
Effect of Lysine Side Chain Length on Intra-Helical Glutamate-Lysine Ion
Pairing Interactions†

Richard P. Cheng,* Prashant Girinath, and Raheel Ahmad

Department of Chemistry, UniVersity at Buffalo, The State UniVersity of New York, Buffalo, New York 14260-3000

ReceiVed April 13, 2007

ABSTRACT: Ion-pairing interactions are important for protein stabilization. Despite the apparent electrostatic
nature of these interactions, natural positively charged amino acids Lys and Arg have multiple methylenes
linking the charged functionality to the backbone. Interestingly, the amino acids Lys and Orn have positively
charged side chains that differ by only one methylene. However, only Lys is encoded and incorporated
into proteins. To investigate the effect of side chain length of Lys on ion-pairing interactions, a series of
12 monomericR-helical peptides containing potential Glu-Xaa (i, i+3), (i, i+4) and (i, i+5) (Xaa )
Lys, Orn, Dab, Dap) interactions were studied by circular dichroism (CD) spectroscopy at pH 7 and 2. At
pH 7, no Glu-Xaa (i, i+5) interaction was observed, regardless of the Xaa side chain length. Furthermore,
only Lys was capable of supporting Glu-Xaa (i, i+3) interactions, whereas any Xaa side chain length
supported Glu-Xaa (i, i+4) interactions. Side chain conformational analysis by molecular mechanics
calculations showed that the side chain length of Lys enables the Glu-Xaa (i, i+3) interaction with
lower energy conformations compared to residues with side chain lengths shorter than that of Lys.
Furthermore, these calculated low energy conformers were consistent with conformations of intra-helical
Glu-Lys salt bridges in a non-redundant protein structure database. Importantly, the CD spectra for peptides
with Glu-Lys interactions did not alter significantly upon changing the pH because of a greater contribution
to these interactions by forces other than electrostatics. Incorporating side chains just one methylene shorter
(Orn) resulted in significant pH dependence or lack of interaction, suggesting that nature has chosen Lys
to form durable interactions with negatively charged functional groups.

Electrostatic ion-pairing interactions are prevalent in many
biological inter and intramolecular interactions. In particular,
ion pairs occur frequently in protein structures (1-3). Such
attractive electrostatic interactions between oppositely charged
amino acids have been shown to stabilize proteins (4, 5).
Furthermore, optimized electrostatic profiles (charged net-
works) on protein surfaces have been observed in thermo-
philic proteins (6-13). Because of the importance of
electrostatic interactions in protein stability, the energetics
of individual salt bridges have been determined in proteins.
Salt bridges are hydrogen-bonded ion pairs (14, 15). Buried
salt bridges can contribute up to 5 kcal‚mol-1 stabilization
(16-18), whereas surface salt bridges can contribute up to
1 kcal‚mol-1 (19-23). Interestingly, natural positively
charged residues lysine (Lys) and arginine (Arg) have side
chains with multiple methylenes linking the charged func-
tionality to the backbone (Chart 1). Since the positively
charged functionality constitutes the electrostatic component
for ion-pairing interactions, the role played by the linking

methylenes in ion-pairing interactions remains unclear.
Furthermore, it may be more logical for nature to employ
ornithine (Orn), which is one methylene shorter than Lys
rather than Lys, on the basis of biosynthetic availability. Orn
is synthesized by all organisms as an intermediate for the
Arg biosynthesis from glutamate (Glu), while lysine (Lys)
is synthesized from aspartate (Asp) only by plants and
bacteria. However, Lys is encoded and incorporated into
natural proteins, whereas Orn is not.
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Chart 1: Chemical Structures of the Positively Charged
Residues Ornithine (Orn), Lysine (Lys), and Arginine (Arg)
and the Corresponding Intramolecular Side Chain to
Backbone Cyclic Lactams
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There are several possible reasons for the utilization of
Lys over Orn, including practicality of incorporation, sec-
ondary structure stability, or ion pairing energetics. For the
practicality of incorporation, the putative Orn aminoacyl-
tRNA may potentially self-destruct through intramolecular
cyclization of the side chain amine onto the backbone ester
to form a six-membered ring lactam (Chart 1), whereas the
Lys aminoacyl-tRNA would not form such a lactam because
of a less favorable seven-membered ring transition state and
product (Chart 1). Interestingly, a similar cyclization occurs
for the activated ester of protected Arg during solid-phase
peptide synthesis (24). Nonetheless, Arg residues are ef-
fectively incorporated by the natural protein synthesis
machinery. While the Arg guanidinium is more sterically
hindering than the Orn ammonium, the pKa values of both
guanidinium and ammonium groups are significantly higher
than physiological pH, making the nucleophilic neutral forms
essentially nonexistent at pH 7. Therefore, the bioincorpo-
ration of Orn into natural proteins should be possible. For
secondary structure stability, Lys exhibits a higher helix
propensity than Orn (25, 26). However, Lys residues are also
found in non-helical secondary structures such asâ-sheets
or reverse turns (27), implying that helix propensity may
not be the only reason for the utilization of Lys over Orn.
As for ion-pairing interactions, Lys residues frequently
participate in ion-pairing interactions in proteins (1, 3),
suggesting that the side chain length of Lys may affect ion-
pairing energetics in protein structures.

