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Primary Structure of Non-Histone Chromosomal Protein HMG2 Revealed by the 
Nucleotide Sequence? 
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ABSTRACT: The isolation and sequencing of a cDNA clone for the entire sequence of pig thymus non-histone 
protein HMG2 are described. cDNA the size of 1 153 nucleotides contains an open reading frame of 627 
nucleotides. The 5’-untranslated region of 146 nucleotides is extremely rich in G C  residues whereas the 
3’-untranslated region of 380 nucleotides is rich in AT residues. The open reading frame encodes 209 amino 
acids, which contain a unique continuous run of 23 acidic amino acids a t  the C-terminal. The deduced amino 
acid sequence is 79% homologous to that of HMGl protein from the same source which we reported [Tsuda, 
K., Kikuchi, M., Mori, K., Waga, S . ,  & Yoshida, M. (1988) Biochemistry 27,6159-61631. In addition, 
the hydropathy index profiles of both proteins are very similar, supporting that they have similar structural 
features. Northern analysis of poly(A+) RNA reveals that a single-sized mRNA codes for HMG2 protein. 
Southern analysis suggests that the HMG2 coding gene is homogeneous within the pig thymus genome. 

T e  relatively low molecular weight proteins in eukaryotic 
non-histone nuclear proteins are called high mobility group 
(HMG)’ proteins. HMGl and HMG2 in four major HMG 
proteins have remarkable structural and functional similarities 

The nucleic acid sequence in this paper has been submitted to Gen- 
Bank under Accession Number 502895. 

*Correspondence should be addressed to this author. 
*Science University of Tokyo. 
f Tohoku University. 

to each other. These proteins show a preferential binding to 
single-stranded DNA (Bidney & Reeck, 1978; Isackson et al., 
1979; Yoshida & Shimura, 1984; Hamada & Bustin, 1985), 
unwind double-stranded DNA structure (Yoshida & Shimura, 
1984; Makiguchi et al., 1984; Javaherian et al., 1978, 1979), 
and remove the transcriptional block caused by left-handed 

Abbreviations: HMG, high mobility group; bp, base pair@); cDNA, 
complementary DNA; SDS, sodium dodecyl sulfate. 
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Z-form DNA (Waga et al., 1988). In addition, these proteins 
may effect in vitro nucleosome assembly (Bonne-Andrea et 
al., 1984; Waga et al., 1989). However, the functions and roles 
of HMGl and HMGZ in vivo are still controversial. Walker 
et al. showed the primary amino acid sequences of HMGl and 
HMG2 from calf thymus analyzed by the procedure of Edman 
degradation (Walker et al., 1980; Walker, 1982). The se- 
quences, however, were incomplete in having the undetermined 
sequences presumably because of the difficulty in determining 
the runs of similar amino acids by the chemical procedure, 
in addition to microheterogeneity of the proteins. Recently, 
we reported the molecular cloning of a cDNA coding for 
HMGl from pig thymus and the entire amino acid sequence 
of the protein deduced from the nucleotide sequence of the 
cDNA. So far as we know, the complete primary structure 
of HMGZ protein from any eukaryotic source has not been 
elucidated. 

The present paper describes the cloning of a cDNA coding 
for non-histone protein HMG2 from pig thymus, the nucleotide 
sequence of the cDNA, and the deduced amino acid sequence. 
The primary structure of HMGZ was compared with that of 
HMGl from the same material (pig thymus). We use the 
HMG2 cDNA to analyze the size and multiplicity of the 
transcript, and to determine the homogeneity of this gene in 
the pig thymus genome. 

MATERIALS A N D  METHODS 
Cloning and Sequencing of the cDNA for HMG2 Protein. 

The cloning of cDNA for HMG2 was performed at  the same 
time with that for HMGl as described previously (Tsuda et 
al., 1988). Shortly, the complementary DNA library for the 
whole poly(A+) RNA was obtained by using a plasmid de- 
veloped by Okayama and Berg (1982). Two synthetic 17-mer 
oligonucleotides were used as probes for the cloning of cDNAs 
for HMG2 and HMGI. Two positive clones to both probes 
were obtained in  the screening of approximately 3 X lo3 
colonies. One positive clone (pcD-MK02) contained the entire 
nucleotide sequence coding for HMGl (Tsuda et al., 1988), 
and another clone (pcD-MK10) was submitted to the present 
experiments. The inert DNA fragment excised with XhoI or 
BamHl from the positive clone, pcD-MK10, was digested with 
several restriction endonucleases to identify the cloning sites 
for recombination into pUC strain cloning vectors. Several 
overlapping segments of the insert were ligated into multi- 
cloning sites of plasmids pUCl l8  and pUCl l9  DNA prior 
to transformation into Escherichia coli MV1184. Single- 
stranded DNA was prepared according to Vieira and Messing 
( 1  987) and sequenced by the dideoxy method (Sanger et al., 
1977). 

