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ABSTRACT. Alcohols, such as 2,2,2-trifluoroethanol (TFE), have been shown to induce a cooperative
transition to an open helical structure in many proteins, but the underlying molecular mechanism has not
been identified. Here, we employ the technique of magnetic relaxation dispersion (MRD) to study the
TFE-induceds — a transition of-lactoglobulin at pH 2.4. Unlike traditional techniques that focus on
protein secondary structure, the MRD method directly monitors the solvent, providing quantitative
information about preferential solvation and solvent penetration and about the overall size and structural
integrity of the protein. In this multinuclear MRD study, we use theand’O resonances to examine
hydration and thé®F resonance to study TFE. The transformation from the native to the helical state via
an intermediate state at 300 K is found to be accompanied by a progressive expansion of the protein and
loss of specific long-lived hydration sites. The observatiort’6f and*°F dispersions from the helical

state shows that water and TFE penetrate the protein. The MRD data indicate a strong accumulation of
TFE at the surface as well as in the interior of the protein. At 277 K, BLG is much less affected by TFE,
remaining in the native state at 16% TFE, but adopting a nonnative structure at 30% TFE. This nonnative
structure is not penetrated by long-lived water molecules. The implications of these findings for the
mechanism of TFE-induced structural transformations are discussed.

Fluorinated alcohols, such as 2,2,2-trifluoroethanol (TFE), in the range of 1520% TFE, with the helix content
have long been known to stabilize regular secondary increasing from 7% in the native protein (N) to-680% in
structure, in particulae-helices, in peptidesl-12). More the helical state (H) at 30% TFEZ 17—29). Several studies
recently, it has been shown that TFE can trigger a cooperativeindicate that the TFE-induced structural transformation is best
transition to an open helical structure in many protefr&-( described as a three-state equilibriumeN < H, with the
16). Apparently, TFE allows amino acid residues to manifest intermediate state (I) being most populated around2®/%
their intrinsic helical propensity, which may be suppressed TFE (23, 26).

by nonlocal interactions in the native prote® (4, 17). Although the effects of TFE on peptides and proteins have

Bovineg-lactoglobulin (BLG), the major whey protein in  been thoroughly studied, no consensus has emerged about
cow's milk, has been widely used as a model for studies of the underlying molecular mechanisms. Most studies have
the alcohol-induce@® — o transition in proteinsi3, 17— focused on peptided £12), where the relevant equilibrium
29). A member of the lipocalin superfamily, native BLG involves unstructured and helical forms ¢ H). One may
consists of nine antiparallel strands in fbarrel fold then ask whether TFE shifts the equilibrium by stabilizing
enclosing a large cavity that binds retinol, fatty acids, and the H form, destabilizing the U form, or both. It is frequently
other nonpolar molecule8@-33). BLG forms a dimer under  assumed that the peptide is preferentially solvated by TFE,
physiological conditions, but is monomeric at pH2 in i.e., that TFE accumulates near the peptigelvent interface.
the absence of salB§). The 48%a-helix content predicted  Direct evidence for such preferential solvation has recently
theoretically greatly exceeds the level of 7% found in the come from intermolecular NOE measuremeB+38) and
crystal structure of BLG X3), consistent with the finding  molecular simulations37—40). Whether the principal effect
that isolated BLG fragments may adopt nonnative helical of TFE is to strengthen intrapeptide hydrogen bonds (because
structure in aqueous solution and invariably do so in the TFE is a less polar solvent than water and a less potent
presence of TFE3 35). BLG undergoes g — o transition hydrogen bond competitor) or to weaken hydrophobic
interactions among side chains (by displacing water and
S T'I;Ihisr,l work waﬁ éupporlted by the Crafoord Foundation and the modifying its structure) is less clear.

wedish Research Council. . Because the TFE-induced H equilibrium in proteins
22;T9°5X”eh,"pmaﬁﬂ%s.ﬁgf‘z"fzni%f?,"é'.?ngﬁ;aﬂgﬁﬁfﬁgﬂé&mﬁfg does not involve the unfolded state, the thermodynamics and

*Present address: Department of Chemistry, The Ohio State mechanism may differ considerably from the peptide case.
University, Columbus, OH 43210. _ o While CD and high-resolution NMR studies have elucidated

 Abbreviations: BLG, f-lactoglobulin; CD, circular dichroism: e gependence of protein secondary structure on TFE
MRD, magnetic relaxation dispersion; NMR, nuclear magnetic reso- . . . . - .
nance; NOE, nuclear Overhauser effect; SDF, spectral density function; concentration, little direct information about the critical role
TFE, trifluoroethanol. of protein solvation in TFE/water mixtures is available.
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Molecular dynamics simulations on the time scale of the N
— H transition are not yet feasible, and the only reported
intermolecular NOE study (on hen egg white lysozyme at
pH 2) detected TFE binding in the active site but did not
provide quantitative results on preferential solvation or
solvent penetrationd(l).

Here, we use the technique of magnetic relaxation disper- 4

sion (MRD) to monitor directly the interactions of water and
TFE with BLG in native and TFE-induced nonnative states.

The MRD method has been used extensively to study the g

hydration of native proteins and nucleic acid2{45) and
has also been applied to proteins denatured by REt (
guanidinium chloride 47), or urea 68), to proteins in the
molten-globule stated{7), and to proteins in a mixed DMSO/
water solvent48). By measuring the spin relaxation rates
of solvent species over a wide range of resonance frequen

cies, one obtains a spectral density function that contains

information about the number of solvent molecules interact-
ing with the protein and about the time scale of these
interactions 44, 45). In the study presented here, we use
the?H and*’O resonances to monitor hydration and tPre
resonance to examine TFprotein interactions. Whilé%F
MRD has been used in solidd9), this appears to be the
first biomolecular application.

