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ABSTRACT

The metazoan cell cycle-regulated histone mRNAs are
the only known cellular mRNAs that do not terminate
in a poly(A) tail. Instead, mammalian histone mRNAs
terminate in a highly conserved stem–loop structure
which is required for 3 ′-end processing and regulates
mRNA stability. The poly(A) tail not only regulates
translational efficiency and mRNA stability but is
required for the function of the cap in translation
(m7GpppN). We show that the histone terminal stem–
loop is functionally similar to a poly(A) tail in that it
enhances translational efficiency and is co-dependent
on a cap in order to establish an efficient level of
translation. The histone stem–loop is sufficient and
necessary to increase the translation of reporter
mRNA in transfected Chinese hamster ovary cells but
must be positioned at the 3 ′-terminus in order to
function optimally. Mutations within the conserved
stem or loop regions reduced its ability to facilitate
translation. All histone mRNAs in higher plants are
polyadenylated. The histone stem–loop did not func-
tion to influence translational efficiency or mRNA
stability in plant protoplasts. These data demonstrate
that the histone stem–loop directs efficient translation
and that it is functionally analogous to a poly(A) tail.

INTRODUCTION

The vast majority of eukaryotic mRNAs are polyadenylated. The
poly(A) tail regulates both the translational efficiency (1) and the
stability (2) of mRNAs in vivo. It and the cap (m7GpppN, where
N represents any nucleotide) are co-dependent in their role as
regulators of translational efficiency (3). Those mRNAs that
naturally lack a poly(A) tail present an apparent paradox in that,
in the absence of the poly(A) tail, the cap should be virtually
non-functional and, consequently, the mRNA should be rendered
translationally incompetent. The cell cycle-regulated histone
mRNAs represent the only known class of cellular mRNAs that
are naturally non-polyadenylated. Instead of a poly(A) tail, these
histone mRNAs terminate in a stem–loop structure that is highly
conserved from Caenorhabditis elegans to humans (4,5). Ex-

pression of the cell cycle-regulated histones is tightly coupled to
nuclear DNA synthesis during the S phase of the mitotic cell cycle
(6). Expression is regulated both at the levels of transcription and
mRNA stability (7–9). Changes in transcription and 3′-end
processing account for histone mRNA regulation during the G1
phase, whereas the mRNA is specifically destabilized during the
G2 phase (10). The 3′-terminal stem–loop structure facilitates
several steps of histone gene expression. The stem–loop and a
downstream purine-rich region that forms a duplex with a
complementary sequence at the 5′-end of U7 snRNA are required
for 3′-end processing (11–16). The stem–loop is also required for
nucleocytoplasmic transport (17,18), cytoplasmic mRNA stabil-
ity (19–21) and localization to polysomes (22). Mutations within
the stem–loop established that the phylogenetically conserved
sequences are required for histone regulation (23). Proteins have
been identified that specifically recognize the histone stem–loop
structure that may mediate the post-transcriptional regulation
associated with this structure (24,25).

Although the histone stem–loop is required for multiple steps
in histone gene expression, there has been no direct demonstra-
tion that the structure is important during translation. In this study,
we investigate this aspect of histone gene expression by
determining the impact of the histone stem–loop structure on the
translational efficiency and mRNA stability of luciferase mRNA
transfected into Chinese hamster ovary (CHO) cells. We find that
the histone stem–loop was necessary and sufficient to enhance the
stability and the translational efficiency of the reporter mRNA
and, like a poly(A) tail, was co-dependent on the cap in its
function as a facilitator of translation.

MATERIAL AND METHODS

mRNA constructs and in vitro transcription reaction
conditions

The pT7-luc and pT7-luc-A50 constructs, in which the firefly
luciferase coding region is under the control of the T7 promoter,
have been described previously (3). The histone and related
sequences were introduced from synthetic oligonucleotides into
the BamHI/KpnI sites of the pT7-luc construct. Restriction sites
(either AflII or AvrII) immediately downstream of the stem–loop
were used to linearize the plasmid prior to in vitro transcription.
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Figure 1. The consensus primary and secondary structure of the 3′-terminal
stem–loop of histone mRNAs derived from metazoans. The sequences of over
200 metazoan histone mRNAs were compared for the consensus. Y,
pyrimidine; R, purine, N, any nucleotide.

The pT7-luc and pT7-luc-A50 constructs were linearized with
BamHI and DraI, respectively, prior to in vitro transcription. In vitro
transcription and the integrity of the RNA were determined as
described (26,27).

Preparation and electroporation of carrot protoplasts
and CHO cells

Protoplasts were isolated and electroporated from a carrot cell
suspension as described (28).

