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ABSTRACT
Ren, Y. G., 2001. Poly(A)-Specific Ribonuclease (PARN). Acta Universitatis Upsaliensis.
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 677. 29 pp. Uppsala. ISBN 91-554-5194-2.

Degradation of the mRNA 3’-end located poly(A) tail is an important step for mRNA decay
in mammalian cells. Thus, to understand mRNA decay in detail, it is important to identify the
catalytic activities involved in degrading poly(A). We identified and purified a 54-kDa
polypeptide responsible for poly(A)-specific 3’ exonuclease activity in calf thymus extracts.
The 54-kDa polypeptide is a proteolytic fragment of the poly(A)-specific ribonuclease
(PARN) 74-kDa polypeptide. PARN is a divalent metal ion dependent, poly(A)-specific,
oligomeric, processive and cap interacting 3’ exonuclease. An active deadenylation complex,
consisting of the poly(A)-tailed RNA substrate and PARN, has been identified. The
interaction with the 5’-end cap structure stimulates PARN activity and also amplifies the
processivity of the deadenylation reaction. Furthermore, the cap binding site and the active
site of PARN are separate from each other. To characterise the active site of PARN, we
performed side-directed mutagenesis, Fe2+-mediated hydroxyl radical cleavage and metal ion
switch experiments. We have demonstrated that the conserved acidic amino acid residues
D28, E30, D292 and D382 of human PARN are essential for PARN activity and that these
amino acid residues are directly involved in the co-ordination of at least two metal ions in the
active site of PARN.  Phosphorothioate modification on RNA  substrates revealed that the
pro-R oxygen atom of the scissile phosphate group interacts directly with the metal ion(s).
Based on our studies, we propose a model for the action of PARN. Similarly to what has been
observed for ribozymes, aminoglycoside antibiotics inhibit PARN activity, most likely by the
displacement of catalytically important divalent metal ions. Among the aminoglycoside
antibiotics tested, neomycin B is the most potent inhibitor. We speculate that inhibition of
enzymes using similar catalytic mechanisms as PARN could be a reason for the toxic side
effects caused by aminoglycoside antibiotics in clinical practice.
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ABBREVIATIONS

AMP adenosine monophosphate

ATP adenosine triphosphate

BSA bovine serum albumin

cDNA complementary DNA

DMP dimethyl pimelimidate

DNA deoxyribonucleic acid

DTT dithiothreitol

eIF eukaryotic translation initiation factor

EMSA electrophoretic mobility shift assay

mRNA messenger RNA

kDa kilo Dalton

NLS nuclear localisation signal

PABP cytoplasmic poly(A) binding protein

PAN poly(A) nuclease

PARN poly(A)-specific ribonuclease

PCR polymerase chain reaction

Pol DNA polymerase I

RNA ribonucleic acid

RNase ribonuclease

RRM RNA-recognition motif

SDS sodium dodecyl sulphate



7

THESIS

POLY(A)-SPECIFIC RIBONUCLEASE (PARN)

The flow of genetic information in all cells goes

almost one way (not exclusively) from DNA via

messenger RNA to protein as "The central

dogma" presented by Francis Crick in 1958.

Therefore, mRNA plays an important role in the

regulation of gene expression.

The mRNA 5’- and 3’-ends

Almost all mRNAs in eukaryotic organisms

contain the m7GpppG cap structure at the 5’-end

and the poly(A) tail at the 3’-end (reviewed by

(Virtanen and Åström, 1997)). These cis-acting

elements bear multiple important functions in

mRNA export, translation initiation and mRNA

stability. It has been found that the rate of

transport of mature mRNA from the nucleus to

the cytoplasm is stimulated by the cap structure

and the poly(A) tail (Brown et al., 1995; Eckner

et al., 1991) (reviewed by (Nakielny and

Dreyfuss, 1999; Nakielny et al., 1997)). The

nuclear cap binding complex (CBC), comprising

the CBP20 and CBP80 subunits, is believed to

play a role in mRNA export. During

translational initiation (shown in Fig. 1), the cap

structure and the poly(A) tail of mRNAs are

fundamentally important elements. They

synergistically stimulate translational initiation

by the engagement of protein-RNA and protein-

protein interactions (Gallie, 1991) (reviewed by

(Sachs et al., 1997; Sachs and Varani, 2000)).

The eukaryotic translation initiation factor eIF4F

consists of three subunits, eIF4E (Tarun and

Sachs, 1995), eIF4G (Hentze, 1997) and eIF4A

(Grifo et al., 1984). eIF4E is the cytoplasmic cap

binding protein and it interacts with the mRNA

5’-end m7G cap structure (Marcotrigiano et al.,

1997). The cytoplasmic poly(A) binding protein

(Pab1/PABP), which has four RNA-recognition

motifs (RRM) (reviewed by (Varani and Nagai,

1998)), binds and covers about 25 adenosine

long poly(A) tail at the 3’-end of mRNA (Deo et

al., 1999). eIF4G contacts PABP, the translation

initiation factors eIF3 and eIF4E. The

simultaneous association of PABP and eIF4E by

eIF4G (Tarun et al., 1997) leads to the

circularization of the mRNA and causes the 5'-

and 3’-ends of mRNA to interact functionally

and physically by forming a "closed loop"

(reviewed by (Munroe and Jacobson, 1990)).

This circularization of mRNA, mediated by the

eIF4E-eIF4G-PABP interaction, has been

observed in vitro by atomic force microscopy

(Wells et al., 1998). It is believed that the

circularization of the mRNA leads to a more

efficient recruitment of the small ribosomal

subunit (40S subunit) and thereby stimulates of

translational initiation (for further discussion,

see (Tarun and Sachs, 1996)).

Poly(A) Tail - a Dynamic Structure

The modulation of poly(A) tail length is an

important mechanism by which mRNA

translation is regulated. The newly synthesised

poly(A) tails of different transcripts are

relatively homogeneous, ranging in length from

200 to 250 adenylate residues in mammals, and

from 60 to 80 adenylate residues in yeast

(Brawerman and Diez, 1975; Sachs and Davis,

1989; Sheets and Wickens, 1989; Sheiness et al.,

1975). When the mRNA is exported to the

cytoplasm, the length of the poly(A) tail
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Figure 1.  Coupling poly(A) removal with mRNA transport, translation and decay

becomes modulated (McGrew et al., 1989; Paris

and Richter, 1990; Sheets et al., 1994). Different

cis-acting sequence elements and trans-acting

factors are involved in controlling the poly(A)

tail length (Baker and Liggit, 1993; Brawerman,

1981; Wilson and Treisman, 1988).

