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Abstract

The effects of electrostatic interactions on the stability of coiled-coils were investigated using the strategy of shuffling the
sequence without changing the overall content of amino acid residues in the peptides. Shuffling the sequence provides
peptides with thermodynamically similar unfolded states. Therefore, the unfolded state can be used as a universal reference
state in comparing the thermodynamic properties of the folded coiled-coil structure of the peptides, while varying the
configuration of ionized groups, that is, changing the types and number of potential electrostatic interactions. The relative
stabilities of these states were determined by monitoring the temperature-induced folding /unfolding of the peptides in
solutions with different pH and ionic strength by circular dichroism spectroscopy and scanning microcalorimetry. It was
found that, in solutions with low ionic strength, ionic pairs contribute significantly to the stability of the coiled-coil
conformation. The stability increases with an increase in the number of ionized groups in the peptide upon changing pH
from acidic to neutral. In contrast, in the solutions with high ionic strength, the coiled-coil becomes less stable at neutral pH
than at acidic pH. Most surprisingly, the increase in Gibbs energy of stabilization of the coiled-coil state with increasing pH
at low ionic strength proceeds with a decrease in the enthalpy and entropy of unfolding. This observation can be explained
only by hydration of ionized groups upon unfolding of coiled-coils which is associated with significant negative enthalpy
and entropy effects.
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1. Introduction that protein folding is a thermodynamically driven
process [1]. However, the molecular forces determin-

Protein folding is one of the central problems for ing this process are still obscure [2]. A useful experi-
understanding life at the molecular level. It is clear mental approach to this problem is to study the

unfolding /refolding of native proteins and various

de novo designed synthetic polypeptide models. The

" Corresponding author. _ latter became especially attractive with the develop-
We dedicate this paper to the memory of Professor Bill ment of efficient methods of polypeptide synthesis.

Harrington. Professor Harrington believed that the melting of The synthetic peptide minimalistic approach allows
coiled-coils played a significant role in muscle contraction which Y pep pp

greatly enhanced the interest for understanding the energetics of the design of the de?‘_red features of protein Slr_UCture
their structure. and to create simplified models which are easier for
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both experimental and theoretical analysis, and open
prospects for the design of artificial proteins.

One of the most attractive models for studying
protein folding is the two-stranded a-helical coiled-
coil [3-5]. The current interest in coiled-coils is due
not only to the great biological significance of this
type of structure which is basic for many proteins
[6-9], and particularly for muscle proteins, in which
their unfolding /refolding might have a principal im-
portance for transferring the chemical energy into
mechanical work [10,11]. Two-stranded coiled-coils
are the simplest among the stable, highly cooperative
protein models which have yet been synthesized
[12-20]. The simplicity and regularity in their struc-
tural organization opens a unique possibility in using
sequence variation for investigating the contribution
of various factors stabilizing their structure, namely
the shuffling of amino acid residues without chang-
ing their content in the peptides studied.

The main forces stabilizing the a-helical coiled-
coil conformation are assumed to be hydrophobic
interactions between non-polar groups on the contact
faces of two intertwined a-helices [3,21]. There are
also charged groups in the coiled-coil which are
arranged in a quite specific configuration, suggesting
the importance of electrostatic interactions in the
stabilization of their folded state [22]. However, the
role played by electrostatics in stabilizing coiled-coils
is still puzzling: it has been widely observed that
coiled-coils are more stable at acidic pH, where ionic
pairs are absent, than at neutral pH, where ionic pairs
are present [6,7,13—17,23). Most recently, there is
report that an ion pair in a leucine zipper coiled-coil
is destabilizing [24]. To investigate the role of elec-
trostatic interactions in stabilization of coiled-coils
we designed a set of peptides which differ only in
configuration of ionized groups in the coiled-coil
conformation, that is, in the content of electrostatic
interactions.

2. Description of models and strategy of sequence
variation

Our strategy for generating peptides differing in
electrostatic interactions in the coiled-coil state con-
sisted of shuffling residues already in the sequence
rather than making substitutions that will introduce

new residues into the polypeptide chain. The shuf-
fling of residues is done in such a way as to preserve
as much as possible both the sequential context and
tertiary contacts of the permutation sites. Shuffling
of residues should not induce significant change in
thermodynamics of the unfolded state because the
sequential context is very similar at the permutation
sites. Therefore, residual structure in the unfolded
state will be virtually the same for different peptides
(Fig. 1). As a result, the unfolded state can be used
as a universal reference state in comparing the ther-
modynamic properties of the coiled-coil state of all
the peptides generated by residue shuffling. The
difference between any two peptides will arise from
a single type of interaction only in the folded form.
Using the residue shuffling strategy, we generated
the sequences of coiled-coil peptides listed in Table
1. The configuration of ionizable residues in these
peptides and putative electrostatic interactions be-
tween them are presented in Fig. 2 and Table 2.

