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HMG (high-mobility-group protein) B and HMG C are abundant nonhistone chromosomal proteins isolated
from Tetrahymena thermophila macronuclei with solubilities, molecular weights, and amino acid compositions
like those of vertebrate HMG proteins. Genomic clones encoding each of these proteins have been sequenced.
Both are single-copy genes that encode single polyadenylated messages whose amounts are 10 to 15 times
greater in growing cells than in starved, nongrowing cells. The derived amino acid sequences of HMG B and
HMG C contain a highly conserved sequence, the HMG 1 box, found in vertebrate HMGs 1 and 2, and we
speculate that this sequence may represent a novel, previously unrecognized DNA-binding motif in this class of
chromosomal proteins. Like HMGs 1 and 2, HMGs B and C contain a high percentage of aromatic amino acids.
However, the Tetrahymena HMGs are small, are associated with nucleosome core particles, and can be
specifically extracted from macronuclei by elutive intercalation, properties associated with vertebrate HMGs 14
and 17, not HMGs 1 and 2. Thus, it appears that these Tetrahymena proteins have features in common with
both of the major subgroups of higher eucaryotic HMG proteins. Surprisingly, a linker histone found
exclusively in transcriptionaily inactive micronuclei also has several HMG-like characteristics, including the
ability to be specifically extracted from nuclei by elutive intercalation and the presence of the HMG 1 box. This
finding suggests that at least in T. thermophila, proteins with HMG-like properties are not restricted to regions
of transcriptionally active chromatin.

High-mobility-group (HMG) proteins are abundant non-
histone chromosomal proteins that characteristically contain
a high percentage of basic and acidic amino acids and are
easily extracted from nuclei with low concentrations of salt
or dilute acids (21). In higher eucaryotes, HMG proteins
have been subdivided into three main groups based primarily
on differences in molecular weight, amino acid composition,
and primary sequence. The first subgroup is composed of
two relatively large HMG proteins, HMGs 1 and 2 (25 to 29
kDa). Potential roles for HMGs 1 and 2 in transcription,
DNA replication, chromatin assembly, and recombination
have been inferred from in vitro studies (for reviews, see
references 21 and 43). Recent studies (39a) have indicated
that HMGs 1 and 2 may be required for transcription of class
II genes in vitro. However, the functions of HMGs 1 and 2 in
vivo remain in question.
Two smaller proteins, HMGs 14 and 17 (7 to 14 kDa),

represent a well-studied second subgroup. Both proteins can
interact directly with the nucleosome core particle, and
several groups have reported that HMGs 14 and 17 are
specifically associated with nucleosome particles in tran-
scriptionally active or transcriptionally competent chromatin
(for reviews, see references 13, 31, and 43). These results,
however, are still controversial.
More recently, HMG I (or et protein), a fifth HMG protein
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that appears distinct from the other HMG proteins, has been
identified in a number of vertebrate cells (22, 40). Dl, a
Drosophila heterochromatin-associated protein (1), has re-
cently been shown to be structurally related to this class of
chromosomal proteins (6). HMG I and Dl bind preferentially
to A+T-rich satellite DNA in vitro (10, 24, 32, 34), but the
significance of their affinity for A+T-rich DNA and their
functions in vivo are not clear.
The ciliated protozoan Tetrahymena thermophila provides

a model eucaryotic system in which to study the structure
and function of HMG proteins. Like most ciliates, T. ther-
mophila contains two nuclei: a transcriptionally active ma-
cronucleus which governs the phenotype of the cell and a
transcriptionally silent micronucleus which acts as a germ
line nucleus. If HMG proteins are specifically associated
with transcriptionally active or competent chromatin as has
been suggested for several of the vertebrate HMG proteins,
one would expect to find these proteins in transcriptionally
active macronuclei but not in transcriptionally inactive mi-
cronuclei.
We and others have previously reported the existence of

two abundant nonhistone chromosomal proteins, HMGs B
and C (Fig. 1), isolated from Tetrahymena macronuclei
which have solubility properties and amino acid composi-
tions characteristic of higher eucaryotic HMG proteins (15,
17, 25, 33, 39). HMGs B and C resemble vertebrate HMGs
14 and 17 in size and in the ability to interact with nucleo-
some core particles (15, 25, 38, 39). They also share with
HMGs 14 and 17 the ability to be specifically extracted from
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containing buffers. These observations suggest the possibil-
ity that an HMG-like polypeptide is associated with linker

MIC regions of transcriptionally inactive chromatin. This surpris-
ing result causes us to question the relationship between
HMG proteins and transcriptionally competent chromatin.

