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Abstract: Protein post-translational modifications (PTMs) are used in nature as a means of turning on or
off a myriad of biological events. Methylation of lysine and phosphorylation of serine are important PTMs
in the histone code found to modulate chromatin packing, which in turn affects gene expression. The design
of peptides that fold into secondary structures can help to further our understanding of complex protein
interactions. Here we report the design of the Trpswitch peptide sequence that folds into a moderately
stable �-hairpin structure in aqueous solution and show that the stability of the structure can be tuned by
incorporation of dimethyllysine or phosphoserine. Dimethylated Trpswitch results in an increase in �-hairpin
stability, while phosphorylated Trpswitch is unstructured at neutral pH. When both modifications are
incorporated into Trpswitch, a less stable �-hairpin structure is observed. This system provides a model to
demonstrate how multiple PTMs may work in concert or against each other to influence structure.

Introduction

In biology, many cellular processes are regulated using
chemical modification to proteins, resulting in activation or
deactivation of a specific function. Gene regulation can be
controlled by modification of the histone proteins that package
DNA. Currently, there is extensive work on understanding how
modifications to histone proteins affect gene transcription often
referred to as the “histone code”.1,2 Not only do these modifica-
tions affect cell differentiation, it is becoming clear that altered
histone modification profiles are present in diseases.3 In fact,
misregulation of histone modifications is involved in malaria4

and mental disorders5,6 and is being extensively studied in
cancers.3 Increased understanding of the histone code not only
will further our understanding of fundamental biological
processes but also may lead to new insights for treatment of
diseases.

Two prevalent modifications to the N-terminal tail of the H3
histone protein known to affect gene transcription are phos-
phorylation of serine 10 and methylation of lysine 9.7 Methyl-
ation of lysine 9 of the H3 histone triggers binding of
heterochromatin protein 1 (HP1), which results in a restructuring
of the chromatin structure that inhibits gene transcription. The
methylated lysine binds through an aromatic cage in HP1 which
only binds to di- and trimethylated lysine.8 This binding is driven
by cation-π interactions between methylated lysine and the

aromatic cage.9 Work from the Allis laboratory has shown that
binding of HP1 to histone 3 is inhibited when serine 10 of
histone 3 is phosphorylated, thus allowing for transcription to
occur.7 The phosphorylation of serine 10 on histone 3 disrupts
a favorable hydrogen bond with a glutamic acid residue in the
bind groove of HP 1 and results in a charge-charge repulsion.7

More recently, characterization of Chp1 chromodomain, another
methylated lysine 9 recognition domain that utilizes an aromatic
binding pocket, has shown that phosphorylation of serine 10
strongly reduces the Chp1 binding affinity to the histone 3 tail.10

While phosphorylation is a widely recognized PTM, until
recently, Lys methylation was only known to occur in histone
proteins. With the recent discovery of methylated Lys in non-
histone proteins,11 the question arises as to whether the opposing
effects of neighboring Lys methylation and Ser (or Thr or Tyr)
phosphorylation may be a general post-translational switching
mechanism. There are now a number of model systems that
have investigated the effect of a single PTM on peptide or
protein folding,12-26 but little work has focused on the collective
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impact of multiple PTMs that appear to be critical in the histone
code. Thus, using phosphorylation and methylation, we have
designed a molecular switch peptide to investigate the combined
effect of these modifications in a model system. These studies
provide fundamental insight into how PTMs can affect protein
structure and folding.

Results

System Design. The Trpswitch �-hairpin peptide was based
on previously reported �-hairpin systems.27 The structure of the
Trpswitch peptides is given in Figure 1. The lysine at position
2 is located on the non-hydrogen-bonding (NHB) face of the
�-hairpin cross-strand from a tryptophan pocket. Because the
side chains of the �-hairpin interdigitate, Lys2 is wedged
between the two Trp side chains, whereas Ser4 is packed against
the opposite side of Trp9 (Figure 1b). Thus, direct interaction
between Lys2 and Ser4 or phosphoserine (pSer) 4 is not possible
in the folded state.

