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Pokeweed antiviral protein, PAPs$ isolated from seeds of the
Chinese pokeweed plarRhytolacca acinosahelongs to the family

1987, 1991) and polynucleotide:adenosine glycosidase (Bawiieri
al., 1997) activities. In contrast, type-2 RIPs, such as ricin and
gelonin, are heterodimers consisting of an A chain which is
structurally and functionally homologous to the type-1 RIPs, and
sugar-binding B chain which attaches the RIP to the surface of target
cells. RIPs inhibit protein biosynthesis by recognizing the highly
conserveda-sarcin/ricin loop of the large ribosomal RNA (rRNA)
species and catalyzing a site-specific deadenylation reaction
(targeting Asp4in rat liver ribosome 28S rRNA, for example) (Endo
et al, 1987). Ribosomes thus modified lack the ability to interac
with elongation factors la and 2 (EF-Tu and EF-G in bacteria,
respectively) (Montanarcet al, 1975; Gessner & lIrvin, 1980;
Hausneret al, 1987; Macbeth & Wool, 1999; Wodadt al, 2000),
resulting in the irreversible inhibition of protein biosynthesis.
Although type-2 RIPs are more cytotoxic due to their carbohydrate-
binding B-chain, their activity is more or less restricted to animal
ribosomes (Barbieret al., 1993). In contrast, type-1 RIPs such as
PAP have a broad specificity for eukaryotic and prokaryotic
ribosomes. The broad spectral activity of PAP has been suggested to
stem from specific interactions between PAP and ribosomal protein
L3, the latter of which is highly conserved throughout the différen
taxa (Hudalet al.,, 1999).

Pokeweed produces multiple PAP isoenzymes, each appearing in
different tissues and/or at different stages in the plant’s life-cycle.

of type-1 ribosome-inactivating proteins (RIPs). Type-1 RIPs areThe best-characterized pokeweed spedistolacca americanas
~30-kDa N-glycosidases that inactivate eukaryotic and prokaryoticknown to produce the following isoenzymes: a) PAP-I, from spring

ribosomesvia a site-specific depurination of ribosomal RNA

leaves; b) PAP-II, from early summer leaves; c) PAP-III, from late

(rRNA). Here we describe the preliminary X-ray structure summer leaves; d) PAP-R, from roots; and e) PAP-S, from seeds
determination at 1.7 A resolution of one PAP isoenzyme from seeds(Irvin & Uckun, 1992; Barbieriet al, 1993). In addition, a clone
PAP-S1, after crystallisation from a heterogeneous mixture of two encoding a PAP protein with C- and N-terminal extensions, tdrme
isoenzymes. PAP-GJ possesses a rare type of glycosylation, a-PAP, was isolated from the genomic DNA Bf americanaand
specifically, N-linked N-acetyl-D-glucosamine monosaccharide shown to exhibit RNA N-glycosidase activity (Katao&hal., 1992).
(GIcNAc) substitutions at canonical Asn-Xaa-Ser/Thr sequons. OnePAP-S fromP. americanahas been shown to posses a relatively rare
GlcNAc residue was found to play a critical role in crystal lattice type of glycosylation, specifically, N-linkeM-acetyl-D-glucosamine
formation, forming a packing interface across a crystallographic(GlcNAc) monosccharide substitutions at three canonical Asn-Xaa-

two-fold with the identical sequon of an adjacenbmomer. This

Ser/Thr sequons (Islaet al, 1991), although the exact role of these

observation suggests that deglycosylation protocols for thesugars is yet to be resolved. More recent work has shown that seeds
crystallisation of glycoproteins should be designed to allow for from Phytolacca americanaactually contain two different PAP
exploitation of the crystal packing potential of the innermost core jsoforms, PAP-S1 and PAP-S2, with 83 % sequence identity an

sugar residue (N-linked GIcNAc or O-linked GalNACc).

