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Mixtures of fluorinated alcohols and water can selectively stabi- by Nelson and Kallenbacl Q) suggests that electrostatic inter-
lize certain secondary structures of peptides and proteins. Suchmix-  actions may be only slightly affected by the presence of TFE
tures may also be of use in solubilizing hydrophobic or membrane-  ajthough in other systems there is evidence that TFE indee
bound proteins. We show that intermolecular dipolar interactions  5jters electrostatic interactions1). There are indications that
between the fluorine nuclei of such solvents and the protons of & q iy stapjlization arises because a fluoroalcohol strengthens hy
dissolved protein lead to readily detected “H{*F} nuclear Over- drogen bonds within the helix backbore), Hydrogen bonding
hauser effects. These NOEs can potentially provide information ’

between backbone carbonyl groups and the fluoroalcohol ma

about solvent exposure of particular groups as well as indicate the .
formation of long-lived fluoroalcohol—solute complexes. Resultsob- ~ Play arole (3, 14 and the propensity of fluoroalcohols to aggre-

tained with HEW lysozyme in solutions containing trifluoroethanol ~ gate in water solutions may be an important considerafigh (

illustrate these possibilities. © 2001 Academic Press In the course of producing conformational effects, nucleatr
Key Words: intermolecular NOE; lysozyme; trifluoroethanol; flu-  dipole—dipole interactions between fluorine spins of the fluori-
oroalcohol; TFE state. nated solvent molecules and the protons of the solute could tal

place through collisional encounters or through the formation o
long-lived complexes between solute and the fluoroalcd®)! (
INTRODUCTION For either situation, a solute proton—solvent fluorine intermolec

_ _ ulartH{*°F} NOE is reasonably expected for peptides or proteins
Mixtures of trifluoroethanol (TFE)and water were observedjissolved in water—fluoroalcohol mixtures.

nearly 40 years ago to stabilize helical conformations of pep-The first reportedH{%F} intermolecular NOE in a biolog-
tides and proteinslj. It has subsequently been shown thatg) system is from the work of Pitnest al. (17). Using cw
hexafluoroisopropgnol 'and hexafluoroacgtone hydrate cani@ghniques, these workers observed a selective 5% enhanc
even more potent in this regard. Populations of turns and Vafant of the phenylalanine protons of gramicidin dissolved in
ious g-structures may also be enhanced by fluoroalcol®)ls (TrEE when the fluorine resonance of the solvent was saturate
Fluoroalcohol-water mixtures have been used to solubilize pgfsing solutions of hen egg white lysozyme in trifluoroethanol—
tide aggregates3( 4), although with amphipathic peptides theyyater mixtures, we show here that smaller proton—fluoroalcohc
can induce self-associatio, (6). NOEs are readily detected using pulsed field gradient method

Despite much effort, there is no single agreed-upon mechgsyq that such NOEs provide an avenue for the exploration
nism that accounts for the effects of TFE and other fluorinatggoroalcohol—biomolecule interactions.

alcohols on peptide or protein structure. Specific solvation of so-
lutes (“solvent sorting”) by fluoroalcohol/water mixtures likely
is a contributor to the conformational effects these mixtures pro- METHODS
duce {7, 8). Competition between solvation of the solute by water
and by the fluoroalcohol could lead to changes in enthalpy andBasic theory for the contribution of intermolecular dipolar in-
entropy that favor the helical state in these mixtures. Heat captgractions to relaxation has been extended by Agaal. (18)
ity data underscore the importance of hydrophobic interactiotgsinclude the effects of rotational diffusion of the interacting
that are enhanced in the presence of a fluoroalcd)oMfork species in addition to encounters through translational diffu-
sion. The Ayantet al. model imagines a solute hydrogen located
. at a distancey from the center of a sphere of radiys The hy-
To whom correspondence should be addressed. Fax: 805-893-4120. E-naarlbgen is relaxed by a fluorine nucleus that is present in anothe

gerig@nmr.ucsb.edu. . . . .
2 Abbreviations used: CD, circular dichroism; HEW, hen egg white; NOES,phere of radiug- with the fluorine a distancer from the center

