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ABSTRACT

We have isolated cDNA clones encoding the high mobility group (HMG)
protein HMG-1 in line CHO Chinese hamster cells. The cDNA clones correspond
to the three HMG-1 mRNA species detected on Northern blots. Three different
polyadenylation sites are found to be used. The three mRNA species of sizes
1.05, 1.45 and 2.45 kb are generated by differential polyadenylation at sites
115 nucleotides, 513 nucleotides and 1515 nucleotides downstream from the stop
codon. A perfectly conserved putative poly(A) signal AAUAAA is present
upstream of only one of the three poly(A) sites. Two homologous but imperfect
sequences exist upstream from the other two poly(A) sites. A1l three HMG-1
mRNA species maintain significant levels throughout the M, Gl and S phases of
the cell cycle and the rate of large HMG protein (HMG-1 and HMG-2) synthesis
increases approximately two-fold from Gl to S phase.

INTRODUCTION

The high mobility group proteins are the better studied group of
non-histone chromosomal proteins. HMG proteins characterized so far can be
subdivided into two classes. The small HMG proteins have M.W. of 8-10,000
daltons. The bovine HMG-14, HMG-17 and the trout H6 belong to this class (1,
2) and have been found enriched in transcriptionally active chromatin (3, 4).
HMG-1 and HMG-2 from calf thymus and HMG-T from trout testis are well
characterized HMG proteins of the group having higher M.W.'s of 28-30,000
daltons (1, 2). They have characteristic polyacidic domains at their
C-termini containing typically a continuous tract of about 30 glutamic or
aspartic acid residues. Although large HMG proteins have been found enriched
in active chromatin (5) and it has also been suggested that they might be
involved in nucleosome assembly or DNA replication (5, 6), their exact
function(s) has yet to be elucidated.

In cultured CHO cells, HMG-1 and HMG-2 proteins have been identified (7)
but no amino acid sequence data have been reported. In preliminary studies,
we found that the bovine HMG-1 cDNA clone isolated earlier in our laboratory
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(8) cross-hybridized with CHO mRNA. However, the trout HMG-T mRNA showed only
a very weak cross-hybridization signal to the bovine HMG-1 cDNA (9).

We then isolated CHO HMG-1 cDNA clones by screening a cDNA library using
a 500 bp BstNI-BstNI fragment from the bovine HMG-1 cDNA clone (8). Three
different sets of CHO HMG-1 cDNA clones have been characterized and show three
substantially different lengths of their 3' untranslated regions. The three
different sets of cDNA clones correspond to the three different-sized positive
bands observed on RNA blots. Three bands of similar sizes have also been
observed on bovine RNA blots (9). We have now identified all three bands as
CHO HMG-1 mRNA species with 3' heterogeneity as a result of differential
processing and polyadenylation at three different sites.

By analyzing RNA extracted at various times from synchronized CHO cell
cultures, we observed that all three mRNA species were present during the
mitotic stage, the Gl phase and the S phase of the cell cycle and that the
levels of the three HMG-1 mRNA's showed a maximum of two-fold increase between
the G1 and S phase. The HMG-1 mRNA levels correlate well with the synthesis
rates of the HMG-1 and HMG-2 proteins. From across the Gl phase to the S
phase of the CHO cell cycle, relative synthesis rates of the large HMG
proteins (HMG-1 and HMG-2) increase by approximately two-fold. This is in
strong contrast to the levels of histone H4 mRNA whose level is closely
coupled with the S phase.

We have observed homologous sequences immediately upstream from two of
the three sites at which polyadenylation occurs. We believe these homologous
sequences might have significant roles in the processing and polyadenylation
of HMG-1 transcripts. A perfectly conserved putative polyadenylation signal,
AAUAAA, is present at only one of the three sites. 3' heterogeneity generated
by differential processing and polyadenylation has also been observed in mouse
dihydrofolate reductase mRNAs, in chicken vimentin mRNAs and in rat brain
myelin proteolipid protein mRNAs (10, 11, 12). We suggest that transcription
of HMG-1 gene in CHO cells might terminate (or undergo processing)
heterogeneously in the 3' non-coding region and that polyadenylation of the
transcripts occurs at the nearest available poly(A) site.

MATERIALS AND METHODS
Library Screening

A CHO cDNA library synthesized using the Okayama and Berg method (13) and
transformed into E. coli X1776 cells was kindly provided by Dr. P. Berg,
Department of Biochemistry, Stanford University. A 500 bp BstNI-BstNI DNA
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fragment from a bovine cDNA for HMG-1 pBP1 (8) was labelled with 32P by

nick-translation (14) and used as a probe to screen duplicated nitrocellulose
replicas of colonies. Prehybridization and hybridization were carried out at
42°C in 50% (v/v) formamide, 5x SSC (0.75 M NaCl, 75 mM NaCitrate, pH 7.0), 50
mM Na phosphate (pH 6.5), 0.1% (w/v) SDS, 5x Denhardt's solution, 200 ug/ml
yeast tRNA and without or with labelled probe fragment, respectively. Filters
were washed three times at room temperature in 2x SSC for 5 min. each,
followed by washing twice at 42°C in 1x SSC for 15 min. each. Positive
colonies (present on both replicas) were rescreened and positive clones
confirmed.
DNA Sequencing

