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Post-translational modification (PTM) is a highly dynamic yet
precisely controlled process by which most eukaryotic
proteins are chemically diversified.[1] Many critical cellular
responses are mediated through PTMs, which lead to
modulation of enzyme activity, protein conformation, pro-
tein–protein interaction, and cellular localization. Analysis of
these modifications at the proteome level could provide
invaluable biological insight but remains a technically chal-
lenging undertaking. Traditionally, PTMs have been studied
by standard molecular biology techniques involving tedious
isolation of individual proteins and subsequent direct detec-
tion and analysis of amino acids bearing the modification.
Recent advances in mass spectrometry, when combined with
stable-isotope or metabolic labeling approaches, have ena-
bled several large-scale studies of PTMs and their dynam-
ics.[2–4] These methods, however, analyze PTM changes of all
proteins (old and new) present in the cell at the time of
sampling and thus are only able to evaluate PTM dynamics at
the ensemble level.[4, 5] With unnatural metabolic building
blocks and in vivo compatible conjugation chemistries
becoming increasingly available (Scheme 1),[6, 7] we sought to
develop a proteomic strategy for the detection and identifi-
cation of newly synthesized proteomes and their PTMs
(Figure 1). We envisioned several advantages of studying
the PTM dynamics of newly synthesized proteomes: 1) this
method decreases the complexity of the proteome and
enables the identification of PTM changes that occur in a
predefined protein synthesis window; 2) it gives an accurate
estimate of the time scale of different PTM events in
transforming newly synthesized, modification-free proteins
into mature functional entities; 3) it permits PTM analysis of
primary protein synthesis responses to internal and external
cues. To isolate a newly synthesized proteome, we made use of

BONCAT (bio-orthogonal noncanonical amino acid tag-
ging),[6a, 8] which uses the known methionine surrogates
azidohomoalanine (AHA) and homopropargylglycine
(HPG) for metabolic incorporation into newly synthesized
proteins (Scheme 1, blue) and the corresponding alkyne- or
azide-modified biotin reporter (Scheme 1, bottom) for sub-
sequent proteome isolation. To monitor dynamic changes of
an PTM event, we fed growing cells with an azide- or alkyne-
containing sugar, fatty acid, or lipid building block (Scheme 1,
orange).[6b,c] It should be noted that while our work was in
progress, Hang and co-workers reported a tandem labeling
and detection method to monitor the dynamic acylation of
LCK (a tyrosine kinase) and its turnover.[9] Their work
focused on the study of single PTM events (i.e. protein
palmitoylation) of a specific protein (i.e., LCK) in a
proteome. The work herein, while conceptually similar,
greatly expands the scope of this double metabolic incorpo-
ration strategy by successfully demonstrating, for the first

Scheme 1. Methionine surrogates (blue) and unnatural metabolite
PTM probes (orange) form bio-orthogonal pairs for compatible double
metabolic incorporation. Those forming pairs are boxed in the same
group. Azide- and alkyne-containing fluorophore and biotin reporters
are also shown (bottom).
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time, simultaneous monitoring of PTM dynamics on multiple
newly synthesized proteins (at the proteome scale) and
against different types of PTMs (eight in total). As a result,
unique primary PTM changes caused by external stimuli may
be discovered. By further applying this improved strategy to
monitor PTM changes of newly synthesized proteomes in
Jurkat cells, we discovered, for the first time, that the up-
regulation of myristoylated protein kinase A (PKA; a key
signaling enzyme) was intimately linked to butyric acid (BA)
induced apoptosis.

