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ABSTPACT
CHICFEN CiirONOSONAL PROTEIN GLIIES
by

David Lawrence Browne

Two types of chicken chromosomal protein genes have
been studied, the histone Hl genes and the HMG-14 genes.

A known chicken Hl gene was used as a hybridization

probe to isolate 4 other members of the gene family. The

sequence of one of these genes was completely determined.

Comparison of the two Hl sequences showed that the two

The newly characterized

and 3'

genes encode unique proteins.

gene contains comnon sequence elements in the 5'

regions which flank the coding sequence. Fartial sequence

analysis showed that the other members of this gene family

encode unique proteins and contain common eukaryotic

promoter elements.

Chicken H!G-14 and H!NG-17 cDUA clones were used to

isolate the chicken penes for these nroteins. Sequence

analysis showed that the Hi1G-17 gene consists of 6 exons

and 5 introns. The HiiG-17 promoter contains the common



which is present in some, but not all, of the H!IIG-14 mRIA.
The multiple splicing seen at the 5' end of the H!IG-14

gere may result from multinle initiation sites, since the
H!!{G-14 promoter contains no TATAA or CCAAT elements.
!'ultiple processing also occurs at the 3' end of the H!G-14

transcript, in contrast to the !li!!5-17 transcript.
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Chapter 1

Literature Review: EHEistones and Histone Genes
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In 1884 Albrecht Kossel reported the isolation of a
fraction of basic proteins from the nuclei of goose
erythrocytes (1). He called this fraction "histone" and
discussed the possibility of its interaction with nucleic
acids. Since his observations histones have been found to
be essentially universal in eukaryotic nuclei, and much has
been learned about the structures of histone proteins and
the nature of their interactions with DNA. As our knowledge
increases, though, so does the sophistication of our
ignorance, and the biochemistry of histones remains an
active field of study today.

Chromatin is the complex of proteins and nucleic acids
found in the nuclei of all eukaryotic cells. It contains
the genetic information of a cell and is intimately involved
in both the expression of that information (transcription)
and the maintenance of that information from one generation
of cell to the next (replication). Chromatin undergoes
dynamic structural changes as it performs each of these
functions (2-4).

Eukaryotic chromosomes are composed of approximately
equal amounts of DNA, histones, and other proteins.

Histones are the main protein components of chromatin. They

—_ -
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histone is at least 10 times as abundant as any nonhistone
chromatin protein (5).

Chromosomes have long been studied by microscopists,
and biochemists have studied the components of chromatin.
Around 1975 both types of studies revealed the basic
repetitive nature of chromatin. Improved electron
micrographs revealed the "beads on a string™ structure of
chromatin (6-8). This structure was correlated with the
products of nuclease digestion of chromatin, which appeared
to be monomers and multimers of a basic structure. This
basic structure is the nucleosome.

When chromatin is digested with a nuclease like DNase
I, nucleosomes are released. These particles contain about
200 base pairs (bp) of DA and a standard complement of
histones: one molecule of Hl and 2 molecules of each of the
other classes of histones (9). Further digestion of
nucleosomes releases Hl and reduces the DNA to 165 bp (10).
The resulting nucleosome core is relatively resistant to
further nuclease digestion.

The stability of the nucleosome cores is reflected by
the ability to reconstitute them. 1Isolated core histones

will reaggregate when mixed in solution, and when DNA is
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165 bp of DNA are wrapped twice around the histone
core. In undigested chromatin, cores are joined by a
species-specific length of "linker™ DNA (averaging about 30
bp) which is associated with Hl histone. One conception of
this structure is shown in Figure 1.

The location of Hl external to the nucleosome core is
inferred by its release by nucleases and by other studies of
wvhole chromatin. H1l is more readily extracted from
chromatin than are other histones; that is, lower
concentrations of salt disrupt its interactions with DNA and
other histones (17). 1Isolated Hl will reassociate with Hl-
depleted chromatin (18). The lower stability of Hl in
chromatin has made the stoichiometry of Hl somewhat
problematic. Measurements of the stoichiometry of Hl1l show
there are about 0.8-1.0 molecules of Hl per core octamer
(22). The absence of H1l from some nucleosomes may be
artifactual or may reflect the in vivo situation.

The orientation and interactions of Hl in native

chromatin are not known. It can be shown that Hl interacts

with both ends of the 165 bp of core DNA (19) and

crosslinking studies of reconstructed chromatin show that

one Hl molecule can link two core particles (20,21).



Figure 1. Nucleosome structure. From (88).
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Electron microscopy of Hl-depleted chromatin and
reconstructed chromatin shows that Hl orders nucleosomes
into a regular, zig-zag structure (23). Figure 2
illustrates this role of Hl.
Histone structure

Because of their abundance amino acid sequences of
histones from many species have been determined (24). When
the structures of histones from many sources are compared
some general features are seen. Histones are small globular
proteins with molecular weights between 15 kilodaltons (kd)
and 21 kd. They are rich in basic amino acids, with lysine
and arginine typically comprising about 25% of the residues.
These and other polar residues are concentrated in the
amino-terminal regions of the molecule; the carboxy-terminal
two-thirds is quite hydrophobic. H1l differs from the other
histones by having another basic domain at the C-terminus.
The amino-terminal basic domain and the hydrophobic central
portion of Hl are approximately the same sizes as the
equivalent domains of the core histones (25).

Sequence comparisons show that the primary structures
of the histones have been highly conserved through time.
The evolutionary stability of H4 is legendary. The

sequences of H4 of calf, mouse, and frog are identical






Figure 2. The role of Hl in nucleosome ordering. From (89).
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sequence (29), relative to that of vertebrates. H3 is also
highly conserved. A calf H3 differs from a chicken H3 by
four substitutions (30) and from pea H3 by only 5
substitutions (31).

H2A and H2B sequences have diverged more than H3 and H4
sequences. While mouse and calf H2B differ by only one
residue, H2B from wheat has only 78% homology to the
mammalian protein (32). Almost all of the variability in
the H2B family is found in the charged amino-terminal
domain, and includes deletions and insertions of residues as
well as substitutions (33,34). The hydrophobic carboxy-
terminal domain of H2B has been highly conserved. The H2A
family has variability throughout the molecule. H2A
proteins from chicken and calf are 78% homologous, and the
proteins from plants (35) and yeast (36) are quite different
from the vertebrate proteins.

The H1l class is the most divergent of the 5 classes of
histones. 1In fact, Hl has never been found in yeast (37).
Both ends of the molecule are variable and very basic; the
central hydrophobic region is more conserved (38). Hl
molecules vary much more in size than other histones: H1
proteins of 189 and 224 amino acids have been reported

(39,40).
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histone variants in individual organisms has long been
known, and it originally led to a plethora of nomenclatures
(41). There are two sources of histone variability within a
species. First, non-allelic variants with different primary
structures may exist. Second, all the histones undergo a
variety of post-translational modifications.

The intraspecies evolutionary variability of different
histone classes is similar to the variability seen among
species. Thus, organisms generally have only one type of H4
histone protein. Three H) histone proteins with different
primary structures are known in calf, and they are identical
to the 3 chicken types. H2A and H2B variants have diverged
to the point that homologies between species can be
difficult to assign (42,43).

The highly diverse Hl family includes some of the best
studied varjants. The most abundant of these are Hl1®" and
HS. H1l* is a mammalian Hl variant which is found in high
amounts in non-dividing tissues (44). H1l*® itself can be
separated into two forms, but the differences between them
are not known. The other major Hl variant is HS5, which is
found only in the nucleated erythrocyes of birds, reptiles,

amphibians, and fish (45). Erythrocytes are non-dividing

celle amnmd {interectinmely HS nroteine are mAara Yiva wwas e av
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number and amounts of Hl variants can vary from one tissue
to another within a single species (48). 1In most cases
primary structures of the variants have not been determined,
80 heterogeneity in this class of histones could result from
post-translational modifications in addition to differences
in primary structures.

All 5 classes of histones undergo a variety of post-
translational modifications. The most common modifications
are acetylation, methylation, and phosphorylation, but other
modifications have also been found.

Two types of amino-acetylation are seen in histones:
N-terminal and internal. The N-terminus of Hl, H2A, and H4
can be acetylated (49-S1). Serine is the usual acetylated
N-terminal residue, but others are possible (52,53). Most
histone acetylation occurs at the side chains of internal
lysine residues of all the histones except Hl. 1Internal
acetylation is reversible. The general level of histone
acetylation is controlled by the action of a variety of
nuclear acetylases (54) and deacetylases (55,56). Since
multiple side chains may be acetylated, and this
modification is reversible, internal acetylation can

generate many specific forms of histones (57).

THParval Tvelra i lda ~rhatne ~ran 2aler Na mAabheieY abe n a2 & _
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methylation of arginine side chains has also been found
(58).

Phosphorylation of internal residues is a common
modification that is seen in all 5 histone classes. Serine
and threonine are the usual sites of phosphorylation, but 2
histidine residues of H4 can also be phosphorylated (59).

Many people have attempted to correlate histone
variants and modifications with functional states of
chromatin. Particularly popular are studies of cells
undergoing differentiation, neoplastic transformation,
senescence, and DNA repair. Despite hundreds of studies,
the involvement of histone variants in chromatin activity is
still poorly characterized and often controversial.

Studies of the roles of histone variants and
modifications in modulating chromatin structure and function
are difficult for two related, fundamental reasons. First,
isolation of chromatin or fractions of chromatin must
involve some destruction of structure. Second, specific
variant structures are only a small fraction of total
chromatin, and procedures to enrich chromatin preparations

for specific varjants are disruptive and have not been very

Por R Pt S 1 hox Y ao 2 en @ € nes avvravnr~eT B2Y Aot L emenmNaal — __ a
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changes that are part of this process. The best documented
is the coupling of chromosome condensation and
phosphorylation of specific residues of Hl (60). A mitosis-
associated kinase, active during late G2 in the cell cycle,
is responsible for phosphorylation of hydroxyl groups in the
sequence lys-ser/thr-pro (61,62) in both the N-terminal and
C-terminal domains of Hl. The activity of this kinase is
itself regulated by phosphorylation. It participates in a
cascade of phosphorylation which leads to modifications of
H1 histones, ribosomal proteins, and other nonchromosomal
proteins (63). Other histone modifications occur at this
time, including H3 phosphorylation (62) and an increase of
poly-ADP-ribosylation of undetermined chromosomal proteins
(64). These changes have been reported in other stages of
the cell cycle, though (65-67), so their importance in
mitosis is unclear.

The best biochemical studies of chromatin have allowed
only vague correlations of structure and function. It seems
that new approaches to the study of chromatin are needed.
One that should prove fruitful is the increasingly refined
determination by X-ray crystallography of the physical
structure of nucleosomes of defined composition, including

HY arnd wmnl{flel ~Aave Wictaneaa
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a sea urchin ovum initiates a series of rapid cell divisions
with no actual growth of the embryo. During this morula
stage the need for histones and other nuclear proteins is
great and at least 60% of the embryo's translational
activity is devoted to the production of these proteins
(68,69). Large numbers of synchronized early embryos are
easy to obtain and are a good source of polysomes which are
enriched with histone mRNA.

Measurements of the hybridization kinetics of sea
urchin histone mRNA and genomic DNA showed that the histone
genes occur several hundred times in the sea urchin genome
(70). When the DNA was fractionated by equilibrium density
gradient centrifugation most of these highly reiterated
genes (if not all) were found in a satellite fraction
(70,71). This suggested that the histone genes might be
linked, but proof of this was only obtained after the
development of recombinant DNA techniques when cloned
genomic DNA became available.

When histone mRNAs were used to probe cloned DNA and
restricted genomic DNA it was learned that genes of the 5
Classes of histones are grouped into nearly identical
Clusters, each about 6 kilobase pairs (kb) long, which are

tandemlyv rereated 100-600 timeg . Figure 1a cehAue anm avem—y -
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strand of DNA. The order of the genes (...Hl1-H4-H2B-H3~
H2A-
...) has been conserved. The sequences between the coding
regions are A+T-rich and contain regulatory elements (72)
but not other genes.

The availability of cloned histone genes allowed study
of histone gene organjization in other organisms. When the
organization of Drosophila histone genes was investigated,
it was found that these genes, too, occur as tandemly
reiterated quintets. The Drosorhila repeats differ from sea
urchin repeats in several ways, though. The order of the
histone genes in these flies is different (...H1-H3-H4-H2A-
H2B-...) and the genes are not all transcribed from the same
strand of DNA. Also, 2 types of repeats are found. They
differ by the presence or absence of a specific 240 bp
intergenic sequence (73). This insert doesn't seem to be
important for histone production, since flies have been bred
which lack either type of repeat with no apparent
deleterious effects (74,75). Figure 3b shows the structure
of the Drosophila histone repeats.

The arrangement of histone genes is less ordered in the
vertebrates. Reiterated quintets of histone genes occur in

amphibjians, but a good deal of heterogeneity has evolved
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clusters of histone genes (77). The number of copies of
each class of histone gene ranges from about 50 to 1500 in
amphibians, probably because of the large range of haploid
DNA content among these species (78).

Birds and mammals have fewer histone genes than those
animals discussed above, about 10-40 copies of each type in
a haploid genome. These genes are not arranged in repeated
blocks at all. Many of the genes are clustered, though.
Figure 3c shows restriction maps of a number of clones of
chicken genomic DNA which contain histone genes, as judged
by Southern blotting. It is clear that, though these clones
contain clusters of histone genes, each is unique and not
tandemly repeated.

The collection of genomic clones shown in Figure 3c
contains most, but probably not all, of the chicken histone
genes. Analysis of genomic Southern blots suggests that the
H1l gene is present in about 6 copies, while the other
histone genes are present about 10-15 times each (79).
These estimates agree with early studies of solution
hybridization kinetics (80) which were used to infer histone
gene copy number.

The sequence of at least one gene of each class of

chicken histone has been determined (81). Also, various sea
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Figure 3. The genomic organization of histone genes.

a.)

b.)

The major repeat of sea urchin L. pictus.

From (87).
The Drosophila melanogaster repeat. From
(73).

Chicken histone genes. Location of genes, as
determined by Southern blot analysis, is
indicated by boxes over the restriction maps.
Solid black = H1l, all white = H2A, vertically
hatched = H2B, diagonally hatched = H3, and
stippled = H4. Sequenced genes are named and

their direction of transcription is indicated

with arrows. From (81).



— —- — -
al Hde H28 M3 H2A
r""r'—"——!'—-‘——'——'—“."——'l“"—-"ﬂ
€ M L P Mo € ¢
1000 base pawy —mninmmes
r— P €
$=3%
L SR B o v Mee Il
Iy
’ T Y T Sev JAN
100 base pairs
—
INSERTION
— (A}] H3 H\d M2a MH2b H1
\_A,——-/ a ‘
A-T RICH ~o
T REPFATED }=e-1kb -}
SEQUEMNCE
¢ IV ETITI ECTTTTTITTTEN D —1 —— ACHI " vop
[o]
vy 1 M " ]r’
—) XC
HZ2a
o,k 2 4 wr v wr g ¥
—
" ACH5d

ACHSg

2 & 2 * 119 ACHZ2d

‘—Q-hh-:’ ACH2e

=3  ACH3b

‘ 4 ‘E’-{X“IB. % [ *u_, XCHSC

¥
’—L‘:& A 1 —'?7 S n&‘iﬂ : ACH3d
-4 » ACHIOa

—4 - - 4 X ’}iﬂ.i& 2 ¥ ACH5C




20

The regions 5' of the coding sequences of genes contain
sequences which are important for gene expression. The best
characterized of these promoter elements are the TATAA
element (82) and the CCAAT element (83). The TATAA element
has been found upstream of almost every histone gene
analyzed, as well as many other genes. This sequence
directs the start of transcription to a point about 30 bp
downstream of it through its interaction with RNA polymerase
II and other proteins (83). Some genes lack the TATAA
element, and these genes often initiate transcription at
several sites. The CCAAT element is also found in many
genes, including most histone genes examined to date. Its
location, 30-60 bp upstream of the TATAA element, is
variable, and some genes contain more than one copy. The
CCAAT element, like the TATAA element, interacts with
proteins to modulate transcription.

