Purifying mRNAs with a high-affinity elF4E mutant
identifies the short 3’ poly(A) end phenotype
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The use of DNA microarrays has revolutionized the manner in
which mRNA populations are analyzed. One limitation of the
current technology is that mRNAs are often purified on the basis of
their 3’ poly(A) ends, which can be extremely short or absent in
some mRNAs. To circumvent this limitation, we have developed a
procedure for the purification of eukaryotic mRNAs using a mutant
version of the mRNA 5’ cap-binding protein (elF4E) with increased
affinity for the m’GTP moiety of the cap. By using this procedure,
we have compared the populations of mammalian mRNAs purified
by oligo(dT) and 5’ cap selection with oligonucleotide microarrays.
This analysis has identified a subpopulation of mRNAs that are
present with short 3’ poly(A) ends at steady state and are missed
or underrepresented after purification by oligo(dT). These mRNAs
may respond to specific posttranscriptional control mechanisms
such as cytoplasmic polyadenylation.

nitiation of eukaryotic mRNA translation requires the recruit-

ment of many proteins, the initiator tRNA, and a 40S ribo-
somal subunit to the 5’ cap of mRNA. Eukaryotic initiation
factor 4E (eIF4E or 4E) specifically recognizes the m’GDP
moiety of the m’G(5")ppp(5')N cap present at the 5’ end of
eukaryotic mRNAs (1-3). In addition to binding the 5’ cap of
eukaryotic mRNAs, 4E also binds the ribosome adaptor protein
(4G) and translational repressor proteins (4EBPs or PHAS I/IT)
and associates indirectly with poly(A)-binding protein to stim-
ulate translation (4-9). 4E is a common point of growth regu-
lation in both untransformed and cancer cells (10-13). Both
structural and functional studies provide evidence that 4E binds
the m’G moiety of the 5’ cap of mRNAs by a w7 stacking
interaction between two tryptophan residues, as well as hydrogen
bonds between m’G and acidic side chains of 4E (14-17). We
have recently described mutants in the S4-H2 loop of 4E
(N118A, K119A, and Q120A) that had an affinity for m’GTP
several-fold increased relative to wild-type 4E (18).

DNA microarray technology has enabled new questions to be
identified or answered in a wide variety of biological systems
(19). Although total RNA can be analyzed by DNA microarrays
to quantitate gene expression, purification of mRNA with
oligo(dT) can frequently decrease problems with signal-to-noise
ratios, and the analysis of specific subsets of mRNAs can provide
useful information (20). Wild-type 4E fused to protein A has
been used previously to isolate eukaryotic mRNAs by binding
their 5’ caps (21). We tested the use of a high-affinity mutant of
4E to purify mRNA and determine how it compared with
oligo(dT) and whether it might more effectively isolate a subset
of eukaryotic mRNAs. One of these 4E mutants (4Eki194)
enabled the high-yield 5’ cap-dependent purification of func-
tional mRNAs from total RNA. Moreover, an unexpectedly
large number of mRNAs were more efficiently isolated by using
high-affinity 4E compared with oligo(dT), suggesting that they
had short 3’ poly(A) ends that diminished their binding to
oligo(dT). This mRNA phenotype may have biological regula-
tory implications, as has been demonstrated for Xenopus albu-
min mRNA, which has a 17-nt-long poly(A) tail and is rapidly
degraded after estrogen treatment (22-24). In addition, exam-
ples of translationally silent mRNAs due to short 3’ poly(A)
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ends, which are rapidly activated after stimulation of cytoplasmic
poly(A) polymerases, have been described during embryonic
development, germline stem cell differentiation, and cell cycle
regulation (25-29).

Materials and Methods

Expression and Purification of GST-4E Proteins. Escherichia coli
BL21(DE3) expressing GST-4E; or GST-4Ex; 194 Were grown
as previously described (17, 30). Cells were induced at an ODgq
of 0.6 with 0.5 mM isopropyl B-D-thiogalactoside at 25°C and
cultured overnight. Cells were resuspended in buffer (50 mM
Tris'HCI, pH 7.4/150 mM NaCl/1 mM EDTA/1 mM DTT/1%
Triton X-100) and sonicated or lysed with a French press.
Solubilized proteins were loaded onto a 10-ml glutathione
agarose column (Sigma), and protein was eluted with 20 ml of
50 mM Tris-HCI, pH 8.4, with 10 mM glutathione-reduced form.
The eluted protein was further purified with a heparin sepharose
FPLC column (5 ml of HiTrap; Amersham Pharmacia Bio-
sciences). The approximate yield of purified GST-4E was 15 mg
per 1 liter of E. coli culture.

