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The high-mobility-group protein HMG-I is a well-characterized nonhistone chromosomal protein that is
preferentially expressed in rapidly dividing cells, binds to A - T-rich regions of DNA in vitro, and has been
localized to particular regions of mammalian metaphase chromosomes. We isolated eight cDNA clones
encoding HMG-I and its isoform HMG-Y from a human Raji cell cDNA library and detected blocks of
nucleotide sequence rearrangements in the 5'-untranslated regions of these clones. In addition to this leader
sequence variation, five of the eight cDNA clones had either a 33- or 36-base-pair in-frame deletion in their open
reading frame (ORF); we found that this shortened ORF encodes the HMG-Y protein isoform. We present
evidence that the 5'-untranslated-region and ORF heterogeneity of the cDNA clones is the result of alternative
processing of RNA transcripts from a single functional gene. Several additional but probably nonfunctional
HMG-I or HMG-Y gene copies exist in the human genome; we isolated and partially sequenced one of these
pseudogenes and found that it is a processed HMG-Y retropseudogene.

The high-mobility-group protein HMG-I is a well-charac-
terized nonhistone chromosomal protein that is preferen-
tially expressed in undifferentiated, rapidly proliferating
tissues (8-10, 18, 30). HMG-I mRNA levels are also elevated
in neoplastic tissues (11). Thus, HMG-I proteins probably
play an important role in cell division and may be involved in
the condensation of chromosomes during metaphase (18) or
in maintaining the undifferentiated state of chromatin (9, 30).

HMG-I has been shown to specifically bind to A - T-rich
regions of double-stranded DNA in vitro (5, 26). This DNA-
binding characteristic has led to other postulated functions
for the protein in nucleosome phasing (26) and in 3’-end-
processing of transcripts (23). HMG-I may also be involved
in transcriptional regulation of genes containing, or in prox-
imity to, A+T-rich regions of DNA such as are found in the
3’-untranslated regions (3’-UTRs) of several lymphokine
genes (21) and in the spacer regions of rRNA genes (32). In
these instances, HMG-I (21) or an HMGI-like protein (32)
might affect gene regulation by changing the chromatin
conformation and hence the accessibility of A - T-rich re-
gions of DNA to binding by other transcription factors. In
vitro binding of HMG-I to the A - T-rich regions of the
bovine interleukin-2 cDNA 3'-UTR changes its DNA con-
formation and thermal stability (16).

The A - T-specific DNA ligands Hoechst 33258 and dis-
tamycin A effectively compete in vitro with HMG-I for
binding to A - T-rich mouse satellite DNA (unpublished
data). We recently showed that HMG-I proteins localize to
G(Q) bands, centromeres, and telomeres of mammalian
metaphase chromosomes (unpublished data). These results
strongly implicate the HMG-I and HMG-Y proteins as in
vivo structural components involved in the condensation of
A . T-rich regions of mammalian chromosomes.

Efficient methods have been developed in our laboratory
for separating and purifying to homogeneity large quantities
of HMG-I and other members of the high-mobility-group
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proteins (6-8). We have shown by amino acid composition
and partial peptide sequence analyses (16) that the protein
designated HMG-Y by Lund et al. (18) is an isoform of the
protein they designated HMG-1. We now refer to the entire
family of HMG-I-like proteins as HMGI and designate the
two known isoforms as HMG-I and HMG-Y. In a previous
paper, we reported the isolation and sequence of a full-length
murine cDNA encoding an HMGI protein (11). The deduced
amino acid sequence of this murine cDNA agreed with the
reported peptide fragment sequence analysis of the human
placental HMG-I protein (18), except that it lacked 11
internal amino acids present in the human sequence.

In this paper we report the isolation and nucleotide
sequences of eight independent HMGI cDNA clones from a
human Raji cell cDNA library. Three of the cDNA clones
encode a HMGI protein whose amino acid sequence is
virtually identical to that of HMG-I reported by Lund et al.
(17). Four of the other cDNAs encode a HMGI protein with
the same internal 11-amino-acid deletion that we previously
found in the murine cDNA. We found by peptide fragment
sequence analysis that high-pressure liquid chromatography-
purified murine HMG-Y protein contains this same 11-
amino-acid deletion but is otherwise identical to HMG-I.
These complementary findings in both the protein sequences
and cDNA sequences confirm the previously postulated
isoformic relation of the HMG-I and HMG-Y proteins (16)
and cDNAs (11).

In addition to observing this HMG-I and HMG-Y protein-
coding sequence dimorphism, we detected sequence heter-
ogeneity in the 5'-UTRs of the cDNA clones. We present
evidence here that the observed cDNA heterogeneity is the
result of alternative processing of pre-mRNA transcripts
from a single functional gene. HMGI is the first structural
component of mammalian chromosomes shown to be so
encoded by alternatively processed mRNAs. We also report
the isolation and partial sequencing of a HMGI pseudogene
and show that it is a processed HMG-Y retropseudogene,
one of several, probably nonfunctional, HMGI gene copies
present in the human genome.
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FIG. 1. Restriction enzyme map, hybridization locations of synthetic primers, and cloning strategy used to sequence the human HMGI
cDNAs. The black box represents the HMGI protein-coding sequence of the cDNAs. Each of the eight cDNA clones were partially
sequenced, as shown by the arrows labeled 5’-end, 3’-end, A, B, G, H, and E. The complete cDNA sequences of clones 6A and 8A were
determined by using an additional primer (arrow K) and by sequencing subcloned restriction enzyme fragments (unlabeled arrows). The
region 5' to primer G on the map varies among clones; it contains an Apal site (not shown) in clone 6A and a Sacl site (not shown) in clones

1A, 2B, 3B, 7C, and 8A.