MATERIALS AND METHODS
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FIG. 1. Two-dimensional electrophoretic analysis of macro- and
micronuclear total acid-soluble protein. Two-dimensional electro-
phoretic analysis (acid-urea by SDS) of micronuclear (MIC) total
acid-soluble protein (A) and macronuclear (MAC) total acid-soluble
protein (B). HMG B and HMG C were originally described as LG2
and LG1, respectively (15), but were later renamed (25). The arrow

in panel A points to contaminating histone Hi in the mitronuclear
preparation. Note that appreciable amounts of delta (roughly equal
to those of beta and gamma) are recovered when micronuclei are

isolated in buffers lacking spermidine (compare this figure with Fig.
1 of reference 5). Histone variants hvl and hv2 (4) are not observed
because the first-dimension gel lacks the detergent Triton.

nuclei with intercalating drugs such as ethidium bromide
(EtBr) (39), suggesting that they bind near the ends of core

particle DNA (28).
To further study the structures and functions of HMG-like

proteins, we have cloned and sequenced the genes that
encode HMGs B and C. These genes are single copy, and
Northern (RNA) analyses show that the abundance of both
HMG B and HMG C messages is 10- to 15-fold greater in
growing cells than in starved, nondividing cells. As for other
HMGs, the derived sequences indicate that these proteins
contain a high percentage of basic and acidic amino acids.
HMGs B and C also share an 11-amino-acid sequence

homology with HMGs 1 and 2. Quite unexpectedly, this
sequence is also present in delta, one of the stable, linker-
associated proteins found in micronuclei (Fig. 1; 49). Inter-
estingly, delta, like HMGs B and C, is soluble in 5%
perchloric acid (PCA) and can be specifically extracted from
micronuclei with intercalating agents or with spermidine-

Cell culture and labeling. Genetically marked strains of T.
thermophila, CU 427 (Mpr/Mpr[6-mp-s]VI) and CU 428
(Chx/Chx[cy-s]VII), were used in all experiments. These
strains were kindly provided by P. Bruns (Cornell Universi-
ty). Cells were grown axenically in 1% (wtlvol) enriched
proteose peptone as described by Gorovsky et al. (12). All
cultures were maintained at 30°C.

Extraction of nuclear proteins and gel electrophoresis.
Macronuclei and micronuclei were isolated from growing
cells by the method of Gorovsky et al. (12), with the
following changes: spermidine was omitted from all buffers,
and 10 mM Tris (pH 6.8), 1 mM phenylmethylsulfonyl
fluoride, 10 mM sodium butyrate, and 10 mM iodoacetamide
were added to the nucleus isolation buffer (medium A). Acid
extraction and precipitation of soluble proteins were per-

formed as described by Schulman et al. (39).
For elutive intercalation, macronuclei or micronuclei were

washed in buffer E (10 mM Tris [pH 7.0], 5 mM MgCl2, 3
mM CaCl2, 1 mM phenylmethylsulfonyl fluoride, 10 mM
iodoacetamide, 10 mM sodium butyrate) before being resus-

pended in 20 mM EtBr in buffer E as described by Schroter
et al. (37). After a 30-min extraction at 4°C, nuclei were

pelleted and the supernatant was converted to 20% trichloro-
acetic acid. The remaining pellet was then extracted to
produce PCA-soluble and -insoluble fractions as described
above. Precipitated proteins were collected, washed, and
dried. The effects of other intercalating drugs or buffer
conditions were not examined.
The first-dimension (acid-urea or sodium dodecyl sulfate

[SDS]) and second-dimension (SDS) gels used have been
described previously (4, 5). All gels were stained with
Coomassie blue.
Recombinant DNA methods. Standard methods were used

for DNA isolation and Southern and Northern blotting (38).
DNA sequencing was carried out by using Sequenase. All
DNA fragments were sequenced twice in both directions.

Oligonucleotide hybridization. To clone the HMG B gene,

two synthetic oligonucleotides were built from existing pro-

tein sequence information (39). One oligonucleotide was a

single-sequence 36-mer (GATCCATGGAAGGAAAAGT
ATGGTGATATCGAAAAG) constructed from the codon
usage bias of previously sequenced Tetrahymena genes (27).
This oligonucleotide covers amino acids 83 to 94 of the intact
protein. Upon sequencing of the cloned gene, this oligonu-
cleotide was found to be 92% homologous (33 of 36 nucleo-
tides), with the last 21 nucleotides correct. The second
oligonucleotide was a mixed 17-mer (TAEAGAAA GAG
AAAGC) covering a region beginning with amino acid 71
through the first two bases of the codon for amino acid 76.
Optimum hybridization conditions for the oligonucleotides
were determined by genomic Southern analyses (38). Under
the conditions used, the single-sequence oligonucleotide
hybridized to a single band in multiple restriction digests.
The mixed oligonucleotide hybridized to between two and
four bands per restriction digest; however, this oligonucleo-
tide always hybridized to the single band detected by the
unique oligonucleotide.
To clone the gene for HMG C, one unique-sequence
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A
TTTCTGATTCTACTTTTGGATTTCTGAGAGTTTCCTTCCTAAT rAGAGCCCTCAAAATACTCCAAAAAACCCGCATAATTCAGCTCTI

MOL

ATA

ACTTTTTCTTTTAGTGAAGGCTCTAAAAATCTATTATTGATGAGGAATTACCCTCATTTTGCAACTCTTTTGCCTCCATTCTTATAGACA

ATTGACTTATCTTTCTTTTTTTATTCAAAATAGCCCGCTCCCCCCAAGAGACCCTTATCCGCTTTCTTCTTATTCAAGTAACACAACTAC
ProAlaPr LsArsProLeuSerAlaPhePheLeuPhA sGlnHis r

