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Abstract B-Sheet is one of the major protein second-
ary structures. Oppositely charged residues are frequently
observed across neighboring strands in antiparallel sheets,
suggesting the importance of cross-strand ion pairing inter-
actions. The charged amino acids Asp, Glu, Arg, and Lys
have different numbers of hydrophobic methylenes linking
the charged functionality to the backbone. To investigate
the effect of side chain length of guanidinium- and carbox-
ylate-containing residues on lateral cross-strand ion pairing
interactions at non-hydrogen-bonded positions, B-hairpin
peptides containing Zbb-Agx (Zbb = Asp, Glu, Aad in
increasing length; Agx = Agh, Arg, Agb, Agp in decreas-
ing length) sequence patterns were studied by NMR meth-
ods. The fraction folded population and folding energy were
derived from the chemical shift deviation data. Peptides
with high fraction folded populations involved charged resi-
due side chain lengths that supported high strand propensity.
Double mutant cycle analysis was used to determine the
interaction energy for the potential lateral ion pairs. Mini-
mal interaction was observed between residues with short
side chains, most likely due to the diffused positive charge
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on the guanidinium group, which weakened cross-strand
electrostatic interactions with the carboxylate side chain.
Only the Aad-Arg/Agh interactions with long side chains
clearly exhibited stabilizing energetics, possibly relying on
hydrophobics. A survey of a non-redundant protein structure
database revealed that the statistical sheet pair propensity
followed the trend Asp-Arg < Glu-Arg, implying the need
for matching long side chains. This suggested the need for
long side chains on both guanidinium-bearing and carboxy-
late-bearing residues to stabilize the B-hairpin motif.
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length - B-Hairpin - Ion pairing interaction

Abbreviations

Aad (S)-Aminoadipate

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

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

Agp (8)-2-Amino-3-guanidinopropionic acid

Ala Alanine

Arg Arginine

Asp Aspartate

DQF-COSY  Double-quantum filtered-correlated
spectroscopy

Fmoc N*-Fluorenylmethyloxycarbonyl

Glu Glutamate

Lys Lysine

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

NMR Nuclear magnetic resonance spectroscopy

NOESY Nuclear overhauser effect spectroscopy

Orn Ornithine

ROESY Rotating-frame nuclear Overhauser effect
spectroscopy

TOCSY Total correlation spectroscopy
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Introduction

Protein misfolding can lead to various human neurologi-
cal disorders including Alzheimer’s disease (Hardy and
Allsop 1991; Bartzokis et al. 2007), Huntington’s disease
(Scherzinger et al. 1997; Truant et al. 2008), Parkinson’s
disease (Irvine et al. 2008; Mastaglia et al. 2003), type 1I
diabetes (Hoppener et al. 2000; Haataja et al. 2008), and
Creutzfeldt-Jakob prion disease (Kitamoto et al. 1986;
Namba et al. 1991). The protein misfolded conformation
in these diseases involves the B-sheet structure, which is
formed during amyloid fibril formation. The B-sheet struc-
ture is one of the major secondary structures (Baldwin and
Rose 1999a, b), with 23 % of the protein residues adopt-
ing a P-sheet conformation (Chou and Fasman 1974
Munoz and Serrano 1994; Kuo et al. 2013b). Statistical
analysis of protein structures (Wouters and Curmi 1995;
Cootes et al. 1998; Hutchinson et al. 1998) suggests that
cross-strand side chain—side chain interactions between
two B-strands are important for stabilizing sheet structures
(Wouters and Curmi 1995; Cootes et al. 1998; Hutchin-
son et al. 1998). Accordingly, various cross-strand inter-
actions have been studied, including cation—m (Tatko and
Waters 2003; Hughes et al. 2007; Syud et al. 2001), hydro-
phobics (Searle et al. 1999; Tatko and Waters 2004), elec-
trostatics (de Alba et al. 1995; Searle et al. 1999; Kiehna
and Waters 2003; Ramirez-Alvarado et al. 2001), van der
Waals (Paliwal et al. 1994; Kim et al. 1998), aromatic 7T—7
(Tatko and Waters 2002; Kiehna and Waters 2003), and
carbohydrate—7 (Laughrey et al. 2008).

The energetics of cross-strand ion pairs have been meas-
ured in sheet-containing host systems including the protein
G B1 domain (Smith and Regan 1995; Merkel et al. 1999),
the zinc finger domain (Blasie and Berg 1997), and also in
autonomously folded B-hairpins (Searle et al. 1999; Russell
and Cochran 2000; Syud et al. 2001; Ramirez-Alvarado
et al. 2001; Kiehna and Waters 2003; Ciani et al. 2003).
For the protein G B1 domain host, both lateral cross-strand
Glu-Lys and Glu-Arg interactions provided around 1 kcal/
mol stability based on the thermal denaturation studies
(Smith and Regan 1995). For the zinc finger domain host,
cross-strand ion pairing interactions involving Asp were
more stabilizing than those involving Glu (Blasie and Berg
1997). Furthermore, cross-strand Lys-Asp and Arg-Asp
interactions stabilized the system by 0.48 and 0.26 kcal/
mol (Blasie and Berg 1997), respectively. In short hairpin
peptides, lateral cross-strand Glu-Lys ion pairing interac-
tions increased the hairpin stability by 0.1-0.3 kcal/mol
based on NMR methods (Ramirez-Alvarado et al. 2001;
Kiehna and Waters 2003; Ciani et al. 2003; Kuo et al.
2013a). The effect of charged amino acid side chain length
on lateral cross-strand glutamate-lysine ion pairing inter-
action in a B-hairpin has also been explored in detail (Kuo
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et al. 2013a). Combinations with shorter side chains for
both charged residues such as Asp/Glu-Dap ion pairs and
longer side chains for both charged residues such as Aad-
Orn/Lys ion pairs stabilized the B-hairpin structure (Kuo
et al. 2013a). The shorter Asp/Glu-Dap interactions exhib-
ited stabilizing energetics most likely due to electrostatics,
whereas the longer Aad-Orn/Lys interactions were stabiliz-
ing most likely due to hydrophobics (Kuo et al. 2013a). As
such, side chain length matching for the Lys and Glu ana-
logs on separate strands appeared to be important for pro-
viding stabilizing energetics in f-hairpin structures.