Other upstream sequences may be promoter elements which
are specific to one gene or a family of genes. The
functions of these elements are often unknown, but they are
probably binding sites for less ubiquitous activators of
transcription. Comparisons of vertebrate histone genes have
revealed several sequences that are evolutionarily conserved

and thus are candidate promoter elements. Two of these will



21
representatives of a given class in a given species and
often in the same class of histone genes in wide variety of
species.

Some histone H2B genes are preceded by the octamer
sequence ATTTGCAT. This element may be involved in cell
cycle regulation of the H2B genes by interaction with one or
more regulatory proteins (84). The octamer sequence has
been shown to bind a ubiquitous transcription factor Octl.
This sequence is also present in lymphoid-specific enhancers
and can bind a lymphoid-specific factor, Oct2.

A number of histone Hl genes have an A+C-rich element
located upstream of the CCAAT element (85). The function of
this element (usually AAACACA) is not known but its
evolutionary conservation suggests it is important in the
regulation of these genes.

DNA sequencing of histone coding regions has revealed
that almost all histone genes consist of a single exon. Two
of the few exceptions occur in chickens (86). The intron-
containing chicken histone genes are also unusual in that
they are unlinked to other histone genes, and their
expression does not vary through the cell cycle.

Histone mRNA differs from most other mRNA because it is

generally not polyadenylated. Histone mRNA usually ends
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stability on histone mRNA. This feature of histone mRNA has
been highly conserved and is found in animals from sea
urchins to mammals.
Proposal

Determination of the structure of genes is useful for
two main reasons. First, comparisons of gene structures
have allowed identification of sequences important for the
functions of both the genes and their products. Second,
knowledge of a gene's structure allows very sensitive
measurements of its activity.

Characterization of the Hl family is the only
definitive way to determine variability in this important
class of proteins, and to differentiate variability in
primary sequence from post-translational variability. Only
then can the participation of such variability in different
states of chromatin structure and, perhaps, in chromatin
function (transcription/replication) be assessed. H1
histone gene structure analysis will also facilitate further
studies of Hl1 function by enabling the measurement of the
production of specific Hl variants at the transcriptional
level. The high level of similarity in the coding regions
of the 6 chicken histone genes requires that individual DNA

sequences be determined in order to develop gene-specific
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propose to:
Determine the size of the Hl family in chickens by
isolating all of the genes.
Determine the sequences of the genes to deduce
primary sequence variability and sequences
important for gene activity.
Use knowledge of Hl gene structure to measure the

activity of the genes in chicken cells.
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Materials

Restriction enzymes, calf alkaline phosphatase, T4
polynucleotide kinase, T4 DNA ligase, RNase A, S1 nuclease,
DNase I, DNA polymerase I, and reverse transcriptase were
obtained from the following sources: Bethesda Research
Laboratories, United States Biochemical Corp., International
Biotechnologies, Inc., Promega Biotec, New England Biolabs,
and Boehringer Mannheim. Yeast tRNA was obtained from Sigma
Chemical Company. 1-”P-ATP and a-*P-dCTP were obtained
from New England Nuclear. The plasmid cloning vector
*Bluescribe" and its E, ¢oli host XLl1-Blue were obtained
from Stratagene. Oligonucleotide primers JD-20
(d{AATAGGAAGGGAACCGCCGAG)) and JD-21 (d[TTTTCGAGCGTCCT
GAGGAA)) were obtained from the MSU Macromolecular Synthesis
Facility. 1gtll primers were purchased from New England
Biolabs. The primer "SK" for sequencing DHA cloned in
Bluescribe was obtained from Stratagene. Fifteen day old
chicken embryos were obtained from the MSU poultry farm.
Methods

The cloning and Southern blotting analysis used in this
work followed the protocols outlined by Maniatis, Fritsch,
and Sambrook (1). The H1l histone probe used to analyze

native or cloned chicken DNA was a nick-translated PstI-
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probes used to analyze chicken genomic clones were the nick-
translated inserts of cDNA clones pIM3b (HMG-14) and plGla
(HMG-17), which are described in the Appendix. The nick-
translation protocol (1) routinely produced probes of 10°
dpm/ug.
Isolation of KEMG Clones

The library of recombinant :Charon 4A chicken genomic
clones originally described by Dodgson, Strommer, and Engel
(3) was screened with the HMG-14 and HMG-17 probes described
above. 4 x 10° plagque forming units were plated on each of
10 150mm petri dishes for each screen, and duplicate filters
were prepared by standard methods (1). Plaques which were
positive in the initial screen were isolated, replated, and
rescreened. Three genomic clones of each HMG gene were
purified and analyzed by restriction mapping and sequence
determination.
Sequence Determination

Chicken H1 histone, HMG-14, and HMG-17 gene sequences
were determined by the chemical degradation method of Maxam
and Gilbert (4) as modified by Smith and Calvo (5). The
sequences of the 5' and 3' untranslated regions of the HMG-
14 CDNA clone plM2a were determined by the chain termination

method of Sanger, Nicklen, and Coulson (6) using the
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BRNA Isolation

Total RNA was isolated from 15 day old chicken embryo
liver, brain, heart, skeletal muscle, and blood by the
method of Chirgwin et al. (7) as described by Davis, Dibner,
and Batten (8). Approximately 40 embryos yielded 1-4g of
each tissue. Tissues were homogenized in 16 ml of 4M
guanidine isothiocyanate, 25m¥ sodium acetate (pH 6), 50mM
2-mercaptoethanol. The homogenate was layered onto 16 ml of
5.74 CsCl in an ultra-centrifuge tube and spun overnight
(37,000 rpm, 20°C) in a Beckman Ti50 rotor. The clear,
gelatinous RNA pellet was dissolved in 0.3M sodium acetate
(pH 6) and extracted with phenol:chloroform (1:1). The RNA
was precipitated from the aqueous phase with 2 volumes of
cold ethanol, redissolved in 10mM Tris, 1mM EDTA (pH 7.6)
and quantified spectrophotometrically at 260 nm.
21 Protection Analysis

HMG-14 and HMG-17 mRNA was analyzed by S1 protection as
described by Maniatis, Fritsch, and Sambrook (1). The HMG-
17 probe was made by digesting 2ug of pHM1.7BH with Sau9eéal,
treating the digested DNA with calf alkaline phosphatase and
the T4 polynucleotide kinase and y-‘’P-ATP. The 118 bp

Sau96al fragment which contains the HMG-17 transcription
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isolation of the labelled HincII-OxaNl fragment
(approximately 700 bp) from a 1.2% agarose gel. DNA was
labelled to a specific activity greater than 5%10’ dpm/ug by
this method. Enough DNA to give 5x10° dpm was
coprecipitated with 50ug of RNA from embryonic tissue (or
yeast tRNA) for use in the hybridization and digestion steps
of the protocol. Hybrids were formed overnight at 50° in
JOul of 40 =M PIPES (pH6.4), 1mM EDTA, 0.4M NaCl, 80%
formamide. After hybridization 300 ul ice-cold nuclease
buffer (0.28M NaCl, 0.05M NaOAc, 4.5mM ZnSO,) was added and
the mixture divided into 2 equal aliquots. S1 nuclease
(150u,300u) was added to each aliquot; digestion was
performed for 30 minutes at 37°C. Products of the reactions
were analyzed on autoradiographs of 6% denaturing gels (4).
Primer Extension

HMG-14 mRNA was analyzed by the primer extension method
of McKnight and Kingsbury (9) as described by Ausubel (10).
100 ng of the oligonucleotide primer JD-21 was labelled with
l-nP—ATP and polynucleotide kinase. 1 ng of labelled
Primer was coprecipitated with 50ug RNA, then hybridized to
complementary sequences by overnight incubation in 1M NacCl,
165mM HEPES (pH 7.5), 0.33mM EDTA. After ethanol

precipitation of the mixture, hybridized primer was extended
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Begquence Apalysis of Chicken H1 Histone Genes
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Sugarman et al. (1) reported the isolation of 50
recombinant :Charon4A clones which contain chicken histone

genes. Fifteen unique members of this collection were

further characterized by restriction mapping and Southern

blotting. They located an H1l gene on ) CHla and determined

its sequence. When a fragment from this gene was used as a

hybridization probe, 6 of the other clones were shown to

contain H1l genes (Figure 4). Only two of these clones,

+CH3d and :CHl10a, were known to overlap.

To facilitate more detailed mapping of the H1l genes,

plasmid subclones of fragments containing the genes were

constructed. After DNA was isolated from each recombinant

phage clone, it was digested with the appropriate

restriction enzymes. The Hl gene-bearing fragments were

purified from agarose gels and ligated into the common

cloning vector pBR322. These subclones are indicated and

named in Figure 4.

H1.10a

Detailed restriction maps of p2c2.2RK and pl0a5.0BR

were deduced from the fragment generated by single and

double restriction digests (Figure 5). The known chicken H1

gene sequence (of H1.la) contains overlapping Apal and Sacll

sites at codons 36-39. A similar coincidence of Apal and
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Figure 4. Recombinant ) Charon 4A chicken genomic clones
which contain chicken H1l genes, and plasmid

subclones derived from them. From (1).
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Figure 5. Comparison of p2c2.2RK and plOa5.0BR.
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locate and orient the Hl genes on these two subclones. The

strongly hybridizing region of each subclone contains most

of an Hl gene (approximately 185 codons); the weakly

hybridizing fragments each contain approximately 36 codons

of sequence homologous to the 5' end of the Hl.la gene.

The conservation of restriction enzyme sites in the

suspected coding regions could be expected because of the

generally high homology among histone genes. This level of

homology does not extend into the flanking regions of the

histone genes. Grandy's analysis of the chicken H2B genes

(2) showed that, except for a few short sequence blocks,

sequences flanking the histone genes are not conserved.

Since the maps of p2c2.2RK and pl0a5.0BR are identical for

more than 1.5 kb upstream of their Hl genes, these clones

must overlap. The _.clones from which they are derived are

aligned in Figure 4 to show how they overlap.

The only discrepancy between the overlapping maps of
_CH2c and :CH3d is in the location of the sequenced H4 gene

on _CH3d. It seemed likely that the order of the small

EcoRI fragments at the end of the »CH3d insert was

incorrectly assigned. If these fragments were misordered,

the map of the H4 gene-bearing fragment (called pCH3dR8 in

(1)) should correspond to one end of p2c6.8RH. Figure 6



44

Figure 6. Restriction maps of pCH3dR8 and p2c6.8RH. Weak
hybridization to the Hl probe is indicated by the
dashed overline. Arrows indicate regions of
p2c6.8RH which were sequenced to confirm the

absence of Hl gene in this region.
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The region subcloned into p2c6.8RH was previously
reported to hybridize to an H1 probe (1): however, we only

observed weak hybridization localized near the H4 histone

gene at its left-hand end (Figure 6). Furthermore, there is

barely enough room between the H4 gene and the end of

p2c6.8RH to contain a normal Hl gene. These facts cast

doubt on the assignment of an H1l gene to p2c6.8RH. Seguence

analysis upstream of the known H4 gene showed that there is

in fact no Hl gene in this area (Figure 6, sequence not

shown). To prove that there is no Hl gene on p2c6.8RH,

restriction digests of chicken genomic DNA were blotted onto

nylon membranes and probed with either the p2c6.8RH insert

or the Hl gene probe. These probes hybridize to different

genomic restriction fragments (data not shown), confirming
that there is no Hl gene on p2c6.8RH.

Hl.z2e

Fine structure maps of p2e3.5RR and p5e5.2RB are shown

in Figure 7. The patterns of hybridization to the Hl gene

probe around the coincident Apal and Sacll sites locate and
orient the Hl genes on these subclones.

The maps of these subclones are identical for more than 2 kb

downstream of the Hl genes, SO Wwe concluded that these

clones overlap. The parent clones, 1CHZe and :CH5e, are

- A - - s ) R S — YV - -
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Figure 7. Restriction maps of p2e3.5RR and p5e5.2RB.
Hybridization to the Hl gene probe is

indicated by heavy or dashed overlining.
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The failure to assign an H2B gene to the region of p5e5.2RB
was an oversight in the initial characterization of ) CHSe
(1).
Hl.lc

An analysis of chicken histone gene copy number by
Ruiz-Carillo et al. (3) showed that the chicken genome
contains 5 or 6 Hl genes. Figure 4 shows that since _CH2c
and )CHl0a contain the same Hl gene, _:CH2e and _:CHSe
contain the same Hl gene, and p2c6.8RH contains no Hl gene,
the set of recombinant ; clones characterized by Sugarman et
2l. (1) contains 4 Hl genes.

Sugarman et al. had isolated 50 histone gene-bearing
i recombinants in their original library screen but only
characterized 25 of them. We decided to screen the
uncharacterized isolates for Hl genes in an attempt to find
other members of the gene family. This was done by spotting
each of the isolates in an array on a lawn of host bacteria.
After overnight incubation each clone formed a large (8 mm)
plagque. The arrays were transferred to nylon membranes and
hybridized to the H1l gene probe.

Four uncharacterized clones showed homology to the
probe. Restriction mapping showed that 3 of these were

identical to previously characterized clones. One clone was

- . oA -t . e e ® oWmile ~YArae Wallh Wal i{ie ehAum in
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Figure 8. Restriction map of 1CHlc. The region which
hybridizes to the Hl probe is indicated by the
heavy bar. The plasmid subclone of this region is

plc2.0HH.
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family to be isolated. Since the original set of 50
yrecombinants contain numerous sibling pairs and overlapping
clones, and since no more than 5 genomic bands were found to
hybridize to a Hl gene probe by Ruiz-Carillo et al., it
seemed that the Hl gene family was complete with 5 members.

This idea was wrong. D'Andrea et al. were studying the
organization of the chicken histone genes using the same
recombinant :Charond4A chicken clones as we were (18). Their
collection of _‘clones, like ours, contains 5 H1l histone
genes. They also isolated a cosmid (cosmid 6.3c) which
contains a sixth chicken Hl histone gene. This gene lies
very near sequences contained in )CH2d, and lies on the same
genomic EcoRI, HIinDIII, and BamHI fragments as Hl.2d. These
vere the enzymes we used to determine Hl histone gene copy
number by Southern blotting, which explains our fajilure to
detect a sixth gene. We attempted to isolate this gene from
our library, using probes D'Andrea et al. showed flank it.
We were unsuccessful, so it seems this part of the chicken
genome is not represented in the library.
Hl sequences

Sugarman et al. published the first DNA sequence of a
chicken Hl gene (1). To learn the degree of diversity among

members of the H1l family: 1) the entire coding sequence of

Shha e A e a A 4898 QCQ Al comem Dol 2 ... - . s . W A
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Hl.10a sequence

The sequence of Hl.10a was determined by the chemical
degradation technique of Maxam and Gilbert. Figure 9 shows
the restriction sites which were radiocactively labeled with
N ¥p_ATP and polynucleotide kinase to sequence the gene and
its flanking regions.

Figure 10 shows the sequence of Hl.l10a compared to the
originally sequenced Hl.la. Like most histone genes,
neither gene contains an intron. Hl.10a codes for a protein
of 223 amino acids, six more than Hl.la. When the sequences
of the two genes are aligned to accommodate the extra amino
acids of Hl.10a, the remainder of the two coding sequences
are 90% homologous.

The differences between the two Hl sequences are not
evenly distributed. Only one amino acid sequence difference
(asn/ser) is in the central hydrophobic globular region of
the molecule. This is also the region that is most
conserved between species (4,5). The other 19 amino acid
differences occur throughout the basic termini of the
proteins. Most of the differences are nonconservative; that
is, they involve amino acid side chains with significantly
different chemical properties. The nonconservative

differences (and also insertions) in Hl.10a often involve

onersm Y d e A ..A =& _a 2
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Figure 9. Fine structure restriction map of pl0a5.0BR.
Labelling sites used for sequence

determination (arrows) are shown.
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Figure 10. Comparison of the sequences of Hl.la and
Hl.10a. The CCAAT element, TATAA element,
coding sequence and 3' hyphenated dyad are
capitalized. The Hl specific element is
underlined. The proteins are different
lengths; dashes are inserted in the sequence
of Hl.la to align the genes to show homology.

Amino acid differences are indicated.
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while the basic character of the termini of Hl.la and H1l.10a
is the same, the different secondary structures of the
termini may alter their functions (6).

