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Abstract

The pokeweed antiviral proteifPAP) belongs to a family of ribosome-inactivating proteii®®IP), which depurinate
ribosomal RNA through their site-specific N-glycosidase activity. We report low temperature, three-dimensional struc-
tures of PAP co-crystallized with adenyl-guanosiAeG) and adenyl-cytosine-cytosit@pCpC). Crystal structures of
2.0-2.1 A resolution revealed that both ApG or ApCpC nucleotides are cleaved by PAP, leaving only the adenine base
clearly visible in the active site pocket of PAP. ApCpC does not resemble any known natural substrate for any
ribosome-inactivating proteins and its cleavage by PAP provides unprecedented evidence for a broad spectrum N-glycosidase
activity of PAP toward adenine-containing single stranded RNA. We also report the analysis of a 2.1 A crystal structure
of PAP complexed with the RIP inhibitor pteoric acid. The pterin ring is strongly bound in the active site, forming four
hydrogen bonds with active site residues and one hydrogen bond with the coordinated water molecule. The second 180
rotation conformation of pterin ring can form only three hydrogen bonds in the active site and is less energetically
favorable. The benzoate moiety is parallel to the protein surface of PAP and forms only one hydrogen bond with the
guanido group of Arg135.
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Pokeweed antiviral proteifPAP) from the leaves of the pokeweed plex virus, cytomegalovirus, influenza virus, and human immuno-
plant, Phytolacca americanas a naturally occurring 29 kDa sin- deficiency virus(HIV )-1 (Zarling et al., 1990; Irvin & Uckun,
gle chain ribosome inactivating proteiRIP), which catalytically ~ 1992. The molecular mechanism of the antiviral activity of PAP is
inactivates both prokaryotic and eukaryotic ribosomes. The theradnder active investigatio(Bonness et al., 1994; Chaddock et al.,
peutic potential of PAP has gained considerable interest in recerit994, 1996; Hur et al., 1995; Tumer et al., 1997, 1998; Xu et al.,
years due to the clinical use of native PAP as the active moiety 01998. Besides its ability to inhibit viral protein synthesis, PAP is
immunoconjugates against cancer and AlD&n & Uckun, 1992. also capable of directly depurinating viral RNBarbieri et al.,
PAP is a site-specific RNA N-glycosidase that enzymatically 1997). Furthermore, PAP also displays viral RNA-specific effects
removes a single adenine bagel324) from a highly conserved, in vivo and has been shown to inhibit ribosomal frameshifting and
surface exposeda*sarcin” loop of the large rRNA species in retrotransposition, a molecular mechanism used by many RNA
eukaryotic(28S rRNA and prokaryotic(23S rRNA ribosomes  viruses to produce Gag-Pol fusion proteiffaimer et al., 1998
(Irvin, 1983; Endo et al., 1988This catalytic depurination of the Wild-type PAP was crystallized and its structure refined to a
a-sarcin loop, which is positioned in immediate vicinity of the 2.5 A resolution at room temperatufilonzingo et al., 1998 To
peptidyltransferase center within the 50 S subuniEstherichia  date, no structural information has been reported regarding the
coli ribosomes, impairs the interactions between ribosomes anthteraction of PAP with its natural substrates. A working hypoth-
elongation factor ZEF-2, resulting in irreversible inhibition of  esis regarding the structural basis for the N-glycosidase activity of