The regulation of selective adenylation or

deadenylation of specific mRNAs has been well

characterised during Xenopus oocyte maturation

and early embryogenesis (reviewed by (Richter,

1991)). In frog oocytes, due to the absence of

RNA transcription, translational control of gene

expression is particularly important (reviewed in
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(Wormington, 1994)). It has been found that the

dynamic changes in poly(A) tail length always

correlate with changes in translational activity

(Fox and Wickens, 1990; McGrew et al., 1989;

Vassalli et al., 1989). In general, poly(A)

elongation of translationally dormant mRNAs

results in translational activation, whereas

deadenylation promotes translational silencing

or repression (reviewed by (Richter, 1999)).

It has been proposed that there are at least two

classes of mRNAs present in early Xenopus

development. Class I mRNAs carry long

poly(A) tails and are translationally active in

Xenopus oocytes. During oocyte maturation,

these messengers are deadenylated as a default

reaction and dissociate from polysomes, thereby

becoming translationally silent (Dworkin et al.,

1985; Fox et al., 1989). The deadenylated RNAs

are stored in an inactive state and may even be

readenylated and used again at a later time

(Wormington, 1994). In contrast, Class II

mRNAs, having short oligo(A)-tails, receive

long poly(A) tails by polyadenylation and

consequently become translationally active

(Dworkin and Dworkin-Rastl, 1990; Huarte et

al., 1987; Hyman and Wormington, 1988).

In summary, poly(A) tail length influences

translational efficiency. To determine the exact

length of the poly(A) tail on specific mRNAs,

the processes of polyadenylation and

deadenylation must be highly regulated and

balanced (reviewed by (Virtanen and Åström,

1997)).

Deadenylation

The mechanism of mRNA decay pathways has

successfully been dissected in yeast. Two major

pathways of mRNA turnover have been

identified (shown in Fig. 1), the deadenylation-

dependent decapping pathway and the 3'-5'

decay pathway (reviewed by (Caponigro and

Parker, 1996)). Both pathways are initiated by

the rate-limiting step of deadenylation. In the

deadenylation-dependent decapping pathway,

decapping of the 5'-end cap structure, catalysed

by the decapping enzyme (Dcp1p), occurs

rapidly after the poly(A) tail has been shortened

to A10 or less. After decapping, the mRNA is

degraded 5'-exonucleolytically by the 5'

exonuclease (Xrn1p) (Decker and Parker, 1993;

Muhlrad et al., 1995; Muhlrad and Parker,

1994). In the alternative pathway, the initial and

fast deadenylation reaction is followed by 3'-

exonucleolytic degradation of the mRNA by the

exosome (Jacobs-Anderson and Parker, 1998).

Thus, this pathway does not depend on

decapping.

In higher eukaryotes, similar to the case in yeast,

the degradation of many mRNAs is initiated by

poly(A) tail shortening (Shyu et al., 1991;

Wilson and Treisman, 1988). However, the

subsequent degradation events remain undefined

although recent indirect evidence favours

decapping as the second step (Couttet et al.,

1997). Recently, the decapping activity was

found in mammalian extracts (Gao et al., 2001),

and a mouse homolog of the XRN1 5'–3'

exonuclease was also reported (Bashkirov et al.,

1997).

Poly(A) Degrading Activities

To elucidate the mechanisms of deadenylation it

is crucial to identify the poly(A)-specific

exonuclease. Exonuclease activities degrading

poly(A) have been extensively investigated in

several eukaryotic species (reviewed by (Ross,

1995; Virtanen and Åström, 1997)). However,

most of the activities identified in earlier reports

were not poly(A)-specific exonucleases.
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Deadenylating Activities in Yeast

In yeast, poly(A) nuclease (PAN) has been

characterised and found to be a poly(A)-binding

protein-dependent poly(A)-specific nuclease,

since poly(A) tail shortening by PAN requires

the poly(A) binding protein (PABP), either

directly or indirectly (Brown and Sachs, 1998;

Caponigro and Parker, 1995; Lowell et al.,

1992; Sachs and Davis, 1989). PAN is

composed of at least two polypeptides, Pan2p

and Pan3p (Boeck et al., 1996; Brown et al.,

1996). Pan2p contains a conserved RNase D

exonuclease domain (Moser et al., 1997) and is

most likely responsible for the catalytic activity.

The function of PAN was proposed to define the

poly(A) tail length of nascent mRNAs in the

nucleus before export (Brown and Sachs, 1998).

Because it is not a major activity for

cytoplasmic mRNA decay (Tucker et al., 2001),

additional enzymes must contribute to

cytoplasmic poly(A) removal (Boeck et al.,

1996; Brown et al., 1996). Recently, a major

cytoplasmic deadenylating activity has been

identified and this activity consists of at least

two previously defined transcriptional regulators

(carbon catabolite repression 4 (Ccr4) and Ccr4-

associated factor (Caf1)) (Chang et al., 1999;

Tucker et al., 2001). However, although

Ccr4/Caf1 encode critical components required

for optimal poly(A) nuclease activity both in

vivo and in vitro, it still remains unclear whether

any of these components harbours the

deadenylating activity.

Poly(A)-Specific Ribonuclease (PARN)

In mammalian cells a number of different

poly(A) degrading activities have been

characterised. Lazarus and Sporn first reported

in 1967 that a divalent cation-dependent nuclear

exoribonuclease was present in Ehrlich tumour

cells. This activity degrades single stranded

RNA with some specificity for poly(A) (Lazarus

and Sporn, 1967). Åström et al. (1991) defined

and partially purified a poly(A)-specific 3’

exonuclease activity in HeLa cell-free extracts

(Åström et al., 1991; Åström et al., 1992). The

important properties of this activity were its high

specificity for degrading only 3'-end located

poly(A) tails, its requirement for a 3'-end

hydroxyl group, and the release of 5'-AMP as

the mononucleotide product. Recently, a

poly(A)-specific ribonuclease (PARN) from calf

thymus extracts, originally referred as DAN

(deadenylating nuclease), was purified and

biochemically characterised (paper I) (Körner

and Wahle, 1997). PARN activity is associated

with either a 74-kDa or a 54-kDa polypeptide.

