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Abstract The charge-containing hydrophilic functional-
ities of encoded charged amino acids are linked to the
backbone via different numbers of hydrophobic methyl-
enes, despite the apparent electrostatic nature of protein ion
pairing interactions. To investigate the effect of side chain
length of guanidinium- and carboxylate-containing resi-
dues on ion pairing interactions, o-helical peptides con-
taining Zbb-Xaa (i, i +3), (i, i+4) and (i, i+ 5)
(Zbb = carboxylate-containing residues Aad, Glu, Asp in
decreasing length; Xaa = guanidinium residues Agh, Arg,
Agb, Agp in decreasing length) sequence patterns were
studied by circular dichroism spectroscopy (CD). The he-
licity of Aad- and Glu-containing peptides was similar and
mostly pH independent, whereas the helicity of Asp-con-
taining peptides was mostly pH dependent. Furthermore,
the Arg-containing peptides consistently exhibited higher
helicity compared to the corresponding Agp-, Agb-, and
Agh-containing peptides. Side chain conformational ana-
lysis by molecular mechanics calculations showed that the
Zbb-Xaa (i, i + 3) and (i, i + 4) interactions mainly
involved the y; dihedral combinations (g+, g+) and (g—,
g+), respectively. These low energy conformations were
also observed in intrahelical Asp—Arg and Glu-Arg salt
bridges of natural proteins. Accordingly, Asp and Glu
provides variation in helix characteristics associated with
Arg, but Aad does not provide features beyond those
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already delivered by Glu. Importantly, nature may have
chosen the side chain length of Arg to support helical
conformations through inherent high helix propensity
coupled with stabilizing intrahelical ion pairing interac-
tions with the carboxylate-containing residues.
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Abbreviations

Aad (S)-aminoadipate

Agb (S)-2-amino-4-guanidinobutyric acid

Agh (8)-2-amino-6-guanidinohexanoic acid

Agp (S)-2-amino-3-guanidinopropionic acid

Ala Alanine

Arg Arginine

Asp Aspartate

CD Circular dichroism spectroscopy

Fmoc N*-fluorenylmethyloxycarbonyl

Glu Glutamate

Lys Lysine

MALDI-TOF Matrix-assisted laser desorption ionization
time-of-flight

Tyr Tyrosine

Introduction

Proteins are biological macromolecules that perform the
biochemical function for many vital processes in living
organisms. In general, a well-defined three-dimensional
protein structure is required for performing these bio-
chemical functions (Creighton 1993; Fersht 1999). Amino
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acids are the basic chemical building blocks for proteins.
The encoded amino acids are linked by amide bonds in a
particular order based on the genetic code to give the
protein polypeptide chain. The polypeptide chain forms
local secondary structures such as o-helices and B-sheets
(Anfinsen 1973; Rose et al. 2006; Dill et al. 2008). These
protein secondary structures are assembled into tertiary
protein structures with well-defined three-dimensional
conformations (Baldwin and Rose 1999a, b). This assem-
bly process is driven by non-covalent forces including
electrostatics, hydrogen bonds, hydrophobics, and van der
Waals interactions (Pace et al. 1996; Dill 1990; Dill et al.
2008; Makhatadze and Privalov 1995).

Electrostatic ion pairing interactions are prevalent in
many biological inter- and intramolecular interactions (Ji-
ang et al. 2003), and especially in proteins (Barlow and
Thornton 1983). Charged residues are distributed
throughout the protein structure, playing critical roles in
protein folding by providing attractive and repulsive elec-
trostatic interactions. The attractive electrostatic interac-
tions between oppositely charged amino acids have been
shown to be important for protein structure stability (Dill
1990; Makhatadze and Privalov 1995). Interestingly, ther-
mophilic proteins exhibit more stabilizing electrostatic
profiles compared to mesophilic proteins (Pace 2000; El-
cock 1998; Yip et al. 1998; Malakauskas and Mayo 1998;
Xiao and Honig 1999; Karshikoff and Ladenstein 2001;
Kumar and Nussinov 2002; Dominy et al. 2004; Thomas
and Elcock 2004; Robinson-Rechavi et al. 2006; Su et al.
2010), suggesting that attractive electrostatic interactions
can enhance the stability of the three-dimensional structure
(Klingler and Brutlag 1994; Barlow and Thornton 1983;
Maxfield and Scheraga 1975).

The encoded charged amino acids arginine (Arg), lysine
(Lys), glutamate (Glu), and aspartate (Asp) participate in
protein electrostatics interactions. Interestingly, these four
amino acids have different side chain lengths. The posi-
tively and negatively charged functionalities contribute to
the electrostatic component of ion pairing interactions,
leaving the role of the linking hydrophobic methylenes
unclear. Although arginine and lysine are both positively
charged residues with side chain pK, values >10, Arg is
different from Lys in bearing a guanidinium group to carry
the positive charge instead of an ammonium group. This
creates a more diffuse positive charge, higher hydrogen
bonding capacity, and different overall geometry for Arg
compared to Lys. The difference between the two residues
is reflected in the secondary structure propensities (Pad-
manabhan et al. 1996; Cheng et al. 2012b; Kuo et al. 2013).
Helix propensity decreases upon shortening the Lys side
chain length (Padmanabhan et al. 1996). In contrast, either
shortening or lengthening the Arg side chain length
decreases helix propensity (Cheng et al. 2012b). As for
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sheet formation energetics, shortening the Lys side chain
disfavors B-strand formation (Kuo et al. 2013), whereas
lengthening the Arg side chain favors B-strand formation
(Kuo et al. 2013).

A survey on protein salt bridges showed high statistical
propensity for both intrahelical Asp—Arg and Glu-Arg (i,
i + 3) salt bridges (Donald et al. 2011), but only for in-
trahelical Glu—-Arg (i, i + 4) salt bridges (Donald et al.
2011), implying different effects for different spacings on
intrahelical salt bridges involving Arg. However, high
statistical propensity was observed for only Glu-Lys (i,
i + 3) and Asp-Lys (i, i + 4) salt bridges (Donald et al.
2011). These results suggest that Arg and Lys are applied
differently in natural protein structures. The effect of the
Lys side chain length on intrahelical ion pairing interac-
tions between carboxylate- and ammonium-bearing resi-
dues has been studied in quite some detail (Scholtz et al.
1993; Cheng et al. 2007, 2012a). Furthermore, limited
experimental studies on intrahelical ion pairing interactions
involving Arg have also provided some information on the
difference between Glu and Asp (Huyghues-Despointes
et al. 1993b). Higher helicity for Glu-containing peptides
compared to Asp-containing peptides was observed for
peptides with potential intrahelical Glu/Asp—Arg interac-
tions involving (i, i + 3) and (i, i + 4) spacings (Huygh-
ues-Despointes et al. 1993b). However, how the side chain
length of the guanidinium-bearing Arg affects intrahelical
ion pairing interactions remains unknown. Herein, a sys-
tematic comprehensive study on the effect of side chain
length on intrahelical interactions between guanidinium-
and carboxylate-containing residues was investigated by
circular dichroism spectroscopy coupled with modified
Lifson—-Roig theory (Lifson and Roig 1961) and the nesting
block method (Chakrabartty et al. 1994; Doig and Baldwin
1995), conformational analysis using molecular mechanics
calculations, and a survey of a non-redundant protein
structure database.

