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Abstract

1.

The field of proteomics is continually improving, requiring the development of new quantitative
methods. Stable isotope labeling in cell culture (SILAC) is a metabolic labeling technique
originating in the early 2000s. By incorporating isotopically labeled amino acids into the

media used for cell culture, unlabeled versus labeled cells can be differentiated by the mass
spectrometer. Traditional SILAC labeling has been expanded to pulsed applications allowing for
a new quantitative dimension of proteomics — temporal analysis. The complete introduction of
Heavy SILAC labeling chased with surplus unlabeled medium mimics traditional pulse-chase
experiments and allows for the loss of heavy signal to track proteomic changes over time. In

a similar fashion, pulsed SILAC (pSILAC) monitors the initial incorporation of a heavy label
across a period of time, which allows for the rate of protein label integration to be assessed.
These innovative techniques have aided in inspiring numerous SILAC-based temporal and spatial
labeling applications, including super SILAC, spike-in SILAC, spatial SILAC, and a revival in
label multiplexing. This review reflects upon the evolution of SILAC and the pulsed SILAC
application, introduces advances in SILAC labeling, and proposes future perspectives for this
novel and exciting field.

Introduction

In every biological system there exists a constant fluctuation of protein synthesis and
degradation.! In the field of proteomics, we aim to study these changing protein
populations. Analyzing the proteome of any species is a daunting task that requires complex
instrumentation and detailed sample preparation strategies. Mass spectrometry has allowed
quantitative proteomic analysis to become a common application in the bioanalytical
chemistry field.

There are two major areas of quantitative proteomics: labeling and label-free quantification.
Effective labeling strategies for quantitative proteomics experiments are essential to gather
meaningful data.2 One of the most popular labeling strategies involves the use of isotopes.3
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The use of isotopic labels has been extensively studied and has evolved through multiple
avenues. Isotopic labels come in many varieties including isotope-coded infinity tags, 180
labeling, isobaric tags, and metabolic labeling by the incorporation of stable isotopes.3 The
various isotopic labeling strategies can be further divided into two categories: metabolic
label incorporation and postdigestive chemical labeling.3

Metabolic labeling involves the introduction of isotopic labels at the cellular level during
growth. Metabolic labeling is an extremely reproducible quantification strategy as it
involves labeling the proteins prior to analysis, ultimately eliminating variability that can be
introduced in downstream sample preparation.* However, while metabolic incorporation has
the potential to decrease variation, this technique is limited to actively growing biological
samples, as it relies on protein synthesis to incorporate these labels. An additional challenge
is spectral complexity, as multiple label types and samples are combined, additional isotopic
peaks are added, convoluting the mass spectrum. To address these complications, peak
spacing can be increased by utilizing combined 13C- and 15N-labeled amino acid enriched
mediums.35~" The use of isotopically labeled amino acids was developed over twenty years
ago by Matthias Mann’s research group and dubbed Stable Isotope Labeling by Amino
Acids in Cell culture (SILAC).”8

The SILAC proteomic workflow begins at the cellular level. To culture cells, medium is
necessary to fulfill the nutritional requirements. Specifically, mammalian cells must be
supplemented with a minimum of thirteen amino acids essential to growth: arginine, cystine,
glutamine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, tyrosine, and valine.®19 Cells grown in their preferred culture medium are
transferred to a specifically formulated medium that replaces all naturally occurring isotopes
in specific amino acids, typically lysine and arginine, to a solely light 12C14N lysine

and 12C14N arginine or heavy 13C15N lysine and 13C15N arginine. The media is then
supplemented with a dialyzed serum. The cells are maintained in this labeled medium for
five doublings to ensure that the labels are fully incorporated during protein synthesis.11
The labels must achieve a high level of incorporation for this quantitative technique to be
successful.

Once incorporated, the cells are lysed, and the proteins extracted. These proteins can be
analyzed intact by top-down analysis, or the proteins can be digested into peptides and
analyzed by bottom-up proteomic analysis. Typically, the classic SILAC experiment is
associated with bottom-up proteomic analysis, but these labels can be utilized in either
approach.12 Following the bottom-up workflow, the extracted proteins will then be reduced,
alkylated, and digested. While protein digestion can be accomplished with a variety of
proteolytic enzymes, the use of trypsin is especially complementary with the labeled lysine
and arginine amino acids, as trypsin cleaves at the C-terminus of both of these residues.
Essentially, this configuration allows for each peptide to be labeled and designated as either
heavy or light depending on the label state of the lysine or arginine residue. These peptides
can then be analyzed by a high-resolution mass spectrometer.

