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Abstract

An understanding of the balance of chemical forces responsible for protein stability and specificity of
structure is essential for the success of efforts in protein design. Specifically, electrostatic interactions
between charged amino acids have been explored extensively to understand the contribution of this force to
protein stability. Much research on the importance of electrostatic interactions as specificity and stability
determinants in two-stranded coiled coils has been done, but there remains significant controversy about the
magnitude of the attractive forces using such systems. We have developed a four-stranded coiled-coil system
with charged residues incorporated at b and c heptad positions to explore the role of charge interactions.
Here, we test quantitatively the effects of varying sidechain length on the magnitude of such electrostatic
interactions. We synthesized peptides containing either aspartate or ornithine at both b and c heptad
positions and tested their ability to self-associate and to hetero-associate with one another and with peptides
containing glutamate or lysine at the same positions. We find that interactions between glutamate and either
lysine or ornithine are more favorable than the corresponding interactions involving aspartate. In each case,
charged interactions provide additional stability to coiled coils, although helix propensity effects may play
a significant role in determining the overall stability of these structures.
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Protein design offers the possibility of creating proteins
with functions unprecedented in nature that may be applied
to such programs as the development of catalysis of impor-
tant chemical reactions and the creation of biomaterials for
nanotechnology. Whereas there has been increased success
recently in the design of proteins on the basis of first prin-
ciples, particularly by use of computer-guided approaches,
much has yet to be learned about the balance of chemical

forces that dictate protein folding and stability. In particular,
the relative importance of the hydrophobic force, packing
interactions, and specific electrostatic interactions on pro-
tein stability and specificity are yet to be worked out. In all
likelihood, these forces will need to be evaluated for each
type of structural motif.

One example of a well-characterized structural motif is
the coiled coil. As a result of many studies, we are begin-
ning to understand the rules that govern important biophysi-
cal parameters that describe several features of coiled coils,
including their oligomerization state (i.e., dimers, trimers,
and tetramers), heterospecificity, parallel versus antiparallel
orientation of helices, stability, and folding pathway. Here
we focus on the contributions of interactions between dif-
ferent charged amino acids on the stability of a tetrameric,
antiparallel coiled-coil model system based on the tetramer-
ization domain of the Lac repressor (Fairman et al. 1995).
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Previously, we have shown that a peptide containing gluta-
mates placed at b and c positions of the heptad repeating
unit (Fig. 1) can interact favorably with a peptide contain-
ing lysines placed at these same positions, to form a stable
heterotetrameric coiled coil (Fairman et al. 1996). Either
peptide alone only weakly self-associates, presumably be-
cause of electrostatic repulsion between like charges in the
coiled-coil structure.

Here, we probe more deeply the distance dependence of
the interhelical charged interaction by varying the sidechain
length of the charged residue. We quantify and compare the
charged interactions between the acidic residues, glutamic
acid and aspartic acid, and the basic residues, lysine and
ornithine. The rationale for choosing aspartic acid and or-
nithine as an expansion of our earlier study is to determine
whether there is a correlation between the number of
sidechain methylene groups and the strength of the charged
interaction.

In response to recent discussions in the literature regard-
ing the importance of added salt to the strength of charged

interactions in dimeric coiled coils, we look at the difference
of charged interactions in both 0 M and 0.1 M NaCl. This
discussion has focused primarily on the stability of dimeric
coiled coils, particularly on interactions between the e and g
heptad positions in such coiled coils. Different interpreta-
tions of such studies stem from the finding that dimeric
coiled coils with charged residues at e and g positions can
show greater stability at low pH, where residues such as
glutamic acid or aspartic acid are protonated and uncharged
(Lumb and Kim 1995). This controversy has been settled, in
part, by Hodges’ group, who showed that the pH depen-
dence of stability is governed by the amount of salt present
(Yu et al. 1996). They showed that, in the absence of any
salt, coiled-coil stability can be greater at neutral pH than
under acidic conditions, and that this effect reverses with the
addition of as little as 10 mM salt, suggesting that such
interactions are effectively screened by even low concen-
trations of salt. Important work from Vinson’s group (Kry-
lov et al. 1998) has quantified the salt effect on the strength
of charged interactions in dimeric coiled coils. These con-
clusions have been confirmed most recently by work from
Bosshard’s group (Marti et al. 2000) in their nuclear mag-
netic resonsance (NMR) structural studies on a designed
dimeric coiled coil. They concluded that the electrostatic
energy that is gained from charged interactions at neutral
pH are surpassed by the gain in hydrophobic energy of
protonating a charged, glutamate residue near the hydro-
phobic core, thus explaining the apparently anomalous pH
dependence observed earlier. Our previous study of charged
interactions at b and c positions of a tetrameric coiled coil,
done in the absence of salt, showed clearly that such coiled
coils are less stable at low pH (Fairman et al. 1996), sug-
gesting that, on the basis of Bosshard’s interpretation, our
charged sidechains may be significantly more solvent ex-
posed.

