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Abstract

The fluorine-19 nucleus was recognized early to harbor exceptional properties for NMR 

spectroscopy. With 100% natural abundance, a high gyromagnetic ratio (83% sensitivity compared 

to 1H), a chemical shift that is extremely sensitive to its surroundings and near total absence in 

biological systems, it was destined to become a favored NMR probe, decorating small and large 

molecules. However, after early excitement, where uptake of fluorinated aromatic amino acids was 

explored in a series of animal studies, 19F-NMR lost popularity, especially in large molecular 

weight systems, due to chemical shift anisotropy (CSA) induced line broadening at high magnetic 

fields. Recently, two orthogonal approaches, i) CF3 labeling and ii) aromatic 19F-13C labeling 

leveraging the TROSY (Transverse Relaxation Optimized Spectroscopy) effect have been 

successfully applied to study large biomolecular systems. In this perspective, we will discuss the 

fascinating early work with fluorinated aromatic amino acids, which reveals the enormous 

potential of these non-natural amino acids in biological NMR and the potential of 19F-NMR to 

characterize protein and nucleic acid structure, function and dynamics in the light of recent 

developments. Finally, we explore how fluorine NMR might be exploited to implement small 

molecule or fragment screens that resemble physiological conditions and discuss the opportunity 

to follow the fate of small molecules in living cells.
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Introduction:

Due to an anisotropic distribution of electrons in the fluorine 2p orbitals, fluorine resonances 

are exquisitely sensitive to subtle differences in their van der Waals and electrostatic 

environments1,2. However, this anisotropic electron distribution also gives rise to chemical 

shift anisotropy (CSA). The contribution of CSA to transverse relaxation increases rapidly 

with the magnetic field and the molecular weight of the system under investigation, limiting 

the applicability of fluorine NMR at high magnetic fields for biological systems. Two 

orthogonal approaches have been developed to address this problem. i) Site-specific labeling 

of cysteine residues with CF3-carrying probes, such as trifluoroethanethiol3 and 

trifluoroacetanilide4. If direct interactions between the CF3-group and the labeled protein 

can be avoided, then the rotation of the CF3-group remains relatively free, mimicking a 

reduced molecular weight, even in big proteins. The presence of three magnetically 

equivalent fluorine atoms and the singlet appearance of the signal additionally contribute to 

the methods sensitivity. This approach has been applied to the study of G protein-coupled 

receptor (GPCR) dynamics3–6, to monitor conformational changes and to measure kinetic 

and thermodynamic parameters7–11. An interesting variation of this strategy might be 

borrowed from NMR-based functional screening, where substrates are tagged with multiple 

magnetically equivalent CF3-groups to enhance sensitivity12. ii) The 19F-13C aromatic 

TROSY13 experiment, which selects for the slowly relaxing (Transverse Relaxation 

Optimized Spectroscopy) TROSY components of the fluorine and carbon resonances in an 

aromatic 19F-13C spin-pair. The TROSY effect works on the same principle as the 

previously reported 1H-13C aromatic TROSY14,15, but there is relatively better cancellation 

of the CSA induced relaxation in the aromatic carbon attached to 19F (13CF) compared to the 

corresponding carbon attached to 1H. This results in the dispersion of broadened fluorine 

signals into a second 13C-dimension with narrow linewidths and enables the investigation of 

large proteins and their interactions. For example, we exploited the 19F-13C TROSY to 

observe a weak (Kd: ~10 mM16) interaction of the 180-kDa α7 single-ring of the 20S 

proteasome core particle (CP) from Thermoplasma acidophilum with the antimalaria drug 

chloroquine (CQ) (Figure 1).

While the sensitivity of CF3 labels is significantly better than that of fluorine substituted 

aromatic moieties, the 19F-13C aromatic TROSY approach allows for simultaneous labeling 

of all representatives of one type of aromatic amino acid across a protein, or nucleobase 

across a nucleic acid, which provides multiple probes to investigate the molecule of interest. 

Site-specific CF3 labeling is generally restricted to proteins, although CF3 methylated 

nucleobases represent an excellent and more versatile alternative for nucleic acids17, and the 

use of only one label. It also relies on the availability of a cysteine residue that can be 

targeted specifically. However, the most striking advantage of fluorine substituted aromatic 

amino acids comes from the fact that they are easily incorporated into proteins in vivo. Here, 

we will discuss fascinating early work with fluorine substituted aromatic amino acids and 
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nucleobases and potential applications of the 19F-13C aromatic TROSY to monitor 

interactions and functions of biomolecules. Then, we will discuss the utility of CF3 and 

aromatic fluorine substitutions on small molecules to monitor their interactions under 

physiological conditions. To limit the scope of this perspective, we will restrict the 

discussion to solution state NMR, despite the tremendous progress of fluorine NMR in the 

solid state with magic angle spinning beyond 25 kHz18,19.

Fluorine substituted aromatic amino acids in mammals:

Studies in the late 1950s and early 1960s revealed that 4-fluorophenylalanine readily 

incorporates into the proteins of mammals20–23. In a seminal publication, Westhead and 

Boyer showed 25% and 16% incorporation of 4-fluorophenyl-[3-14C]alanine fed to rabbits 

into aldolase and glyceraldehyde 3-phosohate dehydrogenase, respectively23. They inferred 

that assuming a roughly 2:1 phenylalanine to 4-fluorophenylalanine ratio in the diet fed to 

their rabbits, the high degree of 4-fluorophenylalanine incorporation suggests that rabbit 

tRNAs recognize the non-natural analogue with comparable efficiency to phenylalanine23. 

Similar findings were also presented for 4-fluorophenylalnine uptake in proteins of mice24, 

cats25 and gerbils26.

