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ABSTRACT

cDNAs encoding a nonhistone chromosomal high
mobility group (HMG) protein corresponding to the
animal HMG1 family were isolated from a maize cDNA
library using an immunoscreening approach. The
cDNAs revealed an open reading frame of 471 base
pairs together with 413 base pairs of flanking region,
in agreement with the size of mRNA detected by
Northern analysis of maize endosperm RNA. Like its
animal counterparts the 17146 Da maize HMG protein
contains a basic aminoterminus and an acidic
carboxyterminus. The HMG-box region of this plant
HMG protein shows striking sequence similarity to
members of the vertebrate HMG1 family. Based on
Southern blot hybridization analysis of genomic DNA,
the isolated cDNA appears to be derived from a single
or low copy gene.

INTRODUCTION

High mobility group (HMG) proteins represent a family of
nonhistone chromosomal proteins with relative low molecular
weights common to eukaryotic organisms. In animals they consist
of at least two proteins with approximate Mr 25000 (HMG1 and
HMG2), and three proteins with approximate Mr 11000
(HMG14, HMG17 and HMG]I) (1,2). HMG1 and HMG2 bind
to single-stranded and double-stranded DNA, while HMG14 and
HMGI17 are associated with nucleosomes (3,4). HMGI and its
alternativly processed isoform HMGY bind to A/T-rich regions
of DNA (2,5). HMG proteins appear to be preferentially
associated with transcriptionally active chromatin (1,6) and are
more abundant in undifferentiated, rapidly proliferating cells
(7,8,9,10). These properties, together with their different
posttranslational modifications, indicate a essential regulatory role
for HMG proteins (1). This was recently confirmed by the finding
that the yeast ACP2 gene product, which is of structural similarity
to HMG1 and HMG2, proved to be required for cell viability
(11). HMG1, HMG?2 and the HMGI-like protein pl6 were,
furthermore, reported to activate in vitro transcription of
polymerase I, IT and III genes (12,13,14,15). The formation of
active initiation complexes is therefore possibly assisted by HMG
proteins by stimulating the binding of specific transcription factors
to their recogition sites (16) or by altering DNA topology (2,17).

Alternatively, the activation may occur by changing nucleosome
positioning (18,19) or by removing the transcriptional block
caused by cruciform DNA (20). However none of these proposed
functions has so far been experimentally confirmed in vivo.

Plant HMG proteins have been isolated and biochemically
characterized from different sources (21,22,23,24,25). Since no
immunological crossreactions between these plant HMG proteins
and animal HMG proteins could be observed, no major structural
similarity was anticipated (26,27). Wheat HMG proteins have
been shown to be preferentially associated with actively
transcribed chromatin like their animal counterparts (28).
Furthermore, some plant HMG proteins bind to A/T-rich
stretches of double-stranded DNA (25,29,30). Maize HMG
proteins were recently shown to bind specifically to CCAAT-
and TATA-boxes of a zein gene promoter (31).

In search for a gene coding for a plant HMG protein, we
screened a maize cDNA library with an antiserum against a HMG
protein from maize endosperm (32) corresponding to the animal
HMG]1 family as estimated from its running position in SDS-PA-
GE (31,32). This led to the isolation of cDNA clones encoding
a maize HMG protein. Although the protein sequence derived
from these clones proved to be different from animal HMG
protein sequences, it displayes striking similarity in the conserved
putative DNA binding motif, the socalled HMG-Box.