Results and discussion

We studied the distance dependence of charged interactions
in our coiled-coil model system by comparing interactions
between the negatively charged amino acids glutamate and
aspartate with the positively charged amino acids lysine and
ornithine. Aspartate and ornithine are one methylene unit
shorter than glutamate and lysine, respectively. The se-
quences of the peptides used here are given in Figure 1 and
are based on an earlier study focusing on the glutamate-
lysine interaction (Fairman et al. 1996).

We synthesized peptides containing either aspartic acid
or ornithine at all b and c heptad positions using standard
FMOC chemistry as described in the Materials and Methods
section. These peptides, along with peptides synthesized
earlier containing either glutamic acid or lysine at equiva-
lent positions, were used for the studies described below.
We characterized the molecular weights of all peptides and

Fig. 1. Helical wheel diagram showing the charged interactions between
glutamate and lysine at b and c heptad positions. Peptide sequences are
shown as well. The nomenclature for the peptides (Lac21) suggests their
origin from the Lac repressor and the length of individual helices. All
peptides are acetylated at the amino-terminal ends and amidated at the
carboxy-terminal ends.
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peptide mixtures using equilibrium sedimentation analytical
ultracentrifugation either individually, or in combination
(Lac21E/K, Lac21D/K, Lac21E/O, and Lac21D/O). Species
analyses of data collected at multiple rotor speeds are con-
sistent with each of the samples being either monomeric,
tetrameric, or in equilibrium between these two states (data
not shown).

We measured the stabilities of the peptides, either indi-
vidually, or in combination, using circular dichroism (CD)
as a probe of the monomer–tetramer equilibrium. Justifica-
tion of the use of CD to quantify coiled-coil stabilities has
been provided by several labs (O’Neil and DeGrado 1990;
Thompson et al. 1993), including our own (Fairman et al.
1995; Boice et al. 1996). Spectra collected at constant total
peptide concentration show that all peptides, when looked at
individually, are largely unfolded with the exception of
Lac21E, which shows residual alpha-helix content (Fairman
et al. 1996). In contrast, any combination of negatively
charged and positively charged peptides results in a signifi-
cant increase in helix content (Fig. 2).

To quantify the stabilities of these heteromeric interac-
tions, we measured their free energies at 25°C from thermal
unfolding experiments. Thermal unfolding of each peptide
alone or in the heteromeric mixtures, in 0 M NaCl, is shown
in Figure 3A. As shown previously (Fairman et al. 1996),
a thermal transition, with a midpoint around 70°C, is seen
for the Lac21E/K heterotetramer, whereas Lac21K alone is
completely unfolded at all temperatures and Lac21E shows
only minimal stability at low temperatures. Similarly, the
heterotetramers of Lac21E/O, Lac21D/K, and Lac21D/O
show increased stability in comparison with the individually
measured peptide stabilities. Like Lac21K, the peptides
Lac21D and Lac21O alone are also completely unfolded at
all temperatures.

The data were fit by use of the Gibbs-Helmholtz function
modified accordingly to describe a monomer–tetramer equi-
librium scheme (Boice et al. 1996). Pre- and post-transition
baseline corrections were applied to fit the data as described
in the Materials and Methods section. Interestingly, we ob-
serve evidence for cold denaturation for all of the thermal
unfolding curves, except for the Lac21E/K mixture; we had
observed this effect previously for related tetrameric and
trimeric coiled-coil systems (Fairman et al. 1995; Boice et
al. 1996). The presence of cold denaturation is important for
rigorous extraction of free energies at temperatures that do
not lie close to the unfolding transition. Free energies for the
stabilities of these complexes are shown in Table 1.