As shown for the central heptad in Fig. 2, three
chargeable residues, two lysines and one glutamate,
are incorporated into each heptad of the coiled-coils
to form four pairs of potential electrostatic interac-
tions with different configurations. Of the four pairs
of interactions, two (i, i’ + 5) are interchain and two
(i, { 4+ 3) are intrachain. In addition, each chain also
contains four potential (i, i + 4) intrachain electro-
static interactions for a total of eight pairs in the two
stranded coiled-coil, as shown in Fig. 3. However for
simplicity, the peptide nomenclature is based on the
number of (i, ¥ + 5) interchain and (i, { + 3) intra-
chain electrostatic interactions which are identical in
each heptad. For example, when all three ionizable
residues are charged, (2A)(2A)™ represents the
peptide with two interchain (er) and two intrachain
(ra) electrostatic attractions (A). Similarly,
(1AIR)*(2A)™ represents the peptide with one inter-
chain attraction (A) and one interchain repulsion (R)
and two intrachain attractions (A). The same system
is used for the remaining peptides which are shown
in Table 2 with their corresponding total number of
potential electrostatic interactions at pH 2.0 (when
Glu is not ionized) and 6.5 (when Glu is ionized).
These different electrostatic configurations are ob-
tained by merely permutating the positions of the
chargeable residues in each helix. Therefore, the
composition and charge density are invariant
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throughout the set of peptides. A more subtle quan-
tity, the intrinsic helix propensity, is also invariant.
Due to its uncertainty [25-29], exact cancellation is
the only way to get rid of interference from this
factor. Features built into the sequence to make the
environment of the permutation sites as similar as
possible include: (a) the hydrophobic core is kept
invariant; (b) two identical serine residues are taken
to occupy the boundary between the two charge
strips in each helix (see Fig. 2); (c) interchain attrac-
tions are always between K(g) and E(¢’), but not the
other way around, that is, E(g) and K(¢').

In constructing the peptides other measures were
also taken to:

(1) Maximize solubility while minimizing poten-
tial chemical modification of residues at high tem-
perature [30,31). This is the reason that two serines
were selected as the identical pair mentioned above.

Mutant (M’)

FNCHE it

AG"

Ag

=

wild(w)

(2) Avoid formation of four-stranded coiled-coils.
This was achieved by putting an alanine at position
17 in each peptide chain [32].

(3) Cross-link two polypeptides forming the
coiled-coil. This was done by placing cysteine at the
N-terminal ends of the polypeptide and connecting
them with a disulfide bond. This is necessary to keep
two chains in register and to make the unfolding a
unimolecular process. It also prevents heterodimer
dissociation and formation of a mixture of homo-
and heterodimers.

(4) Exclude influence of N- and C-terminal
charges on the electrostatic interactions in coiled-
coils. This was done by blocking the termini by
neutral groups.

(5) Measure concentration of polypeptides spec-
trophotometrically. For this reason a tyrosine is
placed at the N-terminal end of each polypeptide.

Mutant (M)

Substitution M

Fig. 1. Comparison of energy states between residue shuffling and substitution schemes. F means folded and U means unfolded states. A g
is the free energy difference between the mutant and the wild protein at the same state (folded or unfolded). AG is the free energy difference
between the unfolded and the folded forms of the same protein. Possible interactions that contribute to each quantity are given. Agg:
hydrophobicity, helix propensity, charge density, hydrogen bonding, salt bridges, packing effect, etc. A g{;: residual structure, side chain
entropy and hydration, charge density, etc. A g: difference in the folded form due to a single type of interaction (e.g., electrostatics,

packing) between a specific pairs of residues.
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3. Materials and methods
3.1. Peptide synthesis and purification

The peptides were synthesized by standard solid-
phase methodology and purified by reversed-phase
high-performance liquid chromatography (HPLC).
The disulfide bond was formed by air oxidation in
100 mM NH,HCO; at pH 8. For peptide combina-
tions that do not readily form heterodimers, air oxi-
dation was conducted in 100 mM NH ,HCO;, pH 8,
containing 6 M guanidinium hydrochloride. In each
case, the heterodimer was separated from the two
concomitant homodimers by reversed-phase HPLC.

Table 1
Sequences of coiled-coil peptides

Because all disulfide-bridged products have identical
amino acid composition and molecular weight as
well as charge density, the homodimers were identi-
fied by coinjection with two independently prepared
homodimers and the third product peak was taken as
the heterodimer. The authenticity of disulfide bridge
formation was verified by mass spectrometry. Details
of the synthesis and purification procedures were
similar to those described previously [13,17,32,33].
The two-strandedness of the peptides was verified by
size-exclusion chromatography. All peptides are
two-stranded monomers, except for (2R)*(2R)™,
which showed a broad peak that suggests some
aggregation.

sequence ¢ chain type
peptide¢ ( gabcdefg abced d a d a d 14
Ac-YKCKSLESK VKSLESKAKSLESK VKSLESKVKSLES-am 1
QA)T(2A)= |
homostranded | Ac-YKCKSLESK VKSLESKAKSLESK VKSLESKVKSLES-am 1
Ac-YKCKSLESKVKSLESKAKSLESKVKSLESKVKSLES-am 1
(1AIR)=(2A)= |
heterostranded | Ac-YKCESLKSKVESLKSKAESLKSKVESLKSKVESLKS-am 2
Ac-YKCKSLESKVKSLESKAKSLESKVKSLESKVKSLES-am 1
(2A)(1A1R)r |
heterostranded | 4c-YKCSKLESKVSKLESKASKLESKVSKLESKVSKLES-am 3
Ac-YKCESLKSKVESLKSKAESLKSKVESLKSK VESLKS-am
(2R)(2A)= |
homostranded | Ac-YKCESLKSKVESLKSKAESLKSKVESLKSK VESLKS-am
Ac-YKCSKLESKVSKIESKASKILESKVSKLESKVSKLES-am 3
(2A)(2R )y I
homostranded | Ac-YKCSKLESKVSKLESKASKLESKVSKLESKVSKLES-am 3
Ac-YECKSLKSEVKSLKSEAKSLKSEVKSLKSEVKSLKS-am 4
(2R)=(2R)™ l
heterostranded | Ac-YKCSKLESKVSKLESKASKLESKVSKLESKVSKIES-am 3

? Residues involved in shuffling are underlined. All these disulfide-bridged two-stranded coiled-coils have the same amino acid composition

but different sequences.
® Letters in the parentheses indicate positions in each heptad.

