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NMR-based detection of acetylation sites
in peptides

Caroline Smet-Nocca,a∗‡ Jean-Michel Wieruszeski,b Oleg Melnykc

and Arndt Beneckea,d

Acetylation of histone tails as well as non-histone proteins was found to be a major component of the ‘chromatin code’ that
regulates transcription through the recruitment of transcription factors, co-regulators and DNA-binding proteins. Acetylation
can have several effects modifying protein–protein interactions, protein activity, localization and stability. Using NMR
spectroscopy, we provide a simple way to detect acetyl moieties at the ε-amino function of lysine residues based on peptides
derived from Histone H4 and TDG amino-terminal domains. Significant changes of acetyl-lysine resonances as compared to
non-acetylated residues allow a direct identification of specific acetylated lysine. We also show that, in unfolded peptides,
acetylation of lysine side chains leads to characteristic NMR signals that vary only weakly depending on the primary sequence
or the total number of acetylated sites, indicating that the acetamide group does not establish any interactions with other
residues. Furthermore, resonance changes upon acetylation are restricted to residues nearby the acetylation site, indicating
that acetylation does not modify the overall peptide conformation. Copyright c© 2010 European Peptide Society and John Wiley
& Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

Posttranslational modifications of proteins are crucial events in the
regulation of protein functions or protein–protein interactions.
Acetylation of lysine residues is an abundant posttranslational
modification within the eukaryotic cells. Acetylation ranks in
the same order as phosphorylation [1] in terms of abundance
and exhibits the same features as phospho-dependent signaling
pathways because addition and removal of acetyl moities are
highly dynamic and are supported by several (de)acetylase
enzymes [2]. A large number of non-histone acetylated proteins,
the so-called acetylome [1], has been identified in eukaryotic
cells. Reversible protein acetylation is involved in the regulation
of signaling pathways, in the modification of DNA-binding
properties or protein stability and localization, and rivals with
other posttranslational modifications targeting lysine residues,
such as methylation, ubiquitination and sumoylation. These effects
result from neutralizing the positively charged lysine residues and
generating new binding sites. Bromodomains were described as
specialized domains involved in specific binding of acetylation
sites and are found in a number of transcription factors or co-
activators like HATs [3,4]. In malignant cells, aberrant acetylation
patterns were found as well as modifications of HAT and HDAC
activities [5]. The role of HATs and HDACs in development and
their deregulation in human diseases like leukemia, breast and
colorectal cancers or human developmental disorders emphasizes
their functional prevalence. Furthermore, inhibition of HDAC
activities has been found to be of promising therapeutic use
in cancer treatment because HDAC inhibitors are able to modify
the acetylation patterns of histone and non-histone proteins as

well, implying a change in their protein–protein interactions and
in their subsequent cellular localization and lifetime [6–9].

Many transcription-related factors and DNA-binding proteins
were found to be acetylated. A common feature of these pro-
teins is that they often contain unfolded regions which (i) are
specifically involved in protein–protein or protein–DNA interac-
tions, (ii) display structural changes upon substrate binding and
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(iii) are often preferential targets for posttranslational modifica-
tions [10–17]. Histones, the protein units at the basis of the
nucleosome particle and chromatin architecture, are among the
best studied examples of unfolded targets of the posttranslational
modification machinery [18–20]. Multiple and combinatorial post-
translational modifications were characterized for histone proteins
and more precisely the histone amino-terminal tails [21]. Acetyla-
tion is a key modification of histones as their acetylation levels are
well correlated with transcriptionally active chromatin domains
[22]. Histone acetylation, as it has been well described for the
histone H4-K16 site [23,24], is involved in chromatin relaxation
[25–27] helping to increase DNA accessibility for transcription-
related factors. Acetylation also provides novel binding interfaces
for proteins targeting acetylated residues and therefore is an
integral component of the chromatin code hypothesis [28]. How-
ever, a lack of structural details at the protein level hampers the
establishment of structure–activity relationship upon acetylation.

