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Abstract

Pokeweed antiviral proteifPAP) is a ribosome-inactivating proteitRIP), which enzymatically removes a single
adenine base from a conserved, surface exposed loop sequence of ribosomal rRNA. We now present unprecedented
experimental evidence that PAP can release not only adenine but guanine as welisttbarichia colirRNA, albeit

at a rate 20 times slower than for adenine. We also report X-ray structure analysis and supporting modeling studies for
the interactions of PAP with guanine. Our modeling studies indicated that PAP can accommodate a guanine base in the
active site pocket without large conformational changes. This prediction was experimentally confirmed, since a guanine
base was visible in the active site pocket of the crystal structure of the PAP-guanine complex.
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Pokeweed antiviral proteifPAP) from the leaves of the pokeweed 1996; Xu et al., 1998 Besides its ability to inhibit viral protein
plant, Phytolacca americanas a naturally occurring 29 kDa sin- synthesis, PAP is also capable of directly depurinating viral RNA
gle chain ribosome inactivating proteiRIP), which catalytically ~ (Barbieri et al., 1997; Rajamohan et al., 199Rurthermore, PAP
inactivates both prokaryotic and eukaryotic ribosomes. The theraalso displays viral RNA-specific effects in vivo and has been shown
peutic potential of PAP has gained considerable interest in recertb inhibit ribosomal frameshifting and retrotransposition, a molec-
years due to the clinical use of native PAP as the active moiety ofilar mechanism used by many RNA viruses to produce Gag-Pol
immunoconjugates against cancer and A[D®in & Uckun, 1992. fusion proteing Tumer et al., 1998

PAP is a site-specific RNA N-glycosidase that enzymatically Wild-type PAP was crystallized and its structure was refined
removes a single adenine ba#et324) from a highly conserved, both at room temperatu@dlonzingo et al., 1998and lower tem-
surface exposedy-sarcin” loop with the GA&AG motif (the cleaved  peraturegKurinov et al., 1999 To date, no structural information
adenine is underlingdof the large rRNA species in eukaryotic has been reported regarding the interaction of PAP with its natural
(28S rRNA and prokaryotiq23S rRNA ribosomegIrvin, 1983; substrates. A working hypothesis regarding the structural basis for
Endo et al., 198B This catalytic depurination of the-sarcin loop,  the N-glycosidase activity of PAP was proposed based on the
which is positioned in immediate vicinity of the peptidyl-transferase structural similarities of the active sites of PAP and ricin A-chain,
center within the 50 S subunit dEscherichia coliribosomes, a more extensively analyzed R{Rlonzingo & Robertus, 1992
impairs the interactions between ribosomes and elongation factor 2 Here, we present unprecedented experimental evidence that PAP
(EF-2), resulting in irreversible inhibition of protein synthesis at can release not only adenine but guanine as well from rRNA. We
the EF-2 mediated translocation st@pessner & Irvin, 1980 also report X-ray structure analysis and supporting modeling stud-

PAP has also been shown to effectively inhibit the replication ofies of the interactions of PAP with guanine. In particular, guanine
several plant and animal viruses including poliovirus, herpes simwas cocrystallized with PAP, and computer modeling studies were
plex virus, cytomegalovirus, influenza virus, and human immuno-performed to elucidate the structural basis of its interactions with
deficiency virus(HIV)-1 (Zarling et al., 1990; Irvin & Uckun, PAP. Our modeling studies indicated that PAP can accommodate a
1992. The molecular mechanism of the antiviral activity of PAP is guanine base in the active site pocket without large conformational
under active investigatiofBonness et al., 1994; Chaddock et al., changes. This prediction was experimentally confirmed, since a
guanine base was visible in the active site pocket of the crystal
structure of the PAP-guanine complex. GMP can be also fit into the

Reprint requests to: 1.V. Kurinov, Hughes Institute, 2665 Long Lake PAP active site pocket without any distortion of the active site
Road, Roseville, Minnesota 55113; e-mail: igor@ih.org. geometry, forming a weak complex with PAP.
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Results and discussion

