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Effects of Chain Length and N-Methylation on a Cation—x Interaction

in a -Hairpin Peptide
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Abstract: The effects of N-methylation
and chain length on a cation—m interac-
tion have been investigated within the
context of a [-hairpin peptide. Signifi-
cant enhancement of the interaction
and structural stabilization of the hair-
pin have been observed upon Lys

force for folding upon methylation of
Lys residues. Comparison of lysine to
analogues ornithine (Orn) and diami-
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nobutyric acid (Dab) indicates that
lysine provides the strongest cation—m
interaction and also provides the most
stable (-hairpin due to a combination
of side chain-side chain interactions
and B-sheet propensities. These studies
have significance for the recognition of

methylation. Thermodynamic analysis
indicates an increased entropic driving

Introduction

The role of the cation—m interaction between a cationic resi-
due (lysine or arginine) and an aromatic residue (trypto-
phan, tyrosine, or phenylalanine) in proteins is a topic of
continuing interest due to its relevance to protein struc-
ture,!) the mediation of protein—protein interactions,” and
protein-ligand interactions.!! These interactions have been
observed in statistical analyses of protein structures!! and
even in de novo designed proteins.”) Post-translational
modifications of cationic residues in proteins play important
roles in cellular processes through the mediation of protein—
protein interactions. One example of this phenomenon is
lysine methylation in histone proteins, in which the methyla-
tion of lysine results in binding to an aromatic pocket of
chromodomain proteins, thus modulating the process of
chromatin condensation.” In general, the binding of small
molecules containing quaternary ammonium ions in protein
binding pockets lined with aromatic residues, such as the
binding of acetylcholine to acetylcholine esterase, is a well
known event in structural biology and has been utilized in
seminal studies of molecular recognition.
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methylated lysine in histone proteins.

In a previous study, we have shown that the trimethyla-
tion of lysine significantly increases the magnitude of the
cation—m interaction between a lysine and a tryptophan resi-
due in the context of a well-folded B-hairpin peptide.'! Our
current study has two aims: 1)to systematically explore
both the effect of mono, di, and trimethylation of lysine on
the magnitude of the interaction and 2) to study the influ-
ence of the proximity of the methylated ammonium group
to tryptophan with the lysine (Lys) analogues ornithine
(Orn) and diaminobutyric acid (Dab), in which the alkyl
chain is shortened by one and two methylenes, respectively
(Figure 1). By incrementally methylating the Orn and Dab
side chains in the same manner as Lys, we investigated the
optimal length for interaction of the unmethylated cationic
side chain with tryptophan and determined whether the
same chain length was still optimal upon methylation. As a
result, this study allows us to investigate the maximal inter-
action energy of the cation-w interaction within our model
system. Additionally, this study reveals the interplay be-
tween the contributions of side chain-side chain interactions
and B-sheet propensity to overall B-hairpin stability. Both (3-
sheet propensity, which is the statistical preference for a par-
ticular amino acid to adopt a (3-sheet conformation, and side
chain-side chain interactions have been shown to contribute
to B-hairpin stability.”? In this study, we find that while p-
sheet propensity decreases in the order Lys > Orn > Dab, the
magnitude of the cation—m interaction between the truncat-
ed cationic residues and Trp still increases with N-methyla-
tion, lending stability to the hairpin and offsetting much of
the destabilizing effects of low [3-sheet propensity.
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Figure 1. a) B-Hairpin peptides WXL, containing Lys, Orn, and Dab at position 9, and their methylated analogues. b) 3-Hairpin peptides WXT, contain-
ing Lys and its methylated analogues at position 9, with Leu 11 mutated to Thr. c) Cyclic peptides WXLcyc are disulfide bridged at the hairpin termini
to represent the fully folded state. The 7 mers (not shown) are used to determine the random coil chemical shifts (see the Supporting Information).
d) Structure of Lys, Orn, and Dab. ¢) Single mutant peptides VXL, in which Trp 2 has been replaced with Val. f) Single mutant peptide WSL in which
residue X at position 9 has been replaced with Ser. g) Double mutant peptide VSL in which Trp 2 has been replaced by Val and residue X at position 9
has been replaced with Ser.

Results and Discussion interaction between Lys and Trp in diagonally oriented non-

hydrogen-bonded positions on the same face of the B-hair-

Design, synthesis, and characterization: Peptides were de-
signed to exploit a known energetically favorable cation-n
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pin (Figure 1).! Due to the right-handed twist of the hairpin
fold, the cross strand diagonal positions 2 (Trp) and 9 (Lys)
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place their respective side chains in closer proximity than
the diagonal positions 4 (Glu) and 11 (Leu).”’ This creates a
favorable environment for the side chains to interact if an
attractive force exists between them. We initially studied
peptides with Leu at position 11, laterally cross-strand from
Trp 2 (Figure 1a). Due to the very high stability of the origi-
nal Leu-containing peptide series (and therefore small dif-
ferences in fraction folded, which result in large differences
in AG when near fully folded) Leu was mutated to Thr to
create a less stable series of -hairpins (Figure 1b), such that
variation in hairpin stability could be measured more accu-
rately.

