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ABSTRACT

Decapping is an essential step in multiple pathways of mRNA degradation. Previously, we synthesized mRNAs containing caps
that were resistant to decapping, both to dissect the various pathways for mRNA degradation and to stabilize mRNA for more
sustained protein expression. mRNAs containing an o-p CH, group are resistant to in vitro cleavage by the decapping enzyme
hDcp2 but poorly translated. mRNAs containing an S substitution at the B-phosphate are well translated but only partially
resistant to hDcp2. We now describe seven new cap analogs substituted at the B-phosphate with BH; or Se, or substituted at
either the a-B or B~y O with NH. The analogs differ in affinity for elF4E and efficiency of in vitro incorporation into mRNA by
T7 RNA polymerase. Luciferase mRNAs capped with these analogs differ in resistance to hDcp2 hydrolysis in vitro, translational
efficiency in rabbit reticulocyte lysate and in HeLa cells, and stability in HeLa cells. Whereas mRNAs capped with m,”*~°GppspG
were previously found to have the most favorable properties of translational efficiency and stability in mammalian cells, mRNAs
capped with m”Gppgspm’G are translated with the same efficiency but are more stable. Interestingly, some mRNAs exhibit a lag
of up to 60 min before undergoing first-order decay (t;,» = 25 min). Only mRNAs that are efficiently capped, resistant to
decapping in vitro, and actively translated have long lag phases.

Keywords: boranophosphate cap analogs; phosphoroselenoate cap analogs; imidodiphosphate cap analogs; translational
efficiency; mRNA stability; in vitro transcription

INTRODUCTION Gong 2009). Such nonsense-containing transcripts are de-
graded either by deadenylation-independent decapping
mediated by the protein Upfl (Johansson et al. 2007) or
by accelerated deadenylation and 3’ —5’ exonucleolytic
digestion (Mitchell and Tollervey 2003). Another special-
ized decay pathway exists for mRNAs containing AU-rich
sequence elements (AREs) in their 3'-UTRs, which encode
proteins regulating either cell growth or the response to
external factors such as microorganisms or inflammatory
stimuli (Barreau et al. 2006). Degradation of mRNAs can
also be initiated by sequence-specific endonucleases (Dodson
and Shapiro 2002) or miRNAs (Franks and Lykke-Andersen
2008). Histone mRNAs, which contain a conserved 3’-
terminal stem-loop (SL) rather than a poly(A) tract, are
degraded by another specialized pathway that is initiated

mRNA turnover is a highly regulated determinant in the
overall control of eukaryotic gene expression (Parker and
Song 2004). The presence of a 5'-terminal cap and a
3’-terminal poly(A) tract influences both the stability and
translational efficiency of mRNA. After removal of the
poly(A) tract (deadenylation), mRNA is degraded by two
general pathways, decapping followed by 5’ — 3’ hydrolysis
by the exonuclease Xrnl, and 3’ —5’ hydrolysis by the
exosome (Mukherjee et al. 2002; Wang et al. 2002). In
addition to these two canonical pathways, mRNAs con-
taining premature termination codons are degraded by the
nonsense-mediated mRNA decay pathway (Maquat and
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upon inhibition of DNA replication or at the end of S phase
(Marzluff et al. 2008). Instead of deadenylation, the initial
step in histone mRNA decay is the addition of 3’-terminal
uridine residues (Mullen and Marzluff 2008).
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Decapping of mRNA is an essential step in all of these
pathways. This involves removal of the 7-methylguanosine-
containing cap, which both shuts down translation and
constitutes the first irreversible step in mRNA degradation.
There are two types of decapping enzymes in eukaryotic
cells, DcpS and the Dcp1-Dep2 complex. DepS is a scaven-
ger decapping enzyme and acts on the short capped
oligonucleotides remaining after 3’ —5’ hydrolysis by the
exosome, cleaving the cap between the (- and vy-phos-
phates to produce m’GMP (Liu et al. 2002). Dcpl and
Dcp2 are the central components of an RNA-dependent
decapping complex. Dcp2 belongs to the Nudix family of
hydrolases (Piccirillo et al. 2003; She et al. 2006). In
Saccharomyces cerevisiae, Dcpl and Dcp2 directly interact
to form a stable holoenzyme in which Dcp2 is the catalytic
subunit and Dcpl plays a stimulatory role (Steiger et al.
2003). Evidence has also been presented for an interaction
between human Dcpl and Dcp2 (Lykke-Andersen 2002;
van Dijk et al. 2002). The proteins Edcl,
Edc2, Edc3, Dhhl, and the Lsml-7
protein complex stimulate decapping
by Dcp2 in S. cerevisiae and mammals
(Coller and Parker 2004). Edc4 (also
known as Hedls and Ge-1) also acts as
a positive effector of Dcp2 in mammals
(Fenger-Gron et al. 2005). Decapping
by Dcp2 is negatively regulated by
eukaryotic initiation factor 4E (elF4E),
the translational cap-binding protein, as

decapping enzymes, but they also had substitutions at
either the C2’ or C3’ positions of m’Guo (for example,
compounds 2 and 3 in Fig. 1, respectively), to ensure they
are incorporated into RNA by T7 RNA polymerase exclu-
sively in the correct orientation (Stepinski et al. 2001;
Jemielity et al. 2003). We found that m,”* "°GppCH,pG
(4), which has a methylene group replacing the a-3 bridging
O, was resistant to hDcp2 hydrolysis in vitro and increased
mRNA stability in cultured cells (Grudzien et al. 2006). How-
ever, the affinity of m,”* " °GppCH,pG (4) for eIF4E was
only 60% that of the parent compound, m,”* °GpppG (3)
(Kalek et al. 2005; Grudzien et al. 2006). We therefore
designed a new series of cap analogs that contained a
phosphorothioate moiety at either the «, 3, or y position of
the triphosphate chain (Grudzien-Nogalska et al. 2007).
Each analog contains a stereogenic P-center and is therefore
obtained as a mixture of two diastereomers that can be
resolved by reverse-phase HPLC (termed D1 and D2 based

