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ABSTRACT. Pokeweed antiviral protein (PAP) is a ribosome-inactivating protein (RIP) which catalytically
cleaves a specific adenine base from the highly consexvsatcin/ricin loop (SRL) of the large ribosomal

RNA and thereby inhibits the protein synthesis. The ribosomal protein L3, a highly conserved protein
located at the peptidyltransferase center of the ribosomes, is involved in binding of PAP to ribosomes and
subsequent depurination of the SRL. We have recently discovered that recombinant PAP mutants with
alanine substitution of the active center cleft resid®BEN’® (FLP-4) and®*FND?®? (FLP-7) that are not
directly involved in the catalytic depurination at the active site exhitilt50-fold reduced ribosome
inhibitory activity [(2000)J. Biol. Chem. 2753382-339(. We hypothesized that the partially exposed

half of the active site cleft could be the potential docking site for the L3 molecule. Our modeling studies
presented herein indicated that PAP residues®) 69-70, and 118-120 potentially interact with L3.
Therefore, mutations of these residues were predicted to result in destabilization of interactions with rRNA
and lead to a lower binding affinity with L3. In the present structtfterction relationship study,
coimmunoprecipitation assays with an in vitro synthesized yeast ribosomal protein L3 suggested that
these mutant PAP proteins poorly interact with L3. The binding affinities of the mutant PAP proteins for
ribosomes and recombinant L3 protein were calculated from rate constants and analysis of binding using
surface plasmon resonance biosensor technology. Here, we show that, compared to wild-type PAP, FLP-
4/59AA 0 and FLP-7PAAA °2 exhibit significantly impaired affinity for ribosomes and L3 protein, which

may account for their inability to efficiently inactivate ribosomes. By comparison, recombinant PAP mutants
with alanine substitutions of residué¥D?° and 11SR!!? that are distant from the active center cleft
showed normal binding affinity to ribosomes and L3 protein. The single amino acid mutants of PAP with
alanine substitution of the active center cleft residues N69 (FLP-20), F90 (FLP-21), N91 (FLP-22), or
D92 (FLP-23) also showed reduced ribosome binding as well as reduced L3 binding, further confirming
the importance of the active center cleft for the PABosome and PAPL3 interactions. The experimental
findings presented in this report provide unprecedented evidence that the active center cleft of PAP is
important for its in vitro binding to ribosomes via the L3 protein.

Pokeweed antiviral protein (PAP} a naturally occurring  cleaves the glycosidic bond of a single adenine badé’{A
type | ribosome-inactivating protein (RIP) isolated from the of the tetraloop sequence GAGA) that is located in the highly
leaves of the pokeweed plamthytolacca americanél, 2). conserved ¢-sarcin/ricin loop” (SRL) of the large ribosomal
The therapeutic potential of PAP as a ribosome inhibitory RNA (rRNA) species in eukaryotic (28S rRNA) and
anticancer agent has gained considerable interest in recenprokaryotic (23S rRNA) ribosomes7,(8). This catalytic
years due to the clinical use of native PAP as the active depurination of the SRL by PAP results in irreversible
moiety of immunoconjugates against cancér-). PAP inhibition of protein synthesis at the translocation step by
exhibits a highly specific RNAN-glycosidase activity that  impairing the elongation factor (EF) 1 dependent binding of
aminoacyl-tRNA as well as the GTP-dependent binding of
*This work was supported by the Defense Advanced Research EF-2 to the affected ribosom&,(9—11).

Proj_(le_cts ,?\]gency under G(;ant Naizstlsc-jgg-l-sd%zz (avx&ardsd tko F.FI\i/I-UH)- Endo and Tsurugi8) demonstrated that the ribosome
*To whom correspondence shou e addressed: Parker Hugnhes. e . N P .
Institute, 2657 Patton Road, Roseville, MN 55113. Phone: (651) 628- inhibitory protein ricin-A chain is capable of deadenylating

9988. Fax: (651) 697-1042. E-mail: frajamohan@ih.org; fatibkun@ rat liver ribosomes with & value nearly 18fold greater

ih-grg- than that measured using naked 28S rRNA. The highly
Biotherapy Program, Parker Hughes Cancer Center. conserved catalytic site residues of the RIPs exhibit virtually
§ Department of Protein Engineering, Parker Hughes Institute. L L
I Department of Biochemistry, Parker Hughes Institute. the.same level _of depurman'ng activity for naked 28S rRNA
“ Department of Structural Biology, Parker Hughes Institute. derived from different species. However, these same RIPs
“Department of Virology, Parker Hughes Institute. differ in their depurinating activity against intact ribosomes

1 Abbreviations: PAP, pokeweed antiviral protein; SRi-sarcin/ : : : :
ricin loop; EF, elongation factor; RIP, ribosome-inactivating protein; isolated from different specieg,(12). These observations

rRNA, ribosomal RNA; MBP, maltose binding protein; IPTG, isopropyl  IMply an impqrtant role for ribosomal elements in RIP
thiogalactoside; HMHaloarcula marismortui rRNA interactions. A recent study by Hudak et al3)
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indicated that the ribosomal protein L3, a highly conserved
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structure with the stem loop structure in our previous PAP

protein located at the peptidyltransferase center of the RNA complex model. The conformation of rRNA was

ribosomes, is involved in the binding of PAP to ribosomes

adjusted near the adenine A2697 (A266(Eincoli) of the

and subsequent depurination of the SRL. Notably, PAP failed GAGA tetraloop, and the rest of the PAP molecule was left
to depurinate ribosomes in yeast cells expressing a mutantunchanged. The adenosine was manually adjusted by a 38

L3 protein (L3), prompting the hypothesis that the interaction
of PAP with L3 is essential for its ability to bind to and
inactivate ribosomes by depurination. Furthermore, foot-
printing studies ofEscherichia coli23S rRNA studies

showed that L3, together with L6, has protected the SRL,

suggesting that the protein L3 is located in close proximity
to the SRL (4).

rotation at the C5position and a 5.4 A translation of the
adenine ring. The model was used to perform fixed docking
using the Docking module in Insightll employing the CVFF
and a Monte Carlo strategy in the Affinity program (Insightll
User Guide 1991, MSI, San Diego, CA). The parameters
used in this docking included searching for five unique
structures, with 1000 minimization steps for each structure,