protein synthesis at the EF-2 mediated translocation(§teftal & PAP was proposed based on the structural similarities of the active
Irvin, 1978; Gessner & Irvin, 1980 sites of PAP and a more extensively analyzed RIP, ricin A-chain
PAP has also been shown to effectively inhibit the replication of(Katzin et al., 1991; Kim & Robertus, 1992; Monzingo & Rober-
several plant and animal viruses including poliovirus, herpes simtus, 1992. This hypothesis was predicated upon the supposition
that PAP and ricin A-chain are identical in their enzymatic activity
and provides no explanation for the more broad-spectrum N-glyco-
Reprint requests to: F.M. Uckun, Hughes Institute, 2665 Long LakeSidase activity of PARHartley et al., 1991; Barbieri et al., 1993;
Road, Roseville, Minnesota 55113; e-mail: fatih_uckun@ih.org. Marchant & Hartley, 1995
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In this paper, we report a low temperature X-ray structure analyterms of the radius of gyration. Since the radius of gyration is
sis and supporting modeling studies of the interactions of PARproportional to the moment of inertia, it gives a rough estimation
with nucleotide analogs of its natural rRNA substrate. In particular,of protein volume. The radius of gyration calculated for all non-
the dinucleotide aden{®'—5')guanosing ApG) and trinucleotide  hydrogen atoms of PAP decreased by about 1(#4 corresponds
adenyl-cytosine-cytosin@ApCpC) were co-crystallized with PAP  to a 5.7% decrease of the volume of the appropriate ellipséid
and computer modeling studies were performed to elucidate thsimilar behavior was observed for the accessible surface area of
structural basis of the interactions between PAP and its ligandsPAP. A 3.2% decrease in the accessible surface area shows that the
The low temperature X-ray data extended to a 1.9 A resolutiorroughness of the PAP surface does not increase with freezing and
allowing a more detailed interpretation of the enzyme-substrateeflects the overall shrinkage of protein. A direct comparison of
complexes. It was observed that PAP had cleaved both ApG ankbw temperaturéLT ) and room temperatufdRT) structures shows
ApCpC, and only adenine base was visible in the active site pockeho significant structural differences except for the usual thermal
The cleavage of ApCpC, which does not resemble any knowrexpansion of the protein substance. Two monomers in the unit cell
natural substratétGAGAG motif in a RNA stem-loogEndo et al.,  changed their relative position upon freezing—the relative sliding
1988; Marchant & Hartley, 1995; Chen et al., 199®r any RIP,  and pivoting of the monomers occurred to form a more dense
provides experimental evidence for a broad spectrum N-glycosidaggacking at low temperature. After rigid-body rotation and transla-
activity of PAP toward any adenine containing single-strandedtion (which are different for two monomersoth backbones were
RNA. To better understand the interaction of the PAP active sitenearly identical(Fig. 1), which could be a consequence of abun-
with adenine containing oligonucleotides, we also performed alant secondary structure elements. RMSD for the main-chain
co-crystallization with pteoric aciPTA), which is a weak inhib-  atoms was 0.30 A and none of the main-chain atoms, except C-
itor of ricin (Yan et al., 1997. and N-terminus, had deviations more than 1 A. A comparison