MATERIALS AND METHODS

Isolation of HMGI cDNA clones. A human lymphocyte
(Raji cell) cDNA library in bacteriophage lambda gr10
(HL1002a; Clontech, Palo Alto, Calif.) was chosen for
screening because murine and human lymphoblastic cells
were shown to express high levels of HMGI mRNAs (11).
Approximately 120,000 plaques were screened for HMGI
DNA sequences by in situ hybridization on nitrocellulose
membranes with the 32P-labeled, 450-base-pair (bp) Sacl-
to-Pst] fragment of murine HMGI cDNA which contains the
open reading frame (ORF) (11). Radiolabeling of probe DNA
and hybridization conditions were as previously described
(11). Eight positively hybridizing plaques that contained
different-sized cDNA inserts greater than 1,500 bp were
isolated and amplified. Each of the insert cDNAs from these
eight plaques was subcloned into the EcoRlI site of a plasmid
vector, Bluescript (Stratagene, La Jolla, Calif.) and the
bacteriophage vector M13.mp18.

Isolation of HMGI pseudogene. About 300,000 plaques
from a human leukocyte genomic DNA library in phage
EMBL-3 (HL1006d; Clontech) were screened for HMGI
DNA sequences by hybridization with the 2,000-bp insert
from human cDNA clone 6A by using previously described
procedures (11). Several positively hybridizing plaques were
isolated; one was analyzed in detail. A 6,000-bp EcoRI-
to-Sall DNA fragment containing an entire human HMGI
pseudogene was isolated from this plaque and subcloned into
the Bluescript plasmid vector. We were unable to isolate a
functional HMGI gene from this screen of the library.

DNA sequencing. Single-stranded DNAs in both orienta-
tions from each of the eight HMGI cDNAs subcloned into
the EcoRlI site of M13.mp18 were sequenced (Fig. 1, arrows
5’- end and 3'-end) by the dideoxynucleotide termination
method (24) with the M13 universal primer, [>**S]JATP, and
Sequenase (U.S. Biochemical Corp., Cleveland, Ohio). Pre-
viously described and synthesized 39-mer oligonucleotides

(11) corresponding to the antisense strand of HMGI ¢cDNA
nucleotides 42 to 81 (primer A) and nucleotides 265 to 304
(primer B) were used to obtain further sequence information
for all eight clones (Fig. 1, arrows A and B). On the basis of
these results, three additional oligonucleotides were synthe-
sized corresponding to the sense strand of HMGI cDNA
nucleotides —35 to —16 (primer G) and nucleotides 171 to
191 (primer H) and to the antisense strand of nucleotides
1341 to 1358 (primer E); these synthetic oligonucleotides
were also used as primers to further sequence all eight
cDNAs (Fig. 1, arrows G, H, and E). Two of the cDNA
plasmid clones (pBS6A and pBS8A) were restricted with
Apal, Pstl, and Sacl; cDNA fragments from these digests
were individually subcloned into M13.mp18 or M13.mp19 or
both. Single-stranded DNAs from these fragments were
sequenced by using the M13 universal primer (Fig. 1, unla-
beled arrows). Single-stranded cDNAs from clones 6A and
8A were also sequenced by using an additional synthetic
oligonucleotide primer corresponding to the antisense strand
of HMGI cDNA nucleotides 874 to 890 (Fig. 1, Primer K).

Double-stranded DNA from the 6,000-bp HMGI
pseudogene insert subcloned into the Bluescript plasmid
vector was sequenced in both directions by using the T, and
T, vector primers. The 5’ end of the pseudogene was further
sequenced by using the synthetic HMGI cDNA primers A,
B, G, and H (described above).

Peptide fragment sequencing of HMG-Y. About 200 pg of
HMG-Y purified by high-pressure liquid chromatography (8)
was cleaved with endoproteinase Glu-C (20 pg) in 100 mM
ammonium bicarbonate (pH 7.8). The resulting fragments
were separated on a Vydac C,g column as previously de-
scribed (16). Purified peptides were then subjected to gas-
phase sequence analysis (model 470A, Applied Biosystems).

Isolation of nucleic acids and blot hybridizations. Isolation
of genomic DNA and total cellular RNA and procedures
used for Southern and Northern (RNA) blot hybridizations
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5’-UTR of cDNA clone 11D: 45 bp

-45 'CCA! 'AGAG.

5’~UTR of cCDNA clone 10A: 135 bp

MoL. CELL. BioL.

-135 GCTTTTTAAGCTCCCCTGAGCCGGTGCTGCGCTCCTCTAATTGGGACTCCGAGCCGGGGC -76
-75 TATTTCTGGGCTGGCGCGGCTCCAAGAAGG CCACCTGCTC -16
-15 CTTAGAGAAGGGAAGATG 3

5/-UTR of cDNA clones 1A and 8A: 242 bp

-242 GCTTTTTAAGCTCCCCTGAGCCGGTGCTGCGCTCCTCTAATTGGGACTCCGAGCCGGGGC -183

-182 TATTTCTGGGCTGGCGCGGCTCCAAGAAGATCCGCATTTGCTACCAGCGGCGGCCGCGCG -123

-122 GAGCCAGGCCGGTCCTCAGCGCCCAGCACGGCTCCCGGCAACCCGGAGCGCGCACCGCAG -63
-62 CCGGCGGCCGAGCTCGC CAG CCA G GA -3

-2 AGATG 3
5’-UTR of cDNA clones 2B, 3B, and 7C: 207 bp
splice acceptor site

-207 GAGCACGCGGCGGCGGCGGTCTCTGAGCGCCTCTGCTCTCTCTCCCGGTTTCAGATCCGC -148

-147 ATTTGCTACCAGCGGCGGCCGCGCGGAGCCAGGCCGGTCCTCAGCGCCCAGCACGGCTCC -88
-87 CGGCAACCCGGAGCGCGCACCGCAGCCGGCGGCCGAGCTCGCGCATCCCAGCCATCACTC -28
=27 CCAC! GAGAAGG GATG 3