Analysis of SILAC labeled peptides within bottom-up proteomics has traditionally been
coupled with a data dependent analysis (DDA) approach. Both heavy and light labeled
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peptides co-elute at the same time during the initial liquid chromatography separation. These
coeluted peptides can then undergo an initial precursor ion scan. The abundance ratios of the
peptides for both label states can be determined based on the signal intensities from this full
precursor ion scan, making high resolution mass spectrometry necessary during this crucial
step.13 These peptides must then undergo fragmentation to make accurate identifications.
These data are then analyzed by complex search algorithms which utilize comparisons to
specific theoretical tandem mass spectra to infer proteins by their corresponding peptides.14
The peptide abundance ratios previously established in the precursor ion scan can then

be used to determine the relative protein abundance ratios, ultimately determining protein
quantification for both heavy and light samples. While the SILAC DDA approach utilizes
the precursor ion abundances (MS?) for quantification, this reliance has limitations due to
instrumentation limits for ion accumulation and the increased spectral complexity resulting
from multiplexing samples.1®> However, data independent acquisition (DIA) approaches with
the SILAC workflow are gaining popularity and have shown the potential for outperforming
traditional DDA experiments under certain conditions.16-18

Once the MS analysis has been completed, raw files must undergo extensive searches to
make protein identifications and determine abundance differences amongst samples. Data
analysis for SILAC-DDA experiments can typically be addressed in a few different ways.
There are multiple software packages available that can handle SILAC data including
MaxQuant, MASCOT, and Proteome Discoverer.19-22 Additionally, R-based proteomics
pipelines are increasingly popular for processing SILAC data.23 While these programs are
suitable for handling traditional duplex SILAC experiments, additional tools can be required
when dealing with more complex data, such is the case with multiplexed labels and certain
spatial or temporal experiments.

The introduction of SILAC labels to bottom-up proteomics has revolutionized protein
analysis and while this fundamental workflow can be useful in experiments such as label
incorporation estimations, SILAC has the potential to be used in more advanced ways,
specifically pulse-chase experiments. The original pulse-chase experiment was completed
by Matthew Meselson and Franklin Stahl.24 In 1958, Meselson and Stahl grew bacteria
Escherichia coli (E. coli) in a culture medium containing only heavy 15N nitrogen. The
bacteria grew and replicated their deoxyribose nucleic acid (DNA) in the heavy labeled
medium to create a parental generation. Excess light 14N nitrogen was then added to

the bacterial growing medium for subsequent generations and the DNA was analyzed at
set intervals using ultraviolet light photographs. Meselson and Stahl discovered that by
comparing the relative band densities of the 4N DNA band and 15N DNA band to a band
containing an isotopic mixture of the two types of DNA, they could define the relative
abundances of both isotopes in the mixture.24 While the ultimate impacts of this study
helped validate Watson and Crick’s model for DNA by demonstrating semiconservative
replication, the experimental design has been celebrated as being “the most beautiful
experiment in biology.”2°

Pulse-chase analysis has more recently been defined as any method involving the exposure
of a labeled compound to a biological system (pulse) and then switching to the same
compound’s unlabeled counterpart (chase) to examine a change in cellular process over
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time by loss of the heavy labeled signal (Fig. 1).26-28 The combination of pulse-chase
experiments with SILAC began with a curiosity to further investigate protein dynamics.
While classic proteomics has focused on comparisons of protein quantities between two
states, pulse chase SILAC was designed to evaluate the dynamic changes in the proteome,
which can then be compared across different biological states or test conditions. Thus, the
evolution of pulse-chase SILAC and, subsequently, pulsed SILAC proteome analysis was
born. This review aims to examine this evolution, to highlight the many varieties of spatial
and temporal SILAC experiments, and to infer possible future directions for this quickly
progressing field.

2. Developments in SILAC applications

Elucidating the dynamic proteome: chronologically following the evolution of studying
protein turnover rates with stable isotopes.