nuclear Overhauser effect; TFE, trifluoroethanol; SAXS, small angle x—rz_Q/f .that Spher?- Both spheres .tumble isotro_pica_lly at charactel
scattering. istic rates defined by the rotational correlation timgsand .
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Presuming that the solute is present in low concentration, relaf
ation depends on these quantities, the concentration of solve H -
and a correlation time, given byt = (ry + rg)?/(Du + Dg), 12
where Oy + Dg) is the sum of the translational diffusion co-
efficients for the solute and solvent, amd ¢ rg) is the closest °
the interacting species can approach each other. Thus, the F o0, 180,
termolecular dipolar interaction between H and F depends ¢ HHH<—“+HH{
encounters between the spheres (translational diffusion) and t
modulation of internuclear distances during these encounte
by rotational diffusion of the spheres. In the simplest case, th
fluorine and proton spins would be located at the centers «
their spheresdy and pr = 0). In that event, considerations of
the van der Waals distances for each spin would suggest tt
(ry + rg) would be~2.6 A, although other choices could be
made depending on the structural characteristics of the solute
and solvent molecules. FIG.1. A pulse sequence for collection &fi{19F} intermolecular NOEs.
It has been suggested that experimental studies of NOMisharrow bars not labeled correspond tox9pulses. Phases are cycled
should take cognizance of the polyexponential nature of spiceording Oy =(=x, ¥, =X, y, =Xy, =x, y) while ¢ =(x, X, ¥, y, =X, =X,

=Y, —y)andR=(—x, X, =Y, Y, X, —X, Y, —Y). With fluoroalcohol-containing

lattice relaxation by observing waiting times of the order OJamples the fluorindy can be relatively long compared to the mixing time

8 times the longest; of the system before recycling the expers. Fip acquisition time; the phase of the 18@ulses ensures that fluorize
iment (19). In the experiment previously proposed f¢t{1°F}  magnetization is returned to the positexis when the previous experiment
NOE detectionZ0), the proton magnetization is maintained nedg¢aves it inverted. The phasgsand R arise from the subtraction of alternate
saturation so that protoh relaxation is largely irrelevant to the scans to .Ieave the NQE and standarq CYCLOPS c_ycling of the observe puls
" . . and receiver. Alterations of the experiment to take into account the effects ©
repe_t|t|0n_ rate of the experiment. _However’ we f'”‘?' thafor radiation damping and the effects of changes in sample susceptibility as th
fluorines in fluoroalcohol-water mixtures are often in the rang@orine magnetization is shifted are indicated in the text.
of 4-5 s, suggesting a long and unproductive delay for fluorine
relaxation to take place before the experiment can be repeated.
It is likely that in most*H{!°F} NOE experiments the mixing orientation of the fluorine magnetization is altered. Strategie:
time will be significantly less than the fluorifig.We have there- are available for producing clean inversions in the presence c
fore modified the previously reported experiment to includeradiation damping41, 229. However, for the probe configura-
composite 180pulse before the start of the recovery period, a®on used in the work described here (fluorine coil exterior to
shown in Fig. 1. The phases within this composite pulse are dite proton coil) radiation damping effects did not appear to be
cled in such a way that the effect of the pulse is to leave fluorisebstantial enough to warrant taking them into account.
magnetization alone if the previous experiment finished with this The lysozyme—TFE solutions have spectral lines that are su
magnetization nearly at its equilibrium value. If the previous eficiently broad that distortions of the difference spectra due tc
periment left the fluorine magnetization inverted, the composiariations in the fluorine dipolar field were not observed. For
180 pulse rotates it so that it is closer to its equilibrium positiorsamples with narrower lines where such distortions are expecte
thus facilitating the return to its equilibrium position. If all 180 inclusion of a 90 fluorine pulse prior to or coincident with the
pulses in the sequence produce their nominal rotations of fiireal proton pulse of th&H{1°F} NOE experiment would be suf-
fluorine magnetization, this procedure means that a recycle fieient to minimize such distortion28). Should fluorin€rl; re-
lay (d;) of approximately the sum of half the mixing time pludaxation be slow enough that the experiment suggested by Fig.
the acquisition time should be sufficient to return the fluorinie appropriate, the first composite I8fluorine pulse shown
magnetization to its equilibrium position so that the experimetitere, intended to realign the fluorine magnetization to its equi
can be started anew. For typical experimental conditions, thilsrium position at the start of each scan, could be moved tc
modification reduces the time of an experiment approximatdbg coincident with the final proton pulse. This would provide a
20-fold. nearly constant fluorine contribution to the sample susceptibility
The concentrations of fluorine in the fluoroalcohol-water savhile still enabling a reduction of the total experiment time.
lutions used to induce secondary structures of peptides can b&tudies by Buclet al.(24) show that there is little effect of tri-
high—about 21 M in the case of 50% TFE/water. Dependirftuoroethanol on the tertiary structure of lysozyme, as evidence
on experimental conditions, application of thd{*®*F} NOE by proton NMR and CD spectra, up to fluoroalcohol concentra
pulse sequence shown in Fig. 1 may be troubled by radiatitans of 15% (v/v). A transition to a partially structured state
damping effects during the application of the fluorine pulses of the protein is observed at concentrations higher than this
by distortions of the accumulated difference spectra that reswith CD observations indicating an appreciable increase in se
from transient changes in sample magnetic susceptibility as thedary structure(s) at 40% TFE, along with a loss of tertiary
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structure under these conditiorsl). Hydrogen—deuterium ex-
change experiments in the presence of 50% TFE show that about
25 backbone amides in regions of the protein that are helical in
the native structure remain protected from deuterium exc:hangW63 W62 W108 Co4
with solvent. Amides in3-sheet and as3-helical region of the \ / / /
native structure are not protected against solvent exchange unc