MATERIALS AND METHODS

Sample Preparations-Lactoglobulin isoform A, prepared
from the milk of homozygous cows at the INRA Laboratoire
de Recherche de Technologie LaitgParis, France), was
generously supplied by C. Holt of the Hannah Research
Institute (Ayr, Scotland). The preparation used for measure-
ments at 27°C was first purified by anion exchange
chromatography (DEAE-sephacel) at pH 6.0 (10 mM MES
buffer) and eluted with a 25 to 300 mM NaCl gradient. It
was further purified by size-exclusion chromatography
(Sephadex G-50) at pH 2.7 (10 mM citric acid and 50 mM
NaCl). The protein was then dialyzed against milli-Q water
and lyophilized. A second preparation, used for théC4
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Table 1: Characteristics of MRD Samples

T TFE G N NF DO 72 w
no. (°C) (vol%) (mM) (x10%) (x10° (at.%) (cP) (ns)
4 0 053 1036 O 25 1.69 19.6
2 4 16 0.57 819 3.90 50 3.9434.6
3 4 30 0.60 65.2  6.98 50 4.17 48.2
27 0 0.92 504 0 25 0.90 9.6
27 16 0.89 52.3 2.49 50 1.37 14.6
27 29 0.86 46.0 4.69 50 1.66 17.7
727 7 0.99 51.6 0.97 50 1.14 121
27 21 0.95 46.1  3.06 50 1.48 15.9

a2 The viscosityny of TFE/H,O mixtures was obtained from re€t
and65. The H/D isotope effect on was assumed to be the same as in
the absence of TFE.Rotational correlation time of BLG in the native
state, estimated by scaling the experimental vaB2 §ccording torr
O n/T. c Samples 7 and 8 correspond to samples 5 and 6, respectively,
after G purging with argond Viscosity not found in the literature,
assumed to scale witRyux (See Table 2).

significant contribution to thé’F relaxation. Because argon
bubbling also removes some of the volatile TFE, the TFE
concentration in these samples was redetermined by HPLC
(performed by Mikrokemi AB, Uppsala, Sweden) after the
% MRD measurements.

For the analysis of the MRD data, we need the total water/
protein (V) and TFE/protein N 5) molar ratios. The
water/TFE molar ratio can be obtained from the volume
fraction of TFE (before mixing) and the molar volume of
pure water and TFE. Th andN{™" ratios can then be
calculated from the protein concentratiGp, the density of
the mixed solvent30), and a small correction for the protein
volume. Sample characteristics are collected in Table 1.

MRD MeasurementdMagnetic relaxation dispersion pro-
files of the?H, YO, and®®F longitudinal relaxation rat&;
(=1/T,) were acquired. Each dispersion profile is based on
relaxation experiments at seven to nine magnetic field
strengths, accessed with Varian 500 Unity Plus, Bruker
Avance DMX 100, and DMX 200 NMR spectrometers and
a field-variable iron-core magnet (Drusch EAR-35N) equipped
with a field-variable lock and flux stabilizer and interfaced

measurements, was prepared without the anion exchange steith a Tecmag Discovery console. THEO resonance

and with a Sephadex G-75 gel filtration column. Gel filtration
removes a high-molecular weight impurity that amounts to
ca. 1% of the proteing9). The two preparations produced
identical MRD profiles, and low-frequency (field-cycling)

frequency ranged from 2.2 to 67.8 MHz, tfe frequency
from 2.5 to 76.7 MHz, and thé’F frequency from 6.8 to
188.5 MHz. The sample temperature was adjusted with an
accuracy of 0.1°C by a thermostated air flow and was

'H MRD measurements demonstrated that they were freechecked with a copperconstantan thermocouple referenced

from high-molecular weight impuritie50).

The NMR samples were prepared by dissolving the
lyophilized protein ir"H- and*’O-enriched water (25 at. %
?H and 9.5 at. %70), prepared from pure 4 with a low
level of paramagnetic impurities (Fluka BioChemika}™D
(99.9%, CIL), and H'O (19%, Isotec). For samples with
TFE, the water contained 50 at. %d, and TFE £ 99.5%,
Aldrich) was added to a final concentration of 16 or 30%
(v/v). The pH was adjusted to 2.4 (uncorrected for isotope
effects) in all samples by adding small amounts of HCI. A

to an ice bath. As an additional temperature control, we
measured the (field-independent) relaxation rates on protein-

free reference samples with the same solvent composition

as the protein solutions.

The relaxation timeT; was measured by the inversion
recovery method, using a 16-step phase cycle, 20 delay times
in random order, and a sufficient number of transients to
obtain a signal-to-noise ratio of at least 1@@,(45). T, was
determined from a standard three-parameter fit. On the basis
of the reproducibility of measurements on the reference

small fraction of insoluble protein was removed by centrifu- samples, we estimate the accuracyRinto +0.5% for?H

gation. The protein concentratio@p, was determined by
complete amino acid analysis of each sample. After comple-
tion of the®?H and’O MRD experiments at 27C and before

and'’0O and+2% for *°F (one standard deviation).
All MRD profiles were analyzed with an in-house Matlab
implementation of the Levenbergiarquardt nonlineag?