Many names have been associated with protein turnover SILAC experiments: dynamic
SILAC, pulsed SILAC (pSILAC), and pulse-chase SILAC. While the jargon may be
unwieldy, one constant among these experiments is that they all focus on protein dynamics.
Just months after the research group of Matthias Mann published the first SILAC paper,
Robert Beynon and Simon Gaskell pioneered the missing link between stable isotope
labeled amino acids and protein turnover.”-2%:30 This link would spur many future studies of
proteome dynamics (Fig. 2).

The use of pulse-chase SILAC to study system-wide protein turnover rates using two
SILAC channels was originally referred to as “Dynamic SILAC”.30:31 Robert Beynon’s
research group conducted a pilot experiment to the first dynamic SILAC study. In 2002,
they analyzed protein turnover within dynamically labeled amino acids and examined the
degradation rates of highly abundant proteins in glucose-limited yeast cells.2? This initial
study utilized culture medium containing deuterated leucine, which was then chased with
excess unlabeled leucine and sampled at set time points. Peptides from each time point were
analyzed with a MALDI-TOF mass spectrometer. Utilizing monoisotopic peak intensities
from both the heavy and light tryptic peptides, they determined relative isotope abundances
at each set time points, which were then used to calculate the rate of degradation (Fig.

3).2% This study validated the application of SILAC for protein dynamics studies, essentially
unlocking a new dimension in proteome analysis.”-2%

As more dynamic SILAC studies were completed, attention was focused on the labels. Prior
to SILAC, radioisotope labeling of proteins was used to study protein dynamics.32-3% While
these radioisotopes were useful to elucidate protein dynamics on smaller scales, they are
hazardous substances.39 As the push towards the usage of stable isotopes in amino acids
occurred, researchers adopted less hazardous labels. Beynon and Pratt compiled a thorough
review examining each amino acid’s eligibility for effective labeling.3? Deuterated amino
acids were a major consideration in their review. The presence of deuterium in amino

acids can result in differences in retention time when the experiment is coupled with liquid
chromatography.3%40 For this reason, many recent studies have utilized 13C and or 15N
heavy labeled amino acids, which do not suffer from retention time differences.39-41
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While the analysis of protein dynamics within single cellular organisms furthered
understanding of the dynamic nature of the proteome, the technique has been expanded

to more complex systems. Just three years after their initial deep dive into protein dynamics
on the diploid yeast strain BY4743, Beynon and Gaskell published on the use of stable
isotopes to monitor protein turnover rates in a more complex organism: a chicken.30 The
chickens were fed a strict diet containing light valine for six days, then the diet was changed
to include heavy 13C valine for 120 hours, with three birds sacrificed for sampling fourteen
times throughout that period. The pectoralis muscle from the chicken was extracted and
analyzed with a MALDI-TOF mass spectrometer. This study determined individual protein
turnover rates in these complex organisms, ultimately paving the way for future vertebrate
dynamic SILAC studies.30

From single cell organisms to multicellular complex organisms, dynamic SILAC has also
been utilized for studies in human cell lines. Analysis of human cells using variations of
pulsed SILAC was accomplished in 2005 by Matthias Mann and colleagues as they studied
nucleolar proteome dynamics.#2 Subsequent studies included major histocompatibility
complex peptides from human ovarian cancer cells, human atrial trabeculae, and human
A549 adenocarcinoma cells.414344 As applications for the SILAC approach broadened, so
did the variations of this technique. Multiple research groups have made this approach their
own by coining individual names for the many variations, including pulsed SILAC, super
SILAC, and spiked-in SILAC.45-48

Matthias Selbach and Bjérn Schwanhausser et a/. coined the phrase “pulsed SILAC”
(pSILAC); they defined a platform involving light labeled cell populations pulsed with

two different forms of heavy isotopic labels to quantify relative differences in de novo
protein synthesis of two samples.31:47:49 Schwanhéusser’s initial study tracked cellular
proteome changes at the translation level.59 They began by growing HeLa cells in a light
cell culture medium. These cells were then split into two populations with differential
treatment and grown in either a heavy or medium labeled culture medium. These differing
pulse treatments allowed them to evaluate the respective “heavy/medium” SILAC abundance
ratios to determine the differences in translation of the corresponding proteins.*® This
groundbreaking work introduced an exciting new perspective into how protein dynamics can
be studied.

