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We have cloned the human genomic DNA and the corresponding cDNA for the gene which complements the
mutation of tsBN51, a temperature-sensitive (Ts) cell cycle mutant of BHK cells which is blocked in Gl at the
nonpermissive temperature. After transfecting human DNA into tsBN51 cells and selecting for growth at
39.5°C, Ts+ transformants were identified by their content of human Alul repetitive DNA sequences. Following
two additional rounds of transfection, a genomic library was constructed from a tertiary Ts' transformant and
a recombinant phage containing the complementing gene isolated by screening for human AluI sequences. A
genomic probe from this clone recognized a 2-kilobase mRNA in human and tertiary transformant cell lines,
and this probe was used to isolate a biologically active cDNA from the Okayama-Berg cDNA expression library.
Sequencing of this cDNA revealed a single open reading frame encoding a polypeptide of 395 amino acids. The
deduced BN51 gene product has a high proportion of acidic and basic amino acids which are clustered in four
hydrophilic domains spaced at 60- to 80-amino-acid intervals. These domains have strong sequence homology
to each other. Thus, the tsBN51 protein consists of periodic repetitive clusters of acidic and basic amino acids.

The process by which cells progress through the division
cycle is still poorly understood. Growth factors appear to
play an important role in the initiation of the cell cycle (35,
43), but the events following growth factor stimulation and
leading to DNA synthesis are largely unknown. One impor-
tant role of growth factors is to induce or increase the levels
of proteins which are essential for cell cycle progression
(41). A number of genes with known products are cell cycle
regulated, such as histones (40), thymidine kinase (27),
calmodulin (9), and ornithine decarboxylase (19). Other
genes whose expression is induced by growth factors or
serum and may be cell cycle regulated have been identified
(8, 10, 14, 16, 21, 24, 38). These include several cellular
proto-oncogenes such as c-myc, c-fos, c-ras, and p53 (8, 14,
21, 38). However, the function of many of these genes is not
known and their role in cell cycle progression is still unclear.
One approach to identifying cell cycle genes is through the

use of temperature-sensitive (ts) cell cycle mutants. Such
mutants are blocked in the traverse of specific phases of the
cell cycle at the nonpermissive temperature (reviewed in
references 1, 2, and 29). This approach has been used
successfully with yeasts, in which several critical cell cycle
functions have been identified (37) and their genes cloned (3,
5-7, 31). A number of cell cycle mutants have also been
isolated in the higher eucaryotes. Two of these ts genes have
recently been cloned (13, 20). We have recently reported (13)
the molecular cloning and preliminary characterization of
the gene complementing the defect of the tsll cell cycle
mutant. This gene, which is essential for Gl progression, is
induced in mid-Gl, encodes a 540-amino-acid polypeptide,
and is part of a small gene family.
We report in this paper the identification of the human

gene which complements the mutation of tsBN51, a ts
mutant of the BHK-21 Syrian hamster cell line (32), which is
also blocked in Gl progression at the nonpermissive temper-
ature. The tsBN51 gene encodes an mRNA of approximately
2 kilobases (kb) which is expressed in human, hamster, rat,

* Corresponding author.

and mouse cells. Biologically active cDNA as well as ge-
nomic clones have been isolated. Sequencing of the cDNA
reveals that the predicted tsBN51 protein consists of 395
amino acids, with a high proportion of basic and acidic
amino acids. The basic and acidic residues are clustered in
four major hydrophilic domains, spaced at 60- to 80-amino-
acid intervals, which have strong sequence homology to
each other.

MATERIALS AND METHODS
Cell culture. Cells were cultured in Dulbecco modified

Eagle medium containing 10% calf serum. The tsBN51 cell
line was maintained at 33°C; all others were maintained at
39.50C.

Transfection. BN51 cells were plated 1 day before trans-
fection at 106 cells per 100-mm dish and incubated at 330C.
Cells were transfected with calcium phosphate-precipitated
DNA by a modification (46) of the method of Graham and
Van der Eb (12). For isolation of primary, secondary, and
tertiary transformants, 30 ,ug of high-molecular-weight DNA
per plate was transfected. When genomic phages or cDNA
plasmids were used, 1 ,ug of phage or plasmid was
transfected with 20 p.g of tsBN51 DNA as carrier. The
medium was changed twice per week. Surviving (Ts')
clones were picked after 15 to 18 days of selection at 39.50C.

