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As an approach to understanding the structures and mechanisms which determine mRNA decay rates, we
have cloned and begun to characterize cDNAs which encode mRNAs representative of the stability extremes in
the poly(A)+ RNA population of Dictyostelium discoideum amoebae. The cDNA clones were identified in a
screening procedure which was based on the occurrence of poly(A) shortening during mRNA aging. mRNA
half-lives were determined by hybridization of poly(A)+ RNA, isolated from cells labeled in a 32P04
pulse-chase, to dots of excess cloned DNA. Individual mRNAs decayed with unique first-order decay rates
ranging from 0.9 to 9.6 h, indicating that the complex decay kinetics of total poly(A)+ RNA in D. discoideum
amoebae reflect the sum of the decay rates of individual mRNAs. Using specific probes derived from these
cDNA clones, we have compared the sizes, extents of ribosome loading, and poly(A) tail lengths of stable,
moderately stable, and unstable mRNAs. We found (i) no correlation between mRNA size and decay rate; (ii)
no significant difference in the number of ribosomes per unit length of stable versus unstable mRNAs, and (iii)
a general inverse relationship between mRNA decay rates and poly(A) tail lengths. Collectively, these
observations indicate that mRNA decay in D. discoideum amoebae cannot be explained in terms of random
nucleolytic events. The possibility that specific 3'-structural determinants can confer mRNA instability is
suggested by a comparison of the labeling and turnover kinetics of different actin mRNAs. A correlation was
observed between the steady-state percentage of a given mRNA found in polysomes and its degree of instability;
i.e., unstable mRNAs were more efficiently recruited into polysomes than stable mRNAs. Since stable mRNAs
are, on average, "older" than unstable mRNAs, this correlation may reflect a translational role for mRNA
modifications that change in a time-dependent manner. Our previous studies have demonstrated both a
time-dependent shortening and a possible translational role for the 3' poly(A) tracts of mRNA. We suggest,
therefore, that the observed differences in the translational efficiency of stable and unstable mRNAs may, in
part, be attributable to differences in steady-state poly(A) tail lengths.

We have previously demonstrated that the mRNA popu-
lation in vegetatively growing amoebae of the cellular slime
mold Dictyostelium discoideum decays with complex kinet-
ics, consisting of at least two major components: a rapidly
decaying component with a half-life of approximately 50
min, and a long-lived component with a half-life of approx-
imately 10 h (14, 58). Similar complex kinetics have been
observed for the decay of poly(A)+ RNA in a variety of
other eucaryotic cells (5, 25, 39, 57, 77, 78, 81). It is likely
that these complex decay kinetics reflect the sum of the
decay rates of individual mRNAs (e.g., in D. discoideum,
the most stable mRNAs have half-lives of approximately 10
h and the least stable mRNAs have half-lives which are
approximately 10-fold shorter). It has been suggested that
such large differences in the stability of individual mRNAs
could be accounted for by differences in their respective
sizes (39, 52, 58, 63, 78, 81), poly(A) tail lengths (8, 28, 56,
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91), ribosome loading (1, 26, 33, 41, 45), or 5'- and 3'-
untranslated (UT) sequences (42, 53, 64, 69, 74, 76, 89). To
test the validity of these hypotheses, we have identified
cloned cDNAs which encode mRNAs that are represen-
tative of the stability extremes in D. discoideum and have
initiated a characterization of the properties of the respective
mRNAs.
To assess the relative stabilities of different mRNAs, we

measured mRNA half-lives by hybridization ofRNA labeled
in a 32P04 pulse-chase to dots of excess cloned cDNA. With
this assay, individual mRNAs were found to have distinct
first-order decay rates which spanned the same spectrum of
half-lives observed for the decay of total poly(A)+ RNA.
Having identified stable, moderately stable, and unstable
mRNAs, we then compared their sizes, extents of ribosome
loading, and poly(A) tail lengths to ascertain whether any
specific properties could be correlated with mRNA stability
or instability.

MATERIALS AND METHODS

Plasmids. The cDNA clones whose construction is de-
scribed below are designated pl, p2, p3, etc. In addition, the
following plasmids were used in this study. (i) pcDd actin Bi
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contains a cDNA insert, encoding a Dictyostelium discoi-
deum actin mRNA, cloned in the PstI site of pBR322 (4). (ii)
Actin 6 contains a genomic DNA insert encoding a Dic-
tyostelium actin mRNA (67) cloned in pMB9. (iii) PST3
contains a 2.2-kilobase-pair PstI fragment of Dictyostelium
genomic DNA cloned in pUC9 (R. A. Shapiro, Ph.D. thesis,
Worcester Polytechnic Institute, Worcester, Mass., 1985).
This genomic DNA fragment is complementary to the cDNA
insert of pcDdI-42, a cDNA clone encoding a developmen-
tally regulated Dictyostelium transcript (70). (iv) PSK80
contains a cDNA insert cloned in the PstI site of pBR322
which encodes an mRNA which preferentially accumulates
in prestalk cells. The clone was isolated by D. Ratner from a
cDNA library described by Mehdy et al. (49) and was
originally designated 18G1. (v) NS28 contains a cDNA insert
cloned in the PstI site of pBR322 which encodes a mRNA
present throughout most of the Dictyostelium life cycle and
which preferentially accumulates in prespore cells. The
clone was isolated by D. Ratner from a cDNA library
described by Mehdy et al. (49) and was originally designated
7E3. Plasmids pcDd actin Bi, actin 6, and pcDdI-42 were the
generous gifts of R. Firtel and plasmids PSK80 and NS28
were the generous gifts of D. Ratner.