Many pulsed SILAC applications have encountered the limitations of requiring complete
metabolic labeling of cell cultures, ultimately eliminating the study of human tissue.*6 A few
different techniques have tried to address some of these constraints such as super SILAC and
spike-in SILAC.4546.50 Syper SILAC refers to the combination of multiple SILAC labeled
cell cultures from differing cell lines.%6 In the technique’s debut by the Matthias Mann
research group, four different breast cancer cell lines from various stages and origins were
grown with heavy SILAC labels. The resulting proteins from each of these cell lines were
normalized and combined with unlabeled tumor tissue. The samples were digested with
filter-aided sample preparation (FASP) method, and fractionated with strong anion exchange
in a StageTip format.46:51 The resulting analyses showed increased protein identification
and quantification accuracy.*® The success of these experiments performed with the super
SILAC technique inspired the spike-in SILAC approaches.*
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Spike-in SILAC labeling is another innovative SILAC variation. Spike-in SILAC is different
in application from its counterparts and uses heavy isotopically labeled cells as a spiked-

in standard, introduced to non-labeled samples after any perturbation experiments have

been performed.#® This technique eliminates many of the inherent barriers that the use of
SILAC can present, such as the need for complete labeling and strict dietary limitations.
Additionally, this technique differs from the previous super SILAC approach as it is not
limited to digestion and fractionation techniques, further increasing applicability. While this
approach does not fit the traditional structure of a pulsed experiment, this method deserves
mention here as it has still helped to further studies of protein dynamics.

Many successful experiments have utilized this method or variations of it. Spike-in SILAC
has been used to identify a new member of a protein family in newt hearts, recording
real-time protein-mediated cell—cell interactions, and large-scale phosphosite quantification
of tissues.>2-54 The many variations of SILAC (Fig. 4) have allowed for groundbreaking
discoveries. As SILAC and its many variations have evolved, so has the nature of our
experiments, leading us next to examine dynamic studies in other dimensions.

Another dimension of pulse-chase SILAC: spatial demonstrations

Stable isotope labeling and its many variations have allowed for the expansion of proteomic
analysis to both the spatial and temporal dimensions. The ability to examine proteome
changes with respect to a localized area versus globally presents opportunities to both
further our understanding of biological systems and to explore targeted therapeutics in
greater detail. From cells grown in a monolayer to animal models, the spatial applications of
SILAC can be used to elucidate another dimension of the dynamic proteome.

The study of spatial SILAC protein dynamics /n vitro emerged shortly after the rise of both
the spike-in and Super SILAC variations. One of the first mentions of spatial analysis with
SILAC involved both a heavy and light SILAC labeled HEK-293 human cell population
that was stimulated with a tumor necrosis factor at set time points as performed by the

Rong Zeng research group.>® These samples then underwent nuclear component enrichment
with subcellular fractionation before being combined for digestion and analysis. This
analysis allowed for measured levels of signaling-associated proteins to be correlated with
their respective spatial delineations.>® This study inspired additional methods for resolving
spatial proteome dynamics including enzyme targeting, spatial SILAC, and DIPPER, a
spatiotemporal proteomics atlas of human intervertebral discs.56-59

Additional studies involving cell culture models have utilized a variety of techniques to
achieve spatial information. While the use of subcellular fractionation has proven to be
valuable, spatial information can also be achieved by combining SILAC with enzymes
genetically targeted to cellular regions of interest.55-57.60 Alice Ting’s research group has
utilized peroxidases for their ability to biotinylate nearby proteins. These proteins can
then be enriched and combined with different SILAC label states to determine spatial
orientation.56:57 These studies have helped pave the way for spatial dynamics to be studied
in larger and more complex systems.
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Pulsed SILAC has more recently been used to provide spatial information for three-
dimensional cell culture model systems. Our research group recently described a method

of utilizing pulsed SILAC to label the different cellular subpopulations within a multicellular
tumor aggregate, or spheroid (Fig. 5).58 By switching the isotopic labels in the cell culture
medium at specific times during the spheroid’s development, we created a triplex labeled
spheroid in which the core, middle, and outer layers all contained a distinct regional isotopic
label (Fig. 5). This preliminary study in spatial labeling utilized a technique called serial
trypsinization to dissociate layers of cells from the spheroids allowing for individual layer
proteome analysis to confirm the discrete presence of the pulsed-in isotopic labels. This
technique can be utilized as a model system for performing both pharmacokinetic and
pharmacodynamic drug evaluation studies.>8