Methylated amino acids were synthesized as shown in
Schemes 1 and 2. Monomethylated species were synthesized
starting with either Boc-Orn-OH (1a; Boc =tert-butoxycar-
bonyl) or Boc-Dab-OH (1b) (Scheme 1). Following protec-
tion of the side chain with o-nitrobenzene sulfonic acid,
amino acid 2 was selectively methylated in the presence of
NaOH with dimethyl sulfate. Deprotection of 3 with TFA
(TFA =trifluoroacetic acid) and reprotection with Fmoc-Cl
(Fmoc = 9-fluorenylmethyloxycarbonyl) gave 4. After solid-
phase peptide synthesis, the o-nitrobenzenesulfonyl moiety
was selectively cleaved in the presence of 2-mercaptoetha-
nol and DBU (DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene),”!
followed by cleavage from the resin with TFA. Boc-dimethyl
Orn (6a) and Boc-dimethyl Dab (6b) were prepared from
Boc-Orn (1a) and Boc-Dab (1b) by reductive methylation
in the presence of formaldehyde and H,/Pd/C (Scheme 2).1!
The Boc-protected amino acids were deprotected with TFA,
reprotected with Fmoc-OSu, and incorporated into peptides
by means of standard Fmoc solid-phase peptide synthesis.
Trimethylated species were achieved by methylation of di-
methyllysine with methyl iodide and MTBD (MTBD =7-
methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene) after peptide syn-
thesis, followed by cleavage from the resin.!!
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Peptides were characterized by mass spectrometry and
NMR spectroscopy as reported previously.® Alpha hydro-
gen (H,) chemical shifts, glycine splitting, and NOEs were
used to characterize the hairpin structure and their respec-
tive stabilities. The degree of H, chemical shifts of the hair-
pins relative to random coil values (Figure 1c—d) are used as
indicators of the degree of [3-sheet structure at each position
along the strand.'"” In the folded state, H, are shifted down-
field relative to random coil due to the inductive effects of
the amide-carbonyl cross-strand hydrogen bonds present in
B-sheets.'’] Hence, increased downfield H, shifting is evi-
dence of increased hairpin stability. Also, the magnitude of
glycine splitting has been shown to be a good indicator of
overall hairpin stability."¥ The extent of folding can be
quantified by calculating the fraction folded, as shown by
the following equation: fraction folded (f)=
[Oobs—0)/[0100—0], in which J, represents the random coil
chemical shift determined from 7 mer peptides and d, the
fully folded chemical shift determined from the cyclic pep-
tides (Figure 1). Free energy of folding is determined from
the fraction folded value by the equation AG=—RTIn(f/
(1-f).

Side chain chemical shifts were used to evaluate the prox-
imity of the cationic side chain to the Trp indole ring. Due
to the anisotropy of the aromatic ring, protons that are in
close proximity to the electron-rich face of an aromatic ring
are shifted upfield. As a result, the degree of Lys side-chain
upfield shifting is an indicator of the degree of contact be-
tween the alkyl side chain and the face of the tryptophan
ring. Finally, NOEs between cross-strand pairs of side chains
provide evidence for hairpin folding within the correct regis-
ter. These are provided in the Supporting Information.

Effects of chain length in unmethylated side chains: Com-
parison of WKL, WOrnL, and WDabL allows for the influ-
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Scheme 2. Synthesis of di- and trimethylated Orn and Dab-containing peptides.

Chem. Eur. J. 2007, 13, 5753 -5764

1) TFAICH,Cl, o)
2) Fmoc-Cl,

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0]
)N
\;\_< 1) Fmoc SPPS

H 0

. OH 2) Mel, MTBD, DMF, 4h

)n ' ' i WOrnMe or
\

WDabM
N 3) TFAITIPS/H,0, 3h abile

5

5755

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

M. L. Waters et al.

A EUROPEAN JOURNAL

ence of the chain length on the cation—n interaction to be
determined. To correct for differences in -sheet propensi-
ties of Dab, Orn, and Lys double mutant cycles were per-
formed,™ indicating that the cation—m interactions for WKL
and WOrnL are —0.3 and —0.2 (4+0.1) kcalmol™', respec-
tively. Due to the instability of the Dab single mutant hair-
pin VDabL (fraction folded=13%), large errors in the
double mutant cycles complicate a direct analysis of the con-
tribution of the side chain—Trp interaction to hairpin stabili-
ty for WDabL. However, based on the trends in upfield
shifting of the Lys, Orn, and Dab side chains (Figure 2), the
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Figure 2. Upfield shifts of Lys, Orn, and Dab side chains.

available evidence suggests that the cation-m component of
the side-chain-Trp interaction decreases with each trunca-
tion of the side chain. Indeed, for Dab it appears that there
is little or no interaction with Trp, as the upfield shifting is
<0.05 ppm at any position in the Dab side chain (Figure 2).
This suggests that Dab is too short to interact with Trp in a
diagonal orientation. The upfield shifting of Orn suggests
that the J-position is the most favorable for interaction with
Trp, but that it is not as favorable as the e-position of Lys.
Hence, Lys appears to be of the optimal length for a diago-
nal cation-m interaction.

The fraction folded of the control peptides, VKL, VOrnL,
and VDabL, in which a cation—s interaction is not possible,
provides information about the inherent 3-sheet propensity
of Orn and Dab relative to Lys. As the side chain is short-
ened, its f-sheet propensity decreases, resulting in a de-
creased fraction folded (from 37% for VKL to 29% for
VOrnL to 13% for VDabL). Hence, mutation of Lys to Orn
and Dab results in destabilization of the B-hairpin due to
the reduced f-sheet propensity even in the absence of a
cation—x interaction. Additionally, the fraction folded of the
single mutant peptides does not change significantly upon
methylation (for example, VKL (37%) and VKMes;L
(38%)). This indicates that in the case of the WX(Me),L
peptides (where X = Lys, Orn or Dab and n = 0-3), it is
indeed enhancement of the side chain-side chain interaction
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by means of methylation, and not a change in -sheet pro-
pensity upon methylation, that lends added stability to the
peptide (see discussions of methylated peptides below).

