CF3-Tyr and PpiB CF3-Phe samples, respectively) at 25 

oC compared favorably with the line width observed for the SF5 groups in PpiB samples prepared with SF5-

Phe in positions 27 and 98 (about 50 Hz),30 but were still three to five-fold larger than the TSJFF couplings 

observed between the CF3 groups. Nonetheless, detection of these couplings proved straightforward by 19F–

19F TOCSY. Detection was aided by the absence of 19F NMR signals from the canonical amino acids in the 

protein sample, the capacity to produce protein samples with non-canonical fluorinated amino acids with 

high yield and specificity, and the small size of JHF couplings in CF3-Tyr and CF3-Phe (about 0.5 Hz),13 

allowing us to record all data without 1H decoupling. In addition, the rotation of the CF3 groups is fast on the 

chemical shift time scale in all our samples, leading to degenerate 19F chemical shifts of each CF3 group. 

With each diagonal peak representing three equivalent 19F nuclei, a cross-peak between two CF3 groups can 

be expected to be up to nine times more sensitive than a corresponding cross-peak between single 19F spins, 

but the peak heights are attenuated by any multiplet splittings arising from TSJFF couplings. When linked by 

a TSJFF coupling, the CF3 groups are expected to display quartets, which we were able to trace in the sample 

with the largest TSJFF coupling, PpiB F4A/CF3-Tyr(27,98) (Figure 9). 

Compared to a two-spin system, simulations indicated that the complexity of the multiplet fine structures 

hinders complete magnetization transfer in TOCSY spectra and shifts the optimal magnetization transfer to 

shorter mixing times. Nonetheless and unexpectedly, detecting the fluorine–fluorine interactions by 19F–19F 

TOCSY compared favorably with their detection by 19F–19F NOESY spectra.  

The high-resolution crystal structure of PpiB F4A/CF3-Phe(27,98) (Figure 12) suggests that TSJFF 

couplings can be measured also for F–F distances greater than the sum of the fluorine van der Waals radii. 

Previous studies of small synthetic molecules reported the detection of TSJFF couplings for F–F distances up 

to almost 3.2 Å47 combined with a steep exponential distance dependence, where the coupling constant 

doubles for every 0.14–0.21 Å decrease in F–F distance.47,48 TSJFF couplings are also sensitive to the relative 

spatial orientation of the C-F bonds, as TSJFF couplings of 7.9 Hz and 1.9 Hz have been reported for F–F 

distances of 3.18 Å and 3.02 Å, respectively.47 In PpiB F4A/CF3-Phe(27,98), TSJFF = 3.5 Hz observed between 

the CF3 groups appears large, considering that the value presents an average of all F–F interactions and only 



 

the shortest corresponds to a F–F distance of 3.4 Å. This suggests that the TSJFF coupling is greatly amplified 

by the dynamics of the protein, with transient short F–F distances between the CF3 groups contributing 

disproportionately. Combined with geometric dependences on the relative orientation of molecular 

orbitals,17,48 it is difficult to convert TSJFF couplings into quantitative distance restraints beyond an upper limit 

near the van der Waals distance.       

In the absence of sizeable JHF couplings, correlating the 19F and 1H NMR spectra can be achieved by 

heteronuclear 1H–19F NOESY spectra, but these are fairly insensitive. The far lesser sensitivity of the 

heteronuclear experiment compared with the 19F–19F NOESY spectrum is expected, as the heteronuclear 1H–

19F NOE in slowly tumbling macromolecules depends mostly on the spectral density at the difference in 

Larmor frequencies of 1H and 19F spins rather than the much greater spectral density at zero frequency, which 

dominates the homonuclear 19F–19F NOE.4 In principle, 1H–19F NOEs provide a way of assigning the 19F 

NMR resonances if the 1H NMR spectrum has been assigned. As the introduction of non-canonical amino 

acids changes the 1H chemical shifts of the protein, however, it is advantageous to circumvent the assignment 

problem by installing a pair of non-canonical amino acids at specific sites, which can be selected by genetic 

encoding. In the case of the triple mutant PpiB CF3-Tyr(4,27,98), the 19F resonance of residue 4 was readily 

assigned by comparison with the spectrum of PpiB CF3-Tyr(27,98) (Figures 3b and 13).  

