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The archaeal DnaG protein needs
Csl4 for binding to the exosome and enhances
its interaction with adenine-rich RNAs
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The archaeal RNA-degrading exosome contains a catalytically active hexameric core, an RNA-binding cap formed by Rrp4
and Csl4 and the protein annotated as DnaG (bacterial type primase) with so-far-unknown functions in RNA metabolism.
We found that the archaeal DnaG binds to the Csl4-exosome but not to the Rrp4-exosome of Sulfolobus solfataricus. In
vitro assays revealed that DnaG is a poly(A)-binding protein enhancing the degradation of adenine-rich transcripts by
the Csl4-exosome. DnaG is the second poly(A)-binding protein besides Rrp4 in the heteromeric, RNA-binding cap of the
S. solfataricus exosome. This apparently reflects the need for effective and selective recruitment of adenine-rich RNAs to

the exosome in the RNA metabolism of S. solfataricus.

Introduction

The RNA processing and degrading protein complex named
exosome was originally described in eukarya where it is essen-
tial.! The existence of its archaeal counterpart was predicted
based on the presence of genes encoding orthologs of the sub-
units of the eukaryotic exosome Rrp4, Rrp41, Rrp42 and Csl4
in most archaeal genomes.? Direct purification of the exosome
from the thermoacidophilic archacon Sulfolobus solfataricus con-
firmed the presence of a protein complex containing the Rrp4,
Rrp4l, Rrp42 and Csl4 orthologs. Surprisingly, the archaeal
DnaG protein was co-purified with the S. solfataricus exosome,
and later on it was shown that DnaG is an integral part of this
protein complex.** DnaG was also co-purified with the exosomes
from two further archaeal species, Methanothermobacter thermo-
autotrophicus and Thermococcus kodakarensis, which belong to
>¢ The annotation of the archaeal
DnaG protein as a bacterial type primase is based on its central

different phylogenetic lines.

TOPRIM domain, which is characteristic for topoisomerases and
primases.” Recently it was published that DnaG of S. solfataricus
exhibits primase activity in vitro.® Since S. solfataricus also har-
bors a eukaryotic-type primase consisting of two subunits, it was
proposed that this organism uses a dual system of primases.5!°
However, the strong association of DnaG with the exosome sug-
gests that this protein plays an important role in RNA metabo-
lism in the third domain of life.

The structure of the archaeal exosome without DnaG is
well-understood. The subunits Rrp41 and Rrp42 form a phos-
phorolytically active hexamer, on the top of which a trimeric,
RNA-binding cap is located.™™ The crystallized archaeal

exosomes have homomeric caps of either Rrp4 or Csl4. Rrp4
contains an N-terminal domain, a central Sl-domain and a
C-terminal KH-domain, while Csl4 contains an N-terminal
domain, a central Sl-domain and a C-terminal Zn-ribbon
domain.? So far, crystallization of the archaeal exosome with het-
eromeric, Rrp4 and Csl4 containing caps, was not achieved. The
existence of exosomes with such heteromeric caps was shown in
vitro for Achaeoglobus fulgidus and in vivo for S. solfataricus>'
However, the stoichiometry of the cap proteins in vivo is not
clear. A major part of the S. solfataricus exosome is detectable at
the cell periphery and in the insoluble fraction, and the exosomes
in the soluble and the insoluble fractions contain different rela-
tive amounts of Rrp4, Csl4 and DnaG.!*"

Although the mechanism of the catalytic Rrp41-Rrp42 hex-
amer is well-understood, less is known about the specific roles of
Rrp4 and Csl4. Crystal structure analyses revealed that an RNA
substrate interacts with the RNA-binding cap and its 3-end is
threaded through the S1-pore into the central channel of the hex-
amer, where it reaches one of the three active sites.”*" In line with
this, the additional recruitment of Rrp4 or Csl4 to the S. solfa-
taricus hexamer results in increased RNA degradation in vitro.
However, the two cap proteins differently influence poly(A)-
degradation by reconstituted exosomes of different archaeal spe-
cies.*121820 Tt can be expected that the presence of two different
proteins in the RNA-binding cap of the exosome enables interac-
tions with different substrates. Indeed, it was shown recently that
Rrp4 and Csl4 confer different specificities to the S. solfataricus
exosome: The complex with a homomeric Rrp4 cap (the Rrp4-
exosome) strongly prefers poly(A)-RNA, while the Csl4-exosome
does not show this preference in RNA degradation assays.!
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The strong poly(A)-specificity of the Rrp4-exosome was
surprising, since S. solfataricus lacks homopolymeric poly(A)-
tails at the 3-end of RNA.?> Generally, post-transcriptionally
synthesized poly(A)-tails and adenine-rich tails are important
determinants of RNA stability in eukaryotic and prokaryotic
cells.?*** Archaea do not harbor homomeric poly(A)-tails at all,
but exosome-containing Archaea have heteropolymeric, adenine-
rich tails, which are believed to be synthesized by the exosome
and to destabilize RNA.?? It is assumed that in this respect the
archaeal exosome functionally resembles prokaryotic polynucleo-
tide phosphorylase (PNPase), to which it also shows high struc-
tural similarity.""'? Prokaryotic PNPase is a phosphorolytic 3'-5'
exoribonuclease, which, in a reverse reaction, uses NDPs to add
adenine-rich, destabilizing tails to the 3'end of RNAs.>** The
destabilizing function of an adenine-rich tail of a 16S rRNA frag-
ment from . solfataricus was demonstrated in vitro, but the effect
was dependent on the composition of the RNA-binding cap of
the exosome: The RNA-tail enhanced the degradation of the
transcript by the Rrp4-exosome but not by the Csl4-exosome,
showing that the poly(A)-specificity of Rrp4 enables an efficient
interaction with adenine-rich substrates.?!"??