The charged amino acids Asp, Glu, Arg, and Lys have
different number of hydrophobic methylenes linking
the hydrophilic charged functionality to the backbone.
The negatively charged residues Asp and Glu both bear
the same carboxylate functionality, and only differ in
the number of methylenes. Arginine and lysine are posi-
tively charged residues with different number of methyl-
enes. Furthermore, 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
geometry for Arg compared to the Lys ammonium group.
As such, Arg cannot be replaced with Lys in many cases
(such as for cell penetration) due to the uniqueness of the
guanidinium group on Arg (Wender et al. 2000, 2008;
Mitchell et al. 2000; Janin et al. 1988; Argos 1988; Jones
and Thornton 1995; Tsai et al. 1997; Bogan and Thorn
1998; Hu et al. 2000; Arora and Khanna 1996; de Ber-
nardez 1998; Umetsu et al. 2003; Arakawa and Tsumoto
2003; Tsumoto et al. 2004; Singh and Panda 2005; Ito et al.
2008). The difference between Arg and Lys is also reflected
in the thermodynamic secondary structure propensities
(Padmanabhan et al. 1996; Cheng et al. 2012b; Kuo et al.
2013b). The helix propensity increased as the side chain
lengths of Lys analogs increased (Chakrabartty et al. 1994;
Doig and Baldwin 1995; Sueki et al. 1984; Padmanabhan
et al. 1996). In contrast, either shortening or lengthening
the Arg side chain length decreased the helix propensity
(Cheng et al. 2012b). As for strand propensity measured in
a P-hairpin model system (Kuo et al. 2013b), the stability
of the B-hairpin motif increased upon increasing the Lys
analog side chain length (Hughes et al. 2007; Kuo et al.
2013b), whereas the stability trend for the Arg analogs var-
ied depending on the position (Kuo et al. 2013b). Length-
ening the Arg side chain by one methylene favored f-strand
formation (Kuo et al. 2013b), whereas shortening the side
chain of Arg by one methylene disfavored p-strand forma-
tion (Kuo et al. 2013b). Interestingly, shortening the Arg
side chain by two methylenes resulted in higher or similar
sheet propensity compared to Arg depending on the posi-
tion in the P-hairpin (Kuo et al. 2013b). Overall, Arg and
Lys are significantly different, and should have different
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Fig. 1 Design of peptides to A
study the effect of charged

amino acid side chain length on

lateral ion pairing interactions.

a The chemical structure of H : H
the experimental HPTZbbAgx O Thr
peptides. b The sequences of

the experimental HPTZbbAgx 0 H L?u 0

peptides, the unfolded reference HoN
HPTUZbbAgx peptides, and the

folded reference HPTFZbbAgx Gin O
peptides B
Peptide
HPTZbbAgx
HPTUZbbAgx
HPTFZbbAgx

Zbb: Asp, Glu, Aad

g
]
>

Sequence

Ac-Arg Thr Val Zbb Val PPro Gly Orn Agx lle Leu GIn-NH,

Ac-Arg Thr Val Zbb Val “Pro Gly Orn Agx lle Leu GIn-NH,

Ac-Cys Arg Thr Val Zbb Val PPro Gly Orn Agx lle Leu Gin Cys-NH,
L

Agx: Agp, Agb, Arg, Agh

HoN NH
0 2 +Y 2
_ HN
0" ty)n ) m
§\N § E\H §
(6]
n =1, Asp, L-aspartate m =1, Agp, (S)-2-amino-3-guanidino-propionic acid
2, Glu, L-glutamate 2, Agb, (S)-2-amino-4-guanidino-butyric acid
3, Aad, (S)-2-aminoadipate 3, Arg, L-arginine
4, Agh, (S)-2-amino-6-guanidino-hexanoic acid

effects on protein structure stability. Therefore, herein we
present a systematic study on P-hairpin peptides contain-
ing potential lateral cross-strand ion pairs between posi-
tively charged Arg analogs and negatively charged Glu ana-
logs with varying side chain lengths using NMR methods.
The interaction energy was determined by double mutant
cycle analysis, and a non-redundant protein structure data-
base was surveyed for sequence patterns with oppositely
charged residues (Arg and Asp/Glu) directly across one
another in antiparallel B-sheets.

Results
Peptide design and synthesis

The sequences for the experimental HPTZbbAgx pep-
tides were the same as previously studied hairpin peptides
(Fig. 1) (Kuo et al. 2013a, b), which were designed based
on Gellman’s peptide YKL (H-Arg-Tyr-Val-Glu-Val-DPro-
Gly-Orn-Lys-Ile-Leu-GIn-NH,) (Stanger and Gellman
1998; Syud et al. 1999, 2001). Tyr2 was replaced with Thr
(Kuo et al. 2013a, b), because the two amino acids exhib-
ited similar thermodynamic sheet propensities (Kim and
Berg 1993; Minor and Kim 1994; Smith et al. 1994). The
N- and C-termini were capped by an acetyl group and car-
boxyamide (Kuo et al. 2013a), respectively, to minimize

