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ABSTRACT: f-Sheets have been implicated in various neuro-
logical disorders, and ~20% of protein residues adopt a sheet

T\ Stability

o q o _q - +
conformation. Therefore, studies on the structural origin of sheet HoN_ _NH,

stability can provide fundamental knowledge with potential i '
biomedical applications. Oppositely charged amino acids are g ) o s b )i

frequently observed across one another in antiparallel f-sheets. @ = $s N/J\ 4 E\Nﬁﬁfé E\N §
Interestingly, the side chains of natural charged amino acids Asp, H
Glu, Arg, Lys have different numbers of hydrophobic methylenes

g H

o)
I: 3>2>1 m: 4~3>2~1 n: 4~3>2<l

linking the backbone to the hydrophilic charged functionalities. To

explore the inherent effect of charged amino acid side chain length on antiparallel sheets, the stability of a designed hairpin motif
containing charged amino acids with varying side chain lengths at non-hydrogen bonded positions was studied. Peptides with the
guest position on the N-terminal strand and the C-terminal strand were investigated by NMR methods. The charged amino acids
(Xaa) included negatively charged residues with a carboxylate group (Asp, Glu, Aad in increasing length), positively charged
residues with an ammonium group (Dap, Dab, Orn, Lys in increasing length), and positively charged residues with a guanidinium
group (Agp, Agb, Arg, Agh in increasing length). The fraction folded and folding free energy for each peptide were derived from
the chemical shift deviation data. The stability of the peptides with the charged residues at the N-terminal guest position followed
the trends: Asp > Glu > Aad, Dap < Dab < Orn ~ Lys, and Agb < Arg < Agh < Agp. The stability of the peptides with the
charged residues at the C-terminal guest position followed the trends: Asp < Glu < Aad, Dap ~ Dab < Orn ~ Lys, and Agb < Arg
~ Agp < Agh. These trends were rationalized by thermodynamic sheet propensity and cross-strand interactions.

Proteins are a diverse group of biomacromolecules
responsible for a wide array of biochemical functions."”
A well-defined three-dimensional protein conformation can
provide a structural platform to place crucial chemical
functional groups in the appropriate orientations to support
the biochemical function of the macromolecule. The
hierarchical nature of protein folding and structure suggests
that the fundamental building blocks of protein three-
dimensional structures are the secondary structures such as a-
helices and f-sheets.>* According to surveys on protein
structures, more than 30% of protein residues adopt an a-
helix conformation,® '® whereas around 20% adopt an
extended sheet conformation.”'" f-Sheet structures have been
implicated in various human neurological disorders such as
Crutzfeldt-Jacob (prion disease),'>"? Huntmgton,14 S Alz-
helmer’s,lé’17 and Parkinson’s diseases.'®'? Therefore, studies
on the sequence and structural origin of sheet stability and
formation can provide fundamental knowledge on protein
structure with potential biomedical applications.

Initial studies on the intrinsic thermodynamic sheet
propensity of the canonical 20 amino acids have provided the
foundation for more complicated investigations on sheet
energetics.”’ > The effect of introducing the amino acid of
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interest in a f-sheet moiety showed some general trends with
varying details.”">* In general, -branched amino acids are
most suitable for forming stable sheet structures.”’~>* However,
thermodynamic sheet propensity is context dependent and can
be easily influenced by cross-strand interactions.””** As such,
cross-strand interactions have been measured in sheet-
containing host systems including the protein G Bl
domain,>*72° and short hairpin
constructs.”®>° Interestingly, surveys on cross-strand sequence
patterns have shown that oppositely charged amino acids are
frequently observed directly across one another in antiparallel
sheet structures,36 suggesting specific ion pairing interactions.

. .27
zinc finger domain,

The cross-strand ion pairing interaction energetics have been
determined in both proteins and model hairpin pepti-
des.*****"73 For the protein G Bl domain, a cross-strand
lateral Glu-Lys ion pairing interaction increased the stability by
1.0 kcal/mol based on thermal denaturation studies.>* For short
hairpin peptides, cross-strand lateral Glu-Lys ion pairing
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interactions grovided 0.1—0.3 kcal/mol stability based on NMR
methods.>>**** Furthermore, the cross-strand lateral Glu-Lys
ion pairing interaction closer to the turn was stronger
compared to the same interaction closer to the termini in a
hairpinforming peptide,*® most likely due to end fraying
effects.> In addition, a cross-strand backbone to side chain ion
pairing interaction provided 0.2—0.3 kcal/mol stability in a
hairpin peptide based on NMR methods.*”

Ion pairing interactions can occur between oppositely
charged amino acids on neighboring strands. Interestingly,
the side chains of encoded charged amino acids Asp, Glu, Arg,
and Lys have different numbers of hydrophobic methylenes
linking the backbone to the hydrophilic charged functionality
(Figure 1). The effect of the number of methylenes on
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Figure 1. Chemical structures of the analogues of aspartate, arginine,
and lysine with varying side chain length.

thermodynamic helix propensity has been thoroughly stud-
ied.”***' For the negatively charged amino acids, increasing the
side chain length of Asp to Glu increases the helix
propensity.*>** For Lys analogues with an ammonium
group, the helix propensity also increases with side chain
length.41 In contrast, for Arg analogues with a guanidinium
group, Arg exhibits the highest helix propensity;’ either
lengthening or shortening the Arg side chain length decreases
the helix propensity.” Analogous studies on sheet propensity
have been more limited.**~>* Asp and Glu showed similar sheet
propensities in studies on a zinc finger domain.”® However, the
sheet propensity in the protein G Bl domain increased upon
increasing the side chain length from Asp to Glu*'™>* The
sheet propensity of Lys apparently decreased upon shortening
the side chain length in a S-hairpin motif;** however, the effect
of lateral and diagonal cross-strand interactions seemed present
and could not be completely ruled out. Herein, we present a
systematic study on the effect of charged amino acid side chain
length at non-hydrogen bonded positions on the stability of a
designed hairpin motif based on NMR methods.

