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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
(m’GpppN). 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

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 (—9). Changes in transcription and-ehd
processing account for histone mRNA regulation during the G
phase, whereas the mRNA is specifically destabilized during the
Gy phase 10). The 3-terminal stem—loop structure facilitates
several steps of histone gene expression. The stem—loop and &
downstream purine-rich region that forms a duplex with a
complementary sequence at thead of U7 sSnRNA are required

for 3-end processind.(—16). The stem—loop is also required for
nucleocytoplasmic transpoft4,18), cytoplasmic mRNA stabil-

ity (19-21) and localization to polysome&d). Mutations within

the stem—loop established that the phylogenetically conserved
sequences are required for histone regulafigh Proteins have
been identified that specifically recognize the histone stem-loop
structure that may mediate the post-transcriptional regulation
associated with this structur4(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

The vast majority of eukaryotic mRNAs are polyadenylated. Thgnction as a facilitator of translation.

poly(A) tail regulates both the translational efficierigyad the

stability 2) of mMRNAsin viva. It and the cap (A&pppN, where MATERIAL AND METHODS

N represents any nucleotide) are co-dependent in their role
regulators of translational efficienc®)( Those mMRNAs that
naturally lack a poly(A) tail present an apparent paradox in th

ARNA constructs andin vitro transcription reaction

act(')ndmons

in the absence of the poly(A) tail, the cap should be virtuallfhe pT7huc and pT7lc-Asg constructs, in which the firefly
non-functional and, consequently, the mRNA should be renderkdtiferase coding region is under the control of the T7 promoter,
translationally incompetent. The cell cycle-regulated histoneave been described previousB).(The histone and related
MRNAs represent the only known class of cellular mMRNAs thatequences were introduced from synthetic oligonucleotides into
are naturally non-polyadenylated. Instead of a poly(A) tail, thedbe BanHI/Kpnl sites of the pT7Tuc construct. Restriction sites
histone mRNAs terminate in a stem—loop structure that is high{githerAflll or Avrll) immediately downstream of the stem-loop

conserved fronCaenorhabditis elegan® humans4,5). Ex-

were used to linearize the plasmid priointeitro transcription.
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Figure 1. The consensus primary and secondary structure of-teen@inal
stem—loop of histone MRNAs derived from metazoans. The sequences of ove ;:'ja
200 metazoan histone mRNAs were compared for the consensus. Y
pyrimidine; R, purine, N, any nucleotide.

2

e-Shpyrae ] 4 = 48h
The pT7luc and pT7uc-Asg constructs were linearized with w e

BanH| andDral, respectively, prior to vitro transcriptionin vitro i

transcription and the integrity of the RNA were determined 8,51

described46,27). vor ] s :||: " 49k

Preparation and electroporation of carrot protoplasts e
and CHO cells lug-sirsdasg == A LT 35h

Protoplasts were isolated and electroporated from a carrot ¢ e
suspension as describéBy gﬁ:u
CHO cells were grown t6B0% confluence in Ham's F-12 o]
medium supplemented with 10% fetal calf serum. Cells wer e

collected from flasks by a brief incubation with 4 mM EDTA and e = ] 48b
washed twice with phosphate-buffered saline (PBS) solution ar
electroporated as describe@). (The error resulting from RNA
delivery via electroporation iS£15% @9). v — e iy
Luciferase assay and RNA half-life measurements Too-Am s 470
wy
Luciferase and protein assays were performed as des&ibed ( ";f
The half-life was determined from the kinetic analysis of eacl tha
MRNA in transfected CHO cells. The functional half-life is jye-§t.yy,., @ e ———ws 150b

calculated by measuring the decay of the capacity to synthesize
proteins following RNA delivery and recruitment onto polysomes
using the following equatiorE,; = Ey, — E, whereEy, is the  Figure 2. The sequence and structure of th&/BR for each mRNA construct
maximum level of expression achievieds the level of expression used inthis study. The sequence of the wild-type condtro@lwr) is shown

at a given point in time al is the remaining capacity of the at the top and the exact length of thdJZ{_R_ is shown to the right. In the
9 P i g capacity luc-SLaz 3 construct, the two conserved uridines in the loop have been changed

mRNA. to adenosines; ifuc-SLeverse the entire stem—loop has been inverted; in
luc-SLyeversestem the stem has been inverted but the loop has been maintained

RESULTS in the wild-type configurationluc-tetraloop contains a synthetic stem—loop
composed of a 4 bp stem and a tetralbmpU1 contains the terminal 26 bases