5/-UTR of cDNA clone 6A: 312 bp
-312 GAGTTGTGCACCCGGCGGAGCCGGAGGAGCCCGGCGCACCTCGCCGGGCGGCCGCT =257
-256 CCCGCTGGAGCCGGAGCCCGAGCCCGAGCCCGAGCCCGGGCCCGGGTGAGGGGCGGGGAG =197
-196 AGACACGGGCTGCGGCGCGGCAGGAGAGTGGGGGGTCGGGCGCCCCCCGCAGCTCAGGAC -137
MetGlyValProProTyrCysProGlyTrpSerArgThrProAspLeulysGlnSerSer

-136 ATGGGAGTCCCACCGTATTGTCCAGGCTGGTCTCGAACTCCTGACCTCAAGCAGTCCTCC =77
CysPheGlyIleProLysCysTrpAspTyrSerIleProAlalIleThrLeuProProAla

-76 TGCTTTGGCATCCCAAAGTGCTGGGATTACAGCATCCCAGCCATCACTCTTCCACCTGCT -17
ProEnd

-16 C 'AGAGAAGGGAAGATG

3

FIG. 2. Nucleotide sequences of the variable 5'-UTRs of the human HMGI cDNA clones. Nucleotide numbering for all clones begins with
the ATG start codon of the HMGI ORF (double underlined). The 45 single-underlined nucleotides are common to the 5'-UTRs of all eight
cDNA clones. For clones 2B, 3B, and 7C, the nucleotide sequence (—172 to —154) conforming to an RNA 3’-splice acceptor consensus
sequence is double underlined. For clone 6A, the deduced amino acid sequence is shown above an additional ORF (nucleotides —136 to —14)
that is 5’ to, but out of frame with, the ORF encoding HMGI (nucleotides 1 to 321).

were done as previously described (11). Poly(A)* RNA was
selected from total RNA on oligo(dT) cellulose columns.
Primer extension. Primer extension methods were modi-
fied from those of Nissen and Friesen (19). About 50 ng of a
synthetic oligonucleotide 39-mer corresponding to the an-
tisense strand of HMGI cDNA nucleotides 42 to 81 (primer
A, described above) was end labeled with 32P. About 5 x 10°
cpm of this labeled primer was incubated with either 20 pg of
total RNA or 5 pg of poly(A)™ RNA in 50 wl of hybridization
solution (60% formamide, 0.1% sodium dodecyl sulfate, 20
mM Tris hydrochloride [pH 7.4], 400 mM NaCl, 1 mM
EDTA) for 15 min at 65°C and then allowed to hybridize for
20 h at 22°C. The RNA and annealed primer were precip-
itated with ethanol, dried, and suspended in 50 pl of an
aqueous solution containing 0.5 mM dNTP, 50 pg of actino-
mycin D per ml, 1 mM vanadyl ribonucleotide complex, 50
ug of bovine serum albumin per ml, 625 U of Moloney
murine leukemia virus reverse transcriptase (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.), and 10 ul of
5X reverse-transcriptase buffer (Bethesda Research Labora-
tories). The extension reaction was stopped after 1 h at 37°C
by the addition of 5 ul of 500 mM EDTA. The solution was
extracted with phenol-chloroform, and nucleic acids in the
aqueous phase were precipitated with ethanol, dried, sus-
pended in sequencing buffer, denatured, and run on a 6%

sequencing gel. The same primer A with HMGI cDNA from
clone 8A as template was used to generate a sequencing
ladder by the dideoxynucleotide termination method (24)
with Sequenase and [*°S]ATP.

RESULTS

A restriction enzyme map illustrating the overall size and
structure of the human HMGI c¢cDNAs is shown in Fig. 1.
The cDNA clones varied in length from 1,670 to 2,050 bp and
contained characteristic G+C-rich (70%) 5'-UTRs that var-
ied in size from 45 to 312 bp (Fig. 2); a protein coding
sequence of 297, 300, or 333 bp; and identical 3'-UTRs of
1,340 bp excluding poly(A) tracts ranging in length from 0 to
84 bp (Fig. 3). Because of the 5'-UTR heterogeneity, nucle-
otide numbering for all clones begins with the ATG start
codon of the HMGI ORF. Of the eight human HMGI cDNA
clones isolated, the sequence of clone 2B is most similar to
the previously reported murine HMGI ¢cDNA sequence (11).
The nucleotide sequence similarity between this human
cDNA and that of the murine cDNA was 74% for the
5’-UTRs, 91% for the protein-coding sequences, and 64% for
the 3'-UTRs.