B MATERIALS AND METHODS

Peptide Synthesis. Peptides were synthesized by solid
phase peptide synthesis using Fmoc-based chemistry.*>*°
Peptides containing (S)-2-amino-3-guanidinopropanoic acid
(Agp) and (S)-2-amino-6-guanidinohexanoic acid (Agh) were
synthesized by standard coupling protocols using the protected
residues Fmoc-Agp(Boc),—OH and Fmoc—Agh(Boc)z—OH,9
respectively. Peptides containing (S)-2-amino-4-guanidinobuta-
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noic acid (Agb) were synthesized by solid phase guanidinyla-
tion using established protocols.”*” The disulfide bond of the
folded reference peptides (HPTFXaaAla and HPTFAlaXaa)
were formed via charcoal mediated air oxidation.** All peptides
were purified by reverse-phase high-performance liquid
chromatography to greater than 95% purity. The identity of
the peptides was confirmed by matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry (MALDI-TOF
MS). More detailed procedures and peptide characterization
data are provided in the Supporting Information.

Nuclear Magnetic Resonance Spectroscopy. NMR
samples were prepared by dissolving the lyophilized purified
peptides with purity above 95% into H,0/D,0 (9:1 ratio by
volume) in the presence of SO mM sodium deuterioacetate
buffer (uncorrected pH 5.5) to give peptide concentrations of
1-10 mM. 2-Dimethyl-2-silapentane-S-sulfonate (DSS) was
added to the samples as an internal reference. All NMR
experiments were performed on a Britker AV III 800 MHz
spectrometer. Phase-sensitive double-quantum filtered-corre-
lated spectroscopz (DQF-COSY),* total correlation spectros-
copy (TOCSY),”® nuclear Overhauser effect spectroscopy
(NOESY),*" and rotating-frame nuclear Overhauser effect
spectroscopy (ROESY)*” experiments were performed by
collecting 2048 points in f2 with 4—8 scans and 256—512
points in fl. Solvent suppression was achieved by the
WATERGATE solvent suppression sequence.””>* TOCSY
and ROESY experiments employed a spin locking field of 10
kHz. Mixing times of 60, 120, and 200 ms were used for the
TOCSY, NOESY, and ROESY experiments, respectively.

Chemical Shift Deviation. Sequence specific assignments
for all peptides were comgleted by using the 2D-NMR spectra
(DQF-COSY,* TOCSY,”® NOESY,”! ROESY*?). The chem-
ical shift deviation for each residue of the experimental peptide
(ASHa(exp)) and the folded reference peptide (ASHa(F))
was derived using eqs 1 and 2,°° where SHa(exp) is the
chemical shift from the residue of interest of the experimental
peptide, SHa(U) is the chemical shift for the corresponding
residue on the unfolded reference peptide, and SHa(F) is the
chemical shift from the residue of interest on the folded
reference peptide.

ASHa(exp) = AHa(exp) — §Ha(U) (1)

@)

Interproton Distances from NOE Cross Peaks. The
NOE cross peaks for all peptides were assigned from the
corresponding ROESY spectra. The intensity of each NOE
cross peak was measured by the integration based on the
Gaussian peak model. The distance between the two f
hydrogen atoms on the proline side chain (regardless of
stereochemistry) was set as the standard (1.77 A) to derive the
interproton distance for the cross peak of interest using eq 3.%°
The distances (R,eqq) Were grouped into short (<2.5 A),
medium (2.5—3.5 A), and long (>3.5 A) for depiction in the
Wiithrich diagrams.

1/6
) ©)

Fraction Folded and Free Energy Folding (AGg,q). The
fraction folded and free energy of folding (AGy,y) for each
residue was derived from Ha chemical shift values assuming a
two-state folding model for the f-hairpin peptides.*” The

ASHa(F) = §Ha(F) — §Ha(U)
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Gellman YKL peptide
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Figure 2. Design of peptides HPTXaaAla and HPTAlaXaa.

fraction folded for a given residue was derived using eq 4,

where SHa(exp) was the Ha chemical shift of the residue of
interest on the experimental peptide, SHa(U) was the Ha
chemical shift of the corresponding residue on the unfolded
reference peptide, and SHa(F) was the Ha chemical shift of the
corresponding residue on the folded reference peptide. The
free energy of folding (AGgy) for each residue was derived
using eq 53157 The fraction folded and AG,y of each peptide
were determined by averaging the corresponding values for
residues 2, 3, 9, and 10. For comparing the free energy of
folding or fraction folded, the values were considered to be
different if the Z value was greater than 0.8 (which gives a P
value of 0.4 or less for the two-tailed test).