CHO cells were grown to ∼80% confluence in Ham’s F-12
medium supplemented with 10% fetal calf serum. Cells were
collected from flasks by a brief incubation with 4 mM EDTA and
washed twice with phosphate-buffered saline (PBS) solution and
electroporated as described (3). The error resulting from RNA
delivery via electroporation is ∼±15% (29).

Luciferase assay and RNA half-life measurements

Luciferase and protein assays were performed as described (3,30).
The half-life was determined from the kinetic analysis of each

mRNA in transfected CHO cells. The functional half-life is
calculated by measuring the decay of the capacity to synthesize
proteins following RNA delivery and recruitment onto polysomes
using the following equation: Erc = Em – Et, where Em is the
maximum level of expression achieved, Et is the level of expression
at a given point in time and Erc is the remaining capacity of the
mRNA.

RESULTS

The histone stem–loop increases reporter gene expression
in transiently-transformed CHO cells

As the histone 3′-terminal stem–loop structure is highly conserved
in metazoans (reviewed in 5), a consensus stem–loop can be
generated from a phylogenetic comparison (see Fig. 1). The
conserved elements of the stem–loop are: a 6 bp stem consisting
of two GC base pairs at the base; a set of three pyrimidine/purine
bases forming the central portion of the stem and a UA base pair
at the top; a four base loop in which the first and third positions
are U (except in nematodes, where the first position is a C; 31),
the second position is usually a U and the fourth position varies.
Three A residues usually precede and four C or A residues follow
the stem. In contrast to metazoans, histone mRNAs from yeast,
fungi, protists and plants, with the exception of those from Volvox
and Chlamydomonas (32,33), are polyadenylated and do not
contain this stem–loop structure.

To examine whether the histone 3′-terminal stem–loop structure
could direct efficient expression from reporter mRNA, a 32 bp

Figure 2. The sequence and structure of the 3′-UTR for each mRNA construct
used in this study. The sequence of the wild-type construct (luc-SLWT) is shown
at the top and the exact length of the 3′-UTR is shown to the right. In the
luc-SLA1,3 construct, the two conserved uridines in the loop have been changed
to adenosines; in luc-SLreverse, the entire stem–loop has been inverted; in
luc-SLreverse stem, the stem has been inverted but the loop has been maintained
in the wild-type configuration. luc-tetraloop contains a synthetic stem–loop
composed of a 4 bp stem and a tetraloop. luc-U1 contains the terminal 26 bases
of the U1 snRNA. The luc and luc-A50 mRNAs served as negative and positive
controls, respectively. For the luc-SLWT-PvuII  mRNA, the histone stem–loop
was internalized by restricting the luc-SLWT DNA construct at a PvuII site 116
bases downstream of the stem–loop sequence before mRNA synthesis. The
stop codon of the luc coding region is shown boxed.

fragment containing the consensus histone stem–loop sequence was
introduced downstream of the luc reporter gene in a T7-based
vector (3). A restriction site incorporated into the construct
immediately downstream of the stem–loop allowed the in vitro
production of capped-luc mRNA terminating in the histone
stem–loop (luc-SLWT, Fig. 2). The stem–loop was positioned 27
bases downstream of the luc stop codon, which is similar to the
spacing present in histone mRNAs. The total length of the
3′-untranslated region (3′-UTR) was 49 bases. A polyadenylated
luc mRNA construct containing 47 bases between the luc stop
codon and the poly(A) tail (luc-A50) served as a positive control
and the same luc mRNA construct with a 47 base 3′-UTR but
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Figure 3. The impact of the histone stem–loop on expression from luciferase reporter mRNA in transiently-transfected CHO cells. Aliquots of 0.03, 0.5 or 2 µg of
each capped mRNA, synthesized in vitro, were delivered to cells using electroporation. For the exact 3′-UTR sequence of each construct see Figure 2. Each mRNA
was delivered into triplicate samples of cells and the luciferase assays were performed in duplicate. The standard deviation for each construct is shown.

without the poly(A) tail served as a negative control. Each
mRNA, synthesized in vitro as capped mRNA, was delivered in
triplicate to CHO cells by electroporation and the resulting level
of luciferase protein produced, as measured by its enzymatic
activity, was used as a measure of the extent of translation from
each construct. Once the cells were transformed with the mRNA,
they were incubated for 8 h in order to allow sufficient time for
the mRNA to be fully degraded. Therefore, with this approach,
we measured the impact that the histone stem–loop makes on the
translational efficiency as well as the stability of the luc mRNA.