well as by the 3'-terminal poly(A) tract

(Li et al. 2008). Biochemical studies of No. Abbreviation Reference for Synthesis R1 R2 R3 X Y Z
the human decapping protein (hDcp2) ;
indicate that it requires both an m’G- ; Tg%%ppGG ; 0(():[?1 8::[[ - 8 8 g
.. mp " J -
containing cap and an RNA body of at 3 mi”""(jggg(} ” 0H1 OCH: - 0 0 o
least 25 nt for full enzymatic activity 4 my*GppCHapG d OH OCH; - O O CH
and cleaves between the a- and B-phos- 5 mz;‘;_’(?GPPsPG, D2 e OCH; OH - 5 O O
phate moieties to produce m’GDP g ;:i?-f'-()gingg(é’ gé tf SEE: 8E 2; 8 8
(Lykke-Andersen 2002; van Dijk et al. 3 mj‘Z‘-OGppH:‘pC: DI o OCH: OH - BHi O O
2002; Wang et al. 2002; Piccirillo et al. 9 my"*“GppenspG, D2 g OCH; OH - BH; O O
2003)‘ 10 m;?%pl;“gpm;G g OH OH CHq BH} (6] 0]
. . 11 m;"* " GppNHpG h OCH; OH - O O NH
In previous studies, we sought to 12 m?°GpNHppG " OCH, OH ] S 4 O

develop modified cap structures that,
when incorporated into mRNAs, would
be resistant to hydrolysis by hDcp2 and
thereby would stabilize mRNA against
5'—3" degradation (Grudzien et al
2006; Grudzien-Nogalska et al. 2007).
Such modified cap analogs could po-
tentially serve two purposes: to facilitate
dissection of the various steps of mRNA
degradation and to boost production of
proteins encoded by exogenously intro-
duced mRNAs. The new cap analogs
had substitutions in the triphosphate
chain intended to prevent hydrolysis by

Kalek et al., 2005

“Kowalska et al., 2008
'Kowalska et al., 2009

“Darzynkiewicz et al., 1990
®Jemielity et al., 2003
“Stepinski et al., 2001

fKowalska, J., Lukaszewicz, M., Darzynkiewicz, Z. M., Zuberek, J., Darzynkiewicz, E., and
Jemielity, J., manuscript in preparation.

"Kulis M., Rydzik, A. M., Lukaszewicz, M., Kowalska, J., Darzynkiewicz, Z. M., Zuberek, J.,
Darzynkiewicz, E., and Jemielity, J., manuscript in preparation.

FIGURE 1. Structures of cap analogs used in this study. D1 and D2 refer to the two
diastereoisomers produced by substitution of a non-bridging oxygen atom on the (-phos-
phate. The cleavage sites for two decapping enzymes, DcpS and Dcpl/Dcp2, are indicated.
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on their elution order). Luciferase mRNA containing
m,”? “°GppspG, D2 (5) was more stable and was translated
more efficiently in cultured HCI1 cells than mRNA
containing the parent compound m,”* °GpppG (2)
(Grudzien-Nogalska et al. 2007).

In the current study, we tested the resistance of mRNA
capped with m,”? °GppspG, D2 (5) to hydrolysis by
hDcp2 under more rigorous conditions and found that it
was only partially resistant. We therefore attempted to
develop new cap analogs that conferred to mRNA both the
favorable stability of m,”* "9GppCH,pG (4) and the favor-
able translation of m,”? " °GppspG, D2 (5). Rather than the
S substitution for a  non-bridging O of m,”* “°GppspG (5),
we made substitutions with BH; (m27’2”OGppBH3pG, D1 [8]
and m,”? °GpppspG, D2 [9]) and Se (m,”* °GppsepG,
D1 [6] and m27’2"OGpp5€pG, D2 [7]). Rather than the CH,
substitution for the a-B bridging O of m,”* °GppCH,pG
(4), we made a substitution with NH (m,”* °GppNHpG
[11]). Two related compounds, m7GppBH3pm7G (10) and
m,”? "°GpNHppG (12), were also synthesized. The seven
new analogs were tested for in vitro and in vivo properties.
Compared with the most favorable cap analog developed to
date, m,”* "°GppspG, D2 (5), capping efficiency was better
for two analogs (compounds 11 and 12), the same for one
(10), and worse for four (6-9). mRNAs capped with the
seven new analogs differed in resistance to in vitro digestion
with hDcp2, but importantly, three of them (9, 10, and 11),
were more resistant than m,”? °GppspG, D2 (5). mRNAs
capped with the new analogs had translational efficiencies
in HeLa cells that, compared with m,”?* °GppspG, D2
(5)-capped mRNA, were either the same (7 and 10) or
lower (6, 8, 9, 11, and 12). Similarly, translation in rabbit
reticulocyte lysate was either the same (9, 10) or worse (6,
7, 8, 11, and 12). Finally, the stabilities of differently capped
mRNAs in HeLa cells were either greater (compound 10),
the same (8 and 9), or less (6, 7, and 11) than mRNA
capped with m,”* °GppspG, D2 (5).

RESULTS

mRNA capped by m,”*“°GppspG, D2 (5) is only
partially resistant to hDcp2

mRNA containing m,”? “°GppspG, D2 (5) is resistant to in
vitro decapping by hDcp2 compared to the parent com-
pound m,”?" " °GpppG (2) (Grudzien-Nogalska et al. 2007),
but when we tested it under more rigorous conditions, we
found it could still be partially decapped. Decapping was
measured by synthesizing RNAs with T7 polymerase in
the presence of a cap dinucleotide and [a-"*P]GTP, in-
cubating with recombinant hDcp2, and separating the
products on an RNA sequencing gel (Fig. 2A). Capped
RNAs (m,”? " °GpppGp*GpNp. . ., where p* represents >*P)
migrate slower than decapped RNAs (pGp*GpNp. . .), which
migrate the same as uncapped RNAs (ppp*Gp*GpNp...)
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(lane 31). Bands detected by autoradiography were cut out
and quantified by Cerenkov radiation. After 15 min, RNA
capped with m,”? " °GpppG (2) was completely decapped
(lanes 1-3), whereas RNA capped with m,”* °GppspG, D2
(5) was decapped 12 = 3% (Fig. 2A, lanes 4-6; Table 1),
indicating partial but not complete resistance to decapping.
To confirm this result, capped RNAs were incubated with
hDcp2 for 60 min, resulting in 20 * 1% decapping of RNA
containing m27’2"OGppSpG, D2 (5) (Fig. 2C, lanes 21-25;
Fig. 2E, squares).

