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ABSTRACT. The conserved protein Nip7 is involved in ribosome biogenesis, being required for proper
27S pre-rRNA processing and 60S ribosome subunit assemBlgdoharomyces cerisiae Yeast Nip7p
interacts with nucleolar proteins and with the exosome subunit Rrp43p, but its molecular function remains
to be determined. Solution of thi®yrococcus abysdlip7 (PaNip7) crystal structure revealed a monomeric
protein composed by two alpha-beta domains. The N-terminal domain is formed by a five-stranded
antiparallelg-sheet surrounded by threehelices and a3 helix while the C-terminal, a mixed-sheet
domain composed by strand8 to 512, onea-helix, and a 3 helix, corresponds to the conserved PUA
domain (afterPseudoUridine synthases andrchaeosine-specific transglycosylases). By combining
structural analyses and RNA interaction assays, we assessed the ability of both yeast and archaeal Nip7
orthologues to interact with RNA. Structural alignment of the PaNip7 PUA domain with the RNA-
interacting surface of the ArcTGT (archaeosine tRNA-guanine transglycosylase) PUA domain indicated
that in the archaeal PUA domain positively charged residues (R151, R152, K155, and K158) are involved
in RNA interaction. However, equivalent positions are occupied by mostly hydrophobic residues (A/
G160, 1161, F164, and A167) in eukaryotic Nip7 orthologues. Both proteins can bind specifically to
polyuridine, and RNA interaction requires specific residues of the PUA domain as determined by site-
directed mutagenesis. This work provides experimental verification that the PUA domain mediates Nip7
interaction with RNA and reveals that the preference for interaction with polyuridine sequences is conserved
in Archaeaand eukaryotic Nip7 proteins.

Eukaryotic ribosome biogenesis takes place mainly in the rRNAs undergo several endo- and exonucleolytic digestions
nucleolus where a large pre-rRNA, containing the sequencesbefore export to the cytoplasm, where ribosome assembly
of the mature 18S, 5.8S, and 25S/28S rRNAs separated byterminates, 3). Important progress has recently been made
external and internal spacer sequences, is transcribed by RNAegarding the identification of the components of the preri-
polymerase I, and the 5S rRNA is transcribed by RNA phosomal complexes. The 90S preribosome contains the 35S
polymerase Ill. The pre-rRNA is assembled with processing pre-rRNA, the U3 snoRNP, 40S subunit processing factors
factors concomitantly with transcription, undergoing subse- g4 a large number of 40S subunit ribosomal proteins, along
quently exten_s.ive.endo— and exonucleolytic cleavage anditn a small number of 60S ribosomal proteir®). (Char-
covalent modification to generate the mature rRNAS). acterization of the U3 snoRNP led to the identification of

,r\lﬂggraﬁ)rree;dRNb':epr:%ceesscsrlirl;gedagcrjldrIgolz(r)rgenﬁifsé??)l%/fztcigfsfhe small subunit processing complex, termed SSU proces-
. . y be ) 9 some, which contains 28 proteins required for maturation
identified especially in the yeast model system. The large

Saccharomyces cerisiae 35S pre-rRNA is assembled into Zfb the 18? 2r7|?SNA ar:qu:OS subu_nlt fb|c;synthe;|;$). E)OS
a 90S particle, which is rapidly converted into the pre-40S sence o pre-r processing factors in the

and the pre-60S preribosomal particles. While the pre-40S preribosome indicates that the 60S subunit biogenesis factors

particles are further processed in the cytoplasm, pre-60S pre_and structural proteins join the complex later in the process
(4-6).
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Table 1: Plasmids Used in This Study
plasmid relevant features reference

pCYTEX-PaNip7 P. abyssNip7, Amg® (21
PET-PaNipRI51AR152A P. abyssHis-PaNip7-R151A/R152AKan? this study
PET-PaNip F1554/K158A P. abyssHis-PaNip7-K155A/K158AKam? this study
pET28-Nip7 S. cereisiae His-Nip7, KarR this study
PET-Nip 7161A/F164A S. cereisiaeHis-Nip7-1161A/F164A Karf this study
pGEM-5.8S S. cereisiae5.8S rRNA Am® (10
pGEM-5ETS S. cereisiae 5-ETS,Am@ this study
PGEM-ITS2 S. cereisiaelTS2, Am@® this study

nucleolus but was also found to sediment in the region of
free 60S subunits in sucrose density gradiedjsahich is
consistent with its presence in pre-60S complesgd\either
Nip7p nor its nucleolar interacting partners, Nop8p and
Nop53p, whose molecular function also remains to be
described, seem to possess intrinsic catalytic acti8ty (
10). Yeast Nip7p interacts also with the exosome subunit
Rrp43p 0). Although an intact exosome is required for
maturation of the 3end of the 5.8S rRNA following
cleavage of the 27S pre-rRNA in ITS2] 12), our analyses

of Nip7p-deficient yeast strains failed to provide a functional
link connecting Nip7p to the exosome function. The interac-

revealed that the residues involved in RNA contacts are
conserved in archaeal PUA domains, but equivalent residues
are replaced by mostly hydrophobic residues in the PUA
domain of eukaryotic Nip7. The initial working hypothesis
involved the possible interaction of Nip7p with pre-rRNA
sequences. Since yeast Nip7p showed low binding affinity
for several regions of the pre-rRNA, additional RNA binding
studies were conducted which revealed that both the yeast
Nip7p and PaNip7 orthologues can bind directly to poly-
uridine sequences, indicating conserved functional features
among the orthologues. The results presented in this work
also include mutational analyses of the PUA domain residues

tion between the yeast proteins Nip7p-Nop8p is conserved predicted to mediate yeast Nip7p and PaNip7 interaction with

by their human orthologued ), and recently we have shown
that the human Nip7 can be pulled-down from HEK293 cell
extracts by the GST-tagged Shwachm&wodian—Diamond
syndrome associated proteiri4], indicating that both
proteins are part of the same complex, a finding that

implicates Nip7p in 60S ribosome biogenesis also in humans.

