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Soybean is an important economic crop and its production can be severely affected
by salinity stress. At present, the soybean response to salinity stress is not clear. In
my studies, I tried to understand this process from the perspective of proteomics and
epigenetics, especially histone modifications.

Proteomics studies with 2-DE revealed that salt treatment may affect soybean
photosynthesis and chioroplast formation. Comparison between the proteomic
profiles of salt tolerant soybean variety (wild type) and salt sensitive soybean variety
(cultivated, Union) indicated that protein levels in the detoxification and defense
pathway as well as energy metabolism were higher in the wild type soybean, while
the process of protein metabolism was less active. In addition, proteomic profiles of
the cultivated soybean roots at different developmental stages were also compared to
identify proteins related to soybean development. The expression of proteins which
play critical roles in detoxification and defense pathways were higher at the seedling
stage, especially the proteins which regulated the formation of ROS.

Histone modifications and histone variants are of importance in many biological
processes. Whether they play some roles in regulating soybean salinity stress
response is unknown, Previously, no study of histone modifications and histone
variants in soybean were reported. In this study, I elucidated that in soybean leaves,
mono-, di- and tri-methylation at Lysine (K) 4, 27 and 36, and acetylation at Lysine
14, 18 and 23 were present in histone H3. Moreover, H3K27 methylation and
H3K36 methylation usually excluded each other. Although H3K79 methylation was
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not reported in Arabidopsis, they were detected in soybean. In soybean histone H4,
Lysine 8 and 12 were acetylated. In addition, the variants of histone H3 and H4 and
their modifications were also determined. The variants of histone H3 were different
at positions of A*'F*'S*’S* (histone variant H3.1) and T*'Y*'H¥'L* (histone variant
H3.2), respectively. Lysine 4 and 36 methylation were only detected in histone H3.2,
suggesting that histone variant H3.2 might associate with actively transcribing genes.
The two variants of histone H4 (H4.1 and H4.2) were different at amino acid 60.
Moreover, I also found that the abundance of most of the histone modifications and
histone variants did not change under the salinity stress except that H3K79
methylation would be up-regulated by the salinity stress.

In a parallel study, a PHD (plant homeodomain) finger domain containing protein,
GmPHD1, was able to decipher the ‘code’ underlying H3K4 methylation. GmPHD1
was ubiquitously expressed in soybean and its expression increased upon salinity
stress. GmPHD1 could bind to histone H3K4 methylation, with the preference to
H3K4 dimethylation. It could then recruit several proteins, which were GmGNAT]1,
GmElongin A, and GmISWI. The interaction between GmPHD1 and GmGNATI
was regulated by the self-acetylation of GmGNAT 1. GmGNAT1 could also acetylate
histone H3; GmElongin A was a transcription elongation factor; and GmISWI was a
chromatin remodeling protein. Our data also indicated that the GmPHD]1 located at
the promoter of several soybean salt stress inducible genes. Therefore, the GmPHDI1
recruited proteins to remodel the chromatin structure and facilitate the transcription
of those salt stress inducible genes. Moreover, GmGNAT] exhibited the preference
to acetylate histone H3K14, therefore representing a kind of histone crosstalk

between H3K4 methylation and H3K 14 acetylation.
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Chapter 1 Introduction

1.1 Salinity stress and plants’ response to salinity stress

Salinity stress, which 1s caused by the accumulation of excessive amount of salts
(mainly sodium chloride) in the soil, is one of the most severe abiotic stresses that
constraint not only crop plant growth but also crop productivity in many parts of the
world. Both natural processes and human activities results in salinization of soil.
Natural environmental factors such as backflow of seawater into the seashore region
could elevate salt contents in the soil (Jain and Selvaraj, 1997). However, prolonged
irrigation i1s the major human activity causing salinization in agricultural lands,
particularly in arid and semi-arid region (Ashraf, 1994; Kozlowski, 2000). Today,
nearly 340 million hectares of irrigated land, approximately one-third of the world’s
irrigated land, are salt-affected and unsuitable for crop cultivation (Kozlowski, 2000,
Owens, 2001). As for China, more than 7 million hectares of land are classified as
saline (Sun, 1987). It has been predicted that salinization of agricultural land will
affect 30% of cultivated land within the next 25 years, and this will increase to 50%
by the year 2050 (Wang et al., 2003).

Salinity imposes three kinds of stresses on plants: (1) water deficiency that results
from the physiological water loss because of the relatively high salt concentrations in
the soil; (2) ion toxicity and nutritional imbalance resulting from accumulation of
high concentration of Na” and CI” in the cytosol and following impairment in nutrient
acquisition, such as the Cca*t, KXK' input (Blumwald et al., 2000); and (3) oxidative
stress caused by the reactive oxygen species (ROS), including hydroperoxy! radical
(HOy), superoxide (O ¥), hydrogen peroxide (H,Q,) and hydroxyl radical (OHY),
+which can react with and damage proteins, membrane lipids, and DNA (Dat ef al.,
2000).

Despite of the severe stress that the salinity caused, plants have evolved several
mechanisms to cope with it, including salt exclusion, selective ion uptake, ion
compartmentation and ion retranslocation (Blumwald et al., 2000; Shi et al., 2000;
Zhang et al., 2001; Xiong and Zhu, 2002). For example, high concentrations of Na’
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d8/m versus 100% at 0.8 dS/m (Lee et al. 2009).

1.3 Proteomics
1.3.1 Introduction to proteomics
Proteomics is the study of the proteome, a term to describe “the analysis of the entire
PROTEin complement expressed by a genOME, or by a cell or tissue type™ (Wilkins
et al., 1996).
Recently, great progresses have been achieved in the field of proteomics. On one side,
large numbers of genome have been sequenced, which provide the ‘blueprint’ of the
possible gene products and made the possibility of identification of the proteins by
searching against these database. On the other side, highly advanced technology have
been developed, which greatly increase the sensitivity and accuracy of the
proteomcis (Kavallaris and Marshall, 2005).
Two-dimensional gel electrophoresis (2DE) coupled with protein identification by
mass spectrometry (MS) have always been the most widely used tools in the
proteomic studies since its appearance in the late 70’s (O’Farrell, 1975) because of
its capacity in separating and visualizing a large number of proteins at one time. In
the first dimension of isoelectric focusing (IEF), a mixture of proteins is separated on
the basis of their corresponding isoelectric points (pI) by ampholyte gradients. While
in the second dimension, the separated proteins in the first dimension will be further
separated according to their molecular weights (MW) (Figure 1.1). Nowadays, the
immobilized pH gradients ([PGs)-based 2DE technology has greatly enhanced the
reproducibility, handling, resolution, and separation of very acidic and/or basic
proteins in the proteomics.
Mass spectrometry (MS) is able to identify the proteins with extremely high
sensitivity and accuracy according to the mass to charge ratios (m/z) of peptides.
During the MS analysis, the sample must first be iomized to generate ions by the
ionization sources, for example Electrospray Ionization (ESI) (Fenn ez al., 1989) or
Matrix-Assisted Laser Desorption lonization (MALDI) (Tanaka et al., 1988), which
allow the transfer of large, polar, thermally labile biomolecules into the gaveouz
3









regulated gene expression to increase their tolerance to salinity stress (Seki et al,
2002). Some genes have good correlation at the mRNA and protein levels, however,
in some case, the amount of mMRNA do not offer insight into the quantity and quality
of their final gene products, namely the proteins, such as rice SALT and tobacco
osmotin (liang et al., 2007, Qureshi et al., 2007). Large differences in mRNA and
protein tumover, for example some mRNAs could not be translated but degraded
rapidly, could partially account for the phenomenon; in addition, some
posttranslational modifications or regulations, such as removal of signal peptides,
phosphorylation and glycosylation, which can affect the proteins’ subcellular
localization, stability or enzyme activities, could occur after the protein synthesis
without any detectable change in transcript abundance. Considering this significant
distinctness, only the study of proteins themselves provides information on their real
amount and activity under certain given conditions. Therefore, proteomic studies,
which are able to detect the protein amount and their modifications directly, are

necessary to compensate for the microarray studies (Zivy et al., 2000).

1.3.3 Proteomic studies in plants

Most plant tissues do not provide a ready source of proteins and several factors
severely affect the plant proteomic studies. Firstly, the protein may be only a small
part of the plant biomass, since plant cell wall and the vacuole make up the major
part, with the cytosol representing only 1-2% of the total cell volume. Secondly,
plant cells contain many interfering substances such as phenolic compounds,
proteolytic and oxidative enzymes, terpenes, pigments, organic acids, inhibitory ions,
and carbohydrates which may be responsible for irreproducible and inferior results
such as proteolytic breakdown, streaking, and charge heterogeneity in the plant
proteomic studies (Carpentier et al., 2005).

Although the aforementioned problems still remain, plant proteomics have gain great
progress recently. In order to characterize the plant proteomic patterns, several
methods were applied to various plant samples to enhance the quality of the
proteomic results. Combination of selected proteomic methods, such as 2-DE,
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betaine and osmotin containing the signature motif of soybean Kunitz trypsin
inhibitor. Ascorbate peroxidase (APX) and other peroxidases used to reduce
hydrogen peroxide in the cells were also found to be upregulated under the salinity
stress. Several signaling pathways were also induced by the salinity stress, including
salt-overly sensitive (SOS) pathway proteins, abscisic acid (ABA) and jasmonic acid
(JA) signaling pathway. Other enzymes associated with metabolism, such as
V-ATPase, B-glucosidase, glutamate ammonia ligase, adenosine kinase (ADK) and
proteins in sulphur metabolism, all showed some relationships with the plants’
response to salinity stress as revealed by many proteomic studies (Qureshi et al.,
2007). Together with all the proteomic discoveries, the processes involved in
detoxification, homeostasis maintenances and growth regulation are definitely of

importance in the plants’ responses to the salinity stress (Zhu, 2001).

1.4 Epigenetics

1.4.1 Introduction to epigenetics

Nowadays, epigenetic mechanisms are considered as important regulation strategies
in all organisms. Epigenetics, which is termed as ‘heritable changes in gene
expression not attributable to nucleotide sequence variation’ (Murrell et al., 2005),
usually includes two mechanisms: DNA methylation and histone modifications and
histone variants,

1.4.1.1 DNA methylation

DNA methylaiton can be found on cytosine. The 5’- position of cytosine is
methylated in a reaction catalyzed by DNA methyltransferases (DNMTs) with
S-adenosyl-methionine as the methyl donor. Symmetric DNA methylation occuring
at both strands of CG dinucleotides is observed in both animals and plants. However,
DNA methylation at CNG (where N is any base) and nonsymmetric CHH
trinucleotides (where H is any base except G) is unique to plants. These types of
DNA methylation are mediated by the plant-specific chromomethylase CMT3, as
well as by DRM1 and DRM2 (Schéb et al., 2006). In animal somatic cells, DNA
methylation patterns are copied by the maintenance DNA methyltransferase I
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(DNMTI) positioned at the replication forks, with some cooperation of DNMT3a and
DNMT3b (Miranda et al., 2007). Thus DNA methylation, maintained through
mitosis, is considered a stable epigenetic mark.

In Arabidopsis, DNA methylation can be found in a significant fraction (20-33%) of
genes besides the transposon rich heterochromatic regions (Zhang et al., 2006). They
are dynamic, increasing throughout Arabidopsis development, from cotyledons to
vegetative organs to reproductive organs {(Ruiz-Garcia ef al., 2005). Although it is
considered that DNA methylaiton is stable previously, active demethylation has been
observed in both plants and animals recently. DNA glycosylases of the DEMETER
(DME) family are responsible for removing methylcytosines from the 5° and 3” end
of genes in Arabidopsis (Penterman J, et al., 2007). About 179 loct of the genome are
demethylated by DME (Penterman J, ef al., 2007).

It is well known that DNA methylation regulate gene expression by silencing genes
and repetitive elements. It is suggested that DNA methylation can directly impede the
binding of transcriptional factors to their target sites and recruits methyl-binding
proteins (MBPs) that specifically bind to methylated CpG sites
(cytosine-phosphate-guanine), thus prohibiting transcription. They also play
important roles in chromatin organization and genomic imprinting. They are usually
associated with the formation of heterochromatin by affecting histone modifications
and nucleosome occupancy (Miranda TB, ef al., 2007).

