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Post-translational modifications represent a rapid and dynamic means for
diversifying the chemistry of the ~20 ribosomally coded amino acids. As such, they
provide an ideal mechanism for promoting cellular adaptability by facilitating the tuning
of protein interactions and functions in response to changing environmental conditions.
Despite their fundamental importance in regulating cellular functions and their wide
implications in physiology, efficient means for the detection, enrichment and
identification of proteins bearing specific modifications are lacking for most

modifications. The availability of such methods would constitute invaluable tools
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supporting efforts to better understand the essential regulatory roles of modifications and
the means by which aberrant modifications result in the onset and progression of disease.
Towards this end, my dissertation describes the development and application of novel
methods for the proteomic analysis of proteins bearing known modifications, including
O-GIcNAc, lysine acetylation and methyl esterification. The identification of known
targets of the modifications support some of the current ideas regarding their potential
impact and serve as a means of validating the methods. More importantly, the
identification of novel targets for the modifications challenges some currently held
concepts, in particular regarding the relatively limited regulatory roles associated with
lysine acetylation. In addition, the unparalleled power of proteomics as a screening
strategy is demonstrated through compelling evidence of the existence of novel lysine
acylations in vivo with respect to propionylation and butyrylation. Together, the methods
described in this dissertation and the datasets generated embody powerful platforms and
rich resources for the ongoing exploration of the fundamental contributions of post-

translational modifications to the regulation of biological processes.
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CHAPTER ONE

INTRODUCTION

Proteins

Proteins are the cellular workhorses and represent the main functional
gene products encoded by DNA. They form the foundation for cellular
architecture, catalyze the interconversion "of biomolecules necessary for efficient
metabolism and cellular maintenance and even serve to recognize and eliminate
foreign organisms. Proteinaceous enzymes are capable of catalyzing a remarkable
array of chemical reactions, taking advantage of thermodynamic principles and
precise recognition and spatial arrangement of reactants. Through billions of years
of evolution, some enzymes have developed the capacity to selectively modify
small molecules in regio- and stereospecific manners, feats envied to this day by
organic chemists. Enzymes can be capable of carrying out these specific
derivatizations even in the context of an enormous range of stereoisomers present
in widely varying concentrations. Such specificity is required for the biosynthesis
of steroid hormones and eicosanoids, in which the spatial configuration of
appended chemical groups plays a significant and even antagonistic role. Other
enzymes have evolved to catalyze reactions at rates limited only by diffusion of

their substrate. Proteins are important from a socioeconomic perspective as well



and a great deal of industrial effort is expended on optimizing the performance of
enzymes for use as catalysts.

Depending on their function, protein half-life can range from minutes or
less up to many years. Given the constantly changing environment cells and
organisms occupy, it is essential that cells possess the ability to regulate protein
expression, turnover and subcellular localization in order to adapt. Indeed, the
maintenance and precise spatio-temporal regulation of protein activity are
indispensable to permit the intricate choreography necessary for cell viability and
the health of an organism.

Cells take advantage of several strategies to regulate protein function from
the time a protein’s gene is transcribed until its translation and throughout its
existence as an intact polypeptide. Transcriptionally, proteins are regulated by the
interplay between various activators and repressors of gene expression. Once
transcribed, the mRNA encoding the protein can also be subject to regulation
through pathways affecting mRNA stability. Translationally, a protein may be
regulated by the rate and number of ribosomal translation cycles. It is largely due
to such regulation at the posttranscriptional and co-translational level that mRNA
levels do not necessarily reflect the abundance of the encoded protein, as
demonstrated in an analysis of Saccharomyces cerevisiae (Gygi et al., 1999).

While undeniably important for cellular maintenance, regulation of protein

expression at the transcriptional and co-translational level is typically a long-term



event. Given the time scale at which transcription and translation operate, as well
as their restricted compartmentalization, it would be impractical for these
processes to be the primary response pathways to regulate protein activity in the
far reaches of the cell or in response to acute, localized stimuli. Thus, the post-
translational regulation of proteins is necessary to tune their functions according
to cellular demands.

Following translation, proteolysis is one effective means by which to
regulate the activity of a protein. The regulation of transcription factors, such as
SREBP, proteolytic enzymes, including trypsin, and blood coagulation factors are
examples of well-characterized proteolytic processing events. However, this
regulatory mechanism is irreversible and would impose a tremendous load on the
protein synthesis machinery if it were to be more generally applied to biosynthetic
pathways.

As a more generally applicable regulatory mechanism, covalent post-
translational modifications represent a dynamic means of diversifying the
chemistry of the twenty ribosomally coded amino acids. The spatio-temporal
patterning of modifications allows for precise control of protein function and
interactions and integration of signals derived from multiple stimuli. In addition,
the reversibility of many modifications allows the target protein’s modification
status to be reset, priming it to be responsive to additional rounds of stimuli

without the need to resynthesize the protein.



Arising from the myriad biochemical reactions in the cell, the high energy
molecules from which post-translational modifications originate occur at up to
millimolar concentrations. Once appended onto proteins, modifications can have
half-lives ranging from minutes to years, as seen with collagen. Some
modifications occur spontaneously and without enzymatic intervention. Oxidation
of proteins is an obvious example of this phenomenon. Another example is the
spontaneous deamination of asparagine and its subsequent racemization to the
unnatural D-stereoisomer. Unregulated reactions such as these can be important
and have been implicated as potential aging mechanisms (Clarke, 2003). Most
often, however, modifications themselves are regulated at many levels in order to
fine tune the activity, localization and interactions of proteins in response to the
immediate needs of the cell.

Over the past century, our understanding of how post-translational
modifications alter protein structure and function has largely been the result of
studies arising from a reductionist approach. Such works, often elegant in their
design and execution, focus on specific modifications of individual proteins under
well-defined conditions. The methodology used to carry out such
characterizations include the use of antibodies raised against epitopes representing
a defined post-translationally modified isoform of the target protein under
consideration, followed by biochemical purification and reconstitution of the

regulatory pathway in vitro. Thorough analysis of signaling cascades using these



methods, while time consuming, are invaluable for elucidation of the
chronological order of modifications. What has arisen from these studies is a wide
appreciation for the rich complexity of cellular signaling pathways and such
studies have served to lay the foundation for further exploration into regulatory
modifications. However, antibodies raised to a specific protein isoform suffer
from epitope occlusion effects. As a result, variant isoforms of the proteins,
including those bearing additional post-translational modifications within the
antibody target region, may not be recognized by the antibody. Thus, such tools
can overlook the combinatorial potential of multiple modifications, they provide
no means of establishing the existence of a regulatory modification de novo and
are generally not amenable to a discovery based approach. An alternative
approach capable of characterizing diverse modifications at once and on a cell-

wide scale has arisen out of the field of proteomics.

Proteomics

The proteome is defined as encompassing “all the proteins expressed by a
genome, cell or tissue” (Bradshaw and Burlingame, 2005). With the proteome as
its target, the field of proteomics has among its goals the comprehensive
identification, quantitation and functional characterization of a given proteome.
Achieving these goals would then allow for the comprehensive comparison of the

changes in patterns of protein expression, modification, interactions and activity



that occur in response to a given stimulus or the onset and progression of disease.
Many practitioners of proteomics envision the development of superior diagnostic
and prognostic indicators of disease states as well as the identification of novel
avenues for clinical intervention as a result of accomplishing such absolute
coverage of the proteome. However, comprehensive coverage of the proteome
remains a distant possibility and there is doubt as to whether it can ever be
achieved (Bradshaw and Burlingame, 2005). Nevertheless, significant
technological and methodological developments in the field have advanced us to a
point where we are beginning to see applications for proteomics from basic
science to translational research (Chung et al., 2007).

In attempting the proteomic analysis of a biological sample, a number of
obstacles must be overcome. Biological samples are inherently complex. For
example, current estimates predict the human genome to comprise between 20000
and 25000 protein-coding genes (Stein, 2004). The actual number expressed by a
given cell varies over time and depends on such factors as the tissue type and the
cellular environment. Additional complexity arises from alternative mRNA
splicing and post-translational modifications, leading to estimates that the human
proteome may be composed of over a million protein isoforms (Chung et al.,
2007). Often, these variant forms are of functional significance and the subjects of
particular scientific interest. Proteins also vary widely in terms of the dynamic

range of their level of expression. Some housekeeping, structural and cellular



matrix proteins may be expressed at upwards of tens-of-millions of copies per
cell, while certain transcription factors and signaling proteins might only exist at
the level of a few copies per cell. An extreme example of the dynamic range
problem is the challenge of identifying disease markers in a sample of blood
plasma. A reservoir for proteins secreted from every organ, blood plasma can
have a dynamic range of more than ten orders of magnitude (Qian et al., 2006),
far exceeding our ability to detect those of lower abundance. Further complexity
arises from the dynamic nature of the proteome resulting in a constantly changing
cadre of cellular players, as well as their dynamic and functionally significant
post-translational modification.

Unfortunately, there are no methods for the analysis of protein samples
that allow for amplification of a target protein in a native sample. As a result,
proteins present at low-to-medium abundance in a sample are often overlooked.
Since many of these proteins are important in the regulation of gene expression
and cell signaling processes, the development and application of strategies to
overcome sample complexity is highly desirable. To address this complexity,
samples are processed and analyzed using a combination of fractionation,
enrichment, instrumentation and software optimized for the problem under

consideration.

Reducing Sample Complexity: Separations



Among the most widely used techniques for the proteomic analysis of
biological samples are multidimensional protein separation coupled with mass
spectrometry. One of the first and highest-resolution methods used for
multidimensional protein separation in proteomics was two-dimensional
electrophoresis (Patterson, 2000). Two-dimensional electrophoresis has been
successfully applied to comparative analysis of protein samples originating from
diseased and normal cells as well as cells differentially treated with drugs or other
stimuli. Nevertheless, the technique is still limited in that only about 2000 protein
spots can be identified in a single run, detection of proteins is limited to those of
greatest abundance so the dynamic range of proteins detected is limited and the
method is time consuming, reducing throughput of downstream analyses.

Perhaps today’s most frequently used methods for the analysis of complex
protein samples involve proteolytic digestion of the sample, referred to as bottom-
up proteomics, and subsequently using one or multiple dimensions of liquid
chromatography separation coupled to mass spectrometric detection. The
multidimensional protein identification technology (MudPIT), developed by the
Yates group at Scripps (Link et al., 1999), is widely used for the on-line
fractionation of complex samples. It typically uses two dimensions of
chromatography: strong cation exchange (SCX) in the first dimension and reverse
phase separation in the second dimension. The method has been demonstrated to

be effective in increasing the number of protein and peptide identifications,



generating more than 5000 peptide identifications from nearly 1500 proteins in a
single analysis of yeast lysate (Washburn et al., 2001). Despite its advantages,
MudPIT requires extensive optimization and a desalting step prior to reverse
phase chromatography. Peptides are usually eluted from the SCX column in a
step-wise fashion and each elution is subjected to a full 1-2 hr reverse phase
separation. Thus, the data acquisition time is extensive and downstream data

processing and analysis requires abundant computational power and time.

Reducing Sample Complexity: Sub-proteome Enrichment

As an alternative to chromatographic and electrophoretic separations, the
use of fractionation methods prior to digestion allows targeting of the analysis to a
specific subcellular compartment and efficiently reduces sample complexity.

In addition, enrichment of the sample for a feature of interest, such as
post-translational modifications, can help overcome the detection issues
surrounding sub-stoichiometric modifications and proteins present at low
abundance. More than two-hundred protein modifications have been described
(Farriol-Mathis et al., 2004), yet detailed studies of their abundance and
regulatory effects have been hampered in the past due to inefficient means of their
analysis. The modifications comprise a wide range of molecular weight and

diverse physicochemical properties and also vary in their stability towards
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downstream analysis, often limiting the techniques that may be used in their
analysis.

Various affinity capture techniques have been developed which allow
isolation of proteins bearing specific post-translational modifications. By far, the
most widely studied modification has been phosphorylation and a number of
enrichment strategies have been developed for its analysis. These include
immobilized metal affinity chromatography (IMAC) (Ficarro et al., 2002), -
elimination (McLachlin and Chait, 2003), TiO; columns (Larsen et al., 2005), and
strong cation exchange (Beausoleil et al., 2004) as well as traditional methods
employing antibodies raised against specific phosphorylation motifs (Rush et al.,
2005). Some of these methods can be adapted to occur off-line (Lee et al., 2007),
allowing facile customization of the techniques to the sample of interest.
Furthermore, the methods can be coupled to reverse phase chromatographic
separation to further reduce sample complexity during analysis.

Another approach to the targeted proteomic analysis of post-translationally
modified proteins involves metabolic labeling of cells with chemically derivatized
analogs of the modification group. This strategy has been successfully applied to
the study of farnesylated (Kho et al., 2004), phosphorylated (Kwon et al., 2003)

and glycosylated proteins (Nandi et al., 2006; Sprung et al., 2005).
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Analysis of Proteins: Instrumentation

Today, the mass spectrometer is an indispensable tool for proteomics
research. Fundamentally, the mass spectrometer is a detector. More specifically, it
is a precise instrument for the measurement of the mass of ions. Ever since its
original manifestation as a tool for the elucidation of the structure of the atom
(Thomson, 1897), mass spectrometers have consisted of three components: a
source of ions, a mass analyzer to separate ions by mass, and a detector to sense
the ions (Figure 1-1). Today there are many variations of mass spectrometers at
each component, which to the uninitiated can come across as an alphabet soup of
tools. For simplicity and brevity, I will focus my discussion on those instruments

which are directly used in this dissertation work.

Instrumentation: lonization Sources

An absolute requirement for a sample to be analyzed by a mass
spectrometer is that it be introduced into the mass analyzer as an ion. For most of
the history of mass spectrometry, analysis was generally restricted to the analysis
of small molecules and metal ions, which were relatively well-understood in
terms of their ionization properties and gas phase stability. It wasn’t until the
1980’s with Dr. John Fenn’s breakthrough development of electrospray ionization
(ESI) that the analysis of high molecular weight polymers and biomolecules in

solution became possible (Fenn et al., 1989).
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The phenomenon of ESI occurs as a liquid sample, typically at acidic pH
(~pH 3), elutes from an orifice and encounters a high voltage (~1500 V/cm)
(Figure 1-2). The eluting liquid droplets acquire charge and are introduced into
the mass analyzer by this high-voltage field and vacuum. A combination of
solvent evaporation within a heated capillary and charge repulsion at the surface
of the evaporating droplet leads to desolvation and ionization of the analyte
(Mann, 1990; Smith et al., 1990). Within the mass spectrometer, pressures are
maintained at levels in the range of 10 to 10” torr, further assisting in
desolvation of the analyte and reducing energy-sapping collisions with gas
molecules. ESI is considered a ‘soft’ ionization method, since the ionization
process typically does not result in the fragmentation of the analyte. Among the
advantages of ESI are the facts that it is directly applicable to samples in aqueous
solution and ionization efficiency using this method is independent of the mass of
the analyte (Mann, 1990). ESI also results in multiply-charged ion species,
facilitating detection of fragments of the parent ion for elucidation of molecular
structure. Thus, ESI is the ionization method of choice for the analysis of complex
protein digests and even intact protein samples encountered during so-called top-

down proteomics experiments.

Instrumentation: Mass Analyzers
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Once an ionic species is generated, it is then necessary to separate the
often heterogeneous molecules in order to obtain information on the sample
composition. While it is possible to manipulate ions with combinations of electric
and magnetic fields, modern mass spectrometers generally employ a combination
of direct current (DC) potentials and alternating current (AC) potentials operating
at radio frequencies.

Quadrupole mass analyzers are among the most widely used for
proteomics purposes and are commonly coupled to ESI sources. The quadrupole
analyzer consists of four rods to which time-varying electric potentials are applied
(Aebersold and Mann, 2003). The spatial geometry of the quadrupole “cell”,
along with the amplitude and frequency of applied voltage, allow selection of ions
at a particular m/z or range of m/z for further analysis. Refinements to the spatial
arrangement and geometry of the quadrupole and the voltages applied to the
electrodes can give rise to ion traps. In these cells, applied voltages can be
selected such that ions of a selected m/z will follow a stable oscillatory trajectory
and become captured within the cell. Superimposition of an AC potential at the
resonant frequency of a captured ion will yield an increase in the ion’s kinetic
energy (Payne and Glish, 2005). In the presence of an inert gas, such as helium,
collisions occurring during this resonant excitation process can result in
fragmentation of the ion species in a process known as collisionally induced

dissociation, or CID. For proteomics studies, the daughter ions generated from the
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fragmentation of peptides are scanned and detected, allowing determination of the
amino acid sequence (Figure 1-3). In commercial instrumentation, multiple
quadrupoles are typically employed and are arranged in series. Such an
arrangement permits selection and focusing of the ions of interest, fragmentation
of molecules, and further focusing of the fragment ions for detection and
determination of molecular structure. The advantages of quadrupole instruments
are their sensitivity, due to the ability to trap ions over time, robustness, which
facilitates their use for routine analyses, and relative low cost (Aebersold and
Mann, 2003). However, space-charging effects that arise from trapping a number

of ions within a finite volume can result in reduced mass accuracy.

Interpreting the Data

The advent of completed genomes for humans and other model organisms
made it possible to predict the amino acid sequences of the proteins encoded by
their genes. Thus, algorithms taking mass spectral fragmentation information and
searching the deduced peptide sequence against the predicted protein sequences
from a given genome represent powerful tools for the identification and
characterization of proteins from a complex sample. Furthermore, with some
basic knowledge of a specific protein of interest, any discrepancy between the
predicted peptide mass and that actually observed is an indication of a post-

translational modification event. Such database search algorithms are at the heart
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of most proteomics analyses today. These algorithms incorporate user-defined
parameters such as proteolytic enzyme used for processing, genome to be used for
target search and post-translational modifications to be allowed, to generate a
custom database of the masses of all the possible peptide fragments of proteins in
a given genome that meet these criteria. The algorithm then searches all the
experimentally generated mass spectra against this custom database and reports
those ‘hits’ representing the best peptide match for a given fragmentation pattern
(Figure 1-3).

While they are indispensable for facilitating the characterization and
analysis of the enormous datasets generated by high-throughput proteomics
experiments, the algorithms do have limitations requiring jurisprudence in the
interpretation of results obtained from their use. For example, one must specify
what post-translational modifications will be considered during a database search.
Each additional search parameter adds to the complexity of the possible variations
of the target database and significantly increases the computational time necessary
to obtain the results. However, if the modification is not specified, it will not be
identified regardless if it is present. Even with identifications reported by the
search software, it is often necessary to manually inspect the spectra in order to
validate its accuracy and eliminate false-positive matches. This is especially the
case with post-translationally modified peptides where a labile modification can

result in a fragmentation pattern with fewer peptide backbone cleavages and thus
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less sequence information (Mann and Jensen, 2003). Furthermore, what is perhaps
the most important limitation stems not from the algorithm itself, but from the
database used to generate the results. Many repositories for genomic information
contain significant redundancies with respect to predicted gene sequences. Among
these redundant gene annotations there may also be slight differences in sequence.
This situation is often the result of submission of data from a variety of sources
using different experimental approaches and can lead to difficulty in assigning
definitive protein identifications. Even among those repositories subjected to
expert curation and maintenance, sequence differences derived from natural
sequence heterogeneity or ribosomal translational frameshifting (Dinman, 2006)
are largely undocumented, giving rise to unpredictable complexity. Such
unpredictability cannot be easily taken into account during proteome wide
analyses using current software. Nevertheless, such complexity is an integral part
of biology and by overlooking it we are, by necessity, biasing our interpretations
of proteomic results.

Despite the great promise of proteomic methods for clinical and research
laboratories, the techniques remain largely underutilized by the wider biomedical
community. Among the reasons for this are the expense of instrumentation and
the requirement for experienced personnel for the operation and maintenance of
the instrumentation and interpretation of data. Nevertheless, proteomic methods

represent relatively unbiased experimental methods amenable to high-throughput,
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discovery based analyses. As such, they are uniquely capable of fundamentally
changing paradigms and revising long-held concepts regarding biological

processes and their regulation.

Questions addressed by this dissertation research

When I started out on this dissertation research there were relatively few
tools amenable to the proteomic analysis of post-translational modifications. This
paucity of tools stems largely from the numerous obstacles preventing their facile
detection and enrichment. For example, modified proteins are found in relatively
low abundance amidst an ocean of unmodified species. This low stoichiometry of
modification obviates an enrichment step in order to uncover these potential
biological gems. Yet, despite its intuitive simplicity, execution of this enrichment
is fraught with difficulty. While more than 200 protein modifications have been
described, efficient tools for the detection and enrichment of proteins bearing the
majority these are lacking. Antibodies to some of the better-characterized
modifications, such as phosphorylation, have been generated. Often, however,
these antibodies are specific to a modification only in the context of the
surrounding protein structure and do not translate well into a study of pan-cellular
protein modification patterns. In addition, suitable antibodies are simply not
commercially available for many of the known modifications and efforts to

produce specific antibodies often fail. In some instances, the unique
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physicochemical properties of a modification, especially those carrying charge,
can provide a convenient means of its enrichment. On the other hand, while
heterogeneity among oligosaccharide structures provides a basis for differential
sorting and localization of proteins within a cell, the similarity in the properties of
the oligosaccharides make their biochemical separation difficult. The
development of methods that permit efficient proteomic profiling of proteins
bearing specific post-translational modifications will provide insight into the
biochemical pathways subject to its regulation and enlighten us as to the
molecular mechanisms by which diverse modifications exert their regulatory
effects. This dissertation describes the development and application of proteomic
methods for the global analysis of specific post-translational modifications
including the O-GIcNAc modification, lysine acylation and methyl esterification.
The goals of this research are to generate tools that allow the efficient enrichment
and characterization of proteins bearing specific modifications and to illuminate
the unexplored potential of the modifications to influence pathways beyond those
with which they are canonically associated.

Following this introduction, my dissertation will consist of 5 chapters. In
Chapter 2 I describe the development of a novel method for the proteomic
analysis of O-linked N-acetylglucosamine modified proteins. Exploiting a
metabolic labeling step and a selective, covalent chemical ligation strategy, I

demonstrate the ability to detect, isolate and identify proteins bearing the O-
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GlcNAc modification. The technique is applied to the detection of O-GlcNAc
modified proteins among protein lysates derived from human, mouse, monkey
and fruit fly cell lines and extended to the identification of the modified proteins
in Drosophila S2 cells and in HeLa cells. In Chapter 3, acetyl-lysine specific
antibodies are applied to a tryptic digest of cellular proteins in order to efficiently
isolate those modified peptides specifically. This strategy proved successful in the
identification of hundreds of lysine-acetylated proteins and demonstrates that
DNA-templated processes are just one of many biological pathways subject to
regulation by this dynamic and pervasive modification. Intriguingly, widespread
lysine acetylation was observed in mouse liver mitochondria extracts, suggesting
a fundamental and previously unappreciated role for the modification in the
regulation of metabolic processes. Moreover, an argument for evolutionary
conservation of the modification and its targets is made through an extension of
this line of research to assess the extent of lysine acetylation in E. coli in Chapter
4. In Chapter 5, physicochemical and structural similarities between modifications
are used in the identification of two novel lysine acylations: propionylation and
butyrylation. Observation of the modifications among histones and demonstration
of the ability of known acetyltransferases to utilize propionyl- and butyryl-CoA in
vitro, suggest the potential for these modifications to play a role in the regulation
of gene expression. Finally, in Chapter 6 the potential for unbiased proteomics

data to serve as a platform for the elucidation of novel modifications is
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demonstrated by the identification of aspartic acid and glutamic acid methyl esters
from HeLa and yeast lysates, respectively. Identification of these methyl esters
from unenriched samples suggests that the modifications may be more abundant
that tyrosine phosphorylation.

The methodologies and results of this dissertation have served to enhance
the power of proteomics research in the high-throughput, cell-wide
characterization of post-translational modifications. In addition, the datasets
presented offer a steppingstone toward the functional characterization of the
modifications, confirm some of the existing ideas on their functional impact and
reveal previously unappreciated roles for the modifications in the regulation of

diverse biological activities.
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Figure 1-1. Schematic representation of the components of a mass
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Figure 1-2
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Figure 1-2. Schematic diagram of electrospray ionization. (1) Analyte-
containing solvent eluting from HPLC column acquires charge from high
potential field. (2) Droplets are accelerated by the electric field and solvent
evaporates. (3) Solvent evaporation is further assisted upon entry into a heated
capillary at the mass spectrometer interface.
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Figure 1-3
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Figure 1-3. Identification of peptide sequence through collisionally-induced
dissociation (CID). (A) The peptide of interest is isolated in an ion trap mass
spectrometer and subjected to CID. (B) The masses of the resulting fragments,
comprised primarily of y- and b-ions (C-terminal and N-terminal fragments,
respectively), are determined and a mass spectrum is obtained. (C) Database
search algorithms compare the experimentally obtained spectrum to those
predicted from the published genome of the target organism. Manual inspection of
the returned ‘hit’ validates correct assignment of the mass spectrum as an
unmodified peptide of sequence “VQALEEANNDLENK?” from the human
protein keratin 9.