SHa(exp) — Ha(U)

fraction folded = X 100%
SHa(F) — 6Ha(U) 4)
6Ha(F) — 6H

AGfold = —RT ln a( ) a(exp)
SHa(exp) — sHa(U) )

*Jnhe SPiIN—=Spin Coupling. The peak-to-peak separation
in the absorptive (v,) and dispersive (v4) DQF-COSY spectra
was measured to derive the coupling constant based on the
values along the f2 axis unless there was significant spectral
overlap. These two values were used to derive the *Jyp,
coupling constant from the square root of the single real root
using eq 6"
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Survey of f-Sheet Residues in Natural Proteins. The
survey was 6performed on PDBselect (April 2009, 25%
threshold),59 a database of nonredundant protein chains.
The p-strand conformation and the antlgarallel/parallel
orientations were defined based on DSSP. The residues
on an internal and edge strand were defined based on the
presence of complementary strands on both sides and on only
one side using DSSP, 6192 respectively. The non-hydrogen
bonded and hydrogen bonded residues were defined based on
the hydrogen bond definition using DSSP.°"*> The corre-
sponding sheet residues of interest were selected and the
occurrences were compiled using in-house code written in
ActivePerl 5.8.8.819. The statistical propensity of a given amino
acid type for a given fJ-sheet structural context was derived by
dividing the occurrence of the given amino acid type in the
given fJ-sheet structural context by the expected occurrence
based on all structures in the database. The expected
occurrence and the corresgonding standard deviation were
obtained by bootstrapping®® the f-sheet structural context
against the entire PDBselect database. The bootstrapping was
performed by running in-house code written in C++ using the
high-performance computing facilities in the Computer and
Information Networking Center at National Taiwan University.
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Table 1. Sequences for the Experimental Peptides HPTXaaAla, the Folded Reference Peptides HPTFXaaAla, and the Unfolded
Reference Peptides HPTUXaaAla

peptide sequence”
HPTXaaAla Ac-Arg Thr Val Xaa Val PPro Gly Orn Ala Ile Leu GIn-NH,
HPTFXaaAla

Ac—(llys Arg Thr Val Xaa Val PPro Gly Orn Ala Ile Leu Gln C;rs-NH2
HPTUZXaaAla Ac-Arg Thr Val Xaa Val Pro Gly Orn Ala Ile Leu GIn-NH,

“Xaa: Asp, Glu, Aad, Dap, Dab, Orn, Lys, Agp, Agb, Arg, and Agh. A total of 33 peptides are represented in this table.

Table 2. Sequences for the Experimental Peptides HPTAlaXaa, the Folded Reference Peptides HPTFAlaXaa, and the Unfolded
Reference Peptides HPTUAlaXaa

peptide sequence”
HPTAlaXaa Ac-Arg Thr Val Ala Val PPro Gly Orn Xaa Ile Leu GIn-NH,
HPTFAlaXaa

Ac—CIJys Arg Thr Val Ala Val °Pro Gly Orn Xaa Ile Leu Gln C)IIS-NH2
HPTUAlaXaa Ac-Arg Thr Val Ala Val Pro Gly Orn Xaa Ile Leu GIn-NH,

“Xaa: Asp, Glu, Aad, Dap, Dab, Orn, Lys, Agp, Agb, Arg, and Agh. A total of 33 peptides are represented in this table.

Dividing the difference between the occurrence and the the guest position included negatively charged residues with a
expected occurrence by the standard deviation gave the Z carboxylate group, positively charged residues with an
value, which was used to obtain the P value based on a normal ammonium group, and positively charged residues with a
distribution.***° The P values were obtained using the program guanidinium group. The negatively charged residue was
R 2.15.2 (64-bit) on a MacBookPro (2.3 GHz Intel Core 15) systematically lengthened from Asp (one methylene) to Glu
running MacOSX10.7.5. (two methylenes) to (S)-2-aminoadipic acid (Aad, three

methylenes) (Figure 1). The ammonium bearing positively
B RESULTS charged residue was systematically shortened from Lys (4

methylenes) to Orn (3 methylenes) to (S)-2,4-diaminobutyric
acid (Dab, 2 methylenes), and to (S)-2,3-diaminopropionic
acid (Dap, 1 methylene) (Figure 1). The guanidinium bearing
positively charged residue 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 (S)-2-amino-3-guanidinopropionic
acid (Agp, 1 methylene) (Figure 1). Similarly, charged amino
acids with varying side chain lengths were incorporated at
position 9, and Ala was incorporated at position 4 to give the
HPTAlaXaa peptides (Table 2 and Figure 2). Again, this would
minimize lateral cross-strand interactions between the guest
position 9 residue and Ala4 due to the small side chain of Ala.
However, the charged residues incorporated at position 9 in the
HPTAlaXaa peptides could potentially interact with Thr2 in a
diagonal fashion,>"** leading to results perhaps requiring both
intrinsic sheet propensity and diagonal cross-strand interaction
for complete interpretation. Similarly, the charged residues
incorporated at position 4 in the HPTXaaAla peptides could

Peptide Design and Synthesis. The peptides were
designed based on a water-soluble monomeric f-hairpin
peptide YKL as described by Gellman (Figure 2).*"® The
parent YKL fS-hairpin peptide was 68% folded,®" suitable for
capturing small variations in folding percentage and energetics
to investigate the effect of charged side chain length on strand
stability. The positively charged amino acids Argl, Orn8, and
Lys9 were incorporated to ensure water solubility and prevent
aggregation.”’ Residue Orn8 was incorporated to provide
amino acid diversity and avoid NMR signal overlap, enabling
facile NMR data analysis.>’ Residue "Pro6 was incorporated to
promote hairpin formation.*"*”~% 1In this study, the parent
YKL peptide residue Tyr2 was replaced with Thr to remove the
diagonal Lys9-Tyr2 cation—r interaction and to simultaneously
maintain the hairpin structure (Figure 2). The N-terminus was
capped with an acetyl group and the C-terminus was capped
with a carboxyamide to avoid unexpected and potentially
interfering electrostatic interactions involving the backbone
(Figure 2).>” The guest sites were the non-hydrogen bonding

positions 4 and 9 near the center of the f-strands to avoid end potentially interact with Gly7 in a diagonal fashion, which
fraying near the termini and excessive folding near the turn should be minimal due to the inherent small size of Gly. As
(Figure 2). Charged amino acids with varying side chain lengths such, the results from the HPTXaaAla should be more
were incorporated at position 4, and Ala was incorporated at straightforward to understand, requiring only intrinsic sheet

position 9 to give the HPTXaaAla peptides (Table 1 and Figure propensity for interpretation. To determine the percent folded
2); the peptides are named with the “HPT” prefix, representing for these peptides, the fully folded and fully unfolded reference