Identification of acetylation sites and their binding partners is
crucial for a better description of the acetylome and acetylation-
dependent signaling pathways. A major issue consists in the
determination of acetylation sites when multiple acetylations
occur as this is the case of the histone amino-terminal tails.
The identification of the acetylated proteins within cells and the
determination of the acetylation sites have been made possible
through the use of sensitive radiolabeled 14C- or 3H-acetyl-
CoA substrates [29–31]. Determination of specific acetylated
lysine residues is typically realized by Edman degradation of
peptide substrates [32] or acetylation of chemically synthesized
peptides in vitro [30], which are either destructive or indirect
methods. Finally, mass spectrometry is the method of choice to
detect acetylation within purified proteins isolated from cells.
However, multiple acetylations render difficult the identification
of acetylation sites and necessitate a tandem mass spectrometry
strategy [33,34]. Quantification of acetylation levels is also a major
issue that requires the isotopic labeling of acetyl moieties to ensure
a normalization of signal intensities [33,34].

We describe here the impact of lysine side chain acetylation
in peptide substrates using NMR spectroscopy. We have studied
the structural effects of acetylation on unfolded peptides derived
from two CBP/p300 substrates: the histone H4 amino-terminal tail
[31,35] and a non-histone protein, the human TDG [32], which
is involved in both transcriptional regulation and DNA repair
processes [36–41]. They both contain at the molecular level an
extended amino-terminal region that is targeted by the CBP/p300
acetyltransferase activity.

Materials and Methods

Peptide synthesis and acetylation

Peptides used in this study are those of the H4 his-
tone N-terminal tail and human TDG, whose sequences
are Ac-SGRGKGGK8GLGKGGAK16RHRKVLR-NH2 and Ac-
QPVEPKKPVESK83K84SGK87SAKSKEKQ-NH2, respectively (Ac
and NH2 indicate that the N- and the C-terminus are acetylated
and amidated, respectively, and the acetylated lysine residues
are numbered). Peptides were synthesized automatically by
solid-phase synthesis on a continuous flow synthesizer (Perseptive
Biosystems, Framingham, MA, USA) using the Fmoc group as
temporary protection for the alpha-amine function of each amino
acid. Peptides were assembled at a 0.1-mmol scale on a Rink
amide resin (purchased from Novabiochem, Merck Biosciences

AG, Läufelfingen, Switzerland), leading after the final TFA cleavage
step to an amide function at the carboxy-terminus. Synthesis was
carried out using ten equivalents of N-α-Fmoc-protected amino
acids and coupling was performed with TBTU/HOBt and DIPEA in
DMF. Acetylated lysine residues were introduced by coupling of
the commercially available N-α-Fmoc-N-ε-acetyl-lysine synthon
(Novabiochem). Fmoc cleavage was performed using 20% piperi-
dine in DMF. Capping steps were performed after each coupling
step using acetic anhydride (3%) and DIPEA (0.3%) in DMF.
Amino-terminal functions of peptides were acetylated by a final
acetylation step that immediately succeeds to the amino-terminal
Fmoc deprotection. Peptides were released from the solid support
by resin incubation with 5 ml of a TFA solution containing 2.5% tri-
isopropylsilane and 2.5% water for 3 h at room temperature. Crude
peptides were precipitated in 250 ml of a cold ether : heptane
mixture (v/v) and recovered by centrifugation. Crude peptides
were purified by reverse-phase chromatography in 0.05% TFA
using a linear gradient of 0–40% acetonitrile in 60 min. Homoge-
neous fractions, as checked by analytical reverse-phase HPLC and
MALDI-TOF mass spectrometry, were pooled and lyophilized.

NMR spectroscopy

NMR experiments were performed at 293 K on a Bruker DMX 600-
MHz spectrometer (Bruker, Karlsruhe, Germany) equipped with
a cryogenic triple-resonance probe head. For NMR experiments,
peptides were dissolved at 2 mM in a buffer containing 50 mM