1.4.1.2 Histone modifications and histone variants

The fundamental structural unit of chromatin in eukaryotic cells is the nucleosome
that consists of 146 base pairs (bp) of DNA wrapped around a histone octamer, each
of which is formed by two copies of H2A, H2B, H3 and H4 (Marino-Ramirez, et al.,
2005). An additional histone, H1 links these nucleosomes together along the
chromatin chain. In general, the N terminus of histone H3 and H4, and N and C
terminus of H2A and H2B are prone to being covalently modified by many enzymes,
such as HMT (histone methyltransferase) and HAT (histone acetyltransferase). These
modifications include methylation, acetylation, phosphorylation, ubiquitination,
glycosylation, ADP ribosylation, carbonylation, sumoylation and biotinylation. By
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using Western blotting and mass spectrometry, increasing histone modification sites
are discovered in mouse, yeast, Drosophila, Tetrahymena and Arabidopsis (Figure
1.2} (Allis, ef al., 2007; Fuchs, et al., 20006, Johnson, et al., 2004).

In addition to the canonical histones which package the chromatin and whose
transcription are tightly coupled to DNA replication, there are some other histone
genes which are constitutively expressed and encode non-canonical histone variants
with some differences in primary amino acid sequence from their canonical
paralogues. Recent studies have showed that non-canonical variants are more diverse
in their functions than the canonical histones, ranging from DNA repair, meiotic
recombination, chromosome segregation, transcription initiation and termination, sex
chromosome condensation to sperm chromatin packaging (Talbert and HenikofT,
2010). In both D. melanogaster and human cells, H3.3 is deposited into transcribed
genes, assoclating with transcriptional induction and elongation (Henikoff, 2008).
Consistent with their different functions between canonical and non-canonical
histones, the histone posttranslational modifications in them also exhibit some
differences. In Drosophila, marks associated with transcriptional activity are enriched

in H3.3 rather than H3.1 (McKiftrick ef al., 2004).
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regulatory factors. This may be the results of the spreading of a compacted chromatin
state from heterochromatin to adjacent genes. During this process, histone
modifications play an important role (Ebert et al., 2006; Wakimoto, 1998; Schotta et
al., 2002). A depletion in one of the structural building blocks of heterochromatin,
heterochromatin protein 1 (HP1), leads to a suppression of PEV (Eissenberg ef al.,
1990). Very interesting, it is necessary for HP1 to recogmze methylated H3 Lysine 9
via its chromodomain to induce heterochromatin formation. More interestingly,
subsequent studies have revealed that HP1 was able to recruit other proteins, which
include histone methyltransferase (HMT), to methylate H3K9 in the next
nucleosomes, thus spreading the heterochromatin structure to the adjacent regions
(Johnson ef al., 2002). In addition, DNA methyltransferase (DNMT) responsible for
DNA methylation was also recruited by HP1 to the heterochromatin region, which
further facilitated the heterochromatin formation {Nakayama ef al., 2001). Therefore,
histone modification is supposed to be one factor in regulating heterochromatin

formation.

1.4.2.3.2 Histone modifications in modulating the gene transcription and DNA
damage repair

Genes are transcribed from DNA that is in complex with proteins, as chromatin.
Hence, chromatin structure imposes great obstacles on gene transcription. Generally,
gene transcription only occurs when the chromatin structure is opened up, with
loosening of the tight nucleosomal structure allowing RNA polymerase II and other
basal transcription complexes to interact with DNA and initiate transcription. Many
chromatin regulators can ‘“open” the ‘closed” chromatin, and histone
posttranslational modifications contribute greatly in this process (Berger, 2007; Li et
al., 2007). Many researches have shown that histone modifications serve as the
binding sites for different effector proteins which will then mediate the biological
functions of the histone modifications, for example, H3K4 methylation is able to
recruite many “effector proteins” to the chromatin, which will be discussed in more
detail later.
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Another mechanism that histone modifications use to regulate gene transcription is to
open the structure of chromatin directly. Histone acetylation neutralizes the positive
charge of histone, reducing the strength of binding of histones-DNA, and finally
opens the DNA-binding sites (Berger, 2007; Li ef ai., 2007).

To repair DNA damage, H3K79 methylations can target p53-binding protein 1
(53BP1) to DNA double-strand breaks and activate the DNA damage checkpoint
pathways (Huyen et al., 2004). Another report found that chromatin assembly factor
1 (CAF-1) also interact with H3K79 to regulate telomeric silencing and DNA repair
(Zhou et al., 2006). In addition, histone H4 Lysine 20 methylation is evolutionarily
conserved from yeast to mammals and is also very critical in DNA repair and

genome integrity (Sanders et al., 2004).

1.4.3 A paradigm of ‘histone code’: H3K4 methylation and PHD finger domain
containing proteins

1.4.3.1 H3K4 methylation is a marker of transcriptionally active genes

The hypothesis of ‘histone code’ conceived that some proteins can interpret the code
encoded by the histone modifications (Jenuwein and Allis, 2001). Subsequent studies
with many chromatin proteins which were able to recognize the histone
modifications contribute the brick to the hypothesis (Kim et al., 2006; Taverna et al.,
2007). Among theses many histone modifications, H3K4 methylation is one of the
most clearly annotated ‘code’. H3K4 can be mono-, di- and tri-methylated in the
e-amine of the lysine by a series of enzymes such as MLL-family, ASH1, SET7/9,
SMYD3, and Meisetz, containing the SET domain (Ruthenburg er al., 2007).
Genomic-scale analyses of H3K4 methylation revealed that H3K4 trimethylation is
mainly located in the 5° regions of virtually all transcriptionally active genes and that
this modification is strongly positively correlated with transcription rates, active
polymerase II occupancy, and histone acetylation. In vertebrates, majority of H3K4
dimethylation colocalizes with H3K4 tnmethylation, however, in S. cerevisiae, it
appears to spread throughout genes, peaking toward the middle of the coding region.
And monomethylation most abundant at 3’ ends of genes (Schiibeler et al., 2004;
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Bemstein et al., 2005; Ruthenburg et al., 2007). Despite of this difference in therr
distribution patterns, one conclusion that we can definitely get from these studies is
that H3K4 methylation is associated with transcriptionally active genes.

As a mark of active genes, H3K4 methylation must be able to recruit its effector
proteins and bring about its downstream biological events, So far, a large number of
proteins that are able to interact with H3K4 methylation have been discovered (Table
1.1) (Ruthenburg ez al., 2007). Most of these proteins contain a specific domain
through which the methylated H3K4 1s recognized specifically. According to the
domains the proteins contain, they can be classified into two distinct categories: the
royal superfamily (containing the chromodomain or tudor domain) and the
PHD-finger superfamily (containing the PHD finger domain). Although these
domains belong to two different superfamilies of folds, following structure analysis
showed that there are some commonalities between them. The first most striking
commonality is that they contain an aromatic cage, which is composed by aromatic
ring containing amino acids, mediating their interaction with H3K4 methylation.
Another similarity is that H3R2 methylation, another histone modification very near
H3K4 methylation in histone H3, can determine the interaction between H3K4

methylation and its effector proteins (Ruthenburg ef al., 2007).

Proteins Recognized Recogmition domains Associated complexes
modification sites
CHD1 Di, tn chromodomain SAGA/SLIK, Pafl
BPTF Tn PHD finger domain NURF
ING1 Dy, tn PHD finger domain mSin3A HDAC; SWI/SNF
ING2 n PHD finger domain mSm3A HDAC; SWI/SNF
ING3 Dh, tnn PHD finger domamn hNuA4/TIP60 HAT
ING4 Tn PHD finger domain HBO1 HAT
INGS Tn PHD finger domain HBO1 HAT;, MOZ/MORF HAT
IMID2A Tr Double tudor
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ago. It comprises about 60 amino acids and shows the characteristic structure of
Cys4-His-Cys3 (C4HC3) with some other conserved amino acids, most notably a
tryptophan or other aromatic amino acid (Figure 1.3) (Bienz, 2006; Lee et al., 2009).
It is a Zn** binding domain and structurally very similar to the Ring finger which can
be found in many E3 ligase that mediate ubiquitination process. However, it lacks the
E2 ligase-interacting surface that is characteristic of many RING domains. They are
present in many nuclear proteins and predicted to be able to associate with chromatin
previously. This domain is conserved throughout the eukaryotic proteomic, including
a large number of chromatin regulatory factors such as recombination activating gene
2 (RAG2), the acetyltransferase proteins CBP/p300, the chromatin remodeling
protein ACF, BPTF (bromodomain PHD finger transcription factor), and the putative
tumor suppressors, ING (izhibitor of growth) family. So far, at least 14 PHD
finger-containing proteins have been found in the budding yeast, 50 in the fruit fly,
and up to several hundred in humans (Wysocka, et al., 2006; Martin, et al., 2006;
Bienz, 2006; Baker et al., 2008).

AIRE1 DECAVCRDGGELIC- - - -CD—-GCPR-AFHLACLSP; LREIPSGT - - - - - - - WRCSSCLG
Mi-2 EFCRVCKDGGELLC- - - -CD—-ACPS -5 YHLHCLNPPLPEIPNGE -~~~ - — - WLCPROTC
NURF301 DHCRVCHRLGDLLC-- - -CE—-TCPA-VYHLECVDPPMNDVPTED---- - -- WQCGLCRS
WSTF ARCKVCRKEGEDDKLIL - CD—- ECNK-AFHLFCLRPAL YEVPDGE - - - - - — - WQCPACQP
KAP-1 TICRVCQKPGDLVM- - - -CN—-QCEF-CFHLDCHLPAL QDVPGEE---- - - - WSCSLCHV
ATRX EQCRWCAEGGNLIC- - - -CD--FCHN-AFCKKCIL: NI -RKELST IMDENNQWYCYICHP
INGZ TYC-LCNQVSYGEMIG—-CDNEQCP I EWFHFSCVSLTYKPKGK-- - - - - - - - WYCPKCRG
ACF1-1 SLCKVCRRGSDPEKMLL -CD—- ECNA -G THMFCLKPKL RSVPPGN-- - - - - - WYCNDCVE
ACF1-2 KVCQKCFYIGGEIK- - - -CV—-QCRL - FFHLECYVHLKRPPRTD-- - - - - - - - FVCKTCKD
P300 HFCEKCFNEIQGES-32 -CT— ECGR-KMHQICVLHHEI INPAG-~--- - -- FVCDGCLK
Consensus C——C--—---- -~ [ e P H—-C-- e e W-C--C
Loop 1 Loop 2

Figure 1.3: Sequence alignment of ten different PHD fingers. The sequence signature
of PHD finger domain is indicated as the consensus. All sequences are from human
proteins, except for Pygopus, ACF1 and NURF301, which are from Drosophila
(Bienz et al., 2006).

Following studies confirmed that this domain bind to the chromatin through
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recognizing histone. First, many of the PHD domain containing proteins can
recognize the methylated lysine through the aromatic cage and these proteins include
BPTF, ING superfamily member and RAG2 (Figure 1.4) (Ramén-Maiques ef al.,
2007). An extensive network of hydrogen bonds and complementary surface
interactions are responsible for the unique recognition of H3K4 methylation in the
histone by the PHD finger (Li et al., 2006; Mellor, 2006). More interestingly, they
can also engage H3R2 methylation through another pocket and an invanant
tryptophan will separate these two K4me and R2me binding pockets. In addition, the
binding to H3R2 methylation in different proteins will regulate their affinity to H3K4
methylation, for example, recognition of H3R2 methylation in the ING2, BPTF will
inhibit their binding to H3K4me, whereas this does not happen in RAG2
(Ramon-Maiques et al., 2007; Baker et al., 2008). Lately, the PHD finger domain is
then found to be able to bind H3K4 without any modification (H3K4me() in
DNMT3L and BHCS80, raising the possibility that histone without modifications can
also serve as a code which need some other proteins to annotate them specifically.
Structural studies reveal that these PHD fingers recognize the H3K4me0 through a
way which is quite different from that they employ in the H3K4 methylation
recognition. The establishment of PHD-H3K4me0 interaction is mainly through an
electrostatic bridge between the unmodified epsilon amino group of H3K4me0 and
an acidic residue in PHD finger (Asp90 in DNMT3L or Asp489 in BHC80), and
methylation at H3K4 sterically excludes such interaction (Baker et al., 2008). These
structural studies also imply that the PHD fingers which lack these aforementioned
characteristics may not be able to bind to H3K4. Indeed, emerging evidence shows
that some of them associate with other methylated lysines, for example, some PHD
fingers in yeast bind to H3K36me and PHD fingers in SMCX and ICBP90 to
H3K9me. In addition, many PHD fingers may recognize modifications other than

methyl-lysines or have unknown functions (Baker et al., 2008).
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the histone via its PHD domain recognizing H3K4 methylation and its bromodomain
to lysines acetylation (Mellor, 2006; Wysocka et al., 2006; Li et al., 2006). In
addition, some studies also suggested that PHD domain was able to bind
phosphoinositide and served as a nuclear PtdinsP receptor. The
PHD-phosphoinositide interaction then may directly regulate nuclear responses to
DNA damage (Gozani ef al., 2003).