We have recently discovered that recombinant PAP energy range 10.0 kcal/mol, maximum translation of the
mutants with alanine substitutions of the active center cleft ligand of 3.0 A, maximum rotation of the ligand of 9,Gnd

residues®™®NN7° (FLP-4) and®*FND®? (FLP-7) that are not
directly involved in the catalytic depurination at the active
site exhibit>150-fold reduced ribosome inhibitory activity
(15). We hypothesized that the partially exposed half of the
active site cleft could be the potential docking site for the

an energy tolerance of 1500 kcal/mol. During the minimiza-
tion steps of the docking procedure, only the tetraloop and
the active site residues of PAP were allowed to be flexible,
whereas the rest of rRNA and PAP remained fixed. The best
molecular position was chosen on the basis of the best Ludi

score which included the contribution of the loss of
translational and rotational entropy of the RNA fragment,
the number of hydrogen bonds, the hydrogen bond geometry,
Asp®? as well as the active site residue Adwhich is not and contributions from ionic and lipophilic interactions to
directly involved in the catalytic depurination of rRNA, the binding energy. The refined structure was then analyzed
promote specific interactions with the phosphate backbonein CHAIN (17). Finally, we examined the potential docking
of the target SRL of rRNA. On the other hand, these residuessite for the L3 molecule. On the basis of the HM crystal
are on the protein surface, and all but residue 122 potentially structure, a rational choice for a binding location for PAP
interact with L3 in our model. Therefore, mutations of these would be on the outer surface near residues 65 and 350, in
residues were predicted to result in destabilization of a region that does not interact with rRNA and is closest to
interactions with rRNA and lead to a lower binding affinity the SRL region. Therefore, the rRNA region containing SRL
with L3 (except 122). Coimmunoprecipitation assays with between 2684 and 2704 (2647 and 2667, respectively, in
an in vitro synthesized yeast ribosomal protein L3 suggestedcoli) and the PAP molecule were docked as a rigid body
that these active center cleft mutants of PAP poorly interact near the aforementioned region of L3. This was accomplished
with L3. The binding affinities of the mutant PAP proteins using the Docking module within the Insightll program in a
for ribosomes and recombinant L3 protein were calculated similar manner as for the docking of rRNA to PAP.

from rate constants and analysis of binding using surface Construction of MutantsThe recombinant wild-type PAP
plasmon resonance (SPR) biosensor technology. Here, weconstruct (pBS-PAP) was obtained by subcloningRiAé-|
show that, compared to wild-type PAP, FLPAA™ and gene (amino acids 22313) at theBanH| and HindlIl sites
FLP-7PPAAA 92 exhibit significantly impaired affinity for ~ of theE. coliexpression vector, pBluescript SKStratagene,
ribosomes and L3 protein, providing a cogent explanation La Jolla, CA). PAP mutants were constructed using site-
for their inability to efficiently inactivate ribosomes. The directed mutagenesis techniques as described previdily (
single amino acid mutants of PAP with alanine substitution  Expression and Purification of Mutant®Vild-type and

of the active center cleft residues N69 (FLP-20), F90 (FLP- mutant recombinant PAP proteins were expressetl icoli

21), N91 (FLP-22), or D92 (FLP-23) also showed reduced MV1190 as inclusion bodies, isolated, solubilized, and
L3 binding. By comparison, recombinant PAP mutants with refolded, as described previoushg]. The refolded proteins
alanine substitutions of residu#&D?° and!*'SR*? that are were analyzed by SDS12% polyacrylamide gel electro-
distant from the active center cleft showed normal binding phoresis (PAGE). Protein concentrations were determined
affinity to ribosomes and L3 protein. The experimental from the gel using bovine serum albumin (BSA) as a
findings presented herein provide unprecedented evidencestandard.

that the active center cleft of PAP is important for its in Immunoblot Analysis of PAP MutantSne microgram of
vitro binding to ribosomes via the L3 protein. the protein samples was resolved on a S3% PAGE

gel and transferred onto a poly(vinylidene difluoride) (PVDF)
membrane (Roche Molecular Biochemicals, Indianapolis, IN)
using the Bio-Rad trans-blot apparatus, as described previ-
ously (18). The membrane was immunoblotted using rabbit
anti-PAP serum (1:2000 dilution) and horseradish peroxidase
conjugated goat anti-rabbit 1gG (1:1000 dilution) as the
marismortui(HM) (Protein Data Bank access code 1FFK) primary and secondary antibodies, respectively. The blot was
(16) and the crystal structure of the PARucleotide complex  developed using 3;dliaminobenzidine (Sigma) as the colo-
(access code 1pag). This model represents a refinement ofimetric indicator for peroxidase activity.

our recently published model of the PAFRRNA stem loop In Vitro RNA Transcription and Radiolabeling of the L3
complex (5). First, we superimposed the HM ribosome Protein. A plasmid containing the cDNA (pJD166.trp) that

L3 molecule. Our modeling studies indicated that PAP
residues 9696, 69-70, and 118120 potentially interact
with L3. The active center cleft residues A%nAsn’®, and

EXPERIMENTAL PROCEDURES

Molecular Modeling.The molecular model of the PAP
rRNA stem loop complex was derived from the 2.4 A crystal
structure of a large ribosomal subunit froktaloarcula
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encodes th&accharomycis cerésiaeribosomal protein L3,
wild type, was a kind gift from Dr. Jonathan D. Dinman,
University of Medicine and Dentistry of New Jersey.
Radiolabeled L3 protein was synthesized by a linked
transcription-translation system (TNT T3-coupled reticu-
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purified MBP—L3 fusion protein was analyzed by SBS
10% PAGE.

Expression and Purification of Recombinant L3 Protein
in a Baculairus Expression SystermhelL3 gene in plasmid
pJD166.trp was amplified by polymerase chain reaction

