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Immunochemical Studies on the Tobacco Mosaic Virus Protein. 
VIII. Solid-Phase Synthesis and Immunological Activity of 
Peptides Related to an Antigenic Area of Tobacco Mosaic 
Virus Protein* 

Janis Dillaha Young, E. Benjamini, and Cherry Y. Leung 

ABSIRACI : A pentapeptide (1) having the amino acid se- 
quence, Leu-Asp-Ala-Thr-Arg, representing residues 
108-112 of the tobacco mosaic virus protein has pre- 
viously been found to bind to antibodies from several 
rabbits following immunization with the whole protein, 
tobacco mosaic virus protein. The synthesis of 18 pep- 
tides related to I is reported here and the binding of these 
peptides with antitobacco mosaic virus protein from 
a single rabbit is compared with that of I. Twelve penta- 
peptides were synthesized in which only one amino acid 
residue was different from I. All of these peptides had 
either no immunological activity or had less activity 
than I suggesting that the antibodies which bind to I 
exhibit a specific recognition of the residues in I. The 
binding of these peptide analogs also revealed that the 

A pentapeptide having the amino acid sequence, 
Leu-Asp-Ala-Thr-Arg, representing residues 108-1 12 
of the TMVP, has been characterized as an antigenic 
determinant of this protein (Young et al., 1967a). This 
peptide, after acetylation with [ elacetic anhydride, was 
found to bind specifically with antibodies obtained from 
several rabbits following immunization with the whole- 
protein TMVP. In  the search for the factors which af- 
fect the specific binding of the peptide with antibodies, 
18 peptides related to this pentapeptide area of TMVP 
were synthesized by the Merrifield (1964) solid-phase 
synthesis method and their binding with anti-TMVP 
was compared with that of the native pentapeptide, Leu- 
Asp-Ala-Thr-Arg. The present communication reports 
the results of these studies. 

Experimental Section 

Solid-Phase S)xtliesis cd Pepiides. The peptides were 
synthesized by the solid-phase method of Merritield 
essentially as described by Young et al. (1967a). All of 

* From the Laboratory of Medical Entomology, Kaiser 
Foundation Research Institute and Allergy Research Division, 
Kaiser Foundation Hospitals, San Francisco, California 941 15. 
Receiced May 20, 1968. This investigation was supported in 
part by U. S. Public Health Service Grant No. AI 06040 from 
the National Institutes of Health. A preliminary report of this 
study has been published (Young et a/.,  1967b). 

All amino acid residues are in the L configuration unless 
designated as D. 

hydrophobic nature of leucine is probably important to 
its binding and the shape of the aspartic acid residue in 
I is more important than its negative charge since this 
residue could be replaced by asparagine but not by glu- 
tamic acid. 

The reverse-sequence pentapeptide, Arg-Thr-Ala- 
Asp-Leu, was inactive. Several peptides containing 
a residue on either side of I were synthesized. Thr-Leu- 
Asp-Ala-Thr was inactive but Asp-Ala-Thr-Arg-Arg 
(11) was active. This suggests that the C-terminal argi- 
nine in I is more important for binding in the antisera 
than the N-terminal leucine in I. The C-terminal argi- 
nine in I1 which represents tobacco mosaic virus protein 
residue 113 may be a part of the area of the pro- 
tein which binds to I specific antibodies. 

