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ABSTRACT. Organic solvents may induce non-native structures of proteins that mimic folding intermediates
and/or conformations that occur in proximity to biological membranes. Here we systematically investigate
the effects of simple (i.e., MeOH and EtOH) and fluorinated (i.e., trifluoroethanol, TFE) alcohols on the
secondary structure and thermodynamic stability of two complementary model proteins using a combination
of circular dichroism, fluorescence, and Fourier transform infrared (FTIR) detection methods. The selected
proteins arex-helical Borrelia burgdorferiVISE andfs-sheet human mitochondrial co-chaperonin protein

10 (cpnl10). We find that switches between VISE's native and non-native superheligakheet structures
readily occur (pH 7, 20C). The pathway depends on the alcohol: addition of MeOH induces a transition
to a superhelical structure that is followed by conversiof-&iructure, whereas EtOH only unfolds the
protein. TFE unfolds VISE at low percentages but promotes the formation of a superhelical state upon
further additions. For cpnl10, both MeOH and TFE additions govern initial unfolding; however, further
additions of MeOH result in the formation of a non-natf«structure, whereas subsequent additions of
TFE induce a superhelical structure. EtOH additions promptly unfold and precipitate cpn10. Both VISE’s
and cpnl10’s non-native structures exhibit high stability toward chemical and thermal perturbations. This
study demonstrates that in response to different alcohols, polypeptides can readily adogt both
p-enriched conformations. The biological significance of these findings is discussed.

The mechanism by which an unfolded polypeptide folds destinations or function in proximity to membranes. In vitro
efficiently and rapidly into a unique three-dimensional (3D) studies involving alcohols may therefore report on transient
structure from a very large conformational space available or long-lived protein conformations that (a) partake in normal
to it is a central problem in structural biology. It is clear protein folding, transport, and degradation pathways in living
that the folding of many proteins is guided by a limited cells and/or (b) are adopted in response to various stress or
number of partially folded intermediates on rather smooth disease conditions.
and funnel-shaped free-energy landscafpe®). Information Alcohols are known to stabilize helical secondary struc-
on properties of non-native states of proteins may thus tures but destabilize tertiary structures of folded proteins.
provide insights into fundamental issues such as relationshipsThese mixed effects on polypeptides may cause the formation
between amino acid sequence and 3D structure, mechanismsf non-native conformations. For example, additions of
of folding pathways, protein stability and turnover in the alcohols have been reported to induce partially folded states
cells, and transport of proteins across membranes. In contraswith high helical content in vitro of ribonuclease A, ubiquitin,
to the large amount of structural, functional, and thermody- cytochromec, myoglobin, and lysozymel(Q—15). The
namic data existing on folded forms of proteins, there are efficiencies of the destabilization of tertiary structure and
only a limited number of biophysical/structural studies on stabilization of helical secondary structure vary significantly
non-native states of proteins. One of the most studied depending on the kind of alcohol used. The order of
cosolvents in vitro that modifies protein structures is alcohol effectiveness toward destabilization of protein tertiary struc-
(10—15). Not only may alcohols induce non-native states in tures is believed to be trifluoroethanol (TRE) propanol
proteins that are of general biological relevari®,(alcohols > ethanol (EtOH)> methanol (MeOH) 17, 18). The order
are also of particular interest because of the similarity appears the same for effectiveness toward stabilization of
between these conditions and those near or in cellularhelical structures. In contrast to the concept that all alcohols
membranes1(). Although most proteins are soluble, many are strong helix inducers in globular proteins, it was recently
require transport across membranes to reach their cellularshown that non-fluorinated alcohols induced a switch from
o-helix to 5-sheet structure in the cysteine protease ervatamin
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Ficure 1: Structural models of the two proteins, VISE (left; PDB file 1LW8) and cpnl0 (right; structure reported 3®)rdh both,
a-helices are redj-sheets are blugg-hairpins are green, and random-coils are gray.

C study, the possibility of alcohol-inducegtstructures in GuHCI) established by amino acid analysis. The Quick-
globular proteins has received little attention. Change Site-Directed Mutagenesis kit (Stratagene) was used