Since their abilities in recognizing histone code and involvement in many
phystological processes, 1t is not surprising to find out that many PHD finger
containing proteins were correlated with many diseases in mammals and human. In
many immune diseases, mutations in the autoimmune regulator protein (AIRE) and
the RAG2, which is the catalytic engine of V(D)J recombination and important for
the B and T cell differentiation, have been reported. In addition, mutation in Inhibitor
of Growth 1 (ING1) was also correlated with cancer development. More strikingly,
many of these mutations were located in the PHD finger domain, which may
subsequently resuit in the disruption of the structure of the PHD finger or
interruption their interaction with H3K4 methylation. The functions of these proteins
in the disease development further highlight the importance of these proteins and

their interaction with H3K4 methylation (Baker e? al., 2008).

1.4.4 Studies of histone modifications in plants

Although histone modifications and their functions are well studied in yeast and
mammals (Allis ef al., 2007; Fuchs et al., 2006; Johnson ef al., 2004), such studies in
plants are just at their infancy stage, focusing on the Arabidopsis. Recently, the
variants of histone HZA, H2B, H3 and H4 and their modifications in Arabidopsis
have been identified using mass spectrometry (Johnson et al., 2004; Zhang et al.,
2007; Bergmuller et al., 2007). These studies reveal some modification sites that are
unique to plants (Zhanget al., 2007). The genomic distribution patterns of several
histone modifications (histone H3K4 di-methylation, H3K9 di-/tri-methylation, and
H3K27 tri-methylation) in A. thaliana have been determined by microarray
combined with chromatin tmmunoprecipitation (ChIP-chip), and those distribution
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patterns are consistent with their functions (Zhang, 2008). However, the PTMs of
histone in other plant species are still elusive, including several important crops, like
soybean, rice and wheat.

Previous researches in plant reveal that histone modifications can regulate the plant’s
response to internal and external signals, such as cell differentiation, development,
light, temperature, and abtotic and biotic stresses (Chen et al., 2007). A well known
process in plant controlled by epigenetics is vernalization, which requires the
coordination between H3 acetylation and methylations of H3K4, H3K9 and H3K27.
These modifications regulate the expression of FRIGIDA (FRI), FLOWERING
LOCUS C (FLC) and other vernalization related gene to ensure flowering at proper
time {Schmitz et al., 2008; He et al., 2003; Xu et «l., 2008; Pien ef al., 2008; He et
al., 2005). Histone H3 Serine 10 phosphorylation (H3S10p), H3 and H4 acetylation
were up-regulated in response to high salinity and cold stress in tobacco and
Arabidopsis cells (Sokol et al., 2007). Phosphorylation at H3 threonine 11 (H3T11p)
or threonine 3 (H3T3p) may serve as a signal for other proteins involved in
chromosome condensation, while phosphorylation at H3 serine 10 (H3S10p) or
serine 28 (H3S28p) is involved in sister chromatid cohesion (Houben et al., 2007). In
maize, histone acetylation and chromatin remodeling are important processes for
their acclimation to UV-B (280-315nm) (Casati et al., 2008). Histone acetylation can
also affect cellular pattern in Arabidopsis root epidermis by regulating the expression
of cellular patterning genes (Xu et al., 2005).

Although many studies of PHD finger domain containing proteins have been done in
anmimals, their roles in plant are still elusive. The functions of these PHD finger
containing proteins in plants are diverse, ranging from regulation of male meiosis to
specification of vasculature and primary root meristem, and embryogenesis and
sister-chromatid cohesion, control of vernalization, disease resistance, apical
meristem maintenance (Wei, ef al. 2009). However, hittle is known about the detail
mechanisms of PHD fingers in these important developmental or environmental

regulators in plants (Lee et al., 2009).
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1.5 Objectives and significances of the present studies

Since soybean is an important economic crop whose growth and production could be
affected by salinity stress, study of salt stress response in this crop plant may help to
increase their tolerance to salinity stress and their yield on saline land. Furthermore,
these findings may be applicable to crops that are more salt sensitive, such as carrot
and oranges. Albeit of this importance, the information of the soybean genes which
can confer salimity tolerance is still limited, suggesting the significances of
investigating the soybean response to salinity stress.

Although it is known that plants will alter their protein expression patterns to adapt
to the environmental stress they encounter, the detailled molecular mechamisms of
how they sense the stress and then regulate their transcriptome are still not very clear.
Over the past decades, it was suggested that epigenetics, including DNA methylation,
histone variants and histone posttranslational modifications (PTMs), regulated many
physiological processes. Recently, the “histone code” concept was raised which
indicated that many protein “effectors” will function to decode the “histone code”
and regulate gene transcription. This concept has been proven in animals; however,
in plants it is still unknown. In our investigation, we are also trying to understand
whether/how the histone modifications (in particular, methylation and methylation
multiplicities) regulate soybean responds to salinity stress. Investigation of the
histone PTMs under salinity stress can give us some hints to understand the
epigenetic roles in gene transcription regulation and adaptation to the abiotic stresses
in soybean and other plants. Qur studies should broaden our understanding of the

plant response to salinity stress from an epigenetic perspective.

In particular, our objectives are:
1.  to investigate the soybean response to salinity stress through proteomic
studies
2. toidentify the histone postiranslational modifications in soybean
3.  to elucidate the roles of histone modifications in soybean salinity stress
response
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separating gels, and sealed with 1% agarose, and electrophoresis were run at 85 V.

2.2.3 Gel staining and image analysis

After SDS-PAGE, the PAGE gels were stained with silver and the image were
captured by magic scanner. The gel images were then analyzed using ImageMaster ™
2D Platinum 5.0 software (GE Healthcare). The protein expression profiles were
compared and the protein spot volumes were normalized automatically against the
total spot volume of the gel using the software. The relative volume (% Vol) for each
protein spot was obtained and analyzed. At least two independent experiments of
each sample were performed to ensure technical reproducibility and the differentially
expressed protein spots which were reproducibly detected to be changed over 1.5
fold in these repeated gels or whose p<0.05 in the two-sample Student’s ¢ test
analysis were considered to be significantly different and selected out for further

analysis.

2.2.4 Tryptic in-gel digestion

Protein spots of interest were manually excised out from the 2-D gels. They were
destained with an equal volume mixture of 30 mM potassium ferricyanide and 100
mM sodium thiosulfate until the color disappeared. After washing in Milli-Q water
twice, the gel plugs were equilibrated in 50 mM ammonium bicarbonate for 10 min
twice. The destained gels were finally soaked in 100% acetonitrile to be dehydrated.
Thereafter, vacuum-dried gel plugs were rehydrated with 10 mg/ml of trypsin in 25
mM ammonium bicarbonate (pH 8.0) for 30 min on ice. Proteins were proteolyzed
for 16-18 h at 30°C and digested peptides were extracted from the gels with 80%

acetonitrile/2.5% trifluoroacetic acid.

2.2.5 Protein identification by tandem mass spectrometry

Mass spectrometric analysis was carried out uwsing a MALDI-TOF/TOF mass
spectrometer 4700 Proteomics Analyzer (Applied Biosystems, USA). For acquisition
of mass spectra, 0.5ul of overnight digested peptides were spotted onto the
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http://www.phytozome.net/soybean

germination stages and seedling stages and total proteins were extracted from the
roots and above ground tissues at each stage with TCA/acetone method, separated in
2-D gels and stained with silver. Gels were analyzed and total over 300 spots were
reproducibly detected in each gel (Figure 2.1-2.4). My results showed that total about
117 spots were significantly changed between the wild type and cultivated soybean.
While 72 spots were up-regualted or de novo synthesis in the wild type soybeans, the
rest 45 spots were down-regulated (Table 2.1).

Comparative analysis the protein profiles of the roots of the cultivated soybean at
germination stage and seedling stage were conducted, in an effort to identify some
proteins and physiological processes that may be specifically function in the root at
certain developmental stage (Figure 2.5). These comparisons displayed that 53 spots
were changed over 1.5 fold at different developmental time. Of these spots, 31 spots
were up-regulated or de novo synthesis in the germination stage while 22 spofs were
down-regulated (Table 2.2).

Similar experiment was carried out to identify the proteins associated with soybean
response to salinity stress in the leaves (Figure 2.6). Proteins from leaf samples with
and without salinity treatment were extracted and the results show that 18 spots were
greatty down-regulated under the salinity stress while 4 spots were up-regulated

(Table 2.3).
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2.3.2 Identification of differentially expressed proteins in different varieties and
developmental stages

Differentially expressed spots were excised from the gels and applied for trypsin
digestion. The digested peptides were extracted from the excised gels and analyzed
by MALDI-TOF/TOF. The peptide mass lists were searched against the data base
which was downloaded from soybean genome data bage
{(http://www.phytozome.net/soybean). Since most of the proteins were still not
experimentally annotated in soybean, their functions were predicted according io-
their homologs in other species using blast to search against the NCBI data base.
Following this way, I confidently identified 112 spots out of the 117 changed spots in
the wild type soybean and cultivated soybean (Table 2.1). While at different
developmental stages, of the 53 spots which were changed in the roots of the
cultivated soybean as they grew, 51 spots were confidently identified by
MALDI-TOF/TOF (Table 2.2). Of the 22 spots that were changed under the salinity
stress, 18 spots were also confidently identified (Table 2.3).

Interestingly, comparison of the proteomics of the wild type and cultivated soybean
showed that several differentially expression spots were finally turned out to be the
same protein, such as aminomethyltransferase, cytosolic phosphoglycerate kinase,
and isocitrate dehydrogenase (NADP). Meanwhile, several spots which all
represented for stem 28 kDa glycoprotein or stem 31 kDa glycoprotein were detected
in the proteomic profiles of the above ground tissues of the wild type soybean at the
seedling stage. This phenomenon may be result from the difference in the
posttranslational modifications of these proteins, since their pI and molecular weight
varied as displayed in the gels (Figure 2.1-2.4). Although whether the modifications
of these proteins have any effects on their activities need further studies, this result
supported that post-transcriptional regulation played important roles in the plants’
response to stress, and highlighted the necessary to combine transcriptomic and
proteomic analyses (Jiang et al, 2007). Similar results can also be obtained by
comparing the proteomic profiles of soybean roots at different developmental stages,
like peroxidase precursor.
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The expression of different isoforms of a gene may be dynamic according to their
growth condition (Espartero et al., 1994). I observed that the isoforms of chalcone
isomerase, glyceraldehyde-3-phosphate dehydrogenase, isocitrate dehydrogenase,
methionine synthase, peroxisomal voltage-dependent anion-selective channel protein,
S-adenosylmethionine synthetase and transketolase were differentially expressed in
the two soybean genotypes, indicating that these two soybean varieties have distinct
regulation mechanisms to control these isoforms’ expression. However, it is still
unknown whether there are any differences in the activities of these isoforms.

The differentially expressed proteins between wild type and cultivated soybean could
be classified into 7 categories according to their probable biclogical functions. About
23% of these proteins contributed directly to the stress/defense pathway, which is one
of the major parts of the differentially expressed proteins. Moreover, most of the
proteins belonging to this category were found to be up-regulated in the wild type
soybean except several peroxidases. Other functional categories of energy
metabolism, protein and amino acid metabolism, secondary metabolism and protein
storage were represented at 23%, 20%, 5% and 5%, respectively (Figure 2.7A). The
above observation might suggest that the wild type soybeans were actively engaged

in the plant defense responses which usually be observed when the plants were

treated with salinity stress.

The developmental dependent changed proteins could also be sorted into 6 functional

categories (Figure 2.7B). Surprisingly, the proteins involved in the stress/defense

pathway also took the dominant part, about 34% of the differentially expressed

proteins. The expressions of other proteins involved in energy metabolism, protein

and amino acid metabolism, and secondary metabolism were also found to be

changed at different developmental stages, which took 27%, 17% and 4% of these

changed proteins respectively. Storage proteins and adenosine kinase involved in the

purine metabolism were up-regulated in the germination stage.

When the soybeans were treated with salinity stress, several differentially expression

spots with different pI and molecular weight were also turned out to be the same

proteins, such as ribulose 1,5-bisphosphate carboxylase/oxygenase and oxygen

39






salinity stress, many of them were confidently to be involved in salimty stress as
showed in many other studies (Zhu, 2001; Shulaev ef al., 2008). Therefore, I
believed that this set of proteins could contribute to the differences in the abilities of
the two soybean varieties to tolerant the salinity stress. By regulating these processes,

the wild type soybean may yield a physiological advantage under the salinity stress.