Results
Peptide design and synthesis

The sequences were designed based on monomeric o-
helical peptides with intrahelical Glu—Lys (i, i + 3) or (i,
i + 4) interactions (Fig. 1) (Marqusee and Baldwin 1987;
Cheng et al. 2007, 2012a). The guanidinium-bearing pos-
itively charged residue Xaa was systematically shortened
from (§)-2-amino-6-guanidinohexanoic acid (Agh, 4
methylenes) to Arg (3 methylenes), to (S)-2-amino-4-gua-
nidinobutyric acid (Agb, 2 methylenes), and to (S)-2-
amino-3-guanidinopropionic acid (Agp, 1 methylene)
(Fig. 1). Similarly, the negatively charged residues Zbb
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Peptide  Sequence

ZbbXaa3 Ac Tyr Gly Gly Ala (Zbb Ala Ala Xaa Ala); NH,
ZbbXaad4 Ac Tyr Gly Gly Ala (Zbb Ala Ala Ala Xaa)s; Ala NH,
ZbbXaa5 Ac Tyr Gly Gly (Zbb Ala Ala Ala AlaXaa); NH,

Zb o

)m m = 1, Asp, L-aspartic acid

g\ § 2, Glu, L-glutamic acid
H 3, Aad, (S)-2-aminoadipic acid
(0]
Xaa
¥
HoN Y NH,
HN

)n n =1, Agp, (S)-2-amino-3-guanidino-propionic acid
§ 2, Agb, (S)-2-amino-4-guanidino-butyric acid
3, Arg, L-arginine
(e} 4, Agh, (S)-2-amino-6-guanidino-hexanoic acid

N

N
H

Fig. 1 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

was systematically lengthened from Asp (one methylene)
to Glu (two methylenes) to (S)-2-aminoadipic acid (Aad,
three methylenes) (Fig. 1). The peptides were named
according to the three-letter code of the negatively and
positively charged residues and the spacing between the
charged residues. Since an ideal o-helix would have 3.6
residues per turn (Pauling et al. 1951), residues spaced 3
and 4 residues apart could potentially interact in the
ZbbXaa3 and ZbbXaa4 peptides, respectively (Fig. 1). The
oppositely charged amino acids were spaced 5 residues
apart in the ZbbXaa5 peptides (Fig. 1), and should not
interact based on the a-helix geometry, results by other
researchers (Smith and Scholtz 1998; Pace and Scholtz
1998), and our previous studies (Cheng et al. 2007, 2012a).
The overall distribution of the charged residues was
designed to stabilize the a-helix macrodipole by placing
the negatively charged residue with a carboxylate group
(Zbb) closer to the N-terminus and the positively charged
residue with a guanidinium group (Xaa) closer to the
C-terminus (Marqusee and Baldwin 1987; Cheng et al.
2007, 2012a). Tyrosine was incorporated to facilitate
concentration determination by UV-vis using the Edelhoch
method (Edelhoch 1967; Pace et al. 1995), and the two
intervening Gly residues were included to minimize inter-
ference with the CD signal by the Tyr chromophore
(Chakrabartty et al. 1994).

The peptides were synthesized by solid-phase peptide
synthesis using Fmoc-based chemistry (Fields and Noble
1990; Atherton et al. 1978). The Agh-containing peptides
were synthesized using Fmoc-Agh(Boc),-OH by standard
coupling protocols (Cheng et al. 2012b). The Agb- and
Agp-containing peptides were synthesized by solid phase
guanidinylation (Cheng et al. 2012b), because Agb- and

Agp-containing peptides could not be directly synthesized
using Fmoc-Agb(Boc),-NH, and Fmoc-Agp(Boc),-NH,
(Cheng et al. 2012b), respectively. All peptides were
purified by reverse-phase high-performance liquid chro-
matography to greater than 98.5 % purity and confirmed by
MALDI-TOF mass spectrometry. The peptide stock con-
centrations were determined by UV-vis as described by
Edelhoch (Edelhoch 1967; Pace et al. 1995).

Circular dichroism spectroscopy

The circular dichroism (CD) spectra of the peptides were
acquired at pH 7 in the absence of sodium chloride (Fig. 1;
Table S1). At pH 7, the carboxylate- and guanidinium-
containing residues are negatively charged and positively
charged, respectively, allowing potential intrahelical ion
pairing interactions. The magnitude of the CD signal at
222 nm reflects the a-helical content of a peptide (Chang
et al. 1978). Analogous peptides did not aggregate in
aqueous solution (Marqusee and Baldwin 1987; Cheng
et al. 2007, 2012a; Huyghues-Despointes et al. 1993b),
therefore, the peptides in this study should not aggregate
either. Furthermore, the CD spectra of the peptides were
independent of peptide concentration (50-100 uM), sug-
gesting no aggregation in this concentration range. As
such, the CD spectra should represent the intramolecular
interactions with minimal interference from intermolecular
interactions.

The helical content of ZbbXaa5 peptides for a given
negatively charged residue Zbb followed the general trend
ZbbAgh5 < ZbbArg5 > ZbbAgb5 > ZbbAgp5 (Fig. 2c, f,
i; Table S1), consistent with the helix propensity trend
Agh < Arg > Agb > Agp (Cheng et al. 2012b). In gen-
eral, the helical content of the ZbbXaa5 peptides increased
with increasing negatively charged residue Zbb side chain
length for a given positively charged residue Xaa, consis-
tent with the helix propensity trend of the negatively
charged residues (Huyghues-Despointes et al. 1993a;
Scholtz et al. 1993; Chakrabartty et al. 1994; Doig and
Baldwin 1995; Cheng et al. 2012a). This appears to be
consistent with the lack of Zbb—Xaa (i, i + 5) interactions
and the helix geometry. Nonetheless, the helical content of
the Arg-containing peptides was higher compared to that of
the corresponding peptides with other Arg analogs.

The helical content of ZbbXaa4 peptides for a given
negatively charged residue Zbb followed the general trend
ZbbAgh4 < ZbbArg4 > ZbbAgb4 > ZbbAgp4 (Fig. 2b,
e, h; Table S1), consistent with the helix propensity trend
Agh < Arg > Agb > Agp (Cheng et al. 2012b). Interest-
ingly, the Arg side chain could be lengthened or shortened
by one methylene with only minimal effect on the helical
content of the AadXaa4 peptides, suggesting significant
Aad—Xaa (i, i + 4) interaction involving Arg, Agh, and
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Fig. 2 Circular dichroism spectra of the peptides at pH 7 (273 K) in
1 mM of phosphate, borate, and citrate buffer in mean residue
ellipticity (a AspAgh3, AspArg3, AspAgb3, AspAgp3; b AspAgh4,
AspArg4, AspAgb4, AspAgp4; ¢ AspAghS5, AspArg5, AspAgbs,
AspAgp5; d GluAgh3, GluArg3, GluAgb3, GluAgp3; e GluAgh4,

Agb. For the Agb- and Agh-containing ZbbXaa4 peptides,
the helical content increased with increasing negatively
charged residue Zbb side chain length, consistent with the
helix propensity trend of the negatively charged residues
(Huyghues-Despointes et al. 1993a; Scholtz et al. 1993;
Chakrabartty et al. 1994; Doig and Baldwin 1995; Cheng
et al. 2012a). However, for the Agp-containing peptides,
the helical content followed the trend AspAgp4 > Aa-
dAgp4 > GluAgp4, suggesting the presence of Zbb—Agp
(i, i + 4) interactions. For the Arg-containing peptides, the
helical content followed the trend GluArgd > Aa-
dArg4 > AspArg4, also suggesting the presence of Zbb—
Arg (i, i 4+ 4) interactions. Importantly, the Arg-containing
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GluArg4, GluAgb4, GluAgp4; f GluAghS5, GluArgS, GluAgbs,
GluAgp5; g AadAgh3, AadArg3, AadAgb3, AadAgp3; h AadAgh4,
AadArg4, AadAgb4, AadAgpd; i AadAghS5, AadArg5, AadAgbs,
AadAgp5)

peptides consistently exhibited the most helical content for
any given negatively charged residue in the ZbbXaa4
peptides compared to the corresponding peptides with the
other Arg analogs.