Placing Lys across from a pair of Trp residues was found to
be highly stabilizing in the previously reported Trp pocket
peptide;27 however, now the tryptophan pocket is oriented on
the C-terminal chain of the �-hairpin instead of the N-terminal
chain. Dimethylated lysine is known to have a more favorable
interaction with the tryptophan cleft in the Trp pocket peptides
than Lys,27 so it is expected that the incorporation of dimeth-
yllysine (KMe2) at position 2 will increase overall folding. The
Ser at position 4 on the NHB face is located cross-strand from
Trp9 and is not expected to have any unfavorable interactions
until it is phosphorylated, causing a disruption in the �-hairpin
structure as seen in similar �-hairpin systems.28

Trpswitch Peptide Structure Studies. Structural studies were
performed on the Trpswitch peptide and its variants using NMR
spectroscopy and circular dichroism (CD). Downfield chemical
shifts of the R-hydrogens (HR) from random coil values are
indicative of �-hairpin structure and can be used to determine
the extent of folding.29-32 A downfield shift of g0.1 ppm of at
least three consecutive residues from the random coil value
indicates �-sheet structure (Figure 2a).30 The peptides Trpswitch,
Trpswitch-Me2, and Trpswitch-Me2/PO3 all exhibit downfield
shifting of at least 0.1 ppm for residues in the strands with the
exception of Ser4 and Val5, which are upfield shifted due to
shielding from cross-strand indole rings of Trp at position 9.
The peptide Trpswitch-PO3 is shown to be unstructured with
little difference from random coil values. The extent of folding
into a �-hairpin structure was quantified using two methods
described in the Experimental Section involving the splitting
observed for the diastereotopic glycine R-protons in the turn
and the extent of HR shifting per residue compared to the fully
folded cyclic control.31-33 Using these methods, Trpswitch is
calculated to be approximately 65% folded in aqueous solution
(Table 1). Trpswitch-PO3 folding is negligible, and the peptide
is considered unstructured. Incorporation of pSer results in a
net destabilization of at least 2.0 kcal/mol relative to the
unmodified Trpswitch. Trpswitch-Me2 is calculated to be
approximately 86% folded, which is a 0.7 kcal/mol increase in
stability (Table 1). The doubly modified peptide Trpswitch-Me2/
PO3 is calculated to be about 30% folded and has approximately
a 0.9 kcal/mol decrease in stability when compared to the
unmodified Trpswitch (Table 1).34

CD was also employed to confirm the �-sheet structure of
these peptides (Figure 2b). The �-sheet structure is characterized
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Figure 1. (a) Structure of the Trpswitch series of peptides. The ammonium group of lysine at position 2 in blue is dimethylated in Trpswitch-Me2 and
Trpswitch-Me2/PO3 peptides. The hydroxyl group of serine at position 4 in red is phosphorylated in Trpswitch-PO3 and Trpswitch-Me2/PO3 peptides. (b)
Schematic representation of the Trpswitch series of peptides demonstrating the interdigitating nature of residues 2, 4, 9, and 11. Gray bars represent Trp.
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by a minimum between 210 and 215 nm, while the random
coil structure is characterized by a minimum around 198 nm.
The spectra of Trpswitch and Trpswitch-Me2 have large minima
at 215 nm, confirming that these are well-folded �-hairpins.
Trpswitch-Me2 is more folded than Trpswitch by CD, which
correlates well with the NMR data. Trpswitch-PO3 has a large
minimum at 198 nm, which is expected since this peptide is
unfolded by NMR. The CD spectrum of Trpswitch-Me2/PO3
appears as a mixture between unfolded and �-sheet structure
with a minimum around 198 nm and a shoulder at 215 nm that
is consistent with the NMR data estimating that this peptide is
only 30% folded.

Methylation of Lysine Results in Increased �-Hairpin
Stability. The unmodified Trpswitch peptide is moderately
folded, allowing for its stability to be increased or decreased
upon modification. Incorporation of KMe2 results in a more
stable �-hairpin as was seen in the similar Trp pocket peptide.27

