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probes could be found. However, we show that these RNAs form mismatched hybrids with the
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We have examined histone gene expression during the early stages of sea urchin
embryogenesis. The five histone genes expressed at that time are contained in
tandem repetitive segments. It has been suggested that adjacent coding regions
and their intervening spacer sequences are transcribed into large polycistronic
messenger ribonucleic acid (RNA) precursors. We have subcloned into pBR322
deoxyribonucleic acid (DNA) sequences mapping either in the coding region, the
5' spacer, or the 3' spacer of the H2B histone gene. These clones were used to
produce radioiodinated hybridization probes. We measured the steady-state quan-
tity of H2B messenger RNA as well as spacer-specific RNA in the total RNA
from embryos taken at various stages of development from fertilization to hatch-
ing of blastulae (0 to 22 h post-fertilization). Small amounts of RNA hybridizing
to both spacer probes could be found. However, we show that these RNAs form
mismatched hybrids with the spacer DNA and therefore cannot originate from
the spacers present in the histone genes. We conclude that there is no detectable
transcription of the spacer regions on either side of the H2B histone gene. The
detection limit for RNA complementary to the 5' spacer sequence corresponds to
a maximum of about three RNA molecules per cell, an amount shown to be far
less than the projected steady-state pool size of a putative polycistronic transcript,
if such a precursor were to be the obligatory transcript of the histone genes. (This
conclusion was derived by using the known rates of production of H2B mRNA
throughout early development [R. E. Maxson and F. H. Wilt, Dev. Biol., in
press].) The physiologically relevant transcript of the histone genes in early
development is therefore monocistronic and probably identical to the messenger
RNA itself.

The histone genes transcribed during the
rapid cleavage stage of echinoderm embryogen-
esis are members ofa moderately repetitive fam-
ily of tandemly arrayed genetic units each of
which contains, on the same deoxyribonucleic
acid (DNA) strand, coding sequences for the five
classes of histone messenger ribonucleic acid
(mRNA) interspersed with spacer DNA (see Fig.
1; reviewed in reference 19). The DNA sequence
of nearly the entire repeating unit is known for
three species of sea urchin (3, 33, 38, 39; R. Cohn
and L. H. Kedes, manuscript in preparation),
and the 5' and 3' ends of the mRNA's have been
determined and mapped on the DNA (17, 22,
37).
The nature of the primary transcripts of these

genes is unknown. On one hand, it is evident
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Park, CA 94025.

f Present address: Albert Einstein College of Medicine,
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that their organization might easily lend itself to
polycistronic transcription. However, in other
invertebrates, histone genes do not have the
same organization: in Drosophila melanogaster
they are clustered but are not all the same DNA
strand (23). In yeasts, histone protein coding
regions exist in unlinked pairs that are oppo-
sitely oriented (18). Furthermore, ultraviolet
mapping experiments in HeLa cells measured
the size of histone gene primary transcripts (16)
as only being able to accommodate single
mRNA's. Thus, polycistronic transcription of
histone genes cannot be a universal strategy for
their expression.

Several reports have shown that large nucleic
acid molecules synthesized by sea urchin em-
bryos contain sequences that form hybrids with
histone genes (20, 35). The latter report holds
that such molecules contain sequences that hy-
bridize with more than one histone gene and
suggests that polycistronic transcription does
take place. Evidence to the contrary however
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was obtained in our previous experiments (5):
although we could detect high-molecular-weight
RNA that hybridized to histone genes immobi-
lized on a cellulose matrix, such RNAs were

found to be cross-hybridizing species rather than
authentic transcripts of those genes.

Independent evidence against polycistronic
transcription of sea urchin histone genes came
from ultraviolet-inactivation studies (G. Childs,
unpublished data). If polycistronic transcription
started at a single location in the histone repeat
unit, one should expect the appearance of indi-
vidual histone mRNA's that are differentially
ultraviolet sensitive, depending on their position
in the transcription unit (16 and references
therein). We were unable to detect such a gra-

dient of histone mRNA ultraviolet sensitivity,
whereas in the same experiments, the polarity
of 18S and 28S rRNA could easily be demon-
strated. This result argues against a single pro-
moter per repeat unit but it cannot exclude the
existence of overlapping polycistronic transcrip-
tion units starting in front of each of the five
genes. The work reported in this paper was
designed to define the nature of the histone gene
transcript in the sea urchin and to resolve the
discrepancies of previous reports. First, we pres-
ent qualitative evidence against polycistronic
transcription obtained by separating embryo
RNA on denaturing gels, blotting onto diazoben-
zyloxymethyl (DBM)-paper (1), and hybridizing
to histone-specific probes. The main thrust of
the present paper is, however, of a quantitative
nature. Ifpolycistronic or high-molecular-weight
precursor transcription or both do take place on
sea urchin histone genes, then it must cross or
extend into the spacer segments flanking each of
the mRNA coding regions. Furthermore, if tran-
scription from the flanking regions occurs, RNA
molecules containing these sequences should be
detectable, even if the RNA molecules are short-
lived precursors. In fact, such RNA species
ought to be present in amounts compatible with
the massive rate of histone mRNA production
occurring in early embryos, at least if such tran-
scripts are to be ofany physiological significance.
The evidence we present here demonstrates that
there is no significant transcription of the spacer

Hl H4

regions between the H4, H2B, and H3 histone
genes. We conclude that the primary transcript
of the H2B gene and, by inference, all five early
histone genes are monocistronic and probably
identical with the histone mRNA.