unintended electrostatic interactions involving the charged
termini (Fig. 1) (Searle et al. 1999). The guest sites for the
negatively charged and positively charged residues were the
non-hydrogen bonding positions 4 and 9, respectively. The
negatively charged amino acids (Zbb) with varying side
chain lengths were incorporated at position 4 (Fig. 1). The
negatively charged residue Zbb was systematically length-
ened from Asp (one methylene) to Glu (two methylenes),
and then to (S)-2-aminoadipate (Aad, three methylenes)
(Fig. 1b). The positively charged amino acids (Agx) with
varying side chain lengths were incorporated at position 9
(Fig. 1). The guanidinium-bearing positively charged resi-
due Agx was systematically shortened from (S)-2-amino-
6-guanidinohexanoic acid (Agh, 4 methylenes) to Arg (3
methylenes), to (S)-2-amino-4-guanidinobutyric acid (Agb,
2 methylenes), and to (§)-2-amino-3-guanidinopropionic
acid (Agp, 1 methylene) (Fig. 1b). The hairpin HPTZb-
bAgx peptides were named according to the one-letter code
of Thr at position 2 and the three-letter code of the poten-
tially interacting negatively and positively charged resi-
dues. Fully unfolded and folded reference peptides were
necessary to determine the fraction folded population for
the experimental HPTZbbAgx peptides (Syud et al. 2001;
Tatko and Waters 2002, 2003; Syud et al. 1999; Kuo et al.
2013a, b). The unfolded reference peptides HPTUZbbAgx
were designed by changing the turn sequence from D-Pro
to L-Pro to disrupt the B-hairpin conformation (Fig. 1b)
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(Rose et al. 1985; Syud et al. 1999; Kuo et al. 2013a,
b). The folded reference peptides HPTFZbbAgx were
designed by introducing cysteines at both the N- and C-ter-
minus for cyclization via disulfide bond formation (Fig. 1b)
(Syud et al. 2001; Tatko and Waters 2002, 2003; Syud et al.
1999; Kuo et al. 2013a, b).

The peptides were synthesized by solid phase peptide
synthesis using Fmoc-based chemistry (Fields and Noble
1990; Atherton et al. 1978). Peptides containing (S)-
2-amino-6-guanidinohexanoic acid (Agh) were synthesized
by standard coupling protocols using Fmoc-Agh(Boc),-
OH (Cheng et al. 2012b; Wu et al. 2013). Peptides con-
taining  (S)-2-amino-4-guanidinobutanoic acid (Agb)
were synthesized by solid phase guanidinylation (Cheng
et al. 2012b; Wu et al. 2013). However, peptides contain-
ing (S)-2-amino-3-guanidinopropanoic acid (Agp) could
not be synthesized by solid phase guanidinylation using
the precursor Fmoc-Dap(Mtt)-OH for this p-hairpin sys-
tem (Cheng et al. 2012b; Wu et al. 2013). After synthe-
sizing the corresponding Dap(Mtt)-containing peptides,
the Mtt protecting group was selectively removed using
1 % trifluoroacetic acid/methylene chloride followed by
solid phase guanidinylation using N,N’-di-Boc-N"-triflyl-
guanidine in the presence of diisopropylethylamine under
microwave conditions (Cheng et al. 2012b; Wu et al. 2013).
However, some of the Boc-protecting groups on Orn in
this B-hairpin sequence were also removed upon exposure
to even 1 % trifluoroacetic acid in methylene chloride. As
such, the guanidinium group was introduced onto the side
chain of both Dap and Orn. The synthetic route involving
the Fmoc-Dap(ivDde)-OH for the Agp-containing peptide
was not explored, because side chain to main chain migra-
tion may occur with Dap(ivDde)-containing peptides dur-
ing solid phase peptide synthesis (Augustyns et al. 1998).
Accordingly, it was more suitable to use Fmoc-Agp(Boc),-
OH to synthesize the Agp-containing peptides by standard
Fmoc-based solid phase peptide synthesis. The appropri-
ately protected Agp-derivative was synthesized following
known published procedures using a N-triflylguanidine
derivative (Feichtinger et al. 1998a, b; Cheng et al. 2012b).
The short side chain length of Fmoc-Agp(Boc),-OH posi-
tions the Boc-protecting groups in close proximity to the
backbone, resulting in significant steric hindrance. There-
fore, for incorporating Agp residues, Fmoc-Agp(Boc),-OH
was coupled multiple times under microwave conditions.
Upon cleavage with concomitant side chain deprotec-
tion, the peptides were confirmed by MALDI-TOF mass
spectrometry. The folded reference HPTFZbbAgx pep-
tides were cyclized by disulfide bond formation via char-
coal mediated air oxidation (Volkmer-Engert et al. 1998).
All peptides were purified by reverse-phase high-perfor-
mance liquid chromatography to greater than 95 % purity.
Since the NMR spectra (chemical shift and line width) of
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analogous hairpin peptides did not change with concentra-
tion (20 wM-10 mM) (Syud et al. 2001; Ramirez-Alvarado
et al. 1996; Russell et al. 2003; Kuo et al. 2013a, b), the
peptides in this study (2.5-10.4 mM) should not aggre-
gate in solution. Accordingly, the experimental data should
reflect the intra-molecular interactions with minimal inter-
ference from inter-molecular interactions.

B-Hairpin structure characterization by NMR

The peptides were analyzed by two-dimensional NMR
spectroscopy including TOCSY (Bax and Davis 1985),
DQF-COSY (Aue et al. 1976), NOESY (Jeener et al. 1979),
and ROESY (Bothner-By et al. 1984) at 298 K. Sequence
specific assignments of the chemical shifts were performed
based on the TOCSY and ROESY spectra (Tables S1-S36)
(Wiithrich 1986). The chemical shift dispersion trends were
consistent with the intended designs of the peptides (Tables
S1-S36) (Kuo et al. 2013a; Yao et al. 1997). The higher the
fraction folded population, the higher the chemical shift
dispersion (Kuo et al. 2013a, b; Yao et al. 1997). The hair-
pin structure and stability of the HPTZbbAgx and HPTFZ-
bbAgx peptides was confirmed by Ha chemical shift devia-
tions (A3Ha) (Dalgarno et al. 1983; Wishart et al. 1991),
37 NHe SPIN—spin coupling constants, and cross-strand NOEs
(Kuo et al. 2013a, b). The A3Ha values of the experimental
HPTZbbAgx peptides and folded reference HPTFZbbAgx
peptides represented the degree of B-sheet structure at each
position (Figs. 2, S1, S2) (Syud et al. 2001). Residues Thr2
through Val5 and Orn8 through Leull exhibited signifi-
cantly positive ASHa values (Figs. 2, S1, S2), suggesting
that the HPTZbbAgx and HPTFZbbAgx peptides displayed
reasonable B-hairpin populations. The A3Ha values of the
terminal residues Argl and Glnl2 were near zero due to
end fraying effects (Ciani et al. 2003). The A8Ha values
for DPro6 and Gly7 were mostly close to zero, suggesting
turn formation (Ramirez-Alvarado et al. 1996).