locyte lysate system, Promega) according to the manufac-(PCR) using theNcd site-containing 5Sprimer, 3-AAT-
turer’s instructions (Promega). The translation products were TATCCATGGCTCACAGAAAGTACG-3, and theEcaRl
resolved on SDS10% PAGE; gels were dried and auto- site-containing 3primer, 3-AATTATGAATTCTTATTA-
radiographed. CAAGTCCTTCTTCAAAGTACC-3. PCR was performed
CoimmunoprecipitationThe mouse anti-L3 monoclonal in 25 cycles with a Ericomp, DeltaCycler II, DNA Ther-
antibody was a kind gift from Dr. Jonathan R. Warner, mocycler system using a Gene Amp kit (Takara Shuzo Co.,
Department of Cell Biology, Albert Einstein College of Ltd.) according to the procedure recommended by the
Medicine, Bronx, NY. The in vitro synthesized L3 protein supplier. After digestion of the PCR fragment witlcd and
(8 x 10* cpm) was incubated with 1 mg of wild-type or EccRl, the 1170 base pair fragment product was cloned into
mutant PAP proteins in 50 mL (final volume) of binding the pFastBac HTb His-tagged vector. The final construct,
buffer (10 mM KHPQ;,, 5 mM NacCl, pH 8.0) at 30C for pFas-L3, was expressed in SF9 cells using the Bac-To-Bac
30 min. The PAP-L3 complex was coimmunoprecipitated baculovirus expression system (Gibco Life Technologies)
by adding 5uL of the mouse anti-L3 monoclonal antibody following the manufacturer’s instructions (Gibco). The
(1:500 dilution). After 60 min of incubation at 3TC, the 6x His—L3 fusion protein was purified by using the nickel
PAP-L3—antibody complex was precipitated by addition NTA spin kit (Quiagen, Inc.), as described in Quiagen
of 50 mL of protein A-Sepharose beads that had been protocols.
pretreated with rabbit anti-mouse IgG (20/mL beads) and Monitoring of Binding Interactions Using Surface Plasmon
the incubation continued for anothe h at 4°C. The beads = Resonance Technologi. BIAcore 2000 surface plasmon
were washed three times with phosphate-buffered salineresonance-based biosensor system (Pharmacia Biosensor AB)
containing 0.1% Triton X-100, and the proteins were eluted was used to measure the kinetic parameters for the interac-
from the Sepharose beads with SDS sample buffer. Thetions between soluble recombinant PAP proteins (analytes)
proteins were separated through SBI®% PAGE, trans-  and the immobilized ribosomes or the ribosomal protein L3
ferred to a PVDF membrane, and probed with the polyclonal (ligands). In ribosome binding assays, ribosomes were
rabbit anti-PAP antibody (1:2000 dilution) and horseradish covalently linked to the dextran on the surface of research
peroxidase conjugated goat anti-rabbit IgG (1:1000 dilution) grade CM5 sensor chips via primary amino groups using
as the primary and secondary antibodies, respectively. Thethe amine coupling kit from Pharmacia according to the
blot was developed using 3;8iaminobenzidine (Sigma) as manufacturer’s instructions (Pharmacia). Thirty-five micro-
the colorimetric indicator for peroxidase activity. The dried liters of the ribosome isolate (1@/mL) in 10 mM sodium
membrane was also exposed to autoradiography to estimatecetate, pH 5.5, was injected onto the surface at a flow rate
the amounts of L3 protein. of 5 uL/min. Typically, a 1200 RU resonance signal was
Preparation of Ribosomes and Binding to PAP Mutants. obtained following this procedure. The protein samples were
Ribosomes were isolated from rabbit reticulocyte-rich whole diluted in PBS buffer (1 mM KHPQ,, 10 mM NgHPQ,,
blood (Pel-Freez, Rogers, AR), as described previoddy (  0.137 M NaCl, 2.7 mM KCI, 0.005% Tween P20, pH 7.4)
Ribosome binding assays were carried out by incubating 5to a final concentration of 50 nM before the injection.
ug samples of ribosome isolates withuty of wild-type or Samples were injected at 2& at a flow rate of SuL/min
mutant PAP proteins in 560L of TKM buffer (25 mM Tris- onto the sensor chip surface on which the ribosome had been
HCI, pH 8.0, 25 mM KCI, 5 mM MgdC)) for 30 min at 30 immobilized or onto a control surface on which BSA had
°C. The ribosomePAP complexes were separated by been immobilized. The binding surface was regenerated by
ultracentrifugation (90 000 rpm for 30 min), and the pellet washing wih 2 M NacCl.
was washed three times with 1@0Q of HEPES-T buffer In binding assays using the MBR.3 fusion protein, an
(0.1% Tween-20, 10 mM HEPES, pH 8) in order to remove anti-MBP antibody was covalently linked to the dextran on
the unbound PAP. The proteins were solubilized with SDS the surface of research grade CM5 sensor chips via primary
sample buffer, separated by SBE2% polyacrylamide gel ~ amino groups using the amine coupling kit (Pharmacia). The
electrophoresis (PAGE), transferred to a PVDF membrane, CM5 chip was activated by injecting a mixture of
and probed with the polyclonal antibody to PAP. hydroxysuccinimide andN-ethyl-N'-(3-dimethylaminopro-
Expression and Purification of Recombinant L3 Protein pyl)carbodiimide followed by 35uL of the anti-MBP
in E. coli. The plasmid containing the cDNA (pJD166.trp) antibody (10ug/mL) (New England Biolabs) in 10 mM
that encodes th&. cereisiae wild-type ribosomal protein  sodium acetate, pH 5.0. Ethanolamine hydrochloride, pH 8.5,
L3 was subcloned into the fusion vector, pMAL-c2 (New was injected to block unreactédhydroxysuccinimide esters
England Biolabs Inc., Beverly, MA), downstream from the (35 uL). The MBP-L3 fusion protein was captured by
malE gene, which encodes the maltose binding protein injecting 40uL of the fusion protein (2Q:g/mL) over the
(MBP). The resulting construct, pMAL-L3, was transformed surface of the CM5 sensor chip, which was immobilized
into E. colicells, and the expression of the MBE3 fusion (amine coupling) with an anti-MBP antibody, at a flow rate
protein was induced by the addition of IPTG (1 mM final of 5 uL/min in HBS—EP buffer (0.1 M HEPES, pH 7.4,
concentration). The L3 fusion protein was purified by binding 0.15 M NaCl, 3 mM EDTA, and 0.005% polysorbate 20).
to an amylose affinity purification column according to the Typically, an average resonance (RU) signal of 1500 was
manufacturer’s instructions (New England Biolabs). The obtained by following this procedure. Unoccupied sites were
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blocked by injecting 3Q«L of MBP (25 ug/mL) in HBS— nation ofke only the initial portion of the curve encompass-
EP buffer as above. The protein samples were diluted in ing the fast dissociation phase was used for fitting. The
HSEM buffer (10 mM HEPES, pH 8.0, 50 mM NaCl, 1 mM goodness of fit was assessed by inspecting the statistical value
EDTA, 5 mM MgCk, and 0.005% polysorbate 20) to a final 2 and the residuals (observedalculated). Thes? values
concentration of 50 nM before the injection. In a kinetic were low (<2) and the residuals randomly distributed about
study, 30uL of samples (150 nM) was injected at 26 at zero. The accuracy of the quantitative measurements of the
a flow rate of 8uL/min onto the sensor chip surface on which off rates for the PAP-L3 interactions may be compromised
the MBP-L3 fusion protein has been captured or onto a because of the very slow dissociation of the ligand from the
control surface on which MBP had been immobilized, using protein immobilized on the biosensor chip.