Using 0.5 µg of each mRNA construct for delivery, we
observed that the presence of the histone stem–loop increased
expression from luc mRNA 13-fold with respect to the poly(A)–

control mRNA (Fig. 3). This was comparable with the effect of
a poly(A) tail, the addition of which increased luciferase
expression 16.9-fold. We then examined whether the amount of
mRNA delivered influenced the degree to which the histone
stem–loop affected reporter gene expression. When 0.03 µg of
each mRNA construct was delivered, expression from luc-SLWT
was 12.6-fold greater than that from the poly(A)– luc mRNA.
Similar results were obtained when 2 µg of each mRNA construct
was delivered: expression from luc-SLWT was 13.6-fold greater
than that from the poly(A)– luc mRNA. These data demonstrate
that the histone stem–loop is sufficient and necessary to increase
reporter gene expression and the extent to which it increases
expression remains similar over a 60-fold range of input mRNA.
In subsequent experiments, the amount of RNA used for delivery
was maintained within this range. The stimulation afforded by the
histone stem–loop is not a consequence of introducing a
structured sequence at the 3′-terminus, as previous studies have
demonstrated that even considerably more stable 3′-terminal
structures than the histone stem–loop do not substantially
increase expression in CHO cells (34).

As the stability of those histone mRNAs terminating in the
conserved stem–loop structure are cell cycle regulated, we examined
whether cell density affected the extent to which the histone
stem–loop could impact gene expression under our assay conditions.
CHO cells were harvested during low (∼25% confluent) or high
(∼80% confluent) cell density and the same constructs shown in
Figure 3 were delivered. The presence of the histone stem–loop
increased expression to the same extent in the cells regardless of
whether they had been grown to low or high density (data not
shown).

We had previously determined that a poly(A) tail must be
positioned at the 3′-terminus in order to function (28). When
additional sequence was present downstream of the poly(A) tail,

up to a 90% decrease in poly(A) tail function resulted. To
determine whether the histone stem–loop must be present at the
3′-terminus in order to stimulate expression, the luc-SLWT
construct was linearized at a restriction site in the transcription
vector that was 116 bp downstream of the stem–loop structure.
This resulted in an mRNA in which the histone stem–loop was
internalized by 116 bases (luc-SLWT-PvuII). The expression from
this mRNA was compared with luc-SLWT in transiently-trans-
formed CHO cells. Internalization of the stem–loop resulted in a
60% decrease in expression compared with the wild-type
configuration (Fig. 4), data suggesting that, like a poly(A) tail, the
histone stem–loop must be positioned at the 3′-terminus in order
to function optimally. This observation is in good agreement with
previous studies in which the stem–loop-mediated regulation of
histone mRNA stability was lost upon internalization of the
stem–loop (35,36). Interestingly, even when the stem–loop was
positioned internally, there was still a 6.4-fold increase in
expression relative to the poly(A)– luc mRNA control. This
increase could be due to several, non-exclusive possibilities. First,
the stem–loop may exhibit residual activity when present in an
internal position. Second, removal of the 116 base extension by
3′ exonucleases (37) would result in a transcript with the histone
stem–loop present at the 3′-terminus. Third, expression from
poly(A)– mRNA increases with the length of the 3′-UTR: an
increase in the 3′-UTR from 44 to 156 bases increases expression
4.1-fold through increases in both translational efficiency and
mRNA stability (38). Therefore, the residual activity from
luc-SLWT-PvuII  may not be due to the presence of the histone
stem–loop but rather a result of its 159 base 3′-UTR.

The histone stem–loop and the cap are co-dependent
regulators of expression

We have shown that the cap (m7GpppN) and poly(A) tail
cooperate to form the basis for efficient translation in plants and
animals (3). As a regulator of translation, the poly(A) tail requires
the cap for function: for uncapped messages, the translational
efficiency of poly(A)+ mRNA is not substantially greater than
poly(A)– mRNA (3). Moreover, the degree to which a cap
stimulates translation is an order of magnitude greater for poly(A) +

than it is for poly(A)– mRNA (3). Therefore, the cap and poly(A)
tail are not functionally separate but work in concert to direct
efficient translation.

If efficient translation of conventional mRNAs is dependent on
a synergy between the cap and poly(A) tail, what then is the
translational strategy employed by histone mRNAs? To examine
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Figure 4. The effect of positioning the histone stem–loop internally in an mRNA on its ability to regulate translation. Expression is compared with luc-SLWT, in which
the histone stem–loop is positioned at the 3′-terminus. Capped mRNAs were synthesized in vitro and delivered in triplicate using electroporation. Each luciferase assay
was performed in duplicate. The resulting level of expression is shown as a histogram to the right of each construct. The standard deviation for each construct is shown
as an error bar.