MATERIALS AND METHODS
Cloning ofrestriction fragments. To obtain pure

DNA probes, we generated a series of subclones from
segments of the previously characterized sea urchin
Strongylocentrotus purpuratus clones pSpl02 and
pSpll7 (8). The HhaI-BamHI fragment of pSpl02
constituting the 5' spacer probe was cloned, using
standard recombinant DNA technology, and the re-

sultant clone was called pSp2b-1. This restriction frag-
ment lies entirely within that spacer region: it starts
in the middle of the H4-H2B spacer and ends 37
nucleotides upstream of the H2B mRNA start (Fig. 1).
The DNA sequence of this fragment was determined
by the method of Maxam and Gilbert (24) (Fig. 2). In
cloning this fragment, we followed the procedures of
Ullrich et al. (40) except when mentioned otherwise.
Briefly, the ends of this fragment were converted to
blunt ends, using reverse transcription [conditions: 0.5
mM ofeach of the four deoxynucleotide triphosphates,
50 mM tris(hydroxymethyl)aminomethane-hydro-
chloride (pH 8.3), 6 mM MgCl2, 40 mM KCI, and 0.2
mM primer-template incubated for 1 h at 37°C]. 32p_
end-labeled HindIII linkers were then ligated onto the
fragment with T4 ligase, and the linked fragment was
treated with HindIII and ligated into the correspond-
ing site of HindIII-cut pBR322. Ligation of nonrecom-
binant circles was prevented by removing the 5' phos-
phates from the linearized vector with calf intestinal
phosphatase [in 100 mM tris(hydroxymethyl)ami-
nomethane-hydrochloride, pH 7.5]. Transformants of
E. coli HB101 were screened, using the nitrocellulose
filter colony assay of Grunstein and Hogness (14). The
probe used in this step was the insert ofpSplO2 labeled
with 32P by nick translation (32).
The eucaryotic fragment of pGC1 (the 3' spacer

probe) is 167 base pairs long and derives from a region
between the H2B and H3 genes from base 1131 to
base 1297 in our published sequence (39). Unlike the
other subclones, it was not created with HindIII link-
ers, but since it is an EcoRI-BamHI fragment, it was
substituted for the EcoRI-BamHI fragment of
pBR322. This fragment starts at a position approxi-
mately 467 bases downstream of the terminus of the
H2B mRNA coding region and ends 43 nucleotides 5'
to the H3 mRNA capping site (Fig. 1).

Isolation, labeling, and strand separation of
probe DNA. The techniques for growing plasmid-

H2B H3 H2A

I. ~ -J

flt -t
Hha BamHIl tBamHI

HaIl HaelII EcoRI
FIG. 1. Map of probe fragments. The thick lines represent protein coding regions. The direction of

transcription is left to right. The three restriction fragments shown were subcloned into pBR322 and used as

hybridization probes for the H2B coding region, the 5', and the 3' spacers, respectively.
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harboring bacteria and purifying plasmid DNA have
been described previously (8). Plasmid DNA was di-
gested with the appropriate restriction enzyme to lib-
erate the eucaryotic insert. The vector insert mixture
was extracted several times with phenol-chloroform,
concentrated by ethanol precipitation, and labeled
with "I according to Lev et al. (21). Removal of
unreacted iodide was also done as described by Lev et
al., and the strand separation (and at the same time,
the separation of insert and plasmid) was performed
on a large-pore polyacrylamide gel (25). Finally, resid-
ual contamination by the opposite strand was elimi-
nated by allowing it to reassociate and separating the
single-stranded fraction on hydroxyapatite. This ma-
terial was used as a probe. The reactivity of such
probes was 60 to 90%, and the background of self-
annealing was less than 4%.