Nip7 orthologues share a highly similar two-domain
architecture with the C-terminal region corresponding to the

conserved PUA domain. This domain, named after pseudo-

RNA and have established a role for the PUA domain of
Nip7 proteins in binding of uridine-rich RNAs.

EXPERIMENTAL PROCEDURES

Plasmids and Bacterial StrainBlasmids used in this study
are listed in Table 1, and cloning procedures are summarized
below. Plasmid pET28-Nip7p for expression of histidine-
tagged yeast Nip7p was generated by transferring the 546
bp Nip7p coding sequence from pCYTEX-Nip7)(to

uridine synthases and archaeosine-specific transglycosylasegeT28a using the Ndel/BamHI restriction sites. Plasmid

(15), was initially described in tRNA modifying enzymes
and in pseudo-uridine synthases fréathaeaand eukary-
otes (L6—18) and has been proposed to mediate protein

pCYTEX-PaNip7 has been described previoud$)( The
PaNip7 PaNip7*>14R152Agnd PaNipfo5AKIS8A mutant vari-
ants were constructed by PCR amplification of the PaNip7

RNA interactions. However, the PUA domain was also found ¢qding sequence using plasmid pCYTEX-PaNip7 as DNA
in the human candidate oncogene MCT1, which was reportediempjate, oligonucleotide ONZ184 as forward priméAGG

to interact with the mRNA cap translation factor complex
via its PUA domain and to modulate translation of a subset
of mMRNAs (19). Interestingly, one of the domains of the
Escherichia colglutamate 5-kinase, an enzyme with function
not related to RNA metabolism, also contains a PUA domain
(20).

Despite the information obtained from yeast conditional
mutant strains and from protein interaction analy$e40),
the molecular function of Nip7p remains elusive, and the
scope of this work was to investigate the role played by Nip7
and particularly by its conserved C-terminal PUA domain
in regard to RNA interaction. Following solution of the
crystal structure of the archaeal Nip7 orthologue from
Pyrococcus abys¢PaNip7), comparative structural analyses

! Abbreviations: Nip7pSaccharomyces cersiae nuclear import
protein 7; PaNip7Pyrococcus abys$ip7p orthologue; HsNip7iomo
sapienNip7p orthologue; PUA domairRseudobdridine synthases and
Archaeosine-specific transglycosylases-containing domain; ArcPGT,
horikoshii archaeosine tRNA-guanine transglycosylase; Rrp4Rp,
cerevisiaeribosomal RNA processing protein 43; Nop&p,cereisiae
nucleolar protein 8; Nop53%. cereisiaenucleolar protein 53; EMSA,
electrophoretic mobility shift assay; ITS1, internal transcribed spacer
sequence 1; ITS2, internal transcribed spacer sequenceEZ, S 3
external transcribed spacer sequence; RNase A, ribonuclease A.

AAG CAT ATG AGT GGT GAG CTG AGG 3) and either
oligonucleotide ONz519 (5GGA TCC CTA ACG CCT
TAAAAACTC CCCAACATCCTT TAAATT TTT TAT

AAA TGC TGC ATC GCT CTT CGG 3 or ONZ520
(5GGA TCC CTA ACG CCT TAA AAACTC CCC AAC
ATC CGC TAA ATT TGC TAT AAATCT TCT ATC GC

3') as reverse primers, containing the base substitutions to
replace either R151 and R152 or K155 and K158 by alanine
residues. The resulting PCR products were subsequently
inserted into the pETTEV plasmid2?) using the Ndel/
BamHI restriction sites, generating plasmids pET-
PaNipRSIARIS2AgNd pET-PaNipT55#/K158A These plasmids
express histidine-tagged proteins to allow purification by
metal chelating affinity chromatography. Construction of the
yeast Nip7814F164A mutant was performed by two sequen-
tial PCR steps. Initially, an 80 bp fragment of the Nip7p
C-terminal region was PCR-amplified using oligonucleotide
ONZz522 as forward primer (35GT GCA GTT GCT GCC
AGA CAA GCA GAT ATT GG 3), containing base
substitutions to replace 1161 and F164 by alanine, and
oligonucleotide ONZ283 as reverse primelr (BCA GGT
CGA CCT AAG TAA ACA AGG TGT C 3). The resulting
PCR product was used as reverse primer in combination with
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oligonucleotide ONz521 (5CGG CAT ATG AGA CAG
CTA ACA GAA GAA GAG 3') for PCR-amplification of
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of cold RNAs generated by parallil vitro transcription of
the plasmids cited above were used in the competition assays.

