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ABSTRACT

Activity based protein profiling (ABPP) is a functional proteomic technology that
uses chemical probes to detect mechanistically related classes of enzymes. Chemically
probing a certain class of proteins helps to understand their biological function as a
group, and discover new biosynthetic pathways for drug design.

This research describes two activity based proteomic methods that have been
developed to probe and identify sulfur carrier proteins and vitamin B6 dependent
proteins, respectively. Sulfur carrier proteins are small proteins (<10 kDa) involved in
pathways for efficient sulfur delivery. A chemical probe with sulfonyl-azide functional
group was designed to label and identify the sulfur carrier proteins through a thioacid-
azide reaction. This method identified a new sulfur carrier protein in Streptomyces
coelicolor. Further study of its biological function led to the discovery and
characterization of a new pathway of homocysteine formation, which is probably
another direct sulfurylation of methionine biosynthesis.

Vitamin B6 dependent proteins are a class of enzymes that cover a wide range of
cellular functions such as transamination, racemization, and decarboxylation. Also,
vitamin B6 dependent proteins have a critical role in human disease and the metabolic
pathways of pathogens and plants. We used Escherichia coli as a model system to
develop both radioactive and nonradioactive based methods to probe and identify
vitamin B6 containing proteins in the bacterial proteome. This technique was then used

to study how vitamin B6 proteins are regulated in response to cellular stress.
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1. INTRODUCTION

1.1 Proteomics

Proteins are essential parts of living organisms, playing essential roles in
cellular structure, transport, storage, and metabolic pathways. According to the central
dogma, proteins are manufactured by transcription of genomic DNA followed by
translation of mMRNA. The complexity of proteins, however, is much greater than that of
genomes™ due to post-translational modifications such as phosphorylation, acetylation,
ubiquitination, and methylation*®. Therefore, proteomics has emerged as an efficient
tool to investigate proteins on a large scale”™®.

Post-translational modification is an important research area of proteomics
because of its essentiality to the protein’s biological functions. For instance, many
enzymes in the cell signaling process are phosphorylated via adding phosphate onto
serine or threonine residues®. By identifying phosphorylated proteins and their
modification sites, more proteins involved in cell signaling were discovered. Another
example is ubiquitination, in which the target proteins’ lysine residues are modified by a
small conserved protein named ubiquitin, mostly followed by degradation in the

proteasome’®*. C

onsidering the difficulty of predicting protein ubiquitination by
genomic study, proteomics enables the large scale identification of ubiquitinated proteins
as a whole, which can then be individually investigated*?.

Apart from post-translational modification, proteomics also concerns itself with

protein expression. Though genomics is a powerful tool for sequence analysis and



protein function prediction, the expression of each protein varies in accordance to
different growth conditions and thus needs to be measured at the protein level. The use
of biomarkers, a rising star in clinical proteomics, is a good example. Biomarkers are an
excellent tool to develop indicators for specific biological states, such as the presence or
stage of a disease™ . Expression proteomics, on the other hand, studies differential
protein expression as a function of stimulation and conditions including drug, disease,
tissue, and time. This can be extremely useful in disease diagnosis and drug discovery.
Proteomics also has applications in other areas like high-throughput
determination of protein structures®®, investigation and prediction of protein-protein
interactions'’, mapping the location of proteins in whole cells during key cell events®®,

and bioinformatics analysis on protein sequences and domain matching®.

1.2 Techniques in Proteomics
To analyze the proteome, sample preparation is important to minimize the
effect of interfering components and to enrich proteins of interest. Centrifugation can be
used to remove insoluble substances; dialysis and size-exclusion chromatography are
useful in removing salts and small molecules®®?*. Protein precipitation using organic
solvents such as methanol/chloroform precipitation also helps rid the sample of other
components®.
After a protein mixture is obtained, it still needs separation prior to protein
visualization or mass spectrometry (MS) analysis. Gel electrophoresis has been playing a

major role in the past several decades. Based on the separation dimension, there are 1D-



PAGE (polyacrylamide gel electrophoresis) and 2D-PAGE. The former achieves
separation by different protein sizes which cause the migration difference in
polyacrylamide, whereas the latter first separates proteins on a pH strip according to
their pl values, and then completes the second dimension of separation by protein size.
Nowadays, gel electrophoresis is a mature technique and can either be used for protein
visualization and quantitation or may be interfaced with other techniques such as
western blotting and mass spectrometry?®*?. For visualization, proteins in the gel can be
stained with a variety of methods like silver staining®®?’, Coomassie brilliant blue

2829 radioactive gel visualization®®, and fluorescence detection®2. After

staining
staining, proteins in the same gel can be quantitated through measurement of the
darkness of each band.

In modern proteomics, gel electrophoresis is used before detection by other
techniques. With western blotting, proteins are transferred into a membrane and stained
with antibodies that are specific towards certain protein targets*>**. With mass
spectrometry, proteins stained in the gel are cut off, digested with proteases and then

subjected to mass spectrometry®> *

and exhibits a much higher detection limit than mass
spectrometry on its own®°. This is largely due to dynamic range in the staining process
and poor recovery of proteins from the gel. As a result, scientists are making efforts to
improve SDS-PAGE and find alternative methods.

Chromatography, especially liquid chromatography (LC), has been developed

rapidly, making it a competitive alternative to gel electrophoresis. Coupled with mass

spectrometry, LC-MS/MS (tandem mass spectrometry) is a highly effective technique



for peptide identification and profiling. Compared with gel based techniques, LC-
MS/MS exhibits tremendous advantages in detection speed, sensitivity, reproducibility,
and applicability to a wide range of samples®">°,

Mass spectrometry provides highly accurate measurements for protein/peptide
molecular weight and charge. The fast analysis speed, low detection limit, and high mass
accuracy have made it an essential technique in modern proteomics. Mass spectrometry
based proteomics is divided into top-down proteomics and bottom-up proteomics
depending on the sample preparation and data analysis process. For top-down
proteomics, intact proteins are separated and subjected directly to mass spectrometry*®,
The proteins are fragmented into peptides by colliding their amide bonds, and peptides
are further broken down to obtain sequence information. In this way, each protein
provides sufficient fragment information, which enables the analysis on peptides or post-
translational modifications with low abundance. However, the low ionization of large
proteins (100 kDa) makes it difficult to generate a good signal. In this case, bottom-up
proteomic techniques are usually used, in which proteins are first digested into peptides
by proteases such as trypsin, chymotrypsin, LysC, and LysN. The peptide mixture is
then separated by LC and detected by tandem mass spectrometry in which the peptides
are fragmented to obtain sequence information***. Bioinformatics and database are
often needed for sequence analysis based on tandem mass spectra. The bottom-up

approach is widely used in protein identification and modification identification. The

drawback of this technique is that the small portion of detectable digested peptides



results in only a fractional yield of useful fragments. Therefore, the top-down and
bottom-up methods complement each other and should be selected appropriately.

In addition to protein primary structure study, mass spectrometry has also been
used for protein quantitation with the development of various isotope methods. For
example, SILAC (stable isotope labeling by amino acids in cell culture) incorporates
isotopes (usually deuterium, *C and *N) by feeding isotope labeled amino acids into
cell culture®*®. And ICAT (isotope coded affinity tag) uses an isotope incorporated
chemical labeling reagent to label the side chains of amino acids. The “light” peptides
(natural peptides) and the “heavy” peptides (isotope labeled peptides) have hardly any
chemical difference, so the migration of both peptides in chromatography and the
ionization efficiency in mass spectrometry are the same. As a consequence, the intensity
ratio of the mass spectra reflects the actual ratio of the corresponding peptides/proteins
in each culture.

In recent years, label free quantitation has also emerged and become more and
more popular in quantitative proteomics. SRM (selected reaction monitoring) and MRM
(multiple reaction monitoring) are two representative techniques and use triple quadruple
mass spectrometry for quantitation. This technique can be used for constructing
calibration curves and providing absolute quantitation® .

Gel electrophoresis, chromatography, and mass spectrometry are all powerful
techniques in proteomics, which when combined, provide insight into both a protein’s

primary structure and the quantitative information of the proteome.



1.3 Activity Based Protein Profiling

Though proteomics provides methods to globally analyze protein primary
structure and quantitate protein abundance, it lacks the capacity to profile proteins
according to biological activity or functional state. This has prompted the development
of alternative strategies for targeting and identifying proteins with specific activities in a
complex proteome.

Activity based protein profiling shows promise in addressing these issues**>?,
Active site based covalent probes are designed to target specific subsets of enzymes.
Since the 1990s, various probes have been designed to target different classes of
enzymes, such as glycosidases®®, kinases™, phosphatases®, and proteases®®°. The basic
procedure for activity based protein profiling is shown in figure 1. Since the probe
molecule is designed for a certain class of enzymes, the targeted proteins can be
visualized after separating by gel electrophoresis, or they can be enriched by affinity
chromatography and digested by proteases in preparation for mass spectrometry
analysis.

The essential part of activity based protein profiling is the chemical probe. It is
usually composed of three parts: 1) a reactive group for enzyme active site probing; 2) a
flexible linker to increase water solubility and create a proper distance between the two
termini; 3) a reporter group like a fluorescent molecule for visualization or a tag such as
biotin for affinity isolation and purification (figure 2). In most cases, PEG (polyethylene

glycol) is selected as the linker and biotin or fluorescent molecules such as rhodamine

and dansy! derivatives are used for the reporter group.
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Figure 1. Schematic diagram of activity based protein profiling. Proteins of interest are
targeted by molecular probe followed by visualization or affinity chromatography
enrichment and mass spectrometry identification.
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Figure 2. The typical configuration of a chemical probe. It contains a reactive group
(such as alkyne for click reaction), a linker (such as PEG (polyethylene glycol)), and a
tag (such as biotin).

The reactive group component varies according to need. In general, a
biorthogonal reaction needs to be selected for the approach and both the probe molecules
and proteins are engineered with complementary chemical entries. One typical way is to

mimic substrates or inhibitors of the proteins of interest. A click reaction is commonly



selected as the probing reaction due to its high specificity, fast reaction speed, and
compatibility to aqueous solution®®?. Copper (1)-catalyzed Azide-Alkyne Cycloaddition
(CuAAC), also known as Huisgen’s 1,3-dipolar cycloaddition, is a well-known click-
chemistry approach between alkyne and azide reaction groups. Staudinger ligation is
another example which covalently links a phosphane and azido group. Besides click
chemistry, photoaffinity labeling is another widely used reaction. It labels the proximal
residues in an enzyme active site after UV (ultraviolet) irradiation®®®.

With a specifically designed chemical probe, activity based protein profiling can
be carried out using the analytical techniques and strategies described. These approaches

have been applied to target discovery®, inhibitor discovery®®®’

, and characterization of
enzyme active sites®®®. The aim of our research is to develop activity based protein
profiling techniques to investigate sulfur carrier proteins and PLP (pyridoxal-5’-

phosphate)-dependent enzymes in the bacterial proteome.



2. METHOD DEVELOPMENT AND VALIDATION OF PROBING AND

IDENTIFYING SULFUR CARRIER PROTEINS

2.1 Introduction

Sulfur carrier proteins are a family of small proteins participating in sulfur
trafficking in prokaryotic metabolism™. As indicated by the name, sulfur carrier proteins
carry sulfur in their floppy C-termini and transfer it efficiently to the target molecule,
enabling the receptors to continue biosynthesis of corresponding sulfur-containing
metabolites. In this process, the sulfur carrier proteins are first activated at the C-termini
by ATP (adenosine triphosphate) to form a protein-AMP (adenosine monophosphate)
complex, catalyzed by an activating enzyme; secondly, with the participation of a sulfur
donor (HS", RSSH)™, the activated C-terminus is converted into the thiocarboxylate
form in preparation for the sulfur transfer (figure 3). This process is similar to protein
ubiquitination, and the structures of sulfur carrier proteins and ubiquitin are much alike.
However, unlike ubiquitination, which usually leads to protein proteolysis, sulfur carrier

proteins are designed for sulfur transfer and are only observed in prokaryotes.

OH OAMP S
)\ usz--- '£
X C )/ ~0 o T - Target
O k\ o ATP o//‘ ‘
S~ P SH

Figure 3. Formation of the thiocarboxylate group in sulfur carrier proteins. In the first
step, the sulfur carrier proteins in natural form are activated by ATP to form protein-
AMP; secondly, the activated protein is converted into protein-thiocarboxylate with the
participation of a sulfur donor.



To date, a few sulfur carrier proteins have been discovered in different
biosynthetic pathways widely existing in bacteria. The most famous ones are ThiS,
MoaD, CysO, and Qbsg, which participate in the sulfur incorporation step in
biosynthesis of thiamin, molybdopterin, L-cysteine and thioquinolobactin, respectively’®
" Figures 4 and 5 show the structure of these compounds and the gene clusters of ThiS,

MoaD and CysO, respectively.
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Figure 4. Biosynthetic pathways involving sulfur carrier proteins™. The activated
protein in the thiocarboxylate form donates sulfur to the target molecule. The sulfur
atoms which come from the sulfur carrier proteins are marked in red.

Interestingly, while the structures of these metabolites are quite different, the
sulfur carrier proteins have some common features. First, they’re usually small proteins

of less than 10 kDa (around 100 amino acid residues) and hold conserved structures with
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a high similarity with ubiquitin. Second, the C-termini of sulfur carrier proteins are
flexible and usually contain a glycine-glycine motif. During sulfur transfer, the floppy
C-terminus inserts into the active site of the corresponding catalyzing enzyme to achieve

sulfur donation’®.

ThiS E. ColiK12

MoaD E. ColiK12

CysO M. tuberculosis

Figure 5. Gene clusters of ThiS, MoaD and CysO in E. coli and M. tuberculosis’’. Each
arrow represents a gene. The sulfur carrier proteins are shown in red arrow and
numbered “1”.

Pfam database analysis suggests that sulfur carrier proteins are widely distributed
and may participate in uncharacterized biosynthetic pathways, making it very important
to understand their functions. Genomics has become a useful tool for gene annotation
and function prediction by comparing genes for sequence similarity and structural
homologies. Nevertheless, there are still numerous uncharacterized hypothetical proteins
and misannotated proteins. Moreover, it’s difficult to anticipate the expression level of
each protein under different growth conditions, which is fundamental to cell metabolism.
Developing an activity based chemical probe for targeting and identifying protein
thiocarboxylates in the proteome can help to discover new sulfur carrier proteins and

new biosynthetic pathways, which assist efforts in drug design or pathway engineering

11



for sulfur containing compounds. The probe itself could potentially be developed as a
drug that targets sulfur carrier proteins for disease treatment.

Though sulfur carrier proteins are not enzymes, the thiocarboxylate group acts as
a de facto “active site” since sulfur donation requires C-terminal thiocarboxylate
formation. In this way, the idea and strategy of activity based protein profiling can be
applied to this system; selective labeling of sulfur carrier proteins, however, is a
challenging goal. First, the concentration of the thiocarboxylate functional group is very
low since it only presents in the “active” sulfur carrier proteins. Also, there are many
other nucleophiles in the cytosol which may interfere with the specific probing. After
surveying various possibilities, we decided to explore the click reaction between
thiocarboxylates and electron deficient sulfonyl-azides to form N-acyl-sulfonamides as
our labeling strategy (figure 6A). The following probe molecule was thus designed:

biotin sulfonyl-azide (figure 6B)"*%.

A) 0 R, (0]
_ @ /
+ N=N—N — > _R;
R $ R N
! H
o}
B) )LNH
o o HN
[ Il H H
N3—ﬁ C—N—N
S

Figure 6. Thioacid-azide reaction and structure of the probe molecule. A) Thioacid-
azide reaction; B) Structure of biotin sulfonyl-azide.
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2.2 Experimental Methods
Chemicals and Reagents

4-carboxybenzyl-sulfonazide, biotin hydrazide, N-hydroxysuccinimide, O-
phthalaldehyde, iodoacetic acid, urea, adenosine triphosphate (ATP) were purchased
from Sigma Aldrich (St. Louis, MO). Isopropyl-D-thiogalactopyranosid (IPTG) was
from Lab Scientific Inc. (Livingston, NJ). Luria-Bertani medium (LB) was from EMD
Biosciences (Gibbstown, NJ). Escherichia coli BL21(DE3) (ATCC BAA-1025) was
purchased from the American Type Culture Collection (Manassas, VA). Chitin beads
and the pTYBL1 vector were obtained from New England Biolabs (Ipswich, MA). The
streptavidin resin was from GenScript (Piscataway, NJ) and streptavidin-R-
phycoerythrin (PE) was from QIAGEN (Valencia, CA). Protein concentrations were
determined using the Bradford assay®'. Econo-pac 10 DG desalting columns were from
Biorad (Hercules, CA), and the Novagen D-tube Maxi dialyzer with 3.5 kDa molecular
weight cutoff were obtained from EMD Biosciences. The polyvinylidene difluoride
(PVDF) membrane and trypsin gold were purchased from Promega (Madison, WI).

All fluorescence gel images were scanned using a Typhoon trio instrument
(excitation, 532 nm green laser; emission, 580 nm band-pass filter (580 BP 30)) from
GE Healthcare Biosciences (Piscataway, NJ). UV absorbance of protein samples was
tested on a Varian Cary 300 Bio UV-Visible Spectrophotometer (Palo Alto, CA). The
sonicator 3000 from Misonix Inc. (Farmingdale, NY) was used for sonication. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis was done

using a Hoefer SE 250 mini-vertical gel electrophoresis unit.
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Overexpression and Purification of Thermus thermophilus ThiS-COSH

The Thermus thermophilus thiS gene was constructed and cloned into the pTYB1
vector and transformed into Escherichia coli BL21(DE3) as previously described”. The
cells were grown in 3 L Luria-Bertani (LB) medium at 37 <C to reach ODggo of 0.6.
Protein overexpression was then induced by adding 500 uM IPTG at 15 <C and
incubated overnight. The resulting culture was harvested using an Avanti JE centrifuge
from Beckman Coulter and the cell extract was obtained by sonicating at 4 <C in 20 mM
Tris, 500 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, pH 7.8. After centrifugation at
14000 rpm for 30 minutes, the cell extract was isolated from the cell pellet and loaded
onto 30 ml chitin beads which had been pre-equilibrated in 20 mM Tris, 500 mM NacCl,
1 mM EDTA, pH 7.8. The cell extract was allowed to pass through the chitin beads at a
flow rate of 0.5 ml/min. The resulting chitin beads with bound Thermus thermophilus
ThiS protein (TtThiS) were washed with 300 ml 20 mM Tris, 500 mM NaCl, 1 mM
EDTA, pH 7.8 and TtThiS was eluted with the C-terminal thiocarboxylate group
(TtThiS-COSH) by incubating in 30 ml of 50 mM NaHS at 4 °C for 48 hours. The eluted
proteins were then concentrated and dialyzed twice using 3.5 kDa molecular weight cut
off (MWCO) in 1 L 50 mM K;HPQO,, pH 8.0) and store at -80 <C in 30% glycerol. The

protein concentration was tested using a Bradford assay.