EXPERIMENTAL PROCEDURES

Screening of a maize library for HMG protein encoding
cDNAs

A maize Uni-ZAP cDNA library (Stratagene) was screened by
the immunoscreening procedure essentially as described by
Sambrook et al. (33). The Uni-ZAP phages contain the plasmid
vector pBluescript (Stratagene) with cDNAs inserted at the
EcoRI/Xhol site of the multiple cloning site. Approximately
150.000 IPTG induced phage plaques were screened on
nitrocellulose filters (Schleicher & Schuell) using a mouse
antiserum against the largest HMG protein detected in maize
endosperm as described recently (32). Filters were incubated in
TBST (10 mM Tris/HCI pH 8.0, 150 mM NaCl, 0.05% Tween
20) containing 1% low fat milk powder for 30 minutes before
the antiserum was added at a final dilution of 1:2500 in TBST
for at least 6 h. Then filters were washed twice in TBST for 10
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minutes followed by addition of alkaline phosphatase conjugated
antimouse antiserum (Sigma) diluted 1:2000 with TBST. After
an incubation for 2 h filters were washed twice with TBST before
antibody binding was established by the standard alkaline
phosphatase colour reaction. Positive phage clones were purified
by rescreening the plaques until complete purity of the clones
was obtained.

Nucleotide sequence analysis

The recombinant pBluescript plasmids were isolated from purified
phage clones by in vivo excission with helper phage R408 as
outlined by the manufacturer (Stratagene). After amplification
of the plasmids, the cDNA inserts were subjected to restricition
enzyme analysis. Nucleotide sequence analysis was carried out
on an EMBL automated fluorescent DNA sequencer (34)
according to a modified didesoxy method using florescently
labeled primers (35). The obtained nucleotide sequences were
submitted to further computer analysis using the program
PC/Gene (IntelliGenetics and Genofit).

Aminoterminal amino acid sequence determination

The amino acid sequence of the aminoterminus of the maize
HMG protein purified to homogeneity from endosperm tissue
was determined as described by Eckerskorn et al. (36).

Southern and Northern blot analysis

Southern blot analysis : 3 pg of high molecular weight total DNA
isolated from maize seedling leaves (37) was digested with
restriction enzymes, separated in 0.8% agarose gels and
transferred to a Hybond-N membrane (Amersham) by capillary
blotting (33).

Northern blot analysis: 4 pg of poly(A) RNA from endosperm
tissue was separated in 1% agarose gels and transferred to
membrane as mentioned above. The cDNA insert of one of the
isolated ¢cDNA clones was labeled with digoxigenin (DIG)
(Boehringer) by random priming and used as probe for Southern
and Northern blot hybridizations. Hybridizations were performed
at 42°C in a buffer containing 5 X SSC, 50% formamide, 0.1%
sarcosyl, 0.02% SDS and 2% blocking powder (Boehringer) for
at least 6 h followed by a wash at 68°C in the same buffer but
without formamide. Hybridization bands were detected by the
addition of an alkaline phosphatase conjugated anti-DIG antiserum
(Boehringer) followed by the chemiluminiscent substrate AMPPD
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Figure 1. Restriction enzyme map and schematic alignment of several of the
isolated cDNA clones. The top line represents the structure of the maize HMG
cDNA deduced from the analysis of different overlapping clones. The black bar
represents the coding region. The positions of restriction sites for Narl, Drall,
Xhol or Pstl are indicated by N, D, X, P respectively. The alignment of four
of the isolated cDNAs according to their sequences is shown schematically below.

(Boehringer) and subsequent visualization by exposition to a X-
ray film for 30 to 120 minutes.

Standard DNA manipulations were performed according to
Sambrook et al. (33).

RESULTS
Isolation of maize HMG cDNA clones

An antiserum against the largest HMG protein isolated from
maize endosperm tissue with an apparent molecular weight of
about 20 kDa described recently (32) was used to screen
approximately 150.000 phage plaques of a maize Uni-ZAP cDNA
library and revealed 16 phage clones reacting with the antiserum.
Eight of these clones were purified by rescreening at low plaque
density. The specificity of the antiserum was confirmed by a
parallel screening with preimmune serum. The cDNA inserts
obtained by the in vivo excission procedure from four of the
recombinant phages and the results of the restriction mapping
are summarized schematically in figure 1.

