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ABSTRACT: In plants, a variety of chromatin-associated high mobility group (HMG) proteins belonging to
the HMGB family have been identified. We have examined the phosphorylation of the HMGB proteins
from the monocotyledonous plant maize and the dicotyledonous Atabtdopsisby protein kinase CKa&.

Maize CK2x phosphorylates the maize HMGB1 and HMGB2/3 proteins andAtiadidopsisHMGB1,
HMGB2/3, and HMGB4 proteins. Maize HMGB4 and HMGB5 ardabidopsisHMGB5 are not
phosphorylated by CK® Depending on the HMGB protein up to five amino acid residues are
phosphorylated in the course of the phosphorylation reaction. The HMGB1 proteins from both plants are
markedly more slowly phosphorylated by CéZhan the other HMGB substrate proteins, indicating that
certain HMGB proteins are clearly preferred substrates fordCR2e rate of the phosphorylation reaction
appears to be related to the ease of interaction betweem@Kéd the HMGB proteins, as indicated by
chemical cross-linking experiments. MALDI/TOF mass spectrometry analyses demonstrate that the HMGB1
and HMGB2/3 proteins occur in various phosphorylation states in immature maize kernels. Thus, HMGB1
exists as monophosphorylated, double-phosphorylated, triple-phosphorylated, and tetraphosphorylated
protein in kernel tissue, and the tetraphosphorylated form is the most abundant version. The observed in
vivo phosphorylation states indicate that protein kinase(s) other than Cé&@ribute(s) to the modification

of the plant HMGB proteins. The fact that the HMGB proteins are phosphorylated to various extents
reveals that the existence of differentially modified forms increases the number of distinct HMGB protein
variants in plant chromatin that may be adapted to certain functions.

High mobility group (HMG} (1) proteins represent a domain and an acidic C-terminal domain. While the HMG-
heterogeneous class of small and relatively abundant chro-box domain of the various plant HMGB proteins is relatively
matin-associated proteins of eukaryotes 8). Proteins conserved, the basic and acidic flanking regions are variable
belonging to the subgroup of the HMGB prot€itteve in in length and sequenc®)( The regions flanking the HMG-
common a distinctive DNA-binding motif termed the HMG- box domain modulate the DNA interactions of the HMGB
box domain, which confers non-sequence-specific interaction proteins (0). The various plant HMGB proteins differ in
with linear DNA and structure-specific binding to distorted their chromatin associatiod ), in their expression pattern
DNA sites. Upon binding to linear DNA the HMGB proteins  (12), in some of their DNA interaction$( 13), and in their
bend the double helix by over 90(4). They act as interaction with the transcription factor Dof24). Therefore,
architectural factors facilitating the assembly of nucleoprotein the various plant HMGB proteins may be adapted to fulfill
complexes, which contribute, for instance, to the regulation a variety of architectural functions in the nucleus.
of transcription and recombinatios, (4). Vertebrate HMGB proteins have been reported to be

Chromosomal HMGB proteins have been identified and posttranslationally modified by acetylation, methylation,
characterized from a variety of plants, revealing similarities ADP-ribosylation, and glycosylationl§, 16), but in most
and dissimilarities to their vertebrate counterpafis ). instances [apart from acetylatiod7)] the functional sig-
Higher plants have:5 different HMGB proteins, which have  nificance of these modifications is unknown. Insect HMGB
a single HMG-box domain flanked by a basic N-terminal proteins are phosphorylated by protein kinases C and CK2,
altering the DNA-binding properties of the HMGB proteins
" This research was supported by a grant from the Danish Research(18, 19). HMG proteins from the dicotlydonous plant broccoli
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more vigorously phosphorylated by CK2n radioactive
phosphorylation assays than HMGB1 and that HMGB4 and
HMGB5 are not phosphorylated by maize GKZ21).
Therefore, we have studied here the differential phospho-
rylation of the maize HMGB proteins by Ck2 and we have
examined the phosphorylation of tigabidopsisHMGB
proteins.