ShortR-helical peptides are convenient model systems for
studying the effect of ion-pairing interactions onR-helix
stability (14, 28-38) because Glu-Lys (i, i+4) sequence
patterns are frequently observed in natural proteinR-helices
(1, 2). As such, interactions between positively charged
residues (Lys, Orn, Arg, His) and negatively charged residues
(Asp, Glu) have been studied in monomericR-helices (14,
28-38). These interactions have been found to be more
favorable with (i, i+4) spacing than with (i, i+3) spacing
(14, 23, 28-30). The difference between the two spacings
has been attributed to the difference in the ease of making
hydrogen bonds between preferred rotamer conformations
(1). These interactions stabilize the helical conformation by
up to 0.5 kcal‚mol-1 per interaction (23, 28, 32, 35). There
has been one limited study that includes both intra-helical
Glu-Lys and Glu-Orn interactions with no direct compari-
son between the two (32); therefore, the effect of Lys side
chain length on these ion-pairing energetics remains to be
fully understood. Herein, we report a systematic compre-
hensive study of the effect of side chain length on such intra-
helical interactions between oppositely charged residues by
circular dichroism spectroscopy and molecular mechanics
calculations combined with surveys of a non-redundant
protein structure database.

MATERIALS AND METHODS

Peptide Synthesis.Peptides were synthesized by solid-
phase peptide synthesis using Fmoc-based chemistry (24, 39).
All peptides were purified by reversed-phase high perfor-
mance liquid chromatography to greater than 98% purity.
Concentrations were determined by UV-vis as described
by Edelhoch (40, 41).

Circular Dichroism Spectroscopy (CD).CD data were
obtained using a 1 mmpath length cell. The concentration

of peptide stock solutions were determined by the tyrosine
absorbance in 6 M guanidinium chloride (ε282 ) 1240,ε280

) 1300,ε278 ) 1390,ε276 ) 1450) (40, 41). CD measure-
ments were performed at peptide concentrations close to 50
µM in 1 mM phosphate, 1 mM citrate, and 1 mM borate
buffer (pH 7 in the absence and presence of 1 M NaCl and
pH 2-12) at 0°C. The data was analyzed using Kaleidagraph
(Synergy Software, CA). Each reported CD value was the
mean of at least three determinations. Data are expressed in
terms of mean residue ellipticity (deg‚cm2‚dmol-1) normal-
ized to the number of backbone amide bonds.

Calculating fhelix and Interaction Energy Using Modified
Lifson-Roig Theory.The modified Lifson-Roig theory (42)
that included end-capping effects (43) and interactions
between charged residues and the helix macrodipole (28)
was used to calculate the fraction helix (fhelix) of each peptide
in the absence of side chain-side chain interactions (43).
These calculations were performed using compiled computer
code written in C++ on a Silicon Graphics Octane 2.
Literature values for the helix propagation parameterw (25,
43-45) and the N-terminal capping parametern (25, 43, 44)
were used for the calculations, and the helix initiation
parameterV and the C-terminal capping parameterc for all
residues were set to 0.048 (44) and 1 (44), respectively. The
contribution of interactions between charged residues and
the helix macro-dipole was calculated based on the method
as described by Scholtz (28). Modifications to the method
were made to account for helical states with multiple helical
segments. The fraction helix was used to calculate the
predicted mean residue ellipticity at 222 nm using eq 1 (44).

N is the total number of residues.
To obtain the side chain-side chain interaction energetics,

the statistical weight for each specific intra-helical side
chain-side chain interaction (p) was calculated from the
experimentalfhelix on the basis of the nesting block method
(28, 46). Modifications to the nesting block method were
made to explicitly include helix propagation parameters for
each amino acid (25, 43, 44), interactions between charged
residues and helix macrodipole (28), and also states with
multiple helical segments. For every possible state of each
peptide, the fhelix and probability were calculated and
combined. The free energy of each specific side chain-side
chain interaction was calculated by∆G ) -RT‚ln(p) (28),

Conformational Analysis by Molecular Mechanics.The
conformational analysis was performed on a Silicon Graphics
Octane 2 workstation using the Discover_3 module of the
program InsightII (Accelrys, CA). The models were initially
created with ideal backbone dihedral angles forR-helix with
various combinations of potential low-energy side chain
dihedrals. Each conformation was then minimized using the
CVFF forcefield in the Discover_3 module. No cutoffs were
used for the nonbonding interactions with a distance
dependent dielectric constant. After minimization, each
conformation was re-examined to remove duplicating con-
formations because minimization with different starting
conformations occasionally resulted in the same final con-
formation. When the same conformation is represented more
than once, only the lowest energy conformation is considered
in further analyses.