2.4.1.1 Energy metabolism

The energy metabolism was actively regulated in the wild type soybean. Glycolysis
and tricarboxylic acid cycle (TCA cycle) were the most important pathways that
produce ATP to support most of the physiological processes. My proteomic studies
showed that many proteins involved in glycolysis and TCA cycles, such as
phosphoglycerate mutase, aconitate hydratase and malic enzyme, were up-regulated
in wild type soybean. Pyruvate metabolism was essential in the TCA cycles, in which
the pyruvate dehydrogenase complex catalyzed the overall conversion of pyruvate to
acetyl-CoA to drive the TCA cycles. Two enzymes of the pyruvate dehydrogenase
complex, dihydrolipoyllysine residue acetyltransferase and pyruvate decarboxylase
isozyme 1, were unpregulated in the wild type soybean in my studies.
Ferredoxin--NADP reductase, which played a key role in regulating the cyclic and
non-cyclic electron flow to meet the demands of the plant for ATP and reducing
power, was found to be highly expressed in the wild type soybean. Other pathways
including the oxidative pentose phosphate pathway (PPP) and ketogenesis were also
involved in energy production. The PPP pathway was central in carbohydrate
metabolism in plants and provides both reducing power and precursors for
biosynthesis of other cell components (Liska et al., 2004). 6-phosphogluconate
dehydrogenase, a key enzyme of the PPP pathway catalyzing the conversion from
6-phospho-D-ghiconate to D-ribulose 5-phosphate, was significantly increased in the
wild type soybeans. Previous studies in wheat, rice and Dunaliella also showed that
the expression of 6-phosphoghiconate dehydrogenase was induced by salinity stress
(Liska er al., 2004; Huang et al., 2003). Acetoacetyl-CoA thiolase involved in the
ketogenesis was also up-regulated in the wild type soybean. Acetoacetyl-CoA
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thiolase catalyzed the first step of ketogenesis through which the acetyl-CoA was
converted to acetoacetate, which sometimes served as important metabolic fuels.

Some previous studies have already indicated that proteins involved in glycolysis,
TCA cycle, and/or the oxidative pentose phosphate pathway were induced by
prolong and progressive stress treatment (water stress and salinity stress) in cells of
rice, maize and Dunaliella (Riccardi ef al., 1998; Liska et al., 2004, Huang ef al.,
2003). Under those abiotic stresses, in addition to keep their normal development and
growth, the plants also needed large amount of energy to eliminate the adverse effect
of such stress conditions. For example, they required heat shock proteins to keep the
normal structure of the protein under the stress condition which usually needed large
amount of energy to function (Tapley et al., 2009). They also need lots of the
intermediates of these metabolism pathways to synthesis other osmolytes like
glycerol (Liska et al., 2004). Therefore, it was likely that the plants had to activate
these pathways to fulfill these requirements because some other physiological
processes such as photosynthesis might be inhibited owing to stomatal closure and
limited carbon dioxide uptake under the water stress (Hashiguchi er al, 2009;
Bailey-Serres et al., 2008; Zhu, 2001). So it was not surprising to find out the
simultaneously induction of these pathways to generate energy and maintain

homeostasis for survival in the wild type soybean.

2.4.1.2 Detoxification and defense pathway

Stress including salinity stress induced the accumulation of reactive oxygen species
(ROS) such as superoxide, hydrogen peroxide, and hydroxyl radicals in many plants
(Hasegawa et al., 2000). A proper amount of ROS was acquired as substrates and
signals not only in normal cell metabolism, growth, and differentiation, but also in
inducing ROS scavengers and other protective mechanisms against the stress.
Therefore, copper amino oxidase which contributed to the synthesis of ROS was
up-regulated in wild type soybean. Alternatively, quinone oxidoreductase and
benzoquinone reductase in the wild type soybean could also produce hydrogen
peroxide and superoxide anion by oxidizing quinones (Vianello er al, 1%¥91).
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Strangely, several peroxidases were found to be up-regulated in the root of cultivated
soybean in my studies. Peroxidase were not only important in removing certain types
of ROS, but also responsible for producing some kinds of them and inducing root
growth as the followed discussion, suggesting that they might induce root growth in
cultivated soybeans, which was evidenced by the observation of the faster growth of
the root in the cultivated soybeans than the wild type soybean.

Despite of their positive roles in plant growth, the homeostasis of ROS must be kept
in the cells under the stress condition, since they could either induce stress mjury
when their concentration was elevated by the abiotic stress. It was well documented
that plants would activate the detoxification and defense pathway to eliminate the
over-produced ROS under stress (Zhu, 2001; Shulaev ef al., 2008). One of the
important mechanisms was to upregulate ascorbate peroxidase (APX) which could
reduce hydrogen peroxide to H;O with the concomitant generation of
monodehydroascorbate dependent on ascorbate. Previous studies in barley, wheat
and Arabidopsis have confirmed that APX was a key component in scavenging ROS
under various stresses (Witzel ef al., 2009; Shigeoka et al., 2002; Jiang et al., 2007,
Caruso et al., 2008; Wang et al., 2008). The ROS scavenging system would collapse
in the Arabidopsis absent of the cytosolic APX (Davletova et al., 2005). Transgenic
plants overexpressing ROS scavengers or mutants with higher ROS scavenging ability
showed increased tolerance to environmental stresses (Xiong et a/., 2002). Hence, it
was not surprising to found that the APX was up-regulated to counter its active
ROS-producing system in the wild type soybean. However, I found that other spots
(ULG1072, ULS14, URS513) which also represent for the APX but with a bigger pl
were greatly induced in the cultivated soybean. Previous reports showed that some
soybean varieties may have two isoforms of APXs and their catalytic activities were
different (Caldwell er al., 1998). Moreover, those soybean varieties with only one
APX were more tolerable to chilling treatment (Funatsuki et ., 2003), suggesting
that the lacking of one APX in the wild type soybean might partially correlate with
its salinity tolerance. However, the underlying mechanisms needed further studies.
As another product of the reaction catalyzed by APX, monodehydroascorbate can be
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reversed to ascorbate by the enzyme monodehydroascorbate reductase, which was
also increased in the wild type soybean, probably to maintain the concentration of the
reduced agents.

I also identified GST as well as actoylglutathione lyase (glyoxalase I) were
up-regulated in the wild type soybean. GST was another protein well-known for its
ability to conjugate reduced glutathione with various compounds and involvement in
oxidative stress responses (Droog, 1997). Glutathione was also necessary in the
lactoylglutathione tyase mediated detoxification process of the methylglyoxal (MG),
the accumulation of which was indicative of abiotic stress conditions, such as salinity,
drought, and cold. Recent studies showed that overexpression of GST or glyoxalase I
in tobacco both could enhance their tolerance to salinity during germination
(Singla-Pareek et al., 2003; Witzel ez al., 2009).

As a well known stress marker gene, alcohol dehydrogenase 1 which catalyzed the
oxidation of alcohols to aldehydes or ketones was up-regulated in wild type soybean.
Large number of previous work have showed that its expression was stress-related
and it was likely that they were required to remove the alcohols, which were
commonly produced through lots of metabolic pathways with deleterious effects on
many cellular components such as nucleic acids, proteins and carbohydrates
{Sengupta et al., 2009). I also found that the enzyme aldehyde dehydrogenase and an
aldo-keto reductase which involved in oxidative stress tolerance by detoxifying
reactive aldehydes derived from lipid peroxidation during abiotic stress were induced
in wild type soybean. Previously, Oberschall e al. also indicated that an
aldose/aldehyde reductase was able to provide protection to transgenic plants against
lipid peroxidation under chemical and drought stresses (Oberschall ef al., 2000).
Wild type soybean accumulated much more lipoxygenase than the cultivated soybean.
Lipoxygenase initiated the synthesis of a series of oxylipins, which were acyclic or
cyclic compounds with diverse functions, particularly in responses to herbivory and
pathogen invasion (Feussner et al., 2002; Wang et al., 2009). In addition, they also
associated with many other stress stimuli, including cold and radiation stress

(Danchenko et al., 2009).
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Abiotic stress including salinity stress would cause proteins to denature. Similar to
other plants response to the salinity stress, heat shock proteins 90 (Hsp90) and
cyclophilin were found to be up-regulated in wild type soybean. Heat shock proteins
were among the most well-known stress-related proteins in plants which could be
induced by several types of stresses such as heat, osmotic and salt stress. These
proteins could act as chaperones to accelerate protein folding and protect them from
denaturing under stress conditions (Aghaei et al., 2008). In addition, they could also
decrease the intracellular level of reactive oxygen species (ROS). Cyclophilin,
another ubiquitously distributed protein which also catalyzed the folding of proteins,
could be induced by abiotic stresses, such as drought stress, too (Hajheidari et al.,

2005),

2.4.1.3 Protein metabolism pathway

Compared with cultivated soybeans, the protein and amino acid metabolism might be
less active in the wild type soybeans. Enzymes such as cysteine synthase and
glutamine synthase were down-regulated in wild type soybean. It was known that
these enzymes were important in amino acid synthesis and protein synthesis (Aghaei
et al., 2008; Teixeira et al., 2006). This result indicated that the wild type soybean
might be inclined to decrease the level of free amino acid pool. Consistent with this,
the protein synthesis was suppressed in the wild type soybean, since that several
proteins involved in this process, such as ribosomal protein 1.12-A, translational
elongation factor 1 subunit B, and nascent polypeptide associated complex alpha
subunit, were down-regulated in them. This observation was also very similar to the
plants’ responses to salt stress, where the transcription of ribosome was severely
depressed in Arabidopsis roots (Jiang and Deyholos, 2006).

Another interesting result was that more storage proteins, including stem 28 kD
glycoprotein and 31 kD glycoprotein, were accumulated in the wild type soybean
during their germination and seedling stage. These glycoproteins were among the
major proteins in leaves and most other vegetative tissues of soybean. Studies have
showed that they may be rapidly degraded according to the need for nutrients by
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reported to be involved in the plant responses to salinity stress were also up-regulated
in the wild type soybean. Under the salinity stress, plants activated several ion
transporters to maintain the homeostasis of ion. In the wild type soybean, the V type
proton ATPase was up-regulated, in agreement with that V-ATPase underwent
moderate changes in expression of its subunits and modulations of its structure to
regulate its activity to adapt to the environmental stress (Ratajczak, 2002). The
V-ATPase created an electrochemical proton gradient which was the driving force
for a vanety of transport events of jons and metabolites by pumping protons into the
vacuolar lumen with ATP hydrolysis.

In plant, salt stress increased sucrose and other osmolytes to reduce water loss.
UDP-glucose pyrophosphorylase, a key enzyme in carbohydrates metabolism, was
up-regulated in the wild type soybean. UDP-glucose pyrophosphorylase was
responsible for the synthesis and pyrophosphorolysis of UDP-glucose, the key
precursor of sucrose and cell wall components {e.g. cellulose, B-glucans). In
Arabidopsis, the UDP-glucose pyrophosphorylase was induced by light and cold
stress (Yan et al., 2005). In addition, my resuits showed that sucrose synthase was
also greatly increased in the wild type soybean. Sucrose synthase catalyzed the
reversible conversion of sucrose and was also known for its role in energy
metabolism especially under energy limiting conditions during stresses (Fernandes ef
al. 2004, Sengupta ef al., 2009). In addition, a portion of sucrose synthase existed as
a membrane-bound form in association with the cellulose/callose synthase complex,
contributing to cell wall biosynthesis (Sengupta ef al., 2009). Thus the highly
expressed UDP-sugar pyrophosphorylase and sucrose synthase together with
methionine synthase, and S-adenosylmethionine synthetase in wild type soybean
might function coordinately in strengthening their cell wall, maintaining the cell
turgor to avoid water loss and regulating their growth when they encounter the
salinity stress in their natural growth condition.

Trypsin inhibitor was also reported to be induced by the stress condition in many
plants. Although their roles in the salt stress response remain unclear, they constitute
an important defense line to fight against pathogens probably by neutralizing the
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on. The 508 ribosomal protein L1, which was located in chloroplasts and contributed
to chloroplast proteins synthesis, and glutamate-1-semialdehyde 2, 1-aminomutase
involved in porphyrin and chlorophyll biosynthesis were both down-regulated after
salt treatment. Obviously, these proteins were of importance in the chloroplast
formation. This results indicated that salt stress not only inhibit photosynthesis
process, but also affect the biosynthesis of the chloroplast. Together with previous
results that chlorophyll and total carotenoid contents of leaves decreased in general
under salt stress (Parida and Das, 2005), my results therefore indicated that
chloroplast was one of the major organelles that can be severely affected by the salt
stress. Meanwhile, lipoxygenase and serine hydroxymethyltransferase involved in
the stress and defense response, as mentioned before, were up-regulated in the
soybean leaves by the salt treatment.

In order to further understand the influence of the salt stress on the chloroplasts, I
have tried to isolate the chloroplasts and performed the organelle proteomic studies.
Although some proteins involved in the photosynthesis were again identified to be
affected by the salt stress (such as rubisco and rubisco activase), the protocols still

needed further optimization.
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treated with salt, leading me to investigate their dynamic changes under the salinity

stress.