NaH2PO4/Na2HPO4, pH 6.8, 100 mM NaCl and 5% D2O. All 1H
spectra were calibrated with 1 mM sodium 3-trimethylsilyl-3,3′,2,2′-
d4-propionate as a reference. For peptide assignment, standard
NOESY and TOCSY experiments were recorded with 400 and 69 ms
mixing times, respectively, with 2048 and 512 points and using
a DIPSI2 sequence for mixing. Both are recorded with a Water
suppression by GrAdient-Tailored Excitation (WATERGATE) pulse
sequence for water suppression [42]. 1H-15N HSQC spectra were
recorded at nitrogen-15 natural abundance with 64 scans per
increment, with 2048 and 256 points in the proton and nitrogen
dimensions, respectively, and with a window of 24.1802 ppm
centered on 118.006 ppm for the nitrogen-15 dimension. 1H-13C
HSQC spectra were recorded with 128 scans per increment, with
1024 and 512 points in the proton and carbon dimensions,
respectively, and with a window of 70.4950 ppm centered
on 37.362 ppm for the carbon-13 dimension. Heteronuclear
experiments were recorded with a WATERGATE sequence for
water suppression, a Carr–Purcell–Meiboom–Gill sequence and
a double-INEPT (Insensitive Nuclei Enhanced by Polarization
Transfer) for sensitivity improvement. All experiments were
acquired with a recycle delay of 1 s.

The chemical shift perturbations of individual resonances in
peptides were calculated with Eqn (1) taking into account the
relative dispersion of the proton and nitrogen chemical shifts (1
and 20 ppm, respectively).

�δ(ppm) =
√

[�δ(1H)]2 + 0.05[�δ(15N)]2 (1)

Integration of lysine NHε-acetyl signals was performed either
on the proton spectrum for the methyl signals or on the 1H traces
extracted from the 15N-1H HSQC experiment for the NHε signal.

Reverse-phase chromatography and MALDI-TOF mass
spectrometry analyses of peptide mixtures

Concentrated solutions of purified peptides at 10 mM in water
were mixed up to equimolar ratio at final concentrations of
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0.4 mM. The peptide mixture was analyzed by reverse-phase
chromatography on a C2/C18 column (GE Healthcare Life Sciences,
Uppsala, Sweden) equilibrated in 0.1% TFA buffer containing 2%
acetonitrile; 20 nmol of each peptide was separated by a linear
gradient of acetonitrile (from 2 to 40% acetonitrile in 16.67 ml,
i.e. ten-column volume) at room temperature. The same peptide
mixture was analyzed by MALDI-TOF mass spectrometry (Voyager
DE-PRO 2000, Applied Biosystems, Foster City, California, USA) on
α-cyano-4-hydroxycinnamic acid matrix.

Results

Detection of lysine side chain acetylation in peptides

Histone H4 and TDG peptides analyzed in this study were chosen
among the well-characterized acetylation sites in the literature.
Peptides were synthesized by Fmoc solid-phase chemistry and
acetyl moieties were introduced by the use of the N-α-Fmoc-(L)-
Lys(N-ε-acetyl)-OH derivative. The NMR 15N-1H HSQC experiments
were acquired at 15N natural abundance in peptides with the use
of a cryoprobe head at 600 MHz. Resonance assignments were
performed with the acquisition for each peptide of homonuclear
TOCSY and NOESY experiments. A remarkable consequence
of lysine acetylation on NMR resonances is that it converts an
amine function which is in fast exchange with water leading to
undetectable NMR signals into an acetamide group which adopts
the same behavior as any backbone amide. In consequence, the
acetamide moiety at the NHε function of lysine side chain exhibits
two characteristic signals: the NHε amide at 8.01 ppm (Figures 1
and 2) and the methyl group at 1.98 ppm (Figure 1). Moreover,
the relative integration of the acetamide methyl signal of lysine
side chain at 1.98 ppm on one hand and those of the N-terminal
acetyl moiety at 2.09 ppm on the other indicates the number of
acetylation sites (Figure 1). Here, the integration values obtained
with a recycle delay of 1 s and the number of acetylations
introduced by selective NHε-acetyl-lysine incorporation during
solid-phase synthesis are in good agreement and illustrates the
applicability of the integration of NHε-acetyl signals to quantify
the acetylation level. However, one should take care about the
recycle delays in the case of unknown acetylation pattern for
which a fine measurement is required. Longer recycle delays are
recommended to get accurate integration values at the expense
of the acquisition time. The NHε amide group of acetyl-lysine
exhibits multiple scalar contacts with all side chain protons and a
weak contact with Hα in the 1H-1H TOCSY experiment allowing the
identification of the corresponding acetylated lysine residue in the
absence of any NOE contacts between the NHε and other residues
(Figure 2). Identification of specific acetylated lysine in unfolded
peptides is hampered by the fact that 1H chemical shifts differ only
weakly from random coil values, hence giving a lot of resonance
redundancies. However, as observed in our peptide models from
amino-terminal tail of histone H4 and human TDG, a significant
change in resonances comprised between +0.13 and +0.20 ppm
for the Hε signals and between −0.19 and −0.22 ppm for the Hδ