Development of novel borano-, seleno-,
and imido-substituted cap analogs

hDcp2 is thought to cleave the cap structure between the
a- and B-phosphate moieties, based on the observations
that m’GDP is released (Lykke-Andersen 2002; van Dijk
et al. 2002; Wang et al. 2002) and that cleavage is blocked
or retarded by substitution of the a-3 bridging O with CH,
(Grudzien et al. 2006) or the  non-bridging O with S
(Grudzien-Nogalska et al. 2007). However, as noted above,
mRNAs capped with m,”* °GppCH,pG (4) are poorly
translated (Grudzien et al. 2006), and mRNAs capped with
m,”? “°GppspG, D2 (5) are not completely resistant to
hDcp2 hydrolysis (Fig. 2). We therefore sought new cap
analogs that would confer both of these favorable proper-
ties to mRNA: high translational efficiency and high
stability. Our previous studies showed that modifications
at a non-bridging O on the B-phosphate (Grudzien-
Nogalska et al. 2007) or bridging O between «- and
B-phosphates (Grudzien et al. 2006) rendered mRNA with
the most resistance to hDcp2. Accordingly, we focused on
cap analogs with substitutions at these positions (Fig. 1,
compounds 6-11). The m,”* °Gpps.pG diastereoisomers
(6 and 7) have a Se-for-O substitution, forming a phosphoro-
selenoate group at the B position. The m,* °GppgspG
diastereoisomers (8 and 9) have a BH;-for-O substitution,
forming a boranophosphate group at the B position.
m’Gppguspm’G (10) is cap analog containing two identi-
cal nucleoside moieties and a boranophosphate group at
the B position, so it is not synthesized as two diastereo-
mers. m,”> °GppNHpG (11) has an NH-for-O substi-
tution at the o-f bridge, forming an imidodiphosphate
group. An analog with the NH group replacing the B-vy
bridging O, m,”? “°GpNHppG (12), was also included for
comparison.

Fluorescence quenching measurements indicated that all
seven new cap analogs have either the same or higher affinity
for murine eIF4E compared with the parent compound,
m27’2”OGpppG (2) (Table 1, compounds 6-12). Previous
studies (Kowalska et al. 2009) had shown that several
phosphorothioate isomers of the cap dinucleotide had the
highest affinity for eIF4E of all triphosphate analogs tested
to date. Two of the new analogs, m,”* " °Gpps.pG, D1 (6)
and m27’2,‘oGppBH3pG, D1 (8), also had very high affinities
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FIGURE 2. In vitro hydrolysis of capped oligonucleotides by hDcp2 analyzed on RNA
sequencing gels. Oligonucleotides were synthesized from Ncol-cut pluc-A60 template with T7
polymerase in the presence of [a->*P]GTP and various cap dinucleotides. After treatment with
hDcp2 for the indicated times, samples were loaded on a 10% RNA sequencing gel as described
in Materials and Methods. (A) Ten RNA transcripts synthesized in the presence of either no
cap dinucleotide (lanes 31,32) or the indicated cap dinucleotide were treated with 0.6 ug of
hDcp2 for the indicated times and analyzed by electrophoresis and autoradiography. Samples
in lanes labeled 0 min did not receive hDcp2. The quantification of decapping at 5 min and 15
min is given in Table 1. (B) Oligonucleotides synthesized in the presence of the indicated cap
dinucleotides were subjected to digestion with 0.4 pg of either wild-type (WT) or catalytic
dead (CD) hDcp2 for the indicated times and subjected to electrophoresis as in A. (C)
Oligonucleotides synthesized in the presence of the indicated cap dinucleotides were subjected
to digestion with 1 wg of WT hDcp2 for the indicated times, with or without 0.5 mM Mn*" in
the reaction mixture as indicated, and analyzed by electrophoresis and autoradiography. (D)
Quantification of gel in B. (E) Quantification of gel in C. Decapping was calculated as the % loss in
the upper band, normalized by the radioactivity in the upper plus lower bands. The data represent
the means and SEM of three experiments. Error bars smaller than the symbols are not shown.

for eIF4E (Table 1), comparable to that of the homologous
phosphorothioate m,”* °GppspG, D1 (Kowalska et al.
2008). For all three substitutions for the B non-bridging
O (S, Se, and BH3), the D1 diastereomer had nearly twice

the affinity for eIF4E than the D2
diastereomer. An analog with a CH,
substitution for the a-fB bridging O,
m,”’ "OGppCHsz (4), binds eIF4E with
lower affinity than the parent compound
(Table 1; Kalek et al. 2005), but sub-
stitution of the same O with NH pro-
duces an analog, m,”* "°GppNHpG (11),
with an affinity for eIF4E that is compa-
rable to the parent compound (Table 1).

The new cap analogs differ in their
ability to serve as substrates for T7
RNA polymerase

Capping efficiency reflects the degree
to which a dinucleotide cap analog will
be recognized as GTP by T7 RNA
polymerase during in vitro transcrip-
tion. We measured capping efficiency
by separation on RNA sequencing gels
and autoradiography (Fig. 2A). Lanes
labeled 0 min (lanes 1,4,7, etc.) were not
incubated with hDcp2. The ratio of the
radioactivity in these lanes of the upper
band [m27’2"OGprpGp*(Np)%N, where
“x” represents a modification] to the
sum of the radioactivity in the upper
plus lower band [pppGp*(Np)4sN] rep-
resents capping efficiency. This is sum-
marized for all new analogs in Table 1.
Under the conditions used here (10:1
ratio of cap analog to GTP in the T7
polymerase reaction), we observed 84 =
1% capping for the parent compound,
m,”* °GpppG (2). Higher capping ef-
ficiency can be obtained by using higher
ratios of cap analog to GTP. The cap-
ping efficiency for m,”* “°GppNHpG
(11) and m,”* " °GpNHppG (12) was
slightly better than for the parent com-
pound, followed in decreasing order by
m,”? °GppCH,pG (4), m,”* °GppgpG,
D2 (5), m’Gpppuspm’G (10), m,”?©
GpperspG, D2 (9), m,” “GppeispG,
D1 (8), m,”* °GppspG, D1 (6), and
m27’2"OGpp56pG, D2 (7) (Fig. 2A; Table 1).