The *Jyy, spin-spin coupling constant for the residues
in the peptides was derived from the DQF-COSY spectra
(Kim and Prestegard 1989). In the folded reference HPT-
FZbbAgx peptides, the *Jy,,, values for all residues except
cysteine and glycine were higher than 7 Hz (Tables S37-
S39), consistent with a p-sheet conformation (Wiithrich
1986). The experimental HPTZbbAgx peptides exhibited
similar results but slightly lower *Jy;, values for some resi-
dues (Tables S40-S42). Although this suggested that the
experimental peptides formed a B-hairpin conformation, the
structure may not be as well defined as the folded reference
peptides. Regarding the unfolded reference HPTUZbbAgx
peptides, some residues exhibited J,,, values near to or
less than 7 Hz, suggesting that the peptides may not form
a well-defined B-hairpin and are thus most likely unfolded
(Tables S43-S45).
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Fig. 2 The chemical shift deviation (A3Ha) for the residues in peptides HPTFGluArg (a), HPTGluArg (b), HPTAspArg (c¢), and HPTAadArg

(@

Cross-strand NOE connectivities observed in the
ROESY spectra further supported B-hairpin formation.
The NOE cross peaks included sequential, intra-residues,
medium-range, and long-range NOEs with a number of
cross-strand Ha <> Ho, Ha <+ NH, NH <> NH correla-
tions to confirm the peptide conformation (Figs. S3—S26).
The B-strand structures were confirmed by diagnostic
NOEs; the strong sequential Ha; <> NH, ; NOEs sug-
gested an extended and stretched conformation. The net-
work of side chain—side chain NOEs between residues on
the two adjacent B-strands further confirmed the pB-hairpin
formation for the experimental HPTZbbAgx peptides and
folded reference HPTFZbbAgx peptides (Figs. S3-S14).
The side chain of Thr2 exhibited lateral hydrophobic con-
tacts to Leull, especially in the folded reference HPTFZ-
bbAgx peptides (Figs. S3-S14). Furthermore, the long-
range diagonal cross-strand NOEs connectivities between
Thr2 and Agx9 were clearly observed in the experimental
HPTZbbAgx peptides (Figs. S3—S14), consistent with the

typical right-handed twist of B-hairpin structures (Syud
et al. 2001; Ramirez-Alvarado et al. 1999; Syud et al.
1999; Ramirez-Alvarado et al. 1996). The side chain
of the two oppositely charged residues, Zbb4 with car-
boxylate groups and Agx9 with guanidinium groups, also
showed cross-strand NOE connectivities to one another in
some cases (Figs. S3—-S14). The number of cross peaks in
the ROESY spectra followed the general trend HPTFZb-
bAgx > HPTZbbAgx > HPTUZbbAgx (Figs. S3-S26),
consistent with the intended fraction folded population for
the peptides (Kuo et al. 2013a, b).

Fraction folded population and AGy, 4

The fraction folded population and folding free energy
(AGy,g) for each residue on the experimental HPTZb-
bAgx peptides were derived from the Ha chemical shift
data (Figs. S27, S28). The fraction folded population of the
residues at the N- and C-termini was very low, most likely
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Table 1 The fraction folded population (%) for the HPTZbbAgx
peptides

Zbb

Agx Asp Glu Aad
Agp 52+1 47+1 37+£2
Agb 53+1 31+2 28+ 3
Arg 49+3 42+2 49 +2
Agh 56+3 47+1 52+1

The general sequence for the HPTZbbAgx peptides is Ac-Arg-Thr-
Val-Zbb-Val-DPro-Gly-Orn-Agx-Ile-Leu-GIn-NH,. Average value for
residues 2, 3,9, and 10

70
60
50
40
30
20

Fraction Folded (%)

10 Aad

0 Glu Zbb
Agh

Asp
Arg Agb Ag
Agx

Fig. 3 The fraction folded population for HPTZbbAgx peptides

due to end fraying effects (Fig. S27). On the contrary, the
residues directly adjacent to the turn exhibited high frac-
tion folded population due to turn-promoted sheet forma-
tion (Fig. S27). Accordingly, residues Thr2, Val3, Agx9,
and Ilel0 were chosen to represent the fraction folded
population for a given peptide (Tables 1; Fig. 3) (Kuo et al.
2013a). These residues were selected to provide equal rep-
resentation for the hydrogen-bonded (3 and 10) and non-
hydrogen-bonded positions (2 and 9) on the two strands,
and account for the apparent uneven folding of the two
strands due to the inherent right-handed twist.

The range of the fraction folded population for the
HPTZbbAgx peptides was between 28 and 56 % with
standard deviations within 3 % (Table 1). Peptides con-
taining Agb (two methylenes) exhibited the least fraction
folded population (accounting for the standard deviations)
for a given negatively charged residue (Table 1). This mir-
rors the strand propensity for the positively charged resi-
due Agx at position 9 (with Ala at position 4) (Kuo et al.
2013b). For the HPTGluAgx peptides, the fraction folded
population increased with increasing side chain length of
the positively charged Arg analog, except for the shortest
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residue Agp (Table 1; Fig. 3). A similar trend was observed
for the HPTAadAgx peptides; the stability seemed to
roughly increase with increasing the Agx side chain length
from two to four methylenes (Agb, Arg, and Agh) (Table 1;
Fig. 3). Interestingly, the peptide HPTGluAgp with the
shortest positively charged residue showed an exception-
ally high fraction folded population, similar to that for the
peptide HPTGluAgh with the longest positively charged
residue. Furthermore, the fraction folded population for
the HPTAadAgx peptides followed the trend HPTAad-
Agb < HPTAadAgp < HPTAadArg < HPTAadAgh. The
fraction folded population of peptide HPTAadAgp peptide
with the shortest positively charged residue was less than
that for peptide HPTAadArg. However, the strand pro-
pensity of the shortest residue Agp (one methylene) (and
Ala at position 4) was similar to that of Arg (three methyl-
enes) at position 9 (Kuo et al. 2013b). Apparently, the frac-
tion folded population of the HPTGluAgx and HPTAad-
Agx peptides did not strictly follow the strand propensity
trends. Among the HPTAspAgx peptides, the peptide with
the longest positively charged residue Agh (HPTAspAgh)
exhibited the highest fraction folded population, consist-
ent with the highest strand propensity for Agh at position
9 (Kuo et al. 2013b). Furthermore, peptide HPTAspAgh
exhibited the highest fraction folded population among all
the HPTZbbAgx peptides. In contrast, the peptide with the
natural residue Arg (HPTAspArg) interestingly exhibited
the least fraction folded population. Furthermore, by short-
ening the side chain of Arg to Agb and Agp, the fraction
folded population did not alter significantly. Accordingly,
the trend of the fraction folded population for HPTAs-
pAgx peptides was very different from the trend for the
strand propensity of the Arg analogs at position 9. The
fraction folded population for the Asp-containing peptides
was higher than or equal to that for the corresponding Glu-
and Aad-containing peptides. This was consistent with the
strand propensity for the negatively charged residues at
position 4 (Kuo et al. 2013b).