The increase in �-hairpin stability in the Trpswitch-Me2 peptide
is due to more favorable interaction of the dimethylammonium
group with the two cross-strand Trp indole rings. This is
observed in NMR by the upfield shifting of the KMe2 side
residues relative to random coil values (Figure 3). The greater
upfield shifting observed indicates increased interaction of the
lysine side chain with the tryptophan pocket. Comparison of
the extent of side chain residue upfield shifting of lysine 2
between Trpswitch and Trpswitch-Me2 also shows an interesting
trend: the δ- and ε-methylene protons in Trpswitch experience
approximately the same amount of upfield shifting, and the
γ-methylene experiences little upfield shifting, whereas Trpswitch-
Me2 shows a progressive increase in upfield shifting of the

methylene hydrogens from the γ- to ε-position. This difference
in upfield shifting along the lysine side chain suggests that lysine
and dimethylated lysine interact differently with the cross-strand
tryptophans. Trpswitch-Me2/PO3 also exhibits some upfield
shifting of dimethylated lysine but to a much lesser extent
compared to Trpswitch and Trpswitch-Me2, which suggests that
this lysine interacts to some extent with the tryptophans,
retaining some �-hairpin-like structure, which correlates with
HR shift and CD data. The lysine in Trpswitch-PO3 exhibits
some slight upfield shifting that is difficult to interpret given
the minimal folding of this peptide.

NOESY an ROESY NMR experiments were also performed
on the more stable Trpswitch and Trpswitch-Me2 peptides to
further confirm �-hairpin formation and specific side chain
interactions (Figure 4).35 Trpswitch has cross-strand NOEs
between Trp9 and Lys2 as well as Ser4. Interaction between
residues 2 and 9 is expected to be quite favorable due to the
twist of the �-hairpin which has been observed in similar model
�-hairpins.20-22,27,36-38 The cross-strand NOEs between these
residues further confirm proper strand register. It appears that
Trp11 has little contact with Lys2, or else the nature of this
interaction is highly dynamic, resulting in no observed long-
range NOEs. Trpswitch-Me2 exhibits more cross-strand interac-

(34) For comparison, we found no significant difference in the HR chemical
shifts of the unfolded peptides corresponding to residues 1-7,
indicating that the modifications did not measurably affect the unfolded
state. See the Supporting Information.

(35) NOESY experiments gave a larger amount of cross-peaks than ROESY
experiments, but the ROEs that were observed were consistent with
the corresponding NOEs observed for each peptide. .

Figure 2. (a) HR chemical shift differences from random coil controls. The Gly bars reflect the HR splitting. Conditions: 293 K, 50 mM potassium phosphate
in pD 7.0 buffer (uncorrected), referenced to DSS. (b) Circular dichroism spectral comparison of Trpswitch peptides at 298 K in 10 mM sodium phosphate
pH 7.0 buffer.

Table 1. Fraction Folded and ∆G of Folding for �-Hairpin
Peptidesa

peptide
fraction folded
(Gly splitting)b

fraction folded
(HR)c

∆G(folding)
(kcal/mol)

∆G(Trpswitch-
x-Trpswitch)

(kcal/mol)

Trpswitch 0.68 ( 0.01 0.65 ( 0.02 -0.37 ( 0.02
Trpswitch-PO3 0 ( 0.01 0.05 ( 0.07 1.7 ( 1.0 2.07 ( 1.0
Trpswitch-Me2 0.89 ( 0.01 0.86 ( 0.08 -1.11 ( 0.08 -0.73 ( 0.08
Trpswitch-Me2/PO3 0.43 ( 0.01 0.30 ( 0.08 0.5 ( 0.2 0.87 ( 0.2

a Values calculated from data obtained at 20 °C, 50 mM potassium
phosphate-d2, pD 7.0 (uncorrected), referenced to DSS. b Error
determined by chemical shift accuracy on the NMR spectrometer.
c Average of the HR values from Val3, Val5, Orn8, and Ile10. The
standard deviation is also given. Figure 3. Lysine 2 side chain chemical shift from random coil values.

Conditions: 20 °C, 50 mM potassium phosphate-d2, pD 7.0 (uncorrected),
referenced to DSS.
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tions between the lysine side chain and the two tryptophans,
suggesting a more rigid and stable �-hairpin structure than that
of the unmethylated Trpswitch. Some of the cross-strand NOEs
observed for Trp9 and Lys2 are different between Trpswitch
and Trpswitch-Me2, suggesting that the tryptophans adopt
different conformations in the two peptides, in agreement with
the lysine upfield shifting data.