EXPERIMENTAL PROCEDURES

Preparation of Proteins.The recombinant maize and
ArabidopsisHMGB proteins were expressedscherichia
coli as 6x His-tagged fusion proteins and purified by three-
step column chromatography as described previows|yZ,
22). Recombinant maize CK2was expressed iB. coliand
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Ficure 1: Competitive phosphorylation of the maize HMGB1 and
HMGBZ2/3 proteins by CK@. Equal amounts of HMGB1 and
HMGB2 (top panel) and of HMGB1 and HMGB3 (bottom panel)
were phosphorylated for the indicated times by @Kk the
presence offfP]JATP. The proteins were separated by SIPAGE,

and the32P incorporation was examined using a phosphorimager.
The electrophoretic migration positions of the HMGB proteins are

purified by three-step column chromatography as describedindicated.

previously @1). Native HMGB proteins were purified from
immature maize kernels (3.2 days after pollination) by
2% TCA extraction, ion-exchange chromatography, and
reversed-phase HPLC as described previouk®y 22).

Radioactie CKZx Phosphorylation Assayk the standard
phosphorylation assay, the different HMGB proteing 1)
were incubated in a total volume of 2 at 37°C for 1 h
with 40 ng of recombinant CK® in the presence of 100
nCi of [y-32P]ATP (Hartmann Analytic) in CK2 buffer (25
mM Tris-HCI, pH 8.5, 10 mM MgC), 1 mM DTT). The
phosphorylation reactions (which were stopped by addition
of SDS loading buffer and heating to 96) were monitored
by separation of the proteins by SB8BAGE in 18%
polyacrylamide gels and analysis with a Typhoon 8600
phosphorimager (Amersham Biosciences).

Nonradioactie CK2Zx Phosphorylation Assay$he HMGB
proteins (2ug) were incubated as described above in a total
volume of 20uL with 100 ng of recombinant CK& in the

presence of 0.3 mM unlabeled ATP, and the reactions were

stopped by addition of AU loading buffer (8 M urea, 5%
acetic acid, 5 mg/mL protamine sulfate, 0.02% Pyronin Y)
and heating to 60C. The different phosphorylation stages
of the proteins were separated in 18% polyacrylamide gels
by acetic acid-urea (AU) PAGE 23) and visualized by
Coomassie staining.

Chemical Cross-LinkingThe interaction of CKa with
the HMGB proteins was examined by cross-linking with
glutaraldehyde, which was essentially performed as describe
previously (4). Adding glutaraldehyde (final concentration
of 0.025%) to the protein samples started the cross-linking
reaction, which was stopped after various times by addition
of SDS loading buffer and heating of the samples for 5 min
at 95°C. The proteins were separated by SEFAGE in
18% polyacrylamide gels, which were stained with silver.

Mass SpectrometryMALDI/TOF mass spectrometry of
native HMGB proteins was performed on a Voyager-DE
PRO system equipped with a nitrogen laser (Applied
Biosystems) using the linear and the reflector mode. The
system was calibrated with standards provided by the
supplier. As matrix sinapinic acid (20 mg/mL in 50%
acetonitrile, 0.1% TFA) was used. Samples were mixed 1:1
with the matrix on the target plate and air-dried.

RESULTS

Differential Phosphorylation of Maize HMGB1 and
HMGB2/3 by CKZ2.. Protein kinase CK2 (also known as