Labeling and Trapping of Purified Thermus thermophilus ThiS-COSH

TtThiS-COSH (100 uM, 50 ul) was buffer exchanged into 9 M urea, 50 mM KPi

pH 6.0 using a Biorad P6 desalting column. The protein solution was then treated with

14



0.5 ul 250 mM biotin sulfonyl-azide to a final concentration of 2.5 mM. The labeling
reaction was carried out at room temperature for 30 minutes, followed by the addition of
6 ul 250 mM TCEP (final concentration 30 mM) and 30 minutes incubation. The
resulting solution was then buffer exchanged into 100 mM PBS buffer (100 mM
K;HPO,4, 300 mM NaCl, pH 7.2) by Biorad P6 size-exclusion chromatography. An
aliquot of 5 pl sample was saved for gel electrophoresis and the rest was loaded onto 150
ul of streptavidin resin slurry (pre-equilibrated with 100 mM PBS buffer) in a 1.5 ml
eppendorf tube shaking for 30 minutes at room temperature. The resin was washed with

10 ml PBS buffer.

Elution, On-resin Digestion, SDS-PAGE, and LC-MS/MS Analysis of Thermus
thermophilus ThiS Protein

Streptavidin resin with bound biotinylated TtThiS-COSH was divided into two
aliquots. One aliquot was added to 50 pl SDS sample buffer (2% w/v SDS, 2 mM B-
mercaptoethanol, 4% w/v glycerol, 40 mM Tris-HCI pH 6.8, 0.01% w/v
bromophenolblue) and heated at 95 <C for 5 min. After cooling down, the slurry was
centrifuged and the proteins in the supernatant were separated by 12% SDS-PAGE,
transferred to a PVDF membrane, and detected with streptavidin-PE. The stained blot
was imaged by a Typhoon trio instrument (excitation, 546 nm green laser; emission, 580
nm band-pass filter) from GE Healthcare Biosciences (Piscataway, NJ).

The other aliquot was resuspended in 50 pl of 50 mM ammonium bicarbonate

buffer and heated at 70 <C for 1 hour. After cooling, 1 pul of 1 pg/ul trypsin in 50 mM
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ammonium bicarbonate buffer was added and incubated at 37 <C overnight. The slurry
was then centrifuged and the supernatant containing digested peptides was subjected to
LC-MS/MS analysis using the Agilent 1200 capillary HPLC system interfaced Bruker
ESI-QTOF Il instrument (Bruker, Billerica, MA).

The LC separation was carried out on a Phenomenex Synergi™ column (50 x 2
mm, 2.5 pm particle size, purchased from Phenomenex, Torrance, CA), using the
following gradient at flow rate 0.4 ml/min: solvent A is water with 0.1% formic acid;
solvent B is 100% acetonitrile with 0.1% formic acid. 0 min: 100% A; 5 min: 100% A;
38 min: 35% A, 65% B; 40 min: 100% B; 41 min: 100% B; 42.5 min: 100% A; 44 min:
100% A. The data was analyzed by Bruker DataAnalysis 4.0 and searched in the NCBI

database using Bruker Daltonics BioTools 3.2.

In vitro Reconstitution, Detection, and Identification of Overexpressed ThiS Protein
in Escherichia coli.

The plasmid pCAC111 containing E. coli thiFS gene was constructed and
transformed into E. coli BL21(DE3) as previously described®. A single colony of E. coli
BL21(DE3) containing pCAC111 was grown at 37 <C in 10 ml LB medium to reach an
ODggo of 0.6. The ThiFS protein overexpression was induced by adding 500 uM IPTG at
15 <C and incubated overnight. The culture was then harvested and the cell extract was
obtained by sonication in 3 ml 100 ml PBS buffer followed by centrifugation. The
thiocarboxylate group of the thiS protein was reconstituted by adding 6 mM MgCl,, 9

mM Na,S, and 18 mM ATP and allowed to react at room temperature for 6 hours. After
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the reaction, the lysate was taken to 20% ammonium sulfate saturation at 4 <C by slowly
adding solid ammonium sulfate and gently stirring for 45 min. The mixture was then
centrifuged at 15000 rpm for 20 min, and the supernatant was slowly added to
ammonium sulfate to make the final concentration 50%. The mixture was again
centrifuged after gently stirring for 45 min and the resulting pellet was stored at -80 <C.
The protein pellet was dissolved in 600 ul PBS buffer and 100 pl was removed to
add 2.5 mM biotin sulfonyl-azide. After reacting for 30 min, 30 mM TCEP was added
and allowed to react for another 30 min. The mixture was then incubated with 300 pl
streptavidin resin slurry for 30 min at room temperature. The resin was washed with 10
ml 100 ml PBS buffer, 10 ml 50 mM ammonium bicarbonate buffer and then incubated
at 70 <C for 1 h to denature the bound proteins. After cooling, 5 ug trypsin in 5 i 50
mM ammonium bicarbonate buffer was added to the resin and incubated at 37 T in a
shaker overnight. The resulting peptide solution was collected by centrifugation and

subjected to LC-MS/MS analysis as previously described.

2.3 Result and Discussion
Procedure Design for Identification of Sulfur Carrier Proteins

After the thioacid-azide reaction was selected as the biorthogonal probe reaction,
biotin sulfonyl-azide was designed as the probe molecule. The sulfonyl-azide group
covalently attaches to the sulfur carrier protein by reacting with its C-terminal
thiocarboxylate functional group. For the reporter group, biotin was chosen as the tag

molecule due to its high affinity for streptavidin®®. Similar to the basic strategy for
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activity based protein profiling, a protocol was designed to target and identify sulfur
carrier proteins as illustrated in figure 7. In it, sulfur carrier proteins are first
reconstituted to their active form by adding ATP and sulfide for the conversion of the C-
terminus into the thiocarboxylate group. The probe molecule, biotin sulfonyl-azide, is
then added to the proteome and specifically targets the sulfur carrier protein by reacting
with the reconstituted C-terminal thiocarboxylate group. The bound proteins can then be
separated by gel electrophoresis and detected by anti-biotin western blotting.
Alternatively, these labeled proteins can also be isolated and enriched on streptavidin
resin. For identification, on-resin tryptic digestion is usually carried out due to the
difficulty in breaking the biotin-streptavidin interaction, and the resulting peptides are
analyzed by LC-MS/MS. The proteins of interest can then be identified by a Mascot

database search.

Synthesis of Biotin Sulfonyl-azide

This part of the work was done by Dr. Sameh Abdelwahed in Tadhg P. Begley’s
group in Texas A&M University. Biotin sulfonyl-azide was synthesized from 4-
carboxybenzenesulfonazide and biotin hydrazide. The purified product was obtained in

44% yield and characterized by *H- NMR and high resolution ESI-MS.
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Figure 7. Schematic diagram of probing and identifying sulfur carrier proteins. After
reconstitution and labeling steps, sulfur carrier proteins can either be detected by SDS-

PAGE and anti-biotin western blotting, or enriched by affinity chromatography and
identified by LC-MS/MS.

Method Validation with Purified Thermus thermophilus ThiS Protein

To validate this method, purified Thermus thermophilus ThiS protein (TtThiS)
was used as the model system. The thiS gene from Thermus thermophilus was cloned
into pTYBL1 vector, transformed into E. coli BL21(DE3) and overexpressed. To generate
the C-terminal thiocarboxylate functional group, purification was followed the IMPACT
(Intein Mediated Purification with an Affinity Chitin-binding Tag) protocol as
previously described”. The purified TtThiS-COSH protein was reacted with biotin-
sulfonazide under denaturing conditions (9 M urea), ensuring that its C-terminal
thiocarboxylate group was completely exposed to the reagent. TCEP was added after 30

min to disrupt non-specific couplings. After the reaction, a strong band showed up at 10
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kDa, indicating that the TtThiS protein had been successfully labeled by biotin sulfonyl-
azide (figure 8). The biotinylated TtThiS was desalted and then passed through
streptavidin resin, where it was observed that all the proteins were retained on the
column. The bound proteins were then washed with PBS buffer and eluted by heating in
SDS sample buffer. However, the elution efficiency was observed to be very low (figure
8). Consequently, on-resin tryptic digestion was performed and the TtThiS protein was
successfully identified through an NCBI database search with three peptides detected

and 73% sequence coverage (table 1, figure 9, Appendix A).
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Figure 8. Labeling and elution of purified Thermus thermophilus ThiS protein. TtThiS
(100 uM) was labeled with 2.5 mM biotin sulfonyl-azide in 9 M urea, 50 mM KPi buffer
pH 6.0 for 30 min, followed by a 30 min reaction with 30 mM TCEP. Excess biotin
sulfonyl-azide reagent was removed by Biorad P6 size-exclusion column and the
resulting reaction mixture was loaded onto a 150 i streptavidin resin slurry. Elution was
carried out in SDS sample buffer and heated at 95 °C for 5 min. All the samples were
separated by 12% SDS-PAGE and transferred to a PVDF membrane with anti-biotin
staining by streptavidin-PE.

Table 1. Identified Thermus thermophilus ThiS protein

Name Gl Number Organism Sequence Coverage

Putative thiS protein | 46198624 | Thermus thermophilus HB27 73%
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1 14 18 28 29 50

MVWLNGEPRP LEGK TLK EVL EEMGVELK GVAVLLNEEAFLGLEVPDRPLR
DGDVVEVVAL MQGG

Figure 9. Sequence of the identified Thermus thermophilus ThiS protein. The detected
peptides are highlighted in red and the cleavage site is marked in blue.

Detection and Identification of Overexpressed ThiS in the E. coli Proteome

To further validate the method with a more complex system, the E. coli ThiS
protein was overexpressed with its activating enzyme ThiF in E. coli BL21(DE3). After
lysing the cell, the E. coli proteome was treated with ATP, NaHS, and MgSO, to
reconstitute the sulfur carrier proteins for the formation of the C-terminal
thiocarboxylate (figure 3). The proteome solution was then fractionated by different
percentages of ammonium sulfate to avoid insolubility®’. By adding biotin-4-
carboxybenzenesulfonyl-azide, the fraction precipitated between 20% and 50%
ammonium sulfate was found to be labeled. In the anti-biotin western blot, a strong band
was detected below 10 kDa (actual molecular weight: 7.4 kDa) corresponding to the
ThiS protein (figure 10). This indicates that E. coli ThiS has been successfully
reconstituted and labeled with biotin sulfonyl-azide, demonstrating the feasibility of the
labeling protocol. Nevertheless, a small portion of ThiS protein was not retained on the
streptavidin resin, which is probably because excess labeling reagent competed with the

biotinylated ThiS proteins for binding with streptavidin.
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Figure 10. Labeling of ThiS protein in ThiFS overexpressed E. coli proteome. The ThiS
protein was reconstituted in vitro by reacting with 6 mM MgCl,, 9 mM Na,S, and 18
mM ATP for 6 h at room temperature. The 20%-50% ammonium sulfate precipitation
fraction of the reconstituted cell extract was reacted with 2.5 mM biotin sulfonyl-azide
in 9 M urea, 50 mM KPi pH 6.0. After reaction, the reaction mixture was loaded on
streptavidin resin and the flow through was collected. All the samples were separated by
12% SDS-PAGE and transferred to a PVDF membrane with anti-biotin staining with
streptavidin-PE.

The bound E. coli ThiS proteins were washed with PBS buffer and put through
on-resin tryptic digestion, as in the previous procedure on purified TtThiS. E. coli ThiS
protein was successfully identified with one peptide and 22% sequence coverage (table
2, figure 11, Appendix A). Here, the relatively low sequence coverage is mainly due to
the limited number of tryptic cleavage sites in the E. coli ThiS protein: there are only
two cutting sites which theoretically will generate 3 peptides. The C-terminal peptide,
however, is expected to be retained on the resin and won’t be detected. Also, since the
excess labeling reagent competes with the biotinylated ThiS protein in binding the
streptavidin resin, the amount of bound protein may not be enough for detection of the
N-terminal peptide as some peptides are difficult to ionize and thus do not provide good

response to mass spectrometry.
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Table 2. Identified Escherichia coli ThiS protein

Name Gl Number Organism Sequence Coverage
Sulfur carrier protein ThiS 38704219 | Escherichia coli 22%
1 28 29 43

MQILFNDQPMQCAAGQTVHELLEQLVQR QAGAALAINQQIVPR
EQWTQHIVQDGDQILLFQVIAGG

Figure 11. Sequence of identified Escherichia coli ThiS protein. The detected peptides
are highlighted in red and the cleavage site is marked in blue.

2.4 Conclusion

In this chapter, a chemical probe biotin sulfonyl-azide was designed to
specifically target sulfur carrier proteins through the thioacid-azide reaction. The method
was developed with purified Thermus thermophilus ThiS-COSH protein which was
successfully detected in western blotting. The protein was further identified by on-resin
tryptic digestion and LC-MS/MS analysis with high sequence coverage. Using the E.
coli ThiFS overexpressed system, this method was modified with the addition of
thiocarboxylate reconstitution and proteome fractionation. The success of labeling and
identifying the E. coli ThiS protein validates the use of this method in a complex

proteome.
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3. IDENTIFICATION AND FUNCTIONAL STUDY OF A NEW SULFUR CARRIER

PROTEIN IN STREPTOMYCES COELICOLOR

3.1 Introduction

In chapter 2, we developed and validated a method to specifically probe, enrich,
and identify sulfur carrier proteins in the proteome. Now this method can be used to
explore other bacterial sulfur carrier proteins. Back in 2010, Kalyan Krishnamoorthy
from the Begley lab developed a fluorescent reagent to target sulfur carrier proteins and
detected one protein in Streptomyces coelicolor’®, however, due to the high sensitivity of
fluorescence and the poor protein recovery from gel-based methods, the detected protein
was visualized as a strong band but was not identified. Therefore, the fluorescence and
gel-based technique is a good detection method but it has limited capacity to identify
sulfur carrier proteins in the proteome, especially those in low abundance. The method
developed in chapter 2 requires an additional western blotting step in detection, but is
superior at identifying the target protein by enriching them through high-throughput
affinity chromatography.

In this chapter, we explored Streptomyces coelicolor for the unidentified sulfur
carrier protein. After successful identification, this protein was further investigated by
bioinformatics study and we unraveled its reaction with another protein annotated as
threonine synthase. The product of the two proteins reaction was characterized and a

mechanism was proposed for the discovered sulfur carrier protein.
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3.2 Experimental Methods
Chemicals and Reagents

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless
otherwise mentioned. Isopropyl-D-thiogalactopyranosid (IPTG) was from Lab Scientific
Inc. (Livingston, NJ). Luria-Bertani medium (LB) was from EMD Biosciences
(Gibbstown, NJ) and M9 salts were obtained from Becton Dickinson (Franklin Lakes,
NJ). Streptomyces coelicolor (ATCC 10147) was purchased from the American Type
Culture Collection (Manassas, VA). Streptavidin resin was from GenScript (Piscataway,
NJ) and streptavidin-R-phycoerythrin (PE) was from QIAGEN (Valencia, CA). The
Novagen D-tube Maxi dialyzer with 3.5 kDa molecular weight cutoff was obtained from
EMD Biosciences. The PVDF membrane and trypsin gold was purchased from Promega
(Madison, WI1). The Fe-NTA phosphopeptide enrichment kit was from Pierce (Rockford,
IL).

All fluorescence gel images were scanned using a Typhoon trio instrument
(excitation, 532 nm green laser; emission, 580 nm band-pass filter (580 BP 30)) from
GE Healthcare Biosciences (Piscataway, NJ). A sonicator 3000 from Misonix Inc.
(Farmingdale, NY) was used for sonication. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis was done using a Hoefer SE 250 mini-vertical gel
electrophoresis unit.

Analytical HPLC (Agilent 1260 instrument) was carried out using a Supelcosil
LC-18 column (150 mm x 4.6 mm, 3 pm particle size). LC-MS (Agilent 1260

instrument and Bruker microTOF-Q II) was carried out using a Supelcosil LC-18
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column (150 mm X 4.6 mm, 3 pm particle size) for small molecule analysis and
Phenomenex Synergi™ LC Column (50 x 2 mm, 2.5 pm particle size) for peptide
separation. The solvents for HPLC and LC-MS were HPLC grade and LC-MS grade

respectively and were obtained from EMD Biosciences (Gibbstown, NJ).

In vitro Reconstitution, Detection, and lIdentification of a New Sulfur Carrier
Protein in Streptomyces coelicolor

Streptomyces coelicolor was maintained on an LB agar plate at 4 °C. A colony
was inoculated in 30 ml LB medium and grown untill ODgg reached 0.8. The cells were
harvested, washed with M9 medium and then resuspended in 1.5 L M9 minimal medium
supplemented with 2 mM MgSQO,, 100 uM CaCly, and 0.4% glucose. The culture was
grown for one week and then harvested followed by resuspension in 15 ml PBS buffer.
Cell extract was obtained by sonication and centrifugation. The C-terminal
thiocarboxylate group of the sulfur carrier protein was reconstituted by adding 6 mM
MgCl;, 9 mM Na,S, and 18 mM ATP and reacted at room temperature for 6 hours. After
the reaction, the lysate was precipitated by different concentrations of ammonium sulfate
and the fraction between 20% and 50% was collected. The protein pellet was then
dissolved in 600 ul PBS buffer from which a 100 ul aliquot was removed and added to
2.5 mM biotin sulfonyl-azide. The mixture was allowed to react for 30 min; then 30 mM
TCEP was added and reacted for another 30 min. The excess biotin sulfonyl-azide was
removed by desalting using Biorad P6 size-exclusion chromatography and the labeled

protein solution was incubated with 300 ul streptavidin resin slurry for 30 min at room
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temperature. The resin was then washed with 100 mM PBS buffer and digested with 5
ug trypsin. The resulting peptides were subjected to LC-MS/MS as previously described
for TtThiS protein identification and the data was searched in the NCBI database using

Bruker BioTools 3.2.