The histone stem—loop increases reporter gene expression of “;e UL SnRIVA. T*I“NCF a”‘im/*ssli)w MRNAS sz’:ﬁd as ”ﬁ_gf‘“ve at”d pfl’Sitive

: : controls, respectively. For -SLwTpvul M , the histone stem—loop

in tran5|ently-transformed CHO cells was internalized by restricting the-SLyt DNA construct at 8vul site 116

bases downstream of the stem—loop sequence before mRNA synthesis. The

As the histone '@erminal stem—loop structure is highly conservedStop codon of thiic coding region is shown boxed.

in metazoans (reviewed i), a consensus stem—loop can be
generated from a phylogenetic comparison (see IigThe
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/puriinegment containing the consensus histone stem-loop sequence wa
bases forming the central portion of the stem and a UA base paitroduced downstream of tthéc reporter gene in a T7-based
at the top; a four base loop in which the first and third positionsector @). A restriction site incorporated into the construct
are U (except in nematodes, where the first position is34)C; immediately downstream of the stem-loop allowedrthetro
the second position is usually a U and the fourth position variggoduction of cappetlic mRNA terminating in the histone
Three A residues usually precede and four C or A residues follatem—loopl(c-SLy, Fig.2). The stem—loop was positioned 27
the stem. In contrast to metazoans, histone mMRNAs from yeasases downstream of the stop codon, which is similar to the
fungi, protists and plants, with the exception of those Yolwox  spacing present in histone mRNAs. The total length of the
and Chlamydomonag32,33), are polyadenylated and do not 3'-untranslated region'(®TR) was 49 bases. A polyadenylated
contain this stem-loop structure. luc mRNA construct containing 47 bases betweerutbstop

To examine whether the historie@minal stem—loop structure codon and the poly(A) tailuc-Asg) served as a positive control
could direct efficient expression from reporter mRNA, a 32 bpnd the samkic MRNA construct with a 47 basé3TR 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 0jg$00.5 or 2
each capped mRNA, synthesideditro, were delivered to cells using electroporation. For the exattR 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. Eachp to a 90% decrease in poly(A) tail function resulted. To
MRNA, synthesizedh vitro as capped mRNA, was delivered in determine whether the histone stem—loop must be present at the
triplicate to CHO cells by electroporation and the resulting level'-terminus in order to stimulate expression, the-SLyt

of luciferase protein produced, as measured by its enzymationstruct was linearized at a restriction site in the transcription
activity, was used as a measure of the extent of translation frarector that was 116 bp downstream of the stem—loop structure.
each construct. Once the cells were transformed with the mRNAQis resulted in an mRNA in which the histone stem—loop was
they were incubated for 8 h in order to allow sufficient time fointernalized by 116 basds¢SLyT.pyui). The expression from

the mRNA to be fully degraded. Therefore, with this approacithis MRNA was compared witllic-SLy in transiently-trans-

we measured the impact that the histone stem-loop makes onfthigned CHO cells. Internalization of the stem—loop resulted in a
translational efficiency as well as the stability ofltteemRNA.  60% decrease in expression compared with the wild-type

Using 0.5ug of each mRNA construct for delivery, we configuration (Fig4), data suggesting that, like a poly(A) tail, the
observed that the presence of the histone stem—loop increabigione stem—loop must be positioned at thergninus in order
expression fronuc mRNA 13-fold with respect to the poly(A) to function optimally. This observation is in good agreement with
control mRNA (Fig.3). This was comparable with the effect of previous studies in which the stem-loop-mediated regulation of
a poly(A) tail, the addition of which increased luciferasehistone mRNA stability was lost upon internalization of the
expression 16.9-fold. We then examined whether the amount&gm-loop £5,36). Interestingly, even when the stem-loop was
MRNA delivered influenced the degree to which the histoneositioned internally, there was still a 6.4-fold increase in
stem-loop affected reporter gene expression. Wheru@.@8  expression relative to the poly(Ajuc mRNA control. This
each mRNA construct was delivered, expression lnorBLyt increase could be due to several, non-exclusive possibilities. First,
was 12.6-fold greater than that from the poly()c mRNA. the stem—loop may exhibit residual activity when present in an
Similar results were obtained whepgof each mRNA construct internal position. Second, removal of the 116 base extension by
was delivered: expression frd[]c.SLVVT was 13.6-fold greater 3 exonuclease§7) would result_in a tran_script with the histone
than that from the poly(A)Juc mRNA. These data demonstrate Stem—loop present at thé-t8rminus. Third, expression from
that the histone stem—loop is sufficient and necessary to incre®6&/(A)~ MRNA increases with the length of thelB'R: an
reporter gene expression and the extent to which it increadggrease in the’3JTR from 44 to 156 bases increases expression
expression remains similar over a 60-fold range of input mRNA}-1-fold through increases in both translational efficiency and
In subsequent experiments, the amount of RNA used for deliveyRNA stability @8). Therefore, the residual activity from
was maintained within this range. The stimulation afforded by tH#¢-SLwTpvui may not be due to the presence of the histone
histone stem—loop is not a consequence of introducing S§M—loop but rather a result of its 159 badgTR.
structured sequence at tHeeminus, as previous studies have
demonstrated that even considerably more stalkerminal _ The histone stem—loop and the cap are co-dependent
structures than _the_ histone stem—loop do not SUbSta”t'aPé(guIators of expression
increase expression in CHO celigl)

