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Abstract

The crystal structure of pokeweed antiviral protein from seeds of Phytolacca americana (PAP-S) was solved at 1.8�AA. PAP-S is a
one-chain ribosome-inactivating protein (RIP) and distinctively contains three well-defined N-acetylglucosamines, each covalently

linked to an asparagine residue at positions, 10, 44, and 255, respectively. The high-resolution structure clearly shows the three

mono-sugars to have either an a- or a b-conformation. Two of sugars are located on the same side of the molecule with the active
pocket. Except one hydrogen bond, there are no intermolecular interactions between the polypeptide chain and the sugars. Instead

the sugar conformations appear to be stabilized by intermolecular interactions. The sugar structure defined at high resolution

provides a structural basis for understanding their possible biological activity. The structural comparisons of PAP-S with other

PAPs reveal that the major disparity of these homologous molecules is the different charge distribution on the upper right side of the

front side near the active pocket. Based on the available structure of the 50S ribosomal subunit, the possible interactions between

PAPs and the ribosome are discussed.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Pokeweed antiviral proteins (PAPs)1 are members of

the type I ribosome inactivating proteins (RIPs). Many

plants produce different RIPs, which can catalytically

inactivate ribosome and thereby inhibit protein synthe-

sis (Barbieri et al., 1993; Stirpe et al., 1992). As is well
known, most of the RIPs consist of one or two peptide

chains, and are, respectively, classified as type I or type

II RIPs. The type I RIPs are similar in sequence, and

even more in structure, to the active chain of the type II

RIPs, such as the ricin A-chain. All RIPs are RNA

N-glycosidases. They are characterized by their ability to

cleave the N-glycosidic bond of a specific exposed

adenine base on the sarcin-ricin-loop (SRL) of the large

rRNA subunit (Endo et al., 1991). This loop is respon-

sible for the binding of the elongation factor to the ri-

bosome (Correll et al., 1998). Depurination of the SRL

impairs the binding interaction between SRL and elon-

gation factor, resulting in irreversible inhibition of

protein synthesis.
Many RIPs are discovered by their ability to inhibit

the growth of microbes, such as viruses, bacteria, and

fungi. It had been believed that their antimicrobial ac-

tivity is based on their N-glycosidase activity at the

specific site of SRL. Crystal structures revealed that the

active pocket and some catalytic mechanisms were also

proposed (Huang et al., 1995; Monzingo and Robertus,

1992). Recent experiments showed that RIPs can
depurinate adenine in DNA, rRNA, and poly(A) with a

wide range of activity and specificity, and act as nuc-

leases cleaving DNA (Barbieri et al., 1997). But how

they work on these substrates is still unclear (Wang

et al., 1999).
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PAPs are also discovered by their ability to inhibit the
proliferation of viruses (Barbieri et al., 1982; Irvin et al.,

1980; Irvin, 1975). Now, we know that at various de-

veloping stages the different tissues of the plant, P.

americana (pokeweed), synthesize different PAPs. PAP-I

was found from spring leaves (Irvin, 1975), PAP-II from

summer leaves (Irvin et al., 1980), PAP-S from seeds

(Barbieri et al., 1982), and PAP-R from roots (Bolognesi

et al., 1990). Other isozymes are also found in cell cul-
ture (PAP-C), or resulted from genomic clones (a-PAP)
(Kataoka et al., 1992). Most recently two isoforms,

PAP-S1 and S2, from seeds were identified (Honjo et al.,

2002). Sequence alignment showed that PAP-S reported

in this paper corresponded to PAP-S1.

Crystal structures of PAP-I, a-PAP, and PAP-II have
been determined at different resolutions (Ago et al.,

1994; Kurinov et al., 1999a, b; Monzingo et al., 1993).
What makes PAP-S different from other PAPs are the

three N-acetylglucosamines, each covalently connected

to one of the three asparagines at site 10, 42, and 255,

respectively (Islam et al., 1991). In biological activity,

PAP-S and a-PAP are toxic to eukaryotic cells only,
whereas PAP-I is toxic to both eukaryotic and pro-

karyotic cells.