In later studies aimed at developing 18F fluorinated amino acids as tracers for positron-

emission tomography (PET), Weissman and Koe demonstrated that 4-fluorophenylalanine 

and 2-fluorophenylalanine showed low toxicity (LD50 > 1000 μmol/kg) in mice27. This list 

was later expanded by Coenen and colleagues with 2-fluorotyrosine28, which was shown to 

be rapidly incorporated into proteins28. This data suggests that incorporating fluorinated 

amino acids into proteins in cultured mammalian cells might be efficient and feasible. 

Adding fluorinated amino acids to readily available formulations of cell culture media would 

yield fractionally labeled proteins, where only a fraction of the supplied fluorinated aromatic 

amino acid would be incorporated into each protein. Yet, the ensemble would have the 

representation of every position in a given overexpressed (and purified) protein, or all 

endogenously expressed proteins. Fractional labeling reduces the impact of fluorination on 

structure and function29 and thereby compensates for the accompanying reduced signal 

intensity.

Structurally 4-fluorophenylalanine is most similar to phenylalanine, but due the high 

electronegativity of the fluorine atom, functionally it bears resemblance to tyrosine as well. 

Thus, it is conceivable that 4-fluorophenylalanine might be incorporated into the position of 

tyrosine with similar preference to phenylalanine; this depends on which tRNA can 

accommodate 4-fluorophenylalanine. However, several studies around 1960 suggested that 

4-fluorophenylalanine displays a strong preference to replace phenylalanine in animals and 

in bacteria23,30–32.

To confirm this preference for incorporation of 4-fluorophenylalanine for bacterial 

expression, we expressed the protein G B1 domain (GB1)33 in E. coli in a media where 4-

fluorophenylalanine was added, either as a replacement for phenylalanine or tyrosine, in two 

individual experiments. The synthesis of aromatic amino acids was inhibited ~30 minutes 

prior to induction of protein expression by the addition of glyphosate34. We then used two 
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different labeling schemes to produce 4-fluorophenylalanine labeled GB1. In case 1) 

70mg/L tryptophan, 70 mg/L tyrosine and 35 mg/L 4-fluorophenylalanine were supplied 

with the purpose to replace both phenylalanine sites in GB1 with the fluorinated residue. In 

case 2) 70 mg/L tryptophan, 70 mg/L phenylalanine and 35 mg/L 4-fluorophenylalanine 

were supplied to explore whether 4-fluorophenylalanine would be incorporated into the 

three tyrosine sites in GB1. In Fig. 2a sample-1 corresponds to the blue spectrum and 

sample-2 corresponds to the red spectrum. In sample-1, 4-fluorophenylalanine is expected to 

take the positions of the two phenylalanine residues of GB1 (Fig. 2b), but there are three 

resonances in the 1D 19F NMR spectrum. The downfield resonance at −111.38 ppm is 

double the height of the two upfield resonances, indicating that the upfield resonances 

correspond to two conformers of the same 4-fluorophenylalanine, which are in slow 

exchange on the NMR timescale35. In sample-2, 4-fluorophenylalanine is expected to 

incorporate into the positions of the three tyrosine residues, instead there are only two weak 

signals. These resonances are at the same frequencies as two of the resonances observed in 

the case of sample-1 and the peak intensity is approximately 10% of what was observed for 

sample-1, indicating about 10% incorporation. Since there are three tyrosines in the GB1 

sequence and we observed only two signals, which share their resonance frequencies with 

two of the resonances observed for the phenylalanine positions, we conclude that 4-

fluorophenylalanine was not incorporated into tyrosine positions. Instead, the 4-

fluorophenylalanine competed with the phenylalanine added in 2-fold excess. Remarkably, 

the upfield resonance is not split in sample-2, where the fraction of 4-fluorophenylalanine 

substituting for phenylalanine is low. This indicates that the two conformations of the 

phenylalanine responsible for the upfield resonances do not occur naturally. The two 

conformations are enforced by the presence of the second 4-fluorophenylalanine. As 

discussed above, at a low percentage of incorporation, only one 4-fluorophenylalanine is 

expected to be incorporated - the protein is fractionally labeled29 – into one protein and 

therefore the effect on the structure and function of the protein under study can be 

minimized.

Fluorine NMR of nucleic acids:

Fluorinated nucleosides, like their amino acid counterparts, were a popular research topic in 

the 1950s. Nucleocidin, one of only five known naturally occurring organofluorine 

compounds36, was recognized for its antibiotic activity37 and 5-fluorouracil was shown to 

exhibit tumor-inhibitory activity38. Since then, many fluorinated nucleoside analogues have 

been approved by the FDA for their anticancer and antiviral activities39,40. More recently, 

fluorinated nucleotides have been incorporated into siRNAs and anti-miRNA 

oligonucleotides36, some with considerable therapeutic potential41.

The incorporation of 19F substitutions into nucleobases was demonstrated to be non-

perturbing by several research groups42–44. Thus, 19F substituted nucleobases provide 

sensitive NMR reporters to monitor molecular interactions and conformational changes of 

nucleic acids. 19F NMR is an increasingly popular method to investigate nucleic acids and 

examples of successful applications include, the measurement of weak interactions45, RNA 

catalysis46, nucleic acid folding47, DNA methylation48, site-specific RNA binding49, RNA 

invasion50 and the investigation of telomeric RNA G-quadruplex structures in vitro and in 
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living cells51. RNAs are substantially more dynamic and have less proton density than 

proteins. In addition, resonances from imino- and amino-protons are often obscured by 

exchange processes52. Thus, fluorine resonances can act as an additional source of 

information for structural and functional studies. Despite the tremendous chemical shift 

distribution of 19F (~100-fold larger than of 1H)53, CSA induced line broadening of fluorine 

resonances limits the application of 1D 19F NMR for large nucleic acids, similar to what is 

observed for proteins. Here too, labeling of the aromatic nucleobases with 19F-13C pairs 

provides an opportunity to disperse the 19F 1D spectrum into a second 13C dimension with 

narrow TROSY linewidth121. Theoretical calculations for the 2-fluroadenine 19F-13C 

TROSY predict an exceptionally narrow 13C linewidth of <1 Hz for nucleic acids tumbling 

with a correlation time of 25 nanoseconds at 600 MHz13. Thus, analogous to proteins, the 

aromatic 19F-13C TROSY offers new opportunities for the observation of nucleic acid 

function and structure.