The 54-kDa polypeptide is a proteolytic

fragment of the 74-kDa PARN. By cloning and

protein expression of the corresponding human

cDNA, PARN activity has been recovered from

both the 74-kDa and 54-kDa PARN

polypeptides (paper I) (Körner et al., 1998). The

human PARN gene has been mapped on

chromosome 16 (position 16p13), while an

inactive copy which lacks the 5’-end of the gene

is present on chromosome 15 (position 15q11-

q13) (Buiting et al., 1999). PARN is

ubiquitously expressed in all tissues (Buiting et

al., 1999).

Purification and initial characterisation of

PARN

To purify the poly(A)-specific 3’ exonuclease

activity, we applied a dual assay strategy based

on  a "gel assay" and  a  "TLC" assay (paper I).

i) Gel assay: consumption of the body-labeled

L3(A30) RNA substrate and accumulation of the

deadenylated RNA product were investigated by

fractionation of the reacted RNAs using

analytical polyacrylamide gel electrophoresis,

and ii) TLC assay: the released mononucleotide

5'-AMP from the poly(A) tail-labeled L3(A30)

RNA substrate was detected by thin-layer

chromatography. The TLC assay was crucial for

the identification of PARN activity and the
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determination of the kinetic parameters of

PARN.

The purified exonuclease activity from calf-

thymus extracts was similar to the activity

identified in HeLa extracts (Åström et al., 1991).

After the final purification step (5'-AMP-

Sepharose and 7-methyl-GTP-Sepharose

chromatography), a prominent 54-kDa

polypeptide was copurified with the 3’

exonuclease activity. Immunoblotting using a

polyclonal antibody against the C-terminal part

of the 74-kDa PARN (Körner and Wahle, 1997)

demonstrated that the 74-kDa PARN was only

present in fractions obtained during early

purification steps. MALDI-TOF mass

spectrometry analysis of the trypsin-digested 54-

kDa polypeptide showed that six out of ten

peptides matched the amino acid sequences of

human PARN. The C-terminal end of 54-kDa

PARN was proposed to be an asparagine at

position 470.

Similarly, two forms of the PARN homologue

(62-kDa and 74-kDa polypeptides) were also

identified (Körner et al., 1998) and purified from

Xenopus oocytes (Copeland and Wormington,

2001). Although the 62-kDa Xenopus PARN

was found to be a proteolytic fragment of the

74-kDa Xenopus PARN polypeptide, this

isoform was most likely present in vivo during

certain developmental stages of Xenopus

oocytes. More interestingly, the two forms

differed in subcellular distribution; the 62-kDa

isoform was cytoplasmic, whereas the 74-kDa

isoform was exclusively nuclear. This

observation was consistent with the finding that

the conserved exonuclease domain (Mian, 1997;

Moser et al., 1997) and the RNA recognition

motif (RRM) (reviewed by (Siomi and Dreyfuss,

1997)) are present in the 62-kDa Xenopus

PARN (Copeland and Wormington, 2001) as

well as in the 54-kDa human PARN (only RNP-

2, half of RRM), whereas two putative nuclear

localisation signals (NLS) close to the C-

terminal end of the 74-kDa human PARN are

absent in the 54-kDa human PARN (paper II)

(shown in Fig. 2). Therefore, it is possible that

the 54-kDa human PARN isoform is present in

vivo although we could not rule out the

possibility that the 54-kDa polypeptide of

bovine PARN was generated by proteolysis

during purification.

Properties of PARN activity

Divalent metal ion dependence -- PARN

activity could be modulated in vitro by changes

in reaction conditions, and divalent metal ions

were a prerequisite for catalysis. The optimal pH

for PARN activity was around seven.

Monovalent cations, potassium or sodium, were

required for activity, and the optimal

concentration was around 100-150 mM (paper I)

(Körner and Wahle, 1997). At low salt

Exo I Exo II ExoIII RNP-2 NLS-2NLS-1RNP-1

D28 E30 D292 D382
p54 p74

Figure 2. The schematic structure of PARN
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concentrations, PARN activity depended on the

presence of polycationic spermidine (Körner and

Wahle, 1997).

PARN was initially identified as a Mg2+-

dependent exonuclease (Copeland and

Wormington, 2001; Körner and Wahle, 1997;

Åström et al., 1991). In contrast with the

previous reports, we found that it was possible

to replace Mg2+ with Mn2 + and still recover

PARN activity (paper I). We further

demonstrated that both the 74-kDa and 54-kDa

human PARN polypeptides could carry out the

deadenylation reaction in the presence of Fe2+

(paper IV), Mn2+, Zn2 +, Co2 + and Cd2+,

usingL3(A30), A2, A3 or A5 as substrates (paper

IV). Therefore, we conclude that PARN is a

divalent metal ion-dependent metalloenzyme.

Poly(A) specificity -- Three sets of experiments

were performed to define the RNA substrate

specificity of PARN (paper I). First, four

different RNA substrates with poly(A), poly(U),

poly(C) and poly(G) tails at the 3’-ends of the

RNAs were incubated with PARN. The resulting

RNA was purified and fractionated by gel

electrophoresis. It was found that only the

L 3 ( A 3 0) RNA substrate was efficiently

degraded, and that the deadenylated RNA body

accumulated. The RNA substrate ML54(U30)

was degraded to some extent without the

accumulation of the RNA body, whereas the

RNA substrates ML43(G14) and ML40(C32)

were almost unaffected by PARN. Then, we

investigated the specificity of PARN kinetically

using the TLC assay. This analysis revealed that

poly(A) was approximately 10, 100 and 200

times more efficient as a substrate for PARN

than poly(U), poly(C) and poly(G), respectively.

The Km values for the four different substrates

were all in the 10 nM range, suggesting that the

V max parameter plays an important role for the

PARN specificity. Finally, we investigated RNA

substrates with internal poly(A) stretches

(L3(A30)X15, L3(A30)X49, and L3(A30)X164). All

these substrates were poorly degraded by PARN

and only traces of deadenylation could be

detected using the L3(A30)X15 RNA as substrate.