The helical content of ZbbXaa3 peptides followed
the trend ZbbAgh3 < ZbbArg3 > ZbbAgb3 > ZbbAgp3
(Fig. 2a, d, g; Table S1), consistent with the helix pro-
pensity for the positively charged residues (Cheng et al.
2012b). In general, the helical content of the ZbbXaa3
peptides increased with increasing negatively charged Zbb
side chain length for a given positively charged residue
except for Arg. The higher than expected helical content
for GluArg3 suggested the presence of helix stabilizing
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Fig. 3 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 (a AspAgh3, AspArg3, AspAgb3, AspAgp3;
b AspAgh4, AspArg4, AspAgb4, AspAgp4; ¢ AspAghS, AspArg5,
AspAgb5, AspAgp5; d GluAgh3, GluArg3, GluAgb3, GluAgp3;

Glu-Arg (i, i 4+ 3) interactions. For a given negatively
charged residue Zbb, the helical content of the Arg-con-
taining peptides consistently exhibited the highest helical
content for the ZbbXaa3 peptides compared to peptides
containing other Arg analogs.

The CD signal at 222 nm for all peptides was measured
between pH 2 and 12 to provide insight into the nature of the
7Zbb—Xaa intrahelical interactions (Fig. 3). However, the
data at high pH could not be interpreted without ambiguity
because the pK, of the Tyr (tyrosine) phenol side chain is
near 10, and aromatic groups can contribute to the CD signal
(Chakrabartty et al. 1993). Furthermore, the helix dipole can
perturb the pK, by 1.6 pH units (Sali et al. 1988; Johnsson

e GluAgh4, GluArg4, GluAgb4, GluAgp4; f GluAghS, GluArgS,
GluAgb5, GluAgp5; g AadAgh3, AadArg3, AadAgb3, AadAgp3;
h AadAgh4, AadArg4, AadAgb4, AadAgp4; i AadAghS, AadArg),
AadAgb5, AadAgp5)

et al. 1993), thus only data between pH 2 and 7 will be
discussed. Changing the pH from 7 to 2 should protonate
and neutralize the carboxylate side chain of the negatively
charged residue Zbb™. The helical content of same peptide
at the two different pH values were considered to be sig-
nificantly different if the CD signal of the less helical signal
was <70 % of the more helical signal, and the P value for
comparing the two CD signals was <107>. The helicity of
Glu- and Aad-containing peptides (except for GluAgp4 and
AadAgp4) did not change significantly upon lowering the
pH from 7 to 2 (Fig. 3; Table S1). In contrast, the helicity of
most Asp-containing peptides was significantly attenuated
upon changing the pH from 7 to 2 (Fig. 3; Table S1).
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The AspXaa5 peptides exhibited significantly less heli-
cal content at pH 2 compared to pH 7 (Fig. 3c; Table S1),
whereas the GluXaa5 and AadXaa5 peptides exhibited
similar helical content at pH 2 and 7 (Fig. 3c, f, i; Table
S1). For AspXaa4 peptides, the helical content decreased
significantly upon lowering the pH from 7 to 2 (Fig. 3b;
Table S1). In contrast, there was minimal change in the CD
signal for the GluXaa4 and AadXaa4 peptides (Fig. 3e, h;
Table S1), except for peptides GluAgp4 and AadAgp4. For
ZbbXaa3 peptides, only the Asp-containing peptides
exhibited significant helical content attenuation upon
lowering the pH from 7 to 2 (Fig. 3a, d, g; Table S1).

The CD spectra of the ZbbXaa3, ZbbXaa4, and
ZbbXaa5 peptides at pH 2 were acquired to probe the in-
trahelical Zbb—Xaa interactions involving neutral Zbb® side
chains (Fig. S1; Table S1). The helical content trends of the
ZbbXaa5, ZbbXaa4, and ZbbXaa3 peptides were similar at
pH 2 and pH 7 (Fig. S1; Table S1). The Asp-containing
peptides consistently exhibited less helicity at pH 2 com-
pared to the corresponding Glu- and Aad-containing pep-
tides (Fig. S1; Table S1). Furthermore, the helical content
of the Arg-containing peptides at pH 2 were higher com-
pared to the corresponding peptides with other positively
charged residues.

Intrahelical Zbb—Xaa interaction energetics at pH 7
and pH 2

The side chain-side chain interaction energy at pH 7
(AGpy 7) and 2 (AG,y ) was derived from the CD data
using the modified nesting block method (Tables 1, 2, S2)

(Scholtz et al. 1993; Robert 1990; Cheng et al. 2007,
2012a), to determine the effect of side chain length on
intrahelical side chain interactions. At first glance, the
helical content and the interaction energies may appear to
contradict one another. This apparent discrepancy is
because the helical content is determined by multiple fac-
tors including the helix propensity of the constituting
amino acids, the sequence, the interaction between the
charged residues and the helix macrodipole, and the in-
trahelical side chain interactions (Cheng et al. 2007, 2012a;
Scholtz et al. 1993).

No significant Glu"/Aad™—Xaa (i, i + 5) interaction
energy was observed for the ZbbXaa5 peptides (Table S2),
consistent with the o-helical structure. However, AspXaa5
peptides appeared to exhibit intrahelical ion pairing inter-
action energy at pH 7 (Tables 2, S2), following the trend
Agp > Agb > Arg > Agh. For the ZbbXaa3 peptides,
stabilizing Zbb™—Xaa (i, i + 3) interactions were observed
only for the AspXaa3 peptides at pH 7 (Tables 2, S2),
following the trend Arg > Agh ~ Agb. No stabilizing
Zbb~—Xaa (i, i + 3) interaction energy was observed upon
lengthening Asp to Glu or Aad, or when the positively
charged residue contained only one methylene (Agp).

Helix stabilizing Zbb™—Xaa (i, i + 4) interactions were
present at pH 7 for most residue combinations except for
Asp-Agp, Glu—Agp, Aad—Agh, and Aad-Arg (Tables I,
S2). The magnitude of the Asp™—Xaa (i, i + 4) interaction
energy followed the trend Agb > Arg > Agh. Apparently,
the shorter the positively charged residue side chain, the
more stabilizing the ion pairing interaction. However, the
positively charged residue Agp with the shortest side chain

Table 1 Energetics® of Zbb—Xaa (i, i + 4) intrahelical interactions at pH 7 and 2

Residue i Residue i + 4 AG,y 7 (kcal mol™") AG,y 5 (kcal mol™") AAG® (kcal mol™h)
Asp Agh —0.239 + 0.012 ND¢ —0.239 + 0.012
Asp Arg —0.259 + 0.006 —0.108 + 0.005 —0.151 + 0.008
Asp Agb —0.520 =+ 0.009 —0.270 + 0.021 —0.250 + 0.023
Asp Agp ND*¢ ND¢

Glu Agh —0.183 £ 0.017 —0.104 + 0.014 —0.079 + 0.022
Glu Arg —0.176 £ 0.011 —0.062 + 0.010 —0.114 + 0.015
Glu Agb —0.188 =+ 0.009 —0.105 =+ 0.009 —0.083 + 0.013
Glu Agp ND°¢ ND¢

Aad Agh ND¢ ND¢

Aad Arg ND¢ ND¢

Aad Agb —0.083 £ 0.014 —0.118 £ 0.010 0.035 + 0.017
Aad Agp —0.167 & 0.011 ND¢ —0.167 £ 0.011

* The energetic values AG,y 7 and AG,y » were derived from the experimental CD data based on the nesting block method (Scholtz et al. 1993;
Robert 1990; Cheng et al. 2007, 2012a)

® AAG = AGyy 7 — AGpy ». The difference 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

¢ The experimental results are within error of the calculated predicted values without any side chain-side chain interaction
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Table 2 Energetics® of Asp—Xaa (i, i + 3) and (i, i + 5) intrahelical interactions at pH 7 and 2

Residue i Residue i + n n AG,y 7 (kcal mol™") AG,y > (keal mol™") AAG (kcal mol™")
Asp Agh 3 —0.101 & 0.007 ND¢ —0.101 & 0.007
Asp Arg 3 —0.150 & 0.012 ND¢ —0.150 & 0.012
Asp Agb 3 —0.100 % 0.022 ND¢ —0.100 % 0.022
Asp Agb 3 ND¢ ND¢ ND¢