CHAPTER TWO

THE TAS TECHNOLOGY FOR THE PROTEOMIC ANALY SIS
OF O-LINKED N-ACETYLGLUCOSAMINE MODIFIED

PROTEINS

SUMMARY

The identification of proteins bearing a specific post-translational
modification can give insight into the functions of the modification. Proteomic
analysis of post-translationally modified proteins is usually challenging due to the
high complexity and wide dynamic range of biological samples, as well as the
unavailability of efficient methods to enrich for proteins of interest. In this
chapter, I demonstrate a strategy for the detection, isolation, and profiling of O-
linked N-acetylglucosamine (O-GIcNAc) modified proteins. The strategy involves
three steps: metabolic labeling of cells with an unnatural GlcNAc analog,
peracetylated azido-GIcNAc; chemoselective conjugation of azido-GlcNAc
modified proteins via the Staudinger ligation, which is specific between
phosphine and azide, using a biotinylated phosphine capture reagent; and
detection and affinity purification of the resulting conjugated O-GlcNAc modified

proteins. Since the approach relies on a tag (azide) in the substrate, the technique
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was dubbed the tagging-via-substrate (TAS) strategy. Using this approach, azido-
GlcNAc modified proteins from the cytosolic lysates of HeLa, 3T3, COS-1, and
S2 cell lines were able to be specifically labeled and subsequently detected,
suggesting the azido-substrate could be tolerated by the enzymatic systems among
these cells from diverse biological species. Azido-GlcNAc modified proteins
were isolated from the cytosolic extract of S2 cells and led to the identification of
10 previously reported and 41 putative O-GlcNAc modified proteins, by nano-
HPLC/MS/MS. Furthermore, extension of the technique to HeLa
nucleocytoplasmic lysate resulted in the identification of 21 known and 178 novel
O-GIcNAc modified proteins. This study demonstrates that the TAS approach is
an efficient tool for the detection and proteomic analysis of O-GlcNAc modified
proteins.

This work came to fruition as the result of a collaborative effort between
me and other members of the Zhao lab: Yue Chen, Drs. Animesh Nandi, Yingxin
Zhao and Sungwon Kwon. The synthetic chemistry expertise of Dr. Deb Barma
from the laboratory of Dr. John Falck in the synthesis of the capture reagents and

azido-GlcNAc used for the TAS strategy also made this work possible.
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INTRODUCTION

Overview of the O-GlcNAc Modification

The post-translational modification of serine and threonine residues by O-
linked N-acetylglucosamine (O-GIcNAc) was first described by Dr. Gerald Hart
more than two decades ago (Torres and Hart, 1984). While glycosylation is
typically associated with stable, heterogeneous oligosaccharide modifications that
take place in the endoplasmic reticulum and serve to direct protein and vesicle
sorting, the O-GlcNAc modification occupies a unique niche as a dynamic
monosaccharide modification among nuclear and cytosolic proteins and its
modification patterns can be altered in response to extracellular stimuli. Addition
and removal of the modification are each catalyzed by a single enzyme: O-
GlcNAc transferase (OGT) and O-GlcNAcase, respectively. The modification is
ubiquitous among human tissues and has been found in all metazoans analyzed
from Cannahabidilis elegans to Drosophila to the rhesus monkey, mice and even
plants. To date, the modification has not been observed in the fission yeast
Schizosaccharomyces pombe, the budding yeast Saccharomyces cerevisiae or the
bacterium Escherishia coli, despite investigation by me and other groups.

O-GlcNAc has been attributed a number of regulatory effects and the
OGT enzyme has been demonstrated to be essential for viability at the single cell

level (O'Donnell et al., 2004). Among the regulatory consequences of the
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modification are the modulation of protein-protein interactions, effects on protein-
DNA binding, as well as regulation of protein localization and stability (Zachara
and Hart, 2004a). It has also been reported to be involved in the regulation of
proteosome function (Zhang et al., 2003).

The O-GlcNAc modification is in a unique position to act as a cellular
energy and nutrient sensor. The chemical components from which the molecule is
made are derived from diverse aspects of cellular metabolism. A potentially
important regulatory implication for O-GlcNAc modification is the fact that the
intracellular level of UDP-GIcNACc, the source of GIcNAc for the transferase, is
regulated by glucose availability. It is estimated that between 2-5% of the glucose
taken up by a cell is diverted through the hexosamine biosynthetic pathway
leading to formation of UDP-GIcNAc (Wells et al., 2003). Thus, the position of
UDP-GIcNAc in the hexosamine biosynthetic pathway, coupled with the rapid
turnover of O-GlcNAc, implicates the O-GlcNAc modification as a regulatory
modification related to cellular energy status (Zachara and Hart, 2004a). Indeed,
dysregulation of the O-GIcNAc modification has been shown to be involved in
the development of insulin resistance and diabetes. Furthermore, O-GIcNAc
levels have been experimentally demonstrated to be influenced by changes in
extracellular levels of glucose and glucosamine. Yet, while the O-GlcNAc
modification is known to be important for cellular regulation, the identification

and confirmation of the modification remain daunting challenges.
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A Chemical-biology Approach for Tagging Protein Modifications

Chemical reactions that are selective and specific to a single chemical
moiety in the context of complex biological milieu represent powerful tools for
chemical analysis of biologically interesting molecules. A prime example of one
such reaction is the enhanced Staudinger ligation pioneered by the Bertozzi group
as a bioorthoganal reaction between a phosphine and an azide (Saxon and
Bertozzi, 2000). The reaction possesses several unique features that make it ideal
for biological applications. First, the reaction can be carried out at room
temperature in aqueous solution. Second, there is no significant cross-reaction
with endogenous cellular compounds that is detectable during the experimental
time window. Third, neither phosphines nor azides occur in any known
biomolecule. Finally, the phosphine reagent can be engineered to incorporate a
wide variety of tags including fluorescent probes and affinity tags such as biotin
and the FLAG tag.

The cellular metabolism of azide-tagged sugars has been characterized by
the Bertozzi group as it applies to sialic acid oligosaccharide modifications.
Although inorganic azide is toxic to cells, the azido group appears much less so in
the context of the monosaccharides and is tolerated at concentrations up to 250
puM. This chemistry has even been demonstrated to be a viable strategy for the

labeling of cells in vivo, as indicated by a study involving the use of azide-tagged
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N-acetyl mannosamine for the detection of sialic acid glycosylation of cell surface

proteins in living mice (Prescher et al., 2004).

The Tagging-via-substrate (TAS) Approach for the O-GlcNAc Modification

To facilitate the proteomic analysis of O-GlcNAc modified proteins, the
tagging-via-substrate, or TAS technology, was developed. The application of TAS
involves three steps: the metabolic labeling of a cell with an azide-labeled analog
of GlcNAc, the chemoselective conjugation of a biotin probe onto the labeled
proteins via the Staudinger ligation, and an affinity purification step for the
selective isolation of O-GIcNAc modified proteins from a complex biological
sample (Figure 2-1).

For this dissertation work, the TAS strategy was extended to the detection
and identification of O-GIcNAc modified proteins using peracetylated azido-
GlcNAc as a substrate for O-GlcNAc modification. The results demonstrate that
the substrate could be incorporated into proteins for O-GIcNAc modification in
cell lines derived from diverse organisms including human, monkey, mouse and
Drosophila, suggesting the unnatural azido-GlcNAc molecule is compatible with
enzymatic systems in these cell lines. Chemical conjugation and subsequent
affinity purification of azido-GIcNAc modified proteins from metabolically
labeled S2 cell lysate led to the identification of 51 putative O-GIcNAc modified

proteins, including 10 homologs of known O-GlcNAc modified proteins. The
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strategy was further extended to the proteomic analysis of O-GlcNAc modified
proteins in HeLa cells resulting in the identification of 199 putative O-GlcNAc
modified proteins, 21 of which had been previously described as bearing the
modification. Immunoprecipitation of specific proteins was used to confirm the
modification status of 23 of the proteins identified in the HeLa screen, offering
validation of the strategy. The results suggest that TAS technology is a useful tool
for detection and proteomics of O-GlcNAc modified proteins in order to elucidate

the functional consequences of the modification.

RESULTS

Specific Detection of O-GlcNAc Modified Proteins after Metabolic Labeling
To test the feasibility of metabolically labeling and detecting O-GIcNAc
modified proteins, cells were incubated with peracetylated azido-GIcNAc or
peracetylated GIcNAc as a control. The cytosolic proteins were extracted, and a
capture reaction was performed to specifically biotinylate the azido-GIcNAc
labeled proteins. The proteins were then precipitated to remove excess capture
reagent. Fifteen ug of protein was separated on a gradient gel, transferred to a
nitrocellulose membrane and probed with streptavidin-HRP (Figure 2-2). For
HeLa, 3T3, COS-1 and S2 cell lines, the signal was specific for cells labeled with

azido-GlcNAc. The signal was dependent on the capture reaction step and could
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be competed out by performing the capture reaction in the presence of exogenous
Ns-substrate or by probing the nitrocellulose membranes with streptavidin-HRP in
the presence of exogenous biotin. These results demonstrate that cells can
incorporate the exogenous azido-GlcNAc substrate into proteins. The results also
suggest that we are able to specifically detect azido-GlcNAc modified proteins
from cytosolic lysates of HeLa, 3T3, COS-1 and S2 cell lines. In addition, these
results demonstrate that the TAS technology can be successfully applied to

studies of diverse organisms including human, mouse, monkey and Drosophila.

Nano-HPLC/Mass Spectrometric Analysis of Affinity Purified Proteins

To identify those proteins bearing the O-GlcNAc modification, 10 mg
each of control and azido-GlcNAc labeled cytosolic protein from S2 cells was
subjected to a capture reaction. The resultant biotinylated proteins were affinity
purified using streptavidin-conjugated beads. Non-specifically bound proteins
were removed by stringent wash conditions (8 M urea, 3 M KCl, 1% SDS-PBS).
Proteins remaining bound to the beads were digested with trypsin. Tryptic
peptides were analyzed by LC-MS/MS for protein identification (Figure 2-3).

Putative O-GlcNAc modified proteins were identified by subtractive
analysis of the nonspecifically binding proteins of the control sample from those
proteins identified in azido-GIcNAc labeled cell lysates. Analysis of S2 cell

cytosolic extract led to the identification of 52 proteins, 11 of which have been
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previously identified as bearing the O-GIcNAc modification, providing a good
positive control (Table 2-1).

Having demonstrated the viability of the TAS strategy for the proteomic
analysis of O-GlcNAc modified proteins, the technique was extended to the
nucleocytoplasmic extract of HeLa cells. One hundred ninety-eight azido-GIcNAc
modified proteins were identified (Table 2-2) and 21 of these were previously
reported to be O-GIcNAc modified (Zachara and Hart, 2004a). The number of
proteins identified here represents a manifold increase in the number of O-
GlcNAc modified proteins previously identified in a single study (Zachara and

Hart, 2004a).

Summary of Identified Proteins
The identified proteins were manually classified according to their

annotated activities described in the NCBI (www.ncbi.nlm.nih.gov) and FlyBase

(http://flybase.bio.indiana.edu) protein databases (Figures 2-4 and 2-5, Tables 2-1

and 2-2).

The number of proteins identified in the two proteomic screens reinforces
previous notions of the regulatory effects of the O-GlcNAc modification. In
addition, the results offer new insight into a potential wider role for O-GIcNAc in

metabolic regulation.


http://www.ncbi.nlm.nih.gov/
http://flybase.bio.indiana.edu/
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The O-GlcNAc modification has been implicated as a potential sensor of
glucose availability and cellular nutritional status. It has also been suggested to
play a role in stabilizing proteins towards degradation (Zachara and Hart, 2002).
The peracetylated azido-GlcNAc used in this study would be expected to enter the
hexosamine biosynthetic pathway at a point after the rate-limiting step of GIcNAc
biosynthesis, thereby promoting an increase in the available pool of UDP-GIcNAc
(Wells et al., 2003). One might predict that this cellular environment would
mimic a situation of ample glucose availability. The expectation would be that
proteins associated with the metabolism of glucose would be stabilized. Indeed,
proteins involved in glucose metabolism were identified as being O-GlcNAc
modified in the S2 sample (Figure 2-4 and Table 2-1), consistent with previously
reported results from other species (Wells et al., 2002). O-GlcNAc was also found
on many enzymes involved in amino acid, carbohydrate, lipid, cofactor and
nucleotide metabolism from the HeLa sample (Figure 2-5 and Table 2-2). Such
enzymes mark a primary interface between energy generation and energy use and
represent ideal targets for a regulatory modification related to cellular energy
status.

It has been estimated that as much as 25% of the energy used by a cell is
for the purpose of protein synthesis and processing (Inoki et al., 2003). Thus, it
would be reasonable to expect that the regulation of the transcription/translation

machinery of the cell would be coupled to energy availability. The O-GlcNAc



35

modification, a good candidate for a regulatory modification related to glucose
availability, is known to occur among transcription and translation factors
(Zachara and Hart, 2004a). Using the TAS technology, transcription and
translation factors that have been previously reported to be O-GlcNAc modified
were identified. From the HeLa sample, more than a quarter of the proteins
identified were annotated as being involved in protein synthesis and processing,
representing the largest functional group among the identified proteins. Numerous
factors involved in transcription and RNA processing were also identified. The
prevalence of O-GIcNAc on these proteins provides a mechanism through which
energy availability may be coupled directly to protein metabolism and gene
expression patterns.

O-GIcNAc has also been suggested to play a role in the cellular stress
response pathways (Zachara and Hart, 2004a; Zachara and Hart, 2004b). In
support of this notion, 8 (15%) of the proteins identified in the S2 cell analysis
were annotated as being involved in stress response pathways. These include heat
shock proteins and proteins involved in the regulation of cellular redox
homeostasis. Five proteins involved in the cellular response to DNA damage were
identified from HeLa cells, suggesting that the O-GlcNAc modification may play
a role in mediating cell survival pathways. It is already known that O-GlcNAcase
is a target for caspase cleavage. Although the in vivo consequences of this

cleavage are unknown, it does not affect the catalytic activities of the enzyme in
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vitro (Wells et al., 2002). Cleavage may impact the enzyme’s regulation or
substrate recognition. In addition to the DNA-damage responsive proteins
identified from HeLa cells, 16 proteins were annotated as playing a role in redox
homeostasis. A number of chaperone proteins important in the unfolded protein
response were also identified, further supporting a potential regulatory role for O-
GlcNAc with respect to the stress response. An additional 17 HeLa proteins were
identified for which a functional annotation was not available.

The identification of 21 previously known O-GIcNAc modified proteins
represents almost 20 percent coverage of previously reported O-GIcNAc¢ modified
proteins. This serves as a good positive control and helps confirm that the TAS
technology can be successfully applied to studies of the O-GlcNAc modification.
In addition, the repertoire of putative O-GlcNAc modified proteins was greatly
expanded by this work, now comprising >200 proteins (Tables 2-1 and 2-2)).

There was very little contamination of the cytosolic extract by subcellular
organelles. This result is expected since the O-GIcNAc modification occurs
primarily on soluble proteins of the nucleus and cytoplasm. Of the S2 cell
proteins for which an unambiguous localization was annotated, 24 (70%) were
localized to the cytoplasm, 5 (15%) were of nuclear origin, 3 (9%) were from the
endoplasmic reticulum and a single protein (3%) was identified from both the

peroxisome and the plasma membrane.
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Verification of the O-GlcNAc Modification in HeLa Proteins

Identification of known O-GlcNAc modified proteins suggests that the
strategy is amenable to the identification of proteins bearing the azido-GlcNAc
analog. To further validate the presence of the azido-GlcNAc modification in the
identified proteins, reciprocal immunoprecipitation was used in an effort to
confirm some previously known and putative O-GlcNAc modified proteins from
the list of identified proteins.

In the case of those proteins for which antibodies suitable only for
Western blotting analysis, but not immunoprecipitation, were available,
nucleocytoplasmic proteins were isolated from HeLa cells metabolically labeled
with peracetylated GIcNAc or peracetylated azido-GlcNAc, and conjugated with
biotinylated phosphine capture reagent. Biotinylated, azido-GlcNAc proteins
were affinity purified using avidin-monomer agarose and resolved by SDS-
PAGE. After transfer to a nitrocellulose membrane, proteins were probed with
specific antibodies to verify their presence among the azido-GlcNAc modified
proteins.

In the case of those proteins for which immunoprecipitation antibodies
were available, the protein of interest was isolated from cells labeled with
peracetylated GIcNAc or peracetylated azido-GIcNAc by immunoprecipitation

first. The immunoprecipitated samples were then conjugated with capture reagent
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and the resulting conjugate was subjected to Western blot analysis using
streptavidin-HRP.

This analysis confirmed O-GlcNAc modification of all 23 proteins
assayed including 10 known and 13 newly identified O-GlcNAc modified
proteins (Figure 2-6). This result offers further evidence that the TAS technology
can be applied to the accurate, selective identification of O-GlcNAc modified

proteins.

DISCUSSION

Despite being implicated in myriad processes and pathways, the molecular
mechanisms by which O-GlcNAc can potentiate these effects remain unknown.
Global identification of the dynamically modified O-GIcNAc proteins would give
insight into the pathways subject to its regulation and help in the determination of
how O-GlcNAc exerts its regulatory effects. Unfortunately, as with most post-
translational modifications, there has not been an efficient technology available
for the selective isolation of O-GlcNAc modified proteins.

Previous methods used in the identification and characterization of O-
GlcNAc modified proteins include the development of O-GIcNAc-specific
antibodies (Comer et al., 2001), the use of wheat germ agglutinin columns

(Montreuil and al., 1994), B-elimination coupled with Michael addition
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(BEMAD) (Vosseller et al., 2005; Wells et al., 2002) and the attachment of
chemically derivatized or radiolabeled galactose molecules onto O-GIcNAc
modifications through enzymatic reactions (Tai et al., 2004; Torres and Hart,
1984). However, these methods have drawbacks that preclude their application to
the global characterization of O-GlcNAc modified proteins.

Antibody-based methods using O-GIcNAc-specific monoclonal antibodies
rely on the binding affinity between the antibody and its antigen. However, the
antibodies available against O-GlcNAc demonstrate relatively low binding
affinity, which precludes the use of harsh washing conditions. Any
immunoaffinity purification using this tool would therefore not only isolate O-
GlcNAc modified proteins, but their interaction partners as well. Sensitivity is
also compromised due to the low binding affinity. Thus, while antibody-based
methods represent a good starting point for the characterization of O-GIcNAc
modified proteins, the issue of low binding affinity makes antibodies an
inappropriate choice for large-scale proteomic analyses.

Wheat germ agglutinin columns provide a method for the enrichment of
glycosylated proteins. However, such methods are not generally applicable for the
proteomic analysis of monosaccharide modifications. Enrichment of glycosylated
proteins using wheat germ agglutinin columns is not selective for a particular
sugar and the binding of wheat germ agglutinin to monosaccharide modifications

is weak (Montreuil and al., 1994). Such methods also suffer from contamination
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of the sample by the non-specific binding of proteins and cannot employ the harsh
washing conditions we use (8 M urea, 3 M KCl, 1% SDS/PBS) to reduce such
non-specific interactions.

BEMAD involves the base-catalyzed elimination of chemical moieties at
serine and threonine residues. The resulting o,-unsaturated carbonyl is
subsequently reacted with a nucleophilic agent, such as dithiothreitol, to tag the
previously modified site. BEMAD has been described as a method allowing the
selective isolation and site mapping of O-GlcNAc specifically (Wells et al.,
2002), as well as serine and threonine post-translational modifications in general
(Vosseller et al., 2005). However, the harsh conditions used in BEMAD strategy
can lead to side reactions with unmodified serine and threonine residues and cause
protein degradation (McLachlin and Chait, 2003).

Enzymatic tagging of GIcNAc residues with radiolabeled galactose was
described in the seminal paper on O-GlcNAc (Torres and Hart, 1984).
Unfortunately, this strategy suffers from low sensitivity and doesn’t allow for the
selective isolation of the labeled proteins for proteomic analysis. Subsequently,
Tai et al. described a technique for the labeling of GIcNAc residues with a ketone
analog of UDP-galactose (Tai et al., 2004). The method exploits a mutant of the
enzyme [3-1,4-galactosyl transferase containing an active site which
accommodates the ketone moiety in the substrate. The ketone allows covalent

coupling of aminooxy biotin as a tag. Using this method, 29 peptides



41

representing 25 proteins were identified as O-GIcNAc modified in samples of rat
brain, including 2 previously known proteins (Khidekel et al., 2004).

The TAS technology offers significant advantages to the approaches
outlined above. It can be used for both the selective detection and isolation of
azido-GlcNAc modified proteins. The strong interaction between biotin and
streptavidin allows efficient removal of non-specifically binding proteins by
employing harsh washing solutions such as 8 M urea, 3 M KCl and 1% SDS,
allowing selective enrichment. Finally, the Staudinger ligation is rapid and truly
bioorthogonal, since neither azides nor phosphines have been identified as

constituents of any known biomolecule.

METHODS

Materials. HPLC grade acetonitrile, water, and methanol were from EM
Science (Gibbstown, NJ); trifluoroacetic acid (TFA) was from Fluka (Buchs,
Switzerland); acetic acid was from Aldrich (St. Louis, MO); ammonium
bicarbonate was from Fisher (Fair Lawn, NJ); trypsin was from Promega
(Madison, WI). Peracetylated azido N-acetyl glucosamine (azido-GIcNAc),
azido-farnesyl pyrophosphate and biotinylated phosphine capture reagent were
synthesized in-house (Kho et al., 2004). DMEM and Drosophila SFM cell media

were purchased from Gibco (Grand Island, NY). Protease inhibitor cocktail was
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from Roche Molecular Biochemicals (Indianapolis, IN). Ammonium bicarbonate,
SDS and salts used in buffer preparation were from Fisher Scientific (Fair Lawn,
NJ). BSA, glucosamine, phosphate buffered saline, tween-20 and urea were
purchased from Sigma (St. Louis, MO). Streptavidin polyacrylamide beads were
from Pierce (Rockford, IL). 4-20% gradient minigels and nitrocellulose
membrane were obtained from Bio-Rad Laboratories (Hercules, CA). Western
Lightning Chemiluminescence Reagent Plus was from Perkin-Elmer Life Science

(Boston, MA).

Cell Culture. HeLa, 3T3 and Cos-1 cells. Dishes (15 cm) of HeLa, 3T3
and Cos-1 cells were grown to 70% confluence in complete DMEM (4.5 g
glucose/L) with 10% FBS and antibiotics in a 37° C, 5% CO, incubator. For
labeling, media was aspirated and the cells were washed with PBS. Fifteen mL
DMEM containing 250 uM peracetylated azido-GlcNAc and 1g glucose/ L was
then added to each dish and cells were incubated for 24 h.

S2 cells. Dishes (15 cm) of S2 cells were grown to confluence in
Drosophila SFM (2 g glucose/L, 2 g trehalose/L) with 10% FBS and antibiotics at
25° C. For labeling, media was aspirated and the cells were washed with PBS.
Cells were labeled for 24 h with 500 uM peracetylated azido-GlcNAc in
Drosophila SFM diluted 1:4 with S2 media prepared in-house containing no

sugars (10% FBS, 0.5 g glucose/L, 0.5 g trehalose/L final).
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Preparation of Cytosolic Extract. Three hours prior to harvest, 150 pL
of 400 mM glucosamine (4 mM final) was added to plates to inhibit the action of
O-GlcNAcase, the enzyme responsible for the removal of the O-GlcNAc
modification. Cells were harvested by scraping in 2 mL PBS per plate and
pelleted by centrifugation at 1,000 x g and 4° C for 10 min. The cell pellet was
resuspended in an equal volume of ice-cold hypotonic lysis buffer (10 mM KCI,
1.5 mM MgCl,, 1 M Hepes pH 7.4) with protease inhibitors and 4 mM
glucosamine, incubated on ice for 30 min and homogenized using 50 passes in a
Dounce homogenizer employing a B-rated pestle. The lysate was subjected to
ultracentrifugation at 100,000 x g for 1 hr at 4° C to remove intact cells, cell
membranes and organelles including nuclei. The supernatant was collected and

considered the cytosolic extract.

Sample Preparation. Protein was precipitated from the cytosolic extract
by acetone precipitation at —20° C overnight. Precipitated proteins were pelleted
by centrifugation at 15,000 x g for 10 min, washed twice with 1 mL cold acetone

and redissolved in PBS containing 1% SDS for a final concentration of 4 mg/mL.

