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ABSTRACT: Ion pairing interactions between oppositely
charged amino acids are important for protein structure
stability. Despite the apparent electrostatic nature of these
interactions, the charged amino acids Lys, Arg, Glu, and Asp
have a different number of hydrophobic methylenes linking the
charged functionality to the backbone. To investigate the effect
of Glu (and Asp) side chain length on ion pairing interactions,
a series of 36 monomeric α-helical peptides containing Zbb-
Xaa (i, i+3), (i, i+4), and (i, i+5) (Zbb = Aad, Glu, Asp; Xaa =
Lys, Orn, Dab, Dap) sequence patterns were studied by
circular dichroism (CD) spectroscopy at pH 7 and 2. Peptides with Glu and Aad exhibited similar helicity and pH dependence,
whereas peptides with Asp behaved distinctly different. The side chain interaction energetics were derived from the CD data
using the nesting block method coupled with modified Lifson-Roig theory. At pH 7, no Zbb-Xaa (i, i+5) interaction was
observed, regardless of side chain length (consistent with the helix geometry). Interestingly, only Lys was capable of supporting
Zbb-Xaa (i, i+3) interactions, whereas any Xaa side chain length supported Zbb-Xaa (i, i+4) interactions. In particular, the
magnitude of both Zbb−-Lys (i, i+4) and Zbb−-Orn (i, i+4) interaction energies followed the trend Asp > Glu > Aad. Side chain
conformational analysis by molecular mechanics calculations showed that the Zbb-Xaa (i, i+3) interactions involved the χ1
dihedral combination (g+, g+) for the i and i+3 residues, whereas the Zbb-Xaa (i, i+4) interactions were supported by the χ1
dihedral combination (t, g+) for the i and i+4 residues. These calculated low energy conformers were consistent with
conformations of intrahelical Asp-Lys and Glu-Lys salt bridges in a nonredundant protein structure database. These results
suggest that Asp and Glu provide natural variation, and lengthening the Glu side chain further to Aad does not furnish additional
characteristics that Glu cannot supply.

Most proteins mediate biological functions by relying on a
well-defined three-dimensional structure.1,2 The three-

dimensional structure of a protein is predetermined by the
primary sequence involving encoded amino acids.3−5 These
encoded amino acids are linked by amide bonds to form a
linear polypeptide chain, which folds into the well-defined
three-dimensional structure driven by noncovalent forces
including electrostatics, hydrogen bonds, hydrophobics, and
van der Waals interactions.5−8 Among these noncovalent
forces, electrostatics has gained unexpected attention re-
cently,9−13 because thermophilic proteins exhibit more
stabilizing electrostatic profiles (or charged networks)
compared to mesophilic proteins.14−24 Also, electrostatic
interactions can also stabilize collagen triple helices,25 leading
to the design of various stable collagen heterotrimers.26−28

The encoded charged residues Asp, Glu, Arg, and Lys, that
participate in protein electrostatic interactions, have different
side chain lengths (Figure 1). As such, there have been some
studies on the effect of altering the side chain length of these
charged residues. In particular, the effect of Lys side chain

length on helix propensity was investigated,29 showing
decreased helix propensity upon decreasing the Lys side
chain length. The effect of Lys side chain length on intrahelical
ion pairing interactions has also been investigated.30,31

Furthermore, increasing the side chain length of Asp to Glu
increases helix propensity of the negatively charged amino
acid.32−35 A recent survey on protein salt bridges showed a high
preference for interaction between residues separated by fewer
than five residues.13 Also, these local salt bridges were mostly
found in helices.13 High statistical propensity was observed for
both Asp and Glu in intrahelical Asp/Glu-Arg (i, i+3) and Lys-
Asp/Glu (i, i+4) salt bridges.13 However, high statistical
propensity was observed for only one of the two negatively
charged amino acids for intrahelical Glu-Arg (i, i+4), Asp-Lys
(i, i+4), and Glu-Lys (i, i+3) salt bridges,13 implying different
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effects on intrahelical electrostatic interactions upon altering
the side chain length of the negatively charged residue.
Experimental studies on Ala-based peptides have provided

some information on the difference between Glu and Asp in
intrahelical ion pairing interactions. Ala-based peptides with
Lys-Glu (i, i+4) and Lys-Asp (i, i+4) sequence patterns
exhibited high helical content at pH 7;36 however, only the
helical content of the peptide with Lys-Asp (i, i+4) spacing was
significantly attenuated at pH extremes. These results showed
that the helicity of peptides with potential intrahelical Lys-Asp
and Lys-Glu (i, i+4) interactions exhibited different degrees of
pH dependence. In contrast, an Ala-based peptide with the Lys-
Glu (i, i+3) sequence pattern showed low helicity at pH 7,36

with increased helicity at pH extremes. The analogous peptide
with the Lys-Asp (i, i+3) sequence pattern exhibited essentially
no helicity at pH 7,36 and small amounts of helicity at pH
extremes. Furthermore, the peptide with the Lys-Glu (i, i+3)
sequence pattern exhibited higher helicity compared to the
peptide with the Lys-Asp (i, i+3) sequence pattern.36 The
higher helicity for Glu-containing peptides compared to Asp-
containing peptides was also observed for peptides with
potential intrahelical Glu/Asp-Arg and Arg-Glu/Asp interac-
tions involving (i, i+3) and (i, i+4) spacings.37 Quantitative
studies have also been performed to determine the Glu/Asp-
Lys (i, i+3) and (i, i+4) intrahelical interaction energetics,38

showing more stabilizing interactions involving Glu compared
to Asp for a given spacing at pH 7 and pH 2.5. This trend is
reversed when the orientation of the charged residues is
reversed to give Lys-Glu/Asp (i, i+3) and (i, i+4) sequence
patterns.38 These pioneering studies provided a preliminary
understanding for the difference between Asp and Glu in
forming electrostatic interactions. However, the reason why
negatively charged residues Asp and Glu are shorter than the
positively charged residues Lys and Arg remains unclear. In
other words, the effect of further lengthening the Glu side chain
has been unexplored. Accordingly, herein we present a
systematic comprehensive study of the effect of Glu side
chain length on Glu-Lys intrahelical interactions by circular
dichroism spectroscopy, molecular mechanics calculations, and
surveys of a nonredundant protein structure database.

■ MATERIALS AND METHODS
Peptide Synthesis. Peptides were synthesized by solid

phase peptide synthesis using Fmoc-based chemistry.39,40 All
peptides were purified by reverse-phase high performance
liquid chromatography to greater than 98% purity. The identity

of the peptides was confirmed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF). Peptides analyzed by sedimentation equili-
brium experiments were consistent with monomers. More
detailed procedures and peptide characterization data are
provided in the Supporting Information.

Circular Dichroism Spectroscopy. CD data was obtained
using a 1 mm path length cell. The concentration of peptide
stock solutions was determined by the tyrosine absorbance in 6
M guanidinium chloride (ε282 = 1220, ε280 = 1285, ε278 = 1395,
ε276 = 1455).41,42 CD measurements were performed at peptide
concentrations near 50 μM in 1 mM phosphate, 1 mM citrate,
1 mM borate buffer (pH 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12) at 0
°C. The data were analyzed using Kaleidagraph 3.52 (Synergy
Software, CA). Each reported CD value was the mean of at
least three determinations. Data are expressed in terms of mean
residue molar ellipticity (deg·cm2·dmol−1) normalized to the
number of backbone amide bonds. The mean residue molar
ellipticity of the peptides was independent of peptide
concentration (50−100 μM). The helical content of two
peptides were considered to be significantly different if the CD
signal of the less helical peptide was less than 60% of the CD
signal for the more helical peptide, and the P-value for
comparing the CD signal of the two peptides was less than
10−5. The fraction helix of each peptide ( f helix) was derived
from the mean residue molar ellipticity at 222 nm and the
number of backbone amides (N) using eq 1.34
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Deriving the Interaction Energy Using Modified
Lifson-Roig Theory. These calculations were performed
following previously published procedures.31 The modified
Lifson-Roig theory43 that included end-capping effects,44 and
interactions between charged residues and the helix macrodi-
pole33 was used to derived the fraction helix ( f helix) of each
peptide in the absence of side chain−side chain interactions.44