Cloning of cDNAs which encode stable or unstable mRNAs.
The method used (Shapiro, Ph.D. thesis) to isolate the
cDNA clones employed in these experiments took advan-
tage of the observation that newly synthesized mRNA in D.
discoideum has a long 3' poly(A) tract that shortens as the
mRNA ages (58-61). This implies that an unstable mRNA
will undergo significant degradation before its 3' poly(A)
tract shortens and that there should be a reduction in the
relative concentration of unstable mRNAs in mRNA frac-
tions of decreasing poly(A) size. Therefore, a cDNA library
was constructed from mRNA with long poly(A) tails (-85
adenylate residues), and the library was screened by hybrid-
ization (24) to 32P-labeled cDNA reverse transcribed from
mRNA with long poly(A) and with short poly(A) (-35
adenylate residues). cDNA cloning in the PstI site of pUC9
(85) followed conventional procedures (10, 44, 87). mRNA
containing long poly(A) was thermally eluted from poly(U)-
Sepharose (59) between 45 and 55°C, and mRNA containing
short poly(A) was thermally eluted from poly(U)-Sepharose
between 25 and 35°C. Colonies exhibiting differential hybrid-
ization to the long poly(A) probe were chosen as candidates
for cDNA clones representing unstable mRNAs, while col-
onies exhibiting differential hybridization to the short
poly(A) probe were chosen as candidates for cDNA clones
representing stable mRNAs (Shapiro, Ph.D. thesis). Se-
lected cDNA clones were subsequently screened by north-
ern (RNA) and Southern blot analysis to identify (and
eliminate) those clones that encoded the same mRNA,
represented multiple copy genes, or might possess repetitive
sequences analogous to those found in other Dictyostelium
mRNAs (34, 91). The final set of cloned cDNA sequences
included two which potentially encoded unstable mRNAs
and eight which potentially encoded stable mRNAs (Table
1). The mRNAs encoded by the set of cloned DNAs were all
found in polysomes (see below) and ranged in size from 400
to 1,500 nucleotides (Table 1).

Cell culture and RNA extraction. Cells of D. discoideum
AX3 were grown axenically in MES-HL5 medium at 22°C
(59). Methods for extraction of whole-cell RNA were as
described previously (30, 59).

Phosphate pulse-chase. A 50-ml portion of AX3 cells at 4 x
106 per ml in MES-HL5 medium was pulsed with 25 mCi of
carrier-free 32PO4 for 105 min at 22°C. Cells were then

pelleted, washed twice with MES-HL5 medium containing
25 mM NaPO4, and suspended at 106 cells per ml in
MES-HL5 containing 25 mM NaPO4 to initiate the chase.
Aliquots (7 ml) of the culture were withdrawn at 30- to
180-min intervals for isolation of whole-cell RNA. To mon-
itor the chase, acid-precipitable radioactivity associated with
whole cells and with isolated RNA was determined for each
time point. To of the chase is defined as the time point at
which there was no further increase in acid-precipitable
radioactivity in whole-cell RNA. Routinely, this occurred
within 30 to 60 min after suspension of the cells in high-
phosphate medium.

Purification of labeled poly(A)+ RNA. Poly(A)+ RNA was
isolated by two rounds of batch absorption to and elution
from oligo(dT)-cellulose. 32P-labeled whole-cell RNA from
each time point was added to 25 mg of prewashed oligo(dT)-
cellulose in binding buffer (20 mM Tris hydrochloride, pH
7.6,0.5 M NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate)
in a microcentrifuge tube (1.5 ml) and incubated at room
temperature for 15 min while shaking. After several washes
with wash buffer (same as binding buffer except NaCl was
reduced to 100 mM), the poly(A)+ RNA was eluted with
three washes of elution buffer (10 mM Tris hydrochloride,
pH 7.5, 1 mM EDTA, 0.05% sodium dodecyl sulfate) at
37°C. The oligo(dT)-cellulose was then treated with 100 mM
NaOH-5 mM EDTA and subsequently reequilibrated in
binding buffer. After the NaCI concentration was adjusted to
500 mM with 5 M NaCl, the poly(A)+ RNA was rebound to
the oligo(dT)-cellulose, and the -resin was rewashed and
re-eluted as described above. The poly(A)+ RNA was re-
covered by ethanol precipitation and dissolved in H20, and
its concentration was determined by measuring the A260.
Typically, 2.0 to 6.0 jig of poly(A)+ RNA was recovered
from each 7.0-ml aliquot of cells. The specific activity of the
poly(A)+ RNA recovered from the pulsed cells at the end of
the labeling period was routinely 1.0 x 105 to 2.0 x 105
cpm/p.g.
Dot blots. Half-lives of individual mRNAs were deter-

mined by hybridization of poly(A)+ RNA, labeled in a

TABLE 1. Properties of selected plasmids

Cloned Encoded mRNA
Plasmid Selection fragment H

designation group' size Size Half-life (h) Stability
(kbp) (kb) Measured Correctedb classc

p2 s 0.50 1.10 16.0 9.6 S
p4 1 0.33 0.88 1.5 0.9 U
plO s 0.26 0.40 6.5 3.9 MS
p14 s 0.73 0.64 5.0 3.0 MS
p22 s 0.28 0.50 7.0 4.2 MS
p23 s 1.10 1.10 10.0 6.0 MS
p24 s 0.50 0.68 16.0 9.6 S
p29 s 0.33 0.41 6.0 3.6 MS
p31 1 0.60 1.50 3.0 1.8 U
p32 s 0.18 0.50 13.0 7.8 S
PST-3 r 2.20 1.10 1.5 0.9 U
pcDd actin r 1.05 1.25 1.5 0.9 U
B1 1.35

NS28 r 0.18 0.94 2.5 1.5 U
PSK80 r 0.88 1.90 1.9 1.1 U

a Selection group: nature of probe used in original selection. s, Probe from
mRNA with short poly(A); 1, probe from mRNA with long poly(A); r, random
clones from existing stocks, not screened with either probe.

