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A Desolvation Model for Trifluoroethanol-induced Aggregation of
Enhanced Green Fluorescent Protein

Valerie L. Anderson and Watt W. Webb*
School of Applied and Engineering Physics, Cornell University, lthaca, New York

ABSTRACT Studies of amyloid disease-associated proteins in aqueous solutions containing 2,2,2-trifluoroethanol (TFE) have
shown that the formation of structural intermediates is often correlated with enhanced protein aggregation. Here, enhanced
green fluorescent protein (EGFP) is used as a model protein system to investigate the causal relationship between TFE-induced
structural transitions and aggregation. Using circular dichroism spectroscopy, light scattering measurements, and transmission
electron microscopy imaging, we demonstrate that population of a partially a-helical, monomeric intermediate is roughly corre-
lated with the growth of 8-sheet-rich, flexible fibrils for acid-denatured EGFP. By fitting our circular dichroism data to a model in
which TFE-water mixtures are assumed to be ideal solutions, we show that increasing entropic costs of protein solvation in TFE-
water mixtures may both cause the population of the intermediate state and increase aggregate production. Tertiary structure
and electrostatic repulsion also impede aggregation. We conclude that initiation of EGFP aggregation in TFE likely involves

overcoming of multiple protective factors, rather than stabilization of aggregation-prone structural elements.

INTRODUCTION

Numerous human diseases, including Alzheimer’s disease,
Parkinson’s disease, and type II diabetes, are associated
with protein aggregation (1). Biophysical investigations of
aggregation processes frequently employ chemical cosol-
vents to reduce experimental variability, simulate cellular
conditions, or induce the formation of atypical aggregate
structures. The fluorinated alcohol 2,2,2-trifluoroethanol
(TFE) is one of the most commonly used cosolvents in these
studies (2).

The effects of TFE on protein structure have been studied
for decades, but the physical interactions underlying TFE-
induced aggregation enhancement are not well understood
(2,3). Disordered proteins and peptides generally undergo
a gradual coil-to-helix transition as TFE is added to a solu-
tion, reaching their maximally helical state by ~30-40%
TFE. Additionally, TFE can denature globular proteins,
typically leading to the formation of nonnative a-helical
structure. When present at intermediate (~10—40% v/v)
concentrations, TFE often induces or increases the aggrega-
tion of both globular and disordered proteins. For globular
proteins, tertiary structure disruption often, but not always,
precedes aggregation.

Many researchers have hypothesized that fluorinated
alcohols promote protein aggregation by stabilizing fibrillo-
genic structural intermediates. Helical intermediates are
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frequently associated with aggregation for disordered and
denatured proteins (4-9). However, short (5-6-mer)
peptides, which should not be capable of forming significant
helical structure, also show enhanced fibril formation in
~7-10% TFE (10). Moreover, (-sheet-rich species have
been detected before aggregation for some proteins (11-13).
Also, multiple conformational states can lead to similar
aggregates for some proteins (14), and TFE-induced aggre-
gation can even occur in the absence of significant tertiary
structure disruption (15,16). It is possible that various struc-
tural intermediates promote protein aggregation via multiple
mechanisms. Alternatively, some solvent-dependent effect
may cause reduced protein solubility, with structural transi-
tions being coincidental.

The observation that fluoroalcohol molecules form clus-
ters in water has led to the suggestion that aggregation might
result from increased effective hydrophobicity of a protein
bound to a cluster of relatively hydrophobic alcohol mole-
cules (17,18). However, protein structural transitions and
aggregation can occur at fluoroalcohol concentrations lower
than those required for cluster formation (19). The decrease
in the dielectric constant of alcohol-water mixtures has also
been linked to the formation of H-bonded structures,
including structural intermediates and (-sheet-rich aggre-
gates, although polarity alone cannot account for the differ-
ences in behavior between fluorinated and simple alcohols
(20). Therefore, relationships between bulk properties
of TFE-water mixtures and protein structural transitions
remain uncertain.