Nucleotide sequence analysis of the HMG cDNA and the
deduced amino acid sequence

The four cDNA inserts shown in figure 1 were sequenced using
an automated fluorescent DNA sequencer (34,35). The sequence
of 885 bp obtained from the sequences of the four different
overlapping clones is shown in figure 2. The deduced 157 amino
acid protein sequence of the open reading frame indicates a

-39 GGCACGAGCGCTGCGCTCCGTGTCGCGCTCGAATCCGCC

1 ATGA CAAATCCAA GCCGCCA GATGCCAAGCTGGCGGTGAAGAGC
M K G A K 8 K G A A KA DATZEKTELAMATYTEKS
10 20

61 AAGGGGGCGGAGAAGCCCGCCAAGGGCAGGAAAGGGA GGACCC
K G A E K P A KGRIKGZEKAGTE KTDTPNTK
30 40

121 CCTAA TCCCAGCGCTTTCTTC ATGGAGGAATTTCGCAAGGAGTTCAAG
P KRAPGSAPTPFVTFMTETETPTRTEKTETFPREK
so0 €0

181 GAGAAGAACCCTAAGAACAA TGTCGC GA GACAGGTGG
E K NP KNK S V A AV GKAAXGTDT RYW
70 80

241 AAATCCCTGAGCGAGTCGGACAAGGCTCCCTATGTAGCCAAGGCTAACAAGCTCAAGCTC
K 8 L 8 E 8 D K A P Y V A KANTZE KT TULTKTL
90 100

301 GAGTACAACAAGGCCATCGCTGCCTACAACAAGGGCGAGAGCACTGCAGCTAAGAAGGCT
E Y N KA I AANYNIKGTES ST AA MATKT KA
110 120
361 CCTGCCAAGGAGGAAGAGGAGGAAGATGAAGAGGAGTCTGACAAGTCCAAGTCGGAGGTC
P A K EEEEETDTETEBESDTI KT SIE K S E V
130 140
421 AATGACGAGGATGATGAAGAGGGTAGTGAGGAGGATGAAGATGATGACGAGTGATGGAGC
N D EDODTETEG S EEDETDTUDTDE
150
481 TCCTCGAGACAATGGACCGTGCTTCATCCAACAATGGAGCGGCTACACAAGGCCCCGTGG
541 CGATCACAAAAAAGGAGCCTATATCCATGTACTAGAATTATTCAGTTTCACTCCACATCG
601 TGATGTTTTATTTTTACTTTTGTCGTGCTATAACGGATAGCGCTCCTCGTTGGCGCCACT
661 GGCGGGTGGTTCTGCCTCTGGTCTGGTGATGTTTGTGTGTGATCACACTTGCCAGCCAGC
721 AGAGGCGCCTGCTTCTACCTAGATTACTGTTTCCATTGTCGTCATCATCGGCTAACATTG
781 TCATAATGTCAGTTTGGGTAATGTTAGATTAAGTAATTATTGTGTTCAAAAAAAAAAAAA

841 AAAAAA

Figure 2. Nucleotide sequence of the maize HMG cDNA. The nucleotide
numbering refers to the ATG initiation codon. The termination codon (TGA)
is underlined. Flanking EcoRI and Xhol sites are not shown. The underlined
aminoterminal part of the deduced amino acid sequence corresponds perfectly
with that determined previously by amino acid sequence analysis of purified HMG
protein.



protein of a molecular weight of 17,146 Da. The underlined
amino acid sequence at the aminoterminus is identical to the
aminoterminal protein sequence determined from the purified
HMG protein isolated from endosperm. The protein containes
22.8% basic and 23.4% acidic amino acid residues, which is very
similar to the amino acid composition of animal HMG1 and
HMG?2. Most of the hydrophobic amino acids like isoleucine or
leucine are reduced in comparison with the average amino acid
content of eukaryotic proteins. In table 1 the amino acid
composition of the maize HMG protein is compared to data from