GAATAAGTCAAGAAGGAAAACCCCAATGCCAAGATCACCGAATTGACCTCCATGATCGCTGAAAAGTGGAAAGCTGTTGGTGAAAAGGAA
GluGlnValLysLysGluAsnProAsnAlaLysIleThrGluLeuThrSerMetIleAlaGluLysTrPLysAlaValGlyGluLYsGlu

30 40 50

AAGAAGAAATACGAAACTTTATAATCTGAAGCTAAGGCTAAGTACGAAAAGGCACTGTAAGCCTACGAAAAGAAGTACGGCAAACCCGAA
LysLysLysTvrGluThrLeuGlnSerGluAlaLysAlaLysTyrGluLvsAlaLeuGlnAlaTyrGluLysLysTyrGlYLysProGlu

60 70 80

AAGTAAAAGAAGATCAAGAAGAACAAAAzAGGGATCCAAGTGAGAACTTTTCTAATGATAATAATTATAATTAATACAGQAGCACCTAGC
LysGlnLysLysI leLvsLysAsnLysLysGlySerLys

90 100

ATATTGACCTATTAATTAACAACATTTTGTGTTTATTCATATAAAAkTCTTAATAAATACAATATATACTATCCTTAACTAOTATGTTCAT

ATTCTTGTGTGTTAGAGTAAGACGTTATTATATCTTCTTTGAGTTATTATTTCTTT

B
TACGAATTCCCCAAGGCTTTTTGTATAGAAATGTGAATATATCAAATAAAATTTATTGTATTTTGAAGGTTCAAATCCCTTTATTTTGTT

TAGTTTGTAGTTAATAATTTGATAATAATTAAAAACAAATAATTAAAAAACAATATAAAAAAACTAATATCAATGTCTAAAGCTGCTAGC
MetSerLysAlaAlaSer
1

CAATACGCAACTCTCGAAGATCTCCCCTCCAAGCCCAAGAGACCCCAAACCGGTTTCTTCATCTACAAGAGTGAAGTCTTTGCCAAGAGA
GlnTyrAlaThrLeuGluAspLeuProSerLys roLvsArqProGlnThrGlYPhePheIleTY iLysSerGluValPheAlaLysArg

10 20 30

AGAACTGAGTGCCCCACCTTGAAGGTCCCTGAAATCGTCTCTAAAATTAGTGAAGAATACAAGGCCTTACCTGAAAAGGAGAAGTAAAAA
ArgThrGluCysProThrLeuLysValProGluIleValSerLysIleSerGluGluTyrLysAlaLeuProGluLysGluLysGlnLys

40 50 60

TACGAAGAAGCCTACAGAAAGGAAAAGGCCACCTACGATAAGTAAAACGACCAATGGAAAGAGAAGTATGGTGATATCGAAAAGTCCTTG
TyrGluGluAlaTYrArgLysGluLysAlaThrTvrAsPLvsGlnAsnAsPG1nTrPLVsGluLVsTVrGlyASPIleGluLysSerLeu

70 80 90

AAGGATTAGGCTAAGAAGGCCCTCAAGGAAAAGACCAAAAAGTCCAAGGCTGCTGAAAAGGAACTTGAAAAGAGCAAGAAGAAGGCTCCC
LvArGn1 T Qs VQA1aL.e1uVQsG1uLvsThrLvSLvSSerLvSA1aAaG1uLvSG1uLeuG1uLvSSerLvSLvSLvsAlpPrC_vs..s_J_n.._~~~~~~~~~~~~~~La_v_ ______a_ _ ________a___ __x____

PA%A,A

100 110

GCTGCTGCCCCTGCCAAGAAGGACGATAAGAAGGCTCCCGCTAAGAAGAAATGAGAGGTCTGACTGAACTC
AlaAlaAlaProAlaLysLysAspAsPLysLvsAlaProAlaLysLYsLys

130 140
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FIG. 2. DNA and derived protein sequences of the T. thermophila HMG B and C genes. Shown are the sequences of flanking and intron

(HMG C only) DNA and the derived protein sequences of the HMG B and HMG C genes. Underlined residues in the HMG B sequence are
those determined by direct protein sequencing; the complete protein sequence of HMG C has been published (33). Shown for both HMG B
and C is the position of a highly conserved HMG 1 box (see text and Fig. 4 for details). Intron sequence (in HMG C) is found between
nucleotides 1 and 213. Numbers at the right refer to nucleotides, and numbers below the sequences refer to amino acids.

39-mer (TTCCT1TT-CACCGACAGCCTTCCACTT'TCAG
CGATCAT) was constructed from the codon usage bias of
previously sequenced Tetrahymena genes (27). This oligo-
nucleotide covers amino acids 45 to 57 of the HMG C protein
sequence (33). Upon sequencing of the cloned gene, this
oligonucleotide was found to be 95% correct (37 of 39
nucleotides), with the first 12 and the last 20 nucleotides
correct. Under the conditions used, this oligonucleotide
hybridized to a single band in multiple restriction digests.