Effects of lysine methylation: peptides WK(Me),L (n=0-3):
The lysine-containing peptides WKL, WKMeL, WKMe,L,
and WKMe;L show an increase in hairpin stability with
each addition of a methyl group to the lysine side chain, re-
vealing that even monomethylation significantly stabilizes
the folded peptide (Table 1 and Figure 3a). This trend is also

Table 1. Fraction folded and stability of hairpins at 298 K.

Peptide % Folded (Gly)! % Folded (H,)"®  AG [kcalmol ']
WKL 78 (1) 76 (10) —0.76 (=0.7)
WKMeL 86 (1) 84 (13) —1.06 (—=1.0)
WKMe,L 89 (1) 84 (16) —1.26 (-1.0)
WKMe,L 92 (1) 91 (15) —1.45 (-1.4)

[a] Error is £1% as determined from the error in chemical shift.
[b] Percent folded from H, shifts is the average of the values from resi-
dues 2-5 and 8-11, excluding the turn residues and the termini. The stan-
dard deviation is in parenthesis. [c] Determined from the Gly splitting;
values in parentheses are from the H, data. Error is 0.05 kcalmol™, as
determined from the error in the chemical shift; Average error for H,
data (as calculated from the standard deviation) is 4-0.4 kcalmol .

evident in the H, shifts, which are further downfield upon
methylation, with the exception of the frayed terminal resi-
dues arginine and glutamine, which are not significantly af-
fected by methylation, and Asn in the 3 turn (Figure 3b).

The lysine side chain also exhibits increased upfield shift-
ing with each additional methylation, indicating a greater
degree of interaction with the tryptophan indole ring (Fig-
ure 3c). The ¢ methylene is the most upfield-shifted portion
of the side chain in each peptide, indicating its close proxim-
ity to the indole ring. In the case of Lys, the ¢ protons are
polarized by the neighboring cationic ammonium group,
which creates a site of favorable interaction with the face of
the aromatic ring. This is consistent with the orientation of
Lys—Trp pairs commonly observed in protein crystal struc-
tures (Figure 4).11°

To quantitatively assess the Lys—Trp interaction, double
mutant cycles were performed, by using the noninteracting
residues Ser and Val in place of Trp and Lys, respectively
(Figure 1).®! Double mutant cycles isolate the interaction
energy of the residues in question (in this case, Lys and
Trp), and extracts the contribution of this interaction to the
overall AG of hairpin folding. The single mutant peptides
(Trp2Ser and Lys9Val) account for the contribution of each
residue in the interacting pair (Trp or Lys) to -hairpin sta-
bility, while the double mutant peptide accounts for changes
in stability that may be due to differences in [3-sheet propen-
sities etc. between the native and mutant side chains.
Double mutant cycles provide Lys—Trp interaction energies
for WKL, WKMeL, WKMe,L., and WKMe;L of —0.3, —0.5,
—0.7, and —1.0 kcalmol™' (40.1 kcalmol™), respectively.
This amounts to an enhancement of the cation-r interaction
of about 0.2-0.3 kcalmol™' per methylation. The value of

Chem. Eur. J. 2007, 13, 5753 -5764


www.chemeurj.org

B-Hairpin Peptides

a) i-
0.9 -
0.8 -
0.7
3 06+
=]
K]
§ 051
S
d
w 0.4 -
0.3
0.2
01+
0 T T T
WKL WKMeL WKMe,L WKMe.L
b
O WKL
B WKMeL
0.8 1
WKMe,L
| W WKMe,L
0.6
£
o 0.4
)
=
=]
T 0.2
0 -
R W V
-0.2 1
-0.4 - Residue
c)
0.6 4
O s
0.4 g O LysMe
= LysMe,
02| | El
g =
o E
iy E]
3 04
o
=
£ o
[0}
5 -0.2 A
[}
b=
7]
-0.4
—-06 4
-0.8 «
=1 Side chain proton

Figure 3. a) Fraction folded derived from the glycine splitting.
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Figure 5. a) Thermal denaturation profiles of WK(Me),L peptides by
NMR spectroscopy. ¥: WKL, m: WKMeL, o: WKMe,L, a: WKMe;L.
b) CD spectra of WKMe;L at 0 (m) and 90°C (2).

—1.0 kcalmol™! for the interaction of trimethylated lysine
with tryptophan compares well with other literature values
for the binding of tetra-alkyl ammonium species to aromatic
rings in water: approximately 0.9 kcalmol™! per aromatic
residue in Diederich’s study of a Factor Xa binder,” and
approximately 1.1 kcalmol ™! per aromatic residue in Dough-
erty’s cyclophane receptor.l””!

The methylated hairpins WKMeL, WKMe,L, and
WKMe;L show a significant increase in thermal stability in
comparison to the parent peptide WKL (Figure 5a). By
NMR spectroscopic analysis, WKMe;L appears to be ~72 %
folded at 70°C. Interestingly, the trimethylated peptide
WKMe;L shows little or no thermal denaturation by CD
over the range 0 to 90°C (Figure 5b). The peptide WKMe;L

www.chemeurj.org
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also shows no unfolding transition over the 20 to 90°C
range when monitored by DSC. These results corroborate a
recent FTIR study of the thermal denaturation of the 3-hair-
pin peptide trpzip2, which maintains substantial residual
native structure when heated to 82°C.'"¥ Taken together,
these results support the notion that the global fB-sheet
structure of WKMe;L changes little over a wide tempera-
ture range, making it impractical to measure a thermal tran-
sition with traditional calorimetry techniques, such as DSC.
The CD spectrum gives insight into the global stability of
the hairpin, while the NMR spectrum can reveal detailed
structural changes indistinguishable by CD. Notable excep-
tions to this are the trpzip peptides, which display large exci-
ton couplings, enabling accurate determination of thermody-
namic parameters from thermal CD studies."