θ222,prediction) fhelix‚40,000‚(1 - 2.5
N ) (1)
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SurVey of Glu-Lys (i, i+3) and (i, i+4) Salt Bridges in
ProteinR-Helices.The survey was performed on PDBselect
(Dec 2003, 25% threshold) (47), a database of non-redundant
protein chains. TheR-helical conformation for each residue
was defined by hydrogen bonding as described by Kabsch
and Sander (48). Segments of six or moreR-helical residues
were considered to avoid end effects. The occurrence was
compiled for Glu-Lys (i, i+3) and (i, i+4) residue patterns.
The propensity of each residue pattern was calculated by
dividing the occurrence of the sequence pattern inR-helices
by the expected occurrence for the sequence pattern based
on the random protein structures in PDBselect. The expected
occurrence and the corresponding standard deviation were
obtained by bootstrapping (49) the sequence pattern across
the PDBselect database. Dividing the difference between the
occurrence and the expected occurrence by the standard
deviation gave thez value, which was used to obtain theP
value based on a normal distribution (50, 51). Each individual
occurrence was then visually inspected for the presence of
a Glu-Lys salt bridge using the program InsightII (Accelrys,
CA) on an Silicon Graphics Octane 2 workstation. A salt
bridge was considered to be present if any of the oxygens
of the side chain carboxylate of Glu was within 3 Å of the
nitrogen of the side chain amine of Lys.

RESULTS

Design and Synthesis of MonomericR-Helical Peptides.
The peptides were designed based on monomericR-helical
peptides containing potential Glu-Lys (i, i+3) or (i, i+4)
interactions as described by Baldwin and co-workers (14).
Glutamate was chosen as the negatively charged amino acid
because Glu-Lys (i, i+4) sequence patterns are frequently
observed in natural proteinR-helices (1, 2). The peptides
are named according to the three-letter code of the positively
charged residue (Xaa) Lys, Orn, Dab, and Dap) and the
spacing between Glu and the downstream Xaa (Chart 2).
Since an idealR-helix would have 3.6 residues per turn, the
EXaa3 and EXaa4 peptides could potentially have interac-
tions between oppositely charged residues spaced 3 and 4
residues apart, respectively (Chart 2). The Exaa5 peptides
have oppositely charged resides spaced 5 residues apart
(Chart 2), which should not interact, on the basis of the
R-helix geometry and as shown by Scholtz and co-workers
(30). While the negatively charged residue Glu was incor-
porated in all of the peptides, the positively charged residue
Xaa was systematically shortened from Lys (4 methylenes)
to (S)-2,3-diaminopropionic acid (Dap, 1 methylene) (Chart
2). The overall distribution of the charged residues was
designed to stabilize theR-helix macrodipole by placing Glu
closer to the N-terminus than the positively charged residue

Xaa (14). Tyr was incorporated to facilitate concentration
determination by UV-vis, and the Gly-Gly intervening
sequence was included to minimize interference in the CD
signal by the Tyr chromophore (52).

The peptides were synthesized by solid-phase peptide
synthesis using Fmoc-based chemistry (24, 39). All peptides
were purified by reversed-phase high performance liquid
chromatography to greater than 98% purity. The peptide
concentrations were determined by UV-vis as described by
Edelhoch (40, 41). Size-exclusion chromatography results
were consistent with monomers for all peptides except
peptides EDap3 and EDap4, both of which exhibited apparent
molecular weights larger than monomers, most likely due
to the lack of folding as shown by circular dichroism
spectroscopy (Vide infra). Furthermore, sedimentation equi-
librium data were consistent with monomers for all peptides
except peptide EDap4, which showed a hint of larger order
aggregation. Therefore, intermolecular interactions are most
likely not contributing to the helical content observed by
circular dichroism spectroscopy (CD).

Circular Dichroism Spectroscopy.The circular dichroism
(CD) spectra of the peptides were obtained at pH 7 in the
absence of NaCl (Figure 1). The CD spectra of ELys3,
ELys4, and EOrn4 are similar to the CD spectra of analogous
peptides reported by Baldwin (14) and Stellwagen (32). The
magnitude of the CD signal at 222 nm reflects theR-helical
content of a peptide (53). On the basis of CD spectra, the
helical content of EXaa5 peptides follows the trend ELys5
> EOrn5 > EDab5 > EDap5 (Figure 1A). This trend is
consistent with the helix propensity of the positively charged
residue Xaa: Lys> Orn > Dab > Dap (25). In contrast,
the helical content of EXaa4 peptides follows the trend:
ELys4∼ EOrn4∼ EDab4. EDap4 (Figure 1B). Peptides
ELys4, EOrn4, and EDab4 exhibit significant helicity,
whereas EDap4 shows diminished helical content. Appar-
ently, the Lys side chain can be shortened by two methylenes
without affecting the helical content of the EXaa4 peptides,
suggesting significant Glu-Xaa (i, i+4) interactions involv-
ing Lys, Orn, and Dab. Interestingly, the helical content of
EXaa3 peptides follows the trend ELys3. EOrn3> EDab3
> EDap3 (Figure 1C). Only peptide ELys3 is significantly
helical, whereas the other three EXaa3 peptides are relatively
non-helical. On the basis of these results, it appears that only
the Lys side chain has sufficient length to support any Glu-
Xaa (i, i+3) interaction.

The CD signal at 222 nm for all peptides were measured
between pH 2 and 12 (Figure 2) to provide insight into the
nature of the Glu-Xaa intra-helical 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 (52). Since
the helix dipole can perturb the pKa by 1.6 pH units (54,
55), the discussion will focus on data between pH 2 and 7.
In this pH range, all EXaa5 peptides have similar CD signals.
In contrast, the magnitude of the CD signal is weaker at pH
2 compared to pH 7 for all EXaa4 peptides except ELys4,
which exhibited minimal pH dependence in its CD signal.
Interestingly, there is minimal change in CD signal for the
EXaa3 peptides.