Preparation of Radiolabeled 5’ Capped and Uncapped RNA. In vitro
transcription with T7 RNA polymerase (Ambion, Austin, TX)
was done to prepare capped and uncapped mRNA (31). The in
vitro capping efficiency was estimated to be 10-30% (32). pCR
2.1 (Invitrogen) was digested with EcoR V and used as a
template under conditions recommended by the manufacturer.
m’GpppG was added to reactions to synthesize 5’ capped
mRNA, and [a-*?P]UTP (20 uCi) was used to prepare radiola-
beled RNA. The template was removed by incubating with
DNase I for 15 min at 37°C. RNA was isolated by acid phenol/
chloroform (Ambion), precipitated, and analyzed by 7 M urea/
polyacrylamide (6%) gel electrophoresis.

Tissue Samples and Total RNA. Normal human liver from unused
sections of donor livers was the source of total RNA in these
studies (Emory University Institutional Review Board ap-
proved). Total RNA was isolated by using TRI Reagent (Mo-
lecular Research Center, Cincinnati), as described by the man-
ufacturer. Briefly, 0.8—0.9 g of human liver tissue in 10 ml of
TRI Reagent was homogenized with a Polytron homogenizer
(PowerGene 700, Fisher Scientific). The homogenates were
incubated for 5 min at room temperature; and 2 ml of chloroform
was added, mixed for 30 s, and incubated for 15 min at room
temperature. After centrifugation at 12,000 X g for 15 min at
4°C, the aqueous phase was transferred to a new tube, and RNA
was precipitated with an equal volume of isopropanol. The RNA
was pelleted by centrifugation, washed with 10 ml of 75%
ethanol, and resuspended in RNase-free water. Equal quantities
of RNA from seven different liver specimens were pooled and

Abbreviation: RACE-PAT, RACE poly(A) test.
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used as starting material for the GST-4Ekii9a or oligo(dT)
purification of mRNA.

Affinity Purification of 5’ Capped mRNA by Using High-Affinity GST-4E.
GST-4Eki19a was used to purify mRNA from total RNA.
Purified GST-4Eki19a (1 mg) or GST-4E,; was mixed with
glutathione agarose beads (1-ml packed volume) in PBS for 1 h
at 4°C and washed with PBS. Glutathione agarose GST-4E beads
(400 pl) were mixed with 315 ug of heat-denatured total RNA
(70°C for 10 min) in 500 ul of binding buffer [10 mM KHPO,,
pH 8.0/100 mM KCI/2 mM EDTA/5% glycerol/100 pg/ml E. coli
tRNA (Roche, Indianapolis) or yeast tRNA (Sigma)/6 mM
DTT/1.3% polyvinyl alcohol (Sigma)/0.005% Triton X-100/20
units RNasin (Roche)]. Mixing was end-over-end for 1 h in
1.5-ml nonstick hydrophobic microfuge tubes (Gene Mate, ISC
BioExpress, Kaysville, UT) at room temperature. The resin was
washed twice with 1 ml of binding buffer (minus tRNA) and
three times with 1 ml of binding buffer (minus tRNA) containing
500 uM GDP. mRNA was eluted by mixing beads for 5 min with
1 ml of binding buffer containing 1 mM m’GDP. The beads were
then extracted with equal volumes of acid phenol/chloroform
(Ambion). Samples were precipitated with linear acrylamide (5
ng; Ambion), 3 M sodium acetate, and ethanol. RNA was
analyzed by 7 M urea/polyacrylamide (6%) gel electrophoresis
and autoradiography or Cerenkov counting. The Ky values for
GST-4Eyiid-type and GST-4Ek 194 were calculated as described
(33). To quantitatively compare the GST-4Exi19a purification
with oligo(dT), 150 ug of total RNA was used as starting
material with triplicate batch GST-4Eki19a matrix (200 wl
packed volume) or oligo(dT) (Qiagen, Chatsworth, CA) col-
umns. The batch GST-4Ek;19a purification was done as de-
scribed except that beads, not incubated with m’GDP, were
washed twice with binding buffer without GDP before recover-
ing mRNA by phenol/chloroform extraction. RNA was precip-
itated with ethanol and quantitated spectroscopically.