Nucleic acid extraction, blotting, and hybridization. DNA
and RNA extraction, Southern and Northern (RNA) blot-
ting, hybridization, and autoradiography were carried out as
described previously (13).

Molecular cloning. DNA fragments of 15 to 20 kb were
isolated from a tertiary transformant by partially digesting
the DNA with MboI restriction endonuclease and size frac-
tionating the DNA by centrifugation on a sucrose density
gradient (28). These fragments were ligated with EcoRI-
BamHI-digested EMBL-3 X phage vector (11) and packaged
with Gigapack packaging as described by the manufacturer
(Stratagene, San Diego, Calif.). The library was plated on
Escherichia coli Q359, and duplicate filters were prepared by
the procedure of Benton and Davis (4). Filters were

3386



ISOLATION OF A CELL CYCLE GENE 3387

TABLE 1. Transformation of tsBN51 cells by DNA transfectiona

DonorDNA ~~No. of Ts'+ colonies No. of Ts'+Donor DNA per 106 cells colonies/ALg
of DNA

tsBN5lb 0.4 0.01
HeLa 4.3 0.14
BHK 3.2 0.11
7B (primary transformant) 1.7 0.06
24A (secondary transformant) 2.0 0.07
X51/18 330 264
X51/TM15 303 291
X51/TM13 <1 <1
pCD51-6Ac 272 218
pCD51-10Ac 66 47
pCD51-J21 <1 <1

a tsBN51 cells growing at 33°C were transfected with 30 p.g of high-
molecular-weight DNA or 1 pLg of plasmid DNA per 100-mm plate (containing
approximately 106 cells). One to two days later the cells were treated with
trypsin and replated at 5 x 10- cells per 100-mm dish and then shifted to
39.5°C 1 day later. Colonies were either fixed and counted or isolated for
further study after 14 to 18 days of incubation at 39.5°C.

b Average of three experiments (range, 0.17 to 0.7 colonies per 106 cells).
c Plasmids isolated from the Okayama-Berg (33) human cDNA expression

library. pCD51-6A and pCD51-1OA are described in the text. pCD51-J2 is a
slightly shorter cDNA plasmid, with an insert of approximately 1.6 kb.

prehybridized in 50% formamide-5 x SSC ( x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate}-5 x Denhardt solution-
0.1% sodium dodecyl sulfate (SDS)-100 ,ug of sonicated calf
thymus DNA per ml. Hybridization was carried out in the
same solution except for the addition of sonicated Syrian
hamster liver DNA (10 ,ug/ml). The BamHI fragment of the
Blur-8 plasmid (18), ligated into concatamers and nick trans-
lated to >108 cpm/,Lg, was used as a probe for human AluI
sequences. We found that the addition of Syrian hamster
DNA helped decrease the background hybridization of ham-
ster repetitive sequences with the human Alu probe. Filters
were washed for 30 min in 2x SSC-0.1% SDS at room
temperature and then twice with lx SSC-0.1% SDS at 65°C
for 1 h.

Additional genomic phage clones were isolated from the
human genomic library constructed by Lawn et al. (25) with
the 1.8-kb SacI-Sail fragment from the distal end of the
X51/18 phage used as the probe. The phage were plated in E.
coli LE392. Hybridization and washing of the filters were
similar to the above procedure except that Syrian hamster
liver DNA was omitted.
The cDNA clones were isolated from the human cDNA

library of Okayama and Berg (33) (kindly provided by P.
Berg) as described by Hanahan and Meselson (15) with a
1,200-base-pair (bp) CfoI fragment of the 1.8-kb SacI-Sail
fragment from X51/18.
DNA sequencing. The cDNA was subcloned into the

BamHI site of the Bluescript KS vector (Stratagene) in both
orientations. Following XbaI-SacI double digestion of these
plasmids, serial deletions were constructed in both direc-
tions by using exonuclease III and mung bean nuclease as
described by the manufacturer. These subclones were then
sequenced by the dideoxy chain termination method (39)
with the T7 promoter primer.