Overexpression and Purification of Streptomyces coelicolor Sulfur Carrier Protein
(SC0O4294) and Threonine Synthase (SC04293)

The gene of the detected sulfur carrier protein SCO4294 in Streptomyces
coelicolor was cloned into pTYB1 and the neighboring gene threonine synthase
(SC04293) was cloned into pET28b by Dr. Kinsland (Cornell, protein facility) and both
vectors were transformed into E. coli BL21(DE3). Overexpression and purification of the
S. coelicolor sulfur carrier protein SCO4294 was achieved using the IMPACT system,
the same procedure as for the purification of Thermus thermophiles ThiS-COSH
described in chapter 2. For threonine synthase, the transformed E. coli BL21(DE3) cells
were grown in 3 L Luria-Bertani medium at 37 °C to an ODgy of 0.6. Protein
overexpression was induced by adding 500 pM IPTG at 15 °C and incubating overnight.
The resulting culture was harvested using the Avanti JE centrifuge from Beckman
Coulter and cell extract was obtained by sonication in 50 ml lysis buffer (50 mM Tris,
300 mM NaCl, 10 mM imidazole, 1 mM EDTA, 2 mM TCEP, pH 8.0) and
centrifugation at 14000 rpm for 0.5 hours. The cell extract was then passed through a 5

ml HisTrap HP column and threonine synthase was eluted with 100 mM imidazole in
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lysis buffer. The protein was concentrated using 10 kDa MWCO, desalted by a 10 DG

desalting column, and stored in 100 mM PBS buffer with 30% glycerol.

Reaction between Streptomyces coelicolor Sulfur Carrier Protein (SCO4294) and
Threonine Synthase (SCO4293)

O-phospho-L-homoserine was enzymatically synthesized by homoserine kinase
(thrB) with L-homoserine as the substrate. Plasmid containing the thrB gene was
obtained from the E. coli ASKA collection and was transformed into E. coli BL21(DE3).
For purification, cells were grown in 3 L Luria-Bertani medium at 37 °C to an ODgqg of
0.6. Protein overexpression was induced by adding 500 pM IPTG at 15 °C and
incubating overnight. The resulting culture was harvested using an Avanti JE centrifuge
from Beckman Coulter and cell extract obtained by sonication in 50 ml lysis buffer (50
mM Tris, 300 mM NaCl, 10 mM imidazole, 1 mM EDTA, 2 mM TCEP, pH 8.0) and
centrifugation at 14000 rpm for 0.5 hours. The cell extract was then passed through a 5
ml HisTrap HP column and threonine synthase was eluted with 100 mM imidazole in
lysis buffer. The protein was concentrated using a 10 kDa MWCO filter, desalted by a
10 DG desalting column, and stored in 100 mM PBS buffer with 30% glycerol. The
reaction for enzymatically synthesizing O-phospho-L-homoserine was performed in 100
mM HEPES/KOH pH 8.0 with 20 mM KCI, 10 mM MgCl,, 8 mM ATP, and 10 mM L-
homoserine in a total volume 50 ml. The reaction was triggered after adding 2 g
homoserine kinase and incubated at 37 °C for 30 hours. O-phospho-L-homoserine was

purified by anion exchange chromatography using 5 g Biorad AG1 X8 resin and eluted
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with 12 mM HCI. The ninhydrin positive fractions were collected, concentrated, and the

concentration was quantitated using a malachite green assay.

ESI-MS Analysis and Western Blot Assay of the Reaction between the Streptomyces
coelicolor Sulfur Carrier Protein (SC0O4294) and Threonine Synthase (SC0O4293)
The purified O-phospho-L-homoserine was reacted (final concentration 100 piv)
with 10 M threonine synthase, 200 M ThiS-like protein and 1 mM TCEP at 37 °C for
2 hours. For ESI-MS analysis, the reaction mixture was buffer exchanged into 20 mM
NH4OAc using Biorad P6 size-exclusion chromatography to remove the small
molecules. It was then diluted in a 1:1 solution of acetonitrile and water to adjust the
concentration of the sulfur carrier protein to 10 uM. Each sample was added with 0.1%
formic acid and directly infused into ESI-QTOF II at a flow rate of 300 ul/h. The spectra
were collected for 5 min and then averaged and deconvoluted using Bruker Daltonics
DataAnalysis 4.0. For the western blot assay, the reaction mixture was separated by 12%
SDS-PAGE and then transferred onto a PVDF membrane by Biorad Trans-Blot Turbo
System at 100 V for 30 min. The blot was washed with TBS buffer (2 mM Tris-HCI, 50
mM NaCl, pH 7.5), blocked with 3% BSA (dissolved in TBS buffer), washed with TBS
buffer again and then stained by streptavidin-PE at 1:3000. The stained blot was stored
in TBS buffer and imaged using a Typhoon trio instrument (excitation, 546 nm green
laser; emission, 580 nm band-pass filter (580 BP 30)) from GE Healthcare Biosciences

(Piscataway, NJ).
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HPLC Analysis of the Reaction between the Streptomyces coelicolor Sulfur Carrier
Protein (SC0O4294) and Threonine Synthase (SC04293)

To detect small molecule products in the reaction, the solution was filtered with a
3.5 kDa MWCO filter and the filtrate was collected. Twenty microliters of 50 mM
iodoacetic acid (dissolved in 100 mM sodium borate, pH 11.5) was added to 20 ul
filtrate and allowed to react for 0.5 h in the dark at room temperature. The mixture was
then added to 16.7 pl fresh OPA reagent (50 ul of 37 mM O-phthalaldehyde + 200 ul of
400 mM sodium borate pH 10.5 + 8 ul B-mecaptoethanol) and left in the dark at room
temperature for 10 min. The resulting solution was loaded onto HPLC or LC-MS after
passing through a 3.5 kDa MWCO filter, with the signal detected by FLD in HPLC
(extinction: 340 nm; emission: 455 nm) or by DAD in LC-MS at 340 nm absorbance.
Alternatively, 50 pl filtrate was mixed with 1 pl 100 mM bromobimane (final
concentration 2 mM) to react for 1 hour. After filtration with the 3.5 kDa MWCO filter,
the mixture was loaded on HPLC or LC-MS, and signal was detected by UV absorbance
at 390 nm.

HPLC separation was carried out on a Supelcosil LC-18 column (150 mm x 4.6
mm, 3 pm particle size), using the following gradient at flow rate 1.0 ml/min: solvent A
is water; solvent B is 100 mM KH,PQO,, pH 6.6; solvent C is methanol. 0 min: 100% B,;
5 min: 45% A, 40% B, 15% C; 8 min: 40% A, 25% B, 35% C; 16 min: 40% A, 15% B,
45% C; 28 min: 25% A, 10% B, 65% C; 32 min: 100% B; 38 min: 100% B.

For LC-MS analysis, the LC separation was carried out on a Supelcosil LC-18

column (150 mm x 4.6 mm, 3 m particle size), using the following gradient at flow rate
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0.4 ml/min: solvent A is 5 mM NH4OAc pH 6.6; solvent B is 75% methanol. 0 min:
100% A; 5 min: 100% A; 20 min: 70% A, 30% B; 22 min: 70% A, 30% B; 24 min:

100% A; 29 min: 100% A.

Detection of the PLP binding site of Streptomyces coelicolor “Threonine Synthase”
(SCO4293) by IMAC (Immobilized Metal Affinity Chromatography) Based
Phosphopeptide Enrichment

To enrich the PLP binding peptide of “threonine synthase” SC0O4293, 100 uM
SCO04293 was thawed and desalted with a Biorad P6 size-exclusion column to remove
the glycerol. After desalting, the sample buffer was Tris-HCI buffer pH 7.5. Around 1
mg NaBHj, (dissolved in water) was then added and the mixture was left on ice for 0.5-1
h to reduce the imine bond formed between PLP and the lysine residues. The solution
was then buffer exchanged to 25 mM ammonium bicarbonate, pH 8.0 using a Biorad P6
size-exclusion column.

For trypsin digestion, the protein was heat denatured at 70-80 °C for 1 hour. After
cooling, trypsin was added in a 1:50 (trypsin:protein) ratio and the mixture was
incubated overnight at 37 °C. Solvent from the resulting peptide solution was removed
by SpeedVac (Thermo Fisher Scientific Inc., Waltham, MA) and then the protocol
provided in the Pierce Fe-NTA phosphopeptide enrichment kit was followed for PLP
bound peptide enrichment. The enriched peptide solution was injected into LC-MS/MS

as previously described and the result was analyzed by Bruker DataAnalysis 4.0.
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3.3 Result and Discussion
Detection and Identification of a Sulfur Carrier Protein in Streptomyces coelicolor
The S. coelicolor proteome was first treated with ATP, NaHS, and MgCl; to
reconstitute the thiocarboxylate functional group of the sulfur carrier protein. The
proteome solution was then precipitated by different percentages of ammonium sulfate
to fractionate the protein®. By adding biotin 4-carboxybenzene sulfonyl-azide, the
fraction that precipitated between 20% to 50% ammonium sulfate was found to be
labeled showing a strong band at 9.8 kDa in anti-biotin western blotting (figure 12). This
molecular weight is in accordance with the reported small size of sulfur carrier proteins,

and the labeling pattern is similar as that in Dr. Kalyan Krishnamoorthy’s paper’.
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Figure 12. Detection of sulfur carrier protein(s) in S. coelicolor. Cell extract was in vitro
reconstituted by 6 mM MgCl,, 9 mM NaHS, and 18 mM ATP. The 20%-50%
ammonium sulfate precipitation fraction of the reconstituted cell extract was labeled by
reacting with 2.5 mM biotin sulfonyl-azide in 9 M urea, 50 mM KPi buffer pH 6.0. After
the reaction, the mixture was desalted with a Biorad P6 size-exclusion column and
passed through streptavidin resin.

Meanwhile, non-specific labeling was observed in the high molecular weight

region of the gel (Appendix A). Though these bands are much weaker than that of the
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sulfur carrier protein, they could still cause interference in the protein identification step.
To remove the non-specifically labeled proteins, the protein bound resin was heated in
SDS sample buffer at 95 °C. It was observed that the large non-specifically biotinylated
proteins were eluted out under this condition but the sulfur carrier protein was retained
on the resin (Appendix A). This may be because small biotinylated proteins interact
more strongly with streptavidin due to less steric hindrance.

It should be noted that there is another sulfur carrier protein in S. coelicolor,
annotated as ThiS. It was not picked up using our strategy, probably due to the low
expression level under the growth condition. Also, we used sulfide ion to reconstitute the
thiocarboxylate group in the sulfur carrier protein, but it is possible that this ThiS protein
needs other sulfur source for reconstitution. Furthermore, if a sulfur carrier protein’s C-
terminal is blocked by other amino acid residues such as alanine, it cannot be labeled

without removal of the blocking residue.

Table 3. Identified Streptomyces coelicolor sulfur carrier protein

Name Gl Number Organism Sequence Coverage
Hypothetical protein Streptomyces coelicolor 0
SCO4294 21222687 A3(2) 50%
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1 18 19 37 38 45 46 52
MSVTVRIPTILRTYTGGK AEVSADGANLGEVISDLEK NHTGIAAR vLDDQGK

56 67
LRR FVYNVYVNDDDVRFEQ GLQTATPDGA GVSIIPAVAG G

Figure 13. Sequence of identified S. coelicolor sulfur carrier protein. The detected
peptides are highlighted in red and the cleavage site is marked in blue.

Using this approach, the detected sulfur carrier protein was identified as
hypothetical protein SCO4294 (table 3, figure 13, appendix A) with 50% sequence
coverage. The C-terminal characteristic glycine-glycine sequence further confirms its
membership in the sulfur carrier protein family. Also, it should be noted that the C-
terminal peptide was not detected in LC-MS/MS because it remained bound to the solid
phase after on-resin tryptic digestion.

By experimenting with purified TtThiS and the E. coli proteome with
overexpressed ThiS, a method of probing, enriching, and identifying sulfur carrier
proteins has been established and validated. Using this method, a sulfur carrier protein
was detected in Streptomyces coelicolor and identified as hypothetical protein SCO4294.
Compared to the previous fluorescence based detection method™, this affinity
chromatography based method can enrich and identify sulfur carrier proteins, enabling
the detection and identification of sulfur carrier proteins even at low expression levels.
As for the identified hypothetical protein SCO4294, further study is needed to unravel its

cellular function.
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Bioinformatics Study of Streptomyces coelicolor Sulfur Carrier Protein (SCO4294)
To elucidate the function of sulfur carrier protein SCO4294, the gene cluster of S.
coelicolor was investigated on the SEED database. Interestingly, unlike other identified
sulfur carrier proteins, SCO4294 conservatively neighbors with the gene SC0O4293
which was annotated as threonine synthase (figure 14). To the best of our knowledge,
sulfur carrier proteins are usually associated with a ThiF-like protein for its activation
and another non-conserved protein for transferring the sulfur from the thiocarboxylate
group to corresponding targets. However, in the case of SCO4294, only one protein,
threonine synthase, was found to be conservatively close to the identified sulfur carrier
protein. Moreover, threonine synthase is an enzyme that converts O-phospho-L-
homoserine to threonine, which does not include a sulfur atom. Hence, it is highly
possible that the threonine synthase is mis-annotated and that sulfur carrier protein

SCO04294 may be involved in a novel metabolic pathway.
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Figure 14. Gene cluster of SCO4294 in S. coelicolor and analogs in other species’’. 1:
ThiS/MoaD-family protein; 2: threonine synthase; 3: heat shock protein; 4: cold shock
protein.
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Study of the Reaction between the Streptomyces coelicolor Sulfur Carrier Protein
(SC0O4294) and Threonine Synthase (SC0O4293)

Genes of the hypothetical protein SCO4294 and threonine synthase SCO4293
from Streptomyces coelicolor were cloned into the pTYB1 and pET28b vectors,
respectively, by Dr. Kinsland from the Cornel Protein Facility. The plasmids were
transformed into E. coli BL21(DE3) and overexpressed. In order to generate the C-
terminal thiocarboxylate functional group, the purification of the sulfur carrier protein
was followed by the IMPACT (Intein Mediated Purification with an Affinity Chitin-
binding Tag) protocol as previously described’. The threonine synthase was cloned with

an N-terminal His-tag, purified by Ni-NTA chromatography, and eluted in 100 mM

imidazole.
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Figure 15. Purification of S. coelicolor SCO4294 and SCO4293. (A) The sulfur carrier
protein SCO4294 was purified by the IMPACT system. (B) Threonine synthase
SCO04293 was purified by Ni-NTA chromatography. The blue arrows refer to the
position of the proteins of interest.
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To find out whether the two proteins react with each other, O-phospho-L-
homoserine was selected as the substrate according to the mechanism of reported
threonine synthases®®. The substrate was enzymatically synthesized and purified by
anion exchange chromatography. After incubating O-phospho-L-homoserine with sulfur
carrier protein SCO4294 and threonine synthase SC0O4293 at 37 °C for 2 h, the mixture
was desalted and the protein fraction was tested by ESI-MS. Here, we hypothesized that
the molecular weight of the sulfur carrier protein would change due to sulfur donation if
a reaction occurred between the substrate and the two proteins. The result is shown in
figure 16. The mass of the sulfur carrier protein decreased by 16.0 Da (from 9455.0 to
9439.0), after incubating with threonine synthase and O-phospho-L-homoserine. The
16.0 Da decrease corresponds with the hydrolysis of the thiocarboxylate group (-COSH)
to a carboxylate group (-COOH).

To further confirm that the mass decrease of 16.0 Da attributes to the loss of
sulfur from the sulfur carrier protein, the reaction mixture was treated with biotin
sulfonyl-azide followed by SDS-PAGE separation and anti-biotin western blot assay.
Clearly, the sulfur carrier protein donates its sulfur in the full reaction but not in the
absence of the substrate O-phospho-L-homoserine or the enzyme threonine synthase
(figure 17). Other substrates, including O-phospho-L-serine, O-acetyl-L-homoserine,
and O-acetyl-L-serine, were also tested by the same method but the sulfur carrier protein

didn’t hydrolyze with any of these molecules as the substrate (data not shown).
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Figure 16. ESI-MS detection of the S. coelicolor sulfur carrier protein before and after
the reaction with O-phospho-L-homoserine and threonine synthase. The reaction mixture
was desalted and buffer exchanged into 20 mM NH4OAc. A) ESI-MS spectrum of the
purified S. coelicolor sulfur carrier protein before reaction; B) ESI-MS spectrum of the
S. coelicolor sulfur carrier protein after reaction.
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Figure 17. Western blot detection of the reaction between the S. coelicolor sulfur carrier
protein and threonine synthase with O-phospho-L-homoserine as the substrate. All the
samples were treated with biotin sulfonyl-azide reagent to target the thiocarboxylate

group.
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Product Characterization of the Reaction between the Streptomyces coelicolor
Sulfur Carrier Protein (SCO4294) and Threonine Synthase (SC0O4293)

After the sulfur carrier protein was confirmed to react with O-phospho-L-
homoserine and threonine synthase, we needed to characterize the product of this
reaction. We proposed a mechanism (figure 18) which went through PLP based catalysis
and generated thiothreonine as the product.

Since thiothreonine is not a UV-active compound, it had to be derivatized before
detection. For amino acids, derivatization of the free amino group with O-
phthalaldehyde (OPA) and B-mecaptoethanol is a highly sensitive method and is widely
used. However, for thiol-containing compounds, the thiol group interferes with the
derivatization reaction and causes very poor signal®®. Therefore, iodoacetic acid is
used to protect the free thiol group, and then the compound is derivatized by OPA and p-
mecaptoethanol (figure 19).

Meanwhile, to confirm the product contains a free thiol group, the reaction
mixture was also derivatized by bromobimane, which reacts specifically with the —SH

functional group (figure 20).
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Figure 18. Proposed reaction mechanism of SCO4294. The reaction is proposed to use a
PLP mediated mechanism and generates thiothreonine as the product.
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Figure 19. Derivatization reactions of amino thiol-containing compounds. A) The thiol
group is protected by iodoacetic acid. B) The amino group is then derivatized by O-
phthalaldehyde with B-mecaptoethanol. The derivative is a fluorescent molecule with
excitation at 340 nm and emission at 455 nm.

40



(0] (o] 0] (o]
N R-SH N
N\ N/ T = N A/ .
S/
Br

Figure 20. Derivatization reaction of thiol-containing compounds by bromobimane. The
derivative has a UV absorbance of 390 nm.