Similar techniques have also been performed in tissue via ex vivo SILAC labeling. Danny
Chan and colleagues have utilized a technique they coined “DIPPER” to connect high-
resolution point-reference maps of static spatial proteomes to dynamic SILAC proteomic
data within intervertebral discs.%® Utilizing an established high-resolution point-reference
map of static spatial proteomes along the lateral and anteroposterior directions of
intervertebral discs, they demonstrated how point-reference proteomes can be utilized via
integration with dynamic proteome datasets.>® These spatial connections are not limited to
cells and tissue cultures; they have also been observed in whole animal models.

SILAC has been expanded from use solely as a cell culture labeling technique to

whole animal models, an approach referred to as SILAM-Stable Isotope Labeling of
Mammals.®1-63 Matthias Mann and colleagues are credited with generating the first fully
labeled SILAC mouse population and their group was able to successfully compare
proteomes between knock-out and wild-type mice, ultimately determining critical protein
activity and function within a more dynamic model system.51

The dynamic SILAM model system has enabled research on targeted tissue types. One

such example focused on /n vivo pulsed SILAC labeling of mice to elucidate turnover

rates of collagens within articular cartilage and bone and age-dependent changes in protein
incorporation into collagen-rich tissues.6465 Many additional studies have been performed
utilizing pulse-chase SILAM to elucidate development, aging, and disease states within
mouse brains.66-69 Jeffrey Savas’s research group has recently utilized this model system

to study Alzheimer’s disease by evaluating amyloid beta peptide accumulation through
presynaptic protein turnover (Fig. 6).6% The ability to measure proteome turnover in animal
models, and specifically trace these changes back to their origins, is a valuable tool to further
understanding of disease progression and therapeutic treatments.

Higher order multiplexing: do you believe in a higher power?

While many of the previously mentioned techniques utilize either duplex or triplex SILAC
labeling, recent experiments have turned to the coupling of pulse-chase SILAC with
alternative labeling techniques. As SILAC labels are incorporated into a cell’s proteome
during growth, SILAC is a metabolic labeling technique with MS? level quantification.
As previously discussed, there are many advantages to using metabolic labeling over
conventional chemical labeling techniques. However, chemical labeling has the potential
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to label a wider variety of samples, as labels are incorporated after cell lysis (Fig. 7).315.70
For this reason, many chemical labels can be used in tandem with SILAC labeling to provide
additional quantitative information across a variety of samples.

The concept of multiplexing for shotgun proteomics has existed for over twenty years

as chemical labeling strategies pushed the sampling limitations further and further.’?
However, the process of “higher order multiplexing” or “hyperplexing” has been a more
recent endeavor in the last fifteen years, especially in the past four years.1>71.72 Higher
order multiplexing refers to the process of combining MS! and MS? level quantification
techniques. Typically, higher order multiplexing references the combination of a chemical
labeling technique with metabolic labeling.

Chemical labeling has many variations, and the most common techniques involve the
use of isobaric stable isotope labeling tags. Two popular techniques include isobaric tags
for relative and absolute quantification (iTRAQ) and tandem mass tags (TMT). These
techniques allow for multiplexing of up to 11 samples.”%73 Unlike SILAC, iTRAQ and
TMT labels are introduced after digestion at the peptide level, and relative quantification
of these peptides is performed during tandem mass spectrometry scans.”® These differing
aspects of isobaric tag labeling make them an ideal partner for higher order multiplexing
with metabolic labels.

The first study to combine MS® and MS?2 quantification for higher order multiplexing was
performed in 2010 by Jayapal et a/.’* They expanded upon the concept of pulse-chase
SILAC by following each pulsed sample with an iTRAQ reagent in order to decouple
peptide identification and quantification of degradation dynamics at both MS® and tandem
MS scans.’# The term hyperplexing can be traced back to Noah Dephoure and Steven Gygi
in 2012 as they combined triplex metabolic labeling with six-plex isobaric tags to investigate
temporal abundance profiles for yeast proteins.”2 This approach allowed for 18 different
samples to be monitored simultaneously, identifying thousands of proteins in just a fraction
of the time required for immunoblotting.”2 Since this initial approach, many others have had
success with higher order multiplexing ultimately leading to a recent revival in the field.