In this article, we investigate TFE-induced structural rear-
rangements and aggregation using enhanced green fluores-
cent protein (EGFP) as a model system. Near physiological
pH, EGFP possesses (-can tertiary structure, whereas low
and high pH conditions denature the protein, leading to
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readily detectable loss of green fluorescence (21). Thus,
EGFP is a nearly ideal system for examining the roles of
tertiary versus secondary structure in TFE-induced confor-
mational rearrangements. By combining circular dichroism
(CD) spectroscopy with thermodynamic modeling, we
show that changes in the chemical potential of solvent mole-
cules may drive the observed structural transitions. We
conclude that increased entropic costs of protein solvation
may promote EGFP aggregation at moderate [TFE].

MATERIALS AND METHODS
Materials and solutions

Enhanced GFP (GFPmutl), derived from wild-type Aequorea victoria GFP
with substitutions F64L and S65T (22), was synthesized by Dr. Cynthia
Kinsland and the Cornell University Life Sciences Core Laboratories
Center Protein Production Facility. Details of the expression can be found
in the Supporting Material.

Acros Organics brand 99.8% pure 2,2,2-trifluoroethanol was purchased
from Fisher Scientific (Pittsburgh, PA). Our pH measurements refer to
aqueous samples; we did not correct our measurements to account for
TFE effects on ionization constants of protein, water, or buffer components.
These changes are likely to be small at low pH but can be significant at
higher pH (23,24). Samples labeled pH 2.4 contained 10 mM phosphoric
acid and pH 7.5 samples contained 10 mM sodium phosphate buffer. Addi-
tional solution conditions are specified in the figure legends.

Light scattering

Scattering experiments were performed using a QuantaMaster fluorescence
spectrofluorometer (Photon Technology International, Birmingham, NJ)
using 600-nm light to avoid EGFP absorption. The scattering angle was
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90° and the same quartz cuvette was used to obtain all the data. Before
measurement, 50 uM EGFP samples, along with baseline solutions contain-
ing identical ingredients excepting the protein, were maintained under
quiescent conditions for 24 + 2 h in a 37°C incubator. The sample signals
were normalized to the baseline signals.

CD spectroscopy

Far-UV CD measurements were performed using an Aviv 400 CD spectrom-
eter (Aviv Biomedical, Lakewood, NJ). Data were collected at 1-nm intervals
using a 1-nm bandwidth and a scan speed of 1 s per nm. Buffer-only baseline
samples were measured and subtracted from the protein spectra and noise
was reduced via a smoothing routine in the instrument software. The protein
samples were first mixed with acid or buffer salts, and then TFE was added
immediately before the measurements. However, for pH 3-5 samples, which
were aggregation-prone, the protein was diluted into water, and the buffer
salts and TFE were added together before the measurements.

Transmission electron microscopy imaging

A 37°C incubator was used to maintain solutions in quiescent conditions,
whereas agitated samples were incubated in an orbital shaker operating at
200 RPM and 37°C. Sodium azide (0.02% w/v) was added to solutions
incubated for longer than 24 h. To prevent grid damage, samples containing
>15% TFE or large amounts of aggregates were diluted with water or
buffer immediately before analysis. Images were obtained as described in
Anderson et al. (4).

RESULTS
Secondary and tertiary structure of EGFP in TFE

Fig. 1, A and B, shows CD spectra of 0.3 uM EGFP in the
presence of 0-60% TFE. We show spectra that are
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ellipticity at 222 nm are 10 mM sodium phosphate
(pH 7.5), 2 mM NaOH (pH 11.3), 10 mM borax

(pH 9.3), 10 mM citrate-phosphate buffer (pH 4.6), 10 mM citrate-phosphate buffer (pH 3.5), 0.25 N sulfuric acid (pH 0.6), and 10 mM phosphoric acid
(pH 2.4). (Inset) Ellipticity at 222 nm (in the same units as the main plot) as a function of pH for these samples. (Error bars) Experimental uncertainties.
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consistent with monomeric or mostly monomeric protein,
based on comparisons of 0.3 uM and 3 uM samples and
the observation that the curves do not change significantly
during the ~20 min (per sample) experimental duration
(see Fig. S1 in the Supporting Material).

