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Abstract

Protein synthesis is quickly and tightly regulated in cells to adapt to the ever-changing
extracellular and intracellular environment. Accurate quantitation of rapid protein synthesis
changes can provide insights into protein functions and cellular activities, but it is very challenging
to achieve because of the lack of effective analysis methods. Here, we developed an effective mass
spectrometry-based method named quantitative O-propargyl-puromycin tagging (QOT) by
integrating O-propargyl-puromycin (OPP) labeling, bioorthogonal chemistry, and multiplexed
proteomics for global and quantitative analysis of rapid protein synthesis. The current method
enables us to accurately quantitate rapid changes of newly synthesized proteins because, unlike
amino acids and their analogs, OPP can be utilized by the ribosome immediately without being
activated and conjugated to tRNA, and thus cell starvation or pretreatment is not required. This
method was applied to quantitate rapid changes of protein synthesis in THP-1 macrophages treated
with lipopolysaccharide (LPS). For 15-min labeling, >3000 proteins were quantitated, and the
synthesis of 238 proteins was significantly altered, including transcription factors and cytokines.
The results demonstrated that protein synthesis was modulated to facilitate protein secretion in
macrophages in response to LPS. Considering the importance of protein synthesis, this method can
be extensively applied to investigate rapid changes of protein synthesis in the biological and
biomedical research fields.
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Prompt and tight regulation of protein synthesis is essential to maintain proteostasis and
cellular activities, and its dysregulation is correlated with aging and diseases.! Protein
expression is quickly altered in response to extracellular nutrient changes and various
stimuli, such as pathogens and heat shock, during which multiple signaling pathways are
involved, including the mammalian target of rapamycin (mTOR) and the mitogen-activated
protein kinase (MAPK) pathways.23 The rate of protein synthesis is precisely controlled at
the transcription and translation levels. Despite the complexity of this regulation, the rate of
protein synthesis can be modulated in a fast and efficient manner.#® Recent studies showed
that the synthesis rates of over 30 proteins in mouse macrophages were dramatically affected
under a 1-h lipopolysaccharide (LPS) treatment, and 24 proteins in HeLa cells had increased
synthesis rates after a 15-min epidermal growth factor (EGF) treatment.6:7

Two indirect methods, i.e., RNA sequencing and ribosome profiling, have been widely
employed to obtain information about protein expression,8 but neither present accurate
changes on protein synthesis. It has been shown that the correlation between the mRNA and
protein abundances is low.10:11 In addition, the comparison of proteomic results with those
from the ribosome profiling shows a low correlation between the ribosome footprint density
and the abundance of newly synthesized proteins in cells under bortezomib-induced stress.12
With the advances in mass spectrometry (MS)-based proteomics, several methods have been
developed to directly study newly synthesized proteins and protein synthesis, especially
those based on stable isotope labeling by amino acids in cell culture (SILAC). For example,
pulsed SILAC, where newly synthesized proteins are labeled with heavy isotopic amino
acids, was applied to study protein synthesis in different biological systems.10.12
Noncanonical amino acids, such as azidohomoalanine (AHA), were reported to label
proteins, and together with bioorthogonal chemistry, newly synthesized proteins were
enriched and studied.”-13-16 Quantitative noncanonical amino acid tagging (QuaNCAT) was
developed for quantifying stimuli-induced proteome dynamics in primary cells by
combining bioorthogonal noncanonical amino acid tagging (BONCAT) and SILAC, and
>600 newly synthesized proteins were quantitated in primary resting T cells subjected to
activation stimuli.1”

However, there are several limitations that hamper the quantitation accuracy and sensitivity
of SILAC-based methods and prevent the investigation of rapid protein synthesis. First,
metabolic labeling with stable isotope and/or noncanonical amino acids normally requires
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the depletion of the corresponding amino acids through cell starvation for at least 30 min to
increase the labeling efficiency, which can induce cell stress responses and thus alter protein
synthesis. Second, stored and recycled canonical amino acids can also be incorporated into
newly synthesized proteins, which impacts the quantitation accuracy. 7/ird, stable isotope
and noncanonical amino acids need to be conjugated to a specific tRNA in cells to form the
aminoacyl-tRNA before they can be utilized by the ribosome. This lowers the labeling
efficiency, especially in the early stage of metabolic labeling. It is often compensated by
metabolically labeling cells for at least 30 min to achieve more efficient labeling, which
prevents the quantification of rapid changes of protein synthesis. Fourth, protein degradation
exists during the studies, and newly synthesized proteins collected at different time points
are affected differently by the degradation pathways, especially for a longer period of
labeling time.