b Corrected for efficiency of chase as described in the text.
S, Stable; MS, moderately stable; U, unstable.
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pulse-chase experiment, to nitrocellulose filters containing
excess plasmid DNA. Plasmid DNA was denatured at 850C
in 200 mM NaOH for 5 min, placed on ice, neutralized, and
then adjusted to 6.6x SSC (lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate). The denatured plasmid DNA was
applied to Schleicher & Schuell nitrocellulose (prewet in 2x
SSC) encased in a Schleicher & Schuell dot blot manifold.
The nitrocellulose was first washed with 2 x SSC followed by
two dilution series of the DNA such that 3, 1.5, 0.5, and 0.1
p.g or 5, 2.5, 1, 0.1, and 0.01 ,ug of DNA was loaded in
duplicate for each cDNA clone examined. Since air drawn
through the dot blot apparatus tends to dry out the nitrocel-
lulose, which leads to uneven DNA binding, no more than
eight dots at a time were prewashed with 2 x SSC prior to the
addition of the DNA dilutions. After application of the DNA,
each dot was washed with 500 ,u of 6x SSC. The nitrocel-
lulose sheet was then air dried for 1 h and baked at 80°C in
vacuo for 2 h. A filter containing duplicate dilutions of up to
11 cDNA plasmids and one vector control was prepared for
each time point of the pulse-chase experiments. The filters
were placed in sealable plastic bags (a maximum of two
filters per bag, back to back) and prehybridized in 10 ml of
50% formamide-4x SSC for 15 min at 450C. A constant mass
of 32P-labeled poly(A)+ RNA (1.5 to 3.0 ,ug) from each time
point of the experiment was heated to 650C for 5 min, quickly
cooled on ice, and hybridized to the filters, in the same
buffer, for 48 h at 450C.

After the hybridization, the filters were removed from the
bags and washed twice at room temperature with 2 x
SSC-0.1% sodium dodecyl sulfate and twice with 0.2x
SSC-0.1% sodium dodecyl sulfate (30 min per wash). The
filters were then covered on both sides with a layer of plastic
wrap and placed under film with an intensifying screen (Du
Pont Cronex Lightning-Plus) at -800C. Exposure times
varied from 6 h to 5 days. The exposed films were quanti-
tated by densitometry, using a Helena Laboratories Quick
Scan R+D densitometer. Peak heights of all scans were
measured, and the values for all dots which exhibited a
hybridization plateau were averaged and corrected for non-
specific hybridization to the vector sequences alone. The
decay curve was determined from a semilog plot of the
percentage of hybridization remaining at different times after
the start of the chase.

Analysis of ribosome loading. For individual mRNAs, the
mean polysome size and the fraction of the mRNA associ-
ated with polysomes were determined by fractionation of
cytoplasmic extracts on 15 to 50% sucrose gradients fol-
lowed by northern blotting analysis of the RNA associated
with each gradient fraction. Details of this procedure have
been described elsewhere (83). Autoradiographs were quan-
titated by densitometry, and the data are expressed as the
percentage of the total autoradiographic exposure associated
with each fraction of the gradient.
Measurement of poly(A) tract lengths. Whole-cell RNA

extracted from vegetative amoebae was separated into frac-
tions of increasing poly(A) length by thermal elution from
poly(U)-Sepharose. Fractionation was as described previ-
ously (59) except that a final wash with LS buffer at 65°C
replaced the EB wash at 55°C. Average poly(A) tract lengths
associated with each column fraction were determined by
3'-end labeling, digestion with RNases A and T1, and gel
electrophoresis of the digestion products, as previously
described (83). The distribution of individual mRNAs in the
different poly(A) size classes was determined by RNA dot
blotting. Duplicate samples (0.5 ,ug) of RNA from each of the
column eluates were incubated in denaturation buffer (5 mM

NaOAc, 1 mM EDTA, 20 mM MOPS [morpholinepropane-
sulfonic acid], 6% formaldehyde, 50% formamide) at 65°C
for 5 min and applied to Zeta-Probe (Bio-Rad Laboratories)
membranes previously and subsequently washed with 2x
and 6x SSPE (82), respectively. Filters were hybridized to
high-specific-activity cDNA probes essentially as described
for northern blots. Autoradiographs were quantitated by
densitometry, and the data are expressed as the percentage
of the total autoradiographic exposure associated with each
column fraction.
Other procedures. Plasmid DNA was purified by scaling

up the miniprep method of Birnboim and Doly (6). Details of
this modified procedure have been reported elsewhere (82).
Northern blots were prepared from small, thin (16.5 ml;

6.5 by 8.5 cm) agarose-formaldehyde gels cast and run as
described by Rave et al. (65). Gels were blotted onto
nitrocellulose sheets as described by Alwine et al. (2) and
hybridized with nick-translated (55) plasmid DNA as de-
scribed elsewhere (Shapiro, Ph.D. thesis).
For DNA blots, D. discoideum nuclear DNA (30) was

digested with restriction endonuclease EcoRI or PstI, elec-
trophoresed through 0.7% agarose gels (62), denatured in 0.5
M NaOH-0.5 M NaCl, neutralized, and transferred to nitro-
cellulose sheets (80). Blots were hybridized, washed, and
subjected to autoradiographic exposure as described else-
where (Shapiro, Ph.D. thesis).
Hybrid selection of mRNAs was as described previously

(82).

