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Fluorine is widely used in the lead optimization phase of drug discovery projects. More recently, fluorine
NMR-based spectroscopy has emerged as a versatile, reliable and efficient tool for performing binding
and biochemical assays. Different libraries of fluorinated compounds, designed by maximizing the
chemical space around the fluorine atom, are screened for identifying binding fragments and for
detecting putative fluorophilic hot spots on the desired macromolecular target. A statistical analysis of
the fluorine NMR chemical shift, which is a marker of the fluorine local environment, and of the X-ray
structures of fluorinated molecules has resulted in the development of the ‘rule of shielding’. This
method could become a useful tool for lead optimization and for designing novel chemical scaffolds that

recognize distinct protein structural motifs.

The fluorine atom is very popular during lead optimization in drug
discovery. The outstanding significance of fluorine in the devel-
opment of bioactive molecules has been reviewed [1-6]. Fluorine is
the most abundant halogen in earth crust, but only about a dozen
of fluorine-containing natural compounds are known [7]. How-
ever, fluorine is frequently used in the pharmaceutical industry
and approximately 20-25% of all drugs contain at least one
fluorine atom. These include some blockbusters, for example,
Prozac (fluoxetine, depression), Celebrex (celecoxib, arthritis),
Arcoxia (etoricoxib, arthritis), Sustiva (efavirenz, anti-HIV), Janu-
via (sitagliptin, diabetes) and Lipitor (atorvastatin, dyslipidemia).
The introduction of fluorine in biologically active compounds
modulates electronic, lipophilic, steric parameters, which can
critically influence pharmacokinetic (PK) and/or pharmacody-
namic (PD) properties.

The exchange of proton with fluorine is frequently used to
enhance the metabolic stability of the molecule owing to the higher
dissociation energy of a C-F bond versus a C-H bond (the dis-
sociation energies of C-H and C-F bonds are 98.8 kcal/mol and
105.4 kcal/mol, respectively) [8].

Corresponding authors:. Vulpetti, A. (anna.vulpetti@novartis.com),
Dalvit, C. (claudio.dalvit@unine.ch)

Fluorine usually increases acidity of acids [8], and decreases
basicity of bases [9]. For example, an increased acidity of
CF3SO,NH; (pK, = 5.8) versus CH3SO,NH; (pK, = 10.8) explains
its better affinity towards carboxyanhydrase II (Ki = 10~* M versus
Ki=2 x 1073m) as the deprotonated NH, coordinates the Zn>*
[10]. A decrease in the pK, value is observed upon fluorine intro-
duction in the series CH3CH,NH, (pK,=10.7), FCH,CH,NH,
(pK,=9.0), F,CHCH,NH, (pK,=7.3) and F3CCH,NH, (pK,=
5.7). Usetul predictive rules have been developed at Roche for
tuning the pK, values of basic amine centers through o-transmis-
sion effects of fluorine, oxygen, nitrogen and sulfur functional-
ities [11].

Lipophilicity is usually increased if fluorine is in the vicinity of
basic nitrogens and if it is introduced to aromatic rings [12]. It is
also increased by both trifluoromethyl and trifluoromethoxy sub-
stituents, but single fluorine atoms might alter this parameter in
either direction. For example, it has been reported that lipophi-
licity is reduced if fluorine is close in space to oxygen, and if it is on
a saturated alkyl group.

Permeability can be increased by the introduction of fluorine in a
specific position of a lead molecule [13,14]. In particular, the
formation of intramolecular H-bond between a fluorine atom
and polar donor functionalities can result in a reduced polar
surface area, with a consequent increase in permeability.
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The introduction of fluorine can also be used to enhance binding
affinity through direct contact with the protein (by means of H-
bond interactions, lipophilic contacts and multipolar and/or anti-
parallel polar interactions), indirect contact with the protein
mediated by water molecules [15], or by preorganizing the ligand
conformation as needed for the protein recognition [16].