Positive clones were restriction mapped and overlapping DNA fragments
were subcloned into pUC12 plasmids. The cDNA fragments were sequenced using
the chemical cleavage method of Maxam and Gilbert (15). Four of the positive
clones have been fully sequenced on both strands. Sequence analysis and
sequence comparisons were performed with the Microgenie (Beckman) computer
programmes (16).
RNA Blot Analysis

RNA was extracted from CHO cells using the method of Chirgwin et al. (17)
and electrophoresed in 1% agarose gels containing 10 mM methylmercuric
hydroxide as described (18). RNA was visualized by staining the gel with 10
ug/ml ethidium bromide in 0.5 M ammonium acetate and then capillary-blotted
onto Hybond-N membranes (Amersham). A 280 bp PstI-Pstl fragment (fragment “"a"
in Figure 1) was “"oligo-labelled" with 2P as described (19).
Prehybridization and hybridization were performed at 42°C as described above.
The membranes were washed at 42°C in 5x SSPE (0.9 M NaCl, 50 mM NaPhosphate, 5
mM EDTA, pH 7.0) for 15 min. and repeated once, followed by washing for 30
min. at 42°C in 1x SSPE, 0.1% (w/v) SDS and in 0.1x SSPE, 0.1% (w/v) SDS at
room temperature for 15 min.
Cell Cycle Analysis of HMG-1 mRNA Levels

CHO cell cultures were synchronized by shaking monolayers evéry 10 min.
for 6 hrs. to collect mitotic cells as described (20). Collected cells were
kept on ice and then released from mitosis by suspending them in warm medium.
Aliquots of cells were withdrawn every one or one-and-a-half hours and
centrifuged through an iced medium to arrest their cell cycle traverse. Cell
pellets were frozen on dry ice and stored at -80°C. RNA samples were prepared
as described above and HMG-1 mRNA levels were analyzed on RNA blots. The
following amounts of total RNA were loaded onto the gel: M - 3.5 pg; 1 hr -
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3.0 pg; 2 hr - 5.5 ug; 3 hr - 5.5 pa; 4 hr - 5.5 pg; 5.5 hr - 6 ug; 7 hr - 5.5
ug; 8.5 hr - 6.0 pg; 10 hr - 8.5 ug. HMG-1 mRNA Tevels are determined by
scanning the autoradiographs of the Northern bolts using a videodensitometer
(Biorad, model 620). Relative mRNA levels were calculated as (optical density
of Tabelled RNA band)/(total RNA Toaded onto gel) and normalized to a range of
0 to 1.0. In a separate experiment, the mRNA levels of the core histone H3
were assayed in the same manner. A 900 bp EcoRI-Sall mouse histone H3.2 DNA
fragment was used as probe. The mouse H3.2 DNA clone was kindly provided by
Dr. G. Schultz, Department of Medical Biochemistry, University of Calgary (21)
and was first isolated by Sittman et al. (22). Synthesis of DNA in
synchronized CHO cell cultures was assayed by measuring the incorporation of
[3H] thymidine.
Cell Cycle Analysis of HMG Protein Synthesis

Relative rates of protein synthesis for fractions containing HMG-1 plus

HMG-2 were measured the same as previously described for histones Hl and H1°
(23) following the release of cells synchronized by mitotic selection. Cells
were synchronized by mitotic selection, and at appropriate times, they were
pulse-labeled for 1 hr with 4.2 uCi mL_1 [3H]1ysine before harvest. The HMG
proteins were extracted by blending radiolabeled and carrier cells in 0.83 M
HC]O4. The total HC104-solub1e, C13CC02H-precipitable proteins were then
separated by high performance liquid chromatography as described in D'Anna et
al. (23). Fractions containing HMG-1 plus HMG-2 were collected and quantified
by measuring the [3H]-incorporation by Tiquid scintillation spectrometry. The
rates of synthesis are based on the incorporation per cell relative to the
maximum rate in S phase.

Specific activities of HMG-1 were also measured following the release of
Gl cells synchronized by the isoleucine deprivation method (24). At various
times after release from Gl arrest, cells were pulse-labeled with 1 uCi mL'1
[3H]1ysine for 1 hr before harvest. HMG-1 and other proteins were extracted
with 0.83 M HC]O4 from the chromatin of cells blended in isotonic saline and
precipitated by the addition of C13C002H to 20% (w/v). HMG-1 was resolved by
electrophoresis, and the specific activities of HMG-1 were calculated from the
[3H]1ysine incorporated into the HMG-1 as previously described for histone H1
and H1° (25). The fraction of cells in S phase was determined by
autoradiography of cells that had incorporated [3H]thymidine for one hour.
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RESULTS AND DISCUSSION
Isolation and Characterization of cDNA Clones

Using the 500 bp BstNI-BstNI fragment from the bovine HMG-1 cDNA clone
(pBP1) to probe the CHO cell cDNA library, we have identified seven positive
CHO cDNA clones from a total of approximately 30,000 colonies. The positive
clone with the largest insert size, pCH3, was picked and sequenced.
Sequencing data showed that pCH3 contained a long 3' untranslated region of
1515 nucleotides (Fig. 3) plus 192 nucleotides of the coding region (Fig. 2).
The 1longest open reading frame (LORF) showed that the polyacidic domain
characteristic of this class of HMG-1 proteins was encoded at the C-terminus
and is composed of 20 glutamic acid residues and 10 aspartic acid residues.