HBS—EP as the running buffer. Between samples, the

binding surfaces were regeneratgdab3 min injection of 1 RESULTS AND DISCUSSION

M NaCl and 50 mM NaOH solution at a flow rate of 10
Molecular Model of the PAPrRNA-L3 Complex and

uL/min. Each experiment was carried out at least twice on : : . .
the same chip, and samples were injected in random order Structure-Based Design of Recombinant PAP Proteins with

In binding assays using His-tagged recombinant L3 protein Altered L3 Binc_iing AffinityThe precise molecular interaction
6xHis—L3 produced in the baculovirus expression system, Petween the ribosomal protein L3 and PAP has yet to be
the NTA sensor chip was saturated by injecting 20 of revealed by a crystal structure of the PARbosome
500 mM NiCl, solution at a flow rate of 2@L/min in NTA complex. However, on the basis of the crystal structure of a

buffer (10 mM HEPES, 0.15 M NaCl, 50 mM EDTA, large subunit of théd. marismortui(HM) ribosome (Protein_
0.005% Surfactant P20, pH 7.4). The dis—L3 protein was Data Bank access code 1FFK), the outer surface near residues

M 65 and 350, which does not interact with rRNA, is the closest

diluted in NTA buffer to a final concentration of 150 n ; o= .
region to thea-sarcin/ricin loop. Moreover, on the basis of

and was immobilized on the sensor chip by injecting.25 X . P AR
at a flow rate of JuL/min. Typically, an average resonance our previously published molecular m(_)del (.)f the A
signal of 1000 RU was obtained by following this procedure. Stem loop complex1®), half of the active site cleft of PAP
Between samples, the binding surface was regenerated byLS In contact \.N'th S.RL bL.’t the o.ther half which consists of
injecting 30uL of regeneration buffer (10 mM HEPES, 0.15 four loop regions, including residues 44, 69-70, 91-

M NaCl, 0.35 M EDTA, 0.005 Surfactant P20, pH 8.3) at a 96 and 126-122, is only partially in contact with SRL and
flow rate of 10uL/min. partially exposed to the solvent environment. We reasoned

For the binding of L3 protein to the recombinant wild- that the partially exposed half of the active site cleft of PAP

type PAP, the N-terminus:6His—PAP fusion protein was could be the potential docking site for the L3 molecule. We
used. The &His—PAP protein was cloned, expressed, and con.syructed a mole(_:ular model to ShO\.N the proposed docl_qng
purified fromE. colias described previousl{). The NTA position of L:’? relatlvg to the active site cleft of PAP' This
sensor chip was activated by injecting 20 mL of 500 mM was acc;omph;hed with a dockln'g procgdure using a Monte
NiCl, in NTA buffer at a flow rate of 20 mL/min. The Carlo s_lmulatlon strategy combined with a dockln_g score
6xHis—PAP protein was diluted in NTA buffer to a final evaluation (see Experimental Procedures). Our refined mo-

concentration of 150 nM and was immobilized on the sensor :ia:;:gla(; m(_)deldqf t?f PAP?NA stem loop complexed with
chip by injecting 20uL at a flow rate of 5uL/min, giving Is depicted in Figure 1. .

a change in RU value of 275. A 30 mL solution of MBP It has been shown that C769T (causing a Pro to Ser change
L3 protein (25 nM) alone or after preincubation with 250 at residue 257) and G765C (causing a Trp to Cys change at
nM native or recombinant wild-type PAP in buffer (50 mM residue 255), two adjacent missense mutations of the yeast
HEPES, 10 mM MgGl, 50 mM NaCl, pH 7.6) at room RPL3 gene which are predicted to structurally alter the
temperature fo1 h was then injected over immobilized ~€ncoded L3 protein, significantly affect the programmet
6xHis—PAP at a flow rate of §L/min. Between samples, ribosomal frame-shift efficiencies of yeast ribosom26)(

the binding surface was regenerated by injecting«BQof Interestingly, the mutant protein also showed poor binding
regeneration buffer (10 mM HEPES, 0.15 M NaCl, 0.35 M t0 PAP, suggesting that the quaternary structure of a
EDTA, 0.005 Surfactant P20, pH 8.3) at a flow rate of 10 ribosome containing mak8-1p may differ from a wild-type
uL/min. As a control for nonspecific binding, a MBR.3 ribosome such that the binding site for PAP may be masked
sample solution was injected over the flow cell without the in the mutant ribosomel@). The yeast L3 residues W255
immobilized 6<His—PAP protein, and each control signal and P257 correspond to the L3 residues W241 and P243 in
was subtracted to correct for a nonspecific binding. H. marismortui(HM). On the basis of the recently resolved

The primary data were analyzed using the BlAevaluation crystal structure of a large ribosomal subunit from HM
software (Version 3.0) supplied with the instrument (Biacore, (Protein Data Bank access code 1FFKE)( these two
|nc')_ To prepare the data for ana]ysisy baselines were residues are situated on the nOﬂglObUlar extension of L3,
adjusted to zero for all curves, and injection start times were deeply buried inside the ribosome and interact closely with
aligned. Background sensorgrams were then subtracted fronfRNA reaching toward the peptidyltransferase site (Figure
the experimenta| Sensorgrams to y|e|d curves representinglA). Therefore, the notion that PAP m|ght interact with these
specific binding. All of the kinetic data were fit most two residues is not consistent with the new structural
adequately by assuming a simple bimolecular reaction modelinformation provided by the HM crystal structure upon which
for interaction between soluble analyte and immobilized Our model was based.
ligand, equivalent to the Langmuir isotherm for adsorption  According to our model, PAP residues 43, 67 (paired with
to a surface. For determination laf, only the middle portion 97), 69, 70, 92, 206210, 212-213, 217, 224225, and
of the association curve was used for fitting. For determi- 253—255 participate in its interaction with rRNA. Our
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Ficure 1: Molecular model of PAP interactions with the large ribosomélafoarcula marismortu{HM) and ribosomal protein L3. (A)

Model of PAP (green) interacting with the large ribosome unit with rRNA (blue), L3 (white), and the rest of ribosomal proteins (red). As
illustrated, the yeast W255 and P257 equivalent residues, W241 and P243, are deeply buried inside the ribosome and interact closely with
rRNA reaching toward the peptidyl transferase site. (B and C)-PARRNA—L3 model as viewed from two different angles: PAP molecule