As the stability of those histone mRNAs terminating in thave have shown that the cap ‘@pppN) and poly(A) tail
conserved stem-loop structure are cell cycle regulated, we examigedperate to form the basis for efficient translation in plants and
whether cell density affected the extent to which the historenimals 8). As a regulator of translation, the poly(A) tail requires
stem-loop could impact gene expression under our assay conditiahs. cap for function: for uncapped messages, the translational
CHO cells were harvested during lola2%% confluent) or high efficiency of poly(AY mRNA is not substantially greater than
((B0% confluent) cell density and the same constructs shown gioly(A)~ mRNA (3). Moreover, the degree to which a cap
Figure 3 were delivered. The presence of the histone stem-loggtimulates translation is an order of magnitude greater for pdly(A)
increased expression to the same extent in the cells regardlesthah it is for poly(A} mRNA (3). Therefore, the cap and poly(A)
whether they had been grown to low or high density (data ntidil are not functionally separate but work in concert to direct
shown). efficient translation.

We had previously determined that a poly(A) tail must be If efficient translation of conventional mRNAs is dependent on
positioned at the'3erminus in order to functior2®). When a synergy between the cap and poly(A) tail, what then is the
additional sequence was present downstream of the poly(A) taianslational 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 compes®d,yyitin which

the histone stem—loop is positioned at theBninus. Capped mRNAs were synthesinedtro 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 -
as an error bar.
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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 syntt
in vitro as capped and uncapped mRNAs and delivered in triplicate using electroporation. Each luciferase assay was performed in duplicate. The resulting le\
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-dependsat impact that a cap makes on expression is enhanced by the
regulators of translatiomic-SLyT MRNA was synthesizeid  presence of the histone stem—loop. The level of co-dependency
vitro as capped or uncapped mRNA and the level of expressibetween the cap and histone stem-loop, calculated as the ratio of
from these mRNAs in CHO cells was compared with that frorthe impact that the histone stem—loop makes on the translation of
luc andluc-Asg mMRNA as capped and uncapped mRNAs. Theincapped versus capped mRNA, is 6.5-fold (i.e. 22324 =
presence of the histone stem—loop increased expression o6lg-fold). This is similar to the 8.4-fold level of co-dependency
3.4-fold relative to thduc mRNA when the mRNAs were between a cap and poly(A) tail (i.e. 24219 = 8.4-fold). These
uncapped, but increased expression 22.2-fold when the mRN#ata demonstrate, therefore, that although histone messages hav
were capped (Fid). This is a similar effect to that observed forevolved an alternative to the poly(A) tail, they have nevertheless
a poly(A) tail: addition of a poly(A) tail increased expressiormaintained a co-dependency between the terminal regulatory
from uncappetlic MRNA 2.9-fold but increased expression fromelements that is presumably a result of an interaction between
cappeduc mRNA 24.4-fold. Therefore, the histone stem—loop igrans-acting factors, e.g. the cap binding initiation factors and the
dependent on the presence of a cap for full function. The data d@stone stem-loop binding protein.