Three other positive cDNA clones were then fully sequenced. One of these
three clones, pCH1, was found to contain 513 nucleotides of the coding region
(Fig. 2) and a 3' untranslated region of only 115 nucleotides. The other two
clones sequenced both have the same 3' untranslated region of 513 nucleotides.
One of these two clones contains 231 nucleotides and the other only 200
nucleotides of the coding region. The longer of these two cDNA clones was

a b

Pst
et e Yo

BstNI
BstN1

pCH2 N

L
BsiN|
BsIN| 'Nimﬂ“ ‘PsH '!ﬂNl 1
\ | | |

pCH3 L

Figure 1: (a) Restriction maps of CHO HMG-1 cDNA inserts. Coding regions
are shown as boxes. 3' untranslated regions are represented by solid lines.
The three clones are aligned. Overlapping regions are identical. (b)
Northern blot of CHO RNA probed with the 280 bp PstI-Pstl fragment (marked as
"a" on the restriction map). Three positive bands observed are marked as I,
II, and III, respectively.
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TCA GAA AGG TGG AAG ACC ATG TCT GCT AAA GAA AAG GGA AAA TTT GAG GAC ATG GCA AAG
Ser Glu Arg Trp Lys Thr Met Ser Ala Lys Glu Lys Gly Lys Phe Glu Asp Met Ala Lys

GCT GAC AAA GCT CGT TAT GAA AGA GAA ATG AAA ACC TAC ATC CCC CCC AAA GGG GAG ACC
Ala Asp Lys Ala Arg Tyr Glu Arg Glu Met Lys Thr Tyr Ile Pro Pro Lys Gly Glu Thr

AAA AAG AAG TTC AAG GAC CCC AAT GCA CCC AAG AGG CCT CCT TCG GCC TTC TTC TTG TTC
Lys Lys Lys Phe Lys Asp Pro Asn Ala Pro Lys Arg Pro Pro Ser Ala Phe Phe Leu Phe

TGT TCT GAG TAT CGC CCA AAA ATC AAA GGA GAA CAT CCA GGG CTG TCC ATT GGT GAT GTT
Cys Ser Glu Tyr Arg Pro Lys Ile Lys Gly Glu His Pro Gly Leu Ser Ile Gly Asp Val

GCA AAG AAA CTG GGA GAG ATG TGG AAC AAC ACT GCT GCA GAT GAC AAG CAG CCC TAT GAA
Ala Lys Lys Leu Gly Glu Met Trp Asn Asn Thr Ala Ala Asp Asp Lys Gln Pro Tyr Glu

AAG AAG GCT GCT AAA CTG AAG GAG AAG TAT GAA AAG GAT ATT GCT GCT TAC AGA GCT AAA
Lys Lys Ala Ala Lys Leu Lys Glu Lys Tyr Glu Lys Asp Ile Ala Ala Tyr Arg Ala Lys

Figure 2: Coding region sequence of pCH1. Translated amino acid sequence of
the longest open reading frame is shown below the cDNA sequence. Boxed region

represents the C-terminal polyacidic region of the HMG-1 protein. II and 111
mark the 5' ends of cDNA clones pCH2 and pCH3, respectively.

designated pCH2. A1l four cDNA clones sequenced have poly(A) tracts of no
less than 50 nucleotides at the 3' termini. Restriction maps of pCHl1, pCH2
and pCH3 are shown in Figure la. The clones are aligned and overlapping
regions between the clones are seen to be identical. A1l three sets of cDNA
clones encode the same HMG-1 protein in CHO cells. pCH1 contains most of the
coding region while pCH3 contains the longest 3' untranslated region amongst
the HMG-1 cDNA clones. The first nucleotide in pCH1 was numbered nucleotide
#1 and the coding region of pCH1 together with its LORF are shown in Figure 2.
The 5' end of pCH2 and pCH3 are marked by arrows II and III. The 3'
untranslated region of pCH3 is shown in Figure 3 with the polyadenylation
sites of pCH1, pCH2 and pCH3 marked by arrows, I, II, and III, respectively.
A sequence termed pCH-HMG1 was formed by combining sequences from all three
clones. It is composed of essentially the coding region in pCH1 and the 3'
untranslated region of pCH3. This sequence was employed in sequence
comparisons and analyses.
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. 593
GTTGGTTCTAGCGCAGTTTTTTTTGTTTTTTTTGGTTTTTTTTTTTTTGTCTCATTAAAGCATTTAACCCCCCTGTACAC