Oligo(dT) Purification of mRNA. The same total RNA used for 5’
cap-dependent mRNA purification was also used for the
poly(A)-dependent purification of mRNA. The mRNA purifi-
cation using oligo(dT) was done following the manufacturers
instructions (Oligotex, Qiagen).

Cell-Free Translations of Purified mRNA. mRNA was isolated by
4Eki119a or oligo(dT) purifications as outlined above. mRNA
isolated by both procedures (1 ug) was translated in rabbit
reticulocyte lysates with [*>S]methionine (per conditions recom-
mended by Promega), and the protein products were analyzed by
10% SDS/PAGE and autoradiography.

Preparation of cRNA. To synthesize cDNA, 5 ug of mRNA, from
pooled m’GDP elutions and phenol/chloroform extractions, was
incubated with reverse transcriptase (Superscript II, Invitrogen)
for 1 h at 42°C with an oligo(dT)4 primer containing a T7 RNA
polymerase promoter (34). Double-stranded cDNA was synthe-
sized by using E. coli DNA polymerase, E. coli DNA ligase, and
T4 DNA polymerase (16°C for 2 h). cRNA was synthesized by
using cDNA and T7 RNA polymerase as recommended by the
manufacturer (Enzo Diagnostics). The biotin-labeled cRNA was
purified by using RNeasy spin columns (Qiagen). Twenty mi-
crograms of cRNA was fragmented in buffer (40 mM Tris-
acetate, pH 8.1/100 mM potassium acetate/30 mM magnesium
acetate) at 94°C for 35 min.

Oligonucleotide Array Hybridizations. Each cRNA sample was
hybridized to a chip (Affymetrix HGU95AV2; 12,000 genes) at
45°C for 16 h in a rotisserie oven at 60 rpm following standard
methods (Affymetrix). Microarrays were washed and stained by
using an Affymetrix Fluid Station 400 and reagents provided by
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the manufacturer. Fluorescent images were scanned by using a
Hewlett—Packard G2500A Gene Array Scanner and analyzed by
using Affymetrix and Spotfire software.

Determining the Size of 3’ Poly(A) Ends. Poly(A) 3’ ends were
analyzed by using the rapid amplification of cDNA ends poly(A)
test (RACE-PAT) (35). To synthesize cDNA, 1 g of total RNA
was mixed with the following oligo(dT);, primer: 5’'-
GCGAGCTCCGCGGCCG CG-Ty2 (200 ng) and heat dena-
tured at 70°C for 10 min. The reaction mixture was incubated at
42°C for 60 min with Superscript II reverse transcriptase (20
units/ul, Invitrogen), Superscript RT II buffer (50 mM Tris-Cl,
pH 8.3/75 mM KCl/3 mM MgCL,)/500 uM dNTP mix/10 mM
DTT). The reaction was terminated by incubating at 70°C for 15
min. RNase H (2 units/ul) was added and incubated at 37°C for
30 min. PCR amplification was performed with PCR buffer (20
mM Tris'HC, pH 8.4/50 mM KCl/1.5 mM MgCl,), a mRNA
specific primer (0.5 uM), plus an oligo(dT);, primer (0.5 uM),
Tag DNA polymerase (2.5 units/ul), and 0.5 pl of cDNA
template. mRNA specific primers used for RACE-PAT were as
follows: H4 histone (X60484), 5'-GTGGCCATTCAC-
CCGGGGTCA; microsomal glutatione S-transferase 3
(AF026977), 5'-CTGGCATCAGCCTCATACCT; replication
protein A 14-kDa subunit (L07493), 5'-GGTCAGATTAGAT-
GCAAGAA; pre-mRNA processing factor 8 homolog
(AB007510), 5'-CTCTGTCTGTGCTTGTGTTG; 1,4-a-glucan
branching enzyme (L07956), 5'-GTAGCATTTCAGAAAAT-
GTC; myeloid cell differentiation protein (L08246), 5'-
AGGGAGTGGTGGGTTTATAGGG; multidrug resistance-
associated protein 3B (AF085692), 5'-TCTGGGGTG-
CTGCCTGAATC; fau (X65923), 5'-GTACAACCGGCGCTT-
TGTCAACGTTGTGCC; U6 snRNA-associated Sm-like pro-
tein LSm7 (AA121509), 5'-GTCCTGGGCGCAGGGCCGCCC
CAGCAT; prosomal protein-27 (X59417), 5'-CGTTAGTT-
TACCAGATCCGTGATGCCA C. The PCR was performed at
94°C for 5 min, followed by 30 cycles of 30 s at 94°C, 1 min
at 50°C, 1 min at 72°C, and ending with a 10-min final extension
at 72°C. PCR products were analyzed by either 6% nondena-
turing polyacrylamide or 1% agarose gel electrophoresis.