Capture Reaction. In order to specifically biotinylate O-GIcNAc-N;

modified proteins, a capture reaction using the biotinylated phosphine capture
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reagent (bPPCR) was performed on cytosolic lysates. For HeLa, 3T3 and Cos-1
cell lysates, a 100 puL solution consisting of 150 pg protein and 50 uM
biotinylated phosphine capture reagent in 1% SDS was reacted at room
temperature overnight with shaking in the presence or absence of 100 uM azido-
farnesyl pyrophosphate. For S2 cell lysate, a 100 pL solution consisting of 150
pg protein and 500 uM biotinylated phosphine capture reagent in 1% SDS was

reacted at room temperature overnight with shaking in the presence or absence of

1 mM azido-farnesyl pyrophosphate.

Western Blot Analysis. Capture reaction samples were acetone
precipitated to remove excess bPPCR and resuspended in SDS-PAGE sample
buffer. Twenty-ug samples were run on a 4-20% gradient minigel. Proteins were
then transferred to a nitrocellulose membrane. The membrane was blocked in 5%
BSA TBS (25 mM Tris pH 7.5, 150 mM NaCl) with shaking at room temp for 1
h. The membrane was probed for 1 h with a 1:20,000 dilution of streptavidin-
conjugated HRP in the presence and absence of 100 uM D-biotin. After probing,
the membrane was washed 6 times with shaking for 15 min each time in TBST
(25 mM Tris pH 7.5, 150 mM NaCl, 0.4% Tween-20). The blot was developed

using the Western Lightning chemiluminescence reagent.
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Affinity Purification. Excess bPPCR was removed from capture reaction
samples by precipitating proteins in 9 volumes ice-cold acetone at —20° C for >2
h. Protein pellets were resuspended in 1% SDS PBS. Ten mg protein was added
to a 20 pL volume of biotinylated polyacrylamide beads. Samples were rocked at
room temp for 30 min. To remove the beads, samples were centrifuged at 1,000 x
g for 5 min and the supernatant decanted. The beads were then washed three

times each in 8 M urea, 3 M KCl, 1% SDS/PBS and 50 mM NH4CO; pH 8.0.

Nano-HPLC/mass spectrometry for protein identification. After
affinity purification, 50 ng trypsin was added directly to the beads. Tryptic
peptides were sequentially extracted with 50% acetonitrile/ 50% water (v/v), and
75% acetonitrile/ 25% water (v/v) solutions. The peptide extracts were dried in a
SpeedVac. The peptide samples were cleaned with ZipTip C;s (Millipore,
Bedford, MA) prior to nano-HPLC/tandem mass spectrometry analysis.

Nano-HPLC/tandem mass spectrometry analysis was performed in an
LCQ DECA XP ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA)
equipped with a nano ESI source (ThermoFinnigan, San Jose, CA). The
electrospray source was coupled online with an Agilent 1100 series nano flow
HPLC system (Agilent, Palo Alto, CA). Two pl of the peptide solution in buffer
A (2% acetonitrile/ 97.9% water/ 0.1% acetic acid (v/v/v)) was manually loaded

into a capillary HPLC column (50 mm length X 75 um ID, 5 um particle size, 300
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A pore diameter) packed in-house with Luna C18 resin (Phenomenex, St.
Torrance, CA). The peptides were eluted from the column with a gradient of 5%
to 80% buffer B (90% acetonitrile/ 9.9% water/ 0.1% acetic acid (v/v/v)) in buffer
A over 30 min. The eluted peptides were electro sprayed directly into the LCQ
mass spectrometer.

The MS/MS spectra were acquired in a data-dependent mode that
determined the masses of the parent ions and fragments of the three strongest
ions. All MS/MS spectra were searched against the NCBI non-redundant protein
sequence database using the MASCOT search for protein identification. The
following search parameters were used in all MASCOT searches: maximum of
one missed trypsin cleavage and a maximum 4-Da error tolerance in the MS and
0.8-Da in MS/MS data. Those protein hits with three ions matched with a score
higher than 35 were considered true protein identifications. All other hits were
manually analyzed to ascertain the accuracy of protein identification. In the
manual analysis, the criteria used for a true identification is that the masses of all
the major peaks (typically more than 7 peaks) in a MS/MS spectrum had to match
those of the theoretically calculated fragment ions and the mass errors were within

0.5 Da.
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Figure 2-1
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Figure 2-1. The TAS strategy for the global detection of O-GlcNAc modified
proteins. A) Peracetylated N-(2-azidoacetyl)-glucosamine (1) is delivered into
the cells through metabolic labeling and converted to UDP-azido-GlcNAc (3),
which is used by O-GIcNAc transferase for O-GlcNAc modification of proteins
(4). B) Biotin-conjugation reaction using biotinylated phosphine capture reagent
(5) results in the selective biotinylation of azido-GlcNAc modified proteins (6).
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Figure 2-2
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Figure 2-2. Detection of metabolically labeled O-GIcNAc-N3; modified
proteins in diverse organisms. Cytosolic proteins from cells in the presence and
absence of metabolic labeling with azido-GIcNAc (GIcNAc-N3) were conjugated
to biotinylated phosphine capture reagent (5). The resulting biotinylated proteins
were separated by SDS-PAGE and detected by western blot analysis, probing
with HRP-conjugated streptavidin.



Figure 2-3
(A 400
TIC
o2
52
oo
&<
0 -
5 60 120
Retention Time (Min)
(B)  400- | MS
RT: 30.00 Min
661.5
ol /
Sl
@<
950 1500
miz
y10y9y8 y7 y6y5 y4 y3
SASHURRECTE
b4] b5| b6]b7]b 10191
€)  100- y7 v8 MS/MS
y6 m/z: 661.5
9
b6 Y v10
b7
£ 2 ‘ b12
< g b5 b11
= y3 ya
‘ |
0 [ L .
300 750 1200

m/z

49



50

Figure 2-3. An example of nano-HPLC/MS/MS analysis for protein
identification. (A) Total ion current chromatogram of a nano-HPLC/MS/MS of
the on-bead digest of affinity purified S2 cell cytosolic extract. (B) MS spectrum
at retention time of 30.00 min. (C) MS/MS spectrum of 661.5 m/z, which
identified the peptide ALIAAQYSGAQVK, unique to translation elongation
factor 1 gamma.



Table 2-1

Identified Protein

Translation elongation factor 1 pat
Translation elongation factor 1 ya.2
elF-4aab

Nucleosome remodeling factor®
Thioredoxin peroxidase 1
Catalase®

Slow superoxide dismutase
CG6776
Glutathione-S-transferase 1-1
Capulet

Chd64

[ tubulin 60D

CG10724

Cofilin/actin depolymerizing factor
Hsc70-42

Hsc70-32

Hsc70Cb®

Hsp83

Proteosome alpha 6 subunit
Protecsome alpha 4 subunit
Prolyl oligopeptidase

Puromycin sensitive aminopeptidase

Ubiquitin activating enzyme 1
Protein disulfide isomerase®
Rana

Calreticulin®

Annexin X2

Regucalcin

EGFR type 3

CG10417

CG6180

14-3-3 ¢

Eb1

Pyruvate kinase®

GAPDHs

Triosephosphate isomerase
Myo-inositol-1-phosphate synthase
CG1129

CG2767

CG6084

Adeb

CG32626

Thymidylate synthase
Anon1A3

CG6259

CG5094

CG31305-PJ

CG2446

CG10630

Transitional ER ATPase®
CG6891

gi#
13124189
6716514
418925
18447455
24641739
17981717
4572573
21355779
121694
28317136
21355917
21626738
21356527
1168731
24647034
24641402
21357475
17647529
24586400
12643270
24583414
24655260
17861718
17647799
21356159
24645441
71777
18860103
552091
19921654
24583960
24647885
19921706
3108349
84977
267156
4106368
21355443
24644950
24662781
18860083
18859679
13959716
5616364
21355253
24584835
24645977
20129011
24658349
3337433
21483504

Functional Classification
Translation
Translation
Translation

Transcription
Stress Response
Stress Response
Stress Response
Stress Response
Stress Response

Structural
Structural
Structural
Structural
Structural
Chaperone, Stress Response
Chaperone, Stress Response
Chaperone, Stress Response
Chaperone, Stress Response
Protein Degradation
Protein Degradation
Protein Degradation
Protein Degradation
Protein Degradation
Protein Modification
Protein Targeting
Protein Transport
Signaling
Signaling
Signaling
Signaling
Signaling
Cell Cycle
Cell Cycle
Glucose Metabolism
Glucose Metabolism
Glucose Metabolism
Carbohydrate Metabolism
Carbohydrate Metabolism
Carbohydrate Metabolism
Carbohydrate Metabolism
Nucleotide Metabolism
Nucleotide Metabolism
Nucleotide Metabolism
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

o1

Molecular Function

Elongation factor
Elongation factor
Translation initiation factor
Chromatin remodelling
Peroxidase
Peroxidase
Superoxide dismutase
Glutathione transferase
Glutathione transferase
Actin binding
Actin binding
Tubulin binding
Actin polymerizing/depolymerizing
Cofilin/actin depolymerizing
Protein folding
Protein folding
Protein folding
Protein folding
Proteolysis
Proteolysis
Proteolysis
Aminopeptidase
Ubiquitin activation
Disulfide isomerase
Small GTPase
Calcium ion binding
Calcium ion binding
Calcium mediated signaling
EGF receptor
Protein S/T phosphatase
Kinase inhibitor
PKC inhibitor
Microtubule binding
Kinase
Dehydrogenase
Isomerase

Mannose-1-phosphate guanylyltransferase
Alcohol dehydrogenase
Aldehyde reductase
Purine base metabolism
Purine base metabolism
Nucleotide synthase
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Table 2-1. List of identified O-GlcNAc-N3; modified proteins from S2 cell
extract and their functional classifications. Classifications are based on NCBI
and FlyBase annotations. Proteins previously reported to be O-GlcNAc modified
are indicated by “. Proteins with annotated cellular localization other than the
cytoplasm are indicated by °.
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Table 2-2. List of all the putative O-GlcNAc modified proteins identified in a
proteomic screen of HeLa nucleocytoplasmic lysates. Protein names, gi# and
annotated biological process associated with each protein are reported. X indicates
proteins previously reported to be O-GIcNAc modified. Z indicates those
identifications that were validated by reciprocal immunoprecipitation or avidin
chromatography/Western blotting analysis.
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Figure 2-4

Transcription/ Translation (8%)
Signaling (10%) Nucleotide Metabolism (6%)

Cell Cycle (4%)

Structural (10%)
Stress Response (18%)

Carbohydrate
Metabolism (14%)

Protein Processing (16%)
Unknown (16%)

Figure 2-4. Pie diagram showing functional classes for putative O-GlcNAc¢
modified proteins from S2 cell cytosolic extract. Classifications are based on

NCBI and FlyBase annotations.
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Figure 2-5

Amino Acid
Metabolism (7) DNA Damage
; Response (5)
Nucleotide Muscle

Metabolism (8)
General Metabolism (11)

Development (1)

Protein Synthesis/

Intracellular Folding/Turnover (49)

Transport (13)

Unknown

Function (17) Cell Growth/

Carbohydrate Maintenance (41)

Metabolism (23) RNA Processing/
Transcription (24)

Figure 2-5. Pie diagram showing functional classes for putative O-GlcNAc
modified proteins from HeLa nucleocytosolic extract. Classifications are based
on NCBI annotations.
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Figure 2-6
Lane 1 2 3 4
Azido-GIcNACc - - + +
Protein Name bPPCR@) -+ - # Method
Enolase - Reciprocal IP
Aldolase? - Reciprocal IP
Thymidine kinase - Avidin/WB
Glucose 6 phosphatase? e Avidin/WB
HSP70 4 Reciprocal IP
HSP90 — Reciprocal IP
NFkB - Avidin/WB
c-myc iog Avidin/WB
Sp1 -y Reciprocal IP
SH-PTP24 — Reciprocal IP
Rho-GDla. - Both
TRAF2¢ - Both
TRF12 -_ Avidin/WB
DFF45° - Both
MCM62 - Avidin/WB
EF-2 e Reciprocal IP
elF-52 o Reciprocal IP
Calregulin® - Both
Annexin | _— Avidin/WB
Galectin 32 e Avidin/WB
Calpastatin® - Avidin/WB
Moesin? - Avidin/WB
CAPZB? " Avidin/WB
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Figure 2.6. Verification of the azido-O-GlcNAc modification. Avidin/WB:
proteins were conjugated with bPPCR, affinity-purified with avidin-monomer
agarose and detected by Western blot analysis using specific antibody.

Reciprocal IP: protein was immunoprecipitated with specific antibody, conjugated
with bPPCR and detected by Western blot analysis using streptavidin HRP. a
indicates novel O-GlcNAc modified proteins identified in this study. Experiments
performed by Dr. Animesh Nandi.



CHAPTER THREE

GLOBAL CHARACTERIZATION OF LYSINE &-N-

ACETYLATION

SUMMARY

The reversible, post-translational acetylation of histones has been known
for almost 40 years. Since its initial discovery, the suite of known targets of lysine
acetylation has grown to a total pool of 80 proteins including various transcription
factors. Acetylation as a regulatory modification has been gaining interest with
the discovery of its role in the regulation of DNA-templated processes. Indeed,
inhibitors of certain deacetylases show the potential to be chemotherapeutic
interventions for various cancers, while homologs of the NAD-dependent Sir2
deacetylase from yeast have been shown to influence lifespan in C. elegans, yeast
and mammals. However, the extent of lysine acetylation among proteins beyond
those involved in DNA-templated processes remains largely unknown. The
proteomic dissection of protein acetylation is a powerful tool for identifying the
targets of acetylation and may aid in the elucidation of the functional
consequences of acetylation while providing insight into the pathways regulated

by the modification. Using a combination of immunoaffinity purification and

64
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HPLC-tandem mass spectrometry, this dissertation work led to the identification
of hundreds of lysine acetylated proteins from HeLa cell nuclear and cytosolic
lysate, as well as in mouse liver mitochondria extract. The nuclear and cytosolic
proteins identified in this screen include proteins with diverse biological functions
including metabolic enzymes, stress response proteins and regulators of
cytoskeletal dynamics. Furthermore, the novel observation of abundant
mitochondrial lysine-acetylation offers compelling evidence of the regulatory
potential of the modification toward metabolic processes in this organelle.

This work was the result of a collaborative effort between me and other
members of the Zhao lab, including Yue Chen, Drs. Sung Chan Kim, Yoonjung
Kho, Yingda Xu and Junmei Zhang. In addition, the laboratories of Drs. Michael
White and Xiang-Jian Yang provided experimental evidence of the functional

consequences of some of the novel acetylation events observed.
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INTRODUCTION

Overview of Lysine Acetylation

Acetylation represents one of the most abundant of the more than 200
known protein modifications found in cells and falls into two categories: N-
terminal and e-lysine acetylation. However, post-translational lysine acetylation
is fundamentally different from N-terminal acetylation. For example, N-terminal
acetylation occurs co-translationally and has been estimated to modify around
85% of eukaryotic proteins (Polevoda and Sherman, 2002). Also, N-terminal
acetylation is regarded as a static and permanent modification with a half-life on
the order of that of the protein it modifies. Lysine acetylation, by contrast, has the
distinction of being reversible, having the potential to be a regulatory
modification correlating with extracellular or intracellular signaling events.

While the post-translational modification of lysine side chains was first
described nearly four decades ago, through the ability of cells to incorporate C'*-
labeled acetate onto histones (Vidali et al., 1968), the first non-histone protein to
bear the modification, p53, was not revealed until 30 years later (Gu and Roeder,
1997). Since its initial discovery, fewer than 90 proteins have been described as
targets for lysine acetylation (Kouzarides, 2000; Yang, 2004b). This lack of
known targets for acetylation is one of the major bottlenecks restricting advances

in our understanding of the biological impacts of lysine acetylation.
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The reversibility of lysine acetylation is mediated by the opposing actions
of a cell’s particular complement of the ~20 known histone acetyltransferases
(HATSs) and 18 histone deacetylases (HDACs). Many of the HATs that have been
identified are known to play dual roles as transcription factors. Indeed, even the
nomenclature given to the HATs and HDACs betrays the general perception that
the major function of these enzymes is to regulate chromatin dynamics and gene
expression. This view is being challenged as several non-histone, non-nuclear
targets for acetylation have been described and as deacetylases with subcellular
localizations outside of the nucleus have been identified (Cohen and Yao, 2004;
McKinsey and Olson, 2004; Michishita et al., 2005).

Consistent with the notion of a regulatory role for lysine acetylation, the
modification has been found to modulate protein-DNA interactions, protein-
protein interactions and protein stability. In addition, acetylation of a lysine side
chain precludes modification by other moieties, such as ubiquitin and SUMO,
thus there can be competition between modifications for a single site. This can
result in differential function or processing of the substrate, as has been
documented (Minucci and Pelicci, 2006).

Among the functional consequences that have been described as resulting
from lysine acetylation, changes in gene expression are most prevalent. This is
evidenced by the extensive body of work considering the impact of acetylation on

chromatin structure, dynamics and DNA accessibility (Grunstein, 1997). DNA is
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maintained in a condensed form known as chromatin through its interaction with
histones. This interaction is believed to be mediated by electrostatic interactions
between the negatively charged backbone of DNA and the lysine-rich N-terminal
tails of histones. Acetylation of histone tails is generally associated with a
relaxation of chromatin structure, allowing access to the underlying DNA by

transcription factors.

Lysine Acetylation and Disease

There is also evidence that dysregulated acetylation may lead to disease.
Inasmuch as cancer involves alterations in gene expression patterns that allow a
cell to escape the regulatory influence of apoptotic programs and other cell death
stimuli, regulatory modifications that are able to influence gene expression
regimens represent prime pathways for cancer prevention and intervention. Post-
translational lysine acetylation is of particular interest in this regard. Evidence that
aberrant histone modifications, including lysine acetylation, may play a role in the
onset and progression of cancer abounds (Hake et al., 2004). Changes in the
modification status of transcription factors, histones, oncogene and tumor
suppressors have been described and are correlated with HDAC activity (Zhu et
al., 2004). These changes are found among cancers from a variety of origins
including prostate, ovarian, breast, colorectal, lung cancers and lymphomas.

However, the precise molecular mechanisms through which aberrant lysine
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acetylation leads to cancer, and the particular HATs and HDACs that are
responsible, are unclear at present and await further characterization.

Because of acetylation’s known roles in the regulation of epigenetics and
oncogenic processes, HDAC inhibitors have been developed and are currently
undergoing more than 30 clinical trials as novel therapeutic agents for both
hematologic malignancies and solid tumors (Egger et al., 2004). Suberoylanilide
hydroxamic acid (SAHA), the most advanced clinical compound of HDAC
inhibitors, affects cell growth, differentiation, and apoptosis preferentially on a
broad spectrum of transformed cells, but not normal cells (Kelly et al., 2003).
However, effects on histones cannot explain such specificity, as histones are
ubiquitously expressed in both normal and transformed cells. Unfortunately, the
downstream targets of SAHA, as well as the mechanism of its anti-tumor activity,
are largely unknown.

Though its role in the onset and progression of cancer may come as no
surprise, given the well-established role for lysine acetylation in the regulation of
gene expression, cancer is not the only pathological state with which aberrant
acetylation is associated. Aberrant acetylation has been implicated in such diverse
disease states as neurodegeneration, cardiovascular disease and inflammatory
lung disease as well (Blander and Guarente, 2004; Carrozza et al., 2003;

McKinsey and Olson, 2004; Yang, 2004a).
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Lysine Acetylation and Longevity

Another intriguing aspect of lysine acetylation is its putative role in the
regulation of lifespan. This regulation has been proposed as being mediated
through the activity of the class-I1II, NAD-dependent deacetylases (Sirtl-7 in
humans). For example, one of the few laboratory perturbations able to efficiently
extend the lifespan of organisms is to subject them to a calorie restricted diet. It
has been experimentally demonstrated that the activity of Sirtl is increased under
such conditions (Bordone and Guarente, 2005). This affects the acetylation status
and activity of its downstream targets including such diverse non-histone
substrates as p53, FOXOs, Ku70, and tubulin, which regulate various cellular
functions including the stress response, apoptosis, and energy metabolism.
Although the mechanisms involved in conveying the longevity-extending
properties of the pathway are unclear, the acetylation pathway, with respect to the
class-III deacetylases, lies at a crossroads where energy availability and
regulatory modifications intersect at the level of acetyl-CoA (the source for

acetate in the transferase reaction) and NAD (cofactor for the class IIIl HDACs).

Proteomics of Lysine Acetylation
The recent identification and functional characterization of acetyllysine
residues among cytosolic proteins and signaling molecules (Cohen and Yao,

2004; Kaiser and James, 2004), and demonstration of the presence of HATs and
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HDAC: in the cytosol and mitochondria, support the notion that the modification
may be ubiquitous among cellular compartments. Despite this evidence, the scope
of lysine acetylation remains unclear. The application of proteomic approaches to
identify the targets of acetylation represents a potentially powerful tool to enhance
our understanding of the extent of lysine acetylation in cells and its role in the
regulation of fundamental biological processes such as aging and disease.

The difficulties met with attempting a proteomic analysis of lysine
acetylation are the same as those encountered in the analysis of other post-
translational modifications. Proteins are often modified in sub-stoichiometric
ratios. As a result, modified peptides are found amidst an excess of unmodified
peptides following enzymatic digestion of a complex biological sample. This
scenario precludes direct analysis of post-translational modifications except for
the most abundant instances. In addition, many important regulatory proteins that
are subject to the modification of interest are often of low-to-medium abundance.
To analyze those proteins in the context of a sample of high complexity requires
an efficient and selective isolation strategy.

In developing an efficient purification strategy for post-translationally
modified proteins, one must exploit the unique features of modification in order to
maximize the recovery of modified protein while eliminating most of the
unmodified sample. Lysine acetylation poses a significant challenge in this

regard, given the small size and relative lack of physical chemical properties that
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readily distinguish lysine acetylated proteins from their unmodified counterparts.
Thus the availability of antibodies directed toward acetyllysine represents a good
tool for the proteomic characterization of the modification.

Here a proteomics survey of the acetyllysine sub-proteome from HelLa
cells and mouse liver mitochondria is generated by combining immunoaffinity
purification of lysine-acetylated peptides and exhaustive peptide identification by
nano-HPLC/MS/MS analysis (Figure 3-1A). This screen led to the identification
of 388 lysine acetylation sites from 195 proteins, dramatically extending the
known inventory of in vivo acetylation sites and substrates. In contrast to previous
studies of lysine acetylation, most lysine-acetylated proteins identified in this
study do not have obvious roles in DNA-templated processes. Moreover, we
identified 277 lysine acetylation sites in 133 mitochondrial proteins, thereby
conclusively establishing that lysine acetylation is an abundant post-translational
modification in the mitochondrion. These results clearly indicate that regulation
of DNA-templated process is just one of many roles that lysine acetylation plays
in vivo. The integration of these datasets offers a steppingstone toward
understanding and characterizing functional consequences of lysine acetylation in
diverse cellular regulatory schemes and in the pathophysiology of human

diseases.

RESULTS
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Specific Detection of Lysine-acetylated Proteins

To evaluate the specificity of anti-acetyllysine antibody,
immunofluorescent staining of HeLa cells was performed by Dr. Tzuling Cheng
in the laboratory of Dr. Michael White. The analysis revealed that the antibody
produced strong positive signals in the nucleus and the midbody of the cells
(Figure 3-1A). This result suggested that lysine acetylation was prevalent among
these two subcellular regions. Western blotting analysis with nuclear and
cytosolic protein extracts of HeLa cells resulted in many distinct protein bands
spanning a wide mass range in both extracts (Figure 3-1B). In addition, these
signals could be competed away efficiently in the presence of acetylated BSA at a
concentration of 160 pg/mL (Figure 3-1C). Similarly, the antibody detected
numerous proteins in mitochondrial fractions from either fed or fasted mice
(Figure 3-1D, E). These results indicate that the antibody is specific and that
many lysine-acetylated proteins from diverse subcellular compartments remain to

be identified.

Immunoaffinity Purification and Identification of Lysine-acetylated Peptides
To identify lysine-acetylated peptides and map acetylation sites, agarose
beads bearing immobilized anti-acetyllysine antibody were used to affinity purify

peptides from a tryptic digest of a protein fraction of interest (Figure 3-2A). The
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enriched peptides were analyzed by nano-HPLC/MS/MS in an LTQ mass
spectrometer (Figure 3-2B, C). The MASCOT search algorithm used the resulting
MS/MS spectra to identify peptide candidates from a human protein database. To
ensure the quality of analysis, positive identifications were verified by manual
inspection of the MS/MS spectra.

The analysis yielded 388 lysine acetylation sites in 195 proteins, including
67 lysine acetylation sites in 37 proteins from the cytosolic fraction, 81 lysine
acetylation sites in 38 proteins from the nuclear fraction, and 277 lysine
acetylation sites in 133 proteins from mitochondria (Figure 3-4, Tables 3-1 and 3-
2). Only 13 of the 195 proteins were previously reported to be acetylated. Thus,

this survey greatly expands the inventory of lysine-acetylated proteins.