RESULTS

Pulse-chase assay for mRNA decay rates. Relative decay
rates of individual mRNAs were determined by labeling cells
in a 32po4 pulse-chase, isolating the labeled poly(A)+ RNA,
and then exhaustively hybridizing the RNA to specific
cloned DNAs. Amoebae in MES-HL5 medium were pulsed
with 32P04 (500 ,uCi/ml) for 105 min and then washed and
suspended in MES-HL5 medium containing 25 mM NaPO4.
At different times after the onset of the chase, total cellular
RNA was isolated and fractionated on oligo(dT)-cellulose,
and the purified poly(A)+ RNA was hybridized to a series of
dilutions of cloned DNA in duplicate dots spotted on nitro-
cellulose filters. After hybridization and washing, the filters
were exposed to X-ray film and the resultant autoradiograms
were scanned with a densitometer. An average optical
density was derived from the scans of those dots which
contained excess DNA, i.e., those dots for which an in-
crease in DNA concentration did not lead to an increase in
hybridized RNA.
To minimize nonspecific hybridization backgrounds, we

have restricted our half-life measurements to the poly(A)+
population of mRNA. It could be argued that this approach
might miss a significant poly(A)-deficient mRNA population
which arises from the metabolism of poly(A)+ mRNAs.
However, several observations indicate that our focus on
polyadenylated RNAs is valid. (i) poly(A)- RNA, purified
by poly(U)-Sepharose chromatography, has <1% of the
translational activity of poly(A)+ RNA and an extremely low
complexity (59), (ii) studies of the metabolism of the poly(A)
tracts on Dictyostelium mRNAs indicate that mRNAs are
initially synthesized with long poly(A) tracts which shorten
to a steady-state length of 40 to 60 adenylate residues
(58-60); and (iii) 3' ends present on individual mRNAs have
been isolated and shown to be primarily confined to poly(A)
tracts of the aforementioned steady-state lengths (83).

Hybridization of 32P-labeled mRNA to dots of pcDd actin
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FIG. 3. Actin mRNA half-life measurements. The amount of
labeled actin mRNA present in cells during the course of a phos-

W -. 2.5 phate chase was determined in two independent experiments iden-
0.1 10 2.5 50 tical to that described in the legend to Fig. 2. The data were

quantitated by densitometry of the autoradiograms and subse-
9ig DNA ON F'LTER quently by liquid scintillation spectrometry. For the latter, the same

J. 1. Hybridization to dots containing different amounts of filters were cut into a set of small squares, each encompassing one
iid DNA. Different amounts of denatured DNA from plasmid dot, and the extent of hybridization to each dot was then determined
actin Bi were spotted in duplicate onto a nitrocellulose filter by scintillation counting. The values for all dots at a given time point
Iybridized to 32P-labeled mRNA isolated from cells which had which exhibited a saturated level of hybridization were averaged
labeled for 105 min with 32P04 (500 ,uCi/ml). The filters were and corrected for nonspecific hybridization to vector sequences.
d under X-ray film, and the extent of hybridization to each dot The data are plotted as the percentage of the hybridization signal
quantitated by densitometry of the resultant autoradiograms. remaining after the start of the chase. Symbols: 0, L, experiment 1;
data point represents the average optical density (O.D.) (in 0, *, experiment 2; quantitation by densitometry (0, 0) or scintil-
ary units) of the duplicate measurements. (Inset) Photograph lation counting (O, *).
actual autoradiogram.

of two independent half-life determinations for actin mRNA
and a comparison of the results obtained when the DNA dots

NA is shown in Fig. 1. In this experiment DNA excess are quantitated by densitometry of autoradiograms or by
)een reached at approximately 2.5 ,ug ofDNA per dot. A direct scintillation spectrometry. Both experiments and both
life determination for a specific mRNA consists of a methods of quantitation yield the same results: actin mRNA
s of such dot blot hybridizations with 32P-labeled decays with first-order kinetics and an apparent half-life of
(A)' RNA isolated at different times after the onset of 1.5 h.
:hase. Figure 2 shows such a set of dot blots for the The first-order decay kinetics of actin mRNA indicate that
life determination of actin mRNA. A plot of the hybrid- a uniform chase has been obtained, but they do not provide
:n to the DNA excess dots versus the time of chase a measure of the effectiveness of the chase (i.e., the extent of
Is a half-life for a given mRNA. Figure 3 shows the results continued incorporation of 32P04 during the chase). A more

accurate measure of the decay rate of actin mRNA (and
other mRNAs) is obtained by correcting for the decay rate of

O o o *_ * * * ii stable RNA species. In a completely effective chase, the
WWWW~ measured decay rate of stable RNAs should be equal to the

5 ** ** * * * * cell generation time. This is observed in uridine pulse-chase
experiments (R. E. Manrow and A. Jacobson, unpublished

3 WD WW WW@ experiments). When cells are pulse-labeled with 32P04, 85 to
1 * * *,* * ; 90% of the 32po4 label at To is in rRNA and tRNA (data not

shown). Therefore, the decay of the stable RNAs is effec-
t1 tively measured as the decay in specific activity of total

________________________ ____________ cellular RNA, and a correction factor can be derived by
0 .5 1.5 3.5 7i5 15.5 comparing the rate of decay of the specific activity of total

cellular RNA with the cell doubling time. In the experiments
LENGTH OF CHASE (HRS) reported here, the cell doubling time was 9 h and the average

