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Conformations of Peptides and Proteins
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Mixtures of fluorinated alcohols and water can selectively stabi-
lize certain secondary structures of peptides and proteins. Such mix-
tures may also be of use in solubilizing hydrophobic or membrane-
bound proteins. We show that intermolecular dipolar interactions
between the fluorine nuclei of such solvents and the protons of a
dissolved protein lead to readily detected 1H{19F} nuclear Over-
hauser effects. These NOEs can potentially provide information
about solvent exposure of particular groups as well as indicate the
formation of long-lived fluoroalcohol–solute complexes. Results ob-
tained with HEW lysozyme in solutions containing trifluoroethanol
illustrate these possibilities. C© 2001 Academic Press

Key Words: intermolecular NOE; lysozyme; trifluoroethanol; flu-
oroalcohol; TFE state.
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INTRODUCTION

Mixtures of trifluoroethanol (TFE)2 and water were observe
nearly 40 years ago to stabilize helical conformations of p
tides and proteins (1). It has subsequently been shown th
hexafluoroisopropanol and hexafluoroacetone hydrate ca
even more potent in this regard. Populations of turns and
iousβ-structures may also be enhanced by fluoroalcohols2).
Fluoroalcohol–water mixtures have been used to solubilize p
tide aggregates (3, 4), although with amphipathic peptides the
can induce self-association (5, 6).

Despite much effort, there is no single agreed-upon me
nism that accounts for the effects of TFE and other fluorina
alcohols on peptide or protein structure. Specific solvation of
lutes (“solvent sorting”) by fluoroalcohol/water mixtures like
is a contributor to the conformational effects these mixtures p
duce (7, 8). Competition between solvation of the solute by wa
and by the fluoroalcohol could lead to changes in enthalpy
entropy that favor the helical state in these mixtures. Heat ca
ity data underscore the importance of hydrophobic interact
that are enhanced in the presence of a fluoroalcohol (9). Work
1 To whom correspondence should be addressed. Fax: 805-893-4120. E-
gerig@nmr.ucsb.edu.

2 Abbreviations used: CD, circular dichroism; HEW, hen egg white; NO
nuclear Overhauser effect; TFE, trifluoroethanol; SAXS, small angle x-
scattering.
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by Nelson and Kallenbach (10) suggests that electrostatic inte
actions may be only slightly affected by the presence of TF
although in other systems there is evidence that TFE ind
alters electrostatic interactions (11). There are indications tha
helix stabilization arises because a fluoroalcohol strengthens
drogen bonds within the helix backbone (12). Hydrogen bonding
between backbone carbonyl groups and the fluoroalcohol m
play a role (13, 14) and the propensity of fluoroalcohols to aggr
gate in water solutions may be an important consideration (15).

In the course of producing conformational effects, nucle
dipole–dipole interactions between fluorine spins of the fluo
nated solvent molecules and the protons of the solute could
place through collisional encounters or through the formation
long-lived complexes between solute and the fluoroalcohol (16).
For either situation, a solute proton–solvent fluorine intermol
ular1H{19F}NOE is reasonably expected for peptides or prote
dissolved in water–fluoroalcohol mixtures.

The first reported1H{19F} intermolecular NOE in a biolog-
ical system is from the work of Pitneret al. (17). Using cw
techniques, these workers observed a selective 5% enha
ment of the phenylalanine protons of gramicidin dissolved
TFE when the fluorine resonance of the solvent was satura
Using solutions of hen egg white lysozyme in trifluoroethano
water mixtures, we show here that smaller proton–fluoroalco
NOEs are readily detected using pulsed field gradient meth
and that such NOEs provide an avenue for the exploration
fluoroalcohol–biomolecule interactions.