the 1°F measurements, argon gas was bubbled through theminimization algorithm $1). To estimate the uncertainty in

solutions for 2 h. This eliminates most of the dissolved O

the fitted parameters, we performed fits on a Monte Carlo-

a paramagnetic species which otherwise would make agenerated ensemble of 1000 data sets, subject to random
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Gaussian noise with a standard deviation of 0.5% fofithe = scale of~1 ns, andr, may then be identified with this

and?’O data and 2% for thé&’F data. Quoted uncertainties internal exchange times8, 70).

correspond to a confidence level of 68.3% (one standard Analysis of'®*F MRD Data. The '°F nuclei in TFE are

deviation). The choice between single-Lorentzian and bi- relaxed by dipole-dipole couplings. In place of eq 1, we

Lorentzian spectral density functions (see below) was basedthen have 44, 45)

on theF test with a cutoff probability of 0.951, 52).
Analysis of?H and O MRD Data. The relaxation

dispersion Ri(wq), of the quadrupolar water nucléH and

170 is given by 44, 45)

Rl(“’o) = Rbulk + O'ZJFF((UF) + 0.8.];:;:(26(),:) +
0.V (wy — wg) + 0.3ey(wg) + 0.6)ey(wy + w) (6)

where we and wy are the'®F and!H (angular) resonance
frequencies, respectively. The SDEs(w) and Jepy(w) are

) ) ) still given by eq 2, although @ dispersion was not observed
whereRyui is the frequency-independent relaxation rate of for 195 put egs 3 and 4 are replaced by

the bulk solvent, measured on a reference sampleJ@n

is the frequency-dependent spectral density, wili=2v) Roulk

being the?H or 70 resonance frequency in angular frequency o= et Oy = 2Ny o, (7)
units. Most MRD profiles were modeled with a bi-Lorentzian T

spectral density function (SDF):

Ri(@g) = Ry + 0.23(w() + 0.83(2w) 1)

2
3 Wpr 2
=2x-——N 8a
J((U) —a+ ﬁ‘[ﬁ + ’}/Ty (2) ﬁFF 2 NP:E ﬂSﬁ ( )
1+ (wrﬁ)2 1+ (cuf},)2
2
The amplitude parameters, 5, andy were converted to Ben = ZwisEN ﬂsﬁz (8b)
molecular parameters through4( 45) N
o= RbquN 3) whereN;™ is the TFE/protein molar ratio any, ps, N,
N¥V oPa and$; now refer to TFE rather than to water. The factor of
2 in eq 8 appears because e&thnucleus is dipole-coupled
W 2 to two other'®F nuclei in the CEgroup or to two protons in
g= RL NﬁSﬁZ (4) the adjacent CKHgroup. The factor of/, in eq 8a reflects
N¥V cross relaxation within a homonuclear pair of dipole-coupled

nuclei 64). The rigid-lattice dipole coupling frequenciese
andwegy in eq 8 refer to bound TFE molecules that tumble
with the protein and are averaged over the much faster
internal rotation of the Cfgroup. Therefore

and a relation fory analogous to eq 4. Here\]¥" is the
water/protein molar ratio (see above) ang, is the rigid-
lattice quadrupole coupling frequency: 8.%0LCP rad/s for
°H and 76.1x 1 rad/s for*’O (44, 45). In eq 3,N, is the

number of water molecules in contact with the protein 1\ Mo ﬁsz
SE

surface, and the rotational retardation fag@i(="[z« lrpuK 2147 . 3 (92)
) : - ler
— 1) is a measure of the average surface-induced retardation
of the rotational motion of these water molecules, relative
Mo »(cos0)
to bulk water. 0py = —Ryeyy (9b)
In eq 4, N is the number of water molecules that are 7T rFH3

associated with the protein for a sufficiently long tinel(

ns) to give rise to an observable frequency dependence inin both cases, the symmetry axis of the averaged dipole
R.. The root-mean-square orientational order parameter of dipole coupling tensor is along the internal rotation axis (the
these long-lived water molecules is denotgd and their C—C bond). The factor of-Y/, in eq 9a arises because the
correlation timey, is given by @4, 45) F—F vectors are perpendicular to this axis. The angular
brackets in eq 9b signify averaging over the internal rotation,
which modulates the-FH separatiomyr as well as the angle

6 between the FH vector and the €C bond. In writing

eq 9b, we have neglected the small asymmetry of the
motionally averaged +H dipole—dipole coupling tensor.
Using the molecular geometry determinegb)( by X-ray

e ©)

where 7y is the mean residence time for tidy water
molecules andg is the rotational correlation time of the

protein. A similar relation holds fot,. By convention, the
y dispersion occurs at a higher frequency than the
dispersion, meaning thaj < ;. Typically, thes dispersion
reflects internal water molecules for whiefy > 7r so that

73 = Tr, Whereas they dispersion is associated with more

mobile internal water molecules, for whia)y < 7. For

diffraction on liquid TFE (gr = 214.4 pmJce = 136.0 pm,
rcc = 152.6 pm, andlecc = 103) along with the standard
values forrcy of 109 pm and fofccn of 109 and assuming
free rotation about the €C bond, we obtain the following
values: wgr = —3.39 x 10* rad/s andwgy = 2.39 x 10*
rad/s. The fast internal rotation of the £roup also gives

example, lipid binding proteins contain a large cluster of a (negligibly small) contribution to the frequency-indepen-
internal water molecules that exchange positions on a timedenta term in eq 7.
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Table 2: Results of Fits téH, 17O, and'F MRD Dat&