I
. 673
AACTCACTCCTTTTAKAGAAAKAAAAATTGAATGTAAGGCTGTGTAAGATTTGTTTTTAAACTGTACAGTGTCTTTTTTT

753
TGTGTGTTAACACACTACCGATGTGTCTTGGA1uu1LL101LL1uu1ubrATTTTCAATGACCACTAACCTGCCTGGTAC

. 833’
AGTCTGGGGGTTGTAAATTGGCATGGAAATTTAAAGGCAGGTTCTTGTTTACACAGLACAAATTAGTTATATATGGGGAC

. 913
GGTAGGTTTTTTTTTTTTTTCTTTTTTGTTTTTGTTTTGGGTTTTTTTTTTCCATCTTCAGTTGTCTTTGATGCAGCTTA

. 993
TACGAAAATAATTGTTCTGTTAACTGAATACCACTCTGTAATTGCAAAAAAAAAATTGCAGCTGTTTTGTTGACATTCTG

i . 1073
AATGCTTCTAAGTARNTACAATTTTTTTTTATTAGTATTGTTGTCCTTTTCATAGGTCTGAAATTTTTCTTCTCAAGGGG

. 1153
AAGCTAGTCCTTTGCTTTTGCCCATTTTGGGTCACATGAATTATTGCAGTGTTTCTTTTCGTATAGTTAGCTGGAGAAAA

1233
GCTTTTATCTACACACCCTGCATATTGTGATGGGTAACATTTTCATCCATAGTTGAAAGCCCAAAATTGTGATTAGTTGG

1313
ATAAGAGATAGTACATAAACCATGTGCAAAACTGAGAGTGATCAATTCTATCACACCATGGAATAAGAATCGAACAATCT

. 1393
GAAAGTCTGCCTTGAAGGACTAGTAGAAAATTGTGTTCTAATCCTTACGTGAGGACTCTTCTTAACGTCATTACTGTGTA

. 1473
ATGGCAGTTACATTCTGCAGTTCCCTATTAAAGACCTGAGAATGTATCCCTCAAAAGCGTGAGCTAAAATACAAGACTGC

1553
CATATTAAACTTTGTGACATTGGTCCTAGCGAAGGCTATGATAAGAACGCTGGCTGTAATGCCTTTGCCCATCTATCTAA

. 1633
ATACAGGATTGCTCAGGAAACTTGACTGTTTAAAAAAAAAGTATTTTTAATTAGTTGAGCCAGCTTTTCTTAAAATTATG

1713
CCACATATAAAATTAAGGGTATATTTTCCTACATTGTGATTTGTCCCTTATAAATCAGATACAAGGAAAGATGATAAACT

. 1793
TTGCATATTAGTACCAGTTGTCCAATCCATTTGGTTTTTCTTTATAAAACCCAAACTCATTAGTCATGTTTAATCTGCTT

1873
AGCAGTTAGGGAACAATTTGGCAATTTTGTGTTTTTTTTTTGAGATTATCATTCTCTTAAAGTGCCAGTGTTTTTAAAAT

. 1953
AGCGTTCTGTAATTTTACACGCTTTGTGATGGAGTGCTGTTTGTTATATAATTTTGACATGGGTTCTTTACATTGCGTTT

I
GTTTATGTAATTTGAGGAGGAATACTGAACATGAGTCCTGGATGATACTAATAANCTAATAATTGCAGAGGTTTT

Figure 3: 3' untranslated region sequence of pCH3. I, II and III mark
poiyadenylated sites in cDNA clones pCH1, pCH2 and pCH3, respectively.
putative hexanucleotide poly(A) signals are boxed. Singly-
doubly-underlined regions are homologous sequences associated with poly
sites II and III.

Three HMG-1 mRNA Species Generated by Differential Polyadenylation

the
The
and
(A)

Three positive bands were observed when CHO RNA blots were probed with a

280 bp PstI-Pstl fragment from pCH1 (Figures 1b and 5). The three bands

are

marked as I, II and III. Their sizes as estimated on the RNA gel are 1.05 kb,
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Table 1 : HMG-1 mRNA Sizes and Poly(A) Sites
(a) (b)
mRNA Band Size(kb) Poly(A) Site Nucleotide Number
| 1.05 I (pCHI) 628
1 1.45 Il (pCH2) 1026
11 2.45 111 (pCH3) 2028

1.45 kb and 2.45 kb, respectively. As shown in Figure 3, the poly(A) sites of
pCH1, pCH2 and pCH3 are at nucleotide #628, nucleotide #1026 and nucleotide
#2028, respectively (Table 1). The size difference between mRNA bands I and
IT is 400 nucleotides, which is the same as the number of nucleotides between
the poly(A) sites I and II. Similarly, the size difference between mRNA bands
IT and II1 is the same as the number of nucleotides (1002) between the poly(A)
sites Il and III. poly(A) site III is 1.4 kb downstream from poly(A) site I
and mRNA band III has a size 1.4 kb larger than that of mRNA band I. We
believe, therefore, that the cDNA clones pCH1, pCH2 and pCH3 represent the
HMG-1 mRNA species I, II and III, respectively.

A perfectly conserved putative poly(A) signal, AAUAAA, is present only at
poly(A) site III. At poly(A) sites I and II, modified sequences AAGAAA and

@ 991 1016
e (-1D)
PCH2 CTGAATGCTTCTAAGTAAA ‘TAC- AATT
pCH3 CTGGATGATACTAA TAAACTAAT&L}I7
(38) (-12)
(b) 967 981
(-59) e (=45
paH2 AATTGCAGCTGTTTT
PCH3 AATTGCAGAGGTTTT
ol —2028
(-15) -1
(C)
vl RKGARAIS
pCH2 '23|AGT AAAl -1
pCH3 '26|_A AAA

F1 ure 4: Polyadenylation signal sequences and conserved adjacent regions.

and (b): Homologous sequences found at poly(A) sites II and III. (c):
Compar1son of the hexanucleotide sequences at the three poly(A) sites.
Locations of sequences are indicated by nucleotide numbers. Negative numbers
illustrate number of nucleotides upstream from the respective poly(A) site.
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AGUAAA are present, respectively (Fig. 3 and Fig. 4). Therefore, it appears
that a perfect hexanucleotide AAUAAA is not an absolutely essential element in
the efficient polyadenylation of HMG-1 transcripts. On RNA blots, mRNA
species II is always seen to be present in a much higher quantity than the
mRNA species I and III. This might be a result of greater stability of mRNA
species II or it might be a result of higher efficiency of termination and/or
polyadenylation at site II.