J. 2. Hybridization of actin mRNA to DNA dots at different t1/2 for the specific activity of total cellular RNA was 14 h.
during the course of a 32P04 pulse-chase. A set of identical The half-lives of mRNAs measured by this approach can
ellulose filters, each containing duplicate dots of different thus be more closely approximated by multiplying the mea-
nts of denatured DNA from plasmid pcDd actin B1, was sured half-lives by 0.6 (i.e., 9/14; the expected t1/2 for total
red as described in the text. Each filter was hybridized to a RNA/the actual t1/2 for total RNA). For actin mRNA the
ent aliquot of labeled mRNA isolated from cells at the indi- . . .ttime points during the course of the chase. After hybridization corrected half-lfe IS thus 0.9 h. Multiplying each of the 14
vashing, the filters were all exposed to X-ray film for the same mRNA half-lives measured here (see below) by 0.6 yields a
i of time. Shown is a composite photograph of the autoradio- set of half-lives which range from approximately 50 mm to
s obtained from the hybridization of actin mRNA to each set of approximately 10 h. These values are coincident with the

range of half-lives observed for the entire population of D.
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discoideum mRNAs in a completely effective uridine pulse-
chase (14), leading us to conclude that the corrected values
reliably reflect the relative decay rates of individual mRNAs.
To avoid the necessity of making these corrections, it

would seem possible to increase the effectiveness of the
chase by increasing the phosphate concentration of the
growth medium. We have examined this alternative and
found that higher phosphate concentrations do lead to some-
what more effective chases (data not shown), but increased
phosphate concentrations markedly reduce cellular growth
rates (data not shown). Since it is not clear that the decay
rates of all mRNAs will change equivalently in response to a
change in growth rate (54, 63), we have not explored this
option further.

Half-lives of individual mRNAs. Half-lives of the mRNAs
encoded by the selected cDNA clones as well as a genomic
DNA clone (PST3) complementary to the developmentally
regulated cDNA clone pcDdl-42 (70) and two other cDNA
clones (NS28 and PSK80) were determined by the methods
described above. These mRNAs showed first-order decay
rates with apparent half-lives ranging from 1.5 to 16 h (Fig. 4;
Table 1). After normalizing for the decay rate of stable
RNAs (see above), the half-lives ranged from 0.9 to 9.6 h
(Table 1). As noted above, this range of half-lives is similar
to that observed previously for the decay of total poly(A)+
RNA (14), suggesting that the complex decay kinetics ob-
served for total poly(A)+ RNA reflect the sum of the decay
rates of individual mRNAs and that the uniform 4- to 5-h
half-life observed for total cellular mRNA in vegetative cells
treated with intercalating drugs (18, 47) does not accurately
reflect the actual diversity of mRNA decay rates.
Table 1 summarizes the half-lives and other properties of

the mRNAs we have characterized. For the purposes of
discussion, the mRNAs have been classified as stable (cor-
rected t12> 7 h), moderately stable (corrected t1/2 = 3 to 7
h), and unstable (corrected t1/2 < 3 h).

Relative decay rates of actin mRNAs. Although the data of
Fig. 3 indicate a first-order decay rate for actin mRNA, these
data actually reflect the average decay rate of the transcripts
of at least 15 different actin genes (35, 67). All of these
transcripts exhibit considerable homology from their 5' ends
to the ends of their coding regions, but differentiate into two
classes on the basis of the size and sequence of their 3'-UTs
(67). The two classes, 1.35- and 1.25-kilobase (kb) mRNAs,
are present in approximately equimolar amounts in steady-
state mRNA from vegetative amoebae (4, 67). To determine
whether the two size classes of actin mRNA decayed at the
same rate, we compared the relative labeling of the 1.35- and
1.25-kb mRNAs in a pulse-chase experiment (Fig. 5). Actin
mRNAs were hybrid selected from RNA isolated at 0, 0.5,
and 2.0 h of a pulse-chase, resolved by gel electrophoresis
and autoradiography, and quantitated by densitometric scan-
ning of the autoradiographs. Although the 1.25- and 1.35-kb
forms of the mRNA are equally represented by 2 h of the
chase, the larger class of actin mRNAs is initially overrepre-
sented in the pulse and underrepresented in the early part of
the chase (Fig. 5A). This change in relative labeling of the
two mRNAs appears to be due to differences in their relative
decay rates (Fig. 5B). Whereas the 1.25-kb actin mRNAs
decay with relatively simple kinetics (t1/2, -1.25 hs), the
decay kinetics of the 1.35-kb species are more complex. The
majority of the mRNA decays with a half-life of approxi-
mately 0.33 h, and the remainder has a half-life approxi-
mately 10-fold longer. We have not determined whether the
complex decay kinetics of the 1.35-kb mRNAs reflect differ-
ences in the decay rates of 1.35-kb subspecies or changes in

the decay rates of the entire set of 1.35-kb mRNAs. These
results suggest that the 1.35-kb mRNAs achieve equimolar-
ity with the 1.25-kb mRNAs by being synthesized and turned
over at higher rates and raise the possibility that the 3'-UT
region of the 1.35-kb mRNAs may contain a site which
targets them for more rapid degradation.
mRNA decay rates versus mRNA size. Previous experi-

ments have suggested that mRNA length (i.e., target size)
may correlate inversely with mRNA stability (39, 52, 58, 63,
72, 78, 81). Therefore, RNA blot analysis was used to
measure the size of each of the mRNAs for which we
determined a decay rate. The data of Fig. 6 indicate that no
correlation of mRNA size and stability was observed.
mRNA decay rates versus poly(A) tail length. The possibil-