the complete Nip7p coding sequence containing the 1161A/ UV cross-linking was performed by placing RNAvrotein
F164A mutations, which was subsequently subcloned into complexes on ice and irradiating for 5 min at 260 nm using

the pETTEV plasmid Z2) using the Ndel/Sall restriction
sites, generating plasmid pET-Nif#AF164A The pre-rRNA
coding sequence from the-ETS up to cleavage site/and
the ITS2 sequence were PCR-amplified ustgereisiae
genomic DNA and cloned into the plasmid pGEM-T
(Promega), generating pGEMES'S and pGEM-ITS2. Con-

a Fotodyne transilluminator (Stratagene). Subsequently,
samples were treated with 1@ of RNase A for 30 min at

37 °C. Complexes were resolved on 6% denaturing poly-
acrylamide gels using 20 mM CAPS pH 11N3-¢yclohexyl-
3-aminopropanesulfonic acid) as buffer and visualized on a
Phosphorimager. Relative band intensities were quantified

struction of plasmid pGEM-5.8S has been described previ- by volume integration using the Image Quant software v.

ously @10).
All plasmid constructs were verified by DNA sequencing
analysis.E. coli strains DH®%. and BL21(DE3), used for

5.0 (Molecular Dynamics).
Electrophoretic Mobility Shift Assays (EMSA&pr EMSA
under native conditions, 20 pmol of the RNA oligoribo-

DNA amplification and protein expression, respectively, were nucleotides poly-G@s), poly-Aps), poly-Ues), and poly-Ggs)

manipulated according to standard techniq®s}. (
Recombinant Proteins Expression and Purificatix-

were P?P]-labeled usig 1 U T4 PNK(Fermentas) and 20
uCi [v32P]-ATP. A 0.4 pmol amount of eact¥?P]-labeled

pression and purification of PaNip7 has been described oligoribonucleotide was incubated with different amounts of

previously @1). Expression of proteins from pET28a-
derivative plasmids was performed i coli BL21(DE3)
cells incubated in LB medium containing kanamycin (&
mL~Y) at 30°C. At an ODy of ~0.8, the cultures were
induced by adding 0.5 mM IPTG and incubating at €D
for further 4-6 h. Cells were harvested by centrifugation,

the indicated proteins in buffer A for 30 min at 3T.
Complexes were resolved on 8% polyacrylamide gels using
TBE buffer pH 8.0 for electrophoresis and visualized on a
Phosphorimager. Relative band intensities were quantified
by volume integration using the Image Quant software v.
5.0 (Molecular Dynamics).

suspended in buffer containing 50 mM sodium phosphate Crystallization and Data Collection of the Pyrococcus

pH 7.2, 100 mM NacCl, 10% glycerol, and 0.5 mM phenyl-

abyssi Nip7p OrthologuePaNip7 was crystallized as de-

methylsulfonyl fluoride (PMSF), and treated with lysozyme scribed previously using the vapor diffusion meth@d)(

(50 ug mL™Y) for 30 min on ice. Subsequently, cells were

The best crystals were obtained using 100 mM HEPES buffer

disrupted by sonication, and the his-tagged proteins werepH 7.2 and 4.1 M NaCl as precipitant. Data collection was

initially purified by metal-chelating affinity chromatography
on Ni-NTA columns (Qiagen), using 2200 mM imidazole
gradients for elution. Nip7p was further purified by chro-

performed at 100 K at the DO3B-MX1 beam line of the
Brazilian Synchrotron Light Laboratory using 1.427 A
radiation and recorded on a marCCD165 detector. Data from

matography on a heparin-sepharose column (GE Healthcarehative crystals were processed to 1.8 A resolution. lodide
using the same buffer as above for binding and a 50 mM to derivative crystals were obtained by the quick cryosoaking

1 M KCI gradient for elution. PaNig#51A/R152A gand
PaNip1554/K158A were purified further by ion exchange

technique 24, 25) and diffracted to 1.9 A resolutior2q).
Statistics from native and derivative data collection have been

chromatography on a mono-Q column (GE Healthcare) using described previously by Coltri and co-workegsl).

buffer containing 10 mM Tris-HCI pH 7.0, 1 mM EDTA,
50 mM NaCl, and 5 mM3-mercaptoethanol for binding and
a 50 mM to 1 M NaCl gradient for elution. The Nip¥7VFie4

Structure Solution and Refinementhe structure of
PaNip7 was solved using the SIRAS method. At the time
PaNip7 crystals were obtained, no structure from homologous

protein was refolded from inclusion bodies as described proteins was available in the PDB. Seven dites with

previously for the wild-type Nip7p7). Following refolding,
Nip7pt61A4F164A was purified by metal-chelating affinity

occupancies greater than 0.7 were found with the program
SHELXD (26) using only anomalous data from the derivative

chromatography on a Ni-NTA column (Qiagen) using the crystal. According to the Matthews coefficient calculation,

procedure described above.
UV Cross-Linking Assay$-or analysis of the interaction

the asymmetric unit should contain 332 residues (two
monomers); therefore, SHELXD results indicated the pres-

of yeast Nip7p with sequences of the yeast pre-rRNA, the ence of at least one anomalous scatterer per approximately