3.2 Material and methods

3.2.1 Plant materials

Soybean (Glycine max [L.] Merr. Cultivar Union) was germinated in soil under
greenhouse conditions. One week later, the plants were transferved and cultured in 1x
Hoagland nutrient solution. At the growth stage with 3-4 leaves, the leaves were

harvested, frozen immediately in liquid nitrogen and stored at -80 "C.

3.2.2 Nuclei extraction and histone isolation

Soybean tissues were ground into powder in liquid nitrogen, and suspended in nuclei
isolation buffer (NIB) containing 20 mM Tris-HCI {pH 7.5), 10 mM KCl, 10 mM
MgCl;, 6% sucrose, 0.6% Triton X-100, 0.05% B-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride (PMSF), as described (with some modifications)
previously (Calikowski et al., 2006). After being homogenized on ice bath, the tissue
was filtered using filter paper (pore size 30 pm). The resulting nuclei fraction was
harvested by centrifugation at 4000 g for 10 min, and then washed twice with NIB.
Core histones were extracted in 0.4 M hydrochloric acid (HCI). The extract was then
centrifuged at 12000 g for 10 min. The core histones in the supernatant were
precipitated by TCA. The pellet of core histone mixture was collected and stored at
-20 ° C until use.

In order to separate the individual histone molecules, 100 pg of purified core histones
were dissolved in water and separated by reversed-phase high performance liquid
chromatography (RP-HPLC) (Agilent 1100 series) using C4 column (4.6x250mm; 5

um) at a flow rate of 1 ml/min (Shechter e al., 2007). The running program was:
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autocollected on the MALDI-TOF sample plate.

3.2.4 Mass spectrometry

Mass spectrometric analysis was carried out using a MALDI-TOF/TOF tandem mass
spectrometer ABI 4700 proteomics analyzer (Applied Biosystems, USA). Mass data
acquisitions were piloted by 4000 Series Explorer™ Software v3.0. Linear mode MS
were operated over the mass range 5k-25k m/z for full protein detection. Reflector
mode MS survey scan were acquired over the mass range 600-3500 m/z in the
positive-ion mode and accumulated from 2000 laser shots with acceleration of 20 kV.
The MS spectra were internally calibrated using porcine trypsin autolytic products
(m/z 842.509, m/z 1045.564, m/z 1940.935 and m/z 2211.104) resulted in mass errors
of less than 30 ppm. The MS peaks (MH") were detected on minimum S/N ratio>20
and cluster area S/N threshold >25 without smoothing and raw spectrum filtering.
Peptide precursor ions corresponding to contaminants including keratins and the
trypsin autolytic products were excluded. The filtered precursor ions with a
user-defined threshold (8/N ratic >350) were selected for the MS/MS scan.
Fragmentation of precursor ions was performed using MS-MS 1kV positive mode
with CID on and argon/air as the collision gas. MS/MS spectra were accumulated
from 3000 laser shots using default calibration with Glu-Fibrinopeptide B from 4700
Calibration Mixture (Applied Biosystems, USA). The MS/MS peaks were detected

on minimum S/N ratio >3 and cluster area S/N threshold >15 with smoothing.

3.2.5 Database search
The MS and MS/MS data were loaded into the GPS Explorer™ software v3.5
(Applied Biosystems, Foster City, USA) and searched against NCBI database by

Mascot search engine v1.9.05 (Matrix science, London, UK) using combined MS
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(peptide-mass-fingerprint approach) with MS/MS (de novo sequencing approach)
analysis for protein identification. The following search parameters were used:
monoisotopic peptide mass (MH'); 700-3500 Dalton; one missed cleavage per
peptide; enzyme, trypsin/Lys-C; taxonomy, all taxonomy and green plants; pl, 0-14;
precursor ion mass tolerance, 50ppm; MS/MS fragment-ion mass tolerance, 0.1 Da;
variable modifications, carbamidomethylation of cysteine, oxidation of methionine,
acetylation of Lysine and arginine, mono-, di- and tri-methylation of Lysine were
allowed. Known contaminant ions corresponding to trypsin and keratins were
excluded from the peak lhists before database searching. Top ten hits for each protein
search were reported. For PTMs confirmation by MS/MS analysis, De novo
Explorer ™ software (Applied Biosystems, Foster City, USA) was used to deduce the

amino acid sequence of the selected peptide.

3.2.6 Western blotting

Ten pg core histone mixtures were separated in SDS-PAGE gel, and transferred to a
polyvinylidene difluoride (PVDF) membrane. The membranes were first blocked in
5% not-fat milk in TBS, and probed with specific primary antibody (1:1000). After
three washes with TBST, the membranes were incubated with alkaline
phosphatase-conjugated secondary antibody (goat-Anti-rabbit IgG-AP, Santa Cruz
Biotechnology) at 1:2000 dilution in TBS. The signal is developed by the NBT/BCIP
(Roche). Specific antibodies used in the experiments included: H3K18 acetylation
(Upstate, 07-354), H3K23 acetylation (Upstate, 07-355), H3K4 trimethylation
(MILLIPORE, 04-745), H3K27 trimethylation (LPBio, AR-0171), H3K36
trimethylation (Upstate, 05-801), H3K79 monomethylation (LPBio, AR-0172) and
H3K79 dimethylation {LPBio, AR-0177), H4K8 acetylation (Upstate, (07-328),

H4K 12 acetylation (Upstate, 04-119).
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3.3 Results

3.3.1 Isolation and identification of core histones of soybean

Using reversed phase high-performance liquid chromatography (RP-HPLC), core
histones of soybean were separated and eluted in the order of H2B, H4, H2A and H3
between 38-55% of buffer B, and collected according to the UV signal (210 nm)
(Figure 3.1). MALDI-TOF MS (linear mode) was employed to monitor the isolated
histones in the collected fractions and the calculated mass of histone H4, H3, HZA
and H2B were approximately 11,3, 15.2, 15.3 and 16.1 kDa, respectively. According
to the results of the RP-HPLC analysis (Figure 3.1), several varants of H2B and
H2A were detected. Triton-acetic acid-urea (TAU) gel indicated that at least §
variants of histone H2B and 4 variants of histone H2A were present in soybean
(Figure 3.13). By extending the slope of gradient of buffer B from 35% to 65% ACN
in 100 min, two variants of histone H3, H3.1 and H3.2, were also separated (Figure
3.1).

Individual histone protein was also separated via SDS-PAGE. Protein bands
containing the corresponding core histones were excised and followed by
endoproteinase in-gel digestion. Each histone protein band was divided into two
portions and subjected to trypsin or Lys-C digestion respectively before MS analysis.
MS analysis covered most of the amino acid sequence of histone H3, which consists
of 135 amino acid residues. Most of the 102 amino acid residues in soybean histone

H4 were also identified using MS analysis.
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Figure 3.1: Spectrum of histone isolation with RP-HPLC. The core histones were
extracted in acid and separated by RP-HPLC. They were eluted in the sequence of
histone H2B, H4, H2A and H3. Several variants of histone H2B, H2A and H3 were
separated and their retention times were labeled on the top of their corresponding

peaks,

3.3.2 Histone modifications of soybean histone H3 and its variants

Two variants of histone H3 were determined in soybean. Although the amino acid
sequences of the two variants of D). melanogaster histone H3 were very similar and
with only four amino acid differences, they could be separated by extending the slope
of gradient of buffer B during RP-HPLC separation (McKittrick ef af., 2004). Similar
methods were adopted to isolate soybean histone H3 variants (Figure 3.1). Two
consecutive peaks were eluted between 46.2% - 47.2% of buffer B. These two peaks
were collected, digested by trypsin and analyzed by nano-LC/MS-MS separately. In
the mass spectrum of the first peak, the histone peptide with the mass of 929.53
containing YKSAPA'TGGVK? was detected (Figure 3.2). In the mass spectrum of
the second peak, another histone peptide with the mass of 959.58, corresponding to

KSAPT ' TGGVK®® was identified (Figure 3.3). These two histone peptides were
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different in the amino acid residue 31, so the first and second peaks were designated
histone H3.1 and H3.2, respectively. I further analyzed the variants of histone H3
using the information from soybean genome database
(http://www.phytozome.net/soybean). Data from soybean genome showed that these
two histone H3 variants in soybean differed in four amino acids at the position of
amino acid 31, 41, 87 and 90. They were AYTFMSYSY and T*'Y*'HP'L* in histone
H3.1 and H3.2, respectively. Three more peptides from my MS analysis further
confirmed this conclusion: peptide precursor ion at m/z 3396.60 containing
“PQSSYAVSALQEAAEAYLV'? and peptide precursor ion at m/z 1016.57
containing *' FRPGTVALR® in the mass spectrum of histone H3.1, peptide precursor
ion at m/z 1032.60 corresponding to *' YRPGTVALR®" in the mass spectrum of
histone H3.2 (Figure 3.4). In the soybean genome, I also found another histone H3
variant, centromere specific histone H3, which differed greatly in amino acid
sequence from the other two variants (Figure 3.5).

Next, the modifications of histone H3 were investigated. Modifications of histone H3
were complicated due to its high abundance of both Lysine and arginine in its
primary amino acid sequence (Table 3.1). From the MS analysis, mono-, di- and
tri-methylation of Lysine 27 were detected in both histone H3 variants; with
mono-methylation as the predominant modification (Figure 3.2 and 3.3). In the
trypsin digestion, peptide precursor ions with the mass of m/Zz 959.58, 973.59 and
987.61 represented the mono-, di-, and tri-methylated peptides 2’KSAPTTGGVK>®
of histone variant H3.2 respectively (Figure 3.3). Although such peptide contained
two potential methylation sites (Lysine 27 and Lysine 36), de novo sequencing
clearly indicated that methylation were mainly located at Lysine 27 (Figure 3.3).
Methylated Lysine 36 was determined by other peptides whose mass were m/z

1349.81, 1363.83 and 1377.84 containing 2*SAPTTGGVKKPHR* of histone variant
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H3.2. De novo sequencing showed that it could also be mono-, di- and tri-methylated
(Figure 3.6). More interestingly, most of histone H3 Lysine 36 methylation did not
appear in those peptides which contained histone H3 Lysine 27 methylation, since
only two very small peaks whose mass were m/z 1001.59 and 1015.61 were detected
in the MS spectrum (Figure 3.3A), which may be comresponding to the peptides
containing methylation at both Lysine 27 and Lysine 36. In addition, no peptide that
contained both tri-methylated Lysine 27 and Lysine 36 was identified because of the
absence of peptide precursor ion at m/z 1029 in Figure 3.3A. Similar results were
also obtained in histone variant H3.1 (Figure 3.2). Other PTMs were also observed in
the peptides of histone H3. Peptide *TKQTAR® containing mono-, di- and
tri-methylated histone H3 Lysine 4, of which mass were m/z 718.43, 732.44 and
746.46 respectively, were detected (Figure 3.7A). Of these three modifications,
histone H3 Lysine 4 mono-methylation was the dominant one, and this result was
similar to that in A. thaliana (Zhang et al., 2007). Lysine acetylation in soybean
histone H3 was also identified. Peptides 'STGGK'**APR'" at the m/z 815.40 and
BRACQLATK?® at the m/z 730.42 containing acetylated Lysine 14 and Lysine 18
respectively were shown in Figure 3.7B and 3.7C. Another peptide at the m/z
1028.57 containing acetylated Lysine 23 was also detected, which was
PQLATK®*“AARK?’ (Figure 3.7D). Since the mass shift of acetylation and
tri-methylation were very similar (~ 42Da), Western blotting with specific antibodies
to these acetylation and tri-methylation sites was performed and further confirmed
my MS results (Figure 3.8A).