RESULTS

The tsBN51 mutant of BHK cells grows at 33°C but when
shifted to 39.5°C stops growth after 24 h (32). Flow
microfluorometry of cells incubated at 39.5°C indicates that
they are arrested with a Gl DNA content (Nishimoto and

Basilico, unpublished results); thus, the cell cycle block is
within Gl. The mutation has a low reversion rate, <10-6.
This low reversion rate allowed us to clone the human gene
complementing this mutation by using a strategy similar to
the one we used for cloning the human gene complementing
the tsll mutation (13). In brief, we transfected human DNA
into tsBN51 cells, which were then shifted to 39.5°C. Sur-
viving clones were analyzed for the presence of human Alul
repetitive DNA sequences (18) by Southern blotting. Two
additional rounds of transfection were used to reduce the
amount of extraneous human DNA which was present. The
gene of interest was then isolated from a recombinant phage
library constructed from a tertiary transformant by screening
for the Alul sequences which were linked to the comple-
menting DNA sequences.

Isolation of Ts' transformants. A summary of the trans-
fection experiments is shown in Table 1. Transfection of
tsBN51 cells with HeLa or wild-type BHK DNA caused a
slight but significant increase in the number of Ts' colonies
compared with the transfection with tsBN51 DNA. One of
two primary clones analyzed contained a large amount of
AluI sequences on Southern blotting (data not shown). A
second round of transfection again showed an increased
frequency of Ts' colonies (Table 1). DNA from one of the
Alul-positive secondary transformants (24A) was used for a
third transfection cycle. Figure 1A shows the analysis of the
DNA of several tertiary transformants by Southern blotting
and hybridization to the AluI probe following EcoRI diges-
tion. Six of seven clones were Alul positive and all contained
a common AluI fragment of approximately 12 kb that was
also detected in the secondary transformant. The seventh
clone (35C, lane 4) did not contain any AluI sequences and
therefore is probably a revertant. The same 12-kb band was
also present in an independent secondary transformant and
the primary transformant (data not shown). The conserva-
tion of this band argues that the complementing gene is
linked to the AluI sequences contained in this 12-kb EcoRI
fragment.

Molecular cloning of genomic DNA. DNA from the tertiary
transformant 35L, which appeared to contain the smallest
amount of AluI sequences (Fig. 1A), was used to construct a
recombinant phage library in the EMBL-3 bacteriophage
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FIG. 1. Southern blots of Ts' cell lines with a human Alul probe
(A) or a genomic fragment of X51/18 (B). Ten micrograms of
high-molecular-weight DNA was digested with EcoRI, separated on
a 1% agarose gel, blotted onto nitrocellulose paper, and hybridized
to nick-translated Blur-8 plasmid (18) (A) or the 4.4-kb HindIII-SalI
fragment of X51/18 (B). Lanes: 1, secondary transformant (24A); 2 to
8, tertiary clones (35A, 35B1, 35C, 35D, 35F, 35L, and 35M2,
respectively); 9, tsBN51. Fragment sizes (in kilobases) are in-
dicated.
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FIG. 2. Restriction map of the DNA inserts in the genomic phage recombinants. The solid box indicates regions containing human
repetitive sequences, while the dashed box represents hamster repetitive sequences. The broken line in X51/18 indicates the approximate site
of insertion of the human sequences into the hamster genome. The following restriction enzyme sites are shown: EcoRI (E), HindIlI (H), Sacl
(Sc), and Sall (S). The Sall sites in X51/18 and the terminal EcoRI sites in X51/TM15 and X51/TM13 are the insertion sites of the genomic DNA
into the phage.