Figure 5. Analysis of the co-dependency between a cap and the histone stem–loop as regulators of translation. The three constructs used in Figure 1 were synthesized
in vitro as capped and uncapped mRNAs and delivered in triplicate using electroporation. Each luciferase assay was performed in duplicate. The resulting level of
expression is shown as a histogram to the right of each construct. The standard deviation for each construct is shown as an error bar.

whether the cap and the histone stem–loop are co-dependent
regulators of translation, luc-SLWT mRNA was synthesized in
vitro as capped or uncapped mRNA and the level of expression
from these mRNAs in CHO cells was compared with that from
luc and luc-A50 mRNA as capped and uncapped mRNAs. The
presence of the histone stem–loop increased expression only
3.4-fold relative to the luc mRNA when the mRNAs were
uncapped, but increased expression 22.2-fold when the mRNAs
were capped (Fig. 5). This is a similar effect to that observed for
a poly(A) tail: addition of a poly(A) tail increased expression
from uncapped luc mRNA 2.9-fold but increased expression from
capped luc mRNA 24.4-fold. Therefore, the histone stem–loop is
dependent on the presence of a cap for full function. The data can
also be analyzed to determine whether the function of the cap is
affected by the histone stem–loop. Addition of a cap to luc mRNA
without the histone stem–loop or poly(A) tail increased express-
ion 4.1-fold (compare the expression from capped luc mRNA
with uncapped luc mRNA) but increased expression from
luc-SLWT 27.2-fold (compare the ratio of expression from capped
luc-SLWT mRNA with uncapped luc-SLWT mRNA). Therefore,

the impact that a cap makes on expression is enhanced by the
presence of the histone stem–loop. The level of co-dependency
between the cap and histone stem–loop, calculated as the ratio of
the impact that the histone stem–loop makes on the translation of
uncapped versus capped mRNA, is 6.5-fold (i.e. 22.2 ÷ 3.4 =
6.5-fold). This is similar to the 8.4-fold level of co-dependency
between a cap and poly(A) tail (i.e. 24.4 ÷2.9 = 8.4-fold). These
data demonstrate, therefore, that although histone messages have
evolved an alternative to the poly(A) tail, they have nevertheless
maintained a co-dependency between the terminal regulatory
elements that is presumably a result of an interaction between
trans-acting factors, e.g. the cap binding initiation factors and the
histone stem–loop binding protein.

Mutations within the histone stem–loop affect its function

The phylogenetically conserved bases within the histone stem–loop
suggest that primary sequence within this structure is important for
its function. Mutations within the conserved positions of the loop
or stem disrupt 3′-end processing (16,23,39,40). Changing the
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Figure 6. Mutational analysis of the histone stem–loop on its ability to function in animal and plant cells and in vitro. Capped mRNAs were synthesized in vitro and
delivered to either CHO cells or carrots protoplasts using electroporation. The same mRNAs were used to program in vitro translation in a lysate derived from rabbit
reticulocytes using either 500 or 5 ng of input mRNA. For the exact 3′-UTR sequence of each construct see Figure 2. The resulting level of expression is shown as
a histogram to the right of each construct. Each mRNA was delivered into triplicate samples of cells and the luciferase assays were performed in duplicate. The standard
deviation for each construct is shown as an error bar.

conserved uridine residues in the loop to adenosines also
abolished binding of the nuclear and polyribosomal proteins that
specifically recognize the histone stem–loop (24). We therefore
examined the effect of mutations within the histone stem–loop on
its ability to enhance expression from reporter mRNA. Three
different mutants were examined: in luc-SLA1,3 the two con-
served uridines in the loop have been changed to adenosines; in
luc-SLreverse the entire stem–loop has been inverted; in luc-
SLreverse stem the stem has been inverted but the loop has been
maintained in the wild-type configuration (Fig. 2). In addition to the
wild-type construct, luc-SLWT and the luc and luc-A50 control
mRNAs, two additional control constructs were made. luc-tetra-
loop contains a synthetic stem–loop composed of a 4 bp stem and
a tetraloop that makes use of an unusual base pair for increased
thermodynamic stability (41,42) which is recognized by tetranu-
cleotide loop binding proteins (43). This construct, therefore,
serves as a control for the effect of a stable 3′-terminal stem–loop
on expression. luc-U1 contains the terminal 26 bases of the U1
snRNA which forms a stem–loop (44) composed of a 9 bp stem
with a four base loop which itself is also an example of a stable
tetraloop.

