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A model for the structure stabilizing effects of fluoroalco-
hols on peptides. A new look at an old problem
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Abstract

The stabilization of helical conformations in a synthetic 21 residue peptide in aqueous solution, by addition of hex-
afluoroacetone hydrate (HFA) as a cosolvent is demonstrated using CD and NMR methods. Helix stabilization in
melittin at acidic pH is achieved at relatively low concentrations of the fluoroalcohols, 2,2,2-trifluoroethanol (TFE) or
HFA. A model for structure stabilization based on the amphipathicity of HFA is developed. The hydrophobicity of the
fluorocarbon face facilitates selective solvation of peptides, permitting folding in a sequestered, hydrophobic environ-
ment. The unique hydrogen bonding properties ot fluoroalcohols, poor acceptors and good donars, precludes solvent
invasion of peptide backbones, in contrast to water. Peptides accquire an effective ‘teflon coat’ in the proposed model.

The two major secondary structure elements in peptides and proteins, the c-helix' and the B-
sheet’, are stabilized by inter-peptide hydrogen bonds. In proteins, helices and sheets are gen-
erally shielded from the aqueous solvent, limiting solvation of CO and NH groups by preclud-
ing formation of solvent-solute hydrogen bonds. An extreme example of stabilization of secon-
dary structures in hydrophobic environments is provided by the case of transmembrane seg-
ments in integral membrane proteins. In these cases the polypeptide segments spanning the
phospholipid bilayer adopt either o-helical conformations as in the case of bacteriorhodopsin or
form B-barrels as exemplified by the porins’. The driving force for chain folding in membranes
is the formation of an extensive hydrogen bonding network. In contrast, isolated elements of
secondary structure in oligopeptides are generally unstable in aqueous solution, largely as con-
sequence of the extensive invasion of the backbone by water®. It has been known for over a
quarter of a century that addition of fluoroalcohol cosolvents results in stabilization of helical
structures in diverse peptide sequencess. 2,2,2-Trifluorcethanol (TFE) has been the most widely
used additive, while hexafluoroisopropanol (HFIP) and hexafluoroacetone hydrate (HFA, hex-
afluoropropan-2,2-diol), Figure 1, have also found use. In most studies, addition of between 15-
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FIG. 1, Structures of fluoroalcohols (a) hexafluoroacetone hydrate (HFA) or hexafluoro-propan-2,2-diol (b) hex-
afluoroisopropanol (c) 2,2,2-trifluoroethanol.
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25% (v/v) of the fluoroalcohol results in significant smbi‘lizution of sc.cund;u'y structure, most
often helices, in the presence of a large molar excess of water. Despite .lhe c,\‘tcns%vc usg (.»[
fluoroalcohol cosolvents as structure stabilizers in peptides, the mechanism by which this is
achieved has not been clearly understood™™. Recent studies in this laboratory have attempted (o
address this mechanistic issue as summarized in the following section,
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F16. 2. CD spectra of the C-terminal antigenic peptide Y-21, residues 200-219, with an additional N-terminus Tyr,
(YHACQKKLLKFEALQQEEGEE) of chicken riboflavin carrier protein, at increasing concentrations of HFA (v/v):

(0) 0%, (00) 10%, (&) 14% (%) 25%, (¥)50%. The CD spectrum in 50% TFE is also shown for comparison. (From
ref. 10).