Taken together, the 54-kDa bovine PARN

activity is highly specific for degrading 3’-end

poly(A) tails. The 74-kDa bovine PARN and

Xenopus PARN seem to have the same substrate

preference (Copeland and Wormington, 2001;

Körner and Wahle, 1997).

Oligomeric structure -- During purification, we

consistently observed that PARN activity was

fractionated by gel-filtration (SMART

Superdex-200) with an estimated molecular

weight of about 180-220 kDa (paper I). The

significant discrepancy between the molecular

weights estimated from gel filtration and SDS-

PAGE suggested that the 54-kDa bovine PARN

should be oligomeric. To clarify this further, we

performed a protein/protein chemical cross-

linking experiment using the homobifunctional

cross-linkers. After cross-linking, the

recombinant 74-kDa or 54-kDa human PARN

polypeptides were shifted to two slower

migrating forms as revealed by SDS-PAGE

(paper I and II). These results strongly suggested

that native PARN is oligomeric and most likely

consists of three subunits (i.e. homotrimer).

Processive mode of degradation -- PARN

acted in a highly processive mode when

degrading poly(A) (paper I and II). The

predictions for a highly processive exonuclease

activity were: (i) unreacted RNA substrate and

fully deadenylated product should be present at

some time points during degradation; (ii) a

homogenous population of part ial ly

deadenylated RNA substrates should not be

visible when the RNA substrate is in excess over

the amount of enzyme, (iii) the time point for

the appearance of the first fully deadenylated

product should be independent on the RNA
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substrate concentration (on the other hand, if the

enzyme is distributive, the appearance of

completely deadenylated substrates should be

delayed as more substrates are added above the

saturation level of the enzyme); and (iv) since

the processive reaction mode allows the

exonuclease to stay on the RNA substrate during

multiple rounds of catalysis, it should be

possible to detect the active enzyme-substrate

complex. According to these criteria, we

investigated the reaction mode for PARN

activity. We found that both unreacted RNA

substrate and fully deadenylated RNA product

could be detected simultaneously. Thus,

homogenous populations of partial ly

deadenylated RNA substrates were not

observed. Most importantly, we found that the

fully deadenylated product appeared at the same

time of incubation irrespectively of the RNA

substrate concentration (paper I). Furthermore,

an electrophoretic mobility shift assay (EMSA)

revealed that the recombinant 74-kDa and 54-

kDa human PARN polypeptides formed stable

cap-independent complexes with poly(A)-tailed

RNA substrates. As predicted, these complexes

contained partially deadenylated RNAs (paper II

and III). The recombinant 74-kDa human PARN

also degraded oligo(A) substrates in a

processive mode (paper IV). In conclusion,

PARN is a highly processive 3’

exoribonuclease.

Although the processivity factor of PARN has

not been determined biochemically, the presence

of a putative RNA recognition motif (RRM)

found in 74-kDa PARN (half motif in 54-kDa

PARN) (Copeland and Wormington, 2001) is

expected to be responsible for substrate binding.

Multiple RRMs in an oligomeric PARN will

most likely stabilise the interaction between

PARN and the RNA substrate, making the

deadenylation reaction more processive.

Interaction of the mRNA cap structure –

During purification we finally identified the 54-

kDa polypeptide of bovine PARN after m7GTP-

Sepharose chromatography (paper I). The

m7GTP-Sepharose matrix partly resembles a

methylated cap structure and has been used to

purify cap-binding proteins (Morino et al.,

1996). Similarly, the 74-kDa human, bovine and

Xenopus PARN also bound to the m7GTP matrix

(Copeland and Wormington, 2001; Gao et al.,

2000; Körner et al., 1998). The strong binding of

PARN to this matrix suggests that PARN is able

to interact directly with the mRNA cap

structure. This interaction affects PARN activity

in different ways (paper I and II) (Gao et al.,

2000; Körner et al., 1998).

In cis, the m7G(5')ppp(5')G cap structure at the

5'-end of mRNA stimulates the deadenylation

activity and amplifies the processivity of PARN.

The conclusion is based on the experiments

where we used m7G(5')ppp(5')G capped,

G(5')ppp(5')G capped or uncapped L3(A30)

RNAs as substrates for deadenylation. We found

that the m7G(5')ppp(5')G capped RNA was the

most efficient substrate and that the efficiency

parameter Vm a x/ K m for the m7G(5')ppp(5')G

capped substrate was higher than for the

G(5')ppp(5')G and the uncapped substrates.

These data suggested that the cap structure is a

stimulatory factor for PARN activity. Moreover,

the cap structure did not stimulate the activity,

but also increased the processivity of the

deadenylation reaction. When different amounts

of the m7G(5')ppp(5')G capped or uncapped

L3(A30) RNA substrates were deadenylated in

vitro, the deadenylation reaction showed a

processive mode. However, in the latter case it

was not possible to detect both the L3(A30) RNA

substrate and the fully deadenylated RNA

product at the same time. When the uncapped

L3(A5) RNA substrate was used, the substrate

and the fully deadenylated L3 products could be

simultaneously observed suggesting that the
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processivity of PARN should be reduced in the

uncapped cases (paper II). We conclude that the

cap structure drives PARN into a highly

processive mode of deadenylation without being

an essential processivity factor.

In trans, the addition of free cap analogues at

micromolar concentrations inhibited PARN

activity dramatically, while AMP, GMP as the

mononucleotide products inhibited the reaction

only at 10 - 100 fold higher concentrations

(paper I). The different efficacy of

m7G(5')ppp(5')G and G(5')ppp(5')G cap

analogues on the deadenylation reaction implied

that the 7-methyl group of the cap structure

should play a significant role in cap binding.

The kinetic studies further showed that the free

cap analogues inhibited PARN activity as non-

competitive inhibitors suggesting that the

binding site for the cap structure is separate

from the active site of PARN. Surprisingly, the

cap analogue m7G(5')ppp(5')G at low

concentrations (<0.5 µM) slightly stimulated

rather than inhibited deadenylation of the

uncapped substrates or the substrates with

G(5')ppp(5')G cap, but not with m7G(5')ppp(5')G

cap. Similar observations that deadenylation

act iv i ty was st imulated in cis by

m7G(5')ppp(5')G cap structure and inhibited in

trans by the cap analogues in vivo and in vitro

were also made by other groups (Dehlin et al.,

2000; Gao et al., 2000).