the amino acid derivatives were obtained from either 
Cyclo Chemical Corp., Los Angeles, or from Schwarz 
BioResearch, Inc., Orangeburg, N. Y . ,  and were found 
to be of good purity as judged by thin-layer chromatog- 
raphy. The amino acid derivatives were : N-Boc-L-as- 
partic acid ,!3-benzyl ester, N-Boc-L-nitroarginine, N- 
Boc-O-benzyl-L-tyrosine, N-benzyloxycarbonyla-leu- 
cine, N-Boc-L-glutamic acid y-benzyl ester, N-BOC-L- 
asparagine-a-p-nitrophenyl ester, N-Boc-0-benzyl+ 
serine, N-Boc-L-leucine, N-Boc-L-alanine, N-BOC-L- 
threonine, N-Boc-L-isoleucine, and N-Boc-glycine. The 
Boc-amino acid-resins were prepared as described by 
Merrifield (1964) using reflux times for Boc-L-nitro- 
arginine, Boc-L-leucine, and Boc-L-threonine of 72, 50, 
and 72 hr, respectively. The amount of amino acid-resin 
or peptide-resin used in each synthesis is given in Table 
1. The reaction vessel was 1.5 X 11 cm (Laboratory 
Glass Apparatus, Berkeley, Calif.) and 5-ml portions of 
reagents were used. In cycles where p-nitrophenyl esters 
or nitroarginine were added, the resin was washed with 
dimethylformamide instead of CH,Cly and the amino 
acid derivative, dissolved in dimethylformamide, was 
allowed to react with the peptide-resin for 4 hr. A 2 mo- 
lar ratio of amino acid derivative and a 2.1 molar ratio 
of N,N’-dicyclohexylcarbodiimide to amino acid-resin 
or peptide-resin were used in each coupling reaction. 
Dicyclohexylcarbodiimide was not used when the p-  
nitrophenyl ester derivative was used for coupling. The 
peptides were cleaved from the resin with anhydrous 
HBr in trifluoroacetic acid (Merrifield, 1964). After 3 1 13 
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TABLE II : Amino Acid Ratios of Peptides. 

No. Peptide Leu Ala Thr Arg Other 

1 
2 
3 
4 
5 
6 
7 
8 
Y 

10 
I I  
12 
13 
14 
15 
16 
17a 
17b 
18 
19 

Leu- Asp-Ala-Thr- Arg 
Ala- Asp- Ala-Thr- Arg 
IIe- Asp- Ala-Thr- Arg 
Tyr- Asp-Ala-Thr-Arg 
D-Leu- Asp-Ala-Thr- Arg 
Leu-Glu-Ala-Thr-Arg 
Leu- Am-Ala-Th r- Arg 
Leu-Asp-Leu-Thr- Arg 
Leu- Asp-Gly-Thr- Arg 
Leu- Asp- Ala-Leu-Arg 
Leu-Asp-Ala-Gl.v-Arg 
Leu- Asp-Ala-Ser-Arg 
Arg-Thr-Ala- Asp-Leu 
Ala-Arg-Thr- Ala-Asp-Leu 
Leu- Asp- Ala-Thr 
Thr-Leu- Asp- Ala-Thr 
Ala-Thr- Arg- Arg 
[ 4ClAcetyl-Ala-Thr-Arg- Arg 
Asp- Ala-Thr- Arg- Arg 
Leu- Asp- Ala-Thr-Arg-Arg 

1 0  

0 9  

1 0 
I 0 

2 0 
I 0 
2 0 
I 0 
I O  
I 0 
I 0 
I 0 
O Y  

i n  

1 0  

1 . o  
I . o  

1 . I  
1 . o  

1 . 1  
1 . 2  
1 . o  
1 . o  
I . o  
1 .o  
I . o  
I .o  
I . o  
1 . 1  

I .n 

1 . 0  
1 . o  

1 .0  1 . 0  1 . 0  

1 . 1  1 . o  1 . o  
1 . 1  0 . Y  0 . 9  Tyr. 0 h 
1 .o  I . o  1 . o  
I . 2  0 . Y  0 . 9  Glu, 1 0 
I 1  1 . o  I , o  

I . o  1 . o  
I 0 0 . 9  Gly. 1 0 

I 0 I 0 
I . o  0 . Y Gly, 1 0 
1 . o  1 . o  Ser, 0 .  Y 
I . O  I . o  0.4, 
2 .  I I 0 1 . o  
0 . Y 1 1  
1 . o  2 . 0 
1 . o  1 . o  2 . 5  
1 . o  1 .0  1 . Y  
1 . 0  0 . 9  1 . Y  
1 . 1  1 . 1  1 . 8  

2 . 0  1 . O  1 .n  

__ ~ . 

The amino acid analysis of 14C-acetylated peptide 17 is included since peptide 17a was high in arginine but had 
the expected value after acetylation. 