The 5' nontranscribed sequences of genes are highly
variable but contain short conserved sequences which act as
control elements. The chicken Hl genes are no exception.
Two elements which facilitate transcription are the TATAA
and CCAAT elements (7,8). Both of these elements are found
in many eukaryotic genes. The Hl.10a gene, like the Hl.la
gene, has both of these elements. The Hl.10a TATAA element
is 13 bp closer to the translation initiation codon ATG, so
the untranslated leader of the Hl.10a mRNA is somewhat
shorter than that of the Hl.10a mRNA. The location of the
CCAAT element, relative to the TATAA element, is identical
in the two genes. 1In each of these Hl genes the CCAAT
sequence starts 23 bp upstream of the TATAA element.

A sequence element which has been found upstream of the
CCAAT element in vertebrate Hl genes is an A+C-rich sequence
containing the core sequence AAACACA (9). This sequence is
found in both of these chicken Hl genes. A comparison of
the A+C-rich elements from these genes shows an extended
conserved sequence of AAGAAACACAA. However, the relative
locations of the A+C-rich elements are different in these

two genes. The element is 39 bp upstream of the CCAAT
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element in H1.10A but 67 bp upstream of the Hl.la CCAAT
element. The function of the conserved A+C-rich elements is
not known.

The 3' ends of most eukaryotic mRNAs undergo post-
transcriptional processing which adds a tail of
polyadenosine. Most histone mRNAs are unusual in that they
are not polyadenylated. Another type of processing
generates specific 3' termini of histone mRNAs (10,11).

This processing requires the presence of at least 2 histone
gene-specific sequences: a hyphenated dyad which can form a
stem+]loop structure, and a purine-rich region 5-15 bp
downstream of the dyad. These elements are thought to bind
a small ribonucleoprotein during histone mRNA processing
(12) . The Hl.la histone gene was shown to have a hyphenated
dyad sequence, GGCTCTTTTATAAGAGCC, which is similar or
identical to the processing signal found in other histone
mRNAS (1). The Hl.10a gene contains the identical element
which is flanked by sequences containing only A and C. This
is characteristic of other histone genes as well. Fifteen
bp downstream of each dyad is the start of a purine-rich
sequence. The chicken element A(G/A)AAAGAG is similar to
other vertebrate elements (13-15).

Qther Hl gene sequences
All of the chicken Hl genes contain a Bcll site
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originating at these Bcll sites were subcloned to facilitate
sequence analysis of the other chicken Hl genes. This
procedure also provided a rapid analysis of different Hl
histone gene promoter regions, so that gene-specific S1
assays for mRNA levels could be designed.

Figure 11 shows the coding sequence of the 5' portions
of the five chicken Hl genes. These portions of the genes
code for the N-terminal basic domains of the histones. Each
of the genes codes for a unique protein. Some differences
between the H1l amino acid sequences are common to two or
three varjants.

Hl.la has a serine residue at the N-terminus. Hl.1lc
differs from Hl.la at only one amino acid in this region of
the protein. Hl.2e differs from Hl.la at 5 positions, and
has an inserted residue at position 20, but is like Hl.1la
and Hl.1c by having serine at the N-terminus. The other two
Hl genes, Hl1.10a and Hl.2d, have alanine at the N-terminus.
They also have 2 amino acids inserted after position 16
relative to H1l.1a.

Figure 12 shows the promoter regions of the 5 chicken
Hl genes. All of these promoters contain the TATAA element
and the CCAAT element, though the Hl.2e gene has a variant
TATAA element, TAAAA. A comparison of the sequences

flanking the prototypical TATAA elements shows that the
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Comparison of 5' coding sequences of chicken

Hl genes. Dashes are inserted in some of the
sequences to align the Hl protein sequences.

Codons which specify nonconsensus amino acids
are underlined. The overlapping SacII and

Apal sites found in all of the genes are

indicated.
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chicken Hl elements share a larger homology. The consensus
sequence seen in these genes is C(T/G)CTATAAAT. This motif
is similar to the element that is found in other histone
genes (16).

The TATAA element directs the initiation of
transcription to a site about 30 bp downstream of it. Wwhile
gene-specific S1 analysis has not been performed to
accurately determine the respective initiation sites of the
H1l mRNAs, an estimate can be made using distance from TATAA
and the fact that the start site is usually a purine in or
3' to a pyrimidine-rich region. These are shown in Figure
12. The location of the TATAA elements in the chicken H1
genes varies from 52 bp upstream of the initiation ATG codon
(in Hl1.2d) to 82 bp upstream (in Hl.la). This means that
all of the Hl mRNAs have rather short untranslated leaders.

The positioning of the CCAAT elements is quite uniform
among the chicken Hl genes. The CCAAT elements are located
22, 23, or 24 bp upstream of the TATAA elements. This is
closer than the positioning seen in other histone genes (16)
and other eukaryotic genes generally (17). Usually CCAAT
elements are found 40 to 60 bp upstream of TATAA elements.
Like the Hl TATAA elements, the upstream Hl CCAAT elements
have an extended homology. The larger sequence

GCACCAATCA is found in 3 of the genes, and the elements
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Figure 12. Hl promoter sequences. CCAAT elements and
TATAA elements are capitalized. All the
sequences end at the initiation ATG.

Probable mRNA cap sites are underlined.
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Hl.1lc and Hl.2e contain the sequence CCAAT 25 bp
downstream of the TATAA element. This is an anomolous
position for a CCAAT element. Since these sequences are not
within the larger consensus element and are not upstream of
TATAA element, they probably do not have the regulatory
activity of true CCAAT promoter elements.

At the time that this work was being done, Coles,
Robbins, Madley, and Wells (19) reported the complete
sequences of 4 chicken Hl histone genes, including the gene
we were unable to isolate, to complete the characterization
of the six genes in this family. Their results show that
each gene codes for a unique protein, and that the conserved
5' and 3' elements we found in Hl.10a are present in all the
chicken Hl1 histone genes.

Since this group had completed the studies we had
proposed, we did not continue our studies of the Hl histone
family. We increased our efforts in an investigation of two
other chromosomal protein genes, HMG-14 and HMG-17. The

results of these studies are reported in Chapter 5 and the

Appendix.
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The structure of chromatin and the regulation of
expression of jits information is determined by complicated
interactions between nucleic acids and proteins. The most
abundant of the chromosomal proteins are the histones (see
Chapter 1). Nonhistone chromosomal proteins range from
proteins of low abundance and high specificity of action,
perhaps only transiently associated with chromatin, to
proteins which are nearly as abundant as histones. The most
abundant of the nonhistone chromosomal proteins are the high
mobility group proteins (HMG proteins). There are
approximately 10° molecules of each type of HMG protein in
most cells, so they are about one-tenth as abundant as the
histones (1).

HMG proteins were first characterized by E.W. Johns and
his colleagues. They were studying the histones of calf
thymus chromatin. To isolate histone Hl they started by
extracting tissue with perchloric acid (2). This extract
contained Hl as its only histone component, but also
contained upwards of 20 other proteins at measurable levels.
Most of these proteins can be released from isolated
Cchromatin by 0.35 M NaCl washes (3) which are too mild to
extract histones. Because these proteins migrated rapidly
in the polyacrylamide acid-urea gels used to separate basic

chromosomal proteins like histones, they were named HMG-1,
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products of histones or larger HMG proteins. HMG-3, for
example, is derived from the N-terminal portion of HMG-1
(4). Levels of HMG-1 decrease when HMG-3 increases in a
preparation. Another persistent artifact of preparation is
HMG-8, which is derived from the N-terminal portion of
histone H1 (S). Nuclear proteases are probably responsible
for the occurrences of many of these HMG fractions. When
efforts to diminish proteolysis during preparation are
successful, four major HMG proteins are found. It is now
well established that HMG-1, HMG-2, HMG-14, and HMG-17 are
the major HMG proteins in vertebrate tissues. There appear
to be 2 subgroups: HMG-1 and HMG-2 are similar, and HMG-14
and HMG-17 are similar.

The 4 HMG proteins of calf thymus have characteristics
which have been used to define this type of protein.

1) They are chromosomal proteins.

2) They can be extracted from chromatin by 0.35M

NacCl.

3) They are small proteins, less than 30 kd.

4) They are rich in lysine and arginine (>20%).

5) They are rich in glutamic acid and aspartic acid

(>20%).
6) They are rich in proline (>5%).

Proteins very like the calf thymus HMG proteins have
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(9-12). Primary sequence information confirms the homology
of some of these proteins to the prototypical calf thymus
proteins.

The occurrence of HMG proteins in nonvertebrate
eukaryotes is not well documented. An early report
described proteins isolated from yeast (13) and wheat (14)
chromatin which fit the physical criteria of Johns et al.,
but without sequence information, no assignment of homology
could be made. These proteins are intermediate in size
between calf HMG-1,2 and HMG-14,17. Proteins with HMG-like
size and amino acid composition have been isolated from
several types of insect chromatin, including Drosophjla
relanogaster (15,16), D.virilis (17), and Ceratjtus capjtata
(18) . Again, the sequences of these proteins are not known
so they are only nominally HMG proteins. The strongest
evidence for an HMG protein outside of those of vertebrates

is a recent report of an HMG-1,2 homologue in Saccharomyces

cervisiae called ACP2. The sequence of the ACP2 gene was
determined and the deduced amino acid sequence matches the
calf HMG1 sequence at 43% of their residues when
conservative replacements are included (19). This level of
homology indicates that ACP2 is indeed a member of the HMG-
1,2 family, since the trout and calf proteins have only 58%

identity. Disruption of ACP2 gene function is lethal. The
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fact, homologues of the vertebrate proteins. If, as many
assume, the HMG proteins play a fundamental role in the
dynamics of chromatin structure, this would be expected.
Absent a functional assay for any HMG protein, homologous
protein sequences from other phylogenetically diverse
species would be reassuring.
HMG-1 and HM3-2

HMG-1 and HMG-2 are similar in size (26 kd) and amino
acid composition (20). Comparison of the amino acid
sequences that are known confirms that these two proteins
are closely related and they are sometimes collectively
known as HMG-1,2. The primary sequences of a number of
vertebrate HMG-1,2 proteins have been determined. Figure 13
shows an example from a rat. The composition of this HMG-1
protein is typical of the family: 1lys+arg = 24%, asp+glu =
27%, and pro = 6%. The charges are not evenly distributed
throughout the molecule. The C-terminus consist of a run of
30 acidic residues, while the N-terminal two-thirds of the
molecule is basic.

on the basis of their amino acid sequences (21) a 3-
domain structure for the HMG-1,2 proteins has been proposed
(22). Domains A and B are globular basic regions with

moderate helicity (23). These are residues 1 to 79 and

residues 90 to 163 of rat (and human). A 10 residue linker
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The sequence of a rat HMG-1 cDNA. The C-
terminus of the predicted protein is made
only of lysine (K), aspartic acid (D), and

glutamic acid (E). (From (24)).
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segment that precedes it. The high charge of this domain
prevents the formation of stable structures in solution.
Microheterogenejty

When preparations of HMG proteins are analyzed by
electrophoresis or high pressure liquid chromatography,
microheterogeneity is found in every HMG protein fraction
(25-28). The reason for this is that all of the HMG
proteins undergo a variety of posttranslational
modifications, much like the histones. The functions of
these modifications are not known for either histones or HMG
proteins.

When purified calf thymus HMG-1 and HMG-2 proteins are
analyzed, 3-4% of HMG-1 and 8-9% of HMG-2 is found to be
methylated (29). The modified residue is N®-N®-dimethyl
arginine, but which specific arginines are modified is not
known. No methylated lysine residues are found. HMG-1,2
can also be acetylated (30-32). The modified residues are
lysines in the N-terminal 12 amino acids of the proteins
which are released by treatment with cyanogen bromide.
Sterner et al. (32) added 34y-acetate to a calf thymus
homogenate to radioactively label the modified residues.
When they sequenced the N-terminal peptide fragment they

found only 2 of the 4 lysines it contains were labelled,

specifically those at positions 2 and 11. The N-terminus
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Several types of glycosylation have been demonstrated
(33). The sugars mannose, galactose, glucose, fucose, N-
acetylglucosamine, and an unidentified sugar (possibly
xylose) can be released from HMG-1,2 by alkaline borohydride
hydrolysis. Mild alkaline hydrolysis, which releases O-
linked sugars, will not release the carbohydrate from HMG
proteins, suggesting they are N-glycosyl linkages. HMG-1,2
are reportedly modified by ADP-ribosylation, but neither the
site nor the structure of this modification is well
characterized (34).

Possible HMG-1,2 functions

Despite many investigations, no clear functions for the
HMG proteins are known. Studies of HMG protein function
have generally been of 2 types: 1) since the HMG proteins
are major components of chromatin, their interactions with
DNA, histones, and nucleosomes have been studied, and 2) the
HMG proteins, or nucleosomes associated with them, have been
characterized frcm various cell types.

One of the first properties of HMG-1,2 discovered was
that the molecules have a much higher affinity for single
stranded DNA than for double stranded DNA. This is
demonstrated in the most straightforward way by passing HMG

proteins over columns which contain immobilized DNA.
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not (35). It has been suggested that one function of the
HMG proteins might be destabilizing the DNA double helix by
virtue of their affinity for single stranded DNA.

Yoshida and his colleagues described an interesting
interaction of HMG-1,2 with supercoiled DNA. They inserted
a (CG),, fragment into the ampicillin resistance gene of
pBR322. When this plasmid is highly supercoiled the 20 bp
insert assumes the Z-DNA form. When this plasmid is put
into an jp vitro transcription reaction, E, coli RNA
polymerase cannot transcribe through the region of Z-DNA and
an abbreviated transcript is made, but when HMG-1 is
included in the reaction the transcriptional block is
removed (36). They think that HMG-1 binds in or near the
region of Z-DNA and relieves supercoiling there, even as it
increases supercoiling in the rest of the plasmid.

Another interaction of HMG-1 and DNA was recently
described by Bianchi et al. (37). They designed DNA
fragments which anneal into cruciform DNA, made an affinity
chromatography column with these cruciform fragments, and
purified a cruciform binding protein from rat liver.
Peptide analysis and sequencing showed that this protein is
in fact HMG-1,2. Bona fide rat HMG-1, produced from a
Cloned cDNA, binds cruciform DNA as measured by a gel shift

assay. Because of the clever design of their artificial
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do not bind HMG-1, and suggest the HMG-1 binds to the branch
point where one double strand splits to two single strands.
This is consistent with all but the earliest results
described above.

Nucleosomes can be reconstituted from their component
DNA and histones, but only when the components are mixed in
a high salt solution, followed by lengthy dialysis to
physiological conditions (38,39). The reassembly of
nucleosomes at physiological ionic strengths can be
facilitated by the addition of certain Xenopus oocyte
extracts (40). When the "assembly factor™ is further
purified, it is found to be an acidic protein (41) called
nucleoplasmin. Nucleoplasmin is the predominant
nucleoprotein of Xenopus oocytes and in vitro it appears to
act by preventing nonspecific aggregate formation between
DNA and the large pools of histones present in the oocytes,
thus allowing proper nucleosome assembly. Acidic
polypeptides (polyglutamic acid or polyaspartic acid) can
substitute for nucleoplasmin in the assembly reaction (42).
These facts led Bonne-Andre et al. to investigate the
possibility that HMG-1, with its acidic C domain and its
histone-interacting A domain, might be a nucleosome assembly
factor (43). They found ¢that HMG-1 facilitiates the

formation of core octamers of histones. Also, the addition
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the reaction. The nucleosomes reconstituted in the presence
of HMG-1 appear to be normal in electron micrographs.

It is not yet possible to decide which of the
properties of HMG-1,2 are biologically relevant. Whether
HMG-1,2 is involved in DNA binding or unwinding or melting
or nucleosome assembly, a role in either of the two basic
functions of chromatin, replication and transcription, can
be postulated.

HMG-14 and HMG-17

Originally, two small (9-12 kd) HMG proteins were found
in mammalian and avian cells. These are HMG-14 and HMG-17
(44). The amino acid compositions of these proteins are
similar and show that these proteins form a small family, so
they are sometimes collectively referred to as HMG-14,17.
Trout have a single small HMG protein, called H6 (45). It
is a member of the HMG-14,17 family, but because of its
amino acid composition and small size (7 kd) its relation to
individual mammalian HMG proteins is not clear.