After derivatization, the mixtures were subjected to HPLC and LC-MS analysis.
For OPA derivatized samples, HPLC spectra were collected by FLD at excitation 340
nm and emission 455 nm whereas signals in LC-MS were monitored by DAD at 340 nm.
For bromobimane derivatized reactions, signals in both HPLC and LC-MS were
obtained at UV 390 nm. The results are shown in figure 21. It is clearly seen that a new
peak is generated in the full reaction, which confirms that the product has both —-NH, and
—SH groups since it was detected by both derivatization methods. By comparing with
reference molecules including cysteine, homocysteine, methionine, threonine, and
homoserine, the major product had the same retention time as homocysteine in HPLC.
Two side products, threonine and homoserine, were also observed but in very low
abundance (data not shown). Unlike the major product, homocysteine requires the
presence of both the sulfur carrier protein and threonine synthase, the side product
threonine is only dependent on threonine synthase, and homoserine is a hon-enzymatic

product.
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Figure 21. HPLC spectra of the SCO4294 reaction after derivatization. S. coelicolor
sulfur carrier protein was reacted with threonine synthase and O-phospho-L-homoserine.
A) All the samples were derivatized by iodoacetic acid and OPA reagent (OPA+p-
mecaptoethanol). Blue trace: full reaction; red trace: reaction without threonine synthase;
green trace: reaction without sulfur carrier protein; purple trace: reaction without
substrate; yellow trace: substrate only. B) The full reaction (blue trace) and
homocysteine (red trace) were derivatized by bromobimane respectively and detected by
DAD at 390 nm.

To further confirm that homocysteine is the product, the product fractions in each
HPLC spectrum were collected and analyzed by LC-MS. Both fractions showed a single
UV absorption peak in liquid chromatography, and the corresponding masses are
presented in figure 22. The m/z 370.1 and m/z 326.1 peaks correspond to the OPA
derivatized and bromobimane (mBBr) derivatized homocysteine, respectively.

As homocysteine, rather than thiothreonine, was confirmed as the product, the
following two-step mechanism was proposed (figure 23). In the first step, O-phospho-L-
homoserine loses the phosphate group and forms a thioester with the sulfur carrier
protein, catalyzed by threonine synthase. In the second step, the product homocysteine is
released through hydrolysis and the C-terminus of the sulfur carrier protein returns to

being the carboxylate group. This mechanism is simple and independent of PLP.
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Figure 22. LC-MS spectra of the collected HPLC fractions. A) Mass spectrum of the
OPA derivatized product; B) mass spectrum of the bromobimane derivatized product.
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Figure 23. Proposed mechanism for the homocysteine formation. The sulfur carrier
protein is proposed to form a covalent adduct with O-phospho-L-homoserine and then

hydrolyze to produce homocysteine.

Homocysteine has been discovered to be a metabolite in the methionine

biosynthetic pathway, and its formation is from homoserine. In E. coli, homoserine is
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first converted to O-succinylhomoserine and then goes through trans-sulfurylation with
cysteine to form homocysteine, with cystathionine as the intermediate in this process. In
many other bacterial organisms, however, the sulfurylation step is achieved by directly
reacting with hydrogen sulfide or methanethiol, without the formation of cystathionine.
This process is also known as a direct sulfhydrylation pathway for methionine
biosynthesis.

Homocysteine formation in S. coelicolor is different from all other reported
organisms. First, in the homoserine activation step, it uses O-phosphohomoserine
whereas all other bacteria reported use O-succinylhomoserine or O-acetylhomoserine®.
The enzymes for catalyzing these two reactions are MetA (homoserine O-
succinyltransferase) and MetX (homoserine O-acetyltransferase), respectively.
Nevertheless, only a homoserine kinase was found in S. coelicolor, but not MetA or
MetX. S. coelicolor uses O-phosphohomoserine to synthesize both threonine and
methionine, as plants do. In addition, the homoserine kinase gene in S. coelicolor is right
beside another threonine synthase gene (SCO5307), indicating the latter is a “real”
threonine synthase in the threonine biosynthetic pathway. As for the discovered
“threonine synthase” SCO4293, it is more likely to be an O-phosphohomoserine thiolase
though it shows high sequence similarity as threonine synthases.

Second, since there is no cystathionine formation as the intermediate, this
pathway can be considered as a direct sulfhydrylation pathway. But unlike the other
direct sulfhydrylation pathways which use hydrogen sulfide or methanethiol, the S.

coelicolor pathway uses a sulfur carrier protein. The advantage of using the sulfur carrier
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protein is probably due to its high efficiency in sulfur transfer, especially when the
organism lives in a low sulfur environment. Back in 2011, a new methionine
biosynthetic pathway in Wolinella succinogenes was reported, which is also dependent
on a sulfur carrier protein®; it uses O-acetylhomoserine instead of O-
phosphohomoserine. Also, the Wolinella succinogenes pathway is more complicated and
requires more enzymes including MetY as the O-acetylnomoserine thiolase, and HcyD
for hydrolyzing the homocysteine sulfur carrier protein complex.

Therefore, compared with the reported sulfurylation in methionine biosynthesis,
the homocysteine formation pathway in S. coelicolor is novel in three aspects: 1)
homoserine is activated as O-phosphohomoserine, which has not been found in other
bacteria or archaea; 2) in the direct sulfurylation step, it uses a sulfur carrier protein
instead of hydrogen sulfide or methanethiol, but requires fewer enzymes; 3) SC0O4293,
the enzyme that acts as an O-phosphohomoserine thiolase has high sequence similarity
to threonine synthases and actually shows minor catalytic activity for threonine
formation.

In the following, SCO4293 is still noted as threonine synthase for consistency but

IS written in quotation marks to indicate it’s not a real threonine synthase.

Comparison of Sulfur Donation Efficiency of the Sulfur Carrier Protein (SCO4294)
with Sulfide lon
As mentioned above, hydrogen sulfide is the sulfur source in direct sulfurylation

pathway in many bacterial organisms. Therefore, we tested whether the sulfide ion could
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be used as the sulfur source for homocysteine formation. Through HPLC analysis, it was
found that addition of the sulfide ion did lead to product formation but with lower yield

than when using the sulfur carrier protein.
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Figure 24. HPLC spectrum of SCO4293 reaction with different sulfur sources. Both
sulfur carrier protein and NaHS were added at a concentration of 100 uM. The product
was derivatized by iodoacetic acid and OPA reagent (O-phthalaldehyde and pB-
mecaptoethanol) and was detected by FLD at excitation 340 nm, emission 455 nm. Blue
trace: S. coelicolor sulfur carrier protein SCO4294 as the sulfur source; red trace: NaHS
as the sulfur source.

To quantify the product ratio and find out how much more efficient the sulfur
carrier protein is, the sulfur carrier protein SCO4294-CO%SH was mixed with NaH**S
(NaH*'S was prepared by Dr. Bekir Eser) at a 1:1 ratio and reacted with “threonine
synthase” SC04293 and O-phospho-L-homoserine. After filtering the proteins, the
reaction mixture was derivatized by iodoacetic acid and OPA reagent, followed by LC-
MS analysis. From the relative intensity in mass spectrum (figure 12), the ratio of *2S-
homocysteine versus **S-homocysteine is easily calculated. Since the natural isotope

distribution of the derivatized homocysteine is M: (M+2) = 100%:11.90%, the actual
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%S-homocysteine generated from NaH*'S is 25.67% - 11.90% = 13.77%. Hence, the
ratio of homocysteine produced from the sulfur carrier protein and sulfide is 100:13.77 =
7.3:1. This demonstrates the higher reaction efficiency of the sulfur carrier protein as the

sulfur donor compared with a sulfide ion alone.
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Figure 25. LC-MS spectrum of %S and 'S labeled homocysteine. Homocysteine was
produced in the reaction catalyzed by S. coelicolor “threonine synthase” SC04293 with
1:1 mixed sulfur carrier protein SCO4294-CO*SH and NaH*'S as the sulfur source
(total concentration: 100 M). The product was derivatized by iodoacetic acid and OPA
reagent prior to LC-MS analysis and was detected by DAD at 340 nm.

Investigation of the PLP Binding Site of Streptomyces coelicolor “Threonine
Synthase” (SC04294)

For PLP-dependent enzymes, the PLP binding site is usually the active site of the
enzyme. Hence, we digested “threonine synthase” SC0O4293 with trypsin and analyzed
the fragments by LC-MS/MS to find the PLP binding site. PLP bound peptides,
however, suffer from lower ionization efficiency and fewer fragments in tandem mass
spectrometry. Compared to non-modified peptides, phosphopeptides are more difficult to

ionize during mass spectrometry analysis. Furthermore, the phospho group causes
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difficulty in tandem mass spectrometry fragmentation. Tandem mass spectrometry has
been widely used for peptide identification, the most common of which is collision
activated dissociation (CAD) or collision induced dissociation (CID). In the case of
phosphopeptides, however, CAD or CID promotes elimination of phosphoric acid
instead of breaking the amide bond®. This also causes difficulty in identifying
phosphopeptides, especially those with low abundance.

Consequently, it is necessary to enrich phosphopeptides prior to identification of
the PLP binding site. Immobilized metal ion affinity chromatography (IMAC) and metal
oxide (TiO,) based affinity chromatography are the most commonly used methods®%,
In these methods, the negatively charged phosphate group coordinates with the metal ion
(Fe**, Ni**, Cu**, Zn?*, etc) or metal oxide (TiO,) and is consequently retained on the
column while non-phosphorylated peptides are washed away. Among the metal ions,
Fe** has a high affinity towards phosphate groups and a relatively low affinity for
carboxyl and phenolic groups, so it is most frequently used in the IMAC technique®’.
The enriched phosphopeptides can be eluted out with ammonium hydroxide solution and
then subjected to LC-MS/MS analysis. Though the enrichment technique is not highly

specific, it still increases the yield of phosphopeptides for identification®®. Here, we used

the Fe-NTA kit from Pierce to enrich the PLP bound peptides after protein digestion.
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Figure 26. LC chromatogram of threonine synthase PLP bound peptides. The tryptic
digested peptides of S. coelicolor “threonine synthase” were collected before and after
phosphopeptide enrichment by IMAC chromatography. The chromatogram traces were
collected at 325 nm, corresponding to the absorbance of reduced PLP bound peptides.
Purple trace: S. coelicolor “threonine synthase” tryptic digested peptides without IMAC
enrichment; cyan trace: flow through during IMAC enrichment; gray trace: elution after
IMAC enrichment.

Prior to trypsin digestion of SCO4293, the PLP molecule was first “fixed” to the
protein’s lysine residue by adding NaBH, to reduce the imine bond. The PLP bound
protein was then digested and enriched by the Fe-NTA kit. The UV absorbance of the
reduced PLP peptide is 325 nm, enabling detection by DAD in liquid chromatography.
From figure 26, it is obvious that there is a weak signal in the digested peptide mixture,
which increases markedly in the elution trace after enrichment. Also, the averaged mass
spectrum after enrichment (figure 27) is much cleaner than the digested sample, which
contains more than 20 peptide peaks (data not shown). It should be noted that there are
two distinct peaks in the elution chromatogram, which are probably different species of

the same peptide (i.e. COOH and COOQ") since they give the same mass spectra.
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Figure 27. Mass spectrum of detected PLP bound peptide in threonine synthase. The
spectrum was averaged corresponding to the major UV absorption peaks in the LC
chromatogram. The peak (m/z 569.6) with highest intensity corresponds to the PLP
bound peptide with three positive charges. Peptides with four and two positive charges
were also observed. The mass of the detected peptide is in accordance with peptide
DDSGNPTHSFKDR in S. coelicolor “threonine synthase” SC0O4293, with PLP bound
to the lysine residue K128.

The obtained PLP bound peptide mass spectrum (figure 27) was analyzed and
compared with the theoretically generated peptides after trypsin digestion. The peaks
observed in the spectrum with m/z 427.4, m/z 569.6, and m/z 853.8 were found to belong
to the PLP bound peptide DDSGNPTHSFKDR with +4, +3, and +2 positive charges,
respectively. A dimer formed by this peptide was also observed with a +3 positive

charge at m/z 1138.5.
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Figure 28. Tandem mass spectra of the detected PLP bound peptide peaks. (A)
Fragmentation of peak m/z 427.4; (B) fragmentation of peak m/z 569.6. The major loss
of the parent ions is attributed to the loss of PLP or phosphoric acid. For peptide

fragments, by, ys, and y7 ions were detected in the fragmentation of peak m/z 427.4
whereas ys, Y10 and yi; ions were detected in the fragmentation of peak m/z 569.6.

In addition, two peaks, m/z 427.4 and m/z 569.6, were fragmented to confirm the
identity of peptide DDSGNPTHSFKDR. In both tandem mass spectra, the major loss of
the parent ion attributes to the loss of PLP or phosphoric acid. Fragments corresponding
to breaking of a peptide amide bond were also observed but with low intensity. In the
tandem mass spectrum of the parent peak m/z 427.4, by, ye, and y7 ions were detected
(figure 28A), whereas ys, Y10, and yi1 ions were observed in the fragmentation of m/z

569.6 (figure 28B).
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As a result, DDSGNPTHSFKDR was found to be the PLP bound peptide, and
K128 was identified as the PLP binding site, which is probably also the enzyme active

site.

3.4 Conclusion

In this chapter, we utilized the developed probing method to detect, enrich, and
identify an unknown sulfur carrier protein as hypothetical protein SCO4294 in
Streptomyces coelicolor. Unlike other sulfur carrier proteins that associate with ThiF-
like proteins or ThiG-like proteins, SCO4294 was found to conservatively cluster with a
protein annotated as “threonine synthase” (SCO4293). The reaction between sulfur
carrier protein SCO4294 and “threonine synthase” SCO4293 was studied with O-
phospho-L-homoserine as the substrate. The product generated in this reaction was
homocysteine. Herein, the protein annotated as “threonine synthase” is actually an O-
phosphohomoserine thiolase, though it possesses a high sequence similarity to threonine
synthases. This pathway is another direct sulfurylation pathway for homocysteine
formation, which is probably involved in methionine biosynthesis. This is also the first
time that O-phosphohomaoserine is shown to be the activation product of homoserine in
bacterial homocysteine formation.

Sodium hydrosulfide can be an alternative sulfur donor in this reaction but with
much lower efficiency. By using **S-labeld NaHS, the sulfur transfer efficiency of the
sulfur carrier protein was quantified to be 7.3 times greater than the sulfide ion. This

demonstrates the higher efficiency of the sulfur carrier protein, and may also be an
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explanation for S. coelicolor use of a sulfur carrier protein instead of a sulfide ion.
Moreover, the PLP binding site of the “threonine synthase” SC0O4293 was studied by

IMAC based phosphopeptide enrichment and PLP was shown bound to K128, which is

probably the active site of this enzyme.
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4. DEVELOPMENT OF A RADIOACTIVITY BASED PROTEOMIC METHOD FOR

PROBING AND IDENTIFYING PLP-DEPENDENT ENZYMES

4.1 Introduction

Pyridoxal 5’-phosphate (PLP) is one of the active forms of vitamin B6. In cells, it
acts as a cofactor and assists the catalysis of a large variety of reactions. Since its
identification in 1951%, the diverse catalyzing styles of PLP-dependent enzymes have
been studied, including transamination®®, decarboxylation'®, racemization'®,
elimination, and replacement'®. The versatility attributes to the ability of PLP to
covalently bind with substrates and stabilize different types of cabanionic intermediates.
Almost all PLP-dependent enzymes are involved in biomedical pathways that contain
amino compounds.

Apart from functional diversity, PLP-dependent enzymes are also classified by
five different fold types, in accordance with their different structures'®. Fold type |
usually functions as a homodimer, with two active sites per dimer. It is the most
common structure and is found in aminotransferases and decarboxylases. Fold type Il
enzymes mainly includes enzymes that catalyze B-elimination reactions. Fold type Il
features a (B/a)g barrel structure and is found in alanine racemase as well as some amino
acid decarboxylases. The fold type IV group mainly contains D-alanine
aminotransferases, whereas fold type V includes glycogen and starch phosphorylases.
The structural classification helps identify PLP-dependent enzymes through genomic

methods®™,
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The functional and structural diversity of PLP-dependent enzymes makes it
difficult to investigate them as part of a whole proteome. Most PLP-dependent enzymes
are studied individually after recombination, overexpression, and purification, allowing
each enzyme to be characterized in detail, such as its catalysis mechanism, Kkinetic
behavior, and cellular function. However, this method is time consuming and is
unsuitable for high-throughput purposes like searching for new PLP-dependent enzymes.
Proteomics, a high-throughput technique, can solve this problem to some extent by
separating and identifying all the proteins in the proteome. But since we are only
interested in PLP proteins, activity based protein profiling is more suitable in that it only
focuses on a certain class of enzymes. Proteins are profiled and distinguished according
to their biological activity and functional states in the cell. As a consequence, there is
much less interference from other proteins and enzymes with low abundance can be
more easily discovered.

As described in chapter 1, chemical probes are the key factors in activity base
protein profiling. These probes are usually composed of a reactive group for the active
site probe, a flexible linker, and a tag for visualization or isolation. Pyridoxal-5’-
phosphate itself is an ideal probe for activity based protein profiling. It forms aldimine
with the active site lysine residue in the enzyme, which can be “fixed” by sodium
borohydride through a Schiff base reduction. Therefore, PLP forms the reactive and
linker group and only the reporter group needs to be designed.

Radioactive labeling, though challenging in operation, is advantageous in its

sensitivity and specificity. The phosphate group of the PLP molecule can be easily
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labeled by *P. This can be achieved through enzymatic conversion of pyridoxal to
pyridoxal 5°-phosphate with **P-ATP, catalyzed by pyridoxal kinase. The **P-PLP
bound enzymes are then able to be specifically visualized through radiation detection.
This allows PLP-dependent enzymes to be studied and investigated as a whole family in
the proteome. Considering that E. coli is able to biosynthesize PLP by itself, a PLP
auxotroph strain, E. coli Apdx.J was used to encourage sufficient uptake of *P-PLP from
the media.

Since radioactive samples cannot be loaded onto LC-MS for detection, a non-
radioactive gel can be run under identical conditions to the radioactive experiments to
identify the PLP-dependent enzymes. The radiation screened image and the non-
radioactive scanned gel can be overlapped to determine the PLP enzymes’ positions. The
bands in non-radioactive gel will then be excised and digested, followed by peptide

analysis for protein identification.