To a first approximation, the stabilities of the heteromeric
mixtures decrease with decreasing sidechain length
(Lac21E/K > Lac21E/O > Lac21D/K > Lac21D/O). How-
ever, this cannot be directly ascribed to a difference in the
strength of interhelical charged interactions as two other
factors can affect stability as well; (1) intrahelical interac-
tions, and (2) the change in helix propensities effected by
mutating any given position from its wild-type residue to
the appropriate charged residue. One approach to separating
these parameters is to make corrections for helix propensi-
ties to isolate the charged contributions to stability, as de-
scribed below.

A second, and perhaps more rigorous approach is to
screen out the charged interactions and then measure the
residual stability of the heteromeric complexes in the ab-
sence of these interactions. Figure 4 shows the effect of
NaCl concentration on the stability of the Lac21E/K com-
plex as measured by the change in helix content by use of
CD. There is a dramatic drop in the helix content of the
Lac21E/K heterotetramer on addition of low concentrations
of NaCl. This result supports our previous finding that
charged interactions drive the stability of the Lac21E/K het-
erotetramer (Fairman et al. 1996). The charged interactions
in the Lac21E/K heterotetramer appear to be largely
screened in 0.1 M NaCl, consistent with other studies
(Lumb and Kim 1995) and allow us to quantify the stability
of the Lac21E/K heterotetramer in the absence of the
charged interactions. We can neglect the contributions of
self-assocation processes to the overall stability of the sys-
tem, as neither Lac21E nor Lac21K show any significant
stabilization at 0.1 M NaCl. Only on addition of much
higher (>1 M) concentrations of NaCl do we see a signifi-
cant increase in self-association that can be explained by the
salting-in effect caused by the hydrophobic interaction
(K.M. Werner and R. Fairman, unpubl.).

For purposes of quantitation, we assume that 0.1 M NaCl
is sufficient to screen out the charged interactions in the
other heteromeric complexes as well. Nevertheless, because
of this assumption, the free energies we report below should
more aptly be considered lower limits. We measured the
stabilities of these complexes, using thermal unfolding, in

Fig. 2. CD spectra of peptides. Spectra include Lac21E, Lac21D, Lac21K,
Lac21O, and the mixtures of Lac21E/K, Lac21E/O, Lac21D/K, and
Lac21D/O. The total monomeric peptide concentration is kept constant at
100 �M. Samples were prepared in 10 mM MOPS (pH 7.5).
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the presence of 0.1 M NaCl (Fig. 3B) and quantified their
stabilities (Table 1). Taking the difference in free energies
(��G0s) between the 0 M and 0.1 M NaCl data for each of
the complexes allows us to quantify the strengths of the
charged interactions. We find that glutamate-lysine and glu-
tamate-ornithine-charged interactions similarly contribute
−7.4 and −7.0 kcal/mole of tetramer to coiled-coil stability.
Aspartate-ornithine and aspartate-lysine-charged interac-
tions are significantly weaker, contributing −4.2 and −3.5
kcal/mole of tetramer, respectively. The ��G0s reported
here for the charged interactions involving aspartate must be
interpreted cautiously, as these values are based on fits to
thermal unfolding data that show little or no transition be-
tween states. Justification for such an analysis can be war-
ranted, provided that the pretransition and transition slopes
are well established by other means (A. Solan and R. Fair-
man, unpubl.). The magnitude of the free energy for the
glutamate-lysine-charged interactions agree closely with
our previously published results (Fairman et al. 1996).

To overcome the uncertainty in the measurements of the
complexes involving Lac21D in 0.1 M NaCl, we can also
extract the magnitude of the charged interactions between
this residue and either lysine or ornithine by further analysis
of the data collected only in 0 M NaCl. As stated above, this
approach requires separating the contributions of intraheli-
cal interactions and helix propensity effects from the con-
tributions of charged interactions. Several model systems
have been used to measure the helix propensities of the 20
amino acids and we can apply free energy corrections to our
data on the basis of these earlier studies (O’Neil and De-

Grado 1990; Chakrabartty et al. 1994; Betz et al. 1995;
Padmanabhan et al. 1996). We can compare the free ener-
gies for the charged interactions as measured from our salt
experiments with that calculated from helix propensity cor-
rections to look for consistency (see Table 1).