To overcome these issues, we developed an effective method termed quantitative O-
propargyl-puromycin tagging (QOT) for accurate and sensitive investigation of rapid
changes of protein synthesis in human cells by combining OPP labeling, bioorthogonal
chemistry, and multiplexed proteomics. OPP is an alkyne analog of puromycin that can be
rapidly incorporated into nascent polypeptide chains and has been extensively employed to
visualize and measure protein synthesis in the cells and in vivo.18-22 Unlike metabolic
labeling with AHA or SILAC, OPP labeling does not require any pretreatment or amino acid
depletion before the labeling, which makes it well-suited to accurately analyze rapid changes
of protein synthesis. In this work, by combining OPP labeling with multiplexed proteomics,
we quantitated the rapid protein synthesis rates at six different time points over 6 h from
THP-1 macrophages treated with LPS. Newly synthesized proteins were labeled with OPP
for 15 min at each of the six time points, which is short and minimizes the influence of
protein degradation. Nascent polypeptides were subsequently enriched through the click
reaction. To further eliminate the effect of nonspecific binding, a background sample, which
serves as a negative control, was analyzed without the catalytic reagents in the parallel
experiments. With 15-min labeling, more than 3000 newly synthesized proteins were
quantitated in each of the triplicate experiments, and a total of over 3700 proteins were
quantitated. The synthesis rates of 238 proteins were significantly altered in the cells treated
with LPS, including many transcription factors, cytokines, cluster of differentiation (CD)
proteins, and other proteins related to the inflammatory process. The synthesis of some
proteins was dramatically affected at the first and second time points, i.e., 0 and 0.5 h,
during the LPS treatment, indicating that the method can quantify immediate changes of
newly synthesized proteins. Furthermore, the synthesis of multiple proteins related to the
classical secretory pathway, including five enzymes for protein N-glycosylation, was
markedly changed in the treated macrophages. Considering the importance of protein
expression and the unique feature of the current method for analysis of rapid protein
synthesis, this method can be widely applied to investigate rapid changes of protein
synthesis in the biological and biomedical research fields.
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THP-1 Cell Differentiation, Lipopolysaccharide (LPS) Treatment, and Time-

Course O-Propargyl-Puromycin (OPP) Labeling.

THP-1 human monocytes (ATCC) were cultured in RPMI-1640 medium (Sigma-Aldrich)
containing 10% fetal bovine serum (FBS, Corning) and 1.0% penicillin-streptomycin in an
incubator with 5% CO» at 37 °C. Cells were equally split into eight flasks once the density
reached ~7 x 10° cells/mL. Phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) was
added to the medium to the final concentration of 100 ng/mL to differentiate the monocytes
into MO macrophages for 48 h as previously reported.23 After that, the medium was
removed, and the adherent macrophages were rested in the normal RPMI medium without
PMA for 24 h.23 For the time-course OPP labeling samples, LPS (Sigma-Aldrich) was
added to six flasks to the final concentration of 1 gg/mL. After 0, 0.5, 1, 2, 3, and 6 h,
respectively, the macrophages were treated with 30 xM OPP (Click Chemistry Tools) for 15
min. The medium was removed after the 15-min OPP treatment, and the cells were washed
twice with ice-cold PBS before harvesting. The cells were centrifuged at 300g for 5 min, and
the supernatant was removed. For the control and background samples, 30 4/M OPP was
added to the medium without the treatment of LPS, and the other steps for cell harvest are
the same.

Cell Lysis, Enrichment of Newly Synthesized Proteins, On-Bead Digestion, and Peptide

Purification.