Table 1. Amino acid composition of maize HMG protein, pig HMG1 (38) and
HMG?2 (39) and the average values of proteins from eukaryotic organisms (40).

aa HMG HMG1 HMG2 eukaryotes
maize pig pig average

Ala 15.9 08.8 07.1 07.5
Arg 02.5 03.7 04.2 04.3
Asn 04.4 01.8 02.3 05.4
Asp 08.2 08.8 07.1 05.4
cys 00.0 01.3 01.4 01.7
Gln 00.0 00.4 01.9 03.9
Glu 15.2 17.2 16.1 05.8
Gly 06.3 05.1 06.6 06.9
His 00.0 01.8 01.9 02.4
Ile 00.6 01.8 01.4 06.1
Leu 02.5 01.8 01.9 08.9
Lys 20.3 20.0 19.0 06.5
Met 01.2 02.7 02.8 02.0
Phe 03.1 04.1 03.8 04.3
Pro 04.4 06.0 07.1 04.6
ser 07.6 05.1 07.6 07.1
Thr 00.6 02.3 01.9 05.8
Trp 00.6 00.9 00.9 01.4
TYr 01.9 03.2 02.8 03.8
val 03.8 02.3 01.4 06.1
Arg+Lys 22.8 23.7 23.2 10.8
Asp+Glu 23.4 26.0 23.2 11.2
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Figure 3. Southern and Northern blot analysis. A) Southern blot analysis: 3 ug
of total maize DNA were digested with EcoRI, BamHI or EcoRI together with
BamHI (lanes 1—3 respectively), separated in a agarose gel and transferred to
a Hybond-N membrane. Hybridization was performed with the digoxigenin labeled
HMG cDNA insert of clone 11 at 42°C in the presence of 50% formamide. The
DNA markers on the left (HindIIl digested lambda-DNA) are indicated in kbp.
B) Northern blot analysis: 4 ug of poly(A) RNA from endosperm tissue 8 or
14 days after pollination (lanes 1 and 2 respectively) was separated in a agarose
gel and transferred to a Hybond-N membrane. Hybridization was performed with
the digoxigenin labeled HMG cDNA insert of clone 11 as described above. The
RNA markers on the left are indicated in kbp.
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pig HMG1 (38) and HMG2 (39) as well as to the eukaryotic
average values (40). The theoretical isoelectric point was
calculated as pI=5.67, which is similar to pI’s around 5.5 of
animal HMGJ1 proteins. The amino acid sequence from position
144 (aspartate) to position 154 (aspartate) represents a near perfect
recogition sequence for protein kinases of the casein type II (41),
in which the serine at position 149 would be phosphorylated.

Analysis of genomic maize DNA

Southern blot analysis of genomic maize DNA was performed
to estimate the multiplicity of the gene encoding the HMG protein.
High molecular weight total DNA from seedling leaves was
digested with EcoRI or BamHI or both, which have no
recognition sites in the sequenced HMG cDNA insert. The
digoxigenin labeled 823 bp insert of cDNA clone 11 was used
as probe in Southern blot hybridizations. The results presented
in figure 3A show that in the case of all three restriction enzyme
digests only a single hybridization band is present suggesting that
the HMG protein is encoded by one or only a few genes of high
homology.

Northern analysis of poly(A) RNA

To estimate the size of the HMG mRNA the digoxigenin labeled
823 bp insert of cDNA clon 11 was used as probe for a Northern
blot hybridization of poly(A) RNA isolated from endosperm
tissue. A single hybridizing band of approximately 900
nucleotides is detectable as shown in figure 3B. The size of the
mRNA compares well with the complete cDNA sequence (figure
2), suggesting that the isolated cDNAs are close to the full-length
transcript.