Several of the small HMG proteins have been completely
sequenced, including calf HMG-17 (46), calf HMG-14 (47),
chicken HMG-17 (48), and trout H6 (49), and a partial
sequence of chicken HMG-14 is known (50). The sequences
clearly show similarities throughout the proteins,

confirming that these proteins are related (51).
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HMG-14,17 contain only a low proportion of hydrophobic
amino acids. Structural studies of HMG-14 (52) and HMG-17
(53) using circular dichroism and nuclear magnetic resonance
spectroscopy show that these proteins have little or no
secondary or tertiary structure in a wide range of solution
conditions. These methods only detect significant
structural involvement of amino acid side chains when the
proteins interact with DNA at low ionic strength. The
residues involved in this DNA binding are in the N-terminal
parts of the molecules, approximately between residues 15
and 40. This region is highly conserved in all of the HMG-
14,17 molecules examined.

HMG-14,17, like HMG-1,2, undergo a number of post-
translational modifications which cause microheterogeneity
when protein preparations are analyzed by electrophoresis
or, especially, high pressure liquid chromatography. The
best studied of these is phosphorylation. JIn vitro studies
show that mammalian HMG-14,17 can be substrates for
phophorylation by cAMP- and cGMP-dependent kinases (54,55)
and other kinases (56,57). Both serine and threonine side
chains can be phosphorylated jn vitro. Several researchers
have tried to correlate jn vivo levels of HMG-14,17

phosphorylation to stages of the cell cycle by adding 2p.
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studies show that phosphorylation of HMG-14 is higher in
metaphase-arrested Hela cells than cells in interphase (58-
60). An endogenous kinase of chromatin may be responsible
for this phosphorylation. Another study shows that an HMG-
l4-1like protein is phosphorylated in both metaphase and
interphase cells, but that the electrophoretic mobility of
the metaphase protein is less (61). Multiply phosphorylated
forms of HMG-14 may account for the higher levels of HMG-14
phosphorylation seen in all the studies; basal levels of HMG
phosphorylation may not be detected by some labelling
regimens.

Phosphorylation of HMG-17 was not detected in the work
just described, but has been reported in other studies.

Both HMG-14 and HMG-17 are phosphorylated in Chinese hamster
ovary cells in interphase. When these cells are arrested at
metaphase, the relative phosphorylation of HMG-14 increases
(62,63). Phosphorylated HMG-17 has also been found in rat
cells (64) and mouse cells (65).

HMG-14,17 can be acetylated at lysine residues in the
N-terminal portion of the molecules (65,66). Acetylation of
chromosomal proteins may have profound effects on gene
structure and activity (67). In vitro, HMG-14,17 can
inhibit the action of histone deacetylase (68,69). This

property may be important for their in vivo function since
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Mammalian HMG-14,17 can also be modified by a number of
carbohydrate moieties. Fructose, galactose, mannose, and N-
acetyl glucosamine have been found in these proteins, but it
is not known what percentage of them is modified or how
heterogeneous the glycosylated forms are (71). ADP-
ribosylation of HMG-14,17 has been reported in transformed
human cells (72) and mouse mammary carcinoma cells (73).
Only 0.03% of the HMG proteins are ADP-ribosylated in the
mouse cells, but this small fraction may play a regqulatory
role since glucocorticoid treatment, which induces
transcription of some cellular and tumor virus genes,
decreases the level of HMG ADP-ribosylation significantly
(74).
Possible HMG-14,17 functions

During development of an organism, specific sets of
genes are transcribed in various cells at various times.
Genes that are to be activated are assembled into a specific
chromatin structure prior to the onset of their
transcription (75). Despite considerable efforts, the
unique components and structure of transcriptionally active
chromatin are not well understood.

The best evidence that active chromatin is structurally
distinct from inactive chromatin has come from nuclease

digestion experiments. These experiments show that active
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sensitivity is seen throughout the region of an active gene
(77,78). Superimposed upon this generally increased
nuclease sensitivity, many active genes have sites which are
hypersensitive to DNase I or micrococcal nuclease (77).
These hypersensitive sites are often in the control
sequences 5' to active genes. The appearance of
hypersensitive sites before transcription begins and their
persistence after transcription ceases show that these sites
are indications of an activated chromatin structure, rather
than a consequence of the process of transcription itself
(78,79). The active chromatin structure indicated by DNase
I hypersensitivity is necessary but not sufficient for
transcription induction in most genes that have been
examined.

Light digestion of chromatin by nucleases releases
mononucleosomes and oligonucleosomes which are substantially
enriched in actively transcribed sequences (75,80).

Studying the components of these nucleosomes, and
reconstituting nuclease-sensitive chromatin from isolated
components, has provided evidence that HMG-14 and HMG-17 are
involved in the maintenance of a transcriptionally active
chromatin structure.

The earliest report relating HMG-14 and HMG-17 to

nuclease sensitivity was by Weisbrod and Weintraub (81).
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erythrocyte chromatin but not in brain chromatin. This
sensitivity is lost when erythrocyte chromatin is extracted
with 0.35 M NaCl, which removes some chromosomal proteins
including HMG-14 and HMG-17. Reconstitution of the depleted
erythrocyte chromatin with HMG-14 or HMG-17 restores DNase 1
sensitivity, even when brain is the source of the HMG
proteins. This shows that, though HMG-14 and/or HMG-17 are
a necessary part of the active globin nucleosomes, some
other feature of the nucleosome is responsible for tissue-
specific transcription patterns.

Weisbrod et al. extended this work to show that most of
the active genes of erythrocytes and of a leukemia cell line
have nuclease sensitivity which is conferred by HMG-14 and
HMG-17 (82). By measuring the hybridization kinetics of
nuclease-generated nucleosomes and total nuclear RNA they
could demonstrate the involvement of HMG-14 and HMG-17
throughout the active portion of the genome. The bulk
stoichiometry of their reconstitution experiments is
puzzling. Although 20% of the genome is transcribed in
these cells, nuclease sensitivity is restored to individual
genes (e,q,,8~- globin) by just one mole of either HMG-14 or
HMG-17 protein per 20 moles of nucleosomes. The selective
affinity of HMG-14 and HMG-17 for globin nucleosomes in

erythrocytes was confirmed by Sandeen et al. (83). They
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nucleosomes have 2 strong binding sites for either HMG-14 or
HMG-17, confirming other studies (84,85). They also showed
that HMG-14 and HMG-17 bind naked DNA, albeit less tightly.

In the studies cited above, active nucleosomes were
shown to be associated with HMG-14,17. Two groups have
taken the reverse approach by isolating HMG-associated
nucleosomes and characterizing the sequences they contain.
The results of these studies are mixed. Dorbic and Witting
(86) used a monoclonal anti-HMG-17 antibody to isolate
nucleosomes produced by light nuclease digestion of nuclei.
They found that nucleosomes released from liver nuclei
contain a gene active in liver (vitellogen 1II) and oviduct
nucleosomes contain genes active in oviduct (ovalbumin and
lysozyme), but not vice versa. Druckmann et al. also used
an antibody to enrich a fraction of HMG-17-containing
nucleosomes from the livers of rats before or after
treatment with a carcinogen (87). This carcinogen induces a
P450 liver enzyme. They examined the HMG-17 enriched
fraction for the presence of repetitive DNA, non-transcribed
DNA, transcribed genes, and the inducible P450 gene. They
concluded that actively transcribed genes are enriched in
the fraction of nucleosomes which contain HMG-17; but, to a
lesser extent, so are some genes that are not actively

transcribed.
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The nucleosomes used in the study described first were
prepared by light digestion of nuclei, whereas the
nucleosomes in the second study were prepared from a much
more complete digest of prepared chromatin. It seems likely
that higher levels of digestion of chromatin may destroy
some higher orders of chromatin structure. Other studies
have implicated higher order structures in the maintenance
of nuclease sensitivity (88). It is possible that some
rearrangement of chromatin components occurs during
chromatin isolation so that the structure of active
chromatin is obscured when chromatin is isolated.
Furthermore, if HMG-14,17 need not associate with every
nucleosome in an active array, complete digestion to
mononucleosomes before antibody binding will lessen the
specific enrichment for active genes. These problems are
not limited to studies of HMG-14,17 function; they
constitute a virtually unavoidable problem in relating
biochemical observations of solubilized chromatin to the
roles of histones, HMG proteins and other chromosomal
proteins that constitute the active chromosomal DNA
structures in the living cell.

To allow further study of the function, production, and
evolution of HMG-14 and HMG-17 we have isolated HMG-14 and

HMG-17 cDNA clones and genomic clones. At the start of this
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isolation of human HMG-14 cDNA clones (89) and HMG-17 cDNA
clones (90) in 1986. These clones were constructed in
_gtll, a vector which allows expression of the cloned cDNA,
so that anti-HMG antibodies could be used to isolate the HMG
CDNA clones. When the HMG cDNA clones were used as probes
to study the HMG genes it was found that both the human HMG-
14 and HMG-17 genes are members of multigene families with
about 50 members; most members of these families are
processed retropseudogenes (91). They isolated 125-150
genomic clones by hybridization to the cDNA clones. The
active genes were isolated from this set by hybridization to
a series of oligonucleotides complementary to the 3!
portions of the cDNAs (92,93). They also used the human
HMG-14 and HMG-17 cDNA clones as probes to isolate a chicken
HMG-14 cDNA clone (94), a chicken HMG-17 cDNA clone (95) and
the chicken HMG-17 gene (96). The results their studies of

these clones are compared to ours in Chapter 5.
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Chapter 5

Isolation and characterisation of Chicken HMG-14a3
and HMG-17 Genes
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The Appendix describes the isolation of cDNA clones
derived from chicken HMG-14 and HMG-17 mRNAs. The known
amino acid sequences of HMG-14 and HMG-17 were used to
predict possible mRNA sequences. A mixture of oligo-
nucleotides which would hybridize to these mRNA segquences
was used successfully to screen a ! gtll cDNA library
generated from chicken liver mRNA (1). DNA sequence
analysis showed that pIM3b is a HMG-14 cDNA, and plGla is a
HMG-17 cDNA. Wwhen the HMG cDNAs were used as hybridization
probes of chicken genomic Southern blots, the HMG-14 and
HMG-17 genes were judged to be single copy genes.

Srikantha, Landsman, and Bustin (2) used a different
approach to isolate a chicken HMG-14 cDNA. They used a
human HMG-14 cDNA to isolate homologous chicken cDNAs and
determined the sequence of one of them. The sequence of
their HMG-14 cDNA is quite different from the one we
isolated, and the cDNAs detect different single copy genes
with Southern hybridization regimens of normal stringency.
Though the cDNA they isolated is clearly a member of the
HMG-14 family, the amino acid composition of the protein it
encodes differs significantly from the amino acid
composition of the major chicken HMG-14 protein. In
particular, amino acid analysis shows that chicken HMG-14
has 10-11 prolines, 5 serines, 1 histidine, and no valine.

While tha ~DNA we icenlated encodes a nrotein with this
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encodes a protein with 8 prolines, 8 serines, no histidine,
and 5 valines. Since the discovery of this second member of
the chicken HMG-14 family, the cDNA we isolated (and its
gene) has been called HMG-14a, while the human homologue has
been called HMG-14Db.

It is not yet known if mammals contain a homologue of
chicken HMG-14a. Whether or not a human HMG-l4a homologue
can be isolated by nucleic acid hybridization, the homology
of HMG-14b and the human transcript suggests that the HMG-14
family is an ancient one. The HMG-14b gene has been
isolated and characterized by Srikantha, Landsman, and
Bustin (3). The structure of HMG-14b is compared with HMG-
14a below.

The chicken HMG-17 gene

To isolate the chicken HMG-17 gene, the chicken HMG-17
CDNA plGla was used as a radioactive hybridization probe in
a sCreen of a ;Charond4A library of chicken genomic DNA
clones as described in Chapter 2. Nine plaques tested
positive in the initial hybridization screen. When these 9
clones were isolated, replated, and rescreened, 3 of then
gave strong positive signals. These were ,HM5a, ) HMéb, and
JHM7a. DNA was prepared from the purified clones and used
for restriction mapping and Southern analysis.

Figure 14 shows restriction maps of )HMSa, :HMé6b, and
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blots were hybridized to the HMG-17 cDNA probe to identify
fragments which contain coding sequences of the HMG-17 gene.
The resultant hybridization patterns also facilitated
alignment of the maps to indicate overlap among these
clones. :HM7a appeared to contain the entire HMG-17 coding
region.

Two fragments of :HM7a hybridize strongly to the HMG-17
cDNA probe (Figure 14). These fragments, a 1.7 kb BamHI-
HinDIII fragment and a 2.1 kb HinDIII fragment, were
isolated and subcloned into a plasmid vector (Bluescribe
KS+). The resulting subclones, pHM1.7BH and pHM2.1HH, were
used for restriction mapping and sequence analysis. (For
reasons discussed below, it also became necessary to
subclone the 0.8 kb HinDIII-BamHI fragment which adjoins
pHM1.7BH. This fragment does not hybridize to the HMG-17
CDNA probe.)

One immediate conclusion that could be drawn from the
initial mapping and Southern analysis of ‘HM7a was that the
HMG-17 gene contains an intron. The HMG-17 cDNA contains no
HinDIII sites, yet 2 HinDIII fragments hybridize to the HMG-
17 cDNA probe. This suggested that the HinDIII site between
pHM1.7BH and pHM2.1HH lies within an intron.

The previously characterized HMG-17 cDNA sequence
enabled us to predict restriction sites which should be

found in the exons of the EMG-=17 gene. These enzvme sites
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Figure 14. Restriction maps of recombinant A Charon4A
chicken genomic clones which hybridize to the

HMG-17 cDNA pLGla.
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sites were used as labelling sites for sequence
determinations by the chemical degradation method of Maxam
and Gilbert. Figure 15 shows detailed restriction maps of
pHM1.7BH and pHM2.1HH, emphasizing sites found in the cDNA
and/or used for sequencing. The regions which were
sequenced are indicated below the maps. Sequence
determination showed that the chicken HMG-17 gene consists
of 6 exons and 5 introns. The locations of the exons are
indicated on the map in Figure 15.

Figure 16 shows the sequences of the 6 exons that are
found in the HMG-17 cDNA. Exon 1 contains all of the 5'
untranslated sequences, the initiation ATG, and 4 codons.
Exons 2, 3, and 4 are quite small containing 45 bp, 30 bp,
and 51 bp, respectively. Exon 5 is 96 bp long. Exon 6
contains 33 bp of coding sequence, the termination codon
TAA, and the long 3' untranslated region of the gene.
Because of the length of the 3' untranslated region, Exon 6
is much larger than the other exons. In the 3' untranslated
region there are three nucleotide differences between the
genomic sequence and the cDNA sequence. These were
confirmed by sequencing both strands of the genomic clone.
whether these small differences are allelic in chickens or

artifacts of cDNA synthesis was not investigated.
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Restriction maps of pHM1.7BH and pHM2.1HH.
The locations of the 6 exons of the HMG-17
gene are shown. Arrows indicate the regions

which were sequenced.

Part of the HMG-17 promoter is on pHMO.S8HB.
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Figure 16. The exon-intron structure of HMG-17. The

sequence of the cDNA pLGla is shown; the
locations of the 5 introns is indicated with

arrows. The coding sequence is capitalized.