10 uM

Depurination of E. coli rRNA by PAP

We examined PAP for depurinating activity agaifstcoli rRNA
using both adenine release assays and guanine release assays. The
amounts of adenine and guanine released from the substrate rRNA 6
were measured using quantitative high-performance liquid chro-5
matographyHPLC), as described in Materials and methods. Under ‘é

the described chromatographic conditions, the retention time forg 4|
adenine was 9.2 mifRajamohan et al., 1999y comparison, the
retention time for guanine was 4.9 min. At this retention time, 35
guanine was eluted without an interference peak from the blanké’
control (Fig. 1). The calibration curve for guanine was linear be-
tween 5 to 125 pmol and could be described by the regression
equationY = 2.074X + 1.193(r ~ 0.999, whereY is the amount

of guanine recovered in pmol andis the absolute peak area. The 0l
lowest limit of detection of guanine was 3.0 pmol at a signal to CON
noise ratio of~3. The intra- and interassay coefficients of varia-
tion were less than 5% for both the adenine- and guanine-release A Guanine Standards

assays. The overall intra- and interassay accuracies of this method -2 v 76 8 T 52 =2
were 98.7+ 1.7%(N = 3) and 95.7+ 3.3%(N = 3), respectively, Time (min)

for the adenine release assays, and 100.2.8% (N = 3) and 16

100.5+ 4.2%(N = 3), respectively, for the guanine release assays. W
Using the linear portions of the concentration-dependent depuri-
nation curves(Fig. 2), we estimated that at a concentration of
5 uM (4 h incubation, PAP released 154 10 pmol of adenine
and 7.6+ 1.5 pmol of guanine, respectively, fromulg of E. coli
rRNA. Thus, PAP can both deadenylate and deguanylate rRNA
but it is 20-fold more efficient in deadenylation.
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Crystallographic studies of PAP interactions with guanine
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Our data had revealed a noticeable amount of free guanine releas
during E. colirRNA depurination by PAP. To better understand the
interaction of PAP with guanine-containing oligonucleotides, we 041
cocrystallized PAP with guanine. Crystals of the PAP-guanine com-

plex have the same space group and very similar unit cell param- 0.21
eters as the crystal of ligand-free PAP. The initi&}, 2- F. electron —
density map for PAP complexed with guanine showed continuous 0

electron density in the active site pocket. This density was initially B Guanine Release from E. Coli rRNA after PAP Treatment
fitted with guanine having the same overall orientation as the -02
adenine base from our previous X-ray studies of PAP-adenine
complexes(Kurinov et al., 1999. After the crystallographic re-
finement the omit electron density maps showed bulky electrorfig. 1. HPLC-based detection of guanine released frimcoli rRNA.
density covering the guanine baggig. 3). The precision of the A: Chromatogram of guanine standard showing peak area and response

. . . time. Inset: Standard curve of guanine standar8s Representative chro-
electron density map was not sufficient to accurately position the}natogram of guanine release ?rcEn coli 16S- and zsg-rRNA after treat-

guanine basg in .the active sitg. Therefore, we usgd a comput@fent with increasing concentrations of PAP. Experimental conditions are
modeling to identify an energetically favorable position for gua- described in Materials and methods.

nine. Our modeling simulation showed that guanine should be

more tightly bound in the conformation having thel8C flip

from the original adenine-like binding mode. Figure 4 illustrates

the binding interactions of guanine with the active site residues ofng mode because of severe collision of the attached sugar moiety
PAP. Orientation of the Tyr72 in the PAP-guanine complex remainswith the PAP protein. The only noticeable difference between this
the same as in the ligand free-form of PAP. The guanine ring ixomplex and the more strongly bound complex of PAP with ad-
sandwiched between Tyr72 and Tyrl2S8ig. 4. N7 of guanine  enine is the overall orientation of the purine base. A weaker inter-
receives a hydrogen bond from the amino nitrogen of Vatii8- action of guanine with PAP is also illustrated by the featureless
tance 3.3 A. The amino group of Arg179 can donate two hydrogen electron density covering guanine.

bonds to O6(distance 2.8 Aand N9 is hydrogen bonded to the  Our previous modeling studies of PAP had indicated that the ad-
carbonyl oxygen of Ser12(2.8 A). It is worth noting that this  enine interactions with the active site and the phosphate backbone
conformation of the guanine base is prohibited for the GMP bind-are the main contributors to the strong binding of GAGAG fragment
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70 r of PAP toward rRNA from different sources can be explained by a
' limited specificity of PAP toward adenine. Our experimental results
demonstrate that PAP has a high affinity toward purines-containing
oligonucleotides without a high degree of selectivity toward the
closest nucleotide residues in the RNANA sequence.

To determine if a guanosine molecule can fit into PAP active
site, we also performed a molecular docking of GMP to PAP. Our
modeling studies showed that GMP can be complexed with PAP
without disturbing the unique geometry of the active $ke. 5).