Verification of Lysine-acetylated Peptides

To ascertain the accuracy of the proteomics data, three independent
experimental approaches were taken. First, a fraction of the newly identified
lysine-acetylated proteins was selected for confirmation by immunoprecipitation
and Western blotting analysis (Figure 3-3A). The candidate proteins were selected
based on commercial availability of antibodies against them. Second, a subset of
lysine-acetylated peptides was confirmed by MS/MS spectra of synthetic
peptides, the standard for verification of peptide identification (Figure 3-3B, C).

Confirmation of lysine acetylation among all the candidate peptides, especially
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those with low MASCOT scores, demonstrates that the peptide identification
algorithm and manual verification procedure were reliable. As a third approach,
the expertise of the laboratories of Drs. Michael White and Xiang-Jiao Yang was
enlisted to analyze how lysine acetylation affects the functions of three novel
lysine-acetylated proteins: p120 catenin, Rho GDI, and actin. The results indicate
that the acetylation is important for regulating the function of each of these
proteins as discussed below. Furthermore, identification of known acetylation
sites on core histones, p300, and CBP offer further evidence regarding the validity

of the datasets (Tables 3-1 and 3-2).

DISCUSSION

Lysine Acetylation Observed in Diverse Groups of Proteins

Lysine acetylation substrates with diverse cellular functions were
identified, including the four core histones, regulators of transcription and
chromatin structure, splicing and translational proteins, chaperones, cytoskeletal
proteins, signaling proteins, and metabolic enzymes (Figure 3-4, Tables 3-1 and
3-2). Most notably, 133 mitochondrial proteins were found to be acetylated on
lysine, conclusively demonstrating that lysine acetylation is an abundant post-

translational modification in that organelle.
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RNA splicing and translation factors

No reports have been made of lysine acetylation in splicing or translation
factors. Acetylated peptides from hnRNP A1, an uncharacterized protein with a
potential role in splicing, and two translation factors (EF1a and elF-5A) were
identified in this screen, suggesting that acetylation may play a role in regulating
RNA splicing and translation. Discovery of acetyllysine residues in these splicing
and translation factors suggests regulation of the two cellular processes by

previously unappreciated processes that await further characterization.

Chaperones

This proteomics analysis identified lysine acetylation in chaperone
proteins, including Hsp70, Hsp27, Hsp90, two subunits of the TCP1 ring complex
TriC, cyclophilin A, and FK506-binding protein 4. Of these, only Hsp90 was
previously known to be lysine-acetylated, but its acetylation sites have not been
mapped. Acetylation of Hsp90 influences its ability to regulate the glucocorticoid
receptor (Kovacs et al., 2005). Identification of the acetylation site should help
further investigation on how the modification affects activities of the receptor.
Because the acetylation site of Hsp70 is located at its substrate-binding region, the
modification may affect substrate recognition.

Cyclophilin, a peptidyl-prolyl isomerase, binds the immunosuppressive

drug cyclosporin A and modulates T-cell activation by inhibiting the phosphatase
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calcineurin. Cyclophilin is acetylated at K125, a residue located in the loop
surrounding the drug pocket and a potential site of ionic interaction with
calcineurin. Mutation of K125 to either an anionic or neutral residue (K125E or
K125Q) has minimal effects on isomerase activity and cyclosporin A binding, but
renders the mutant protein unable to associate with calcineurin or inhibit its
phosphatase activity (Etzkorn et al., 1994). Acetylation of K125 could affect the

interaction of cyclophilin with calcineurin.

Structural proteins

Remarkably, a broad cadre of proteins participating in microfilament
formation and dynamics were identified. Actin itself is acetylated at lysine 61, a
residue immediately adjacent to a critical arginine required for actin
polymerization (Posern et al., 2004). Acetylation was also observed within cofilin,
thymosin beta 10, profilin, moesin, and tropomyosin. To begin to examine the
consequences of lysine acetylation on actin dynamics, epithelial cells were
incubated briefly in the presence of pharmacological HDAC antagonists or
agonists. As shown in Figure 3-5, exposure to the class I/Il HDAC inhibitor,
tricostatin A, resulted in a dramatic accumulation of filamentous actin, suggesting
stabilized actin stress fibers. In contrast, the agonist of class I[II HDAC:s,
resveratrol, potently inhibited stress fiber formation and/or stability (Figure 3-

5A).
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The Rho-family GTPases are central regulators of actin-cytoskeletal
dynamics. In addition to the structural proteins described above, RhoGDI and
p120 catenin (p120), two proteins known to modulate Rho GTPase function, were
identified. RhoGDI selectively inhibits Rac, Rho or CDC42 activation and
membrane localization depending upon the phosphorylation of key regulatory
residues in RhoGDI. In an attempt to examine the potential consequences of
RhoGDI acetylation, mutational analysis was carried out by Dr. Tzuling Cheng of
Dr. Michael White’s lab. The lysine residue identified as being acetylated, K141,
was replaced with arginine to block its acetylation, but retain the native charge
status, or glutamine, which was intended to mimic acetylation of the site.
Expression of RhoGDI in epithelial cells inhibited stress fiber accumulation as
previously reported, and the K141R substitution did not grossly alter this
behavior. In contrast, the replacement of the putative site of acetylation with
glutamine resulted in the accumulation of both thickened stress fibers and
numerous filopodia (Figure 3-5B). This result suggests that the neutralization of
charge which would accompany the acetylation of K141 may inhibit RhoGDI
function and/or alter its G-protein specificity. Furthermore, p120 catenin (p120), a
protein associated with E-cadherin in cell-cell adhesions, is acetylated at three
lysine residues, two of which are known to be important for inhibiting Rho
GTPase activation thus promoting development of a dendritic morphology in

fibroblasts (Anastasiadis et al., 2000). The three acetylatable lysine residues are
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located in a 7-residue lysine-rich stretch that is disrupted by a 6-residue insert in a
rare alternative-spliced isoform (Figure 3-5C). Mutational analysis of this protein
was carried out in the laboratory of Dr. Xiang-Jiao Yang. Swapping the acetylated
lysines with arginine modestly decreased p120-induced “dendrite” formation
(Figure 3-5D). On the other hand, glutamine substitutions completely abrogated
this phenotype. These results indicate that the acetylatable lysine residues are
important for p120’s functions in cells and suggest that acetylation may represent
a new mechanism for regulation of its function.

In addition to actin and microfilament regulators, two intermediate
filament proteins (lamins A and C) were also found acetylated. The observations
that the pharmacological HDAC inhibitor and activator regulate cytoskeleton
structure and that lysine acetylation is present among all the three classes of
cytoskeletal proteins further suggest that this modification could represent a

common mechanism for modulation of the cytoskeleton structures.

Cytosolic metabolic enzymes

No acetylation has been previously identified among metabolic enzymes
in mammalian eukaryotes. In this study, five cytosolic metabolic enzymes were
found to be lysine-acetylated: aldolase, enolase, triosephosphate isomerase 1,
phosphoglycerate mutase 1, and transketolase. Lysine acetylation is likely to

affect activities of some of these enzymes. One good candidate is the glycolytic
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enzyme aldolase (or fructose 1,6-bisphosphate aldolase), which is acetylated at
K12, K41, and K146. K146 is located at the active site of the enzyme. Mutation
of the conserved K146 among orthologs dramatically decreased enzymatic
activity, by a factor of over 500 for K146R and a factor of over 1 x 10° for K146Q
(Morris and Tolan, 1994). Acetylation of K146 is likely to have an effect similar
to that of the K146Q mutation. In addition to serving as an enzyme, aldolase has
other cellular activities, including actin binding. The actin-binding residues are
located around the catalytic pocket of the enzyme (Wang et al., 1996). Thus, in
addition to modulating enzymatic activity, lysine acetylation of aldolase might
also affect cytoplasmic structure of actin filaments or the assembly of protein
complexes. Similar to cytosolic metabolic enzymes, many metabolic enzymes
from the mitochondrion may also be subject to dynamic regulation by lysine

acetylation.

Signaling proteins

This analysis revealed lysine acetylation in three signaling molecules: Rho
GDI, annexin V, and phospholipase C beta 1. Phospholipase C beta 1 catalyzes a
key reaction in intracellular signal transduction, generating two second
messengers, inositol 1,4,5-trisphosphate and diacylglycerol, from
phosphatidylinositol 4, 5-bisphosphate. The protein is activated by diverse signals

through G-protein-coupled receptors and receptor tyrosine kinases. Annexin V is
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a calcium-dependent phospholipid-binding protein that can inhibit phospholipase
A2 (Buhl, 1992; Mira et al., 1997) and protein kinase C (Schlaepfer et al., 1992).
The identification of lysine-acetylated signaling proteins implies that lysine

acetylation might be involved in cross-talk between signal transduction pathways.

Chromatin and transcription regulators

Chromatin-binding proteins, such as high-mobility-group (HMG)
chromosomal proteins are known to be acetylated. This analysis identified K30 of
HMG-1 as a new acetylation site. Because K30 is located within the DNA-
binding domain, acetylation at this site is likely to affect the DNA-binding affinity
or DNA-bending ability of HMG-1. Among chromatin-modifying enzymes,
histone acetyltransferases are known to be autoacetylated (Yang, 2004b).
Consistent with this, acetylated peptides from p300, CBP, and MOZ were
identified (Table 3-1). Autoacetylation of p300 is important for stimulating its
acetyltransferase activity (Thompson et al., 2004). For p300, the four sites
identified here correspond to the previously mapped autoacetylation sites
(Thompson et al., 2004). These four lysine residues are conserved in CBP and
were also found to be acetylated, providing further evidence of the high quality of
the datasets.

Acetylation was also observed on other chromatin-modifying enzymes.

First, RbAp48, a core subunit of the Sin3a and NuRD deacetylase complexes, is



82

acetylated at a lysine residue close to several WD40 repeats. This WD40-repeat
protein is also a key subunit of three other complexes: chromatin assembly factor,
HATI complex, and NuRD. Second, ING4 is acetylated at three lysine residues
within a known nuclear localization signal (NLS). The ING family of proteins has
growth-suppressing ability and associates with HAT or HDAC activity.
Importantly, the NLS of ING4 is subject to frequent mutations in cancer cell lines
(Kim et al., 2004). ING4 is part of a complex containing the acetyltransferase
HBO1 and PHD finger protein 15 (also known as Jade2) (Doyon et al., 2006).
Like ING4, Jade2 is acetylated. Third, two methyltransferases are acetylated. The
histone methyltransferase MLL3 is acetylated at K1869, while the DNA
methyltransferase DNMT]1 is acetylated at three lysines on a GK repeat linker.
These repeats link the methyltransferase domain to the N-terminal regulatory
domain and may functionally resemble the N-terminal flexible tails of core
histones. Finally, lysine acetylation is present in proteins involved in assembling,
compacting, and remodeling chromatin. These acetylated proteins include SET (a
histone-binding protein) and SMARCA?2 (an SNF2 homolog). Together, these
results support the notion that components of chromatin, as well as chromatin-
utilizing proteins, are subjects of dynamic lysine acetylation.

The proteomics survey presented here also identified 22 acetylation sites
in core histones, including 7 new and 15 known sites. The new sites are K11,

K16, and K23 in H2B; K36 in H3; and K4, K7 and K11 in an H2A isoform (these
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three lysines are not conserved in the canonical H2A sequence). Although
functional roles of acetylation at these newly identified sites remain to be
established, acetylation of K36 on H3 suggests a competition with methylation on
the same residue. Methylation of K36 is a key modification event during
transcriptional elongation (Margueron et al., 2005; Martin and Zhang, 2005). This
potential interplay is evocative of competitive acetylation and methylation of K9
on H3.

A significant fraction of known lysine-acetylated proteins, especially
transcription factors, were not identified in this experiment. This may have been
caused by low expression levels of these proteins in HeLa cells (e.g., p53) or by
the inhibitory effects of abundant, lysine-acetylated proteins such as histones. An
initial fractionation of the cell lysate with high resolution methods would help to

alleviate the histone competition problem in the future.

Lysine Acetylation is Abundant in the Mitochondrion

The proteomic screen described here demonstrates that lysine acetylation
is a common post-translational modification in the mitochondrion. Proteomics
analysis identified 277 unique acetylation sites in 133 proteins from two pools of
mouse liver mitochondria, one from fed mice and the other from fasted mice
(Figure 3-4). To my knowledge, in none of these peptides and proteins had lysine

acetylation been previously observed. Among the acetylated proteins, 62% were
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identified in both fractions, 14% were specific to fed mice, and 24% were specific
to fasted mice. Most lysine-acetylated proteins from mitochondrial fractions were
metabolic enzymes (91 proteins).

The results suggest that ~20% of mitochondrial proteins are lysine-
acetylated, if we assume that this analysis is as sensitive as previous proteomics
studies that identified ~600 mitochondrial proteins (Mootha et al., 2003; Taylor et
al., 2003). Identification of such a large number of lysine-acetylated
mitochondrial proteins is significant and opens the door to exiting new research
avenues for future study. For example, which lysine acetyltransferases and
deacetylases are responsible for controlling mitochondrial acetylation status? The
class II HDAC:s Sirt3, 4 and 5 have been localized to mitochondria by
immunofluorescent methods (Michishita et al., 2005) and are good candidates for
the regulatory deacetylases, but no mitochondrial acetyltransferase has been
described. Also, it is unknown whether acetylation reactions really occur within
the mitochondrion or whether they are part of a mitochondrial targeting and

transport process.

Metabolic proteins
Of the lysine-acetylated mitochondrial proteins that are annotated with
possible functions, over half are involved in some aspect of energy metabolism

(Table 3-2). Lysine-acetylated proteins are present among all the major metabolic
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pathways in mitochondria, including 6 TCA cycle proteins, 26 proteins involved
in oxidative phosphorylation, 27 beta-oxidation or lipid metabolism proteins, 8
associated with amino acid metabolism, 10 with carbohydrate metabolism, 3 with
nucleotide metabolism, and 2 with the urea cycle. Transporter and channel
proteins also play an important role in regulating energy metabolism. In this
study, 15 transporters or channel proteins were found to be lysine-acetylated.
Although it remains unclear how lysine acetylation of metabolic enzymes
regulates their functions, an attractive hypothesis is that the acetylation state of
these proteins influences the mode or rate of energy production, or other

mitochondrial functions.

Dehydrogenases

Notable among the acetylated metabolic enzymes are the dehydrogenases,
a group of enzymes that oxidize a substrate by transferring hydrogen to an
acceptor, usually NAD, NADP, or a flavin coenzyme. Forty-eight dehydrogenases
were identified in previous proteomics studies of mitochondrial proteins (Mootha
et al., 2003; Taylor et al., 2003). This proteomics screening found that at least
44% of mitochondrial dehydrogenases (21 protein complexes) were lysine-
acetylated. Among them, 14 use NAD as the electron acceptor to catalyze the

reactions in oxidative, catabolic routes.
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Enzymatic activities of some of these proteins (e.g., the PDH complex and
isocitrate dehydrogenase) are modulated by the cellular energy charge (e.g.,
NAD/NADH ratio or acetyl-CoA level). On the other hand, acetyl-CoA is used
as a substrate for HATs, while NAD is a cofactor for class III HDACs. NAD
concentration has been suggested as a means to modulate the enzymatic activities
of class II HDACs (Blander and Guarente, 2004). Thus, it is tempting to propose
that lysine acetylation serves as a feedback mechanism for regulation of
dehydrogenase activities in mitochondria, in response to cellular energy charge.

Acetylated mitochondrial dehydrogenases include dihydrolipoyl
dehydrogenase, nine subunits of NADH dehydrogenase (oxidative
phosphorylation complex I), four TCA cycle-related dehydrogenases, (fumarate
hydratase, succinate dehydrogenase, isocitrate dehydrogenase, and malate
dehydrogenase), five proteins involved in beta-oxidation, and 10 proteins
involved in other metabolic reactions. For most of these enzymes, aberrant
changes of their expression or functions lead to one of several metabolic diseases,

suggesting a potential role of lysine acetylation in these diseases.

Longevity-related mitochondrial proteins are lysine acetylated
Proteomics analysis identified acetyllysine in 16 proteins believed to
influence longevity (Table 3-3), including three oxidative phosphorylation

proteins (ATP synthase g subunit, NADH dehydrogenase, NADH-ubiquinone



87

oxidoreductase), two proteins in the TCA cycle (fumarate hydratase, isocitrate
dehydrogenase), and two antioxidant enzymes (superoxide dismutase 1,
superoxide dismutase 2). In addition to the mitochondrial proteins, four lysine-
acetylated proteins from cytosolic or nuclear fractions are also involved in the
regulation of aging. These proteins include lamin A/C (an alternately spliced
nuclear matrix protein), profilin 1 (an actin-binding protein), phosphoglycerate
mutase (a glycolytic protein), and a eukaryotic initiation factor (elF-5A). The
roles of these proteins in aging were established by either genetics analysis or
RNAI screening (Browner et al., 2004; Hamilton et al., 2005).

Regulatory roles of Sir2, Sir2 activators (e.g., resveratrol), and HDAC
inhibitors (e.g., phenylbutyrate) in aging or longevity pathways imply a link
between lysine acetylation and aging. It remains unclear, however, how this
modification affects aging and longevity. The lysine-acetylated proteins related to
aging and longevity identified in this study provides important leads for further

characterization of the roles of lysine acetylation in aging.

Implications for the Mechanistic Impact of Lysine Acetylation

As discussed above, analysis of the identified acetylation sites indicates
that this modification exerts its impact via alteration of protein-protein
interactions, nuclear localization, enzymatic activity, and interplay with other

lysine modifications (e.g., methylation and sumoylation). One striking feature of
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the group of acetylated proteins identified here is that many are metabolic
enzymes, which implies that alteration of enzymatic activity may emerge as a
major consequence of acetylation. Lysine acetylation was also observed to occur
in known or putative NLS sequences. Therefore, change of subcellular
localization may be another effect of this modification. In addition to acetylation,
a lysine residue can be subject to other post-translational modifications, such as
methylation, ubiquitination, and sumoylation. On a single lysine residue, these
modifications are mutually exclusive. Acetylation sites in 11 proteins conform to
the sumoylation consensus sequence, suggesting that acetylation may compete
with sumoylation. Consistent with this hypothesis, acetylation of p300 is known
to inhibit its sumoylation (Bouras et al., 2005). However, unlike sumoylation,
consensus sequences for methylation and ubiquitination have not been defined.
Further studies of the acetylated proteins identified here will certainly reveal
interplay of acetylation with these two modifications, as has been nicely shown
for histones and the p53 tumor suppressor. Thus, the large datasets compiled here
(Tables 3-1 and 3-2) present a golden opportunity for further study of interplay

among different lysine modifications.

Analysis of Lysine Acetylation Sites
Identification of the large set of acetylation sites here made possible, for

the first time, a preliminary analysis of motif preference (Figure 3-6). The residue
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preference for acetylated peptides from non-histone S100 proteins is asparagine at
the -1 position, while histidine at the +1 position is favored for non-histone
proteins from nuclear extract. For histone proteins, a propensity for lysine or
acetylated lysine at the -4 or +4 position was observed. Lysine-acetylated peptides
from mitochondria show different preferences in their flanking sequences, namely
histidine or tyrosine at the +1 position (Figure 3-6).

The differences in preference of amino acid residues flanking acetyllysine
residues suggest that the modification might be catalyzed by a subset of
acetyltransferases with substrate preferences unique to the subcellular organelles.
It is highly likely that linear lysine acetylation motifs exist among lysine-

acetylated proteins similar to motifs observed for phosphorylation.

Local Structural Properties of Acetylated Lysines

Acetylated lysine shows a different preference for secondary structure
than non-acetylated lysine. Acetylated lysines are found in a helical conformation
about 9 percent more frequently than the average lysine, and in a coil about 8
percent less frequently (both comparisons are statistically significant with
P<0.03). Thus acetylation appears to be favored in the context of specific
secondary structural characteristics. Acetylated lysines have an average relative
side-chain solvent accessibility of 61.5, which is higher than that of all lysines

(50.5), suggesting that acetylated lysines prefer more exposed environments. Of
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all the lysines in these proteins, about 14 percent are predicted to be in disordered
regions (at a false positive rate threshold of 5%). In contrast, only 7.4 percent of
acetyllysines are predicted to be in disordered regions. This result is consistent
with the secondary structure type analysis. Acetylation sites appear to have local
structural preferences that are quite different from those of protein
phosphorylation sites; phosphorylation sites have a strong correlation with

disordered regions (Iakoucheva et al., 2004).

CONCLUDING REMARKS

Non-histone targets of acetylation have only been identified relatively
recently. This group is rapidly expanding, however, with the advent of techniques
and analyses targeted specifically to their identification. As demonstrated in this
chapter, lysine acetylation has the potential to impact a diverse range of biological
processes, especially with regard to cellular metabolism. Emerging evidence also
suggests that non-histone acetylation substrates represent a rich and unexploited
source for potential drug targets. However, the identities and characterization of
the relevant targets await further study. In particular, proteomic approaches can
make a significant contribution to our understanding of the molecular mechanisms
through which certain HDAC inhibitors exhibit apparent selective cytotoxicity

toward tumor cells. For example, combining stable isotope labeling strategies,
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such as stable isotope labeling with amino acids in cell culture (SILAC), with the
proteomic analysis of acetylated proteins outlined in this chapter, can provide a
wealth of quantitative information regarding the changes in protein expression
and modification patterns that accompany treatment with HDAC inhibitors. The
results of such a study could provide valuable insight into the mechanisms of

cytotoxicity and inform next-generation interventions.

METHODS

Cell culture, transfection, and immunocytochemisty. Suspension HeLa
S3 cells were grown in DMEM supplemented with 5% newborn calf serum, non-
essential amino acids, 100 units/ml penicillin, and 100 pg/ml streptomycin in 2 L
round-bottom side-arm spinner flasks. Cells were treated with 0.3 uM tricostatin
A (TSA; class I/Il HDAC inhibitor) and 50 uM of sirtinol (class IIl HDAC
inhibitor) at a density of 5 x 10° cells/ml for 24 hr before harvesting, for
preparation of cytosolic and nuclear extracts.

HeLa adhesion cells and NIH 3T3 cells were grown in DMEM
supplemented with 10% fetal bovine serum and 10% newborn calf serum,
respectively. Transfections were carried out using Superfect transfection reagent

for NIH 3T3 cells and Lipofectamine 2000 for HeLa cells.
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For subcellular localization of acetyllysine proteins, HeLa cells were fixed
and stained with anti-acetyllysine polyclonal antibody (0.65 mg/ml) using a 1:50
dilution with or without competition with 50 pg of acetylated-BSA. To assess the
effects of acetylation on stress fiber formation, HeLa cells were treated with 1 uM
TSA, or 0.2 mM resveratrol (class Il HDAC agonist) or left untreated for 2 hrs.

Rhodamine-conjugated phalloidin was used to visualize filamentous actin.

Preparation of cytosolic and nuclear extract from HeLa cells and
mitochondrial fraction from mouse livers. Cytosolic (S-100) and nuclear
extracts from HeLa S3 cells were prepared as previously described (Dignam et al.,
1983). Cells treated with TSA and sirtinol were collected and washed with cold
PBS. The cell pellet was resuspended in 10 packed-cell-pellet volumes of ice-cold
hypotonic buffer (10 mM KCl, 1.5 mM MgCl,, 10 mM Tris-Cl, pH 7.4) with 10
mM 2-mercaptoethanol and 0.2 mM PMSF, incubated at 4 °C for 10 min. The
cells were collected by centrifugation at 1000 x g for 10 min. The swollen cells
were resuspended again in 1/4 packed-cell-pellet volumes of the hypotonic buffer,
incubated on ice for additional 10 min before homogenizing with 15 strokes using
a Dounce homogenizer (B type pestle). The lysate was subjected to centrifugation
at 4,000 x g for 15 min at 4 °C. The supernatant was carefully collected and
subjected to ultracentrifugation at 100,000 x g for 1 h at 4 °C. The supernatant

was collected and considered as the cytosolic extract (S-100). The nuclei fraction
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was resuspended in 1/4 packed pellet volumes of low-salt buffer (20mM Tris-Cl,
pH 7.4, 25% glycerol, 1.5 mM MgCl,, 0.2 mM EDTA, 20 mM KCIl) and
homogenized using 15 strokes with a Dounce homogenizer (B type pestle). The
resulting suspension was added with 1/2 volume of the high salt buffer (20mM
Tris-Cl, pH 7.4, 25% glycerol, 1.5 mM MgCl,, 0.2 mM EDTA, 1.2 M KCl) ata
rate of 1 drop per second and incubated at 4 °C for 30 min. The suspension
solution was centrifuged at 14,000 x g for 30 min. The supernatant was collected
and considered the nuclear extract.