HMG-17 <DNA insert

qgaattccgca
ccctcggccece
ccccecctcecge

gccagcgcag
tcccccecgcett
tcgctctcte

intren

CCGAAGAGAA
CAACGGAGAT
AAAAAGGCAG
GCTGGCAAGG
AAAGCCGAAG

ctggtgactgqg
tgttttactt
93393999ca
ttaccccttc
gtgctgcaca
cctgttgcca
cctttttgcce
actctaaatg
ctaaaaggag
ttttaatttt
aatgtgaaag
atttgtcgqgt
cagttgttgt
tatgaaaagt
aaaaaaaaaa

Figure 16

AGGCTGAAGG

CGGCAAGGTT
Intran &

CTCCAAAGAA

AGGGAAACAA

GTGCTGGTGA

tacagtttga
tttttaagct
qgtgggacaaa
ccagtttttt
cctcttccgt
acttcagaac
tagagcctat
cattgtcagg
ctgcatttcc
tcctcgcaaa
tgtccgccct
tttatagcaa
aaaatgttgc
acctttaata
aaaaaaaaaa
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cgaagccggc
ctcgccgcca
cctcctcgca

AGATACCAAG
inmtron 3

ATCTGCTAAA

GAGTGAGAAG

CCCTGCAGAA

TGCCAAGTAA

aatactattt
atgttgttag
cqgtcacttaa
agaaggactc
tttgtggacc
tgcagtttgqgc
cactccqgaaa
tgatctgaac
tctttcatat
gctagqgtag
cactctaaac
cctttatgtt
agattgtagc
aagctggata
aaaaaaaaaa

cgccagcccce
ccgagcgagc
caacacacgc

GGCGATAAGG

CCTGCCCCTC

GTGCCCAAGG

AATGGAGATG

aatgtgtgaa

tttatcaagt
cacacaaacc
tctgtttctt
ttcctaaatg
gcatcagagt
agtgccctct
tacagcagac
ttctggtgtc
tgtagatcta
atttgtgaag
atttccctct
tggqgtagtcc
ccatgtcctg
cggtttggct
aacggaattc

gccgcgecgce
ccggtgcceceg
acgcgccgcece

cccgctctcce
cccececgeccg
cggagctATG

fntren 2

CCAAAGTTAA GGATGAGCCA

CGAAGCCAGA

GAAAGAAGGG

CCAAAACAGA

tttttgataa

tttataacaa
gctttgttgt
ggaacctaaa
gagcaggaag
gaacggaagc
gcgtttcctt
atggcatgtt
taatttggga
caaattaagg
agttgttaaa
acaagtatac
atgaagggag
cctaaattac
tggaaaaaaa

GCCTAAACCT

GAAAGCTGAT

Intren $

CCAGGCACAG

ctgtgtactt

tgcagaattt
tgtgttttga
ttttaaaagt
ggattccttc
tcccgagatg
tcatgccctc
gggactcacc
tataatagct
aatctgcagt
caacatgcta
aaaaatgaag
gggagtttga
catgattgtt
aaaaaaaaaa
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Figure 17 shows the exon-intron boundaries of each of
the introns. All of the introns start with the sequence GT,
and all end with the sequence AG. This arrangement is seen
at the ends of almost all introns in nuclear genes (4). 1In
addition to the essentially invariant dinucleotides at the
ends of introns, consensus sequences of preferred
nucleotides around splice donor and splice acceptor sites
have been seen. These structures are often:

...AG/gtr...intron...ttncag/N...
(donor) (acceptor) .

The HMG-17 splice donors match the consensus sequence quite
well except that the splice donor for intron 3 is CT/gtr,
not AG/gtr. The splice acceptors do not match the consensus
sequence well, except that 4 of the 5 introns end with the
preferred cag. Intron 5 ends with tag, which is the next
most common end.

The 3' end of the HMG-17 cDNA appears to faithfully
represent the processed end of an HMG-17 mRNA. The cDNA
ends with a 49 base polyadenylate tract; 27 bases upstream
of this sequence is the canonical polyadenylation signal
AATAAA (5). The genomic sequence of the 3' end of the HMG-
17 gene shows that the polyadenylate tract is in fact added
post-transcriptionally. The genomic sequence is identical
to the cDNA sequence until the polyadenylate sequence of the

CDNA. Figure 18 shows the 3' end of the HMG-17 gene, and
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HMG-17 exon-intron boundaries. Coding
sequences are capitalized; intron sizes are

indicated.
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Figure 18. The 3' end of the HMG-17 gene. Sequences
found in the cDNA plGla are capitalized; the
polyadenylation signal is underlined; the
polyadenylation site is indicated with an

arrowvw.
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the polyadenylation site. The polyadenylation signal,
AATAAA, is 27 bp upstream of the polyadenylation site. This
spacing is similar to the spacing seen in other genes (5-7).
The IMG-17 promoter

The regions 5' of eukaryotic protein genes have been
found to be important in the control of gene expression.
These promoter regions often contain small sequence elements
which have been well conserved (see Chapter 1). The most
common of these is the TATAA element or Goldberg-Hogness box
(8) which is similar to the prokaryotic TATA promoter and
has a similar function (9). The TATAA element is recognized
by part of the RNA polymerase II transcription complex,
leading to accurate initiation of transcription at just one
or a few nucleotides about 30 bp downstream of TATAA (10).
In contrast to prokaryotic genes, not all eukaryotic protein
genes have TATAA elements in their promoters. When the
TATAA element is absent initiation of transcription usually
can occur at a number of sites (11).

Another sequence element often found in promoters is
CCAAT. This sequence is usually located 30 to 60 bp
upstream of the TATAA element, but it may be found closer.
Some promoters contain degenerate CCAAT elements, and some
contain none at all (12).

The 5' regions of eukaryotic genes are often G+C-rich

and contain G+C-rich elements which facilitate high levels
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these elements is variable, but their effect seems to be
additive and proportional to their proximity to the TATAA
element (when one is present) (14). It is thought that
these elements, like CCAAT and TATAA elements, are binding
sites for proteins which participate in transcription. The
first and best characterized of these proteins is the
mammalian protein SP1 (15). This protein increases
transcription by binding to a variety of G+C-rich elements
which share the core consensus sequence GGCGGG. An avian
homologue of SP1 has not been demonstrated, but G+C-rich
sequences are common in the upstream regions of avian genes.

Figure 19 shows the promoter region of the chicken HMG-
17 gene and exon 1 (in capitals). All of the common
promoter elements are found in the HMG-17 promoter. Part of
the HMG-17 promoter lies on pHMO.8BH, upstream of the
subclones which contain the coding sequences. The HMG-1?
promoter contains two TATAA elements. They are located 31
bp and 41 bp upstream of the first base represented in the
cDNA clone plLGla. This suggests that plGla is a nearly
complete cDNA copy of an HMG-17 mRNA, perhaps missing a few
transcribed nucleotides at the 5' end. Either TATAA
element, or both, might function in this promoter. The
site(s) of the start of HMG-17 mRNA transcription must be

determined directly (see below), not by an examination of
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The HMG-17 promoter region. Exon 1 sequences
are capitalized; common promoter elements are
underlined; and mRNA initiation sites
determined by S1 protection analysis are

indicated with arrows.
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one cDNA clone. The chicken HMG-17 promoter also contains
a CCAAT element 61 bp upstream of the S' TATAA element.
This spacing is similar to that seen in many eukaryotic
genes.

The HMG-17 promoter has a G+C content of about 75%.
Within this G+C-rich region are 4 SPl1 binding sites. The 2
sites farthest upstream are on the non-coding strand of DNA,
while the downstream elements, including one between the
CCAAT and TATAA elements, are on the coding strand of the
gene. This seemingly haphazard arrangement of SP1 binding
sites is typical of this element.

S1 protection analysis

One method of determining where transcription of a gene
starts involves S1 protection analysis. In this method, a
radioactive probe is made which overlaps the end of the mRNA
of a gene. This probe is hybridized to mRNA, then the
hybrids are treated with S1 nuclease, which degrades single
stranded nucleic acids, but not double stranded hybrid
material. Measuring the portion of the probe which is
protected from digestion by hybridization to mRNA can give
an accurate indication of where transcription begins.
Furthermore, when, as is usual, the hybridization probe is
in excess of the corresponding mRNA, the intensity of the
protected band is a good measure of the gene's mRNA level.

This method, as applied to the chicken HMG-17 gene, is
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and +59 (Figure 19). This 118 bp Sau96al fragment overlaps
the suspected transcriptional start site. After treatment
with calf alkaline phosphatase, the fragment was labelled
with _v”P-ATP and polynucleotide kinase. After the
labelled DNA was denatured, it was hybridized to mRNA
isolated from several tissues. The resultant RNA:DNA
hybrids were then treated with S1 nuclease and analyzed on a
denaturing polyacrylamide gel. Figure 21 shows the results
of this analysis. A small amount of untreated probe was run
in lane P. The two labelled strands of DNA, each 118
nucleotides long, have slightly different mobilities because
of their different base compositions. Some full length
probe remains in each of the treated sample lanes. This
material probably reannealed during the hybridization step
and so became resistant to digestion by S1 nuclease. The
amount of probe added to the RNA samples was 1000-fold more
than the amount loaded in lane P, so the reannealed probe in
lanes 1-12 is a small fraction of the original input.

When the 118 nucleotide probe was hybridized to total
RNA isolated from embryonic brain, heart, skeletal muscle,
or blood, a range of fragments centered on 70 to 71
nucleotides in length was protected from S1 nuclease
digestion. This means that these tissues contain mRNAs
homologous to the probe, and that these mRNAs start 70-71 bp

upstream of the Sau96al site in exon 1. (It is formally
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S1 protection analysis of HMG-17 mRNA.
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Figure 21. Results of S1 protection analysis of HMG-17
mRNA from 15 day old chicken embryos. Lane P
= probe only; M = pBR322 HinfI size marker.

Experimental lanes: 1,7 = liver RNA

2,8 brain RNA

3,9 = cardiac muscle RNA
4,10 = skeletal muscle
5,11 = blood RNA

6,12 = yeast RNA.

Samples in lanes 7-12 were treated with 2

times as much S1 nuclease as samples in lanes

1-6.

Signal sizes (in nucleotides) are indicated.
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site, but its correspondence with the cDNA clone start site,
the absence of consensus splice acceptor sequences, and the
presence of consensus promoter sequences point to it being
the mRNA initiation site. 1It is also possible that mRNA
transcription began upstream of this region and was
processed to mature mRNA, but consensus promoter sequences
and the rarity of such 5' processing in RNA polymerase II
mRNAs make this doubtful.) The nucleotides corresponding to
possible mRNA initiation sites are shown in Figure 19.
Because S1 cleavage is imprecise to within 2 bp, it cannot
be determined if the HMG-17 mRNA begins with one or the
other or both purine nucleotides shown. They are 9 and 10
bp upstream of the start of the cDNA clone, indicating that
the cDNA is slightly truncated. The start sites indicated
by S1 protection analysis are appropriately located with
respect to the upstream TATAA element (30-31 bp from the
central T) suggesting that it controls the major initiation
site for HMG-17 transcription. (A weak signal at about 63
nucleotides in the gel could result from initiation
regulated by the downstream TATAA or be due to an internal
Sl-sensitive region in the RNA:DNA hybrids.) The 118 bp
probe was hybridized to a sample of yeast tRNA (commercially
prepared) as a negative control. Since this RNA contains no
chicken HMG-17 mRNA, none of the probe was protected from S1

nuclease digestion and no signal was generated (Figure 21,
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S1 analysis also shows that the HMG-17 gene is not
active in embryonic liver. Figure 21, lanes 1 and 7, shows
that liver RNA prepared from 15 day old embryos does not
generate the 70 and 71 nucleotide signals. The few faint
larger bands seen in lane 1 are products of incomplete S1
digestion; when more S1 nuclease is used to digest the
hybridization mixture these bands do not appear (lane 7).

A+T-rich regions of double stranded nucleic acids are
somewhat susceptible to S1 digestion because of transient
local melting of these regions. We suspect that the 2 TATAA
elements on the reannealed 118 bp probe are slightly
digested by high levels of S1 nuclease, generating a faint
signal of about 90 nucleotides in some lanes.
Other Results

Landsman, Srikantha, and Bustin (17) reported the
isolation and characterization of the chicken HMG-17 gene.
They used a human HMG-17 cDNA clone to isolate genomic
clones which contain the chicken gene. Their results agree
with ours in every respect except one. They used the primer
extension method to determine the mRNA initiation site.
Their results predict that HMG-17 mRNA starts at the first A
in the sequence TTCAAATTAGTGGGG, while we predict a start at
the fourth A or its neighbor G (Figure 19). While their
published results are not completely convincing (not shown),

the tendency of S1 nuclease to digest A+T-rich hybrids may
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S1 protocol, since they predict an mRNA with 6 As and Ts at
the 5' end. The initiation site they predict is 24 bp 3' of
the central T in the upstream TATAA. They have evidence, as
do we, of minor utilization of the downstream TATAA. Their
evidence predicts a minor mRNA species which starts in the
G, sequence 8 bp downstream of the major initiation site.
We have not attempted to resolve this minor discrepancy
between our results.
Conclusion
Analysis of the chicken HMG-17 gene has shown that:
1. The gene is a single copy gene.
2. The gene contains 5 introns; the exon-intron boundaries
are unremarkable.
3. The mRNA is polyadenylated 22 nucleotides downstream of
the polyadenylation signal AAUAAA.
4. The HMG-17 promoter contains TATAA, CCAAT, and SPl1
binding elements in a normal arrangement.
5. The gene is active in embryonic brain, heart, skeletal,

muscle, and blood, but not in embryonic liver.
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The chicken HMG-14a gene

To isolate the chicken HMG-14a gene, the chicken HMG-
14a cDNA pIM3la was used as a radioactive hybridization probe
in a screen of a ! CharondA library of the chicken genome as
described in Chapter 2. Fourteen plaques tested positive in
the initial hybridization screen of the library. When the
14 clones were isolated, replated and rescreened, 3 of them
gave strong positive signals. These were named }YN1, ) YN2,
and 'YN3. DNA was prepared from the purified clones and
used for restriction mapping and Southern analysis. Figure
22 shows restriction maps of YN1, YN2, and ' YN3.
Southern blotting the mapping gels and hybridization of the
HMG-14a cDNA probe to the blots allowed identification of
the fragments which contain coding sequences of the gene,
and facilitated alignment of the maps to show how these
clones overlap.

Fragments of >YN1 and ’YN3 which hybridize to the
HMG-14a cDNA probe were subcloned into a plasmid vector
(Bluescribe KS+). These subclones, pHM1.9HB, pHM1l.3BH,
pHM1.8HB, pHM1.0RH, and pHM1.5HP, were used for restriction
mapping and sequence analysis. Identical pHM1.8HB subclones
vere isolated independently from both *YN1 and }YN3,
confirming that these ‘clones contain overlapping sequences

of the chicken genonme.
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Restriction maps of recombinant ) Charon4A
chicken genomic clones which hybridize to the
HMG-14a cDNA pIM3a. The clones are aligned

to show how they overlap.
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The region which hybridizes to the HMG-14a cDNA probe
is about 10 kb. This is much larger than the chicken HMG-17
gene, which is less than 4 kb. Southern analysis of genomic
DNA had shown that the chicken HMG-14a gene is a single copy
gene, but might have weak homology to a few other sequences
in the genome. It seemed possible that ) YN1 and ! YN3 might
contain 2 homologous genes. Alternatively, the chicken HMG-
l4a gene might contain more intron sequences than the HMG-17
gene. Restriction mapping and sequence analysis eventually
showed that there is only one large HMG-14a gene in this
region.

Figure 23 shows detailed restriction maps of the
subclones of :YN1 and :YN3. As in the analysis of the HMG-17
gene, restriction sites present in the cDNA clone were
suggestive of the locations of exons. 1In some cases these
sites were used as labelling sites for sequence
determination by the chemical degradation method. The
regions which were sequenced are indicated below the maps in
Figure 24.

Sequence analysis showed that the chicken HMG-14a gene

consists of 7 exons and 6 introns. For reasons discussed

below the exons are numbered exon 0 through exon 6. Figure

24 shows the sequences of the 7 exons that are found in the

HMG-14a cDNA pLM3a. Exon 0 is very small, consisting of
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Figure 23. Restriction maps of plasmid subclones which
contain HMG-14a exons. The exons are
indicated with heavy bars. Arrows indicate

regions which were sequenced to locate the

exons.
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untranslated region, the initiation ATG, and 4 codons make
Up exon 1. This is similar to exon 1 of HMG-17. Exons 2,
J, and 4 of HMG-14a are quite small, as they are in HMG-17.
In HMG-14a they consist of 30 bp, 30 bp, and 51 bp,
respectively. Exon S5 is somewhat larger at 144 bp. Since
exon 6 contains the long 3' untranslated region of the gene,
it is much larger than any of the other exons.