In a quest to systematically probe the effects of alcohols, to construct Leul1Gly cpnl0 as described in 3df The
we here report a spectroscopic study of the consequences ofmutation was confirmed by DNA sequencing. Protein
simple (i.e., MeOH and EtOH) and fluorinated (i.e., TFE) expression was performed by the stimulation of T7/Lac
alcohols on the structure and stability of two model proteins expression using a pET24d (Novagen) construct by addition
(Figure 1). The models were selected to include proteins with of 2 mM IPTG (Promega). Purification of cpn10 was carried
contrasting secondary structureBorrelia burgdorferiVIsE out as previously describe®4) with the following minor
is a large (341 residues) single-domain protein with mostly alterations: cells were broken by an Emulsiflex C-50 cell
a-helical structure Z0—24), and human mitochondrial co- breaker, and DNA precipitation was performed prior to
chaperonin protein 10 (cpnl0) is a heptameric protein (100 ammonium-sulfate precipitation.
residues per monomer) with sevghbarrels linked via VISE. The cloning procedure of VISE fronBorrelia
interprotein-strand pairing 25-30). Both proteins have  purgdorferi strain B31 into a T7/NT-TOPO vector which
been characterized previously in our laboratory in terms of incorporates an N-terminal His-tag has been reported previ-
their chemical and thermal unfolding behaviaz§,(21, 31— ously @0, 21). For protein expression, transformed BL21-
36). They unfold in apparent two-state reactions upon (DE3) pLysS cells were used, and protein expression was
chemical and thermal perturbations, and, in each case,induced by the addition of 3 mM IPTG. The cells were
unfolding is reversible. This background information makes harvested and resuspended in 20 mM phosphate (pH 7.4),
the proteins excellent targets for the current study. Here we containing 0.5 M NaCl and 10 mM imidazole. Cells were
demonstrate that the three alcohols induce distinct confor- proken by an Emulsiflex C-50 cell breaker. Upon removing
mational changes in the model proteins, separated by highcell debris, the supernatant was injected into a Ni€@umn
energy barriers, which are not easily predicted from the (Amersham Pharmacia) connected to an FPLC chromatog-
chemistry of the alcohols. Since, regardless of the native fold, raphy system. His-tagged VISE was eluted by the addition
switches betweea- and-enriched structures readily occur,  of 500 mM imidazole. Protein fractions were pooled and
and at some conditions unfolded structures are favored, weconcentrated, followed by dialysis into 5 mM phosphate, pH
conclude that alcohols should not be viewed as simple “helix 7.0. In this study, the His-tag was not removed. Earlier work
inducers”. showed that the presence of the His-Tag did not affect folded

structure, thermodynamic stability, or unfolding/refolding
MATERIALS AND METHODS processes of VISE2Q, 21).