RNA fragments corresponding to the 5.8S rRNA, tHe 5

47 residues. Refinement of heavy atoms parameters and

spacer (5ETS), the ITS2 spacer sequences, and an unrelatedcalculation of phases were carried out with SHARF)(

control RNA were transcribeiah vitro with T7 or SP6 RNA

using data from native and derivative crystals. An improved

polymerases using linearized plasmids in the presence of 10electron density map (Supporting Information Figure 1) was

uCi of [o-*2P]-UTP (L0). In vitro transcription of linearized
plasmids pGEM-ETS, pGEM-ITS2, and pGEM-5.8S using

obtained by solvent flattening with SOLOMONE). The
starting model was built using the program ARP/WARB)(

T7 RNA polymerase generate RNAs of 550, 220, and 180 Fifty cycles of autobuilding resulted in seven polypeptide
nucleotides, respectively. The unrelated RNA was transcribedchain fragments containing a total of 289 residues (out of

in vitro from linearized pBlueScript, generating a 65-

332). The model was manually completed using the program

nucleotide RNA. One picomole of radiolabeled RNA was O (30), and structure refinement was carried out with

incubated with different amounts of purified His-Nip7p in
buffer A containing 20 mM Tris-Cl pH 8.0, 5 mM magne-

REFMAC (31) from the CCP4 package3?). Refinement
cycles were alternated with visual inspection of the electron

sium acetate, 150 mM potassium acetate, 0.2% v/v Triton density maps and model rebuilding with the progranB80).(

X-100, 1 mM DTT, and 1 mM PMSF with 0.8 U RNAse
OUT (Invitrogen) for 30 min at 37C. A 5—20 pmol amount

During the final cycles, water molecules were added using
the program ARP/WARP20). The final model has aRacior
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p1 ol p2 4 o2
—- 0000000000000
PaNip7 MSGELRVRRASSWELDLILKEAEKYG.ELLH......... EFFCVVEGKYRDVYAVNEEVWKIIEDI 57
Homo sapiens ...... MRPLTEEETRVMFEKIAKYIGENLQLLVDRPDGTYCFRLHN. ..DRVYYVSEKIMKLAANI 58
consensus * * * % * ok * *% ¥ 3k * *
- ccooo0oo0000oo000 — cooo i — - B cccco
B1 al a2 p2 B2 B4 ad
od B5 p6 o4 B7 p8 ad af B9
PalNip7 N.MRPYSLGTFVGTIRVDENLVEKFYPNLEFFSLI..KLEKNYVILGPKASFLFTTGKDAPKEAVRE 121
Homo sapiens SGDKLVSLGTCFGKFTKT....HKFRLHVTALDYLAPYAKY.KVWIKPGAEQSFLYGNHVLKSGLGR 120
consensus * ok kk * * % * * % * * *
waccocoo [IIIEIE— —J— 0000000 — | 2eccccoo — R oo
of B5 B6 ab B7 ab B8 a7 B9
B9 B10 B11 p12
[
PaNip7 IKWQGSK. .RVVVLNDLGDIIGIGLINPKSDR........ RFIKNLKDVGEFLRR..... 166
Homo sapiens ITENTSQYQGVVVYSMADIPLGFGVAAKSTQDCRKVDPMAIVVFHOADIGEYVRHEETLT 180
consensus * * * %k * 3k * k% *
B9 p10 p11 ad p12 ad
B al

Ficure 1: Structural comparison of Nip7 proteins. (A) Structure-based sequence alignment of humBnabys$siNip7 showing the
insertion/deletion regions. Secondary structures are assigned on the top (PaNip7) and on the bottom (human Nip7). Structurally aligned
residues are represented in red. (B) Superposition of PaNip7 (blue) and human Nip7 (magenta) crystallographic struSturesedside

Nip7p homology model (orange). Secondary structure elements of PaNip7 PUA domain ard’hirlbuman and yeast Nip7 are indicated.

(C) Superposition of PUA domains showing overall structural conservation and local differences: PaNip7 (blue), human Nip7 (PDB code
1SQW, magental. horikoshiitRNA-guanine transglycosylase (PDB code 1J2B,greEnparitimatRNA pseudouridine synthase (PDB

code 1ZE1,cyan)P. abyssiChf5 (PDB code 2AUS,red). The region corresponding to helix not found in PaNip7, is indicated.

of 20.7% Ruee = 25.7%) to 1.8 A resolution with good RESULTS

overall stereochemistry. As defined by the program PROCHECK

(33) all non-glycine and non-proline residues fall in the most ~ Crystal structure of Pyrococcus abyssi Nip7 and Com-
favored or additionally allowed regions of the Ramachandran parison with Eukaryotic OrthologuesStructural analyses
plot. Further details of refinement are presented in Table 2. were performed in order to obtain information on the

Molecular Modeling of Saccharomyces ceisae Nip7p mechanism of Nip7p PUA domain intera(_:tion with RNA.
The Nip7p homology model was generated using the SWISS-The crystal structure of the human Nip7p orthologue
MODEL homology-modeling server3g). Atomic coordi-  (HsNip7) has already been describ88;(PDB code 1SQW),