These calculations were performed using compiled computer
code written in C++. Literature values for the helix propagation
parameter w29,34,44,45 and the N-terminal capping parameter
n29,34,44 were used for the calculations, and the helix initiation
parameter v and the C-terminal capping parameter c for all
residues were set to 0.048 34 and 1,34 respectively. The
contribution of interactions between charged residues and the
helix macrodipole was derived based on the method as
described by Scholtz.33 Modifications to the method were
made to account for helical states with multiple helical
segments.31

To obtain the side chain−side chain interaction energetics,
the statistical weight for each specific intrahelical side chain-side
chain interaction (p) was derived from the experimental f helix
based on the nesting block method.31,33,46 Modifications to the
nesting block method were made to explicitly include helix
propagation parameters for each amino acid,29,31,34,44 inter-
actions between charged residues and helix macrodipole,31,33

and states with multiple helical segments.31 For every possible
state of each peptide, the f helix and probability were calculated
and combined. The free energy of each specific side chain−side
chain interaction was calculated by ΔG = −RT ln(p).31,33

Conformational Analysis by Molecular Mechanics.
The conformational analysis was performed using the program
Discovery Studio 2.1 (Accelrys, CA) on an IBM x3550M2

Figure 1. Chemical structure of the natural charged amino acids
aspartic acid, glutamic acid, arginine, and lysine.
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workstation (CPU: Dual Xeon E5530 2.4 GHz with Quad
cores; RAM: 48 G) running the operating system CentOS 5.3.
The models were initially created with ideal backbone dihedral
angles for α-helix with various combinations of potential low
energy side chain dihedrals. Each conformation was then
minimized using the CFF forcefield. The nonbond radius of 99
Å, nonbond higher cutoff distance of 98 Å, and nonbond lower
cutoff distance of 97 Å were employed to effectively model no
cutoffs. Distance dependent dielectric constant of 2 was used as
the implicit solvent model. Minimization was performed by
steepest descent and conjugate gradient protocols until
convergence (converging slope was set to 0.1 kcal/(mol Å)).
After minimization, each conformation was re-examined to
remove duplicating conformations, because minimization with
different starting conformations occasionally resulted in the
same final conformation. When the same conformation was
represented more than once, only the lowest energy
conformation was considered in further analyses.
Survey of Glu-Lys (i, i+3) and (i, i+4) Salt Bridges in

Protein α-Helices. The survey was performed on the
PDBselect (April 2009, 25% threshold),47,48 a database of
nonredundant protein chains. The α-helical conformation was
defined based on backbone dihedral angles.49−52 The helical
residues were selected using in-house code written in ActivePerl
5.8.8.819. The backbone dihedral angles were compiled using
DSSP.53 The side chain dihedrals were compiled using
Discovery Studio 2.1 (Accelrys, CA, USA). Segments of six
or more α-helical residues were considered to avoid end
effects.31,51,52 The occurrence was compiled for Glu/Asp-Lys (i,
i+3), (i, i+4), and (i, i+5) sequence patterns. These occurrences
were compiled using in-house code written in ActivePerl
5.8.8.819. The helix pair propensity of each residue pattern was
calculated by dividing the occurrence of the sequence pattern in
α-helices by the expected occurrence for the sequence pattern
based on all structures in the database. The pair propensity of
each residue pattern was calculated by dividing the occurrence
of the sequence pattern in α-helices by the expected occurrence
for the sequence pattern based on the α-helices in the database.
The expected occurrence and the corresponding standard
deviation was obtained by bootstrapping54 the sequence pattern
against the appropriate context across the PDBselect database.
The bootstrapping was performed using in-house code written
in C++. Dividing the difference between the occurrence and the
expected occurrence by the standard deviation gave the z value,
which was used to obtain the P value based on a normal
distribution.55,56 A salt bridge was considered to be present if
any of the oxygens of the side chain carboxylate of Asp or Glu
was within 3 Å of the nitrogen of the side chain amine of Lys.
The occurrence of intrahelical salt bridge was compiled using
the program Discovery Studio 2.1 (Accelrys, CA, USA) on a
personal computer running the operating system Windows XP
(Microsoft, WA, USA).

■ RESULTS
Peptide Design and Synthesis. The peptides were

designed based on monomeric α-helical peptides with
oppositely charged residues placed three, four, or five residues
apart.31,57 The peptides were named according to the three-
letter code of the negatively charged amino acid (Zbb = Asp,
Glu, Aad), the positively charged residue (Xaa = Dap, Dab,
Orn, Lys), and the spacing between the two charged amino
acids (Figure 2). Since an ideal α-helix would have 3.6 residues
per turn, the ZbbXaa3 and ZbbXaa4 peptides could potentially

have interactions between oppositely charged residues spaced
three and four residues apart, respectively (Figure 2). The
ZbbXaa5 peptides have oppositely charged residues spaced five
residues apart (Figure 2), which should not interact based on
the α-helix geometry and as shown by Scholtz and co-
workers.38 The negatively charged residue Zbb was systemati-
cally lengthened from Asp (one methylene) to Glu (two
methylenes), and then to (S)-2-aminoadipic acid (Aad, three
methylenes). To investigate the possibility of length com-
plementarity between the negatively charged and positively
charged amino acids, the positively charged residue Xaa was
systematically shortened from Lys (four methylenes) to Orn
(three methylenes), (S)-2,4-diaminobutyric acid (Dab, two
methylenes), and (S)-2,3-diaminopropionic acid (Dap, one
methylene). The overall distribution of the charged residues
was designed to stabilize the α-helix macrodipole by placing the
negatively charged residue Zbb closer to the N-terminus
compared to the positively charged residue Xaa.31,57 Tyr was
incorporated to facilitate concentration determination by UV−
vis,41,42 and the Gly-Gly intervening sequence was included to
minimize interference in the circular dichroism (CD) signal by
the Tyr chromophore.58

The peptides were synthesized by solid phase peptide
synthesis using Fmoc-based chemistry.39,40 All peptides were
purified by reverse-phase high performance liquid chromatog-
raphy to greater than 98% purity and confirmed by MALDI-
TOF. The peptide concentrations were determined by UV−vis
as described by Edelhoch.41,42 Peptides analyzed by sedimenta-
tion equilibrium experiments were consistent with monomers.
Therefore, intermolecular interactions are most likely not
contributing to the helical content observed by CD.

Circular Dichroism Spectroscopy. The circular dichroism
(CD) spectra of the peptides were obtained at pH 7 in the
absence of NaCl (Figure 3). Under these conditions, the Glu
analogs (including Asp) will be negatively charged and the Lys
analogs will be positively charged, and thereby allowing
potential intrahelical ion pairing interactions. The CD spectra
of GluLys3, GluLys4 and GluOrn4 were similar to the CD
spectra of analogous peptides reported by Baldwin57 and
Stellwagen.30 The magnitude of the CD signal at 222 nm
reflects the α-helical content of a peptide.59 On the basis of the
CD spectra, the helical content of AspXaa5 peptides followed
the trend: AspLys5 > AspOrn5 > AspDab5 > AspDap5 (Figure
3A). This trend was consistent with the helix propensity of the

Figure 2. Sequences for the ZbbXaa3, ZbbXaa4, and ZbbXaa5
peptides. The underlined generic 3-letter codes Zbb and Xaa represent
the negatively and positively charged residues, respectively.
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positively charged residue Xaa: Lys > Orn > Dab > Dap.29 The
same trend was observed for GluXaa5 peptides and AadXaa5
peptides (Figure 3D,G). Furthermore, the trend of the helical
content for a given Xaa was generally AadXaa5 > GluXaa5 >
AspXaa5. This trend was consistent with the helix propensity
for Glu and Asp.32−35