Human Mitochondrial cpn10Preparation of human mi- Spectroscopic Methodabsorption spectra were measured
tochondrial cpnl10 from recombinagischerichia colihas on a Cary 50 spectrophotometer (1-cm cell). For far-Uv
been described previousI$Q, 37). In this paper, all “cpn10” circular dichroism (CD) measurements, AVIV-62 and JASCO-
data imply a Leul1Gly variant of cpn10. This mutation does 810 spectropolarimeters were used. In CD measurements (1-
not perturb the native structure of cpnl10 nor its co-chaperonin mm cell; spectra collected at 26@00 nm), the sample
function (unpublished results). The variant was selected for compartment was purged with nitrogen gas to avoid absorp-
this study because it unfolds in simple apparent two-statetion by O,. Fluorescence spectra (1-cm cell; excitation at
(folded heptamer-to-unfolded monomers) equilibrium reac- 280 nm and emission spectra collected at-3@00 nm) were
tions in both urea and GuHCI; this is in contrast to wild- collected on a Varian Eclipse fluorometer. All experiments
type cpnl0 that adopts an assembled unfolded state in ureavere performed at 20C in 5 mM phosphate buffer, pH 7,
(33, 34). Protein concentration was determined fresg = unless otherwise stated. For Fourier transform infrared
4200 Mt cm™* (50 mM Tris-HCI, 135 mM NaCl, 6 M (FTIR) experiments, proteins were prepared in 99.9% D
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(Cambridge Isotope Laboratories) and 99.5% MeOD (Fisher and via the crystal structur@@, 22). Urea- and GuHCI-
Scientific) to the specified ratio and a final protein concen- induced equilibrium unfolding reactions of VISE occur in
tration of 1 mM. Samples were incubated fb h to allow simple two-state processes corresponding to a low thermo-
exchange of exposed H féil. Samples were loaded onto a dynamic stability (relative to the chemically denatured state)
BioTools Cak; cell, and spectra were collected on a Nicolet for a protein of this size20, 21). Fluorescence and far-Uv
Nexus FTIR spectrometer. The spectrometer was purged forCD have been used to monitor VISE unfoldir&),(21): both
12 h with N, prior to collecting spectra to avoid water vapor the tyrosine fluorescence centered at 308 nm and the negative
interference, and the detector was cooled with liquid N CD signal around 220 nm decrease in magnitude upon
Spectra were analyzed on OMNIC 7.1a software from chemical denaturation. These spectroscopic changes are
Thermo Electron Corporation. expected upon adopting a random-coil structure with solvent-
Alcohol-Induced PerturbationdleOH, EtOH, and TFE ~ €xposed tyrosines.
stocks were from Fischer Scientific, Aaper, and Sigma, We find that additions of MeOH to VISE result in a two-
respectively. Samples for VISE and cpnl0 equilibrium- step reaction (pH 7, 26C). Between 0 and 30% MeOH,
titration experiments were prepared by mixing various there is a first conversion of native VISE to a state with
alcohol-to-buffer volume-to-volume (v/v) percentages, rang- increased negative far-Uv CD intensity, still retaining
ing from 0 to 90%, with fixed protein concentrations (ranging Minima at 208 and 222 nm characteristicashelices, and
from 10 to 10QuM). All samples were incubated for at least increased tyrosine emission (Figure 2A,B). These features
2 h before measurements. In all spectroscopic experimentsjmply a superhelical structure for the VISE polypeptide.
appropriate background signals of alcohol/buffer mixtures Further additions of MeOH result in a second highly
without protein were subtracted. As TFE can quench cooperative transition that has a midpoint at 40% MeOH.
tryptophan emissiorg), the tyrosine emission data for both The new state populated above 40% MeOH is characterized
proteins were carefully inspected for organic solvent effects. by less fluorescence and a decreased magnitude of negative
All protein samples were also monitored for precipitation far-Uv CD. Moreover, the shape of the CD spectrum now
before and after measurements. All alcohol percentages ardas only one negative minimum at 21320 nm (Figure 2B).
reported as volume-to-volume. When appropriate, two-state This suggests the formation of @strand structure with
equations were used to fit the data points in the transitions. Solvent-exposed tyrosines. Both MeOH-induced transitions
All titration experiments were performed at least in triplicate. in VISE are fully reversible. Fitting the second transition to
Thermal and Chemical-Denaturant Perturbatiofigermal a two-state equation results in an estimate of the free-energy
unfolding reactions of cpn10 (30V) in various percentages difference between the superhelical ghdnriched states of
of MeOH were monitored by both far-UV CD and fluores- ~90 kJ/mol (pH 7, 20°C), see Table 1. _
cence. Samples were heated from 20 to°@0with a scan In contragt to_ the MeOH data, _addltlons of EtOH r_esult_ln
rate of 2°C/min. Pre- and postheating spectra were collected VISE unfolding in a simple reversible, two-state reaction with
Thermal unfolding of VISE (3Q«M) in 28% MeOH was amldpom_t of about 4O%IEtOH (Figure 2C,D). Fluorescence
monitored by far-UV CD and fluorescence, with similar @nd CD signals of VISE in, or above, 40% EtOH match the
settings as for cpnl0. Chemical denaturant urea (ICN corresponding signals found_ for VISE in high concentrations
Biochemicals) was of highest purity and prepared im- of urea and GuHCI. The e_stlmated free energy of unfo!dmg
mediately before use. Unfolding of VISE as a function of derived from a two-state fit to the EtOH-induced transition

urea concentration was probed by CD and fluorescencelS ~16 kd/mol (pH 7, 2GC; Table 1); this value is in good
detections with and without the presence of 25% MeOH. agreement with the value derived from chemical-denaturant
Samples were incubatedrfd h prior to measurements. €xperimentsZ0, 21), in support of an unfolding process.
Neither protein-concentration dependence nor time depen- In contrast to the nonfluorinated alcohols, TFE additions,
dence was observed in these experiments. The urea-induce§etween 0 and 20%, to VISE result in prompt protein
transitions were reversible and fitted with two-state equations Unfolding, as concluded from the decreases in fluorescence
to obtain AGy(H,0) and AGy(25% MeOH). Chemical- and' negatlve far'—UV CD signals (F!gure 2E,F). Further
denaturant experiments with cpn10 in the presence of high@dditions of TFE induce an abrupt switch (around-30%
percentages of MeOH were hampered by protein aggregation.TFE) to a state characterized by high fluorescence intensity

The intrinsic secondary-structure contents of VISE and and Ig_rge negative CD ma_gmtude. The CD spectr.a qt th_ese
é;ondmons have strong minima at 208 and 222 nm, indicating

using several secondary-structure prediction programs found® large content otx—hehpgs as wpuld be. .the case for'a
on the Expasy web server (http://www.expasy.org), i.e. superhelical structure. Fitting of this transition to determine
NPS@GOR4, NPS@HNN. PSIPRED, PROFsec PI—iDseé a free-energy difference between the unfolded and the

and PORTER. The results of these predictions for VISE are’superhelical states could not be performed due to partial
56 + 10% a-helix, O to 10%-sheet and the rest, random precipitation of protein samples within the transition region.

coil. For cpn10, the predictions suggest£212% o-helix, Alcohol-induced Non-Nate States inf-Sheet cpni0.