casein kinase II) is an ubiquitous enzyme catalyzing the
phosphorylation of certain Ser/Thr residues in acidic regions
of the substrate proteir24d—26). In plants, CK2 has been
found in two different formsZ7), the heterotetrameric CK2A
(composed of two catalytie and regulatorys subunits each)
and the monomeric CK2B (consisting of the catalyic
subunit). Our previous studies have revealed that the maize
HMGB2/3 proteins were more vigorously phosphorylated
than HMGBL1 by recombinant maize CK2although in all
three proteins two or three residues could be phosphorylated
by CK2 (21). To examine whether HMGB2 and HMGB3
are preferred substrates of Ci2elative to HMGB1, we
have analyzed the phosphorylation of the HMGB proteins
in competitive phosphorylation assays. Equal amounts of
HMGB1 and HMGB2 or HMGB1 and HMGB3 were reacted
with CK2a for various times in the presence GtH]ATP.
The phosphorylated proteins were separated by-SEXSGE,
and the®?P incorporation into the proteins was determined
using a phosphorimager (Figure 1). In these competitive
phosphorylation reactions, HMGB2 and HMGB3 were more
readily phosphorylated than HMGB1. Whereas radiolabeled
bands of HMGB2 and HMGB3 were detectable after 15 s,
a HMGBJ1 band of comparable intensity was detectable only
after ~5 min, demonstrating that the phosphorylation of
HMGB2/3 proceeded-20 times more rapidly than that of
HMGBL1. The time course of the phosphorylation reaction
as examined by reacting the three HMGB proteins indi-
idually with CK2a for various times and by monitoring
the phosphorylation state of the proteins by ABAGE
(Figure 2). This electrophoresis system allows resolving the
different phosphorylation stages of the HMGB proteins. In
the course of the phosphorylation reaction, in addition to
the initial nonphosphorylated protein band, new bands with
reduced electrophoretic mobility appeared, which correspond
to the individual phosphorylation states of the protein.
HMGB2 and HMGB3 were completely double-phosphory-
lated by CK2x after ~15 min, whereas HMGB1 was still
partially monophosphorylated after 60 min. Markedly more
extended CKa reactions (data not shown) resulted also in
triple-phosphorylated forms of the HMGB proteins (see
HMGBL1 after 60 min). The number of phosphorylated amino
acid residues detected by AUWPAGE corresponds well with
the results of mass spectrometry [data not shd@@ji.(These
experiments demonstrate that relative to HMGB1, HMGB2
and HMGB3 are significantly more rapidly phosphorylated
by CK2a.
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Ficure 2: Time course of the phosphorylation of the HMGB
proteins by CK2. The HMGB1, HMGB2, and HMGB3 proteins

were reacted for the indicated times with GKIh the presence of

unlabeled ATP. The proteins were separated by -/AAGE
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Ficure 3: Chemical cross-linking of CK2 and HMGB proteins.

CK2a and the HMGB proteins were reacted individually or as a
mixture with glutaraldehyde. Aliquots of the reactions were taken
at the indicated times, and the proteins were analyzed by-SDS
PAGE and silver staining. The electrophoretic migration positions

(resolving the different phosphorylation stages of the proteins) and of the HMGB proteins, CK&, and the cross-linked complex (C)

stained with Coomassie. In the course of the phosphorylation
reaction, the initially nonphosphorylated proteins are increasingly
phosphorylated by CK® and display, depending on the number

of phosphorylations, a reduced electrophoretic mobility relative to

the nonphosphorylated proteins. The number of protein phospho-

rylations corresponding to the differently migrating protein bands
is indicated next to the bands in the gel. As control, proteins, which

were phosphorylated for 60 min, were subsequently dephosphory-
lated with alkaline phosphatase and separated on the same gelHMGB1 171459 17531

indicated by AP.

Interaction of CK2. with the HMGB ProteinsTo examine
whether the differential efficacy of the phosphorylation seen
with the various maize HMGB proteins correlates with
different protein interactions between Ci2and the HMGB
proteins, we have performed chemical cross-linking experi-
ments. CK2. and the HMGB proteins were mixed and
treated for various times with glutaraldehyde, before the
cross-linked samples were analyzed by SIPAGE (Fig-
ure 3). While no cross-linked products could be detected,
when the individual proteins were treated with glutaral-
dehyde, HMGB1 and HMGB3 could be readily cross-
linked with CK2a (top panels). The formation of the CK2
HMGB complex was slightly more efficienty(1.5-fold) with
HMGB3 than with HMGB1. In contrast, HMGB4 and
HMGBS [which are not phosphorylated by CKZ21)] are
hardly cross-linked with CK&. The presence of both CI&2
and the HMGB protein in the protein band corresponding
to the cross-linked complex was confirmed by immunoblot
analyses using antisera against @k&hd HMGB (data not
shown). Therefore, the efficacy of the CézZnediated

are indicated.