The helical content of AspXaa4 peptides followed the trend:
AspLys4 ∼ AspOrn4 ≫ AspDab4 > AspDap4 (Figure 3B).
Peptides AspLys4 and AspOrn4 exhibited significant helicity,
whereas AspDab4 and AspDap4 showed diminished helical
content. Apparently, the Lys side chain could be shortened by
one methylene without affecting the helical content of the
AspXaa4 peptides, suggesting significant Asp-Xaa (i, i+4)
interactions involving Lys and Orn. The helical content of
GluXaa4 peptides followed the trend: GluLys4 ∼ GluOrn4 ∼
GluDab4 ≫ GluDap4 (Figure 3E). Peptides GluLys4,
GluOrn4, and GluDab4 exhibited significant helicity, whereas
GluDap4 showed diminished helical content. In contrast to the
AspXaa4 peptides, the Lys side chain could be shortened by
two methylenes without affecting the helical content of the
GluXaa4 peptides, suggesting significant Glu-Xaa (i, i+4)
interactions involving Lys, Orn, and Dab. Apparently, by
lengthening the side chain of Asp to Glu, the positively charged
residue Xaa side chain could be shortened by one extra

methylene (from Orn to Dab) while maintaining high helical
content for ZbbXaa4 peptides. These results suggested length
complementarity between Asp/Glu and Xaa; shortening Glu
requires the lengthening of Xaa to compensate for the side
chain length change. However, the helical content of AadXaa4
peptides followed the trend: AadLys4 ∼ AadOrn4 ∼ AadDab4
≫ AadDap4 (Figure 3H). Only peptides AadLys4, AadOrn4,
and AadDab4 exhibited significant helicity, whereas AadDap4
showed diminished helical content. Similar to the GluXaa4
peptides, the Lys side chain could only be shortened by two
methylenes without affecting the helical content of the
AadXaa4 peptides, suggesting significant Aad-Xaa (i, i+4)
interactions involving Lys, Orn, and Dab, but not Dap. The lack
of significant helical content for peptide AadDap4 may be due
to the low helix propensity of Dap coupled with the large
entropic penalty for the Aad side chain in forming potential
Aad-Dap (i, i+4) interactions. On the basis of these results, Glu
and Aad provided similar helical content for peptides with
potential intrahelical Zbb-Xaa (i, i+4) interactions, with no
apparent length complementarity between Glu/Aad and the
positively charged residues.
The helical content of AspXaa3 peptides followed the trend:

AspLys3 > AspOrn3 ∼ AspDab3 ∼ AspDap3 (Figure 3C). All
four peptides were relatively nonhelical, suggesting minimal

Figure 3. Circular dichroism spectra of the peptides at pH 7 (273 K) in 1 mM of phosphate, borate, and citrate buffer in mean residue ellipticity
(panel A: AspLys5, AspOrn5, AspDab5, AspDap5; panel B: AspLys4, AspOrn4, AspDab4, AspDap4; panel C: AspLys3, AspOrn3, AspDab3,
AspDap3; panel D: GluLys5, GluOrn5, GluDab5, GluDap5; panel E: GluLys4, GluOrn4, GluDab4, GluDap4; panel F: GluLys3, GluOrn3, GluDab3,
GluDap3; panel G: AadLys5, AadOrn5, AadDab5, AadDap5; panel H: AadLys4, AadOrn4, AadDab4, AadDap4; panel I: AadLys3, AadOrn3,
AadDab3, AadDap3).
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intrahelical Asp-Xaa (i, i+3) interaction regardless of Xaa side
chain length. In contrast, the helical content of GluXaa3
peptides followed the trend: GluLys3 ≫ GluOrn3 > GluDab3
> GluDap3 (Figure 3F). Peptide GluLys3 was significantly
helical, whereas the other three GluXaa3 peptides were
relatively nonhelical. This result suggested that there could be
significant Glu-Lys (i, i+3) interaction. Similar to the GluXaa3
peptides, the helical content of AadXaa3 peptides followed the
trend: AadLys3 ≫ AadOrn3 > AadDab3 > AadDap3 (Figure
3I). On the basis of these results, it appeared that only the Lys
side chain had sufficient length to support Zbb-Xaa (i, i+3)
interaction, but Asp was too short to stabilize the helical
conformation through intrahelical Asp-Lys (i, i+3) interactions.
Similar to the ZbbXaa4 peptides, Glu and Aad provided similar
helical content for ZbbXaa3 peptides with potential intrahelical
Zbb-Xaa (i, i+3) interactions, with no apparent length
complementarity between Glu/Aad and the positively charged
residues.
The CD signal at 222 nm for all peptides were measured

between pH 2 and 12 (Figure 4), to provide insight into the
nature of the Zbb-Xaa intrahelical interactions. However, the
high pH data could not be interpreted without ambiguity,
because the Tyr phenol side chain has a pKa near 10 and
aromatic groups may contribute to the CD signal.58 Since the

helix dipole can perturb the pKa by 1.6 pH units,60,61 the
discussion will focus on data between pH 2 and 7. At pH 2, the
Glu analogues (including Asp) are most likely protonated and
uncharged, while the Lys analogues are positively charged.
Peptide AspLys5 clearly exhibited less helical content at pH 2
compared to pH 7 (Figure 4A), whereas the helical content of
peptides AspOrn5, AspDab5, and AspDap5 did not alter
significantly with pH. This is most likely due to the loss of
favorable Asp−−helix dipole interaction coupled with minimal
change in helix propensity of Asp− upon protonation to
Asp0.32,34,35 In contrast, all GluXaa5 and AadXaa5 peptides
exhibited similar CD signals between pH 2 and 7 (Figure
4D,G).
The helical content for all AspXaa4 peptides showed varying

degrees of attenuation upon lowering the pH from 7 to 2
(Figure 4B), with significant pH dependence for peptides
AspLys4 and AspOrn4. Interestingly, less helical content was
observed at pH 2 compared to pH 7 for all GluXaa4 peptides
except for GluLys4 (Figure 4E), which exhibited minimal pH
dependence in its CD signal. For AadXaa4 peptides, there was
slight attenuation of helical content upon lowering the pH from
7 to 2 (Figure 4H). In contrast, there was minimal change in
CD signal for all ZbbXaa3 peptides except for peptides AspLys3

Figure 4. Circular dichroism signal at 222 nm of the peptides at pH 2−12 (273 K) in 1 mM of phosphate, borate, and citrate buffer in mean residue
ellipticity (panel A: AspLys5, AspOrn5, AspDab5, AspDap5; panel B: AspLys4, AspOrn4, AspDab4, AspDap4; panel C: AspLys3, AspOrn3,
AspDab3, AspDap3; panel D: GluLys5, GluOrn5, GluDab5, GluDap5; panel E: GluLys4, GluOrn4, GluDab4, GluDap4; panel F: GluLys3, GluOrn3,
GluDab3, GluDap3; panel G: AadLys5, AadOrn5, AadDab5, AadDap5; panel H: AadLys4, AadOrn4, AadDab4, AadDap4; panel I: AadLys3,
AadOrn3, AadDab3, AadDap3).

Biochemistry Article

dx.doi.org/10.1021/bi300655z | Biochemistry 2012, 51, 7157−71727161



and GluLys3 (Figure 4C,F,I), which exhibited noticeable signal
attenuation upon lowering the pH.
The CD spectra of the ZbbXaa3, ZbbXaa4, and ZbbXaa5

peptides at pH 2 were acquired to probe the intrahelical Zbb-
Xaa interactions involving neutral Zbb0 side chains (Figure 5).
The trend for the helical content of the ZbbXaa5 peptides was
consistent with the helix propensity of the positively charged
residue Xaa,29 similar to the CD results at pH 7 (Figure 3). At
pH 2, none of the AspXaa4 or AspXaa3 peptides exhibited
significant helical content (Figure 5B,C). In contrast, the helical
content for the GluXaa4 peptides followed the trend: GluLys4
> GluOrn4 ∼ GluDab4 > GluDap4 (Figure 5E). Similarly, the
helical content for the AadXaa4 peptides followed the trend:
AadLys4 > AadOrn4 > AadDab4 > AadDap4 (Figure 5H).
Both these trends suggested that the side chain length of Lys
plays a significant role for Glu0-Lys and Aad0-Lys (i, i+4)
interactions at pH 2, for which Glu and Aad are most likely
neutral. This is in sharp contrast to the results at pH 7 (Figure
3E,H), for which the Lys side chain length does not appear to
be critical for Glu−-Lys or Aad−-Lys (i, i+4) interactions. The
trends for the helical content for the GluXaa3 and AadXaa3
peptides at pH 2 (Figure 5F,I) were the same as the trends at
pH 7 (Figure 3F,I). Overall, it appeared that Aad and Glu

provided peptides with similar helical contents, whereas Asp-
containing peptides behaved distinctly differently.