(blue), L3 (white ribbon), and rRNA (stick model, multicolor). The positions of the alanine-substituted residues of the recombinant PAP
mutants FLP-1, FLP-4, FLP-5, FLP-7, and FLP-9 are indicated. The conformation of rRNA (shown in white; phosphate backbone in
yellow) was adjusted around the adenine A2697 (A266&.ircol)) of the GAGA tetraloop, and the rest of the PAP molecule remains
unchanged. The adenosine was manually adjusted by eo&gion at the C5position and a 5.4 A translation of the adenine ring. There

are no steric collisions between PAP and nearby ribosomal proteins. L3 is shown as a white ribbon. The loop region around residues 65
and 350 (based on the amino acid sequence of yeast L3) is in close contact with PAP in the regions where mutations occur in FLP-4 and
FLP-7 but not in the regions where mutations occur in FLP-1, FLP-5, and FLP-9. The image was created using GRASP 28ft@2)e (
Detailed interaction of L3 (blue) with SRL (space-filling model) and PAP (pink and green).

modeling studies indicated that PAP residues-89, 90— tions with the phosphate backbone of the target SRL of
96, and 118120 potentially interact with L3. The active rRNA. On the other hand, these residues are on the protein
center cleft residues A8h Asn’®, and Asg? as well as the  surface, and all but residue 122 potentially interact with L3
active site residue A#g% which are not directly involved in  in our model. Therefore, mutations of these residues (except
the catalytic depurination of rRNA, promote specific interac- for residue 122) were predicted to result in destabilization
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Ficure 2: (A) Coomassie Blue-stained SB32% PAGE (A.1) and Western blot analysis (A.2) of wild-type (WT) and mutant recombinant

PAP proteins. The mass of the protein (in kDa) is shown on the right. Each lane contaigedf 3ecombinant PAP protein. (B and C)
Association of PAP mutants with ribosomes isolated from rabbit reticulocyte enriched blood. (B.1) Total ribosomal protpiwés

incubated with lug of PAP, and the ribosome&PAP complexes were isolated by ultracentrifugation. The ribosaP#d® complexes were
separated through SB3.2% PAGE, electroblotted onto a poly(vinylidene difluoride) (PVDF) membrane, and immunoblotted with a polyclonal
antibody to PAP. (B.2) A fraction (5 mL) of the reaction mixture, prior to separation of the-RPibkBsome complex, was removed, separated
through SDS-12% PAGE, transferred to PVDF membrane, and immunoblotted with a polyclonal antibody to PAP. The results show that
equal amounts of PAP proteins were added to the reaction mixture. (C) Representative sensorgram showing the binding of wild-type and
mutant PAP to rabbit ribosomes immobilized on a CM5 sensor chip. Wild-type or mutant PAP proteins were injected onto the surface on
which 1200 RU of the MBP-L3 fusion protein had been immobilized at a flow rate ofl5min (40 xL total volume).

of interactions with rRNA and lead to a lower binding affinity  cleft residues 9692. These residues are positioned on the
with L3. The mutant PAP protein FLP-4°AA) has been  C-terminal end of theS7 strand and are predicted to
engineered by alanine substitution of the active center cleft contribute to the binding of PAP to the tetraloop structure
residues N69 and N70. These residues are located on arof RNA. D92 interacts with the base of &1). F90 can have
antiparallels turn and interact via hydrogen bonds with the van der Waals interactions with four nearby hydrophobic
backbone of rRNA from the At+1 position to the A+3 residues. The side chain of residue N91 is located further
position. Both residues are in close contact with the region away from SRL than D92 and has little contact with the
near residue 350 on L3 (Figure 1B,C). FLP2AAA %2) has tetraloop (Figure 1D). Mutation of F90 is anticipated to affect
been engineered by alanine substitution of the active centerthe local conformation of thg8 strand and the following
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Table 1: Kinetic Rates and Dissociation Constants of the Binding Interactions between Recombinant PAP Proteins and Intact Rabbit

Ribosomes
original residue substituted Kpo/Kp of

mutants numbered residue Kon (M~1 5712 Kot (M~1s7Y)P Kp (nM)¢ wild-type PAP
wild type 8.0+ 0.3x 10* 23+0.1x 10° 0.3+0.1 1
FLP-4 6INN70 69AAT0 3.44+0.1x 10 1.8+0.1x 104 4.7+0.4 16
FLP-5 Ly TIAAT2 4.84+0.1x 10* 1.1+0.12x 10°° 0.2+0.1 0.9
FLP-7 9OEND9? 90AAA 92 15+0.1x 10 1.2+0.12x 10 7.8+ 05 28
FLP-8 HIgRL12 pp L2 3.7+ 0.3x 10¢ 3.3+0.13x 10°° 0.9+0.1 3.0
FLP-9 122Ry123 12AA123 8.24+ 0.8 x 10 6.24+0.5x 10°° 0.8+£0.2 2.7
FLP-20 N69 A69 2.0:0.1x 10 1.8+£0.2x 10 9.0+ 0.3 30
FLP-21 F90 A90 2.3:0.1x 10 1.24+0.1x 10 52+04 17
FLP-22 N91 A91 2.0 0.1x 10* 1.74+0.1x 10 85+ 0.5 28
FLP-23 D92 A92 3.0:0.2x 10* 2.0+0.1x 10 6.7+ 0.6 22

2k is the average and SD of measurements from the association phase from two cycles, where 50 nM/150 nM samples wePejpjiscted.
the average and SD of measurements from the dissociation phase from two cycles, where 50 nM/150 nM samples wereKipjecteg/kon.

