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Poly(A)-specifik ribonucleas; oligomerisk
Struktur och bindningsställe för cap

Per Nilsson

Sammanfattning

Genuttrycket i en cell kontrolleras av flera olika mekanismer och signaler. Ett sätt att styra uttrycket är
genom att reglera mängden av transkriberat mRNA, den genetiska budbäraren mellan DNA och
protein.  Tillgänglig mängd mRNA som sedan finns i cellen påverkar hur mycket protein som kommer
att translateras från detta, d.v.s. hur mycket protein som kommer att tillverkas. Koncentrationen av
mRNA i en cell bestäms av transkriptionsnivån och av nedbrytningshastigheten av mRNA. Varje
mRNA är utrustat med en cap i början av molekylen och en poly(A)-svans i slutet.

I det här arbetet har ett enzym, ett protein som fungerar som katalysator, vid namn PARN undersökts.
Detta enzym bryter ned poly(A)-svansen på mRNA. Det är det första steget i nedbrytningen av mRNA
och därför essentiellt. Här visas att strukturen hos PARN byggs upp av tre lika enheter som tillsammans
samverkar. PARN binder inte bara till poly(A)-svansen utan också till capstrukturen på mRNA. I denna
studie har jag undersökt vilka aminosyror, d.v.s. proteinets byggstenar, som är involverade i bindningen
av PARN till cap. Detta görs genom att byta ut vissa aminosyror med en kemisk funktion till en annan
aminosyra med en annan funktion. Sedan testas hur det modifierade enzymet fungerar. Vissa slutsatser
kunde dras bl.a. att enzymets aktivitet hade påverkats negativt av de introducerade
aminosyraförändringarna.
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INTRODUCTION

In cells the expression of genes is a well-
controlled process. One important way to
control gene expression is to regulate the
amount of the mRNA that corresponds to the
gene. The mRNA concentration in the cell is
modulated by both transcription, leading to
more produced mRNA, and degradation,
resulting in decreased mRNA content. These
two events determine the concentration of the
mRNA which significantly affects the
expression.

Almost all mRNA is posttranscriptionally
modified at their 5' and 3' ends. A cap structure
is added at the 5' end (Fig. 1) and at the 3' end a
200-adenosine-residue-long poly(A) tail is
synthesised. These events occur before the
mRNA is transported to the cytoplasm. The cap
and the poly(A) tail contribute to the stability of
the mRNA but they are involved in many more
biological activities.

Fig. 1. The 5'cap structure. Cap 1 and cap 2 refers to
various methylations in eucaryotic mRNA. (Lewin, Genes
VI)

The enzymes responsible for polyadenylation
and capping are known and they have been
thoroughly investigated. A poly(A) polymerase
(PAP) has been revealed to be a part of a larger
polyadenylating machinery, including cleavage
factors CF1 and CF2,  as well as a cleavage

specificity factor, CPSF. The crystal structure of
PAP has recently been determined (1). Two
independent steps are involved in the poly(A)
tail synthesis. An RNA cleavage reaction occurs
first and then the AMP addition takes place
(reviewed in Ref. 2).

The rate of degradation determines the half-life
of the mRNA which directly indicates its
stability and may vary from 30 min to over 10
hours and can sometimes be altered (3). The
concentration of an mRNA is often changed
and it fluctuates over time. Poly(A)
polymerisation and its counterpart poly(A)
degradation are competing for its RNA
substrate resulting in a dynamic processing of
the mRNA. The degradation is not a random
process, it follows certain pathways.

Further, the degradation of the mRNA is a well-
studied process. Several sequences rich in A
and U, called ARE (AU-rich instability
elements), located in the 3' UTR region of the
mRNA are found to stimulate degradation (4).
These elements regulate for example the
stability and thereby the half-life of transiently
expressed genes such as cytokines and
transcription factors. Although these elements
are important for mRNA with short half-life it
has been found that degradation of mRNA in
most cases is largely determined by other
structures namely the cap and the poly(A) tail.

The initial step of degradation has in most cases
been found to be poly(A) tail shortening
(reviewed in Ref. 5). Decapping of the mRNA
occurs thereafter. The stability of the mRNA,
and the half-life, is largely determined by the
rates of deadenylation and decapping (6).

In yeast two various pathways of mRNA decay
has been identified, the deadenylation-
dependent decapping pathway and the 3'-5'
decay pathway (for reviews see Refs. 7 and 8
and Fig. 2). Both of them begin with the
removal of the poly(A) tail. In the
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deadenylation-dependent decapping decay the
poly(A) tail is first removed followed by the
removal of the cap by Dcp1p and finally 5'-3'
degradation accomplishes the total mRNA
decay by the Xrn1p exonuclease. The 3'-5'
decay is also initiated by deadenylation of the
poly(A) tail but degradation then continuous in
3’-5’ direction. The activity is associated with a
multicomponent complex called the exosome
(9). The exact composition of the exosome is
not known. There is a nuclease structure in
human cells that corresponds to the exosome.

Fig. 2. Two pathways of mRNA decay in yeast. From
Mitchell P., et al 2000.

Nuclease activities specific for poly(A) tail
removal have been investigated in several
eucaryotic species (for reviews see Refs. 5, 8,
10). In mammalian cells a number of poly(A)-
degrading activities have been investigated.
These studies have often been performed in
vivo and therefore it has been difficult to further
characterise the nuclease activities. However,
experimental procedures have improved due to

the development of cell free in vitro assays with
in vitro transcribed RNA substrates, resembling
natural mRNA. The RNA substrate consists of
a body and a poly(A) tail which both can be
radioactively labelled, a method used in this
study. In HeLa cell free extracts a poly(A)
specific 3’ exonuclease has been identified and
investigated (11). It was found to be highly
poly(A) specific, it requires a 3’-located
hydroxyl group and it releases free 5’AMP as
product (12).