also be analyzed to determine whether the function of the cap is

affected by the histone stem-loop. Addition of a cAEmRNA  \jtations within the histone stem—loop affect its function

without the histone stem-loop or poly(A) tail increased express-

ion 4.1-fold (compare the expression from cappednRNA  The phylogenetically conserved bases within the histone stem—loop
with uncappedluc mRNA) but increased expression from suggest that primary sequence within this structure is important for
luc-SLwt 27.2-fold (compare the ratio of expression from cappeits function. Mutations within the conserved iioas of the loop
luc-SLyt MRNA with uncappetlic-SLyt mMRNA). Therefore, or stem disrupt'3end processingl,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 cellsitndCapped mRNAs were synthesizeditro and

delivered to either CHO cells or carrots protoplasts using electroporation. The same mRNAs were used to pitagteanslation in a lysate derived from rabbit
reticulocytes using either 500 or 5 ng of input mMRNA. For the ek&£TR 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 stz
deviation for each construct is shown as an error bar.

conserved uridine residues in the loop to adenosines alspaffect expression and the low level of stimulation observed for
abolished binding of the nuclear and polyribosomal proteins thiite U1 stem—loop construct suggests that the histone stem—loop-
specifically recognize the histone stem-lodf).(We therefore mediated increase in expression is specific to this sequence.
examined the effect of mutations within the histone stem-loop on
its ability to enhance expression .fr_om reporter mRNA. Threnlahe histone stem—loop does not function in plant
different mutants were examined: lirc-SLas 3 the two con- toplasts
served uridines in the loop have been changed to adenosinesl?rl% P
luc-SLreverse the entire stem—loop has been invertedju®  Plant histone mRNAs are polyadenylated and therefore do not
SLreversestem the stem has been inverted but the loop has beeBntain the stem-loop structure present in animal histone mRNAs.
maintained in the wild-type configuration (F&y.In additiontothe  Eijther the histone stem-loop evolved after the divergence of plants
wild-type constructjuc-SLwt and theluc andluc-Asg control  and animals or was lost from plants during their subsequent
mMRNAs, two additional control constructs were masetetra-  evolution. The observation that histone mRNAGHiamydomonas
loop contains a synthetic stem—loop composed of a 4 bp stem g8d) and the multicellular algeblvox (323) are not polyadenylated
a tetraloop that makes use of an unusual base pair for increaggglcontain the phylogenetically-conserved stem—loop supports the
thermodynamic stabilityi(L,42) which is recognized by tetranu- latter hypothesis. The histone stem-loop serves as a binding site for
cleotide loop binding proteingt§). This construct, therefore, specific nuclear and polysomal proteir#sh,25). If the histone
serves as a control for the effect of a stabterdninal stem—loop  stem—-loop regulatory mechanism had once been present in the
on expressioriuc-U1 contains the terminal 26 bases of the Ulevolution of plants, the stem—loop binding protein genes may still be
snRNA which forms a stem-loop4) composed of a 9 bp stem present in plant genomes, particularly if they were required to
with a four base loop which itself is also an example of a stablgcilitate other cellular processes.
tetraloop. To examine whether the histone stem—loop can function to
The effect of the mutations on histone stem—loop function washance expression from reporter mRNA in plants, the set of MRNA
examined in CHO cells following translation of the test mMRNAgonstructs used in the previous experiment were introduced into
in transiently-transformed CHO cells. The presence of the histooarrot protoplasts using electroporation. Carrot is a rapidly growing
stem-loop increased expression 13.6-fold relative tadmRNA  cell culture like CHO cells arid25-30% of the cells are in S phase
control construct, which was similar to the impact of adding at any one time. The same batch of mMRNAs used in the transient
poly(A)sp tail to the reporter mMRNA (Fi@). Changing the two transfection of CHO cells was used for transient protoplast
conserved uridines in the loop to adenosines resulted in a 3%4nsformation to rule out any variation in RNA preparations.
drop in stem-loop function. Inverting the entire stem—loop or jugxpression frontuc-Asg MRNA was 18.9-fold greater than that
the stem resulted in a drop of 49 or 63% in function, respectivelyom the poly(Ay luc construct (Fig6), demonstrating that the
The tetranucleotide stem—loop structure had no impact on reporpedy(A) tail is functionally active in carrot protoplasts, as
expression, whereas the Ul sequence increased expressiorpiigyiously reported?@). In contrast to the observations in CHO
3.5-fold. The impact of the histone stem—loop mutations ocells, the levels of expression from the constructs containing
reporter mMRNA translation was consistent with the observatiaither the wild-type or mutant histone stem—loops were not
that mutation of the conserved uridines in the loop structuggnificantly greater than that from tHec mRNA control
affects 3-end processing and/or transport but not localization toonstruct. Moreover, neither the tetranucleotide stem-loop nor
polysomesZ3,18). The failure of the tetranucleotide stem-loopUl sequence affected expression from reporter mRNA. The
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failure of the histone stem—loop to function in plant protoplastdelivery for the first hour. The amount of luciferase produced
further supports the conclusion that its ability to function in CH@vithin the first 21 min following delivery was then plotted as a
cells is specific to the histone stem—loop sequence. The obserftmction of time (Fig.7A). The luc-SLyt mMRNA construct
tion that 3 structured sequences from plant viral mRNAs ar@erformed equally well as thec-Asg MRNA. Mutations within
specifically recognized and stimulate translation in plant protahe histone stem-loop had a substantial impact on the ability of