signals as compared to non-acetylated peptides (Tables S1 and S2,
Supporting Information) facilitates the identification of acetylation
sites (Figure 2). In contrast to the Hε resonances that shift in the
lower field, the Hδ resonances shift in the higher field as do the Hγ

signals, however, with a lower amplitude. The backbone amide
signal of the acetylated residue is also significantly shifted as com-
pared to the corresponding non-acetylated lysine falling within a

range of −0.08 to −0.14 ppm (Tables S1 and S2). In contrast, the
acetyl effect is less pronounced on Hα and Hβ resonances.

Additionally, shifts of peptide resonances have been mapped
on a 1H-13C HSQC spectrum that can detect variations of 13C
resonances upon lysine side chain acetylation. Resonances of
the modified lysines are the most affected with a marked effect
for the Cδ (Table S3), whereas the remaining resonances are
weakly or not perturbed (Figure 3(A)). However, given their high
degree of degeneracy, 13C values of either non-acetylated or
acetylated lysine residues are not useful for the identification of
the acetylation sites. As 13C resonances are sensitive to changes
in backbone structure, perturbations of 13C resonances could be
used to detect a propensity to adopt α-helical or β-sheet structures
upon lysine acetylation. In the TDG [72–95] peptide, 13Cα and 13Cβ

resonances are within a range of 1 ppm with respect to a purely
random coil structure indicating that the peptide adopts mainly
an extended structure [43,44]. We have measured, by calculating
the SSP with 13Cα and 13Cβ values [45], an overall content of
10.7% β-structure localized within the N- and C-termini (residues
72–79 and 93–95, Figure 3(B)). Small variations of 13Cα and/or
13Cβ resonances of residues flanking the acetylation sites (V80,
E81, S82, S85, G86, S88 and A89) are detected upon multiple lysine
acetylation (Figure 3(A)) inducing only slight modifications of the
overall β-structure content (Figure 3(B)).

Acetylation of lysine side chains has also an impact on the
local peptide conformation and affects only the resonances of
neighboring residues. We have examined, using 15N-1H HSQC at
natural abundance combined with TOCSY/NOESY experiments,
the effect of lysine acetylation (i) in the case of a single acetylation
at different positions within the same peptide sequence and (ii) in
the case of multiple close or distant acetylation sites.

Effect of different single acetylations on TDG peptide
resonances

Multiple acetylation sites has been identified in vitro and found
to be in close vicinity within the amino-terminal domain of TDG
[32], which is involved in the regulation of its DNA repair activity
[37,46]. This functional region encompassing the acetylation sites,
the so-called regulatory domain, interacts in an intramolecular
manner with the catalytic domain and undergoes a conformational
equilibrium between this ‘closed’ state and an ‘open’ state that
adopts an extended conformation with little residual structure [46].
We have synthesized peptides encompassing the three identified
acetylation sites at K83, K84 and K87 positions (human TDG
numbering) located within the TDG regulatory domain [32]. In
the non-acetylated peptide, the detection of the sole sequential
contacts between NH and Hα of residues i and i −1, respectively, is
indicative of a random coil structure. This observation is supported
by 13Cα and 13Cβ resonances coinciding with random coil values.
We have found that a single-lysine acetylation at each position
leads to local perturbations spanning over the two or three
neighboring residues in addition to the acetylation site (Figure 4).
The resonance of the NHε acetamide moiety is not sensitive to the
chemical environment in these unfolded peptides as it does not
vary with the acetylated lysine residue indicating no interaction
between the acetamide group and other residues.