between LT and RT structures is even smaller when comparing a
secondary structure elements or active site region of the protein.
Results and discussion No large conformational reorientations of side chains were ob-

PAP crystals belong to the triclinic space group with two moleculesserved; only some large afr disordered side chains became

in the unit cell. There are no large conformational differencesmore ordered at LT. We were unable to identify any definitive

. . Iternate conformations in PAP at LT. A lower ovefifactor and
between the two PAP molecules of the asymmetric unit because g . i
. o : a smaller range iB-factor profile were observed for the LT struc-
noncrystallographic symmetry restraints imposed during the crys: . :
. ' .~ ~tures. Although the temperature factor plotted against the residue
tallographic structure refinement. The root-mean-square deviation

(RMSD) was 0.07 A for the main-chain and 0.16 A for side-chain number(Fig. 2) showed a similar pattern for LT and RT structures,

. éhere were many indications of a nonuniform decrease d@aetor
atoms between two PAP monomers. Overall conformation an

mode of interaction of all studied ligands were the same in twoPO" crystal freezing.

monomers. For the purpose of structural comparison, the average
values of the two models will be used for subsequent analysis. PAP interactions with substrate analogs

_Analogous to other R_IP(Ilcm A-chain, tr|chosar1t|r_1, mqmor The structural element of rRNA targeted by PARartley et al.,
din), PAP has a well-defined secondary structure: eigthielices ] L
. : 1991; Barbieri et al., 1993s a very conserved stem-loop structure
and aB-sheet composed of six strands. Comparison of our room

temperature PAP structure at the resolution 2.0 A with the pub_contalnlng the GASAG motif (the cleaved adenine is underlined

lished PAP structure at resolution 2.5(AMonzingo et al., 1998 Therefore, we co-crystallized PAP with adenyl-guanosine to elu-

shows better stereochemistry with RMSDs of 0.008 A for bondg:gt_ithg ?;‘:r:afet;??]zs;iﬁg ;v;trl;\];tser:‘l(\:léA Sf:j“?ﬁ;‘\gysﬁ:zigr
lengths and 1%for angles, as compared to 0.027 A and°3.4 P P P group y

respectively, for 1PAF structure. A direct comparison of our struc-gglrt]sti:f I rggrarfr;?tt;rﬁeio'rmablleex)é dTCﬁtllnnXalc-JZ;%;WZjecl:i(rzwttricr)lzous
ture with the published structuk@rotein Data BankPDB) code y P P P

1PAF) did not show a significant discrepancy for backbone Con_density in the active site pocket, which slightly protruded along the
formation and RMSD for the main-chain atoms was only 0.34 A protein surface from the PAP active site. This density was initially

Only a few atoms differ more than 0.9-1.0 A. The comparison Off|tted with ApG having the best and energetically favorable con-

. . . . ) . formation from our modeling studidsee Materials and methods
the residues in the active site region showed even less dlscrepanm/. . . R
with RMSD of 0.24 A itially all atoms of ApG were assigndstfactors of 20 A, close

to mean value for the active site residues. The next round of
structure refinemenslow cooling annealing, positional, and indi-
vidual B-factor refinementlead to an increase of tHg&factor for
guanosine group up to 40%fand theB-factor for the adenosine

In an attempt to prolong the crystal life and improve the resolutiongroup to ~25 A2. The uneven distribution oB-factor on phos-
limits, we performed a low temperature study of PAP crystals. Thisphate backbone excluded a consideration of static disorder for the
is especially important for a triclinic unit cell. The first noticeable guanosine group. The omit electron density maps showed contin-
effect of lowering temperature was a decrease of unit cell paramuous electron density covering only the adenine group and half of
eters. The relative volume reduction caused by the lowering othe sugar; the rest of the molecule is covered by separate peaks,
temperature was approximately 2.4% and the corresponding actuelore similar to water peakig. 3). So, we assumed that ApG was
volume change was 3,060°er unit cell. The observed unit cell cleaved by PAP during the rather long crystallization setup and
volume change was smaller than that reported for RNASEY) only the adenine moiety was left bound in the active site pocket.
(Tilton et al., 1992 or myoglobin(5%) (Frauenfelder etal., 1987  This hypothesis was clearly confirmed by the next round of struc-
The thermal expansion of the protein can also be parameterized ire refinement where we retained only the adenine base and in-

Low temperature studies
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Fig. 1. ACa traces of PAP A-monomers at RT and LT following superimposition of their respective main-chain coordinates. The trace
of the RT PAP structure is drawn with thicker line. Comparison of B-monomers shows a similar pattern.

cluded water molecules in the distinctive peaks shown on thective site residues is essentially identical to that seen previously in
previous electron omit map density in place of guanidine and theicin complexed with ApG(Monzingo & Robertus, 1992 The

phosphate linker. Although the resulting differencé¥free factor
is not substantia(<0.3%), the final omit electron density map

adenine ring is sandwiched between tyrosines 72 and 123. N6 of
adenine donates a hydrogen bond to the carbonyl oxygen of Val73

clearly covered only the adenine base in the active site and sufdistance 3.4 A N1 receives a hydrogen bond from the amino

rounding water molecules without any ambiguity.