vector (11). A total of 3.2 x 105 plaques were screened as
described in Materials and Methods, and a single A1lI-
positive plaque was identified. A map of the insert in this
recombinant phage (X51/18) was derived by using restriction
endonuclease digestion and Southern blotting with probes
for human AluI sequences and total hamster DNA (Fig. 2).
The 18-kb insert consisted of approximately 10 kb of hamster
DNA joined to 8 kb of human DNA near the first EcoRI site.
A Southern blot ofEcoRI-digested DNA from tertiary clones
hybridized with the 4.4-kb HindIII-SalI probe derived from
the rightmost portion of the insert is shown in Fig. 1B. The
probe recognized a single EcoRI fragment of -12 kb corre-
sponding to the common band seen on AluI hybridization.
As expected, clone 35C (lane 4), which did not show AluI
sequences, did not contain the human 12-kb EcoRI frag-
ment. A weakly hybridizing band of approximately 4.4 kb
was also seen that was present in all lanes, including tsBN51,
and thus probably represents hybridization to the homolo-
gous hamster gene.
To obtain the entire 12-kb EcoRI fragment, we screened

4.5 x 105 phages of the recombinant library of Lawn et al.
(25). The restriction maps from the two phages isolated are
shown in Fig. 2. The phage with a longer insert, X51/TM15,
contained the 12-kb EcoRI fragment as well as the contigu-
ous 2-kb EcoRI fragment found in X51/18. The phage with
the shorter insert, X51/TM13, lacked the 2-kb EcoRI frag-
ment. Table 1 shows the results of transfections of the
genomic phages into tsBN51 cells. The original X51/18 and
the X51/TM15 phages were both capable of complementing
the ts mutation. The lack of activity of X51/TM13 indicates
that the 2-kb EcoRI fragment was essential for biological
activity. Therefore, the gene complementing the tsBN51
mutations spans at most 7 to 8 kb of DNA.

Expression of the cloned human gene. A Northern blot of
polyadenylated [poly(A)+] or total RNA from several AluI-
positive tertiary transformants, as well as from human
leukemic cells and BHK hanmster cells hybridized against the
distal Sacl-Sall fragment of X51/18, is shown in Fig. 3. A
strongly hybridizing band of approximately 2 kb was seen in
all the tertiary transformants as well as in human RNA. A
more weakly hybridizing band of the same size was seen in
the BHK RNA and should correspond to the transcript of
the homologous hamster gene. A weakly hybridizing band of
approximately 5 kb was also present in human and tertiary
Ts' transformant RNA. It is not clear at the moment
whether this represents an unspliced transcript or an addi-

tional form of mature mRNA. It seems unlikely that it
represents a cross-hybridizing RNA, as this band was pres-
ent in human cells and Ts' transformants but not in BHK
cells. Northern blots of HeLa, primary human fibroblasts
(FS4), mouse (BALB/c 3T3), and rat (F2408) RNAs showed
transcripts of approximately the same size (data not shown).

Isolation of cDNA clones. We constructed a 1,200-bp CfoI
probe from the distal Sacl-SalI fragment from the X51/18
phage. This probe, which was free of repetitive DNA se-
quences and hybridized to the tsBN51 RNA, was used to
screen 1.5 x 106 clones from the Okayama-Berg human
cDNA expression library (33) as described in Materials and
Methods. A total of 14 positive clones were isolated and
analyzed. The longest of these clones, designated pCD51-
6A, was approximately 1.9 kb in length. A slightly shorter
clone of approximately 1.8 kb, designated pCD51-1OA, with
an apparently identical restriction map was also isolated.
Since the Okayama and Berg cDNA library is constructed in
a mammalian expression vector, we could directly test the
biological activity of our cDNA clones by transfection into
tsBN51 cells (Table 1). The longest cDNA clone, pCD51-6A,
was capable of efficiently complementing the tsBN51 defect.
The slightly shorter cDNA clone, pCD51-1OA, also showed
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FIG. 3. Expression of the tsBN51 gene in various cell lines.
Approximately 1 ,ug of poly(A)+ RNA, isolated by using Amersham
Hybond m-AP paper, or 10 ,ug of total RNA was separated on a
formaldehyde-1.2% agarose gel, blotted onto nitrocellulose paper,
and hybridized to the distal 1.8-kb Sacl-Sall fragment of X51/18.
Lanes: 1, human poly(A)+ RNA (Fro 2.2 human leukemia cells); 2
to 5, tertiary transformant poly(A)+ RNA (34B, 35B1, 35F, and
35M2, respectively); 6 to 10, tertiary transformant total RNA (34B,
35B1, 35F, 35L, and 35M2, respectively); 11, BHK poly(A)+ RNA.
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biological activity, but produced only 20% as many colonies
per microgram of DNA transfected. The exact reason for
this partial activity is unclear. Since the apparent translation
initiation codon was only 51 bp from the 5' end of pCD51-6A
(see below), it is possible that this codon was missing from
the slightly shorter pCD51-1OA, leading to poor translation
of the mRNA transcript or a truncated protein with reduced
biological activity.