Furthermore, no NOE contacts were detected between the NHε

acetamide and other peptide resonances, indicating an absence
of interactions mediated by the acetamide moiety. We have not
observed a significant difference of dipolar couplings between
residues upon acetylation suggesting that lysine acetylation does

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 414–423
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Figure 1. One-dimensional projections extracted from 15N-1H spectra in the 1H dimension (A and B) for the H4 [1–23] peptides non-acetylated (black),
mono-acetylated on K8 (red) or on K16 (blue), di-acetylated at both K8 and K16 (green) showing the row corresponding to L22 residue at 127.2531 ppm
(A) as a reference and the row extracted from NHε acetamide signal at 127.3816 ppm (B). 1H wet spectra of the same peptides centered on the methyl
signal of the acetamide moiety (C). Relative peak intensities are given (B and C): the NH acetamide signals in (B) are normalized on the L22 signal (A) and
the methyl signals at 1.98 ppm in (C) are normalized on the signal at 2.09 ppm corresponding to the methyl group of the amino-terminal acetamide
moiety.

Figure 2. Scalar couplings of the K87 residue in its non-acetylated (A) or acetylated (B) forms. Detail of the 1H-1H TOCSY spectra (black) of the TDG
[72–95] K84-Ac (A) or K87-Ac (B) peptides showing the 1H-1H scalar couplings between Hα, Hβ , Hγ , Hδ, Hε and the backbone NH for the K87 (A) and
K87-Ac (B) residues or the NHε acetamide of the K87-Ac residue (B). 1H-1H NOESY spectrum is depicted in red indicating the NH/Hα dipolar coupling
between K87-Ac and G86, and the 1H-15N HSQC spectrum is shown in blue (B). In the panel (B), the x-axis is common for the three TOCSY, NOESY and
15N-1H HSQC spectra, whereas the y-axis corresponds on the left to the 1H dimension of the TOCSY and NOESY spectra and on the right to the 15N
dimension of the 15N-1H HSQC spectrum.

not change the overall extended structure of the peptides. The
region encompassed in the TDG [72–95] peptide has a marked
propensity to adopt a residual structure within the TDG protein
[46]. An analysis of the primary sequence reveals a high content
of charged residues that could be responsible for transient long-
range interactions (hydrogen bonds, salt bridges, etc.) in the
polypeptide chain. In this context, neutralization of positively
charged lysine residues by acetylation could contribute to modify

these non-covalent interactions. One can further notice that
acetylation of K83 induces larger averaged variations of chemical
shifts than acetylation of K84 or K87 suggesting more pronounced
conformational changes in the TDG [72–95] peptide when K83 is
acetylated (Figure 4). In its non-acetylated form, the NH3 group
of lysine is hardly detected due to fast proton exchange with
water that causes severe line broadening. However, at low pH and
depending on the surrounding environment, exchange rates with

J. Pept. Sci. 2010; 16: 414–423 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 3. (A) 1H-13C HSQC spectra of TDG [72–95] non-acetylated
(black), K83-Ac/K84-Ac di-acetylated (red) and K83-Ac/K84-Ac/K87-Ac
tri-acetylated (blue) peptides (QPVEPKKPVESK83K84SGK87SAKSKEKQ). Rel-
evant resonances are annotated. Acetylated residues are indicated by
an Ac superscript and the N-terminus by an Nt. (B) SSP score along the
TDG [72–95] primary sequence for the non-acetylated (upper panel) and
the K83-Ac/K84-Ac/K87-Ac tri-acetylated (lower panel) peptides. The SSP
scores of acetylated lysines are indicated by grey bars.

water are slow enough to allow the observation of NH3 resonances.
In the TDG [72–95] peptide, the signals of lysine NH3 groups
were detected only at lower pH values (pH 4.01 and 2.99, Figure
S1(B)). The corresponding 15N resonances are found typically
around 30–50 ppm [47]. Here, given the spectral width in the
nitrogen dimension, the signal was four-fold aliased and observed
at 129.5 ppm. Furthermore, decoupling of nitrogen was poor at this
frequency, leading to the observation of a 1JHN coupling of 70.44 Hz
(Figure S1(B)), which is significantly smaller than 1JHN couplings
observed for backbone amide (around 90 Hz) [47]. In the TOCSY

experiment acquired at pH 2.99, scalar couplings between NH3 and
Hα or side chain protons do not allow for an identification of the
corresponding lysines, all of them being potentially detectable.
The important degeneracy of lysine signals (except for K78 Hα