A poly(A)-specific exonuclease (PARN) was
recently found in calf thymus extracts. PARN
was extensively purified and characterised. A
74 kDa polypeptide was associated with the
activity (PARNp74) and could be expressed as
a recombinant protein after cloning the cDNA
(13). Nuclease activity could be recovered with
the recombinant protein. The parallel finding of
a highly poly(A)-specific 54-kDa exonuclease
in calf thymus (14) lead to the hypothesis that
two versions of PARN exist. The 54-kDa
polypeptide (PARNp54) is most likely a
cytoplasmic, proteolytic fragment of PARNp74.
By gel filtration the native molecular mass of
PARN was estimated to be 180-220 kDa. This
fact led to the hypothesis that the active
nuclease is an oligomer consisting of several
subunits. Amino acid sequence alignments
showed that PARN belongs to the RNase D
nuclease family (13). Further, PARN degraded
poly(A) in a highly processive way. Using two
different RNA substrates, capped and
uncapped, a higher activity was achieved with
the capped substrate. It was also possible to
inhibit the nuclease activity by providing free
cap analogue in trans (15). This, together with
results from similar experiments (16, 17),
suggested that the cap-interaction is an intrinsic
property of PARN.
Several functions of the poly(A) tail have been
investigated. A coupling between the length of
the poly(A) tail and the rate of translation of
early mRNA in oocytes has been established
(18, 19, 20, 21). In maturing oocytes a longer
poly(A) tail is associated with active translation
while a shorter poly(A) tail, 10-20 adenosine
residues, is not translated.
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The fact that deadenylation can control the
translational activity in maturing oocytes is not
the only evidence for the poly(A) tail being
involved in translational control. Additional
support is found both in vivo and in vitro. The
involvement of a protein called PABP1
(Poly(A) binding protein 1) is associated with
the poly(A) tail interaction with the
translational machinery and the poly(A) tail
degradation. In yeast it has been shown that the
protein responsible for the exonuclease activity
is dependent on PABP1 and that mutations in
PABP1 led to extended poly(A) tails (22). In
addition when PABP1 was present, the
degradation pattern in vitro of PARN resembled
the degradation present in vivo in mammalian
cells (23). Further, PABP seems to inhibit
deadenylation in somatic cells (24). At the same
time it is known that the length of the poly(A)
tail regulates the rate of in vitro translation (25)
and in rabbit reticulocytes a synergistic, non-
additive, effect was achieved when the mRNA
was equipped with both a cap and a poly(A) tail
(26). Later it was established that PABP
increased recruitment of 40S subunit of the
ribosome (27) and that PABP interacts
physically in both yeast (28) and mammals (29)
with eIF4G (eucaryotic initiation factor 4G).
eIF4G binds eIF4E which is a cap-binding
protein (Fig. 2). This indicates that a bent
mRNA is present and that there exists a
physical contact between the 5’ end and the 3’
end. Atomic force microscopy established the
presence of a circularised mRNA formed via
the cap-eIF4E-eIF4G-PABP-poly(A)-
interaction (30). The synergistic effect on
translation is not a consequence of direct
recycling of the ribosome but rather the
positioning of eIF4E juxtaposed to the poly(A)
tail increases the concentration of ribosomes in
the proximity of the cap structure and thereby
enhances translation. This shows that the cap
plays an important role in both initiation of
translation and mRNA decay. Therefore the
interaction between the cap and PARN is
fundamental in the control of gene expression.

In eIF4E there are eight tryptophans and all of
them have been targets for mutagenesis (31).
The affinity to the 7-methyl-GDP ligand was
examined and it was found that all tryptophan
mutants showed a decrease in affinity to this
ligand. Sequence analysis showed that the eight
tryptophans were evolutionary conserved.
Further, mutagenesis analysis could show that
Trp-102 and Glu-105 played important roles in
binding eIF4E to 7-Methyl-GDP. The crystal
structure of murine eIF4E bound to 7-Methyl-
GDP (33) as well as the crystal structure of
yeast eIF4E in interaction with 7-methyl-GDP
(34) has been determined. In the electron
density diagram interactions between three p-
orbitals, so-called stacking or sandwiching, is
seen (Fig. 3). Stacking occurs between p-
orbitals which are found in aromatic ring
structures. In the case of eIF4E, it was
determined that two tryptophans contributed to
the stacking phenomena (reviewed in Ref. 32).
The nitrogen base of the guanosine residue is
intercalated into the stack of two aromatic rings
of the two conserved tryptophans Trp-102 and
Trp-56. Since PARN is a cap interacting protein
as eIF4E it is possible that the cap-binding site
in PARN also involves sandwiching.

Fig. 3. Stacking interactions between the p-orbitals of
Trp-102, Trp-56 and the guanosine residue in eIF4E.
From Quiocho F., et al. 2000.

The supposed oligomeric structure and the
suggested intrinsic property of PARN to bind
the cap has led to a proposed model explaining
the mechanistic of how PARN works that takes
both these features into account (15). The
model is visualised in Fig. 4. In this model the
binding sites of the poly(A) tail and the cap are
separated. There also exist three different cap-
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binding sites in PARN, one on each of the three
subunits.

Fig. 4. Model of PARN that takes oligomeric structure
and the separate poly(A) and cap-binding sites into
account. Courtesy of Helena Nordvarg.

Moreover, it is imposed in this model an
enhancement of the activity, coming from a
conformational change when the cap binds to
PARN. In contrast the cap binding
simultaneously deactivates the active site of the
subunit where the cap binds. This would ensure
deadenylation of only one mRNA substrate.
The model also suggests that the poly(A) tail
binding is changed in a rotating manner. After
the binding of the poly(A) tail, shortening of
one adenosine residue takes place. The
substrate then moves into the next poly(A) tail
binding site and activity is again enhanced by
the cap binding to PARN.

Here we show by bioinformatic alignments and
by mutant analysis that one or two tryptophans
and one glutamate could be involved in the cap-
binding site. This occurs probably due to
stacking interactions between the aromatic ring
structures of the cap and the tryptophans.
Further, we could definitely confirm the
oligomeric structure of PARN by fine tuning
the cross-linking conditions. In this report we
show that PARN exists as a homotrimer.