Assignment of fluorine substituted aromatic amino acids and nucleobases:

Fluorinated amino acids and nucleotides have tremendous potential to monitor the 

interactions and conformational motions of proteins and nucleic acids, but to faithfully 

deconvolute the information obtained from several fluorine probes it is imperative to assign 

their resonances unambiguously.

Common strategies to assign 19F resonances of fluorinated amino acids rely on the use of 

site-directed mutagenesis of the relevant residue, or residues in the immediate vicinity of the 

fluorine bearing residue7. More sophisticated approaches include the HCCF-COSY 

experiment54, heteronuclear NOESY (HOESY) between 19F and 1H resonances55, 

experiments that exploit the scalar coupling between the fluorine nucleus and adjacent 

aromatic protons56 and solvent-induced isotope shift experiments to evaluate solvent 

accessibility57,58. A new approach, inspired by the aromatic 19F-13C TROSY, could take 

advantage of the slow relaxation of the 19F-bonded aromatic 13C, by correlating the 13C and 

not 19F resonances to nearby aromatic carbons through scalar coupling. Using a combination 

of Total Correlation Spectroscopy (TOCSY) and Correlated Spectroscopy (COSY) transfers, 

the carbon that is connected to 19F could be correlated to the backbone carbon. Alternatively, 

magnetization transfer from fluorine to neighboring protons either using scalar couplings or 

dipolar couplings could be used to derive assignments. The correlated proton could then be 

used for further correlation to nearby heteronuclei through scalar couplings. We envision this 

experiment to be implemented as a 4-dimensional experiment, where an aromatic 19F-13C 

TROSY would be correlated using heteronuclear dipolar couplings (HOESY) to a 1H-15N or 
1H-13C spectrum. For large proteins, specific methyl-labeling could be employed to improve 

resolution. This method would require assignment of at least the methyl resonances of a 

protein and some prior knowledge of the structure. Gratifyingly, the assignment of 1H-13C-

labeled methyls does not require backbone assignment59,60. In certain cases a homology 

model will be sufficient to identify the correct correlations and distances measured between 

aromatic fluorines and methyl protons could even be exploited in structure calculations.

Fluorinated nucleic acids are synthesized either with solid-phase synthesis43, or – in case of 

RNA – with T7 RNA polymerase catalyzed in vitro transcription61 and in some cases in 
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vivo62. Solid-phase synthesis of fluorine labeled nucleic acids facilitates assignment, 

because the substitution pattern is freely chosen. However, as the number of nucleotides that 

require assignment increases, assignment by single nucleotide labeling can become 

cumbersome. For the assignment of in vitro or in vivo transcribed fluorinated RNAs, site-

directed mutagenesis can be applied. Assignment of fluorine resonances in fluoropyrimidine 

substituted RNA can further be achieved by measuring long-range 5J(H1’,F) couplings to 

anomeric H1’ protons with 1H-19F heteronuclear multiple bond correlation (HMBC) 

spectroscopy1,63. These measurements can be complemented by 19F,19F-nuclear Overhauser 

effect spectroscopy (NOESY) and 19F,1H-heteronuclear NOESY (HOESY) experiments42. 

The long-range HMBC experiment benefits from the low sensitivity of the ribose H1’ 

chemical shift to fluorine substitution of the nucleobase, allowing the transfer of H1’ 

assignments obtained on non-fluorinated samples. The introduction of 19F-13C labeled 

fluoropyrimidines121 will further simplify the assignment process, as a 13C nucleus in the ~ 

1.5 Hz 5 J(H1’,F) coupling network will most likely provide for a stronger 4-bond coupling 

4 J(H1’,13C). In large nucleic acids, the slow relaxation of the 13CF TROSY component 

would provide a slowly relaxing probe, coupled to the ribose H1’, which would be favorable 

for assignment and structural and functional characterization.

To assign 2-fluoroadenine, Sochor et al. correlated the fluorine signals to the selectively 

shifted imino proton resonances of their Watson-Crick base paired uridine counterparts with 

a 19F,1H HOESY experiment64. For applications to larger nucleic acids, this approach too 

could benefit from expansion to a third 13C dimension.

Application of the 19F-13C TROSY to observe the interactions of fluorine-

labeled biomolecules:

The exquisite sensitivity of fluorine nuclei to their surroundings, coupled with their sparsity 

on proteins and nucleic acids carrying fluorine substituted aromatic amino acids or 

nucleobases, make them particularly well suited for the observation of weak interactions and 

as probes in drug discovery screens. In particular, the value of proteins labeled with 

fluorinated aromatic amino acids has been recognized in NMR-based drug discovery 

programs. Reflecting this, a protein-observed 19F NMR assay, abbreviated PrOF NMR, was 

invented for fragment-based ligand discovery (FBLD) and structure-activity relationship 

(SAR) studies65. This approach was recently reviewed by Arntson et al.66, and Divakaran et 

al.65 and therefore we will restrict our discussion of the method to a brief overview.