ity that poly(A) tail lengths directly determine mRNA sta-
bilities has been suggested by some experiments (28, 56, 86,
90), but not by others (16, 38, 58, 71, 84). To evaluate
whether poly(A) tail lengths influence mRNA decay rates in
D. discoideum amoebae, we have compared the steady-state
poly(A) tail length of seven mRNAs with different half-lives
(Fig. 7). Total cellular mRNA was fractionated on the basis
of poly(A) tail length by thermal elution from poly(U)-
Sepharose (59). The average poly(A) lengths associated with
the flowthrough and 25, 35, 45, 55, and 65°C eluates are
approximately 0, 15, 35, 60, 85, and 110 adenylate residues,
respectively (59; D. Blinder and A. Jacobson, unpublished
observations). The distribution of individual mRNAs in the
different poly(U)-Sepharose eluates was measured by RNA
dot blotting and hybridization with cloned DNAs. The data
of Fig. 7 indicate that, for three of four unstable mRNAs
(actin Bi, PST-3, and p4), approximately 50% or more of the
mRNA is present in long poly(A) fractions (55 and 65°C) and
for two of three stable and moderately stable mRNAs (p24
and p32) >60% of the mRNA is associated with the short
poly(A) fractions (flowthrough, 25, 35, and 45°C). For actin
mRNA, and for the mRNAs encoded by p24 and p29, these
poly(A) size measurements have been confirmed by a higher-
resolution technique involving hybrid selection of the
mRNA, labeling of the mRNA 3' terminus, and direct
isolation and sizing of the labeled poly(A) tract (83; D.
Blinder, L. F. Steel, and A. Jacobson, unpublished experi-
ments). The low relative abundance of most of the other
mRNAs in this study precluded their evaluation by this
alternative method. The results of Fig. 7 indicate that, in
general, but not always, stable mRNAs have shorter average
poly(A) tail lengths than unstable mRNAs. This is further
illustrated by an experiment in which the actin mRNAs
present in the poly(U)-Sepharose 24, 35, 45, and 55°C eluates
have been characterized by northern blotting. Figure 8
shows that the larger (1.35-kb) actin mRNAs, shown (above)
to be less stable than the smaller (1.25-kb) actin mRNAs, are
preferentially associated with the higher-temperature el-
uates, i.e., with the longer poly(A) fractions. Collectively,
these data are consistent with a uniform, time-dependent
shortening of most mRNA poly(A) tracts to a steady-state
length of 40 to 60 adenylate residues (51, 58-60, 66, 75) and
do not support a role for poly(A) as a stability determinant.

Translational efficiency of stable, moderately stable, and
unstable mRNAs. Assuming a constant rate of translational
elongation and termination, translational efficiency can be
indirectly measured as the rate of ribosome loading. If, as
has been postulated (1, 26, 33, 41, 45), the stability of a given
mRNA is determined by its translational efficiency, then one
would expect stable mRNAs to be found on polysomes to a
greater extent than unstable mRNAs and to be found on
larger polysomes than unstable mRNAs of the same length.
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mRNA DECAY IN D. DISCOIDEUM 1963

To explore these possibilities, we have fractionated cyto-
plasmic extracts on sucrose gradients and utilized northern
blotting to analyze the polysomal distributions of 12 mRNAs
differing in decay rates. Figure 9 shows the relative percent-
ages of individual unstable (part A), moderately stable (part
B), and stable mRNAs (part C) associated with each gradient
fraction. All of the mRNAs are primarily associated with
polysomes, although the extent of ribosome loading and the
average polysome sizes differ for different mRNAs. The
number of ribosomes associated with each mRNA in its
respective peak polysomal fraction was compared with the
size of each mRNA (Fig. 10). The data of Figure 10 indicate
a direct correlation between mRNA length and number of
associated ribosomes and show no significant differences in
the number of ribosomes per unit length of stable, moder-
ately stable, and unstable mRNAs. We conclude that the
stability of these mRNAs is not related to their translational
efficiency. It could be argued that these data are a fortuitous
consequence of large differences in the ratio of coding/non-
coding sequences in mRNAs of different stabilities. How-
ever, experiments in which we have identified the translation
products of several of these mRNAs by hybrid selection and
in vitro translation indicate a good correlation between
mRNA size and translation product size (82, 83; Blinder et
al., unpublished experiments).
A significant difference between stable and unstable

mRNAs is observed with respect to the proportion of the
individual mRNAs actually associated with ribosomes. Fig-
ure 11 indicates that there is a direct correlation between the
steady-state percentage of a given mRNA that is found in
polysomes and its degree of instability; i.e., unstable
mRNAs are more efficiently recruited into polysomes than
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FIG. 5. Pulse-chase analysis of actin mRNAs. (A) RNA was
labeled in a pulse-chase experiment analogous to that in Fig. 2. With
10 ,ug of denatured pcDd actin Bi DNA immobilized on nitrocellu-
lose, actin mRNAs were hybrid selected from 2.5, 2.3, and 1.8 p.g of
labeled poly(A)+ RNA from the 0-, 0.5-, and 2.0-h time points of the
chase, respectively. The eluted RNA was separated on a 1.8%
agarose-formaldehyde denaturing gel, dried, and autoradiographed.
The 26S and 17S rRNAs in 100 cpm of 32P-labeled poly(A)- RNA
were used as size markers (lane M). The 1.35- and 1.25-kb popula-
tions of actin mRNAs are indicated. Lanes A, B, and C contain actin
mRNAs hybrid selected from the 0-, 0.5-, and 2.0-h samples,
respectively. (B) Relative autoradiographic intensity of the 1.25- and
1.35-kb actin mRNA bands was quantitated by scanning densitom-
etry. The data were corrected for the different amounts of input
mRNA used for hybrid selection (see above) and then plotted as
described for Fig. 3 and 4.
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FIG. 6. mRNA decay rates versus mRNA size. Half-lives of
individual mRNAs, determined in the experiments of Fig. 3 and 4
and corrected as in Table 1, are compared with the sizes of these
mRNAs determined by northern blotting.

stable mRNAs. Over 95% of the most unstable mRNAs were
found on polysomes, but only 70 to 75% of the most stable
mRNAs were found on polysomes. (Since polysomal and
nonpolysomal fractions of short mRNAs are inadequately
resolved, mRNAs of <0.5 kb are excluded from this analy-
sis.) mRNAs of intermediate stability showed intermediate
values for mRNA recruitment. These differences in mRNA
recruitment are substantially magnified in cells with a re-
duced rate of translational initiation, i.e., in early developing
cells. Figure 12 compares the polysomal distributions of a
stable (p2) and an unstable (p4) mRNA in growing and early
developing cells. Whereas 75% of the p2 mRNA was asso-
ciated with ribosomes in growing cells, only 17% of that
mRNA was associated with ribosomes in developing cells.
The distribution of p4 mRNA was less drastically affected by
development which reduces polysome association of the p4
mRNA from >95 to 72%. We have observed a comparable,
development-induced change in the distributions of another
pair of stable and unstable mRNAs (p24 and actin) and noted
that ribosome association can be restored by reducing elon-
gation rates with low concentrations of cycloheximide (83).
These results suggest that stable mRNAs are less efficiently
recruited into polysomes because of a reduced capacity for
translational initiation relative to unstable mRNAs.