Finally, the fluorine has been used in NMR spectroscopy for drug
discovery applications. 1°F NMR spectroscopy has been shown to
be a powerful and sensitive method for studying the metabolism of
fluorinated drugs [17] and for performing binding and biochem-
ical assays [18], known as fluorine chemical shift anisotropy and
exchange for screening (FAXS) [19,20] and n-fluorine atoms for
biochemical screening (n-FABS) [21-25], respectively. '°F NMR-
based assays are becoming increasingly popular owing to the
versatility, robustness and reliability of the technique and several
companies and academic institutions are now investing in this
methodology.

In this article we present the combination of computational
chemistry, '°F NMR binding assay and X-ray as a powerful and
efficient practice in the use of fluorine in drug discovery. Not all
fluorine atoms are identical and, depending on the topology
around the fluorine (i.e. the different chemical local environment
in which the fluorine is embedded), both its *°F NMR chemical
shift and its type of interaction with the protein are affected. Thus,
a computational procedure was developed to encode the different
fluorine local environment in a specific fingerprint descriptor,
which is correlated to the fluorine NMR isotropic chemical shifts,
which in turn is a good indicator of the type of interactions the
fluorine is prone to make with the protein. The analysis of protein—
ligand X-ray structures present in the Protein Data Bank (PDB) [26]
and the X-ray structures of fluorinated molecules in the Cam-
bridge Structure Database (CSD) [27] support the proposed corre-
lation between the '°F NMR chemical shift and the amphiphatic
character of fluorine (i.e. its dual property to act as hydrogen bond
acceptor or as hydrophobic moiety).

9F NMR-based binding assay and library design
Fragment-based drug discovery (FBDD) represents an efficient
approach for hit identification and optimization. FBDD is now
widely recognized for its impact on drug discovery projects and is
strongly endorsed by industry in addition to academia. Recently
the US FDA has approved the first drug [28] for which there is a
clear statement that the drug originated from a fragment screening
project initiated in 2005 [29]. A large variety of biophysical tech-
niques can be applied in the initial phase of FBDD [30]. One of
these is '°F NMR ligand-based screening experiments known as
FAXS. The approach (Fig. 1) consists of first screening library(ies) of
fluorinated compounds (typically containing CF and CF3) to
identify binders (direct binding assay) [19,20,31-33].

Different types of fluorinated libraries, as depicted in Fig. 1,
can be generated by using different selection criteria. The applied
strategy for the design of a fluorinated Novartis fragment library,
named LEF, which takes into account the local environment of
fluorine, was recently described [34]. The procedure is based on a
newly developed fluorine fingerprint descriptor (F-FP-5). The F-
FP-5 descriptor was derived from the topological-torsion descrip-
tor concept [35]. All the paths consisting of one to five bonds and
only starting from the fluorine atom or CF; moiety (described as

a single dummy atom) are enumerated and encoded in finger-
prints. Each atom in the path is described by three parameters: (i)
type of element, (ii) number of = electrons and (iii) number of
heavy neighbors (not including those in the described path).
After generation of the fingerprints, the classical approaches of
similarity search (dice similarity metric) are applied for cluster-
ing the fingerprints. This approach was used for clustering the
collected fluorinated fragments from in-house and commercial
sources and for selecting a diverse set of fluorinated fragments
(Fig. 1).

Compounds with similar local fluorine-environment tend to
have similar chemical shifts. Fluorine chemical shifts are strongly
modulated by the number of oxygen, nitrogen and halogen atoms
and their positions («, B and v, i.e. path of 2, 3 and 4 bonds,
respectively) with respect to fluorine. However, the fingerprint was
extended up to seven bonds to better take into consideration long-
range effects on chemical shift. The new extended fluorine finger-
print, together with distance-weighted k-nearest neighbors (KNN)
algorithm, enables the '°F prediction of chemical shift of new CFs-
or CF-containing molecules [36].

The hypothesis at the basis of the fragment library design based
on the LEF was that fluorines are not identical and that their
chemical environments are relevant for the type of interactions
the fluorines make with the protein. Thus, in addition to classical
criteria used for designing fragment libraries (maximal global
diversity, 2D filters, possible rapid chemical elaboration), all the
different chemical topologies around fluorine are represented in
the LEF library.