We also observed that at poly (A) sites II and III, the hexanucleotides
AGUAAA and AAUAAA are embedded in a 26-27 bp AT-rich sequence and there is a
75% homology between the two sites (Fig. 3, singly-underlined sequences and
Fig. 4a for homology comparison). A second shorter sequence of 15 bp
associated with sites II and III is indicated by the double underline in Fig.
3 and shows 87% identity in the two cases (Fig. 4b). However, this sequence
is located upstream (5') of the hexanucleotide AGUAAA at poly (A) site II but
downstream (3') of the AAUAAA sequence at site III. Since neither of these
regions is associated with poly (A) site I, their possible functional
significance in polyadenylation is difficult to assess although similar
sequences are also found associated with the poly A site in the bovine HMG-1
cDNA sequence (8).

It is generally recognized that synthesis of mature po]y(A)+ mRNAs
involves termination of transcription, specific cleavage of the primary
transcript and polyadenylation at the poly(A) sites. In the present
situation, several alternatives that might explain the 3' heterogeneity of the
HMG-1 mRNA's are apparent. First, it is possible that there is a single
primary transcript which encompasses all three poly (A) sites I, II and III
and which is then cleaved and polyadenylated at each of the three sites with
different efficiencies. This model would predict that cleavage or
polyadenylation at site II was most efficient thus accounting for the
predominance of the 1.45 kb mRNA II. The second possibility 1is that
transcription of the HMG-1 gene may terminate at three distinct sites,
producing three primary transcripts which are, in turn, processed into the
three mRNA species at the poly A site closest 5' to the termination site. 1In
this scenario, transcription termination would be most efficient 3' to the
poly A site II. The third possibility is that transcripts of the HMG-1 gene
may terminate heterogeneously throughout a wide 3' untranslated region as has
been observed with other eukaryotic genes (26,27). Specific cleavage and
polyadenylation would then take place at the closest poly A site on the 5'
side of the point of termination. Since the distance between sites Il and III
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Figure 5: (a) Northern blot of RNA from synchronized CHO cells. The lanes
are labelled as number of hours after mitosis (M). cDNA fragment "a" (Figure
1) was used as probe. (b) Ethidium bromide staining of RNA gel before
blotting. Amounts of CHO RNA loaded are: M - 3.5 ug; 1 hr - 3.0 ug; 2 hr -
5.5 ug; 3 hr - 5.5 pug; 4 hr - 5.5 pug; 5.5 hr - 6.0 ug; 7 hr - 5.5 ug; 8.5 hr
- 6.0 ug; 10 hr - 8.5 ug.
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Figure 6: (a) Expression pattern of HMG-1 in synchronized CHO cells.
Reiative levels of HMG-1 mRNA species I, II, and III are plotted against
culture time3after mitosis. (b) Histone H3 mRNA levels and DNA synthesis
(measured as “H-labelled cell fraction) in synchronized CHO cells.

is much greater (1002 bp) than between sites I and II (400 bp), the
probability of termination, processing and polyadenylation at site II is much
higher than that for the other two sites and hence more HMG-1 mRNA II would
result. Another reasonable explanation would be that cleavage of the
transcript may occur prior to termination of transcription and there is a high
probability that the transcript is cleaved while the RNA polymerase is
transcribing the DNA between site II and site III. Site I is probably a less
efficient cleavage site as it lacks the homologous sequences found at site II
and site III1 (Fig. 4a and 4b). In addition, at site I there is a base change
of U to G in the putative poly(A) hexanucleotide signal, AAUAAA. Until we
have more information about the mechanism of transcription termination and the
nature of the primary HMG-1 mRNA transcripts, it is not possible to choose
between these alternatives. It is worth noting that whatever the mechanism is
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for generating the three HMG-1 mRNA's in CHO cells, a similar situation must
apply to bovine cells since three HMG-1 mRNA species of similar size, with
mRNA II predominant, have also been observed on bovine RNA blots (a).

It has also been observed in eukaryotic systems that alternative splicing
of the primary transcript is a mechanism often proposed when heterogeneous
families of mRNA's are observed (28). In the present case, since the
overlapping regions up to the poly (A) sites in the three HMG-1 cDNA species
have identical sequence, this would not be consistent with an alternative
splicing model which would predict that regions of sequence representing
"skipped" exons would be missing in the shorter mRNA's. Other mRNAs, e.g.
dihydrofolate reductase mRNAs (10), vimentin mRNAs (11) and brain myelin
proteolipid protein mRNAs (12) have already been reported to demonstrate 3'
heterogeneity similar to the HMG-1 mRNAs and there is no indication that this
phenomenon of 3' heterogeneity is generated by alternative splicing.