at 4.585 ppm due to the presence of a proline at the position
79) hampers the assignment of the NH3 lysine resonances (Figure
S1(C)). Salt bridges between lysine and nearby glutamate residues
(E75, E81 and/or E93) are quite unfavorable at this low pH and
the low content of hydrophobic residues argue rather for an
extended structure, so that such slow water-exchange rates can
merely be explained by a pH effect. Furthermore, a pH titration has
been performed to evaluate the impact of a modification of the
glutamate charge on the resonances of lysine backbone amides.
Because the observation of backbone amides is also related to
water-exchange rates, the pH range that can be experienced is
restricted to pH values lower than 7. We have acquired TOCSY
and 15N-1H HSQC spectra on the TDG [72–95] peptide at pH 2.99,
4.01, 5.10 and 6.65. Marked perturbations of chemical shifts upon
pH variations were detected for all glutamate residues with a
larger shift between pH 4 and 5 (Figure S1(A)) which is in good
agreement with the standard pKR value of glutamate (around 4.25).
The same transition is found to a lesser extent for surrounding
residues in the primary sequence (for residues 72–82 in the N-
terminus and 90–95 in the C-terminus). In contrast, in the central
region of the peptide (for residues 83–89) that encompasses the
three acetylation sites, a transition between pH 5.1 and 6.65 was
observed together with smaller shift amplitudes (Figure S1(A)).
These results indicate that a modification of the glutamate charge
has little impact on the environment of backbone amide of K83,
K84 or K87 residues in this unfolded peptide. Hence, the chemical
shift perturbations detected upon lysine acetylation stem from
the acetyl group itself rather than from disruption of long-range
interactions.

Multiple acetylations: the case of distant acetylation sites
in the histone H4 amino-terminus

We have evaluated the reciprocal effect of two distant acetylation
sites in the histone H4 peptide (residues 1–23) located within
the unfolded amino-terminal tail. The mono-acetylated peptides
at K8 and K16 positions, and the di-acetylated peptide at both
positions were analyzed by NMR spectroscopy (Figures 1 and
5). Single acetylation of either K8 or K16 residue leads to a
minor modification of the peptide conformation restricted to
the neighboring residues in the primary sequence (Figure 5) as
seen for TDG peptides. Furthermore, no intramolecular interaction
involving the acetamide moiety was observed because the NHε

signal has nearly the same 1H and 15N values in every peptide
(Figure 5). Remarkably, the pattern of chemical shift modifications
in the di-acetylated H4 peptide corresponds to a simple additional
effect of both K8 and K16 acetyl moieties indicating that remote
acetylation sites have no cross-effect on peptide resonances. A
detailed analysis of this latter peptide also allows the quantification
of its acetylation level (i) through the comparison of the methyl
signal integration of N-ε-acetyl-lysine with those of the amino-
terminal acetamide (Figure 1(C)) or (ii) through the comparison of
NHε signal integration of the acetyl-lysine residues with those of
other NH signals (Figure 1(A) and (B)).

In contrast to mass spectrometry for which equimolar amounts
of peptides at different acetylation states lead to unequal signal
intensities (Figures S2 and S3), NMR analyses allow the relative
quantification of acetylation levels at each position. For the histone

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 414–423
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Figure 4. Effect of individual acetylations on the amide backbone resonances. 15N-1H HSQC spectra of TDG [72–95] peptides
(QPVEPKKPVESK83K84SGK87SAKSKEKQ) at natural abundance (upper panel). The non-acetylated peptide is depicted in black, the mono-acetylated
peptide on K83 residue in red, on K84 residue in blue and on K87 residue in green. Residues are annotated and acetylated residues are indicated by an Ac
superscript. The chemical shift variations between each of the three mono-acetylated peptides and the non-acetylated one along the peptide primary
sequence using the same color code as for the NMR spectra (lower panel) are represented graphically. �δ values are the averaged 1H and 15N chemical
shift variations calculated according to Eqn (1). Acetylation sites are indicated by arrows.

H4 di-acetylated peptide, we have found identical acetylation
levels at both K8 and K16 positions with the integration of
NHε/Hα and NH/Hα contacts in the 1H-1H TOCSY experiment.
We obtained for these couple of signals the same values of
peak intensities indicating comparable acetylation levels at both
positions (Figure 6).