In addition to their different functions in recruitment of
substrates, Rrp4 and Csl4 may differently interact with other
proteins that co-purify with the exosome.*®!® Recently it was
shown in vitro that the U- and AU-binding Nip7p homolog from
Pyrococcus abyssi binds better to the Csl4-exosome than to the
Rrp4-exosome and negatively influences the activity of the com-
plex.”” Despite the strong association of DnaG with the exosome,
the mechanisms and the physiological relevance of this interac-

416 The aim of this work was

tion have not been explored so far.
to analyze the binding of DnaG to the archaeal exosome in vitro
and to investigate the consequences of this interaction for RNA

degradation.
Results

DnaG interacts with the Csl4-exosome. To study the mecha-
nisms of interaction between DnaG and the exosome, we
reconstituted complexes with homomeric RNA-binding caps
containing either Rrp4 or Csl4 and tested them for interaction
with DnaG by co-immunoprecipitation with Rrp4l-specific
antibodies. His-tagged versions of all proteins were used for these
tests. Figure 1A shows that the Rrp4-exosome does not interact
with DnaG, and demonstrates a clear binding of DnaG to the
Csl4-exosome.

Next, we tested whether DnaG interacts with the Rrp4l-
Rrp42 hexamer using DnaG-specific antibodies (upper panel in
Fig. 1B). In the elution fraction of this co-immunoprecipitation
experiment (lane E at the right of the panel) we observed as
expected DnaG, and a weak band migrating like Rrp41. However,
this band was not Rrp41, as revealed by western blot analysis
of the protein fractions (lower panel in Fig. 1B). The sensitiv-
ity of the Rrp4l-specific antibodies was sufficient, since Rrp41
was detected in the first washing fraction W1 in the western blot
analysis, although it was below the limit of detection by silver
staining (compare the upper and the lower panels in Fig. 1B). We

416

RNA Biology

conclude that DnaG does not interact with the hexameric ring.
To test whether DnaG interacts with Csl4, a strep-tagged version
of Csl4 was mixed with the His ,-DnaG, and pull-down assays
with Strep-Tactin beads were performed (Fig. 1C). Unexpectedly,
no interaction between Csl4 and DnaG was detected. In line
with the results shown in Figure 1A, DnaG also did not interact
with Rrp4 (Fig. 1D).

Since Rrp4 and Csl4 form heteromeric RNA-binding caps in
vivo, we decided to test whether DnaG binds to reconstituted
exosomal complexes with such heteromeric caps.'® The strep-
tagged Csl4 was mixed with the other His-tagged subunits of
the exosome and Strep-Tactin Sepharose beads were used to fish
Strep-Csl4 together with interacting proteins. Then Ni-NTA
chromatography was applied to remove unbound Strep-Csl4.
Figure 1E shows the successfully reconstituted and purified
Strep-Csl4-exosome with and without DnaG. Thus, the interac-
tion of DnaG with the Csl4-exosome was demonstrated by an
independent method, in addition to the co-immunoprecipitation
experiment shown in Figure 1A. When His -Rrp4 and Strep-
Csl4 were used together in reconstitution experiments, both
proteins were co-purified by the tandem chromatography, dem-
onstrating the formation of S. solfataricus exosomes with hetero-
meric caps in vitro. Furthermore, DnaG was found to form a
stable complex in vitro with the exosome containing heteromeric
caps (Fig. 1F). This result is in line with the finding that DnaG
¢ Together with
Figure 1A it confirms that Csl4 is necessary for the interaction of

interacts with the Rrp4-Csl4-exsosome in vivo.

DnaG with the archaeal exosome.