The mouse mitochondrial protein lysates were prepared by a procedure
reported previously (Luo et al., 1998). Mouse were either fed at normal diet or
starved for 12 hr. The mouse livers were removed after sacrifice and Dounce-
homogenized in ice-cold mitochondria isolation buffer (MIB) containing 250 mM
mannitol, 0.5 mM EGTA, 5 mM HEPES, and 0.1% (w/v) BSA (pH 7.2)
supplemented with the protease inhibitors leupeptin (1 mg/ml), pepstatin A (1
mg/ml), antipain (50 mg/ml), and PMSF (0.1 mM). Unbroken cells and nuclei
were pelleted by centrifugation at 600 x g for 5 min at 4 °C. The supernatants
were further centrifuged at 10,000 x g for 10 min at 4 °C to pellet the
mitochondria. The mitochondria pellet was resuspended in 4 ml MIB and loaded
onto a continuous Percoll gradient consisted of 30% v/v) Percoll, 225 mM
mannitol, 25 mM HEPES, 0.5 mM EGTA, and 0.1% (w/v) BSA (pH 7.2). The

suspension/gradient was centrifuged at 40,000 x g for 1 hr. The mitochondria
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were removed from the brownish band at 1.10 g/ml with a transfer pipette. The
mitochondrial pellets were washed with MIB by centrifuging for 10 min at 6300 x
g at 4 °C. The mitochondria were then resuspended gently in mitochondria
resuspension buffer containing 400 mM mannitol, 10 mM KH,PO,, and 50 mM

Tris-Cl (pH 7.2) with 5 mg/ml BSA and stored on ice.

In-solution tryptic digestion. Ten milligrams of proteins of interest were
precipitated with acetone, followed by centrifugation at 22,000 x g for 10 min.
The resulting pellet was rinsed twice with cold acetone to remove residual salts,
resuspended in 50 mM NH4HCO; (pH 8.5), and digested with trypsin at an
enzyme-to-substrate ratio of 1:50 for 16 h at 37°C. The tryptic peptides were
reduced with 5 mM DTT at 50°C for 30 min and then alkylated using 15 mM
iodoacetamide at RT for 30 min in darkness. The reaction was quenched with 15
mM cysteine at RT for 30 min. To ensure complete digestion, additional trypsin at
an enzyme-to-substrate ratio of 1:100 was added to the peptide mixture and

incubated for an additional 3 h. The peptides were dried in a SpeedVac.

Affinity purification of lysine-acetylated peptides. The affinity-purified
anti-acetyllysine antibody (ImmunoChem Pharmaceuticals Inc., Burnaby, British
Columbia, Canada) was immobilized to protein A-conjugated agarose beads at 3-

4 mg/ml by incubation at 4°C for 4 h. The supernatant was removed and the beads
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were washed three times with NETN buffer (50 mM Tris-Cl, pH 8.0, 100 mM
NaCl, 1 mM EDTA, 0.5% NP40).

The tryptic peptides obtained above were resolubilized in NETN buffer.
Insoluble particles were removed by centrifugation at 10,000 x g for 5 min.
Affinity purification was carried out by incubating the peptides with 20 pl of anti-
acetyllysine antibody-protein A-immobilized agarose beads at 4°C for 6 h with
gentle shaking. The beads were washed three times with 1 ml of NETN buffer and
twice with ETN (50 mM Tris-Cl, pH 8.0, 100 mM NaCl, 1 mM EDTA). The
bound peptides were eluted from the beads by washing three times with 50 pl of
0.1% TFA. The eluates were combined and dried in a SpeedVac. The resulting
peptides were cleaned in pnC18 ZipTips (Millipore, Bedford, MA) according to

the manufacturer’s instructions, prior to nano-HPLC/mass spectrometric analysis.

Protein identification by Nano-HPLC-MS/MS and manual
verification of peptide identification. The peptides from immunoaffinity
purification were cleaned with ZipTip p-C;s (Millipore, Bedford, MA) prior to
nano-HPLC/tandem mass spectrometry analysis. Resulting peptides were
resolubilized in buffer A solution (2% acetonitrile/ 97.9% water/ 0.1% acetic acid
(v/v/v)). Nano-HPLC/tandem mass spectrometry analysis was performed in LTQ
2-D ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA) equipped with a

nano-electrospray ionization source. The source was coupled online to an Agilent
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1100 series nano flow LC system (Agilent, Palo Alto, CA). Two pl of the peptide
solution in buffer A was manually loaded onto a capillary HPLC column (10 cm
length X 75 um ID, 5 pum particle size, 300 A pore diameter) packed in-house
with Luna C18 resin (Phenomenex, St. Torrance, CA). The peptides were eluted
from the column with a gradient of 5% to 90% buffer B (90% acetonitrile/ 9.9%
water/ 0.1% acetic acid (v/v/v)) in buffer A over 30 min. The eluted peptides
were electrosprayed directly into the LTQ 2-D ion trap mass spectrometer. The
MS/MS spectra were acquired in a data-dependent mode that determined the

masses of the parent ions and fragments of the ten strongest ions.

Protein sequence database search. Tandem mass spectra were searched
against NCBI-nr database with MASCOT search engine (Matrix Science,
London, UK) allowing for the potential incorporation of 42 m/z onto lysine
residues, indicative of an acetylation site. Thus, both non-acetylated lysine and
acetylated lysine will be considered during the protein sequence database search.
Enzyme was specified as trypsin with 8 missing cleavages. Mass error for parent
ion mass was set as +/- 3.5 Da and for fragment ion as +/- 0.6 Da. Spectra with
+1, +2, +3 charge states were considered. If more than one spectrum were
assigned to one peptide, each spectrum was given a Mascot score and only the
spectrum with the highest score was used for fragmentation analysis. Peptides

identified with a Mascot score higher than 25 were considered as potential
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positive identification and each of them was manually verified by the method

specified as following.

Manual verification of protein identification. The raw spectrum of each
acetylated peptide was printed; a-, b-, y-type ions, their corresponding
water/amine loss ions, and charge status were manually assigned. Strict manual
analysis was applied to validate protein identification results using a procedure
similar to the one previously described.(Chen et al., 2005) The following criteria
were used for manual verification. Only a, b, and y ions as well as their water loss
or amine loss peaks were considered. All the major isotope-resolved peaks should
match fragment masses of the identified peptide. The isotope-resolved peaks were
emphasized because a single peak could come from electronic spark and is less
likely to be relevant to peptide fragments. The major isotope-resolved peaks are
defined as (1) those isotope-resolved daughter ions with m/z higher than parent
m/z and intensity higher than 5% of the maximum intensity or (2) those
isotopically resolved peaks with intensities higher than 20% of the maximum
intensity and m/z values between one-third of the parent m/z and the parent m/z.
Typically >7 isotope-resolved peaks were matched to theoretical masses of the

peptide fragments.
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Analysis of local structural properties of acetylated lysines. To access
the structural features of acetylated lysine residues in proteins, we searched a
database of proteins with known structures using BLAST for the 136
mitochondrial proteins (2 histone proteins ignored) with a total of 270
experimentally characterized acetylated lysines. Eighty eight proteins have at least
one close homolog in the Protein Data Bank (PDB) database (e-value < 0.001).
For these proteins, we mapped the positions of acetylated lysine residues to the
model structure using the BLAST local alignment. The secondary structure types
were determined for positions with acetylated lysines using the program DSSP
(Kabsch and Sander, 1983) (H and G are considered to be helix conformation, E
and B to be strand conformation, and the rest of the letters to be coil
conformation). The fraction of each secondary structure type of acetylated lysines
was compared to that of all the lysine residues. The relative sidechain solvent
accessibilities were also calculated using program NACESS (Hubbard et al.,
1991). Predictions of disordered regions for the 136 mitochondrial proteins were

made using the program DISOPRED2 (Jones and Ward, 2003).
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Figure 3-1
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Figure 3-1. Strategy for proteomics analysis of lysine acetylated proteins. (A)
Cytosolic and nuclear protein fractions from HelLa cells were digested with
trypsin. The resulting peptides were subjected to immunoaffinity purification
using an anti-acetyllysine antibody. The isolated peptides were analyzed by
HPLC/MS/MS in an LTQ 2-D ion-trap mass spectrometer for peptide
identification. (B) An example MS spectrum, with a peptide targeted for MS/MS
analysis marked by an arrow. (C) MS/MS analysis of the peptide marked in Panel
B led to identification of an acetylated peptide with sequence MCLVEIEK*APK
(K* indicates an acetylated lysine), unique to the NADH dehydrogenase 75 kDa
subunit. The labels b and y designate the N- and C-terminal fragments,
respectively, of the peptide produced by breakage at the peptide bond in the mass
spectrometer. The number represents the number of N- or C-terminal residues
present in the peptide fragment.
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Figure 3-2
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Figure 3-2. Detection of lysine-acetylated proteins using anti-acetyllysine
antibody. (A) Immunofluorescent image of HeL a cells using anti-acetyllysine
antibody, showing strong lysine acetylation in nuclear and midbody localization
of acetylated proteins (indicated by an arrow). (B, C) Western blotting analysis of
two protein fractions (S-100 = cytosolic, NE = nuclear) without (B) or with (C)
competition with lysine-acetylated BSA. (D, E) Western blotting analysis of two
mitochondrial fractions from livers of either fed or fasted mice, without (D) or
with (E) competition with lysine-acetylated BSA. BSA was included at 5% by
weight with an additional 150 ug BSA in buffers for B and D or 150 ug
acetylated BSA for C and E. Immunofluorescence microscopy was carried out by
Dr. Tzuling Cheng of Dr. Michael White’s laboratory. Western blotting was
performed by Dr. Sung Chan Kim.
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Figure 3-3
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Figure 3-3. Experimental verification of lysine-acetylated peptides by MS/MS
of synthetic peptides and reciprocal immunoprecipitation. (A) Verification of
lysine acetylation by Western blotting analysis. The protein of interest was
immunoprecipitated with an antibody and probed with an anti-acetyllysine
antibody by Western blotting analysis, with or without lysine-acetylated BSA
(Ac-K-BSA). (B) Tandem mass spectrum of a tryptic peptide from HeLa nuclear
extracts, which resulted in identification of acetylated peptide
SAPAPK*K*GSK*K*AVTK*AQK (K* indicates an acetylated lysine) from
histone 2B. (C) Tandem mass spectrum of the synthetic peptide corresponding to
the sequence identified in Panel B, showing similar ion intensity.
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Figure 3-4
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Figure 3-4. Summary of lysine-acetylated peptides and proteins. Functional
classification of lysine-acetylated proteins from HeLa cytosolic (S-100) fraction
(A), HeLa nuclear fraction (B), and mitochondrial fractions from either fed (C) or
fasted (D) mouse liver, with the number of acetylated proteins in each functional
group. Venn diagrams show the number of lysine-acetylated peptides unique to
and common between S100 and nuclear fractions (E) or fed mouse and fasted
mouse liver mitochondria (F).
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Figure 3-5
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Figure 3-5. Acetylatable lysine residues of Rho GDI and p120 catenin impact
actin/cytoskeleton dynamics. (A) HeLa cells were treated for 2 hours with the
indicated compounds. Filamentous actin was visualized with rhodamine-
conjugated phalloidin (NT- no treatment; TSA- tricostatin A; res- resveratrol). (B)
HeLa cells transiently expressing the indicated RhoGDI variants were stained
with rhodamine-phalloidin to visualize F-actin as in (A). Myc epitope-tagged
RhoGDI expression was verified by immunostaining (not shown). (C) Schematic
representation of p120 isoforms and point mutants. Rectangles represent
Armadillo-repeat domains. The sequence of residues 621-627, a lysine-rich
stretch located between repeats 6 and 7, is shown with the three acetylatable
residues shown in red. The p120 gene contains three exons (A, B and C) for
alternative splicing. p120A, a major isoform, contains a peptide encoded by exon
A, whereas p120AC possesses this as well as a hexapeptide, encoded by the rare
C exon (green) (Anastasiadis et al., 2000) inserted after K624. The KR mutant
(KR mut) contains arginine substitution of the three acetylatable lysines, and in
the KQ mutant, these residues are replaced with glutamine. (D-G) NIH3T3
fibroblasts were transfected with expression plasmids for HA-tagged isoforms and
point mutants of p120 as indicated. Transfected cells were subjected to indirect
fluorescence microscopy by immunostaining with anti-HA antibody and Cy3-
labelled secondary antibody. The images for p120 subcellular localization (a-HA
staining) and nuclei (Hoechst staining), as well as their merged images are shown.
Unlike p120 AC and the KQ mutant, p120A and the KR mutant display three
different types of subcellular distribution whose representative images are shown.
Mutational analysis and microscopy for RhoGDI characterization carried out by
the laboratory of Dr. Michael White. Mutational analysis and microscopy for
p120 catenin characterization carried out by the laboratory of Dr. Xiang-Jiao
Yang.
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Table 3-1. List of lysine-acetylated proteins identified from a proteomic
screen of HeLa nuclear and cytosolic extracts. Protein name, gi#, peptide
sequence and annotated biological process associated with the protein with its
annotated molecular function are indicated. Source of modified protein from
nuclear or cytosolic (S100) sample is also indicated. A K followed by an asterisk
designates the lysine residue identified as being acetylated.
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Table 3-2. List of lysine-acetylated proteins identified from a proteomic
screen of fed and fasted mouse liver mitochondria. Protein name, gi#, peptide
sequence and annotated biological process associated with the protein with its
annotated molecular function are indicated. Source of modified protein from fed
or fasted mouse liver mitochondria is also indicated. A K followed by an asterisk
designates the lysine residue identified as being acetylated.
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Figure 3-6. Bioinformatics analysis of the lysine acetylated sites. The relative
abundance of each amino acid residue (including acetylated lysine) surrounding
sites of lysine acetylation was calculated and schematically represented by density
maps. Prevalence of specific amino acids at positions surrounding lysine
acetylation sites are shown for (A) S100 (cytosolic) fraction (excluding histones),
(B) nuclear extract (excluding histones), (C) histones, and (D) mitochondrial
fractions from both fed- and starved-mouse mitochondria. (E) Distribution of
acetylated and non-acetylated lysine residues in protein secondary structures.

Local structure analysis carried
laboratory.

out by Dr. Jimin Peng of Dr. Nick Grishin’s
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Table 3-3
Protein Name gl Functional group  # Bites
Fumarste hydratese 1* gl|33650554 TCA Cycle 3
Malats dehydrogenase 2 gi|316821886 TCA Cycle 3
|soclirate dehydrogenass 2 gl[37748684 TCA Cycle 2
Dihydrolipoamide dehydrogenase gl|2078622 TCA Cycle 1
NADH dehydrogenease (ublquinons) flavoprotein 1* gl|18626814 Oxicative Phosphoryiaion 3
NADH cehydrogenase (ublquinone) Fe-S protein 1* gl|21704020 Cnrdclative Phosphorylstion 1
NADH clehydrogenase {ubiquinone) Fe-S protein 6* gi|58711244 Ohdclative Phosphorylstion 1
NADH clshydrogsnase (ublquinone) 1 alpha subcomplex, 2* gl[13905064 Ondciatve Phosphoryistion 2
NADH dshydrogsnase (ublquinons) 1 alpha subcomplex, 4* gl|33563286 Oxicative Phosphoryistion 1
NADH clshydrogenase (ublquinone) 1 alpha subcomplex, &* glj20306388 Ondclatve Phosphorylation 3
NADH clehydrogenase (ublquinons) 1 aipha subcomplex, 6* gl|87251686 Chdclative Phosphorylstion 1
NADH clshydrogenase (ubiquinone) 1 alpha subcomplex 10* gi[13186624 Ohdiclative Phosphorylstion 4
NADH clshydrogenass (ublquinons) 1 beta subcomplex 3* gl[12061038 Ondciatve Phosphoryistion 2
NADH-ublcjuinone oxidoreductass subunit B17.2 , complex I* gl|26328555 Oxiclatve Phosphoryietion 2
Ubiquinol-cytochrome c reductase complex 11 kDa protein* gli516311456 Oxicative Phosphorvietion 1
Succinete dehydrogenase Fp subunit glle861614  Oxiciative Phosphoryistion 6
ATP synthase, H+ transporting, mitochondrial FO complex, subunkt g* gl|31860744 Oxiclative Phosphoryistion 2
ATP synthass, H+ transporting, mitochondrial F1 complex, gamma 1* gi|11802818 Cxiclative Phosphoryletion 3
Acyi-Coanzyms A dehydrogenase, short/branched chain gli32460737  Fatty Acld Metabollem 1
Very-long-chain acyl-CoA dehydrogenase gl|2388724 Fatty Acid Metabollem 2
Electron transfsring flavoprotein, dehydrogenass gli347646838  Fatty Acid Metabollsm 4
L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chaln gl|6880183  Faity Acid Metabollsm 1
Hydroxyacyl-Cosnzyme A dehydrogenase gi|33858811  Fudty Acid Metabolism [
Hydroxyacyl-Cosnzyme A dehydrogenass bata subunit gl[13542763  Fadty Acld Metabollem 2
17beta-hydroxysterokd dehydrogenase IV gl1213008  Fatty Acld Metabollsm 1
Isovaleryl coenzyme A dehydrogenase gl|7688117  Amino Acld Metabollsm 1
Swarcosine dehydrogenase gl|20149748  Amino Acid Metabollsm 1
Choline dehycdrogenase gi|304250368 Amino Acid Metebolism 1
Aldehyds cehydrogsnass family 8, subfamily A1 gli23271116 Amino Acld Metabollsm 3
Aldehyde cehydrogenass family 4, member A1 gl|283367256 Amino Acld Metabolism 3
Glutamate dehydrogenase 1 glesand2?  Amino Acld Metabollsm 3
S-hydroxybutyrate dehydrogenase gl[20071686 Ketone Body Metebollsm 2
Phosphoglycerats mutase 1* gl|44690768 Cuarbohydrats Mstabollsm 1
Triosephosphate Isomerase 1* gl|18877874 Carbohydrate Metabollsm 1
Aldehyde ciehydrogensss 2 gl[13529509 Alcohol Metebollsm 1
Hydroxysterold dehydrogenase-5, delta<5>-3-beta gl|6880283 Sterokd Hormone Metabollsm 1
Sod1* gi|201008 Stress Responsse 1
Sod2* gi|17380378 Stress Responss 1
Profliin I* gl|30882841 Structural 1
Lemnin A/C* gl[21619281 Structurel 1
Thioredoxin® gl|66a67e46 Redox 1
PHD finger protein 16* gi|18878584 Transcription 2
olF-BA* gll42659620 Translation 1

Table 3-3. A list of longevity related and mitochondrial dehydrogenase enzymes

identified as lysine acetylated. Longevity related proteins are marked with an

asterisk. Protein name, gene index number, functional classification, and number

of lysine acetylation sites are specified.



CHAPTER FOUR

PROKARYOTIC LYSINE ACETYLATION

SUMMARY

Lysine acetylation and its regulatory enzymes are known to have pivotal
functions in mammalian cellular physiology. However, the extent and functions of
this modification in prokaryotic cells remains largely unexplored, presenting a
hurdle to further functional study of the modification in prokaryotic cells. In this
chapter, I describe the first global screening of prokaryotic lysine acetylation,
identifying 138 lysine acetylation sites in 91 proteins in E. coli, none of which has
been connected with the modification before. In addition to transcriptional
regulators, proteins with diverse functions were found to be subject to lysine
acetylation. Interestingly, more than 70% of substrate proteins identified in this
proteomics screening are metabolic enzymes and translation-related proteins,
suggesting an intimate link between the modification and energy metabolism. The
dataset suggests that the post-translational modification could be abundant in
prokaryotic cells. In addition, the results imply that DNA-independent functions
of lysine acetylation are evolutionarily conserved from bacteria to mammalian

cells.
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This work was the result of a collaborative effort between me and other

members of the Zhao lab, including Drs. Sung Chan Kim and Junmei Zhang.
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INTRODUCTION

The high abundance of lysine acetylation in mammalian mitochondrial
proteins implies the possible wide existence of the modification in prokaryotes,
given the evolutionary lineage of eukaryotic mitochondria from bacteria (Gray et
al., 1999). Acetyl-coenzyme A (CoA) synthetase (Acs) and CheY are the only
proteins in prokaryotes known to be lysine-acetylated (Barak and Eisenbach,
2001; Starai et al., 2002). In S. enterica, the lysine-acetylation status of Acs is
regulated by CobB deacetylase, a Sir2 homolog in bacteria, as well as Pat
acetyltransferase (Starai and Escalante-Semerena, 2004). Acs activation via its
deacetylation by CobB is required for bacterial growth on short-chain fatty acids
such as acetate and propionate. Interestingly, both human Sirt2 and yeast Sir2
NAD-dependent deacetylases are capable of restoring growth of CobB sirtuin-
deficient strains of S. enterica on short-chain fatty acids, suggesting that the
sirtuins may have evolutionarily conserved roles in cellular metabolism (Starai et
al., 2003). Despite evidence of the presence and roles of lysine acetylation in
prokaryotes, the extent of lysine acetylation among these microorganisms has not
been carefully examined before.

Here, the first proteomics screening of lysine acetylation in E. coli is
presented. This proteomics study involves efficient affinity isolation of lysine

acetylated, tryptic peptides with anti-acetyllysine antibodies and subsequent
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peptide identification by nano-HPLC/mass spectrometric analysis. The screening
identified 138 lysine acetylation sites in 91 proteins in E. coli, 25% of which have
mammalian sequence homologs. The results suggest that diverse groups of
bacterial proteins are the substrates of lysine acetylation, including metabolic
enzymes, stress response proteins, as well as transcription and translation factors.
The lysine acetylation substrates in E. coli are highly enriched in metabolic
enzymes (~53%) and proteins involved in translation (~22%), two processes
intimately linked with cellular energy status. These data therefore reveal
previously unappreciated roles for lysine acetylation in the regulation of
prokaryotic biochemical pathways and imply that DNA-independent functions of
lysine acetylation are evolutionarily conserved from prokaryotic cells to

eukaryotic cells.

RESULTS

Proteomics Screening of Lysine Acetylation

Lysine acetylation is more difficult to identify by a candidate approach
than protein phosphorylation due to the low radioactivity of ['*CJ-acetyl-CoA and
the weak binding affinity of anti-acetyllysine antibody. A lack of protein
substrates represents one of the major bottlenecks for characterization of its

biological functions. To begin the systematic study of lysine acetylation in
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prokaryotes, we carried out the first proteomics screening of lysine-acetylated
substrates in bacteria. The goals of this study were (i) to determine the spectrum
and extent of lysine acetylation in bacteria, (i) to identify novel lysine-acetylation
substrates and lysine-acetylation sites that could provide candidate proteins for
further functional studies, and (iii) to define the molecular pathways that are
likely to be affected by lysine acetylation.

The proteomics analysis of lysine acetylation was carried out as described
in Chapter 3, and consisted of four steps. First, E. coli protein lysate was
proteolytically digested with trypsin. Next, the resulting tryptic peptides were
subjected to affinity purification by anti-acetyllysine antibody. Third, the affinity
purified, lysine-acetylated peptides were analyzed by nano-HPLC/MS/MS for
peptide identification and precise localization of lysine-acetylation sites. Finally,
the peptide candidates were further manually evaluated to ensure the accuracy of
the identifications (Figure 4-1A, C).

Western blotting analysis demonstrates that proteins of a wide molecular
weight range can be lysine-acetylated (Figure 4-1B). Subsequent proteomics
screening identified 138 lysine-acetylation sites among 91 proteins (Table 4-1).
To the best of my knowledge, none of these bacterial proteins have been

associated with the modification before.

Lysine-acetylated Protein Groups in E. coli
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An unbiased screen of a large set of lysine acetylation substrates can
provide insight into cellular pathways that would not be apparent through single-
protein analysis. This has been exemplified by a recent study on proteomics of
lysine acetylation in mammalian cells (Kim et al., 2006b). We therefore attempted
to assign each lysine-acetylation substrate to a functional group based on Gene
Ontology (GO) molecular functions or biochemical process groups, or previously
published literature (Figure 4-2A).

Several of the protein groups defined in this way are of particular interest.
For example 48 of the 91 lysine-acetylation substrates (~53%) are metabolic
enzymes, including 4 TCA cycle proteins, 7 glycolytic enzymes as well as several
enzymes involved in the metabolism of nucleotides, amino acids, and fatty acids
(Table 4-2). A few translational regulators are found to be lysine acetylation
substrates in mammalian cells. However, 22% of the lysine-acetylation substrates
identified here are proteins that are either subunits of translational machinery or
are enzymes associated with translational processes, such as the tRNA
synthetases. Proteins involved in stress response represented ~5% of lysine
acetylation substrates. Transcription factors are well-known examples of lysine-
acetylation targets in eukaryotic cells. This proteomics screening identified 2
bacterial transcriptional regulators and one RNA polymerase subunit as substrates

of lysine acetylation.
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DISCUSSION

Lysine-acetylated Substrate Proteins in Bacteria

The identification of a large number of metabolic enzymes and TCA
proteins is reminiscent of lysine acetylation substrates identified in mitochondria
(Table 3-4) (Kim et al., 2006b), and provides additional evidence supporting the

importance of the modification in the regulation of energy metabolism.