nates of human Nip7 homologue (PDB code 1SQW) were showing a two-domain architecture in which the C-terminal
used as template. Pairwise alignment resulted in sequenceglomain corresponds to the conserved PUA domain. In this
identity of 56.8% between template and target with no gaps. work, we describe the crystal structure of tRgrococcus
High sequence identity allowed modeling of a continuous abyssiNip7 orthologue, PaNip7, which was solved by single
chain containing residues 1 to 176. After structure refinement isomorphous replacement methods with anomalous scattering
by energy minimization, the final model presented good (SIRAS) using diffraction data from a native crystal and from
overall stereochemistry. an iodide derivativeZ1). The model was refined at 1.8 A
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Table 2: Refinement Statistics Thermoplasma acidophilufd5% amino acid identity) (not
resolution range (A) 5199180 published, EDB code 1Q7H). Superposmon of the PaNip7
no. of reflections 31334 structure with the orthologues frorhl. sapiensand T.
protein atoms 2443 acidophilumresulted in overall rms deviations of 2.13 A (114
water molecules 252 Ca aligned) and 1.92 A (102 € aligned), respectively.
Riactol Riree (%) o 20.7/25.7 Despite the overall structural similarity HsNip7 and PaNip7
rm;gfgs'a(t}'f)” from ideality 0.016 differ in the C-terminal PUA domain, where HsNip7 presents

angles (deg) 1.710 a large insertion betweeftsheets311 andf$12 including
mean B-values (whole chain) tA residues 149 to 156, which form helix7, not present in the
monomer A 28.7 PaNip7 structure (Figure 1). Yeast and human Nip7 ortho-
g?cgmzifms 23%?2 logues share an overall 56.8% amino acid identity and 75%
Ramachandran plot (%) similarity. Since there is no crystal structure available for
most favored regions 92.0 Nip7p, we took advantage of this high similarity and
additional allowed regions 8.0 constructed a homology model of Nip7p to help us interpret

the RNA interaction data. As expected, tBe cereisiae

resolution to a finaRsctor Of 20.7% Riee = 25.7%). The Nip7p homology model and the HsNip7 crystallographic
final atomic model of PaNip7 includes two crystallographi- structure show a perfect superposition, with overall rms
cally independent monomers and 252 water molecules. Thedeviation of 0.09 A (all @ aligned) (Figure 1B).
quality of the electron density allowed modeling of residues  Nip7p PUA Domain Structure Analysis and RNA-Interact-
5to 159 (out of 166) in both monomers. A superposition of ing ResiduesDespite the low sequence similarity among
the symmetrically independent monomers shows no structuralproteins from eukaryotes anélrchaea the PUA domain
differences and results in an overall rms deviation of 0.11 presents a conserved three-dimensional structure (Figure 1C).
A for the 154 common @ atoms. The two independent Superposition of PaNip7 and HsNip7 PUA domain structures
monomers associate in a head-to-tail orientation generatingresulted in overall rms deviations of 0.90 A for 58.C
a dimer. The interface between the monomers buries a totalaligned. Comparison with other PUA domains also resulted
of ~700 A2 of solvent-accessible area per molecule;-86 in a good structural superpositioP.( horikoshii tRNA-
of its total surface. These values led us to suppose that theguanine transglycosylase, PDB code 1J2B: rrssil15 A
dimer formation was induced by crystallization and has no for 58 Ca aligned; T. maritimatRNA pseudouridine syn-
biological relevance. In fact, results of gel filtration experi- thase, PDB code 1ZE1: rmsd 1.40 A for 61 G aligned;
ments and dynamic light scattering support this hypothesis P. abyssiCbf5, PDB code 2AUS: rmse= 1.08 A for 58
(data not shown). The PaNip7 monomer is composed of two Ca. aligned). Interestingly, helix7, the main structural
alpha-beta domains (Figure 1). The larger N-terminal domain difference between PaNip7 and HsNip7p PUA domains, is
contains a five-stranded antiparalf&ksheet surrounded by also found in PUA domains from other archaeal proteins
three a-helices and one ;3 helix (a3). The C-terminal (Figure 1C).
domain that corresponds to the putative RNA-binding domain  The crystal structure ofP. horikoshii tRNA-guanine
(PUA) comprises residues 95 to 159 and contains a mixedtransglycosylase (ArcTGT) in complex with tRNA revealed
pB-sheet composed of strang@8 to 512, onea-helix, and the residues from domain C3 (the PUA domain) involved
one short & helix (a6) (Figure 1). in RNA interaction 87, PDB code 1J2B). Structural com-

A comparison of the PaNip7 atomic coordinates with the parison of PUA domains shows that most of the ArcTGT
contents of the Protein Data Bank using the SSM service residues which participate in RNA interaction are structurally
(36) identified structural alignment with HsNip7, the human conserved in PaNip7 (Figure 2, Table 3). In the PaNip7
Nip7p orthologue (PDB code 1SQW) (22% amino acid structure, arginine and lysine residues (R151, R152, K155,
identity) and with a conserved hypothetical protein from K158) form a positively charged path which may be

Ficure 2: Residues of PUA domain involved in RNA interaction. Stereoview of a structural comparison of PUA domains of PaNip7 (blue)
and archaeosine tRNA-guanine transglycosylase in complex with tRNA (ArcTGT, green). The ArcTGT residues involved in tRNA interactions
and the structurally correspondent side-chains in PaNip7 structure are shown in sticks. The labels refer to PaNip7 residues and the RNA
molecule is represented in orange-blue.
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Table 3: Residues of Archaeosine tRNA-Guanine Transglycosylase (ArcTGT) PUA Domain Involved in RNA Interactions and Structurally
Equivalent Residues in Nip7p Proteins frd abyssi S. cereisiae andH. sapiens