In our double-incorporation strategy (Figure 1), growing
Jurkat cells were fed first with AHA/HPG at a predefined
protein synthesis window (blue bars, step 1), then again with a
desired “unnatural” PTM probe (step 2, orange diamonds in
Figure 1a) Next, a copper-catalyzed azide–alkyne [3+2]
cycloaddition reaction (i.e., first click) was used to label the
newly synthesized proteins with a biotin reporter. Subsequent
affinity isolation separated the newly synthesized proteome
using avidin agarose beads (step 3). “Old” proteins (gray in
Figure 1a), either post-translationally modified or unmodi-
fied, were removed at this stage. A subsequent on-bead
(second) click reaction (step 4; with a fluorophore reporter),
elution, and SDS-PAGE analysis enabled the fluorescence
visualization and quantitative analysis of any PTM event that
might have occurred on these newly synthesized proteins. The
double incorporation of AHA/HPG and PTM probes may be
carried out either simultaneously or sequentially.

To obtain optimized protocols suitable for the double
incorporation strategy and subsequent proteomic studies, we
first determined the optimal concentration and time needed
for metabolic incorporation of AHA/HPG in Jurkat cells
(Figures S1 and S2 in the Supporting Information); treatment
of the cells with either 0.5 mm AHA/HPG in 10 min or 50 mm

in 2 h showed that sufficient and comparable amounts of
newly synthesized proteins could be obtained. Concurrent
addition of cycloheximide (CHX, a protein synthesis inhib-
itor) during AHA/HPG feeding windows served as a con-
venient means to monitor and quantify newly synthesized
proteomes from the resulting fluorescence gel, while the
corresponding Coomassie-stained gel (which detects the
complete proteome) ensured that equal total amounts of
proteins were loaded and compared across different gel lanes.
The AHA- or HPG-labeled, newly synthesized proteomes
were shown to retain at least 80 % of their total original
fluorescence intensities after 48 h (Figure S3 in the Support-
ing Information), thus indicating that their overall recycling
rate was insignificant in our assay windows. We also deter-
mined the incorporation efficiency of eight different PTM
probes (structures shown in Scheme 1) covering major
protein PTM events: glycosylation, acylation (palmitoylation
and myristoylation), and prenylation (farnesylation and
geranylation). Results showed that with 50 mm of a probe, as
little as 4 h was sufficient to detect incorporation on major
protein bands for most PTM events (Figure S4 in the

Figure 1. Double metabolic incorporation strategy for proteome-wide PTM profiling of newly synthesized proteomes. a) Overall flow of the
strategy. b) Dynamic monitoring of eight PTMs on newly synthesized proteomes (AHA/HPG feeding: 1 h; PTM probe feeding: three 4 h windows
(0–4, 4–8, and 8–12 h), where tend represents the end time). Each experiment was conducted in duplicate to ensure reproducibility. Top:
Fluorescence (FL) gels detecting PTM incorporation and profiles. Bottom: Western blotting (WB) of the same gel to ensure that newly synthesized
proteins in three different lanes (tend =4, 8, 12) remained at a constant level during isolation and loading onto the gel. Each type of PTM was
represented by a key protein (PKA for myristoylation, LCK for palmitoylation, LMNB1 for prenylation, LAMP1 for glycosylation). Red box:
Representative examples of myristoylation showing significant differences in the PTM profiles between the total proteome and the newly
synthesized proteome. PD=pull-down. See Figure S5 in the Supporting Information for full details.
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Supporting Information). PTM probe incorporation normally
reached saturation after one day of feeding. Increasing probe
dosage correspondingly shortened the time needed to achieve
the same level of PTM incorporation. No apparent cytotox-
icity was observed with any of the probes at our tested
concentrations (Figure S10 in the Supporting Information).
Large-scale pull-down and LC-MS/MS experiments were
subsequently carried out to enrich these post-translationally
modified proteins and unambiguously confirm their protein
identities (Table S1 in the Supporting Information); upon
PTM probe incorporation, proteins were labeled with the
corresponding biotin probe by click chemistry, affinity-
purified on avidin agarose beads, and separated by SDS-
PAGE. Subsequent LC-MS/MS analysis of gel slices led to the
identification of a total of 177 post-translational modifications
on 112 different proteins (some proteins have more than one
PTM). On average, the identification rate was about 22.1
modifications for each of the eight pull-down experiments.
These proteins were then cross-checked with the literature.
We confirmed a total of 71 modifications on 44 unique
proteins with high confidence (that is, their PTM had
previously been documented). It should be noted that our
main goal was not to exhaustively identify or validate
unknown PTMs. Therefore, only previously identified, high-
confidence PTMs were listed (in Table S1 in the Supporting
Information) and selected protein targets (i.e. LCK and PKA)
were chose for more extensive investigation.