Glycolytic enzymes

We detected 7 of 9 glycolytic enzymes, catalyzing the key reactions in the
degradation of glucose to pyruvate, as being subjects of lysine acetylation (Figure
4-3). These proteins include phosphoglucose isomerase, aldolase, glyceraldehyde-
3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase,
enolase, and pyruvate kinase. Three of these enzymes were also found to be
acetylated in mammalian samples, suggesting potentially conserved functional

consequences for the modification in the regulation of glycolytic flux.

Pyruvate dehydrogenases
Pyruvate is one of the major products of glycolysis. It can be cleaved by
either pyruvate dehydrogenase or pyruvate formate-lyase, both of which were

found to be lysine acetylated. The oxidative decarboxylation of pyruvate by
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pyruvate dehydrogenase generates acetyl-CoA and NADH, and is therefore
functionally restricted to respiratory metabolism under aerobic conditions. Two of
the three subunits of pyruvate dehydrogenase are subjects of lysine acetylation.
On the other hand, anaerobic cleavage of pyruvate to acetyl CoA and formate is
catalyzed by pyruvate formate-lyase. The activities of these two enzymes are thus
mutually exclusive. Pyruvate formate-lyase is a homodimer that catalyzes the
conversion of pyruvate to acetyl-CoA, which is in turn used to produce ATP
through acetyl phosphate. The ATP produced in this manner is the single ATP
source in E. coli cells under anaerobic conditions with pyruvate as the sole carbon
and energy source (Pascal et al., 1981). The activity of pyruvate formate-lyase is
tightly regulated at both the transcriptional level and by post-translational

modification.

TCA cycle proteins

Four of the eight TCA cycle proteins, citrate synthase, isocitrate
dehydrogenase, succinate dehydrogenase and 2-ketoglutarate dehydrogenase are
lysine acetylated (Figure 4-3). Among these four proteins, citrate synthase and
isocitrate dehydrogenase are known to be regulated at the level of transcription
and protein modification. The synthesis of citrate synthase is subject to catabolite
repression. It is repressed by glucose and anaerobic conditions, and induced by

acetate and oxygen. Isocitrate dehydrogenase catalyzes the conversion of
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isocitrate to a-ketoglutarate and CO, and is also involved in the regulation of
carbon flux at the branch point between the TCA and glyoxylate cycles. Protein
phophorylation is also known to regulate the protein’s functions (Borthwick et al.,
1984; Thorsness and Koshland, 1987).

Enzymes involved in the metabolism of amino acids and nucleotides are
also lysine acetylated. These proteins include 7 proteins involved in amino acid
metabolism and 7 proteins in nucleotide metabolism.

One enzyme involved in nucleotide metabolism, deoxyribosephosphate
aldolase, is of particular interest. The enzyme catalyzes the reversible reaction
between glyceraldehyde-3-phosphate and acetaldehyde to form 2-deoxyribose-5-
phosphate. We identified this enzyme as being acetylated at lysine 167. This
residue has been implicated in the enzyme’s catalytic mechanism, forming a
Schiff base with the substrate (Heine et al., 2004). Acetylation of this active site
lysine would therefore be expected to block enzymatic activity. Such acetylation
of active site lysine may represent a common regulatory mechanism among the
aldolase family of proteins. Previously, a survey of lysine acetylation among
mammalian proteins identified acetylation of lysine 146 of the glycolytic enzyme
fructose-1, 6-bisphosphate aldolase (Kim et al., 2006b), which is also the key

active site catalytic residue involved in Schiff base formation.

Transcription and translation factors
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Transcription factors and histones are founding members of lysine
acetylation substrates in mammalian cells. Reminiscent of this, two transcription
factors (CAMP receptor protein and trp repressor binding protein) and one subunit
of RNA polymerase (rpoB) are lysine-acetylation substrates. In addition to
transcriptional regulators, 20 proteins involved in translational regulation are
subjects of lysine acetylation. These proteins include translational elongation
factors, ribosomal proteins as well as transfer RNA synthetases. Lysine
acetylation has not been detected in ribosomal proteins and transfer RNA
synthetases in mammalian proteins before, suggesting that lysine acetylation in
ribosomal proteins might have been lost during evolution.

A large portion of cellular energy is used in protein synthesis. Therefore,
translational machinery needs to be synchronized with energy availability. It is
not surprising that the protein expression level for about half of the aminoacyl-
tRNA synthetases and for translational factors are under metabolic control
(Neidhardt, 1996). This screening identified lysine acetylation at 5 tRNA
synthetases, 11 ribosomal subunits, and three translational machinery proteins,
implying that post-translational modifications might provide an alternative avenue

to modulate the activity of cellular translational machinery.

Stress response proteins
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In eukaryotic cells, activation of the sirtuin family of deacetylases
promotes cell survival and resistance to stress, implying that the lysine acetylation
status of proteins may be altered in response to stress. For example, small
molecule activators of sirtuins have been demonstrated to extend Saccharomyces
cerevisiae lifespan (Howitz et al., 2003). Lysine acetylation has previously been
identified in eukaryotes among heat shock proteins as well as ROS regulators
such as SOD (Kim et al., 2006b). Like eukaryotic cells, a significant portion of
stress response proteins in E. coli are also substrates of lysine acetylation,
including chaperones and proteins involved in regulation of free radical reduction
(such as superoxide dismutase, alkyl hydroperoxide reductase and thioredoxin). In
E. coli, loss of alkyl hydroperoxide reductase and SOD leads to an increased
sensitivity to hydrogen peroxide and alkyl hydroperoxide oxidative stress.

Several respiratory components of the mammalian mitochondrion are
closely related to those in the E. coli. Mitochondrion NADH dehydrogenase
(complex I), succinate dehydrogenase (complex II), and cytochrome c oxidase
(complex IV) have homologs in E. coli, whose E. coli proteins are lysine

acetylated

Evolutionary Conservation of Lysine Acetylation between E. coli and

Mammalian Cells
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The mitochondrion is hypothesized to have evolved from o-
proteobacteria. Phylogenetic studies suggest that about one tenth of yeast
mitochondrial proteins may have evolved from ancestral free-living a-
proteobacteria with the remaining 90% being recruited from the nuclear genome
of the eukaryotic host (Karlberg et al., 2000).

The results of this screen for lysine acetylated proteins in E. coli suggest
that regulatory programs tuning the activities of metabolic enzymes may be
conserved between E. coli and mammalian cells. This concept is supported by the
overlap in protein identities between the mammalian and E. coli datasets and the
evidence of a common regulatory modification observed among the active site
lysine of aldolase family members. A comparison, between lysine-acetylated E.
coli proteins and those in mammalian cells identified in the previous proteomics
screening (Kim et al., 2006b), indicates that 22 of the 91 E. coli lysine-acetylated
proteins (~25%) have mammalian homologs in which the lysine residue is
conserved, based on the BLAST sequence alignment with 25% sequence identity
as the cutoff score (Table 4-1). This number is likely to be significantly
underestimated due to the low percentage of lysine-acetylated proteins identified
in mammalian cells that was caused by the wide dynamic range and limited
sensitivity of the previous proteomics screening (Kim et al., 2006b). Identification
of a large number of lysine-acetylated homologs between E. coli and mammalian

cells, the abundance of lysine acetylation in both mitochondria and E. coli, and
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the evolutionary linkage between the mitochondrion and E. coli suggest that the
modification is likely to be evolutionarily conserved from bacteria to mammalian

cells.

Lysine Acetylation Motifs in Bacterial Substrate Proteins and Bioinformatics
Analysis

Conserved protein sequence motifs are associated with some post-
translational modifications such as protein phosphorylation. Structural studies of
GCNS HAT and H3 tail peptides suggest a recognition site of G-K14-X-P (Rojas
et al., 1999), nevertheless, the motifs for lysine acetylation remains largely
known. The dataset of acetylation sites identified from E. coli proteins allows us
to conduct a preliminary analysis of motif preference (Figure 4-2B). Such analysis
identified histidine and tyrosine as preferred amino acid resides at the +1 position.

In contrast to the E. coli lysine-acetylation motifs, mammalian lysine-
acetylation substrates in general show less preference for residues surrounding
acetyllysine residues (Kim et al., 2006b). This could be caused by averaged motif
information from diverse acetyltransferases. Alternatively, substrates may be
recognized through the three dimensional structure of the substrate proteins rather
than their linear sequence. However, when considering the mitochondrial subset
of lysine acetylation substrates identified in the mammalian dataset, a preference

for histidine and tyrosine at the +1 position was also observed (Kim et al., 2006b).
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The preference of amino acid residues flanking acetyllysine residues in E. coli
proteins suggests that the modification might be catalyzed by a limited subset of
acetyltransferases with unique substrate preferences. In addition, related
acetyltransferases may be at work in the case of mitochondrial acetylation. These
results suggest the possibility that linear lysine acetylation motifs exist among
lysine-acetylated proteins similar to motifs observed for phosphorylation.

To evaluate the structural features of acetyllysines in the substrate
proteins, those proteins for which a homologous crystal structure was available
were first identified. BLAST local alignment was used to map the position of the
acetylated lysine onto the crystal structure. Visual inspection of the available
crystal structures using the Pymol program suggested that most of the acetylation
sites (95%) identified occur on the surface of proteins, rather than at active site or
ligand binding residues. However, in some instances, modification sites were
found within oligomerization interfaces, such as in serine
hydroxymethyltransferase, isocitrate dehydrogenase and IMP cyclohydrolase.
This suggests that acetylation may affect the oligomerization of proteins or the
formation of protein complexes. Such effects of lysine acetylation are known to
occur in eukaryotes through the specific binding of acetylated lysine by

bromodomains.

CONCLUDING REMARKS
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Several important points have emerged from this most comprehensive
protein screening of protein lysine acetylation. First, a large number of previously
unknown lysine-acetylation substrates exist in prokaryotic species. Given the key
roles of many of these substrate proteins in cellular functions and high sequence
conservation among prokaryotic species, it is highly likely the modification is
conserved and shares similar functions among the prokaryotic species other than
E. coli. Second, two preferred residues, histidine and tyrosine, at the +1 position
of acetyllysine were identified, implying that linear sequence might be of
importance for substrate binding and/or activity of acetyltransferase(s) in bacteria.
This finding is intriguing given that a similar preference was observed among
lysine-acetylated substrates identified in a screen of mitochondrial proteins (Kim
et al., 2006b), suggesting the existence of a related set of acetyltransferases in
mitochondria. Third, the spectrum of lysine-acetylation substrates is
evolutionarily well-conserved. A comparison of lysine-acetylation substrates from
E. coli and mammalian cell lines suggest that three groups of substrate proteins
are enriched in lysine acetylation, including metabolic enzymes,
transcriptional/translational regulators, and stress response proteins. Identification
of a high number of ribosomal proteins and transfer RNA synthetases was a
surprise to us as these proteins are abundant in eukaryotic cells and lysine
acetylation was not detected among these proteins in mammalian cells. Lysine

acetylation of these proteins might have been lost during evolution.



134

As with the previous initial studies of lysine acetylation in mammalian
cells, this study has limitations. First, only protein substrates present in medium to
high abundance were likely to be identified. A significant portion of lysine
acetylation substrates that are either of low abundance or modified at a low
stoichiometry are expected to be missed, due to the relatively weak binding
affinity of the anti-acetyllysine antibody. Second, this study only represents an
initial screen and dynamic analyses have not been carried out under diverse
genetic backgrounds and nutrient sources. Third, some documented substrates of
known acetyltransferases and deacetylases were not identified. To address these
questions, future research using quantitative proteomics of lysine acetylation and
improved sensitivity will be required.

It is of interest to note that only one acetyltransferase and one deacetylase
have been described in prokaryotes. The identification of such a large number of
lysine acetylation substrate proteins raises the possibility of additional enzymes in
bacteria that regulate the modification status. The recent discovery of a yeast
acetyltransferase sharing no significant sequence homology with existing
acetyltransferases further supports such a possibility (Driscoll et al., 2007).

The results presented here provide a large number of future research
opportunities in prokaryotic biology. The large datasets will provide protein leads
for further genetic and molecular biology studies to test roles of lysine acetylation

sites in cellular physiology. Given the essential roles of lysine acetylation in
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diverse metabolic pathways and importance of acetyl Co-A and NAD (the co-
factors for lysine acetylation regulatory enzymes) in cellular metabolism, the
modification is likely to play an important role in bacterial physiology. Therefore,
understanding, capturing, and optimization of the modification landscape might
provide a novel approach for the engineering of industrial bacterial species with
high efficiency. The bioterror threat posed from certain bacteria (such as anthrax)
and the emergence of drug resistant bacteria remind us that the biology of
prokaryotes remains to be further studied. Unfortunately, post-translational
modifications in prokaryotes have been overlooked in the past. Generation of
lysine-acetylation datasets reminds us of the need for further studies of
modification pathways in prokaryotes, some of which might provide good

avenues for therapeutic intervention.

METHODS

Materials. The reagents used in this work include the affinity-purified
anti-acetyllysine polyclonal antibody from ImmuneChem Pharmaceuticals Inc.
(Burnaby, British Columbia, Canada) and anti-acetyllysine monoclonal antibody
from Cell Signaling Technology (Boston, MA); Protein A conjugated agarose
beads from Amersham Biosciences (Uppsla, Sweden); Luria-Bertani (LB)

medium from Life Technologies (Carlsbad, CA); iodoacetamide, C;s ZipTips
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from Millipore Corp. (Bedford, MA); Luna C;g resin from Phenomenex

(Torrance, CA).

Preparation of cell lysate from E. coli. E. coli DH5 was grown
aerobically in LB medium at 37 °C. The cultured cells were harvested at log
phase by centrifugation at 4500 x g for 10 min and washed twice by resuspension
of the pellet in ice-cold PBS buffer (0.1 M Na,HPOy, 0.15 M NaCl, pH 7.2). The
cells were resuspended in chilled lysis buffer (50 mM Tris-Cl, pH 7.5, 100 mM
NaCl, 5 mM DTT) and then sonicated with 12 short bursts of 10 s followed by
intervals of 30 s for cooling. Unbroken cells and debris were removed by
centrifugation at 4 °C for 30 min at 21,000 x g. The supernatant was divided into

aliquots and stored at -80 °C until use.

In-solution tryptic digestion. Five milligrams of proteins were
precipitated with acetone, followed by centrifugation at 22,000 % g for 10 min.
The resulting pellet was digested according to a procedure previously described
(Kim et al., 2006a). Briefly, the protein pellet was rinsed twice with cold acetone
to remove residual salts, resuspended in 50 mM NH4HCO; (pH 8.5) (the protein
pellet was not completely resolved but suspected in small particles), and digested
with trypsin (Promega, Madison, WI) at an enzyme-to-substrate ratio of 1:50 for

16 h at 37 °C. The tryptic peptides were reduced with 5 mM DTT at 50°C for 30
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min and then alkylated using 15 mM iodoacetamide at RT for 30 min in darkness.
The reaction was quenched with 15 mM cysteine at RT for 30 min. To ensure
complete digestion, additional trypsin at an enzyme-to-substrate ratio of 1:100

was added to the peptide mixture and incubated for an additional 3 h.

Affinity purification of lysine-acetylated peptides. The anti-acetyllysine
antibodies from ImmuneChem Pharmaceuticals Inc. and Cell Signaling
Technology were mixed at a ratio of 1:1 and then immobilized to protein A-
conjugated agarose beads at 4-6 mg/ml by incubation at 4°C for 4 h. The
supernatant was removed and the beads were washed three times with NETN
buffer (50 mM Tris-Cl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP40).

The tryptic peptides obtained from in-solution digestion were reconstituted
in NETN buffer. Insoluble particles were removed by centrifugation. Affinity
purification was carried out by incubating the peptides with 20 ul of anti-
acetyllysine antibody-protein A-immobilized agarose beads at 4 °C for 6 h with
gentle shaking. The beads were washed three times with 1 ml of NETN buffer and
twice with ETN (50 mM Tris-Cl, pH 8.0, 100 mM NaCl, 1 mM EDTA). The
bound peptides were eluted from the beads by washing three times with 50 ul of
1% TFA. The eluates were combined and dried in a SpeedVac. The resulting
peptides were cleaned with C18 ZipTips (Millipore, Bedford, MA) according to

the manufacturer’s instructions, prior to nano-HPLC/mass spectrometric analysis.



138

HPLC/MS/MS analysis. HPLC/MS/MS analysis was performed in an
integrated system that includes an Agilent 1100 series nanoflow LC system
(Agilent, Palo Alto, CA) and a LTQ 2D trap mass spectrometer (Thermo
Electron, Waltham, MA) equipped with a nanoelectrospray ionization (NSI)
source. 1 pl of the above tryptic peptides in buffer A (97.95% water/2%
acetonitrile/0.05% acetic acid) was manually injected and separated in a capillary
HPLC column (11 mm length x 75 pm 1.D., 5 pm particle size, 100 A pore
diameter) packed in-house with Luna C18 resin (Phenomenex, Torrance, CA).
Peptides were eluted from the column with a gradient of 6.0% to 90% buffer B
(90% acetonitrile/9.95% water/0.05% acetic acid) in a 2 h duty cycle. The eluted
peptides were electrosprayed directly into the LTQ ion trap mass spectrometer.
LC/MS/MS was operated in a data-dependent mode such that the ten strongest
ions in each MS scan were subjected to collisionally activated dissociation (CAD)

with a normalized CAD energy of 35%.

Protein sequence database search and manual verification. Tandem
mass spectra were used to search the NCBI-nr database with the Mascot search
engine (version 2.1, Matrix Science, London, U.K.). Trypsin was specified as the
proteolytic enzyme and up to 6 missed cleavage sites per peptide were allowed.

Carbamidomethylation of cysteine was set as fixed modification and oxidation of
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methionine and acetylation of lysine as variable modifications. Charge states of
+1, +2 or +3 were considered for parent ions. Mass tolerance was set to 3.0 Da
for parent ion masses and + 0.6 Da for fragment ion masses. Acetylated lysine

containing peptides identified with a Mascot score of 25 were manually verified

by the method previously described (Chen et al., 2005).

Local structure analysis of E. coli lysine acetylation sites. For each
acetylated E. coli protein, BLAST was run against a database of domain
sequences with known structures from the SCOP90 representative set of
ASTRAL compendium (version 1.71). Database size of BLAST was set to the
size of the protein nr database as of April 6 (39,280,211,952 letters) to impose a
stringent e-value cutoff. Hits with an e-value less than 0.001 were analyzed. We
identified homologous structures for 69 of the 91 acetylated proteins (~76%). For
these proteins, we mapped the positions of acetylated lysines to the model
structures using BLAST local alignments and visually inspected the crystal
structures to determine the role of the conserved lysine in substrate and protein

binding or catalytic activity.
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Figure 4-1
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Figure 4-1. Synopsis of lysine acetylation proteomics. (A) Schematic
representation of the sequential steps used for global profiling of lysine
acetylation in E. coli. (B) Western blotting analysis of protein lysate from E. coli
with anti-acetyllysine antibody from ImmunoChem Inc. Lane 1: 30 pg of whole
cell lysate from E. coli probed with anti-acetyllysine antibody; Lane 2:
competition with acetylated BSA (300 pg/ml). (C) An example of MS and
MS/MS analysis of a lysine-acetylated peptide for peptide identification and
mapping of acetyllysine site in E. coli. Left: Full MS spectrum at a retention time
of 63.69 min. Right: MS/MS spectrum of m/z 1261.2, which identifies acetylated
peptide YYQGTPSPVK*HPELTDMVIFR in isocitrate dehydrogenase, a
metabolic protein in E. coli. Western blotting performed by Dr. Sung Chan Kim.
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Figure 4-2
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Figure 4-2. Lysine acetylation in E. coli. (A) Pie chart of functionally annotated
protein groups that are lysine acetylated. (B) Density map of lysine-acetylated
peptides. The frequency of occurrence of amino acid residues surrounding sites of
lysine acetylation was calculated, relative to the frequency of the residue within
the entire £. coli genome, and schematically represented by a density map using a
method previously described (11). Prevalence of specific amino acids at positions
surrounding lysine acetylation sites is shown.
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Figure 4-3. Lysine acetylated proteins involved in glucose degradation and
TCA cycle. Proteins identified as lysine-acetylated in the E. coli screen are
underlined. Those identified in a screen of mammalian cells are marked with an

asterisk.
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Table 4-1. List of lysine-acetylated proteins identified from a proteomic screen of
E. coli. Protein name, gi#, peptide sequence and annotated biological process
associated with the protein are indicated. The presence of an orthologous protein
in humans, possessing >25% sequence identity, is also indicated. K designates the
lysine residue identified as being acetylated.



Table 4-2

Protein Name gi Functional Group # Sites

citrate synthase gi|16128695 TCA cycle 1
isocitrate dehydrogenase gi|2618886 TCA cycle 1
pyruvate dehydrogenase complex, dehydrogenase component gi|B3584560 TCA cycle 1
dihydrolip ide dehydrog gi[26106453 TCA cycle 1
dihydrolip lide ylt fi gi[26246694 TCA cycle 1

ihy ip ide acylir ase (E2) gi[T5258892 TCA cycle 1
succinate dehydrogenase catalytic subunit gi|26246691 TCA cycle 1
phosphoglucose isomerase qi|9664438 glycolysis 2
pai gijga304110 glycolysis 1
fructose-bisphosphate aldolase class |1 gi|11064306% glycolysis 1
dehydrin (fructose-bisphosphate aldolase class I) gi| 1658028 glycolysis 2
enolase gi|563868 glycolysis 1
phosphoglycerate kinase gij2624933% glycolysis 1
phosphoglyceromutase gil13360242 glycolysis 3
glyceraldehyde-3-phosphate dehydrogenase Qi[37699654 glycolysis 4
pyruvate kinase gi|26248120 glycolysis 1
pyruvate kinase | gi|147276 glycolysis 2
pyruvate formate lyase subunit il 16130504 anerobic glycolysis 3
formate acetyltransferase 1 gi|15800764 anaerobic glycolysis 3]
anaerobic class | fumarate hydratase gi| 146048 anaerobic glycolysis 1
phosph Ip 1 rboxyki gi[147113 gluconecgenesis 2
transketolase gil75227108 carbehydrate metabolism 1
NADP-dependent malic enzyme gi|26109236 carbohydrate metabolism 1
transketolase 2, thiamin-binding gi|16130390 carbohydrate metabolism 1
phosphopentomutase gi|1790843 carbohydrate metabolism 1
MNAD-dependent aldehyde dehydrogenase gilT5515148 carbohydrate metabolism 1
f itol-1-phosphate dehyd: gil46085211 carbohydrate metabolism 1
B-phosphogluconclactonase gi|16128735 carbohydrate metabolism 1
phosphorylase maltodextrin gi|224195 carbehydrate metabolism 1
f B-phosphate gi|1742663 carbohydrate metabolism 1
fused mannose-specific PTS enzymes: IlA component/liB compenent  gi|1788120 carbohydrate metabolism 2
nuclecside-diphosphate-sugar epimerase gil75229016 carbohydrate metabolism 1
ADP-heptose synthase gi|26249631 lipopolysaccharide biosynthesis 1
glutamaie decarboxylase isozyme gi|15804061 amine acid metabolism 3
serine hydroxymethyltransferase gi|26245915 amino acid metabolism [:]
tryptophanase gij41936 amino acid metabolism 5
3-deoxy-D-arabino-heptul \ate-7-phosphate synthase gi|1651339 amine acid metabolism 1
glutaminase gi|26246500 amino acid metabolism 1
aminoacyl-histidine dipeptidase gi[26246281 protein metabolism 1
S-ad Imethionil th n gi|146851 coenzyme metabolism 1
purine nucleoside phosphorylase gi| 15804958 nuclectide salvage pathway 1
adenylate kinase gi[1773156 nucleofide metabolism 1
IMP dehydrogenase gi|146275 nucleotide metabolism 2
IMP cyclohydrolase gi|26250778 nucleofide metabolism 1
ribonucleotide reductase, alpha subunit Q75258700 nucleofide metabolism 1
deoxyribosephosph idol gi|537221 nuclectide metabolism 1
glycinamide ribonucleotide transformylase gi|16129802 purine biosynthesis 1
adenylosuccinate lyase gi|145203 purine biosynthesis 2

148
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Table 4-2. A list of metabolic proteins identified as acetylated in E. coli.
Protein name, gi number, functional classification and number of acetylation sites
identified are indicated.