Thermal denaturations were performed on the well-folded
peptides Trpswitch and Trpswitch-Me2 to obtain thermodynamic
parameters for folding and gain insight into the driving forces
involved in �-hairpin stabilization. Peptide unfolding was
monitored by NMR (Figure 4) using the extent of glycine
splitting to determine the fraction folded as described in the
Experimental Section. The data were fit to obtain the ∆H°, ∆S°,
and ∆Cp° of folding using the method reported by Searle (eq 4
in the Experimental Section) (Table 2).39 Trpswitch-Me2 has a
larger enthalpic component than the unmodified Trpswitch and
a similar entropic penalty for folding. The increased enthalpy
of folding for Trpswitch-Me2 can be explained by a stronger
cation-π interaction between the tryptophan cleft and the
dimethyllysine relative to unmethylated lysine. A cation-π
interaction of the positively charged lysine with tryptophan has
been shown to be a major stabilizing force in many �-hair-
pins.20,37,40,41 In these previously reported systems, methylation
of lysine results in a change of the driving force for folding
from enthalpic to entropic due to more favorable hydrophobic

packing of the methyl groups with the tryptophan along with
an increased number of favorable conformations. However, this
is not what is observed in the Trpswitch system. The cation-π
interaction is stronger with dimethyllysine in Trpswitch-Me2,
which is indicated by the more favorable ∆H° of folding as
well as greater upfield shifting of the dimethylated lysine side
chains. This discrepancy may be due to the positioning of the
tryptophan cleft and the lysine, where in the Trp Pocket system
the tryptophan cleft is located on the N-terminal strand of the
hairpin and the lysine is close to the more ordered turn region.27

The lysine and the tryptophans may not adopt an optimal
cation-π interaction in Trpswitch until it is methylated, thus
promoting a more stable �-hairpin conformation. This hypothesis
is supported by the NOE data for Trpswitch, which indicate
that Lys2 has very few contacts with Trp9, suggesting that lysine
is highly dynamic, and thus, a large entropic penalty is observed
in the more stable Trpswitch-Me2, which must order this side
chain to obtain a favorable interaction.

Destabilization of Trpswitch by Phosphoserine. Peptide
systems have been reported that exhibit a loss in secondary
structure or local conformation due to phosphorylation of key
residues.13,16,17,26,28,42 Disruption of R-helical peptides has been
observed when residues within the helix are phosphorylated.13,17,26

For example, peptide studies on the PEST sequence in the E2
protein from the papillomavirus have shown that serine phos-
phorylation of this region destabilizes the intrinsic R-helical and
polyproline II structure.16 The destabilization that occurs when
Ser4 is phosphorylated in Trpswitch-PO3 and Trpswitch-Me2/
PO3 is primarily the result of unfavorable cross-strand anion-Trp
interaction as was reported in similar �-hairpin systems.28 The
repulsive interaction can be attributed to an unfavorable
anion-π or charge-hydrophobic interaction between the nega-
tively charged phosphate and the electron-rich and hydrophobic
indole ring of the cross-strand tryptophan. Phosphorylation may
also result in a change in structure due to stabilization of the
unfolded state via a Lys2-pSer4 interaction that is not possible
in the folded state. However, previous studies of phosphorylation
in a peptide that contained the cross-strand Trp but without Lys
at the i - 2 position indicate that the Lys residue is not necessary
for phosphorylation to induce unfolding.28

As was observed in previously reported phosphorylated
hairpins,28 the �-hairpin structure is not as destabilized in
Trpswitch-PO3 and Trpswitch-Me2/PO3 at lower pH, where

(36) Cochran, A. G.; Skelton, N. J.; Starovasnik, M. A. Proc. Natl. Acad.
Sci. U.S.A. 2001, 98, 5578–5583.

(37) Tatko, C. D.; Waters, M. L. Protein Sci. 2003, 12, 2443–2452.
(38) Tatko, C. D.; Waters, M. L. Protein Sci. 2004, 13, 2515–2522.
(39) Maynard, A. J.; Sharman, G. J.; Searle, M. S. J. Am. Chem. Soc. 1998,

120, 1996–2007.
(40) Hughes, R. M.; Benshoff, M. L.; Waters, M. L. Chem.sEur. J. 2007,
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(42) It should be noted that phosphorylation also can stabilize the structure
as well, making this post-translational modification very context
dependent. See refs 13-15, 43, and 44 for examples. .

Figure 4. NOEs of cross-strand residues on the NHB face in (a) Trpswitch and (b) Trpswitch-Me2.