In PrOF NMR, one type of aromatic amino acid is ubiquitously substituted for its fluorine-

bearing analogue and the fluorine nuclei serve as probes for ligand binding. The chemical 

shifts of the fluorine resonances are highly sensitive to the electronic environment, a 

property that is leveraged by PrOF NMR to detect weak ligand binding. In the context of 

fragment screening PrOF NMR permits the measurement of dissociation constants for 

compound ranking and the assignment of 19F resonances facilitates the determination of the 

binding site. However, in certain instances, incorporation of fluorinated amino acids can 

prevent ligand binding and the sparse occurrence of aromatic amino acids means that 
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coverage of the receptor may be incomplete65. Thus, PrOF NMR based screens are best 

applied as a complementary strategy to 1H based screening67.

While the lack of aromatic amino acids on certain surfaces of a protein can be an 

inconvenience, the binding sites of most proteins are enriched for aromatic amino acids66. 

Importantly, this also applies to GPCR micro-switch regions68, where highly conserved 

NPXXY69, CWXP and DRY micro-switch motifs govern the switch between active and 

inactive conformations68. A particularly intriguing aspect of PrOF NMR is the opportunity 

to screen in protein mixtures65. This approach was demonstrated for two small proteins, 

where a limited number of aromatic fluorine resonances was well resolved in 1D 19F 

spectra70. It could be easily expanded to mixtures of more or larger proteins, by introducing 

distinct fluorinated aromatic amino acids in different proteins, taking advantage of the large 

fluorine chemical shift variations between fluorine substituted aromatic amino acid side 

chains. Chemical shifts for a set of fluorine substituted aromatic amino acids in aqueous 

solution collected by Dürr et al.71 are shown in Table 1. The chemical shifts of single 

fluorine substituents on the phenyl ring appear around −115 ppm and do not show much 

variation, but the proximity of the fluorine nucleus to the hydroxyl-group in 3-fluorotyrosine 

induces a ~20 ppm shift. 5-fluorotryptophan and 6-fluorotryptophan resonances appear 

between −122 ppm and −124 ppm. These differences facilitate the design of screens in 

complex systems featuring several fluorinated proteins. For further reading, excellent 

solution and solid state parameters for 19F NMR are given by Dürr et al.71, Grage et al.72, 

and Ycas et al.73

Nonetheless, with increasing protein size the number of aromatic amino acids increases and, 

driven by the large CSA of aromatic fluorines, the signals broaden rapidly due to relaxation. 

Consequently, while careful design with distinct fluorinated amino acids can enable the 

differentiation of alternately labeled proteins, resolving fluorine resonances of any given 

kind quickly becomes challenging.

On the other hand, careful choice of the fluorine substituted amino acid in combination with 

the 19F-13C TROSY will enable the screening of multiple challenging targets in the same 

sample. To screen two homologous proteins with identical binding sites, labeling with 3-

fluorotyrosine and 2-fluorotyrosine, respectively, would provide a strategy to screen for 

allosteric inhibitors that selectively induce a conformational change in one of the two 

homologues. However, it is important to note that labeling with distinct fluorine substituted 

amino acids can affect protein structure and function differently. For instance, the 2-

fluorotyrosine substitution is more conservative than the 3-fluorotyrosine substitution, as 

introducing a fluorine next to the hydroxyl-group has a substantial polarizing effect on the 

latter73. Due to the background free nature of fluorine NMR, it is easily conceivable to 

design such a screen in cell lysates, thereby moving the conditions of the screen closer to 

physiological conditions.

The strategies discussed above are not unique to proteins and can be easily implemented to 

screen small molecule inhibitors of nucleic acids as well. 19F NMR of nucleic acids is 

excellently suited for the identification of site-specific binders49, and a 19F-13C TROSY 

approach in combination with variations of the fluorine position on a nucleobase, or the use 
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of different fluorine-labeled nucleobases would provide excellent opportunities for the 

design of screens and counter screens in the same sample. As the potential of targeting 

RNAs with small molecules is increasingly recognized74, the introduction of the 19F-13C 

TROSY to 19F-RNA observed drug discovery will increase the number and size of RNA 

targets that can be screened simultaneously and provide site-specific information on binding.

Monitoring dynamics and chemical exchange of proteins and nucleic acids:

Structural changes of proteins and nucleic acids on micro-to-millisecond timescales, such as 

conformational rearrangements that provide access to ligands75,76, conformational sampling 

of ligand bound conformations and conformational changes induced by allosteric binding, 

are critical to the function of biomolecules and drug discovery77–79. NMR spectroscopy is 

unique in that it can study these dynamic processes in a time-resolved manner at atomic 

resolution. The observables in these experiments are isotropic chemical shifts, which 

experience chemical exchange modulated by distinct conformational states of 

biomolecules80 or direct ligand binding35. The importance of dynamics in protein function 

and the role of NMR in studying these processes was recently reviewed by Tokunaga et al.
81, and Alderson et al.82.

The sensitivity of fluorine nuclei to small changes in their environment makes them 

excellent probes for the investigation of chemical exchange, enabling detailed studies of 

complex biological processes, such as enzyme catalysis83 or protein folding82. To monitor 

exchange processes that occur on the microsecond-to-millisecond timescale, chemical 

exchange saturation transfer (CEST) and relaxation dispersion (RD) experiments have 

recently gained popularity35,78. Applied to 15N and 13C nuclei, CEST resolves slower, 

millisecond (2.5 ms to 50 ms) dynamics78,84 and RD is generally used to resolve dynamics 

in the range of 40 μs – 5 ms77,85.