Results

Use of 4Ekq19a to Isolate 5 Capped mRNA. The following studies
were done to determine whether a high-affinity mutant of 4E
would enable the efficient 5’ cap-dependent purification of
mRNA. 4E,,; and 4Ek; 194 were expressed in E. coli as GST fusion
proteins and purified to at least 95% purity as described in
Materials and Methods (data not shown). The relative affinities
of GST-4E,,; and GST-4Exk119a for capped mRNAs were com-
pared under similar buffer conditions to those used to isolate
mRNA. GST-4E,,; and GST-4Ek;194 were linked to glutathione
agarose beads and used to batch purify amodel 5’ capped mRNA
of 50 nt in length. Different concentrations of GST-4E,, or
GST-4Ex 104 Were incubated with a fixed amount of 32P-labeled
5" capped mRNA, and the quantity of mRNA bound to GST-4E
agarose beads was quantified by Cerenkov counting. Saturation
binding curves were obtained by plotting the percent of 5’
capped mRNA bound vs. the concentration of either GST-4E,,
or GST-4Eki19a (Fig. 14). On the basis of this analysis, the K4
for capped mRNA was estimated to be 0.15 nM for GST-4E
and 0.06 nM for GST-4Ekji9a, indicating that GST-4Exi19a
had an ~2.5-fold higher affinity for 5’ capped mRNA under
the test conditions. These data are in general agreement with
the fluorescence quenching measurements used to determine
the Ky of the nonfusion forms of wild-type and K119A 4E for
m’GDP (18).

To determine the specificity of this mRNA purification, both
5" capped and uncapped radiolabeled mRNAs were tested as
starting material. [??PJmRNA was batch purified by using GST-
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Fig.1. (A)Relative ability of GST-4Eyiid-type and GST-4Ek 1194 to bind 5’ capped

mRNA. Batch mRNA-binding assays were performed to compare binding
affinities of GST-4Eild-type and GST-4Ek119a. 5’ capped 32P-labeled mRNA was
incubated in binding buffer with increasing amounts of GST-4Eyig-type and
GST-4Ek119a bound to agarose beads (see Materials and Methods). The quan-
tity of mRNA bound to GST-4E agarose beads was measured by Cerenkov
counts. The estimated dissociation constants (Kq) of GST-4Eyiid-type and GST-
4Ek119a Were 0.15 and 0.06 nM for capped mRNA, respectively. (B) Specificity
of GST-4Ek119a for 5’ capped mRNA. The batch purification of mRNA using
GST-4Ek119a Was tested for its ability to bind both 5’ capped and uncapped
mRNAs. Capped and uncapped mRNA synthesized in vitro using T7 polymer-
ase were mixed with GST-4Ex119a agarose beads (50 ul), washed with 1x
binding buffer, 500 uM GDP, and eluted with 1 mM m’GDP (see Materials and
Methods). mRNA that remained bound to GST-4E beads despite the m’GDP
elution step was recovered by extraction with acid phenol/chloroform. mRNA
isolated by using GST-4Ek119a agarose beads are shown for purifications where
5’ capped (10-30%) and uncapped mRNA were used as starting material.
mRNA present in each fraction was precipitated with ethanol and analyzed by
7 M urea/polyacrylamide (6%) gel electrophoresis and autoradiography. As
determined by Cerenkov counts, the 1 mM m’GDP eluant (capped mRNA, lane
7) contained 85% of the total RNA recovered from the GST-4Eg 194 beads. The
arrow indicates the size of the mRNA (50 nt) used as starting material.

4Ex119a agarose beads, eluted from the beads with m’GDP,
precipitated with ethanol, and analyzed by denaturing polyacryl-
amide gel electrophoresis (Fig. 1B). Because the in vitro T7
polymerase synthesis of 5’ capped mRNA is relatively inefficient,
a large amount of mRNA appeared in the flowthrough. To
remove nonspecifically bound RNA, the GST-4Exii9a beads
were washed with binding buffer containing 500 uM GDP.
Capped mRNA bound to GST-4Ek;194 beads was eluted with 1
mM m’GDP, whereas no mRNA was detected in the m’GDP
eluant when uncapped RNA was used as starting material (Fig.
1B). These results provide evidence that GST-4Ek;194 enables a
relatively specific 5" cap-dependent purification of mRNA.