The pH 2.4, 0% TFE spectrum (Fig. 1 A) features the
negative peak near 200 nm that is characteristic of polypro-
line type II (PPII) or statistical coil structure (25). As [TFE]
increases, the ellipticity near 222 nm becomes larger-nega-
tive and the 200-nm peak becomes less prominent. At high
TFE, the curves show the double minima at 208 and 222 that
are expected for a-helical secondary structure; these TFE-
induced helical states likely contain little to no tertiary
structure (3).

Isodichroic points are apparent for two subsets of the
spectra (Fig. 1 A, insets). The wavelength positions of
these points are ~209 nm for the 0-8% TFE samples and
~203 nm for the 11-60% TFE samples. We also verify
that EGFP is nonfluorescent at low pH in the presence of
0-60% TFE (see Fig. S2 A), as expected for denatured
protein.

For EGFP in pH 7.5 solutions, the low (0-17%) TFE
curves (Fig. 1 B, left inset) are consistent with the expected
signal from (-can structure (26). Above 30% TFE, the
spectra appear «-helical and an isodichroic point occurs
near 203 nm (Fig. 1 B, right inset). We verify that EGFP
remains fluorescent in pH 7.5 solutions immediately after
heating to 37°C for [TFE] <=20% (see Fig. S2 A). In
contrast, rapid loss of fluorescence is observed for >30%
TFE, pH 7.5 samples. Note that we omit the ~20-28%
TFE, pH 7.5 spectra from Fig. 1 B because EGFP unfolds
and oligomerizes during the experimental time frame in
these conditions (see Fig. S1 and Fig. S3).

Plots of the ellipticity at 222 nm versus [TFE] (Fig. 1 C)
reveal that the low-pH, high-TFE signal is relatively strong;
the estimated number of helical residues (27) is ~50%
higher in the acidic, 60% TFE solution compared to
pH 7.5 conditions (see Table S1 in the Supporting Material).
Examination of additional solution conditions reveals that
the ellipticity shift occurs at pH ~3.5 (Fig. 1 D), which coin-
cides roughly with the pK, of acidic residues, although TFE
may modify buffer and protein ionization constants (23,24).
It is unlikely that an «-helix can propagate through the
EGFP chromophore, which involves a covalent bond
between Thr-65 and Gly-67 backbone groups. At pH 2.4,
~160 residues are estimated to be helical (see Table S1).
Therefore, structure formation probably does not involve
only the portion of the protein N-terminal to the chromo-
phore. The C-terminal portion may form a continuous
helix, or multiple short segments could form in various
parts of the protein. Thus, the pH-dependent changes
might involve either a change in helix lengths or in the
number of helical segments. Electrostatic attraction between
oppositely charged residues may tend to favor compact
structures, rather than extended helices, near neutral pH
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(28,29). However, higher-resolution experiments are neces-
sary to determine the origin of the pH dependence of the
helicity.

Reconstruction of the I-state spectrum
and estimation of state populations

A transition-diagram (30) plot of the pH 2.4 CD data shows
two linear segments (Fig. 2). The existence of two isodi-
chroics in the CD spectra (Fig. 1 A) and two linear segments
in the transition diagram indicate that EGFP is probably
sampling at least three secondary structural conformations,
which appear to include a low-TFE, PPII-like state (U),
a high-TFE, highly helical state (HH), and an intermediate
conformation (I).

Points derived from 0-17% TFE, pH 7.5 curves (Fig. 1 B)
cluster in a region of the transition diagram that corresponds
to the native 8-can fold (N in Fig. 2). EGFP remains fluores-
cent in these solution conditions (see Fig. S2 A); therefore
the slight spectral differences for these samples likely
involve changes in loop regions, rather than the core
B-can. In contrast, the higher-TFE, pH 7.5 points lie along
the I <> HH transition line and reflect loss of tertiary struc-
ture in favor of nonnative helical conformations.

