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1. Introduction

While traditional 1H, 13C, and 15N (HCN) solution state NMR pro-
tocols provide a wealth of data on protein structure and dynamics,
19F NMR provides a unique perspective of conformation, topology
and dynamics and the changes that ensue under biological conditions.
In particular, 19F NMR has provided insight into biologically significant
events such as protein folding and unfolding [1–3], enzymatic action
[4–6], protein–protein [7], protein–lipid [ 8,9] or protein ligand
[10,11] interactions as well as aggregation and fibrillation [12,13] in
both soluble and membrane protein systems [14–16]. 19F NMR appli-
cations are also often used to complement other biophysical tech-
niques, such as circular dichroism (CD), fluorescence, X-ray
crystallography and HCN NMR. In some cases, topological or dynamic
information can be obtained from 19F NMR studies in systems too large
or unstable for full structural analysis. In the arena of dynamics, the
large chemical shift range associated with the fluorine nucleus pro-
vides experimental access to additional motional timescales in line
shape and T2 relaxation studies. Even minor conformational changes,
which may be undetectable using HCN two-dimensional (2D) ap-
proaches, can be discerned using simple one-dimensional (1D) 19F
NMR approaches. The development of 19F reporters and fluorinated
amino acid analogs has also experienced a resurgence. The range of
probes and labeling strategies now available offer the possibility of
selective labeling via site-directed approaches or uniform biosynthetic
labeling with high yield and purity. With recent and ongoing advances
in NMR cryogenic probe technology, multidimensional NMR
assignment, and labeling approaches, it would seem that 19F NMR
may offer still greater possibilities in studies of protein structure and
dynamics.

In this review, we focus on recent progress in the application of
solution state 19F NMR to studies of protein structure, dynamics,
and function, building upon the seminal work by others extending
from the 1970s to the late 1990s [17–22]. Details regarding the
application of fluorine in solid state biomolecular NMR have been
covered recently [23]. We will begin by introducing the basic
features of fluorine NMR, followed by a survey of the range of
fluorinated labels currently in use, and a review of sample prepara-
tion procedures. We will then address some of the common 19F
NMR approaches used in protein studies and the concomitant
difficulties associated with assignment, line broadening, and
labeling. Finally we highlight several recent results, which make
use of these approaches in studies of protein folding, and ligand
binding.

1.1. Properties of the 19F nucleus and its utility in protein NMR studies

The fluorine nucleus is a spin-½ species, which exits in 100%
natural abundance and possesses a magnetogyric ratio that is
83% that of the proton. The large magnetogyric ratio translates into
both high sensitivity in 1D 19F NMR spectroscopy, and strong dipo-
lar couplings, allowing for the measurement of 19F–19F and 19F–1H
NOEs for distance restraints [24] and the study of topology and
contact with solvent [25–27]. The high sensitivity coupled with

the virtual absence of background fluorine signal is advantageous
in studies of protein complexes or in vivo applications, where sig-
nal intensity can be severely attenuated.

Perhaps the most useful attribute of 19F NMR is the inherent sensi-
tivity of the fluorine chemical shift to its local environment. The fluo-
rine chemical shift is primarily influenced by a large paramagnetic
term, making it exquisitely sensitive to local van der Waals interactions
and electrostatic fields [17]. The position of a 19F resonance relative to
the corresponding denatured chemical shift position correlates well
with burial in proteins and even slight differences in the dielectric
properties of H2O and D2O manifest themselves as different 19F chem-
ical shifts for water exposed 19F probes. The range of chemical shifts in
proteins of both fluoroaliphatic and fluoroaromatic probes, as a func-
tion of environment, is consequently �100 times larger than that of
the corresponding 1H nuclei, providing a sensitive means of studying
conformational change often without the need to resort to 2D NMR ap-
proaches to achieve separation of resonances. The 100-fold increase in
chemical shift dispersion has another advantage in studies of dynam-
ics, since frequencies are likely to be modulated to a much greater ex-
tent, making it easier to monitor weak binding, folding, enzyme
kinetics, and conformational exchange, and the related physical and
thermodynamic properties [28–30]. Moreover, the inclusion of para-
magnetic additives can render the fluorine chemical shift even more
sensitive to local environment in some cases. For example, water
soluble or hydrophobic paramagnetic shift reagents may be added
to determine topological information such as solvent exposed sur-
face area and hydrophobicity [31,32].

Fluorine probes are incorporated into proteins in a variety of ways,
as described below. In general, the substitution of a native amino acid
with a fluorinated variant, or chemical modification using a fluorinated
tag, is weakly perturbing to the global structure and function of the pro-
tein [25,33,34], or can be made so by fractional labeling [35]. While the
van der Waals radius of a fluorine atom is only 20% larger than hydro-
gen, fluorine–fluorine interactions are reinforced by the fluoro-stabil-
ization effect and introducing multiple fluorine atoms may
substantially perturb water interactions. While these effects can gener-
ally be ameliorated by reducing the fraction of fluorine, there are exam-
ples where even monofluorinated variants alter native protein
characteristics [34,36]. We therefore devote a considerable portion of
this review to current 19F labeling schemes in addition to straightfor-
ward approaches to both assessing structural and functional pertur-
bations, and minimizing deleterious effects.

2. Experimental aspects

2.1. Labels

Fluorine probes can be incorporated into proteins via one of two
ways: (1) biosynthetic, wherein the expression medium is supple-
mented with a fluorinated amino acid analog, or (2) chemical mod-
ification, where a fluorinated moiety is reacted with a given
residue or protein site. Progress with unnatural amino acids, most
notably fluorinated phenylalanine variants, has made it possible to
achieve site-specific fluorine labeling by biosynthetic means with
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