Helix stabilization in peptides

The helix stabilising properties of HFA and TFE may be compared by their effects on a poten-
tially helix forming sequence in aqueous solutions. Addition of the fluoroalcohol cosolvents to
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a synthetic 21 residue peptide (YHACQKKLLKFEALQQEEGEE), a C-terminal fragment of
chicken riboflavin carrier protein’, results in a significant intensity enhancement of the CD
bands at 206 nm and 222 nm, diagnostic of helix formation (Figure 2). Appreciable helix in-
duction is observed by a HFA concentration of 15% v/v. A comparison of the spectra obtained
in HFA and TFE at similar cosolvent concentrations suggests that the former is a significantly
more potent helix inducer'”. Confirmatory evidence for stable helix formation is obtained from
nuclear Overhauser effect (NOE) spectra where strong successive N;H <> N;,;H NOEs are ob-
served for the segment, residues 5-18 (Figure 3). A dramatic example of the helix inducing
abilities of HFA is provided by the 26-residue, bee venom peptide, melittin (G-I-G-A-V-L-K-V-
L-T-T-G-L-P-A-L-]-5-W-I-K-R-K-R-Q-Q-NH;). Melittin has a very strongly basic C-terminus
and is positively charged at pH values < 10. As a consequence of the C-terminal cluster of
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Fic. 3. 400 MHz NOESY spectra of the Y-21 peptide (see Figure 2 legend for sequence) in 50% HFA-water, pH 3.0,
315 K. Peptide concentration S mM. Mixing time 300 ms. (From ref. 11).
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FG. 4. (left) Far UV CD spectra of melittin in aqueous solution with dilferent concentrations of HEA and THE us
additives. Peptide concentration 25 UM, pH 2.0. (right) Variation of molar ellipticity at 222 nm as a tunction of’ HEA
concentration. (inset) Variation of molar ellipticity at 222 nm as a function of TFE concentration. Note molar tluoro-
alcohol concentration are represented.

positive charges melittin is Jargely unstructured in water, at neutral and acidic pH, in the ab-
sence of strong counterions'> ™. Indeed a helical conformation in melittin at near neutral pH is
achieved only upon addition of ~200 mM phosphate'®. Figure 4 demonstrates the effeet of TEE
and HFA on melittin, in aqueous solution at acidic pH. There is a dramatic enhancement of
helicity as witnessed by the strong CD bands at 208 nm and 222 nm. In the case of melittin,
which has a strongly hydrophobic N-terminus segment, helix induction is complete between
10-20% TFE (v/v) (S. Bhattacharjya and P. Balaram, unpublished results).

The two examples presented above emphasise that the extent of helix induction and the
fluoroalcohol concentrations required for structure stabilization are indeed sequence dependent,
a feature recognized in earlier analyses of the extensive literature detailing fluoroalcohol effects
on peptide conformation. No attempt is made in this report to exhaustively catalog earlier stud-
ies on fluoroalcohols (Appropriate literature citations may be found in ref. 5 and 10).

A model for conformational stabilization

A readily gpparem feature of the HFA molecule is its potential amphipathicity. One face of the
moleculc? is ﬂuorgc?.rbon in nature and consequently hydrophobic, while the other is distinctly
hydrophilic containing the two hydroxyl groups'®. The hydrophobicity of fluorocarbons is best
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exemplitied by the “non-wettability” of polytetrafluoroethylene (TEFLON). Carbon-fluorine
bonds are also largely incapable of participating in hydrogen bonding despite the large electro-
negativity difference between the two bonded atoms. This is bome out by several analyses of
the crystal structure database which reveal that C-F bonds are extremely poor hydrogen accep-
tors"'. The ability of fluorosurfactants to micellise in aqueous solution at much lower concen-
trations than their hydrogenated analogs is clearly supportive of the hydrophobicity of fluoro-
carbon chains.

A second important feature of the fluoroalcohols is the enhanced acidity of hydroxyl group.
(pKa values are HFA, 6.58; HFIP, 9.3; TFE, 12.4; H,0, 15.3; ethanol 15.9 and isopropanol
17.1). The fluoroalcohols are therefore much better donors than water or the normal alcohols in
hydrogen bonding interactions'’.