We next carried out double metabolic incorporation using
all eight pairs of AHA/HPG–PTM probe combinations and
studied PTM dynamics on newly synthesized proteomes
(Figure 1b). The most important feature of our double
incorporation strategy is the ability to artificially “fix” a
protein synthesis window while “varying” the timing of PTM.
In doing so, we were able to quantitatively analyze the same
pool of proteins at different intervals of a PTM event during
the cellular process (e.g., comparing different lanes in each
fluorescence gel in Figure 1 b). Thus, a potentially more
accurate picture of PTM dynamics could be depicted. Briefly,
protein lysates were obtained from cells treated with a one-
hour feeding of AHA or HPG (0.2 mm) and each of three
successive four-hour feedings with each of the eight PTM
probes (0.2 mm ; 0–4, 4–8, and 8–12 h, where t = 0 at start of
AHA/HPG feeding). After sequential click chemistry, affinity
purification, and gel separation, PTM profiles of these newly
synthesized proteomes were rendered visible by in-gel
fluorescence scanning (Figure 1b, top); each fluorescent
band may be assigned to a unique protein undergoing a
specific type of post-translational modification. Equal protein
loading in each lane was assured by Western blotting of the
same gel (Figure 1b, bottom). Striking differences were
observed between PTM profiles of the total proteome and
the newly synthesized proteome; representative examples of
myristoylation profiles were shown in Figure 1b (red box).
This example highlights the key advantage of our strategy
over existing pulse-chase, isotope-based labeling methods: its
ability to isolate and amplify newly synthesized proteomes
and their changes, which are normally undetectable in
complete proteomes.[4, 5] Further quantitative fluorescence
analysis of major fluorescent bands from each PTM event

revealed different levels of temporal control on newly
synthesized proteins (data not shown); most PTM probes,
except GlcNAz, displayed the highest incorporation in the
first four-hour window upon protein synthesis, then gradually
stopped in the subsequent two four-hour windows, thus
indicating that most PTMs occurred quite rapidly as soon as
the protein synthesis was complete. The most clear-cut
temporal regulation was observed with the myristoylation
profile, which showed little or no detectable Az-C12 incor-
poration after the first four-hour window, corroborating well
with the cotranslational nature of this type of PTM. Closer
inspection of different bands in each gel also revealed
dissimilar dynamic profiles amongst proteins undergoing the
same type of PTM.

We further obtained a more detailed profile of palmitoy-
lation dynamics by repeating the AHA/Alk-C18 double
incorporation experiment with newly synthesized proteomes
fed with 0.5 mm of AHA for 10 min, then with 0.5 mm of Alk-
C18 for 20 min ending at nine different time points (20, 40,
and 60 min and 2, 4, 8, 24, 48, and 72 h after protein synthesis).
Prior to affinity purification, the complete proteome (includ-
ing both “old” and newly synthesized proteins) displayed very
similar palmitoylation profiles across the nine 20 min palmi-
toylation windows (Figure 2a, right). Upon affinity enrich-
ment of only the newly synthesized proteome and in-gel
fluorescence scanning, the resulting palmitoylation profiles
revealed significant differences for different proteins across
the different 20 min windows (Figure 2a, left). To further
delineate the palmitoylation dynamics of each protein target,
eight distinct fluorescent bands, one of which was unambig-
uously validated to be LCK (see WB gels in Figure S6 in the
Supporting Information), were quantified and graphically
plotted (Figure 2b). Even among only these proteins, highly
diverse palmitoylation profiles were already evident. Rapid
palmitoylation was observed for six of the eight protein bands,
most of which peaked within 20 to 40 min after protein
synthesis and dropped to almost undetectable levels after 2 h.
In contrast, enduring palmitoylation was observed for the two
remaining protein bands.