RD experiments track the dependence of the effective transverse relaxation rate, R2,eff, on 

the frequency of chemical shift refocusing pulses77. If the magnetic environment of the 

observed nucleus is altered by a chemical event (such as ligand binding) or a conformational 

kinetic process (e.g. a conformational rearrangement), then its chemical shift will oscillate 

between these magnetically distinct environments. Consequently, if the exchange process 

occurs on a timescale that can be refocused with a Carr-Purcell-Meiboom-Gill (CPMG) train 

of refocusing pulses, then the effective transverse relaxation rate will depend on the 

frequency of the refocusing pulses and reveal information about the exchange rate, the 

population of states, and the chemical shift difference between the states35,81. This implies 

that in order to access faster motions, the frequency of spin-lock pulses must be increased, 

which can lead to unwanted heating effects. This has historically limited the accessible 

timescale to 40 μs for 15N nuclei85. With modern cryogenically cooled instrumentation, the 

pulsing frequency can be accelerated and is only limited by the length of the spin-lock pulse 

that is used to refocus chemical exchange, achieving pulsing rates of 6.4 kHz for 15N, 16 

kHz for 13C and 40 kHz for 1H86. Pulsing up to this frequency gives access to motions as 

fast as 3 μs for 1H nuclei87 and under super-cooled conditions even nanosecond timescale 

motions have been observed88. Fluorine pulse lengths are comparable to those of 1H and 

thus RD experiments with close to 40 kHz pulsing frequency should be achievable. The 
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extreme sensitivity of fluorine to its environment increases chemical shift variance and 

therefore the observable exchange contribution to RD, when compared to 1H nuclei. This 

can be exploited to push the boundaries further in detecting weak binding and lowly 

populated ‘invisible’ conformations. One-dimensional 19F NMR RD experiments have 

already provided exciting insights into protein function, by sampling dynamics on the low μs 

timescale4,83.

CEST is a complimentary experiment to RD, but provides information about chemical 

exchange in a slower time-regime. A very weak magnetic field is used to scan the 

spectrum77 (in this case 19F), while the magnetization remains parallel to the main magnetic 

field. Consequently, CSA induced relaxation effects do not affect CEST experiments. 

Resonances corresponding to excited/lowly populated states are not visible, but the effect of 

their saturation is observed on the ground state resonance. The reduction of the observed 

magnetization of the ground state, when the excited state is saturated, reports on the kinetics 

and thermodynamics of the exchange process and the chemical shift of the excited state78. 

The sensitivity of the 19F chemical shift is an added advantage for 19F-CEST experiments.

With the introduction of the 19F-13C TROSY, fluorine NMR RD and CEST experiments 

have become accessible for large proteins and nucleic acids. Using pulses designed through 

optimal control theory to reduce the radio frequency power required to excite resonances 

dispersed over a large chemical shift range, as demonstrated by Coote et al.89, we should be 

able monitor interactions and dynamics of several dozen fluorinated small molecules, 

aromatic amino acids and nucleobases simultaneously. Thus, fluorine NMR presents an 

excellent tool for the newly emerging field of systems NMR90, where nucleic acids, proteins 

and small molecule metabolites or ligands are monitored in a single sample. This is 

illustrated in figure 3, where the hypothetical binding of small molecules decorated with 

aromatic and aliphatic fluorines is monitored in a single-sample with a ubiquitously 19F-13C 

uracil labeled RNA molecule and a 19F-13C tyrosine labeled protein. The power of 

monitoring large nucleic acid-protein complexes in the same sample was recently 

demonstrated with elegant 1H-13C methyl TROSY experiments91.

In the hypothetical experiment shown in figure 3a, small molecule binding occurs on the fast 

exchange timescale35 and can be monitored in the form of chemical shift perturbations in 1D 
19F spectra of the small molecules (Fig. 3b) and 2D 19F-13C TROSY spectra of the 

biomolecules in the same sample (Fig. 3c and 3d). In the illustration, the interaction between 

the RNA and the protein occurs on a millisecond timescale and the bound states of both 

biomolecules remain invisible. However, the binding event, its kinetics and the interacting 

interfaces, can be identified from CEST experiments (Fig. 3c). Complex formation induces a 

microsecond timescale conformational rearrangement on the protein, which is monitored 

with an RD experiment (Fig. 3d). Since fluorine NMR is background free, these experiments 

are also thinkable in cellular or nuclear extracts or even in living cells.

In addition to the systems NMR approach, a multiplex mode of this experiment could be 

designed. Here, taking advantage of the subdivision of fluorine signals of distinct fluorine 

substituted molecules, independent reactions or interactions could be monitored in the same 

sample and with the same experiments.
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Ligand observed fluorine NMR:

A major challenge in in vitro drug discovery relates to the unpredictable behavior of small 

molecules and their fragments in assay conditions. Small molecules can self-assemble into a 

variety of nanoentities and colloidal aggregates92 and this propensity is determined by the 

exact assay conditions, such as ionic strength, solubilizing detergents, pH and temperature. 

In a typical fragment-based drug discovery (FBDD) screen or during hit validation after an 

in-silico or high-throughput screen, hundreds to thousands of fragments or small molecules 

are evaluated for binding to a receptor interface. Yet, and this is especially true for 

compounds coming from in-silico and high-throughput screens, the actual hit rate depends 

largely on the behavior of the ligand in the conditions chosen for screening. This can 

significantly influence the outcome of a screen, by masking some of the best binders or 

enhancing the affinity of ligands that do not perform as well under physiological conditions. 

Thus, a ligand that does well under assay conditions optimized for the receptor and the 

experimental method, might form aggregates under physiological conditions and compounds 

with excellent properties under physiological conditions are easily missed due to poor 

solubility under assay conditions. This leads to a large number of false positives and false 

negatives in drug discovery screens.

The background free nature of fluorine NMR offers a strategy to address this problem. 