plasts {546) demonstrates that these cells are competent the mRNA to be recruited quickly for translation. At 7 min
recognize specific '3regulatory elements. Their failure to following delivery, expression from thec-SLa1 3 MRNA was
functionally recognize the histone stem—loop supports the ideaduced 5-fold, that frofuic-SL;eversestemWas reduced 12-fold
that this mechanism has been lostin the evolution of higher plarésd that fromuc-SLeyversewas reduced 38-fold compared with
luc-SLT control mMRNA (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 frontuc mRNA constructs terminating in the
To examine whether the histone stem—loop can funictigitro, U1 loop or tetraloop was 200- 500-fold lower than that from
a lysate derived from rabbit reticulocytes was programed with tiec-SLwt 7 min following the introduction of the mRNAs into
set of mMRNA constructs used in the previous experiment. Ontlge cytoplasm, suggesting that these structures do not support
again, the same batch of mMRNAs used in the previous experimefagid polysome loading. At 14 min, expression from the mutant
was used for thim vitro translation. The lysate was programedhistone stem—loop mRNA constructs was still substantially lower
with both a high level (500 ng) and low level (5 ng) of mRNAthan from the wild-type construct and expression from the U1- or
At neither the high nor low mRNA levels did the histonetetraloop-containing constructs was still 60- to 100-fold lower
stem—loop function to significantly increase translaitiovitro.  than that fromuc-SLyT. By 21 min, the phase of steady-state
Likewise, the poly(A) tail also failed to increase expressiorifanslation was reached and the histone stem-loop mutants had
which we had observed previously with this lysaleNloreover,  improved relative to the wild-type construct. Figi@eshows the
other mRNAs ending in the stable tetraloop or Ul stem—lodpanslational characteristics of each mMRNA over its lifetime. The
were translated equally well in the lysate. These data demonstraganslational efficiency of the mRNA is measured during the
that the histone stem—loop structure does not increase expressiansient steady-state phase of translation. The presence of the
in anin vitro lysate derived from rabbit reticulocytes whenhistone stem-loop increased the translational efficiency of
translated under standard conditions. The observation ‘that|@c-SLyt MRNA by 5.9-fold over that measured for the
regulatory elements in general, including the poly(A) tail and Zonstruct terminating in the tetraloop (F&L). This rate of
regulatory structures from plant viral mMRNAs, do not functiortranslation was virtually identical to that observed fohubé\sg
well in vitro (45,46,47) suggests thai vitro lysates fail to fully  construct. The increase in the final yield of luciferase protein
reflect thein vivo environment. produced fromluc-Asg relative toluc-SLywt was due to the
greater stability of thduc-Asg 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
Although the effect of the histone stem-loop on mRNA stabilityvith their effect in Figures. The tetranucleotide stem-loop
has been documented(21), its impact on translation has beenstructure had no impact on translation compared withuthe
suggested2?) but has not been previously quantitated. ThénRNA construct with a random 44 baseU3R. The Ul
effects of the histone stem—loop on translational efficiency arggquence increased translational efficiency relative to the tetra-
message stability could be separately quantitated, therefore, lBgp-containing construct by 2.9-fold. We conclude, therefore,
following the kinetics ofluc mRNA translation in transiently that the histone stem-loop structure increases translational
transfected CHO cells. Following delivery of each mRNAefficiency and the effect on translation is specific to the histone
construct, aliquots of cells were removed at time intervalstem-loop sequence, as the mutants were compromised in their
following mRNA delivery and luciferase assays were performegbility to facilitate translation, particularly in the early stages of
The kinetics ofluc mRNA translation were determined by polysome association.
following the appearance of protein as measured by enzymeAs luciferase protein accumulates over time only for as long as
activity plotted as a function of time (F). Once the mRNA has there is intaduc MRNA present for translation, the length of time
been initially loaded onto polysomes, translation proceeds atoser which luciferase protein accumulates reflects the stability of
rate that is dictated by its translational efficiency and for a peridie MRNA. The data from Figur€ can be used to determine the
of time that is determined by the stability of the mRNA. Thdunctional mMRNA stability, which is a measure of the integrity of
eventual degradation of the mRNA results in a decreased ratellid message as determined by the length of time over which it is
protein accumulation, represented by the plateau of each curvdranslationally active and is defined as the amount of time needed
the later time points in Figui®C. By comparing the rates for eachto complete a 50% decay in the capacity of an mRNA to
luc mRNA construct, the impact that the wild-type or mutant histongynthesize proteintg,49). Using this approach, the stability of
stem-loops have on the translational efficiency can be determinpdlysome-associated mRNA can be specifically measured. The
We were interested in determining whether the histone sterfunctional mRNA half-life of the contréic mRNA was 33 min,
loop influenced translational efficiency in addition to mRNAwhereas the addition of a polygd}ail increased the half-life to
stability. In order to measure the effect of the histone stem—lod®5 min, results that are in good agreement with previous
early during translation, i.e. the phase of loading onto polysomeraegasurements3). The presence of the histone stem—loop
luciferase measurements were made every 7 min following mRNAcreased the mRNA half-life to 69 min, similar to histone mMRNA