5'-UTR variation among cDNA clones. The nucleotide
sequences of the 5'-UTRs varied among clones (Fig. 2).
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MetSerGluSerSer 5
GCATCCCAGCCATCACTCTTCCACCTGCTCCTTAGAGAAGGGAAGATGAGTGAGTCGAGC
-45 1 15
SerLysSerSerGlnProLeuAlaSerLysGlnGluLysAspGlyThrGluLysArgGly 25
TCGAAGTCCAGCCAGCCCTTGGCCTCCAAGCAGGAAAAGGACGGCACTGAGAAGCGGGGC 75
ArgGlyArgProArgLysGlnProProValSerProGlyThrAlaleuvValGlySerGln 45
CGGGGCAGGCCGCGCAAGCAGCCTCCGGTGAGTCCCGGGACAGCGCTGGTAGGGAGTCAG 135
LysGluProSerGluValProThrProLysArgProArgGlyArgProLysGlySerLys 65
AAGGAGCCCAGCGAAGTGCCAACACCTAAGAGACCTCGGGGCCGACCAAAGGGAAGCAAA 195
AsnLysGlyAlaAlaLysThrArgLysThrThrThrThrProGlyArgLysProArgGly 85
AACAAGGGTGCTGCCAAGACCCGGAAAACCACCACAACTCCAGGAAGGAAACCAAGGGGC 255
ArgProLysLysLeuGluLysGluGluGluGluGlyIleSerGlnGluSerSerGluGlu 105
AGACCCAAAAAACTGGAGAAGGAGGAAGAGGAGGGCATCTCGCAGGAGTCCTCGGAGGAG 315
GluGlnEnd 107
GAGCAGTGACCCATGCGTGCCGCCTGCTCCTCACTGGAGGAGCAGCTTCCTTCTGGGACT 375
GGACAGCTTTGCTCCGCTCCCACCGCCCCCGCCCCTTCCCCAGGCCCACCATCACCACCG 435
CCTCTGGCCGCCACCCCCATCTTCCACCTGTGCCCTCACCACCACACTACACAGCACACC 495
AGCCGCTGCAGGGGCTCCCATGGGCCTGAGTGGGGAGCAGTTTTCCCCTGGCCTCAGTTC 555
ACAGCTCCCCCCGCCCACCCACGCATACACACATGCCCTCCTGGACAAGGCTAACATCCC 615
ACTTAGCCGCACCCTGCACCTGCTGCGTCCCCACTCCCTTGGTGGTGGGGACATTGCTCT 675
CTGGGCTTTTGGTTTGGGGGCGCCCTCTCTGCTCCTTCACTGTTCCCTCTGGCTTCCCAT 735
AGTGGGGCCTGGGAGGGTTCCCCTGGCCTTAAAAGGGGCCCAAGCCATCTCATCCTGGCA 795
CGCCCTACTCCACTGCCCTGGCACAGCAGGTGTGGCCAATGGAGGGGGGTGCTGGCCCCC 855
AGGATTCCCCCAGCCAAACTGTCTTTGTCACCACGTGGGGCTCACTTTTCATCCTTCCCC 915
AACTTCCCTAGTCCCCGTACTAGGTTGGACAGCCCCCTTCGGCTACAGGAAGGCAGGAGG 975
GGTGAGTCCCCTACTCCCTCTTCACTGTGGCCACAGCCCCCTTGCCCTCCGCCTGGGATC 1035
TGAGTACATATTGTGGTGATGGAGATGCAGTCACTTATTGTCCAGGTGAGGCCCAAGAGC 1095
CCTGTGGCCGCACCTGAGGTGGGCTGGGGCTGCTCCCCTAACCCTACTTTCGTTCCGCCA 1155
CTCAGCCATTTCCCCCTCCTCAGATGGGGCACCAATAACAAGGAGCTCACCCTGCCCGCT 1215
CCCAACCCCCCTCCTGCTCCTCCCTGCCCCCCAAGGTTCTGGGTTCCATTTTTCCTCTGT 1275
TCACAAACTACCTCTGGACAGTTGTGTTGTTTTTTGTTCAATGTTCCATTCTTCGACATC 1335
CGTCATTGCTGCTGCTACCAGCGCCAAATGTTCATCCTCATTGCCTCCTGTTCTGCCCAC 1395
GATCCCCTCCCCCAAGATACTCTTTGTGGGAAGAGGGGCTGGGGCATGGCAGGCTGGGTG 1455
ACCGACTACCCCAGTCCCAGGGAAGGTGGCCCTGCCCCTAGGATGCTGCAGCAGAGTGAG 1515
CAAGGGGGCCCGAATCGACCATAAAGGGTGTAGGGGCCACCTCCTCCCCCTGTTCTGTTG 1575
GGGAGGGGTAGCCATGATTTGTCCCAGCCTGGGGCTCCCTCTCTGGTTTCCTATTTGCAG 1635
TTACTTGAATAAAAAAAATATCCTTTTCTGGAAAAAAAAAAAAAAAAAAAA . .o vvosee

1666

FIG. 3. Human HMGI cDNA sequence common to all eight clones but excluding the variable regions 5’ to nucleotide —45 of Fig. 2. The

deduced amino acid sequence of HMGI is given above its ORF (nucleotides 1 to 321). The single-underlined 33 nucleotides (103 to 135) in
the HMGI ORF are present in clones 3B, 6A, and 7C but deleted in clones 1A, 2B, and 8A; clone 11D has 36 nucleotides (103 to 138) deleted.
The nine nucleotides in boldface (100 to 108) conform to the consensus sequence of an RNA 5'-splice donor site. The consensus sequence

signal for poly(A) addition is double underlined.

However, this variation appeared to be mostly due to
different arrangements of identical blocks of nucleotides.
Nucleotides —45 to —1 were identical in all eight clones.
Nucleotides —135 to —47 of clone 10A were identical to
nucleotides —242 to —154 of clones 1A and 8A. Nucleotides
—153 to —46 of clones 1A and 8A were identical to nucleo-
tides —153 to —46 of clones 2B, 3B, and 7C. Nucleotides
—178 to —154 of clones 2B, 3B, and 7C conformed to the
consensus sequence for a RNA 3’ splice acceptor site (20).
This canonical RNA splice site coincided exactly with the
site of cDNA sequence divergence among clones 2B, 3B,
and 7C and clones 1A and 8A (Fig. 2). Nucleotides —312 to
—46 of clone 6A formed a unique sequence that contained an
additional short ORF (nucleotides —136 to —14) that was 5’
to, but out of phase with, the HMGI ORF (nucleotides 1 to
321).