Helix propensities of the amino acids are known to play
a significant role in coiled-coil stability, and careful studies
on a dimer/trimer coiled-coil system have been reported
(O’Neil and DeGrado 1990; Betz et al. 1995). The resulting
scale of helix propensities, as measured in a coiled-coil
system, compare favorably with other model systems, in-
cluding monomeric helical systems (Chakrabartty et al.
1994; Padmanabhan et al. 1996) and protein systems (Horo-
vitz et al. 1992; Blaber et al. 1993; Myers et al. 1997).
Although it is useful to apply such corrections to our data,
it is important to point out potential problems (Myers et al.
1997). For example, a recent study has shown that helix
propensities have a significant enthalpic component, mak-
ing them temperature dependent (Luo and Baldwin 1999).
Although helix propensities, as determined by a coiled-coil
system, are most appropriate for our study, we use two
scales for our calculations for the following two reasons:
first, for providing some sense of the variance in such a
correction procedure; and second, because helix propensity
values for ornithine are only available from a monomeric
helix model system.

To calculate a helix propensity correction, we apply a free
energy correction ( Chakrabartty et al. 1994; Betz et al.
1995) on the basis of mutating the wild-type sequence to the
particular residues of interest (i.e., mutating Lac21 to

Fig. 3. Stability of coiled coils as measured by thermal unfolding experiments in (A) 0 M NaCl and (B) 0.1 M NaCl. The lines represent
fits to the data using the Gibbs-Helmholtz equation to describe the temperature dependence of a monomer-tetramer equilibrium model.
In A, spectra were taken both before and after the temperature unfolding experiments to demonstrate that >90% of the signal is retained
after one heating and cooling cycle.
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Lac21E results in replacing native residues in b and c po-
sitions with glutamate). Applying a helix propensity correc-
tion to Lac21E predicts a loss of free energy, ��G0, of 5.48
kcal/mole of tetramer relative to Lac21. The residual sta-
bility observed for this peptide (Fig. 3A) is consistent with
this correction. This finding suggests that interhelical repul-
sive interactions are not significant and that the glutamates
are too far apart between the helices to significantly affect
one another. In contrast, Lac21K and Lac21O tetramers are
predicted to be either slightly more or slightly less stable
than the wild-type sequence (��G0 � −3.32 and +1.92
kcal/mole of tetramer, respectively), whereas experimen-
tally they are shown to be much less stable than the Lac21E
peptide. Thus, Lac21K and Lac21O self-association must be
strongly opposed by interhelical repulsive interactions.
Lac21D is predicted to be much less stable than even
Lac21E (��G0 � +8.12 kcal/mole of tetramer) and thus,
we cannot make any conclusions regarding the magnitude
of the repulsive interactions in this peptide.

Turning now to the heterotetramer stabilities, we find that
the glutamate-lysine charged interactions, after correction
for helix propensity effects, contribute in the range of from
−7.8 to −7.2 kcal/mole to the stability of Lac21E/K, in
excellent agreement with that determined by the salt-screen-
ing approach (−7.4 kcal/mole; see Table 1). A helix propen-

sity correction for the glutamate–ornithine system also re-
sults in a similar value to the salt-screening measurement
(−7.2 kcal/mole vs. −7.0 kcal/mole, respectively). We find
good agreement between the values reported for Lac21D/O
(−4.2 kcal/mole vs. −3.8 kcal/mole) and Lac21D/K (−3.5
kcal/mole vs. −3.0 kcal/mole), in spite of the poorly defined
thermal unfolding transitions observed for these mixtures.
Thus, we conclude that each pair of charged residue inter-
actions is capable of increasing the stability of the coiled
coil relative to the original wild-type sequence, whether
measured by salt-screening experiments or calculated on the
basis of helix propensity corrections.