Table 1: Masses of the HMGB Proteins from Immature Maize
Kernels and BMS Suspension Cultured Cells Determined by Mass
Spectrometry

calc
mas$ BMSP BMSe kernef kernet
4 1722917310 1+ 2
17387+ 17468 3+ 4
HMGB2 15315.7 15556 3 1555¥% 15637 3+ 4

HMGB3 15007.3 15325 15406 2+ 3 15328+ 15410 2+ 3

2The mass values (in kDa) were calculated on the basis of the known
protein sequence8.The masses (in kDa) of the HMGB proteins from
BMS cells were determined by nanospray mass spectrom2fy (
¢ Number of phosphorylations calculated from the mass difference of
BMS cell proteins and dephosphorylated proteid$).(® The masses
(in kDa) of the HMGB proteins from kernels were determined by
MALDI/TOF mass spectrometry. Number of phosphorylations cal-
culated from the mass difference of kernel proteins and the calculated
massesf The HMGB3 contains additional modification(s) other than
phosphorylation {162 Da) that is (are) not removed by dephospho-
rylation with alkaline phosphatasél).

exists in different phosphorylation states in immature maize
kernels. Thus, HMGB1 occurs predominantly in the tetra-
phosphorylated form but also in the triple-phosphorylated
and monophosphorylated form and to a minor extent in the
double-phosphorylated form, whereas the nonphosphorylated
species of HMGB1 was not detectable (Figure 4A). A similar
distribution of the different phosphorylation states of HMGB1
was determined by AYPAGE of the native HMGB1
(Figure 4B). Treatment of native HMGB1 with alkaline

phosphorylation of the HMGB proteins appears to be related phosphatase could remove the phosphate groups, resulting

to the protein interaction between C&2and the HMGB
protein.

Phosphorylation States of HMGB Proteins Purified from
Maize KernelsThe HMGB1, HMGB2, and HMGB3 pro-
teins were purified from immature maize kernels to determine

in the dephosphorylated protein. For HMGB2 and HMGB3
from kernels two masses of each were obtained, correspond-
ing to the triple-phosphorylated/tetraphosphorylated and
double-phosphorylated/triple-phosphorylated proteins, re-
spectively (Table 1). Comparison of these results with the

their native phosphorylation states. The purified proteins were masses obtained for HMGB proteins isolated from maize

analyzed by MALDI/TOF mass spectrometry (Table 1),
revealing that the majority of the maize HMGB proteins

BMS suspension cultured cell®l) indicates that the extent
of HMGB protein phosphorylation varies depending on the

occur as phosphoproteins. Each of the three HMGB proteinsplant tissue (Table 1).
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Ficure 4: Phosphorylation state of HMGB1 from maize kernels
determined by mass spectrometry and-ARAGE. (A) HMGB1
was purified from immature maize kernels and analyzed by
MALDI/TOF mass spectrometry. The protein was found in four
differently phosphorylated forms with masses that differ~b80

Da from each other. The diagram displays the relative intensities
of the different forms of HMGBL1 found in kernel tissue. The
number of protein phosphorylations (1P, 2P, 3P, 4P) is indicated
along with the different masses determined for HMGBL1.
HMGB1 from maize kernels was examined by ABAGE.
Untreated HMGB1 and HMGBL1 treated for 30 or 90 min with
alkaline phosphatase was analyzed by-ARAGE and Coomassie
staining. The number of phosphorylations corresponding to the
differently migrating protein bands is indicated next to the bands
in the gel.