We detected a broad band of HMGI mRNAs by Northern
blot analysis of RNA extracts from human K562 and HUT78
cells (Fig. 4A). The estimated size range of these mRNAs
(1,700 to 2,300 nucleotides), although not precise, agreed
with the size range of the cloned HMGI ¢cDNAs. HMGI
mRNA expression was almost 10-fold higher in K562 cells
than in HUT78 cells, although both cell types expressed
HMGI mRNAs of similar sizes.

By primer extension analysis we detected three distinct
size classes of 5'-UTRs in HMGI mRNAs from K562 cells
(Fig. 4B). These size classes corresponded to three of the
5'-UTR sizes observed in the cloned cDNAs. The most
abundant type of 5'-UTR in HMGI mRNAs from K562 cells
corresponded in size to the 5'-UTR of cDNA clones 2B, 3B,
and 7C. The next most abundant type corresponded to the
5'-UTR of cDNA clones 1A and 8A. A faint band was
detected corresponding to HMGI mRNAs with the same
5'-UTR size as cDNA clone 10A. However, we detected no
significant band representing the larger 5'-UTR size of
cDNA clone 6A.

Amino acid sequences of isoforms HMG-I and HMG-Y. The
protein-coding sequences of the human HMGI ¢cDNAs var-
ied among clones. Three of the clones (2B, 6A, and 7C)
encoded a 107-amino-acid protein (Fig. 3) whose sequence is
virtually identical to the reported amino acid sequence of the
human placental HMG-I protein determined by peptide
fragment analysis (17). Four of the other cDNA clones (1A,
2B, 8A, and 10A) encoded a similar but slightly smaller
96-amino-acid protein identical in sequence to HMG-I ex-
cept for an internal 11-amino-acid deletion (Fig. 3, residues
35 to 45, corresponding to the in-frame deletion of nucleo-
tides 103 to 135). Clone 11D encoded a 95-amino-acid protein
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FIG. 4. Analysis of HMGI mRNAs from human cell extracts.
(A) Northern blot of total RNA extracted from K562 cells (20 pg;
lane 1) and poly(A)* RNA extracted from K562 cells (3 pg; lane 2)
and HUT78 cells (5 pg; lane 3). The blot was hybridized with a
32p.labeled, 490-bp, Sacl-to-PstI fragment (nucleotides 15 to 505 in
Fig. 3) of human HMGI cDNA. Migration positions of 28S and 18S
rRNA chains are shown on the left. (B) Primer extension analysis of
total RNA (20 pg; lane 1) and poly(A)* RNA (5 ng; lane 2) extracted
from K562 cells. A synthetic 39-mer that is antisense to nucleotides
43 to 81 in Fig. 3 was end labeled with 32P and used to prime DNA
extension on the cellular RNA templates. This same primer was
used to produce a sequencing size ladder of HMGI ¢cDNA from
clone 8A (lanes G, A, T, and C). The arrow on the left indicates the
primer-to-5'-end size of this cDNA (325 nucleotides, including the
primer). The arrows on the right point to bands corresponding to
mRNAs that have the same primer-to-5'-end lengths as HMGI
cDNA clones 8A and 1A (arrow a, 325 nucleotides); clones 2B, 3B,
and 7C (arrow b, 290 nucleotides); and clone 10A (arrow c, 215
nucleotides).

also identical in sequence to HMG-I except for a 12-amino-
acid deletion (Fig. 3, residues 35 to 46, corresponding to the
in-frame deletion of nucleotides 103 to 138).

Nucleotides 100 to 108 (CCGGTGAGT) of cDNA clones
3B, 6A, and 7C conform to the consensus sequence for an
RNA 5’ splice donor site (20). The point of postulated RNA
cleavage within this site was between nucleotides 102 and
103; this point corresponded exactly to the location of the
observed deletions in cDNA clones 1A, 2B, 8A, 10A, and
11D. An autoradiogram of the different sequencing gel
patterns observed among clones 6A, 8A, 11D, and 7C
illustrates the two types of in-frame deletions detected and
their locations in the protein-coding sequences of these
clones (Fig. 5). Note that the deletions in clones 8A and 11D
occur precisely at the postulated internal RNA cleavage
site—between nucleotides CCG and GTGAGT—of clones
6A and 7C.

MoL. CELL. BioL.
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FIG. 5. Variation of the HMGI protein-coding sequence among
cDNA clones. cDNAs from clones 6A, 8A, 11D, and 7C were
sequenced by priming with a synthetic oligonucleotide correspond-
ing to the sense strand of nucleotides —35 to —16 in Fig. 3. The large
arrows indicate the locations of a 33-bp deletion in clone 8A and a
36-bp deletion in clone 11D. The 33 bp deleted from:clone 8A
(nucleotides 103 to 135 in Fig. 3) are demarcated by arrows in the
sequencing lanes for clone 6A; the 36 bp deleted from clone 11D
(nucleotides 103 to 138) are demarcated by arrows in the sequencing
lanes for clone 7C. Clones 6A and 7C encode the HMG-I isoform
and clones 8A and 11D encode the ‘‘deleted’’ isoform HMG-Y.