Intrahelical Zbb-Xaa Interaction Energetics at pH 7
and 2. The side chain−side chain interaction energy
(ΔGpH7interaction and ΔGpH2interaction) between oppositely charged
residues was derived from the CD data using the nesting block
method31,33 ,46 based on the modified Lifson-Roig
theory33,34,43,44 (Tables 1, 2, and S2). The nesting block
method was modified to account for the charged side chain−
helix dipole interactions for all states and changes in helix
propensity upon altering the pH.31 At pH 7, the Glu−-Lys (i, i
+4), Glu−-Lys (i, i+3), and Asp−-Lys (i, i+3) interaction
energies were similar to values reported by other research-
ers,33,38,62 but the Asp−-Lys (i, i+4) interaction energy was
much higher in magnitude compared to literature values.38,62

No significant Zbb−-Xaa (i, i+5) interaction was observed for
the ZbbXaa5 peptides, consistent with the α-helical structure
(Table S2). Several ZbbXaa5 peptides exhibited less helical
character compared to expected values without any intrahelical
side chain−side chain interactions, suggesting that Xaa-Zbb− (i,
i+1) interactions may be stabilizing nonhelical conformations;
analogous helix destabilizing interactions have been reported by
Scholtz and co-workers.33

Figure 5. Circular dichroism spectra of the peptides at pH 2 (273 K) in 1 mM of phosphate, borate, and citrate buffer in mean residue ellipticity
(panel A: AspLys5, AspOrn5, AspDab5, AspDap5; panel B: AspLys4, AspOrn4, AspDab4, AspDap4; panel C: AspLys3, AspOrn3, AspDab3,
AspDap3; panel D: GluLys5, GluOrn5, GluDab5, GluDap5; panel E: GluLys4, GluOrn4, GluDab4, GluDap4; panel F: GluLys3, GluOrn3, GluDab3,
GluDap3; panel G: AadLys5, AadOrn5, AadDab5, AadDap5; panel H: AadLys4, AadOrn4, AadDab4, AadDap4; panel I: AadLys3, AadOrn3,
AadDab3, AadDap3).
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Stabilizing Zbb−-Xaa (i, i+4) interactions were observed at
pH 7, regardless of side chain length of the charged amino acids
Zbb and Xaa (Table 1). Interestingly, the Zbb−-Xaa (i, i+4)
interactions became more stabilizing as the positively charged
amino acid Xaa side chain length decreased for ZbbXaa4
peptides with significant helical content (i.e., peptides AspLys4,
AspOrn4, GluLys4, GluOrn4, GluDab4, AadLys4, AadOrn4,
and AadDab4). In particular, the magnitude of the Asp−-Xaa (i,
i+4) interaction energy followed the trend Lys < Orn, whereas
the magnitude of the Glu−/Aad−-Xaa (i, i+4) interaction energy
followed the trend Lys < Orn < Dab. Similarly, the Zbb−-Xaa (i,
i+4) interactions became more stabilizing as the negatively
charged amino acid Zbb side chain length decreased for
ZbbXaa4 peptides with significant helical content. More
specifically, the magnitude of both Zbb−-Lys (i, i+4) and
Zbb−-Orn (i, i+4) interaction energies followed the trend Asp >
Glu > Aad, whereas the magnitude of the Zbb−-Dab (i, i+4)
interaction energy followed the trend Glu > Aad. Among
ZbbXaa3 peptides, only ZbbLys3 peptides exhibited stabilizing
Zbb−-Xaa (i, i+3) interaction energy (Tables 2 and S2). For the
two peptides with significant helicity, GluLys3 and AadLys3,
the Zbb−-Xaa (i, i+3) interaction became more stabilizing with

decreasing Zbb side chain length, with essentially no Aad−-Lys
(i, i+3) interaction.
The CD signal and helical content of a given peptide are

determined by the helix propensity of the constituting amino
acids, the specific sequence, the interaction between the
charged residues and the helix dipole, and the intrahelical
side chain interactions. As such, the helical content and the
interaction energies may appear contradicting without consid-
ering the helix propensity. For example, the Asp-Lys (i, i+4)
and Asp-Dab (i, i+4) interactions are energetically similar, but
the helical content of peptide AspLys4 is much higher
compared to peptide AspDab4. This apparent discrepancy is
due to the significantly different helix propensity for Lys and
Dab.29

Ion pairing interactions can occur between two formally
oppositely charged species. Salt bridges occur when the two
oppositely charged functionalities are also hydrogen
bonded.57,63 A hydrogen bond between a formal charge and a
neutral functionality is considered to be a hydrogen bond,63,64

which is typically stronger than hydrogen bonds between two
neutral species. Intrahelical Glu-Lys (i, i+3) and (i, i+4)
interactions have been attributed to electrostatics,33,37,57

hydrogen bonding,37,57 and possibly hydrophobics.31,65 To
gain insight into how the side chain length affects these
contributing factors, the Zbb-Xaa (Zbb = Asp, Glu, Aad; Xaa =
Lys, Orn, Dab, Dap) interactions at pH 7 and 2 were derived
(Tables 1, 2, and S2). Changing the pH from 7 to 2 should
protonate and neutralize the carboxylate side chain of the
negatively charged residue Zbb−. This would disrupt the
electrostatic interactions with the negatively charged Zbb−

(including Zbb−-Xaa and Zbb−-helix macrodipole) and would
also affect the helix propensity of the negatively charged
residue.33 Thus, changes in the CD signal upon lowering the
pH from 7 to 2 should reflect changes in both electrostatic
interactions and helix propensity. The lack of significant change
in the CD signal for most of the ZbbXaa5 and ZbbXaa3
peptides suggests that these effects most likely cancel one
another (Figure 4). For the ZbbXaa5 peptides, the loss of
favorable electrostatic interaction between Zbb− and the helix
macrodipole is compensated by the increase in Zbb helix
propensity upon protonation of the Zbb− side chain. For
peptides AspLys3 and GluLys3, there is a slight hint of more
CD signal at pH 7 compared to pH 2 (Figure 4C,F), reflecting
the extra loss of the weak Asp−-Lys (i, i+3) and Glu−-Lys (i, i
+3) electrostatic interactions upon neutralization of the
negatively charged residue, respectively. For all AspXaa4 and
GluXaa4 peptides except GluLys4, the loss of Zbb−-Xaa (i, i+4)
interaction is clearly visible upon lowering the pH from 7 to 2
(Figure 4B,E). The AadXaa4 peptides exhibited similar pH
dependence compared to the GluXaa4 peptides (Figure 4E,H).
The Zbb0-Xaa interactions at pH 2 (involving the protonated

neutral Zbb0) should represent the nonelectrostatic compo-
nents of the Zbb−-Xaa interaction, namely, the hydrogen
bonding37,57 and hydrophobics.31,65 As such, the interaction
energetics at pH 2 may be considered as an estimate for the
upper limit of the strength of the intrahelical side chain−side
chain hydrogen bond. Furthermore, the side chain−side chain
interaction energies at pH 2 (ΔGpH2interaction) should represent
the upper limit for interactions involving Zbb0, because the CD
signals were not unambiguously leveled off upon decreasing the
pH value to 2. Therefore, there may be some residual
electrostatic interactions involving formally charged Zbb−.
Nonetheless, the Glu0-Lys (i, i+3) and (i, i+4) interaction

Table 1. Energeticsa of Zbb-Xaa (i, i+4) Intrahelical
Interactions at pH 7 and 2

residue i
residue
i+4

ΔGpH7interaction
(cal·mol−1)

ΔGpH2interaction
(cal·mol−1)

ΔΔGb
(cal·mol−1)