Phosphorylation of Arabidopsis HMGB Proteins by CK2.
Five HMGB proteins have been characterized from the
dicotyledonous plantArabidopsis which are structurally
similar to the HMGB proteins of the monocotyledonous plant
maize @8). Despite their general amino acid sequence
similarity, there is no clear homology between certain maize
andArabidopsisHMGB proteins ). Using the PhosphoBase
2.0 software 29), the amino acid sequences of the five
ArabidopsisHMGB proteins were predicted to contain four
to six CK2 phosphorylation sites. Therefore, we have
examined whether thérabidopsis HMGB proteins are
substrates of the recombinant maize @K@vhich shares
86% amino acid sequence identity wiAlnabidopsisCK2a.).
Equal amounts of the fivArabidopsisHMGB proteins were
incubated with CK& in the presence of*{P]JATP. The
protein samples were separated by SIPAGE, and thé?P
incorporation into the proteins was visualized using a
phosphorimager (Figure 5). The HMGB2/3 proteins (which
exhibit 91% amino acid sequence identity) and HMGB4 are
phosphorylated by CK® to comparable extents, while
HMGBL is phosphorylated less vigorously. For HMGB5 no
CK2a-mediated®?P incorporation could be detected. Despite

Stemmer et al.
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Ficure 5: Phosphorylation ofA. thaliana HMGB proteins by
CK2a.. Equal amounts of the recombinaAtabidopsisHMGB
proteins were phosphorylated by C#2in the presence of
[32P]ATP. The proteins were separated by SIFAGE, and the
32P incorporation was examined using a phosphorimager.

of HMGB proteins from higher plants [and insects9)],
whereas vertebrate HMGB proteins lack Ser/Thr amino acid
residues within their acidic domains that could be phospho-
rylated @).

AU—PAGE was used to reveal the number of amino acid
residues in the differenArabidopsisHMGB proteins that
are phosphorylated by CK2 The HMGB proteins were
reacted with CK& for various times in the presence of
unlabeled ATP, and the phosphorylated proteins were
resolved by AU-PAGE. The CK2-mediated phosphory-
lation resulted in the appearance of protein bands with a
reduced electrophoretic mobility (relative to the initially
nonphosphorylated protein), which correspond to the indi-
vidual phosphorylation stages of the proteins (Figure 6). In
case of HMGBL1, up to two (a third is appearing at 60 min)
phosphorylation states could be resolved, while with HMGB2
and HMGB3 five and with HMGB4 three phosphorylations
were detected. With HMGBL1 the reaction clearly proceeds
more slowly (double-phosphorylation not completed after 60
min) than with the other threArabidopsisHMGB proteins
(majority of protein in the triple-phosphorylated or penta-
phosphorylated state after 60 min) and reflects the situation
with maize HMGB1 (Figures 1 and 2). The fact that the
phosphorylation reaction with HMGB1 proceeds more slowly
explains the difference in phosphorylation efficacy between
HMGB1 on one hand and HMGB2/3 and HMGB4 on the
other hand seen in the radioactive GKphosphorylation
experiment (Figure 5).

DISCUSSION

Protein kinase CK2 is a eukaryotic Ser/Thr kinase, which
is localized in the nucleus and cytoplasm. In mammals, CK2
occurs in various forms composed of different catalytic
and regulatory3 subunits 24—26). The biological signifi-
cance of the different isoforms is not clear, but they differ
in their expression and enzyme activigb( 26). CK2 from
plants has been characterized from various species, revealing
many similarities to the mammalian enzym@g)( Like the
mammalian enzyme, plant CK2 exists in various heterotet-

the presence of predicted CK2 phosphorylation sites, not all rameric (;32) forms, but monomeric, catalytically active

ArabidopsisHMGB proteins are phosphorylated by Cé2
as seen with the maize HMGB proteingl). The finding
that HMGB proteins from both the monocot plant maize and
the dicot plantArabidopsisare phosphorylated by CK2
indicates that CK2 generally plays a role in the modification