The best overall orientation of the GMP guanine base in the active
site is similar to that has been observed experimentally for nucle-
- " Guanine otide analoggMonzingo et al., 199Band adeninéKurinov et al.,

o 1999. Although this mode of GMP binding to PAP is not very
strong, this conformation may be favorable for enzymatic cleavage
of the C-N bond. Indeed two PAP residues, which are believed to
0 T T 1 | ; be responsible for the adenine cleavagegl79 and GInl7p

10 15 20 25 30 (Monzingo et al., 1998 are rather close to the cleavable bond in
PAP Concentration (uM) the PAP-GMP complex and probably can participate in the enzy-

matic cleavage of guanine from ribosomal RNA upon a small

Fig. 2. Concentration-dependent release of adenine and guanine fro . s
E. coli rRNA after PAP treatment. Values were calculated using the stanr-gtrUCturaI rearrangement due to the overall protein flexibility.

dard curves for adenine and guanine. Lines were constructed by linear
regression using the data points from the exponential phase. The experj- :
mental conditions are as described in Materials and methods. Waterials and methods
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Adenine and guanine release assays

by PAP. We predicted that the adenine specificity of PAP is deterAdenine and guanine were purchased from Sigma Chem(gals
mined only by the active site, which strongly binds the adenine basd.ouis, Missour). E. coli rRNA (16S- and 23S-ribosomal RNA
Two neighboring guanines close to the bound adenine do not hawsas purchased from Boehringer Mannhe{indianapolis, Indi-
any strong and specific interactions with PAP. The broad reactivityang. The HPLC-based guanine detection system consisted of a

Fig. 3. Omit electron density mafF, — F.) for PAP-guanine complex at room temperature. Guanine and protein residues within 4 A
were omitted for map calculations. Model for guanine is drawn in bold. The map is contouredrat 1.5
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Fig. 4. Details of interaction of guanine with active site residues of PAP. The figure was drawn using LIGR\&l&ce et al., 1996

Hewlett Packard HP) series 1100 Hewlett Packard, Palo Alto, 4 h at 37°C in 50 uL of binding buffer(25 mM Tris HCI, pH 7.8,
California) in conjunction with a quaternary pump, an autosam-10 mM KCI, 5 mM MgCh, 2% glycero). The reaction was stopped
pler, an auto electronic degasser, an automatic thermostatic coluniny adding 100uL of HPLC running buffer and 10QwL of the
compartment, diode array detector, and a computer with a Chensample was injected automatically into the Lichrospher 100RP-
station software program for data analysis. Release of adenine ad@E column. The detector wavelength was set at 260 nm, and the
guanine from RNA substrates was determined using a reversdlow rate was maintained at 1 nflmin. Controls included samples
phase Lichrospher 100, RP-18 analytical coluidewlett-Packard, containing (1) PBS-treatedE. coli rRNA and (2) PAP without
5 mm particle size, 250 4 mm). The HPLC running buffer rRNA.
(50 mM NH4C,H30,, 5% methanol, pH 5)0was used as the
mobile phase. The column was equilibrated and eluted under is
cratic conditions at a flow rate of 1.0 nimin.

E. coli rRNA samples(2 ng) were incubated with increasing A calibration curve was generated to confirm the linear relation-
concentration$0.25, 0.5, 1.0, 5.0, 10, 20, and 23/) of PAP for ship between the absolute peak area and the quantities of adenine

0= . .
Calibration curve
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Fig. 5. Details of interaction of GMP with active site residues of PAP. The figure was drawn using LIGPMaAlTace et al., 1996

or guanine in the tested samples. Adenine and guanine at final comver the known quantities using data from three independent
centrations of 0.uM (= 5 pmol/50 uL), 0.25uM (= 12.5 pmoy experiments. The interassay precision was estimated by deter-
50 L), 0.5uM (= 25 pmol/50 ulL), 1.0uM (= 50 pmol/50 ulL), mining the coefficient of variation from three independent
2.5uM (= 125 pmo)50 ulL) were injected into the HPLC system experiments.

for analysis, and the calibration curves were generated by plotting
the absolute peak area against the quantities of adenine or guanirigr. tei ificati d tallizati
Unweighted linear regression analysis of the calibration curve was otein purification and crystafiization

performed by using the CA-Cricket Graph Il computer program, PAP was extracted from spring leaves of pokeweed and purified to
version 1.1(Computer Association, Inc., Islandia, New Yark homogeneity as previously describ@dyers et al., 1991 Imme-
diately prior to the crystallization setup, PAP was repurified on a
MonoS cation-exchange coluniRharmacia Biotech, Piscataway,
New Jersey and filtered through a 0.2z2m filter. Guanine was

To evaluate the intra-assay accuracy and precision, standard sapurchased from SigméSt. Louis, Missoun.

ples containing 0.5 or 2.mM adenine or guanine were prepared PAP crystals were obtained from a concentrated PAP preparation
and analyzed within a single day, and the quantities were calcu¢(15-20 mgmL) by the vapor diffusion method within 1 week
lated using the calibration curve as described above. The ratio aising “hanging drop” experiments with 22% PEG 4000 and 0.1 M
the calculated quantities over the known quantities spiked wa€aCh (50 mM Tris-HCI buffer pH= 8) at room temperature with
calculated to evaluate the intra-assay precision. The interassdiie addition of 5 MM guanine. Unit cell parameters, details of data
accuracy was calculated as the ratio of the calculated quantitiesollection and refinement are presented in Table 1. Diffraction data