45 + 10% G- h il cpnl0 is an oligomeric protein of seven identical polypeptides
5 0% fi-structure, and the rest, random coi that each forms an irregulag-barrel (Figure 1). The

RESULTS monomers are connected in a ring-shaped molecule via
interproteing-strand pairings49, 30). The far-UV CD signal
Alcohol-Induced Non-Naté Structures ofi-Helical VISE. of native cpnl0 has a positive peak around 230 nm from

VISE is largely a-helical with a few regions of-strands tyrosine tertiary interactions and negative peak at 220 nm
and several loops adopting random-coil structures (Figure from theS-sheets. GuHCI-induced equilibrium unfolding of
1), as determined by analysis of the far-UV CD spectrum cpn10, as monitored by far-UV CD, cross-linking and
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Ficure 2: Left: Alcohol-induced changes in VISE as monitored by far-UV CD (at 222 nm; open circles) and fluorescence at 303 nm
(excitation at 280 nm; filled circles) as a function alcohol percent (from top to bottom; MeOH, EtOH, and TFE data). The dashed lines are
included to guide the eye along each transition; they are mostly smooth fits, and only in a few cases were two-state fits employed (see text).
Right: Far-UV CD spectra of VISE in the presence of different alcohol percentages. Native VISE in buffer is shown by filled circles in all
three panels. Top panel: open circles, 27% MeOH; crosses, 73% MeOH. Middle panel: crosses, 70% EtOH. Bottom panel: open circles,
24% TFE,; crosses, 80% TFE.

tyrosine fluorescence, is an apparent two-state reaction inMeOH. Assuming a two-state unfolded{foprocess, the
which polypeptide unfolding and protein dissociation is corresponding free-energy is estimated to813 kJ/mol
coupled. The free-energy of unfolding/dissociation is about (buffer, pH 7, 20°C).
30 kJ/mol monomer (pH 7, 20C) (33). This value is to Upon EtOH additions to cpnl0, the protein unfolds, in
~90% contributed by the interface interactions; cpnlO parallel with immediate precipitation, at 35 and higher
monomers can be folded in isolation but are marginally stable percentages. This is clear from both the far-UV CD and the
(35). fluorescence data (Figure 3C,D). In addition, the solutions
Addition of MeOH to cpnl0 results in a sharp switch, become visually cloudy.
around 45% MeOH, to a state that has less CD intensities at Like the MeOH perturbation of cpnl10, TFE additions to
220 and 230 nm in combination with decreased tyrosine cpnl0 result in initial unfolding of the protein according to
emission. These changes indicate that cpnl0 is adopting arCD- and fluorescence-signal changes (transition midpoint at
unfolded-like structure (Figure 3A,B). Further additions of ~15% TFE). In contrast to the reaction in MeOH, further
MeOH lead to cooperative formation of a structure that has additions of TFE lead to the appearance of a very strong
high g-strand content (i.e., large negative CD signal with negative CD signal with minima at 208 and 222 nm and
minimum at 215 nm and high fluorescence) at around 75% increased tyrosine emission (Figure 3E,F). The transition
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Table 1: Summary of Alcohol-Induced Effects on VISE and cpnl0 Induced by MeOH, EtOH, and TFE Sblvents

MeOH EtOH TFE
protein change midpoint  AG(H20) change  midpoint  AG(H:0) change  midpoint  AG(H:0)
VISE N 15% n.d. on— unf 40% 164+ 2 kJ/mof o — unf 7% n.d.
oa—p 43% 51+ 6 kJ/mof unf—a 35% n.d.
urea 0% MeOH on—unf 1.2M 13+ 2 kd/mot
urea 25% MeOH oo—unf 2.0M 19+ 2 kJ/mot
cpnl0 Pn—unf 45% n.d. Pn— unf 35% n.d. An— unf 15% n.d.
unf—pf  75% 31+ 3 kJ/mo¥ unf—a 25% 254+ 4 kJ/mof
0% MeOH pPn—unf 65+2°C n.d.
20% MeOH pn—unf 48+2°C n.d.
50% MeOH unf~a 60+3°C n.d.
80% MeOH p—a 75+ 3°C n.d.

a|n each case, the structural change observed, the transition midpoint and the corresponding free energy (if calculated) are reported. The alcohol
percentages are reported as volume-to-volume percent. All results refer to pH 7 &B8dc@@ditions, except for the thermal data in MeOH for
cpnl10. Both far-UV CD and fluorescence detection methods were used in the experfhmeditsiot determined. Fluorescence data used for fit.
dCD at 227 nm data used for fitCD at 222 nm and fluorescence data used for fits.