The CD spectra of the EXaa3, EXaa4, and EXaa5 peptides
at pH 2 were acquired to probe the intra-helical Glu-Xaa
interactions involving neutral Glu0 side chains (Figure 3).

Chart 2: Sequences for the EXaa3, EXaa4, and EXaa5
Peptides
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Similar to the CD results at pH 7, the trend for the helical
content of the EXaa5 peptides is consistent with the helix
propensity of the positively charged residue Xaa (Figure 3A).
At pH 2, the helical content for the EXaa4 peptides follows
the trend ELys4> EOrn4∼ EDab4> EDap4 (Figure 3B).
This result suggests that the side chain length of Lys plays
a significant role for Glu0-Lys (i, i+4) interactions at pH
2, for which Glu is most likely neutral. This is in sharp
contrast to the results at pH 7, for which the side chain length
does not appear to be critical for Glu--Lys (i, i+4)
interactions. Similar to the CD results at pH 7, the helical
content at pH 2 for the EXaa3 peptides follows the trend
ELys3 . EOrn3> EDab3> EDap3 (Figure 3C).

Calculating the Intra-Helical Glu-Xaa Interaction En-
ergetics at pH 7 and 2.The side chain-side chain interaction
energy (∆GpH 7 interaction and ∆GpH 2 interaction) between op-

positely charged residues were calculated using the nesting
block method (28, 46) based on the modified Lifson-Roig
theory (28, 42-44), accounting for the charged side chain-
helix dipole interactions for all states and increased Glu helix
propensity upon protonation (Table 1). At pH 7, the Glu--
Lys (i, i+4) interaction is more favorable compared to the
Glu--Lys (i, i+3) interaction, and the energies are similar
to values reported by other researchers (23, 28, 30). For
peptides ELys5 and EOrn5, essentially no Glu--Xaa (i, i+5)
interaction is observed, consistent with theR-helical structure.
Interestingly, peptides EDab5 and EDap5 exhibit less helical
character compared to the expected values without any intra-
helical side chain-side chain interactions. This result sug-
gests that Dab-Glu- and Dap-Glu- (i, i+1) interactions
may be stabilizing non-helical conformations; analogous
helix destabilizing interactions have been reported by Scholtz

FIGURE 1: Circular dichroism spectra of the peptides at pH 7 (273 K) in 1 mM phosphate, borate, and citrate buffer in mean residue
ellipticity (panel A, ELys5, EOrn5, EDab5, and EDap5; panel B, ELys4, EOrn4, EDab4, and EDap4; panel C, ELys3, EOrn3, EDab3, and
EDap3).

FIGURE 2: Circular dichroism signal at 222 nm of the peptides at pH 2-12 (273 K) in 1 mM phosphate, borate, and citrate buffer in mean
residue ellipticity (panel A, ELys5, EOrn5, EDab5, and EDap5; panel B, ELys4, EOrn4, EDab4, and EDap4; panel C, ELys3, EOrn3,
EDab3, and EDap3).

FIGURE 3: Circular dichroism spectra of the peptides at pH 2 (273 K) in 1 mM phosphate, borate, and citrate buffer in mean residue
ellipticity (panel A, ELys5, EOrn5, EDab5, and EDap5; panel B, ELys4, EOrn4, EDab4, and EDap4; panel C, ELys3, EOrn3, EDab3, and
EDap3).
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and co-workers (28). More importantly, the Glu--Xaa (i,
i+4) interaction energy follows the trend Lys< Orn < Dab
∼ Dap. For EXaa3 peptides, only ELys3 exhibits any
favorable Glu--Xaa (i, i+3) interaction energy.

The Glu0-Xaa interactions (involving the protonated
neutral Glu0) would represent the nonelectrostatic compo-
nents of the Glu--Xaa interaction. The side chain-side
chain interaction energies at pH 2 (∆GpH 2 interaction) represent
the upper limit for interactions involving Glu0 because the
CD signals were not unambiguously leveled off with
decreasing pH at pH 2. Therefore, there may be some residual
electrostatic interactions involving formally charged Glu-.
Similar to the results at pH 7, the EXaa5 peptides do not
exhibit any significant Glu0-Xaa (i, i+5) interaction at pH
2, consistent with theR-helical structure. At pH 2, all EXaa4
peptides exhibit varying degrees of Glu0-Xaa (i, i+4)
interaction except for EDap4 (Table 1). These results suggest
that the Glu--Dap (i, i+4) interaction at pH 7 completely
relies on the formal negative charge on Glu-, whereas the
longer side chains are not as dependent on the negative
charge on Glu-. For EXaa3 peptides, only ELys3 exhibits
any Glu-Xaa (i, i+3) interaction energy at pH 2.