4.2 Experimental Methods
Chemicals and Reagents

[y-2P]JATP (10 Ci/mmol 2 mCi/ml, 250 pCi) was obtained from Perkin Elmer
(Waltham, MA). Pyridoxal hydrochloride, pyridoxal-5’-phosphate, adenosine
triphosphate disodium salt, and sodium azide were purchased from Sigma Aldrich (St.
Louis, MO). B-Per solution was obtained from Pierce (Rockford, IL). Streptavidin resin
was from GenScript (Piscataway, NJ) and streptavidin-R-phycoerythrin (PE) was from

QIAGEN (Valencia, CA). The PVDF membrane and trypsin gold were purchased from
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Promega (Madison, WI). M9 salts were obtained from Becton Dickinson (Franklin
Lakes, NJ). The E. coli ApdxJ strain was from the Coli Genetic Stock Center in Yale
University (New Haven, CT).

All radioactive gels were dried with a Biorad 583 gel dryer (Bio-Rad
Laboratories Inc, Hercules, CA) and then incubated with a storage phosphor screen in an
exposure cassette, both from Molecular Dynamics (Sunnyvale, CA). The storage
phosphor screen was then scanned using a Typhoon trio instrument from GE Healthcare
Biosciences (Piscataway, NJ). UV absorbance of protein samples was tested on a Varian
Cary 300 Bio UV-Visible Spectrophotometer (Palo Alto, CA). Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using a Hoefer SE 250

mini-vertical gel electrophoresis unit.

Enzymatic Synthesis of Pyridoxal-5’-[**P]-phosphate

The pyridoxal kinase (pdxK) plasmid was prepared by Dr. Cynthia Kinsland at
the Cornell Protein Facility. The plasmid was transformed into E. coli BL21(DE3) cells
and grown overnight at 37 °C on an LB agar plate with 100 pg/ml ampicillin. A colony
was inoculated in 3 L LB medium at 37 °C to reach an ODgg Of 0.6. Protein
overexpression was induced by adding 500 pM IPTG at 15 °C and followed by overnight
incubation. The resulting culture was harvested using Avanti JE centrifuge from
Beckman Coulter and cell extract was obtained by sonication in 50 ml lysis buffer (50
mM Tris, 300 mM NaCl, 10 mM imidazole, 1 mM EDTA, 2 mM TCEP, pH 8.0),

followed by centrifugation at 14000 rpm for 0.5 hours. The cell extract was then passed
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through a 5 ml HisTrap HP column and washed with lysis buffer. Pyridoxal kinase was
eluted with 300 mM imidazole in lysis buffer. The protein was concentrated using a 10
kDa MWCO filter, desalted by a 10 DG desalting column, and stored in 100 mM PBS
buffer with 30% glycerol. The protein concentration was determined to be 300 M by
Bradford assay.

For synthesis of pyridoxal-5’-[*2P]-phosphate, pyridoxal (20 i of 50 mM stock)
was added to 230 I 100 mM PBS buffer pH 7.2 to a final concentration of 2 mM.
MgCl, (0.8 i of 1 M stock) and ATP (120 pl [y-**P]JATP (10 Ci/mmol 2 mCi/ml, 250
Ci) and 100 pl 10 mM “cold” stock) were added. The reaction was triggered by adding
50 i 300 M pdxK and incubated at 37 °C for 1 hour. The mixture was transferred to a
10 kDa MWCO filter and centrifuged at 5000 rpm for 15 min. The filtrate was collected

and stored at -20 °C for use in E. coli growth experiments.

Preparation and Analysis of E. coli Proteome

The PLP auxotroph ApdxJ strain was grown on an LB-kanamycin-agar plate at
37 °C for 12 hours. A colony was added to sterile M9 minimal media containing 0.4%
glucose, 2 mM MgSO,, 100 pM CaCl,, 50 M Fe(NH4)2(SO4)2, 40 g/ml kanamycin,
and 15 pM pyridoxal-5’-phosphate or 15 piM of enzymatically synthesized radioactive
%2p_pLP, each filtered through a sterile syringe drive with a 0.23 pm filter (Millipore,
Bedford, MA). All samples were grown in a 37 °C shaker for 14 h for non-time course
experiments. The cultures were transferred into 2 ml eppendorf tubes and centrifuged

multiple times to pellet the cells. The resulting pellet was resuspended in 200 i B-Per
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solution for protein extraction and allowed to sit at room temperature for 15 min. The
resulting protein solution was obtained by centrifugation and treated with NaBH,4 (1 mg/
200 i lysate) for 10 min at room temperature. The frothy mixture was desalted with a
methanol/chloroform precipitation as previously described®®. The resulting protein pellet
was dissolved in 20 |4 SDS sample buffer and 10 il of each sample was loaded onto a
12% SDS gel and run at 90 V in a Biorad Mini-Protein Tetra Cell (Bio-Rad Laboratories
Inc, Hercules, CA). The gels were dried on a Biorad 583 gel dryer and developed on a
storage phosphor screen overnight. The storage phosphor screen was then scanned using

a Typhoon trio instrument from GE Healthcare Biosciences (Piscataway, NJ).

Growth Conditions of E. coli 4pdxJ under Different Stress Conditions

For nutrient starvation stress conditions, E. coli ApdxJ was grown in sterile M9
minimal media containing 0.4% glucose, 2 mM MgSQO,, 100 pM CaCl,, 50 pM
Fe(NH,)2(SO4)2, 15 mM radioactive *P-PLP (40 pCi), and 40 pg/ml kanamycin. In
starvation experiments (including amino acids starvation, glucose starvation, nitrogen
starvation, and PLP starvation), the culture was grown in the media described above
except for the amino acid starvation experiment, in which 0.1% casamino acids were
supplemented. After 14 hours of growth, cells were harvested, washed three times with
M9 minimal media and then resuspended in the same media depleted of one component
(casamino acids for amino acid starvation, glucose for glucose starvation, NH,Cl in M9

media for nitrogen starvation, and PLP for PLP starvation). The resuspended cells were
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incubated at 37 °C for 20 h and a 1.5 ml culture was taken out at different time points.
The culture was harvested and the cell pellet was stored at -80 °C for further use.

For all other stress conditions, E. coli ApdxJ was grown in sterile M9 minimal
media containing 0.4% glucose, 2 mM MgSO,, 100 pM CaCly, 50 pM Fe(NH4)2(SO4)2,
15 pM radioactive *2P-PLP (40 LCi), and 40 pg/ml kanamycin at 37 °C for 14 hours.
Stress conditions were implemented afterward. For cold shock, the temperature was
decreased to 15 °C and cells were incubated for 6.5 hours. Heat shock was achieved by
incubating at 42 °C for 2 min. In acid shock, 20 i 34% HCI was added to 10 ml culture
to reduce the pH to around 4.5. For osmotic stress, sucrose was added to a 40% final
concentration and incubated at 37 °C. Oxidative stress was triggered by adding 1 mM
H,0, to the medium, and the UV irradiation experiment was completed by exposing

cells to UV irradiation (254 nm, 1 J/m2/sec) for 1 min.

Identification of PLP Enzymes in E. coli Proteome with Radioactive Detection

E. coli ApdxJ was grown in 10 ml sterile M9 minimal media containing 0.4%
glucose, 2 mM MgSO,, 100 pM CaCl,, 50 M Fe(NH4)2(SO4)2, 40 g/ml kanamycin,
and 15 pM *P-PLP or non-radioactive PLP. After 14 hours of growth at 37 °C, cells
growing with *P-PLP were cold shocked at 15 °C and incubated for 3 hours. Non-
radioactive PLP supplemented E. coli cells were grown in four different conditions: 7 h
after glucose starvation, 6 h PLP after starvation, 3 h after osmotic stress, and 3 h after
cold shock. The cells were harvested and the cell pellet was resuspended in 1 ml B-Per

solution. After a 30 min incubation, the protein mixture was obtained by centrifugation
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and treated with 5 mg NaBH,. The reaction was left for 15 min and then desalted using
methanol/chloroform precipitation. The resulting protein pellet was dissolved in 200 i
SDS sample buffer and 100 i of the suspension was loaded onto a 20 cm x 20 cm 12%
SDS gel. The gel was run at 120 V on an Owl Dual-Gel Vertical Electrophoresis System
(ThomasScientific, Swedesboro, NJ) overnight. The radioactive gel was dried and
incubated with a storage phosphor screen for imaging. The non-radioactive gel was
Coomassie stained and the resulting gel image was overlapped with the radioactive gel
screen. Bands shown in the radioactive gel were excised from the corresponding
positions in the non-radioactive gel and placed in clean eppendorf tubes. The gel pieces
were covered with acetonitrile for 15 min at room temperature and then dried with a
SpeedVac (Thermo Fisher Scientific Inc., Waltham, MA). The dried gel pieces were re-
swelled in buffer containing 1 g trypsin in 50 mM NH4HCO; at 4 °C for 45 minutes,
then incubated at 37 <C overnight. The supernatant containing the digested peptides were
collected, and 25 mM NH4;HCOj3 was added to the gel pieces. After soaking for 25 min,
the supernatant was collected and peptides were further extracted by soaking the gel
pieces in a solution of 50% acetonitrile, 45% water, and 5% formic acid for 30 minutes.
This process was repeated 3 times and all the supernatants were collected, combined,
and dried by SpeedVac to a volume of 15 . The peptide solution was then subjected to
LC-MS analysis.

LC separation was carried out on a Phenomenex Synergi™ column (50 x 2 mm,
2.5 m particle size), using the following gradient at a flow rate 0.4 ml/min: solvent A,

water with 0.1% formic acid; solvent B, 100% acetonitrile with 0.1% formic acid. 0 min:
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100% A; 5 min: 100% A; 38 min: 35% A, 65% B; 40 min: 100% B; 41 min: 100% B;
42.5 min: 100% A; 44 min: 100% A. The data was analyzed by Bruker DataAnalysis 4.0

and the NCBI database was searched using Bruker Daltonics BioTools 3.2.

4.3 Result and Discussion on the *P Radioactive Labeling Method
Visualization of PLP-dependent Enzymes in E. coli Proteome by *P Incorporation

The plasmid containing the pyridoxal kinase (pdxK) gene was transformed into
E. coli BL21(DE3) and overexpressed in 3 L LB media. The His-tagged protein was
purified by Ni-NTA chromatography and eluted in 300 mM imidazole (figure 29).

To create the reporter group, radioactive **P must be incorporated into the 5’
position of PLP. This was accomplished by reacting the purified pdxK with pyridoxal,
MgCl,, and both radioactive and non-radioactive ATP (figure 30). After a 1 h incubation
at 37 °C, the color of the reaction mixture changed to bright yellow, indicating the

production of PLP.
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Figure 29. Purification of pyridoxal kinase. The protein was overexpressed in E. coli
BL21(DE3) in 3 L LB media and purified by Ni-NTA chromatography. After washing
with 30 mM and 100 mM imidazole, pdxK was eluted with 300 mM imidazole. 10 A of
the cell extract, flow through, 30 mM imidazole elution, 100 mM imidazole elution, and
300 mM imidazole elution were each mixed with 2 x SDS sample buffer, and then
loaded onto a 12% SDS mini gel. The gel was run at 90 V and stained with Coomassie
brilliant blue.
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Figure 30. Enzymatic synthesis of *P-PLP. The pyridoxal (final concentration 2 mM)
was mixed with 1.6 mM MgCl,, 2 mM ATP (“cold” ATP + 250 uCi ¥P-ATP), and 30
LM pdxK. The reaction mixture was incubated at 37 °C for 1 h and then filtered by a 10
kDa MWCO filter. The filtrate was stored at -20 °C for use in the growth of E. coli
ApdxJ.

The reaction mixture was filtered with a 10 kDa MWCO filter, and 1/6 of the
filtrate (40 Ci) was used to grow 10 ml E. coli ApdxJ. Since PLP-dependent enzymes
are mostly involved in amino acid biosynthetic pathways, amino acid starvation and

amino acid supplemented conditions were first compared. In both conditions, E. coli
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ApdxJ was grown in M9 minimal media containing glucose, Fe(NH4)2(SO4)2, MgSOs,
CaCl,, kanamycin, **P-PLP, and casamino acids. After growing for 14 h at 37 °C, 1.5 ml
culture was taken out at 0, 1, 2, 3, 4, 5, and 20 hours for amino acid (AA) supplemented
conditions. For amino acid starvation, E. coli cells were harvested, washed with M9
media and then resuspended in the original growth media without casamino acids. At
each time point, 0, 1, 2, 3, 4, 5, and 12 hours, 1.5 ml of culture was removed, harvested,
and lysed with B-Per solution. The protein mixture was then treated with NaBH, to
reduce the imine bond formed between the lysine residue and the PLP aldehyde group.
Proteins were separated by 12% SDS-PAGE and the **P-labeled proteins were visualized

through a phosphor storage screen (figure 31).

AA starvation AA supplemented
A
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Figure 31. PLP enzymes in amino acid starved and supplemented conditions. E. coli
ApdxJ was grown in minimal media with 3?P-PLP for 14 h and then aliquots removed at
different time points. For amino acids starvation, 1.5 ml culture was taken out at 0, 1, 2,
3, 4, 5, and 12 hours; for amino acids supplemented condition, 1.5 ml culture was taken
outatO, 1, 2, 3, 4, 5, and 20 hours.

Clearly, the bands in the radioactive gel associated with the amino acid starved

cells are significantly greater in intensity, indicating a greater amount of PLP enzymes
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under the same conditions. Also, after the starvation starts, the PLP-dependent enzymes
show significant increase, demonstrating their essentiality in the amino acid biosynthetic
pathways. Considering vitamin B6 (PLP) is essential in amino acid biosynthesis, it is
expected that PLP is expressed at significantly higher amounts under amino acid
starvation. Therefore, for better visualization of PLP enzymes, no casamino acids were
added in the following experiments. This method for visualizing PLP-dependent

enzymes enables us to compare the expression patterns of PLP utilizing enzymes.

Response of E. coli PLP-Dependent Enzymes under Different Stress Conditions

It is well known that PLP-dependent enzymes play essential roles in amino acid
biosynthesis, but in recent years, PLP was discovered to have an anti-oxidation function
in singlet oxygen stress'®%”. We carried out experiments with eight different stress
conditions to explore new biological functions of PLP-dependent enzymes.

The eight conditions are categorized into three types: starvation conditions, shock
conditions, and other stress conditions. In the three starvation conditions, E. coli was
first grown in M9 minimal media with full nutrient supplementation. After overnight
growth, the cells were harvested and washed with M9 minimal media to deplete the
nutrient for which the cells would be starved in the experiment. The cell pellet was
resuspended in the same media as it was previously growing, but with the removal of the
starved nutrient: glucose as the carbon source, NH4Cl as the nitrogen source, or PLP as

the essential vitamin. Aliquots were taken out at different time points after starvation and
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the expression change of the PLP-dependent enzymes were visualized by the radioactive
labeling method previously described.

During glucose starvation (figure 32A), the expression of the PLP-dependent
enzymes increases from 1-7 hours. At 17 h, proteins in the upper bands show a decrease,
whereas the protein(s) with the lowest molecular weight are still increasing. This
increase in the earlier part of the time frame indicates that the expression of the PLP-
dependent enzymes is increased when the cells are experiencing carbon source
starvation. The purpose of the expression increase may be to more efficiently use the
limited carbon source, which is up-regulated by the bacterial stringent response. But at
the 17 hour time point, when the limited amount of glucose has been depleted, PLP-
dependent enzyme expression is less due to decreased need for the enzyme. The only
protein (band 4) that still remains in a relatively high level at this time point may play an

important role in glucose metabolism.
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Figure 32. SDS-PAGE gels following growth of E. coli ApdxJ in minimal media
containing *2P-PLP under starved conditions. A) Glucose starvation, where glucose was
depleted after 14 h of growth; B) nitrogen starvation, where NH,CIl was depleted after 14
h of growth; C) PLP starvation, where PLP was depleted after 14 h of growth.

During nitrogen starvation (figure 32B), in which NH4CIl was depleted as the
nitrogen source, all PLP-dependent enzymes decrease over time. This is understandable
since all amino acids rely on nitrogen metabolism, in which ammonia is assimilated into
glutamate and transferred to other metabolites by deamination. When the nitrogen source

is limited, cells must down regulate the production of enzymes in the amino acid
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biosynthetic pathways. As a result, the PLP-dependent enzymes dramatically decrease
their expression when the bacteria are nitrogen starved.

As for PLP starvation (figure 33C), interestingly, different PLP-dependent
enzymes exhibit much difference in expression. While the other three bands show a
weak expression level, one protein band is heavily expressed, indicating the
corresponding protein(s) are somehow involved in mitigating PLP starvation. In
bacterial stringent response, when the cells face nutrient starvation, the stable RNA
transcription is ceased, releasing RNA polymerase for transcription of appropriate
response genes™®. As a result, some metabolite pathways are up-regulated. Here, it is
highly possible that the PLP biosynthetic pathway is up-regulated for PLP production.
PdxF, also known as 3-phosphoserine aminotransferase, is a PLP-dependent enzyme in
PLP biosynthesis. It catalyzes the transamination between (3R)-3-hydroxy-2-oxo-4-
phosphonooxybutanoate and glutamate to form 4-hydroxy-L-threonine phosphate'®.
From the protein identification result in later chapters, the increased band during PLP
starvation should be 3-phosphoserine aminotransferase.

The second series are shock conditions. Here, instead of depletion of certain
nutrients, cells were “shocked” with cold temperatures, heat, or acid. This stimulates the
bacteria at the proteome level and allows us to observe the reaction of the PLP-
dependent proteins. For cold shock, cells were grown in a 37 °C shaker for 14 hours and
then cold shocked by incubation at 15 °C. Aliquots (1 ml) at time points 0, 0.5, 1, 2.5, 3,

4, and 6.5 hours were taken out and the previously developed protocol was followed to

visualize the PLP-dependent enzymes. The gel clearly shows that the level of all PLP-
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dependent enzymes decreased after the initial cold shock (0.5 h) (figure 33A). After that,
the expression amount increased back and didn’t show much change (only a slight
increase from 1-3 h and decrease from 3-6.5 h). The sharp decrease of all the PLP-
dependent enzymes at 0.5 h is probably due to the stringent response, which down-
regulates most of the protein production in the cell. After shock, all the PLP enzymes
returned to a normal level. This indicates that PLP-dependent proteins are not directly
involved in the regulation of cold shock conditions.

As for heat shock, 10 ml E. coli cells were incubated at 42 °C for 2 min as the
“heat shock”. The culture was then returned to 37 °C and incubated to observe the
change of the expression of the PLP-dependent enzymes. The result is shown in figure
33B. Similar to the cold shock condition, all PLP-dependent enzyme levels decrease
initially after the shock condition was applied, but the expression amount returned to
normal and remained approximately constant.