Hybridization conditions. Hybridization and hy-
droxyapatite chromatography, including the low-salt
ribonuclease (RNase) control, were done essentially as
described by Scheller et al. (34). Briefly, 500 to 2,000
cpm of ['251]DNA and varying amounts of RNA were
hybridized in 0.4 M phosphate buffer (PB)-0.05% so-
dium dodecyl sulfate-2 mM ethylenediaminetetraace-
tic acid at 68°C for 18 to 48 h, i.e., at a Cot 10 or more
times higher than the DNA CotI/2. The hybridization
mixture was flushed into 2 ml of 0.02 M PB and
divided into two parts: 1 ml was adjusted to 0.12 M
PB-0.05% sodium dodecyl sulfate and analyzed over
hydroxyapatite (measure of total duplex); the other
was incubated with RNase A (50 ug/ml) at 37°C for 1
h and then adjusted to 0.12 M PB-0.05% sodium
dodecyl sulfate and passed over hydroxyapatite. This
RNase treatment hydrolyzes RNA engaged in RNA-
DNA hybrids as well as RNA in the free state. The
difference in hybridization value found with and with-
out RNase is indicative of the quantity of authentic
RNA-DNA hybrids, as opposed to DNA-DNA hybrids
which might form if the RNA preparations had been
contaminated with genomic DNA. With all of the
RNA preparations, however, RNase treatment re-
duced hybridization values to the low background
levels, demonstrating that there is little contamination
of the single-stranded probe by DNA of the opposite
polarity. We conclude that all of our RNA prepara-
tions were free from measurable DNA contamination.
Hydroxyapatite columns were loaded and eluted at
60°C (single-stranded material) and then shifted to
95°C (double-stranded material). Fractions (4 ml)
were scintillation counted directly by addition of
Aquasol (New England Nuclear Corp.).
The quantitative treatment of titration data has

been presented by Scheller et al. (34). We defined Ti
To as the fraction of reactive probe hybridized when
a mixture of RNA/probe ratio equal to R is incubated
to termination. We defined 1/a as the fraction of the
RNA complementary to the probe. At low R values,
the plot of TI To versus R is linear:

T R
=- ~~~~~~(1)To a

To carry out such titrations, three constants must be
known: the length of the DNA probe, the concentra-
tion of RNA, and the concentration of DNA in the

reaction mixtures. The molecular length of the probe
in base pairs is known directly from the DNA se-
quence, whereas the RNA concentrations are deter-
mined spectrophotometrically. Concentrations of the
radioiodinated probe DNAs could only be determined
by careful measurement of probe specific activities as
discussed in the next section.

Specific activity determination. We used two
different methods to determine the critical specific
activity values. The first was the kinetic method de-
scribed by Scheller et al. (34). The specific activities
of the two 5' spacer probes (the coding and noncoding
strands) were determined by reannealing an equal
radiochemical amount of each strand and determining
the kinetics of the reaction, using Si nuclease. The
half-time of the reaction allowed us to calculate the
amount of DNA present, knowing the value of CAtI/2.
This latter quantity is directly related to the known
sequence complexity of the DNA and was calculated
by using the known relationship between complexity
and the reassociation kinetics of a standard reaction
(in this case, the reassociation of 4)X174 DNA sheared
to 300 base pairs) (11).
The specific activity of the pGC1-derived '25I probe

was determined by titration instead of by hybridiza-
tion kinetics. One of the separated strands, labeled L,
was incubated with increasing amounts of cold, EcoRI-
BamHI double-digested pGC1 DNA. Therefore, the
excess cold component of the reaction was a mixture
of linear plasmid and insert. The titration curve was
expressed as TI To versus the ratio of micrograms of
RNA/counts per minute of probe, R' (Fig. 3). There-
fore, R' = RIS, where R is the mass ratio of driver/
probe, as in equation 1.

1.01

0.6

0.4

0.2

0
0 1 2 3 4 5 86

R'X 106
FIG. 3. Specific activity ofthe 3'probe. The specific

activity of the 3'probe was determined by titration of
unlabeled, BamHI-EcoRI double-digestedpGCI with
single-stranded iodinated DNA, as explained in the
text.
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Ifwe consider the initial, linear portion of this curve,
we can again apply equation 1:

T R R'xS R'
To a a a'

where 1/a' = 1/a x S is the initial slope of the
titration curve when the abscissa represents micro-
grams of cold nucleic acid over counts per minute of
probe. We estimate that this initial slope 1/a' = 2.86
x 105 cpm/,ug. On the other hand, 1/a is the mass
fraction of the reacting DNA (one strand of the insert)
in the mixture. The nonreacting components are
therefore the other strand of the insert and both
pBR322 strands. We computed 1/a =

165
165 + (2 x 4,000) = 2.02 x

Finally, the specific activity was calculated as:
1/a'S = = 1.4 x 107 cpm/Lg1/a

Determination of polarity of 5' spacer probe.
To determine the polarity of the U and L probes
relative to the messenger coding strand, we used a
HhaI-EcoRI fragment which encompasses the 5'
spacers and the H2B coding sequence (Fig. 1). This
fragment had been previously strand separated, and
the relationship of the single strands to the mRNA
was determined. We used that strand of the HhaI-
EcoRI fragment which we knew to be identical in
polarity to the mRNA and reacted it with the U and
L probes. The fraction of probe taken into hybrid at
terminal Cot was determined by the Si nuclease assay
performed as described by Lev et al. (21).