MATERIALS AND METHODS

Transformation
PARNp74 and PARNp54, both cloned into
either pET19 AmpR, or pET33 KanR were
transformed into Escherichia coli, DH5α
competent cells. For expression BL21(DE3)
competent cells were used for transformation of
PARNp74 and PARNp54 cloned into either
pET19 or pET33. 50 µl competent cells were
transformed with 1.5 µl plasmid and then put
on ice for 20 min, followed by a heat shock in
42°C for 45 sec. The cells were placed on ice
for 2 min. 250 µl Luria-Bertani broth (LB)
(37°C) provided by the Biomedical centre was
added and the cells were incubated on shaker in
37°C for 1 h. The cultures were spread on plates
with kanamycin (50 µg/ml) or carbenicillin (50
µg/ml) selecting media.

Plasmid preparation
3 ml cultures were grown over night in LB
media provided by the Biomedical centre with
kanamycin 50 µg/ml (final concentration).
Pellets were collected and Qiagen's plasmid kit
with spin columns was used to prepare plasmids
according to the manufacture's protocol. In the
final elution step the plasmids were eluted with
dH2O. The purification was analysed by
loading 1 µl on a 1% agarose gel.

Expression
Luria-Bertani broth (LB) and Terrific broth
(TB) both provided by the Biomedical Centre
was used as media to grow 250 ml-2 l. cultures
of E. coli strain BL21(DE3). Kanamycin or
carbenicillin (50 µg/ml final concentration) was
used as selection. 5 ml of over night culture was
inoculated into 50 ml fresh media (preheated to
30°C or 37°C). For larger amounts of protein
expression, 50 ml of over night culture was
inoculated into 750 ml fresh media (preheated
to 30°C or 37°C). The cultures were grown in
30°C or 37°C. Expression was induced by
adding IPTG (isopropyl-b-D-
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thiogalactopyranosid) 1 µM final concentration
at OD ranging from 1 to 1,5.
1 ml culture was pelleted and after adding 80 µl
PBS to resuspend the pellet the sample was
sonicated for 2*10 sec. The total protein
expression was analysed by electrophoresis on
SDS-gels. The soluble protein was analysed by
pelleting the bacteria, resuspend the pellet in 80
µl PBS, sonicate for 2*10 sec and then
centrifuge the lysate. The supernatant was
analysed by SDS-PAGE.

Purification
Talon His-bind metal affinity chromatography
After 1 h 30 of induction with IPTG the
cultures were harvested by centrifuging the
cultures for 20 min at 5 k rpm at 4°C. Pellets
were dissolved in 20 ml Extraction/Wash buffer
(20 mM Tris pH 7.9, 0.5 M KCl, 0.5% NP-40,
10% glycerol, 5 mM β-mercaptoethanol, 2.5
mM Imidazole). PMSF 0.1 M, Pepstatin,
Leupeptin and Aprotinin, all 1 mg/ml were
added to inhibit protease activity. The samples
were sonicated 3 times in 15 sec with a pause
on ice. The cell extracts were centrifuged for 20
min at 10 000 g at 4°C. The supernatant was
transferred to 2 ml gravity flow columns packed
with Talon His-bind resin (Clontech) which
interacts with the His-tagged protein. Columns
were washed twice with 20 ml extraction/wash
buffer and once with wash buffer (20 mM Tris
pH 7.9, 0.5 M KCl, 10% glycerol, 2.5 mM
Imidazole). After adding extraction/wash buffer
or wash buffer the resin was resuspended inside
the column. The protein was eluted by adding 4
ml elution buffer consisting of 20 mM Tris pH
7.9, 0.5 M KCl, 10% glycerol, and a
concentration of Imidazole varying from 27
mM to 150 mM. Fractions of 0.5 ml were
collected and samples were taken for SDS-
PAGE analysis.

Ni-resin affinity chromatography
0.5 ml Ni-resin (Novagen) was added to a
gravity flow column. The column was charged
with 5 ml charge buffer (50 mM NiSO4) and

washed with 3 ml binding buffer (20 mM Tris-
HCl pH 7.9, 5 mM Imidazole, 0.5 mM NaCl).
Talon purified protein fractions were diluted to
a final Imidazole concentration of 5 mM and
then loaded on the column. The column was
washed with 5 ml binding buffer and 3 ml
washing buffer (20 mM Tris-HCl pH 7.9, 30
mM Imidazole, 0.5 mM NaCl). The protein was
eluted by adding 3 ml elution buffer (20 mM
Tris-HCl pH 7.9, 500 mM Imidazole, 0.5 mM
NaCl). Fractions of 0.5 ml were collected and
analysed by SDS-PAGE.
7-methyl-GTP-Sepharose Chromatography
1 ml 7-methyl GTP-Sepharose (Pharmacia) was
transferred to a gravity flow column. The
column was washed twice with 5 ml buffer D
(50 mM KCl pH 7.9 10% Glycerol, 20 mM
Hepes, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5
mM DTT, 50 mM KCl). The protein sample to
be loaded was dialysed in buffer D over night.
The flow through was collected and reloaded to
increase the yield. The column was rinsed with
5 ml buffer D supplemented with 200 mM KCl.
The protein was eluted with 2 ml buffer D
supplemented with 2 M KCl and 0.5 ml
fractions were collected. The fractions were
analysed by SDS-PAGE after TCA-
precipitation.
AMP-Sepharose Chromatography
1 ml AMP-Sepharose (Pharmacia) was poured
into a gravity flow column. The protein sample
had previously been dialysed in buffer D. The
flow through was collected and reloaded three
times. The column was washed with buffer D
supplemented with 200 mM KCl and finally
eluted with buffer D supplemented with 2 M
KCl. 0.5 ml fractions were collected and
analysed by SDS-PAGE.
SMART MonoQ Chromatography
Samples containing PARNp54 and PARNp74
previously purified by Talon affinity
chromatography and Poly(A)-Sepharose
chromatography was dialysed into buffer D pH
7 before applied to SMART MonoQ PC 1.6/5
(Amersham Pharmacia Biotech, 17-0671-01)
chromatography. Elution was performed with a
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salt gradient of KCl from 0 M KCl to 1 M KCl.
Fractions of 100 µl were collected and analysed
by SDS-PAGE.
Poly(A)-Sepharose Chromatography
2 ml Talon-matrix purified PARNp54 and
PARNp74 were purified on poly(A)-Sepharose
matrix according to Experimental Procedures
(14).