DnaG modulates the substrate specificity of the Csl4-
exosome. To study the function of DnaG in RNA metabolism,
we compared the RNA-degrading properties of the Csl4-exosome
in the presence and in the absence of DnaG using a 30-meric
poly(A)-RNA as substrate. The reaction mixtures were incu-
bated at 60°C in the presence of inorganic phosphate (Pi) and
resolved on 16% polyacrylamide gels (Fig. 2A). The exosome
degraded the substrate to final products with a length of 4-5 nt.¢
Intermediates with lengths between 15 and 6 nt were most prob-
ably products of a distributive degradation in contrast to the pro-
cessive degradation of longer molecules.?*® The percentage of the
remaining 30-meric poly(A) RNA per lane was determined. The
data show that DnaG stimulates the degradation of the substrate
by the Csl4-exosome (Fig. 2B). As a negative control, the experi-
ments were performed with the Rrp4-exosome, which does not
interact with DnaG. In agreement with previous results, a 25 nt
intermediate degradation product was detected in the assays with
the Rrp4-exosome (Fig. 2C).* Quantification of the remaining
30-meric poly(A)-RNA revealed that DnaG did not influence its
degradation by the Rrp4-exosome (Fig. 2D). Thus, the positive
effect of DnaG on the degradation of the 30-meric poly(A)-RNA
by the Csl4-exosome is specific.

In the next experiment, a heteropolymeric in vitro transcript
of 97 nt named MCS-RNA was used to compare the degradation
properties of the Csl4-exosome in the presence and in the absence
of DnaG.?® The adenine content of MCS-RNA is relatively low
(23%), and its predicted 3'-single stranded region of 16 nt con-
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tains only three adenines.”® Previously, it was shown that the
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Figure 1. DnaG needs Csl4 for the interaction with the exosome. Silver-stained 12% SDS-gels showing results of experiments analyzing the inter-
action between DnaG and the exosome. In, input, the mixture of proteins used; FT, flow-through; W1, W5, the first and the last washing fractions;
E, the elution fraction. (A) Rrp4-exosome or Csl4-exosome was mixed with DnaG and the interacting proteins were co-immunoprecipitated with
Rrp41-specific antibodies. His-tagged proteins were used. (B) The Rrp41-Rrp42 hexamer (hexameric ring) alone or mixed with DnaG was subjected to

co-immunoprecipitation (ColP) with DnaG-specific antibodies. His-tagged proteins were used. The protein fractions were analyzed by SDS-PAGE and

silver staining (upper panel) and by western blot hybridization with Rrp41-specific antibodies. (C) Strep-tagged Csl4 and His-tagged DnaG were mixed
and a pull-down assay with Strep-Tactin Sepharose beads was performed. M, protein marker, the migration behavior of the proteins is given in kDa on
the left side. An E. coli protein binding to Ni-NTA, which was routinely present in the DnaG-fractions used for the reconstitution experiment, is marked
with an asterisk in (A and C). (D) His-tagged Rrp4 and His-tagged DnaG were mixed and ColP with Rrp4-specific antibodies was performed. The
detected proteins are marked on the right side. (E) Reconstituted and purified Csl4-exosome and DnaG-Csl4-exosome. (F) Reconstituted and purified
Rrp4-Csl4-exosome and DnaG-Rrp4-Csl4-exosome. For the experiments shown in (E and F), Strep-Csl4 and His-tagged Rrp4, Rrp41, Rrp42 and DnaG
proteins were used. Purification was performed with Strep-Tactin followed by Ni-NTA chromatography.
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Figure 2. For figure legend, see page 419.

Csl4-exosome does not prefer poly(A)-RNA over MCS-RNA.#
We found that DnaG negatively influences the degradation of

this substrate by the Csl4-exosome (Fig. 2E).
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Competition experiments with labeled poly(A)-RNA and an
excess of non-labeled, heteropolymeric RNA confirmed the higher
efficiency of poly(A)-degradation by the DnaG-Csl4-exosome.
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Figure 2. DnaG influences the degradation properties of the Csl4-exosome but not of the Rrp4-exosome, and confers poly(A) specificity to the Csl4-
exosome. (A) A phosphorimage of a 16% polyacrylamide gel with degradation assays containing 8 pmol radioactively labeled poly(A) 30-mer and 0.3
pmol of the Csl4-exosome or the Csl4-exosome supplemented with DnaG. The time of incubation at 60°C is also indicated (in min). The poly(A) sub-
strate and the degradation products (degr. products) are marked on the right side. The size of the degradation products was previously estimated.?
Control, negative control without protein. (B) Graphical representation of the results shown in (A) and from two additional independent experiments.
(€) A phosphorimage of a 16% polyacrylamide gel with degradation assays containing 8 pmol radioactively labeled poly(A) 30-mer and 0.3 pmol of
the Rrp4-exosome or the Rrp4-exosome supplemented with DnaG. For further descriptions, see (A). (D) Graphical representation of the results shown
in (C) and from an additional independent experiment. (E-G) Graphs showing the relative amount of the remaining substrate (in %) against the time
(in min) in degradation assays (data from three independent experiments). In each reaction, 0.3 pmol protein complex was used. The protein com-
plexes, labeled RNAs and non-labeled competitors, and their amounts per reaction mixture are indicated. (H) A phosphorimage of a 16% polyacryl-
amide gel with degradation assays containing the proteins indicated above the panel. 0.3 pmol of either Rrp41, Rrp42, Rrp4, Csl4, DnaG, the hexameric
ring or the DnaG-Csl4-exosome were incubated for 10 min at 60°C with 8 fmol (lanes 1-7) or 1 pmol (lanes 8-12) radioactively labeled poly(A) 30-mer.
Control, negative control without protein. Only His-tagged proteins were used for the experiments in this figure.