Determination of polarity of 3' spacer probe.
The polarity of the U and L strands relative to the
coding strand was determined by using a DNA frag-
ment encompassing both the 3' spacer and a coding
sequence, as was done with the 5' spacer. In this case,
however, we had a clone derived from pSpll7 in which
the eucaryotic piece has been recloned into the vector
M13mp2 (13), a single-stranded phage. The phage
used contained the sea urchin sequence identical to
the H3 and H2A messenger sequences as well as the
sequence in pGC1. Since the coding strand is the same
for all five mRNA's, the pGC1 strand hybridizing to
this single-stranded DNA probes for spacer transcripts
of the same polarity as the mRNA.We hybridized the
U and L strand of the pGCl probe to this DNA under
the usual conditions and passed both hybridizations
over hydroxyapatite. The result shows that L hybrid-
ized to the cloned single-stranded DNA, whereas U
did not.

Preparation of embryo RNA Sea urchin em-
bryos were grown as previously described (15). Total
RNA was prepared, using the guanidine hydrochloride
method ofStrohman et al. (36) as previously described
(6). In addition, residual contamination of the RNA
by DNA was eliminated by treating with pancreatic
deoxyribonuclease, proteinase K, and phenol-chloro-
form, as described by Wold et al. (41). For this purpose,
RNase-free deoxyribonuclease (Worthington Diagnos-
tics) was further purified by affinity chromatography
on agarose 5'-(p-aminophenylphosphoryl)uridine-
2'(3')-phosphate (Miles-Yeda) (27).

RESULTS
Detection of histone-specific RNAs on

Northern blots. We separated histone-specific
RNA sequences by electrophoresis to detect any
high-molecular-weight species differing in length
from histone mRNA's. We prepared nuclear as
well as polysomal RNA from 7-h-old embryos
and separated them by electrophoresis on den-
aturing agarose gels (28). After we blotted the
gel onto DBM-paper (1), we searched for his-
tone-specific RNAs by hybridizing the blot with
histone gene probes labeled by nick translation.
Figures 4A to D show the autoradiography of
such blots hybridized to pSplO2 and pSpll7,
which contain the H4, Hi, and H2B genes and
the H3 and H2A genes, respectively, and which
together encompass an entire histone gene re-
peat unit. The only reproducible and specific
RNA bands apparent on these deliberately ov-
erexposed autoradiographs are messenger sized,
both in nuclear and in polysomal RNA. No high-
molecular-weight histone-specific RNA was de-
tected.
Very small amounts of a polycistronic tran-

script, which must also include spacer sequences,
might be revealed with greater sensitivity with
a spacer-specific probe. We therefore probed
similar RNA blots with nick-translated DNA
from pGCl, a subclone of pSpll7 specific for
part of the spacer between H2B and H3 (see Fig.
1). No high-molecular-weight RNA was detect-
able (Fig. 4, lanes E and F). There is faint

A B C D E F

U.
FIG. 4. Northern blot hybridization ofhistone-spe-

cific RNAs. Nuclear and polysomal RNA from early
embryos was separated on a denaturing gel, blotted
onto DBM-paper and hybridized with histone-spe-
cific, 32P-labeled probes. (A, C, and E) Polysomal
RNA. (B, D, and F) Nuclear RNA. The probe for A
and B was pSplO2; for C and D, it was pSpll 7, and
for E and F, it was the spacer-specific probe pGC1.
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hybridization at a position corresponding to a
histone mRNA. This signal is more intense in
polysomal than in nuclear RNA, and we believe
that it is due to cross-hybridization between the
probe and H4 mRNA since they have a short
base pair sequence in common. We conclude
that the qualitative RNA blot experiments dem-
onstrate no specific, high-molecular-weight his-
tone gene transcripts. Nevertheless, to assess
further the validity of this negative result, we
turned to the quantitative approach described
below.
Strategy for the measurement of histone

spacer transcripts. Our overall strategy was
to determine the absolute concentration ofRNA
molecules per cell or per embryo capable of
forming RNA-DNA hybrids with histone gene
spacer DNA fragments. The method we used for
titrating single-stranded DNA probes against
RNA-containing fractions was the probe excess
titration technique described by Scheller et al.
(34). Briefly, the fraction of probe annealed at
hybridization termination was determined for
increasing RNA concentrations but under con-
ditions ofprobe excess relative to the hybridizing
RNA sequences. The plot of this fraction versus
the RNA/DNA ratio is linear if only one strand
is represented in the RNA and is initially linear,
even in cases ofsymmetrical representation (34).
From the slope, the concentration of reacting
RNA can be computed directly.
Hybridization of the spacer probes to sea

urchin RNA. We prepared total cellular RNAs
from mature eggs and from embryos harvested
at various developmental stages. We then hy-
bridized these RNAs to the separated strands of
the 5' and 3' spacer probes. First, titrations of
RNA from 11-h-old embryos were carried out
with each probe. The 5' spacer probes hybridized
to RNA present in 11-h-old embryos, and tran-
scripts of both polarities were found (Fig. 5A).
Since the titration curves are linear over the
range of DNA/RNA ratios employed, we could
use a single ratio in this range to evaluate the
amounts of hybridizing transcripts in the other
RNA samples taken at various stages in devel-
opment.