HairPins with Thr at position 2, followed by the three letter peptides would be necessary.3l_33’57 Cysteines were introduced
codes for the residues at positions 4 and 9. Incorporating Gly at at both the N- and C-terminus for cyclization via disulfide bond
position 9 would be more ideal compared to Ala to minimize formation to give the folded reference peptides HPTFXaaAla
lateral cross-strand interactions between residues 4 and 9. and HPTFAlaXaa (Tables 1 and 2),>' ~>**" which are presumed
However, incorporating Gly at a strand position has been to be fully folded. The turn sequence was changed from "Pro-
shown to give a very unstable sheet-containing protein,” Gly to “Pro-Gly, which should form a type II turn and disfavor
leading to the incorporation of the slightly larger Ala instead to hairpin formation,>"*” to give the unfolded reference peptides

give a protein with reasonable stability. As such, Ala was HPTUXaaAla and HPTUAIaXaa (Tables 1 and 2), which are
incorporated at position 9 to provide reasonable hairpin presumed to be fully unfolded. The folded and wunfolded
stability and minimize (but not completely eliminate) cross- reference peptides are named by adding the letters “F” and “U”
strand interactions with position 4. The charged amino acids at after “HPT”, respectively.
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The peptides were synthesized by solid phase peptide
synthesis using Fmoc-based chemistry.*>*® Peptides containing
Agb were synthesized by solid phase guanidinylation following
published procedures.”*” All peptides were purified by reverse-
phase high-performance liquid chromatography to greater than
95% purity and confirmed by MALDI-TOF. No significant
changes (in chemical shift or line widths) were observed in the
1D NMR spectra for peptides HPTAlaAad and HPTAlaAsp
between 10 mM and 20 yM (Figures S1—S4 in the Supporting
Information), suggesting that these peptides do not aggregate
in this concentration range. Furthermore, peptides with
positively charged residues at the guest position would bear
three positive charges and should be less prone to aggregation
compared to peptides with negatively charged residues at the
guest position (such as HTPAlaAad and HPTAlaAsp), due to
potential intermolecular electrostatic repulsion. Also, analogous
peptides do not aggregate in solution.””*"”® As such, the
peptides in this study most likely do not aggregate in solution,
and the experimental data should reflect the intramolecular
interactions with minimal interference from intermolecular
interactions.

Nuclear Magnetic Resonance Spectroscopy and fg-
Hairpin Structure Characterization. The peptides were
analyzed by two-dimensional NMR spectroscopy including
DQF-COSY,* TOCSY,*® NOESY,”" and ROESY.>* Sequence
specific assignments for all peptides were completed by using
the aforementioned 2D-NMR spectra (Tables S1—S66 in the
Supporting Information).”" The number of major spin systems
correlated with the number of residues for all peptides. For
HPTXaaAla, HPTAlaXaa, HPTUXaaAla, and HPTUAlaXaa
peptides, extra spin systems with very weak signals were
observed for Val and Gly residues in the TOCSY spectra. For
the HPTAlaAgp, HPTAlaAgb, HPTAlaArg, and HPTAlaAgh
peptides, other weak spin systems were also observed (Tables
$19—S22 in the Supporting Information). Importantly, the
number of residues for all peptides corresponded to the
number of major spin systems assigned based on the major
NMR signals. Chemical shift dispersion correlates to the folded
population;”* the higher the chemical shift dispersion, the
higher the folded population.”* For a given amino acid at the
guest position, among the experimental HPTXaaAla peptide,
the unfolded reference HPTUXaaAla peptide, and folded
reference HPTFXaaAla peptide, the folded reference
HPTFXaaAla peptide showed the highest dispersive chemical
shifts, whereas the unfolded reference HPTUXaaAla peptide
showed the least dispersive chemical shifts (Figure 3 and Tables
S1-S11, S23—S33, S45—S5S in the Supporting Information).
The chemical shift dispersion of the HPTXaaAla peptide was
between the corresponding unfolded reference HPTUXaaAla
peptide and the folded reference HPTFXaaAla peptide (Figure
3 and Tables S1—S11, S23—S33, S45—S55 in the Supporting
Information). As such, the relative chemical shift dispersion was
consistent with the intended relative folding for the peptides.
Similar chemical shift dispersion trends were observed for the
HPTAlaXaa, HPTFAlaXaa, and HPTUAlaXaa peptides (Tables
$12—-S22, S34—S44, S56—S66 in the Supporting Information).

Chemical shift deviation of the Ha signals (ASHa), cross-
strand NOEs, and ¥y, spin—spin coupling constants were
used to confirm hairpin formation for the folded reference
peptides and the experimental HPTXaaAla and HPTAlaXaa
peptides. Chemical shift deviation of Ha (ASHa) is defined as
the difference between the observed chemical shift and the
random coil value for the & proton.”® A positive ASHa value is
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Figure 3. Chemical shift dispersion of peptides HPTUAspAla (panel
A), HPTAspAla (panel B), and HPTFAspAla (panel C) based on the
HCa-HN region of the TOCSY spectra.