SDS-PAGE
SDS-polyacrylamide (acrylamide:bisacrylamide
30:08) gels, 5% in stacking gel and 7.5%-10%
in separation gel, were prepared according to
Laemmli (36) using a Mini-Protean II gel
apparatus (Bio-Rad no. 125BR). The indicated
amounts were fractionated directly to the gel
after adding 1 volume of 2X-sample buffer (50
mM Tris-HCl pH 6.8 1% (w/v) SDS, 100 mM
DTT, 8% (v/v) glycerol, 0.025% (w/v)
bromphenol blue). If necessary the indicated
amounts were precipitated by adding 1 volume
of cold 20% TCA and thereafter the samples
were centrifuged for 30 minutes at 4°C at 13000
rpm. The dried pellets were washed with cold
acetone (-20°C) and again collected by
centrifuging for 10 min at 4°C at 13000 rpm
and finally the pellets were dissolved in 20 µl
1X-sample buffer. The resulting gel was fixed
and stained as indicated. Silver staining was
according to Oakley et al. (37). Coomassie
Brilliant Blue staining was according to
standard protocol (38).

Western blot
SDS-gels were transferred to Immobilon
membranes (Millipore) over night at 30 V or at
100 V for 2 h. If dry, the membrane was
activated in methanol for 20 sec and then
washed with water for two min. The membrane
was incubated in room temperature for 1 h in
Blotto (5% dry milk in PBS). Anti-his or anti-
PARNp54 antibody were used as primary
antibodies diluted in Blotto to concentrations
varying from 1:500 to 1:2000. The membranes
were incubated on shaker with the primary
antibody for 1 h followed by 3 washes for 20
min with Blotto. Secondary anti-mouse or anti-

rabbit antibody bound to horseradish peroxidase
was diluted in Blotto to a concentration of
1:1000 and incubated with the membrane for 30
min. The membrane was washed 4 times for 20
min in PBS with 0.5% Tween-20. ECL reagents
(Pharmacia) were mixed and immediately
added to the membrane. 1 min to overnight
exposure to film was performed.

Cross-linking
Recombinant PARNp74 dialysed in buffer D
pH 8.2 was used. Three different cross-linkers
were used, BS3 (Bis (sulfosuccinimidyl)
suberate) and DMP (Dimethyl
Pimelimidate•2HCl) and DMS (Dimethyl
Suberimidate•2HCl), all from Pierce. The
cross-linkers were dissolved in water instantly
before use in order to avoid hydrolysis. The
reaction was carried out in a 100-µl volume.
Incubation times ranging from 30 sec to 1 h
were used in reactions with concentration of
cross-linker ranging from 0.4 µM to 10 mM. To
stop the reaction 11 µl Tris-HCl pH 7.9 was
added. The cross-linked products were run on
6% SDS-gel and analysed by western blots. The
resulting membranes were probed with both
anti-His antibody and anti-PARNp54 antibody.

Site directed mutagenesis
Mutagenesis PCR reactions were performed
with Stratgene's QuikChange kit. 2 pairs of
primers were designed and ordered from Life
Technologies. The sequences of the primers
were
5'CATGTGACATTCCCCAAAGCAGCGAAA
ACCAGCGACCTTTACC3' and
5GGTAAAGGTCGCTGGTTTTCGCTGCTTT
GGGGAATGTCACATG3' for the Trp-219
mutation to alanine and
5'ATTTATCAGACTTTGAGCGCGAAGTAT
CCGAAAGG3' and
5'CCTTTCGGATACTTCGCGCTCAAAGTC
TGATAAATTAG3' for the Glu-455 mutation
and Trp-456 mutation both to alanines. The
previously cloned PARNp74 into the pet33
vector was used as template in the PCR
reaction. The PCR product was analysed on
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agarose gel and the plasmid was Taq Dye
Terminator sequenced by the Department of
Animal Breeding and genetics, SLU.

Preparation of RNA substrates
RNA substrates, L3(A30), with an RNA body
and a poly(A) tail consisting of 30 adenosine
residues, were synthesised by in vitro
transcription. Substrates with and without a cap
(Pharmacia Biotech) at the 5’ end were
prepared. As DNA template, plasmid
pT3L3(A30) (Materials and Methods (11)) cut
with NsiI, was transcribed with T3 RNA
polymerase (Promega no. P208C). The body
was radioactively marked by providing 32P-
labelled UTP 40 Ci/mmol in the reaction mix.
The RNA substrates were purified on
denaturing acrylamide gel 10% (19:1
acrylamide/bisacrylamide), 7 M Urea. After
exposure to film the bands were cut from the
gel and the RNA was eluted over night in 0.3 M
NaAc pH 5.1 and phenol/chloroform. The
substrates were purified according to Åström
(11). After purification the RNA substrates
were precipitated with 13 µl 5 M NaCl and 1 ml
99% Ethanol. The concentration of the substrate
was calculated by measuring the activity.