DISCUSSION
In eucaryotic cells, the decay rates of individual mRNAs

can differ from each other by more than an order of magni-
tude (11, 14, 25, 78, 81). Moreover, the decay rates of some
individual mRNAs can vary as a consequence of differenti-
ation (25, 38, 43), a particular stage of the cell cycle (79), or
the presence of specific hormones (9) or specific inhibitors
(3, 22). The mechanisms responsible for determining either
the intrinsic decay rate of an mRNA or the regulation of that
rate are unknown.

Several features of mRNA structure, including 5' caps, 3'
poly(A) tails, mRNA size, and specific sequences within the
transcript, have been examined with respect to their possible
roles in determining mRNA stability. In general, there is
good agreement that an intact 5' cap is essential for mRNA
stability, although the extent of destabilization attributable
to decapping varies significantly for different mRNAs (17,
19, 23, 36, 40, 48). The hypothesis that mRNA stability is a
function of target size was initially supported by studies of
mRNA populations (52, 58, 78, 81). However, studies of
mRNAs with coding region deletions (20, 22) and the data of
Fig. 6 do not indicate any correlation between the size of an
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FIG. 7. Relative percentage of individual mRNAs in poly(U)-Sepharose thermal eluates. Whole-cell RNA was fractionated on the basis
of poly(A) tract length by thermal elution from poly(U)-Sepharose. Duplicate samples (0.5 F±g) of each thermal eluate were dot blotted onto
nitrocellulose, and the relative amounts of individual mRNAs were determined by subsequent hybridization with the designated 32P-labeled
DNAs. F.T., Flowthrough (unbound fraction); 25 to 65 C, RNA fractions eluting at, respectively, 25, 35, 45, 55, and 65°C. Bi is the actin
mRNA probe. All other plasmid designations are as given in Table 1.

individual mRNA and its stability. Our observations are not
consistent with the results of similar experiments in Saccha-
romyces cerevisiae (72), but this discrepancy may be attrib-
utable to differences in the respective methods used to
measure mRNA half-lives. Santiago et al. (72) inhibited
transcription with high concentrations of 1,10-phenan-
throline, a chelating agent which affects a number of cellular
processes (15, 32, 37) and which, therefore, may be unsuit-
able for the reliable measurement of mRNA decay rates.

.~~~~~~~-w 13
_ ~~~~-1.25

250 350 45 55 WC

ELUATE

FIG. 8. Fractionation of actin mRNAs by thermal elution from
poly(U)-Sepharose. Whole-cell (WC) RNA was fractionated by
thermal elution from poly(U)-Sepharose. Aliquots (0.5 1Lg) of the 25,
35, 45, and 55°C eluates were characterized by northern blotting,
using a 32P-labeled actin 6 DNA probe. The positions of the two
major classes of actin mRNA are indicated (1.35 and 1.25).

The possibility that poly(A) tail lengths directly determine
mRNA stabilities has been suggested by microinjection
experiments with adenylated and deadenylated mRNAs (17,
29, 46, 56) and by experiments with cordycepin-treated cells
(90). However, similar microinjection experiments with dif-
ferent poly(A)+ and poly(A)- mRNAs (16, 27, 48, 73) and
other experimental approaches (38, 58, 71, 84) do not sup-
port this hypothesis. Our measurements of the poly(A) tail
lengths associated with individual stable and unstable D.
discoideum mRNAs (Fig. 7 and 8) (58, 83) also show no
direct correlation between the stability of an mRNA and the
length of its poly(A) tail. Most of the evidence considered to
support a relationship between poly(A) and mRNA stability
has been derived from experiments in which mRNAs that
are normally poly(A)+ either have been rendered poly (A)-
or had their poly(A) tails shortened to well below steady-
state lengths. The physiological significance of the use of
such deadenylated mRNAs is unclear because (i) poly(A)
tails normally do not shorten below a length of 40 to 65
nucleotides (Fig. 7) (58, 59, 75); (ii) the decay curves of
mRNAs with half-lives longer than the 4-h half-life (58, 59)
for poly(A) shortening are linear, not biphasic (Fig. 4); and
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FIG. 10. Polysome sizes versus mRNA length. The number of
ribosomes in the peak polysome fraction for each mRNA (from Fig.
9) is compared with the size of each mRNA, determined by northern
blotting (Table 1). Symbols: *, stable mRNAs; 0, moderately
stable mRNAs; A, unstable mRNAs.