protein residue
ArcTGT E515 F519 D525 F527 K529 G572 R573 K576 R578 K579
PaNip7 K103 L107 D113 P117 E117 R151 R152 K155 L157 K158
ScNip7 N102 P106 H112 L114 Al116 G160 1161 F164 Q166 Al67
HsNip7 G102 S106 H112 L114 S116 A160 1161 F164 Q166 Al67

implicated in RNA binding, in a similar manner as described
for the tRNA-ArcTGT complex (Figure 2, Table 3). Interest-
ingly, analysis of the HsNip7 crystallographic structure and
the Nip7p homology model revealed a charge pattern
different from PaNip7 (Figure 3). In particular, PaNip7 (= _
arginine and lysine residues putatively involved in RNA » K100
interaction are not structurally conserved in the yeast and '
human counterparts, the same region being occupied by &
glycine and three residues with hydrophobic side chain
(Table 3). As shown in Figure 3B, the PUA domain of
PaNip7 displays a highly positive electrostatic surface in the
predicted RNA-interacting region, whereas the PUA domain

of Nip7p displays an overall hydrophobic surface with a B
positively charged patch restricted to the region containing
residues K100, K115, and R154 that are not conserved in
PaNip7. This finding indicates that in these proteins, the PUA
domain-RNA contacts might be mediated by different
interactions.

Nip7p Interacts Directly with PolyuridineGiven the
requirement of Nip7p for 27S pre-rRNA processing in yeast,
Nip7p was expected to interact with regions of the pre-rRNA
or with sequences corresponding to the mature rRNAs. In
order to test this hypothesis, a series iof vitro RNA
interaction assays were initially performed by using recom-
binant histidine-tagged Nip7p afl zitro transcribed RNAs
corresponding to the 5.8S rRNA, ITS2 andETS regions
of the yeast pre-rRNA. An unrelated RNA transcribed from
vector pBluescript (pBS) was used as a nonspecific competi-
tor. Nip7p did not produce shifted bands on electrophoretic
mobility shift assays with these RNAs under native condi-
tions (data not shown), indicating that the affinity of Nip7p
for the pre-rRNAs sequences tested is low. However, Nip7p
interaction with RNAs derived from the 35S yeast pre-rRNA
can be observed in RNase protection assays, in which RNA-
Nip7p complexes were UV-cross-linked and treated with
RNase A prior to denaturing polyacrylamide gel electro-
phoresis (Figure 4). In an attempt to determine whether
Nip7p shows a higher affinity for a particular pre-rRNA

region, we perfor_med competition experiments. In these FiGure 3: Structural comparison of the. abyssiandsS. cereisiae
assays, 20 pmol Nip7p bound to 1 pmol &F-labeled RNA  Nip7 PUA domains. (A) Overlay of the PaNip7 (blue) and Nip7p
were incubated with unlabeled RNAs at concentrations of (orange) PUA domains. Positively charged residues which could
5, 10, and 20 pmol (Figure 4). Although ITS2 was a form a basic pathway for RNA interaction are showed in sticks

somewhat more efficient competitor relative to the other @"d labeled. (B) Electrostatic surfaces of the PaNip7 (left) and
. . - Nip7p (right) PUA domains colored by charge, from red (negative)
RNAs, particularly relative to the unrelated RNA derived {5 hiye (positive). The upper panel shows the electrostatic surface

from the pBluescript plasmid (Figure 4), this experiment does in the same position as shown in A. The lower panel shows the
not indicate that Nip7p recognizes a specific sequence ofdomains rotated by 90resulting from a 45 rotation to the right
the RNAs tested. for the PaNip7 PUA domain (left) and from a 4Botation to the

: : : left for the Nip7p (right) PUA domain, as indicated by the green
I_n_ order to fjetermlne whether Nip7p shows a higher arrows, to better view the positively charged regions. Residues
affinity to a particular RNA sequence, we performed a second jngicated in A are represented in sticks.

round of experiments using homo-oligoribonucleotides in

native electrophoretic mobility shift assays. Interestingly, band corresponding to a mobility shift equivalent to the one
these assays revealed that Nip7p binds specifically to poly-U observed for poly-U was detected for the poly-C, poly-A,
(Figure 5A). Parallel assays were performed also with and poly-G probes, although in the case of yeast Nip7p, the
PaNip7, which also showed specific binding to poly-U. No signal of the probe disappeared from the free probe region
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Ficure 4: Analysis of yeast Nip7p interaction with pre-rRNA sequences. (A and B) 20 pmol of Nip7p was incubated with 1 pmol of

vitro transcribed £P]-labeled 5.8S RNA and{P]-labeled ITS2 RNA, respectively. Subsequently the reactions were incubated with increasing
amounts (0, 5, 10, and 20 pmol) of unlabeled competitor RNAs as indicated. Samples were submitted to UV cross-linking for 5 min, treated
with RNase A, and resolved on denaturing polyacrylamide gels using 20 mM CAPS pH 11.0 both as electrophoresis and gel buffer. Protein
RNA complexes were visualized by autoradiography. Lanes marked witlintlicate the controls without Nip7p. (C and D) Quantitation

of the assays shown in A and B, respectively. The graphs show the relative intensity of the bands in the competition reactions as compared
to the reaction where no unlabeled competitor was added (lane 0).