The crystal structure of PpiB CF3-Tyr(27,98) suggests that the side chain of Phe4 can be positioned 

between the side chains of residues 27 and 98 like in the wild-type protein,37 preventing direct contacts 

between the CF3 groups. It is intriguing to speculate that the situation could be equivalent to that reported 

previously for 1,5,8-trifluoro-9,10-diphenylanthracene, where an intervening phenyl ring was found to 

greatly increase the TSJFF coupling between the fluorines in positions 1 and 8.49 As the alternative 

conformation B in the crystal structure showed a direct F–F contact, however, a more conservative 

interpretation is to assume that the experimentally observed TSJFF coupling is entirely due to direct contacts 

in conformation B rather than being mediated by the aromatic ring of Phe4. Also the high-resolution crystal 

structure of PpiB F4A/CF3-Phe(27,98) suggests that the observation of TSJFF couplings does not depend on 

stable direct fluorine–fluorine van der Waals contacts.        

The increased space demand of the CF3 variants of tyrosine and phenylalanine explains why samples of 

PpiB CF3-Tyr(27,98), PpiB CF3-Phe(27,98) and, most of all, PpiB CF3-Tyr(4,27,98) precipitated during 

NMR measurements at 25 oC. We have shown previously that the b-barrel fold of PpiB can accommodate 



 

SF5 groups in the hydrophobic core of PpiB SF5-Phe(27,98),30 but also those samples were prone to 

precipitation. Nonetheless, the backbone structure of PpiB remained practically unchanged upon the 

introduction of additional OCF3 groups. As the side chains of phenylalanine and tyrosine residues have a 

high propensity of co-localization in protein structures, TSJFF couplings between site-specifically installed 

CF3-Phe or CF3-Tyr residues open a practical route to experimental verification of short-range contacts 

predicted by protein structures modeled by programs such as AlphaFold49 and RoseTTAFold.50 

In the present work, precipitation was successfully suppressed by introducing the additional mutation 

Phe4Ala, which makes room for the CF3 groups in the hydrophobic core. Interestingly, these mutants 

displayed intense intermolecular 1H–19F NOEs between CF3 groups and water molecules (Figures 4b and 

S8). The negative sign of these NOE cross-peaks indicates rapid reorientation of the vector between the 19F 

spins of the CF3 groups and the 1H spins of water molecules on a time scale shorter than about 0.4 ns, 

indicating that the hydration of the CF3 groups is kinetically labile. Rapid rotation of the CF3 groups alone is 

not sufficient to change the sign of 1H–19F NOEs, as demonstrated by the spectra of Figures 4 and S8. To 

explain the negative sign of the NOE cross-peaks with water, the hydration water molecules must thus be 

subject to fast translational diffusion like in the common situation of negative 1H–1H NOE cross-peaks 

between surface hydration water and protein protons.51 We believe this is the first time that hydration water 

molecules with such short residence times have been detected in a hydrophobic protein cavity. 

The facile observation of TSJFF couplings between two TFA-Lys residues in the protein AncCDT-1 is 

remarkable in view of the molecular weight of the protein (27 kDa) and the high flexibility of a solvent-

exposed TFA-Lys side chain, which is manifested in relatively narrow 19F NMR line widths. The narrow line 

widths suggest that 19F–19F contacts between two TFA-Lys residues are only transient, reducing the 

magnitude of the effective TSJFF couplings and disfavoring magnetization transfer by 19F–19F NOEs. On the 

other hand, the relatively long transverse relaxation times enable the use of longer TOCSY mixing times and 

the detection of small TSJFF couplings.  

In previous work, we installed two N6‑(((trimethylsilyl)methoxy)carbonyl)‑L‑lysine residues at the same 

sites in AncCDT-1 to observe 1H–1H NOEs. In this case, the 1H NMR signals of the trimethyl silyl groups 

appeared at the same chemical shift and we had to incorporate two different non-canonical amino acids to 

observe an inter-residual NOE between them.52 The pronounced sensitivity of 19F chemical shifts to the local 



 

chemical environment is illustrated by the chemical shift difference of almost 0.2 ppm observed in AncCDT-