Asp Lys −736 ± 24 0c −736 ± 24
Asp Orn −1090 ± 40 −217 ± 93 −873 ± 101
Asp Dab −713 ± 31 −133 ± 43 −580 ± 53
Asp Dap −547 ± 34 0c −547 ± 34
Glu Lys −459 ± 34d −194 ± 31d −265 ± 46d

Glu Orn −742 ± 43d −125 ± 34d −617 ± 53d

Glu Dab −837 ± 36d −281 ± 38d −556 ± 52d

Glu Dap −781 ± 43d 0c,d −781 ± 43d

Aad Lys −130 ± 24 0c −130 ± 24
Aad Orn −243 ± 75 −33.1 ± 38.0 −209 ± 84
Aad Dab −531 ± 78 −143 ± 34 −388 ± 85
Aad Dap −473 ± 48 −96.2 ± 43.0 −377 ± 64

aThe energetic values ΔGpH7interaction and ΔGpH2interaction were derived
from the experimental CD data based on the nesting block
method.31,33,46 bΔΔG = ΔGpH7interaction − ΔGpH2interaction. The differ-
ence in side chain-side chain interaction energy at pH 7 and 2, which
reflects the contribution of electrostatics in the Zbb-Xaa (i, i+4)
interaction. cThe experimental results are within error of the calculated
predicted values without any side chain-side chain interaction. dValues
as previously reported.31

Table 2. Energeticsa of Zbb-Lys (i, i+3) Intrahelical
Interactions at pH 7 and 2

residue i
residue
i+3

ΔGpH 7 interaction
(cal·mol−1)

ΔGpH 2 interaction
(cal·mol−1)

ΔΔGb
(cal·mol−1)

Asp Lys −146 ± 36 0c −146 ± 36
Glu Lys −256 ± 36d −143 ± 32d −113 ± 48d

Aad Lys −46.9 ± 30.3 −70.1 ± 25.2 23.2 ± 39.4
aThe energetic values ΔGpH7interaction and ΔGpH2interaction were derived
from the experimental CD data based on the nesting block
method.31,33,46 bΔΔG = ΔGpH7interaction − ΔGpH2interaction. The differ-
ence in side chain-side chain interaction energy at pH 7 and 2 reflects
the contribution of electrostatics in the Zbb-Lys (i, i+3) interaction.
cThe experimental results are within error of the calculated predicted
values without any side chain-side chain interaction. dValues as
previously reported.31
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energies at pH 2 (Tables 1 and 2) were similar to the values
reported by other researchers.38 The ZbbXaa5 peptides did not
exhibit any significant Zbb0-Xaa (i, i+5) interaction at pH 2
(Table S2), consistent with the α-helical structure. For
ZbbLys3 peptides, GluLys3 and AadLys3 exhibited significant
Zbb0-Lys (i, i+3) interaction energy at pH 2 (Table 2). In
contrast, all ZbbXaa4 peptides exhibited varying degrees of
Zbb0-Xaa (i, i+4) interaction at pH 2 except for AspLys4,
AspDap4, GluDap4, and AadLys4 (Table 1). These results
suggested that the Asp−/Aad−-Lys (i, i+4) interactions and
Asp−/Glu−-Dap (i, i+4) interactions at pH 7 completely relied
on the formal negative charge on Asp−/Glu−/Aad−. All other
Zbb−-Xaa (i, i+4) interactions included nonelectrostatic
components such as hydrogen bonding37,57 or hydropho-
bics.31,65

The difference between side chain−side chain interaction
energy at pH 7 and 2 represents the lower limit of the
contribution of electrostatics to the Zbb−-Xaa interaction
(ΔΔG, Tables 1 and 2), due to the apparent incomplete
neutralization of the Zbb− side chain at pH 2. Accordingly, the
Asp-Lys (i, i+3) interaction was completely electrostatics
(Table 2), whereas electrostatics was only an important
component of the Glu−-Lys (i, i+3) interaction. Furthermore,
all Asp-Xaa (i, i+4) interactions were predominantly electro-
statics (Table 1), and the electrostatic contribution to the
interaction at pH 7 followed the trend Orn > Lys > Dab∼Dap.
This is clearly reflected in the pH dependence of the CD signal
for the AspXaa4 peptides (Figure 4B). The lack of any Asp0-
Dap and Asp0-Lys (i, i+4) interactions at pH 2 suggests that
these interactions at pH 7 are purely electrostatics. In contrast,
the electrostatic component of the Glu−-Xaa (i, i+4) interaction
energy at pH 7 followed the trend Dap > Orn > Dab > Lys.
However, the electrostatic component of the Aad−-Xaa (i, i+4)
interaction energy at pH 7 followed yet another trend Dap ∼
Dab > Orn > Lys, apparently decreasing with increasing Xaa
side chain length. The residual interaction at pH 2 for these
peptides may be due to side chain−side chain hydrogen
bonding37,57 or hydrophobic interactions.65 The residual side
chain−side chain hydrogen bond would serve to bring the two
functionalities together, whereas the hydrophobic methylenes
on the side chains would shield the helix hydrogen bond to
stabilize the helix.66−68

The side chain length of Lys could be shortened by one
methylene (to Orn) while maintaining significant helicity for
AspXaa4 peptides based on the CD data at pH 7 (Figure 3B).
Similarly, the side chain length of Lys could be shortened by
two methylenes (to Dab) while maintaining significant helicity
for the GluXaa4 and AadXaa4 peptides (Figure 3E,H).
Apparently, the side chain length of the positively charged
amino acid Xaa and negatively charged amino acid Zbb may be
for reaching one another to enable favorable Zbb-Xaa (i, i+4)
interactions. Side chains too short to reach, such as that for
Dap, did not seem to support Zbb-Xaa (i, i+4) interactions.
Accordingly, only Lys has a side chain long enough to reach
and interact with Zbb for a Zbb-Xaa (i, i+3) interaction. This
simple explanation suggests that Zbb-Xaa (i, i+4) interaction
should become less stabilizing with decreasing positively
charged amino acid Xaa side chain length for a given negatively
charged amino acid Zbb. Also, the Zbb-Xaa (i, i+4) interaction
should become less favorable with decreasing Zbb side chain
length for a given Xaa. However, the interaction energetics at
pH 7 based on the same CD data do not agree with these
extrapolations (Tables 1, 2, and S2). To resolve this apparent

contradiction, conformational analysis on relevant model
peptides was performed.

Conformational Analysis of Short Model Peptides. A
detailed conformational analysis on model peptides was
performed by molecular mechanics calculations. Three series
of short hexapeptides were investigated: MSZbbXaa3,
MSZbbXaa4, and MSZbbXaa5 (Figure 6). All peptides

included one potential side chain−side chain interaction
between a negatively charged amino acid (Asp, Glu, or Aad)
and a positively charged residue (Lys, Orn, Dab, or Dap) placed
three, four, or five residues apart. For each side chain dihedral
angle (or χ angle) involving sp3 carbons, three possible low
energy staggered conformations were considered: gauche−
(60°, g−), trans (180°, t), and gauche+ (300°, g+) (Figure
7).69,70 For the dihedral angle involving the sp2 carboxylate
carbon of the negatively charged amino acid, six conformations
were considered: 0°, 30°, 60°, 90°, 120°, and 150°. For the χ1
dihedral of a residue in an α-helix in nature, the t and g+
conformations are known to be more prevalent and more stable
than the g− conformation,69,70 due to significant gauche
interactions in the g− conformation and steric clashes with the

Figure 6. Sequences of the short MSZbbXaa3, MSZbbXaa4, and
MSZbbXaa5 model peptides for the conformational analysis by
molecular mechanics calculations. The underlined generic three-letter
codes Zbb and Xaa represent the negatively and positively charged
residues, respectively.