HMG-1 mRNA Levels in the CHO Cell Cycle

Cultured CHO cells arrested at the mitotic stage were released into
culture synchronously. Levels of the three HMG-1 mRNA's were assayed as
described in Materials and Methods using RNA (Northern) blots. We observed
that all three HMG-1 bands were present at the mitotic, Gl and S phases of the
CHO cell cycle (Figure 5a). RNA loaded onto the gel was visualized by
ethidium bromide staining of the agarose gel before capillary blotting (Figure
5b). Relative mRNA Tlevels were plotted against the time after synchronization
(Figure 6a). There appear to be significant levels of all three HMG-1 mRNA
species during the cell cycle and between early Gl phase and S phase of the
cell cycle, there is apparently an approximately two-fold increase in the
levels of the three mRNA species. This increase is most noticeable in the
major species, mRNAII, between 1 and 5.5 hr after release from mitosis (Fig.
6a).

The HMG-1 mRNA Tevels detected correlate very well with the relative rate
of synthesis of both the HMG-1 and HMG-2 proteins in CHO cells synchronized by
mitotic selection or jsoleucine deprivation (Fig. 7). In synchronized CHO
cells released from mitotic selection, there is a two-fold increase in the
relative synthesis rate of the large HMG proteins, HMG-1 and HMG-2 (Fig. 7a)
while a similar synthesis rate increase of HMG-1 is also observed in CHO cells
released from isoleucine deprivation arrested at S1 (Fig. 7b).

In contrast, the expression of the nucleosomal, core histone H3 gene,
follows a totally different pattern. H3 mRNA is not detected until 5.5 hr
after mitosis and sharply increases to a high level at 10 hr (Figure 6b,
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Figure 7: Relative rates of HMG protein synthesis and relative specific
activities. (a) Relative rate of HMG-1 plus HMG-2 synthesis (O , O, a)
presented as a fraction of maximum rate and the fraction of S phase cells

(@, m, a) as functions of time after chilled mitotically selected cells
were resuspended in warm medium to resume transverse of the cell cycle. The
opened and closed form of each symbol denote measurements on cells taken from
same mitotic selection populations. (b) Relative specific activity of HMG-1
(0 ) and the fraction of S phase cells ( ® ) as functions of time after the
release of synchronized cells from isoleucine deprivation Gl arrest.

autoradiograph not shown). Synthesis of DNA in cultured CHO cells follows a
pattern similar to the H3 mRNA level. As new core histones are required for
assembling newly synthesized DNA molecules 1into chromatin, it is not
surprising that synthesis of DNA and an increase of the level of core histone
mRNAs are tightly coupled and this has been consistently observed (29, 30).
Since clear biological roles for the class of larger M.W. HMG proteins
are not yet established, the functional significance of the presence of
significant levels of HMG-1 mRNA's and the increasing synthesis rate of the
HMG-1 and HMG-2 proteins across Gl to S phase of the cell cycle, is not yet
clear. However, the control of HMG-mRNA levels must be entirely different
from that of the core histone mRNA's whose levels and translational activity
are closely coupled to DNA synthesis in the S phase (29, 30). Two possible
functional advantages might derive from the presence of appreciable levels of
HMG-1 protein prior to the beginning of assembly of chromatin in early S
phase. It is known that synthetic polymers of aspartic and glutamic acids
greatly facilitate in vitro chromatin assembly (31) and by virtue of their