Single hybridization mixtures containing
RNA from various developmental stages were
prepared at a relatively constant total DNA/
RNA ratio of 106. These mixtures were incu-
bated in hybridization conditions, and the degree
of hybridization was measured by hydroxyapa-
tite chromatography with the appropriate con-
trols, as explained above.
The results of these titration measurements

are presented in Table 1 and Fig. 6. The values
in Table 1 for numbers of molecules per egg or

0.4 I A

0.2

0
0 1 2 3 4 5 6 7 8

RNA / DNA x10-5

0.6 B

0.4-

0.2

0

0 1 2 3 '4 5 6 7 8
RNA IDNA x 1-

FIG. 5. Titration of spacer sequences in 11-h-old
embryo RNA. (A) Total RNA from 11-h-old embryo
was hybridized to both strands of 5' spacer-specific,
iodinated DNA (pSp2b-1). The polarity of the probes
relative to the coding strand has been determined as
described in the text. Symbols: 0, titration with L
strand (coding strand); A, titration with U strand;
0, L strand and A, U strand hybridized at 60°C
(lower stringency). (B) Similar experiments were done
using the 3' spacer probes (pGC1). Symbols: 0, titra-
tion with L strand (coding strand); A, titration with
U strand.

embryo were calculated as indicated in the foot-
notes to Table 1. These data demonstrate the
presence in embryos of RNA molecules able to
hybridize to the spacer sequence flanking the
H2B histone gene on the 5' side. Moreover,
RNAs of both polarities could be detected. Each
of these two RNA classes exhibited a distinctive
time course of accumulation. For the purpose of
comparison, Fig. 6 also shows the time course of
accumulation of H2B mRNA sequences. These
data were obtained by hybridizing these same
RNA samples to a radiolabeled probe specific
for the H2B coding region (unpublished data).
The quantities of the 5' spacer RNAs are low, in
the order of 1/2,000 the amounts ofH2B mRNA
present at the same developmental stage.
The results regarding the 3' spacer probes are
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TABLE 1. Quantitation of 5' spacer-specific RNA at various stages of development
Reacting RNA

Timeofem- ~RNA/DNA mas TTbryo develop- Strand ratio' m Fraction of total Ribonucleotides No. of mole-
ment (h) (rbonucleotides(pg) per egg or em- cules per egg

bryod or embryo

Mature egg U 1.64 X 106 0.004 <10-" <3 x 10" <100
L 1.89 x 106 0 <10-8 <3 x 10" <100

5.7 U 4.00 x 105 0.070 1.75 x 10-7 5.08 x 10`0 1,780
L 3.74 x 105 0.010 2.67 x 10-8 7.74 x 10-" 271

9 U 8.76 x 105 0.505 5.76 x 10-7 1.67 x 10-9 5,840
L 8.26 x 105 0.108 1.31 x 10-7 3.80 x 10-10 1,330

11 U 1.42 x 105 0.272 1.92 x 10-7 5.54 x 10`s 1,940
L 1.47 x 106 0.540 3.67 x 10-7 1.06 x 10-9 3,710

13 U 2.10 x 106 0.129 6.14 x 10-8 1.78 x 1010 622
L 3.03 x 106 0.544 1.80 x 10-7 5.22 x 10`0 1,830

16 U 1.53 x 106 0.055 3.59 x 108 1.04 x 1010 364
L 1.66 x 106 0.197 1.19 x 10-7 3.45 x 10-'O 1,210

22 U 1.22 x 106 0.119 9.75 x 10-8 2.83 x 1010 990
L 1.20 x 106 0.161 1.34 x 10-7 3.89 x 10`0 1,360

a RNA quantity obtained from determination of absorbance at 260 nm. DNA quantity was computed from
input counts per minute, and probe specific activity was measured kinetically as explained in the text.

b This measures authentic RNA-DNA hybrid as determined by the low-salt RNase test. The data are
corrected for reactivity and self-annealing; therefore, the value range is 0 to 1.