Following the procedure from Anderson et al. (4), we use
principal component analysis (PCA) to obtain information
about the conformations contributing to our CD spectra
(see the Supporting Material). We find that acid-denatured
EGFP samples three structural states within the resolution
of our measurements (see Fig. S4 A), as might be expected
given that the spectra contain two isodichroics (Fig. 1 A) and
that the corresponding points lie along two lines in the tran-
sition diagram (Fig. 2).

We also use PCA to infer the CD spectrum of the I state
(see the Supporting Material). The resulting curve (Fig. 3)
features weak double minima, which are suggestive of
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FIGURE 2 Transition diagram constructed from the CD spectra in Fig. 1,
A and B. The plot shows the ellipticity at 200 vs. 222 nm. Some points are
labeled with their [TFE], and the labels are color-coded to show pH. (Solid
lines) Fits to the pH 2.4 points derived from spectra that share isodichroics
(Fig. 1 A, insets).
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FIGURE 3 Reconstructed I-state spectrum for EGFP. The PCA-inferred
EGFP curve is compared to the «S data from Anderson et al. (4). (Error
bars) Uncertainties in the PCA estimates.

partial a-helical structure. Deconvolutions via several algo-
rithms also predict an increase in helicity for the I state
compared to the 0% TFE conformation (see Table S2).
Furthermore, the reconstructed EGFP I state curve is very
similar to the TFE-induced intermediate state spectrum for
human wild-type oS, which may be partly helical (4).

By fitting our CD data to a linear combination of the in-
ferred I-state spectrum (Fig. 3) and the measured 0% and
60% TFE curves (Fig. 1 A), we can obtain an estimate of
the state populations over the full TFE range (Fig. 4 A,
symbols; see Fig. S5 for more information about the fits).
We find that the EGFP I state is maximally populated near
8% TFE. In contrast, fits to the data in Anderson et al. (4)
suggest that peak I-state population for aS occurs at ~17%
TFE (Fig. 4 B, symbols). Although the aS structural transi-
tions were measured at 25°C and pH 7.5, whereas our EGFP
data reflect 37°C and pH 2.4 conditions, we subsequently
found that the TFE concentration at which the aS interme-
diate is maximally populated is not significantly affected by
temperature variations or low pH conditions (V. L. Ander-
son, W. W. Webb, and D. Eliezer, unpublished data). There-
fore, differences in solution conditions do not appear to be
primarily responsible for the state population differences
between the two proteins.

A desolvation model for TFE-induced secondary
structural transitions

We construct a very simple model for the structural changes
of denatured and disordered proteins in TFE-water mixtures.
We briefly summarize the model here, and a more detailed
derivation can be found in the Supporting Material.

Our desolvation model assumes that changes in the water
and TFE chemical potentials perturb the grand potentials of
the U and HH states. Therefore, this model predicts the rela-
tive populations of hydrated, TFE-solvated, and desolvated
conformations, but does not account for the structural
details of these states.
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FIGURE 4 State populations and model fits for «S and EGFP. (A and B)
State populations (symbols) for (A) acid-denatured EGFP and (B) S, which
were calculated by fitting the experimental spectra to a linear combination
of the U (cyan), 1 (red), and HH (dark blue) state spectra. The error bars
reflect estimated uncertainties due to noise in the experimental and I state
spectra (see the Supporting Material). The EGFP populations were calcu-
lated from the data in Fig. 1 A, and the S populations were calculated
from the data in Anderson et al. (4). The lines show fits of the populations
to our desolvation model (Eq. 3). (C) The average monomer grand poten-
tials versus [TFE] for EGFP and «S. The error bars reflect standard errors
resulting from the desolvation model fits.

In the ideal solution approximation, the chemical poten-
tials of water and TFE (uw and up respectively) are equal
to the pure substance chemical potentials plus terms related
to the mixture entropy, so that (31)

Wy = Mg+ RT In(xy),

1
tr = g+ RT In(xr), W
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where x,, and x; are the mole fractions of water and TFE
(x,, + x7 = 1), T is the temperature in degrees Kelvin, and
R is the ideal gas constant. The expressions in Eq. 1 imply
that protein-water and protein-TFE interactions are entropi-
cally costly in TFE-water mixtures; therefore, the potentials
of water and/or TFE solvated states will increase at
moderate [TFE].