5063



Nucleic Acids Research

a pCH-HNGL LIMITS: 211 1935
PBPL
2 GrrcATCCAGRGCTOTCEAT AAGAAACTGGGAGAGATGTGGAACARC
) WL T T T b pen-mar cwrs: 1 e
pBP2 Cimts: 37 L
m ACTGCTGCAGATAACA
o [T ||mmu;£n|mnmlml . rTGAGOACAT
N umlm TSI I,
m Ac 3 Hriachint Aotcarddbol rehiblciia
L it | 1 |
. BT ] (it nlu!‘u‘l T L o GeTeACAAAGETCGT
TRt N
391 GT 97 < "TACATTCCTC
M " T
181 AL LA L EEL LI L L L 2 AAAAAGAAGTTCANGEACCCCAATGEACCEANGAGECC TCCTTCGCCTICTICTTGT TG
VLT (L LT LT L L1
- : comnonc 157 oot bl A s tarbatbcdtcH i Hatette
" L e T T T 5 S —
LT Nt HN RN
20 Heabtbachreabalbce Hoot
on o I e 241 ‘GCAAAGAA| Ci AAGCAGCCCTATGAA
o1 ‘rucil‘cé“é“‘c!céléw A l i VLU LT L 1l
TS 2717 C\,Cll"AAGCTGGCAGAPAAG‘(CAACAACC'AA"AC(‘G{‘AﬁClCAlCGTACCCTAPGlG
s AAGEATTTARCCCCECTGTACACARCTCACTCCTTTTAAAGAARARARAATT GAATGTA
UL L L ] . -
e AU LU UL L L oG TR TATCAAGGATI S TEETTACAGACE A
i 1 {
630 AGGCTGTGTAAGATTTGTTTTTAAACTGTACAGTGTCTTTTTTTIGTGTGTTAACACACT » AGAAGGETTCCAAGCTGAAGGAGAAGTACGAGAAGEACATCACTGCGTACCGEARCARG
it At RS c
e AL AR e sl HALLEALE %1 SamACCEGATECAGE crcrrancec GERARAAIGAAG
o i |
. \cce areTcre T 397 Sk bl b Sresearbetaboond & checachcecd
e L A Iclll‘lkiccléj,éé .
R T T T T T TR T T T
747 CTGGTACAGT TTGTAAATT T \AATTTAA TTGTT Ti “e CCA AGGA A TeAT CATGATOAS
LT T T T craceae .
530 TG TACAGIATECGEET T TAMATICGCATECARATITARK GCA FITTARYTION e T"T?I‘IAI ?‘ T H I_;'CCT‘T‘;‘I‘?"“““”T""‘:"
{
49 Heblicbilicd dnpdlbrhecart SHacatatiddal Hacatére
805 CACAGEACAN, SCTAGCTTTTTTT T 541 ﬂﬂ"roc?‘r'r‘r'r‘!'r'r'r'r‘r'rc'rcfcn'numnrrncu.uccrc
.HIHIJI'HMII\II'HII T T it rromene coeeereTa
589 CAGCA TITTTTCATCTT ACTTGTCT 553 TTGTTT ATAAAGCITTYAACLCC(RC»CC‘CC CCk’LTTC'A\
a6s FGTTTGGGTITTT T TICCATCTTAGT TGTCTTTGATGCAGETTATACGAARATAR
i i | R R T B . cTanGAT .
okt locethhiatt W LG LU Gl CITIIMCAMATTAM T TR TS TG G T T
L 4 -
325 TTGTTCTGTTAACTGAATACCACTCTGTAATTGCAAAAAAAAAATTGCAGCTGTTTTGTT 605 TTACTGAAAACAAAACAAGATAAAGGAAGCCGAGGGGCA,
NN TN - . ACCOATGTOTC FTOOATAOTC
690 CTCTG TAATTGCA AAAAAAAAGAAA  AAGAAAAAAAGTTGCAGCTGTTTTGTT 661 ‘Grfﬂ‘:" T Hl,\ﬁlmﬂln AACACACTACC j
AoarGaaRCALCcAbANGCH
985 GACATTCTGAATGCTTCTAAGTAAATACAATTTTTTTTTATTAGTATTGTT 664 THGIC CAGACLTGKGGOAGGAGLA AGA? GAAACACS S
VLG DL L]
e ARG FHE R Aaaaan etcnes « 448 mvamacches - 235 unmatcned - 3
Tt ale’  Matemessienstn e 62.0 peceent
uatones - 683 mismatches - 102 Gnmatched = 46
Cematn s 831 macemes/iangth - 82.2 percent

Figure 8: Alignment of comparable regions (a) between the CHO (pCH-HMG1,

upper 1line) and the bovine (pBP1, Tower line) HMG-1 cDNA sequences; (b)
between the CHO HMG-1 cDNA (pCH-HMG1, upper line) and the trout HMG-T cDNA
(pBP2, Tower line). The stop codons in the cDNA sequences are marked with
dots on top or below.

C-terminal poly-acidic tails, HMG's-1 and -2 have the same effect (6) as does
HMG-T (F.D. Miller, D.C. Watson and G.H. Dixon, unpublished observations).
Thus the presence of the HMG-1 protein at high levels at the moment chromatin
assembly begins in S-phase could facilitate chromatin assembly. It has also
been reported recently by Yoshida (32) that the tryptic polyacidic C-terminal
peptide from HMG-1/2 can markedly lower the melting temperature of DNA in the
presence of M92+ or Ca2+. This DNA unwinding activity possessed by the HMG-1
or HMG-2 polyacidic domain might have a very significant role in DNA synthesis
in G1-S phase of the cell.

It has also been shown that the large HMG proteins appear to be
asymmetrically-distributed in chromatin and can be released by very mild
micrococcal nuclease digestion (2). Furthermore, recent experiments in which
chromosomal proteins can be cross-linked to DNA by UV irradiation of intact
nuclei and the adduct recovered by a specific antibody to the protein in
question (33), has shown that in trout Tliver nuclei, HMG-T is bound

5064



Nucleic Acids Research

HO WMG-1 LiMits: 73
BOVINE WNG-1

CHO HMG-1
TROUT HMG-T Limits: 13 173

of fo—ol

1

o o]
bo—n
e x
2— =

13

2
n

EE)

a

x— x| |m— | |»—>| ©
n—vp [0— o |n— 2| [»—>
m— el |<— <] le— el lz—2
m—x| & > fr—ol

x— x| |o— o

n—n| |o—m| fx— =

o— o [<—=| fr—4)
o— | |x— x| [x— x|
x| » n [n—n)

53

61

:J
< = |z—z| |p—=| fo—o]

]

.._1 x— x| |>—»| [o—=0| < «

o of [e= <[ =] [+= | 1=
e of |»— 3| [o—o| [»—>| o
o of |n—ro| [ | |o—

oo oo |5 5| [n— | jo—n
o = |nen| f<m<| Jo—o| [-—=
oo [m—n| o 5| [0 | [o—o
e o |ne | [p= 5| |« = [o—
o of |x—n| [x= | [n—s| |<—<
o o |n—n| [xmn| |nmn| fx—=
e o| |n—s| [0 | {25 f— =
o—o| o Jo—ol [p—n| r—c
o o| (o= 0| |»— | [n==| Jo—a
lo— o |n—r| [»—»| {r—+| |i—m
lo— of fo—o| [n=n| [w—=| ==
lo—of [m—n| lo— o {n—=| |=—
x| |5—»| |me| [r—>]
ol jomu| [o— 5| [v—n]
emo| [ | [o— | [r—o)
omo| = e |m—n|]p=»
ame| ol n

,_
o—
o
o
—

73

le—

|

4 > 4z |m—=n| 0 a4 [n—n

—1' o—o| [—~| [o— 0|

[

c—| » < | < > je—x
— ]
— o

| fo—ol
M

[
ool

|

—x

==

—

.