The LEF library has now been expanded by using a diversity
oriented synthesis approach [37]. Fragments are synthesized start-
ing from selected scaffolds with or without fluorine and with one
to two sites of diversity amenable for parallel chemistry (LEF-DOS)
(Fig. 1). The scaffolds are decorated with building blocks with/
without containing fluorine depending, respectively, on the
absence or presence of fluorine on the scaffold.

The synthesis of ad hoc designed fluorinated fragments enables
the generation of fluorinated fragments under-represented in the
in-house and/or vendor collections. In particular, it gives the
opportunity to enhance the fragment chemical space with more
3D-like fragments [38]. The availability of close analogs in the LEF-
DOS screening library makes an initial structure-activity relation-
ship (SAR) possible. Moreover, if binders are found, an additional
focused small library can be rapidly generated in the follow-up
chemistry phase.

Another fluorinated library can be constructed by defragmenting
known ligands. The introduction of fluorine tags (e.g. CF or CF;
moieties) in the fragments originated from the defragmentation of
known ligand(s) can be carried out by ad hoc synthesis or by
selecting fluorinated analogs in the in-house and/or commercial
collections (Fig. 1).

Finally, a library of fluorinated peptides and/or fluorinated peptide
mimetics of various lengths and amino acid composition can also
be generated. The fluorine chemical shift for different fluorinated
amino acids and even the fluorine chemical shift of the same
fluorinated amino acid present in peptides with different amino
acid composition and/or length are distinct enabling the genera-
tion of large mixtures. This library is particularly relevant for the
screening of inhibitors of protein—protein interactions.
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FIGURE 1

Workflow for the screening with the '°F NMR-based binding assay. Abbreviations: HTS: high-throughput screening; ITC: isothermal titration calorimetry; LEF: local
environment of fluorine; LEF-DOS: local environment of fluorine-diversity oriented synthesis; SAR: structure-activity relationship; SPR: surface plasmon resonance.

The molecules of the fluorine libraries are tested in large mix-
tures and at low concentrations (10-50 uMm). The CF3 signals have a
threefold higher sensitivity compared with the CF signals. There-
fore the CF;-containing molecules can be tested at lower concen-
trations. However, the CF-containing molecules usually have a
higher relative sensitivity to protein binding owing to the large
observed difference in chemical shift of the fluorine signal
between the free and bound state. Typically, few thousand mole-
cules can be screened per day and a low amount of protein is
required for the screening [34] (e.g. 1 mg for a 30 kDa protein is
required for screening few thousand compounds).

Molecules of the fluorinated library binding to a protein can be
easily identified by inspecting the ’F NMR spectra recorded in the

absence and in the presence of the protein. The binding molecules
are detected by the reduction in signal intensity or even disap-
pearance of their '°F NMR resonances in the spectrum recorded in
the presence of the protein. The deconvolution is performed on-
the-fly because each '°F resonance is assigned to a specific mole-
cule in the mixture. Validation of these hits is then performed by
the addition of known ligand(s), when available.

Moreover, the screening of the fluorinated libraries is particu-
larly suitable for assessing ligandability (druggability) of new targets.
Other companies (Abbott [39] and AstraZeneca [40]) have already
used fragment based screening (FBS) as an indicator of ligand-
ability. The possibility of screening large mixtures (e.g. >30 com-
pounds per mixture) enables a substantial reduction of protein
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(a) "°F NMR-based binding assay performed with the LEF library against bovine trypsin. Only the signal of the molecule interacting with the protein is visible in the
difference spectrum (obtained by subtracting the spectra in the absence and presence of the protein) and its chemical shift enables on-the-fly identification of
fragment (1) as binder. (b) High resolution (1.15 A) X-ray structure (PDB code: 3NK8) of the NMR identified ligand in complex with bovine trypsin [42]. The short
interactions of the CF5 group with the protein are displayed with black dashed lines. Abbreviations: LEF: local environment of fluorine; PDB: Protein Database Bank.

consumption and rapid data collection. Therefore even proteins
which are difficult to be expressed or handled (e.g. membrane
proteins) can be tackled and only a limited protein production
effort is necessary for these initial feasibility studies. An example of
19F NMR-based fragment screening as a quick and efficient means
of assessing target druggability has been recently reported [41].