From partial peptide sequence data, the protein desig-
nated HMG-Y by Lund et al. (18) was previously postulated
to be an isoform of HMG-I (16), but the entire protein had
not been completely sequenced. Particularly missing from
the results of these previous HMG-Y analyses.was the
peptide sequence of the region containing the 11-amino-acid
deletion that was predicted from the cDNA sequences (Fig.
3). We therefore sequenced additional peptide fragments of
HMG-Y purified from murine ascites cells by high-pressure
liquid chromatography. The amino acid sequence of one of
these peptides (Fig. 6A, bottom rows, single-underlined
residues 23 to 52) confirmed that the HMG-Y isoform does
indeed contain the predicted 11-amino-acid deletion. We
conclude, therefore, that human cDNA clones 3B, 6A, and
7C encode HMG-I (Fig. 6A, top rows) and that human
cDNA clones 1A, 2B, 8A, and 10A (Fig. 6A, middle rows)
and the previously reported murine cDNA clone (Fig. 6A,
bottom rows) encode HMG-Y. A HMGI protein with a
12-amino-acid deletion corresponding to the deduced prod-
uct of human cDNA clone 11D may also exist but would be
difficult to separate from HMG-Y.

The two identical palindromic amino acid sequences
(PRGRP) reported by Lund et al. (17) to be potential
DNA-binding motifs of HMG-I (Fig. 6A, top rows, residues
57 to 61 and 83 to 87) were also present in human and murine
HMG-Y (Fig. 6A, bottom and middle rows, residues 46 to 50
and 72 to 76). A third similar motif (RGRP) was also present
in both HMG-I and HMG-Y (Fig. 6A, all rows, residues 26 to
29). The internal 11 amino acids deleted in HMG-Y but
present in HMG-I represented the only hydrophobic region
in an otherwise highly hydrophilic protein (Fig. 6B); this
deletion occurred between the first two of the three postu-
lated DN A-binding motifs.

Human genome contains several HMGI-coding genes; most
are probably nonfunctional pseudogenes. Southern blot anal-
ysis of restricted human placental DNA hybridized with two
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A

human HMG-I 1 MSESSSKSSQPLASKQEKDGT

|IITTTT—

human HMG-Y 1

5

GRGRPR 30

III

30

murine HMG-Y 1 MSESGSKSSQPLASKQEKDGTEKRGRGRPR 30

31 KQPPVSPGTALVGSQKEPSEVPTPKRPRGRPKGSKNKGAA 70
|i|| [TTTITTTTITTTIT T ITTdTdd]
31 KQPP...v.......KEPSEVPTPKRPRGRPKGSKNKGAA 59

31 KQPP..cceeeoso . KEPSEVPTPKRPRGRPKGSKNKGAA 59

71 TTRT TTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ 107
1
60 TPGRKPRGRPKKLEKEEEEGISQESSEEEQ 96
|||| LELLELEEL LT
60 KTRKVTTAPGRKPRGRPKKLEKEEEEGISQESSEEEQ 96

W

() Hydrophiticty >= 1.9
0 Hydrophobicity >= -1.9

FIG. 6. (A) Comparison of the amino acid sequences of human and murine HMG-I and HMG-Y. (Top rows) Amino acid sequence of
human HMG-I, as deduced from the cDNA sequences reported in this paper (residues 1 to 107) and from the peptide fragment analysis
reported by Lund et al. (17) (underlined residues 4 to 107). (Middle rows) Human HMG-Y amino acid sequence, as deduced from the cDNA
sequences reported in this paper. (Bottom rows) Murine HMG-Y amino acid sequence, as deduced from the cDNA sequence reported by
Johnson et al. (11) (residues 1 to 96) and from the peptide fragment analysis reported in this paper (single-underlined residues 23 to 52) and
by Lehn et al. (16) (double-underlined residues 11 to 17, 36 to 43, 46 to 52, and 72 to 83). (B) Predicted secondary structure (2) of the human
HMG-I and HMG-Y proteins generated by the PLOTSTRUCTURE program of the University of Wisconsin Genetics Computer Group (4).
The bracketed region of HMG-I represents the internal 11 amino acids that are deleted at the point indicated in HMG-Y.

different regions of human HMGI cDNA suggested that
there are more than 2 but probably fewer than 10 HMGI-
coding genes in the haploid human genome (Fig. 7). We
screened a human genomic EMBL3 library and isolated a
number of clones containing HMGI pseudogenes (Fig. 8).

Partial sequence analysis of one of these pseudogenes re-
vealed characteristics of a processed HMG-Y retropseudo-
gene (31): it contained no introns, it contained a poly(A) tract
at its 3’ terminus, and it was flanked by 13-bp direct repeats
(Fig. 8). The pseudogene showed considerable divergence
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FIG. 7. Southern blot analysis of DNA extracted from human
placenta. DNA (15 ng per lane) was restricted with EcoRI (lanes 1
and 6), HindIII (lanes 2 and 7), PstI (lanes 3 and 8), Sacl (lanes 4 and
9), or Pstl plus Sacl (lanes 5 and 10). Lanes 1 to 5 were hybridized
with the 32P-labeled, 490-bp, Sacl-to-PstI fragment (nucleotides 15
to 505 in Fig. 3), and lanes 6 to 10 were hybridized with the 695-bp,
Pstl-to-Sacl fragment (nucleotides 506 to 1201 in Fig. 3) of human
HMGI cDNA. Molecular weight markers (in kilobases) appear on
the left.

from the cDNA sequence to which it was most similar (clone
10A). Of 674 nucleotides compared with this cDNA, the
pseudogene had 50 single-nucleotide substitutions, one 36-
bp deletion, and one 6-bp duplication, giving an overall
similarity of 92%.