LCK is a well-known N-myristoylated and S-palmitoy-
lated nonreceptor tyrosine kinase, whose membrane local-
ization has profound biological implications.[9] We were
interested to know whether the observed palmitoylation
dynamics of newly synthesized LCK from our double
incorporation strategy is related to this protein�s membrane
association kinetics. To determine the subcellular localization
changes of newly synthesized LCK, newly synthesized
proteomes were isolated from the membrane and soluble
fractions of Jurkat cells, analyzed (Figure 2c), and compared
with the accumulated palmitoylation counts obtained from
Figure 2b. As shown in Figure 2d, within one hour after
protein synthesis, the increase of the membrane-associated
LCK indeed coincided quite well with palmitoylation dynam-
ics observed. It should be highlighted that our findings herein
would not have been possible if we had not isolated and
analyzed only the newly synthesized proteome. We concluded
that this double incorporation strategy enables proteome-
wide dynamic profiling of PTMs on newly synthesized
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proteomes. By adjusting metabolic feeding windows, the
strategy is applicable to both rapid and enduring PTM events.

Lastly, we explored the feasibility of this approach to
discover novel PTM regulations on newly synthesized pro-

teomes. It is known that butyric acid (BA) induced protein
synthesis in Jurkat cells is critical for apoptosis to occur, but to
date the molecular basis of this process is not well under-
stood.[10] We were interested to know whether the dynamic
PTM regulation of any of the newly synthesized proteins
might play a role in the early stage of apoptotic induction. By
applying the double incorporation strategy (HPG/Az-C12) to
BA-treated cells in the 0–5 h window with subsequent
sequential click chemistry (HPG labeled with Az-Biotin,
Az-C12 labeled with Alk-Alx), enrichment of newly synthe-
sized proteomes, and in-gel fluorescence scanning, we
obtained the corresponding myristoylation profiles (with
and without myristoylation inhibitor HMA; lanes 5 and 6,
respectively, in the center gel in Figure 3 a) as well as those of
the corresponding total proteomes (i.e., before avidin pull-
down; left gel). A close examination of the newly synthesized
proteomes revealed a significant fluorescence increase in a
43 kDa band (labeled with an asterisk in Figure 3a) only in
the BA-treated proteome. This 43 kDa protein was subse-
quently identified to be myristoylated PKA catalytic subunit
alpha (PRKACA) by immunoprecipitation (IP) and immune-
depletion (ID) experiments (right gel in Figure 3a). Further
quantitative analysis was carried out on this fluorescent band
(indicating PKA myrisoylation counts) and its Western-
blotted counterpart (indicating PKA expression counts) for
both the complete proteomes and the newly synthesized
proteomes (Figure 3b); up-regulation of both the myristoy-
lated PKA and overall PKA expression was clearly evident in
the newly synthesized proteomes (right) but not in the total
proteomes (left). Under our assay conditions, the newly
synthesized proteome made up only a small fraction of the
total proteome. This situation might have obscured the
detection of PKA up-regulation in the total proteome of
BA-induced apoptotic cells. Protein myristoylation is nor-
mally a cotranslational event, and PKA myristoylation has
been postulated to be involved in modulation of its translo-
cation and membrane association.[11] As a key signaling
enzyme involved in energy metabolism, PKA might play a
vital role in controlling BA-induced apoptosis of Jurkat cells
by up-regulation of its expression level, which leads to
myristoylation and subsequent modulation of its enzymatic
activity.[12] To confirm this hypothesis, we determined the
effect of H89 (a PKA inhibitor), HMA (a myristoylation
inhibitor), and siRNA of PKA in blocking BA-induced
apoptosis (Figure 3 d,e). DNA fragmentation assay revealed
that only a combined H89 + HMA treatment, or siRNA
knockdown of PKA, was able to sufficiently block BA-
induced apoptosis, but not H89 or HMA alone or scrambled
siRNA (Figure 3d). A time-dependent assay lends further
support to our observations (Figure 3e), thus unequivocally
demonstrating that up-regulation of myristoylated PKA is
needed for the occurrence of BA-induced apoptosis in Jurkat
cells.