Fluorine NMR screens can be carried out in complex conditions designed to mimic the 

interior of a cell, the cell culture medium from which the drugs will be supplied to cells in 

cell-based experiments, or even blood. Elegant, ligand observed screening strategies have 

been developed for fluorine NMR. In fluorine reporter assays, weakly binding fluorinated 

ligands act as ‘spy-reporters’93,94, who take advantage of the large CSA of fluorine, which 

enables the detection of binding even at a very low fraction of bound spy molecules94. The 

sensitivity of the method to weak binders improves at lower spy molecule concentrations, 

which is crucial for the identification of fragments from fragment screening programs. n-

FABS (n Fluorine Atoms for Biochemical Screening) – a powerful method for substrate- or 

cofactor- based fluorine NMR screening94, was developed to address the low sensitivity of 

NMR experiments. Analogous to site-specific protein-labeling, CF3 groups (3-FABS) are 

introduced into the scaffold of known substrates or cofactors to generate a sharp singlet 

signal of three magnetically equivalent fluorine atoms. Signal intensity can be further 

improved with the introduction of additional magnetically equivalent CF3 groups (n-

FABS)95. Comprehensive reviews on ligand-based fluorine NMR screening were recently 

published by Dalvit and co-workers96,97.

Beyond the utilization of 19F NMR for screening and the use of fluorine as a reporter 

moiety, it is also worthwhile to consider the direct monitoring of fluorinated small 

molecules. 19F nuclei are easily and routinely incorporated into analogue series during 

structure-activity relationship studies, as chemists thrive to take advantage of their unique 

properties affecting adsorption, biodistribution, metabolism and excretion98. As a 

consequence, over 50% of ‘blockbuster’ drugs harbor 19F nuclei99, including the 

cholesterol-lowering drug atorvastatin (Lipitor)100 and the anti-depressant fluoxetine 

(Prozac)101. This can be exploited for the investigation of these compounds in complex 

biological systems. To illustrate this, we measured 1D 19F fluorine NMR spectra of 50 μM 
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atorvastatin and 50 μM fluoxetine in Dulbecco’s Modified Eagle Medium (DMEM), a 

frequently used medium to culture mammalian cells, with and without fetal bovine serum 

(FBS) (Figure 4). Strong signals can be seen for both compounds with signal to noise (S/N) 

ratios of 63 and 253 for atorvastatin (Fig. 4A and B, blue) and fluoxetine (Fig. 4C and D, 

red), respectively. The atorvastatin signal is weaker due to the presence of a single fluorine 

atom as opposed to a CF3 group on fluoxetine. In addition, couplings to adjacent protons 

introduce splitting in the atorvastatin spectrum. This could in principle be addressed with 1H 

decoupling, which was not applied here.

Addition of FBS results in significant peak broadening in both spectra, leading to S/N ratios 

of 14 and 34 for atorvastatin and fluoxetine, respectively. This means that both compounds 

bind to one or more components of FBS. At least one of these interaction partners of both 

compounds has been previously identified as bovine serum albumin102,103, which is a major 

component of FBS. Serum albumins are important carrier proteins in the blood, influencing 

transportation, distribution and metabolism of small molecules and drugs103. Since 

biological systems lack the 19F nuclei (background free), the same experiment that we 

conducted in cell culture media is easily transferable to plasma or even blood and could be 

used to evaluate the binding of drug-candidates to biomolecules in these media.

Small molecule interactions with proteins in the blood play a variety of roles, including 

protection from oxidation, in vivo drug distribution, pharmacokinetic and pharmacodynamic 

properties104, the regulation of cellular uptake105 and targeted delivery to organs, solid 

tumors and inflamed tissues106. Fluorine NMR of fluorine harboring small molecules can 

serve as a label and background free method to determine the parameters that regulate these 

processes or to screen for optimal carrier protein engagement under physiological or near 

physiological conditions. In a related approach, Krenzel and colleagues took advantage of 

the excellent resolution of 18-[13C]-oleic acid (OA) methyl peaks in 2D 1H-13C 

Heteronuclear Single Quantum Coherence experiments to detect and characterize nine 

individual binding sites on human serum albumin (HSA)108. Competition experiments 

against OA were then employed to identify the binding sites of several drugs, including 

rosiglitazone and ibuprofen. The identification of the HSA binding site of rosiglitazone 

helped explain the slow excretion of this drug from systemic circulation.

Fluorine NMR relaxation dispersion experiments could serve to determine kinetic and 

thermodynamic parameters of distinct binding events. Small molecule shuttling between 

cells and potential drug carriers and drug interactions with endogenous drug delivery 

vehicles, such as lipoproteins or albumin and their synthetic analogs could be investigated. 

These play an increasing role in clinical settings, as they can be exploited to deliver drugs to 

tumors and other targets by taking advantage of enhanced macromolecule retention in solid 

tumors and highly organized ligand-receptor recognition systems106,107. In principle, two-

dimensional 19F-13C TROSY or Heteronuclear Multiple Quantum Coherence experiments, 

in the case of 13C-19F3, groups, could provide significant resolution enhancement. However, 

the synthesis of 19F-13C labelled small molecules will only be feasible for small molecules 

that are already of elevated interest.
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It is even conceivable to go one step further and monitor interactions of fluorinated 

compounds with proteins and nucleic acids in living cells. High resolution magic angle 

spinning (HR-MAS)109 and comprehensive multiphase (CMP) NMR110 could be used to 

follow the journey of fluorinated drugs through complex multiphase structures such as plants 

and tissues111. Fluorine NMR could be a strong combination with these methods, because it 

would reduce the complexity of the signal, which might be exploited to reduce spinning 

speeds - decreasing the damage inflicted on cells and tissues - that are inherent to these 

technologies.