Keywords: pokeweed antiviral protein; PAP; ribosome-
inactivating protein; RIP; glycosylation; deglycosylation; glycoprotein;
N-acetyl glucosamine; X-ray crystal structure; crystallogenesis; crystal
contacts

1. Introduction

different inhibitory activities on ribosomes (Hongt al, 2002). An
earlier crystallographic paper reported on the crystallisation of PAP-
S fromP. americangLi et al, 1998), although the authors indicate
that only one isoform was detected by SDS-PAGE analysis o
lyophilized samples. Monzinget al. (1993) first described the 24
X-ray crystal structure of PAP-I fromP. americanaat roam
temperature, both uncomplexed and together with the substrate
analog formycin 5'-monophosphate. This work was complemented
years later by crystal structure determinations of PAP-I at cryo
temperatures to 2.0-2.1 A resolution, both as the free enzyme and in

A wide variety of plant species produce enzymes that are potentomplexes with the active-site RIP inhibitor pteoric acid, as well as
inactivators of the ribosomal machinery and are accordingly termedvith adenine and guanine, both products of N-glycosidase reactions
ribosome-inactivating proteins (RIPS). Interest in RIPs has been on &urinov et al, 1999a; 1999b). In addition, the X-ray structureoef
continual upswing due to their potentially useful applications in PAP (Ago et al., 1994) and the crystallisation of PAP-II (Kurinov et
medical science as immunotoxins against cancer and AIDS (Irvin &al., 2000) have been published. Although the structuradl an
Uckun, 1992; Sandvig & van Deurs, 2000) and in crop science,functional properties of PAPs fronP. americana have been
including applications in the construction of transgenic plants examined in quite some detail, less attention has been paid to these
exhibiting broad-spectrum resistance to viral and fungal infectionenzymes from other species. In order to obtain a better
(Zoubenkoet al, 1997; Wanget al, 1998). Intensive investigations understanding of the structural elements responsible for governing
are being carried out by several groups on pokeweed antivirathe pronounced differences in specificity and enzymatic activity
proteins (PAPSs), type-1 RIPs isolated from various members of thebetween the different species and isoforms, structural studies o
Phytolacca genus (pokeweed). Classical type-1 RIPs, including other PAP proteins are necessary. Messenger RNA encodind a lea
PAPs as well as other members such as trichosanthinjsoform of PAP has been sequenced from the Chinese pokewee
momorchardin, saporin and agrostin, are monomeric proteins oplant, Phytolacca acinosgformerly called Phytolacca esculenja
approximately 30 kDa that exhibit RNA N-glycosidase (Eredal., (TrEMBL entry Q941G8), and we have isolated two major PAP
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isoenzymes fronP. acinosaseeds, which we term PAP-gland 12,2,2;, which possess identical extinction rules), with unit cell
PAP-S2.. This heterogeneous PAR:S seed extract exhibits constants a = 78.63, b = 84.19 and ¢ = 90.88 A. A total of 600
significantly higher activity against plant virus infections (by frames were collected at rotation steps of 0.5 degrees. All data were
tobacco mosaic virus as well as tomato or potato mosaic virusesprocessed and scaled using the pack&fesZOand SCALEPAK

than PAP fromPhytolacca americandunpublished results). Here (Otwinowski & Minor, 1997), resulting in a dataset of 33,596 unique
we report the preliminary X-ray structure of one isoenzyme, PAP-reflections derived from 417,357 observations. Data collectio

Sl to 1.7 A, after crystallisation from a heterogeneous mixture of statistics are summarized in Table 1.

PAP-S1. and PAP-SZ;, each of which may in turn contain several

isoforms, as indicated by preliminary mass-spectrometric analysigable 1  X-ray data collection and refinement statistics.

(KB, unpublished). Although the sequence of PAR:SiE not yet
known, the excellent quality of the electron density maps, combined

Values in parentheses are for the outer shell, with a resolution of 1.74-1.70 A.

with the known sequences of the two PAP-S isoforms from the D2w@collection statistics