The cells were lysed and the OPP-labeled nascent proteins were enriched through the
copper(l)-catalyzed azide—alkyne cycloaddition (CUAAC) reaction. For the background
sample, the catalytic reagents (CuSO4 and THPTA) were not added to the solution. The
reaction lasted for 2 h in the dark and was quenched by adding 10 mM dithiothreitol (DTT;
Sigma-Aldrich). The enriched proteins were further reduced at 56 °C for 25 min and
alkylated with 14 mM iodoacetamide at room temperature in the dark for 30 min. The beads
from all samples were stringently washed to remove the nonspecific binding proteins. The
enriched newly synthesized proteins were digested on beads with trypsin (Promega) at 37 °C
overnight. The digestion was quenched with trifluoroacetic acid (Millipore), and the pH was
adjusted to ~2 before desalting. The supernatant containing eluted peptides was collected,
and the peptides were purified using a tC18 Sep-Pak Vac Cartridge (Waters). The purified
peptides were dried in a vacuum concentrator. The detailed information is included in the
Supporting Information.

TMT Labeling of Peptides and the Fractionation Using High Performance Liquid
Chromatography (HPLC).

The dried peptides from 8 samples were resuspended in 100 L of 100 mM HEPES, pH =
8.5, and 30 /L. ACN. The TMT10plex reagents were dissolved in 41 /A of anhydrous ACN,
and 5 /L was added to each sample (127N-0 h; 127C-0.5 h; 128N-1 h; 128C-2 h; 129N-3 h;
129C-6 h; 130N-control; 130C-background), respectively. The reaction was performed for 1
h at room temperature with shaking and subsequently quenched with 10 zL of 5%
hydroxylamine hydrochloride. The labeled peptides were combined, purified, and dried
before fractionation. High-pH reversed-phase HPLC was employed to fractionate the
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combined sample using an XBridge C18 3.5 ym, 4.6 x 250 mm column (Waters) with an 80
min gradient of 5-60% ACN containing 10 mM ammonium formate (pH = 10). The
peptides were consolidated into 20 samples and each sample was purified using the StageTip
method described previously.24

LC-MS/MS Analysis.

The dried peptides were resuspended, separated by reversed-phase HPLC. Data were
acquired with a hybrid dual-cell quadrupole linear ion trap-Orbitrap mass spectrometer (LTQ
Orbitrap Elite, Thermo Scientific, with Xcalibur 3.0.63 software) using a data-dependent
Top15 method. The detailed information is included in the Supporting Information.

Database Searching, Data Filtering, and Quantitation of Protein Relative Synthesis Rates.

The raw files were converted into the mzXML format. The mass spectra were searched
using the SEQUEST algorithm (version 28)2° against the human proteome (Homo sapiens)
database encompassing sequences of all proteins downloaded from UniProt (https://
www.uniprot.org). The following parameters were used for the search: 20 ppm precursor
mass tolerance; 0.025 Da product ion mass tolerance; fully digested with trypsin; up to 3
missed cleavages; variable modifications: oxidation of methionine (+15.9949); fixed
modifications: carbamidomethylation of cysteine (+57.0214) and the TMT labeling of lysine
and the N-terminus (+229.1630). The target-decoy method was employed to evaluate and
control the false discovery rates (FDRs) of peptide and protein identifications.28 The
detailed information is included in the Supporting Information.

The ion intensities for the eight TMT channels were recorded and corrected using the
isotopic information provided by Thermo. The abundance of each newly synthesized protein
in every sample was calculated from the median TMT intensity of all peptides from this
protein. The experiment was performed in technical triplicates. In each replicate, the
abundances of proteins in the background sample were subtracted from the abundances of
proteins in the other seven samples to eliminate the possible influence from nonspecific
binding. For every protein, the relative synthesis rate at each point in each replicate was
calculated between the LPS-treated and the control samples. Eventually, the final relative
synthesis rate and the standard deviation were calculated from the average of the three
replicates.

Statistical Analysis.

Gene Ontology (GO)-based enrichment analysis was performed based on cellular
component, molecular function, and biological process using the Protein Analysis Through
Evolutionary Relationships (PANTHER) classification system.2” P-values were calculated
using Fisher’s exact test. Proteins that changed the relative synthesis rate by at least 1.5-fold
were considered to be significantly affected by the treatment.
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RESULTS AND DISCUSSION

Principle for Quantitation of Rapid Protein Synthesis Changes Using Quantitative O-

Propargyl-Puromycin Tagging (QOT).
In this work, we employed OPP, an alkyne-bearing puromycin derivative, to effectively and
rapidly label newly synthesized proteins. It has been shown that OPP can be incorporated
into newly synthesized proteins in a short incubation time.18:19 The incorporation of OPP
into newly synthesized proteins generates a chemical handle for their enrichment using
bioorthogonal chemistry (Figure 1A).28-31 The enriched newly synthesized proteins are
covalently bound to the agarose resins, which enables stringent washes to minimize
nonspecific binding.

