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Abstract

The ability of several naturally occurring substances known as osmolytes to induce helix formation in an
alanine-based peptide have been investigated. As predicted by the osmophobic effect hypothesis, the
osmolytes studies here do induce helix formation. Trimethylamine-N-oxide (TMAO) is the best structure-
inducing osmolytes investigated here, but it is not as effective in promoting helix formation as the common
cosolvent trifluoroethanol (TFE). We also provide a semiquantitative study of the ability of TMAO to
induce helix formation and urea, which acts as a helix (and protein) denaturant. We find that on a molar
basis, these agents are exactly counteractive as structure inducing and unfolding agents. Finally, we extend
the investigations to the effects of urea and TMAO on the stability of a dimeric coiled-coil peptide and find
identical results. Together these results support the tenets of the osmophobic hypothesis and highlight the
importance of the polypeptide backbone in protein folding and stability.
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Many organisms and cells accumulate small organic mol-
ecules, termed osmolytes, to counteract either external os-
motic stresses such as dehydration, freezing, and high sa-
linity or internal stresses such as high concentrations of
urea. For example, to offset the potential deleterious effects
of having high levels of intracellular urea, many organisms
produce and accumulate large amounts of a trimethylamine
N-oxide (TMAO), a representative of the general class of
compounds known as protective osmolytes (Yancey and
Somero 1979; Yancey et al. 1982). Such osmolytes have
been shown in vitro to enhance the stability of many pro-
teins without substantial changes in the function of the pro-
teins.
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It has been proposed that osmolytes have a property that
forces proteins to fold, and this general solvophobic prop-
erty has been termed the osmophobic effect (Bolen 2001;
Bolen and Baskakov 2001). Based on an elegant series of
experiments that measured the transfer free energy of amino
acids and models for the polypeptide backbone, Bolen and
associates have proposed that osmolytes exert their stabiliz-
ing effects on proteins chiefly because of an unfavorable
interaction of osmolytes with the peptide backbone (Liu and
Bolen 1995; Wang and Bolen 1997; Qu et al. 1998). The
molecular mechanism underlying the osmophobic effect is
grounded in the work of Timasheff and coworkers who
showed that osmolytes are preferentially excluded from the
immediate contact area around the protein molecule (Lee
and Timasheff 1981; Arakawa et al. 1990; Timasheff 1993).

A hypothesis that emerges from this idea is that osmo-
Iytes should be able to induce structure in otherwise un-
folded polypeptides. For many osmolytes, this has been
shown to be true. Reduced and carboxyamidated ribonucle-
ase A, which is unfolded in aqueous solution, becomes more
compact when transferred to 1M solutions of a variety of
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osmolytes as measured by changes in the Stokes radius (Qu
et al. 1998). Furthermore, TMAO has been shown to coop-
eratively refold reduced carboxyamidated ribonuclease T1
with a C,;4 of =1.3 M TMAO (Baskakov and Bolen 1998)
and the protein subunit of ribonuclease P with a C,;; of =1
M TMAO at 37°C (Henkels et al. 2001).

Here, we provide another test of the hypothesis that os-
molytes act as structure-inducing agents by comparing their
ability to induce helical structure in a model alanine-based
peptide. This allows us to make a qualitative comparison
between several osmolytes, salts, and the known helix-in-
ducing solvent TFE. We also provide a semiquantitative
comparison between TMAO as a structure-inducing agent
and urea, a common protein, and peptide denaturant. We
also extend the studies on urea and TMAO mixtures to a
simple coiled-coil peptide system using a model derived
from the leucine zipper region of GCN4.

Results and Discussion

Osmolyte effects on helix formation

To compare the relative helix stabilizing effects of TFE,
TMAO, potassium phosphate, NaCl, KCl, and sucrose, an
alanine-based peptide was titrated with each compound at
pH 7.0 and helical structure was monitored by circular di-
chroism at 222 nm, as shown in Figure 1. This peptide,
which has been studied before (Scholtz et al. 1993), shows
approximately 40% helical structure at pH 7.0 and 0°C in 10
mM potassium phosphate without any additives (Scholtz et
al. 1993). The peptide, Ac-AAQAA-AEQAA-AAQAAY-
NH,, was designed to be devoid of any stabilizing side-
chain interactions, and the helical structure is due princi-
pally to the high helix-forming propensity of alanine
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Fig. 1. The effects of various solutes on the helix formation in the alanine-
based peptide. The solutes are KCl (open circles), K/Pi (open diamonds),
NaCl (open squares), sucrose (filled triangles), TFE (open triangles), and
TMADO (filled circles). The CD signal at 222 nm was recorded at 0°C in a
pH 7 in 10 mM phosphate buffer.

(Chakrabartty et al. 1994; Chakrabartty and Baldwin 1995;
Scholtz and Baldwin 1995), and thus helix formation is
driven by the formation of hydrogen bond between back-
bone amides.