The effect of the mutations on histone stem–loop function was
examined in CHO cells following translation of the test mRNAs
in transiently-transformed CHO cells. The presence of the histone
stem–loop increased expression 13.6-fold relative to the luc mRNA
control construct, which was similar to the impact of adding a
poly(A)50 tail to the reporter mRNA (Fig. 6). Changing the two
conserved uridines in the loop to adenosines resulted in a 39%
drop in stem–loop function. Inverting the entire stem–loop or just
the stem resulted in a drop of 49 or 63% in function, respectively.
The tetranucleotide stem–loop structure had no impact on reporter
expression, whereas the U1 sequence increased expression by
3.5-fold. The impact of the histone stem–loop mutations on
reporter mRNA translation was consistent with the observation
that mutation of the conserved uridines in the loop structure
affects 3′-end processing and/or transport but not localization to
polysomes (23,18). The failure of the tetranucleotide stem–loop

to affect expression and the low level of stimulation observed for
the U1 stem–loop construct suggests that the histone stem–loop-
mediated increase in expression is specific to this sequence.

The histone stem–loop does not function in plant
protoplasts

Plant histone mRNAs are polyadenylated and therefore do not
contain the stem–loop structure present in animal histone mRNAs.
Either the histone stem–loop evolved after the divergence of plants
and animals or was lost from plants during their subsequent
evolution. The observation that histone mRNAs of Chlamydomonas
(32) and the multicellular alga Volvox (33) are not polyadenylated
but contain the phylogenetically-conserved stem–loop supports the
latter hypothesis. The histone stem–loop serves as a binding site for
specific nuclear and polysomal proteins (24,25). If the histone
stem–loop regulatory mechanism had once been present in the
evolution of plants, the stem–loop binding protein genes may still be
present in plant genomes, particularly if they were required to
facilitate other cellular processes.

To examine whether the histone stem–loop can function to
enhance expression from reporter mRNA in plants, the set of mRNA
constructs used in the previous experiment were introduced into
carrot protoplasts using electroporation. Carrot is a rapidly growing
cell culture like CHO cells and ∼25–30% of the cells are in S phase
at any one time. The same batch of mRNAs used in the transient
transfection of CHO cells was used for transient protoplast
transformation to rule out any variation in RNA preparations.
Expression from luc-A50 mRNA was 18.9-fold greater than that
from the poly(A)– luc construct (Fig. 6), demonstrating that the
poly(A) tail is functionally active in carrot protoplasts, as
previously reported (28). In contrast to the observations in CHO
cells, the levels of expression from the constructs containing
either the wild-type or mutant histone stem–loops were not
significantly greater than that from the luc mRNA control
construct. Moreover, neither the tetranucleotide stem–loop nor
U1 sequence affected expression from reporter mRNA. The
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failure of the histone stem–loop to function in plant protoplasts
further supports the conclusion that its ability to function in CHO
cells is specific to the histone stem–loop sequence. The observa-
tion that 3′ structured sequences from plant viral mRNAs are
specifically recognized and stimulate translation in plant proto-
plasts (45,46) demonstrates that these cells are competent to
recognize specific 3′ regulatory elements. Their failure to
functionally recognize the histone stem–loop supports the idea
that this mechanism has been lost in the evolution of higher plants.

The histone stem–loop is not required for translation in
a reticulocyte lysate

To examine whether the histone stem–loop can function in vitro,
a lysate derived from rabbit reticulocytes was programed with the
set of mRNA constructs used in the previous experiment. Once
again, the same batch of mRNAs used in the previous experiments
was used for the in vitro translation. The lysate was programed
with both a high level (500 ng) and low level (5 ng) of mRNA.
At neither the high nor low mRNA levels did the histone
stem–loop function to significantly increase translation in vitro.
Likewise, the poly(A) tail also failed to increase expression,
which we had observed previously with this lysate (3). Moreover,
other mRNAs ending in the stable tetraloop or U1 stem–loop
were translated equally well in the lysate. These data demonstrate
that the histone stem–loop structure does not increase expression
in an in vitro lysate derived from rabbit reticulocytes when
translated under standard conditions. The observation that 3′
regulatory elements in general, including the poly(A) tail and 3′
regulatory structures from plant viral mRNAs, do not function
well in vitro (45,46,47) suggests that in vitro lysates fail to fully
reflect the in vivo environment.

The histone stem–loop increases both the translational
efficiency and stability of reporter mRNA

Although the effect of the histone stem–loop on mRNA stability
has been documented (19–21), its impact on translation has been
suggested (22) but has not been previously quantitated. The
effects of the histone stem–loop on translational efficiency and
message stability could be separately quantitated, therefore, by
following the kinetics of luc mRNA translation in transiently
transfected CHO cells. Following delivery of each mRNA
construct, aliquots of cells were removed at time intervals
following mRNA delivery and luciferase assays were performed.
The kinetics of luc mRNA translation were determined by
following the appearance of protein as measured by enzyme
activity plotted as a function of time (Fig. 7). Once the mRNA has
been initially loaded onto polysomes, translation proceeds at a
rate that is dictated by its translational efficiency and for a period
of time that is determined by the stability of the mRNA. The
eventual degradation of the mRNA results in a decreased rate of
protein accumulation, represented by the plateau of each curve at
the later time points in Figure 7C. By comparing the rates for each
luc mRNA construct, the impact that the wild-type or mutant histone
stem–loops have on the translational efficiency can be determined.