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

The histone stem-loop increases both the translational
efficiency and stability of reporter 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 werdsyitthesized
and delivered using electroporation. Following delivery, aliquots of cells were removed at time intervals and assayed. The resulting luciferase activity was plotte
a function of time.4) Expression for each construct is plotted for the first 21 min following mRNA delBgmhé levels of expression resulting from each construct

at 7, 14 and 21 min following mRNA delivery are displayed as histogr&@is &n 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
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 kapacity of th
mRNA to synthesize luciferase. The relative rate of translation or functional stability is expressed in the table relative to tHeqoiyi)l mRNA.

in CHO cells 8,10,50). This represents a 2.1-fold increase ovetength of time over which each mRNA construct is translationally
that observed for the contrblc mRNA, but is less than the active confirms these measuremelnisSLyy is translationally
stabilizing effect of a poly(A) tail. The mutations within the active for a period of time (the end point determined by the
histone stem—loop had little effect on the stem—loop-mediatguiateau for each curve) that is approximately twice as long as the
increase in stability. The tetraloop did not significantly changeontrolluc mRNA. The mutations within the histone stem-loop
MRNA stability compared with the contlak mRNA. The U1  resulted in a period of translational activity which was intermediate
stem—loop increased the mMRNA half-life 1.7-fold, relative to theetween that fduc-SLyt andluc mRNAs. From these data, we
controlluc mRNA, which partly accounts for the effect of thisconclude that the histone stem—loop increases both the transla-
sequence on expression frarmmRNA. Visual inspection of the  tional efficiency as well as the stability of an mRNA.
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DISCUSSION 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 mMRNA half-life was less than that
éa[ha poly(A) tail. This may be a reflection of the changing length
0

in multiple steps of histone gene expression, includirend istone mRNA half-life throughout the cell cycle, which varies
processing {1-16), nucleocytoplasmic transport 18) and from 60 min during the gand S phases to <15 min during the

cytoplasmic mRNA stability 10-21). The observation that Gz phas_e of the C?” cycle,L0). As the mRNA constructs were
MRNA constructs terminating in the histone stem—loop were boffnslationally active for only 5-6 h, at most, and the CHO cell
efficiently processed and localized to polysomes suggested tig4!e under our growth conditions is <20 h, the impact of the
mRNAs containing the histone stem—loop were translationalRStone stem-loop on reporter mRNA half-life must be viewed as
competentZ?2). However, the role of the histone stem—loop as &N average value f(_)rthe entire cell cycle. Ifthg histone stem—loop
facilitator of translational efficiency has not been directlyncreases translational efficiency only during the S phase,
addressed. In this study, we have shown that the histofPresented by 30-40% of the cells at any given time, then our
stem—loop does enhance the translational efficiency of repor(é),easurements w_ould underestimate the stimulation of translation
mMRNA in transfected CHO cells. It is functionally similar to a@fforded by the histone stem-loop by 2- to 3-fold. _
poly(A) tail in that it increases both the translational efficiency as Based on several criteria, we conclude that the observed increase
well as the stability of the reporter mRNA and that it must b8 translation efficiency was specific to the histone stem-loop
positioned at the'derminus in order to function optimally. It is Seguence. First, expression fréms-Slyt was higher than that
also similar to a poly(A) tail in that it is co-dependent on a cap ifiom Mmutant and control constructs, although the length of the
order to function as a facilitator of translation. It is interesting to noe-UTR was similar, ruling out an effect of-BTR length on
that although the cell cycle-regulated histone mRNAs have evolveyPression. Second, the presence of a tetraloop structure did not
as an alternative to polyadenylated mRNAs, they have neverthelb¥gease expression, suggesting that the machinery that recognizes
maintained a functional co-dependency between the termirld mediates the effect of the histone stem—loop is specific to this
regulatory elements, i.e. between the cap and the histone stem—i@§p'cture and not just a general tetraloop binding pretgjniq this