Lateral cross-strand Zbb-Agx interactions

The interaction free energy (AG,,) for each lateral Zbb-
Agx interaction between oppositely charged residues
was derived from the corresponding double mutant cycle
(Table 2) (Horovitz 1996; Cockroft and Hunter 2007).
Double mutant cycles were employed to exclude the effect
of altering the side chain length on B-strand propensity of
the individual charged residues and the potential diago-
nal Thr2-Agx9 interaction. The free energy of interaction
(AG;,) for each charged pair was derived from the differ-
ence between the free energy changes observed for the sin-
gly substituted control peptides [(HPTZbbAla (Kuo et al.
2013b) and HPTAlaAgx (Kuo et al. 2013b)] and the free



Effect of charged amino acid side chain length on lateral cross-strand interactions 891

Table 2 The Zbb-Agx interaction free energy (AG;,, kcal/mol) in
HPTZbbAgx peptides

Agx Zbb

Asp Glu Aad
Agp —0.03 £0.20 —0.13 £0.21 —0.03 £0.21
Agb —0.26 £ 0.26 0.04 £ 0.27 0.02+£0.28
Arg 0.11 +£0.18 0.06 £0.18 —-0.25+£0.19
Agh 0.04 +0.19 0.03 £0.18 —-0.22+£0.19

energy changes observed for experimental HPTZbbAgx
peptides (AAGyprzppagx) compared to the reference con-
trol peptide HPTAlaAla (Kuo et al. 2013a). The interaction
energy between two charged residues is a relative but not
absolute value between one state and another state (Horo-
vitz 1996). Accordingly, the almost non-existent ion pairing
interactions (AG;,, = 0 or >0, Table 2) for cross-strand lat-
eral Zbb-Agx with various side chain length only indicates
no variation in coupling energy between the charged resi-
dues Zbb and Agx from one state to another, but does not
mean that the two residues are not coupled to each other
(Horovitz 1996). Interestingly, only two cross-strand lateral
ion pairing interactions were clearly stabilizing: Aad-Agh,
and Aad-Arg. The longest negatively charged residue Aad
paired with the longer positively charged residues Agh and
Arg provided the highest stabilizing interaction energy for
the Zbb-Agx lateral cross-strand interactions. Surprisingly,
the short side chain lengths for oppositely charged resi-
dues with lateral cross-strand arrangements did not appear
to stabilize the B-hairpin structure. This suggests that side
chain length matching of the longer oppositely charged
residues is important for forming stabilizing lateral cross-
strand interactions between carboxylate- and guanidinium-
containing residues.

Discussion

The Arg guanidinium group exhibits a more diffuse posi-
tive charge, higher hydrogen bonding capacity, and dif-
ferent geometry compared to the Lys ammonium group
(Fig. 1). Despite these differences between Lys and Arg,
short helical peptides with either Zbb-Lys or Zbb-Arg (i,
i+ 3),(i,i+4),and (i, i + 5) sequence patterns exhibited
significant helical content at pH 7, regardless of the nega-
tively charged residue side chain length (Cheng et al. 2007,
2012a; Kuo et al. 2014). Furthermore, the strand propen-
sity in a P-hairpin mostly increased with increasing side
chain length for the positively charged Lys and Arg ana-
logs except for Agp (Kuo et al. 2013b). The strand propen-
sity of Agp was unexpectedly higher than the longer Agb
despite the shorter side chain length (Kuo et al. 2013b).

Accordingly, the Arg analogs should behave somewhat dif-
ferently compared to the Lys analogs in ion pairing interac-
tions involving sheet structures. As such, the effect of side
chain length on lateral ion pairing interactions between
carboxylate and guanidinium amino acids at non-hydrogen-
bonded positions on different strands of a p-hairpin was
investigated in this study.

The fraction folded population for peptide HPTGluArg
(Table 1, 42 £ 2 %) was slightly higher compared to that
for peptide HPTGluLys (38 £ 1 %) (Kuo et al. 2013a),
most likely due to the slightly higher strand propensity for
Arg compared to Lys at position 9 (fraction folded popu-
lation of HPTAlaLys and HPTAlaArg were 22 + 2 and
27 £ 2 %, respectively) (Kuo et al. 2013b). Furthermore,
these fraction folded populations are consistent with a
report on similar peptides (VK and VR) (Tatko and Waters
2003). The fraction folded population for all HPTZbbAgx
peptides was between 28 and 56 % (Table 1). This range
for the fraction folded population can be rationalized by
considering the sheet/strand propensity of the individual
Arg and Glu analogs, the diagonal Thr2-Agx9 interaction,
and the lateral Zbb4-Agx9 interactions. The overall range
of the fraction folded population for the HPTZbbAgx pep-
tides with Arg analogs was more narrow compared to that
for the HPTZbbXaa peptides with Lys analogs (between 24
and 63 %), suggesting the difference between the guanidin-
ium and ammonium functionalities (Kuo et al. 2013a).