We were interested in determining whether the histone stem–
loop influenced translational efficiency in addition to mRNA
stability. In order to measure the effect of the histone stem–loop
early during translation, i.e. the phase of loading onto polysomes,
luciferase measurements were made every 7 min following mRNA

delivery for the first hour. The amount of luciferase produced
within the first 21 min following delivery was then plotted as a
function of time (Fig. 7A). The luc-SLWT mRNA construct
performed equally well as the luc-A50 mRNA. Mutations within
the histone stem–loop had a substantial impact on the ability of
the mRNA to be recruited quickly for translation. At 7 min
following delivery, expression from the luc-SLA1,3 mRNA was
reduced 5-fold, that from luc-SLreverse stem was reduced 12-fold
and that from luc-SLreverse was reduced 38-fold compared with
luc-SLWT control mRNA (Fig. 7B). Interestingly, these trends
correlate well with the affinity of the stem–loop binding protein
for the same wild-type and mutant histone stem–loop structures
(25). Expression from luc mRNA constructs terminating in the
U1 loop or tetraloop was 200- to 500-fold lower than that from
luc-SLWT 7 min following the introduction of the mRNAs into
the cytoplasm, suggesting that these structures do not support
rapid polysome loading. At 14 min, expression from the mutant
histone stem–loop mRNA constructs was still substantially lower
than from the wild-type construct and expression from the U1- or
tetraloop-containing constructs was still 60- to 100-fold lower
than that from luc-SLWT. By 21 min, the phase of steady-state
translation was reached and the histone stem–loop mutants had
improved relative to the wild-type construct. Figure 7C shows the
translational characteristics of each mRNA over its lifetime. The
translational efficiency of the mRNA is measured during the
transient steady-state phase of translation. The presence of the
histone stem–loop increased the translational efficiency of
luc-SLWT mRNA by 5.9-fold over that measured for the luc
construct terminating in the tetraloop (Fig. 7C). This rate of
translation was virtually identical to that observed for the luc-A50
construct. The increase in the final yield of luciferase protein
produced from luc-A50 relative to luc-SLWT was due to the
greater stability of the luc-A50 mRNA (discussed below).
Changing the two conserved uridines in the loop to adenosines,
inverting the entire stem–loop or inverting just the stem all
resulted in a drop in translational efficiency that was consistent
with their effect in Figure 6. The tetranucleotide stem–loop
structure had no impact on translation compared with the luc
mRNA construct with a random 44 base 3′-UTR. The U1
sequence increased translational efficiency relative to the tetra-
loop-containing construct by 2.9-fold. We conclude, therefore,
that the histone stem–loop structure increases translational
efficiency and the effect on translation is specific to the histone
stem–loop sequence, as the mutants were compromised in their
ability to facilitate translation, particularly in the early stages of
polysome association.

As luciferase protein accumulates over time only for as long as
there is intact luc mRNA present for translation, the length of time
over which luciferase protein accumulates reflects the stability of
the mRNA. The data from Figure 7C can be used to determine the
functional mRNA stability, which is a measure of the integrity of
the message as determined by the length of time over which it is
translationally active and is defined as the amount of time needed
to complete a 50% decay in the capacity of an mRNA to
synthesize protein (48,49). Using this approach, the stability of
polysome-associated mRNA can be specifically measured. The
functional mRNA half-life of the control luc mRNA was 33 min,
whereas the addition of a poly(A)50 tail increased the half-life to
105 min, results that are in good agreement with previous
measurements (3). The presence of the histone stem–loop
increased the mRNA half-life to 69 min, similar to histone mRNA
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Figure 7. Kinetic analysis of the translation of the wild-type and mutant histone stem–loop mRNA constructs in CHO cells. Capped mRNAs were synthesized in vitro
and delivered using electroporation. Following delivery, aliquots of cells were removed at time intervals and assayed. The resulting luciferase activity was plotted as
a function of time. (A) Expression for each construct is plotted for the first 21 min following mRNA delivery. (B) The levels of expression resulting from each construct
at 7, 14 and 21 min following mRNA delivery are displayed as histograms. (C) In an independent experiment, the translational characteristics of each mRNA were
followed for 6 h following delivery. The translational efficiency was determined from the slope of each line during the transient steady-state phase of translation and
the values are shown in the table. The functional mRNA half-life was determined as the amount of time required to complete a 50% decay in the capacity of the luc
mRNA to synthesize luciferase. The relative rate of translation or functional stability is expressed in the table relative to the poly(A)– luc control mRNA.