Purifying mRNA with GST-4Ek119a and Comparison with Oligo(dT). To
further test the use of GST-4Ek194 in purifying mRNA, total
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Fig. 2. (A) Comparing 5’ cap- and 3’ poly(A)-dependent purifications of
mRNA. Total RNA (315 ug) from normal liver was either mixed with GST-
4Ekq119a beads as described in Materials and Methods or applied to an
oligo(dCyoT30) column. The GST-4Ek119a Matrix was washed, and mRNA was
recovered by eluting with m’GDP (see Materials and Methods). An oligo(dT)
column was used to purify mRNA as suggested by the manufacturer (Qiagen).
Ten percent of the mRNA recovered from each purification was analyzed by
formaldehyde agarose (1%) gel electrophoresis. An ethidium bromide-
stained gel is shown: lane 1, 0.24- to 9.5-kb RNA ladder; lane 2, mRNA batch
purified using GST-4Ek119a agarose beads; lane 3, mRNA purified using an
oligo(dT) column. (B) In vitro translation of mRNA purified using GST-4E119a
or oligo(dT). mRNA (1 ng) isolated by either GST-4Ek119a Or oligo(dT) was
translated in a nuclease-treated rabbit reticulocyte lysate with [3>S]methi-
onine (see Materials and Methods). Protein products were analyzed by 10%
SDS/PAGE and autoradiography: lane 1, control with no mRNA added; lane 2,
mMRNA purified with GST-4Ek119a; and lane 3, mRNA purified with oligo(dT).
Molecular mass standards are shown.

RNA from liver was used as starting material and the GST-
4Eki19a and oligo(dT) purifications were compared. Equal
quantities of total human liver RNA were mixed with GST-
4Eki19a agarose beads or applied to an oligo(dT) column
(Oligotex, Qiagen). The recovery and purity of the mRNA
isolated were compared by using spectrophotometric measure-
ments and denaturing agarose gel analysis. The average recovery
of mRNA from 150 g of total RNA using oligo(dT) was 3.2 =
0.9 pg (2.1% of total RNA), whereas the recovery with the
GST-4Ek1194 batch purification was 10.1 * 1.7 ug (6.7% of total
RNA) (mean = SEM). The capacity of the GST-4Ex;194 matrix
was ~10 pg of mRNA per 200-ul pack volume of beads. In
agreement with the relative affinities of GST-4Exi194 and
wild-type GST-4E for 5’ capped mRNA, the GST-4Ekiion
matrix had an average 2-fold higher yield of mRNA than a
GST-4E,,; matrix under the same conditions (not shown). In
addition to having a higher yield, the mRNA purified by using
GST-4Exki19a had relatively less ribosomal RNA than the oli-
go(dT) isolated mRNA (Fig. 24). To determine whether the
mRNAs isolated using GST-4Ek;194 agarose beads were func-
tional, they were incubated in rabbit reticulocyte lysate cell-free
translations. Equal quantities of mRNA purified by the 5’ cap-
and 3’ poly(A)-dependent methods were translated in vitro with
[3*S]methionine. The proteins synthesized were analyzed by 10%
SDS/PAGE and autoradiography (Fig. 2B). The results demon-
strated that functional mRNAs were purified by using the
GST-4Eki19a 5' cap-dependent purification.

Recovery of Specific mRNAs with GST-4Ekq194 or Oligo(dT). We used

high-density oligonucleotide gene arrays to determine the rela-
tive efficiency of the 5’ cap- and 3’ poly(A)-dependent purifi-
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Table 1. Relative quantities of specific mRNAs isolated by 5’- or
3’-dependent purification

Relati tit

elative quantity No. of

4Eg119a  Oligo(dT) mRNAs Sequence characteristics

+++ + 177 2-15X relative increase; mean of 4.4%
increase
+ Absent 10  Small average size; 816 nt; one
exception
+ +++ 26 Large average size; 4,106* nt; large 3’
UTRs; mean of 1,024 nt
Absent + 9 Large average size; 4,991 nt; large 3’

UTRs; mean of 1,870 nt

The relative quantities of mRNAs are represented by plus signs. A detailed
list of the numeric fold change for specific MRNAs in each category, GenBank
numbers, and other features are provided in Tables 2-5. Several characteristics
of mRNAs were determined by analysis by using the Celera and National
Center for Biotechnology Information databases.