Activity assay
The in vitro deadenylation reactions were
performed in 1.5 mM MgCl2, 5% (w/v)
poly(vinyl alcohol) (Sigma P-8136 MW
10,000), 100 mM KCl, buffer D 100 mM pH 7
and 0.15 units of RNAguard (Pharmacia). The
total reaction volume was 24 µl. The reaction
was started when 1 µl of enzyme of different
concentrations was added, dialysed into buffer
D pH 7 before assayed. The reactions were
incubated in 30°C. After 1 to 10 min the
deadenylation was stopped by adding a stop
solution consisting of 50 mM Tris pH 7.9, 10
mM EDTA, 240 mM NaCl, 0.2% SDS and
Glycogen 0.057 mg/ml. The reaction products
were analysed by purifying the RNA as
described in (11) and running the reaction
products on 10% polyacrylamide (19:1
acrylamide/bisacrylamide) 7 M Urea gels. The

resulting gel was exposed to a 400s
PhosphorImager screen (Molecular Dynamics).

Dialysis
Samples of 20 µl-50 µl were micro dialysed on
Nitrocellulose filter 0.025 µm (Millipore) for
45 min in Buffer D pH 7 or pH 8.2. Larger
volumes were dialysed in dialysis tubing
(Spectrum Medical Industries) over night in
Buffer D under continuous stirring at 4°C.

Production of PARNp54 and PARNp74
antibodies

Cultures of E. coli were harvested by
centrifugation and the cells were sonicated as
previously described. The lysate was
centrifuged for 20 min in 4°C at 10000 g. The
pellet consisting of cell debris and insoluble
protein was dissolved in denaturing buffer (20
mM Tris pH 7.9, 0.5 M KCl, 0.5% NP-40, 10%
glycerol, 5 mM betamercaptoethanol, 2.5 mM
Imidazole, 6M Guanidinium). The solubilised
protein was further purified by Talon affinity
chromatography under denaturing conditions
according to the manufacturer’s protocol. The
purified protein was analysed by SDS-PAGE
with coomassie staining. The protein
concentration was measured using Bio-Rad
protein assay kit (no. 500-0001) with bovine
gamma globuline as reference. 88 µg of
PARNp74 and 134 µg of PARNp54 were sent
to SVA for production of sera.
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RESULTS

Production of antibodies against PARNp54
and PARNp74

Polyclonal antibodies were raised against
PARNp54 and PARNp74. For this PARNp54
and PARNp74 polypeptides were purified from
inclusion bodies (see Materials and Methods)
under denaturing conditions. SDS-gel
electrophoresis showed that both PARNp74 and
PARNp54 were present in high amounts in the
eluted fractions and the purity was estimated to
be 80 %. The eluted protein was dialysed
against PBS over night. For immunisation 88
µg of PARNp74 and 134 µg of PARNp54 were
used. Three booster immunisations were
performed each with the same amount of
protein as for the first immunisation.
The immunisation was successful and a PARN
specific sera with high titer was obtained.

Recombinant expression and purification of
PARNp74 and PARNp54
The expression of recombinant PARNp74 and
PARNp54 in E. coli was investigated. Cultures
of E. coli were grown in two media, Luria-
Bertani broth (LB) and Terrific broth (TB) at
30°C or 37°C. The expression was high for
both PARNp74 and PARNp54 as seen in Fig. 5.
A large portion of the protein was found in
inclusion bodies. In order to produce as much
recombinant soluble protein of PARNp54 and
PARNp74 as possible, we found that the best
condition was to grow the cultures of E. coli in
TB at 37°C and induce the expression of
PARNp74 and PARNp54 at OD595 =1-1.5 by
adding IPTG (see Materials and Methods) (data
not shown). The expression of PARNp74
generally resulted in more soluble material.
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terminally located His-tag. This step purified
PARNp74 and PARNp54 to 20-50% purity
(Fig. 7). The washing and elution steps were
optimised (see Materials and Methods). It was
found that a concentration of 27 mM Imidazole
efficiently eluted the recombinant His-tagged
PARNp74 and PARNp54 (data not shown).

      

Fig. 7. Recombinant PARNp54 and PARNp74 were
purified by Talon metal affinity chromatography (see
Materials and Methods). 8 µl loaded of each fraction.
Lanes 1-5 represent fractions with PARNp54 and lanes 6-
10 PARNp74. Input after lysis (Lane 1), wash fraction
(lane 2) and eluted fractions (lanes 3-5). Total protein
content after lysis (lane 6), input of soluble part of protein
after lysis (lane 7), flow through (lane 8), wash fraction
(lane 9), eluted fraction (lane 10). Arrows indicate
PARNp54 and PARNp74 respectively.

The Talon matrix purified fractions containing
PARNp74 and PARNp54 were further purified
by Ni-resin affinity matrix chromatography.
The purification was successful and most of
PARNp74 and PARNp54 were eluted in the
second fraction. The purity of the recombinant
PARN p74 and PARNp54 was estimated to be
40-50% by inspecting the protein profiles of the
silver stained SDS gels (Fig. 8). Partially
purified fractions containing PARNp74
(purified on Ni-resin and Talon metal affinity
matrix) were further purified on 7-methyl-GTP-
Sepharose. PARNp74 was eluted with 2 M KCl
and the purity was estimated to be 95%, by
inspecting the silver stained SDS-gel (Fig. 9).

          

Fig. 8. Recombinant PARNp74 and PARNp54 were
purified by Ni-affinity chromatography (see Materials
and Methods). Protein profiles of fractions after
subsequent SDS-gel analysis and silver staining. 8 µl
loaded in each lane. Input consisted of eluted fractions
after Talon purification, see fig. 7, lane 3 for PARNp54
and lane 10 for PARNp74. Wash fraction (lane 1), eluted
fractions (lane 2, 3) with PARNp54. Wash fraction (lane
4) and eluted fractions (lanes 5-7) for PARNp74.
represents PARNp54 and         represents PARNp74.

PARNp54 could not be purified on 7-Me-GTP-
Sepharose column and therefore the partially
purified PARNp54, purified by Talon metal
affinity resin, was subjected to AMP-Sepharose
affinity chromatography. SDS-gel
electrophoresis of the fractions revealed  that
approximately 50 % of loaded PARNp54
fractionated in the flow through and wash
fractions. The remaining 50 % of PARNp54
was recovered in the fraction eluted with a high
salt concentration of KCl (data not shown).