in CHO cells (8,10,50). This represents a 2.1-fold increase over
that observed for the control luc mRNA, but is less than the
stabilizing effect of a poly(A)50 tail. The mutations within the
histone stem–loop had little effect on the stem–loop-mediated
increase in stability. The tetraloop did not significantly change
mRNA stability compared with the control luc mRNA. The U1
stem–loop increased the mRNA half-life 1.7-fold, relative to the
control luc mRNA, which partly accounts for the effect of this
sequence on expression from luc mRNA. Visual inspection of the

length of time over which each mRNA construct is translationally
active confirms these measurements. luc-SLWT is translationally
active for a period of time (the end point determined by the
plateau for each curve) that is approximately twice as long as the
control luc mRNA. The mutations within the histone stem–loop
resulted in a period of translational activity which was intermediate
between that for luc-SLWT and luc mRNAs. From these data, we
conclude that the histone stem–loop increases both the transla-
tional efficiency as well as the stability of an mRNA.
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DISCUSSION

Studies focusing on the 3′-terminal stem–loop structure of the cell
cycle-regulated histone mRNAs have demonstrated its involvement
in multiple steps of histone gene expression, including 3′-end
processing (11–16), nucleocytoplasmic transport (17,18) and
cytoplasmic mRNA stability (19–21). The observation that
mRNA constructs terminating in the histone stem–loop were both
efficiently processed and localized to polysomes suggested that
mRNAs containing the histone stem–loop were translationally
competent (22). However, the role of the histone stem–loop as a
facilitator of translational efficiency has not been directly
addressed. In this study, we have shown that the histone
stem–loop does enhance the translational efficiency of reporter
mRNA in transfected CHO cells. It is functionally similar to a
poly(A) tail in that it increases both the translational efficiency as
well as the stability of the reporter mRNA and that it must be
positioned at the 3′-terminus in order to function optimally. It is
also similar to a poly(A) tail in that it is co-dependent on a cap in
order to function as a facilitator of translation. It is interesting to note
that although the cell cycle-regulated histone mRNAs have evolved
as an alternative to polyadenylated mRNAs, they have nevertheless
maintained a functional co-dependency between the terminal
regulatory elements, i.e. between the cap and the histone stem–loop.

We have shown recently that some initiation factors (eIFs),
such as eIF-4F and eIF-4B, bind not only to the cap structure but
to poly(A) as well (47). If this bi-functional binding constitutes
part of the basis for the co-dependency between a cap and poly(A)
tail, how could this mechanism function in a cell cycle-regulated
histone mRNA that has a cap but does not terminate in a poly(A)
tail? A 45 kDa stem–loop binding protein (SLBP) associated with
polysomes has been identified that specifically recognizes the
histone stem–loop structure (23–25). It is possible that the SLBP
may mediate the interaction between the termini, perhaps through
protein–protein interactions with eIFs.

We observed the histone stem–loop-mediated enhancement of
translation and mRNA stability in animal cells but not in plant cells,
even though other 3′ regulatory elements, such as a poly(A) tail (Fig.
6) or the 3′-UTR of the non-polyadenylated tobacco mosaic virus
RNA (46), do function. That the histone stem–loop does not
function in higher plants is not surprising, as plant histone mRNAs
are polyadenylated and therefore plant cells would not be expected
to contain factors that specifically recognize the histone stem–loop
structure. The observation that Volvox (33) and Chlamydomonas
(32) histone mRNAs terminate in the conserved stem–loop structure
does suggest that plant histone mRNAs may have been regulated by
the stem–loop mechanism early in their evolution and that this
mechanism was subsequently lost in the evolution of higher plants.
The failure of the histone stem–loop to function in rapidly dividing
plant cells demonstrates, as we have shown previously for other
structured RNA sequences (34), that the introduction of structured
sequences alone at the 3′-terminus of an mRNA is not sufficient to
increase expression. Such observations provide additional support
for the conclusion that the effect of the histone stem–loop on
translation and mRNA stability is specific to this sequence in CHO
cells.