A particularly intriguing field of research could be the investigation of fluorinated small 

molecules in living systems with dissolution dynamic nuclear polarization (d-DNP) 

NMR112. Improvements in sensitivity would enable measurement of fluorinated molecules 

in vivo at low (non-toxic) concentrations113 and even enable molecular imaging in living 

organisms114. The expansion of 19F NMR of small molecules to a second 13C dimension, 

through novel strategies like the aromatic 19F-13C TROSY will in particular benefit from d-

DNP. The high DNP enhancement factor of 13C115, would ideally complement the slow 

transverse relaxation of aromatic 19F-bonded 13C resonances and could be exploited for the 

analysis of the interactions of small molecules in living cells and the observation of 

fluorinated drug candidates in living organisms.

Instrumentation:

In terms of instrumentation to detect 19F, there are a number of options depending on the 

vendor and the vintage of the instrument. They broadly fall into two classifications, the 

ability to do 19F NMR with 1H decoupling and without 1H decoupling. In newer style 

instruments equipped with cryogenic probes, the 1H coil can be tuned to 19F and the 

preamplifier can accommodate the 19F frequency. The best option would be a probe and 

spectrometer setup that can do 19F-detection with 1H decoupling. 1H decoupling becomes 

critical while doing 19F NMR of small molecules since the 1J(H,F) couplings can be large 

and smaller long-range J(H,F) couplings also contribute to the transverse relaxation. 1H 

decoupling is also important in RD and CEST experiments.

Conclusions:

A major limitation of biological NMR stems from the reliance on isotopic labeling for the 

analysis of large biomolecules. This has historically restricted the production of proteins 

used in NMR studies to bacterial expression in E. coli. Unfortunately, expression in E. coli 
fails for the expression of many biologically important proteins, due to the lack of an 

appropriate folding machinery and/or vast differences to mammalian cells with respect to 

posttranslational modifications. Recently, production of isotope labeled proteins in insect 

cells has gained considerable popularity116. However, the production of isotope labeled 

proteins in insect and mammalian cells remains challenging, in particular if deuteration is 

also required.

The low toxicity and good incorporation of 4- and 2-fluorophenylalanine and 2-

fluorotyrosine in proteins of mammals27,28 makes these fluorinated amino acids ideal 
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candidates for incorporation into challenging and biologically important proteins in 

mammalian cell culture. In particular, because fluorine NMR generally does not rely on 

deuteration of the labeled protein. An example of the use of fluorinated aromatic amino 

acids to investigate challenging systems was recently presented by Bai and colleagues117. 5-

fluorotryptophan labeling of cytochrome b5 (cytb5) was exploited to detect interactions of 

the cytb5 transmembrane domain with the full-length rabbit cytochrome P450 2B4 in 

peptide-based lipid nanodiscs117.

Finally, fluorine NMR spectroscopy is ideally positioned for systems NMR investigations90, 

where multiple proteins, nucleic acids and small molecules are monitored in the same 

sample simultaneously (Figure 3). The sparsity of the fluorine signal, the variability of the 

resonance frequency – by choice of fluorinated amino acid, nucleobase and fluorine position 

on small molecules – and the lack of background signal from actors that can be kept 

invisible, should facilitate the design of complex networks while minimizing the number of 

experiments required to follow the components of the network.

Mechanistic studies of fluorinated nucleic acids, proteins and small molecules in living cells 

are currently limited by spectrometer sensitivity. However, just like the development of 

direct electron-detection cameras boosted the resolution of cryo-electron microsocopy118 

and turned this technology almost overnight into a major force in structural biology, 

engineering ingenuity could, in the future, propel NMR spectroscopy and MRI to the 

forefront of mechanistic elucidation in living cells, tissues and organisms.

Materials and Methods:

Expression and purification of fluorine-labeled proteins:

BL21 (DE3) E. coli were transformed with plasmids encoding the protein G B1 domain 

(GB1; pET9d). Cultures were grown at 37 °C in a shaker-incubator in M9 minimal medium 

supplemented with 1 g/L 15NH4Cl. To achieve uniform incorporation of 4-19F 

phenylalanine, cells were first grown to an optical density of 0.5 measured at a wavelength 

of 600 nm (OD600). Then 1 g/L glyphosate was added, along with 35 mg/L 4-19F L-

phenylalanine (Alfa Aesar, 4-fluoro-L-phenylalanine, L19934), 70 mg/L L-tryptophan and 

70 mg/L L-phenylalanine or L-tyrosine. Cultures were then grown to an OD600 of 0.7–0.8 at 

which point protein expression was induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). The cultures were incubated for an additional 16 h at 25 °C to 

allow for protein expression. Cells were pelleted by centrifugation for 20 min at 4 °C at 

3,500 x g.

Cell pellets were resuspended in 40 mL of GB1 lysis buffer (50 mM Tris-HCl (pH 8.0), 350 

mM NaCl, 10 mM imidazole, 5 mM β-mercaptoethanol (β-ME)) per liter of original 

bacterial culture and lysed by sonication. Cell debris was removed from the crude lysate by 

centrifugation at 4 °C for 40 min at 33,000 x g. GB1 was purified from the resulting 

supernatant by gravity-flow affinity chromatography using 5 mL (10-mL of a 50% slurry) of 

Ni-NTA resin (Qiagen). After washing the resin with 40 mL of 50 mM Tris-HCl (pH 8.0), 

350 mM NaCl and 40 mM imidazole, the protein was eluted in an identical buffer containing 

350 mM imidazole. GB1 was then further purified using size exclusion chromatography on a 
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Superdex 75 10/300 GL (GE Healthcare Life Sciences) column equilibrated in phosphate 

buffered saline, buffer exchanged into NMR buffer (10 mM Na2HPO4 (pH 6.5), 50 mM 

NaCl, 1mM EDTA) with an Amicon® Ultra-15 centrifugal filter unit with 3000 Dalton 

nominal molecular weight limit (Millipore Sigma) and concentrated to 1.5 mM for NMR 

spectroscopy.