RNAs capped with BH3- and
NH-containing analogs are resistant
to decapping by hDcp2 in vitro

Transcripts synthesized in the presence of nine different cap
analogs plus one uncapped transcript were incubated with
hDcp2 for various times and subjected to PAGE (Fig. 2A).
Transcripts capped with m,”> °GppCH,pG (4) were
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TABLE 1. In vitro biochemical properties of cap analogs used in this study®

subsequently it was shown that both

hDcp2 (Piccirillo et al. 2003) and

. In vitro yeast Dcp2p (Steiger et al. 2003) are

., Capping decapping (%) iderabl ive if Mn?" i

Kas X 10 efficiency considerably more active if Mn*" is

No. Cap analog M~ (%)° 5 min 15 min added, although there is no evidence

e 24 .
2 m,”?“CGpppG 108 + 03 84 * 1 67 +1 100 - o hat the enzyme utilizes Mn™ in
4 my”¥-OGppCHpG 44 + 02 85 + 4 7+ 5 8 + 5 vivo. Previous studies from 2our
5 m,” 2 “CGppspG, D2 19.3 + 22 79 = 2 5+3 12 =3 own laboratory used 2 mM Mg*" as
6 m,”2"9GppspG, D1 38.5 = 0.7 59 + 6 17 * 2 55 = 5  the sole divalent cation to demon-
; mz:’j,’ZgIOIOSePG/GDé1 ;3-2 * ?;‘ 2; x ? 13 x ; ;S x ; strate cleavage by hDcp2 of RNA
m,”2" s13pG, 4 = 1. + + + . 7,3"-0

9 m27f2"OGEgBH3EG, D2 13.2 = 0.2 73 £ 2 2+ 2 4 * 1 Cap,ped with m, GpppG (3) a,nd
10 m’ Gpparzpm’ G 1.1 = 02 79 + 2 1+ 1 1+  fesistance of RNA capped with
11 m,” 2" OGppNHpG 10.4 + 0.2 87 + 3 2+ 2 3+2 my” UGppCHLpG (4) (Grudzien
12 m,”2"°GpNHppG 18.5 = 0.5 88 + 2 85 + 2 99 + 1 et al. 2006), but subsequently we used

Data represent the means and SEMs from three or more determinations.
Equilibrium association constants for interaction of mouse elF4E (28-217) with various cap

analogs at 20°C.

“Capping efficiency was calculated from experiments similar to that shown in Figure 2A and
represent the ratio of the radioactivity in the upper band [m,”* °GppxpGp*(Np)4eN, where

“_rn

completely resistant to hDcp2 (Fig. 2A, lanes 7-9), in
agreement with our previous study in which SAX chroma-
tography was used to measure decapping (Grudzien et al.
2006). Transcripts capped with m,”* °Gpps.pG, D1 (6)
(lanes 10-12), m27’2”OGpp5€pG, D2 (7) (lanes 13-15), and
m27’2”OGppBH3pG, D1 (8) (lanes 16-18) were intermediate
in their susceptibility to hDcp2. By contrast, transcripts
capped with m27’2”OGppBH3pG, D2 (9) (lanes 19-21),
m’Gppeispm’G (10) (lanes 22-24), and m,”* °GppNHpG
(11) (lanes 25-27) were highly resistant to hDcp2. The
average results for three experiments are presented in Table 1.

To confirm that the decapping activity observed in Figure
2A was due to hDcp2 and not to a contaminating bacterial
pyrophosphatase, we used a variant of hDcp2 in which Glu-
147 and Glu-148 are both changed to Gln, producing
a catalytically dead (CD) enzyme (Wang et al. 2002). Under
conditions where RNA containing m,”* °GpppG (2) was
completely decapped by wild-type (WT) hDcp2 (Fig. 2B,
lanes 1-4; Fig. 2D, closed circles), there was no decapping by
CD hDcp2 (Fig. 2B, lanes 5-8; Fig. 2D, open circles). RNA
with an unmethylated cap was inefficiently cleaved by WT
hDcp2 (Fig. 2B, lanes 9-12; Fig. 2D, filled diamonds; 9.0 =
0.5% by 60 min), in agreement with published findings (van
Dijk et al. 2002; Wang et al. 2002), but was not cleaved at all
by CD hDcp2 (Fig. 2B, lanes 13-16; Fig. 2D, open di-
amonds). RNA capped with m’Gppgspm’G (10) was not
detectably decapped by either enzyme preparation (Fig. 2B,
lanes 17-24; Fig. 2D, triangles).

The original in vitro decapping assay conditions reported
for hDcp2 utilized Mg>" as the sole divalent cation (Lykke-
Andersen, 2002; van Dijk et al. 2002; Wang et al. 2002), but
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X" represents a modification] to the sum of the radioactivity in the upper band plus lower
band [pppGp*(Np)4sN] in lanes where no hDcp2 was added (labeled 0 min).

In vitro decapping was calculated from experiments similar to that shown in Figure 2A and
represents the % loss of radioactivity in the upper band, normalized for the total radioactivity in
the upper plus lower bands, after incubation with hDcp2 for either 5 or 15 min.

2 mM Mg*" plus 0.5 mM Mn** to
show resistance to of mRNA cap-
ped with m,”*“GppspG, D2 (5)
(Grudzien-Nogalska et al. 2007). To
ensure that the resistance of mRNA
capped with m,”* °GppspG, D2 (5)
and m’Gppgspm’G (10) to hDcp2
is not a Mn**-induced artifact, we
carried out the decapping assay under
both conditions: with Mg** as the
sole divalent cation and with 2 mM Mg** plus 0.5 mM
Mn?* (Fig. 2C,E). The results confirmed that hDcp2 is much
more active against RNA capped with m,”? °GpppG (2) in
the presence of Mn** (Fig. 2E, filled versus open circles).
Importantly, the same order of resistance to decapping is
seen under both conditions. For instance, at the 30-min time
point, the % decapping in Mg”* plus Mn** is 92.8 + 0.3
for RNA capped with m,”? " °GpppG (2), 15.3 *+ 2.6 for
m,”? “°GppspG, D2 (5), and 5.5 *+ 1.9 for m’Gpppispm’G
(10), whereas with Mngr alone, it is 24.0 = 1.7 for
m,”? " °GpppG (2), 4.9 *= 1.9 for m,”* °GppspG, D2
(5), and 1.5 * 0.3 for m7GppBH3pm7G (10). Thus, we con-
clude that the resistance to in vitro decapping of these
phosphate chain-modified cap structures is not a Mn*'-
induced artifact.

