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Abstract 

This paper reports on the first experimental study of the intrinsic energetics of non-covalent 

fluorine bonding in a protein-ligand complex. Arrhenius parameters were measured for the 

dissociation of gaseous deprotonated ions of complexes of bovine -lactoglobulin (Lg), a model 

lipid-binding protein, and four fluorinated analogs of stearic acid (SA), which contained (X =) 

13, 15, 17 or 21 fluorine atoms. In all cases, the activation energies (Ea) measured for the loss of 

neutral XF-SA from the (Lg + XF-SA)
7-

 ions are larger than for SA. From the kinetic data the 

average contribution of each >CF2 group to Ea was found to be ~1.1 kcal mol
-1

, which is larger 

than the ~0.8 kcal mol
-1 

value reported for >CH2 groups. Based on these results it is proposed 

that fluorocarbon-protein interactions are intrinsically more stable than the corresponding 

hydrocarbon interactions. 
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Introduction 

The incorporation of fluorine substituents into pharmacologically active compounds is a 

common strategy used to improve their bioavailability, metabolic stability, and distribution [1-5]. 

Fluorination of drug molecules can also affect their non-covalent interactions with other 

molecules, notably proteins [6-10].Understanding the molecular basis of how fluorination 

influences the affinity and selectivity of protein-ligand interactions is attracting increased 

attention [8,11,12].Theoretical and experimental studies carried out on non-covalent complexes 

involving small fluorine-containing molecules indicate that fluorine can alter non-covalent 

binding either directly, through intermolecular interactions, or indirectly, through the modulation 

of the polarity of other groups that engage in intermolecular interactions [13-21].At present, the 

influence of fluorine bonding on the stability of protein-ligand complexes is unclear. A survey of 

reported crystal structures for proteins bound to fluorinated ligands revealed a large number of 

interactions between the carbon-fluorine (C-F) unit and polar and non-polar hydrogens 

[22].According to theoretical calculations performed on model systems, such interactions, 

although relatively weak, are expected to be energetically more significant than similar 

interactions involving hydrocarbons [22].However, from a detailed investigation into the binding 

of alkyl- and fluoroalkyl-substituted benzenesulfonamide ligands to human carbonic anhydrase II 

(HCA II),it was recently concluded that differences in the binding thermodynamics reflect 

differences in hydrophobic surface area and not differences in the strength of the intermolecular 

interactions [23].Here, we report on the first quantitative investigation of the intrinsic energetics 

(free from solvent effects) of fluorine bonding in a protein-ligand complex. The results of this 

study provide unambiguous evidence that fluorination of ligand alkyl chains enhances their 

intermolecular interactions with proteins. 
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Bovine -lactoglobulin (Lg), which possesses a large hydrophobic cavity [24,25], and its 

interactions with four fluorinated analogs of stearic acid (XF-SA) containing X = 13, 15, 17 or 

21 fluorine atoms(Figure S1, Supplementary Information) served as model systems for this 

study. The Arrhenius parameters for the loss of neutral ligand from the gaseous (Lg + XF-SA)
7-

 

ions were measured using Fourier-transform ion cyclotron resonance mass spectrometry and the 

blackbody infrared radiative dissociation (BIRD)technique [26,27].The nature of the 

intermolecular interactions in the gaseous (Lg + XF-SA)
7-

 ions were investigated using 

molecular dynamics (MD) simulations. 

Deprotonated gas-phase ions of the (Lg + XF-SA) complexes were readily detected by ESI-

MS performed in negative ion mode on aqueous ammonium acetate (10 mM) solutions 

containing Lg and one of the water-insoluble XF-SA ligands(initially dissolved in methanol) at 

25 °C and pH 8.5 (Figure S2, Supplementary Information). Imidazole (10 mM), which is known 

to minimize the extent of in-source (gas-phase) dissociation, was also added to each solution 

[28,29].At pH >8, Lg is known to exist predominantly as a monomer and to adopt an “open” 

structure that allows ligand access to the hydrophobic cavity [24,25].Time-resolved BIRD 

measurements were performed on the (Lg + XF-SA)
7-

 ions at temperatures ranging from 37 to 

77C. As illustrated in Figure S3, Supplementary Information, BIRD of the (Lg + X-FSA)
7-

 ions 

proceeds exclusively by the loss of neutral XF-SA, eq 1:  

(Lg + XF-SA)
7-

→Lg
7-

  + XF-SA          (1)  

Natural log plots of the normalized abundance (Ab/Abtotal) of the (Lg + XF-SA)
7-

 ions versus 

reaction time are shown in Figure S4, Supplementary Information, for each ligand investigated. 