As competitors, we used unlabeled yeast tRNA (Fig. 2F) and
an MCS-RNA derivative of 30 nt corresponding to the 3'-part
of full-length MCS-RNA (Fig. 2G). The tRNAs are lon-
ger than the labeled poly(A)-RNA and are highly structured,
while the 30-meric MCS-RNA derivative has the same length
but is predicted to form only weak secondary structures. It was
shown previously that both competitors can be degraded by the
Csl4-exosome.?2

The observed RNase activity was not due to contamination
of the recombinant S. solfataricus proteins by bacterial RNases,
since the preparations of the hexameric ring, Rrp4, Csl4 and
DnaG were heat treated at 75°C for 20 min prior to usage. Even
the non-heat treated preparations of Rrp41 and Rrp42 did not
show RNase activities under the applied reaction temperature of
60°C (Fig. 2H, lanes 2 and 3). We have shown previously that
at this temperature, RNases in the cell-free extract of E. coli are
easily inactivated.?® In agreement with previous data, the indi-
vidual subunits of the exosome could not degrade RNA (Fig. 2H,
lanes 2—6), and the assembly of the Rrp41/Rrp42 hexamer was
necessary for activity (lane 7). As expected, the degradation effi-
ciency of the Csl4-exosome was higher than the activity of the
hexamer (compare lane 8 to lane 9), and inorganic phosphate was
necessary for RNA degradation (lanes 8-12).*'" In conclusion,
the controls in Figure 2H show that the phosphorolytic degra-
dation of RNA in our assays is due to the hexameric core of the
archaeal exosome.

In summary, Figure 2 shows that DnaG modulates the
substrate specificity of the Csl4-exosome: The DnaG-Csl4-
exosome degrades MCS-RNA with lower efficiency than the
Csl4-exosome, while poly(A) RNA is degraded with higher effi-
ciency. We conclude that DnaG confers poly(A) specificity to the
Csl4-exosome.

DnaG is a poly(A)-binding protein. The results shown
in Figure 2 raised the question whether DnaG is a poly(A)-
binding subunit of the S. solfataricus exosome. This question
was addressed by electrophoretic mobility shift assays (EMSA)
aiming to compare the poly(A)-binding properties of the Csl4-
exosome and of DnaG. Figure 3A shows that the 30-meric
poly(A)-RNA (25 fmol per reaction) was bound much stronger
by DnaG than by the Csl4-exosome when comparable molar
amounts of the proteins were used. For example, the substrate
was shifted as a stable band by 1.2 pmol DnaG, while no shift
was observed with the same amount of Csl4-exosome (compare
lanes 2 and 9 in Fig. 3A). To analyze the poly(A)-specificity
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of DnaG, competition experiments were performed (Fig. 3B).
Addition of 11 pmol or 22 pmol of unlabeled, 30-meric MCS-
RNA did not abolish the binding of 25 fmol labeled poly(A)-
RNA by 2.5 pmol of DnaG (compare lane 1 to lanes 3 and 5). In
contrast, when unlabeled poly(A)-RNA was added to the reac-
tion mixtures, the labeled poly(A)-RNA was detected only in its
unbound form (lanes 7 and 9). These results show that DnaG
preferentially binds poly(A)-RNA.

Next, poly(A)-binding assays in the presence and in the
absence of unlabeled MCS, RNA were performed with DnaG,
the Csl4-exosome and the DnaG-Csl4-exosome (with 2.5 pmol
of DnaG and of each complex). The exosomal complexes used
in these assays are shown in Figure 1E. The complex purifica-
tion with Strep-Tactin beads followed by Ni-NTA chromatog-
raphy ensured that no free DnaG was present in the preparation
of the DnaG-Csl4-exosome. Figure 3C shows that when DnaG
or the DnaG-Csl4-exosome were used, no free poly(A)-RNA
was detected in the presence of the unlabeled MCS-RNA com-
petitor (see lanes 1-3 and 7-9). Thus, DnaG and the DnaG-
Csl4-exosome show binding preference for poly(A). In contrast,
the labeled poly(A)-RNA was not bound by the Csl4-exosome
when unlabeled MCS-RNA was added to the reaction mixture
(lanes 5 and 6). This is consistent with the finding that the Csl4-
exosome does not prefer poly(A)-RNA over MCS-RNA.# We
conclude that DnaG confers poly(A)-binding specificity to the
Csl4-exosome.