indicative of f-sheet conformation,”* whereas a negative value is
indicative of a-helical conformation.”®> In this study, the
unfolded reference peptides HPTUXaaAla and HPTUAlaXaa
were assumed to be random coil. The AdHa for the
HPTXaaAla, HPTAlaXaa, HPTFXaaAla, and HPTFAlaXaa
peptides were derived from the corresponding chemical shift
values. For these peptides, a positive ASHa was observed for

residues Argl through Val$ and residues Orn8 through Gln12,
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consistent with the formation of two f-strands (Figure 4 and
Figures SS—S8 in the Supporting Information). Furthermore,
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Figure 4. Chemical shift deviation (ASHa) for each residue in
peptides HPTAspAla (panel A) and HPTFAspAla (panel B).

the ASHa values were higher for the inward pointing amino
acid residues at the non-hydrogen bonded positions 2, 4, and 9
compared to the outward pointing residues at hydrogen
bonded positions 3, S, 8, and 10 (Figure 4 and Figures SS—
S8 in the Supporting Information). This may be due to higher
hydrophobicity at the inward pointing non-hydrogen bonded
positions compared to the outward pointing hydrogen bonded
positions.”* Also, the ASHa was higher for Thr2 compared to
Leull, most likely due to the right-handed twist of the p-
hairpin construct®***”7% and perhaps the difference in capping
(acetyl versus carboxyamide) for the two termini. The ASHa
values were close to zero for the residues at positions 7 and 8,
consistent with turn conformation.”

All cross peaks in the ROESY spectra were assigned for all
peptides. Sequential d,y(i, i + 1) NOE connectivities between
backbone protons were observed for the intended f-strands for
all peptides (Figures S9—S96 in the Supporting Information).
In contrast, the number of cross-strand NOE connectivities
between backbone protons varied considerably, following the
trends HPTUXaaAla < HPTXaaAla < HPTFXaaAla and
HPTUAlaXaa < HPTAlaXaa < HPTFAlaXaa for a given Xaa
residue at the guest position (Figures S9—S96 in the
Supporting Information). The number of cross-strand NOE
connectivities involving side chain protons followed the same
trends (Figures S9—S74 in the Supporting Information). Since
a higher number of cross-strand NOE connectivities should
represent a higher folding percentage for the intended f-hairpin
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structure, the observed trends are consistent with the intended
designs. Interestingly, most of the cross-strand NOE con-
nectivities involving side chains were diagonal (not lateral)
(Figures S9—S74 in the Supporting Information), consistent
with the t%)ical right-handed twist for A-hairpin struc-
tures 315657

The *Jxpq Spin—spin coupling constant for each residue in all
peptides was derived from the DQF-COSY spectra (Tables
$67—S72 in the Supporting Information).>® The 3/, value of
a given residue is related to the backbone dihedral ¢, which is
related to the secondary structure.”® The 3Jyy, value for a
residue in an a-helical conformation would be lower than 6
Hz,”® whereas the 3y, value for a residue in a f-sheet
conformation would be higher than 7 Hz.”® The *Jyy, of most
strand residues were higher than 7 Hz in the folded reference
HPTFXaaAla and HPTFAlaXaa peptides, suggesting a f-sheet
conformation for these residues (Tables S67 and S70 in the
Supporting Information). Similar results were obtained for the
HPTXaaAla and HPTAlaXaa peptides except for a few outliers
(Tables S68 and S71 in the Supporting Information).
Unfortunately, the ¥y, values could not be completely
determined for the unfolded reference peptides HPTUXaaAla
and HPTUAlaXaa due to signal overlap (Tables S69 and S72 in
the Supporting Information).

Fraction Folded and AGg,q. The fraction folded for each
residue of the experimental peptides was derived from the Ha
chemical shifts (Figure S and Figures S97 and S98 in the
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Figure S. Fraction folded of each residue in peptide HPTAspAla.

Supporting Information).**” The unfolded reference peptides
HPTUXaaAla and HPTUAlaXaa with Pro6 were assumed to
represent the fully unfolded form of the experimental peptides
HPTXaaAla and HPTAlaXaa, respectively.’’” Also, the
disulfide cyclized folded reference peptides HPTFXaaAla and
HPTFAlaXaa were assumed to represent the fully folded form
of the experimental peptides HPTXaaAla and HPTAlaXaa,
respectively.”’ >>*” The ratio of the chemical shift deviation
(ASHa) for a given residue of the experimental peptide
(HPTXaaAla or HPTAlaXaa) and the chemical shift deviation
of the corresponding residue of the folded reference peptide
(HPTFXaaAla and HPTFAlaXaa) gave the fraction folded for
the residue of interest in the experimental peptide (Figure $
and Figures $97 and $98 in the Supporting Information).”>**
The fraction folded of Argl and GIn12 for the HPTXaaAla and
HPTAlaXaa peptides was relatively lower than the other
residues due to end fraying effects (Figure S and Figures $97
and S98 in the Supporting Information). Furthermore, the
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fraction folded for the residues increased with increasing
distance from the N- and C-termini, reaching a maximum value
at residues ValS and Orn8, respectively. These results are
consistent with a well-folded f-hairpin conformation promoted
by the turn. For the HPTXaaAla and the HPTAlaXaa peptides,
the fraction folded of the residues on the N-terminal strand was
higher compared to the fraction folded of the corresponding
residues on the C-terminal strand with the same distance from
the corresponding termini, perhaps due to the right-handed
twist. For example, the fraction folded for Leull was
consistently lower than the fraction folded for Thr2. Focusing
on the non-hydrogen bonded inward pointing residues, the
fraction folded for positions 4 and 9 were consistently higher
than the percent folded for positions 2 and 11, most likely due
to end fraying effects.