Orientation of the tsBN51 gene. The location of the 5' and
3' exons on the genomic DNA was determined by hybridiz-
ing Southern blots of the X15/TM15 phage, digested with
various restriction endonucleases, with probes containing
only 5' or 3' DNA sequences, derived by serial deletions
from the pCD51-6A cDNA insert. This indicated that the 5'
end of the cDNA was located within the 2-kb EcoRI frag-
ment, in line with the demonstrated requirement of this
fragment for biological activity. The 3' cDNA sequences
mapped within the 3-kb SacI-HindIII fragment (data not
shown). Thus, the BN51 gene is transcribed from left to right
on the map (Fig. 2), contains 7 to 8 kb of DNA, and must
contain at least one intron.

Nucleotide and predicted amino acid sequence of cDNA.
The pCD51-6A cDNA was sequenced on both strands, and
its nucleotide sequence and predicted protein sequence are
shown in Fig. 4. There were 1,881 nucleotides (nt) with a
single long open reading frame of 1,185 nt encoding a protein
of 395 amino acids. There was a 5' untranslated region of 51
bases which did not contain a stop codon in any frame. We
therefore cannot exclude the possibility that the ATG iden-
tified in our sequence is not the true initiation codon. It is
unlikely, however, that we missed a significant amount of
upstream sequences, since the sum of the cDNA and an
average poly(A) tail (150 nt) was very close to the predicted
mRNA length obtained from Northern blots. The 5 nt
immediately upstream from the putative initiation codon
(GCAAC) agree with the proposed initiation codon consen-
sus sequence (CCACC) of Kozak (22) in three of five
positions, including the strongly conserved A at position -3.
The majority of initiation codons have a similar level of
agreement to this consensus sequence (22). A 3' untranslated
region of 645 nt was present. In the 100 nt 3' of the putative
stop codon, there was at least one stop codon in all three
reading frames. The consensus polyadenylation signal
AATAAA was found 20 bases from the poly(A) tract.

Analysis of the predicted protein primary structure re-
vealed several interesting features. The protein had a size of
44 kilodaltons (kDa) and a high proportion of basic (19o) and
acidic (18%) amino acids. Figure 5 shows a hydrophilicity
plot of the protein, which indicates the presence of four
major hydrophilic domains, i.e., amino acids 62 to 98 (I), 138
to 149 (II), 215 to 230 (III), and 299 to 306 (IV), which were
distributed every 60 to 80 amino acids. These domains
consisted of clusters of basic and acidic amino acid residues.
Domain I (residues 62 to 98) consisted of 17 basic and 10
acidic amino acids within 37 amino acids. It was the only
domain with a marked net positive charge. In addition, it was
flanked by two triplets of lysine residues at residues 51 to 53
and 115 to 117. The remaining three domains were smaller
and had nearly equal numbers of acidic and basic amino
acids.
A Diagon plot of the tsBN51 protein against itself is shown

in Fig. 6. This indicates that there are four major repeats of
sequence homology within the protein, which correspond to
the hydrophilic domains described above. The sequence
comparisons are shown in Fig. 7. Therefore, the tsBN51
protein contains a periodic repetitive structure characterized

by clustered basic and acidic amino acid residues. It can also
be noted that the sequence lysine-glutamine-glutamine oc-
curs six times within the tsBN51 protein. Three of these are
within the major repetitive domains, while three others are
present in areas with less marked hydrophilic character
(residues 187 to 189, 203 to 205, and 259 to 261).

