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Pokeweed antiviral protein (PAP) is a protein known to inactivate eukaryotic ribosomes by an unknown 
enzymatic action and inhibit the production of mammalian viruses in tissue culture. This protein was 
subjected to a variety of chemical modifications to determine their effects upon ribosomal inactivation, 
antiviral action, and cytotoxicity. It was found that modifications of a number of different amino acid 
residues had similar effects upon all 3 activities. Also the inactivation of PAP with diethylpyrocarbonate 
was not due to its reaction with a histidine residue but to a modification of an unidentified amino acid 

residue. 
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1. INTRODUCTION PAP’s antiviral and cytotoxic activities; 

Pokeweed antiviral protein (PAP) is a single 
chain protein which inactivates eukaryotic ribo- 
somes by an unknown enzymatic action on the 
larger ribosomal subunit [ 11. This effect of PAP has 
been shown to specifically affect the interaction of 
elongation factors with ribosomes [2,3], the major 
effect being the inhibition of the translocation step 
of peptide chain elongation 141. Also, the effects of 
PAP upon protein synthesis have been found to be 
identical to those caused by the A chain of the 
toxin ricin [4]. 

(iii) Amino acid residues which can be chemically 
modified without affecting PAP’s activity in 
order to prepare conjugates of PAP. 

2. MATERIALS AND METHODS 

PAP was prepared as in [9]. The chemical modi- 
fication reagents 2,4,6_trinitrobenzene sulfonyl 
chloride, tetranitromethane, phenylglyoxal, and 
iodoacetamide were obtained from Sigma, diethyl- 
pyrocarbonate was from Aldrich and [t4C]phenyl- 
glyoxal was from Research Products International. 

The antiviral action of PAP has been shown to 
be very general in that it inhibits the multiplication 
of such diverse viruses as poliovirus [5], influenza 
virus [6], and herpes simplex virus (71 in cultured 
mammalian cells. One form of the antiviral protein 
obtained from pokeweed seeds has been shown to 
be cytotoxic to HeLa cells at high concentrations 
and lethal to mice at a LDso of > 1 mg/kg (81. 

Chemical modification studies upon PAP were 
undertaken to determine: 
(i) The nature of essential amino acid residues 

which may provide some insight concerning 
the enzymatic action of PAP; 

(ii) If ribosome inactivation is the direct cause of 

Chemical modifications were performed at 25°C 
with 5 X lO-5 M PAP under conditions shown in 
table 1. Modified PAP was separated from excess 
reagent by gel filtration through Sephadex G-25, 
concentrated by ultrafiltration, and protein con- 
centration determined as in [lo] using unmodified 
PAP as a standard. 

The extent of chemical modifications caused by 
2,4,6_trinitrobenzene sulfonyl chloride, tetranitro- 
methane, and diethylpyrocarbonate were deter- 
mined spectrophotometrically using the respective 
extinction coefficients: ~345 = 1.4 x IO4 M-’ . 
cm-’ [I 11, ~381 = 2.2 X lo3 M-’ . cm-t 1121 and 
~242 = 3.2 X lo3 M-’ . cm-’ [13]. The reaction of 
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Table 1 

Conditions used to modify PAP 

Reagent 
Time Modified 

mM pH (h) residues 

2,4,6_Trinitrobenzene 
sulfonyl chloride 20 6 1 4.3 Lys 

Tetranitromethane 50 8 16 4.2 Tyr 
Diethylpyrocarbonate 5 5 0.5 0.9 His 
Iodoacetamide 5 6 2 0.9 His 
Phenylglyoxal IO 9 1 2.3 Arg 

Chemical modifications were performed at 25°C with 
5 x 10v5 M PAP under the indicated conditions. 
The extent of each modification was determined as in 

section 2. 

PAP with phenylglyoxal was monitored by both 
amino acid analysis and incorporation of [t4C]- 
phenylglyoxal. The extent of alkylation with iodo- 
acetamide was determined by amino acid analysis 
and the failure of diethylpyrocarbonate to react 
with the alkylated PAP. 

The inhibition of [tJC]polyphenylalanine syn- 
thesis by modified PAP was determined on 100 pg 
wheat germ ribosomes in 0.25 ml reaction volumes 
as in [ 141. 

Antiviral activity was determined by the ability 
of modified PAP to inhibit herpes simplex virus 
yields in Vero cells as in [7]. 

The cytotoxic action of PAP was determined by 
measuring the inhibition of cellular protein syn- 
thesis in Vero cells (- 105 cells) incubated with 
modified PAP for 48 h. Protein synthesis was mea- 
sured with 1 h pulses of [t%]leucine (312 Ci/mol) 
contained in Eagle’s medium followed by pre- 
cipitation of the 0.1 N KOH cell digest with 10% 
trichloroacetic acid. The precipitate was collected 
on nitrocellulose filters and radioactivity deter- 
mined by liquid scintillation spectrometry. 

PAP activity in all three assays was determined 
in duplicate for three concentrations. The average 
of these values was used to determine the dose 
which produced 50% inhibition (IDso) of either 
viral yields or protein synthesis using linear regres- 
sion analysis. 