The Lys side chain length does not appear to be critical
for supporting the helix for EXaa4 peptides on the basis of
the CD data at pH 7 (Figure 1B). However, the Lys side
chain length is extremely important for supporting the helix
for EXaa3 peptides (Figure 1C). The simple explanation
would be that side chain lengths 2 methylenes shorter than
Lys remain capable of reaching to interact with Glu for a
Glu-Xaa (i, i+4) interaction. Similarly, only Lys has a side
chain long enough to interact with Glu for a Glu-Xaa (i,
i+3) interaction. It seems that sufficient side chain length
to reach the upstream Glu for the two different spacings is
the major issue. However, the interaction energetics at pH 7
based on the same CD data apparently contradicts this simple
explanation. The Glu-Xaa (i, i+4) interaction energy
increases with decreasing side-chain length, whereas the
Glu-Xaa (i, i+3) interaction is practically nonexistent for

residues shorter than Lys. To resolve this apparent contradic-
tion, conformational analysis on relevant model peptides was
performed.

Conformational Analysis of Short Model Peptides.A
detailed conformational analysis on short model peptides was
performed by molecular mechanics calculations. Two series
of peptides were investigated: MEXaa3 and MEXaa4 (Chart
3A). All peptides included one potential side chain-side
chain interaction between Glu- and a positively charged
residue (Lys, Orn, Dab, or Dap) either three or four residues
apart. For eachø angle, three possible low-energy staggered
conformations were considered: gauche- (60°, g-), trans
(180°, t), and gauche+ (300°, g+) (Chart 3B) (56, 57). For
theø1 dihedral of a residue in anR-helix in nature, thet and
g+ conformations are known to be more prevalent and more
stable than theg- conformation (56, 57) because of
significant gauche interactions in theg- conformation and
steric clashes with the nearby backbone. Regardless, all
possibleø angle combinations for Glu and the positively
charged residue Xaa were investigated. A combined total of
12,960 conformations were minimized with no restraints.

All conformations remained helical upon minimization.
The interaction between oppositely charged residues with
(i, i+3) and (i, i+4) spacings can be compared by evaluating
the energies of the lowest energy conformers for the MEXaa3

Table 1: Energeticsa of Intrahelical Interactions between Glu and
Xaa at pH 7 and 2

residuei
residue
i + n n

∆GpH 7 interaction

(cal‚mol-1)
∆GpH 2 interaction

(cal‚mol-1)
∆∆Gd

(cal‚mol-1)

Glu Lys 5 -84.7( 51.4 -21.2( 15.6 -63.7( 53.1
Glu Orn 5 0b 0b

Glu Dab 5 NDc NDc

Glu Dap 5 NDc NDc

Glu Lys 4 -459( 34 194( 31 -265( 46
Glu Orn 4 -742( 43 125( 34 -617( 53
Glu Dab 4 -837( 36 281( 38 -556( 52
Glu Dap 4 -781( 43 0b -781( 43
Glu Lys 3 -256( 36 -143( 32 -113( 48
Glu Orn 3 0b NDc

Glu Dab 3 0b NDc

Glu Dap 3 0b NDc

a The energetic values∆GpH 7 interaction and ∆GpH 2 interaction were
calculated on the basis of the nesting block method (28, 46). b The
experimental results are within error of theoretically calculated values
without any side chain-side chain interaction.c Not determined because
the experimental results exhibit lower helical content compared to the
theoretically calculated values without any side chain-side chain
interaction (see main text for reason).d ∆∆G ) ∆GpH 7 interaction- ∆GpH

2 interaction.The difference in side chain-side chain interaction energy at
pH 7 and 2 reflects the contribution of electrostatics in the Glu-Xaa
interaction.

Chart 3: (Panel A) Sequence for the MEXaa3 and MEXaa4
Peptides used in the Conformational Analysis by Molecular
Mechanics Calculations. (Panel B) Newman Projections of
the Three Low Energyø1 Dihedrals gauche-, trans, and
gauche+. (Panel C) Three-dimensional Model of a Generic
Pentapeptide with the Three Low Energyø1 Dihedrals for
Residuesi, i+3, and i+4 Highlighteda

a The two more stableø1 conformationstransandgauche+ are red
and blue, respectively. The less stableø1 conformationgauche- is
black.
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and MEXaa4 peptides (Table 2). Peptides with the same
positively charged residue (eg., MELys3 and MELys4) can
be compared because the peptides were designed to have
the same constituting atoms represented by the same force-
field parameters. For peptides MELys3 and MELys4, there
is a small difference between the lowest energy conforma-
tions, suggesting that the Glu-Lys interaction is energetically
similar for the two different spacings. For all the other
MEXaa peptides, the MEXaa4 peptides are significantly
lower in energy than the corresponding MEXaa3 peptides,
suggesting that Glu-Xaa (Xaa ) Orn, Dab, and Dap)
interaction is energetically more favorable for the (i, i+4)
than the (i, i+3) spacing. Furthermore, a larger energy
difference between the two spacings was observed for
peptides involving Orn and Dab compared to that for peptides
involving Dap. These results are consistent with the earlier
CD experiments (Figure 1) and interaction energies (∆GpH

7 interaction, Table 1).
Conformations within 5 kcal of the lowest energy con-

former for each peptide were then examined in detail (Table
2) because room temperature can provide up to 5 kcal‚mol-1

of thermal energy. There are more conformations for the
MEXaa3 peptides compared to the corresponding MEXaa4
peptides. Furthermore, the MEXaa4 peptides exhibit a higher
percentage of conformations with intra-helical salt bridges
as compared to the corresponding MEXaa3 peptides, con-
sistent with the CD data at pH 7 (Figure 1).