The fraction folded for a given peptide was represented by
the average of the fraction folded for residues at positions 2, 3,
9, and 10 (Figures 6 and 7 and Tables 3 and 4).2* These
residues were selected to provide equal representation for the
hydrogen bonded (3 and 10) and non-hydrogen bonded
positions (2 and 9), avoid artifacts due to turn-promoted sheet
conformation and end fraying effects, and account for unequal
folding of the two strands. The fraction folded ranged from
19% to 40% for the HPTXaaAla peptides (Figure 6 and Table
3), whereas the values ranged from 14% to 30% for the
HPTAlaXaa peptides (Figure 7 and Table 4). The standard
deviation for the fraction folded for the peptides was 1—5%.
However, the standard deviation for the fraction folded for the
HPTXaaAla peptides was somewhat smaller than the standard
deviation for the fraction folded for the HPTAlaXaa peptides
(Figures 6 and 7 and Tables 3 and 4). The fraction folded of
the HPTXaaAla peptides with Lys analogues at the guest
position followed the trend: HPTDapAla < HPTDabAla <
HPTOmAla ~ HPTLysAla (Figure 6A). Similarly, the fraction
folded of the HPTAlaXaa peptides with Lys analogues at the
guest position followed the trend: HPTAlaDap ~ HPTAlaDab
< HPTAlaOrn ~ HPTAlaLys (Figure 7A). The fraction folded
of the HPTXaaAla peptides with Arg analogues at the guest
position followed the trend: HPTAgbAla < HPTArgAla <
HPTAghAla < HPTAgpAla (Figure 6B). Similarly, the fraction
folded of the HPTAlaXaa peptides with Arg analogues at the
guest position followed the trend: HPTAlaAgb < HPTAlaArg
~ HPTAlaAgp < HPTAlaAgh (Figure 7B). As such, the
fraction folded seemed to roughly increase with increasing side
chain length of the positively charged residue at the guest
position for peptides HPTXaaAla and HPTAlaXaa (Figures 6
and 7). The exceptionally high fraction folded for the Agp-
containing peptides (Figures 6B and 7B) may be due to the
close proximity of the bulky guanidinium group to the
backbone for Agp, because larger side chains can favor the
sheet conformation by destabilizing alternative structures
through steric interactions.”®”” The fraction folded of
HPTXaaAla peptides with Asp analogues at the guest position
followed the trend: HPTAspAla > HPTGluAla > HPTAadAla
(Figure 6C), whereas the fraction folded of HPTAlaXaa
peptides with Asp analogues at the guest position followed
the opposite trend: HPTAlaAsp < HPTAlaGlu < HPTAlaAad
(Figure 7C). These two trends for the negatively charged
residues appear to contradict one another, most likely because
the two guest positions are nonequivalent (see Discussion).

The folding free energy (AGgy) for each peptide was
derived from the chemical shift data from residues 2, 3, 9, and
10 assuming a two-state folding process for the peptides
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Figure 6. Fraction folded for the HPTXaaAla peptides (Xaa = Dap,
Dab, O, Lys, Agp, Agb, Arg, Agh, Asp, Glu, Aad).

(Tables 3 and 4).>"*” The more positive the AGgq, the less
stable the peptide S-hairpin structure. Compared to the parent
YKL peptide (H-Arg-Tyr-Val-DPro-Gly-Orn-Lys-Ile-Leu-Gln-
NH,),”>" peptide HPTAlaLys was 1 kcal/mol less stable due to
the simultaneous loss of the cross-strand diagonal Lys-Tyr
cation— interation and lateral Glu-Lys ion pairing interaction.
Compared to the analogous VKL peptide (Ac-Arg-Val-Val-Glu-
Asn-Gly-Orn-Lys-Ile-Leu-Gln-NH, ),** peptide HPTAlaLys was
0.4 kcal/mol less stable due to the loss of the cross-strand
lateral Glu-Lys ion pairing interaction. The AGg for
HPTXaaAla peptides with Lys analogues at the guest position
followed the trend: HPTLysAla ~ HPTOrnAla < HPTDabAla
< HPTDapAla (Table 3). For these four peptides, the stability
increased with increasing side chain length from one to three
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Figure 7. Fraction folded for the HPTAlaXaa peptides (Xaa = Dap,
Dab, O, Lys, Agp, Agb, Arg, Agh, Asp, Glu, Aad).

methylenes (Dap, Dab, and Orn); however, adding another
methylene to Orn (to give Lys) did not increase the peptide
stability further. Similarly, the AGgyy for HPTAlaXaa peptides
with Lys analogues at the guest position followed the trend:
HPTAlaLys ~ HPTAlaOrmn < HPTAlaDab ~ HPTAlaDap
(Table 4). These four peptides apparently could be separated
into two groups based on stability. The peptides with shorter
side chains (one and two methylenes for Dap and Dab) were
less stable compared to peptides with longer side chains (three
and four methylenes for Orn and Lys). In general, the AGgy4
appeared to decrease with increasing side chain length of the
Lys analogue, regardless of the non-hydrogen bonded guest
position. The difference in AGgyq for Lys- and Dab-containing
peptides was smaller in our guest systems (HPTAlaXaa and
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Table 3. Fraction Folded (%) and AG,, (kcal/mol)? of
HPTXaaAla Peptides

peptide fraction folded (%)“ AGgyy (keal/mol)®
HPTAspAla 37+1 0.31 + 0.02
HPTGluAla 29 +2 0.54 + 0.07
HPTAadAla 25+ 2 0.67 + 0.08
HPTDapAla 19 £2 0.85 + 0.07
HPTDabAla 24 +1 0.68 + 0.04
HPTOrnAla 28 +1 0.56 + 0.03
HPTLysAla 29+ 2 0.54 + 0.07
HPTAgpAla 40 + 3 0.23 + 0.06
HPTAgbAla 25+ 1 0.64 + 0.04
HPTArgAla 31 +2 0.47 + 0.06
HPTAghAla 34 +3 0.38 + 0.09

“Average of fraction folded for residues 2, 3, 9, and 10. bAverage of
AGg,q for residues 2, 3, 9, and 10.