CHAPTER FIVE

PROTEIN PROPIONYLATION AND BUTYRYLATION

SUMMARY

The positively charged lysine residue plays an important role in protein
folding and functions. Neutralization of the charge often has a profound impact on
the substrate proteins. Accordingly, all the known post-translational modifications
at lysine have pivotal roles in cell physiology and pathology. This chapter
concerns the discovery of two novel, in vivo lysine modifications among histones,
lysine propionylation and butyrylation. In addition, the ability of two previously
identified acetyltransferases, p300 and CBP, to catalyze in vitro lysine
propionylation and lysine butyrylation in histones was demonstrated. Finally,
p300 and CBP could carry out autopropionylation and autobutyrylation in vitro.
Taken together, these results conclusively establish that lysine propionylation and
lysine butyrylation are novel post-translational modifications. Given the unique
roles of propionyl-CoA and butyryl-CoA in energy metabolism and the significant
structural changes induced by the modifications, the two modifications are likely

to have important, but distinct functions in the regulation of biological processes.
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INTRODUCTION

Dissection of the molecular networks of post-translational modifications
that regulate cellular processes and disease progression stands as one of the major
goals of post-genomic biological research. To date, more than 200 post-
translational modifications have been described, providing an efficient way to
diversify a protein’s primary structure and possibly its functions. The remarkable
complexity of these molecular networks is exemplified by modifications at the
side chain of lysine. The electron-rich and nucleophilic nature of the lysine side
chain makes it suitable for undergoing covalent post-translational modification
reactions with diverse substrates. The residue can be potentially modulated by
several post-translational modifications including methylation, acetylation,
biotinylation, ubiquitination, and sumoylation, which have pivotal roles in cell
physiology and pathology.

Acetyl-CoA, a member of the high-energy CoA compounds, is the
substrate used by acetyltransferases to catalyze the lysine-acetylation reaction.
However, it remains unknown whether cells can use other short-chain CoAs, such
as propionyl- and butyryl-CoA (which are structurally similar to acetyl-CoA), to
carry out similar post-translational modifications at lysine. Nevertheless, several
lines of evidence suggest such a possibility. First, like acetyl-CoA, propionyl-

CoA and butyryl-CoA are high-energy molecules, making a reaction with a lysine
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side chain thermodynamically feasible. Second, propionyl-CoA and butyryl-CoA
are structurally similar to acetyl-CoA, with a difference of only one or two CHa,.
Third, propionyl-CoA and butyryl-CoA are present at high concentrations in cells.
In the case of starved mouse liver, the two CoAs' concentrations are only 1-3
times less than acetyl-CoA (King and Reiss, 1985). Finally, it appears, from
structural studies on some HATs (such as Hatl), that the enzyme has ample space
within the cofactor binding pocket to accept propionyl-CoA without steric
interference (Dutnall et al., 1998). Despite such evidence, the short-chain CoAs
with the exception of acetyl-CoA have not been described as a substrate for
protein modification.

The following work describes the identification and validation of two
novel post-translational protein modifications, propionylation and butyrylation at
lysine residues, by a proteomics study. The unbiased global screening involved
exhaustive peptide identification by nano-HPLC/MS/MS analysis, protein
sequence database search, and manual verification. The resulting propionylated
and butyrylated peptides were verified by MS/MS of their corresponding
synthetic peptides. Using in vitro labeling with isotopic propionyl-CoA and
butyryl-CoA as well as mass spectrometry, it was verified that the
acetyltransferases p300 and CBP could perform lysine modifications on histones
using these substrates. Furthermore, it was demonstrated that p300 and CBP could

carry out autopropionylation and autobutyrylation at lysine residues in a similar
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fashion as autoacetylation. Taken together, these results reveal that lysine
propionylation and butyrylation are novel lysine modifications that can be
catalyzed by acetyltransferases. Given the unique roles of propionyl-CoA and
butyryl-CoA in energy metabolism (Nelson and Cox, 2005), their distinct
structure, and significant structural changes induced by the modifications, it is
anticipated that lysine propionylation and butyrylation will have important, but
likely distinct functions in the regulation of biological processes. The
identification of lysine-propionylated and lysine-butyrylated substrates described
here provides an entry point for future functional studies of the two modifications

in cellular physiology and pathology.

RESULTS

Initial Identification of Lysine-propionylated and -butyrylated Peptides in
Histone H4

Given the close structural similarity between acetyllysine residue and the
proposed propionyllysine residue it was hypothesized that propionyl-CoA could
be used by acetyltransferases for lysine propionylation (Figure 5-1). In addition, it
was further assumed that some propionylated, tryptic peptides could be affinity-
purified by anti-acetyllysine antibody due to this structural similarity. To identify

lysine-propionylated peptides, we searched the MS/MS datasets of affinity-
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enriched acetyllysine-containing tryptic peptides acquired by nano-HPLC/LTQ
mass spectrometry (Kim et al., 2006b). During the protein sequence database
search, the lysine was considered as unmodified, acetylated, or propionylated. The
database search and manual verification of peptide hits led to the identification of
eleven lysine-propionylated histone H4 peptides (Table 5-1). The successful
identification of putative lysine-propionylated peptides motivated a subsequent
search for lysine-butyrylated peptides. The same datasets were searched again,
with the lysine considered as unmodified, acetylated, or butyrylated. The analysis
identified two additional histone H4 peptides with lysine butyrylation sites (Table
5-1).

A representative MS/MS spectrum demonstrates the identification of
lysine-propionylated and lysine-butyrylated peptides (Figure 5-2). In the initial
peptide identification by protein sequence database search, the spectrum in Fig. 4-
2A led to the identification of a lysine-propionylated peptide 1 (Table 5-1).
Careful inspection of the spectrum revealed that there were a number of fragment
ions with strong intensities that could not be assigned to the fragment ions derived
from the predicted peptide sequence. This result suggested the presence of an
additional peptide(s). Three lines of evidence suggest that the spectrum was from
peptide isomers: (1) multiple peak-pairs with mass difference of 14 Da were
observed; (ii) the peptides possess identical molecular weights; and (iii) the

peptides co-eluted. Indeed, the remaining peaks in spectrum Figure 5-2A could be
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accounted for by two additional lysine-butyrylated peptides: Peptide 12 and
Peptide 13 (Table 5-1).

The chemical nature of an identified peptide can be confirmed by MS/MS
of their corresponding synthetic peptides, the standard for verification of peptide
identification and chemical identity. To validate the identities of the propionylated
and butyrylated peptides in Figure 5-2A, MS/MS of 3 synthetic peptides with
sequences and modification patterns corresponding to Peptides 1, 12 and 13 in
Table 5-1 were analyzed. In order to validate the interpretation of the
fragmentation spectrum observed in Figure 5-2A, which was obtained from the
cell-derived peptide mixture, three synthetic peptides were mixed at a molar ratio
of 4:2:1 (Peptide 1: Peptide 12: Peptide 13). MS/MS analysis of the peptide
mixture resulted in a fragmentation pattern (Figure 5-2B) highly similar to the in
vivo spectrum in Figure 5-2A, verifying the identification of one lysine-
propionylated peptide and two lysine-butyrylated peptides.

Together, in vivo lysine propionylation was identified at K5, K8, and K12,
while in vivo lysine butyrylation was found at K5 and K12 of histone H4 (Table
5-1). K5, K8, and K12 of histone H4 are known to be acetylated, while K12 is
also subject to lysine methylation (www.histone.com). Lysine acetylation at the
four H4 lysine residues is associated with transcriptional activation,
transcriptional silencing, chromatin high-order structure, and DNA repair

(Peterson and Laniel, 2004; Shia et al., 2006). Some of the acetyllysine residues
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(e.g., K8 of histone H4) provide a docking site to recruit a bromodomain-
containing chromatin remodeling enzyme SWI/SNF (Agalioti et al., 2002). While
biological functions of lysine propionylation and butyrylation in histones remain
unknown, it is intriguing to speculate that propionyllysine or butyryllysine would
be involved in the interaction/recruiting of a distinct set of proteins/enzymes to

control chromatin structure and transcriptional activities.

Propionylation and Butyrylation of Core Histones can be Catalyzed by
p300/CBP

Since histone H4 can be propionylated and butyrylated in vivo, it was next
tested whether core histones could be propionylated and butyrylated in vitro by
acetyltransferases, using either '*C-propionyl CoA or '*C-butyryl CoA. Five
acetyltransferases were tested, CBP, p300, Tip60, MOF and PCAF. CBP and
p300 are known acetyltransferases for K5, K8, K12, and K16 of histone H4.

The core histones were incubated with one of the CoAs and the
acetyltransferase of interest. The protein mixture was then resolved in SDS-PAGE
and visualized by autoradiography. CBP and p300 showed significant activities in
catalyzing modifications on histone H4 (Figure 5-3A). On the other hand, no
significant propionylation or butyrylation products were detected for the other

three acetyltransferases, Tip60, MOF, and PCAF.
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To corroborate evidence of an in vitro modification reaction at lysine
residues, nano-HPLC/mass spectrometric analysis was used to map the CBP-
catalyzed, lysine-modified residues in histone H4. K5, K8, K12, K16, K31, K44,
K77, K79 and K91 were found to be both propionylated and butyrylated by CBP.
Together, these data establish that histone H4 can be lysine-propionylated and -

butyrylated directly by CBP and p300 in vitro.

pS3 can be Propionylated and Butyrylated by p300/CBP in vitro

CBP and p300, co-activators of p53, augment its transcriptional activity
and modulate its biological functions (Avantaggiati et al., 1997; Gu et al., 1997).
Multiple lysine residues in p53 can be acetylated, some of which are known to be
modified by CBP/p300 (Gu et al., 1997; Sakaguchi et al., 1998; Tang et al.,
2006). Given the fact that CBP/p300 are the acetyltransferases for p53 and that
they have enzymatic activities for lysine propionylation and butyrylation in
histones, it was hypothesized that the HATs could catalyze similar reactions in
p53. To test this hypothesis, in vitro propionylation and butyrylation reactions
were carried out using p53 as the target, employing the procedure described
above. Again, only two of the five acetyltransferases, CBP and p300, could carry
out propionylation and butyrylation reactions at p53 at a significant reaction rate

under our experimental conditions (Figure 5-3B). Interestingly, p300 shows an
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apparently higher catalytic activity than CBP for p53. In contrast, the two
enzymes have comparable activities toward histones.

CBP and p300 are acetyltransferases that can catalyze autoacetylation
reactions. To test if the proteins can carry out autopropionylation and
autobutyrylation reactions, the modification sites at p300 and CBP were mapped
by mass spectrometry. Twenty-one lysine-propionylation sites and eleven lysine-
butyrylation sites were localized in p300, while twelve lysine-propionylation sites
and seven lysine-butyrylation sites were mapped in CBP (Table 5-1).
Identification of propionylated and butyrylated peptides in non-histone proteins,
p53, CBP, and p300, suggests the possibility that the two modifications are not

restricted to histones.

DISCUSSION

In summary, this work demonstrated the identification of in vivo lysine
propionylation and lysine butyrylation in histones. The modifications were
validated by synthetic peptides and in vifro enzymatic reactions. Testing of five
acetyltransferases suggested that two previously known acetyltransferases, CBP
and p300, could catalyze lysine modification reactions using either propionyl-
CoA or butyryl-CoA, among histones and p53, at a significant reaction rate in

Vitro.
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Lysine is one of the two major ribosomally-coded amino acid residues
with a positive-charged side chain at physiological pH, playing an important role
in protein folding and functions. We do not know yet what will be the functional
consequences of the two modifications described here. Nevertheless, given the
regulatory functions of the known lysine modifications and the significant
structural changes induced by lysine propionylation and butyrylation, it is
anticipated that the two modifications are likely to have biological functions in the
same fashion as other lysine modifications.

Histones are known to be modified by an array of post-translational
modifications, including methylation, acetylation, ubiquitination, small ubiquitin-
like modification, and ribosylation (Fischle et al., 2003). A combinatorial array of
post-translational modifications in histones, termed the “histone code”, dictates
the proteins’ functions in gene expression and chromatin dynamics (Jenuwein and
Allis, 2001). Post-translational modifications of histones have been elegantly
studied by both biochemistry (Jenuwein and Allis, 2001) and mass spectrometry.
Nevertheless, lysine propionylation and butyrylation at histones have not been
reported before. Our results suggest that the complexity of histone modifications
remains to be explored.

Acetyl-CoA can arise during the catabolism of sugars, fatty acids and
amino acids. Propionyl-CoA derives only from odd-chain fatty acid and amino

acid catabolism, while butyryl-CoA is a metabolic intermediate formed during the
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B-oxidation of fatty acids as well as a substrate for fatty acid elongation. The
concentration of the short-chain CoAs fluctuates depending on diet and cellular
physiological conditions (King and Reiss, 1985). If the rate of the modifications
depends on the concentration of the short-chain CoAs, directly or indirectly, it
would be appealing to speculate that lysine propionylation and butyrylation may
regulate cellular metabolic pathways in response to cellular physiological
conditions. Such a scenario then opens up the potential for the biochemical
intermediates thus produced to lead to tissue-specific and environmentally-
responsive regulatory programs.

The activities and specificities of regulatory enzymes responsible for
propionylation and butyrylation might be influenced by other factors. For some
acyltransferases (e.g., acetyltransferases), the dimensions of the CoA-binding
pocket might determine the binding affinity to the short-chain CoA. Alternatively,
it is also possible that the binding affinity might be modulated by other regulatory
molecules, such as association of co-factors or interaction proteins. Finally,
identification of lysine propionylation and lysine butyrylation further suggests the
possible existence of novel enzymes specific for the modifications (other than the

known acetyltransferases).

CONCLUDING REMARKS
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Discovery of lysine propionylation and butyrylation raises many
interesting questions. What are the enzymes responsible for controlling the status
of lysine-propionylation and -butyrylation? Given the close structural similarity,
some of the HATs and HDACs might be able to catalyze the reactions. What
determines the specificities of a transferase among three types of lysine
modifications: acetylation, propionylation, and butyrylation? What are the
biological pathways regulated by lysine propionylation and butyrylation? The
study described here represents the beginning of future research into addressing

the fundamental questions of the novel lysine modifications.

METHODS

In-gel digestion. Protein in-gel digestion, peptide extraction, and peptide
cleaning using a u-C18 ZipTip were carried out as previously reported (Zhao et

al., 2004).

HPLC/MS/MS analysis. HPLC/MS/MS analysis for mapping
propionylation and butyrylation sites in histone H4, p53, p300, and CBP were
carried out by nano-HPLC/LTQ mass spectrometry as previously described (Kim

et al., 2006b). Briefly, each tryptic digest was dissolved in 10 ul HPLC buffer A

(0.1% formic acid in water (v/v)) and 2 ul were injected into an Agilent HPLC
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system (Agilent, Palo Alto, CA). Peptides were separated on a home-made
capillary HPLC column (50 mm length X 75 pm ID, 4 um particle size, 90 A pore
diameter) with Jupiter C12 resin (Phenomenex, St. Torrance, CA) and directly
electrosprayed into the mass spectrometer using a nano-spray source. The LTQ
mass spectrometer was operated in the data-dependant mode acquiring

fragmentation spectra of the ten strongest ions.

Protein sequence database search and manual verification. All MS/MS
spectra were searched against NCBI-nr protein sequence database specifying
lysine modifications using the MASCOT database search engine. A low cutoff
peptide score of 20.0 was selected to maximize the identification of lysine-
modified peptides. For each Mascot search, the peptide mass error was set to +/- 4
Da, fragment ion mass error was set to +/- 0.6 Da and six missing cleavages were
allowed. All lysine-propionylated or -butyrylated peptides identified with
MASCOT score > 20.0 were manually examined with the rules previously
described (Chen et al., 2005) and all lysine propionylation or butyrylation sites
had to be identified by consecutive b- or y- ions so that the possibility that
propionylation (+56 Da) or butyrylation (+70 Da) occurred on adjacent residues

was eliminated.
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In vitro propionylation and butyrylation assay. /n vitro propionylation
and butyrylation assays were carried out essentially as previously described (Gu
and Roeder, 1997) with some modifications. Tagged human FLAG-p300, HA-
CBP, FLAG-MOF, and FLAG-PCAF proteins from transfected 293 cells and
tagged human GST-Tip60 and GST-p53 expressed in bacteria were purified to
homogeneity under stringent conditions (500 mM NaCl + 1% Triton X-100). Ten-
microliter reactions contained 50 mM Tris pH7.9, 10% glycerol, 1 mM DTT, 10
mM sodium butyrate, 1 pl of (**C)-acyl-CoA (55 mCi/mmol; acetyl-CoA from
Amersham and propionyl-CoA and butyryl-CoA from ARC, Inc.). Two and a half
ng of substrates (core histones, recombinant human Histone H4 or GST-p53) and
20 — 100 ng of the enzyme protein, as indicated, were incubated at 30°C for 1
hour. The reaction mixture was then subjected to electrophoresis on SDS-PAGE

gels, followed by either autoradiography or Coomassie Blue staining.
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Figure 5-1. (A) Structures of three short-chain CoAs: the acetyl-CoA, propionyl-
CoA, and butyryl-CoA, as well as the three modified lysines: acetyllysine,
propionyllysine, and butyryllysine. (B) An illustration of novel lysine
propionylation and butyrylation sites in histone H4 (unmarked labels: lysine-
acetylation and -methylation sites identified previously; circled labels: novel, in
vivo lysine-modification sites identified in this study; boxed labels: additional
novel, in vitro lysine-modification sites identified in this study). The known sites
of lysine acetylation and methylation were obtained from a histone website
(www.histone.com).
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Figure 5-2. Identification and verification of lysine-propionylated and lysine-
butyrylated histone H4 peptides. (A) The tandem mass spectrum (MS/MS) of a
tryptic peptide ion from a peptide mixture that was affinity-enriched with an anti-
acetyllysine antibody from tryptic peptides of HeLa nuclear extracts. The
spectrum was used to identify one lysine-propionylated and two lysine-
butyrylated peptides: Peptides 1, 12 and 13 (Table 5-1) from histone H4. (B)
Tandem mass spectrum of a peptide mixture from the three synthetic peptides
corresponding to the sequences identified in Panel A, showing similar ion
intensity.
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Figure 5-3

A In vitro propionylation and butyrylation of core histones by CBP/p300
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Figure 5-3. In vitro propionylation and butyrylation of core histones and p53
by acetyltransferases. (A) /n vitro propionylation and butyrylation of core
histones. The core histone proteins were incubated with the purified
acetyltransferase in the presence of either (‘*C)-propionyl-CoA or (*C)-butyryl-
CoA, as indicated. The reaction products were resolved by SDS-PAGE and
visualized by autoradiography (top panel). The amounts of the core histone
substrates and the acetyltransferases are shown in the middle and bottom panels,
respectively, by Coomassie Blue staining. (B) /n vitro propionylation and
butyrylation of p53. The GST-p53 recombinant protein was incubated with the
purified acetyltransferase in the presence of (**C)-acyl-CoA, as indicated. The
reaction mixtures were resolved by SDS-PAGE and visualized by
autoradiography (upper panel). The amount of the GST-p53 substrate is shown in
the lower panel stained by Coomassie Blue. Experiments performed by the
laboratory of Dr. Wei Gu.
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Table 5-1
A
. . No. of Propionyl-
No. Protein Name gi# Sequence Lys Site
1 Histone 4, H4 28173560 GKAGGK*GLGKNGGAK*R 2
2 Histone 4, H4 28173560 GGK"NGLGK*GGAK*R 1
3 Histone 4, H4 28173560 GGK*GLGKN"GGAK*R 1
4 Histone 4, H4 28173560 GKNGGK*GLGK*GGAK*R 1
5 Histone 4, H4 28173560 GK*GGKMGLGK*GGAK*R 1
6 Histone 4, H4 28173560 GK*GGK*GLGK"GGAK*R 1
7 Histone 4, H4 28173560 GKAGGK*GLGK*GGAK 1
8 Histone 4, H4 28173560 GK*GGK"GLGK*GGAK 1
9 Histone 4, H4 28173560 GK*GGK*GLGK"GGAK 1
10 Histone 4, H4 28173560 GGK*GLGKM"GGAK 1
11 Histone 4, H4 28173560 GGK"N"GLGK*GGAK 1
B
. . No. of Butyryl-
No. Protein Name gi# Sequence Lys Site
12 Histone 4, H4 28173560 GK"GGK*GLGK*GGAK*R 1
13 Histone 4, H4 28173560 GK*GGK*GLGK"GGAK*R 1
C
In vitro analysis p53 p300 Histone H4 CBP
Propionyl-Lys 2 21 9 12
Butyryl-Lys 2 11 9 7

Table 5-1. List of lysine-propionylated and butyrylated peptides identified in
vivo and the number of modification sites identified in four proteins in vitro.
Protein name, gene index number, modified peptide sequence and the number of
modification sites are specified in two lists. (A) A list of lysine propionylated
peptides and (B) a list of lysine butyrylated peptides identified in vivo. Modified
lysine residues are marked as: * - acetylated lysine, ™ - propionylated lysine, " -
butyrylated lysine. (C) The total number of lysine-propionylation and butyrylation
sites identified in p53, histone H4, p300 and CBP in vitro.



CHAPTER SIX

EVIDENCE FOR ABUNDANT ASPARTIC AND GULTAMIC

ACID METHYLATION IN EUKARYOTES

SUMMARY

Post-translational methylation has been well studied in the context of
reversible lysine and arginine modification and is appreciated for its role in
regulating gene expression. Yet, relatively little is known about the extent and
consequences of methylation among glutamic and aspartic acid residues,
especially in mammalian cells. The millimolar concentration in cells of the source
for these methyl groups, S-adenosylmethionine, as well as the high number of
methyltransferases, suggests that methylation among aspartic and glutamic acid
may be a widespread protein modification. Given the significant alteration in
charge and hydrophobicity that result upon methylation of acidic residues, the
modification has the potential to be a dynamic regulatory mechanism with
unexplored potential. To address this, we applied nano-HPLC/Orbitrap mass
spectrometry to conduct a systematic proteomic screening for methylated residues

among diverse organisms. From our preliminary data, it is estimated that

170
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methylation at aspartic and glutamic acid in HeLa cells is likely to occur at an

abundance greater than tyrosine phosphorylation.
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INTRODUCTION

Protein methylation catalyzed by S-adenosyl-L-methionine (SAM)-
dependent methyltransferase represents a major group of post-translational
modifications (Schubert et al., 2003). Methylation of lysine and arginine at
histones is known to play an important role in the regulation of epigenetics and
diseases (Strahl and Allis, 2000). However, methylation in other ribosomally
coded amino acid residues has not yet been carefully examined. In addition to
arginine and lysine, methylation has been found at aspartate (D) and glutamate
(E) residues. Glutamate methylation has been shown to modulate chemotactic
responses in E. coli (Shapiro and Koshland, 1994). Nevertheless, definitive
evidence of E-methylation in eukaryotes is lacking and no eukaryotic E-specific
methyltransferase has been reported (Clarke, 1993). D-methylation has been
reported in both eukaryotic and prokaryotic organisms, where it has been
implicated as a protein repair mechanism (Clarke, 1993). However, the sites and
substrates of D-methylation in vivo remain largely unknown. Given the
importance of aspartate and glutamate in protein folding and functions, it is
expected that neutralization of the amino acids’ negative charge, an event similar
to dephosphorylation, would have a significant impact on the proteins in a similar

fashion as protein phosphorylation and lysine acetylation.
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The work presented here represents a proteomics screening of D- and E-
methylation by exhaustive identification of aspartate- and glutamate-methylated
(D- and E-methylated) peptides and mapping their corresponding modification
sites by nano-HPLC/MS/MS analysis (Figure 6-1). This study identified 2 E-
methylation sites from 1 protein in S. cerevisiae, and 3 D-methylation substrates
in HeLa cells. The methylated peptides were confirmed by either MS/MS of
synthetic peptides and in vivo labeling. While E-methylation is known among
prokaryotes, potential substrates in eukaryotic cells have not been conclusively
established. The results suggest that D/E-methylation are abundant post-
translational modifications, potentially occurring in more than 1% of proteins in
eukaryotic cells. Given the important roles of D/E residues in a protein structure
and function, as well as significant structural change induced by methylation, it is
expected that D/E methylation is likely to have higher impact on functions of its
substrate proteins than lysine and arginine methylation. Therefore, our study
reveals previously unappreciated post-translational modifications with functional

consequences.

RESULTS

Proteomics Screening of D/E-methylation
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D-methylation was initially detected during routine proteomic analyses for
mapping post-translational modification sites in individual proteins. It was
observed the spectra could often be better explained when allowing for methyl-
esterification of D and E residues. To test if the D/E-methylated proteins exist in
vivo, we carried out a proteomics screening to identify D/E-methylated proteins,

and to evaluate the abundance and substrate diversity of the modifications.