The thermodynamic strand propensity of the negatively
charged residues at position 4 decreased with increasing
side chain length (Kuo et al. 2013b). In addition, the strand
propensity for Agx residues at position 9 followed the trend
Agh > Arg ~ Agp > Agb (Kuo et al. 2013b). As such, it is
not surprising that peptide HPTAadAgb exhibited the low-
est fraction folded population (28 £ 3 %; Table 1; Fig. 3),
because Aad and Agb exhibited the lowest strand propen-
sity among the analogous charged residues at positions 4
and 9, respectively. Similarly, since both of Asp and Agh
residues exhibited the highest strand propensity among the
analogous charged residues at positions 4 and 9, respec-
tively, peptide HPTAspAgh exhibited the highest fraction
folded population (56 & 1 %; Table 1; Fig. 3). Apparently,
the strand propensity of the charged residues is the domi-
nant factor for the fraction folded population of these hair-
pin peptides.

The fraction folded populations of peptides HPTAs-
pAgp, HPTGluAgp, and HPTAadAgp were 52, 47, and
37 %, respectively (Table 1; Fig. 3), consistent with the
trend for the strand propensity of the negatively charged
residues at position 4 (Kuo et al. 2013b). However, among
the three HPTZbbArg peptides, peptide HPTGluArg exhib-
ited the least fraction folded population (Table 1; Fig. 3).
Similarly, peptide HPTGluAgh exhibited the least fraction
folded population among the three HPTZbbAgh peptides
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(Table 1; Fig. 3). As such, the fraction folded trend for
the HPTZbbArg and HPTZbbAgh peptides did not follow
the strand propensity trend of the negatively charged resi-
dues at position 4. Since the three HPTZbbArg peptides
exhibited NOE cross peaks between Thr2 and Arg9 in the
ROESY spectra (Figs. S5B, S9B, S13B), the Thr2-Arg9
diagonal interactions should be similar. Therefore, the dif-
ference in the fraction folded population for the HPTZb-
bArg peptides should be due to the sheet/strand propensity
of the negatively charged residue at position 4, and the lat-
eral interactions between the side chains of Zbb4 and Arg9.
This is also the case for the HPTZbbAgh peptides. Accord-
ingly, the lateral Zbb4-Arg9 and Zbb4-Agh9 interactions
should contribute to the f-hairpin stability.

The Asp-containing HPTZbbAgx peptides exhibited
higher fraction folded populations compared to the corre-
sponding Glu- and Aad-containing peptides. This was con-
sistent with the higher strand propensity for Asp at posi-
tion 4 compared to both Glu and Aad (Kuo et al. 2013b).
Furthermore, for both the HPTGluAgx and HPTAadAgx
peptides, the Agp-containing peptides exhibited exception-
ally high fraction folded populations, most likely caused
by the higher than expected strand propensity for Agp at
position 9 (Kuo et al. 2013b). The short Asp and Agp side
chains bring the branched bulky carboxylate and guanidin-
ium groups close to the backbone, respectively, to limit the
backbone conformations to sheet-like structures through
steric interactions with the backbone (Bai and Englander
1994; Street and Mayo 1999; Kuo et al. 2013b). Further-
more, these short side chains could potentially hydrogen
bond to the backbone to stabilize the strand conformation
with less entropic penalty compared to the longer side
chains. Accordingly, lengthening Agp by only one meth-
ylene to Agb in the HPTGluAgx and HPTAadAgx pep-
tides significantly lowered the fraction folded populations
(Table 1; Fig. 3). The low fraction folded population for
these Agb-containing peptides is consistent with the low
strand propensity for the positively charged residue Agb at
position 9. However, the number of Thr2-Agx9 diagonal
NOE connectivities suggested a stronger diagonal Thr2-
Agx9 interaction for Agp compared to Agb (Fig. 4a, b).
In contrast, for the HPTAspAgx peptides, the positively
charged residue Agp could be lengthened by one methyl-
ene to Agb while maintaining a high fraction folded pop-
ulation (Table 1; Fig. 3). This clearly did not follow the
strand propensity trend for the positively charged residues
at position 9. Based on the number of diagonal Thr2-Agx9
NOE connectivities, the cross-strand Thr2-Agx9 interac-
tions may have increased with increasing side chain length
to stabilize the hairpin structure (Fig. 4c, d). Nonetheless,
a more stabilizing lateral Asp4-Agb9 interaction compared
to the Asp4-Agp9 interaction could not be completely
ruled out.
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In a-helices, intra-helical ion pairing interactions can
contribute up to —0.8 kcal/mol to helix stability (Smith
and Scholtz 1998; Cheng et al. 2007). In B-hairpin pep-
tides, ion pairing interactions have shown to provide —0.1
to —0.4 kcal/mol stability (de Alba et al. 1995; Searle et al.
1999; Ramirez-Alvarado et al. 2001; Ciani et al. 2003;
Kiehna and Waters 2003). The effect of charged amino
acid side chain length on lateral cross-strand interactions
between carboxylate-containing residues (Glu analogs)
and ammonium-containing residues (Lys analogs) has
been previously investigated (Kuo et al. 2013a). The values
were mostly consistent with earlier reports except for the
extraordinary stabilizing lateral Glu-Dap interaction, which
provided up to —0.83 kcal/mol to the hairpin stability (Kuo
et al. 2013a). Various side chain lengths of the oppositely
charged amino acids for intra-helical carboxylate-guani-
dinium (Zbb-Agx) ion pairing interaction energy has pro-
vided up to —0.3 kcal/mol (Asp-Agp ion pair) to helix sta-
bility (Kuo et al. 2014). The ion pairing interaction energy
(AG,,) in this study for cross-strand lateral Zbb-Agx in a
B-hairpin was also consistent with reported literature val-
ues for analogous Glu-Lys interactions (Ramirez-Alvarado
et al. 2001; Kiehna and Waters 2003; Ciani et al. 2003; Kuo
et al. 2013a). Although the values for the Zbb-Agx ion pair-
ing interactions were mostly non-existent (Table 2), this
apparent lack of interaction energy between two oppositely
charged residues only indicates minimal variation in cou-
pling energy but does not mean the residues are not cou-
pled to one another.