loop region which consists of residues £21123. Mutation of the catalytic site mutants FLP-5Y(Y"?) and FLP-9
of N91 is predicted to have less effect on binding to SRL. (*?2AA129), as well as the active center cleft mutants FLP-4
Meanwhile, residues 91 and 92 are near residue 58 of a loop(.°AA7%) and FLP-7{°’AAA °2) \were much higher than those
region on L3 (see Figure 1D). Residue N91, but not FOO of wild-type PAP (5). Furthermore, using a sensitive HPLC
and D92, may interact with this loop region on L3 near method for measuring the amount of adenine released by
residue 65 (Figure 1B,C). Thus mutation of F90 is anticipated these mutants fronk. coli 23/16S rRNA, we determined
to affect the local conformation of th88 strand and the  that wild-yype PAP releases 396 pmol of adenigebf
following loop region which consists of residues $21123. RNA, whereas FLP-4 releases only 46 pmol of adepige/
Taken together, both FLP-4 and FLP-7 were anticipated to of RNA and FLP-7 releases only 19 pmol of adenjimgeof
show impaired binding of PAP to rRNA and disrupt binding RNA (15). The ribosome inhibitory activities of the recom-
to L3. The single amino acid substitution mutants of PAP, binant PAP mutants with alanine substitutions of residues
FLP-20 (N69A), FLP-21(F90A), FLP-22 (N91A), and FLP- 28KD?° and'''SR!'? that are distant from the catalytic site
23 (D92A), were engineered and tested in order to further and active center cleft (FLP-1 and FLP-8), however, were
confirm the importance of the PAP active center cleft comparable to that of the wild-type PARS).
residues N69, F90, N91, and D92 for the ability of PAP to  Interaction of Wild-Type or Mutant Recombinant PAP
bind L3. FLP-24 (N70A) which was also engineered could Proteins with Rabbit Ribosomeso evaluate the ability of
not be included in biochemical analyses because it wasrecombinant PAP proteins to bind ribosomes, intact ribo-
unstable under our solubilization and refolding conditions. somes from rabbit reticulocytes were treated with the various
The 121123 loop of PAP is close enough to interact with PAP proteins, the ribosomd?AP complexes were isolated,
the sugar, base, and phosphate groups of the targetednd the ribosome-bound PAP proteins were detected by
adenosine but is too distant to affect L3 binding. Both Y72 immunoblot analysis using a rabbit anti-PAP antibody. As
(mutated in FLP-5) and Y123 (mutated in FLP-9) can interact shown in Figure 2B.1, the active center cleft mutants FLP-
by aromatic group stacking with the base ring of the target 4, FLP-7, FLP-20, FLP-21, FLP-22, and FLP-23 showed less
adenosine on the basis of the crystal structure of PRKP binding to intact ribosomes than wild-type PAP. By contrast,
complex @1) and our current model. The side chain of Y123 all other recombinant PAP proteins, including the catalytic
is partially exposed on the PAP surface, but the side chainsite mutants FLP-5 and FLP-9, bound to the ribosomes as
of Y72 is mostly buried. Thus Y72 and Y123 are unlikely much as wild-type PAP did (Figure 2B.1). Controls con-
to interact with L3 although mutations of Y72 and Y123 firmed that similar amounts of PAP proteins were used in
are predicted to have a significant impact on substrate the respective incubations and immunoprecipitations (Figure
turnover. Due to the reasons mentioned previously, both 2B.2).
FLP-5 (*AA") and FLP-9 {??AA'?%) should have un- We next compared the binding affinity of recombinant
impaired binding to L3. The control mutants FLP-1 and PAP proteins for the intact ribosomes by surface plasmon
FLP-8 with alanine substitutions of residué¥&D?° and resonance. The active center cleft mutants FLP-4 and FLP-7
HISRI12 that are distant from the active center cleft and are had slower on rates and faster off rates than the wild-yype
too distant to be interact with L3 on the basis of our model recombinant PAP protein (Figure 2C, Table 1). The affinities
were predicted to exhibit normal L3 binding (Figure 1B,C). of FLP-4 Kp = 4.7 nM) and FLP-7Kp = 7.8 nM) for the
The recombinant PAP mutants with alanine substitutions intact rabbit ribosomes were 16-fold and 28-fold lower,
were constructed using site-directed mutagenesis, as previtespectively, than the affinity of the wild-type PARY{ =
ously describedl(5). These mutant proteins were expressed 0.3 nM) protein (Table 1). The single amino acid mutants
in the E. coli strain, MV1190, as inclusion bodies, purified, of PAP with alanine substitution of the active center cleft
solubilized, refolded, and analyzed by SBBAGE (Figure residues N69 (FLP-20), F90 (FLP-21), N91 (FLP-22), or D92
2A). Each of the mutant PAP proteins had an apparent (FLP-23) also showed 10-fold reduced ribosome binding,
molecular mass of 33 kDa, similar to that of the recombinant further confirming the importance of the active center cleft
wild-type PAP (Figure 2A.1). The refolded recombinant for the PAP-ribosome interactions (Table 1). By compari-
wild-type and mutant proteins were highly immunoreactive son, the affinity of the catalytic site mutant FLP-&p(=
with the anti-PAP serum (Figure 2A.2). In a recent study, 0.2 nM) was virtually identical to that of wild-type PAP,
we demonstrated that the translation inhibitiord@alues and the affinity of the other catalytic site mutant FLPK, (
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Ficure 3: Association of wild-type and mutant PAP proteins with
in vitro synthesized ribosomal protein L3. (A.1) Coimmunopre-
cipitated PAP revealed by immunoblotting using anti-PAP antibody.
35S-Labeled L3 was incubated with wild-type and mutant PAP
proteins and coimmunoprecipitated with protein-8epharose
beads precoated with monoclonal antibody to L3. The PAP
complexes were separated through S08% PAGE, transferred

to a PVDF membrane, and immunoblotted with a polyclonal anti-
PAP antibody. (A.2) The blot was exposed to X-ray film, showing
equal amounts of labeled L3 protein in each reaction. (A.3) A
fraction (5uL) of the reaction, prior to the coimmunoprecipitation,
was removed from the reaction, separated through -SI2%6
PAGE, transferred to a PVDF membrane, and immunoblotted with

Biochemistry, Vol. 40, No. 31, 2000111

= 0.8 nM) was 3-fold lower than that of the wild type. The
affinity of mutant FLP-8 Kp = 0.9 nM), with alanine
substitutions of residue¥'SR*? that are distant from the
active center cleft, was only 3-fold lower than that of wild-
type PAP (Table 1). Taken together, these results demonstrate
that the active center cleft residues are critical for the
ribosome binding of PAP.

Interaction of Wild-Type or Mutant Recombinant PAP
Proteins with the Ribosome Protein L3he ribosomal
protein L3, a highly conserved protein located at the
peptidyltransferase center of the ribosomes, plays a critical
role in the binding of PAP to ribosomes and subsequent
depurination of the SRL1QJ). Therefore, we next sought to
determine if the active center cleft mutants FLP-4, FLP-7,
FLP-20, FLP-21, FLP-22, and FLP-23, which exhibited poor
binding to intact rabbit ribosomes, can bind L3 protein. To
this end, we treated an in vitro synthesized yeast ribosomal
protein L3 preparation with various recombinant PAP
proteins, immunoprecipitated with a monoclonal anti-L3
antibody, and examined the L3 immune complexes for the
presence of any coimmunoprecipitated PAP protein by
immunoblotting with a polyclonal anti-PAP antibody. The
L3 immune complexes contained relatively less FLP-4 or
FLP-7 than other PAP proteins (Figure 3A.1). By compari-
son, FLP-1, FLP-5, FLP-8, and FLP-9 were coimmunopre-
cipitated as effectively as wild-type PAP. Controls confirmed
that similar amounts of L3 (Figure 4A.2) and mutant PAP
proteins (Figure 4A.3) were used in the respective incuba-
tions and immunoprecipitations. Similarly, the immune
complexes of FLP-4 and FLP-7 contained much less L3
protein than the immune complexes of FLP-1, FLP-5, FLP-
8, FLP-9 or wild-type PAP, when the recombinant PAP
proteins were immunoprecipitated with the anti-PAP anti-
body and the coimmunoprecipitation of L3 protein was
monitored by immunoblotting with the anti-L3 monoclonal
antibody (Figure 3.B+B3). The poor coimmunoprecipita-
tion of mutant PAP proteins FLP-4 and FLP-7 with the in
vitro synthesized yeast L3 protein indicates that the active
center cleft residugSNN7° and®°0FND®? (but not the residues
28KD2°, TILY 72 1ISR12 or 122RY123 gutside the active center
cleft) play a pivotal role in L3 binding. The single amino
acid substitution mutants FLP-20 (N69A), FLP-21 (FO0A),
FLP-23 (D92A), and, albeit to a lesser degree, FLP-22
(N91A) also showed reduced L3 binding, which provided
further evidence that the active center cleft residues N69,
F90, D92, and, to a lesser degree, N91 contribute to the
ability of PAP to bind the L3 protein (Figure 3C-L.3).