Here we report the crystal structure determination of
PAP-S (S1, Honjo et al., 2002)2 at 1.8�AA resolution and a
structural comparison between PAP-S and other RIPs.

The well-defined sugar structure is visible at high reso-

lution. A recent report shows that the ribosomal protein

L3 is required for PAP-I to access ribosomes (Hudak

et al., 1999). This is the first experimental evidence that

the interaction between RIP and ribosome protein is

necessary for the in vivo effects of RIPs. The latest
structural analysis of a 50S ribosome subunit placed the

constituent proteins and RNA structures into a 2.4�AA
resolution map (Ban et al., 1999, 2000). On this basis,

possible interactions between PAP-S and the ribosome

are discussed.

2. Materials and methods

2.1. Sample and crystallization

A sample of PAP-S was purified from seeds of P.

americana. The crystals were grown under high tem-

perature (33 �C) and high protein concentration

(100mg/ml) in about 50 days. Both procedures for

protein purification and crystallization were described in
preliminary reports (Li et al., 1998; Zhu and Hu, 1989).

The crystal belongs to space group I222 with cell pa-

rameters a ¼ 84:76�AA, b ¼ 78:05�AA, and c ¼ 91:57�AA. The
crystal contains onemolecule per asymmetric unit and the

solvent content is estimated to be approximately 53%.

2.2. Data collection and processing

The diffraction data were collected from one crystal

on the beam line BL6A2 of the Photon Factory in

KEK, Trukuba of Japan, at room temperature with

wavelength 1.0�AA, by using a screenless Weissenburg
Camera and Image Plates (Sakabe, 1989). The data

were evaluated, scaled, and merged with the program

WEIS (Higashi, 1989). In order to improve the com-
pleteness a data set at 2.2�AA resolution was collected on
a MAR 340 image plate detector with CuKa radiation
(k ¼ 1:5418�AA) from an in-house X-ray generator oper-
ating at 40 kV and 50mA, and then combined with the

data from the synchrotron station using the Scalpack

program in the HKL package (Otwinowski and Minor,

1997) with an Rmerge of 9.6%. The final statistics on data
collection are listed in Table 3.

2.3. Molecular replacement

The structure of PAP-S was solved by the molecular

replacement method using AMoRe (Navaza, 1994). The

crystal structure of PAP-I (PDB ID Code 1pdf) was

used as a search model. No atom was substituted or

omitted from the model. Patterson cutoff radius is 25�AA.
Data in the 20–4.0�AA resolution range were used. The
‘‘rotting’’ run gave a peak with correlation coefficient

(CC) 19.1%, twice that of the second. The ‘‘training’’

run raised the CC to 51.2% and gave an R factor of

41.5%. The ‘‘fitting’’ run raised the CC to 59.6% and

reduced the R factor to 38.6%. This unambiguous so-

lution from molecular replacement was conformed by a

check of packing with TURBO-FRODO (Roussel and
Cambillau, 1991).

2.4. Model building and refinement

The model was rebuilt using the TURBO-FRODO

(Roussel and Cambillau, 1991) and O (Jones et al.,

1991), and was refined firstly at 2.5�AA and then at 1.8�AA
resolution with X-PLOR (Br€uunger et al., 1987). No data
truncation was applied in the refinement, as suggested

by Dodson et al. (1996). Ten percent of the data was set

aside in order to calculate the free R factor (Kleywegt

and Br€uunger, 1996). Most water molecules were located
automatically by water picking with X-PLOR. Crystal-

lographic and geometric statistics for the final model are

listed in Table 1. The refined final model of PAP-S in-

cludes 2053 protein atoms and 499 water molecules,
three N-acetylglucosamine groups were modeled in

(2Fo � Fc) and (Fo � Fc) maps with definite density and
reasonable stereochemistry. The final structure was

validated using the program PROCHECK (Laskowski

et al., 1993). The Ramachandran plot (Ramachandran

and Sasusekharan, 1968) reveals that all residues are in

allowed regions (Table 3).2 The paper appeared after this manuscript was submitted.
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2.5. Accession Number

Coordinates of PAP-S have been deposited in the

Protein Data Bank with PDB ID 1GIK and SCSB ID

RCSB001555.