Figure 7. Newman projections of the three low energy χ1 dihedrals
gauche−, trans, and gauche+.
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nearby backbone. All possible χ angle combinations for the
negatively charged residue Zbb and the positively charged
residue Xaa with residue spacings of three, four, and five were
investigated. A combined total of 84 240 conformations were
minimized (with the backbone fixed in an ideal helical
conformation). Results from calculations with and without
fixing the backbone gave similar results. Furthermore, adding
10 helical Ala residues before and after the short hexapeptide
segment with and without fixing the backbone also gave similar
results. As such, the results from the short hexapeptides with
the backbone fixed during minimization were examined in more
detail.
The energy of the model peptides with the same positively

charged residue and negatively charged residues (e.g.,
MSAspLys3, MSAspLys4, and MSAspLys5) could be com-
pared, because the peptides were designed to have the same
constituting atoms represented by the same forcefield
parameters. The interaction between oppositely charged
residues with different spacings were compared by evaluating
the energies of the lowest energy conformers for the
MSZbbXaa3, MSZbbXaa4, and MSZbbXaa5 peptides (Tables
3 and S3). On the basis of the lowest energy conformers, the
MSZbbXaa5 peptide exhibited higher energy (less negative
energy, i.e., less stable) compared to the corresponding
MSZbbXaa4 and MSZbbXaa3 peptides (Table S3). This is
consistent with the lack of experimentally derived Zbb-Xaa (i, i
+5) interaction energy at pH 7 (Table S1), and the geometry of
an ideal α-helix. The MSAspXaa4 peptides were significantly
lower in energy (i.e., more stable) compared to the MSAspXaa3
peptides, suggesting that Asp-Xaa (Xaa = Lys, Orn, Dab, Dap)

interaction is energetically more favorable for (i, i+4) compared
to (i, i+3) spacing. This is consistent with the experimentally
derived interaction energies at pH 7 (Tables 1, 2, and S2).
Large energy differences between (i, i+4) and (i, i+3) spacing
was also observed for the corresponding MSGluOrn and
MSGluDab peptides (Table 3). This is also consistent with the
significant helical content for peptides GluOrn4 and GluDab4
with large stabilization side chain interactions (Figure 3E and
Table 1), and low helical content for peptides GluOrn3 and
GluDab3 with minimal side chain interactions (Figure 3F and
Table S2). A smaller energy difference was observed for
MSGluDap peptides (Table 3), consistent with the low helical
content for peptides GluDap3 and GluDap4 (Figure 3E,F).
The same energy was obtained for MSGluLys3 and MSGluLys4
(Table 3), consistent with the high helical content and side
chain interaction for peptides GluLys3 and GluLys4 (Figure
3E,F; Tables 1 and 2). Small energy differences were observed
for MSAadXaa peptides with (i, i+4) and (i, i+3) spacings
(Table 3). Overall, these computational results are consistent
with the CD experimental results (Figure 3) and interaction
energies (ΔGpH7interaction, Tables 1 and 2).
Conformations within 4 kcal of the lowest energy conformer

for each peptide were then examined (Tables 3 and S3),
because room temperature can provide up to 4 kcal·mol−1 of
thermal energy. In general, the number of conformations
increased with increasing side chain length; however, the
presence of salt bridges can limit the number of low energy
conformers. Nonetheless, this general trend in number of
conformations is consistent with higher side chain conforma-
tional entropy for longer side chains compared to shorter side

Table 3. Summary of Low Energy Conformations from Conformational Analysis of MSZbbXaaN Peptides by Molecular
Mechanics Calculations

lowest energy conformer conformations within 4 kcal of the lowest energy conformer

peptide energy (kcal) no.a salt bridgeb (%)
major conformations with salt bridge number

(Zbb χ1, Xaa χ1)

MSAspLys3 −52.0 11 100 11(g+, g+)
MSAspLys4 −56.8 3 100 3(g−, g+)
MSAspOrn3 −45.3 18 0
MSAspOrn4 −49.6 5 60 2(t, g+), 1(g−, g+)
MSAspDab3 −40.8 26 0
MSAspDab4 −43.5 12 17 2(t, g+)
MSAspDap3 −35.6 14 0
MSAspDap4 −37.7 10 0
MSGluLys3 −50.1 11 100 9(g+, g+), 1(t, g+), 1(g+, t)
MSGluLys4 −50.1 24 67 10(g−, g+), 4(t, g+), 2(t, t)
MSGluOrn3 −43.4 26 19 2(g+, g+), 2(t, t), 1(t, g+)
MSGluOrn4 −45.8 18 56 6(g−, g+), 5(t, g+)
MSGluDab3 −39.5 19 0
MSGluDab4 −43.1 10 50 4(t, g+), 1(g−, g+)
MSGluDap3 −34.3 9 0
MSGluDap4 −35.8 10 0
MSAadLys3 −55.8 21 100 21(g+, g+)
MSAadLys4 −54.5 60 100 24(t, g+), 22(g−, g+), 14(g+, g+)
MSAadOrn3 −50.7 14 100 14 (g+, g+)
MSAadOrn4 −49.6 33 100 21(t, g+), 9(g−, g+), 3(g+, g+)
MSAadDab3 −45.3 16 50 4(g+, g+), 3(t, t), 1(t, g+)
MSAadDab4 −45.2 55 71 32(t, g+), 5(g−, g+), 2(t, t)
MSAadDap3 −38.0 43 12 2(g+, g−), 2(t, g−), 1(g+, g+)
MSAadDap4 −39.5 41 20 7(t, g+), 1(t, g−)

aThe number of conformations within 4 kcal of the lowest energy conformer for each peptide. bThe percentage of conformations within 4 kcal of the
lowest energy conformer with a Zbb-Xaa salt bridge, which is a hydrogen bonded ion pair.57,63
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chains. Importantly, the weighed average energy (based on
Boltzmann distribution) of the peptides followed the same
trends as the lowest energy for each peptide (vide supra).
Furthermore, none of the MSZbbXaa5 peptides exhibited
intrahelical Zbb-Xaa salt bridges (Table S3), consistent with the
α-helix geometry. In general, the MSZbbXaa4 peptides
exhibited a higher percentage of conformations with intrahelical
salt bridges compared to the corresponding MSZbbXaa3
peptides (Table 3), consistent with the CD data at pH 7
(Figure 3). Furthermore, there were more low energy
conformers for the MSAadXaa4 peptides compared to
MSAadXaa3 peptides except when Dap was the positively
charged residue. The energy should reflect the enthalpic
component for the peptide conformations, whereas the number
of low energy conformers may be viewed as a crude estimate of
the entropic component for the peptides. The combination of
the two components suggests that Aad-Xaa (i, i+4) interaction
may be more favorable compared to Aad-Xaa (i, i+3) (as
derived experimentally) due to entropic reasons for the longer
residues Lys, Orn, and Dab, but due to enthalpic reasons for
Dap.
The conformations of the low energy conformers that

formed intrahelical salt bridges were then inspected in detail
(Table 3, Figures 8 and 9). Since none of the model peptides
with Zbb-Xaa (i, i+5) sequence patterns formed salt bridges,
these peptides will not be discussed further. The combination
of χ1 dihedrals is represented in parentheses (Table 3),
designating the conformation for the negatively charged residue
at position i followed by the conformation for the positively

charged residue at position i+3 or i+4. For example, the
conformation with t for both residues at positions i and i+3
would be designated (t, t) for (i, i+3). For the MSAspXaa3
model peptides, only MSAspLys3 exhibited intrahelical salt
bridges for the low energy conformers (Table 3 and Figure 8).
Furthermore, these low energy conformers with intrahelical salt
bridges all involved the dihedral combination (g+, g+). For the
MSGluXaa3 model peptides, MSGluLys3 and MSGluOrn3
exhibited intrahelical salt bridges for the low energy conformers
(Table 3 and Figure 8). The major dihedral combination for
model peptide MSGluLys3 with an intrahelical salt bridge was
(g+, g+); the minor combinations were (t, g+) and (g+, t).
Interestingly, the dihedral combinations for MSGluOrn3 with
an intrahelical salt bridge included (g+, g+), (t, g+), and (t, t),
with (g+, g+) and (t, t) as the major dihedral combinations. For
MSAadXaa3 peptides, the dihedral combination (g+, g+) was
present in the low energy conformers with an intrahelical salt
bridge regardless of the side chain length of the positively
charged residue. In fact, (g+, g+) was the only dihedral
combination for MSAadLys3 and MSAadOrn3, whereas several
other combinations were observed for MSAadDab3 and
MSAadDap3. According to these results, extending the
negatively charged amino acid from Asp to Glu apparently
enabled the shortening the positively charged amino acid from
Lys to Orn while sustaining intrahelical salt bridge formation.
Further extending the negatively charged residue to Aad
enabled shortening the positively charged residue all the way to
Dap while maintaining intrahelical salt bridge formation.