evaporation of the trifluoroacetic acid the peptides were 
dissolved in HOAc-H20 (9:l) and reduced by bubbling 
hydrogen through the solution at atmospheric pressure, 
overnight, using 5 palladium on barium sulfate as the 
catalyst. Most of the peptides were purified by column 
chromatography using Dowex 1-X2 as previously de- 
scribed (Young et al., 1966). The neutral peptides con- 
taining C-terminal threonine (peptides 15 and 16, Table 
I) eluted from the Dowex 1 column much later than 
neutral peptides containing arginine or lysine. This be- 
havior corroborates a similar observation of Funatsu 
(1964). D-Leu-Asp-Ala-Thr-Arg (peptide 5 ,  Table 
I) and Leu-Asn-Ala-Thr-Arg (peptide 7) required 
paper chromatography after Dowex 1 -X2 chromatog- 
raphy, and Ala-Asp-Ala-Thr-Arg (peptide 2) and Tyr- 
Asp-Ala-Thr-Arg (peptide 4) were purified solely by 
paper chromatography since very little peptide was 
synthesized. Solvent A (I-butanol-acetic acid-water 
(3:l  :I)) was used for chromatography of peptides 2, 4, 
and 7 and solvent B (I-butanol-acetic acid-water-puri- 
dine (15:3:12:10)) was used for peptide 5.  Leu-Asp- 
Leu-Thr-Arg (peptide 8) and Leu-Asp-Ala-Leu-Arg 
(peptide 10) were purified further after Dowex 1-X2 
chromatography by Sephadex G-10 chromatography 
(Stewart et af., 1966). 

After Dowex 1-X2 chromatography of the cleaved 
and reduced peptide, the stereoconfiguration of the leu- 
cine in D-Leu-Asp-Ala-Thr-Arg was checked by diges- 
tion with the L-amino acid specific enzyme, leucine 
aminopeptidase. The digestion was performed on 7.2 
pmoles of peptide using 0.05 mg of leucine aminopep- 

tidase (LAP-DFP 113 obtained from Worthington Bio- 
chemical Corp., Freehold, N. J.) in a total volume of 
2.5 ml, pH 8.5, at 40" for 1 hr. The conditions given in 
the Worthington Enzyme Manual (1967) were used. An 
aliquot of 1.31 pmoles of peptide was diluted to 1.1 ml 
with the amino acid analyzer buffer, and 1 ml was sub- 
jected to amino acid analysis on the Spinco 120B ana- 
lyzer using the neutral and acidic column. The analysis 
revealed that no leucine was released by the digestion. 
Digestion and analysis, under identical conditions, of 
0.85 pmole of the reference peptide L-Leu-Asp-Ala- 
Thr-Arg yielded a quantitative release of the leucine 
from the peptide. 

Results of paper electrophoresis and paper chromatog- 
raphy of the peptides are given in Table I .  Portions of 
each of the peptides were acetylated with [lC]acetic 
anhydride and separated from [ 14C]acetate by chro- 
matography on Sephadex G-10 columns (Stewart et al., 
1966). Amino acid analyses of the nonacetylated pep- 
tides are given in Table 11. The mole ratios of 
the acetylated peptides were essentially the same as the 
corresponding nonacetylated peptides and are not in- 
cluded in Table I1 except for ['C]acetyI-Ala-Thr-Arg- 
Arg (peptide 17b). The G-10 Sephadex column routinely 
used to separate the [lClacetyl peptide from ['Clacetate 
probably removed some free arginine from peptidel7. 

The counts per minute per micromole of each pep- 
tide were determined from the average of three 0.5-ml 
aliquots of the peptide (7.5 mpmoles/ml) dissolved in 
1 M acetic acid. The specific activities of each of the pep- 
tides are given in Table 111. All radioactivity measure- 3 1 15 
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ments were performed using a Nuclear-Chicago Model 
D-47 gas-flow detector. 