Asp Agh 5 —0.089 = 0.007 ND¢ —0.089 & 0.007
Asp Arg 5 —0.176 & 0.018 —0.060 & 0.018 —0.116 & 0.025
Asp Agb 5 —0.249 + 0.007 —0.088 & 0.012 —0.161 & 0.014
Asp Agp 5 —0.338 4 0.019 ND¢ —0.338 4+ 0.019

* The energetic values AG,y 7 and AG,y » were derived from the experimental CD data based on the nesting block method (Scholtz et al. 1993;

Robert 1990; Cheng et al. 2007, 2012a)

% AAG = AGgy 7 — AGgy ». The difference in side chain—side chain interaction energy at pH 7 and 2 reflects the contribution of electrostatics in

the Zbb—Xaa (i, i + n) interaction

¢ The experimental results are within error of the calculated predicted values without any side chain—side chain interaction

contributed no stabilizing interaction energy towards helix
stability. Similarly, there was no stabilizing interaction
energy for the Glu™—Agp (i, i + 4) pair. Perhaps the lack
of helix stabilizing intrahelical Asp™/Glu™—Agp (i, i + 4)
interactions is because Agp is too short to reach the shorter
ion pairing partners Asp~ and Glu~, but can reach the
longer ion pairing partner Aad™. The helix stabilizing
energetics for the Glu —Agb/Arg/Agh (i, i + 4) interac-
tions at pH 7 was similar. Interestingly, the Aad™—Arg/Agh
(i, i + 4) interactions did not stabilize the helix, whereas
the Aad™—Agp (i, i + 4) interaction was more stabilizing
compared to the Aad —Agb (i, i+ 4) interaction
(Tables 1, S2). In general, the Zbb™—Xaa (i, i 4+ 4) inter-
actions became more energetically stabilizing as the neg-
atively charged residue Zbb side chain length decreased.
Furthermore, oppositely charged residues with matching
lengths (such as Aad-Arg/Agh, Asp/Glu—-Agp) resulted in
the lack of apparent stabilizing intrahelical interaction.

Changing the pH from 7 to 2 would protonate and
neutralize the negatively charged Zbb~ to Zbb’ and disrupt
the electrostatic interactions with Zbb~ (including Zbb™—
Xaa and Zbb™-helix macrodipole interactions). Therefore,
the Zbb’—Xaa interaction at pH 2 should represent the non-
electrostatic components of the Zbb —Xaa interaction,
including hydrogen bonding (Marqusee and Baldwin 1987,
Huyghues-Despointes et al. 1993b) and hydrophobics
(Andrew et al. 2001; Cheng et al. 2007). Most ZbbXaa5
peptides (except for AspAgb5 and AspArg5) did not
exhibit any significant Zbb’—Xaa (i, i 4+ 5) interaction at
pH 2 (Tables 2, S2), consistent with the a-helical structure.
Also, no Zbb’-Xaa (i, i + 3) interactions were observed
for the ZbbXaa3 peptides at pH 2 (Tables 2, S2).

Among the ZbbXaa4 peptides, only AspAgb4, AspArg4,
GluAgb4, GluArg4, GluAgh4, and AadAgb4 exhibited
Zbb’-Xaa (i, i + 4) interactions at pH 2 (Tables 1, S2).

None of the Agp-containing peptides exhibited any Zbb’—
Xaa (i, i 4+ 4) interaction. In contrast, increasing the Agp
side chain length by only one methylene to Agb provided
stabilizing beO—Agb (i, i 4+ 4) interactions (with Asp, Glu,
and Aad). For ZbbArg4 peptides, only Asp’~Arg (i, i + 4)
and Glu’-Arg (i, i + 4) interactions were stabilizing.
Furthermore, the beO—Arg (i, i + 4) interactions were less
stabilizing compared to the corresponding Zbb’-Agb (i,
i + 4) interactions (Tables 1, S2).

The helix stabilizing Zbb™—Xaa (i, i + 4) interactions at
pH 7 generally became more stabilizing as the negatively
charged residue Zbb side chain length decreased. This
result was counterintuitive, because if sufficient side chain
length is required for reaching the ion pairing partner, then
the shorter side chains should exhibit less stabilizing
interaction energy compared to the longer side chains. To
explore if the side chain length is for reaching the ion
pairing partner and to provide conformational insight into
the intrahelical side chain interactions, conformational
analysis was performed by molecular mechanics
calculations.

Conformational analysis of short model peptides

A detailed conformational analysis on short model peptides
was performed by molecular mechanics calculations
to gain further insight into the effect of side chain length
on potential side chain interactions. Three series of
model hexapeptides were investigated: MSZbbXaa3,
MSZbbXaa4, and MSZbbXaa5 (Fig. 4). All model pep-
tides included one potential side chain—side chain interac-
tion between a negatively charged amino acid (Asp, Glu, or
Aad) and a positively charged residue (Agh, Arg, Agb, or
Agp) placed three, four, or five residues apart. For each
side chain dihedral angle (or y angle) involving sp’
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Peptide Sequence

MSZbbXaa3 Ac AlaZbb Ala Ala Xaa Ala NH,
MSZbbXaa4 Ac AlaZbb Ala Ala AlaXaa NH,
MSZbbXaa5 Ac Zbb Ala Ala Ala AlaXaa Zbb NH,

Zbb o
o )m m = 1, Asp, L-aspartic acid
g\ % 2, Glu, L-glutamic acid
H 3, Aad, (S)-2-aminoadipic acid
O
Xaa
+
HoN NH,

HN
)n n=1, Agp, (S)-2-amino-3-guanidino-propionic acid
é\ § 2, Agb, (S)-2-amino-4-guanidino-butyric acid
N 3, Arg, L-arginine

o) 4, Agh, (S)-2-amino-6-guanidino-hexanoic acid

Fig. 4 Sequences of the short MSZbbXaa3, MSZbbXaa4, and
MSZbbXaa5 model peptides for the conformational analysis by
molecular mechanics calculations. The underlined generic 3-letter
codes Zbb and Xaa represent the negatively and positively charged
residues, respectively

carbons, three possible low energy staggered conforma-
tions were considered: gauche— (60°, g—), trans (180°, 1),
and gauche+ (300°, g+) (McGregor et al. 1987; Dunbrack
and Karplus 1993). For the dihedral angle involving the sp*
carboxylate carbon of the negatively charged amino acid,
six conformations were considered: 0°, 30°, 60°, 90°, 120°,
and 150°. For the dihedral angle involving the sp” nitrogen
for guanidinium group of the positively charged amino
acid, 12 conformations were considered: 0°, 30°, 60°, 90°,
120°, 150°, 180°, 210°, 240°, 270°, 300°, 330°. All possible
4 angle combinations for the negatively charged residue
Zbb and the positively charged residue Xaa were investi-
gated. A combined total of 1,010,880 conformations were
minimized.