3. Results and discussion

3.1. General structure

The molecule contains eight b-strands (b1–b8) and
nine a-helices (h1–h9) (Fig. 1). Previously, for a-PAP, it
was divided into three domains (Ago et al., 1994). Here
we prefer a division of two domains, which assigned the

first two helices and the first six strands as the first

domain, and others as the second domain (Fig. 1). The
active pocket is just at the intersection of the domain

interface and the horizontal groove under the ridge

formed by the two loops, respectively, connecting to the

two N-ends of h2 (13–27) and h3 (95–105) (Fig. 1B). If

we look right into the active pocket, the part of the

molecular surface just in front of our eyes is denoted as

the front face, whereas the other part will be called the

back face. The active pocket is right in the center of the
front face. (Fig. 1B)

The three mono-sugars are attached to the PAP-S

molecule with definite conformations. They all protrude

from the molecular surface (Fig. 1A). In this paper, the

three N-acetylglucosamine connected to Asn10, Asn44,

and Asn255 are denoted by NAG1, NAG2, and NAG3,

respectively. Among others, NAG1 is situated just at the

tight turn connecting the first b-strand (b1) to the first a-
helix (h1). Generally speaking, the three mono-saccha-

rides protruding from the molecular surface cannot have

extensive interactions with the peptide part of the pro-

tein. Therefore these sugar residues may play a role

mainly in intermolecular interactions such as molecular

recognition or adhesion. The observation here in PAP-S

is similar to that from other glycoproteins (Wormald

and Dwek, 1999).

Fig. 1. General structure of PAP-S. (A) Side view of the overall structure of PAP-S. The two domains are differentiated by colors. The circle denotes

the position of the active pocket. NAG1, NAG2, and NAG3 are the three acetylglucosamines. (B) Front view of the PAP-S. The two domains are in

different colors. The three loops constitute the ridge of the groove, as well as the two helices (h2 and h3) with their N-end rise out from the ridge, and

are colored in orange. The active pocket (circle) is at the intersection between the groove and the domain interface. The positive and negative residues

on the front surface are in blue and red, respectively. The figures were drawn with MOLSCRIPT (Kraulis, 1991).

Table 1

Hydrogen bonds between N-acetylglucosamines protein

Sugar atom Protein atom Distance

NAG1 O6 Lys15 NZ 2.95

NAG1 O8 #Glu227 OE2 2.75

NAG3 O4 #Thr212 OG1 2.37

NAG3 O6 #Tyr253 O 2.77

# Symmetry-related molecules in the crystal.
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3.2. Structure of three N-acetylglucosamines

All three mono-sugars fit to electron density maps

very well as shown in Fig. 2. They are mainly stabilized

by intermolecular contacts from crystal packing. In

NAG1 there are two hydrogen bonds formed between

NAG1 O6 and NE of residue Lys15 on the end of h1, as

well as NAG1 O8 and OE2 of the symmetry-related

residue Glu227. Both hydrogen bonds appeared in
NAG3 and are formed between the sugar and the

neighboring molecules (Table 2 and Fig. 2). These in-

teractions give NAG1 and NAG3 fine structures on the

molecular surface of PAP-S. For NAG2, though no

hydrogen bonds, the nonbonded interactions (e.g.,

NAG2 O4... #Arg67 NH1, 3.79�AA) from crystal packing
define its structure, which is rather looser than NAG1

and NAG3 (Fig. 2B).
The three hex-atomic rings of the three N-acetylglu-

cosamines adopt a chair conformation. But the chair of

NAG2 is different from the chairs of NAG1 and NAG3,

as indicated by the torsion angles of C1–C2–C3–C4

(Table 2) and the electronic density (Fig. 2B). The chi-

rality at atoms C2, C3, C4, and C5 is the same for the

three sugars, but at atom C1, NAG2 has a different

chirality from the other two. This difference in chirality
puts NAG2 in a conformation whereas NAG1 and

NAG3 are in b conformation. The three sugar rings are
able to rotate somewhat around the Nd2–C1 bond to
find a more suitable conformation as reflected in the

torsion angles CG–ND2–C1–C2 (Table 2).