Immunological Assay of Peptides. The anti-TMVP 
was obtained from pooled bleedings of a single rabbit 
(rabbit 31500). Antiacetylcholinesterase was used as the 
control serum. The sensitization, preparations of glob- 
ulins, and measurements of the binding of the [IC]- 
acetyl peptides with anti-TMVP were performed as pre- 
viously described by Benjamini et al. (1965). The assay 
for immunological activity was performed using 7.5 
mwmoles of the ['Clacetyl peptide and 0.5 ml of glob- 
ulins in a total volume of 0.6 ml. Following precipi- 
tation at 50% saturation of ammonium sulfate and two 
additional precipitations with ammonium sulfate in a 
total volume of 1 ml, the precipitates were dissolved in 
1 ml of saline and radioactivity was measured on three 
0.3-ml aliquots. Each [14C]acetyl peptide was also as- 
sayed for binding with antiacetylcholinesterase globu- 
lins. The net number of counts of each peptide bound 
with anti-TMVP was derived by subtracting the num- 
ber of counts bound with antiacetylcholinesterase from 
that bound with anti-TMVP. This number was adjusted 
with the value that would have been obtained if the pep- 
tide had the same counts per minute per micromole 
as [ 14C]acetyl-Leu-Asp-Ala-Thr-Arg (2.0 X lo6 cpm/ 
pmole). Results of the immunological assays are given in 
Table 111. 

Discussion 

Eighteen peptides were synthesizcd for the purpose 
of comparing their binding with anti-TMVP with that 
of the pentapeptide, Leu-Asp-Ala-Thr-Arg, which rep- 
resents residues 108-112 of TMVP. This peptide will be 
referred to as the reference pentapeptide (peptide 1, 
Tables 1-111). Amino acid analyses (Table 11), electro- 
phoretic mobilities (Table I), and paper chromatographic 
R F  values in two solvents (Table I) of the peptides are 
given. Some of the peptides contained minor impurities 
but were considered of adequate purity for the immuno- 
logical assay. The estimated tyrosine content of the pep- 
tide, Tyr-Asp-Ala-Thr-Arg (peptide 4, Table 11) was 
low. However, since paper chromatography of the pep- 
tide revealed no residual tetrapeptide, Asp-Ala-Thr- 
Arg, the low value of tyrosine was likely due to the open 
reflux hydrolysis technique involved. The low yield of 
the peptide prevented repeating the amino acid analysis 
using in cacuo acid hydrolysis. A large amount of Asp- 
Ala-Thr-Arg was present in the unpurified preparation 
of D-Leu-Asp-Ala-Thr-Arg (peptide 5 )  but this was 
effectively removed by paper chromatography. The leu- 
cine in this peptide was found to be all in the D con- 
figuration as judged by its complete resistance to diges- 
tion by the L-stereospecific enzyme, leucine aminopep- 
tidase. As little as 5 %  release of leucine from the pep- 
tide could have easily been detected. Under identical 
conditions of digestion, the leucine of the reference pen- 
tapeptide was quantitatively released, thus demonstrat- 
ing that the leucine of the reference peptide was all in 
the L configuration. There was no [14C]acetyl reference 
pentapeptide in the [14C]acetyl-Leu-Asn-Ala-Thr-Arg 
(peptide 7) preparation as judged by a radioelectro- 

phoretogram of the [I4C]acetyl peptide 7. As little as 
5 of the nonamidated [lC]acetyl reference pentapep- 
tide would have easily been detected. 

From the relatively small number of analogs tested it 
appears that the antibodies which bind to the reference 
pentapeptide exhibit a specific recognition, o r  fit to the 
shape of the residues in the reference pentapeptide. All 
of the 11 peptides (peptides 2-12, Table 111) which dif- 
fered from the reference peptide, Leu-Asp-Ala-Thr- 
Arg, by a single amino acid exhibited less binding (as re- 
flected by the amount of radioactivity bound to glob- 
ulins) with anti-TMVP than did the reference peptide. 
Compared with the reference pentapeptide, five of these 
peptides (peptides 3, 4, 5 ,  7, and 12) exhibited 31-56z 
activity, the remaining peptides exhibited either no ac- 
tivity or very marginal activity. In  general the active 
peptide analogs had residue replacements similar to the 
residue in that position in the reference peptide. For 
example D-leucine in peptide 5 and isoleucine in peptide 
3 are similar to the replaced leucine, asparagine in pep- 
tide 7 is similar to aspartic acid, and serine in peptide 12 
is similar to threonine. Substituting the aspartic acid 
residue for glutamic acid resulted in the inactive peptide, 
Leu-Glu-Ala-Thr-Arg (peptide 6). This result along 
with the finding that the asparagin-containing peptide 
is active indicates that the shape of the aspartic acid 
residue is more important than the negative charge in 
this residue for binding. The pictures (Figure 1) of the 
Corey-Pauling models of the reference pentapeptide 
and the peptides containing asparagine or glutamic acid 
instead of aspartic acid illustrate the relative shapes of 
the residues in this area of the reference pentapeptide. 
As can be seen in the figure, the asparagine side group 
is very similar to that of the aspartic acid side group but 
the additional CH2 group in glutamic acid changes the 
shape of the residue considerably. 