As a final note, we point out that helix propensity cor-
rections for the free energies of the charged interactions
measured in 0.1 M NaCl almost always result in anomalous
positive values (Table 1). We see values ranging from +0.2
to +2.5 kcal/mole of tetramer, suggesting that the stabilities
in the presence of 0.1 M NaCl are lower than expected. This
is surprising, as we expected that, if anything, 0.1 M NaCl
would not completely screen out a charged interaction, re-
sulting in slightly negative residual interaction-free ener-
gies. Several explanations are possible. (1) Screening of the
favorable interhelical charged interactions reveals intrahe-
lical charge repulsion, which is certainly possible given the
close juxtaposition of the b and c positions; (2) salt effects
on helix propensity values; or (3) the helix propensity tables
used are inaccurate for our model system. We believe that
local sidechain interactions are the most reasonable source
of discrepancy.

The original finding that charged interactions can influ-
ence stability of coiled coils at b and c positions emphasizes

Table 1. Thermodynamic analysis of heterotetramer stabilities

Peptide �G0,1 ��G0,2

Propensity
penalty

Residual
interaction

cc3 m4 cc m

Lac21
0 M NaCl −17.3
0.1 M NaCl −18.8

Lac21E/K
0 M NaCl −24.0 −6.7 +1.08 +0.48 −7.8 −7.2
0.1 M NaCl −16.6 +2.2 +1.1 +1.7

Lac21E/O
0 M NaCl −22.5 −5.2 +3.125 −7.2
0.1 M NaCl −15.5 +3.3 +0.2

Lac21D/K
0 M NaCl −17.4 −0.1 +2.40 +2.88 −2.5 −3.0
0.1 M NaCl −13.96 +4.9 +2.5 +2.0

Lac21D/O
0 M NaCl −15.6 +1.7 +5.52 −3.8
0.1 M NaCl −11.46 +7.4 +1.9

1 All free energies are reported in kcal/mol of tetramer using a 1 M stan-
dard state at 25°C.
2 Difference between heterotetramer and Lac21 stabilities.
3 Helix propensities are calculated using data from Betz et al. (1995) based
on dimeric and trimeric coiled coil systems.
4 Helix propensities are calculated using data from Chakrabartty et al.
(1994) based on a monomeric helix system.
5 Ornithine helix propensity was taken from Padmanabhan et al. (1996),
also based on a monomeric helix system.
6 These values are ill-determined due to incomplete thermal unfolding
transitions.

Fig. 4. [NaCl] dependence of coiled-coil stability. Experiments were mea-
sured at 25°C in 10 mM MOPS (pH 7.5). Data points are based on kinetic
scans collected at 222 nm with typical signal averaging of 100–200 sec per
data point. (▫) Lac21E/K; (�) Lac21E; (�) Lac21K; (�) the 0.1 M NaCl
data point; conditions in which the thermal unfolding experiments were
carried out.
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the importance of all heptad positions in dictating physico-
chemical parameters of coiled coils, including oligomeric
state, stability, and specificity. Modeling studies (Fairman
et al. 1996) suggest that glutamate and lysine sidechains are
perhaps the minimum length required for bridging these
positions between peptides. Our results demonstrate that,
whereas ornithine can replace lysine with little or no loss of
the strength of the charged interaction, replacing glutamate
with aspartate causes a significant reduction in the strength
of such an interaction. This result is consistent with previous
work comparing aspartate with glutamate in their involve-
ment in charged interactions in a dimeric coiled coil (Krylov
et al. 1994). Therefore, there is no simple correlation be-
tween coiled-coil stability and distance from the backbone,
as afforded by the number of methylene groups added. A
molecular explanation for weak charged interactions with
aspartate probably involves the strong propensity for aspar-
tate to cyclize and interact with the mainchain, thus swing-
ing the sidechain away from the direction necessary to form
an interhelical interaction with either lysine or ornithine.
This mainchain interaction has been suggested to make as-
partate an effective N-Capping residue and a strong helix
breaker (Presta and Rose 1988; Doig et al. 1993).