To test whether the Csl4-exosome increases the binding activ-
ity of DnaG, similar binding assays were performed with lower
protein amounts (0.6 pmol). The labeled poly(A) 30-mer was
bound very weakly by the Csl4-exosome, 82.5 + 9.3% remained
unbound in comparison to the negative control set to 100%
(Fig. 3D). Consistent with the stronger binding of poly(A) by
DnaG, approximately half of the substrate was shifted by DnaG
and only 48.8 + 3.9% remained unbound. Since more than 80%
of the substrate was shifted by the DnaG-Csl4-complex (only
19.3 + 0.2% remained unbound), we conclude the binding activ-
ity of DnaG is higher in the context of the exosome (Fig. 3D).

Our results show that DnaG is a poly(A)-binding protein and
a part of the RNA-binding platform of the archaeal exosome.
Thus, the RNA-binding cap of the S. solfataricus exosome con-
tains two poly(A)-binding proteins, Rrp4 and DnaG.*

DnaG helps the Csl4-exosome to recruit naturally occur-
ring, adenine-rich RNA. Since S. solfataricus does not harbor
homopolymeric poly(A)-tails, we assumed that the function of
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Figure 3. Poly(A)-RNA binding by DnagG, the Csl4-exosome and the DnaG-Csl4-exosome. Shown are phosphorimages of EMSA assays in native 5%
polyacrylamide gels. Twenty-five fmol labeled poly(A)-RNA 30-mer was used in each reaction. Only His-tagged proteins were used for the experi-
ments in (A and B). Strep-tagged Csl4 was used for the reconstitution of the complexes (see Fig. 1E) used in (C and D). (A) Binding assays with the
Csl4-exosome or with DnaG in different amounts as indicated above the panel. (B) Binding of DnaG (amount indicated above each lane) to radiola-
beled poly(A) 30-mer in the absence or presence of unlabeled competitor RNAs. Lanes 1, 2 and 11, no competitor was used. Lanes 3-10, competitors
in the following amounts were used: Lanes 3 and 4, 11 pmol MCS-RNA; lanes 5 and 6; 22 pmol MCS-RNA; lanes 7 and 8, 11 pmol poly(A); lanes 9 and 10,
22 pmol poly(A). (C) Binding assays with 2.5 pmol of DnagG, the Csl4-exosome or the DnaG-Csl4-exosome, as indicated above the panel. The amounts
of the unlabeled MCS-RNA-derived 30-mer used as competitor are also indicated above the corresponding lanes. (D) Binding assays with 0.6 pmol

of DnaG, the Csl4-exosome or the DnaG-Csl4-exosome, as indicated above the panel. The percentages of unbound poly(A) substrate in each lane is
indicated below the panels (results from three independent experiments). The proportion of unbound substrate in the control lane was set to 100%.

Control, negative control without protein and without competitor. The migration in the gel of the unbound poly(A) 30-mer and of the protein/RNA
complexes (complexes) is indicated on the right side.

DnaG in the RNA-binding cap of the S. solfataricus exosome is  the degradation of its tailed variant MCS-RNA by the Csl4-
to ensure an efficient interaction with adenine-rich substrates.?

exosome and by the DnaG-Csl4-exosome. The latter substrate
To test this, we compared the degradation of MCS-RNA with  contains a heteromeric, adenine-rich tail of 19 nt (47% A-content
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Figure 4. DnaG enhances the interaction between heteropolymeric, adenine-rich transcripts and the Csl4-exosome. The relative amount of the
remaining labeled substrate (in %) is plotted over time (in min). (A) Degradation assays with 0.3 pmol of the DnaG-Csl4-exosome, 0.2 pmol MCS-RNA
(97 nt) and 0.2 pmol MCS-RNA carrying a heteropolymeric, adenine-rich tail of 19 nt (MCS-RNA
reaction mixtures, in which one of the substrates was internally labeled and the other was unlabeled.?" (B) Assays with 0.3 pmol of the Csl4-exosome
and the substrates described in (A). (C) Assays with the DnaG-Csl4-exosome (0.3 pmol) and the Csl4-exosome (0.3 pmol) using 0.5 pmol labeled A-rich
transcript (59 nt). (D) Assays with the DnaG-Csl4-exosome (0.3 pmol) and the Csl4-exosome (0.3 pmol) using 0.2 pmol labeled A-rich transcript (59 nt)
and 0.2 pmol unlabeled MCS-RNA (97 nt). Graphs represent results from three independent experiments in (A and B), and two independent experi-
ments in (C and D). His-tagged proteins were used for the experiments in this figure.

Jonetero)” 1N€ tWO substrates were present together in

of the tail), which was originally detected at the 3'-end of a 16S
tRNA fragment in S. solfataricus*>** We found that the DnaG-
Csl4-exosome degrades MCS-RNA | “with higher efficiency
than MCS-RNA (Fig. 4A). Conversely, the Csl4-exosome even
tended to prefer the MCS-RNA as substrate (Fig. 4B). In previ-
ous assays, the Csl4-exosome did not show clear preference for
one of these substrates.”! Thus, the DnaG-Csl4-exosome can
better degrade the substrate with the adenine-rich tail than the
non-tailed substrate, similarly to what was previously shown for
the Rrp4-exosome.?!