DISCUSSION

Identification of the genes required for progression
through the cell cycle is an important step in understanding
the mechanism and control of cellular proliferation in both
normal and neoplastic cells. Although progress has been
made in identifying genes whose mRNA level is increased in
proliferating cells (10, 16, 24), the role of these genes in the
cell cycle is not clear. A potential problem with this method
is the possibility that the increased mRNA is a secondary
phenomenon and is not directly related to a role for the gene
product in progression through Gl. In addition, all genes of
interest may not have an increased level of mRNA during
proliferation. Despite these problems, however, the method
holds promise for identifying potentially important genes.
Our approach, which involves the molecular cloning of
genes which complement ts cell cycle mutations, avoids
these two difficulties in that the genes are, by definition,
necessary for cell cycle progression and do not have to be
induced during the cell cycle. In general, we believe that
both approaches are needed and should be complementary.

In this paper we report the isolation and preliminary
characterization of the human gene complementing the mu-
tation in the tsBN51 cell cycle mutant. Our approach was
essentially the same as used previously in this laboratory for
isolating the tsll cell cycle gene (13). The strategy consisted
of transfecting human high-molecular-weight DNA into
tsBN51 cells, which were then selected at 39.5°C. The
surviving Ts' clones were screened for Alul sequences to
determine which clones had actually taken up the comple-
menting human DNA. Two additional rounds of transfection
reduced the amount of extraneous AluI sequences. The gene
was then isolated from a recombinant genomic library con-
structed from a tertiary Ts' transformant by screening for
Alul sequences. The recombinant phage was biologically
active in complementing the ts defect in BN51 cells, as was
one of two phages isolated from the Maniatis et al. (25)
genomic DNA library. Correlation of the restriction maps of
these phages with their biological activity defined a gene
within a region of 7 to 8 kb of DNA.
A portion of the genomic clone recognized an mRNA of

approximately 2 kb in all cell lines tested, including human,
mouse, rat, and hamster, indicating that the gene is evolu-
tionarily conserved. We used this fragment to isolate a
biologically active cDNA from the Okayama-Berg human
cDNA expression library. The nucleotide sequence of the
cDNA predicted a protein of 44 kDa, which is characterized
by four periodic, repetitive clusters of basic and acidic amino
acids. A search of the National Biomedical Resources Foun-
dation data base of protein sequences with the Fast P
program (26) did not find any strong homologies to the
predicted tsBN51 protein.
The predicted protein structure is similar to that of the Ul

RNA-associated 70-kDa protein. This protein is character-
ized by a high content of basic (28%) and acidic (18%) amino
acids, which tend to be clustered in mixed-charge groups
(44), similar to the tsBN51 protein. However, the 70-kDa
protein has a more extreme degree of clustering at the
carboxyl-terminal half and a larger percentage of arginines
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1 ACTTCCGCCCGGCGCGAGACCGAAGCTGGCGGCTGGTCGGTTGCAGGCAAC
10 20 30

52 &IGTCGGAAGGAAACGCCGCCGGACGCCCAGCACGGCAGGGCCCGGACCTTCTCCTGACTGGGGCCCGGGGGTCATCGGGCGGCGGCGGC
MetSerGluGlyAsnAlaAlaGlyArgProAlaArgGlnGlyProAspLeuLeuLeuThrGlyAlaArgGlySerSerGlyGlyGlyGly

40 50 60
142 CTCCCCTCACCCCCGGCCGTTCCCTCCATCCGTTCCAGGGACCTAACCCTCGGGGGAGTCAAGAAGAAAACCTTCACCCCAAATATCATC

LeuProSerProProAlaValProSerIleArgSerArgAspLeuThrLeuGlyGlyValLysLysLysThrPheThrProAsnIleIle

70 80 90
232 AGTCGGAAGATCAAGGAAGAGCCCAAGGAAGAAGTAACTGTCAAGAAGGAGAAGCGTGAAAGGGACAGAGACCGACAACGAGAGGGGCAT

SerArgLysIleLysGluGluProLysGluGluValThrValLysLysGluLysArgGluArgAspArgAspArgGlnArgGluGlyHis

100 110 120
322 GGACGAGGGCGACGCCGTCCAGAAGTGATCCAGTCTCACTCCATCTTTGAGCAGGGCCCAGCTGAAATGATGAAGAAAAAAGGGAACTGG

GlyArgGlyArgArgArgProGluVallleGlnSerHisSerIlePheGluGlnGlyProAlaGluMetMetLysLysLysGlyAsnTrp