The technique has a large dynamic range and thus can detect
weak affinity ligands [18,30,34]. This is demonstrated in Fig. 2
which shows the identification of fragment (1) as a binder to
trypsin [42]. The fragment was inactive in an enzymatic assay
performed at one millimolar fragment concentration. Despite the
extremely weak binding affinity, the fragment was detected with
the FAXS experiment and the X-ray structure of the fragment—
protein complex was solved [42].

The validated binders identified in the direct binding assay can
then be used as ‘spy molecules’ for performing competition bind-
ing assays for subsequent screening of compounds containing (or
not) fluorine atom(s) and for measuring the binding constant of
the identified actives.

Application of 'F NMR-based competition binding assays
include (see Fig. 1):

(i) New hit finding campaign by screening additional available
libraries of compounds, [e.g. specifically designed for the
target under screening (focused-based library) or specifically
designed for the family to which the target under screening
belongs (target-based library e.g. serine protease library,
metal containing protein library, kinase library, protein-
protein interaction library, among others)] or natural

(ii)

(iii)

(iv)

product extracts. The absence of fluorine moieties in natural
products makes the '°F NMR competition binding assay
attractive for screening mixtures derived by complex natural
extracts or fractions.

Hit list triaging [i.e. high-throughput screening (HTS), hit
validation and characterization]. The use of '°F NMR
experiment has been reported in the context of a HTS triage
effort [43,44]. In one case two CF3-containing fragments
were used to probe inhibitor binding sites on an essential
enzyme target within the coenzyme A biosynthetic pathway,
phosphopantetheine adenylyltransferase (PPAT) [44]. The
two weakly binding fragments were used as spy probes to
classify HTS hits as adenosine-5'-triphosphate (ATP) site
binders versus no ATP site binders.

SAR-by-Archive (hit optimization) around the identified
fluorinated binders. At this stage close analogs or larger
molecules [45] that contain the identified binding frag-
ment(s) are collected from in-house archive or purchased.
The method enables qualitative (ranking) or quantitative
(K; determination) SAR. It should be pointed out that at this
stage the selected molecules for screening do not require the
presence of fluorine. The aim is to improve potency, in
addition to solubility, to enhance the success of protein—
ligand crystal structure determination.

Fluorine scan (i.e. the testing of isomers or close analogs
differing in the position of the fluorine moiety) to enable the
identification of the possible presence of a fluorophilic
protein environment.
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(4R)-F-proline (3S)-F-proline (8R)-F-proline
Cy-exo (Fuyia) Cs-ex0 (Fuyia) Cs-endo (Fayia)
RISDEC LEWXER LEWPAF

SCHEME 1

Cambridge Structure Database crystal structures of 3- and 4-fluoroproline derivatives: RISDEC [64], LEWXER and LEWPAF [65].

Fluorophilic protein environments

The use of a fluorine scan on tricyclic inhibitors of thrombin and
on benzimidazole inhibitors of neprilysin [46,47] enabled the map
of the fluorophilicity and/or fluorophobicity of the enzyme active
sites. Several crystal structures solved for various fluorinated inhi-
bitors in complex with thrombin and neprilysin, in addition to
extensive searches in the PDB, revealed the evidence of specific
favorable protein—fluorine interactions. Orthogonal multipolar C-
F-..C=0 interactions and C-F---H-C, close contacts were nicely
revealed during the fluorine scan of thrombin inhibitors [46].
Orthogonal multipolar interactions between the C-F and the
guanidinium group of arginine were observed during the fluorine
scan on neprilysin [47].

The optimized local diversity around fluorine in the LEF library
combined with the high sensitivity of the °F NMR ligand-based
screening experiments is an efficient approach not only for the
initial binding fragments detection, but also for probing the pre-
sence of fluorophilic protein environments. An example is the CF3
motif of compound (1) bound to trypsin. The X-ray structure
shown in Fig. 2 revealed the involvement of the CF; in polar
contacts with the catalytic Ser195 and in multipolar interactions
with the backbone carbonyl of Ser214 and Cys191 (Fig. 2) [42].