nitrogen of Val73(distance 2.9 A Arg179 can donate a hydrogen

Figure 4 shows the binding site region of the omit map for thebond to N3(distance 2.6 Aand N7 is hydrogen bonded to the
PAP-adenine complex. The mode of adenine interaction with PARarbonyl oxygen of Ser122.7 A). The only noticeable difference
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Fig. 2. Main-chain atoms average®-factor dependence on the residue
number for ligand-free PAP structure at Rdipper ling and LT (lower
line).

between this complex and the complex of PAP with formycin
(Monzingo et al., 199Bis the orientation of Tyr72. Tyr72 in the
PAP-adenine complex does not appear to have altered its torsion
angley; upon ligand binding as was observed in the PAP-formycin
complex. Orientation of the Tyr72 in the PAP-adenine complex
remains the same as in ligand-free form of PAP.

The absence of an electron density for the guanosine ring sug-
gests that the enzyme remains active during the crystallization
setup. Our study of the PAP-ApG complex follows the earlier
study of a PAP complex with formycin-monophosphatdon-
zingo et al., 1998 Formycin-monophosphate could not be cleaved
by PAP because of the C-C bond between pyrazolepyrimidine and
ribose sugar. Ricin A-chain is a more extensively studied RIP and
its complexes with adenosine-monophospliseston et al., 1994
and ApG (Monzingo & Robertus, 1992were described. It was
shown that adenosine-monophosphate is cleaved by ricin A-chain
(only adenine was seen in the active kifEhe overall orientation
of the dinucleotide ApG with adenine bound in the active site is
definitively the same in the ApG-ricin complex and PAP. However,
small differences in surface topology near the active site pocket
may account for different rates of ApG depurination by PAP and
ricin (ApG is not considered as a substrate for ricin in kinetics
studies by(Chen et al., 1998.
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Table 1. Details of data collection and refinement

Wild-type PAP  Wild-type PAP  PAP-ApG ~ PAP-ApCpC  PAP-PTA

RT LT complex complex complex
Unit (a) 49.47 48.68 48.48 48.64 48.19
Cell (b) 49.47 49.09 49.03 49.08 48.50
A (c) 64.77 64.56 63.87 64.39 63.92
a 68.73 67.95 68.79 68.75 68.85
B 81.12 82.90 81.05 82.55 81.78
v 64.13 65.37 63.88 64.87 64.62
Unit cell volume (A3) 132,920 129,860 127,080 129,620 128,480
R-merge(%) 4.8 5.9 6.0 6.6 6.9
Resolution limit for refinement 2.0 2.1 2.0 2.1 2.1
Completeness of data used for refinemeiy 91.0 87.0 89.4 87.9 85.3
R-factor (%) 19.9 20.8 23.0 24.5 23.0
Number of water molecules 478 479 448 414 541
ProteinB-factor (A?%) 23.9 13.3 19.9 20.1 16.2

Taking into consideration the broad specificity of PAP toward high affinity toward adenine-containing oligonucleotides without a
ribosomes from different sources and its very high affinity to thehigh degree of selectivity toward the closest nucleotide residues in
adenine base, we tried to explore the binding and interaction ofhe sequence.

PAP with the tri-nucleotide ApCpC. ApCpC is not known to be a
natural substrate for PAP or RIPs, so we ex.pected Fhe PAR—Ap(;pBAP complex with pteroic acid (PTA)
complex would at least help to characterize the interaction with

phosphate backbone. To further study the interaction of PAP with ligands, we co-

ApCpC was co-crystallized with PAP in the same manner asrystallized PAP with pteoric acid. PTA was already shown to be
ApG with the same space group and unit cell parameters. Howa weak inhibitor of ricin A-chain and X-ray studies demonstrated
ever, the examination of the omit map density in the active sitehe putative structure of PTA bound to riciiyan et al., 199Y.
pocket again showed the presence of only an adenine base, withoBecause there are no known natural inhibitors of PAP, and it is
any indications of an electron density corresponding to two cyti-shown that ricin A-chain and PAP share the same active site struc-
dines. This very unusual result supports the notion that PAP has tre, we decided to use PTA as a possible ligand for PAP. Our