Methylation of histone H3 Lysine 79 was observed in my studies. Such methylation
was frequently found in mammals (Barski ef al., 2007). Compared with the mass of
the peptide at m/z 1335.66, the mass of the peptides at m/z 1349.68 and 1363.69

shifted about 14Da and 28Da (Figure 3.9A). This indicated that these peptides might
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Figure 3.4: Confirmation of two variants of histone H3 of soybean. A and B.
MALDI-TOF mass spectrum showing the peptide precursor ion at m/z 3396.60 and
1016.57 corresponding to the peptide **FQSSAVSALQEAAEAYLV'" and
“FRPGTVALRY of histone variant H3.1 respectively. C. MALDI-TOF mass
spectrum showing the peptide precursor ion at m/z 1032.60 corresponding to the

peptide ' YRPGTVALR™ of histone variant H3.2.
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MALDI-TOF mass spectrum showing mono- (m/z 1349.81), di- (m/z 1363.83) and
tri- (m/z 1377.84) methylation at Lysine 36 of histone H3.2. B, C and D. MS/MS
spectrum of the peptide precursor ion at m/z 1349.81, 1363.83 and 1377.84 which

determined mono-, di- and tri-methylation at Lysine 36 of histone H3.2, respectively.
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Figure 3.7: Identification of modification sites of histone H3. A. MALDI-TOF mass
spectrum showing mono- (m/z 718.43), di- (m/z 732.44), tri- (m/z 746.46)
methylation at Lysine 4 of histone H3. B. MALDI-TOF mass spectrum showing
acetylation (m/z 815.40) at Lysine 14 of histone H3. C. MALDI-TOF mass spectrum
showing acetylation (m/z 730.42) at Lysine 18 of histone H3. D. MALDI-TOF mass
spectrum showing acetylation (m/z 1028.57) at Lysine 23 of histone H3. Me:

methylation; Ac: acetylation.
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Table 3.1: Comparison of PTMs of histone H3 in Glycine max, A. thaliana and

mammals
Modification Sites Functions
Mammals A. thaliana G max

Acetylation K9 + + nd  Transcriptional activation
K14 + + + Transcriptional activation
K18 + + + Transcriptional activation
K23 + + + Transcriptional activation
K56 nd + nd

Methylation K4 + + + Transcriptional activation

K9 + + nd  Transcriptional repression

K27 + + + Transcriptional repression
K36 + + + Transcriptional activation
K64 + nd nd
K79 + nd + Telomere silencing
K122 + nd nd

nd, not detected; +, modification present.

3.3.3 Histone modifications of soybean histone H4 and its variants
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Purified histone H4 was digested separately with either trypsin or Lys-C and the
corresponding digested fractions were separated and analyzed by nano-L.C combined
with MS/MS. Most of the potential PTM sites were examined and compared to other
species. Acetylation of histone H4 was observed. As shown in Table 3.2, Lysine 8 of
histone H4 was acetylated in the peptide *GGK**GLGK'? with the mass of 658.37
(Figure 3.10A). Lysine 12 was acetylated in the histone H4 peptide
’GLGK""*GGAK'® with mass at m/z 729.42 (Figure 3.10B). None of the two
unacetylated or di-acetylated peptide precursor ions was detected. I also detected a
peptide precursor ion with mass at m/z 1456.92, which corresponded to the peptide
'SGRGKGGKGLGK ' *A*GGAK'® (Figure 3.10C), and further proved that Lysine 12
could be acetylated. Similarly, these acetylation sites were further verified by
Western blotting with specific antibodies to histone H4 Lysine & acetylation and
Lysine 12 acetylation (Figure 3.8B). However, acetylation of Lysine 5 and 16 were
not detected. My data thus indicated that Lysine 8 and 12 were the main acetylation
sites in the N terminus of soybean histone H4 and their acetylation might not happen
simultaneously; a result that is differed from those found in histone H4 of 4. thaliana
and mammals (Zhang et al., 2007). In my MS analysis, I cannot detect histone H4
Lysine 20 modification, whereas the Western blotting results showed that histone H4
Lysine 20 methylation did present in soybean.

Two variants of histone H4 were identified (designated as H4.1 and H4.2), which
varied at the amino acid residue I*® of histone H4.1 and V® of histone H4.2 (Figure
3.11). The trypsin digested peptides of histone H4 were directly applied to
MALDI-TOF/TOF analysis and after peptide mass fingerprinting search, the peptide
precursor ion at m/z 1003.65 was readily detected. Further de novo sequencing
showed that it contained the amino acid sequence of “IFLENVIR®’. Meanwhile, in

the nano-LC fractionated histone H4 peptides, another peptide with the amino acid
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Figure 3.11: Identification of the two variants of histone H4. A. MALDI-TOF mass

spectrum showing that the amount of the peptide with calculated mass of m/z 1003.6
from histone H4.1 was much more than that of the peptide (m/z 989.6) from histone
H4.2 in the peptide mass fingerprinting of trypsin digested histone H4. B. MS/MS

spectrum showing peptide (m/z 1003.6) corresponding to “IFLENVIR® of histone
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variant H4.1. C. MALDI-TOF mass spectrum showing the peptide (m/z 989.6) from

histone H4.2 after nano-L.C separation. D, MS/MS spectrum showing the peptide

(m/z 989.6) corresponding to “*“VFLENVIR® of histone variant H4.2.

Table 3.2: Comparison of PTMs of histone H4 in Glycine max, A. thaliana and

mammals
Modification Sites Functions
Mammals A. thaliona G max

Acetylation K5 + + nd Transcriptional repression
K8 + + + Transcriptional activation
K12 + + + Transcriptional activation
K16 + + nd Transcriptional activation
K20 nd + nd

Methylation K20 + nd + Heterochromatin silencing

nd, not detected; +, modification present .

3.3.4 Dynamic changes of histone modifications and histone variants under the
salinity stress

With these preliminary results, 1 then tried to correlate these soybeans’ histone
modifications and variants with salinity stress by monitoring their dynamic changes
under the salinity stress.

Western blotting results showed that salt treatment did not induce obvious changes of
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most of the detected histone modifications including histone H3K4 trimethylation,
H3K27 trimethylation and H3K36 trimethylation (Figure 3.12). However, compared
with the control histone, H3K79 mono-methylaiton and di-methylation increased
under the salinity stress. With TAU-SDS PAGE gels, histone variants were separated
and their amount was compared. Unfortunately, I did not observe any dramatic
changes in these variants when the soybeans were treated with salt (Figure 3.13).
Similar results can also be obtained from the RP-HPLC spectrum.

I then tried to work out the roles of the histone H3K79 methylation in the soybean
response to salinity stress. According to the “histone code”, I struggled to identify
whether there were any proteins that would be recruited by this kind of modifications.
I synthesized the peptides which contained the modified or unmodified lysine 79 and
performed the peptide pull down assays. Unlikely, I could not detect any proteins
which exhibited the potential to interact with histone H3K79 methylation specifically

(Figure 3.14).

113K4 Trimethylation
H3IKZT Trimelhytaion

H3K36 Trunethvluton
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Figure 3.12: Determine the dynamic change of histone modifications under the
salinity stress by western blotting. No obvious change of histone H3K4
trimethylation, H3K27 trimethylation and H3K36 trimethylation was observed, while
H3K79 methylation (mono- and di-) were increased under the salinity stress.

Coomassie blue staining gel was showed as loading control. 6C, 48C and 72C:
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distinct properties. For example, previous studies indicated that histone H4 Lysine 20
modifications were quite distinct between animal and plant. Histone H4 Lysine 20
methylation is evolutionarily conserved from yeast to mammals and is very critical in
DNA repair and genome integrity (Sanders et al., 2004). However, histone H4 Lysine
20 was acetylated in A. thaliana (Zhang et al., 2007). My results also showed some
differences that exist between soybean and the model dicot 4. thaliana: mono- and
di- methylation of Lysine 79 were detected in soybean but such PTMs were not
found in 4. thaliana (Zhang et al., 2007). Western blotting results also showed that
methylated histone H3 Lysine 79 might not be widely distributed throughout the
whole soybean genome, since when equal amount of histone was applied, the signals
of histone H3 Lysine 79 methylation were much weaker than that of other
modifications of histone H3 (Figure 3.8A). Studies in yeast and mammals show that
histone H3 Lysine 79 is hypermethylated at silenced loci and is important in DNA
repair and genome stability (Allis et al., 2007; Ng et al., 2003). Whether this
modification is also crucial in maintaining soybean genome integrity requires further
investigations.

The patterns of histone H3 Lysine 27 and Lysine 36 methylation were also different
between soybean and A. thaliana. Previous studies indicate that methylation of
Lysine 27 and Lysine 36 carry independent functions: Histone H3 Lysine 27
methylation is mainly involved in gene silencing and heterochromatin formation
while methylated histone H3 Lysine 36 is found to be associated with the
phosphorylated CTD of Pol II, suggesting a role in gene expression and elongation
(Li et al, 2003). In A thaliana, the MADS-box franscription repressor
FLOWERING LOCUS C (FLC) is a crucial regulator in controlling flowering time.
Histone H3 Lysine 27 methylation usually represses FLC expression while histone

H3 Lysine 36 methylation has an opposite effect, suggesting that the modifications at
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these two sites must be carefully regulated in order to flower properly (Bastow et al.,
2004; He et al., 2005; Xu et al., 2008). In A. thaliana, it was reported about 15% of
the peptides from histone variant H3.2 were modified with both histone H3 Lysine
27 di-methylation and Lysine 36 mono-methylation (Johnson et al., 2004). So it
seems that methylated Lysine 27 and Lysine 36 can coexist on the same histone H3
N-terminus in A. thaliana. However, my present MS data revealed that most of the
methylated Lysine 27 and methylated Lysine 36 were unlikely to coexist on the same
histone H3 molecule in soybean. Therefore, I speculate that soybean and Arabidopsis
may regulate the occurrence of histone H3 Lysine 27 and Lysine 36 methylation by
different ways, although so far little about the relationship between histone H3
Lysine 27 and Lysine 36 has been known.

Analysis of the public database of soybean genome revealed that at least 14 variants
of H2A and 12 variants of H2B were present in soybean. It may be due to the gene
duplications and reshuffling events happened during soybean diploidized tetraploid
genome formation, which occurred at about 8-10 million years ago and 40-50 million
years ago respectively (http://soybeangenome.siun.edu). However, 1 have not
identified any PTMs of soybean histone H2B and H2A in my studies so far.

Genomic analysis also found 3 variants of histone H3 in soybean: H3.1, H3.2 and
centromere specific histone H3, but I could not isolate the centromere specific
histone H3. It may account for the absence of centromere specific histone H3 in
soybean leaves which do not undergo active cell division, since other studies indicate
that the expression of this variant peaks in late S/G2 phase and it is mainly deposited
at functional centromeres (Jansen et al., 2007; Bemstein et al., 2006). The
modification patterns of the other two histone H3 variants in soybean were different
from those in 4. thaliana. Only tri-methylation at histone H3 Lysine 36 was found in

histone H3.1 of 4. thaliana (Johnson et al., 2004} while methylated histone H3
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Lysine 36 including tri-methylation was absent in soybean histone H3.1 and mono-,
di- and tri-methylation of histone H3 Lysine 36 were found in soybean histone H3.2.
Besides, histone H3 Lysine 4 methylation was only detected in histone variant H3.2.
Histone H3 Lysine 4 methylation is suggested to be associated with euchromatin
region and viewed as a marker of transcriptionally active genes (Schiibeler er ol
2004; Li et al., 2007). In addition, methylated Lysine 36 is also associated with gene
transcription (Li et al., 2003}. Previous studies suggested that different variants of
histone H3 might carry different functions (Ahmad et al., 2002; Hake et al., 2006). In
D. melanogaster and A. thaliana, the replication-independent histone H3 variants
which are usually associated with actively transcribing regions are rich in active
modifications, including histone H3 Lysine 4 methylation and acetylations ((Johnson
et al., 2004; McKittrick et al., 2004). The presence of modifications {methylation at
Lysine 4 and Lysine 36 and acetylation) in soybean histone H3.2 suggested that the
soybean histone H3.2 might also be related to actively transcribing genes.

Two soybean histone H4 variants were identified in my study, although histone H4
was the most conserved core histone, and no variant of histone H4 was found
previously (Marino-Ramirez et al., 2005). The significance of these two novel
histone H4 variants of soybean awaits further investigations.

Western blotting indicated that histone H3K4 trimethylation, H3K27 trimethylation
and H3K36 trimethylation did not increase dramatically under the salinity stress.
However, these modifications still may be dynamic, since they may increase in some
regions of the genome while decrease in other regions, which will not to be reflected
in the western blotting where the total histone are used. Therefore, it is necessary to
determine whether there are any changes in their distribution patterns and location
sites in the genome after the salt treatment. Indeed, some recent reports showed that

some histone modifications did increase in some genome regions, such as histone
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modification. H3K79 methylation was a quite special histone modification. Rather
than located at the N termini of histone H3 where most of the histone modifications
located, it was at the core domain of histone, indicating that its surrounding amino
acids and structures might be also important for its functions and being recognized
by other proteins in vivo. However, the protein structure could not be mimicked in
vitro by peptides which were used in the pull down assay. This finding also indicated
that in order to find out the true effector proteins of the H3K79 methylation, the
nucleosomes containing only H3K79 methylation should be used to perform the in

vitro pull down assay.
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Chapter 4 GmPHDI1 and histone H3K4 methylation

4.1 Introduction

Previous studies demonstrated that histone modifications, such as H3 and H4
acetylation, H3S10 phosphorylation were increased and involved in the plant salinity
stress (Sokol, et al., 2007). ChIP studies indicated that levels of H3K4me3, H3K9ac,
H3K14ac, H3K23ac and H3K27ac were altered on the coding regions of drought
stress-responsive genes, including RD29A, RD29B, RD20, when they were activated
under drought stress conditions (Kim et al., 2008). However their detail molecular
mechanisms in these processes remain elusive.