We consider the dilute-protein limit, so that the properties
of the bulk solvent are not affected by protein solvation. We
further assume that the 0% TFE, U state corresponds to
a hydrated conformation in which some protein region inter-
acts with ny, water molecules, the I state is a desolvated
conformation in which the region is buried or solvent-
shielded, and the HH state is TFE-solvated so that the region
interacts with ny TFE molecules. Also, we set the arbitrary
zero-point potential to correspond to the I-state energy.
Then, the grand canonical partition function (Z) for our
system is

Z =(1—x)" exp(—ey/RT)+ 1

n (2)
+ (XT) T exp( — eHH/RT),
where ey, (eyy) is the grand potential of state U (HH) in pure
water (TFE) (see the Supporting Material).
Using Eq. 2, we calculate the fractions of the U, I, and HH

states (fy, f1, and fyy, respectively):

fo = (1 —xr)" exp( —ey/RT)/Z,
h =1/Z, (3)
fun = (xr)"" exp( — eunr/RT)/Z.

We fit our estimated state populations to Eq. 3, converting
between vol % TFE and x; (Fig. 4, A and B, lines). The
expressions in Eq. 3 fit both our EGFP data and the previ-
ously obtained aS data (4) fairly well, and we obtain similar
reasonable fits for additional oS variants (see Fig. S6 and
Table S3). Table 1 shows the parameters resulting from
the fits.

In Fig. 4 C, we show the model prediction for the average
monomer protein grand potential (Q,,; see Eq. S12 in the
Supporting Material). Note that Q,, = 0 corresponds to
100% population of the I state. The range of TFE concentra-
tions over which the monomer protein is destabilized (Q,, is
high) is predicted to be wider for EGFP than for «S.

Aggregate production versus [TFE]

Fig. 5 shows light scattering data, reflecting relative
amounts of aggregate production, for 50 uM EGFP samples
incubated for 24 h at 37°C. At pH 2.4 with no added salt,
aggregation is minimal over the entire 0-60% TFE range.
However, the addition of 75 mM NaCl leads to aggregation
enhancement for samples containing ~7.5-30% TFE.

At pH 7.5, aggregation is low for 0-7.5% TFE samples,
increases sharply at 15% TFE, and then decreases at higher
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TABLE 1 Parameters resulting from fits of the EGFP and «S
state populations

EGFP aS
Ny 286 + 85 92 + 10
nr 2.84 + 0.20 327 + 036
eu/RT —3.17 + 0.84 —3.40 + 033
ennlRT —8.32 + 0.62 —92 + 1.0

State population data (Fig. 4) were fit to Eq. 3. The uncertainties reflect 95%
confidence intervals for the fits.

[TFE]. Fluorescence loss occurs above 15% TFE for pH 7.5
samples (see Fig. S2 A); therefore, EGFP aggregation
appears to require tertiary structure loss. However, very
high TFE conditions stabilize monomeric protein.

Structural features of EGFP aggregates

CD spectra for EGFP samples identical to those examined in
Fig. 5 reveal single minima near 216 nm, suggesting the
presence of B-sheet structure (Fig. 6). For 50 uM EGFP in
pH 7.5 solutions containing 15-35% TFE (Fig. 6 B), the
magnitude of the CD spectra near 216 nm is ~2x larger
than the native protein value (Fig. 1 B), suggesting that
aggregates are (-structured but not natively folded. The
~15-25% TFE samples also appear cloudy-white after
24 h. We verify that removal of large aggregates from
15% TFE samples similar to those examined in Fig. 6 results
in CD signal loss, indicating that large aggregates contribute
to the observed spectra (see Fig. S7).

Even at low (~uM) protein concentrations, pH 7.5, 15—
25% TFE samples appear to be aggregation-prone, whereas
pH 2.4 samples in low salt and/or reduced protein concen-
trations show CD spectra that are similar to the monomer
curves (see Fig. S8).