CK2a. has been also isolated from maize, broccoli, and
Arabidopsig(20, 30—35). Numerous substrate proteins have
been reported for CK2, and many of them are nuclear pro-
teins @4, 27, 36). CK2 is involved in cell growth and prolif-
eration but also in stress response and cell surv/at40).
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Ficure 6: Time course of the phosphorylation of tAeabidopsis
HMGB proteins by CK2. The HMGB1, HMGB2, HMGB3, and
HMGBA4 proteins were reacted for the indicated times with GK2
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assays [Figure 52(0)]. The remarkably more rapid phos-
phorylation of the maize HMGB2/3 proteins (Figures 1 and
2) coincided with an only slightly more efficient cross-linking
with CK2a, relative to that of HMGBL1. This indicates that
the protein kinase favorably interacts with the preferred
substrate proteins, but the ease of protein interaction between
the protein kinase and the HMGB substrate presumably does
not fully explain the significant differences seen in the
phosphorylation efficiencies. Ck2forms only inefficient
complexes with the maize HMGB4 and HMGB5 proteins
(Figure 3), which are not phosphorylated by GK1). A
significant fraction of the HMGB proteins isolated from
immature maize kernels (and BMS suspension cultured cells)
contains a greater number of phosphorylated amino acid
residues (Table 1) than have been found to be phosphorylated
by CK2a. in vitro. Therefore, it is likely that protein kinases
other than CK#& are involved in the phosphorylation of the
HMGB proteins in plants. Possibly other forms of CK2, for
instance, tetrameric CK2 isoforms, could catalyze these
phosphorylations, since the different forms of CK2 have
various enzymatic activities and to some extent different
substrate specificitie38, 35, 40). In maize HMGBL1, up to
three residues within the acidic domain can be phosphory-
lated by CK2 (and the same sites are phosphorylated in
HMGBL1 isolated from BMS cells), but the fourth phospho-
rylated residue is probably not situated in the acidic region
(21) and may be phosphorylated by a protein kinase other
than CK2. CK2. can phosphorylate up to five amino acid
residues imrabidopsisHMGB2/3 (Figure 6), but only four
serine residues are present in the acidic tail, indicating that
at least one amino acid residue outside the acidic domain is
phosphorylated. The finding that the maize HMGB1 and
HMGB2/3 proteins occur in different phosphorylation states

in the presence of unlabeled ATP. The proteins were separated bygemonstrates that numerous HMGB protein variants exist

AU—PAGE and stained with Coomassie. The number of protein
phosphorylations corresponding to the differently migrating protein
bands is indicated next to the bands in the gel.

CK2 phosphorylates preferentially Ser/Thr residues in an
acidic environment of the substrate protei$, (26), and
accordingly, the CK2 phosphorylation sites that have been
identified in plant and insect HMGB proteins are localized
within the highly acidic C-terminal domain of these proteins
(29, 21). All the maize andArabidopsisHMGB proteins that
are phosphorylated by CK2contain consensus phospho-
rylation sites in the C-terminal domain. The acidic tail of
the HMGB proteins plays an important role in modulating
the DNA interactions of the proteins. Thus, the acidic domain
reduces substantially the affinity for various DNA substrates,

and in some cases it has been demonstrated that the negative

effect of the acidic tail correlates with its length and number
of negative chargesl(, 41—46). Phosphorylation of the
acidic domain by CK2 further increases the negative charge
and, hence, its negative effect on certain DNA interactions
(19, 21). Moreover, the functional interaction of the maize
HMGB1 and HMGB2/3 proteins with the transcription factor
Dof2 is abolished by CK&-mediated phosphorylation of the
acidic tails of the HMGB proteinsld).

The HMGB1 proteins from maize anflrabidopsisare
phosphorylated by CK® at a markedly lower rate than
HMGB2/3 and ArabidopsisHMGB4, which explains the
striking difference seen in the efficiency of Chospho-
rylation of the HMGB proteins in standard phosphorylation

in plants. Since the CK2-mediated phosphorylation modulates
DNA and protein interactions of the HMGB protein3(

14, 19, 21), the various posttranslationally modified versions
increase the repertoire of architectural HMGB proteins in
plant chromatin, which have distinct properties and could
act in different processes.
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