¢ Superscripts er and ra stand for inter- and intra-chain electrostatic interactions, respectively. A and R denote electrostatic attractions and

repulsions, respectively, as shown in Fig. 2.
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(2A)r(2A)ra
£ 2E

Fig. 2. Helical-wheel representation of the peptide set generated by residue shuffling. Only the middle heptad of each peptide is shown here.
Letters a, b, c, d, e, f, g denote the positions of each residue in the heptad repeat. Electrostatic attractions are represented by solid arrows

»»»»»

while electrostatic repulsions are represented by dashed arrows.
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3.2. Solution preparation

Buffers used for circular dichroism (CD) and
calorimetric measurements are: at pH 2.0, phospho-
ric acid; at pH 2.5-3.5, glycine—HC]; at pH 4.0-5.5,
10 mM sodium acetate—NaOH, 1.0 mM EDTA; at
pH 6.0-7.5, 10 mM sodium phosphate, 1.0 mM
EDTA and at pH 8.0-10.0, 10 mM boric acid-
NaOH, 1.0 mM EDTA. For CD measurement, the
peptide stock solution was dialyzed against deion-
ized water, then diluted by appropriate buffer to the
desired pH. For calorimetric measurement, each pep-
tide was dialyzed against buffer of desired pH di-
rectly. Concentration was determined by measuring
UV absorption at 275 nm in 5-6 M guanidinium
hydrochloride of pH 6.5. The extinction coefficient
is 0.375 a.u. mg ™' ml at 275 nm, calculated from the
amino acid composition according to Gill and Von
Hippel [34]. Light scattering effect was corrected for
according to Winder and Gent [35]).

3.3. Circular dichroism spectroscopy

Ellipticity was measured using a Jasco 710 spec-
tropolarimeter, calibrated with d4-10-camphor-

sulfonate. Structural changes induced by heating were
monitored as the change in molar ellipticity at 222

nm with a heating rate of 0.5°C min~'.

3.4. Differential scanning calorimetry

Calorimetric measurements were carried out on
scanning microcalorimeters developed at the
Biocalorimetry Center at the Johns Hopkins Univer-
sity, following standard procedure for sample prepa-
ration and data retrieval [36). In all measurements,
the heating rate was 1°C min~'. The partial molar
heat capacity of a fully extended peptide is calcu-
lated from its amino acid composition according to
Privalov and Makhatadze [37]. Partial specific vol-
ume of the peptides was calculated from amino acid
composition according to Makhatadze et al. [38] with
a value of 0.751 ml mg ™.

Reversibility of heat denaturation is checked both
optically, by the ellipticity, and calorimetrically, by
the heat capacity and enthalpy. At acidic pH, the
reversibility is about 100% upon heating up to 100°C.
At neutral pH, reversibility is 90% upon heating to
85°C, and decreases upon heating to higher tempera-
tures.

Table 2
Overall electrostatic configurations and molar ellipticities of coiled-coils at pH 2.0 and 6.5 ?
pH 2.0 pH 6.5
Peptide ° Type Electrostatic [6,,]° Electrostatic [8,,,]¢
interactions © (deg cm? dmol™ ") interactions ¢ (deg cm? dmol ™ ')
(2A)(2A)" intrachain 0° —34820 18 attr. —35200
interchain 0 10 attr.
(JAIR)*(2A)™ intrachain 0 -3293 18 attr. -31330
interchain 5 repl. 5 attr., S repl.
(QA)"(1AIR)™ intrachain 9 repl. —-29100 9 attr., 9 repl. —-33110
interchain 0 10 attr.
(2R)"(2A)™ intrachain 0 —2839 18 attr.. —8961
interchain 10 repl. 10 repl.
(2A)"(2R)™ intrachain 18 repl. - 1750 18 repl. —-29820
interchain 0 10 atir.
(2R)*(2R)™ intrachain 18 repl. 18 repl. —3292
interchain S repl. 10 repl.

? Buffer conditions: pH 2.0, 25 mM phosphoric acid; pH 6.5, 10 mM phosphate, 1.0 mM EDTA.
® Nomenclature is as described in Table 1 and superscripts indicate whether the interaction is interchain (er) or intrachain (ra).
¢ The total number of potential intrachain (i, i + 3 or i, i+ 4) and interchain (i, i/ + 5) interactions in the 36-residue two-stranded

molecule.
d Ellipticity was measured at 5°C and 222 nm wavelength.

€ 0 stands for no electrostatic interactions, attr. for attraction and repl. for repulsion.
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4. Results
4.1. Circular dichroism spectroscopy

The far-UV CD spectra of the coiled-coil peptides
at 5°C, pH 6.5 are shown in Fig. 4a. CD spectra of
the same peptides but in the unfolded form, achieved
either by high temperature (95°C) or by sequence
rearrangement, are shown in Fig. 4b. Fig. 4c is the

unfolding process of peptide (2A)*(2R)™ as pH
changes from 10 to 2. The spectra of folded peptides
have two minima at 222 nm and 208 nm with a
222:208 ratio of about 1.03 in folded peptides, indi-
cating the formation of coiled-coil structure [14,32].
The isodichroic point at 203 nm (Fig. 4¢) indicates
that each residue can exist in only two conforma-
tions, helical or non-helical [39,40}.

Fig. 5a shows the pH dependency of ellipticity.