In all cases, the kinetic plots exhibit non-linear behavior that can be described by a double 

exponential function, indicating the presence of two distinct structures. These findings are 
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consistent with those reported recently for the dissociation of the deprotonated ions of Lg 

complexes with saturated, unsaturated and branched fatty acids (FA) [30,31].In these earlier 

works, the two non-interconverting structures identified in the gas phase were designated as the 

fast and slow(dissociating) components, i.e., (Lg + FA)f
n-

 and (Lg + FA)s
n-

 ions, respectively. 

According to the results of MD simulations, the acyl chain remains buried in the hydrophobic 

cavity in both the fast and slow structures, the main structural difference being the position of the 

flexible EF loop of Lg [31]. In the (Lg + FA)f
7-

ions, the loop is in an “open” position, such that 

the FA is stabilized predominantly by protein-lipid interactions. Available experimental data 

suggest that the fast component resembles the native structure in solution[30,31].In the (Lg + 

FA)s
7-

 ions, the loop is in a “closed” position and H-bonds between the FA carboxyl group and 

Lg also contribute to the stability of the complex. Given the structural similarities of the FAs 

considered here and those investigated previously[30,31], it is reasonable to expect that similar 

structural differences are responsible for the double exponential kinetics observed for the (Lg + 

XF-SA)
7-

  ions. 

Arrhenius plots (Figure 1) were constructed from the rate constants measured for both the (Lg 

+ XF-SA)f
7-

and (Lg + XF-SA)s
7-

 ions, i.e., kf and ks, respectively, and the corresponding 

Arrhenius parameters (Ea and A) are listed in Table 1. For comparison purposes, the Arrhenius 

plots and parameters for the dissociation of the (Lg + SA)f
7-

 and (Lg + SA)s
7-

ions are also 

included [31].  Inspection ofthe Arrhenius parameters reveals that fluorination of the acyl chain 

of SA results in a significant increase in Ea values for both the fast and the slow components. A 

plot of Ea versus number of fluorine substitutions is shown in Figure 2. In the case of the fast 

component, Ea increases linearly with the number of fluorines, with each fluorine contributing an 

additional ~0.15 kcal mol
-1

. The average contribution of each >CF2 to Ea value is ~1.12 ± 0.01 
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kcal mol
-1 

for the fast component, which is 0.30 kcal mol
-1

 higher than the value (0.82± 0.04 kcal 

mol
-1

) reported for >CH2 groups [31].The linear increase in Ea with number of fluorine 

substitutions suggests that the Lg cavity presents a relatively homogeneous environment to the 

>CF2 groups. The average energetic contribution of -CF3 to the Ea of the fast component 

(estimated as the difference between the measured Eavalue and the combined energetic 

contributions of the >CF2 and >CH2 groups) is 1.85 ± 0.15 kcal mol
-1

, compared to 1.29 kcal 

mol
-1

 for the -CH3 group [30].Taken together, these results provide irrefutable evidence that Lg 

bonding to fluoroalkyl chains is energetically more favourable than to the corresponding alkyl 

chains in the gas phase. 

  No correlation between Ea and the number of fluorines in the XF-SA ligands is evident for 

the slow component. This finding is not unexpected and is consistent with results obtained 

previously for the slow components of (Lg + FA)
n-

ions composed of saturated FAs of different 

lengths or FAs with different degrees of unsaturation [30].As described above and elsewhere 

[30,31],the slow component is believed to be stabilized by both protein-lipid interactions and 

hydrogen bonding involving the FA carboxyl group and that changes in protein-lipid binding 

resulted in changes to the nature of the hydrogen bond(s). Consequently, the present results 

suggest that the degree of fluorination alters the nature of the interactions between the carboxyl 

group and Lg in the (Lg + XF-SA)s
7-

 ions.  

Shang and coworkers have calculated energies for C-F interactions representative of those 

found in protein-ligand complexes [11]. Comparison of the average energetic contribution that 

C-F makes to the Ea for the (Lg + XF-SA)f
7-

ions with the calculated energies reveals that the 

experimental value most closely resembles those found for C-F interactions with polar 

hydrogens. For example, at the MP2 level of theory and using the 6-311++G(d,p) basis set, an 
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interaction energy of 1.60 kcal mol
-1

 was found [11].Other neutral interactions suggested to be 

important in protein-ligand binding, such those involving nonpolar hydrogens or amide 

carbonyls (so-called orthogonal multipolar interactions) are too weak to account for the 

experimental results[11].
 