The recent revival in higher order multiplexing has led to many exciting discoveries and

a focus on combining pulsed SILAC with this technique. Starting in 2016, Ajay Kumar et
al. combined biorthogonal noncanonical amino acid tagging (BONCAT) with pSILAC and
iTRAQ labeling, which was then elaborated upon by Thomas Neubert’s group, creating a
technique they coined (BONLAC) (Fig. 8).”>~7 This technique was later expanded upon
by Daniel Rothenberg et al. to combine TMT labeling with pSILAC in what they called
MITNCAT: Multiplex Isobaric Tagging/Noncanonical Amino acid Tagging.”® Additional
studies utilizing pSILAC studies with higher order multiplexing have elucidated the
secretome, complexome, and translation proteome dynamics.”®:79-82 These recent advances
provide a promising future for explicating spatiotemporal proteome dynamics.

Current perspectives and the future of pulse-chase SILAC

Pulse-chase SILAC is a versatile technique that is almost as dynamic as the proteome
itself. With so many new innovations in the field, pulse-chase SILAC has a bright future.
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From the introduction of SILAC labels twenty years ago to current spatial and higher order
multiplexing studies, progress is actively accelerating. However, as with all innovations, no
technique is without its flaws.

While the numerous advantages of using pulse-chase SILAC have been discussed, it is
critical to also highlight limitations. First, consideration must be taken when examining
the high costs of using metabolic or chemical labels. Higher order multiplexing ultimately
combines the cost of both techniques, significantly limiting its application.83 SILAC
labeling also is generally limited to organisms that can fully incorporate the labels
metabolically, but, as previously mentioned, techniques like super SILAC and spike-in
SILAC have aided in addressing this issue.8:°0:54 Additionally, hyperplexing with TMT
or iTRAQ chemical labels comes with the inherent risk of systemic quantitative ratio
compression due to peptide cofragmentation.84

With advances in data independent analysis (DIA), many labs are turning to SILAC DIA
experiments.16-18.85 Notably, Yansheng Liu’s group has recently developed a technique
Boxcarmax to enable multiplexed MS1 and MS2 acquisition.8> Alternative approaches have
also considered neutron encoded labeling strategies to increase the multiplexing capabilities
of DIA.8-88 These advances offer an alternative approach to conventional multiplexing with
DDA.

Finally, considerations must also be taken when examining the complexity of the data
produced. As the field moves towards more complicated spatiotemporal analysis and
higher order multiplexing, the data subsequently becomes more convoluted, often beyond
the capabilities of current data processing algorithms.” This conundrum will ultimately
require advances in the data analytics field to develop new software to handle these
evolving approaches. In the next ten years, we predict that higher order multiplexing

will see increasing popularity and will hopefully be expanded to even greater orders of
hyperplex magnitudes. We also expect to see this technique used to gain a more complete
spatiotemporal understanding within the dynamic proteomes of additional complex model
systems and organisms. We hope to see this technique address a plethora of disease states
and hopefully begin its journey into clinical applications to gain insights into therapeutic
testing.

3. Conclusions

In this review, we have thoroughly examined the evolution of pulse-chase SILAC and

the future direction of SILAC labeling. From its origins in 1958 with the Meselson—Stahl
experiment, the pulse-chase technique has significantly evolved with SILAC labeling to
become a commonplace experiment for the evaluation of protein turnover. As this platform
progressed, its applications were expanded to not only temporal studies, but also to spatial
studies in complex multicellular organisms. These advances brought forth many variations
of SILAC, many of which overcame previous limitations of the base SILAC labeling. This
growth led to new combinations and permutations of both chemical and metabolic labeling
to increase sample pools to larger multiplexes.
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The rapid growth of SILAC approaches is a testament to the scientific community’s desire
for fuller comprehension of the dynamic proteome. From unicellular organisms to animal
models, the intricate dynamics of the elusive proteome remain a mystery waiting to be
unraveled. SILAC has shown great potential for finally unlocking these mysteries, and future
advances in the field provide hope for ultimately illuminating the rates and motivations

for change of the dynamic proteome. With the versatility of this technique, its future
applications hold limitless potential.
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Fig. 2.