The degree to which the histone stem–loop enhances translational
efficiency and mRNA stability was individually quantitated and
compared with a poly(A) tail. The addition of the histone stem–loop
to reporter mRNA increased the translational efficiency of the
reporter mRNA to the same extent as the addition of a poly(A)

tail. Moreover, although both the histone stem–loop and a
poly(A) tail increased mRNA stability, the extent to which the
histone stem–loop increased mRNA half-life was less than that
for a poly(A) tail. This may be a reflection of the changing length
of histone mRNA half-life throughout the cell cycle, which varies
from ∼60 min during the G1 and S phases to <15 min during the
G2 phase of the cell cycle (9,10). As the mRNA constructs were
translationally active for only 5–6 h, at most, and the CHO cell
cycle under our growth conditions is <20 h, the impact of the
histone stem–loop on reporter mRNA half-life must be viewed as
an average value for the entire cell cycle. If the histone stem–loop
increases translational efficiency only during the S phase,
represented by 30–40% of the cells at any given time, then our
measurements would underestimate the stimulation of translation
afforded by the histone stem–loop by 2- to 3-fold.

Based on several criteria, we conclude that the observed increase
in translation efficiency was specific to the histone stem–loop
sequence. First, expression from luc-SLWT was higher than that
from mutant and control constructs, although the length of the
3′-UTR was similar, ruling out an effect of 3′-UTR length on
expression. Second, the presence of a tetraloop structure did not
increase expression, suggesting that the machinery that recognizes
and mediates the effect of the histone stem–loop is specific to this
structure and not just a general tetraloop binding protein (43). In this
regard, it may be more than fortuitous that the U1 stem–loop has a
small but measurable impact on translation. Inspection of the U1
stem–loop (51) reveals some shared characteristics with the histone
stem–loop. This includes a four base loop that contains uridines in
the first and second positions and two GC base pairs at the base of
the stem. These features may contribute to the low level of
stimulation of translation and mRNA stability observed for reporter
mRNA terminating in the U1 stem–loop. In contrast, the tetraloop
structure neither contains the features present in the histone
stem–loop nor does it enhance translation. Third, the wild-type
histone stem–loop had no effect on expression in plant protoplasts,
although addition of a poly(A) tail did substantially increase
expression from reporter mRNA. The failure of the histone
stem–loop structure to significantly increase expression in vitro is
not altogether surprising. The increase in expression resulting from
the addition of a poly(A) tail has been well documented in vivo in
both animal and plant cells (3,28), however, its ability to function
is greatly reduced in vitro (47). Moreover, the 3′-UTRs from several
viral mRNAs which, like the cell cycle-regulated histone mRNAs,
naturally lack a poly(A) tail and contain higher order structures that
facilitate translational efficiency in vivo also failed to function
in vitro (45,46).

Mutations within the histone stem–loop did reduce its function,
although they did not completely abolish it. Their most dramatic
impact was on the speed with which the mRNA was recruited for
translation. Expression from the mutant constructs was reduced up
to 38-fold early in translation when compared with the wild-type
construct. Following this delay, the mutant mRNAs were translated
with moderate efficiency. Similar or identical mutations within the
histone stem–loop have been previously shown to substantially
reduce 3′-end processing (23). The mRNA from those mutants that
allowed a low but measurable level of 3′-end processing neverthe-
less localized to polysomes (18,23), results which are in good
agreement with our observations that mutations within the stem–
loop delay and reduce but do not completely abolish translational
competence. It is not known whether SLBP mediates the translation
of histone mRNA, but its association with polysomes is suggestive
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of such a role. We recently demonstrated that SLBP associated with
actively translating histone mRNA is the same form which is
involved in histone 3′-end processing in the nucleus and which
accompanies the mRNA to the cytoplasm (52). Therefore SLBP
appears to remain associated with histone mRNA during all steps of
its existence. The degree to which the binding affinity of SLBP for
mutant histone stem–loop structures is reduced (23–25) correlates
with the effect of the mutants on translational recruitment (Fig. 7B).
Binding of SLBP to the histone stem–loop may be necessary to
mediate the stimulatory effect of the stem–loop on translation. Those
mRNAs without the histone stem–loop, therefore, would not bind
SLBP and would not be efficiently recruited to polysomes for
translation. One possible explanation for why the mutations cause a
delay in translational recruitment but have a smaller impact on the
efficiency of translation once the mRNA is actively being translated
is that the histone stem–loop may be composed of multiple
recognition motifs, e.g. the loop and the stem, the loss of either of
which might reduce the binding affinity of histone SLBP. Of the
three mutants tested, the wild-type stem was present in the
luc-SLA1,3 construct, whereas the wild-type loop remained present
in the luc-SLreverse stem and luc-SLreverse constructs (the C in the first
position of the loop is found in nematode histone mRNAs; 31).
Once bound, however, histone SLBP may be stabilized through
interaction with other proteins involved in translation. Further
analysis of the translational strategy used by the cell cycle-regulated
histone mRNAs will contribute to our understanding of these
protein–RNA interactions in vivo.
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