In summary, PARN interacts with both the 5'-

end cap structure and the 3’-end poly(A) tail of

mRNAs during the deadenylation reaction, and

the cap structure binding site is distinct from the

active site.

The active site of PARN

Bioinformatic analysis of PARN indicates that

PARN belongs to the RNase D family (Körner

et al., 1998; Mian, 1997; Moser et al., 1997).
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Figure 3.  A schematic model for the active site of

PARN. The model is based on the catalytic center of

the 3’-exodeoxyribonulease domain of E.coli DNA

polymerase I (modified from Brauigam and

Steitz,1998a). The amino acid residues numbered in

bold are for PARN. The numbers of the

corresponding amino acid residues in DNA pol I are

shown in parenthesis.

Four highly conserved acidic amino acid

residues found in the RNase D family members

are also present in the human PARN amino acid

sequence as D28, E30, D292 and D382. The

functional and structural studies on the 3' - 5'

exonuclease (or proofreading) domain of

Escherichia coli DNA polymerase I (reviewed

by (Joyce and Steitz, 1994)), a member of the

RNase D family, suggested that the conserved

acidic amino acid residues are most organised in

three exonulease motifs, Exo I, Exo II and Exo

III (Bernad et al., 1989), comprising the

catalytic active site of PARN (shown in Fig. 3).

In the proofreading domain of Klenow fragment

these amino acid residues co-ordinate two metal

ions essential for catalysis, either directly or

indirectly through bridging water molecules

(Beese and Steitz, 1991; Steitz and Steitz, 1993).

The conserved acidic amino acid residues

are essential -- By site-directed mutagenesis,

we generated single point mutations at each of

the conserved acidic amino acid residue D28,

E30, D292 and D382 of human PARN by



15

substituting the corresponding residues with

alanine or cysteine. In the presence of Mg2+, all

the recombinant mutant polypeptides of

PARN(D28A), PARN(E30A), PARN(D292A),

PARN(D382A), PARN(D28C), PARN(E30C),

PARN(D292C) and PARN(D382C) were

catalytically inactive since RNA substrates

L3(A30) (paper III) and adenosine trinucleotide

(A3) (paper IV) were not consumed, and neither

of the products, the deadenylated RNA or 5’-

AMP, appeared. However, the recombinant

alanine mutant polypeptides were able to form

the same enzyme-substrate complexes as the

wild type PARN, and their apparent RNA

binding constants were very similar. Taken

together our data showed that the conserved

acidic amino acid residues are indispensable for

PARN activity, but not crucial for RNA

substrate binding.

Co-ordination of divalent metal ions in the

active site -- Taking advantage of PARN being

a metalloenzyme, we used Fe2 +-mediated

hydroxyl radical cleavage and metal ion switch

experiments to investigate the roles of the

conserved acidic amino acid residue D28, E30,

D292 and D382 for PARN activity. In the

presence of reductants, Fe2+ can generate highly

active hydroxyl radicals, which specifically

cleave the polypeptide backbones or

phosphodiester bonds close to the ion binding

site (reviewed by (Draganescu and Tullius,

1996)). By resolving the cleaved bands of the

protein in combination with site-directed

mutagenesis, the amino acid residues involved

in co-ordination of the metal ions can be

identified without the crystal structures

available. Fenton chemistry has successfully

been applied to map the divalent metal ion

binding sites in many proteins (Cao and Barany,

1998; Ermacora et al., 1992; Ettner et al., 1995;

Farber and Levine, 1986; Godson et al., 2000;

Grodsky et al., 2000; Hlavaty et al., 2000;

Hlavaty and Nowak, 1997; Huang et al., 2000;

Kim et al., 1999; Lykke-Andersen et al., 1997;

Mustaev et al., 1997; Soundar and Colman,

1993; Wei et al., 1995; Wei et al., 1994;

Zaychikov et al., 1996).

In the presence of both Fe2+ and DTT, the N-

terminally 32P-labeled recombinant 74-kDa

human PARN polypeptide was cleaved and

generated two distinct [32P]-labeled fragments.

One cleaved fragment (cleavage I) was about 35

kDa, and the other (cleavage II) about 48 kDa in

size. A difference between the two

corresponding apparent Fe2+ binding constants

(appKd) of the two cleavages suggested that at

least two Fe2 + ions should be involved in

generating the cleavage products. We also found

that a substitution of D28 to alanine dramatically

weakened the intensities of the two cleaved

footprint bands by affecting the appKd values.

Alanine substitution at E30 and D382 decreased

the Fe2+ binding affinity and increased the appKd

values of cleavage II, but did not affect the appKd

values for cleavage I. The alanine substitution at

D292 showed minor or no effects on the appKd

values at cleavage sites I and II. Taken together,

the data of Fe2+-mediated cleavage suggested

that acidic amino acid residue D28, E30 and

D382 are directly involved in the co-ordination

of at least two Fe2+ metal ions in the active site

of PARN. D28 is the most crucial residue and

co-ordinates most likely two Fe2+ ions at the

same time, whereas D28, E30 and D382 most

likely share the same single metal ion for the co-

ordination.

Chemically, Mn2+, Zn2+, Co2+ and Cd2+ behave as

soft metal ions which preferentially co-ordinate

soft ligands such as sulfur, while Mg2+ which is

a hard metal ion prefers to chelate hard ligands

such as oxygen (Jaffe and Cohn, 1978)

(reviewed by (Verma and Eckstein, 1998)).

Thus, the effect of shifting oxygen to sulfur can

to some extent be compensated by changing

Mg2+ to a soft metal ion such as Mn2+, Zn2+, Co2+
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or Cd2+. This is referred as a metal ion switch

experiment. Metal ion switch experiments have

frequently been used to locate metal ions in

ribozymes (reviewed by (Vortler and Eckstein,

2000)).