Substitution of the N-terminal leucine by isoleucine, 
by D-kUCine, or by tyrosine resulted in active peptides 
(peptides 3-9, whereas alanine in this position resulted in 
a peptide, Ala-Asp-Ala-Thr-Arg (peptide 2), which ex- 
hibited marginal activity. From this data it appears that 
the role of the N-terminal leucine in the binding of the 
reference pentapeptide with antibodies is that of render- 
ing this portion of the molecule a certain amount of 
hydrophobicity and that the shape of the leucine, though 
important, is not as critical for binding as it is for the 
other residues in the reference pentapeptide. In  this 
connection it was recently shown by Benjamini et al. 
(1968b) that substituting the leucine with octanoic 
acid yielded the octanoylated tetrapeptide, octanoyl- 
Asp-Ala-Thr-Arg, which exhibited much higher binding 
with anti-TMVP than did the reference pentapeptide. 

The reverse sequence of the reference pentapeptide, 
Arg-Thr-Ala-Asp-Leu (peptide 13), and the reverse se- 
quence with an alanine residue added N terminally (pep- 
tide 14) were inactive. 

Peptides 15-20 contain residues on either side of the 
reference pentapeptide (TMVP residues 107-1 13). These 
peptides were tested for their binding with anti-TMVP 
in order to characterize which area in these sequences is 
most important for binding. The active peptides were 
Asp-Ala-Thr-Arg-Arg (peptide IS), Leu-Asp-Ala-Thr- 3117 
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A\n-Ala-Ti~r-Arg 1 1 0 1 ~ 1 .  Lcu-A~],-AI;i-Thr-Arg (miridle). 
and  Leu-(ilii-Ala-Th~-Arg (hotlom). 

Arg-Arg (peptide I Y ) ,  and Thr-Leu-Asp-Ala-Thr-Arg 
(peptide 211). I t  is  interesting that the peptides which ex- 
hibit binding contain the tetrapeptide sequence Asp- 
Ala-Thr-Arg. even though the tetrapeptide itself ex- 
hibited no hinding with antibodies produced by this 
rabbit or by other rabbits tested (Benjaminieral., 1968a). 
The peptide. Thr-Leu-Asp-Ala-Thr (peptide 16), was 
inactive indicating that the C-terminal arginine is crit- 
ical for binding with antibodies produced by this rabbit. 
This is in agreement with an  earlier report in which the 
desarginated C-terminal decapeptide portion of T M V P  
peptide X2 (Benjamini el a/., 1968a) when tested with 
this antiserum was inactive. The N-terminal leucine of 
the reference pentapeptide. therefore, contributes, hut 
not as much as the arginine (residue I 12). to the binding 
with antibodies. 

Residues other than arginine in position 113 have not 
k e n  tested for their binding with this antiserum. One 
would expect that any other residue here would result 
in a peptide o f  lower binding with this an t ix rum since 
this arginine residue exhibited as much toward its bind- 
inp as did the leucine in the reference peptide and any 

~~ 

18 AcCOrdiiig to the i l o m ~ i i ~ l i i f i i r ~  ofTsugi1a et ai. (1960). 

leucine substitution caused a reduction in binding. One 
also would not expect that the antibody recognition 
area would end precisely at R tryptic cleavage bond (be- 
tween residues I12 and 113). 