1 TFA-Lys(68,162).   

In our mRFP mutant containing two TFA-Lys residues, only one was located in the folded part of the 

protein while the other was appended at the C-terminus. Despite the large conformational space available for 

these residues, an interaction between the CF3 groups could readily be documented by a 19F–19F TOCSY 

cross-peak, demonstrating the potential of TSJFF couplings for the detection of general proximity of solvent 

exposed sites. The interaction may be promoted by the tendency of perfluorocarbons to segregate from water 

or hydrocarbons.53    

The new aminoacyl-tRNA synthetase for genetic encoding of TFA-Lys was derived from a pyrrolysyl-

tRNA synthetase library based on the methanogenic archaeon ISO4-G1, that is more readily expressed in 

active form than the previously published synthetase derived from Methanosarcina barkeri.43 Even though 

the new synthetase requires high concentrations of TFA-Lys to suppress the misincorporation of glutamine, 

the system is affordable due to the low cost of the amino acid. Our system thus presents an attractive 

alternative to chemical CF3 tags, which have become increasingly popular for monitoring the response of 

proteins to ligand binding, such as drugs binding to G-protein coupled receptors, but mostly depend on single 

solvent-exposed cysteine residues to achieve site-selectivity.54,55 

 

CONCLUSIONS 

To the best of our knowledge, through-space 19F–19F couplings have not been reported for proteins since 

their first observation in 1978.12 In our protein samples, the scalar couplings between CF3 groups proved to 

be observable in 19F–19F TOCSY spectra with remarkable sensitivity on a two-channel 400 MHz NMR 

spectrometer, despite their magnitude being much smaller than the 19F NMR line widths. Although, in 

principle, the incorporation of non-canonical amino acids into the core of proteins may affect their 3D 

structure and stability, our mutants of the protein PpiB maintained the wild-type structure. Furthermore, 

perturbations of the protein structure can be minimized by mutating solvent-exposed residues. In particular, 

mutation to flexible TFA-Lys residues allows exploring a greater conformational space, where a 19F–19F 

contact between two TFA-Lys residues can serve as a more broadly applicable indicator of spatial proximity. 

As the tools for incorporating non-canonical amino acids into proteins have become readily available, 

through-space 19F–19F couplings between CF3 groups present a practical and sensitive tool for interrogating 



 

specific interactions without the need for cumbersome resonance assignments of whole proteins including 

amino acid side chains. 

 

EXPERIMENTAL SECTION 

NMR spectra 

All NMR spectra were recorded at 25 oC on a Bruker 400 MHz NMR spectrometer equipped with a room 

temperature broadband probe designed for 19F detection on the inner coil. Spectra of PpiB CF3-Tyr(27,98) 

were recorded of 0.7 and 1 mM samples in NMR buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 90% 

H2O/10% D2O) with 0.5 mM trifluoroacetate as inner 19F reference). Spectra of PpiB CF3-Phe(27,98) and 

PpiB CF3-Tyr(4,27,98) were recorded of 0.5 mM solutions in NMR buffer. The sample of PpiB F4A/CF3-

Phe(27,98) had a concentration of 0.6 mM in NMR buffer. Spectra of AncCDT-1 were recorded of 150 µM 

solutions in NMR buffer in a 3 mm NMR tube. Spectra of mRFP were recorded of 1.6 mM solution in 

phosphate buffered saline (PBS) in 5 mm NMR tube. 

 

NMR simulations 

NMR spectra were simulated using the program Spinach.38 The calculations were performed for a spin 

system with two CF3 groups with geometry taken from chain B of the crystal structure shown in Figure 5. 

Simulations assumed an axially symmetric CSA tensor with D = 25 ppm and the main principal axis aligned 

with the O–C bond. To the best of our knowledge, a CSA tensor magnitude for CF3-tyrosine has not been 

determined experimentally. Solid-state NMR measurements of 4-CF3-phenylalanine have been reported, 

which yielded a CSA tensor with D = 39 ppm.56 Our simulations used D = 25 ppm to improve the match in 

appearance of the DQF-COSY diagonal peaks with those observed in the experimental spectrum of Figure 

2a (see Figure S11 for a series of DQF-COSY spectra simulated with different CSA tensor anisotropies and 

rotational correlation times). Redfield relaxation theory was applied in the laboratory frame with full tensor 

connectivity and a rotational correlation time of 9 ns.  
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