Cap analogs substituted with BHj3 stabilize mRNAs
in Hela cells

We next tested how the new cap analogs would affect mRNA
stability when incorporated into RNAs and delivered into
mammalian cells. Luciferase mRNAs were synthesized in
vitro with various cap analogs at the 5'-termini and 60-nt
poly(A) tracts at the 3'-termini. The mRNAs were intro-
duced into HeLla cells by nucleoporation, the cells were
incubated for various times up to 4 h, and total RNA was
recovered. Luciferase mRNA levels were measured by
qRT-PCR (Fig. 3). Interestingly, we observed a two-phase
decay pattern for all mRNAs except those capped with
m,”? “9Gpps.pG, D1 (6) and m,”? " °Gpps.pG, D2 (7); there
was a lag phase of various durations lasting as long as



Cap analogs substituted with BH;, Se, and NH

100 A.m,"2-0Gppg pG, D1 (6)

100 B. m27-2"OGpppG )

50

100 - C. m,72-0GppgpG, D2 (5)

50 |

% mRNA remaining

D. m,"?-OGppg,3pG, D2 (9

50

100 Foelt E. m7Gppg3pm’G (10)

50 |

)
]
]
I
I
I
!
0 1 2 3 4
Time after nucleoporation (h)

FIGURE 3. Decay of luciferase mRNA terminated by various cap
analogs in HeLa cells. Luciferase mRNAs were synthesized in the
presence of the indicated cap analogs and delivered into HeLa cells
by nucleoporation as described in Materials and Methods. Cells were
lysed at the indicated times and luciferase mRNA was measured by
qRT-PCR. Data in panels A-E are plotted as a percentage of the
luciferase mRNA present immediately after nucleoporation. In panels
B-E, there is a lag before the initiation of rapid decay. The data for the
post-lag period were fit to single-exponential function and the ti;, of
calculated as described in Materials and Methods. Vertical dashed
lines mark the boundary between lag phase and first-order decay
phase. The data for each transcript represent a single experiment. The
error bars represent duplicate luciferase mRNA determinations. The
values for replicate experiments are given in Table 2.

60 min, followed by first-order decay with approximately
the same t;, for all mRNAs. This type of experiment was
conducted three or more times for each of the seven
new cap analogs, using as controls m27’2/'OGpppG (2),
m,”* °GppspG, D2 (5), and m,”* “°GppCH,pG (4) (Table
2). mRNAs containing different cap analogs had similar
t1/2 values for the first-order decay phase (21-32 min) but
varied significantly in the length of lag phase (0-51 min).

mRNAs capped with Se- and BH;-containing analogs
are efficiently translated in Hela cells and rabbit
reticulocyte lysate

Since mRNAs capped with several of the new analogs
(m27’2"OGppBH3pG, D2 [9], m’Gppguspm’G [10], and
m,”? “°GppNHpG [11]) are more resistant to hDcp2
hydrolysis in vitro than m,”* °GppspG, D2 (5), we

determined their translational properties. Translational
efficiency in cultured mammalian cells can be determined
by introducing luciferase mRNA by nucleoporation, re-
moving aliquots of the cells after various times, and
measuring the accumulation of luciferase (Grudzien et al.
2006; Grudzien-Nogalska et al. 2007). The concentration of
luciferase mRNA is measured in the same cells by qRT-
PCR, and the rate of luciferase accumulation per unit of
mRNA represents translational efficiency. Figure 4A shows
that luciferase accumulation begins after a ~15 min lag,
which is required for synthesis of the enzyme, and continues
linearly for ~1 h, after which it slows dramatically (upper
panel). However, when the luciferase value is normalized for
the amount of luciferase mRNA still remaining at each time
point, the rate of luciferase accumulation is linear for at
least 3 h (lower panel). Thus, the translational efficiency of
luciferase mRNA remains constant over this period even
though the amount of luciferase mRNA decreases.

We chose to measure translational efficiency of mRNAs
capped with the new analogs over the first 60 min after
nucleoporation to minimize errors caused by mRNA decay
(Fig. 4B). This type of experiment was performed three or
more times for each of the seven new analogs plus three
controls (Table 2). mRNAs capped with two of the new cap
analogs, m27’2"OGppSepG, D2 (7) and m7GppBH3pm7G (10),
were translated 1.4- and 1.7-fold more efficiently than mRNA
capped with the parent compound, m,”? °GpppG (2).
mRNAs capped with m,"? " °GppgspG, D2 (9) were trans-
lated with similar efficiency as the parent mRNA, whereas
four others (m27’2”OGpp5epG, D1 [6], m27’2"OGppBH3pG,
D1 [8], m,”* " °GppNHpG [11], and m,”* °GpNHppG
[12]) were translated less efficiently.

Measuring translational efficiency in mammalian cells
has the advantage of being more physiologically relevant
than in vitro translation systems but the disadvantage that
the amount of mRNA introduced by nucleoporation must
be independently measured, thereby introducing experi-
mental error. When mRNA is introduced by nucleopora-
tion, there is also the possibility that some of it may be
present in a form or location that is inaccessible to the
translational machinery, although we previously showed
that the majority of exogenously introduced mRNA is in
polysomes (Grudzien et al. 2006; Grudzien-Nogalska et al.
2007). Both of these potential problems, as well as ex-
perimental error arising from differential degradation rates,
are avoided by using an in vitro translation system. We
therefore measured the translational efficiency of mRNAs
capped with the seven new analogs in a rabbit reticulocyte
lysate system (Table 2). Although there were quantitative
differences between in vitro and in vivo translational effi-
ciencies, most of the analogs had qualitatively similar effects
in the two systems. For instance, mRNAs capped with
m27’2"OGpps€pG, D2 (7) and m’Gppgspm’G (10) were
more efficiently translated than the control mRNA in both
systems. Similarly, mRNAs capped with m,”* “°GppNHpG
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TABLE 2. In vivo biochemical properties of cap analogs used in this study?