To probe the nature of the stabilizing intermolecular interactions in more detail, MD 

simulations were performed on the (Lg + 13F-SA)
7-

 and (Lg + 21F-SA)
7-

 ions using the Amber 

12SB force field for Lg and the general Amber force field for the ligands [32,33].Analysis of the 

trajectories shows that, for a given charge configuration, close to half the fluorine atoms form 

interactions with nearby polar hydrogen atoms associated with amino acid side chains and 

backbone amides (Figure S5, Supplementary Information). However, these interactions are 

transient (a given fluorine bond exists for only 10-50% of the trajectory) and individual residues 

can interact, in an alternating fashion, with multiple fluorine atoms (Figure S6, Supplementary 

Information). Although the individual fluorine bonds are apparently weak, their combined effects 

would, nevertheless, be expected to enhance the kinetic stabilities of the (Lg + XF-SA)
7-

 ions 

over those of the corresponding (Lg + SA)
7-

ions. The results of the MD simulations also suggest 

that the degree of fluorination of SA influences the nature of the hydrogen bonds involving the 

carboxyl group. This finding provides a qualitative explanation for the absence of correlation 

degree of fluorination on the Ea values for the(Lg + XF-SA)s
7-

ions. 

The present results clearly demonstrate that fluorocarbon binding within the hydrophobic 

cavity of Lg is energetically preferred to hydrocarbon binding. Given that there is nothing 

remarkable about the residues that make up the Lgcavity, 12 aliphatic residues (Leu58, Val41, 

Val43, Leu46, Leu54, Ile56, Leu58, Ile71, Leu87, Val92 and Leu103) and one aromatic residue 

(Phe105), it is reasonable to conclude that fluorocarbon binding inside hydrophobic protein 
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cavities will generally be energetically more favourable than hydrocarbon binding and, in the 

absence of differential solvent effects, will lead to enhanced binding in aqueous solution. If that 

is indeed the case, then the present findings would seem to argue for a refinement of the 

conclusions drawn recently by Whitesides and coworkers regarding the origin of the 

thermodynamic differences in binding of alkyl and fluoroalkyl groups to HCA II 

[23].Fluorination was found to enhance both the enthalpy and entropy of ligand binding to the 

protein. The authors concluded that these changes arose primarily from differences in the solvent 

accessible surface area of hydrocarbon and fluorocarbon moieties and not from differences in 

intermolecular interaction energies. While it is possible that in the case of HCA II the 

interactions with alkyl and fluoroalkyl chains are energetically similar, it is more likely that the 

thermodynamic differences do reflect, at least in part, a greater intrinsic stability of the 

fluorinated ligands.   

In summary, the intrinsic energetics of non-covalent fluorine bonding in a protein-ligand 

complex were measured for the first time. Fluorination of SA was found to increase the 

dissociation Ea for ligand loss from complexes with Lg in the gas phase. The average energetic 

contribution of >CF2 groups to Eais measurably larger than the value reported previously for 

>CH2 groups and relatively insensitive to position on the alkyl chain, suggesting that the Lg 

cavity presents a relatively homogeneous solvation environment to the fluoroalkyl chains. 

According to the results of MD simulations, fluorine bonding to polar hydrogens is primarily 

responsible for the stabilizing effect of fluorination. Future efforts will investigate the stabilities 

of other protein-ligand complexes in the gas phase, including those of HCA II, with the goal of 

more generally establishing the influence fluorine bonding on the thermodynamics of protein-

ligand interactions. 
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Table 1.Arrhenius parameters (Ea, A) determined for the loss of neutral ligand from the gaseous, 

deprotonated (Lg + XF-SA)f
7-

 and (Lg + XF-SA)s
7-  

ions.
a
 

Ligand Ea(kcal mol
-1

) A(s
-1

) 

 Fast 

SA 18.0  0.6 
b
 10

11.30.4 b
 

13F-SA 20.1  0.2 10
12.40.1

 

15F-SA 20.5  0.3  10
12.80.4

 

17F-SA 20.8  0.4 10
13.00.2

 

21F-SA 21.1  0.5  10
13.10.3

 

 

 
Slow 

SA 21.5  0.5 
b
 10

12.70.3 b
 

13F-SA 27.9  1.1 10
16.40.7

 

15F-SA 26.3  1.7 10
15.42.2

 

17F-SA 24.7  1.1 10
14.40.8

 

21F-SA 25.6  1.5 10
14.92.1

 

   

a. The reported errors are one standard deviation. b. Values taken from reference [31]. 
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Figure captions 

 

Figure 1. Arrhenius plots for the loss of neutral ligand from the (Lg+XF-SA)f
7-

(solid circles) and 

(Lg+XF-SA)s
7-

 ions (open circles) whereX = 0(●), 13 (●), 15 (●), 17 (●)and 21 (●).  