Analysis of the thermodynamics of folding derived from
NMR thermal denaturation reveals increasingly favorable
entropy of folding and increasingly unfavorable enthalpy of
folding with each methylation step (Table 2). The decrease

Table 2. Thermodynamic parameters® for WK(Me),L (n=0-3) peptides
at 298 K.["!

Peptide AH° [kealmol™']  AS°® [calmol™' K™'] ~ AC; [calmol™ K™']
WKL —2.8 (0.03) 6.8 (0.1) —163 (3)

WKMeL 1.7 (0.1) ~22(03) —221 (33)
WKMe,L. 0.7 (0.1) +1.8(0.4) ~207 (31)
WKMe,L  —0.1 (0.1) 4.5 (0.3) 243 (36)

[a] Determined from the temperature dependence of the Gly chemical
shift from 0 to 60°C for peptide WKL, WKMeL, and WKMe,L and from
0 to 80°C for the peptide WKMe;L. Conditions: 50 mm [D,]sodium ace-
tate, pH 4.0 (uncorrected) at 298 K, referenced to DSS. Errors (in paren-
theses) are determined from the fit.

in enthalpic favorability can be explained by the greater dis-
persion of the positive charge across the N-methyl groups in
KMe;, as can be seen from the electrostatic potential maps
in Figure 6. The increase in entropic favorability is consis-
tent with additional sites of interaction with the aromatic

Figure 6. Electrostatic potential maps of a) a lysine side chain analogue
and b) trimethylated lysine side chain analogue (Spartan: HF/6-31 g*;
scale=50 to 200 kcalmol™).?!! Chemdraw structures are included to
show the orientation of the side chain.
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ring with each additional methyl group: while the lysine side
chain in hairpin WKL has one preferred site of interaction
(the polarized ¢ methylene), the methylated peptides
WKMeL, WKMe,L, and WKMe;L have additional polar-
ized methyl groups that can interact favorably with the aro-
matic ring. In addition, the enhanced hydrophobicity of the
side chain upon methylation is also reflected by the trend in
AS. There is also a trend of increasingly favorable AC, with
each methylation, which is usually associated with an in-
creased hydrophobic effect and may be the result of in-
creased burial of the lysine side chain with each methyla-
tion.?!

WK(Me), T (n=0-3) peptides: Because the series of methy-
lated WK(Me),L peptides are so well folded (near 100 %),
we had some concern about the accuracy of the AG values,
which had been determined from the fraction folded. This is
because small changes in the fraction folded result in larger
changes in AG when the peptide is near 100% folded than
when it is near 50 % folded. Hence, we reinvestigated the
Trp-Lys(Me), interactions by using a peptide series in which
the fraction folded of the peptide containing unmethylated
Lys was only modestly folded. In addition to the cation—m
interaction, another stabilizing structural feature of this
family of p-hairpins is the hydrophobic packing of the Trp
residue with the cross-strand Leu. This interaction stabilizes
the hydrophobic core of the folded peptide, as demonstrated
by a series of lysine-containing peptides in which Leu is mu-
tated to Thr (Figure 1b), leading to a less well-folded family
of PB-hairpins (Figure 7). Thr has been observed to have a
lower B-sheet propensity than Leu in other B-hairpin model
systems.” It is also clear from the chemical shifts of the Thr
and Leu side chains from WK(Me),T and WK(Me),L pep-
tides that Thr does not interact with Trp as strongly as does
Leu (Figure 8). Hence, the observed destabilization of the
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Fraction folded

0.4 H
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0.1

0.0
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Figure 7. Fraction folded (based on glycine splitting) of WK(Me), T and
WK(Me),L (n=0-3) p-hairpins.
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Figure 8. a) Upfield shifts of Leu in WK(Me),L peptides (n=0-3). b) Up- b) 0.7 7 WOrnL
field shifts of Leu in WK(Me), T peptides (n=0-3). c) Structures of Leu 0.6 - WOrnMel
and Thr with side chain positions labeled. . W WOrnMe,l
0.5 A B WOrnMe;L
0.4 A
.. .. . .. . £ 0.3
hairpin appears to be a combination of side chain-side chain g
interactions and B-sheet propensity effects. 5 0.2
Comparison of hairpin stabilities from the WK(Me),L £ 0.1
series of peptides and the WK(Me), T series indicate that 0
the differences in energy upon each methylation are within 01{R W VvV E V G 0 X I Q
error in the two series (Table 3). This indicates that the -
values determined from the WK(Me),L series are reliable, ' e
. S d esidue
and hence, the double mutant data discussed above for the 0
WK (Me),L series is correct. Moreover, this demonstrates
the modular nature of these systems for studying noncova- & BB wOrnL
lent interactions, in that two different peptide systems pro- |WOrnMeL
vide the same information on cation— interactions. 0-3 1 M WOmPesL
B WOrnMe;L
0.1 -
E
Table 3. Comparison of hairpin stabilities in the WKL and WKT series. S-D 14
Peptide Fraction foldled ~ AG® [kcalmol '] AAG"™ [kcalmol '] i
WKL 0.78 —0.76 - -0.3 1
WKMeL 0.85 —1.04 —0.28
WKMe,L 0.89 —1.26 —-0.22 0.5 4
WKMe;L 0.92 —1.44 —0.18
WKT 0.39 0.27 -
WKMeT 0.50 —0.01 —0.27 0.7 - Side chain position
WKMe,T 063 -0.32 —031 Figure 9. a) WOrn(Me),L and WK(Me),L fraction folded from the gly-
WKMe,T 0.73 —0.58 —0.26

cine splitting. b) WOrn(Me),L H, shifts relative to random coil values.
[a] AAG®°=AG°(WK(Me),X)-AG°(WK(Me),_X), for which n=0-3 Glycine shifts reflect the splitting. ¢) WOrn(Me),L side chain upfield
and X=Leu or Thr. proton shifts relative to random coil values.
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random coil due to their proximity to the aromatic ring (Fig-
ure 9c). However, with ornithine the polarized J-position is
the most upfield shifted portion of the side chain, indicating
that it is the preferred side of interaction with the indole
ring. This is directly analogous to the Lys—Trp interaction, in
which the methylene adjacent to the ammonium group is
the preferred site of interaction with Trp. As seen in the me-
thylated lysines, the N-terminal methyl groups are signifi-
cantly upfield shifted, but less so than the 0 protons (Fig-
ure 9c).