H3K4 methylation 1s widely considered as a marker of active transcriptional genes,
since it can recruit many proteins to active gene transcription. Previous reports
indicated that PHD containing proteins can read the histone code by recognizing
H3K4 methylation via its PHD finger domain. Several proteins contaiming such
domain have been reported in plants; VIN3, VIL1 and VRNS5 are involved in
vernalization-mediated epigenetic silencing and regulate the flowering time of
Arabidopsis (Sung and Amasino, 2004; Sung et al., 2006; Greb et al., 2007; Lec ef
al., 2009). Another PHD containing protein ORC1, the large subunit of the origin
recognition complex, is involved in defining origins of DNA replication, and could
bind to H3K4me3 with its PHD domain and regulate transcription in Arabidopsis
(De et al., 2009). Interestingly, some other studies suggested that the expression of
alfalfa Aflinl and Arabidopsis Alfinl-like (AL) gene, which all contained a PHD
finger in their C terminus, were increased under salinity stress (Seki et al., 2002;
Winicov, 1993). A recent study indicated that its homolog in soybean was located in
the nuclei and its level was up-regulated under salinity stress (Wei ez al. 2009).

Recently, the PHD fingers of the Alfin-like proteins from Arabidopsis have been
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found to bind to histone posttranslational modifications H3K4me3/2 (Lee et al.,

2009). In this study, I find that GmPHD] proteins may function as the ‘code reader’

of H3K4 methylation to regulate the gene expression and further the salinity stress

response in the soybean.

4.2 Materials and methods

4.2.1 Gene cloning and plasmid construction

Synthesised soybean ¢cDNA was gifts from Miss Fuk Ling Wong from Professor

Hon-ming Lam’s lab. The PCR reaction was set as follow: 2 pl template was mixed

with 0.5 ul ANTP (10 mM), 0.5 pl forward primer (10 uM) and 0.5 ul reverse primer

(10 pM), 2.5 pl 10 x PCR buffer, 0.3 pl high fidelity platinum Taq polymerase

(invitrogen) and 1.5 pl MgCl, (25 mM). The final volume was adjusted to 25 pl by

distilled milliQ water. The following primers were used in cloning the gene

GmPHDI1, GmISWII,

expression vectors:

CmISWI2, GmGNAT, GmElongin and constructing the

Genes Primers
GmPHD1 Forward 5" AGTGGATCCGAAGGAGTACCGCACCCAA Y
Reverse 5" TCAGTCGACCTCAAACTCTAACCCTCTTGT 3°
GmISWii Forward 5’ AGTGGATCCCAGAAAATGAAGAAACAGAAG Y
Reverse 5" TCAGTCGACCTCATAAATAATCTTCGAGTATGTC 3°
GmISWI2 Forward 5" AGTGGATCCATGTTTCGTGGATATCAAT 3°
Reverse 5" TCAGTCGACCTTATTTTCTTCTCTTCCCC 3°
GmGNAT Forward 5" AGTGGATCCATGGCTGCAGCATCATCAA Y
Reverse 5 TCAGTCGACCTCACATAGTCTTITTGCTCAT 3’
GmElongin Forward 5" AGTGGATCCATGATGAGAAGAGATCAA S
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Reverse 5 TCAGTCGACCCTAAAATACCCTCTTTGT 3°
GmPHDI-C  Forward 5° AGTGGATCCACATGTGGTGCTTGCGGTG 3°

Reverse S TCAGTCGACCTCAAACTCTAACCCTCTTGT ¥
GmPHDI-N  Forward 5" AGTGGATCCGAAGGAGTACCGCACCCAA Y

Reverse S'TCAGTCGACCTCATGCACCCTGTTCATCATCT ¥

In order fo subclone these genes into the expression vector, specific restriction

enzyme recognize sequences (BamHI: GGATCC, Sall: GTCGAC) were introduced

into the primers. The PCR was performed in the following program:

Number of cycles Length of time Temperature

1 cycle 5 minutes 04°C
5 cycles 30 seconds 94°C
30 seconds 45C

1 minute 72°C

25 cycles 30 seconds 924°C
30 seconds 50°C

1 minute 72°C

1 cycle 10 minutes 72°C

In order to construct the plasmid for recombinant expression, the PCR products were

separated in 1% agarose gel and the DNA fragments were purified from the gel

followed with overnight digestion with specific restriction enzymes (BamHI and Sall,

New England Biolabs). Expression vector plasmid (GST: pGEX-4T-1, GE healthcare;

MBP: pMAL-C2, New England Biolabs) was prepared from E. coli and subsequenily

digested with the same restriction enzymes. The isolated candidate DNA fragments
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were ligated with the digested expression vector in a molar ratioc of 10:1
(insert:vector) by adding 1xligase buffer (Promega) and 3U of T4 DNA ligase
(Promega). GmPHDI was inserted into the GST expression vectors, while other
cloned genes, GmISWII, GmISWI2, GmGNAT, and GmElongin, were ligated into the

MBP expression vector.

4.2.2 Transformation and positive clone screening by PCR

After overnight ligation at 16°C, the ligated PCR products were transformed into E.
coli (bacteria strain: DHS5a). The CaCl, treated competent cells were thawed on ice
and gently mixed by tapping the tube. Ten pl of the above ligation mix was added to
100pl of competent cells and the mixture was placed on ice for 20 minutes, then
subjected to a heat pulse at 42°C for 2 minutes and cooling on ice for another 2
minutes, followed by addition of 1 ml LB broth to rescue the cells. The transformed
cells were incubated at 37°C with shaking for 1 hour and then spread on LB agar
plates supplemented with 100 pg/ml of ampicillin. The plates were incubated at 37°C
overnight,

The colonies from the above plates were picked by a toothpick, inoculated into a LB
agar plate supplemented with 100 pug/ml of ampicillin, and the remaining cells were
washed out into a PCR reaction mix with 2.5 pl of 10xPCR reaction mix, 0.5 pl of 10
mM dNTPs mix, 0.5 pl of 10 pM specific forward primer and 0.5 pl of 10 M
specific reverse primer and (.5 pl Tag DNA polymerase (Promega). The final volume
was made up to 25ul by double distilled water. It was subjected to the following PCR

profile. PCR products were tested in the 1% agarose gel.

Number of cycles Length of time Temperature

1 cycle 5 minutes 94°C
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Recombinant GST fusion protein GST-PHD1 was first bound to the GST column
(GE health) by incubating the protein with GST agarose beads at room temperature
for 30 minutes. Fellowing that, the extracted nucleic proteins were applied to the
beads and incubated at 4°C overnight. The beads were then washed 10 times with
wash buffer (25 mM Tris-HCI (pH 8.0}, 10% glycerol, | mM EDTA, 200 mM NaCl,
1 mM PMSF, | mM DTT, 0.1% Triton X-100) and subsequently boiled with
SDS-PAGE gel loading buffer at 99°C for 10 minutes before applying for
SDS-PAGE gel separation. SDS-PAGE gel was stained with silver and the different
protein bands were excised and destained as described in Chapter 3. The proteins

were identified by MALDI-TOF/TOF as aforementioned.

4.2.7 In vitro GST pull down assay

Recombinant GST-PHD1 protein was incubated with MBP-ISWI, MBP-ISWI2,
MBP-GNAT, MBP-¢elongin in the GST column at 4°C overnight, respectively. Then
the individual column was washed extensively with buffer containing 25 mM Tris
buffer (pH 8.0), 10% glycerol, ImM EDTA, 500 mM NaCl, 1 mM PMSF, 1 mM
DTT, 1% Triton X-100 twice, followed with another 6 washes with buffer containing
25mM Tris buffer (pH 8.0), 10% glycerol, 1 mM EDTA, 150 mM NaC(l, 1 mM
PMSF, 1 mM DTT, 0.1% Triton X-100. Finally, the beads were recovered from each
of the column and they were boiled separately with SDS page gel loading buffer at
99°C for 10 minutes and the western blotting was performed as aforementioned with

anti-MBP antibody.

4.2.8 In vitro acetyltransferase activity assay
MBP-GNAT protein was mixed with 125 pM Acetyl-Coenzyme A (GE health), 60

ug histone extracted from soybean or other tested proteins, 1.5 mM DTT, 10%
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SCGTTTAACTGTTTAAGGAAY and STAAATGGGTAGGAGACGATS’;
HML806-P2: S’GGAAAAGAAGAAAGCCACACTCTGAS’ and 5
AATTGGACATTGATCGATTGATGA 3% HML806-EX: 5
AGGCCAGGTGCTGCATAATCT 3° and 5° ATGGATTGCCACCAGTGCAA 37;
HML806-L.: 5’ AGTCCTTCTTTCCTGTTCT 3 and 5’
TACTATCTACAACGATTTAC 3’;

HML1107-P: 5TTAGGGCGGTGTTACTC3’ and 5’CGTATTATCGCTCTTCTT3 .
ChIP-PCR reaction was set up as followed: 4 ul template was mixed with 0.4 pl
dNTP (10 mM), 0.4 pl forward primer (10 pM) and 0.4 ul reverse primer (10 pM), 2
pl 10xPCR buffer, 0.25 pl Taq polymerase (Promega) and 1 pl MgCl, (25mM). The
final volume was adjusted to 20 ul by distilled milliQ water. PCR was carried out

using the following parameter:

Number of cycles Length of time Temperature

1 cycle 5 minutes 94°C
38 cycles 30 seconds 24°C
30 seconds 42°C

1 minute 72°C

1 cycle 10 minutes 72°C

The PCR product was then tested in 2% agarose gel.

4.2.10 Peptide synthesis and antibody production

Peptides (GKNERKRLFQMINDLPT and TPAKAEHIKQYK from GmPHDI,
GEEATAELDAKMKKFTEDAIK from GmISWI)} were synthesized uvsing the
standard procedures of F-moc solid-phase peptide synthesis protocol on the Applied
Biosystems 433A solid-phase peptide synthesizer. The synthesized peptides were

dissolved in milli-Q water, and then purified by standard reversed-phase HPLC. The
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Figure 4.5: Identification of GmPHD1 interaction proteins. A: silver staining gel of
GST-PHDI1 pulled down proteins. Proteins only present in the GST-PHD1 pulled
down samples were picked out for mass spectrometry analysis. Proteins with
confident identifications were indicated in the gel (band 1 and 2). B: histone H3 were
pulled down by GST-PHD1 in this experiment as determined by western blotting. C:
protein 1 was identified as GNAT by mass spectrometry. Upper panel: the mass
spectrum of protein 1. Middle panel: the amino sequence of the GmGNAT. The
peptide highlighted in red was the detected peptides by mass spectrometry. Lower
panel: the structure of the GmGNAT. D: protein 2 was identified as Elongin A by
mass spectrometry. Upper panel: the mass spectrum of protein 2. Middle panel: the
amino sequence of the GmElongin A. The peptide highlighted in red was the detected

peptides by mass spectrometry. Lower panel: the structure of the GmElongin A.

Next, I tried to validate the interaction of GmPHDI1 with GmGNAT and GmElongin
A. Both genes (GmGNAT and GmElongin A) were firstly cloned from soybean.
Luckily, two isoforms of GmGNAT were cloned in this process, which were named
GmGNAT1 and GmGNAT?2, separately (GmGNAT1 is the originally identified
protein in the mass spectrometry). These two isoforms displayed 89% identities in

their nucleotide sequences and 87% identities in their amino acid sequences (Figure
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4.6). An acetyltransferase domain was present in these proteins (Figure 4.5C and 4.6).
The Gmelongin A was a subunit of RNA polymerase II transcription factor SIII
(Elongin) with a characteristic structure in its N termini (Figure 4.5D).

These two genes were subsequently cloned into the MBP vector for recombinant
expression (Figure 4.7A) and these expressed MBP fusion proteins were then
incubated with GST-PHDI1 for GST pull down assay. These assays definitely
supported our previous mass spectrometry results, as MBP-GNAT1 and
MBP-elongin A can be pulled down by GST-PHD1 (Figure 4.7B).