The combination ofø1 dihedrals is represented in paren-
theses, designating the conformation for residuei followed
by that fori+3 or i+4. For example, the conformation with
t for both residuesi and i+3 would be designated (t, t) for
(i, i+3). Theø1 dihedral combination for the MEXaa3 low
energy conformers is either (t, g-) or (g+, g-), when Xaa
is not Lys (Table 2 and Figure 4). These conformations
involve the high energyø1 dihedralg- for the positively
charged Xaa residue. Interestingly, this high energyø1

dihedral seems to be necessary for projecting the Xaa side
chain toward the upstream Glu to promote Glu-Xaa (i, i+3)
interactions (Chart 3C). In contrast, the lower energy
conformers of MELys3 involve the (i, i+3) ø1 dihedral
combinations (t, t) and (g+, g+), both of which exhibit lower
energyø1 dihedrals for thei+3 residue thang-. On the basis
of these results, the apparent absence of stabilizing (i, i+3)

interactions in the EXaa3 peptides (except ELys3) as seen
from CD can be attributed to the need to populate a high
energyø1 dihedral to accommodate the salt bridge, not the
lack of sufficient side chain length to form the salt bridge.
Importantly, the side chain length enables Lys to simulta-
neously adopt a low energyø1 dihedral and form a salt
bridge. This highlights the uniqueness of Lys compared to
the shorter amino acids and the conformational origin of the
effect of the side chain length on intra-helical ion-pairing
interactions.

For theø1 dihedrals of all MEXaa4 peptides, the (t, g+)
combination is the most prevalant (Table 2 and Figure 4),
with increasing variation as the side chain length increases.
This (t, g+) ø1 dihedral combination is ideal for promoting
intra-helical side chain-side chain interaction without the
higher energyg- conformation (Chart 3C). These results
would explain the higher helical content for the EXaa4
peptides compared to the corresponding EXaa3 peptides
(Figure 1). Furthermore, the decrease in interaction energy
with increasing side chian length is most likely due to higher
entropy penalty. Although these molecular mechanics cal-
culation results seem to explain the experimental data, it
remained unclear whether or not these conformational
preferences are observed in natural proteins. To further
confirm the results from this conformational analysis, intra-
helical Glu-Lys salt bridges in natural proteins were
examined for comparison.

Intra-Helical Glu-Lys Salt Bridges in Protein Structures.
A survey was performed on the non-redundant protein
structure database PDBselect (Dec 2003, 25% threshold) in
order to study the side chain conformations that support intra-
helical side chain-side chain interactions in naturally oc-
curring proteins (47). The R-helical conformation was
defined by hydrogen bonding as described by Kabsch and
Sander (48). Only R-helices of 6 residues or longer were
considered, excludingR-helices with less than one turn. The
number of occurrences of Glu-Lys (i, i+3) and (i, i+4)
sequence patterns were 808 and 784, respectively. The
propensity for the Glu-Lys (i, i+3) and (i, i+4) sequence
patterns were 2.48( 0.14 and 2.11( 0.11, respectively,
indicating that both sequence patterns occur more than twice
the expected occurrence based on all protein structures. Both
Glu-Lys sequence patterns hadP values of less than 10-5,
indicating that the occurrence of these patterns inR-helices
were significantly different from the expected occurrence
based on all protein structures, similar to published results
by Scheraga and co-workers (2). The three-dimensional
structures of these occurrences were then examined in detail.
Using 3 Å as the N-O cutoff distance for a Glu-Lys salt
bridge, there were 43 and 24 salt bridges for (i, i+3) and (i,
i+4) spacings, respectively. Only a small number of the
sequence patterns were manifested as salt bridge interactions
in the protein structure, similar to findings by Thornton and
co-workers (3). Furthermore, these salt bridges were pre-
dominantly on the surface of the proteins and were solvent
exposed. In general, the combinations ofø1 dihedrals for the
Glu-Lys intra-helical salt bridges in natural protein struc-
tures were similar to those from the molecular mechanics
calculations (Figure 4, last two columns), validating the
conformational origin of the uniqueness of Lys in intra-
helical ion-pairing interactions.

Table 2: Summary of Low Energy Conformations from
Conformational Analysis of MEXaaN Peptides by Molecular
Mechanics Calculations

lowest energy
conformer

conformations within 5 kcal
of the lowest energy conformer

peptide
energy
(kcal) no.a

salt bridgeb

(%)
major conformations

number(Gluø1, Xaaø1)c

MEDap3 37.9 5 0% 4(t, g-)
MEDab3 36.4 14 64% 9(t, g-), 4(g+, g-)
MEOrn3 37.5 20 70% 8(t, g-), 7(g+, g-),
MELys3 41.4 33 73% 13(t, t), 9(g+, g+)
MEDap4 34.9 3 33% 3(t, g+)
MEDab4 29.8 4 100% 4(t, g+)
MEOrn4 30.2 6 83% 6(t, g+)
MELys4 40.1 21 86% 9(t, g+), 6(g-, g+)

a The number of conformations within 5 kcal of the lowest energy
conformer for each peptide.b The percentage of conformations within
5 kcal of the lowest energy conformer with a Glu-Xaa salt bridge,
which is a hydrogen-bonded ion pair.
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DISCUSSION