Double mutant cycles performed for the peptides WOrnL
and WOrnMe;L show that methylation of the Orn side
chain lends added stability to the Trp—Orn interaction, just
as in the case of the Lys—Trp interaction, with the cation—m
interaction worth —02kcalmol™l in WOrnL and
—0.8 kcalmol™! in WOrnMe,;L (£0.1 kcalmol ™). The fact
that the cation—m interaction is worth slightly less in the Orn
peptides versus the Lys peptides is born out by the upfield
shifting profiles, which show less upfield shifting for the Orn
side chains than for the Lys side chains (Figure 10).

0.6
0.4 [ wornMe L
H WKMe,
0.2
£
s 0 T ’_. T |_ T T T
=
< o B ¥ 8 I3 Me
:IC’:J -0.2
—04 -
_06 -
_OB -

_1 -
Side chain proton

Figure 10. Comparison of OrnMe; and LysMe; side chain upfield shifting
profiles.

WDab(Me),L Peptides (n=0-3): In the diaminobutyric acid
(Dab)-containing peptides (WDabL, WDabMeL, WDab-
Me,L, and WDabMe;L), the trends in global hairpin stabili-
ty observed for the methylation of Lys and Orn continue
(Figure 11a): Dab is less stable than Orn or Lys. This is evi-
dent from both the fraction folded derived from the glycine
splitting and the H, downfield shifts (Figure 11b). However,
due to the shortened side chain of Dab, the preferred site of
interaction with Trp changes in comparison to Orn and Lys.
While there is some upfield shifting along the Dab side
chain (Figure 11c), the magnitude of the methylene shifts
proximal to the cation is minor compared to those observed
for both the Lys and Orn peptides (—0.95 ppm for the ¢
methylene of WKMe;L and —0.72 ppm for the 6 methylene
of WOrnMe;L versus —0.1 ppm for the y methylene of
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Figure 11. a) WDab(Me),L and WK(Me),L fraction folded comparison.
b) WDab(Me),L H, shifts relative to random coil values. Glycine shifts
reflect the splitting. c) WDab(Me), L side chain upfield proton shifts rela-
tive to random coil values.

WDabMe;L). Additionally, while the N-methyl groups of
Orn(Me), and Lys(Me), are less upfield shifted than their 6
and ¢ methylenes, respectively (Orn: 6=-0.4 versus
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—0.7 ppm; Lys: 6=-0.6 versus —1.0 ppm), the Dab(Me),
methyl groups are by far the most upfield-shifted portion of
the Dab side chain (—0.4 ppm). The Dab N-methyl groups
are at the same location as the Lys ¢ methylene. Thus, it ap-
pears that due to length restriction, the Dab N-terminal
methyl groups are the only portion of the side chain to ex-
perience significant contact with the indole ring. Double
mutant cycles for the Trp-Dab interaction possess higher
error (0.2 kcalmol ') due to the instability of the Trp to Val
single mutant peptides in the Dab series (fraction folded
~14%). Thus, they give numbers that are within error for
those of the Orn and Lys peptides (AAG = —0.3 kcalmol™!
for the Trp-Dab interaction in WDabL and AAG=
—0.9 kcalmol ! for the Trp-DabMe; interaction in WDab-
Me;L, all values £0.2 kcal mol ™). Nonetheless, the magni-
tude of the Trp-DabMe; interaction, despite the decreased
upfield shifting relative to LysMe; and OrnMe; side chains,
suggests that it may be able to interact with the Trp side
chain in a nonspecific, hydrophobic fashion (for example,
packing against the side of the ring) in addition to undergo-
ing a cation—x interaction with the face of the indole ring
via its N-terminal methyl groups. Additionally, given the
similarity of the interaction magnitudes of the cationic resi-
dues with Trp, the trends in overall hairpin stability suggest
that the Dab residues also have lower -sheet propensities
than their Orn and Lys analogues.

pH studies: It is conceivable that the shortening of the
lysine side chain to diaminobutyric acid might actually favor
the formation of a salt bridge with the cross strand glutamic
acid (Figure 1a). We have previously demonstrated the
effect of protonating the Glu in WKL by showing that low-
ering the pH increases hairpin stability.®! Consistent with
our initial observations, all peptides in the series show an in-
crease in stability upon lowering the pH, which is consistent
with hydrophobic packing of the alkyl chains of Lys, Orn,
and Dab with the alkyl group of the Glu side chain, rather
than the formation of a traditional salt bridge (Figure 12).
Furthermore, mutation of Glu to Gln eliminates the pH de-
pendence of stability. Similar hydrophobic interactions be-
tween lysine and glutamic acid have been observed in relat-
ed coiled-coil systems.?24

19 [pH1.1
091 mpH 4 |
081 mMpH7.4
T 0.7 A

7

o+

Figure 12. pH study of hairpin stability (based on glycine splitting).
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NMR structure calculation: The calculation of NMR solu-
tion structures was undertaken to further confirm our exper-
imental observations. By using the program CNSSolve, a si-
mulated annealing protocol was used in conjuction with
NMR chemical shift and NOE data to generate a number of
low-energy structures for the [-hairpins WKL and
WKMe;L.”! Shown below are selected 10 lowest-energy
structures from the simulated annealing runs (Figure 13).
The superimposed backbone structures show the hydrogen-