T TFE 8 Ty Nooo Roulk
nob (°C) (vol%) nucleus (ns) (ns) NgS? N,S? (x10%) (s
1 4 0 2H 16 (6) 4(2) 8(3) 14 (5) 6 (1) 3.84 (1)
1 4 0 170 17 (6) 3(1) 2.2(8) 9(6) 3(1) 285 (1)
2 4 16 2 34 (33) 6(2) 7(2) 18 (3) 4.3 (6) 6.91 (3)
2 4 16 170 [34] 2.5(5) 1.7(2) 17 (4) 1.2 (5) 517 (1)
3 4 30 2 23 (4) 2.6 (8) 10 (2) 32 (13) 0.2 (1.1) 8.70 (3)
3 4 30 170 - 1.6 (8F - 13 (25§ 0.8 (1.2) 641 (1)
4 27 0 2H 6.3 (3) - 7.2 (4) - 2.4(3) 1.93 (1)
4 27 0 170 7.3(6) - 2.6 (3) - 2.4(3) 142.9 (1)
5 27 16 2 24 (4) 2.6 (1.3) 3.2 (4) 6 (4) 1.2 (1.0) 2.88(2)
5 27 16 170 [24] 1.9 (1.1) 0.5 (1) 7(14) 0.4 (2.3) 211 (1)
6 27 29 2 40 (29) 5(2) 2.2 (4) 4.2 (8) 0.5 (3) 3.35 (2)
6 27 29 ¥/o) [40] - 0.14 (5) - 0.6 (1) 239 (1)
7 27 7 19F 7(@) - 4.5 (3) - 0.15 (2) 0.161 (2)
8 27 21 197 4(1) - 6(2) - 0.35 (9) 0.184 (3)

a Parameter uncertainty (one standard deviation) in last digit given in parentheses. Brackets indicate that the parameter value was frozen during

the fit. All fits were bi-Lorentzian, except when no values are given forjthgarameters? Each number corresponds to a different sample; see
Table 1.¢ This single-Lorentzian MRD profile was assigned to thdispersion.

The preceding discussion 8F relaxation invoked several
approximations. First, we have assumed that'®Renuclei
in TFE are relaxed entirely by the dipetéipole mechanism,

This quantity, denotedR,,k, iS given in Table 2 for the
samples that have been investigated.
The 'O and'®F MRD profilesRy(vq) exclusively monitor

neglecting any contributions from the shielding anisotropy the microdynamical behavior of water molecules and TFE

and spin-rotation mechanism&6j. The neglect of the
shielding anisotropy contribution t&;, which increases
quadratically with the magnetic field (andk), is justified
by the observation thaR, for the reference samples is
constant up to the highe$iF frequency that was used (94
MHz). (R, data obtained at 188 MHz indicate a small

molecules, respectively. A frequency dependend® inelow

ca. 100 MHz can therefore be taken as unequivocal evidence
for long-lived (>1 ns) association of watet’Q) or TFE
(**F) molecules with the protein. ThéH magnetization
derives mainly from water molecules, but also has contribu-
tions from labile hydrogens in BLG and TFE that exchange

shielding anisotropy contribution and were therefore not with water hydrogens on the relaxation time sc&l@, 61).

included in the analysis.) AF relaxation studyg7) of neat

The °H MRD profile can therefore provide the rotational

TFE showed that the spin-rotation mechanism contributes correlation timerg of the protein even in the absence of long-

significantly toR; at elevated temperatures (48 and°€g.

The spin-rotation contribution may be negligible, considering

lived water or TFE association.
In the simplest case, the MRD profile yields three

that we work at lower temperatures and that the internal parameters:a, 8, and . The oo parameter is the excess

rotation of the Ck group should be slower in aqueous

relaxation Ry — Ruui) on the high-frequency plateau of the

solution than in neat TFE. In any case, because the internalMRD profile, and it characterizes the dynamical perturbation
rotation occurs on a picosecond time scale, a spin-rotationof solvent molecules at the protein surfaeet, (45). This

contribution will only affect thea parameter. Another
approximation is our neglect of dipot@lipole couplings
between'®F and protons in water and in the hydroxyl group
of TFE. This simplification is justified by the longer distances

perturbation is expressed as the product of the nuriger
of solvent molecules (water or TFE) in contact with the
protein surface and the relative retardatipn of their
rotational motion (see Materials and Methods). The disper-

(the F atoms of TFE are poor hydrogen bond acceptors) andsion amplitude parametgryields the product of the number

the 50% H— D substitution in our solvent. Finally, we have
ignored cross-correlation effects in tHE three-spin system
of the Ck; group. Theoretical analysis of the analogous;CH
system §8) indicates that such effects are very small.
Consistent with this, we observed monoexponentf&l
relaxation in all cases.

RESULTS

We have measured the longitudinal relaxation Rtef
the water?H and *’O magnetizations and of the TFEF
magnetization as a function of the resonance frequegcy
at two temperatures (4 and 2C) for solutions of BLG in
water and in mixed TFE/water solvents{(30% TFE, v/v).
At 27 °C, BLG is expected to be fully converted to the helical
state at 30% TFEI1GB, 22, 26), while the intermediate state
should predominate at 16% TFE§). In addition, we have
measured the frequency-independeifor reference samples

Nz of solvent molecules in long-lived association with the
protein and their mean-square orientational order parameter
S? (see Materials and Methods). The correlation tirpés
equal to or shorter than the rotational correlation tirp®f
the protein (see eq 5). In the case of BLG, theand'’O
MRD profiles exhibit a second dispersion step at higher
frequencies. This introduces two additional parametersd
7,, analogous t@ andtg, respectively.