A) Homostranded (2A)er (2A)ra
Sides 1 and 2 Identical

A8y

]

AT AT S

"é%’ﬁa@%

—
c

@ @ Chain 1
AT A
“ ) Chain 1

Fig. 3. Helical-rod diagrams of (A) a representative homostranded coiled-coil where the two sides are identical and (B) a heterostranded
coiled-coil where the two sides are different. The solid arrows represent the (i, i’ + 5) interchain electrostatic attractions, the open arrows for
(i, ¥ + 5) interchain electrostatic repulsions, the bold bars for (i, i + 4) intrachain electrostatic interactions and the thin bars for (i, i + 3)
intrachain electrostatic interactions. The chain numbers correspond to those in Table | and Fig. 2.



306

Y. Yu et al. / Biophysical Chemistry 59 (1996) 299-314

85000 -
65000 .
45000 : 1
25000 : -

4
5000 - a

(deg.cm®.dmole™")

—16000 ~
-

—35000 —

—565000

W ]
. R\ 4
® N—1

180 190 200 210 220 230 240 250 1

Wavelength (nm)

0 190 200 210 220 230 240 250 1
Wavelength (nm)

0 190 200 210 220 230 240 250 260
Wavelength (nm)

Fig. 4. CD spectra of folded and unfolded coiled-coils. (a) CD spectra of the peptides at 5°C, pH 6.5, in increasing order of ellipticity at 222
nm: (2R)(2R)™?, (2ZRY(2A)?, (2A)(2R)%, (1AIR)(2A)%, (2A)"(1AIR)™, (2A)(2A)™. (b) CD spectra of the peptides at 85°C, solid
lines are: (1AIR)*(2A)7, (2A)'(2R)™?, (2A)*(1AIR)™ and (2A)*(2A)™ at pH 6.5 and (2A)*(1AIR)™ and (2A)*"(2A)™ at pH 2.0. Dashed
lines are CD scans at 5°C for (2R)*"(2A)™ at pH 2.0 and (2R)*(2R)™ at pH 6.5 (they almost superimpose each other). (¢) CD spectra of
peptide (2R)*(2A)™ at pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 9.5, and 10.0 at 5°C, shown with increasing order of ellipticity. Buffers used:
pH 2.0, phosphoric acid; 2.5-3.5, 10 mM glycine-HCI; 4.0-5.5, 10 mM sodium acetate, 1.0 mM EDTA; 6.0-7.5, 10 mM sodium
phosphate, 1.0 mM EDTA; 8.0-10, 10 mM boric acid-NaOH, 1.0 mM EDTA.

The abrupt increase in ellipticity of peptides
(1AIR)*(2A)® and (2A)"(2R)™ at pH 4.0 was
caused by the addition of EDTA. However, EDTA
has no significant effect on ellipticity of any peptide
between pH 6 and 7, where calorimetric measure-
ments on fully charged coiled-coils take place. Fig.
5b shows the melting profiles of coiled-coils heated
in low ionic strength solutions monitored by 8,,,.
Fig. 6 shows the effect of NaCl on the melting
profiles of (2A)*(2A)™ at pH 2.0 and 6.5.

4.2. Calorimetry

The CD results showed that, at low pH, only the
peptide (2A)*(2A)™ formed a stable coiled-coil, so

calorimetric measurements were focused on this pep-
tide. The heat capacity profiles of this peptide at
different pH values are shown by Fig. 7a.

Another focus in the calorimetric measurements is
pH 6.5, where both glutamate and lysine residues are
expected to be charged and all the potential electro-
static attractions and repulsions are present. At this
pH, four peptides, (2A)"(2A)", (1AIR)*(2A)",
(2A)"(1AIR)™ and (2A)*(2R)™, form stable
coiled-coils according to the CD spectra (Fig. 4a)
and the results of calorimetric measurements of these
peptides are presented in Fig. 7b. The inset in this
figure shows the heat capacity of the unfolded pep-
tides at pH 2.0 and 6.5. As can be seen, different
peptides with the same composition have virtually

Table 3
Calorimetric data of unfolding coiled-coil peptides *
Peptide pH T, (°C) AH, ° AH,, °® AH (70°C) AS(70°C) AG (70°C)
2A)X'zA)™ 2.0 555 186 184 200 0.608 -8.6

35 67.0 173 169 173 0.510 -4.0

4.5 72.2 165 163 162 0.468 1.0

6.5 86.3 166 ¢ 144 0.400 7.1
QAX (1AIR)™ 6.5 78.2 156 © 144 0.410 3.6
(2A)"(2R)"™ 6.5 70.5 145 144 144 0.420 0.2

* Enthalpies and free energies are in kJ mol™'. Entropies are in kJ K™ ' mol ™.
®AH_, and AH,, are calorimetric and Van’t Hoff enthalpies at 7;, respectively.

¢ Extrapolated values, see text for detail.
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the same heat capacity for the unfolded state, which
1s in a very good correspondence with the calculated
heat capacity for a fully extended peptide of the
same composition.