Here, THP-1 cells were equally passaged to eight flasks and differentiated into MO
macrophages with phorbol 12-myristate 13-acetate (PMA\) as reported previously.23 Then,
the macrophages were treated with LPS, except those designated as the control and
background samples. The cells were treated with OPP at different time points, i.e., 0, 0.5, 1,
2, 3, and 6 h after the LPS challenge, for 15 min without starvation or any pretreatment
before the labeling to ensure that the cells are under no stress. The short labeling time also
minimizes the effects of protein degradation on the quantitation of the synthesis rate.
Similarly, the cells in the control and background samples were also labeled with OPP for 15
min. The cells were then harvested and lysed, and the labeled newly synthesized proteins
from all samples were enriched. For the background sample, the catalytic reagents were not
added during the click reaction and thus proteins quantified are those only resulted from
nonspecific binding.

After stringent washes, the enriched proteins were digested on beads, and the resulted
peptides were further labeled with different tandem mass tag (TMT) reagents, respectively,
i.e., 127N for 0 h, 127C for 0.5 h, 128N for 1 h, 128C for 2 h, 129N for 3 h, 129C for 6 h,
130N for the control sample, and 130C for the background sample. Multiplexed proteomics
allows for simultaneous quantitation of all these samples, therefore increasing the
throughput and quantitation accuracy. After fractionation and purification, the peptides were
analyzed by an online LC-MS system (Figure 1B). The intensities of nonspecific binding
proteins were subtracted from those of the corresponding proteins in all other samples
(analysis of nonspecific binding proteins on the azide agarose resins including Figures S1
and S2 is in the Supporting Information), and the relative synthesis rates were calculated
from the ratios between the protein intensities from each time point and those in the control
sample.

The incorporation of OPP prevents the elongation of newly synthesized proteins and causes
the premature release of truncated proteins. The labeled proteins are then enriched and
analyzed using bottom-up proteomics. The measurement of protein synthesis is affected by
the degradation of the labeled proteins if the labeling time is too long in the experiments.
However, previous work showed that the abundances of OPP-containing proteins were not
significantly reduced after 30 min while their degradation needed several hours.22:32 |n this
work, newly synthesized proteins are labeled for 15 min and the labeling time is the same
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for all time points. This minimizes the influence of protein degradation and increases the
quantitation accuracy.

Because OPP labeling causes premature termination of protein synthesis, the identified
peptides might be biased toward the N-terminus of proteins. To evaluate whether OPP
labeling is biased, we performed more data analysis for all identified peptides in one
experiment, and the distribution of the starting positions of peptides in their proteins is
shown in Figure 2. The number of identified peptides is almost equally distributed across the
whole length of proteins, except fewer at both N- and C-termini. The same results were
found in other experiments. The possible reason for fewer N- and C-terminal peptides is that
the peptides at the N- and C-termini of proteins are too short after the trypsin digestion, and
peptides with the length of less than seven amino acid residues were discarded for the
quality control of peptide identification. Additionally, the N-termini of proteins may be
modified, and in this work we did not add any possible modification on the N-terminus.
Therefore, modified N-terminal peptides were not identified. The results demonstrate that
the current method does not bias toward the N-termini of nascent proteins.

Identification of Newly Synthesized Proteins in LPS-Treated MO THP-1 Macrophages.

During the activation induced by LPS, MO THP-1 macrophages produce and secrete
numerous proteins including inflammatory cytokines, enzymes, and growth factors.33 The
LPS receptor complex consists of toll-like receptor 4 (TLR4), myeloid differentiation
protein-2 (MD-2), and CD14. Its interaction with LPS results in the activation of 1xB kinase
(IKK), mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase
(ERK) 1 and ERK2, c-Jun N-terminal kinases (JNK), and other signaling pathways.34-37 As
a consequence, a number of transcription factors, such as nuclear factor xB (NF-xB) and
activator protein-1 (AP-1), are activated, which promote the synthesis of many proteins
related to the innate immune response.38-40 The response of macrophages is fast, as shown
in the previous study that the phosphoproteome was greatly altered within the first 15 min
after the LPS treatment.41 Therefore, conventional methods are not suitable to accurately
and sensitively quantify the quick changes of protein synthesis in macrophages in response
to LPS.