Table 4. Fraction Folded (%) and AG,y (kcal/mol)? of
HPTAlaXaa Peptides

peptide fraction folded (%)“ AGgyy (kcal/mol)®

HPTAlaAsp 17+ 3 093 + 0.12
HPTAlaGlu 24 +2 0.67 + 0.06
HPTAlaAad 27+ 3 0.58 + 0.09
HPTAlaDap 16 + 1° 0.96 + 0.06°
HPTAlaDab 14 +3 1.1 +0.1

HPTAIaOrn 21 +£3 0.80 + 0.11
HPTAlaLys 22 +3 0.75 £ 0.12
HPTAlaAgp 25 + 4 0.66 + 0.12
HPTAlaAgb 19+5S 0.88 + 0.21
HPTAlaArg 27 £ 2 0.59 + 0.06
HPTAlaAgh 30+2 0.50 + 0.07

“Average of fraction folded for residues 2, 3, 9, and 10. bAverage of
AGgyy for residues 2, 3, 9, and 10. “Average of values for residues 2, 3,
and 10.

HPTXaaAla) compared to the VKL system,** most likely due
to the lack of cross-strand lateral Glu-Lys/Dab ion pairing
interactions. Apparently, the overall stability of the hairpin
system affects the energy difference upon altering the Lys side
chain length.

The AGg,yy for HPTXaaAla peptides with Arg analogues at
the guest position followed the trend: HPTAgpAla <
HPTAghAla < HPTArgAla < HPTAgbAla (Table 3). Similarly,
the AGyg,yq for HPTAlaXaa peptides with Arg analogues at the
guest position followed the trend: HPTAlaAgh < HPTAlaArg
~ HPTAlaAgp < HPTAlaAgb (Table 4). Accordingly, the
AGy,4 appeared to decrease with increasing side chain length of
the Arg analogue except for Agp, which exhibited exceptionally
low AGgq upon incorporation most likely caused by
conformation restrictions due to sterics.”®’” The overall change
in AGgyq upon altering the guanidinium bearing side chain
length was similar to the AGgy change upon altering the
ammonium bearing side chain length. The AGgy for
HPTXaaAla peptides with Asp analogues at the guest position
followed the trend: HPTAspAla < HPTGluAla < HPTAadAla
(Table 3), whereas the AGg,q HPTAlaXaa peptides with Asp
analogues at the guest position followed the opposite trend:
HPTAlaAsp > HPTAlaGlu > HPTAlaAsp (Table 4). These
two trends strongly suggest that the two non-hydrogen bonded
strand positions 4 and 9 are nonequivalent (see Discussion),
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Figure 8. The inter-residue NOEs involving side chain protons for peptides HPTAlaAsp, HPTAlaGlu, HPTAlaAad, and HPTAlaArg.

even though similar trends were observed for the positively

charged residues with varying side chain length.

B DISCUSSION

The effect of varying the side chain length on charged amino
acids at non-hydrogen bonded strand positions in a S-hairpin
was explored by NMR methods. Both positively charged and
negatively charged amino acids were investigated at a non-
hydrogen bonded position on the N-terminal strand
(HPTXaaAla peptides) and C-terminal strand (HPTAlaXaa
peptides). For peptides containing Lys analogues with varying
side chain length (Lys, Orn, Dab, Dap), the fraction folded
decreased and the AGygy increased with decreasing side chain
length (Figures 6 and 7 and Tables 3 and 4), consistent with
the trends obtained using an analogous hairpin construct.* The
stability for peptides with the guest position on the N-terminal
strand followed the trend HPTAgpAla > HPTAghAla >
HPTArgAla > HPTAgbAla (Table 3). In this series, the
fraction folded decreased and the AG,y increased with
decreasing side chain length except for the Agp-containing
peptide. Similarly, the stability for peptides with the guest

position on the C-terminal strand followed the trend
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HPTAlaAgh > HPTAlaArg ~ HPTAlaAgp > HPTAlaAgb
(Table 4). In both of these series, the Agp-containing peptides
exhibited exceptionally high fraction folded and low AGgy,
most likely because the short Agp side chain brings the bulky
guanidinium group close to the backbone to limit the backbone
conformations to sheet-like structures through steric inter-
actions with the backbone.”®”” Nonetheless, the fraction folded
and AGg,q of the Agb-containing peptides exhibited the lowest
fraction folded and the highest AGg,y (Figures 6B and 7B and
Tables 3 and 4). Interestingly, the RNA binding specificity and
cellular uptake of Tat (human immunodeficiency virus type 1,
transactivation of transcription protein)-derived peptides
increased upon shortening the Arg side chain length by one
methylene to Agb,"” perhaps suggesting the importance of low
sheet stability of Agb for both activities.

The stability trends were opposite one another for the
peptides incorporating the negatively charged Asp analogues
(Asp, Glu, Aad) at the two different non-hydrogen bonded
guest positions 4 and 9 (Figures 6C and 7C and Tables 3 and
4). The hairpin stability decreased with increasing side chain
length for peptides with the negatively charged residue at the
N-terminal strand guest position 4. This trend is the opposite
of the trend observed for the peptides incorporating Lys
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Biochemistry

analogues (regardless of the guest position). In contrast, the
hairpin stability increased with increasing side chain length for
peptides with the negatively charged residue at the C-terminal
strand guest position 9. This trend is the same as the trend for
the peptides containing Lys analogues at the guest position
(regardless of the guest position).