Intraassay and interassay accuracy and precision
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Table 1. Details of data collection and refinement A few cycles of slow-cooling annealin@,500— 100 K), po-

for PAP-guanine complex sitional and restrained isotropic temperature factor refinements were
followed by visual inspection of electron density maps, including
PAP-guanine  omjt maps, coupled with a manual model builditvghen neces-

complex sary using the graphics program CHAIBack, 1988 All atom
Unit cell (A) occupancies were set to one and were not refined. Strong stereo-
(a) 49.29 chemical restraints were imposed during the crystallographic re-
(b) 49.41 finement and final PAP structure possessed a good stereochemistry
(c) 64.29 with RMSD of ~0.006 A for bond lengths ane1.25 for angles.
a 68.66 The quality of the stereochemistry of the final protein structure was
b 81.04 assessed with the PROCHECK packaaskowski et al., 1993
9 . 63.87 The Ramachandran plot did not reveal any residues in disallowed
R-merge(%) _ 6.7 regions(data not shownAs a better guide to the quality of the struc-
Resolution limit for refinement 21 . .
) ture, the values of the frdefactor were monitored during the course
Completeness of data used for refinemébi 87.0 . . .
R-factor (%) 192 of the crystallographic refinement. The final value of fReéactors
Number of water molecules 5'52 did not exceed the overaR-factor by more than 8%.
ProteinB-factor (A2) 24.6 The refined coordinates of PAP complex with guanine have
GuanineB-factor (A2) 44.0 been deposited in Protein Data BaffkDB) (ID code 1DGA.

Ligand docking modeling

The molecular docking of ligands and estimation of the interaction
scores were done using a Fixed Docking procedure in the Affinity
rogram within the Insightll modeling softwaf&ISI, 1996. The
nitial position of the guanine base was manually docked based on

were collected on a Rigaku RaxislY imaging plate. The X-ray
source was a copper Rigaku RU300H generator with a double

mirror system operating at 50 kV and 100 mA. The CrySt"’ll'to'the position of the adenine base in the PAP active(§iieB access

de.tec“’f distance was 150 mm, and the cryst_al n “’.VO d'ﬁerenEode 1QCJ (Kurinov et al., 1999 The second starting position
orientations was rotated around the spindle axis with images col

lected over 1.5to a resolution of 2.1 A, Data were evaluated using had a 180flip without any steric collision with protein. These two
the HKL package(DENZO and SCALEPACK: Otwinowski & general positions of guanine were used for subsequent docking

Mi 1099, Th let f dat ¢ 87% wh trials. Because of the sterical collisions, the guanine base of GMP
inor, - 1Ne compleleness of data Sels was over ° WReRHu1d be positioned only in one conformation, similar to the ad-
the completeness of the data set in the last resolution shell w.

0 %hine base position in the PAP-adenine complex. To increase the
over 80%. volume of the conformational search, the torsion angles in GMP
molecules between N9 of guanine and phosphate group were freed.
Model refinement We created a definitive binding set of PAP residues in the active
site pocket to move as a 3.5 A shell around the manually docked

A . G1igand during the energy minimization. The number of final dock-
(PDB access code 1QQ@ere used for the initial crystallographic ing positions was set to 10, although finally only 2—4 promising

\?VZ?ZIggr?:isrﬁ]ﬂn;r_npel_né%té?:iorl:\g i?gr[(]:rc:nglei(é%ll Zﬁlzl;;tlonspositions were identified. The calculations used a CVFF force-
with /o > 2 agd a Iow-resolutioﬁ limit bg A’ were used for field in the Discovery program and a Monte Carlo strategy in the

T e Affinity program. Each energy-minimized final docking position
structure refinement. Nonpolar hydrogens were implicitly included

; - ) of the ligand was evaluated using the interactive score function in
in their associated heavy atoms. There were two PAP monomers X . ; A

. . the Ludi module. Ludi score includes contribution of the loss of
per unit cell, and they are approximately related by a twofold

symmetry nearly coincident with the crystallographieaxis. At translational and rotational entropy of the fragment, number and

the early stage of the crystallographic refinement, strong noncrysguallty of hydrogen bonds, and contributions from ionic and lipo-

tallographic symmetryNCS) restraints were imposed to keep the philic interactions to the binding energy.
structure of two PAP molecules close and not to increase the free

R-factor. As the refinement progressed, the values of the effectiv\cknowledgments
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