and a band appeared in the well region (Figure 5A, containing alanine residues at positions 155 and 158
arrowhead). We interpreted the presence of the band in the(PaNipK5#K1584) The mutant proteins were expressed in
well as resulting from unspecific binding and aggregation. E. coliand purified for RNA binding assays. Binding of both
Although poly-G is known to adopt higher order structures mutant proteins to poly-U was drastically reduced as
that may affect protein interaction, it was included in the determined by EMSA (Figure 6), which strongly supports
assay to have a complete set of RNA homopolymers tested.the hypothesis that residues R151, R152, K155, and K158
Binding of Nip7p and PaNip7 to poly-U was concentration- of PaNip7 are directly involved in RNA binding.

dependent (Figure 5B). Although equivalent amounts of As described above and in Table 3, PaNip7 residues R151,
protein and of?P-labeled poly-U probe were used for both R152, K155, and K158 are not conserved in the PUA domain
Nip7p and PaNip7, the signal for Nip7p-poly-U complexes of Nip7p and HsNip7 proteins, with equivalent positions
was consistently weaker in all assays performed. The signalbeing occupied by residues G160, 1161, F164, and A167.
of the free probe diminishes with the increase of the Nip7p We hypothesized that if involved in RNA interaction,
concentration in the binding reaction, and part of the material residues 1161 and F164 should play an important role since
is retained in the well, suggesting that part of the sample they contain larger side chains relative to glycine and alanine

does not enter the gel. residues of positions 160 and 167, respectively. A mutant
Mutation Ana|ysis of RNA-|nte|’acting Residues of the N|p7 clone was constructed in which residues 1161 and F164 were
PUA Domain The fact that bottP. abyssandS. cereisiae replaced by alanine. The recombinant mutant protein

Nip7 orthologues show preference for binding to poly-U (Nip7p*6!4F164%) was assayed for poly-U binding and,
RNAs is quite intriguing (Figure 5). In the case of PaNip7, Similarly to PaNip7 mutants, showed reduced RNA binding
evidence from structure comparison of its PUA domain with activity (Figure 6). This result is consistent with the direct
the PUA domain of ArcTGT indicates that RNA interaction involvement of residues 1161 and F164 with RNA interac-
is mediated by contacts of positively charged residues (R151,t0N.

R152, K155, K158) with phosphates of the RNA (Figure 2, DISCUSSION

Table 3). In order to test whether these residues are involved
in RNA interaction, two mutant clones were generated. Both  The PUA domain has already been identified in ap-
are double mutants, one containing alanine residues atproximately 600 proteins of different familie38), including
positions 151 and 152 (PaNip®?'#R1524 and the other a large number of uncharacterized proteins. In RNA-
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Ficure 5: Analysis of yeast Nip7p and PaNip7 interaction with oligoribonucleotides. The panels show protein-RNA complexes resolved
by electrophoretic mobility shift assays under native conditions on polyacrylamide gels and visualized by autoradiography as described in
Experimental Procedures. (A) One picomole of the indicated oligoribonucleotides (pgjyp®ly-Uqs), poly-Cosy and poly-Gig) was
incubated with 50 pmol of recombinant PaNip7 (left panel) or with recombinant yeast Nip7p (right panel). (B) One piconié®- of [
labeled poly-Uss) was incubated with increasing concentrations of recombinant PaNip7 or with recombinant yeast Nip7p. Arrows indicate
the shifted bands corresponding to the complexes formed by PaNip7 and yeast Nip7p proteins with poly-U oligoribonucleotides. The
arrowhead indicates the samples trapped in the wells.

modifying enzymes, the PUA domain function has been The experimental evidence for the mechanism of PUA
associated with RNA interaction. However, increasing domain interaction with RNA is based mostly on the crystal
evidence suggests that the PUA domain fold provides a structures of the archaeal Cbf39§, TruB (40), and ArcTGT
structural scaffold for more general macromolecular interac- (37) proteins in complex with RNA that are currently
tions than initially thought38). In E. coliglutamate 5-kinase, available at PDB. In these complexes, the PUA domain
which displays a two-domain architecture with an N-terminal contacts the RNA molecule using a glycine-containing loop
amino acid kinase (AAK) domain and a C-terminal PUA which connects the first-helix and the secong-strand and
domain, the PUA domain has apparently assumed a rolevia residues from the sixttf-strand. RNA recognition
nonrelated to RNA processing, taking part in monomer depends on the identity of thel—/32 and/6 side chains
interaction, in formation of a cavity at the dimer interface involved in RNA interactions (reviewed in r&8). Corre-
involved in magnesium binding, and binding a glutamate sponding regions in PaNip7 include hetis (PUA al), the
residue 20). The human candidate oncogene MCT1 shows loop betweena5 and the 3 helix a6, andg-strand 12

a molecular weight similar to Nip7 proteins and contains a (Figure 1). In Cbf5 and TruB, the PUA domains mediate
PUA domain in the C-terminal region. Unlike Nip7 PUA the interaction with the minor groove of double-stranded
domains, this particular PUA domain was reported to interact RNA (39, 40) whereas the ArcTGT PUA domain binds to
with the mRNA cap translation factor complex, linking the the bottom of the tRNX' acceptor stem, through the major
MCT1 protein to translational controllg). In the E. coli groove @7). The structural alignment suggests that PaNip7
methyltransferase YebU, which methylates cytigipeof the uses a mechanism similar to ArcTGT for RNA interaction,
16S rRNA, the PUA domain forms a tight interface with involving the positively charged residues R151, R152, K155,
the methyltransferase domain, and although there is noK158 fromgj-strand312 (Figure 2). However, these residues
straightforward model that explains the mechanistic role are not structurally conserved in the yeast and human Nip7p
played by the PUA domain of YebULY), it still could be counterparts, which are replaced by a glycine and three
involved in RNA interaction during methylation of the 16S residues with hydrophobic side chain (Figure 3B, Table 3).
rRNA. In fact, the structure of the PUA domain from PaNip7
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Ficure 6: Analysis of the interaction of Nip7p and PaNip7 mutants with oligoribonucleotides. The panels show-pRitéircomplexes