Southern and Northern Hybridization. For DNA blot 
analysis, high molecular weight genomic DNA from pig 
thymus was digested with restriction enzymes, electrophoresed 
on a 0.7% agarose gel, and transferred to a Genescreen Plus 
hybridization transfer membrane (NEN Research Products) 
according to Southern (1 975). For RNA blot analysis, the 
poly(A+) RNA fraction was electrophoresed on a 1.1% aga- 
rose gel, followed by transfer to a nitrocellulose filter (Thomas, 
1983). The full-length pcD-MK10 insert or the restriction 
fragments of the insert, 32P-labeled with the random primer 
DNA labeling system of Takara (Kyoto), were used as the 
probes for hybridization. 

RESULTS A N D  DISCUSSION 
Nucleotide Sequence Analysis of the cDNA Clone for  

HMGZ Protein and the Deduced Amino Acid Sequence. As 
described previously (Tsuda et al., 1988), a cDNA library for 
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FIGURE 1 : Restriction endonuclease map and sequencing strategy for 
the pig thymus HMGZ cDNA insert. The dotted lines at both ends 
of the insert (thin solid line) are the adjacent vector-primer DNA 
fragments excised by BamHI digestion. A zig-zag line represents 
the poly(dA)/poly(dT) tail. The thick region indicates the position 
of the nucleotide region coding for HMG2. Only relevent restriction 
sites are shown. The horizontal arrows indicate the direction and extent 
of each sequence analysis. The bars at the bottom indicate the DNA 
fragments used as probes for the Southern blot hybridization ex- 
periments in Figure 7. 
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CTGCAGGGGGGGGGGGGGGGACAAACCAGTTCACGCCGGAGCCGCA 

GGTAGGCAGCGTCGCGGTCGGACCCGGCCGCTGCGCGGGAGCCTGAGGAGAAGCTACCAC 

CAGGCAAGAGACCCCTCCGGGCCCCGGTGGACGCGTCGTCGCCGGCGCCGCAGCACC~ 

GCGAAGGGCGACCCCAACAAGCCGCGGGGCAAGATGTCCTCGTACGCCTTCTTCGTGCAG 

ACCTGCCGGGAGGAGCACAAGAACAAACACCCCGATTCCTCGGTCAACTTCGCCGAGTTC 
ThrCysArgGluCluHisLysLy~LysH~aProAapSerSerV~lAanPheAlaGluPh~ 

TCCAAGAAGTGCTCCGAGCGATGGAAGACTATGTCTGCCA~GGAAAAGTCCAAGTTTGAA 
SerLyaLyaCy~SerGluArgTrpLy~ThrMetSerAlaLyaGluLyaS~rLyaPheGlu 

GATATGGCAAAAAGTGACAAAGCTCGCTATGACCGGGAGATGA~AAATTACGTCCCTCCC 
AspnetAlaLysSerAspLy~AlaArgTyrAspArgG1~etLy~AsnTyrValProPro 

ClyLysGlyAspProAsnLysProArgGlyLysMetSerSerTyrAlaPhePheValGln 

GAGGAGGAAGAAGATGAAGATGAGGAA~ATGGCTATCCTGTAATGTTGTGTGTGGAGT 
GluGluGluGluAspGluAapGluGlu 

GTGTGTGTGTGCTCAGGCAATTATTTTGCTAAGAATGTGAATTCAAGTGCAGCTCAATAT 

TAGCTTCAGTATAAAAACTGTACAGATTTTTGTATAGCTAATAAGATTCTTTGTAGAGAA 

AATACTTTTTTTAAAAGTGCAGGTTGCAGCTTTTTGAGGGGCTACTACATACAGTTAGAT 

TTTAAAGCTTCTCATGTTGAATGTTTCTAAATATTTAATGGTTTCTTTAATTTCTTGTGT 
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FIGURE 2: Complete nucleotide sequence of the cDNA coding for 
pig thymus HMG2 and the deduced amino acid sequence. Nucleotides 
are numbered in the 5’ to 3’ direction, beginning with the first nu- 
cleotide of the cDNA insert preceded by the oligo(dG)/oligo(dC) 
linker. The deduced amino acid residues are numbered in parentheses 
beginning with the N-terminal amino acid (Gly) next to the ATG 
initiation codon (underlined). The termination codon, TAA, is also 
underlined. Perfectly conserved putative polyadenylation signals, 
AATAAA, are boxed. 