A most important characteristic of the fluoroalcohols is the extremely poor hydrogen bond
accepting ability of the hydroxyl group, as compared to water or the normal alcohols. In TFE,
evidence for the poor hydrogen bond accepting nature was obtained in early infrared'” and
NMR " spectroscopic studies. An important consequence of this property is that the fluoroalco-
hols do not have a strong tendency to “insert” into intramolecular hydrogen bonds in peptides.
In sharp contrast water can disrupt intramolecular hydrogen bonds by invasion of the backbone,
because of its ability to participate as both donor and acceptor in hydrogen bonds'®. Fluoroalco-
hols can in fact, participate in a bifurcated hydrogen bond with a peptide carbonyl group, as a
donor, without disrupting the intramdlecular CO—HN interaction. The possibility of a coop-
erative solvent effect enhancing peptide hydrogen bond stabilities has been suggested from ab
initio molecular orbital calculations on N-methylacetamide dimers and TFE', The major phys-
icocheinical characteristics of the fluoroalcohols considered above may be used together in
formulating a model rationaliging their observed structure stabilizing effects. Figure 5 schemati-
cally illustrates a model bused on selective solvation of peptides in aqueous fluoroalcohol sys-
tems'". The hydrophobicity of the fluoroalkyl face, best exemplified in HFA, facilitates interac-
tion with non-polar amino acid sidechains. Indeed, experimental evidence for TFE-indole
complexes in water have been obtained from fluorescence investigations (R. Rajan and P.
Balaram, unpublished), where ground state complexation can be demonstrated from quenching
studies. Specific interactions between fluoroalcohol cosolvents and peptides are supported by
the observation of '"F-"H NOEs to the pheny! ring protons of Phe (8) in angiotensin Il in TFE-
water mixtures™. The fact that selective fluoroalcohol solvation of peptides is hydrophobically
driven is also suggested by the recent observation of “cold denaturation” of a synthetic peptide
helix in 8% HFIP-water™. Loss of helical structure at low temperatures is also observed for
melittin in HFA-water systems (S. Bhattacharjya and P. Balaram, unpublished).

The major feature of the model in Figure is that HFA and related systems ‘dessicate’ the vi-
cinity of the peptide backbone by selective solvation. The larger size of the fluoroalcohols as
compared to water results in the displacement of several water molecules in the hydration shell,
making the dehydration process entropically favourable®. The fluoroalcohol solvated peptides
(“teflon coated peptides™) are rendered soluble by the outer layer of hydroxyl groups. This se-
questering of the peptide in a predominantly polar environment promotes secondary structure
formation, involving intramolecular hydrogen bonds. The process formally resembles nuclea-
tion of secondary structure in proteins, within the confines of an initial globular state, driven by
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Fic 5. A schematic model for the stabilization of helical peptide concentrations in aqueous HEA, hased on selective
solvation driven by hydrophobic association of the fluoroalcohol. (From ret. 10).

hydrophobic collapse, in the early stages of folding™. The stabilization of structure by fluoro-
alcohols is not limited to helices and several recent reports address the formation of f-
hairpins™ ", Tt is clear that fluoroalcohol cosolvents can also perturb protein structures and be
effectively used to generate equilibrium, non-native structures™, Recent studies from this
laboratory provide the first example of the use of HFA as a structure modulator in proteins and
illustrate its use in generating a molten globule state of hen egg white lysozyme™. The possible
use of fluoroalcohols in effecting P-sheet to oi-helix transitions is illustrated by recent studies on
synthetic peptides®® and proteins®%. The model presented in this report should aid in the design

of ‘super structure formers® which in turn may expand the scope of ‘solvent engincaring‘"’ of
peptide and protein structures.

Acknowledgements

I am grateful to Rahul Rajan for developing this problem in my laboratory and to Surajit Bhat-
tacharjya for providing unpublished results and helpful discussions.



P.BALARAM 235

References
1. RICHARDSON, J. S., Adv. Protein Chem., 1981, 34, 167-330.
2. AURORA, R., CREAMER, T, P, J. Biol. Chem., 1997, 272, 1413-1416.
SRINIVASAN, R. AND Rosg, G. D.
3. Marsy, D., Biochem. J., 1996, 315, 345-361.
4. SCHOLTZ, J. M. AND BALDWIN, R. L., Ann. Rev, Biophys. Biomol. Struct., 1992, 21, 95-118.
5. Raian, R. AND BALARAM, P. Int. J. Peptide Protein Res., 1996, 48, 328-336.
6. CAMMERS-GOODWIN, A., ALLEN, T. J., J. Am. Chem. Soc., 1996, 118, 3082-3090.

OsLIcK, S. L., McCLurg, K. F., Leg, J. H.
AND KeEMmp, D. S.