Direct comparisons between the CD spectra of peptides
with different spacings are not indicative of the difference
in interaction energetics. In particular, the sequence of ELys5
inherently favors the helical conformation compared to
ELys4 and ELys3 (with no intrahelical interactions) because
of the total number of Ala residues and the longer stretches
of Ala for the ELys5 (Figure 5). Furthermore, the helical
content would be lower for ELys3 compared to ELys4 given
the same Glu-Lys interaction energy (Figure 5). Therefore,
direct comparisons between the CD spectra from different
peptide series cannot be used to even qualitatively compare
the Glu-Lys (i, i+3), (i, i+4), and (i, i+5) interaction
energies. This is because the observed helical content is the
manifestation of both helix-stabilizing side chain side-chain
interactions and the inherent features of the sequences, as
previously deduced by Baldwin (29). Obtaining intra-helical
interaction energetics quantitatively requires calculations
using the modified Lifson-Roig theory based on the CD
data. Results based on this analysis show that the side chain
length of Lys is critical for the existence of the Glu--Xaa
(i, i+3) interaction, whereas the Glu--Xaa (i, i+4) interac-

tion energetics increases with decreasing side chain length
(Table 1).

The calculations based on the Lifson-Roig theory used
parameters reported by Baldwin and co-workers (25, 43, 44).
The parameters were derived from 58 different Ala-based
peptides with 16-20 residues, 3 or 4 Lys (or Gln) residues,
and 2.33-4.00 Ala residues for every Lys (or Gln) residue
(44). These sequence characteristics are similar to the
peptides studied in this article. Since the Baldwin parameters
are derived from peptides with these sequence characteristics,
they are particularly suitable for analyzing these peptides.
However, these same parameters may not be suitable for
peptides that differ significantly from these sequences, as
shown by Kemp (26, 58). Nonetheless, peptides with
analogous length and similar sequence characteristics can
be analyzed using these parameters derived by Baldwin (25,
43, 44).

Intra-helical Glu-Lys (i, i+3) and (i, i+4) interactions
have been attributed to electrostatics (14, 28, 29), hydrogen
bonding (14, 29), and possibly hydrophobics (59). Electro-
static interactions occur between two formally charged
species. Salt bridges occur when the two oppositely charged
functionalities are also hydrogen bonded (14, 15). However,
a hydrogen bond between a formal charge and a neutral
functionality is considered to be a hydrogen bond (15, 60)
that is typically stronger than hydrogen bonds between two
neutral species. To gain insight into how the side chain length
affects the contributing factors, we made comparisons
between the Glu-Xaa interactions at pH 7 and 2. Changing
the pH from 7 to 2 should protonate and neutralize the
carboxylate side chain of the negatively charged residue
Glu-. This would disrupt the electrostatic interactions with
the negatively charged Glu- (including Glu--Xaa and Glu--
helix macrodipole) and would also increase the helix
propensity of Glu (28). Thus, changes in CD signal should
reflect changes in both electrostatic interactions and helix
propensity. The lack of significant change in the CD signal
for the Exaa5 and EXaa3 peptides suggests that these effects

FIGURE 4: ø1(Glu, i)-ø1(Xaa, i+3 or i+4) plots for the MEXaa3 peptides (first four plots in top row) and MExaa4 peptides (first four plots
in bottom row) within 5 kcal of lowest energy conformation from the conformational analysis by molecular mechanics calculation are in
the first four columns (top row from left to right, MEDap3, MEDab3, MEOrn3, and MELys3; bottom row from left to right, MEDap4,
MEDab4, MEOrn4, and MELys4). The side chain conformation of intra-helical Glu-Lys (i, i+3) and Glu-Lys (i, i+4) salt bridges from
the survey of natural proteins are in the last column. For the three low energyø1 dihedrals, gauche (ø1 ) 60°) is higher in energy than trans
(ø1 ) 180°) and gauche+ (ø1 ) 300°).

FIGURE 5: Expected fraction helix of the peptides ELys5, ELys4,
and ELys3 plotted as a function of the negative of the putative
interaction energy (-∆Ginteraction, cal‚mol-1).
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most likely cancel one another (Figure 2A and C). More
specifically, the loss of favorable electrostatic interaction
between Glu- and the helix macrodipole is compensated by
the increase in Glu helix propensity upon protonation of the
Glu- side chain. Furthermore, there is a slight hint of a
stronger CD signal at pH 7 compared to pH 2 for ELys3
(Figure 2C), reflecting the extra loss of the weak Glu--Lys
(i, i+3) electrostatic interaction upon neutralization of Glu.
Similarly, the loss of Glu--Xaa (i, i+4) interaction is clearly
visible for all EXaa4 peptide except ELys4 (Figure 2B),
which appears to be indifferent to the neutralization of Glu-.
Clearly, the pH independent behavior is unique for Lys
compared to the Lys analogues with shorter side chain length.
The Glu0-Lys (i, i+4) interaction energy remains more
favorable than the Glu0-Lys (i, i+3) interaction energy at
pH 2 (Table 1), similar to the values reported by other
researchers (30). 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 Glu--Xaa
interaction (∆∆G, Table 1) because of the apparent incom-
plete neutralization of the Glu- side chain at pH 2. Accord-
ingly, the Glu--Lys (i, i+3) interaction is predominantly
electrostatic on the basis of the∆∆G. Among Glu--Xaa
(i, i+4) interactions at pH 7, the electrostatic contribution
to the interaction energy followed the trend Dap. Orn >
Dab > Lys. The lack of any Glu0-Dap (i, i+4) interaction
at pH 2 suggests that the interaction at pH 7 is purely
electrostatics. Furthermore, significant attenuation of the
Glu--Xaa (i, i+4) interaction for Dab and Orn upon
protonating Glu- at pH 2 implies that electrostatics plays a
significant role in these interactions at pH 7. Importantly,
the Glu--Lys (i, i+4) interaction was the least affected by
pH compared to that in Lys analogues with shorter side
chains. This may be due to significant side chain-side chain
hydrogen bonding (14, 29) and hydrophobic interaction (59).
More specifically, the residual side chain-side chain hy-
drogen bond would serve to bring the two terminal func-
tionalities together, whereas the hydrophobic methylenes on
the Lys side chain would serve to shield the helix hydrogen
bond and stabilize the helix (26, 61, 62). These results
suggest that the side chain length is critical for Lys to support
significant Glu-Xaa (i, i+4) interactions at different pH
values because of the relatively low contribution of the
electrostatic component to the interaction.