DISCUSSION

The HMGI cDNA sequence variation that we observed
among clones was most likely the result of alternative
pre-mRNA processing from a single functional gene. Coffino
(3) cautioned that some cDNA sequence heterogeneity may
be artifactual, resulting from the infidelity of reverse tran-
scriptase, particularly on the 5’ leader sequences of template
mRNAs. However, the results of our primer extension and
peptide sequence analyses show that the observed HMGI
cDNA variation corresponds to observed HMGI mRNA and
protein variation and is, therefore, not a cDNA-cloning
artifact. OQur primer extension analysis detected HMGI
mRNAs with three distinct leader sequence lengths corre-
sponding in size to those of the cloned cDNAs. Our peptide
fragment sequence analysis of the HMG-I and HMG-Y
protein isoforms revealed the same 11-amino-acid addition-
deletion dimorphism as was deduced from our cDNA se-
quence analysis.

The presence of internal RNA splice acceptor and donor
sites in the variable cDNA sequences is additional evidence
that alternative pre-mRNA processing generated the cDNA
heterogeneity. The predicted locations of RNA cleavages
within the canonical splice sites occurred precisely at the
observed points of cDNA sequence divergence among
clones. Regions of nucleotide sequence identities and differ-
ences among the HMGI cDNA clones are shown in Fig. 9.
Most of the HMGI cDNA variation is due to the different
arrangements of identical blocks of nucleotides and is not the
result of evolutionary sequence divergence. Evolutionary
divergence between separate genes would result in an accu-
mulation of nucleotide differences that would be distributed
randomly throughout the gene sequence (12). All eight
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cloned cDNAs have identical nucleotide sequences except
for their variable 5’ leader sequences and the presence or
absence of a 33- or 36-bp deletion in their ORFs.

Several HMGI pseudogenes were isolated, and one of
these was analyzed in detail. In contrast to the virtual
identity in nucleotide sequences among HMGI cDNA
clones, the DNA sequence of this pseudogene showed
substantial divergence from the cDNA sequence to which it
was most similar (Fig. 8). This degree of sequence diver-
gence agrees closely with that found among HMG-17 cDNAs
and their corresponding pseudogenes (27) and represents an
evolutionary divergence time of roughly 10 million years,
assuming no selective constraints on pseudogene mutations
(12). Also like HMG-17 pseudogenes (27), the HMGI
pseudogene contains all the characteristics of a processed
retropseudogene—the absence of introns, the presence of a
poly(A) tract, and flanking direct-repeat sequences (Fig. 8).
HMGI retropseudogenes are probably not functional: they
would have to have been fortuitously inserted near some
type of transcriptional promoter element to be expressed
(31). Nucleotide sequences under functional constraints are
expected to be more conserved than are nonfunctional
sequences. Since the degree of nucleotide sequence diver-
gence between the human HMGI cDNA and HMGI
pseudogene is the same in the noncoding regions as in the
OREFs (Fig. 8), the ORF of the pseudogene probably does not
encode a functional protein. Indeed, the deduced amino acid
sequence similarity between the murine and human HMGI
cDNAs was 97% (Fig. 6A), whereas the deduced amino acid
similarity between the human HMGI ¢cDNA and human
pseudogene ORFs was only 86%. Loss of the poly(A)
addition signal is additional evidence that the human HMGI
pseudogene is not functional (Fig. 8). We conclude from
these results and from our Southern blot analysis (Fig. 7)
that the haploid human genome contains several HMGI gene
copies. Most likely only one of these copies is a functional
HMGI gene; the rest are probably nonfunctional retro-
pseudogenes.

Many examples have been reported of alternatively proc-
essed mRNAs (1, 15) that are similar to what we observed
for HMGI (Fig. 9), including those that utilize alternative
5’-terminal exons and that contain internal donor and accep-
tor splice sites. However, the only other example of a
nuclear DN A-binding protein whose diversity results from
alternative RNA processing is the CTF-NF-I family of
human CCAAT-box-binding proteins (25). HMGI is the only
structural component of mammalian chromosomes for which
such a mechanism for generating multiple protein isoforms
has been reported.

Temporal and spatial regulation of alternatively processed
mRNAs has been reported for the c-abl gene in mice (22) and
the antp gene in Drosophila melanogaster (28), among
others. The multiple alternatively processed mRNAs encod-
ing HMGI may likewise be under temporal and spatial
regulation. There may be a functional difference between the
two protein isoforms, HMG-I and HMG-Y, that are the
result of alternative RNA processing. The deletion of the 11
amino acids from HMG-I that results in the HMG-Y isoform
brings closer two highly conserved amino acid sequences
that may be DNA-binding motifs (17). This deletion could
therefore change the DNA-binding affinity of HMG-Y rela-
tive to that of HMG-I. The relative abundance of these two
protein isoforms may be somehow regulated by their vari-
able mRNA leader sequences; however, comparisons of the
HMGI cDNAs (Fig. 9) suggest that the splicing combina-
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tgagtgaact ctaatgcaag agaaaaccac agaaaagctt tcatattcat tagtaacgt