Cross-strand lateral interactions seemed to exist for Asp-
Agb, Glu-Agp, Aad-Arg, and Aad-Agh pairs in the HPTZb-
bAgx peptides based on the interaction energy from dou-
ble mutant cycle analyses (AG;,, Table 2). However, upon
considering the standard deviations, only the Aad-Arg and
Aad-Agh interactions were clearly stabilizing. For cross-
strand lateral interactions between Glu analogs and Lys
analogs (Kuo et al. 2013a), smaller number of side chain
methylenes appeared to provide more side chain rigidity
(Kuo et al. 2013a), leading to stronger lateral ion pairing
interactions due to less entropic penalty upon forming an
ion pair. Furthermore, electrostatics appeared to dominate
the lateral cross-strand ion pairing interaction between resi-
dues with short side chains (Kuo et al. 2013a). However,
none of the lateral Zbb-Agx ion pairs with shorter side
chains for both charged residues exhibited stabilizing ener-
getics for the p-hairpin structure. Although the lateral Glu-
Dap ion pairing interaction provided —0.83 kcal/mol to
hairpin stability (Kuo et al. 2013a), the lateral Glu-Agp ion
pair interaction was essentially non-existent in this study,
despite involving the exact same number of methylenes for
the potentially interacting residues. This difference must be
due to the difference between the guanidinium-bearing side
chain of Agp residue and ammonium-bearing side chain of
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A

Fig. 4 The inter-residue NOEs involving side chain protons for peptides HPTGluAgp (a), HPTGluAgb (b), HPTAspAgp (c¢), and HPTAspAgb

(@)

Dap. The more diffuse positive charge for the guanidinium
group compared to the ammonium group may result in a
weaker electrostatic Glu-Agp interaction compared to Glu-
Dap interaction. Based on this reason, the short guanidin-
ium-containing amino acids might not be suitable to form
cross-strand lateral ion pairing interactions based on elec-
trostatics. Furthermore, the lack of cross-strand lateral ion
pairing interactions between the natural residues Asp/Glu
and Arg could be attributed to weakened electrostatics due
to the diffuse positive charge on the guanidinium group,
insufficient number of methylenes for potential hydro-
phobic interactions, or the entropic penalty for ion pairing
involving the lengthy Arg side chain.

The AG;, values suggested that combinations with
longer side chains for both charged residues such as Aad-
Arg/Agh ion pairs stabilized the B-hairpin, consistent with
our study on the lateral Glu-Lys ion pairing interactions
with various side chain lengths (Kuo et al. 2013a), showing

that combinations of longer side chains such as Aad-Orn/
Lys stabilized the p-hairpin structure (Kuo et al. 2013a).
The longer negatively charged residue Aad side chain with
more methylenes could potentially participate in hydropho-
bic interactions with the longer positively charged residues
Arg and Agh. In addition, the longer side chain of Aad
may serve as a spacer to separate the electron withdrawing
backbone from the carboxylate, and the more methylenes
provide an electron-donating group for the carboxylate
group to enable stronger electrostatic interactions with the
positively charged residues. However, the longer side chain
of both charged residues would provide more flexibility
to increase the entropic penalty upon forming an ion pair.
Nonetheless, the main contribution to the stabilizing lat-
eral Aad-Arg/Agh cross-strand ion pairing interactions was
perhaps hydrophobics, based on the apparent hydropho-
bic nature for the analogous stabilizing energetics for the
Aad-Orn/Lys interactions (Kuo et al. 2013a). Although the
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Table 3 Survey results on lateral antiparallel cross-strand sequence patterns

Position i Position j Context® Strand context® No.* Sheet pair propensity® Z value P value Salt bridge?
Asp Arg NHB-NHB Internal—-internal 46 0.99 +0.14 —0.10 9.21 x 107! 30
Glu Arg NHB-NHB Internal—internal 75 1.36 £ 0.18 2.69 7.19 x 1073 31
Asp Arg HB-HB Internal—internal 29 0.61 £ 0.09 —-2.70 7.01 x 1073 5
Glu Arg HB-HB Internal—internal 117 2.08 £ 0.28 8.19 271 x 10716 45
Asp Arg NHB-NHB Edge—edge 46 0.94 £0.13 —-0.41 6.79 x 107! 16
Glu Arg NHB-NHB Edge—edge 77 1.34 £0.18 2.55 1.09 x 1072 15
Asp Arg HB-HB Edge—edge 54 1.09 £ 0.15 0.66 5.12 x 107! 8
Glu Arg HB-HB Edge—edge 115 1.97 + 0.26 7.43 1.05x 10782 36
Asp Arg NHB-NHB Internal-edge 38 0.63 £ 0.08 —2.83 470 x 1073 21
Glu Arg NHB-NHB Internal-edge 94 1.33 +£0.16 2.78 5.46 x 1073 23
Asp Arg HB-HB Internal-edge 33 0.56 £+ 0.07 -3.35 8.18 x 1074 16
Glu Arg HB-HB Internal-edge 142 2.05 £0.25 8.69 3.54 x 10718 59
Asp Arg NHB-NHB Edge—internal 74 1.23 £0.16 1.83 6.79 x 10715 43
Glu Arg NHB-NHB Edge—internal 140 1.98 +£0.24 8.26 1.45 x 10740 58
Asp Arg HB-HB Edge-internal 60 1.02 £0.13 0.18 8.59 x 107! 17
Glu Arg HB-HB Edge—internal 182 2.63 £0.32 13.4 3.20 x 1074 63

* The occurrence of oppositely charged residues on antiparallel neighboring strands in the non-redundant protein structure database PDBselect
(April 2009, 25 % threshold) (Hobohm and Sander 1994; Griep and Hobohm 2010). The B-strand conformation was defined based on DSSP
(Kabsch and Sander 1983; Joosten et al. 2011). The residues on an internal strand and an edge strand were defined based on the presence of
complementary strands on both sides and on only one side using DSSP, respectively (Kabsch and Sander 1983; Joosten et al. 2011). The antipar-
allel and parallel orientations were defined based on DSSP (Kabsch and Sander 1983; Joosten et al. 2011)