related P. americanapokeweed plant (Honjo et al., 2002), has Lim:a;?rcerégls ioo
allowed us to undertake an 'X-ray sequencing’ approach with a high resoiution range (A) 30.0-1.70
degree of confidence. We present structural evidence that a GICNAC- space group 1222
asparagine structure similar to that discovered biochemically for unit-cell parameters (A)
PAP-S fromP. americana(lslam et al., 1991) is also present in a 78.63
PAP-S1.. Furthermore, we show that one GIcNAc residue is b 84.19
critically involved in crystal lattice formation. Implications for the ¢ 90.88
general pre-treatment of glycoproteins prior to screening for Reflections
crystallisation conditions are discussed on the basis of these xsizz?d ‘31;75‘227
findings. Completeness (%) 99.9 (100.0)
Redundancy 12.4 (12.4)
2. Materials and methods Rmergsa(%) 4.3(38.9)
Reim.” (%) 4.5(40.6)
2.1. Protein preparation and crystallisation Roim (%) 1.3(11.4)
Mean(l/o(1)2 55.7 (7.1)
PAP-S was isolated from mature seedsRfacinosautilizing an Refinement statistics
initial purification procedure similar to that established by Barbieri ~Resolution range (A) 30.0-1.70
et al. (1982) for the related protein froM. americanaSubsequent ~ Reflections used [(F)] 82,752
to the initial purification step employing a carboxymethyl cellulose E;:‘g;ofimr ) ;?;
(CMC 52) column, PAP-§_i fractions were pooled and dialysed [ ot hon-H atoms 2396
against 15-20% PEG 20K in 5 mM sodium phosphate, pH 6.7, and y,mper of water molecules 350
concentrated to ~10 mg/ml at 4°C. This probe was further processed r m s. deviations from ideals
by gel filtration through Sephadex G75 (2 cm x 140 cm) in 5 mM  Bond lengths (&) 0.012
sodium phosphate, pH 6.7, at 6 ml per hour. 3-ml fractions were Bond angles (°) 1.60
collected and analyzed by standard SDS-PAGE under reducing Dihedral angles (°) 23.0
conditions. Fractions displaying PARzSwere collected, dialysed in Improper angles (°) 0.96
the cold against demineralised water, and further purified by FPLC Average B factors A
chromatography on Highload S. Bound protein was eluted with a salt é'rloi‘::s 222
gradient consisting of 0-200 mM NacCl in 5 mM sodium phosphate, .. 36.9
pH 6.8, at 0.6 ml per min and a final wash with 1 M NaCl, and  \_acetyl glucosamine 31.8
lyophilised for storage. Ramachandran plot
Lyophilised PAP-§; was dissolved in redistilled water to a  Residues in most favorable regions (%) 91.7
concentration of 20 mg/ml. Hanging-drop crystallisation trials were Residues in additional allowed regions (%) 8.3
carried out using VDX plates (Hampton Research, Laguna Niguel,_Residues in disallowed regions (%) 0

CA) at 289 K. 4 ul droplets of protein solution were mixed witpl4 .
of PEG 4K (42-44%) and 2l 1M sodium citrate, all in 100 MM *Rmerg= >0 S0, (1) — 17H]/ 32, SO0, 1

phosphate buffer, pH 7.2. Drops were equilibrated over reservoir$ R, = >, (N/N-1:"N (778 — 1)/ 5, SN " where N is the
containing 42-44% PEG 4K and 100 mM phosphate buffer, pH 7.2.1tipiicity of the observed reflection (Weiss & Hilgenfeld, 1997).

The compositions of the purified protein sample ar_1d of resolubilized. Roim = Y (IN-DESY (179 — 24|/ 52, SN [ where N is the
PAP-S; crystals were analyzed by SDS-PAGE with a precast 15%

Tris-glycine gel (Bio-Rad). multiplicity of the observed reflection (Weiss & Hilgenfeld, 1997).

‘R factor=",, o lIFoed — KIRaidl 7 2oy [Fobds where hKDOW indicates all
reflections belonging to the working set W of unique reflections. The Ree