 

Figure 2. Plot of Ea for dissociation of the fast(●) and slow(●) components of the (Lg+XF-SA)
7-

ions versus X, the number of fluorine substitutions.  
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Figure S1.   ESI mass spectra acquired for aqueous solutions (pH 8.5, 25 °C) of Lg (15 μM) 

and (a) 13F-SA, (b) 15F-SA, (c) 17F-SA, and (d) 21F-SA. Each solution 

contained 10 mM ammonium acetate and 10 mM imidazole. 
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Figure S2.   Illustrative BIRD mass spectra measured for (a)  (Lg + 13F-SA)
7-

 at a reaction  

temperature of 61 °C and a reaction time of  30 s; (b) (Lg + 15F-SA)
7-

 at 52 °C 

and 58 s; (c) (Lg + 17F-SA)
7- 

 at 60 °C and 52 s; and (d) (Lg + 21F-SA)
7- 

 at 69 °C 

and 10 s. 
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Figure S3.   Labelled in red are the fluorine atoms in (a) 21F-SA and (b) 13F-SA that are involved in 

intermolecular interactions with polar hydrogen in Lg, as determined from MD simulations 

performed on the (Lg + 21F-SA)
7-

 ion and(Lg + 13F-SA)
7-

, respectively. The Lg residues 

that were deprotonated for this simulation were Asp
11

, Asp
28

, Asp
85

, Asp
129

, Glu
51

, Glu
112

, 

Glu
127

. (c) Representative structure of the (Lg + 21F-SA)
7-

 ion, obtained from the MD 

simulations, showing the amino acid residues involved in fluorine bonding. The 

corresponding distance and angle distributions for these interactions are shown in Figure 

S4. (d) Representative structure of the (Lg + 13F-SA)
7-

 ion, obtained from the MD 

simulations, showing the amino acid residues involved in fluorine bonding. The 

corresponding distance and angle distributions for these interactions are shown in Figure 

S5. 
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Figure S4. Distance (left) and angle (right) distributions obtained from MD simulations 

performed on the (Lg + 21F-SA)
7- 

ion. The deprotonated residues are: Asp
11

, Asp
28

, 

Asp
85

, Asp
129

, Glu
51

, Glu
112

, Glu
127

. (a) F
7
/Gln

120 
H2N (side chain), (b) F

8
/Gln

120 

H2N (side chain), (c) F
9
/Gln

120 
H2N (side chain), (d) F

10
/Asn

90 
H2N (side chain), (e) 

F
11

/Asn
90 

H2N (side chain), (f) F
14

/Asn
90 

H2N (side chain), (g) F
14

/Asn
88 

H2N (side 

chain), (h) F
15

/Asn
90 

H2N (side chain), (i) F
15

/Asn
88 

H2N (side chain), (j) F
17

/Asn
88 

H2N (side chain), (k) F
18

/Asn
90 

H2N (side chain), (l) F
18

/Lys
69 

H2N (side chain), (m) 

F
19

/Asn
88 

H2N (side chain), (n) F
19

/Lys
69 

H2N (side chain), (o) F
21

/Asn
88 

H2N (side 

chain), (p) F
21

/Asn
90 

H2N (side chain), (q) F
21

/Lys
69 

H2N (side chain). The fluorine 

numbering scheme is the same shown in Figure S3a. 
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 31 

Figure S5. Distance (left) and angle (right) distributions obtained from MD simulations 

performed on the (Lg + 13F-SA)
7- 

ion. The deprotonated residues are: Asp
11

, Asp
28

, 

Asp
85

, Asp
129

, Glu
51

, Glu
112

, Glu
127

. (a) F
4
/Leu

93 
HN (amide N), (b) F

2
/Phe

82 
HN 

(amide N), (c) F
3
/Phe

82 
HN (amide N), (d) F

1
/Val

94 
HN (amide N), (e) F

2
/Val

94 
HN 

(amide N), (f) F
3
/Val

94 
HN (amide N), (g) F

4
/Val

94 
HN (amide N) and (h) F

5
/Val

94 

HN (amide N). The fluorine numbering scheme is the same as shown in Figure S3b. 
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Figure S6. Distance (left) and angle (right) distributions for H-bonds obtained from MD 

simulations performed on the (a-c) (Lg + 13F-SA)
7- 

ion and (d-f) (Lg + 21F-SA)
7- 

ion. The deprotonated residues are: Asp
11

, Asp
28

, Asp
85

, Asp
129

, Glu
51

, Glu
112

, Glu
127

. 

(a) 13F-SA C=O/Glu
62 

OH side chain (hydrogen donor), (b) 13F-SA –OH/Asn
88 

O 

side chain (hydrogen acceptor), (c) 13F-SA C=O/Lys
60 

H2N, side chain (hydrogen 

donor), (d) 21F-SA C=O/Glu
62 

OH side chain (hydrogen donor), (e) 21F-SA 

C=O/Asn
63 

amide NH (hydrogen donor), and (f) 21F-SA -OH/Ser
36 

amide O 

(hydrogen acceptor).                    

 

 