Mn**, and Cd** compared to Mg**
and Ca®*, which are preferred by O.

mRNA decay (min) '"IViYO I In Ivit_ro I The BH; group is a very poor nucle-
translationa translationa : :

No Cap analog Lag phase®  Half-life efficiency? efficiency’ Op.hﬂe because it lacks a lone electron
pair and therefore does not accept

2 mz;i:-gcpppc 9 + 3 23 £5 1.0 + 0 ND H-bonds or coordinate metal ions (Li
3 m27'3_OGPPPG ND ND NDZ 1.0 = eO.1 et al. 2007). It has also been reported
4 m, o olPPCH2PG 1974 24 =3 ND ND that oligonucleotides containin
5 m,”*"GppspG, D2 38 =8 25 = 1 1.8 = 0.3 1.6 = 0.2 8 . &
6 my”2 " CGppeepG, D1 no lag 32 + 3 0.6 + 0.1 12 + 0.1 boranophosphate modifications can
7 m,”2 " 9GppsepG, D2 no lag 24 + 6 14 = 05 13 + 0.1 be more resistant to enzymatic cleav-
8 m,”2"9GppgyzpG, D1 25 + 5 21 = 4 0.5 0 12 + 0.2 age than their corresponding phos-
9 m,’2 'OGppBHspG/ D2 38 = 4 23 £ 2 1.0 £ 0.2 1.9 = 0.1 phorothioates (Sergueev and Shaw
10 m’Gppgrspm’ G 51 + 4 31 £ 9 1.7 £ 0.2 1.5 + 0.1 1998). Enzymati st f nucle-
11 my"*"9GppNHpG 18 + 4 266 05%0 0.8 = 0.1 7©). Bhzymatic resistance ol nucle
12 my?"9GpNHppG 16 = 4 234 05 %02 0.7 * 0.1 otides and nucleic acids contain-

Data represent the means and SEMs from three or more determinations.

PThe length of the lag phase in Hela cells for mRNAs containing the indicated cap analogs was
determined from experiments similar to that shown in Figure 3 and corresponds to the time
period before rapid first-order decay begins (before the dashed line in Fig. 3).

“The half-lives in HelLa cells of mRNAs containing the indicated cap analogs was determined
from experiments similar to that shown in Figure 3 from the points corresponding to first-order
decay (after the dashed line in Fig. 3) where t;, = In2/k and k is defined in Equation 1.
Translational efficiency in HeLa cells was determined from experiments similar to those shown
in Figure 4B and represent the rate of luciferase accumulation, normalized by luciferase
mRNA, for mRNAs capped with the indicated analogs relative to that of mRNA capped with

m,”"2" OGpppG( ).

°Not determined in the current study but previously reported (Grudzien et al. 2006).

Mranslational efficiency in a rabbit reticulocyte lysate system represents the rate of luciferase
accumulation from mRNA containing the indicated cap analogs compared to control mRNA
capped with m,”* oGpppG (3). The latter does not differ significantly from mRNA capped

with m,”2"CGpppG (2) (Jemielity et al. 2003).

(11) and m27’2”OGpNprG (12) were less efficiently trans-
lated than the control mRNA in both systems. How-
ever, mRNAs capped with m,”? °Gpps.pG, D1 (6) and
m27’2"OGppBH3pG, D1 (8) were translated somewhat better
than the control mRNA in vitro but worse in vivo. Another
trend observed in both systems is that the mRNAs capped
with the D2 diastereomers were translated more efficiently
than those capped with the D1 diastereomers, despite the
higher affinity of the latter for eIF4E (Table 1).

DISCUSSION

Resistance of cap analogs substituted
at the B-phosphate to hDcp2 hydrolysis

The new cap analogs with modifications at the B-phosphate
position were designed to both provide resistance to hDcp2
and enhance translational efficiency. Nucleotide analogs
with substitution of S, BH3, or Se for the non-bridging O in
phosphate moieties share some chemical and biochemical
properties such as polarity, net charge at physiological pH,
and resistance to nucleases but also differ with respect to
P-X bond length, van der Waals radius, and affinity of the
X group for various divalent or other metal cations. S and
Se, due to their larger atomic size, are more polarizable and
prefer interactions with softer metal ions such as Zn**
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ing phosphorothioate, phosphoro-
selenoate, and boranophosphate
modifications are thought to result
from changes in affinities to metal
ions and phosphate group geometry.
Like other Nudix-domain hydro-
lases, the catalytic center of Dcp2
contains three conserved Glu resi-
dues that coordinate a divalent cat-
ion responsible for activation of
a water molecule to attack the phos-
phate moiety (She et al. 2006). The
resistance of mRNA capped with
m,”* °GppspG, D2 (5) to hDcp2
may be due to poor interaction of S
with Mg>* or Mn®" in the enzyme’s active site or to
disruption of enzyme-substrate complex geometry because
of the longer P-S bond and larger S atom. The even higher
resistance of BH;-containing analogs may be explained by
the poor ability of BH; to bind metal ions or accept H-bonds
compared to S and Se. It is surprising that m GppBH3pm G
(10) is less susceptlble to hDcp2 than either m,”” GppBH3pG
D1 (8) or m,”* “GpppyspG, D2 (9). m’Gpppspm’G (10)
is not diastereomeric, but after incorporation into mRNA,
it exists as a mixture of diastereomers analogous to the
D1 and D2 diastereomers of m27’2"OGppBH3pG (8 and 9,
respectively). (This is because the first phosphodiester bond
catalyzed by T7 RNA polymerase could be formed with the
3'-OH of either m’Guo moiety of m’Gppgyspm’G [10].)
Consequently, the enzymatic resistance of mRNA prepared
with m’Gppgspm’G would be expected to be intermediate
between that observed for m,” GppBH3pG D1 (8) and
m,”? "9GppgspG, D2 (9). The fact that it is greater suggests
that the second m’Guo moiety of m’Gppgspm’G (10)
makes an additional contribution to enzymatic resistance.

Resistance of cap analogs substituted at the -8
bridge to hDcp2 hydrolysis

The imidodiphosphate (pNHp) and methylenebisphos-
phonate (pCH,p) bridging modifications are both known
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FIGURE 4. Translational efficiencies in HeLa cells of mRNAs con-
taining various caps. (A) Upper panel: Luciferase activity was
measured at the indicated times after introduction of luciferase
mRNA capped with m,”* " °GpppG (2) into HeLa cells by nucleo-
poration. Lower panel: Luciferase activity values in the upper panel
were divided by the amount of luciferase mRNA at each time point as
measured by qRT-PCR. (B) Luciferase activity for mRNAs synthesized
in the presence of the indicated cap analogs was measured at the
indicated times after nucleoporation. Data were normalized for the
amount of luciferase mRNA as in A. The data for each transcript
represent a single experiment. The error bars represent duplicate
luciferase activity determinations. The values for replicate experiments
are given in Table 2.

for their resistance to enzymatic cleavage, but unlike the
non-bridging modifications discussed above, their affinities
for Mg>" are higher than those of the parent compounds
(Yount et al. 1971). The pNHp moiety is more similar to
pyrophosphate than pCH,p in terms of bond length,
geometry, and acid-base properties (Yount et al. 1971).
Unlike the CH, group, the NH group has a lone electron
pair and can therefore participate in H-bonding, which is
particularly important for binding to eIF4E (Tomoo et al.
2003). This is consistent with the fact that NH-containing
analogs bind eIF4E with affinities similar to those of the
parent compounds (Table 1), whereas the CH,-containing
analogs bind eIF4E weaker (Kalek et al. 2005). The mechanism
of resistance of NH- and CH,-containing analogs is different

from that of non-bridging B-phosphate-substituted analogs
and arises from the high chemical stability of P-C-P and P-N-P
bonds compared to P-O-P. Thus, we observed complete re-
sistance to decapping with both of these analogs (Table 1).