Figures 1 and 2 sho#H and*’O MRD profiles measured
at 4°C on BLG solutions containing 0, 16, or 30% TFE. To
highlight nontrivial cosolvent effects, we present the relax-
ation data in a normalized form. We have thus subtracted
the bulk solvent relaxation raf.uk, Which varies by a factor
of 2.26 + 0.01 between 0 and 30% TFE (Table 2). The
finding that the relative increase Ry, on addition of TFE
is the same forrH and 'O indicates that the hydroxyl
hydrogens of TFE, which account for 5% of ti
magnetization in the 30% TFE solvent, do not affect the

with the same solvent composition as in the protein solutions. observedH relaxation rate significantly. While the protein
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FiGUrRe 1: Water?H MRD profiles recorded at 4C for BLG Ficure 3: Water?H MRD profiles recorded at 27C for BLG
solutions at pH 2.4 and the indicated TFE concentration. The solutions at pH 2.4 and the indicated TFE concentration. The
dispersion curves resulted from fits according to eqs 1 and 2. dispersion curves resulted from fits according to eqs 1 and 2.
Relaxation data are presented as the excess relaxatioRyrate Relaxation data are presented as the excess relaxatioRyrate

Ruulke Scaled to the same water/BLG molar rathd(= 1.036 x Roule Scaled to the same water/BLG molar rathf(= 5.94 x
10°) for all samples. The uncertainty R, is comparable to the ~ 10% for all samples. The uncertainty iR, is comparable to the
size of the data symbols. The scaled high-frequency plateas, size of the data symbols. The scaled high-frequency plateas,
indicated by dashed lines, from top to bottom: 16, 0, and 30% indicated by dashed lines, from top to bottom: 0, 16, and 29%
TFE. TFE.
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FiGURE 2: Water'’0O MRD profiles recorded at 4C for BLG FiGure 4: Waterl’O MRD profiles recorded at 27C for BLG
solutions at pH 2.4 and the indicated TFE concentration. The solutions at pH 2.4 and the indicated TFE concentration. The
dispersion curves resulted from fits according to egs 1 and 2. dispersion curves resulted from fits according to eqs 1 and 2.
Relaxation data are presented as the excess relaxatioRrate Relaxation data are presented as the excess relaxatioRrate

Rouls Scaled to the same water/BLG molar rathdf(= 1.036 x Rouk, Scaled to the same water/BLG molar ratN(= 5.94 x

10P) for all samples. The uncertainty Ry is approximately twice 10 for all samples. The uncertainty Ry is approximately twice

the size of the data symbols. The scaled high-frequency plateau,the size of the data symbols. The scaled high-frequency plateau,
a, is indicated by dashed lines, from top to bottom: 0, 16, and «, is indicated by dashed lines, from top to bottom: 0, 29, and
30% TFE. 16% TFE.

concentration is similar in the three samples, the water/BLG the!’O MRD data at 16% TFE leads to unphysical parameter
ratio N¥’ varies substantially (Table 1). This trivial variation values. We therefore constrainegito the value determined

is carried over to the excess relaxation i@te- Ry, which from the correspondingH profile. This procedure is justified

is inversely proportional td\y (see egs +4). We have by the expectation thats reflects protein rotation in both
therefore normalized the excess relaxation rate to the samecases. Thé’O data at 30% TFE do not exhibit any significant
N¥V value for all three samples. frequency dependence below 10 MHz, and the small disper-

With one exception (see below), all MRD profiles recorded Sion seen at higher frequencies was assigned tg teem.

at 4°C are bi-Lorentzian; i.e., both thandy terms in the The ?H and 7O MRD profiles measured at 27C are
SDF of eq 2 are statistically justified (see Materials and shown in Figures 3 and 4, and the parameter values resulting
Methods). The parameter values derived from the fits are from the fits are given in Table 2. At this temperature,
collected in Table 2. Because th@ndy dispersions overlap,  unconstrained bi-Lorentzian fits were possible in two cases
the parameters cannot be determined with high accuracy.only. In the absence of TFE, bofli and 'O dispersions
Furthermore, the incomplete sampling of thelispersion are described well by a single-Lorentzian SDF, but the value
in some cases results in a substantial uncertainty in theof the correlation time indicates that it represents two strongly
correlation timerg . An unconstrained bi-Lorentzian fit to  overlapping dispersions (see Discussion). At the intermediate
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0.2

T reveal two such water molecules, neither of which resides
in the hydrophobic binding cavity.

Because, < g, the shorter correlation time must reflect
T water exchange. The value bfS,%*’O) implies that BLG

T

0.15

b 21% TFE contains at least 9 6 water molecules with a mean

E residence time of 34 ns at 4°C. In the crystal structure,

& 01 six water molecules are located in deep surface pockets and

I~ could have residence times in this range. None of these

& [TTTTTTTTTTTTNe T T potentially long-lived water molecules are found in the large
0.05F

binding cavity, which appears to be empty in the crystal
structure. More likely, this cavity contains positionally
disordered water molecules that escape detection by X-ray
R T diffraction but might contribute to the dispersion. With a
Resonance frequency, v, (MHz) cqntact volume of_530 A(calculated on _the. 1BEB s_tructure
with a probe radius of 1.2 A), the binding cavity could

Ficure 5: TFE F MRD profiles recorded at 27C for BLG :
solutions at pH 2.4 and the indicated TFE concentration. The accommodate 520 water molecules. As in the case of

dispersion curves resulted from fits according to eqs 2 (without lIPid-binding proteins §3, 70), they dispersion may reflect
the y term) and 6. Relaxation data are presented as the excesgntracavity site exchange within a moderately ordered internal
relaxation ratR; — Roui, Scaled to the same TFE/BLG molar ratio  water cluster §9).