3.3. Comparison with other PAPs

The general structure comparison by superimposed a-
carbon and the sequence alignment by structure for

PAP-S, a-PAP, and PAP-I is shown in Figs. 3A and B,

(A) (B) (C)

Fig. 2. The 2Fo � Fc electron density maps of the three N-acetylglucosamines contoured at 1r. All of them are oriented with the hydrogen atom on
each C1 toward the reader. Hydrogen bonds are denoted by dashed lines with numbers denoting the respective distances in unit of �AA. # denotes
atoms from a symmetry-related molecule. Figures were drawn with O (Jones et al., 1991).

Table 2

Conformations of the three N-acetylglucosamines

Torsion angle NAG1 NAG2 NAG3

CG–ND2–C1–C2 102.82 )101.12 61.57

C1–C2–C3–C4 )48.19 57.69 )52.02

Table 3

Data collection and structural refinement statistics

(A) Data collection

Raw data 68617

Unique 23204

Resolution (�AA) 1.8

Rmerge (%) 6.2 (29.6)a

Completeness (%) 82.0 (69.5)a

I=rðIÞ 16.8 (8.5)

(B) Structural refinement

Resolution range 20.0–1.80

Number of reflections(F > 0) 23,204

R Factor 0.198 (0.288)a

Free R 0.242 (0.294)a

Number of non-hydrogen atoms 2597

Protein 2053

N-Acetylglucosamine 45

Water 499

Averaged B factors (�AA
2
) 28.9

Main chain 25.5

Side chain 25.7

N-Acetylglucosamine 34.0

Water 41.1

Deviation from standard geometry

Bond length (�AA) 0.010

Bond angle (�) 1.698

Distribution of Ramachandran angles

(%)

Most favored 84.0

Additionally allowed 15.6

Generously allowed 0.4

aData in the outmost shell, 1.88–1.80�AA.
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respectively. Sequence similarities among these three

PAPs with known three- dimensional structures are

about 75–80%. Aligned by structure, there are two sites

where insertions, or deletions, occur. From 80 to 83
(at the bottom middle in Fig. 3A), the three sequences,

respectively, are YDN-K for PAP-S, FETNK for PAP-

I, and YNG-K for a-PAP (Fig. 3B). From 92 to 95

(indicated by the arrow in Fig. 3A), the three sequences,

respectively, are IK-GT for PAP-S, IS-GT for PAP-I,

and ISNTT for a-PAP. From 130 to 133 (at the bottom
left in Fig. 3A), the three sequences, respectively, are

GVTSR for PAP-S, GVKSR for PAP-I, and GR-PR for
a-PAP (Fig. 3B). For the structurally well-aligned 251
residues (PAP-S has 261 residues), the root mean square

deviations are below 0.82�AA for main-chain atoms and
1.44�AA for side-chain atoms, respectively. The most

Fig. 3. Comparisons of PAPs. (A) Stereo view of the superimposed a-carbons of PAP-S (broken line) with PAP-I (solid line) and a-PAP (dotted line).
The arrow indicates the loop with the highest structural diversity. (B) Sequence alignment by structure. Residues in a-helices and b-strand are,
respectively, underlined by wavy and straight lines. Secondary structures are calculated by use of PROCHECK (Laskowski et al., 1993).
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conserved region is at the active pocket (the central part
displayed in Fig. 3A) in both structure and sequence.

These indicate that the enzymatic mechanism is essen-

tially the same for the three isozymes as proposed pre-

viously (Monzingo and Robertus, 1992).