ttccagttgaa aaccagaagg cataaaatat actcttaaga accagctgag TCCTCTAAT =96
TGGGACTCCG AGCCAGGGCT ACTTCTGGCG TTGGCCCAGC TCCAAGAAGG CCATCCCAGC -36
G T [+ G G
CATCACTCTT CCACCTGCTC CTTAGAGAAG GGAAGATGAG CGAGTTGAGC TTGAAGTCCA 25
T (o] (o]
GCCAGCCCTTG GCCTCCAAGT GGGAAAAGGA TGGCACTGAG AAGCGGGGCT GGGGCAGGC 85
CA (o] (o]
CACGCAAGCA GCCTCCG--- AAAGAGCCCA 145
G -_— G
GAGAAGTGCC AACACCTAAG AGACCTCTGG GCCAACCAAA GGGAAGCAAA AACAAAGGCG 205
C G G G T
CTGCCAAGTC CCAGAAAACC ATCACAACTC CAGGAAGGAA ACCAAGGGGC AGACCCACAA 265
A G [o] A
AACTGGANNA GGAGGAAGAG GAGGGCATCT TGCAGGAGTC CTCGGGGGAG GAGCAGTGAC 325
[o] A
CCGTGCAT-- ====GGGATG GGACAGCTTT 385
A G GC CGCCTGCTCC TCACTGGAGG AGCAGCTTCC TTCT cT
GCTCTGCTCC CACCGCCCCC A (CCCCCA)CCCCTNNCC CAGGCCCACC ATCACCACCA 435
c G -==——- G
CCTCTGGCTG CCACCCCCAT CTTCCA...ccceeeeecsascsccsasasocsccannns 461
C
1521
GGGCCCTAAT CTACCATAAA GGGTGTAGGG GCCACCTCCT CCCCC-GTTC TGTTGGGGAG 1580
G G T
GGGTAGCTGT GATTTGTCCC AGCCTGGAGC TCCCCCTCTG GTTTCCTATT TGCAGTTACT 1640
CA G T
TGTATTTAAA AAA-ATCATT TTCTGGAAAA AAAAAAAAAA AAAAGAAACA AGGGAAAGAA 1700
A AA T [o] A A AAA A
Aaagaaccag cagaattgat taacatactg aaaatgtttc aagtttggtt caaattttta

cttcaaagag cctttttaga tttacaaatgt

FIG. 8. Partial DNA sequence of a human HMGI retropseudogene. Nucleotides of a HMG-Y cDNA sequence (clone 10A) that differ from
the pseudogene DNA sequence are listed below it. Nucleotide numbers are consistent with the cDNA numbers in Fig. 2 and 3; the internal
region of the pseudogene corresponding to cDNA nucleotides 462 to 1520 was not sequenced. Lowercase letters designate flanking genomic
sequences; 13-bp direct repeats are underlined. Translation start and stop codons are double underlined. Deleted nucleotides are designated
by hyphens; both the HMG-Y cDNA and the pseudogene have a 33-bp deletion in their ORFs (nucleotides 103 to 135); the pseudogene has
an additional 36-bp deletion (nucleotides 334 to 369). A duplication in the pseudogene of nucleotides 401 to 406 is enclosed in parentheses.
The poly(A) addition signal (AATAAA) has been lost (nucleotides 1643 to 1648).

tions in the leader sequences are independent of the splicing
pattern in the protein-coding sequence.

Synthesis of two proteins from nonoverlapping reading
frames theoretically can occur either by ‘‘leaky’’ ribosome
scanning or by internal initiation (13). The short ORF in the
leader sequence of clone 6A encodes a 41-amino-acid pep-
tide that precedes and is out of frame with the larger HMGI
ORF (Fig. 2). It is possible that this small peptide is
synthesized and serves some regulatory function. Alterna-
tively, since a presumed RNA splice site occurs within the
ORF of the leader sequence, it is also possible that some
mRNAs are processed that contain this same leader se-
quence but with its ORF in phase with the HMGI ORF, thus
encoding a larger, 148-amino-acid HMGI-like protein. Alter-
native initiations at two in-phase AUGs have been shown to
produce the two forms of the Ia antigen-associated invariant
chain in humans (29). In either case, the type of HMGI
mRNA leader sequence exemplified by clone 6A is atypical
of the other, much more abundant forms of HMGI mRNA
leader sequences found in K562 cells by primer extension

(Fig. 4B) and may represent an incompletely processed
mRNA (14).

In conclusion, we have shown by cDNA sequence analy-
sis that HMGI isoforms are encoded by at least six distinct
mRNAs and that the HMG-I protein isoform contains 11
additional amino acids that are absent from the HMG-Y
isoform. We have presented evidence that these multiple
mRNAs are the result of alternative processing from a single
functional gene. In addition, we have shown that the haploid
human genome also contains several nonfunctional
pseudogenes, one of which we partially sequenced and
found to be a processed retropseudogene.

These findings establish the HMGI family of nonhistone
chromatin proteins as among the most thoroughly character-
ized of all mammalian nuclear structural proteins. In addi-
tion, this is the first report of cDNAs encoding proteins that
are specifically localized in the G(Q)-band regions of human
mitotic chromosomes. The role(s) played by the HMGI
protein family in chromosome structure is unknown, but all
current evidence suggests that these proteins are involved in
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FIG. 9. Multiple HMGI mRNAs alternatively processed from a
single gene. Each cDNA clone is represented by a bar; identical
patterns on these bars represent identical cDNA sequences. Trans-
lation start (ATG) and stop (TGA or TAG) codons and the consen-
sus signal for poly(A) addition are indicated by arrows, as are cDNA
sequences conforming to the consensus sequences for RNA splice
acceptor and donor sites. The black regions (33 or 36 bp) of the bars
representing clones 3B, 6A, and 7C are deleted at the positions
indicated on the bars representing clone 11D (36 bp) and clones 10A,
1A, 8A, and 2B (33 bp).

chromosome compaction, cell replication, or both. Alterna-
tive splicing of precursor HMGI mRNAs may well play an
important role in regulating the functional expression of
HMGI protein isoforms in mammalian chromosomes. These
possibilities are being actively investigated.
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