Figure 13. Backbones of superimposed NMR structures from simulated
annealing runs. a) WKL and b) WKMe;L.

bonding pattern expected for (3-hairpin structure and the ex-
perimentally observed fraying at the termini (Figure 13a-b).
The side-chain orientations in the average structure shown
in Figure 14 also reflect what has been observed experimen-
tally: orientation of the lysine side chain near the face of the
tryptophan ring, with the e-CH, packed into the ring, pack-
ing of the leucine with the tryptophan residue, and packing
of the glutamic acid side chain against the lysine methylenes,
with the carboxyl functionality directed away from the hy-
drophobic cluster. Unrestrained molecular dynamics simula-
tions of these average structures in explicit water with the
AMBER package indicates that these structures are stable
over several nanoseconds of simulation time and are there-
fore not overly biased by the experimental restraints in our
NMR structure calculations (Figure 15). The overall conclu-
sion from the computational data is that 1) our initial hy-
pothesis regarding the orientation of the lysine side chain
with respect to the tryptophan is correct and 2) these hair-
pins contain a tightly packed hydrophobic cluster between
residues in the non-hydrogen-bonding sites that is accurately
described by both experimental and computational data.
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a)

Figure 14. Averages of selected NMR structures from simulated anneal-
ing runs. a) WKL and b) WKMe;L.

Figure 15. Low-energy structure of peptide WKMe;L from a two nano-
second MD simulation in AMBER.

Conclusion

The enhancement of the cation—m interaction by means of
N-methylation within the context of a B-hairpin has been
thoroughly investigated. Shortening the side chain decreases
the magnitude of the observed interaction and substantially
decreases hairpin stability. Other key factors of fold stability,
including the formation of a hydrophobic cluster between
Trp, Leu, Glu, and the methylated cationic side chain, have
been shown to contribute substantially to the overall stabili-
ty of the peptides studied. The incremental modulation of
the thermodynamic profile of hairpin folding with increasing
methylation reveals the contribution of each additional
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methyl group to the interaction and suggests a thermody-
namic basis for discrimination between mono-, di-, and tri-
methylation in biological systems, as seen in the preferential
binding of trimethylated lysines by PhD domains and chro-
modomains.”! On a fundamental level, this study shows the
ability of the Lys, Orn, and Dab side chains to maintain a fa-
vorable interaction with Trp, even as the geometry of the in-
teraction appears to be changing. This is due in part to the
flexibility of our B-hairpin model system, and due to the
broad recognition surface of Trp, which makes it an easy
target to hit. Furthermore, the examination of Orn and Dab
residues versus Lys presents another means of stability con-
trol in designed proteins and receptors by the cation—m in-
teraction. One can imagine the use of these three interac-
tions to lend varying degrees of strength and specificity to
designed systems. Studying these effects in a less solvent-ex-
posed environment might lead to even better control of the
interaction. Finally, this study highlights the interplay be-
tween [3-sheet propensities, specific, and nonspecific hydro-
phobic interactions in determining the overall stability of 8-
hairpin model systems.

Experimental Section

Fmoc-monomethyl(oNBS)ornithine and Fmoc-monomethyl-
(oNBS)diaminobutyric acid (4): Boc-ornithine-OH (0.358 g, 1.5 mmol)
was taken up into NaOH (15 mL, 1N) in a 100 mL round-bottomed flask
and cooled in an ice bath. o-Nitrobenzenesulfonyl chloride (2.05 g,
9.25 mmol) was dissolved in diethyl ether (30 mL) and added dropwise
over a ten-minute period with stirring to the chilled aqueous solution by
means of a separatory funnel. After addition was complete, the two-
phase solution was allowed to warm slowly to room temperature with
vigorous stirring over 14 h. Next, the reaction mixture was transferred
into a separatory funnel, and the aqueous and organic layers were sepa-
rated. The aqueous layer was washed with ether (2x25mL), and then
chilled to 0°C. Gradual addition of HCI (1N) to pH 4 resulted in the for-
mation of a white precipitate. The chilled aqueous mixture was extracted
with several volumes of ethyl acetate (3 x50 mL). The ethyl acetate was
dried with MgSO, and the solvent removed in vacuo, yielding a clear oil
(0.327 g). The oil was subsequently taken up in NaOH (1~ 10 mL) with
stirring in a 100 mL round-bottomed flask. Dimethyl sulfate (1 mL) was
added and the solution was allowed to stir for 3 h. The reaction was fol-
lowed by TLC (CH,Cl,/MeOH 10:1). The resulting aqueous solution was
chilled to 0°C and carefully acidified to pH 4 with HCI (1N), resulting in
the formation of a white precipitate. The acidic mixture was extracted
with several volumes of ethyl acetate, which was dried with MgSO, and
evaporated in vacuo to give a yellowish oil, which was purified by means
of silica-gel chromatography (CH,Cl,/MeOH 10:1) to give compound 3.
(Yield: 0.215 g, 0.5 mmol, 33% yield). "H NMR (600 MHz, CDCl,): 6 =
7.93 (d, 1H), 7.66 (m, 2H), 7.57 (d, 1H), 5.25 (brs, 1H), 422 (m, 1H),
3.24 (m, 2H), 2.85 (s, 3H), 1.862 (m, 1H), 1.66 (m, 3H), 1.40 ppm (s,
9H); ESIMS: m/z: caled for: 431.14; found: 431.2.