By means of the cysteine substitution of the

conserved acidic amino acid residues of human

PARN, we could show that the cysteine

mutations severely impaired PARN activity in

the presence of Mg2+. Interestingly, the presence

of soft metal ions such as Mn2+, Zn2+, Co2+ and

Cd2+, could partially restore PARN activity of

the mutant PARN(D28C), PARN(D292C) and

PARN(D382C) polypeptides. This result

suggested that the conserved D28, E30, D292

and D382 acidic amino acid residues of human

PARN are present in the active site of PARN

and are directly involved in the co-ordination of

catalytically essential metal ion(s).

In ter ference of  phosphoroth ioate

modifications -- To investigate the chemical

mechanism catalysed by PARN, we performed

phosphorothioate interference analysis using 5’-
32P labeled Rp- or Sp-phosphorothioate

adenosine trinucleotides (A3) (A3s-Rp and A3s-

Sp) as RNA substrates. In these substrates, one

of the nonbridging oxygens was substituted by

sulfur in the phosphorate between the second

and third adenosines from the 5’-end. In the

presence of Mg2+, Rp-phosphorothioate

modified A3 could be deadenylated. However,

PARN activity was severely impaired. In

contrast, in the metal ion switch experiments,

the deadenylation reaction of A3s-Rp was

significantly improved in the presence of Cd2+,

Mn2+, Zn2 + or  Co2+. However, Sp-

phosphorothioate A3 could not be hydrolysed.

These data suggested that the pro-R oxygen

atom of the scissile phosphate in the transition

state of deadenylation is involved in the co-

ordination of the divalent metal ions.

Surprisingly, the cysteine substitution mutant

PARN(D382C) polypeptide could perform

deadenylation to some extent in the presence of

Mn2+ using the Sp-phosphorothioate A3 as the

substrate.

Supporting the sequence alignment, we

conclude that PARN shares the similarities in

the active site with the 3’-5’ exonuclease of

Klenow fragment and uses the two-metal ion

mechanism for catalysis (Freemont et al., 1988)

(shown in Fig. 3). The 3’-5’ exonuclease active

site of Klenow fragment is the paradigm for the

two-metal-ion mechanism in which the reaction

proceeds by an SN2 mechanism (Steitz and

Steitz, 1993). The activated nucleophile (shown

as HO-), which is oriented and positioned by the

cation and protein side chains, attacks the

scissile phosphate resulting in the formation of a

pentaco-ordinated transition state. The two

metal ions stabilize this transition state. After

breaking the covalent bond, the metal ion B

neutralizes the negative charge on the leaving

group (Beese and Steitz, 1991; Steitz and Steitz,

1993). A number of other phosphoryl transfer

enzymes have been proposed to utilize a similar

mechanism, e.g. DNA polymerases (Brautigam

and Steitz, 1998a; Doublie et al., 1998; Pelletier

et al., 1994; Wang et al., 1996), adenylyl cyclase

(Tesmer et al., 1999), alkaline phosphatase (Kim

and Wyckoff, 1991), the RNase H domain of

HIV-1 reverse transcriptase (Davies et al., 1991)

and ribozymes (Lott et al., 1998; Warnecke et

al., 1996; Weinstein et al., 1997).

Our results demonstrated that the

phosphorothioate modification of the substrate

disturbed the catalytic reaction and that the

activity could in some cases be rescued by the

use of soft metal ions and/or specific mutations

on the protein. Brautigam et al (1998) reported

that, in addition to the change of metal ion

preference, the phosphorothioate modification of

the substrate could affect the structure of the

substrate itself and influence its binding to the
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enzyme. The arrangement of the active site

including the existence and positions of the

metal ions was disturbed (Brautigam and Steitz,

1998b). Based on an SN2 mechanism, the correct

orientation of the scissile bond of the RNA

substrate with the attacking nucleophile group is

critical for the reaction. Any rearrangement of

the substrate or the attacking nucleophile that

improves an in-line position is expected to

facilitate the formation of the transition state

(Derbyshire et al., 1991). We further speculate

that proper compensation from some certain

different changes, which restores the

nucleophile at the in-line position, should make

it possible to regain the impaired activity caused

by a single change. The compensation can be a

result from the rearrangement of the different

changes such as the structure of substrate(s)

(Brautigam and Steitz, 1998b), the amino side

chains (paper IV), the position or the kinds of

divalent metal ions (Brautigam and Steitz,

1998b) and the conformations of the protein or

RNA enzymes. The fact that the PARN activity

was restored for the Sp-RNA substrate using the

recombinant mutant human PARN(D382C)

polypeptide could be interpreted in this way.

A model for PARN action

The key features of the PARN-RNA substrate

complex are the oligomeric nature (most

probably homotrimer) of PARN and the

simultaneous interaction of PARN with the

mRNA 5'-end cap structure and 3'-end poly(A)

tail (paper I and II) [(Dehlin et al., 2000; Gao et

al., 2000). Although the cap structure binding

site has not been molecularly identified, our

kinetic analysis showed that the active site

should be separate from the cap structure

binding site, since the cap analogues acted as

non-competitive inhibitors. The active site

composed of four identified essential acidic

amino acid residues is located in the N-terminal

part of the amino acid sequence of PARN.

Therefore, we propose that three cap binding

sites and three active sites are present within the

oligomeric PARN. The opposing roles of the

cap structure, i.e. stimulating PARN activity

when acting in cis and inhibiting PARN activity

when acting in trans can be explained by the

presence of multiple cap structure binding and

active sites. We propose that the binding of a

cap structure induces a conformational change

of PARN that (i) inactivates the subunit that

binds the cap structure and (ii) enhances the

activity of the remaining subunits. According to

this activation/inactivation model, additional

binding of a second and third cap structure

would inactivate the active sites of the second

and third subunits, thereby inhibiting the

exoribonuclease activity. Furthermore, this

model explains why the methylated cap

analogue at low concentration in trans activated

deadenylation of the uncapped or G(5')ppp(5')G

capped RNA substrates. The activation in trans

is probably caused by mimicking the role of the

single cap structure provided in cis. In the

activation step, the 7-methyl group of the cap

structure must play a very important role to

contribute the cap binding affinity. Even though

each subunit contains an RNA binding site

formed by the putative RRM (Copeland and

Wormington, 2001), we suggest that the

oligomeric PARN is only engaged in

deadenylating one single polyadenylated mRNA

molecule at the time, but not multiple mRNA

molecules. We could also speculate that PARN

first interacts with the poly(A) tail, and then

intramolecularly with the 5'-end cap structure of

the RNA substrate. This speculation was

initially based on the assumption that the Km

value (about 10 nM) for RNA substrates reflects

the dissociation ability of the PARN-RNA

substrate complex and that the appKi values

(about 4 µM or 220 µM) for the cap analogues

resemble the binding affinity for the PARN-cap

interaction (paper II). Later, we showed that the
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appKd for PARN interacting with the RNA

substrates was about 7 nM (paper III).