Table 2. Thermodynamic Parameters for Folding at 298 K for
Trpswitch and Trpswitch-Me2 Peptidesa

peptide ∆H° (kcal/mol) ∆S° (cal/(mol K)) ∆Cp° (cal/(mol K)) ref

Trp K pocket -10.9 ( 0.8 -28 ( 3 -100 ( 21 27
Trp KMe pocket -2.8 ( 0.2 -1.6 ( 0.7 -311 ( 8 27
Trpswitch -6.88 ( 0.8 -22 ( 0.2 -55 ( 9 this work
Trpswitch-Me2 -8.1 ( 0.1 -23.9 ( 0.4 -60 ( 11 this work

a Conditions: 50 mM sodium acetate-d4, pH 4.0 (uncorrected),
referenced to DSS. Error obtained through thermal data fitting of eq 4
(see the Experimental Section).
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the phosphate group is protonated, thus reducing its charge
(Figure 6 and Table 3). Since the extent of folding is not
completely regained at pH 1.2, where the phosphate group is
neutral, phosphoserine could also prohibit the more stable
hairpin structure through steric clash of the side chains or poorer
�-sheet propensity.

Enzymatic Phosphorylation of Trpswitch. To assess whether
the Trpswitch peptide can be enzymatically phosphorylated by
a kinase, Trpswitch and Trpswitch-Me2 were incubated with
the catalytic subunit of protein kinase A (PKA) from bovine
heart. After 24 h all of the Trpswitch peptide was converted to
Trpswitch-PO3, as confirmed by mass spectrometry. Trpswitch-
Me2 was also phosphorylated, but the reaction was not complete
after 24 h (see the Supporting Information). The reduced rate
of phosphorylation could be due to the greater stability of the
folded state or because KMe2 is a poor substrate for PKA. To
address this, unstructured control peptides consisting of residues
1-7 of the Trpswitch and Trpswitch-Me2 sequences were also
enzymatically phosphorylated by PKA (see the Supporting
Information). Again, the unmodified lysine control peptide was
completely phosphorylated after 24 h, while the dimethylated
lysine control was slower to phosphorylate. This indicates that
the secondary structure of the substrate does not affect the
enzyme specificity of this system, but that KMe2 is not an
optimal residue for substrate recognition of PKA, thus causing
a decrease in the rate of phosphorylation. Thus, not only does
methylation of Lys stabilize the folded state, but it has the ability
to act as an inhibitor of phosphorylation in some cases, thereby
maintaining the folded or “on” state. There are a number
of such examples of cross-talk between different histone
PTMs,2,43-45 including the inhibition of histone H3 Ser10
phosphorylation by Ipl1/aurora kinase when H3 Lys9 is dim-
ethylated.46

Discussion and Conclusions

Using a �-hairpin tryptophan cleft motif, we have designed
a moderately folded �-hairpin peptide whose stability can be

tuned on the basis of the type of post-translational modification
present, recapitulating the effects of Lys methylation and Ser
phosphorylation observed in the histone 3-HP1 chromodomain
interaction.7 The mechanism for stabilization of the folded state
via enhanced cation-π interactions between the alkylated
ammonium group and an aromatic pocket is similar to the
mechanism employed in the native protein-protein interaction.8,9

In contrast, the destabilization of the folded state via phospho-
rylation in this model system differs mechanistically from the
native protein-protein interaction. In the native system, phos-
phorylation appears to inhibit binding of the HP1 chromodomain
to the histone tail via electrostatic repulsion between the
phospho-Ser and several glutamate residues in the chromo-
domain.7 In the model system, however, unfolding is attributed
to an unfavorable anion-Trp interaction.28 This is an under-
explored unfavorable interaction that may be important in other
phosphorylation-induced signaling pathways. Nonetheless, this
model system demonstrates molecular recognition principles by
which two opposing PTMs can control biomolecular interactions.

In addition to providing insight into how two PTMs may act
in concert to control biomolecular structure or function, this
work provides a new mechanism with which to control folding
that adds to the body of work on switchable peptides and
proteins. Many conformational switch peptides have been
designed as models for complex structural transitions found in
nature, including peptides that switch between different folding
motifs,47-52 from a folded to unfolded state or vice versa,53-55

or from a folded to an aggregated state.53,56-65 Switchable
systems have been developed to respond to a wide range of
stimuli,48,66 including pH,47-50,53,56,60 temperature,48,51,61 salt
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Figure 5. Thermal denaturation of Trpswitch (green) and Trpswitch-Me2
(blue). The values were calculated from data obtained in 50 mM sodium
acetate-d4, pH 4.0 (uncorrected), referenced to DSS. The fraction folded
was calculated from the extent of Gly splitting.
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concentration,48,63 metal ions,48,51,52,59,64,67,68 redox conditions,69,70

binding,54 and phosphorylation.28,55,65 The switch peptide
presented here demonstrates the ability to use opposing PTMs
to control the extent of folding. The Trpswitch peptide lends
itself as a starting point to design more complex peptide systems
that rely on post-translational modifications to tune structure,
resulting in a loss or gain of structure and/or function.

