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Highly fluorinated amino acids can stabilize proteins1 for
potential application in various protein biotechnologies including
therapeutics2 and biosensors.3 Pioneering work to enhance protein
stability by substituting natural hydrocarbon amino acids with
fluoro-amino acids has mostly focused on helical proteins.1,4

However, the helicity of monomeric Ala-based peptides decreases
upon replacing hydrocarbon amino acids with the corresponding
fluorocarbon amino acids,5,6 suggesting that fluoro-amino acids may
be more suitable for nonhelical secondary structures such as
�-sheets. Indeed, substituting Val with trifluorovaline at a mostly
buried �-sheet position stabilized protein NTL9 by 1.44
kcal ·mol-1 · residue-1,7 larger than most of the fluoro-stabilizations
in helices.1a-i Furthermore, many proteins used for therapeutics2

and biosensors3 involve �-sheet proteins such as antibodies.
Therefore, understanding the effect of fluoro-amino acids on �-sheet
stability should facilitate the use of these amino acids in protein
biotechnologies and bioactive compounds.8 As a first step, we report
the effect of fluoro-amino acids at a solvent-exposed position in
the �-sheet of protein G B1 domain9 (Figure 1A).

An ideal host system-guest position combination for exploring sheet
propensity should have the following two characteristics: (1) high
sensitivity to mutation at the guest position and (2) minimal interference

from tertiary interactions including lateral and diagonal cross-strand
interactions. Sheet formation energetics of natural amino acids have
been determined in two hosts: zinc finger11 and protein G B1 domain
(GB1).12-14 The internal strand guest position 5312,14 of GB1 is more
sensitive than both the edge strand guest position 4413 of GB1 and
the zinc finger host-guest system.11 Apparently, cross-strand interac-
tions may not be significant in GB1 based on phage display studies.15

Many studies have focused on �-hairpins;16 however the stability of
such motifs is determined by turn stability, intrinsic sheet propensity,
and lateral and diagonal cross-strand interactions, making deciphering
the intrinsic sheet propensity difficult in �-hairpins. Accordingly, we
chose to investigate the GB1 system using the I6A T44A double mutant
to minimize possible cross-strand interactions (Figure 1A).12,14,15 The
solvent-exposed guest position 5312,14 on internal strand 4 was
systematically changed to the residues in Figure 1B.17 All the proteins
were monomeric in solution by sedimentation equilibrium;18 therefore
intermolecular interactions should not affect the stability of the proteins.

Thermal denaturation of the proteins was monitored by circular
dichroism spectroscopy (CD) at 222 nm (Figure S1).18 The high
cooperativity of GB19a has enabled the unfolding of the helix
(monitored at 222 nm) to represent the unfolding of the overall
structure and thus �-sheet.14,19 There was some variation in the
CD signal near 4 °C for the GB1 mutants, especially for GB1-Atb
and GB1-Hfl.18 Such differences have been reported with minimal
effect on GB1 bioactivity12 or structure,12,14,19 and the variations
were attributed to differences in aromatic contributions.12 To
confirm the structural integrity of GB1-Atb and GB1-Hfl, these two
proteins along with GB1-Ala and GB1-Qfl were investigated by
NMR.18 The sheet structure near the guest site for all four mutants
was consistent with the native GB1 fold9 based on chemical shift
deviations,18,20a sequential HCR(i)-HN(i+1) NOEs,18,20b and in-
terstrand NOEs.18 Furthermore, the structure of the helix for all
four proteins was also consistent with the native fold9 based on
chemical shift deviations,18,20a sequential HN(i)-HN(i+1) NOEs,18,20b

and sequential HCR(i)-HC�(i+3) NOEs.18,20b Thus, the different
CD signals for GB1-Atb and GB1-Hfl may be due to different
contributions from aromatic side chains,12 but not the lack of sheet
formation near the guest site or helix formation.

The thermal unfolding and folding of all the proteins were reversible
(Figure S1).18 The CD data were converted to fraction unfolded protein
(Figure 2). Data near the 50% unfolded for each protein were used to
obtain the Tm (Table 1)18 and van’t Hoff unfolding enthalpy and
entropy,18 which were used to derive the relative unfolding free energy
at 60 °C (∆∆Gunfold 60°C, Table 1).18 This temperature was chosen to
minimize extrapolation of the data from the Tm for each protein12 and
to enable direct comparison with literature values at 60 °C.14 The Tm

and ∆∆Gunfold 60°C for proteins with natural amino acids in the guest
position were similar to literature values.14

† The State University of New York.
‡ Haverford College.
§ National Taiwan University.

Figure 1. Panel A: ribbon diagram of protein G B1 domain9 (PDB ID:
1PGA) generated using the program Molscript.10 The guest position 53
(shown as black ball) on the internal strand 4, the immediate cross-strand
position 6 on internal strand 1, and position 44 on edge strand 3 are labeled.
Panel B: chemical structure of fluorocarbon and hydrocarbon amino acids:
(S)-5,5,5,5′,5′,5′-hexafluoroleucine (Hfl), (S)-5,5,5′,5′-tetrafluoroleucine (Qfl),
(S)-2-amino-4,4,4-trifluorobutyric acid (Atb), (S)-pentafluorophenylalanine
(Pff), glycine (Gly), L-alanine (Ala), L-leucine (Leu), (S)-2-aminobutyric
acid (Abu), and L-phenylalanine (Phe).
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Introducing fluorines onto the amino acids at the solvent-exposed
position 53 on internal strand 4 appears to stabilize GB1 based on
Tm and ∆∆Gunfold 60°C (Table 1). Replacing Phe with Pff stabilizes
GB1 by 0.34 kcal ·mol-1, whereas replacing Abu with Atb increases
the stability by 0.35 kcal ·mol-1. Furthermore, replacing Leu with
Qfl and Hfl stabilizes GB1 by 0.21 and 0.29 kcal ·mol-1, respec-
tively. The increased stability upon introducing the fluorines may
be due to hydrophobics,21a sterics,21b,c or both,21d,e because linear
correlations of ∆∆Gunfold 60°C with hydrophobicity (log P, R ) 0.812)
and size (volume, R ) 0.891) were similar (Figure S6).18