the poly(A+) RNA fraction from pig thymus was obtained, 
and a positive clone to two sets of probe of 17-mer oligo- 
nucleotide, pcD-MK10, was analyzed for the nucleotide se- 
quence. A restriction endonuclease map and the sequencing 
strategy for the pcD-MK10 insert are shown in Figure 1. The 
complete nucleotide sequence of 1 153 nucleotides except for 
the poly(A) sequence is shown in Figure 2. After a 5’-non- 
coding sequence of 143 nucleotides, the first ATG codon is 
located at nucleotides 144-146. This ATG codon may not be 
translated into the final protein moiety as in the case of HMGl 
(Tsuda et al., 1988), because the N-terminal amino acid of 
HMGZ is glycine from the result of direct amino acid se- 



Amino Acid and Nucleotide Sequences of HMG2 cDNA 

quencing of the protein. The nucleotide sequence of an open 
reading frame of 627 nucleotides (nucleotides 147-773) ter- 
minated at a TAA codon (nucleotides 774-776). The deduced 
amino acid sequence from the open reading frame is also 
shown in Figure 2. We previously analyzed the amino acid 
sequence of the N-terminal region of the isolated HMG2 from 
pig thymus by the chemical procedure (data not shown). The 
deduced amino acid sequence from the cDNA was consistent 
with that of pig thymus HMG2 determined by the chemical 
procedure for the first 32 amino acid residues obtained, but 
not with that of pig thymus HMG1. In addition to this, the 
deduced sequence is not homologous with that of pig thymus 
HMGl in 43 amino acid residues, as will be mentioned later 
(see Figure 4), but has higher homology to the calf thymus 
HMG2 sequence reported by Walker (1982): only 10 amino 
acid residues are not homologous in 194 residues within com- 
parable sequences. These results support that the cDNA codes 
for the pig thymus HMG2 protein. The unique carboxyl 
terminal of HMGZ protein is shown to be a continuous run 
of 23 acidic amino acids, consisting of 18 glutamic acid and 
5 aspartic acid residues. The protein has the following values 
for moles of amino acid residues per mole: Asp, 15; Thr, 4; 
Ser, 16; Glu, 34; Asn, 5; Gln, 4; Pro, 15; Gly, 14; Ala, 15; Cys, 
3; Val, 3; Met, 5; Ile, 3; Leu, 4; Tyr, 6; Phe, 8; His, 4; Lys, 
40; Trp, 2; Arg, 9. The molecular weight of the protein of 
24 000, calculated from the deduced amino acid composition, 
is similar to that obtained by SDS-polyacrylamide gel elec- 
trophoresis (data not shown). The 3’-untranslated region, 
containing 380 nucleotides (nucleotides 774-1 153) except for 
the poly(A) sequence, is not as long as that of HMG1. A 
consensus polyadenylation signal, AATAAA, is present in the 
3’-untranslated region at 18 nucleotide residues upstream 
(nucleotides 1136-1 141) of the poly(A) tail. Forty-eight 
percent of the nucleotides in the open reading frame coding 
for HMG2 are either G or C .  The 5’-untranslated region is 
extremely rich in GC residues; 73% of 146 nucleotides are 
either G or C. In contrast, the 3’-untranslated region is highly 
enriched in A and T residues, comprising 7 1% of A and T in 
total. A similar GC-rich composition in the 5’-untranslated 
region and AT-rich composition in the 3’-untranslated region 
was also observed in cDNAs for HMGl (Tsuda et al., 1988), 
HMG14, and HMG17 (Landsman & Bustin, 1986). 

Comparison of the Nucleotide Sequences of cDNA Coding 
for HMGZ and H M G l  Proteins. The preliminary structural 
analysis has indicated the primary sequences of HMGl and 
HMG2 protein are relatively homologous (Walker, 1982). 
This suggested to us that both nucleotide sequences of the 
cDNA may also show a homology. The nucleotide sequence 
of 627 nucleotides within the open reading frame in cDNA 
coding for HMG2 is presented in Figure 3 along with that of 
the 642-nucleotide sequence within HMGl cDNA from pig 
thymus which we determined previously (Tsuda et al., 1988). 
A computer analysis of the two sequences for best alignment 
reveals that there are 465 matched bases (Le., 74% of the 
sequence is identical). However, the homology within the 
3’-untranslated regions of both the proteins is not high (45% 
of the nucleotide are identical). 