The highly processive lambda-exonuclease,

which degrades one strand of a double-stranded

DNA from a 5' end, possesses a trimeric toroidal

structure. The processive mode of the lambda-

exonuclease was recently described in a model

where the enzyme rotates and thereby brings a

new site into action for each cleavage step

(Kovall and Matthews, 1997). In much the same

way as the lambda-exonuclease, a new catalytic

site of the oligomer of PARN may be brought

into action at each step of cleavage and with the

cap moving in synchrony from subunit to

subunit.

Coupling Poly(A) Removal with
mRNA Transport, Translation and
Decay

The functions of PARN in vivo have not yet

been well understood. However, the functional

link between poly(A) tail removal at the 3’-end

and the cap structure interaction at the 5'-end

with PARN during poly(A) degradation must be

important for the cross-talks among mRNA

export from the nucleus to the cytoplasm,

mRNA decay and translation initiation, since the

cap structure and poly(A) tail are involved in all

these processes.

In the nucleus, PARN could compete with the

nuclear cap binding protein complex (CBC) to

interfere with mRNA export efficiency.

Polyadenylation and deadenylation at the

mRNA 3’-end must be a balanced process to

modulate the poly(A) length (shown in Fig. 1).

In the cytoplasm, the integration of mRNA

decay and translation initiation has been

proposed (shown in Fig. 1). PARN could play

an important role in this coupling. It has been

demonstrated that Xenopus PARN activity is

responsible for poly(A) tail removal during

mRNA silencing in meiotic maturation of

Xenopus oocytes. Human PARN is functionally

equivalent to Xenopus PARN (Körner et al.,

1998). Gao et al (2000) showed that the

deadenylation-dependent mRNA decay required

the presence of PARN in HeLa extracts (Gao et

al., 2000). For some classes of mRNAs

decapping does not occur until the poly(A) tail

has been degraded (Couttet et al., 1997; Decker

and Parker, 1993; Muhlrad and Parker, 1994),

suggesting that the interaction between PARN

and the cap structure may prevent the access for

the decapping enzyme, and thereby affect

mRNA decay. The roles of translation factors in

mRNA decay have been investigated in yeast.

Mutations of Pab1, eIF4E and eIF4G genes lead

to accelerate deadenylation and decapping of

mRNA (Schwartz and Parker, 1999). The

addition of the recombinant eIF4E inhibited

decapping of mRNA in vitro (Schwartz and

Parker, 2000). However, the effects of Pab1 on

mRNA deadenylation in yeast [Sachs and Davis,

1989; Boeck et al, 1996; Sachs, 1992 #349) are

controversial within vertebrate, since PABP

inhibits the deadenylating activity of vertebrate

PARNs (Gao et al., 2000; Körner et al., 1998).

It has been demonstrated that the closed-loop

complex structure of mRNA facilitates

translation initiation (reviewed by (Sachs and

Varani, 2000)) .  The complex may

simultaneously protect the mRNA against

degradation by preventing deadenylation and

decapping. The disruption of the tertiary

interaction between the factors and the mRNA

will affect the translation efficiency and result in

mRNA decay. The shortening of the poly(A) tail

by PARN may cause the dissociation of PABP

from the mRNA (Gallie et al., 1998). The less

stably bound translation initiation complex may

allow the mRNA cap structure to gain

accessibility to PARN and the decapping

enzyme. Hence, the mRNA would undergo



19

1''

2''3''

4''

5''

1

234

5 6

2'3'

4'
5'

6'

pKa=8.6R1

O
HO

R2

O
NH3

O
O

H2N

NH3
+

pKa=8.1

HO

O OH

OH

OH
O

O

NH3
+NH3

O
OH

OHHO

pKa=7.6
pKa=8.8

+

+

pKa=5.7
pKa=7.6

II

III

I

IV

V

1'

1'''

2'''

3'''

4'''5'''

6'''

HO

4''''

1''''

5''''

3''''2''''

Ribostamycin OHNH3
+

Neomycin B OHNH3
+

Paromomycin OH OH

Lividomycin OH H

Neamine OHNH3
+

R1 R2

pKa=7.6NH3
+

NH3
+

R1

R2

pKa=8.6 pKa=6.2

pKa=7.4

pKa=7.4 NH3
+

H2N

O
HO

OH

OH

O
HO

O

O

HO II

III

I

1'
2'3'

4' 5'

6'

1

23
4

5 6

1''

2'' 3''

4''

5''

6''

Kanamycin A OHOH

OHNH3
+

HNH3
+

Kanamycin B

Tobramycin

R1 R2

Figure 4. The structure of aminoglycoside antibiotics

degradation.

In conclusion, PARN, being an enzyme

degrading the mRNA poly(A) tail and

interacting with the mRNA cap structure, must

play a role in all these processes. Further

investigations are required to elucidate it.

Inhibition of PARN Activity by
Aminoglycoside Antibiotics  (paper V)

It has been shown that the function of several

r ibozymes is inhibited in vitro b y

aminoglycoside antibiotics most likely through

the displacement of catalytically or structurally

important metal ions (reviewed by (Schroeder et

al., 2000)). This inhibition mechanism led us to

speculate that PARN activity might also be

impaired by aminoglycoside antibiotics.

Furthermore, Hermann and Westhof (1998) had

suggested that the active sites of several nucleic

acid-metabolising enzymes (e.g. DNA pol I,

DNA pol-β, HIV-I reverse transcriptase, T7

RNA pol and gp43 DNA pol) resembled the

negatively charged binding pockets critical for

aminoglycoside antibiotic binding to RNA. The

arrangements of divalent metal ions in these

pockets would possibly allow polycationic

aminoglycoside antibiotics to compete for

similar binding sites to inhibit their activities as

in ribozymes (Hermann and Westhof, 1998).