*This does not include two exceptions, which were >10,000 nt.

cations in isolating different species of mRNAs. Although the
vast majority of genes present in microarrays have been cloned
from cDNA libraries prepared from oligo(dT)-purified mRNAs,
they do include several that are known to have no 3’ poly(A) end
(e.g., histone H4). Total RNA from liver was used as starting
material to purify mRNA by using GST-4Exj194 or oligo(dT).
mRNA:s isolated by each method were used to prepare cRNA
probes and were hybridized to high-density oligonucleotide
microarrays (Affymetrix HGU95AV2; see Materials and Meth-
ods). Two independent sets of oligonucleotide microarrays were
done by using this approach.

When the quantity of specific mRNAs isolated with GST-
4Ek119a was compared with the oligo(dT) purifications, we
found that the 5’ cap-dependent purified group had at least 177
mRNAs present at =2X quantities (range 2-15X) as compared
with the 3’ poly(A)-selected mRNA (Table 1; also see Table 2,
which is published as supporting information on the PNAS web
site, www.pnas.org). A smaller subset of 10 mRNAs was present
in 5’ cap but not 3’ poly(A) selected mRNAs, suggesting they
either had no 3’ poly(A) end or it was so short that it prevented
any measurable binding with oligo(dT) (Table 3, which is
published as supporting information on the PNAS web site).
When mRNAs that were enriched by the 5’ cap-dependent
purification were analyzed based on their function, we found a
predominance of mRNAs encoding translational related pro-
teins (e.g., ribosomal and RNA-binding proteins), nuclear-
encoded mitochondrial proteins, and stress/growth-related pro-
teins (Table 2). The clustering of biological functions of these
mRNAs suggests a regulatory role for this mRNA phenotype.
Several clusters of genes, such as protein kinases and cytoskeletal
elements, were notably infrequent in this list.

A smaller subset of mRNAs were preferentially purified by
oligo(dT) as compared with the GST-4Exj19a purification. A
total of 26 mRNAs were present at =2X quantities in 3’ poly(A)
as compared with 5’ cap-dependent purified mRNA (Table 1
and Table 4, which is published as supporting information on the
PNAS web site). An even smaller subset of nine mRNAs was
detected in 3’ poly(A) but not in 5" cap-dependent purified
mRNA (Table 5, which is published as supporting information
on the PNAS web site). These mRNAs were generally larger than
the mRNAs identified in the other categories (Tables 2-4) and
had large 3’ untranslated regions, which frequently encode
sequence motifs that regulate mRNA stability or other biological
properties.
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3’ Poly(A) Ends of Selected mRNAs. To determine the size of the 3’
poly(A) end of mRNAs with impaired oligo(dT) binding, we
used RACE-PAT (Fig. 34; see Materials and Methods) (35).
RACE-PAT uses a 3’ end oligo(dT);, primer with a 3" G/C rich
anchor sequence that permits a more accurate measurement of
3’ poly(A) ends than a homopolymeric oligo(dT) primer. The
same total RNA used for the oligo(dT) and GST-4Exkii9a
purifications of mRNA was used to synthesize cDNA with an
oligo(dT)» primer and reverse transcriptase. Hybridization of
the oligo(dT);» primer occurs at multiple sites along the 3’
poly(A) end of mRNAs. Subsequent PCR amplification of the
heterologous pools of cDNA was done by using mRNA-specific
primers and the RACE-PAT oligo(dT)> primer, resulting in
PCR products that included the length of the 3’ poly(A) end of
the target mRNA.

We determined whether the impaired ability of some mRNAs
to be purified with oligo(dT) was due to short poly(A) ends by
directly analyzing their 3’ ends with RACE-PAT. mRNAs
purified only by GST-4Ek 194 had 3’ poly(A) ends that were <12
nt (Fig. 3B, lanes 3 and 4), except for histone 4, which had no
PCR product and has been reported to lack a 3’ poly(A) end
(Fig. 3B, lane 2). mRNAs that were isolated preferentially by 5’
cap selection were found to have 3’ poly(A) ends between 12 and
30 nt (Fig. 3B, lanes 5-7). Direct sequencing of PCR products
confirmed that their 3’ poly(A) ends were 11, 12, 20, 12, and 20
nt in length (Fig. 3B, lanes 3-7, respectively). On the other hand,
mRNAs isolated only with oligo(dT) were found to have 3’
poly(A) ends that were generally >100 nt (Fig. 3B, lanes 9-12).
These data provide direct evidence that the explanation for
impaired binding to oligo(dT) exhibited by some of the mRNAs
was a short 3’ poly(A) end.