Fig. 7 shows that the apparent heat capacities of
all studied peptides drop at neutral pH (starting at pH
5.5) when the temperature of solution approaches
90°C. The drop becomes more severe in basic pH
region {data not shown) and this is the reason why
calorimetric measurements were not carried out in

ok (2A)7(24)™ a
Nl &Ale"

27 5000071 66060 (2A)%(2R)™
|
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Fig. 5. Dependence of ellipticity of the peptides at 222 nm (©),,,}
on (a) pH and (b) temperature (normalized by the value at 5°C). In
(b), solid lines represent the peptides at pH 6.5 | for
(AIR)(2A)™, 2 for (2A)(2R)™, 3 for (2A)"(1AIR)™ and 4
for (2A)"(2A)™. Dashed lines from left to right represent the
peptides (2A)(1A1R)™ and (2A)*(2A)™ at pH 2.0. The buffers
used are the same as given in Fig. 4.
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Fig. 6. Effect of sodium chloride on the thermal unfolding of
(2A)"(2A)™ at two pH values. Solid lines are at pH 6.5 in 10 mM
sodium phosphate, 1.0 mM EDTA containing, from left to right 0
mM, 100 mM, 150 mM NaCl. Dashed lines are at pH 2.0 in dilute
phosphoric acid containing, from left to right, 0 mM, 100 mM,
150 mM NaCl

the basic pH region. The drop of the apparent heat
capacity indicates the release of heat with increasing
temperature caused by some irreversible processes. It
cannot be caused by aggregation of unfolded pep-
tides since we did not find a concentration depen-
dence of this effect or visible aggregates in the
solution after heating. Aggregation induced by hy-
drophobic interactions is not expected to have such a
pH dependency. For the following reasons, this phe-
nomenon is most likely due to chemical modification
of disulfide bond. First, the observed irreversible
release of heat by the studied peptides upon heating
has the same pH dependence as the chemical modifi-
cation of disulfide bond [30,31]. Second, the sample
gave a strong smell of thiol group after heating up to
100°C at neutral pH. Finally, the irreversible release
of heat upon heating disappeared when the cysteines
in the polypeptides were replaced by valines (Fig.
8a). Unfortunately, without disulfide cross-linking,
peptides (1AIR)*(2R)™ and (2A)"(1AIR)™ would
form a heterogeneous mixture of three dimers. Thus
this disulfide bond is vital for the quantitative study
of the energetics of coiled-coils and cannot be elimi-
nated.

The irreversible heat release at elevated tempera-
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Fig. 7. Heat capacity of coiled-coils as function of temperature. (a) Peptide (2A)*(2A)™ from left to right are at pH 2.0, 3.5, 4.5, 5.5 and
6.5. (b) Peptides (2A)*(2R)™, (2A)"(1AIR)™, (1AIR)(2R)™ and (2A)"'(2A)"™ at pH 6.5, numbered 1, 2, 3 and 4, respectively. Inset: heat
capacities of unfolded coiled-coils: 1, (2R)"(2A)? at pH 2.0; 2, (2R)*(2A)™ at pH 6.5; 3, another reference peptide generated by residue
shuffling but not included in the ensemble listed here. In all graphs, the dashed—starred line is the calculated heat capacity of the fully
extended peptide according to its amino acid composition. The buffers used are the same as in Fig. 4.

ture is a serious obstacle for calorimetric measure-
ments of the heat of unfolding of coiled-coils in
conditions when they are stable and unfold at tem-
peratures close to 85-90°C. However, in that case
the total heat of unfolding can be determined from
the first half of this process which takes place below
85°C [41]. Since we know the heat capacity incre-
ment upon unfolding of the peptides and know that
unfolding is approximated by a two-state transition
(as confirmed by results in the acidic pH region
where there is no heat capacity drop after transition),
we can evaluate with a good accuracy the complete
heat capacity and enthalpy function of this process
by its initial phase. This procedure is provided by the
software developed for the calorimetry data process-
ing at the Johns Hopkins Biocalorimetry Center. Fig.
8b shows an example of such analysis: the original
heat capacity curve of (2A)*(2R)™ at pH 6.5 and the
simulated complete heat capacity function obtained
from the first half of the observed heat absorption.
The unfolding enthalpies and entropies at the

transition temperature are given in Table 3. For the
purpose of comparison, Table 3 also lists all the
thermodynamic quantities of stable coiled-coils ex-
trapolated to 70°C, the temperature is selected to
minimize the error of extrapolation.

5. Discussion

5.1. Is the unfolding process of cross-linked coiled-
coils a mwo-state transition?

The answer-is yes, in most cases. In this study,
the coiled-coil peptide is unfolded by three means:
rearrangement of sequence, pH and temperature. As
peptides in the ensemble change stepwise from
(2A)"(2A)™ to (2R)*(2R)™, the conformation at a
given pH switches from a coiled-coil to random coil
(Fig. 4a). Changing pH can also unfold a coiled-coil
(Fig. 4c). The existence of an isodichroic point at
203 nm (Fig. 4a, c) suggests that in both processes
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Fig. 8. (a) Effect of disulfide bond on the heat capacity drop of
(2A)"(2A)™ upon unfolding at neutral pH. Dashed line is the
peptide with the disulfide bond. Solid line is the peptide without
the disulfide bond (the two cysteines are replaced by valines).
Buffer is 10 mM sodium phosphate, pH 7.0. | mM EDTA greatly
alleviated the heat capacity anomaly at neutral pH when there is a
disulfide bond, as evidenced by Fig. 7. (b) Simulation of the heat
capacity of (2A)(2R)™ at pH 6.5 in 10 mM sodium phosphate, |
mM EDTA. The dashed line is the actual heat capacity and the
solid line is the simulated complete transition heat capacity pro-
file. In both a and b, the dashed-starred line is the heat capacity
of fully extended peptide calculated from the amino acid composi-
tion.

each residue can adopt only two possible conforma-
tions [39,40]. However, this does not necessarily
mean that the unfolding of the whole molecule is a
cooperative two-state transition. The cooperativity is
shown by the thermal unfolding process.