Using the proposed method, we identified 3758 newly synthesized proteins within the
labeling time of 15 min after the LPS treatment in three replicates (Figure 3A). Among
those, 2589 proteins quantitated commonly at all time points in all triplicates were chosen
for further analysis (Table S1). Gene Ontology (GO) clustering of all newly synthesized
proteins was performed using the Protein Analysis Through Evolutionary Relationships
(PANTHER) classification system based on cellular component, molecular function, and
biological process.2” P-values were calculated using Fisher’s exact test. Nearly 600 newly
synthesized proteins located in the extracellular exosome were highly enriched with a very
low P-value of 6.01 x 10~71. These extracellular exosomes released from macrophages play
vital roles in intercellular communication and inflammatory response, and it is well-known

that the LPS treatment promotes the secretion of extracellular exosomes from macrophages.
42,43
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In addition, newly synthesized proteins involved in protein transport (P = 3.59 x 10758),
exocytosis (P = 1.89 x 10731), and protein targeting to membrane (P = 2.02 x 10728) were
overrepresented (Table S2 and Figure 3B). These results demonstrated that protein synthesis
related to the secretion of extracellular exosomes was highly promoted in cells by LPS.
After the activation of macrophages, multiple pro-inflammatory cytokines were rapidly
synthesized and released, such as tumor necrosis factor (TNF). The classical secretion
pathway is mainly responsible for the secretion of TNF, and the Golgi transport complex is
an important component of this pathway.3344 In the current data set, 8 out of 13 proteins
involved in the Golgi transport complex were quantitated, indicating that protein synthesis
related to this pathway is greatly activated. Another way to release TNF is through the
recycling endosome,*44° and the newly synthesized proteins related to the recycling
endosome were overrepresented as well.

Furthermore, newly synthesized proteins involved in the activation of the innate immune
response were enriched, indicating a successful activation of THP-1 macrophages by LPS
(Figure 3C). The activation of macrophages resulted in the enrichment of newly synthesized
proteins related to NF-xB signaling, Wnt signaling, and Rab protein signal transduction,
which are critical for the regulation of immune response by macrophages.#647 Subsequently,
the pro-inflammatory cytokines were synthesized and released from the LPS-induced
macrophages, and these cytokines can further activate the cells. For example, TNF acts on
TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2), which activates the macrophages
through the TNF-mediated signaling pathway.*8 Here, thirty-nine newly synthesized
proteins quantitated are related to the TNF-mediated signaling pathway. Similarly, proteins
related to the interleukin-1 (I1L-1)-mediated signaling pathway were also overrepresented.
The results correspond very well with the previous studies that macrophages can be
activated by TNF and IL-1.48:49

Quantitation of the Protein Synthesis Rates in Macrophages Treated with LPS.

After the protein abundance correction using the background sample, the relative synthesis
rate for each protein at each time point was calculated based on the ratios between the
protein abundances from the cells treated with LPS and the control sample, which is under
the normal synthesis rates for the resting macrophages (Figure S3A). To compensate for the
technical variabilities, the raw relative synthesis rates were normalized based on three
commonly used proteins, i.e., tubulin beta chain (TUBB), B-actin (ACTB), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which were not affected during the
LPS-induced macrophage activation. In each replicate, the median relative synthesis rate of
these three proteins was obtained at each time point and used for the normalization of all
other relative synthesis rates at that time point (Figure S3B). The distribution of relative
synthesis rates for all proteins after the normalization in one replicate is shown in Figure
S3C. Eventually, the final relative synthesis rate for each protein at every time point is the
average value of the relative synthesis rates from three replicates (Table S1 and Figure S4A).
The distribution of relative standard deviation shows that the triplicate experiments were in
reasonably good agreement (Figure S4B). The results show that protein synthesis is
relatively more promoted at 0.5 and 6 h during the LPS treatment.
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Overall, the relative synthesis rates of 238 proteins were dramatically affected by the LPS
treatment (the relative synthesis rate changed by at least 1.5-fold). Among those, the
synthesis of 229 proteins was promoted, while 9 proteins had reduced synthesis rates. GO
analysis demonstrates that proteins related to protein transport, Golgi vesicle transport,
innate immune response, and immune system process were highly enriched. In addition,
many proteins related to the two major pathways in the immune response, i.e., the NF-xB
signaling pathway and the TNF signaling pathway, were drastically affected by the LPS
treatment (Table S2 and Figure S5).