A similar 3D protein environment around a specific fluorine of
interest (i.e. making the same number and type of interactions
with the protein) can be identified in the PDB using a recently
described method [42]. All the protein sub-sites are extracted
around each ligand fluorine atom contained in the PDB and in-
house complex structures. The protein atoms at a distance smaller
than 4.2 A from each fluorine are assigned to one of eight phar-
macophoric features computed considering three main atomic
properties (w, donor and acceptor character). Three atom types
are included in the eight pharmacophoric features to describe
specific interactions involving fluorine. The use of three-point
pharmacophoric description (common practice in ligand-based
pharmacophoric generation) enables the clustering and the com-
parison of the sub-pockets in terms of the number and type of
common 3D arrangement of features.

For example, the protein environment around the fluorine atoms
of compound (1) of Fig. 2 [42] used as a query, retrieves similar sub-
pockets from structurally related proteins, such as elastase [48], but
also structurally unrelated proteins, such as BACE1, LTP1 [49] and
11B-HSD1 [50]. It is interesting to observe that in two cases the
bound ligands are fluorinated organic solvents (CF;CH,OH,
CF3COOH) suggesting that the sub-pocket under analysis signifi-
cantly contributes to the binding energy of compound (1) (i.e. is a
fluorophilic hot spot) and that the use of fluorinated solvents is
useful to identify fluorophilic protein environments.

The method is not limited to queries containing a fluorine
atom, but it can also be extended to ligands that do not contain
fluorine. In this case the virtual query is constructed by replacing in
silico the proton or other atom types with a fluorine atom at
different positions of the ligand in the protein bound crystal
structure (virtual fluorine scan) [42]. The identification of similar
fluorophilic sub-pockets in other proteins would represent an
indication that the chemical substitution of that proton or other

BOX 1

Effect of fluorine on conformational preference.

It is important to point out that the introduction of an
electronegative atom (such as O, N or F) in B position to a fluorine
atom results in a shielded fluorine (either aromatic or aliphatic). In
addition, the conformational preference of alkyl fluorine is also
affected.

The classical example is that of 1,2-difluoroalkane which prefers to
adopt a gauche conformation (e.g. AMECIE CSD code) [57]. This
effect is called the gauche effect and it can be explained based on
the o hyperconjugation involving charge transfer from the o C-H
electron donor molecular orbital (HOMO) to the o* C-F acceptor
antibonding molecular orbital (LUMO). This type of orbital
interaction is maximized when the o C-H bonds and the o* C-F
antibonds are in anti-orientation to each other. A density
functional theory (DFT) study on the origin of the fluorine gauche
effect in different substituted fluoroethanes is reported [58].
Another well-studied case is the effect of fluorine at position 4 of
proline in affecting proline pucker conformation at position 4 (C,).
Theoretical studies suggest that the driving force in the preferred
puckering is the hyperconjugation interaction (i.e. the donation
from the ¢(C3—H),x and o(Cs—H),x bonding orbitals into the
0*(C4—F),x antibonding orbitals). As a consequence, (4R)- and (4S)-
fluoroproline epimers have an opposite proline pucker
conformation preference, C4,-exo and C4-endo, respectively. Same
effect on the proline puckering is also observed by placing the
electronegative F atom at position 3 on the proline. Scheme 1
shows three of the available CSD crystal structures on 3- and 4-
fluoroproline derivatives. The fluorine substituents that favor the
C4-exo pucker, namely (4R)- and (3R)-fluorine proline result in a
preference for the trans-peptidic bond of proline [59].

The large C-F dipole drives the C-F bond to be anti-parallel to
the C=0 bond in a-fluoroamides (FCH,CONH,) with a calculated
AE = Ejs — Eyans Of +6 kcal/mol. Both the gauche effect between
the F and N in B (i.e. F-C—C-N) combined with the a-
fluoroamide (dipole—dipole effect) are relevant in controlling
peptide conformations (e.g. in B-amino acids R-CONH-CH,-
CH(F)-CONH-R'). The fluorine stereoelectronic effect has recently
emerged as a powerful means to restrict the local chain
conformation of polypeptide sequences and to drive asymmetric
organocatalysis [60,61].

894 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 17, Numbers 15/16 * August 2012

REVIEWS

atom types with fluorine could improve the binding affinity of the
starting molecule.