Size-selected library construction and screening. A size-
selected genomic library was constructed by single or dou-
ble-digestion of macronuclear DNA with the appropriate
restriction enzyme(s). The digested DNA was then resolved

in a 0.8% low-melting-point agarose gel, and the region of the
gel containing the hybridizing fragment of interest was
excised, extracted by using GeneClean, and ligated at an
insert-to-vector ratio of 1:1 into the Bluescript vector (Strat-
agene, La Jolla, Calif.). Following transformation into com-
petent XL1-blue cells (Stratagene), approximately 10,000
colonies (70 to 90% recombinant) were replica plated to
nitrocellulose filters (approximately 2,000 colonies per filter)
and hybridized with the appropriate oligonucleotides, using
the conditions optimized for oligonucleotide hybridization.
RNA isolation, nuclease protection, and primer extension

analyses. RNA was isolated from growing or starved cells by
standard methods. RNase protection mapping was per-

L
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formed as described by Melton et al. (29) and the Riboprobe
system protocols provided by Promega Biotec. For mapping
the 5' ends of the HMG B transcripts, antisense 32P-labeled
RNA transcripts were prepared by using the Amersham SP6
system with plasmids containing the appropriate flanking
region of HMG B (a HindIII/Bglll restriction fragment which
covers all of the 5'-flanking region shown in Fig. 2 as well as
+37 nucleotides of coding information). Cold UTP was
included in the reaction mixtures; transcripts were run on
acrylamide gels, dried, and autoradiographed to assay pro-
duction of full-length transcripts. Optimum RNase digestion
conditions were empirically determined to be 4 p.g of RNase
A per ml and 90 U of RNase T1 per ml at 0°C for 10 min.

Primer extension using reverse transcriptase of avian
myeloblastosis virus was done as described by Ghosh et al.
(11). The synthetic primer used (complementary to +10 to
+34 of the HMG B transcript) was 32P 5' end labeled with T4
polynucleotide kinase and [32P-y]ATP and annealed to total
RNA from growing cells in 0.1 M NaCI-20 mM Tris hydro-
chloride (pH 7.9)-0.1 mM EDTA at 37°C for 4 h. After
hybridization, the reverse transcription reaction was con-
ducted in a final volume of 50 ,ul of buffer, consisting of 50
mM Tris (pH 8.0), 10 mM dithiothreitol, 80 mM KCI, 6 mM
MgCl2, 0.5 mM each deoxynucleoside triphosphate, 50 ,ug of
actinomycin D per ml, and 20 U of avian myeloblastosis
virus reverse transcriptase (Life Sciences Inc., St. Peters-
burg, Fla.) at 45°C for 1.5 h. The extended products were
ethanol precipitated and electrophoresed on 10% polyacryl-
amide-8 M urea gels.

RESULTS AND DISCUSSION

Isolation and identification of the HMG B and C genes. The
genes encoding HMGs B and C were cloned by using
oligonucleotide probes derived from the amino acid se-
quence of each. Figure 2 shows the DNA sequences and
deduced protein sequences of the genes encoding Tetrahy-
mena HMGs B and C. The available derived protein se-
quence of HMG C is in complete agreement with the
published amino acid sequence of HMG C (33). However,
because of the presence of an intron in the 5' portion of the
HMG C gene, the cloned genomic fragment is missing the
information encoding 9 N-terminal amino acid residues of
the protein (NH2-AKSKDDSK; 33, 39). The derived protein
sequence of HMG B contains 70 amino acids, also deter-
mined by microsequencing several internal fragments of
purified HMG B (underlined in Fig. 2) The complete corre-
spondence of these two sequences demonstrates that the
cloned DNA fragments contain the genes for HMGs B and
C. Southern blots using macronuclear DNA digested with a
variety of restriction enzymes (Fig. 3) indicate that both
HMG B and HMG C are encoded by single-copy genes,
which is somewhat unusual for genes encoding abundant
histone and nonhistone chromosomal proteins. In addition,
the Southern hybridization pattern for micronuclear DNA
was the same as that for macronuclear DNA (Fig. 3),
indicating that both HMG B and HMG C genes are not
associated with regions that are grossly rearranged in the
development of the macronucleus from the micronucleus
during the sexual cycle (see reference 7 for references).

It is likely that the amino terminus ofHMG B begins with
the ATG codon at bp 162. This ATG is the first start codon
in frame with the known amino acid sequence of HMG B,
and its placement as the amino-terminal residue is consistent
with our inability to detect methionine in HMG B by CNBr
cleavage or labeling in vivo with [35S]methionine. The cal-

HMG B HMG C
B D E H B D E H

0
V

A B
FIG. 3. Analyses showing that HMG B and HMG C are encoded

by single-copy genes that are not developmentally rearranged.
Macronuclear (left lane of each pair) and micronuclear (right lane of
each pair) DNAs were digested with BgIII (B), DraI (D), EcoRI (E),
and Hindlll (H). Blots were hybridized with appropriate random-
primer-labeled probes to HMG B (A) or HMG C (B), washed, and
exposed to film with an intensifying screen for 12 h at -80°C. Lines
on the left show positions ofDNA marker fragments; sizes from top
to bottom are 11.4, 10.5, 6.3, 4.4, 3.7, 2.6, 1.7, and 1.1 kb. Although
the mobilities of Bglll, Dral, and EcoRI fragments from HMG B and
HMG C are remarkably similar, appropriate double digests and
digestion with other restriction enzymes (for example, BamHI)
indicate that the HMG B and HMG C genes are not closely linked.