Under acid shock conditions, the expression level of the PLP enzymes fluctuates
over time (figure 33C), which is possibly due to the unstable pH environment in the cell.
Therefore, in all three shock conditions, the PLP-dependent enzymes don’t seem to have

any correlation with the cell regulation process.
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Figure 33. SDS-PAGE gels following the growth of E. coli ApdxJ in minimal media
containing **P-PLP under shock conditions. A) Cold shock, where cells were incubated
at 15 °C after 14 h of growth at 37 °C; B) heat shock, where cells were incubated at 42
°C for 2 min after 14 h of growth at 37 °C, and then back at 37 °C; C) acid shock, where
20 A 34% HCI was added to 10 ml culture to drop pH down to around 4.5.

Finally, we carried out another two stress experiments: osmotic stress and UV
irradiation. To create osmotic stress, sucrose was added to the media to a final
concentration of 40%. The sudden increase of sucrose in the media around the E. coli
cells causes a rapid change in the movement of water across the cell membrane. Under

this condition, water is drawn out of the cells through osmosis, which inhibits the
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transport of substrates and cofactors into the cell thus “shocking” the cell. Hence,
osmotic stress is similar to starvation to some extent. Interestingly, the result is also
close to that in the glucose starvation experiment. With the addition of a high
concentration of sucrose, all PLP-dependent enzymes show an obvious increase at 4-6 h
(figure 34A). As discussed before, the purpose of this up regulation may be to manage
the use of limited nutrients including substrates and cofactors.

In the UV irradiation experiment, E. coli cells were irradiated with UV light for 1
minute. UV irradiation at around 250 nm can Kill or inactivate microorganisms by
destroying nucleic acids and disrupting DNA, crippling the organism’s ability to perform
vital cellular functions. Figure 34B, however, shows that there is no dramatic expression
change in PLP-dependent enzyme levels. Therefore, PLP enzymes do not seem to
participate in stringent response to UV irradiation, which probably focuses on DNA
repair.

A clustered column graph has been made as a summary of all the experimented
stress conditions. Here, the four major bands (band 1-4 from top to bottom) were semi-
quantitated by measuring the band intensity and then plotted. From the results shown in
figure 35, it is clear that different PLP enzymes respond differently under various stress
conditions. For instance, the protein(s) in band 3 (red column) express at a significantly
higher amount under the PLP starvation condition, whereas the protein(s) in band 1
(purple column) increase dramatically in response to cold shock. However, it should be
noted that intensities among different conditions are not comparable since they were

measured from different gels.
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Figure 34. SDS-PAGE gels following growth of E. coli ApdxJ in minimal media
containing **P-PLP under other stress conditions. A) Osmotic stress, where cells were
incubated in 40% sucrose after 14 h of growth; B) UV irradiation, where cells were
exposed to UV light (254 nm, 1 J/m2/sec) for 1 min after 14 h of growth.
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Figure 35. Summary of PLP enzymes under all the experimented conditions. The
intensities of the four bands (band 1-4 from top to bottom) in each radioactive gel were
measured and then plotted. Purple column: band 1; green column: band 2; red column:
band 3; blue column: band 4.
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Identification of PLP Enzymes in the E. coli Proteome by Radioactive Detection

Since PLP-dependent enzymes were shown to respond differently based on the
specific stress condition, identifying them will allow us to explore new biological
functions of PLP enzymes in cell regulation. However, considering that only non-
radioactive samples are allowed on LC-MS, the radioactive gel cannot be analyzed by
LC-MS for identification. Also, the protein ladder cannot be visualized in radiation
imaging because it’s not 3*P-labeled. To solve these problems, the radioactive gel was
imaged by both radiation screening and normal gel scanning. The two images were then
overlapped to determine the position of each radioactive band in comparison to the
protein ladder. Meanwhile, samples prepared from four stress conditions were run on a
non-radioactive gel and stained with Coomassie brilliant blue. Positions corresponding
to the four radioactive bands were excised from the non-radioactive gel and we followed
the procedure for in-gel tryptic digestion. The resulting non-radioactive peptides were
then analyzed by LC-MS/MS and identified.

From previous results, the four bands are most clearly seen in the cold shock
condition, so it was selected as the condition to determine molecular weights of the four
bands. E. coli ApdxJ was grown in 10 ml sterile M9 minimal media containing glucose,
Mg?*, Ca**, Fe?*, kanamycin, and *’P-PLP. After 14 h of growth at 37 °C, cells were
cold shocked at 15 °C and incubated for 3 h to maximize the expression of PLP-
dependent enzymes. The 10 ml culture was harvested, lysed, and treated with NaBHj, as

previously described. After desalting, the radioactive protein mixture was separated with
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a larger gel (20 cm x 20 cm) and visualized through a phosphor storage screen (figure

36).
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Figure 36. Larger SDS-PAGE gel of the E. coli ApdxJ proteome. E. coli ApdxJ was
grown in 10 ml minimal media containing *P-PLP at 37 °C for 14 h and then cold
shocked at 15 °C for 3 h to maximize the expression of PLP-dependent enzymes. The
obtained proteome was reduced by NaBH, and loaded on a 12% SDS gel (20 cm x 20
cm).

Similar to previous results, the four major bands were clearly visible in the larger
radioactive gel (figure 36, band 1-4, pointed by blue arrow). To determine the molecular
weight range of each band, the gel was also scanned in the Biorad gel imager to see the
protein ladder. The two images were overlapped (figure 37A) and the approximate
region of each band was determined (red dash line): band 1 at 37-50 kDa, band 2 at ~37

kDa, band 3 at 25-37 kDa, band 4 at 20-25 kDa.
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B)

Figure 37. Larger SDS-PAGE gel for identification of PLP-dependent enzymes. The
approximate regions of the four bands (figure 36, band 1-4, pointed by blue arrow) were
marked with red dash lines. A) Overlap of radiation screening and normal gel scan of the
%2p_|abeled radioactive gel of E. coli ApdxJ growing under cold shock conditions. B)
Non-radioactive gel stained with Coomassie brilliant blue for identification of PLP-
dependent enzymes. The five lanes from left to right correspond to E. coli cells growing
under glucose starvation, PLP starvation, osmotic stress, and cold shock conditions.

For identification, E. coli ApdxJ was grown under four conditions: glucose

starvation, PLP starvation, osmotic stress, and cold shock. Following the same procedure
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but without using *P-PLP, the proteome was separated by SDS-PAGE and stained by
Coomassie brilliant blue. With the determined approximate molecular weight region in
figure 37A, the regions of the red dash lines in figure 37B were excised, digested with
trypsin, and subjected to LC-MS/MS analysis. The resulting peptide data was searched
in the NCBI database by Mascot, and five PLP-dependent enzymes were identified as
threonine synthase (47.1 kDa), serine hydroxymethyltransferase (45.3 kDa), aspartate
aminotransferase (43.6 kDa), 3-phosphoserine aminotransferase (39.8 kDa), and cysteine
synthase A (34.5 kDa) (table 4).

Compared with the molecular weight of each protein, it is deduced that band 1 is
a mixture of threonine synthase, serine hydroxymethyltransferase, and aspartate
aminotransferase. Band 2 is 3-phosphoserine aminotransferase, and band 3 is cysteine
synthase A. As for band 4, both threonine synthase and cysteine synthase A were
detected in that region (~22 kDa) but not in the upper region (25-30 kDa). So it is highly
possible that band 4 in the radioactive gel is a PLP-containing peptide fragment of
threonine synthase and cysteine synthase A.

Also, the theoretical molecular weight of each protein does not perfectly match
the band positions in the radioactive gel, which might be due to two reasons: 1) the
overlapping method for determination of the band position is not very accurate because
each lane migrates slightly differently; even the two lanes of protein ladders showed a
position difference (figure 37A). 2) Due to PLP bonding or the interaction with other

proteins in the cell environment and the possible adduct of small molecules, the
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migration of each protein in the SDS gel may not correspond well with its molecular

weight.

Table 4. Identified Escherichia coli PLP-dependent enzymes

Gl number Protein name Sequence coverage
1579964 Threonine synthase 5%
485772118 Serine hydroxymethyltransferase 18%
16128874 Phosphoserine aminotransferase 27%
15802947 Cysteine synthase A 24%
78214801 Aspartate aminotransferase 7%

After identifying the enzymes, we can look back at the previous radioactive gel
results. Here, all the experiments were carried out under stress conditions, which are
regulated by the bacterial stringent response. In this process, the ribosome-associated
gene relA synthesizes a signal molecule (p)ppGpp (guanosine pentaphosphate or
tetraphosphate), which binds to RNA polymerase and ceases the transcription of stable
RNAs. Stable RNAs represent only ~1% of the genome, but engage >60% of the RNA
polymerase. When stringent response starts, the RNA polymerase constrained by stable
RNAs is used for transcription of appropriate response genes. Consequently, different
stress conditions lead to up or down regulation of different genes. Under amino acid

d%M1 Hence, all the

starvation, amino acid biosynthetic pathways are up regulate
detected PLP-dependent enzymes, which are involved in amino acid biosynthesis,

increased after the starvation started (figure 31).
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For glucose starvation, the signal molecule (p)ppGpp is also accumulated,
triggering the stringent response. Though the carbon metabolism is not directly
associated with amino acid biosynthesis, the translational pausing caused by carbon
starvation can be sensed by RelA due to its physical attachment to the ribosome. The
amino acyl-tRNA pool is thus monitored and the amino acid biosynthetic pathway is up
regulated to prevent amino acid pool fluctuations**2. As a result, all the PLP-dependent
enzymes increased expression after glucose starvation started (figure 32A).

Nitrogen starvation triggers two regulation systems in E. coli: the nitrogen stress
response and the stringent response. For the former, ~100 genes are expressed to
scavenge for alternative nitrogen source. The transcription regulator in nitrogen stress
response can further activate the transcription of relA, generating (p)ppGpp and
changing the global transcription profiling**®. In our experiment, we observed that the
PLP-dependent enzymes involved in amino acid biosynthesis decreased along with time
(figure 32B). This is probably due to the down regulation of the glutamate
transamination, which is the major nitrogen source after nitrogen assimilation. This
result is quite reasonable because organisms have to decrease the production of amino
acids and proteins due to the inability to find alternative nitrogen source.

In the PLP starvation experiment (figure 32C), though not reported, we
hypothesize that this nutrient starvation can also trigger the accumulation of (p)ppGpp,
leading to bacterial stringent response. Similar as amino acid starvation, the biosynthetic
pathway for the starved nutrient (here it is PLP) is supposed to be up regulated. Hence,

the dramatically increased band is probably 3-phosphoserine aminotransferase, known as

78



both serC and pdxF, a bi-functional PLP-dependent enzyme that can convert (3R)-3-
hydroxy-2-oxo-4-phosphonooxybutanoate and glutamate to form 4-hydroxy-L-threonine
phosphate, an intermediate in the PLP biosynthesis.

Osmotic stress, a condition that is similar to nutrient starvation, also exhibits an
increased trend for PLP-dependent enzymes. But for other stress conditions such as
cold/heat/acid shock and UV irradiation, the PLP-dependent enzymes follow a global
change in the transcription. For instance, under cold shock, only the cold shock proteins
(proteins containing universally conserved “cold shock domain) are up regulated,
whereas most other proteins appear to be repressed™. Hence, from these results, PLP-
dependent enzymes participate more in the regulation of nutrient starvation rather than

shock conditions.

4.4 Conclusion

In this chapter, we have developed a radioactivity based method for specifically
detecting PLP-dependent enzymes by enzymatically synthesizing **P-PLP and
incorporating it into the bacterial proteome. The *’P-labeled PLP-dependent enzymes
can thus be visualized by radiation screening. Using this method, we examined the
effects of eight stress conditions — including three starvation conditions (glucose
starvation, nitrogen starvation, and PLP starvation), three shock conditions (cold shock,
heat shock, and acid shock), and two other stress conditions (osmotic stress and UV

irradiation) — on PLP-dependent enzyme expression in E. coli. PLP-dependent enzymes
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showed significantly different changes in expression, especially in the starvation
conditions.

To identify PLP-dependent enzymes, non-radioactive SDS-PAGE was performed
under identical conditions and the resulting gel was overlapped with the radioactive gel
to determine the band positions. With in-gel tryptic digestion and LC-MS/MS analysis,
five PLP-dependent proteins were identified including threonine synthase, serine
hydroxymethyltransferase, 3-phosphoserine aminotransferase, cysteine synthase A, and
aspartate aminotransferase.

The radioactivity base method provides a good way for specifically visualizing
PLP-dependent enzymes as a group in the proteome. Apart from our study of stress
conditions in E. coli, this method can also be used to explore PLP enzymes under other

growing conditions in a variety of organisms.
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5. DEVELOPMENT OF A NON-RADIOACTIVITY BASED PROTEOMIC METHOD

TO PROBE AND IDENTIFY PLP-DEPENDENT ENZYMES

5.1 Introduction

Though PLP-dependent enzymes can be identified by doing non-radioactive
experiments under the same conditions as the radioactive method, the procedure is
complicated and time-consuming. Furthermore, the band position determined by
overlapping the two gel images does not guarantee accuracy. Therefore, the development
of a non-radioactive method to probe and identify PLP-dependent enzymes is of great
benefit.

As previously discussed in activity based protein profiling, a chemical probe can
be designed to target PLP and the active site of PLP-dependent enzymes. PLP itself,
however, does not have good biorthogonal reactivity. Designing PLP analogs with
reactive groups will allow the PLP analog bound enzymes to be targeted by a probe
molecule.

After analyzing the structure of the PLP molecule, we decided to design
halogenated analogs of the PLP molecule at its 6-position on the pyrimidine ring. The
reason for the 6-position selection is a combination of stereo hindrance tolerance and the
ease of organic synthesis. The halogenated PLP analogs are reactive with functional
groups such as azide and thiol. After careful consideration and trial experiments (data
not shown), we decided to explore the following scheme as our method development

(figure 38). First, the imine bond between the PLP analogs and the bound protein is
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reduced by NaBH, to prevent hydrolysis. The halogen group on the PLP analog is then
converted to —N3 by an excess amount of NaNs. With the well-developed copper (1)-
catalyzed alkyne-azide cycloaddition (CUAAC) (a “click reaction”), the azido-PLP can
be covalently linked to a molecular probe with alkyne at one terminus and biotin at the
other (figure 39). Using this approach, the PLP-dependent enzymes can be visualized or

affinity-enriched by biotin as discussed in chapter 2 and 3.

H
N Protein N Protein N Protein N—Protein
0Pz _NaBH, _ NaBH, OPO,% NaN3 opo-__ biotimm= _ biotimm= HO | A OPO;%
cl|ck reaction N/
"\l/\>—'wbiotin
N=

=N
Figure 38. Strategy for probing PLP-dependent enzymes. The protein-bound
halogenated PLP analog can be reduced by NaBH, and then converted to azido-PLP by
an excess amount of sodium azide, followed by a copper (I) catalyzed click reaction

using a biotin-alkyne reagent. The PLP-dependent enzymes are thus labeled with biotin
and can be visualized or affinity-enriched for identification.

o]

NH)LNH

HC}{O/\}O%”L\/T:Z?H

Figure 39. The biotin-(PEG)s-alkyne reagent. The reactive alkyne functional group is
marked in green and the reporter group biotin is labeled in red.

The labeled PLP-dependent enzymes can then be identified by a combination of
affinity chromatography and mass spectrometry. The PLP enzymes with biotin tag are

enriched on the streptavidin resin. After on resin digestion, the resulting peptides are
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subjected to LC-MS/MS analysis and the tandem mass spectra are searched in NCBI
database to identify PLP-dependent enzymes.

We still used E. coli as a model system and both PLP analog based and native
PLP based methods were developed. We also treated the E. coli culture under amino
acid starvation to discover the response of the PLP-dependent enzymes. PLP enzymes

were identified under both amino acid supplemented and starved conditions.

5.2 Experimental Methods
Chemicals and Reagents

Pyridoxal hydrochloride, pyridoxal-5-phosphate, sodium azide, and amino acids
were purchased from Sigma Aldrich (St. Louis, MO). B-Per solution was obtained from
Pierce (Rockford, IL). Streptavidin resin was from GenScript (Piscataway, NJ) and
streptavidin-R-phycoerythrin (PE) was from QIAGEN (Valencia, CA). The PVDF
membrane and trypsin gold were purchased from Promega (Madison, WI). M9 salts
were obtained from Becton Dickinson (Franklin Lakes, NJ). E. coli ApdxJ and the E. coli
-relA strain was from Coli Genetic Stock Center at Yale University (New Haven, CT).

All fluorescence gel images were scanned using a Typhoon trio instrument
(excitation, 532 nm green laser; emission, 580 nm band-pass filter (580 BP 30)) from
GE Healthcare Biosciences (Piscataway, NJ). The UV absorbance of protein samples
was tested on a Varian Cary 300 Bio UV-Visible Spectrophotometer (Palo Alto, CA). A

sonicator 3000 from Misonix Inc. (Farmingdale, NY) was used for sonication. Sodium
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dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using a

Hoefer SE 250 mini-vertical gel electrophoresis unit.

Organic Synthesis of Three PLP Analogs
This part of the work was done by Dr. Dmytro Fedoseyenko and Brateen Shome

in Tadhg P. Begley’s laboratory.

Growth Study of E. coli ApdxJ Supplemented with Different PLP Analogs

E. coli ApdxJ was grown on an LB agar plate at 37 °C for 12 hours. A colony was
added to 20 ml sterile M9 minimal media containing 0.4% glucose, 50 pM
Fe(NH4)2(SO4)2, 2 MM MgSQOy, 100 pM CaCls,, 40 pg/ml kanamycin, and 10 pM PLP
analogs (6-chloropyridoxal, 6-bromopyridoxal, and 6-iodopyridoxal) each filtered
through a sterile syringe drive 0.23 pm filter. The culture was allowed to grow at 37 °C

for 25 h and absorbance at 600 nm was measured at 0, 3.6, 6.5, 8.5, 12, and 25 hours.

Labeling and SDS-PAGE of PLP Enzymes in E. coli Proteome Using PLP Analogs
E. coli ApdxJ was grown in 10 ml minimal media with PLP analogs
supplemented as previously described. After 14 h of growth, 1 ml culture was harvested.
The cell pellet was resuspended in 100 Pl B-Per solution and incubated at room
temperature for 15 min to lyse the cell. The mixture was centrifuged to obtain cell
extract, of which 10 i solution was removed to measure the total protein concentration

by Bradford assay. NaBH,4 was added in an amount of 0.5 mg/100 i and incubated at
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room temperature for 10 min. Excess NaBH, was removed by methanol/chloroform
precipitation, and the resulting protein pellet was dissolved in 100 (4 100 mM PBS
buffer pH 7.2 with 8 M urea and 500 mM NaN3. The solution was kept in the dark and
allowed to react for 30 min at room temperature. Methanol/chloroform precipitation was
then performed to remove the salts.