METHODS

Basic theory for the contribution of intermolecular dipolar i
teractions to relaxation has been extended by Ayantet al. (18)
to include the effects of rotational diffusion of the interactin
species in addition to encounters through translational di
sion. The Ayantet al.model imagines a solute hydrogen locat
at a distanceρH from the center of a sphere of radiusrH. The hy-
drogen is relaxed by a fluorine nucleus that is present in ano
sphere of radiusrF with the fluorine a distanceρF from the center
of that sphere. Both spheres tumble isotropically at charac
istic rates defined by the rotational correlation timesτH andτF.
9 1090-7807/01 $35.00
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of the protein is observed at concentrations higher than this,
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Presuming that the solute is present in low concentration, re
ation depends on these quantities, the concentration of sol
and a correlation timeτ , given byτ = (rH + rF)2/(DH + DF),
where (DH + DF) is the sum of the translational diffusion co
efficients for the solute and solvent, and (rH + rF) is the closest
the interacting species can approach each other. Thus, th
termolecular dipolar interaction between H and F depends
encounters between the spheres (translational diffusion) an
modulation of internuclear distances during these encoun
by rotational diffusion of the spheres. In the simplest case,
fluorine and proton spins would be located at the center
their spheres (ρH andρF = 0). In that event, considerations o
the van der Waals distances for each spin would suggest
(rH + rF) would be∼2.6 A, although other choices could b
made depending on the structural characteristics of the so
and solvent molecules.

It has been suggested that experimental studies of N
should take cognizance of the polyexponential nature of sp
lattice relaxation by observing waiting times of the order
8 times the longestT1 of the system before recycling the expe
iment (19). In the experiment previously proposed for1H{19F}
NOE detection (20), the proton magnetization is maintained ne
saturation so that protonT1 relaxation is largely irrelevant to th
repetition rate of the experiment. However, we find thatT1 for
fluorines in fluoroalcohol–water mixtures are often in the ran
of 4–5 s, suggesting a long and unproductive delay for fluo
relaxation to take place before the experiment can be repe
It is likely that in most1H{19F} NOE experiments the mixing
time will be significantly less than the fluorineT1.We have there-
fore modified the previously reported experiment to includ
composite 180◦ pulse before the start of the recovery period,
shown in Fig. 1. The phases within this composite pulse are
cled in such a way that the effect of the pulse is to leave fluo
magnetization alone if the previous experiment finished with
magnetization nearly at its equilibrium value. If the previous
periment left the fluorine magnetization inverted, the compo
180◦ pulse rotates it so that it is closer to its equilibrium positio
thus facilitating the return to its equilibrium position. If all 180◦

pulses in the sequence produce their nominal rotations o
fluorine magnetization, this procedure means that a recycle
lay (d1) of approximately the sum of half the mixing time plu
the acquisition time should be sufficient to return the fluor
magnetization to its equilibrium position so that the experim
can be started anew. For typical experimental conditions,
modification reduces the time of an experiment approxima
20-fold.

The concentrations of fluorine in the fluoroalcohol–water
lutions used to induce secondary structures of peptides ca
high—about 21 M in the case of 50% TFE/water. Depend
on experimental conditions, application of the1H{19F} NOE
pulse sequence shown in Fig. 1 may be troubled by radia
damping effects during the application of the fluorine pulse

by distortions of the accumulated difference spectra that res
from transient changes in sample magnetic susceptibility as
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FIG. 1. A pulse sequence for collection of1H{19F} intermolecular NOEs.
All narrow bars not labeled correspond to 90x pulses. Phases are cycle
according toγ = (−x, y,−x, y,−x, y,−x, y) while φ= (x, x, y, y,−x,−x,
−y,−y) andR= (−x, x,−y, y, x,−x, y,−y). With fluoroalcohol-containing
samples the fluorineT1 can be relatively long compared to the mixing tim
+ FID acquisition time; the phase of the 180γ pulses ensures that fluorinez-
magnetization is returned to the positivez-axis when the previous experimen
leaves it inverted. The phasesφ and R arise from the subtraction of alternat
scans to leave the NOE and standard CYCLOPS cycling of the observe p
and receiver. Alterations of the experiment to take into account the effect
radiation damping and the effects of changes in sample susceptibility as
fluorine magnetization is shifted are indicated in the text.

orientation of the fluorine magnetization is altered. Strateg
are available for producing clean inversions in the presenc
radiation damping (21, 22). However, for the probe configura
tion used in the work described here (fluorine coil exterior
the proton coil) radiation damping effects did not appear to
substantial enough to warrant taking them into account.