resolved by electrophoretic mobility shift assays on polyacrylamide gels and visualized by autoradiography as described in Experimental
Procedures. (A) One picomole 6P]-labeled poly-ibs) or poly-Gss) was incubated with 50 and 100 pmol of the recombinant wild type
PaNip7 (WT) and of the mutant PaNf?1AR152Agnd PaNipf155A4K1s8A p-U indicates the positive control in the assay containfig]f

labeled poly-Ws) and wild type PaNip7. (B) One picomole 6#P]-labeled poly-\s) or poly-Gas) was incubated with 20 and 50 pmol of

the recombinant yeast wild type Nip7p (WT) and of the mutant N#¥F164A Arrows indicate the shifted bands corresponding to the
complexes formed by PaNip7 and yeast Nip7p with poly-U. (C) Graphs showing the quantitation of the PaNip7-poly-U (top) and Nip7p-
poly-U (bottom) complexes of the assays shown in A and B, respectively. The graphs show the intensity of the complexes relative to the
lanes containing 100 pmol of PaNip7 or 50 of Nip7p, respectively, which were set to one.

revealed two differences relative to eukaryotic Nip7p and RNA backbone would only be possible through a different
other archaeal PUA domains, which possess an insertionregion of the PUA domain involving residues K100, K115,
betweeng-strandspll and 12 as compared to PaNip7 and R154. In accordance with the structural comparisons,
(residues 149 to 156 which form helix7). The second  mutational analyses (Figure 6) have shown that residues
difference involves the composition and distribution of R151, R152, K155, and K158 of PaNip7 are involved in
positively charged residues that renders the PaNip7 PUARNA interaction. Mutational analysis of the yeast Nip7p has
domain with a highly positive electrostatic surface and the also shown that residues 1161 and F164 are required for RNA
Nip7p PUA domain with a predominantly hydrophobic interaction, indicating that the same region of the PUA
surface. In Nip7p and HsNip7, electrostatic interaction domain interacts with poly-U in archaeal and yeast Nip7p
between positively charged residues and phosphates of theroteins but probably via different contacts.
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TheS. cereisiae ribosome biogenesis Rrp5p protein has REFERENCES

also been described to preferentially bind poly-U and U-rich
sequencesi{l). Rrp5p contains twelve tandem repeats of the

S1 RNA binding domain in the N-terminal region that is 2.

responsible for RNA bindingn vitro with a higher affinity

to poly-U (41). Genetic depletion of Rrp5p results in
accumulation of pre-rRNA species with extend€defd,
affecting biogenesis of both ribosomal subunits. Based on
deletion analyses of the pre-rRNA, de Boer and co-workers
(42) have proposed that Rrp5p may bind to a conserved
single-stranded U-rich sequence upstream from the pre-rRNA
cleavage site A2 in ITS1. Genetic depletion of Nip7p results
in accumulation of unprocessed 27S pre-rRNA indicating 5
that it is required for processing of ITS2. As many 60S
biogenesis factors, Nip7p is not found in 90S preribosomes
(3), and, consistent with the genetic depletion data, it
cosediments with the 60S subunit peak in sucrose density
gradients ) and has been found associated with pre-60S
complexes %, 6). Although thein wuitro interaction assays
indicated a low Nip7p affinity for the ITS2 region (Figure
4) even though it contains several U-rich stretches,
Nip7p interacts with the nucleolar proteins, Nop8p and

Nop53p O, 10), both containing RNA interaction domains, 8.

that may bind the pre-rRNA and help stabilize Nip7p on
ITS2 in vivo. However, one has to consider also that the 9
Nip7p preference for binding to poly-U raises the question
whetherin vivo Nip7 proteins might bind to U-rich snoRNAs

instead of pre-rRNA sequences. Nip7p does not possess 1.

intrinsic catalytic activity and might function as an adaptor
since it has the ability to bind to RNA via the C-terminal
PUA domain and interacts with proteins involved in pre-
rRNA processing, such as Rrp43p, Nop8p, and Nop53p
(9, 10), possibly via its N-terminal domain. The temperature
sensitive nip7-1 allele results from mutation of a con-
served glycine residue at position 71 which is replaced by
an aspartic acidf, affecting Nip7p stability and interaction
with other proteins in the yeast two-hybrid system (data not
shown).

In conclusion, we have shown that the PUA domain of
Nip7 proteins mediates interaction with RNA. Although
RNA-binding assays did not identify a 35S pre-rRNA
sequence to which Nip7p could bind specifically, we found
that Nip7 proteins bind specifically to poly-U RNAS vitro.
Structural and mutational analyses revealed that equivalent 5
regions, including residues R151, R152, K155, and K158 in
PaNip7 and residues 1161 and F164 in yeast Nip7p PUA
domains, are involved in RNA interaction.
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One figure showing the R, — F. electron density map
calculated from experimental phases (contour leveb)1o?
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