The thermal unfolding of coiled-coils is moni-

tored by both CD spectroscopy and calorimetry. The
ellipticity profiles of most coiled-coils show a sharp
sigmoidal transition as the temperature increases from
5 to 85°C, except for (1AIR)*(2A)™ at pH 6.5 and
QA (1AIR)™ at pH 2.0 (Fig. 5b). A sigmoidal
transition again suggests a two-state process. How-
ever, the most definitive proof that the thermal un-
folding of cross-linked coiled-coils is two-state comes
from calorimetry. The Van ’t Hoff enthalpy calcu-
lated based on a two-state transition is very close to
the real, calorimetrically measured enthalpy of un-
folding (Table 3). According to Thompson et al.
[42], thermal unfolding of a non-cross-linked coiled-
coil is also a two-state transition in the case of
GCN4 leucine zipper.

However, it appears that unfolding of coiled-coils
is not always a two-state transition. The temperature
dependency of ellipticity at 222 nm indicates that the
thermal unfolding of (1AIR)*(2A)™® at pH 6.5 is
much less cooperative process than that of the other
peptides studied. (2A)*"(1AIR)™ at pH 2.0 gives a
small tail phase (Fig. 5b) in melting. Calorimetri-
cally, (1AIR)*(2A)™ has a significantly higher pre-
transition heat capacity and much lower transition
peak (Fig. 7b) compared to the other coiled-coils at
pH 6.5. The thermal unfolding of (2A)*"(1A1R)™ at
pH 2.0 gives a heat capacity profile that can be
deconvoluted into two overlapping transitions, with
the second one much smaller than the first one (data
not shown), consistent with the CD results. These
results suggest that the unfolding of certain coiled-
coils could be more complex than a two-state transi-
tion under certain conditions. However, the cause of
the observed deviation of their unfolding from a
simple two-state transition is unclear. Further studies
are needed to elucidate the origin of complex behav-
ior of these peptides.

5.2. Are electrostatics important for cotled-coil stabi-
lization?

The answer is yes, with subtleties. It appears that
electrostatic attractions are not needed for the forma-
tion of coiled-coils. This follows from the experi-
mental fact that a coiled-coil is formed at two ex-
treme pH regions in which electrostatic attractions
are absent. At low pH (2-3), glutamate is protonated
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and does not form an ionic pair with lysine. In this
region, (2A)"(2A)™ has no electrostatic interactions
but forms a stable coiled-coil (Fig. 5a). The elliptic-
ity of (2A)(2A)™ is virtually independent of pH
with an average of —36120 + 1530 deg cm?
dmol™!, which corresponds to about 100% helicity
according to Zhou et al. [43). On the other hand, as
pH goes to 10, all peptides start to form stable
coiled-coils, as indicated by the convergence of their
ellipticities to that of (2A)"(2A)™ (Fig. 5a). As the
pH approaches 10, lysine residues deprotonate and
lose their charges. As a result, all electrostatic attrac-
tions vanish in all peptides studied. Thus it appears
that a coiled-coil is formed in the absence of signifi-
cant electrostatic attractions. This is consistent with
previous results [17,19,20] which showed that
coiled-coils were formed when the e and g positions
were all occupied by Gln which is not capable of
forming interchain electrostatic interactions. Further-
more, a coiled-coil is not only formed in the absence
of electrostatic interactions, but is also stable. For
instance, at pH 2.0 (2A)*(2A)™ has a T, of 55.5°C
with an unfolding enthalpy of about 23 J g~', com-
parable to the average of other multidomain coiled-
coils and globular proteins [44]. These observations
lead to the unambiguous conclusion that electrostatic
attractions are not necessary in forming coiled-coils.
This also explains the earlier observation that ion
pairs are not required for leucine zipper activity [9].
The hydrophobic packing interaction at the helical
interface and hydrogen bonding appear be the major
force that drives the formation and stabilization of
coiled-coils. However, our results show that electro-
static interactions also affect the stability of coiled-
coils.

Of the two types of electrostatic interactions,
namely repulsion and attraction, repulsion is much
more straightforward. At pH 2.0, the total number of
repulsions in the coiled-coils generated by residue
shuffling varies from 0 to 23 (Table 2), with no
attractions present and a constant number of charges.
Therefore, the difference between the stabilities of
these peptides could be caused only by the electro-
static repulsions. The results (Table 2 and Fig. 5a)
show that coiled-coils have very little tolerance to
electrostatic repulsions if there are no balancing at-
tractions. One interchain repulsion in each heptad (a
total of five for the coiled-coil) is enough to disrupt

the structure entirely, as in the case of (1AIR)*(2A)™
at pH 2.0. Intrachain repulsions are less disrupting in
the sense that the coiled-coil structure is maintained
in the presence of nine pairs of intrachain repulsion
[(2A)"(1A1R)™ at pH 2.0]. Only in the presence of
18 pairs of intrachain repulsion [(2A)(2R)™ at pH
2.0} is the coiled-coil structure completely unfolded
(Fig. 5a). However, even though one intrachain re-
pulsion in each heptad does not completely disrupt
the coiled-coil structure, the peptide (2A)(1AIR)™
was only marginally stable at pH 2.0 and has lost its
cooperativity. The very fact that repulsions are very
destabilizing to coiled-coils hampered the attempt to
measure its effect quantitatively by calorimetry be-
cause only one peptide, (2A)7(2A)™, is stable at pH
2.0.