3. RESULTS AND DISCUSSION 

A number of chemical modifications were per- 
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formed on PAP using the reagents and conditions 
specified in table 1. In all cases, conditions were 
chosen to modify either a minimum number of 
specific residues or a number of residues in excess 
of which had no effect upon PAP’s ability to inhib- 
it polyphenylalanine synthesis. Thus, we have 
found that the modification of 3 lysine, 3 tyrosine 
or 1 arginine residues had no effect upon the ribo- 
some inactivating ability of PAP. These lower lev- 
els of modification were obtained by performing 
reactions with either lowered reagent concentra- 
tions or shorter reaction times. 

The modifications of lysine, tyrosine and ar- 
ginine with the reagents tested required modifica- 
tion of at least 2 residues to reduce PAP’s activity 
(table 2). The modification of 4 lysine residues 
slightly reduced the ability of PAP to inactivate 
ribosomes and inhibit cellular protein synthesis; 
antiviral activity was stimulated but the observed 
activity was still within the variability of the dose- 
response observed in the series of experiments. Ni- 
tration of four tyrosine residues nearly abolished 
all 3 activities of PAP. Nitration probably caused 
denaturation of the protein’s structure rather than 
the modification of an active site residue unless a 
tyrosine residue of low reactivity is present. 

The chemical modification of the arginine resi- 
dues of PAP with phenylglyoxal consistently 
caused a large reduction in PAP activity but the 
quantitiation of the number of modified residues 
was variable. Arginine modification was deter- 
mined both by amino acid analysis and [t‘Y]phe- 
nylglyoxal incorporation with the latter technique 
producing the most consistent results. The results 
in table 2 show good correlation for the loss of all 3 
activities upon the modification of 2-3 arginine 
residues. The results also suggest that one or two 
arginine residues may be essential for PAP’s 
activity. 

A most noteworthy finding of these studies is the 
results obtained upon modification of PAP with 
the two histidine specific reagents diethylpyrocar- 
bonate and iodoacetamide. The results in table 1 
show that both reagents react with a single his- 
tidine residue. When both of these PAP derivatives 
were tested for activity it was found that iodoace- 
tamide modified PAP retained all 3 activities but 
the diethylpyrocarbonate modified PAP was al- 
most completely inactivated (table 2). Such results 
could be due to the modification of different his- 
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Table 2 

The effect of chemically modified PAP on ribosome inactivation, herpes 
simplex virus yields and cellular protein synthesis 

Reagent Ribosome Herpes simplex Cellular protein 

inactivation virus yields synthesis 

iDso % I&o % IDso % 

(pm4 act. (PM) act. @MI act. 

2,4,6_Trinitrobenzene 
sulfonyl chloride 

Tetranitromethane 

Iodoacetamide 

Phenylglyoxal 
trial 1 
trial 2 

Diethylpyrocarbonate 
trial 1 
trial 2 

7.1 

14.6 

5.4 

7.9 

11.5 

58 1.5 

21 

72 0.8 

0 7.0 
25 37.3 

28 11.2 
0 120 

153 4.3 

0 60.7 

145 4.4 

37 8.1 
3 5.6 

13 14.7 
1 126.5 

67 

5 

84 

31 
48 

16 
3 
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Chemically modified PAP was assayed for its ability to inhibit the rate of poly- 
phenylalanine synthesis on wheat germ ribosomes, herpes simplex virus yields 
in infected Vero cells after 24 h, and protein synthesis in uninfected Vero cells 
after 48 h as in section 2. The doses of unmodified PAP which produced 50% 
inhibition were 1.1-3.9 pmol/ 100 rg ribosomes for polyphenylalanine syn- 
thesis, 1.2-3.0 PM for virus yields, and 2.3-3.7 PM for cellular protein synthesis 

tidine residues by the 2 reagents. To test this pos- 
sibility, PAP was modified with iodoacetamide and 
then the reaction of diethylpyrocarbonate with the 
alkylated PAP was tested. The data in table 3 show 
that the alkylated histidine residue of the modified 
PAP is no longer susceptible to acylation with di- 
ethylpyrocarbonate. These results show that the 2 
reagents are reacting with the same histidine and 
indicate that diethylpyrocarbonate is reacting with 
some other amino acid residue in PAP which does 
not cause an increase in absorbance at 242 nm 
characteristic of ethoxyformylhistidine [ 131. Also, 
the reaction of diethylpyrocarbonate with de- 
natured PAP results in the acylation of -3 his- 
tidine residues, the number previously determined 
to be present in PAP [3]. 

These results indicate that the ribosome inac- 
tivating ability of PAP is the direct cause of this 
protein’s antiviral and cytotoxic activities. At PM 
levels of PAP, maximal antiviral activity is ob- 

served in 24 h but a 48 h exposure is required to 
obtain similar levels of inhibition of cellular pro- 
tein synthesis in uninfected cells. It can be con- 
cluded, therefore, that PAP must enter cells to 
express its antiviral and cytotoxic effects and that 
the process of viral infection enhances PAP entry 
into cells although PAP may enter uninfected cells 
only upon prolonged incubation. 

These studies failed to specifically identify any 
amino acid residue required for the enzymatic ac- 
tion of PAP but implicate one or more arginine 
residues as being essential for PAP’s activity. Also 
the results obtained with diethylpyrocarbonate 
suggest that PAP may contain an unusual amino 
acid residue or at least one or more residues which 
react with diethylpyrocarbonate in an unexpected 
manner. 

The relative resistance of PAP to inactivation 
following modification of its lysine residues make 
them excellent sites for the introduction of cross- 
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