culated molecular size of the protein initiated at this ATG
(approximately 16.3 kDa) is in close agreement with the
molecular size determined for HMG B by gel filtration
chromatography (15 ± 0.5 kDa [15]), and the predicted
amino acid composition agrees with the published amino
acid composition of HMG B (15, 25). Removal of the
initiator methionine is common in eucaryotes and in this case
would produce a serine as the amino-terminal residue of the
mature protein. Amino-terminal serines are often blocked by
acetylation (42), and blocking of this serine would be con-

sistent with our inability to sequence the amino terminus of
HMG B.
There is only one other potential in-frame start codon (31)

in 160 bp of upstream sequence. This ATG, however, is
followed directly by an in-frame stop codon. Furthermore,
nuclease protection and primer extension analyses both
show a heterogeneous collection of major transcription start

sites about 50 bp upstream of the proposed initiator ATG in
HMG B (both techniques detect sites at -55, -50, -47, and
-44; data not shown). Finally, the DNA sequence 5' to the
proposed initiator ATG is a very A+T rich, consistent with
the high A+T character of Tetrahymena noncoding DNA
(18). The proposed initiator ATG in HMG B, however, is not
preceded by the putative translation start signal found in a

number of Tetrahymena histone genes (18).
Northern blot analysis. To examine the messages for

HMGs B and C, total RNA was isolated from growing cells,
fractionated into poly(A)+ and poly(A)- RNA by oligo(dT)-
cellulose chromatography, and resolved on a denaturing
agarose gel. The RNA was then transferred to nitrocellulose
and hybridized with antisense RNA probes. Results from
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TABLE 1. Comparison of HMGs B and C with calf thymus HMGs 1, 2, 14, and 17

HMGaBasic'bAcidic' bAromatic' HMG 1 box
HMG 14 and Molecular Elutive Nucleosome
17 homologyc size (kDa) intercalation' bounde

CT HMG 1 24.4 27.1 8.5 + - 29.6 -
CTHMG2 24.1 23.7 7.4 + - 29.2 -
Tet HMG B 28.7 16.9 7.8 + + __16.5 + +
Tet HMG C 30.0 14.0 9.0 + + 11.7 + +
CT HMG 14 26.7 20.0 0.0 - + 10.7 + +
CT HMG 17 29.2 15.7 0.0 - + 9.2 + +

a CT, Calf thymus; Tet, T. thermophila.
b Composition data for calf thymus HMGs obtained from the sequences in reference 45.
Refers to seven-amino-acid homology found in HMG C (39).

dWith 5 mM EtBr (37, 39).
Binding to the nucleosome core particle (26, 35, 36, 38).

these analyses indicated that the genes for HMGs B and C
encode single 1.2-kb and 1.0-kb poly(A)+ messages, respec-

tively (data not shown). Comparison of the messages for
HMGs B and C in total RNA isolated from growing and
starved cells indicated that there was 10 to 15 times more B
and C messages present in growing cells (data not shown), a

result which correlates well with the difference in HMG B
and C protein synthesis observed between growing and
starved cells (38, 39). Since HMG B and HMG C message

levels are partly correlated with cell growth (as in the case

with histone message in T. thermophila [47, 50]), it seems

reasonable to suspect that new synthesized HMGs B and C
associate with newly replicated macronuclear DNA.

Compositional and sequence analyses. Analyses of the
amino acid sequences ofHMGs B and C (Fig. 2) indicate that
both are relatively small (12 to 16 kDa) and highly charged
(30% basic, -15% acidic) proteins (Table 1). The ability to
extract HMGs B and C from nuclei by elutive intercalation
(39), their interactions with nucleosome core particles (25,
38), and their smaller sizes suggest that HMGs B and C more

closely resemble the smaller pair of higher eucaryotic HMG
proteins, HMGs 14 and 17, than the larger pair, HMGs 1 and
2 (Table 1). The high percentage of aromatic amino acid
residues in HMGs B and C (HMGs 14 and 17 are devoid of
aromatic amino acids; Table 1) and the presence of the HMG
1 box in both proteins (see below) indicate that Tetrahymena
HMGs B and C also have features that closely resemble
HMGs 1 and 2 (Table 1). HMGs B and C do not appear to be
strongly related to HMG I or Di. Like HMGs 14 and 17,
HMG I and Dl are devoid (or essentially devoid) of aromatic
acids, and they contain characteristic short repeats of the
triplet (Gly-Arg-Pro, which are not present in either HMG B

or C (6, 22). Thus, it seems reasonable to view HMGs B and
C in T. thermophila as proteins sharing properties of both
HMGs 14 and 17 and HMGs 1 and 2 (see below).
Even if this view is correct, we stress that HMGs B and C

also differ considerably from all known vertebrate HMG
counterparts. For example, in vertebrate HMG proteins,
acidic amino acids are characteristically concentrated in the
carboxy-terminal domain (45). The carboxy-terminal regions
of both HMGs B and C are, however, strikingly basic. The
carboxy-terminal third of HMG B is also rich in alanine
(23%) and proline (6%). Clustering of lysine, alanine, and
proline is found in the amino- and carboxy-terminal domains
of a number of histone Hi proteins, including Tetrahymena
Hi (2, 16, 46, 48).