Compound 3 was taken up into a solution of trifluoroacetic acid (5 mL)
in CH,Cl, (15 mL) and stirred for 30 min to remove the Boc group. After
removing the solvent in vacuo, the remaining residue was triturated with
ether, resulting in a white solid. The material was extracted into water
(10 mL), frozen, and lyophilized. The resulting compound was dissolved
in THF (25 mL) and chilled to ice temperature. DIPEA was added (caus-
ing the compound to precipitate out of solution), followed by gradual ad-
dition of Fmoc-Cl in THF (20 mL). Upon completion of addition of
Fmoc-Cl, the precipitated compound disappeared and the solution was
removed from the ice bath and stirred for 10 h. Solvent removal in vacuo
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produced a residue which was washed with several volumes of ether, and
was then carefully decanted. The remaining residue was taken up into
ethyl acetate (50 mL) and washed with water (2x10 mL). The resulting
organic solution was dried with MgSO, and evaporated to dryness, result-
ing in a clear oil. Compound 4 was purified by means of silica-gel chro-
matography (column flushed with 100 mL CH,Cl,; product eluted with
CH,Cl,/MeOH 10:1) to give a white solid (0.200 g, 0.362 mmol, 72%
yield for two steps). 'H NMR (600 MHz, CDCl;): 6 = 7.954 (d, 1H),
7.748 (d, 2H), 7.652 (m, 2H), 7.58 (m, 3H), 7.384 (dd, 2H), 7.299 (dd,
2H), 5.325 (d, 1H), 4.405 (s, 2H), 4.208 (t, 1H), 3.320 (m, 1H), 3.238 (m,
1H), 2.862 (s, 3H), 1.96 (m, 1H), 1.70 ppm (m, 3H); ESIMS: m/z: calcd
for: 553.15; found: 553.2.

An identical procedure was followed for the synthesis of Fmoc-monome-
thyldiaminobutyric acid (oNBS), by using Boc-diaminobutyric acid
(0.358 g, 1.64 mmol). The product was isolated as a clear oil (0.180 g,
0.334 mmol). 'H NMR (600 MHz, CDCL;): § = 7.928 (d, 1H), 7.739 (d,
2H), 7.655 (m, 2H), 7.57 (m, 3H), 7.373 (dd, 2H), 7.30 (dd, 2H), 5.478
(d, 1H), 4.463 (s, 2H), 4.234 (t, 1H), 3.334 (m, 1H), 3.213 (m, 1H), 2.885
(s, 3H), 2.195 (m, 1H), 1.855ppm (m, 1H); ESIMS: m/z: caled for:
539.14; found: 539.2.

Fmoc-dimethyl ornithine and Fmoc-dimethyl diaminobutyric acid (6a):
Boc-ornithine 1a (0.175 g; 0.75 mmol) was taken up in MeOH (10 mL) in
a 100 mL round-bottomed flask with stirring. Formaldehyde (340 uL,
37 %, 11 mmol) was added to the solution, which was then allowed to stir
for 5 min. The flask was flushed with N,, followed by the addition of
0.33 g of 10% Pd/C. Next, the flask was plugged with a rubber septum
and flushed with H, gas. A balloon of H, was attached, and the reaction
stirred for 24 h. The contents of the flask were then filtered to remove
the catalyst and the solvent removed in vacuo to give compound Sa. The
reaction was monitored by TLC (CH,Cl,/MeOH 5:1) with ninhydrin
staining. Reaction completion was confirmed with RP-HPLC (C18
column; gradient of 5-60% CH;CN in water over 30 min). 'H NMR
(600 MHz, CDCl;): 6 = 5.66 (s, 1H), 4.04 (s, 1H), 2.94 (m, 1H), 2.76 (m,
1H), 2.66 (s, 6H), 1.72-1.81 (m, 3H), 1.52-1.60 (m, 1H), 1.38 ppm (s,
9H); ESIMS: m/z: caled for: 260.17; found: 260.2. Compound Sa was
taken up into a solution of trifluoroacetic acid (5 mL) and triisopropylsi-
lane (250 mL) in CH,Cl, (15 mL) and stirred for 30 min to remove the
Boc group. After removing the solvent in vacuo, the remaining residue
was triturated with ether, resulting in an oily precipitate. The material
was extracted into water (10 mL), frozen, and lyophilized to dryness. The
resulting oil was then dissolved in water (10 mL) and added to a 100 mL
round-bottomed flask equipped with a stirbar. Sodium carbonate
(2.3 mmol, 0.240 g) was added to the solution, followed by dioxane
(5 mL). The resulting solution was stirred for 10 min at 0°C. Fmoc-OSu
(0.825 mmol; 0.278 g) was dissolved in dioxane (5 mL) and added drop-
wise to the ice-cold solution over 10 min. The resulting mixture was
stirred for 1h at 0°C and 16 h at room temperature. The reaction was
followed by TLC (CH,Cl,/MeOH 10:1, ninhydrin staining). The mixture
was then washed with ether (2x25mL) and acidified with HCI (1N) to
pH 3. The acidic solution was extracted with ethyl acetate (4 x50 mL),
dried with sodium sulfate, and the solvent was removed in vacuo to give
0.252 g (0.659 mmol, 88% yield for two steps) of compound 6a as an
amorphous white solid. "H NMR (600 MHz, CDCL;): 6 = 7.710 (d, 2H),
7.559 (dd, 2H), 7.346 (dd, 2H), 7.252 (dd, 2H), 6.149 (d, 1H), 4.304 (m,
2H), 4150 (t, 1H), 3.111 (m, 1H), 2.984 (m, 1H), 2.746 (s, 6H), 1.90-
1.96 (m, 1H), 1.77-1.84 ppm (m, 3H); ESIMS: m/z: calcd for: 382.19;
found: 382.3.