The synthesis of those proteins markedly affected by the LPS treatment was classified into
four groups based on their response kinetics (Table S4 and Figure 4). Group | (“immediate
increase”) consists of 17 proteins, including TNF and transcription factor p65 (RELA).
These proteins had notably increased relative synthesis rates at the beginning (0 and 0.5 h)
of the LPS treatment. Group Il (“intermediate increase”) includes 13 proteins, such as I1L-1
beta (IL1B) and TNF receptor-associated factor 1 (TRAF1). These proteins had increased
relative synthesis rates between 1 and 3 h during the LPS treatment. One hundred and
ninety-nine proteins were clustered in Group I11 (“delayed increase”), which increased their
relative synthesis rates at 6 h of the LPS treatment. On the contrary, several proteins had
decreased relative synthesis rates, which are clustered in Group IV (“decrease”).

Translation of Cytokines and Transcription Factors in Macrophages in Response to LPS.

The synthesis rates of several cytokines, transcription factors, and other proteins related to
the inflammatory process were greatly affected by the LPS treatment. Their relative
synthesis rates with the error bars referring to the standard deviation at each time point are
shown in Figures 5 and S6. The translation of these proteins in macrophages is known to be
promoted by the LPS treatment; thus, they are the direct proof that the MO THP-1
macrophages were activated by LPS. The rapid changes of the protein synthesis within 15
min at each time point during the treatment were successfully determined by the current
method.

NF-«B as a transcription factor is critical for the regulation of immune response. NF-xB is
activated by the LPS treatment, which subsequently promotes the expression of many
cytokines, transcription factors, and other proteins related to the inflammatory process. In
this work, two subunits of NF-xB, i.e., RELA and c-REL, were quantitated and classified in
Group I. The previous studies found that these two subunits could bind to about 190 genes
and were essential for the LPS-induced immune response in macrophages.36:38:40.50 The
relative synthesis rates of the two subunits were upregulated during the whole process of the
LPS treatment (Figures 5B and S6A). Notably, the relative synthesis rate of RELA was 1.53
+ 0.19 at 0 h during the LPS treatment, while that of c-REL was 2.00 £ 0.18 at 0.5 h. Here,
newly synthesized proteins were labeled with OPP for 0.25 h (15 min) at each time point.
Therefore, the relative synthesis rate at 0 h reflects the protein synthesis from 0 to 0.25 h.

The expression of many cytokines, including TNF, IL1B, C-C motif chemokine 5 (CCL5),
and C-C motif chemokine 20 (CCL20), was largely promoted by the LPS treatment through
the activation of NF-xB and other transcription factors. CCL5 (or regulated upon activation,
normal T cell expressed and secreted (RANTES)) plays critical roles in inflammatory
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responses by activating and recruiting T cells and macrophages. The expression of CCL5 is
induced through the activation of IFN regulatory factor-3 (IRF3) after the LPS treatment.>!
In this work, the relative synthesis rate significantly increased at 1 h and reached nearly 7-
fold at 6 h during the LPS treatment compared with the normal synthesis rate (Figure 5C).
Similarly, the expression of CCL20, also known as macrophage inflammatory protein-3a,
significantly increased at 0.5 h, and the relative synthesis rate was 4.54 + 0.91 at 6 h (Figure
S6B). The increased expression of CCL20 was reported in a previous study using an MS-
independent method.52 TNF and IL1B are two key regulators of the inflammatory response.
48.49 1t is well-known that the synthesis and secretion of TNF and IL1B were promoted
through the activation of NF-xB in the LPS-induced macrophage activation.34:39.53 The
relative synthesis rate of TNF was >1.5 at 0.5 h, and that of IL1B was 4.42 +0.88 at6 h
(Figures 5D and S6C). The results correspond very well with previous studies and further
validate the effectiveness of the current method.