2.2. Data collection and molecular replacement factor was calculated with 5% of the data excluded from the refinement.

A low-temperature data set was collected by transferring a loop-

mounted crystal directly from the mother liquor to a stream of The structure was solved by molecular replacement, using the
nitrogen gas at 100 K. Diffraction data to a resolution of 1.7 A were atomic coordinates oP. americanaPAP-I (Monzingoet al, 1993;
collected using synchrotron radiatioh € 0.8033 A) at the IMB  PDB code 1paf) as a search probe. Calculation of the Matthews
Jena — University of Hamburg — EMBL Beamline X13, DESY coefficient, \, (Matthews, 1968), excluded the possibility of more
(Hamburg, Germany), on a MAR CCD camera (X-ray Research,than one PAP-S; molecule in the asymmetric unit {\= 2.5 A¥Dz
Hamburg) at a crystal-to-detector distance of 150.0 mm. Indexing ofwith an estimated M of 30 kDa). The rotation function an
the initial diffraction images indicated that the crystal lattice translation searches were carried out WitNS 1.0 (Briingeret al,
arrangement was body-centered orthorhombic (either 1222 0rl998), using data between 15.0-4.0 A resolution. For the rotatio
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function, a fast direct protocol was selected. The asymmetric unit oDALI (Holm & Sander, 1999). Figures 2 and 3 were prepared using
the rotation function (Raet al, 1980) was initially sampled over a Molscript (Kraulis, 1991), Bobscript (Esnouf, 1997) and Raster3D
coarse angular grid of 13.6°, with the top 20 peak clusters subjecte@Merritt & Bacon, 1997).

to a finer grid sampling of 2.7° intervals. The best 1000 solutions

were filtered by the Patterson correlation refinement procedure . .

producing one prominent peak in the function, with angles 3. Results and discussion

221.8, 6,= 100.8 6= 98.2°. This peak, which represented the SDS-PAGE analysis of resolubilized PARsSindicated that the
correct solution, was 6.8 above the average of the rotation sample consisted of at least two proteins, with apparent molecula
function, with a difference of 4.2 to the next peak. Translation masses of approximately 29 kDa and 30 kDa, respectively (Fig. 1).
searches were performed in both space groups 1222 a@¢?]2and
unambiguously revealed 1222 as the true space group. The highest

PAP crystal  PAP solution Marker (MW)
peak was well separated from other solutions With 0.56 (the next
largest peaks bein@ = 0.18 andT = 0.12). The corresponding top 150
peak in the 122,2, space group had@ = 0.34, with the next peaks 100
having T = 0.19 andT = 0.14. The rotational and translational 75
parameters of the monomer were further refined using the rigid-body
protocol of CNS resulting in an R factor of 39.5 % for 30.0-3.5 A - 0

resolution data.
35

2.3. Refinement

The model was subjected to an initial refinement protocol consisting

of simulated-annealing refinement (Bringetr al, 1987) using a

slow-cool scheme (Briingeat al, 1990) from 2000 to 100 K and

30.0-1.70 A data, followed by 150 cycles of positional and 20 cycles

of atomic B-factor refinement. A bulk-solvent correction (Jiang & 5
Brunger, 1994) was utilized throughout the refinement. The resulting

model exhibited arR factor of 31.4% Ry 34.9%) for all data

between 30.0 and 1.70 A. At this point, electron-density map Figure 1

interpretation and model building was carried out, using the
molecula( graphics progranlﬁ O (Joresal, .1991)' The excellent reparation. The protein solution used for crystallisation contained two major
map quality allowed for an "X-ray sequencing’ approach, as severghoenzymes, shown in lane 2. The crystals consisted only of the high-M
amino acid exchanges with respect to the sequence of PAP-IFtom  isoenzyme (lane 1).

americanawere clearly evident. In parallel, and since the sequence

of PAP-S1 was not yet known, the model phases were used as

input into the ARP/WARP5.0 package (Perrakist al, 1997) for  Preliminary N-terminal sequencing indicated that the two majo
phase improvement and creation of a dummy atomic model, whichcomponents are both PAPs, exhibiting ~80% sequence identity over
was then used as an atomic template to assist in manual rebuildinghe first 40 residues (KB, unpublished). In contrast, the two
This procedure, along with the exceptional quality of the electronrecombinant®. americanaPAP-S isoforms were shown to exHibi
density map, allowed us to assign the identity of almost all amino-identical mobility, corresponding to a molecular mass of 30s kD
acid side chains with a high degree of certainty (with the exception(Honjo et al, 2002). An earlier paper describing the crystallisatio