The lysozyme–TFE solutions have spectral lines that are
ficiently broad that distortions of the difference spectra due
variations in the fluorine dipolar field were not observed. F
samples with narrower lines where such distortions are expec
inclusion of a 90◦ fluorine pulse prior to or coincident with the
final proton pulse of the1H{19F}NOE experiment would be suf-
ficient to minimize such distortions (23). Should fluorineT1 re-
laxation be slow enough that the experiment suggested by F
is appropriate, the first composite 180◦ fluorine pulse shown
there, intended to realign the fluorine magnetization to its eq
librium position at the start of each scan, could be moved
be coincident with the final proton pulse. This would provide
nearly constant fluorine contribution to the sample susceptibi
while still enabling a reduction of the total experiment time.

Studies by Bucket al.(24) show that there is little effect of tri-
fluoroethanol on the tertiary structure of lysozyme, as eviden
by proton NMR and CD spectra, up to fluoroalcohol concent
tions of 15% (v/v). A transition to a partially structured sta
ult
the
with CD observations indicating an appreciable increase in sec-
ondary structure(s) at 40% TFE, along with a loss of tertiary
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structure under these conditions (24). Hydrogen–deuterium ex
change experiments in the presence of 50% TFE show that a
25 backbone amides in regions of the protein that are helic
the native structure remain protected from deuterium excha
with solvent. Amides inβ-sheet and a 310-helical region of the
native structure are not protected against solvent exchange u
these conditions. SAXS data indicate that the radius of gyra
of the TFE-induced state of lysozyme is about 20% larger t
that of the native enzyme (25).

RESULTS AND DISCUSSION

We have found for small molecules that the description
intermolecular dipolar interactions provided by Ayantet al.(18)
leads to calculated1H{19F} solvent–solute NOEs in reasonab
agreement with experiments (D. Martinez, unpublished wo
For example, the solute–solvent1H{19F}NOEs for all protons of
the amino acid derivativeN-acetyltyrosine ethyl ester (ATEE
dissolved in TFE–water mixtures are essentially the same
given concentration of TFE, consistent with the expected ne
equivalent exposure of these protons to interactions with the
vent molecules. For the 20% TFE sample at 25◦ the average slope
of plots of observed NOEversusmixing time was 9.5×10−3 s−1.
Diffusion coefficients of ATEE and TFE in this sample we
determined using the BPP-LED sequence of Wuet al.(26). Cal-
culations done using the measured diffusion coefficients and
model of Ayantet al. with ρH = ρF = 0.12 A, rH= 1.32 A,
rF= 1.52 A, and τF= 0.2 ns, gave a predicted slope
9.4× 10−3 s−1. The agreement with experiment suggests t
the model of Ayantet al. has validity, at least for situation
where the hydrogens of a molecule are fully solvent expose
all conformations.

Calculations using experimental self-diffusion coefficie
of lysozyme and trifluoroethanol (1.0× 10−6 and 6.2 ×
10−6 cm2 s−1, respectively, in 10% TFE) and the geometric
parameters indicated earlier showed that the TFE–protein i
molecular1H{19F}NOE would be expected to be positive und
all conditions of our experiments. This qualitative conclus
was indicated even if the diffusion coefficients or radii of t
spheres were in error by±20%.