Fig. 3. Omit electron density mafF, — F.) for PAP-ApG complex at LT. ApG was omitted for map calculations. Model for ApG is
drawn in bold. The map is contoured at &.5
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Fig. 4. Omit electron density magF, — F.) for PAP-adenine complex at low temperature. Adenine base was omitted for map
calculations. The map is contoured at.2

preliminary kinetics data had revealed a decrease of ribosom® discriminate between the two conformatidifég. 5. However,
depurination in the presence of PTR Rajamohan & F.M. Uckun, the mode of interaction of two conformation differ considerably,
unpubl. results and we assume that only one of the conformations has the best
Crystals of PAP complexed with PTA remained isomorphous topattern of hydrogen bonding of pterin ring with the active site
ligand-free PARsee Table 1 Initially PTA was manually docked residues. The best orientation of the pterin ring reveals four hy-
into the active site pocket in the conformation derived from ourdrogen bonds to protein atonfisackbone N of Val73, two bonds
computer simulation results. After a crystallographic refinement,with Oy of Ser121 and @ of Ser175, and one bond is mediated
the omit electron density map clearly showed a continuous elecby strongly bound water molecule, WAT1388etails are displayed
tron density covering the whole PTA molecule. The same orientaen Fig. 6. The second orientation of pterin ring can form only
tion of bound PTA was observed in two PAP monomers. Althoughthree hydrogen bonds, which are less optimal than those formed in
our modeling studies did not show the preferred orientation of PTAthe first orientation. The second orientation of pterin ring inside the
complexed with PAP, the initial electron density was sufficient to PAP active site corresponds to the conformation observed in PTA-
properly position the PTA benzoic acid outside the active sitericin complex(Yan et al., 199Y, and its interactions with active
pocket. After the second cycle of refinement, the ambiguity con-site residues are similar to those of adenine. We observed a rotation
cerning the orientation of the main ring in the active site pocketof Tyr72 ring to accommodate pterin ring in the active site.
persisted. Therefore, two more cycles of refinement were per- The benzoate moiety of PTA lies parallel to the protein surface,
formed with two different orientation of the pterin rind.80° and its carboxyl oxygen is linked to the guanido group of Arg135.
flipping). The precision of the electron density maps was not enouglit is apparent that the benzoate group of PTA does not significantly

Tyr-72

Fig. 5. Omit electron density maff, — F;) for PAP-pteoric acid complex at low temperature. PTA was omitted for map calculations.
The map is contoured a2 Two different conformation§180 rotation of pterin ring(shown in blue and redare superimposed on
the figure. The conformation having the more favorable interaction profile is shown in blue.



1770 I.V. Kurinov et al.
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Fig. 6. Details of interaction of pteroic acid with active site residues of PAP. The figure was drawn using LIGRU&&ce et al.,
1995.