Synthesis Alteration of Other Important Proteins in Macrophages Treated with LPS.

Besides transcription factors and cytokines, proteins with various functions were also found
to be increasingly synthesized during the LPS treatment. For example, cell stress-related
superoxide dismutase [Mn] (SOD2), a protein responsible for destroying superoxide anion
radicals and one of the target genes of NF-xB,>* increased its synthesis rate at 2 h after the
LPS treatment (Figure 5E). Similarly, the synthesis rate of prostaglandin G/H synthase 2
(PTGS2), also known as COX-2, elevated over 8-fold during the LPS treatment (Figure
S6D), which is known to be strongly induced by LPS.5° The synthesis of some proteins with
anti-inflammatory functions altered in macrophages treated with LPS. For example, insulin-
like growth factor-binding protein 3 (IGFBP3) is known to induce cell apoptosis and inhibit
the NF-xB signaling pathway.%® The synthesis of IGFBP3 was slightly decreased at the
beginning of the LPS treatment (0.80 £ 0.09), while the relative synthesis rate increased to
2.64 £ 0.47 at 6 h (Figure 5F). The result demonstrates that although the anti-inflammatory
process is suppressed at the beginning, a prolonged LPS treatment may promote the
synthesis of anti-inflammatory proteins to counteract the inflammatory response induced by
LPS.

Intercellular adhesion molecule-1 (ICAM1, CD54) is vital in the cellular response to LPS,
TNF, and IL-1. The relative synthesis rate of CD54 is 1.60 + 0.16 at 6 h during the LPS
treatment (Figure 5G). Besides CD54, two other CD proteins, i.e., urokinase plasminogen
activator surface receptor (PLAUR, CD87) and disintegrin and metalloproteinase domain-
containing protein 17 (ADAM17, CD156b), were also significantly affected by LPS. A
previous study showed that the mRNA abundance of CD87 increased after 4 h of the LPS
treatment,®” and here an increased relative synthesis rate was found at 6 h during the LPS
treatment (Figure S6E). ADAMLY7 is a surface enzyme, which cleaves and releases the TNF
precursor.?8 This protein is involved in LPS-induced inflammation, and its synthesis was
greatly promoted (Figure S6F). In addition, the synthesis of 9 proteins was reduced during
the LPS treatment (Figures S6G and S6H). Their functions are not directly related to the
inflammatory process, and further study is needed to uncover the mechanism of the
translation suppression of these proteins.
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Protein Synthesis Promoted in the Classical Secretory Pathway.

After the LPS treatment, more cytokines and other proteins related to the inflammatory
response, such as TNF, IL1B, CCL5, CCL20, ICAML1 (CD54), and PTGS2 (COX-2), are
secreted through the classical secretory pathway. They may be regulated at the transcription,
translation, post-translational modification, and protein translocation levels.*445 We found
that the synthesis of many proteins related to this pathway was significantly induced during
the LPS treatment, and some examples are displayed in Figure 6.

Apart from RELA and c-REL, several transcription factors related to the inflammatory
process were markedly affected by LPS, such as A-kinase anchor protein 8 (AKAP8), Y-
box-binding protein 1 (YBX1), and zinc finger protein 384 (ZNF384), while some of them
may not be associated with the inflammatory process, including putative oxidoreductase
GLYR1 and high mobility group protein HMG-I/HMG-Y (HMGAL). AKAPS plays a role in
the anti-inflammatory process and suppresses the expression of TNF in macrophages.>®
YBX1 is important for transcription regulation, and its expression was promoted by LPS in a
previous study using mice as a model.6% ZNF384, also known as CIZ, binds with the DNA
sequence (G/C)AAAAA and activates the expression of matrix metalloproteinases (MMPSs)
which are upregulated in the LPS-induced inflammatory process.81 The relative synthesis
rate of HMGAU1 drastically increased at 0.5 h during the LPS treatment, and the expression
of HMGAL was previously reported to be promoted in activated macrophages by
transcriptomic analysis.52 However, its role in the inflammatory process remains to be
explored.