midpoint for this process is found at25% TFE and tive and shifts to higher urea concentrations: the midpoint
corresponds to a free-energy difference~af5 kJ/mol (in is now found at 2.0 M urea (Figure 5A), regardless of the
buffer, pH 7, 20°C). The spectroscopic signals are compat- detection method, and the free energy for the transition
ible with the formation of a superhelical state of the cpnl10 increases to~19 kJ/mol (Table 1). In contrast, thermal
polypeptide at high TFE concentrations. The unfolded state unfolding of VISE in the presence of 28% MeOH (i.e., in
of cpn10 adopted at intermediate TFE concentrations wasthe superhelical state) results in a transition that is shifted to
prone to precipitation upon extended room-temperature a lower thermal midpointT,) as compared to that observed
incubation. for native VISE in buffer Ty, values of 44+ 3 and 56+ 3

Structural Analysis of Non-Nat States by FTIRETIR °C, respectively; data not shown). Like the urea data in
spectroscopy was used to gain further insight into the MeOH, the thermal-unfolding transitions of VISE in the
secondary-structure content of the MeOH-induced non-native presence of MeOH are identical regardless of far-UvV CD
states. FTIR spectra in the amide | region (16Q@00 cm; or fluorescence detection, indicating the absence of populated
reporting on secondary structure39{-41)) were collected  intermediates. Since the superhelical state of VISE has a
on deuterated MeOH/buffer solutions of fixed VISE concen- higher stability than native VISE toward chemical but not
trations but varied MeOH percentages. As expected, the FTIRthermal perturbation, it implies that these two structural states
spectrum of native VISE in buffer (pH 7, 2€) is dominated  of v/ISE have different entropic and enthalpic sensitivities.
by a strong absorbance at 1654 crrcorresponding to Chemical-denaturant (urea or GUHCI) induced unfoldin
o-helices 89—41). In the presence of 28% MeOH, this band f 10in th f MeOH t Hici t?
is intensified without any band-shift, indicating the formation orcpnluin the presence of Vet perc§n ages sutncient to
of additionala-helical secondary structure. Spectra at higher induce the'nonnatlvﬁ-structur'e .(|.e'.,>8OA> MeOH) could

not be carried out due to precipitation. Nonetheless, thermal

MeOH amounts (i.e., 41 and 70% MeOH) reveal decreased , . )
absorbance at 1654 chin parallel with new bands experiments could be executed with cpnl0 in the presence

appearing at 1616 and 1683 chiFigure 4). These two latter of diff_erent MeQH percentages. Eq_uilibrium-thermal per-
wavenumbers are indicative Bfstrand-containing structures  turbation of native cpn10 is a reversible apparent two-state
(39—41). Notably, identical FTIR band changes as observed Process §3). Because cpnl0 is a heptamer and thermal
here for VISE were reported for the helical tetramerization Perturbation results in unfolded monomers, the midpoints
domain of p53 upon high-temperature incubation. In that €xhibit protein-concentration dependence. Therefore, the
case, intermoleculgi-strand formation was concluded). thermal data reported here are all for samples with a cpn10
The FTIR results on VISE reinforce that at intermediate concentration of 3&M. Also in the presence of MeOH are
concentrations of MeOH (i.e., around 30%) VISE adopts a Single, apparent two-state transitions observed. CD and
superhelical structure that is converted topaenriched fluorescence detection methods give identical results at each
structure upon further additions of MeOH (i.e., above 45%). condition. TheTy, values are 65, 48, 60, and 76 in buffer,
FTIR experiments on cpn10 in MeOH were hampered by 20, 50, and 80% MeOH, respectively (Figure 5B; Table 1).
precipitation at the high protein concentrations required.  These results show that the native state of cpn10 is somewhat
Thermal and Chemical-Denaturant Perturbation of Non- destabilized by the presence of low amounts of MeOH (i.e.,
Native StatesTo assess the relative stability of the non- lower Tr in 20% MeOH than in buffer). Furthermore, in 50
native states observed in MeOH, chemical and thermaland 80% MeOH, heating results in the formation of a
experiments were performed with VISE and cpn10 at different superhelical state at high temperatures (inset, Figure 5B),
MeOH conditions. Urea-induced equilibrium unfolding of regardless of whether the starting structure is random-coil
native VISE exhibits a transition midpoint at1.2 M urea (i.e., in 50% MeOH) or non-nativg-strands (i.e., in 80%
(pH 7, 20°C) that corresponds to a free energy of unfolding MeOH). Finally, it emerges that the non-natiglestructure
of ~13 kJ/mol (Table 1). An identical unfolding experiment is more resistant than the native state of cpnl0O toward
of VISE in its superhelical state (i.e., VISE in the presence thermal perturbation (i.eT, values of 75 and 63C for
of 25% MeOH) reveals that the transition remains coopera- cpnl0 in 80 and 0% MeOH, respectively).
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Ficure 3: Left: Alcohol-induced changes in cpnl0 as monitored by far-UV CD (at 220, 227, or 210 nm, as indicatees) open