Nature of fluorine—protein interactions

There are various aspects that one needs to consider upon addition
of fluorine to a molecule: (i) effect on ligand conformation, (ii)
redistribution of electron density owing to polarization of cova-
lent bonds upon fluorination [8,16], (iii) inductive effect on vicinal
functional group acidity [8,9], (iv) change in desolvation [51],
among others.

Some of the widely described effects on ligand conformation
due to fluorine introduction are explained considering the elec-
trostatic and stereoelectronic properties of the C-F bond, which
has a large dipole (Box 1).

In addition to the different aspects mentioned above, the '°F
NMR isotropic chemical shift parameter has also been proposed for
the selection of the appropriate fluorine to be inserted into a
molecule [52]. The 'F chemical shift reflects the local environ-
ment around the fluorine atom and it is a marker of the character
of the C-F bond. Therefore, the dual property of fluorine as a
hydrogen bond acceptor and as a hydrophobic moiety can be
inferred from the '°F NMR chemical shift.

A correlation between the fluorine chemical shift measured in
19F NMR spectroscopy and the type of fluorine-protein interac-
tions observed in the crystal structures has been found [52].
Shielded fluorines, according to NMR chemical shift (i.e. with
increased electron density) are observed preferentially in close
contact to hydrogen bond donors of the protein suggesting the
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FIGURE 3

(a) X-ray structure of DNA polymerase  in complex with 8,y-CHF-dGTP (PDB code: 2PXI) [53] showing the intermolecular hydrogen bond involving the secondary
alkyl fluorine and the NH, of Arg183 and the plot of the F- - -N (Arg183 NH,) distance for the three displayed ligands in complex with DNA polymerase 3 [53,54] as a
function of their '°F isotropic chemical shifts [52]. (b) X-ray structure of a ligand containing a deshielded CF5; moiety in complex with cathepsin S (PDB code: 3N3G)
[62] showing the short intermolecular distance of the sulfur atom of Met71 to the CF3 moiety. (c) X-ray structure of a molecule containing a shielded fluorine atom
on a sp*-hybridized carbon showing the intermolecular hydrogen bond between fluorine and the NH of another molecule present in the same unit cell (CSD code:
HUSDEF) [63]. (d) Plot of the angle F---H-X (a;) as a function of the short intermolecular F- - -H (<2.35 A) distance (d) for the primary and shielded secondary
fluorine atoms extracted from the CSD. The best fit of the data with the straight line a; = 402 — 125%*d and the CSD codes of the different structures are displayed
[56]. Abbreviations: CSD: Cambridge Structure Database; PDB: Protein Database Bank.
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possibility of intermolecular hydrogen bond formation. An exam-
ple of a shielded secondary alkyl fluorine involved in hydrogen
bond is reported in Fig. 3a. A relationship between the °F NMR
chemical shift and hydrogen bond length, extracted from experi-
mental data [53,54], as shown in the plot of Fig. 3a, and computed
with quantum chemical methods [55], has also been derived [52].
Shorter hydrogen bond distances (i.e. stronger hydrogen bonds)
are observed with shielded fluorine atoms. On the contrary,
deshielded fluorines are found preferentially in close contact with
hydrophobic side chains, with the carbon of the carbonyl of the
protein backbone and with the sulfur atom of methionines. A CF;
moiety on aromatic ring with an alkyl ortho substitution is sig-
nificantly deshielded and, as in the example reported in Fig. 3b, is
found in close proximity to the sulfur of methionine.

Further evidence for the correlation between '°F NMR isotropic
chemical shift and close intermolecular F- - -H-X (with X = N or O)
contacts has been found by analyzing the CSD X-ray structures of
fluorinated molecules [56]. Figure 3c shows an example of a
shielded fluorine bound to a sp?hybridized carbon involved in
an intermolecular hydrogen bond with the NH of the other
molecule present in the same unit cell. The arrangement of the
intermolecular hydrogen bonds in the structure of Fig. 3c is
reminiscent of the ten-member rings of anti-parallel B-sheets. In
addition, a relationship between F- - -H distance and F- - -H-X angle
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