Comparison of Structural Characteristics of HMG2 with 
HMGl  Protein. The deduced amino acid sequence of HMG2 
is presented in Figure 4 in order to compare with that of 
HMGl.  Between both proteins, the primary sequence is 
relatively conserved; the HMGZ sequence shows 79% hom- 
ology with the HMGl sequence (166/209 residues). Twen- 
ty-one amino acid residues in 43 nonhomologous residues may 
have resulted from a single point mutation of the code position. 
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FIGURE 3 :  Comparison of the nucleotide sequence within the open 
reading frame in HMG2 cDNA with that in HMGl cDNA. With 
the use of DNASIS software (Hitachi Software Engineering), the 
sequences were aligned to show greatest nucleotide homology with 
the first nucleotides within the open reading frames at the heads. The 
numbers at the right column were those of nucleotides in each cDNA. 
Identical bases are denoted by asterisks. 
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214 

FIGURE 4: Comparison of the deduced amino acid sequence of pig 
thymus HMG2 with that of HMG1. Sequences are aligned directly 
from the N-terminal amino acid, glycine, determined by protein 
sequencing. The dashed lines represent identical residues. 

The sequences of the N-terminus, corresponding to one-third 
of the regions in both the proteins, exhibit a high homology. 
All the changes in acidic amino acids in the C-terminus are 
the result of one base substitution at  the third codon position. 
When the structural feature of HMG2 was compared with that 
of HMGl by analyzing their hydropathy index profiles which 
were determined by the method of Kyte and Doolittle (1982), 
as shown in Figure 5, the profiles were significantly homolo- 
gous. Reeck et al. (1982) suggested that calf thymus HMGl 
consists of a three-domain structure; domains A and B of 
compact and globular conformations and domain C of highly 
acidic property. The hydropathy index profiles in Figure 5 
and the predicted secondary structure data of pig thymus 
HMG2 (not shown) suggest that HMG2 protein has a similar 
domain structure to HMGl and that domains A and B in 
HMGl and HMG2 have very similar structural features to 
one another. The primary sequences of HMGl protein are 
highly conservative, suggesting that there are evolutionary 
constraints on the conformation of the proteins (Tsuda et al., 
1988). This may be equally true of HMG2 protein, because 
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FIGURE 5: Hydropathy index profiles of pig thymus HMG2 and 
HMG 1 proteins deduced from their cDNA sequences. Hydropathy 
indexes were determined by the method of Kyte and Doolittle (1982). 
Domains A and B were boxed by reference to Reeck et al. (1982). 

- TRNA 

FIGURE 6: Northern blot analysis of pig thymus RNA. Fifteen 
micrograms of poly(A+) RNA from pig thymus was fractionated on 
1.1% agarose gel, blotted on a nitrocellulose membrane, and probed 
with 32P-pcD-MKI0 insert. The migrations of size marker RNAs 
are indicated in the right column. 

the HMG2 sequence is homologous to that of HMG1. 
Northern Analysis of mRNA for HMG2 Protein. The size 

of mRNA coding for HMG2 was estimated by Northern blot 
hybridization of whole poly(A+) RNA with the 32P-labeled 
pcD-MK10 insert as a probe. A single band of RNA species 
of approximate size 1 .OK nucleotides was observed as shown 
in Figure 6. The size of the mRNA is similar to that of the 
pcD-MK10 insert, suggesting that this insert represents the 
full-length transcript. In our previous experiment, two bands 
of hybridization of sizes 1.2K and 2.3K nucleotides were ob- 
served when the cDNA for HMGl was used as a probe, 
suggesting that the molecular sizes of mRNA for both proteins 
are different and that the nucleotide sequences coding for 
HMGl and HMG2 are not cross-hybridized to one another. 

Analysis of Genomic DNA. Southern blot analyses of ge- 
nomic DNA from pig thymus were examined to identify 
possible multiplicity in the HMG2 gene. High molecular 
weight DNA was digested with various restriction enzymes 
that have a single or no recognition site in the HMG2 cDNA 
insert, separated electrophoretically, and blotted to the mem- 
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- Origin - 
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FIGURE 7: Southern blot analysis of pig genomic DNA. High mo- 
lecular weight DNA from pig thymus was digested with PstI (lane 
I ) ,  BamHI (lane 2), PuuII (lane 3), Hind111 (lane 4), EcoRI (lane 
5 ) ,  EcoRV (lane 6), and BgIII (lane 7), analyzed on an agarose gel, 
and transferred to a GeneScreen Plus hybridization transfer membrane. 
The resulting hybridization was probed with (a) a 5’ probe (a PstI- 
Sau3AI fragment of 427 bp in Figure 1 )  and (b) a 3’ probe (a 
Sau3AI-EcoRI fragment of 43 1 bp). DNA markers are indicated 
in the middle of the figures in kilobase pairs. 