The energy of the model peptides with the same posi-
tively charged residue and negatively charged residues
(e.g., MSAspArg3, MSAspArg4, and MSAspArgS) could
be compared, because the peptides were designed to have
the same number of constituting atoms represented by the
same force field parameters. The interactions between
oppositely charged residues with different spacings were
compared by evaluating the energy of the lowest energy
conformers for the model peptides (Tables 3, S3). In gen-
eral, the lowest energy conformers of the MSZbbXaa5
model peptides exhibited higher energy (less negative
energy, i.e., less stable) compared to those of the corre-
sponding MSZbbXaa4 and MSZbbXaa3 model peptides
(Table S3), except for model peptide MSAspAgp5. Model
peptide MSAspAgp5 was similar in energy compared to
model peptide MSAspAgp3, most likely due to minimal
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side chain interactions in model peptide MSAspAgp3 (vide
infra). The MSAspXaa4 and MSGluXaa4 model peptides
were lower in energy (i.e., more stable) compared to the
MSAspXaa3 and MSGluXaa3 model peptides (Tables 3,
S3), respectively, suggesting that the Asp—Xaa and Glu-
Xaa (Xaa = Agh, Arg, Agb, Agp) interactions should be
energetically more favorable with (i, i + 4) spacing com-
pared to (i, i + 3) spacing. This is consistent with the
experimental data at pH 7 showing higher helical content
and more stabilizing side chain interactions for the As-
pXaa4 and GluXaa4 peptides (Fig. 2; Tables S1, S2), and
lower helical content and less stabilizing side chain inter-
actions for the AspXaa3 and GluXaa3 peptides (Fig. 2;
Tables S1, S2). In contrast, small energy differences were
observed for MSAadXaa peptides with (i, i + 4) and (i,
i + 3) spacings (Tables 3, S3), also consistent with the low
or lack of experimentally derived interaction energy for
Aad-containing peptides with either spacing (Table S2).
Overall, these computational results are generally consis-
tent with the CD results and experimentally derived inter-
action energies at pH 7 (AG,y 7) (Fig. 2; Tables 1, 2, S1,
S2).

Conformations within 4 kcal of the lowest energy con-
former for each peptide were then examined (Tables 3,
S3), because room temperature can provide up to
4 kcal mol ™" of thermal energy (Cheng et al. 2007, 2012a,
b). In general, the number of conformations increased with
increasing side chain length, consistent with higher side
chain conformational entropy for longer side chains com-
pared to shorter side chains. The weighed average energy
(based on Boltzmann distribution) of the peptides followed
the same trends as the lowest energy for each peptide (vide
supra) (Table S3). Importantly, none of the MSZbbXaa5
model peptides exhibited intrahelical Zbb—Xaa salt bridges
(Table S3), consistent with the a-helix geometry. In gen-
eral, the MSGluXaa4 and MSAspXaa4 model peptides
exhibited a higher percentage of conformations with in-
trahelical salt bridges compared to the corresponding
MSGluXaa3 and MSAspXaa3 model peptides (Table 3,
S3), respectively, consistent with the CD data at pH 7
(Fig. 2). However, the MSAadAgb4 and MSAadAgp4
model peptides exhibited a lower percentage of confor-
mations with intrahelical salt bridges but many more low
energy conformers compared to the corresponding
MSAadAgb3 and MSAadAgp3 model peptides (Table 3,
S3), respectively. 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-Agb (i, i + 4) and Aad-Agp (i, i + 4) interactions
may be more favorable compared to the corresponding
Aad-Xaa (i, i + 3) (as derived experimentally) due to
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Table 3 Summary of low

Peptide Lowest energy Conformations within 4 kcal of the lowest energy conformer
energy conformations from conformer
conformational analysis of Energy (kcal) No® Salt bridgeb Major conformations with salt bridge,
MSZbbXaaN peptides by (%) number (Zbb ¥, Xaa y;)°
molecular mechanics
calculations MSAspAgh3 —156.8 23 91 20(g+, g+), 1(g+,
MSAspAgh4  —160.7 18 100 15(g—, g+), 2(g+, g+), 1(g—, 1)
MSAspArg3  —152.6 10 100 T(g+, g+), 3(g+, 1)
MSAspArgd —155.4 7 100 7(g—, gt
MSAspAgb3 —145.9 24 17 4(g+, g+)
MSAspAgb4 —153.2 3 100 3(g—, gt+)
MSAspAgp3 —140.1 30 13 3(t, g—), 1(g+, g—)
MSAspAgp4d —145.0 19 21 4(t, g+)
MSGluAgh3 —1554 18 100 18(g+, g+)
MSGluAgh4 —157.1 42 100 40(g—, g+), 2(g+, g+)
MSGluArg3 —149.5 19 89 12(g+, g+), 3(g+, 1), 1(z, 1), 1(¢, g+)
MSGluArgd —151.5 13 85 6(g—, g+), 4(g—, 0, 1(t, g+)
MSGluAgb3 —145.9 24 25 S(g+, g+), 1(g+, 1)
MSGluAgb4 —148.2 25 o4 10(g—, g+), 6(t, g+)
MSGluAgp3 —140.6 19 47 6(t, g—), 2(g+, g—), 1(g+, g+)
MSGluAgp4 —143.1 24 58 6(t, g+), 5(g—, g+), 2(g—, g—), 1(t, g—)
MSAadAgh3 —158.2 102 100 78(g+, g+), 16(g+, 1), 5(g—, g+), 3(t, g+)
% The number of conformations MSAadAgh4 —157.3 154 100 75(g—, g+), 52(t, g+), 19(g+, g+), 6(g—,
within 4 kcal of the lowest 1), 2(t, 1)
energy conformer for each MSAadArg3  —153.1 81 100 41 (g+, g+), 25(g+, ), 12(t, 1), 3(t, g+)
Eepnde MSAadArgd —153.3 100 100 37(g—, g+), 311, g+), 17(g+, g+), 9, 1),
The percentage of 6(g—, 1)
ot o o MSAadAgb3 —1526 10100 10(g+ g+)
with a Zbb—Xaa salt bridge, MSAadAgb4  —152.5 57 93 24(g—, g+), 22(1, g ), T(g+, g+)
which is a hydrogen bonded ion MSAadAgp3 —147.1 10 100 5(g+, g-), 3(g+, g+), 2(t, g—)
pair (Marqusee and Baldwin MSAadAgpd  —147.2 85 74 29(t, g+), 16(t, g—). 11(3—. g—)., 7(g— g+)

1987)

entropic reasons, consistent with the CD data of the Aad-
Xaa peptides at pH 7 (Fig. 2; Tables S1, S2).

The conformations of the low energy conformers that
formed intrahelical salt bridges were then inspected in
detail (Table 3; Figs. 5, 6). Since none of the model pep-
tides with Zbb—Xaa (i, i + 5) sequence patterns formed salt
bridges, these model peptides will not be discussed further.
The combination of y; dihedrals is represented in paren-
theses (Tables 3, S3), 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+ 4. For example, the conformation with ¢ for
both residues at positions i and i 4+ 3 would be designated
(t, t) for (i, i + 3).

Low energy conformers with intrahelical salt bridges
were observed for all MSZbbXaa3 model peptides
(Table 3; Fig. 5). For MSAspXaa3 model peptides, the
major dihedral combination for model peptides MSAs-
pAgh3 and MSAspArg3 with an intrahelical salt bridge
was (g+, g+); the minor combination was (g4, f) (Table 3;

Fig. 5). Furthermore, the low energy conformers for model
peptide MSAspAgb3 with intrahelical salt bridges all
involved the dihedral combination (g+, g+) (Table 3;
Fig. 5). Interestingly, the dihedral combinations for model
peptide MSAspAgp3 with intrahelical salt bridges were (t,
g—) and (g+, g—), with (¢, g—) as the major dihedral
combination (Table 3; Fig.5). For model peptide
MSGluAgh3, (g+, g+) was the only low energy dihedral
combination with intrahelical salt bridges. The dihedral
combinations for model peptides MSGluArg3 and
MSGluAgb3 with intrahelical salt bridges were (g+, g+)
and (g+, 1), with (g+, g+) as the major dihedral combi-
nation. Furthermore, the major dihedral combination for
model peptide MSGluAgp3 with an intrahelical salt bridge
was (t, g—), with the minor dihedral combinations (g+, g—)
and (g4, g+). The major low energy dihedral combina-
tion for MSAadXaa3 model peptides with an intrahelical
salt bridge was (g+, g+) for the positively charged resi-
dues Agh, Arg, and Agb (Table 3; Fig. 5). However, the
major low energy dihedral combination for model peptide
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Natural Proteins

MSAspAgp3 MSAspAgb3 MSAspArg3 MSAspAgh3 Asp-Arg (i, i+3)
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Fig. 5 y, (Zbb, i) — x; (Xaa, i 4+ 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, MSAspAgp3,
MSAspAgb3, MSAspArg3, MsAspAgh3; middle row from left to

MSAadAgp3 with an intrahelical salt bridge was (g+, g—)
with the minor dihedral combinations (g+, g+) and (¢, g—).
According to these results, the major low energy dihedral
combination for MSZbbXaa3 model peptides except for
MSZbbAgp3 was (g+, g+). Shortening the positively
charged residue to Agp maintained intrahelical salt bridges
with a different major dihedral combination.