'Calculated as 1/a = (T/To)/R or from the slope of the complete titration curve of RNA from 11-h-old
embryos (Fig. 5A).
dAssumes 2.9 x 10-3 utg of total RNA per embryo throughout early development (L. Washburn, Ph.D.

dissertation, University of California, Berkeley, 1971).

somewhat different: spacer transcription was
6 _ 12 asymmetric; i.e., only one of the two probe

strands (corresponding to the strand from which
A/\ the mRNA was transcribed) formed detectable

5 -l RO° hybrids. Typical titration data derived with
cc al RNA extracted with 11-h-old embryos are
^' 4 _ / B - 8 o shown in Fig. 5B. The initial slope of the titra-
o tion with the L strand corresponds to about 3

cr / 2\ \ Xx 104 molecules per embryo. This is one order of
co co~~~I~ ~ -"-'th ocntainfw 3 6/uagni_6tude greater than the concentration of the

Ki / , l \|5' spacer transcripts at the same developmental
z stage. We also investigated the presence ofRNA

D 2 - ! tt 4 D homologous to the 3' spacer at other develop-
o / 01\ \ \ .* mental stages. A small amount of such RNA wasE / o7 \ > 2 detectable in egg RNA, whereas it seemed to

U- 2 have entirely disappeared by the 22-h stage
(data not shown).

O. L L, Spacer RNAs are not authentic tran-
o 5.7 9 11 13 16 19 22 scripts. Since S. purpuratus histone genes are

TIME POST-FERTILIZATION ( hours) asymmetrically transcribed (8), only RNA tran-
FIG. 6. Time course of spacer-specific RNA accu- scripts homologous to one or the other of the

mulation. Data are taken from Table 1. Symbols: 0, two spacer strands can be considered as evidence
RNA specific to L strand of5' spacerprobe pSp2b-1; to space str n e coNsideredra InceA, RNA specific to U strand;, accumulation curve for a possible histone mRNA precursor. In the
of H2B mRNA, determined by titration hybridiza- case of both 5' and 3' spacer probes, the RNAs
tions with an H2B coding region probe. Note the complementary to the L strands are of the cor-
different scales for the two data sets. rect polarity; i.e., they are transcribed from the
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same strand as the mRNA's. To investigate
whether these RNAs are indeed transcribed
from this region of the histone genes, we deter-
mined the melting profile of the hybrids. RNA-
DNA hybrids were formed at 68°C in 0.4 M PB,
using RNA from 11-h-old embryos and either
the U or L strand of "2'I-labeled spacer DNA. As
a control for the melts, these probes were simi-
larly incubated with an excess of cold, homolo-
gous DNA. The melting profile of these prepa-
rations was determined by hydroxyapatite chro-
matography in 0.12 M PB, starting at 600C (Fig.
7).
The melting curves show that all of the RNA-

DNA hybrids melted over a broad range of
temperatures and at temperatures significantly
lower than those of the reassociated DNA. The
differences in Tm's for the 5' spacer probes were
150C for both the U and the L strands. In
addition, the RNA-DNA melting profile sug-
gests significant heterogeneity of the hybrids, as
evidenced by the shallower slopes. Although
there is an intrinsic difference between the Tm

ui
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4 0.7a
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FIG. 7. Thermal analysis of hj
DNA hybrids prepared using tot
RNA and 5' spacer-specific ['2I
on hydroxyapatite at 60°C in 0.
melting profile was determined.
sociated [1251I/DNA was run on

apatite column. Symbols: A, RN
hybrid; A, simultaneous DNA-l
versus L strand hybrid; 0, corresg
melt. The reassociatedprobe DN,
ature consistent with itsguaninej
and intact fragment length.

of RNA-DNA and DNA-DNA melting, this dif-
ference is small in aqueous solutions. Further-
more, since the DNA sequences of the histone
genes and spacers within the repeating cluster,
and from individual to individual, are virtually
identical to one another (unpublished data), the
hybridizing RNAs cannot be homologous to any
member of the principal histone gene repeat
family. We conclude that the bulk of the hybrid-
izing RNA is not an authentic transcript from
the histone gene spacer DNA. Assuming that we
might not detect perfectly matched hybrids that
amounted to less than 10% of the total hybrid-
izing material, the maximum number of authen-
tic 5' spacer transcripts of the correct polarity
could be 370 molecules per 11-h-old embryo,
corresponding to an average of three molecules
per cell. Duplexes formed with the 3' L strand
were even less stable, with a Tm difference of
230C. We estimate that no more than 5% of
authentic transcript would have escaped detec-
tion in this melting curve. We can therefore set
the maximum number of 3' spacer transcripts
present in 11-h-old embryos at 1,500 molecules
per embryo.