              
Fig. 9. PARNp74 purified by 7-Me-GTP-Sepharose
chromatography. Input (lane 1) and flow through fraction
(lane 2). Protein profiles of wash fraction after wash with
200 mM KCl (lane 3). Eluted fractions in lanes 4-7. 50 µl
was TCA-precipitated and subjected to SDS-gel. The gel
was silver stained.
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In summary, we were able to establish a
purification protocol for recombinant
PARNp74, generating a 95% pure protein.
However, PARNp54 could not be purified to
the same extent by this procedure. Therefore we
developed an alternative purification protocol
for PARNp54.

    
Fig. 10. Purification of PARNp54 by SMART MonoQ
chromatography. Analysis of 8 µl of 100 µl eluted
fractions.

Partially purified PARNp54, previously purified
on Talon metal affinity and Poly(A)-Sepharose
(see Materials and Methods and Experimental
procedures (14)) was fractionated by SMART
MonoQ chromatography. The elution was
monitored by UV-light absorption and samples
were collected from the identified peaks and
were analysed by SDS-gel electrophoresis. This
purification step gave a 99% pure fraction of
PARNp54 (see Fig. 10).
To confirm that the purified polypeptides were
PARNp74 and PARNp54, we performed
western blot analysis using antibodies directed
against the His-tag or PARNp54 as the probes.
Both polypeptides were recognised as well as
some of the smaller peptides (data not shown).
Thus, the purified polypeptides were PARNp74
and PARNp54. This analysis also suggested
that degradation of PARNp74 and PARNp54
had occurred during the purification. In an
attempt to minimise degradation, protease
inhibitors were added during the purification of
the recombinant protein. However, the addition

of protease inhibitors did not change the
appearance of the degraded products after
analysis of silver stained SDS-gel and
performed western blots (data not shown).

Cross-linking of PARNp74
In order to detect and investigate the oligomeric
structure of PARNp74 a number of cross-
linking reactions were performed. The
homobifunctional cross-linkers BS3, DMS and
DMP were used. The BS3 cross-linker had the
best cross-linking ability, it cross-linked all
PARNp74 polypeptides in 30 sec.

Fig. 11. Cross-linking of recombinant PARNp74. Silver
stained gel. Neg. control (lane 1), 0.4 mM BS3 1, 3, 5
min of incubation (lanes 2-4), 40 µM BS3, 1, 3, 5 min
reactions (lanes 5-7), 4 µM mM BS3, 1, 3, 5 min of cross-
linking reaction (lanes 8-10), 0.4 µM BS3, 1, 3, 5 min
reactions were performed (lanes 11-13).

Fig. 12. Cross-linking of recombinant PARNp74 as
described in Materials and Methods. Western blot
analysis. The membrane was probed with α-PARN
antibody. Neg. control (lane 1), 0.4 mM BS3 1, 3, 5 min
of incubation (lanes 2-4), 40 µM BS3, 1, 3, 5 min of
incubation (lanes 5-7), 4 µM BS3, 1, 3, 5 min of
incubation (lanes 8-10), 0.4 µM BS3, with 1, 3, 5 min of
incubation (lanes 11-13).
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The cross-linkers shifted the mobility of
PARNp74 to two slower migrating forms
representing a dimer and a trimer of the
PARNp74 polypeptide as visualised in Fig. 11
and 12. The amount of shifted polypeptide
related to the concentration of cross-linker used
in the reaction.
To confirm that the cross-linking pattern
induced by BS3 was PARN-specific we
performed western blot analysis. The membrane
was probed with antibodies directed against
PARNp54 or antibodies against the His-tag
(Fig. 13).

Fig. 13. Cross-linking of PARNp74 as described in
Materials and Methods with DMP cross-linker. The
reactions were fractionated by SDS-gel and analysed by
Western blot analysis. The same membrane was probed
with A) α-PARN antibody 1:1000 or B) α-His antibody
1:1000. Reactions with 1 mM DMP 1, 2, 3, 4, 5 min of
incubation (lanes 1-5) and 10 mM DMP 1, 2, 3, 4, 5 min
of incubation (lanes 6-9) were performed.

The complex was detected with both antibodies,
which shows the presence of the recombinant
His-tagged PARNp74 in the complex (see Fig.
13). These results, together with the native
molecular size being 180-220 kDa, strongly
suggest that PARN has an oligomeric structure.

It most likely consists of three subunits (i.e.
homotrimer).

Identification of potential amino acids
involved in the cap-binding site  of PARN
In an attempt to identify amino acids in
PARNp74 that bind the cap structure,
bioinformatic studies were performed on the
PARNp74 sequence. We searched for aromatic
amino acids in PARNp74 as it has been shown
that aromatic amino acids are involved in the
cap binding of eIF4e (see introduction). We
established six tryptophans present in
PARNp74 and that two of them were located
within the PARNp54 shorter version (see
introduction). These two tryptophans are Trp-
219 and Trp-456.
Amino acid sequence alignments between
eIF4E and PARNp74 showed that Trp-456 in
PARNp74 was positioned next to a glutamate
(i.e. Glu-455). In eIF4E Glu-103, positioned
next to Trp-102, is involved in the binding of
the cap via hydrogen bonds (see Introduction
and (35)). This indicates that Glu-455 could be
involved in the cap interaction.
To test the importance of these amino acids (i.e.
Trp-219, Glu-455 and Trp-456) for the cap
binding property of PARN, they were separately
mutated into alanines by site directed
mutagenesis PCR. Two mutants
PARNp74(W219A) and
PARNp74(E455AW456A) (see Materials and
Methods) were obtained.
Both PARN mutants were expressed and
purified as detailed in Materials and Methods
(expression and purification of recombinant
protein).