Chromatin-associated proteins with properties similar to
those of vertebrate HMG proteins have now been described
from several lower eucaryotes other than T. thermophila.
However, the precise relationships of these proteins to each
other and to the well-characterized vertebrate HMG proteins
are not clear (see reference 43 for an excellent review and
discussion of this issue), and this problem is further con-

founded by the absence of functional assays for this class of
proteins. For instance, Tetrahymena macronuclear histone
Hi is unusual in that it lacks the central hydrophobic domain
conserved in Hi proteins of multicellular eucaryotes (17,
48). Since Hi and HMG proteins overlap considerably in
size, solubility, and aspects of amino acid composition
(Table 2), it is difficult to classify Tetrahymena Hi being
more Hi- or HMG-like. Presently, the only distinctive
Hi-like property of macronuclear Hi is its association with
linker DNA (38). The finding that delta, a linker-associated
micronuclear protein, shares many properties in common

TABLE 2. Amino acid compositions of micronuclear linker histones and macronuclear HMG B, HMG C, and histone Hi

Amino acid composition (%)

Protein Basic Acidic Aromatic Nonpolar hydrophobic Polar

Lys Arg His Asp Glu Tyr Phe Trp Leu Ile Val Ala Pro Gly Met Thr Ser Asn Gln Cys

Micronucleara
Beta 24.2 7.2 0.9 3.4 5.5 0.4 0.0 0.0 0.0 0.4 0.9 7.2 2.1 4.7 1.3 6.4 23.3 8.5 3.8 0.0
Gamma 20.0 13.5 0.5 3.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 4.5 0.0 4.5 1.0 2.5 39.0 5.5 3.5 0.0
Delta 20.0 3.6 1.5 3.1 8.2 5.6 4.6 0.c 6.2 2.6 5.1 5.6 4.1 3.6 0.5 2.6 6.7 8.7 7.2 0.0

Macronuclear
HMG B 25.9 2.8 0.0 5.0 11.9 5.0 2.1 0.7 5.0 2.8 2.1 12.6 6.3 1.4 0.7 4.2 6.3 0.7 4.2 0.7
HMG C 28.0 1.0 1.0 3.0 11.0 5.0 3.0 1.0 4.0 3.0 2.0 9.0 6.0 3.0 2.0 3.0 6.0 4.0 5.0 0.0
Hlb 32.5 1.8 2.5 5.5 4.3 0.0 0.0 0.0 1.8 2.5 3.7 16.0 7.4 1.8 0.6 10.4 6.8j 1.8 0.6 0.0

a Sequences from Wu et al. (49).
bSequence from Wu et al. (48).
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with macronuclear HMGs B and C (see below) only serves
to blur the distinction between Hi- and HMG-type proteins
even further.
The absence of clear distinctions between Hi-like and

HMG-like proteins in T. thermophila and the observation
that HMGs B and C share properties with two different
subgroups of higher eucaryotic HMG proteins (Table 1)
suggest that lower eucaryotes like T. thermophila contain a
family of related proteins (HMG B, HMG C, Hi, and delta)
whose structural and functional properties have been im-
parted to multiple, more specialized proteins during evolu-
tion. This observation may account for the inability to
identify a "typical Hi" protein in some lower eucaryotes
like yeasts. Interestingly, deletion of ACP2 from Saccharo-
myces cerevisiae is lethal and suggests a vital, yet undeter-
mined function for HMG-like proteins in yeast cells (14).
Although NHP6A and NHP6B from S. cerevisiae appear to
be related to Tetrahymena HMG C (23), genetic and bio-
chemical experiments addressing the role of this protein in
yeast cells have not yet been reported. Unfortunately, it is
not known whether ACP2 or NHP6 is associated with linker
regions of yeast chromatin.
Homology to vertebrate HMGs 1 and 2. Comparison of the

amino acid sequences of HMGs B and C to each other and to
other sequenced eucaryotic HMG proteins identified an
11-amino-acid sequence near the amino terminus, the HMG
1 box, that is highly conserved among HMGs B, C, 1, 2, and
T (Fig. 4). Also shown for comparison is the sequence of two
yeast proteins, ACP2 (14) and NHP6 (23), which both show
partial homology to HMG 1. NHP6 proteins A and B show
significant homology to Tetrahymena HMG C (-30% amino
acid identity), and clearly both NHP6 proteins contain a
sequence with strong homology to the HMG 1 box. Inter-
estingly, strong homology to the HMG 1 box is not found in
the predicted translation product of ACP2, an essential yeast
gene suggested to encode a protein analogous to calf thymus
HMG 1 (14).
The HMG 1 box is contained within a broader region