Transmission electron microscopy (TEM) imaging
reveals that the TFE-induced aggregates are thin, fibrillar

1.4
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1.0 -
0.8 -
0.6 -
0.4 -
0.2 -
0.0 -
-02 T T T T T

0 15 30 45 60

[TFE] (% viv)

= pH 2.4
=== pH 2.4 + NaCl
= pH 7.5

Scattering Enhancement

FIGURE 5 EGFP aggregation as a function of [TFE]. The plot shows
the scattering signal from 50 uM EGFP at pH 2.4 (solid bars), pH 7.5
(dark-shaded bars), and pH 2.4 with 75 mM NaCl (light-shaded bars).
The samples were incubated for 24 + 2 h at 37°C in the presence of 0,
7.5, 15, 22.5, 30, 45, and 60% TFE. (Error bars) Standard deviations of
measurements of three identical samples and baseline uncertainties.
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[TFE]. (A) Spectra for pH 2.4 solutions containing 75 mM NaCl. (B)
Spectra for pH 7.5 samples.

structures, which often clump together (Fig. 7, A—C, and
see Fig. S9). Rigid fibrils were sometimes observed after
extended incubations (Fig. 7 D, and see Fig. S9).

DISCUSSION

We have demonstrated that TFE-induced EGFP aggregation
requires tertiary structure disruption and is associated
with reduced PPII-like and/or a-helical secondary structure.
Using a simplified model, we showed that changes in
solvent component chemical potentials may drive protein
structural transitions. The free energy of the TFE-water
mixture decreases at intermediate [TFE]. Consequently,
it becomes costly to move solvent molecules from the
bulk solvent into the protein solvation layer. The elevated
entropic costs of protein solvation at moderate [TFE] may
result in reduced population of solvated states in favor of
solvent-shielded monomeric or oligomeric structures.

Entropic costs of protein solvation may drive
secondary structural transitions in TFE-water
mixtures

For both acid-denatured EGFP (Fig. 1 A) and disordered oS
(4), the presence of small amounts (<= 10-15%) of TFE

Biophysical Journal 102(4) 897-906
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FIGURE 7 TEM images of EGFP aggregates. The scale bar is 200-nm
wide and all images are shown at the same magnification. All solutions
were incubated at 37°C. Unless otherwise specified, the samples were incu-
bated for 24 = 2 h. (A) Flexible fibrils grown from 50 uM EGFP at pH 2.4
with 15% TFE and 75 mM NaCl. (B) Flexible fibrils grown from 50 uM
EGFP at pH 7.5 with 15% TFE. (C) Similar to panel B, except the solution
contained 45% TFE. (D) Rigid fibrils grown from 50 uM EGFP after seven
weeks with shaking at pH 2.4 in the absence of TFE or NaCl.

causes a decrease in the magnitude of the negative peak
near 200 nm in the CD spectra. This peak is thought to
reflect a conformational bias toward PPII structure in the
ensemble of disordered conformations (25). Water-protein
H-bonding may enable the formation of sterically favorable
PPII structure (32); therefore, the loss of the 200-nm CD
peak is consistent with the reduction of protein hydration
that is predicted by our model (Eq. 3).

The inferred CD spectrum of the EGFP I state appears
partially a-helical (Fig. 3, and see Table S2). Partial helical
structure has been observed before TFE-induced aggrega-
tion for many additional disordered or denatured proteins
and peptides (4,5,7,9). If our desolvation model is correct,
the intermediate structure may be a relatively compact,
solvent-avoiding conformation containing partial secondary
structure. However, additional experiments are necessary to
test this hypothesis.

Our >~30% TFE CD spectra (Fig. 1, A and B), which
appear highly a-helical, are suggestive of preferential solva-
tion of EGFP by TFE. Both experimental (33,34) and theo-
retical (35) studies have found that TFE binds to or coats
proteins when present at medium-to-high (>=30% v/v)
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concentrations. Preferential solvation of proteins by TFE
stabilizes a-helical structure, possibly as a result of chaot-
ropic interactions or the low dielectric constant of TFE
compared to water (36,37).