Affinity to 7-Me-GTP-Sepharose of
PARNp74, PARNp74(W219A) and
PARNp74(E455AW456A)
7-Me-GTP-Sepharose matrix has previously
been shown to interact with cap-binding
proteins (14), (17). Therefore, the binding
affinity of PARNp74(W219A) and
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PARNp74(E455AW456A) to the 7-Me-GTP
ligand was investigated by passing
PARNp74wt, PARNp74(W219A) and
PARNp74(E455AW456A) through the 7-Me-
GTP-Sepharose column. The column was
washed with Buffer D 200 mM KCl and finally
eluted with Buffer D 2 M KCl in 0.5 ml
fractions. Samples were taken for analysis by
SDS-gel electrophoresis. The resulting gels are
shown in Fig. 14 and 15. PARNp74 was bound
to the 7-Me-GTP matrix as previously seen (see
Results, 7-Me-GTP purification). Only a small
fraction of loaded PARNp74 fractionated in the
flow through and in the wash fractions (see
lanes 2 and 3 in Fig. 14). In contrast the two
mutants, PARNp74(W219A) and
PARNp74(E455AW456A), were not as tightly
bound to the 7-Me-GTP-Sepharose matrix as
PARNp74 (compare lanes 2-8 in Fig. 14 with
lanes 9-13 in Fig. 14 and lanes 2-9 in Fig. 15).
This provides evidence that amino acids Trp-
219, Glu-455 and Trp-456 are involved in the
cap recognition of PARN.

Fig. 14. Affinity to 7-Me-GTP of PARNp74 and
PARNp74(W219A). Lanes 1-7 are fractions containing
PARNp74. Lanes 8-13 are fractions containing
PARNp74(W219A). Protein profiles of input (lane 1),
flow through (lane 2), wash fraction (lane 3), eluted
fractions (lanes 4-7). Protein profiles of input (lane 8),
flow through (lane 9), wash fraction (lane 10) and eluted
fractions (lanes 11-13) of PARNp74(W219A). 50 ul of
each fraction was loaded in each lane after TCA-
precipitation

      

Fig. 15. Affinity of PARNp74(E455AW456A) to 7-Me-
GTP-Sepharose. Protein content of input (lane 1), flow
through (lane 2), wash fraction (lanes 3-6, due to
overloading, these lanes should be added in order to get a
comparative lane) and the lanes 7-9 represent the eluted
fractions. 50 ul was loaded in each lane after performed
TCA-precipitation.

Activity of PARNp74, PARNp74(W219A)
and PARNp74(E455AW456A)
The activities of PARNp74,
PARNp74(W219A) and
PARNp74(E455AW456A) were compared in
order to investigate the effects of the mutated
amino acids on the deadenylation activity. A
careful titration of the amounts of  each protein
was performed, in order for the proteins to be
accurately diluted to a final concentration that
gave the same amount of enzyme in all the
reactions for each dilution level. By having the
same amounts of the PARNp74 variants in the
activity assays we were able to compare the
specific activities of PARNp74 and the
PARNp74 mutants. The incubation times were
1, 3, 10 min and both capped and uncapped
L3(A30) RNA substrates were used. The RNA
body was radioactively marked as described in
Materials and Methods.
It was found that the activity for PARNp74 was
higher than for PARNp74(W219A) and
PARNp74(E455AW456A) for both dilutions
series and with the same amount of enzyme in
each reaction (compare lanes 3 and 4 Fig. 16
with lanes 1 and 2 Fig. 17 and lanes 1 and 2
Fig. 18). The deadenylation activity of the two
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mutants on both capped and uncapped substrate
was clearly reduced.

Fig. 16. Deadenylating activity of PARNp74 on capped
and uncapped substrate. Lane 1 and 2 are neg. controls,
capped and uncapped substrate respectively. Capped
substrate was used in lane 3-6. 0.1 µg of PARNp74 was
incubated together with substrate for 3 min (lane 3) and
10 min (lane 4), 0.02 µg of PARNp74 3 min reaction
(lane 5), 10 min of incubation (lane 6) was used. In lane 7
50 µM 7-Me-GTP was added and the reaction was
incubated in 10 min together with 0.1 µg of PARNp74.
Uncapped substrate was used in lanes 8-11. 0.1 µg of
PARNp74 was incubated with substrate for 3 min and 10
min (lane 8 and 9). 0.02 µg of PARNp74 was incubated
with substrate for 3 respective 10 min (lane 10 and 11).

PARNp74(W219A) was incubated together with
substrate for 3 and 10 min (lane 8 resp. 9).

Fig. 18. Deadenylating activity of
PARNp74(E455AW456A) on capped and uncapped
substrate. Reactions performed as described in Materials
and Methods. Capped substrate was used in lane 1-5, 0.1
µg of PARNp74(E455AW456A) with 3 and 10 min of
incubation time was used (lane 1, 2), 0.02 µg of
PARNp74(E455AW456A) was incubated for 3
respective 10 min (lane 3, 4). In lane 5 50 µM 7-Me-GTP
was added together with 0.1 µg of
PARNp74(E455AW456A) and the reaction was
incubated for 10 min, capped substrate was used.
Uncapped substrate was used in lane 6-9. 0.1 µg of
PARNp74(E455AW456A) and 3 respective 10 min of
incubation was performed (lane 6 and 7). 0.02 µg of
PARNp74(E455AW456A) was used and 3 respective 10
min reactions were performed (lane 8 and 9).
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Fig. 17. Deadenylating activity of PARNp74(W219A) on
capped and uncapped substrate, reactions performed as
described in Materials and Methods. Capped substrate
was used in lane 1-5, 0.1 µg of PARNp74(W219A)  and
3 resp. 10 min incubation times were used (lane 1, 2),
0.02 µg of PARNp74(W219A) and 3 resp. 10 min
incubation times were used (lane 3, 4). In lane 5 50 µM
free 7-Me-GTP was added in a 10-min reaction with 0.1
µg of PARNp74(W219A). Uncapped substrate was used
in lane 6-9. 0.1 µg of PARNp74(W219A), 3 and 10 min
of incubation was used (lane 6 and 7). 0.02 µg of