Amino acid sequences of various animal members of the
HMG] family in comparison to the maize HMG protein
sequence

A search of the EMBL protein sequence database revealed
significant similarities between the maize HMG protein reported
here and the animal HMG1-like proteins of pig HMGI1 and
HMG?2 (38,39), bovine HMG1 (42), human HMG1 (43), HMG1
from CHO cells (44), rat HMG1 (45) and trout HMGT (46),
while no major similarity could be observed to the animal
HMG14/17 or HMGI proteins. Interestingly, several conserved
amino acid positions were found in the DNA binding domain

HMG2 pig 89 KDPNAPKRPPSAFFLFCSEHRPKIKSEHP-GLSIGDTAKKL
HNG1 pig 89 KDPNAPKRPPSAFFLPCSEYRPKIKGEHP-GLSIGDVAKKL
HMG1 bovine 94 KDPNAPKRPPSAPYLFCSEYRPKIKGEHP-GLSIGDVAKKL
HMG1 human 89 KDPNAPKRPPSAFFLFCSEYRPKIKGEHP-GLSIGDVAKKL
HMG1 hamster 64 KDPNAPKRPPSAFFLFCSEYRPKIKGEHP-GLSIGDVAKKL
HMG1 rat 89 KDPNAP-RASSAFFLFCSEYRPKIKGEHP-GLSIGDVAKKL
HMGT trout 100 KXDPNAPKRPSSAFFIFCADFRPQVKGETP-GLSIGDVAKKL
HMG maize 36 KDPNKPKRAPSAFFVFMEEFRKEFKEKNPKNKSVAAVGKAA

ARAS AAN Ahhd & L3R ] L L] L] . &

consensus KDPNAPKR-~SAFF~-FC-E~-RP--KGE-P-GLS8IGDVAKKL

GEMWSEQSAKDKQPYEQKAAKLKEKYEKDIAAY 162
GEMWNNTAADDKEPYEKKAAKLKEKYEKDIAAY 162
GEMWNNTAADDKQPYEKKAAKLKEKYEKDIAAY 167
GEMWNNTAADDKQPYEKKAAKLKEKYEKDIAAY 162
GEMWNNTAADDKQPYEKKAAKLKEKYEKDIAAY 137
GEMWNNTAADDKQPYEKKAAKLKEKYEKDIAAY 161
GEKWNNLTAEDKVPYEKKASRLKEKYEKDITAY 173
GDRWKSLSESDKAPYVAKANKLKLEYNKAIAAY 109
. » Ak R AR AR & & AdAN

GE-W-~=~A-DK-PYE-KA-KLKEKY-KDIAAY

Figure 4. Comparison of the amino acid sequences of various animal HMG-
box2 regions to the HMG-box from maize. The numbers refer to the amino acid
positions in the proteins. The consensus sequence represents amino acids which
are identical in at least 7 of the shown 8 sequences. Stars indicate identical positions
between the consensus sequence and the maize HMG-box.
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termed HMG-box (47) between amino acids 36 to 109. Members
of the animal HMG1 family contain the two HMG-boxes 1 and
2 of about 80 amino acid residues, while the maize HMG protein
contains only one such element. The maize HMG-box shows 42%
identity to HMG-box2 of pig HMG1 which is localized in the
middle of the protein, while it is 26% identical to the
aminoterminal HMG-box1. An alignment of the maize HMG-
box to HMG-box2 of various vertebrate HMG1 and HMG2
proteins is shown in figure 4. Only a low similarity of the
aminoterminal region of the maize HMG protein to HMG-box1
of the vertebrate proteins could be observed, while there is some
similarity in the carboxyterminal acidic domain. This is
schematically represented in the alignment of the maize HMG
protein to pig HMG1 shown in figure SA. A potential structural
and functional similarity of the different proteins is also evident
from a comparison of the hydropathy index profiles of their
HMG-box regions determined by the method of Kyte and
Doolittle (48) and depicted in figure 5B.
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Figure 5. Schematic representation of the maize HMG protein and pig HMG1
and the hydropathy index profiles of their HMG-boxes. A) Comparative alignment
of the structure of the maize HMG protein and pig HMG1 protein. HMG-boxes
and the acidic domains are indicated. B) Hydropathy index profiles of the maize
HMG protein (upper panel) and pig HMG1 (lower panel) determined by the method
of Kyte and Doolittle (46). Relative amino acid positions are indicated below,
corresponding to positions 36 to 109 for the maize HMG and positions 89 to
162 for pig HMG1 of figure 4.