Materials and methods

Peptide synthesis and purification

The synthesis and purification of Lac21E and Lac21K have been
described previously (Fairman et al. 1996). The two new peptides,
Lac21D and Lac21O, were synthesized manually by use of PAL
resin (Advanced Chemtech), and standard FMOC-chemistry
which, upon TFA cleavage, results in amidation of the carboxyl
terminus. The amino terminus was acetylated, by use of acetic
anhydride prior to cleavage from the resin. The cleavage cocktail
contained 92.5% TFA, 2.5% ethanedithiol, 2.5% thioanisole, and
2.5% anisole. After ether extraction, the peptide was resuspended
in 10% acetic acid and lyophilized. After lyophilization, the
Lac21O peptide was resuspended in 10 mM acetic acid and passed
over a 1.4 × 160-cm column containing a Sephadex medium G50
bed (Pharmacia) and equilibrated in 10 mM acetic acid to remove
cleavage byproducts and blocking groups. A constant flow rate
was maintained (1.0–1.5 mL/min) using a Pharmacia P-1 pump.
Peptides were further purified by RP-HPLC by use of water and
acetonitrile, each containing 0.1% TFA, as the mobile phases on a
Varian-Rainin HPLC system equipped with a Rainin C18 column.
Peptides were purified to >95% homogeneity and were identified
by MALDI-TOF mass spectrometry using a PerSeptive Biosys-
tems Voyager-DE Biospectrometer. The molecular weights ob-
tained for Lac21D and Lac21O are 2349.2 and 2343.5 Da, both
within 0.5 Da of their respective theoretical molecular weights.

Lyophilized peptides were dissolved in ultrapure water as stock
solutions. Concentration of peptide stocks was determined by a
modified ninhydrin assay (Rosen 1957); it is well accepted that the
combined accuracy and precision of this technique is within the
range of ±10%.

Analytical ultracentrifugation

Peptide solutions and reference solutions were prepared by addi-
tion of appropriate buffers and used without dialysis. Densities of

solvents used were calculated by use of tables from Laue et al.
(1992). Partial specific volumes were calculated with tables from
Laue et al. (1992) and the partial specific volumes of the hetero-
meric structures were assumed to be a molar average of the 1:1
mixtures. All experiments were performed at 25°C in 10 mM
MOPS (pH 7.0) buffer using 6-sectored charcoal-filled Epon cen-
terpieces. Experiments were performed with an An-60Ti rotor in a
Beckman Optima XL-A analytical ultracentrifuge. Ultracentrifuge
data were collected by use of 0.001-cm steps with 20 averages and
analyzed by the HID program from the University of Connecticut.

Circular dichroism spectropolarimetry

A 62DS Aviv circular dichroism spectropolarimeter, equipped
with a piezoelectric device for thermal control, was used to mea-
sure spectra and to collect thermal unfolding experiments. Spectra
were collected at 25°C by use of a bandwidth of 1.5 nm, an
averaging time of 3 sec, and a step size of 0.5 nm. All spectra
represent the average of five scans. Thermal unfolding experi-
ments were collected at 222 nm with 2-degree steps using a 30-sec
averaging time and a 2-min equilibration time between steps. Sta-
bility is quantified by fitting thermal unfolding experiments using
the Gibbs-Helmholtz function to define the temperature depen-
dence of a monomer-tetramer equilibrium (Boice et al. 1996).
Pre-transition and post-transition baselines were fitted as follows.
The slope of the post-transition baseline is well determined for the
least stable of the peptides (Lac21K) and is representative of the
slopes of all the post-transition baselines determined in this study.
Therefore, this slope is kept as a fixed parameter for fitting pur-
poses while allowing y-intercept values to vary to accomodate
small differences in these values owing to peptide concentration
errors. Likewise, we used the most stable structure (Lac21E/K) to
determine accurately the slope and y-intercept of the pre-transition
baseline. Slopes and intercepts of the pre-transition baselines were
kept fixed to the values determined for Lac21E/K for fitting of all
other thermal unfolding curves. Justification for fixed slope and
intercept values for the pre-transition baselines for all of the pep-
tides was based on measuring the circular dichroism signal under
conditions in which 100% helix formation is expected by use of
TFE to induce this effect. Addition of TFE, a helix-inducing sol-
vent, in thermal unfolding experiments using the Lac21K peptide
as a test case, was done to demonstrate that the pretransition slope
for highly unstable peptides is the same for related coiled-coil
peptide systems (data not shown).
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