However, the possibility of steric hindrance

must be taken into account in each case

(Mikkelsen et al., 2001).

We found that neomycin B strongly inhibited

PARN activity in a concentration-dependent

manner (paper V). Paromomycin and

lividomycin also belong to the neomycin family,

but differ from neomycin B by replacement of

the 6’-amino group with a hydroxyl at the R1

position (shown in Fig. 4). Both of these

antibiotics were found to be weaker inhibitors

than neomycin B. Similarly, the inhibition of

PARN activity by the kanamycin family

members (kanamycin A, kanamycin B and

tobramycin) was tested. Among the ones
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assayed, neomycin B was the most potent

inhibitor of PARN activity in vitro. The

comparison of the inhibitory potential and the

differences between the aminoglycoside

antibiotic structures implied that the ammonium

group at position R1 was important for the

inhibition.

In addition to the R1 amino group, several

amino groups of neomycin B and kanamycin B

(shown in Fig. 4) are protonated or deprotonated

between pH 6 and pH 9. The inhibitory capacity

of neomycin B was dramatically affected by

changing the pH of the deadenylation reaction.

Not unexpectedly, the pH dependence of

inhibition was also observed for paromomycin,

kanamycin B and kanamycin A. The observation

that the protonated amino groups of

aminoglycoside antibiotics contributed to the

inhibition potential suggested that electrostatic

interactions play an important role for the

aminoglycoside inhibition of PARN activity.

Since electrostatic interactions play an important

role for the inhibition, it is possible that the

positively charged aminoglycoside antibiotics

could interact unspecifically with negatively

charged DNA or RNA (Davey et al., 1970), and

thereby forming inappropriate substrates. To

clarify the inhibition mechanism, we performed

detailed kinetic studies and found that neomycin

B acted as a mixed non-competitive inhibitor.

This result suggested that neomycin B occupies

a binding site in PARN different from the site

for RNA substrate binding. Moreover, the

inhibition of neomycin B could be released by

the addition of increasing Mg2+ concentration in

a competitive manner indicating that the

antibiotic and Mg2+ compete with each other. It

was found that the Ki value of neomycin B was

a parameter that did not depend on the

concentrations of Mg2+ and RNA substrate.

Therefore, we conclude that neomycin B and

divalent metal ions bind to the same or

overlapping binding sites in the enzyme-

substrate complex required for PARN activity.

To verify the kinetic data without the crystal

structure of PARN available, we applied Fe2+-

mediated cleavage experiments to investigate

whether the two protein footprint bands cleaved

by Fe2+ (s) in the active site could be suppressed

by neomycin B, paromomycin and kanamycin

A. We found that the intensities of the both

cleavage bands were severely attenuated by the

addition of neomycin B (appKi 0,4 µM). In

contrast, kanamycin A (appKi 64,7 µM), a very

poor inhibitor of PARN activity, did not

influence the cleavage, whereas paromomycin

(appKi 17,3 µM), a weak inhibitor, inhibited Fe2+-

mediated cleavage moderately. The data on the

Fe2+-mediated cleavages provided strong

evidence that neomycin B inhibited PARN

activity by displacing Fe2+ ions in the active site

of PARN. In conclusion, we propose that the

mechanism of the inhibition of PARN activity

by aminoglycoside antibiotics is that these

aminoglycosides displace catalytically essential

divalent metal ions in the active site of PARN.

Our findings are in agreement with the

inhibition mechanism proposed for various

ribozymes that are inhibited by aminoglycoside

antibiotics (Earnshaw and Gait, 1998;

Mikkelsen et al., 1999; Rogers et al., 1996;

Stage et al., 1995; von Ahsen et al., 1991), but in

disagreement with the previous reports that

neomycin B inhibited E. coli DNA polymerase I

(Lazarus and Kitron, 1973), DNase I

(Woegerbauer et al., 2000) and phospholipase C

(Burch et al., 1986). It was concluded that the

aminoglycoside antibiotics unspecifically bound

DNA or phospholipids as counter ions to make

them as an inappropriate substrate for the

reactions.

Aminoglycoside antibiotics have been widely

used in clinical treatments against bacterial
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infections. However, they cause many severe

toxic side effects, especially on the function of

kidney and hearing. So far, the mechanism of

toxicity has not been fully understood. In the

literature many possible reasons for this have

been proposed and discussed. For example, the

observations that aminoglycoside antibiotics

increase the formation of free radicals (Schacht,

1999), that aminoglycoside antibiotics inhibit

essential ribozyme activities (Forge and

Schacht, 2000; Schroeder et al., 2000), as well

as that neomycin B can block signal

transduction by inhibition of phospholipase C

activity (Burch et al., 1986), are all potential

causes for the toxic side effects. The fact that

aminoglycoside antibiotics behave as 'metal

mimics' to inhibit PARN activity suggests that

the inhibition of divalent metal ion-dependent

enzymes (mainly nucleic acid-metabolising

enzymes) may be a common mechanism for the

toxic side effects of aminoglycoside antibiotics.

In support of this, we have preliminary data

suggesting that several other nucleic acid-

metabolising enzymes, among them E. coli

Klenow polymerase, HIV reverse transcriptase,

Taq DNA polymerase and T7 RNA polymerase,

can be inhibited by neomycin B in vitro

(unpublished observations). Interestingly, the

metalloenzyme phospholipase C, which cleaves

phosphodiester bonds, can be inhibited by

neomycin B (Burch et al., 1986). We speculate

that the inhibition mechanism for these enzymes

may be the same as for PARN.

Several applications for aminoglycoside

antibiotics might be possible. i) Aminoglycoside

antibiotics can be used as probes to locate

catalytically important metal ions and define

metal ion dependent active sites (paper V). ii)

Small molecules displacing metal ions in

enzymes can be developed into drugs against

pathogens (animal viruses) or even as anti-

cancer drugs. iii) Novel small molecules could

be used as probes to identify metal ion

interacting proteins in "functional genomic"

screen.

Here is the end of my thesis, but the story of

PARN is just started.
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