Hydrophobic side chains can facilitate backbone desolvation.21f In
contrast, large side chains can limit available backbone conforma-
tions to favor sheet formation,21b obstruct backbone-solvent
interaction,21c and shield cross-strand hydrogen bonds in the folded
form.21f The stabilization observed is less than that observed by
Raleigh upon introducing trifluorovaline at a largely buried sheet
position,7 most likely because the current study involves a solvent-
exposed position, which cannot take full advantage of burying the
highly hydrophobic fluorous side chains. Furthermore, energetics
in the current study are reported at a higher temperature (60 °C
versus 25°), which attenuates the values. The apparent discrepancy
may also be due to the difference in the shape of the fluoro-amino
acids investigated (i.e., �-branched versus non-�-branched). Nev-
ertheless, the stability of GB1 increases upon introducing fluorines
onto the amino acids at the solvent-exposed guest position 53 on
internal strand 4. This is in sharp contrast to helix formation
energetics (in Ala-based peptides), which become less favorable
upon introducing fluorines by up to 1.72 kcal ·mol-1.5,6 Overall,
fluoro-amino acids may be worthwhile building blocks to explore
for stabilizing �-sheet proteins, which are especially important for
biotechnologies such as therapeutics2 and biosensors.3
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(f) Bilgiçer, B.; Kumar, K. Tetrahedron 2002, 58, 4105. (g) Lee, K.-H.;
Lee, H.-Y.; Slutsky, M. M.; Anderson, J. T.; Marsh, E. N. G. Biochemistry
2004, 43, 16277. (h) Lee, H.-Y.; Lee, K.-H.; Al-Hashimi, H. M.; Marsh,
E. N. G. J. Am. Chem. Soc. 2006, 128, 337. (i) Woll, M. G.; Hadley, E. B.;
Mecozzi, S.; Gellman, S. H. J. Am. Chem. Soc. 2006, 128, 15932. (j) Zheng,
H.; Comeforo, K.; Gao, J. J. Am. Chem. Soc. 2009, 131, 18.

(2) (a) Kurtzman, A. L.; Govindarajan, S.; Vahle, K.; Jones, J. T.; Heinrichs,
V.; Patten, P. A. Curr. Opin. Biotechnol. 2001, 12, 361. (b) Vasserot, A. P.;
Dickinson, C. D.; Tang, Y.; Huse, W. D.; Manchester, K. S.; Watkins,
J. D. Drug DiscoV. Today 2003, 8, 118. (c) Tang, L.; Persky, A. M.;
Hochhaus, G.; Meibohm, B. J. Pharm. Sci. 2004, 93, 2184.

(3) (a) Ramsden, J. J. J. Mol. Recognit. 1997, 10, 109. (b) Baird, C. L.; Myszka,
D. G. J. Mol. Recognit. 2001, 14, 261. (c) Elia, G.; Silacci, M.; Scheurer,
S.; Scheuermann, J.; Neri, D. Trends Biotechnol. 2002, 20, S19. (d) Cooper,
M. A. Nat. ReV. Drug DiscoV. 2002, 1, 515. (e) Shah, J.; Wilkins, E.
Electroanalysis 2003, 15, 157.
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Figure 2. Fraction unfolded plotted against temperature for GB1-based
mutants. Panel A: GB1-Gly, GB1-Ala, GB1-Abu, GB1-Atb, GB1-Phe, and
GB1-Pff. Panel B: GB1-Leu, GB1-Qfl, and GB1-Hfl.

Table 1. Tm and Relative Unfolding Free Energy at 60 °C
(∆∆Gunfold 60°C) of GB1-Based Proteins

protein17 Tm (°C)
∆∆Gunfold 60°C

(kcal · mol-1)a Tm (°C)14
∆∆Gunfold 60°C

(kcal · mol-1)14

GB1-Gly 47.7 ( 0.2 -1.207 45.95 -1.21
GB1-Ala 59.2 ( 0.2 0 57.05 0
GB1-Abu 62.1 ( 0.6 0.387
GB1-Leu 63.3 ( 0.7 0.513 62.47 0.45
GB1-Phe 67.5 ( 0.6 1.073 67.68 1.08
GB1-Atb 64.9 ( 0.9 0.737
GB1-Qfl 64.9 ( 1.1 0.722
GB1-Hfl 65.9 ( 0.9 0.806
GB1-Pff 71.1 ( 0.8 1.410

a ∆∆Gunfold 60°C(GB1-Xaa) ) ∆Gunfold 60°C(GB1-Xaa) - ∆Gunfold 60°C(GB1-
Ala). ∆Gunfold 60°C(GB1-Ala) ) -0.086 kcal ·mol-1.
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