of the Asn/Asp and GIn/Glu ambiguities). During rebuilding and of P. americanaPAP-S, which was purified from its natural source
refinement, a well-defined patch ofFg2F. and F,-F. density  and presumably contained the two isoforms, also showed a single
extending from the side chain of Asn-255 (numbering is according toband upon SDS-PAGE analysis (i al, 1998). Despite the obvious
the homologous®. americanaPAP-S1 sequence) clearly indicated heterogeneity displayed by our sample, crystallisation experiments
the presence of a single covalently attached GIcNAc residuewere initiated before investing in further purification efforts.
prompting inclusion of the latter into the model. Prior to any Surprisingly, well-diffracting crystals with dimensions of 0.5 x 0.2 x
addition of water molecules, tHe/Rr.e Was 25.4/27.8% for all data 0.2 mm grew within one month against a background of amorphous
between 30.0 and 1.70 A resolution. Water molecules were therprecipitate. The crystallisation conditions identified were similar to
modelled into positions where spherical densities were above 1.0 those described foan-PAP from P. americana(Ago et al., 1994).

in the F,-F; map and 3.00 in the F,-F. map, provided that Crystals were shown by SDS-PAGE (after dissolution) to consis
stereochemically reasonable hydrogen bonds were possible. Thesmly of the high M protein (Fig. 1). The body-centered
criteria ensured that water molecules were not erroneously placedrthorhombic crystal form which we obtained (Table 1) contans
into the uninterpreted density of any misidentified amino-acid sidesingle monomer in the asymmetric unit and appears to have the same
chains. A structural appraisal of the present model of PAR:S1 unit cell as that reported earlier for PAP-S frétnamericanaLi et
usingPROCHECK(Laskowskiet al, 1993) indicated that 91.7% of al., 1998). From genomic clones, Hong al. (2002) have deduced
the residues are in the most favorable regions of the Ramachandrahe amino acid sequences of PAP-S1 and PAP-S2 fiem
plot (Ramachandraret al, 1974), and none in the generously americana which were found to exhibit 83% sequence identity
allowed or disallowed regions. The refined structure includesamong themselves. Judging from our high-quality electron density
residues 2 - 261, one GIcNAc moiety and 350 water moleculesmaps and the lovR factors of our current model (Table 1), we can
yielding anR factor of 18.1% and a freR factor of 21.9%. Ther.m.s  conclude that we have crystallised an isoenzyme which congains
deviations in bond lengths and angles are 0.012 A and 1.6°very similar sequence to the PAP-S1 isoform Rf americana
respectively. A summary of the refinement statistics is given in Hence, we have designated the name PAR;$d our crystallised
Table 1. Structure superposition was carried out with the programisoenzyme in order to indicate its origin.

Coomassie Blue-stained SDS-PAGE showing the purified PAP-S
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the Asn side chain (-164° and 57°, respectively) are situated wathin
potential energy minimum that is commonly occupied by
glycosylated asparagines (Imberty & Pérez, 1995).

One of the most interesting features displayed by this
modification is the role of the sugar in crystal lattice formation,tas i
makes no less than two direct and two water-mediated hydrogen
bonds to a crystallographically related monomer (Figs. 2 & 3). Most
remarkably, the sugar establishes crystal contacts with the identical
modification site on the adjacent monomer, resulting in the GIGNAc
Asn moieties circumscribing a twofold rotation axis parallel te th
crystallographicb axis (Figs. 2 & 3). The carbonyl group of the
acetyl function (O7') of the carbohydrate moiety accepts a hydrogen
bond from the main-chain amide of GIcNAc—Asn-255 in the
symmetry-related monomer. Additional intermolecular contacts are
provided by the exocyclic 3' and 4' hydroxyl groups of GIcNAc. O3'
forms a hydrogen bond with the side-chain hydroxyl of Thr42
(all residue number assignments are based on the sequence of PAP-
S1 from P. americana(Honjo et al, 2002)). Also, O3' makes an
additional hydrogen bond through a water molecule to the backbone
carbonyl of Tyr-253,, A second water-mediated contact is
established between the O4' hydroxyl and the side-chginf@Qhr-
212, It should also be mentioned that an additional stabilizing
interaction is provided by the parent monomer to GlcNia a
water-mediated hydrogen bond between the main-chain anfide o
Thr-257 of the glycosylation motif and the exocyclic O6' moiety
(Fig. 3). Based on these observations, we would predict that the
present crystal form of PAP-&] could not have been obtained in
the absence of the carbohydrate moiety attached to Asn-255. The
presence of this strong sugar-mediated crystal contact led ukto as
whether this interaction might have distorted the stereochemisétry o
the GIcNAc—Asn moiety itself, or of the surrounding loop regian. |
accord with most other glycoprotein structures solved to date, the
Figure 2 pyranose ring of GIcNAc forms a typical chair conformation and
Packing diagram showing a PAP-§lmonomer and a symmetry mate, extends away from_t_he surface of PAP5§1The Conformationsfp
forming a twofold parallel to the crystallographic axis. The GlcNAc ~ the exocyclic moeities are also quite typical (Imberty & Pérez,
residues involved in the packing interaction are rendered in ball-and-stick 1995), with the hydroxymethyl group at C5' adopting a favorable