In the reported structures of momordin and a-mo-
morcharin (1mom, 1mrg, and 1mrh), the Ramachan-

dran angles of the residue Asp77 are in the disallowed

region. The sequence of momordin at 76–79 reads as
ADTT which adopt a tight turn structure. These resi-

dues structurally align to residues 80–83 of PAP-S. The

residue Asp81 in PAP-S, corresponding to Asp77 in

momordin, has the Ramachandran angles falling in the

favorite region. In PAP-S, the nitrogen atom on Lys83

interacts with the oxygen atom on the peptide bond

between 81 and 82. This makes the peptide bond flip

180� and changes the Ramachandran angle of Asp81.
Observation of the structures of a-momorcharin sug-
gests that interactions of the two oxygen atoms on res-

idue Asp77 with the two nitrogen atoms, respectively, on

the two peptide bonds related to residue 77 stabilize the

unusual Ramachandran angle. However, there is a res-

idue, Gln219, in a turn of PAP-S falling into the gen-

erously allowed region of the Ramachandran plot. The

well-defined densities prove these observations.
The structurally most diverse region is the loop con-

necting b5 to h2 (Fig. 3A). It is part of the ridge beside

the groove, and at the entrance of the active pocket. The

main characteristics that make PAPs different from each

other is charge distributions, or electron-static potentials

(Fig. 4). At the upper-right part, PAP-S is more nega-

tive. It has four negative residues there (see Fig. 1B),

whereas PAP-I and a-PAP have only two. Besides, there
is a positive residue, Arg122, near the entrance of the

active pocket of PAP-I, whereas the equivalent residue
in PAP-S is Leu121. This positive residue causes a dis-

ruption of the negative charge strip on the horizontal

ridge, making the electronic characteristics of PAP-I at

the entrance of the active pocket different from those in

PAP-S and a-PAP. Furthermore, the negative residue
Glu204 in PAP-S is mutated to Gln205 in PAP-I and a-
PAP (Fig. 3B).

3.4. Possible interactions with ribosome

It is well known that PAP-S as the type I ribosome-

inactivating protein are characterized by their ability to

cleave the N-glycoside bond of a specific adenine base

exposed on the SRL of the large rRNA subunit (Endo

et al., 1991). But the interactions between PAPs and the

ribosome are still unclear. Most recently structural
analysis of the 50S ribosome subunit has placed the

constituent proteins and RNA structures into a 2.4�AA
resolution map (Ban et al., 1999, 2000). This structure

model (the coordinates were taken from Protein Data

Bank 1c04 and 1ffk) showed that the SRL is buried in

the 50S ribosome subunit with the tetra-loop GAGA at

the surface, allowing EF-G to bond. PAPs have many

opportunities to contact other proteins in the ribosome.
A recent report experimentally confirmed that, for PAP

to access ribosome and cleave the purine ring, the ri-

bosome protein L3 is required (Hudak et al., 1999). This

experimental evidence showed the possible interactions

between a RIP and the ribosome. However, checking the

structural model of the 50S ribosome subunit showed

that the protein L3 is at the opposite end of the SRL

opposed to the tetra-loop GAGA, and has a distance at
least 35�AA away from the tetra-loop of SRL. This makes

Fig. 4. The molecular surface of a-PAP (left), PAP-S, and PAP-I (right). The positive and negative charge potential are highlighted by ‘‘+’’ and ‘‘),’’
respectively. The orientation of the molecules is the same as that in Fig. 1B. Figures were drawn with GRASP (Nicholls, 1991).
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PAPs and any RIPs unable to reach L3 at the same time
they are processing the tetra-loop. The biochemical data

and the structural consideration suggest a multiple-step

process for the inactivation of ribosome by PAPs,

binding to L3 and then processing the tetra-loop. An-

other possibility is that the PAPs may interact with the

disintegrated ribosome. More experiment evidence is

required for clarification.

As the active pocket is deeply under the molecule�s
front face (Fig. 1B), when PAP-S is approaching the tetra-

loop on SRL, themolecule�s front face has the potential of
touching the ribosome. Some residues on this surface,

including two sugars, NAG2 and NAG3, protruding

from this surface (Fig. 1B), may be involved in the pos-

sible interactions with the 50S ribosome subunit.
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