DISCUSSION
A polycistronic primary transcript is

very unlikely. Our experiments were aimed at
establishing the existence of spacer transcripts
of the early histone genes, a necessary conse-
quence of polycistronic transcription. Using two
independent approaches, hybridization to RNA
blots and titration-hybridization, we were unable
to find any such transcripts. Obviously, it would
be impossible to argue from these results that

I such transcripts never exist, since this negative
finding is only as certain as the finite detection
limit of our experiments. However, the purpose
of this discussion is to argue a quite different
conclusion, namely, that no physiologically sig-
nificant transcription of spacer sequences of
early histone genes takes place during sea urchin
embryogenesis, at least through the first 22 h of
development. We shall first examine the data
pertaining to the 5' spacer of the H2B gene and

85 90 95 100 show that they constitute compelling evidence
that a spacer transcript cannot be the physiolog-

ybrid fidelity. RNA- ically obligatory transcript of most histone
lal, 11-h-old embryo genes.
r]DNA were loaded Let us consider the kinetics of the H2B gene
.12 M PB, and the expression process: if a colinear 5' spacer-gene
In each case, reas- transcript (such as a polycistronic transcript)
a parallel hydroxy- were part ofthe obligatory pathway ofH2B geneIA versus U strand
)NA melt; 0, RNA expression in early development, such molecules
ponding DNA-DNA would have to be present in amounts that are
A melts at a temper- compatible with the rate of H2B synthesis dur-
ilus cytosine content ing that time. More specifically, the smaller the

pool size of such a transcript, the faster it would
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have to turn over to provide a given rate of H2B
mRNA production; it happens that we are in a
position to know just how fast this has to be.
The maximum amount of 5' spacer transcript

present in 11-h-old embryos and which could
have gone undetected in our experiments is
equal to 370 molecules per embryo. Let us as-
sume that all of these 370 molecules represent
such spacer-containing precursors and that they
are converted to functional H2B mRNA with
100% efficiency. Therefore, 370 molecules is the
maximum pool size of the H2B mRNA precursor
at a point in development at which synthesis of
histone mRNA is maximal (26). These authors
have determined that the rate of synthesis of
H2A + H2B + H3 + H4 messenger RNAs peaks
at approximately 83 fg/min per embryo at 10 h
of development. We can assume that one-quar-
ter of this value is H2B mRNA synthesis, i.e.,
20.8 fg/min per embryo, or 75,000 molecules.
This must also be the minimum rate of produc-
tion of H2B primary transcripts, ming 100%
efficient precursor-product conversion. The fol-
lowing equation relates the pool size of a puta-
tive RNA precursor C, its rate of synthesis, k.,
and its rate of first order decay, kd (10):

dC-d= k.-kdC
dt

The steady-state pool size Co is obtained for dC/
dt= 0:

Co =
k

kd

Assuming that the precursor pool has reached
its steady state in the 11-h-old embryo, we can
calculate the half-life of such a precursor.

kd = 75,000 molecules
CO

x min-' per 370 molecules = 203 min-1

tl,2 = - = 3.4 x 10-3 min = 0.2 s

The rate of RNA polymerization in sea urchin
embryos has been shown to be 5 to 8 nucleotides
per second (2). Thus, our calculated precursor
half-life of 0.2 s corresponds to the time it takes
to polymerize only 1 to 2 nucleotides. This un-
realistically low half-life simply shows that a
precursor pool size of 370 molecules per embryo
is utterly inadequate to sustain the high rate of
H2B mRNA synthesis which is occuring in
these embryos. Therefore, the true precursor
must be of another type which does not include
the 5' spacer sequence.
One can, of course, argue that the half-life of

the putative H2B precursor pool is longer than
we calculate because the pool has not yet
reached a steady-state level. But no reasonable

correction for steady-state levels can stretch the
half-life to values compatible with the existence
of a polycistronic transcript.
A similar calculation can be made for the 3'

spacer sequences. We have seen that the maxi-
mum number of transcripts from the pGCl re-
gion is 1,500 molecules per embryo at that same
11-h stage. The half-life calculated as described
above is equal to 0.8 s.

In the case of the 3' spacer, independent con-
firmation is available that its transcripts, if there
are any, have an exceedingly short half-life. Ex-
periments have been done in this laboratory
(Childs et al., unpublished data) in which the
nuclear RNA of embryos labeled for 5 min was
hybridized to pGC1 DNA on nitrocellulose fil-
ters and the percentage of RNase-resistant ra-
dioactivity was determined. In these experi-
ments, plasmids pSp2 and pRC9, the Hi, H4,
and H2B genes and the H4 gene, respectively,
were used as hybridization controls. No values
significantly above background were obtained,
and the maximum proportion of total nuclear
RNA synthesis related to pGC1-specific se-
quences was determined to be 0.002%. Again, if
we assume that this maximum value represents
sequences that are part of a primary transcript,
then the half-life of the transcript must be con-
siderably shorter than 1 min.
We have demonstrated the absence of any