Timeline featuring the progression of pulse-chase SILAC experimentation and current
innovations. From the beginning of pulse-chase with the Meselson-Stahl experiment
in 1958, to the introduction of pulse-chase SILAC experiments in 2005, SILAC has
expanded its applications to study the dynamic proteome. SILAC has continued to

expand its applications to greater multiplexing capabilities and to studies involving spatial
dimensions.7:24.27-29,44-46,54,58,73
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Fig. 3.

Puglse—chase SILAC protein turnover rate determination strategy. Yeast cells experienced

full incorporation of a deuterated leucine label followed by an unlabeled chase. Proteins
synthesized after the unlabeled chase will contain unlabeled leucine, thus allowing the

rate of protein turnover to be determined by the rate of replacement (labeled to unlabeled
leucine). Reprinted with permission from Pratt, J. M., et al., Dynamics of protein turnover, a
missing dimension in proteomics. Mol. Cell. Proteomics, 2002, 1 (8), 579.29
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Fig. 4.

Workflows demonstrating and comparing a few of the many variations of SILAC including
pulsed, pulse-chase, super, spike-in, and spatial SILAC. (a) Pulsed SILAC monitors the rate
of incorporation of a heavy label over time. (b) Pulse-chase SILAC begins with a labeled
pulse to fully incorporate a heavy label, followed by a chase of excess unlabeled media to
monitor the subsequent signal change over time. (c) Super SILAC introduces isotopically
labeled cells associated with a tissue type respective to the unlabeled tissue sample. (d)
Spike-in SILAC involves spiking a heavy labeled SILAC cell population representative of
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the corresponding cells into a second cell population of various treatment conditions to act
as an internal standard. (e) Spatial SILAC involves pulsing labeled media into a 3D cell
culture at strategic points during its growth to isotopically label specific spheroid regions for
proteomic analysis.28:58
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Fig. 5.
Spatial SILAC labeling of three-dimensional multicellular tumor aggregate (spheroid).

Isotopically labeled cell culture media is introduced at strategic time points during the
spheroid’s growth. The pulsed labels effectively create an “isotopic zip-code” allowing
labeled proteins to be correlated with a layer of origin within the spheroid. Reprinted with
permission from Beller, N. C., et al., Spatial stable isotopic labeling by amino acids in
cell culture: pulse-chase labeling of three-dimensional multicellular spheroids for global
proteome analysis. Anal. Chem. 2021, 93 (48), 15990-15999.58
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Fig. 6.
Metabolic pulse-chase labeling of App KI mice to study synaptic proteomic changes. An

example of the pulse-chase SILAM model, mice were monitored throughout two phases:
the heavy 1°N pulse label incorporation period, followed by an unlabeled chase. During this
time, protein turnover was monitored and ultimately revealed an association between the
presynaptic terminal and initial Alzheimer’s disease etiology. Reprinted with permission
from Hark, T.J., et al., Pulse-chase proteomics of the app knockin mouse models of

Mol Omics. Author manuscript; available in PMC 2023 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Beller and Hummon

Page 23

Alzheimer’s disease reveals that synaptic dysfunction originates in presynaptic terminals.
Cell Systems 2021, 12 (2), 141-158.e9.59
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Multiplexing pulsed SILAC
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Fig. 7.

ngeral workflow for multiplexing pulsed SILAC with TMT labeling. Cells are pulsed with
a heavy label for set periods of time, after which they are lysed and chemically labeled.

The resulting peptides will contain both the metabolically incorporated SILAC label and
the chemically added TMT labels, which can both be detected by a high-resolution mass
spectrometer.28
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Fig. 8.

BONLAC pSILAC workflow showing proteomic changes induced by BDNF signaling.
Cells undergo pulsed SILAC labeling followed by bioorthogonal noncanonical amino
acid tagging (BONCAT) to study and compare de novo protein synthesis. Reprinted with
permission from Zhang, G., et al., In-depth quantitative proteomic analysis of de novo
protein synthesis induced by brain-derived neurotrophic factor. J. Proteome Res. 2014, 13
(12), 5707-5714.77
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