Figures 2A and 3A illustrate the results of a1H{19F} NOE
experiment with lysozyme in 10% trifluoroethanol. In 10% TF
all observed protein–solvent NOEs are negative, ranging f
−0.4 to−2.2%. (The1H{19F} NOE on the residual protons o
the CH2/CD2 group of the solvent is positive in all sample
examined in this work.) Three tryptophan Hε1 resonances in th
9.9- to 10.3-ppm range exhibit strong dipolar interactions w
the trifluoromethyl groups of the solvent. Based on previ
assignments of the proton spectrum of lysozyme (27, 28), these
NOEs can be assigned to tryptophans W62, W63, and W10
indicated. Similarly, a distinctive NOE at ca. 5.8 ppm possi

arises from HA of cysteine C64 or asparagine N59.

Some high-field methyl signals also show negative1H{19F}
NOEs in 10% TFE (Fig. 3A). Given their shifts and the previo
LCOHOL-INDUCED CONFORMATIONS 271
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ly FIG. 2. Proton NMR spectra at 500 MHz of 2.5 mM HEW lysozyme i
90% H2O/10% D2O with added trifluoroethanol-d3 (lower trace in each set)
us

and1H{19F} NOEs obtained with a mixing time of 1 s (upper trace in each set).
All samples were at pH 2.0; sample temperatures were 25◦C. (A) 10% TFE,
(B) 20% TFE, (C) 50% TFE.
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FIG. 2—Continued

assignments, the NOEs in the 0.0- to−0.4-ppm range can b
assigned to methyl groups of isoleucine-98 (27, 28).

Increasing the fluoroalcohol concentration to 20% v/v lead
proton spectra of the enzyme which show signals for the na
conformation as well as new signals, for example, near 8.2
9.8 ppm (Fig. 2B). Proton–fluorine NOEs of many of these n
signals are negative but now positive NOEs are evident as w

All of the protein is in the “TFE-state” in 50% TFE. Un
der these conditions essentially all negative1H{19F} NOEs dis-
appear, leaving small positive NOEs of ca.+0.1 to +0.5%
(Figs. 2C and 3C).

Negative intermolecular1H{1H} NOEs between the spins o
methanol or isopropanol cosolvents and protons at the active
and other loci on the surface of lysozyme have been observe
Liepinsh and colleagues (29, 30). These have been interprete
in terms of site-specific interactions of these alcohols with
protein and are consonant with neutron diffraction studies wh
demonstrate a high occupancy binding site for ethanol (ETH
near residues Ile-98, Trp-63, Trp-108, Ile-58, Asn-59, and A

107 of crystalline lysozyme (31).

Proton chemical shift changes of some lysozyme signals
observed in the presence of TFE and have been attributed to
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specific binding of the fluoroalcohol to the protein surface (24).
Consistent with the SAXS results, the rotational correlation tim
(τc) of lysozyme does not appear to change greatly in the TF
induced state (32). If the lifetime of a protein–TFE complex is
long relative to thisτc, calculations show that negative1H{19F}
NOEs would be observed for lysozyme protons in the vicin
are
site-

FIG. 3. The high-field regions of the spectra shown in Fig. 2. (A) 10% TFE,
(B) 20% TFE, (C) 50% TFE.
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FIG. 3—Continued

of a protein-complexed CF3 group(s) in either the native or th
TFE-induced conformations. The negative1H{19F} NOEs aris-
ing from the Trp-62, Trp-63, Trp-108, Cys-64, and Ile-98 s
chains are thus consistent with the formation of a long-liv
protein–TFE complex at an interaction site that includes th
residues and is very similar to the site(s) of complex format
with methanol, ethanol, and isopropanol.

The lack of observable (positive) intermolecular NOEs t
arise simply from collisions of the fluoroalcohol with solven
exposed hydrogens in the lysozyme/10% TFE system pres
ably is a consequence of the low concentration of the fluor
cohol. The side chain of Trp-62 is considerably more expose
solvent that those of the other tryptophans which show NO
The smaller solute–solvent NOE observed in this case ma
the result of a combination of a negative NOE generated wi
a long-lived complex and the positive NOE that arises by w
of collisional encounters with solvent molecules.