DISCUSSION

Genes encoding various HMG proteins have been cloned and
sequenced from several vertebrates, from Tetrahymena and from
yeast (2). The maize HMG gene, presented in this communication
adds now the first plant HMG gene to this list. The protein
encoded by this gene displayed in band shift experiments a strong
binding to the A/T-rich P2 promoter region of the zein gene
pMS1 (29) with a preference for CCAAT- and TATA-boxes of
this promoter region (31).

The amino acid sequence deduced from the cloned maize HMG
cDNA inserts displays 22.8% basic and 23.4% acidic residues
which is similar to the amino acid content of animal HMG1 and
HMG2 proteins. A search of the EMBL protein sequence
database confirmed the similarity to members of the vertebrate
HMGI family. An alignment of the HMG1 and HMG?2 sequences
with the maize HMG protein revealed high similarity especially
in the socalled HMG-box (47) of the putative DNA binding
region. However, in contrast, to the animal proteins which contain
two HMG-boxes, the plant HMG protein reported here displays
only one such element. This HMG-box is more similar to the
animal HMG-box2 than to the aminoterminal HMG-box1. The
similarity of this plant HMG-box to the HMG-boxes located in
the middle of animal HMG1 and HMG?2 is also evident from
a comparison of their hydropathy index profiles. This, in addition
to the smaller size of the maize HMG protein, indicates to a
aminoterminal shorter protein because a carboxyterminal acidic
domain containing 73 % acidic residues is also present in the maize
protein (compare schema of figure 5A). There are also similarities
in the HMG-box regions of this plant HMG protein and the
chromosomal nonhistone proteins NHP6a and NHP6b from yeast
(49) and to a lower extent to the HMGB and HMGC proteins
from Tetrahymena (50), but these proteins are smaller and display
no clear acidic domain. Almost no sequence similarity exists to
the yeast ACP2 protein (11) although this protein displays serveral
structural features of the HMG1 family, but no conserved HMG-
box. The search of the EMBL protein sequence database revealed
no significant similarity to the animal HMG14/17 and HMGI/'Y
proteins.

The apparent molecular weight of about 20 kDa of the maize
HMG protein as estimated by SDS-PAGE (31) compared with
the 17 kDa deduced from the cDNA clone may be an indication
for posttranslational modifications. This would be in line with
results from animal HMG proteins, which are subject to different
types of modifications (1). The serine at position 149 which lies
within an almost perfect recognition sequence for casein kinase
II (41) is a good candidate for the phosphorylation of the HMG
protein. This maize HMG protein had been shown previously
to be phosphorylated by a protein kinase of the casein type II
isolated from maize endosperm nuclei (24).

Southern blot hybridization analysis suggests that the HMG
gene may occur in the genome in one or only few copies. The
observed abundance of this HMG protein in nuclei of maize tissue
indicates therefore to a high expression of the gene(s) and/or a
remarkable stability of the gene products. In the case of animal
HMG proteins a rather long half-life could be demostrated (9).
Since the existence of the aminoterminal methionine in the mature
maize HMG protein was shown by aminoterminal amino acid
sequence determination a half-life greater than 20 h was calculated
(Grasser and Feix, unpublished observation).

As shown earlier, the HMG protein described here is one of
the most abundant chromosomal nonhistone proteins of maize



nuclei (24,31). The availability of this HMG cDNA sequence
will allow studies on structure and expression of the gene.
Furthermore, the deduced amino acid sequence may facilitate
investigations on the involvement of this HMG protein in
chromatin structure and transcriptional regulation.
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