Low energy conformers with intrahelical salt bridges
were observed for all MSZbbXaa4 model peptides
(Table 3; Fig. 6). The major low energy dihedral combi-
nation with intrahelical salt bridges was (g—, g+) for the
model peptides MSZbbAgh4, MSZbbArg4, and MSZb-
bAgb4, but was (t, g+) for the MSZbbAgp4 model peptides
(Table 3; Fig. 6). The involvement of (g—, g+) and (¢, g+)
for model peptides with oppositely charged residues spaced
four residues apart was similar to our previous study
involving Lys analogs (Cheng et al. 2012a). For model
peptide MSAspAgh4, the major low energy dihedral com-
bination was (g—, g+) (Table 3; Fig. 6), with minor dihe-
dral combinations (g+, g+) and (g—, 7). The only low
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right, MSGluAgp3, MSGluAgb3, MSGluArg3, MSGluAgh3; bottom
row from left to right, MSAadAgp3, MSAadAgb3, MSAadArg3,
MSAadAgh3). The side chain conformation of intrahelical Asp—Arg
(i, i + 3) and Glu-Arg (i, i + 3) salt bridges from the survey of
natural proteins are in the most right-hand-side column

energy dihedral combination for model peptides MSAs-
pArg4 and MSAspAgb4 was (g—, g+), whereas the only
dihedral combination for model peptide MSAspAgp4 was
(t, g+) (Table 3; Fig. 6). All MSGluXaa4 model peptides
exhibited the dihedral combination (g—, g+) for low energy
conformations with salt bridges (Table 3; Fig. 6). Further-
more, the major low energy dihedral combination for model
peptides MSGluAgh4, MSGluArg4, and MSGluAgb4 was
(g—, g+). For model peptide MSGluAgp4, both (g—, g+)
and (f, g+) were major low energy dihedral combinations.
All the MSAadXaa4 model peptides exhibited the dihedral
combination (g—, g+) (Table 3; Fig. 6), similar to the
MSGluXaa4 model peptides with salt bridges. However, (¢,
g+) was also present for all MSAadXaa4 model peptides.
For model peptides MSAadAgh4, MSAadArg4, and
MSAadAgb4, the dihedral combination (g—, g+) was the
major low energy conformer, whereas (¢, g+) was slightly
less significant. In contrast, (¢, g+) was the major low
energy dihedral combination for model peptide MSAa-
dAgp4, whereas (g—, g+) was much less significant. Model
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Fig. 6 y,(Zbb, i) — y1(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, MSAspAgp4,
MSAspAgb4, MSAspArgd, MSAspAgh4; middle row from left to

peptides with the longer side chain residues with salt
bridges such as MSAadAgh4, MSAadArg4, MSAadAgb4,
MSGluAgh4, and MSAspAgh4 also exhibited the dihedral
combination (g4, g+) (Table 3; Fig. 6). Overall, the major
low energy conformation for supporting Zbb—Xaa (i, i + 4)
salt bridges was similar regardless of side chain length
except for peptides containing the shortest positively
charged residue Agp.

The molecular mechanics calculation results appeared to
be consistent with the experimental data, providing con-
formational insight for both the encoded and the non-
canonical amino acids. The major dihedral combinations to
support intrahelical salt bridges were (g4, g+) and (g—,
g+) for model peptides MSZbbXaa3 and MSZbbXaa4,
respectively, except for the Agp-containing model pep-
tides. However, it was unclear whether or not these con-
formational preferences for the encoded residues were
represented in natural protein structures. To further confirm
the results from the conformational analysis, intrahelical

right, MSGluAgp4, MSGluAgb4, MSGluArg4, MSGluAgh4; bottom
row from left to right, MSAadAgp4, MSAadAgb4, MSAadArg4,
MSAadAgh4). The side chain conformation of intrahelical Asp-
Arg(i, i + 4) and Glu-Arg(i, i + 4) salt bridges from the survey of
natural proteins are in the most right-hand-side column

Asp—Arg and Glu—Arg sequence patterns and salt bridges
in natural proteins were examined for comparison.

Intrahelical Asp—Arg and Glu—Arg sequence patterns
and salt bridges in protein structures

A survey was performed on the non-redundant protein
structure database PDBselect (April 2009, 25 % threshold)
(Hobohm and Sander 1994; Griep and Hobohm 2010) to
explore the side chain conformations that support intrahe-
lical Asp-Arg and Glu-Arg interactions in naturally
occurring proteins (Tables 4, S4, S5). A total of 666,086
residues in 4,418 protein chains were considered. The o-
helical conformation was defined based on backbone di-
hedrals (Gunasekaran et al. 1998; Engel and DeGrado
2004; Cheng et al. 2007, 2010, 2012a, b). Only o-helices of
six residues or longer were considered to exclude helices
with less than one turn (Cheng et al. 2007, 2010, 2012a, b).
Based on these criteria, there were 236,790 helical residues
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Table 4 Survey results of oppositely charged residues with various spacings in natural protein helices

Position  Position n  Occurrence” Helix pair Pair Salt bridge Major conformations with salt bridge number
i i+n propensity® propensity®  occurrence® (Zbb 7y, Xaa y)

Glu Arg 3 1,659 2.06 + 0.07 1.36 &£ 0.03 431 194(t, 1), 105(g+, 1), 64(t, g+), 49(g+, g+)
Asp Arg 3 869 1.52 + 0.06 1.38 £0.05 247 103(g+, g+), 83(g+, 1), 34(, 1), 12(1, g+)
Glu Arg 4 1476 2.15 £ 0.08 1.33 £0.03 309 194(t, g+), 54(t, 1), 42(g+, g+), 11(g—, g+)
Asp Arg 4 733 1.45 £ 0.06 1.27 £ 0.05 157 123(¢, g+), 15(, 1), 8(g—, g+), 7(t, g—)

Glu Arg 5 778 1.54 £ 0.07 0.78 £ 0.02 1 1(t, g+)

Asp Arg 5 441 0.98 £ 0.05 0.85 £ 0.03 0

* The occurrence of oppositely charged residues placed three, four, and five residues apart in helices six residues or longer in the non-redundant
protein structure database PDBselect (April 2009, 25 % threshold) (Hobohm and Sander 1994; Griep and Hobohm 2010). The helix confor-
mation is defined by the backbone dihedral angles (¢, ) according to the values provided by Balaram and coworkers (Gunasekaran et al. 1998;
Engel and DeGrado 2004; Cheng et al. 2007, 2010, 2012a, b)

° The 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

¢ The 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

9 The 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 <3 A

in 17,622 helices. The number of occurrences for Asp—Arg
and Glu-Arg 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 contributions 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 bootstrapping the
entire database for the helix pair propensity, and by boot-
strapping the helical residues in the database for the pair
propensity (in helices). 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 struc-
tures, whereas pair propensities less than unity indicate
lower occurrence compared to the expected value for
helical structures.

The helix pair propensity for both Asp—Arg and Glu—-Arg
(i, i + n) sequence patterns followed the trend (i, i + 3)
~ (i, i+ 4)> (i, i +5) (Tables 4, S4). Furthermore, the
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helix pair propensity for sequence patterns involving Glu
was higher than that for the corresponding patterns
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 also derived (Tables 4, S5). Sequence patterns with
(i, i + 3) and (i, i + 4) spacings exhibited pair propen-
sities greater than unity, whereas sequence patterns with
(i, i + 5) spacing exhibited pair propensities lower than
unity.