The relative sizes of the exons of HMG-14a and HMG-17
are similar. 1In fact, 3 of the exons contain coding regions
for virtually identical regions of the homologous proteins.
Figure 25 shows a comparison of the codons present in
exon 1, exon 3, and exon 4 of the two chicken HMG genes.

The regions of the protein specified by exon 1 of each gene
have identical amino acid sequences. The same is true of
exon 4 of each gene. The portions of the two proteins
specified by each exon 3 differ by just one amino acid.
Conservation of exon structure and intron location is seen
in many other gene families, for example, between the a- and
B-globin genes (4) and even where the predicted evolutionary
separation of the homologues is as ancient as the 2

characterized chicken histone H3.3 genes (17).
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The exon-intron structure of HMG-14a. The
sequence of the cDNA pIM3a is shown; the
locations of the 6 introns is indicated with
arrows. The coding sequence is capitalized.
Sequences which are complementary to the

synthetic oligonucleotides JD-20 and JD-21

are underlined.
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intren 0

l

gaattccgtc cccftectoa ggagcgctcga aaacagttte tcyggcggttc cottoctatt
Jb-20

JD-21

ttttacacct ctcccgatct ctctatttgc

intren §

AAGAAAGGCT

CCAGCTGAAG

intron

ATCTGCTAAA
AGAAAAGGCA
AGCCAAAGGC
TGGAGATACC

GTCCGAGTAA
gtattgttaa
atgaatttaa
aaaacaaaac
ggtacatgyqga
gtaagtcatg
ttaaagtqggyg
tgcttttata

Figure 24

CCTGCTCCGC

GCAAACGATA

AAAGACGAAA

AAAACTAATG

tgttaaccct
cagagaggaa
ttatggaaca
aldlacaaaaa
aagaataagt
cttacagact
gaggtctcaa
aagaaggtga

GCGAGGCGAA

CTAAACCGGA

AAAAGGAAGA

CTAAACAAGA
intron S

AGGCACCAGC

gccctatatc
tatttttatc
tcttcatctc
aaaatcattg
ggtggtagct
tcagatttta
aacagataac
gctattttca

agtcaactat taaggtgcaa ctATGCCCAA

intren 2

GGAGGAGCCA

GCCAAAGCCC

CAAAAAGGCA

GGATGCAAAA

TGCTGAAGCA

tccatcattt
aactatttta
ggttacttgg
ttttaaattt
tttgacttct
attttaccct
tgtgttaaac
tgaaaaaaaa

AAGAGAAAGT

AAAAAGGCAG

GCAACAAAAG

GAAGAAAACC

TCTGATGATA

ggtatccgta
taaatgcagg
gaattaaatc
gtgattgtaa
gtcagtgtgt
tgtatgtgtt
attccagtgg
aaaaaaaaaa

CGGCCAGACT
intren §

CACCTAAGAA

GGAAGAAAGG

ACTCTGAAAA

AGGAAGCCAA

cctccatgct
tttttttagce
cctaacaaac
tagtttgtat
ccctttttgt
gtatggtttc
ttctgtgggt
aacggaattc
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Figure 25. Conserved exons of HMG-l14a and HMG-17. These
portions of the proteins differ at only one

amino acid.
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Figure 26 shows the exon-intron boundaries of each of
the introns. The introns begin with GT and end with AG, as
do virtually all introns of nuclear genes. All of the
splice donors match the consensus sequence AG/gtr except
that of intron 3, where the splice donor is CT/gtr. The
splice acceptors do not match the consensus sequence
ttncag/N well, except that 5 of the 6 introns end with the
preferred cag. Intron 5 ends with tag, which is the next
most common end (4).

Exon Q

To show that exon 0 is not an artifact of cDNA cloning
and to determine the structures of the 5' end of the HMG-14a
transcript several types of experiments were done:

l. Exon 0 and intron 0 were characterized by further
genomic DNA sequencing.

2. Additional HMG-l14a cDNA clones were characterized.

3. S1 protection analysis and primer extension were used

to characterize HMG-14a mRNA from several tissues.
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Exon 0 contains all but the last nucleotide of an OxaNI
site, CCTNAGG. 1If exon O abuts a normal intron (which would
start with a G), this OxaNI site will be found in the
genome. Restriction mapping showed that there is only one
OxaNI site within 2.5 kb of exon 1. Sequence analysis
around this OxaNI site confirmed that this site marks the
location of exon 0 in the genome.

Figure 27 shows the sequence of the chicken genome
around exon 0, including all of intron 0 and part of exon 1.
Intron 0 is 643 bp long, from -482 through +161.
(Nucleotide numbering will be explained below.) The splice
donor and acceptor sites of intron 0 match the consensus
sequences as well as do the other HMG-14a introns (Figure
26). Since exon 0, as represented in plM3a, is very small,
it seemed possible that plM3la is a truncated cDNA which is
missing sequences representative of the 5' end of HMG-1l4a
mRNA. One direct way to determine this would be to examine
other HMG-14a cDNA clones.

The cDNA library which was originally screened for HMG
Clones was constructed in the vector ;gtll. cDNA copies of
mRNA are cloned into this vector with the use of EcoRI
linkers (18). After recombinant clones are identified and

purified, the cDNA inserts are excised with EcoRI and
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Figure 26. HMG-14a exon-intron boundaries. Coding
sequences are capitalized; intron sizes are

indicated.
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The HMG-14a promoter region. Exon 0 (as
determined by primer extension) and exon 1
are capitalized. Only a portion of exon 0 is
found in pIM3b; that part is underlined. The
promoter contains no TATAA or CCAAT elements;

SP1 binding sites are underlined.




Crtagttagy
cacctcacce
X
ccerpaea
CCOOCACCTT
CCCOCTGC
cegteecoct
Eaarycecce
CLpcrrccty
FIANIACE
cgttecsara
CRAICCHCCE,
gacagcgtaa
gcceeccyec
tcactetgcy
grattteact
ttcreeeeet

ACLLACyA
CraT,ICcCCy
cicctaccay,
ctegpretyc
CCTGCCOGCG
COGACAAACC
CCCeiynace
gcgeatiyics

cgcraactre

£CICA;TRa
CTTEISTR
ECHs el
CCc sy cceecere
gCtyssccca
gtttpcaata
ctteerettt

Fijure 27

143

geca

agcact;yptce
ctccaaacag
Ctytagcerg
gcryctgeac
CCGACACCAA
CACCOCTCC
ctceeegecy
ferscecege
Loaagtet
P dy
CIALTAECC
goegcegtat
ccctecegtet
ccepeescse
tctepegete
AqF ARSI

greeeetyyc

taacagtgtg
ccyeccynnea
cacctegrse
giccgacage
agcteeptyc

ccacgagecece

cctcagcaca
CceCtynrsts

CCCCyeCeeye

cgcctectec

CACCRCACGC ACTCCGCRCC

AAGBCCGCCC
ccaccgctee
geagracera
ctttcecagc
E5CHECCRCE
ccgectegca
tcaccgcegpcg,
gegagegtet
ttceegcgcs,

cccattcatg,

gattttttitt ttgttcatct cttrtreteee
aatcccgceay, GACCCTCGAA AACAGTTTICT

CGAAGCCCCT

tgctgsaacg
ggtetacct
agacggagce
cgetgeeegt
tGCCCCCTAC
CCGACCTCGG
TCCTCAG ta

cccececccg
gcepecgeea
ctetyysss
grcagcaceg
ccgacgecte
crttaggeesc
ctcgegetac

ELCCCRALEC
tgttgtegte
acgcgagsiaa
cacgecgagc
cecgeccteeca
tcegtgcegea

geetegeeee

cccattygct gegsegsces
cagtttgyntt gegtgttest

-720

g

-420
-360

121
181



144
subcloned into a plasmid vector. This facilitates
restriction mapping and sequence analysis since plasmid
vectors are much smaller than *vectors. Some cDNA inserts
cannot be excised from the ’gtll vector by EcoRI. This is
usually because one end of the cDNA did not receive an EcoRI
linker, but was cloned by a blunt end ligation directly to
vector DNA or other cDNA. Anomolously cloned inserts can be
excised with restriction enzymes which cut the vector away
from the cloning site, but the excised fragment will
necessarily contain some *gtll sequences.

Three such anomolous cDNA clones which gave strong
positive signals in the original screening of the ) gtl1l
library (Appendix) had been stored, uncharacterized. To
clarify the nature of the 5' end of the HMG-14a gene, DNA
from these clones was purified and analyzed. Restriction
mapping of the purified recombinant X DNA showed that the 3
uncharacterized clones are identical. The cDNA insert,
along with some vector DNA, was excised from one of them and
subcloned into a plasmid vector (Bluescribe SK+). This
subclone is plM2a; its map is shown in Figure 28.

Restriction mapping showed that plM2a is the same as
plM3a throughout most of the 3' part of the cDNA, but
differs in the 5' region. 1In particular, plM2a does not
have the OxaNI site which characterizes exon 0. The
sequence of the 5' end of plM2a was determined by the

dideoxy chain termination method, using a primer (SK) which
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is complementary to the plasmid vector, and a primer (JD-20,
see Figure 23) which is complementary to part of exon 1.
This sequencing strategy is shown in Figure 28.

Sequence determination confirmed what restriction
mapping had suggested: exon 0 is not found in plLM2a. As
shown in Figure 29, plM2a contains only exon 1 at its 5'°
end; but this exon 1 is 161 bp longer than exon 1 of plM3a.
Exon 1 of pIMla contains the splice acceptor, at nt +162, to
which exon 0 can be spliced (Figure 27). (The first
nucleotide of plM2a is arbitarily numbered +1.) The
structures of pIM3a and plM2a, when compared, imply that the
initiation of HMG-14a mRNA synthesis might occur at 2 sites.
Only mRNA which initiates at the upstream site will contain
exon 0 for splicing onto exon 1(Figure 30). (Recent results
obtained by other members of the lab involved
characterization of 6 more independent HMG-14a cDNA clones.
All were of the unspliced plM2a type, ji.,e,, lacking the 0
exon. All of these were isolated from a commercial total
chicken embryo library and had shorter 5' ends than plM2a.
This suggests that this library contains a high level of 5'-
truncated cDNAs, an observation confirmed with other clone
types. Therefore, this clone set is not of use in trying to
infer start sites of transcription of the plM2a form of HMG-
14a.)

To determine if exon O-exon 1 splicing occurs in a

clioani€®licant maretian Af *ha HMC<14a MRNA nAarmiiadrian sud da
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Restriction map of plM2a. The cDNA portion
is joined to the vector portion without
benefit of an EcoRI linker. Regions
sequenced from the named primers are

indicated with arrows.
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Figure 29. The HMG-14a promoter region. Sequences which
found in plM2a are capitalized. Exon 0 is mot

represented in pLM2a.
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Figure 30. Multiple splicing patterns of HMG-14a mRNA as

represented by two cDNA clones. Exon 0 is
found in only a fraction of the mRNA; it is

spliced to an acceptor within exon 1.
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not a rare aberrant event immortalized by cDNA cloning, S1
protection analysis was performed. The design of this
experiment is shown in Figure 31. A DNA fragment which
contains intron 0 and part of exon 1 was isolated. The
strand which is complementary to HMG-14a mRNA was
radioactively labelled at its 5' end and hybridized to
chicken RNA from several tissues. After treatment of the
hybridization mixture with S1 nuclease, only that portion of
the probe complementary to exon 1 will remain intact. This
radioactive fragment can be visualized and measured on an
autoradiograph of a denaturing polyacrylamide gel. Figure
32 shows the results of this analysis. Some undigested
probe remained in the experimental samples; a sample of
untreated probe was run on the gel to identify these
background signals. Chicken RNA (lanes 1-4), but not yeast
RNA (lane 5), protects an 88 nucleotide fragment of the
probe. This is the part of the probe which is complementary
to the spliced exon 1 of plM3a. These results show that the
exon O-exon 1 splice that is represented in plLM3a occurs in
a significant fraction of HMG-14a mRNA, and is not a rare
aberrant event.

Hybridization of the probe to HMG-14a mRNA containing
unspliced exon 1, as represented in plM2a, should result in
the protection of a radioctive fragment of 249 nucleotides.
No strong signal of this size is seen in Figure 32. Two

explanations for this are possible.
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Figure 31. S1 protection analysis of HMG-14a mRNA.
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Results of S1 protection analysis of HMG-1l4a
mRNA. Lane P = probe only. Lane M = pBR322

Hinfl digest marker.

Experimental lanes: 1 = liver RNA
2 = brain RNA
3 = cardiac muscle RNA

4 = skeletal muscle RNA
5 = yeast RNA.
The 88 nucleotide signal from mRNA containing
the exon 0O-exon 1 splice is marked. Larger

signals come from unspliced mRNA.
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First, plM2a may represent a rare form of HMG-14a mRNA which
is not detectable by S1 protection analysis. This is
unlikely from the recent cDNA clone results. Another
explanation for the absence of 249 nucleotide signal from
unspliced exon 1 is that hybrids of the probe and exon 1
might be sensitive to S1 nuclease despite being double
stranded. Regions rich in A:T base pairs are sensitive to
single stranded nuclease, probably because transient local
melting of the RNA:DNA hybrid occurs in these regions. A
Inspection of the sequence of exon 1 (Figure 29) shows that
it contains a stretch of 56 bp which is 89% A:T base pairs.
This region of probe-exon 1 hybrids might be digested by S1
nuclease so that the expected 249 nt signal would be reduced
to about 100 nt. There is evidence in Figure 32 that the
249 bp hybrid has been digested at this A+T-rich region. A
signal of about 100 nucleotides is seen. This signal from
the unspliced exon 1 is not as strong as the signal from the
exon O-exon 1 form, though, particularly when RNA from liver
or muscle was used in the hybridization.

It can be concluded that the two transcription and
splicing pathways described by Figure 30 each generate
detectable amounts of HMG-l14a mRNA. The pathway represented
by plM3a (containing the 0 exon) shows the strongest S1

signal in the tissue RNAs that were examined, but the pLM2a
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embryo cDNA library. However, the short 0 exon might have
been lost in pIMla-type cDNAs in this library. Such clones
cannot be distinguished from truncated plM2a-type clones.
(HMG-14a cDNA clones are very rare in our liver cDNA
library. Despite extensive screening only 1 independent
clone of each type has been found to date.)

To show that pIM3a is a truncated cDNA clone that
contains only part of exon 0, the technique of primer
extension was used. 1In this technique, a small
radiocactively labelled DNA primer is hybridized to
complementary sequences in a preparation of RNA. Reverse
transcriptase is used to elongate the DNA, using the RNA as
a template. The length of the elongated product indicates
the distance from the annealing site to the 5' end of the
RNA.

A 20 nucleotide primer (JD-21, see Figure 23) was
designed which is complementary to exon 0 and exon 1 around
the exon O-exon 1 splice site. This primer will only anneal
to mRNA containing the exon O-exon 1 splice, and extension
of this primer by reverse transcriptase will give a product
indicative of the true size of exon 0. Figure 33 shows the
results of primer extension with JD-21 and RNA from several
chicken tissues (and yeast RNA as a negative control). A
strong signal from an extended product of 139 nucleotides is
seen in all 4 experimental lanes but not the control lane.

Allowing for that part of the primer (and extended product)
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which is complementary to exon 1, it can be deduced that
exon 0 is about 126 bp, though only 12 bp of exon 0 are
found in pIM3a. All of exon O, as predicted by primer
extension, is shown in Figqure 27.
Ihe HMG-14a promoter

The sequences upstream of exon 1 and exon 0 are
expected to contain promoter elements which facilitate
transcription of the HMG-14a gene. As Figure 27 shows, the
HMG-14a promoter region does not contain either the TATAA or
CCAAT elements. This differs from the HMG-17 promoter,
which contains two TATAA elements and a CCAAT element in a
typical arrangement. The HMG-14a promoter does have some
features that are found in the promoters of other genes.
The SP1 binding site is found 12 times in this region. The
SP1 protein and its importance for high levels of
transcription have been characterized in mammalian systems.
The conservation of other promoter elements in eukaryotes
suggest that some or all of the SP1 binding sites could
function in the HMG-l4a gene. Five SP1 binding sites are
clustered 34 to 62 bp upstream of exon 1; the others are
scattered throughout the transcribed and untranscribed
regions of the promoter.