circles) and fluorescence at 303 nm (excitation at 280 nm; filled circles) as a function alcohol percent (from top to bottom; MeOH, EtOH,
and TFE data). The dashed lines are included to guide the eye along each transition; they are mostly smooth fits, and only in a few cases
were two-state fits employed (see text). Right: Far-UV CD spectra of cpnl0 in the presence of different alcohol percentages. Native cpnl10
in buffer is shown by filled circles in all three panels. Top panel: open circles, 80% MeOH; crosses, 55% MeOH. Middle panel: crosses,
40% EtOH. Bottom panel: open circles, 75% TFE; crosses, 20% TFE.

DISCUSSION companied by a characteristic increasethelical content.
The existence of highly helical conformations and disrupted

Perturbations of Proteins by Alcoholaater/alcohol tertiary structures in alcohols has been reported for man
mixtures have been suggested as useful model systems for y b y

studies of the action on protein structures of the local pfgemshiﬂd IS sumr;arlzed”thabIefJi%ela %7t 18). t
decrease in dielectric constant near membrane surfaces. | " okug ethS|zehan t())vera N apedot hese sta esda:je n%
addition, for several proteins, alcohol-induced non-native ully known, theéy have been proposed o have expanded an

states have been shown to have properties identical to thosd'exible nonglobular, rod_hke chain conformations, in which
of real folding intermediate.0—15). Precisely how alcohols e rods are usually helical@—15).

perturb protein structures is not knowd( 44). The effects Should Alcohols Really Be Considered “Helix Inducers™?
of alcohols have been attributed to ordering of solvent Our findings challenge the concept of alcohols as simple
molecules, lowering the dielectric constant of the solvent, helix inducers. Using two model proteins (Figure 1), we
hydrophobic effects, changes in hydrogen bonding along thedemonstrate by spectroscopic methods that non-fluorinated
peptide chain, or some combination of the:&)(Typically, alcohols (e.g., MeOH and EtOH) can induce, -, and
alcohol-induced denaturation of globular proteins is ac- unfolded structures, regardless of the protein’s native fold
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Ficure 4: FTIR spectra in the amide | region of VISE in 0% (solid

thick line), 28% (thin long dashed line), 41% (thin dashed line) B. 4
and 70% (thick dashed line) MeOH (pH 7, 2@Q). All samples <
were prepared in deuterated solvents with 1 mM VISE. Arrows 0
indicate the new bands that correspongBtstructures (see text). . N

. . 4l n .Ill,...%. .
(Figures 2-4). TFE, on the other hand, only induces

unfolding or a-enriched structures in our model proteins
(Table 1; Figure 6). It is worth mentioning that we make
similar observations as those reported here for VISE and
cpn10 on another unrelated protein: the blue-copper protein 12 - -
Pseudomonas aeruginoaaurin. MeOH additions to the apo- R
form of azurin promote a superhelical state at intermediate -16 - 2 7

25

r o)
[I‘-DED;‘Z‘U@'DGE‘DD 31:'1:\:131:35};55 1%

Rt 3%5%3@
4 30O
2058 eee

-8

CD 71 (Mdeq)

MeOH percentages that converts to a non-nathatructure - 200 210 220 230 240 250

WavFIength (qm)

at higher MeOH percentages, whereas TFE induces only a -20 ‘ R
superhelical state in this protein (J.L., P.W.S.; unpublished 1020 30 40 50 60 70 80
results). Temperature (deg C)

We find that the non-nativer- and -enriched states of  Ficure5: (A) Urea-induced equilibrium unfolding of VISE in 0%
VISE and cpnl10 form in cooperative transitions; the ther- (open circles) and 25% (filled circles) MeOH. The CD signals are
modynamic estimates reveal that the apparent free energie§°a|ed to the same total change for clarity. Solid lines are two-