Our conclusion that electrostatic repulsions
severely destabilize coiled-coils came as not much of
a surprise since it agrees with the previous observa-
tion that electrostatic repulsions are mainly responsi-
ble for the preferential hetero-dimerization of Fos—
Jun leucine zipper [8] and de novo coiled-coil mod-
els, where in all cases homodimer formation was
prevented or destabilized by electrostatic repulsions
[18-20,23]). It also agrees with the observation that
electrostatic interactions, mostly repulsions, control
the orientation of two-stranded coiled-coils [45].

The situation with electrostatic attractions is very
different. It has long been noticed that muscle pro-
teins like tropomyosin and paramyosin, which form
long, multidomain coiled-coils, are more stable at
low pH than at neutral pH {6,7]. This is surprising
because these proteins have no electrostatic attrac-
tions at pH 2.0. Later, the same effect of greater
stability at low pH was observed in short coiled-coils
[13-17,23). Lumb and Kim [24] recently observed
that an ion pair in GCN4 leucine zipper is unfavor-
able, consistent with previous observations. How-
ever, our results show clearly the opposite trend, that
the coiled-coils are more stable at neutral pH than at
acidic pH (Figs. 5 and 6, and Table 3). Furthermore,
elevating pH from 2 to 6.5 not only stabilizes
coiled-coils, such as (2A)*"(2A)™ and (2A)"(1AIR)™
(Fig. 5b), but it also refolds unfolded coiled-coils,
such as (1AIR)*(2A)™ and (2A)(2R)™ (Fig. 5a).
These results clearly indicate that charged glutamate
stabilizes a coiled-coil conformation more than pro-
tonated glutamate and that ion pairs contribute posi-
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tively to the stability of this coiled-coil under our
low ionic strength buffer conditions.

How do we reconcile our results with previous
observations that coiled-coils are more stable at low
pH? The answer comes from the difference in ionic
strength. In all the previous studies, a significant
amount of NaCl or KCI was present in the solution.
Its concentration ranged from 0.1 M to 0.5 M [6,13~
17,23,24]. On the other hand, the buffer solutions
used in our experiments are only 10 mM in concen-
tration and contain no NaCl. As Fig. 6 shows, in the
presence of 0.1 M NaCl the (2A)*"(2A)™ coiled-coil
is indeed slightly more stable at pH 2.0 than at 6.5
and 0.15 M NaCl makes the peptide significantly
more stable at pH 2.0 than at 6.5. Also from Fig. 6,
it can be seen that NaCl has more pronounced effect
at pH 2.0 while it has very little effect at pH 6.5,
which agrees with the observation that the 7, of a
leucine zipper is relatively independent of ionic
strength at pH 7 [23]. Judging from these results, the
increased stability of coiled-coils at low pH might be
caused by the presence of salt. The effect of NaCl
could result from shielding and binding. It is well
known that electrostatic interactions could be signifi-
cantly shielded by salt. This shielding effect of NaCl
would reduce the strength of attractions which are
present only at neutral pH. On the other hand, non-
specific anion binding should be enhanced at pH 2.0
due to the increase in net positive charges carried by
the peptide. Thus, the effect of NaCl could also
result from binding of anions to the positively charged
lysine side chains, which are near the hydrophobic
core, and this would enhance the relative stability of
coiled-coils at acidic pH versus neutral pH. This
resembles the so-called counterion condensation en-
countered in double-stranded-helical DNA [46,47].
One cannot exclude, however, that the high concen-
tration of electrolyte might affect properties of water
and consequently, the hydrophobic effect {16,20]. In
order to avoid the complex effect of salt, we chose
low ionic strength instead of physiological buffer
conditions to reveal the full strength of electrostatic
interactions. This is especially important in the case
of coiled-coils because all the interactions are on the
surface.

Based on our experimental results, we conclude
that coiled-coils can be significantly stabilized by
electrostatic attractions in the absence of salt. A
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Fig. 9. Temperature dependencies of (a) enthalpy and (b) entropy
of unfolding of (2A)*(2A)™ coiled-coil. Solid lines show experi-
mental values obtained by calorimetric measurements of coiled-coil
unfolding in solutions at pH 2.0, 3.5, 4.5 and 6.5 (left to right,
respectively); dashed lines show the enthalpy and entropy of
unfolding of coiled-coil, calculated by Eqgs. | and 2, assuming that
all glutamates are protonated.

more detailed study on the pH and salt effect on the
stability of coiled-coil, employing both thermal and
chemical denaturation, is presented elsewhere [48].

5.3. With positive _ACP, why does u(lfoldzng enthalpy
decrease as transition temperature increases?

Although the fact that ion pairs stabilize a coiled-
coil is expected, the pH-induced increase in the
electrostatic interactions results in a quite unexpected
phenomenon: with increase in stability, i.e. transition
temperature T,, upon changing pH from 2 to 6.5, the
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enthalpy of unfolding (2A)*(2A)™ decreases (Figs. 7
and 9a and Table 3), in sharp contrast to what
normally happens in globular proteins [41]. Simi-
larly, AS also decreases with pH (Fig. 9b). This
decrease in the unfolding enthalpy and entropy with
an increase in pH and transition temperature cannot
be associated with the irreversible heat release caused
by hydrolysis of cystines, which only happens at
neutral pH and high temperature. But it is most
likely caused by deprotonation of glutamate as the
pH goes from 2 to 6.5.

In general, AH should be a function of both
temperature and pH. However, if unfolding enthalpy
and heat capacity increment would be pH indepen-
dent, as one can expect for the pH 2.0 solution in
which all glutamates are protonated and no signifi-
cant deprotonation is expected with temperature in-
crease, then the enthalpy would appear as an increas-
ing function of temperature with a slope equal to the
heat capacity increment:

AH(T,pH, = 2)™

determined calorimetrically at various pH values. It
is interesting to see that the calculated and the
experimental enthalpy values show opposite trends
when plotted against transition temperature.