Figure 8. χ1(Zbb, i)−χ1(Xaa, i+3) plots for MSZbbXaa3 peptides with salt bridges within 4 kcal of the lowest energy conformation from
conformational analysis by molecular mechanics calculations are in the left four columns (top row from left to right, MSAspLys3; middle row from
left to right, MSGluOrn3 and MSGluLys3; bottom row from left to right, MSAadDap3, MSAadDab3, MSAadOrn3, MSAadLys3). The side chain
conformation of intrahelical Asp-Lys (i, i+3) and Glu-Lys (i, i+3) salt bridges from the survey of natural proteins are in the most right-hand-side
column.
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For both MSAspXaa4 and MSGluXaa4 model peptides, salt
bridges were observed for peptides with Lys, Orn, and Dab as
the positively charged residue, but not the shortest residue Dap
(Table 3 and Figure 9). The dihedral combination for these
model peptides with intrahelical salt bridges involved (t, g+)
and (g−, g+) (Table 3 and Figure 9). The dihedral combination
(t, t) was also present for peptide MSGluLys4. All MSAadXaa4
model peptides exhibited low energy conformations with salt
bridges regardless of side chain length of the positively charged

residue. Similar to the MSAspXaa4 and MSGluXaa4 peptides
with salt bridges, the conformations of the MSAadXaa4 model
peptides involved the dihedral combinations (t, g+) and (g−, g
+). Model peptides with the longer Orn and Lys residues also
exhibited the dihedral combination (g+, g+). Model peptides
with the shorter Dap and Dab residues exhibited extra dihedral
combinations (t, g−) and (t, t), respectively. Overall, the major
conformations for supporting Zbb-Xaa(i, i+4) interactions were
similar regardless of side chain length. Furthermore, length-

Figure 9. χ1(Zbb, i)−χ1(Xaa, i+4) plots for MSZbbXaa4 peptides with salt bridges within 4 kcal of the lowest energy conformation from
conformational analysis by molecular mechanics calculations are in the left four columns (top row from left to right, MSAspDab4, MSAspOrn4,
MSAspLys4; middle row from left to right, MSGluDab4, MSGluOrn4, MSGluLys4; bottom row from left to right, MSAadDap4, MSAadDab4,
MSAadOrn4, MSAadLys4). The side chain conformation of intrahelical Asp-Lys (i, i+4) and Glu-Lys (i, i+4) salt bridges from the survey of natural
proteins are in the most right-hand-side column.

Table 4. Survey Results of Oppositely Charged Residues with Various Spacings in Natural Protein Helicesa

position i
position i

+n n occurrencea
helix pair
propensityb

pair
propensityc

salt bridge
occurrenced

major conformations with salt bridge number
(Zbb χ1, Xaa χ1)

Glu Lys 3 1940 1.95 ± 0.06 1.31 ± 0.03 226 146(g+, g+), 22(g+, t), 19(t, g+)
Asp Lys 3 1054 1.37 ± 0.05 1.44 ± 0.05 49 25(g+, g+), 11(g+, g−)
Glu Lys 4 1887 2.12 ± 0.07 1.38 ± 0.04 124 97(t, g+), 17(g+, g+)
Asp Lys 4 918 1.46 ± 0.06 1.35 ± 0.05 95 88(t, g+)
Glu Lys 5 809 1.36 ± 0.06 0.66 ± 0.02 0
Asp Lys 5 460 0.88 ± 0.04 0.76 ± 0.03 2

aThe occurrence of oppositely charged residues placed three, four, and five residues apart in helices six residues or longer in the nonredundant
protein structure database PDBselect (April 2009, 25% threshold).47,48 The helix conformation is defined by the backbone dihedral angles (ϕ, ψ)
according to the values provided by Balaram and co-workers.49−52 bThe occurrence for the various sequence patterns divided by the corresponding
expected value. The expected value was obtained by bootstrapping the complete PDBselect database, thereby including the bias for the occurrence of
each residue for the helix conformation. Since bootstrapping was performed 100 000 times, this enabled the calculation of a standard deviation for
the expected value and thus helix pair propensity. cThe occurrence for the various sequence patterns divided by the corresponding expected value.
The expected value was obtained by bootstrapping the helices in the PDBselect database, thereby removing the bias for the occurrence of each
residue for the helix conformation. Since bootstrapping was performed 100 000 times, this enabled the calculation of a standard deviation for the
expected value and thus helix pair propensity. dThe number of the occurrences for each sequence pattern that actually forms salt bridges between the
oppositely charged side chain functionalities. The presence of a salt bridge is defined by an N−O distance less than or equal to 3 Å.
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ening the negatively charged residue from Glu to Aad enabled
the shortening the positively charged residue to Dap while
maintaining the intrahelical salt bridge.
These molecular mechanics calculation results appeared to

explain the experimental data with some conformational
insight. However, it was unclear whether or not these
conformational preferences were present in natural proteins.
To further confirm the results from this conformational
analysis, intrahelical Asp-Lys and Glu-Lys salt bridges in natural
proteins were examined for comparison.
Intrahelical Asp-Lys and Glu-Lys Salt Bridges in

Protein Structures. A survey was performed on the
nonredundant protein structure database PDBselect (April
2009, 25% threshold)47,48 to study the side chain conforma-
tions that support intrahelical Asp-Lys and Glu-Lys interactions
in naturally occurring proteins. A total of 4418 protein chains
involving 666 086 residues were considered. The α-helical
conformation was defined based on backbone dihedrals.49−52

Only α-helices of six residues or longer were considered to
exclude helices with less than one turn.31,51,52 On the basis of
these criteria, there were 17 622 helices involving 236 790
helical residues. The number of occurrences for Asp-Lys and
Glu-Lys sequence patterns with (i, i+3), (i, i+4), and (i, i+5)
spacings were compiled (Table 4). Helix pair propensity
represents how frequently a particular sequence pattern occurs
in a helix compared to any structure in the database. This
would include biases from both how frequently the amino acids
in the sequence pattern occur in helices and how frequently the
sequence pattern itself occurs in the context of a helix. In
contrast, pair propensity in a helix represents how frequently a
sequence pattern occurs in the context of a helix. The
propensity for each sequence pattern was derived by dividing
the occurrence by the expected occurrence in the appropriate
context. The expected occurrence was obtained by boot-
strapping the entire database for the helix pair propensity and
by bootstrapping the helices in the database for the pair
propensity (in helices). Bootstrapping was performed 100 000
times for these cases to obtain standard deviations for the
expected occurrence. This enabled the calculation of standard
deviations for the statistical propensities and Z values (Tables
S4 and S5), which was used to derive the P values (Tables S4
and S5). Helix pair propensities greater than unity represent
higher occurrence compared to expected occurrence in all
structures, whereas pair propensities greater than unity indicate
higher occurrence compared to expected occurrence in helices
in the database. As such, helix pair propensities less than unity
represent lower occurrence compared to the expected value for
all structures, whereas pair propensities less than unity indicate
lower occurrence compared to the expected value for helical
structures.
The helix pair propensity for Asp-Lys (i, i+n) sequence

patterns followed the trend: (i, i+4) > (i, i+3) > (i, i+5) (Tables
4 and S4). Similarly, the helix pair propensity for Glu-Lys (i, i
+n) sequence patterns followed the trend: (i, i+4) > (i, i+3) >
(i, i+5) (Tables 4 and S4). Both of these trends appeared to be
consistent with experimentally derived intrahelical Asp-Lys and
Glu-Lys interaction energies (Tables 1, 2, and S2), and mostly
consistent with the energy of the low energy conformers from
the conformation analysis by molecular mechanics calculations
(Tables 3 and S3). The helix pair propensity for sequence
patterns involving Glu was higher than that for the
corresponding pattern involving Asp. However, the helix pair
propensity for a given sequence pattern is determined by both

the inherent frequency of occurrence of the amino acid in a
helix and the prevalence of the sequence pattern in a helix (i.e.,
the pair propensity in helix). To remove the bias caused by the
inherent frequency of occurrence for the amino acids in a helix,
the pair propensity for each sequence pattern was compiled
(Tables 4 and S5). Sequence patterns with (i, i+3) and (i, i+4)
spacings exhibited pair propensities greater than unity, whereas
sequence patterns with (i, i+5) spacing exhibited pair
propensities lower than unity. These results suggest that Asp-
Lys and Glu-Lys sequence patterns with (i, i+3) and (i, i+4)
spacings occur more frequently than expected for helical
structures, but Asp-Lys and Glu-Lys (i, i+5) do not occur as
frequently as expected, similar to published results by Scheraga
and co-workers.71