Translational properties of mRNAs containing
the new cap analogs

For a cap analog to be incorporated into an mRNA that
has both high translational efficiency and high resistance
to decapping, the analog must have favorable interac-
tions within the active sites of three structurally un-
related proteins: T7 RNA polymerase (Steitz 2009), eIF4E
(Marcotrigiano et al. 1997; Matsuo et al. 1997; Tomoo et al.
2003), and hDcp2 (Deshmukh et al. 2008). Our results
suggest that these interactions differ among the seven new
cap analogs. mRNAs capped with compounds having
BH; in the B position (m,”* °GpppispG, D2 [9] and
m’Gpppyspm’G [10]) are highly resistant to decapping,
but the capping efficiency, stability, and translational
efficiency of the latter is higher. m,”? " °GppNHpG (11)-
capped RNAs are also completely resistant to in vitro
hydrolysis by hDcp2 but are translated less efficiently than
the control mRNA both in vitro and in vivo. mRNA
capped with m,”? " °Gpps.pG, D2 (7) is translated more
efficiently than the control mRNA despite the fact that its
% capping is only 57%, suggesting that it would have an
even higher translational efficiency if the % capping could
be increased. Surprisingly, even though m,”* °GppNHpG
(11) is similar to the parent m,”* " °GpppG (2) with respect
to bond length, geometry, and acid-base properties, it does
not enhance translational efficiency or increase the length
of the lag phase, even though it is completely resistant to
hDcp2 in vitro.

Relationship of the lag in mRNA degradation
to translation and decapping

Some insight into the differences among these mRNAs
comes from correlations among resistance to hDcp2 in
vitro, translational efficiency, and length of the lag
phase. Transcripts capped with m,”* " °GppspG, D2 (5),
m27’2,'OGppBH3pG, D2 (9), and m’Gppgyspm’G (10) are
resistant to hDcp2, are translated with the same or higher
efficiency than the control mRNA, and exhibit a long
lag phase. On the other hand, RNAs capped with
m,”* °GppCH,pG (4) and m,”* °GppNHpG (11) are
resistant to hDcp2, are translated poorly, and exhibit a short
lag phase. Thus, resistance to hDcp2 hydrolysis alone
cannot account for a long lag phase and efficient trans-
lation. We propose that the lag is partly a function of
mRNA recognition by eIF4E and recruitment to polysomes,
which are determinants of the rate of both deadenylation
and decapping. During translation, the cap is protected
from decapping by association with eIF4E (Schwartz and
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Parker 2000). PABP binds to poly(A) and protects mRNA
against exonucleolytic degradation (Sachs 1993; Coller et al.
1998; Wang et al. 1999). PABP also binds to the N terminus
of eIF4G (Tarun and Sachs 1996) and stabilizes the eIF4G-
elF4E complex (Amrani et al. 2008). We speculate that
mRNAs that are poorly recognized by the translational
machinery, such as those capped with m,”* °GppCH,pG
(4) or m27’2”OGppNHpG (11), enter the 3"’ —5' degrada-
tion pathway immediately, exhibiting a short lag, even if
the cap is resistant to hDcp2. mRNAs that are well rec-
ognized by the translational machinery, such as those
capped with m,”? " °GpppG (2), are protected from
decapping because Dcp2 and eIF4E compete for binding
to the cap; these mRNAs exhibit an intermediate lag phase,
even though the cap is susceptible to cleavage by hDcp2.
When there is both efficient recognition by the translational
machinery and resistance to decapping, such as for mRNAs
capped with m,”? " °GppspG, D2 (5), m,"* °GpppispGs
D2 (9), or m7GppBH3pm7G (10), the lag is the longest,
presumably because both deadenylation and decapping are
retarded. The absence of a lag for mRNAs capped with
m,”? "°GppspG, D2 (7) is likely due to the fact that this
analog is poorly recognized by T7 polymerase, resulting in
the lowest capping efficiency of all the new analogs; nearly
half of the mRNA in this preparation is uncapped (Table 1).

Utility of cleavage-resistant cap analogs

The new cap analogs differ from each other and from
previously described analogs in numerous properties that
make them potentially useful for a variety of applications.
For example, structural studies of the catalytic site of
hDcp2 and related enzymes could be carried out with
a series of analogs that are completely resistant to cleavage
but differ in molecular properties (m,” °GppCH,pG [4],
m27’2”OGppBH3pG, D2 [9], and m27’2"OGppNHpG [11]).
Some have very high affinity for eI[F4E and may point
the way to new anticancer drugs based on inhibition of
cap-dependent translation (m,” °Gpps.pG, D1 [6] and
m27’2"OGppBH3pG, D1 [8]). Some confer high transla-
tional efficiency in vivo, in vitro, or both and should be
useful for enhanced protein production. Efficiently trans-
lated mRNAs that differ in decapping rate (e.g., mRNAs
capped with m,”? " °GpppG [2], m,”* °GppspG, D2 [5],
m27’2"OGppSepG, D2 [7], and m’Gppguspm’G [10])
should be useful for the study of mRNA turnover. Long-
lived and efficiently translated mRNAs also have a promis-
ing role is in cancer immunotherapy, where an in vitro—
synthesized mRNA encoding a tumor antigen is used to
elicit an immune response in dendritic cells (Weide et al.
2008). Vaccination with such mRNAs has already entered
human clinical testing. Recently, capping with the D1
diastereomer of m,”* °GppspG was shown to enhance
RNA stability and translational efficiency in immature
dendritic cells (Kuhn et al. 2010). In vivo delivery of an
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antigen encoded by this mRNA led to increased protein
expression and enhanced priming and expansion of naive
antigen—specific-T—cells in mice. Further advances in the
development of mRNAs that are both stable and transla-
tionally efficient should aid this powerful approach to
induce therapeutic immune responses.