We have shown recently that some initiation factors (elFsjegard, it may be more than fortuitous that the U1 stem—loop has a
such as elF-4F and elF-4B, bind not only to the cap structure tifpall but measurable impact on translation. Inspection of the U1
to poly(A) as well 47). If this bi-functional binding constitutes Stem—loop§1) reveals some shared characteristics with the histone
part of the basis for the co-dependency between a cap and polygt§m-loop. This includes a four base loop that contains uridines in
tail, how could this mechanism function in a cell cycle-regulatetip€ first and second positions and two GC base pairs at the base of
histone MRNA that has a cap but does not terminate in a poly(Rg stem. These features may contribute to the low level of
tail? A 45 kDa stem—-loop binding protein (SLBP) associated witfiimulation of translation and mRNA stability observed for reporter
polysomes has been identified that specifically recognizes théRNA terminating in the U1 stem-loop. In contrast, the tetraloop
histone stem—loop structu23-25). It is possible that the SLBP structure neither contains the features present in the histone
may mediate the interaction between the termini, perhaps througfgm-loop nor does it enhance translation. Third, the wild-type
protein—protein interactions with elFs. histone stem—loop had no effect on expression in plant protoplasts,

We observed the histone stem-loop-mediated enhancemeni@fough addition of a poly(A) tail did substantially increase
translation and mRNA stability in animal cells but not in plant cellgxpression from reporter mRNA. The failure of the histone
even though othet Begulatory elements, such as a poly(A) tail (FigStem—loop structure to significantly increase expregsieitro is
6) or the 3UTR of the non-polyadenylated tobacco mosaic virugot altogether surprising. The increase in expression resulting from
RNA (46), do function. That the histone stem-loop does ndhe addition of a poly(A) tail has been well documeirtedvo in
function in higher plants is not surprising, as plant histone mRNAzth animal and plant cell8,28), however, its ability to function
are polyadenylated and therefore plant cells would not be expeciggreatly reducei vitro (47). Moreover, the'3UTRs from several
to contain factors that specifically recognize the histone stem—logjial MRNAs which, like the cell cycle-regulated histone mRNAs,
structure. The observation thdtlvox (33) and Chlamydomonas naturally lack a poly(A) tail and contain higher order structures that
(32) histone mRNAs terminate in the conserved stem-loop structfigcilitate translational efficiendy vivoalso failed to function
does suggest that plant histone mMRNAs may have been regulatedhwitro (45,46).
the stem-loop mechanism early in their evolution and that thisMutations within the histone stem-loop did reduce its function,
mechanism was subsequently lost in the evolution of higher plartdhough they did not completely abolish it. Their most dramatic
The failure of the histone stem—loop to function in rapidly dividingmpact was on the speed with which the mRNA was recruited for
plant cells demonstrates, as we have shown previously for otlteanslation. Expression from the mutant constructs was reduced up
structured RNA sequence®], that the introduction of structured to 38-fold early in translation when compared with the wild-type
sequences alone at tHee3minus of an mMRNA is not sufficient to construct. Following this delay, the mutant mRNAs were translated
increase expression. Such observations provide additional suppaith moderate efficiency. Similar or identical mutations within the
for the conclusion that the effect of the histone stem—loop dmistone stem-loop have been previously shown to substantially
translation and mRNA stability is specific to this sequence in CH@duce 3end processing). The mRNA from those mutants that
cells. allowed a low but measurable level 6B8d processing neverthe-

The degree to which the histone stem—loop enhances translatidast localized to polysome&823), results which are in good
efficiency and mRNA stability was individually quantitated andagreement with our observations that mutations within the stem-—
compared with a poly(A) tail. The addition of the histone stem—lodpop delay and reduce but do not completely abolish translational
to reporter mRNA increased the translational efficiency of theompetence. It is not known whether SLBP mediates the translation
reporter MRNA to the same extent as the addition of a poly(Af histone mRNA, but its association with polysomes is suggestive