At low concentrations, potassium phosphate induces he-
lix formation to the largest extent for any of the additives
studied, but this effect diminishes at higher concentrations.
As expected, TFE also proved very effective at inducing
helix formation, becoming better than potassium phosphate
above a concentration of 1 M. TMAO showed helix induc-
tion that is nearly identical to that of potassium phosphate.
Sucrose titrations could only be performed to a concentra-
tion of 1 M for technical reasons related to sample viscosity.
Although sucrose does induce helical structure, it is less
effective than the compounds already discussed. Sodium
and potassium chloride had virtually identical effects upon
helix formation in the peptide, inducing structure to a con-
centration of 0.5 M followed by a decline and becoming
destabilizing above 1 M concentration as noted before for a
related peptide (Scholtz et al. 1991).

Because TMAO has a significant buffering capacity at
high concentrations in aqueous solution, we determined if
different buffer components alter the effects of TMAO as a
helix-inducing osmolyte. Titrations were performed on the
alanine-based peptide with TMAO solutions adjusted to pH
7.0 using hydrochloric, phosphoric, or sulfuric acids. In the
concentration range of 0-2 M TMAO, the helix induction
effects of each solution were identical, and thus TMAOQO, and
not any other component of the solution, is causing the
peptide to adopt the helical structure (data not shown).

Urea and TMAO effects on helix formation

Urea is known to induce helix unfolding in related alanine-
based peptides (Scholtz et al. 1995; Smith and Scholtz
1996). In Figure 2, we show that urea does unfold our
peptide as well. The alanine-based peptide was also treated
with TMAO at a constant urea concentration of 2 M. Figure
2 shows this curve compared with a urea titration of the
same peptide. The two curves intersect at 0.92 M titrant, and
2 M urea is completely counteracted by 1.9 M TMAO. This
suggests the full counteraction ratio of TMAO to urea is
approximately 1:1 for the alanine-based peptide, and fur-
thermore, that on a quantitative basis urea and TMAO are
identical in their ability to unfold or refold the o-helix,
respectively.

Previously, we quantitated the ability of urea to unfold
helical peptides (Scholtz et al. 1995; Smith and Scholtz
1996). By measuring the urea-dependence to helix forma-
tion in a series of alanine-based peptides, and fitting the data
with either the Zimm-Bragg (Zimm and Bragg 1959) or
Lifson-Roig (Lifson and Roig 1961) models for the helix to
random coil transition, we were able to determine the m-
value for the urea-induced unfolding of the peptide helix.

2049

www.proteinscience.org



Celinski and Scholtz

18000 — — ‘
. _gooa?
DDuDJD
16000 |- o ]
o0
— ]
e b =R
r L]
£ 14000 [ o ]
L . s
© o EDE
(\IE uDDD
5 12000 | o d
o [ DE'DD .
@ L D:Du . i
T 10000 |- - J §
o = . ,
== e —
T 8000 . ]
L ]
L ]
6000 |- *
L L L P L L L Il
0 05 1 15 2 25 3

[solute] (M)

Fig. 2. The additivity of TMAO and urea on helix formation in thealanine-
based peptide. Shown in filled circles is the urea-induced helix unfolding
curve. The open squares shows how TMAO induces helix formation in a
solution that contains 2 M urea. The dotted line shows the value of the CD
signal in the absence of any added solute, and the solid line shows the CD
signal for the peptide in 2 M urea. The buffers also contained 10 mM K/Pi
(pH 7), and the CD signal was recorded at a constant temperature of 0°C.
The curves cross near 1 M additive, suggesting that urea and TMAO have
equal and opposite efficiencies as helix unfolding and refolding agents.

This m-value was found to be 23 + 1 cal mol™' M~ per
residue for helix propagation. Here, we find that TMAO and
urea are fully counteractive at very near to a 1:1 ratio,
implying that the absolute values for the m-values for
TMAO and urea are identical, with urea acting as a dena-
turant and TMAO as a renaturant of the helical peptide.

TMAO and urea effects on coiled-coil stability

We also investigated the combined effects of urea and
TMAO on the stability of a dimeric coiled-coil peptide de-
rived from the leucine zipper domain of GCN4. The pep-
tide, called MIINN (see Materials and Methods for se-
quence and nomenclature), has been thoroughly character-
ized in a previous study (Zhu et al. 2000). Shown in Figure
3 are the results of thermal and solvent denaturation curves
for MIINN. The analysis of the urea denaturation studies in
the presence and absence of 1 M TMAO show that the C, ;4
for urea increases by 1 M in the presence of | M TMAO,
suggesting that 1| M TMAO completely counteracts 1 M
urea (Fig. 3A). To further examine the additivity of TMAO
and urea on the stability of the coiled-coil peptide, thermal
denaturations were performed on MIINN (Fig. 3B). The
effects of urea and TMAO on a molar basis were found to
be equal, opposite, and completely additive. Urea (1 M) was
completely counteracted by 1 M TMAO, yielding a T,
equal to that of the peptide in the simple buffer. Further-
more, the T, of the peptide in 1 M TMAO + 2 M urea was
identical to that found in 1 M urea.
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Concluding remarks