shown to be involved in the DNA binding of HMGs 1 and 2
(8, 9, 19), and its striking conservation raises the possibility
that the HMG 1 box represents an important, novel DNA-
binding motif. Evidence suggesting that this is likely to be
correct has recently been provided by Jantzen and associ-
ates in their study of the nucleolar transcription factor hUBF
(20). Three domains were identified in hUBF (hUBF boxes 1
to 3, each roughly 80 to 90 amino acids long) which display
significant sequence similarity to HMGs 1 and 2. Interest-
ingly, these domains each contain the shorter (11-amino-
acid), highly conserved HMG 1 box that we have identified
in Tetrahymena HMGs B and C (Fig. 4). Importantly, DNA
binding experiments (20) have shown that a single copy of
the hUBF HMG box is necessary and sufficient for DNA
binding.
To resolve the apparent paradox between the sequence-

independent DNA binding of HMG proteins and sequence-
specific DNA binding of transcription factors like hUBF,
Jantzen et al. (20) point out that the HMG domains of hUBF
may have evolved from a primordial, nonspecific DNA-
binding structure. Because of the abundance of Tetrahy-
mena HMG B, HMG C, and delta (see below), it is unlikely
that their HMG 1 boxes function in a sequence-specific
fashion. The high degree of conservation illustrated by the
11-amino-acid region shown in Fig. 4 suggests that this
narrower region could be the primitive core structure from
which more specific DNA-binding functions evolved by
addition of sequences conferring specificity. Despite the

Trout HMG-T

Bovine HMG-2

Bovine HMG-1

Pig HNG-1

Yeast ACP2

Yeast NHP6A/B

Tetrahymena HMG-C

Tetrahymena HMG-B

Tetrahymena aL/6

hUBF box 1

hUBF box 2

hUBF box 3

---.

*pw ..

.:',-.'..'..'. :*:t:.-.-.*_.__--. -.

:.. ....:.:.-::..:=:::.::--.--...
,''-.---''''-" ''"-""1--,"'.'Y

2-- a3- --- .-.

122

t:E : ..

--:.:. .......::

.:. '... ,.... y

:..: - .::9:-.:.....*:-

23' 2 ?...i't' ':,9', :t

-::::-:.:0 :. ::..: ::.:-:::::.....---?-:::-
*102
:: :99 :- 2

D0 H

2'-/S7
:- ::.: ::S::.G

1''''"'"2 K S''''S
::--:: _A :.::::

12-: .:: :Y''.. .:;::::

ZAPtS:S::: ,:S * :-

-.:::..::::.. :.:9..:..:
2,u 3 K29r.g-s

112_:.: ::'': ,:,: ::.:::

::: K: :- :': :-

..f.' .'.'.'.'.' .. '..'.'...7 :72.-::---

S B::.R A !F:w I F0
112

p ,,.rf,,,.^,, ,0: ,-:' '-'- 0

112

*..- ;. --.

....... -.. .. .........

122

P r! IL I

132
P Y N L N L:- :-:

31/37

T:G::.-::':I:-

122

L T A- y M: F F

286

Q T G FI: Y..

L TPtY:F:::r a F

...

K T P Q;QFfF I N

:a

i:.E'' m r: R -1

V~~ ~AN I

FIG. 4. The HMG 1 box. Shown is an 11-amino-acid residue
sequence conserved among bovine HMGs 1 and 2, pig HMG 1, trout

testis HMG T, yeast NHP6A and -B, Tetrahymena HMG B,
Tetrahymena HMG C (the complete amino acid sequence of HMG
C has also been obtained from Tetrahymena pyriformis [17]; the
HMG 1 box in it is identical to that presented here for T. thermo-
phila). For comparison, the same region of a yeast HMG 1-like
protein ACP2, is presented. Also shown is a smaller region of three
domains recently identified in the human nucleolar transcription
factor hUBF as showing sequence similarity to HMGs 1 and 2

(hUBF boxes 1 to 3). Shaded amino acids represent residues
conserved in most (at least 6 of 12) of the sequences shown above.

Underlined amino acids indicate conservative replacements. Num-
bers above the first and last amino acids of each sequence indicate
the position of this sequence in the intact protein. Proteolytic
processing of the micronuclear linker histone polyprotein is such
that alpha is further processed into delta and gamma (3, 49). Because
of this, the HMG 1 box is present in both alpha and delta, and
therefore we refer to it as alpha/delta. Two NHP6 genes encoding
closely related yeast proteins, NHP6A and NHP6B, have been
described (23); differences between these proteins are indicated as

A/B. The sequences used were obtained from the following sources:

bovine HMGs 1 and 2, Walker (45); pig HMG 1 Tsuda et al. (41);
trout HMG T, Pentecost et al. (30); yeast ACP2, Haggren and
Kolodrubetz (14); yeast NHP6A/B, Kolodrubetz and Burgum (23);
and hUBF boxes 1 to 3, Jantzen et al. (20).