A similar situation holds for the entropy of un-
folding of coiled-coils. In the absence of pH-induced
changes in the state of ionized groups, the entropy of
coiled-coil unfolding should be an increasing func-
tion of temperature:

AS(T,pH, =2)™ = AS(T,,pH, = 2)

dAS AH(T ,pH, =2
+/T(_) dT = ( ¢» PH, )
n\ T Jon

T,

t
T
+ [T AC,dInT (2)
Instead, the entropy of unfolding measured calori-
metrically at various pH decreases with the increase
of transition temperature (Fig. 9b).
Deviation of the calculated functions from the
experimentally determined unfolding enthalpies and
entropies corresponds to the pH-induced effect caused

r{ 9AH by increase in the number of deprotonated gluta-
=AH(T,,pH,=2)+/ (——) dT mates:
. aT pH ion
8AH(T,pH)
T X c
= AH(T,.pH, =2) + [ AC,aT (1) = AH(T.pH)™ — AH(T.pH, =)™ (3)
t ion
This function is plotted in Fig. 9a, together with 84S(T. pH) exp cale
A H(T, pH)®?, the experimental unfolding enthalpy = AS(T,pH) " — AS(T,pH, = 2) (4
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Fig. 10. The temperature dependence (a) and the pH dependence (b) of the contribution of electrostatic interactions to the stabilization of the
(2A)(2A)™ coiled-coil calculated by Egs. 3, 4 and 6. Square represents 8A (T, pH)", circle represents TSA S(7, pH)®", and diamond

represents SAG(T, pH)".
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It appears that the disruption of the contact be-
tween the negatively charged glutamate and posi-
tively charged lysine and the exposure of these
charged groups to water is associated with negative
enthalpy and entropy effects (Fig. 10). Their nega-
tive values result certainly not from disruption of
electrostatic interaction between the opposite charged
groups but from the hydration of these groups. In
(2A)"(2A)™, each glutamate is surrounded by three
lysines (Fig. 3). Therefore, their side chains would
be at least partly shielded from water by each other.
In the unfolded form, there is no stable ion pairs and
the side chains of lysines and glutamate would be
fully exposed to water. This will result in change of
their hydration status upon unfolding. It is known
that the enthalpy and entropy of hydration of charged
groups are negative and large in magnitude [49,50).
In these coiled-coils the pH dependence of this effect
is mainly due to glutamate because the lysine side
chains do not change their charge upon changing pH
from 2.0 to 6.5. In globular proteins the similar
effect of pH-induced decrease of unfolding enthalpy
was not observed experimentally because there are
not many buried or partly buried ion pairs.

5.4. Contribution of electrostatic interactions to the
stabilization of coiled-coils

Although the enthalpy and entropy of unfolding
of these coiled-coils decreased with rising the pH
from 2.0 to 6.5, the Gibbs energy,

AG(T,pH) = AH(T,pH) — TAS(T,pH) (5)

increases with pH, as evidenced by the increase in T,
with pH. Correspondingly we found that the Gibbs
energy associated with deprotonation of glutamate,
defined by

8AG(T,pH)"" = 8AH(T,pH)"" — TSAS(T,pH)""
(6)

is positive (Fig. 10a). It appears that deprotonation of
glutamate resulting from increasing pH to 6.5 led to
a smaller decrease in enthalpy than in the entropy of
unfolding. This is understandable because unfolding
of a coiled-coil is associated not only with hydration
of charges but also with disruption of interaction
between these charges. This requires some energy
which is positive if the groups paired in the coiled-

coil are charged oppositely. If, according to Lumry
et al. [51], the enthalpy and entropy of hydration of
these groups are compensating each other, then one
could conclude that the observed SAG™" results
from the electrostatic interactions in the coiled-coil.
In the (2A)*(2A)™ coiled-coil at pH 6.5, when all
glutamates are fully charged, this electrostatic effect
amounts to 18.6 kJ mol ™' in terms of Gibbs energy.
Neglecting the possible temperature dependence of
AAG™ in the rather short temperature range 55—
85°C, we can present the stabilizing effect of electro-
static interactions of the coiled-coil conformation at
a medium temperature of 70°C as a function of pH
(Fig. 10b).

The differences in electrostatic interactions be-
tween (2A)(2A)™ and (2A)*(1A1R)™ and between
(2A)(1A1R)™ are 3.5 kJ mol™ ' and 3.4 kJ mol ™',
respectively, at 70°C. The folded forms of all
coiled-coils in the ensemble have ten pairs of (i,
i + 3) and eight pairs of (i, i + 4) intrachain interac-
tions. In (2A)"(2A)™, all are attractions. In
(2A)"(1AIR)™, half are attractions, half are repul-
sions. In (2A)*(2R)™, all are repulsions.
A (2A)?, (2A) (1AIR)™ and (2A)"(2R)™ have
no difference in any other aspect (Fig. 2). Therefore,
the 3.5 kJ mol ™' free energy difference is caused by
these attractions versus repulsions. Assuming that
attraction is of about the same magnitude as repul-
sion, the average strength of (i, i +3) and (i, i + 4)
intrachain electrostatic interaction appears to be about
0.2 kJ mo!l™'. It must be emphasized that this results
pertains only to low ionic strength buffer, where the
salt effect on electrostatic interactions are not signifi-
cant.
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