130 140 150
412 GATAAGACAGTGGATGTGTCAGACATGGGACCTTCTCATATCATCAACATCAAAAAAGAGAAGAGAGAGACAGACGAAGAAACTAAACAG

AspLysThrValAspValSerAspMetGlyProSerHisIleIleAsnIleLysLysGluLysArgGluThrAspGluGluThrLysGln

160 170 180
502 ATCTTGCGTATGCTGGAGAAGGACGATTTCCTCGATGACCCCGGCCTGAGGAACGJ.CACTCGAAATATGCCTGTGCAGCTGCCGCTGGCT

IleLeuArgMetLeuGluLysAspAspPheLeuAspAspProGlyLeuArgAsnAApThrArgAsnMetProValGlnLeuProLeuAla

190 200 210
592 CACTCAGGATGGCTTTTTAAGGAAGAAAATGACGAACCAGATGTTAAACCTTGGCTGGCTGGCCCCAAGGAAGAGGACATGGAGGTGGAC

HisSerGlyTrpLeuPheLysGluGluAsnAspGluProAspValLysProTrpLeuAlaGlyProLysGluGluAspMetGluValAsp

220 230 240
682 ATACCTGCTGTGAAAGTGAAAGAGGAGCCACGAGATGAGGAGGAAGAGGCCAAGATGAAGGCTCCTCCCAAAGCAGCCAGGAAGACTCCA

IleProAlaValLysValLysGluGluProArgAspGluGluGluGluAlaLysMetLysAlaProProLysAlaAlaArgLysThrPro

250 260 270
772 GGCCTCCCGAAGGATGTATCTGTGGCAGAGCTGCTGAGGGAGCTGAGCCTCACCAAGGAAGAGGAACTGCTGTTTCTGCAGCTGCCAGAC

GlyLeuProLysAspValSerValAlaGluLeuLeuArgGluLeuSerLeuThrLysGluGluGluLeuLeuPheLeuGlnLeuProAsp

280 290 300
862 ACCCTCCCTGGCCAGCCACCCACCCAGGACATCAAGCCTATCAAGACAGAGGTGCAGGGCGAGGACGGACAGGTGGTGCTCATCAAGCAG

ThrLeuProGlyGlnProProThrGlnAspIleLysProIleLysThrGluValGlnGlyGluAspGlyGlnValValLeuIleLysGln

310 320 330
952 GAGAAAGACCGAGAAGCCAAATTGGCAGAGAATGCTTGTACCCTGGCTGACCTGACAGAGGGTCAGGTTGGCAAGCTACTCATCCGCAAG

GluLy3AspArgGluAlaLysLeuAlaGluAsnAlaCysThrLOuAlaAspLeuThrGluGlyGlnValGlyLysLeuLeuIleArgLys

340 350 360
1042 TCTGGAAGGGTGCAACTCCTCTTGGGCAAGGTGACTCTGGACGTGACCATGGGAACTGCCTGCTCCTTCCTGCAGGAGCTGGTGTCCGTG

SerGlyArgValGlnLeuLeuLeuGlyLysValThrLeuAspValThrMetGlyThrAlaCysSerPheLeuGlnGluLeuValSerVal

370 380 390
1132 GGCCTTGGAGACAGTAGGACAGGGGAGATGACAGTCCTGGGACACGTGAAGCACAAACTTGTATGTTCCCCTGATTTTGAATCCCTCTTG

GlyLeuGlyAspSerArgThrGlyGluMetThrValLeuGlyHisValLy3HiSLYsLeuValCySSerProAspPheGluSerLeuLeu