IR PR LA S |
o—o

.

< o |mmn] [i=n| |n=n| |o=o]

L3

;

le=cl

;|

101

Mismatches « 4 Unmatched = 2 13
Matches/length = 94.1 percent

=— x
e
>—>

Matcnes » 95
Lengen = 101

°© v >
= [w—e
< |m—m
x |r—=
= = >
= |m—=|

121

v > |m—=

o |o—o|
| a— x|

1

o m v » |o—o| |p—>|[v=x||v==|[|<—=«| lo—ol

o m 3 < fen
S
o o fionl s »
S S
G A

141

o =

146

,._<,
- e
o b
ool > o >
o=

161

jo=ol o o < > |e=c
o—of Jo—cl
o] © m @ o |
i
c—d jo—of

u....
jo—ol > =

166

Matches = 112 Mismatches = 49 tched
Length = 171 Matches/length = 65.5 percent

Figure 9: Alignment of amino acid sequences derived from the LORF of
comparable regions in (a) the CHO HMG-1 cDNA (upper line) and the
bovine HMG-1 cDNA (lower line); (b) the CHO HMG-1 cDNA (upper line)
and the trout HMG-T cDNA (Tower line).

specifically to certain DNA sequences. This evidence suggests that at the
moment of chromatin assembly, the HMG proteins must bind to certain specific
DNA sequences and therefore it would be advantageous to have HMG proteins
present at sufficiently high levels to select such sites on the newly-
synthesized DNA before they become fully complexed with newly-synthesized
histones later in S phase.

Sequence Comparison

We have been able to isolate the bovine HMG-1 cDNA clone (pBP1) (8), the
trout HMG-T cDNA clone (pBP2) (9) and the CHO HMG-1 cDNA clones (pCH-HMG1).
Significant homology has been found between these three sequences. CHO cell
pCH-HMG1 and bovine pBP1 are highly homologous in both the coding region and
the 3' untranslated region (Fig. 8a). However, between CHO cell pCH-HMG1 and
the trout HMG-T cDNA (pBP2), homology exists only in the coding region. The
3' untranslated regions are not homologous (Fig. 8b).

One feature of note in the 3' untranslated regions of both CHO cell and
bovine ¢DNA clones is the presence of extensive and almost perfect
homopolymeric regions of T and A. In pCH-HMGl, the T regions are more
extensive and range in length up to 45 residues (e.g., in Fig. 3, 29 T
residues from 530-561 interrupted by 3 G's and 34 T's from 840-884 interrupted
by 5 G's and 1 C) while A regions are shorter ranging in length from 9-12

5065



Nucleic Acids Research

residues (e.g., 12 A's from 608-620, 10 A's from 959-968 and 9 A's from
1585-1593). The general features of these homopelymeric T and A regions are
conserved in both CHO and bovine 3' untranslational regions (Fig. 8a) although
they appear to be shorter and more interrupted in the bovine cDNA. In the
trout HMG-T 3' untranslated sequence (Fig. 8b), where there 1is much less
homology with the mammalian HMG-1 cDNA's, the long homopolymeric T regions are
not apparent. However, one of the A-rich regions (608-620) is well-conserved
between the CHO and trout HMG sequences. Interestingly enough, homopolymeric
regions of T's are also found in the 3' untranslated regions of the human
HMG-14 and HMG-17 cDNA clones (34). Whether these runs of T's and A's
observed have functional significance is not clear. However, base-pairing
between runs of T's and A's could be involved in the secondary structure and
hence possibly the stability of the mRNA. As proposed by Shaw and Kamen (35),
A-T rich sequences in the 3' untranslated region may be involved in selective
degradation of mRNAs.

Comparisons have also been made between amino acid sequences deduced from
the LORF of the cDNA sequences. Alignments of comparable regions are shown in
Figure 9. There are three amino acid substitutions between the CHO and the
bovine HMG-1 sequences (Fig. 9a) all in the C-terminal polyacidic domain.
Mismatches observed at the 5' ends of the LORF's probably result from an
ambiguity at the 5' end of the pBP1 cDNA sequence (8) and will be resolved
when sequence data for the bovine HMG-1 gene becomes available. The CHO HMG-1
and the trout HMG-T amino acid sequences differ substantially in the
C-terminal region (Fig. 9b). The polyacidic domain in CHO HMG-1 is composed
of 20 glutamic acid residues and 10 aspartic acid residues while the
polyacidic domain of the trout HMG-T contains 21 aspartic acid residues and
only 3 glutamic acid residues. The highly conserved region (residues #1-122
in CHO HMG-1 and residues #13-134 in trout HMG-T) corresponds to the central
domain of the protein and this domain forms highly-folded structures in
solution (36). There is a highly divergent region between the central domain
and the polyacidic domain at the C-terminus. This region of the protein might
serve as a buffer or transition zone between the highly-folded central domain
and the highly-destabilizing polyacidic domain such that the two domains may
maintain their individual structures both of which are likely to be essential
for the HMG-1 protein to function.
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