(NTF = 970) for both samples. The uncertainty R is ap- ; ;

proximately twice the size of the data symbols. The scaled high- The qua_ntltyNapu [(3. 1) x107isa global_measure Of.

frequency plateauy, is indicated by dashed lines. the dynamic perturbation of water molecules in contact with
’ the protein surfacedd, 45). The solvent-accessible surface

TFE concentration, thé’O correlation timer; was con-  area of native BLG is 85 nfn(60). If a water molecule
strained to théH value, as for the 4C data. At the highest ~ occupies 0.15 nfthis yields arN, of 570 and ap, of 5.3
TFE concentration (29%), th¥O profile appears to be  *+ 1.8, which is within the typical range {4) for globular
single-Lorentzian, but in contrast to the correspondii@4  Proteins §2, 43).
profile, the dispersion must now be assigned toAgherm. Whereas thé’O magnetization derives exclusively from
19 MRD profiles, which monitor TFEprotein interac- water molecules, th#1 magnetization also has contributions
tions, were recorded at 2T in the presence of 7 and 21% from labile hydrogens exchanging rapidly with water hy-
TFE (see Figure 5 and Table 2). In presenting‘ffredata, drogens. ThéH MRD profile thus reflects water molecules
we have subtracte,,x and normalized the resulting excess as well as labile hydrogens in the hydroxyl group of TFE
relaxation rate to the same value of the TFE/BLG ratio and at 48 sites in the protein (28 COOH groups, 19 OH
N = Both 1F profiles are described well by a single- groups, and one SH group). At pH 2.4, the residence times
Lorentzian SDF. To simplify the interpretation, the fits are Of these labile hydrogens are expected to be in the range of
based on data from the frequency range where only dipole 0.1-100us. Using intrinsic relaxation rates and hydrogen
dipole couplings (rather than shielding anisotropy) contribute €xchange rate constants determined for bovine pancreatic
significantly to% relaxation (see Materials and Methods). trypsin inhibitor, but converted to our temperature and H/D
While the model parameters cannot always be determinedisotope compositiongl—63), we estimate that labile hy-
with high accuracy, the MRD profiles in Figures-5 display ~ drogens in BLG contribute 4.5 units ¥;S;? at both 4 and
a strong and nontrivial dependence on TFE concentration.27 °C. This rough estimate is consistent with the observed
We now turn to the quantitative analysis of this dependence difference betweerN;S;?(?H) and NsS?(*’O) (Table 2).
and the implications for our understanding of the TFE- Finally, the 2-fold larger value d¥,p, for H, compared to
induced — a transition in BLG and the nature of the thatfor'’O, can be attributed to fast internal motions of side
nonnative helical states. chains bearing labile hydrogen&3).
At 27 °C, the strong overlap of thg andy dispersions
DISCUSSION prevents a bi-Lorentzian fit. As expected, the single apparent

Internal and External Hydration of Nate BLG We focus correlation time (63:‘: 0.3 ns for?H and 7.3+ 0.6 ns for
here on MRD data recorded at°€, where thes andy 170) is significantly shorter than the predicted rotational
dispersions are separable. In the absence of TFEHlamd ~ cOrrelation time of BLG at this temperaturez[= 9.6 ns
170 profiles yield essentially the same correlation times: ~ (Table 1)]. TheN;S? andNopq values are in the expected
= 16-17 + 6 ns andr, = 3—4 + 2 ns. The rotational ~ range, but a quantitative analysis is precluded by/the
correlation time of native BLG (1 mM) at pH 2.6 and 3¢ overlap.
has been determined to be A30.1 ns byN relaxation Hydration and Structure of the Nonna#i States of BLG
(32). With =g proportional toy/T, this value translates into  Induced by TFE Each of the five model parameters that
19.6 ns at 4°C and our solvent isotope composition. We describe the watetH and 1O MRD profiles can provide
can therefore identifys with the rotational correlation time  information about the nonnative BLG states induced by TFE.
of BLG. TheN;S(*O) value of 2.2+ 0.8 implies that native ~ To the extent that; reflects protein tumbling, it gives a
BLG contains at least two water molecules with a residence measure of the hydrodynamic volume of the protein. For
time ryw of >20 ns at 4°C. Such long residence times reference purposes, we give in Table 1 the rotational
indicate buried hydration sitegZ, 43). An analysis of the  correlation time predicted for theative protein in the mixed
1.8 A resolution crystal structure 1BEB@) does indeed  solvents. Theser estimates are based on the theoretically
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predictedy/T scaling and known viscosities for TFE/@
mixtures 64, 65). The H/D isotope effect was taken to be
the same as in the absence of TFE. The paranéi8-
(*’O) is a measure of the number of long-lived hydration

sites and thus reports on the structural integrity of the protein.

The parameterdl,S,2 and r, presumably reflect the status
of the large binding cavity, whiléN,p, reports on global

solvent exposure and preferential solvation. This last pa-

rameter will be discussed in connection with e MRD
data.

We consider first the state of BLG at the intermediate TFE
concentration (16%). Here the MRD results show clear
differences between the two temperatures. AtCl the
finding thatN;S;? is not significantly affected by 16% TFE
for either?H or YO indicates that BLG retains a compact
native-like structure at 16% TFE. The increasejtetween

Kumar et al.