1222 GATCACAAACACCGGTAAAATGAGCAGGTGGAGGAGGACGGCGCCTGTGCCCACGCTGCTGCCTGCTCCAGACATTTTGTTCTTGAATCT
AspHisLysHisArg---

1312 GTGAGACCCAGAAGGGCCCACTGAGCCCACTCACTCCACCTTTGGCAACCATTGTTCCAGGTCCCCCAGGGCTTCCTCCCACAGCAGCTG

1402 TGAATGGCACAGTGACCTTCCTGCAGCGTGGAGATGGCACATCCTTGCTGCTGGGGACTTGGCCCTGCTATTTATTTTTGTATTTATGTC

1492 TTAATCTCTTCCACTGATGCATCCTCCAAGGGTAGATGGGGAGGGTCTGTGTGAAGGGGCCGGCTTCTCTTGGTGCCTGCTGGGTTGCAG

1582 GGGCAGGAAGCGTGTGGACTGCAGCTTCTGCTGGTGCTCCCCCCGTCCTCCTGGAGGCAGTATAGGAGAGAGAGCAAGGATTGAGTCTGA

1672 GACTTAAGCACTCGGTCCCAGCTTGCCAGTTCCTGGTTCTGTGTCCTTGGAAAACTACCTAACCTTTCTGAGCCTCCTATACTATCCGAC

1762 ACAAATGGGGATGATACCTACCTCCAGGGTTGGCGTGAGGATTCATGGGCTATTATAGATGAAAACTGCACAAGGCCAGAACTAGCAGGC

1852 ACTCAATAAACGTTCATGTCCTTTTTCTCTAAAAAAAAA_
FIG. 4. Nucleotide and predicted amino acid sequence of the pCD51-6A cDNA clone. The putative start codon (position 52), stop codon

(position 1237), and polyadenylation signal (positions 1856 to 1861) are underlined.
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FIG. 5. Hydrophilicity plot of the predicted protein of the tsBN51 gene. Hydrophilicity was calculated by the method of Hopp and Woods
(17) with a span of 6 amino acids. Similar results were obtained by the method of Kyte and Doolittle (23) (data not shown). The repetitive
hydrophilic domains are indicated as I through IV.

than the tsBN51 protein. A direct sequence comparison with
the algorithm of Lipman and Pearson (26) revealed some
homology (15% identity, 48% conservative replacements)
between amino acids 40 to 270 of the tsBN51 protein and
amino acids 364 to 594 of the 70-kDa protein. These regions
contain hydrophilic domains I to III of the tsBN51 protein
and the markedly hydrophilic carboxyl-terminal domains of
the 70-kDa protein, respectively. A comparison of the
tsBN5l protein with the randomly shuffled 70-kDa protein
sequences (n = 100) revealed that the Z score of the initial
and aligned overlaps was 2.9 standard deviations above the
mean, which is of borderline significance (26). Thus, we

cannot be certain at this time whether there is some distant
relationship between the two proteins or whether the simi-
larity is fortuitous.
The tsBN51 protein is also similar to that of the high-

mobility-group (HMG) proteins (34, 45), which contain high
proportions of basic and acidic residues, with two domains
derived by partial duplication (36). Unlike the tsBN5l pro-
tein, there is a highly acidic C-terminal region. A direct
comparison of the sequences revealed no homology, so that
it is unlikely that the tsBN51 is part of the HMG gene family,
although a similar function is possible based on the structural
analogies. Another protein with a similar structure is myosin
(30). The structure of myosin is characterized by repetitive

AMINO
ACID

NUMBER

300

200

100

100 200 300
AMINO ACID NUMBER

FIG. 6. Diagon plot of predicted protein of the tsBN51 gene
against itself by the program of Staden (42). A proportional algo-
rithm with a span of 11 amino acids and a minimum score of 132 was
used.

28-amino-acid sequences with a high proportion of basic and
acidic amino acids, which are probably involved in the
self-association of myosin rods (30). Again, there is no

strong homology to the tsBN51 protein by direct comparison
of the sequences. Thus, we cannot assign the tsBN51 protein
to a known gene family or superfamily, but it would seem
likely by analogy to proteins of similar structure that the
periodic charged domains are involved in binding of the
protein to either nucleic acid or another protein.
The availability of both genomic and cDNA clones for the

tsBN51 gene should facilitate the study of the cellular
localization of its product, the regulation of its expression,
and the effects of its constitutive expression on the cell's
phenotype. These studies should help elucidate the biochem-
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FIG. 7. Comparison of the amino acid sequences of the hydro-
philic domains of the predicted protein of the tsBN51 gene. The
indicated domains are as shown in Fig. 5. Identical amino acids are

indicated by two dots, and conservative substitutions are shown by
a single dot.
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ical function of the tsBN51 protein and its role in cell cycle
progression.
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