The three-dimensional structures of these occurrences
with salt bridges were then examined in detail. Salt bridges
were defined by an N-O distance of 3 A or less. Only a
small portion of the sequence patterns were manifested as
salt bridge interactions in the protein structure (Table 4),
similar to findings by Thornton and coworkers (Barlow and
Thornton 1983). Furthermore, Asp—Arg and Glu-Arg (i,
i + 5) salt bridges were essentially non-existent (Table 4).
The side chain conformations of the intrahelical Asp/Glu—
Arg (i, i + 3) and (i, i 4+ 4) salt bridges were then exam-
ined further (Table 4; last column in Figs. 5, 6). The most
prevalent y, dihedral combinations for both Asp—Arg and
Glu-Arg (i, i + 3) intrahelical salt bridges were (g+, g+),
(g+, 1), (¢, 1), and (¢, g+), which includes the major dihedral
combination (g+, g+) from the conformational analysis by
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molecular mechanics calculations (Table 3; Fig. 5). The
major y; dihedral combinations for both Asp—Arg and Glu—
Arg (i, i + 4) intrahelical salt bridges were (¢, g+), (¢, 1),
and (g—, g+), which also includes the major dihedral
combination (g—, g+) from the conformational analysis by
molecular mechanics calculations (Table 3; Fig. 6).
Importantly, the combinations of y; dihedrals for the Asp—
Arg and Glu—Arg intrahelical salt bridges in natural protein
structures included those from the molecular mechanics
calculations (Figs. 5, 6), validating the conformational
analysis results.

Discussion

A series of helical peptides containing guanidinium- and
carboxylate-bearing amino acids were investigated to gain
insight into how altering the side chain length of the
charged residues Arg and Glu/Asp affects intrahelical
interactions and helicity. The helical content of the pep-
tides was determined by CD spectroscopy at pH 7 and pH
2. As the pH was changed from 7 to 2, the negatively
charged Zbb~ would be protonated and neutralized to
Zbb°. Accordingly, changes in the CD signal should reflect
changes in both electrostatic interactions (between Zbb™
and Xaa, and between Zbb~ and the helix macrodipole)
and helix propensity. Interestingly, the helical content of
most of the Glu-containing and Aad-containing peptides
did not alter significantly with pH (Fig. 3). The lack of
significant change in the CD signal for these peptides
suggests that the effects most likely cancel one another. In
contrast, the helical content for most of the Asp-containing
peptides was significantly attenuated upon changing the pH
from 7 to 2, suggesting that the loss of favorable electro-
static interactions involving Zbb™ outweighed the minimal
change or only slight increase in helix propensity for Asp
(Huyghues-Despointes et al. 1993a; Chakrabartty et al.
1994; Kobayashi et al. 1977). Based on how peptide he-
licity depends on the pH, Asp is clearly different from Glu,
whereas Glu and Aad are similar.

The ZbbXaa5 peptides should not exhibit any intrahe-
lical interaction between the charged residues spaced five
residues apart, based on the helix geometry. This was the
case for the GluXaa5 and AadXaa5 peptides (Table S2).
However, the AspXaa5 peptides appeared to exhibit in-
trahelical interaction energy at pH 7 (Tables 2, S2). Based
on the difference between the interaction energy at pH 7
and 2, electrostatics dominated the apparent interaction
energy at pH 7 for AspXaa5 peptides (Tables 2, S2). Fur-
thermore, AspAgb5 and AspArg5 showed weaker interac-
tion energies at pH 2 compared to pH 7. Importantly, none
of the MSAspXaa5 model peptides exhibited intrahelical
Asp—Xaa salt bridges in the conformational analysis by

molecular mechanics calculations (Table S3). As such, the
apparent interaction energies for the AspXaa5 peptides
were most likely Xaa—Asp (i, i + 1) interactions opposed
to Asp—Xaa (i, i 4+ 5) interactions. Overall, this suggested
that electrostatics was an important component of the
potential Xaa—Asp~ (i, i + 1) interactions to stabilize the
helical conformation at pH 7. Furthermore, the electrostatic
contribution of the Xaa—Asp™~ (i, i 4+ 1) interaction energy
at pH 7 followed the trend Agp > Agb > Arg > Agh,
apparently decreasing with increasing Xaa side chain
length.

The helical content for ZbbArg3 peptides at pH 7 fol-
lowed the trend AadArg3 > GluArg3 > AspArg3 (Fig. 2;
Table S1), consistent with the results on analogous Asp/
Glu-Arg peptides reported by Baldwin (Huyghues-Des-
pointes et al. 1993b). For ZbbXaa3 peptides at pH 7, Arg
supported significant helicity with any negatively charged
residue, whereas both Agh and Agb were capable of sup-
porting intermediate and significant helicity with Glu and
Aad, respectively (Fig. 2; Table S1). This was different
from the Lys analogs (Cheng et al. 2012a), in which only
Lys-containing peptides with potential Zbb-Lys (i, i + 3)
interactions exhibited significant helicity at pH 7 (Cheng
et al. 2012a). This may be caused by the more diffuse
positive charge for the guanidinium group (on Agb, Arg,
and Agh) compared to the ammonium group (on Lys), the
different shape of the functional groups, or the varying
overall length of the residues; Agb has the same overall
length as Lys, whereas Arg and Agh are both longer than
Lys. Accordingly, Zbb—Xaa (i, i + 3) interactions were
affected by not only the length of side chain but also the
charge distribution on the functional group. For peptides
AspArg3 and GluArg3, the magnitude of the CD signal at
pH 7 was noticeably higher than that at pH 2 (Fig. 3a, d;
Table S1). This was similar to the results reported by
Baldwin (Huyghues-Despointes et al. 1993b), and mirrors
earlier results on peptides with intrahelical Asp-Lys and
Glu-Lys (i, i + 3) ion pairing interactions (Cheng et al.
2012a). Furthermore, among the three Arg-containing
peptides with significant helicity (AspArg3, GluArg3, and
AadArg3), only AspArg3 exhibited a stabilizing Zbb™—Arg
(i, i 4+ 3) interaction energy. Increasing the negatively
charged Asp side chain length resulted in essentially no
Glu™—Xaa (i, i + 3) and Aad"—Xaa (i, i + 3) interactions.
This may be due to the increased entropic penalty, or the
need to adopt higher energy conformations to form in-
trahelical salt bridges for the longer Aad and Glu side
chains compared to the shorter Asp side chain. Nonethe-
less, the Asp—Agh/Arg/Agb (i, i + 3) interactions were
completely electrostatics according to the interaction
energy at the different pH values (Tables 2, S2).

The helical content of ZbbXaa4 peptides was higher
compared to the helical content of the corresponding

@ Springer



1880

H.-T. Kuo et al.

ZbbXaa3 peptides (Figs. 2, 3; Table S1), similar to the Lys
analog-containing peptides (Cheng et al. 2012a). Further-
more, this experimental observation was generally consis-
tent with the conformational analysis results, in which the
MSAspXaa4 and MSGluXaa4 model peptides were lower
in energy (i.e., more stable) compared to the corresponding
MSAspXaa3 and MSGluXaa3 model peptides (Tables 3,
S3), respectively. The largest energy difference was
observed between model peptides MSAspAgb4 and
MSAspAgb3 (Table 3), consistent with the high helical
content for peptide AspAgb4 with high stabilizing side
chain interaction (Fig. 2; Tables 1, S1, S2), and the low
helical content for peptide AspAgb3 with minimal side
chain interactions (Fig. 2; Tables 2, S1, S2). Similarly, a
large energy difference was also observed between model
peptides MSAspAgp4 and MSAspAgp3 (Table 3), consis-
tent with the high helical content for peptide AspAgp4 and
low helical content for peptide AspAgp3 (Fig. 2; Table
S1). In contrast, model peptides MSAadXaa4 and
MSAadXaa3 were similar in energy. However, the
MSAadXaa4 model peptides exhibited more low energy
conformers compared to MSAadXaa3 model peptides
(Table 3), suggesting that the Aad—Xaa (i, i + 4) interac-
tions were entropically more favorable compared to the
Aad—Xaa (i, i 4+ 3) interactions.