We have compared the ability of several different osmolytes
to induce helical structure in a model alanine-based peptide.
As predicted by the osmophobic effect hypothesis, the os-
molytes do, in fact, induce helix formation. TMAO is the
best of the osmolytes investigated here, but it is not as
effective in inducing helix formation as the common helix-
inducing cosolvent TFE. Furthermore, we provide a semi-
quantitative study of the differences between TAMO to in-
duce structure and urea, a common protein denaturant. For
helix formation in this peptide, we find that on a molar
basis, TMAO is just as effective as a helix stabilizing agent
as urea is as a helix denaturant. When we extended the
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Fig. 3. The effects of urea and TMAO on the stability of the coiled-coil
peptide MIINN. (A) Urea denaturation curves in 1 M TMAO (open
squares) and in buffer only (open circles). The peptide concentration was
10 uM in a 10 mM K/Pi buffer at pH 7, and the temperature was 25°C.
TMAO (1 M) increases the C, ;4 for the urea denaturation curve by 1.0 M.
(B) Five thermal unfolding curves for the MIINN peptide at pH 7 in 10 mM
K/Pi buffer alone (open circles), in 1 M TMAO (open squares), 1 M urea
(open diamonds), | M TMAO + 1 M urea (open up triangles), or 1| M
TMAO + 2 M urea (open down triangles).
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studies to the dimeric coiled-coil model system, we found
identical results. Urea and TMAO completely counteract
each other, on a molar basis, and the effects on the stability
of the coiled-coil peptide are equal, opposite, and com-
pletely additive. These simple experiments support the gen-
eral hypothesis put forward about the nature of osmophobic
effect and specifically address the special role of the poly-
peptide backbone in protein folding and stability.

Materials and methods

Trimethylamine-N-oxide (TMAO) and sucrose were obtained
from Fluka. Sodium chloride, potassium chloride, trifluoroethanol,
and all buffers were obtained from Sigma, and the urea was ob-
tained from Nacalai Tesque. All chemicals, with the exception of
TMAO, were used without further purification. TMAQO was puri-
fied by dissolving it in ddH,O and stirring in mixed bed ion ex-
change resin to remove decomposition products and impurities.
The solution was then filtered to remove the resin and the pH was
adjusted with concentrated phosphoric acid, HCI or H,SO,. The
concentration of TMAO was then determined by refractive index
measurements as previously described (Wang and Bolen 1997).

The monomeric peptide used in this study, Ac-AAQAA-
AEQAA-AAQAAY-NH,, was synthesized with solid-phase Fmoc
chemistry methods on an Applied Biosystems 431A Peptide Syn-
thesizer using rink resin and amino acids from Advanced
Chemtech. The peptide was cleaved from the resin in 95% trifluo-
roacetic acid 5% anisole, both obtained from Aldrich for 30 min,
followed by precipitation in zert-butyl methyl ether. The precipi-
tate was dissolved in water, lyophilized, and purified by reverse
phase FPLC on a Resource RPC column with acidic water—aceto-
nitrile gradients. The identity of the peptide was confirmed by
mass spectroscopy (MALDI-TOF).

The variant of the leucine zipper peptide from GCN4 was pre-
pared as described previously (Zhu et al. 2000). The peptide has
the sequence:

STH-MKQLEDK-IEELLSK-IYHLENE-NARLKKL-NGER
and is named MIINN for the identity of the five a positions in the
heptad repeat of the coiled coil (Zhu et al. 2000).

Concentrated osmolyte stock solutions were prepared daily for
all solutes and diluted with buffer to the appropriate concentration
for each experiment. Urea was dissolved in the appropriate buffer
and the pH adjusted to 7.0, and the urea concentration was deter-
mined by refractive index measurements (Pace 1986; Pace and
Scholtz 1997). The TMAO concentration was determined by re-
fractive index measurements according to the procedure described
by Wang and Bolen (1997). All other osmolyte solutions were
prepared using quantitative methods by dissolving a known mass
of solute in buffer using a volumetric flask.

All circular dichroism experiments were performed on an Aviv
Circular Dichroism Spectrometer Model 62DS and monitored at
222 nm. With the exception of the sucrose experiments, all titra-
tions were performed by a Hamilton Microlab 500 series automatic
titrator controlled by IGOR Pro software. The sucrose titration was
accomplished by preparing individual samples at the desired con-
centration of sucrose.
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