these conditions. SAXS data indicate that the radius of gyratio

of the TFE-induced state of lysozyme is about 20% larger tha , 44

that of the native enzyme5).

RESULTS AND DISCUSSION

We have found for small molecules that the description of
intermolecular dipolar interactions provided by Ayahal.(18)
leads to calculatetH{1°F} solvent—solute NOEs in reasonable
agreement with experiments (D. Martinez, unpublished work)
For example, the solute—solvekt{1°F} NOEs for all protons of
the amino acid derivativi\ -acetyltyrosine ethyl ester (ATEE)
dissolved in TFE—water mixtures are essentially the same at
given concentration of TFE, consistent with the expected nearl
equivalent exposure of these protons to interactions with the sa
ventmolecules. Forthe 20% TFE sample attP® average slope  —~—r———r——r———rr—r—rrrrrr—rrrr—rrr—rrrer ey
of plots of observed NOEersusmixing time was %x 103sL. 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 65 6.0 5.5 pen
Diffusion coefficients of ATEE and TFE in this sample were
determined using the BPP-LED sequence ofétal.(26). Cal-
culations done using the measured diffusion coefficients and tt
model of Ayantet al. with py = pp = 0.12 A, ry=1.32 A,
re=152 A, and ;r=0.2 ns, gave a predicted slope of
9.4 x 103 s71. The agreement with experiment suggests tha
the model of Ayantet al. has validity, at least for situations
where the hydrogens of a molecule are fully solvent exposed i
all conformations.

Calculations using experimental self-diffusion coefficients
of lysozyme and trifluoroethanol @x 10® and 62 x
10°° cn? s, respectively, in 10% TFE) and the geometricaly
parameters indicated earlier showed that the TFE—protein inte
moleculartH{*°F} NOE would be expected to be positive under
all conditions of our experiments. This qualitative conclusior
was indicated even if the diffusion coefficients or radii of the
spheres were in error bi20%.

Figures 2A and 3A illustrate the results ofH{'°F} NOE
experiment with lysozyme in 10% trifluoroethanol. In 10% TFE,
all observed protein—solvent NOEs are negative, ranging fror
—0.4 to —2.2%. (TheH{*°F} NOE on the residual protons of
the CH,/CD, group of the solvent is positive in all samples
examined in this work.) Three tryptophantresonances in the J\Aﬁ

x400

9.9- to 10.3-ppm range exhibit strong dipolar interactions witt
the trifluoromethyl groups of the solvent. Based on previou:
assignments of the proton spectrum of lysozy®i& @8, these  1o.s 10.0 o5 50 85 80 75 7.0 65 50 55 pem
NOEs can be assigned to tryptophans W62, W63, and W108 as _
indicated. Similarly, a distinctive NOE at ca. 5.8 ppm possiblgof/'G' 2. Proton NMR spectra at 500 MHz of 2.5 mM HEW lysozyme in
. . . % H0O/10% DO with added trifluoroethanals (lower trace in each set)
arses from HA of cysteine C_:64 or asparaginé N59'. and*H{1°F} NOEs obtained with a mixing time of 1 s (upper trace in each set).
Some high-field methyl signals also show negati'°F} Ay samples were at pH 2.0; sample temperatures wef€2fA) 10% TFE,
NOEs in 10% TFE (Fig. 3A). Given their shifts and the previou®) 20% TFE, (C) 50% TFE.
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specific binding of the fluoroalcohol to the protein surfa@)(
Consistent with the SAXS results, the rotational correlation time
(zc) of lysozyme does not appear to change greatly in the TFE
induced state32). If the lifetime of a protein—-TFE complex is
long relative to thisr, calculations show that negative {1°F)
NOEs would be observed for lysozyme protons in the vicinity

x400 M M M v

@

FIG. 2—Continued

assignments, the NOEs in the 0.0-+4®.4-ppm range can be
assigned to methyl groups of isoleucine-28,(2§.