In the desolvation model, preferential TFE solvation is
partly a consequence of favorable protein-TFE interactions
(i.e., negative ey values in Table 1). Interestingly, the inter-
actions that determine ey in our model are expected to be
the same interactions that are responsible for protein solubi-
lization and structure in pure TFE, and the fact that eyy is
larger-negative than ey may reflect the high solubility of
many proteins in neat TFE compared to water (38,39).
Moreover, it is less entropically unfavorable to move
a smaller number of molecules from the bulk solvent into
the protein solvation shell; therefore the relatively small
ny values compared to ny values (Table 1) tend to favor
TFE, rather than water, solvation. Notably, for both EGFP
and a8, the ny/ny ratios (Table 1) are larger than might be
expected given the relative molecular sizes. However,
changes in protein solvation are associated with changes
in protein conformation; therefore, solvent-accessible
surface areas may be different for the U and HH states.

Interestingly, ny, ey, and eyy are similar for EGFP and
aS. The major difference between the fit results for the
two proteins is the number of water molecules predicted
to be bound in the U state. The value ny is approximately
three times larger for EGFP than for «S. Both proteins
contain a comparable fraction of nonpolar amino acids
(38% for aS and 37% for EGFP when the numbers of
Ala, Ile, Leu, Met, Phe, Tyr, and Trp residues are counted).
However, oS contains a large proportion of Ala residues,
whereas EGFP has more bulky nonpolar residues. Conse-
quently, more water molecules should be required to form
a solvation shell around denatured EGFP compared to aS.
In addition, the sequence context of nonpolar residues in
EGFP may favor water exclusion, given that EGFP adopts
a globular fold near neutral pH.

The relative helix induction capabilities of some alcohols,
hexafluoro-2-propanol > TFE > isopropanol > ethanol >
methanol (18), appears to follow the order of the sizes of
the molecules. Our model predicts that smaller ny values
will reduce the entropic costs of alcohol solvation, leading
to HH-state population at relatively low alcohol concentra-
tions. Thus, if fewer larger molecules are needed to solvate
a protein, it may be expected that larger alcohols may be
better helix inducers. However, the strengths of alcohol-
water interactions (egg) should also influence helix forma-
tion, and the structural details of the high-alcohol states
will be affected by the specific properties of the alcohols.

Our desolvation model assumes that mixing entropy
alters the chemical potentials of TFE and water, leading to
structural transitions. We do not take into account changes
in the dielectric constant or viscosity of the bulk solvent,
which may also affect the energies of the various states.
Despite its simplicity, our model can reproduce many key
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features of our data. However, it is possible that corrections
to account for solvent properties will be needed to refine the
model. Measurements of protein structures and solubility in
various alcohols could help to assess the validity of the ideal
solution approximation and determine the primary factors
responsible for the high helix induction capabilities of
fluoroalcohols.

Desolvation may initiate protein aggregation
at moderate [TFE]

Enhanced aggregation of acid-denatured EGFP in 75 mM
NaCl (Fig. 5) occurs for TFE ranges that are roughly similar
to those in which the I-state population is high in 0 mM
NaCl solutions (Fig. 4 A). Note that we compare EGFP
monomer structures at 0 mM NaCl with aggregate produc-
tion at 75 mM NaCl, although the protein conformations
may not be identical in the different solution conditions.
We are unable to measure monomeric EGFP spectra for
~0-20% TFE, 75 mM NaCl solutions because of aggrega-
tion (see Fig. S10). However, the high-TFE spectra are
qualitatively similar in the presence and absence of NaCl,
and EGFP may sample a similar partially «-helical interme-
diate state in both conditions. Partially helical states appear
to be more aggregation-prone than highly helical states at
for acid-denatured EGFP at 75 mM NaCl, as well as for
high TFE, pH 7.5 samples (Fig. 5). A similar correlation
between the formation of partial «-helical intermediates
and aggregation has been observed for many additional
disordered and denatured proteins in fluoroalcohols (4-9).