The protein pellet was dissolved in 95 4 8 M urea in 100 mM PBS buffer pH
7.2, and the click reaction was started by sequentially adding CuSO,4 (0.4 | of 25 mM
stock), NiSO, (1 P of 100 mM stock), Tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA, 1 I of 50 mM stock), biotin-(PEG)s-alkyne (1 i of 100 mM
stock), and sodium ascorbate (2 | of 250 mM stock). The mixture was incubated in the
dark at room temperature for 1 h, and then desalted by methanol/chloroform
precipitation.

The protein pellet was added to 15 I SDS sample buffer, 5 4 8 M urea in 100
mM PBS buffer pH 7.2, and 0.3 ul B-mecaptoethanol. The mixture was heated at 60 °C
for 5 min and then centrifuge at 13000 rcf for 5 min. A 5 i sample of the solution was
loaded onto a 12% SDS gel and run at 100 V on a SE 250 Mighty Small Gel runner
(Hoefer, Hollisto, MA).

The resulting gel was either Coomassie stained, or transferred to a PVDF
membrane by the Biorad Trans-Blot Turbo System at 100 V for 30 min. The blot was
washed with TBS buffer (2 mM Tris-HCI, 50 mM NaCl, pH 7.5), blocked with 3% BSA
(dissolved in TBS buffer), washed with TBS buffer again and then stained with

streptavidin-PE at 1:3000. The stained blot was stored in TBS buffer and imaged using a
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Typhoon trio instrument (excitation, 546 nm green laser; emission, 580 nm band-pass

filter (580 BP 30)) from GE Healthcare Biosciences (Piscataway, NJ).

Labeling and Visualization of PLP Enzymes in E. coli Proteome Using Native PLP
E. coli ApdxJ was grown on an LB agar plate at 37 °C for 12 hours. A colony was
added to 10 ml sterile M9 minimal media containing 0.4% glucose, 50 pM
Fe(NH,4)2(SO4)2, 2 mM MgSO,, 100 pM CaCl,, 40 g/ml kanamycin, and 10 M PLP,
each filtered through a sterile syringe drive with 0.23 pm filter. After 14 hours of
growth, 1 ml culture was harvested. The cell pellet was resuspended in 100 i B-Per
solution and incubated at room temperature for 15 min. The mixture was centrifuged to
obtain protein solution, and the total protein concentration was measured by Bradford
assay with 10 pd solution. The solution was then desalted by methanol/chloroform
precipitation, and the resulting protein pellet was dissolved in 100 (4 100 mM PBS
buffer pH 7.2 with 8 M urea and 500 mM NaNg3. The rest of the procedure is the same as

labeling and visualizing PLP-dependent enzymes with PLP analogs.

Identification of PLP Enzymes in E. coli Proteome by the Developed Gel Free
Method

E. coli —relA was grown in 50 ml sterile M9 minimal media containing 0.4%
glucose, 2 mM MgSO,, 100 pM CaCly, 50 M Fe(NH4)2(SO4)2, and 40 pg/mi
kanamycin. After 14 hours of growth at 37 °C, the cells were divided into four aliquots,

harvested, and each aliquot was resuspended in 1 ml B-Per solution. After a 30 min
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incubation, the protein mixture was obtained by centrifugation and then desalted using
methanol/chloroform precipitation. The resulting protein pellet was dissolved in 1 ml
100 mM PBS buffer pH 7.2 with 8 M urea and 500 mM NaN3. The solution was kept in
the dark and allowed to react for 30 min at room temperature. Methanol/chloroform
precipitation was then performed to remove the salts.

The protein pellet was then dissolved in 1 ml 8 M urea in 100 mM PBS buffer pH
7.2, and the click reaction was started by sequentially adding CuSO4 (4 d of 25 mM
stock), NiSO, (1 P of 100 mM stock), Tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA, 1 I of 50 mM stock), biotin-(PEG)s-alkyne (1 i of 100 mM
stock), and sodium ascorbate (2 | of 250 mM stock). The mixture was incubated in the
dark at room temperature for 1 h, and then desalted by methanol/chloroform
precipitation.

The protein pellet was dissolved in 1 ml 8 M urea in 100 mM PBS buffer pH 7.2
and then diluted with 9 ml 100 mM PBS buffer pH 7.2 to decrease urea concentration to
0.8 M with a 10 ml final volume. The four aliquots were combined and cycled through
500 |A of streptavidin resin slurry (pre-equilibrated with 100 mM PBS buffer pH 7.2) at
room temperature for 6 hours. The resin was then sequentially washed with 20 ml 100
mM PBS buffer pH 7.2 and 10 ml 50 mM NH4HCOs. Protein digestion was carried out
by adding 10 p 10 g/ trypsin gold and incubated at 37 °C overnight. The slurry was
centrifuged and the supernatant was collected. The resin was then mixed with 200 | 50
mM NH4;HCOj3 and the supernatant collected. This process was repeated 3 times and the

supernatant was concentrated using a SpeedVac to 40 . The peptide solution was
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subjected to LC-MS analysis as previously described and the data was analyzed by

Bruker DataAnalysis 4.0 and BioTools 3.2.

Growth of E. coli —relA under Singlet Oxygen Stress

E. coli —relA was grown in 5 ml minimal media containing 0.4% glucose, 2 mM
MgSQy4, 100 pM CaCly, 50 M Fe(NH,)2(SO4),, and 40 pg/ml kanamycin. After 14 h of
growth, the 5 ml culture was divided into 5 aliquots with 1 ml per aliquot. The
cercosporin was then supplemented to each culture at a final concentration of 0, 0.1, 0.3,
1, 5 pM. After incubating under light for another 3-4 h, cells were harvested and

followed the established method for visualizing PLP-dependent enzymes.

Growth of E. coli —relA under Amino Acid Supplemented and Starved Condition

E. coli —relA was grown in 1 ml minimal media containing 0.4% glucose, 2 mM
MgSQy, 100 pM CaCly, 50 M Fe(NH4)2(SO4)2, and 40 pg/ml kanamycin. The same
media was used for the amino acid supplemented condition, except for addition of 0.1%
casamino acids. After 14 h of growth, cells were harvested and followed the established

method for visualizing PLP-dependent enzymes.

5.3 Result and Discussion of the Non-Radioactive Probing Method
Growth Study of E. coli ApdxJ Supplemented with Different PLP Analogs
To develop this PLP analog based method, we first had to confirm that E. coli

cells could take up the PLP analogs. We tested different forms of PLP analogs including
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6-bromo-pyridoxal-5’-phosphate (Br-PLP), 6-bromo-pyridoxal (Br-PL), and 6-bromo-
pyridoxine (Br-pyridoxine) (figure 40) (all the molecules were synthesized by Dr.
Dmytro Fedoseyenko and Brateen Shome). Of the three analogs, Br-PLP is the most
difficult to synthesize but is the one most readily taken up by E. coli since it doesn’t
require any enzymatic modification. For Br-PL, it is easier to synthesize the molecule
organically but it needs a kinase for phosphorylation in the cell. Br-pyridoxine is the
easiest PLP analog to synthesize, but it requires two more steps in the cell:

dehydrogenation and phosphorylation.

CHO CHO CH,OH
H H

|/ P ~

N~ "Br N™ "Br N™ "Br

Br-PLP Br-PL Br-pyridoxine

Figure 40. Structures of the three PLP brominated analogs: 6-bromo-pyridoxal-5’-
phosphate (Br-PLP), 6-bromo-pyridoxal (Br-PL), and 6-bromo-pyridoxine (Br-
pyridoxine).

To find out which molecule can support E. coli growth, we tested all three
analogs by growth study. We found that both Br-PLP and Br-PL can support E. coli’s
growth, but that Br-pyridoxine cannot (figure 41). This is probably because the kinase
that phosphorylates pyridoxal tolerates the brominated substrate Br-PL but the

dehydrogenase which turns pyridoxine into pyridoxal is more substrate specific and
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doesn’t recognize the brominated analog. Hence, the halogenated pyridoxal (X-PL,

X=Cl, Br, I) was selected as the PLP analog for supplementing E. coli ApdxJ.

1.5

g ——PLP

I}

< ! —=-Br-PLP
Br-PL

0.5 ' g —<—Br-pyridoxine
,’/
0 5 10 15 20 25
Time (h)

Figure 41. Growth curves of E. coli ApdxJ supplemented with PLP analogs. E. coli
ApdxJ was grown in minimal media supplemented with 10 pM PLP (blue trace), 6-
bromo-PLP (red trace), 6-bromo-pyridoxal (green trace), 6-bromo-pyridoxine (purple
trace).

As a result, three PLP analogs with different halogen atoms were synthesized (by
Dr. Dmytro Fedoseyenko and Brateen Shome): 6-chloro-pyridoxal, 6-bromo-pyridoxal,
and 6-iodo-pyridoxal (short formed as CI-PL, Br-PL, I-PL for convenience) (figure
42A). The three analog molecules were dissolved in water and fed to the E. coli PLP
auxotroph strain ApdxJ at a concentration of 10 M. The growth of E. coli dpdxJ in
minimal media was recorded by measuring the absorbance at 600 nm at different time
points from 0 h to 25 hours. Meanwhile, the growth of E. coli 4pdxJ in minimal media

supplemented with 10 M native PLP was also tested as a positive control.
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In the obtained growth curves (figure 42B), E. coli cells supplemented with the
three PLP analogs all exhibit growth, similar to the control sample supplemented with

native PLP. All three halogenated PLP analogs were found to be suitable to develop a

method to probe PLP-dependent enzymes.
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Figure 42. Structures of the three PLP halogen analogs and the growth curves of E. coli
ApdxJ supplemented with PLP analogs or native PLP. A) The 6-position halogenated
PLP analogs, including 6-cloro-pyridoxal (CI-PL), 6-bromo-pyridoxal (Br-PL), 6-iodo-
pyridoxal (I-PL). B) Growth curves of E. coli ApdxJ supplemented with CI-PL, Br-PL, I-
PL, and native PLP, respectively.
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Labeling and SDS-PAGE of PLP Enzymes in the E. coli Proteome Using PLP
Analogs

Since all three PLP analogs were found to support the growth of E. coli 4pdxJ,
the next step was to find out which one provided the best labeling efficiency. An organic
model experiment was carried out before applying it to the PLP-dependent enzymes.
Here, 1 mM chloro-pyridoxal, bromo-pyridoxal, and iodo-pyridoxal were mixed with 2
M NaNj; at pH 7, respectively (all reactions set up by Brateen Shome). After LC-MS
analysis, it was found that the three PLP analogs exhibit significantly different reaction
efficiencies with NaN3. While I-PL generated the highest amount of product, Br-PL
yielded about half compared with I-PL, and CI-PL produced almost no product (figure

43).
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Figure 43. Extracted ion chromatogram of the reaction product between PLP analogs
and sodium azide. Yellow trace: product of iodo-pyridoxal reacting with NaNs; purple
trace: product of bromo-pyridoxal reacting with NaN3; green trace: product of chloro-
pyridoxal reacting with NaNs.

The experiment was repeated in the protein system. E. coli ApdxJ was fed each of
the three PLP analogs and the resulting cells were harvested, lysed, and treated with

NaBH,. The reduced proteome was mixed with NaN3 to convert the halogen group into
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an azido group. After desalting, Cu®*, Ni**, TBTA, and biotin-(PEG),-alkyne were added
to the protein mixture. Sodium ascorbate was used to start the copper (1) catalyzed click
reaction.

This reaction labeled the PLP analog-bound enzymes with biotin which was
detected by western blot (anti-biotin). The result is shown in figure 44. As in the organic
model reaction, iodo-pyridoxal supplemented E. coli culture gives the most intense
labeling, followed by bromo-pyridoxal. Cells growing in choro-pyridoxal supplemented
media show very weak labeling. This result is reasonable because iodo is the best
leaving group among the three halogens. Therefore, iodo-pyridoxal was chosen to be the

PLP analog molecule to probe PLP-dependent enzymes.

50k

37k

25k
20k

Figure 44. Western blot of E. coli 4pdxJ proteome supplemented with PLP analogs.
Chloro-pyridoxal, bromo-pyridoxal, and iodo-pyridoxal were added to the growth media
of E. coli 4pdxJ, respectively. The proteome was treated with NaBH,, NaNs, and copper
(D) catalyzed click reaction. The resulting protein mixture was separated by a 12% SDS-
PAGE, transferred to a PVDF membrane and stained by streptavidin-PE.

93



Labeling and Visualization of PLP Enzymes in the E. coli Proteome Using Native
PLP

During the experiment, an interesting phenomenon was found: though iodo-
pyridoxal supplementation shows more intense labeling than using native PLP, the latter
seems to have the same labeling pattern as PLP analogs (figure 45A). If PLP bound
enzymes can be directly labeled by NaNs, the whole method is simplified. First, the
synthesis of the PLP analogs can be omitted; second, it is not necessary to use the PLP
auxotroph strain ApdxJ, which means this method can be further applied to other
organisms without a readily available knockout.

However, the labeling mechanism of PLP reacting with NaN3 might be different
than PLP analogs since there is no good leaving group in the PLP molecule. In all
previous experiments, PLP analogs were first reduced by NaBH, to be “fixed” on the
proteins, in which the imine bond C=N was converted to C-N to prevent the PLP analogs
from being hydrolyzed off the enzymes. In the case of native PLP, however, this imine
bond may provide a better target for NaN3 to label. To test our hypothesis, E. coli 4pdxJ
was grown in minimal media supplemented with native PLP. After 14 hours of growth at
37 °C, two aliquots of cells were harvested and the cell extract was obtained. One of the
aliquots was treated with NaBH, as in previous experiments, and to the other was added
the same amount of NaCl. The resulting proteome was again labeled by NaN; followed

by a click reaction. Here, it is clearly seen that the sample without NaBH, treatment
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shows much heavier labeling (figure 45B), indicating the imine bond does participate in

the labeling process.

A)  I-PL  PLP B) + ; NaBH,
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Figure 45. Western blot of native PLP or PLP analogs supplemented E. coli 4pdxJ
proteome with or without NaBH,4. A) lodo-pyridoxal and pyridoxal-5’-phosphate (PLP)
were added to the growth media, respectively; B) PLP supplemented in the growth
media treated with or without NaBH,. The proteome was labeled with NaN3 followed by
a copper (I) catalyzed click reaction. The resulting protein mixture was separated by
12% SDS-PAGE, transferred to a PVDF membrane, and stained with streptavidin-PE.

This result allows us to propose a mechanism for NaN3 labeling of PLP-bound
enzymes (figure 46). In it, the 6-position of the pyrimidine ring was attacked by —Nj".
After a multi-step tautomerization, the imine bond C=N was finally converted to C-N
and the azido group was covalently attached to the 6-position. This mechanism explains
the result in the NaBH, effect experiment (figure 46B), but it needs to be confirmed by

detecting the labeling product.
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Figure 46. Proposed mechanism of NaNj3 labeling of PLP bound enzymes

Investigation of PLP-dependent Enzymes in the E. coli Proteome under Singlet
Oxygen Stress

With the developed technique, we started to test the expression of PLP-dependent
enzymes by applying stress conditions. Considering that the PLP-dependent enzymes
were regulated by stringent response in the previous experiments, a relaxed response
strain —relA was used to test the expression change of PLP-dependent enzymes.

In recent years, it has been reported that PLP has an anti-oxidation function

M5 However, most of the research focused on the PLP

against singlet oxygen
molecule instead of the PLP bound proteins. Here, with the ability to visualize PLP-
dependent enzymes as a whole group, we applied singlet oxygen stress conditions to E.

coli cells to detect the expression change of PLP-dependent enzymes.
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Cercosporin was selected as the singlet oxygen generator as previously
reported™®. E. coli -relA was first grown at 37 °C for 14 h and then aliquoted into five
cultures. Cercosporin was added to each sample in increasing concentrations (0, 0.1, 0.3,
1, and 5 pM) and incubated under light for another 3 hours. The resulting cultures were
collected and analyzed as previously described. The expression of all PLP-dependent
enzymes (four major bands pointed by blue arrows) was increased at higher
concentrations of cercosporin (figure 47). This result indicates that PLP-dependent
enzymes participate in the anti-oxidation process: they may directly regulate the cell as
anti-oxidants or they assist the anti-oxidative PLP molecules by storing and transporting
them. This process may be controlled by both oxidative stress response and the stringent
response. Since those PLP enzymes have already been identified, they can be
individually cloned and expressed to investigate their anti-oxidation function in future

work.
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Figure 47. Western blot of E. coli -relA proteome with cercosporin supplemented. After
14 h of growth at 37 °C, E. coli -relA growth media was added cercosporin with
concentrations of 0 uM, 0.1 pM, 0.3 pM, 1 UM, and 5 M. The cultures were incubated
for 3 h after adding cercosporin and then obtained cell extract. The proteome was labeled
with NaNj3 followed by a copper (I) catalyzed click reaction. The resulting protein
mixture was separated by 12% SDS-PAGE, transferred to a PVDF membrane and
stained with streptavidin-PE.
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Investigation of PLP-dependent Enzymes in the E. coli Proteome under Amino
Acid Starvation

Since PLP-dependent enzymes are mostly involved in the amino acid
biosynthetic pathways, we decided to focus on investigating PLP-dependent enzymes
under amino acid starvation using the developed technique. E. coli -relA was grown in
two different media: one is minimal media with glucose, CaCl,, MgSQ,,
Fe(NH,4)2(SO4)2, kanamycin, and casamino acids supplemented; the other is minimal
media with the same components except for the absence of casamino acids. Following
the developed protocol, the PLP-dependent enzymes were visualized by western blot

(figure 48).

- + casamino acids
75k -
50k
..
37k
25k '
20k

Figure 48. Western blot of E. coli -relA proteome with or without 0.1% casamino acids
supplemented in the growth media. The proteome was labeled with NaNj3 followed by a
copper (1) catalyzed click reaction. The resulting protein mixture was separated by 12%
SDS-PAGE, transferred to a PVDF membrane and stained with streptavidin-PE.
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It is obvious that the PLP-dependent enzyme level sharply decreases with the
addition of casamino acids, especially the proteins in the lower molecular weight region.
This is similar to the previous radioactive experiment and is reasonable. Though relA has
been knocked out, spoT can synthesize a reduced amount of (p)ppGpp, triggering the
relaxed stringent response. From our result, the -relA strain still has the ability to up
regulate the amino acid biosynthesis. This is reasonable because the cells are expected to
show no growth if they do not synthesize the amino acids that are unavailable from the
environment. In the case of casamino acids supplementation, E. coli can obtain amino
acids from the environment and thus the PLP-dependent enzymes are significantly

depressed.