v

Vectors running along the unit-cell edgaandc are also depicted. gauche-gaucherientation and thé-acetyl group at C2' exhibiting
an uy, torsion angle (C1'-C2'-N2'-C7') of 115°. The latter is nearly

The tertiary structure of PAP-Slis similar to that of PAP-]  identical to thew, angle of 112.5° found in the crystal structure o
from P. americana(Monzingo et al, 1993; Kurinovet al, 1999a;  isolated GIcNAc-Asn (Delbaere, 1974). The conformation of the

1999b), with several notable exceptions. However, since the aminoglycopeptide linkage is also nearly ideal, with obserdeg (O5-
acid sequence of PAP-$1has not yet been fully determined, a C1-N1'-G) and W\ (C1'-N1'-G~CB) values of -97° and 177°,
detailed comparison of PAP-§lwith the known PAPs fromP.  respectively, which place this linkage in a low steric energy
americanawould be premature. Despite our confidence in the minimum (Imberty & Pérez, 1995). We would therefore conclude
electron density-based amino acid assignment, it is clear that théhat the crystal contact does not impose any unfavorable distortions
distinction between Asn and Asp, or GIn and Glu, or, sometimes,in the stereochemistry of the GIcNAc—Asn structure. In order to
Thr and disordered Ser, is difficult. Therefore, a thorough assess any possible alterations in the structure of surrounding loop
description of the tertiary structure of PAP-SWwill be published  region which may have resulted from the presence of a glycosidic
elsewhere when the primary structure of PAR:S$ established by  linkage and/or the crystal contact, we compared the regional fold o
Edman degradation and mass spectrometry. Here we restricdur current PAP-S; model to that ofa-PAP (Agoet al, 1994).a-
ourselves to the description of an interesting crystal contact thaPAP possesses a homologous N-glycosylation motif (Asn-260-Gly-
critically depends on the presence of a single sugar residue. 261-Thr-262), which is not utilised in the protein studied by X-ray
During model building and refinement, it became quite evident crystallography because the gene was expressed in the glycosylation-
from the electron density that an Asn residue located near the CincompetenEscherichia coli(Kataokaet al. 1992). Interestinglyg-
terminus (corresponding to Asn-255 in PAP-S1 frBmamericana)  PAP was crystallised in a different space group and a crystal packing
was glycosylated with a single GIcNAc residue. This is in agreementanalysis shows that the homologous Asn-260 forms a weak (>3.3 A)
with a previous biochemical report which had identified this crystal contact through its side chain to the main chain of an adjacen
modification at the homologous position in PAP-S (presumably amonomer. A superposition study between our current PAR:S1
mixture of isoforms) fromP. americana(lslam et al., 1991). In our model and that ofi-PAP demonstrated that neither the glycosylatio
crystal structure, the tripeptide forming the N-glycosylation site nor the crystal contact had any detectable influence on the
(Asn-255, Gly-256, and Thr-257) protrudes from the surface of theconformation of the surrounding loop region: the averager@ot
protein by adopting a bent conformation (but ndd-turn), with the mean square deviation of the pentapeptide region centered on Asn-
central glycine displaying dihedral angles easily accessible only ta255,/Asn-26Q,n, was found to be 0.5 A, which is lower than the
glycine residuesd( = 94°, = 16%"). Thex; andy, torsion angles of  overall average @ r.m.s.d. between the two proteins (0.9 A). Base
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Figure 3

A detailed view of the sugar-mediated crystal contact depicted in Fig. 2. The currgnt #F electron density is shown, contoured at.IHydrogen bonds ar
depicted as dashed lines.
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