The guest site at position 4 for the HPTXaaAla peptides is an
inward pointing non-hydrogen bonded position on the N-
terminal strand. For residues with a given positively charged
functionality at the guest position, the hairpin stability of the
HPTXaaAla peptides increased with increasing side chain
length (except for Agp) (Table 3), consistent with increasing
sheet propensity with increasing side chain size and hydro-
phobicity.”¢~% Surprisingly, for the negatively charged residues
at guest position 4, the hairpin stability for HPTXaaAla
decreased with increasing side chain length (Table 3),
apparently contradicting current understanding of sheet
propensity. Although the guest position 4 of HPTXaaAla can
potentially interact with Gly7 through cross-strand diagonal
hydrophobic interactions, this interaction would be very weak
due to the inherent small size of Gly. The guest position 4
could also interact with Ala9 through cross-strand lateral
hydrophobic interactions, which should increase with increasing
side chain length. However, the branched bulky carboxylate
functionality can limit the backbone conformations to sheet-like
structures through steric interactions with the backbone”®”” as
the side chain length becomes shorter. This shape-based steric
argument is consistent with the repeatedly observed high
thermodgnamic sheet propensity for the f-branched amino
acids,’®™** and could also explain the exceptionally high
stability for both Agp-containing peptides (HPTAgpAla and
HPTAlaAgp). Since the overall side chain length and branching
shape of Agp is similar to Glu, the steric effect on conformation
should be present for Glu and be even more pronounced for
Asp, leading to the increased stability with decreasing side chain
length for the negatively charged residues at position 4.

The guest site at position 9 for the HPTAlaXaa peptides is an
inward pointing non-hydrogen bonded position on the C-
terminal strand. For a given side chain functionality, the hairpin
stability for HPTAlaXaa roughly increased with increasing side
chain length, consistent with increasing sheet progensity with
increasing side chain size and hydrophobicity.”*~*° However,
diagonal cross-strand interactions between positions 2 and 9
were observed in the parent YKL f-hairpin due to the right-
handed twist.”**" In the HPTAlaXaa peptides, diagonal cross-
strand NOE connectivities between Thr2 and Xaa9 were also
observed for HPTAlaAsp, HPTAlaGlu, HPTAlaAad, and
HPTAlaArg (Figures 8 and 9). Furthermore, Xaa9 may interact
with Ala4 through lateral cross-strand hydrophobic interactions,
with NOE connnectivities between the two side chains for
some of the peptides (Figures S9—S74 in the Supporting
Information). These potential cross-strand hydrophobic
interactions should increase with increasing side chain length
to stabilize the hairpin structure. The observed stability trends
for HPTAlaXaa peptides are consistent with the cross-strand
diagonal interaction with Thr2 and cross-strand lateral
interaction with Ala4, completely overriding the steric effects
of the negatively charged residues and partially offsetting the
steric effects of Agp.

The sheet forming energetics for the natural charged amino
acids (Asp, Glu, Lys, Arg) determined based on the protein G
Bl domain exhibited context dependence, ™ similar to the
work reported here. The stability of the zinc-finger host peptide
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Figure 9. Inter-residue NOEs involving side chain protons for peptide
HPTAspAla.

with charged amino acids incorporated on a f#-strand followed
the trends Asp ~ Glu and Arg > Lys based on metal ion
binding assays.”® The similar stability for Asp and Glu is
different from our results, whereas the Arg > Lys stability trend
is consistent with our results from HPTAlaXaa peptides but not
those from HPTXaaAla peptides. Although the zinc finger host
system®” is more similar to our antiparallel -hairpin compared
to the protein G B1 domain,*' ~** differences in stability trends
remain, again suggesting differences in detailed context for the
systems.

The thermodynamic effects of incorporating charged amino
acids at sheet positions in proteins provided varying trends. To
provide further insight into the incorporation of charged amino
acids at non-hydrogen bonding positions of antiparallel edge
strands in sheet structures of natural proteins, the non-
redundant protein structure database PDBselect (April 2009,
25% threshold)**®° was surveyed. Out of the 666 086 residues
in the database, 150934 adopted a sheet conformation as
defined by DSSP,*>*> amounting to around 23%. The statistical
sheet propensity for the charged residues followed the trends
Glu > Asp and Arg > Lys (Table S73 in the Supporting
Information). These same trends were observed when only
edge strands were analyzed (Table S74 in the Supporting
Information), limiting the survey to edge strands in antiparallel
P-sheets (Table S75 in the Supporting Information) or even
further limiting the survey to only non-hydrogen bonded
positions on edge strands in antiparallel sheets (Table S76 in
the Supporting Information). Interestingly, the statistical
propensity trends are consistent with our stability trends for
the HPTAlaXaa peptides but not those for the HPTXaaAla
peptides. Importantly, the statistical propensity trends for
incorporating the charged residues into sheet structures
appeared to remain constant regardless of structural context
(edge versus internal, antiparallel versus parallel, hydrogen
bonded versus non-hydrogen bonded), even though these
trends may not match all of the experimentally determined
thermodynamic trends.

B CONCLUSIONS

The effect of varying the charged amino acid side chain length
in a f-hairpin has been studied for two non-hydrogen bonded
guest positions. The hairpin stability mostly increased with
increasing side chain length for positively charged Lys and Arg
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analogues except for Agp, which provided exceptionally high
hairpin stability most likely due to sterics near the backbone. In
contrast, hairpin peptides with negatively charged Asp
analogues showed length dependence with opposite trends
depending on guest position due to the nonequivalence of the
two guest positions. Importantly, these results should facilitate
the use of charged amino acids with varying side chain lengths
to modulate sheet structure stability and to develop S-hairpin
based materials.®' %
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Materials and methods section with details of the synthesis and
characterization of the peptides, chemical shift assignment data,
chemical shift deviation data, coupling constant data, diagrams
indicating NOE connnectivities, and survey results. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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