The GmPHDI1 was further investigated to find out which part of it was responsible
for its interaction with GmGNAT1 and GmElongin A. The N termini without the
PHD finger domain and the C termini which contained only the PHD finger was
fused with GST and expressed (Figure 4.7C). Similarly, GST pull down assays were
performed and it showed that the N termini of GmPHD1 were enough for its
interaction with GmGNAT! although the PHD finger had some weak interactions
with GmGNAT1 (Figure 4.7D). However, the truncated GmPHD1 would severely
impair its interaction with GmElongin A (Figure 4.7D), indicating the importance of

the full length of GmPHDI in its interaction with GmElongin A.
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Figure 4.6: Alignment of the two GmGNATs of soybean. These two isoforms of

113



GmGNAT displayed 89% identities in their nucleotide sequences and 87% identities
in their amino acid sequences. The GCNS5-related N-acetyltransferase domain

(GNAT superfamily) was indicated in this figure.
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Figure 4.7: Validation of the interaction between GmPHD1 and GmGNATI,
GmElongin A by GST pull down assay. A: Inputs of the GST pull down assay. B:
Western blotting results of the GST pull down assay. C: The diagram of the
construction of the truncated GmPHD1. The N termini of the GmPHD1 without its
PHD finger domain and the C termini of the GmPHD1 with only the PHD finger
domain were inserted into the GST expression vector. D: GST pull down assay with

the truncated GmPHD1.

4.3.6 GmGNAT] is an acetyltransferase
The presence of the acetyltransferase domain in the GmGNAT1 suggested that it
might transfer the acetyl group to its substrates from acetyl-CoA. However, its

substrates remained elusive.

As the GmGNAT! could interact with GmPHDI1 and might be recruited to the
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GmPHDI1 through its N termini.
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Figure 4.9: GmPHD1 could interact with GmISWI. A: The structure of GmISWI and

the two constructed vectors which were expressed in E. coli. B: GST pull down assay

indicated that GmISWI interacted with GmPHD!1 through its N termini.

4.4 Discussions

[ confirmed that GmPHD]1 was up-regulated under the salinity stress with western
blotting, as expected. Wei ef al. also showed that its expression was induced to a
higher intensity in the drought- and salt-tolerant soybean variety than that in the
sensitive ones under the stresses, further correlating this protein with stress response
and tolerance in soybean (Wei et al., 2009). Actually, there are six homologs of
PHDI1 in soybean and their response to abiotic stresses, such as salinity, cold and
drought stress, were different, suggesting that although these six GmPHDs were
highly conserved, their activities might not be the same (Wei et al., 2009). Whether
other GmPHDs had the similar working mechanisms or would work as the ING
family members by recruiting different protein complexes is still unknown and more

efforts are required.

GmPHDI1 could interact with H3K4 methylation and show some similarity to Alfinl
in alfalfa and Alfinl-like protein in Arabidopsis in their amino acid sequences. Alfinl
was characterized as a transcriptional factor that could bind to the promoter of

salt-inducible MsPR2 and enhance its expression at the transcriptional level in alfalfa
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roots (Bastola et al., 1998). Recently, soybean PHD type transcription factor was also
reported to be able to bind to the cis-element “GTGGAG™ directly (Wei er al., 2009).
On this point, the interaction between GmPHDI and histone H3K4 methylation
might not play the essential roles in initiating the recruitment of GmPHDI1 to its
target DNA region. Therefore, the major roles of their interaction might stabilize or

enhance the interaction between DNA/chromatin and GmPHD1.

Many studies showed that the PHD finger domain managed to distinguish the state of
lysine methylation, for example, BPTF, ING superfamily members and RAG2
mainly recognized histone H3K4 di- and tri-methylation, while DNMT3L and
BHCS80 bound to H3K4me0 (Baker ef al., 2008). However, none of the paper has
stated that the PHD finger proteins were able to distinguish H3K4 dimethylation and
trimethylation. In our studies, I found that GmPHD1 has the affinity to histone H3K4
methylation in the order of dimethylation > monomethylation > trimethylation. How
is able for GmPHDI1 to distinguish the minute difference between dimethylation and
other methylation states remains an interesting question and need further structure
analysis. Interestingly, some other proteins without the PHD finger domain showed
the preference to H3K4 dimethylation, rather than trimethylation. The WDRS, which
contained WD40 repeats, would associate with H3K4 dimethylation through the
WDA40 repeats (Wysocka ef al., 2005). Some histone demethylases also conferred the
similar selectivity for distinct methylation states. Histone demethylase IMJD2A only
functioned as trimethylation-specific demethylases, but not be able to remove the
methyl group from di- and mono-methylation (Whetstine et al., 2006). Structural
analysis then revealed that its specificity may be dependent on the CH---O hydrogen
bonding between the lysyl {-methy! groups and the oxygens in the active site in its

methylammonium-binding pocket. Amino acid substitution which would disrupt this
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factors that contain separable activation and sequence-specific DNA-binding
domains (Brownell and Allis, 1996). As for the GmGNAT1, since its lack of the
bromodomain, it may not be able to bind to the chromatin directly just like GCNS.
Therefore, its interaction with GmPHD1 which can directly bind to the histone
and/or DNA would be very crucial for its location to the appropriate sites in the
chromatin. Actually, GCNS also exists as a component of large complexes, for
example, in yeast, GenSp existed in a heteromeric complex with at least two
additional partners, ADA2 and ADA3. GenSp were then recruited to a specific
promoter or chromatin domain by these trans-acting factors (Brownell and Allis,
1996).

Many reports demonstrate that there are some crosstalks between different histone
modifications, suggesting that one histone modification promotes or inhibits the
generation of another one (Suganuma and Workman, 2008). Phosphorylation of
serine 10 on histone H3 by the Snfl kinase promoted the acetylation of H3 lysine 14
by the GenS acetyltransferase. Ubiquitination of H2B lysine 123 was a prerequisite
for H3 lysine 4 methylation (Sun and Allis, 2002). H3K4 methylation, especially
dimethylation and trimethylation, have long been viewed as a marker of actively
transcription genes and correlated with histone acetylation (Schiibeler ef al., 2004; Li
et al., 2007, Ruthenburg ef al., 2007). Actually, several Yngl (another PHD finger
domain containing protein) containing protein complexes can acetylate histone lysine,
including H3K 14, and positively regulate gene transcription at different loci (Rando,
2007; Taverna et al., 2006). My results showed that protein GmPHD1 bind to the
histone H3K4 methylation, and then recruit GmGNAT1 to acetylate H3K14.
Therefore, it represented for another kind of histone modification crosstalk between
H3K4 methylation and H3K14 acetylaiton to cooperate in regulating gene

transcription.
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complex could active and repress the gene transcription, depending on where the
nucleosome is positioned by the complex (Kwon et al., 2008). It is likely that the
GmPHD-GmISWI complex will work in a similar way to both active and repress

gene transcription.

In addition to histone, other non-histone proteins can also be acetylated. So far,
acetylation in the non-histone proteins is reported to be able to regulate the proteins’
activity in several ways. First, they can regulate the proteins localization and stability,
as the observation in p53 where lysine acetylation maintains it in the nucleic and
prevents it from exposure to proteosome in the cytosol. Second, lysine acetylation
also induces the protein-protein interaction, for example, the acetyl group supply
docking sites in p53 for recruitment of transcriptional co-activators, such as TAF1, a
TFIID subunit. Third, lysine acetylation has also been found in many enzymes,
including acetyl-CoA synthase, nitric oxide synthase and other metabolic enzymes
and these modifications usually modulate their activities. More interestingly, several
acetyliransferase themselves are auto-acetylated, such as p300 and CBP (Yang and
Seto, 2008). In my studies, I also presented that GmGNATI1 themselves were
auto-acetylated and this acetylation would obviously prohibit its interaction with
GmPHDI1. As a histone acetyltransferase which may play roles in regulating gene
transcription, the auto-acetylation of GmGNAT1 mught function as a brake in the
gene transcription and therefore represented for a negative regulation mechanism to
prevent over-response to the stresses, for example keeping a homeostasis of ROS in

plant,

In conclusion, GmPHD1 might directly bind to some DNA sequence with its N

termini (Wel et al., 2009), and I proposed that GmPHDI1 recognized the histone
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Chapter 5 Conclusions and perspectives

Salimity stress is a kind of abiotic stress which severely affects plant growth and crop
production. My present studies aimed to understand the physiological processes
involved in the salinity stress and the regulation mechanisms in the salinity stress
response in soybean. In addition, I believed my data may also be applicable for

enhancing soybean tolerance to such abiotic stress.

Previous investigations have confirmed that plants could regulate their metabolome
and transcriptome to adapt to the salinity stress. My proteomic studies in the soybean
leaves showed that plant photosynthesis was severely impaired; and the chloroplasts
were one of the major organelles to be damaged by the salinity stress. Some studies
also proposed that salt stress could inhibit photosynthesis by reducing water potential
(Parida and Das, 2005). So one efficient way to increase the soybean tolerance to
salinity stress is to maintain their water potential, increase their water consumption
efficiency and induce their photosynthesis under salinity.

Moreover, my comparative proteomic studies on the salt sensitive cultivated (Union)
and salt tolerant wild type soybean revealed other biological processes/mechanisms
that may altered in the affected plant upon salinity stress. In the present study, wild
type soybean was found to be capable of regulating the expression of several salt
stress response proteins to control the energy homeostasis, detoxification processes
and growth even when they did not encounter the salinity stress, which was quite
similar to the plants’ response to salinity stress when they were treated with such
stress (Urano et al., 2010). This phenomenon could represent a pre-existing tolerance
mechanism in the wild type soybean. Considering the long history of soil salinity

even more ancient than humans and agriculture (Zhu, 2001), it is likely that the wild
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type soybean achieves this ability during evolution because of the natural selection
pressure resulted from the surrounding salty environment where they grow. On the
other hand, some important stress tolerant genes may be lost upon the long term
man-made selection during artificial breeding, which finally resulted in the genotype
and phenotype differences between wild type and cultivated soybean.

Soybean 1s originated from China, where it has been domesticated for more than
5000 years. A large collection of soybean germplasms including wild type and
cultivar are available in China, with observable differences in the salt tolerance
capabilities in different varieties (Shao, et al., 1993). In addition, previous genetic
analysis by the cross between a salt tolerance variety (Wenfeng7) and a salt sensitive
variety (Union) suggests that the salt tolerance ability in soybean is inheritable (Shao
et al., 1994). All these basic researches have implied that it is possible for me to
obtain new varieties with high productivity and salt tolerance property by artificial
crossing. My proteomic studies therefore could provide a platform and generate

protein markers for high-output screening in soybean breeding.

Interestingly, proteomic comparisons between different developmental stages also
reveal that proteins involved in the stress response are also regulated in the soybean
root as they grow. These proteins may play important roles in plant root development,
as the peroxidases which produce the ROS to regulate root growth. In addition, the
plant growth may result in a protein redox pressure in the plant cell and thus need the
detoxification system to maintain the homeostasis of protein redox. However, clear

understanding these proteins in the plant growth needs further studies,

1 present the first report of histone H3 and H4 variants and their PTMs in the legume

plant soybean using nano-LC combined with mass spectrometry, mainly focusing on
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plants’ tolerance to salinity stress by regulating the transcription of genes in ROS
scavenge system (Wei ez al, 2009), which have been confirmed to be important in the
soybean response to salinity stress in my proteomic studies. Therefore, GmPHDI1
may work as a transcription co-activator to regulate the expression of such salt stress
responsive genes under the salinity stress. At the same time, the activity of the
GmPHD1 protein complex may be auto-regulated by self-acetylation of the
GmGNATI. Together with previous studies in soybean histone modifications and
variants, 1 believe that my present investigations shed some light to better
understanding the mechanism and functional significance of epigenetics in plants and
the GmPHD1 may be a target with which the plants’ tolerance to salinity stress can

be modulated.

In order to validate the roles of GmPHDI in regulating the expression of salt stress
related genes, more regions where the GmPHD1 located in the genome are needed to
be 1dentified in the following studies. My proteomic studies have applied several
potential candidate regions which can be confirmed by chromatin
immunoprecipitation. Of course, ChIP-sequencing or ChIP-chip analysis using the
tiling array will enable the genome-wide identification of the GmPHD1 location and
supply us more information (Kim et al, 2010).

Referring to ‘Epigenetics’, which is the ‘heritable changes in gene expression not
attributable to nucleotide sequence variation’ (Murrell e al., 2005); an important but
unclear question can be raised: As a mechanism of epigenetics, can the histone
modifications induced by the salinity stress be inherited by the next generation in
plants? If such stress memory does exist, then we may increase the salt tolerance in
the offspring by monitoring the epigenetic changes in their parents via simple salt

treatment. However, at present, it is still a task of impossible, since so far we have
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not understood how these histone modifications pass from the parents to their
offsprings. In addition, we are still not sure whether epigenetic changes induced by
abiotic stress might have an adaptive advantage for stress tolerance. Moreover, we
have no idea what kind of histone modifications are likely to work in this way (Kim

et al, 2010). Altogether, more efforts are needed in this interesting field in future.
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