Identification of PLP Enzymes in the E. coli -relA Proteome by the Developed Gel
Free Method

To verify that the developed gel free method could also identify PLP-dependent
enzymes, a larger amount (50 ml) of E. coli culture was grown in both amino acid
supplemented and amino acid starved conditions, following the same steps as the
previously developed method except for the gel separation. After the click reaction, the
protein mixture was desalted by methanol/chloroform precipitation and the protein pellet
was dissolved in 8 M urea solution. After the solution became homogeneous, it was
diluted into 2 M urea and loaded onto a streptavidin resin. Using a lower concentration
of urea allows the protein mixture to remain in solution while the streptavidin is not

denatured and still has high affinity towards biotin. To ensure sufficient binding, the
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solution was cycled through a streptavidin resin for 6 h at room temperature. The protein
bound resin was then washed and on-resin tryptic digestion was performed as discussed
in chapters 2 and 3. Only one protein serine hydroxymethyltransferase (45.3 kDa) was
identified in the amino acid supplemented condition, and five proteins were identified
which were the same as those identified using the radioactive method in chapter 4:
threonine synthase (47.1 kDa), serine hydroxymethyltransferase (45.3 kDa), aspartate
aminotransferase (43.6 kDa), phosphoserine aminotransferase (39.8 kDa), and cysteine
synthase A (34.5 kDa).

The identification result corresponds well with the gel image in figure 48. In
amino acid rich media, E. coli cells obtain amino acids from the environment and thus
repress the biosynthetic pathways. Serine hydroxymethyltransferase is the only
identified PLP-dependent enzyme under this condition, indicating its essential function
in the cell metabolism. This enzyme catalyzes the conversion between serine and
glycine. Scission of the serine C,-Cg bond provides the one-carbon unit, which is then
used to synthesize purine, thymidylate, glycine, and other metabolites. Therefore, it is
not unexpected to identify serine hydroxymethyltransferase under the amino acid rich
condition.

For the amino acid starved condition, it is interesting to see that the same proteins
are identified in both relA™ (E. coli ApdxJ strain, previous experiments in chapter 4) and
relA” strain. This is probably because the stringent response is regulated by both relA and
spoT. The signal molecule, (p)ppGpp, is synthesized by RelA but can be hydrolyzed by

spoT. Regulated by both proteins, (p)ppGpp is accumulated and maintained at a certain
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level to trigger and regulate the stringent response. However, SpoT also has the ability to
synthesize (p)ppGpp, though at a much lower level compared with RelA. Therefore, the
relA” strain can still generate (p)ppGpp and thus is called a relax response strain, which
also regulates the stringent response to some extent. Hence, the same enzymes identified
in this research are deduced to play key roles in the amino acid biosynthesis.

Threonine synthase converts O-phospho-L-homoserine to L-threonine. The
absolute concentration of threonine in the cytosol is 0.18 mM™. Threonine itself is
incorporated into proteins and is also an intermediate in isoleucine biosynthesis. Also,
the thr operon was found to be up regulated in both relA” and relA* strains''°. Therefore,
it is reasonable for threonine synthase to be expressed in a relatively high amount in the
cell.

Serine hydroxymethyltransferase, as discussed above, is involved in the one-
carbon metabolism, which is central for biosynthesizing a variety of metabolites. Under
amino acid starvation, it has been reported that serine is heavily used as a carbon

119 also indicates it

source™!. The low concentration of serine in the cytosol (0.068 mM)
is quickly converted after generation. And our experiment suggests that it is even
expressed in the amino acid supplemented condition. Essential as it is, it is expected that
this enzyme is identified.

Aspartate aminotransferase catalyzes the transamination reaction from glutamate
to aspartate. After the nitrogen assimilation, glutamate is the nitrogen source for various

119

metabolites. For this reason, glutamate has the highest concentration (96 mM)~~ among

cell metabolites. Glutamate undergoes various transamination reactions to donate the
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nitrogen to other metabolites, one of which is aspartate. Aspartate then becomes the
precursor for many amino acids such as glycine, alanine, serine, and threonine. As
expected, the concentration of aspartate is relatively high, which is 4.2 mM°,
Consequently, the aspartate aminotransferase is supposed to be well expressed to
produce aspartate. Also, aspartate aminotransferase has recently been found to involve in
the cell replication. AspC mutant cells were smaller with fewer replication origins and
had an increased doubling time'®. Therefore, aspartate aminotransferase is another
important enzyme coordinating both amino acid biosynthesis and cell growth.

For 3-phosphoserine aminotransferase, as discussed in chapter 4, it is known as
both serC and pdxF. It is a bi-functional enzyme involved in both serine and PLP
biosynthesis. Though serine doesn’t represent a high concentration in the cell, it is one of
the most intensively used amino acid. Computational investigation suggests that serine is
low in energy cost and high in major codon usage'?™*??. Therefore, 3-phosphoserine
aminotransferase in the serine biosynthetic pathway should be well expressed.

Cysteine synthase catalyzes the conversion of O-acetyl-L-serine and hydrogen
sulfide to cysteine. After the free sulfur is assimilated into organic sulfur, cysteine acts
as a central sulfur donor to a variety of sulfur containing metabolites. Here, we identified
cysteine synthase with high sequence coverage (75%).

In this research, we have developed a non-radioactive technique that can use
native PLP to work as an alternative for the radioactive method to probe and identify
PLP-dependent enzymes. We identified five PLP enzymes that play important roles in

amino acid biosynthesis or other cell functions.
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Comparison of the Two Methods for Identification of PLP-Dependent Enzymes:
Classical Gel Based Method and the Developed Gel Free Method

To compare the developed gel free method with the classical gel based technique,
we used both methods to identify the PLP-dependent enzymes in E. coli —relA under
amino acid starvation. More enzymes with higher sequence coverage were identified by
the gel free method (table 5). This is because: 1) the efficiency to recover proteins from a
gel is very low, so only a small percentage of proteins can be digested for detection. The
gel free method doesn’t have this problem. 2) Though the labeling efficiency in the gel
free method is low, it is compensated in the affinity enrichment. By growing large
culture of cells and cycling the biotin-labeled cell extract through the streptavidin resin,
proteins can be enriched on the solid phase. Therefore, the enrichment helps to identify
PLP-dependent enzymes with low concentrations.

It was observed that aspartate aminotransferase was identified in the previous gel
based experiment (chapter 4, section 4.3 identification of PLP-dependent enzymes using
radioactivity detection), but failed to be identified here. The reason is probably because
different strain is used in the two experiments. The experiment in chapter 4 used E. coli
ApdxJ and here the E. coli —relA is used. The relA” and relA” strains have some different
regulations under amino acid starvation’®. Hence, it’s possible that aspartate
aminotransferase was less expressed in the relA” than in the relA™ strain. However, since
the gel free method can enrich PLP-dependent enzymes on the resin, this enzyme was

still identified using the developed gel free method.
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It should be noticed that the biotin carboxyl carrier protein (BCCP) was not
identified in both radioactivity based method and non-radioactive strategy. Failure for
the BCCP identification may be due to two reasons: 1) the protein is expressed in low
abundance under the condition we used; 2) in the non-radioactive method, copper
cleaves the proteins at non-tryptic sites, leading to the miss-picking up by the database.

On the other side, the gel based method has no selectivity towards PLP-
dependent enzymes. In the gel based experiment, we observed more than 80 proteins
were co-identified with PLP-dependent enzymes. Therefore, the B6-dependent enzymes
database was used to look for PLP-dependent enzymes in all the identified proteins.
Nevertheless, only 4-8 non PLP proteins were observed in the gel free method, most of
which are elongation factors. Detection of these non-PLP proteins is probably due to
their high abundance in the proteome and thus retain non-specifically on the streptavidin
resin. The good selectivity of the gel free method enables us to look for PLP-dependent
enzymes in a proteome instead of cloning and purifying individual protein.

Therefore, if we want to focus on the behavior of PLP-dependent enzymes, the
developed gel free technique possesses better sensitivity and selectivity in both

visualization and identification.
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Table 5. Comparison of the gel based and gel free methods

Sequence Sequence

Proteins identified MW Coverage Coverage

(Gel based) (Gel free)
Threonine synthase 47 kDa 5% 16%
Serine hydroxy-methyltransferase 45 kDa 16% 18%
Aspartate aminotransferase 44 kDa - 19%
3-Phosphoserine aminotransferase 40 kDa 3% 25%
Cysteine synthase A 34 kDa 24% 75%

5.4 Conclusion

In this chapter, we have developed non-radioactive methods to probe and identify
PLP-dependent enzymes. A PLP analog based method was designed and tested by
feeding an E. coli PLP auxotroph strain with PLP halogenated analogs, converting the
analogs into azido-PLP, and finally labeling with biotin tag by a copper (1) catalyzed
click reaction. Among 6-bromo pyridoxal-5’-phosphate, 6-bromo pyridoxal, and 6-
bromo pyridoxine, the former two molecules were found to support the growth of E. coli
whereas pyridoxine cannot. Also, 6-iodo-pyridoxal shows better labeling efficiency than
both 6-bromo-pyridoxal and 6-chloro-pyridoxal in organic model reactions and E. coli
proteome experiments. With 6-iodo-pyridoxal fed to E. coli 4pdxJ, five PLP-dependent
proteins were identified: threonine synthase (47.1 kDa), serine hydroxymethyltransferase
(45.3 kDa), aspartate aminotransferase (43.6 kDa), phosphoserine aminotransferase
(39.8 kDa), and cysteine synthase A (34.5 kDa), which are the same proteins identified

in previous radioactive experiments.
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It was found that native PLP fed E. coli proteome exhibited a weaker but similar
labeling pattern as PLP analogs, and NaBH, helped to increase the labeling significantly.
We proposed that the native PLP bound enzymes react directly with NaNs, with the
latter attacking at the 6-position.

With the developed non-radioactive technique, PLP-dependent enzymes were
investigated under different stress conditions. In the singlet oxygen stress experiment, all
PLP-dependent enzymes were found to increase at higher concentrations of cercosporin,
the singlet oxygen generator. This indicates that the PLP-dependent enzymes participate
in an anti-oxidation regulation, either directly or indirectly through activities such as
storing and transporting PLP. Amino acid starvation experiment showed that PLP-
dependent enzymes significantly increased expression compared with the amino acid

supplemented conditions.

106



6. CONCLUSION AND PERSPECTIVE

6.1 Conclusion

In the first part of this research, we developed an activity based protein profiling
method to specifically target and identify sulfur carrier proteins. The “active site” of the
sulfur carrier proteins, the thiocarboxylate group, can be reconstituted in vitro and then
reacted with the sulfonyl-azide group of the probe molecule through a thioacid-azide
reaction. The other end of the probe molecule contained biotin, a tag that can either be
used to visualize sulfur carrier proteins by western blot or for affinity enrichment by
streptavidin resin, allowing the sulfur carrier proteins to be probed, enriched, and
identified.

After validating the method with purified Thermus thermophilus thiS protein and
the E. coli overexpressing ThiFS system, we moved on to explore Streptomyces
coelicolor, in which an unknown sulfur carrier protein had been detected but remained
unidentified. Using the developed method, the sulfur carrier protein was successfully
identified as hypothetical protein SCO4294, possessing the characteristic glycine-glycine
sequence at the C-terminus. A bioinformatics study found that sulfur carrier protein
SC04294 conservatively associates with enzyme SC04293 annotated as threonine
synthase. The reaction between sulfur carrier protein SCO4294 and “threonine synthase”
SCO04293 was studied by western blot assay, HPLC, and LC-MS, with O-phospho-L-
homoserine as the substrate. It was found that the sulfur carrier protein donates a sulfur

atom to O-phospho-L-homoserine to generate homocysteine, and its C-terminal
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thiocarboxylate group hydrolyzes into a carboxylate group. This is the first time that O-
phospho-L-homoserine was found to be the substrate in the formation of homocysteine
in bacteria. And this process probably represents a new direct sulfhydrylation pathway in
methionine biosynthesis.

In another project, we developed a radioactivity based method to probe PLP-
dependent enzymes. The *P-PLP was enzymatically synthesized and fed to the E. coli
PLP auxotroph strain 4pdxJ and the proteome was separated by SDS-PAGE. The
expression levels of the ?P-PLP labeled enzymes were examined under different stress
conditions including amino acid starvation, glucose starvation, nitrogen starvation, PLP
starvation, cold shock, heat shock, acid shock, osmotic stress, and UV irradiation. PLP-
dependent enzymes showed different responses to the various stress conditions. Also, by
overlapping the radioactive and non-radioactive gels, five PLP-dependent enzymes were
identified using traditional in-gel tryptic digestion and LC-MS/MS database search.

Non-radioactive methods for probing PLP-dependent enzymes were also
successfully developed. One way is to feed E. coli cells with 6-position halogenated PLP
analogs. The PLP analog-bound enzymes can be reduced by NaBH, and then labeled
with biotin-(PEG)s-alkyne reagent after conversion with NaN3 and a copper (1) catalyzed
click reaction. Alternatively, enzymes bound with native PLP can also be labeled with a
biotin tag without NaBH, reduction. The biotinylated PLP-dependent enzymes can be
visualized by western blot or affinity enriched by streptavidin resin. Using this method,
PLP-dependent enzymes under singlet oxygen stress were shown to increase, indicating

that they participate in the anti-oxidation regulation process. Amino acid starvation
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experiment found that PLP-dependent enzyme expression increased significantly when
casamino acids were not supplemented. Furthermore, using the non-radioactive method,
the five same PLP-dependent enzymes were identified in E. coli with higher sequence

coverage.

6.2 Perspective

The detailed reaction mechanism between S. coelicolor sulfur carrier protein
SCO4294 and “threonine synthase” SCO4293 remains to be unraveled. First, the
proposed thioester formed by substrate O-phospho-L-homoserine and the sulfur carrier
protein must be characterized. Second, the complex structure of the sulfur carrier protein
and “threonine synthase” SCO4293 should be analyzed through crystallization, which
will elucidate the catalytic mechanism of threonine synthase. Third, in our proposed
mechanism, PLP didn’t participate in the sulfur donation process, leading to the question
of active site residues and the function of PLP.

Moreover, if the produced homocysteine is in the methionine biosynthetic
pathway as proposed, then there is no reason for the bacteria to express the sulfur carrier
protein in rich media since the cells can obtain abundant methionine directly from the
environment. However, we have observed the expression of the sulfur carrier protein in
both rich media and minimal media, indicating it has an important cellular function.
Future isotope-based experiments can be designed to trace the shunt product in vivo.

Finally, the phenomenon of the sulfur carrier protein adjacent with “threonine

synthase” SCO4293 widely exists in bacteria genomes. This combination can be
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explored in other organisms. It is possible that the unnatural amino acid thiothreonine is
the product in some organisms.

In the method development to probe and identify PLP-dependent enzymes, we
used E. coli as the model system. The use of this method can be expanded to other
organisms for probing and discovery of new PLP-dependent enzymes which were not
predicted to be PLP-dependent. Also, PLP enzymes can be explored for their heat/cold
resistant function in organisms capable of growing under extreme conditions such as
Thermus thermophilus (optimal growth temperature 65 °C) and Pseudomonas species
(growth temperature below 15 °C). Organisms like Sulfolobus acidocaldarius growing in
sulfur-rich environments can be investigated to find out possible new PLP-dependent
enzymes that are involved in sulfur metabolism.

Furthermore, this developed method can be used to investigate nutrient catabolic
pathways. By comparing the change of PLP-dependent enzyme expression under
different nutrient concentrations (from starvation to excess), the increase of one or
several enzymes indicates possible roles in nutrient catabolism pathways.

Activity based protein profiling is a powerful tool to study a group of proteins
based on their active site features. Developing methods for probing and identifying
certain classes of proteins is very important in exploring new proteins and discovering

novel pathways, which can be further studied in inhibitor development and drug design.
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APPENDIX A

Protein View

Match to: gi|46198624 Score: 54
putative thiS protein [Thermus thermophilus HB27]
Found in search of DATA.TXT

Nominal mass (M.): 6982; Calculated pI value: 4.31
NCBI BLAST search of gi
Unformatted seguence strinc

98624 against nr
for pasting into other applications

Variable modifications: Biotin (K)
Cleavage by Trypsin: cuts C-term side of KR unless next residue is P
Sequence Coverage: 73%

Matched peptides shown in Bold Red

1 MVWLNGEPRP LEGKTLREVL EEMGVELKGV AVLLNEEAFL GLEVPDRPLR
51 DGDVVEVVAL MQGG

Database search result for identification of Thermus thermophilus ThisS.

Protein View

Match to: gi|38704219 Score: 90

sulfur carrier protein ThiS [Escherichia coli 0157:H7 str. Sakai]
Sequence Coverage: 22%

Matched peptides shown in Bold Red

1 MQILFNDQPM QCAAGQTVHE LLEQLVQRQA GAALAINQQI VPREQWTQHI
51 VQDGDQILLF QVIAGG

Database search result for identification of Escherichia coli ThiS.
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10 kDa ScThiS-like protein

Labeling and washing of S. coelicolor sulfur carrier protein.

Protein View

Match to: gi|21222687 Score: 156
hypothetical protein SC04294 [Streptomyces coelicolor A3(2)]
Found in search of DATA.TXT

Nominal mass (M,): 9564; Calculated pI valus: 4.90
NCBI BLAST search of gi|21222637 against nr
Unformatted sequence string for pasting into other applications

Taxonomy: Streptomyces coslicolor A3 (2)
Links to retrieve other entries containing this sequence from NCBI Entrez:
qi|25678623% from Streptomyces lividans TKZ24
gi|289770130 from Streptomyces lividans TK24
gi|8248793 from Streptomyces coelicolor B3 (2)
gqi|288700329% from Streptomyces lividans TKZ2

i [

Variable modifications: Oxidation (M)

Cleavage by Trypsin: cuts C-term side of KR unless next residus is P
Sequence Coverage: 50%

Matched peptides shown in Bold Red

1 MSVTIVRIPTI LRTYTGGKAE VSADGANLGE VISDLEKNHT GIAARVLDDQ
51 GEKLRREVNVY VNDDDVRFEQ GLQTATPDGA GVSIIPAVAG G

Database search result for identification of Streptomyces coelicolor sulfur carrier protein.
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