The sequence upstream of exon 1 (Figure 27) is quite
G+C-rich (76%). In this G+C-rich region the CG dinucleotide

content, 115, is almost as high as the GC dinucleotide
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Primer extension analysis of HMG-1l4a mRNA.
The primer JD-21 (Figure 25) was used to map
the initiation site of exon 0.
Experimental lanes: 1 = liver RNA

2 = brain RNA

3 cardiac muscle RNA

4 = skeletal muscle RNA
5 = yeast RNA.

The strong 139 nucleotide signal is marked.
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content, 127. (In the genome as a whole, CG dinucleotides

are underrepresented about fourfold.) Also, this region

contains 7 Hpall sites (CCGG). Together, these features are

characteristic of regions upstream of housekeeping genes
(19), which are transcribed constituitively in most cells.
The HMG-14a 3' end

The HMG-14a cDNA pIM3a ends with a stretch of 20 A
residues. The canonical polyadenylation signal AATAAA is
not found upstream of this A,, tract. When the
corresponding genomic sequence is examined (Figure 34) the
A,, tract is found. Downstream of the A, tract the
polyadenylation signal occurs 4 times in a 21 bp region. It
seemed likely that pIM3la is truncated at the 3' end. This
is often found in cDNAs from genes which have an A+T-rich 3'
end, due to S1 cleavage at these regions during preparation
of the cDNA library.

Characterization of a second HMG-14a cDNA, plM2a,
demonstrates that this might be true. plM2a contains HMG-
l14a 3' sequences anomolously ligated to vector sequences.
The 3' sequence of the cDNA portion of plLM2a was determined
by the dideoxy chain termination method using a _gtll primer
(Figure 28). As Figure 34 shows, the 3' end of plLM2a
contains more sequences than plM3a, including the

polyadenylation signals. plM2a does not contain sequences



Figure 34.

163

The 3' end of the HMG-14a gene. The genomic
sequence is shown. Sequences found in a cDNA
clone are capitalized, the 3' ends of the 2

cDNAs analyzed are indicated with arrows.
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representative of a posttranscriptionally added
polyadenylate tail, so the site of 3' processing of HMG-14a
mRNA has not been unequivocally determined.

Recent characterization of 6 more HMG-14a cDNAs showed
that 3 clones had 3' ends shorter than plM3a, presumably due
to truncation during cDNA cloning. Two clones ended at the
same site as plM2a, but both had longer runs of poly (dA)
than are encoded at this position in the genome (A,y and
A,,). This suggests that these clones, and pIM2a, end at
the major polyadenylation site for HMGl4a. However, one
clone extended 110 bp 3' to the plM2a end. This clone ended
shortly downstream of an AATAAA signal sequence, but did not
contain a run of nongenomic dAs. Two explanations for these
results seem reasonable:

1. HMG-14a mRNAs terminate at more than one

polyadenylation site jin vivo:; or

2. cDNA clones which end at the plLM2a site but have

longer poly (dA) tracts than encoded in the
genomic result from oligo dT priming at this
A-rich site during cDNA synthesis. They have long
dA stretches because they were primed by long
oligo dT molecules and/or because of slippage
during replication. This would suggest that the
real polyadenylation site for HMG-14a is at least

110 bp 3' to the plLM2a end.
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We favor the first of these two explanations because
similar suggestions of multiple polyadenylation site usage
have been found in analyzing a set of HMG-14b cDNA clones
(Dodgson et al., unpublished results). It is difficult, if
not impossible, to totally rule out the latter explanation,
given the A+T-rich, Sl-sensitive regions in the 3'
untranslated region of this gene.

The HMGC-14b gene

Srikantha, Landsman, and Bustin (3) have determined the
structure of the HMG-14b gene. Like the HMG-14a gene, the
HMG-14b gene is larger (7.8 kb) than the HMG-17 gene. 1Its
promoter, like that of HMG-14a, contains no TATAA elements,
but is G+C-rich with a relatively high CG dinucleotide
content, and contains several SPl binding sites and Hpall
sites. Also like HMG-14a, it contains multiple
polyadenylation signals.

An interesting difference between the two HMG-14 genes
is seen when the exon-intron structure of the two genes are
compared. In HMG-14b the prototypical exon 2 and exon 3
appear to be fused. This region has been highly conserved
in the HMG proteins. A valine is inserted in the protein
sequence, relative to the consensus sequences of human HMG-
14, human HMG-17, chicken HMG-14a, and chicken HMG-17. The
valine codon, GTA, may be a remnant of an intron which has
been lost, since it is similar to the GT...AG sequence found

at the ends of introns.
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The possibility of multiple 5' splicing patterns of HMG-
14b
has not been examined.
Corparison of human and chicken HMG genes

While characterization of the chicken HMG-17 and HMG-

l4a genes was being completed, reports of the structures of
the human HMG genes were published (20,21). Comparison of
the human and chicken genes shows that some features of
these genes have been conserved since the division of the
human and chicken gene families.

1. The HMG transcripts all have G+C-rich leaders and
long A+T-rich untranslated regions.

2. Though the human and chicken HMG-17 and HMG-14
proteins are similar, the HMG-14 genes are much
larger (8-10 kb) than the HMG-17 genes (3-4 kb).

3. The exon-intron structure, which is similar in the
chicken HMG-17 and HMG-14 genes, is also similar
in both human genes. Exon 1, exon 3, and exon 4
are particularly well conserved in the chicken
genes; the human exons code for essentially
identical amino acid sequences. Exon 3 and exon 4
encode the DNA binding protion of the HMG-14,17
proteins (22,23). The possibility of multiple
splicing patterns in the human HMG-14 gene or

chicken HMG-14b has not been investigated.
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4. The promoters of both HMG-17 genes are G+C-rich
and contain 2 TATAA elements, a CCAAT element, and
several SP1l binding sites.

5. The promoters of both HMG-14 genes are G+C-rich.
HMG-14 promoters do not contain the TATAA element

but contain multiple SP1 binding sites.

We have substantially accomplished our goals in this
study of HMG gene structure. This is satisfying, especially
because our work, complementing the work of others, has
raised new interesting questions about the proteins and
their genes. We hope that the discoveries we have made will
allow new investigative approaches to the study of chromatin

structure and function.
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SUMMARY

A cDNA clone coding for the chicken high-mobility group 14 (HMG-14) mRNA has been isolated from
achicken-liver cDNA library by screening with two synthetic oligodeoxynucleotide pools whose sequences were
derived from the partial amino acid sequence of the HMG-14 protein. A chicken HMG-17 cDNA clone was
also isolated in a similar fashion. Comparison of the two chicken HMG cDNA clones to the corresponding
human cDNA sequences shows that chicken and human HMG-14 mRNAs and polypeptides are considerably
less similar than are the corresponding HMG-17 sequences. In fact, the chicken HMG-14 is almost as similar
to the chicken HMG-17 in amino acid sequence as it is to mammalian HMG-14 polypeptides. HMG-14 and
HMG-17 mRNAs seem to contain a conserved sequence element in their 3'-untranslated regions whose
function is at present unknown. The chicken HMG-14 and HMG-17 genes, in contrast to their mammalian
counterparts, appear to exist as single-copy sequences in the chicken genome, although there appear to exist
one or more additional sequences which partially hybridize to HMG-14 cDNA. Chicken HMG-14 mRNA,

about 950 nucleotides in length, was detected in chicken liver RNA but was below our detection ljmits in
reticulocyte RNA.

INTRODUCTION general, the function(s) of HMG proteins remains
unknown, but Weisbrod and Weintraub (1979)

The HMG proteins are small non-histone chro- presented evidence indicating that the chicken
mosomal proteins, rich in both basic and acidic HMG-14 and HMG-17 proteins appear to be neces-
amino acids, which appear to be widely distributed, sary components of actively transcribing chromatin.
if not ubiquitous, in eukaryotes (Johns, 1982). In Landsman, Bustin and colleagues have recently

Correspondence to: Dr. 1.B. Dodgson, Department of Micro- complementary to RNA; HMG, high mobility group; I, inosine;
biology and Public Health, Giltner Hall, Michigan State kb, 1000 bp; nt, nucleotide(s); pfu, plaque-forming units; SDS,
University, East Lansing, M1 48824 (U.S.A.) Tel. (517)353-5024. sodium dodecyl sulfate; SSC,0.15M Na(1,0.015 M Na, - citrate,

pH 1.5; TMAC, tetramethylammonium chioride; ts, temperature
Abbreviations: aa, amino acid(s); bp, base pair(s); cDNA, DNA sensitive.

0378-1119/38/303.50 © 1988 Elsevier Scisnce Publishers B.V. (Biomedical Division)
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obtained cDNA clones coding for the human
HMG-14 (Landsman et al., 1986b) and HMG-17
(Landsman et al., 1986a) mMRNAs and provided evi-
dence for the existence of multigene families in both
cases (Landsman and Bustin, 1986).

We have isolated chicken HMG-14 and HMG-17
cDNA clones from a chicken liver cDNA library
using hybridization with synthetic oligodeoxynucle-
otide pools whose sequences were determined from
the known complete amino acid sequence of chicken
HMG-17 (Walker etal.. 1980) and the partial
sequence of chicken HMG-14 (Walker, 1982).
Because one stretch of sequence is identical in both
HMG proteins, one of the oligndeoxynucleotide
preparations hybridized to both cDNAs. HMG-14-
specific and HMG-17-specific oligodeoxynucleotide
probes were also prepared. At degenerate positions
in the sequence, either all possible bases were used
or deoxyinosine was used since it has been shown,
in at least some cases, to provide a useful alternative
to making a large number of different oligomers
(Ohtsuka et al., 1985).

The complete sequences of both HMG clones
were determined. The chicken HMG-17 sequence is
nearly identical to one described very recently by
Landsman and Bustin (1987). The HMG-14 se-
quence is considerably different from that of human
HMG-14. Furthermore, the HMG-14 and HMG-17
genes appear to be single copy in the chicken genome
in contrast to the situation in man and mammals.

MATERIALS AND METHODS
(a) Oligodeoxynucleotide screening

The following oligodeoxynucleotides were pur-
chased from the Michigan State University Macro-
molecular Structure Facility:

d(GCYTTYTTIGGYTTIGGYTCIGGYTTI-
GG), complementary to both HMG-14 and HMG-
17 sequences;

&TCYTTYTTRTCRTCIGCIGCYTTYTCY-
TT), complementary to HMG-14; and

d(TGIGGYTCRTCYTTNACYTTIGCYTTR-
TC), complementary to HMG-17.

Y indicates that an equimolar combination of
pyrimidines was used in the synthesis; R indicates

the use of equimolar purines, and N the use of all 4
nt. Deoxyinosine was chosen for incorporation at
four-fold ambiguous positions where a review of
codon usage in other sequenced chicken genes
showed that it was unlikely that an I would be
directly opposite a G in the cDNA.

Oligodeoxynucleotides were labeled with poly-
nucleotide kinase and [y-’?P)JATP as described
(Maniatis et al., 1982). The chicken liver Agtil
c¢DNA library used has been described previously
(Dodgson etal, 1987) and was a git of M.
Yamamoto and J.D. Engel ¢(Northwestern Uni-
versity). HMG cDNA clones were isolated by the
technique of Jacobs etal. (1985) in which 3 M
TMAC is used to make hybridization temperature
strictly dependent on oligodeoxynucleotide length.
Phage were plated at 10-20000 pfu/150 mm plate,
filter (Dupont Corp., NEF-978A) replicates were
made, and the plaques were amplified by the method
of Woo (1979). The filters were processed as
described (Woo, 1979) and extensively prewashed in
3 M TMAC; 0.05 M Na phosphate, pH 6.8; | mM
EDTA; 0.5% SDS; 0.1% polyvinylpyrrolidone;
0.13%; Ficoll; 0.1% bovine serum albumin and 100
ug/ml of denatured salmon sperm DNA. Afer
overnight prehybridization in the same solution
at  53-55°C, labeled oligodeoxynucleotides
(2-10 x 10 cpm/pmol) were added to about 0.2
pmol oligomer/ml. Hybridization continued at
$3-55°C for 48 h. Filters were washed several times
in 2 x SSC at 25°C, followed by washes in 3 M
TMAC; 0.05 M sodium phosphate, pH 6.8; 0.1%,
SDS; | mM EDTA; one at 25°C and two at
45-50°C. Positive plaques were picked and
rescreened at least one more time. For the HMG-14
screen four positive clones were identified from
about 10% initial phage, but only one of these had an
insert which could be directly excised with EcoRlI, so
only this clone was studied further. For the HMG-17
screen one clone was obtained from about 10* initial
phage.

(b) Miscelianeous techniques

cDNA inserts were cloned into pT3/T7-mpi8
(Bethesda Research Labs, Gaithersberg, MD) and
restriction maps of the resulting subclones prepared
by standard techniques (Maniatis etal., 1982).
Nucleotide sequence analysis was done by the



Maxam and Gubert (1980) method as descnbed
(Grandy and Dodgson, 1987). Genomxc DNA and
RNA bdlotung expenments and nxk translations
were performed as descnbed previousty (Grandy
and Dodgson, 1987, Maniaus et al , 19%2) Nucle-
otrde companson analvus was done using the

GENEPRO program (Riverude Scenufic Enter-
prises, Seattle, WA)

RESULTS AND DISCUSSINN
(8) HMG-14 and HMG-17 sucicotide sequence

The seyuence of the chiuken HMG-14 ¢cDNA
insert 1s shown in Fig 1, along with the denved
HMG- 14 polypeptide sequence The insert1s M) bp
in length inciuding two hinkers and 20 bp of cDNA
corresponding to the poivi A) regon of the mRNA
It contains 104 bp of § -untransiated sequence and
a relatively long 3 -untransiated region of 445 bp
The chicken HMG - 14 poly peptide seyuence predicts
a protein of 104 sa renadues This s less than the 121
aa residues preduted by peptide analyws (Walker,

GAATTCCGTC CCCTTCCTCA CGACCCTCGA AAACAGTTTC TCGGCCGTTC CCTTCCTATT
TTTTACACCT CTCCCGATCT CTCTATTICC AGTCAACTAT TAAGCTCCAA CTATGCCCAA

AAGAAAGCCT CCACCTCAAG GCCAGGCGAA GCAGGAGCCA AAGAGAAGCT CCCCCAGACT
2 sArglysAla ProAlaCluC lyCluAlaly sCluCluPro LysArgArgS erAleArgle
ATCTCCTAAA CCTCCTCCGC CTAAACCCGCA GCCAAAGCCC AAAAAGGCAG CACCTAAGAA
22 uSerAlalys ProAlaProP rolysProCl uProlysPro LyslysAlaA laProlysly
AGAAAAGGCA CCAAACGATA AAAAGCAACA CAAAAAGGCA GCAACAAAAG GGAAGAAACG
42 sClulysAla AlaAsnAspl yslysCluAs plysLysAla AlaThrLysC lyLyslysGl
ACCCAAACGC AAACACGAAA CTAAACAAGCA GGATGCAAAA GAAGAAAACC ACTCTGCAAAA
62 yAlalysCly LysAspCluT hrlysCinGl uAspAlalys GluGluAsnH {sSerCluAs
TCCAGATACC AAAACTAATC ACCCACCACC TGCTGAAGCA TCTCATCATA ACCAACCCAA
82 nClyAspThr LysThrAsnG luAlaProAl aAleGluAla SerAspAspl ysGluAlaly
CTCCCGACTAA TCTTAACCCT GCCCTATATC TCCATCATTT GCTATCCCTA CCTCCATGCT

102 sSerClutree

CTIATTCTTAA CAGAGAGGAA TATTTTTATC AACTATTTTA TAAATGCAGG TTTITITAGC
. ATGAATTIAA TTATGCAACA TCTTCATCTC GGTTACTTCG GAATTAAATC CCTAACAAAC
AMAMCAAC AMACAAMAAA AAMMATCATTC TTTTAAATTIT CTGATTCTAA TACTTTIGTAT
CCTACATCCA AAGAATAACT CCTGCTACCT TTTCACTTICT GCTCAGTGTCT CCCTTTTIGT
CTAAGTCATC CTTACAGACT TCAGATTTTA ATTTTACCCT TCTATCTCTT GTATGGTITC
TTAAMGTGGG GACCTCTCAA AACAGATAAC TCTCTTAAAC ATTCCAGTGG TTCTGTGGGT
TCCTTTTATA AAGAACCTCA GCTATTTICA TCAAAAAAAA AAAMAAAAAAA AACGGAATTC
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1982) but more closely resembies the 98-aa human
HMG-14 (Landsman et al., 1986b) and 100-aa calf
HMG- 14 (Walker et al., 1979). The protein encoded
by the chick HMG-14 ¢cDNA has two differences
from the reported partial amino acid sequence of
Walker (1982) it contans lyvsine rather than proline
at aa posiion 41 and asparagine rather than aspartc
acd at 47 However, the overall amino acd com-
positon of the predicted chick HMG-14 protein
agrees very closely with the expenmental data
(Walker and Johns, 19R0). The sequence of the
chicken HMG-17 cDNA insert was also obtained
(Fig 2) It s wirtually «denucal to the sequence
published recently by Landsman and Busun (1987)
except that it contains 3 bp more of the S -untrans-
lated region and appears to contan only 7T atin a

stretch from S49-555(Fig 2)instead of R T's as thewr
seyuence contains.