Multiple acetylations: the case of close acetylation sites
in the TDG amino-terminus

Again, we have used the sensitivity of the amide backbone
resonance to probe modifications of the peptide conformation
upon multiple nearby acetylations in the TDG amino-terminal
region (residues 72–95) at positions K83, K84 and K87. We have
compared the effect of either two vicinal acetylations at positions
K83 and K84 or three acetylations (Figure S4). NOE contacts
restricted to HN/Hα between residues i and i − 1, respectively,

as well as 13C resonances that fall within a range of 1 ppm from
random coil values still indicate that both peptides adopt an
extended conformation with a slight propensity (8.5%) to form
β-sheet structures in their N- and C-terminal parts as indicated by
the SSP score [45] (Figure 3(B)). This propensity ranges, however,
in the same order than for the non-acetylated peptide suggesting
no marked modification of the peptide structure upon acetylation.
In the case of K83/K84 acetylations, a simple additional effect
of lysine acetylation was observed (Figure S4(A) and (B)) and
no significant shift was detected out of the 81–88 region. In
contrast, an additional acetylation on K87 partially counteracts
the effect of K83/K84 acetylation on K84 and S85 resonances
and induces larger shifts spanning over the entire C-terminus
with a more pronounced effect than the sum of K83Ac/K84Ac

and K87Ac individual contributions (Figure S4(C) and (D)). Such
long-range perturbations of amide backbone resonances indicate

J. Pept. Sci. 2010; 16: 414–423 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc



4
2

0

SMET-NOCCA ET AL.

Figure 5. Effect of two remote acetylations on the amide backbone resonances. 15N-1H HSQC spectra of the histone H4 [1–23] peptides
(SGRGKGGK8GLGKGGAK16RHRKVLR) at natural abundance (upper panel). The non-acetylated peptide is depicted in black, the mono-acetylated
peptide on K8 residue in red or on K16 residue in blue, and the di-acetylated peptide at both K8 and K16 residues in green. Residues are annotated and
acetylated residues are indicated by an Ac superscript. The chemical shift variations between each of the acetylated peptides and the non-acetylated
one along the peptide primary sequence with the same color code as for the NMR spectra (lower panel) are represented graphically. �δ values are the
averaged 1H and 15N chemical shift variations calculated according to Eqn (1).

that K87 acetylation could have a broader effect on the peptide
conformation.

Discussion

We have investigated by NMR spectroscopy the effect of lysine side
chain acetylation in peptide substrates using two peptide models,
one from the histone H4 and the other from a non-histone protein,
the human TDG, which are both substrates of the acetyltransferase
CBP/p300. We have shown that acetylation at distinct positions
within both substrates has a similar impact on peptide resonances.
This methodology allows a direct identification of acetylation sites
based on a classical strategy of peptide assignment using TOCSY
and NOESY experiments. Scalar contacts between lysine side chain
protons and the characteristic NHε acetamide signal at 8.01 ppm
enable the identification/quantification of acetylation sites even
in the context of a multiple acetylated substrate. The acquisition
of 15N-1H and 13C-1H HSQC at natural abundance has allowed

for the investigation of the effect of an acetyl moiety on the
15N and 13C chemical shifts and on the peptide structure. These
experiments can be used to detect lysine acetylation through
characteristic resonances and allow for an overall quantification
of acetylation levels. However, they cannot be used for the
identification/quantification of each acetylation site due to a high
degree of resonance degeneracy concerning the (non)acetylated
lysines in the case of random coil peptides. Given the high
sensitivity of 13Cα and 13Cβ to backbone structure, these chemical
shifts can be used to map a perturbation of the peptide structure
upon acetylation. Based on the sensitivity of backbone amide to
their chemical environment, a mapping of NH variations upon
acetylation of one or more lysine residues can be achieved using
the 15N-HSQC experiment. If used in the context of a folded
protein, long-range perturbations can be detected for residues
near the acetylation site. Here, we have shown in the context of
unfolded peptides that acetylation of individual lysines has only
a restricted effect on peptide conformation. No overall changes
in the extended structure was observed but only significant shifts
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Figure 6. Detail of the 1H-1H TOCSY spectrum (black) of the histone H4 [1–23] di-acetylated peptide (SGRGKGGK8
AcGLGKGGAK16