We also synthesized another in vitro transcript of 59 nt, which
corresponds to a tail found at the 3'-end of a 16S rRNA frag-
ment in S. solfataricus, and tested it in degradation assays.”* In
agreement with the poly(A) specificity of DnaG, this adenine-
rich transcript (A-content of 64%) was degraded with better
efficiency by the DnaG-Csl4-exosome than by the Csl4-exosome
(Fig. 4C). Similar results were obtained when MCS-RNA was
added as competitor to the reaction mixture, confirming the pref-
erence of the DnaG-containing complex for adenine-rich RNA
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(Fig. 4D). Figure 4 shows that DnaG increases the efficiency of
interaction between the Csl4-exosome and adenine-rich RNAs.
DnaG increases the efficiency of the Rrp4-Csl4-exosome on
poly(A) RNA. In vivo Csl4 and Rrp4 are forming together the
RNA-binding cap of the soluble exosome.'® Thus, the question
arose whether DnaG can influence the interaction of the Rrp4-
Csl4-exosome with poly(A)-RNA, since this exosome already
contains the poly(A)-binding protein Rrp4.?' This was tested in
degradation assays with the Rrp4-Csl4-exosome and the DnaG-
Rrp4-Csl4-exosome (Fig. 5). The used protein complexes are
shown in Figure 1F. A substrate mixture of 25 fmol labeled,
30-meric poly(A)-RNA and 45 pmol unlabeled, adenine-rich
transcript of 59 nt was used. Figure 5A shows that the poly(A)-
RNA was converted into a 25 nt degradation intermediate rou-
tinely observed in degradation assays with the Rrp4-exosome
(compare with Fig. 2C). This intermediate accumulates when
longer substrates are present in the reaction mixture.” The deg-
radation of the 30-meric poly(A)-RNA was faster in the presence
of DnaG (Fig. 5A and B). We conclude that DnaG enhances the

421



A

Rrp4-Csl4-  DnaG-Rrp4- O
0(\‘3 exosome  Csl4-exosome  ¢O©
0 2 510 0 2 510 10 min

of 25 nt

. | poiy(a) 30-mer
— Degr. product

25 fmol labeled poly(A) 30-mer
45 pmol unlabeled A-rich 59 nt transcript

100

[o]
o

—&— Rrp4-Csl4-

Remaining substrate (%) JJ
(2]
o

40 exosome
—&— DnaG-Rrp4-Csl4-
20 1 exosome
0 r r "
0 5 10 15

Time (min)

results shown in (A) and from two additional independent experiments.

Figure 5. DnaG enhances the interaction between poly(A)-RNA and the Rrp4-Csl4-exosome. (A) A phosphorimage of a 16% polyacrylamide gel with
degradation assays containing 25 fmol radioactively labeled poly(A) 30-mer and 45 pmol unlabeled A-rich transcript (59 nt). 0.3 pmol of DnaG, the
Rrp4-Csl4-exosome or the DnaG-Rrp4-Csl4-exosome were present in each reaction mixture as indicated above the panel. The Strep-Csl4-containing
exosomes shown in Figure 1F were used. The incubation time (in min) at 60°C is indicated. The 30-meric poly(A) substrate and the accumulating
degradation product of 25 nt (see ref. 21) are marked on the right side. Control, negative control without protein. (B) Graphical representation of the

efficiency of interaction between poly(A)-RNA and the exosome
containing Rrp4 and Csl4.

Discussion

The analysis of the interaction between DnaG and the exosome
of 8. solfataricus revealed that DnaG binds only to Csl4- or Csl4-
Rrp4-exosomes, while no binding to Csl4 alone, the Rrp4l-
Rrp42 hexamer or the Rrp4-exosome was detected (Fig. 1). A
comparison between the crystal structures of the Csl4-exosome
and the Rrp4-exosome from A. fulgidus did not reveal differ-
ences on the surface of the hexameric ring, suggesting that con-
formational changes of the hexamer upon Csl4 binding are not
responsible for the specific interaction of DnaG with the Csl4-
exosome.'? Binding of DnaG to composite surfaces generated by
complexation of Csl4 and the hexamer may explain why DnaG
binds to the Csl4-exosome but not to Csl4 or the hexamer.
Alternatively or in addition, Csl4 may change its conformation
upon binding to the Rrp41-Rrp42 hexamer, allowing a strong
interaction with DnaG. Similarly, monomeric S. solfataricus Rrp4
does not interact with a short poly(A)-RNA of 7 nt, while this
poly(A)-RNA is bound 40-fold stronger by the Rrp4-exosome
than by the Rrp41-Rrp42 hexamer.?”” Taken together, the data
suggest that both Csl4 and Rrp4 are inactive in their monomeric
states, but adopt their active conformations in the context of the
archaeal exosome.