An identical procedure was followed for the synthesis of Fmoc-dimethyl-
diaminobutyric acid, by using Boc-diaminobutyric acid (0.164 g;
0.75 mmol), 30% formaldehyde (340 pL), Pd/C (0.033g) in MeOH
(10mL), and H,0 (1 mL). 'HNMR (600 MHz, CDCL): 6 = 5.85 (s,
1H), 3.95 (s, 1H), 3.11 (m, 1H), 2.96 (m, 1H), 2.68 (s, 6H), 2.05-2.19 (m,
2H), 1.40 ppm (s, 9H). ESIMS: calcd: 246.16; found: 246.2. Deprotection
with TFA and reprotection with Fmoc-OSu by an identical procedure
gave 0.173 g of compound 7b as a clear oil (0.47 mmol, 63% yield for
two steps). '"HNMR (600 MHz, CDCL,): 6 = 7.737 (d, 2H), 7.590 (m,
2H), 7.374 (dd, 2H), 7.289 (dd, 2H), 6.239 (s, 1H), 4.331 (m, 2H), 4.185
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(t, 1H), 3.160 (m, 1H), 3.045 (m, 1H), 2.739 (s, 6H), 2.16-2.28 ppm (m,
2H); ESIMS: m/z: calcd for: 368.17; found: 368.2.

Trimethylated lysine, ornithine, and diaminobutyric acid: Trimethylated
amino acids were synthesized by following the procedure of Kretsinger
and Schneider.'!!" The peptides were synthesized by using Fmoc-
Lys(Me),-OH purchased from either Anaspec, Bachem, Fmoc-Orn(Me),-
OH or Fmoc-Dab(Me),-OH synthesized by methods described above.
The dimethylated amino acid-containing peptides (0.100 mmol scale)
were reacted prior to cleavage from the resin with MTBD (18 uL,
0.125 mmol) and methyl iodide (62 uL, 1 mmol) in DMF (5mL) for 4 h
with bubbling N, in a peptide synthesis flask stoppered with a vented
septum. After washing the resin with DMF (3x), CH,Cl, (3x), and
drying, the peptide was cleaved with a cocktail of 90% TFA/5% Triiso-
propylsilane/5 % H,O for 3 h. The peptide was then purified by standard
HPLC methods.

Peptide synthesis and purification: Peptide synthesis was performed on
an Applied Biosystems Pioneer peptide synthesizer by using standard
FMOC solid-phase peptide synthesis methodology. Non-commercially
available amino acids were in some cases coupled by hand. Peptides
were purified with reverse-phase HPLC, lyophilized, and characterized
by MALDI or ESI-TOF mass and NMR spectroscopy.

NMR spectroscopy: NMR samples were made in concentrations of ap-
proximately 1 mm and analyzed on a Varian Inova 600 MHz spectrome-
ter. Samples were dissolved in D,O buffered to pD 4.0 (uncorrected)
with 50 mm [D;]NaOAc, unless otherwise noted. Amine and amide reso-
nances were assigned in 60% H,O solutions. 'D NMR spectra were col-
lected by using 32 K data points and between 8 and 64 scans by using a
1-3 s presaturation. All 2D NMR experiments used pulse sequences from
the Chempack software including TOCSY, DQCOSY, gCOSY, and
NOESY. D NMR scans were taken with 16-64 scans in the first dimen-
sion and 64-256 scans in the 2nd dimension. All spectra were analyzed
by using standard window functions (Sinebell and Gaussian). Mixing
times of 0.5 or 0.6 s were used in the NOESY spectra. Assignments were
made by using standard methods as described by Wiithrich.””! Tempera-
ture calibrations were made by using MeOH and ethylene glycol stand-
ards.

pH studies: Three buffer solutions in D,O were used to analyze the sensi-
tivity of peptide stability to changes in pH: pH 7.4 (10 mm sodium phos-
phate buffer), pH 4 (50 mm sodium acetate buffer), and pH 1.10 (phos-
phoric acid buffer). pH values uncorrected for deuterium isotope effects.

NMR structure calculation and MD simulation: NOEs were classified as
strong, medium, or weak by visual inspection. Accordingly, upper bounds
for distance restraints were set at 5.0, 3.5, or 2.5 A NMR structures
were calculated by using a simulated annealing protocol within the pro-
gram CNS Solve.”! Hydrogen bonds were enforced with upper limits of
2.0 A and assigned based on backbone amide shifts (see the Supporting
Information). In the calculation of WKL, 23 nonsequential NOEs were
used and 34 nonsequential NOEs were used in the calculation of the
structure of WKMe,L.. All available backbone amide, H,, and side-chain
"H chemical shifts were also employed in the calculations by a harmonic
potential with a primary chemical shift force value of 10 (61 observed
chemical shifts; random coil values taken from 7 mers). Two rounds of si-
mulated annealing were employed in each calculation. In the first, 200
structures were generated from an extended starting structure. In the
second, 50 structures were generated starting from an averaged folded
structure taken from the initial run. The best structures were selected
from the second run based on total energy and visual inspection and
averaged. The average structures were subjected to an additional uncon-
strained conjugate gradient minimization.

The resulting average structure for WKMe,;L was used as the starting
structure for an MD run in explicit water in AMBER.? Non-natural res-
idues were constructed in xLeap and parameterized based on existing
residues with scaled RESP charges (included in the Supporting Informa-
tion). The starting structure was solvated in an octahedral box by using
TIP3P water and the system charge neutralized with two chloride ions.
The solvated system was minimized and then equilibrated by heating
from 0 to 300 K over 20 ps. Finally, production MD were run at 300 K by
using PME electrostatics and periodic boundary conditions within
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Amber ff99. The lowest-energy structure was selected from the 2 ns run
for demonstrative purposes. Additional simulation parameters and run
data are given in the Supporting Information.
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