As already mentioned the activity exhibited by the 
penpapeptide, Asp-Ala-Thr-Arg-Arg (peptide 18). which 
contains the N-terminal arginine o f  tryptic prptide 9 i s  
the same as that o f  the reference pentdprptide. The ac- 
tivity of the hexapeptide, Leu-Asp-Ala-Thr-Arg-Arg 
(peptide 19). i s  about two times that o f  the reference 
pentapeptide whereas the activity o f  the hexapeptide. 
Thr-Leu-Asp-Ala-Thr-Arg (peptide 20). is  only 1. I times 
that of the reference pentapeptide. The activities of the 
peptides containing residue 113 may be due to the pres- 
ence in th; globulins of this rabbit o f  additional anti- 
hodies which are directed against an area of the protein 
composed of the C-terminal area of tryptic peptide R' 
and the N-terminal portion of tryptic peptide 9." as well 
a s  the population directed only against the rel'erence 
pentapeptide. On the other hand. it may be that residue 
I13 in Asp-Ala-Thr-Arg-Arg (peptide 18) and Leu-Asp- 
Ala-Thr-Arg-Arg (peptide 1Y) may have enhanced the 
hinding o f  the Same antihodies which bind to the ref- 
erence pentapeptide, 

Experiments (Benjamini el ol., IY68a) have indicated 
that antibodies from diverent rabbits bind to diRerent 
arras o f  tryptic peptide X of  T M V P  (residues 93 ~I 12). 
Furthermoreit wasshownthattheratioofbindingofthe 
eicosapeptide with anti-TMVP to that of the binding o f  
the decapeptide with anti-TMVP varied depending upon 
the tinie interval following initial immuniration. I t  i s  
 not known therefore to what extent the relative bindings 
o f the  peptides to theglobulins ofrahbit 31.500 given in 
Table 111 reflect general properties o f  all antibodies 
which bind with this area o f T M V P .  However, the hind- 
ing data reported here do not  pertain exclusively to rah- 
bit 31,500 since the globulins from another rabbit 
(24,300) were tested with many o f  the peptides (pep- 
tides 2-4, 6 11, 13-16, 18, and 20) and their activities 
were qualitatively the same for every peptide as those 
obtained using rabbit 31.500. For example. of the pep- 
tide analogs o f  the reference pentapeptide, peptides 
with isoleucine or tyrosine for leucine, or asparagine 
for aspartic acid were active. and substitutions of ala- 
nine for leucine, glutamic acid for aspartic acid, glycine 
for either alanine or threonine, and leucine for either 
the alanine or threonine residue, were inactive. 

Studies with puritied antibodies prepared from direr- 
ent rabbits and isokdted by their specific binding t o  the 
reference pentapeptide should help to determine whether 
there are some general aspects of the peptide which niust 
be kept unchanged for binding. Studies with such puri- 
lied antibodies would also help to answer the question 
as to whether the same antibodies which bind to Leu- 
Asp-Ala-Thr-Arg (peptide I )  also bind to Asp-Ala-Thr- 
Arg-Arg (peptide 18) or whether the observed equal 
activity o f  these two peptides involves dilferent popula- 
tions o f  antibodies. 
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present 10 the extent of only 3 niolesimole of fibrinogen 
indicate the chains of fibrinogen are not all paired with 
respect to their glycopeptides. Degradation of one of 
the glycopeptides with sialidase followed by crude @- 
glucosidase indicated the sequence from the nonreduc- 
ing end of sialic acid, galactose, N-acetylglucosamine, 
and mannose. 

In each g lycopept ide ,  b o t h  N-acetyl-  a n d  
N-glycolylsialic acids were present and could be 
removed by purified Clostridium perjringens sialidase. 
The glycopeptides from cross-bonded fibrin contained 
1 mole less of aspartic acid than those from fibrinogen. 
Also, one of the glycopeptides from fibrin was held more 
strongly on  Dowex 1 (formate column) than was its 
counterpart from fibrinogen. 

is a controversy as to whether the carbohydrate is in- 
volved when fibrin is stabilized by the enzyme variously 
called Laki-Lorand factor, fibrinase. or factor XITI. 
Enzymatic removal of the sialic acid resulted in a fi- 
brinogen which was not capable of stabilization by the 
enzyme (Laki and Chandrasekhar, 1963), but on the 
question of loss of sialic acid under the action of the 
Laki-Lorand factor, there are reports pro (Chandrase- 
khar et al., 1962, 1964; Chandrasekhar and Laki, 1964) 
and con (Blonibiick, 1958; Raisys et al., 1966). The same 
confusion exists regarding the possibility that stabilized 
fibrin contains 10-20% less hexose, there being reports 
pro (Laki, 1951a; Blomback, 1958; Brown, 1963; Szara 
and Bagdy, 1953; Bagdy and Szara, 1955) and con 31 19 
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