7. BODKIN, M. J. AND GOODFELLOW, J. M. Biopolymers, 1996, 39, 367-376.

8. Van BUUREN, A. R, aND Biopolymers, 1993, 33, 1159~1166.
BERENDSEN, H. J. C.

9. GurRUNATH, R., BEENA, T. K., ADIGA, P. R, FEBS Lett., 1995, 361, 176-178.
AND BALARAM, P.

10. Rajan, R, Awastt, S, K., Biopolymers, 1997, 42, 125-128.
BHATTACHARIYA, S. AND BALARAM, P,

11, BHATTACHARIYA, S., AwasTHl, S. K, Protein Sci, 1997, submitted.
ADIGA, P. R. AnD BaLaRAM, P,

12, BeLLo, J., BELLo, H. R. anD GraNDOS, E. Biochemistry, 1982, 21, 465-469.

13, KuBoTa, S. AND YaNG, J. T. Biopolymers, 1986, 25, 1493-1504.

14, TartHaMm, A. S., Hiper, R. C. anp Biochem. J., 1983, 211, 683-688.
Draxg, AF.,

15, Howarp, J., Hoy, V. J., O'Hagan, D. Tetrahedron, 1996, 52, 12613-12622.
AND Smri, G T,

16. Duntrz, J. Do ano Tavuor, R. Chem. Eur. J., 1997, 3, 89-98.

17. CANNON, C. G. AND STACE, B, Spectrochim Acta, 1958, 13, 253-254.

18. Rao, B, D. N., VENKATESWARLUY, P, Can. J. Chem., 1962, 40, 387389,

MurThy, A. S. N. anp Rao, C.N.R.

19. KARLE, L L., FLIPPEN-ANDERSON, J. L., Proteins: Struct. Funct, Genetics, 1990, 7, 62-73.
Uma, K. AND BALARAM, P,

20, DiCapua, F. M., SWAMINATHAN, S, AND J. Am. Chem. Soc., 1991, 113, 6145-6146.
BEVERIDGE, D, 1.

21. Guo, M. anp KareLus, M. J. Phys. Chem., 1994, 98, 7104-7105.
22. PirNer, T. P., Guickson, J. D., Rowan, R.,  In Peptides:Chemistry Structure and Biology (Eds. Walter, R, and
DADOK, J. AND BOTHNER-BY, A.A. Meienhofer, J.) Ann Arbor Science Publishers Inc., 1995, pp. 159-
164,

23. ANDERSEN, N. H., CorT, I. R, L1y, Z., J. Am, Chem. Soc., 1996, 118, 10309-10310.
SIOBERG, S. J. AND TONG, H.

24. K, P. S, AND BaLpwiy, R, L. Ann. Rev. Biochem., 1990, 59, 631-660.



236

25.

26.

27.

28.

29,

30.
3L

32,

33.

EFFECTS OF FLUOROALCOHOLS ON PEPTIDES

BLANCO, F. J., JIMENEZ, M. A, PINEDA, A.
AND RiCO, M.,

RAMIREZ-ALVARADO, M., BLanco, F. 1.
AND SERRANO, L.,

SILIGARDL, G., DRAKE, A. F., MAscaGng, P,
NERI, P., Lozzi, L., NiccoLal, N. AND
Gibbons, W. A,

Buck, M., SCHWALBE, H. AND
Dosson, C. M.,

Buck, M., RaprFoRrD, S. E. AND
Dogson, C. M.,

BHATTACHARIYA, S. AND BALARAM, P.

AGGELL A., BELL, M., BopeN, N.,
KEEN, J. N., KNowLES, P. F.,
McLesy, T. C. B., PITKEATHLY, M.
AND RADFORD, S. E.

ARUNKUMAR, A. 1., KumAR, T. K. S.,
JaYARaMAN, G., SAMUEL, D. AND Yu, C.,

KvriBanov, A.,

Biochemistry, 1994, 33, R790..8798.

Nuature Struet, Biol,, 19063, 6L 612

Biovchem. Biophys. Res. Commun., VOS7, 143, T005- 101 1.

Biochemistry, 1995, 34, 13219 13232,

Biochemistry, 1993, 32, 669474,

Protein Sci., 1997, 6, 10651073,

Nature, 1997, 386, 259--262,

J. Biomaol. Struct, Stereodvn., 1996, 14, 381.-385,

Trends Biochem, Sci., 1989, 14, 141- 144,