Discussion

This study provides evidence that GST-4Exq194 can be used in
a practical high-yield purification that isolates biologically func-
tional 5’ capped mRNA. Our results indicate there is likely to be
a pool of mRNAs that persist at steady state in mammalian cells
with very short 3’ poly(A) ends. Moreover, we may be under-
representing this pool of mRNAs because we used oligo(dT)
primers to synthesize cDNA used to produce cRNA hybridiza-
tion probes for arrays. This method requires that the mRNA in
question still have some poly(A) region to prime. In addition, the
genes represented on the high-density oligonucleotide arrays
used in these studies were generally identified by methods that
included an oligo(dT) mRNA selection step.

The mRNAs that were purified with GST-4Ek;194 but not
oligo(dT) were generally 1,000 nt in length (Table 3), and the 3’
poly(A) ends of representative mRNAs were =12 nt (Fig. 3B,
lanes 2-4). On the other hand, the nine mRNAs that were
purified only with oligo(dT) were all >2,900 nt in length, and
their 3’ poly(A) ends were on average >100 nt. Many of these
mRNAs were >4,000 nt in length, and most had lengthy 3’
UTRs, which frequently contain regulatory elements. Sequence
analysis of these 3’ UTRs demonstrated the existence of poten-
tial PUF protein-binding sites as indicated by the UGUR
tetranucleotide motif (36, 37). The regulation of gene expression
by PUF proteins, which often enhance turnover or repress
translation, are postulated to have the primordial function of
sustaining mitotic proliferation of stem cells (38, 39). The
inability of GST-4Ek;19a to bind these mRNAs may have been
due to RNA structures that prevent recognition of the 5’ cap. An
alternative possibility is that these mRNAs decap before dead-
enylation. Decapping represents an important step in mRNA
degradation pathways, can be inhibited by 4E or poly(A)-binding
protein, and usually follows deadenylation (40-42). An alterna-
tive mRNA degradation pathway, where decapping occurs first,
may exist for this subset of mRNAs.

Choi and Hagedorn
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Analysis of the 3’ poly(A) ends of mMRNAs with impaired binding to oligo(dT) or GST-4Ek119a. (A) Schematic diagram of the RACE-PAT method used to
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directly determine the size of the 3’ poly(A) ends. This analysis was done for specific mMRNAs, which were preferentially purified with either GST-4Ek119a O
oligo(dT). Total RNA was reverse transcribed with an oligo(dT) primer with a G/C rich anchor sequence [designated oligo(dT), primer]. Hybridization of the
oligo(dT) primer to the mRNA 3’ poly(A) end occurs along the entire length of the 3’ poly(A) end. Different-sized cDNAs primed at all possible positions along
with the poly(A) end will be synthesized after reverse transcription. Subsequent PCR amplification using this pool of cDNAs with a message specific primer (dotted
box) and an oligo(dT)1, primer produces a mixture of PCR products, which include the length of the 3’ poly(A) end of the target mRNA. (B) Results of RACE-PAT
for selected mRNAs. PCR-amplified products were analyzed by either 6% nondenaturing polyacrylamide (lanes 1-7) or 1% agarose gel electrophoresis (lanes
9-12). The predicted minimum size of the PCR products was compared with the actual size observed to obtain an estimate of the size of the 3’ poly(A) ends of
a specific mRNA. For example, the minimum expected PCR product for the mRNA analyzed in lane 4 (replication protein A/14-kDa subunit, L07493) was 92 nt
[62 + 30 nt oligo(dT)12-G/C anchor primer]. The actual size of the PCR product produced was 92 nt, indicating that this mRNA had a 3’ poly(A) end of 12 nt or
less. The ethidium bromide-stained gels show a 100-bp DNA ladder (Invitrogen) in lanes 1 and 8. The estimated size for 3’ poly(A) ends of other mMRNAs are shown:
present only in GST-4Ek 1194 purified mRNA (lane 2, H4 histone mRNA/X60484; lane 3, microsomal glutatione S-transferase 3 mRNA/AF026977; lane 4, replication
protein A 14-kDa mRNA/L07493; see Table 3); mRNAs preferentially isolated by GST-4Ek119a (lane 5, fau mMRNA/X65923; lane 6, U6 snRNA-associated Sm-like
protein/AA121509; lane 7, PROS-27 mRNA/X59417; see Table 2); and present only in oligo(dT)-purified mRNA (lane 9, pre-mRNA splicing factor PRP8/AB007510;
lane 10, 1,4-a-glucan branching enzyme mRNA/L07956; lane 11, myeloid cell differentiation protein mRNA/L08246; lane 12, multidrug resistance-associated
protein mRNA/AF085692; see Table 5). The short size of the 3’ poly(A) ends of the mRNAs in lanes 3-7 was also found by RACE-PAT analysis of RNA isolated from

cultured Huh7 hepatoma cells (data not shown).