The helical content for AspArg4 was less than that for
GluArg4 at both pH values 7 and 2 (Figs. 2, 3; Table S1),
similar to the results reported by Baldwin (Huyghues-
Despointes et al. 1993b). The Zbb™—Xaa (i, i + 4) inter-
actions at pH 7 became more stabilizing as the positively or
negatively charged residues side chain length decreased for
ZbbXaa4 peptides with significant helical content (i.e.,
AspAgh4, AspArg4, AspAgb4; AadArg4, AadAgb4, Aa-
dAgp4; GluAgh4, GluArg4, GluAgb4) (Tables 1, S2).
Interestingly, the helical content of peptide AspArg4 was
much higher compared to AspAgh4, despite having similar
Asp~—Xaa (i, i + 4) interaction energies. Also, the Glu™—
Agb, Glu —Arg, and Glu™—Agh (i, i + 4) interactions were
energetically similar, but the helical content of peptide
GluArg4 was much higher compared to peptides GluAgb4
and GluAgh4. These apparent discrepancies are due to the
difference in helix propensity for the guanidinium-con-
taining residues Agb, Arg, and Agh (Cheng et al. 2012b).
Apparently, the side chain length of the positively charged
amino acids Xaa may be for reaching to enable favorable
Zbb—Xaa (i, i + 4) interactions. Side chains too short to
reach, such as that of Agp, did not seem to support Glu/
Asp—Agp (i, i + 4) interactions. Only Aad has a side chain
long enough to reach and interact with Agp to form sta-
bilizing Aad-Agp (i, i + 4) interactions (Tables 1, S2).
Furthermore, the Aad™—Agp (i, i + 4) interaction at pH 7
was completely electrostatics based on pH-dependent
studies (Tables 1, S2). However, the side chain
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combinations in peptides AadAgh4 and AadArg4 did not
support stabilizing Zbb-Xaa (i, i + 4) interactions. This
may be because the longer side chain is more flexible,
increasing the entropic penalty upon forming an ion pair,
resulting in the non-existent interaction energy. Another
possibility is the combination of the longer residues results
in Xaa—Zbb (i, i + 1) interactions that stabilize non-helical
conformations (Scholtz et al. 1993).

The helical content of all AspXaa4 peptides decreased
upon lowering the pH from 7 to 2 (Fig. 3b; Table S1).
This is most likely due to the loss of Asp™—Xaa (i, i + 4)
electrostatic interactions, the loss of favorable Asp —helix
dipole interactions, and minimal change or only slight
increase in helix propensity of Asp~ upon protonation to
Asp’ (Huyghues-Despointes et al. 1993a; Chakrabartty
et al. 1994; Kobayashi et al. 1977). This pH dependence
for Asp-containing peptides with Arg analogs is similar
to the Asp-containing peptides with Lys analogs (Cheng
et al. 2012a; Huyghues-Despointes et al. 1993a; Cha-
krabartty et al. 1994; Doig and Baldwin 1995). The side
chain length of Arg could be shortened or lengthened by
one methylene (to Agb and Agh) to enhance the Asp—
Xaa (i, i + 4) electrostatics in both AspAgb4 and As-
pAgh4 peptides (Tables 1, S2). Interestingly, the Asp —
Agh (i, i + 4) interaction at pH 7 was completely elec-
trostatics based on pH dependence data (Tables 1, S2).
The Asp—Arg (i, i + 4) interaction was predominantly
electrostatics at pH 7, whereas the electrostatic compo-
nent for the Asp—Agb (i, i + 4) interaction at pH 7 was
significant but not dominating (Tables 1, S2). The pre-
sence of Asp’—Agb and Asp’-Arg (i, i + 4) interactions
at pH 2 suggested that the Asp™—Agb and Asp —Arg (i,
i + 4) interactions at pH 7 included non-electrostatic
components such as hydrogen bonding (Huyghues-Des-
pointes et al. 1993a; Marqusee and Baldwin 1987) or
hydrophobics (Cheng et al. 2007; Andrew et al. 2001).
The side chain—side chain hydrogen bond would bring the
two functionalities into close proximity, whereas the
hydrophobic methylenes on the side chains would shield
the helix hydrogen bonds to stabilize the helix confor-
mation (Groebke et al. 1996; Luo and Baldwin 1999;
Garcia and Sanbonmatsu 2002).

The Glu-Arg (i, i + 4) interaction was predominantly
electrostatics based on the pH dependence results
(Tables 1, S2). Shortening or lengthening the side chain
length of Arg by one methylene (to Agb and Agh) reduced
the electrostatic component in both Glu—Agb and Glu—Agh
(i, i + 4) interactions (Tables 1, S2). Furthermore, the
Glu-Agb (i, i + 4) and Glu-Agh (i, i + 4) interactions
were not predominantly electrostatics. The significant
Glu’-Agb and Glu’-Agh (i, i + 4) interactions at pH 2
may be also due to side chain—side chain hydrogen bond-
ing®® ® or hydrophobics (Andrew et al. 2001).
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The helix pair propensity for both Asp—Arg and Glu—
Arg (i, i + n) sequence patterns followed the trend (i,
i+3)~ (@G i+4) >, i+5) (Tables 4, S4). These
results were different from the Asp—Lys and Glu-Lys helix
pair propensity trend (i, i +4) >, i +3)>({, i +5)
(Cheng et al. 2012a). This suggests that Arg and Lys are
applied differently in natural protein helices with different
spacings. The Asp—-Arg and Glu—Arg sequence patterns
with (i, i + 3) and (i, i + 4) spacings occur more fre-
quently than expected in helical structures, but Asp—Arg
and Glu-Arg (i, i + 5) do not occur as frequently as
expected. These results were the same as those for the
intrahelical Asp-Lys and Glu-Lys sequence patterns
(Cheng et al. 2012a).

Conclusion

The effect of varying the side chain length on side chain
interactions between carboxylate- and guanidinium-bear-
ing residues in an o-helix has been studied by CD. The
Arg-containing peptides consistently showed higher he-
licity compared to the corresponding Agp-, Agb-, and
Agh-containing peptides. Furthermore, the helicity of the
Asp-containing peptides showed significant pH depen-
dence, whereas the Glu- and Aad-containing peptides
mostly did not. Apparently, the shorter Asp is distinctly
different from the two longer negatively charged residues
Glu and Aad. The Zbb—Xaa (i, i+ 4) interaction
becomes more stabilizing upon shortening the side chain
length of the carboxylate-containing amino acids, and
upon shortening the side chain length of the guanidinium-
containing amino acids. The helical content trends of the
peptides were recapitulated in the conformational analysis
by molecular mechanics calculations (Table 3). On the
basis of these calculations, the low energy dihedral
combinations for Zbb-Arg analogs (i, i + 3) and (i,
i + 4) were (g+, g+) and (¢, g+), respectively. The same
conformations were observed in a survey on natural
protein helices involving intrahelical Asp—Arg and Glu—
Arg salt bridges. Importantly, nature may have chosen
Arg to form stable helices. Furthermore, helices with
intrahelical Asp—Arg ion pairs would exhibit pH depen-
dence, whereas helices with intrahelical Glu—-Arg ion
pairs would be invariant to pH changes. These results
should be useful in designing structures with robust
helices over a wide pH range for peptide-based materials
(Pepe-Mooney and Fairman 2009; Lu et al. 2011), and
helix-based pH-dependent peptide switches (Altman et al.
2000; Hong et al. 2003; Kuehne and Murphy 2001; Haas
and Murphy 2004a, b; Turk et al. 2002; Zimenkov et al.
2006; Sheparovych et al. 2009; Hirosue and Weber 2006;
Pagel and Koksch 2008).
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