The ability to bind TFE tightly enough to evoke negati
1 19
H{ F} NOEs appears to be lost in the TFE-induced confo
mation of the enzyme. The positive1H{19F} NOEs that are ob-
served in 50% TFE probably are simply the result of collisio
LCOHOL-INDUCED CONFORMATIONS 273
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of the lysozyme structure with the TFE solvent molecules. A
though assignments for the observed1H{19F} NOEs are not yet
in hand, consideration of Figs. 2C and 3C make it clear that
all protons of the TFE-induced conformation of lysozyme a
equivalently exposed to solvent in this conformation. The try
tophan Hε1 for residues 62, 63, and 108 as well as a num
of amide protons whose signals appear in the 7.8- to 8.6-p
range appear to be well shielded from collisions with solve
molecules by local protein structures.

The presence of negative H{19F} NOEs with reduced mag-
nitude in 20% TFE requires some comment. Comparisons
Figs. 2A and 2B confirm that separate signals for the native
TFE-induced state of the protein are observed under these co
tions. Observations of separate sets of resonances require th
interconversion of these states be slow on a time scale defi
by chemical shift differences of spins between the native a
TFE states. A lifetime for these states of the order of a few m
liseconds would be consistent with the observations of resol
signals for each (lifetime∼1/(shift difference)∼1/500 Hz
∼2 ms). We suggest that the appearance of negative NOE
signals for the TFE-induced state that are observed when t
are significant amounts of both conformational states pres
is a reflection of the interconversion of the two species. T
times scale for averaging of1H{19F} NOEs is defined by spin–
lattice relaxation times, with fast exchange averaging of NO
expected if the lifetime of a state is smaller than∼T1 (33). Pro-
ton T1 values of lysozyme in these samples ranged between
and 1.6 s. To be consistent with our observations, the lifetim
of the native and TFE-induced states of lysozyme in the 2
TFE system must be longer than∼2 ms but significantly shorter
than∼1000 ms, so fast exchange (averaged) NOEs would
present, even though separated signals are observed for
species.

CONCLUSIONS

We have demonstrated that intermolecular NOEs between
lute protons and solvent fluorines, although often small, can
readily detected. Studies of a test system indicate that NO
arising from collisional interactions as well as the formation
long-lived complexes can be diagnosed. Given the continu
interest in using fluorinated alcohols in studies of peptide a
protein conformations, this experiment could be a useful adju
to the more usual CD and intramolecular NOE experiments
are used to characterize conformation in mixed fluoroalcoh
water systems.

EXPERIMENTAL

HEW lysozyme, trifluoroethanol-d3, and deuterium oxide
were obtained from Aldrich–Sigma and used as received. D

r-

ns

tilled deionized water was used in making samples.
Protein solutions were prepared by dissolving a defined mass

of protein in a solution of 10% D2O in H2O. The desired volume
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of deuterated trifluoroethanol was added and the pH of the s
ple adjusted to 2.0 by adding small amounts of 0.1 M NaOH
HCl. Sample pH values reported are meter readings and
not corrected for isotopic or cosolvent compositions. Sam
were not degassed. Sample pH was measured with a Mar
microcombination electrode.

Proton NMR spectra were determined at 500 MHz usin
Varian Inova system and a Nalorac1H/19F probe equipped with
a z-axis gradient coil. Water signal suppression was by me
of the DPFGSE method (34). The number of scans collecte
ranged from 5000 to 9000. (It should be borne in mind t
only half of the collected scans lead to accumulation of
NOE, with the other half providing a correction forT1 relaxation
during the mixing time.) Diffusion coefficients were estimat
using bipolar gradient pulses as described by Wuet al. (26).
Gradient strengths were calibrated using the published diffu
coefficient of HOD in D2O (35) or the method described b
Braunet al. (36). Spin–lattice relaxation times were estimat
by the inversion-recovery method.
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