This could be because the protein is more compact or because
only TFE molecules penetrate the protein at the lower
temperature. ThéH correlation time {; = 23 £+ 4 ns) is
surprisingly short even for a moderately expanded protein.
In fact, it is only half of thergr predicted for the native
protein. Two phenomena may contribute to this anomaly.
First, if the open helical structure is much less rigid than the
native protein, several correlation times are needed to model
the rotation and the slowest of these rotational modes might
fall outside our frequency window. Second, the labile
hydroxyl hydrogens on TFE molecules in long-lived as-
sociation with the protein contribute to thid profile. If this
contribution is significant, then the observeg can be
reduced by TFE exchange, as is the case fot¥a@rofiles
(see below).

TFE—Protein Interactions The most clear-cut results of

0 and 16% TFE can be largely explained by the enhancedthis study are thé®F MRD profiles in Figure 5. These
solvent viscosity (see Tables 1 and 2) and is therefore dispersions conclusively demonstrate long-lived binding of

consistent with a native-like structure at 16% TFE. At room
temperature, 16% TFE is close to the midpoint of the>N

H transition (L3, 22, 26), where the | state is highly populated
(26). However, theH—1N HSQC NMR spectrum of BLG

in 15% TFE was reported to be close to that of native BLG
at temperatures below P& (23). This observation is in full
accord with our MRD results at 2C.

At 27 °C and 16% TFE, the correlation timg of 24 +
4 ns significantly exceeds the rotational correlation tirme
of 14.6 ns predicted for the native protein at this solvent
viscosity. This implies that the hydrodynamic volume of the
protein has increased by 65 30%, consistent with the
prevalent view of the TFE-induced helical states as a
relatively open assembly of weakly interacting helical
segmentsi(3). A substantial structural change is also signaled
by the 4-fold reduction iMNsS*(*’O), which indicates that
the long-lived hydration sites are largely disrupted. A parallel
reduction inNsSs?(?H) is observed, and the residual value
can largely be attributed to labile BLG hydrogens (possibly
with a reduced order parameter). Our results at@7and
16% TFE pertain to the | state, judging from deconvoluted
CD spectra 26).

At our highest TFE concentration (29 or 30%), BLG
should be fully converted to the H state at ZZ (13, 22,
26). Consistent with this expectatiom; is approximately
twice as long (but with a large uncertainty) as thgredicted
for the native protein, implying a correspondingly large
expansion of the protein. A progressive expansion of BLG
upon going from 0 to 16 to 29% is also indicated by the
continued decrease of tidS;? parameter for both nuclei.
The small value oNsS4(*’O) (0.14 + 0.05) presumably

TFE to the protein. The correlation timg of the single-
Lorentzian dispersion is £ 1 ns at 7% TFE and 4 1 ns
at 21% TFE, both at 27C. These values are shorter than
the rotational correlation time predicted for thative protein
at these TFE concentrations (Table 1). More importantly,
they are severalfold shorter than thevalues derived from
the 2H profiles at 27°C in the presence of TFE (Table 2).
The 1%F MRD data therefore show that the residence time
of TFE molecules bound to BLG is in the range of 80 ns
at 27°C (see eq 5). The values obtained for the parameter
NsSs? imply that BLG containgt leastfive such long-lived
TFE molecules. Since the mean-square molecular order
parameteiS;> may be well below its rigid binding limit of
1, the numbeiN; of long-lived TFE molecules may exceed
the lower bound of 5 by an order of magnitude.

According to CD and high-resolution NMR studiek3(
22, 23, 26), BLG retains its native structure at 7% TFE,
whereas at 21% TFE, the | and H states are present at roughly
equal populations without any coexisting native protein. The
%F MRD data thus lead us to the intriguing conclusion that
NsS;? is nearly the same in the native and TFE-induced states.
However, the TFE sites are not necessarily the same in the
different protein states. In fact, this is highly improbable,
judging from the strong variation of ti&l and’O profiles
with TFE concentration. A more likely scenario is that the
native state has a relatively small number of long-lived
binding sites with larg&? values, whereas the | and H states
are penetrated by a considerably larger number of less
ordered TFE molecules.

As for water, TFE residence times in the nanosecond range
cannot be rationalized solely in terms of favorable hydrogen

reflects several weakly ordered water molecules that penetratebonds and other noncovalent interactions. These interactions

the open H state, while the further drop 3Ss?(2H) may
be caused by increased flexibility of side chains carrying
labile hydrogens.

are also present in the bulk solvent, where molecular motions
take place on a picosecond time scale. Instead, long residence
times result from trapping of solvent molecules within the

We see a qualitative difference between the MRD results protein structure. In the native protein at 7% TFE, the most
at the two temperatures also at the highest TFE concentrationlikely sites for long-lived TFE molecules are the deep surface

This difference is most pronounced for tH® profile, which
lacks af dispersion at 4C. This demonstrates that the (two
or more) long-lived hydration sites present in the native
protein no longer exist. If the (smalf dispersion seen at
27 °C and 29% TFE is produced by weakly ordered water

pockets seen in the crystal structurgQ) If the water
molecules that occupy these pockets in the absence of TFE
have residence times on the order of 100 ps, their preferential
occupation by TFE molecules should be accompanied by a
reduction 0fNypo.(*’O). Although'’O data at 7% TFE are

molecules that penetrate the expanded protein, then we mushot available, such a reduction is seen at 16% TFE (Table

conclude that such water penetration does not occuf@t 4

2).
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A variation of Nyp, with TFE concentration can be

produced in several ways. If the protein expands, the solvent-
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CONCLUSIONS

accessible surface area increases. If the solvent is water, we The ’H, YO, and™F MRD data presented here offer a

expectN, to increase roughly in proportion to the accessible NeW perspective on the TFE-inducgd— a transition of -
area. In a mixed solvent, however, preferential solvation B-lactoglobulin. Unlike the traditional techniques used in this

complicates the picture. In addition, the rotational retardation
factor p, may change depending on the nature of the newly
exposed surface and the composition of the solvation layer.