In binding assays using a His-tagged recombinant wild-

a polyclonal antibody to PAP. The results show that equal amountstype PAP protein which was immobilized on the BlAcore

of PAP were added to each reaction. (B.1 and C.1) Coimmuno-
precipitated L3 revealed by immunoblotting using anti-L3 antibody.
35S-Labeled L3 was incubated with wild-type and mutant PAP
proteins and coimmunoprecipitated with protein-8epharose
beads precoated with anti-PAP antibody. The PAB complexes
were separated through SB$2% PAGE, transferred to a PVDF
membrane, and immunoblotted with a monoclonal anti-L3 antibody.
(B.2 and C.2) A fraction (5uL) of the reaction, prior to the

sensor chip and surface plasmon resonance technology,
which permits direct measurements of the association and
disscoation kinetics of binding interactions, recombinant
wild-type PAP exhibited high-affinity binding to L3 protein
(ka=5.2x 10 M 1s 1 ky=4.3x 10*s!, andKp = 8.2

nM). This binding was blocked by treating the L3 protein

coimmunoprecipitation, was removed from the reaction, separatedWith excess soluble recombinant wild-type PAP or excess

through SDS-12% PAGE, dried, and autoradiographed. The results

native PAP, confirming the specificity of the binding

show that equal amounts of labeled L3 protein were added in eachinteractions (Figure 4).

reaction. (B.3 and C.3) A fraction (&L) of the reaction, prior to

the coimmunoprecipitation, was removed from the reaction, sepa-

rated through SDS12% PAGE, transferred to a PVDF membrane,
and probed with polyclonal antibody to PAP. The results show that
equal amounts of PAP were added to each reaction.

We next sought to compare the affinity of recombinant
PAP proteins for the L3 protein by surface plasmon
resonance. In the first series of experiments, we used MBP
L3 protein produced irk. coli (Figure 5.A1 and A2). The
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Ficure 4: Binding specificity of L3 protein to immobilized recombinant wild-type PARHis—PAP was immobilized onto the NTA-
modified surface at a level of 275 RU. A 30 mL solution (25 nM) of MBE3 fusion protein was preincubated without or with 250 nM
native PAP or recombinant wild-type PAP at room temperaturd fo and was then injected over immobilized I8is—PAP at a flow rate
of 8 uL/min. Between samples, the binding surface was regenerated by injectilg &regeneration buffer at a flow rate of 1A/min.

Table 2: Kinetic Rates and Dissociation Constants of the Binding Interactions between Recombinant PAP Proteins and Recombinant Yeast

Ribosomal Protein L3 (MBPL3)

original residue substituted Ko/Kp of

mutants numbered residue kon (M~ s71)a Kot (M~1s71)P Kp (nM)° wild-type PAP
wild type 3.3+ 0.2x 10¢ 8.6+ 0.5x 10°° 2.6+0.2 1

FLP-1 28KD2° 28AA 29 454+ 0.3x 10¢ 224+0.1x 104 4.7+0.3 1.7
FLP-4 6INN70 69AAT0 3.1+ 0.1x 10 4240.3x 10" 13.44+ 0.9 5.2
FLP-5 Ly TIAA T2 5.3+ 0.4 x 10 7.94+0.4x 105 15+0.1 0.6
FLP-7 9OEND®? 90AAA 92 2.1+ 0.2x 10 254+0.2x 104 11.94+ 0.9 4.6
FLP-9 122RYy128 120 A 123 3.7+ 0.2x 10 11+0.1x 10* 3.0+£0.2 1.1
FLP-20 N69 A69 3.4-0.2x 10 4440.3x 10 129+ 1.1 4.6
FLP-21 F90 A90 1.4 0.1x 10 2.6+0.2x 104 15.7+ 1.3 6.0
FLP-22 N91 A9l 1.4+£0.1x 10¢ 25+0.2x 10 17.8+ 2.0 6.8
FLP-23 D92 A92 2.5-0.2x 10 434+0.3x 10 17.2+ 2.0 6.6

akon is the average and SD of measurements from the association phase from two cycles, where 50 nM/150 nM samples webekipjiscted.
the average and SD of measurements from the dissociation phase from two cycles, where 50 nM/150 nM samples werekKipjected/kon.

MBP protein fused to the N-terminus of the yeast ribosomal toward the MBP-L3 protein (Table 2). Thus, the MBP tall
protein L3 allowed the L3 protein to be captured in a unique might affect the binding interactions of L3 with PAP.

homogeneous orientation on the BIAcore sensor chip. FigureNevertheless, the binding affinities of all other recombinant
5.A3 shows a representative sensorgram that was used td®AP proteins for the MBPL3 fusion protein were similar
generate the kinetic constants summarized in Table 2. Theto that of wild-yype PAP (Table 2).