AcRHRKVLR) showing
the 1H-1H scalar couplings between Hα, Hβ , Hγ , Hδ, Hε and the backbone NH (left panel) or the NHε acetamide (right panel) for both the K8-Ac and
K16-Ac residues. The 1H-1H NOESY spectrum is depicted in red and the 1H-15N HSQC spectrum in blue. Note that the x-axis is common for the three
TOCSY, NOESY and 15N-1H HSQC spectra, whereas the y-axis corresponds on the left to the 1H dimension of the TOCSY and NOESY spectra and on the
right to the 15N dimension of the 15N-1H HSQC spectrum.

of the backbone NH signals of the two or three residues in
the immediate vicinity of the acetylation site. In these unfolded
peptides, multiple acetylations being close or far from each other
have also little influence on the peptide structure. No cross-effect
was detected in the case of two remote acetylation sites as studied
using a histone H4 K8/K16 di-acetylated peptide. The effect of two
or three close acetylation sites exemplified in the case of the TDG
peptide has been analyzed and it shows an additional contribution
of each acetylation on the overall variations of peptide resonances
with a more pronounced effect of K87 acetylation in the triply
acetylated peptide. A detailed study of the latter peptide in its
non-acetylated state indicates that despite a high charge density
spanning over the entire sequence, no long-range interaction
is observed between glutamate and lysine residues that could
be perturbed by charge neutralization upon lysine acetylation.
Moreover, the NHε or methyl resonances of the acetamide moiety
are almost the same for all the acetylation sites, be they in
the histone H4 or TDG amino-terminal domains. These features
suggest that the acetyl group does not establish any interactions
with other residues and always experienced the same chemical
environment.

A number of works has highlighted the use of NMR spectroscopy
to detect residual structures in intrinsically unfolded proteins or the
presence of disordered domains in globular proteins [46,48–51].
The use of glutamine as acetylated lysine mimics has shown
that a single-charge neutralization can modify the chromatin
organization suggesting that acetylation of various histone tails
has distinct roles in nucleosome self-assembly and in the regulation
of the higher order chromatin structure [52]. Our methodology,
when combined with a native peptide ligation strategy [53,54],
could determine the structural impact of lysine acetylation itself

in a full protein context. This strategy can take advantage from
chemical peptide synthesis to generate peptide fragments of
up to 50-amino acid length while selectively and quantitatively
introducing one or several posttranslational modifications. The
other part of the protein of interest can be synthesized as a
recombinant protein with the advantage to be isotopically labeled
(with 15N and/or 13C and/or 2H) when expressed in Escherichia coli
(for review, see Refs 55–57). The production of high amounts of
natively folded proteins can be achieved at relatively low costs as
compared to the introduction of isotopically labeled amino acids
during solid-phase peptide synthesis. Then, the native chemical
ligation provides segmental isotopically labeled proteins with a
fully controlled incorporation of posttranslational modifications.
Their structural effect can be investigated by NMR spectroscopy
through the assignment of a sub-spectrum corresponding to the
15N or 13C-labeled protein fragment. In other words, for histone
proteins, the structural effect of homogeneous covalent, and
even combinatorial, histone tail acetylations introduced within
the unlabeled, and therefore invisible, part of the protein can
be studied through the spectrum analysis of the labeled part
(the histone core) to evaluate their impact on histone and
nucleosome structures. Isotopic labels can also be introduced
at strategic points during the chemical synthesis of acetylated
peptides to investigate the direct effect of lysine acetylation
on the N-terminal tail structure and function such as in the
establishment of intramolecular interactions or in the binding of
protein or DNA molecules. The detection and characterization
of in vitro acetylation after treatment of recombinant proteins or
protein fragments with purified acetyltransferases or cell extracts
could take advantage from the per-residue resolution of NMR
spectroscopy as similarly described for phosphorylation [58,59].
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Such a methodology applied to the detailed investigation of
chromatin structure and function would have a significant impact
on the comprehension of the chromatin code hypothesis [28], a
central dogma in systems biology.
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