: . . . state fits to the data points (Table 1). (B) cpn10 thermal denaturation
involved in these reactions are high (Table 1). We note that in the presence of various MeOH percentages. Filled circles, 0%

these values must be viewed as approximations as they dqvieoH; open circles, 20% MeOH; filled squares, 50% MeOH; open
not account for any interprotein interactions. Despite no squares, 80% MeOH. The thermal midpoint for each condition is
detected precipitation, some interprotein associations cannotreported in Table 1. Inset: CD signal at 20 (open squares) and
be excluded. Nonetheless, the intrinsic stability of the non- 80 °C (filled squares) for cpn10 in 80% MeOH, demonstrating the
. : - p-enriched starting structure at room-temperature and the super-

native s_uperh_ellcal an@lenriched states of V_IsE and cpnl0, | jical structure adopted at high temperatures.
respectively, is also clear from the chemical and thermal
perturbation experiments in the presence of MeOH (Figure
5). Although no thermodynamic parameters have been | .
re):ported prgeviously for non}/native stgtes in organic solvents, reported in muscle gcetylphosphata_se, howe\_/er, the mdu_ced
higher stability toward thermal and chemical perturbations structure was considered to be par_t|al for.majuon of a native
has been reported for a few proteins (e.g., ervatamin C and? Sheet 46). Furthermorep.-synuclein, which is a natively
barstar) in the presence of alcohol®,(45). The presence unfolded protein, adopted both andﬂ-structures_ depending
of large energetic separations between the non-native conOn the alcohol addedd). Such a dual behavior has also
formations, and their apparent high stabilities, suggests thatP®en demonstrated with polylysine, a polypeptide that is
protein-folding free-energy landscapes include deep narrowrandom—coﬂ in buffer at pH 7. Addmon_ of low conpentratlons
minima, corresponding to distinct non-native structures, in of non-fluorinated alcohols to poly-ysine results inf-sheet
addition to the funnel-shaped well that leads to the native formation, whereas high concentrations of these alcohols
fold. result ina-helical structuresA8). The ability of polypeptides

What Is the Implication of the Alcohol-Induced— j to adopt botho- andg-enriched conformations emphasizes
Crossaer? To our knowledge, this is the first report of an  the importance of evaluating the presence of non-native
all o-helical protein (i.e., VISE) switching to A-enriched secondary structures in folding intermediates and folding-
structure in the presence of alcohol. Similar behavior has transition states. For exampl@:lactoglobulin has been
only been found for two other globular proteins and two proposed to fold to its nativg-sheet structure via a non-
random-coil structured polypeptides (Table 2). A switch from nativeo-helical intermediate4Q). Notably, phi-value analy-
the nativea/p structure of ervatamin C to a non-native sis of transition-state structures is often interpreted assuming
[-sheet structure was found in the presence of non-fluorinatedonly the presence of nativelike interactiort<{54).

alcohols 9). In addition,/3-sheet induction by MeOH was
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tion. On the other hand, since TFE is most polar of the three
solvents, its ability to displace water and act as a proton donor
may explain why it so strongly favora-helical structure
formation in proteinsX6). Indeed, several recent publications

Table 2: Summary of Alcohol-Induced Protein Changes Described
in the Literature Resulting - and 8-Enriched Structurés

alcohol-induced-structure

protein native fold _a'COhél have shown that TFE preferentially binds to protei&is—
a-synuclein random TFE, HFiP 57). MeOH is less polar than TFE but not as hydrophobic
ervatamin C op TFE EtOH: tlv. th int diat ti
acylphosphatase B TFE as ; apparently, these intermediate properties govern a
poly-L-lysine random high MeOH, EtOH, ProH range of structural effects in our systems. It has been
cytochromec a MeOH proposed that MeOH and EtOH mimic the environment near
myoglobin (apo) a MeOH membranes, whereas TFE mimics the environment in the
Egﬁﬂﬁfase A Z‘/’ﬁ ngﬂ membrane, i.e., the membrane-bound form of protels (
lysozyme /B DMSO, TFE, MEOH, EtOH If true, our results in combination with the literature data
o-lactalbumin a/p MeOH (Table 2) suggest that membrane-bound forms (i.e., as
fB-lactoglobulin B MeOH, EtOH, PrOH modeled by TFE additions) of proteins will most often be
subtilisin inhibitor  oUf MeOH a-helical, whereas proteins in proximity of membranes (i.e.,
apo-azurif p MeOH, TFE . .
cpnld B TEE as modeled by nonfluorinated alcohol additions) may adopt
VIsEd a TFE a range of non-native structures not easily predictable based

cohorind on the protein’s native fold.
_ alconorin ucegs-structure Is There Biological Bearing of the Non-Na#i States