likely importance of the HMG 1 box, it cannot account for all
of the characteristic HMG-like properties shared between
the Tetrahymena and vertebrate HMG proteins. HMGs 14
and 17 share with Tetrahymena HMGs B and C the ability to

interact with nucleosome core particles and the property of
being extracted from nuclei by elutive intercalation (Table
1). However, neither HMG 14 nor HMG 17 contains the
HMG 1 box.
The hypothesis that the amino-terminal regions of HMGs

B and C are involved in DNA binding is further supported in
the case of HMG C by the existence of a seven-residue
stretch (residues 7 to 13) that partially overlaps the HMG 1
box and contains residues completely homologous to resi-
dues 28 to 35 of HMG 17 (six of seven homologous to the
same region of HMG 14). This small region has been
determined by physical studies to be a component of a

broader region of these two smaller HMG proteins that
interacts with DNA in vitro (8), suggesting that HMG C may
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protein as being HMG-like. De
number of other HMG-like prop(
mately 23 kDa) and contains a 1
basic (25%) and acidic (11%) re
acid composition of delta is simila
and strikingly different from thi
macronuclear histone Hi (Table 2
evident when one focuses on tl
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El PCA El PCA nuclei (44), and HMGs B and C from Tetrahymena macro-
- insolSOI + insol sci nuclei (39). Elutive intercalation of delta from micronuclei

requires a higher concentration of EtBr than that used to
extract HMGs B and C from macronuclei (20 versus 5 mM;

0 compare Fig. 5 with Fig. 3 of reference 39), although the~~ ~~requirement for higher concentrations of EtBr may be due
simply to differences in accessibility of the drug to the DNA
in the condensed chromatin of micronuclei. When macronu-

~ ~ clei are extracted with 20 mM EtBr, histone Hi is removed
along with HMG B and HMG C (Fig. 5, lanes 4). Thus, at

' V whigher concentrations of EtBr, elutive intercalation is notspecific for small HMG-like proteins, a result also observed
2 J 4 5 6 for chicken nuclei (37). These results suggest, however, that

delta, HMG B, HMG C, and Hi may all interact with
:ronuclei by elutiveintercala- chromatin in a similar fashion (see below). Finally, the

onucleli(A) or mlcronuclei (B1) presence of spermidine in nucleus isolation buffers specifi-

[) or absence (-; lanes 1) of 20 cally depletes delta (but not alpha, beta, and gamma) isolated
ning after elutive intercalation from purified micronuclei (compare Fig. 1 with Fig. 1 of
PCA-soluble fraction (lanes 3 reference 5). Sensitivity to spermidine has been observed for
(lanes 2 and 5) (see Materials HMGs B and C from purified Tetrahymena macronuclei (15,
)n was then electrophoresed in 39) and for the Drosophila HMG-like protein (44). Taken
oomassie staining. The arrow together, these observations strongly suggest that a protein
micronuclear linker protein with many properties characteristic of Tetrahymena HMGs

120 mM EtBr. Vertical lines to B and C and of higher eucaryotic HMG proteins is present as
I micronuclear core histones. an abundant acid-soluble protein in transcriptionally inactive

micronuclear chromatin.
Conclusion. Several lines of evidence suggest that HMGs

Lt combines features of the B and C may play a role(s) in packaging macronuclear
asses of higher eucaryotic chromatin into a transcriptionally competent conformation
HMG 1 box and the short (43). Consistent with this notion is the recent finding that a
nentioned above, no other eucaryotic transcription factor, hUBF, contains several
mena HMGs B and C have short DNA-binding motifs with sequence similarity to
ches of existing DNA and HMGs B and C and vertebrate HMGs 1 and 2 (20; Fig. 4).
)wever, it is likely that the However, the fact that delta in micronuclei also contains this
Iin other unrelated DNA- putative DNA-binding domain and shares other properties
provides a general DNA- with HMGs B and C serves to complicate this issue. Super-

ficially, the mere presence of delta in micronuclei suggests
n transcriptionally inactive that HMG- or linker-like polypeptides also exist in chroma-
itly reported the complete tin that is packaged into a transcriptionally inactive state.
he micronuclear linker his- The function(s) of delta in micronuclei is not known, nor is
icodes a large polyprotein, that of any of the other micronuclear linker-associated
iroteolytically processed to polypeptides (alpha, beta, and gamma). The distinct amino
polypeptides alpha, beta, acid composition of delta suggests it may have a unique
)). Quite surprisingly, this function(s) similar to that of macronuclear HMG-like mole-
ix between amino acids 96 cules. Although it is likely that this function(s) is not related
rsor protein which encodes to transcription, we point out that the region of homology

between all of these polypeptides, the HMG 1 box (Fig. 4),
amino acids of sequence is very short and may be related to only the DNA-binding
criterion for classifying a potential of each polypeptide. Other domains outside of the
-lta, however, also has a HMG 1 box could impart other, more specific functions
erties. It is small (approxi- (protein-protein and protein-DNA) to each polypeptide
high concentration of both which could be very specific. Detailed genetic and biochem-
sidues. The overall amino ical analyses will be necessary to clarify these points.
ir to that of HMGs B and C
ose of beta, gamma, and
2). This point is particularly
he percentage of aromatic
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high (11%) compared with
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