Studies focusing on thé-&rminal stem—loop structure of the cell
cycle-regulated histone mRNAs have demonstrated its involvem
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of such a role. We recently demonstrated that SLBP associated vifh Mowry,K.L. and Steitz,J.A. (1988cience238 1682-1687.

actively translating histone mRNA is the same form which 46 g’a-ssjg",i*g‘épggi%'liffge'FJ' and Birnstiel,M.L. (19889. Natl. Acad.
involved in histone ‘@nd processing in the nucleus and which,; Eccllkner,#e., Ellmeier,W. and Bimstiel,M.L. (19EBO J, 10,
accompanies the mRNA to the cytopla$ifi).( Therefore SLBP 3513-3522.

appears to remain associated with histone mRNA during all stepstef wiliams,A.S., Ingledue,T.C., Kay,B.K. and Marzluff,W.F. (198dicleic
its existence. The degree to which the binding affinity of SLBP folr9 égdzszgsgz éggg;:fg% and Heintz.N. (LEBTBO 1,6, 16251831
m.Utant histone stem-loop structures is _reduZéeIZ{i_) correlates 20 Le\?ine,B.’J.,. ’Chodcho;},N., .l\/larzluff,W.F’. and SkoultcHLA.I. (1980y. .
with the effect of the mutants on translational recruitment{Big. Natl. Acad. Sci. US/84, 6189-6193.

Binding of SLBP to the histone stem—loop may be necessary 40 Pandey,N.B. and Marzluff, W.F. (198@pl. Cell. Biol, 7, 4557—4559.
mediate the stimulatory effect of the stem—loop on translation. Thoze 68615n7,3-é3 gélgh,D-R- and Marzluff, W.F. (199&)cleic Acids Res20,
mRNAs without the histone stem-loop, therefore, would not binéi3 —OL00. .

SLBP and would not be efficiently recruited to polysomes fo 52?33%:%%‘(\i\g'gig\"ﬂscfggll_sgi%i'ﬂ;’gggﬁ ey Bond,U. and
translation. One possible explanation for why the mutations causgsa pandey,N.B., Sun,J.-H. and Marzluff, \W.F. (199agleic Acids Resl9,
delay in translational recruitment but have a smaller impact on the 5653-5659.

efficiency of translation once the mRNA is actively being translate2p \\/(\{'S'EZQSjA}{Ségng“é'ﬁ‘gﬂlngV-(Fl-g%g?eﬁugéesi% ﬁ;idnj i%%i§5é5662'
IS that. .the hls_tone stem-loop may be composed of m“'t' Melton,’D..A:, Krieg,P.A.,,Réb.agliati,M.R., Maniat)i/s,'?, Zinn,K. ar;d
recognition motifs, e.g. the loop and the stem, the loss of either of green M.R. (1984)ucleic Acids ResL2, 7035-7056.

which might reduce the binding affinity of histone SLBP. Of thes Gallie,D.R., Lucas,W.J. and Walbot,V. (198%nt Cell 1, 301-311.
three mutants tested, the wild-type stem was present in th@ Gallie,D.R., Feder,J.N. and Walbot,V. (1992) In Gallagher,S.R. GadS,
|UC-SLA1‘3 construct, whereas the wild-type loop remained present Protocols: Using the GUS Gene as a Reporter of Gene Expression

. . . Academic Press, San Diego, CA, pp. 181-188.
in theluc-SlyeversestemaNduc-SLreverseconstructs (the C in the first 5, Bradford,M.M. (1976nal. Biochem 72, 248-254.

position of the loop is found in nematode histone MRNAE; 31 Roberts,S.B., Sanicola,M., Emmons,S.W. and Childs,G. (198%)1.
Once bound, however, histone SLBP may be stabilized through Biol., 196 27-38.

interaction with other proteins involved in translation. Furthep2 Fabry,S., MullerK, Lindauer,A., Park,P.B., Cornelius,T. and Schmitt,R.
analysis of the translational strategy used by the cell cycle-regulatgd (1995)Curr. Genet, 28, 333-345.

. . . - Muller,K., Lindauer,A., Bruderlein,M. and Schmitt,R. (198@ne 9
histone mRNAs will contribute to our understanding of these 1g7_175. (199€ne 53

protein—RNA interactions viva 34 Gallie,D.R., Feder,J.N., Schimke,R.T. and Walbot,V. (18@it)eic Acids.
Res, 19, 5031-5036.
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