Increasing the fluoroalcohol concentration to 20% v/v leads t
proton spectra of the enzyme which show signals for the nativ
conformation as well as new signals, for example, near 8.2 an [\

9.8 ppm (Fig. 2B). Proton—fluorine NOEs of many of these new x833
signals are negative but now positive NOEs are evident as wel
All of the protein is in the “TFE-state” in 50% TFE. Un-
der these conditions essentially all negatfi'°F} NOEs dis-
appear, leaving small positive NOEs of ca0.1 to +0.5%

(Figs. 2C and 3C).

Negative intermoleculalH{*H} NOEs between the spins of
methanol or isopropanol cosolvents and protons at the active si
and other loci on the surface of lysozyme have been observed |
Liepinsh and colleague29, 30. These have been interpreted
in terms of site-specific interactions of these alcohols with the
protein and are consonant with neutron diffraction studies whicl
demonstrate a high occupancy binding site for ethanol (ETH 1 Ne
near residues lle-98, Trp-63, Trp-108, lle-58, Asn-59, and Ala: wmwgmmmemmrarm e ——— e  — s
107 of crystalline Iysozyme3a). 1.2 1.0 0.8 0.6 0.4 0.2 0.0 -0.4 -0.8 -1.2  ppm

Proton (.:hemical shift changes of some Iysozymg signals argiG.3. The high-field regions of the spectra shown in Fig. 2. (A) 10% TFE,
observed in the presence of TFE and have been attributed to ig£20% TFE, (C) 50% TFE.




INTERMOLECULAR NOES IN FLUOROALCOHOL-INDUCED CONFORMATIONS 273

of the lysozyme structure with the TFE solvent molecules. Al-
though assignments for the obseryet{*°F} NOEs are not yet

in hand, consideration of Figs. 2C and 3C make it clear that no
all protons of the TFE-induced conformation of lysozyme are
equivalently exposed to solvent in this conformation. The tryp-

tophan H1 for residues 62, 63, and 108 as well as a numbe
of amide protons whose signals appear in the 7.8- to 8.6-ppr
range appear to be well shielded from collisions with solvent
molecules by local protein structures.
The presence of negative{HF} NOEs with reduced mag-
nitude in 20% TFE requires some comment. Comparisons o
x833 Figs. 2A and 2B confirm that separate signals for the native an
TFE-induced state of the protein are observed under these conc
fN\/\f’”v\/\,/\M/\/W\J\//\/\f’\ tions. Observations of separate sets of resonances require that

interconversion of these states be slow on a time scale define
by chemical shift differences of spins between the native an
TFE states. A lifetime for these states of the order of a few mil-
liseconds would be consistent with the observations of resolve
signals for each (lifetime~1/(shift difference)~1/500 Hz

C  ~2 ms). We suggest that the appearance of negative NOES ¢
signals for the TFE-induced state that are observed when thel
are significant amounts of both conformational states preser
is a reflection of the interconversion of the two species. The
times scale for averaging éH{*°F} NOEs is defined by spin—
lattice relaxation times, with fast exchange averaging of NOE:
expected if the lifetime of a state is smaller tham; (33). Pro-

ton T; values of lysozyme in these samples ranged between 0.

and 1.6 s. To be consistent with our observations, the lifetime:

. of the native and TFE-induced states of lysozyme in the 20%
12 1.0 0.8 0.6 0w 0.2 0.0 -0 -0 -1z wme  TFE system must be longer tha2 ms but significantly shorter

than~1000 ms, so fast exchange (averaged) NOEs would b

present, even though separated signals are observed for ec

species.

of a protein-complexed GFgroup(s) in either the native or the

TFE-induced conformations. The negathk{*°F} NOEs aris- CONCLUSIONS

ing from the Trp-62, Trp-63, Trp-108, Cys-64, and lle-98 side

chains are thus consistent with the formation of a long-lived We have demonstrated that intermolecular NOEs between s

protein—TFE complex at an interaction site that includes thelsge protons and solvent fluorines, although often small, can b

residues and is very similar to the site(s) of complex formatioeadily detected. Studies of a test system indicate that NOE

with methanol, ethanol, and isopropanol. arising from collisional interactions as well as the formation of
The lack of observable (positive) intermolecular NOEs th&ting-lived complexes can be diagnosed. Given the continuin

arise simply from collisions of the fluoroalcohol with solventinterest in using fluorinated alcohols in studies of peptide anc

exposed hydrogens in the lysozyme/10% TFE system presymmetein conformations, this experiment could be a useful adjunc

ably is a consequence of the low concentration of the fluoroad-the more usual CD and intramolecular NOE experiments tha

cohol. The side chain of Trp-62 is considerably more exposeddre used to characterize conformation in mixed fluoroalcohol-

solvent that those of the other tryptophans which show NOBEsater systems.