Our model (Eq. 3) predicts that I-state population and
aggregation enhancement both may result from a solvent
entropy-driven increase in the grand potentials of solvated
conformations. At moderate [TFE], the average potential
of the monomer protein increases (Fig. 4 C), favoring aggre-
gated conformations. However, the amount of aggregate
produced will also depend on energies of oligomeric and
fibrillar species, which may vary with [TFE]. Therefore,
peak aggregation may not exactly coincide with maximal
destabilization of monomeric protein.

For acid-denatured EGFP in 75 mM NaCl, we find that
the peak scattering signal may be slightly shifted rightward
to ~15% TFE, compared to the ~8% TFE I-state peak
(Fig. 4 B), although the differences are within the measure-
ment uncertainties. The presence of NaCl may affect the
state populations, or the relatively low dielectric constant
of TFE compared to water may shift aggregation peaks
rightward as a result of favorable H-bond formation (20).

Decreases in the free energy of the bulk solvent are ex-
pected to favor the formation of solvent-shielded and oligo-
meric structures (40). In addition, desolvation is consistent
with previous reports that hydration impedes amyloid aggre-
gation (41-44). Therefore, we believe that the simplicity of
our model, combined with the fact that it offers a straightfor-
ward explanation for both the structural changes and the
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aggregation enhancement observed for proteins in TFE,
make it a reasonable initial analysis. However, we do not
directly measure protein-solvent interactions, and the fact
that the desolvation model fits our data does not prove
that it is correct. Moreover, because changes in solvent
properties and protein conformation are likely to occur in
parallel, it may be difficult to definitively separate correla-
tion from causation in aggregation reactions. Experiments
and simulations that directly address the hydration status
of proteins might help verify the primary factors driving
aggregation in the presence of TFE (41,43).

Multiple protective factors impede EGFP
aggregation

Previous studies have identified electrostatic repulsion and
globular structures as natural protective mechanisms, which
likely evolved to prevent abnormal protein aggregation (45).
Hydration is also an important stabilizing interaction for
disordered proteins (46). Our data suggest that several types
of protective interactions impede EGFP aggregation.

We find that aggregation of acid-denatured EGFP is
minimal in low ionic strength solutions (Fig. 5). The net
charge per EGFP molecule is predicted to be +36e
pH 2.4, compared to —7.7¢ at pH 7.5 (47); therefore electro-
static repulsion likely opposes aggregation of the acid-
denatured protein. The addition of 75 mM NaCl enables
significant aggregation in solutions containing ~7.5-30%
TFE, indicating that electrostatic screening can overcome
these protective repulsive forces.

For EGFP in pH 7.5 solutions, aggregation jumps sharply
at 15% TFE (Fig. 5), where tertiary structure disruption
occurs (see Fig. S2 A). However, increased «-helical
structure at higher TFE (Fig. 1) is associated with reduced
fibrilization. Therefore both intact tertiary structure and
TFE-protein interactions may impede EGFP fibrilization
at neutral pH.

Our model predicts that increased entropic costs of
protein solvation overcome protective protein-solvent inter-
actions, leading to monomer destabilization at intermediate
[TFE] (Fig. 4 C). Moreover, if a modification could be made
to a protein that would prevent the formation of the I state
while leaving the potentials of other states unchanged, the
ensemble-average monomer potential would increase in
the TFE-water mixture (see Fig. S11). Therefore, the I state
may be somewhat protective, in the sense that adoption of
solvent-shielded intermediate conformations could reduce
aggregate production.

CONCLUSION

The secondary structural transitions for acid-denatured
EGFP in TFE are qualitatively similar to those previously
observed for aS (4) and are consistent with dehydration
leading to loss of PPII structure at low-to-moderate TFE.
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At high TFE, favorable TFE-protein interactions induce
the formation of «-helical structure and inhibit EGFP aggre-
gation. We propose that monomer destabilization initiates
fibrilization at intermediate [TFE]. However, intact tertiary
structure and electrostatic repulsion impede aggregation.
Hence, TFE-induced aggregation likely involves over-
coming multiple protective factors, rather than the stabiliza-
tion of aggregation-prone conformations.
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