MATERIALS AND METHODS

Materials

All common reagents were of analytical grade. Oligodeoxynucleo-
tides were synthesized by MWG/Operon (Huntsville, AL). Liter-
ature citations for synthesis of all cap analogs are given in Figure 1.
The structures and homogeneities of all compounds were con-
firmed by mass spectrometry, '"H NMR, *'P NMR and reverse-
phase HPLC. The concentrations of cap analog solutions were
determined by UV absorbance at pH 7.0 using the extinction
coefficient €55y, = 22.6 X 10° M lem™ L.

In vitro synthesis of RNAs

The DNA template for T7 RNA polymerase used to make capped
RNAs for in vitro decapping assays was the plasmid pluc-A60
(Grudzien et al. 2006) digested with Ncol, which yields a capped
RNA corresponding to the first 48 nt of firefly luciferase mRNA.
Capped oligoribonucleotides were synthesized in the presence of
various cap analogs and 10 wCi/pL [a-**P]GTP (ICN) in a 50-p.L
reaction for 1 h as previously described (Jemielity et al. 2003)
except that the T7 RNA polymerase was prepared in our
laboratory (Davanloo et al. 1984). Reaction mixtures were ex-
tracted with phenol and chloroform, and RNAs were separated
from unincorporated nucleotides with NucAway spin columns
(Ambion). The concentrations of RNAs were determined by
measuring Cerenkov radiation in a scintillation counter (Beckman)
and calculating from the specific radioactivity of the precursor
GTP. Full-length luciferase mRNA capped with various analogs was
synthesized as described above except that pluc-A60 was digested
with Hpal, the reaction mixture was 200 pL, no radioactivity was
included, and the incubation time was 2 h. Reaction mixtures
were treated with 10 units of RQ1 RNase-Free DNase (Promega)
at 37°C for 20 min. The RNAs were purified with an E.Z.N.A.
Total RNA Miniprep Kit (Omega Bio-Tek). RNA concentration
was determined by UV absorbance at 260 nm, and RNA integrity
was verified by electrophoresis on 1.2% agarose gels containing
formaldehyde.

Decapping assays

GST-hDcp2 and a variant of GST-hDcp2 in which Glu-147 and
Glu-148 is replaced with Gln to produce a catalytically inactive
enzyme were expressed in BL21(DE3)pLysS Escherichia coli cells
from plasmids pGEX-hDcp2 and pGEX hDcp2?'*”%, respectively
(Wang et al. 2002), which were generously donated by Megerdich
Kiledjian, Rutgers University. The enzymes were expressed (Wang
et al. 2002) and purified (Zhao et al. 2003) as previously described.
Capped **P-labled oligonucleotides were subjected to digestion
with either wild-type or catalytically inactive GST-hDcp2 at 37°C
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for various times. The conditions were the same as described
previously (Grudzien-Nogalska et al. 2007) except that spermidine
was omitted. In Figure 2C, Mn®" was omitted from some
reactions as indicated. Reactions were stopped by adding two
volumes of Precipitation/Inactivation buffer (Ambion), and RNAs
were precipitated at —20°C for 20 min and collected by centrifu-
gation at 13,000 X g at 4°C for 20 min. Precipitated samples were
resuspended in 5 pL of Sequencing Gel Loading Buffer (Ambion)
and denatured at 95°C for 5 min. RNA sequencing gels (10%
polyacrylamide) were run at 45-70 W for ~3 h on a Base Runner
Nucleic Acid Sequencer apparatus (International Biotechnologies)
(Slatko and Albright 1992). Gels were fixed in 5% acetic acid, 5%
methanol for 10-15 min, dried onto Whatman 3MM filter paper
(Fisher Scientific), and exposed to Blue X-ray film (Kodak).
Radioactivity in individual bands was quantified by two
methods: analyzing scanned film using ImageQuant TL program
(GE Health Care, version 7.0), and cutting them out and
determining Cenrenkov radiation.

Cell culture and nucleoporation of mRNA

HeLa cells were grown in DMEM high glucose medium (Hyclone)
containing 10% fetal bovine serum (Atlanta Biologicals) and 1X
penicillin-streptomycin antibiotics (Mediatech). Cells were seeded
1 d prior to nucleoporation and detached from plates by
treatment with 0.05% trypsin and 2 mM EDTA when they
reached ~60% confluency. Cells were counted, incubated in fresh
media at 37°C for 30 min, and subjected to nucleoporation with
a Nucleofector II (Lonza), following the manufacture’s protocol.
One microgram of RNA was introduced into 10° cells in
Nucleoporation Solution R by using program I-13.

Measurement of translational efficiency and mRNA
decay in Hela cells

For assay of in vivo translational efficiency, aliquots of 0.5 X 10°
cells were shaken in 1.5-mL Eppendorf tubes at 37°C for various
times after nucleoporation. Total protein was extracted and lucif-
erase activity was measured as described previously (Grudzien-
Nogalska et al. 2007). For measurement of mRNA stability over
periods <1 h, cells were shaken in Eppendorf tubes as described
above. For periods >1 h, cells were plated onto 35-mm cell culture
dishes and incubated at 37°C in 5% CO,. The extraction of total
RNA and measurement of luciferase mRNA levels by quantitative
RT-PCR (qRT-PCR) were performed as described previously
(Grudzien-Nogalska et al. 2007). The amount of luciferase mRNA
at different time points was expressed as a percentage of the mRNA
at time zero. Data were plotted versus time of incubation after
nucleoporation and fitted to a single-exponential function:

A(t) =AAlexp(—kt)]+ A, (1)

where k, AA, and A ., are the observed first-order rate constant for
mRNA decay, amplitude, and final value of mRNA, respectively.
KaleidaGraph (Synergy Software, version 3.06) was used for
nonlinear least-squares fitting of decay data and determination
of standard errors for parameters obtained from the fits. The t,
of luciferase mRNAs was calculated using the equation t;,, =
In2/k. When a lag in decay of mRNA was observed, only the data
points occurring after the lag were fit to Equation 1.

Other methods

Mouse eIF4E (residues 28-217) was expressed in E. coli (Zuberek
et al. 2003), reconstituted from inclusion bodies, and purified
by ion-exchange chromatography on a HiTrap SP column
(Marcotrigiano et al. 1997). Fluorescence time-synchronized
titrations were performed as previously described (Niedzwiecka
et al. 2002). In vitro translational efficiency was measured in
a rabbit reticulocyte lysate system (Jemielity et al. 2003).
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