Using GST-4Ek;19a to purify mRNA may have some advan-
tages over oligo(dT) for some studies. For example, our results
suggest that purifying mRNA by 5’ cap selection would have
advantages in gene profiling studies of eukaryotic cells that need
to monitor the expression of genes involved in ribosome assem-
bly, mRNA translation, mitochondrial functions, and cell stress/
growth responses. Oligo(dT) purification of mRNA in some
cases can misrepresent changes in mRNA pools if they have 3’
poly(A) ends shorter than 35 nt (39). The efficient isolation of
mRNA by a 5" cap-dependent method may prove particularly
useful in organisms such as yeast where many mRNAs have 3’
poly(A) ends that are <40 nt (39).

The 5’ cap selection of mRNA with GST-4Ek;194 might be
preferred for studies that are best done with full-length mRNA
with intact 5’ ends. For example, preparing cDNA libraries,
analyzing variant 5’ ends due to alternative transcriptional start
sites, and preparing RNA based vaccines. In addition, isolating
RNA with GST-4Ex;194 from pools of poly(A) depleted RNA
may prove useful in studying noncoding RNAs (43, 44). Al-
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though cellular RNA-dependent RNA polymerases are required
for aspects of RNA silencing in plants, the possibility that 5’
capped RNAs are involved in some RNA silencing pathways
remains to be answered (44).

Why is the short 3’ poly(A) end mRNA phenotype more
common than expected in mammalian liver and biased toward
mRNAs encoding proteins with translation, mitochondrial, or
growth functions? We propose that the explanation exists in a
biological regulatory role for this mRNA phenotype. Regulation
of gene expression by cytoplasmic polyadenylation of transla-
tionally silent mRNAs with short 3’ poly(A) ends has been well
documented in Xenopus oocytes and plays a critical role in
oocyte maturation (25, 45). cMos and several other prestored
mRNAs in oocytes contain short poly(A) ends (=20-40 nt).
Translation of these mRNAs occurs when their 3’ poly(A) ends
are elongated to ~150 nt, requiring two elements in the 3" UTR:
the nuclear polyadenylation motif (AAUAAA) and an AU-
rich cytoplasmic polyadenylation element, which is variable
and includes UUUUAU, UUUUAACA, and UUUUUUAU
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(46, 47). The 3" UTRs of mRNAs that were directly shown
to have short 3’ poly(A) ends (Fig. 3) had both sequence
elements indicating they are good candidates for cytoplasmic
polyadenylation.

Increasing evidence in both invertebrate and vertebrate sys-
tems has suggested a more general role for the cytoplasmic
polyadenylation of prestored mRNAs as a mechanism to rapidly
stimulate gene expression. Studies in Caenorhabditis elegans have
provided evidence for a cytoplasmic poly(A) polymerase that
elongates the 3’ poly(A) end of specific mRNAs to regulate gene
expression and germline developmental events (26). In Drosoph-
ila embryos, cytoplasmic polyadenylation of a subset of mRNAs
is essential for initiation of development (27). In addition, studies
in fission yeast have indicated that one cytoplasmic poly(A)
polymerase (Cidl) targets mRNAs that include components of
the S-M checkpoint and that another (Cid13) specifically targets
the mRNA encoding a subunit of ribonucleotide reductase to
regulate DNA replication (28, 29). Homologues of these poly-
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merases are present in mammals. If the short 3’ poly(A) ends of
specific mRNAs are elongated by such cytoplasmic poly(A)
polymerases, these messages could be identified by the approach
we have outlined. Protein synthesis represents a cellular function
that has one of the greatest energy requirements. Regulation of
critical elements of both the protein synthesis machinery and the
mitochondrial respiratory system may permit these two systems
to be linked by a rapidly responsive posttranscriptional rheostat.
Specific tests of these hypotheses are now possible with the
efficient 5’ cap-dependent purification of mRNA and classifi-
cation of mRNAs into the functional groups presented.
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