contribute to the binding of PTA to PAP. The overall orientation of Materials and methods
the benzoate group is clearly different from its orientation in the
ricin-PTA complex(Yan et al., 1997; Fig. )7 The benzoate ring of
PTA is bent around Tyr80 of ricitiTyr72 of PAP and its carboxyl
oxygen is near Asn78sn70 of PAB. Although Asn78 of ricin  PAP was extracted from spring leaves of pokeweed and purified to
and Asn70 of PAP occupy the same position, PTA complexed witthomogeneity as previously describéblyers et al., 1991 Just
PAP cannot assume the same orientation as PTA complexed withefore the crystallization setup PAP was repurified on a MonoS
ricin because of the different orientation of the tyrosine ring. Side-cation-exchange colun{Pharmacia Biotech, Piscataway, New Jer-
chain Tyr72 of PAP has more restricted conformational freedomsey) and filtered through 0.22m filter. ApG, ApCpC, and pteoric
because of the neighboring Ser121. The ricin residue, which coracid were purchased from Signi&t. Louis, Missouli and were
respond to Serl21 of PAP, is Gly121, which has no interactionsised without additional modifications.
with the tyrosine ring. Because of the flexible links between pterin  PAP crystals were obtained from a concentrated PAP preparation
and benzoate rings, the latter can adopt a conformation towar@l5-20 mgmL) by the vapor diffusion method within 2—-3 weeks
Arg135, which is located on the opposite side of the active siteusing “hanging drop” experiments with 16—-18% PEG 4000 and
from Asn70. In fact, the benzoate rings complexed with both ricin0.1 M CaC} (50 mM Tris-HCI buffer pH= 8) at room tempera-
and PAP appear to be bound in a long concave region, which mature. Crystals of PAP-ApG and PAP-ApCpC complexes were grown
accommodate a single strand of a natural RNA substrate. in the above solution with the addition of 5 mM ApG or ApCpC.
An experimentally obtained three-dimensional structure of PAPPAP-PTA crystals were grown from same solution but saturated
complexed with a larger substrate analogue consisting of a stenwith PTA; otherwise the crystallization conditions were identical.
loop structure would be likely to provide valuable information Unit cell parameters, details of data collection, and refinement are
about the details of mechanism of PAP enzymatic activity. presented in Table 1. To prolong the crystal lifetime and increase

Protein purification and crystallization
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Fig. 7. Stereo view of the superimposition of PAP and ri¢ian et al., 1997 active site residues with bound PTA. Ricin atoms are
shown in thin lines; PTA is black. PAP with bound PTA is drawn in thick lines.

the resolution limits, low temperature studies were done using dective energy constant for the positional restraints between two
25% PEG4000 solution as a cryoprotectant, and the protein crystahonomers were relaxed from 300 to 60 kgabl/A? for the main-
was flash-frozen under a liquid nitrogen stream. Upon freezingchain atoms and 30 kcahol/A? for the side-chain atoms. Com-
PAP crystals usually exhibited a mosaicity increase of 0.2-0.5 plete removal of NCS restraints led to a small increasR-&ee
Low temperature studigs-100 K) were done using the X-stream factor.
system from MSGWoodlands, Texas Diffraction data were col- A few cycles of slow-cooling annealin@,500— 100 K), po-
lected on a Rigaku RaxislY imaging plate. The X-ray source wassitional and restrained isotropic temperature factor refinements were
a copper Rigaku RU300H generator with a double mirror systenfollowed by visual inspection of electron density maps, including
operating at 50 kV and 100 mA. The crystal-to-detector distanceomit maps, coupled with a manual model builditvghen neces-
was 150 mm, and the crystéin one or two different orienta- sary using the graphics program CHAI{®ack, 1988 A ligand-
tions) was rotated around the spindle axis with images collectedree PAP structure at room temperat(RT) was used as a starting
over 1.5 to a resolution of 1.9-2.0 A. Data were evaluated usingpoint for the refinement of every PAP structure at low temperature
the bioTex processing softwa(MSC) or HKL packagel DENZO (LT). Strong stereochemical restraints were imposed during the
and SCALEPACK(Otwinowski & Minor, 1998). The complete-  crystallographic refinement and all final PAP structures possessed
ness of data sets at low temperature was over 85% when the similarly good stereochemistry with an RMSD-60.008 A for
completeness of the data set in the last resolution shell was 70bond lengths and-1.4° for angles. The RMSD between two mol-
80%. The real resolution of the data, used for structure refinemengcules before and after the final round of refinement was 0.06 A.
was estimated to be 2.0-2.1(8ee Table Jltaking into consider- The quality of the stereochemistry of the final protein structure
ation the completeness of the last resolution shédt, ratio and was assessed with the PROCHECK packélgaskowski et al.,
R-merge values. 1993. The Ramachandran plot shows no residues in disallowed
regions(data not shown