Experimental Section

Synthesis and Purification of Peptides. Peptides were synthe-
sized by automated solid-phase peptide synthesis on an Applied
Biosystems Pioneer peptide synthesizer using Fmoc-protected amino
acids on a PEG-PAL-PS resin. Fmoc-[N]-protected and benzyl-
[O]-protected phosphoserine and dimethylated Fmoc-protected
lysine were purchased from AnaSpec. Activation of amino acids
was performed with HBTU and HOBT in the presence of DIPEA
in DMF. Peptide deprotection was carried out in 2% DBU (1,8-
diazabicyclo[5.4.0]undec-7-ene) and 2% piperidine in DMF for
approximately 10 min. Extended cycles (75 min) were used for
each amino acid coupling step. All control peptides where acetylated
at the N-terminus with 5% acetic anhydride and 6% lutidine in
DMF for 30 min. Cleavage of the peptide from the resin was
performed in 95:2.5:2.5 trifluoroacetic acid (TFA)/ethanedithiol or
triisopropylsilane (TIPS)/water for 3 h. Ethanedithiol was used as
a scavenger in for sulfur-containing peptides. TFA was evaporated,
and cleavage products were precipitated with cold ether. The peptide
was extracted into water and lyophilized. It was then purified by
reversed-phase HPLC, using a Vydac C-18 semipreparative column
and a gradient of 0-100% B over 40 min, where solvent A was

95:5 water/acetonitrile with 0.1% TFA and solvent B was 95:5
actonitrile/water with 0.1% TFA. After purification the peptide was
lyophilized topowderandidentifiedwithESI-TOFmassspectroscopy.

Cyclization of Peptides. Cyclic control peptides were cyclized
by oxidizing the cysteine residues at the ends of the peptide via
stirring in a 10 mM phosphate buffer (pH 7.5) in 1% DMSO
solution for 9-12 h. The solution was lyophilized to a powder and
purified with HPLC using the method described above.

CD Spectroscopy. CD spectroscopy was performed on an Aviv
62DS circular dichroism spectrophotometer. Spectra were collected
from 260 to 185 nm at 25 °C with 1 s scanning.

NMR Spectroscopy. NMR samples were made to a concentra-
tion of 1 mM in D2O buffered to pD 4.0 (uncorrected) with 50
mM NaOAc-d3, 24 mM AcOH-d4 and 0.5 mM DSS or pD 7.0
(uncorrected) with 50 mM KPOD4 and 0.5 mM DSS. Samples were
analyzed on a Varian Inova 600 MHz instrument. One-dimensional
spectra were collected by using 32K data points and between 8
and 128 scans using 1.5 s presaturation. Two-dimensional total
correlation spectroscopy (TOCSY) and nuclear Overhauser spec-
troscopy (NOESY) experiments were carried out using the pulse
sequences from the ChemPack software. Scans in the TOCSY
experiments were taken from 16 to 32 in the first dimension and
from 64 to 128 in the second dimension. Scans in the NOESY
experiments were taken from 32 to 64 in the first dimension and
from 128 to 512 in the second dimension with mixing times of
200-500 ms. All spectra were analyzed using standard window
functions (sine bell and Gaussian with shifting). Presaturation was
used to suppress the water resonance. Assignments were made by
using standard methods as described by Wüthrich.71 All experiments
were run at 293 K except for thermal melt experiments.

Determination of the Fraction Folded. To determine the
unfolded chemical shifts, 7-mers were synthesized as unstructured
controls and cyclic peptides were synthesized for fully folded states.
The chemical shifts for residues in the strand and one turn residue
were obtained from each 7-mer peptide. The chemical shifts of the
fully folded state were taken from the cyclic peptides. The fraction
folded on a per residue basis was determined from the following
equation:

where δobsd is the observed HR chemical shift, δ100 is the HR
chemical shift of the cyclic peptides, and δ0 is the HR chemical
shift of the unfolded 7-mers. The overall fraction folded for the
entire peptide was obtained by averaging the fraction folded of
resides Val3, Lys8, and Ile10. These residues are in hydrogen-

(67) Wright, C. M.; Heins, R. A.; Ostermeier, M. Curr. Opin. Chem. Biol.
2007, 11, 342–346.