RNA splicing is a critical step to generate the mature mRNA, which is accomplished by the
spliceosome. The synthesis of many proteins related to the spliceosome, such as splicing
factors (RBM22, SRSF10, SRSF7, and SF3B2), ribonucleoproteins (HNRNPC and
HNRNPU), and RNA helicase (DDX5), was largely induced during the LPS treatment. In
addition, the synthesis of several nuclear pore complex proteins (NUP98, NUP107,
NUP153, NUP160, and RAN) was also promoted to enhance the translocation of mature
mRNA to the ER-bounded ribosome.

The ER is an essential component for the synthesis and trafficking of secreted proteins.%3
Here, many proteins related to protein secretion in the ER and the ribosomes, and N-
glycosylation were quantitated and their synthesis rates were greatly altered by the LPS
treatment. Ribosome-binding protein 1 (RRBP1) mediates the interaction between the
ribosomes and the ER membrane, which is critical for the classical secretory pathway. The
relative synthesis rate was 1.71 + 0.14 at 6 h during the LPS treatment. The increased
synthesis of RRBP1 suggests the activation of secreted protein synthesis. In addition, the
synthesis of proteins related to protein folding (DNAJAL, DNAJA2, and DNAJB11), quality
control (SEL1L), and translocation (SEC24B and SEC63) was also promoted by LPS.

Most secreted proteins are N-glycosylated, and N-glycosylation often determines protein
folding, trafficking, and quality control.54:65 The oligosacchary! transferase (OST) complex
is responsible for the en bloc transfer of GlcgMangGIcNAC, to the asparagine (Asn) residue
in the sequence of N-X-S/T (X is any amino acid residues but not proline) of newly
synthesized secreted proteins. Dolichyl-diphosphooligosaccharide-protein

Anal Chem. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tong et al.

Page 12

glycosyltransferase subunit STT3B is a catalytic subunit of the OST complex, and the
synthesis of STT3B was increased during the LPS treatment. Similarly, an accessory
component of the OST complex, tumor suppressor candidate 3 (TUSC3), was induced in the
activated macrophages. In addition, the synthesis of proteins involved in the formation of
precursor oligosaccharide (ALG1) and the modification of N-glycans (B4GALT1 and
PRKCSH) was also upregulated in the LPS-induced macrophages. The results suggest that
protein N-glycosylation is activated by the LPS treatment.

CONCLUSIONS

In this work, an effective method termed quantitative O-propargyl-puromycin tagging (QOT)
was developed to investigate rapid protein synthesis changes in cells. OPP labeling has been
proved to be a powerful method to measure rapid protein synthesis. By integrating OPP
labeling with multiplexed proteomics, the current method enables labeling and selective
enrichment of rapid translation products for quantitative analysis by MS. Compared with
other commonly used approaches, the current method has several advantages. First, OPP can
be efficiently incorporated into nascent polypeptides without prior cell starvation or
pretreatment. This greatly minimizes the influence on cellular metabolism caused by the
stress and reflects the real changes of protein synthesis in response to the stimulus. Second,
OPP can be utilized by the ribosome immediately after entering cells, while heavy isotopic
and/or noncanonical amino acids need to be activated and conjugated to tRNA before being
incorporated into newly synthesized proteins. Therefore, the labeling efficiency of OPP is
much higher than those amino acids or their analogs, especially in the early labeling stage,
enabling us to label newly synthesized proteins in a short period of time (such as 15 min
used here). Third, a short labeling time eliminates (at least minimizes) the effect on
quantitation of protein synthesis by the protein degradation. Fourth, one OPP molecule is
incorporated into one newly synthesized protein, which allows us to fairly enrich newly
synthesized proteins with different sequences.

The current method was applied to study the rapid changes of protein synthesis in
macrophage treated by LPS. More than 3000 newly synthesized proteins were identified
with 15-min labeling in MO THP-1 macrophages after the LPS treatment. The synthesis
rates of 238 proteins were dramatically altered, including transcription factors, cytokines,
CD proteins, and other proteins related to the inflammatory process. This method enabled us
to quantitate protein synthesis immediately after the LPS treatment and to identify proteins
with altered synthesis rates in a short period of time (15 min) after the treatment. The results
also demonstrate that the protein synthesis was modulated to facilitate protein secretion
during the macrophage activation, supported by the increased synthesis of multiple proteins
related to the classical secretory pathway, including five enzymes for protein N-
glycosylation. This method can be widely applied to investigate rapid changes of protein
synthesis in cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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