protein native fold alcohel Obsewed?First, VISE is a surface protein, normally attached
a-synuclein random MeOH, EtOH, PrOH to theBorrelia spirochete surface via a lipid that is covalently
erV?t«’;m'”r(]:t g’ﬂ megnr E:g: linked to an N-terminal cysteine resid20¢-24). Thus, VISE
acylphosphatase eOH, P h
poly-L-lysine random low MeOH. EtOH, ProOH is directly exposed to a membrane environment and packed
apo-azurifi i MeOH tightly between other surface proteins. Conformational
cpnl® B MeOH changes in VISE may be a strategy by the spirochete to avoid
VIsE o MeOH rapid degradation in vivo and instead allow time for non-

aFor each protein, the native fold as well as the alcohol used is hative states to be recognized by the host immune system.
provided. The conditions in each case may very, although most studiesV/|SE has many variable regions in its polypeptide, and thus
were performed at room temperature and neutral to acidic pHiP, host-generated antibodies are not deleterious to the spiro-
hexafluoro propanol; PrOH, propanol; DMSO, dimethyl sulfoxidé, . . . .
PWS; unpublished result$ This study. phete. Interegtlngly, one VISE pe.ptld_e region that is hidden

in the core of in native structure still triggers a strong immune

responsed3, 24, 58, 59). In a diagnostic peptide-based test,
it was shown that this peptide stretch binds antibodies better
when the helical tendency of the peptide was improved (by
alanine additions). This result directly supports that non-
native helical structures of VISE are populated in vivo. As

A. VIsE B. Cpn10

EtOH, TFE E'ROH TFE, MeOH

U

F
T °°‘
e o*‘ g e : :
5‘ / RY) ° for cpnl0, it is a co-chaperonin and together with cpn60
interacts with substrate proteins that are either unfolded or
o e B Meomheat partially folded @5—30). For this activity, it may be

necessary for cpnl0 to have a flexible structure that can
FiGuRE 6: Schemes linking the folded (F) and unfolded (U; i.e., €ncapsulate a variety of substrates. Moreover, non-native
random-coil) states of VISE (A) and cpnl0 (B) with non-native states of human cpnl10 may be involved in its proposed
superhelical¢) andg-enriched g) structures. Arrows indicate the  activities during early pregnancg(), in red blood cells that
reactions that are observed in the presence of the different alcoholg5ck mitochondria 1), during carcinogenesi$®), and in

in vitro (Table 1). For both proteins, F-to-U transitions are observed . . . .
in chemical denaturants and in EtOH. For VISE (A), Fetésllowed human diseases related to protein misfoldiég (Notably,

by o-to-B transitions are observed in MeOH and F-to-U followed CPN10 fromE. coli, GroES, has been shown to adfsheet
by U-to-u transitions in TFE. For cpn10 (B), F-to-U followed by  aggregates similar to amyloids at mild denaturing conditions
U-to- transitions are observed in MeOH and F-to-U followed by in vitro (64). It was proposed that these structures are favored
U-to-a. transitions in TFE. In addition, upon heating of cpn10in - ot conditions corresponding to non-native conformations.
MeOH, f-to-a. or U-to-o. transitions can occur.

Can Our Obserations Be Explained by Alcohol Chem- CONCLUSIONS
istry? The effects of alcohols appear to be a combination of We have systematically investigated the effects of simple
the hydrophobicity of the aliphatic chain and the hydrogen- (i.e., MeOH and EtOH) and fluorinated (i.e., TFE) alcohols
bond donor ability of the hydroxyl groupd8, 44). The on the structure and stability afhelicalB. burgdorferiVIsE
dielectric constants are-78, 33, 28, and 25, for water, andfg-sheet human mitochondrial cpnl10 using spectroscopic
MeOH, TFE, and EtOH, respectively; the dipole moment is methods. We find that a nativety-helical protein can adopt
2.52, 1.84, 1.70, 1.69 for TFE, water, MeOH, and EtOH, non-nativej-structures, and, on the other hand, natively
respectively. Whereas MeOH and EtOH are weaker acids5-sheet proteins can adopt-helical structures. These
than water, TFE is a stronger acid than wat; 44). EtOH conversions depend sensitively on the type and amount of
has the lowest dielectric constant and, perhaps due to thisalcohol added (Figure 6). Whereas TFE only causes protein
high hydrophobicity, does not induce distinct non-native unfolding or formation of superhelical structures, MeOH
structures except for causing protein unfolding and precipita- facilitates the formation of all of unfolded, superhelical as
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well asp-enriched structures. Thus, alcohols are not simple 18
“helix inducers” as is generally assumed. Our results show
that the same polypeptide can adopt a variety of conforma-
tions in response to solvent changes; thus, the structures
adopted by proteins near or in biological membranes, or

during folding, may differ dramatically from those observed 20

in dilute buffers and considered to be “native”.
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