The smaller solute—solvent NOE observed in this case may be

—=

FIG. 3—Continued

the result of a combination of a negative NOE generated within EXPERIMENTAL
a long-lived complex and the positive NOE that arises by way
of collisional encounters with solvent molecules. HEW lysozyme, trifluoroethanal;, and deuterium oxide

The ability to bind TFE tightly enough to evoke negativevere obtained from Aldrich—Sigma and used as received. Dis
IH{1°F} NOEs appears to be lost in the TFE-induced confotilled deionized water was used in making samples.
mation of the enzyme. The positivel{1°F} NOEs that are ob-  Protein solutions were prepared by dissolving a defined mas
served in 50% TFE probably are simply the result of collisionsf protein in a solution of 10% ED in H,O. The desired volume
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of deuterated trifluoroethanol was added and the pH of the sath-J. W. Nelson and N. R. Kallenbach, Persistence okiteelix stop signal

ple adjusted t0 2.0 by adding small amounts of 0.1 M NaOH or in the S-peptide in trifluoroethanol solutior&ipchemistry28, 5256-5261

HCI. Sample pH values reported are meter readings and weregl(‘fg?\'/I C NP 4 3. M. Scholtz. Trif hanol eff .

not corrected for isotopic or cosolvent compositions. Samplgk ¥ K- Myers, C. N. Pace, and J. M. Scholtz, ‘Trifluoroethanol effects o

. helix propensity and electrostatic interactions in the helical peptide from

were not dgga§sed. Sample pH was measured with a Marksonponyclease T1Protein Sci7, 383-388 (1998).

microcombination electrode. . . 12. P.LuoandR. L. Baldwin, Mechanism of helix induction by trifluoroethanol:
Proton NMR spectra were determined at 500 MHz using a A framework for extrapolating the helix-forming properties of peptides from

Varian Inova system and a Nalor&d/*°F probe equipped with trifluoroethanol/water mixtures back to watBipchemistry36,8413-8421

a z-axis gradient coil. Water signal suppression was by means (1997)-

of the DPFGSE methocBG). The number of scans collected13- S. Rothemund, H. Weisshoff, M. Beyermann, E. Krause, M. Bienert, C.

ranged from 5000 to 9000. (It should be borne in mind that Mu99e: B- D. Sykes, and F. D. Sonnichsen, Temperature coefficients c
amide proton NMR resonance frequencies in trifluoroethanol: A monitor

only ha!f of the collected scans lead to ?CcumUIaﬂon_Of the ot intramolecular hydrogen bonds in helical peptidesBiomol. NMR8,
NOE, with the other half providing a correction fof relaxation 93-97 (1996).

during the mixing time.) Diffusion coefficients were estimateda. M. Plass, C. Griehl, and A. Kolbe, Association behavior of selected aminc
using bipolar gradient pulses as described by &vial. (26). acid and oligopeptide derivatives with fluorinated alcohdl<Chem. Soc.
Gradient strengths were calibrated using the published diffusion Perkin Trans2, 853-856 (1995).

coefficient of HOD in DO (35) or the method described by15. D.-P. Hong, M. Hoshino, R. Kuboi, and Y. Goto, Clustering of fluorine-

. . . . - substituted alcohols as a factor responsible for their marked effects on prc
Era}[lﬁgel: aelr(g(f% rSeF(J)I(? ;?ttfqeetrr]eézxatlon times were estimated teins and peptides, Am. Chem. S0d21,8427-8433 (1999).
y inversion- very .

16. Y. Yang, S. Barker, M. J. Chen, and K. H. Mayo, Effect of low molecular
weight aliphatic alcohols and related compounds on platelet factor 4 subun
associationy. Biol. Chem268,9223-9229 (1993).

17. T. P. Pitner, J. D. Glickson, R. Rowan, J. Dadok, and A. A. Bothner-By,

. . Delineations of interactions between specific solvent and solute nuclei. £
This work was supported by the UCSB Committee on Research. D.M. ac- \R solvent saturation study of gramicidin S in methanol, dimethylsul-
knowledges fellowship support from the California Alliance for Minority Par- foxide, and trifluoroethanol. Am. Chem. So87,5917-5918 (1975).
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calculations of intermolecular NOEs. '
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