(iii) poly(A)- mRNAs generally appear to be unique species
of mRNA that are not derived from polyadenylated precur-
sors in the cytoplasm (7, 21). Other experiments which
support a role for poly(A) in mRNA stability are those which
demonstrated that unstable poly(A)- histone mRNAs were
stabilized by the addition of poly(A) tails (28). These results
are also of questionable significance in light of experiments
(22) which demonstrate that degradation of histone mRNAs
requires a 3'-end stem-loop structure.
The most significant determinants of stability may be

located in the UT regions ofmRNA. This was first suggested
by the experiments of Ross and Pizarro (69) which demon-
strated that two human globin mRNAs (3 and 8), which are

quite homologous in their coding and 5'-UT regions, differ
substantially in their 3'-UT sequences and in their respective
half-lives. Similar observations suggest that a determinant of
mRNA instability may be located in the 3'-UT of the 1.35-kb
class of D. discoideum actin mRNAs (Fig. 5). Interestingly,
all of the 1.35-kb, but none of the 1.25-kb, mRNAs have the
sequence AGUGAUGAAAGUGCUUCUCACA (consen-
sus) within their 3'-UT region (67). This sequence is partic-
ularly noteworthy in light of the extremely high A+T content
of noncoding regions in D. discoideum mRNAs (67). More
definitive evidence for the importance of 5'- and 3'-UT
regions has come from recent experiments in which these
regions have been deleted, replaced, or transferred, resulting
in substantial changes in the decay rates of individual
mRNAs (22, 42, 53, 64, 74, 76). The most well-characterized
of the UT elements are the 3' AU-rich sequences associated
with the GM-CSF mRNA (and other lymphokine and proto-
oncogene mRNAs [12, 50, 74]) and the 3' stem-loop struc-
ture associated with the replication-dependent histone
mRNAs (21, 68). Both the AU-rich sequence of GM-CSF
mRNA and the stem-loop structure of histone mRNAs
confer instability on their respective mRNAs, suggesting
that they may be recognition or cleavage sites (or both) for
specific nucleases.
Two additional factors, the extent of mRNA involvement

in protein synthesis and the subcellular localization of
mRNA, have been postulated to be important determinants
of mRNA stability. The possibility that subcellular localiza-
tion may affect mRNA decay rates is suggested by recent
experiments with histone gene fusions which demonstrate
that a relocalization of histone H3 mRNA to membrane-
bound polysomes will simultaneously render that mRNA
insensitive to the normal destabilization which accompanies
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FIG. 11. Percentage of mRNA on polysomes as a function of
mRNA half-life. For mRNAs of >0.5 kb in length, the percentage of
mRNA in polysomes (including monosomes) is plotted as a function
of corrected mRNA half-life (Table 1). The percentage of mRNA in
polysomes is taken as the sum of the values for fractions 1 to 8 in the
data in Fig. 9. The line drawn through the data points is a

least-squares best fit (r = 0.89).

the inhibition ofDNA synthesis (88). A role for translational
efficiency in the regulation ofmRNA stability is suggested by
the destabilizing effects of drugs which disrupt mRNA-
ribosome association (1, 33), premature translational termi-
nation codons (41, 45), and clustered rare codons (26). For
all three types of effects it has been postulated that, when
ribosome association is diminished or eliminated, mRNA
degradation is enhanced by the increased access of specific
nucleases to the mRNA. If this were to be a general rule,
then it would be expected that stable mRNAs would be
found in larger polysomes than unstable mRNAs of compa-
rable size and stable mRNAs should be recruited into
polysomes to a greater extent than unstable mRNAs. The
data of Fig. 9 to 12 do not meet either of these expectations;
we therefore conclude that the translational efficiency of an
mRNA does not influence its decay rate in D. discoideum.
This conclusion is supported by our recent experiments
which indicate that the entire set ofD. discoideum ribosomal
protein mRNAs can exist in the cytoplasm of early develop-
ing cells in a stable, but untranslated, form (83). A lack of a

relationship between mRNA stability and translatability has
also been observed in other experimental systems (38, 71).
To reconcile these conclusions with the destabilizing effects
listed above, we note that all three types of effect lead to
aberrant dissociation of mRNA from ribosomes. It is possi-
ble that such aberrant dissociation alters the normal interac-
tion ofmRNA with its standard complement of proteins (i.e.,
mRNP proteins), which, in turn, may make the mRNA more
accessible to nucleases.
Our comparisons of the translational efficiencies of stable

and unstable mRNAs indicated a correlation between the
steady-state percentage of a given mRNA that was found in
polysomes and the degree of instability of that mRNA (Fig.
11). Unstable mRNAs were more efficiently recruited into
polysomes, although their average polysome size (per unit
length of mRNA) did not differ significantly from that of
stable mRNAs (Fig. 10). This suggests that their transla-
tional advantage may be limited to the binding of the first
ribosome, an event which we postulate may be distinct from
interactions with subsequent ribosomes. Since stable
mRNAs are, on average, "older" mRNAs than unstable
mRNAs, their disadvantage may be attributable to a time-
dependent modification. We have previously noted a time-
dependent shortening of mRNA poly(A) tails (58-60) as well
as poly(A) length-dependent effects on mRNA translation
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FIG. 12. Polysome distribution of stable and unstable mRNAs in growing and developing cells. The polysomal distribution of the p2

(stable) and p4 (unstable) mRNAs are compared in growing and early developing cells. To initiate development, cells were harvested from
growth medium, washed, and suspended in LPS buffer for 15 min (Shapiro, Ph.D. thesis). Polysomes from growing and developing cells were
prepared and analyzed as in the legend to Fig. 9. (Left-hand panels [from Fig. 9]). Absorbance profile of polysomes and distributions of p2
and p4 mRNAs in vegetative cells. (Right-hand panels) Absorbance profile of polysomes and distributions of p2 and p4 mRNAs in cells
developing (starving) for 15 min.

(31, 61). We suggest that the observed ribosome recruitment
differences between stable and unstable mRNAs may, in
part, be explained by our postulated translational role for
poly(A) (31, 61).
The major objectives of this study were (i) the identifica-

tion of mRNAs which differ significantly in their relative
decay rates and (ii) a comparison of the sizes, poly(A) tail
lengths, and extents of ribosome loading of this set of
mRNAs. Our analyses indicate that the decay rates of
individual mRNAs can differ by at least 10-fold and that such
differences cannot be explained by differences in target size
or protection of mRNA by ribosomes or poly(A) tails. We
conclude that random nucleolytic events do not play a
significant role in the determination of mRNA decay rates.
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