Identification of D/E-methylated Proteins

To identify D/E-methylated substrate proteins, a proteomics screening was
carried out to identify D/E-methylated peptides from S. cerevisiae and HeLa cells,
representing two biological species: yeast and mammalian cells.

Identification of D/E-methylated proteins was accomplished by exhaustive
HPLC/MS/MS analysis of tryptic digests and protein sequence database search
(Figure 6-1). Briefly, forty-ug protein whole-cell lysate from each cell type was
resolved by SDS-PAGE. Twenty protein bands of equal size were excised from
each sample lane. Each protein band was in-gel digested with trypsin; the
resulting tryptic peptides were analyzed by nano-HPLC/Orbitrap mass
spectrometer for exhaustive peptide identification. The experimental protocol was
designed in such a way that methanol was excluded in the procedure, thereby
reducing the possibility for in vitro D/E-methylation. The MASCOT search

algorithm used the resulting MS/MS spectra to identify peptide candidates from a
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protein sequence database. Two variable modifications, D-methylation and E-

methylation, were included in the protein sequence database search.

Validation Protocol for Peptide Identification

All the positive identifications were manually inspected to ensure the
quality of analysis (Chen et al., 2005). Since methylation could be present in a
variety of amino acid residues, including arginine, lysine, histidine and asparagine
(Clarke, 1993; Walsh et al., 2005), special care was taken during the manual
verification to make sure the methylated residue was located in either aspartate or
glutamate residues instead of other amino acid residues. Those methylated
peptides with ambiguous methylation sites were excluded from our list. The
putative methylated peptides were further confirmed by either MS/MS of

synthetic peptides or in vivo labeling.

D/E-methylated Peptides Identified
This study on D/E-methylation led to the identification of 1 E-methylated

protein from yeast and 3 D-methylated proteins from HeLa lysates (Table 6-1).

Verification of D/E-methylated Peptides
To verify the quality of the peptide identification, we carried out MS/MS

of synthetic peptides corresponding to the identified E- or D-methylated peptides,
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the standard for verification of peptide identification using mass spectrometry.
The complete overlap between MS/MS spectra of the synthetic peptide and the
original raw spectrum verifies the peptide identification (Figure 6-2A and B).
D-methylated residues have a molecular weight equivalent to glutamate;
therefore, either the MS/MS of a D-methylated peptide or a D-to-E-mutation can
explain the same MS/MS spectrum. We took two steps to address this problem.
We first examined polymorphisms of the modified D residue. BLAST searching
was carried out substituting E for our putative methyl-D identifications to ensure
that our identifications did not arise from known sequence variants. Also, since
many post-translationally modified peptides are present in low stoichiometry,
both modified and unmodified peptides will be present in a sample and their
corresponding MS/MS spectra may be identified in the same HPLC-MS/MS run.
Therefore the identified D-methylated peptides may be paired with MS/MS
spectra of their corresponding non-methylated peptides. Identification of pairs of
D-methylated peptides and non-D-methylated peptides for each of the three
identifications suggests that these proteins are indeed D-methylated rather than

polymorphisms resulting from D-to-E mutations (Figure 6-2D and E).

DISCUSSION

Prevalence of D/E-methylation
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The data obtained from our unbiased screen for methylated proteins
prompted us to estimate the abundance of methylation based on the ratio of the
methylated peptides and the total peptides identified. From the HeLa samples,
7052 unique peptides were positively identified, of which 3 were confirmed
through manual validation to be D-methylated. Thus, the abundance of D-
methylation is estimated to be around 4 in 10000 peptides (0.043% of peptides). If
it is assumed that the average protein size is about 60 KD and will generate about
40 possible tryptic peptides, it is estimated that ~2% of human proteins may be
subject to D-methylation. Likewise, the abundance of E-methylation among S.
cerevisiae proteins is estimated as 0.6%.

It is likely that these estimates are lower than the true modification
abundance because those methylated peptides with ambiguous modification
residues were excluded from the list of identifications. It should also be noted that
this estimate only reflects the abundance of the modifications among the most
abundant proteins, as the samples were not processed to enrich for the
modification. Nevertheless, this analysis suggests that D- and E-methylation are

likely to occur at and abundance greater than tyrosine phosphorylation.

E-methylation in S. cerevisiae
TDH3, a yeast glyceraldehyde-3-phosphate dehydrogenase ortholog, was

found to be E-methylated protein. The protein is a functional homotetramer
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involved in glycolysis and gluconeogenesis that is found in the cell wall and
cytoplasm. Our analysis identified three differentially modified forms of a peptide
unambiguously derived from TDH3, including an unmodified, a singly E-
methylated and a doubly E-methylated form. One of the methylated glutamate
residues, E170, is well conserved among species from bacteria to humans,
suggesting a possible regulatory influence for the modification. It is interesting to
note that previous two-dimensional SDS-PAGE analysis of the yeast TDH
isozymes resulted in resolution of two forms of TDH3 that differed only in charge
(McAlister and Holland, 1985). The difference in charge was not due to
phosphorylation, since the enzyme could not be labeled in extracts from yeast
grown in the presence of 32p (McAlister and Holland, 1985). It is possible that
methylation of glutamate residues may explain the observed charge variation.

TDH3 has been identified in diverse protein complexes by tandem affinity
purification coupled with mass spectrometry (Gavin et al., 2002). In addition to
energy metabolism complexes, TDH3 is associated with protein complexes
involved in RNA metabolism, signaling and chromatin structural maintenance.
Although the functional significance of the observed E-methylation is unclear, the
modification may influence the composition of the complexes in which it is
found. Methylation has previously been shown to be able to modulate the

assembly of complexes, since c-terminal carboxymethylation of protein
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phosphatase 2A has been shown to be important for the binding of regulatory B

subunits.

D-methylated Proteins in HeLa Cells

Analysis of proteomic data from HeLa cells revealed D/E-methylation
among three proteins, cytokeratin 9, AHNAK, and Rab8. AHNAK was found to
be methylated at a single position. This protein was originally identified in a
screen for transcripts lost in neuroblastoma cells (Shtivelman et al., 1992). Its
localization, and presumably function, varies depending on cell type and it has
been shown to be targeted to the plasma membrane in response to its
phosphorylation by either protein kinase B or protein kinase C (Hashimoto et al.,
1995; Sussman et al., 2001). Although its function is currently unknown, it may
serve as a platform for the integration of intracellular signals (Lee et al., 2004).
Rab8, a GTPase, is known to be involved in cytoskeletal remodeling and in the

regulation of intracellular trafficking (Lau and Mruk, 2003).

Mechanistic Impact of D/E-methylation

D/E methylation could be an important vehicle to modulate a protein’s
function, as it changes three major properties of the substrate amino acid:
neutralization of negative charge, increasing size and hydrophobicity. Thus, D/E

methylation is like a dephosphorylation event in terms of charge change.
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The identification of diverse methylated structural proteins suggests the
potential for the modification to be involved in the regulation of cytoskeletal
structure. Methylation has been demonstrated to be important for motility in
response to chemotactic stimuli in bacteria (Shapiro and Koshland, 1994), so it is
enticing to consider the potential for methylation to modulate invasiveness and
motility of mammalian cells mediated through cytoskeletal dynamics. Increased
rates of protein carboxymethylation have been described in neutrophils treated

with chemotactic stimuli (O'Dea et al., 1978).

CONCLUDING REMARKS

Proteomics screening identified 2 E-methylation sites from 1 substrate
protein from S. cerevisiae as well as 3 D-methylation sites from 3 substrates from
HeLa cells. The identified substrates include proteins with diverse functions,
implicating the modifications as potential regulatory modifications involved in
multiple pathways.

Identification of a number of D/E-methylated proteins was initially a
surprise. Esterases are abundant proteins in cells. Pro-drugs take advantage of in
vivo-labile ester bonds to improve the pharmacokinetic properties of drugs. In
addition, methyl-esters are notoriously labile, particularly at higher pH.

Nevertheless, several lines of evidence suggest that D/E-methylation observed
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indeed occurred in vivo rather than in vitro. First, protein lysates from cells were
prepared in denaturing buffer to prevent post-translational modifications from
occurring in vitro. Second, methanol was avoided in each step of our experimental
procedure. Finally, there is precedent for such modifications as E-methylation has
been described in bacteria (Clarke, 2003) and methylation at C-terminal
carboxylic acids is known to be present in cellular proteins such as prenylated
proteins and PP2A.

D/E-methylation possesses a few unique features to serve as an ideal
vehicle for regulatory functions in eukaryotic cells. First, a large group of
methyltransferases, demethylases and esterases exist in cells, some of which
might serve as enzymes for controlling the status of D/E methylation. Second,
neutralization of D/E side chains provides a versatile approach to change a
protein’s structure, interactions and therefore its functions. Third, given the
important roles of aspartate in enzymatic reactions, methylation of key aspartates
in an active center is likely to alter the enzymatic activity of the substrate proteins.
Fourth, D/E methylation is known to be reversible (Clarke, 1993). Fifth, acidic
residues are present in many recognition motifs of post-translational
modifications, such as the sumoylation recognition motif (hydrophobic KXE,
where X is any amino acid) and phosphorylation consensus motifs (e.g., casein
kinase motif). Neutralization of D/E side chains may provide an extra layer of

regulation for those post-translational modifications in tandem cascades. Finally,
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S-adenosyl-L-methionine is the most widely used enzyme substrate after ATP
(Cantoni, 1975). It is distributed among virtually all body tissues and fluids.

Methylation of arginine and lysine residues has been extensively studied
in the past decade, especially on histone proteins. Previous studies demonstrated
that methylation of arginine and lysine residues is reversible and involved in the
regulation of gene expression by altering chromatin structure or by creating a
binding platform to recruit transcriptional regulators (Hake et al., 2004; Shi et al.,
2004). In contrast to methylation of arginine and lysine, D/E-methylation leads to
more significant changes in charge and hydrophobicity of the substrate residues,
because methylation of arginine and lysine residues has relatively little effect on
their side-chain’s charge and hydrophobicity. Consequently, D/E methylation
should elicit more dramatic alteration of the majority of substrate proteins than
methylation of arginine and lysine.

Protein structure is influenced to a large extent by the charge state of
ionizable groups on the side chains of several amino acids (Creighton, 1990).
Copious literature documents how a decrease in an amino acid’s net charge,
induced by post-translational modifications such as acetylation and
phosphorylation, alter diverse protein properties. However, similar alterations in
net charge among amino acid residues with negative charge (D and E) have been
neglected in the research community. Given the high prevalence and possible

dynamic nature of D/E-methylation, and the resulting dramatic changes in
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substrate residues’ side chain properties, it is reasonable to assume that D/E-
methylation is a gold mine that remains to be explored by the biomedical research
community.

It is important to note that our proteomics analysis of D/E methylation did
not involve prior enrichment for D/E methylated proteins. Given that protein
modifications often occur sub-stoichiometrically, unmodified peptides would be
expected to significantly outnumber modified peptides upon digestion, leading to
suppression in the number of identified modifications. Our ability to identify E
methylated peptides even without prior enrichment suggests a vast frontier the
exploration of which awaits development of suitable enrichment strategies.
Attempts have been made to identify D/E-methylated proteins in the past in the
context of the modifications putative role as a protein repair mechanism (Clarke,
2003). For example, abundant D-methylation has been described in erythrocytes
incubated with *H-methionine (O'Connor and Clarke, 1984). Validation was
carried out by gel filtration of proteins and digestion of fractions with
carboxypeptidase Y. HPLC analysis revealed radioactivity co-eluting with D-
aspartic acid B-methyl ester standard. However, only 0.5% of initial radioactivity
in the individual proteins was recovered as B-methyl ester, the rest eluting as
methanol due to hydrolysis. Other work has identified tubulin, synapsin, histone
H2B and aA-crystallin as substrates subject to methylation by protein-L-

isoaspartyl methyltransferase 1 (PIMT1). In contrast to the preceding methods,
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the study presented here represents the first step towards the generation of a
catalog of D/E-methylation using a proteomics strategy. Furthermore, this is the
first evidence of E-methylation occurring in eukaryotes.

Attempts were made to further validate the in vivo nature of the
methylations using a stable isotope labeling method. For this experiment, yeast
cells expressing a GST-tagged version of TDH3 were grown in the presence of
methyl-[l3C2H3]-methionine. The methionine is taken up by the yeast and
incorporated into S-adenosylmethionine during the normal course of metabolism.
Any methylations resulting from the use of isotopically heavy methionine would
be evident by a characteristic mass shift of 4 Daltons per methyl group appended.
Such a method has previously been applied to the identification of arginine and
lysine methylation sites in mammalian cells (Ong et al., 2004). However, we were
unable to validate the methylation using this method. There are a couple of
possible explanations for this phenomenon. Since yeast are capable of
synthesizing all 20 amino acids (Dever and Hinnebusch, 2005), it could be that
the yeast are synthesizing their own methionine in spite of the exogenous source.
Also, it is possible that the turnover of the methyl esters depletes the pool of
heavy methyl groups and the resulting S-adenosylhomocysteine is subsequently
converted back to S-adenosylmethionine through a methyltransferase reaction

involving the folate single carbon pool. Finally, reactions involving the single
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carbon folate pool may be directly responsible for the modification and would not
be subject to labeling via heavy-methyl methionine.

Nevertheless, the dataset of D/E-methylation demonstrates that these post-
translational modifications are relatively abundant in proteins, reminding us of the
potentially critical roles of the modifications in cellular regulation. The data raise
many interesting questions for future consideration. What are the enzymes
responsible for modulating the status of D/E-methylation? Which cellular
pathways are regulated by D/E-methylation? Is this modification
compartmentalized? How dynamic is the modification? Does D/E-methylation
cross-talk with other post-translational modification pathways? How is the
modification involved in the progression of disease? The D/E-methylation
datasets generated in this study offer a steppingstone driving experimental efforts

toward these directions.

METHODS

Preparation of cell lysates from HeLa cells and yeast. One dish (10 cm)
of HeLa cells was grown to 80—-90% confluence. The cells were washed with cold
PBS buffer twice, and then 0.3 ml of cell lysis buffer was added (2% SDS, 62.5
mM Tris-Cl, pH 6.8, protease inhibitors). The cell lysate was harvested and

sonicated three times for 5 s each with 20-s intervals between sonications. The
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lysate was centrifuged at 4°C for 1 h at 21,000 x g. The supernatant was
considered HeLa-cell whole-cell lysate.

S. cerevisiae 647 cells were grown in YPD medium at 30°C for 24 h to
mid-log phase (1-5x10 cells/ml). Cells were harvested, washed with PBS, and
resuspended in 0.2 ml of cell-breaking buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 50 mM Tris-Cl, pH 8.0, 10mM DTT and protease inhibitors), and lysed
with acid-washed glass beads (0.45 to 0.55 mm). The lysate was centrifuged at
4°C for 1 h at 21,000 x g. The pellet was discarded, and the supernatant was
considered S. cerevisiae whole-cell protein extract.

Forty micrograms of yeast and HeLa whole-cell lysates were resolved in a
12% SDS-PAGE gel. The gel was stained using a Colloidal Coomassie staining
kit. The resolved proteins were cut out into 20 pieces of equal size for in-gel

digestion.

In-gel digestion. Gel bands were sliced into small pieces (~1 mm®) and
destained with 25 mM ammonium bicarbonate solution (ethanol/water, 50:50
v/v). The destained gel pieces were washed in an acidic buffer (acetic
acid/ethanol/water, 10:50:40, v/v/v) three times for one hour each time and in
water two times for 20 min each time. The gel pieces were dehydrated in 100%
acetonitrile and dried in a SpeedVac (ThermoFisher, Waltham, MA). One
hundred fifty ng of porcine modified trypsin (Promega, Madison, WI) in 50 mM

ammonium bicarbonate was added to the dried gels and incubated overnight at 37
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°C. Tryptic peptides were sequentially extracted from the gel pieces with 50%
acetonitrile buffer (acetonitrile/water/ trifluoroacetic acid (TFA), 50:45:5, v/v/v)
and 75% acetonitrile buffer (acetonitrile/water/TFA, 75:24:1, v/v/v). The peptide
extracts were pooled, dried in a SpeedVac, and desalted using a u-C18 ZipTip

(Millipore, Billerica, MA) prior to HPLC/MS/MS analysis.

HPLC-MS/MS analysis. Each sample was dissolved in 10 ul HPLC
buffer A (0.1% formic acid in water (v/v)) and 2 ul were injected into Surveyor
HPLC system (ThermoFinnigan, Waltham, MA) using an autosampler. Peptides
were separated on a home-made capillary HPLC column (50 mm length X 75 pm
ID, 4 um particle size, 90 A pore diameter) with Jupiter C12 resin (Phenomenex,
St. Torrance, CA) and directly electrosprayed into mass spectrometer using nano-
spray source. LTQ-Orbitrap was operated in the data-dependant mode acquiring
fragmentation spectra of the 6 strongest ions. HPLC/LTQ mass spectrometer

analysis was carried out as previously reported (Chen et al., 2005).

Protein sequence database search and manual verification. All MS/MS
spectra were searched against NCBI-nr protein sequence database with the
specification of D or E methylation using MASCOT database search engine. All
putative D/E-methylated peptide identifications with MASCOT score > 35.0 were

manually examined by rules previously described (Chen et al., 2005). All D/E



188

methylation sites were required to be identified by consecutive b- or y- ions so
that the possibilities that methylation or +14 Da mass shift occurs on adjacent

residues were eliminated.
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Figure 6-1. Scheme for proteomic analysis of D/E methylation. (A) Structural
changes resulting from D/E-methylation; (B) The strategy for proteomic
screening of D/E-methylation. The whole-cell lysate of interest was resolved by
SDS-PAGE. 20 protein bands of equal size were excised and in-gel digested. The
resulting peptides were analyzed by nano-HPLC/MS/MS. The mass spectrometric
data was searched against the NCBI-nr database using the MASCOT search
engine for peptide identification and localization of D- or E-methylation sites. All
candidate modified peptides were manually verified and then further confirmed
by MS/MS of synthetic peptides. (C) MS and (D) MS/MS of an ion at m/z 543.3
resulted in identification of a D-methylated peptide of sequence
LLLIGD*SGVGK. b and y ions designate N- and C-terminal fragment ions
produced by collision-induced backbone fragmentation in the mass spectrometer.



190

Figure 6-2
Voo
A 100 1196.41
. synthetic peptide
E e
5 Me=12C1H3 Y
= 1046.10
5 1
P 50— ¥ig™ : W,
_ _ Ly
Z soras 2 q0s1a3 Vi
Z b, byHH, D W P 1}3?'53
442.19 512.99 643,57 660.35 943.96 13942 )
|I .\I.; t .|I e | IR ”la'lll f 1LI.l I|..- || | L ||
400 B0 500 1000 1200
miz 1196.37
B 100 ]
n in vivo peptide
[y
1
g Me=12C1H3
1045.91
?; 50— ;
Z 97215 1 q080.85
T 66093 886.81 ; 1187.40
" ra
= 4227 51328 ga3n 41333 f138.0 |/
N ] ] Lo
I; e F T [l al L. Lad | L . . (I | |
400 BO0 500 1000 1200
miz
1200.44
(00—
b in vivo peptide 975.93
[
=
= =132
3 Me=""C"H; 1049.47
50—
2
T 890.88 108489 | e121
1.4 550.25 .lll1142 55 r" -
442.24 28 . ! S P
2% ge3p 8P | 948.2 ] )
JI Lvect baal II.JL el .I.,I.l I._I. L -
400 B00 500 1000 1200
mlz iy
633.3
100 ]
D in vivo peptide ¥ 859.4
i 746.4
i =121
E Me=""C"'H,
% =07 2370
= Va . by by
E 204.2 aaiq e 2 b 7831 Be by
o i vz 4472 726.4 - ¥in
& PR = Il T g G o N et <X
l 4 3603 |- | l 639.4 ° ' ; h
f i P.- Aol g ELE " .|1u . .|. AT T 1 — Ll
200 400 GO0 500 1000

miz



191

Figure 6-2. Verification of methylated peptides. (A) MS/MS of an E-
methylated synthetic peptide VINDAFGIE*E*GLMTTVHSLTATQK (E*
indicates methylated glutamic acid) and (B) peptide identified during proteomic
screening of yeast; (C) MS/MS of a D-methylated peptide LLLIGD*SGVGK and
(D) its unmodified counterpart from a proteomic screening of HeLa lysate.



Table 6-1
. - Functional
Protein Name gi#t Peptide Sequence Category
D-methylated proteins from HelLa cells
cytokeratin 9 g435476 VQALEEANNDLENK Structural
AHNAK nucleoprobein isoform 1 gi|61743954 ISMPOVD*LHLK Structural
rab8 small GTP binding probein gl452318 LLLIGD"SGVGK Signal Transduction
E-methylated proteins from S. cerevisiae cells
TDH3 gi[1323341  VINDAFGIE*E*GLMTTVHSLTATQK Glycolysis

Table 6-1. Proteins identified during proteomics screen for D- and E-
methylation. Sites of methylation are indicated in boldface followed by an
asterisk.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

It is clear from the preceding dissertation that the identification and
characterization of proteins bearing post-translational modifications remains a
challenging area of research. The vast chemical diversity afforded by the
modifications allows for a dynamic system capable of changing in ways
unpredictable using genomic methods alone and embodies a complex and intricate
means of communication among the interconnected biochemical networks.
Successful translation and understanding of this language will allow a more
thorough understanding of disease processes and regulatory pathways. However,
such understanding cannot arise out of a purely reductionist approach. A true
systems-wide understanding of the interconnectedness of cellular processes will
only come from an approach capable of integrating data on the functional state of
the entire cellular content at once. As post-translational modifications are the most
dynamic and adaptable means of modulating protein activity, the development of
efficient enrichment strategies targeting specific modifications provides a window
into cell-wide protein activity. In addition, such techniques facilitate a deeper

analysis of post-translationally modified proteins, permitting detection of low-to-
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medium abundance. These strategies bring the field of proteomics a step closer to
its goal of comprehensively characterizing cellular networks in a single analysis.

Each post-translational modification poses unique challenges with respect
to its isolation and functional characterization. The labeling and enrichment
strategies described in this dissertation have made possible the proteomic
dissection of the cellular targets of the O-GlcNAc modification and lysine
acetylation. The datasets generated from these screens have provided new insight
into the potential functional implications of the modifications by expanding our
knowledge of their breadth of targets. In addition, the unambiguous identification
of modification sites among proteins allows for the direct assessment of the
functional consequences of its attachment. This feature of proteomic screens is
illustrated in Chapter 3 where definitive localization of acetylation sites permitted
mutational analysis for elucidation of the functional consequences of the
modification. Moreover, the comprehensive analysis of peptides eluting during an
LC separation allows for unbiased screening of the data in the search for novel
protein modifications. This unbiased approach led to the identification of
propionylation and butyrylation among histones and suggests potentially abundant
methyl esterification of aspartic and glutamic acids.

While the field of proteomics possesses powerful tools uniquely suited to
the system-wide characterization of proteins and their modifications, it remains

fundamentally limited by the complexity of biological samples and the incomplete
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nature of the databases on which the protein identifications rely. Mass
spectrometers can only tell us the mass-to-charge ratio of a compound. It remains
up to the investigator to interpret the results and determine the compound’s
identity. Although a typical LC separation and mass spectrometric analysis may
last 2 hours and generate thousands of unique spectra, unambiguous protein
identifications are possible for only about 5% of spectra. Some of this discrepancy
can be attributed to co-elution of peaks from the chromatography column,
yielding complicated spectra derived from multiple peptide species
simultaneously. However, a large portion of the unassignable spectra is likely to
arise from nucleotide polymorphisms at the DNA level, RNA splicing variability
that remains to be annotated, protein processing events resulting in amino acid
sequences that are not present in genome databases, and unknown post-
translational modifications. Tools are currently available for the de novo
sequencing of peptides, but will require additional refinement in order to tackle
the complexity of even a modest microbial proteome. Such advanced search
algorithms, when developed, will undoubtedly provide an unprecedented depth of
view into the proteome and will likely challenge the current conception of
regulatory complexity.

In conclusion, the work presented in this dissertation demonstrates the
power of proteomic methods in the identification and characterization of post-

translational modifications. Mass spectrometry alone possesses the sensitivity and
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speed necessary to provide accurate identification of modified species and
simultaneous pinpointing of the modification site, while the rapid analytical
screening strategies afforded by the proteomics workflow permit the high-
throughput, global characterization of post-translationally modified proteins.
Thus, proteomics tools represent ideal methods for assessing the abundance and
variety of cellular targets for specific modifications. True comprehensive
characterization of a cellular proteome in a single analysis remains a daunting
challenge, requiring significant advances in technology and methodology. In the
meantime, the greatest impact of proteomics will stem from its strongest
attributes: the potential for unbiased and system-wide screening approaches,
unmatched sensitivity and the opportunity for relative and absolute quantitation of

biomolecules in a high-throughput manner.
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