significant amounts of transcripts of spacer se-
quences present on either side of the H2B his-
tone gene. The most straightforward interpre-
tation of this evidence is that transcription of
the H2B gene occurs as a monocistronic unit.
The only model of polycistronic transcription
compatible with our data would be one involving
a tightly coupled transcription-processing com-
plex that would degrade newly synthesized
stretches of spacer transcripts before they ob-
tained a significant length, i.e., more than a few
nucleotides. Such a model would be at variance
with what is known about other eucaryotic
genes, in which primary transcripts are stable
enough to be completed and then processed
endonucleolytically.
There are additional arguments against a

polycistronic mechanism of histone gene tran-
scription. The 5' end of the H2B mRNA has
been mapped and located in relation to a se-
quence, PyCATTCPu, found next to it in the
H2B gene (22). This is the "consensus" form of
a sequence which is found 50 to 70 bases up-
stream of all of the other histone coding regions
and nowhere else in the histone gene sequences
(4, 37). Mapping experiments have pinpointed
the 5' ends of the histone mRNA's in or near
this sequence. Furthermore, approximately 20
nucleotides upstream from the PyCATTCPu se-
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quence there is a so-called "TATA box" (con-
sensus sequence TATAAATA) which has been
found in a similar position in most polymerase
11-transcribed genes (12). This sequence is con-
sidered a major determinant of eucaryotic pro-
moter function, leading to the conclusion that
each of the five histone genes has its own pro-
moter and its own transcription unit. Therefore,
the positions of the 5' ends of the mRNA suggest
that the primary transcripts are identical or very
similar to the final product. Also, when histone
genes are used as templates for transcription by
microinjection into Xenopus laevis oocytes (31)
or in vitro, the synthesized 5' ends have been
synonymous with the 5' ends of the natural
mRNA's. In addition, the 5' spacer probe that
we used happens to end just a few nucleotides
upstream of the TATA box (Fig. 2). If transcrip-
tion started a significant distance upstream of
the putative promoter, we should have detected
the corresponding RNA. Our results therefore
show that the physiological mechanism of his-
tone gene expression conforms to the model
suggested by structural and in vitro studies.
Significance of the RNAs partly homolo-

gous to the 5' spacer. The RNA-DNA thermal
dissociation profiles (Fig. 7) demonstrate that
most or all of the RNA hybridizing to spacer
probes is not transcribed from the H2B-flanking
spacers. If the spacer-like RNAs are not legiti-
mate histone precursors, what are they? The
sequence homology of the RNAs hybridizing
with pGCl DNA is so poor that trivial explana-
tions are likely to explain their detection, e.g., a
random coincidence between pGC1 sequences
and some totally unrelated RNA species. On the
other hand, in the case of the 5' spacer-like
RNAs, the Tm of approximately 150C is not so
large that these findings can be dismissed a
priori as artifacts of hybridization. It is therefore
quite possible that there are, outside of the main
histone gene cluster, sequences genuinely re-
lated to the 5' spacer which are transcribed. As
we have shown, these transcripts are partly sym-
metrical and exhibit a striking developmentally
regulated time course. These properties are rem-
iniscent of results obtained by Davidson and
Britten and their colleagues. These authors have
found that some sea urchin RNA transcripts
from interspersed repetitive DNA typically ex-
hibit the same properties of partial symmetry
and developmental regulation (9, 29, 34). Our
findings may be a further example of this phe-
nomenon.

Conflicting reports exist as to whether large
transcripts of histone genes exist. Evidence for
their existence has been given by Kunkel et al.
(20) and Spinelli et al. (35). In the first of these
reports, large histone-specific RNAs were de-

tected at a later stage in sea urchin development.
The histone genes expressed then are tran-
scribed from different genes altogether (6, 30),
and therefore, results pertaining to these are
probably not relevant to the early genes. In the
second report, evidence for large polycistronic
histone transcripts is given by blots and sequen-
tial hybridization to coding-region probes. This
evidence is not necessarily contradictory with
our results since, as we have emphasized before,
we are not arguing that large transcripts are
entirely absent. In fact, it is probably to be
expected that an occasional RNA polymerase
extends into forbidden areas of the gene region.
On the other hand, our results could suggest
altemative explanations for these findings. First,
the presence of transcripts that hybridize to the
5' spacer U (noncoding) strand indicates the
difficulties that may be involved when assays for
rare transcripts are employed, using techniques,
such as hybridization against DBM-paper blots,
that do not easily allow a direct analysis of
hybridization fidelity (35). Second, a method has
been developed in this laboratory to character-
ized histone gene variants that are not part of
the main repeating cluster(s) (7; R. E. Maxson,
G. Childs, T. Mohun, and L. H. Kedes, manu-
script in preparation). The existence ofH2B and
H3 genes (or pseudogenes) lying outside the
prevalent histone gene context has been estab-
lished. At this point, it is quite possible that
some of those variant clones will turn out to be
transcribed and therefore to contribute small
amounts of histone-specific RNAs of a distinct
organization.
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