In the absence of independent information, it is difficult to

field, the MRD method focuses directly on the solvent,
providing quantitative information about preferential solva-
tion and solvent penetration as well as about the overall size
and structural integrity of the protein.

disentangle these contributing factors. Nevertheless, some At 27 °C, the consecutive structural transformations of

semiquantitative inferences can be made.
At 30% TFE,Nyo4(*’O) is reduced from its value for pure

water by a factor 4 (at both temperatures) even though the
expanded state of BLG should have a larger solvent-

N(0% TFE)— 1(16% TFE) and of 1(16% TFE}> H(29%
TFE) were found to be accompanied by a progressive
expansion of the protein and loss of specific long-lived
hydration sites. The observation 80 and'°F dispersions
when the protein is in the open helical (H) state conclusively

accessible area than the native state. The main cause of thiﬁemonstrates long-lived association of water( ns) and

reduction is presumably the replacement of water with TFE g (5-10 ns) with the expanded protein. These long
at the protein surface. If the protein surface were completely residence times indicate that solvent molecules penetrate the

covered by TFE, thehl,p,(*’O) would pertain to the water

protein matrix. The number of such long-lived internal TFE

variation of Ry,k(*’O) with TFE concentration, we obtain
anNypq Value of 12. Taking the water coordination number
N, of TFE to be 20, we then obtain a retardation fagigr

parameterS? in the range of 61. When the protein
transforms from the native to the open helical state, the
surface hydration parameter decreases by a factor 4, while

of 0.6. For a TFE-covered protein, we thus estimate that the corresponding TFE parameter increases by a factor of 2

Nepa(*’0) ~ 600 x 0.6= 360. The slightly higher observed
value, 600+ 100 (Table 2), is consistent with some residual
direct water-protein contact (with a larger retardation factor).

If the large reduction oN,p.(*"O) is due to replacement
of water with TFE at the protein surface, it should be
accompanied by an increase Myp.(*°F). This is indeed
observedN,p.(*°F) increases from 158 20 at 7% TFE to
350+ 90 at 21% TFE. Because the retardation fagtpis
not known for TFE, we cannot deduce the numbkgrof
TFE molecules in contact with the protein surface. TFE is
known to be a poor hydrogen bond accept66)(and to
interact only weakly with peptides39), primarily via

between 7 and 21% TFE. The MRD data are consistent with
a strong accumulation of TFE at the surface as well as in
the interior of the protein. Surprisingly, tHéF MRD data
also demonstrate long-lived binding of several TFE mol-
ecules in the native protein, presumably by displacement of
water molecules in deep surface pockets.

At 4 °C, BLG is much less affected by TFE. The protein
remains in the native state in the presence of 16% TFE, but
adopts a nonnative structure at 30% TFE. This nonnative
structure is not penetrated by long-lived water molecules,
but presumably contains internal TFE molecules. In general,
protein denaturation is driven by the very large conforma-

hydrogen bonds donated by the TFE hydroxyl group to the tional entropy of the unfolded state, which compensates for

carbonyl oxygen of peptide group4Qj. In simulations, TFE

and water have comparable residence times at the peptid

surface despite the larger size of TRB), For these reasons,
we expecto, to be smaller, perhaps everl, for TFE than
for water. Given that the ratio of the molar volumes of water
and TFE is 4 %0), a crude estimate of the number of TFE

molecules needed to cover the surface of native BLG is 570/
4283 (~225). In the expanded state, this number would be

larger.

the loss of favorable interactions in the compact native state.

ghe N — H transition may be rationalized in the same

terms: the gain in conformational entropy is now smaller
since only side chains are involved, but the loss of stabilizing
interactions is also smaller because a TFE-rich solvent
mixture occupies the interstitial space in the expanded
protein. Presumably, internal water molecules satisfy hy-
drogen bond requirements, while the polarizable fluorine
atoms of internal TFE molecules engage in favorable
dispersion interactions with nonpolar side chains. For pep-

Taken together, these crude estimates are consistent withides, the accumulation of TFE in the contacting solvent layer

several hundred moderately perturbed & 1) TFE mol-

is thought to be crucial for structural stabilization. To

ecules at the protein surface. If water and TFE were accomplish the same thing in a protein, TFE must not only

uniformly distributed throughout the solvent, then only accumulate at the protein surface but must also penetrate
approximately 30 TFE molecules would make contact with the protein to a larger extent than water does. This view is

85 nnt of protein surface (as in the native protein) at 21% supported by the MRD data presented here.

TFE (where there are 15 water molecules for every TFE  The description of the open helical state as an expanded
molecule). To account for aNup«(*°F) of 350, we would  structure with a high content of regular (albeit nonnative)
then need a retardation factor of10, which is clearly  secondary structure but with flexible side chains comes close
unrealistic. In conclusion, then, tHéF MRD data indicate  to the conventional view of the so-called molten globule state
that BLG has a strong preference for solvation by TFE. This (67). As seen from the solvent, however, these nonnative
is in accord with the 23-fold TFE enrichment in the surface  states are distinct: whereas the helical state is permeated by
layer of peptides in 30% TFE seen in several simulations solvent, the molten globule has native-like solvatidiT)(
(37—39). When present as kinetic folding intermediates, the open
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helical state should therefore occur earlier on the folding

pathway than the molten globule state.
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