Molecular mechanics calculations show that the combina-
tions ofø1 dihedrals facilitate the projection of the interacting
side chains toward one another to promote intra-helical
interactions (Vide supra), even if unfavorableø1 dihedrals
are necessary. However, the combination ofø1 dihedrals
deviates from the simple predictions for longer side-chain
lengths because the lengthy side chains are capable of
redirecting the side chain functionality. This is best exempli-
fied by Lys, which is capable of populating more favorable
dihedrals and yet still supporting an intra-helical Glu-Lys
(i, i+3) interaction. Regardless of spacing, Lys appears to
be unique in its conformational properties in intra-helical
side chain-side chain interactions compared to the Lys
analogues with shorter side chain lengths. Furthermore, a
number of these low energy conformations in the molecular
mechanics calculation were also observed in a survey of
intra-helical Glu-Lys salt bridges in natural protein struc-
tures (Figure 4).

The combination of the high Lys helix propensity and
small electrostatic component in the Glu-Lys (i, i+4)
interaction supports the high fraction helix for peptide ELys4
under various conditions, showing the importance of the Lys
side chain length to support the high fraction helix for
monomericR-helices with intra-helical ion pairing. However,
a study on a tetrameric coiled-coil system indicated that inter-
helical ion-pairing was not significantly affected by shorten-
ing the side chain length from Lys to Orn (63). Furthermore,
there have been a handful of studies on stabilizing effects
of Lys containing inter-strand ion pairs inâ-sheet systems
(64-68). It is most likely that the conformational preferences
for Lys revealed in this article will not be transferable to
â-sheets; however, the nonelectrostatic components (hydro-
gen bonding and hydrophobics) for Glu-Lys ion-pairing
interaction should remain significant in non-helical structures.
Regardless, the effect of the Lys side chain length inâ-sheet
systems remains to be fully explored. Interestingly,â-hLys
andâ-hOrn have been used interchangeably in ion-pairing
interactions to stabilizeâ-peptide 14-helices (69-71). The
role of the Lys side chain length in stabilizing helical
conformations in such non-natural oligomers also remains
to be fully investigated.

CONCLUSIONS

CD experiments at pH 7 show that Lys is the only residue
capable of supporting a helix-stabilizing Glu-Xaa (i, i+3)
interaction, but Lys, Orn, Dab, and Dap are all capable of
supporting a helix-stabilizing Glu-Xaa (i, i+4) interaction.
Furthermore, the helical content of the peptide with Glu-
Lys (i, i+4) interactions did not alter significantly upon
lowering the pH based on CD data. However, shortening
the Lys side chain by only one methylene (Orn) results in
marked decrease in helical content upon lowering the pH
from 7 to 2. In addition, the electrostatic component of the
Glu-Xaa (i, i+4) interaction increases significantly upon
shortening the Lys side chain by one methylene to Orn. On
the basis of molecular modeling studies, Lys is the only
residue with sufficient length to simultaneously populate a
low energyø1 dihedral and promote a Glu-Xaa (i, i+3)
interaction, whereas Orn, Dab, and Dap side chains are too
short to interact with Glu without populating an unfavorable
ø1 dihedral. In contrast, Glu-Xaa (i, i+4) interactions
inherently involve low energyø1 dihedrals. Furthermore, the
combinations ofø1 dihedrals for Glu-Lys (i, i+3) and (i,
i+4) intra-helical salt bridges in natural protein structures
are observed in the molecular mechanics calculations. These
results highlight the drastic effect of the Lys side chain length
on side chain-side chain interactions. The underlying reason
for the exceptional ion-pairing characteristics of Lys is likely
a combination of conformational preference, electrostatics,
hydrogen bonding, and hydrophobics. Interestingly, nature
may have chosen Lys to form robust interactions with
negatively charged functional groups for enhanced stability.
Nonetheless, residues with shorter side chains such as Orn
or Dab may be useful for designing conformation-dependent
pH sensitive switches (72-77) or sensors (78, 79).
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