Our finding that DnaG interacts with reconstituted exosomes
containing heteromeric RNA-binding caps composed of Rrp4
and Csl4 agrees with the detection of exosomal complexes con-
taining all three proteins, Rrp4, Csl4 and DnaG, in the soluble
fraction of S. solfataricus.'® The fact that the interaction of DnaG
with the exosome depends on Csl4 is in line with the finding
that increased proportions of DnaG and Csl4 are present in the
insoluble form of the exosome, suggesting a functional relation-
ship between the two proteins.'®
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In addition to the uncovering of the interaction partner of
DnaG in the exosome, we elucidated the function of DnaG in the
protein complex. Our data show that DnaG is a part of the RNA-
binding cap of the archacal exosome and influences its interac-
tion with RNA substrates. The degradation of most of the labeled
substrates analyzed here was increased when DnaG was added to
the Csl4-exosome. We can exclude that binding of DnaG to the
Csl4-exosome simply stabilizes the protein complex leading to
better RNA degradation, since the adenine-poor MCS-RNA was
degraded with lower efficiency by the DnaG-Csl4-exosome than
by the Csl4-exosome (Fig. 2E). These results show that DnaG
modulates the substrate specificity of the Csl4-exosome leading
to the preference for adenine-rich substrates.

The identification of S. solfataricus DnaG as a poly(A)-RNA-
binding protein was unexpected. The presence of two poly(A)-
binding proteins, Rrp4 and DnaG, in the RNA-binding cap of
the S. solfataricus exosome suggests an evolutionary pressure for
the presence of poly(A)-binding domains in this protein com-
plex. The three-dimensional structure of the archaeal exosome
resembles prokaryotic PNPase, which contains three S1-domains
with poly(A)-binding capacity.""'>"?® The S1 domains in the
archaeal nine-subunit exosome are provided by Rrp4 and Csl4,
but only Rrp4 shows poly(A) specificity.>'?! It can be assumed
that many of the substrates of the exosome in S. solfataricus are
adenine-rich mRNAs and adenine-rich, post-transcriptionally
synthesized RNA-tails.?»* Short poly(A) stretches in these
substrates are likely the main recognition epitopes for Rrp4
and DnaG. Apparently, the RNA metabolism of S. soffatari-
cus demands effective and selective degradation of such A-rich
RNAs, explaining the evolutionary recruitment of another exo-
somal subunit in addition to Rrp4, which is able to capture such
RNA substrates in order to thread them into the catalytic core of
the archaeal exosome. This notion is in line with our finding that
DnaG enhances the degradation of poly(A) RNA by the physi-
ologically relevant Rrp4-Csl4-exosome (Fig. 5).
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In conclusion, we show that Csl4 is necessary for the binding
of the archaeal DnaG-protein to the exosome and assign a func-
tion to DnaG in the context of this protein complex. DnaG is the
second poly(A)-binding subunit in the RNA-recruiting cap of
the S. solfataricus exosome besides Rrp4, and it helps the exosome
to interact with adenine-rich substrates, which are common in
this organism.

Materials and Methods

Protein purification and protein-protein interaction studies.
His-tagged Rrp4l, Rrp42, Rrp4 and Csl4 of S. solfataricus were
expressed in E. co/i BL21 (DE3). His-tagged DnaG was expressed in
E. coli ArcticExpress™ (DE3) (Agilent cat# 230192). Purification
by Ni-NTA affinity chromatography (Qiagen cat# 30210) under
native conditions, complex reconstitution and co-immunoprecipi-
tation with polyclonal antibodies were previously described.®1¢:3
The His-tags of the proteins were not cleaved. Briefly, Rrp41 and
Rrp42 were mixed (0.5 mg each) in a final volume of 1.5 ml. The
mixture was incubated for 2 h at room temperature in the PO buf-
fer containing 10 mM Tris, pH 7, 5 mM MgCl,, 0.5 mM EDTA,
200 mM NaCl, 5% glycerol, 0.05% Tween 20 and 0.2 mM DTT.
Thereafter, DnaG and/or Rrp4 or Csl4 was added (0.7 mg each),
and 2 h incubation at room temperature was performed. After heat
treatment at 75°C for 10 min and centrifugation for 20 min at
13,000 g, the supernatants were used for co-immunoprecipitation
with 0.04 g protein A-Sepharose beads with covalently coupled
rabbit sera specified in Figure 1.1