® The non-hydrogen-bonded (NHB) and hydrogen-bonded (HB) residues were defined based on the hydrogen bond definition using DSSP (Kab-
sch and Sander 1983; Joosten et al. 2011)

¢ The occurrence for the various sequence patterns divided by the corresponding expected value. The expected value was obtained by bootstrap-
ping the complete PDBselect database, thereby including the bias for the occurrence of each residue for the sheet conformation. Since bootstrap-
ping was performed 100,000 times, this enabled the calculation of a standard deviation for the expected value and thus the sheet pair propensity

4 The number of the occurrences for each sequence pattern that actually forms salt bridges between the oppositely charged side chain function-

alities. The presence of a salt bridge is defined by an N—O distance less than or equal to 3 A

overall length of Aad-Agp/Agb ion pairs was the same as
the Aad-Orn/Lys ion pairs, the Aad-Agp/Agb ion pairs did
not exhibit stabilizing interaction energetics. In contrast,
Aad-Arg/Agh ion pairs exhibited the similar ion pairing
interaction energy compared to Aad-Orn/Lys even though
the overall lengths are different. This might be because the
Arg/Agh and Orn/Lys have the same number of methylenes
to interact with the negatively charged residue Aad, result-
ing in similar hydrophobic interaction energetics to stabi-
lize the B-hairpin structure. Based on this, long side chains
with the same number of methylenes differing in functional
groups provide similar ion pairing interaction energy. Also,
the main contribution to the lateral Zbb-Agx cross-strand
ion pairing interaction was apparently hydrophobics for the
longer side chains (Aad-Arg/Agh). Importantly, the side
chain length matching for the long oppositely charged resi-
dues on lateral cross strands appeared to be critical for pro-
viding stabilizing energetics in $-hairpin 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
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provide further insight into the utilization of lateral Asp-
Arg and Glu-Arg ion pairs on antiparallel strands in sheet
structures of natural proteins. A total of 4,418 protein
chains involving 666,086 residues were considered. There
were 150,934 residues that adopted a sheet conformation.
The sheet pair propensity for each sequence pattern was
derived from the expected occurrence in all structures to
represent how frequently a particular sequence pattern
occurred in a sheet conformation compared to all struc-
tures in the database. The statistical sheet propensity for
the charged residues followed the trends Glu > Asp and
Lys > Arg (Kuo et al. 2013b). The lateral sheet pair pro-
pensity in antiparallel strands was consistent with the sheet
propensity, exhibiting the trend Glu-Arg > Asp-Arg regard-
less of context (edge or internal strands, non-hydrogen-
bonded or hydrogen-bonded positions) (Table 3), suggest-
ing the importance of length matching. The same trend was
observed when the potential ion pairs involving antiparallel
orientation with only edge strands at non-hydrogen-bonded
positions, which is the same as our experimental sequence
pattern in the P-hairpin model. Besides, the statistical
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sheet pair propensity at non-hydrogen-bonded positions
on edge strands in antiparallel sheets followed the trend
Asp-Lys > Asp-Arg, and Glu-Lys > Glu-Arg (Kuo et al.
2013a). The number of salt bridges varied depending on
context. Although the Asp-Arg sheet pair propensity on
the edge strands at non-hydrogen-bonded positions was
less than the Glu-Arg pair, the number of salt bridges for
the Asp-Arg pair was similar to the Glu-Arg pair. Interest-
ingly, the occurrence of the Asp-Arg and Glu-Arg pairs on
the edge strand at non-hydrogen-bonded positions was less
than Asp-Lys and Glu-Lys, respectively. Furthermore, the
number of salt bridges for the Asp-Lys was higher than the
Asp-Arg pair. In contrast, the number of salt bridges for the
Glu-Lys was less than the Glu-Arg pair. Importantly, the
statistical sheet pair propensity trends appeared to suggest
the importance of length matching.

Conclusion

The effect of varying the side chain length on ion pairing
interactions between carboxylate- and guanidinium-bear-
ing residues at lateral non-hydrogen-bonded positions on
the two antiparallel strands in a B-hairpin has been stud-
ied. Peptide HPTAspAgh exhibited the highest fraction
folded population due to the highest sheet propensity of
Asp and Agh residues at the corresponding positions com-
pared to the analogous charged residues with different
side chain lengths, respectively. Both the shortest Agp and
Asp residues bring the branched bulky group close to the
backbone to limit the backbone conformations to sheet-
like structures perhaps through steric interactions with the
backbone, or through stabilizing side chain—main chain
hydrogen bonds with minimal entropic penalty. Accord-
ingly, the fraction folded populations of the peptides con-
taining the shorter Asp were distinctly higher than that of
the peptides containing the two longer negatively charged
residues Glu and Aad. Similarly, the Agp-containing pep-
tides exhibited exceptionally high fraction folded popula-
tions compared to peptides containing other Arg analogs.
However, ion pairing combinations involving shorter side
chains for both charged residues such as Asp/Glu-Agp
did not exhibit stabilizing energetics, most likely due to
the weakened electrostatic interactions between the dif-
fuse positive charge on the guanidinium group and the
negative charge on the carboxylate. Hence, the guanidin-
ium-bearing residues might not be suitable for relying on
electrostatics to interact with carboxylate-bearing residues
to stabilize a P-hairpin. Instead, ion pair combinations
involving longer side chains for both charged residues
such as Aad-Arg/Agh stabilized the P-hairpin structure,
perhaps due to hydrophobics. The survey on natural pro-
teins revealed that the sheet pair propensity followed the

trends Asp-Arg < Glu-Arg. As such, side chain length
matching for the long oppositely charged residues on sepa-
rate strands appears to be important for providing stabiliz-
ing energetics in P-hairpin structures. Importantly, these
results should be useful in designing stable sheet structures
by using charged residues with different functional group
and varying side chain lengths to facilitate the modulation
of B-sheet structure stability.
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