(68) Cerasoli, E.; Sharpe, B. K.; Woolfson, D. N. J. Am. Chem. Soc. 2005,
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(71) Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley: New York,
1986.

Figure 6. HR chemical shift differences from random coil controls in varying pD for (a) Trpswitch-PO3 and (b) Trpswitch-Me2/PO3. The Gly bars reflect
the HR separation in the hairpin. At pD 7.0 the phosphate group has a -2 charge, at pD 4.0 a -1 charge, and at pD 1.2 a neutral charge. All NMR data were
obtained at 20 °C.

Table 3. Fraction Folded of Phosphorylated Trpswitch Analoguesa

fraction folded

peptide pH 1.2 pH 4.0 pH 7.0

Trpswitch-PO3 0.51 ( 0.07 0.44 ( 0.10 0.05 ( 0.07
Trpswitch-Me2/PO3 0.60 ( 0.12 0.60 ( 0.13 0.30 ( 0.08

a Fraction folded determined from Val3, Gly 7, Orn 8, and Ile 10 HR
chemical shift data as described in the Experimental Section. Error
calculated from the standard deviation of average residue fraction folded
calculations.

fraction folded ) [δobsd - δ0]/[δ100 - δ0] (1)
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bonded positions and have been shown to be the most reliable in
determining the fraction folded.32 The overall fraction folded was
also determined using the extent of HR glycine splitting observed
in the turn residue Gly7 given in the following equation:

where ∆δGly,obsd is the difference in the glycine HR chemical shifts
observed and ∆δGly,100 is the difference in the glycine HR chemical
shifts of the cyclic peptides.

The ∆G of folding at 298 K for the Trpswitch peptides was
calculated using the following equation, where f is the fraction
folded:

Determination of Thermodynamic Parameters. Variable-
temperature NMR was used to determine the thermodynamic param-
eters of the peptide folding. A temperature range of 275-351 K was
explored in 5 K increments using a Varian Inova 600 MHz spectrom-
eter. Temperature calibration was performed with ethylene glycol and
methanol standards by using standard macros in Varian software. The
change in the glycine chemical shift difference was followed with
temperature. The fraction folded of the peptide was plotted against
temperature, and the curve was fitted by using the following equation:39

where

Enzymatic Phosphorylation of Trpswitch. The peptides
Trpswitch and Trpswitch-Me2 were enzymatically phosphorylated
with protein kinase A catalytic subunit from bovine heart purchased
from Sigma-Aldrich. Lyophilized protein kinase A was reconstituted
in PKA buffer (10 mM magnesium chloride, 6 mg/mL dithiothreitol,
50 mM potassium phosphate buffer at pH 6.9) and allowed to sit
for 10 min before addition of substrate. A 100 µM concentration
of peptide substrate was reacted with 1 mM adenosine triphosphate
and 100 UN PKA in PKA buffer at 30 °C for 24 h. One UN is
defined as transfer of 1.0 pmol of phosphate from [γ-32P]ATP to
hydrolyzed, partially dephosphorylated casein per minute at pH 6.5
at 30 °C according to Sigma-Aldrich. Phosphorylation of peptides
was determined by LC-MS.

Acknowledgment. We gratefully acknowledge support from the
National Science Foundation (CHE-0716126).

Supporting Information Available: Table listing the NMR
chemical shift assignments for all peptides and figures showing
the LC-MS trace of enzymatic phosphorylation of Trpswitch
hairpins and HPLC traces of PKA phosphorylation on control
peptides 1 and Me2-1. This material is available free of charge
via the Internet at http://pubs.acs.org.

JA101079Z

fraction folded ) ∆δGly,obsd/∆δGly,100 (2)

∆G ) -RT ln(f/(1 - f)) (3)

fraction folded ) (exp[x/RT])/(1 + exp[x/RT]) (4)

x ) (T[∆S298° + ∆Cp°] - [∆H298° + ∆Cp°{T - 298}])
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