Strep-tagged Csl4 of S. solfataricus was expressed in E. coli
BL21 (DE3). The cells were lysed by sonication and the cell-free
extract was heated at 75°C for 20 min. Strep-tag Csl4 was purified
by Strep-Tactin® Sepharose® (iba cat# 2-1201-010) according to
the instructions of the manufacturer. Strep-tagged Csl4 (0.5 mg)
and His-tagged DnaG (0.7 mg) were mixed and incubated as
described above. The mixture was loaded onto Strep-Tactin sep-
harose column (1 ml), washed with 6-column bed volumes and
eluted six times (with 100 pl each time). For reconstitution of
Strep-Csl4-exosomes, Strep-tagged Csl4 (0.5 mg), His -Rrp41
(1 mg) and His -Rrp42 (I mg) were mixed in buffer PO. When
appropriate, His.-DnaG (I mg) and 0.5 mg His-Rrp4 were
added. The mixtures were heat treated at 75°C for 10 min, and
purification with Strep-Tactin was performed as described above.
After dialysis with buffer PO, the protein complexes were purified
by Ni-NTA affinity chromatography. Thereby, unbound Strep-
Csl4 was removed and the exosome was concentrated. Aliquots
were stored at -80°C, and second thawing was avoided.

Protein fractions were analyzed by SDS-PAGE and silver
staining. For western blot analyses, samples were resolved in
12% SDS-PAGE and transferred to Protran nitrocellulose mem-
brane (whatman cat# 10485376). The membrane was blocked
in 1 x TBS containing 5% non-fat milk powder for 1 h at 4°C.
Signals were detected with primary anti- Rrp4l antibodies and
secondary anti-rabbit IgG conjugated with peroxidase (Sigma
cat# A0545) by developing with Lumi-Light Western Blotting
Substrate (Roche cat# 12015200001).
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RNA degradation assays. Degradation assays using the
reconstituted exosomal complexes were performed at 60°C in
a reaction buffer containing 20 mM HEPES (pH 7.9), 60 mM
KCl, 8 mM MgCl,, 0.1 mM EDTA; 2 mM DTT and 10 mM
K HPO, as described.”"** The reconstituted hexameric ring was
heat treated at 75°C for 20 min, purified through size exclu-
sion chromatography, aliquoted and stored at -80°C. Aliquots
were supplemented with the same molar amounts of His-tagged
Rrp4, Csl4 and DnaG (heat treated at 75°C for 20 min) and
the resulting protein complexes were used at the concentration
0f 0.03 pmol/pl in 10 pl degradation reactions.?* The recon-
stitution of Strep-Csl4-containing exosomes is described above.
The aliquoted complexes were stored at -80°C and thawed only
once. Separation of substrate and reaction products in high-
resolution polyacrylamide gels under denaturing conditions
was performed using Rothiphorese Gel 30 (Roth cat# 3029.1).
The enzymes, the substrates and their amounts per reaction
mixture are given in the legends to the figures. The generation
of 5'-end-labeled 30-meric poly(A)-RNA, internally labeled
MCS-RNA of 97 nt and its derivatives and unlabeled MCS-
RNA of 97 nt and 30 nt was also described.?*® The template
oligonucleotide ~ 5“TTTTTTTTTTATCTTTTCGCGCTT
TCTATTCCACTAATTTTTTGTTTTTACTTTTTC
CCTATAGTGAGTCGTATTA-3' the
T7-promoter oligonucleotide and used for in vitro transcription
of the internally labeled, adenine-rich transcript of 59 nt. The
full sequences of the used in vitro transcripts are: MCS-RNA
97 nt, 5-GGGAGACCGGCAGATCTGATATCATCGATG
AATTCGAGCTCGGTACCCGGGGATCCTCTGAGTCG
ACCTGCAGGCATGCAAGCTTCAGCTGCTCGA-3";
MCS-RNA ;| " (116 nt) 5-GGGAGACCGGCAGAUCUG
AUAUCAUCGAUGAAUUCGAGCUCGGUACCCGGG
GAUCCUCUAGAGUCGACCUGCAGGCAUGCAAGC
UUCAGCUGCUCGAGGGAUAAUUAUAAAAGGAG-3';
MCS-RNA 30 nt, 5-GGGUGCAGGCAUGCAAGCUUC
AGCUGCUCG A-3'; A-rich 59 nt transcript, 5-GGGAAA
AAGUAAAAACAAAAAAUUAGUGGAAUAGAAAGC
GCGAAAAGAUAAAAAAAAAA-3.

RNA binding assays. Binding assays were performed essen-
tially as published by Biittner et al.'? For the assays in Figure 3A,
the reconstituted and gel filtration-purified hexameric ring was

was annealed to

mixed with equimolar amount of His-tagged Csl4 and incubated
on ice for 20 min prior to the assays. For the assays in Figure 3C,
Strep-Csl4-containing exosomes were used, which were recon-
stituted as described above. The assay buffer contained 20 mM
HEPES (pH 7.9), 60 mM KCI, 10 mM MgCl,, 10% glycerine,
2 mM DTT and 0.1 mM EDTA. The volume of the reaction
mixtures was 10 pl. The amounts of proteins and RNA sub-
strates are indicated in Figure 3. The reaction mixtures were
incubated at room temperature for 5 min and were then analyzed
in 5% polyacrylamide gels at 200 V and 4°C. Visualization was

26

performed by phosphorimaging.
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