(b) Sequence comparisen to humaa HMG proteins
end mRNAs

A dot-matnx (Maizel and Lenk, 1981) com-
panson of the chicken HMG-14 amuno acid se-

60
120

Proly

180
260
300
360

420

Fg | Nucieoude sequence of chacken HMG-14 cONA The sequence of the chucken HMG- 14 cDNA (i plassnd pLMIB) is shows
Wb the HMG- 14 protewmn sequence placed under the sppropnate coding regon The seven beses ot sach end of the sequence ariss em
symthetc EcoRl hakers Numbers an the ngit specify the nucieotsde pontion end o the leR the amino scsd posstion m the sequesce.
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61
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GAATTCCCCA
CCTCCGCCCT
CCCCCTCCGC
CCGAACAGAA
ProlysArgl
CAACCGAGAT
ClnArgArgs
AAAAACCCAC
LyslysAlaA
CCTCCCAAGC
AlaClylLysG
AAAGCCGAAG
LysAlaCluG
CTGCTCACTG
TCTTTTACTT
GCCGCGGCGCA
TTACCCCTTC
CTGCTCCACA
CCTICTTCCCA
CCTTTTIGCC
ACTCTAAATC
CTAAAAGGAG
TTTTAATTIT
AATCTCAAAG
ATTTCTCCGT
CACTTICTICT
TATCAAAAGT
AAAAAAAAAA

GCCACCCCAG
CCCCCcGCeTTC
TCCCTCTICTC
AGCCTGAAGG
ysAlaCluCl
CGCCAAGCTT
erAlaArgle

CTCCAAACAA
laProlyslLy
ACCCAAACAA
luGlyAsnAs
CTCCTCCTCA

lyAlaClyAs
TACACTTTGA
TTTTTAACCT
CTGCCACAAA
CCACTTTTITIT
CCICTTCCCT
ACTTCACAAC
TACACCCTAT

CATTCTCAGG

CTGCATTTICC

TCCTCGCAAA

TCTCCCCCCT

TTTATAGCAA
AAAATCTTCC
ACCTTTAATA
AAAAAAAA

CGAGCCGGCC
TCGCCCCCAC
CCTCCTCCCA
ACATACCAAG
yAspThrlys
ATCTGCTAAA
uSerAlalys
CAGTCAGAAC
sSerGlulys
CCCTCCACAA
nProAlaClu
TCCCAACTAA
pAlalystee
AATACTATTT
ATCTTCTTAC
CCTCACTTAA
AGAACCACTC
TTTGTCGCACC
TCCACTTICGC
CACTCCCAAA
TGATCTGCAC
TCTTTICATAT
GCTAGCGTAGC
CACTCTAAAC
CCTTTATCGTT
ACATTCTACC
AACCTGGATA
AAAAAAAAA

174

GCcAccccce
CCGAGCGAGCC
CAACACACGC
GCCGATAAGG
ClyAspLysA
CCTGCCCCTC
ProAlaProP
CTGCCCAAGG
ValProlysG
AATCCACATG
AsnGlyAspA
AATCTCTCGAA

TTTATCAACT
CACACACACC
TCTCTTICTT
TTCCTAAATC
CCATCAGCACT
ACTCCCCTCT
TACAGCAGAC
TTICTCCGTCTC
TGTACATCTA
ATTTGTCAAC
ATTTCCCTICT
TGGGTAGTCC
CCATCTCCTG
CGCTTTGCCT
AACCCAATTC

CCGCGCCGCC
CGCGCTGCCCC
ACGCGCCGCC
CCAAAGTTAA
lalysVally
CGAAGCCAGA
rolysProCl
GAAAGAAGGG
lyLyslysGl
CCAAAACACA
laLysThrAs
TTTTTCGATAA

TTTATAACAA
CCTTTICTICT
CGAACCTAAA
CACCAGCAAG
CAACGGAAGC
CCCTTICCTT
ATGGCATCTT
TAATTTCGGA
CACGATTAAGG
ACTTCTTAAA
ACAAGTATAC
ATGAAGGGAG
CCTAAATTAC
TGCAAAAAAA

CCGCTCTCCC
CCCCCCCCCG
CCGAGCTATC
GCATGAGCCA
sAspGluPro
GCCTAAACCT
uProlysPro
CAAAGCTGAT
yLysAlaAsp
CCAGCGCCACAC
pPClnAlaCln
CTCTCTACTT

TCCACAATTT
TCTCTTTTCGA
TTTTAAAAGT
GCATTCCTTC
TCCCGAGATG
TCATGCCCTC
CGGACTCACC
TATAATAGCT
AATCTGCACT
CAACATGCTA
AAAAATGCAAG
GCGACTTTCA
CATCATICGTT
AAAAAAAAAA

60
120
180
240

300
360
420
480

3540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1360

Fg 1 Nucheot:de sequence of the chacken HMG. 17 cDNA The sequence of the chicken HMG-17 cDDNA insert (in plasmad pLGIA)
n shown n the same manner as for g |

quence to the human HMG-14 sequence 1s shown in
Fig JA. The strong diagonal line demonstrates sig-
ndicant sequence similanty throughout the molecule,
and espectally {rom aa 10 10 aa 25 However, the
overall imilanty in sequence between the two 1s only

31°,. For companson, chicken HMG-17 shows
94°, simianty to the corresponding human proten.
1113 also of interest to compare the chicken HMG-14
and HMG-17 sequences 1o each other. As shown in
Fig 3B and as previously pointed out by Walker
(1982), the chicken HMG-14 sequence 13 more
umtar 0 HMG-17 (either chicken or calf) n the
tepon from aa 14 10 37 (19 t0 42 10 HMG-17) than
® 13 0 the mammalian HMG- 143 Overall, the two
sequences are 44° Wdentical. As for the correspond-
ing human HMGs, the repon of highest similanty
between the chicken HMG-14 and HMG-17 pro-
tens corresponds 10 they respecuve DNA-binding

domans (Landsman and Busun, 19%6).

Fig 4 compares the human and chicken HMG- 14
and HMG-17 mRNA (or c[DNA) sequences to each
other. Fig 4A compares chicken HMG-17cDNA to
the corresponding human cDNA. Clearly, sequence
similanty extends throughout the length of the
mRNAs Not surprnisingly, the similanty is especially
strong in the coding portion of the molecule, but 1t 1s
also very strong in the 3’ region of the mRNAs,
perhaps reflecing sequences required for proper
mRNA polyadenvlanon and or mRNA structure
and stabiity. Fig 4B shows the analogous com-
panson of chicken versus human HMG- 14 mRNAs.
Again_there s much less interspecies similanty in the

HMG- 14 familv. Fust of all, the chicken HMG-14
sequence i3 340 nt shorter, due to a shorter
3 -untransiated repon. What similanty does exist is
pnmanly in the coding repon. However, there is also
very strong similanty between the two cDNAs at at

positions 500 to 550 (1n both sequences). This begins
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Fig 3 Dt matrie companson of HMG 14 amine cd

seyuence The chachen HMG 14 ammo a1d sequence (X atns)
" compared to that of human HMG 14 1Y 2t panel A) and
chachen HMG 1Y (Y aus, panel By The human HMG 14
sequence 18 from Landsman et ol (198060) The window of com.
paron was 10 ag revdues with $0°, wdentity required for 8
positave result 10 be recorded

about S0 nt 3 10 the stop codon in the chicken
HMG-14 sequence (40 at 3 10 the human) The
function of this repon 13 unknown, but the high level
of sequence nimilanty in this area strongly suggests
an important role in the HMG-14 mRNA structure
This sequence may be important n both the
HMG-14 and HMG-17 mRNAs, since a com-
panson of the chick HMG-17 cDNA to that of the
chek HMG-14 (Fig 4C) also shows similanty
between the two repons al ot posions $00-550
The level of sequence similanty between these two
cDNAs i this repon 13 not as geat as ensts
between the chicken and human HMG-14 cDNAs,
but r i3 of the same magnitude as the similanty
between the chick HMG-14 and HMG-17 coding
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regions which, as descnbed above, leads to 44°,
identity 1n therr amino acid sequences Fig 4C also
wdentifies aregion very nchin A residues (nt $94-624
in big 1) in the chick HMG-14 3 -untranslated
regron This shows up in Fig 4C as a senes of
honzontal hnes which mark the similanty of this
tract to several smaller A-nch regions in HMG-17.
(The A biocks comresponding to the polytA) tals
have been deleted in Fig 4) Both chicken cDNAs
share the charactenstics noted for the human
HMG-14 and HMG-17 ¢DNAs (Landsman et al ,
19s6a.h)of being G ¢+ C-nchintherr § -untranslated
repeons and A + T-nch in therr 3 -untranslated
repons The funcuions, if any, of these nucleoude
biases and the long A tract are unknown

(c) (;ene copy mumber

Fig S shows blots of chicken genomic DNA cut
with either EcoRI or BamHI restnction enzymes
and hybndized with the HMG-14 or HMG-17
cDNA insents. In each case, only one strongly
hyvbnidizing band 1s seen, suggesting that both cDNA
sequences are single copy in the chicken genome.
This has been confirmed by isolanon of cloned
genomic DNAs (D L.B ,unpublished results) whose
restrcion maps demonstrate that the strongly
hvbndizing bands do not result from HMG genes
duphicated in tandem or several HMG genes closely
linked on a single restnction fragment. For both
HMG genes, approumately one posiive clone was
isolated per S0000 4 recombinants (15-20 kb 1n-
serts) screened. in agreement with each gene being
single copy in the chicken genome. However, 1n the
case of HM(;-14 there 1s one other band which
hybnidizes at 20-30° the strength of the major band
(at TR kbwnlane 2and 6 9kbinlane $of Fig $) and
one or two other still weaker bands. Preliminary
results (D L B) from our genomic clones suggest
that these minor bands are not due to small portions
of the HMG- 14 gene existing as separate exons on
different restnction fragments. The weaker bands
are hikely to result from partial sequence similanty of
the HMG- 14 probe to other sequences in the chicken
genome, perhaps to other HMG genes. However,
despite the significant similanty of chicken HMG- 14
and HMG-17 coding sequences, there is no observa-
ble cross-hybndization of the two probes under the
conditions of this expenment (Fig. S, lanes | and 2).



176

1000

1000

200 400 600 800




€« 95
€« 67

%< 44

i S

- A
Fig. 5. Chromosomal blots of chicken genomic DNA hybridized
10 HMG cDNAS. Each lane contained 11 ug of chicken genomic
DNA digested with £coRl (lanes 1, 2) or BamHI (lanes 3, 4)
Blots were hybridized in 50 formamide hybridization solution
t 42°C as described (Grandy and Dodgson. 1987) to nick-
translated (10* cpm/ug) [*?P|cDNA inserts from the HMG-17
(lanes 1, 3) or the HMG- 14 (lanes 2, 4) clone. Blots were washed
t65°Cin 0.1 M NaCl-0.01 M Tris - HQ, pH 7.5-1 mM EDTA.
Arrows denote the positions and sizes in kb of internal EcoRI-
digested 1 DNA markers (lanes |, 2)or external Hindl11-digested
4 DNA markers (lanes 3, 4).

Since it appears that the genes for HMG-14 and
HMG-17 are single copy in the chicken genome, it
is possible that most of the multigene family members
observed for these two cDNAS in man and mammals
(Landsman and Bustin, 1986) are di For

i 7474 93
(d) HMG-14 mRNA levels

Preliminary measurements have been made of
chicken HMG-14 mRNA levels by RNA blotting as
shown in Fig. 6. As expected from our cloning results
(four positives from about 100000 phage, see
MATERIALS AND METHODS, section a), there is a low
but clearly measurable level of HMG-14 mRNA in
chicken liver total RNA (Fig. 6, lane 3). A single
band was observed of a size (approx. 950 nt) similar
to that of the cloned cDNA insert. However, we were
unable to detect HMG-14 mRNA in either reticulo-
cyte RNA from anemic birds or in RNA from HD3
cells, an erythroid precursor cell line (transformed
with £s avian erythroblastosis virus; Beug et al.,
1982) grown in culture. HMG-14 and HMG-17 are

| 2 3

s

-06

Fig 6. Chicken HMG-14 mRNA levels. Total RNA was pre-
pared as described (Yoshihara et al., 1987) from: lane 1, HD3

unknown reasons pseudogenes seem to be rather
rare in the chicken genome. For example, we have yet
to identify a single pseudogene in either of the two
chicken globin gene clusters (three and four genes
each; Dodgson et al., 1981; Dolan et al., 1981) or the
two replication variant histone gene clusters (19 and
21 genes cach; Grandy and Dodgson, 1987).

chick al., 1982); lane 2,
and lane 3, adult chicken liver. RNA samples (100 ug/lane) were
run on 2 22-M formaldehyde-1.2%; agarose gel and the gel was
blotted as described (Maniatis et al., 1982). Hybridization with
nick-translated HMG-14 cDNA and washing were as described
in the legend to Fig. 5. The arrows at 600 and 1600 nt designate
the positions of an internal RNA (a-globin mRNA) and an
external single-stranded DNA standard, respectively. RNA and
DNA standards were shown to run equivalently on this gel

Fig. 4. Dot-matrix comparison of HMG cDNA sequences. (A) Comparison of human HMG-17 cDNA (X-axis) to chicken HMG-17
©DNA (Y-axis). (B) Comparison of human HMG-14 ©DNA (X-axis) to chicken HMG-14 cDNA (Y-axis). (C) Comparison of chicken
HMG-14 cDNA (X-axis) to chicken HMG-17 cDNA (Y-axis). Human cDNA sequences are from Landsman et al. (1986a,b). A window
Of 10-nt residues was used with 507 identity required for a positve result in all cases. Linker and 3' poly(A) regions have been removed

for this analysis.



294

clearly present in chicken erythrocyte chromatin
(Mayes, 1982), but these proteins may have been
synthesized early in erythroid differentiation and/or
were translated from relatively low mRNA levels,
thus accounting for our inability to detect the
message in reticulocyte mRNA. The absence of
detectable message in HD3 cells is surprising in view
of the results of Bustin et al. (1987), which showed
much higher HMG-17 mRNA levels in cultured cells
than in liver, but these authors also found con-
siderably higher levels of HMG-17 mRNA than
HMG-14 mRNA in HeLa cells. More sensitive
measurements will be required to delineate the over-
all regulation of chicken HMG-14 mRNA levels.

(e) Conclusions

Nucleotide sequence analysis of chicken HMG-14
and HMG-17 ¢cDNAs demonstrates considerable
sequence similarity between avian and mammalian
HMG-17 sequences but much less similarity
between the analogous HMG-14 sequences. How-
ever, comparison of several HMG-14 and HMG-17
c¢DNA sequences suggests a potential conserved
regulatory region in the 3'-untranslated portion of
these mRNAs. In contrast to the mammalian
HMG-14 and HMG-17 gene families, these
sequences appear (0 exist in one to two copies per
haploid chicken genome. Low levels of the HMG-14
mRNA, 950 nt in length, were detected in total
chicken liver RNA but not in RNA isolated from
anemic chicken reticulocytes or from a chicken
erythroblast cell line grown in culture.
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