brane. A DNA fragment that contains the 5’ half of the 
coding region (5’ probe; PstI-Sau3AI fragment in Figure 1) 
for the initial hybridization and another fragment that contains 
the 3‘ half of the coding region (3’ probe; Sau3AI-EcoRI 
fragment) for the rehybridization were used as probes. The 
results presented in Figure 7 indicate that each restriction 
enzyme produced one or two fragments hybridizable with the 
5‘ probe as well as the 3’ probe. In addition, no additional 
band except for the bands observed by the 5’ probe and the 
3‘ probe was detected when the whole insert was used as a 
probe. These results suggest that the HMG2 coding gene is 
homogeneous within genomic DNA. Moreover, the Southern 
hybridization may suggest that the genomic DNA contains 
at least one intervening sequence no longer than 0.7K nu- 
cleotide’s near the Sau3AI site at the 478 nucleotide position. 
In similar experiments using HMGl cDNA as a probe, 
heterogeneity in the HMGl gene was indicated (Tsuda et al., 
1988). The human genes for HMG14 and HMG17 were 
regarded as multigenes (Landsman et al., 1986a,b). 

Most of the studies on HMGl and HMG2 underline the 
similarities between the two proteins. They are both extracted 
from chromatin at the same ionic strength, their cellular 
distribution is similar [for a review, see Einck and Bustin 
(1985)], they exist in three domains of comparable lengths 
(Reeck et al., 1982), and their binding to DNA and to nu- 
cleosome is indistinguishable (Yoshida & Shimura, 1984; 
Waga et al., 1988, 1989; Bonne-Andrea et al., 1984). They 
show a transcription stimulation on a similar level (Waga et 
al., 1988; Tremethick & Molly, 1988) and so on. However, 
differences in their amino acid sequences by about 20%, and 
in their molecular weights, have been noted (Walker et al., 
1980; Walker, 1982). The differences between the two proteins 
are also demonstrated by their immunological specificity 
(Bustin et al., 1978, 1982). Thus, the structures of HMGl 
and HMG2 have been considered to be significantly different 
so as to display significant immunological specificity. 

Comparison of the present data for HMG2 with our pre- 
vious data for HMGl from the same source (Tsuda et al., 
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1988) clearly confirmed the differences in the primary 
structure between the two proteins. These structural differ- 
ences may be reflected in the significant immunological spe- 
cificity. Interestingly, their hydropathy index profiles (Figure 
5) are rather identical, suggesting that these proteins are 
similar in their overall structures. The indistinguishable 
functional characteristics of both proteins may be reflected 
in the similarity in their overall structure. However, the 
difference between the two proteins in primary structure, 
especially in  the sequences preceding the acidic carboxyl 
terminal (residues 167-179), raises a possibility that they are 
involved in distinguishable cellular functions. 

Analysis of the available data concerning the pig thymus 
HMGZ and HMGl genes and cDNAs points out an inter- 
esting situation where two distinct gene families have different 
features. The pig genome contains the genes which encode 
a single-sized transcript for HMG2 and various-sized tran- 
scripts for HMG 1 .  The transcripts from HMGZ and HMGl 
genes are different in size. The cDNAs have 74% homology 
for the nucleotide within their coding regions, while the 3’- 
untranslated regions are low in homology. 

It is conceivable that the two proteins evolved from a com- 
mon ancestral gene. Recently, Hayashi et al. (1989) reported 
that Tetrahymena HMG is rather similar to the central part 
of vertebrate HMGl in terms of the amino acid sequence and 
the hydropathy profile. HMGl and HMG2 may have arisen 
from such a primitive HMG protein. The high conservation 
of HMG 1 protein sequence suggests that they are in a slow 
rate of evolution (Tsuda et al., 1988). This may be true of 
HMGZ protein. These evolutionary constraints on the con- 
formation of the protein suggest that these proteins share a 
fundamental role in the nuclear functions. 

As stated in the introduction, HMG2, as well as HMGI, 
is one of the most abundant and ubiquitous nuclear proteins 
associated with chromatin. So far as we know, the complete 
primary structure of the protein has not been reported. The 
availability of the cDNA and amino acid sequence for HMG2 
will allow studies on the gene structure, on the transcriptional 
regulation of HMG2, and on elucidation of the cellular 
function of the protein. 
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