The three-dimensional structures of these occurrences were
then examined in detail. Salt bridges were defined by an N−O
distance of 3 Å or less. Only a small number of the sequence
patterns were manifested as salt bridge interactions in the
protein structure (Table 4), similar to findings by Thornton
and co-workers.72 Furthermore, Asp-Lys and Glu-Lys (i, i+5)
salt bridges were essentially nonexistent (Table 4). The side
chain conformations of the intrahelical salt bridges were then
examined further (Table 4; last column in Figures 8 and 9).
The most prevalent χ1 dihedral combination of both Asp-Lys
and Glu-Lys (i, i+3) intrahelical salt bridges was (g+, g+),
consistent with the conformational analysis by molecular
mechanics calculations (Table 3 and Figure 8). The major χ1
dihedral combination of both Asp-Lys and Glu-Lys (i, i+4)
intrahelical salt bridges was (t, g+), which was represented in
the conformational analysis of the MSZbbXaa4 peptides
(Figure 9). Importantly, the combinations of χ1 dihedrals for
the Asp-Lys and Glu-Lys intrahelical salt bridges in natural
protein structures were similar to those from the molecular
mechanics calculations (Figures 8 and 9), validating the
conformational analysis results.

■ DISCUSSION
The effect of side chain length and sequence spacing on
intrahelical carboxylate-ammonium ion pairing interaction and
helical content for short peptides was explored in this study.
For the positively charged residues with different lengths, only
Lys supported any helix stabilizing Zbb−-Xaa (i, i+3)
interaction at pH 7. Furthermore, the Glu-Lys (i, i+3)
interaction was the most helix stabilizing among the negatively
charged residues (Table 2). It would be reasonable to conclude
that the most optimal combination for a Zbb−-Xaa (i, i+3)
interaction would involve two and four methylenes for the
negatively and positively charged residues, respectively.
However, there is no side chain complementarity, meaning
the total number of methylenes (in the charged residues) alone
is not sufficient to form ideal side chain−side chain interactions
in the helical conformation; Lys must be involved for any helix
stabilizing Zbb−-Xaa (i, i+3) interaction. Similarly, the most
stabilizing Zbb−-Xaa (i, i+4) interaction for the various
negatively charged residues were Asp-Orn, Glu-Dab, and Aad-
Dab (Table 1). Again, there is no apparent side chain
complementarity.
Our studies show that Asp and Glu provide helical peptides

with distinctly different characteristics. For example, the helical
content of AspLys4 is pH dependent (Figure 4B), whereas the
helical content of GluLys4 is pH independent (Figure 4E).
Furthermore, the helical content of GluLys3 is much higher
compared to AspLys3 (Figure 4C,F), which exhibits minimal
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helical content. In contrast, the Aad- and Glu-containing
peptides exhibit similar characteristics (Figure 4D−I). There-
fore, it appears that nature chose the negatively charged
residues Asp and Glu for variation, because increasing the Glu
side chain length to Aad does not furnish any characteristics
Glu cannot provide.
The positively charged Lys can support significant helical

content for peptide GluLys3 at pH 7, whereas shortening Lys
to Orn cannot support significant helical content for peptide
GluOrn3 at pH 7 (Figure 3F). The same trend is observed for
the corresponding Asp peptides, albeit with less difference in
helical content (Figure 3C). Furthermore, the helical content of
peptide GluLys4 is rather robust and not significantly affected
by pH, whereas the helical content of peptide GluOrn4 is
attenuated by lowering the pH from 7 to 2 (Figure 4E). In
contrast, the helical content of both AspLys4 and AspOrn4 is
significantly attenuated by lowering the pH from pH 7 to 2
(Figure 3B). As such, employing Orn instead of Lys would
result in similar pH dependence for peptides with Asp-Orn (i, i
+4) spacing and peptides with Glu-Orn (i, i+4) spacing.
Furthermore, peptides with Asp-Orn (i, i+3) spacing and
peptides with Glu-Orn (i, i+3) spacing would show similar low
helical content with minimal Asp-Orn (i, i+3) and Glu-Orn (i, i
+3) interactions. Therefore, it appears that nature chose Lys
over Orn to expose the inherent difference between Asp and
Glu. As for the underlying reason for the Arg side chain length,
more studies would be necessary to provide further insight into
this matter.
This study has focused on the positively charged Lys

analogues with an ammonium group. The other positively
charged amino acid Arg bears a guanidinium group (Figure 1).
The two functionalities have different geometries, charge
distribution, and hydrogen bonding capacity. Therefore, Lys
and Arg exhibit different geometric patterns in protein ion
pairs.13,73,74 Furthermore, the helix propensity of Lys and the
Lys analogues increase with increasing side chain length,29

whereas the helix propensity of the Arg analogues peak at three
methylenes (Arg);52 further increase in the side chain length
lowers the helix propensity.52 Accordingly, the Arg analogues
should behave distinctly differently compared to the Lys
analogues in intrahelical ion pairs; however, experimental
studies will be necessary to reveal the details.
The helical conformation has also been promoted and

stabilized in short peptides by linking properly positioned side
chain functionalities through covalent bonds such as metal−
ligand complexation,75 disulfide bonds,76 amide bonds,77 bis-
amide linkages,78−80 all-hydrocarbon linkages,81−83 and bis-
thioether linkages.84 These helical peptides with covalently
linked side chains should provide robust helices under a wider
range of conditions compared to the helical peptides presented
in this study, because a covalent bond is energetically worth
more than an ion pairing interaction. Nevertheless, some of the
peptides presented in this study such as AspLys4 can provide
pH-dependent switches for which the conformation of the
peptide changes with pH, complementing the robust helices
achieved through covalent linkages.

■ CONCLUSIONS
Peptides with Zbb-Lys and Zbb-Orn (i, i+4) sequence patterns
exhibited significant helical content at pH 7 regardless of the
negatively charged amino acid side chain length (Figure 3).
Interestingly, the helical content of peptides with Glu-Lys and
Aad-Lys (i, i+4) sequence patterns were pH independent

(Figure 4), whereas the peptide with the Asp-Lys (i, i+4)
sequence pattern was pH dependent. Apparently, Glu and Aad
provide similar effects, whereas Asp is distinctly different from
the two longer negatively charged residues. Similarly, peptides
with Glu-Lys and Aad-Lys (i, i+3) sequence patterns were
significantly helical at pH 7 (Figure 3), whereas the peptide
with the Asp-Lys (i, i+3) sequence pattern exhibited low helical
content, again distinguishing Asp from Glu and Aad.
Furthermore, peptides with Zbb-Orn (i, i+3) sequence patterns
exhibited low helical content (Figure 3), highlighting the
uniqueness of the Lys side chain length. The helical content of
these peptides was recapitulated in the conformational analysis
by forcefield calculations (Table 3). On the basis of these
calculations, the low energy dihedral combinations for Zbb-Xaa
(i, i+3) and (i, i+4) sequence patterns were (g+, g+) and (t, g+)
(Table 3), respectively, consistent with surveys of natural
protein structures (Table 4). Since Glu and Aad provided
similar helical contents, it is not surprising that nature employs
only one of these two amino acids, but selected Asp to provide
different structural effects. These results should be useful in
designing structures with robust helices over a wide pH range
for peptide-based materials85,86 and helix-based pH-dependent
peptide switches.87−96
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