binding traces were analyzed assuming a single bimolecular Virtually identical results were obtained in binding assays
binding equilibrium between PAP and L3 proteins. The using a His-tagged recombinant L3 proteinx{@is—L3)
active center cleft mutants FLP-4 and FLP-7 had slower on produced in the baculovirus expression system (Table 3,
rates and faster off rates than the wild-type recombinant PAP Figure 5.B}B3). These findings extend the coimmunopre-
protein (Table 2, Figure 5.A3). The affinities of FLPK cipitation results and demonstrate the importance of the PAP
= 13.4 nM) and FLP-7Kp = 11.9 nM) for MBP-L3 were active cleft residues for the binding interactions between PAP
approximately 5-fold lower than the affinity of wild-type and the ribosomal protein L3. As shown in Figure 5.B4, the
PAP. The single amino acid substitution mutants FLP-20 high-affinity L3 binding of the catalytic site mutants FLP-5
(N69A), FLP-21 (F90A), FLP-23 (D92A), and FLP-22 and FLP-9 confirmed that alanine substitution of the highly
(N91A) also showed a reduced affinity toward L3 binding. conserved catalytic site residues Pyand Tyf?® does not
Although FLP-22 showed better binding to yeast L3 protein affect the binding of PAP to the L3 protein, which is in
than FLP-20, FLP-21, and FLP-23 (see Figure 3), it did not agreement with the assumed role of these residues in binding
exhibit a higher affinity than those other active cleft mutants of PAP to the SRL of rRNAZ0—22).
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Ficure 5: Binding of wild-type and mutant PAP proteins to ribosomal protein L3. (A.1) Coomassie Blue-stainedl8#SPAGE of
column-purified recombinant MBPL3 fusion protein. (A.2) Western blot analysis of MBR3 fusion protein using anti-L3 antibody. The

mass of the protein (in kDa) is shown on the right. M: molecular mass marker positions (in kDa). (A.3) Representative sensorgram showing
the binding of wild-type and mutant PAP proteins to the MBB fusion protein captured by anti-MBP antibody that was immobilized on

a CM5 sensor chip. Wild-type or mutant protein was injected onto the surface on which 1500 RU of thelBIBRion protein had been
immobilized at a flow rate of 5L/min (40 uL total volume). The dissociation was started by injecting buffer lacking the sample as
indicated by the arrow. (B.1) Coomassie Blue-stained SD®%6 PAGE of column-purified recombinank®lis—L3 fusion protein. (B.2)
Western blot analysis ofs6His—L3 fusion protein using anti-L3 antibody. (B.3) Western blot analysissofi&—L3 fusion protein using

an anti-His antibody (Qiagen). The mass of the protein (in kDa) is shown on the right. M: molecular mass marker positions (in kDa). (B.4)
Representative sensorgram showing the binding of wild-type and mutant PAP to a recombinant yeast ribosomal proseitist3.8
biosensor surface.

Table 3: Kinetic Rate and Dissociation Constants of the Binding Interactions between Recombinant PAP Proteins and Recombinant Yeast
Ribosomal Protein L3 (MBPL3)

original residue substituted Ko/Kp of
mutants numbered residue Kon (M~ 5712 Kott (M~1s71)P Kp (nM)° wild-type PAP
wild type 4.440.4x 104 1.5+0.18x 10 3.54+0.2 1.0
FLP-4 6INN70 69AAT0 424+03x 10¢ 7.54+0.31x 10* 18.1+0.9 5.2
FLP-5 Ly 2 TIAAT? 5.0+ 0.5x 10 2.3+ 0.21x 10* 46+0.3 1.2
FLP-7 9OFEND9? 90AAA 92 42+0.4x 10¢ 5.74+0.38x 10 13.8+ 0.6 4.0
FLP-8 HIgRL2 ipp 112 3.4+ 0.3 x 10 1.2+ 0.09x 10 3.6+0.3 1.0
FLP-9 122Ry123 12AA123 6.3+ 0.5x 104 254+0.17x 10 4.0+0.3 1.2

2 ko is the average and SD of measurements from the association phase from two cycles, where 50 nM/150 nM samples wePejpjiscted.
the average and SD of measurements from the dissociation phase from two cycles, where 50 nM/150 nM samples wereKipjectekon.

The recombinant PAP protein used in this study contains exact structural basis for their interaction. Ultimately, co-
a 22 amino acid N-terminal signal peptide and a 29 amino crystallization of PAP and a large ribosomal subunit will be
acid C-terminal peptidel§, 18). Our previous work dem-  required to better understand the in vivo binding of PAP to
onstrated that the ribosome inhibitory activities of the native ribosomes and ribosomal proteins such as L3.
and recombinant wild-type protein are comparable(E In summary, we employed molecular modeling, structure-
0.0104+ 0.004 versus 0.01% 0.005 mg/mL) 18). Further- based protein design, and site-directed mutagenesis combined
more, our present study shows that native PAP effectively with standard immunoprecipitation assays and surface plas-
blocks the binding of our recombinant PAP to the L3 protein. mon resonance technology to elucidate the putative role of
Nevertheless, our binding data obtained with the recombinantthe PAP active center cleft in the binding of PAP to the
PAP protein might not accurately reflect the binding of the ribosomal protein L3, which has been previously shown to
native protein to the ribosomes in vivo. We are currently mediate the binding of PAP to ribosomes. Our findings
trying to cocrystallize native PAP and L3 to decipher the provide experimental evidence that the active center cleft of
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PAP is important for its binding to ribosomes via the L3 REFERENCES

protein and therefore its access to the tamgedarcin/ricin

loop of the large ribosomal RNA (rRNA) species in
eukaryotic (28S rRNA) and prokaryotic (23S rRNA) ribo-
somes 1, 8). The insights gained from this study also explain
why and how the conserved charged and polar side chains
located at the active center cleft of PAP that do not directly
participate in the catalytic deadenylation of ribosomal RNA
play a critical role in the catalytic removal of the adenine
base from target rRNA substrates by affecting the binding
interactions between PAP and ribosomes.

The ribosomal protein L3 is expected to bind to and may
stabilize the rRNA conformation in which SRL can most
effectively bind to and react with PAP. In our model, PAP
mutations such as D92A would affect binding with SRL and
may thus cause PAP to adopt an unusual binding mode with
the tetraloop which consequently changes the docking
position of L3. Additionally, L3, rRNA, and PAP are not
three separated identities. They form an integrated complex
sharing an overlapped binding region. Interaction between
two componets of this complex would affect their interaction
with the third component. Therefore, under physiologic
conditions, L3 may have reduced binding affinity to the PAP
mutants which have impaired binding with SRL. We
postulate that the active center cleft mutants would have
markedly reduced ability to interact with the L3 ribosomal
protein under physiologic conditions because of their poor
L3 binding as well as poor rRNA binding.

Our results showing the ability of PAP to bind purified
L3 in the absence of other ribosomal components indicate
that conformational changes of L3, if any should occur as a
result of its incorporation into the ribosome, are not required
for its interactions with PAP. Therefore, our model for+3
PAP interactions did not take into account any conforma-
tional changes which may occur when L3 is incorporated
into the ribosome. The elucidation of the exact details of
the physical interactions between L3 and PAP will require
the cocrystallization of these two proteins and ideally the
cocrystallization of a large ribosomal subunit and PAP.
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