It has previously been shown that native PARN
deadenylates m7GpppG capped RNA substrates
more efficiently than uncapped RNA substrates
(14), (15). Based on these results we predict
that PARNp74 should have a higher
deadenylation activity on capped substrates than
uncapped. Therefore we investigated the cap-
dependent deadenylation activity of
recombinant PARNp74, PARNp74(W219A)
and PARNp74(E455AW456A). The two
mutant versions of PARN were not predicted to
have a different activity on capped and
uncapped substrates, if the cap-binding site had
been affected by the amino acid substitutions.
We were not able to recover cap dependent
deadenylation using PARNp74,
PARNp74(W219A) and

Substrate

Product
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PARNp74(E455AW456A) (compare lanes 3
and 4 with lanes 8 and 9 in Fig 16, lane 1 with
lane 6 in Fig. 17 and lanes 1 and 2 with lanes 6
and 7 in Fig. 18). Thus we were not able to
draw any conclusions from these experiments
regarding the effect on activity by providing the
cap in cis to the enzyme.

Inhibition of activity by adding 7-Me-GTP in
trans
In earlier experiments with native PARN it has
been shown that deadenylation can be inhibited
by adding free cap analogue in trans ((14),
(15)).

To test if the cap-binding site was affected in
PARNp74(W219) and
PARNp74(E455AW456A) we added free cap
in trans to activity assays. The prediction was
that PARNp74 should be inhibited but not the
mutants if the cap-binding site had been
changed in the two mutants. Capped substrate
was used and the reactions were incubated for
10 min at 30°. The final concentration of the in
trans added cap ranged from 5 to 400 µM in the
reactions. As a positive control a reaction
without in trans added cap was used. Again the
mutants showed reduced deadenylation activity,
PARNp74(E455AW456A) being the least
active. Inhibition of deadenylation activity of
PARNp74 was evident at a concentration of
200 µM of cap-analogue (Fig. 19, 20, 21).
However, we were not able to show any
difference in sensitivity between PARNp74,
PARNp74(W219A) and
PARNp74(E455AW456A) to the cap-analogue
added in trans.

Fig. 19. Inhibition of r
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Fig. 21. Inhibition of PARNp74(E455AW456A) with 7-
Me-GTP. The figures indicate concentrations of added
cap (µM). The same neg. control as in fig. 19 should be
used as reference. As positive control a deadenylation
reaction was performed without in trans added 7-Methyl-
GTP as described in Materials and Methods. The
incubation time was 10 min for all reactions. S and P
point at the substrate and the product. 0.1 µg of
PARNp74(E455AW456A) was used in the assay.

DISCUSSION
In this report a poly(A)-specific ribonuclease
(PARN) has been investigated. Purification
protocols of recombinant PARNp54 and
PARNp74 were established leading to 95%
pure proteins. Further we have successfully
produced a high titer PARN-specific antibody.
The α-PARN antibody was used in several
experiments, especially in the cross-linking
assays to detect the mono-, di- and trimer of
PARN. We can report here on the oligomeric
structure of PARN that has been thoroughly
investigated by using cross-linkers to covalently
bind the subunits. Based on this study and
earlier results we conclude that both native (14)
and recombinantely expressed PARN exist as a
trimer. From the model of PARN (see
Introduction and (15)) we speculate that the
presence of this oligomeric structure is of

importance to achieve high deadenylation
activity. The model also predicts that there are
three cap-binding sites, one on each sub-unit of
PARN. We also propose that the cap structure
activates PARN. Earlier studies of PARN ((14),
(16) and (17)) showed that it is a cap-interacting
protein and that the cap has an impact on the
mode of the reaction in stimulating the activity
and enhance the processivity of the reaction
(15).

From sequence analysis and comparative
studies of another cap-interacting protein,
eIF4E, we assumed the cap-interaction in
PARN to be of the same nature as in eIF4E.
Namely a stacking interaction. Two tryptophans
and one glutamate were identified as potential
cap-binding residues. I produced two mutants
PARNp74(W219A) and
PARNp74(E455AW456A), in which the three
amino acids were changed (i.e. Trp-219 and
Glu-455 and Trp-456 respectively) to alanines.
The mutant proteins were expressed and
purified on Talon His-bind resin.
PARNp74 and the PARN mutant versions were
subjected to 7-Me-GTP-Sepharose matrix that
previously has been shown to bind cap-binding
proteins. The mutants showed a decrease in
affinity to 7-Me-GTP Sepharose matrix
compared to wild type PARNp74. This
provides evidence that the cap-binding site of
PARN was effected by the introduced
mutations even though the 7-Me-GTP-
Sepharose matrix represents a part of the whole
cap structure.
With recombinant PARN a high deadenylation
activity could be recovered. Interestingly, both
PARNp74(W219A) and
PARNp74(E455AW456A) were clearly less
active in deadenylation than PARNp74.
However, the cap dependent deadenylation
could not be recovered with recombinant
PARNp74. The prediction was that PARNp74
should have a higher deadenylation activity
when capped substrate was used, compared to
uncapped substrate. Thus, it is difficult to draw
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any conclusions about the mutant proteins and
the cap dependent deadenylation.
In inhibition assays we can deactivate
PARNp74 by adding in free cap analogue in
trans. However we could also inhibit the
activity of the mutants by adding free cap
analogue in trans. The mutants were supposed
to have a deficient cap-binding site and they
were therefore not suspected to be affected by
such an inhibition. It should be emphasised that
the mutations were supposed to affect the
stacking interaction but not the interaction with
the 7-Methyl group. Therefore we suggest that
complementary inhibition assays with free
GpppG added in trans, instead of 7-Me-GpppG
should be performed. Further it should be
fruitful to investigate the activity of
PARNp74(219A) and
PARNp74(E455AW456A) on a substrate with a
5’GpppG structure to more specifically
determine if the stacking interaction is affected.
Most likely, measuring different kinetic
constants as Km and Vmax could state an
eventual cap-binding site alteration.
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