In summary, our double metabolic incorporation
approach was capable of proteome-wide monitoring of
PTM dynamics on newly synthesized proteins. The novelty
of this approach is the ability to enrich newly synthesized
proteins from a predefined time window, then progressively
monitor their post-translational modifications over time by

Figure 2. Monitoring the palmitoylation dynamics of newly synthesized
proteomes. a) Comparison of the palmitoylation profiles (FL) gener-
ated from newly synthesized proteomes (left) and total proteomes
(right), as obtained from double incorporation experiments (AHA:
10 min; Alk-C18: nine 20 min windows). The fluorescence intensity of
the highlighted eight major bands is plotted in (b). The band
corresponding to LCK was unambiguously validated by WB with anti-
LCK antibody. Each of the other protein bands was characterized and
tentatively assigned a unique protein identity from the corresponding
silver-stained gel and MS/MS analysis (Figure S6 in the Supporting
Information). In the newly synthesized proteome (left), bands corre-
sponding to LCK are highlighted with a red box. WB analysis (bottom)
confirmed equal amounts of LCK protein expression in each lane,
despite obvious differences in fluorescence intensities, which represent
different levels of LCK palmitoylation (top; red box). b) Quantitative
analysis of eight different palmitoylated targets identified from the
newly synthesized proteome shown in (a). The fluorescence intensity
of each band from the newly synthesized proteome was quantified and
divided by that from the total proteome, then plotted. This analysis
produced a ratio of a newly synthesized protein’s palmitoylation count
to that of the all proteins over the described period after the protein
was synthesized. Line graphs with error bars calculated from dupli-
cated experiments revealing the palmitoylation change for each protein
target are shown in Figure S7 in the Supporting Information. c) Mem-
brane association dynamics of newly synthesized LCK. Lysates from
cells with incorporated AHA were separated into soluble (S) and
membrane (M) fractions, affinity-purified to isolate newly synthesized
proteomes, and immunoblotted with anti-LCK antibody. Cells were
collected at 10, 20, 40, or 60 min after addition of AHA and analyzed
in lanes 1/2, 3/4, 5/6, and 7/8, respectively. d) Comparison of
palmitoylation dynamics of newly synthesized LCK with its membrane
association within 60 min of protein synthesis. Left: Relative percent-
age of cumulative palmitoylation level of LCK as obtained from (b).
Right: Relative percentage of membrane-associated LCK as obtained
from (c). Each experiment was conducted in duplicate to ensure
reproducibility. Error bars were generated from duplicated experiments.
See the Supporting Information for details.
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quantitative in-gel fluorescence scanning. This approach is
different from the work by Hang and co-workers, where
newly synthesized proteomes were not isolated and only a
limited number of PTMs (i.e., myristoylation and palmitoy-
lation) was demonstrated. With our strategy, we identified for
the first time that up-regulation of myristoylated PKA
catalytic subunit alpha is necessary for the occurrence of
butyric acid induced apoptosis in Jurkat cells. Work is
underway to identify downstream targets of PKA and to
further expand the utility of this new chemical proteomic tool
with other powerful mass spectrometric techniques such as
ICAT (isotope coded affinity tagging) and SILAC (stable
isotope labeling by amino acids in cell culture).[13]
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