The 19F-13C 3-Fluorotyrosine labeled α7 single-ring of the 20S proteasome core particle 

(CP) from Thermoplasma acidophilum was prepared as described previously13.

NMR spectroscopy:

1D 19F NMR spectra of 4-19F phenylalanine labeled GB1 samples were recorded on a 600 

MHz Bruker spectrometer equipped with an AVANCE 4 console and a cryogenically cooled 

QCIF probe.

50 μM atorvastatin (TCI America, atorvastatin calcium salt trihydrate, A2476) and 50 μM 

fluoxetine (TCI America, fluoxetine hydrochloride, F0750) were prepared in DMEM 

(Gibco, cat. #11995–065) supplemented with 70 mM HEPES, 90 mM glucose and 20% 

D2O, as described by Barbieri et al.119, in presence or absence of 10% FBS (Gibco, cat. 

#10438–026).

1D 19F NMR spectra of the compounds were recorded on a 600 MHz Bruker spectrometer 

equipped with an AVANCE II console and a Prodigy TCI cryoprobe that is tuneable to 19F. 

The 1H channel was tuned to 19F and therefore 1H decoupling was not possible.

2D 19F-13C TROSYs of 1 mM proteasome single-ring α7 particle were recorded as 13C-

detected, 19F-13C out-and-stay TROSYs. 2 mM CQ (Millipore Sigma, Chloroquine 

diphosphate salt, C6628) was added from a 100 mM stock in double-distilled water. Spectra 

were recorded on a 600 MHz (1H frequency) Bruker spectrometer equipped with a 5mm 

inverse triple resonance CryoProbe (TCI, H tuneable to F) with 1H/19F, 13C and 15N 

frequencies. The 1H channel was tuned to 19F.
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Fig. 1. 
The 180-kDa α7 single-ring of the 20S proteasome CP from T. acidophilum interacts with 

the antimalaria drug chloroquine (CQ). An overlay of 19F-13C TROSYs of 1mM apo 

proteasome α7 single-ring in absence (blue) and in presence of 2 mM CQ is shown (brown). 

Both experiments were recorded at 45 °C
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Fig. 2. 
4-fluorophenylalanine replaces phenylalanine but not tyrosine. (a) 1D 19F NMR spectra of 

GB1 grown with 4-fluorophenylalanine as the source of phenylalanine (blue, sample-1) and 

tyrosine (red, sample-2), respectively. One of the two 4-fluorophenylalanine signals in the 

spectrum of sample-1 is split into two resonances of similar height, indicating slow 

exchange on the NMR timescale. The two resonances in the spectrum of sample-2 appear to 

result from 4-fluorophenylalanine incorporation into phenylalanine positions and not 

tyrosine. Peak heights are reported next to the corresponding peak positions. (b) The two 

phenylalanines in the GB1 sequence are highlighted in blue on a solution structure of 

GB1120 (PDB ID: 2j52).
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Fig. 3. 
Illustration of fluorine systems NMR. (a) Schematic of complex formation between fluorine 

substituted small molecules, a 3-19F-13C-tyrosine labeled protein and a 5-19F-13C-uracil 

labeled RNA molecule. (b) Hypothetical 1D spectra of a pool of fluorine substituted small 

molecules are shown in absence (black) and in presence (green) of binding partners. 

Resonance frequencies of two molecules shift as a consequence of binding to RNA or 

protein. (c) Schematic of a 19F-13C TROSY of the 5-19F-13C labeled uracil. 2D resonance 

frequencies are represented as blue triangles and arrows with dotted lines connect ligand free 

RNA resonances to small molecule bound frequencies (green hexagons). A broader triangle 

represents a line broadened resonance frequency and is correlated to its invisible protein-

bound counterpart (dotted lines) with a 2D 19F-13C CEST experiment. In this experiment, 

the large dip (inverted peak) corresponds to saturation at the resonance frequency of the 

ground (free) state and the smaller dip corresponds to saturation at the resonance frequency 

of the invisible (bound) state. (d) Schematic of a 19F-13C TROSY of the 3-19F-13C tyrosine 

labeled protein. Dotted lines with arrows connect the free 2D resonance frequencies (red 

squares) to the small molecule bound frequencies (green hexagons). A 2D 19F-13C CEST 

experiment correlates the line broadened free and invisible bound resonances (dotted lines) 

involved in RNA binding. Broad light red rectangles represent line broadened cross-peaks 

due to microsecond timescale conformational exchange. The kinetics of the conformational 

exchange and the resonance frequencies corresponding to the invisible state are detected 

with 2D 19F-13C RD experiments.
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Fig. 4. 
Fluorine NMR of atorvastatin and fluoxetine in DMEM. (a) Schematic representation of 

atorvastatin (Lipitor) and (b) 1D fluorine NMR spectra of atorvastatin in absence (blue) and 

in presence of 10% FBS (purple), respectively. (c) Schematic representation of fluoxetine 

(Prozac) and (d) 1D fluorine NMR spectra of fluoxetine in absence (red) and in presence of 

10% FBS (orange), respectively.
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Table 1

Fluorine chemical shifts of fluorine substituted aromatic amino acids in aqueous solution, as reported by Dürr 

et al.71 The chemical shift corresponding to the L-form of amino acids is shown where optically pure amino 

acids were used.

Fluorine substituted aromatic amino acid Isotropic chemical shift (ppm)

3-fluorotyrosine −136.70

2-fluorotyrosine* −118

4-fluorophenylalanine −115.76

3-fluorophenylalanine −113.33

5-fluorotryptophan −124.91

6-fluorotryptophan −122.18

*
An approximate value for 2-fluorotyrosine was obtained from Ycas et al.73.
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