All procedures during crystal growing, data collection and pro-

Model refinement cessing as well as structure refinement were identical for all stud-

The atomic coordinates of the refined PAPDB access code ied complexes, which simplified the comparison of the final
1PAF) were used for the initial crystallographic phasing and re.Structures and eliminated some of the systematic errors. As a better

finement of the new PAP structure. All calculations were doneguide to the quality of the structure, the values of the Refactor

using X-PLOR (version 3.1 (Briinger, 1992 All data with were monitored during the course of the crystallographic refine-
/o> 2anda Iow-resolutidn limit b8 /—\’were used for structure  Ment. The final value of fre®-factors did not exceed the overall

refinement. Nonpolar hydrogens were implicitly included in their R—far(]:tor l:;y rr:jore ths_n %. ¢ wild |
associated heavy atoms. There were two PAP monomers per unit | € refined coordinates of wild-type PAP at low temperature

cell, and they are approximately related by a twofold symmetryznd PAPd qomEIeTDeS with adenirclie ar11d pteorlic a::id hdavle been
nearly coincident with the crystallographic a-axis. During the crys- eposited in the Raccess codes 1QCG, 1QCI, and 1QCJ,

tallographic refinement we imposed noncrystallographic symme-reSpeCt'Vely

try (NC9) restraints on the atom position amdfactors of two

monomers, including ligand models. At the early stage of the crys- . . .
tallographic refinement, strong NCS restraints were imposed tcl)"ganOI docking modeling
keep the structure of two molecules close and not to increase thehe molecular docking of ligands and estimation of the interaction

free R-factor. As the refinement progressed, the values of the efscores were done usingkixed Dockingprocedure in théffinity
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program within the Insightll modeling softwarénsightll User ~ Hartley MR, Legname G, Osborn R, Chen Z, Lord JM. 1991. Single-chain

Guide. 1996, We created a definitive bindina set of PAP residues ribosome inactivating proteins from plants depurinaseherichia coli23S
in th ' .ﬁ . K 9 R shell d th ribosomal RNA.FEBS Lett 2901-2):65—-68.
in the active site pocket to move as a 35 shell around t EHur Y, Hwang DJ, Zoubenko O, Coetzer C, Uckun FM, Tumer NE. 1995.

manually docked ligand during the energy minimization. The num-  Isolation and characterization of pokeweed antiviral protein mutations in

ber of final docking positions was set to 20, although finally only ~ Saccharomyces cerevisideentification of residues important for toxicity.
.. L . ipe . Proc Natl Acad Sci USA 928):8448-8452.

3-5 promising posltlons were identified. The calculations used Gnsightll User Guide. 1996. San Diego, California: MSI.

CVFF force-field in theDiscoveryprogram and a Monte Carlo rin JD. 1983. Pokeweed antiviral proteiRharmacol Ther 2B71-387.

strategy in theAffinity program. Each energy-minimized final dock- Irvin JD, Uckun FM. 1992. Pokeweed antiviral protein: Ribosome inactivation

ing position of the ligand was evaluated using the interactive score,_ and therapeutic applicationBharmacol Ther 583):279-302.
. . . . . X . Katzin BJ, Collins EJ, Robertus JD. 1991. Structure of ricin A-chain at 2.5 A.
function in theLudi module. Ludi score includes contribution of Proteins 103):251-259.

the loss of translational and rotational entropy of the fragmentkim Y, Robertus JD. 1992. Analysis of several key active site residues of ricin
number and quality of hydrogen bonds, and contributions from A%hain by mutagenesis and X-ray crystallograpPsotein Eng $8):775—
77

lonic and lipophilic interactions to the binding energy. Laskowski RA, MacArthur MW, Moss DS, Thornton JM. 1993. PROCHECK:

A program to check the stereochemical quality of protein structdrégpl
Crystallogr 26283-291.
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